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Abstract

The KDEL receptor (KDELR) is a trafficking receptor which is involved in the retrograde
trafficking of ER resident proteins that escaped to the Golgi. For this function, the
receptor cycles in COPIl and COPII coated vesicles bet en Golgi, where cargo is bound,
and the ER, where it is released. KDELR recognises its cargo by an ER retrieval sequence
(ERS), the canonical signal consisting of a KDEL peptide motif. Cargo binding and
dissociation is regulated by the pH difference between the two organelles. At low pH
ERS binding is favoured whereas neutral pH triggers release. The crystal structures of
the apo KDELR at pH 9.0 (‘inactive’ state) and the receptor bound to KDEL peptide at
pH6.0 (‘active’ state) were solved recently. These revealed that the lysine-rich KDELR
C-terminus forms the interface for COPI binding. A gain of structure transition of the C-
terminus from ‘inactive’ to ‘active’ state is responsible for COPI recruitment to KDELR
which initiates vesicle formation and retrograde trafficking. In this study, solution state
NMR is used to investigate the molecular mechanism of KDELR2 signalling to COPI
through its functionally important C-terminus. | aim to bridge the divide between the
static crystal structures and the dynamic behaviour of the receptor in solution, which
often holds the key to understand the function of a protein in the cell. Reductive
methylation of lysine side chains with carbon-13 is used to introduce highly sensitive NMR
active probes into the KDELR C-terminus. 'H-13C correlation spectra were recorded of
the receptor with the two variables of pH and presence of KDEL peptide. The NMR data
revealed that pH by itself does not initiate KDELR signalling and solely regulates affinity
of the receptor to peptide. Furthermore, | show that the KDELR C-terminus is highly
dynamic in solution, sampling multiple conformations on the microsecond-millisecond
timescale. In the absence of peptide, the C-terminus rapidly switches between its ‘active’
and ‘inactive’ states. Upon peptide binding the conformational equilibrium is shifted
towards the ‘active’ state. However, a low level of conformational exchange remains.
Based on these findings a model of KDELR signalling is proposed. The low pH in
the Golgi primes the receptor for cargo binding, but does not initiate receptor signalling
directly. The event of cargo binding is signalled across the membrane by the stabilisation
of the ‘active’ conformation of the C-terminus. This leads to rapid recruitment of COPI
and efficient retrograde trafficking to the ER. In case the Golgi is depleted of cargo, apo
receptor is retained in the Golgi. The conformational flexibility and transient adoption
of the 'active’ conformation of the C-terminus in this state may allow for some signalling
and a low level of receptor retrieval. This could prevent the receptor from following
the bulk flow to the lysosome where it would get degraded. This study supports the
hypothesis that protein dynamics is critical for KDELR function in the cell.



Contents

Acknowledgements
Abstract
Abbreviations
1 Introduction
1.1 Cellular function of KDELR . . . . . . . ... ... ... ... .....
1.2 Structural basis of KDELR function . . . . . . . .. .. ... ... ...
1.3 NMR and protein dynamics . . . . . . . .. ..o
1.4 Aims . . . . e
1.5 Introduction of NMR methods . . . . . . . ... ... ... .......
2 Materials and Methods
2.1 Microbiology . . . . . . ...
2.2 Molecular Biology . . . . . . ...
2.2.1 The protein construct . . . . . . . . ... .. ... ... .. ..
222 Plasmids . . . . . ...
2.2.3 Site-directed mutagenesis . . . . . .. ...
2.3 Protein expression . . . . . . ...
2.3.1 Yeast transformation . . . . . . ... ...
2.3.2 Mutant expression trials . . . . . ... ..o
2.3.3 Largescaleexpression . . . . . .. .. ...
2.4 Protein purification . . . . . ...
241 Buffers . . . . .
2.4.2 Membrane preparation . . . . . . ...
2.4.3 Membrane solubilisation . . . . . ... ... ...
244 IMAC. . . . .
245 Reverse IMAC . . . . . . . . ... ..
246 SEC . . . ..
2.5 Post-translational protein modifications . . . . . . . .. ... ... ...
2.5.1 KDELR?2 peptide binding and dissociation . . . . . . ... .. ..
2.5.2 Labelling by lysine methylation . . . . . .. ... ... ... ..
2.5.3 Lysine methylation tests . . . . . . .. ... ... L.
254 Sybody binding . . ... ...
26 NMR . . . .
2.6.1 Buffers . . . . ..



2.6.2 NMR experiments . . . . . . ... ...
2.6.3 Processing of NMR spectra . . . . .. ... ... ... .....

3 Results
3.1 Lysine methylation tests . . . . . . . .. ... L L
3.1.1 Analytical SEC . . . . . . ..
3.1.2 Thermal unfolding . . . . . .. .. ... ... .
3.2 Preliminary NMR experiments . . . . . . . . . ... ... ... ...,

3.3 HMAQC spectra of methylated KDELR2 . . . . . . . .. ... .. ....
3.4 Production of mutants for peak assignments . . . . ... ... ... ..
3.4.1 |Identification of mutants . . . . . . .. ...
3.42 Mutant expression trials . . . . .. ..o
3.4.3 Large scale expression and purification . . . . ... ... .. ..
3.5 Peakassignment . . . . ... ...
3.5.1 N-terminus . . . . . . . . .. ...
352 K83 ..o
353 K81 . ..
354 K201 . . . . .
355 K204 . . . .
356 K206 . . . . ..
357 K207 . ..
3.5.8 Overview of assignments . . . . . . .. ... ... ... ... ..
3.6 Analysis of chemical shifts . . . . . . ... .. ... ..
3.7 Linewidth analysis . . . . . . . . ...
3.8 E143-K207 salt bridge . . . . . . . . . . ... ...
3.9 Sybody 37 . . ...
4 Discussion
4.1 pH regulates cargo bindingonly . . . . . .. .. ... ... ...
4.2 The dynamic equilibrium of the KDELR C-terminus . . . . . . ... ..

4.3 KDELR signalling
4.4 Limitations . . .
4.5 Future directions

5 Conclusion

6 References

inthecell . . . . . . . . ...

35
35
35
36
38
41
42
42
44
45
47
47
48
50
52
54
56
58
60
62
65
72
73

[
77
78
81
82
83

84

85



Abbreviations

CHS
COPI
COPII
CSP
DDM
DMSO
DTT
EDTA
ER
ERS
GFP
GPCR
His8
HMQC
HSQC
His8
IMAC
KDELR
LB
MWCO
NMR

Cholesteryl hemisuccinate

Coat protein |

Coat protein Il

Chemical shift perturbation
n-Dodecyl-/3-D-Maltopyranoside

Dimethyl sulfoxide

Dithiothreitol

Ethylenediaminetetraacetic acid
Endoplasmic reticulum

ER retrieval sequence

Green fluorescent protein

G protein coupled receptor

Octa histidine tag

Heteronuclear multiple quantum coherence
Heteronuclear single quantum coherence
Octa histidine tag

Immobilized metal affinity chromatography
KDEL receptor

Lysogeny broth

Molecular weight cut-off

Nuclear magnetic resonance



OD Optical density

PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PEG Polyethylene glycol

RT Room temperature

SC Synthetic complete

SEC Size exclusion chromatography
Syb37 Sybody 37

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
TEV Tobacco Etch Virus

THB Triple helix bundle

™ Transmembrane helix

uv Ultra violet



1 Introduction

1.1 Cellular function of KDELR

Compartmentalisation of the eukaryotic cell into organelles allows the presence of distinct
biochemical environments. This, however, creates the demand for the cell to sort and
transport proteins to the correct organelle. Inter-organelle transport occurs in cellular
vesicles which are formed through the recruitment of vesicle coat proteins located in the
cytoplasm. As transmembrane proteins span across the membrane, they can directly
recruit coat proteins to their cytosolic side. By contrast, soluble proteins require a
trafficking receptor for sorting. These receptors recognise soluble cargo by peptide signals
and relay this information via conformational changes across the membrane to recruit
coat proteins [1, 2].

Membrane and secretory proteins are synthesized and folded in the endoplasmic
reticulum (ER). These proteins possess ER exit signals which trigger active transport to
the Golgi in COPII-coated vesicle [3, 4], from where they are transported further to their
appropriate location. The ER harbours a resident population of chaperones and other
proteins assisting during the folding process [1, 2]. Despite the lack of ER exit signals,
chaperones can escape to the Golgi by sticking to their substrates or simply following the
bulk flow [5, 6]. For proper function of the cell it is essential that escaped chaperones
are retrieved to the ER.

ER resident proteins possess a C-terminal ER retrieval sequence (ERS), the canonical

signal consisting of a Lys-Asp-Glu-Leu (KDEL) peptide motif [7, 8]. KDEL receptors



(KDELRSs), localised to the cis-Golgi, recognise escaped ER proteins and bind their ERS
[9]. The receptor relays the signal across the membrane to initiate retrograde trafficking
to the ER in coat protein | (COPI)-coated vesicles [1, 10, 11]. COPI-coated vesicles are
vesicles trafficking proteins from Golgi to the ER. Their formation is driven by COPI,
a cytosolic, seven subunit protein complex. COPI recognises and binds to the cargo-
bound KDELR and is recruited to the Golgi membrane. COPI then forms additional
interactions with the membrane, these interactions mechanically cause the membrane
to curve which eventually leads to the budding of a membrane-bounded vesicle coated
with COPI. The COPI-coated vesicle, containing both KDELR and cargo proteins, is
transported to the ER where it fuses with the target membrane [12]. In the ER, KDELR
releases its cargo and the apo receptor is cycled back to the Golgi in coat protein Il
(COPII)-coated vesicles. These vesicles function to transport proteins from ER to the
Golgi. Their formation is driven by the binding of COPII to apo KDELR. Vesicles budding
occurs by a similar mechanism as described above for COPI [13, 14]. A schematic of
the cycling of KDELR between Golgi and ER is shown in figure 1.1. This cycle relies on
the pH difference between cis-Golgi (pH6.6-6.7) [15] and ER (pH7.2-7.4) [16]. Cargo
binding is favoured at low pH, whereas neutral pH favours release [17, 18].

In the Golgi of a mammalian cell KDELR is present at concentrations of 0.2-0.3
puM [18, 20, 21, 22]. Cargo concentration is approximately 100-fold higher, thus quick
recycling of the receptor is required [21].

Several variants of the canonical KDEL signal exist. Mammalian KDELR also bind
HDEL, which is primarily used by low abundance proteins, and RDEL motifs. The
affinity of KDELR for HDEL is approximately 10-times stronger than for KDEL and
RDEL [18, 20, 21]. The difference in affinity is required by the system to transport
both high and low abundance cargo efficiently [21]. Despite a high degree of sequence
similarity [19], yeast KDELRSs also recognise DDEL and ADEL signal sequences [23, 24].

The mammalian cell has three different KDELRs (KDELR1, KDELR2, KDELR3),

however, it is unknown how these three differ in function. Under normal conditions,
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Figure 1.1: Schematic of KDELR cycling between ER and Golgi to capture escaped
ER proteins (e.g. BiP). Figure adapted from [19].

KDELR1 and KDELR?2 are more abundant in the cell than KDELR3. KDLER3 is upreg-

ulated during stress and was suggested to bind HDEL signals more selectively [25, 26].

1.2 Structural basis of KDELR function

KDELRs are 26 kDa proteins encoded by ERD2 genes [10] and belong to the PQ (Proline,
Glutamine)-loop superfamily of integral membrane proteins. This functionally diverse
family is characterised by a Pro-GIn motif [27] and, besides KDELR, consists of various
amino acid and nutrient transporters [28, 29, 30].

The crystal structures of the Gallus gallus KDELR2 in complex with KDEL [17],
HDEL and RDEL peptides [21] were solved recently and provide structural insights into
the receptor function (fig. 1.2). KDELR2 consists of 7 transmembrane helices (TM).

Helices 1-3 and 5-7 form two triple helix bundles (THBs) in 1-3-2 order. These are



arranged inverted towards each other by a rotation axis in the plane of the membrane.

The two THBs are connected by the linker helix TM4.

Cytosol

Figure 1.2: KDELR2 crystal structures in 'active’ and 'inactive’ state. (A) KDELR2 in
apo state at pH 9.0 (PDB: 616B). (B) Peptide-bound KDELR2 at pH 6.0 (PDB: 616H).
The black dotted circle highlights the position of the functionally important C-terminal
lysine motif. The peptide is shown in black stick representation. The C- and N-termini
are labelled.

In the apo state at high pH, the cytosolic face of the receptor forms a negatively
charged band (fig. 1.3). Charge is contributed by the strictly conserved residues D87,
E143 and E145. These are reminiscent of the di-acidic COPII recognition motifs [31].
As mutation of the three residues leads to retention of the receptor in the ER [32], they
are expected to form the binding interface with COPII.

The luminal side of the receptor contains a large polar cavity with dipolar character
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Figure 1.3: Electrostatic surface representation of the cytoplasmic face of the KDELR2.
Left: KDELR is shown in the apo state to highlight the negatively charged band. Right:
peptide-bound KDELR is shown indicating the split of the negatively charged band.

(complementary in charge to the KDEL peptide) which forms the peptide-binding pocket.
Peptide binding was shown to occur by the following mechanism. The -1 to -3 residues of
the KDEL sequence (residues D, E and L), common to all variants of the motif, consist of
three carboxyl groups (2 side chains and the C-terminus). First, the C-terminal carboxyl
makes contact with R169 on the receptor (fig. 1.4). The peptide is then passed down
an arginine ladder further consisting of R5 and R47 until the three carboxyls interact
with the three arginines. This step is believed to be pH independent and occurs in
both ER and Golgi. In the mammalian KDELR, E117 acts as a gate keeper residue and
interacts with the residue at the -4 position of the peptide. This residue selects for the
HDEL, KDEL and RDEL variants of the ERS based on their charge. The higher affinity
of the receptor for HDEL as compared to KDEL and RDEL is explained by additional
interactions of the residue at -4 position with W120. Besides cation-7, present in all
peptides, the histidine of HDEL is able to form 7-7 interaction [21].

As a final step in the peptide binding mechanism a rotation of TM6 occurs. This
causes the receptor to close around the peptide and lock it in position. This step
is pH dependent [21] and regulated by the protonation state of residue histidine 12.

Molecular dynamics simulations showed that peptide binding leads to the formation of

11



Figure 1.4: KDELR2 peptide binding pocket. The peptide (black) and residues RS,
R47, E117, W120 and R169 important for peptide binding are highlighted in stick repre-
sentation. Left: KDELR?2 in the apo state at high pH (PDB: 616B). Right: peptide-bound
KDELR?2 at low pH (PDB: 6Y7V).

two constricted water pockets within the binding site. The 'pH sensor’ H12 sits in
between these two pockets (fig. 1.5) and upon protonation of this residue a continuous
water network forms which stabilises a hydrogen bond formed between E127 in TM5
and Y158 in TM6. This hydrogen bond is, in turn, required to hold TM®6 in its rotated
conformation. By this mechanism pH controls peptide binding [16]. The importance of
H12, E127 and Y158 was also shown in cells. Their mutation leads to receptor retention

in the Golgi [17].

Figure 1.5: Role of H12 in stabilising the E127-Y158 salt bridge. Structure of the
peptide-bound KDELR is shown. The peptide (black) and residues H12, E127 and Y158
are highlighted in stick representation. PDB: 6I6H.

Furthermore, peptide binding together with low pH trigger the cytosolic half of TM7

to kink outward which leads to the rearrangement of the lysine-rich KDELR C-terminus

12



(including residues K201, K204, K206 & K207). In the crystal structures of the apo
receptor at high pH, only residues to 203 are observed suggesting they are structured.
The kink in TM7 with peptide binding and low pH allows the C-terminus to fold back
against the receptor which leads to the structuring of residues 204-210 (fig. 1.2). The
C-terminal lysine-rich sequence resembles known COPI binding motifs (KxKxx & KKxx)
[33, 34] and mutation of the lysines leads to KDELR localisation in the Golgi [17]. Based
on these two findings it is highly likely that this C-terminal lysine motif forms the binding
interface with COPI. The transition of the C-terminus from its disordered ('inactive’) to
its structured (‘active’) conformation, hence, is believed to be responsible for KDELR
signalling to COPI. The rearrangement of the cytosolic face of the receptor upon peptide
binding also splits the above described negatively charge band, thus, COPIl and COPI
binding motifs occur mutually exclusively (fig. 1.3).

The ‘active’ conformation of the C-terminus appears to be stabilised by a salt bridge
between E143 and K207 (fig. 1.6). As E143 forms part of the COPII recognition motif,
this salt bridge may act as a ‘switch’ between the adoption of COPI and COPII binding

motifs.

Figure 1.6: KDELR2 crystal structures highlighting the E143-K207 salt bridge. The
4.9 A long salt bridge, indicated with a dashed black line, appears to stabilise the 'active’
conformation of the C-terminus. PDB: 6Y7V.

Furthermore, it was discovered that a synthetic nanobody, sybody37 (Syb37), which
binds to the luminal side of KDELR, leads to the redistribution of the receptor to the

lysosome along with the bulk flow. The crystal structure of the Syb37-KDELR2 complex

13



was solved (fig. 1.7). This showed that Syb37 binds with its CDR3 loop inside the
KDELR?2 binding cavity and that the receptor is highly similar in conformation as in the
apo state (RMSD = 1.4 A). As the apo receptor does not travel to the lysosome, the

crystal structures are not able to explain the difference in behaviour [17].

Cytosol

. +f
......

C-terminus

Figure 1.7: Crystal structure of KDELR2 in complex with sybody 37. KDELR2 is shown
in cyan, Syb37 in yellow. The conformation of the functionally important C-terminus is
highlighted by the black dotted circle. PDB: 616J.

1.3 NMR and protein dynamics

Proteins are highly dynamic macromolecules. X-ray crystallography and cryogenic elec-
tron microscopy provide a high resolution ‘snapshot’ of a single conformation occupied by
a protein and limited information on ordering within the crystalline environment. How-
ever, in solution proteins can spontaneously sample transiently stable conformational
states. This dynamic behaviour is central to the function of protein and its study holds
the key to understand many aspects of their molecular mechanisms [35, 36, 37].

Solution NMR is a powerful tool to study protein dynamics. It is sensitive to NMR

14



active nuclei switching between two or more chemical environments over a range of
timescales. Depending on the rate of this chemical exchange a distinct behaviour of
NMR peaks is detectable. An overview of this behaviour in one dimensional NMR
spectra is shown in figure 1.8. Conformational exchange occurring in the microsecond
to millisecond timescale [38] falls into the 'intermediate exchange’ regime. As movements
on this timescale lead to peak broadening [39, 40, 41], information on conformational
exchange can be extracted from NMR spectra by measuring the width of a peak at half

of its height, i.e. line shape analysis.

Intermediate

Slow exchange exchange Fast exchange
key: 1/ seC kex: 103 / sec ke,: 105/ sec

[B]/[A]

A
. /zij&—"‘g’jé
ES ——ra——

Al oo

Va Va Vo Va Vs

Figure 1.8: The impact of chemical exchange on NMR peaks in 1D experiments.
Depending on the timescale of the exchange three distinct behaviours are observable.
Slow exchange leads to the occurrence of two NMR peaks, the intensity of the two
peak correlates with the relative concentration of the two states. Intermediate exchange
is characterised by a broadening of peaks. The broadening is most severe when the
concentrations of both states are equal. Fast exchange leads to the occurrence of a
single sharp peak. The chemical shift of the peak depends of the relative concentration
of the two states [39, 40]. A: Protein in state A, va: resonance frequency of state A. B:
Protein in state B. vg: resonance frequency of state B. Figure adapted from [40].

The importance of protein dynamics is highlighted by recent studies investigating
GPCRs. These have resulted in novel insights into their function [42, 43]. NMR [44,
45] and molecular dynamics simulation [46, 47| studies of the [3,-adrenergic receptor
showed a new model of GPCR activation. Coupling between the extracellular ligand
binding pocket and the intracellular G-protein binding interface appears to be much looser

than expected. Ligand binding, either agonist or antagonist, triggers a conformational

15



change of the extracellular receptor domain. This event has to be signalled across the
membrane by a change in the intracellular domain. However, it was observed that the
intracellular domain is conformationally heterogeneous and can sample several states
relatively independent of the conformation of the binding pocket. Thus, ligand binding
does not dictate which conformation the intracellular domain adopts. However, it merely
influences the time the G-protein binding interface spends in each of its states. Hence,
ligand binding is signalled across the membrane by shifting the conformational equilibrium
of the intracellular receptor domain and not by a straight switch from an inactive to an
active state. This mechanism allows for additional regulation. Several distinct ligands
can activate the receptor to a different degree depending on how much they shift the
conformational equilibrium.

This mechanism of GPCR activation, whereby extracellular ligand binding is associ-
ated with conformational flexibility of the opposite side of the receptor, is referred to
as the conformational equilibrium model. A similar mechanisms was observed for sev-
eral GPCRs such as the (;-adrenergic receptor [48], the p-opioid receptor [49] and the
adenosine Aya receptor [50]. However, it remains to be investigated if it is generalisable
to other classes of receptors.

In contrast, the GPCR rhodopsin shows much tighter coupling between ligand binding
and intracellular domains. Here, ligand binding strictly dictates the conformation of
the G-protein coupling interface and no conformational equilibrium of the intracellular
domain is observed [51, 52, 53, 54]. This can be described as an on-off model of receptor
activation.

Studies of GPCR dynamics have revealed molecular mechanisms of their functions
that static protein structures could not explain directly. For example, the poorly under-
stood phenomenon of biased signalling, which harbours enormous potential in the drug
industry, is believed to depend on transiently adopted conformational state [55]. These
findings highlight the importance of studying the dynamic behaviour of other types of

receptors.
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1.4 Aims

Using NMR spectroscopy this project aims to investigate the dynamic behaviour of
KDELR in solution with the goal of complementing information from static crystal struc-
tures. This marks the first dynamic study of a trafficking receptor and, as shown in the
example GPCRs, promises to reveal further details about the molecular basis of KDELR
function.

Recent structural studies have revealed details of the molecular events leading to
peptide binding on the luminal side of the receptor. In contrast, little is known about
how this information is relayed across the membrane. Thus, this project focusses on the
molecular behaviour of the functionally important KDELR C-terminus and, especially,

how the COPI binding surface changes with pH and peptide binding.

Specifically, this project aims to address four issues:

1. The crystal structures of KDELR in its 'active’ and 'inactive’ states differ in
two variables, pH and presence of peptide. | investigate the individual role of pH

and peptide binding in KDELR signalling.

2. Studies of GPCRs have revealed two mechanisms of receptor activation. Are
these generalisable to trafficking receptors and does the KDELR C-terminus signal

by the on-off or conformational equilibrium model?

3. Does the E143-K207 salt bridge stabilise the ‘active’ conformation of the

KDELR C-terminus?

4. Can the redistribution of KDELR upon sybody binding be explained by a dy-

namic study of the receptor?

17



1.5 Introduction of NMR methods

To address these four question a method previously described in protein NMR was used
[49, 56, 57, 58, 59]. The method is based on the post-translational introduction of NMR
active nuclei into the protein. Specifically, amide groups are reductively methylated with

carbon-13 (fig. 1.9).

RNH, + CH,0 — RNH-CH,0H —~> RN=CH, NaBHN_, RNH-CH;
H,0 CH,0
H,0
NaBH5CN
RN(CH;), +—22%_ RN(CH,)=CH,* % RN(CHs)-CH,0H
H+

Figure 1.9: Reductive methylation of amide groups

This reaction is specific to the (-amide of lysine side chains and the a-amide of the
protein N-terminus [60, 61, 62, 63]. KDELR2 contains 11 lysine residues, 4 of which are
located in the C-terminal COPI binding motif. Thus, this method is optimally suited to
investigate the functionally important C-terminus.

The methylation only marginally effects the pKa of lysine side chains and owing to
the small size of methyls, structural perturbations are minimal [60, 56, 64]. Additionally,
lysine methyl probes are well suited for NMR studies of large membrane proteins, such
as KDELR, owing to their high sensitivity [65].

A downside to this method is the time-consuming way of resonance assignment.
Conventional methods using triple resonance experiments do not work as the NMR
active nuclei are not covalently bound to each other. NOEs have previously been used
for assignments in methyl NMR experiments [66, 67]. However, the distance between
lysines tend to be too big to observe NOEs. Peaks are usually assigned by the laborious
systematic mutagenesis of lysines residues [56, 49, 68], which is also the method used
for this project. Alternative methods of peak assignments using mass spectrometry have

been described, however, these are less straight forward [69].
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2 Materials and Methods

Unless specified otherwise, all experiments were conducted at room temperature and
all chemicals purchased from Sigma-Aldrich. Unless specified otherwise H,O refers to

MilliQ water from Millipore Milli-Q system.

2.1 Microbiology

This study used Escherichia coli for the molecular biology steps and Saccharomyces
cerevisiae for protein expression. Table 2.1 provides details about the cells used. Unless
specified otherwise, plated E. coli cells were grown at 37°C and liquid cultures in a
shaking incubator at 37°C and 200 rpm. Unless specified otherwise, plated S. cerevisiae
cells were grown at 30°C and liquid cultures in a shaking incubator at 30°C and 250
rpm.

Table 2.1: List of bacterial and yeast strains used in this study

Organism Strain Genotype Source

Escherichia coli DH50-T1R | F- ¢80lacZAM15 ThermoFisher
A(lacZYA-argF) U169 deoR
recAl endAl hsdR17 (r -, m
+) phoA supE44 §- thi-1
gyrA96 relAl tonA

Saccharomyces cerevisiae | BJ5460 MATa ura3-52 trpl lys2-801 ATCC
leu2A1 his3A200 pep4::HIS3
prb1A1.6R canl GAL

19



2.2 Molecular Biology

2.2.1 The protein construct

The protein construct expressed in this study is shown in figure 2.1. The construct is a
fusion protein consisting of the Gallus gallus KDELR2, encoded by the ERD22_CHICK
gene (Uniprot: Q5ZKX9), that contains an S54C mutation. This mutation allows for
the covalent binding of TACHDEL peptide to the receptor, which holds the peptide in
the binding pocket and prevents dissociation during experiments. Furthermore, green
fluorescent protein (GFP) is attached to the C-terminus of KDELR2, owing to its char-
acteristic fluorescent properties GFP allows to monitor the protein concentration during
expression and purification. KDELR2 and GFP are separated by a Tobacco Etch Virus
(TEV) protease recognition sequence (ENLYFQG). After protease cleavage is carried
out during protein purification, the non-native residues ENLYFQ remain attached to
KDELR2. Additionally, the construct contains a C-terminal octo histidine-tag which
allows for protein purification with immobilised metal affinity chromatography (IMAC).
*H3N

S54C mutation

ENLYFQG . CoO
H |58f

Figure 2.1: Schematic of protein construct expressed in this study. The construct is a
fusion of KDELR2 with a S54C mutation and GFP, seperated by a TEV protease recog-
nition sequence (ENLYFQG). The construct also contains a C-terminal octo histidine-tag
to allow for purification with IMAC.

20



2.2.2 Plasmids

Table 2.2 provides a list of all plasmids used in this study. The pDDGFP-LEU2D
ERD22 CHICK S54C plasmid, provided by the Newstead lab in the Department of Bio-
chemistry at the University of Oxford, was used as the starting material for mutagenesis.
This plasmid consists of the ERD22_CHICK gene (Uniprot: Q5ZKX9), which encodes
the Gallus gallus KDELR2, with a S54C mutation contained in a pPDDGFP-LEU2D back-

bone. Properties of the backbone are listed in table 2.3 [70].

Table 2.2: List of plasmids used in this study

Plasmid Plasmid backbone | Gene Mutations
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C
S54C
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, K81R
S54C K81R
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, K83R
S54C K83R
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, K201R
S54C K201R
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, K204R
S54C K204R
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, K206R
S54C K206R
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, K207R
S54C K207R
pDDGFP-LEU2D ERD22_CHICK pDDGFP-LEU2D | ERD22_CHICK | S54C, E143A
S54C E143A
Table 2.3: Properties of the plasmid backbone
Plasmid Addgene | Host organisms Selection Markers Tags Induction
backbone ID
pDDGFP- #58352 | Escherichia coli, | Ampicillin (E. coli), | GFP, | Galactose
LEU2D Saccharomyces minus Uracil and His8
cerevisiae minus Leucine (S.
cerevisiae)
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2.2.3 Site-directed mutagenesis

The pDDGFP-LEU2D ERD22_CHICK S54C plasmid was mutated using the Invitrogen
GENEART site-directed mutagenesis system (#A13282). Mutagenesis was performed
following the manufacturers manual to produce seven plasmids carrying an additional
point mutation (table 2.2).

For the methylation of the original plasmid and the mutagenesis reaction, the mix-
ture described in table 2.4 with the corresponding primer pairs given in table 2.5 was
prepared. Suitable primers to introduce the point mutations were produced using the
default settings of the online tool PrimerX. The PCR reaction was run with parameters
defined in table 2.6.

Table 2.4: List of reagents used for the methylation and mutagenesis reaction

Reagents Volume (uL)
10x AccuPrime Pfx Reaction mix 5
10x Enhancer 5
10 uM forward Primer 1.5
10 uM reverse Primer 1.5
35 ng/uL pDDGFP-LEU2D ERD22 CHICK 1
S54C Plasmid

4 U/pL DNA Methylase 1
25x S-adenosyl-methionine 2
2.5 U /uL AccuPrime Pfx DNA Polymerase 0.4
Water 32.6

The recombination reaction to circularise the PCR product was set up with the
reagents outlined in table 2.7. The mixture was incubated at room temperature for 10
minutes, then the reaction was stopped by addition of 1 L 0.5 M EDTA and placed on
ice.

Competent E. coli cells (table 2.1) were transformed with the recombination product.

2 pl of the recombination reaction was added to 50 ulL of cells and incubated on ice
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Table 2.5: List of site-directed mutagenesis primers. Upper case bases denote annealing
bases, lower case bases highlight mutations.

Template Primer Sequence Tm
(°C)
KDELR2_K81R_F | 5'-ACCTGATCTATATGAgaTT 71
CAAGGCTACCTAC-3
KDELR2_K81R_R | 5'-GTAGGTAGCCTTGAAtcTC 71
ATATAGATCAGGT-3'
KDELR2_K83R_F | 5'-TCTATATGAAGTTCAgaGC 71
TACCTACGATGGT-3
KDELR2_K83R_R | 5'-ACCATCGTAGGTAGCtcTG 71
sDDGFP-LEU2D AACTTCATATAGA-3
KDELR2_K201R_F | 5'-ACTTGTACGTTACCAgaGT 72
ERD22.CHICK S54C CTTGAAGGGTAAG-3'
KDELR2_K201R_R | 5'-CTTACCCTTCAAGACtcTG 72
GTAACGTACAAGT-3'
KDELR2_K204R_F | 5'-CGTTACCAAGGTCTTGAgaG 75
GTAAGAAATTGTCTTTG-3
KDELR2_K204R_R | 5'-CAAAGACAATTTCTTACCtcT 75
CAAGACCTTGGTAACG-3'
KDELR2_K206R_F | 5'-AGGTCTTGAAGGGTAgaAAA 71
TTGTCTTTGCCA-3'
KDELR2_K206R_R | 5'-TGGCAAAGACAATTTtcTACC 71
CTTCAAGACCT-3
KDELR2_K207R_F | 5'-TCTTGAAGGGTAAGAgaTTGT 72
CTTTGCCAGCT-3'
KDELR2_K207R_R | 5'-AGCTGGCAAAGACAAtcTCTT 72
ACCCTTCAAGA-3
KDELR2_E143A_F | 5'-CATGATTTCTAAGACCGGTGc 78
tGCTGAAACCATTACTACTC-3'
KDELR2_E143A R | 5'-GAGTAGTAATGGTTTCAGCa 78

gCACCGGTCTTAGAAATCATG-3'
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Table 2.6: Thermocycling conditions for the methylation and mutagenesis reaction

Temperature (°C) | Duration | Cycles
37 | 20 min )
94 2 min
94 | 20 sec
57 | 30 sec 3
68 | 4.5 min
68 5 min )
4 hold
Table 2.7: Reagents for the recombination reaction
Reagent Volume (uL)
5x Reaction Buffer 4
Water 10
PCR Product 4
10x Enzyme mix 2

for 12 minutes. Then the cells were heat shocked for 30 seconds in a 42°C water bath
and placed on ice for at least 2 minutes. The transformed cells were plated on Lysogeny
broth (LB) agar containing ampicillin and grown overnight at 37°C. A single colony was
collected from the plates and grown overnight in high salt LB in a shaking incubator at
37°C and 200 rpm.

The plasmids were subsequently isolated using the QIAprep spin miniprep kit and
analysed by sequencing. Additionally, analytical digestion of the plasmids was performed.
The mixture detailed in table 2.8 was incubated for 1 h at 37°C and the product analysed

on a 1% agarose gel.
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Table 2.8: Reagents for the analytical plasmid digestion

Reagents Volume (L)
300 ng/uL Plasmid DNA 1
10x NEB rCutSmart Buffer 1
20 U/pL BamHI-HF 0.5
20 U/pL HindllI-HF 0.5
Water 7
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2.3 Protein expression

KDELR2 with a S54C mutation was provided by the Newstead lab, University of Oxford
Department of Biochemistry. The KDELR2 constructs carrying additional mutations

were expressed as described below.

2.3.1 Yeast transformation

Plasmids were transformed into S. cerevisiae strain BJ5460 (table 2.1) using a PEG/LiT
transformation method. Specifically, 600 uL of a fresh overnight culture were harvested
by centrifugation at 16,000 xg and resuspended in LiT (table 2.9). Approximately, 1 ug
of the plasmid to transform, 5 ug of ssDNA and 400 puL PEG/LIiT were added to the
cell suspension, vortexed and incubated on a rotating wheel at RT for 30 min. Next,
DMSO was added to the cells to a final concentration of 10% (v/v) and the cells were
placed in a 42°C heat block for 15 min. The cells were pelleted by centrifugation at 500
xg and resuspended in 75 ulL water. Successfully transformed cells were selected using
the minus uracil and minus leucine selection markers. Hence, the cells were plated on
synthetic complete (SC) agar minus uracil with 2% glucose (w/v) for 3 days at 37°C.
Approximately, 20 colonies were collected, restreaked on a plate with SC agar minus

leucine with 2% glucose (w/v) and grown for another 3 days.

Table 2.9: Reagents used for the yeast transformation

Reagent name | Ingredients

LiT 100 mM lithium acetate, 10 mM Tris-HCI, pH 7.4, in water

PEG/LIT 100 g polyethylene glycol 3350 dissolved in 100 mL LiT

2.3.2 Mutant expression trials

Expression trials were carried out to analyse if the KDELR2 mutants express well. A few

transformed S. cerevisiae colonies were collected from the plate, suspended in 15 mL
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growth medium (table 2.10) and grown overnight in a shaking incubator at 30°C and 250
rpm. This culture was diluted 1:3 into expression medium (table 2.10) and grown until
the optical density (OD) measured at 600 nm (OD600) exceeded 2. Then expression
was induced by addition of 1.5% galactose (w/v). After a further 20 h, the yeast were
harvested by centrifugation at 6000 xg for 15 minutes and the cell pellet resuspended
in 1.5 mL PBS. Cells were lysed mechanically by addition of 250 ul glass beads and
vigorous vortexing for 15 min. The lysate was centrifuge at 17,000 xg for 10 seconds
to remove debris and unbroken cells. The supernatant was collected and centrifuged at
30,000 xg for 1 h to pellet the membranes. Membranes were resuspended in 450 ul
PBS with 1% n-Dodecyl-3-D-maltoside (DDM) and 0.05% Cholesteryl hemisuccinate
(CHS) and incubated for 1 h to solubilise membrane proteins. The solubilised proteins
were isolated from the membrane remains by centrifugation at 30,000 xg for 45 minutes.
The supernatant was collected and analysed by size exclusion chromatography using a
Superose 6 Increase column. GFP-fluorescence emission was measured at 512 nm by
excitation at 488 nm.

Table 2.10: Media used for KDELR2 expression in S. cerevisiae

Media Ingredients

Yeast nitrogen base (YNB),
Growth medium Drop-out mix minus leucine,

2% glucose (w/v)

Yeast nitrogen base (YNB),

Expression medium | Drop-out mix minus leucine,

2% lactate (v/v)

2.3.3 Large scale expression

The large scale expression of KDELR2 was carried out as described previously [17].
Specifically, all S. cerevisiae colonies from a transformed plate were collected, suspended

in 100 mL growth medium (table 2.10) and grown for 24 h in a shaking incubator at
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30°C and 250 rpm. This culture was diluted 1:5 into 400 mL of fresh growth medium and
grown for another 24 h. Subsequently, the culture was diluted 1:10 into 4 L expression
medium (table 2.10) and grown in flasks in 0.8 L of media. Once the OD600 exceeded 2
(after approximately 15h) expression was induced by addition of 1.5% galactose (w/v).
After a further 20 h, the yeast was harvested by centrifugation for 15 min at 6000 xg

and the cell pellet stored at -80°C.

2.4 Protein purification

Membranes were prepared as described in [71] and the remaining steps in the KDELR2

purifications are described in [72)].

2.4.1 Buffers

Table 2.11: List of buffers used during the KDELR2 purification

Buffer Ingredients

1x PBS 137 mM NaCl, 2.7 mM KCI, 10 mM Na2HpO4, 1.8 mM
KH2PO4, pH 7.4

Membrane wash buffer | 20 mM HEPES (pH 7.5), 10% potassium acetate (w/v)

Solubilisation buffer 1x PBS, 150 mM NaCl, 10% glycerol (v/v), 1% DDM (w/v),
0.05% CHS (w/v)

IMAC wash 1 buffer 25 mM imidazole, 1x PBS, 150 mM NaCl, 10% glycerol (v/v),
0.1% DDM (w/v), 0.005% CHS (w/v)

IMAC wash 2 buffer 37.5 mM imidazole, 1x PBS, 150 mM NaCl, 10% glycerol (v/v),
0.1% DDM (w/v), 0.005% CHS (w/v)

IMAC elution buffer 250 mM imidazole, 1x PBS, 150 mM NaCl, 10% glycerol (v/v),
0.1% DDM (w/v), 0.005% CHS (w/v)

SEC buffer 20 mM Tris (pH 7.5), 150 mM NaCl, 0.02% DDM, 0.001% CHS

* All buffers were prepared in H,O. DDM: n-Dodecyl-3-D-Maltoside, CHS: Cholesteryl
hemisuccinate
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2.4.2 Membrane preparation

The cell pellets from the large scale expression protocol were thawed at RT and PBS
(table 2.11) was added to at least 5-times the weight of the pellet. The suspended cells
were lysed mechanically by two passes at 38 kPSI with a high pressure cell disruptor
(model CF1 manufactured by Constant Systems Ltd.). The lysate was centrifuged for
30 min at 30,000 xg to remove debris and unbroken cells. The supernatant was collected
and centrifuged for 1.5 h at 45,000 rpm to pellet the membranes. The membrane pellet
was resuspended in membrane wash buffer (table 2.11) using a Dounce homogeniser.
The resuspended membranes were pelleted again by centrifugation for 1.5 h at 45,000
rpm. The membrane pellets were resuspended in 5 ml PBS per gram of membrane using

a Dounce homogeniser and stored at -80°C.

2.4.3 Membrane solubilisation

The membrane pellets were thawed at RT. 3x concentrated solubilisation buffer was
added to the membranes and the mixture diluted to 1x concentration of solubilisation
buffer (table 2.11). The mixture was incubated for 1.5 h at 4°C to solubilise mem-
brane proteins. The solubilised proteins were isolated from the membrane remains by

centrifugation for 1 h at 45,000 rpm and the supernatant was collected.

244 IMAC

In a first step, KDELR2 was purified using standard immobilised metal-affinity chro-
matography (IMAC). 25 mM imidazole and Ni-NTA resin (0.07 mL resin per mL of
supernatant) were added to the supernatant. KDELR2 was allowed to bind to the resin
for 5 h before running the IMAC. The column was washed twice and eluted with buffers

described in table 2.11.
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2.4.5 Reverse IMAC

Tobacco Etch Virus (TEV) protease was added to the eluate (0.2 mg protease per mL
of elution). The mixture was dialysed overnight against SEC buffer (table 2.11) using
a 3.5 kDa molecular weight cut-off (MWCO) dialysis tube. The dialysed protein was
filtered with a 0.22 pm syringe filter. A reverse IMAC without imidazole was performed
to remove the His-tagged TEV protease and cleaved GFP. The flow-through containing

KDELR2 was collected.

2.4.6 SEC

The flow through of the reverse IMAC was concentrated in a 50 kDa molecular weight
cut off (MWCO) spin concentrator to below 0.5 pl. Size exclusion chromatography
(SEC) was run to further purify the protein. The concentrated KDELR2 was applied to
a Superdex 200 Increase column and 0.5 mL fractions collected. Fractions were run on a
13.5% polyacrylamide gel to assess their purity. Pure fractions were pooled and further
concentrated to above 12 mg/mL with a 50 kDa MWCO spin concentrator. The pure

and concentrated protein was snap frozen in liquid nitrogen and stored at -80°C.

2.5 Post-translational protein modifications

2.5.1 KDELR2 peptide binding and dissociation

For peptide-binding, purified KDELR2 at a concentration of 12 mg/mL was diluted to
0.4 mg/mL with NMR buffer at pH 5.5 (table 2.12). TACHDEL peptide or biotin-
CHDEL was added to KDELR2, now at pH 5.5, at a molar ratio of 10:1. Peptide was
allowed to bind for 1 h at 4°C. After one hour, excess peptide was eliminated by dialysis
(3.5 MWCO) for 1 h against fresh pH 5.5 NMR buffer. Owing to the cysteine residue
in the peptide and the S54C mutation of KDELR2 a disulphide bond forms between

peptide and receptor. Thus, the peptide is covalently attached to the protein and does
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not dissociate on its own.

Dissociation of the peptide is only possible at pH 7.2 and above, as the peptide
rebinds the receptor at lower pH values. The disulphide bond between peptide and
KDELR2 was broken by the addition of 10 mM of the reducing agent Dithiothreitol
(DTT). The peptide was then eliminated by dialysis (3.5 MWCO) for 1 h against NMR

buffer at the correct pH containing 10 mM DTT.

2.5.2 Labelling by lysine methylation

KDELR?2 was labelled for NMR studies by 3C methylation of the (-amide of lysine side
chains and the a-amide of the protein N-terminus with a method described previously
[60]. The apo or peptide-bound KDELR2 were prepared in NMR buffer pH 5.5 (table
2.12) at a concentration of 0.25 or 0.4 mg/mL. The labelling reaction was initiated by
the addition of 10 mM 3C-formaldehyde and 10 mM NaBH3CN to the protein at 4°C.
After 4h an extra 5 mM 3C-formaldehyde was added and the reaction was allowed to
proceed overnight. The labelled protein was dialysed (3.5 MWCO) for 2-24 h against
NMR buffer of the right pH to eliminate excess reagent and change the pH of the samples
for NMR experiments. The pH of the sample was measured and if required adjusted to

+0.01 pH units of the desired pH by addition of HCl or NaOH.

2.5.3 Lysine methylation tests

Thermal unfolding and SEC were carried out to test the methylated KDELR2. Thermal
unfolding was performed on samples of 0.25 mg/mL methylated KDELR2 using the
Prometheus system (manufactured by NanoTemper). Melting scans were run with a
starting temperature of 20°C, followed by an increase of 0.5°C per minute until the final
temperature of 90°C was reached. Analytical SEC was performed on samples of 0.25

mg/mL methylated KDELR2 using a Superdex 200 Increase column.
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2.5.4 Sybody binding

0.11 mg sybody 37 and 0.15 mg methylated KDELR2, both in NMR buffer pH 6.6
(table 2.12), were mixed and fresh buffer added to a total volume of 500 ulL. Syb37
and KDELR2, now at a molar ratio of 1.2:1, were incubated at 4°C for 1 h to allow
binding. An analytical SEC was run to assess the complex formation. The mixture
was injected into a Sepax SRT-10C column and fractions of 0.5 mL collected. The SEC
profile was analysed and fractions of interest run on a 15% polyacrylamide gel. Fractions
containing the Syb37-KDELR2 complex were pooled and concentrated to 500 pl with a
50 kDa MWCO spin concentrator. The concentrated complex was then used for NMR

experiments.

2.6 NMR

2.6.1 Buffers

Table 2.12: List of buffers for NMR experiments

Used pH range | Buffer components

20 mM MES (at correct pH), 150 mM NacCl,
0.02% DDM, 0.001% CHS

20 mM Tris (at correct pH), 150 mM NaCl,
0.02% DDM, 0.001% CHS

55-7.0

7.2-85

2.6.2 NMR experiments

500 uL of ¥C-methylated KDELR2 at a concentration of 0.4 mg/mL at the desired
pH and in the correct NMR buffer (table 2.12) were used for each sample. 5% D,O
and 0.04 mM sodium trimethylsilylpropanesulfonate (DSS) were added and the samples

transferred into standard round-bottom NMR tubes. NMR spectra were collected on a
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950 MHz or a 750 MHz (*H) Bruker NMR spectrometer. 'H-'3C correlation spectra
were recorded using the SOFAST-heteronuclear multiple quantum coherence (SOFAST-
HMQC) [73] or heteronuclear single quantum coherence (HSQC) pulse sequences. The
acquisition parameters for each experiment are listed in table 2.13. Experiments with

112 scan per FID were recorded and the acquisition time varied between 3-4 hours per

sample for SOFAST-HMQC and 8 h for HSQC experiments.

Table 2.13: Acquisition parameters for NMR experiments

1H Spectral width (Hz Orig. nl.meer Refere.nce chemical
Experiment | Frequency P (Hz) of points shift (ppm)
(MHz) 14 13¢ 14 13¢ 1 13¢
13
CHSI\%QST 049.664 | 12285.013 | 9551.879 | 1220 384 | 4.700 | 40.000
13
CHS,\;)QF’éST 749.914 | 9689.923 | 7542.902 | 2048 384 | 4.700 | 40.000

13C HSQC | 749.914 | 12019.230 | 7542.895 1276 384 4.730 40.000

2.6.3 Processing of NMR spectra

NMR spectra were processed with the NMRPipe/NMRDraw pipeline [74]. The functions
and parameters used for processing of 13C SOFAST-HMQC and !3C HSQC spectra
are detailed in table 2.14. Visualisation and overlays of the processed spectra were
produced in CARA [75]. To calculate peak intensities, volumes and linewidths spectra
were simulated using the autoFit script part of the NMRPipe package. The quality of

the simulated spectra was examined visually.
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3 Results

Unless otherwise specified all instances of KDELR2 in this study refer to KDELR2 with an
S54C mutation. This mutation leads to the covalent binding of the TACHDEL peptide

to the receptor and prevents dissociation during the experiments.

3.1 Lysine methylation tests

The dimethylation of lysine side chains chemically alters functionally important residues
in KDELR2. It was previously reported that methylation does not effect the charge
of lysine residues and generally only causes minimal structural perturbation of proteins
[49, 56, 60]. Nevertheless, we first carried out several tests to assess the impact of the

labelling method on KDELR2.

3.1.1 Analytical SEC

Analytical size exclusion chromatography (SEC) was used to assess whether methylation
effects the fold of the receptor. SEC was performed on methylated KDELR2 in both
apo and peptide-bound states. These results were compared to data obtained from the
un-methylated control (fig. 3.1). The elution profile of all samples is highly similar
with a large peak appearing at 13 ml of elution volume. The position of this peak is
characteristic for KDELR2 under the experimental setting used. Notably, this peak is
not perfectly monodisperse, however, this is typical for KDELR. Furthermore, a smaller

peak appears at 8 ml. This secondary peak is most pronounced for the methylated
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receptor in the apo state and less so in the other samples. As 8 ml corresponds exactly
to the void volume of the column this peak most likely contains some form of oligomeric
KDELR states or potentially aggregates. Formation of such higher molecular weight
structures are occasionally observed for KDELR and, thus, are not of concern. The high
similarity of the elution profiles of methylated receptor and control indicate that the

labelling procedure does not effect the fold of KDELR2.

—  methylated
methylated + TACHDEL
control

= control + TACHDEL

0.8

A2B0 (noramlised)
o
[=1]

4 g ] 10 12 14 16 12
Elution Volume {ml)

Figure 3.1: Analytical size exclusion chromatography of methylated KDELR2 and not
methylated control. The absorbance of UV light at 280 nm (A280) as a fraction of its
maximal value is plotted against the elution volume. Experiments were carried out in
NMR buffer with pH 7.5 (table 2.12). The column void volume is 8 ml.

3.1.2 Thermal unfolding

To assess if methylation effects the stability of KDELR2 thermal unfolding was used.
The melting temperature (Tm) of the labelled receptor was measured under various
conditions and is compared to unlabelled control (table 3.1). Comparing measurement of
methylated and control samples shows a general trend that methylation slightly decreases
the Tm of the receptor. This effect is largest in the apo sample at pH 7.5 where the
difference is approximately 6°C. Overall, however, the reduction in Tm upon methylation

is minimal and the receptor remains highly stable.
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Table 3.1: Melting temperature of the peptide-bound and apo KDELR2 at pH 5.5
and pH 7.2. Note, the peptide was bound to the receptor before labelling. Values with
an error are derived from multiple measurements and the ones without from a single
measurement.

Sample apo +TACHDEL
methylated | 45 +4°C 72.1+£0.3°C
pH 7.5
control 51 £ 1°C 73.5+0.7°C
methylated | 46 + 1°C 69.2°C
pH 5.5
control 49 +4°C 73.4+0.1°C

As a lysine residue (K64) is located inside the peptide binding pocket, it was assessed
if labelling effects peptide binding and dissociation. Table 3.1 shows that there is a
significant difference in stability of the peptide-bound and apo KDELR2. The Tms of
bound and apo receptor are approximately 70°C and 50°C respectively. Thus, thermal
unfolding can be used to monitor peptide binding.

Firstly, | looked at dissociation of peptide from the receptor. As the peptide is
covalently bound to KDELR2 with a S54C point mutation dissociation requires the
addition of the reducing agent Dithiothreitol (DTT) to the protein. Melting scans of
peptide-bound KDELR2 with 1 mM and 10 mM DTT were recorded (table 3.2). After
addition of 1 mM DTT the Tm of all samples remains high at approximately 70°C and
only if the concentration of DTT is increased to 10 mM the Tm is reduced. Hence, both
labelled KDELR2 and control behave identically with 10 mM DTT required for efficient
removal of the peptide. | conclude that labelling does not affect peptide dissociation.

Secondly, the effect of labelling on peptide binding was investigated. Table 3.1
shows that the Tm of KDELR2 bound to peptide before methylation is similar to control.
Thus, if peptide is bound to the receptor before labelling it is not affected by the reaction.
Furthermore, it was assessed if peptide binding is still possible after the receptor has been
methylated. Melting scans were recorded of KDELR2 that was incubated with peptide
after labelling (table 3.3). This shows that, unlike in the control sample, the Tm of the

methylated receptor remains low after attempted peptide binding. These results suggest
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that peptide binding is no longer possible after KDELR2 has been methylated.

Table 3.2: Melting temperature of the peptide-bound KDELR2 treated with DTT.
Values with an error are derived from multiple measurements and the ones without from
a single measurement.

Sample +TACHDEL +TACHDEL
+1 mM DTT +10 mM DTT

methylated | 71.6 £+ 0.4°C 55.3°C

pH 7.5
control 73.4+0.3°C 57 £ 1°C
methylated | 69.6°C 56.5°C
pH 5.5
control 73.3°C 57 + 1°C

Table 3.3: Melting temperature of KDELR2 if peptide binding is attempted after
labelling. In this set of experiments a modified peptide was used where a CHDEL motif
is attached to biotin. This construct behaves highly similar to the TACHDEL peptide.

Sample +bio-CHDEL +bio-CHDEL
+1 mM DTT
methylated | 48°C 49°C
pH 5.5
control 72°C 52°C

In conclusion, analytical SEC and thermal unfolding show that labelling does not
affect the fold of KDELR2 and has a minor effect on stability only. Furthermore, pep-
tide binding, if done before labelling, and peptide dissociation are not impacted by the

reaction.

3.2 Preliminary NMR experiments

Once confirmed that the methylation reaction does not impact the fold, stability and
function of KDELR2 preliminary NMR spectra were recorded. These were aimed at
finding the lysine methyls peaks and determining a suitable temperature to record further
NMR experiments.

In order to find the lysine methyl peaks in the 'H-'3C correlation spectra, | recorded

13C SOFAST-HMQC spectra of methylated KDELR2 in pH5.5 and pH8.5 NMR buffer
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(table 2.12). Additional spectra were collected of protein-free control samples, these
consisted of buffer labelled identically as the protein samples. Overlays of control and
KDLER?2 spectra are shown in figure 3.2. Peaks unique to the protein spectra were
identified to distinguish protein from buffer peaks. Independent of pH, a distinct group
of protein peaks is visible between 3.2 and 2.2 ppm in the *H dimension and 43 and
47 ppm in the 3C (highlighted by green box). Previous studies detected lysine methyl
peaks at similar chemical shifts [49, 56]. As methyls exhibit highly specific chemical
shifts depending on their chemical connectivity, | conclude that the highlighted peaks
correspond to the lysine methyls.

A cluster of low intensity protein peaks is visible between 2.0 and 3.0 ppm in the
'H and 33 and 39 ppm in the 3C dimension (highlighted with the dark blue box).
The labelling reaction under the here used condition leads to efficient di-methylation
of lysine side chains. However, small amounts of monomethyl-lysines are expected to
be formed as a by-product [60]. As monomethyl-lysines have been observed previously
at similar chemical shifts as the here highlighted peaks [76], it is highly likely that
these resonances correspond to mono-methylated lysine residues. Furthermore, several
other groups of protein peaks are visible in the spectra which most likely originate from
naturally occurring 3C in other methyl groups in the protein.

Owing to their large size transmembrane proteins exhibit slow molecular tumbling
rates which leads to a short T, relaxation and, consequently, a low signal-to-noise ratio
in NMR spectra. The quality of spectra can be improved by increasing the temperature
of the sample which leads to faster tumbling [77]. However, high temperature also
accelerates protein precipitation which might impact long NMR experiments. Thus,
experiments were carried out to find a suitable temperature to record further NMR
experiments of KDELR2. | recorded SOFAST-HMQC spectra of the receptor over a
range of temperatures from 15°C to 45 °C (figure 3.3). At 15°C, the signal-to-noise
ratio is low and protein peaks cannot be distinguished from background noise. When the

temperature was raised to 25°C the resolution of protein peaks significantly increased.
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Figure 3.2: SOFAST-HMQC spectra of KDELR2 overlaid with protein-free controls.
Left: Spectrum of KDELR2 (black) overlaid with pH 5.5 NMR buffer (red). Right:
KDELR?2 (black) overlaid with pH 8.5 NMR buffer (blue). The top, middle and bottom
overlays show identical spectra with different axis limits. The green box highlights the
identified lysine dimethyl peaks. The blue box indicates peaks likely corresponding to
monomethyl-lysines. pH 5.5 NMR buffer: 20 mM MES (pH 5.5), 150 mM NaCl, 0.02%
DDM, 0.001% CHS. pH 8.5 NMR buffer: 20 mM Tris (pH 8.5), 150 mM NaCl, 0.02%
DDM, 0.001% CHS. Data collected on a 750 MHz spectrometer.
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A further increase in temperature to 35°C and 45°C did not lead to big improvements
of the resolution. Thus, all further NMR experiments are recorded at 25°C as this offers

a good compromise between resolution and limiting the denaturation of the protein.

Figure 3.3: Temperature dependence of resolution of protein peaks. SOFAST-HMQC
experiments of KDELR2 at pH 5.5 were recorded with 8 scans per FID at the following
temperatures: 15°C (black), 25°C (orange), 35°C (red), 45°C (blue). Data collected on
a 750 MHz spectrometer.

3.3 HMAQC spectra of methylated KDELR2

The preliminary experiments confirmed that the lysine methylation method is suitable to
investigate KDELR?2 and helped to choose appropriate parameters for the NMR experi-
ments. Next, | moved on to record experiments addressing the main aims of this project,
to analyse the behaviour of the functionally important KDELR2 C-terminus during re-
ceptor activation and in solution. For this purpose, 3C SOFAST-HMQC spectra were
recorded of KDELR2 under conditions of interest. In particular, spectra under different
pH conditions were recorded of the receptor in both the apo state and with the peptide
covalently bound. pH 5.5 and pH 8.5 were chosen as these are close to the conditions the
crystal structures were solved at (pH 6.0 and pH 9.0) and should facilitate comparison
of findings [17, 21]. Furthermore, pH 6.6 and pH 7.2 were used to mimic conditions in

the Golgi and ER, respectively [15, 16].
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An overview panel of the eight recorded spectra is shown in figure 3.4. It is important
to point out that in the spectra recorded at pH 6.6 there is interference of buffer signals
with the lysine methyl peaks. This overlap complicates spectral analysis. Comparison
of these spectra to the ones recorded at pH 5.5 reveals that the chemical shifts of
protein peaks are highly similar. Thus, | assume that the receptor adopts an identical
conformation at pH 5.5 and pH 6.6. For most parts of this study spectra recorded at
pH 5.5 are used to characterise the behaviour of KDELR2 in the Golgi.

In depth analysis of the recorded spectra is not yet possible and requires resonance

assignment which follows in the next section.

3.4 Production of mutants for peak assighments

3.4.1 Identification of mutants

Peak assignments were made using systematic mutagenesis of lysine residues. This
approach is based on the principle that the methylation method is specific for lysine side
chains. Thus, mutation of lysines to arginines will lead to the peak of the mutated lysine
disappearing. This allows for assignment of the missing peak.

Assignment of all 11 lysines in the KDELR2 spectra would require the production
of 11 individual lysine mutants. As this is very time consuming | decided to assign
a total of six peaks. As | am most interested in the behaviour of the KDELR2 C-
terminus it was decided to assign all four C-terminal lysines (K201, K204, K206, K207).
Additionally, two residues outside the C-terminus were chosen to use as negative controls
and to provide an internal standard for normalising spectral intensities (see section 3.5.2
below). Therefore, lysines had to be chosen which are not impacted by conformational
changes of peptide binding and receptor activation. Based on the crystal structures
K81 and K83 were selected (fig. 3.5). These are located on the opposite site of the
cytoplasmic face of the receptor as the C-terminus. Furthermore, they appear to occupy

identical conformations in the active and inactive state of KDELR2. Thus, | assume that
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Figure 3.4: SOFAST-HMQC spectra of the methylated KDELR2. The region of the
spectra containing previously identified lysine methyl peaks is shown. The blue vertical
lines mark buffer interference. P: peptide-bound KDELR2, A: KDELR2 apo state. Data

collected on a 950 MHz spectrometer.
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the NMR signals originating from these two residues are constant in the experimental

setup.

K201

A

K83

K206

Figure 3.5: Arrangement of lysine residues in KDELR2. (A) View of the cytoplasmic
face of the receptor. (B) Close-up view of the C-terminal lysine residues. Note that
K204, K206 and K207 are not visible in the structure of the apo receptor at high pH.
(C) Close-up view of residues K81 and K83 used as negative controls. The active receptor
(peptide-bound, pH 6.0) is shown in orange (PDB: 6i6h). The inactive receptor (apo
state, pH 9.0) shown in cyan (PDB: 6i6b). Lysine side chains are represented as sticks.

3.4.2 Mutant expression trials

To assign the peaks of the identified lysines, | set out to produce the six required lysine
mutants. Plasmids carrying the KDELR2 S54C constructs were mutated using site-
directed mutagenesis and transformed into S. cerevisiae. Initially, four mutants were
expressed on a small scale to investigate whether the mutants are stable. The solubilised
but not purified KDELR2 was run on SEC. The elution profile of KDELR2 was monitored

by fluorescence detection of the GFP-tag.
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The elution profile of the four constructs is shown in figure 3.6. All construct show
a similar profile with a large peak between 35 and 40 minutes of elution time. Elution
at this time is characteristic for KDELR2 under the conditions used. The peak is nicely
monodisperse indicating that the constructs are folded and stable. An additional but
much smaller smaller peak is visible between 20 and 25 minutes. With a void volume
elution time of 20 minutes this peak indicates the formation of aggregates. However,
the large difference in volume of the two peaks suggests that aggregation is minimal and
the protein is overall stable. Taken together, the constructs express well and expression

can be scaled up to produce sufficient material for the NMR experiments.
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Figure 3.6: Fluorescence-detection size-exclusion chromatography of KDELR2 lysine
mutants. The fluorescence emission of GFP at 512 nm excited at 488 nm is plotted as
a fraction of its maximal value against the elution time. The void volume elution time
of the column under the experimental settings used is 20 minutes.

3.4.3 Large scale expression and purification

After successful trials the expression was scaled up. Each mutant was expressed in 5 L of
culture. The cells were harvested and membranes prepared. KDELR2 was then purified
by IMAC, reverse IMAC and SEC. Figure 3.7 show an example of purification gels and

the SEC elution profile of the representative KDELR2 S54C K206R mutant.
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Figure 3.7: KDELR2 S54C K206R mutant purification. (A) Polyacrylamide gel of pu-
rification steps. The solubilised KDELR2 (SN) was purified using IMAC. After collection
of the flow-through (FT), the column was washed with 15 mM (W1) and 37.5 mM (W?2)
imidazole, before elution with 250 mM imidazole (E). TEV protease was added to the
elution to cleave the GFP and histidine tags (E+TEV) and incubated overnight (E+TEV
ON). To separate TEV and GFP from KDELR a reverse IMAC was run. Flow-through
(FT rev) and elution with 500 mM imidazole (E rev) were collected. The flow-through
was concentrated to 500 pL (conc) and run on SEC. (B) Polyacrylamide gel with SEC
fraction. The pure fractions, in this case 4-10, were pooled and used for NMR experi-
ments. (C) Elution profile of SEC. Owing to several polymer states KDELR2 typically
does not show a perfectly monodisperse peak. SEC fractions are indicated with vertical
red lines.
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3.5 Peak assighment

In order to assign the selected lysine peaks, *C SOFAST-HMQC spectra were recorded
of the six mutants. Mutant spectra were overlaid with previously recorded WT spectra
and missing peaks identified. The missing peaks were then assigned to the lysine residue
which had been mutated. It is important to point out the WT in this section refers to
the KDELR2 S54C construct with the covalently bound peptide and the term mutant
is only used for KDELR2 lysine mutants. This method of peak assignment is based on
the assumption that the efficiency of lysine methylation in mutant and WT spectra is
identical. Thus, the disappearance of peaks is due to its mutation and not caused by
a decreased labelling efficiency. As the mutations are conservative and not expected to

cause structural perturbation this assumption is reasonable.

3.5.1 N-terminus

The peak corresponding to the methylated N-terminus was assigned without mutagene-
sis. In previous studies, the NMR signal of the N-terminus was observed as a resonance
with high intensity and specific chemical shifts of approximately 43.5 ppm in the 13C
dimension [56, 49]. An intense peak with identical chemical shifts is also observed in the
HMQC spectra of KDELR2 (fig. 3.8) and was assigned as the N-terminus. The peak
is highly pH sensitive and titrates upfield with increasing pH. As the N-terminus does
not provide information about the conformation of the KDELR2 C-terminus, this peak

is not shown in most spectra in the following sections.
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Figure 3.8: Assignment of the methylated N-terminus. Overlay of 13C SOFAST-HMQC
spectra of peptide-bound WT KDELR at pH 5.5 (blue), pH 6.6 (cyan), pH 7.2 (green),
pH 8.5 (orange). The N-terminus is labelled and titrates upfield in the *C dimension
with increasing pH. All data recorded on a 950 MHz spectrometer.

3.5.2 K83

Two dimensional spectra of the K83R mutant are overlaid with KDELR2 WT and shown
in figure 3.9. The most prominent difference in all mutant spectra is that the peak at
3.00 ppm 'H and 45.7 ppm 3C is missing. Thus, this peak was assigned as K83.
Despite the assumption that the mutant and WT spectra should only differ in exactly
one resonance, there are a few other peaks that appear to change in the overlays. Most
noticeable is a slight shift of the peak at 2.7 - 2.8 ppm and 46 - 47 ppm in overlays
at pH 8.5. The chemical shifts of this unassigned protein peak were observed to be
highly pH sensitive across several spectra. Thus, the observed shift of this peak is very
likely explained by minor differences in pH (£0.05 pH units) of the two samples and is
consistent with a slightly higher pH of the mutant sample. Furthermore, the peak at 2.95
ppm and 44.5 - 45 ppm is more intense in mutant compare to WT (most prominent at
pH 8.5). This peak was determined to originate from a buffer component and is present
in all spectra, however, owing to its low intensity it is not visible at the contour levels

chosen for some of the overlays. Again changes in intensity of this highly sensitive peak

48



are likely explained by minor differences in pH or buffer composition between samples.
Similar changes in these two peaks are observed in several overlays in the following

sections.
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Figure 3.9: K83 assignment. Overlay of 13C SOFAST-HMQC spectra recorded of WT
(black) and the K83R mutant (red). P: peptide-bound KDELR2, A: apo KDELR2. All
data recorded on a 950 MHz spectrometer.

Unambiguous assignment of the five remaining peaks requires the use of 1D pro-
jections from the 2D spectra. As there are slight variations in concentrations between
samples these have to be appropriately scaled. As discussed in the previous section we do
not expect the resonance of K83 to be effected by changing the experimental conditions.
Thus, matching of the K83 peak was used to scaled the overlays of 1D projections in the
following sections. There are a few exceptions to this in some of the low quality spectra

due to high levels of noise.
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3.5.3 K81

Figure 3.10 shows overlays of WT spectra with the K81R mutant. As the 2D overlays
are not sufficient to identify a missing peak, 1D projections are shown in addition.

In the 1D projection at pH 5.5 intensity is missing in the peak at 2.86 ppm 'H and
45.5 ppm 13C. This peak does not disappear completely in the mutant spectra suggesting
it consists of resonances originating from several lysine residues. The decreased intensity
in the mutant, however, indicates that the resonance of K81 contributes to this peak.
Further differences between mutant and WT spectra can be observed. Firstly, the peak
at 2.95 ppm and 44.5 - 45 ppm appears to be missing in the mutant spectrum. However,
when decreasing the contour level it becomes apparent that the peak is present in the
mutant spectrum though with significantly reduced intensity. For a possible explanation
of this change in intensity see section 3.5.2. Secondly, the peak at 2.95 ppm and 45.8
ppm exhibits a substantial increase in intensity in the mutant spectrum. This difference
in intensity is observed in overlays of nearly all lysine mutants with WT at pH 5.5 and
pH 7.2. This peak originates from the same protein residue as the peak at 2.7 - 2.8 ppm
and 46 - 47 ppm in spectra at pH 8.5 (see fig. 3.16 for a pH titration of this peak). As
discussed in the previous section this peak is highly sensitive to pH. Thus, differences
in intensity may again be explained by slight differences in pH between the mutant and
WT samples.

At pH 8.5, intensity is missing in the peak at 2.86 ppm 'H and 45.5 ppm 3C.
Thus, K81 was assigned as a resonance contributing to this peak. In the peptide-bound
overlay additional intensity is missing in the group of peaks between 2.75 and 2.85 ppm
'H. Thus, it could be argued that K81 is overlapping with these peaks. However, if we
observe the group more closely we can see that it consists of 3 individual peaks (a-c)
with (a) in the WT only showing up as a slight shoulder. In the K81R spectrum these
three peaks are matched, suggesting that there is no peak missing in this area despite

the lower intensity.
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Figure 3.10: K81 assignment. Overlay of 13C SOFAST-HMQC spectra recorded of WT
(black) and the K81R mutant (red). The blue dotted lines indicate the area of which
the 1D projections were produced. Intensities of K83 were matched to scale the 1D
projections. P: peptide-bound KDELR2, A: apo KDELR2. WT spectra were collected
on a 950 MHz spectrometer and K81R mutant spectra on a 750 MHz spectrometer.
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3.5.4 K201

Overlays for the assignment of K201 are shown in figure 3.11. In the peptide-bound
spectra at pH 5.5 and pH 7.2 a peak is missing at 2.81 and 2.80 ppm 'H, respectively,
and 45.4 ppm 13C. At pH 8.5 the missing peak moved upfield and is now located at
2.77 ppm 'H and 45.6 ppm 13C. In the spectra of the apo state, across all pH values, no
missing intensity can be identified. | conclude that K201 is not visible in the apo state.
Absence of a signal for a specific residue can be explained by line broadening beyond the
detection limit owing to dynamics in the microsecond to millisecond timescale resulting
from conformational exchange [41]. In the overlays at pH 5.5 and 7.2 differences in
intensity of the peak at 2.95 ppm and 44.5 - 45 ppm as well as the peak at 2.95 ppm
and 45.8 ppm are observed between mutant and WT. Furthermore, there is a shift of
the peak at 2.7 - 2.8 ppm and 46 - 47 ppm. These changes are very similar to the ones

observed in overlays of K81R and K83R with WT and possible causes were discussed in

more detail in the previous sections.
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Figure 3.11: K201 assignment.
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Figure 3.11: K201 assignment (cont.). Overlay of 3C SOFAST-HMQC spectra
recorded of WT (black) and the K201R mutant (red). The blue dotted lines indicate
the area of which the 1D projections were produced. Intensities of K83 were matched
to scale the 1D projections. P: peptide-bound KDELR2, A: apo KDELR2. All data

recorded on a 950 MHz spectrometer.
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3.5.5 K204

Overlays of K204R and WT are shown in figure 3.12. In the spectra of the peptide-bound
receptor at pH 5.5 and pH 7.2 intensity is missing in the peak at 2.86 ppm 'H and 45.5
ppm 13C. This indicates that K204 is one of the overlapping resonances in this peak.
While a large amount of intensity is missing in the spectra of the peptide-bound K204
mutant, very little intensity is missing in the apo state. This suggests that in the apo
state K204 is significantly exchange broadened.

The mutant spectra collected at pH 8.5 are of low quality due to instability of the
sample. Thus, assignment is less obvious. As mentioned previously, in the peptide-bound
WT spectrum we see three overlapping peaks between 2.75 ppm and 2.85 ppm (a-c).
In the mutant spectrum, a peak (a) at 2.81 ppm *H and 45.6 ppm *3C is missing. In

the apo spectrum, intensity is missing in the peak located at the same chemical shifts.
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Figure 3.12: K204 assignment.
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Figure 3.12: K204 assignment (cont.). Overlay of 3C SOFAST-HMQC spectra
recorded of WT (black) and the K204R mutant (red). The blue dotted lines indicate
the area of which the 1D projections were produced. Intensities of K83 were matched
to scale the 1D projections. P: peptide-bound KDELR2, A: apo KDELR2. All data
recorded on a 950 MHz spectrometer.
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3.5.6 K206

Overlays of K206R and WT spectra are shown in figure 3.13. In the spectrum of the
peptide-bound receptor at pH 5.5 intensity is missing in the peak located at 2.86 ppm
'H and 45.5 ppm 13C. K206 is assigned as another overlapping resonance contributing
to this peak. In the peptide-bound state at pH 8.5 the middle peak (b) is missing in
the group of peaks between 2.75 and 2.85 ppm 'H (a-c). In the apo state at high pH,
no missing peak is observed. This again indicates peak broadening beyond the limit of

detection.
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Figure 3.13: K206 assignment. Overlay of 13C SOFAST-HMQC spectra recorded of
WT (black) and the K206R mutant (red). The blue dotted lines indicate the area where
of which the 1D projections were produced. Intensities of K83 were matched to scale
the 1D projections. P: peptide-bound KDELR2, A: apo KDELR2. All data recorded on
a 950 MHz spectrometer.
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3.5.7 K207

Overlays of the K207R mutant and WT are shown in figure 3.14. In all overlays intensity
is missing in the peak at 2.86 ppm 'H and 45.5 ppm 3C. Thus, K207 is assigned as
another resonance contributing to this peak. As for K204 the difference in intensity

between mutant and WT is significantly smaller in the apo compared to the peptide-

bound state.
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Figure 3.14: K207 assignment.
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Figure 3.14: K207 assignment (cont.). Overlay of 3C SOFAST-HMQC spectra
recorded of WT (black) and the K206R mutant (red). The blue dotted lines indi-
cate the area where of which the 1D projections were produced. Intensities of K83 were

matched to scale the 1D projections. P: peptide-bound KDELR2, A: apo KDELR2. All
data recorded on a 950 MHz spectrometer.
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3.5.8 Overview of assignments

A spectra panel with all peaks assigned is show in figure 3.15. Peaks assigned based
on the above described mutant spectra are labelled in black. As this does not cover all
peaks in the 8 spectra the assignment of the remaining peaks was inferred (labelled in
red).

The K81 and K83 peaks have identical chemical shifts in all assigned spectra. Thus,
no changes in chemical shifts of these two residues are expected in the other spectra.
Peaks with the same chemical shift were assigned with high confidence in the remaining
spectra. Chemical shifts of the C-terminal lysine peaks (K201, K204, K206, K207) are
unaffected when pH 5.5 and pH 7.2 are compared. Hence, it seems highly likely that at
the intermediate pH value (pH 6.6) they are located at the same position.

Assignment of K201 and K206 in all spectra of KDELR2 in its apo state was not

possible. These peaks are most likely broadened beyond the detection limit.
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Figure 3.15: Spectra panel with peaks assigned. Peaks assigned with the help of mutant
spectra are labelled in black. Inferred assignments are shown in red. The vertical blue
lines indicate regions of buffer interference. P: peptide-bound KDELR2, A: KDELR apo
state. All data recorded on a 950 MHz spectrometer.
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3.6 Analysis of chemical shifts

With the peak assignment completed, | moved on to the analysis of the KDELR2 spectra.
In the spectra there are two observables reporting on conformational exchange, chemical
shift and linewidth. This section is focussed on the analysis of chemical shifts which
report on the chemical environment of the lysine methyls. Thus, changes in chemical
environment owing to a change in conformation would perturb the chemical shifts.

The chemical shifts in the *H dimension of all assigned lysine residues are summarised
in table 3.4. Looking at the chemical shifts of K81 and K83, we can see that these are
not effected by experimental conditions. This was expected for these two residues and
confirms their suitability as negative controls.

Table 3.4: Chemical shifts in the 'H dimension of assigned lysine residues. All values
given in ppm.

pH 5.5 pH 6.6 pH 7.2 pH 8.5
Residue peptide- apo peptide- 2po peptide- 2po peptide- apo
bound bound bound bound
K81 2.86 2.86 2.86 2.86 2.86 2.86 2.86 2.86
K83 3.00 3.00 2.99 3.00 2.99 3.00 2.99 2.99
K201 2.82 - 2.82 - 2.81 - 2.78 -
K204 2.86 2.86 2.86 2.86 2.86 2.86 2.83 2.82
K206 2.86 - 2.86 - 2.86 - 2.80 -
K207 2.86 2.86 2.86 2.86 2.86 2.86 2.86 2.86

In the peak assignment section we saw that in spectra collected between pH 5.5 and
pH 7.2 resonances of K204, K206 and K207 are all overlapping. This is reflected in
identical chemical shifts of these residues when compared within a column in table 3.4
(this is not true for pH 8.5). This finding indicates that at pH 7.2 and below K204,
K206, and K207 occupy a highly similar chemical environment. Based on knowledge from
crystal structures it is most likely that these exact chemical shifts reflect a completely

solvent exposed lysine methyl. In comparison, K201 is shifted upfield in the 'H dimension.
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Figure 3.16: pH titration of peptide-bound KDELR2. The black arrows indicate the
movement of C-terminal lysine peaks with increasing pH from left to right. blue: pH5.5,
purple: pH6.0, red: pH6.6, dark orange: pH7.0, bright orange: pH7.5, yellow: pH8.0,
green: pH8.5. 13C SOFAST-HMQC spectra recorded on a 950 MHz spectrometer.

In the crystal structures K201 is located on the C-terminal side of TM7. The helix dipole
causing a partial negative charge of this end of the helix would result in the K201 methyls
being slightly more shielded. Thus, despite being solvent exposed K201 is shifted upfield.

Next, the effect of pH on the chemical shifts of the C-terminal lysines was investi-
gated. To enable a more detailed analysis, NMR spectra at additional pH values were
recorded of the peptide-bound KDELR2. An overlay of the complete pH titration is
shown in figure 3.16. It was not possible to reproduce the titration with additional pH
points for the receptor in the apo state due to its lower stability. The movement of
C-terminal lysine peaks is highlighted with arrows in figure 3.16. An upfield shift in the
'H dimension is observed for K201, K204 and K206 with increasing pH. The chemical
shifts of K207 are not effected by pH.

Chemical shift perturbations in the H dimension with pH were plotted in figure
3.17. In both apo and peptide-bound state there appears to be relatively little change in
chemical shifts between pH 5.5 and pH 7.2. Large perturbations only occur above pH 7.2.
This indicates that the C-terminal lysines titrate with a pKa significantly above pH 7.2.
As described previously [17, 16] histidine 12 acts as the pH sensor residue of KDELR2

and regulates cargo binding in the Golgi and release in the ER. For this function H12
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requires a pKa in between or very close to pH 6.6 and pH 7.2. As the C-terminal lysine
residues titrate with a considerably higher pKa, this data suggest that protonation of the
pH sensor residue H12, and more generally pH changes over the physiologically relevant

range, do not result in the conformational remodelling of the KDELR2 C-terminus.
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Figure 3.17: Chemical shift perturbations of the four C-terminal lysine residues with
pH. The plot on the left shows a pH titration of peptide-bound KDELR2 and the one on
the right of the apo state. Chemical shifts of the 'H dimension are plotted against pH.

The large changes of chemical shifts above pH 7.2 are likely caused by the titration
of a nearby imidazole with higher pKa. Histidine 150 is located in close proximity to
the C-terminus (fig. 3.18). The rearrangement of the crystal structures between pH
6 and 9 is consistent with residue H150 going from its protonated to its deprotonated
state. This change in charge affects the local chemical environment and could explain
the perturbations of chemical shifts. Furthermore, some local structural details observed

in the crystal structure at pH 9 may be due to this protonation event.
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Figure 3.18: Local environment of residue H150. Overlay of the crystal structure of
peptide-bound KDELR2 at pH 6.0 (coloured, PDB: 616H) and apo KDELR2 at pH 9.0
(grey, PDB: 616B). TM7 is coloured in orange and the C-terminus containing residues
K201, K204, K206 and K207 is labelled. Residue H150 is shown in stick representation.

3.7 Linewidth analysis

In a next step, | moved on to analyse the line shapes in the recorded NMR spectra.
Linewidth is measured as the full-width of a peak at half-height and provides informa-
tion on conformational exchange. Peaks of residues that exhibit conformational exchange
are broadened compared to residues adopting a single stable conformation. Broadening
indicates a shorter T, relaxation which is caused directly by movements on the microsec-
ond to millisecond time scale. Linewidth relates to T, relaxation of the magnetisation

by the following relation [78]:

1
7 * linewidth (Hz)

T2 (S) =

As linewidth analysis in HSQC spectra is more straightforward compared to HMQCs
[79], additional HSQC spectra of KDELR were collected. Spectra of the peptide-bound
and apo KDELR2 at pH 5.5 and pH 7.2 are shown in figure 3.19 and the extracted
linewidths are indicated. Owing to the significant overlap of K81, K204, K206 and K207

peaks their individual linewidth could not be determined. Furthermore, the K201 peak
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Figure 3.19: HSQCs spectra of KDELR2. The linewidth in the 'H dimension of the
K83 and K201 peaks is shown in red. (*) This peak appears narrower than expected
due to truncations artefacts ('sinc wiggles') of the neighbouring peak, a good estimate
of its linewidth could not be obtained. P: peptide-bound KDELR2, A: apo KDELR2.
Spectra recorded on a 750 MHz spectrometer.

is not visible in the spectra of the apo state and no linewidth was obtained.

Firstly, | analysed if pH affects the dynamics of the KDELR2 C-terminus. For this
purpose | compared linewidth of K201 at pH 5.5 and pH 7.2. The K201 peak has an
identical linewidth of 35 Hz in both spectra. This indicates that K201 is equally dynamic
on the microsecond-millisecond time scale at pH 5.5 and pH 7.2. This suggests, that
changes in pH, over the physiologically relevant range, do not significantly affect the
amount of conformational exchange the KDELR2 C-terminus exhibits.

Next, it was assessed if peptide binding impacts the amount of conformational ex-
change observed at the C-terminus. Comparing HSQC spectra of the two states (fig.
3.19), we observe overall fewer peaks and less dispersion of peaks in the apo compared

to the peptide-bound state. The same trend is observed in the HMQC spectra in figure
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3.15. At a first glance this is a clear indication that KDELR2 in the apo state is more
dynamic on the microsecond-millisecond timescale, which indicates more conformational
exchange, than in the peptide-bound state.

| used the linewidth of K201 to get information on the conformational exchange of
the C-terminus in the peptide-bound state. Once again K83 acts as a control because
it is found in the same conformation and environment in all crystallographic structures
and is not expected to undergo conformational exchange. This peak has a consistent
linewidth of 20 + 2 Hz across all spectra, suggesting a T, of 15 ms. In the peptide-bound
state K201 has a linewidth of 35 Hz which translates to a T, of 9 ms. In comparison
to K83, the K201 peak is broadened by an extra 15 Hz and its T, reduced by 6 ms,
indicating that K201 undergoes conformational exchange on the microsecond-millisecond
time scale in the peptide-bound state.

K201 is not visible in the apo state, thus, it is not possible to use its linewidth to
analysis the dynamics of the C-terminus in this state. However, as line broadening causes
a decrease in peak intensity, we can use the intensity of K201 to indirectly report on its
dynamics. This approach comes with an important caveat. In this experimental set up,
a change in peak intensity may, besides line broadening, also be caused by differences
in the lysine methylation efficiency between samples. As some samples were labelled in
the apo state and others in the peptide-bound state, we need to consider if there could
have been differences in the methylation efficiency. Based on the crystal structures, the
C-terminal lysine residues adopt one of two possible conformations but both are expected
to be solvent exposed. As they are easily accessible for the reagents, | expect efficient
labelling of all four C-terminal lysines in both states. Furthermore, NMR experiments
provide more direct evidence that the state in which the receptor was labelled does not
influence the efficiency. This is discussed in detail in figure (fig. 3.20). Thus, for the
rest of this study | assume that the labelling efficiency of all samples is identical. By
extension decreased peak intensity is used as evidence of line broadening.

The disappearance of the K201 peak can alternatively be described as a decrease
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Figure 3.20: Assessment of labelling efficiency. This figure shows 1D projections
from *H SOFAST-HMQC spectra collected of KDELR2 WT and the K201R and K206R
constructs at pH 8.5. The samples used to record these spectra were treated differently
to most other samples in this study. The samples were labelled in the peptide-bound
state and an initial NMR spectrum recorded. Afterwards the peptide was dissociated
and spectra collected in the apo state. Thus, the spectra in the peptide-bound and
apo state were collected of the exact same sample, which guarantees identical labelling
efficiency. In (A) an overlay of WT with the K201R mutant is shown. The difference
in these spectra (grey shading) thus represents the intensity of K201. Looking at the
peptide-bound state, we can see that the K201 peak has substantial intensity and is
clearly visible. In the apo state there is essentially no difference in the two spectra,
suggesting the intensity of K201 is below the detection limit. The same is true for the
K206 peak in (B). This observation provides evidence that the reduction in peak intensity
in the apo state observed for K201 and K206 at pH 8.5 is not caused by differences in
labelling efficiency, but indeed by peak broadening. This finding can be generalised to
spectra recorded at all pH values, as all samples were labelled at pH 5.5. The pH was
adjusted for the NMR experiments only after labelling. P: peptide-bound KDELR2. A:
KDELR2 apo state. All data collected on a 950 MHz spectrometer.
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in peak intensity from peptide-bound to apo state. Figure 3.21 showing 1D overlays
of the two states visualises this phenomenon. Whereas we see a clear peak of K201
in the peptide-bound state, there is no significant intensity for K201 visible in the apo
state. The decrease in intensity of K201 below the detection limit in the apo state
indicates a significant increase in line broadening as compared to the peptide-bound state.
The additional line broadening suggests more conformational exchange and increased

dynamics on the microsecond-millisecond timescale in the apo state.

K201 K201
/ \/\
-\,\/ \/\\_’/u
300 290 28 300 290 280
H (ppm) H (ppm)
P pH5.5 / A pH5.5 PpH7.2 /A pH7.2

Figure 3.21: Comparison of K201 intensity in apo and peptide-bound states. Overlays
of 1D projection from HMQC spectra recorded on a 950 MHz spectrometer. Intensities
of K83 were matched to scale the 1D projections. P: peptide-bound KDELR2, A: apo
KDELR2.

Taken together, analysis of linewidth and intensity of the K201 peak shows that
the C-terminus of KDELR?2 is highly dynamic on the microsecond-millisecond timescale.
In the peptide-bound state, a slight broadening of K201 indicates some level of con-
formational exchange. However, it is generally true that the spectra of peptide-bound
KDELR?2 are both more dispersed and have narrower linewidths. This is consistent with
a more defined conformation for the peptide-bound state. In the apo state, further

broadening of the K201 peak indicates more conformational exchange and a less well
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defined conformational state.

To support this conclusion | investigate the peak intensities of the other C-terminal
lysines. Similar to K201, the K206 peak is only visible in the peptide-bound state and
disappears in the apo state (fig. 3.15). This again suggests additional line broadening
in the apo state.

In contrast, K204 and K207 were assigned in both states. Owing to significant
overlap determination of their intensities is more complicated. Here | use a strategy
to indirectly estimate their intensities. In this approach, overlays of the K204R and
K207R mutants with WT are used. These overlay only differ in the resonance of one
lysine. Thus, the difference of the WT and mutant spectra represents the contribution
of intensity of the mutated lysine. In figure 3.22 such overlays of the K204R and K207R
mutants with WT are shown. The difference in intensity in the central peak (the peak
K204 and K207 resonances contribute to) is highlighted by the grey shading. Hence, the
area of grey shading can be seen as a representation of the K204 and K207 intensities.
In the peptide-bound state independent of pH and for both residues the difference is
substantial. In comparison, the difference is much smaller in all overlays of the apo state.
This suggests that the intensity of K204 and K207 peaks is considerably decreased in
the apo compared to the peptide-bound state. Hence, indirect determinations of K204
and K207 intensities support the earlier conclusions of the apo state showing additional
line broadening and being more dynamic on the microsecond-millisecond timescale than
the peptide-bound state.

Summarising this section, linewidths indicates that pH changes, over the physiologi-
cally relevant range, do not affect the amount of conformational exchange exhibited by
the C-terminus. However, the KDELR2 C-terminus appears to be highly flexible in the
apo state and exists in an equilibrium between multiple conformational states. Peptide
binding causes the C-terminus to adopt a more defined conformational state, thus shifts

the position of the equilibrium.
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Figure 3.22: Overlays of 1D projections of (A) the K204R mutant (red) and WT
(black) and (B) the K207R (red) mutant and WT (black). The difference between
mutants and WT s highlighted in grey. Intensities of K83 were matched to scale the
1D projections. P: peptide-bound KDELR2, A: apo KDELR2. All spectra recorded on a

950 MHz spectrometer.



3.8 E143-K207 salt bridge

Crystal structures of KDELR2 in the peptide-bound state indicate a salt bridge between
K207 and E143 (fig. 1.6). This salt bridge is speculated to stabilise the 'active’ con-
formation of the C-terminus. E143 is strictly conserved and forms part of the COPII
recognition motif. Thus, | hypothesise that this salt bridge may act as a 'switch’ be-
tween the mutually exclusive COPII and the C-terminal COPI binding motifs. In order
to test this hypothesis a KDELR2 E143A mutant was produced. The E143A mutation
was predicted to destabilise the 'active’ conformation of the C-terminus if the salt bridge
can no longer form.

13C SOFAST-HMQC spectra were collected of the mutant and overlays with WT are
shown in figure 3.23. If the E143A mutation were to destabilise the 'active’ conformation
of the C-terminus, this would be reflected in line broadening of the C-terminal lysine
peaks when peptide is bound, similar as to what was observed for WT KDELR2 in the
apo state. However, the comparison of peptide-bound mutant and WT spectra shows
that this does not happen. The linewidths/intensities as well as the chemical shifts of
the C-terminal lysine peaks are almost identical. This data indicates that the E143A
mutation does not influence the conformation of the C-terminus and suggests that the
E143-K207 salt bridge is not required to stabilise the 'active’ conformation of KDELR2.

Furthermore, methyl peaks of lysines involved in salt bridges have previously been
observed significantly upfield in the *H dimension compared to other lysine methyls [56].
These typically have chemical shifts between 2.0 ppm and 2.2 ppm. The occurrence of
the K207 peak at 2.86 ppm in the H dimension, thus, suggests that we do not observe

the E143-K207 salt bridge in solution.
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Figure 3.23: Role of the E143-K207 salt bridge. Overlay of 3C SOFAST-HMQC
spectra recorded of WT (black) and the E143A mutant (blue). The blue dotted lines
indicate the area where of which the 1D projections were produced. Intensities of K83
were matched to scale the 1D projections. P: peptide-bound KDELR2, A: apo KDELR2.
All data recorded on a 950 MHz spectrometer.

3.9 Sybody 37

The binding of sybody 37 (Syb37) to the luminal side of KDELR2 (fig. 1.7) leads to the
redistribution of the receptor to the lysosome [17]. The crystal structure of the Syb37-
KDELR2 complex was solved (fig. 1.7), however, the molecular basis of this behaviour
was not revealed. Thus, this question was addressed with solution NMR.

Firstly, a sample of KDELR2 in complex with Syb37 had to be produced. The sybody
was incubated for 1 h with apo KDELR2 at pH 6.6 to allow binding. As it was important
to have samples with pure complex, the binding efficiency was assessed by analytical
size-exclusion chromatography (fig. 3.24). The SEC elution profile shows 3 separated
peaks. The composition of the three peaks was analysed by gel electrophoresis. Peak

1 mostly consists of KDELR2 and only very little sybody. This most likely corresponds
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to a polymerisation state of the receptor which does not bind sybody. The second
peak possesses a big shoulder as this is usually observed in the SEC elution profile of
KDELR2. Both the main peak and the shoulder consist of approximately equal amounts
of KDELR2 and sybody, which indicates the formation of the complex. The fractions of
peak 2 were pooled and used to prepare the NMR sample. The third peak consists of

excess sybody only.
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Figure 3.24: Analysis of sybody binding. (A) Elution profile of the sample run on SEC.
(B) Polyacrylamide gel of the SEC fractions.

The spectra recorded of the Syb37-KDELR2 complex are overlaid with spectra of
KDELR?2 in the apo state (fig. 3.25). As usual the intensity of the K83 peak was
matched to scale the 1D projections. It is important to mention that the concentration
of the sybody samples was lower than the standard due to inefficiency of the complex

formation. Consequently, the signal-to-noise is worse in the complex spectra which led
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Figure 3.25: The impact of Syb37 binding on KDELR2. Overlay of 3C SOFAST-
HMQC spectra recorded of KDLER2 in its apo state (black) and the Syb37-KDELR2
complex (green). The horizontal blue dotted lines indicate the area where of which the
1D projections were produced. The vertical blue dotted line indicate regions of buffer
interference. The spectrum of the complex at pH 6.6 is overlaid with the KDELR2
spectrum at pH 5.5 to reduce the buffer interference. As discussed in a previous section
the chemical shifts of protein peaks at both pH values are identical. Intensities of K83
were matched to scale the 1D projections. A: apo KDELR2. KDELR2 spectra recorded
on a 950 MHz spectrometer, the spectra of the KDELR2-Syb37 complex were recorded
on a 750 MHz spectrometer.

to greater uncertainty in the scaling of the 1D projections.

The overlays show that sybody binding leads to an increase in intensity of the peak to
which resonances of K204 and K207 contribute. This increase is substantial and appears
to indicate a real change in this protein peak. As the two samples were labelled in the
same way we can assume identical methylation efficiency. Thus, the increase in peak
intensity compared to the apo state would suggest a decrease in peak broadening. This
in turn would imply that Syb37 binding to the apo KDELR? leads to the stabilisation of
the conformation of the C-terminus.

Furthermore, a change in chemical shift of the K204 /K207 peak supports the notion
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that a change in the KDELR C-terminus is observed. The slight downfield shift of this
peak in the complex spectrum suggest that the conformation stabilised by Syb37 is
different to the state stabilised by the peptide. In the crystal structure, the C-terminus
occupies the same conformation in the complex as in the apo state. Thus, | speculate
that Syb37 stabilises the 'inactive’ state of the C-terminus. The perturbation of chemical
shifts is small, however, based on the crystal structures the C-terminal lysines are solvent
exposed in both 'active’ and 'inactive' states. Large changes in chemical shifts are
not expected for this transition. The slight downfield shift of this peak would also be
consistent with the deshielding of the lysines due to the C-terminus moving away from
the negatively charged residues E143 and E145.

Taken together, the NMR spectra shown here of the Syb37-KDELR2 complex sug-
gest that sybody binding to the luminal face of the receptor may lead to changes in
conformation of the C-terminus on the cytosolic side. Nevertheless, we have to keep in
mind that there might be slight inaccuracies in the scaling of 1D projections and be cau-
tious when comparing peak intensities. A spectrum of the complex at higher resolution
is required for more confidence in this finding. Furthermore, other lysines contribute to
the peak of interest and we cannot be sure that the observed changes indeed originate
from K204 or K207. Spectra of Syb37 in complex with the K204R and K207R mutants
would provide more information as overlays of such spectra with WT would allow to

evaluate the change in these two resonances.
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4 Discussion

Here, | study the behaviour of the KDELR2 C-terminus to investigate the molecular
mechanism by which the trafficking receptor signals across the membrane to initiate
vesicle retrieval. Using NMR this project focussed on the dynamic behaviour of the

receptor in solution and complements static information derived from X-ray crystallog-

raphy.

4.1 pH regulates cargo binding only

The role of pH in the regulation of cargo binding and dissociation from KDELR has
been characterised in detail [17, 21, 16]. By determining the protonation state of the pH
sensor residue histidine 12, pH modulates the receptor’s affinity for ERS. In this way, the
low pH in the Golgi favours cargo binding and the neutral pH in the ER triggers release.

This study analysed the possible involvement of H12 protonation in KDELR sig-
nalling. Thus, | investigated if a change in pH influences the conformation of the recep-
tor C-terminus. For this purpose, NMR spectra of KDELR at different pH were recorded.
Neither chemical shifts nor linewidths provided evidence for a change in conformation at
the C-terminus over the physiological range. As this would be reflected in at least one of
the two observables (chemical shift and linewidth), the data suggests that pH does not
influence the conformation of the KDELR C-terminus. The absence of a conformational
rearrangement conclusively shows that the protonation state of H12 does not directly
influence KDELR signalling. This suggests that regulation of cargo binding and KDELR

signalling are two separate mechanisms. pH, through the protonation of H12, appears
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to be solely involved in the first of these two.

This finding is consistent with cellular experiments. These showed that in the absence
of ligand KDELR is mostly localised to the Golgi and not the ER, suggesting that
protonation of H12 alone does not trigger KDELR signalling and initiate retrograde

trafficking [17, 21].

4.2 The dynamic equilibrium of the KDELR C-terminus

Line shape analysis revealed that KDELR signalling is a highly dynamic process rather
than a simple on/off transition between an 'active' and an 'inactive’ state, as this is
observed in the crystal structures (fig. 1.2). | hypothesis that the C-terminus exists in
a conformational equilibrium between 'active’ and 'inactive’ states, that the position of
this equilibrium is affected by peptide binding (but not pH), and that receptor signalling
depends on the position of this equilibrium. The proposed model of KDELR signalling

is summarised in figure 4.1.

Cargo- —)E
bound

Apo «—=
Syb37- —>
bound

Figure 4.1: The dynamic equilibrium model of the KDELR2 signalling. 'Active’ and
'inactive’ refer to the conformations of the KDELR C-terminus as shown in figure 1.2.

In the apo state, severe broadening of C-terminal lysine peaks is observed. This
finding suggests extensive conformational exchange and that the conformation of the

C-terminus is not well defined. The C-terminus may exchange between 2-states, the
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'inactive’ and ’active’ conformations as observed in the crystal structures (fig. 1.2).
However, we cannot exclude the possibility that the C-terminus is sampling a larger
number of active and inactive states in solution and crystal structures only provide a
'snapshot’ of two such conformations. Most importantly, the data suggests that the
C-terminus exists in an equilibrium between two or more conformations, wherein the
'active’ state is a relatively small proportion of the sampled states in the absence of
peptide.

Upon peptide binding, the NMR spectra become more disperse and have narrower
linewidths. This indicates a more defined conformation and comparably less dynamics
on the microsecond-millisecond timescale in the peptide-bound state, suggesting that
the peptide stabilises one of the conformational states of the C-terminus. | speculate
that the stabilised conformation is an 'active’ state of the receptor, as captured by the
crystal structures of the peptide-bound KDELR (fig. 1.2). As the peptide mimics cargo
binding, it is highly likely that cargo shifts the conformational equilibrium towards the
'active’ state in a similar fashion.

However, a low level of peak broadening remains in the peptide-bound state which in-
dicates that the peptide is not able to fully stabilise the 'active’ conformation of KDELR.
A similar phenomenon was observed in the pu-opioid receptor [49]. Binding of extra cel-
lular ligand alone did not lead to the full receptor activation and G-protein binding to the
intracellular side was required in addition. KDELR may function by a similar principle
and both binding of cargo and COPI could be required for complete stabilisation of the
KDELR C-terminus in its active conformation. NMR spectra of KDELR in complex with
peptide and COPI are required to confirm this hypothesis.

Contrary to expectations, the E143-K207 salt bridge is not involved in the stabilisa-
tion of the 'active’ state of the receptor. Moreover, the NMR data suggests that we do
not observe the salt bridge in solution. A comparison of the three crystal structures of
peptide-bound KDELR (fig. 4.2) shows that there is disagreement over the formation

of the salt bridge. The far C-terminus (residues from 207) differs in conformation across
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the three structure indicating increased flexibility of these residues. As a result, the
salt bridge is only observed in two of the structures. This suggests that in solution the
far C-terminus may sample a number of conformations when peptide is bound to the
receptor with the salt bridge only forming in a subset of those. The NMR data indicates
that a conformation as shown by PDB 6l6H, where no salt bridge between E143 and

K207 forms, may be more prevalent in solution.

Figure 4.2: Conformation of the far C-terminus. (A) Overlay of the three crystal
structures of peptide-bound KDELR?2 at pH 6.0. (B) KDELR2 bound to HDEL peptide,
PDB: 6Y7V. (C) KDELR2 bound to RDEL, PDB: 6ZXR. (D) KDELR2 bound to KDEL,
PDB: 6l6H. In structures where the E143-K207 salt bridge is observed it is highlighted
by a dashed black line. Residues E143 and K207 are shown in stick representation.

Lastly, | present some evidence that sybody 37 stabilises a conformation of the
KDELR C-terminus which differs from the 'active’ state stabilised by the peptide. In the
crystal structures the sybody-bound and apo KDELR (fig. 1.7) occupy a highly similar
conformation. An RMSD of 1.4 A was calculated across the entire structure and an
RMSD of 0.6 A when only comparing the last part of TM7 and the C-terminus (residues
195-203). This conformation was describe as an 'inactive’ state of the receptor. As
established above, the crystal structure only depicts a 'snapshot’ of the conformation
of the apo receptor, which is highly flexible and samples both 'active’ and 'inactive’
states in solution. | speculate that the sybody shifts the conformational equilibrium to

stabilise the 'inactive’ state of the receptor as shown in the crystal structure. This finding
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suggests that Syb37-bound and apo KDELR may not behave identically in solution and
could explain why Syb37 leads to the redistribution of the receptor to the lysosome
which is not observed for apo-KDELR. However, NMR spectra of the complex at higher
resolution are required for more confidence in the data.

This study shows that KDELR?2 signalling depends on a dynamic equilibrium of its
conformational states, similar as this has been observed previously in several GPCRs,
such as the the (,-adrenergic receptor, the [51-adrenergic receptor, the p-opioid receptor
and the adenosine Apa receptor [44, 45, 46, 47, 48, 49, 50]. This finding suggests a
mechanisms involving a conformational equilibrium that can be shifted in either direction

by ligands could be shared by many classes of cellular receptors.

4.3 KDELR signalling in the cell

Based on findings in this study a model of KDELR signalling in the cell is proposed (fig.
4.3).

The low pH of the Golgi primes KDELR to stabilise cargo binding. However, on its
own protonation of H12 does not induce KDELR signalling. The event of cargo binding
is signalled across the membrane by stabilisation of the 'active’ conformation of the C-
terminus. In turn, this leads to rapid recruitment of COPI and the consequent retrograde
trafficking to the ER. As cargo is typically present at much higher concentrations than
KDELR [18, 20, 21, 22] this ensures the efficient trafficking of cargo and fast recycling
of KDELR back to the Golgi.

In the apo state, the KDELR2 C-terminus exists in a conformational equilibrium of
'active’ and 'inactive’ states. | speculate that the transient adoption of the 'active’
conformation leads to a low level of COPI recruitment. Thus, even in a cargo depleted
environment KDELR is retrieved to the ER, though at a much slower rate. This prohibits
that KDELR follows the bulk flow to the lysosome where it would get degraded and

ensures that the receptor remains within the trafficking system.
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Figure 4.3: Model of KDELR signalling in the cell. (1) Cargo-bound KDELR is rapidly
transported to the ER. (2) In the apo state, KDELR is retrieved at a lower rate to prevent
it from following the bulk flow to the lysosome and getting degraded. (3) Syb37 binding
inhibits KDELR signalling leading to its redistribution to the lysosome.

Binding of Syb37 inhibits KDELR signalling by stabilisation of an 'inactive’ state.
Thus, sybody-bound KDELR is not able to recruit COPI and is not retrieved to the ER.

As a result the complex follows the bulk flow to the lysosome [17].

4.4 Limitations

Owing to substantial overlap of many protein peaks much of the analysis of KDELR
dynamics is based on changes in peak intensity rather then linewidths. As previously
explained peak broadening leads to a decrease in peak intensity [40]. However, in the
used experimental set-up other factors may influence this observable. There is the pos-
sibly that differences in methylation efficiency of individual samples led to changes in
peak intensity. NMR data shows that the decrease of peak intensity of apo-KDELR is

independent of the state the sample was labelled in (fig. 3.20). This provides evidence
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that we indeed observe line broadening in the spectra of KDELR in its apo state. How-
ever, | am not able to directly prove that the labelling efficiency is identical in both
peptide-bound and apo samples. Labelling efficiency of individual lysine residues can be
measured by a trypsin digestion followed by mass spectrometry [69]. If the labelling ef-
ficiency is identical then a decrease in intensity must occur through increased relaxation
which causes peak broadening. Thus, | suggest determination of the labelling efficiency
as an important further experiment to confirm the presence of peak broadening.
Furthermore, | have not carried out an exhaustive assignment of the lysines in this
study. | only assigned 6 of a total of 11 lysine residues (K22, K25, K35, K64 & K140
were not assigned). Some of the unassigned lysines are clearly moving, either with pH
and peptide. A full assignment would provide a better picture of the conformational
changes in KDELR and would reveal what other parts of KDELR move with receptor

activation.

4.5 Future directions

Lipids are important regulators of transmembrane proteins [80] and have recently been
described to modulate transporters located in the Golgi [71, 81]. Thus, the involvement
of lipids in the regulation of trafficking receptors seems likely [19]. It has been discovered
that lipids with long hydrophobic tails inhibit KDELR signalling even if cargo is bound
to the receptor. It was hypothesised that these lipids block movements of KDELR TM7
which inhibits the gain of structure of the C-terminal COPI binding motif. In a next step
of this project, it is aimed to address the lipid regulation of KDELR2. For this purpose, it
is planned to apply the NMR methods developed here to investigate the conformational
dynamics of KDELR2 in lipid nanodiscs. If these experiments are successful, this would
not only provide exciting new insight into the lipid regulation of cellular trafficking but
also validate reductive methylation and 3C NMR as a platform to study proteins in

nanodiscs.
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5 Conclusion

This work marks the first solution NMR study of a trafficking receptor and bridges the
divide between static crystal structures and the behaviour of the receptor in solution.
KDELR is an impressive example that a dynamic rather than a on/off model of activation
provides a receptor with additional flexibility in its signalling mechanism. This flexibility
helps the receptor to efficiently respond to a range of cellular conditions. The study fur-
ther highlights that an appreciation of dynamic properties is required to fully understand
the molecular basis of protein function. Structural biology is entering an exciting phase

with new tools emerging that allow the detailed study of protein dynamics.
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