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Abstract iv

Abstract

The proteasome as the major cellular protease plays a central role in regulated protein deg-
radation in all kingdoms of life. Besides the proteolytic core particle, the proteasome com-
prises an ATP-dependent unfoldase subcomplex from the family of AAA+ ATPases. Numer-
ous structural, biochemical and biophysical studies have provided insights into the mecha-
nism of ATP-dependent protein unfolding by hexameric AAA+ unfoldase from bacteria, ar-
chaea and eukaryotes, resulting in the suggestion of a common mechanism for how all AAA+
unfoldases couple ATP-hydrolysis to protein unfolding. However, conflicting biochemical,
biophysical and structural data on unfoldases from various organisms challenge the universal
validity of this mechanism, calling for further studies on unfoldases from all kingdoms of life.
The proteasomal ATPase PAN from archaea is considered to be an evolutionary precursor to
its eukaryotic homolog, the 19S regulatory particle, and its much simpler architecture makes
it an excellent system for structural and mechanistic studies in solution. In this PhD thesis |
employed solution-state NMR spectroscopy to study the conformational states of PAN and
gain insights into the unfolding reaction of the model substrate GFP-ssrA by PAN.

After assigning NMR resonances of all subdomains and of the full complex, | could confirm a
functional asymmetry in hexameric PAN patrticles. Asymmetry has also been found in most of
the recent cryo-EM models from various AAA+ ATPases; however, it has been located most-
ly to the hexameric ring formed by the nucleotide-binding domain of the ATPases. By con-
trast, my studies show conformational heterogeneity and asymmetry in the so-called OB-ring
which is located above the nucleotide-binding domain and is thought to allosterically link the
nucleotide state of PAN to substrate recruitment. Further, studies on the binding of PAN to
an ssrA-tagged model substrate demonstrate the absence of strong, stable interactions be-
tween the PAN N-terminal domains and its substrates, in disagreement with what has been
previously proposed.

Further, | used time-resolved NMR experiments to study the dynamic process of unfolding of
the model substrate GFP-ssrA. Detecting selectively the NMR-signals of isotopically labeled
GFP-ssrA, | was able to monitor the states experienced by the substrate during the unfolding
and degradation reaction by PAN at amino acid resolution. The disappearance of natively
folded GFP signals and the concomitant build-up of unstructured proteolysis-products in the
NMR experiments with similar time-constants confirm a tight coupling of the two processes
and are in good agreement with findings of a collaborative study using time-resolved small
angle neutron scattering.*

These studies demonstrate the power of NMR spectroscopy in helping to understand dynam-
ic processes like protein unfolding and emphasize its complementarity to other solution-
based techniques like small-angle scattering which probe biological samples in a more na-
tive-like environment and thus allow dynamic processes to take place and be monitored.

Keywords: protein unfolding, proteasome, AAA+ ATPases, solution NMR spectroscopy, time-
resolved NMR, structural biology
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1 Introduction

1.1 The Ubiquitin proteasome system

The composition of the proteome as the universal ensemble of all proteins contained in all
living cells is delicately regulated on two major levels to match the requirements of the cell
under a broad range of conditions®: (1) Gene regulation of protein-encoding genes at tran-
scriptional and translational level controls the rate at which certain proteins are synthesized
by the cell’s central protein factory, the ribosome.>* (2) After ribosomal protein biosynthesis
two major pathways in eukaryotes remove superfluous proteins, when they are no longer
needed, are misfolded or damaged by different kinds of cellular stress. Next to the autopha-
gal-lysosomal system, which involves hydrolytic degradation of proteins in the compart-
mentalized lysosome,® the Ubiquitin-proteasome system (UPS) is the major pathway for cel-
lular protein removal in eukaryotes.® Targeted protein degradation is crucial for cellular health
since the accumulation of needless or damaged proteins can lead to highly cytotoxic aggre-
gates with disastrous consequences not only for the cell but also the entire organism.”® Fur-
thermore, the removal of regulatory proteins after their tasks has been fulfilled is critical to
properly maintain a multitude of regulated processes like cell cycle progression, cell survival,
proliferation and apoptosis, which could otherwise lead to unregulated cell growth and con-
sequently cancer.>'® These key roles make the entire UPS a valuable drug target, as testi-
fied by the development of a multitude of small-molecule inhibitors targeting several distinct
components of this pathway.**

The UPS activity pathway can be divided into a regulatory step, which marks proteins for
degradation, and the actual proteolytic cleavage by the proteasome (Figure 1.1 A). The UPS
degrades only proteins which are targeted for removal, to avoid unselective and harmful pro-
teolysis. The first mark of proteins that need to be degraded is their covalent ligation to the
76-amino-acid protein ubiquitin (Ub),*? is recognised by the proteasome. Ubiquitin is attached
to lysine residues of the target protein via its C-terminal glycine in an ATP dependent reac-
tion catalyzed by an enzyme-cascade E1, E2 and E3 (Figure 1.1A).'® The first step of this
conjugation is the ATP-dependent activation of Ub through the formation of a thioester link-
age to the enzyme E1. Next, the activated Ub is transferred to the ubiquitin carrier protein
E2, again forming a thioester linkage. The third step is catalyzed by the ubiquitin ligase E3,
which attaches the Ub C-terminus to a lysine g-amino group of the substrate via an isopep-
tide linkage, resulting in monoubiquitylation. Generally, substrates can be linked to Ub via
multiple lysine residues resulting in multimonoubiquitylation. Ub itself in turn also contains 7
lysine residues (Figure 1.1 B) which together with the N-terminal methionine are potential
sites for ubiquitylation providing the basis for a potentially complex ubiquitylation pattern also
referred to as the ubiquitin code.™ The 500-1000 different E3 ligases in humans™* are mostly
responsible for the substrate specificity of ubiquitylation by bringing the Ub-E2 conjugate
together with specific substrate proteins. Since ubiquitylation is not exclusive to the UPS
pathway, the specific pattern of ubiquitylation determines whether ubiquitylated proteins are
targeted for proteasomal degradation or directed to other regulatory pathways. The 26S pro-
teasome as the major protease in eukaryotic cells, mainly accepts substrates decorated with
Lys48 or Lysl1 linked poly-UB chains.” Other variants may also be accepted. However,
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Lys63 linked Ub-chains target substrates almost exclusively for autophagal-lysosomal hy-
drolysis and do not engage with the proteasome.*®
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Figure 1.1 Overview of the Ubiquitin proteasome system A) The Ubiquitin proteasome pathway comprises
several key steps. First, ubiquitin (Ub) is C-terminally linked to E1 in via an adenylated intermediate in an ATP
dependent manner forming a thioester-linkage. Next, UB is transferred to E2, again forming a thioester-linkage.
The Ub-E2 conjugate is recognized by substrate specific E3-ligases which catalyze the isopeptide linkage for-
mation of the Ub-C-terminus to a substrate-lysine residue. Finally, ubiquitylated protein substrates are recognized
by the 26S proteasome via their Ub-chains, ubiquitin is cleaved of'f and substrate proteins are degraded in an
ATP-dependent manner. B) The ubiquitin structure (PDB: 1UBQ)"’ exposes a flexible carboxy-terminal tail (C) for
E1-E3 dependent ligation to substrates and seven lysine residues (red) for attachment of further ubiquitin mole-
cules via isopeptide linkages. C) Different patterns of ubiquitylation are found (from left to right): Monoubiquityla—
tion, multimonoubiquitylation, polyublqunylatlon mixed ubiquitin chains and branched ublqumn chains. Part A is
adapted from MauPIN-FURLOW et al.*®, while schematics in C are adapted from KOMANDER et al.*

Substrate Substrate

1.1.1 The eukaryotic 26S proteasome

In eukaryotes the 26S proteasome is the main protease involved in regulated protein degra-
dation. The enzyme removes harmful or no longer needed proteins as well as facilitates the
recycling of basic amino acid building blocks and is thus essential for maintaining proteome
homeostasis. As the final protease, degrading ubiquitylated proteins, the proteasome repre-
sents the terminal component of the ubiquitin proteasome system. The 2.5 MDa complex
consists of two major subcomplexes comprising more than 30 subunits, with distinct func-
tions in the processing of substrates (Figure 1.2): (1) The 19S regulatory particle (RP), which
is responsible for recognition, deubiquitylation and ATP-depended unfolding of ubiquitylated
substrates and (2) a proteolytic core particle (CP) for proteolytic fragmentation. The strict
compartmentalization of this destructive molecular machine is crucial, since especially the
CP’s proteolytic sites would be harmful to the cellular environment if not shielded from the
cytosol. The structure and functions of the proteasome’s individual subcomplexes will be
briefly reviewed in the following sections.
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Figure 1.2 Architecture of the 26S proteasome. The full assembly of the eukaryotic 26S proteasome comprises
the 19S regulatory particle (orange, green, cyan) and the 20S proteolytic core particle (greys). Shown is a singly-
capped version of the yeast 26S proteasome (PDB: 6FVT)."

1.1.1.1 The 19S regulatory particle

As the name suggests the 19S regulatory particle regulates the access of substrates to the
proteasome for proteolytic degradation. The RP forms a sophisticated entrance control to
prevent unregulated proteolysis. The process of substrate admittance to the 20S CP can be
divided into substrate-recognition and -deubiquitylation with subsequent unfolding and trans-
location. These events happen on two specialized subcomplexes of the RP: (1) the base
complex resides directly on the CP and unfolds and translocates the substrate in an ATP
depended manner and (2) the lid flanks one face of the RP and, acts as a structural scaffold
and comprises the mayor deubiqutinase Rpnl1 (Figure 1.3).

A heterohexameric AAA+ ATPase ring, formed by Rptl1-6 and located at the core of the RP-
base, is the proteasome’s motor converting the chemical energy of ATP into mechanical
work. The ATPase ring’s architecture can be described as a trimer of dimers, in which N-
terminal helices of neighbouring subunits (Rptl/2, Rpt6/3, Rpt4/5) form three coiled coll
structures (CC)®. The CC domain is followed by a ring assembly of OB-fold containing do-
mains (OB-ring). A tight pore formed by the OB-ring poses the first constriction for folded
substrates during their way through the proteasome. The mechanical work is generated by
the six ATPase domains, which apply force to the substrates via their conserved pore-loops.
Interaction to the proteolytic core particle is mediated by a conserved hydrophobic-tyrosine-X
(HbYX) motif on Rpt2, Rpt3 and Rpt5 which induce gate opening in the CP’s a-ring. Addi-
tionally, three non-ATPase proteins, named Rpnl, Rpn2 and Rpnl3, accompany the AAA-
ring in the base subcomplex. These proteins exhibit multiple binding sites for Ub or Ub-like
proteins (UBL). An additional ubiquitin receptor Rpn10 is neither considered part of the base
nor lid but rather bridges the two in the fully assembled RP. The lid acts as a scaffold keep-
ing all components of the RP together and also keeping it attached to the core particle. It
consists of 7 structural protein subunits (Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, and Rpnl12)
and a Zn*-dependent deubiquitinase (DUB) of the JAMM/MPN family of peptidases, called
Rpnll. Rpnll is mainly responsible for cleavage of ubiquitin chains attached to proteasomal
substrates before they are translocated through the ATPase- ring’s pore. The RP is further
associated with two more DUBs (Ubp6 and Uch37); these have more specific Ub cleaving
activities than Rpn11, which mostly cleaves the substrate bound Ub-chains.”* During the
active cycle of proteasomal processing the enitre RP undergoes substantial conformational



Introduction 4

changes to facilitate the recognition of Ub-linked substrates, cotranslocational deubiquitinyla-
tion, unfolding and translocation into the proteolytic core particle. The conformation adopted
by the RP before engaging with a substrate is called S; and is used to illustrate the RP-
architecture in Figure 1.3. Mechanistic models of the transition between these conformations
are discussed in detail in chapter 1.5 and 1.6.

20S CP

Rpt1-6

Figure 1.3 Architecture of the eukaryotic 19S regulatory particle. The RP consists of two major sub-
assemblies: The heterohexameric AAA+ ATPase motor, comprising the six subunits Rpt1-6 (orange), is located at
the base. The ubiquitin-receptors RPN1, RPN2 and RPN13 are also considered part of the base (ocre). A lid
structure comprising seven structural proteins (cyan) acts as a scaffold and also contacts the proteolytic core
particle to maintain integrity of the full 26S proteasome. An additionally essential component of the lid is the zn*
dependent deubiqutinase RPN11 (pink), which removes polyubiquitin chains from proteasomal substrates. Fig-
ures are made base on a yeast proteasome cryo-EM model in the S; state (PDB: (SFVT).19

1.1.2 The 20S proteolytic core particle

The 20 S proteolytic core particle (20S CP), which is the catalytic subunit of the proteasome,
exhibits a much simpler architecture (Figure 1.4).?* It comprises four stacked rings, which are
arranged in a a;.7p1.7B1.701.7 fashion and form a hollow cylinder. Each of the rings is a hetero-
heptameric assembly of a;-a; and B:- B+, respectively. Inside the cylinder the 20S core parti-
cle is compartmentalized into a pair of distal ante-chambers and a central proteolytic core
chamber. The proteolytic sites reside in the core chamber formed by the two inner B-rings.
Only B;, B> and Bs show proteolytic activity. They are unique threonine proteases, which are
activated autocatalytically from propeptides upon full 20S assembly, to prevent uncontrolled
activity and cell damage.”® Two a-rings sandwich the two inner B-rings, providing a tight bar-
rier for peptide entry to the proteolytic lumen. Upon insertion of the C-terminal tails of the
regulatory particle ATPases the gates at the distal faces open up to allow for substrate entry
into the protease chamber.” The non-proteolytic ante-chamber has been found to maintain
proteins in their unfolded state to allow for efficient proteolysis by actively interacting with
unfolded polypeptides?®.
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Figure 1.4 Architecture of the 20S proteolytic core particle. The eukaryotic 20S CP is assembled as cylinder
composed of four stacked rings. Two central heteroheptameric B-rings are sandwiched between a pair of likewise
heteroheptameric a-rings. The six threonine protease proteolytic sites (three on each B-ring) are sequestered in
the core chamber of the CP. Two ante-chambers are formed between a- and B-rings and maintain polypeptides in
an unfolded state to facilitate efficient proteolysis.?* The a-gate entrance pore of the CP is closed in the S; state of
the 26S proteasome. Structures represent the cryo-EM models from S. cerevisiae in the S; state (PDB: 6FVT).**

1.2 Archaeal proteasome systems

Archaea, as single cell organisms, are considered to be prokaryotes. They lack characteristic
features of eukaryotes, like nuclei and other subcellular organelles. However, they also differ
from bacteria in that they show unique properties similar to eukaryotes. The fact that many
molecular machines of archaea are similar to those from eukaryotes and evolutionary rela-
tively well conserved is exploited by molecular and structural biologists. Oftentimes archaeal
systems are less complex homologues of their eukaryotic counterparts, making them easier
to study.? Furthermore, the thermal stability of proteins from thermophilic archaea is of par-
ticular interest since these proteins are usually better behaved in in vitro studies.?® Especial-
ly, NMR spectroscopy benefits from elevated temperatures tolerated by thermophilic pro-
teins, since higher temperatures result in smaller correlation times 1., improving drastically
the quality of NMR-spectra of larger proteins.?>%’

In the case of the archaeal proteasome, scientists have exploited all the above described
advantages: The first high resolution crystal structure of a 20S proteasome core particle was
published in 1995 and described the complex from the archaeon Thermoplasma acidophi-
lum. Later on, archaeal proteasomes have contributed extensively to build the basis for the
mechanistic understanding of these molecular machines.?®

The general architecture of archaeal proteasome systems is homologous to the eukaryotic
ones; however, several important properties described in the following sections make them
more accessible for biophysical and structural studies.

1.2.1 PAN - an archaeal regulatory particle homologue

PAN, the Proteasome Activating Nucleotidase was found to be the archaeal homolog of the
eukaryotic 19S regulatory particle.?® The most striking difference between the eukaryotic and
archaeal proteasome activator is the absence of an equivalent of the lid and as well as of a



Introduction 6

ubiquitin- or ubiquitin-homolog- processing machinery. Essentially, PAN is the homologue of
the hexameric ATPase ring of the 19S particle without all regulatory elements. In contrast to
the eukaryotic system, PAN is a homohexameric assembly formed by six copies of the same
polypeptide chain.*® However, the PAN amino acids sequence has 41-45 % sequence simi-
larity to the Rpts of the 19S regulatory particle; consequently the archaeal PAN is considered
to be the evolutionary precursor of the eukaryotic 19S RP. First high resolution structural
information on proteasomal activators was obtained on PAN from the archaeon Meth-
anocaldococcus jannaschii in 2009,%3? the architecture of which was later found to be fairly
conserved in the eukaryotic system: Likewise the 19S regulatory particle’s ATPase PAN has
three N-terminal coiled coils formed by two neighbouring subunits. To facilitate the formation
of the CC from two adjacent N-terminal helices, a conserved trans-proline peptide bond is
found in every other protomer around the ring, establishing the trimer of asymmetric dimer
architecture for the homohexameric PAN. While the CCs in the 19S RP are involved in bind-
ing to several ubiquitin receptors and lid structural elements (see also chapter Figure 1.3),
their function in archaea is not fully understood. Especially the role of a supposedly unstruc-
tured tail of ~ 40-50 residues upstream of the coiled coil forming region remains elusive. C-
terminal to the CC, there is an OB-ring, which forms a 13 A pore as a first constriction for
folded substrates during the degradation.®* Mechanical work is generated by the C-terminal
ATPase domain, which in PAN carries an HbYX motif for 20S interaction and a-gate opening
on all six protomers.® PAN was found to process substrates with long flexible tails in both C-
to N- and N- to C-terminal directions.® Further, it has been reported that PAN exhibits chap-
erone activity, both preventing the aggregation of unfolded proteins and promoting the refold-
ing of unfolded proteins,® potentially acting as a therapeutic in protein-misfolding neuro-
degenerative diseases.®* Due to its simple architecture, PAN has been studied extensively
as a model system for proteasomal ATPases, establishing key properties which are con-
served in the eukaryotic system, like asymmetric binding of nucleotides,®’ a-gate opening by
tail insertion,® long-range allosteric coupling between subdomains,®** and major conforma-
tional changes during active unfolding reactions.*

A

central pore

Coiled coil domain

OB-ring

top view

B
1 ~40 90 150 430

N c

Figure 1.5 Architecture of the archaeal PAN. A) Top- and side view representations of the hexameric PAN (left
and middle) and an isolated PAN-protomer (right). Three N-terminal coiled coil (CC) domains are formed by three
pairs of helices of adjacent subunits and protrude from the top of the complex (red). The CC is followed by a rigid
hexameric OB-ring (oligosaccharide-/oligonucleotide-binding) which forms a 13 A pore as a first constriction for
folded substrate proteins (left, top view). The C-terminal AAA+ ATPase ring, connected to the OB-ring via flexible
linkers, binds and hydrolysis ATP to execute mechanical force on the folded substrates. Shown is a homology
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model of PAN from M jannaschii based on cryo-EM reconstructions of PAN from A. fulgidus (PDB: 6HE4).41 B)
Domain architecture of PAN: The first ~ 40 residues of PAN are considered to be disordered and have not been
characterized structurally.

1.2.2 The archaeal 20S proteasome

The archaeal 20S proteasome displays a high structural similarity to the eukaryotic 20S core
particle (Figure 1.4). It is likewise composed of two outer heptameric a-rings that sandwich a
double B-ring. The archaeal 20S core patrticle, however, exhibits a simpler architecture: Both
a- and B-rings are homoheptameric assemblies instead of the heteroheptameric assemblies
in eukaryotes.*> Consequently, all 14 B-subunits harbour proteolytic sites for substrate deg-
radation. Similar to the eukaryotic system, diffusion of protein substrates into the proteolytic
chamber is blocked by the N-terminal extensions of the a-rings forming a gate.*

1.2.3 Targeted protein degradation in archaea

Similar to the eukaryotic ubiquitylation archaea possess a posttranslational modifying system
which was found to be involved in proteasomal degradation of proteins.® The process
named sampylation involves the covalent attachment of a small archaeal modifier protein
(SAMP1 or SAMP 2) to substrate proteins. SAMP is considered to be a structural homologue
of the eukaryotic ubiquitin and shares the prominent B-grasp fold of ubiquitin.** It also con-
tains a hydrophobic patch similar to the one around lle144 in ubiquitin, which is supposed to
be involved in ubiquitin-like interactions with potential SAMP-interaction partners. Sampyla-
tion was first described in the archaeon Haloferax volcanii and is carried out by the enzyme
UbaA (Ubiquitin-like activating protein of Archaea), a homologue of the eukaryotic E1 en-
zyme. Analogous to E1, UbaA catalyzes the activation of SAMP through ATP-dependent
adenylation of its C-terminus. Although isopeptide bonds between SAMP and lysine-¢-
amines have been found for several substrates, the homologues of the E2 enzymes and E3
ligases have not been identified yet, leaving the pathway downstream to SAMP-activation
still not understood. However, archaeal enzyme-homologues to DUBs (deubigutinases) have
been found to remove SAMP from substrates proteins. The protease HYJAMM from H. vol-
canii was found to be a member of the JAMM/MPN+ family of protease, which also includes
the 26S proteasome’s DUB RPN11 in eukaryotes. IN agreement, HvJAMM was reported to
have proteolytic activity, removing isopeptide-linked SAMP from target proteins.* Despite
this high similarity, implying a targeting system for proteasomal degradation similar to the
eukaryotic UPS, no direct evidence for physical interactions between sampylated protein
substrates and the archaeal proteasome have been described. Further, no sophisticated
SAMP processing machinery, similar to RP in eukaryotes, has been described for archaeal
proteasomes. Thus, it remains unclear whether sampylated proteins are directly targeted to
the proteasome.

Most mechanistic studies on protein degradation by archaeal proteasomes employed sub-
strates like the green fluorescent protein (GFP), which contained a genetically encoded ssrA-
tag for targeting to the proteasome regulator PAN.*%4%%° This ssrA-tag originates from bac-
teria where it is incorporated into polypeptides during translation when the ribosome is
stalled. These incomplete proteins are then targeted via their C-terminal ssrA-tag for degra-
dation by bacterial AAA proteases.” It is well accepted that the eukaryotic proteasome de-
grades substrates also in a ubiquitin-independent process, where other degrons (degradation
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tags) act as markers for superfluous proteins.> By analogy, it is likely that archaeal pro-
teasomes accept proteins marked with degrons other than ubiquitin or SAMP, but rather
consisting of flexible unstructured tails similar to the ssrA. The efficiency of ssrA in targeting
proteins to the degradation machinery in archaea has been demonstrated for the archaeal
PAN.*
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Figure 1.6 Ubiquitin like protein modifications in archaea A) For archaea a protein labelling pathway is pro-
posed analogous to the eukaryotic ubiquitin proteasome system. SAMP, the structural analog of ubiquitin, was
found to be linked to the E1 analog UbaA via thioester bonds in an ATP-dependent manner. However, the pres-
ence of additional factors, involved in the ligation of SAMP to proteins for proteasomal degradation, is yet to be
discovered. B) The conserved B-grasp fold in ubiquitin (Ieftg is conserved in the SAMP X-ray structure from the
halophilic archaeon Haloferax volcanii (right, PDB: 3P00).5 Panel A and left part of Panel B are adapted from
MAUPIN-FURLOW et al.'®%?

1.3 Structural properties of AAA+ ATPases

AAA+ unfoldases, also termed AAA+ translocases, are members of the AAA+ ATPase
(ATPases associated with various cellular activities) family of proteins which convert the
chemical energy of ATP into mechanical force and apply it to substrates for unfolding and
translocation. The hallmark of all AAA+ ATPases is a highly conserved ATPase domain with
distinct sequence-specific and structural features, which identify this family as a subset of the
larger p-loop NTPases superfamily.* The ATPase domain usually comprises 200-250 resi-
dues, which form a distinct a/B/a architecture. At the center of this fold is a five-stranded [3-
sheet built by the B-strands Bs-B1-Bs-Bs-B2. The central sheet is flanked by a-helices on both
sides resulting in the o/B/a-sandwich arrangement. (Figure 1.7 A). What distinguishes AAA+
ATPases from other p-loop NTPases is the insertion of 8, between 1 and (33, the absence of
an antiparallel B-strand adjacent to Bs and the lack of any further additional strand directly
adjacent to B, and Bs.>> Most AAA+ ATPases contain an additional C-terminal helix bundle
which forms a lid for the nucleotide binding site and further mediates interactions to other
subunits of oligomeric complexes. The relative conformation of this lid to the a/p/a-core is
oftentimes dependent on the nucleotide state of the ATPase and consequently involved in
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the conformational changes which execute mechanical work on substrates.*® The lid or helix
bundle is mostly referred to as the “small” ATPase subunit in contrast to the Walker A/B mo-
tifs carrying “large” ATPase subunit.

A
Small ATPase domain
Large ATPase domain
B Walker-A Walker-B
GXXXXGK][T/S] hhhhD[D/E]  Sensor 3
OB )17 > )15 {3
Sensor 1Arg finger Sensor 2
|
L)) 8o
Second region of a-helical bundle
homology

Figure 1.7 Topology of AAA+ ATPases A) AAA+ ATPases share a common canonical a/B/a fold architecture. A
central five-stranded B-sheet of the order Bs-B1-Ba-Bs-B2 is sandwiched between flanking a-helices on both sides.
This large ATPase subdomain is accompanied by a C-terminal small ATPase subdomain, comprising a helix
bundle. B) The canonical AAA+ domain contains a number of strictly conserved sequence features: The Walker A
motif between 1 and a; with a conserved lysine, the Walker B motif on B3 harbouring the catalytic glutamate or
aspartate and the second region of homology with a conserved trans-acting arginine finger. Schematics adopted
from Miller et al.>®

The primary sequences of AAA+ ATPases share several distinct motifs common to all other
p-loop NTPases (Figure 1.7 B): Most prominently are the Walker A and Walker B motifs
named after the British biochemist John Walker (Nobel Prize in Chemistry, 1997). The two
Walker motifs contain a couple of conserved residues critical for binding and hydrolysis of
ATP. The Walker A motif comprises a GXXXXGK [T/S] sequence, where “X” is any residue
and its C-terminus is either threonine or serine.” It forms a loop between B; and a; in the
AAA+ topology. This canonical so called p-loop is the most conserved sequence motif in
AAA+ proteins. Walker B motifs are composed of a hhhhD[D/E] sequence where “h” is a hy-
drophobic residue and the C-terminus either aspartate or glutamate. This glutamate at the C-
terminus of B3 is the catalytic base in the hydrolysis of ATP, where it activates a water mole-
cule for the nucleophilic attack on the ATP-y-phosphate. When mutated to glutamine or ala-
nine ATP-hydrolysis is inhibited but ATP-binding still occurs (known as Walker B mutants).
This is because the Walker B glutamate interacts with ATP only indirectly via the coordinated
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water molecule whereas the conserved lysine residue in the Walker A motif directly interacts
with the phosphate groups of the nucleotide.*®

What distinguishes the AAA+ ATPases from other p-loop NTPases is a motif called second
region of homology (SRH).® It is located after the Walker B sequence and comprises 15-20
residues, spanning from part of B4, through all of a, to the loop connecting a, and Bs. The
functional features of the SRH motif include a conserved arginine finger and a so-called sen-
sor 1. The sensor 1 motif is located at the N-terminal end of SRH in the loop which connects
B4 and a, and comprises a polar residue, like asparagine, serine, threonine or aspartate.
Structurally the sensor resides between the Walker A and B motifs and helps to orient the
nucleophilic water molecule which attacks the y-phosphate of ATP. Thus the sensor 1 is also
crucial for proper function of anything related to the hydrolysis of ATP.* The arginine finger
as the second key feature of the SRH motif plays an exceptional role: While the Walker A/B
and sensor 1 motifs act on the same subunit as cis-elements, the R-finger is trans-acting and
reaches the ATP-binding site from the neighbouring subunit of the AAA+ ATPase. This is
crucial for bridging the different subunits as well as for intersubunit allosteric signalling. The
conserved arginine finger is located at the C-terminal end of SRH on the loop between a,and
Bs. Occasionally arginine is replaced by a lysine, fulfilling a similar function.> As trans-acting
elements arginine fingers point into the nucleotide-binding and -hydrolysis-site of the neigh-
bouring subunit, where they interact with the y-phosphate of the bound nucleotide and are
thought to have a role in stabilizing accumulated negative charges in a hydrolysis transition
state.®

Additional active site features of the AAA+ domain include sensor 2 and 3 residues. A con-
served sensor 2 arginine located near the beginning of a; mediates conformational changes
associated with the cycle of ATP-binding and hydrolysis by directly interacting with the a-
phosphate of bound ATP. In AAA+ proteins with a C-terminal lid-structure the sensor 2 argi-
nine is a cis-acting element, opposed to the arginine finger in the SRH motif. In ATPases
without a C-terminal lid, however, sensor 2 can be transacting. A sensor 3 residue (either Arg
or His) is located in some AAA+ ATPases on ag; it has been proposed that this trans-acting
residue plays a role in stabilizing a closed ATP-bound inter-subunit interface in hexameric
AAA+ ATPases.”

Since AAA+ ATPases do not act as monomers but form cyclical hexameric assemblies, in-
spection of the AAA+ specific intersubunit interactions and trans-acting motifs is of high rele-
vance. In fact, the nucleotide binding pocket is located at the interface between two AAA+
subunits involving contribution from two monomers. Most notably, the above mentioned con-
served arginine-finger is the major trans-acting element. It forms a tight bridge with the y-
phosphate of ATP on a neighbouring ATPase subunit in the counterclockwise direction.
Thus, this interaction is dependent on ATP-binding in the neighbouring subunit and, conse-
qguently, this trans-acting interaction is abolished in ADP-bound or nucleotide-free binding
pockets, where the R-finger is retracted from the nucleotide pocket. Further the so-called
intersubunit signalling motif (ISS) involves several trans-acting interactions, involving inter-
subunit 1-stacking of a phenylalanine aromatic ring with the guanidine-moiety of an arginine
on the neighbouring subunits. The relative conformation and the presence of these intersub-
unit interactions is used as an indicator for the nucleotide state of different subunits in the
context of structural studies on hexameric ATPase (Figure 1.8).*%%%%1
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- ATP-bound - ADP-bound post-hydrolysis - Apo-state

- closed pocket - partially closed pocket - open pocket
- ISS-bridge closed - y-phosphate released - ISS-bridge Phe flipped away
- R-fingers engaged - ISS bridge broken - R-fingers disengaged
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Figure 1.8 Intersubunit interactions in AAA+ ATPases depend on nucleotide state. Shown are three differ-
ent nucleotide states in PAN from A. fulgidus.** In the left panel an ATP-bound nucleotide pocket is displayed.
The pocket is found in a closed conformation, in which it is covered by a lid formed by the so-called ISS-bridge
(green, intersubunit-signalling via m-stacking of F275 with R205 on the ATP-bound right subunit). Further the
conserved R-fingers R302 and R299 (magenta) are engaged with the y-phosphates of ATP. The middle panel
illustrates a post-hydrolysis, partially closed, nucleotide pocket with bound ADP. Helix 6 on the clockwise-
neighbouring subunit carrying the ISS-bridge is retracted and the conserved F275 is flipped away from the bind-
ing pocket. Since the y-phosphate is released the trans-acting R-fingers are also partially disengaged from the
nucleotide. The right panel displays an apo-state nucleotide pocket, in which all intersubunit interactions are bro-
ken and the pocket adopts an open conformation. This figure was adapted from MAJUMDER et al.

The family of AAA+ ATPases represents a large group of enzymes with a multitude of cellu-
lar functions.®® Based on sequence and structural comparison they have been classified into
several “clades” where members of each clade are derived from a common ancestor.®> While
all AAA+ ATPases share the abovementioned core motifs, members of each clade are de-
fined by insertions or alterations of special sequences or secondary structural elements in-
side this core.®® In the following chapter, | will briefly characterize the features of the two
clades relevant for this thesis containing protease associated translocating unfoldases.

1.4 The diverse architecture of protease associated AAA+ ATPases

AAA+ ATPase modules of the “classic clade” are the force-generating components in
proteasomal- and FtsH-, Cdc48- unfoldases and in the D1-domain of CIpA/B/C. They all form
closed ring hexamers and are involved in protein remodelling processes. Common to all
classic AAA+ family members is a short a-helical insertion between B, and a, of the AAA+
domain, which forms a loop pointing towards the axial pore of hexameric AAA+ complexes
(pore-1-loop) (Figure 1.9). Based on mutational studies® and also recent substrate bound
structures®® this loop has been found to be heavily involved in substrate interaction and -
processing. Further, the classical clade seems to lack the conserved sensor 2 arginine
residue close to the beginning of a;.>®
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Figure 1.9 Three-dimensional topology of an ATPase domain of the classical clade. Displayed is the AAA+
ATPase subdomain of the mitochondrial protease YME1 which is a FtsH-like protease. All canonical AAA+
ATPase features (central 5-stranded B-sheet, Walker A/B, R-fingers etc.), are labelled accordingly. Unique for the
classic AAA+ ATPases is the a-helical insertion (green) between ;2 and a, which carries the porel-loop for sub-
strate engagement (cyan). The figure is adapted from PucHADES et al.®®

The second clade containing protease-associated ATPases is the so-called HCLR-clade
named after their subfamilies HslU/ClpX, CIpA/B/C-CTD, Lon, and RuvB. The HCLR clade
contains only one specific feature built in to the AAA+ core module: A B-hairpin insertion be-
fore the sensor 1 motif between az and B4, dubbed the pre-sensor 1 B-hairpin (ps1fh). Alt-
hough crucial for proper functioning of HCLR clade ATPases, the ps1Bh insert was not found
to interact with substrates during the translocation, but rather play a role in substrate recogni-
tion.®’

The functional diversity of all AAA+ unfoldases associated with proteases is further deter-
mined by diverse combinations of non-ATPase domains decorating the force-generating
ATPase core.

Rpt/PAN ST - I  20S CP

FtsH [ Hesesman -

Cdc48 [T STl I 20S CP/26S
ClpA/ClpB/ClpC[HilSuasan I I CipP

ClpX [ I CipP

HslU N Hs|V

Lon _ [Cemesman] [ ]

O Interaction or auxiliary module @ Classic clade AAA+ module
@ Protease domain/module @ HCLR clade AAA+ module

Figure 1.10 Domain architectures of protease associated AAA+ unfoldases. In addition to one or two con-
served AAA+ modules, most unfoldases carry distinct additional modules, for example for substrate- or adapter
protein interaction (yellow modules). Further, they interact with their associated proteases either by specific non-
covalent interactions (Rpt/PAN, Clp-ATPases, HslU, dashed lines) or are part of one polypeptide carrying also the
protease (FtsH, Lon, continuous lines). Cdc48 has been shown, to work together with the 20S proteasomal core
particle, but it is also capable of transferring unfolded proteins to the 26S proteasome.68 The schematic is adapted
from ZHaNG et al.®®
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Generally, unfoldases carry different N-terminal non-ATPase domains which are involved in
substrate recognition and -binding. Furthermore, several AAA+ unfoldases like Cdc48/VAT
and CIpA/B/C contain not only one but two AAA+ modules in their primary sequence, which
fulfill distinct functions. Unfoldases also differ significantly in the way they work together with
their respective protease. While the AAA+ unfoldases in the proteasomal regulatory particle,
ClpX, CIpA/B/C and HslU associate with their respective protease complexes via specific but
non covalent interactions, the proteases of FtsH and Lon are essentially part of the same
polypeptide chain as that of the unfoldase.®

The overall architectures and high-resolution structures have been elucidated for most of the
abovementioned proteolytic AAA+ complexes.* %% Together with numerous biochemi-
cal and biophysical studies, they have contributed a great deal to the understanding of their
function and mechanism. Herein, among others, the eukaryotic proteasome regulatory parti-
cle,®® its archaeal counterpart PAN*""® and the bacterial AAA+ unfoldase ClpX®®"® have
served as extensively studied model systems from the two above-mentioned clades. The
following chapters will deal with their structural and functional properties, eventually discuss-
ing a potentially common mechanism for the processing of translocating AAA+ ATPases.

1.5 Structure and function of proteasomal ATPases

Proteasomes, as the major protease in eukaryotes, are composed of a barrel-shaped proteo-
lytic core particle capped on both sides by hexameric AAA+ unfoldases. The unfoldases cat-
alyze the unfolding of condemned proteins and translocate them into the proteolytic core
particle in an ATP-dependent manner.” While the biochemical mechanism of the proteolytic
cleavage is relatively simple,” unfolding of substrates prior to injection into the proteolytic
chamber of the 20S CP requires highly coordinated hydrolysis of ATP in all six subunits with
subsequent major conformational changes.®® The current structural and functional under-
standing of proteasomal ATPases has been gained through studies on proteasomes in par-
ticular from Homo sapiens, Saccharomyces cerevisiae and the archaeon Methanocaldococ-
cus jannaschii. Numerous biochemical studies together with recent high resolution cryo-EM
models**>®° have contributed to the discovery of a conserved functional cycle of substrate
processing, which | will review here. | will focus on the details of the archaeal proteasomal
ATPase PAN (Proteasome activating nucleotidase) since it is the biological subject of this
thesis. Where details in archaea are still unknown, insights from eukaryotic or bacterial sys-
tems will be referred to, providing a comprehensive picture of the structure and function of
proteasomal ATPases.

Proteasomal ATPase hexamers can be structurally divided into several distinct subdomains
(also see Figure 1.5): The ATPases from bacteria, archaea and eukaryotes carry N-terminal
helical domains which dimerize to form three coiled-coils (CC) protruding from the complex.
The CCs are followed by oligosaccharide- and oligonucleotide binding domains (OB) which
form the so-called OB-ring with a ~13 A central pore as the first constriction for folded sub-
strates during proteasomal processing. As ATPases from the classic clade of AAA+
ATPases, proteasomes carry a C-terminal hexameric AAA+ domain composed of a large
and small AAA+ subdomain. They contain the conserved signature features, such as Walker
A/B motifs, trans-acting arginine fingers and pore 1/2 loops for substrate interaction.

While the basic ATPase activity and unfolding function as part of the eukaryotic 26S pro-
teasome has been described for the complex 19S regulatory particle throughout the
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1990’s,”>"" attempts to identify archaeal homologues have been hampered until the first full
archaeal genome was sequenced.” As a result of the successful sequencing of the first ar-
chaeal genome from the thermophilic Methanocaldococcus jannaschii ° ZwickL and col-
leagues reported the first biochemical characterization of an archaeal 19S RP homologue.*®
Due to its ATP-dependent ability to activate the 20S core particle from T. acidophilum they
named it PAN (Proteasome activating nucleotidase). In contrast to the hetero-hexameric
ATPase from eukaryotes, the archaeal version assembled from a single gene product upon
recombinant expression in E. coli, making an excellent model system for biochemical and
structural studies on proteasomal ATPases. Following studies have established that PAN,
like the 19S RP, serves multiple main functions in the proteasomal breakdown of substrate
proteins: ATP-dependent unfolding and translocation of substrate proteins and gate-opening
in the a-rings of the 20S CP.*°

Low resolution structures of both eukaryotic and archaeal proteasomes became available in
1993 and 2005, respectively (Figure 1.11).**®° Based on sequence similarity to other AAA+
ATPases, whose structures were known at that time, it was suggested that proteasomal
ATPases also adopt a hexameric ring-shaped assembly on top the 20S core particle. How-
ever, structure-based conclusions about the functional mechanism had been hampered until

high resolution structures became available.
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Figure 1.11 Low resolution electron micrographs of eukaryotic and archaeal proteasome. Early low resolu-
tion electron micrographs of the eukaryotic 26S proteasome (A) and the archaeal PAN-20S proteasomes (B),
respectively, clearly show the compartmental architecture of several stacked rings. In the case of the eukaryotic
26S proteasome also distinct lid-densities are visible while the flexible PAN coiled coil domain is invisible. Panel A
has been adapted from PETERs et al*® while panel B is adapted from Smith et al.*®

First X-ray crystallographic data on proteasomal ATPases had been reported in 2009 provid-
ing the structure of PAN-subdomains from M jannaschii and A. fulgidus.®*®* Since the full
complex resisted crystallization, two conserved subdomains in PAN were studied (Figure
1.12): A planar N-terminal ring formed by six OB-domains (oligonucleotide-/oligosaccharide
binding) and a C-terminal ATPase domain, resembling the conserved canonical fold of AAA+
ATPases from the classic clade. Although PAN’s ATPase domain did not crystallize as a
defined hexameric ring-structure, high structural similarity of PAN’s nucleotidase domain to
the prototype AAA+ ATPase HslU justified building a hexameric ring model of PAN .The pla-
nar 6-fold symmetric AAA+-ring model of PAN resembled features of other protease-
associated AAA+ ATPases like ClpX: The central pore was found to be narrow with a surface
diameter of less than 5 A and the pore was lined by aromatic Tyr-residues of the conserved
pore-1 and pore-2-loops. An accompanying structure-guided mutagenesis study confirmed
the functional importance of several conserved AAA+ key-features like the pore-1/2 loops
and the catalytic glutamate 271. While the N-terminal OB-ring exhibits a pseudo-3-fold sym-
metry imposed by an unique cis-proline bond in three of the six subunits, the C-terminal pla-
nar AAA+-ring model was perfectly 6-fold symmetric.
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Figure 1.12 X-ray crystal structures of PAN subdomains from M jannaschii. Since full length PAN did not
crystallize, ZHANG et al. solved the crystal structure of two separate domains. While the N-terminal subcomplex
formed a hexameric OB-ring on its own, the C-terminal ATPase was not found to crystallize as a ring shaped
assembly. However, a hexameric model could be obtained by superimposing six monomeric ATPase domains
onto the he;xlameric crystal structure of the related bacterial AAA+ ATPase HslU. The figure is adapted from
ZHANG et al.

Further biochemical studies on PAN and the eukaryotic 26S proteasome, however, soon
suggested that a functional state of PAN and the ATPases from the 26S proteasome exhibits
functional asymmetries which are not compatible with a six-fold symmetric planar structure of
the AAA+-ring.*® In contrast to PAN, the AAA+-ATPase ring of the 26S proteasome is a het-
erohexameric assembly composed of the homolog but distinct subunits Rptl-6, thus an
asymmetric architecture seemed plausible. Indeed, early low resolution cryo-EM studies of
the yeast 26S proteasome revealed the six ATPase subdomains to be arranged in a highly
asymmetric spiral staircase arrangement, which had been reported only for other AAA+ pro-
teins before.” However, for a long time functional asymmetries for the homohexameric PAN
could be only demonstrated by various biochemical studies®** until a structure of full length
PAN was reported in 2018.*

Since substrate processing by AAA+ molecular machines like the proteasome is a highly
dynamic process involving major ATP-dependent conformational rearrangements static
structures as “snapshots” contribute only in part to the mechanistic understanding. Conse-
quently, in depth biochemical and biophysical analyses supported the structural models,
where the proteasome was trapped in a range of several distinct states, thus providing pro-
found insights into the functional mechanism of the proteasomal motor.

1.5.1.1 Importance of nucleotide binding to proteasomal ATPases

Mechanical work by proteasomal ATPases is fuelled by the hydrolysis of ATP. Each of the
six subunits has a distinct nucleotide binding pocket and can potentially bind a nucleotide,
either ATP or ADP. However, using slowly or non-hydrolysable ATP analogues it was dis-
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covered that certain key functions of proteasomal ATPases do not depend on ATP-hydrolysis
but only on its binding.*® While ATP-hydrolysis is strictly required for successful unfolding and
degradation of folded model substrates, binding of ATP (emulated by supplementation with
the slowly hydrolysable ATP-analogue Adenosine 5'-(y-thiotriphosphate), ATPyS) facilitated
binding of substrates, interaction of the ATPase subunits with the 20S core particle, simulta-
neous opening of the 20S a-gates and translocation of unstructured proteins like B-casein.®
These effects were not observed when no nucleotide or ADP was added indicating, that the-
se processes do not need ATP to be hydrolysed but only to be bound to the proteasomal
ATPases.

Although the PAN homohexamer contains six identical ATP-binding sites, further studies
suggested that PAN only binds a maximum of four nucleotides at a given moment. Utilizing
ATPyS, SMITH and colleagues found that PAN, and also the 26S proteasome, have two dis-
tinct binding sites with different affinities for ATP. Proteasomal ATPases bind two ATP copies
with high affinity (K4 0.493 pM) and two additional ATP molecules with a much lower affinity
(Kg 113 uM). In agreement, functions of PAN which are dependent on ATP binding (substrate
binding, 20S association, gate-opening) also followed a biphasic behaviour with lowered ac-
tivities at saturating nucleotide concentrations, suggesting that maximum activity was
reached when two ATP molecules and two ADP molecules were bound.*® A similar two-
phase behaviour was also proposed for the 26S proteasome. Further, SMITH and colleagues
deducted a first model of an ordered nucleotide hydrolysis pattern in the PAN ATPase ring,
which essentially described the pairwise binding and hydrolysis of ATP in subunit opposite to
each other in the ring. This asymmetry of nucleotide binding to non-equivalent subunits in the
proteasomal ATPases was highly consistent with the findings of an asymmetric spiral stair-
case arrangements found in the 26S proteasome.? In the light of the spiral staircase struc-
tures of the 26S proteasome the nucleotide binding and hydrolysis model by SMITH was fur-
ther refined in a study by his group in 2015, in which the two bound ATP molecules in ortho
position to each other are followed by two ADP molecules and two empty protomers in the
cycle (ATP-ATP-ADP-ADP-empty-empty). Further, the previously proposed role of the two
conserved arginine-fingers in PAN’s ATPase domains was revealed to play critical functions
in the allosteric coupling between the ATPase subunits.®’

1.5.1.2 The conformational landscape of proteasome complexes

The functional asymmetries found in biochemical studies have been confirmed by a multitude
of cryo-EM studies on both human and yeast 26S proteasomes?®°%>890 gnd recently also
PAN.*" Especially, the arrangements of the six AAA+ ATPase subdomains in the different
structural models have attracted much attention, since they represent the origin of the ATP-
hydrolysis-dependent conformational changes which generate mechanical force on sub-
strates. The discovery of an asymmetric spiral staircase arrangement of the AAA+ modules
caused speculations on an ordered ATP-hydrolysis pattern around the hexameric ring.”® Pro-
teasomal structures have been obtained in the presence of different nucleotide molecules
which had a strong influence on the predominant structural arrangement of the AAA+ do-
mains. Proteasome samples in the different nucleotide-bound states were found to contain
several conformations simultaneously, representative of a highly dynamic conformational
landscape of the regulatory particle.®® The first subnanometer resolution structural model of
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the yeast 26S proteasome displayed the abovementioned spiral staircase arrangement of the
AAA+ module of the RP: While the small AAA+ subdomains of five of the six ring members
were found to be in plane with respect to the core particle, the large AAA+ subdomains were
lifted differentially to resemble a right handed staircase with Rpt3 at the top and Rpt2 at the
lowest step, respectively. Rpt6 resided between Rpt2 and Rpt3 in the cyclical order and was
found in a tilted orientation, bridging the highest (Rpt3) and the lowest (Rpt2) position of the
staircase (Figure 1.13 A and B). Furthermore, this low resolution structure reported a previ-
ously observed 10 A offset between the a-rings of the CP and the AAA+ ring. This offset was
interpreted to prevent coaxial alignment of the AAA+ pore and the central CP core (blocking
efficient substrate degradation) but on the other hand facilitate the engagement of the three
HbYX motifs (on Rpt2/3/5) with their respective binding pockets in the core particle. While
this structure was obtained in ATP saturating conditions and in the absence of substrate,
samples supplemented with ATPyS or a proteasomal substrate resulted in substantially
changed conformational arrangements in the AAA-ring.%*%*

Further deep classification of cryo-EM data sets of both ATP- and ATPyS-bound pro-
teasomes®® together with improved resolution , revealed the co-existence of several substan-
tially different global conformational states of the proteasomal ATPases within given data
sets. The proportional distribution of these conformations was found to be highly dependent
on the nucleotide in the sample buffer and the presence or absence of ubiquitylated pro-
teasomal substrates. Following the nomenclature for the structures of proteasomes from S.
cerevisiae several states were distinguished based on a number of key criteria, unique to
either a single or a subset of states: (1) relative position of CP a-ring, AAA+ ring, N-terminal
N-ring and the lid to each other, (2) steepness of the spiral staircase, (3) relative positions of
Rpt1-6 in the spiral staircase, (4) position of the deubiquitinase RPN11 active site with re-
spect to the pore entrance, (5) nucleotide occupancy and nucleotide pocket conformation in
each monomer (see also Figure 1.8), (6) openness of the a-ring gates in core particle and (7)
presence of a substrate polypeptide inside the central pore.

The state predominant in the first ATP bound structure was later named S;. As described
above, it is characterized by a pronounced offset between the AAA+ base of the regulatory
particle and the CP. Consequently, the pore channels of the N-ring-domain, the ATPase-ring
subdomain and the core particle are not coaxially aligned, rendering this conformation sub-
strate translocation incompetent, which is supported by the fact that structures of actively
translocating proteasomes are never found in this state.®® Further, Rpn11, the proteasomal
deubiquitinase with its isopeptidase active site is displaced from the central processing pore
making cotranslocational deubiquitylation unlikely. The large AAA+ subdomains of all six
ATPases are arranged in a steep spiral staircase with Rpt6 at the highest and Rpt2 at the
lowest position, respectively. Rpt6 is disengaged from the spiral and resides at an intermedi-
ate altitude. All six nucleotide pockets contain nucleotide density. While five pockets are con-
sidered to be ATP bound, the binding pocket formed between Rpt2/6 at the spiral staircase
“seam”, however, displayed a more open conformation and less density, and is considered to
be occupied by ADP (see also Figure 1.8).°* Although the three HbYX motifs of Rpt2/3/5 are
docked into their binding pockets in the CP a-ring, the gates of the CP are closed in the S;
state. This state is considered to be not actively translocating but competent to accept poly-
ubiquitylated substrates.*

A second conformation is named S, as it is most closely related to S; and was found in vari-
ous samples under both saturating conditions of ATP®*® or ATP-analogues.?®°! The ATPase
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motor in S, is essentially unaltered compared to S; while a major 25° rigid-body rotation of
the lid positions the Rpnll active site towards the central processing pore, thus facilitating
cotranslocational deubiquitylation.®®®? Because of the tight engagement of Rpn11 to the cen-
tral pore, this S, is considered to be incompetent for substrate binding, placing it in the se-
quential order after substrate binding to the S, state.®” The pores of the N-ring, AAA+ ring
and the CP are still not coaxially aligned in this state.

A major conformational rearrangement of the ATPase subunits is observed during the transi-
tion from S, to S;. Now, Rpnll, the N-ring, the AAA+ ring and the CP pores are perfectly
coaxially aligned and form a much wider consecutive channel facilitating the translocation of
a substrate polypeptide. The steepness of the spiral staircase now is much shallower and
Rptl-6 are arranged in a substantially altered fashion: Compared to the S; state how Rptl
and Rpt4 are at the top and bottom, respectively, while Rpt5 bridges the seam between the-
se two.?*% In S; structures the Rpt-intersubunit interfaces are characterised by the formation
of highly similar rigid-bodies composed of one small AAA+ subdomain with the large AAA+
subdomain of the clockwise-next neighbouring Rpt (Figure 1.13 D).These rigid body interfac-
es are not found in the S; state. The substrate engaging pore-1-loops residing on the large
subdomains also adopt the staircase arrangement. Early structural models obtained from
samples of stalled proteasomes in the presence of a substrate also adopted the S; state.®®
However due to limited resolution the substrate could not be modelled in the central pore,
which precluded further interpretation until high-resolution structures of actively translocating
proteasomes became available (chapter 1.5.1.4)°*®° confirming S; to be an actively pro-
cessing state.

By means of deep classification of cryo-EM data sets recorded in the presence of ATP-
analogues but absence of substrate a fourth minor state could be identified.>*® The S, state
was found in the presence of ATPyS in the human proteasome® and in the presence of
ADP-BeF,, a non-hydrolysable ATP-analog in yeast proteasomes.®® This state is similar to
the S; state in that it exhibits coaxial alignment of N-ring, AAA+-ring and the CP pores with
the deubiquitinase Rpnl1 active site residing at the pore entrance and also a shallower stair-
case arrangement compared to the S; and S, states. However, a striking difference is the
rearrangement of the AAA+ motor towards a staircase in which Rpt5 and Rpt3 are at the top
and bottom position, respectively, with Rpt4 residing at the seam. Further, the CP gate exhib-
its a low density consistent with an open-gate conformation in the crystal structure.®® Interac-
tion of the proteasomal ATPases with the CP and thus gate-opening is found to be not only
dependent on the conserved HbYX motif at the C-terminal of Rpt2/3/5 but is also mediated
by insertion of small C-terminal a-helices on Rpt1/6.1%%089%1

A fifth state, Ss, has also been reported in an ATPyS supplemented proteasome sample.®* In
terms of its lid and ATPase-ring arrangement, it shares high similarity with the S, state.
However, a prominent 6 A downwards movement of Rpt6 towards the CP, appears to induce
gate opening, as the gate density is clearly absent compared to the S, state. The same study
also reported the existence of a sixth Sg state. The Sg, however could only be observed in
proteasomes harbouring a Walker B glutamate to glutamine mutation in Rpt3, which allows
for ATP-binding but not hydrolysis in this subunit. It generally resembles the ATPase ar-
rangement found in the S; state, with the exception of a clearly open gate in the CP.
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Figure 1.13 The 26S proteasome adopts 4 distinct conformational arrangements. A) Sequential progressing
from the resting state S to the translocation competent states Sz and S4. While in S; and S, the deubiquitinase
RPN11-active site, the AAA+ motor and the core particle are not aligned, they form a continuous channel in S3
and S, indicative of a translocation competent state. Additionally, in S4 the a-gate to the core particle is clearly
open. During the transition from S;to Ss4 the AAA+ ATPase motor undergoes major conformational changes: A
deep spiral staircase arrangement in Sy, becomes more planar in Sy (B) and the split site of the staircase ring
switches from Rpt6/3 in S; to Rpt5/1 and Rpt4/5 in S; and S4, respectively (C). Intersubunit interactions within the
spiral staircase become more uniform in state Sz and Sa, essentially forming rigid bodies between the small AAA+
subdomain of one Rpt with the large AAA+ subdomain of the counterclockwise neighbouring Rpt (D). Parts A), B)
and D) right figure are adapted from BarD et al.?! C) is adapted from WEeHMER et al®* while D) left schematic is
from MATYSKIELA et al.®

1.5.1.3 Conformational landscape of archaeal proteasomes

Structural studies of the archaeal 19S RP analogue PAN in complex with an archaeal core
particle have been long missing, due to the high structural of PAN-20S complexes.® To date,
only two near-atomic resolution cryo-EM studies of full archaeal proteasomes have been
reported.**® Yu and colleagues focused on allosteric effects in the 20S core particle and
achieved only a low resolution structure of PAN,* on the other hand, MAJUMDER et al dis-
covered five distinct conformational states of the AAA+ motor in the PAN-20S proteasome
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from Archaeglobus fulgidus.** In the presence of ATPyS a stable complex of PAN and the
20S CP was formed. The overall structure was much simpler compared to eukaryotic 26S
proteasomes since no lid or ubiquitin processing machinery is present in archaea. PAN was
found to sit above the 20S core particle. The axial channels of PAN and the CP, however,
where not aligned: PAN was positioned with an offset of 10 A from the CP and PAN’s axial
channel was slightly inclined towards the CP. These findings resemble the misalignment
found in S, state-structures of eukaryotic proteasomes.**
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Figure 1.14 Cryo-EM reconstruction of the archaeal PAN-20S proteasome In the presence of ATPyYS the
PAN-20S proteasome from A. fulgidus was found to assemble into doubly capped complexes (left). As for the
eukaryotic 26S proteasomes the PAN ATPase motor interacts with the 20S core particle (CP) via its conserved C-
terminal HbYX motif. In all identified particles, PAN sits above the CP with an 10 A offset and the N-terminal
coiled-coil and OB-ring are slightly tilted towards the CP. Consequently, OB-ring, AAA-ring and the CP axial
channel are not coaxially aligned, obstructing a continuous substrate translocation channel (middle and right
figure). This figure is adapted from MAJUMDER et al.**

Further features of the PAN model, however, do not allow for a definite classification accord-
ing to the 26S proteasome nomenclature. While a spiral staircase adopted by the PAN AAA+
subdomains and their pore-1 loops displays a pitch similar to the steep S; staircase, nucleo-
tide occupancies resemble the translocating competent S; state: The four highest PAN pro-
tomers in the staircase are found to be ATP- (ATPyS-) bound, as judged by a closed binding
pocket and tight intersubunit interactions. The pocket between the fourth and fifth protomer at
the bottom of the staircase appears to be partially open, which is interpreted as a post-
hydrolysis ADP-bound state. The last pocket at the staircase seam is clearly open and emp-
ty. Consequently, the sixth protomer is detached from the spiral staircase (Figure 1.15 A).
While in 26S proteasomes the six ATPases are distinct and have consistent placements in
the regulatory particle with respect to the lid and ubiquitin receptors, in PAN all ATPase
monomers are equal. To differentiate the five distinct states the protomer sitting at the 10 A
offset with the 20S CP is considered as a fixed reference. The PAN structures of all five
states are fairly similar, with the main difference being that in each state a different protomer
reaches the top position in the staircase. In this way the five states can be arranged in an
order, such that the position of ATP-hydrolysis (i. e. post-hydrolysis ADP-bound protomer)
cycles through the ring, almost completing a full cycle. (Figure 1.15 B) This continuum of
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nucleotide states around the cycle and the fact that the gate to the core particle is clearly
open in all states fuelled later speculations that the found PAN states represent evidence for
an around the cycle mechanism of ATP-hydrolysis-dependent substrate translocation® as it
is also suggested based on substrate engaged AAA+ structures displaying a similar spiral
staircase pattern.®® However, the prominent misalignment of the PAN OB- and ATPase ring
with the CP in all states contrasts these speculations, since current models of degradation by
AAA+ proteases imply that the ATPases are aligned with their proteases to allow for sub-
strate processing. Thus, the presented PAN models potentially represent intermediate states
between a resting “offset’-state and an actively translocating state. Further studies, especial-
ly of substrate engaged PAN, will potentially solve this conflict and unravel the mechanism of
activity of the evolutionary precursor to the 26S proteasome.
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Figure 1.15 Conformational landscape and mechanism of ATP hydrolysis of the PAN-20S proteasome
complex A) Setting the position of the offset as a reference, five distinct conformations of the PAN-20S pro-
teasome can be identified. In all five states the PAN AAA+ motor is arranged in a spiral staircase, typical for hex-
americ AAA+ ATPases. With respect to the CP-offset site, the staircase seam (also known as split site) is found in
five distinct subunits, such that the “seam” cycles continuously through the ATPase ring. Nucleotide occupancies
of all five states show five bound nucleotides (4 ATP in the top four subunits and 1 ADP in the lowest subunit of
the staircase, respectively). B) A model of sequential around-the-cycle ATP-hydrolysis is proposed, in which ATP-
hydrolysis in the second to bottom subunit triggers the downwards movement of the spiral staircase. Consequent-
ly, the substrate binding pore-1-loops move unidirectionally from the top of the staircase towards the core particle.
After ATP-hydrolysis and ADP-release has happened in the bottom subunit, it disengages the spiral staircase and
reengages at the top in the next hydrolysis cycle. Figures are adapted from MAJUMDER et al.
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1.5.1.4 Mechanistic model of proteasomal substrate processing

The sequential conformational states S;-Sg of the substrate-free 26S proteasome and the
five PAN-20S states mentioned in the preceding subchapters present idle states of the AAA+
motor, since no external work input is applied (see chapter 1.5.1.2 and 1.5.1.3). High resolu-
tion structural studies on actively translocating proteasomes, however, have revealed further
highly relevant snap-shots of substrate-processing and a mechanism of coupling ATP-
hydrolysis to the translocation and unfolding of substrates could be proposed.®®®

Cryo-EM analysis of substrate bound yeast proteasomes has revealed four distinct sub-
strate-engaged conformations.® In this study the Rpni1 deubiquitinase was inhibited by o-
phenantroline to stall the proteasome in a translocation competent and ATP-hydrolysing
state.®® The four substrate-engaged states carried a substrate polypeptide threaded through
the pore from the N-terminal OB-ring entrance down to the CP a-gate, representative of an
actively translocating proteasome. These four distinct states adopted a S,-state-like confor-
mation in that, OB-ring, AAA+ ring, and CP were coaxially aligned, the a-gates in the CP
were found to be open, and the ATPase spiral staircase had its split or “seam” on the
Rpt4/5/1-face of the regulatory particle (Figure 1.16).

Regulatory Particle

D

o 75

N-termini

Core Particle
Tz

-

Figure 1.16 Structural model of the substrate engaged yeast 26S proteasome A) The substrate engaged
26S proteasome is found to be in a Sy like state, with the Rpnl11l-active site, OB-ring, AAA+ ring and the CP-pore
coaxially aligned and the a-gate open. Substrate density was found for one ubiquitin bound to Rpn11 and a sub-
strate tail inserted into the translocation channel. B) The isopeptide bond between ubiquitin C-terminus and a
substrate lysine-¢ is visible in the active site of Rpnl1l. C) A substrate tail is found to be heavily engaged with
pore-1-loop tyrosine of five Rpt-subunits which encircle the substrate and intercalate between side chains. D) In
the S, like state the a-gate is clearly open and the gate termini reach towards the regulatory particle ATPases.
The figure is adapted from DE LA PENA et al.®

The substrate polypeptide was found to be encircled by and heavily interacting with a spiral
staircase arrangement formed by porel-loop tyrosines of five Rpt-subunits, leaving one Rpt
subunit disengaged. Further, characteristic nucleotide binding pocket geometries with corre-
sponding occupancies were identified for every subunit allowing for a placement of the differ-
ent states in a sequential model for ATP-hydrolysis and translocation: DE LA PENA and col-
leagues named the four states based on the identity and nucleotide occupancy of the sub-
strate-disengaged “seam”-subunit between the highest and lowest subunit in the spiral stair-
case. Rptl-ADP, Rpt5-ADP, Rpt5-ATP, Rpt4-ADP were named as 1D*, 5D, 5T, and 4D, re-
spectively.?® In 1D* not only Rptl but also Rpt5 was disengaged and this state was conse-
quently regarded as an “off-pathway” conformation. Placing the 5D, 5T and 4D states in a
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sequential order revealed the consecutive processes of nucleotide hydrolysis, nucleotide
exchange and conformational rearrangement of the hexameric ring, describing a full sub-
strate translocation step (Figure 1.17):
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Figure 1.17 Mechanism of substrate translocation by the 26S proteasome. A) Four distinct conformational
states of the 26S proteasome engaged with substrate polypeptide are discovered. Each state is defined by the
nucleotide state of the Rpt which is not engaged with the substrate or the spiral staircase (T=ATP-bound, D=ADP
bound). Placing the four states in sequential order describes one whole cycle of nucleotide hydrolysis, nucleotide
exchange and conformational rearrangement. B) During the transition from state 5D to 4D the pore-1-loops of the
substrate engaged subunits accomplish a 6 A downwards movement, thereby translocating the substrate by two
residues. C) Potentially existent states, in which the ATP hydrolysis progresses throughout the whole hexameric
ring. D) A model of a full substrate translocation step is deduced from the sequentiality of the three states: ATP is
hydrolysed in the second to bottom Rpt (here Rpt3). Simultaneously, ADP is exchanged for ATP in the disen-
gaged Rpt 5 (6D > 5T). Subsequently, y-phosphate is released from the penultimate post-hydrolysis subunit,
while the bottom subunit disengages. Simultaneously, the previously disengaged ATP-bound subunit (Rpt5) en-
gages with the substrate and the staircase at the top position while the all-ATP-bound staircase moves as a rigid
body down by one register, translocating the substrate. Figures are adapted from DE LA PERA et al.®
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In the 5D state Rptl and Rpt4 are the highest and lowest substrate engaged subunits in the
spiral staircase while, Rpt5 is disengaged. Rpt1/2/6/3/4 are engaged to the substrate and
Rptl1/2/6/3 are ATP-bound, while Rpt4 is ADP bound. During the transition of 5D to 5T ATP
is hydrolysed in Rpt3 which becomes ADP-bound (post-hydrolysis) and the ADP previously
bound in Rpt5 is exchanged for ATP (though, Rpt5 is still not hydrolysis competent, since it
lacks interaction with an arginine-finger of a clockwise-neighbouring subunit, which is needed
for the complete closed conformation of the ATP-binding pocket, also see Figure 1.8). The
5D-5T transition does not involve huge conformational changes of the spiral staircase, while
Rpt5 moves slightly up towards to the top of the staircase. The subsequent transition to the
4D state, however, entails several major rearrangements: As a result of the preceding ATP-
hydrolysis the Rpt3 binding pocket opens, disrupting the intersubunit interacting with the
neighbouring Rpt4, which induces the separation of Rpt4 from Rpt3 and most importantly the
substrate, making Rpt4 the new ADP-bound “seam” subunit. Simultaneously, Rpt1/2/6/3, all
engaged to the substrate via their pore-1 loops, move as a rigid body by one register down-
wards in the spiral staircase, translocating the substrate by 6 A, which corresponds to rough-
ly two amino acid residues (Figure 1.17 B & D). The ATP-bound Rpt5 moves to the top of the
staircase, adopting a closed ATP-binding pocket and engaging with the substrate and in a
newly formed rigid body of Rpt5/1/2/6 preparing the AAA+ motor for the next round of ATP-
hydrolysis and translocation. Although, they only found this sequential progressing for the
described combination of Rpt’'s, DE LE PENA and colleagues proposed that the corresponding
2T, 2D, 6T, 6D, 3T, 3D, 4T states and an additional 1T state exist completing a full cycle of
ATP-hydrolysis around the heterohexamer (Figure 1.17 C).

In a structural ensemble of substrate-engaged human proteasomes DONG and colleagues
reported two states Ep; and ED, highly similar to states 5D and 4D in yeast, respectively,
suggestive of a conserved mechanism in eukaryotes.®® While the intermediate 5T state of
ATP-rebinding before the large conformational change is missing in this ensemble, it addi-
tionally contained five distinct states of the proteasome, which illustrate the pathway from
initial substrate-ubiquitin binding, deubiquitylation and initiation of substrate translocation. To
facilitate these initial steps of substrate processing, nucleotide binding and hydrolysis pat-
terns in the six ATPases are revealed which largely differ from the proposed model of se-
guential hydrolysis of a single nucleotide during processive translocation: In ATP-hydrolysis
mode 1, the proteasome simultaneously hydrolyses two ATP in two Rpts opposite to each
other in the AAA+ ring, to allow for widening of the ATPase pore and subsequent substrate
tail insertion. This ATP-hydrolysis in opposite ATPase subunit in mode 1 is in agreement with
findings by SMITH et al who proposed an ordered hydrolysis pattern for the archaeal PAN, in
which ATP is hydrolysed in two subunits across the ring to each other.”® Mode 2 is character-
ized by simultaneous ATP-hydrolysis in two adjacent subunits which is required for CP gating
and initiation of translocation. Consequently, in this mode 2, two Rpt subunits are found to be
disengaged from the spiral staircase allowing for a rearrangement in the ring to enter the
subsequent processive translocation mode characterized by sequential hydrolysis one ATP
at a time also found in the yeast proteasome and the archaeal PAN (mode 3).*°°
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Figure 1.18 Current working model of substrate processing of the 26S proteasome. A structural ensemble
of substrate engaged human 26S proteasome revealed the coordination of several critical steps prior to proces-
sive substrate translocation. The translocation incompetent proteasome in state Ea hydrolyses ATP in oppositely
positioned Rpt subunits (ATP-hydrolysis mode 1) to allow for deubiquitylation and widening of the translocation
pore. Subsequently, a flexible substrate tail can enter the pore and isopeptide-bound ubiquitin is cleaved. To
initiate sequentially hydrolysis for processive translocation, ATP is hydrolysed in two adjacent subunits (ATP-
hydrolysis mode 2). Finally, in mode 3, ATP is hydrolysed in a single subunit circles around the ring, consistent
with the findings of bE LA PERA et al.®® The State Ep; and Epz in the human proteasome resemble fairly well states
5D and 4D in the yeast proteasome, respectively. The presented figure is adapted from DonG et al.®®

1.6 A conserved mechanism of translocating ATPases

Mechanistic models of the protein-unfolding and -translocation process by AAA+ unfoldases
like the proteasome have been proposed based on various biochemical studies supported by
structural snapshots from crystal structures,®*® NMR studies,* cryo-EM reconstructions and
single-molecule optical trapping experiments.'®*% However, a major leap towards the full
understanding of how AAA+ ATPases couple ATP-hydrolysis to mechanical work was taken
by the report of more than 40 high-resolution cryo-EM structures of AAA+ translocases
bound to substrate polypeptide in their translocation channel.*® In all structures the substrate
polypeptide was found threaded through the AAA+ central pore and heavily engaged with
five pore-1-loops of the ATPase subunits. Although, the described ATPases play various
different functions, derive from different clades of AAA+ ATPases and have been analysed
both as wild type and Walker B mutants, the arrangement of the ATPase in a spiral staircase
is highly similar suggesting a common mechanism of action. While most studies only report a
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single substrate-bound conformational state, a couple of structural ensembles of the same
unfoldase in different consecutive states have been reported allowing the proposal of a se-
guential around-the-cycle ATP-hydrolysis mechanism with coordinated gripping of pore-1-
loops while they move from the top to the bottom of the spiral staircase (see also Figure
1.17).%9%517 However, this proposed mechanism and the claim that it is universal to all AAA+
unfoldases challenges a series of biochemical and single-molecule studies, which indicate a
more probabilistic nucleotide hydrolysis mechanism.”®'%% particularly, the mechanism of
the bacterial homohexameric AAA+ unfoldase ClpX has been extensively studied both struc-
turally and biochemically,*****° resulting in substrate engaged models from two different or-
ganisms and two independent research groups.®’ Both studies report highly similar struc-
tures, resembling a spiral staircase arrangement of the ATPases (see also Figure 1.16 C),
likewise a spiral of five tyrosine pore-loops engaging with a substrate polypeptide, rigid body
formation of large and small AAA+ domains of neighbouring subdomains (see also Figure
1.13 D) and consistent nucleotide binding pattern (4-5 ATP in the 4-5 spiral staircase subu-
nits, ADP or empty binding pocket in the disengaged subunit, see also Figure 1.17 D). How-
ever, the interpretation of these findings led to highly different models.**® While RIPSTEIN and
colleagues propose an around-the-cycle sequential mechanism, in which ATP is hydrolysed
only in the subunit of the staircase leading to 6 A translocation step per ATP hydrolysed,®
FEl et al discuss their findings in the light of numerous mechanistic and biochemical studies
on ClpX, previously reported from their group.” Especially a step size of 6 A is not in agree-
ment with their previous findings of ClpX basic step-sizes of ~ 20 A and occasional kinetic
burst steps of several nm length. Further, they invoke several relevant studies, in which they
found that elimination of ATP-hydrolysis in 4/6 ClpX protomers did not abolish the unfolding
and degradation abilities of the unfoldase.'®*** Similar observations have also been reported
for the 26S proteasome, which was found highly defective, when ATP-hydrolysis is inhibited
in Rpt3, Rpt4 and Rpt6, while inhibition of Rpt1, Rpt2 and Rpt5 only led to minor defects.™*?
Moreover, biochemical studies on the archaeal proteasomal activator PAN indicate that bind-
ing of four ATP, as suggested by the recent structures, is rather unfavourable, implying a
mechanism different from strictly sequential ATP-hydrolysis and translocation.*” Although a
lot of structural evidence is presented supporting a strictly sequential translocation mecha-
nism, further functional and structural studies are highly needed, to explain biochemical find-
ings in native, actively unfolding AAA+ ATPases. Especially, most structural techniques of-
tentimes report only on energetically favoured low-energy conformations, which are not nec-
essarily the only biologically relevant conformations. To this end, biomolecular NMR-
spectroscopy is a highly valuable technique, since it allows for the characterization of possi-
bly relevant, low-populated states by means of relaxation dispersion experiments.*****
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2 Methodological Background

2.1 NMR spectroscopy

2.1.1 Basic principles of NMR spectroscopy

The basic aspects of NMR spectroscopy from the following chapter have been adapted from
the books Protein NMR spectroscopy by JOHN CAVANAGH,™® NMR For Chemists and Biolo-
gists by RODRIGO J. CARBAJO™® and NMR in Chemistry by WiLLIAM KEMmP.

2.1.1.1 Nuclear magnetism and the origin of the NMR signal

Nuclear magnetic resonance (NMR) spectroscopy is based on the nuclear spin angular mo-
mentum, a quantum-mechanical property of nuclei of certain atomic isotopes. This property
is characterized by the nuclear spin quantum number |. Depending on the nucleus | can
have either positive integer, positive half-integer values or can be zero. Relevant for NMR
spectroscopy are only nuclei with non-zero spin quantum numbers, such as *H, ?H, *C, N,
F and 3'P since NMR relies on the existence of a nuclear spin. Simple rules have been es-
tablished empirically to relate the composition of a given nucleus to its nuclear spin quantum
number.'*’ (1) If the numbers of protons and neutrons are both of even numbers, 1=0. (2) If
the number of protons plus the number of neutrons is odd, | is half integer (1/2, 1 %, 2 %...).
(3) If the numbers of protons and neutrons are both odd 1 is integer (1, 2, 3, ...).

The nuclear spin angular momentum | has a vector nature and is related to the nuclear spin

quantum number | as follows***:

|1 = [1-NY? =h[I{ + 1)]*/? (2-1)

Here, 7 is the Planck’s constant divided by 2z also called reduced Planck’s constant. Due to
the Heisenberg uncertainty restrictions in quantum mechanics only |lI| and one of its three
Cartesian components can be specified simultaneously. By convention, in NMR it is the z-
component of | defined as follows:

I; = hm (2-2)

Here, m is the magnetic quantum number which can take values spaced by integer steps
from -1 to +1. Consequently, for a spin-1/2-system m can have the two discrete values of +1/2
and -1/2. Thus, the orientation of the z-component of the spin is quantised and the number of
orientations is given by the relation 21+1. The allowed orientations of the spin’s z-component
are also known as the spin states. In equilibrium in the absence of an external magnetic field
the spin states of a nucleus have the same energy.

As a consequence of the non-zero nuclear spin angular momentum, nuclei have a magnetic
momentum. The nuclear magnetic momentum p is given as:
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n=yl (2-3)

Accordingly, the z-component of the magnetic moment is:

w, = yI, = yhm (2-4)

In equations (2-3) and (2-4) y is a nucleus-specific constant, called gyromagnetic ratio (or
sometimes magnetogyric ratio). Like the nuclear spin angular momentum |, the magnetic
momentum is quantized.

In the presence of an external static magnetic field B, directed along the z-axis, as by con-
vention the field in an NMR-spectrometer is, the energy of a spin state m follows the relation:

Em = —vI,By = —mhyB, (2-5)

From equation (2-5) it follows that for a spin-1/2 system placed in an external magnetic field
the two spin states (or spin orientations) adopt two discrete energy levels with opposite sign,
the so-called high (5-) and low (a-) energy states or Zeemann-levels (Figure 2.1 B). The en-
ergy difference of the two separated levels is given by the following relation:

AE = h)/BO (2-6)

According to the Boltzmann distribution, states of lower energy, which have their magnetic
moment vector aligned parallel to the applied external magnetic B, field, are more populated
than the high energy states with the magnetic moment aligned oppositely:

N AE
% o kgt

Ng (2-7)

Here, N, and N; are the numbers of spins in the respective low and high energy states, kg is
the Boltzmann constant (ks= 1.380649 x 10% J/K) and T the absolute temperature in Kelvin.
Although this difference in population is relatively small it leads to a net magnetic moment as
a sum of all magnetic moments of the sample. The z-component of this net magnetic moment
vector is aligned in parallel with the B, field and is also referred to as the bulk magnetization
M,. Due to the relation in equation (2-6) the energy difference between the levels is larger the
stronger the external magnetic field is. This fact is exploited in NMR spectroscopy using high
field magnets to increase the sensitivity.
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Figure 2.1 Nuclear spin states in an external magnetic field A) A classical physics vector model view on the
precession of spins around the z-axis in an external magnetic field with Larmor frequency w. The bulk magnetic
moment resulting from a population difference of spins in low and high energy states is shown along the z-axis as
the vector M. The x and y components of p are unknown according to the Heisenberg Uncertainty principle and
they sum up to O since they are uncorrelated, as indicated by the uniformly spread orientation of the spins in the
xy-directions (thin arrows). Thus, M,=M,=0 at thermal equilibrium. B) The quantum mechanics representation of
the separation of spin states of a spin 1/2 system in an external magnetic field By,. The energy and energy differ-
ences between the states are given by the equations on the side. This figure has been adapted and modified
from, CArBAJO et al.™®

In the presence of a B, field the bulk magnetization M precesses around the z-axis with an

angular or precessional frequency known as the Larmor frequency « which is directly related
to the By field strength and the gyromagnetic ratio y:

w = YyBy (2-8)

The Larmor frequency is given in radians per second (rad s™). Alternatively, it can be de-
scribed in frequency units s™:

. w
Sincev = — (2-9)

_ ¥Bo (2-10)
2

In equation (2-10) the Larmor frequency has the units s™ or Hz.

In the absence of additional magnetic fields the x- and y- components of the magnetic mo-
ment p are unknown, according to the Heisenberg Uncertainty principle; however, these com-
ponents are not zero as |I|> > I,,°. Because the y, and y, of individual spins are uncorrelated
at thermal equilibrium, their sumis 0 (M, = M, = 0) (Figure 2.1 A).

The fundamental part of every NMR experiment is the irradiation of the sample with electro-
magnetic radiofrequency (RF) radiation. If the frequency of the RF radiation and thus the
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energy is appropriately chosen, transitions between the different spin states can be induced.
Thus, the resonance conditions are satisfied and a nucleus can transition from the low ener-
gy a-state to the high energy p-state. This change in the population balance between a- and
p-states causes the bulk magnetization vector M to flip out of its collinear alignment with the
z-axis; this results in the precession of the xy-component of the bulk magnetization M,
around the z-axis in the xy-plane (transverse plane).

The transverse magnetization in the xy-plane precesses with the Larmor frequency w; a time-
dependent signal which is recorded as an induced electrical current in detection coils posi-
tioned in the xy-plane consequently also oscillates with w. The signal recorded as the time-
dependent current is the free induction decay (FID) in the time domain. Fourier-transformation
(FT) of this signal yields the typical basic NMR spectra in the frequency domain.

Equations (2-8) to (2-10) predict a single Larmor frequency for all spins of the same isotope
within a given sample. However, due to the difference imposed by the chemical environment,
individual spins in a molecule experience different effective magnetic fields and consequently
rotate at different frequencies, according to equation (2-8). The differences in the size of the
effective magnetic field at each spin position are due to the electron clouds surrounding each
individual spin, which generate local magnetic fields opposing to the main field By,. These
opposing fields are larger, the more electrons populate the cloud. Thus, each spin in a mole-
cule feels its “own” effective magnetic field Bt = By — Bioc = By (1- 0), and thus has its own
frequency.

The absolute value of the nucleus frequency depends on the external By field, meaning the
higher the field strength, the higher is the resonance frequency. To obtain comparable values
between spectrometers of different field strengths, the spin frequencies are by convention
reported as chemical shifts, which is a dimensionless quantity on a ppm (parts per million)
scale. The chemical shifts 6 in ppm are calculated relative to the signal of an internal or ex-
ternal standard compound from the following equation, where v and v+ are the frequencies of
the nucleus of interest and reference signal, respectively:

UV—V
6 (ppm) = ——- @11
re

2.1.1.2 Spin Relaxation

In NMR the spin state transitions are usually induced by short RF-pulses. Speaking in the
abovementioned vector model the equilibrium bulk magnetization M along the z-axis (also
called longitudinal magnetization) is flipped away from the z-axis due to the fact that low ener-
gy spins absorb energy from the RF-field. This is equivalent to the transition of low energy
spins from the low-energy a-state to the high-energy g-state. The x- and y-components of M
at thermal equilibrium are 0. An appropriate RF-pulse, however, disturbs this equilibrium and
generates magnetization in the xy-plane, the so-called transverse magnetization. The trans-
verse magnetization then can be detected as the NMR signal (FID). However, after the RF-
pulse is switched off, the system evolves to go back to the thermal equilibrium and the mag-
netization returns to its original state. This process is called spin relaxation and involves two
fundamental processes:
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(1) The recovery of the original bulk magnetization along the z-axis is called longitudinal
relaxation, spin-lattice relaxation or simply Ti-relaxation. It is characterized by the re-
covery of the thermal equilibrium populations of the a- and g-states, whereby spins
from the high energy g-states return to the a-states according to the Boltzmann distri-
bution law. The corresponding energy transfer occurs through interactions with the
surroundings (the lattice) of the spin; hence, the term spin-lattice relaxation. This re-
laxation process follows an exponential behaviour according to the following equa-
tion:

t
M, = M, (1 - e_T_1> (2-12)

Here, M, is the magnetization along the z-axis at thermal equilibrium and T, the char-
acteristic relaxation time. Often instead of the relaxation time T; the respective rate
constant R; = 1/T; is used.

(2) The second relaxation process describes the loss of magnetization in the xy- or trans-
verse plane. It is termed the transverse relaxation, spin-spin-relaxation or simply T,-
relaxation: In contrast to the T;-relaxation no energy transfer to the surroundings takes
place. Simplified, a spin in the high-energy p-state changes to the o-state and the re-
spective energy is transferred to a neighbouring spin which is moved to the f-state.
As a consequence the participating spins lose their phase coherence in the xy-plane.
This loss of coherence eventually results in a random orientation of all spins’ trans-
verse components and consequently in a loss of detectable NMR-signal. Like the
spin-lattice relaxation also the spin-spin relaxation follows an exponential behaviour
and has a characteristic relaxation time T,:

_t 2-13
Mxy = MO e Tz ( )

Both T;- and T, relaxation have important, albeit different impacts on the successful design
and execution of specific NMR-experiments in the presented thesis: T, dictates the time until
the bulk magnetization is back to equilibrium. Generally, a delay time between the repetitions
of a pulse program of up to five times T; should be chosen to recover around 99 % of the
initial equilibrium bulk magnetization along the z-axis. Thus, longer T;-relaxation becomes a
limiting factor when fast repetition of excitation pulses is required (for fast pulsing techniques
also see chapter 2.1.5). In contrast, increased T, relaxation results in broad linewidths of
NMR-signals and thus decreased sensitivity and spectral resolution.

Essentially, the main cause for both relaxation phenomena are fluctuating local magnetic
fields which stem from two main sources: dipole-dipole interactions (DD) and chemical shift
anisotropy (CSA).

Dipole-dipole interactions are mutual interactions between the magnetic dipole moment of
one spin with the magnetic dipole moment of a closely located spin. This interaction is de-
pendent on the distance between the spins and on the orientation of this distance vector with
respect to the external field B,. Due to molecular tumbling of molecules in solution, the orien-
tation of the inter-spin vector with respect to the magnetic field B, is constantly altered, result-
ing in a fluctuating local magnetic field at each nucleus site. Fast spin-lattice relaxation oc-
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curs when the oscillating frequency of the local magnetic fields is close to the nucleus’ Lar-
mor frequency. Spin-spin relaxation caused by DD is most efficient when the fluctuation fre-
guency of the local magnetic field is slow, allowing the spins enough time to lose phase co-
herence. Since the molecular tumbling and its characteristic correlation time z, are dependent
on the size of the molecule, spin relaxation is directly connected to the molecular weight of
the molecule. This fact is especially important in the study of large biomolecules in solution
since their slow tumbling results in fast T, relaxation and consequently weak and broad sig-
nals (also see chapter 2.1.2).

Chemical shift anisotropy arises from anisotropic By, in the surroundings of a given nucleus.
As a consequence, the observed spin does not experience the same magnetic field from all
cartesian directions and the chemical shift is of tensorial nature. Due to rapid molecular tum-
bling of the molecules, the chemical shift anisotropy tensor reorients with respect to the ex-
ternal magnetic field, which causes a time-dependent variation of the chemical shift and thus
a loss of coherence, which results in enhanced relaxation. Simultaneously, the CSA contribu-
tions from the three dimensions are averaged resulting in a single measured isotropic chemi-
cal shift. The strength of the locally induced magnetic fields is proportional to B, and the re-
sulting relaxation due to CSA is proportional to the square of the locally induced fields.

2.1.2 NMR of large protein complexes

Historically, NMR spectroscopy was routinely applied to the structural characterization of
small molecules and biomolecules up to 10 kDa. Going towards NMR studies of larger pro-
teins came with two general challenges: (1) NMR spectra get more crowded with increased
molecular weight, simply due to the higher number of measurable spins. As a consequence
spectral overlap can be a limiting factor. (2) A higher molecular weight correlates with slower
molecular tumbling, longer rotational correlation times z, and consequently increased spin-
relaxation via CSA and dipole-dipole interactions as discussed in chapter 2.1.1.2. Thus, with
increasing molecular size, the acquisition of high-quality NMR spectra becomes challenging.
Several developments, however, have made NMR spectroscopy of larger proteins possible.
First, uniform isotopic labeling of proteins, using nutrients containing the naturally low-
abundant spin-1/2 isotopes *C and °N as the sole carbon- and nitrogen source during the
over-expression of proteins in cell cultures, together with three-dimensional assignment ex-
periments (see chapter 2.1.3), have resulted in sufficient sensitivity and resolution, respec-
tively, to access structures of proteins up to 30 kDa by NMR. Further improvements towards
high-resolution studies of even bigger protein samples could be made by the (partial) re-
placement of protons by deuterium (?H). This reduction in proton density within a protein
sample leads to significantly improved relaxation properties, since relaxation mechanisms
based on dipolar interactions of nearby protons are reduced. This in turn leads to higher sen-
sitivity and resolution. Furthermore, the six times smaller gyromagnetic ratio y of ?H com-
pared to *H reduces the relaxation of the heteronuclei N and **C spins attached to *H and
also results in narrower line-width and thus better spectral quality. The information loss due
to the reduced proton number in deuterated samples is usually compensated by the gain in
resolution and sensitivity.

For even bigger proteins, NMR-methodology has been developed to exploit phenomena that
reduce the transverse (T,) relaxation for a subset of NMR-lines.® TROSY-NMR (Transverse
Relaxation-Optimized Spectroscopy) relies on the interference between the two major relaxa-
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tion mechanisms of chemical shift anisotropy and dipole-dipole coupling, a phenomenon
termed cross-correlated relaxation. In a 2D correlation spectrum of a heteronuclear two-spin
system without heteronuclear decoupling, the NMR-signal is split into four multiplet compo-
nents due to the heteronuclear coupling between the two spins when decoupling is not ap-
plied. The different multiplet components of these four peaks have different T, relaxation
times and thus different line-widths and intensities, due to different contributions of the CSA,
DD cross-correlated relaxation to them. This contribution can either add to or subtract from
the contributions of DD and CSA relaxation in itself: In the slowest relaxing multiplet compo-
nent, the contribution of the DD and/or CSA interactions (auto-correlated relaxation) are al-
most cancelled by the contribution of the interference between DD and CSA interactions
(cross-correlated relaxation), leading to slower T, and thus improved spectral properties. In a
standard 2D correlation experiment, the four lines are mixed by decoupling, resulting in a
single peak, where the contribution of cross-correlated relaxation is averaged out. The
TROSY approach does not include such decoupling and instead selectively retains only the
component for which the cross-correlated relaxation counteracts the auto-correlated relaxa-
tion. While dipole-dipole interactions are independent on the external By field, CSA increases
proportional with (B,)?>. Consequently, almost perfect destructive interference occurs at a field
strength at which dipole-dipole interactions and CSA are of similar magnitudes. For amide

'H-*N TROSY experiments, this field strength is around 900 MHz.
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Figure 2.2 The TROSY principle. A) A conventional *H,**N- correlation spectrum with decoupling displays only a
single peak for one amide. B) In a non-decoupled version the four multiplet components of one amide appear with
different line-shapes and intensities due to different contributions of the CSA, DD cross-correlated relaxation to
them. C) A 'H,"°N-TROSY spectrum of the same amides as in A) and B) only display a single peak with improved
line-shape and intensity compared to the peaks in A) due to selectively retaining only the slowest relaxation multi-
plet component from B).This figure has been adapted from Pervushin et al.''®

While the above-mentioned TROSY principle was originally developed for *H-'°N spin sys-
tems, its extension to *C'H; spin systems of isolated methyl groups has made high molecu-
lar weight proteins and complexes accessible by NMR. First introduced by the Kay group in
2003,™ it exploits several advantages of the *C'H; spin system of methyl groups. (1) En-
hanced sensitivity arises from the three chemically equivalent protons, which cause a three
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times higher magnetization at the beginning of a pulse sequence and thus increased signal.
(2) The rapid free rotation of methyl groups at the end of an amino acid moiety partially de-
couples their local rotational correlation time z. from the long z. of the large biomolecule.
Transverse relaxation in such methyl group spin systems is dominated by dipole-dipole inter-
actions and the chemical shift anisotropy contributions are very small. Thus, the methyl-
TROSY effect does not arise from destructive interference between DD and CSA interactions
but rather from the interference of *H-*H and *H-**C dipole-dipole interactions .*?*° Deuteration
of the protein except for the methyl groups is required to reduce dipolar interactions of the
methyl group hydrogens with external, non-methyl *H-spins.

The successful execution of methyl-TROSY NMR experiments thus relies on the preparation
of samples containing *H and *3C labeled methyl groups in an otherwise highly deuterated
background. Such labeling can be achieved by growing bacterial cultures in a medium con-
taining a deuterated carbon source (either ?H-glucose or *H-glycerol) and pure D,O as a sol-
vent. Before induction of protein expression, the supplementation of selectively 'H, **C-
methyl-labelled precursors for different methyl-carrying amino acids (lle, Leu, Val, Met, Thr
and Ala) allows for the selective incorporation of *C'H; probes into the recombinant
protein.*** The relatively simple pulse sequence of a ‘*H,-**C HMQC 2D correlation experi-
ment is already optimally prepared to exploit the described TROSY -effect in methyl groups.
In summary, the methyl-TROSY approach is based on recording *H,**C HMQC 2D correla-
tion experiments on highly deuterated proteins containing selectively *H,-**C-labelled methyl
groups.

Since backbone-directed assignment experiments (chapter 2.1.3) fail on large proteins or
protein complexes due to the unfavorable relaxation behavior of backbone amides, assign-
ment of methyl resonances follows a so-called “divide and conquer” approach: The large
biomolecule or complex is physically divided into smaller, stable fragments (subcomplexes,
or subdomains), which are accessible by standard NMR experiments. After assignment of
methyl resonances in these smaller fragments the assignment is transferred to the large bi-
omolecule or complex, which is then studied by TROSY-NMR. This strategy has been ap-
plied to several biological systems.??"1??

2.1.3 NMR assignment strategies for proteins

Assignment of spin resonances is a crucial step in each NMR study. At the beginning of eve-
ry protein-NMR study the first spectrum acquired is a 2D correlation of *H-""N spin systems
termed 'H-""N HSQC (Heteronuclear Single Quantum Coherence). A *H->N HSQC is con-
sidered as a “finger-print” of each protein sample and is usually recorded on a uniformly *°>N-
labelled protein. It displays a peak for every proton attached to a nitrogen-15, such as back-
bone amides and side chain amides. Side chain amides do not always give rise to peaks in
the *H->N HSQC since their protons often rapidly exchange with water and are thus not de-
tected. Prolines are also invisible, as they do not have an amide proton.

Based on the chemical shift dispersion (that is degree of spread of resonances along both
ppm scales), this spectrum provides an estimate of the degree of foldedness of the protein.
Further, the number of peaks inform on the completeness of the spectrum, while their shape
information on the feasibility of the assignment.
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The initial step is the assignment of the backbone amide resonances of the *H-">N HSQC to
individual amino acids in a process termed sequential backbone resonance assignment. For
this, a suite of 3D experiments has been established which allow to connect the backbone
amide of one amino acid (i) with the backbone resonances of the preceding amino acid resi-
due (i-1) (Figure 2.3). A common combination is the acquisition of the triple resonance exper-
iments HN(CO)CA and HNCA on uniformly **N- and **C-labelled protein samples. The
HN(CO)CA correlates the amide resonance of one amino acid (HN) with the C®-carbon reso-
nance of the preceding amino acid (one peak in the carbon-dimension of the 3D spectrum); it
is an “inter-type” spectrum. The HNCA, in turn, correlates the amide of one amino acid with
both the C° of the same residue and that of the preceding residue (two peaks in the carbon-
dimension); it is an “intra-type” spectrum. By matching C chemical shifts from intra- and in-
ter-type spectra, one can generate sequential connectivities among most backbone amides

in a protein.
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Figure 2.3 Principles of triple resonance backbone assignments A) Schematic of the introduction of a third
dimension in 3D NMR-experiments: A 'H,">N HSQC is represented by the spectrum on the left with blue peaks. In
3D spectra for backbone resonance assignment a third dimension (13C) is introduced resulting in a three-
dimensional resolution of the peaks in the H,"N HSQC. B) The schematic principle of sequential backbone as-
signment is exemplified by the combination of the HN(CO)CA and the HNCA 3D experiments. The HNCA corre-
lates the backbone amide with the C® of the same (i) residue and the C° of the preceding (i-1) residue resulting in
two 3D-peaks in the 3D experiment at the NH position of residue i (scheme on the left): One with the 3¢ shift of
the same residue and one with the *C® shift of the i-1 residue. The HN(CO)CA) in turn correlates the amide at
position NH; only with the 3¢9 of the preceding i-1 residue resulting in a single peak with 3¢9 shifts of the preced-
ing residue. By matchinq the *C® shifts in the HN(CO)CA with 13C%inthe HNCA a sequential connectivity can be
established and the *H,"°N shifts of the preceding residue can be identified. Scheme A) is taken from protein-
nmr.org.uk (retrieved on 28.02.2021) and scheme B is adapted from INAGAKI. ™

Respective combinations of inter- and intra-type spectra are available to correlate the amide
with C (HNCO and HN(CA)CO)) and CP (HN(COCA)CB and HN(CA)CB or HN(CO)CACB
and HNCACB) spin. Experiments with magnetization transfer to the C? carbon are particular-
ly useful since they allow for the straight forward identification of several amino acid types via
their unique CP shifts (for example Ala, Thr, Ser). For large proteins, as presented in this the-
sis, deuteration helps to improve sensitivity, especially by reducing **C relaxation due to di-
pole-dipole interaction with attached protons. Furthermore, the TROSY -principle (see chapter
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2.1.2) has been applied to the suite of backbone resonances described above, thus reducing
transverse relaxation of the backbone amide nitrogen-15 and expanding the feasibility of
backbone assignment on ?H/**C/**N-labelled samples of 30-50 kDa in size.!?**?*

Once the backbone resonances have been identified, they can be connected to the amino
acid side chain resonances. Specifically, spectra of the type H{CCCO)NH connect the *H-°N
chemical shift of amino acids i with the H* and further side chain proton shifts of the amino
acid i-1. Together with the HCCH-TOCSY, one can obtain side chain proton and carbon
chemical shifts. Further assignments can be achieved by recording several NOE-based 3D
experiments.

Assignment of side-chain resonances in large proteins, is more challenging since the pro-
teins are typically deuterated for improved relaxation properties and thus do not contain side-
chain protons. For methyl-TROSY studies on large perdeuterated proteins a different ap-
proach has been developed to assign methyl *H and **C resonances: After backbone reso-
nance assignment using TROSY-based experiments, ideally the C* and CP shift of most ami-
no acids should have been identified. Several assignment experiments have been developed
to create connectivity between the backbone resonances and the terminally protonated and
13C labeled methyl groups of leucine (8-methyls), valine (y-methyls) and isoleucine (51-
methyl)*®: Triple-labeled (*H, **C, **N samples) with selective methyl protonation are pre-
pared with the addition of a-keto-acid amino acid precursors for lle, Leu and Val during the
bacterial over-expression. These are deuterated, selectively *H,"*C-labelled at one terminal
methyl group and **C-labelled along the main chain (Figure 2.4 A & B). Isoleucine residues in
the resulting sample are thus **C-labeled and entirely deuterated except for the terminal 51-
methyl group, which is protonated. For Leu and Val residues only one of the 8- or y- methyl
groups is 'H-*C-labelled to avoid the relaxation contribution from the dipole-dipole interac-
tion between the protons of the geminal methyl groups (Figure 2.4 C). The carbon attached
to the ?H-methyl is non **C-labelled to eliminate unwanted pathways of magnetization trans-
fer.
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Figure 2.4 Labeling schemes and magnetization transfer steps for methyl assignment experiments in
deuterated proteins. A) and B): Selectively protonated and **C-labeled amino acid precursors are used in the
preparation of trlple Iabeled assignments samples. For leucine and valine aSS|gnments only one of the terminal
methyl groups is 'H and **C labeled while the second one is deuterated and **C-labeled; this is necessary to
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ensure Imear transfer of magnetization as described in C). The ILV-methyl resonances can be correlated to the
C® and C* resonances obtained from earlier backbone assignments experiments employing a methyl-detected
“out-and back” lle, Leu-HMCM(CG)CBCA experiment for which the intra-residue magnetization flow is described
by arrows in C). Correlation to the backbone C’ is equally possible using lle,Leu-HMCM(CGCBCA)CO and Val-
HMCM(CBCA)CO pulse schemes which transfer the magnetization further to the backbone C’, as indicated by
the dotted arrows. Scheme C) has been adapted from TUGARINOV et al.t

2.1.4 Protein dynamics by NMR spectroscopy

One of the main advantages of biomolecular NMR spectroscopy is the ability to probe, in
addition to the static structure, the dynamic processes of biomolecules, which are usually
relevant for biological function. Looking at a protein as a single static structure oversimplifies
the reality since proteins exhibit intrinsic dynamics, such as internal motions and conforma-
tional exchange processes that take place on a wide range of time scales ranging picose-
conds (ps, 1072 s) to seconds (Figure 2.5). NMR is perfectly suited to study these processes
as it probes dynamics in a site-specific manner. In this chapter | focus on two selected pro-
tein-NMR dynamic technigues, which have been used in the present thesis work. First fast
local dynamics on the pico- to hanosecond time scale can be revealed by studying the relax-
ation of the backbone amides. Second, CPMG-relaxation dispersion experiments reveal ex-
change processes that occur on slower time scales between high-microseconds and milli-
seconds. These slow dynamics processes are usually characterized by the exchange be-
tween at two or more distinct states, for example two different conformations of a protein or
the ligand-bound and free forms.
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Figure 2.5 D}/namlc processes in proteins and the respective techniques to study them. Adapted from
Balbach et al.

2.1.4.1 Fast backbone dynamics from T;-, To-relaxation experiments and hetNOE

A basic set of experiments for the characterization of fast backbone dynamics measure re-
laxation parameters for the backbone nitrogen-15 of each amide group, such as the spin-
lattice- (T, or longitudinal) and spin-spin (T, or transverse) relaxation times (or their respec-
tive rate constants R; = 1/T; and R, =1/T,) and the heteronuclear Nuclear Overhauser Effect
({*H}->N NOE, or here hetNOE)."*" The relaxation properties of >N in this regard are espe-
cially relevant as they mostly depend on dipolar interactions with the attached amide proton
(also see chapter 2.1.1.2). Due to high frequency local motions in the protein backbone,
which lead to fast reorientation of the *H-'°>N dipolar interaction with respect to the external
Bo-field, the relaxation of the *°N is modulated. Thus, relaxation rates are excellent reporters
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of high frequency molecular motion in the pico- to nanosecond time scale (that is up to the
global correlation time of the molecule). The value of the hetNOE already gives a good initial
estimate of the local flexibility and of the presence of secondary structure, since unstructured
or unfolded regions display hetNOE of opposite signs compared to structured and folded
core regions.’® At this point it has to be noted, that measured R, values can also contain
contributions from chemical exchange, which happens on much slower time scales (see
chapter 2.1.4.2 below)

The two relaxation rates and the hetNOE parameter of each sampled amide give a good
qualitative estimate on internal motions. However, they can also be related to quantitative
dynamics in a framework developed by LIPARI and SzABO termed the model free approach
because its application does not require the assumption of a specific model for internal mo-
tions.'®® The results of this analysis are site-specific quantitative order parameters S°. S can
take values between 0 (unrestricted motion, high flexibility) and 1 (highly restricted motion,
totally rigid). Residues located in secondary structural elements, like helices, usually have
values of $*> 0.8 while loops, turns and termini have reduced values of 0.5<5°<0.8."*° Apart
from the local dynamics the described backbone relaxation experiments also allow for the
estimation of the global parameters of molecular tumbling, the rotational correlation time =
which is directly related to the average ratio of R,/R, of all sampled amides.

2.1.4.2 Chemical Exchange processes studied by relaxation dispersion experiments

Protein dynamics on the micro- and milliseconds time scale are typically studied using relax-
ation dispersion experiments. At this point it is useful to introduce the concept of chemical
exchange since it the basis of these fast to intermediate processes: A given spin in a protein
can experience more than one chemical environment due to processes like conformational
changes, ligand binding, protein folding and secondary structure rearrangements.™*! Each
two-site exchange process is characterized by several parameters which are interrelated
(Figure 2.6): Considering two states A and B, the exchange between the two states is char-
acterized by the velocity of the interconversion from state A to B and of the reverse process
from B to A with respective rate constants k, and ks. Further, the two states have a relative
population P, and Pg, for example 75 % and 25 %. The exchange rate k., between the two
populations is given as the sum of both k, and ks. From Figure 2.6 it is obvious that also the
chemical shift difference between the two states 4v determines the appearance and most
importantly the line width of the respective NMR spectra. Three major scenarios, termed ex-
change regimes can be distinguished: (1) Slow exchange: If the exchange rate k. is much
smaller than A4v , the spectrum contains two separate peaks at vy and vg with relative intensi-
ties proportional to their relative population. This originates from the fact that no significant
exchange processes take place in the time needed to measure the chemical shift difference
of the two species A and B. (2) Intermediate exchange: If k,x= Av both peaks are broadened
due to the exchange contribution R, to the observed overall transverse relaxation rate R,°%.
In this regime, depending on the exchange rate, peaks can even become undetectable due
to severe broadening. (3) Fast exchange: In the fast exchange regime ke is larger (faster) than
Av. Consequently the nuclei exchange many times during the time needed to measure the
chemical shift difference of the two species A and B and as a result one single peak appears
at a chemical shift which is a population-weighted average of the chemical shift of the two
states A and B.
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Figure 2.6 Chemical exchange. The basis for peak line shape and intensity of a two-site exchange system. A)
The exchange rate kg, is directly related to the interconversion rates k, and k,. B) Depending on the rate of chemi-
cal exchange relative to the chemical shift difference and the relative population of the two states, the spectrum
shows two resolved peaks (slow exchange), broadened peaks (intermediate exchange) or a single peak with a
chemical shift equal to the population- welghted average of the chemical shifts of the two exchanging states. This
figure is adapted from KLECKNER et al."*

Exchange processes in the intermediate regime are biologically interesting since they arise
from events like binding and dissociation of ligands or conformational changes of protein
domains. Further, if the population between the states is highly skewed, that is when
P, >> Pgthe existence of the state B might not be directly visible in the spectrum but can be
detected based on its exchange with the higher populated state. Relaxation dispersion ex-
periments employing the CPMG- approach (Carr-Purcell Meiboom-Gill) allow for the deter-
mination of the exchange contribution R,** to the observed transverse relaxation rate R,*™ and
thus help identifying and quantifying chemical exchange processes on the intermediate time
scale from micro- to milliseconds. Using this approach, for example, it is possible to detect
the kinetics of an exchange process (exchange rate), its thermodynamic parameters (i.e. the
relative populations of the exchanging states) and the chemical shift difference between the
ground (A) and the excited state (B) populated, even when Pg is as low as 1 %.**

The general goal of CPMG relaxation dispersion experiments is the quantification of the con-
tribution of exchange to the transverse relaxation rate R,. Transverse relaxation is the result
of dephasing of the transverse magnetization during the evolution time of an NMR experi-
ment, which essentially leads to loss of detectable signal in the xy-plane (see also chapter
2.1.1.2). Chemical exchange provides an extra contribution to this dephasing, in addition to
the contribution from dipolar interactions and chemical shift anisotropy discussed in chapter
2.1.1.2. The central element of a CPMG experiment is a spin-echo pulse train which intends
to suppress the exchange contribution to R,. The spin-echo principle is illustrated in Figure
2.7. After a time 7, a 180° pulse along the x-axis flips the transverse magnetization of two
dephased signals negating their phase difference. Due to this flip the two signals regain
phase coherence after a second time of duration z. In the presence of chemical exchange
with a rate faster than 1/z, a spin does not have the same chemical shift in the two z phases
and thus coherence is not reached after 2z, resulting in line-broadening and reduced signal
intensity. The contribution of chemical exchange to the dephasing process is suppressed
when 1/t >>kg,.
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Figure 2.7 Spin-echo principle as the basis for a CPMG relaxation dispersion experiment. After an initial
excitation pulse transverse spin magnetization of states A and B are in-phase. During an evolution time 7 they
lose their coherence and the spin of state B is ahead of the spin of state A due to their chemical shift difference.
By applying a 180 ° pulse along the X-axis their magnetization is flipped bringing state A ahead of state B. After
another period 7 they regain their phase coherence. This figure is adapted from KLECKNER et al.*

In a CPMG experiment the time 7 is incrementally changed from one experiment to the other;
all experiments contain spin-echo steps within the fixed CPMG relaxation delay time Tcpyg.
The CPMG frequency vepme = 1/(47) is a function of the time ¢ (Figure 2.8 A). The extent of
suppression of the exchange contribution to the dephasing of state A and B during the spin-
echo time Tcpy is different in the different experiments, as it depends on the relative values
of 1/r and ke. Thus, the R,™ is dependent on vepws. On the other hand, the contribution to the
dephasing due to transverse spin relaxation mechanisms (excluding chemical exchange) R,
does not depend on 1/z.

For every vepwg an effective transverse relaxation rate R, (also referred to as R,°® = ob-
served R,) can be extracted from the following equation where |, and I; are the peak intensi-
ties of a given spin systems in a reference plane with no relaxation delay (Tcpwe= 0) and of
the experimental plane at vcpys, respectively:

Rgff(VCPMG) = - ! In b verue) (2-14)
TCPMG IO
As the exchange contribution to the R,®" rate, R,, is dependent on vepwe also R is depend-
ent on vepwg. The plot of R, against vepwe Shows the characteristic relaxation dispersion
curve. The maximum contribution of the exchange to the broadening is obtained when 1/z=0

and is given by (Figure 2.8 C):

" 2-15
R,y = Rgff —RY = Rzeff(vgpMG) - R;ff(VCPMG) (19)
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Figure 2.8 CPMG-relaxation dispersion experiments. A) A spin-echo sequence is repeated with incrementally

increased repetition rate of the 180 degree pulses during Tcpmg, Which manifests in the CPMG frequency vepwe.
B) For each vepyg . an observed relaxation rate R,’™ (or R,*", for effective R,) can be extracted from equation
(2-14) based on the peak intensities at vcpyc and peak intensities where no relaxation delay is applied. C) Plotting
the R,%® against vepwg provides the characteristic relaxation dispersion profile, from which the exchange contribu-
tion to the observed relaxation rate can be extracted according to equation (2-15) for each vcpys. From B it is
apparent that vepyg has a strong effect on the line-width of peaks due to partial or complete suppression of the
exchange contribution to R,*". This figure was adapted from KLECKNER et al.'*#

Similarly, the R,™ for every vepug is:

i i I 2-16
R3*(vepme) = Rgff(vtlfPMG) - Rgff(VCPMG) ( )

By fitting the relaxation dispersion curve using an appropriately chosen model one can obtain
estimates of the population of the exchanging states, of the chemical shift differences be-
tween the states and of the interconversion rates ke.*** In addition, the R, values of different
experimental conditions (pH, temperature, ligand bound vs apo, etc...) might be compared,
to study the effect of these conditions on the exchange process.

CPMG relaxation dispersion techniques were initially applied to the *H-°N-spin systems of
the backbone; more modern techniques have been developed to address the relaxation and
exchange behavior of *H-*C-methyl groups in an otherwise highly deuterated protein sam-
ple, allowing for exploiting the TROSY principle (see also section 2.1.2) and thus making
high molecular weight protein available for dynamics analyses by relaxation dispersion.***
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2.15 SOFAST-NMR for Real-time NMR studies

While the NMR techniques discussed in the previous sections are suitable for the study of
processes on the fast to intermediate time scales (picoseconds to microseconds), NMR is
equally useful for investigations of much slower processes in the seconds to hour regime like
slow protein folding as well as other slow-proceeding conformational rearrangements. The
basis of all real-time NMR experiments is the repetitive acquisition of spectra, where each
individual spectrum represents a time point of a kinetic process. Obviously, the repetition rate
of the kinetic series must be chosen carefully, to achieve a compromise between sufficient
sensitivity and a time-resolution good enough to study the process of interest. Early ap-
proaches to study protein folding by real-time NMR relied on the repetitive acquisition of one
dimensional (1D) 'H spectra during the unfolding reaction with a time-resolution of several
seconds.'® The interpretation of these experiments was limited to global parameters of the
reaction kinetics of the folding, due to an inherent lack of atomic resolution of 1D NMR spec-
tra. A similar study applied two-dimensional (2D) *H-">N-HSQC spectra to the same protein
folding reaction.’*® While here the introduction of the second dimension allowed for a clear
distinction between folded and unfolded protein, the time resolution was poor and required
slowing down the reaction at low temperature and the use of high protein concentrations (>
1.5 mM). This is because the introduction of a second dimension in a heteronuclear NMR
experiment like a *H-">N-HSQC comes along with increased time of each individual experi-
ment, since the *°N frequency in the indirect dimension is sampled by multiple repetitions of
the pulse sequence with an incremented delay time. Additionally, each of the repetitions with
the incremented delay time is also repeated several times (the number of scans) to achieve
enough sensitivity. Three general strategies can be applied to reduce the time required for
one full spectrum: (1) optimization of the sampling, to reduce the number of sampled points
in the second dimension; (2) single-scan NMR; (3) reduction of the delay time between
scans, which is required for the longitudinal magnetization to reach equilibrium (recycle de-
lay) (also see chapter 2.1.1.2). SOFAST-HMQC NMR spectroscopy (band Selective Opti-
mized Flip Angle Short Transient) follows the third approach, thereby yielding a good com-
promise between time resolution and sensitivity by shortening the inter scan delay (also
termed (d,)) as much as possible.*®” The d, period in NMR experiments is critically required
to regain the equilibrium magnetization along the z-axis by longitudinal relaxation, before
starting the next repetition of the pulse sequence. To achieve a maximum of available z-
magnetization at the beginning of each repetition, two major adjustments have been applied
to the standard HMQC sequence (Figure 2.9): (1) The excitation of only a selected subset of
spins using shaped excitation pulses leaves many proton spins unperturbed, which in turn
enhance the T, relaxation of the excited spins via dipolar interactions; (2) Partial excitation
employing an optimized 'H flip angle enhances the available steady-state magnetization
along the z-axis for a given inter scan delay time. The concept of an optimized flip angle has
been introduced by the later Nobel laureate Richard Ernst and it relates to the duration of the
effective T; relaxation delay as follows:

_Trec
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Here, S,y is the Ernst angle, T, the longitudinal relaxation time constant and T is the effec-
tive *H-T, relaxation delay, including the duration of the full pulse sequence and the d, inter
scan delay (Figure 2.9). A reduced flip angle thus yields a higher signal to noise for high rep-
etition rate. SCHANDA et al expressed the relation between the signal to noise ratio and the
flip angle for a given repetition rate as follows:**’

— — Trec 1
S/ (1 exp( /T1)) sinf ¢ 2-18)
1 —exp(— TreC/Tl) cosS V" Tscan
Here, f = a—180° is the excitation angle, taking into account the effect of the 180° *H refocus-
ing pulse in the pulse sequence below (Figure 2.9), and Ts, is the time required for a single

full scan. According to equation (2-18), the selective excitation pulses a are recommended to
be between 120° < o < 150°.
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Figure 2.9 SOFAST-HMQC pulse sequence. The basic SOFAST-HMQC pulse scheme for a *H-X correlation
experiment employs and optimized flip angle a and band selective proton excitation using shaped pulses as indi-
cated by the non-rectangular pulse shapes. This figure has been adapted and modified from Schanda et al.**®

SOFAST-NMR employs the HMQC sequence which only requires few RF-pulses compared
to HSQC sequences, and thus limits the loss of signal due to B, field inhomogeneities.

The SOFAST approach was initially implemented for *H->N-correlations in non-deuterated
protein samples which still contain a plethora of unperturbed proton spins after selective exci-
tation of the amide protons.**"**° However, it has been also extended to *H-'*C-correlations
in methyl groups, which are interesting for larger molecular weight samples (also see chapter
2.1.2)."*" In methyl groups longitudinal spin-lattice relaxation is mostly mediated by dipolar
interactions among the methyl *H and **C, which is additionally time-modulated by the fast
rotation of the methyl group. The interaction with non-methyl protons is thus smaller and the
enhancement of longitudinal relaxation in SOFAST-HMQC due to interactions with non-
perturbed non-methyl protons is not as pronounced as for amides. Nevertheless, flip angle
optimization in SOFAST results in significant signal increase at high repetition rates com-
pared to a standard HSQC.™® Combining the SOFAST approach with the TROSY effect in
perdeuterated and selectively methyl-'H-'*C labeled proteins has allowed for the successful
recording of 2D correlation spectra on a > 400 kDa protein complex within a few seconds.**
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2.2 SEC-MALS

Prior to any high quality NMR study biochemical and biophysical characterization of the bio-
logical system is required to ensure the feasibility of high-resolution structural studies by
NMR. Especially when working with oligomeric protein assemblies, knowledge of the molecu-
lar weight of the protein containing particle is of interest, since the NMR signal is dependent
on the tumbling time constant of the particle and thus on its molecular weight (chapter 2.1.2).
The standard technique for the characterization of the oligomeric state and associated mo-
lecular weights of a protein complex is size exclusion chromatography (SEC). SEC relies on
the molecular sieve function of an appropriate chromatography material, which allows small-
er particles to enter the material whereas bigger particle are excluded and elute from a SEC
column earlier. This results in retention times based on the hydrodynamic radius of a particle.
By comparison of the retention time to values obtained from a column calibration with stand-
ard proteins of known molecular weight, it is possible to obtain an estimation of the sample’s
molecular weight. However, this estimation generally assumes an ideal spherical shape of
the protein particle under study and does not take into account potential interactions with the
column packing material.

Combining SEC and MALS (Multi Angle Light Scattering) allows for the determination of the
molecular weight of the particle, independent of its shape and its SEC retention time.

MALS exploits the angular dependence of the analyte’s Rayleigh scattering intensity when
irradiated by an incident laser beam. Central to the theoretical background of MALS is the
reduced Zimm equation:***

cK _
Rece M,P(0©)

+ 24,c (2-19)

Where R, is the analyte’s angle dependent excess scattering intensity, ¢ the concentration
of the analyte in mg/ml and M, the molecular weight of the analyte. R, is essentially the
difference between the scattered light of the analyte containing solution and that of the pure
solvent. P (®) describes the angular dependence of the scattered light based on a form factor
of the analyte and is directly related to the radius of gyration Ry. A; is the second virial coeffi-
cient as a measure for non-ideal solution behavior of the analyte. The constant K is given as:

(2-20)

where, (dn/dc) is the refractive index increment of the analyte n, the refractive index of the
solvent, N the Avogadro number as 6.022x10% and /, is the vacuum wave-length of the inci-
dent laser beam.

In practice, the principle of MALS can be simplified with the following equations, which relate
the experimental scattering intensity at angle O |, to the excess Raleigh ratio Rg).

R (Ie — I§°") - 2 (2-21)
o) =
C)] Iy"V
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From which follows,

Reey  Ig (2-22)
Thus,
dn\’ (2-23)
Ig X M, X c X (—)
(€] w c dTl
where, I(@f"'v is the scattering intensity at angle @ of the pure solvent, V the illuminated vol-

ume of the scattering medium from which the detector at angle @ collects the light, r is the
distance between the detector and the scattering volume and I, is the intensity of the incident
beam. Equation (2-23) finally, simplifies the principle of the MALS-experiment, which relates
the molecular weight Mw to the experimental parameters of scattering intensity |4, (from the
MALS detector) and concentration ¢ (from the refractometer and the refractive index incre-
ment (dn/dc)). For biomolecules a refractive index increment of 0.1852 ml/g is a good approx-
imation and is used in the calculation of the molecular weight. The light scattering intensity is
obtained using a MALS detector which measures the scattering at multiple angles and the
absolute concentration is routinely obtained from an in-line attached refractometer using the
assumed (dn/dc) of 0.1852 mi/g.

As mentioned before SEC-MALS allows for the shape-independent determination of the mo-
lecular weight and as such is especially useful for protein samples which are assumed to be
highly aspherical like the PAN coiled coil domain in the presented thesis (chapter 5.1.1). Fur-
ther, the additional information on the molecular weight allows for detection of mixtures of
oligomeric species within a single chromatographic peak as was done for the full length PAN
in this thesis. As such, SEC-MALS is an invaluable tool to detect deviations from molecular
weight monodispersity, which can be critical for high quality NMR experiments.
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3 Aim of this Thesis Work

Proteolytic AAA+ unfoldases, like the proteasome, are at the center of protein quality control
systems in bacteria, archaea and eukaryotes. High-resolution structural studies on close-to-
native states of these molecular machines have long been exacerbated by their intrinsic dy-
namics and resulting conformational heterogeneity. A plethora of in-depth biochemical and
biophysical studies, however, have laid a solid foundation for understanding the mechanism
of protein-unfolding by these ATP-fuelled unfoldases.

In the recent years multiple cryo-EM models of various AAA+ unfoldases both in an apo state
and bound to substrates have emerged and based on them a mechanism of unfolding com-
mon to all AAA+ unfoldases is proposed.’®® However, the proposed sequential rotary mech-
anism is in disagreement with key findings from previous structural, biochemical and bio-
physical experiments. While these structures undoubtedly, provide valuable high-resolution
structural snap-shots and insights into the conformational landscape of these hexameric ma-
chines, the mechanistic interpretation of these and the generality of the proposed universal
mechanism has started a debate whether all AAA+ unfoldases work in the same way.'®

In this PhD project | intended to exploit the advantages of solution-state NMR spectroscopy
over other structural techniques (that are an atomic resolution and native-like sample condi-
tions in solution) to study the structure and the unfolding mechanism of the proteasomal un-
foldase PAN from the archaeon Methanocaldococcus jannaschii, contributing high-resolution
insights to the understanding of the mechanism of protein unfolding by AAA+ ATPases.

Herein, two major approaches were pursued and several objectives for this thesis have been
formulated:

1. Structural and functional studies on the archaeal PAN-20S proteasome including
o Preparation and characterization of full-length PAN and individual PAN sub-
domains suitable for NMR studies
o Obtaining NMR resonance assignments on individual PAN subdomains and
full-length PAN
o Characterization of the conformational states of full-length PAN

o Investigating the interaction regions between PAN and a model substrate

2. Establishing the structural kinetics workflow of proteasomal degradation of the model
substrate GFP-ssrA by time-resolved NMR-experiments on isotopically labeled model

substrates during the proteasomal degradation by the PAN-20S proteasome.
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4 Materials and Methods

4.1

41.1

Materials

Instruments

Table 4-1 Laboratory Instruments

Instrument Manufacturer
Centrifuges Allegra 64R Beckmann-Coulter, Carlsbad, CA, USA
Heraeus Labofuge 400R | ThermoFisher Scientific, Dreieich, Germa-
ny
Heraeus Fresco 21 ThermoFisher Scientific, Dreieich, Germa-
ny
Sorvall Lynx 600 ThermoFisher Scientific, Dreieich, Germa-
ny
Incubators Innova 44 New Brunswick Scientific, MA, USA
Excella E24 New Brunswick Scientific, MA, USA
Heratherm ThermoFisher Scientific, Dreieich, Germa-
ny
Spectrophotometer | DS-11 (microvolume) DeNovix Inc., Wilington, DE,USA

Photometer Bio

FoodALYT GmbH, Bremen, Germany

Plate reader

Spectramax M3

Molecular Devices, Munchen, Germany

PCR cycler T100 Thermal cycler Bio-Rad, Hercules, CA, USA
Analytical Balance | Secura Analytical Sartorius, Goéttingen, Germany
SDS-PAGE Powerpc Universal 500 | Bio-Rad, Hercules, CA, USA

V, 2.5 A 500W

MiniProteasn Tetra Sys-
tem

Bio-Rad, Hercules, CA, USA

Agarose gel elec-

PowerPac Universal

Bio-Rad, Hercules, CA, USA

trophoresis Power Supply

Mini-Sub Cell GT Cell Bio-Rad, Hercules, CA, USA
Sonicator SONOplus mini20 Bandelin, Berlin, Germany
High pressure ho- | Emulsiflex C5 Avestin Inc., Ottawa, Canada
mogenizer

RT-PCR machine

StepOne

ThermoFisher Scientific, Dreieich, Germa-
ny

MALS miniDAWN TREOS Wyatt Technologies, Goleta, CA, USA
Optilab T-reX Wyatt Technologies, Goleta, CA, USA
HPLC-MS 2797 separation module | Waters GmbH, Eschborn, Germany

2545 pump system

Waters GmbH, Eschborn, Germany

996 photodiode
detector

array

Waters GmbH, Eschborn, Germany

Micro Mass quattro micro
ESI mass detector

Waters GmbH, Eschborn, Germany
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Instrument Manufacturer
NMR spectrometer | AVANCE Il HD 600 with | Bruker Biospin, Karlsruhe, Germany
N,-cooled inverse HCN

triple-resonance cryogen-
ic probehead

AVANCE I
He-cooled

4.1.2 Software

triple-resonance cryogen-
ic probehead

| HD 850 with
inverse HCN

Table 4-2 List of used software programs

Program Developer

Bruker Topspin 3.2 Bruker Biospin, Karlsruhe, Germany
nmrPipe DELAGLIO et al**

CcpNMR analysis VRANKEN et al**®

PyMol 2.4 Schroedinger LLC.,

APBS tool 2.1 BAKER et al***

OriginPro 9.1 Origin Lab, Northhampton, MA, USA
UNICORN 7 Cytiva (Formerly GE Healthcare), USA
ASTRA 7.1.4 Wyatt Technologies, USA

Microsoft Office 2010 Profes- | Microsoft Inc., Redmond, WA, USA
sional

lllustrator CS2 Adobe, USA

4.1.3 Chemicals, Enzymes a

All standard laboratory chemicals, buffer components and solvents were purchased either
from Sigma-Aldrich (Darmstadt, Germany), Carl Roth (Karlsruhe, Germany), VWR (Frankfurt,
Germany). Table 4-3 lists all other chemicals, enzymes and
Chromatography columns were all purchased from Cytiva
(formerly GE Healthcare, Miinchen, Germany). Isotopically labelled compounds for protein

Germany) or Honeywell (Seelze,

consumables used in this thesis.

labelling are listed in Table 4-4.

nd Consumables

Table 4-3 Chemicals, Enzymes and Consumables used in this thesis

Product

Supplier

Acrylamide solution 40 %

(37.5:1)

Carl Roth, Karlsruhe, Germany

Agarose

Sigma-Aldrich, Darmstadt, Germany

Amicon centrifugal filters 15
(3K, 10K, 30K, 100K MWCO)

Merck Millipore, Darmstadt, Germany

ADP

Sigma-Aldrich, Darmstadt, Germany

Bruker Biospin, Karlsruhe, Germany
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ATP Carl Roth, Karlsruhe, Germany

ATPgS Sigma-Aldrich, Darmstadt, Germany
B-ME Carl Roth, Karlsruhe, Germany
Bromophenol blue VWR, Frankfurt, Germany

BSA Sigma-Aldrich, Darmstadt, Germany
Color Prestained Protein | New England Biolabs, Frankfurt, Germany
Standard

cOmplete EDTA-free protease
inhibitor cocktail tablets

Roche Diagnostics, Mannheim, Germany

Coomassie Brilliant blue G-
250

Bio-Rad, Hercules, CA, USA

Dialysis tubing

Spectrum Chemicals, New Brunswick, NJ, USA

DNAse | Roche Diagnostics, Mannheim, Germany
dNTP mix New England Biolabs, Frankfurt, Germany
Dpnl endonuclease New England Biolabs, Frankfurt, Germany
DTT Carl Roth, Karlsruhe, Germany

HEPES Carl Roth, Karlsruhe, Germany

Imidazole Carl Roth, Karlsruhe, Germany

IPTG Carl Roth, Karlsruhe, Germany
Kanamycinsulfate Carl Roth, Karlsruhe, Germany

LB medium Carl Roth, Karlsruhe, Germany

Lysozyme Carl Roth, Karlsruhe, Germany

MES Carl Roth

Microtiter plates for fluores-
cence measurements

Brand, Wertheim, Germany

Pefabloc sc protease inhibitor

Roche Diagnostics, Mannheim, Germany

Phusion polymerase

New England Biolabs, Frankfurt, Germany

Pfu plus polymerase

Roboklon, Berlin, Germany

Thermo-Fast PCR Plate, 48-
well, clear

ThermoFisher Scientific, Dreieich, Germany

Laboratory plasticware

Sarstedt, NUmbrecht, Germany

3C-protease

made in-house

TEV-protease

made in-house

QIAprep spin iniprep plasmid
isolation kit

Qiagen, Hilden, Germany

QIAquick Gel extraction kit

Qiagen, Hilden, Germany

RNase

Roche Diagnostics, Mannheim, Germany

pH-meter calibrating solutions

Hanna Instruments, Vohringen, Germany

SDS

Carl Roth

SYBR orange Dye (5000x)

ThermoFisher Scientific, Dreieich, Germany

TRIS-base

Sigma-Aldrich, Darmstadt, Germany

Tris-HCI

Sigma-Aldrich, Darmstadt, Germany

Triton X-100

Sigma-Aldrich, Darmstadt, Germany

Unstained Protein Standard

New England Biolabs, Frankfurt, Germany
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Table 4-4 Isotopically labeled compounds

Compound

Supplier

>N Ammonium chloride

CIL, Tewksbury, MA, USA

D-Glucose (U-°CB6)

CIL, Tewksbury, MA, USA

D-Glucose
(1,2,3,4,5,6,6-D7)

CIL, Tewksbury, MA, USA

D-Glucose (U-C6; 1,2,3,4,5,6,6-D7)

CIL, Tewksbury, MA, USA

Glycerol (D8, 99%)

CIL, Tewksbury, MA, USA

a-ketobutyric acid sodium salt (methyl-
3¢ 3,3-D2)

CIL, Tewksbury, MA, USA

a-ketobutyric acid sodium salt (**C4; 3,3-
D2)

CIL, Tewksbury, MA, USA

a-ketoisovaleric acid, sodium salt (3-
methyl-*C; 3,4,4,4-D4)

CIL, Tewksbury, MA, USA

a-ketoisovaleric acid, sodium salt
(1,2,3,4—1304; 3,4',4',4'-DA4)

CIL, Tewksbury, MA, USA

SLAM-methionine-¢ labeling kit

NMR-Bio, Grenoble, France

D,0 (deuterium oxide)

Eurisotop, Saarbriicken, Germany

4.1.4 Media, Supplements and Buffers

Table 4-5 M9 medium composition

Volume Stock

100 pL 1 M CacCl,
2ml 1M MgSO,
6 ml 5 mg/ml Thiamine-HCI
1ml 1000x Trace elements
4ml 0.25 mg/ml NH,CI (**NH,CI)

20 ml 20 % carbon source (glucose or glycerol)

100 ml 10x M9 salts without NH,CL

1ml 50 mg/ml kanamycin
Ad 1000 ml ddH,0O or D,O

Table 4-6 Formulation of 10 x M9 salts without NH4CL

Volume Compound
75.2¢ Na,HPO, - 2 H,0O
309 KH,PO,
59 NacCl
Ad 1000 ml ddH,0 or D,O
Adjust pHto 7.4 ( pD 7.0 in D,0)
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Table 4-7 Composition of the 1000x trace elements solution

Volume Stock

50 ml 0.1 MFeCl3in 0.12 M HCL
2 ml 1 M CacCl,
1 ml 1M MnCl, - 4 H,O
1 ml 1M ZnS0O4 - 7 H,O
1 mi 0.2 M CoCl, - 6 H,O
2ml 0.1 M CuCl, - 2 H,O
1 mi 0.2 M NiCl,
2ml 0.1 M Na,MoO, - 2 H,O
2mi 0.1 M Na,SeO,
2ml 0.1 M H;BO,

36 mi H,O or D,O

4.1.5 Plasmids and Oligonucleotides

4.1.5.1 Plasmids

Table 4-8 and Table 4-9 list the empty expression vectors used for subcloning and the ex-
pression plasmids used in this thesis, respectively. Amino acid sequences for the full length
versions of PAN, 20S CP subunits, GFPuv-ssrA and frGFP-ssrA are listed in the appendix.

Table 4-8 Expression vectors used for subcloning of PAN and GFP genes

Name

Comments

Origin

PETM22

Multiple cloning site with N-terminal
Trx-solubility tag, linker, Hisg-tag
and 3C cleavage site. Kanamycin
resistance cassette. All constructs
created using this vector contained
the full Trx-Hise-3C-tag

EMBL collection

pETM11

Multiple cloning site with N-terminal
His6-tag and TEV-protease cleav-
age site. Kanamycin resistance
cassette

Table 4-9 List of expression plasmids used in this thesis

Name

Comments

EMBL collection

Origin

pPET30a_PAN_full-length

M jannaschii PAN, C-terminal Hiss.
tag

IBS Grenoble, syn-
thetic gene  from
Genecust Europe

pPETM22_PAN_full-length M jannaschii PAN with cleavable N- | This thesis
terminal solubility tag
pETM22_PAN_1-89 M jannaschii PAN CC-domain This thesis
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Name Comments Origin
pPETM22_PAN_74-150 M jannaschii PAN OB-ring This thesis
pPpETM22_PAN_1-150 M jannaschii PAN CC + OB-ring This thesis
pPETM22_PAN_74-430 M jannaschii PAN OB-ring+ATPase | This thesis
domain
PETM22_PAN_74- M jannaschii PAN OB-ring+ATPase | This thesis
430 _F196A domain with F196A point mutation
PETM22_PAN_150-430 M jannaschii PAN ATPase domain | This thesis
PETM22_PAN_150- M jannaschii PAN ATPase domain | This thesis
430 _F196A with F196A point mutation
pPET30a_GFPuv_ssrA A victoria GFPuv with a A206K | IBS Grenoble, syn-
point mutation**>* thetic  gene  from
Genecust Europe
PETM11_GFPuv_ssrA A victoria GFPuv with a A206K | This thesis
point mutation*****®, N-terminal
Hise-tag
pETM11 frGFP_ssrA A victoria folding reporter GFP™’ | This thesis
with a A206K point mutation**®
pET28a_20S_alpha M jannaschii 20S core particle a- | IBS Grenoble, syn-
subunit with an N-terminal Hisg-tag | thetic  gene  from
Genecust Europe
pPET30a_20S_beta M jannaschii 20S core particle B- | IBS Grenoble, syn-
subunit without tag, including pro- | thetic gene  from
tease propeptide Genecust Europe

4.1.5.2 Oligonucleotides

Oligonucleotide-primers were ordered from Sigma-Aldrich purified with the standard desalt-
ing procedure. The lyophilised oligonucleotides were dissolved in ddH,O to a final concentra-
tion of 100 uM and stored at -20 °C until use. Table 4-10 contains all primers used in this
thesis with their respective 5’-3’ sequence and application:

Table 4-10 Oligonucleotide primers used in this thesis

Name Sequence (5’-3’) Application
PAN_into_ pETM | GAAGTTCTGTTCCAGGGGCCC | Cloning PAN constructs into
3C_fw ATGGTCTTCGAGGAGTTC pETM22
PAN_into_pETM | GCAAGCTTGTCGACGGAGCTC | Cloning PAN constructs into
3C_rv TTAGCGATACAGAACATCCAG | pETM22
PAN_1-89_rv GCAAGCTTGTCGAC- Cloning PAN CC into pETM22
GGAGCTCTTAGACACGCAT-
ACGGTCCAGTTC
PAN_74 _into_3C | GAAGTTCTGTTCCAGGGGCCC | Cloning PAN OB-ring into pETM22
_fw ATGAAAGAAAAC-
GAAATCCTGCGTCGTG
PAN_into GCAAGCTTGTCGAC- Cloning PAN OB-ring into pETM22
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Name Sequence (5°-3’) Application

3C_150_rv GGAGCTCTTATTCCGGCAG-
TACGTCAACCAC

PAN_into GAAGTTCTGTTCCAGGGGCCC | Cloning PAN ATPase domain into

pETM3C_150_fw | GAAAACAAAGACTACCGTG- pETM22
CAAAAGCAATGG

PAN_F196A fw | GAAACACCCG- Point mutation F196A
GAACTGGCCGAAAAAGTTGG-
CATCG

PAN_F196A rv CGATGCCAACTTTTTCGGCCA | Point mutation F196A
GTTCCGGGTGTTTC

PAN_I7A fw TATGGTCTTCGAGGAG- Point mutation I7A for assignment
TTCGCCTCTACGGAGCTGAA-
GAAG

PAN_I7A rv CTTCTTCAGCTCCG- Point mutation I7A for assignment
TAGAGGCGAACTCCTCGAA-
GACCATA

PAN_149A fw AGGAGCTGCAAGAAAAA- Point mutation 149A for assignment
GCACGTGCCGCAGAACTG-
GAAAG

PAN_149A rv CTTTCCAGTTCTGCGGCAC- Point mutation 149A for assignment
GTGCTTTTTCTTGCAGCTCCT

PAN_I56A fw CGCAGAACTGGAAA- Point mutation I56A for assignment
GCCGTGCCCTGAAACTG-
GAACTGG

PAN_I56A rv CCAGTTCCAGTTTCAGGG- Point mutation I56A for assignment
CACGGCTTTCCAGTTCTGCG

PAN_M74A fw AACGTGAAAACCTG- Point mutation M74A for assignment
CAGCTGGCGAAAGAAAAC-
GAAATCCTGC

PAN_M74A rv GCAGGAT- Point mutation M74A for assignment
TTCGTTTTCTTTCGCCAGCTG-
CAGGTTTTCACGTT

PAN_MS87A_fw TGCGTCGTGAACTGGAC- Point mutation M87A for assignment
CGTGCGCGTGTCCCAC

PAN_MS87A rv GTGGGACACGCGCAC- Point mutation M87A for assignment
GGTCCAGTTCACGACGCA

PAN_3K3E_fw AAAGAGGAGGTTGAGGTTAAAGAAC- | Introduction of the point mutations
CGGCEG CACCTG K415E, K416E, K418E

PAN_3K3E_rv AACCTCAAC- Introduction of the point mutations
CTCCTCTTTCTCCATGAT- K415E, K416E, K418E
TTTTTCTACCGCTTTGC

PAN_K414E fw | CGGTAGAAAAAATCATGGAG- Introduction of the point mutation
GAAGAGGAGGTT- K414 into the triple mutant K415E,

GAGGTTAAAG

K416E, K418E
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Name Sequence (5°-3’) Application

PAN_KA414E rv TTTAACCTCAAC- Introduction of the point mutation
CTCCTCTTCCTCCATGAT- K414 into the triple mutant K415E,
TTTTTCTACCG K416E, K418E

PAN_K406S_fw | CGCGATTATGTAAC- Introduction of the point mutation
CATGGATGATTTTCG- K406S into the quadruple mutant
CAGCGCGG- K414E, K415E, K416E, K418E
TAGAAAAAATCATG

PAN_K406S_rv ATGATTTTTTCTAC- Introduction of the point mutation
CGCGCTGCGAAAATCA- K406S into the quadruple mutant
TCCATGGTTACATAATCGCG K414E, K415E, K416E, K418E

GFP- CACTACTGA- Cloning GFPuv_ssrA into pETM11

ssrA_into_ pETM | GAATCTTTATTTTCAGGGCGCC

11 fw ATGTCTAAAGGTGAA-
GAACTGTTCACCGG

GFP- GAGCTCGAATTCGGATCCGG- | Cloning GFPuv_ssrA into pETM11

ssrA_into_pETM | TACTTACGCCGCCAGCG-

11 rv CATAG

GFP_F64L_S65T | GGCCGACCCTGGTTAC- Creating frGFP-ssrA from GFPuv-

_fw CACCCTGAC- ssrA by two point mutations F64L
CTATGGTGTTCAGTGTTTCTC and S65T

GFP_F64L_S65T | GAGAAACACTGAACACCA- Creating frGFP-ssrA from GFPuv-

_rv TAGGTCAGGGTGGTAAC- ssrA by two point mutations F64L
CAGGGTCGGCC and S65T

4.1.5.3 Peptides

4.1.6 Bacterial Strains and competent cells
Table 4-11 Bacterial strains
Strain Genotyp Origin
E. coli BL 21 | fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS Prepared in-house
(DE3)
E. coli TOP | F- mcrA A( mrr-hsdRMS-mcrBC) ®80lacZAM15 | Prepared in-house
10 A'lacX74 recAl araD139
A(araleu)7697 galU galK rpsL
(StrR) endAl nupG
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4.2 Cloning and Mutagenesis

4.2.1 Cloning

All expression constructs designed and created in this work (Table 4-9) were constructed
employing an oligonucleotide-based restriction-free ligation approach which did not need the
introduction of endonuclease restriction sites.**®

In a first PCR-step the gene of interest was amplified using primers (Table 4-10) which cre-
ated 5'- and 3’- overlaps with the insertion site in the target plasmid. PCR-mix and cycler
conditions are given in table Table 4-12 and Table 4-13:

Table 4-12 PCR mix RF-cloning — gene amplification

Component Volume (ul)
Plasmid with gene of interest (50 ng/pl) 1
Phusion HF-Buffer (5x) 20
DMSO 3
Forward primer (10 uM) 2
Reverse primer (10 uM) 2
dNTPs (10 uM each) 2
ddH,O 69
Phusion polymerase 1
Final mix 100
Table 4-13 Thermocycler conditions gene amplification

Step Temp. Time

Initial denaturation 98 °C 30s

Denaturation 98 °C 30s

Annealing 60°C | 30s } x45
Elongation 72 °C 1 min/kb

Final elongation 72 °C 7 min

Storage 8°C 0

The amplified and linearized genes were separated from the plasmid by gel electrophoresis
in 1.5 % agarose-gels and subsequently extracted using the Qiagen gel extraction kit.

A second PCR utilized the previously amplified gene as a “mega-primer” and was carried out
using the following conditions, while the master mix was split into three 25 pl reactions, which
were used in reactions with three different annealing temperatures:

Table 4-14 Reaction mix for Megaprimer PCR

Component Volume (ul)

Target plasmid (10-50 ng/pl) 1
Phusion HF-Buffer (5x) 20
DMSO 3
Gene-“Megaprimer” (50-150 ng/ul) 2
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Component Volume (ul)

dNTPs (10 uM each) 2
ddH,O 71
Phusion polymerase 1
Final mix 100

Table 4-15 Cylcer conditions for Megaprimer PCR

Step Temp. Time

Initial denaturation 98 °C 30s

Denaturation 98 °C 30s

Annealing 58/61/64 °C | 30 s } X 25
Elongation 72 °C 1 min/kb

Final elongation 72 °C 1 min

Storage 8°C o0

Next, the PCR mixes were incubated with the Dpnl endonuclease for 3h at 37 °C to digest
the original target plasmid. Finally, the digested Megaprimer PCR mix was used to transform
chemically competent E coli Top 10 cells. Successful transformands were selected on agar
plates prepared with 50 pg/ml kanamaycin. Plasmid-DNA of transformands was amplified in
an overnight culture in LB, extracted with the Miniprep plasmid DNA extraction kit (Quiagen)
and successful insertion of the gene was confirmed by Sanger sequencing.

4.2.2  Site-directed mutagenesis

Introduction of point mutations was carried out either following the QuikChange (Agilent
Technologies) or the PIPE-cloning approach,** the latter of which allowed for the incorpora-
tion of several point mutations next to each other. Reaction mix and cycler conditions for the
PIPE-cloning approach were identical to those for the Megaprimer PCR in Table 4-14 and
Table 4-15 except for 1 ul of both forward and reverse primers (10 uM stock of each) instead
of the Megaprimer. The QuikChange PCR was also conducted at three different annealing
temperatures using mutagenesis primers designed with the QuikChange primer design tool
from Agilent Technologies and the following reaction conditions were used:

Table 4-16 Reaction mix for QuikChange mutagenesis

Component Volume (ul)

Plasmid-DNA of wild-type gene (50 ng/pul) 1
Pfu plus polymerase buffer (10x) 10
DMSO 3
Forward primer (10 pM) 4
Reverse primer (10 uM) 4
dNTPs (10 pM each) 4
ddH,O 72
Pfu plus polymerase 2
Final mix 100
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Table 4-17 Thermocycler conditions QuikChange mutagenesis

Step Temp. Time

Initial denaturation 95 °C 1 min

Denaturation 95 °C 1 min

Annealing 58/61/64 °C | 1 min } X 25
Elongation 68 °C 11 min/kb

Final elongation 68 °C 11 min

Storage 8°C o0

After the PCR was completed residual original plasmid DNA was digested with Dpnl for 3h
at 37 °C and successful mutants were selected on agar-plates prepared with 50 pug/ml kan-
amycin. Plasmid-DNA of transformands was amplified in an overnight culture in LB, extracted
with the Miniprep plasmid DNA extraction kit (Quiagen) and successful insertion of the gene
was confirmed by Sanger sequencing.

4.3 Protein expression and purification

4.3.1 Recombinant protein expression in LB medium

For expression of recombinant proteins in LB medium, 50 mL of LB medium supplemented
with 50 pg/ml kanamycin were inoculated from agar-plates carrying E coli BL21 (DE3) freshly
transformed with a plasmid containing the gene of interest. This preculture was incubated at
37 °C for 12-16 hours while shaking at 180 rpm in Erlenmeyer flasks. Next, the 1l main cul-
ture in LB medium (50 pg/mL kanamycin) was inoculated from the preculture at a ratio of
1:100 and incubated shaking at 220 rpm and 37 °C until an optical density at 600 nm (ODgqo)
of 0.6-0.9 was reached. Cells were allowed to cool down until they reached roughly 20 °C
and expression of the target protein was induced by the addition of 0.1 mM (1 mM for full
length PAN and proteasome 20S core particle components) isopropyl-8-d-1-
thiogalactopyranoside (IPTG). The cultures were incubated at 20 °C and 220 rpm shaking for
another 16-20 h (for GFP-ssrA constructs 8 h). Finally, cells were harvested by centrifugation
at 5.000 x g, washed with PBS and kept frozen at -20 °C until use.

4.3.2 Recombinant expression of isotopically labelled protein and deuteration
Isotopically labeled proteins

For the production of non-deuterated isotopically labeled proteins (**N and **C) a 50 mL
preculture in M9 minimal medium (composition described in Table 4-5), was directly inocu-
lated from an agar-selection plate and incubated over night at 37 °C. The next day, a main
culture was prepared using the appropriately labeled nitrogen- (1 g /I **NH,CI) and carbon (4
g/l D-Glucose (U-'*C6)) source and was inoculated from the preculture in a ratio 1:50. The
main culture was incubated at 37 °C while shaking at 230 rpm until an ODgqo 0Of 0.6-0.9 was
reached. Cultures were allowed to cool down to reach the desired expression temperature
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(20 °C) and protein expression was induced by the addition of 0.1 mM IPTG. Induced cul-
tures were further incubated at 20 °C and 230 rpm for 18 h (8 h for GFP-ssrA preparations).
Expression was stopped by centrifugation at 5.000 x g and 4 °C, cells were washed with cold
PBS and stored at -20 °C until further use.

Deuteration and site-specific labeling of methyl groups

For the uniform deuteration of recombinant protein, cells harboring the respective expression
plasmid were adapted to 99 % D,O by incrementally increasing the D20/H20 ratio. Initially,
a 5 ml LB culture was inoculated from an agar selection plate and grown at 37 °C and 180
rpm for 8-12 h until a visibly high cell density was reached. The next 5 ml culture was pre-
pared in M9 medium using the deuterated carbon source (D-Glucose (1,2,3,4,5,6,6-D7), D-
Glucose (U-*C6; 1,2,3,4,5,6,6-D7) or glycerol-D8) and 22 % D,O and was inoculated with a
ratio 1:25 from the LB-culture. Likewise, adaptation steps with 33, 55, 70 and 99% D,O were
carried out. Finally, a 50 ml preculture in 99 % D,O was prepared, grown over night and used
to inoculate the 500 ml final main culture by inoculating with all cells from the overnight cul-
ture. Cells were allowed to grow until an ODgg 0.6-0.9 was reached and protein expression
was induced as for non-deuterated preparations. Incorporation of selectively *H,**C-labelled
methyl groups was achieved by the addition of respectively labeled amino acid precursors
before the induction with IPTG (60 mg/l a-ketobutyric acid, sodium salt (methyl-**C; 3,3-D2)
for terminal 1led1-*C'Hs-labeling, 120 mg/l a-ketoisovaleric acid, sodium salt (3-methyl-*C;
3,4,4,4-D4for terminal Leud- and Valy- *C'Hg-labelling and 4 vials/I of the methionine-¢
SLAM kit (NMR —Bio) for methionine- € **C*Hjs labeling). For production of deuterated protein
samples for the assignment of ILV-methyl groups, special amino acid precursor for full side-
chain *C labeling were used instead (60 mg/l a-ketobutyric acid, sodium salt (**C4; 3,3-D2)
for full-chain lled1 and 120 mg/ml a-alpha-ketoisovaleric acid, sodium salt (1,2,3,4-*C4;
3,4',4',4'-D4) for Leud and Valy). Cells were harvested and stored in the same way as their
unlabeled counterparts.

4.3.3  Protein purification

Different preparations of the proteins used in this thesis have all been purified according to
the following protocols in H,O-based purification buffers, no matter if it was an unlabelled
variant or an isotopically enriched or deuterated preparation. Protein identity and purity were
routinely assessed by 15 % SDS-PAGE gel electrophoresis and coomassie staining.

4.3.3.1 Purification of recombinant archaeal M jannaschii proteasome components
Purification of the PAN coiled coil domain

Cells harbouring the expressed fusion protein Trx-Hisg-PAN-1-90 were resuspended in 50
mL Histrap-buffer A (20 mM Tris-HCI, 500 mM NaCl, 10 mM Imidazole, 5 mM B-ME, pH 7.5)
supplemented with DNAse |, lysozyme, 1 tablet complete EDTA protease inhibitors and in-
cubated for ten minutes shaking at RT on a nutating shaker. Cells were disrupted by soni-
cation and cell debris was subsequently removed by centrifugation at 19.000 g. After filtration



Materials and Methods 59

through a 0.22 pM syringe filter the cleared cell lysate was applied to a 5 ml Histrap HP Ni-
NTA column, preequilibrated in Histrap buffer A. Unbound protein was removed by washing
with 7 CV (column volume) Histrap Buffer A. The Trx-fusion protein was eluted with a 10 CV
gradient Histrap-buffer A - Histrap-buffer B (same as A, but 500 mM Imidazole). Peak frac-
tions were combined and buffer exchanged to Histrap-buffer A. Next, the Trx-solubility tag
was cleaved by incubating the fusion-protein with the 3C protease overnight at 4°C with mild
shaking. Next, the cleavage mix was again passed over the Ni-NTA column to remove un-
cleaved fusion protein. The flowthrough was concentrated using 3k MWCO-centrifugal filter
units (Millipore) and the concentrated protein was further purified on a Highload 16/600 Su-
perdex 75 pg size-exclusion chromatography column. Peak fractions containing the dimeric
complex were collected and checked for purity and integrity by Tricin-SDS-PAGE. During the
chromatographic purification steps after solubility tag cleavage, absorbance at 214 nm was
used to follow the protein, since the PAN CC-domain does not contain any tryptophanes or
tyrosine for detection at 280 nm. Purified protein concentrations were estimated by absorb-
ance at 214 nm or by refractivity during MALS experiments (4.5.1).

Purification of PAN CC in conjunction with the PAN OB-ring (residues 1-150)

Cells harbouring the expressed fusion construct of PAN residues 1-150 C-terminally fused to
the Trx-solubility tag, a hexahistidine tag and a 3C cleavage site were resuspended in
Histrap-buffer A (20 mM Tris-HCI, 500 mM NacCl, 10 mM MgCl,, 10 mM imidazole and 5 mM
B-ME at pH 7.5) supplemented with DNase |, lysozyme and one tablet of complete EDTA-
free protease inhibitor cocktail. Lysis was allowed to proceed by incubation on a nutating
shaker at RT for 30 min, after which the cells were sonicated for 20 min (amplitude 52 %,
on/off: 5s /10 s) and celll debris was removed by centrifugation at 19.000 x g for 1 h at 4 °C.
The cleared lysate was filtered with a syringe filter (0.45 uM pore size) and loaded on a 5 ml
Histrap HP Ni-NTA-column preequilibrated in Histrap-buffer A. Unbound protein was washed
off the column by extensively washing with Histrap-buffer A (10 CV) and 50 mM imidazole in
Histrap-buffer A (10 CV). The fusion protein was eluted from the column with a gradient from
50-500 mM imidazole in Histrap-buffer A. Fractions containing the target protein were col-
lected and buffer exchanged to Histrap-buffer A on a HiPrep 26/10 Desalting column. Cleav-
age of the Trx-His6-tag was done overnight at RT using 1 mg 3C protease per estimated
10 mg of fusion protein. The next day, uncleaved protein and the tag were removed by pass-
ing the cleavage mix over the Histrap column again. The flowthrough containing the target
protein was buffer exchanged to storage buffer (20 mM Tris-HCI, 100 mM NacCl, 10 mM
MgCl,, pH 7.5) and loaded onto a 5 ml Hitrap Q HP anion-exchange chromatography column
preequilibrated in storage buffer. Unbound protein was washed with 10 CV of storage buffer
and the PAN 1-150 was eluted with an NaCl gradient from 100-500 in storage buffer. The
protein was concentrated with 3 kDa MWCO centrifugal filter units and further purified on a
Superdex 200 increase 10/300 gl size-exclusion column. As for the PAN CC-domain, purifi-
cation steps where monitored by absorbance at 214 nm, due to the lack of tryptophanes in
the protein sequence. The purified protein was concentrated using 3k MWCO centrifugal
concentrators and concentrations were estimated by absorbance at 214 nm or by refractivity
during MALS experiments (4.5.1).
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Purification of the PAN OB-ring (residues 74-150)

Cells harbouring the expressed fusion construct of PAN residues 74-150 C-terminally fused
to the Trx-solubility tag, a hexahistidine tag and a 3C cleavage site were resuspended in
Histrap-buffer A (20 mM HEPES, 500 mM NaCl, 10 mM MgCl,, 10 mM imidazole and 5 mM
B-ME at pH 7.0) supplemented with DNase |, lysozyme and one tablet of complete EDTA-
free protease inhibitor cocktail. Lysis was allowed to proceed by incubation on a nutating
shaker at RT for 30 min, after which the cells were sonicated for 20 min (amplitude 52 %,
on/off: 5 s/ 10 s) and cell debris was removed by centrifugation at 19.000 x g for 1 h at 4 °C.
The cleared lysate was filtered with a syringe filter (0.45 uM pore size) and loaded on a 5 ml
Histrap HP Ni-NTA-column preequilibrated in Histrap-buffer A. Unbound protein was washed
off the column by extensively washing with Histrap-buffer A (10 CV) and 50 mM imidazole in
Histrap-buffer A (10 CV). The fusion protein was eluted from the column with a gradient from
50-500 mM imidazole in Histrap-buffer A. Fractions containing the target protein were col-
lected and buffer exchanged to Histrap-buffer A on a HiPrep 26/10 Desalting column. Cleav-
age of the Trx-His6-tag was done overnight at RT using 1 mg 3C protease per estimated
10 mg of fusion protein. The next day, the cleavage mix was again loaded on the 5 ml
Histrap HP column preequilibrated in Histrap buffer A. Although tag-cleaved, PAN 74-150 still
bound to the column and after extensive washing with buffer A was eluted in a 10-500 mM
imidazole gradient over 10 CV to separate it from the cleaved off TRx-Hisg-tag and the Hisg-
tagged 3C protease. The target protein was exchanged to IEX-buffer A (20 mM HEPES, 100
mM NacCl, 10 mM MgCl,, pH 7.5) and loaded on a Hitrap SP FF cation-exchange column,
preequilibrated in IEX-buffer A. After extensive washing bound protein was eluted in a 100-
1000 mM NacCl gradient over 10 CV. The target protein was concentrated (3k MWCO centrif-
ugal filters) and further purified by size-exclusion chromatography on a Superdex 200 in-
crease 10/300 GL column in storage buffer (20 mM Tris-HCI, 100 mM NacCl, 10 mM MgCl,,
pH 7.5). As for all N-terminal PAN constructs, the concentration of purified PAN 74-150 was
estimated based on absorbance at 214 nm or by refractivity during MALS experiments
(4.5.1).

Purification of the PAN ATPase domain (residues 150-430)

Cells harbouring the expressed fusion construct of the PAN ATPase domain (residues 150-
430, F196A point mutation) C-terminally fused to the Trx-solubility tag, a hexahistidine tag
and a 3C cleavage site were resuspended in Histrap-buffer A (20 mM Tris, 500 mM NacCl, 10
mM MgCl,, 10 mM imidazole and 5 mM B-ME at pH 7.5) supplemented with DNase |, lyso-
zyme and one tablet of complete EDTA-free protease inhibitor cocktail. Lysis was allowed to
proceed by incubation on a nutating shaker at RT for 30 min, after which the cells were soni-
cated for 20 min (amplitude 52 %, on/off: 5 s/ 10 s) and cell debris was removed by centrifu-
gation at 19.000 x g for 1 h at 4 °C. The cleared lysate was filtered with a syringe filter (0.45
MM pore size) and loaded on a 5 ml Histrap HP Ni-NTA-column preequilibrated in Histrap-
buffer A. Unbound protein was washed off the column by extensively washing with Histrap-
buffer A (10 CV) and 50 mM imidazole in Histrap-buffer A (10 CV). The fusion protein was
eluted from the column with a gradient from 50-500 mM imidazole in Histrap-buffer A. Frac-
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tions containing the target protein were collected and buffer exchanged to Histrap-buffer A on
a HiPrep 26/10 Desalting column. Cleavage of the Trx-His6-tag was done overnight at RT
using 1 mg 3C protease per estimated 10 mg of fusion protein. The next day, the cleavage
mix was again loaded on the 5 ml Histrap HP column preequilibrated in Histrap buffer A. The
target protein was in the flow through and was buffer-exchanged to IEX-buffer A (20 mM
Tris-HCI, 500 mM NacCl, 10 mM MgCl,, 5 mM DTT, pH 7.5) and loaded to a 5 ml Hitrap Q HP
anion-exchange column preequilibrated in IEX-buffer A. After extensive washing with IEX-
buffer A, the PAN ATPase domain was eluted with a 100-500 NaCl gradient in 10 CV. The
protein was concentrated (10k MWCO) and further purified on a Hiload 16/600 Superdex 75
pg size-exclusion chromatography column in storage buffer (20 mM Tris-HCI, 500 mM Nacl,
10 mM MgCl,, 2 mM TCEP, pH 7.5). Protein concentration was measured via absorbance at
280 nm and the purified protein was snap frozen in liquid nitrogen and stored at -80°C until
use. For NMR-assignment experiments the PAN ATPase domain was buffer exchanged to
NMR-buffer (20 mM MES, 500 mM NacCl, 10 mM MgCl, and 2 mM TCEP, pH 6.1) on a 5 ml
Hitrap desalting column.

Purification of full-length PAN

For most experiments in this thesis, | used a PAN construct containing a C-terminal non-
cleavable Hise-tag, as described in the literature:*° Cells harboring the expressed fusion pro-
tein were resuspended in lysis buffer (20 mM Tris-HCI, 100 mM NacCl, 5 mM imidazole, 10
mM MgCl,, pH 7.5) supplemented with DNase |, RNase |, lysozyme, 0.1 % (v/v) Triton-X-
100, one tablet complete EDTA free protease inhibitor cocktail and 1mg/ml AEBSF (or Pe-
fabloc) protease inhibitors. The resuspended cells were lysed by sonication and the cell de-
bris was removed by centrifugation at 19.000 g at 4 °C for 1h. The cleared lysate was filtered
(0.45 puM syringe filters) and loaded onto a 5 ml Histrap HP Ni-NTA column preequilibrated in
lysis buffer. Unbound protein was removed by washing with 10 CV lysis buffer, 10 CV lysis
buffer with 20 mM imidazole and 10 CV with 50 mM imidazole. The Hise¢-tag fusion protein
was eluted in a step of 500 mM imidazole in lysis buffer. Imidazole was removed by buffer
exchange (HiPrep 26/10 Desalting column in storage buffer (20 mM Tris-HCI, 100 mM NacCl,
10 mM MgCl,, pH 7.5)). Next, PAN was loaded to a Hitrap Q HP anion-exchange column,
equilibrated in storage buffer. After washing off unbound protein PAN was eluted in a 100-
500 mM NacCl gradient in 10 CV. PAN was concentrated using 100k MWCO centrifugal filters
and further purified on a Hiload 16/600 Superdex 200 pg size-exclusion column in storage
buffer. PAN was concentrated again and protein concentration was estimated from absorb-
ance at 280 nm. The purified protein was snap frozen in liquid N, and stored at -80 °C.

For unfolding and degradation studies including the 20S proteasome core particle in chapter
5.2.4 PAN was prepared from a Trx-Hise-3C-PAN fusion construct with a free C-terminus.
Cells harboring the PAN fusion construct were resuspended in lysis buffer (20 mM Tris-HCI
pH 7.5, 500 mM NacCl, 10 mM MgCl,, 10 mM imidazole and 5 mM B-ME) supplemented with
DNAse |, RNAse, complete EDTA-free protease inhibitor cocktail and lysozyme. After enzy-
matic lysis for 20 min cells were disrupted by sonication. Next, cell debris was removed by
centrifugation (19.000 x g, 4°C, 1 h) and the cleared lysate was loaded to a 5 ml HisTrap HP
Ni-NTA column preequilibrated in lysis buffer. Unbound protein was washed off the column
with lysis buffer and then with 10 CV 50 mM imidazole in lysis buffer. The Trx-Hisg-PAN fu-
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sion protein was eluted with a gradient from 50 to 500 mM imidazole in 10 CV, and peak
fractions were desalted to lysis buffer on a HiPrep 26/10 desalting column. The Trx-Hisg-tag
was cleaved with 3C protease overnight. The cleavage mix was re-passed over the HisTrap
column. Unbound PAN was desalted to PAN storage buffer (20 mM Tris-HCI pH 7.5, 100 mM
NaCl, 10 mM MgCl,) and loaded to a 5 ml HiTrap Q HP column for anion-exchange chroma-
tography. After extensively washing with PAN storage buffer, PAN was eluted with 10 CV
linear gradient (100-500 mM NacCl). Finally, PAN was purified on a HiLoad 16/600 Superdex
200 pg size-exclusion chromatography column in storage buffer, concentrated using a 100k
MWCO Amicon centrifugal filter (Millipore) and stored at -80°C.

Purification and assembly of the 20S proteasome core particle

The M jannaschii 20 S proteasome was assembled from the individual domains following a
protocol previously reported for the T acidophilum 20S CP.*° Individual subunits were ex-
pressed and purified separately and afterwards assembled into the full 20S core patrticle.

Cells harboring the expressed a-subunits with an N-terminal Hise-tag were resuspended in
lysis buffer (20 mM Tris-HCI pH 7.5, 100 mM NacCl, 10 mM MgCl,, 5 mM imidazole) supple-
mented with complete EDTA-free protease inhibitor cocktail, DNAse I, lysozyme incubated at
room temperature for 15 minutes and lysed by sonication. Cell debris was removed by cen-
trifugation at 19.000 x g and 4 °C. The cleared lysate was loaded to a HisTrap HP 5 ml col-
umn preequilibrated in lysis buffer. Unbound protein was washed off the column with 10 CV
lysis buffer. 20S-a-subunits were eluted in a step to 500 mM imidazole in lysis buffer and
buffer exchanged to storage buffer (20 mM Tris-HCI pH 7.5, 1200 mM NaCl, 10 mM MgCl,) on
a HiPrep 26/10 desalting column. The a-subunits were further purified by anion-exchange
chromatography on a HiTrap Q HP 5 ml column with elution by a gradient of 100-500 mM
NaCl in 10 CV. Finally, the protein was concentrated (10k MWCO centrifugal filters) and
passed over a HiLoad 16/600 Superdex 200 pg size-exclusion chromatography column in
storage buffer. Fraction corresponding to single a-rings were collected and kept at 4 °C until
assembly of the 20S.

Cells harboring the B-subunits were resuspended in storage buffer supplemented with prote-
ase inhibitors, DNAse and lysozyme, incubated at room temperature for 15 min and lysed by
two passages through a high-pressure homogenizer at 15.000 psi. The lysate was spun
down at 19.000 x g at 4°C for 1h and loaded onto a 5 ml HiTrap SP HP cation exchange col-
umn preequilibrated in storage buffer. Unbound protein was removed by washing with 10 CV
storage buffer and eluted with a gradient 100-1000 mM NacCl in 20 CV. B-subunits were con-
centrated and further purified by size-exclusion chromatography on a HiLoad 16/600 Super-
dex 75 pg column in storage buffer.

The 20S CP was assembled by mixing purified, but not concentrated -subunits and a-rings
and slowly shaking at 37 °C (volume = 30 ml). To prevent microbial growth in the preparation
0.02 % NaN; was added. After 6 h the mix was concentrated to 2 ml (100k MWCO centrifu-
gal filters) at ambient temperature and further incubated at 37°C for 16h. Finally the assem-
bled 20S proteasome was purified by size-exclusion chromatography on a HiLoad 16/600
Superdex 200 pg column in storage buffer, fractions corresponding to the a;;p-a; were col-
lected, concentrated and stored at -80 °C until further use. Propeptide autocatalysis of the (3-
subunits was confirmed by ESI-mass spectrometry.
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4.3.3.2 Purification of recombinant green fluorescent protein preparations
Purification of GFPuv-ssrA by ethanol extraction

For initial experiments including establishment of the activity assay, a first set of methyl-
TROSY spectra and the resonance assignment, GFPuv was purified by ethanol extraction as
described before. 140>

E coli cells containing the expressed GFPuv protein were resuspended in lysis buffer (50 mM
Tris-HCI, 100 mM NacCl, pH 7.5) supplemented with DNase |, RNase |, lysozyme, complete
EDTA-free protease inhibitors, 0.1 % Triton X-100 and were lysed by sonication on ice. Cell
debris was removed by centrifugation for 30 min at 19.000 x g and the cleared lysate was
filtered (0.45 uM syringe filters. 100 mM TEA (triethanolamine base) and 1.6 M (NH,4),SO,4
(dry ammonium sulfate) was added to reach 40 % ammonium sulfate saturation. The mix
was incubated at 4 °C for 1h while being stirred vigorously. Next, precipitated proteins were
removed by centrifugation at 3.000 x g for 20 min at 4 °C and more ammonium sulfate was
added to achieve 70 % saturation (2.8 M (NH,4),SO,). The mix was extracted with 4 volumes
pure ethanol by shaking vigorously for 1 min and agueous and ethanol phases were sepa-
rated by centrifugation for 5 min at 4.000 x g. The aqueous phased was removed and re-
extracted with 16 volumes pure ethanol. The combined ethanol phases in turn were extract-
ed with 4 volumes n-butanol and the formed phases were separated by centrifugation at 4
000 g for 5 min. The final extraction was carried out with an equal volume of chloroform to
remove residual organic solvents. The resulting organic phase was extracted with an equal
volume of 1.2 M (NH,4).SO4. The two resulting agueous phases were combined and loaded to
a 5 ml phenyl-sepharose column preequilibrated in buffer A (20 mM Tris-HCI, 0.8 M
(NH,),SO, pH 7.5). Unbound protein was removed by washing the column until a stable UV
signal at 280 nm was reached. GFP was eluted in a step elution in buffer B (20 mM Tris-HCI,
100 mM NaCl, pH 7.5) and concentrated with a 10 MWCO centrifugal filter. Finally, GFPuv
was purified on a Superdex 16/600 75 pg size-exclusion chromatography column in lysis
buffer, snap frozen in liquid nitrogen and stored at -80 °C.

Purification of GFPuv-ssrA and frGFP-ssrA by Ni-affinity chromatpgraphy

Initial GFPuv time-course studies and all frGFP experiments were conducted on GFP prepa-
rations from Hisg-tagged recombinant protein.

Cells harboring the recombinant Hise-TEV-GFP fusion protein were resuspended in Histrap
buffer A (50 mM Tris-HCI, 100 mM NacCl, 10 mM imidazole, 5 mM B-ME, pH 7.5) supple-
mented with DNase |, lysozyme, complete EDTA-free protease inhibitors and incubated on
ice for 30 min on a nutating shaker. Next, the cells were lysed by sonication for 20 min with
intervals on/off 5/10 sec (52 % amplitude settings) and subsequently the cell debris was re-
moved by centrifugation at 19.000 x g for 1h at 4 °C. The cleared lysate was filtered ( 0.45
MM syringe filter) and loaded onto a 5 ml Histrap HP Ni-NTA column preequilibrated in
Histrap buffer A. Unbound protein and impurities were washed from the column with 15 CV
buffer and the his-tagged GFP was eluted in an elution step of 500 mM imidazole in Histrap
buffer A. The eluate was diluted with an equal volume of Histrap buffer A and 1 mg of TEV
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protease was added to 10 mg of GFP fusion protease. Tag-cleavage was allowed to proceed
at 4 °C overnight while dialyzing against a 100-fold volume of Histrap buffer A to remove ex-
cess imidazole. The next day, the cleavage mix was passed over the Ni-NTA column again
to remove the Hisg-tag and uncleaved fusion protein. The flow-through containing the
cleaved GPF was concentrated (10k MWCO centrifugal filters) and further purified on a Su-
perdex 16/600 75 pg size-exclusion chromatography column in storage buffer (20 mM Tris-
HCI, 100 mM NaCl, pH 7.5), concentrated again, snap frozen in liquid N, and stored at -80
°C until use.

4.4 Biochemical assays

4.4.1 Fluorescence based GFP-unfolding assays

The unfolding and degradation activities of PAN and the PAN-20S proteasome were meas-
ured based on the loss of intrinsic fluorescence of green fluorescent proteins (either GFPuv-
ssrA or frGFP-ssrA). Loss of GFP fluorescence was monitored either in a SpectraMax M3
plate reader (Molecular Devices) in fluorescence kinetics mode (excitation 405 nm, emission
509 nm) in 100 pl reactions or in a StepOne realtime-PCR system (Thermo Scientific) in
25 pl using the ROX-dye filter. In both cases ATP was added to the reaction mix at the last
moment and the reaction was started in the machines, which had been preheated to 60 °C
(55°C). All activity experiments were recorded as triplicate measurements. Activity curves
were obtained by normalizing each data point to the initial fluorescence intensity which was
set to 100 % and plotting the fractional decay over time. Samples typically contained an ex-
cess of GFP-ssrA variants over PAN/PAN-20S (5:1 up to 20:1). Further compositions of ex-
act samples of respective measurements are indicated in the results section (chapter 5.2).

4.5 Bioanalytical methods

4.5.1 Analytical SEC and SEC-MALS

Analytical size exclusion chromatography and SEC-MALS were carried out on AEKTA pure
chromatography systems (Cytiva) using different size-exclusion chromatography columns as
follows:

Table 4-18 Analytical size-exclusion chromatpgraphy columns for SEC and SEC-MALS used in this thesis

Sample Estimated Molecular | Column
weight (kDa)

Full length PAN variants | 300-600 Superose 6 increase, 10/300 gl
PAN coiled coil 21 Superdex 75 increase, 10/300 gl
PAN CC-OB-ring 100 Superdex 200 increase, 10/300 gl
PAN OB-ring 50 Superdex 200 increase, 10/300 gl
PAN ATPase wild type 60-180 Superdex 200 increase, 10/300 gl
PAN ATPase F196A 31 Superdex 75 increase, 10/300 gl,
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Superdex 200 increase, 10/300 gl

20S proteasome CP 700 Superose 6 increase, 10/300 gl

GFP variants 26-28 Superdex 75 increase, 10/300 gl

All analytical columns were run at a flow of 0.5 ml/min in H,O based buffers. SEC-MALS ex-
periments were run on an AEKTA pure system connected inline to a mini-DAWN TREOS
MALS detector (Wyatt) and an Optilab T-rEX refractometer for scattering detection and accu-
rate concentration determination, respectively. For all proteins the manufacturer-
recommended refractivity increment dn/dc of 0.1852 ml/g was used to calculate the absolute
the protein concentration of each chromatography volume section. The SEC-MALS experi-
mental set-up was verified by a calibration run of bovine serum albumin (BSA, 1 mg/ml in
sample buffer), to ensure detector calibration and proper alignment of UV-detector cell,
MALS-detector and refractometer. All data analyses including baseline correction, Zimm-
plots and molecular weight calculations were conducted in the proprietary MALS software
ASTRA 7.1.4 (Wyatt).

452 ESl-protein mass spectrometry

Protein mass spectrometry of purified proteins was carried out on an HPLC-MS (Waters
2797 separation module and Waters 2545 pump system) system without chromatographic
separation. UV absorbance was monitored using Waters 996 photodiode array detector and
masses were identified with a Waters Micro Mass quattro micro ESI mass detector. Typical
protein concentrations were between 0.1 and 2 mg /ml and 20 ul of sample were injected
using the Waters 2797 auto sampler. 100 % H,0 as a solvent and a flow of 0.2 ml/min were
used for studies on GFP variants. MS-data was analysed using the system’s Waters Mass-
Lynx software suite.

4.6 NMR spectroscopy

All NMR experiments of the presented thesis were acquired either on a Bruker Avance Ill HD
spectrometer with 600 MHz proton frequency and a N,-cooled triple resonance HCN ‘inverse’
probe head or a Bruker Avance Ill HD spectrometer with 850 MHz proton frequency and a
He-cooled triple resonance HCN ‘inverse’ probe head. Both spectrometers were operated
using Centos Linux workstations running Bruker Topspin 3.2 software. Data analysis of multi-
dimensional NMR spectra was carried out in CcpNMR analysis version 2.4.'*

4.6.1 Resonance assignments

All resonance assignment spectra were processed in NMRpipe!*? and analysed using
CcpNMR analysis version 2.4.**® List of resonance assignments are deposited in the appen-
dix.
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PAN coiled-coil

Backbone resonance assignment of the PAN coiled-coil domain comprising residues 1-89
was carried out at a slightly acidic pH of 6.5 to reduce solvent exchange of backbone am-
ides, which led to a reduced number of NH-cross-peaks at 7.5. Further, to improve the relax-
ation properties of the sample and increase the sensitivity for broader peaks all experiments
were recorded at 45 °C. Sample integrity was monitored by *H-">°N-HSQC spectra and once
substantial degradation was observed, a fresh sample was used for further experiments.
Sample concentrations were estimated to be between 500 and 1000 uM monomer by inte-
grating the methyl proton signals in 1D proton spectra. A set of backbone triple resonance
experiments on uniformly *C and N labeled protein consisted of a *H-*N HSQC, HNCO,
3D HNCO, 3D HN(CA)CO, 3D HN(CO)CA, 3D HNCA, 3D HN(CO)CACB, 3D HNCACB.*?1%¢
All assignment experiments for the PAN CC were recorded at 600 MHz proton frequency in
NMR buffer (20 mM MES, 100 mM NacCl, 10 mM MgCI2, 0.1 % NaNs;, 10 % D,0 and pH 6.5).

PAN OB-ring

Initial experiments on the 50 kDa PAN-ring were carried out on *°N-labelled and non-
deuterated samples at 600 MHz proton frequency to assess the chemical shift dispersion
and feasibility of the backbone resonance assignment. Since the protein exhibits a high
thermal stability, experiments were all recorded at 60 °C. Backbone resonance experiments
were recorded on triple-labelled samples (uniformly 2H, *C and N labelled) as a set of
TROSY-based experiments (*H->N-TROSY-HSQC,"*® 3D TROSY-HNCO, 3D TROSY-
HN(CA)CO, 3D TROSY-HNCA, 3D HN(CO)CA, 3D TROSY HN(COCA)CB, 3D TROSY-
HNCACB, 3D TROSY HN(CA)CB).'181#4123157 gamples were prepared at 600-700 pM mon-
omer (100-120 uM PAN OB-ring hexamer) in NMR buffer (20 mM Tris-HCI, 100 mM NacCl, 10
mM MgCl,, 0.05 % NaNs, pH 7.5).

Assignment of methyl resonances was carried out on triple labelled samples (°H, **C, *N) in
which isoleucine 81-, leucine d&1/2- and valine y1/2 methyl groups were selectively proto-
nated (“full chain labelled”).'*® The methyl resonances were connected to the C* and C" res-
onances of the respective residue using a HMCM[CG]-CBCA COSY experiment.**

PAN ATPase domain

Backbone assignment of the PAN ATPase domain was conducted on a monomeric mono-
disperse F196A mutant construct. Further, five C-terminal point mutations were included
which reduce the formation of dodecamers in full length PAN (K406S, K414E, K415E,
K416E, K418E, see also chapter 5.1.3). Initial backbone assignment experiments were rec-
orded at pH 7.5 (20 mM Tris-HCI, 500 mM NacCl, 10 mM MgCl,, 2 mM TCEP, 0.05 % NaN;
pH 7.5) but yielded insufficient coverage of the backbone to achieve full assignment. A se-
cond set of experiment were recorded at pH 6.1 (20 mM MES, 500 mM NacCl, 10 mM MgCl2,
2 mM TCEP, 0.05 % NaNj, pH 6.1) to reduce solvent exchange of labile backbone amide
proton. Both sets were recorded on triple labeled samples (°H, **C, ®N) as TROSY-version
backbone experiments consisting of 'H-N-TROSY-HSQC,"® 3D TROSY-HNCO, 3D
TROSY-HNCACB.'*'>  |nter-type spectra (3D TROSY-HNCO and 3D TROSY-
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HN(CO)CACB) were recorded at 600 MHz and intra-type spectra (3D TROSY-HNCACB)
were recorded at 850 MHz.

Resonance assignment of lle-61-, Leu-61/2-, Val-y1/2-methyl groups was carried out on simi-
lar triple labeled samples as for the backbone assignment, however with selective protona-
tion of the respective methyl groups. A HMCM[CG]-CBCA COSY experiment was utilised to
connect the methyl resonances with the known C® and CP resonances from the backbone
assignment.*®

Methionine e-methyl groups were assigned using a NOESY-based approach. For this exper-
iment a PAN ATPase-domain sample was prepared, which was uniformly **N-, ?H-labelled
except for the lle-81-, Leu-81/2-, Val-y1/2 and Met- €, which were 'H-,"*C-labelled. A 3D **C-
HMQC-NOESY-*C-HMQC*®**° was recorded to obtain inter-methyl NOEs. Theoretical ex-
pected inter-methyl NOEs were calculated from the PAN ATPase-domain X-ray structure
(PDB entry 3H4M) with the help of a bash script written in-house by Dr. John K Kirkpatrick
and used together with the experimental inter-methyl NOEs to identify methionine resonance
assignments.

PAN full length

Isoleucine and methionine methyl resonances in full-length PAN were assigned by superim-
posing *H-"*C-TROSY-HMQC spectra of lle and Met-labeled full length PAN with respective
spectra of the individual domains (PAN OB-ring and PAN ATPase-domain). Methionine res-
onances in PAN’s coiled coil and OB-ring were assigned by mutating the respective residue
to alanine and comparing resulting methyl-TROSY spectra with the wildtype. In a similar
manner lle resonances of the coiled coil domain have been assigned.

GFPuv-ssrA

Resonance assignment of GFPuv-ssrA focused on the methyl groups of isoleucine, leucine,
valine and methionine (ILVM) for use in time-resolved unfolding studies on deuterated GFP
containing selectively protonated and **C-labelled methyl groups. First, the backbone reso-
nances of all ILV-residues and the following residues were identified with the help of a set of
backbone assignment experiments (*H-"°N-HSQC, 3D HNCO, 3D HN(CO)CACB, 3D
HNCACB) recorded on a uniformly *°N and **C labeled sample (600 uM GFPuv-ssrA in 20
mM Tris-HCI, 100 mM NaCl, 10 mM MgCl,, 0.05 % NaNs;, pH 7.5, 10 5 D,O 42 °C). Further,
confirmation was obtained from comparison to a suitable template from the BMRB (Biological
Magnetic Resonance Data Bank) under entry 5666, where partial backbone assignment of
GFPuv was reported.’® Assignment of side-chain and methyl resonances of ILV-residues
was aided by a 3D H(CCCO)NH TOCSY spectrum®®'®? to obtain the H%shifts and a 3D
HCCH-TOCSY spectrum®®®*®* in conjunction with a constant time *H-"*C-HSQC to obtain
side-chain *H and **C shifts. A 3D *C-HMQC-NOESY-"*C-HMQC*****° was recorded to ob-
tain inter-methyl NOEs. Theoretical expected inter-methyl NOEs were calculated from the
GFPuv X-ray structure (PDB entry 1B9C) with the aid of a bash script written in-house by Dr.
John K Kirkpatrick and used together with the experimental inter-methyl NOEs to identify
methionine resonance assignments. Assignment transfer from 42 °C to 60 °C was carried
out by recording a temperature series of constant time *H-"*C-HSQC spectra.
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frGFP-ssrA

Backbone assignment of frGFP-ssrA was carried out on uniformly **N and **C labeled sam-
ples (600 uM frGFP-ssrA, buffer: 20 mM Tris-HCI, 100 mM NacCl, 0.1 % NaN3, 10% D,O and
pH 7.5) at 42 °C. A set of 'H-"*N-HSQC, 3D HNCO, 3D HN(CO)CACB, 3D HNCACB was
recorded and assignment of all backbone resonances was done. Using a 3D H(CCCO)NH-
TOCSY in conjunction with a 3D HCCH-TOCSY spectrum and a constant time 'H-'*C-
HSQC, side-chain resonances of all methyl containing residues except for methionine (Ala,
lle, Leu, Val, Thr) was conducted. Methionine e-methyl resonances could be unambiguously
transferred from the assignment of the GFPuv-ssrA resonances. Assignment transfer from
42 °C to 60 °C was carried out by recording a temperature series of constant time *H-'3C-
HSQC spectra.

4.6.2 Backbone dynamics experiments on PAN’s coiled coil domain

Backbone dynamics experiments on PAN’s homodimeric coiled coil domain (residues 1-89)
were recorded as a set of {*H}-"°N heteronuclear NOE, N T;-relaxation and T,, experiments,
on uniformly *°N labeled samples (buffer: 20 mM MES, 100 mM NaCl, 10 mM MgCl,, 0.1 5
NaNs;, 10 % D,O pH 6.5). Twelve T;-longitudinal recovery delays were chosen from 20 to
1600 ms. For T,, studies two sets were recorded with the >N field strength and relaxation
delay set to 1.25 kHz and up 200 ms or 2.5 kHz and up to 100 ms, respectively, to obtain
both the T,, of broad and sharp peaks, respectively.

Pseudo 3D spectra were processed in NMRPipe and integration of peaks was carried out in
the NMRpipe component FuDA, were peaks were manually classified into well-separated,
partially-overlapped and fully-overlapped. An initial guess of the peak’s linewidth was ob-
tained in CcpNMR analysis and used as input for FUDA. Data analysis including the fitting of
peak volumes to obtain R; and R,, relaxation rates and the calculation of intensity ratios for
the hetNOE was carried out using bash scripts written in-house by Dr. John P. Kirkpatrick.

4.6.3 NMR-titrations with the ssrA-peptide

Titrations of the ssrA-peptide to the PAN CC and PAN OB ring were done using *°N labelled
and “H,"N-labeled proteins, respectively. The lyophilised ssrA-peptide was dissolved in NMR
buffer (for the CC: 20 mM MES, 100 mM NaCl, 10 mM MgCl,, 2 mM EDTA, 0.1 % NaNs;, pH
6.5. For the OB-ring: 20 mM Tris-HCI, 100 mM NacCl, 10 mM MgCl,, 0.1 % NaNs, pH 7.5) and
the pH was adjusted to the desired value using NaOH.

An 'H-®N-HSQC spectrum of PAN CC at 300 uM monomer (corresponding to 15 pM dimer)
concentration was recorded as an ,apo“-spectrum at 45 °C. An ssrA-bound spectrum was
recorded on a sample of 300 uM CC monomer concentration and 3 mM ssrA-peptide. The
additional ionic strength included in the peptide stock solution due to the pH-adjustment re-
sulted in an increase of the pl pulse of the ssrA-containing sample. To eliminate potential
shift changes occurring due to different ionic strengths in the apo and holo samples, the apo
sample was re-measured after the addition of NaCl to bring the pl to a similar level as for the
holo sample. The final NaCl concentration in PAN CC samples was 140 mM.

For the PAN OB-ring *H-"*N-TROSY-HSQC spectra were recorded for apo (300 pM mono-
mer corresponding to 60 pM hexamer) and holo (300 pM monomer 1.9 mM ssrA-
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peptide).Similar to the case for the ssrA-peptide in the CC-NMR buffer the ionic strength in
PAN-OB-ssrA holo samples was significantly increased, such that the respective apo sample
was re-measured after adjusting the ionic strength accordingly. The final NaCl concentration
for all PAN-OB ring samples of the titration was 300 mM.

4.6.4 PAN/PAN-GFP CPMG relaxation dispersion experiments

CPMG-relaxation dispersion experiments on PAN and PAN/frGFP-ssrA were recorded as
two sets of experiments obtained at 60 °C:

PAN apo:

20 uM PAN-His; (uniformly deuterated, lle 81 *H, **C and Met ¢ *H, **C), 50 mM ADP in buff-
er (20 mM Tris-HCI, 100 mM NaCl, 20 mM MgCl,, 0.05 % NaNs;, pH 7.5 (pD 7.1))

PAN:frGFP-ssrA 1:10

20 puM PAN-Hiss (uniformly deuterated, lled1-methyl and Mete-methyl 'H,-*C-labelled),
50 mM ADP, 200 pM frGFP-ssrA (no isotopic labelling) in buffer (20 mM Tris-HCI, 100 mM
NacCl, 20 mM MgCl,, 0.05 % NaNs;, pH 7.5 (pD 7.1))

Both datasets were obtained using the same parameters of a multiple quantum relaxation
dispersion experiment*** with a constant 16 ms CPMG delay period and 14 planes including
one reference plane without relaxation delay and 13 with CPMG frequencies vcpws from 62.5
to 1750 Hz. Resulting pseudo 3D spectra were processed in NMRpipe,**? peak intensities
were extracted with FUDA and R,®™ relaxation rates and an approximated exchange rate
R,™#P% \were fitted using bash scripts written in-house by Dr. John P Kirkpatrick.

46.5 Time-resolved NMR-experiments on the unfolding and degradation of GFP-
SSrA

Time-resolved NMR experiments of proteasomal GFP-unfolding were carried out exclusively
on the 850 MHz spectrometer. Sample were prepared freshly before each run from compo-
nents previously kept frozen at — 80 °C to ensure maximal sample integrity. All components
were slowly thawed at room temperature and carefully degassed under vacuum to avoid
formation of micro bubbles in the NMR-sample which would otherwise cause severe signal
loss due to inhomogeneities. 180 pl reaction mixtures were combined in the following order
(final sample concentrations are given in parentheses):

Buffer (20 mM Tris-HCI, 100 mM NaCl, pH 7.5),

D,0 (10 %),

MgCl, (100 mM),

frGFP-ssrA (100 pM, uniformly °N and *3C labelled),
full-length PAN (5 pM hexamer),

20S CP (5 pMm).

o0k wNPE

At the last moment ATP (100 mM, in buffer, pH adjusted to 7.5) was added and the 1.5 ml
test tube was briefly centrifuged to bring the full mix to the bottom of the tube. Next, the mix
was transferred to a 3 mm NMR glass tube with a glass Pasteur pipette, briefly shaken to the
bottom of the tube, sealed with laboratory film and transferred to the NMR spectrometer with
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a probe head heated to 60 °C (55 °C). Tuning and matching and pulse calibrations were car-
ried out before on a “dummy” sample with identical buffer compositions. After a stable lock
signal was reached the magnet was shimmed quickly to account for minor inhomogeneities.
The accumulated dead-time after insertion into the preheated NMR probe was typically 2.5
min.

Finally, a time-series of 'H-'*C-SOFAST HMQC spectra was acquired to follow the reaction
course. SOFAST-HMQC parameters optimized for the 100 uM **N,"*C- frGFP-ssrA sample
included a 120° flip angle, a recycle delay d; of 150 ms and an acquisition time t, of 50 ms.
Each spectrum was recorded with 2 scans and took 100 s to be acquired. After 18 2D SO-
FAST spectra had been recorded a 1D *H proton spectrum was recorded, to allow for the
monitoring of ATP hydrolysis to ADP and to control the magnet shimming. Typically, a full
time series consisted of six blocks of 18 spectra. Each condition at 60 °C was conducted as
triplicate measurements (at 55 ° duplicate measurements)

All 2D SOFAST HMQC of a given time series were combined into a pseudo-3D data-set and
were processed in Bruker Topspin.

4.6.6 Data analysis of NMR-time series
Time dependent peak intensity changes

Pseudo 3D spectra from the time-series on frGFP-ssrA were analysed in CcpNMR analysis.
Peaks were automatically picked in all pseudo-3D planes using the tool “Follow intensity
changes”. Peak intensities were obtained as peak heights and the spectral noise was taken
as the experimental error. Intensity changes for all peaks from three (two for 55 °C data) rep-
licates were fitted to three different exponential decay models (equations: (4-1), (4-2), (4-3))
using the NLF-fitting tool (non-linear curve fitting) in OriginPro 9.1:

y = Ale(_x/tl) + Yo (4'1)
y = Ale(_x/fl) +mx + yo @2
(4-3)

y= Ale(_x/tl) + Aze(_x/tz) + Vo

For each sampled peak the triplicate measurements were used to achieve statistical signifi-
cance: Whether a single exponential (ExpDecl, equation (4-1)), double exponential
(ExpDec2, equation (4-3)) or a single exponential combined with a linear decay (ExpLin,
equation (4-2)) is appropriate for the triplicates or duplicates for each peak was determined
by an F-test. Statistics of the NLF results of all three models were used to calculate a com-
bined average F-ratio Fuy:
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((SSnutrx + SSnutrz + SSnunz) = (SSaie + SSatez + SSaies) ) /(SSaiea + SSaiez + SSaies) -

E =
0 ((DPautis + DFuutia + DFyas) = (DFares + DFap + DFaes) ) /(DFargs + DFage + DFae.s)

Where SS.y123 are the fit errors (sum of squares) of the less restrictive model (i.e. Null-
hypothesis, either ExpDecl or ExpLin) and SS,; 1,3 are the fit errors of the more complicated
model (i.e. alternative hypothesis, either ExpLin or ExpDec2). Accordingly, DF are the re-
spective degrees of freedom. A (right-tailed) F probability distribution was calculated in Excel
using the combined average F-ratio F,4 and the DF of numerator and denominator, respec-
tively. Taking into account the triplicate measurements (or duplicate, where the denominator
of equations (4-5) and (4-6) was 2) the DF of the numerator was taken from equation (4-4)
as:

((DFnuu,1+DFnuu,z+DFnuu,3)*(DFm,1+DFau,z+DFau,3))
DFEyym = 3 =1 (4-5)

Accordingly, the DF of the denominator was:

— (DFalt,l+DFalt,2+DFalt,3)

DFgenom = 3 (4-6)

If the resulting p-value was <0.05, the model with more parameters was considered to be
justified. The parameters of the appropriate model, for example average exponential time ty,
were extracted as average of the parameters of the triplicates (or duplicates).

CSP analysis

Absolute cumulative chemical shift perturbations for unfolding and degradation runs have
been calculated according to equation (4-7): 82 /n are the reference shifts taken from the first
SOFAST-HMQC of a control run without PAN or 20S. & represent shifts at the end of the
exponential unfolding/degradation process and was obtained from calculating a sum of all
SOFAST-HMQC in a time series after the exponential process reached its asymptotic value
(i.e. after the first 15 SOFAST-HMQC, roughly 45 min).

012
4

A8 (ppm) = J[G% — 8512 + [

Time-dependent CSPs have been calculated by correcting for contributions of the small
slowly evolving shift changes in the absence of PAN or 20S with the following equation (4-8).

s (t) — 8¢ ()] (4-9)
4

AScorr(t) (ppm) — \/[5}?”(1?) _ 51?”12 +
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Here, 6;/¢'(t) are the time-dependent shifts from an active unfolding/degradation run where-
as SFFH(t) are the respective shifts of a control run without PAN/PAN-20S.

Time-resolved CSP data were fitted using the same workflow and statistics used for the peak
intensity decay data above.
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5 Results

The current understanding of the mechanism of substrate processing by proteasomal
ATPases is mostly based on a multitude of biochemical studies, various crystal structures of
active or inactive ATPases and more recently high-resolution cryo-EM models. In the first
part of the following results section | mostly used solution NMR-techniques for structural
studies on the proteasomal AAA ATPase PAN from the archaeon Methanocaldococcus jan-
naschii. The second part, in turn, focuses on time-resolved solution NMR-studies on a model
substrate during the processing by the PAN-20S proteasome.

5.1 NMR studies on the archaeal PAN-20S proteasome system

To make large molecular assemblies of multimeric protein complexes like the proteasome
accessible to NMR studies, structural biologists often follow a so called “divide-and-conquer”
approach: Large multi-domain and multimeric protein are divided into smaller fragments
which retain biological relevance but are accessible by standard triple resonance NMR
experiments. Information gained from studies of the isolated smaller domains is then
transferred to higher molecular weight assemblies.”>?"*?%1% |n the case of PAN from
Methanocaldococcus jannaschii ZHANG et al. identified suitable starting points for dividing the
300 kDa hexameric complex into two smaller sub-domains, of which they solved the crystal
structure.® After subjecting full length PAN to limited proteolysis they found that residues 74-
150 formed a stable hexameric assembly (dubbed OB-ring). The isolated ATPase domain
comprising residues 150-430 was reported to be a not well defined multimeric particle, which
dissociated on a gel filtration column and eluted as a mixture of species ranging from =180
kDa to 30 kDa. Besides the C-terminal ATPase and the N-terminal OB-ring, PAN contains an
N-terminal coiled coil domain, which extends the small coiled coil part of the OB-ring. In this
PhD project | set out to dissect PAN into similar sub-units (Figure 5.1), clone, express and
purify the respective constructs, assign the methyl-resonances of the isolated domains and
transfer them to the full length complex to facilitate NMR studies of the full-length active
complex. Owing to its origin from a thermophilic archaeon, NMR experiments on PAN have
been recorded at elevated temperature (mostly 60 °C).
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Figure 5.1 Homology model of the M jannaschii PAN hexamer highlighting the fragmentation
sides of the “divide and conquer approach” used in this study. The boundaries of the constructs
are as follows: Coiled coil residues 1-89 (magenta and pink), OB-ring residue 74-150 (pink and blue)
and ATPase domain residues 150-430 (green). The homology model was created based on a cryo-
EM model of PAN from A. fulgidus (PDB: 6HE8)*" using Swiss modeler.'®®

51.1 PAN’s coiled coil domain

Proteasomes from all three domains of life share the existence of N-terminal coiled coil (CC)
regions which are involved in binding to substrates and in eukaryotes also to further regulato-
ry factors like the ubiquitin recognition- and processing machinery.®® For PAN the N-terminal
boundary of these CCs has been predicted to be around residues 45-50 reaching up to resi-
due 89.% Contrary, residues 1-45, are considered to be unstructured and their function is not
understood yet. To gain further insights into the structure and function of the full N-terminus |
set out to study the full N-terminal domain by solution NMR since this technique is especially
suitable for flexible and poorly structured proteins, in contrast to X-ray crystallography and
cryo-EM, which have only provided low resolution information on these domains.**' As part
of the “divide and conquer” approach (Figure 5.1) | generated a construct of PAN’s N-
terminal domain covering residues 1-89, thus having a 15 amino acid overlap with the OB-
ring construct. SEC-MALS analysis of the resulting protein revealed that the construct as-
sembled into a stable complex of 21.75 kDa, confirming the formation of a dimer (theoret.
mass.: 21.823 kDa) (Figure 5.2. A & B). Next, | investigated the general structural appear-
ance by recording *H-"*N-HSQC spectra of the CC-dimer (Figure 5.2 C & D). At a first glance
it is clear that the spectrum contains peaks with two distinct behaviors: (1) Around 30 rela-
tively sharp, intense and little dispersed peaks cluster towards the middle of the spectrum,
indicative of regions with little structure. (2) 40-50 peaks are broader and much less intense;
however they show a higher degree of chemical shift dispersion, indicative of more struc-
tured regions. To understand the identities of the respective sets of peaks, | assighed the
backbone resonances of the complex. | could obtain assignments of all amide resonances
except for Glu51, for which I could only assign C-, C%, and CPF-resonances. Interestingly,
although the protein is present as a dimer only one set of peaks was observed, indicating a
symmetric dimer-arrangement. After peak-assignment, it became apparent that the rather
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weak, more dispersed peaks mostly belong to residues located in the C-terminal half of the
chain, namely the part which was proposed to have a high probability of forming a coiled-coil
structure.
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Figure 5.2 Characterization of PAN’s coiled coil domain. (A & B) SEC-MALS analysis of the construct 1-89
confirms the formation of a 21.75 kDa complex, consistent with a homodimeric coiled coil. (C) *H-"*N-HSQC spec-
trum of PAN’s coiled coil displaying two clearly different sets of peaks: around 30 sharp and intense peaks in the
center and up to 40 broader, weaker and more dispersed peaks, as shown in encircled areas. Annotations repre-
sent assignments of backbone amides. (D). Expanded region of the '"H-N-HSQC spectrum of (C). Generally,
less dispersed and strong peaks were assigned to residues towards the N-terminal part of the sequence and
more dispersed and weaker peaks to residues in the C-terminal half of the sequence, corresponding to the un-
structured and structured regions, respectively. Note that for each residue only one amide peak was observed,
suggesting a symmetric arrangement of the two protomers. All assignment spectra on the CC domain were rec-
orded at 45 °C and 600 MHz.

Analysis of the secondary structure elements based on the C-, C® and CP-chemical shifts
using the program DANGLE"’ revealed the boundaries of helical regions, which potentially
engage in a coiled coil structure (Figure 5.3 A). According to this analysis a nearly continu-
ously helical structure starts at Asp37 and reaches until the C-terminus. Residues 1-37 ex-
hibit no continuous structural features with only occasional helical propensity. Additional
backbone dynamics experiments on °N-labeled protein revealed consistent results: Meas-
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urements of {*H}-°N heteronuclear NOEs (hetNOE) for each backbone amide, which are
excellent reporters on internal motions, confirm that residues up to Glu41 exhibit high flexibil-
ity, which is in good agreement with the anticipated motions of random coil regions predicted
from DANGLE. Furthermore, analysis of rotating frame relaxations rates (R,”) reveals that the
regions after residue Asn36 relax significantly faster than the flexible N-terminal tail. For all
structured residues, i. e. residues with hetNOE = 0.55, an average global correlation time z.
of 19 ns was calculated. Considering the molecular weight of 21.75 kDa, this 7. is unusually
high and reflects the anticipated asymmetric shape of the elongated coiled-coils; this z. also
accounts for the broadness of the peaks in the >N-HSQC. All these findings point towards
the fact that the coiled coil domain of PAN is fairly disordered up to residues 36/37 and tran-
sitions into an a-helical coiled-coil after this position, consistently with earlier predictions of
the coiled-coil propensities made from the amino acid sequence.*

Besides its assumed function in substrate engagement, the CC-domain also seems to be
crucial for PAN'’s stability. Truncation of this domain from full-length PAN led to merely insta-
ble protein preparations, which could not be used in further studies (section 5.1.4.2).
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Figure 5.3. Secondary structure and backbone dynamics of PAN’s coiled-coil domain. (A) Prediction of
secondary structure done by the program DANGLE, confirms the findings from the backbone assignment, namely
that the domain splits into an almost unstructured N-terminal region and an a-helical C-terminal region. This is
further confirmed by measurements of "H-N heteronuclear NOEs, which report on highly flexible regions up to
residue Glu41 (B). Consistently, analysis of rotating frame relaxation rates R,” indicates much faster relaxation for
residues in the proposed structured regions (C). An average rotational correlation time 7, of 19 ns was calculated
from all peaks with hetNOE > 0.55. This value of the correlation time is unusually high for a 21 kDa complex and
indicates that the PAN-CC domain adopts a highly asymmetric shape.
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5.1.1.1 Effect of the N-terminal coiled coil domain on PAN constructs

As described in the previous chapter, the full N-terminal domain of PAN comprises an
unstructured followed by a structured helical region that dimerizes to form a coiled-coll
structure (Figure 5.3). The biological function of the unstructured region is not entirely
understood and PAN variants lacking this sequence also seem to have biological activity.*
However, for the system studied here, N-terminal truncation led to reduced stability and high
susceptibility to precipitation (see also chapter 5.1.4.2). To study the influence of the
extended coiled-coil on hexameric PAN complexes, | generated a construct of the OB-ring
(chapter 5.1.2) decorated with the full coiled-coil including the unstructured N-terminal tail (in
total residues 1-150). Upon recombinant expression in E. coli this construct formed
homogenous hexameric assemblies of ~100 kDa, as assessed by SEC-MALS (Figure 5.4 A),
consistent with the findings that the OB-ring itself contributes to the hexamerization of full-
length PAN (chapter 5.1.2).** By means of N-TROSY NMR spectroscopy, we analysed the
structural features of this construct: Unexpectedly, the spectrum of the hexamer of the 150-
residue protein displayed only 28 backbone amide peaks (Figure 5.4 B). Further, a low
chemical shift dispersion in both *H- and **N-dimension indicated that the observed peaks
arise from amides in region with little secondary structure. Indeed, overlay of this spectrum
with **N-HSQC and ™N-TROSY spectra of the isolated coiled-coil domain (1-89) and the OB-
ring (74-150), respectively, suggests that only a part of the unstructured N-terminal regions of
the construct are detected in the 1-150 construct (Figure 5.4 C & D). Due to the relatively
slow tumbling of the 100 kDa complex it is not surprising that *>N-TROSY spectra do not
display high spectral quality and strong signal intensities, especially, when spectra are
acquired at ambient temperature. However, considering that the 1-150 sample was also
perdeuterated, one could have expected at least some of the structured regions to be
detectable in this experiment. Analysis of the translational diffusion coefficient of the complex
resulted in a relatively small diffusion coefficient D = 3.25 x 10™* m?%s. Assuming a spherical
globular shape this would correspond to a molecular mass of 1 MDa, roughly ten times
bigger than expected. However, SEC-MALS confirmed the mass to be 100 kDa. These
results indicate that the flexible tail and the extended coiled coil, residues 1-89, highly
influence the diffusion behaviour of the complex, which adopts the peculiar shape of a rigid
ring with multiple highly disordered extensions. While residues 74-150 form a rigid hexameric
ring of 50 kDa, which results in NMR-spectra of decent quality (chapter 5.1.2), extending it by
the full CC domain, including the disordered region, drastically changes its translational
diffusion behaviour, while only doubling the molecular weight. The molecular tumbling, as
described by a much longer rotational correlation time z,, becomes much slower than
expected for a complex of this size. A longer 7, in turn correlates with faster transverse
relaxation und thus reduced signal. As a result, only the highly flexible regions in the 1-150
multimer can be detected, since their relaxation behaviour is much more favourable in the
context of the slowly tumbling complex. The combination of a rigid ring with multiple highly
flexible extensions is thus unfavourable for NMR studies. This is further reflected by the fact
that methyl-TROSY NMR-spectra of full-length PAN exhibit only modest quality, potentially
due to the peculiar shape of the rather compact OB-ring and ATPase domain, decorated with
the long and highly flexible N-terminal domains (chapter 5.1.4.2).
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Figure 5.4 Effect of the N-terminal coiled coil domain on PAN constructs. A construct comprising the N-
terminal coiled coil domain and the OB-rings is a homogenous hexamer as judged by SEC-MALS (A). *N-
TROSY spectra of the 150-amino-acid construct only display 28 backbone amide Peaks with little chemical shift
dispersion, indicative of little secondary structure. (B). Overlay with ®N-HSQC and “°N-TROSY spectra (grey in C
& D) of the isolated coiled-coil domain (C) and the OB-ring (D), respectively, reveals that only the far N-terminal
disordered re%ions are detectable in the 1-150-aa-construct. An unexpectedly small diffusion coefficient of D =
3.25 x 10" m%s for the 100 kDa complex suggests a highly asymmetric shape, which results in a slow molecular
tumbling and thus loss of most signals, due to fast transverse relaxation. Spectra of the coiled-coil domain and
OB-ring have been recorded at 45 °C/850 MHz and 60 °C/850 MHz, respectively. Spectra of the 1-150-aa con-
struct have been recorded at 25 °C/850 MHz.

5.1.2 The OB-ring is a hexamer with up to 6 conformations

The second domain in PAN, following the coiled coil (chapter 5.1.2), is the so-called OB-ring,
owing its name to the presence of an oligonucleotide/oligosaccharide-binding fold (OB-fold).
When produced as a construct of residues 74-150, whereby residues 74-89 are overlapping
in sequence with the C-terminal part of the CC domain, the OB-ring has been reported to
form a stable hexamer, suggesting that is has a pivotal role in the hexamerization of the full-
length complex®'. The crystal structure of this complex revealed a pseudo 6-fold symmetry of
this complex, although, two monomers identical in sequence form an asymmetric dimer,
which in turn is assembled into a hexameric trimer of dimers. Residues 74-89 in the
asymmetric dimers form three protruding coiled coils in the hexameric donut-shaped ring
composed of the six B-strand rich OB-fold (residues 90-150). In this PhD project | intended to
assign the ILV-methyl resonances of this domain and subsequently transfer the assignment
to the full-length protein. First, | expressed the isolated complex in E. coli and confirmed its
mass to be 50 kDa by SEC-MALS, consistent with the formation of a hexamer (monomer
mass: 8.73 kDa). Next, | studied the feasibility of the resonance assignment, by examining
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the 'H-">N-HSQC of a *N-labelled sample. The chemical shift dispersion was reasonably
good, albeit | could observe 143 cross-peaks which are almost twice as many as the
residues in one unit of the homohexamer. | then proceeded with the backbone assignment:
Due to the relatively big size of the complex of 50 kDa, assignment experiments were
recorded on uniformly °>N- **C- labelled and perdeuterated samples using TROSY versions
of the triple resonance experiments (chapter 2.1.2). Furthermore, elevated temperatures of
60°C have been beneficial for better sensitivity of rather weak peaks. Upon careful analysis
of the HNCO, as the most sensitive triple resonance experiment providing a third dimension
and thus further resolution to the *H-*N-HSQC, | could find 216 correlations, which would
correspond to three or more different protomer conformations within the hexamer,
considering that one protomer contains 71 non-proline residues. However, during the course
of the backbone assignment | was challenged by the low signal-to-noise of numerous spin
systems preventing the assignment of all amide peaks to a particular residue in the
sequence. On the other side the final backbone assignment did cover most of the full
sequence leaving only residues 74-78 and a loop-region (res. 111-114) unassigned (Figure
5.1 B). Nonetheless, for many sequence regions | could assign up to six spin systems to the
same residue suggesting that parts of the OB-ring are effectively existent in up to six
conformations. Generally, peaks of the same residue clustered in the same region of the *°N-
TROSY (Figure 5.5 A & C) suggesting that the chemical environment in the different
conformations is similar. While certain sister peaks exhibited modest to severe overlap and
where almost indistinguishable in triple resonance experiments, others would be well
resolved and even distant in both 'H- and *N-dimensions. For residue 143T, for example,
which gave rise to six different peaks, peaks were enough well-resolved to assign them
unambiguously, however four residues clustered into two pairs of two (°F143T) (Figure 5.5
C). Besides the multitude of sister-residues clustering in the same region of the spectrum,
two residues revealed a different pattern: of Leu92 (diamonds in Figure 5.5 A), for which |
could assign three distinct peaks, only two peaks were in the same region, while the third
was found far away in the spectrum, suggesting a significantly different chemical
environment. A second distinct feature was shown by residue Leul42 (asterisks in Figure 5.5
A): for this, three assigned peaks clustered around 118 ppm (**N) whereas one was located
at 122 ppm. Furthermore, the latter one was potentially a cluster of three peaks, of which two
were completely lacking correlations in the HNCACB, HNCA, HN(CA)CB spectra, while they
appeared at almost identical shifts in the HNCO and thus were tentatively assigned (Figure
5.5 D). Common to Leul42 and Leu92 is the close proximity in space to residue Pro 91
which had been found to be the underlying key to the OB-ring’s asymmetry (Figure 5.5 E&F):
Its preceding peptide bond (Pro90-Pro91) adopts alternating cis-/trans configurations in
adjacent protomers thereby imposing alternating backbone configurations and allowing the
formation of the coiled coil structure by the protruding a-helices of residues 74-89.3"

Although not every residue gave rise to six different peaks it can be assumed that the hex-
americ complex is mostly present in six different conformations. This is further supported by
the heavily asymmetric appearance of many peaks in the *>N-TROSY suggestive of more
than just one underlying peak, which could not be separately assigned mainly due to insuffi-
cient resolution in the *H-dimension of triple resonance experiments. The presence of six
different conformations in the OB-ring is equally evident from *H-"*C-HMQC spectra recorded
on the ILV-methyl groups which are relevant for subsequent transfer of assignments to the
full-length PAN (section 5.1.4.4). Since | only focussed on lle and Met residues in the context
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of the full length protein, | only assigned the OB-ring’s two isoleucines using an HmCmCC-
COSY-type experiment'™®. Thus, connecting the methyl-group resonances to the C* and C"
resonances from the sequential backbone assignment | could assign 5 lleC®1-methyl peaks
to 1le93 and two peaks to lle79.
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Figure 5.5 PAN's OB-ring is a heterohexameric assembly. The 77 residue OB-ring domain assembles into a
hexameric ring of 51 kDa, as assessed by SEC-MALS. A BN-TROSY spectrum (A) reveals an intrinsic asym-
metry in the ring, suggested by the presence of 216 assigned cross peaks. Through sequential backbone as-
signment it becomes evident that the OB-ring contains six distinct conformations, since up to six different peaks
could be assigned for each residue (B). Generally, peaks of corresponding residues cluster in the same region of
the spectrum, as exemplified by threonine 143 in (C). However, asterisks and diamonds in (A) indicate 142Leu
and 92Leu, respectively, for which the respective peaks cluster into two significantly distanced clusters, suggest-
ing entirely different chemical environments of the respective amide groups from the same residue. Indeed, the
OB-ring is expected to form an asymmetric hexamer (trimer of asymmetric dimers) (E), in which an alternating cis-
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ltrans configuration of Pro91 is responsible for distinct backbone conformations in adjacent protomers, enabling
the formation of the coiled coil structure by the a-helices in res. 74-89. Residue 142Leu and 92Leu which show
the most prominent chemical shift dispersion among their conformations (diamonds and asterisks in (A)) are close
to this cis-/trans-hinge of Pro91 (F) and thus experience different chemical environments in dependence of the
conformation of Pro91. AIthough only counted as four unambiguously assigned peaks, 142Leu most likely exist
also in six conformation since “142Leu clusters with two additional peaks with almost identical HNCO-resonances
(D), which however lack any resonances in HNCA, HNCACB, HN(CA)CB and were thus not considered in the
sequential backbone assignment. All spectra on the PAN OB-ring were recorded at 60 °C and 850 MHz.

5.1.3 ATPase domain

Conversion of chemical energy into mechanical force for the unfolding of substrate proteins
is carried out by PAN’s ATPase domain, which hydrolyses the high energy phosphoric anhy-
dride bond of ATP und subsequently undergoes large scale conformational changes which
facilitate substrate binding, unfolding and translocation. The X-ray crystal structure of this
nucleotidase domain was solved by ZHANG et al. and resembles the overall canonical fold of
AAA ATPases, comprising an ao/f3 fold for nucleotide binding and a small helical domain at
the C-terminal end.®* The nucleotide binds between the a/f fold and the helical domain im-
plying a potential rearrangement of these two subdomains relative to each other upon bind-
ing and hydrolysis of ATP (Figure 1.9). Although the X-ray structure was solved by molecular
replacement using a template (p97 AAA ATPase) which crystalized as a hexamer, this nu-
cleotidase domain did not form a stable hexameric complex on its own.

To enable NMR studies of the full-length PAN | set out to assign the backbone and methyl
resonances of the ATPase domain which spans from residue 150 up to the C-terminus. Un-
fortunately, as described above the domain on its own is notoriously instable, which mani-
fested in precipitation of the target protein upon the first step of chromatographic purification.
Precipitates could be dissolved by heating to 60 °C, however reprecipitated soon after. Nev-
ertheless, | was able to analyse the oligomeric state of this instable domain by SEC confirm-
ing the findings of ZHANG et al. who found the complex to dissociate on the gel filtration col-
umn. As a result, the sample eluted as mixture of hexamers and smaller oligomeric states
down to monomers (Figure 5.6 B). In this state acquisition of high-quality NMR-data did not
seem feasible and optimization of sample quality was required to obtain a monomeric
ATPase domain of 31 kDa, which would allow traditional triple resonance-based assignment
experiments. Testing of a multitude of buffers conditions by thermal shift assays and alterna-
tive construct boundaries (150-430, 155-430, 166-430 and 176-430) was not successful.
Upon thorough literature research on hexameric AAA+ ATPases and mutations leading to
monomers thereof, | found that CAILLAT et al. could obtain pure monomers of the AAA+
ATPase MsVps4 from a previously poorly defined oligomeric state introducing a Phel26 to
Ala mutation which abolishes inter-protomer interactions.’® Since the ATPase domains of
PAN and MsVps4 share a high sequence similarity (42 %) and a homologous phenylalanine
residue (Phel96) is present in PAN, testing this point mutation on PAN appeared to be prom-
ising. Furthermore, careful examination of inter-domain contacts in the PAN ATPase crystal
structure revealed a hydrophobic interaction network around Phel96 between two mono-
mers, emphasizing the relevance of this residue for inter-protomers interactions (Figure 5.6
A). Indeed, after introducing the point mutation Phel96Ala into the ATPase domain all pre-
cipitation/aggregation issues were resolved and the domain could be obtained in highly solu-
ble (up to 1 mM or 30 mg/ml) quantities. The oligomeric state was confirmed by SEC-MALS
to be perfectly monomeric with a molecular weight of 32.8 kDa (calculated mass: 31.4 kDa).
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Figure 5.6 Inter-protomer interactions in PAN’s ATPase depend on a hydrophobic network around
Phel96. (A) The PAN ATPase domain was crystalized with three monomers in the asymmetric unit (PDB: 3h4m)
which make contacts via a hydrophobic network (indicated by green highlighted side chains in the right inset)
around Phel196 on one monomer and Met389, 11e392 and Leu395 on the adjacent monomer. A homologous in-
teraction network was also found in the crystal structure of MsVps4 (PDB: 4d80) where mutation of the Phe to Ala
led to exclusively monomers of the respective ATPase. Correspondingly, mutating Phel96 in PAN’s ATPase
domain to Ala resulted in the formation of pure monomers as judged by SEC-MALS (B). The wild type construct
under the same conditions elutes from the gel filtration column as a mixture of hexamers and smaller oligomers
(black trace). SEC- and SEC-MALS runs were carried out on a Superdex S200 10/300 column at 500 mM NaCl.

With a monomeric version of PAN’s ATPase domain in hand, assignment of backbone reso-
nances appeared feasible and was carried out on a *°N- *C-labelled and perdeuterated
sample. Due to its excellent thermal stability the experiments were acquired at 60°C, which
resulted in high quality **N-TROSY spectra with little spectral overlap and uniform peak in-
tensities (Figure 5.7). Initial trials led to only incomplete backbone resonance assignment,
lacking several stretches of the protein sequence, which comprises several loops. After re-
recording triple resonance experiments at a lower pH (6.1) *°N-TROSY spectra displayed 32
more peaks compared to the higher pH. Overall, 3D spectra were of equally good quality,
which facilitated assignment of > 94 % of backbone amide resonances. Subsequently, reso-
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nances of 1led1, Valy and Leud-methyl-resonances were assigned aided by an HmCmCC-
COSY experiment, which links the methyl resonances to the previously assigned C* and C*-
resonances of the same residue.™® With most ILV-methyl resonances assigned, assignment
of Mete-methyl-resonances was carried out using a “*C-HMQC-NOESY experiment. In total,
8 out of 9 Mete, 22 out of 24 lled-1-, 41 out of 50 Leud- and 40 out 40 Valy-methyl-

resonances could be assigned unambiguously.
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Figure 5.7 2D NMR spectra of PAN's ATPase. "°N-TROSY (A) and *C-HMQC (B) of PAN’s ATPase exhibit
excellent resolution and homogeneously peak intensities, indicative of a well-behaved protein. 94 % of all back-
bone amide resonances of the 31 kDa ATPase domain were assigned using triple resonance experiments. Sub-
sequently, assignment of > 90 of ILVM-methyl resonances could be achieved. Spectra were recorded at 60 °C

and 850 MHz *H frequency and samples of ~ 600 M.

5.1.4

Studies on functionally working full length PAN

5.1.4.1 Full length PAN exists in a dynamic equilibrium between hexameric and do-

decameric species

As for all the single domains of PAN, NMR studies of the full length PAN require a soluble
monodisperse and homogenous sample. Early studies of full length PAN from different ar-
chaea report the unfoldase to form complexes of 500-600 kDa in its isolated form as as-
sessed by analytical size exclusion chromatography and appropriate calibration of the size
exclusion column.?3°%® Because a monomer has a molecular weight of 47 kDa, these 500-
600 kDa would correspond rather to dodecameric than hexameric assemblies. However,
PAN is thought to function as a hexamer which sits on top of the 20S core particle’s heptam-
eric ring of alpha-subunits, which is also consistent with cryo-EM models of the PAN-20S
proteasome from A. fulgidus and the evolutionary related regulatory particles from eukary-
otes.*® A recent study on PAN in which IBRAHIM et al. conducted small angle neutron scat-
tering experiments on PAN reported a protocol to “hexamerize” the complex by supplement-
ing the sample with 4 mM ATP and 10 mM MgCl, (buffer otherwise: 20 mM Tris-HCI, 100
mM NaCl) and incubation at 60 °C for 30 min before injecting it into an analytical size exclu-
sion chromatography column.”® By means of size exclusion chromatography coupled to multi
angle light scattering (SEC-MALS) we found these condition not to be sufficient to obtain a
monodisperse hexameric PAN (Figure 5.8). For projected methyl-TROSY NMR studies of the
full-length PAN monodispersity was a strict requirement, at a minimum required complex
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concentration of 20 pM, corresponding to 120 uM of PAN-protomer. Starting with a mixture of
dodecamers (600 kDa) and hexamers (300 kDa) we set out to optimize sample conditions in
favour of PAN hexamers using the aforementioned 120 uM PAN protomer throughout this

project.
A Heating at 60 °C B
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Figure 5.8 10 mM ATP and heat treatment is not sufficient to obtain a homogenously hexameric PAN
sample. A) Hexamerization protocol from Ibrahim et al. requires heating to 60 °C in presence of ATP and MgCl»,
resulting in a shift to the right on a Superose 6 10/300 GL and a disappearing of a shoulder indicative of do-
decamer removal. Negative stain electron microscopy also showed the presence of mostly smaller species. (Fig-
ure adapted from IBRAHIM et al.4°). (B) Using SEC-MALS we found in our lab that the same conditions yield a
mixture of dodecamers (600 kDa) and hexamers (300 kDa) as indicated by the molecular weight measurement
(dashed line, ranging from 600 to 300 kDa within the peak). Furthermore, the offset of the light scattering-(LS)
and UV-trace is an indicator of molecular weight inhomogeneity.

The effect of buffer ionic strength on the oligomeric state of protein complexes is a widely
accepted concept.*” | thus screened buffer conditions with several different monovalent salt
concentrations by SEC-MALS. Indeed, increasing the NaCl concentration from 100 up to
1000 mM induced a change in the SEC-MALS-profiles (Figure 5.9): Higher salt concentra-
tions resulted in a delayed elution from the SEC-column and a better separation of higher
oligomeric species (dodecamers and bigger) and hexamers. Furthermore, the mass distribu-
tion shifted drastically to lower molecular weight species. While more than 70 % of detected
PAN species were bigger than 500 kDa at 100 mM NacCl, at 500 mM more than 80 % was
smaller than 400 kDa. Still, the homogeneity was not satisfactory.

- 700000
1.0 =
2 0%
- 600000 g [NaCl]
= 100 mM
0.8+ — 5 1.0x10°
© o 500 mM
® [NaCl] - 500000 2, I —_— M
Kl 100 mM p g . 000 m
3 064 — s500mM @ I eoxi0®y
2 —— 1000 mM - 400000 £ o
% 04 — MW ‘_:“ = 6.0x10°
[ 3 =
- 300000 5 £
2 & 40x10°
0.2 g
- 200000 T 20x10°4
0.0
: ‘ ‘ . : : : 100000 00— ‘ —— . 3
9 10 1 12 13 14 15 16 17 200000 300000 400000 500000 600000 700000  BOOOOO
mi molecular mass [Da]

Figure 5.9 The oligomeric state of PAN is dependent on ionic strength. (A) With increasing NaCl concentra-
tion PAN elutes later on an analytical SEC column with a big leap going from 100 to 500 mM NaCl. (B) The mass
distribution of PAN species changed from > 70 % larger than 500 kDa at 100 mM NaCl to > 80 % smaller than
400 kDa at 500 mM NacCl. Further addition of salt to 1000 mM NacCl led to only smaller shifts in elution time and
no significant improvements in PAN’s mass distribution.
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Generally, high-ionic-strength-buffers should be avoided in NMR experiments, since they
result in higher electrical resistance and thereby cause compromised sensitivity.'” Instead of
increasing the buffers ionic strength the introduction of point mutations which change the
surface charge at selected positions in the protein represents also a valid strategy to prevent
self-association into oligomers. Assuming that formation of dodecamers occurs by stacking
of two PAN hexamer rings on top of each other, three orientations are conceivable: C to C, N
to N, C to N. ZHANG et al. found in their crystallographic work on PAN’s isolated domains that
the proximal face of the hexameric ATPase-ring is highly basic. Based on the calculated
electrostatic surface in water we identified five lysine residues which are mainly responsible
for this positive charge in the C-terminal region of PAN. To invert these charge hot spots we
replaced four lysines with negatively charged glutamates and one with serine (K406S,
K414E, K415E, K416E, K418E) (Figure 5.10).

WT: FRKAVEKIMEKKKVKVKEPAHLDVLYR
Mutant: FRSAVEKIMEKKKVKVKEPAHLDVLYR

Figure 5.10 PAN’s ATPase ring exposes basic hot spots on its C-terminal face. Electrostatic surface of
PAN’s ATPase ring calculated by the program APBS™ unravels basic patches at the C-terminus. Five lysine
residues on all of the six protomers were identified most responsible for the basic character of this face of the
ATPase ring (green encircled). A mutant was generated replacing four lysines by acidic glutamate and one lysine
by the non-charged hydrophilic amino acid serine.

SEC-MALS analysis of the PAN mutant revealed a significant improvement compared to the
wildtype (Figure 5.11). The molecular weight at 100 mM NacCl is shifted to smaller PAN spe-
cies with 90 % of the sample being smaller than 450 kDa, opposed to the wildtype which is
mostly larger than 450 kDa. At 500 mM NacCl the mutant, like the wildtype, appears to asso-
ciate in much more homogenous hexamers with the majority displaying a size between 300
and 400 kDa. Nevertheless, the difference in the molecular weight distribution between mu-
tant and wildtype is not as strong as at 100 mM: The mutant displays less than 10 % higher
molecular weight species, while the wild-type still contains more than 15 % higher molecular
weight species. Although this ratio does not represent a perfectly homogenous and mono-
disperse hexamer, less than 10 % non-hexameric impurities in the sample were considered
to be acceptable for later NMR experiments. High ionic strength buffers seemed to be re-
quired even for the mutant and where thus also used for initial NMR experiments.
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Figure 5.11 SEC-MALS analysis of PAN and PAN mutant. Introduction of five C-terminal mutations inverting
the local electrostatic surface improved the homogeneity of the sample (A). In high salt (500 mM NacCl) condi-
tions, the mutant is a clearly more homogenous hexamer compared to the wild type (B).

5.1.4.2 Optimization of full length PAN constructs to improve sample quality for NMR
experiments

To investigate the feasibility of structural studies of PAN and its substrates by NMR we pre-
pared an initial NMR sample of the PAN mutant (see section 5.1.4.1) in the optimized buffer
conditions. PAN was fully deuterated except for the terminal methyl groups of isoleucine (81),
leucine (51/52) and valine (y1/y2) (see also section 2.1.2) which were *H- and **C labelled.
Unexpectedly even for a complex of this big size, the *H- **C- HMQC spectrum was only of
modest quality: Most peaks were broad, weak and significantly overlapped except for some
very sharp intense ones in the middle of the spectrum (Figure 5.12). Spectral overlap was
not completely unanticipated, since PAN is present as a homohexameric assembly, with
possibly up to six different conformations and signals for each of the expected 192 methyl
groups. The translational diffusion coefficient of this sample however, was measured to be D
= 4.5°m? s, which corresponds to molecular weights of = 350 kDa applying a shape factor
for non-symmetric assemblies. Although this is roughly consistent with the expected
molecular weight of the complex, a clear deviation of the Gaussian fit from the experimental
peak intensities indicates a substantial heterogeneity with respect to the diffusion coefficient
of species contained in the sample (Figure 5.12 B). Addition of the slowly hydrolysable ATP-
analogue ATPyS, which PAN is thought to bind but no hydrolyse and thus restrict its
conformational landscape, did not alter the characteristics of the spectrum. Furthermore,
spectra in phosphate buffer were acquired since thermal shift assays indicated that PAN is
most thermodynamically stable in presence of phosphate. Thus, by binding to PAN’s
nucleotide binding pocket phosphate might also be able to block PAN’s dynamics and
improve the spectral quality. However, phosphate has not proven to change the spectral
appearance.
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Figure 5.12 NMR-analysis of the full-length PAN mutant. (A) A *H- **C-HMQC spectrum was recorded on an
ILV-labelled sample of PAN containing five C-terminal point mutations, which invert its surface charge to minimize
dodecamer-formation. The general appearance of most peaks is broad and results in poor resolution. (B) Analysis
of the sample’s diffusion coefficient indicated a strong inhomogeneity with respect to the diffusion coefficient, as
illustrated by the deviation of the single Gaussian fit (red) to the experimental diffusion peak intensities (black).
The fit resulted in a D of ~ 4.5 x 10" m?s™ with a corresponding hydrodynamic radius Ry~ 5.2 nm and molecular
weight of ~ 350 kDa. However, these only represent weighted averages of all species with different diffusion coef-
ficients present in the sample.

Since high quality structural and dynamic studies of proteins crucially depend on well re-
solved two-dimensional NMR spectra, | set out to identify the reasons for this unusual relaxa-
tion behaviour and find strategies to optimize sample conditions even further than described
in section 5.1.4.1:

Apparently, initial optimization trials to obtain a nearly homogenous hexameric PAN had not
been sufficient. Despite optimized buffer conditions and beneficial point mutations described
in section 5.1.4.1 changed PAN’s oligomeric state towards hexamers, some part or property
of PAN kept causing the unusual relaxation behaviour leading to low quality methyl-TROSY
spectra. Removal of potentially conformationally exchanging parts of PAN appeared to be a
solution to this problem. As illustrated in Figure 5.1 PAN comprises an extended coiled coil
domain towards its N-terminus (residues 1-73), the role of which is not yet understood. Con-
structs comprising this coiled coil domain and the OB-ring, without the ATPase domain,
yielded N-TROSY spectra of poor quality and an unusually slow translational diffusion,
suggesting an abnormal relaxation behaviour induced by the extended coiled coil-domain
(see also 5.1.1.1). Further, the far-N-terminal region of PAN was found to be highly flexible,
potentially causing severe conformational exchange in the context of full-length PAN. Re-
moval of this domain represented a promising strategy to influence the overall relaxation be-
haviour and reduce chemical exchange effects. Furthermore, studies have shown that the
CC domain is not strictly required for PAN to form hexamers and PAN (A1-73) might even be
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biologically relevant, since the native PAN gene contains a second translation initiation site
leading to mixed hexamers of full length and Al1-73 variants when expressed from non-
codon-optimized genes in E. coli.?** These findings together allowed me to design an im-
proved PAN (A1-73) variant which retains functional activity. Expression trials of this variant
yielded about ten times more soluble protein after affinity purification compared to the wild-
type protein. Unfortunately, this protein was extremely prone to aggregation at concentra-
tions > 1 mg/ml, which rendered it unsuitable for NMR experiments under these conditions.
However, heating to 60°C or addition of 50 mM ATP — but not ADP — to concentrated protein
solutions rapidly dissolved macroscopically visible aggregates. | hypothesized that ATP bind-
ing induces conformational changes to a state in which inter-PAN interactions are minimized,
thus yielding a soluble sample. Since purification on a preparative size-exclusion chromatog-
raphy column including 50 mM ATP at high temperature was not feasible, further optimiza-
tion of expression- and buffer conditions was necessary. Precipitation and instability can also
be caused by too high concentration of expressed proteins in the bacterial cell; thus, optimi-
zation trials also included shorter expression times at lower temperatures to decrease the
amount of total overexpressed protein. Additionally, expression without an N-terminal thiore-
doxin-solubility tag was tested. Nonetheless in both cases no significant improvement of pro-
tein stability could be found. High and low salt (100 to 1000 mM NaCl), and addition of up to
1 % detergent like Tween-20 or Triton X-100 did also not help keeping PAN (A1-73) in solu-
tion during purification. Furthermore, like for the full length protein, a thermal shift assay sug-
gested 50 mM sodium phosphate as an improved buffer, which unfortunately also did not
alter the protein stability. Besides these trials only mutational studies appeared to be promis-
ing to obtain a well-behaved PAN (A1-73):

Mutation of phenylalanine 196 to alanine (F196A) led to substantial solubility improvement of
the isolated ATPase domain. As described in section 5.1.3 Phel96 resides at the interface
between two PAN protomers. Thus, this mutation should lead to altered inter-subunit interac-
tions and thereby might also decrease PAN’s dynamic structural exchanges leading to a
more stable protein sample. Indeed, the introduction of the point mutation F196A into PAN
(A1-73) drastically improved its solubility and a hexameric complex could be prepared by
size-exclusion chromatography in high yields, which did not precipitate up to 30 pM complex
concentration (180 uM monomer). SEC-MALS analysis confirmed the formation of a mono-
disperse PAN (A1-73) hexamer with a calculated molecular weight of 253.5 + 0.4 kDa
(Figure 5.13). Interestingly, the complex elutes ca. 1.4 ml later on a Superose 6 increase
10/300 GL SEC column, which is more than what was expected from a change in molecular
weight less than 100 kDa, suggesting that PAN (A1-73) F196A is not only smaller in molecu-
lar weight but also significantly different in its shape. These findings raised the hope that this
construct would yield methyl-group NMR spectra of good quality. | prepared an ILV-methyl-
labelled and otherwise perdeuterated sample and recorded *H-"*C-HMQC spectra (Figure
5.13 C). The spectra were of excellent quality with good resolution and sharp peaks for most
of the signals. Furthermore, superimposition of the ILV-spectrum of PAN (A1-73) with the
ILV-spectra of the OB-ring construct and of the isolated ATPase domain, respectively, indi-
cated satisfactory agreement between the isolated domains and the hexameric ATPase,
which is crucial for further assignments transfer from the smaller constructs to the full-length
protein. Unfortunately, activity assays, conducted monitoring the unfolding of the model sub-
strate GFP-ssrA, revealed that this truncated PAN variant is inactive, which also rendered it
not suitable for further investigations (see Appendix Figure 1).
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Figure 5.13 SEC-MALS analysis and 1H,13C-HMQC spectra of PAN (A1-73) F196A. Truncation of PAN'’s ex-

tended coiled coil (residues 1-73) and introduction of the point mutation F196A renders PAN a monodisperse
hexameric complex with a molecular weight of 253.5 + 0.4 kDa (blue traces) as assessed by SEC-MALS (A & B).



Results 91

The complex elutes on a Superose 6 10/300 GL increase SEC-column 1.4 ml later than the optimized full length
PAN mutant (grey) (5.1.4.1). (C) *H-"*C-HMQC spectra of the truncated F196A construct (ILV-labelled) exhibit
much improved signal-to-noise, better chemical shift dispersion and much narrower line-width, indicative of a non-
exchanging, rather homogenous sample (blue traces). Furthermore, superposition with ILV-methyl HMQC spectra
of the isolated OB-ring (red traces) and the ATPase domain (F196A-mutant), respectively, suggests good struc-
tural conservation between the full complex and the isolated domain: For every peak of the isolated domains
corresponding peak intensities in the assembled complex can be detected. Interestingly, single peaks of the
monomeric ATPase domain split into two or three peaks in the context of the full-length protein (encircled regions)
indicating that the ATPase domain also adopts at least three different conformations in the full complex, similar to
the hexameric OB-ring (section 5.1.2).

5.1.4.3 High concentrations of nucleotides improve spectral quality of PAN substan-
tially

During the second part of this PhD thesis covering studies on the processing of the model
substrate GFP-ssrA by the unfoldase PAN (section 5.2) | made an unexpected observation:
While titrating unlabelled (thus, NMR-invisible) wild-type PAN onto the IM-labelled (81- and €
of lle and Met, respectively) GFP-ssrA, substantial spectral intensity emerged in regions, not
corresponding to the IM-methyl groups of GFP-ssrA (Figure 5.14). Interestingly, peak intensi-
ties only appeared when the sample was supplemented with 50 mM ATP, which was includ-
ed to start the ATP-dependent unfolding of GFP-ssrA. This finding is notable in that PAN, as
a particle of several hundreds of kDa should not give rise to significant signals, if not **C-
labelled and perdeuterated at all hydrogen positions but the methyl groups. In any case, the
appearance of the new signals was certainly related to the presence of the high concentra-
tions of ATP.
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Figure 5.14 Addition of 50 mM ATP makes intensities of unlabelled PAN appear in *H,**C-HMQC spectra.
In the absence of nucleotide (top panel) non-labelled PAN does not give rise to peak intensity when titrated onto
IM-labelled GFP-ssrA. Upon addition of 50 mM ATP to the sample new peaks appear (middle panel, encircled).
These new peaks arise from unlabelled PAN, as confirmed by the control spectrum with only PAN and ATP pre-

sent (bottom panel).



Results 93

Consequently, | tested wild type PAN’s molecular weight by SEC-MALS using this high ATP
concentration both in the injected sample and in the running buffer, to maintain the same
molarity of ATP throughout the entire size-exclusion column. Indeed, this experiment con-
firmed that 50 mM ATP changes the elution profile and molecular weight distribution of PAN
towards >95 % monodisperse hexameric PAN with a calculated molecular mass of 315.5 +
2.3 kDa (Figure 5.15 A); this result is slightly better than that obtained for the PAN mutant at
500 mM NaCl (see section 5.1.4.2). This high ATP concentration allowed us to work with the
wild-type protein rather than with the mutant and to maintain moderate concentrations of salt
(100 mM NaCl), as desirable to maximize the sensitivity of the NMR-experiment.'”* Next, |
prepared a IM-labelled sample of wild-type full length PAN to investigate the effect of this
improvement on the quality of *H,”*C-HMQC spectra. As expected for a significantly smaller
and more homogenous complex, the quality of *H,**C-HMQC spectra was improved substan-
tially after addition of 50 mM ATP, as illustrated in Figure 5.15. B/C. Since subsequent titra-
tion experiments, described in section 5.1.5, were designed to be done under non-unfolding
conditions, we also analysed the effect of ADP on the spectral quality. Similarly to ATP, ADP
improved the quality of PAN methyl spectra substantially. Titration of ADP onto PAN estab-
lished that 50 mM ADP is sufficient to optimize the spectral quality, as 100 mM of ADP did
not lead to further changes.
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Figure 5.15 50 mM nucleotide improve the spectral quality of wild-type PAN substantially. A) 50 mM ATP in
sample and running buffer shift wild-type PAN’s oligomeric state towards almost exclusively hexamer as detected
by SEC-MALS. B) 'H,*C HMQC spectra of IM-labelled wild-type PAN were recorded with and without supple-
mentation of 50 mM ATP. Addition of the nucleotide leads to the appearance of many more methyl peaks in both
lle and Met region, resulting in a much more detailed spectrum. Replacement of ATP by ADP had similar effect on
spectral quality. C) Excerpt of the lle-region of spectra acquired during the titration of ADP onto PAN to establish
that 50 mM ADP is sufficient to improve the spectral quality. Titrating 100 mM ADP did not lead to further changes
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in the spectrum. These improvements in spectral quality are consistent with the substantial decrease in molecular
weight as illustrated in A). PAN concentration was 120 uM for all experiments and all NMR spectra were recorded
at 60°C and 850 MHz.

5.1.4.4 Assignment of methyl resonances in an asymmetric full-length PAN

Structural studies of large molecular assemblies by NMR strictly depend on the assignment
of methyl resonances in the context of the full complex. As described in sections 5.1.4.2 and
5.1.4.3 spectral quality of full-length PAN was limited even under optimized conditions and
especially in the Leu/Val region methyl peaks were severely overlapped (also see Figure
5.16. B). To facilitate the transfer of methyl-resonance assignments from the individual do-
mains (sections 5.1.2 and 5.1.3), | consequently focused on the &- methyl group of methio-
nines and the &1-methyl group of isoleucines. Superimposing *H,**C HMQC methyl spectra
of the individual ATPase and OB-ring domains with a spectrum of the full-length wild-type
PAN demonstrates the general conservation of structural features of the individual domains
in the context of the full complex (Figure 5.16), since many isolated and well dispersed peaks
are positioned similarly both in the isolated domains and the full complex. Furthermore, Fig-
ure 5.16 B illustrates prominently the spectral complexity of PAN’s full-length spectrum with a
multitude of Leu and Val peaks buried in unresolved regions, rendering resonance assign-
ment thereof challenging. Interestingly, | also observed that several of the well dispersed
peaks of the ATPase do appear as triplets in the full complex, which equally resembles the
conformational heterogeneity which | already discovered in the isolated OB-ring (5.1.2). The-
se findings suggest that PAN is present as an asymmetric assembly with at least three dif-
ferent protomer conformations, which is consistent with findings of multiple conformations of
PAN in cryo-EM studies.**

Including several residues with multiple conformations a total of 40 Met- and lle-cross peaks
from 25 different residues were assigned in full length PAN (Figure 5.17 A and B): lle and
Met-methyl-resonance assignments of the ATPase domain were transferred by superimpos-
ing the assigned spectrum (section 5.1.3, Figure 5.7 B) of the isolated construct with the full
length version (Figure 5.16). 8/9 Met- and 10/ 24 lle-resonances could be assigned unam-
biguously. For the OB-ring hexamer, only three different lle-resonances of 11e93 could be
transferred from the individual domain unambiguously. The remaining lle79 is likely to be
buried in the severely overlapped lle-region of the spectrum. Met-resonances of the OB-ring
and likewise lle- and Met-resonances of the coiled coil domain were assigned by point muta-
tion of the respective residues to alanine and subsequent comparison of wild type and mu-
tant spectra (Figure 5.17. C-G).

Afterwards, | moved to the characterization of the interaction of PAN with the model sub-
strate GFP-ssrA (following chapter 5.1.5).
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Figure 5.16 Overlay of 'H-Bc-Hmac spectra of PAN‘s individual domains and the full-length complex. A)
Excerpt of the lle- and Met-region of an overlay of the OB-ring hexamer (ILV-labelled, black), monomeric ATPase
domain (ILVM-labelled, F196A mutant, green) and full length wildtype PAN (IM-labelled, supplemented with 50
mM ADP, red). B) Excerpt of the Leu-/Val-region of the same spectra as in A) except for red being a full length
version of PAN containing a point mutation I7A used to assign this residue. Encircled non-overlapped regions
depict, that structural features of the individual domains are conserved in the context of the full length complex.
Note also, that most of the Leu-/Val-peaks are severely overlapped and thus were not used in subsequent exper-
iments (5.1.5). (C), D), and E): Several isolated peaks split into up to three different peaks (indicated by asterisks)
when transferred from monomeric ATPase domains (green) to the full length hexameric PAN (red) suggesting an
asymmetric assembly of PAN. Shown are excerpts of Met- (C) and lle-regions (D/E). All presented spectra were
recorded at 60 °C and 850 MHz.
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Figure 5.17 lle- and Met- methyl resonance assignment of full-length PAN. A total of 40 lle (A) and Met (B)
cross-peaks were assigned including several residues which exist in multiple conformations in the hexameric full
length complex. (C-G) Met-resonances of the OB-.ring as well as lle- and Met-resonances of PAN’s extended
coiled were assigned by point mutations to alanine and comparison of mutant (blue) and wild type (red) spectra.
Asterisks indicate mutated residues which disappear in mutant spectra. Note that for 149A (D) not only the original
peak disappears but also 156 (assigned in (E)) shifts significantly (indicated by arrow). All spectra were recorded
at 60 °C and 850 MHz.
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5.1.5 Characterization of PAN-substrate interactions by NMR-spectroscopy

The first step in a functional cycle of protein processing by the PAN-20S proteasome is the
interaction of the substrate protein’s degradation tag or disordered region with PAN. Studying
this functional interaction in an intact and active unfoldase by solution NMR is a challenging
endeavour due to several reasons: (1) in the presence of ATP the substrate is unfolded dur-
ing the time necessary to record one 2D experiment. (2) It has been reported, that ADP — in
contrast to non-hydrolysable analogues — is not sufficient for PAN to efficiently engage with
its substrates.*® (3) Non hydrolysable analogues are also hydrolysed by PAN under NMR-
conditions. Here, we chose to use ADP seemed for the following NMR-studies, since it sup-
ports good spectral quality of PAN and the quantities necessary for an NMR-sample at
50 mM concentration are inexpensive compared to slowly hydrolysable analogues like
ATPyYS or AMP-PNP.

First, | characterized the binding of the model substrate GFP-ssrA to PAN in the presence of
50 mM ADP. To this end, | titrated unlabelled GFP-ssrA onto IM-labelled PAN. Unexpectedly,
no chemical shift perturbations (CSP) were observed. The spectra appeared identical to
those of PAN in the absence of GFP-ssrA, except for intensity of natural abundant GFP-ssrA,
which was added in high excess (Figure 5.18).
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Figure 5.18 GFP-ssrA interaction with PAN. GFP-ssrA was titrated onto IM-labelled PAN and lH,l?’C-HMQC
spectra were recorded of PAN alone (cyan) and PAN with 10-fold excess of GFP-ssrA (red). No significant differ-
ences were observed except for the appearance of peaks of unlabelled GFP-ssrA (the black contours are over-
layed here from a spectrum of *C-labelled GFP-ssrA alone, as a control). The encircled regions indicates the
region of Ala/Thr/Val-methyl groups of GFP-ssrA: of note are the intense peaks around 1.7 ppm (1H), which arise
from several alanines of the GFP disordered C-terminal ssrA tail. PAN was used at 20 pM hexamer (120 uM
monomer) and GFP-ssrA at 200 pM, respectively. All samples were supplemented with 50 mM ADP and spectra
were recorded at 60 °C and 850 MHz.

Previous studies have shown that substrates harbouring exposed disordered regions, like the
ssrA-tag are processed by PAN.*** Though, it is assumed that PAN does not form a stable

complex with its substrates and that substrate binding is transient and dependent on ATP-
binding.*®
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Despite the fact that it was postulated that ADP binding is not sufficient for PAN to bind the
substrate, | aimed at analysing potential first encounters of PAN with the model substrate
GFP-ssrA by NMR. The NMR-technique of Carr-Purcell-Meiboom-Gill (CPMG) relaxation
dispersion is a unique tool to investigate processes like these weak and transient unfoldase-
substrate interactions since it can probe exchange processes with lifetimes ranging from ~50
Ms to ~10 ms and populations of the excited or intermediate states (here substrate bound to
or interacting with PAN) as low as 0.5-1%."** Thus, we recorded two sets of CPMG experi-
ments to characterize chemical exchange processes in PAN induced by substrate interac-
tion: One reference experiment of PAN, IM-labelled and perdeuterated in the presence of 50
mM ADP and one set of IM-labelled PAN supplemented with 50 mM ADP and 200 uM GFP-
ssrA. In both cases the PAN concentration was 20 uM hexamer (120 pM monomer). After
extraction of the effective relaxation rates R, for each peak at every CPMG pulsing rate, we
calculated an approximate exchange rate R,* %" as the difference between the R,™ at the
minimum and at the maximum CPMG field strength: these values are displayed in Figure
5.19 A. R™ ™ can be roughly correlated to the extent of conformational exchange pro-
cesses at each methyl group site; slow local dynamics induced by PAN-substrate interac-
tions (i.e. conformational exchange between the bound and unbound state) would result in
changes of this parameter. However, several aspects of the extracted data are apparent:
(1) The exchange rates exhibit high errors; (2) data could not be obtained for each methyl
group in both conditions; (3) several exchange rates are of negative sign. Only spin systems
23 and 60 display a significant difference of exchange rates between the two sets of experi-
ments, potentially indicative of substrate induced changes. However, careful examination of
the respective relaxation dispersion curves rather suggests that this apparent difference is an
artefact of extracting data from these poor-quality-relaxation dispersion curves, which do not
show the expected profile. Whether a result of insufficient data quality or a reflection of the
incompetence of PAN to engage the substrate in the absence of ATP or an ATP-analogue,
we were not able to detect any significant changes between bound and unbound PAN by
CPMG relaxation dispersion experiments. Thus, the given experimental set up and sample
quality cannot result in a reliable conclusion as to whether PAN interacts with GFP-ssrA also
in the absence of ATP- or ATP-analogues.
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Figure 5.19 PAN-substrate interactions studied by CPMG-relaxation dispersion. (A) Approximate exchange
rates R,* #P" for PAN alone (cyan) and PAN supplemented with excess of GFP-ssrA (red) do not indicate signif-
icant differences in dynamics between substrate-bound and unbound. Peak 23 and 60 are the only exceptions,
for which the extracted R,™ P differ significantly considering the respective error bars. However, relaxation
dispersion profiles of these selected peaks (C & D, respectively) do not show the typical profile, suggesting insuf-
ficient data quality. As a reflection of poor data quality and low signal-to-noise, binding of GFP-ssrA to PAN under
the given conditions could not be assessed.

5.1.5.1 Interaction of the substrate with PAN N-terminal domains

Studying PAN-substrate interactions in the context of full-length PAN constructs proved chal-
lenging as described in the previous section: The limited spectral quality occluded potential
interactions. It is well established, that proteasomal substrates enter the unfoldase via its N-
terminal pore and make substantial contacts with pore-1-loops within the ATPase subdo-
main.?® In eukaryotes, proteasomes have a sophisticated ubiquitin-processing machinery,
which recognises proteasomal substrates and directs them for unfolding and degradation;
however, such a system is unknown in archaea. Instead, it has been proposed that PAN’s N-
terminal domains, comprising the unstructured tail, the coiled coil domain and the OB-ring
are involved in tethering substrates to PAN by interacting with unstructured regions on sub-
strates.* To investigate this early encounter of substrate with PAN, | did NMR-titrations using
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a synthetic ssrA-peptide as a substrate mimic (NH;*-AANDENYALAA-COOH). To this end |
recorded ’N-HSQC and ®N-TROSY spectra for PAN-CC and PAN-OB, respectively, both in
their apo form and supplemented with excess of the synthetic ssrA peptide. After adding
ssrA-peptide in ten-fold excess (300 uM PAN-CC monomer, 3 mM ssrA-peptide) to the PAN
coiled-coil domain, no chemical shift changes could be observed: the spectra appeared iden-
tical, which is indicative of no binding (Figure 5.20 A). Titration of the ssrA-peptide in six-fold
excess to the OB-ring-hexamer (300 uM OB-ring, 1.9 mM ssrA-peptide) led to a similar re-
sult: the spectra looked identical, with only minor chemical shift changes <0.01 ppm deriving
from non-specific effects (Figure 5.20 B).'">'"® Considering the large excess of ssrA-peptide
in both cases, shift changes should have been observed if (specific) binding of the peptide to
the respective proteins had been present. Consequently, the ssrA-tag does not seem to in-
teract with either PAN-CC or the PAN-OB-ring in their isolated form in any specific manner.
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Figure 5.20 PAN N-terminal domains do not interact specifically with a ssrA-peptide. Synthetic ssrA-peptide
as a substrate mimic was titrated onto the PAN-CC- (A) and the PAN OB-ring-domains (B), respectively. A) N-
HSQC spectra of the PAN-CC domain in the apo form (300 puM monomer, 150 uM dimer, pink) and the PAN-CC
domain with 3 mM ssrA-peptide (cyan) perfectly overlay, indicating no specific interaction of the PAN-CC domain
with the5peptide. Likewise in B) only subtle changes are visible in an overlay of apo (pink) and ssrA-supplemented
(cyan) ®N-TROSY spectra of the PAN OB-ring (OB-ring was at 60 uM hexamer or 300 uM monomer, while ssrA-
peptide was added at 1.9 mM). Spectra of PAN-CC and the PAN OB-ring domains were recorded at 45 °C and 60
°C, respectively, at 850 MHz.
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5.2 Real-time NMR studies on the processing of a model substrate by
the archaeal PAN-20S proteasome

Studying the time-course of an unfolding- or degradation reaction by the proteasome can
assist in drawing conclusions about the mode of action of this molecular machine. To this
point kinetic studies on the mechanism of action of AAA+ proteases mostly relied on monitor-
ing fluorescent protein-substrates by fluorescence spectroscopy,****™ nucleotide hydrolysis
kinetics,*” single molecule force spectroscopy with optical tweezers'®°11931%% gng |ately
also time-resolved SANS (small angle neutron scattering).>*° However, common to all these
techniques is their inherent lack of atomic resolution. Solution NMR spectroscopy, is capable
of simultaneously probing many different sites in protein substrates at atomic resolution and
has been used in static®® and also dynamic time-resolved fashion'’® to investigate the unfold-
ing of a protein substrate by a proteasomal unfoldase and the hydrolysis of a substrate pro-
tein by the 20S proteasome, respectively. Here, | aimed to combine the atomic resolution of
two dimensional NMR with time-resolution of repeated measurements of 2D-SOFAST-
HMQC spectra®’ to obtain residue specific and real-time information of the proteasomal pro-
cessing of the model substrate GFP-ssrA. The following chapter covers the preparation and
testing of suitable substrate proteins and the establishment of experimental conditions for an
NMR-based real-time assay which resulted in a thorough time-resolved and residue specific
analysis of the PAN-20S proteasome processing of a fluorescent protein substrate.

5.2.1 Initial studies on the processing of GFP-ssrA substrates by the PAN-20S pro-
teasome system

The green fluorescent protein C-terminally modified with an ssrA-degron (GFP-ssrA) has
been widely used as a model substrate for PAN and other AAA+ unfoldases due to the con-
venient spectroscopic detection of its degradation by fluorescence decay and its superb sta-
bility in solution in a wide range of conditions.*”” Initial studies on the unfolding and degrada-
tion by the PAN-20S proteasome were carried out on a GFPuv-variant containing a C-
terminal ssrA—tag,1'4° which however, turned out to be not suitable for NMR-studies on isotop-
ically enriched samples and was replaced by an optimized variant for final NMR-time course
experiments (section 5.2.2).

Generally, GFP is targeted by the ssrA-degron to unfolding and hydrolysis by the PAN-20S
proteasome in an ATP-dependent manner which can be detected by monitoring the loss of
GFP-fluorescence at 509 nm and by SDS-PAGE of reaction mixes, respectively (Figure 5.21
A & B). However, due to its very compact and highly stable B-barrel structure GFP-ssrA
tends to refold after successful unfolding attempts'’® regaining some of its native fluores-
cence, especially when the 20S CP is not included in the reaction set-up. Thus, fluorescence
based assays need to be fine-tuned so that refolding is maximally avoided and a sufficient
overall conversion of the substrate is achieved. Indeed, | found that the stoichiometry of PAN
over the substrate is substantially critical, since strong reappearance of fluorescence was
observed when PAN was used in equimolar or excess quantities (Figure 5.21). Since the
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final goal was to monitor the unfolding in real-time inside an NMR tube assay conditions were
chosen to meet the following requirements:

e =100 uM of GFP-ssrA to record 2D NMR spectra with a time-resolution and sufficient
signal-to-noise (signal intensities decay during the unfolding/degradation reaction,
thus a concentration of 100 uM is effective only at the start of the reaction).

e Duration of the initial fast decay >> 10 min to record sufficient data points in this criti-
cal phase

e The build-up of potentially inhomogeneous aggregates of unfolded GFP-ssrA should
be slow to avoid problems from inhomogeneities in the NMR sample, especially with-
in the first 10-20 minutes of the time-course.

Consequently, the reaction mix needs to be scaled up accordingly to the required high GFP-
ssrA concentration. For initial NMR-studies | found that 5 uM PAN, 50 mM ATP, 50 mM
MgCl, and incubation at 60 °C were suitable conditions for a long-lasting reaction without
severe precipitates forming after 30 minutes.
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Figure 5.21 Initial experiments on the unfolding and degradation of GFPuv-ssrA by the proteasome and
optimization for NMR-experiments (A) GFPuv-ssrA unfolding and proteolysis by the PAN-20S proteasome can
be detected by monitoring the decay of native GFP-fluorescence at 509 nm (here, 1 pM GFPuv-ssrA, 0.5 pM
PAN, 0.5 uM 20S CP, 10 mM ATP and 10 mM MgClI; at 60 °C). Addition of the 20S CP leads to a substantially
lower final fluorescence indicative of proteolysis of unfolded GFPuv-ssrA. Note that fluorescence in controls with-
out PAN also drops by = 20 %, which is a well-known phenomenon induced by the elevated temperature of the
assay"**%*.(B) Proteolysis of GFP can be further confirmed by running reaction mix on SDS-PAGE gels, which
display the disappearance of most of the GFPuv-ssrA band when the 20S CP is included in the reaction mix. (C)
Using excess of substrate is critical to obtain maximal conversion of folded to unfolded non-fluorescent GFPuv-
ssrA. In the figure PAN:substrate molar ratios are indicated (concentrations of GFPuv-ssrA, PAN, ATP and MgCl,
were: 1 pM, 0.1-2 pM, 10 mM and 10 mM, respectively). PAN (D) Optimized and scaled up assay for initial time-
resolved experiments: 100 pM GFPuv-ssrA, 5 puM PAN, 50 mM ATP, 50 mM MgClI, at 60 °C. All fluorescence
kinetics presented here were carried out in a 96 well plate reader with reaction volumes of 100 pl.
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5.2.2 GFPuv-ssrA is not a suitable fluorescent protein for NMR-studies on isotopi-
cally enriched samples

After selection of optimized conditions | set out to test the feasibility of time-resolved NMR
measurements on the unfolding of GFPuv-ssrA by PAN. To this end | prepared a perdeuter-
ated sample of GFPuv-ssrA with only the isoleucine 81 and methionine e-methyl groups ‘H-
13C-labelled (IM-labelling scheme, hereafter referred to as dGFP), a labelling scheme which
should result in relaxation properties and thus sharp and intense peaks in every spectrum of
a time series, even at 100 pM protein and short acquisition time per spectrum. In addition,
the reduced peak count simplifies data analysis. Components of the reaction mix were mixed
before loading the sample into the NMR and the reaction was started by adding ATP at the
final moment and inserting the tube into the preheated spectrometer probe (60 °C). The time-
dependent changes of dGFP were monitored by recording a series of 'H,"*C-SOFAST-
HMQC spectra which allow measurements with enhanced sensitivity at high repetition
rates.® During these initial experiments | made several unexpected observations:

1. Several isoleucines appeared as double peaks with unequal intensities, potentially
representing a major and a minor conformation (Figure 5.22 B).

2. Intensities of most peaks showed significant decay even in control experiments with
no PAN present or no ATP included in the reaction mix (Figure 5.22 A).

3. The less intense peaks of each peak pair showed a decay, while the most intense
peak showed near-to-constant intensities throughout both unfolding runs and con-
trols.

4. Formation of precipitates/aggregates in control runs was also observed by visual in-
spection of the sample after the time-series, suggesting instabilities of the dGFP
sample.

After assignment of GFPuv-ssrA methyl-resonances (5.2.5) | discovered that all peaks show-
ing two different conformations were clustered next to the GFP chromophore (Figure 5.22 C)
suggesting conformational heterogeneity in the chromophore region, which might lead to
instability of the GFP core at the elevated temperatures of the unfolding assay. The matura-
tion of the GFP chromophore is known to follow specific kinetics at different temperatures
and conditions of protein biosynthesis.'’*!®" Since the perdeuterated sample was prepared
from E. coli cultures grown in defined medium based on 99% D,0O and a deuterated carbon
source, the conditions of the growth were different from preparations in LB medium for proto-
nated GFP (hGFP) samples used in previous “offline”’-test (section 5.2.1). Indeed, careful
comparison of UV-Vis traces of hGFP and dGFP suggested substantially less native GFP
chromophore absorbance at 396 nm for dGFP samples, as determined by the ratio between
280 nm and 396 nm (Figure 5.22 D). Following the hypothesis that the fluorophore of dGFP
was not fully matured, potentially by expression at low temperature in M9 minimal medium, |
incubated the deuterated GFP sample at a mildly warmer temperature (42 °C) and monitored
the changes both by NMR and by UV/Vis-spectroscopy. As expected, the intensities of the
peaks representative of the minor conformation decreased, whereas those of the peaks of
the major conformation increased (Figure 5.22 E). Consequently, the relative absorbance of
GFP at 396 nm increased consistent with the maturation of the GFP chromophore (Figure
5.22 F). This conversion is also consistent with the findings that peaks of conformation A did
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not decay equally in time-resolved NMR measurements since their intensity was constantly
replenished by the converted conformation B.

Although the chromophore maturation was not complete after 24 hours these findings moti-
vated me to subject dGFPuv-ssrA to elongated heat treatment to fully convert the chromo-
phore into the mature form. Although long-term stability of hGFP-ssrA at 42 °C was previous-
ly confirmed by ESI-MS to ensure intactness, the C-terminal disordered ssrA-tag was prote-
olysed after the elongated heat treatment of dGFPuv-ssrA, as assessed by ESI-MS and un-
detectable unfolding in activity assays. These drawbacks rendered this approach useless for
unfolding and degradation studies on dGFP. Thus, | decided to test the feasibility of time
series studies on "*C-labelled, non-deuterated GFPuv-ssrA, despite the potential compro-
mises in resolution and sensitivity, due to the less favourable relaxation behaviour. Unfortu-
nately, even in hGFPuv-ssrA batches expressed in protonated M9 medium with **C-labelling,

the chromophore did not form completely, calling for an alternative strategy.
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Figure 5.22 The chromophore of GFPuv-ssrA does not fully mature in deuterated protein preparations
(A) Intensity decays of selected lled1 methyl peaks extracted from series of 'H,"*C-SOFAST HMQC during the
unfolding of dGFPuv-ssrA by PAN at 60 °C. Single conformation peaks, like 14lle, displayed a decay of similar
kinetics both for reactions in which PAN was included and controls. Double conformation peaks like 136lle
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showed slow, linear decay for the major conformation A and fast, exponential decay for conformation B.
(B) *H,"*C-SOFAST HMQC spectrum of dGFPuv-ssrA showing lled1-methyl groups with a second conformation,
which are highlighted as green spheres in the GFP crystal structure (PDB 1b9c) and cluster next to the chromo-
phore (green sticks) (C). (D) Comparison of UV/Vis spectra of hGFPuv-ssrA and dGFPuv-ssrA indicates signifi-
cantly less GFP chromophore specific absorbance at 396 nm for dGFP. This demonstrates that in dGFP the
chromophore has not fully matured. (E) Incubating dGFPuv-ssrA at intermediate temperature (42 °C) intercon-
verts the second minor conformation into the major conformation as illustrated by 1D **C-projections of *H,**C-
HMQCs at the start (red) and after 24 h (blue). During this time also the relative chromophore absorbance of GFP
at 396 nm has increased significantly (F).

5.2.3 Afolding reporter GFP variant as a substrate for the PAN-20S proteasome
Recombinant expression of GFPuv-ssrA in defined media and at lower temperature repeat-
edly led to incomplete maturation of the GFP chromophore resulting in unstable and confor-
mationally heterogeneous samples. In the past 25 years substantial protein engineering has
generated a multitude of GFP-variants for various applications. Engineering goals were
mostly the tuning of spectroscopic properties like wavelength combinations for fluorescence
spectroscopy, quantum yields, brightness and also optimized expression and maturation
kinetics at various temperatures for experiments in recombinant eukaryotes.'”® Folding re-
porter GFP (frGFP) is a variant which differs from the above described GFPuv in only two
point mutations near the chromophore (F64L and S65T), which improve folding substantial-
ly.182183 and thus speed up the maturation by a factor of two.'”® These properties made
frGFP a promising candidate for a substrate protein in the proposed time-resolved NMR ex-
periments, since it can be obtained at a low cost by introduction of the two mutations by site-
directed mutagenesis into the plasmid already available. Indeed, mutagenesis and recombi-
nant expression of frGFP in minimal medium resulted in a five times higher yield of purified
protein with excellent spectroscopic properties. Most importantly the protein was conforma-
tionally homogeneous, as concluded from the methyl region of the *H,”*C-SOFAST-HMQC
spectrum(Figure 5.23), making it a suitable substrate for time-resolved NMR-studies on the
unfolding and degradation by the PAN-20S proteasome.
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Figure 5.23 frGFP-ssrA is a suitable substrate for time-resolved NMR studies (A) The 'H,**C-methyl-
SOFAST HMQC of protonated and uniformly 13C-labelled frGFP-ssrA recorded at 60 °C and 850 MHz does not
show conformational heterogeneity, which was instead detected for dGFPuv-ssrA (section 5.2.2). Furthermore, it
is well accepted as a substrate by the PAN-20S proteasome, as determined by the fluorescence assay (B).
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5.2.4 Real-time NMR studies on the unfolding and degradation of GFP by the PAN-
20S proteasome system

With a suitable substrate in hand | set out to record NMR time-series of the unfolding and
degradation reaction. Initial experiments using the previously selected assay conditions sug-
gested that further optimization was needed to improve the time resolution during the expo-
nential phase of the reaction. The assay conditions were optimized by increasing both the
ATP and MgCl, concentrations to 100 mM keeping PAN at 5 uM and GFP at 100 puM, re-
spectively (Figure 5.24). To obtain high-quality NMR-data on the processing of frGFP-ssrA
by the PAN-20S careful preparation of the individual NMR-samples was crucial: Every com-
ponent of the sample was thoroughly degassed to avoid formation of small bubbles which
could form in the final mix upon transferring the NMR-tube to the preheated (60 °C) spec-
trometer probe. ATP was added at the last moment before transferring the final mix to the
NMR-tube and the reaction was started by heat-activating PAN inside the NMR-
spectrometer. A typical dead time of two minutes between inserting the tube and acquisition
of the first FID was required to stabilize the temperature inside the probe. For rigorous data
analysis a set of triplicate repeats of both unfolding by PAN and degradation by the PAN-20S
was recorded at 60 °C. An additional duplicate data set was obtained at 55 °C to potentially
improve the data quality by slowing down the reaction of the thermally activated PAN-20S
proteasome system.

Parts of the following chapters are adapted from a manuscript KRUGER, G. et al. 2021 which
was originally written by myself.
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Figure 5.24 Effect of ATP- and MgCl,concentration and temperature on NMR-time series (A) Increasing the
ATP and MgCl; concentration from 50 mM to 100 mM each, results in a much higher conversion of frGFP-ssrA
during the unfolding. To improve the time-resolution of the initial exponential phase, NMR-time series of unfolding
and degradation have not only been recorded at 60 °C close to the activity maximum of PAN (B) but also at 55 °C
(C). Lowering the temperature resulted in a slowing down of both unfolding and 20S-proteolysis but also to a total
conversion of frGFP-ssrA smaller than at 60 °C. All curves in this figure represent intensities of the Leu220y1l
peak from time-series of 1H,13C-SOFAST-HMQC spectra recorded at 850 MHz. In all reactions frGFP-ssrA and
PAN concentrations were 100 uM and 5 pM, respectively. ATP and MgCl, were used at 100 mM each in (B) &
(©).
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5.2.4.1 Residue-specific analysis of time-resolved NMR-data of the unfolding and
degradation reaction

Unlike most other techniques protein NMR-spectroscopy is well-suited to obtain atomic-
resolution information on a protein state by monitoring a multitude of resonances simultane-
ously in one experiment. Combining this spatial resolution with time-resolution by recording
2D-SOFAST HMQC at a high repetition rate represents a powerful tool to gain insights into
the kinetics and dynamics of processes like the unfolding of a substrate by the PAN-20S pro-
teasome. Thus, having the assignment of frGFP-ssrA in hand (section 5.2.5), | could monitor
the changes of up to 100 resolved methyl groups of frGFP during the unfolding and degrada-
tion by the PAN-20S proteasome at a time-resolution of 100 seconds. To this end, | subject-
ed uniformly **C-labelled frGFP-ssrA to unfolding and degradation by unlabelled PAN and
the PAN-20S proteasome, respectively, which allowed me to observe exclusively the reso-
nances of the fluorescent protein during the reaction while the degradation machinery and
ATP were essentially invisible in the *H,"*C-SOFAST-HMQC experiments. Time-dependent
changes in the series of spectra are analysed in detail in the following sections and include
the intensity-decay of frGFP resonances, chemical shift changes experienced by a multitude
of methyl-peaks, transient appearance of new resonances and conversion of natively folded
frGFP-ssrA to hydrolysed peptide fragments.

GFP unfolds cooperatively

In the absence of PAN or the PAN-20S proteasome, peak intensities of frGFP supplemented
with 100 mM ATP and 100 mM MgClI, essentially do not decay, consistent with a stable pro-
tein at the assay conditions of 60 °C (Figure 5.24). Upon heat-activated and ATP-dependent
unfolding by PAN, the intensities of most frGFP-ssrA methyl-group peaks decay rapidly at
the start; later the decay slows down and eventually the intensities reach a plateau (Figure
5.24, blue traces). As a first approximation this process can be described as a biexponential
decay with two characteristic exponential time constants t; and t,:

y = Ale(_x/tl) + Aze(_x/tz) + v, (5-1)

However, after extracting peak intensities for all time-points and peaks it was apparent that
not all decay curves would need a biexponential model, as the fitting of some of the curves to
this model resulted in high errors of the non-linear curve fit parameters (NLC-fit). In order to
examine which model describes the different decay curves best | fitted every curve to a biex-
ponential (ExpDec?2), a single exponential (ExpDecl) decay model as well as a combination
of an exponential and a linear decay (ExpLin). Based on a combined F-test comparing the
triplicate fit results of the different models (see Methods, section 4.6.6), a model was chosen
for every sampled methyl group. As a result, most peak intensities followed the ExpLin mod-
el, which describes an initial characteristically fast exponential with a subsequent slow linear
decay; this is equivalent to approximating the slow second exponential term in ExpDec2 with
a linear curve. Overall, unfolding of frGFP-ssrA by PAN at 60 °C proceeded with an average
time constant t; = 314 + 30 s. As illustrated in Figure 5.25 A & B >90 % of all sampled methyl
groups decayed with a time constant not significantly different from the mean time constant,
considering the respective errors. Nevertheless, time constants of twelve peaks displayed a
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significantly faster or slower decay, respectively. Peaks were considered to be significantly
differing when their t; was outside the boundaries formed by the standard deviation of the
average t; (red bars in Figure 5.25 A & C). As long as unambiguous assignments of the re-
spective peaks were available, they are highlighted in the frGFP structure as blue spheres for
faster- and magenta for slower decaying peaks, respectively. Among the ten faster decaying
peaks there are three peaks which could not be assigned unambiguously to a particular resi-
due (located in the random coil region of Ala and Valy). Similarly, two faster decaying peaks
(471ledl and 220Leuyl) do overlap severely with unassigned peaks in random coil regions,
which emerges during the first few spectra of the time series. Since this overlap occludes the
true intensity of the underlying assigned peaks, their fast decay is considered to be an arte-
fact. Faster decaying assigned peaks not affected by overlap arise from methyl groups ran-
domly scattered over frGFP’s structure with no clearly identifiable pattern, (14lled1,18Leud2,
65Thry2, 68Valy2 and 120Valy2). Also the two peaks decaying significantly slower than av-
erage (136lled1 and188lley2) where not related to each other. Yet, it has to be noted that
65Thry2, as part of the covalently formed chromophore, as well as 14lled1 undergo consid-
erable chemical shift changes during the time series (The nature of these shift changes is
covered in the following sections below). Upon addition of the 20S core particle frGFP is pro-
cessed significantly faster with a mean t; of 227 + 27 s while the obtained data of all but four
individual peaks required fitting to a single exponential model (Figure 5.25 C). As for the un-
folding no significant deviation from the mean t; was detected for most peaks except for the
three faster decaying peaks 150Valy2, 98lley2 and 125Leuyl (Figure 5.25 D).

To test whether a better time-resolution during a slower degradation reaction would reveal
more amino-acid specific differences, | recorded a second data set of the unfolding and deg-
radation reaction at 55 °C. At this temperature the activity of the archaeal PAN-20S pro-
teasome is slowed down, despite at the expenses of a loss of total turnover compared to 60
°C (also refer to Figure 5.24). Due to limited sample quantities this data set could only be
obtained as duplicate repeats of the reaction with PAN and PAN-20S, respectively.

As expected, analysis of the 55 °C-dataset confirmed a slower processing of frGFP-ssrA with
an average unfolding-t; = 426 + 67 s and degradation-t;= 419 +78 s, respectively, consistent
with the higher activity of the PAN-20S proteasome at elevated temperatures. Similar as for
the data obtained at 60 °C, most of the sampled peaks decayed within one standard devia-
tion of the average t; (Figure 5.25 E & G). Likewise, during the unfolding without the 20S CP,
intensities of 471led1 and the same unassigned intensity in the Valy-random-coil-region de-
cayed significantly faster, as described above for data at 60 °C. Interestingly, also the chro-
mophore methyl group 65Thry2 decayed faster, as it did at 60 °C. As illustrated in Figure
5.25 F, four residues decay significantly slower than average, which are also randomly dis-
tributed within the frGFP B-barrel structure (150Valy2, 18Leudl, 123lley2, 62Thry2). During
the PAN-20S mediated degradation at 55 °C no peaks decayed significantly slower than av-
erage, three peaks, however, showed a significantly faster decay behaviour (2291led1,
150Valy2, 141led1, Figure 5.25 H). Although the kinetics of the reaction is obviously slower
resulting in a slightly improved time resolution, the data from the studies at 55 °C do not pro-
vide any new insights. Thus, we conclude that frGFP does not unfold in a strictly sequence
specific but rather in a cooperative manner when being processed by the PAN-20S pro-
teasome.
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Figure 5.25 frGFP-ssrA is unfolded in a non-sequence specific manner Whether at 60 °C (A-D) or 55 °C (E-
H) the methyl peaks of nearly all residues sampled in unfolding- and degradation NMR-time series decay with a
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time constant t; which lies within one SD of the mean t; (pink boundaries in A, C, E, G, green spheres in B, D, F,
H). During the unfolding in the absence of the proteasome core particle, five methyl peaks decay significantly
faster at 60 °C (blue spheres in B) and three at 55 °C (blue spheres in F). Consistent with a higher activity of the
thermophilic archaeal proteasome unfolding at 60 °C is on average significantly faster (t;= 314 + 30 s) than at
55 °C (t1= 426 + 76 s). In the presence of the proteasome core particle frGFPssrA is processed significantly faster
with an average t; = 227 + 42 s (60 °C) and t;= 419 + 78 s (55 °C), respectively. Similar to unfolding the t; of only
few methyl peaks deviates significantly from the mean t; during the degradation by the PAN-20S (C, D, G and H):
Only three peaks decay significantly faster at either 60 °C or 55 °C (blue spheres in D and H, respectively). The
random spread of the methyl groups with faster or slower degradation rates over the frGFP-ssrA crystal structure
(PDB: 2B3Q) does not allow to suggest a particularly sequence-specific unfolding by PAN and the PAN-20S.
frGFP-ssrA rather unfolds in a cooperative manner before translocation through PAN'’s central pore into the 20S
core particle for proteolysis. Data from 60 °C and 55 °C was acquired as triplicate- and duplicate repeats, respec-
tively. Error bars in A, C, E, G represent one standard deviation of the respective mean of the repeats. A modified
version of this figure will appear in KRUGER G. et al. (manuscript in preparation).

frGFP precipitates/aggregates quickly after being processed by PAN

Each 'H,"*C-SOFAST-HMQC spectrum of an NMR-time series does only show peaks of
frGFP-ssrA-species which have a favourable relaxation behaviour. Thus, one can assume
that after unfolding precipitated and aggregated species are essentially NMR-invisible. Thus,
the conversion of entirely natively folded frGFP-ssrA into unfolded frGFP-ssrA and subse-
quent aggregation/precipitation leads to the decay of the overall peak intensity during the
time-course, as described above. However, besides the apparent decay of most signals sev-
eral subtle changes can be observed in the first few spectra of the unfolding time series: As
mentioned above new peak intensity emerges in the random coil regions of lled1, lley2 Valy,
Leuy and AlaB methyl groups which cannot be assigned to a particular residue (Figure 5.26
A). Most of this additional peak intensity is severely overlapped with peaks of native frGFP
and cannot be resolved in the given NMR-spectra. One peak, however, is resolved well
enough to extract peak intensities and fit them with an exponential function. Sitting in the
random coil region of Valy methyl groups this peak decays with a consistently small t; of 179
+ 10 s at 60 °C (331 + 11 s at 55 °C) making it essentially one of the fastest decaying peaks
among all sampled peaks. As mentioned above, several of the significantly faster decaying
peaks similarly overlap with the newly emerging peak intensities. They all share a small t;
together with extraordinary small standard deviations: 471led1 (t;= 236 + 2 s), 220Leudl (t;=
270 % 3 s), ssrA-Alap-l (t;= 277 + 2 s), ssrA-Alap-Il (t;= 278 = 2 s) (data from the data set at
60 °C). Thus, the fast decay of these overlapped peaks reflects the mixed contributions of
the assigned peaks and the decay of the additional random coil intensities. In the case of
471led1 the peak intensity in the first spectrum of a run with PAN is in fact 20 % higher com-
pared to the control run (Figure 5.26 B), whereas for peaks not affected by these random coil
intensities the respective intensities are around 35-40 % lower compared to the control,
which reflects the drop of intensity during the 100 s dead time of the NMR-measurement
(Figure 5.26 C).

Appearance of random coil peak intensities at the beginning of the unfolding reaction is a
clear indicator for the presence of unfolded or partially unfolded frGFP-ssrA in the reaction
mix. The fact that this random coil intensity decays with a fast time constant suggests that
unfolded frGFP-ssrA is unstable at 60 °C and precipitates quickly after being unfolded and
released by PAN, consequently becoming NMR-invisible.



Results 112

B
A 60009 e control - no PAN
1le4751 12 400004 e PAN
- control - no PAN ‘ 1
° 13 35000
B Fan P y ?SOOOO_W
Cmm— 471led1
& 15 2]
‘2 20000 ®
s 1,
£ 15000 -
]l ®
10000 %

g_ 0 20 40 60 80 100 120 140 160 180 200
2 t [min]
1S 30000
25000 | P B
— 20000 - e control - no PAN
= e PAN
S,
215000
® ]
s 1
£ 10000 | g
5000 -
v 0 oy .
1.7 16 15 14 13 1.2 11 1.0 0.9 08 0.7 0.6 0.5 0 20 40 60 80 100 120 140 160 180 200
'H [ppm] t [min]

Figure 5.26 An unfolded frGFP-ssrA intermediate can be detected and precipitates quickly (A) The overlay
of the first measured *H,"*C-SOFAST-HMQC of frGFP-ssrA from a control series without PAN (grey) and an un-
folding time series (magenta) display the appearance of new peak intensities in the random coil regions of Ala-
/lle-/Val- and Leu-methyl groups. Asterisks depict peaks sampled and analysed as described in the previous
section and displayed in Figure 5.25 A & B: Two alanine peaks assigned to the C-terminal ssrA-tag, 471led1,
220Leudl and a well resolved peak in the Val random coil region, which is unassigned. They all overlap with the
newly appeared peak intensity and decay significantly faster than average with respect to their time constant. As
exemplified by 471led1 in (B) the affected peaks can have intensities 20 % higher than the control in the first spec-
trum of the time series as a result of the contribution of the underlying random coil intensity. This is particularly
noticeable when comparing to an entirely unaffected peak in (C) which drops by 40 % in the first spectrum com-
pared to the control as a result of unfolding happening in the dead time of the NMR-time series. The quick decay
of the newly emerged random coil intensity reflects the precipitation of unfolded frGFP-ssrA at 60 °C, which ren-
ders it NMR-invisible. A modified version of this figure will appear in KRUGER G. et al. (manuscript in preparation).

A close-to-native intermediate of frGFP-ssrA can be assessed by NMR chemical shift
perturbation during the unfolding process

During an NMR time-series the peaks chemical shift perturbations are other important pa-
rameters to be considered. Indeed, besides the decay of intensities, | could notice that both
during time courses of proteasomal-processing and, though to a much lower, control experi-
ments without the PAN-20S, most of frGFP peaks shifted relative to the reference position
(Figure 5.27 B). These chemical shift perturbations (CSPs) represent a sensitive indicator of
a side-chain environment and molecular structural integrity and complement the data from
peak intensity decays described above. The measured CSPs were not uniformly spread
throughout the frGFP sequence ranging from 0.01 to 0.24 ppm (Figure 5.27 A). High CSPs
clustered on B-strands 7, 8 and 10 and the central a-helix and affected methyl groups point-
ing towards the covalently attached chromophore (Figure 5.27 C & D). In the frGFP crystal
structure (PDB: 2B3Q) 167lleyl (highest CSP with A5=0.24 ppm) is located on strand 38 and
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is in very close proximity (3.9 A) to 62Thry2 (A8=0.08 ppm) on the central helix. 203Thry2
(Ad=0.09 ppm), the second furthest shifting peak, has a hydrophobic contact with 150Valyl
(A5=0.07 ppm) at a distance of 3.9 A. After having analysed the quality and quantity of these
changes | was interested in their kinetics over the time course. Shift changes grew exponen-
tially in unfolding runs, while they followed a linear function in control experiments with only
ATP/MgCI, and no PAN or (Figure 5.27 E). Assuming that the process underlying the linear
CPSs in control runs is present also in unfolding time series, the CSPs observed in unfolding
experiments were corrected by the CSPs of control experiments before being fitted to an
exponential (described in Material and Methods section 4.6.6). Finally, | extracted the expo-
nential time constants for 26 peaks with an overall CSP > 0.02 ppm (Figure 5.27 F). With an
average t;=636 * 324 s at 60 °C (897 = 334 s at 55 °C), the process underlying the shift
changes is on a similar time scale as the intensity decay and therefore the unfolding reaction.
Time-dependent CSPs could also be observed in PAN-20S degradation runs with an identi-
cal pattern, however quantitative analysis of time-resolved CSPs was hampered due to too
much noise. Considering that the chemical shift changes are still relatively small, one can
assume that frGFP-ssrA observed at each time point is still close-to-native, and only slightly
altered. Thus, while the overall intensity of folded, soluble GFP decays over time the amount
of the close-to-native species over native frGFP accumulates. Since the unfolding by PAN
proceeds on a similar time-scale as the evolution of the CSPs, these processes are possibly
closely related to each other. But where does this structurally slightly altered frGFP-ssrA
species originate? Interestingly, the same peaks which exhibit strongest shift changes during
the ATP-dependent unfolding or degradation do also exhibit strongest shifts upon addition of
ATP and MgCl, to isolated frGFP, indicating a role of these additives in the shifting of multi-
ple peaks. These additives contained at 100 mM each in controls and active proteasome
runs contribute substantial ionic strength to the Dbuffer. Further, PAN catalyzed ATP-
hydrolysis increases the ionic strength even further through the release of ADP, inorganic
phosphate and a proton. Thus, we conclude that the altered GFP state derives either from
ADP binding or from the increased ionic strength. In any case, it seems to be related to ATP
hydrolysis.
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Figure 5.27 A close-to native intermediate can be observed during the unfolding (A) Cumulative chemical
shift changes in GFP are not uniformly spread over GFP and are much more pronounced during the PAN-20S
catalysed unfolding reaction. (B) An overlay of the first ten spectra of a control (black) and unfolding (blue) time
series exemplifies the substantial chemical shift changes of two selected peaks during the first 15-20 minutes of
the unfolding reaction. Each individual spectrum is displayed as one contour. (C) A cluster of high CSPs is locat-
ed on the GFP face formed by B-strand 7,8,10 and the central helix. Grey spheres represent sampled peaks with
a total CSP lower than 0.02 ppm. The four peaks with the highest CSPs (red) form two pairs of hydrophobic inter-
actions as illustrated in (D): 1671led1 (Ad: 0.23 ppm) and 62Thry2 (Ad: 0.08 ppm), 203Thry2 (Ad: 0.09 ppm) and
150Valyl). (E) Time-resolved view of the CSPs of an unfolding and of a control time series reveals a linear kinetic
of chemical shift changes for the control (black) and an exponential kinetic of chemical shift changes for the un-
folding run (blue), respectively, as exemplified by 203Thry2. (F) Fitting of the time-resolved CSPs of methyl
groups highlighted in (C) & (D) to an exponential function yielded time constants for data recorded at 60 °C be-
tween 300 and 1800 s (blue squares) with a mean t;= 636 + 324 s (pink boundaries) which is on a similar time
scale as the unfolding reaction. A modified version of this figure will appear in KRUGER G. et al. (manuscript in
preparation).
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The PAN-20S proteasome rapidly degrades substrate proteins into small unstructured
oligopeptides

During the unfolding of PAN in the absence of the 20S core particle unfolded, frGFP-ssrA is
released from the unfoldase and subsequently aggregates and precipitates. However, when
PAN is combined with the 20S CP it interacts with the proteasome a-ring via its C-terminal
HbYX motif and translocates the unfolded and linearized polypeptide towards the proteolytic
cleavage sites buried in the lumen of the core particle. Here the peptide chain is hydrolysed
into small fragments of around ten amino acids length und thus formation of aggregates of
the unfolded protein is prevented.''® Consistent with this, due to precipitation, near com-
plete loss of frGFP-ssrA methyl intensities can be observed at the end of the time-series
when frGFP-ssrA is only unfolded by PAN but not hydrolysed (Figure 5.24 B and Figure 5.28
A, blue contours): Unfolded frGFP-ssrA forms aggregates, which become essentially NMR-
invisible (also Figure 5.28 E, middle tube). Addition of the 20S core particle, however, leads
to even faster and higher loss of methyl intensities (Figure 5.24) so that most dispersed me-
thyl peaks are entirely vanished at the end of the reaction (Figure 5.28 A burgundy contours,
E right tube). As opposed to the unfolding reaction the chemical shift dispersion in the *H-
dimension collapses and only spectral intensity in the methyl-random coil regions can be
detected, consistent with the absence of any structured **C-labelled species. Furthermore,
several overlapped peaks in these random-coil regions emerge compared to the control ex-
periments without PAN or the 20S. Analysis of the intensities of these rising peaks shows an
exponential growth, as exemplified by four peaks representative of different methyl groups
(Figure 5.28 B-E). Fitting of 20 growth curves with an exponential model resulted in an aver-
age growth-t;= 355 + 155 s. Thus, the growth of the unstructured random coil intensity, rep-
resentative of small unstructured oligopeptides, is tightly related to the loss of frGFP-ssrA as
described above, suggesting a well regulated cooperation between the unfoldase and the
proteolytic core particle. The formation of aggregates, which is usually harmful in cells, is
thereby avoided.
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Figure 5.28 The PAN-20S proteasome hydrolyses frGFP-ssrA yielding unstructured peptide fragments (A)
Superposition of 'H,*C-SOFAST HMQC of frGFP-ssrA at the end of the respective NMR series, shows that
frGFP-ssrA preserves its fold throughout the control series without PAN or the 20S CP (green contours, left tube
in (E)). During the unfolding time-series (blue contours) most of frGFP-ssrA-intensity vanishes, consistent with
formation of high molecular weight aggregates of unfolded protein (middle tube in (E)). Upon addition of the 20S
CP, dispersed peaks of frGFP-ssrA disappear completely, leaving only newly appeared peaks in the random coil
regions of the ILVMAT-methyl groups. Fitting the growth of intensities of the peaks in the the random coil region
with an exponential function (B-D) yields time constants similar to the loss of peak intensities in the dispersed
regions of the spectrum, consistent with a tight correlation between disappearing of folded protein and appear-
ance of unstructured proteins. Visual inspection of the NMR-tube after degradation of frGFP-ssrA by the PAN-20S
proteasome indeed does not show a sign of precipitation, consistent with the proteolysis of unfolded frGFP-ssrA
into small oligopeptides (E, right tube).” A modified version of this figure will appear in KRUGER G. et al. (manu-
script in preparation).
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5.2.5 Resonance-assignments of different GFP variants

To facilitate the amino acid resolved studies on the unfolding of GFP variants described in
sections 5.2.4.1 knowledge of the methyl-groups chemical shift was crucial. Backbone reso-
nance assignments of fluorescent proteins have been published for several fluorescent pro-
teins including, GFPuv,'®*'® and Venus.'®® All these assignments were carried out on GFP
variants which tend to dimerize at higher concentration leading to significant line broadening
in the dimer interface, preventing the assignment of the backbone resonances in these re-
gions. In the present work, | initially used a variant of GFPuv harbouring the mutation A206K
which completely prevents the dimer formation. Since time-resolved studies were to be car-
ried out on the ILVM-methyl groups only, | used the published backbone assignment as a
guide. Backbone-amide resonances of lle, Val and Leu were identified using the reported
backbone resonance assignment and confirmed by standard triple resonance backbone ex-
periments recorded on GFPuv-ssrA. ILV-methyl resonance assignment was obtained with
the help of H{CCCO)NH and HCCH-TOCSY spectra. Mete-resonance assignment was
achieved using a 3D-NOESY-*C-HSQC and extraction of inter methyl distances from the
crystal structure (PDB: 1B9C). All experiments were recorded on GFPuv-ssrA at 42 °C to
mimic conditions used by KHAN et al. in their assignment of GFPuv.*® Finally, a total of 28/28
lle- 36/40 Leu-, 30/32 Val- and 3/5 Met-methyl resonances could be assigned. Missing Leu-
and Met- were located within the flexible C-terminal tail of the GFPuV-ssrA which presumably
was degraded during the long duration of the backbone experiments.

After initial experiments on lle-Met labelled GFPuv-ssrA | decided to use the optimized GFP
variant frGFP. The introduction of the two point mutations F64L and S65T altered the methyl-
'H,C-HSQC significantly so that no simple transfer of assignments was possible (Figure
5.29). Thus, | carried out the full backbone assignment and subsequently the assignment of
Ala-, lle-, Leu-, Val- Met- and Thr-methyl resonances. No unambiguous assignment could be
obtained for the GFP C-terminal flexible tail and the C-terminal ssrA-tag, due to insufficient
chemical shift dispersion of this unstructured region and also proteolytic degradation of this
exposed region during the long duration of assignment experiments at the elevated tempera-
ture. Backbone amide resonances of 200/239 non-proline residues could be obtained. 18
amide resonances of residue 231 until 247 could not be assigned since this region comprises
a C-terminal unstructured and flexible tail of GFP, which is further elongated by the ssrA-
degradation tag. Among the other unassigned backbone regions are the stretches 143-149
and 202-205, which are part of adjacent B-strands that show distortions from the ideal B-
barrel structure in the crystal structure (2B3Q), in agreement to what has been reported for
the assignment of GFPuv.'® However, assignment of methyl resonances, excluding the C-
terminal flexible regions, was achieved to near completeness: 8/8 Ala-, 24/24 lle-, 38/38 Leu-
30/32 Val-, 3/5 Met- and 17/17 Thr- methyl resonances were obtained.

For NMR-time series on the unfolding and degradation by the PAN-20S proteasome at 55 °C
and 60 °, respectively, assignments of methyl resonances were transferred to the higher
temperature by a temperature series of *H,"*C-HSQC from 42 °C to 60 °C.
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Figure 5.29 Methyl-region excerpt from *H-*C-HSQC spectra of GFPuv-ssrA (red) and frGFP-ssrA (green)
recorded at 42 °C and 850MHz.
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6 Discussion, Conclusions and Outlook

The proteasomal ATPase PAN is a member of the large AAA+ family of molecular machines
which are involved in various cellular processes, involving the structural remodelling of bio-
molecules.*®* Common to all these processes are substantial conformational rearrangements
in the machines which apply mechanical force to their substrate, which in turn also undergo
large structural changes like unfolding, refolding, assembly and disassembly. The classical
structural technique of X-ray crystallography contributed various landmark high-resolution
structures of AAA+ ATPases setting the foundation for the functional understanding of the
diverse AAA+ family. Further, a plethora of recent near-atomic resolution cryo-EM structures
have shed light on the ATP-dependent mechanism of substrate processing by various AAA+
ATPases.®*'% However, common to these structural techniques is the requirement to restrict
the molecular internal motions and dynamics range to allow for high-resolution structure de-
termination. Common approaches for this include the use of slowly- or non-hydrolysable
ATP-analogs, point mutations of ATPase catalytic residues or the truncation of flexible re-
gions, which may result in heterogeneous or instable samples. Solution NMR spectroscopy,
however, does not require crystallization or low-temperature vitrification of the biological
samples and allows for the study of wild-type ATPases in close to native environments.
Since the advent of NMR-methodologies optimized for large biological complexes (methyl-
TROSY) and improved instrumentation, like cryogenic probes and high-field spectrometers,
large molecular machines, including also AAA+ ATPases, have become in reach of NMR-
spectroscopy.

In this thesis | studied the archaeal proteasome activating nucleotidase (PAN) and the pro-
cessing of a model substrate by this unfoldase employing solution state NMR.

6.1 NMR studies on the archaeal proteasome activator PAN
The PAN-hexamer - a challenging subject for NMR-spectroscopy

At the beginning of this PhD project the high resolution structural information on archaeal
PAN complexes was limited to crystal structures of the isolated N-terminal OB-ring-
hexamer®-®' and a monomeric C-terminal AAA+ subdomain.®* While structural models of the
26S proteasome as the eukaryotic counterpart suggested a similar assembly of the individual
subdomains in PAN, no structural model of full length PAN was available, leaving the exact
interplay between substrate recognition at the N-terminus and ATP-hydrolysis-driven unfold-
ing obscure. NMR spectroscopy promised to be the technique of choice to study the highly
dynamic PAN complex both in its isolated form and in association with a substrate or the 20S
proteolytic core particle. To date, no NMR-study has reported on a full length wild-type AAA+
ATPase with resonance assignments covering all subdomains.

Here, | pursued a “divide-and conquer approach”, based on obtaining the methyl-resonance
assignments of PAN domains by standard NMR-methodologies and then transferring these
assignments to the full protein for structural studies of the fully functional unfoldase. While
resonance assignment of the OB-ring and a monomeric ATPase domain proved fairly
straight forward (see below), NMR studies of full-length PAN represented a major challenge
in terms of spectral quality.
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The major challenge in NMR-studies of large biomolecular systems is the reduced sensitivity
and line-broadening, due to faster relaxation of the transverse magnetization caused by
longer rotational correlation times z.. However, methyl-TROSY based experiments and ad-
vanced isotopic labelling protocols have allowed acquiring well resolved spectra of complex-
es as big as 1 MDa.'®" A monodisperse sample of hexameric PAN weighs ~ 300 kDa (6x 49
kDa) and thus should be accessible by methyl-TROSY based experiments. However, alt-
hough proposed to function as a hexameric ATPase, PAN from different archaeal species
has been found to form as a 600 kDa complex by analytical size-exclusion chromatography,
corresponding to a self-assembly of two hexameric rings into a dodecameric double ring.
Using SEC-MALS, | established that wild-type PAN exists in a dynamic equilibrium between
dodecamer and hexamer, and that this equilibrium can be shifted towards the hexameric
species adding high concentrations of ATP or ADP. Indeed, as a consequence of a clearly
reduced molecular weight and a homogeneous assembly state, methyl-TROSY spectra of
isoleucine-01 and methionine-¢ residues improved substantially upon the addition of ADP to
the sample. Still, the spectral resolution and sensitivity was of only modest quality and many
resonances remained broad and overlapped. Interestingly, after transfer of resonance as-
signments from the isolated N- and C-terminus it became evident that the homomeric PAN
protomers are present in at least three different conformations. A multitude of recent cryo-EM
models and crystal structures of homohexameric AAA+ ATPases including PAN from A fulgi-
dus revealed highly asymmetric arrangements of the six identical ATPase protomers.**'%
Thus, conformational heterogeneity within each hexamers is more than likely and is in strong
agreement with a functional asymmetry necessary for a rotary sequential mechanism of
ATP-dependent translocation. A spiral staircase arrangement of the ATPase subunits has
been established by multiple cryo-EM reconstructions'® as the structure underlying a rotary
sequential mechanism of ATP-dependent translocation. However, reports of conformational
heterogeneity detected by NMR are ambiguous. In a study of p97, a multifunctional mamma-
lian AAA+ ATPase, SCHUETZ and coworkers reported a single set of assigned methyl-
TROSY-peaks ,'® although p97 is known to adopt an asymmetrical arrangement.*®® Contra-
ry, a study from the same research group on the archaeal VAT, a homolog of p97, clearly
establishes the split-ring spiral staircase architecture also by NMR.*® In this study HUANG et
al introduced single methyl-group labels via cysteine-chemistry to establish that residues at
protomer-protomer interfaces clearly experience locally different chemical environments.
They report two distinct states for the methyl label, which was in agreement with accompany-
ing cryo-EM analyses. They suggested that two protomers at the split ring interface are dis-
engaged from the ring-structure (state A) while the remaining four protomers are conforma-
tionally uniform. Although in the publication the authors do not describe any further hetero-
geneity within the four units of the ring except for the split site, careful inspection of the pub-
lished spectra suggests the existence of heterogeneity also in the peaks of state B. Introduc-
ing the methyl-label in a region of VAT which was predicted to be more symmetric led to the
observation of only one peak. From this is it evident that different regions in the hexameric
AAA+ ATPases display various degrees of conformational heterogeneity. This is also seen in
this work: for example, Met87 was found to give rise to three distinct well resolved peaks,
while the conformational heterogeneity was less clear or absent for other peaks. M87 is lo-
cated at the C-terminal end of the PAN’s coiled coil domain close to the junction to the OB-
ring. Intriguingly, this residue has been exploited in a cross-linking study by Snoberger et al.
to analyse the conformational landscape of PAN. By cross-linking single cysteine residues
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introduced at position 87 they found that only one third of PAN formed dimers, suggesting
that the other two thirds of the coiled coil around Met87 are in a distinct non-cross-linkable
conformation. Finally, they found that the three PAN coiled coils can indeed adopt three dis-
tinct conformations: One symmetrically “zipped”, one “unzipped” and one “zipped” out-of-
register. The three distinct resonances of Met87 in the here presented methyl-TROSY spec-
tra are in good agreement with these three coiled-coil conformations. Further conformational
heterogeneity was also found for several methyl-probes of PAN’'s ATPase subdomains
(159Mete, 2661ledl, 2671led1l). However, both in the N-terminal CC and OB-ring subdomains
and the C-terminal ATPase domain most methyl-residues only gave rise to a single peak,
indicating less heterogeneity or averaging of multiple highly flexible conformations. However,
broad line-widths of most peaks in the Iledl region and the resulting spectral overlap ob-
structed their unambiguous assignment in the context of the full complex. Thus, drawing a
full picture of PAN’s conformational landscape was limited a subset of peaks.

In conclusion, although the PAN oligomeric state was optimized to obtain mostly hexameric
species, residual higher oligomeric species may still be present in the optimized conditions,
as judged by SEC-MALS. Potentially, these bigger species are in exchange with the hex-
americ species resulting in the observed line broadening. Furthermore, full length PAN car-
ries six 30-40-residues N-terminal tails which were found to be highly flexible and unstruc-
tured. They extend from the three coiled-coils which protrude from the almost spherical OB-
ring-ATPase subcomplex. This asymmetric global shape, consisting of a rather compact core
decorated with the coiled coils and additional disordered regions may cause slower molecu-
lar tumbling, which in turn yields to substantial line-broadening. Unfortunately, PAN con-
structs lacking the disordered region could not be obtained in a stable state, precluding
NMR-studies of truncated and thus more compact PAN variants. Of note, AAA+ ATPases in
the abovementioned studies do not contain any of the long protruding structures found in
PAN and adopt a more compact spherical global shape. Additionally, the systems used in
these studies allowed working at much higher protein concentrations, with respect to that
achievable with PAN.

Nevertheless, although the spectral quality of full length PAN precluded sophisticated struc-
tural modelling of PAN, | could confirm the presence of a functional asymmetry, as it has
been reported to be crucial for the proper functioning of force-generating AAA+ ATPases.

Conformational landscape of PAN-subdomains
AAA+ ATPase domain

A high-resolution crystal structure of the 30 kDa AAA+ ATPase domain had been available at
the beginning of this PhD project.®! However, the PAN wild type ATPase domain has a ten-
dency to form instable assembly up to the size of hexamers reflecting partial formation of
hexameric ATPase rings. Thus, to allow full assignment of backbone and ILV-methyl reso-
nance | had to find a stably monomeric variant. Modifying subunit building blocks to enable
robust structural characterization of defined sizes is a valid strategy which has previously
been exploited to allow for the transfer of resonance assignments from small subunits like
the 21 kDa 20S core particle a-subunit to the full 670 kDa 20S core particle.”” Careful inves-
tigation of the three ATPase subunits interfaces in the crystal structure as well as literature
search'® led to the discovery of a single point mutation which rendered the C-terminal
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ATPase domain highly soluble and stable. With this mutant, | could achieve near complete
backbone- and ILVM-methyl group assignment. Notably, the structure of the AAA+ subdo-
main appeared to be conserved in the context of the full-length protein, emphasising the rel-
evance of assigning building blocks and transferring assignments to larger protein assem-
blies.

N-terminal OB-ring

Similarly, | intended to study the N-terminal OB-ring of PAN. Contrary to the AAA+ subdo-
mains, this domain readily assembles into a hexamer, driven by the formation of three inter-
molecular coiled coils. Consequently, it is also considered to be the hexamerization scaffold
for full-length PAN. The X-ray crystal structure of the OB-ring has already revealed that the
structure is asymmetric due to a trans-proline-linkage in every other protomer around the
ring, resulting in a pseudo-homohexamer that can be described as a trimer of dimers. How-
ever, by assigning most backbone-resonances of this domain in the hexameric oligomeriza-
tion state, | discovered the existence of six conformations of the protomers within the ring,
which are also confirmed in the assignment of isoleucine-01 methyl groups. Intriguingly, peak
intensities of different conformations of the same residue were fairly similar, ruling out the
presence of major and minor alternate conformations. However, not every backbone amide
gave rise to six resolved peaks: Many peaks obviously displayed an asymmetric appearance
suggestive of more than one conformation, though they were often times not further resolved
in 3D experiments to confidently assign distinct conformations. Consequently, one can as-
sume that monomers within the ring adopt subtly different folds which might also imply a role
of the OB-ring in mediating asymmetry in the full-length context of PAN. While the OB-ring is
generally considered rigid, to build a constriction for folded protein elements during the un-
folding, it must also allow for allosteric transmission of nucleotide states from the C-terminal
AAA+-subdomain to the N-terminal CC-domain. The flexible linkers between the AAA+-ring
and the OB-ring allow dynamic interfaces; however, conformational heterogeneity within the
OB-ring, except for the prominent trans-proline linkage, had not been studied in detail.
SNOBERGER and colleagues suggested that a conformational heterogeneity of PAN’s coiled
coils is also linked to the activity of AAA+ domains,* further corroborating the role of the OB-
ring in allosterically transmitting asymmetries from the C-terminus to the N-terminus, poten-
tially through distinct conformations of its individual.

PAN N-terminal coiled coil and disordered region

The extreme N-terminus of PAN is formed of three coiled coils which are decorated with as-
sumed disordered regions of 30-50 residues. The formation of the coiled coils between heli-
ces of adjacent subunits is facilitated by a trans-proline peptide bond in three of the six subu-
nits, thereby positioning the helices parallel to each other.** While the original crystal struc-
ture of PAN reported a solely parallel and symmetric arrangement of the coiled coils, evi-
dence has emerged, that in proteasomal ATPases also other arrangements are possible: In
one cryo-EM model of the yeast proteasome the coiled coils formed by Rpt3/6 are not fully
“zipped” and Rpt1/2 form a CC were the helices are displaced by 14 residues from a sym-
metric arrangement. Similar findings in PAN, obtained from cross-linking studies, indicate the
evolutionary conservation from archaea to eukaryotes. However, the functional role of the
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coiled coils in archaea is not yet fully understood, while in eukaryotic proteasomes they fulfill
several regulatory functions through base-lid interactions. Similar regulatory components are
not known in archaea, thus, it is speculated that the CC and the disordered region are mostly
involved in substrate recruiting. Indeed, point mutations in both the PAN CC and the terminal
residues of the substrate degradation tags appear to influence substrate processing.” For
the disordered region at the N-terminal end of the CC no functional or structural studies have
been reported.

Here, | intended to use solution NMR-spectroscopy to study a construct comprising both the
disordered region and the coiled coils. Assignment of backbone-resonances of a coiled coil
dimer indicated a highly symmetric arrangement, since only one set of peaks was observed.
Consequently, the dynamic conformational switching reported by SNOBERGER et al for the
CC in the context of full PAN or the 26S proteasome is not present in this isolated subdo-
main, highlighting the importance of allosteric regulation of these conformational heteroge-
neity by the C-terminal AAA+ subdomain. Initial visual inspection of peak line widths, sec-
ondary structure prediction based on backbone chemical shifts and subsequent backbone
dynamics experiments revealed that the N-terminal boundary of the coiled coil domain is
around residue 40. This represents the first experimental evidence that the PAN-N-terminus
is indeed disordered. Previous studies on PAN and the 26S proteasome did not show any
resolvable density for this region.*3%4

NMR titrations studies using a synthetic ssrA-peptide as a model substrate mimic did not
show any specific binding to the PAN isolated CC domain. Thus, specific substrate interac-
tions with the CC or the disordered region are unlikely. Substrate recruitment functionalities
of the N-terminus are probably restricted to highly transient and unspecific interactions be-
tween disordered regions on both the substrate and PAN. This is in agreement with the re-
ported abilities of the PAN N-terminus to prevent aggregation or induce refolding of unfolded
and disordered proteins.*®!

Intriguingly, | discovered that the full N-terminal domain of PAN contributes substantially to
the overall stability of PAN. In attempts to find a PAN construct better behaved in NMR ex-
periments | prepared several N-terminally truncated PAN versions. Common to all of them
was a highly reduced stability which resulted in a high tendency to precipitate or aggregate.
Either high concentrations of ATP - but not ADP - or the introduction of the point mutation
F196A which destabilizes intersubunit contacts in the AAA+ subdomain promotes the solubil-
ity of the truncated construct. Whether there is a direct connectivity between the N-terminally
disordered region and the C-terminal AAA+ subdomain is uncertain. However, comparison of
low resolution cryo-EM reconstructions of a similarly truncated PAN version and full length
PAN suggests that residues form the disordered region and parts of the coiled coil domain
can also be contacting the sides of the PAN hexameric rings, instead of protruding to the
top.*® Thus, my results suggest that the coiled-coil domains and in particular the disordered
N-terminus has the function to stabilize the structure of the complex (at least in absence of
the 20S core particle), rather than to recruit the substrate.

6.1.1 PAN-substrate interactions

It is widely accepted that the most important interaction of AAA+ unfoldases with their sub-
strates is the engagement of aromatic pore-1-loops buried within the AAA+ motor with un-
structured flexible tails of substrates.'® Consequently, even highly ubiquitylated globular pro-
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teins are not processed by the 26S proteasome as long as they do not carry an unstructured
initiation site long enough to reach into the AAA+ pore.*® While in eukaryotes ubiquitylated
proteins bind to specific receptors on proteasomes no such complementary system is known
in archaea and the location of initial substrate interactions in archaeal proteasomes remains
elusive.

In this thesis, | intended to exploit the residue specific resonance assignments in both full-
length PAN and the isolated N-terminal domains of the OB-ring and the extended coiled coill
domain, to study PAN substrate interactions. Although not native to archaea, the green fluo-
rescent protein C-terminally fused to an ssrA-degradation tag originating from E. coli has
long served as a convenient model substrate in studies of archaeal proteasomes.*>3":3%19
Titrating GFP-ssrA into a solution of full-length PAN and 50 mM ADP did not result in any
observable chemical shift changes, indicative of either very weak or no binding. Also CPMG
relaxation dispersion experiments were unable to confirm binding. This was not completely
unexpected since it has been suggested before that ADP-bound PAN is incompetent of bind-
ing ssrA-tagged substrates.*® This is especially relevant for interactions of the disordered
ssrA-tag to the pore-1-loops, which are assumed to become only accessible in an ATP
bound state by coaxial alignment of the OB-ring and the AAA+-ring.”* However, the binding
and hydrolysis of ATP is thought to be allosterically triggered and enhanced by substrate
engagement suggesting that substrates also interact with not fully ATP-bound PAN where
they are able to shift the unfoldase from an idle to a processing state.*®

One could argue that using ADP in such experiments is not wise, since it lowers the chances
of detecting binding substantially. ATP or the slowly hydrolysable ATP-analogue ATPYS,
however, would not have constituted a valid alternative: PAN hydrolyses ATP under the NMR
conditions at 60 °C within the order of minutes leaving PAN essentially ADP bound*® likewise
ATPyS was found to be hydrolysed by AAA+ ATPases at elevated temperatures precluding
the acquisition of long CPMG-experiments.

Besides the binding of ssrA-tagged substrates to pore-1-loops of AAA+ ATPases which has
been confirmed experimentally,*” the location of initial substrate engagement with PAN has
remained speculative. However, the architecture of PAN with a C-terminal binding interface
to the 20S proteolytic core particle and the N-terminal disordered region on the opposite site
suggests involvement of the N-terminus in the first encounters of PAN with its substrates. To
localize and study the nature of substrate interactions with the N-terminal subdomains of
PAN | titrated a synthetic ssrA-peptide onto both the OB-ring and the extended coiled coil
with its N-terminal disordered region. Even a large excess of peptide over the PAN subdo-
mains did not result in any detectable chemical shift changes, suggesting that the peptide
does not bind these domains specifically.

The above findings suggest that the binding of ssrA-tagged proteins to PAN does not involve
a specific interaction with a certain surface region. Rather, it is attractive to speculate that the
high flexibility of the six disordered tails and the conformational heterogeneity of the coiled
coil sample a large conformational volume, interact transiently with disordered regions tails
like the ssrA-tag on a substrate and thus increase the local concentration of proteasomal
substrates leading to a higher probability of tail insertion into the AAA+ unfoldase motor. Fur-
ther, this highly dynamic interaction of the PAN N-terminus with disordered and unstructured
protein regions is in good agreement with multiple independent reports of PAN’s N-terminus
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exhibiting chaperone-like activities in refolding or prevention of aggregation of unfolded pro-
teins. %

6.2 Time-resolved NMR-studies on the processing of a model sub-
strate by the PAN-20S proteasome

The following part of the discussion is drafted extensively considering findings from a collab-
orative publication on time-resolved SANS as part of the French-German project PROT-
stretch within which this PhD thesis was written.*

The processing of substrate proteins by AAA+ proteases like the PAN-20S proteasome is
found to be a highly coordinated process involving substrate recognition, ATP-dependent
cotranslocational unfolding by an unfoldase and subsequent proteolysis in a compartmental-
ized protease. The final step of peptide hydrolysis in proteasomes has been extensively stud-
ies by X-ray crystallography®?*? and solution NMR dynamics studies.?*?"*3

Substrate processing by AAA+ unfoldases that cap the 20S core particle, involves major con-
formational rearrangements which allow the unfoldase engage substrates, apply force and
exert mechanical work on substrates, whereby the substrates’ protein fold breaks and the
protein unfolds.®® The coupling of ATP-hydrolysis to these conformational changes in various
AAA+ unfoldases has been elucidated by high-resolution cryo-EM of substrate engaged
complexes® and a conserved sequentially ordered mechanism of ATP-hydrolysis around
the cycle has been suggested for both the eukaryotic 26S proteasomes®® and the arche-
typal AAA+ unfoldase ClpX.**" Intriguingly, the understanding of the unfolding mechanism
gained from previous extensive studies including several single-molecule mechanical unfold-
ing experiments™® is challenged by the cryo-EM models resulting in a debate whether a
strictly sequential rotary mechanism really describes the unfolding process.'® Although they
often come as an ensemble of several conformations, which can be manually put into a se-
guential order, relevant cryo-EM structures essentially represent structural snap shots lack-
ing true temporal resolution. Furthermore, most studies lack appreciable spatial resolution of
substrates outside the translocation channel thus not revealing (un-) folding intermediates
prior the translocation.

In this part of my PhD project | applied solution NMR-spectroscopy to study the unfolding
process of the model substrate folding reporter GFP-ssrA (hereafter named GFP-ssrA for
simplicity) by the archaeal PAN-20S proteasome in real-time, thereby exploiting the uniquely
high spatial resolution of this structural biology technique combined with the conservation of
enzymatic activity and conformational dynamics in solution. The experimental approach was
based on the repetitive recording of NMR spectra focusing on components involved in the
unfolding reaction. Since NMR spectra of the unfoldase PAN suffered from low sensitivity,
time-resolved experiments observing PAN signals were unfeasible. Consequently, | focused
on the substrate of the unfolding reaction, the PAN model substrate GFP-ssrA.
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Employing the fast repetition rate of sensitivity enhanced **C-SOFAST-HMQC NMR spectra |
was able to follow the states that GFP-ssrA experienced during the processing by the PAN-
20S proteasome with a high temporal resolution. NMR spectroscopy of selectively isotopical-
ly labelled GFP-ssrA allowed detecting exclusively signals of the substrate, since the un-
foldase and the other components of the reaction mix were unlabelled and thus essentially
NMR-invisible. Exploiting 100 assigned methyl group resonances as molecular probes | dis-
covered that during the ATP-dependent processing by PAN, GFP-ssrA is cooperatively un-
folded without detectable partially unfolded intermediates. This conclusion is based on the
fact that more than 90 % of all methyl peaks decayed with a uniform time constant during the
unfolding process. Very few peaks decayed either faster or slower than the average; howev-
er, these peaks were scattered on the 3D structure of GFP and thus not indicative of differen-
tial unfolding kinetics for specific structural regions of GFP. Similar observations were made
when the proteolytic core particle was included in the reaction. However, consistent with pre-
vious studies,'% the loss of folded GFP-ssrA signals was significantly faster in the presence
of the 20S proteasome, indicating a more efficient unfolding process. The similarity of the
unfolding mechanisms with or without the protease is consistent with findings reported for the
ClpX unfoldase.'®

Cooperative unfolding of substrates by AAA+ unfoldases has been previously described for
the single domain protein GB1: AUGUSTYNIAK and colleagues, for example, monitored the
unfolding of substrates by cross-linking substrates to the archaeal AAA+ unfoldase VAT
complexes. Cross-links to the substrates were designed to trap the unfoldase-substrates at
defined stages of the unfolding process.*® Employing methyl-TROSY NMR focused on selec-
tively isotopically labelled substrates, they found that the single domain protein GB1 was
entirely unfolded once engaged with the unfoldase, indicating that the first encounter with the
gripping motions of the unfoldase motor resulted in complete unfolding. A classical double
domain protein calmodulin, however, retained most of the native structure in one domain
while the other domain was entirely unfolded, indicating a sequential threading of the sub-
strate from one to the other terminus through the unfoldase pore.

In turn, the folding and unfolding of the single domain protein GFP has also been studied by
various techniques, including hydrogen-deuterium exchange (HDX) NMR experiments,™
single molecule force spectroscopy™®**** as well as single-molecule optical tweezer studies
using the AAA+ unfoldase ClpX.1%°10%103195 Based on these studies several unfolding path-
ways with different intermediates have been postulated. The presence and nature of these
intermediates strongly depended on the unfolding method: A study of denaturant induced
unfolding by HDX NMR experiments suggested an intermediate state formed after initial un-
folding of B-strands 7-10, which were found to be least stable and most flexible.*®* These
findings could be confirmed in an unfolding study based on single molecule optical tweezers
using the unfoldase ClpX: SEN and colleagues found that a first short-lived intermediate is
formed by extraction of the extreme C-terminal B-strand 11 (lifetime: 45 ms) followed by an-
other intermediate (lifetime: 130 ms) consisting of B-strands 1-6, after the unravelling of (-
strands 7-10.'°" In the current time-resolved NMR study | could not detect the presence of
such unfolding intermediates. However, the temporal resolution of the NMR studies does not
reach the ms timescale and thus the presence of these short-lived intermediates cannot be
excluded. Interestingly, for ClpX a nonlinear relationship between successful unfolding of
GFP and the ATP concentrations has been reported: At low ATP hydrolysis rates ClpX can-
not efficiently translocate the AB11 intermediate further fast enough to prevent its refolding
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and consequently requires several attempts for complete unfolding.'**"” A similar behaviour

for PAN, however, was not found, suggesting that a potential AB11 is of much lower frequen-
191

cy.

Besides the decay of peak intensity of natively GFP | could also observe the transient ap-
pearance of new peaks in random coil regions of the spectrum during unfolding time courses
without the 20S protease. Random coil peaks are a good indicator of poorly structured or
unfolded proteins suggesting the appearance of transient unfolded protein species during the
time-course of the NMR experiments. The random coil peaks could be detected only during
the first 10 minutes of the unfolding reaction and decayed with a time-constant significantly
smaller than average: this time-constant was consistent throughout all repetitions of the ex-
periments, even at different temperatures. Potentially, intensities of unfolded GFP can arise
from two distinct species: (1) A transient GFP species which has been pulled on by PAN and
cooperatively unfolded but not yet fully translocated through the PAN-ring, similar to species
characterized by inter bead extension after unfolding in single molecule experiments.’®* The
presence of a species was also predicted, albeit at low abundances, from time-resolved
SANS (tr-SANS) data in our collaborators’ study.' (2) Fully unfolded GFP released after
complete translocation through PAN. The first species, potentially still bound to PAN, is un-
likely to give rise to detectable signal, due to both its low abundance (GFP was used in 20
fold excess over PAN, consequently only a small fraction of GFP can be bound at any given
time) and the fact that the PAN-bound species would have a worse relaxation behaviour in
the hypothetical >300 kDa complex. Thus, the random coil peaks are likely to result from
unfolded GFP which has been readily translocated through PAN. The early appearance and
subsequent rapid decay of these peaks can be explained by the aggregation and subsequent
precipitation of unfolded GFP molecules. A similar lag time between loss of native GFP sig-
nal and build-up of GFP aggregates could also be observed in the abovementioned tr-SANS
study.* Here, the increase of the forward scattering intensity, l,, (which is proportional to the
squared molecular weight of the particles in solution and thus extremely sensitive to the
presence of oligomers) occurred with a slight with respect to the loss of natively folded GFP
signal (measured by online fluorescence measurement). Thus, both tr-NMR and tr-SANS
data are compatible with the transient presence of soluble unfolded GFP, which rapidly ag-
gregates; the formation of the aggregates causes a rapid loss of random-coil NMR-intensity
in NMR and an increase of the |, forward scattering intensity in SANS.

Potentially, unfolded and soluble GFP molecules could refold after they have been released
from PAN. Such refolding has been a concern in unfolding studies using GFP***'% put also
other substrates®™ when AAA+ unfoldases were used without their associated proteases. In
our experiments, the refolding of GFP, if present at all, is likely to be a minor event because
the assay conditions were optimized to achieve maximal unfolding even without the 20S CP.
Furthermore, the clear formation of visible aggregates indicates this aggregation is the major
fate of unfolded GFP, especially as the reactions were carried out at either 55 or 60 °C,
where GFP refolding should be less favoured than at 37 °C or ambient temperatures.
Addition of the 20S core particle prevented the formation of visible aggregates, consistent
with efficient translocation of unfolded GFP polypeptides into the proteolytic chamber and
hydrolysis to small soluble polypeptides. Similarly, in tr-SANS experiments with the full PAN-
20S proteasome the forward scattering intensity, l,, decreases rapidly to zero, indicating the
almost complete disappearance of high-molecular weight- GFP species.
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Equally, I could detect the build-up of strong peaks exhibiting little chemical shift dispersion;
these peaks are indicative of the formation of unstructured GFP-derived peptides, which can
be well-detected by NMR (in contrast to the GFP-aggregates, which are NMR-invisible).
Quantitative analysis of the time-dependence of these peaks revealed that they grow with an
average time-constant similar to that of the intensity decay of folded GFP, indicating a tight
coupling of the two processes. This is consistent with the results from the tr-SANS study™:
MAHIEU et al found that during the PAN-20S degradation of GFP the respective SANS curves
showed a time-dependent decrease of |, (due to the decay of full-length GFP) and a con-
comitant increase of the scattering intensity at high g-angles 1(q) (which has a higher contri-
bution from small molecular-weight rather than high molecular-weight particles). At each time
point the SANS curve could be fitted to a mixture of natively folded GFP and decapeptide
species, whereby the volume fraction of the decapeptide increased whereas that of natively
folded GFP decreased over time. Furthermore, MALDI-TOF mass spectrometry conducted
on PAN-20S degradation mixtures confirmed the presence of such decapeptides.*

The efficient translocation of unfolded polypeptides from PAN to the proteolytic chambers in
the 20S is an essential function of the proteasome because it prevents the release of unfold-
ed proteins into the cytoplasm, which could form harmful protein aggregates. In eukaryotic
proteasomes, association of the AAA+ unfoldase, residing in the 19S regulatory particle, with
the 20S CP is ensured by the docking of multiple C-terminal tails including two loops and
HbYX motifs of three AAA+ subunits which also induce gate-opening to allow passage of
unfolded proteins.'® Additional lid-20S interactions hold the 26S proteasome together.?” Alt-
hough the archaeal PAN carries C-terminal HbYX motifs on all six subunits, the PAN-20S
interaction has been described as very transient in the presence of either ATP or ADP.***
Nevertheless, our experiments demonstrate is that unfolded polypeptides are translocated
with high efficiency. The fact that the time constants of the decay of native GFP and raise of
the peptides’ concentration are similar suggests that the unfolded GFP is translocated direct-
ly from PAN to the 20S proteasome, without being first released in solution. Interestingly, the
tr-SANS study used a PAN variant with a C-terminal Hisg-tag following the HbYX motifs, con-
sequently, PAN-20S interactions might have been weakened even further. This, however, did
not affect the efficiency of translocation, in agreement with the hypothesis that the unfolded
polypeptide chain itself acts as a tether between PAN and the 20S." In this regard it would be
interesting to characterize the of PAN-20S interactions during an unfolding experiment, po-
tentially using FRET probes both in PAN and the 20S a-rings.

The time-resolved NMR study present here together with the published tr-SANS data high-
light the uniqgue complementarity of the two techniques: While NMR spectroscopy reports on
the structure and dynamics at an atomic level in solution, contrast matched SANS reports on
the overall structural integrity and state of the substrate at the different stages of unfolding.

The NMR-time series data have a slightly lower time-resolution compared to the SANS data
and a quite long dead time in the beginning of each time-course. After heat-activating the
PAN-20S machinery by inserting the NMR tube into a preheated probe, roughly 2.5-3 min
passed until the NMR-magnet and probe reached thermal equilibrium, locking and shimming
were done and the first signal was acquired. During this dead time the 180 ul sample was
gradually heated by an N,-airstream and the thermophilic enzyme was activated. As a result,
GFP-signals in the first 2D SOFAST-HMQC spectrum of each time-series had already
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dropped by ~ 40-50 %. This loss could not be avoided using the available instrumentation. IN
principle, several instrumental set ups have been reported to initiate (un-) folding kinetics
inside the NMR-spectrometer with minimal dead-time, including short laser pulses trans-
ferred to the NMR-tube using quartz optical fibres to release a chemical folding trigger from a
chelator,™"**® or micro-injection devices to induce a pH jump.**® Such systems in combina-
tion with SOFAST-NMR would have reduced the dead-time of unfolding experiments.

In addition, the time resolution of the NMR-experiments was limited by the relatively long
duration of each time-point (100 sec) because of the low substrate concentration. In fact,
while GFP can be concentrated beyond 1.5 mM, its concentration in the sample was limited
by the necessity to keep and optimized molar ratio to PAN. Further, the effective observable
concentration of GFP during the degradation reaction was decreased from 100 uM (50-60
UM after the dead-time) to < 20 uM, as a result of unfolding, thus leading to the decrease of
the signal-to noise ratio during the time-course.
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Activity test GFPssrA : PAN 74-430 F196A : 205
20 mM Tris-HCl pHT.5, 20 mM MgCl;, 100 mM NaCl, 60°C

——GFPssra - With ATP ——GFPssra : 205 - With ATP

——GFPssr ; PAN - ATP GFPssra : PAN - Without ATP
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Appendix Figure 1 Activity assay of PAN( 1-73) F196A The truncated PAN construct PAN (A1-73) (left panel)
does not show activity in unfolding of the model substrate GFP-ssrA compared to the wildtype protein (right pan-
el). Activity assays for this construct have been performed by Dr. Emilie Mahieu, IBS Grenoble, France.
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Appendix Figure 2 Chemical shift changes in frGFP-ssrA as a response to ATP/MgCl.. In the presence of
ATP/MgCl, peaks of residues in the region of Bzs10 undergo chemical shift changes, which are further increased
upon ATP-hydrolysis dependent unfolding by PAN. The charts display GFP-ssrA CSPs at respective conditions
calculated versus peak positions in GFP-ssrA without added ATP/MgCl.. Peak positions in PAN-time-courses
were obtained by combining SOFAST-spectra of time-course experiments from the end of the experiment, when
the exponential phase has finished, representing the steady state-state. A modified version of this figure will ap-
pear in KRUGER G. et al 2021 (manuscript in preparation).

Amino acid sequences
Listed here are the amino acid sequences of all full-length proteins prepared in this thesis.

M jannaschii full-length PAN with C-terminal Hise-tag

MVFEEFISTELKKEKKAFTEEFKEEKEINDNSNLKNDLLKEELQEKARIAELESRILKLELEKKE
LERENLQLMKENEILRRELDRMRVPPLIVGTVVDKVGERKVVVKSSTGPSFLVNVSHFVNPD
DLAPGKRVCLNQQTLTVVDVLPENKDYRAKAMEVDERPNVRYEDIGGLEKQMQEIREVVEL
PLKHPELFEKVGIEPPKGILLYGPPGTGKTLLAKAVATETNATFIRVVGSELVKKFIGEGASLV
KDIFKLAKEKAPSIIFIDEIDAIAAKRTDALTGGDREVQRTLMQLLAEMDGFDARGDVKIIGATN
RPDILDPAILRPGRFDRIIEVPAPDEKGRLEILKIHTRKMNLAEDVNLEEIAKMTEGCVGAELK
AICTEAGMNAIRELRDYVTMDDFRKAVEKIMEKKKVKVKEPAHLDVLYRLEHHHHHH
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M jannaschii proteasome core particle alpha subunit with N-terminl His6-tag
MGHHHHHHPPSAYDRAITVFSPEGRLYQVEYAREAVRRGTTAIGIACKDGVVLAVDRRITSK
LVKIRSIEKIFQIDDHVAAATSGLVADARVLIDRARLEAQIYRLTYGEEISIEMLAKKICDIKQAY
TOQHGGVRPFGVSLLIAGIDKNEARLFETDPSGALIEYKATAIGSGRPVVMELLEKEYRDDITL
DEGLELAITALTKANEDIKPENVDVCIITVKDAQFKKIPVEEIKKLIEKVKKKLNEENKKEEENR
EETKEKQEE

M jannaschii proteasome core particle beta subunit

MDVMKGTTTVGLICDDAVILATDKRASLGNLVADKEAKKLYKIDDYIAMTIAGSVGDAQAIVR
LLIAEAKLYKMRTGRNIPPLACATLLSNILHSSRMFPFLTQIIGGYDLLEGAKLFSLDPLGGMN
EEKTFTATGSGSPIAYGVLEAGYDRDMSVEEGIKLALNALKSAMERDTFSGNGISLAVITKDG
VKIFEDEEIEKILDSMKAKPKKKTTKRSRRKSK

GFPuv-ssrA

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVT
TFSYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFEGDTLVNRI
ELKGIDFKEDGNILGHKLEYNYNSHNVYITADKQKNGIKANFKIRHNIEDGSVQLADHYQQONT
PIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELAANDENYALAA

frgFP-ssrA

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVT
TLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFEGDTLVNRI
ELKGIDFKEDGNILGHKLEYNYNSHNVYITADKQKNGIKANFKIRHNIEDGSVQLADHYQQNT
PIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITHGMDELAANDENYALAA

Resonance assignments

Appendix Table 1 Backbone resonance assignment of the PAN CC-domain (res. 1-89)

Residue | AMINO | WY (ppm) | N(ppm) | C (ppm) | C*(ppm) | C* (ppm)
1 Met 8.38 12075 | 17576 | 5565 33.11
2 val 7.93 12117 | 17554 | 6211 33.09
3 Phe 8.2 12368 | 17558 | 57.78 39.74
4 Glu 8.27 12225 | 17606 | 57.79 30.48
5 Glu 8.17 12122 | 17616 56.9 30.55
6 Phe 8.12 120.78 175.54 57.96 39.54
7 lle 7.89 122.21 175.97 61.14 38.99
8 Ser 8.17 11904 | 175.24 58.5 63.9
9 Thr 8.11 11601 | 17494 | 62.28 69.85
10 Glu 8.24 12229 | 17666 | 56.87 30.22
11 Leu 7.98 12229 | 17566 | 5563 42.28
12 Lys 8.04 121.35 176.54 62.15 -
13 Lys 8.06 12192 | 17651 | 56.62 33.12
14 Glu 8.26 12167 | 17632 | 56.65 30.51
15 Lys 8.22 12255 | 17633 : :
16 Lys 8.17 12274 | 17599 | 56.37 33.2
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Residue

Amino

index acid H" (ppm) N (ppm) C (ppm) | C%(ppm) | CP(ppm)

17 Ala 8.16 124.85 177.26 52.41 19.48
18 Phe 8.08 119.04 175.82 57.82 39.58
19 Thr 7.9 114.84 174.22 61.79 69.99
20 Glu 8.24 122.68 176.19 56.77 30.44
21 Glu 8.22 121.39 176.03 56.87 30.55
22 Phe 8.13 121.12 175.34 - 39.43
23 Lys 7.97 123.43 175.87 56.11 33.52
24 Glu 8.26 122.19 176.37 56.68 -
25 Glu 8.36 1225 176.34 56.75 30.39
26 Lys 8.19 121.93 176.38 56.39 33.28
27 Glu 8.32 121.84 176.41 56.69 30.33
28 lle 8.05 121.39 175.92 61.25 38.84
29 Asn 8.359 122.39 174.78 53.27 39.32
30 Asp 8.22 121.21 176.21 54.49 41.31
31 Asn 8.35 119.46 175.87 53.58 38.82
32 Ser 8.29 116.05 174.71 59.63 63.67
33 Asn 8.33 120.02 175.25 53.71 38.77
34 Leu 7.91 121.53 177.4 55.71 42.27
35 Lys 8.06 120.65 176.52 56.7 32.79
36 Asn 8.19 119.23 175.36 53.73 39.02
37 Asp 8.29 120.95 176.67 55.17 41.03
38 Leu 8 121.38 177.9 56.19 42.24
39 Leu 7.97 121.19 177.77 55.79 42.11
40 Lys 7.97 120.79 - 57.76 32.79
41 Glu 8.31 121.01 177.54 58.03 30
42 Glu 8.34 121.02 177.62 57.89 30.02
43 Leu 8.11 121.14 178.72 56.56 42.07
44 GIn 8.25 120.35 177.77 57.71 28.89
45 Glu 8.45 121.45 177.96 59.06 29.61
46 Lys 8.11 118.91 178.81 59.08 32.43
47 Ala 7.98 122.81 179.71 54.55 18.37
48 Arg 8.04 120.19 178.55 58.78 30.12
49 lle 8.14 119.41 177.17 65.9 37.79
50 Ala 7.76 120.73 181.05 55.22 18.06
51 Glu 7.94 119.5 - 59.48 29.54
52 Leu - - 179.31 58.34 42.52
53 Glu 8.82 118.14 180.12 60.49 29.45
54 Ser 8.04 114.92 176.82 61.86 62.93
55 Arg 8.03 123.6 178.76 59.4 33.47
56 lle 8.14 120.08 176.83 66.14 37.96
57 Leu 7.59 119 179.45 - 41.62
58 Lys 7.7 118.42 179.04 59.68 32.57
59 Leu 8.3 120.19 179.73 58.2 38.77
60 Glu 8.86 119.18 180.41 60.26 29.53
61 Leu 7.97 121.21 180.1 58.41 41.55
62 Glu 8.47 120.76 180.27 59.58 29.88
63 Lys 8.82 120.17 177.78 60.7 32.33
64 Lys 7.91 118.66 179.76 59.35 32.18
65 Glu 7.92 119.66 179.33 59.35 29.27
66 Leu 7.93 121.19 179.55 58.26 43.7
67 Glu 8.72 120.24 179.22 60.06 30.1
68 Arg 7.97 120.14 179.39 59.89 29.99
69 Glu 8.18 120.81 178.4 59.55 30.38
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Residue

Amino

index acid H" (ppm) N (ppm) C (ppm) | C%(ppm) | CP(ppm)

70 Asn 8.69 120.03 177.26 57.34 38.93
71 Leu 8.04 119.89 179.72 58.59 41.89
72 Gln 7.8 119.03 179.16 59.2 28.1
73 Leu 8.53 121.13 179.57 58.14 43.74
74 Met 8.68 119.65 179.22 59.46 33.07
75 Lys 8.02 120.71 179.09 59.33 32.2
76 Glu 8.24 119.91 178.29 59.68 29.72
77 Asn 8.63 118.98 177.05 57.34 39

78 Glu 7.9 119.1 179.05 59.75 29.75
79 lle 7.8 120.53 178.92 65.34 38.11
80 Leu 8.39 120.59 179.02 58.28 42.95
81 Arg 8.42 117.67 179.08 60.41 30.35
82 Arg 7.99 119.02 179.39 59.36 30.2
83 Glu 8.14 120.51 179.04 59.24 29.65
84 Leu 8.23 120.32 179.19 57.85 42.12
85 Asp 8.05 118.4 178.58 57.07 40.81
86 Arg 7.67 117.88 177.54 57.96 30.45
87 Met 7.72 116.82 176.41 56.14 33.42
88 Arg 7.66 120.25 175.28 56.79 30.77
89 Val 7.47 124.67 181 63.87 33.18

Appendix Table 2 Backbone resonance assignment of the PAN OB-ring (res. 74-150), conformation A

Residue

index |Amino acid H" (ppm) N (ppm) C' (ppm) | C%(ppm) | CP(ppm)

78 Glu 7.59 119.35 174.5 58.6 -

79 lle 7.59 120.12 178.24 63.94 36.96
80 Leu 7.91 119.69 178.6 57.43 41.25
81 Arg 7.97 118.38 178.51 59.17 29.08
82 Arg 7.72 118.86 179.14 58.55 29.07
83 Glu 7.99 120.26 179.2 58.65 28.83
84 Leu 7.97 119.77 179.47 57.88 41.26
85 Asp 8.09 119.06 179.78 57.1 40.06
86 Arg 7.83 118.99 178.24 58.12 29.11
87 Met 7.55 115.53 176.33 56.56 32.23
88 Arg 7.48 114.5 - 54.76 30.37
89 val 6.81 119.16 173.52 60.02 31.46
92 Leu 7.64 117.73 177.28 53.08 42.8
93 lle 8.61 122.87 176.04 61.19 40.04
94 val 8.19 126.88 176.6 62.07 31.16
95 Gly 8.85 115.26 171.44 44.27 -

96 Thr 8.41 113.9 174.64 60.47 71.16
97 val 8.93 126.24 175.7 64.5 30.98
98 val 9.26 129.85 174.61 63.57 32.15
100 Lys 8.87 123.67 175.13 55.1 32.92
101 val 7.69 121.36 175.17 61.28 31.89
102 Gly 7.98 110.34 173.22 44.38 -

105 Lys 7.04 117.46 175.64 55.16 35.42
106 val 8.53 114.69 174.05 58.52 35.02
107 val 8.67 122.48 176.32 61.07 31.6
108 val 9.47 124.96 173.54 58.23 34.68
109 Lys 9.06 127.17 177.29 54.53 31.7

Xi
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Residue

index | Amino acid H" (ppm) N (ppm) C (ppm) | C%(ppm) | CP(ppm)

110 Ser 9.04 123.1 177.28 57.72 62.79
115 Ser 8.16 112.74 172.49 56.86 64.32
116 Phe 8.82 119.5 174.61 55.32 44.19
117 Leu 9.07 125.64 175.9 54.5 42.88
118 Val 9.02 118.87 174.86 58.93 35.2
119 Asn 8.14 116.36 174.83 51.95 40.11
120 Val 7.63 118.85 175.6 61.07 32.86
121 Ser 8.12 121.74 175.38 58.46 63.73
124 val 7.28 120.28 174.03 60.54 32.74
125 Asn 8.79 127.08 175.18 49.88 38.19
127 Asp 7.93 117.01 177.19 55.85 39.5
128 Asp 7.84 118.22 176.2 54.86 40.6
129 Leu 7.22 118.3 173.89 53.58 40.78
130 Ala 6.66 122.55 173.69 49.52 18.87
132 Gly 8.99 112.91 174.65 44.59 -

133 Lys 7.84 121.06 176.19 55.58 31.76
134 Arg 8.76 124.61 176.14 55.86 30.85
135 val 8.78 114.03 174.06 57.78 35.03
136 Cys 8.08 116.05 173.76 56.51 29.94
137 Leu 991 124.65 176.97 52.16 41.82
138 Asn 8.39 122.43 176.2 54.43 40.81
139 GIn 9.35 124.32 175.57 59.14 28.73
140 Gln 7.99 115.77 177.99 57.99 28.76
141 Thr 8.25 107.92 173.59 60.92 69.81
142 Leu 7.7 116.74 172.97 56.24 37.09
143 Thr 6.96 108.01 175.57 62.01 69.46
144 val 7.94 123.4 177.22 63.12 31.02
145 val 8.65 120.84 173.39 60.78 33.03
146 Asp 7.69 117.33 174.4 53.05 43.29
147 Val 9.1 119.22 174.49 60.35 33.86
148 Leu 7.88 125.28 174.89 52.22 40.61
150 Glu 7.73 124.89 181.15 57.79 30.56

Appendix Table 3 Backbone resonance assignment of the PAN OB-ring (res. 74-150), conformation B

Res'0Ue | Amino acid | H" (ppm) | N (ppm) | C (ppm) | C*(ppm) | CP(ppm)
79 lle 7.66 120.32 178.42 64.13 37
80 Leu 7.91 120.36 178.83 57.57 41.51
81 Arg 8.01 117.7 178.78 59.54 29.08
82 Arg 7.84 118.99 - 58.81 29.05
86 Arg 7.8 119.48 178.64 58.82 29.73
87 Met 7.78 116.24 175.98 56.62 33.18
88 Arg 7.37 116.42 176.08 55.98 30.23
89 Val 6.99 122.45 174.03 60.47 31.71
92 Leu 8.61 120.47 176.76 52.55 43.71
93 lle 8.53 122.83 175.9 61.51 40.06
94 Val 8.22 127.15 176.59 62.03 31.08
96 Thr 8.39 114.17 174.6 60.51 71.14
97 Val 8.97 126.33 175.73 64.43 30.95
98 Val 9.28 129.59 174.62 63.51 32.16
99 Asp 7.33 114.01 174.84 53.14 44.05

Xii
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101
102
105
106
107
108
109
110
115
116
117
118
119
124
125
128
129
130
135
136
137
138
139
142
143
144
145
146
148
150

Appendix Table 4 Backbone resonance assignment of the PAN OB-ring (res. 74-150), conformation C

Residue

Val
Gly
Lys
Val
Val
Val
Lys
Ser
Ser
Phe
Leu
Val
Asn
Val
Asn
Asp
Leu
Ala
Val
Cys
Leu
Asn
GIn
Leu
Thr
Val
Val
Asp
Leu
Glu

7.57
7.95
7.07
8.48
8.72
9.49
9.06
9.07
8.1
8.86
9.12
9.05
8.21
7.26
8.82
7.86
7.2
6.63
8.79
8.01
9.91
8.24
9.26
7.9
7.18
8.82
8.61
7.57
8.02
7.59

121.75
110.09
118.21
114.93
122.63
125.78
127.58
123.5
112.63
119.71
125.63
119.04
116.42
120.83
127.29
118.21
118.74
122.6
113.82
115.63
124.4
122.11
125.09
121.79
111.27
125.53
122.46
117.07
125.84
124.39

174.83
173.24
175.64
173.81
176.18
173.73
177.08
177.13
172.55
174.64
175.88
174.86
174.31
175.19
176.22
173.84
173.73
174.16
174
176.94
176.33
175.88
174.76
174.49
175.47
174.31
174.93
180.98

61.26
44.37
55.36
58.46
61
58.54
54.57
57.77
56.87
55.27
54.49
58.97
60.77
49.9
54.84
53.56
49.51
57.75
56.35
52.43
53.95
59.15
55.23
60.67

61.42

52.32
57.69

32.09
35.43
34.91
31.69
34.76
31.66
62.8
64.36
44.19
42.86
35.25
32.49
38.12
40.59
40.65
18.84
35.01
30.14
42.12
40.3
28.79
37.96
71.13
31.75
32.47
40.41
30.58

index | Amino acid H" (ppm) N (ppm) C' (ppm) c® ch
79 lle 7.73 120.42 176.98 62.5 37.52
80 Leu 7.76 122.8 - 56.06 -
89 Val 6.9 121.39 173.58 60.19 31.84
94 Val 8.23 123.32 176.52 60.68 -
95 Gly 8.59 112.12 171.45 44.18 -
96 Thr 8.41 115.41 174.53 60.88 70.54
97 Val 9.07 126.47 176 64.02 30.82
98 Val 9.26 128.51 174.86 62.87 32.36
99 Asp 7.3 115.05 174.56 53.06 43.6
101 Val 7.59 121.28 174.89 61.36 31.86
102 Gly 7.93 109.66 173.09 44.26 -
105 Lys 7.04 117.33 175.67 55.18 35.44
106 Val 8.56 115.73 173.19 58.61 34.74
107 Val 8.47 122.98 176.19 61.14 32.04
108 Val 9.06 126.22 173.36 58.96 34.54
109 Lys 8.77 124.9 176.53 54,59 33.83
117 Leu 9.05 125.07 176.41 54 51 42.69
118 Val 8.92 120.82 174.68 58.59 35.51
119 Asn 8.12 116.77 175.46 52.22 39.72
120 Val 8.1 120.7 175.86 61.69 31.89

Xiii
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Residue

index Amino acid | H" (ppm) N (ppm) C' (ppm) c® ch
121 Ser 7.99 122.73 - 58.86 64.81
124 Val 7.27 120.51 174.19 60.71 32.54
125 Asn 8.7 126.32 - - -
129 Leu 7.22 118.1 173.9 53.59 40.92
135 Val 8.78 113.91 174.12 57.72 35.03
136 Cys 8.04 115.93 173.95 56.22 30.04
137 Leu 9.86 124.28 176.8 52.48 -
138 Asn 8.22 121.97 176.84 53.55 39.69
139 GIn 9.07 125.37 175.93 58.84 28.63
142 Leu 7.79 118.01 173.43 55.89 -
143 Thr 6.9 110.34 175.48 61.8 70.22
144 Val 8.32 123.96 176.14 63.22 31.02
145 Val 8.61 122.07 - 61.07 32.73
146 Asp 7.62 117.22 - 53.01 -

Appendix Table 5 Backbone resonance assignment of the PAN OB-ring (res. 74-150), conformation D

Residue

index |Amino acid H" (ppm) N (ppm) C' (ppm) | C%(ppm) | CP(ppm)

79 lle 7.76 120.64 176.57 61.78 37.43
80 Leu 7.81 123.84 - 55.44 -

92 Leu 8.62 120.42 176.61 52.53 43.69
93 lle 8.68 123.09 175.92 61.38 39.97
94 val 8.3 127.25 176.59 62.2 31.1
101 val 7.73 121.61 175.22 59.29 31.89
105 Lys 7.08 117.87 175.77 55.39 35.46
108 val 9.47 125.59 173.7 58.5 34.78
109 Lys 9.05 127.43 177.08 54.56 31.66
110 Ser 9.06 123.57 177.05 57.75 62.8
119 Asn 8.1 116.3 174.83 51.97 40.08
120 Val 7.7 119.41 175.72 61.24 32.6
121 Ser 7.99 121.75 175.13 58.71 63.94
123 Phe 7.18 116.5 175.32 58.37 38.78
124 val 7.35 118.68 173.76 60.09 33.1
125 Asn 8.81 126.57 175.29 49.78 38.25
128 Asp 7.82 118.24 - - -

133 Lys 7.8 120.68 175.86 55.33 31.57
134 Arg 8.89 123.62 176.06 55.25 30.83
135 Val 8.83 113.02 173.87 57.73 34.71
136 Cys 8.21 118.19 174.02 56.3 28.52
137 Leu 9.57 126.49 - 53.04 -

142 Leu 7.73 117.62 173.33 56.05 38.03
143 Thr 6.97 110.43 175.56 62 70.09
144 Val 8.37 124.12 176.59 63.29 31.12
145 val 8.62 120.52 173.86 60.45 32.91
146 Asp 7.67 117.76 174.31 53.08 43.49
147 Val 9.02 119.93 174.67 60.48 33.78
148 Leu 8.05 125.97 174.99 52.37 40.4

Xiv
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Appendix Table 6 Backbone resonance assignment of the PAN OB-ring (res. 74-150), conformation E

Residue | amino acid | H' (ppm) | N(ppm) | C (ppm) | C(ppm) | C* (ppm)
93 lle 8.54 122.87 175.91 - -
94 Val 8.18 123.57 176.55 60.66 -
116 Phe 8.76 119.16 173.58 55.68 41.68
117 Leu 8.32 125.02 176.61 54.64 42.01
118 Val 8.96 119.24 174.52 59.08 34.38
119 Asn 8.18 118.66 175.17 52.29 40.11
120 Val 8.08 120.67 175.42 61.96 32.16
132 Gly 8.97 112.9 174.75 44.58 -
133 Lys 7.82 120.86 176.17 55.57 31.71
134 Arg 8.8 124.26 176.04 55.97 30.9
137 Leu 9.64 126.89 176.92 524 42.07
138 Asn 8.28 122.15 176.3 53.97 40.33
139 GIn 9.26 124.97 175.88 59.15 28.8
143 Thr 6.98 110.59 175.57 62.14 70.05
144 Val 8.4 124.28 176.56 63.28 31.03
145 Val 8.59 121.93 174.25 61.04 -
147 Val 8.76 121.01 174.73 60.88 32.95
148 Leu 8.24 127.67 175.53 52.88 40.35

Appendix Table 7 Backbone resonance assignment of the PAN OB-ring (res. 74-150), conformation F

Res'0Ue | Amino acid | H" (ppm) | N (ppm) | C (ppm) | C*(ppm) | CP(ppm)
93 lle 8.6 122.82 174.58 59.19 -
94 Val 8.18 123.14 176.55 60.71 32.69
119 Asn 8.16 116.34 - 52.05 40.1
134 Arg 8.93 123.52 - 56.36 -
138 Asn 8.18 121.95 176.51 53.55 39.66
139 GIn 9.09 125.57 - 58.84 28.59
143 Thr 6.92 110.54 175.45 61.98 70.18
144 Val 8.35 124.11 175.54 63.28 30.96
145 Val 8.69 122.01 174.05 61.24 -
147 Val 8.72 121.09 174.81 60.89 32.97
148 Leu 8.22 127.57 - 52.91 40.26

Appendix Table 8 Assignment of methyl group resonances in the PAN OB-ring domain

Methyl group | *H (ppm) | **C (ppm)
A79lleCo1 0.80342 12.66609
A93lleCd1 0.88782 14.08405
A106ValCy1 0.79881 21.38591
Al20ValCy2 0.72269 21.65478
A129LeuCod1 0.62653 23.66059
A129LeuCod1 0.62335 23.98847
Al135ValCy1 0.5709 18.23452
Al137LeuCo1 0.75724 24.90307
Al42LeuCo1 0.05321 24.47809
Al421LeuCod2 0.46579 23.30171
B92LeuCd1 0.75816 25.83856
B93IleCd1 0.90269 14.11697
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Methyl group | 'H(ppm) | **C (ppm)
B97ValCy1 0.59464 20.88417
B101ValCy1 0.68325 20.2682
B101lValCy2 0.67322 20.60949
B129LeuCd1 0.62754 24.35249
C137LeuCo1 0.73 24.72694
C137LeuCo2 0.71795 24.76314
C142LeuCo1 0.37912 22.49192
D791leCd1 0.84653 12.6825
D931leCod1 0.9257 14.17591
D124ValCy1 0.63439 21.19202
D124ValCy2 0.63986 21.34224
D142LeuCd1 0.40128 22.56747
D142 euCd2 -0.04732 24.01892
E118ValCy1 0.57065 21.73043
El118ValC y2 0.57422 21.3061
F93lleCd1 0.80246 13.37586

XVi

Appendix Table 9 Assignments of backbone resonances of the PAN ATPase domain (residues 150-430)

Rﬁ,ﬂg;‘e AMINO | HY(ppm) | N(ppm) | c*(ppm) | CP(ppm)
154 Tyr 79 120.37 58.28 376
155 Arg 7.95 121.09 56.68 29.61
156 Ala 7.82 122.49 52.57 18.44
157 Lys 7.83 117.61 56.08 32.18
158 Ala 7.9 119.19 52.73 18.58
159 Met 7.42 112.74 53.9 35.22
160 Glu 8.77 122.43 54.77 32.01
161 val 8.46 124.92 61.28 32.73
162 Asp 9.45 128.25 52.64 42.2
163 Glu 8.84 123.25 57.6 29.71
164 Arg 8.41 118.03 53.05 30.12
166 Asn 8.01 115.95 52.47 37.96
167 val 7.93 122.41 61.67 33.57
168 Arg 8.47 123.59 53.29 30.59
169 Tyr 8.35 120.98 60.84 36.14
170 Glu 8.29 113.42 57.77 28.05
171 Asp 7.79 119.59 - -
172 lle 7.37 118.61 60.67 37.87
173 Gly 10.43 117.27 43.57 -
174 Gly 9.02 108.32 46.71 i
175 Leu 8.24 12017 53.1 42.3
176 Glu 8.32 120.65 61.06 28.6
177 Lys 8.52 118.07 58.92 31.08
178 GIn 8.59 120.8 60.51 25.67
179 Met 8.96 117.94 58.94 32,51
180 Gin 7.82 118.05 58.78 26.97
181 Glu 7.68 118.87 59.51 28.96
182 lle 8.31 117.96 64.39 36.95
183 Arg 8.58 121.89 60.01 28.96
184 Glu 7.77 118.27 59.26 29.11
185 val 7.67 106.53 62.35 31.83
186 val 8.04 116.16 63.98 32.52
187 Glu 7.44 118.22 50.62 29.92
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Residue

Amino

- ex cid HY (opm) | N (ppm) | C*(ppm) | C* (ppm)
190 Leu 7.04 114.86 56.74 41.96
191 Lys 8.16 116.77 57.6 335
192 His 8.39 114.69 52.65 29.26
194 Glu 9.46 118.4 58.13 27.38
195 Leu 7.68 121.4 56.61 40.9
196 Ala 7.83 120.31 54.33 17.23
197 Glu 7.79 115.91 58.1 29.11
198 Lys 7.66 118.89 57.79 32.05
199 Val 7.85 114.23 62.67 31.36
201 lle 7.49 117.71 59.72 38.91
202 Glu 8.28 126.09 52.93 29.06
205 Lys 9.46 123.17 57.64 32.07
206 Gly 7.28 103.15 44 21 -
207 lle 8.49 119.71 58.78 -
208 Leu 9.14 127.6 52.56 44.14
209 Leu 9.22 124.98 52.48 42.68
210 Tyr 8.42 118.67 53.96 41.91
211 Gly 8.1 109.36 44 .31 -
214 Gly 10.35 112.67 47.07 -
215 Thr 8.2 109.05 61.21 69.61
216 Gly 8.42 109.46 46.22 -
217 Lys 9.73 123.92 61.04 29.34
219 Leu 7.54 121.91 57.69 41.26
220 Leu 8.26 117.49 57.64 41.56
221 Ala 7.34 119.1 54.68 19.1
222 Lys 8.33 116.74 59.55 31.96
223 Ala 8.53 125.85 53.65 17.78
224 Val 7.87 117.91 64.71 30.59
225 Ala 7.73 123.4 5491 16.89
226 Thr 8.15 115.69 66.48 68.37
227 Glu 8.08 120.43 - 28.32
228 Thr 7.5 105.84 61.4 69.14
229 Asn 7.71 117.21 54.5 36.93
230 Ala 8.6 120.75 54.47 20.07
231 Thr 8.72 118.11 64.18 68.52
232 Phe 8.49 128.69 56.91 40.92
233 lle 8.36 129.01 59.64 39.17
233 lle - - - -
234 Arg 8.8 127.09 54.14 32.02
235 Val 9.27 126.52 59.74 33.87
236 Val 8.72 126.76 61.7 30.75
237 Gly 8.9 116.03 48.05 -
238 Ser 7.95 111.53 61.24 -
239 Glu 7.14 120.55 57.73 29.21
240 Leu - - - -
240 Leu 7.78 118.63 57.98 41.34
241 Val 7.17 109.96 63.09 31.15
242 Lys 7.45 118.52 57.29 32.59
243 Lys 7.83 116.84 56.83 32.51
244 Phe 7.64 117.32 57.24 38.61
245 lle 7.41 119.74 62.12 37.1
245 lle - - - -
246 Gly 8.46 111.37 45.44 -
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XVili

Residue

Amino

- ex cid HY (opm) | N (ppm) | C*(ppm) | C* (ppm)
247 Glu 8.08 119.28 55.75 29.85
248 Gly 8.34 110.42 47.63 -
249 Ala 8.29 122.01 54.89 -
250 Ser 7.77 113.04 60.51 62.31
251 Leu 8.11 122.99 57.62 40.9
252 Val 8.12 117.17 67.09 30.62
253 Lys 7.64 118.43 60.06 31.15
254 Asp 8.01 120.19 57.37 39.95
255 lle 8.49 121.46 65.23 37.21
255 lle - - - -
256 Phe 7.8 117.75 62.33 38.3
257 Lys - - 59.64 31.7
258 Leu 8.05 121.35 57.39 40.88
259 Ala 8.16 118.76 - 18.36
260 Lys 7.71 115.75 58.86 31.71
261 Glu - - 58.54 29.07
262 Lys 7.82 116.52 54.13 30.38
263 Ala 6.59 122.11 51.51 17.38
265 Ser 8.61 116.13 57.12 66.66
266 lle 8.87 121.64 58.27 39.82
266 lle - - - -
267 lle 8.56 125.59 59.95 38.24
267 lle - - - -
268 Phe 9.45 130.28 54.57 42.08
269 lle 8.95 126.71 59.22 36.99
269 lle - - - -
270 Asp 8.64 126.47 52.55 42.35
271 Glu 8.08 120.81 56.02 26.68
272 lle 8.33 117.21 63.99 37.23
273 Asp 8.97 118.13 54.8 39.75
274 Ala 7.93 120.53 54.13 17.46
275 lle 6.8 107.2 60.49 39.34
276 Ala 7.79 119.35 50.16 19.5
277 Ala 7.27 121.6 52.12 18.77
278 Lys 8.41 121.02 56.47 32.22
279 Arg 8.39 123.52 554 30.33
282 Ala 8.02 122.88 52.48 18.41
283 Leu 8.12 119.93 55.47 41.49
284 Thr 8.02 112.03 61.31 69.85
287 Asp 8.1 120.36 54.94 -
288 Arg 8.25 121.25 58.06 29.38
289 Glu 8.42 119.48 58.56 28.42
290 Val 8.01 120.95 65.9 31.04
291 GIn 7.95 119.38 58.62 27.65
292 Arg 8.09 118.76 59.18 29.33
293 Thr 7.92 117.92 67.2 29.33
294 Leu 8.21 122.5 57.98 39.33
295 Met 8.46 115.74 57.99 30.98
296 Gln 7.92 119.62 57.65 27.45
297 Leu 8.1 120.5 58.41 40.63
298 Leu 8.3 116.35 57.59 39.62
299 Ala 7.83 120.28 54.68 16.99
300 Glu 8.08 117.02 57.28 26.4
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Residue

Amino

- ex cid HY (opm) | N (ppm) | C*(ppm) | C* (ppm)
301 Met 7.88 117.47 59.11 32.08
302 Asp 8.37 119 56.14 39.34
303 Gly 7.45 104.74 45 -
304 Phe 7.38 120.53 56.67 39.49
307 Arg 8.27 114.74 55.37 28.51
308 Gly 7.58 106.81 44 .87 -
309 Asp 8.08 115.95 53.14 39.57
310 Val 7.16 116.22 60.63 33.78
311 Lys - - 60.66,52.18 33.78
312 lle 8.19 120.49 59.92 39.45
313 lle 9.61 126.94 58.97 40.41
314 Gly 9.38 112.67 42.88 -
315 Ala 8.31 122.42 50.2 22.99
316 Thr 8.25 113.12 59.99 69.19
317 Asn 8.87 121.84 53.15 39.54
318 Arg 8.67 119.81 52.65 30.62
320 Asp 8.58 114.5 55.07 39.14
321 lle 6.86 111.84 59.69 37.93
322 Leu 6.9 118.96 54.18 40.69
323 Asp 8.51 122.9 51.94 41.97
325 Ala 9.21 121.35 54.59 17.98
326 lle 7.89 109.87 62.09 37.61
327 Leu 7.29 120.93 53.11 40.55
328 Arg 6.65 118.58 54.04 29.6
330 Gly 951 114.43 44.74 -
331 Arg 8.02 121.8 55.37 28.07
332 Phe 8.24 121.29 57.4 36.21
333 Asp 7.73 119.05 54.15 42.04
334 Arg 7.48 117.2 53.8 31.62
335 lle 8.56 125.23 59.96 39.13
336 lle 9.28 128.21 60.37 40.76
337 Glu 8.31 128.52 55.35 29.63
338 Val 9.18 129.38 59.44 30.77
342 Asp 8 121.22 51.85 39.88
343 Glu 8.44 119.85 61.25 29.3
344 Lys 7.76 117.84 58.68 30.94
345 Gly 8.58 109.55 47.22 -
346 Arg 9.15 119.44 60.38 29.31
347 Leu 7.81 119.63 58.13 40.3
348 Glu 7.92 117.37 59.48 28.98
349 lle 8.24 118.96 65.95 36.9
350 Leu 8.53 120.17 58 41.47
351 Lys 8.37 120.22 59.96 31.12
352 lle 7.57 119.72 65.21 37.92
353 His 7.94 115.41 58.91 30.74
354 Thr 7.73 106.88 61.49 70.3
355 Arg 7.24 122.87 59.6 30.02
356 Lys 8.14 117.94 59.88 38.21
359 Leu 8.27 124.22 54.12 41.56
360 Ala 9.18 124.73 51.19 19.69
361 Glu 8.64 118.74 58.28 28.78
362 Asp 7.74 114.08 53.01 39.77
363 Val 7.38 120.28 64.6 30.25
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Residue

Amino

- ex cid H" (ppm) | N(ppm) | C(ppm) | C® (ppm)
364 Asn 7.55 128.72 50.71 38.49
366 Glu 8.34 119.61 60.04 27.94
367 Glu 7.33 119.52 58.6 28.62
368 lle 7.2 117.83 62.68 34.56
369 Ala 8.58 123.54 55.18 16.7
370 Lys 7.87 120.05 59.79 31.61
371 Met 7.74 115.97 57.34 34.01
372 Thr 7.06 104.87 59.65 67.65
373 Glu 6.9 121.51 58.56 29
374 Gly 7.71 115.37 44.93 -
375 Cys 8.18 116.93 60.05 28.76
376 val 8.69 112 59.18 33.08
377 Gly 8.6 111.15 47.82 -
378 Ala 8.83 122.14 55.59 19.02
379 Glu 7.09 117.11 58.16 29.24
380 Leu 7.79 118.45 57.58 39.97
381 Lys 8.06 120.01 59.66 30.74
382 Ala 7.4 121.99 55.03 16.99
383 lle 8.41 119.83 65.45 37.47
384 Cys 7.75 118.15 64.24 26.28
385 Thr 8.36 115.9 66.04 68.33
386 Glu 8.44 122.55 58.13 27.83
387 Ala 8.37 123.31 55.05 15.35
388 Gly 7.6 101.81 46.62 -
389 Met 8.06 120.58 - -
390 Asn 8.27 120.19 56.2 37.94
391 Ala 7.2 120.73 55.29 18.16
392 lle 7.59 117.09 64.29 -
393 Arg 8.25 121.55 59.06 -
394 Glu 7.29 116.67 55.41 28.67
395 Leu - - 55.54 37.2
396 Arg 8.03 117.44 55.18 33.93
398 Tyr 6.85 114.65 54.33 39.68
399 val 8.56 120.41 60.72 33.04
400 Thr 9.75 117.32 59.83 72.16
401 Met 9.42 120.93 57.44 30.24
402 Asp 8.56 118.81 57.7 39.94
403 Asp 7.64 121.24 58.04 39.92
404 Phe 7.67 117.11 62.75 39.61
405 Arg 9.08 119.49 60.72 29.08
406 Ser 8.1 113.07 61.05 62.25
407 Ala 7.48 124.26 55.03 19.93
408 val 8.54 117.62 66.68 31.25
409 Glu 7.48 116.73 58.96 28.7
410 Lys - - 58.53 31.97
411 lle 7.94 118.2 61.86 35.93
412 Met 8.27 116.85 57 31.47
413 Glu 7.62 118.52 56.85 29.2
414 Glu 7.93 120.67 - 20.78
416 Glu 8.2 121.42 - -
417 val 7.93 120.37 62.03 32.22
418 Glu 8.25 123.93 56.14 29.78
419 Val 7.99 121.42 61.94 31.97
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Residue | AMIRO | 1N (ppm) | N (ppm) | c®(ppm) | C* (ppm)
420 Lys 8.14 125.29 55.52 32.36
421 Glu 7.88 121.06 53.5 30.36
425 Leu 7.83 122.21 55.08 41.66
426 Asp 8.22 120.54 54.46 40.68
427 Val 7.69 117.78 62.03 31.99
428 Leu 7.9 123.12 55.05 41.62
429 Tyr 7.79 119.6 57.23 37.83
430 Arg 7.56 126.49 30.89 -

Appendix Table 10 Assignment of methyl-group resonances in the PAN ATPase domain

Question marks “?” indicate tentative assignments

Methyl-group "H (ppm) | *C (ppm)
159MetCe 1.85435 17.69315
161Valy1 0.72719 20.72315
161Valy2 0.7683 21.5375
167Valy1 0.63703 21.35502
167Valy2 0.69785 21.41207
172lle61 0.66266 14.51133
175Leud1 1.03993 25.6668

?179MetCe 2.0444 16.98847
1821leCé1 0.81512 13.81552
185Valy1 1.00054 21.71301
185Valy2 1.04561 20.09117
186Valy1 0.84408 22.28614
186Valy2 0.9453 22.51847

?188Leus2|61 0.69561 26.38526
190Leud1 0.82201 24.97223
190Leud2 0.84519 24.00199
195Leud1 0.81396 23.56664
195Leuéd2 0.82453 24.34711
199Valy1 0.96017 21.21487
199Valy2 1.01252 20.58092
201?lles1 0.8277 13.09068
2071les1 0.80129 14.63453
208Leud1 0.42793 24.03969
208Leud2 0.46254 24.95345
209Leud1 0.83774 23.68655
209Leud2 1.02479 27.29102
219Leud1 -0.00617 24.61477
219Leud2 0.26918 24.06242
220Leud1 0.83066 24.07831
224Valy1 0.93373 21.35672
224Valy2 1.16256 22.88631
233lles1 0.58933 13.84706
235Valy1 0.78262 21.3832
235Valy2 0.83139 20.92826
236Valy1 0.92619 20.39692
236Valy2 1.03846 22.13734
240Leud2 0.76228 24.25165
240Leud1 0.80174 24.88085
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Methyl-group H (ppm) Bc (ppm)
241Valy1 0.96502 21.61524
241Valy2 0.98691 20.73092
245lled1 0.91561 13.44412
251Leudl 0.7303 24.42599
251Leusl 0.75672 24.82047
252Valy1 0.88187 21.61944
252Valy2 1.08485 23.44088
255lleé1 0.70705 14.08352
258Leub1 0.76433 25.57627
258Leus2 0.83679 24.26824
266lled1 0.66087 12.08505
2671led1 -0.14998 13.41622
269lled1 0.78813 13.39642
272lles1 0.51845 14.59585
275lles1 0.7717 14.12451
283Leus1 0.88588 23.44363
283Leus2 0.94388 2490184
290Valy1 1.11665 21.69291
290Valy2 1.16195 22.62496
294Leud1 0.88002 22.75346
294Leus2 0.98492 25.35365
295MetCe 2.09195 17.27543
297Leus1 0.91929 25.42231
297Leus2 1.01289 23.90034
298Leub1 0.72167 21.62523
298Leus2 0.78482 25.18002
301MetCe 1.15972 16.05047
310Valy1 0.57053 21.21532
310Valy2 0.79401 21.08756
312lles1 0.75988 14.83159
313lled1 0.90808 13.39382
321lles1 0.86027 13.94727
322Leudl 0.55065 22.47099
322Leus?2 0.74083 26.51057
326lleCd1l 0.61879 14.44999
327Leud1 0.77987 22.80261
327Leus?2 0.81983 25.46388
335lled1 0.82016 13.6458
336lled1 0.6779 13.73946
338Valy1 0.79733 22.22316
338Valy2 0.81813 22.90067
347Leud1 0.77534 23.48897
347Leud12 0.94687 25.72596
?349lled11 0.46975 14.51079
350Leub11 0.65883 25.92798
350Leud1 0.70413 23.24097

352lled1 0.67942 14.40652
357MetCe 2.13999 17.16571
359Leud1 1.01382 25.20867
359Leus?2 1.07284 23.84399
363Valy1 0.58173 22.00541
363Valy2 1.16211 23.60119
365Leudl 0.28976 21.85427
365Leud2 0.68169 25.38669
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Methyl-group H (ppm) Bc (ppm)
368lled1 0.46043 10.86965
371MetCe 2.10321 16.55217
376Valy1 1.03485 21.62143
376Valy2 1.26856 18.09669
380Leud1 0.82318 22.37404
383lleCdl 0.88799 15.08817
389MetCe 2.03449 16.60092
392lled1 0.84017 12.91274
395Leudl 0.87659 23.2163
395Leué?2 0.91228 25.17956
399Valy1 0.90419 23.16791
399Valy2 0.94169 21.85451
401MetCe 2.20939 18.47805
408Valy1 0.91725 22.22283
408Valy2 1.14353 23.56228
411lled1 0.78149 11.05292
412MetCe 2.09797 16.97492
417Valy1 0.88497 20.10568
417Valy2 0.94264 20.46903
419Valy1 0.9366 21.13237
?425Leud2|61 0.8408 23.4932
?425Leud2|61 0.79705 23.47315
427Valy1 0.85787 21.0408
427Valy2 0.92734 21.12646
?428Leud2|61 0.8968 24.83463
?428Leud2|61 0.86758 24.7207
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XXIV

Appendix Table 11 Assignment of lled1 and Mete methyl resonances in full-length PAN

. o1 £ £
Resndue Amino acid | Conformer lleH llec® MetH MetC
index (ppm) (ppm) (ppm)
7 lle A 0.82 12.65 - -
28 lle A 0.85 12.74 - -
49 lle A 0.9 12.98 - -
56 lle A 0.98 14.93 2.13 -
74 Met A - - 2.133 16.96
74 Met B - - 2.19 16.95
74 Met C - - 2.16 16.97
87 Met A - - 212 17.7
87 Met B - - 2.1 17.35
87 Met C - - 2.17 18.31
93 lle A 0.95 14.16 - -
93 lle B 0.92 14.08 - -
93 lle C 0.94 14.11 - -
159 Met A - - 1.84 17.79
159 Met B - - 1.85 17.83
159 Met C - - 1.85 17.44
179 Met A - - 2.04 16.98
233 lle A 0.58 13.8 - -
266 lle A 0.64 12.42 - -
266 lle B 0.66 12.44 - -
266 lle C 0.65 12.06 - -
267 lle A -0.2 13.32 - -
267 lle B -0.16 13.39 - -
267 lle C -0.18 12.48 - -
272 lle A 0.53 14.56 - -
301 Met A - - 1.12 15.92
312 lle A 0.74 14.78 - -
326 lle A 0.61 14.51 - -
349 lle A 0.47 14.56 - -
357 Met A - - 2.14 17.17
368 lle A 0.54 10.61 - -
371 Met A - - 2.1 16.58
371 Met B - - 2.25 16.59
383 lle A 0.92 15.29 - -
389 Met A - - 2.09 16.65
401 Met A - - 2.2 18.63
401 Met B - - 2.25 18.69
411 lle A 0.81 11.17 - -
412 Met A - - 2.1 17.02

Appendix Table 12 Assignments of ILVM methyl-group resonances in GFPuv-ssrA

Methy! group 'H (ppm) | *C (ppm)
7LeuCs1 0.30662 25.90681
7LeuCod2 0.32267 22.10917
11ValCy1 0.80111 21.91163
11ValCy2 0.97716 21.98128
12ValCy1 1.22076 22.03736
12ValCy2 1.36255 22.05753
14lleCé1 0.04797 15.87606
14lleCg2 0.70991 18.19102
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Methyl group H (ppm) B¢ (ppm)
15LeuCs1 0.99828 24.64317
15LeuCé62 1.02707 24.56018
18LeuCs1 0.54353 27.44639
18LeuCd2 0.68182 28.28083
22ValCy1 0.56509 21.12165
22ValCy2 0.71753 22.36252
29ValCy2 1.19557 23.05364
421 euCsé1 0.51257 26.99987
421 euCd2 0.58569 26.02394
441 euCs1 0.38419 24.42561
441 euCod2 0.76493 26.63279
471leCs1 0.72555 13.07001
471leCy2 0.82062 18.29689
60LeuCs1 0.15697 23.46863
60LeuCo2 0.38072 27.41428
61ValCy1 0.37422 19.97402
78MetCe 1.52555 16.2499
88MetCe 2.00814 20.1323
93ValCy2 1.07217 22.29976
98lleCé1 0.64177 14.92371
98lleCg2 -0.52551 17.80125
112ValCy1 0.63601 22.96863
112ValCy2 0.83519 21.74002
119LeuCé1 0.40854 23.34295
119LeuCd2 0.61985 25.12366
120ValCy2 0.87536 21.40223
120ValCy2 0.92855 21.59208
123lleC61 0.91172 18.8084
123lleCy2 0.75021 20.22893
128lleCs1 0.90671 13.99307
128lleCg2 0.95467 18.22771
136l1leCs1 0.28597 13.16465
136lleCy2 0.02268 18.41626
137LeuCé1 0.4887 22.04884
137LeuCd2 0.67186 26.19373
1411l euCé1 0.41678 26.15334
1411 euCd2 0.44821 25.84981
152lleCs1 0.67276 12.926
152lleCy2 0.66032 18.29836
161lleCs1 0.20114 15.14785
161lleCg2 0.06453 19.40197
1671leC61 -0.19629 6.32977
1671leCy2 -0.18313 15.51234
171lleCs1 0.63701 12.42299
1711leCy2 0.95409 19.0978
176ValCy1 0.76534 21.5186
176ValCy2 0.84216 20.98304
188lleCs1 0.87443 12.95915
188lleCy2 0.83685 17.1822
201LeuCé1 0.58817 25.37586
207LeuCs1 0.41135 25.18379

207LeuCd2 0.54453 23.91622
218MetCe 1.9763 18.02751
220LeuCd2 0.93217 27.10736
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Methyl group H (ppm) Bc (ppm)
221LeuCs1 0.74775 23.91621
221LeuCd2 0.88586 26.00483
224ValCy1 0.62505 20.99833
2291leCs1 0.52672 12.70705
2291leCy2 0.89436 17.53451

Appendix Table 13 Assignments of backbone resonances of frGFP-ssrA at 315K

Rieri;g)'“('e Amino acid | H" (ppm) N (ppm) | c*(ppm) | CP (ppm)
2 Ser 7.99 115.17 57.73 65
3 Lys 8.56 122.14 57.64 32.66
4 Gly 8.46 108.81 47.08 -

5 Glu 7.94 119.2 59.82 29.78
6 Glu 7.86 117.66 58.48 29.59
7 Leu 7.55 117.19 - 41.3
8 Phe 7.54 113.62 58.03 39.49
9 Thr 7.41 113.5 63.9 69.08
10 Gly 8.15 111.67 44.11 -

11 Val 8.2 120.81 63.33 32

12 Val 9.09 131.74 59.14 37

14 lle 8.15 119.19 59.48 42.86
15 Leu 8.72 128.95 54.07 46.52
16 Val 8.81 122.84 60.19 35.73
17 Glu 8.87 126.01 55.64 34.02
18 Leu 9.21 125.84 54.04 45.55
19 Asp 8.26 128.3 54.03 43.53
20 Gly 8.44 110.68 43.96 -

21 Asp 7.12 120.35 53.58 43.74
22 Val 8.65 123.7 60.83 34.32
23 Asn 9.07 127.3 54.56 37.11
24 Gly 8.19 104.39 45.83 -

25 His 8.1 121.17 55.38 29.37
26 Lys 8.62 126.19 55.8 33.47
27 Phe 8.42 118.47 55.89 41.58
28 Ser 7.82 114.64 57.68 66.14
29 Val 9.15 123.61 60.31 37.52
30 Ser 9.1 122.25 56.76 66.19
31 Gly 9.77 111.54 46.07 -

32 Glu 7.91 117.29 54.43 33.99
33 Gly 8.01 110.12 46.19 -

34 Glu 8.75 121.69 55.15 33.65
35 Gly 8.83 108.04 44.31 -

36 Asp 9.06 122.78 52.34 42.8
37 Ala 10.72 129.73 54.45 20.07
38 Thr 9.09 116.27 66.56 68.17
39 Tyr 6.97 115.72 57.72 40.77
40 Gly 8.21 112.08 47.07 -

41 Lys 7.7 118.96 55.32 37.48
42 Leu 8.84 124.89 54.11 46.08
43 Thr 8.09 114.51 59.93 70.46
44 Leu 8.62 124.7 54.59 50.04
45 Lys 7.68 119.09 55.22 35.03
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Riens(;g;e Amino acid | H" (ppm) | N(ppm) | C*(ppm) | C? (ppm)
46 Phe 9.17 124.81 55.99 43.3
47 lle 9.53 117.5 59.39 42.34
48 Cys 8.95 124.85 58.41 27.48
49 Thr 8.51 120.94 63.52 68.15
50 Thr 8.02 109.96 61.46 69.12
51 Gly 7.36 110.42 45.38 -
52 Lys 8.46 126.05 55.19 33.13
53 Leu 9.48 132.87 53.35 42.44
55 Val 6.12 106.94 56.5 32.43
59 Thr 7.75 103.72 64.68 69.09
60 Leu 7.95 118.33 54.48 43.27
61 Val 6.97 120.98 68.83 31.91
62 Thr 8.12 106.38 63.81 68.31
63 Thr 7.52 119.97 66.86 68.21
64 Leu 7.85 119.09 57.45 41.83
65 Thr 8.6 107.62 - -
70 Cys 7.24 116.15 57.27 27.81
71 Phe 7.44 116.92 60.66 38.72
72 Ser 6.71 112.67 59.53 63.95
73 Arg 8.4 125.49 55.72 30.22
74 Tyr 9.08 1324 55.49 38.99
78 Met 8.1 117.59 54.76 33.84
79 Lys 7.28 121.22 60.59 32.49
80 Arg 8.23 116.31 57.26 28.67
81 His 7.58 115.76 55.04 31.2
82 Asp 6.49 118.33 52.19 38.18
83 Phe 8.2 126.29 60.27 39.94
84 Phe 6.79 113.1 59.87 38.19
85 Lys 7.27 112.25 59.85 32.52
86 Ser 6.9 114.7 60.7 62.89
87 Ala 6.71 121.2 52.05 19.11
88 Met 7.54 116.63 52.85 31.06
90 Glu 9.58 126.44 61.78 28.97
91 Gly 8.6 100.6 45.34 -
92 Tyr 8.68 111.51 55.15 41.26
93 Val 9.54 121.01 61.15 33.45
94 GIn 9.61 128.61 55.14 335
95 Glu 9.69 132.65 55.15 33.98
96 Arg 8.71 118.06 55.99 35.15
97 Thr 8.23 115.16 63.46 70.96
98 lle 9.54 127.69 59.78 39.69
99 Ser 8.79 122.12 56.47 63.78
100 Phe 8.6 128.39 58.32 38.42
101 Lys 7.85 127.09 58.66 325
102 Asp 9.16 122.05 56.34 39.95
103 Asp 8.58 122.99 53.7 44.03
104 Gly 7.68 108.17 44.28 -
105 Asn 7.8 111.59 51.5 43.49
106 Tyr 9.58 116.9 52.95 40.41
107 Lys 9.4 122.78 55.81 34.66
108 Thr 9.31 115.05 59.53 71.01
109 Arg 8.73 123.76 56.82 32.63
110 Ala 9.06 131.13 49.86 254
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Residue

e |Aminoacid | H" (ppm) | N (ppm) | C*(ppm) | C* (ppm)
111 Glu 8.56 119.23 55.78 32.61
112 Val 8.62 125.62 60.62 32.01
113 Lys 8.6 119.95 55.07 35.26
114 Phe 7.6 117.99 59.39 40.23
115 Glu 9.18 124.45 55.81 29.94
116 Gly 8.82 115.81 47.17 -
117 Asp 8.52 126.23 54.32 41.45
118 Thr 7.66 115.14 62.27 71.5
119 Leu 8.55 130.77 52.72 41.21
120 Val 8.93 125.19 60.14 34.25
121 Asn 8.43 122.4 51.09 41.14
122 Arg 8.62 125.39 56.16 31.8
123 lle 9.25 123.96 61.47 43.95
124 Glu 9.01 127.36 55.53 32.84
125 Leu 8.62 126.95 54.37 46.69
126 Lys 9.12 129.07 54.76 35.6
127 Gly 10.3 115.42 45.58 -
128 lle 9.11 124.82 60.02 43.09
129 Asp 8.58 115.71 55.8 38.31
130 Phe 8.51 115.28 59.44 39.46
131 Lys 9.79 123.5 55.77 33.47
133 Asp 8.24 113.99 52.44 40.02
134 Gly 7.14 104.57 44.32 -
135 Asn 9.21 114.54 55.69 38.51
136 lle 7.12 116.18 64.14 36.07
137 Leu 8.9 117.77 56.62 39.7
138 Gly 7.1 103.05 45 -
139 His 7.44 116.03 58.21 28.32
140 Lys 7.89 114.97 54.99 32.65
141 Leu 7.22 118.91 55.7 42.01
142 Glu 8.02 121.24 56.48 31.05
150 Val - - 61.66 -
151 Tyr 7.5 127.11 59.96 38.25
152 lle 8.74 126.53 60.34 39.96
153 Thr 8.65 118.37 59.64 72.01
154 Ala 8.97 125.04 52.86 20.08
155 Asp 8.77 122.3 41.44 -
156 Lys 8.78 123.2 59.66 32.28
158 Lys 7.21 116.08 55.07 32.77
159 Asn 7.86 118.26 54.27 38.35
160 Gly 7.26 99.29 44,91 -
161 lle 7.53 110.21 58.3 43
162 Lys 9.1 120.42 54.75 36.9
163 Ala 8.66 119.62 50.76 23.06
164 Asn 8.58 117.51 53.15 42.8
165 Phe 8.22 116.6 56.72 40.03
166 Lys 8.7 120.15 55.28 35.01
167 lle 7.91 123.91 55.67 37.13
168 Arg 9.75 126.82 54.78 31.18
169 His 8.96 124.81 54.42 30.05
170 Asn 9.08 125.46 55.05 37.97
171 lle 8.83 126.66 59.45 36.96
172 Glu 8.53 124.69 59.25 29.74
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Residue

e |Aminoacid | H" (ppm) | N (ppm) | C*(ppm) | C* (ppm)
173 Asp 7.4 117.99 53.84 40.37
174 Gly 8.27 108.76 45.31 -
175 Ser 8.09 117.38 58.18 64.43
176 Val 8.17 116.75 61.04 35.68
177 GIn 9.33 127.56 53.35 31.8
178 Leu 8.91 130.37 54.7 44.06
179 Ala 9.11 125.5 50.58 21.3
180 Asp 8.83 131.81 55.96 42.27
181 His 9.18 123.21 56.02 29.78
182 Tyr 8.46 123.22 57.52 40.02
183 GIn 8.68 127.12 53.72 33.66
184 GIn 9.12 123.95 55.24 33.17
185 Asn 8.83 121.44 52.33 41.13
186 Thr 8.66 113.97 58.61 71.39
188 lle 8.78 124.07 64.21 38.84
189 Gly 9.29 109.82 44.16 -
190 Asp 8.28 117 53.77 41.75
191 Gly 8.33 109.7 - -
193 Val 7.99 115.33 59.34 354
194 Leu 8.02 121.99 53.86 41.09
195 Leu 7.97 121.23 50.21 41.21
197 Asp 9.34 120.74 54.02 41.58
198 Asn 8.87 121.1 54.32 37.44
199 His 8.32 117.45 56.25 28.08
200 Tyr 8.38 114.38 55.22 42.16
201 Leu 8.55 116.11 52.59 43.14
206 Lys 9.33 123.84 55.27 35.42
207 Leu 9.06 127.91 53.62 42.23
208 Ser 9.46 115.56 57.74 65.45
215 Arg 9.01 120.5 56.5 31.04
216 Asp 9.26 125.37 55.75 41.61
217 His 8.41 124.3 56.76 33.12
218 Met 7.9 116.63 54.98 37.28
219 Val 7.64 127.59 62.43 31.8
220 Leu 9.07 129.1 53.99 48.31
221 Leu 8.35 129 54.02 45.07
222 Glu 8.79 127.69 54.27 -
223 Phe 8.89 122.15 56.4 -
224 Val 9.32 123.14 61.03 35.19
225 Thr 8.3 121.49 60.22 71.9
226 Ala 8.36 128.72 51.42 19.19
227 Ala 8.69 122.19 51.69 22.04
228 Gly 8.02 103.94 45.36 -
229 lle 7.4 118.92 60.72 39.45

Appendix Table 14 Assignments of methyl-group resonances of frGFP-ssrA at 333K

Methyl-group

| *H (ppm) | °C (ppm)

7Leudl
7Leud2
9Thry2

0.34995
0.36226
1.33786

25.89223
22.08346
22.15042
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Methyl-group 'H (ppm) | **C (ppm)
11Vvaly2 0.84894 21.92522
12Valy1 1.25725 | 22.06367
12Valy2 1.40351 | 22.08598
14lles1 0.03353 15.95263
14lley2 0.72027 18.30172
15Leuél 1.03656 2472713
15Leuéd2 1.07442 24.3833
16Valy1 1.05718 | 21.88978
16Valy2 1.22548 23.20278
18Leud1 0.56326 | 26.87883
18Leud2 0.68815 27.84622
22Valy1 0.60493 21.12455
22Valy2 0.75584 22.30951
37AlaB 1.69827 20.11011
38Thry2 0.86875 21.14844
421 eudl 0.50733 27.01396
421 eubd2 0.55693 26.36762
43Thry2 1.12289 21.38723
441 eud1 0.3751 25.42329
441 eubd2 0.66628 27.75813
471led1 0.80887 13.15407
47lley2 0.89989 18.12985
49Thry2 1.36468 22.75257
50Thry2 1.29153 22.65822
53Leud1 -0.22219 | 24.92208
53Leus?2 -1.00696 | 24.02615
55Valy1 -0.16723 | 15.73642
55Valy2 0.26893 22.00072

59ThrCg2 0.79578 23.45849
60Leud1 0.44854 22.82106
60Leusd?2 0.4699 27.39183
61Valy1 0.2805 19.30582
61Valy2 0.79666 24.68516
62Thry2 0.41446 23.3175
63Thry2 1.1249 23.60006
64Leudl -0.17659 | 24.86536
64Leud2 0.55523 22.88664
65Thry2 1.08134 22.92432
68Valy1 1.00998 | 20.20542
78Mete 1.56732 16.26442

87AlafB 1.22798 19.1152
88Mete 2.04104 20.12792
93Valy1 1.11902 21.60431
93Valy2 1.1124 22.26289

XXX
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Methyl-group 'H (ppm) | **C (ppm)
97Thry2 1.17485 21.44234
98lled1 -0.46979 17.7511

98lley2 0.75478 14.91878
108Thry2 1.07003 20.86428
110Alap 1.63962 25.39513
112Valy1 0.66945 | 23.01595
112Valy2 0.85979 | 21.82095
118Thry2 1.04539 21.81296
119Leud1 0.42294 22.96402
119Leud2 0.66205 25.00023
120Valy1 0.90871 | 21.52527
120Valy2 0.96373 21.6094
123lles1 0.80187 20.23405
123lley2 0.83653 19.34081
125Leud1 0.19934 27.44823
125Leub2 0.22626 25.24239
128lled1 0.9558 13.97712
128lley2 1.00565 18.23599
136lles1 0.09141 18.44708
136lley2 0.35466 13.28146
137Leudl 0.53668 | 22.06025
137Leub2 0.71956 26.21887
141l eubl 0.4704 26.10914
1411l eub2 0.49829 25.81159
150Valy1 -0.0216 19.12802
150Valy2 0.39031 20.4458
152lled1 0.72228 12.98136
153Thry2 1.13971 20.59894
154Ala3 1.58867 20.18479
161lles1 0.25069 15.16401
161lley2 0.10312 19.47607
163Ala 1.27768 23.13464
1671leCé1 -0.2218 6.32444
167lley2 -0.11286 | 15.76914
171lles1 0.68402 12.3446
171lley2 0.99693 19.10554
176Valy1 0.80776 21.46586
176Valy2 0.8866 21.03358
178Leud1 0.85945 24.37209
178Leud?2 0.93515 | 25.29003
179Ala3 0.77655 21.32623
186Thry2 1.38999 22.488
188lles1 0.91062 12.94342
188lley2 0.87576 17.16186
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Methyl-group 'H (ppm) | **C (ppm)
193Vvaly1 0.80624 21.83175
193Valy2 0.86115 18.45499
194Leud1 0.71089 | 25.52805
194Leub2 0.75955 22.58315
195Leud1 0.77571 | 23.29863
195Leud2 0.99682 25.95309
201Leudl 0.62156 25.32219
201Leud2 0.75763 | 22.11139
207Leudl 0.42185 | 25.08882
207Leud2 0.50272 24.02007
218Mete 1.68107 17.64772
219Valy1 0.91589 | 21.31088
219Valy2 0.98981 21.86693
220Leudl 0.82987 25.0988
220Leud2 0.90458 28.26012
221Leudl 0.77932 23.82857
221Leud2 0.93584 25.99904
224Valy1 0.65179 21.73616
225Thry2 1.21089 21.02048

226Alaf3 0.37512 19.29833
227Alap 1.00271 22.03263
229l1led1 0.54344 12.61745
229lley2 0.93672 17.45793
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