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Summary

Controlled degradation of messenger RNA (mRNA) is essential for the regulation of
gene expression. The removal of the protective 5’ cap structure of eukaryotic mRNA
is a central step in this process and it is catalyzed by the Dcp1:Dcp2 decapping
complex. During catalysis, Dcp1:Dcp2 undergoes large conformational changes
which are regulated by interactions with several activator proteins including Edc1
and Edc3. The exact details of these structural rearrangements and their functional
role in the decapping process are not fully understood yet. Nuclear magnetic
resonance (NMR) spectroscopy is a well suited method to study dynamic processes
and conformational changes of enzymes. In my dissertation I therefore made use
of di�erent NMR experiments and complementary techniques to study the mRNA
decapping machinery from S. pombe in detail.

In Part III, I used 13CH3 methyl group labeling of Dcp2 and conducted methyl
Carr–Purcell–Meiboom–Gill (CPMG) NMR relaxation dispersion (RD) experiments
on the Dcp1:Dcp2 decapping complex at high hydrostatic pressures. From these
experiments I extracted information about the molecular volumes of the di�erent
conformations of the complex during the opening-closing pathway and about the ef-
fect of ATP on these volumes. This information could not be reliably obtained from
known crystal structures, which underlines the potential of pressure-dependent
NMR methods to provide insights into structural features of invisible protein con-
formations, even for high molecular weight complexes.

In Part IV, I examined the applicability of 5-�uorotryptophan labeling for study-
ing protein dynamics with 19F NMR experiments in three di�erent biomolecular
systems, namely the Dcp1:Dcp2 mRNA decapping complex, the KIX domain of the
transcriptional coactivator CREB binding protein and the DcpS scavenger decapping
enzyme. I found that the 19F label on the 5-tryptophan has no measureable e�ect on
the backbone dynamics of the examined proteins and slow protein motions could
reliably be extracted from 19F NMR experiments that are insensitive to tryptophan
side chain motions. In contrast, I found that NMR relaxation experiments on the
19F nucleus in this position do not always allow for the reliable extraction of kinetic
and thermodynamic properties, so these data should always be supported by data
from complementary techniques.
In Part V, I performed single molecule Förster resonance energy transfer (sm-

FRET) experiments on the decapping complex. We �rst optimized the labeling
positions of the �uorophores by testing several di�erent combinations of label-
ing sites and cross-validated them with NMR experiments of �uorophore labeled
Dcp1:Dcp2 complexes. In subsequent smFRET measurements I con�rmed previ-
ously obtained NMR data and I examined the in�uence of di�erent cofactors and
substrates that are not suited for NMR experiments. Importantly, as the �uorophore
labeling can in�uence the conformational equilibrium of the decapping complex,
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cross-validation of smFRET data is crucial for a correct interpretation of the FRET
e�ciencies.
In the presence of Edc3, the Dcp1:Dcp2 mRNA decapping complex undergoes

liquid-liquid phase separation (LLPS) and maturation into a gel-like state, about
which little is still known. To examine changes in conformation and dynamics of
Edc3 and Dcp2 in the transition to the mature state, we performed solid state NMR
(ssNMR) experiments on mature Edc3 and Dcp1:Dcp2 (Part VI). We construct a
model in which, after LLPS, the factors of the mRNA decapping machinery mature
into a structurally inhomogeneous, gel-like state in which the molecular motions
and intermolecular contacts that are averaged in solution are frozen out and no
longer averaged. Our �ndings demonstrate the great capacity of ssNMR to study
large molecular machines in the condensed, phase separated state.

Taken together, these results contribute to our knowledge of how conformational
changes regulate mRNA decapping and, ultimately, add to a better understanding
of how large molecular machines function.
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Zusammenfassung

Der kontrollierte Abbau von Boten-RNA (mRNA) ist essentiell für die Regulation
der Genexpression. Ein zentraler Schritt in diesem Prozess ist die Entfernung der
schützenden 5’-Cap-Struktur der eukaryotischen mRNA und dieser wird durch
den Dcp1:Dcp2-Decapping-Komplex katalysiert. Während der Katalyse durch-
läuft Dcp1:Dcp2 große Konformationsänderungen, die durch Wechselwirkungen
mit verschiedenen Aktivatorproteinen, darunter Edc1 und Edc3, reguliert wer-
den. Die genauen Details dieser strukturellen Änderungen und ihre funktionelle
Rolle im Decapping-Prozess sind noch nicht vollständig verstanden. Die Kernspin-
resonanzspektroskopie (NMR) ist eine gut geeignete Methode, um dynamische
Prozesse und Konformationsänderungen von Enzymen zu untersuchen. In meiner
Dissertation habe ich daher verschiedene NMR-Experimente und ergänzende Tech-
niken verwendet, um die mRNA-Abbaumaschinerie von S. pombe im Detail zu
untersuchen.

In Part III verwendete ich die 13CH3-Methylgruppenmarkierung von Dcp2 und
führte Methyl-Carr-Purcell Meiboom-Gill (CPMG) NMR Relaxationsdispersionsex-
perimente (RD-Experimente) am Dcp1:Dcp2-Komplex bei hohem hydrostatischen
Druck durch. Aus diesen Experimenten erhielt ich Informationen über die moleku-
laren Volumina der verschiedenen Konformationen des Komplexes während seines
Ö�nungs- und Schließvorgangs und über die Wirkung von ATP auf diese Volumina.
Diese Informationen konnten nicht zuverlässig aus bekannten Kristallstrukturen
gewonnen werden, was das Potenzial druckabhängiger NMR-Methoden unterstre-
icht, Einblicke in strukturelle Eigenschaften unsichtbarer Proteinkonformationen,
selbst von Komplexen mit hohem Molekulargewicht, zu erhalten.

In Part IV untersuchte ich die Anwendbarkeit der 5-Fluortryptophan-Markierung
zur Messung von Proteindynamik mit 19F-NMR-Experimenten und verwendete
dazu drei verschiedene Systeme, nämlich denDcp1:Dcp2-Komplex, die KIX-Domäne
des transkriptionellen Koaktivators CREB-Bindungsprotein und das Scavenger-
Decapping-Enzym DcpS. Ich fand heraus, dass die Markierung mit 19F auf dem
5-Tryptophan keinen messbaren Ein�uss auf die Dynamik des Rückgrats der un-
tersuchten Proteine hat und dass langsame Proteinbewegungen zuverlässig aus
19F-NMR-Experimenten extrahiert werden konnten, die unemp�ndlich gegenüber
Tryptophan-Seitenkettenbewegungen sind. Im Gegensatz dazu habe ich festgestellt,
dass NMR-Relaxationsexperimente am 19F-Kern an dieser Position nicht immer
eine zuverlässige Extraktion kinetischer und thermodynamischer Eigenschaften
zulassen, sodass diese Daten immer durch Daten aus komplementären Techniken
gestützt werden sollten.

In Part V führte ich Einzelmolekül-Förster-Resonanzenergietransfer-Experimente
(smFRET-Experimente) am Dcp1:Dcp2-Komplex durch. Wir optimierten zunächst
die Markierungspositionen der Fluorophore, indem wir verschiedene Kombina-
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tionen von Markierungspositionen testeten und diese mit NMR-Experimenten
an Fluorophor-markierten Dcp1:Dcp2-Komplexen überprüften. In anschließen-
den smFRET-Messungen bestätigte ich die zuvor erhaltenen NMR-Daten und
untersuchte den Ein�uss verschiedener Kofaktoren und Substrate, die für NMR-
Experimente nicht geeignet sind. Da die Fluorophor-Markierung das Konforma-
tionsgleichgewicht des Dcp1:Dcp2-Komplexes beein�ussen kann, ist eine Kreuzva-
lidierung der smFRET-Daten für die korrekte Interpretation der FRET-E�zienzen
von entscheidender Bedeutung.

In Gegenwart von Edc3 durchläuft der Dcp1:Dcp2-Komplex eine Flüssig-Flüssig-
Phasentrennung (LLPS) und nimmt einen gelartigen Zustand an, über den bisher
wenig bekannt ist. Um die Konformationsänderungen und die Dynamik von Edc3
und Dcp2 nach dem Übergang in den gelartigen Zustand zu untersuchen, führten
wir Festkörper-NMR-Experimente (ssNMR-Experimente) an Edc3 und Dcp1:Dcp2
im Gelzustand durch (Part VI). Wir entwerfen ein Modell, in dem die Faktoren der
mRNA-Decapping-Maschinerie nach LLPS in einen strukturell inhomogenen, gelar-
tigen Zustand übergehen, in dem die in Lösung gemittelten Molekularbewegungen
und intermolekularen Kontakte eingefroren sind und nicht mehr gemittelt werden.
Unsere Ergebnisse zeigen die gute Eignung der ssNMR zur Untersuchung großer
molekularer Maschinen im kondensierten, phasengetrennten Zustand.

Zusammengefasst tragen diese Ergebnisse zu unserem Verständnis bei, wie Kon-
formationsänderungen den Abbau der mRNA-Cap-Struktur regulieren, wodurch
letztlich ein tieferes Verständnis der Funktionsweise großer molekularer Maschinen
gewonnen wird.
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1. mRNA decapping
This chapter contains parts written for a review that I co-authored which was submitted

to “Biological Chemistry”.

1.1. Eukaryotic mRNAs
During gene expression in a cell, all steps from transcription and translation to RNA
degradation are tightly regulated (Schoenberg and Maquat 2012). In that process,
genetic information that is encoded in the DNA is transcribed into messenger RNA
(mRNA). This transcript is then exported from the nucleus to the cytoplasm and
translated into proteins by the ribosome. To maintain cellular homeostasis, the
targeted degradation of mRNA is crucial, as it ensures that protein expression levels
are regulated and an accumulation of excessive amounts of mRNA is prevented.
Thus, no longer needed transcripts and aberrant transcripts which could potentially
be translated into toxic proteins are degraded and the stability of speci�c mRNAs
is modulated, so gene expression can rapidly be adapted to changing conditions in
the cell.
In eukaryotes, mRNA possesses an m7G cap structure at its 5’ end and a polyA

tail at its 3’ end (Shatkin 1976). The 5’ cap structure blocks access for the exori-
bonuclease Xrn1 and thereby protects the mRNA from rapid and uncontrolled
degradation (Garneau, Wilusz, and Wilusz 2007). In addition, the cap is important
for e�cient translation as it interacts with the initiation factor eIF4F which in turn
recruits the small ribosomal subunit as well as the polyA binding protein (Pab1)
(Borman 2000; Sonenberg and Hinnebusch 2009; Topisirovic et al. 2011).

The simplest 5’ mRNA cap structure is the cap0, which consists of an N7-
methylated guanosine which is connected to the 5‘ end of the mRNA by a 5‘-5‘
triphosphate bridge (Shatkin 1976). When the ribose 2‘ OH group of the �rst 5‘
RNA base is additionally methylated, the structure is called cap1, and subsequent
ribose 2‘ O- methylations result in the formation of cap2 to cap4 structures. These
modi�cations result in di�erences in mRNA stability, but the exact mechanisms
behind that are not fully understood yet (Boo and Kim 2020; Despic and Ja�rey
2023). Generally, methylation of multiple bases occurs more frequently in higher
eukaryotes, whereas in simpler organisms like yeast, usually only the �rst base is
methylated (Banerjee 1980).

The 3’ polyA tail of the mRNA prevents premature degradation of the transcript
from the 3’ end by associating with Pab1, thereby connecting the 5’ and 3’ ends
of the mRNA (Eckmann, Rammelt, and Wahle 2011; Mangus, Evans, and Jacobson
2003; Sonenberg and Hinnebusch 2009). Furthermore, it is involved in nuclear
export and regulation of translation (Zhao, Hyman, and Moore 1999). The length
of the polyA tail can vary signi�cantly, and so it contains 70-80 nucleotides (nt) in
yeast and over 250 nt in mammals. Moreover, its length in�uences cellular function
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1. mRNA decapping

and consequently it varies for di�erent transcripts and cellular functions (Jalkanen,
Coleman, and Wilusz 2014).

Aside from polyA tail length, also other factors such as speci�c sequence elements
(e. g. AU-rich elements in the 3’ untranslated region (UTR)) or aberrations in the
transcript a�ect the decay rates of mRNAs (Kurosaki, Popp, and Maquat 2019; Xu,
Chen, and Shyu 1997). Thus, mRNA lifetimes have been shown to range from three
to 90 minutes in yeast (Wang and Kiledjian 2001) and they can be even longer in
humans (Yang, Nimwegen, et al. 2003).

Degradation of the mRNA transcript follows one of two main degradation path-
ways and proceeds either from the 5’ or from the 3’ end (Łabno, Tomecki, and
Dziembowski 2016) (Figure 1.1). Both pathways are present in eukaryotes but di�er-
ent organisms preferably employ one or the other. 5’� 3’ mRNA degradation is the
major degradation pathway in yeast whereas 3’� 5’ mRNA degradation is more
abundant in mammals (Muhlrad, Decker, and Parker 1995; Wang and Kiledjian
2001).

In both pathways, mRNA degradation is initiated with the deadenylation of the 3’
polyA tail, which occurs in two steps and is often rate limiting in mRNA decay. First,
the deadenylase complex Pan2:Pan3 shortens the length of the polyA tail until it
can only interact with one or two copies of Pab1 (Schäfer et al. 2019). This generally
occurs at a length of less than 10 to 12 nt. Pab1 then dissociates from the mRNA and
is replaced by the multi-subunit Ccr4:Not complex, which contains the catalytically
active exonuclease CNOT7/Caf1/Pop2 and the deadenylase CNOT6/Ccr4, which
further deadenylates the transcript (Parker 2012; Parker and Song 2004; Tucker et al.
2002; Wilusz, Wormington, and Peltz 2001). After deadenylation, highly specialized
enzymes can then rapidly and irreversibly degrade the mRNA transcript, and this
occurs either from the 5’ end, via decapping by the Dcp2 enzyme and subsequent
hydrolysis of the mRNA body by the exoribonuclease Xrn1, or from the 3’ end, via
processing by the cytoplasmic exosome and subsequent decapping by the scavenger
decapping enzyme DcpS.

In 5’� 3’ degradation, the heteroheptameric, doughnut-shaped LSm1-7 complex
interacts with the deadenylated 3’ end of the mRNA at its pore while its subunits
LSm2 and LSm3 bind to the helical C-terminal region of the sca�olding protein Pat1
(Montemayor et al. 2020; Sharif and Conti 2013; Wu et al. 2014). The C-terminal
region of Pat1 in turn recruits the mRNA decapping enzyme Dcp2 by binding
one of multiple helical motifs in the intrinsically disordered C-terminus of Dcp2,
thereby linking 3’ deadenylated transcript recognition to 5’ mRNA cap hydrolysis
(Charenton, Gaudon-Plesse, et al. 2017; Deshmukh et al. 2008; Dijk 2002; Mugridge,
Coller, and Gross 2018; Sharif and Conti 2013; Tharun and Parker 2001; Wang,
Jiao, et al. 2002). Interestingly, human Dcp2 lacks that C-terminal intrinsically
disordered region (IDR), and instead, the human Dcp1 protein contains a long,
intrinsically disordered C-terminus (Charenton, Gaudon-Plesse, et al. 2017). Dcp2
then hydrolyzes the m7G cap structure of the mRNA and generates the decapping
products m7GDP and 5’ monophosphorylated mRNA (Steiger et al. 2003), which
then gets further degraded by the exoribonuclease Xrn1 (Łabno, Tomecki, and
Dziembowski 2016). 5’ mRNA degradation however does not only involve Dcp2
but a much larger network of decapping factors, including the main activator
of decapping Dcp1 as well as Edc1, Edc3 and Dhh1, which all contribute to an
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1.1. Eukaryotic mRNAs

enhanced decapping e�ciency (Deshmukh et al. 2008; Sharif, Ozgur, et al. 2013;
She, Decker, Chen, et al. 2006; Wurm, Holdermann, et al. 2017).
In 3’� 5’ mRNA decay, the mRNA is �rst hydrolyzed by the cytoplasmic exo-

some complex. This multi-protein complex forms a catalytically inactive, barrel-like
hexameric ring structure, called Exo-9, which the mRNA can enter via a narrow
pore at the top (Liu, Greimann, and Lima 2006). The mRNA is then passed through
the central channel and reaches the catalytically active Dis3/Rrp44 protein at the
opposite side of the pore, where the mRNA is hydrolyzed in a highly processive
way. The catalytically active complex of Dis3/Rrp44 and Exo-9 is termed Exo-10
(Januszyk and Lima 2014; Makino, Baumgärtner, and Conti 2013; Makino and Conti
2013; Schneider and Tollervey 2013). Degradation products of the exosome are
single nucleotides and a small capped RNA fragment of two to �ve nucleotides
(Fuchs et al. 2020; Mitchell et al. 1997). The 5’ cap of this short fragment is then
further degraded by the scavenger decapping enzyme DcpS (Dcs1p in yeast) which
releases m7GMP and a 5’ diphosphorylated mRNA fragment (Nuss and Furuichi
1977).

Figure 1.1.: mRNA degradation pathways. Degradation of eukaryotic mRNA is initiated by deadenylation by the Pan2:Pan3
and the Ccr4:Not complexes before it is subjected to one of two degradation pathways. In 5‘� 3‘ decay, the 5‘ cap is
hydrolyzed by the Dcp1:Dcp2 complex and then the mRNA body is further degraded by the exoribonuclease Xrn1. In 3‘
� 5‘ decay, the RNA is degraded from the 3‘ end by the exosome and then the DcpS enzyme removes the cap from the
remaining short capped mRNA fragments.

Altogether, these hereby described pathways form the basis for the �rm regula-
tion of mRNA degradation. Certainly, a number of variations in these pathways
exist in a cell which di�er in their recruitment of the di�erent factors and they in-
clude nonsense-mediated decay, non-stop decay and no-go decay (Lykke-Andersen
and Jensen 2015; Schoenberg and Maquat 2012). Cellular mRNA levels are thus
strongly regulated by tightly controlled mRNA degradation mechanisms. A detailed
structural and mechanistic examination of these processes is however di�cult due
to the highly dynamic and �exible properties of the involved enzymes. Nonethe-
less, understanding the conformational changes and motions of these enzymes is
indispensable as they drive the cellular processes like mRNA decay (Neu et al. 2015;
Wurm, Holdermann, et al. 2017).
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1.2. The mRNA decapping complex Dcp1:Dcp2

Dcp2 is the main mRNA decapping enzyme in the 5’� 3’ mRNA decapping path-
way (Garneau, Wilusz, andWilusz 2007). It is composed of an N-terminal regulatory
domain (RD; residues 1-95 in S. pombe) and a catalytic domain (CD; residues 96-243
in S. pombe), which are connected by a �exible, 4 amino acid long linker, and it
contains an additional, intrinsically disordered C-terminus. The C-terminus is
about 100 amino acids long in plants and humans and more than �ve hundred
amino acids long in yeast, where it contains multiple helical leucine-rich motifs
(HLMs) (Dijk 2002; McLennan 2006; Wang, Jiao, et al. 2002). The CD contains a
loop-helix-loop NUDIX motif and therefore belongs to the NUDIX family of hydro-
lases. Generally, members of that family catalyze the hydrolysis of diphosphates
which are linked to nucleosides and they often display a broad substrate speci�city
(Bessman, Frick, and O’Handley 1996). Dcp2, in particular, binds and hydrolyzes
m7G capped RNA (McLennan 2013). Cap hydrolysis occurs at the NUDIX motif
through the coordination of catalytic Mg2+ ions via three conserved glutamates
(Wurm, Holdermann, et al. 2017). The intrinsically disordered C-terminus of Dcp2
is reported to possess an autoinhibition mechanism for decapping, which could
provide an intrinsic mechanism for the regulation of decapping activity (Paquette
et al. 2018).
So far, most studies on the structure and function of decapping enzymes have

been performed on S. pombe and K. lactis enzymes, but it is very likely that most of
their features are conserved in higher eukaryotes (Jonas and Izaurralde 2013; Song,
Bail, and Kiledjian 2013).

In S. pombe it was found that the isolated CD of Dcp2 displays limited decapping
activity, but this activity is increased about 65-fold in the presence of the RD, and
even more upon binding to di�erent interaction partners (Wurm, Holdermann, et al.
2017). The central interaction partner of Dcp2 is the main activator of decapping
Dcp1 and together they form the mRNA decapping complex Dcp1:Dcp2. Dcp1
binds tightly to the RD of Dcp2 whereby it stabilizes the N-terminal domain and
consequently further increases the decapping activity of Dcp2 (Beelman et al. 1996;
Steiger et al. 2003). Dcp1 possesses an enabled/vasodilator-stimulated phosphopro-
tein homology 1 (EVH1) protein domain and it can recruit other decapping factors
with proline-rich motifs via a dynamic, hydrophobic β-sheet surface, which leads
to an even further increase in decapping activity (Borja et al. 2011; Steiger et al.
2003; Wurm, Overbeck, and Sprangers 2016).

The Dcp1:Dcp2 decapping complex has been shown to be very dynamic and so
the CD of Dcp2 can adopt di�erent orientations relative to the rigid conformation
that is formed between the RD of Dcp2 and Dcp1 (Charenton, Taverniti, et al. 2016;
Floor, Borja, and Gross 2012; She, Decker, Sundramurthy, et al. 2004; She, Decker,
Svergun, et al. 2008; Wurm, Holdermann, et al. 2017). Several crystal structures
of Dcp2 alone and in complex with other decapping factors were solved and in
these structures the domain orientations with respect to the catalytic site di�er
substantially. Three of the conformations observed in crystal structures, which are
distinguished by the orientation of the CD relative to the rigid RD:Dcp1 structure,
could be detected in solution. These three conformations comprise a catalytically
inactive closed state, an open state which is also catalytically inactive but has a
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high a�nity for the mRNA body, and an active state in which mRNA decapping
can occur (Figure 1.2). In addition, the dynamics between these conformations
were examined and quanti�ed in detail using NMR spectroscopy (Floor, Borja, and
Gross 2012; Wurm, Holdermann, et al. 2017). These results demonstrate that a
combination of multiple, complementary methods is invaluable to obtain a profound
understanding of structures and dynamics of enzymes and, consequently, of their
functions (Hennig and Sattler 2014).

Figure 1.2.: Crystal structures of the Dcp1:Dcp2 mRNA decapping complex from S. pombe. Dcp1 here is colored in grey, the
RD of Dcp2 in light green and the CD of Dcp2 in dark green. The Nudix helix, which is important for catalysis, is colored in
magenta. In the absence of substrate, the Dcp1:Dcp2 mRNA decapping complex exchanges between a catalytically inactive
closed (PDBiD 2qkm chains A, B) and an open conformation (PDBiD 2qkm chains C, D). In the presence of substrate and
Edc1, its CD rearranges and the complex fully adopts the active conformation in which the Nudix helix is directed towards
the catalytic center (PDBiD 5n2v).

Dcp2 exchanges between an open and a closed conformation with a rate of
1600 s-1 and both states are populated to 50 %. In complex with Dcp1, the same
conformations are present and their exchange rate increases only slightly, but the
conformational equilibrium of the complex shifts strongly towards the closed state
(94 %) (Wurm, Holdermann, et al. 2017). The transition from the closed to the open
state starts with a local rearrangement of interface residues of Dcp2, and in the
next step, the two Dcp2 domains separate and adopt the open conformation.
The open and the closed state are, however, catalytically inactive. The two

structured domains of Dcp2 share a split active site, but in the presence of Dcp1,
access to the RNA binding site is blocked by the RD, and so mRNA binding is
prevented and mRNA binding a�nity is compromised. The presence of only
substrate mRNA leads to a competition between mRNA binding and formation of
the closed state in the decapping complex and results in the adoption of mainly
open conformations and only a transient formation of the active state (Wurm,
Holdermann, et al. 2017; Wurm and Sprangers 2019). A stable active conformation
is only adopted in the joint presence of Edc1 and substrate. Edc1 is an approximately
200 aa long intrinsically disordered protein that binds to the β-sheet surface of
Dcp1 and thereby stabilizes the active state of Dcp2 when substrate is present. In
contrast, binding of Edc1 alone does not in�uence the open-closed equilibrium of
the Dcp1:Dcp2 complex. Decapping activation by Edc1, in the presence of substrate,
is achieved through a YAGxxF activation motif in the 25 aa short fragment that
follows the proline rich region that binds to Dcp1 (Borja et al. 2011; Valkov et
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al. 2016; Wurm, Overbeck, and Sprangers 2016). The YAGxxF motif is placed
between the RD and the CD of Dcp2 and makes several stacking and hydrogen
bonding interactions with both domains and thus gives rise to a stabilization of
the catalytically active state of Dcp2. This stabilization is further secured by the
m7G cap structure, which binds at the active site between the RD (residue W43 in
S. pombe) and a conserved loop in the CD of Dcp2 (residues R190 and K191), while
at the same time the phosphate groups between the m7G cap and the mRNA body
bind to the NUDIX motif in the CD in the presence of three Mg2+ ions (Wurm and
Sprangers 2019).

A di�erent activity enhancement mechanism, in which no domain reorientations
take place in solution, is observed upon binding of the enhancer of decapping
Edc3 (Fromm, Tru�ault, et al. 2012). Edc3 is a sca�olding protein which consists
of an N-terminal LSm domain, a C-terminal YjeF_N dimerization domain and an
intrinsically disordered linker region (Sharif, Ozgur, et al. 2013; Tritschler et al.
2009). The N-terminal LSm domain of Edc3 binds to the HLMs in the disordered
C-terminus of Dcp2 which leads to an extension of the C-terminal α-helix of the
CD and thus an enlargement of the mRNA binding site in Dcp2, thereby enhancing
Dcp2 activity (Charenton, Taverniti, et al. 2016; Mugridge, Tibble, et al. 2018).
The network of proteins interacting with Dcp2 is, however, much larger and

includes many additional factors such as Dhh1, Xrn1, Upf1 and Pat1. The latter
two, like Edc3, interact with short linear motifs in the intrinsically disordered
C-terminus of Dcp2 and compete for binding to HLMs, which facilitates rapid
rearrangement and adaptation of the protein conformation to changing conditions
(He and Jacobson 2015; Jonas and Izaurralde 2013). Apart from harboring multiple
HLMs for ligand binding, the intrinsically disordered C-terminus of Dcp2 also
contains two autoinhibitory motifs which can interact with the structured core of
Dcp2 (Paquette et al. 2018). This inhibits the formation of the catalytically active
conformation by stabilizing the closed, inactive conformation. The autoinhibitory
mechanism is alleviated in the presence of Edc3 and Pat1 as they bind in close
proximity to the autoinhibitory motifs and thus prevent the formation of the
autoinhibited state.

Taken together, Dcp1 as well as the intrinsically disordered C-terminus of Dcp2
are the driving forces in the regulation of mRNA decay as they both recruit di�erent
mRNA decay factors needed for the e�cient decapping of mRNA.
Aside from controlling mRNA degradation through the recruitment of di�er-

ent decapping factors to the decapping complex and its subsequent activation,
Dcp1:Dcp2 is additionally able to undergo liquid-liquid phase separation (LLPS),
which is thought to be a further mechanism of regulation in the cell (Li, Banjade,
et al. 2012). Together with mRNA and the other proteins of the mRNA decapping
machinery, Dcp1:Dcp2 can be recruited into processing bodies (P-bodies) (Dijk 2002;
Sheth and Parker 2003; Teixeira and Parker 2007). P-bodies are membrane-less, self-
organized ribonucleoprotein foci in the cytoplasm of a cell that form via LLPS e. g.
in response to stress situations like an excessive accumulation of mRNAs, and thus
they serve to regulate and maintain the cellular equilibrium (Luo, Na, and Slavo�
2018; Stoecklin and Kedersha 2013). P-body formation is driven by protein-protein
and protein-RNA interactions as well as by low-complexity protein sequences as
can be found in the intrinsically disordered C-terminus of Dcp2 (Banani et al. 2017;
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Fromm, Kamenz, et al. 2014). The exact mechanism of LLPS and its function is not
completely understood yet. Thus, it is not clear whether P-bodies are sites of active
mRNA degradation or sites for storage of translationally repressed mRNAs (Luo,
Na, and Slavo� 2018). It was however found that the catalytic activity of Dcp2 in
P-bodies in vitro is reduced compared to the disperse, non-phase separated state
(Schütz, Nöldeke, and Sprangers 2017; Tibble et al. 2021). In the mRNA decapping
machinery, the sca�olding protein Edc3 is central for LLPS. While Edc3 can undergo
LLPS on its own, its IDR can interact with mRNA and mRNA decapping enzymes
and thereby drive the formation of LLPS droplets (Fromm, Kamenz, et al. 2014;
Schütz, Nöldeke, and Sprangers 2017). Edc3 is responsible for the recruitment of
Dcp2 into P-bodies, by binding to HLMs in the intrinsically disordered C-terminus
of Dcp2 at its LSm domain. Interestingly, the in vitro reconstituted LLPS droplets
containing puri�ed mRNA decapping enzymes and mRNA quickly mature into a
gel-like aggregate of proteins and mRNAs from which they cannot be recovered,
which, in consequence, is detrimental to the cell (Damman et al. 2019). Despite
the insights gained, our understanding of LLPS and the maturation process of the
decapping machinery is still limited. For example, it is not clear if the conformation
of Dcp2 changes upon LLPS in favor of an enhancement or an inhibition of mRNA
decapping.

1.3. The scavenger decapping enzyme DcpS
The scavenger decapping enzyme DcpS is involved in mRNA degradation from
the 3’ end (Nuss and Furuichi 1977). After deadenylation of the 3’ polyA tail, the
exosome degrades the mRNA body, producing single nucleotides as well as a short,
5’ capped mRNA fragment of two to at most �ve nucleotides. (Fuchs et al. 2020;
Januszyk and Lima 2014; Mitchell et al. 1997; Zinder, Wasmuth, and Lima 2016).
These short, capped mRNAs are then further processed by DcpS. DcpS hydrolyses
the 5’ cap structure and subsequently releases m7GMP and dephosphorylated RNA
(Liu 2002; Nuss and Furuichi 1977; Wang and Kiledjian 2001).

In its apo state, the 80 kDa DcpS enzyme forms a symmetric homodimer (Liu 2002;
Wang and Kiledjian 2001) with a domain-swapped fold. Both N- and C-terminal
domains are well structured and connected by a �exible linker (Chen, Walsh, et al.
2005; Gu et al. 2004), but the domains show only little to no interaction with each
other (Neu et al. 2015). At the active site of its C-terminal domain, DcpS possesses
a histidine triade (H-X-H-X-H), which makes it a member of the Histidine Triad
(HIT) protein family of pyrophosphatases (Séraphin 1992). Catalytic activity is only
achieved when both N- and C- terminal domains come together as they form the
catalytically competent active site together, between the N- and C-terminal lobes
(Gu et al. 2004; Lima, Klein, and Hendrickson 1997; Liu 2002; Liu, Jiao, et al. 2004;
Séraphin 1992).

To date, di�erent crystal structures of DcpS in its apo state, as well as in complex
with di�erent cap analogues, m7GDP and medicinal inhibitors have been solved
for the human and the mouse enzyme (Chen, Walsh, et al. 2005; Gu et al. 2004; Han
et al. 2005; Singh et al. 2008; Wojtczak et al. 2018). In yeast, the crystal structure was
solved for the catalytically inactive form DcpS H268N in complex with the inhibitor
m7GDP (Neu et al. 2015) as well as in complex with the capped RNA dinucleotide
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m7GpppGU. In C. thermophilum, only the structure of the apo protein is available
(Fuchs et al. 2020).

In all organisms, the structural symmetry of the apo DcpS enzyme is lifted upon
ligand binding and a distinct, asymmetrical conformation is adopted in which a
closed, catalytically active site and an open, inactive site are formed (Figure 1.3). In
this asymmetric state, the side chain residues of the open site experience nearly
no structural changes compared to the apo state, but at the closed site, substantial
reorientations of a number of side chain residues take place when the N-terminal
domain �ips onto the C-terminal domain to form the catalytically competent active
site around the ligand (Chen, Walsh, et al. 2005). Simultaneously, at the second
binding site at the opposite side of the enzyme the N-terminal domain rotates
around its central axis by 37° which corresponds to a 30 Å movement, opening
up into the inactive conformation (Chen, Walsh, et al. 2005; Gu et al. 2004). In
this inactive, open conformation, a second substrate can be recruited, and, while
the �rst substrate is hydrolyzed at the �rst active site, the N-terminal domain of
the second binding site �ips over and encloses the new substrate at its now newly
formed, second active site, which results in the release of the decapping products at
the �rst active site. In this way, DcpS performs an allosterically regulated �ipping
motion to e�ciently decap short, 5’ capped mRNA fragments (Neu et al. 2015).

Figure 1.3.: Crystal strucutres of human DcpS. In the absence of substrate, the scavenger decapping enzyme DcpS is symmetric
(PDBiD 2xml). In the presence of substrate, its domains rearrange and it adopts an asymmetric conformation (PDBiD
2xmm).

The decapping process itself is a hydrolysis reaction in which the central histidine
of the HIT histidine triade serves as a nucleophile that attacks the α-phosphate
of the triphosphate linkage at the cap of the short mRNA fragment. This results
in the release of the decapping products m7GMP and dephosphorylated mRNA
(Chen, Walsh, et al. 2005; Lima, Klein, and Hendrickson 1997). At equimolar
concentrations of mRNA substrate and DcpS enzyme, one binding site per dimer
is occupied and at an excess of substrate, subsequent binding of substrate to the
second binding site takes place (Gu et al. 2004; Liu, Rajagopal, et al. 2008; Neu
et al. 2015). Interestingly, the �rst binding site has a much higher a�nity to the
mRNA cap (analogue) compared to the second binding site. This can be explained
by the fact that the second substrate interacts only with residues of the C-terminal
domain. The decapping products however have a very low a�nity to the open
binding site, which facilitates an e�cient product release and subsequent binding
of new substrate (Neu et al. 2015).
The rate of the decapping reaction depends on the concentration of available
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substrate. Thus, under single turnover conditions, cap binding limits the decapping
rate while under multiple turnover conditions, the reorientation of the side chain
to form the catalytically competent state is the limiting factor for cap removal
(Liu, Rajagopal, et al. 2008). Additionally, with increasing substrate concentration
the enzyme’s �ipping motions to remove the mRNA cap increase. Too large of
an excess of substrate and the resulting increase in speed of the domain motions
was however found to strongly decrease catalytic turnover rates. The reason for
this is that catalysis cannot be performed any more because the lifetime of the
closed, catalytically competent conformation is too short to perform catalysis (Liu,
Rajagopal, et al. 2008; Neu et al. 2015).
In addition, it was found that the catalytic activity of DcpS depends heavily on

substrate length. It is most active on short substrates of one to two nucleotides
and its activity decreases with increasing substrate length. At an excess of enzyme,
a strongly reduced, residual activity was observed for substrates longer than 15
nucleotides (Liu 2002) while at an excess of substrate, the activity drops signi�cantly
from a one nucleotide capped RNA to a two nucleotide capped RNA and it reaches
its basal activity for three nucleotides. Interestingly though, some basal activity still
remains for substrates longer than three nucleotides. This dependence of catalytic
activity on substrate length is due to the steric hindrance caused by the third mRNA
nucleotide which prevents the formation of a stable asymmetric conformation and,
with that, the catalytically competent closed site (Fuchs et al. 2020). Thus, DcpS
processes only very short mRNAs which are intended for degradation instead of
longer mRNAs that might still be actively translated, and, in line with that, DcpS
has a much higher a�nity for short substrates compared to long substrates (Neu
et al. 2015). Furthermore, DcpS speci�cally recognizes the m7G cap structure which
it binds by speci�c side-chain interactions. Despite slight di�erences in molecular
interactions, it is, however, irrelevant if the �rst base of the RNA body is G or A
(Gu et al. 2004; Liu 2002; Nuss and Furuichi 1977).

Even though DcpS is active on its own, it can interact and form complexes with
other proteins of the mRNA decapping machinery, e. g. components of the exosome
or Xrn1 (Sinturel et al. 2012; Wang and Kiledjian 2001). Since Xrn1 is involved in the
degradation of decapped mRNA in the 5’� 3’ decay pathway, DcpS can in this way
have an indirect in�uence on the regulation of mRNA decay from the 5’ end as well
as on mRNA stability, which is generally mediated by protein-protein interactions
(Liu and Kiledjian 2005; Zhou et al. 2015). Furthermore, DcpS participates in miRNA
processing (Bossé et al. 2013; Meziane et al. 2015) and pre-mRNA splicing (Shen
et al. 2008), and it gets phosphorylated in response to cellular stress conditions
such as changes in nutrient availability (Malys 2004). A special mechanism that is
unique to DcpS in S. cerevisiae is the existence of an inactive homologue (Dcs2p)
that can form heterodimers with active DcpS, thereby downregulating catalytic
activity (Malys 2004; Malys and McCarthy 2006). However, the core protein fold
is highly conserved among all species used here and therefore the mechanisms of
substrate recognition and mRNA length sensing are the same for all species studied
here, too (Fuchs et al. 2020).
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2. Structural biology methods to
study enzymes

2.1. Structural biology
The functions of proteins are determined by their structures and by the structural
changes they undergo. The structural characterization of proteins thereby con-
tributes to understanding the mechanisms underlying all biological processes, so
knowledge about protein structures and about e�ects resulting from changes in
their structures, as well as about their actions and interaction networks provides
valuable information about their functions. This information contributes to a better
understanding of diseases and provides the basis for advances in drug development
and treatment of disease (Ng et al. 2015; Singh et al. 2008). In recent years, immense
progress has been made in understanding protein aggregation into amyloid �brils,
which is strongly linked to severe illnesses like Alzheimer’s disease, Parkinson’s
disease and type II diabetes (Fitzpatrick et al. 2017; Iadanza et al. 2018). Other
examples for which an understanding of molecular mechanisms provided crucial
insight for drug development include the recent rapid development of vaccines
against severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) (Lett
et al. 2023; Yang and Rao 2021), but also the development of drug targets for cancer
(Bridge et al. 2023; Scott, Wolchok, and Old 2012) and Human immunode�ciency
virus (HIV) (Li, Mori, et al. 2023; Puhl et al. 2019).

To study the three-dimensional (3D) structures, motions and interactions of
biological molecules, a wide variety of experimental techniques and instruments
have been developed and advances in software and computational techniques have
led to even further progress. Some key methods in structural biology to date are
X-ray crystallography (Bernal and Crowfoot 1934; Kendrew et al. 1958), (cryo-)
electron microscopy (cryo-EM) (Fischer et al. 2015; Ye, Liu, and Li 2022) and nuclear
magnetic resonance (NMR) spectroscopy (Williamson, Havel, and Wüthrich 1985).
While x-ray crystallography, which emerged in the 1920s and was �rst employed
in structural biology to prove that DNA adopts a double helical structure (Bragg
1915; Bragg 1929; Watson and Crick 1953), allows to obtain atomistic 3D structures
of bio-molecules, cryo-EM was developed in the 1970s but only recent advances in
detector technology and software have led to its success today. Modern cryo-EM
allows to obtain the conformations of proteins and protein complexes at Ångström
resolution without the need for crystallization (Cheng et al. 2015; She, Decker, Sver-
gun, et al. 2008). The foundations of NMR spectroscopy were laid in the 1940s when
magnetic resonance signals of atomic nuclei were �rst observed (Bloch, Hansen,
and Packard 1946; Purcell, Torrey, and Pound 1946). Since then advances in instru-
mentation, sample preparation and software have made NMR an equally powerful
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method to study biomolecules. Thus, while X-ray crystallography and cryo-EM are
mostly used to record static images of large biomolecules, the strength of NMR spec-
troscopy lies in the unique possibility to detect and quantify dynamic processes in
biomolecules at atomic resolution. This information is crucial as most enzymes have
to undergo structural rearrangements to ful�ll their speci�c biological function in
the cell. In this way, NMR spectroscopy complements structural data obtained from
cryo-EM or X-ray crystallography with high-resolution data of enzyme dynamics
(Hennig and Sattler 2014). In addition, despite constant improvements, obtaining
high-resolution cryo-EM structures of proteins below 100 kDa remains challenging,
so cryo-EM is more suitable for large, heterogeneous protein complexes (Wentinck,
Gogou, and Meijer 2022), while studying large biomolecular complexes of hundreds
of kDa or more is still a challenge for NMR spectroscopy, which is better suited
to examine smaller proteins. This again highlights the importance of combining
di�erent techniques to characterize protein complexes as ultimately, the goal of
structural biology is to profoundly understand how bio-molecular structures and
motions are linked to biological function.

The motions of proteins take place on a wide range of timescales (Frauenfelder,
Sligar, and Wolynes 1991; Henzler-Wildman and Kern 2007) (Figure 2.1). Fluctua-
tions such as bond vibrations occur on the femtosecond timescale, methyl group
rotations on the pico- to nanosecond timescale and rotameric jumps in side chains
on the pico- to even the microsecond timescale. Larger collective motions, in which
the involved proteins or protein complexes exchange between a ground state and
one or more excited states, take place on the microseconds to seconds timescale
(Alderson and Kay 2020; Baldwin and Kay 2009). These dynamics a�ect processes
such as protein folding and unfolding (Dyson andWright 2005; Korzhnev, Salvatella,
et al. 2004; Neudecker, Lundström, and Kay 2009), catalytic turnover of enzymes
(Boehr, Dyson, and Wright 2006; Fraser et al. 2009; Neu et al. 2015), protein aggre-
gation (Ceccon, Tugarinov, and Clore 2021; Tycko 2006), ligand binding (Boehr,
Nussinov, and Wright 2009; Boehr and Wright 2008) and allostery (Laskowski,
Gerick, and Thornton 2009; Wurm, Sung, et al. 2021; Xie et al. 2020), for which
both the exchange dynamics (kinetics) and the conformational equilibria of the
interchanging states (thermodynamics) determine the function of the proteins.

Figure 2.1.: Timescales of protein motions and corresponding NMR experiments. Protein dynamics take place on a wide
range of timescales. A variety of NMR methods exists with which these functionally relevant motions can be studied.
Here, the following abbreviations are used: Residual Dipolar Coupling (RDC), Real Time NMR (RT NMR), Nuclear Spin
Relaxation (NSR), Rotating Frame Relaxation Dispersion (RF RD), Carr-Purcell Meiboom-Gill Relaxation Dispersion (CPMG
RD), Exchange Spectroscopy (EXSY; also known as zz-exchange), Paramagnetic Relaxation Enhancement (PRE), Lineshape
analysis. (Adapted from (Kleckner and Foster 2011).)
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Apart from X-ray crystallography, cryo-EM and NMR, the �eld of structural
biology includes a plethora of additional methods to study the structures, dynamics
and interactions of bio-molecules. These include �uorescence-based methods such
as single-molecule Förster resonance energy transfer (smFRET) (Mazal and Haran
2019), electron paramagnetic resonance (EPR) (Polyhach, Bordignon, and Jeschke
2011), various biochemical assays, mass spectrometry (Lento and Wilson 2022),
cryo- electron tomography (cryo-ET) (Trinkaus et al. 2021) as well as computational
techniques such as molecular dynamics (MD) simulations (Hollingsworth and Dror
2018) and arti�cial intelligence (AI) based structure prediction tools (Jumper et al.
2021; Tunyasuvunakool et al. 2021).

In the following sections, NMR spectroscopy and smFRET measurements will
be described in more detail, as these techniques were used to obtain the results
presented in this thesis.

2.2. NMR spectroscopy
NMR spectroscopy is an important method in structural biology with the unique
advantage that motions of bio-molecules can be detected and quanti�ed in solution.
To investigate dynamics, a large number of experiments have been developed to
probe molecular motions ranging from pico- and nanoseconds up to seconds and
these motions can be mapped onto the structures of the bio-molecules, often with
atomic or residue resolution. Furthermore, a speci�c feature of NMR is that it is
very sensitive in monitoring interactions with atomic and temporal resolution such
that it can be used to determine even weak/transient interactions which are often
quite elusive for other methods (Bhabha et al. 2011; Overbeck, Stelzig, et al. 2022;
Oyen et al. 2017; Sta�ord et al. 2015; Wurm, Sung, et al. 2021).
In the past, NMR experiments were limited to proteins and protein complexes

with a molecular weight below ∼ 40 kDa. For larger molecules, NMR spectral qual-
ity was strongly impaired due to fast transverse spin relaxation rates of observable
nuclei. However, advances in sample preparation and isotope labeling methods as
well as in pulse sequence design have facilitated the examination of bio-molecules
with molecular weights of hundreds of kDa. Thus, even larger proteins and protein
complexes such as the decameric exosome (400 kDa) or the large protein complex
of the mRNA decapping machinery (> 125 kDa) can now be studied with NMR
(Audin et al. 2013; Cvetkovic et al. 2017; Jiang and Kalodimos 2017; Schütz and
Sprangers 2020; Sprangers and Kay 2007).

2.2.1. The basics of an NMR experiment
NMR spectroscopy is an experimental technique that exploits the principle that
when atomic nuclei with a nonzero spin are placed in an external magnetic �eld B0,
they lose the degeneracy of their spin eigenstates and the spins precess around the
direction of B0 in a parallel or an antiparallel fashion (Keeler 2013). In accordance
with Boltzmann’s law, for nuclei with a positive gyromagnetic ratio, which quanti-
�es the proportionality between angular momentum and magnetic dipole moment,
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the probability for a parallel alignment of the spin along the external magnetic �eld,
which corresponds to the lower energy eigenstate, is slightly larger, and averaging
over all individual magnetic moments in a sample results in a net magnetization
along the axis of B0.

Even though there exist various approaches to describe an NMR experiment, in
the following the magnetization vector approach (Bloch 1946), which describes the
NMR experiment in terms of this bulk magnetization, will be used as it provides
a simple and phenomenological understanding of the processes taking place in a
basic NMR experiment.

In NMR spectroscopy, the bulk magnetization is perturbed by the application of
a suitable oscillating magnetic �eld B1, called a radio frequency (rf) pulse, which
is applied perpendicular to the external magnetic �eld and which matches the
precession frequency, called Larmor frequency, of the nuclei. This leads to the
magnetization being tipped away from the direction of B0 (by de�nition the z-
direction) and the magnetization acquires components in x- and y-direction, the
directions perpendicular to z.

After the rf pulse, the magnetization returns back to equilibrium along B0 via two
di�erent relaxation processes, called longitudinal and transverse relaxation. While
longitudinal relaxation describes the realignment of the perturbed spins along the
direction of B0, transverse relaxation describes the process by which the individual
spins lose the coherence obtained from the rf pulse and thus the consequent decay
of bulk magnetization in the xy-plane.

The precession and the decay of magnetization is detected as a time-dependent
signal which is termed the free induction decay (FID). In order to obtain the fre-
quency components that make up the FID signal, a Fourier transformation is applied
to the FID which results in the characteristic intensity-frequency NMR spectrum
(Figure 2.2).

Figure 2.2.: A simple pulse-acquire NMR experiment. A 90° pulse is applied to the sample and its FID is recorded. Fourier
transformation of the FID results in the characteristic frequency spectrum of the sample.

Since each nucleus in an NMR sample is located in a slightly di�erent chemical
environment due to e.g. its surrounding atoms in a protein, each nucleus experiences
a slightly modulated external �eld B0*, and therefore each nucleus resonates at
a slightly di�erent frequency. This is detected in the FID and therefore, after
Fourier transformation, the resonances of the single nuclei appear as individual
resonances at di�erent positions in the NMR spectrum and their peak linewidths
are proportional to the transverse relaxation rates.

In each NMR experiment, speci�c combinations of rf pulses and pulse sequences
are applied, depending on the nuclei to be examined and on the goal of the experi-
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ment. Most biological NMR experiments exploit the spin 1
2 nuclei of isotopes of

hydrogen, carbon and nitrogen, since H, C and N are the atomic building blocks of
most biomolecules.

2.2.2. Methyl group and (backbone) nitrogen labeling

In the past, biomolecules with molecular weights above 40 kDa were not suited
for NMR measurements due to the fast spin relaxation rates of nuclei in large
biomolecules. This limit has however been substantially shifted upwards and now
biomolecules and biomolecular complexes of hundreds of kDa can now be measured
using NMR. This progress is partly due to the development of advanced pulse
sequences that exploit the transverse relaxation optimized spectroscopy (TROSY)
e�ect, which results in strong gains in sensitivity in the NMR spectra (Gueron,
Leroy, and Gri�ey 1983; Pervushin et al. 1997; Salzmann et al. 1998; Yang and Kay
1999). Improvements in sample preparation, and in particular in isotope labeling
combined with sample deuteration have substantially contributed to the extension
of the applicability of NMR to large molecular machines. Especially isotope labeling
of methyl groups has proven to be a very successful and powerful strategy to study
large biomolecules (Goto and Kay 2000; Grzesiek et al. 1993; Kerfah et al. 2015;
LeMaster 1987; Venters, Farmer II, et al. 1996; Venters, Huang, et al. 1995).

Methyl groups (CH3) are abundant in organic molecules and about one third of
amino acids contains methyl groups (alanine, threonine, valine, leucine, isoleucine
and methionine). Since the three protons are equivalent, rotate fast around the
central axis of the methyl group and they have favorable relaxation properties that
can be exploited in NMR experiments, they are ideal probes for NMR spectroscopy
to study large proteins up to hundreds of kDa (Gardner and Kay 1997; Schütz and
Sprangers 2020; Tugarinov, Hwang, et al. 2003). Most of these experiments are
conducted on fully protonated and 13C-labeled methyl groups (13CH3) in an other-
wise fully deuterated background. Here, deuteration is required to suppress dipolar
interactions with non-methyl protons which would lead to additional relaxation
e�ects and subsequent peak broadening in the resulting NMR spectra (Markus et al.
1994; Sattler and Fesik 1996).

Furthermore, enrichment with 13C atoms in the methyl groups is necessary
because the NMR-active 13C nucleus has a low natural abundance ( 1.1 %). For this
reason, labeling schemes have been developed in which appropriate 13C-1H3 methyl
groups are incorporated into proteins during expression or in which the proteins
are post-translationally modi�ed with isotope-labeled tags (Religa, Ruschak, et al.
2011; Theillet et al. 2012). In the case of cell-based expression in Escherichia coli (E.
coli), isotopically labeled amino acids or amino acid precursors are added to the
cells’ growth medium, which is commonly D2O-based, and the labeled compounds
are metabolized by the expression host (Kerfah et al. 2015; Tugarinov, Kanelis,
and Kay 2006). Often, a combination of labeled methyl groups is desirable to
increase the amount of information contained in an NMR spectrum, yet, in order
to avoid spectral overlap, modular isotope labeling is often required for a multi-
subunit protein or a protein complex. To achieve this, the di�erent subunits are
expressed, labeled and puri�ed separately and then reconstituted in vitro to form
the full protein or protein complex. In this way, only the part of the protein that
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contains NMR active nuclei will generate peaks in the NMR spectra. This approach
also allows for di�erentially labeling distinct parts of a protein (Audin et al. 2013;
Cvetkovic et al. 2017; Gelis et al. 2007; Ogunjimi et al. 2010).

Methyl group labeling and NMR experiments of methyl groups are particularly
important for the study of large proteins, and therefore NMR experiments have been
speci�cally designed, or adapted to the spin systems of 13C-labeled methyl groups
and include for example 13C-methyl TROSY experiments (Schütz and Sprangers
2020; Tugarinov, Hwang, et al. 2003). Initially, however, these experiments were
introduced for 1H-15N labeled proteins, for which uniform 15N labeling can be
achieved straightforwardly through the addition of 15NH4Cl and/or 15NH4SO4 to
the cellular growth medium as the only source of nitrogen during expression (Ohki
and Kainosho 2008).
For this reason, in the following, the heteronuclear single quantum correlation

(HSQC) and TROSY experiments will �rst be explained for the 1H-15N spin system,
before their adaptation and application for 13C-1H3 methyl groups will be described.

2.2.3. The 1H-15N HSQC and the TROSY experiment

In an amide 1H-15N spin system, the combination of the 1H and 15N spins results
in four di�erent energy levels (Atkins and Friedman 2011). These energy levels,
which are described as magnetization terms or coherences, have di�erent relaxation
rates and can be manipulated by the pulse sequence of an NMR experiment. The
main contributions for transverse relaxation in this system arise from dipole-dipole
coupling (DD) and chemical shift anisotropy (CSA). These relaxation mechanisms
interfere destructively for some of the magnetization terms which results in ex-
tended transverse relaxation times, and therefore these magnetization terms are
called slowly relaxing coherences (Pervushin et al. 1997).

One of the simplest NMR experiments to obtain information about correlations
between two J-coupled nuclei in a biomolecule is the heteronuclear single quantum
correlation (HSQC) experiment (Bodenhausen and Ruben 1980).

In a 1H-15N HSQC experiment, speci�cally, the 1H magnetization is excited, then
transferred to the J-coupled 15N nucleus where the magnetization evolves in order
to record the 15N chemical shift and then it is transferred back to 1H and the FID
is detected. In such an HSQC experiment, magnetization transfer is realized by
the combination of multiple insensitive nuclei enhanced by polarization transfer
(INEPT) pulse sequences, during which the fast and the slowly relaxing coherences
in the sample are mixed before magnetization is detected. Each peak in the resulting
NMR spectrum then shows the correlation between the 1H and 15N nuclei in the
sample. 1H-15N HSQC experiments are convenient for experiments on the protein
backbone, as each amino acid has one amide that results in one resonance. However,
as all four coherences are mixed in this experiment, an average relaxation rate is
obtained and thus the resonances in the spectrum can become relatively broad and
weak. For small proteins with slow relaxation rates, however, this experiment still
yields high quality spectra.
For larger proteins, the development of the transverse relaxation optimized

spectroscopy (TROSY) experiment has led to signi�cant improvements in spectral
quality. In 1H-15N spin systems the destructive interference of DD interactions
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and CSA for one of the four coherences results in the slow relaxation of this
magnetization term. The TROSY experiment exploits this e�ect by selecting the
slowly relaxing coherence and keeping it separate from the fast relaxing coherences
throughout the experiment, so that no averaging of relaxation rates occurs. As a
result, the slowly relaxing magnetization can be recorded and it yields a narrow
and intense peak in the NMR spectrum (Pervushin et al. 1997). It has to be noted,
though, that only one half of the initial magnetization is recorded to obtain the
spectrum, so that TROSY experiments are mainly suited for larger proteins and
complexes whose fast relaxation rates prevent the recording of high quality HSQC
spectra.
Since the CSA for 1H and 15N in amide groups depends on the strength of the

external magnetic �eld, an optimal cancellation of DD and CSA is reached at �eld
strengths of around 21 T, which corresponds to a proton Larmor frequency of 900
MHz (Pervushin et al. 1997; Takeuchi, Arthanari, and Wagner 2016). Of note, the
TROSY e�ect is also observed for aromatic CH groups but due to a di�erent CSA of
13C and 15N, an optimal cancellation of DD interactions and CSA is here reached at
around 14 T, or 600 MHz proton Larmor frequency (Pervushin et al. 1998).

2.2.4. The 1H-13C HMQC and the methyl-TROSY experiment

In the spin system of a 13C-labeled methyl group, the combination of the carbon and
the three proton spins yields 16 di�erent energy levels (Ollerenshaw, Tugarinov,
and Kay 2003; Tugarinov, Hwang, et al. 2003) which are connected by 28 fast
or slowly relaxing single-quantum proton and single-quantum carbon as well
as heteronuclear double-/zero-quantum transitions (Schütz and Sprangers 2020).
In contrast to 1H-15N spin systems (and aromatic 13C systems), the methyl-13C
CSA is very small, so transverse relaxation in methyl groups is dominated only
by dipolar interactions and no (external magnetic �eld dependent) cancellation
of DD interactions and CSA takes place to obtain a slowly relaxing coherence.
However, in the methyl groups of high molecular weight proteins, the proton-
proton and proton-carbon dipolar interactions interfere destructively, which also
leads to slowly relaxing coherences (Tugarinov, Hwang, et al. 2003).

Analogous to the 1H-15N HSQC experiment, interconverting the fast and slowly
relaxing methyl coherences multiple times in a 1H-13C HSQC experiment also leads
to broad and weak signals, especially for large proteins. However, applying only a
single 90° pulse on 1H (in the heteronuclear multiple quantum (HMQC) experiment)
instead prevents the mixing of the di�erently relaxing methyl coherences, so that
large gains in sensitivity (up to three-fold higher) and thus relatively sharp and
intense 1H-13C resonances can be obtained (Bax, Gri�ey, and Hawkins 1983; Mueller
1979; Tugarinov, Hwang, et al. 2003). This so-called methyl-TROSY e�ect can
therefore be achieved with the HMQC experiment, in which the fast and the slowly
relaxing coherences are notmixed and yield sharp and intense peaks in the spectrum,
especially also for large proteins (Sprangers and Kay 2007). In addition, further
improvements in spectral quality are achieved by deuteration because it attenuates
relaxation due to dipolar interactions with H2O protons or nearby protons in the
protein since the dipolar interaction with deuterium is 50-fold weaker (Sattler and
Fesik 1996).
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2.2.5. Molecular dynamics and exchange processes
The strength of NMR spectroscopy compared to other structural biology methods
is its ability to detect and measure biomolecular motions. These motions involve
conformational changes and may be directly linked to enzymatic function. Thus, it
is particularly interesting to study dynamics that take place on the same timescale
as biological catalysis. Most enzymatic turnover rates range between approximately
one to 105 s-1 and motions on such timescales can be quanti�ed using a range of
di�erent NMR experiments, depending on which conformational states are involved.
Dynamics experiments can then provide information about the thermodynamic
(populations) and kinetic (exchange rates) properties of the underlying exchange
process in the examined biomolecule. Experiments that allow to determine dynam-
ics include Carr-Purcell Meiboom-Gill relaxation dispersion (CPMG RD) (Carr and
Purcell 1954; Farber and Mittermaier 2015; Hansen, Vallurupalli, and Kay 2008;
Meiboom and Gill 1958) and rotating-frame (R1ρ) RD experiments (Palmer and
Massi 2006) as well as exchange spectroscopy (EXSY) (Farrow et al. 1994; Jeener
et al. 1979; Kloiber et al. 2011) and chemical exchange saturation transfer (CEST)
experiments (Vallurupalli, Sekhar, et al. 2017).
For an exchange process to be detectable with NMR spectroscopy, the states

between which the exchange occurs have to be magnetically distinguishable, e.g.
by being in a distinct chemical environment each, or by having di�erent relaxation
properties. In the simplest case of a two-state exchange, a biomolecule interconverts
between two states A and B with populations pA and pB, respectively, and an
exchange rate kex = kA + kB, with pA/B = kA/B/kex. Importantly, since each state is in
a di�erent chemical environment, they resonate at frequencies ωA and ωB and the
chemical shift di�erence is ∆ω = |ωA – ωB| (Allerhand and Thiele 1966; Palmer and
Koss 2019). The relationship between ∆ω and kex de�nes the NMR timescale and
three di�erent exchange regimes can be distinguished. An exchange is classi�ed
as slow when kex � |∆ω|, as intermediate when kex ≈ |∆ω| and as fast when kex
� |∆ω| and these exchange regimes have a direct in�uence on the appearance of
the NMR spectrum (Figure 2.3). Note that the exchange regime may vary with the
external magnetic �eld B0 because ∆ω scales linearly with the B0 �eld strength
(Kleckner and Foster 2011; Mittermaier and Kay 2009).

In the slow exchange regime, interconversion between the two states is slow
compared to the frequency detection of the NMR experiment, which results in
two separate resonances in the NMR spectrum, each with a distinct chemical
shift, intensity and linewidth corresponding to the respective state. Suitable NMR
experiments tomeasure slow exchange are CEST experiments aswell as longitudinal
exchange or EXSY experiments and they rely on the transfer of polarization from
one state to the other (Furukawa et al. 2016; Religa, Sprangers, and Kay 2010).
In the intermediate exchange regime, resonances are signi�cantly broadened.

This exchange broadening is the result of conformational exchange during the
detection period and in consequence the relaxation rate R2 obtains an additional
term Rex from the exchange, resulting in R2

obs = R2
0 + Rex with R2

0 being the
relaxation rate in the absence of exchange. CPMG or R1ρ experiments can be
used to quantify this exchange broadening by modulating Rex either through the
application of transverse rf pulses (CPMG) or constant spin-lock �elds (R1ρ).

In the limit of fast exchange, interconversion between the two states is very fast,
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which results in signal averaging during detection and consequently one population-
weighted average peak and relaxation rate R2obs = pAR2A + pBR2B. Both CPMG and
R1ρ experiments can be used to quantify exchange in this regime, however with
increasing exchange rates the population of the lowly populated excited state pB
and the chemical shift di�erence ∆ω cannot be separated any more (Bothe, Stein,
and Al-Hashimi 2014; Ishima and Torchia 1999; Korzhnev, Orekhov, et al. 2003).
In the following, the zz-exchange and the CPMG experiment will be explained in
more detail as these were part of the work performed for this thesis.

Figure 2.3.: NMR lineshape modulation through chemical exchange. The exchange regime in which chemical exchange
between states A and B occurs determines the appearance of the resulting NMR spectra and it is de�ned by the relative
magnitudes of kex and |∆ω|.

2.2.6. The zz-exchange experiment
Biomolecular dynamics in the slow exchange regime can be detected and quanti�ed
using longitudinal, or, zz-exchange NMR experiments (Palmer, Kroenke, and Patrick
Loria 2001). Motions in this time regime include changes in protein conformation
such as rearrangement of protein domains (Key et al. 2009; Religa, Sprangers, and
Kay 2010), binding and release of ligands (Doucle� and Clore 2008; Sahu, Clore,
and Iwahara 2007; Sprangers, Gribun, et al. 2005), changes in secondary structure
(Kuloğlu et al. 2002; Nikolaev and Pervushin 2007) and isomerization processes
(Sarkar et al. 2007), all of which can be involved in biomolecular catalysis (Falzone,
Wright, and Benkovic 1994; Sprangers, Gribun, et al. 2005). Exchange spectroscopy
(EXSY), and, in particular, longitudinal zz-exchange experiments are based on trans-
ferring longitudinal magnetization between di�erent states by chemical exchange
(Farrow et al. 1994; Jeener et al. 1979; Montelione and Wagner 1989). Zz-exchange
experiments require that the interchanging states are su�ciently populated and
have a clearly distinguishable chemical shift. During the experiment, each probe is
�rst labeled by its chemical shift to identify its initial state, magnetization is then
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allowed to evolve during a mixing time τmix, in which exchange between state A
and B can occur, before the �nal chemical shift of each probe is again detected
to identify its �nal state. In the case of chemical exchange in the slow exchange
regime, this results in two diagonal auto peaks (one for each state A and B) and
in two cross peaks (for exchange from A to B and vice versa). Thus, cross peaks
between the two states in a zz-exchange experiment indicate the presence of slow
exchange (Figure 2.4). Variation of τmix for a series of spectra and evaluation of
the auto and cross peak intensities can then be used to extract exchange rates
and longitudinal decay rates of the exchange. In practice, between �ve and 20
spectra are usually recorded with mixing times depending on the exchange rate,
and for each spectrum the intensity of each of the set of peaks is extracted and
plotted. For an optimal choice of experimental parameters and in the presence of
exchange, intensities decay for the auto peaks while for the cross peaks, a build-up
of intensities and subsequent decay can be observed. From �ts of these curves
kex, pA and R1 rates can then be extracted. In the case of two-state exchange, the
intensities of the respective auto and cross peaks are described by

𝐼𝐴𝐴/𝐵𝐵 (𝜏𝑚𝑖𝑥 ) = 𝑝𝐴/𝐵 (𝑝𝐴/𝐵 + 𝑝𝐵/𝐴 exp(−𝑘𝑒𝑥𝜏𝑚𝑖𝑥 )) exp(−𝑅1𝜏𝑚𝑖𝑥 ) (2.1)

and
𝐼𝐴𝐵 (𝜏𝑚𝑖𝑥 ) = 𝑝𝐴𝑝𝐵 (1 − exp(−𝑘𝑒𝑥𝜏𝑚𝑖𝑥 )) exp(−𝑅1𝜏𝑚𝑖𝑥 ) (2.2)

assuming R1A = R1B. The longitudinal zz-exchange experiment is therefore a valu-
able method to record biomolecular motions on the slow exchange timescale, when
the exchanging conformations are su�ciently populated, and it is limited mostly by
spectral crowding and by poor sensitivity, as the experiment generates an additional
set of peaks which can be di�cult to detect and quantify (Kleckner and Foster 2011).

Figure 2.4.: The zz-exchange experiment. In the case of slow exchange between states A and B, longitudinal zz-exchange
experiments here result in two distinct diagonal auto peaks (AA and BB) and in two cross peaks (A� B and B� A),
which indicate the transfer of magnetization between states A and B during the mixing time tmix.

2.2.7. The CPMG experiment
Carr-Purcell Meiboom-Gill relaxation dispersion (CPMG RD) experiments can be
used to quantify the dynamics of intermediate (kex ∼ |∆ω|) and fast (kex > |∆ω|)
exchange processes in biomolecules in the time range of 0.3 – 10 ms (Kempf and
Loria 2002; Loria, Berlow, and Watt 2008; Palmer, Kroenke, and Patrick Loria
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2001). Dynamics on this timescale include motions of loops, side chains or entire
domains as well as changes in the secondary structure of biomolecules (Beach
et al. 2005; Fraser et al. 2009; Kovrigin and Loria 2006; Vallurupalli and Kay 2006),
which in�uence processes such as ligand binding and release (Boehr, McElheny,
et al. 2006, 2010; Brüschweiler, Schanda, et al. 2009; Doucet, Watt, and Loria
2009; Sprangers, Gribun, et al. 2005), folding and unfolding processes (Korzhnev
and Kay 2008; Korzhnev, Neudecker, et al. 2005; Neudecker, Lundström, and Kay
2009; Schanda, Brutscher, et al. 2008; Sugase, Dyson, and Wright 2007), or catalytic
turnover (Eisenmesser, Millet, et al. 2005; Eisenmesser, Bosco, et al. 2002). CPMGRD
experiments can be used to extract kinetic (via exchange rates kex), thermodynamic
(via populations pA, pB) and structural (via chemical shift di�erences ∆ω) parameters
of the respective processes.

As the dynamics measured with CPMG RD experiments occur in the intermediate
to fast exchange regime, for a two-state exchange, usually only one exchange
broadened resonance can be observed in the NMR spectrum which shows an
enhanced relaxation rate R2

obs = R2
0 + Rex (Palmer, Kroenke, and Patrick Loria

2001). In the CPMG experiment, this signal broadening due to chemical exchange
is studied as it re�ects the underlying protein dynamics (Carr and Purcell 1954;
Meiboom and Gill 1958). In practice, a series of evenly spaced spin-echo pulse
sequences, τ-180-τ, is applied to transverse magnetization within a �xed time delay,
called the relaxation delay TCPMG. τ is a delay time and the 180° rf pulse is applied in
either ± x or ± y direction. The spin-echo pulse elements serve to refocus transverse
magnetization, as is shown in Figure 2.5.

Figure 2.5.: Spin-echo pulse element with two spins. First, magnetizations A and B are coherent in x-direction. During the
time τ, A gets ahead of B. The 180°-x RF pulse �ips the magnetizations on the x-axis but not their phases, so after the time
τ they return to the x-axis where they are refocused. If the average chemical shift of one of the spins di�ers between
the �rst and the second τ period due to exchange processes, it will not return to the x-axis after the time t = 2τ, so the
magnetization vectors will not be fully refocused.

This is however only possible when each individual magnetization vector that
contributes to the bulk magnetization exhibits the same average chemical shift
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during the �rst and the second τ period. If this is not the case, and the individual
spins experience di�erent chemical shifts during the �rst and second τ period
due to exchange processes in the protein, the magnetization is not completely
refocused after the spin echo delay time t = 2τ, which results in signal broadening.
The refocusing e�ciency depends on the di�erence of the average chemical shift
in the �rst and second delay period and a larger di�erence corresponds to faster
dynamics and, consequently, broader peaks. In the CPMG RD experiment, a series
of spectra is recorded in which TCPMG is �xed but for each spectrum the number of
spin-echo elements, and thus the delay time τ, is varied. Commonly, the number of
pulses is given as the CPMG frequency νCPMG = 1

4𝜏 . Typical values for νCPMG are
50-2000 Hz and usually between ten and 20 spectra are recorded for one CPMG
RD experiment. In a system that undergoes intermediate to fast conformational
exchange the relaxation rate depends on νCPMG, and this dependence can be used
to extract information about the exchange process. The remaining signal intensity
after t = TCPMG can be expressed as

𝐼 (𝜈𝐶𝑃𝑀𝐺 ) = 𝐼0 exp
(
−𝑅𝑜𝑏𝑠2 (𝜈𝐶𝑃𝑀𝐺 )

)
𝑇𝐶𝑃𝑀𝐺 , (2.3)

where I0 is the signal intensity at TCPMG = 0. In the case of exchange, plotting
R2

obs(νCPMG) results in the characteristic dispersion curve and for fast exchange
processes this data can be �tted to a fast exchange equation for two-state exchange,

𝑅𝑜𝑏𝑠2 = 𝑅02 +
𝑝𝐴𝑝𝐵Δ𝜔

2

𝑘𝑒𝑥
[1 − 2 tanh(𝑘𝑒𝑥𝜏)

2𝑘𝑒𝑥𝜏
] . (2.4)

In the fast exchange equation,the parameters pA and ∆ω are convoluted and cannot
be extracted separately, so that an independent interpretation of populations and
chemical shift di�erences is not possible (Baldwin 2014; Kempf and Loria 2002;
Luz and Meiboom 1963; Millet et al. 2000). Nonetheless, kex, R2

0 and Rex can
still be obtained from dispersion curves in the fast exchange regime. For other
exchange regimes, the dispersion curves can be �tted to an exact equation for
two-site exchange from which the parameters pA, kex, Rex and ∆ω can be rapidly
extracted (Baldwin 2014).

2.2.8. The potential of 19F NMR
Most commonly, biomolecular NMR experiments are based on spin systems con-
taining 1H, 13C and/or 15N. However, these experiments often require a signi�cant
amount of experimental time and sample preparation is often elaborate and expen-
sive. A number of alternative approaches have been developed to circumvent these
issues and include the use of the NMR-active nuclei 3H, 19F, or 31P (Ahmmed et al.
2021; Kalinowski 1986; Krivdin 2023; “Modern Aspects of 31 P NMR Spectroscopy”
2019; Overbeck, Kremer, and Sprangers 2020). Particularly NMR on the 19F nucleus
has gained popularity as 19F nuclei are almost completely absent from biological
samples and can be arti�cially incorporated into proteins at speci�c sites of interest,
where they can be used as sensitives probes for structure, dynamics and interac-
tions. One way to incorporate a 19F label into a protein is to employ �uorinated
amino acids that replace the natural amino acid in the protein, e.g. �uor-tryptophan

24



2.2. NMR spectroscopy

instead of tryptophan (Crowley, Kyne, and Monteith 2012; Lu et al. 2019). Moreover,
�uorinated methyl groups can be attached to cysteine side chains (Ye, Larda, et al.
2015) and nucleotides can be labeled with 19F by introducing selectively �uorinated
nucleotides (Chrominski et al. 2020; Hennig, Scott, et al. 2007). Due to the lim-
ited number of �uorine nuclei in the NMR sample, NMR spectra show only few
resonances, so it is often su�cient to record simple one-dimensional (1D) spectra
to obtain site-speci�c information very rapidly. In addition, 19F is well suited for
measuring relaxation dispersion (RD) experiments because its large chemical shift
dispersion (Lau and Gerig 2000) can lead to large chemical shift di�erences between
the ground and the excited states of the proteins and thus to large amplitudes in RD
curves. Furthermore, the costs for 19F labeling are low and deuteration, especially
of larger enzymes, is usually not required because the 19F nucleus is often remote
from protons in the sample. Finally, the high gyromagnetic ratio of �uorine, γ
�uorine = 0.9413 * γ proton = 25.181 * 10 Ts-1, allows for the matching and tuning of
the 1H channel in the spectrometer probehead to the 19F resonance frequency.

19F NMR is therefore a very well suited complementary approach to detect and
quantify biomolecular motions (Gronenborn 2022; Kitevski-LeBlanc and Prosser
2012; Overbeck, Kremer, and Sprangers 2020) and a large number of examples exist
in the literature in which NMR on 19F is used to study structural and dynamic
features of biomolecules. These examples include studies of G-protein coupled
receptors (GPCRs) (Frei et al. 2020; Kim, Chung, et al. 2013; Liu, Horst, et al.
2012; Pan et al. 2022), the activation of a fold-switch glycosyltransferase PimA in
mycobacteria (Liebau et al. 2020), the unfolding transition of a cold-shock protein
(Overbeck, Kremer, and Sprangers 2020), dynamics in the catalytic cycle of the
exoribonuclease Xrn2 (Overbeck, Stelzig, et al. 2022), and functional conformational
changes of calmodulin (Hoang and Prosser 2014). It is however possible that the
incorporation of 19F alters the structure and stability of the proteins (Acchione
et al. 2012; Minks et al. 1999; Xiao, Parsons, et al. 1998), so this possibility must be
considered before interpreting data obtained on 19F.

2.2.9. High pressure NMR

Most proteins are highly dynamic and sample multiple conformations which are
often essential for function. However, it is not always possible to directly observe
all conformations a protein can adopt, as these might not necessarily be highly
occupied in solution (Oyen et al. 2017; Wurm, Sung, et al. 2021). Information about
these states is nonetheless important as they can be involved in catalytic processes
as well as in (un-) folding and misfolding or aggregation, which ultimately strongly
a�ect the cellular equilibrium. NMR spectroscopy is an excellent method to study
these conformations and changes thereof, and a number of NMR experiments
have been developed to examine the thermodynamic and kinetic properties of the
respective conformations by extracting information about the invisible minor states
from visible major state resonances (Alderson and Kay 2020; Baldwin and Kay 2009;
Bouvignies et al. 2011).

To obtain even deeper insights into the thermodynamic and kinetic properties of
proteins, the conformations of a protein can be modulated in a number of ways
including changes in sample conditions (salt concentration, pH, or addition of
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denaturants) or other experimental parameters (temperature, hydrostatic pressure)
(Privalov and Gill 1988). The application of hydrostatic pressure, in particular, has
proven to be an elegant and powerful way of such modulation and it is well suited to
examine the fundamental processes taking place in proteins for a number of reasons
(Akasaka 2006; Kitahara and Akasaka 2003). Increasing the hydrostatic pressure can
only slightly in�uence the di�erence in free energy of interchanging states but this
is su�cient to shift the populations of those states. In addition, pressure can modify
the energy of transition states, which results in changes in exchange rates. These
pressure-induced changes can then be used to extract volumetric information about
the examined molecule (Akasaka 2003, 2006; Gross and Jaenicke 1994). In addition,
it is bene�cial that pressure perturbations are generally completely reversible,
and thus it is not surprising that, despite the high technical demands of applying
high pressure to an NMR sample, high pressure NMR has gained much popularity
(Sprangers 2021). Examples of high pressure NMR include studies of allostery in
the RAS protein (Kalbitzer et al. 2013), folding processes in apomyoglobin (Kitahara,
Yamada, et al. 2002) and conformations of the β1-adrenergic receptor (Abiko, Grahl,
and Grzesiek 2019). Moreover, pressure jump methods and devices have been
developed to examine structural and dynamic features of biomolecules (Alderson,
Charlier, et al. 2017; Charlier, Courtney, Alderson, et al. 2018; Charlier, Courtney,
An�nrud, et al. 2018; Kremer et al. 2011; Roche et al. 2013).

For a protein that exchanges between two states A and B (with populations pA
and pB = 1 - pA and forward and backward rates kA and kB with kex = kA + kB) at
ambient pressure, the di�erence in (Gibbs) free energy between these states is

Δ𝐺𝐴𝐵 = 𝐺𝐵 −𝐺𝐴 = −𝑅𝑇 ln
(
𝐾𝑒𝑞

)
, (2.5)

with R being the gas constant, T the absolute temperature and Keq the equilibrium
constant, which is given by Keq = pB/pA. At constant temperature but variable
pressure p, Taylor expansion of ∆GAB around p0 yields

Δ𝐺𝐴𝐵 = Δ𝐺0 + Δ𝑉 (𝑝 − 𝑝0) −
1
2Δ𝜅𝑇 (𝑝 − 𝑝0)

2, (2.6)

with ∆G0 and ∆V0 being the di�erences in free energy and volume between states
A and B at ambient pressure p0 = 10 bar and ∆ϰT is the di�erence in isothermal
compressibility between the two states (Akasaka 2003, 2006; Akasaka and Matsuki
2015). Assuming equal isothermal compressibility for both states, the last term can
be neglected and the equilibrium constant can be expressed as

𝐾𝑒𝑞 = exp
(
−Δ𝐺0 − Δ𝑉0(𝑝 − 𝑝0)

𝑅𝑇

)
. (2.7)

Experimental determination of Keq at di�erent pressures p therefore yields direct
information on the changes in molecular volume ∆V0 between states A and B.

Usually, a folded protein contains cavities which can signi�cantly contribute to
its molecular volume. In its unfolded state, in contrast, these cavities are absent and
therefore the volume of the unfolded protein is usually smaller. Thus, the change
in molecular volume upon protein folding, ∆V0 = VB – VA, has a positive value
and, consequentially, negative volume changes indicate the loss of secondary or
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tertiary structure. In line with that, the application of high pressure to biomolecules
eventually leads to their unfolding or denaturation.
Aside from providing information about volumetric changes between two in-

terchanging states A and B, the application of pressure can also be used to obtain
insights into the free energy of activation. From transition state theory it is known
that

𝑘 =
𝜅𝑘𝐵𝑇

ℎ
exp

(
−Δ𝐺′

𝑅𝑇

)
(2.8)

(Eyring equation), where k is either the forward (kA) or the reverse (kB) rate constant,
ϰ the transmission coe�cient, kB Boltzmann’s constant, h Planck’s constant and
∆G’ the free energy of activation of the forward (∆GAB’) or the reverse (∆GBA’)
rate (Laidler and King 1983). Using the Taylor expansion of ∆GAB from above, this
leads to

𝑘 =
𝜅𝑘𝐵𝑇

ℎ
exp

(−Δ𝐺′
0 − Δ𝑉 ′

0 (𝑝 − 𝑝0)
𝑅𝑇

)
= exp

(
ln(𝑘0) −

Δ𝑉 ′
0 (𝑝 − 𝑝0)
𝑅𝑇

)
. (2.9)

Here, k0 is the forward (k0,AB) or reverse (k0,BA) rate at standard pressure p0. From
experimental determination of kAB and kBA at di�erent pressures p, volume di�er-
ences between state A, or state B, and the transition state can be extracted.

Both Keq and kA and kB can be extracted from CPMG relaxation dispersion mea-
surements (Korzhnev and Kay 2008; Palmer 2015), and therefore, recording these
experiments at di�erent pressures allows for the extraction of volume di�erences
between conformational states of a protein which thus provides important insights
into structural changes that take place in biomolecules. In the past, a number of
studies of exchange processes of biomolecules under pressure were conducted using
NMR measurements. These include the characterization of the three-state folding
process of a Fyn SH3 domain mutant (Tugarinov, Libich, et al. 2015), studies of the
dynamic folding pathways of SH3 domains (Bezsonova et al. 2006), the determi-
nation of the transition state ensembles of the enzyme adenylate kinase (Stiller
et al. 2019) and of a mutant of the apocytochrome b562 (Korzhnev, Bezsonova, et al.
2006). Most of these high pressure NMR studies focus on 15N based experiments
of relatively small proteins with molecular weights up to 30 kDa. In these cases,
the application of pressure generally results in chemical shift perturbations (CSPs)
of the 1H-15N resonances, and non-linear pressure-dependent CSPs are associated
with the presence of internal cavities in the examined biomolecules, which get
compressed when pressure is applied (Akasaka and Li 2001; Akasaka, Li, et al. 1999;
Beck Erlach et al. 2017; Gagné et al. 2020; Xu, Gagné, et al. 2021). In addition, the
disappearance of resonances at elevated pressures is often observed and can also
be attributed to conformational �uctuations around cavities under high pressure
(Maeno et al. 2015). In summary, high pressure NMR methods can be extremely
useful to obtain valuable insights into biomolecular processes and structural details
of proteins that are not directly observable under ambient conditions.

2.2.10. Solid state NMR
Solution-state NMR is an extremely powerful method to examine dynamic and
heterogeneous biomolecular systems at atomic resolution. However, it is limited to
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non-solid samples in which the fast molecular tumbling rate of its components av-
erages the orientation dependence of nuclear spin interactions and thereby leads to
high-resolution NMR spectra. For solid and semi-solid structures, these anisotropic
interactions are not averaged, which results in strong line broadening of the NMR
spectra. Thus, it is not possible to record high quality solution state NMR spectra
of proteins after these have undergone LLPS and matured into a gel-like state, so
solution state NMR is not suited to examine if and how these condensates could
have an impact on the regulation of protein function. To regain spectral resolution,
solid state NMR (ssNMR) methods, and in particular magic angle spinning (MAS)
techniques, have been developed which allow for the determination of the chemi-
cal structure and the dynamics of non-liquid systems, and consequently also for
obtaining information about proteins in their LLPS or mature state (Ackermann
and Debelouchina 2019; Ader, Frey, et al. 2010; Murray et al. 2017; Reif et al. 2021;
Schanda and Ernst 2016; Tycko 2011). ssNMR spectra are recorded in an exter-
nal magnetic �eld by placing the sample into a rotor which is rotated with high
spinning frequencies at the speci�c angle ϑMAS = 54.74° (Figure 2.6).

Figure 2.6.: Magic angle spinning (MAS). The solid NMR sample is placed
into a small rotor which is tilted by the magic angle angle ϑMAS = 54.74°
and rotated at frequencies up to > 100 kHz around its axis.

Magic-angle spinning (An-
drew, Bradbury, and Eades
1958) averages the orientation
dependent spin interactions in
the NMR sample. This e�ect
arises because the dipolar cou-
pling D between the individual
nuclei in a strong external mag-
netic �eld depends on the an-
gle ϑ between the external mag-
netic �eld and the connection
vector of the nuclei. It is ex-
pressed as D ∼ 3cos2ϑ –1 and
it vanishes for angle ϑMAS =

54.74°. It follows that the dipolar interaction between the nuclei vanishes when
being rotated at that angle. The averaging of anisotropic interactions via MAS dif-
fers fundamentally from the molecular tumbling process in solution as it is not the
result of a rapid stochastic process, but is controlled in a time-dependent, periodic
manner via fast sample rotation. As a result, the anisotropic spin interactions are
not always fully averaged and this leads to residual line broadening. However, at
the same time the amount of averaging can be manipulated and measured which
provides insights into the dynamics of the examined sample. Thus, an advantage
of ssNMR compared to solution NMR is the ability to measure both rigid parts and
�exible parts of a sample (Baldus 2022; Schanda and Ernst 2016). In order to extract
structural and dynamical data from the sample, the radio frequency pulse sequences
used in solution state NMR to manipulate the magnetization of the sample must be
adapted accordingly. Scalar-based correlation experiments utilize 1H-15N INEPT
transfer to measure spectra of the �exible parts in a sample while dipolar-based
correlation experiments make use of cross-polarization to probe the rigid parts in
the sample. Flexible components in a sample have shorter spin-lattice relaxation
times, so that pulse sequences for probing these mobile parts have shorter delay
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cycles and dipolar dephasing �lters are coupled to fast pulsing such that the re-
sulting NMR spectra contain signals from only the �exible elements in the sample.
Additionally, similar to solution NMR, INEPT or HMQC sequences serve to enhance
the signal intensity of the �exible regions (Ahlawat et al. 2022; Cavanagh et al.
2007). Cross-polarization, in contrast, is used to probe the rigid parts of a solid
or semi-solid sample (Hartmann and Hahn 1962; Pines, Gibby, and Waugh 1972).
This technique is used to enhance the signal from spins with lower gyromagnetic
ratios, such as 15N, by transferring magnetization from high gyromagnetic ratio
spins such as 1H via dipolar interactions during a period of constant irradiation,
also called the spin locking period (Andronesi et al. 2005). Subsequently, the FID of
the lower gyromagnetic ratio spin is detected and yields spectra of the rigid parts
in the ssNMR sample.

Due to its ability to obtain not only information about the rigid parts of a sample
but also about a wide range of dynamic processes, ssNMR has become a very
important method for studying the molecular structures and dynamics of complex
biological systems and it has been used in a wide number of applications, ranging
from the study of amyloid �brils and protein aggregates (Chen and Tycko 2010;
Heise et al. 2005; Paravastu et al. 2009) to membrane proteins (Ader, Pongs, et al.
2010; Xiao, Bolton, et al. 2019), entire cells and cellular components (Ghassemi
et al. 2022; Wang, Phyo, and Hong 2016), biological materials and even human
tissues (Ghosh et al. 2021; Kaplan et al. 2016). In addition, improvements in sample
preparation and isotope labeling, as well as advances in spectrometer hardware have
increased the importance of ssNMR for studying challenging biological systems.
To date, magnets can reach �elds of 28.2 T (1.2 GHz), and rotors with diameters
of 1.3 mm and spinning frequencies of > 100 kHz are commercially available. In
laboratory settings, even frequencies of up to 200 kHz with 0.4 mm rotor diameters
have already been reached (Marchanka and Carlomagno 2019; Nishiyama et al.
2023; Samoson 2019; Ye, Malon, et al. 2014). The �eld of ssNMR is thus continually
improving andmay provide exciting future �ndings about the connection of enzyme
dynamics with function.

2.3. Single molecule FRET experiments
The advantage of NMR experiments compared to most other biophysical and
biochemical methods is its ability to detect and characterize conformational changes
of biomolecules even when the excited states of the molecules are only very lowly
populated (Oyen et al. 2017; Wurm, Sung, et al. 2021). For this, however, high sample
concentrations and long data acquisition times are usually required, which presents
a limit to the extent and quality of data that can be recorded with NMR experiments.
Many proteins may not be stable during the experimental times required for NMR,
which may be days to weeks, or, in extreme cases, NMR concentrations can exceed
the proteins’ threshold concentration for phase separation, which leads to a loss of
peak intensity in the spectra (Damman et al. 2019). Furthermore, peaks in NMR
spectra can be severely broadened, even beyond detection, when highly dynamic
processes are present in proteins, that sample a multitude of conformations (Wurm,
Holdermann, et al. 2017). An alternative and complementary approach to examine
the conformations of proteins in solution are single molecule Förster resonance
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energy transfer (smFRET) experiments (Algar et al. 2019; Lerner, Barth, et al. 2021;
Lerner, Cordes, et al. 2018). In contrast to NMR experiments, smFRET experiments
only require short data acquisition times and low protein concentrations, so that
they are well suited for examining biomolecular systems that cannot be studied
well with NMR.

The principle of FRET experiments is based on the non-radiative dipole-dipole
energy transfer between two light-sensitive molecules like �uorophores (Gust et al.
2014; Medintz and Hildebrandt 2013). Since the e�ciency of this energy transfer is
inversely proportional to the sixth power of the distance between the �uorophores,
it is very sensitive to changes in distance, which makes FRET an ideal tool to
measure distances, and with that also conformational changes in biomolecules that
have been tagged with a �uorophore (Hellenkamp et al. 2018; Schuler and Eaton
2008).

In a smFRET experiment, a donor �uorophore is excited by a laser beam whose
wavelength matches the absorption frequency of the donor and the energy is
transferred to a suitable acceptor �uorophore via dipole-dipole interaction if the
acceptor is in close spatial proximity (Gust et al. 2014; Medintz and Hildebrandt
2013). The excited acceptor then returns back to its ground state by emitting the
absorbed energy in the form of a photon which is then detected. In this way, the
FRET signal of individual molecules can be resolved and thereby provides insights
into kinetic and conformational processes on a single molecule level. The rate of
energy transfer kT between �uorophores is described by

𝑘𝑇 = 𝐾
𝑄𝐷𝜅

2𝐽

𝜏𝐷𝑁𝐴𝑛
4
1
𝑅6
, (2.10)

whereby QD denotes the �uorescence quantum yield of the donor in the absence of
the acceptor, which is equivalent to the ratio of emitted to absorbed photons, ϰ2
is the dipole orientation factor, J is the spectral overlap integral, τD is the average
lifetime of the donor in its excited state, NA is Avogadro’s constant, K is a constant
with value K = 9 ln(10)

128𝜋5 , n is the refraction index of the medium and R the distance
between the �uorophores. From this equation, the e�ciency of the FRET energy
transfer, E, can be computed as

𝐸 =
𝐸𝐷→𝐴

𝐸𝐷,𝑎𝑏𝑠
=

𝑘𝑇

𝜏−1
𝐷

+ 𝑘𝑇
, (2.11)

where ED� A is the energy transferred from donor to acceptor molecule and ED,abs
is the energy absorbed by the donor. The Förster Radius R0 is de�ned as the distance
between the �uorophores at which half of all donor excitations are transferred to
the acceptor (E = 0.5; Figure 2.7) (Forster 1946), so Equation 2.10 and Equation 2.11
simplify to

𝑘𝑇 =
1
𝜏𝐷

(𝑅0
𝑅
)6 (2.12)

and
𝐸 =

1
1 + ( 𝑅

𝑅0
)6
. (2.13)

It must be noted that some conditions have to be ful�lled for an energy transfer to
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Figure 2.7.: FRET e�ciency. The e�ciency of energy transfer between two �uorophores depends on the distance R between
the �uorophores. The highest sensitivity for changes in distance is at the Förster Radius R0.

occur (Schuler 2006). First, the dipole moments of the respective �uorophores must
not be orthogonally oriented towards each other while their maximum transfer
e�ciency is achieved when their relative orientation is collinear (Dale, Eisinger,
and Blumberg 1979). This geometric relationship is expressed in the dipole orien-
tation factor ϰ2, as ϰ2 = (cosϑT – 3cosϑDcosϑA)2, with ϑD and ϑA being the angles
between the connection vector of the �uorophores and the dipole moment of donor
or acceptor, respectively, and ϑT the angle between the two dipole moments. Thus,
a parallel alignment of �uorophores results in ϰ2 = 1, while a collinear arrangement
results in ϰ2 = 4 and an orthogonal orientation in ϰ2 = 0, which completely inhibits
the energy transfer between the �uorophores. For freely di�using molecules and
assuming freely and isotropically rotating �uorophores with rotation rates signi�-
cantly exceeding the energy transfer rates, statistical distribution of all possible
orientations of dipole moments results in an average ϰ2 value of 2

3 (Dale, Eisinger,
and Blumberg 1979).

Second, the spectral overlap integral J must not be zero. Thus, for optimal energy
transfer, the emission spectrum of the donor and the absorption spectrum of the
acceptor must have the largest possible overlap while at the same time the spectra
must still be well separable to keep the accidental detection of donor �uorescence
during the detection of the acceptor emission, called crosstalk, to a minimum.

Lastly, the distance between the �uorophores should be between 2 nm and 10 nm.
For distances larger than 10 nm, energy transfer e�ciency is strongly reduced and
for distances below 2 nm, �uorescence can be quenched due to collisions (dynamic
quenching) or complex formation (static quenching) of the �uorophores (Förster
and Forster 1960).
The advantage of single molecule FRET compared to methods probing an en-

semble of molecules is that measurements are not averaged, which implies that the
heterogeneity within a sample, which can arise from di�erent conformations of the
examined molecules, as well as important kinetic information about the molecules
can be determined (Berg et al. 2018; Voith von Voithenberg and Lamb 2018). sm-
FRET experiments have for example been used to characterize the conformations
and dynamics of the enzyme staphylococcal nuclease (Ha et al. 1999), the functional
role of the conformational �exibility of the human Argonaute 2 protein (Willkomm
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et al. 2022) and the conformational dynamics of the µ-opioid receptor (Zhao, Elgeti,
et al. 2023).
The detection of photon emission from single molecules has become possible

through improvements in sample labeling and measurement techniques as well as
through advances in instrumentation, including the development of very sensitive
�uorescence microscopes. Typically, smFRET experiments are performed either on
freely di�using �uorescently labeledmolecules or onmolecules that are immobilized
on a surface (Gust et al. 2014; Mazal and Haran 2019; Voith von Voithenberg
and Lamb 2018). For surface immobilized molecules, a total internal re�ection
�uorescence (TIRF) (Axelrod 2001; Moerner and Fromm 2003) microscope is used
in which only molecules that are �xed to the surface of a measurement chamber
are excited while noise from the bulk of the sample is rejected. This technique
allows for the parallel observation of many molecules for an extended period of
time, which is an advantage when studying dynamic biomolecular processes at
slow timescales. As a consequence, acquisition times for smFRET experiments on
surface-immobilized molecules can range between one to 30 seconds, which is the
time until photobleaching of the �uorophores occurs.

Freely di�usingmolecules are usually studied using a confocal microscope (Deniz,
Dahan, et al. 1999; Moerner and Fromm 2003; Nie, Chiu, and Zare 1994). Here,
laser beams are focused onto a small confocal volume within a sample chamber
and when a �uorescently labeled molecule di�uses through the excitation volume,
its donor �uorophore gets excited by the laser which leads to the emission of a
photon. This emitted light is then focused onto a pinhole to reduce background
noise by rejecting light that is out of focus and it is detected with a single-photon
avalanche diode (SPAD) detector (Michalet et al. 2013). From this signal, the FRET
e�ciency can be calculated. The accumulation of FRET e�ciencies from many
single pairs of �uorescently labeled molecules then yields a FRET histogram which
contains information about the distribution of the di�erent conformations present
in the examined molecule. The low sample concentrations (picomolar) and the
small confocal volume (∼ one femtoliter) ensure that only one molecule di�uses
through the confocal volume at a time, and, depending on the speed of di�usion, it
remains inside the confocal volume between 0.5 and 5 ms. During that time, it is
alternatingly irradiated with two di�erent lasers whose wavelengths correspond
to either the maximum absorption wavelength of the donor or of the acceptor
�uorophore. Photon emissions resulting from these excitations are then separated
by wavelength, and consequently by donor or acceptor signal, and recorded by two
separate detectors. Acquisition times for smFRET experiments on freely di�using
molecules vary strongly and can range from a few minutes up to several hours, de-
pending on the complexity of the conformational distribution within the examined
sample (Gust et al. 2014; Voith von Voithenberg and Lamb 2018).

For smFRET to take place, each molecule needs to be labeled with both a donor
and an acceptor �uorophore. Since this cannot always be guaranteed, it is not
always clear if a low FRET e�ciency value is the result of a large distance between
the �uorophores or if the molecule was not labeled with an acceptor �uorophore
(Deniz, Dahan, et al. 1999). A solution to this problem is the pulsed interleaved
excitation (PIE) method (Hendrix and Lamb 2013; Müller et al. 2005) (Figure 2.8).

Thismethod allows to distinguish betweenmolecules whose acceptor �uorophore
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Figure 2.8.: The PIE method. The PIE method allows to distinguish between molecules whose acceptor �uorophore is missing
and molecules for which both �uorophores are present but too far apart for FRET to take place. Therefore, the �uorophore
labeled sample is excited by two di�erent lasers (here red and green) in an alternating fashion. In the left image, the
molecule is labeled with both �uorophores and they are at a suitable distance for FRET to take place. Thus, a signal is
detected for both the donor and the acceptor after donor excitation (donor emission after donor excitation (DD) and
acceptor emission after donor excitation (AD)) but only an acceptor signal is recorded after acceptor excitation (AA). Here,
photon emission is depicted by the lighter colored shade after the pulse. In the middle, donor emission is detected only
after donor excitation and acceptor emission only after acceptor excitation, which indicates that the distance between
the �uorophores is too large for FRET to occur. In the image on the right, the molecule was not labeled with an acceptor
�uorophore, so only a donor signal can be detected after donor excitation.

is missing and molecules for which both �uorophores are present but too far apart
for an e�cient FRET to take place. Two di�erent lasers, one at the excitation
wavelength of the donor and one at the excitation wavelength of the acceptor, are
used and they irradiate the sample in an alternating fashion. After each pulse, both
donor and acceptor �uorescence are recorded in their respective detection channels.
The time di�erence τ between each pulse is chosen such that excitation, emission
and detection from the preceding pulse are completed before the next laser beam
is emitted. The time it takes to complete one donor and acceptor excitation cycle
is called the microtime tmicro = 2τ and it often ranges between 10 and 30 ns. The
emitted photons are counted using time-correlated single-photon counting (TCSPC)
(O’Connor and Phillips 1984), which is a method to count and detect photons while
simultaneously recording the timepoint of photon emission with respect to the
laser pulses within the respective microtime. As a consequence, for each individual
photon it can be determined whether it was emitted due to donor or due to acceptor
excitation. In this way, if no signal is detected for both �uorophores after acceptor
excitation, the acceptor is missing but if only donor signal is detected after donor
excitation and only acceptor signal after acceptor excitation, both �uorophores are
present but too far apart for an energy transfer to occur. Only when both donor
and acceptor signal are recorded after donor excitation and only acceptor signal
after acceptor excitation, FRET has taken place.
From this information, correction factors can be calculated and they include

crosstalk and direct excitation as well as the so-called β- and the γ- factor (Dahan
et al. 1999; Deniz, Laurence, Dahan, et al. 2001; Gust et al. 2014; Lee, Kapanidis, et al.
2005). Crosstalk quanti�es the number of photons emitted from the donor which
are detected in the acceptor channel, direct excitation is the number of photons
emitted with donor wavelength after direct excitation of the acceptor, the β- factor
describes the correlation between the theoretical �uorophore extinction coe�cient
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and the intensity of the laser at the extinction wavelength, and the γ- factor speci�es
di�erences in quantum yields and detection e�ciencies between donor and acceptor.
These factors are used to correct the measured FRET e�ciencies and thus eliminate
experimental inaccuracies. From Gaussian �ts of the corrected FRET e�ciency
histograms, the distribution of conformations present in the examined sample can
then be extracted (Schrimpf et al. 2018).
In this way, smFRET provides rapidly accessible data on short intra- and inter-

molecular distances and on changes thereof which therefore makes it a powerful
research tool to study biomolecular processes in their native environment in detail.
Especially in combination with complementary biophysical and biochemical meth-
ods, a profound understanding of the structures and dynamics of biomolecules can
be obtained whose interplay ultimately determines the molecules’ functions.
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1. Molecular biology

1.1. Mutagenesis and Gibson Assembly
The genes encoding for S. pombe Dcp1, Dcp2 constructs and Edc3 constructs were
cloned into a modi�ed pET-M11 vector containing an N-terminal, TEV cleavable
hexahistidine tag (N-His6-TEV). The gene encoding for Dcp2 1-270 was generated by
fusion at its N-terminuswith themaltose binding protein (MBP) via Gibson assembly
to enhance the solubility of the protein and it was cloned into a modi�ed pET-M40
vector containing a TEV cleavage site at its N-terminus and a non-cleavable His6
tag at its C-terminus.

The genes encoding for DcpS from C. thermophilum with the inactivating muta-
tion N258A were cloned into a pRSFM-11 vector containing an N-terminal, TEV
cleavable hexahistidine tag (N-His6-TEV). The genes encoding for DcpS from H.

sapiens and S. cerevisiae (Dcs1p) were cloned into a pET-M1060 vector containing
an N-terminal, TEV cleavable His6-NusA-His6 tag.

All pointmutations inDcp1 (N110C, N112C, N119C), Dcp2 (M202amber, S154amber,
W43A) and DcpS (N258A, W77Y, W188Y, W220Y, W208Y) were introduced using
standard quick-change methods.

The plasmid of the KIX domain of the human CBP protein was kindly provided
by M. Tollinger (University of Innsbruck) and it was cloned into a pET-15b vector
containing an N-terminal His6 tag followed by a thrombin cleavage site.

2. Protein expression, isotope
labeling and purification

2.1. Transformation and recombinant expression
All proteins in this study were over-expressed in and isolated from E. coli BL21(DE3)
CodonPlus-RIL cells (Stratagene). For Dcp2 proteins carrying a stop codonmutation,
E. coli BL21 (DE3) Codon PlusRIL cells (Addgene) contained an additional pEvol
plasmid which allowed for over-expression using the amber-suppression system.
To that end, plasmids were transformed into the cells that were subsequently
grown overnight at 37°C on LB agar plates in the presence of chloramphenicol and
kanamycin or ampicillin (KIX). Colonies were resuspended in a 25 ml LB pre-culture
supplemented with 1 mM kanamycin or ampicillin and 1 mM chloramphenicol and
grown to an optical density OD600 of 0.8 - 1.0 at 37°C for subsequent inoculation of
the respective pre-cultures or main cultures.
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Expression in LB cultures occured via addition of the LB pre-culture to the
�nal expression volume of LB medium, which was supplemented with 1 mM
chloramphenicol and 1 mM kanamycin. Cells were grown to an OD600 of 0.8 at
37°C, then the temperature was reduced to 20°C and protein expression was induced
with 1 mM IPTG.

Proteins carrying a stop codon mutation were grown in LB cultures using the
amber-suppression system. The LB pre-cultures were added to the �nal expression
volume of LB medium and the cells were grown at 37°C. At an OD600 of 0.2, 200 mg/l
of the unnatural amino acid AzF (SantaCruz Bioscience) was added. To induce the
expression of the AzF-tRNA-synthetase, which is encoded in the pEvol vector and
whose expression is controlled by the araBAD promotor, 0.02 % (w/v) L-Arabinose
(Roth) was added at an OD600 of 0.4. Subsequently, the temperature was lowered to
20°C and at an OD600 of 0.8, protein expression overnight was induced by addition
of 0.5 mM IPTG.
Expression in H2O M9 minimal medium was achieved by using 1 ml of LB pre-

culture to inoculate a 100 ml H2O-based M9 minimal medium pre-culture, that
was incubated overnight at 37°C. The overnight culture was diluted with 900 ml
H2O M9 medium and grown to an OD600 of 0.8 at 37°C, then the temperature was
changed to 20 °C and protein expression was induced by addition of 1 mM IPTG.
Expression in partially (∼ 80-90 %) or fully (100 %) deuterated M9 minimal

medium was achieved by using 1 ml of LB pre-culture to inoculate a 50 ml H2O-
based M9 minimal medium pre-culture. H2O M9 pre-cultures were grown at 37°C
and centrifuged for 10 minutes at 3500 g. Pellets were resuspended in 100 ml 14N or
15N recycled D2O M9 pre-culture (∼ 80-90 % D2O) using 4 g/l protonated glucose,
or in 100 ml D2O M9 medium using 2 g/l 2H12C glucose, at an OD600 of 0.15 and
grown overnight at 37°C. Next, 900 ml of the respective D2O, or recycled D2O, M9
medium were added to the overnight pre-culture, cells were grown to an OD600 of
0.8 at 37°C and then protein expression over night was induced by addition of 1
mM IPTG and a temperature reduction to 20°C.
Cells were harvested 12-18 h after induction by centrifugation at 5000 rpm for

20 min and cell pellets were stored at -20°C.

2.2. Isotope labeling
Deuteration of the proteins was achieved by making use of an M9 medium that con-
tained 100 % D2O and 2H, 12C-glucose (2 g/l) and partial deuteration was achieved
by using an M9 minimal medium that was based on 90 - 95 % D2O and protonated
glucose.
NMR active (13CH3) methyl groups were introduced into the proteins at the

isoleucine-δ1, leucine-δ, valine-γ, methionine-ε and alanine-β positions. To that
end, 60 mg/l 2-ketobutyric acid-4-13C,3,3-2H2, 100 mg/l 2-Keto-(3-methyl- 13C)-
butyric acid-4-13C,3- 2H and 100 mg/l L-Methionine-(methyl- 13C) were added to
the cells which were grown in D2O-based M9 minimal medium at an OD600 of 0.6 -
0.8. 40 minutes later, 100 mg/l L-Alanine-3- 13C,2- 2H was added. 20 minutes later
protein expression was induced.
Methionine-ε only labeling in LB medium was achieved by adding 500 mg/l

L-Methionine-(methyl- 13C) 1 h before induction.
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2.2. Isotope labeling

1N labeling of proteins was achieved by adding 15NH4Cl used as the sole nitrogen
source in the H2O- or D2O-based expression medium.
Incorporation of 5-�uorotryptophan into the proteins was achieved by using

5-�uoroindole as a precursor. To that end, 50 mg/l 5-�uoroindole (Crowley, Kyne,
and Monteith 2012) that was dissolved in DMSO at a 100 mg/ml stock concentration
was added to the expression medium 1 hour prior to induction.

Table 2.1 shows which protein constructs were expressed in which medium
and with which label. Mutants of proteins were prepared in the same way as the
respective wild type protein.

Experiment Construct * Label Expression
medium

High pressure
NMR

Dcp1 none recycled D2O
Dcp2 96-243 ILMVA 100 % D2O
Dcp2 1-243 ILMVA 100 % D2O

19F NMR

KIX domain of the human
CBP protein (res. 321-407)

19F
15N
19F and 15N

H2O
H2O
H2O

DcpS (from H. sapiens,
S. cerevisiae,
C. thermophilum)

19F H2O

Dcp1

19F
15N
19F and 15N
none

H2O
H2O
H2O
LB

Dcp2 1-95

19F
15N
19F and 15N
none

H2O
H2O
H2O
LB

Dcp2 1-243
19F
19F, IM
ILMVA

H2O
recycled D2O
100 % D2O

smFRET Dcp1
�uorophore
�uorophore,
Methionine

LB
LB

Dcp2 1-270
�uorophore
�uorophore,
Methionine

LB + amber suppr.
LB + amber suppr.

ssNMR

Dcp1 none recycled D2O

Dcp2 1-270
none
15N,
Methionine

recycled D2O
recycled D2O

Edc3 FL
15N
none

recycled D2O
recycled D2O

Edc3 YjeF_N 15N recycled D2O
* from S. pombe unless indicated otherwise.

Table 2.1.: Summary of all experiments, protein constructs, labels and expression media used in this thesis.
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2. Protein expression, isotope labeling and puri�cation

2.3. Purification
Cell pellets were solubilized in lysis bu�er, supplemented with 0.1 % (v/v) Triton
X-100, 1 µg/ml DNase I and 200 µg/ml lysozyme. To proteins used for phase
separation experiments, 5 mM MgCl were added and for 19F labeled proteins,
1 mM EDTA, and, after lysis, 2 mM MgSO4 were added. Cells were lysed by
sonication on ice and the lysate was cleared by centrifugation (18000 rpm, 30 min,
4°C) and �ltered. The �ltered supernatant was applied to a NiNTA-column which
was equilibrated in lysis bu�er. Puri�cation occurred via a wash step with 5 -10
column volumes of lysis bu�er and the subsequent elution of the target protein
from the column using elution bu�er. For Dcp2 constructs used for high pressure
NMR experiments, the wash step additionally included 5 column volumes of wash
bu�er A and 10 column volumes of wash bu�er B. The His6-tag and the MBP-tag
were removed either by TEV cleavage during dialysis overnight against dialysis
bu�er at 4 °C or by incubation with thrombin during dialysis overnight against
dialysis bu�er A at 4 °C (KIX domain). The His6-tag and the TEV protease were
removed from the target protein by applying the dialysed solution to a NiNTA
column that was equilibrated in dialysis bu�er and the MBP tag was removed
from Dcp2 1-270 by a reverse NiNTA column that was equilibrated in lysis bu�er
and washed with one column volume of 75 % diluted lysis bu�er. The Dcp2 1-270
protein was then eluted using elution bu�er. Proteins used for �uorophore labeling
were concentrated and frozen at -80°C. Dcp1:Dcp2 decapping complexes without
�uorophores were formed by combining both proteins in a 2:1 ratio and excess
of Dcp1 was removed, and all other protein constructs were further puri�ed, by
size exclusion chromatography (16/600 Superdex S75/ 16/600 Superdex S200; GE
Healthcare) in size exclusion bu�er. Fractions containing the puri�ed protein or
protein complex were combined and concentrated using a spin concentrator. For
KIX, the bu�erwas exchanged to NMR bu�er B. For high pressure NMR experiments,
the bu�er was exchanged to NMR bu�er A. For NMR measurements, 5 % D2O and
0.03 % NaN3 were added to the sample. Protein concentrations were determined
by absorption measurements at 280 nm using the NanoDrop 2000/2000c (Thermo
Scienti�c). Final protein concentrations varied between 170 and 300 µM for high
pressure CPMG experiments in a �nal volume of 250 µl, between 50 and 80 µM
for methyl TROSY (HMQC) experiments and between 100 and 500 µM for 19F
NMR measurements, both in a volume of 500 µl, between 20 and 100 µM for NMR
measurements on �uorophore labeled proteins in a volume of 250 µl and between
500 and 800 µM in a volume of 200-300 µl for subsequent induction of LLPS. For high
pressure NMRmeausrements of the Dcp1:Dcp2:ATP complex an ATP concentration
of 10 mM was used. This high ATP concentration was used to ensure saturation of
the ATP binding site such that ligand exchange will not result in CPMG relaxation
dispersions. All bu�ers used are listed in Table 2.2.
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Bu�er name Contents Used for
proteins for

lysis A 400 mM NaCl, 50 mM sodium phosphate,
pH 7.4, 10 mM imidazole hp-NMR, smFRET

lysis B 250 mM NaCl, 25 mM sodium phosphate,
pH 7.4, 10 mM imidazole LLPS

lysis C 150 mM NaCl, 50 mM sodium phosphate,
pH 7.4, 5 mM imidazole

19F

wash A 1 M NaCl, 50 mM sodium phosphate,
pH 7.4 Dcp2 hp-NMR

wash B 400 mM NaCl, 50 mM sodium phosphate,
pH 7.4, 30 mM imidazole Dcp2 hp-NMR

elution A 150 mM NaCl, 50 mM sodium phosphate,
pH 7.4, 300 mM imidazole

hp-NMR, smFRET,
19F NMR

elution B 250 mM NaCl, 25 mM sodium phosphate,
pH 7.4, 300 mM imidazole LLPS

dialysis A 150 mM NaCl, 25 mM sodium phosphate,
pH 7.4 and 1 mM DTT

hp-NMR, smFRET,
19F NMR KIX

dialysis B 125 mM NaCl, 25 mM HEPES, pH 7.3,
0.5 mM EDTA, 1 mM DTT LLPS

dialysis C 25 mM Tris, pH 8.0, 75 mM NaCl,
1 mM DTT

19F NMR

size exclusion A 125 mM NaCl, 25 mM HEPES,
pH 7.3 and 1 mM DTT

hp-NMR, smFRET,
19F NMR, LLPS

size exclusion B 25 mM NaCl, 25 mM HEPES pH 8.0,
1 mM DTT

19F NMR DcpS

NMR A 125 mM NaCl, 25 mM HEPES, pD 7.3,
1 mM DTT in 100 % D2O

hp-NMR

NMR B 25 mM NaCl, 50 mM potassium phosphate,
pH 5.8

19F NMR KIX

FRET 125 mM NaCl, 25 mM HEPES, pH 7.3 smFRET
no salt ssNMR 25 mM HEPES, pH 7.3 LLPS

Table 2.2.: Summary of all bu�ers for protein puri�cation and for experiments performed in this thesis.

3. Protein fluorophore labeling

3.1. Cysteine-Maleimide coupling
Chemoselective labeling of proteins with �uorophores can be achieved by cou-
pling of �uorophores to amino acid residues such as cysteines. Cysteines contain
sulfhydryl (thiol) groups that can form covalent bonds with maleimide groups of
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�uorophores (Tyagi and Lemke 2012). For this reaction, disul�de bridges in the
cyteines that may potentially have formed via oxidation need to be reduced, as
these do not react with maleimides. This method ist fast and e�cient (Kim, Ho,
et al. 2008), but for proteins that contain multiple cysteine residues, site-speci�c
labeling cannot be achieved unless cysteines that should not be labeled are removed
through mutation, which can have a destabilizing e�ect on the protein structure.
Dcp1 from S. pombe contains no cysteine residues, so for �uorophore labeling

of the protein, cysteine point mutations were introduced at the speci�c labeling
sites and maleimide-activated �uorophore dyes (Maleimido-DyLight 650; (Ther-
moFischer)) were coupled to the cysteines via cysteine-maleimide coupling. Before
labeling, NiNTA-puri�ed Dcp1 was applied to a size exclusion chromatography
column (Superdex 75; GE Healthcare) in size exclusion bu�er (125 mM NaCl, 25
mM HEPES, pH 7.3 and 1 mM DTT) and fractions containing Dcp1 were pooled
and concentrated. To reduce the cysteine thiol group of Dcp1, the protein was
incubated in 1 mM DTT for 1 h at room temperature and afterwards the DTT was
removed using a PD-miniTrap G-10 desalting column (GE Healthcare) that was
equilibrated in FRET bu�er (125 mM NaCl, 25 mM HEPES, pH 7.3), according to
the manufacturer’s instructions. Dcp1 was eluted using FRET bu�er. Afterwards,
the protein was incubated in darkness at room temperature with the �uorophore
at a 5-fold molar excess for more than 1 h for the �uorophore labeling reaction to
take place. 5 mM DTT was added to the �uorescently labeled Dcp1 and then stored
at -80°C until complex formation with �uorphore labeled Dcp2.

3.2. Staudinger Ligation
Dcp2 from S. pombe contains �ve cysteine residues, so cysteine-maleimide coupling
was not suited for site-speci�c �uorophore labeling of the enzyme. Alternative to
cysteine-maleimide coupling, an unnatural amino acid can be inserted into the
protein of interest during expression (Noren et al. 1989) and these unnatural amino
acids can be coupled to functional groups of the �uorophores. As unnatural amino
acids do not occur naturally in any protein, this method ensures high labeling
speci�city. In addition, the used functional groups are highly reactive and compact
in size, which is both very advantageous (Agrawal and Hackenberger 2013). Dif-
ferent non-proteinogenic amino acids containing bioorthogonal methoxy-, keto-
nitro- or azide groups exist and they have been used for �uorophore labeling (Wang
and Schultz 2005). For Dcp2, speci�cally, �uorophore labeling was achieved via
Staudinger ligation (Saxon and Bertozzi 2000) between the azide group N3 that
was inserted into the protein via the unnatural amino acid AzF using the amber-
suppression system (see section 2.1) and a conjugated phosphine group on the
phosphine-activated �uorescent dye (Phosphine DyLight 550; Thermo Fischer). In
this reaction, the azide group of AzF covalently binds to the phosphine group of
the �uorophore (Köhn and Breinbauer 2004).
Prior to the reaction, the bu�er of NiNTA puri�ed Dcp2 was changed to FRET

bu�er and then it was incubated with the �uorophore at a 5-fold molar excess for
3 h in darkness at room temperature. The labeled Dcp2 was stored at -80°C until
complex formation with �uorophore labeled Dcp1.
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Dcp1:Dcp2 complexes of �uorescently labeled proteins were formed by com-
bination of both proteins at a 2:1 molar ratio and subsequent incubation for 20
min in darkness. Excess Dcp1 and �uorophores were removed by size exclusion
chromatography (Superdex 75 for NMR measurements, 10/300 Superdex S75 for
FRET measurements; both GE Healthcare) in size exclusion bu�er (125 mMNaCl, 25
mM HEPES, pH 7.3 and 1 mM DTT). Elution of the complex and of the �uorophores
was monitored via UV absorption at 280 nm, 550 nm and 650 nm and �uorophore
labeling was detected using a �uorescence image scanner (AmershamTM Imager
600, GE Healthcare). For NMR experiments, all fractions containing the �uores-
cently labeled Dcp1:Dcp2 complex were combined and concentrated to 500 µl, then
5 % D2O and 0.03 % NaN3 were added and the sample was stored at -20°C. For all
FRET experiments, the SEC fraction containing the highest absorption value for all
three detected wavelengths was chosen and FRET experiments were immediately
performed with the freshly prepared complexes.

4. RNA preparation

4.1. RNA transcription and purification

RNAs used for smFRET experiments and ssNMR measurements were produced
using standard in vitro transcription with T7 RNA polymerase. RNA sequences
identical to the �rst 7, 15, 80 or 380 nucleotides (nt) of the S. cerevisiae MFA2
mRNA were designed and modi�ed such that the pyrimidines in the �rst 16 nt were
changed to purines in order to facilitate testing for successful capping of the RNAs
via RNAse A digestion. Anti-sense strand and sense strand primers containing
the T7 promoter sequence and the (reverse complementary) target RNA sequence,
respectively, were mixed at equimolar amounts to 1 µM concentration and added
to 40 mM Tris pH 8.0, 5 mM DTT, 1 mM spermidine, 0.01 % Triton X-100, 4 mM
nucleoside triphosphates, 20–60 mM MgCl2 , and 0.2 µM T7 RNA polymerase. The
reaction was incubated for 4 h at 30°C, EDTA was added to solubilize the insoluble
pyrophosphate and the RNA was precipitated at 20°C in 0.3 M NaOAc, pH 5.2 and
0.7 volumes of isopropanol or, for RNAs shorter that 10 nt, in 0.2 M NaCl and 3.5
volumes of EtOH. After centrifugation for 1 h at 9000 × g, the pellet was washed
with cold EtOH (75 %), dried and resuspended in water.

Transcribed RNA was puri�ed by denaturing anion exchange chromatography
on a high-performance liquid chromatography (HPLC) system with a DNAPac
PA100 column (22 × 250 mm; Dionex). The RNA was applied to the column which
was heated to 60°C and equilibrated in 20 mM Tris, pH 8.0 and 5 M Urea. Elution
occurred via a NaCl gradient, fractions containing RNA were collected, precipitated,
desalted using a PD-10 column (GE Healthcare) and concentrated.
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4.2. 5’ OH RNA production
80 nt 5’ OH- RNA was synthesized via fusion of previously transcribed and puri�ed
80 nt RNA (section 4.1) to a 5’ hammerhead ribozyme (HHR), which is 41 nt long
and folds into three helices. The 5’ end of the HHR contains a 10 nt long sequence
which is complementary to the 5’ end of the target RNA and with which it forms a
stem structure. RNA with a hydroxylgroup at its 5’ end is then obtained via HHR
cleavage at the speci�c cleavage site located at the position following the region
that is complementary to the RNA (Avis, Conn, and Walker 2012).
The template DNA for the in vitro transcription of the HHR was produced in a

500 µl reaction in H2O using 10 µM each of two primers with an 18 nt long overlap,
100 µl 5 × Q5 bu�er, 0.02 U/µl Q5 polymerase and 0.6 µM dNTPs each. After initial
denaturation for 2 min at 95°C, 10 PCR cycles consisting of a 10 s denaturation step
at 98°C, a 20 s primer-hybridisation step at 60°C, and a 5 min elongation step at
72°C were then performed before the �nal elongation step for 4 min at 72°C.

In vitro transcription of the HHR was achieved in 40 mM Tris, pH 8.0, 0.01 % (v/v)
Triton-X 100, 1 mM spermidine, 5 mM DTT, 4 mM NTPs each, 30 mM MgCl2, 40
µg/ml T7 polymerase and 500 µl template DNA obtained from the preceding PCR
reaction. H2O was added until a volume of 5 ml was reached and the reaction was
incubated at 37°C for three hours. Next, 15 mMMgCl2 were added for a total MgCl2
concentration of 45 mM and the reaction was incubated at 95°C for 1 h to ensure
the correct formation of the hammerhead structure. Cleavage of the HHR occured
over night at 37°C and its success was con�rmed with 10 % denaturing Urea-PAGE.
For separation of the 5’ OH- RNA and the HHR, the mixture containing target

RNA, HHR and uncleaved intermediate species was loaded onto a pre-warmed
preparative denaturing polyacrylamide gel (10 %) and the gel was run until the
RNA products were fully separated. Visualisation of the RNA was achieved via
UV-shadowing and the part containing the target RNA was cut from the gel. For
extraction of the target RNA, the gel fragment was cut into small pieces and
incubated at room temperature over night in 20ml 300mMNaAcO. After subsequent
centrifugation and �ltration (0.8 nm �lter pore size), 1 volume isopropanol was
added to the supernatant for precipitation over night at - 20°C. The precipitate was
pelleted, the pellet resuspended in H2O, aliquotted and frozen at -20°C until usage.

4.3. RNA 5’ m7G capping
To add a N7-methylguanosine cap to the 5’ end of the RNAs, puri�ed RNA was
dissolved at a concentration of 20 µM in 50 mM Tris, pH 8.0, 5 mM KCl, 1 mM
MgCl2 , and 1 mM DTT before 0.5 mM GTP, 0.1 mM SAM and vaccinia capping
enzyme were added and the reaction was incubated at 37°C. The capping reaction
was stopped and the capping enzyme was removed by heating to 95°C for 10 min.
After centrifugation for 10 min at 4500 × g, the capped RNA was precipitated
and resuspended in H2O or FRET bu�er. Capping success was con�rmed using
denaturing Urea-PAGE for RNAs shorter than 20 nt or by RNAse A digestion
followed by denaturing Urea-PAGE for 80 nt and 380 nt long RNAs.



5. Liquid-liquid phase separation

5.1. LLPS and maturation

Protein complexes for liquid-liquid phase separation and subsequent maturation
were obtained from separately expressed and puri�ed components. To that end,
the labeled protein (Dcp1:Dcp2 or Edc3) was combined with a 1.3- to 1.5-fold molar
excess of either the Edc1 peptide (sequence SILYAGPTFTHSPAASNLPIPTFLHS),
and/or 2.5-3-fold molar excess mRNA or m7GDP and a 1.3 to 1.5-fold molar excess
of the unlabeled protein (Dcp1:Dcp2 or Edc3).
Phase separation was induced by adding four volumes of bu�er containing no

salt (25 mM HEPES pH 7.3, 1 mM DTT). The phase separated protein complex was
kept at room temperature for > 1h for maturation and gel formation and then the
sample was centrifuged for 20 minutes at 16000g to collect all gel droplets.

6. NMR spectroscopy

6.1. High pressure NMR

6.1.1. NMR measurements

All NMR measurements were performed on a Bruker NEO spectrometer that op-
erated at a proton frequency of 500 (Dcp2 catalytic domain; nitrogen cooled TCI
probehead) or 800 (Dcp1:Dcp2 complexes; helium cooled TCI probehead) MHz at
303 K. For measurements at standard pressure (1 bar) a 500 µl sample volume was
used. Measurements at higher pressure levels were performed using a special high
pressure system consisting of a ceramic cell (Daedalus Innovations LLC) that holds
250 µl sample, a pressure autoclave and a PBI Pressure Hub (Pressure BioSciences
Inc, MA) which is synchronized with the spectrometer and allows for automatic
pressure control and the recording of automatic pressure series. The NMR bu�er
contained 125 mM NaCl, 25 mM HEPES, pD 7.3 and 1 mM DTT in 100 % D2O.
In addition, 50 µM DSS was added for referencing. NMR samples had a protein
concentration between 170 and 300 µM for high pressure relaxation dispersion
experiments and between 50 and 80 µM for methyl TROSY (HMQC) experiments.
Spectra were recorded at pressures ranging from 10 bar to 2750 bar and spectra
processing was done with the NMRPipe/NMRDraw software (Delaglio et al. 1995).
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6. NMR spectroscopy

6.1.2. Chemical shi� assignments
The chemical shifts of the isolated Dcp2 catalytic domain were assigned based on
assignments of Dcp2 in the Dcp1:Dcp2 complex, on a 3-dimensional (H)-C-C-H
NOESY experiment (mixing time 400 ms) that was recorded on the Dcp2 CD and
on the known structure of the CD (She, Decker, Svergun, et al. 2008). NOESY
experiments were visualized and manually analyzed using CARA (cara.nmr.ch).

6.1.3. Relaxation dispersion measurements
13C single quantum Carr–Purcell-Meiboom–Gill relaxation dispersion experiments
(Lundström et al. 2007) were performed at 800 MHz proton frequency with CPMG
frequencies of 77, 154, 231, 308, 462, 615, 846, 1077, 1308, 1538, 1769, 2000 Hz
and a relaxation delay of 26 ms. Peaks were picked and integrated using the
NMRPipe/NMRDraw software (Delaglio et al. 1995). Intensities were converted
into relaxation rates and RD curves were �tted numerically using in-house Matlab
scripts which are based on the exact analytic equations presented by Baldwin
(Baldwin 2014). Fitting was performed simultaneously for the methyl groups
of M221, M164, V222 (γ1 and γ2) and L226 (δ1), that could be analyzed at all
pressures in the absence and presence of ATP. It was assumed that |∆ωC| was
independent of the applied pressure. The |∆ωC| value was �xed for each methyl
group based on the resonance frequency of the methyl group in the Dcp2 catalytic
domain (fully open conformation) and the resonance frequency in the Dcp1:Dcp2
or Dcp1:Dcp2:ATP complex (94 % closed conformation). It is important to note
that the extracted volume changes were indistinguishable when assuming that the
Dcp1:Dcp2 or Dcp1:Dcp2:ATP complexes at ambient pressure were either 90 or 98 %
closed. Errors in the individual relaxation rates were determined based on duplicate
measurements and were assumed to have a standard deviation of at least 1 Hz.
Errors in the extracted exchange parameters were obtained from re�tting the data
250 times after randomly varying the experimentally determined relaxation rates
based on the errors in these rates. In that process the starting parameters for the
minimization were randomly varied by 10 %. The volume changes were obtained
by simultaneously �tting the pressure dependence of the determined equilibrium
constant as well as the forward and reverse rates using the Eyring relationship. It is
worth noting that the CPMG data and the pressure dependence of the rates could
also be well �tted at the same time, which yielded highly similar volume changes
(i.e. enforcing the CPMG �tting parameters to obey the Eyring equation).

6.1.4. Protein cavities, volumes and images
Protein voids were located using the program HOLLOW (Ho and Gruswitz 2008),
based on the Dcp2 protein in the closed conformation (PDB ID: 2QKM, chain B)
that was energy minimized in Chimera (Pettersen et al. 2004) using the command
“Minimize Structure”. Internal cavities were separated from surface cavities by
manual inspection in Pymol (The PyMOL Molecular Graphics System, Version 2.0
Schrödinger, LLC.). Protein volumes were calculated using the program ProteinVol-
ume (Chen and Makhatadze 2015). To that end, the coordinates of the two open
and two closed conformations of Dcp1:Dcp2 were extracted from the PDB (PDB ID:
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6.2.
19
F NMR experiments

2QKM, chains A/B, C/D, E/F and G/H), protons were added to the model using the
Chimera (Pettersen et al. 2004) command “AddH”, after which the structural models
were minimized in Chimera using the command “Minimize Structure”, based on
the default settings. For the comparison of the volumes of the open and closed con-
formations of Dcp2 and Dcp1:Dcp2 (two crystallographically independent copies
of each conformation are present in the crystal) only the atoms that are present in
all models (PDB ID: 2QKM) were considered and all ligand atoms were removed.
Protein images were prepared using Pymol.

6.2. 19F NMR experiments

6.2.1. NMR measurements

NMR spectra were recorded at 298 K (KIX) or 303 K (Dcp1, Dcp2, DcpS) on Bruker
NEO spectrometers that operate at 500, 600 or 800 MHz proton frequency and
that are equipped with nitrogen (500 and 600) or helium (800) cooled TCI probe
heads and NEO consoles. 19F experiments were recorded at 500 or 600 MHz proton
frequency by tuning the proton channel to the 19F frequency. Acoustic ringing
artifacts were suppressed using a three pulse “aring” sequence (Overbeck, Kremer,
and Sprangers 2020). For 15N CPMG experiments frequencies (ωCPMG/2π) between
0 and 1000 Hz and relaxation delays of 50 ms (KIX) or 60 ms (Dcp1, Dcp2) were used.
For 19F CPMG experiments frequencies (ωCPMG/2π) between 0 and 5000 Hz and
a relaxation delay of 10 ms were used. Longitudinal exchange experiments were
recorded using a series of 2 dimensional 19F-19F EXSY (NOESY) experiments on
samples containing 0.4 mM DcpS (monomer concentration) in the presence of a 1:1,
1:2, 1:4, 1:6, 1:8, 1:10, 1:12 or 1:14 molar excess of m7GpppG using 19 di�erent mixing
times ranging from 3 µs to 800 ms. Due to fast relaxation of the 19F magnetization
the acquisition time in the indirect dimension in the NOESY experiments was
restricted to 2.8 ms. Errors in all experiments were extracted from two or three
recorded sets of experiments. Methyl TROSY experiments were recorded using a
SOFAST HMQC sequence (Schanda and Brutscher 2006), using a carbon acquisition
time of 21 ms. NMR data were processed using the NMRPipe/NMRDraw software
suite (Delaglio et al. 1995), �gures displaying NMR spectra were produced using
NMRView (onemoonscienti�c.com) and data were analyzed with in-house written
Matlab scripts.

6.2.2. Chemical shi� assignments

Tryptophan resonances were assigned by a mutational approach that we often use
to assign methyl group resonances (Sprangers, Gribun, et al. 2005; Sprangers and
Kay 2007), where spectra of the wild-type complex were compared with spectra of
the complex that lacked individual tryptophan residues. The W43A assignment
mutation in Dcp2 residues 1-95 and Dcp2 residues 1-243 as well as the N258A,W77Y,
W188Y, W220Y and W208Y mutations in DcpS were introduced using standard
quick-change methods.
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6. NMR spectroscopy

6.2.3. Relaxation dispersion measurements
For the CPMG experiments the e�ective transverse relaxation rates were calculated
as R2

e� = - 1
𝑇CPMG

*ln( 𝐼
𝐼0
), where I is the intensity of the peak and I0 the reference

intensity recorded without the constant time CPMG relaxation delay. Relaxation
dispersion curves were numerically �tted to a two-state exchange model (Baldwin
2014), in which the populations (pa, pb = 1 - pa), the exchange rate (kex), the
absolute value of the chemical shift di�erence between the two states (|∆ω|) and
the transverse relaxation rates (assumed to be identical for both states) were used
as �tting parameters. Data from di�erent residues and di�erent magnetic �elds
were �tted simultaneously to a single exchange rate and a single population of the
excited state.

6.2.4. Zz-exchange experiments
To extract the rates from the longitudinal exchange experiments the intensities
of the cross- and autopeaks were �tted to one global two-state exchange process
(Sprangers, Gribun, et al. 2005) in which Icross = Apapbexp(-ρ tmix)*[1-exp(kextmix)]
and Iauto = Bexp(-ρ tmix)*[pa2 + papbexp(-kextmix)]. Here, Icross and Iauto are the
intensity of the cross and auto peaks respectively, pa and pb are the populations
for the open and the closed state of the enzyme that were �xed to 0.5 due to the
symmetric nature of the dimer, ρ is the longitudinal relaxation rate, tmix the mixing
time, kex the exchange rate and A and B are scaling factors. To determine the
goodness of the �ts, Monte Carlo simulations with 100 �t iterations were used. In
this process, the mean values of all data points were randomly varied according
to a normal distribution with a width that corresponds to the respective standard
deviation of the data point that was determined from multiple measurements.

6.3. NMR on fluorophore labeled complexes
NMR spectra were recorded at 303 K on a Bruker Avance III spectrometer that
operates at 800MHz proton frequency and that is equippedwith a helium cooled TCI
probe head and a NEO console. Fluorophore labeled proteins had concentrations
between 20 and 60 µM in a sample volume of 250 µl and samples without �uorophore
tags had concentrations between 150 and 220 µM in a volume of 500 µl. Methyl
TROSY experiments were recorded using a SOFAST HMQC sequence (Schanda
and Brutscher 2006). NMR data were processed using the NMRPipe/NMRDraw
software suite (Delaglio et al. 1995).

6.4. Solid-state NMR experiments
Lyophilization of proteins for solid-state NMR experiments occured overnight and
was followed by subsequent rehydration. Preparation of gel samples containing
maturated proteins is described in section 5.1. Lyophilized and mature-phase
proteins were placed into 1.3 mm ssNMR rotors and ssNMR experiments were
conducted using a 1.3 mm triple-resonance 1H/X/Y MAS probe with a proton
resonance frequency of 800 MHz. Scalar-based correlation experiments made use of
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1H-15N INEPT transfer. Samples were spun at MAS frequencies of 55, 58 and 60 kHz
at an approximate real temperature of 310 K. Cross-polarization (CP) steps with
amplitude ramps of 80–100 % and 15 kHz PISSARRO decoupling were employed
and hNH and hCH spectra were recorded (Weingarth, Bodenhausen, and Tekely
2009). The Bruker TopSpin 3.6.2 software was utilized for spectra processing. Linear
prediction in the indirect dimension was utilized. Chemical shift referencing was
done by utilizing the water resonance. The spectra were analysed using POKY
from NMRFAM-Sparky (Lee, Rahimi, et al. 2021; Lee, Tonelli, and Markley 2014).
In Table 6.1, ssNMR parameters are summarized.

Sample Expt. * Scans
Acquisition
time (ms)
(dir./ind. dim.)

Window
function

MAS
(kHz)

Dcp1:Dcp2 NH dip.
CH dip.

320
320

22/9
23/9

Qsine (3)
Qsine (2.5)

58
58

Dcp1:Dcp2
+ 1.3 × Edc3 FL

NH dip.
CH dip.

640
640

22/9
23/9

Qsine (3)
Qsine (2.5)

60
60

Dcp1:Dcp2
+ 1.5 × Edc1
+ 1.5 × Edc3

NH dip.
CH dip.

1280
640

22/9
23/9

Qsine (3)
Qsine (2.5)

58
58

Dcp1:Dcp2
+ 1.5 × Edc3
+ 4 × m7GDP

NH dip.
CH dip.

892
1152

22/9
23/9

Qsine (3)
Qsine (2.5)

60
60

Dcp1:Dcp2
+ 1.5 × Edc1
+ 4 × m7GDP
+ 1.2 × Edc3 FL

NH dip.
CH dip.

512
1792

22/9
23/9

Qsine (3)
Qsine (2.5)

60
60

Edc3 FL NH dip.
NH scal.

1984
576

20/7
20/20

Qsine (3)
Qsine (3)

60
60

Edc3 YjeF_N NH dip.
NH scal.

1792
640

20/7
20/20

Qsine (3)
Qsine (3)

60
60

Edc3 FL
+ 1.1 × Dcp1:Dcp2

NH dip.
NH scal.

1984
512

20/7
20/20

Qsine (3)
Qsine (3)

55
55

Edc3 FL
+ 2.5 × 30 nt RNA

NH dip.
NH scal.

6528
1248

20/7
20/20

Qsine (3)
Qsine (3)

60
60

Edc3 FL
+ 1.1 × Dcp1:Dcp2
+ 2.5 × 30 nt RNA

NH dip.
NH scal.

2688
832

20/7
20/20

Qsine (3)
Qsine (3)

60
60

* dip. = dipolar, scal. = scalar

Table 6.1.: Summary of all ssNMR experiments and corresponding parameters used.
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7. smFRET experiments

7. smFRET experiments

7.1. smFRET measurements
Single molecule FRET experiments were performed on a confocal MicroTime200
�uorescence microscope (PicoQuant) which operates with two pulsed laser diodes
at 532 nm (LDH-P-FA-530B) and 636 nm (LDH-DC-640 with a ZET 635/10 coherent
clean-up �lter). Excitation laser beams were re�ected on a dichroic multi-band mir-
ror (ZT 532 / 640RPC) and focused in the sample chamber using a water-immersion
objective (UplanSApo × 60/1.2 W). Fluorescence light was collected using the water-
immersion objective, focused onto a 50 µm confocal aperture and spectrally sepa-
rated into donor and acceptor detection channels by a dichroic mirror (T635LPX)
and additional band-pass �lters (donor: FF01-582/64, acceptor: H690/70). Detection
channels were recorded simultaneously by an EMCCD camera, whereby single
photons were detected using an avalanche photodetector (SPCM-AQRH-14-TR)
and time-resolved detection of single photons was achieved using time-correlated
single-photon counting (TCSPC; HydraHarp 400).
Prior to the measurements, the sample chambers were �lled with 200 µl BSA

bu�er (2 mg/ml BSA, 125 mM NaCl, 25 mM HEPES, pH 7.3) to prevent adhesion of
the decapping complex to the chamber walls and subsequently washed with FRET
bu�er. Dcp1:Dcp2 samples were diluted between 1:10 and 1:20 with FRET bu�er
to obtain picomolar sample concentrations. In this way it is guaranteed that only
single protein complexes di�use through the confocal volume at a time.

Substrates, substrate analogues and activator proteinswere added to theDcp1:Dcp2
complex in the following concentrations: 15 µM capped RNA (7 nt, 15 nt), 5 µM
capped RNA (7 nt, 15 nt, 80 nt, 380 nt), 5 µM 5’ OH RNA (80 nt), 50 µM Edc1, 10 µM
Pat1, 5 µM Edc3 LSm, 5 µM Edc3 full-length, 2 mM ADP, 2 mM m7GDP.

Measurements were performed two to three times for each complex under iden-
tical conditions in a sample volume of 50 µl and each measurement took between
30 and 60 minutes. Operation of the microscope and data collection was realised
using the SymPhoTime 64 software package. We aimed for at least 10000 photon
bursts per measurement and the �uorophores were alternatingly excited by the
532 nm and the 636 nm laser with a repetition rate of 40 MHz and a power of 80
mW and 20 mW, respectively. Thereby, the duration of each pulsed interleaved
excitation (PIE) cycle was 25 ns.

7.2. smFRET data analysis
smFRET data were analyzed with the software PAM (PIE analysis in Matlab version
1.3; http://www.cup.uni-muenchen.de/pc/lamb/) and Matlab.

smFRET data collected by the SymPhoTime 64 software contain information
about the timepoint of photon emission, as well as about the detection channel
of the recorded photon emission signal. The PAM software uses this information
to sort the recorded signals into three PIE channels: Donor detection after donor
excitation (DD), acceptor detection after donor excitation (DA) and acceptor de-
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tection after acceptor excitation (AA) (section 2.3). From the number of detected
photons the uncorrected FRET e�ciency, called proximity ratio EPR and the raw
stoichiometry Sraw for every photon burst were calculated via EPR = 𝑁DA

𝑁DD+𝑁DA
and

Sraw = 𝑁DD+𝑁DA
𝑁DD+𝑁DA+𝑁AA

. Photon burst search was performed using the all photon
burst search (APBS) algorithm, which detects photon bursts in all PIE channels,
and one burst contained at least 50 photons of which at least 10 photons had to be
detected at a time within a sliding time window of 500 µs. Complexes labeled with
only a donor �uorophore or only an acceptor �uorophore have an Sraw value of ≈ 1
or ≈ 0, respectively, and were excluded from the analysis by restriction of Sraw to
values between 0.2 and 0.8. Sraw and EPR values were corrected from crosstalk (ct)
and direct excitation (de),

𝑐𝑡 =
𝐸𝑃𝑅 (𝐷𝐷)

1 − 𝐸𝑃𝑅 (𝐷𝐷)
, (7.1) 𝑑𝑒 =

𝑆𝑟𝑎𝑤 (𝐴𝐴)
1 − 𝑆𝑟𝑎𝑤 (𝐴𝐴)

, (7.2)

and the β- and the γ- factor,

𝛽 =
𝜖𝜆

𝐴

𝐴
𝐼𝐴

𝜖𝜆
𝐷

𝐷
𝐼𝐷
, (7.3) 𝛾 =

𝑄𝐴𝑔𝐴

𝑄𝐷𝑔𝐷
, (7.4)

were included to yield the corrected FRET e�ciencies,

𝐸 =
𝑁𝐷𝐴 − (𝑐𝑡 ∗ 𝑁𝐷𝐷 − 𝑑𝑒 ∗ 𝑁𝐴𝐴)

𝛾 ∗ 𝑁𝐷𝐷 + 𝑁𝐷𝐴 − (𝑐𝑡 + 𝑁𝐷𝐷 − 𝑑𝑒 ∗ 𝑁𝐴𝐴)
, (7.5)

and the corrected stoichiometry values,

𝑆 =
𝛾 ∗ 𝑁𝐷𝐴 + 𝑁𝐷𝐴 − (𝑐𝑡 ∗ 𝑁𝐷𝐷 − 𝑑𝑒 ∗ 𝑁𝐴𝐴)

𝛾 ∗ 𝑁𝐷𝐷 + 𝑁𝐷𝐴 + 𝛽 ∗ 𝑁𝐴𝐴 − (𝑐𝑡 ∗ 𝑁𝐷𝐷 − 𝑑𝑒 ∗ 𝑁𝐴𝐴)
. (7.6)

Correction factors were calculated for data recorded within one day.
Corrected and normalized FRET e�ciency values were binned (50 bins, bin size =

0.02) and resulting FRET histograms were �tted to one to three Gaussian functions,

𝑦 = 𝑦0 +
𝐴

𝜔
√︁
𝜋
2
exp

(
−2 (𝑥 − 𝑥𝑐)2

𝜔2

)
, (7.7)

with A being the area under the curve, ω the full width half maximum, xc the
e�ciency value of the peak maximum and y0 any o�set of the function.
The full width half maximum of each Gaussian function was restricted to ω2 <

0.2 and the approximate position of the peak maximum of each Gaussian function
as well as the number of Gaussian functions to be used for the �t was included from
prior knowledge about the examined protein complex and from test measurements.
To that end, peak maxima between FRET e�ciencies of 0.19 and 0.33 were assigned
to the closed conformation of the Dcp1:Dcp2 decapping complex, maxima between
0.45 and 0.55 were assigned to the open conformation and maxima between 0.7 and
0.9 to the active conforamtion. Starting values for �ts of the FRET e�ciencies were
set to 0.3, 0.5 and 0.8, respectively. Integration over each individual Gaussian curve
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8. Visualization

�nally determined which conformation of the examined complex is populated to
what extent.

8. Visualization

8.1. Visualization
All images of structures were prepared with Chimera (Pettersen et al. 2004), images
of NMR spectra were prepared using NMRView (www.onemoonscienti�c.com) and
in-housewritten scripts. Figureswere prepared using Inkscape (https://inkscape.org/).
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Part III.

High Pressure NMR of Dcp1:Dcp2
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1. Introduction

Proteins are highly dynamic biomolecules that can sample di�erent structural
states. Many of these conformations are functionally relevant, especially in enzymes
that need to change conformation to interact with substrates, to form a catalytically
competent state or to release the reaction products. For many proteins our current
structural knowledge is, however, limited to a static image of one of the possible
states that a biomolecule can adopt (Blundell and Wright 2022). This visualized
state is, however, not necessarily occupied to the largest degree in solution, or
catalytically important. Solution state NMR spectroscopy is especially suited to
study conformational changes and to determine the associated thermodynamic and
kinetic parameters. These data can then complement static structural information,
such that a more complete picture of the protein energy landscape can be obtained
(Bhabha et al. 2011; Overbeck, Stelzig, et al. 2022; Oyen et al. 2017; Sta�ord et al.
2015; Wurm, Sung, et al. 2021).

In the following, we consider a protein that dynamically exchanges between two
structurally di�erent states A and B (with the forward rate kAB and the backward
rate kBA, where kex = kAB + kBA): A

𝑘𝐴𝐵


𝑘𝐵𝐴

B. The populations of A (pA) and B (pB =

1-pA) and the equilibrium constant Keq =
𝑝B
𝑝A

are determined by the (Gibbs) free
energy di�erence ∆GAB between the two states according to

Δ𝐺𝐴𝐵 = 𝐺𝐵 −𝐺𝐴 = −𝑅𝑇 ln
(
𝐾𝑒𝑞

)
, (1.1)

where R is the gas constant and T is the absolute temperature. The free energy
di�erence between A and B can be modulated by several means, including changes
in the sample conditions (pH, salt or the addition of denaturants) or by changing
other experimental parameters (temperature or hydrostatic pressure). Based on
such experiments, it is possible to obtain insights into the thermodynamic di�er-
ences (e.g. entropy, enthalpy and volume) between the two states. Increasing the
hydrostatic pressure has been reported to be a very subtle way to shift populations
of interchanging states as this minimally in�uences the free energy di�erence
between the two states (thermodynamics) (Akasaka 2006; Kitahara and Akasaka
2003). At the same time, the applied pressure can alter the energy of transition
states, which results in changes in the exchange rates between the states (kinetics).
High pressure NMR applications are becoming increasingly popular, despite the
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1. Introduction

technical challenges that are associated with applying hydrostatic pressure to an
NMR sample (Sprangers 2021). A small and far from complete list of impressive
pressure NMR studies include the study of folding intermediates for apomyoglobin
(Kitahara, Yamada, et al. 2002), the determination of the conformational equilibria
for the β1-adrenergic GPCR (Abiko, Grahl, and Grzesiek 2019), the identi�cation of
allosteric mechanisms in the RAS protein (Kalbitzer et al. 2013) and the study of a
β-strand register shift in the ARNT protein (Xu, Gagné, et al. 2021). In addition,
highly advanced pressure jumps equipment has been designed and dedicated NMR
experiments have been developed (Alderson, Charlier, et al. 2017; Charlier, Alderson,
et al. 2018; Charlier, Courtney, Alderson, et al. 2018; Charlier, Courtney, An�nrud,
et al. 2018; Kremer et al. 2011; Roche et al. 2013). These examples highlight the
power and potential of using elevated pressure to reveal molecular details.

The e�ect that pressure has on the free energy di�erence between states A and B
(at constant temperature) can, based on a Taylor expansion, be written as (Akasaka
2006; Akasaka and Matsuki 2015)

Δ𝐺𝐴𝐵 = Δ𝐺0 + Δ𝑉 (𝑝 − 𝑝0) −
1
2Δ𝜅𝑇 (𝑝 − 𝑝0)

2, (1.2)

where ∆G0 and ∆V0 are, respectively, the free energy and the volume di�erences
between states A and B at standard pressure (1 bar), p and p0 are the pressure
and the standard pressure and ∆ϰT is the change in isothermal compressibility
between states A and B. When the compressibility of states A and B is the same,
the equilibrium constant changes with pressure according to

𝐾𝑒𝑞 = exp
(
−Δ𝐺0 − Δ𝑉0(𝑝 − 𝑝0)

𝑅𝑇

)
. (1.3)

The determination of Keq at di�erent pressures p can thus provide direct insights
into the di�erence of the molecular volume between states A and B (∆V0).
Upon protein folding the volume of a protein tends to increase due to the for-

mation of molecular cavities. A negative volume change (∆V0 = VB - VA) is thus
usually associated with a loss of secondary or tertiary structure. In accordance with
that, high hydrostatic pressures will eventually result in the (partial) unfolding or
denaturation of proteins.
Based on transition state theory it is possible to obtain insights into the free

energy of activation through the Eyring equation

𝑘 =
𝜅𝑘𝐵𝑇

ℎ
exp

(
−Δ𝐺′

𝑅𝑇

)
, (1.4)

where k is the forward (kAB) or reverse (kBA) rate constant, ϰ is the transmission
coe�cient, kB is the Boltzmann constant, h is the Planck constant and ∆G’ is the
free energy of activation that is associated with the forward (∆G’AB) or reverse
(∆G’BA) rate. Including the dependence of the free energy on the pressure this
expression can be rewritten as:

𝑘 =
𝜅𝑘𝐵𝑇

ℎ
exp

(−Δ𝐺′
0 − Δ𝑉 ′

0 (𝑝 − 𝑝0)
𝑅𝑇

)
= exp

(
ln(𝑘0) −

Δ𝑉 ′
0 (𝑝 − 𝑝0)
𝑅𝑇

)
, (1.5)
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where k0 is the (forward k0,AB or reverse k0,BA) rate at standard pressure. The pres-
sure dependence of kAB and kBA thus provides insights into the volume di�erences
between state A and the transition state or between state B and the transition state.
Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion (RD) NMR experi-

ments (Korzhnev and Kay 2008; Palmer 2015) can provide quantitative insights into
kAB and kBA as well as Keq. Even when the sparsely populated second state is not
directly observable in NMR spectra, the exchange process between states A and
B can be quanti�ed based on the exchange broadening of the resonances of the
majorly populated state A, e.g. by measuring the e�ective transverse relaxation rate
as a function of CPMG frequency. Performing CPMG RD experiments at di�erent
pressures thus provides a means to obtain information on the volume di�erences
between the ground state and an invisible protein conformation or the transition
state. This information is highly valuable as it gives direct insights into the nature
of the structural changes that occur in biomolecules. Indeed, previous work that
quanti�ed exchange processes using NMR methods has revealed unique insights
into e.g. the enzymatic mechanisms from an adenylate kinase (Stiller et al. 2019),
the two- and three-state folding pathways of the drnN, G48M Fyn (Bezsonova
et al. 2006) and A39V, N53P, V55L Fyn SH3 domains (Tugarinov, Libich, et al. 2015),
the structural properties of the transition-state ensemble of a mutant version of
apocytochrome b562 that folds in a two state mechanism (Korzhnev, Bezsonova,
et al. 2006), the destabilizing e�ect of cavities for the T4 lysozyme L99A protein
(Xue et al. 2019), the folding (Dreydoppel, Becker, et al. 2018) and aromatic ring
�ipping (Dreydoppel, Dorn, et al. 2021) of GB1 and the folding of two domains of
the ribosomal protein L9 (Zhang et al. 2016). These high pressure NMR studies
mainly focused on 15N based RD experiments, which are suited for proteins up to
a molecular weight of approximately 30 kDa, but fail for larger complexes due to
very fast transverse relaxation rates that prevent the recording of NMR spectra
with su�cient signal to noise. In the current work, we focus on the use of 13CH3
methyl groups in an otherwise fully deuterated background that provide high qual-
ity spectra even for molecular machines that are far over 100 kDa (Audin et al. 2013;
Cvetkovic et al. 2017; Jiang and Kalodimos 2017; Rosenzweig et al. 2013; Schütz and
Sprangers 2020; Sprangers and Kay 2007).
One of the complexes that is well studied using methyl TROSY (Tugarinov,

Hwang, et al. 2003) methods is the 45 kDa Dcp1:Dcp2 mRNA decapping complex
(Floor, Borja, and Gross 2012; Wurm, Holdermann, et al. 2017; Wurm and Sprangers
2019). This complex contains the Dcp1 decapping activator and the Dcp2 enzyme,
that can be divided into a regulatory domain (RD, residues 1-95 in S. pombe), that is
connected to the catalytic domain (CD, residues 96-243 in S. pombe) via a �exible
linker, as well as a C-terminal intrinsically disordered extension. The Dcp2 regu-
latory and catalytic domains can adopt three di�erent relative orientations. First,
an auto-inhibited closed state, where the RD and CD interact in a non-productive
manner and where the substrate RNA binding groove is inaccessible. Second, the
open state, where the RD and CD do not interact and tumble independently. Third,
the catalytically competent state, where the RD and CD interact such that the
catalytic Nudix motif is in close spatial proximity to the mRNA cap structure and
hydrolysis of the substrate can take place (Charenton, Taverniti, et al. 2016; Wurm,
Holdermann, et al. 2017). This catalytically competent state of the enzyme is only
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1. Introduction

stably formed when mRNA substrate as well as the decapping activator Edc1 are
recruited (Wurm, Overbeck, and Sprangers 2016). The Dcp2 enzyme is thus a
highly dynamic protein that samples a complex energy landscape and in which
the di�erent states have di�erent functions during catalysis. Based on CPMG RD
experiments we established39 that the apo Dcp1:Dcp2 complex mainly adopts the
closed conformation (pclosed = 0.94) (Mugridge, Ziemniak, et al. 2016; She, Decker,
Svergun, et al. 2008) in solution, whereas a small fraction adopts the open confor-
mation (popen = 0.06) (She, Decker, Svergun, et al. 2008) (Figure 2.1). Previously we
also determined that the closed and open conformation exchange at a rate (kex =
kclosed - open + kopen - closed) of around 2800 s-1 (Wurm, Holdermann, et al. 2017).
In this work, we exploit 13C methyl group CPMG RD experiments on ILVMA

labeled samples of the Dcp1:Dcp2 complex at di�erent pressures. The pressure
response of the Dcp1:Dcp2 dynamics was used to extract di�erences in the volume
between the closed, the transition and the open state. Our work thereby reveals
that high pressure NMR techniques can also be applied to molecular machines that
are too large for 1H-15N based NMR spectroscopic approaches.
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2. Results

2.1. Dcp1:Dcp2 mRNA decapping complex
The Dcp1:Dcp2 mRNA decapping complex that we study here has a molecular
weight of 45 kDa and the low quality 1H-15N NMR spectra do not allow for the
recording of 15N based NMR relaxation data, even upon full deuteration of the
complex. For that reason, we make use of methyl TROSY methods (Tugarinov,
Hwang, et al. 2003) of spectroscopically isolated 1H3-13C labeled methyl groups
of isoleucine, leucine, valine, alanine and methionine residues in a per-deuterated
background. These samples can be prepared through the use of dedicated precursor
molecules that are incorporated into the protein of interest during over-expression
in E. coli (Goto and Kay 2000; Kerfah et al. 2015; Schütz and Sprangers 2020). The
NMR active methyl groups are excellent probes to study the dynamics within the
decapping complex (Wurm, Holdermann, et al. 2017). To simplify the NMR spectra
we restricted the methyl group labeling to the Dcp2 enzyme, while the Dcp1 protein
was present in an NMR invisible form.

Two copies of the closed and open conformations are present in a crystal structure
of the Dcp1:Dcp2 complex that was determined in the presence of ATP (Figure 2.1)
(She, Decker, Svergun, et al. 2008). To assess if pressure can potentially be used
to modulate the equilibrium between the open and the closed conformation we
calculated the molecular volumes (Chen and Makhatadze 2015) of both states
(Figure 2.2).

Figure 2.1.: Structure and dynamics in the Dcp1:Dcp2 mRNA decapping complex. Structure of the Dcp1:Dcp2 complex that
can adopt a closed (left) and an open (right) conformation (She, Decker, Svergun, et al. 2008) (PDB ID: 2qkm). Dcp1 is
colored grey, the Dcp2 regulatory domain in light green and the Dcp2 catalytic domain in dark green. The regulatory and
catalytic domain of Dcp2 are in direct contact in the closed state. The NMR methyl probes of isoleucine, leucine, valine,
alanine and methionine residues are shown as orange spheres.
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2. Results

Figure 2.2.: Calculated volumes of the Dcp1:Dcp2 mRNA decap-
ping complex. The calculated (Chen and Makhatadze 2015)
volumes of the closed and open conformations of Dcp1:Dcp2
(left) and Dcp2 (right) based on the crystal structure of the
complex (She, Decker, Svergun, et al. 2008) (PDB ID: 2qkm).
The error bars indicate the standard deviations and are based
on the structures of the two closed and two open conforma-
tions of the complex in the crystal structure, respectively.

This simple calculation suggests that
the transition from the closed to the
open conformation is not associated
with a signi�cant change in molecular
volume (p > 0.1).

To experimentally follow the pres-
sure response of the Dcp1:Dcp2 com-
plex with high spatial resolution we
recorded methyl TROSY NMR spectra
between 10 and 2750 bar (1 to 275 MPa)
(Figure 2.3 A). Increasing the experi-
mental pressure resulted in a global and
gradual shift of the methyl group res-
onances, as is expected based on ex-
periments with model peptides (Beck
Erlach et al. 2017). The extent and di-
rection of the chemical shift perturba-
tions (CSPs), however, di�ered from
residue to residue. Previously, the non-
linearity of pressure induced CSPs has
been linked to the presence of internal cavities in proteins (Akasaka and Li 2001;
Akasaka, Li, et al. 1999; Gagné et al. 2020; Xu, Gagné, et al. 2021). In Dcp2, we
observe this behavior for a number of resonances (Figure 2.3 B), indicating that the
corresponding residues are close to

Figure 2.3.: Pressure induced chemical shift perturbation of the methyl groups in Dcp2. (A) 1H-13C methyl TROSY spectra
of the Dcp1:Dcp2 decapping complex, where Dcp2 is NMR active in the ILVMA methyl groups, whereas Dcp1 is NMR
invisible. (B) Examples for non-linear pressure dependent chemical shift changes. Dark and light orange lines and data
points correspond to the 13C and the 1H direction, respectively.
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2.1. Dcp1:Dcp2 mRNA decapping complex

internal voids that are compressed at elevated pressure. In addition, we observe
that a number of resonances disappear when the pressure exceeds 750 bar.

Figure 2.4.: Structure of the Dcp1:Dcp2 complex in the closed conformation,
colored as in Figure 2.1. The residues for which the NMR resonances
disappear or that experience non-linear chemical shift perturbations are
marked in yellow and orange respectively. The calculated major cavities
in Dcp2 are indicated with a red surface.

Also this behavior has been
linked to pressure induced
conformational �uctuations around
protein cavities (Maeno et al.
2015). Taken together, these
data indicate that Dcp2 con-
tains internal cavities and/or
that Dcp2 undergoes confor-
mational rearrangements that
are pressure dependent. Next,
we calculated the location of
the cavities within Dcp2 based
on the structure of the en-
zyme in the closed conforma-
tion. We found that the inter-
face between the N-terminal
regulatory and the C-terminal
catalytic domain, that changes
upon the closed to open tran-
sition, contains voids in the
closed conformation (Figure 2.4).
Interestingly, most of the reso-
nances that either disappear or that shift non-linearly are from residues that are in
close spatial proximity to this region (Figure 2.4).
We noticed that Dcp1:Dcp2 is not stable for extended times at pressures that

exceed 600 bar, likely due to partial destabilization of the complex that results in
denaturation. For our subsequent experiments we thus limited our measurements
to relatively low hydrostatic pressures between 10 and 600 bar. Interestingly, we
noted that the signals of M164 and M221 shift with respect to the other resonances
(Figure 2.5, top left panel) at elevated pressure. Previously, we have shown that
these methyl groups directly report on the conformational equilibrium between
the closed and the open conformation in Dcp2 (Wurm, Holdermann, et al. 2017). As
the exchange between the closed and open positions is fast on the NMR timescale,
the population of both states can be approximately extracted from the resonance
positions. In our high pressure experiments, the resonance frequencies of M164
and M221 are, however, in�uenced by two e�ects: on the one hand directly by
the applied hydrostatic pressure and on the other hand indirectly by a shift in the
conformational equilibrium. To disentangle these e�ects, we also recorded methyl
TROSY spectra of the Dcp2 C-terminal catalytic domain at the same elevated
pressures. The resonances of this Dcp2 fragment correspond to the fully open
conformation of Dcp1:Dcp2, as the Dcp2 N-terminal regulatory domain and Dcp1,
that are needed for the formation of the closed Dcp2 conformation, are missing. For
all pressures we then calculated the distance between theM164 andM221 open-state
chemical shift (based on the Dcp2 C-terminal catalytic domain) and the chemical
shift for those residues in the Dcp1:Dcp2 complex (closed to 94 %; ln(Keq) = -2.75)
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(Figure 2.5). Based on the assumption that the chemical shift di�erence between the
open and the closed state is independent of pressure in the limited pressure range
that we use here, we derived the equilibrium constants at the elevated pressures
and noticed that these increase (ln(Keq) increases).

Figure 2.5.: High pressure results in a shift of the populations towards the open state. Methionine region of methyl TROSY
spectra of the Dcp1:Dcp2 complex at di�erent pressures between 10 and 600 bar (colored contours) and of the Dcp2 catalytic
domain (black). The dashed lines indicate the shift of the methyl resonances of M164 and M221 between the open state
(black contours) and the equilibrium of the states that are sampled by the Dcp1:Dcp2 complex. The spectra in the top left
panel were shifted manually based on resonances that are remote from the Dcp2 RD CD interface, to compensate for the
global pressure induced chemical shift perturbations. The arrows in the top left panel highlight the shift of the complex
towards the open state.

Figure 2.6.: Derivation of the volume di�erence
between the open and closed state. Increasing
the pressure results in a shift towards the open
state, fromwhich the volume di�erence between
the closed and the open state was derived.

For increased pressures a shift of the confor-
mational equilibrium towards the open confor-
mation thus takes place, revealing that the open
conformation has a smaller molecular volume
than the closed conformation. Based on the de-
pendency of Keq on pressure we derived a vol-
ume di�erence between the closed and the open
conformation of -27.5 ± 4.1 ml/mol (-45.5 ± 6.8
Å3) (Figure 2.6). This is in agreement with the
void volumes that are secluded at the interface
between the regulatory and catalytic domains
in the closed conformation of the complex (Fig-
ure 2.4), but contradicts the simple overall vol-
ume calculations that we performed (Figure 2.2).
To independently con�rm this result and to

obtain insights into the volume di�erences be-
tween the transition state structure and the closed, respectively the open conforma-
tion, we turned to 13C single quantum (SQ) CPMG RD experiments at the di�erent
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2.1. Dcp1:Dcp2 mRNA decapping complex

pressures. We found that �ve di�erent methyl groups from 4 residues that are
located at the interface between the Dcp2 regulatory and catalytic domain show
clear RD pro�les that can be analyzed at all pressures. To analyze these data we
�rst determined the chemical shift di�erence between the closed and the open
states based on the NMR resonances of the Dcp1:Dcp2 complex (94 % closed) and
the Dcp2 catalytic domain (open) (Figure 2.7). At a pressure of 10 bar, we could
then �t the CPMG RD data to one global two state exchange process and obtained
a forward rate (kclosed� open) of 155 ± 26 s-1 and a backward rate (kopen� closed) of
3280 ± 200 s−1, and thus a Keq of 0.047 ± 0.005 (Figure 2.8, Table 2.1).

Figure 2.7.: Overlay of the NMR spectra of the Dcp1:Dcp2 complex (red; 94 % closed) and the Dcp2 catalytic domain (CD;
black, 100% open). The derived chemical shift di�erences between the two states are indicated.

Figure 2.8.: 13C SQ CPMG RD curves for 5 methyl groups at 5 di�erent pressures. The data points are indicated with circles,
vertical lines indicate error bars that represent the standard deviation derived from two independent measurements. The
drawn lines are a global �t of the data to a two-site exchange model.
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This is in reasonably good agreement with exchange parameters (kclosed� open ∼
170 s-1 and kopen� closed ∼ 2650 s-1) that were previously extracted from data that
was recorded at ambient pressure and on a sample where the methyl labeling was
restricted to the isoleucine and methionine residues (Wurm, Holdermann, et al.
2017).

Figure 2.9.: Distribution of pclosed and kex, for the
di�erent pressures, derived from 250 �tting cy-
cles where the experimental data was randomly
varied according to the experimental error.

Next, we performed CPMG RD dispersion
measurements at 150, 300, 450 and 600 bar. We
analyzed the CPMG RD curves for �ve methyl
groups at �ve di�erent pressures simultaneously
(Figure 2.8), assuming that the chemical shift
di�erence between the two states was indepen-
dent of the hydrostatic pressure. Our analysis
revealed that elevated pressures resulted in a
shift towards the open conformation (Figure 2.9,
Table 2.1), from which we extracted that the
volume di�erence between the closed and open
conformation (Vopen - Vclosed) is - 30.4 ± 4.1 ml/-
mol (Figure 2.10 A, Table 2.1). This �nding is in
good agreement with the volume di�erence that
was determined from the resonance position in
the NMR spectra (Figure 2.6) and thus indepen-

dently con�rms that the open conformation has a smaller molecular volume than
the closed state due to the loss of voids at the interface between the Dcp2 catalytic
and regulatory domains. Based on the changes in kclosed� open, and kopen� closed
with pressure (Figure 2.10 B), we determined that the volume of the transition state
is similar to the volume of the closed conformation (Figure 2.10 C).

Figure 2.10.: Volumetric properties of the Dcp1:Dcp2 complex. (A) Pressure dependence of the equilibrium constant and the
derived volume di�erence between the closed and the open state. (B) Pressure dependence of the forward (closed to open;
bottom) and reverse (open to closed; top) rates that were used to determine the volume di�erences between the closed or
the open conformation and the transition state. (C) Volume changes of Dcp1:Dcp2 during the transition from the closed to
the open state. TS: transition state. The error bar shown for the closed state corresponds to the standard deviation of the
volume di�erence between the closed and the open state (panel A), the error bar shown for the TS corresponds to the
standard deviation of the volume di�erence between the open state and the TS (panel B).

It is tempting to speculate that also the structure of the transition state is similar
to the structure of the closed state. In that case, the opening pathway of the complex
could be initiated by a reshu�ing of the interface contacts that subsequently results
in the dissociation of the Dcp2 regulatory and catalytic domains. Tryptophan 43
might be a central residue in the initial steps of the opening of the Dcp2 enzyme.
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2.2. Dcp1:Dcp2 mRNA decapping complex with ATP

Dcp1:Dcp2 Dcp1:Dcp2:ATP
pressure (bar) pclosed kex (s-1) pclosed kex (s-1)
10 0.955 (± 0.004)* 3434 (± 227) 0.951 (± 0.003) 2870 (± 104)
150 0.947 (± 0.005) 3018 (± 201) 0.940 (± 0.003) 2708 (± 109)
300 0.927 (± 0.004) 2841 (± 112) 0.920 (± 0.002) 2718 (± 67)
450 0.926 (± 0.003) 1903 (± 89) 0.878 (± 0.004) 2985 (± 113)
600 0.907 (± 0.004) 1671 (± 99) 0.880 (± 0.004) 2333 (± 71)
* The indicated errors are based on a bootstrap error analysis, where the data was resampled
and re�tted 250 times.

Table 2.1.: Exchange parameters for the Dcp1:Dcp2 and the Dcp1:Dcp2:ATP complexes at di�erent pressures.

This residue is located in the middle of the RD-CD interface and has been shown
to play an important role in stabilizing the closed conformation (Floor, Borja, and
Gross 2012).

2.2. Dcp1:Dcp2 mRNA decapping complex with
ATP

ATP binding has been suggested to stabilize the closed conformation of Dcp1:Dcp2
(She, Decker, Svergun, et al. 2008; Wurm, Holdermann, et al. 2017). We therefore
added 10 mM of this nucleotide to the Dcp1:Dcp2 complex.

Figure 2.11.: Binding of ATP to the Dcp1:Dcp2 catalytic domain. Overlay of the
methyl TROSY spectrum of Dcp1:Dcp2 in the absence (red) and presence (blue)
of ATP. The residues that experience the strongest chemical shift perturbations
upon addition of ATP are highlighted in pink on the structure of the closed
conformation of the complex. The bound ATP in the crystal structure is shown
in orange.

This resulted in CSPs
for a number of methyl
group resonances in the
catalytic domain of Dcp2
that are located around
the Box B region that in-
teracts with the mRNA
body of the substrate (Fig-
ure 2.11). We next per-
formed the ATP titration
with the isolated catalytic
domain that mimics the
open conformation (Fig-
ure 2.12). In this case we
observed larger CSPs that
localize to a region that in-
cludes the C-terminal end
of the Nudix helix that is
important for the recogni-
tion of the capped mRNA

substrate. Interestingly, neither the ATP induced CSPs in the closed (Dcp1:Dcp2)
state nor the CSPs in the open (CD) state agree very well with the site where ATP
binding has been observed in the crystal structure of the complex (Figure 2.11).
Based on these �ndings we conclude that ATP can interact with the mRNA de-
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capping complex in multiple ways and that the interaction mode depends on the
conformation of the complex.

Figure 2.12.: Binding of ATP to the Dcp2 catalytic domain. Overlay
of the methyl TROSY spectra of the Dcp2 catalytic domain (CD)
in the absence (red) and presence (blue) of ATP. The residues that
experience the strongest chemical shift perturbations upon addition
of ATP are highlighted in pink on the structure of the domain.

An ATP induced shift in the
closed-open equilibrium would be
directly observable in RD CPMG
experiments, where an increase in
the population of the closed state
from e.g. 94 to 97 % would result
in a ∼ 50 % reduction of the ampli-
tude of the RD curves. We noticed,
however, that the amplitudes of the
CPMG RD curves are almost insen-
sitive to the addition of ATP (Fig-
ure 2.13). This �nding shows that
ATP does not signi�cantly shift the
populations towards the closed (or
open) conformation under the ex-
perimental conditions that we used
here. To �t the CPMG RD curves
in the presence of ATP we used the
chemical shift di�erences between
the Dcp1:Dcp2:ATP complex (94 %

closed) and the Dcp2 catalytic domain:ATP complex (open) (Figure 2.14). Interest-
ingly, the changes in |∆ωc| due to ATP binding (Figure 2.7 and Figure 2.14) can to a
large degree explain the changes in the CPMG RD curves (Figure 2.13) at ambient
pressure.

Figure 2.13.: 13C SQ CPMG relaxation curves for �ve methyl groups at the interface between the Dcp2 regulatory and
catalytic domains in the absence (red) and presence (blue) of ATP. The addition of ATP has a minor in�uence on the
amplitude of the RD curves, indicating that the addition of ATP does not result in a shift of the equilibrium between the
closed and open states. The data points are indicated with circles, vertical lines indicate error bars that represent the
standard deviation derived from two independent measurements. The drawn lines are a global �t of the data to a two-site
exchange model as described in Figure 2.8, Figure 2.15.
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2.2. Dcp1:Dcp2 mRNA decapping complex with ATP

Figure 2.14.: Overlay of the NMR spectra of the Dcp1:Dcp2:ATP complex (blue; 94 % closed) and the Dcp2 catalytic domain
in complex with ATP (CD; black, 100 % open). The derived chemical shift di�erences between the two states are indicated.

Figure 2.15.: 13C SQ CPMG RD curves for �ve methyl groups at �ve di�erent pressures. The data points are indicated with
circles, the error bars represent the standard deviation derived from two independent measurements. The drawn lines are
a global �t of the data to a two-site exchange model.

Subsequently we increased the pressure in a stepwise manner and recorded
CPMG RD curves on the Dcp1:Dcp2:ATP complex. Like for the apo complex, we
�tted the data of all pressures simultaneously, assuming that the chemical shift
di�erences between the open and closed state are pressure independent between
10 and 600 bar (Figure 2.15, Table 2.1). With pressure, we observed a gradual shift
of the populations towards the open state (Figure 2.16), from which we extracted a
volume di�erence of -41.0 ± 2.3 ml/mol (Figure 2.17 A). Compared to the complex
without ATP, the change in molecular volume is thus larger. The changes in the
forward and reverse rates with pressure (Figure 2.17 B) reveal that the volume of
the transition state now lies in-between the volumes of the closed and open state
(Figure 2.17 C).

67



2. Results

Figure 2.16.: Distribution of pclosed
and kex, for the di�erent pres-
sures derived from 250 �tting cy-
cles where the experimental data
were randomly varied according
to the experimental error.

Figure 2.17.: Volumetric properties of the Dcp1:Dcp2:ATP complex. (A) Pressure dependence of the equilibrium constant and
the derived volume di�erence between the closed and the open state. (B) Pressure dependence of the forward (closed to
open; bottom) and reverse (open to closed; top) rates and the derived volume di�erences between the closed or the open
state and the transition state. (C) Volume changes of Dcp1:Dcp2:ATP during the transition from the closed to the open
state. The error bar shown for the closed state corresponds to the standard deviation of the volume di�erence between the
closed and the open state (panel A), the error bar shown for the TS corresponds to the standard deviation of the volume
di�erence between the open state and the TS (panel B).
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3. Discussion
Many conformations that a protein can adopt are not directly detectable due to their
low abundance. Knowledge about the nature of these states is, however, important
as they can be catalytically important and as (local) unfolding may result in protein
aggregation or mis-folding that can have a severe impact on cellular homeostasis.
NMR methods are very well suited to obtain information about invisible minor
states from resonances of the visible major state (Alderson and Kay 2020; Baldwin
and Kay 2009; Bouvignies et al. 2011). Importantly, this information can be obtained
with a very high spatial resolution.

In summary, we here studied how the Dcp1:Dcp2 complex exchanges between
a closed and an open conformation. Based on 13C SQ CPMG RD experiments at
di�erent pressures, we extracted information about the volume changes along the
closing-opening pathway of the complex. Our data is in agreement with a model in
which the opening of the apo complex �rst involves local rearrangements of the
interface residues without changing the overall shape of the complex, before both
domains then dissociate into the fully open conformation. In the presence of ATP,
the volume of the complex changes in a stepwise manner. This is in agreement with
a situation where the interactions between ATP and the Dcp2 CD change when
the complex shifts into the open conformation. Interestingly, we observe such a
change of the Dcp2:ATP interactions in our NMR titrations, where the Dcp1:Dcp2
complex binds ATP via the Box B region and where the Dcp2 CD interact with ATP
via a region next to the Nudix domain (Figure 2.11 and Figure 2.12).

It is worth noting that the experimentally determined changes in the molecular
volume between the closed and open state could not be reliably extracted from
known static crystal structures (Figure 2.2), which highlights the importance of
the methodology that we exploited here. Our combination of methyl labeling and
high pressure NMR methods provides the means to obtain unique insights into the
volumetric properties of large molecular machines.
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Part IV.

The Applicability of 19F NMR
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Results presented in this part were published in the JOURNAL OF BIOMOLECULAR NMR (Krempl and

Sprangers 2023), the chapter is therefore largely identical to the publication in both text and �gures. R.

Sprangers designed experiments, C. Krempl performed experiments and analyzed data, R.S. and C.K.

wrote the manuscript.

1. Introduction

Most proteins fold into speci�c three dimensional structures to perform their
functions. These structures are not static but undergo a multitude of conformational
changes at timescales that range from picoseconds to hours (Henzler-Wildman and
Kern 2007; Palmer 2004). Especially for enzymes these structural rearrangements
are important for function, however, unfortunately, our knowledge regarding these
dynamics is often insu�cient.
NMR spectroscopy is unique in its ability to detect and quantify molecular

motions in biomolecules (Alderson and Kay 2021; Audin et al. 2013; Palmer 2004;
Wurm, Sung, et al. 2021). Especially biomolecular motions that occur on the same
timescale as biological catalysis are of interest, as those conformational changes
might be directly correlated with function. Turnover rates of enzymes range from
roughly 1 to 105 per second and depending on the populations of the conformational
states involved, these motions can be quanti�ed with Carr-Purcell-Meiboom-Gill
(CPMG) (Farber and Mittermaier 2015) and rotating-frame (R1ρ) (Palmer and Massi
2006) relaxation dispersion (RD) experiments and/or exchange spectroscopy (EXSY)
(Kloiber et al. 2011) and CEST approaches (Vallurupalli, Sekhar, et al. 2017). From
these NMR experiments thermodynamic (populations) and kinetic (exchange rates)
information that is associated with a given exchange process in a biomolecule can
be extracted. The majority of these experiments is based on the recording of a set
of 1H-15N or 1H-13C correlation spectra, which often requires a signi�cant amount
of spectrometer time.

An alternative to these approaches is the use of the �uorine (19F) nucleus for NMR
experiments. Fluorine is nearly completely absent from biological samples, but it can
be arti�cially incorporated into proteins, e.g. through the use of �uor-tryptophan
residues (Crowley, Kyne, and Monteith 2012; Lu et al. 2019), the incorporation
of other �uorinated amino acids (Furter 1998; Jackson, Hammill, and Mehl 2007;
Khan et al. 2006; Ycas et al. 2020) or through the attachment of �uorinated methyl
groups (12C-19F3) to cysteine side-chains (Ye, Larda, et al. 2015). In addition, 19F
can be incorporated into nucleic acids through the use of selectively �uorinated
nucleotides (Chrominski et al. 2020; Hennig, Scott, et al. 2007; Pu�er et al. 2009;
Sochor et al. 2016). This targeted 19F labeling of biomolecules presents several
advantages compared to conventional 15N or 13C labeling strategies. First, the
limited number of �uorine nuclei in the biomolecule results in simple NMR spectra
with only one or a few resonances. 1D spectra, that can be recorded relatively
rapidly, thus su�ce to obtain site-speci�c information. Second, the large chemical
shift dispersion of 19F (Lau and Gerig 2000) can result in a large chemical shift
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di�erence between the ground and excited states of a protein that leads to large
amplitudes in RD curves. Third, the costs for 19F labeling are low and deuteration of
larger proteins is usually not required as the �uorine is often remote from protons
in the complex. Finally, recent advances in NMR probe-head design allow for the
tuning of the 1H channel to 19F, thereby bypassing the need for obtaining dedicated
�uorine probe-heads. Taken together, 19F NMR methods provide a complementary
approach to detect and quantify dynamic processes in biomolecules (Gronenborn
2022; Kitevski-LeBlanc and Prosser 2012). To that end, we recently introduced a
number of 19F relaxation dispersion (RD) experiments that are able to quantify
dynamic processes (Overbeck, Kremer, and Sprangers 2020; Overbeck, Stelzig, et al.
2022).

Here, we aim at addressing two questions that challenge the general applicability
of 19F NMR methods to obtain biologically relevant insights into protein dynamics.
For a number of model systems, we probe if motions in these proteins are a�ected
by the incorporation of 5-�uorotryptophan residues, as a replacement of a proton
with a �uorine atom can potentially in�uence global protein dynamics due to
di�erences in electronegativity and van der Waals radii. Subsequently, we assess if
the introduced 19F labels are reliable probes to report on global motions in these
proteins and if 19F and 15N derived dynamic parameters are in agreement.
We focus on four model proteins: (i) the KIX domain of the transcriptional co-

activator CREB binding protein (Wang, Marshall, et al. 2012), (ii) Dcp1 and (iii) Dcp2
that together form the Dcp1:Dcp2 mRNA decapping complex (Wurm and Sprangers
2019) and (iv) the DcpS scavenger decapping enzyme (Fuchs et al. 2020; Gu et al.
2004). These proteins have been shown to exhibit global dynamics on di�erent
timescales. Motions in the KIX domain take place in the medium fast millisecond
time regime (kex ∼ 550 s-1) (Brüschweiler, Schanda, et al. 2009). Dcp1 possesses
an aromatic groove that exchanges between di�erent states with an exchange
rate around 1200 s-1 (Wurm, Overbeck, and Sprangers 2016). In the absence of an
mRNA substrate, the mRNA decapping complex Dcp1:Dcp2 furthermore exchanges
between two distinct conformations in the fast millisecond time regime (kex ∼
2800 s-1) (Wurm, Holdermann, et al. 2017). The motion of the scavenger decapping
enzyme DcpS takes place in the slowmillisecond to seconds time regime, depending
on the concentration of the substrate (kex = 1 – 20 s-1) (Neu et al. 2015). All these
complexes contain at least a single tryptophan residue in a region that has been
shown to be dynamic. Importantly, for the enzymes Dcp2 and DcpS the observed
motions are important for the catalytic cycle.
Here, we show that the incorporation of 5-�uorotryptophan does not change

the dynamics of the studied proteins as judged by 15N and methyl-TROSY studies.
However, for the KIX domain, for Dcp1 and for Dcp2, the exchange parameters that
we obtain from 19F RD measurements are not in agreement with those extracted
from 15N RD experiments. The cause of these inconsistencies likely arises from
faster motions of the tryptophan side chains. These fast dynamics result in CPMG
RD dispersion pro�les that are simultaneously in�uenced by side chain and back-
bone motions and that thus cannot be interpreted with a simple two-state exchange
model. For the DcpS decapping enzyme, we show that the dynamics that we extract
from 19F EXSY measurements are in excellent agreement with previous results that
were based on methyl TROSY experiments (Neu et al. 2015; Schütz and Sprangers
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2020; Tugarinov, Hwang, et al. 2003). Our �ndings thus highlight that it is possible,
but potentially misleading, to draw conclusions on global protein dynamics based
on 19F data derived from a limited number of probes.

75





2. Results

2.1. KIX domain of the CREB-binding protein

Figure 2.1.: 1H-15N spectrum of the 15N labeled KIX do-
main. The 1D trace in the spectrum shows the Hε-Nε
signal of the W591 side-chain at the N-terminal end of
the domain.

Dynamics in the KIX domain of the CREB-
binding protein are important for the al-
losteric communication between two lig-
and binding sites (Brüschweiler, Konrat, and
Tollinger 2013). Extensive previous studies
reveal that this domain exchanges between
a folded and a partially unfolded high en-
ergy state with an exchange rate of ∼ 550 s-1
(Brüschweiler, Schanda, et al. 2009). Here,
we labeled the domain with 15N (Figure 2.1)
and recorded nitrogen relaxation dispersion
(RD) pro�les (Figure 2.2, Figure 2.3). Based
on that data, we con�rm that the domain
undergoes a global two-site exchange pro-
cess (pa = 97.7 ± 1.2 %, kex = 1255 ± 221 s-1).
Those values deviate slightly from the previ-
ously reported exchange parameters, which
we attribute to di�erences in the bu�er com-
position.

Figure 2.2.: 15N CPMG relaxation dispersion (RD) pro�les that report on the folding-unfolding of the 15N labeled KIX domain.
The residues that undergo chemical exchange are highlighted on the structure of the domain (Brüschweiler, Konrat, and
Tollinger 2013) (PDBid: 2LXT)
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Figure 2.3.: Result of 100 Monte Carlo simulations used to extract exchange parameters for the 15N CPMG RD data recorded
on the 15N labeled KIX domain (left; pa = 97.7 ± 1.2 %, kex = 1255 ± 221 s-1) and on the 15N 5-�uorotryptophan labeled KIX
domain (right; pa = 97.0 ± 1.0 %, kex = 1331 ± 336 s-1). The orange cross represents the average population of the ground
state (pa) and exchange rate (kex). The error bars indicate the standard deviations in both parameters.

Figure 2.4.: 1H-15N spectrum of the 15N, 5-
�uorotryptophan labeled KIX domain. The strong
reduction of the signal of the W591 Hε-Nε side-chain
resonance reveals the e�cient incorporation of the
19F label.

The KIX domain contains a single tryp-
tophan residue that stacks on the top of
the exchanging helical bundle and we rea-
soned that a partial unfolding of the KIX
domain should be sensed by the aromatic
side-chain. To validate that, we simultane-
ously labeled the KIX domain with 15N and
5-�uorotryptophan. The incorporation of
the 19F label was highly e�cient as can be
judged from the strong reduction in the Hε-
Nε signal in the proton-nitrogen spectrum
(Figure 2.4). Structurally, the impact of the
19F incorporation was minimal, as judged
from the small CSPs that are limited to res-
onances of residues in close spatial prox-
imity to the tryptophan residue (Figure 2.5;
Figure 2.6, Figure 2.7). Subsequently, we
recorded 15N CPMG RD experiments on the
15N labeled KIX domain that contains the
5-�uorotryptophan (Figure 2.5, Figure 2.3,
Figure 2.8).

A global �t of this data reveals that the exchange parameters (pa = 97.0 ± 1.0 %,
kex = 1331 ± 336 s-1) were una�ected by the presence of the 5-�uorotryptophan.
In line with these �ndings, it is possible to �t the 15N RD pro�les of the 15N and
the 15N-19F labeled samples simultaneously to one exchange process (pa = 98.2
± 0.4 %; kex = 924 ± 136 s-1) (Figure 2.11, Figure 2.9). This demonstrates that the
incorporation of the 19F label does not interfere with the global dynamics of the
protein, which is a prerequisite for the applicability of 19F methods (Figure 2.10 A)
to extract relevant information regarding protein motions. Next, we recorded 19F
CPMG RD experiments at two �eld strengths and �tted these to a two-site exchange
process (Figure 2.10 B). This analysis revealed a tenfold faster exchange rate (pa
= 97.4 ± 0.9 %, kex = 11442 ± 1261 s-1) compared to the 15N derived parameters
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2.1. KIX domain of the CREB-binding protein

Figure 2.5.: The 15N CPMG RD pro�les are not in�uenced by the incorporation of the 5-�uorotryptophan. The chemical
shift perturbations (CSPs) that are induced by the 19F atom are limited to a region that is close to the tryptophan residue
(Figure 2.6).

Figure 2.6.: Chemical shift perturbations in the KIX domain upon replacement of all tryptophan residues with 5-
�uorotryptophan. CSPs are calculated in ppm as CSP =

√︁
(0.1 ∗ Δ𝛿𝑁 )2 + (Δ𝛿𝐻 )2. Figure 2.5 shows the KIX structure that

is colored according to the CSPs, where the replaced tryptophan residues are shown as sticks.

(Figure 2.5).

Figure 2.7.: Overlay of the 1H-15N spectra of the 15N
(black; Figure 2.1) and 15N 19F (blue; Figure 2.4) labeled
KIX domain.

Attempts to simultaneously �t the 15N
and 19F CPMG data to one exchange pro-
cess were not successful (Figure 2.12), which
con�rms that the motions that the 19F la-
beled tryptophan side chain experiences
are di�erent from the global backbone mo-
tions that we assessed using 15N RD exper-
iments. A higher �exibility of the trypto-
phan side chain compared to the protein
backbone is not unexpected and in that case
the recorded RD curves will be a superpo-
sition of the slower backbone and the faster
side chain motions. This results in data
that can no longer be analyzed with a sin-
gle two-state exchange model. This notion
highlights the challenges and potential pit-
falls that are associated with drawing con-
clusions regarding global protein motions
based on 19F based measurements only.
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Figure 2.8.: Di�erences in the CPMG RD curves of the 15N and 15N 19F labeled KIX domain: overlay of the 15N CPMG RD
curves recorded on the 15N (black; Figure 2.2) and 15N 19F (blue; Figure 2.5) labeled KIX domain. The di�erences in the
amplitude of the RD curves can be attributed to changes in the chemical shift di�erences (|∆ωN |) between the ground and
excited state between the two labeling schemes and do not necessarily re�ect di�erences in populations or exchange rates
between the two samples.

Figure 2.9.: Result of 100 Monte Carlo simula-
tions to extract exchange parameters for a
simultaneous �t of the 15N CPMG RD data
recorded on the 15N labeled KIX domain
and on the 15N 5-�uorotryptophan labeled
KIX domain (pa = 98.2 ± 0.4 %; kex = 924 ±
136 s-1). The orange cross represents the
average population of the ground state (pa)
and exchange rate (kex). The error bars
indicate the standard deviations in both pa-
rameters.

Figure 2.10.: In�uence of 5-�uorotrypthphan incorporation on the dynamics in the KIX domain. (A) 1D 19F NMR spectrum
of the 5-�uorotryptophan labeled KIX domain. (B) 19F CPMG RD pro�les of the 5-�uorotryptophan labeled KIX domain,
recorded at 500 and 600 MHz proton frequency.
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2.1. KIX domain of the CREB-binding protein

Figure 2.11.: 15N relaxation dispersion pro�les of the 15N (A) and 15N 5-�uorotryptophan labeled KIX domain (B) recorded at
a 500 MHz proton frequency (green, light blue) and 600 MHz proton frequency (black, dark blue). The drawn lines are a
simultaneous �t of all data from both proteins to a two-site exchange process (pa = 98.2 ± 0.4 %; kex = 924 ± 136 s-1).
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2. Results

Figure 2.12.: Relaxation dispersion (RD) pro�les of the 15N labeled KIX domain (top; 15N RD) and the 19F and 15N labeled
KIX domain (middle; 19F RD and bottom; 15N RD). Data was recorded at a 500 MHz proton frequency (green, purple, light
blue) and 600 MHz proton frequency (black, pink, dark blue). The drawn lines represent an e�ort to simultaneously �t
all data from both proteins to a two-site exchange process. The 19F and 15N data are not compatible (see middle panel),
indicating that the RD data of the 5-�uorotryptophan and the backbone are not the same.
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2.2. Dcp1:Dcp2 mRNA decapping complex

2.2. Dcp1:Dcp2 mRNA decapping complex
We next extended our analysis to the Dcp1:Dcp2 mRNA decapping complex that
is composed of the decapping enzyme Dcp2 and its main activator Dcp1. Dcp2
consists of an N-terminal regulatory domain (NRD; amino acids 1-95) that interacts
with Dcp1, a C-terminal catalytic NUDIX domain (CTD; amino acids 96-243) and a
long C-terminal intrinsically disordered region (IDR; amino acids 244-743).

Figure 2.13.: 1H-15N spectrum of the 15N labeled Dcp1 in a minimal
Dcp1:Dcp2 complex (Dcp2 is NMR inactive). The 1D trace in the
spectrum shows one of the tryptophan Hε-Nε signals.

Previous 15N based CPMG re-
laxation dispersion experiments re-
vealed that Dcp1 contains a �exi-
ble groove that exchanges between
two states at a rate of ∼ 1200
s-1 and that can recruit proline-
rich elements (Wurm, Overbeck,
and Sprangers 2016). In addi-
tion, methyl based single quan-
tum CPMG RD experiments on the
Dcp1:Dcp2 complex showed that
the NRD and CTD of Dcp2 undergo
inter-domain motions at a rate of
2800 s-1 (Wurm, Holdermann, et al.
2017). These large conformational
changes are important for the reg-
ulation of the catalytic activity of
the enzyme complex (Wurm and
Sprangers 2019). Conveniently, it is
possible to express Dcp1 and Dcp2
separately and �uorotryptophan labeling can thus be restricted to either Dcp1 or
Dcp2.

Figure 2.14.: Dynamics of Dcp1 in a minimal Dcp1:Dcp2 complex. 15N CPMG relaxation dispersion (RD) pro�les that report
on the dynamics in the aromatic groove of the Dcp1 protein (Wurm, Overbeck, and Sprangers 2016). The residues that
undergo chemical exchange are highlighted on the structure of the domain (She, Decker, Svergun, et al. 2008) (PDBid:
2QKL). Dcp1 is colored gray, the Dcp2 regulator domain is NMR invisible and colored light green.
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We �rst prepared a minimal Dcp1:Dcp2 complex that contains 15N labeled Dcp1
and the unlabeled NRD of Dcp2 (Figure 2.13). 15N based relaxation dispersion
experiments showed clear dynamics in the aromatic groove of Dcp1 (Figure 2.14,
Figure 2.15).

Figure 2.15.: Result of Monte Carlo to extract exchange parameters for the 15N CPMG RD data recorded on the 15N labeled
Dcp1 protein (left) and on the 15N 5-�uorotryptophan labeled Dcp1 protein (right). The orange cross represents the
average population of the ground state (pa) and exchange rate (kex). The error bars indicate the standard deviations in
both parameters.

Fitting these data to a global exchange process revealed a ground state population
pa of 92.9 ± 0.8 % and an exchange rate kex of 1960 ± 55 s-1. These data agree with
previous measurements, where small deviations in the exchange parameters are
due to di�erences in the used bu�er system.

Figure 2.16.: In�uence of 5-�uorotrypthphan incorporation on spec-
tra of Dcp1 in a minimal Dcp1:Dcp2 complex. 1H-15N spectrum
of the 15N, 5-�uorotryptophan labeled Dcp1:Dcp2 complex. The
strong reduction of the Hε-Nε side-chain signal reveals the e�cient
incorporation of the 19F label.

Subsequently, we prepared the
Dcp1:Dcp2 complex but this time
by labeling Dcp1 with 15N and 5-
�uorotryptophan. The 5-�uoro-
tryptophan labeling was e�cient
as judged by the strong reduction
of the Hε-Nε resonances in the 2D
NMR spectrum (Figure 2.16). Re-
placement of the natural trypto-
phan residues with 5-�uoro- tryp-
tophan resulted in minor chemical
shift perturbations in the 1H-15N
correlation map, revealing that the
introduced �uorine atoms have no
global e�ect on the structure of the
complex (Figure 2.17, Figure 2.19).
The absence of large di�erences

in dynamics between the 15N and
the 15N/19F labeled proteins can be
further corroborated by the fact
that it is possible to �t the nitro-

gen RD pro�les from both datasets (without and with 19F labeling) simultaneously
(Figure 2.22, Figure 2.23), which results in a ground state population of 91.8 ± 1.1 %
and an exchange rate kex of 2220 ± 121 s-1 (Figure 2.21).

84



2.2. Dcp1:Dcp2 mRNA decapping complex

We subsequently recorded 15N CPMG RD curves on this sample from which we
extracted a ground state population of 91.3 ± 1.9 % and an exchange rate kex of
2138 ± 281 s-1 (Figure 2.15). Based on that, we conclude that the introduction of
5-�uorotryptophan had no measurable e�ect on the backbone dynamics of Dcp1.

Figure 2.17.: In�uence of 5-�uorotrypthphan incorporation on the dynamics of Dcp1 in a minimal Dcp1:Dcp2 complex. The
15N CPMG RD pro�les are not in�uenced by the incorporation of the 5-�uorotryptophan. The chemical shift perturbations
(CSPs) that are induced by the two 5-�uorotryptophan residues are limited to the region that is close to the tryptophan
residue (see also Figure 2.18).

Figure 2.18.: Chemical shift perturbations in Dcp1 upon replacement of all tryptophan residues with 5- �uorotryptophan.
CSPs are calculated in ppm as CSP =

√︁
(0.1 ∗ Δ𝛿𝑁 )2 + (Δ𝛿𝐻 )2. The structures displayed in Figure 2.17 are colored

according to the CSPs, where the replaced tryptophan residues are shown as sticks.

The 19F NMR spectrum of the Dcp1 labeled complex shows two distinct reso-
nances (Figure 2.24 A) that result from Trp 45 and 107 in Dcp1. We next recorded
19F CPMG RD experiments and extracted exchange parameters by jointly �tting the
data of the two residues in the aromatic groove to a two-site exchange model. We
obtained a population pa of the ground state of 98.9 ± 1.1 % and an exchange rate
kex of 6840 ± 1109 s-1 (Figure 2.24 B). As observed for the KIX domain, this exchange
rate is signi�cantly faster than the rates obtained from 15N CPMG experiments,
indicating that the 19F data does not report on the global exchange process that we
quanti�ed based on the 15N data. In agreement with that, it is not possible to �t the
19F and the 15N relaxation dispersion data simultaneously to one exchange process
(Figure 2.25). The faster timescale of the 19F data suggests that the �uorotryp-
tophan side-chains are more �exible than the backbone of the protein and that
the 19F tryptophan indole ring does not solely report on the global exchange pro-
cess in the Dcp1 aromatic groove, although Trp 45 is centrally located in this groove.

85



2. Results

Figure 2.19.: Di�erences in the NMR spec-
tra of 15N and 15N 19F labeled Dcp1 in the
Dcp1:Dcp2 complex is shown in the over-
lay of the 1H-15N spectra of 15N (black;
Figure 2.13) and 15N 19F (dark blue; Fig-
ure 2.16) labeled Dcp1.

Figure 2.20.: Di�erences in the CPMG RD
curves of 15N and 15N 19F labeled Dcp1
in the Dcp1:Dcp2 complex is shown in
the overlay of the 15N CPMG RD curves
recorded on 15N (black; Figure 2.14) and
15N 19F (dark blue; Figure 2.17) labeled
Dcp1. The di�erences in the amplitude of
the RD curves can be attributed to changes
in the chemical shift di�erences (|∆ωN|)
between the ground and excited state be-
tween the two labeling schemes and do not
necessarily re�ect di�erences in popula-
tions or exchange rates between the two
samples.

Figure 2.21.: Result of 100 Monte Carlo simu-
lations to extract exchange parameters for
a simultaneous �t of the 15N CPMG RD
data recorded on the 15N labeled Dcp1 pro-
tein and on the 15N 5- �uorotryptophan
labeled Dcp1 protein. The orange cross
represents the average population of the
ground state (pa) and the exchange rate
(kex). The error bars indicate the standard
deviations in both parameters.
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2.2. Dcp1:Dcp2 mRNA decapping complex

Figure 2.22.: 15N relaxation dispersion pro�les of the 15N labeled Dcp1 protein recorded at a 500 MHz (light green), 600 MHz
(dark green) and 800 (black) MHz proton frequency. The drawn lines are a simultaneous �t of all data from both proteins
in Figure 2.22 and Figure 2.23 to a two-site exchange process (pa = 91.8 ± 1.1 %; kex = 2220 ± 121 s-1).

Figure 2.23.: 15N relaxation dispersion pro�les of the 15N-�uorotryptophan labeled Dcp1 protein recorded at a 500 MHz (light
blue), 600 MHz (medium blue) and 800 (dark blue) MHz proton frequency. The drawn lines are a simultaneous �t of all data
from both proteins in Figure 2.22 and Figure 2.23 to a two-site exchange process (pa = 91.8 ± 1.1 %; kex = 2220 ± 121 s-1).
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Figure 2.24.: In�uence of 5-�uorotrypthphan incorporation on the dynamics of Dcp1 in a minimal Dcp1:Dcp2 complex.
(A) 1D 19F NMR spectrum of the 5-�uorotryptophan Dcp1:Dcp2 complex. (B) 19F CPMG RD pro�les of the up�eld- and
down�eld 19F signals, recorded at 500 MHz proton frequency.

Figure 2.25.: 15N (top) and 19F (bottom) relaxation dispersion pro�les recorded on the 15N, 5- �uorotryptophan labeled
Dcp1 protein. 15N data was recorded at a 500 MHz (light blue), 600 MHz (medium blue) and 800 (dark blue) MHz proton
frequency, 19F data was recorded at 500 (pink) and 600 (purple) MHz protein frequency. The drawn lines represent an e�ort
to simultaneously �t the 15N and 19F RD data to a two-site exchange process. The 19F and 15N data are not compatible,
indicating that the nitrogen and �uorine RD pro�les do not report on the same process.
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2.2. Dcp1:Dcp2 mRNA decapping complex

In a next set of experiments, we assessed the motions in the Dcp2 NRD. To that
end, we measured nitrogen RD experiments on a complex of unlabeled Dcp1 and
15N labeled NRD from Dcp2. The results indicate the presence of an exchange
process in the Dcp2 NRD with a ground-state population of 97.9 ± 3.1 % and an
exchange rate kex of 1712 ± 1098 s-1 (Figure 2.26, Figure 2.29). The three Dcp2
tryptophan residues are in close spatial proximity to this �exible region and thus
potentially sense these global motions (Figure 2.26). To assess that, we labeled
the Dcp2 NRD with 5-�uorotryptophan and obtained a �uorine spectrum with
three distinct resonances (Figure 2.27 A). These three residues showed clear RD
dispersions, however, the extracted exchange parameters (pa = 52.1 ± 7.0 %, kex
= 17795 ± 2967 s-1) reveal an exchange rate that was, as above, faster than the
exchange rate that was extracted from the 15N data. As for KIX and Dcp1, it was
hence not possible to �t the 15N and 19F RD data simultaneously (Figure 2.30). Of
note, the 15N-19F labeled Dcp2 protein expressed with yields that were su�cient
for the recording of 1D 19F RD curves, but that were too low to allow for the
recording of 15N relaxation data with su�cient signal to noise. We can thus not
directly probe for potential changes in the backbone motions that could be caused
by the 19F labeling. However, we anticipate that these changes are very small as
the CSPs caused by the 19F introduction (Figure 2.31) are comparable to those that
we observed upon introduction of 19F labels in the KIX domain and the Dcp1 protein.

Figure 2.26.: Measurement of dynamics in the Dcp2 N-terminal regulatory domain (NRD), in complex with Dcp1. 15N CPMG
relaxation dispersion (RD) pro�les for a set of residues in the Dcp2 NRD. The data is recorded on a 15N, 5-�uorotryptophan
labeled Dcp2 sample.
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Figure 2.27.: Measurement of dynamics in the Dcp2 N-terminal regulatory domain (NRD), in complex with Dcp1. (A) The
observed dynamics cluster in the core of the Dcp2 NRD. Three tryptophan residues surround the mobile region. Dcp1
is NMR invisible and colored gray, the Dcp2 regulatory domain is colored light green. The chemical shift perturbations
(CSPs) that are induced by the three 5-�uorotryptophan residues in the Dcp2 domain are limited to the region that is close
to the tryptophan residue (Figure 2.31). (B) 19F NMR spectrum of the 15N, 5-�uorotryptophan labeled Dcp2 sample. The
W43 resonance is assigned by mutagenesis.

Figure 2.28.: Measurement of dynamics in the Dcp2 N-terminal regulatory domain (NRD), in complex with Dcp1. Here, 19F
CPMG relaxation dispersion pro�les of the three 19F resonances, recorded at 600 MHz proton frequency, are shown.

Figure 2.29.: Result of Monte Carlo to ex-
tract exchange parameters for the 15N
CPMG RD data recorded on the 15N 5-
�uorotryptophan labeled Dcp2 protein in
the Dcp1:Dcp2 NTD complex. The red
cross represents the average population of
the ground state (pa) and exchange rate
(kex). The error bars indicate the standard
deviations in both parameters. pa = 97.9 ±
3.1 %; kex = 1712 ± 1098 s-1.
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2.2. Dcp1:Dcp2 mRNA decapping complex

Figure 2.30.: 15N (black)
and 19F (red) relaxation
dispersion pro�les
recorded on the 15N,
5- �uorotryptophan
labeled Dcp2 protein.
15N data was recorded
at 800 (black) MHz
proton frequency, 19F
data was recorded at
600 (red) MHz protein
frequency. The drawn
lines represent an e�ort
to simultaneously �t
the 15N and 19F RD
data to a two-site
exchange process. The
19F and 15N data are not
compatible, indicating
that the motions of
the 5-�uorotryptophan
and the motions of the
backbone are not the
same.

Figure 2.31.: Chemical shift perturbations in Dcp2 upon replacement of all tryptophan residues with 5- �uorotryptophan.
CSPs are calculated in ppm as CSP =

√︁
(0.1 ∗ Δ𝛿𝑁 )2 + (Δ𝛿𝐻 )2. The structures in Figure 2.27 A are colored according to

the CSPs, where the replaced tryptophan residues are shown as sticks.

In the three examples above, we focused on relatively small assemblies, with
molecular weights of 10 kDa (KIX domain) and 26 kDa (Dcp1:Dcp2-NRD). We next
aimed at recapitulating the exchange between the open and closed state in the 46
kDa Dcp1:Dcp2-NRD-CTD complex (kex = 2800 s-1). In this process the CTD of
Dcp2 can either dock onto the NRD of Dcp2 (closed conformation; 94 %), or it can
be detached from the NRD (open conformation; 6 %) (Wurm, Holdermann, et al.
2017). The Dcp2 NRD contains a catalytically important gatekeeper tryptophan
residue (W43) (Floor, Borja, and Gross 2012) that is solvent exposed in the open
conformation and tightly packed onto the Dcp2-CTD interface in the closed state
(She, Decker, Svergun, et al. 2008). The exchange between these open and closed
conformations of Dcp2 have been shown to be important for the regulation of the
mRNA decapping activity (Wurm, Holdermann, et al. 2017). To determine the 19F
chemical shift of the “open” state of the gatekeeper 5-�uorotryptophan we �rst
assigned W43 through mutagenesis in the Dcp1:Dcp2-NRD construct (Figure 2.27
A, Figure 2.33), where the gatekeeper tryptophan is solvent exposed due to the lack
of the CTD. Next, we prepared a Dcp1:Dcp2-NRD-CTD complex in which the seven
Dcp2 tryptophan residues are replaced with 5-�uorotryptophan. The resulting 19F
spectrum shows �ve separated resonances of which we assigned the most up�eld
signal to W43 through mutagenesis (Figure 2.34, Figure 2.36). The 19F resonance of
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W43 in the NRD thus shifted signi�cantly down�eld due to the interaction with
the CTD. This con�rms that Dcp2 is mostly present in the closed conformation.

Figure 2.32.: Di�erences in the
NMR spectra of 15N and
15N 19F labeled Dcp2 in the
Dcp1:Dcp2 complex.shown
in the overlay of the 1H-15N
spectra of the 15N labeled
Dcp1:Dcp2 complex (black;
both Dcp1 and Dcp2 are
15N labeled), the Dcp1:Dcp2
complex where Dcp2 is 15N
19F labeled (red) and the
Dcp1:Dcp2 complex in which
Dcp1 is 15N labeled (blue).

Figure 2.33.: Assignment of the W43 19F 5-
�uorotryptophan resonance in Dcp2 (residues
1-95). The lower (black) spectrum shows the
resonances of the three Dcp2 Trp residues in the
Dcp1:Dcp2 (residues 1-95) complex (Dcp1 is not
19F labeled). The middle (light blue) spectrum
shows the resonances of the �ve Trp resonances
in the Dcp1:Dcp2 (residue 1-95) complex. The
top spectrum shows the resonances of the four
Trp resonances in the Dcp1:Dcp2 (residue 1-95;
W43A) complex. The most up�eld shifted signal
disappears, allowing a straightforward assignment
of this resonance to W43.

To assess this �nding independently, we prepared a sample that contains 19F
labeled tryptophan residues as well as methyl 13C labeled isoleucine and methionine
residues. Previously, we showed that the resonance frequencies of M164 and M221
in methyl TROSY spectra directly report on the open-closed equilibrium in Dcp2
(Wurm, Holdermann, et al. 2017). Importantly, the incorporation of 19F tryptophan
only had a very small e�ect on the position of those resonances (Figure 2.35)
that corresponds to a less than 5 % shift of the Dcp2 conformational equilibrium
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2.2. Dcp1:Dcp2 mRNA decapping complex

Figure 2.34.: The Dcp2 regulatory (NRD) and catalytic
domains (CTD), in complex with Dcp1. The 1D 19F
spectrum of the complex with 5-�uorotryptophan
labeled Dcp2 reveals 5 resonances for the 7 tryp-
tophan residues. The resonance of the gatekeeper
tryptophan (W43) is assigned through mutagenesis.
Note the shift of the W43 frequency between the
complex with and without (Figure 2.27 B) the Dcp2
CTD.

towards the closed state. This �nding corroborates that the introduction of 5-
�uorotryptophan has, if at all, a limited impact on the structure and dynamics of
protein complexes (Figure 2.35).

Figure 2.35.: (A) Structure of the Dcp1-Dcp2 NRD-CTD complex. Dcp1 is NMR invisible and colored gray, the Dcp2 NRD is
colored light green and the Dcp2 CTD is colored dark green. The seven tryptophan residues are colored red. Methionine
221 and 164, that report on the open-closed transitions in the complex, are colored orange. Methionine 108, that experiences
a CSP in the methyl TROSY spectrum due to the incorporation of 5-�uorotryptophan, is colored yellow. (B) Overlay of the
methionine region of methyl TROSY spectra of the Dcp1 (NMR inactive): Dcp2 (ILMVA methyl labeled) complex (grey) and
the Dcp1 (NMR inactive): Dcp2 (IM methyl and 5-�uorotryptophan labeled) complex (red). The methionine resonances of
M221 and M164, that report on the conformation of the complex, are labeled.

Based on the 19F 1D spectra of the 46 kDa Dcp1:Dcp2 complex we subsequently
attempted to record 19F based CPMG experiments. We realized, however, that the 19F
R2 relaxation rates were around 200 s-1, which prevents the use of su�ciently long
CPMG relaxation delays that are required for the recording of CPMG frequencies
lower than a couple of 100 Hz. In that light, the Dcp1:Dcp2-NRD-CTD complex
is beyond the limit of where 5-�uorotryptophan based 19F spectroscopy can be
employed to extract detailed information regarding protein dynamics. It should
be noted that the molecular weight of the Dcp1:Dcp2-NRD-CTD enzyme complex
also prevented us from assessing dynamics through 15N based RD experiments. We
have, however, shown that high quality 19F RD CPMG curves can be recorded for
the 100 kDa Xrn2 enzyme after labeling the protein with BTFA (Overbeck, Stelzig,
et al. 2022). This shows that the �uorine relaxation properties of 5-�uorotryptophan
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residues are less advantageous than those of CF3 groups on cysteine side-chains.

Figure 2.36.: Assignment of the W43 19F 5-
�uorotryptophan resonance in Dcp2 (residues
1-243). The lower (black) spectrum shows the
resonances of the seven Dcp2 Trp residues in
the Dcp1:Dcp2 (residues 1-243) complex (Dcp1
is not 19F labeled). The top (blue) spectrum
shows resonances of the six Trp resonances in
the complex where tryptophan 43 is replaced
with an alanine. The most up�eld signal dis-
appears, allowing the assignment of this reso-
nance to W43. Note that the frequency of W43
shifts from -123.95 (Figure 2.29) to -121.31 ppm
when the Dcp2 catalytic domain is included in
the Dcp1:Dcp2 complex.

2.3. DcpS scavenger decapping complex
Finally, we assessed if 19F NMR methods can accurately address motions in the 80
kDa scavenger decapping enzyme DcpS. DcpS is a homo-dimer that contains two
active sites at the interface between the N- and C-terminal lobes of the enzyme
(Figure 2.37 A) (Gu et al. 2004). Upon recruitment of a short mRNA substrate, the N-
and C-terminal lobes close around one of the two active sites, which simultaneously
opens the other active site. As a result, the complex transits from a symmetric apo
conformation to an asymmetric substrate bound conformation. Binding of a second
substrate to the open binding site of the asymmetric DcpS:substrate complex results
in seesaw-like �ipping motions, where the two active sites on both sides of the
enzyme alternatingly close and open. Previously, we have shown that the rate of
these �ipping motions increases with increasing substrate concentration (Fuchs
et al. 2020; Neu et al. 2015). For our studies here, we used the DcpS enzyme from C.

thermophilum that contains six tryptophan residues and that yields high quality
19F NMR spectra (Figure 2.37 B). Of note, the 19F NMR spectra of the human and
the S. cerevisiae DcpS enzymes yielded 19F spectra of inferior quality, rendering
those unsuitable for detailed 19F NMR experiments (Figure 2.38). Previously, we
reported that the seesaw motions in DcpS take place at rates that are too slow to
be accurately captured by CPMG and/or R1ρ experiments. Here, we thus turned to
longitudinal EXSY experiments, where we determine the intensity of cross peaks
in a series of 2D NOESY spectra that were recorded with di�erent mixing times.
This is possible in the current case as all 19F-19F distances in the enzyme are over
15 Å (Figure 2.37 A) and all cross peaks in the spectrum must thus result from
exchange and not from NOEs. Upon addition of an equimolar amount of the short
m7GpppG mRNA cap substrate (1 substrate per DcpS monomer), a number of the
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2.3. DcpS scavenger decapping complex

resonances split, as a result of the formation of the asymmetric conformation in
DcpS (Figure 2.37 B).

Figure 2.37.: The 80 kDa DcpS scavenger decapping enzyme. (A) Structure of the homodimeric enzyme, with the two di�erent
protomers colored in green and blue. The seven tryptophan residues are highlighted as red spheres. (B) 19F NMR spectra
of the apo enzyme (bottom) and the enzyme in complex with m7GpppG (1 substrate per dimer). Assignments for the
�uorine resonances are indicated. (C) Longitudinal exchange experiment to quantify the �ipping motion in the enzyme in
the presence of a fourfold molar excess of the m7GpppG substrate. The two panels visualize the exchange that is sensed
by W208 and W220, the drawn line corresponds to a global �t of the data to a two-site exchange mechanism, where the
populations of state A and B are �xed to 0.5. (D) The �ipping rate increases with increasing substrate concentration. The
drawn line corresponds to a �t of the data to a two state binding model of the DcpS enzyme and the m7GpppG ligand.

Based on the decay of the auto peaks and the buildup of exchange peaks in the
EXSY spectra (Figure 2.37 C) we extracted an exchange rate of 2.8 ± 0.4 s-1 for the
seesaw like motion in DcpS. We subsequently added 2-, 4-, 6-, 8-, 10-, 12- and 14-fold
molar excesses of the mRNA cap substrate and observed a step-wise increase in
the exchange rate to 25.2 ± 2.5 s-1 (Figure 2.37 D, Figure 2.39). This dependency of
the rate of the seesaw motion on the substrate concentration agrees with previous
studies that we performed on the S. cerevisiae DcpS enzyme (Neu et al. 2015), where
we made use of methyl TROSY spectroscopy on deuterated and isoleucine labeled
samples (Schütz and Sprangers 2020). Based on that, we conclude that 19F NMR
is, in this case, a suitable alternative to methyl TROSY NMR spectroscopy for the
quanti�cation of conformational exchange in the presence of varying amounts of
substrate. Mechanistically, the addition of increasing amounts of ligand results in
the increased occupation of the open binding site. This notion is a�rmed by the
observation that the exchange rates at the di�erent ligand concentrations can be
�tted to a simple binding model (Figure 2.37 D).

Based on that, an a�nity of m7GpppG for the open binding site of 2.6 ± 1.0 mM
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Figure 2.38.: 19F NMR spectra (500 MHz proton
frequency) of the 80 kDa DcpS complexes from
H. sapiens (245 µM; top) and from S. cerevisiae

(165 µM; bottom). The spectral quality is low,
preventing accurate extraction of protein dy-
namics.

can be extracted. This a�nity agrees well with the a�nity that is extracted from
the shift of the �uorine resonance in the open binding site upon substrate addition
(2.48 ± 0.85 mM) (Figure 2.40). Binding of the m7GpppG ligand and the rate of the
DcpS �ipping motions are thus directly correlated.

Figure 2.39.: DcpS �ipping rates extracted from 100 Monte Carlo simulations at di�erent substrate: enzyme ratios.

96



2.3. DcpS scavenger decapping complex

Figure 2.40.: Determination of the DcpS:m7GpppG a�nity based on the shift of one of the Trp resonances with increasing
amounts of the ligand.
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3. Discussion

Protein dynamics are essential for function. It is thus important to have access to
methods that can determine the thermodynamic and kinetic parameters that are
associated with protein motions. Solution state NMR spectroscopy has proven to
be a highly successful method in that regard. Most NMR methods rely on labeling
strategies that visualize the protein backbone through 1H-15N based spectra or
on the use of methyl containing side chains in combination with 1H-13C methyl
TROSY based experiments. These methods provide information with a high spatial
resolution and relaxation data is normally recorded as a set of 2D experiments. In
that regard, 19F NMRmethods can have an advantage as these can often be recorded
rapidly in a 1D manner due to the limited number of well resolved resonances.
Numerous impressive examples are available in the literature where 19F NMR

methods have been exploited to extract information regarding protein motions
(Kitevski-LeBlanc and Prosser 2012). These include studies of a fold-switch in the
mycobacterial glycosyltransferase PimA (Liebau et al. 2020), calmodulin (Hoang and
Prosser 2014), the nonstructural protein 1 of in�uenza A virus (Aramini et al. 2014),
GPCRs (Didenko et al. 2013; Frei et al. 2020; Kim, Chung, et al. 2013; Liu, Horst,
et al. 2012; Manglik et al. 2015; Pan et al. 2022), the periplasmic glucose/galactose
receptor (Luck et al. 1996), diacyl-glycerol kinase (Shi et al. 2011), a cold shock
protein (Overbeck, Kremer, and Sprangers 2020), alkaline phosphatase (Hull and
Sykes 1974), the chaperone PapD (Bann et al. 2002), spider silk (Sarker et al. 2016),
the protease trypsin (Ruben et al. 2020) and the Xrn2 exoribonuclease (Overbeck,
Stelzig, et al. 2022). However, to our knowledge, it has never been systematically
evaluated whether the incorporation of 19F labels has an e�ect on the native protein
dynamics, despite reports that show that 19F labeling can have an e�ect on protein
structure and stability (Acchione et al. 2012; Dalvit and Vulpetti 2016; Minks et al.
1999; Xiao, Parsons, et al. 1998).

Here, we show that the incorporation of 5-�uorotryptophan residues has, if at
all, a minor e�ect on the native dynamics in a number of globular proteins (the
KIX domain, Dcp1 or Dcp2). This result is encouraging and a prerequisite for the
use of 19F NMR methods. This �nding is also in agreement with previous reports
that showed that the overall structure of the GB1 protein is not in�uenced by
the incorporation of 5- �uorotryptophan (Campos-Olivas et al. 2002) and that the
stability of the cold shock protein B from B. subtilis is una�ected by �uorine labeling
(Welte et al. 2020).

Proteins are dynamic at multiple timescales at the same time. The lifetimes of
the states correlate with the energy barrier between the states, which is normally
small for local motions of loops and side-chains (faster timescale motions) and sig-
ni�cantly higher for global concerted motions (slower timescale motions). Slower
timescale motions in enzymes have been directly linked with function and studying
these motions is thus of a high biological interest. Fast side-chain motions are also
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3. Discussion

functionally important and have been correlated with the conformational entropy
of proteins, which plays a role in e.g. protein stability and ligand interactions
(Ho�mann, Mulder, and Schäfer 2022; Kasinath, Sharp, and Wand 2013; Wand and
Sharp 2018). The CPMG RD experiments that we record here reveal dynamics of
the incorporated 5-�uorotryptophan residues with exchange rates that are on the
order of 10,000 s−1. These fast motions could originate from rotameric jumps of
the aromatic side-chains. Interestingly, these fast side-chain motions are readily
detected in 19F based experiments, but were not visible in nitrogen based CPMG
RD experiments on the H𝜖-N𝜖 groups of the indole rings. This di�erence between
the �uorine and nitrogen based RD experiments results from the lower gyromag-
netic ratio (𝛾15𝑁 ∼ 0.11* 𝛾19𝐹 ) and the smaller chemical shift range of nitrogen. As
a result the |Δ𝜔𝑁 | values are considerably smaller than the corresponding |Δ𝜔𝐹 |
values. When the local side chain motions are relatively fast, as we observe here,
the amplitude of the RD curves depends on |Δ𝜔 |2. Consequently, the amplitude of
the nitrogen based RD curves will be signi�cantly smaller and cannot be detected
reliably anymore. Slower motions can, however, be well detected using nitrogen
based RD experiments (Figure 2.2, Figure 2.14, Figure 2.26). 19F based RD experi-
ments are also highly sensitive to the motions that we detected in the backbones of
the KIX domain, Dcp1 and Dcp2. The highly sensitive 19F experiments will thus
simultaneously detect faster (side chain) and slower (backbone) motions of the
5-�uorotryptophan residues. Depending on the rates, population and chemical
shift di�erences the RD curves can be strongly biased towards the faster of the
slower of the two processes and the resulting RD curves cannot be analyzed using
a two-state model anymore. As it is a-priory not possible to conclude if multiple
exchange processes are superimposed or not, we suggest to support kinetic and
thermodynamic properties that are derived from 19F measurements with comple-
mentary data. This is especially relevant when the 19F RD curves indicate the
presence of faster motions that most likely result from side chain dynamics and
not from global motions. In that light it is worth mentioning that we previously
validated 19F derived parameters for the Xrn2 enzyme with data that was recorded
on methyl groups (Overbeck, Stelzig, et al. 2022). Likewise, we here show that EXSY
experiments, that are insensitive to potential tryptophan side chain motions that
are fast on the NMR chemical shift timescale, are very well suited to extract slow
processes like the domain �ipping motions in DcpS. Based on that, we anticipate
that a careful interpretation of �uorine relaxation data will result in ample insights
into biological function.

100



Part V.

Single Molecule FRET experiments
of the Dcp1:Dcp2 mRNA decapping

complex
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In preliminary experiments, di�erent �uorophore labeling positions were tested by K. A. Glowacz

(Glowacz 2021) and corresponding data is presented in Table 2.1, Figure 2.1 and Figure 2.3. Further results

were obtained and analyzed by C. Krempl with assistance from Johannes Schmoll and methodological

input from Kevin Kramm.

1. Introduction

Most proteins fold into one or more speci�c three dimensional structures which,
together with their motions and interactions, determine their speci�c functions
in a cell. Structural rearrangements are therefore tightly connected to cellular
function. Nuclear magnetic resonance (NMR) spectroscopy is a powerful method
to detect and characterize these conformational changes as it can be used to detect
conformations which are populated only to a very low degree (∼ 0.5 %) (Korzhnev
and Kay 2008; Oyen et al. 2017; Wurm, Sung, et al. 2021). The high protein concen-
trations of ∼ 50 - 500 µM and often times long data acquisition times, which can
take several hours to days, that are required for NMR measurements can however
limit the extent of data that can be recorded. The protein concentrations necessary
for NMR measurements can for example exceed the proteins’ threshold concen-
tration for phase separation which leads to a loss of peak intensity in the NMR
spectra (Damman et al. 2019). Furthermore, highly dynamic processes in proteins
that sample a multitude of conformations can also lead to severe peak broadening,
even beyond detection, in the NMR spectra (Wurm, Holdermann, et al. 2017). An
alternative and complementary approach to examine the conformations of proteins
in solution are Förster resonance energy transfer (FRET) experiments (Algar et al.
2019; Lerner, Barth, et al. 2021; Lerner, Cordes, et al. 2018). Compared to NMR
experiments, FRET experiments only require short data acquisition times (ranging
from a few minutes to hours) and low protein concentrations (picomolar concen-
trations) and are therefore well suited for examining biomolecular systems that are
di�cult to access with NMR studies. For instance, FRET experiments were used to
study the conformations and dynamics of the enzyme staphylococcal nuclease (Ha
et al. 1999), the folding process of the chymotrypsin inhibitor 2 (Deniz, Laurence,
Beligere, et al. 2000; Schuler and Eaton 2008), the link between conformational dy-
namics and molecular recognition of the maltose-binding protein (MBP) (Kim, Lee,
et al. 2013) and the functional role of the conformational �exibility of the human
Argonaute 2 protein (Willkomm et al. 2022). We here combine single molecule FRET
(smFRET) and solution state NMR experiments to study the conformations of the 45
kDa Dcp1:Dcp2 mRNA decapping complex from S. pombe and we are particularly
interested in the in�uence of di�erent substrates and activator proteins on the
conformational equilibrium of Dcp1:Dcp2. The decapping complex plays a central
role in the degradation of mRNA as it catalyzes the removal of the 5’ cap structure
from the mRNA body which is then further degraded by exoribonucleases (Li and
Kiledjian 2010; Mugridge, Coller, and Gross 2018; Schoenberg and Maquat 2012).
The decapping enzyme Dcp2 is composed of an N-terminal regulatory domain (RD,
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residues 1-95 in S. pombe) which is �exibly connected to a catalytic domain (CD,
residues 96-243 in S. pombe) and an intrinsically disordered C-terminal extension.
The decapping activator Dcp1 interacts tightly with Dcp2 by binding to its RD and
it increases the decapping activity of Dcp2. During the catalytic cycle, Dcp1:Dcp2
undergoes large structural rearrangements that have previously been character-
ized using methyl- transverse relaxation-optimized spectroscopy (TROSY) NMR
methods (Tugarinov, Hwang, et al. 2003) and it was found that three distinct confor-
mations of the complex exist in solution (Wurm, Holdermann, et al. 2017). The apo
complex exchanges between an open (with population popen = 0.06) (She, Decker,
Svergun, et al. 2008) and a closed conformation (with population pclosed = 0.94)
(Mugridge, Ziemniak, et al. 2016; She, Decker, Svergun, et al. 2008) which are both
catalytically inactive. Only in the presence of both the decapping activator Edc1
and mRNA substrate, the complex fully adopts a catalytically active conformation
(Charenton, Taverniti, et al. 2016; Wurm, Holdermann, et al. 2017; Wurm, Overbeck,
and Sprangers 2016). The stabilization of the catalytically active conformation is
achieved in the presence of both Edc1 and the m7G RNA cap structure, as both
factors connect the the two structured domains of Dcp2 in their catalytically compe-
tent orientation. Speci�cally, the m7G RNA cap structure is recognized by residues
in both the CD and the RD of Dcp2 that form the split active site of the complex
(Mugridge, Tibble, et al. 2018; Wurm, Holdermann, et al. 2017) and Edc1 contains
a ∼ 25 amino acid short fragment that consists of a YAGxxF activation motif that
interacts with both the CD and the RD of Dcp2, and a proline rich region that
binds to Dcp1 (Borja et al. 2011; Valkov et al. 2016; Wurm, Overbeck, and Sprangers
2016). The presence of capped mRNA, however, leads to strong peak broadening
in the NMR spectra of the decapping complex, which likely results from a shift
in the exchange timescale and/or in the populations of the equilibrium between
the three states the complex can adopt. However, it might also be possible that
the complex adopts another, yet uncharacterized state when substrate is available
(Wurm, Holdermann, et al. 2017). Furthermore, the presence of the enhancer of
decapping Edc3, another protein in the mRNA decapping network, leads to phase
separation of the complex at NMR concentrations and, in consequence, a strong
signal reduction in the NMR spectra (Damman et al. 2019; Fromm, Kamenz, et al.
2014; Schütz, Nöldeke, and Sprangers 2017). In both cases, the quality of the NMR
spectra is not su�cient for a quantitative analysis of the recorded NMR data.

To assess how di�erent mRNA substrates as well as the decapping activators
Edc3 and Pat1 (Sharif, Ozgur, et al. 2013) in�uence the conformations of the de-
capping complex, we used smFRET experiments to complement our NMR data.
To that end, we �rst tested di�erent combinations of �uorophore labeling posi-
tions (one �uorophore in Dcp1 and one in Dcp2) that are expected to result in
markedly di�erent FRET e�ciencies for the three di�erent states by calculating the
FRET e�ciencies for each combination of �uorophore labeling positions in Dcp1
and Dcp2 and performing smFRET test measurements. Surprisingly, not all test
measurements agreed with the calculated FRET e�ciency values for the di�erent
pairs of labeling positions. Consequently, we performed NMR measurements of
Dcp1:Dcp2 complexes with �uorophore labels attached at di�erent labeling sites
and found that for one pair of labeling positions, the closed and the active state of
the protein are formed as expected. For all other labeling positions we tested, the
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NMR spectra revealed that in the presence of the �uorophores, the conformational
equilibrium of the complex is shifted and the active state is not formed any more,
which we attribute to interactions between the large �uorescent labels and the
protein surface. Consequently, we want to highlight that cross-validating smFRET
data when studying dynamic complexes is important as the choice of labeling
positions is crucial for a correct interpretation of the FRET e�ciencies. For the �uo-
rophore labeling positions we used in our FRET experiments, cross-validation with
NMR experiments con�rmed that they reliably report on the conformations of the
complex. Thus, smFRET measurements of the Dcp1:Dcp2 complex resulted in the
same conformational equilibria as were previously found with NMR measurements
and the FRET e�ciencies for the three di�erent conformations that the complex
can adopt could clearly be distinguished and evaluated. Furthermore, we were able
to examine the in�uence of di�erent mRNA substrates and activator proteins on
the conformational equilibrium of Dcp1:Dcp2 and we could extend the smFRET
measurements to studying how capped RNAs of di�erent lengths and the full length
Edc3 protein in combination with RNA substrate a�ect the conformations of the
decapping complex, which so far has not been possible with NMR methods.
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2. Results

2.1. Validation of smFRET labeling positions

To e�ciently use smFRET experiments to measure conformational changes within
the Dcp1:Dcp2 decapping complex, �uorophores had to be attached at speci�c
positions in Dcp1 and Dcp2 such that the distance between the two �uorophores
was di�erent for the three possible states the complex can adopt. The e�ciency of
energy transfer E strongly depends on the distance R between the �uorophores,

𝐸 =
1

1 + ( 𝑅
𝑅0
)6
, (2.1)

and the highest sensitivity for distance changes is achieved at �uorophore distances
between 0.5 R0 and 1.5 R0, with the Förster radius R0 being de�ned as the distance
at which E = 0.5, meaning half of all photons absorbed by the donor �uorophore
are transferred to and absorbed by the acceptor �uorophore. Therefore, for the
�uorophores Maleimido DyLight 650 and Phosphine DyLight 550 that we used for
our experiments and for which R0 = 52 Å, their distances could not be below 26 Å
or above 78 Å (Schulz et al. 2016). Fluorophore labeling of Dcp1 was achieved via
the introduction of a cysteine mutation at the desired labeling site and subsequent
cysteine-maleimide coupling with the Maleimido DyLight 650 �uorophore (see
section 3.1). Due to the presence of multiple cysteine residues in the wild type
Dcp2 protein, we introduced an amber stop codon (UAG) mutation at the desired
labeling site in Dcp2 to incorporate the unnatural amino acid AzF into the pro-
tein sequence to which the Phosphine DyLight 550 �uorophore could in a later
step be ligated via Staudinger Ligation (see section 3.2). To select suitable pairs
of labeling positions, we determined the distances between the Cβ atoms of the
respective mutated amino acids from the known crystal structures of the di�erent
conformations of Dcp1:Dcp2 and used these values to calculate the corresponding
FRET e�ciencies via Equation 2.1. It must be noted that the calcualted FRET ef-
�ciencies are only rough estimates as the �uorophores are �exible and an exact
modeling of the �uorophores was not possible due to missing information about
the �uorophore structures from the manufacturer’s side. Labeling sites were then
chosen based on a signi�cant di�erence between the FRET e�ciency values for
the closed and the active conformation, as the open conformation of the complex
is highly dynamic, due to only few contacts between the two Dcp2 domains, and
therefore the known crystal structure (PDBiD 2QKM, chains C and D) represents
only one out of many di�erent possible domain orientations (She, Decker, Chen,
et al. 2006). The FRET e�ciency value for the open conformation was later deter-
mined from measurements of the Dcp1:Dcp2 complex carrying a point mutation
through which the open conformation is stabilized. In addition, amino acids used
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Labeled amino
acid pair

Active (PDBiD 5n2v) Closed (PDBiD 2qkm)
Distance [Å] FRET e�ciency Distance [Å] FRET e�ciency

22:215 (*) 57 0.37 26 0.98
42:215 (*) 49 0.59 29 0.97
100:119 47 0.65 23 0.99
112:202 57 0.37 51 0.53
100:202 62 0.26 42 0.78
22:202 65 0.21 40 0.83

119:215 (*) 61 0.28 41 0.81
61:215 (*) 63 0.24 32 0.95
119:135 36 0.90 57 0.37
119:154 42 0.78 67 0.18

Table 2.1.: Test positions for �uorophore labeling of Dcp1 and Dcp2 (denoted as 22:215 Dcp1 being labeled at residue 22 and
Dcp2 at residue 215). The distance between the �uorophore labeling positions had to be substantially di�erent between the
closed and in the active conformation and they were determined from distance measurements between the Cβ atoms of
the respective amino acids in the crystal structures of the closed and the active conformation of the decapping complex
(PDBiD 2qkm, chains A and B and PDBiD 5n2v). Residues 207-218 of Dcp2 in the active conformation are not resolved in
the crystal structure and so the distances were determined between the Cβ atom of the respective amino acid in Dcp1 and
Asn217 in Dcp2 (labeled with a (*)). Furthermore, residues 40-43 of Dcp1 in the closed conformation are not resolved, so
the distances were determined between the Cβ atom of amino acid Asp39 in Dcp1 and M215 in Dcp2. FRET e�ciency
values were calculated using Equation 2.1.

for �uorophore labeling could not be conserved or involved in interactions with
substrate or activator proteins or in interactions between the RD and CD of Dcp2.
Only pairs of labeling positions ful�lling these criteria were used for subsequent
validation and test measurements. Test measurements were performed for di�erent
�uorophore positions on i) the free complex, as from solution NMR it is known
that it adopts the closed conformation to 94 % and the open conformation to 6 %,
and on ii) the Dcp1:Dcp2 complex after addition of Edc1, m7GDP and Mg2+, as this
leads to the formation of the active conformation (Wurm, Holdermann, et al. 2017).
Table 2.1 shows all tested pairs of labeling positions, their respective distances

obtained from the crystal structures, and the corresponding calculated FRET e�-
ciencies for the closed and for the active conformation. FRET histograms from the
corresponding test measurements are shown in Figure 2.1.

For �uorophore labels at amino acid 119 in Dcp1 and at amino acid 154 in Dcp2
(denoted as 119:154; Figure 2.2), the measured FRET e�ciencies are well separated
and agree with the calculated, expected values from the preceding theoretical
considerations (Figure 2.1 J). For labeling positions 22:215, 42:215 and 100:119
(Figure 2.1 A-C), measurement results also agree with the calculated values and their
populations are well separated in the FRET histogram. Due to very high FRET values
close to 1 for the free complex, however, �tting the data to Gaussian distributions
is not viable and so these positions were excluded from further measurements.
For labeling positions 112:202 and 100:202 (Figure 2.1 D, E), the measured FRET
e�ciency values di�er from the calculated values and they are nearly identical
for both the closed and the active conformation. The reason for this might be
that the attachment of �uorophores to the proteins changes the conformational
equilibrium of the complex or the �uorophores might block the formation of the
active or the closed state. Slight deviations between the calculated and the measured
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2.1. Validation of smFRET labeling positions

Figure 2.1.: Calculated and measured FRET e�ciencies for di�erent �uorophore labeling positions of the closed and the
active state. The FRET e�ciency values for the closed and the active conformation must be distinguishable in order to
accurately report on the population of each conformation. The light blue curves show the results of smFRET measurements
of the apo complex in its closed conformation and the dark blue curves show smFRET measurement results after addition
of Edc1, m7GDP and MgCl2, which induces the active conformation of the complex ((Wurm, Holdermann, et al. 2017)). The
calculated values for each conformation is shown as light blue (closed conformation) or as dark blue (active conformation)
bars.

e�ciency values are however expected and tolerated as the size and �exibility of the
�uorophores were not taken into account when determining the distances between
the �uorophores from the crystal structures. Of all tested labeling positions, pairs
22:202, 119:215, 61:215, 119:135 and 119:154 (Figure 2.1 F-J) show good agreement
between the calculated and the measured FRET e�ciency values and the closed
and the active conformation are clearly distinguishable in the FRET histograms.

These pairs were next used to test if also the open conformation of the complex
is formed and can be distinguished from the closed and the active conformation in
the FRET histogram. To that end, we introduced the mutations W43A and Y220G in
Dcp2 as both mutations are known to destabilize the closed state and thereby shift
the equilibrium of the complex towards the open state. In comparison, the stronger
destabilizing e�ect on the closed conformation is reported for the W43A mutation
(Paquette et al. 2018; Tibble et al. 2020; Wurm, Holdermann, et al. 2017). In smFRET
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2. Results

Figure 2.2.: Distances between �uorophore labeling positions in the open, closed and active conformations of Dcp1:Dcp2.
For �uorophores at positions 119 in Dcp1 (green circle) and 154 in Dcp2 (red circle), their distances di�er signi�cantly
between the closed (PDBiD 2qkm, chains A,B), open (PDBiD 2qkm, chains C,D) and active conformation (PDBiD 5n2v).

experiments of the mutated complex in the open conformation we found that the
presence of �uorophores either prevents the formation of the open conformation or
the FRET e�ciency value for the open state overlaps with the value for the closed
conformation for labeling pairs 119:215, 22:202 and 119:135 (Figure 2.3 A).

Figure 2.3.: FRET e�ciencies for di�erent �uorophore labeling positions of the open state. To be able to distinguish and
quantify all three conformations of the mRNA decapping complex, the corresponding peaks in the smFRET histograms
must be distinguishable. For labeling positions 119:215, 22:202 and 119:135, the peak for the open state, which is formed
through the mutations W43A (purple lines) or Y220G (pink lines) in Dcp2, either overlaps with the peak for the closed
state (light blue lines) or the open state was not formed correctly. For labeling positions 61:215 and 119:154, the open
conformation is formed and results in a peak that can be distinguished from the peaks for the closed and for the active
(dark blue lines) conformation.
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2.2. NMR experiments with �uorophore labeled Dcp1:Dcp2

As for these pairs no three distinct FRET populations could be distinguished for
the open, closed and active conformation, they were also excluded from further
measurements. For labeling positions 61:215 and 119:154, in contrast, smFRET
measurements of the complex carrying the W43A or the Y220G mutation show
a clearly distinguishable peak that corresponds to the open state (Figure 2.3 B).
Moreover, a stronger destabilization of the closed state by the W43A mutation
is observed for labeling positions 119:154, so �uorophore labeling at residue 119
in Dcp1 and residue 154 in Dcp2 results in the best agreement with the known
behaviour of the complex.

2.2. NMR experiments with fluorophore labeled
Dcp1:Dcp2

In the preparation and test measurement phase, �uorophore labeling positions for
the Dcp1:Dcp2 mRNA decapping complex were chosen such that there is a large
di�erence in FRET e�ciencies between the three di�erent conformations the com-
plex can adopt. To that end, we calculated theoretically expected FRET e�ciency
values for di�erent pairs of �uorophore labeling positions and compared these
values to subsequent smFRET measurements of the labeled complexes. For labeling
positions 119:154, the calculated and the measured FRET e�ciency values were in
good agreement (Figure 2.1 J). Against our expectations however, the calculated
and the measured FRET e�ciency values for labeling positions 112:202 and 100:202
did not agree and in addition, the values for the closed and the active conformation
showed strong overlap for these labeling sites. We therefore assumed that attaching
�uorophores to the complex can shift the equilibrium of its conformations and that
the �uorophores could block the formation of the active (pair 100:202; Figure 2.1
E) or of the closed state (pair 112:202; Figure 2.1 D). To validate this assumption,
we performed NMR experiments on the Dcp1:Dcp2 complex in its closed and in
its active state with and without �uorophores attached at the di�erent labeling
sites. To exclude that the mutations introduced for site-speci�c �uorophore labeling
have an in�uence on the conformations of Dcp1:Dcp2, we labeled the methionine
methyl groups of Dcp2 with 13CH3 and recorded methyl 1H-13C correlation NMR
spectra of the free Dcp1:Dcp2 complex, which adopts the closed conformation
in solution, and of the complex after addition of Edc1 and m7GDP, which adopts
the active conformation, all carrying the respective mutations including amber
suppression with AzF (N119C:S154amber, N100C:M202amber, N112C:M202amber)
and compared the resulting spectra to NMR spectra of the wild type protein.
From previous studies it is known that the 1H-13C resonances of methionines

221 and 164 of Dcp2 directly report on the conformation of the Dcp1:Dcp2 complex.
Both methionines are located at the interface between the CD and the RD of Dcp2
(Figure 2.4 A, B) and they are very sensitive to changes in domain orientation of
the Dcp1:Dcp2 complex. The corresponding methionine resonances appear at very
distinct positions in the 1H-13Cmethyl-TROSY spectrum for the protein in its closed
or in its active conformation (Figure 2.4 C) (Wurm, Holdermann, et al. 2017). An
overlay of the spectra of the complexes carrying the point mutations with spectra
of the Dcp1:Dcp2 wild type shows no chemical shift di�erences for resonances
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Figure 2.4.: NMR spectra of Dcp1:Dcp2 with cysteine and amber stop codon point mutations. Crystal structures of Dcp1:Dcp2
in (A) the closed conformation (PDBiD 2qkm, chains A,B) and (B) in the active conformation (PDBiD 5n2v). NMR active
residues M164 and M221 are colored in orange. (C) NMR spectra of wild type Dcp1:Dcp2 1-270 in the closed conformation
(black) and in the active conformation after addition of Edc1 and m7GDP (orange). (D-F) Comparison of the spectra
of the Dcp1:Dcp2 1-270 wild type in the closed conformation (black) and the complex with point mutations in Dcp1
(N100C, N112C, N119C) and Dcp2 (M202amber, M154amber). The spectra show that the mutations do not change the
conformational equilibrium (light blue). The active state of the complex carrying the mutations is formed after addition of
Edc1 and m7GDP, which can be monitored by the shift of peaks M164 and M221 to the position of the active state (dark
blue).

M221 and M164 neither in the free form nor after induction of the active state
through adding Edc1 and m7GDP (Figure 2.4 D-F). We conclude that the mutations
do not largely alter the conformational equilibrium of the complex.
NMR measurements of the complexes which were additionally labeled with

�uorophores, however, di�ered depending on the �uorophore position. For pair
100:202, the presence of �uorophores in�uences the closed conformation of the
complex by stabilizing the closed state more strongly and after addition of Edc1
and m7GDP, this stabilization of the closed state increases even more, while the
formation of the active state is prevented (Figure 2.5 A).

For pair 112:202, the attachment of �uorophores does not in�uence the formation
of the closed state of the complex as can be seen by a good overlap of resonances
M221 and M164 with the NMR spectra of the wild type proteins (Figure 2.5 B).
However, the active conformation is not clearly formed any more upon addition of
Edc1 and m7GDP and the reporter resonances either disappear from the spectrum,
or, more likely, are broadened beyond detection which hints at an equilibrium
between di�erent conformations of the complex that are in intermediate exchange.
In either case, a full formation of the active state as for the wild type cannot be
observed for labeling positions 112:202. For labeling pair 119:154, the spectra in
the free form of the complex and after formation of the active state do not di�er
from the wild type spectra and so for these positions, the closed and the active
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2.3. smFRET measurements of the Dcp1:Dcp2 decapping complex

Figure 2.5.: NMR spectra of Dcp1:Dcp2 with �uorophore labels. (A) The position of �uorophore labels on the Dcp1:Dcp2
mRNA decapping complex has a signi�cant impact on the conformation of the complex. For �uorophores at labeling
positions 100:202, the closed conformation is more populated than in the wild type complex and the addition of Edc1 and
m7GDP leads to an even stronger stabilization of the closed conformation instead of inducing the active conformation. (B)
For �uorophores at labeling positions 112:202, the closed conformation is formed as for the wild type, but upon addition of
Edc1 and m7GDP, peaks M221 and M164 disappear. (C) For �uorophores at positions 119:154, both the open and the active
conformation are formed.

conformations form as expected (Figure 2.5 C).
We conclude that the positions of the �uorophores in the Dcp1:Dcp2 complex

have a strong in�uence on the conformational equilibrium of the complex and the
�uorophores can, depending on their position, block the formation of the active
state. As a consequence, results from smFRET measurements can be completely
distorted by an inappropriate choice of labeling positions, which in turn makes
a good choice of labeling positions crucial for a correct interpretation of FRET
e�ciencies. In our case, the labeling positions 119:154 were shown to be well suited
for studying the conformations of the Dcp1:Dcp2 mRNA decapping complex with
smFRET measurements and they were therefore used for further studies.

2.3. smFRET measurements of the Dcp1:Dcp2
decapping complex

Figure 2.6.: smFRETmeasurements of the apo Dcp1:Dcp2
1-270 mRNA decapping complex using �uorophore la-
beling positions 119:154. smFRET experiments of the
Dcp1:Dcp2 1-270 complex reveal one large (light blue)
and one small peak (violet) in the FRET histogram,
corresponding to the closed, inactive, and to the open
conformation, respectively. These results agree with
data from previous NMR measurements ((Wurm, Hol-
dermann, et al. 2017)).

Preliminary smFRET experiments and NMR
measurements of the Dcp1:Dcp2 mRNA de-
capping complex con�rmed that the com-
plex adopts its closed conformation in the
absence of substrate. Subsequent smFRET
measurements using �uorophore labeling
positions 119:154 revealed one large and one
small peak in the FRET histogram which
we assigned to the closed, inactive, and to
the open conformation, respectively (Fig-
ure 2.6). The closed conformation was de-
tected at a FRET e�ciency of 0.20 ± 0.04 and
the open conformation at a FRET e�ciency
of 0.47 ± 0.03. The open conformation was
identi�ed based on the position of the peak
maximum in previous test measurements
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of the W43A mutant of Dcp2, which fully adopts the open conformation of the
decapping complex (Figure 2.7). From Gaussian �ts of the histogram, populations
of 81 % and 19 % could be extracted for the closed and the open state, respectively.
These values agree reasonably well with existing data from NMR experiments, in
which it was found that the complex exchanges between the closed and the open
conformation and that the closed conformation is adopted to 94 % in the absence of
substrate (Wurm, Holdermann, et al. 2017).

Figure 2.7.: smFRET measurements of Dcp1:Dcp2 1-270 W43A (�uorophores at positions 119:154) without and with an 80 nt
capped mRNA. The mutation W43A in Dcp2 leads to the stabilization of the open conformation of the complex both in the
presence and in the absence of capped RNA. smFRET measurements of the complex carrying the W43A mutation were
used to determine the position of the open conformation in the FRET histogram.

A clear shift of FRET e�ciencies to a higher value (0.73 ± 0.00), and thus a shift
to the active conformation, is observed upon addition of Edc1 and a 15 nt or a 80
nt capped mRNA to the Dcp1:Dcp2 complex (Figure 2.8, middle and right panel).
Edc1 together with capped RNA stabilizes the complex fully in its active state,
which is re�ected by the single strong peak in the FRET histogram. This �nding
is in agreement with previously obtained NMR data (Wurm, Holdermann, et al.
2017). We conclude that, by comparing our results to NMR data, the pair of labeling
positions 119:154 that we chose for our smFRET experiments, cannot only be used to
detect the di�erent conformations of the decapping complex but it can also be used
to correctly quantify their populations. It has to be noted that the activator protein
Edc1 alone does not have a strong in�uence on the conformations of Dcp1:Dcp2
and it only slightly increases the population of the active state (Figure 2.8, left
panel). A complete shift to the active conformation could only be detected when
capped RNA was present at the same time.

Figure 2.8.: smFRET measurements of Dcp1:Dcp2 1-270 (�uorophores at positions 119:154) with Edc1 and without (left panel)
or with capped RNA (middle and right panel). The activator protein Edc1 alone only slightly increases the population of
the active conformation of Dcp1:Dcp2, and a complete shift to the active conformation can be detected when capped RNA
is present at the same time.

The addition of capped RNA only to Dcp1:Dcp2 results in NMR spectra with
severely broadened peaks, which indicates that the open-closed equilibrium of
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the apo complex is lifted and the complex adopts multiple conformations (Wurm,
Holdermann, et al. 2017). The low quality of the NMR spectra however prevents a
quantitative evaluation of the distribution of populations.

Figure 2.9.: smFRET measurements of Dcp1:Dcp2 1-270 (�uorophores at positions 119:154)
with capped RNAs of di�erent lengths. Addition of capped RNA increases the population of
the open and of the active conformation of the Dcp1:Dcp2 complex.

smFRET experi-
ments reveal that
indeed, the con-
formational equi-
librium of the de-
capping complex
shifts upon addi-
tion of capped RNA
and an increase
of the open and
of the active state
can be observed.
The distribution of
populations is how-
ever very broad
and no clearly sep-
arable peaks are

visible in the FRET histograms. For quanti�cation, the binned FRET e�ciency
values were �tted to three Gaussian functions, each with width < 0.2 and using
the FRET e�ciencies for the three di�erent states obtained from previous measure-
ments as initial �t parameters (see section 7.2). Results from the �ts reveal that
the closed, open and active conformation of the complex are populated to nearly
equal amounts in the presence of capped RNA and this result is independent of the
length of the added RNA, as the distribution of populations remains similar after
the addition of a 7 nt, 15 nt, 80 nt or a 380 nt capped RNA (Figure 2.9). Interestingly,
the FRET e�ciency for the active state is shifted to a considerably higher value in
the presence of capped RNA compared to the FRET e�ciency of the active confor-
mation in the presence of both capped RNA and Edc1 (see Figure 2.8). This result
is also independent of RNA length. We assume that in both cases the active con-
formation is formed and no new conformation is detected. The di�erence in FRET
e�ciencies for the active state might instead be explained by the presence of Edc1,
which could in�uence the rotation of the �uorophores or their orientation towards
each other, or, alternatively, Edc1 binding at a position between the �uorophores
could increase the distance between the �uorophores. All these explanations would
result in a lower FRET e�ciency value in the presence of Edc1, as is observed in
our experiments. A more detailed dicussion will be presented in chapter 3.
In previously published literature it is reported that the Pat1 and Edc3 proteins

increase the activity of Dcp1:Dcp2 (Lobel, Tibble, and Gross 2019; Paquette et al.
2018). However, in our smFRET measurements both the addition of Pat1 or the LSm
domain of Edc3 do not in�uence the conformation of the decapping complex in the
absence of RNA, as no signi�cant change in the corresponding FRET histograms
can be seen, but the complex remains mainly in the closed state (Figure 2.10, left
panels). Furthermore, also the additional presence of capped RNA does not induce
a major conformational change (Figure 2.10 middle and right panels) compared
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to when only capped RNA is present with the decapping complex but no Pat1 or
Edc3 (see Figure 2.9). In the case of adding the Edc3 LSm domain and capped RNA
to the decapping complex, all three conformations are present to similar amounts.
When instead Pat1 and capped RNA are added, again all three conformations are
present, but the closed conformation is populated to a slightly larger degree than
the open and the active conformation. A stabilization of the active conformation
through the activator proteins Pat1 or the LSm domain of Edc3 could therefore,
both in presence and in the absence of capped RNA, not be observed.

Figure 2.10.: smFRET measurements of Dcp1:Dcp2 1-270 (�uorophores at positions 119:154) with Pat1 or Edc3. Pat1 as well
as the Edc3 LSm domain do not have an in�uence on the conformation of Dcp2 and do not stabilize the active state with
RNA. This is surprising, as Edc3 and Pat1 are both reported to increase the activity of the enzyme (Lobel, Tibble, and Gross
2019; Paquette et al. 2018).

At micromolar concentrations, the decapping complex undergoes liquid-liquid
phase separation in the presence of full length Edc3 and RNA, so their in�uence on
the conformations of Dcp1:Dcp2 cannot be studied using NMR (Schütz, Nöldeke,
and Sprangers 2017; Tibble et al. 2021). For smFRET experiments, however, much
lower protein concentrations in the picomolar range are su�cient and there the
complex remains soluble. We were thus able to perform smFRET measurements of
the complex with full length Edc3 together with a 7 nt capped RNA.

Figure 2.11.: smFRET measurements of
Dcp1:Dcp2 1-270 (�uorophores at posi-
tions 119:154) with Edc3 FL and capped
RNA. Dcp2 in complex with full length
Edc3 and RNA substrate phase separates
at NMR concentrations but remains dis-
perse at the low concentrations needed for
FRET measurements. However, also here,
no stabilization of the active state can be
observed.

Longer RNAs, especially RNAs longer than 30 nu-
cleotides, strongly shift the liquid-liquid phase sepa-
ration boundaries to lower Edc3 and Dcp1:Dcp2 con-
centrations (Schütz, Nöldeke, and Sprangers 2017),
so we used an only 7 nt short capped RNA for our
smFRET experiments to prevent liquid-liquid phase
separation of Edc3 and capped RNA, while still be-
ing able to keep the RNA concentration at 15 µM to
ensure saturation of Dcp2. In addition, it was found
previously that the �rst �ve nucleotides of capped
RNA interact with the Dcp2 catalytic domain at a
position between the m7G binding site and a Box B
region that follows the NUDIX domain and that is
involved in methyl-cap-speci�c hydrolysis activity
(Piccirillo, Khanna, and Kiledjian 2003; Wang, Jiao,
et al. 2002; Wurm, Holdermann, et al. 2017). For this
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reason we kept the length of the capped RNA above �ve nucleotides. Subsequently,
we performed smFRET measurements of Dcp1:Dcp2 with full length Edc3 together
with a 7 nt capped RNA. However, also for this complex, no stabilization of the
active state is observed, as is shown in Figure 2.11.

Finally, ADP, the decapping product m7GDP and an uncapped 80 nt 5’OH RNA
were added individually (Figure 2.12). For ADP and m7GDP, a clear shift towards
the active or the open conformation could not be observed compared to the sam-
ples with only capped RNA. This might indicate that the complex will return to
the apo conformation after the decapping reaction. For the uncapped RNA, how-
ever, the active state is populated to some degree, so the active state can already
be formed through interactions with only the RNA body and does not strictly
require the RNA cap. An overview over all Dcp1:Dcp2 populations obtained by
smFRET measurements is given in Figure 2.13 and corresponding values are listed
in Table 2.2.

Figure 2.12.: smFRET measurements of Dcp1:Dcp2 1-270 with ADP, m7GDP and 5’OH RNA. For ADP and the decapping
product m7GDP, no clear shift towards the active or the open conformation can be detected. This might reveal that the
complex will return to the apo conformation after mRNA decapping. Adding 5’OH RNA leads to some remaining signal
for the active state, indicating that the formation of the active state can still occur through interactions with the mRNA
body and does not necessarily need the mRNA cap.

Construct closed open active
Dcp1:Dcp2 0.81 0.19 0.00
Dcp1:Dcp2
+ Edc1 0.70 0.11 0.19

Dcp1:Dcp2
+ Edc3 LSm 0.75 0.25 0.00

Dcp1:Dcp2 + 5’ OH RNA (80 nt) 0.48 0.28 0.24
Dcp1:Dcp2
+ 15 nt capped RNA 0.34 0.36 0.30

Dcp1:Dcp2
+ Edc1 + 15 nt capped RNA 0.00 0.00 1.00

Dcp1:Dcp2
+ Edc3 LSm + 15 nt capped RNA 0.32 0.36 0.32

Dcp1:Dcp2
+ m7GDP 0.62 0.24 0.14

Dcp1:Dcp2
+ 80 nt capped RNA 0.38 0.35 0.27

Dcp1:Dcp2
+ Edc1 + 80 nt capped RNA 0.00 0.00 1.00

Dcp1:Dcp2
+ Edc3 LSm + 80 nt capped RNA 0.34 0.36 0.30
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Dcp1:Dcp2
+ ADP 0.70 0.20 0.10

Dcp1:Dcp2
+ Pat1 0.85 0.15 0.00

Dcp1:Dcp2
+ Pat1 + 80 nt capped RNA 0.51 0.33 0.16

Dcp1:Dcp2 W43A 0.00 1.00 0.00
Dcp1:Dcp2 W43A
+ 80 nt capped RNA 0.00 1.00 0.00

Dcp1:Dcp2
+ 380 nt capped RNA 0.34 0.38 0.28

Dcp1:Dcp2
+ 7 nt capped RNA (5 µM) 0.65 0.22 0.13

Dcp1:Dcp2
+ 7 nt capped RNA (15 µM) 0.55 0.21 0.24

Dcp1:Dcp2
+ 7 nt capped RNA (20 µM) 0.43 0.30 0.27

Dcp1:Dcp2
+ 7 nt capped RNA + Edc3 FL 0.66 0.21 0.13

Table 2.2.: Overview over Dcp1:Dcp2 populations obtained with smFRET measurements using �uorophore labeling positions
119:154.
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Figure 2.13.: Overview over Dcp1:Dcp2 populations obtained with smFRET measurements using �uorophore labeling
positions 119:154. Corresponding values can be found in Table 2.2.
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3. Discussion

smFRET experiments are an important method in structural biology to study the
conformations and conformational changes of proteins. In this work we showed
that smFRET is a suitable method to study the conformational equilibria of the
mRNA decapping complex Dcp1:Dcp2 from S. pombe. To that end, we theoretically
determined ten di�erent combinations of �uorophore labeling positions on Dcp1
and Dcp2 that we expected to yield di�erent FRET e�ciencies for the three states
the complex can adopt. Interestingly, only two combinations of labeling positions
could report on all three states of the protein, so it is not generally correct that
any pair of �uorophore labeling positions guarantees reliable measurement results.
Thus, in subsequent NMR measurements we could show that for some theoretically
predicted suitable labeling pairs, the formation of the active state of the Dcp1:Dcp2
complex is prevented in the presence of the �uorophore labels. More importantly,
however, we could con�rm that one pair of �uorophore labeling positions is suited
to report on the conformations of the decapping complex by performing NMR
measurements on the �uorophore labeled complex. Using these validated labeling
positions, we could detect the conformations of the mRNA decapping complex in
subsequent smFRET experiments and quantitatively con�rm previously obtained
NMR data of the closed, open and active state of the complex. Next, we extended
our smFRET measurements to complexes which are not suitable for NMR studies
and so we were able to show that upon addition of capped mRNA to the decapping
complex, three peaks can be distinguished in the FRET histogram and we assigned
them to the closed, the open and the active conformation. Binding of capped RNA
therefore increases the population of the open and of the active conformation such
that all conformations are present to similar amounts. This points to an increase in
dynamics of Dcp1:Dcp2 in the presence of mRNA substrate and could also explain
the strong peak broadening in the corresponding NMR spectra. Moreover, this result
is independent of RNA length, as the FRET histograms do not display signi�cant
di�erences for a 7 nt, 15 nt, 80 nt and a 380 nt long capped RNA. We thus conclude
that Dcp2 does not act speci�cally only on capped RNAs of distinct lengths, as
it is the case for example for the scavenger decapping enzyme DcpS (Fuchs et al.
2020; Liu 2002). Interestingly, the peak maximum for the active conformation in
the presence of capped RNA deviates from the FRET e�ciency value of the active
state that is formed together with Edc1 and it is shifted to higher FRET e�ciencies.
A possible explanation could be that under these conditions, a new, yet unknown
conformation is formed which is adopted before the fully active state is stabilized. It
can however be excluded that this conformation corresponds to the crystal structure
of Dcp1:Dcp2:Edc1 from S. pombe in the active state that was published by Valkov
et al. (PDBiD 5J3T) (Valkov et al. 2016) and that has not been observed in solution,
because in that structure, the distance R between the Cβ atoms of the �uorophore
labeled amino acids would be too large (R = 61 Å; E = 0.27) to result in the FRET
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e�ciency of the active state we measured in our experiments (E = 0.85 for adding
an 80 nt capped RNA) (Figure 3.1).

Figure 3.1.: Crystal structure of S. pombeDcp1:Dcp2:Edc1 in the
active conformation published by (Valkov et al. 2016) (PDBiD
5J3T). Calculation of the FRET e�ciency for �uorophores at
positions 119:154 results in E = 0.27.

A more likely explanation for the dis-
crepancy between the FRET e�ciencies
of the active state in the presence and
in the absence of Edc1 is that binding of
Edc1 in�uences the FRET e�ciency val-
ues by altering the orientation of the �u-
orophores towards each other or by in-
terfering with their free rotation, which
consequently leads to a decrease in en-
ergy transfer e�ciency between the �u-
orophores and thus to the lower FRET
e�ciencies measured in the presence of
capped RNA and Edc1. Moreover, bind-
ing of Edc1 to the complex at a position
between the two �uorophores could lead to an increase in distance between the
�uorophores and therefore result in a lower energy transfer e�ciency. To support
this explanation, crystal structures from Dcp1:Dcp2 from K. lactis in the active
conformation display a shorter distance between the Cβ atoms of the �uorophore
labeled amino acids in the absence of Edc1 (PDBiD 5LOP; 36 Å; Figure 3.2 A) (Char-
enton, Taverniti, et al. 2016) than in the presence of Edc1 (PDBiD 6AM0; 39 Å;
Figure 3.2 B) (Mugridge, Tibble, et al. 2018). This points towards a situation in
which the presence of Edc1 increases the distance between the �uorophores which
decreases the FRET e�ciency.

Figure 3.2.: Distances between �uorophore labeling positions in the active conformation of K. lactis Dcp1:Dcp2 in the absence
(PDBiD 5LOP) and in the presence of Edc1 (PDBiD 6AM0). (A) In the absence of Edc1, the distance between the Cβ atoms
of the �uorophore labeled amino acids is shorter than (B) in the presence of Edc1.

In addition to studying the in�uence of capped RNAs of di�erent lengths on the
conformations of the Dcp1:Dcp2 decapping complex, we assessed whether di�erent
activator proteins and other substrates have an in�uence on the conformations
of Dcp1:Dcp2. It was reported previously that binding of Pat1 and Edc3 enhances
the activity of the decapping complex (Lobel, Tibble, and Gross 2019; Paquette
et al. 2018). In our studies, however, we did not observe the formation of a stable
active conformation of Dcp1:Dcp2 upon binding of Pat1 and Edc3. Furthermore, by
comparing the e�ect of capped RNA and uncapped RNA on the conformation of
the decapping complex, we found that the presence of the m7G cap structure is not
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absolutely essential for the formation of the active state, although it has a stabilizing
e�ect on the active conformation. This result is supported by previous evidence
from crystal structures, in which the active state of the complex is formed in the
presence of cap analogues or m7GDP (Charenton, Taverniti, et al. 2016; Mugridge,
Ziemniak, et al. 2016; Mugridge, Tibble, et al. 2018; Wurm, Holdermann, et al. 2017).
Importantly though, we were able to examine Dcp1:Dcp2 in complex with the
full length Edc3 protein and a short, capped mRNA. This has not been possible
so far in NMR studies as these components together undergo liquid-liquid phase
separation at the high concentrations required for NMR measurements. smFRET
experiments are performed at picomolar concentrations, so the complex remains
soluble and measurements could be performed. However, also here, a shift to the
active conformation of the Dcp1:Dcp2 complex could not be observed. We therefore
conclude that an activation of the decapping complex by full length Edc3 and RNA
(Harigaya et al. 2010; Paquette et al. 2018) does not occur via the stabilization of
the active state but it must proceed via a di�erent pathway. This also makes sense
on a structural level, as only Edc1 binds to both domains in the active state.
In sum, our studies of the mRNA decapping complex with single molecule

FRET methods re�ect the high degree of complexity of the various interactions of
Dcp2 with substrates and decapping factors and its corresponding conformational
rearrangements. We also want to highlight that the choice of �uorophore labeling
positions is crucial for a correct interpretation of the FRET e�ciencies and should
always be cross-validated.
In the future it would be interesting to use smFRET methods to examine the

conformations of the Dcp1:Dcp2 complex in its liquid-liquid phase separated state.
In the disperse phase, we did not observe a shift to the active state of the complex
in the presence of Edc3, but it has been shown recently that the activating e�ect of
Edc3 is much stronger in the phase separated state (Tibble et al. 2021). An examina-
tion with smFRET methods would require the mixing of labeled and non-labeled
decapping complexes to detect only the �uorescence signal from one complex at a
time and to prevent an energy transfer between two di�erent labeled complexes in
the much more condensed phase separated state.
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Part VI.

Solid state NMR of mRNA
decapping enzymes
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1. Introduction

Liquid-liquid phase separation (LLPS) is a process in which two or more miscible
liquids demix and separate into distinct phases. In eukaryotic cells, LLPS is a
mechanism of biomolecular organization in which proteins and nucleic acids demix,
assemble and condense into membrane-less compartments through generating
dynamic networks of redundant and weak intermolecular interactions (Li, Banjade,
et al. 2012). These protein-rich condensates are dispersed in their environment
and display liquid-like properties such as a spherical shape which deforms under
shear stress, or the ability to fuse with one another (Brangwynne, Eckmann, et al.
2009). In contrast to cell organelles bound by a membrane, the lack of requiring
an enclosing membrane is a particularly interesting property of LLPS droplets
as this enables its components to interact with their surrounding environment.
In that way, the formation of LLPS condensates helps to maintain the cellular
equilibrium by allowing the cell to quickly respond to changing cellular conditions
(Banani et al. 2017; Mitrea and Kriwacki 2016). LLPS can occur both in the nucleus
(Mao, Zhang, and Spector 2011) and in the cytoplasm (Decker and Parker 2012)
of eukaryotic cells and examples include Cajal bodies (Nizami, Deryusheva, and
Gall 2010), nucleoli (Brangwynne, Mitchison, and Hyman 2011) and Para speckles
(Fox and Lamond 2010) for nuclear condensates, and stress granules (Kedersha
et al. 2005), germ granules (Brangwynne, Eckmann, et al. 2009) and processing
bodies (P-bodies) (Parker and Sheth 2007; Sheth and Parker 2003) for cytoplasmic
condensates. The large number of functionally distinct assemblies in the cell
demonstrates their importance for the regulation of cellular processes like mRNA
translation, processing, localization, and turnover.
In the past, the molecular details leading to LLPS have been extensively re-

searched and it has been shown that proteins that are involved in this spontaneous
self-organization process often contain regions that are intrinsically disordered
(IDRs) (Banani et al. 2017; Elbaum-Gar�nkle et al. 2015; Fromm, Kamenz, et al.
2014). These IDRs lack a clear tertiary structure and usually contain no or only
few hydrophobic amino acids. As a consequence, they can form large networks via
charge-charge (Pak et al. 2016), cation-π (Nott et al. 2015), dipole-dipole, and π-π
stacking interactions (Frey, Richter, and Görlich 2006; Vernon et al. 2018), as they
stimulate interactions between molecules (Brangwynne, Tompa, and Pappu 2015;
Gomes and Shorter 2019). Frequently, IDRs also contain short linear motifs which
can contact folded protein domains and proteins can interact with RNA via folded
RNA recognition motifs (RRMs), which both can lead to phase separation of the in-
volved molecules (Fromm, Kamenz, et al. 2014; Kato et al. 2012). These interactions
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are not mutually exclusive but can happen simultaneously, which demonstrates
the high redundancy of phase separation processes. LLPS condensates have been
shown to rapidly form and dissolve again, depending on the conditions in the
cell (Banjade et al. 2015; Fromm, Kamenz, et al. 2014). Additionally, several phase
separated proteins can undergo another phase transition and form a more solid, or
gel-like, state. This so-called maturation is irreversible and leads for example to the
formation of amyloid-like �brils, which are linked to neurodegenerative disorders,
or to the formation of hydrogels, which can still be functional (Hyman, Weber, and
Jülicher 2014; Molliex et al. 2015).

In 5’� 3’ mRNA decay, the mRNA decapping proteins, including the Dcp1:Dcp2
complex, can undergo LLPS together withmRNA and formmRNAprocessing bodies
(P-bodies) (Dijk 2002; Ingel�nger et al. 2002; Parker and Sheth 2007; Sheth and
Parker 2003). The condensation into P-bodies is promoted by protein-protein and
protein-RNA interactions as well as by low-complexity protein domains as can be
found in the C-terminal IDR of Dcp2 (Fromm, Kamenz, et al. 2014; Schütz, Nöldeke,
and Sprangers 2017). In vitro the phase separated droplets quickly and irreversibly
mature into a gel-like state from which the matured proteins cannot be recovered
any more (Damman et al. 2019; Schütz, Nöldeke, and Sprangers 2017). So far, the
exact biological function of condensates of the mRNA decapping machinery has not
been fully understood, and so it is not clear if these self-organized ribonucleoprotein
foci serve to stably store mRNA or if they are a place of active mRNA turnover
(Damman et al. 2019; Schütz, Nöldeke, and Sprangers 2017; Tibble et al. 2021).

In solution, enzymes involved in mRNA decapping have been extensively charac-
terized and a lot is known about the conformations of the main decapping enzyme
Dcp2 and its interactions with other decapping factors, as well as about the mech-
anism of Dcp2-mediated decapping of mRNA (Wurm, Holdermann, et al. 2017;
Wurm and Sprangers 2019). Dcp2 consists of an intrinsically disordered C-terminus,
a catalytic domain (CD) with a NUDIX helix at the active center and an N-terminal
regulatory domain (NRD), where it binds the main decapping activator Dcp1 to
form the mRNA decapping complex Dcp1:Dcp2. In solution, this complex adopts
three distinct conformations which di�er from each other in the relative domain
orientation of the NRD and CD of Dcp2. In the absence of substrate, the catalyti-
cally impaired closed and open states exchange and the closed state is primarily
populated. In the presence of substrate and an Edc1 peptide, the complex adopts its
active conformation by rotation of the NRD such that a shared active site between
the NRD and the CD is formed (Wurm, Holdermann, et al. 2017). Furthermore, he-
lical leucine-rich motifs (HLMs) in the disordered C-terminus of Dcp2 can bind the
enhancer of decapping Edc3 via an N-terminal LSm domain and thereby stimulate
LLPS (Fromm, Kamenz, et al. 2014; Schütz, Nöldeke, and Sprangers 2017).
The interaction with the sca�olding protein Edc3 is central to the recruitment

of Dcp2 into P-bodies in yeast. In addition to the N-terminal LSm domain, Edc3
contains an intrinsically disordered linker region which connects the LSm domain
to a well-folded, structured YjeF_N dimerization domain. Edc3 can undergo LLPS
and mature into a gel-like state by itself, whereby its IDR and its rigid YjeF_N
domain interact to form the condensate while its LSm domain remains �exible
(Damman et al. 2019; Schütz, Nöldeke, and Sprangers 2017). By interacting with
HLMs in the intrinsically disordered C-terminus of Dcp2 via its LSm domain and
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by binding RNA at its IDR, Edc3 involves these factors in the phase separation
process, which then quickly leads to the maturation of the newly formed LLPS
droplets into a gel-like aggregate of proteins and mRNAs in vitro. Edc3 is therefore
an important driver of LLPS of the mRNA decapping machinery. Interestingly, it
was found that the recruitment of Dcp2 into P-bodies in vitro a�ects its catalytic
activity, and so the enzyme displays a reduction in catalytic activity compared to
its disperse, non-phase separated state (Tibble et al. 2021).

Despite these important insights, knowledge about the processes leading to the
condensation of the decapping proteins on an atomic level and about the conforma-
tional states of the involved proteins in the phase separated, and, subsequently, in
the mature state, is still sparse. We therefore aim to extend our understanding of the
LLPS process of mRNA decapping enzymes in S. pombe by studying Edc3 and Dcp2
and their interactions with other mRNA decay factors in the mature state using
magic angle spinning solid state NMR (MAS ssNMR; see subsection 2.2.10) (Ader,
Frey, et al. 2010; Andronesi et al. 2005; Labokha et al. 2012) and we then combine this
information with previous results from solution state NMR (Wurm, Holdermann,
et al. 2017). This approach allows us to use residue-speci�c information about the
proteins from solution state NMR to interpret important results from solid state
NMR, which has the advantage that both the rigid and the �exible parts of a sample
in the mature, gel-like state can be examined (Baldus 2022; Schanda and Ernst
2016). First, we recorded spectra of 15N labeled Edc3 after phase separation and
maturation and examined the changes that take place upon RNA and Dcp1:Dcp2
binding. Second, we instead simultaneously labeled the methionine methyl groups
of Dcp2 with 13CH3 and its nitrogens with 15N to probe the conformational state of
the Dcp1:Dcp2 decapping complex after Edc3-induced phase separation and matu-
ration. Furthermore, we added Edc1 and m7GDP to the Dcp1:Dcp2:Edc3 complex to
investigate their in�uence on the conformations of Dcp1:Dcp2 in the mature state.
We speculate that condensation into P-bodies could change the domain orientation
and thus the conformation of Dcp2, which is directly connected to its decapping
capacity. With that we hope to be able to conclude whether mRNA decapping in
condensates is inhibited or enhanced and validate previous evidence of a reduced
catalytic activity of Dcp2 in P-bodies in vitro (Tibble et al. 2021).
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2.1. LLPS of Edc3
Edc3 consists of an N-terminal LSm domain and a C-terminal YjeF_N domain which
are connected by an internal IDR (Figure 2.1).

Figure 2.1.: Crystal structure of the
human Edc3 LSm domain (PDBiD
2VC8) and the human YjeF_N do-
main (PDBiD 3D3K). The dimer con-
sists of an N-terminal LSm domain
that is connected to the well-folded,
structured, C-terminal YjeF_N do-
main via an intrinsically disordered
linker region.

In solution, the sca�olding protein dimerizes via its
well-folded, structured YjeF_N domain (Sharif, Ozgur,
et al. 2013; Tritschler et al. 2009).

To examine whether this fold is conserved in the ma-
ture state, we lyophilized the isolated YjeF_N domain
and recorded 1H-detected dipolar 15NH ssNMR spectra
(Andronesi et al. 2005) and compared these to spectra
of the mature Edc3 full-length (Edc3 FL) protein. An
overlay of both spectra shows that they resemble an-
other (Figure 2.2 A, left), so we conclude that the overall
fold of the Edc3 protein in the mature state is conserved.
This �nding is in agreement with previous �ndings by
Damman et al. (Damman et al. 2019). In the ssNMR spec-
trum of the mature, full length Edc3 some additional
peaks can be observed (Figure 2.2 A, left; black boxes)
which can be explained by the presence of additional
residues in the longer Edc3 construct compared to the
isolated YjeF_N domain. The initially surprisingly low
number of observable additional signals compared to
the much larger number of additional residues in the
Edc3 FL construct is most likely due to signal overlap as
well as to the �exible nature of the IDR and LSm domain
of Edc3 FL, which do therefore not yield resonances in the dipolar 15NH spectrum.
Minor chemical shift di�erences between peaks in the two spectra can also be
attributed to the presence of the LSm and IDR domains in the full length protein
which slightly change the chemical environment of the YjeF_N domain residues.

To investigate whether the dynamics of Edc3 are altered after LLPS and mat-
uration, we recorded 1H-detected scalar 15NH ssNMR spectra on the lyophilized
YjeF_N domain and on the mature Edc3 FL protein. In these scalar-based spectra,
only the �exible parts of the proteins are visible (Ahlawat et al. 2022). As expected,
the spectrum of Edc3 FL shows several additional signals compared to the YjeF_N
spectrum (Figure 2.2 A, right; black ellipses), and these peaks belong mainly to
the �exible IDR and partly to the LSm domain of the full length construct. In
addition, we observe two prominent, unexpected additional peaks for the YjeF_N
domain which disappear for the longer Edc3 FL construct (Figure 2.2 A, right; black
boxes). From solution state NMR of the Edc3 YjeF_N domain in the presence of the
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Figure 2.2.: Comparison of 15NH dipolar and scalar spectra of mature Edc3 full length (FL) to mature Edc3 FL bound to
di�erent interaction partners. Dipolar (rigid) 15NH spectra are displayed on the left side and scalar-based (�exible) 15NH
spectra are shown on the right. In all panels, spectra of Edc3 FL are colored black. In all spectra, Edc3 is 15N labeled and all
interaction partners are NMR invisible. (A) Comparison between mature phase Edc3 FL (black) and the lyophilized YjeF_N
domain of Edc3 (red). Boxes and squares indicate di�erences between the spectra. In the panel on the right showing the
scalar 15NH spectra, the solution state NMR spectrum of the Edc3 Yjef_N domain in the presence of the Edc3 IDR, taken
from (Damman et al. 2019), is shown in green for comparison. (B) Comparison between Edc3 FL in absence (black) and in
presence (pink) of the Dcp1:Dcp2 mRNA decapping complex. The panel on the right additionally shows solution state NMR
spectra of the Edc3 IDR (from (Schütz, Nöldeke, and Sprangers 2017); dark blue) and of the Edc3 LSm domain (orange).
The boxes indicate resonances which disappear in the presence of Dcp1:Dcp2 and the dashed black ellipse shows peaks
probably originating from protein degradation. (C) Comparison between Edc3 FL in the absence (black) and in presence
of RNA (purple). Boxes and ellipses indicate disappearing resonances which originate from either the YjeF_N domain
(squares) or the IDR (ellipses) of Edc3. (D) Comparison between Edc3 FL in the absence (black) and in presence (blue) of
Dcp1:Dcp2 and RNA. Boxes and ellipses indicate disappearing resonances which originate from either the LSm domain
(squares) or the IDR (ellipses) of Edc3.

132



2.1. LLPS of Edc3

unlabeled IDR (Figure 2.2 A, right; green peaks), one of these peaks was assigned to
W393 but the second peak remains unassigned. We reason that both peaks belong
to N-terminal YjeF_N residues which are �exible in the isolated domain but become
rigid or experience signi�cant changes in chemical shift when the IDR and the LSm
domain are present at the N-terminal end of the YjeF_N domain. This explanation
is supported by previous results from solution state NMR, in which residue W393
experienced a signi�cant chemical shift perturbation upon interaction with the IDR
(Damman et al. 2019).

Next, we added the Dcp1:Dcp2 complex to Edc3 FL and recorded dipolar 15NH
and scalar 15NH ssNMR spectra as before. An overlay of the dipolar 15NH spectra
of Edc3 FL and the Edc3:Dcp1:Dcp2 complex shows that both spectra are nearly
identical (Figure 2.2 B, left), so the YjeF_N domain is again conserved and stays
rigid upon addition of the decapping complex. The scalar 15NH spectra however
show a signi�cant peak loss for Edc3:Dcp1:Dcp2 (Figure 2.2 B, right; black boxes),
which indicates binding of Dcp1:Dcp2 to Edc3 that leads to a loss of �exibility.
Most changes in chemical shift can be found in residues that likely belong to the
folded LSm domain (solution state NMR spectrum shown in orange for comparison
in Figure 2.2 B, right) but also to the YjeF_N domain (see Figure 2.2 A, right, red
spectrum), since they are clearly distinguishable from signals of the IDR (Figure 2.2
B, right; dark blue peaks) which were obtained from solution NMR (Schütz, Nöldeke,
and Sprangers 2017). This result is also in agreement with previous results in
solution, where C-terminal Dcp2 residues were found to bind to the LSm domain
of Edc3 (Charenton, Taverniti, et al. 2016; Fromm, Tru�ault, et al. 2012; Fromm,
Kamenz, et al. 2014). In addition, some new peaks appear in the scalar 15NH
spectrum of Edc3:Dcp1:Dcp2, which, based on their position in the spectrum, most
probably stem from degraded protein (Figure 2.2 B, right; dashed ellipse). Overall,
binding of Dcp1:Dcp2 to Edc3 leads to signi�cant peak loss in the LSm and in
the YjeF_N domain of mature Edc3 and therefore to a rigidi�cation of those Edc3
domains which were found to be �exible in the absence of Dcp1:Dcp2.

Instead of Dcp1:Dcp2, we next added RNA to Edc3 FL and again recorded dipolar
and scalar 15NH spectra. Compared to the respective spectra of Edc3 FL without
RNA, the peaks in the Edc3:RNA dipolar 15NH spectra are strongly broadened
(Figure 2.2 C, left). This could be explained either by increased dynamics of Edc3 in
the presence of RNA or by a situation in which the RNA binds to Edc3 in di�erent
registers which leads to di�erent chemical shifts of the bound state and thus to the
observed line broadening. Alternatively, the poor spectral quality might also be the
result of too little protein in the sample resulting in the low signal-to-noise ratio or
the recording time of the spectra was too short. In the case of increased dynamics of
Edc3 in the presence of RNA we would expect the appearance of additional signals
belonging to the YjeF_N domain in the scalar-based spectrum, but again due to
low spectral quality, this cannot clearly be observed (Figure 2.2 C, right). Instead,
several peaks disappear in the presence of RNA which indicates that RNA binding
also leads to a rigidi�cation of the mobile Edc3 domains. Many of the peaks that
disappear belong to the IDR of Edc3 (Figure 2.2 C, right; black ellipses), which we
could identify from the transfer of the Edc3 IDR assignments from solution-state
NMR (see Figure 2.2 B, right; dark blue peaks) (Schütz, Nöldeke, and Sprangers
2017). This result is in agreement with previous results in solution, where the IDR
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of Edc3 was found to interact with RNA (Schütz, Nöldeke, and Sprangers 2017).
Interestingly, also peaks from the YjeF_N domain disappear (Figure 2.2 C, right;
black squares). We conclude that RNA binding rigidi�es mobile regions of the
YjeF_N domain and in particular the �exible IDR of Edc3. A more detailed analysis
is not possible due to the poor spectral resolution.

Finally, we examined changes in Edc3 in the mature state in the presence of both
the mRNA decapping complex and mRNA. Again, we recorded dipolar and scalar
15NH spectra and compared them to Edc3 FL. The dipolar spectrum of Edc3 FL in
complex with Dcp1:Dcp2 and RNA overlays well with the spectrum of Edc3 FL
alone (Figure 2.2 D, left), which points towards a stable, well-folded Edc3 YjeF_N
domain in the presence of both interaction partners. The fold of Edc3 with RNA
and Dcp1:Dcp2 is thus very similar to the fold of free Edc3 FL. In the scalar-based
spectrum, however, many peaks of the IDR (Figure 2.2 D, right; black ellipses) and
of the LSm domain (Figure 2.2 D, right; black squares) disappear in the presence of
RNA and Dcp1:Dcp2, and only signals of the mobile parts of the YjeF_N domain
remain (Figure 2.2 D, right; see also Figure 2.2 A, right). Therefore, the addition of
RNA and Dcp1:Dcp2 to Edc3 leads to a rigidi�cation of the �exible LSm domain
and of the IDR of Edc3 in the mature state after LLPS.

2.2. LLPS of Dcp2
To obtain further insights into mRNA decapping in condensates, we next labeled the
methionine methyl groups and the nitrogens of the main decapping enzyme Dcp2
with 13CH3, or 15N, respectively, and recorded 1H-detected dipolar 15NH spectra,
to assess the overall fold of the protein, and dipolar 13CH3 spectra, to probe the
conformation of the decapping complex. In NMR spectra of Dcp1:Dcp2 in solution,
the methionine resonances M164 and M221 were found to directly report on the
conformation of the Dcp1:Dcp2 complex (Wurm, Holdermann, et al. 2017). Both
residues are located at the interface between the N-terminal regulatory domain and
the catalytic domain of Dcp2 and for this reason they are very sensitive to changes
in chemical environment upon changes in domain orientation of the complex
(Figure 2.3 B, C). Thus, these peaks appear at distinct and well distinguishable
spectral positions for each conformational state of the complex (Figure 2.3 A).

To examine the fold of the Dcp2 enzyme in the mature state, we compared dipolar
15NH spectra of lyophilized Dcp1:Dcp2 and mature Dcp1:Dcp2:Edc3. Both spectra
overlay well, which shows that the fold of Dcp2 is conserved in the mature state
(Figure 2.4 A, left). A few peaks however disappear in the mature phase spectrum,
which could indicate that slightly more dynamics may be present after Edc3 addition
and phase separation compared to the lyophilized sample. It must be noted that
the addition of unlabeled Edc3 is necessary for LLPS and subsequent maturation of
Dcp2 and it is therefore present in all phase separated samples. The methionine
peaks in the dipolar 13CH3 spectra of the two samples also overlay well, which
shows that the conformation of Dcp1:Dcp2 is the same in both samples (Figure 2.4
A, right). A comparison with solution state NMR spectra of the same complex (see
Figure 2.3 A) reveals that the proteins here are in the catalytically inactive, closed
state. Interestingly, the lyophilized sample displays an additional small peak as
well as a small shoulder next to peak M164, which point towards the presence of a
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Figure 2.3.: (A) Solution state NMR spectra of Dcp1:Dcp2 in the closed (black) and the active conformation (orange). (B)
Crystal structure of the Dcp1:Dcp2 complex in the closed conformation (PDBiD 2qkm, chains A,B). Dcp1 is colored in light
blue, the RD of Dcp2 in medium blue and the CD of Dcp2 in dark blue and the Nudix helix, which is involved in catalysis,
is colored in pink. Methionine residues 164 and 221 are indicated as orange spheres. (C) Crystal structure of the Dcp1:Dcp2
complex in the active conformation (PDBiD 5n2v).

second conformation. Based on a comparison with solution state NMR spectra, we
assign the additional peak to M221 and the shoulder to M164, both for the protein
in a more open conformation, as the position of these �ts the position of the two
peaks for a more open conformation of the complex in solution. Since these peaks
are not present in the spectrum of the mature protein, the addition of Edc3 might
stabilize the closed conformation of Dcp1:Dcp2.
From previous studies it is known that in solution, the addition of Edc1 to

Dcp1:Dcp2 has no in�uence on the domain orientations of the complex (Wurm,
Holdermann, et al. 2017). Dipolar 15NH spectra of mature Dcp1:Dcp2:Edc3:Edc1
however show a strong decrease in observable correlations compared to mature
Dcp1:Dcp2:Edc3 (Figure 2.4 B, left), which could be the result of increased dynamics
in the sample with Edc1. However, the quality of the spectrum is low, so an increase
in dynamics is only a matter of speculation and the loss of signal could also stem
from structural inhomogeneity in the phase separated sample that increases upon
maturation. In the dipolar 13CH3 spectrum, the same peaks as in the mature sample
without Edc1 are present and no signi�cant shifts of M221 andM164 can be observed
(Figure 2.4 B, right), so the protein does not change its conformation upon Edc1
addition, which is also consistent with data from solution NMR.

The addition of m7GDP to Dcp1:Dcp2 leads to a loss of signal and fewer correla-
tions in the dipolar 15NH spectrum of the mature complex (Figure 2.4 C, left) and
the peak positions in the dipolar 13CH3 spectrum are the same as without m7GDP
(Figure 2.4 C, right). Again, the weak signals in the Dcp1:Dcp2:Edc3:m7GDP spectra
point towards an increase in structural inhomogeneity in the mature phase.
Adding both Edc1 and m7GDP to Dcp1:Dcp2:Edc3 leads to an overall signal

reduction in the dipolar 15NH spectrum (Figure 2.4 D, left), which may indicate
increased dynamics in the sample. More interesting, however, is the appearance
of a second peak in the dipolar 13CH3 spectrum (Figure 2.4 D, right) at the same
position as the second, smaller peak in the lyophilized Dcp1:Dcp2 sample. We
assign this resonance to peak M221 in the active state of the decapping complex.
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Figure 2.4.: Comparison of 15NH and 13CH3 dipolar spectra of lyophilized Dcp1:Dcp2 to mature state Dcp1:Dcp2 with
di�erent interaction partners. Dipolar 15NH spectra are shown on the left hand side and dipolar 13CH3 spectra are shown
on the right. In all panels, spectra of lyophilized Dcp2, in complex with NMR inactive Dcp1, are shown in black and in
all spectra, Dcp2 is 15N labeled and the methionines of Dcp2 are 13CH3 labeled. All binding partners are NMR invisible.
(A) Spectra of lyophilized Dcp1:Dcp2 overlayed with mature phase Dcp1:Dcp2:Edc3. Edc3 is necessary for Dcp1:Dcp2
to undergo liquid-liquid phase separation and maturation. (B) Comparison of lyophilized Dcp1:Dcp2 with mature phase
Dcp1:Dcp2:Edc3 in complex with Edc1. (C) Comparison of lyophilized Dcp1:Dcp2 with mature phase Dcp1:Dcp2:Edc3 in
complex with m7GDP. (D) Overlay of spectra of lyophilized Dcp1:Dcp2 with spectra of Dcp1:Dcp2:Edc3 in complex with
Edc1 and m7GDP.
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This is plausible as in solution, the active state is fully adopted in the presence of
Edc1 and m7GDP (Wurm, Holdermann, et al. 2017). Overall, our results suggest that
in themature phase, di�erent conformations of the decapping complex are present at
the same time. This can be explained by a model in which the di�erent components
contributing to LLPS assemble and mature in a structurally disorganized way. As a
consequence, samples used for NMR measurements are inhomogeneous and yield
NMR spectra of poor quality, which is in line with our measurement results.
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Liquid-liquid phase separation is a cellular process which has not been fully un-
derstood yet and it is currently subject of intensive research (Alberti and Hyman
2021; Jonchhe et al. 2022; Langstein-Skora et al. 2022). The proteins involved in 5’
decapping of mRNA, including Edc3 and Dcp2 can, together with mRNA, undergo
LLPS and be recruited to P-bodies, after which they mature into a gel-like state
(Damman et al. 2019; Fromm, Kamenz, et al. 2014; Schütz, Nöldeke, and Sprangers
2017). Using solid-state NMR we were able to characterize Edc3 and Dcp2 from
S. pombe in their mature state after LLPS and their recruitment to P-bodies. We
could show that solid state NMR, especially in combination with solution state
NMR, is a powerful method to characterize complex biomolecular systems as large
as 126 kDa (Dcp1:Dcp2:Edc3:Edc1) with up to residue-speci�c resolution. Thus, by
isotopically labeling individual proteins within the complex protein-RNA network
and recording their rigid and �exible components, we were able to observe changes
in dynamics and conformations of the respective proteins within mRNA P-bodies.
We �rst analyzed the enhancer of decapping Edc3, which is central for the

condensation into P-bodies, after LLPS and maturation and monitored changes
in its dynamics in the presence of di�erent interaction partners. We found that
interactions with both the Dcp1:Dcp2 complex and with RNA lead to a rigidi�cation
of the LSm domain, and the IDR of Edc3, respectively. These results are consistent
with previous studies of Edc3 both in solution and in the mature state after phase
separation (Damman et al. 2019; Fromm, Tru�ault, et al. 2012; Fromm, Kamenz, et al.
2014; Schütz, Nöldeke, and Sprangers 2017). Second, we were able to characterize
conformational changes of Dcp1:Dcp2 in its mature state, which is only formed in
the presence of Edc3. Similar to studies of the decapping complex in solution (Wurm,
Holdermann, et al. 2017), we recorded 13C-1H methionine correlation spectra of the
complex and found that the complex remains in its closed, catalytically inactive
state after LLPS and maturation. Only in the presence of both Edc1 and m7GDP
an additional, active conformation could be observed, while the addition of either
only Edc1 or only m7GDP did not induce any signi�cant conformational change.

Consistently throughout our expermients, however, the spectra we recorded on
the mature protein complexes were of poor quality. This indicates that the gel-
like state into which the interaction partners of the mRNA decapping machinery
mature is structurally inhomogeneous. As each protein in an unstructured sample
experiences a di�erent chemical environment, the chemical shift perturbations
of the NMR resonances of each protein are di�erent, which would result in the
strong line broadening in the resulting spectra that we observe in our ssNMR
measurements of mature Edc3 and Dcp1:Dcp2. Based on these results, we propose
a model in which the interaction partners of the mRNA decapping machinery �rst
phase separate and then, likely due to the highly stressful conditions of low salt
(< 25 mM NaCl) in the bu�er and very high protein concentration, mature into a
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structurally inhomogeneous, gel-like state which lacks conformational regulation
and from which the individual components cannot be recovered. We thus conclude
that the mature state is a state in which the molecular motions and intermolecular
contacts that are averaged in solution are frozen out and no longer averaged. To
clearly answer if mRNA decapping in P-bodies is inhibited or enhanced, further
studies of LLPS of the decapping machinery are needed. However, this work
highlights the importance of the interplay of all these interaction partners for LLPS
as well as the importance of their dynamics, which are often neglected in structural
studies but are critical in physiological systems. Our approach using solid state NMR
thus paves the way for future studies of enzyme dynamics and enzymatic states
even in large and extended networks of liquid-liquid phase separated condensates.
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The �eld of structural biology is rapidly progressing, not least fueled by impressive
advances in the development of AI tools that predict the 3D structures of proteins
from their amino acid sequence or that can be used to design novel proteins e.g.
for the development of new drugs and vaccines. Studying large biomolecular sys-
tems with more traditional techniques such as cryo-EM, X-ray crystallography
or NMR spectroscopy remains nonetheless extremely important, especially for
validating, complementing, supporting or contradicting data created by AI algo-
rithms. However, the examination of large and complex molecular machines can
be challenging. While cryo-EM and X-ray crystallography are for instance ideally
suited to obtain static images of protein structures, X-ray crystallography pro-
vides little to no information about dynamic processes in the examined system and
cryo-EM can only be used to detect large motions and states of proteins but often
cannot provide structural data or data on internal motions with atomic resolution.
NMR spectroscopy, in contrast, is very well suited to characterize the motions and
energy landscapes of proteins and due to advanced isotope labeling techniques,
sophisticated pulse sequences and improvements in NMR hardware, information
about the structure and the dynamics of complex biomolecules with high molecular
weight can be obtained. The greatest power of all these methods, however, lies in
their combination and complementarity, as no method is individually capable of
providing knowledge about all structural features and motions of a complex and
dynamic molecular system but information from multiple di�erent sources and ap-
proaches is needed to fully comprehend the system. To enhance our understanding
of molecular machines and their functions and to exploit this knowledge to our
advantage is therefore only possible when methodologies and approaches from
across a variety of scienti�c �elds are combined and shared.

In this thesis the Dcp1:Dcp2 mRNA decapping enzyme was studied in detail using
di�erent biophysical methods including solution state NMR at high hydrostatic
pressure and on the 19F nucleus, solid state NMR and smFRET, which demonstrates
the great value of combining multiple approaches to obtain a comprehensive picture
of a biomolecular system. The results presented here add to the existing knowledge
about decapping enzymes and address aspects about the enzyme’s functions and
interactions that have not been investigated in detail before.
To that end, in Part III, information about changes in the molecular volume of

the decapping complex when it transitions from the closed to the open state was
derived from 13C SQ CPMG NMR experiments at high hydrostatic pressures and
additionally, the in�uence of ATP on this transition was examined. These changes
in molecular volume could not be reliably extracted from known crystal structures,
which emphasizes the great potential of the methodology we used. Combining
methyl labeling and high pressure NMR experiments can therefore provide unique
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insights into volumetric properties of large molecular machines.
In Part IV, we explored if the 19F nucleus, which has highly advantageous chemi-

cal and physical properties, can be used in NMR spectroscopy to characterize the
dynamics of the KIX protein, Dcp1, Dcp2 and DcpS as an alternative to conventional
13C- or 15N- based NMRmethods. Although the replacement of a proton with a �uo-
rine atom on the 5-tryptophan did not change the native dynamics of the examined
proteins, we found that the 19F nucleus in this position is simultaneously sensitive
to both faster motions, like motions of side chains, and slower motions, like motions
of the protein backbone, which can result in a strong bias towards one or another
and the resulting CPMG RD curves cannot be described by a two-state model any
more. Nonetheless, 19F NMR spectroscopy can provide ample insights into protein
dynamics and function, as, on the one hand, experiments that are insensitive to
tryptophan side chain motions that are fast on the NMR chemical shift timescale are
very well suited to extract slow processes like the domain �ipping motions in DcpS,
and, on the other hand, kinetic and thermodynamic properties that are derived from
�uorine relaxation data can be supported by data from complementary techniques,
e.g. NMR data that was recorded on methyl groups.

The complementarity of di�erent structural biology methods was also exploited
in Part V. Here, we complemented and extended NMR data of the Dcp1:Dcp2
complex by studying interactions of Dcp2 with substrates and decapping factors
and its corresponding conformational rearrangements with single molecule FRET
experiments, as some of these interactions alter the conformational equilibrium of
the complex such that the complex is not suited for NMR measurements any more.
Importantly, as the labeling positions of the �uorophores, which are necessary for
smFRET experiments, can strongly in�uence the conformational equilibrium of the
complex and thereby prevent a correct interpretation of the FRET e�ciencies, we
again used NMR experiments on �uorophore labeled complexes to cross-validate
our smFRET data. This shows that di�erent methods can simultaneously be used
for cross-validation and as mutual complements. Moreover, these results raise the
question whether the presence of �uorophore labels can also in�uence the catalytic
activity of the decapping enzyme. To answer this question, activity assays of the
Dcp1:Dcp2 complex in the presence and in the absence of �uorophore labels will
be compared in the future, and, in addition, it will be examined if the �uorophore
tags can also interfere with the RNA body and thereby in�uence the decapping
capacity of the decapping complex in a length-dependent manner.
smFRET experiments provide excellent conditions to study how the conforma-

tions of Dcp1:Dcp2 are in�uenced by Edc3 and RNA in solution, in contrast to
solution state NMR experiments, where the required high protein concentrations
lead to LLPS of the complex and maturation to a gel-like state. In the mature, gel-
like state we were able to examine changes in conformation and dynamics of the
decapping factors Edc3 and Dcp2 that took place in the phase transition from the
liquid to the solid state by performing solid-state NMR experiments on the mature
complex (Part VI). Comparison of solution state NMR data of Dcp1:Dcp2 with the
solid-state NMR data of the mature complex allowed us to construct a model in
which the involved factors mature into a gel-like state that is structurally stable but
lacks conformational regulation and in which some components still retain some
degree of �exibility while at the same time these motions are not averaged as it is
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the case in solution. These results contribute to our understanding of LLPS and
maturation and provide a basis for further studies of large molecular machines in
the condensed, phase separated state. In the future, these ssNMR data could be
supported by smFRET experiments of Dcp1:Dcp2 in the mature state. As smFRET
experiments do not probe an ensemble of molecules, as is the case for ssNMR exper-
iments, the measurements are not averaged, so structural heterogeneities within
the sample due to di�erent conformations of Dcp1:Dcp2 can be determined and
thereby support or contradict our proposed model of the mature state of Dcp1:Dcp2.

In sum, in this thesis I explored a variety of structural biology methods to study
the mRNA decapping machinery with a focus on the Dcp1:Dcp2 decapping complex.
In that process, I identi�ed some of the drawbacks of the di�erent methods I used
and as a consequence, I combined, validated and extended data on the decapping
complex with data obtained from alternative, complementary methods. The new
insights I gained in that way add to the existing knowledge about mRNA decapping
enzymes and ultimately contribute to a better understanding of how large molecular
machines function.
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