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Cells rely heavily on their potential to change rapidly and accordingly to a continuously 
changing milieu. They utilize surface-exposed proteins, receptors, which continuously sense 
the cellular environment for outside signals. When a receptor does interact with a molecule, it 
will trigger a response inside the cell that induces changes to the proteome, thereby affecting 
cell viability and functioning. Understanding how proteins behave at atomic resolution and 
function inside their native environment is of vital importance to comprehend the molecular 
processes that drive cells in health and disease. 
	 For many years, protein structures have been solved by X-ray Crystallography, 
solution-state NMR and Cryo-Electron microscopy. However, each of these techniques has 
inherent disadvantages which limits the translation of structural data towards models of 
activation mechanisms that also include information obtained from molecular biology, as 
the experimental conditions differ tremendously. This is especially evident for membrane-
embedded proteins. Here solid-state NMR (ssNMR) presents a unique quality as it is able 
to generate data at atomic-level resolution even in the context of large complex systems. 
Moreover, it also can record both motion- and rigidity-sensitive experiments allowing for a 
full characterization of the protein of interest.
	 In this thesis we attempt to elucidate the complex relationship between protein 
structure and function while studying them under physiological conditions. We also developed 
a novel 3-dimensional cellular sample methodology for ssNMR purposes that allows direct 
studies on tumor model systems. Our work indicates the necessity for domain motion 
in processes like growth factor receptor activation and liquid-liquid phase separation. The 
following section with describes the fundamentals on the structure-function relationship of 
proteins and the importance of the native environment. Finally, the fundamentals of ssNMR 
are discussed.

STRUCTURE-FUNCTION RELATIONSHIP

For many decades, structural biology has given insights into the atomic structure of proteins 
and protein complexes. The knowledge gained from these studies has vitally contributed 
to a better understanding of how proteins function and drive cellular homeostasis. Indeed, 
advancements in the field of structural and molecular biology concomitantly contributed 
to a better comprehension how protein structure relates to function. Many receptors 
structures have been solved in both the apo- or ligand-bound state, thereby elucidating the 
changes that occur after ligand binding ranging from small rearrangements of amino-acid side 
chains or loop regions to large conformational changes where individual subdomains move 
significantly in respect to one another.
As the apo- and bound-state usually exhibit different conformations, molecular motion is 
necessary to trigger conformational changes upon ligand binding necessary for function. 
Moreover, conformational heterogeneity would allow for a certain flexibility and 
heterogeneity that directly influences the regulation of vital parameters e.g. activity, ligand 
binding affinity or oligomerization. For example, allosteric inhibitors can enforce a “closed” 
or “tethered” state, keeping NMDA receptors in an inactive conformation, distinctly different 
from several structures of the apo-state1–3. In addition, extensive research performed on 
G-protein coupled receptors (GPCR) highlighted the existence of activation of distinct 
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signaling pathways depending on the binding of ligands to the receptor. The orientation of a 
single transmembrane helix controls the binding affinity of a ligand, thereby allowing for tight 
regulation of the activation of downstream signaling pathways4,5. For receptors that rely on 
(hetero)dimerization for their signal transduction, the binding of different ligands will lead to 
slightly altered structures that drive (hetero)dimerization and activation in distinct fashion6–8.

Epidermal growth factor receptor and Her2
The epidermal growth factor receptor (EGFR) is a member of the human EGFR family of 
receptor tyrosine kinases (also known as HER family or ErbB family) together with Her2, 
Her3 and Her4. Extensive studies on these receptor tyrosine kinases by structural- and 
molecular biology have led to a general understanding of the complex functioning of these 
receptors after stimulation by a variety of activating ligands. Crystal structures, complexed to 
different ligands, showcase the diverse conformations that potentially occur on the plasma 
membrane which drive intracellular signing transduction pathways that initiate cellular 
proliferation, differentiation, migration and inhibition of apoptosis. Despite playing a crucial 
role in homeostasis of tissue, irregularities in expression, activation and down-regulation of 
EGFR family members are often implicated in tumorigenesis9–13. 
	 The general architecture of the EGFR family is conserved. The ligand-sensing 
extracellular domain (ECD) consist of 4 subdomains, usually referrers to as domain one 
to four (DI to DIV), which is connected via a single transmembrane spanning helix domain 
(TMD) and juxtamembrane domain (JMD) to the intracellular kinase domain (KD). A long 
unstructured C-terminal tail (CT) contains several residues that become phosphorylated 
upon receptor activation (Fig 1.b). The first crystal structures of the EGFR ECD revealed 
that the ligand-binding domains DI and DIII share a similar structure, while the dimerization 
domains DII and DIV share similar features14–16. Soluble ECD (sECD) adopts a closed or 
“tethered” conformation where the β-hairpin of DII rests upon DIV (Fig 1.b). However, 
it is thought that resting EGFRs in the plasma membrane of cells are present in several 
oligomeric states17–21, which play a role in the autoinhibitory regulation of EGFR. The large 
majority of EGFR is monomeric, while smaller population of dimer, trimeric or even higher 
oligomeric states are found22,23. Three different oligomeric structures have been described 
so far: i) a ligand-free assembly where monomers stack side-by-side15,24,25, ii) an “extended”- 
but ligand-free back-to-back dimer, resembling the low-affinity dimer interface as seen for 
Drosophila ECD26,27 and iii) a ligand-free stalk-to-stalk interaction mediated by DIV and 
the TMD28. The later model proposes that DI-DIII of the EGFR ECD are still mobile28,29, 
which is in line with ssNMR data in native plasma membrane vesicles30. Recently, a fourth 
autoinhibitory structure has been proposed by Zanetti and colleagues, in which the EGFR 
ECDs form a polymer chain, mediated by trans interactions between DI and DII but also 
by interactions between DIII and DIV23. In this structure, the intracellular KDs are well-
separated in space for phosphorylation to occur, thereby autoinhibiting EGFR functioning23. 
However, they propose that the polymer structure stimulates a rapid response to growth 
factor stimulation23. It is likely that these structures co-exist in equilibrium on the plasma 
membrane, changing between oligomeric states and structures, thereby potentially directly 
influence receptor availability, binding affinity and activation rate.
	 One of the main functions of the ECD is to bind activating ligands. Up to this 
point, a total of 12 activating ligands have been identified for EGFR including the epidermal 
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growth factor (EGF), transforming growth factor α (TGF-α), amphiregulin (AREG) and 
epiregulin (EREG)31,32. Crystal structures of sECD in complex to any of these ligands reveal 
that the ECD adopts a significantly different structure after ligand binding. As DI and DIII 
are simultaneously involved in ligand binding, a crucial pivot point between DII and DIII 
allows for a rotation of 130°, exposing the dimerization arm of DII and dimerization motifs 
on DIV14,33. In native plasma membranes, it has been shown that monomeric EGFR is highly 
dynamic and continuously samples the conformational landscape before EGF stabilizes the 
ECD in the extended conformation30. Depending on the activating ligand, EGFR ECDs adopt 
slightly different conformations, suggesting a structural heterogeneity34. The Her2 ECD 
resembles that of the EGFR, however, the Her2 ECD has an additional loop in DI which 
occupies the space which is occupied by e.g. EGF for EGFR35,36. Interestingly, due to this 
additional loop, DI and DIII are directly interacting with one another, and consequently, the 
conformation in which the Her2 ECD is crystallized globally resembles the conformation of 
ligand-bound EGFR ECDs, suggesting a constitutively open conformation for Her235,37. There 
has no activating-ligands found that directly binds to Her2 and induce phosphorylation, likely 
due to the additional loop in DI36,38.
	 Exposure of the DII- and DIV- dimerization motifs in EGFR- and Her2 ECD, the 
ECDs (hetero)dimerize, bringing the TMD, JMD and KD in close proximity of each other. 
Dimerization is further supported by motifs in the TMD and JMD that tightly interact 
close to the membrane, maintaining the kinase domain in an inactive state39–42. Oncogenic 
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Figure 1 | Atomistic models of Her2 and EGFR monomers and EGFR dimer. a, general architecture 
of the EGFR tyrosine kinase receptor family. The ECD consists of 4 subdomains of which DI and DIII (green) 
are involved in ligand binding. DII and DIV play a role in dimerization (yellow). The ECD is connected to the 
intracellular domains via a transmembrane domain (TMD) and juxtamembrane domain (JMD). The kinase domain 
(KD) is highlighted in red followed by a long unstructured C-terminal tail (CT). b,  Atomistic monomer models of 
Her2 (red; PDB: 1N8Z, 2JWA, 2KS1, 3PP0) and EGFR (gray; PDB: 1NQL, 1M14, 1Z9I, 4KRO) and an EGF-induced 
(magenta; PDB) EGFR homodimer (gray and green; PDB: 1IVO, 1MOX) in a native plasma membrane. N-glycan 
modifications on EGFR are highlighted in yellow (adapted from Kaszuba et al. 2015).



General Introduction

13

1

mutations in the JMD of Her2 release the JMD from the negatively charged lipids leading to 
increased dimerization, highlighting the importance of oligomerization on tumorigenesis43–45. 
Further investigations showcase the complex structural heterogeneity in receptor activation 
has functional implications, as JMD interactions in a dimer depend on ligand binding to the 
ECD46,47.
	 The highly conserved tyrosine kinase domain joins 2 globular domains, the smaller 
N-lobe and the C-lobe. ATP binds tightly within a cleft between the N- and C-lobe with 
a conserved glycine-rich loop in the N-lobe. The N-lobe also hosts the active site for the 
catalysis of ATP. The C-lobe supports the N-lobe by a conserved catalytic loop (D812-N818). 
Moreover, the C-lobe regulates the availability of the active site by means of an activation 
loop48–51. In asymmetric kinase dimers, the C-lobe of the “activator” binds close to the 
N-lobe of the “receiver”, which in turn shifts the activation loop and opens up the active 
site. The KD is commonly mutated in cancer, which often leads to increased EGFR activity. 
For example, certain point mutations abolish the autoinhibitory effect of the activation loop, 
while others shift the oligomeric state of EGFR form monomers to higher order clusters52–54. 
Finally, signal transduction is initiated as the C-termini get transphosphorylated on specific 
residues, thereby recruiting adaptor proteins to transfer the signal. It is thought that the large 
majority of the CT is unstructured. Even so, it is proposed that the CT plays an important 
regulatory role as the KD cycles through active- and inactive states. Conformational changes 
in the CT, but also the JMD, support the ATP binding and kinase dimerization55,56.
	 Receptor dimerization is required for its activation, but also plays an important role 
in down-regulation of actively signaling complexes39. Additionally, higher order oligomeric 
complexes have been proposed for EGFR and Her257–59. The Kuryian lab proposed an 
oligomeric structure, where EGF-bound EGFR dimers interact side-by-side via DIV to form 
tetramers and potentially propagate to form even higher order oligomers60. In this model, 
every EGFR molecule is bound to EGF. Other models suggest that in EGFR oligomers, the 
outside receptors are only bound by EGF, leaving available binding epitopes between DI and 
DIII for unliganded receptors to interact via front-to-front dimers61. Interestingly, they show 
that the distribution of EGFR oligomeric state is dependent on the EGF concentration, 
where high EGF concentrations drive EGFR dimerization61.
	 Activated EGFR complexes actively trigger intracellular signalling cascades, but 
will also induce downregulation pathways. There are two major downregulation pathways 
described for EGFR. Generally, EGFR is internalized via Clathrin-mediated endocytosis 
(CME), after which endosomes are majorly sorted to be recycled, containing inactivated 
EGFRs, back to the plasma membrane or they are trafficked to lysosomes for degradation62. 
However, elevated EGFR expression levels or an increase in local EGF concentration, can 
lead to significant increase in ubiquitination of EGFR, which triggers the Clathrin-independent 
endocytosis (CIE) pathway, leading to subsequent degradation of EGFR63–65. Therefore, 
it is thought that CIE is the default pathway for EGFR degradation, while CME is mainly 
involved in recycling of inactivated receptors66. The section above described the presence 
of dimerization motifs on DII and DIV on the EGFR ECD. Additionally, two dimerization 
motifs have also been found in the TMD. The N-terminal GxxxG motif is crucial in clustering-
induced internalization of EGFR and could be site-specifically crosslinked to each other 
after dimerization67,68. On the other hand, the C-terminal dimerization motif is not involved 
in CME and potentially has a role in different EGFR functions. Upon activation of EGFR, 
different lipids are recruited to form nanodomains in the plasma membrane69,70 (Also see 
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section below). These lipids may act to stabilize the N-terminal dimer interaction of the 
TMD and allow EGFR clusters to bend the plasma membrane61,71. This will locally lower the 
lipid pressure and results in the recruitment F-BAR proteins, amongst other BAR domain 
containing proteins, that stabilize the concave membrane structure, promoting the initiation 
of receptor internalization72–74. Due to the close relationship between dimer (or oligomer) 
structures and signalling, it is likely that this structural heterogeneity will also influence the 
sorting, recycling and degradation of EGFR.
	 Taken together, the allosteric coupling of the ECD with the intracellular domains 
and their role in receptor activation and signaling highlight the complex behavior of receptor 
functioning. Individual ligands stabilize a variety of structures that all have a different effect 
on signaling and down-regulation34. Moreover, it has been proposed that motion of the ECD 
is crucial for ligand binding and subsequent activation30. This is further supported by point 
mutations found in the ECD of EGFR of glioblastoma patients which link increased binding 
affinity of ligands to increased ECD mobility29,75. Additionally, increased conformational 
freedom allows for the stabilization of complexes that drive (hetero)dimerization. Yet, a role 
for the ECD dynamics in the activation of these receptors has never been proposed.

RNA-proteins
Many cellular processes occur in specialized organelles, which are isolated from one another 
by membranes. However, renewed interest in membrane-less organelles has emerged in 
the last decade leading to the idea that protein compartmentalization is more wide-spread 
phenomenon than initially thought and can have major implications on cell biology. Membrane-
less organelle formation is related to the process of a liquid-liquid phase separation (LLPS) in 
which proteins can be present in different phases depending on the chemical environment, 
ranging from a soluble well-dispersed solute phase, that transit via a condensed- and gel-like 
phase into a solid- or fibril phase (Fig 2). It is believed that the multivalent weak interactions 
jointly contribute to the condensation of proteins (and possibly other biomolecules such 
as RNA) into these condensed states. As interactions between proteins mature during 
LLPS, interactions strengthen and could result in conformational changes, leading to a solid-
phase76. Interestingly, it has been proposed that the dynamic behavior of these proteins 
is important for their functioning and can differ between proteins. For example, Balbiani 
bodies in oocytes resemble a solid-phase while the naturally more dynamic RNA-binding 
proteins (RNP) remain liquid-like after LLPS77–79. However, when maturation of LLPS is not 
regulated, even dynamic protein assemblies tent to  aggregate, which has been implicated in 
neurodegenerative diseases such as ALS80,81.
	 In short, as a consequence of phase separation, proteins sequester can cluster at 
a high local concentration to perform or facilitate a range of biological processes. Firstly 
identified in the nucleolus, LLPS aids in the nucleation of for example ribosomes or the 
cytoskeletal network82–84. Moreover, the condensed state of proteins supports catalytic 
processes and signal transduction84,85. Removing proteins from the active pool might also 
inactivate or block certain processes as catalytically active proteins are not able to interact 
with their substrates. A secondary role can be imagined as sequestered proteins can also 
recruit other proteins into the condensed state, thereby indirectly supporting catalytic 
activity86–88. Thirdly, proteins undergo LLPS as a fast and temporary response to external 
stimuli e.g. stress. In pH- and temperature sensing, changes in the milieu of cells are detected 
and induce phase separation as a means to rapidly alter their functional proteome, thereby 
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increasing its viability89–91. This response is much faster than the induction of transcription 
and translation. Phase separation potentially stores these proteins to later be released into 
the cytosol again. It has been proposed that a similar behavior is to be expected when 
protein concentrations exceed physiological concentrations92. Finally, the condensed state 
of proteins after phase separation has been proposed to be involved in forming a physical- 
and/or chemical barrier that filters the passage of molecules, thereby regulating passage of 
molecules and initiating polarization in cells93.
	 Phase separated proteins appear as foci with a spherical morphology on mesoscale 
level in vitro and in vivo, closely resembling oil-in-water structures, therefore often termed 
liquid droplets. The exchange rate of phase-separated proteins is in the order of seconds, 
rather than minutes or even longer as frequently observed for stable complexes94,95. 
Additionally, liquid droplets only have a spherical morphology in resting state, but this globular 
structure is not fixed and can easily change its shape when encountering another object or 
when cytoplasmic movements force liquid droplets to change their position96. Moreover, 
liquid droplets can fuse together or split into two separate droplets96. The dynamic behavior 
of these complexes is important as the liquid droplet state is only adopted temporarily and 
should dissolve again after a number of time.
	 Due to the dynamic behavior of the liquid droplets, structural and dynamical 
information at an atomic level have been limited thus far. However, three determinants of 
protein-protein interactions have been identified that give rise to liquid droplet formation: 
1) well-folded subdomains that interact with other oligomerization domains to form 
multivalent network, 2) dimerization domains that are connected via flexible linkers to form 
a linear oligomerization strand, or 3) intrinsically disordered regions (IDR) of that form an 
interaction site for other subdomains or biomolecules97,98. The amino acid sequence of the 
IDR regions is of low complexity and very repetitive, mainly consisting of QGSY- or G-rich 
motifs99,100. Many studies have been performed on complexes of low-complexity IDRs by 
crystallography and NMR which all show a similar trend, where strong interactions are 
formed between β-strands to form a fibrillary structure101,102. The low complexity region 
in FUS, a protein that has been shown to undergo phase transition, also forms fibrils as 
seen by cryoEM and ssNMR103. In contrary, the structure of truncated subdomains of full-
length proteins have been solved by solution NMR or crystallography from which models 

Soluble Liquid-like Gel-like Solid

Figure 2 | Schematic representation of different phase-separated states. The dynamic state of proteins 
differs depending on their macromolecular organization, ranging from fully dynamic when they are soluble to solid- 
or fibril state. Weak intermolecular interactions allow for the (transient) occurrence of liquid- and gel-like states.
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have been derived of how these proteins behave in solution. However, this leaves a gap 
between the liquid- and solid-phase for which there are only structural models available. As 
a result, insight into whether and which conformational changes occur when going from the 
liquid- to a condensed state and how maturation of the condensed state progresses into 
protein fibrils is currently limited. The first publications with structural information on phase 
transition used the power of solution- or solid-state NMR to study both rigid and mobile 
components of the proteins before and after phase separation, suggesting that dynamics 
plays an important role in the regulation of LLPS104–106.

NATIVE ENVIRONMENT

Even though extensive studies on the molecular structure and dynamics by NMR, X-ray 
crystallography and EM have contributed to a better understanding of proteins in health and 
disease, a direct translation of protein structure to functioning has been limited due to the 
sample requirements for high-resolution structure determination. Proteins are often purified 
and reconstituted in simplified systems. Domain motion usually reduces the quality of the 
structural data, which means that they are normally stabilized by additives or truncated to 
single protein domains. Moreover, membrane proteins are even more challenging as they are 
embedded in or anchored to a dynamic lipid bilayer. Additionally, many eukaryotic proteins 
are post-translationally modified (PTM), e.g. glycosylated, which modulate protein function. 
Often, these PTMs are removed before attempts are made to solve the structure of the 
protein. Below is an overview of how these factors influence protein structure and function.

The plasma membrane
The plasma membrane forms a barrier between the cytosol and its extracellular milieu 
which is essential for the cellular homeostasis. The non-covalent interactions of lipids and 
membrane proteins maintain a dynamic and fluid structure in which they can freely move. 
Cells rely on a vast diversity of membrane proteins for their viability, ranging from cellular 
adhesion, chemosensing, ion- and metabolite transport and migration. It is estimated that 
around 30% of the mammalian genome encode for membrane proteins.
	 Lipids in the bilayer have a general architecture consisting of a hydrophilic 
headgroup connected to long hydrophobic tails. Cells regulate the membrane fluidity and 
thickness by adjusting the membrane composition for example by incorporating lipids 
with different tail lengths or introduce double-bonds in the tails to disturb hydrophobic 
interactions within the bilayer. The mammalian cell membranes main constituents are 
phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylcholine (PC). 
Additionally to the phospholipids, eukaryotic plasma membranes also contain cholesterol 
and glycolipids. The molecular composition also differs between the outer and inner leaflet. 
The structure of cholesterol differs from that of phospholipids, where a rigid steroid ring 
is connected to a short hydrophobic carbon tail that can incorporate itself into the tails of 
phospholipids. Glycolipids are almost exclusively found on the outer leaflet of the plasma 
membrane (Fig 1.b). The most complex family of glycolipids, the ganglioside, contain at least 
one sialic acid modification which gives the ganglioside a net negative charge.  The large 
variety of lipids and there unique attributes also results in the formation of lipids rafts, where 
local increases in lipid concentrations compartmentalize the plasma membrane. This also has 
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functional implications as membrane proteins also have preferred surrounding lipids, thereby 
creating complex mosaic protein distribution.
	 The importance of the native lipid membrane in structural biology is illustrated 
by studies that clearly show structural differences between membrane mimetics and native 
plasma membranes. The overall protein structure and oligomerization in native membranes 
can differ which has consequences on substrate binding and functioning107,108. Even for small 
antibiotics, its structure and binding on target cells differs from reconstituted bilayers109. 
These studies support the idea for structural studies on membrane proteins to be performed 
under conditions in the native environment.
	 The lipid environment also has big implications for the functioning of EGFR after 
EGF binding110. As EGFR favors a lipid composition rich in gangliosides and cholesterol, 
their presence also regulate EGFR111. Removal of cholesterol from the plasma membrane 
stimulated EGFR activity21,112. Moreover, cholesterol reduces the mobility of EGFR113. In 
contrast, GM3 (monosialodihexosylganglioside) negatively modulates kinase activity of EGFR 
via its N-linked glycans114, potentially by reducing receptor dimerization115–117. It is believed 
that GM3 interacts with DIV or the EGFR ECD thereby preventing EGF to be able to induce 
phosphorylation of the receptor118. Ganglioside-dependent EGFR inhibition is also indirectly 
modulated as GM3 redistributes caveolin-1, which is thought to support activated receptors 
complexes and their respective adaptor proteins117. Moreover, EGF-induced activation 
of EGFR changes the local lipid composition of EGFR, which now co-localizes with GM1 
(monosialotetrahexosylganglioside) that could support either dimerization of downstream 
signalling119. The importance of lipid composition in EGFR functioning is further highlighted 
by the upregulation of ganglioside synthase enzymes which support the activation and 
signaling of growth factor receptors120,121.  Taken together, biological evidence suggests an 
important role for the lipid membrane in the regulation of EGFR structure and function. This 
is further underlined by studies performed on the full-length EGFR in native mammalian 
cancer cell line derived plasma membrane vesicles, which clearly illustrate that the ECD 
of EGFR exhibits high conformational freedom and sampling the conformational landscape 
prior to binding of EGF, which subsequently stabilizes the ECD to drive dimerization30.

Glycosylation
Glycosylation is one of the types of post-translational modifications that can occur on 
proteins. Even though the mammalian glycome is thought to be larger than the proteome, 
only a smaller subset of glycan structures are found due to constrains and regulation on the 
glycosylation process. Glycans form covalent chains of polysaccharides to specific residues, 
thereby contributing to function. They have been thought to play a role in adhesion, trafficking, 
but more interestingly also in receptor activation, signal transduction and endocytosis122.
	 As newly synthesized receptors are transported from the ER via the Golgi 
apparatus to the plasma membrane, where glycosyltransferase- and glycosidase enzymes 
modify specific residues, contributing to complex glycan linkages. The structure of the glycan 
linkages is cell-type specific and can be easily regulated by changes in the transcription of 
these enzymes and play a role in tumorigenesis122,123. Glycans impose a (allosteric) structural 
modification that can be directly involved in function. Due to the structural rearrangement, 
protein-protein interactions are promoted as new binding epitopes appear or they can be 
inhibited due to physical hindrance of dimerization interfaces124–126. For example, a neuronal 
adhesion molecule NCAM relies on its negatively-charged glycan moiety that is crucial for 
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NCAM to form synapses during development127,128.
	 Glycosylation of receptors has distinct effects on its activation mechanism. The 
addition of sugar moieties forces conformational changes to the receptor that potentially 
shifts the equilibrium of oligomeric states on resting cells or exposes dimerization domains 
to allow for rapid activation129,130. Additionally, glycan modifications on lipids can also regulate 
receptor availability, clustering and diffusion- and internalization rates131–133.
	 The ECD EGFR is also heavily glycosylated with approximately 25% of is molecular 
weight originating from the N-glycan moieties134,135. In total 9 out of 10 Asn residues in the 
ECD are glycosylated, giving rise to a diverse set of 55 glycan structures136 with different 
roles in the regulation of EGFR137. It is thought that the presence of the glycans lifts the 
ECD, especially DI and DIII, of EGFR from the plasma membrane, potentially increasing 
receptor availability for binding138. Glycosylations found in DIV strengthen the tether of DII 
and DIV possibly leading to a reduction in activation. Other studies showed by molecular 
dynamics simulations on EGFR revealed that the glycan moieties also contribute EGF 
binding to dimer stability139,140. The importance is further highlighted by the changes in 
glycosylation patterns that have been found in cancer patients123. Upregulation of the Mgat5 
gene by the Ras-Raf-MAPK pathway results in an increase of branched N-linked glycans, 
which form a substrate for galectins. On its turn, galectins bind to branched glycan moieties 
forming galectin-glycoprotein, like EGFR, complexes on the membrane and reduce receptor 
internalization141,142. 
	 Taken together, glycosylation of the EGFR ECD has strong structural implications 
that are directly linked to functional aspects including ligand binding, binding affinity and 
dimer stability as well as disease.

NUCLEAR MAGNETIC RESONANCE

Nuclear magnetic resonance (NMR) is a spectroscopic technique that allows researchers 
to study the structure and dynamics of molecules at atomic resolution. It has developed 
up to the point where it plays a vital role in analytical- and structural research and even 
contributes to medical screening, material sciences and micro-imaging (microMRI). The wide 
range of applications showcases the flexibility of NMR and, due to its non-invasive nature, its 
large potential in biology. Recent advances in sample preparation now even make it possible 
to study proteins at atomic details in situ or even directly in cells (cellular NMR)30,109,143.
	 In short, NMR makes use of magnetic property of nuclear spins, which start to 
precess around the axis of an external magnetic field. The precession of a spin is also known 
as resonance frequency, which is unique for each individual nuclei inside a sample. These 
resonance frequencies are extremely sensitive for local changes in the chemical environment 
and can therefore be used to study the structure and structural changes of biological samples 
e.g. of a protein. Moreover, the dynamics can be studied from picosecond up to second 
timescale. In contrast to solution NMR, where fast tumbling smaller proteins/complexes can 
be studied, solid state NMR spectroscopy is less limited by molecular size enabling studies 
of biological samples in their native (often dense) physiological environment.

Fundamentals in ssNMR
Biological NMR relies on NMR-active elements which are often 1H, 2H, 13C, 15N, 19F and 31P. 
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A common feature for these nuclei relies on the property called spin (I), which describes 
the energy states when placed in a magnetic field. Biologically relevant nuclei often display 
an I-value of ½. NMR makes use of the spin state transition energy which is given by eq.1:

where ∆E is the energy difference between the two relevant spin states, ħ is reduced Plank’s 
constant, γ is the gyromagnetic ratio and B0 is the magnitude of the external magnetic field. 
When nuclei are placed inside a magnetic field, the spins will orient themselves parallel or 
antiparallel with the direction of the magnetic field. The distribution of these energy states 
(Nh and Nl) can be described using the Boltzmann Equation (eq.2; Fig 3.a):

where B0 is the magnitude of the external magnetic field, γ is the gyromagnetic ratio, ħ is 
reduced Plank’s constant and T denotes the temperature. The gyromagnetic ratio (γn) is an 
intrinsic property of a nucleus dependent on its relationship between its magnetic moment 
and angular momentum following eq.3:

where mp is the proton rest mass and gn is the g-factor of that specific nucleus.
	 Two nuclei can interact with one another through various types of interactions. 
These interactions are described by a Hamiltonian that defines the resonating energy of a 
nucleus, given by the spin interactions with the external B0 giving rise to a chemical shift. 
Interactions between two spins (I and S) are commonly described by the scalar (also known 
as J) and dipolar coupling. The corresponding Hamiltonians are given in table 1.

Table 1: Overview of Hamiltonians which describe spin interactions of spin I and S.
Definitions: Ĥ Hamiltonian, γ gyromagnetic ratio, σ chemical shift tensor, B0 magnitude of the external magnetic 
field, J J-coupling constant, μ vacuum permeability, ħ reduced Plank’s constant, r distance between two nuclei and θ 
is the angle between the two nuclei and the external magnetic field.
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	 The external magnetic field experienced by a NMR-active nucleus depends on its 
position relative to the direction of the static magnetic field. Moreover, local interactions 
with surrounding electrons will also influence the magnetic field experienced by the nucleus, 
termed “chemical shielding”. Together, they indirectly induce a shift of the signal in a NMR 
spectrum. Molecules are normally randomly distributed inside the magnetic field, which 
results in each of them resonating to a unique frequency leading to an ensemble of chemical 
shifts and giving rise in a static case to a so-called “Powder spectrum”, which is defined by 
the chemical shift anisotropy (CSA) (Fig 3.b,c).
	 The isotropic J-coupling or scalar coupling, is an interaction between two nuclei 
which are connected by covalent chemical bonds. The interaction originates from the 
hyperfine couplings between the nuclei and electrons. The electrons assist the coupling 
between the two nuclei and is therefore called indirect. As the couplings depend on 
the through-bound interactions, it is exclusively intramolecular and often gives accurate 
information on the connectivity of chemical bonds and provides additional information e.g. 
bond lengths or angles.
	 In contrast to J-couplings, nuclei can also interact through space via dipolar 
couplings (Fig 3.d). Each individual spin has a small magnetic field, which interacts with a 
second nuclear spin and the dipolar coupling interaction is therefore mutual between the 
two spins. Additionally, dipolar interactions can be both intra- as intermolecular.  These 
couplings are not observed in solution NMR as the rapid tumbling of the studied molecules 
averages these interactions to zero. In ssNMR, dipole-dipole interactions generate high 
amounts of line broadening, as the molecules naturally hardly tumble and the NMR spectrum 
is a superposition of all orientations of the dipolar vector in the static magnetic field (Figure 
3d). Dipolar couplings interact through space and are sensitive towards the distance of 
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Figure 3 | Overview of ssNMR fundamentals. a, representation of Zeeman energy levels for spin ½ and 
spin -½ when an external B0 magnetic field is applied. b, the chemical shift is dependent of the orientation of the 
molecule in respect to the magnetic field which, c, leads to accumulation of an ensemble of peaks  resulting in a 
powder spectrum. d, the strength of dipole-dipole interaction depends on the distance of the two nuclei in space 
and their orientation in respect to the B0 field. e, spinning the sample at the frequency of the dipolar couplings 
around the magic angle will increase, f, the spectral resolution. 
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interacting nuclei. Therefore, they frequently are used to obtain distance information and 
restraints in ssNMR.
	 As discussed in the section above, the combination of amorphous samples and 
strong dipolar couplings in solids, the general spectra is of low quality, i.e., limited spectral 
resolution. To improve the resolution of the spectra, the sample is artificially spun around 
the magic angle (Magic Angle Spinning: MAS). The dipole-dipole Hamiltonian expresses a 
term which includes the angle of the internuclear vector and the external magnetic field. The 
dipole-dipole coupling can be solved for zero by adjusting the angle around which the sample 
is spun (Fig 3.e,f):

	 The MAS frequency at which samples are spun depends on the size of the dipolar 
coupling desired to be removed. The spinning frequency needs to be in the order of magnitude 
of the dipolar interaction to be averaged out which amounts to about 5 kHz for 13C-13C 
dipolar couplings (with an interuclear distance of 1.5 Angstrom) or 30 kHz for one-bond 
13C-1H couplings. To miminize broadening effects in the ssNMR spectrum, detection is usually 
performed on 13C or on 15N, during which the 1H couplings (~120 kHz) are decoupled 
during detection. Recent developments in ssNMR probes and advanced labelling schemes 
that reduce the amount of 1H (proton) spins in the sample have opened up new avenues of 
detection methods. Today, such probes allow to use ultra-fast MAS frequencies ranging for 60 
kHz for a  1.3 mm MAS rotor up to 100-111 kHz for 0.7 mm rotors. As mentioned above, 
the 1H-1H couplings can also be lowered by reducing the protonation level and breaking the 
1H-1H network using biochemical approached.
	 One of the major drawbacks of NMR is its low sensitivity, as the population 
difference of Nh and Nl discussed in eq. 2 under normal conditions is small. As described 
in eq.1, the theoretical maximum of a signal is proportional to the distribution of energy 
states can be affected given by the Boltzmann equation. This implies that the signal scales 
with increasing magnetic fields and higher gyromagnetic ratios. In biological ssNMR, 13C and 
15N are the most commonly used nuclei to detect. However, these nuclei have respectively 
a 4-times and 10-times smaller gyromagnetic ratio as compared to 1H. One way of utilizing 
this higher gyromagnetic ratio is by using cross-polarization (CP) experiments, where one 
can increase the sensitivity of e.g. 13C and 15N. The principle of CP relies on the dipolar 
interactions that allow to transfer the magnetization on 1H to another nucleus (such as 13C 
or 15N) provided that the Hartmann-Hahn CP condition, in which nuclei are irradiated at the 
same time (eq.5)144,145 is fulfilled: 

Another indirect advantage is that by using 1H during CP, the T1 time of the experiment 
shortens, allowing for an increased number of scans during the same measurement period.
	 A second way of utilizing the high gyromagnetic ratio of 1H is by directly detecting 
these nuclei146,147. With the development of ultra-fast MAS probes and rotors, researchers 
can now spin their samples at frequencies close to that of 1H-1H couplings148. Resolution 
can be further supported by implementing deuteration strategies to further disrupt proton 
networks149.
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	 Finally, if the use of proton-detection is not sensitive enough, one can resort to 
using the gyromagnetic ratio of electrons as it is 658-times higher than the gyromagnetic 
ratio of protons. This specialized technique called Dynamic Nuclear Polarization (DNP) uses 
microwaves generated by a gyrotron to irradiate the sample150,151. The microwaves polarize 
the free electron pairs on tailored bi-radicals, e.g. TOTAPOL or AMUPol152, which are present 
in the buffer of the sample. When the conditions for so called cross-effect DNP are met153, 
the magnetization can be transferred from the electrons in the bi-radicals to the protons of 
the protein of interest (eq.6):

	 In ideal situations, NMR signal enhancements can be realized of more than 100-fold, 
reducing NMR experiment times by 1002 =10.000 times. The interaction of the electron with 
other nuclei is also anisotropic, which means that the efficiency of magnetization transfer 
is dependent on the orientation of the molecules and will therefore be modulated by MAS. 
Moreover, the external magnetic field strength also influences the maximal enhancement 
that can be obtained, with higher magnetic fields reducing the enhancement for biradicals 
such AMUPol. Even though DNP allows the study of low molecule concentrations, it has 
one major limitation currently refers to the fact that experiments typically are performed 
at 100K. Freezing samples can give rise to structural heterogeneity leading to enhanced line 
broadening in the spectra compared to ssNMR at ambient temperatures.

ssNMR Experiments
As the section above describes, the combination of rigid/folded protein domains and motion 
are crucially important in the structure-function relationship of proteins. ssNMR is a unique 
technique which allows researchers to study these principles under physiological conditions 
via motion-sensitive (J-based) or rigidity-sensitive (dipolar-based) experiment. The section 
below will discuss some of the most frequently used ssNMR experiments in this thesis.
In conventional ssNMR, nuclei with lower gyromagnetic ratio are more frequently used 
for detection. Several scalar-based ssNMR pulse sequences have been developed to study 
homonuclear (13C-13C; INEPT TOBSY154) or heteronuclear (1H-13C; INEPT HETCOR (Fig 
4.a)) J-couplings. In short, protons are irradiated in the protein after which the magnetization 
is transferred through scalar couplings to connecting 13C, after which, in the case of the INEPT 
TOBSY, relayed to another chemically bonded 13C. In both cases, detection is performed on 
13C while simultaneously the protons are decoupled. Alternatively, one could use HSQC-
type experiments as used in solution-state NMR, where protons are directly detected. Here, 
polarization is transferred through-bond to nearby X-nuclei (13C or 15N) and back again to 
proton for its detection.
	 The advantage of using the pulse sequences is that there is also a dipolar-based 
experiment which probes the same nuclei. For example, 13C-13C Proton-Driven Spin 
Diffusion (PDSD155) follows the same principle as an INEPT TOBSY experiment, but the 
transfer of magnetization from proton to 13C and from 13C to 13C is realized via dipolar 
couplings (Fig 4.b). The INEPT TOBSY and PDSD probe unique protein domains as higher 
degrees of motion, e.g. unfolded protein segments, are easily observed by an INEPT TOBSY 
while folded protein domains (that exhibit higher rigidity) are readily detected in a dipolar-
based PDSD. As the dipolar couplings interact through space, PDSD also contains distance 
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information where cross-peaks are observed up to 5Å. Also dipolar-based XH experiments 
are developed, which follow the same principles as the scalar counterparts, albeit the 
magnetization is transferred through space (Fig 4.c).
	 Finally, two chapters in this thesis make extensive use of Double Quantum Single 
Quantum (DQSQ) experiments156 (Fig 4.d). These experiments are dipolar-based and probe 
13C-13C correlations. DQSQ pulse sequences make use of double quantum recoupling 
scheme such as the SPC5 sequence156. Such sequence reintroduce the dipolar coupling that, 
as discussed above, are averaged out MAS conditions, among 13C spins by synchronizing the 
pulse sequence to the MAS-induced rotation of the sample. In detail, radio-frequency (r.f.) 
pulses are applied with an r.f. amplitude that usually is am multiple of the MAS frequency. 
During SPC5 recoupling, the efficiency of the recoupling is sensitive to the motion of the 
molecule:  Dipolar recoupling occurs more efficiently when molecules are more rigid157 while 
local motion leads to reduction of the NMR signal. Therefore, these spectra can be used 
to perform comparative studies where changes in protein dynamics lead to changes in the 
signal intensity30.

SCOPE OF THE THESIS

In this thesis we use established protocols for cellular ssNMR in order to study the role 
of protein motion in growth factor receptor activation and functioning. In addition, novel 
approaches are discussed in the context of studying protein phase separation and develop 
new methods are introduced that push the boundaries of native ssNMR. Chapter 2 provides 
a literature overview of recent developments in native and cellular NMR for bacterial- and 
mammalian systems and highlights the strengths and limitations of in-cell NMR. In chapter 3, 
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Figure 4 | Pulse sequences of frequently used ssNMR experiments in this thesis. Overview of ssNMR 
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we study the role of conformational dynamics in the molecular activation and functioning of 
full-length EGFR in its native plasma membrane. This work is further supported by chapter 
4, where a family member of EGFR, Her2, is also studied in situ. The latter two chapters 
illustrate that the molecular activation mechanism differs from the case of using in vitro 
models, even if the in situ studies are performed in isolated membranes. Therefore, we set 
out to develop a new method in chapter 5, where we grow 3-dimensional cell preparations 
for ssNMR studies which could be used as novel system for structural studies in in vitro-
grown tumor models. Finally, in chapter 6 we describe a unique approach where we use a 
combination of solution- and solid-state NMR to elucidate the macromolecular structure 
of proteins after phase separation. The thesis ends with a concise summary of our findings.
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ABSTRACT
Increasing evidence suggests that the highly complex and dynamic environment of bacterial 
and human cells imposes critical control on cellular functions which are difficult to mimic 
under in vitro conditions. Complementary to high-resolution light microscopy and electron 
tomography, in-cell solution-state NMR can track such structural and dynamical interactions 
at the most detailed, i.e., atomic level, provided that the molecular units tumble rapidly. 
Cellular solid-state NMR (ssNMR), on the other hand, provides increasing possibilities to 
probe molecular structure in bacterial and human cell preparations largely irrespective 
of molecular size. Here we review preparative as well as methodological aspects of such 
studies and highlight recent applications focussing on proteins embedded in their natural cell 
membrane environment. 
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INTRODUCTION
Structural biology has revolutionized our view of molecular life by providing three-dimensional 
views of molecular structures largely obtained from in-vitro preparations. Increasing efforts 
in the field of cellular structural biology are devoted to obtaining and refining such data 
under physiological conditions with the ultimate aim to describe cellular life and disease 
in situ. Solution-state (in-cell) NMR can track such structural and dynamical interactions in 
living cells at the most detailed, i.e., atomic level, provided that the molecular units are small 
and tumble rapidly. Impressive progress has been made to study protein structure, dynamics 
and biological processes under such conditions (see, e.g., Ref.1-5 for recent reviews). In the 
following we discuss methods and applications underlining the growing potential of solid-
state NMR (ssNMR) to provide complementary insight into complex cellular systems. 
Starting more than 40 years ago, the use of ssNMR spectroscopy for elucidating complex 
biomolecular systems such as collagen6, bone7, natural bilayers8, bacterial cell walls9, and 
cellular organelles10 has been demonstrated. In many cases, such studies involved the use of 
one-dimensional ssNMR experiments which to this date11 have provided valuable global and, 
in selected cases, molecule-specific insight into the structural organization of cells and their 
response to external stimuli. On the other hand, strong progress has been made in the last 
15 years to develop and apply multi-dimensional ssNMR methodology for comprehensive 
determination of 3D (supra)molecular structure and dynamics of proteins and other 
biomolecules12-15. Combination of such methods with high sensitivity methods, in particular 
Dynamic Nuclear Polarization (DNP, see e.g. ref.16), as well as 1H detected ssNMR (see e.g., 
ref.17,18) and advanced biochemical and cell biology approaches offers entirely new avenues 
to study molecular structure and organization in a cellular environment. In the following, we 
introduce such approaches and discuss their use for probing protein structure in bacterial 
cells and at the cell membrane periphery of human cells. Finally, we also give an outlook to 
future areas of research and application of cellular solid-state NMR spectroscopy.

EXPERIMENTAL

Sample preparation and isotope labelling for bacterial and mammalian cells 
To conduct molecule-specific studies in a cellular context, isotope labeling is imperative to 
enhance NMR signals and to allow for multi-dimensional ssNMR correlation spectroscopy. 
Today’s flexibility of cellular expression systems has enabled production of isotope enriched 
(prokaryotic and eukaryotic) proteins for in vitro studies using NMR. The transition from 
in vitro to in situ studies is however not straightforward and so far has required the 
development of dedicated protocols. The fundamental challenge for in situ NMR experiments 
lies in obtaining NMR signals of the protein of interest in a complex molecular background 
with sufficient spectroscopic sensitivity1-5. Our group has been investigating such molecule-
specific labelling and sample preparation strategies for ssNMR wherein a target protein of 
interest (often overexpressed) is the only or most abundantly labelled moiety in the sample. 
A particularly relevant area of research for such preparations are membrane proteins where 
the surrounding lipid bilayer is critical for protein structure and function19-22. In such cases, 
ssNMR has, for example, shown an exceptional ability to study membrane proteins14,15,23,24 

including the examination of ligand binding25-27, complex formation28-30 and the influence of 
the surrounding lipid bilayer protein membrane protein structure and dynamics31,32. For 
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cellular ssNMR studies of membrane proteins, the isolation of the protein of interest in its 
native membrane environment is critical. In particular, procedures to be used must ensure 
that the membrane lipid composition which can influence membrane protein structure 
and function20-22 is preserved. In bacteria, molecule-specific labelling can be performed by 
silencing the native polymerases using antibiotics including rifampicin (Figure 1A), provided 
that a non-bacterial polymerase such as T7 RNA polymerase is used for expression33.
	 If obtaining such a construct is challenging, deletion methods in which endogenously 
highly expressed proteins such as OMP A/F present in the bacterial outer membrane are 
targeted can be applied34. Both type of preparations can be readily combined with techniques 
that contain the membrane protein of interest in bacterial cell envelopes or inner or outer 
membrane fractions34-38. For soluble prokaryotic proteins, overexpression can be used39 but 
care must be exercised including the use of low temperatures39,40 when conducting ssNMR 
experiments on whole prokaryotic or eukaryotic cells where temperature and mechanical 
forces as a result of magic angle spinning may impact cell intactness. For the purpose of 
studying mammalian cell cultures, different preparative methods have been used and can be 
subdivided into two main classes. The first class relies on the autonomous expression of the 
protein of interest in the host of interest. Banci et al. have used transient transfection of host 
cells which were grown in a growth medium containing labelled isotopes (see, e.g. Ref.4 for 
a recent review). By using a strong promoter for a short amount of time, large quantities 
of the protein of interest are produced, ensuring high degree of labelling for this protein 
and reducing background labelling4. Alternatively, one can also use mammalian immortalized 
cell lines which are known for a high endogenous overexpression of specific proteins. For 
example, we previously utilized A431 cells, which express high amounts of the Epidermal 
Growth Factor Receptor (EGFR)41. Universal labelling of the A431 cells and vesicles (Figure 
1B) enabled studies on the overall motion of EGFR, which can be supported by specific 
labelling schemes of sequential amino acid pairs to obtain information on local structure, 
motion and ligand binding41 (vide infra). 
	 The second class of preparative approaches introduces labelled biomolecules 
into an unlabelled host cell using dedicated protein delivery methods (Figure 1C). For 
example, the protein of interest can be fused to a peptide sequence which will allow for 
the translocation across the plasma membrane. As an example, Ubiquitin was shown to 
be translocated by such an approach across the plasma membrane where it interacts with 
the cellular environment42. In addition, pore-forming toxins have been used for protein 
delivery into human cells43 and micro-injection of labelled material into large host cells, e.g. 
xenopus oocytes, has been demonstrated1. More recently, electroporation (Figure 1C) has 
been used for protein delivery into cells. During the electroporation procedure, small holes 
temporarily appear in the plasma membrane which allows for labelled material to diffuse 
into the cell. For example, such procedures have been applied to HEK293 or HELA cells44 
and recent work in our laboratory suggests that electroporation is also compatible with 
ssNMR studies (Narasimhan et al., in revision). In general, the benefit of using unlabelled host 
cells relates to the reduction of background labelling of other proteins or metabolites that 
may otherwise dominate NMR spectra. Moreover, the amount of labelled protein material 
can be readily controlled and the sample can be prepared homogenously. On the other 
hand, such procedures often inherently introduce proteins from a different organism than 
the studied host cell, an aspect that is not relevant when using an autonomous expression 
system.



37

Cellular solid-state NMR Spectroscopy

2

Dynamic Nuclear Polarization (DNP)
Spectroscopic sensitivity is of outermost importance for studying complex molecular systems 
and the advent of high-frequency Dynamic Nuclear Polarization (DNP16,45) spectrometers has 
been critical to research described in this review and has become the most widely applicable 
hyperpolarization technique to enhance the sensitivity of ssNMR experiments. Briefly, DNP 
takes advantage of the higher equilibrium polarization of electrons and enhances NMR 
signals by transferring the large polarization of electrons to nearby nuclei via microwave (μw) 

Figure 1 | Sample preparation strategies for ssNMR-based studies of prokaryotic and eukaryotic 
cellular systems. (A) Isotope-labeled membrane proteins can be produced in Escherichia coli using the 
bacteriophage T7 promoter-driven overexpression. The quality of cellular ssNMR spectra of cellular envelope (CE) 
and whole cell (WC) preparations can be significantly improved by the deletion of abundant E. coli proteins (OmpA 
and OmpF), rifampicin treatment during protein production and the isolation of the subcellular compartment of 
interest after cell fractionation. (B) Preparation of protein-rich membrane vesicles from human cells cultured in 
suitable growth media. (C) Protocol to study isotope-labeled soluble proteins produced in bacteria after using 
delivery methods in mammalian cells. (D) Transient transfection of host cells can be used to directly study soluble 
proteins in mammalian cells.



38

Chapter 2

2

irradiation. Usually, DNP studies involve the addition of soluble paramagnetic compounds to 
a sample dissolved in a glassy matrix at low temperatures and under magic-angle-spinning 
(MAS) conditions. Nuclear polarization is most efficiently generated by so-called cross effect 
DNP, involving a pair of electrons in the form of a biradical and a nuclear spin (See ref. 16).
	 In 2012, we investigated the use of DNP to conduct ssNMR studies on 13C,15N-
labeled cellular preparations of E. coli containing a recombinant membrane protein40. 
Bacterial cells and cell envelope extracts were typically suspended in a matrix consisting of 
a well-defined aqueous buffer containing d8-glycerol as cryoprotectant, and TOTAPOL46 as 
polarizing agent. The biradicals TOTAPOL and AMUpol47 are compatible with cell viability 
when used at a concentration of 5-40 mM and provide significant sensitivity enhancements at 
low temperature, i.e. at 100K. Regarding the maximum achievable DNP enhancement, recent 
work have shown that they can significantly vary, depending on sample preparation48-50 and 
on the choice of the polarizing agent51. The enhancement generally reduces with increasing 
magnetic field in the case of biradicals that utilize the cross effect mediated by dipolar 
electron-electron interactions. Mance et al. have examined52,53 the magnetic field dependence 
of biradicals including AMUPol. These studies suggested an approximately 1/B0

2 dependence 
of cross-effect DNP that is governed by a relative weak effective hyperfine coupling 
that describes the initial electron-nuclear polarization transfer step. The corresponding 
distance amounts to approximately 10 Ångstrom, which is in line with experimentally 
observed paramagnetic relaxation enhancement (PRE) effects under low temperature DNP 
conditions54.  More recent results suggest that two-electron systems that exhibit sizable 
electron-electron exchange interactions exhibit a reduced magnetic field dependence and 
show maximum DNP enhancements at high field51.
	 Next to sensitivity, spectroscopic resolution is another critical factor for DNP 
applications on complex (bio)molecules. In our previous work we have shown that high-field 
DNP can significantly enhance the prospects to conduct in-depth structural investigations 
of complex molecules such as membrane proteins. For example, we examined spectral 
resolution by comparing two-dimensional (13C,13C) and (15N,13C) correlation data sets on fully 
[13C, 15N]-labeled variants of the KcsA potassium channel at 800 MHz DNP conditions using 
soluble49 and tagged54 AMUPol variants to data obtained at ambient temperatures. In general, 
we observed that high field conditions can significantly enhance spectral resolution49,55  and 
we also showed that the intrinsic paramagnetic properties of the polarizing agents can be 
used as direct structural probes during the spectroscopic analysis. A more detailed discussion 
of DNP in the context of cellular solid-state NMR can be found elsewhere50.

Figure 2 | 1H detected dipolar-based 2D NH spectra of water-inaccessible regions in the potassium channel KcsA, 
acquired with A) reconstituted KcsA and B) directly in native cellular E. coli membranes. All data were recorded 
at 60 kHz MAS and 800 MHz. C) Overlay of dipolar-based 1H-detected 2D NH spectra of YidC in cell envelopes 
(green) and purified and reconstituted in E. coli lipids (gray) at 55 kHz MAS and 800 MHz. Although overall the 
spectra agree well (>30 resolved peaks remain unchanged), 18 resolved peaks move (arrows) and >35 intensities 
change (stars) in the purified sample, relative to the cell envelope, suggesting that the structure and likely dynamics 
of YidC are different in native membranes. Figure adapted from Structure, 26, Baker, T. et al., 161-170, copyright 
(2018) with permission from Elsevier. D) Comparison of 1H-detected 2D NH spectra of lipid II-bound nisin in 
native M. flavus membranes (magenta) and in DOPC (cyan). The gray spectrum shows nisin non-specifically bound 
to DOPG:DOPC liposomes (7:3 ratio) in the absence of lipid II.



39

Cellular solid-state NMR Spectroscopy

2



40

Chapter 2

2

Proton-detected ssNMR
While biological ssNMR historically used heteronuclear (low-gamma) detection, the 
emergence of dedicated deuteration schemes36,56,57 and the commercial introduction of 
very high MAS probeheads58 increasingly enables the direct detection of proton signals 
in complex biomolecular systems. 1H-detection can provide substantial sensitivity gains, 
which is one of the reasons why it is commonly used in solution NMR studies, and also 
much reduces the necessary amount of sample. While the theoretically achievable spectral 
sensitivity in 1H-detected experiments is much smaller compared to the achievable DNP 
signal enhancement, 1H-detection is nevertheless an attractive alternative for cellular studies 
because of the usually markedly better spectral resolution and the possibility to conduct 
experiments at truly physiological temperatures and buffer conditions. In a first study, 
Weingarth et al. demonstrated36 the use of 1H-detection to quantitatively study membrane 
proteins directly in native cellular membranes (Figure 2A, B). 
	 Here, we overexpressed the bacterial potassium channel KcsA in the E. coli inner 
membrane while the endogenous protein background was silenced by adding rifampicin to the 
13C,15N-labelled growth medium33. Remarkably, 1H-detected spectra in cellular membranes 
exhibit basically the same favorable resolution as spectra in synthetic liposomes, and readily 
enabled the annotation of a larger number of signals, and the analysis of protein dynamics 
under cellular conditions. More recently, we integrated this cellular 1H-detected ssNMR 
approach with electron cryotomography to study YidC (Figure 2C), a bacterial membrane 
protein involved in the insertion of proteins into the inner membrane, in its native membrane 
environment37. These two methods are ideal complements and provide a powerful synergetic 
perspective to acquire structural data across several time- and length scales. In the case of 
YidC, we obtained a remarkably well resolved spectrum in the native cellular membrane, 
and this spectrum showed clear changes relative to synthetic membranes, implying structural 
and/or motional differences in the native environment. Finally, we recently demonstrated a 
hybrid approach based on 1H-detection and high-field (800 MHz) DNP to study antibiotics 
directly in native cellular membranes59 (Figure 2D). Here, we investigated the binding mode of 
the antimicrobial compound nisin to the so-called bacterial ‘Achilles Heel’ Lipid II, embedded 
in the native plasma membrane of Micrococcus flavus. We observed clear differences in native 
membranes, which provides precious information on pharmaceutical hot spots that can be 
used to rationally improve drug activity. Notably, we succeeded to perform this study with 
a minute amount of ~5 nmol of 13C,15N-labelled antibiotic, which was critical to zoom in on 
specific binding events.

Cellular ssNMR and complementary methods 
During various stages of cellular ssNMR studies, a detailed characterization of cellular 
preparations by complementary methods is crucial. As discussed above, the concentration 
of labeled target protein must be high enough compared to other proteins to provide well-
resolved resonances and unambiguous signal identification by ssNMR. Correspondingly, 
studies of protein composition and quantification are vital in the early stages of cellular 
ssNMR studies. The protein composition of cellular preparations can be readily investigated in 
a semi-quantitative manner by polyacrylamide gel electrophoresis (PAGE). Gel Glycine–SDS-
PAGE are the commonly used SDS electrophoretic techniques for separating proteins in a 
mass range of 1-500 kDa. When protein identification becomes challenging in one dimension, 
2-D electrophoretic systems in conjunction with protein identification techniques can be 
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used to establish proteome maps and yield information about the occurrence and abundance 
of proteins in cellular preparations. An example, of such studies is show in Figure 3A, where 
(A, lane 1) results of a Tris/Glycine SDS-PAGE of cell envelope of BL21 WT cells expressing 
the core complex of the type 4 secretion system (T4SScc, vide infra) that comprises 
three proteins (VirB7,9 and 10) are shown. In this case, endogenously highly expressed 
outer membrane proteins OmpF and OmpA are readily visible. Their contributions can be 
removed by using cell envelope preparations of BL21dm cells in which both proteins are 
deleted (lanes 2 and 3).
	 Alternatively, protein expression levels can be examined by mass spectrometry 
(MS). For example, we conducted MS experiments41 on A431 cells and the isolated membrane 
vesicles probe the level of EGFR expression (see section 3.3).  When analyzing whole cells or 
cellular preparations encompassing several cell compartments, the homogeneous targeting 
of the protein of interest represents another critical factor for obtaining high-quality ssNMR 
spectra and physiologically relevant information. Fluorescence microscopy in combination 
with fluorescently active ligands is an extremely powerful tool to localize the protein of 
interest. For example, the use of confocal microscopy on A431 cells and EGFR negative cells 
confirmed that EGFR is fully targeted to the membrane. For further characterization and 
subsequent structural analysis, FRET experiments as well as cryo-electron microscopy35,41 

and tomography37 can be used in conjunction with cellular solid-state NMR studies. For 
example, we performed single molecular cryo-EM studies on type-4 secretion core complex 
(T4SScc) in cellular ssNMR preparations and after subsequent solubilisation35 (Figure 3B). 
More recently, we combined 1H ssNMR with cryo-EM tomography37 to examine cell envelope 
preparations of bacterial cells overexpressing YidC in the inner membrane (Figure 3C). With 
the increasing resolution power of EM and ET methods, combined studies involving cellular 
ssNMR offer exciting opportunities to study proteins and other biomolecules in cells at 
highest spatial resolution. In addition in-cell solution-state NMR, EPR44,60 can provide insights 
on the protein conformation in cellular settings. Due the fast relaxation of nitroxide spin 
labels at room temperature in general favors EPR experiments to be conducted at cryogenic 
temperatures similar to DNP ssNMR conditions.

RESULTS AND DISCUSSION

Bacterial cell envelopes
The bacterial cell envelope is a complex multilayered structure. Gram-negative bacteria 
are surrounded by a thin peptidoglycan (PG) cell wall, which itself is surrounded by an 
outer membrane (OM) containing proteins, phospholipids and lipopolysaccharides (LPS) 
(Figure 4.A). Reliable protocols and a number of successful applications have emerged in 
the last years, allowing bacterial membrane proteins to be investigated in situ with atom-
level resolution. These protocols involved β-barrel proteins inserted into the bacterial outer 
membrane (OMPs)40, proteins embedded in the inner membrane of bacteria such as ion 
and proton channels36,61, retinal proteins22 and electron transport proteins62 or periplasmic 
proteins associated with the peptidoglycan layer63.
Previously, we showed34 that prokaryotic cell envelope containing the intact inner membrane 
(IM) and the outer membrane (OM) may be obtained through mild and non-disruptive lysis 
procedure such as in a French press, followed by successive removal of unbroken cells 
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and cytosolic components through different centrifugal steps. More recently37, we could 
also confirm that IM and OM remain in such cell envelope (CE) preparations. The cell 
envelope approach firstly was applied on PagL, a 150-residue integral membrane-protein 
PagL from Pseudomonas aeruginosa, an OM enzyme that removes a fatty acyl chain from 
LPS and helps the bacterium to evade the host immune system. Using uniformly 13C,15N-
labeled preparations of whole cells (WC) and cell envelopes (CE), we performed a set of 2D 
13C-13C correlation experiments employing dipolar-based magnetization transfer steps. Both 
preparations yielded NMR spectra of astonishing quality considering sample complexity and 

Figure 3  | (A) Lane 1: 10% Tris/Glycine SDS-PAGE of cell envelope of BL21 WT expressing T4SScc. Lanes 2 and 3: 
17.5% Tris/Tricine SDS-PAGE of cell envelope of BL21dm expressing T4SScc (lane 2) and without expressing T4SScc 
(lane 3). M refers to the molecular weight marker. B) Electron Microscopy data of T4SScc after purification. C) The 
Morphology of Cell Envelope Samples over YidC overexpressing bacteria by cryoEM. (top) Cell envelopes were 
vitrified on graphene oxide-treated holey carbon grids. The membranes adopt a variety of shapes and sizes, with 
many maintaining a native ultrastructure. (bottom) Membrane structures of different shapes and sizes maintain the 
native cell wall architecture when viewed at higher magnification of outer membrane (black line), cell wall (red line), 
and inner membrane (white line). When the inner and outer membranes separate (black arrowheads), the cell wall 
appears to favour the outer membranes. Figure adapted from Structure, 26, Baker, T. et al., 161-170, copyright (2018) 
with permission from Elsevier.
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non-crystallinity, with well-dispersed cross-peaks characteristic for protein and lipid signals. 
As anticipated, we observed an improvement in both sensitivity and spectral resolution for 
the CE preparation, potentially due to the single contribution of CE-associated components. 
To examine in further detail the conformation of PagL in CE, we performed 2D 15N-edited 
13C correlation experiments33 in which signals arising from non-proteinaceous molecular 
components are largely reduced. Because of the favorable spectroscopic dispersion 
among Thr, Ser, and Gly residues in 2D and 3D CC/NC correlation experiments, we could 
subsequently perform a residue-specific analysis based on sequential resonance assignments 
of PagL residues located in different topological regions of the protein. Complementary 
protocols were further established to characterize major endogenous macromolecular 
components of E. coli CE that surround the target protein PagL such as the lipoprotein 
lpp or Braun’s protein that belongs to the most abundant CE proteins in exponentially 
growing E. coli cells. Finally, highly-flexible non-proteinaceous CE-associated components like 
PG and LPS that play crucial roles in bacterial physiology, virulence and antibiotic resistance 
were readily identified using through-bond 1H-13C and 13C-13C correlation spectra obtained 
on CE and WC preparations (Figure 4.B). Using this strategy, we obtained de novo ssNMR 
assignments of LPS and PG glucosamine units and some of their substituents34.
	 More recently we further extended our methodology to study protein machines 
spanning the entire bacterial cell envelope (Fig, 4,C). In particular we studied the structural 
organization of the type IV Secretion System Core Complex (T4SScc) consisting of 14 
copies each of Vir- B7, B9 and B10 proteins, that spans the whole length of the periplasm 
in order to shuttle substrates/cargo in and out of the cells35. We used specific ([13C,15N]-
(Gly,Ser,Leu,Val)) and sequentially selective ([13C,15N]-Thr, [15N]-Val)) isotope labelling 
to reduce signal ambiguity and establish unique sequential correlations in cell envelope 
preparations of BL21dm cells. For our structural analysis, we exploited the well-established 
correlation between NMR resonance frequencies and protein secondary structure64,65 to 
obtain structural information about the backbone fold of cell-embedded T4SScc using 3D 
and 2D ssNMR data sets (Figure 4C,). Comparison of our experimental results obtained 
under DNP conditions to in silico structural models helped to describe the fold of the T4SScc 
in the cellular envelope (Figure 4C), in particular of protein regions that have been elusive 
for X-ray or single particle cryo-EM studies. Moreover, the combination of DNP-ssNMR and 
ssNMR experiments conducted at ambient temperatures provided insight into the inner 
membrane embedded parts of VirB10.
	 Finally, cell envelope preparations can be further modified to isolate the inner or 
outer membrane fractions through density gradient centrifugation. Medeiros-Silva et al36 
could for the first time used a similar approach to study an ion-channel protein KcsA in the 
inner membrane of E. coli. Using proton detection, they reported significant differences in the 
protein structure in the native lipids as opposed to in vitro (Figure 2.A).

Intact bacteria cells
Similar to the use of ssNMR for cell envelope samples, experiments are also possible for intact 
bacterial cells provided that experimental conditions are used that keep cell morphology 
intact. In particular, these issues relate to centrifugal forces as well as temperature increase 
may affect bacterial cell structure. A convenient means to address these issues is the use of 
low temperature conditions that has been employed to study soluble proteins39 and other 
biomolecules40, possibly under DNP conditions40. In the latter case we could not only study 
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Figure 4 | (A, left) Overall structural organization of the cell envelope of E.coli including an outer membrane protein 
(OMP). (A, right) Resonance assignment of flexible LPS and PG moleculars using through-bond 2D (1H-13C) INEPT 
and 2D (13C-13C) INEPT-TOBSY correlation spectroscopy. The CC and HC correlations that belong to the same 
spin system are connected by dashed lines. Assigned resonances from LPS and PG glucosamine units are highlighted 
onto chemical structures. β/α-GlcN, β/ α-N-acetylglucosamine; PG NAG, Peptidoglycan N-acetyl Glucosamine; 
NAM, N-acetyl Muramic acid, LP, lipopolysaccharide. (B, right) Analysis of DNP-based 2D and 3D ssNMR data sets of 
tailored-labeled cell-embedded T4SScc. Left, 2D (13C,13C) planes taken out of 3D NCACX (green) and 3D NCOCX 
(light blue) of TV-T4SScc. (B, left), summary of residue-specific ssNMR probes and their location in reference to the 
cellular envelope including the T4SScc electron microscopy map with the outer membrane complex fitted inside 
(PDB: 3JQO). The N-terminus of VirB9 is also docked into the map. Identified residues in ssNMR spectra are shown 
as orange balls for the TV-T4SScc and red balls for the GSLV-T4SScc. C) Identification of nucleic acids in whole-
cell (WC) ssNMR data of PagL overexpressing bacteria. Selected spectral regions from DNP-enhanced 2D NCO 
spectra obtained on (U-13C,15N)-labeled WC showing characteristic correlations of RNAs. Indicated assignments 
are based on BMRB average chemical shifts from common RNA nucleotides. Chemical structure of standard RNA 
bases with Watson-Crick base pairing throughout. Intra- and intermolecular contacts between cytosine N4 or 
uracil N3 and other C atoms that support our assignment are indicated.
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proteinaceous species but our data also allowed to identify nucleic acids in selected spectral 
regions of 2D NCO spectra obtained on (U-13C,15N)-labeled whole cell samples showing 
characteristic correlations of RNAs (Figure 4D). Assignments indicated in this figure are 
based on BMRB average chemical shifts from common RNA nucleotides and Intra- and 
intermolecular contacts between cytosine N4 or uracil N3 and other C atoms that support 
our assignment are indicated. On-going work in our laboratory also suggests that more 
detailed studies of nucleotides and proteins and their complexes may be possible by carefully 
optimizing sample preparations including the use of protein delivery methods and the use of 
mixed labelling66,67 to gain detailed structural and molecule-specific insight into the structural 
organization of complexes in cells. 

Human cells
Using a DNP-supported cellular ssNMR approach and dedicated sample preparation 
methods (see above), we more recently studied structural and dynamical aspects of the 
activation mechanism of EGFR in membrane vesicles derived from human A431 cells (Figure 
5A,B). We quantified EGFR expression levels using MS experiments41 on A431 cells and the 
isolated membrane vesicles (Figure 5C-E). Using a well-established semi-quantitative analysis 
based on summed ions intensities over all detected peptides, we found actin to be the 
most abundant protein in whole A431 cells, followed by other abundant soluble molecules 
including heat shock and histone proteins. While the EGFR expression level was lower than 
these proteins, EGFR still represented the most abundant membrane protein in the cells, 
in line with previous findings. When moving to isolated membrane vesicles, we found EGFR 
relatively enriched by at least a factor 5.5, making EGFR, together with actin, the most 
abundant protein in the membrane vesicles (Figure 5D). 
	 For our ssNMR analysis, we firstly probed rigid and dynamic regions of uniformly 
isotope-labeled receptor preparations by combing dipolar and scalar-based ssNMR 
experiments that can give complementary information about protein dynamics at ambient 
temperatures41 (Figure 5F). In our studies we exploited the fact that intermediate-time scale 
motion will further influence dipolar recoupling efficiencies, for example when using dipolar-
based Double Quantum-Single Quantum (DQSQ) correlation experiments28,68. When 
applied in 2D ssNMR spectroscopy, amino-acid specific information can be obtained when 
comparing data sets before and after receptor activation. Signal dispersion in such data sets 
arises from amino-acid type and protein secondary structure. For example, various crystal 
structures of EGFR domains predict that threonine and serine residues are more commonly 
found in α-helices in the kinase domain (KD), while they mostly reside in β-sheets or random 
coil protein regions in the extracellular domain (ECD).  Using such dependencies, we could 
correlate ssNMR signal patterns before and after activation with the structure and intrinsic 
mobility of different EGFR domains (Figure 5G). In order to confirm the change in overall 
dynamics observed after activation of EGFR in the fully labelled samples, we designed local 
probes by specific amino acid labelling to study the local effect of receptor activation. Based 
on the amino acid sequence of EGFR and the other most abundant proteins in the plasma 
membrane preparation, two amino acids (13C-Met, 13C-Phe) were selected for 13C-labelling, 
while two others (15N-Thr, 15N-Leu) were uniformly 15N-labelled, creating unique signal sets 
when conducting sequential NCOCX-type of experiments69,70. Hence, these experiments 
allowed us to zoom in on specific protein segments know to be critical for receptor 
activation. We could confirm the EGF binding site and found that, upon binding of EGF 
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Figure 5 | Plasma membrane vesicle isolation allows for structural studies in native environments. 
A) A431 cells that over-express EGFR are cultured with (13C,15N)-labeled amino acids to label all proteins inside 
the cells. B) Confocal imaging of NIH 3T3 2.2 cells (EGFR negative) and A431 cells showing the nucleus by using 
DAPI (blue) and EGFR by using an anti-EGFR nanobody (green). C) A431 cells are harvested and lysed in order to 
form plasma membrane vesicles. D) Mass spectrometry analysis showing the most abundant proteins in the whole 
cell preparation and plasma membrane vesicle preparation. E) Super-resolution dSTORM imaging of the plasma 
membrane vesicles using nanobodies to stain for EGFR. F) First increment of a 2D (13C-15N)-NCα recorded on 
A431 plasma membrane vesicle in absence or presence of EGF at ambient or frozen temperature, highlighting the 
increase in rigidity in overall dynamics at ambient temperature after EGF addition. G) Zoom in on the threonine 
region in a (13C-13C) Double Quantum Single Quantum experiment recorded at ambient temperature in the absence 
(orange) or presence (blue) of EGF. Boxes indicate confidence intervals for secondary structure elements. Boxes 
for alpha-helical, random coil and β-sheet structures are coloured red, black and blue respectively. The dashed 
boxes indicate Cα resonances while the solid boxes indicate Cβ. The distribution of secondary structure elements 
per domain of EGFR is shown by bar the bar graphs for threonine. H) Model for EGFR activation, highlighting the 
dynamical ECD prior to EGF-induced activation leading the stabilization of the ECD and subsequent activation of 
the receptor. Several binding epitopes are indicated on EGFR of activating ligands (EGF, HB-EGF and AREG) and 
inactivating ligands (Cetuximab, 7D12, Matuzumab, EgA1 and 9G8).
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to EGFR, spectral dispersion (i.e., secondary structure) is preserved and conformational 
heterogeneity is reduced. Taken together, the combination of ssNMR with DNP-ssNMR led 
us to model the activation step of EGFR that, according to our data, involves changes in 
overall as well as local receptor dynamics without significant changes in protein secondary 
structure (Figure 5H).

CONCLUSIONS 

NMR is providing increasing opportunities to study protein structure under cellular 
conditions where a complex molecular environment as well as endogenously low protein 
concentrations require the combined use of state-of-the art protein chemistry, cell biology 
and NMR spectroscopic methods. In such studies, solid-state NMR can play an important 
role since molecular tumbling does not restrict its use, opening novel avenues to study 
structures and interactions of proteins and other biomolecules as well as the formation 
of biomolecular complexes in cells and cellular compartments. A critical parameter for 
such studies relates to spectroscopic sensitivity and significant progress has been made in 
developing ssNMR methods and protocols that make use of DNP and 1H ssNMR for the 
study of cellular (so far mostly membrane-embedded) proteins. In our contribution, we 
described the conceptual details of such methods.
	 Thus far, most DNP-supported studies of complex biomolecules utilized chemical-
shift information or relied on the determination of specific distance or torsional restraints. 
Similar to progress in the field of in-cell solution-state NMR71,72 we envision that further 
efforts will be devoted  in the next years to increase the number of structural constraints 
that can be obtained from such studies. For example, the rich arsenal of 13C/15N detected 
experiments could be tailored to give 3D structural information for cellular DNP-supported 
ssNMR conditions. Likewise, dedicated methods that probe the supramolecular setting67 

will be of high interest. Such studies may, at least for bacterial systems where deuteration is 
straightforward, also go hand-in-hand with cellular ssNMR 1H detection approaches26,36 and 
make use of MAS setups that go well beyond 60 kHz. As we have demonstrated recently59,73, 
the combination of both high-sensitivity techniques may provide unique information on 
molecular structure and dynamics in a cellular context.
	 While the emphasis in many ssNMR studies so far has been largely been on 
membrane proteins, we40 and others39 have already shown that ssNMR studies can also be 
conducted on soluble molecules in whole cells. It seems likely that future cellular ssNMR 
studies may be possible on large cell-embedded complexes that are difficult to study by 
in-cell solution-state NMR. With these aspects in mind, cellular solid-state NMR may be 
able to provide detailed structural insight into biomolecules in their natural setting that 
is complementary to modalities such as cryo-electron tomography or high-resolution 
fluorescence spectroscopy. Applications may range from elucidating molecular mechanisms 
associated with bacterial pathogenicity and virulence to the examination of protein folding 
and aggregation in human cells with an important goal for determining drug modes of action 
and developing new-generation therapeutics in a cellular, i.e. physiological, context.
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ABSTRACT
The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase which is crucial 
for the regulation of cell proliferation, migration and differentiation and is therefore a 
common target in anti-cancer therapy. By binding to the extracellular domain (ECD), ligands 
induce the stabilization of the open conformation, promoting receptor dimerization and 
oligomerization which results in kinase activation and receptor downregulation. The ECD 
samples a large conformational landscape in its resting state, a feature which is lost after 
ligands stabilize the ECD. A role for ECD dynamics in receptor activation and signalling has 
never been demonstrated. Here we have used nanobodies that reduce EGFR dynamics by 
simultaneous binding to domain II (DII) and III (DIII) of the ECD to investigate the role for 
ECD dynamics in receptor functioning. We show that binding of these nanobodies reduce 
the freedom of movement of the hinge region between DII and DIII. Concomitantly, we 
observe a decrease in affinity of EGF binding, inhibition of kinase activation and a block of 
receptor internalization. By introducing point mutations in the nanobodies, we are able to 
increase the dynamic state of the ECD. Now we observe again low affinity binding, but a 
restoration of kinase activation, and enhancement of receptor internalization. Our findings 
demonstrate the requirement for appropriate ECD dynamics for EGFR functioning. 
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INTRODUCTION
The EGFR receptor is present at the cell surface of resting cells in a dynamic state where 
it samples through the conformational landscape1. This enables the formation of inactive 
pre-dimers at the cell surface, which can occur with different conformational settings of 
the ECD described as stalk-to-stalk, head-to-head2,3. EGF binds with high affinity to both 
domain I (DI) and DIII of the ECD simultaneously, which reduces ECD dynamics leading 
to a stabilization of the open conformation and back-to-back receptor dimerization4,5. In 
this conformation of the EGFR dimer, the two binding sites for EGF form together the high 
affinity EGF binding cavity. EGFR dimers trans- or crossphosphorylate tyrosine residues on 
the C-terminal tails resulting in binding of signal transducer proteins therebye activating 
intracellular signalling cascades and receptor internalization. These intracellular signalling 
pathways are involved in cell proliferation, migration and differentiation. Internalization is 
part of the down regulation process, an efficient negative feedback system leading to the 
degradation of EGFR in lysosomes. EGFR has frequently been found overexpressed and/or 
mutated in tumors explaining why this receptor has become a common target in anti-cancer 
therapy. 
	 The requirement of ECD dynamics for receptor functions as ligand-binding, 
activation and internalization is not clear, although point mutations in the EGFR ECD of 
glioblastoma patients have been found to increase conformational sampling of the ECD6. 
In order to investigate the role of ECD dynamics in receptor functioning, we have used 
nanobodies that were previously shown to inhibit EGFR activation7,8. Crystal structures of 
these nanobodies in complex with the ECD of EGFR have revealed two types of inhibitors: 
EGF-competing nanobodies (7D12) and allosteric inhibitors (EgA1 and 9G8)9. Moreover, 
nanobodies were found that do not inhibit EGFR activation (EgB4)10. The binding epitope of 
7D12 overlaps with the footprint of EGF-binding on DIII, while the binding epitopes of EgA1 
and 9G8 are located on both DII and DIII at the opposite site of the EGF-binding site (Fig 
1.a). The binding epitope of Egb4 has been mapped to DI3. Based on these data we speculated 
that the allosteric inhibition could be the result of a reduction of ECD dynamics, preventing 
the stabilization of the open conformation of EGFR9. In order to test this hypothesis, we 
here used solid-state NMR (ssNMR) spectroscopy and cell biological methods to investigate 
the effect of allosteric nanobodies on both ECD dynamics and receptor functioning.
	 The nanobodies used in this study (7D12, EgB4, EgA1 and 9G8) were purified and 
tested for their effect on EGF binding and inhibition of receptor activation (Supplementary 
Figure 1.a-f). These experiments confirm that binding of EGF, complexed to Alexa Fluor 647 
(EGF-A647), is not affected by EgB4 (Fig 1.b), whereas increasing concentrations of 7D12 
prevent EGF-A647 binding completely (Fig 1.c). The allosteric nanobodies EgA1 and 9G8 
did not completely block EGF-A647 binding (Fig 1.d, e). Pre-incubation of A431 cells with 
saturating concentrations of EgA1 or 9G8 resulted in a reduction of binding affinity for 
EGF-A647 (Fig 1.f, Supplementary Figure 1.e). As a second read-out for EGFR functioning, 
we tested the effect of the allosteric nanobodies on receptor internalization. Both EgA1 and 
9G8 were able to block EGFR internalization as long as they remain bound to EGFR (Fig 1.g-
i). Taken together, the allosteric nanobodies Ega1 and 9G8 nanobodies reduce EGF binding 
affinity and block both receptor activation and receptor-mediated endocytosis.
	 To directly test the effect of the allosteric nanobodies on ECD dynamics we used 
NMR spectroscopy (ssNMR) as described previously1. A431 cells were cultured on growth 
medium containing [13C,15N]-isotope labelled amino acids to enrich proteins for NMR-active 
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isotopes. The membrane fraction was isolated resulting in a sample with the EGFR as the 
most abundant protein1. To probe ECD dynamics we recorded ssNMR spectra using cross 
polarization (CP) and double 13C quantum single quantum (DQSQ) correlation experiments 
that in the initial rate regime are sensitive to receptor mobility. As a reference we conducted 
direct excitation experiments that report on the overall amount of sample in the NMR 
setup (see Materials & Methods).

Figure 1 | Allosteric nanobodies block EGFR functioning. a, binding epitopes of αEGFR ligands, EGF 
(magenta; PDB accession code 1IVO), EgB43 (blue), 7D12 (Magenta DIII; PDB accession code 4KRL), EgA1 (green; 
PDB accession code 4KRO) and 9G8 (green; PDB accession code 4KRP),  highlighted on a dynamic EGFR ECD 
(gray; PDB accession code 4KRO). b, Non-inhibiting nanobody EgB4 does not prevent EGF-A647 binding, c, while 
competitive inhibitor 7D12 competes for EGF-A647 binding. d, e, Allosteric nanobodies EgA1 (d) and 9G8 (e) 
reduce EGF-A647 binding partially. f, Binding affinity of EGF-A647 is reduced after binding of allosteric nanobodies 
EgA1 or 9G8. g-i, EGFR internalization assays reveal that as long as allosteric nanobodies are bound to EGFR, EGF 
binding does not result in receptor internalization.
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	 Incubation of A431 plasma membrane vesicles with a saturating concentration 
(500 nM) of control nanobody EgB4 prior to ssNMR analysis did not affect EGFR dynamics 
as compared to control vesicles (Supplementary Figure 2.a). As shown previously, addition 
of EGF induces an increase in rigidity in the sample as seen by increased sensitivity for 
rigidity-sensitive CP and DQSQ and a loss of signal in motion-sensitive INEPT spectra 
(Supplementary Figure 2.b-d). For improved analysis of the effect of EGF on ECD stabilization, 
2D 13C,13C-correlation DQSQ spectra were recorded, which provide information on 
changes in rigidity for secondary structure elements on a ms time scale (Supplementary 
Figure 3.a). Four specific regions were used for data interpretation as these regions were 
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Figure 2 | Allosteric nanobody EgA1 locks DII/DIII hinge, thereby reducing ECD dynamics. a, 
distribution of secondary structure elements of serine residues per dubdomain of EGFR (ECD: extracellular 
domain; KD: kinase domain; CT: C-terminal tail). b, up, serine region of two-dimensional DQSQ spectrum, recorded 
on EgB4-bound plasma membrane vesicles, before (orange) and after (blue) addition of EGF or, b, down, 2D DQSQ 
spectrum recorded on EgA1-bound plasma membrane vesicles before (green) or after (purple) addition of EGF. 
An acid wash was performed to remove ligands from EGFR, followed by addition of EGF (gray). Coloured boxes 
indicate confidence intervals for certain secondary structure elements, e.g. α-helices (red), random coil (black) 

and β-sheet (blue). Dotted boxes represent Cα correlations, while solid boxes represent Cβ correlations. ssNMR 
spectra were recorded at a set temperature of 283 K and 9 kHz MAS. c, Quantification of the β-sheet peaks in 
a 1D slice (dashed line) which are normalized to the activated state for, left, EgB4-bound- and, right, EgA1-bound 
vesicles. d-f, presents the same analysis and data as a-c, but for threonine residues (d), NMR spectral region (e) and 
peak intensity quantification (f). 
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resolved and comprise resonances from serine-, threonine-, alanine- and proline residues 
(Fig 2; Supplementary Figure 3.a-e). EGF is able to induce a stabilization of the ECD on 
EgB4-bound A431 plasma membrane vesicles as seen by an increased signal for β-sheet (blue 
boxes) and random coil (black boxes) secondary structure elements, further highlighted by 
1D slices and quantification of peak intensity (Fig 2, Supplementary Figure 4). Taken together, 
these data show the absence of any significant effect of EgB4 binding on EGFR dynamics. The 
DI-specific EgB4 nanobody will be used as control throughout the following studies.
	 To investigate the impact of EgA1 on ECD dynamics, we incubated [13C,15N]-
isotope-labelled A431 plasma membrane vesicles with 500 nM EgA1 for 60 min and analyzed 
the vesicles using ssNMR. The addition of EgA1 does not have a clear impact on the overall 
dynamic state of the ECD (Supplementary Figure 5.a-c). However, two-dimensional DQSQ 
spectra revealed that ECD-specific peak intensities are increased as compared to inactivated 
receptors, albeit reduced compared to fully stabilized ECDs (Fig 2; Supplementary Figure 
6.a-e). These data suggest that the ECD still exhibits motion, even though the rotational 
freedom around the hinge region between DII and DIII is locked. Addition of EGF to the 
EgA1-bound plasma membrane vesicles did not induce a significant difference in the dynamic 
state of the sample (Supplementary Figure 5.a-c). Interestingly, also in the 2D DQSQ spectra 
no additional stabilization of the ECD was observed after addition of EGF, suggesting that, 
even though EGF is able to bind EGFR, it cannot stabilize the ECD further (Fig 2). To confirm 
that this is caused by EgA1, we performed an acid wash on the plasma membrane vesicles 
to remove all bound ligands from the sample, which shows again the EGF-induced ECD 
stabilization after EGF addition (Fig 2; Supplementary Figure 6). In conclusion, EgA1 locks the 
DII/DIII-hinge region which reduces the conformational freedom of the ECD.
	 EgA1 binds both the DIII and DII of the ECD, of which the latter interaction is 
mediated by a  positively-charged arginine and hydrophobic tyrosine at position 107 and 
108 respectively9 (Supplementary Figure 7.a). By creating two EgA1 mutants, EgA1-R107D 
(EgA1-D1) and EgA1-R107D,Y108D (EgA1-D2), we aimed at abolishing the interaction of EgA1 
with DII by introducing negative charges on the nanobody CDR3 loop, without disrupting the 
DIII binding site (Supplementary figure 7.b, c). Binding assays of the EgA1 mutants confirm 
the expected reduction in affinity of the two mutations while they still compete for binding 
with wild type EgA1 (Supplementary figure 7.d-g).  We performed ssNMR experiments with 
EgA1-D2-bound plasma membrane vesicles to test the effect of this mutant on ECD dynamics. 
Interestingly, binding of EgA1-D2 potentially increased the conformational dynamics of the 
ECD prior to EGF binding, which is subsequently fully stabilized by the binding of EGF (Fig 
3.a-d, Supplementary Fig 7). EGF-induced tyrosine activation as well as the internalization 
rate constant were increased by EgA1-D2 (Fig 3.e,f). However, increased ECD dynamics did 
not lead to a high affinity state of EGFR (Fig 3.g-i, Supplementary Figure 7.h-j). Taken together, 
the introduction of mutations in the loop of EgA1 that interacts with DII, we were able to 
increase the dynamic behaviour of the ECD which resulted in an increased tyrosine kinase 
activation and EGFR internalization, but low-affinity binding to EGF.
	 Our results provide novel insights into the role of the conformational freedom 
of the ECD for receptor functioning (Fig 4). Restricting motion around the crucial DII/
DIII-hinge prevents establishment of high-affinity binding, ligand-induced tyrosine kinase 
activity and receptor-mediated internalization. EGFR dimerization is initiated by the ECD, 
and is proceeding as a closing zipper across the membrane where it brings the intracellular 
tyrosine kinase domains in close proximity, enabling cross-phosphorylation of the receptor. 
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Figure 3 | ECD dynamics is crucial for EGFR functioning. a-d, Serine (a) and threonine (b) region of a 
two-dimensional DQSQ spectra highlighting the recovery of ECD dynamics prior to EGF binding, c, d,  which is 
further illustrated by the quantification of β-sheet peak intensities for the serine and threonine regions respectively. 
Coloured boxes indicate confidence intervals for certain secondary structure elements, e.g. α-helices (red), 
random coil (black) and β-sheet (blue). Dotted boxes represent Cα correlations, while solid boxes represent Cβ 
correlations. ssNMR spectra were recorded at a set temperature of 283 K and 9 kHz MAS. e, f, Increased motion 
of the ECD allows for EGFR activation. g, EGF binds with lower affinity to EGFR:EgA1-D2 complexes. h, i, EgA1-D2 
enhances EGFR internalization rates.  
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Subsequently, receptor dimers will oligomerize in a back-to-back fashion resulting in 
receptor clustering and internalization. The key step in this process is the initial formation of 
the ECD dimer and our data demonstrate that for this step the appropriate ECD dynamics 
is required. A reduction of conformational freedom results in an inhibtion of binding 
affinity, receptor activation and internalization. Conversely, an increase in the freedom of 
movement in the hinge region also discloses high-affinity binding, but stimulates tyrosine 
kinase activation, and leads to an enhanced receptor internalization rate. This suggests that 
receptors with reduced ECD dynamics do not become stabilized by EGF as a flexible hinge 
region is required for this process. Binding to this restrained conformation occers with a 
reduced affinity. Increased dynamics of the respective ECDs on the other hand is probably 
causing the formation of less stable, restrained dimers resulting in low-affinity binding but 
also in an increase of their dissociation rate after cross-phophorylation11. As a consequence, 
this would lead to an increase in signal propagation over the surface of the cell due to an 
increase of the kiss-and-run principle, previously suggested by Verveer and collaborators12. 
The subsequent increase in receptor phosphorylation might lead to an enhancement of 
signalling and receptor-mediated endocytosis.
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Our data demonstrate that the appropriate dynamics of the ECD is crucial for proper EGFR 
functioning. The allosteric anti-EGFR nanobodies can be used to inhibit receptor kinase 
functions, but by making point mutations these nanobodies can also be used to stimulate 
receptor down regulation. These observations offer opportunities for the design of novel 
therapeutics for controlling receptor functions of the EGFR, both inhibitory as well as 
stimulatory. As the other members of the ErbB receptor family have the similar domain 
characteristics, this rationale might be extended to other receptors as well.
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Figure 4 | Dynamics of the EGFR ECD is crucial parameter in EGFR functioning. The ECD of EGFR 
exhibites a high degree of motion in its resting state. The flexibility in the hinge region between DII and DIII allows 
for conformational exchange necessary for EGFR functioning. EGF binds to DI and DIII simultaneously, thereby 
stabilizing the ECD in an extended conformation leading to receptor dimerization. The dimer which is formed is 
symmetric. Allosteric nanobody EgA1 locks the crucial hinge region, left panel, which reduces the conformational 
landscape of the ECD. EGF can still bind to DIII, but it is unable to stabilize the ECD, a step which is required for 
EGFR functioning. The interaction site between DII of EGFR and EgA1 can be abolished with the introduction of 
point mutations, right panel, which result in an increased dynamic profile of the ECD. Even though the binding 
affinity of EGF is lower, EGFR oligomerization, activation and internalization is increased as a conseuqence of 
assymetric dimer formation.
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Materials & Methods
Cell culture. A431 cells were cultured until 80-90% confluency in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and Pen/Strep in an atmosphere containing 5% CO2 and 37°C.
Nanobody production. E. coli BL21C+ cells containing plasmid DNA for his-tagged EgB4, 7D12, 9G8, EgA1, 
EgA1-D1 and EgA1-D2 were grown overnight in LB as a preculture. On the morning of the production, overnight 
cultures were diluted 1/500 into auto-induction medium [1/50 of 5052 (0.5% glycerol, 0.05% glucose, 0.2% α-lactose), 
1/20 NPS (100 mM NaHPO4, 25 mM (NH4)2SO4, 50 mM KH2PO4), 2mM MgSO4, micronutrients and kanamycin 
in LB]. The next day, the bacteria were harvested and resuspended in PBS. After several freeze-thaw cycles, the 
periplasm fraction was collected. The nanobodies were purified using immobilized metal-affinity chromatography 
(IMAC) using the His-tag. A HisTrap HP Ni2+-Sepharose column was used to trap His-tag containing proteins. The 
nanobodies were reconsitutated at 1 mg/mL concentration for storage at 4°C. 
Phosphorylation Assay. A431 cells were grown in a 6-well culture plate to 70% confluency before the medium 
was replaced to DMEM without FBS the day before the experiment. The cells were washed with binding buffer 
(DMEM–FBS buffered with 10 mM HEPES, pH 7.4) after which the cells were preincubated for 1 hour at 4°C 
with EgB4 (100 nM), 7D12 (100 nM),  9G8 (100 nM), EgA1 (100 nM), EgA1-D1 (100 nM)  or EgA1-D2 (100 nM) to 
allow maximal binding of the nanobodies. EGF (33 nM) was added to the cells to induce EGFR phosphorylation 
for 1 hour at 4°C. The cells were washed twice with ice-cold phosphate-buffered saline (PBS) followed by cell lysis 
using a RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.1% SDS, 50 mM Tris pH 8.0 and a protease 
inhibitor cocktail (Complete, Roche)). Proteins were separated by SDS-PAGE followed by western blotting onto 
PVDF-membrane. The membrane was incubated with Mouse-α-EGFR 1F4 (Cell Signaling, Danvers, Massachusetts), 
Rabbit-α-phosphoEGFR Y1068 (Cell Signalling Technology, Danvers, Massachusetts) and Mouse-α-Tubulin overnight 
at 4°C. The antibody staining was visualized using Goat-α-Rabbit IRDye700 (Li-COR) and Goat-α-Mouse IRDye800 
(Li-COR) and detected on an Odyssey imaging system (Li-COR).
Binding Assay. A431 cells were grown in a 96-well Nunclon culture plate (ThermoFisher) to 80-90% confluency. 
The cells were washed with binding buffer (DMEM–FBS buffered with 10 mM HEPES, pH 7.4) after which the cells 
were incubated for 2 hours at 4°C with a serial dilution of nanobodies or EGF-A647. The cells were washed twice 
with ice-cold PBS before they were fixed using a 4% paraformaldehyde solution (PFA) for 15 minutes at room 
temperature. For nanobody detection, the cells were incubated for 1 hour at room temperature with Rabbit-α-
VHH (Creative BioLabs) followed by an incubation of 1 hour at room temperature of Goat-α-Rabbit IRDye800 
(Li-COR). The 96-well plate was read using an Odessey imaging system (Li-COR) and wells were quantified using 
the Odessey software (Li-COR) and ImageJ.

Competition Assay. A431 cells were seeded the day before the experiment at a density of 15.000 cells/well into a 
96-well nunclon culture plate. The cells were incubated with a serial dilution of a nanobody of interest and allowed 
to bind to the cells for 1 hour at 4°C. Afterwards, saturating concentration of EGF-A647 (100 nM) or competitor 
nanobody (500 nM) was added to the binding solution and was again incubated for 1 hour at 4°C. The plate was 
directly imaged after the incubation period as fluorophores were conjugated to the ligands.
Confocal Microscopy. A431 cells were seeded the day before the experiment at a concentration of 100.000 cells/
well onto 12 mm coverslips in a 12-well culture plate. The cells were preincubated with either EgB4 (100 nM) or 
EgA1 (100 nM) for 30 minutes at 37°C followed by the addition of EGF-A488 (100 nM,ThermoFisher) for another 
10 minutes at 37°C. The cells were washed twice with ice-cold PBS and fixed using a 4% PFA solution. Confocal 
imaging was performed on a ZEISS LSM700 confocal microscope at 63x magnification. 
Internalization assay. A431 cells were seeded prior to the experiment in a 96-well nunclon culture plate and 
were allowed to grow to 80-90% confluency. The cells were serum starved with DMEM without FBS 30 minutes 
before the experiments. Nanobodies were diluted into DMEM –FBS to a final concentration of 500 nM and were 
incubated on the cells for 30 min at 37°C. EGF-A647 was added for a period of 90 minutes with several intervals 
between each time point. After the last time point, the cells were washed twice with ice-cold PBS and were 
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Supplementary Figure 1 | Characterization of individual EGFR ligands on EGFR. a-e, binding assay of 
individual EGFR ligands: nanobodies EgB4, 7D12, EgA1, 9G8 and EGF-A647 respectively. f, Allosteric nanobodies 
EgA1 and 9G8 (both 500 nM) reduce EGF-induced EGFR phosphorylation as compared to the absence of nano-
body or control EgB4 on A431 cells. g, Total fluorescence intensity measured over time on A431 cells doped with 
EgB4 (blue), EgA1 (green) and 9G8 (magenta) after stimulation with EGF-A647.
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Supplementary Figure 2 | ssNMR data on EgB4-bound EGFR on A431 plasma membrane vesicles. a, 
Comparison of a HC CP recorded on A431 control plasma membrane vesicles (black) and vesicles after addition 
of EgB4 (orange). b-d, Comparison of a HC CP, HC INEPT and DQSQ respectively recorded on EgB4-doped A431 
control plasma membrane vesicles (orange) and EgB4-doped vesicles after addition of EGF (blue).
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Supplementary Figure 3 | EGF stabilizes the ECD of EGFR independently of EgB4. a, DQSQ CC cor-
relation spectra recorded on fully [13C,15N]-labeled EgB4-doped plasma membrane vesicles without (orange) and 
with (blue) EGF at ambient temperature. b-e, Zoom in on resolved spectral regions comprising Serine, Threonine, 
Alanine and Proline respectively. Coloured boxes indicated confidence intervals for α-helical (red), random coil 

(black) and β-sheet (blue) correlation for Cα (dashed boxes) and Cβ (filled boxes) atoms. Histograms depict the 
distribution of secondary structure elements per specific amino acid and domain e.g. extracellular domain (ECD), 
kinase domain (KD) or C-terminal tail (CT) (b-d) or total number of amino acids (e). Addition of EGF stabilizes the 
ECD as seen by increased sensitivity for β-sheet correlations. f, g, 1D slices extracted out of 2D DQSQ spectra of 
the serine region (f) and threonine region (g) presented in Fig 2.b, e.
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Supplementary Figure 4 | Quantification of 2D ssNMR. a-c, 1D ssNMR spectra recorded on A431 plasma 
membrane vesicles which are bound by a, EgB4 (-EGF: orange; +EGF: teal), b, EgA1 (-EGF: green; +EGF: purple; Acid 
Wash +EGF: gray) or c, EgA1-D2 (-EGF: blue; +EGF: gray). Spectra recorded are insensitive for motion and are used 
to correct for differences in sample quantity. Scaling factors between samples within the same batch are presented 
on top. d, 2D DQSQ CC spectrum of the threonine region of EgB4-bound A431 plasma membrane vesicles. 1D 
slices of the 2D spectra are shown, e, as an example for the quantification of β-sheet peak intensities.
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Supplementary Figure 5 | ssNMR data on EgA1-bound EGFR on A431 plasma membrane vesicles. a, 
Comparison of a HC CP recorded on A431 control plasma membrane vesicles (black) and vesicles after addition of 
EgA1 (green). b, c, Comparison of a HC CP and DQSQ respectively recorded on EgA1-doped A431 control plasma 
membrane vesicles (green) and EgA1-doped vesicles after addition of EGF (purple). After an acid wash, EGF was 
added again to the sample (gray). 
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Supplementary Figure 6 | EgA1 reduces the conformational freedom of the ECD of EGFR prevent-
ing EGFR activation. a, DQSQ CC correlation spectra recorded on fully [13C,15N]-labeled EgA1-doped plasma 
membrane vesicles without (green) and with (purple) EGF at ambient temperature. An acid wash was performed to 
remove any bound EgA1 and EGF and was reincubated with EGF (gray). b-e, Zoom in on resolved spectral regions 
comprising Serine, Threonine, Alanine and Proline respectively. Coloured boxes indicated confidence intervals for 
α-helical (red), random coil (black) and β-sheet (blue) correlation for Cα (dashed boxes) and Cβ (filled boxes) 
atoms. Histograms depict the distribution of secondary structure elements per specific amino acid and domain 
e.g. extracellular domain (ECD), kinase domain (KD) or C-terminal tail (CT) (b-d) or total number of amino acids 
(e). f, g, 1D slices extracted out of 2D DQSQ spectra of the serine region (f) and threonine region (g) presented 
in Fig 2.b, e.
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Supplementary Figure 7 | Point mutations in CDR3 of EgA1 enhance EGF-induced EGFR activation. 
a, Zoom in on the binding site of EgA1 (red) with domain II (right) and domain III (top) of the ECD of EGFR (gray, 
PDB accession code 4KRO). Highlighted are R108 and Y109 of EgA1 which closely interact with a glutamate-rich 
sequence in domain II of EGFR. b, schematic representation of the ionic lock of EgA1 and the hinge region between 
domain II and domain III c, highlighting the mutation site which allows for increased mobility around the hinge 
region. d-g, EgA1 point mutants (R107D is EgA1-D1; R107D,Y108D is EgA1-D2) exhibit a slightly reduced affinity 
compared to wild type EgA1 and compete for binding to EGFR on A431 cells, confirming overlapping binding 
epitopes. h, Total fluorescence, i, surface-bound, and, j,  internalized intensity measured over time on A431 cells 
doped with EgB4 (blue), EgA1 (green), EgA1-D1 (gray), EgA1-D2 (yellow, [EGF-A647]=33nM)  and EgA1-D2 (open 
circles, [EGF-A647]=100nM). 
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Supplementary Figure 8 | ssNMR data on EgA1-D2-bound EGFR on A431 plasma membrane vesicles. 
a-c, Comparison of a HC CP, HC INEPT and DQSQ respectively recorded on EgA1-D2-doped A431 plasma mem-
brane vesicles (light blue) and EgA1-D2-doped vesicles after addition of EGF (gray). d, e, Slices of the β-sheet region 
of the DQSQ (Fig 3.a, b) for threonine (d) and serine (e).
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ABSTRACT
HER2 is a member of the ErbB receptor tyrosine kinase (RTK) family and is involved in cell 
proliferation, differentiation, migration and inhibition of apoptosis. Upregulation of HER2 
is implicated in tumorigenesis, particularly in breast cancer, and is therefore a common 
target in anti-breast cancer therapy. As HER2 lacks a ligand, HER2 activation is activated by 
heterodimerization with other members of ErbB family of RTKs, such as EGFR, HER3 and 
HER4. Yet, the details of how heterodimerization leads to activation of the HER2 kinase are 
currently elusive. Here we have investigated the effect of EGFR activation on the dynamics 
of the HER2 ectodomain using solid-state NMR spectroscopy.  Our results suggest that the 
extracellular domain (ECD) of nonstimulated HER2 exhibits sizeable protein dynamics in 
native plasma membrane vesicles obtained from SKBR3 cells. EGF binding of EGFR leads 
to rigidification of the EGFR ECD, which in its turn stabilizes the HER2 ECD. Additionally, 
partial stabilization of the EGFR ECD by binding of a non-activating nanobody EgA1 was 
found to fully stabilize the HER2 ECD as seen by ssNMR and induce HER2 phosphorylation. 
Together, these data show that rigidification of the EGFR extracellular domain drives a 
similar reduction in HER2 ECD dynamics and phosphorylation of the intracellular domain.
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INTRODUCTION
The Human Epidermal growth factor Receptor 2 (Her2) is a member of the receptor 
tyrosine kinases (RTKs) together with EGFR (HER1), HER3 and HER41. Stimulation of these 
receptors leads to activation of intracellular signalling pathways which drive proliferation, 
differentiation, migration and inhibition of apoptosis. These processes are crucial for cellular 
development, but are required to be tightly regulated as dysregulation of HER2 is often 
associated with tumorigenesis, in particular in breast cancer2,3. Overexpression of HER2 
enhances activated complexes contributing to prolonged signalling events4–6. Moreover, due 
to the constitutively active kinase domain (KD) of HER2, dimerization is sufficient to induce 
activation7. Therefore, HER2 is a common target in breast cancer therapy8.
	 The overall architecture of the EGFR family is well conserved, containing an 
extracellular ligand-binding domain (ECD), a single transmembrane-spanning helix, a KD 
and a long unstructured C-terminal tail9–13 (Fig 1.a). The ECD is further divided into 4 
subdomains, DI-DIV, of which DI and DIII are involved in ligand binding, while DII and DIV 
are important for receptor dimerization. Interestingly, even though the global structure is 
conserved between these receptors, no activating ligands for HER2 have been identified yet, 
likely due to an additional loop in DI that occupies the ligand-binding cavity between DI and 
DIII. The activation of HER2 therefore relies on heterodimerization with mainly other, ligand-
activated, EGFR family members. Cross-phosphorylation of the C-terminal tails of HER2 by 
the KD will subsequently initiate intracellular signalling cascades. 
	 Binding of EGF to DI and DIII simultaneously to EGFR will stabilize an extended 
“open” conformation of the ECD which exposes dimerization motifs on DII and DIV that 
drive dimerization14. The crystal structure of the soluble ECD of HER2 suggests that it 
adapts an open conformation in the absence of interaction partners which would allow 
HER2 to readily heterodimerize. This hypothesis is further supported by molecular dynamics 
simulations of HER2 in bilayers which show a similar extended conformation without sizable 
motion of the HER2 ECD15.
	 Even though several structural models have been proposed based on available 
crystal structures of the EGFR receptor family, the HER2 heterodimerization mechanism 
remains poorly understood. When comparing the structural elements of DII in the extended 
conformation, DII of HER2 resembles closely the DII of D. melanogaster EGFR in low-affinity 
complex to Spitz, its EGF analogue16,17. It is thought that the EGFR:HER2 heterodimer is 
therefore asymmetric and potentially unstable. In addition, these models are based on 
truncated constructs which are studied isolated from its native environment which may have 
a significant impact on HER2 functioning. It has been shown that the ECD of full-length EGFR 
in native plasma membranes samples through many conformations prior to ligand binding, 
which is crucial for EGFR functioning18 (see chapter 3 and Damman et al. in preparation). The 
essential role of ECD dynamics in EGFR functioning is further underscored by the structural 
heterogeneity observed for EGFR dimers after ECD stabilization by high- and low-affinity 
ligands19.
	 Previous work highlights the importance of studying full-length EGFR in its native 
environment for its correct functioning20–22. Solid-state NMR spectroscopy (ssNMR) can 
provide information about the structure and dynamics of membrane proteins or large protein 
complexes23 and hence offers unique possibilities to study HER2 and EGFR in their native 
state. Recent advances in cellular- and in-cell NMR have pushed the boundaries of studying 
protein structure and functioning directly in cells24–26. In addition, ssNMR can provide insights 
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into changes in dynamic profile using dipolar- or scalar-based experiments27–30. The strength 
of these types of experiments was further highlighted when applied to EGFR-rich plasma 
membrane vesicles, which were isolated from a mammalian cell line, ensuring glycosylated 
functional receptors in their native lipid environment18 (chapter 3  and Damman et al. in 
preparation).
	 We set out to adapt the plasma membrane isolation protocol for ssNMR studies 
for a HER2-overexpressing cell line. Our data shows that, in contrast to current models, 
the ECD of nonstimulated HER2 is dynamic in native plasma membrane vesicles, while the 
KD is rigid. After indirect activation via EGF, the HER2 ECD fully stabilizes, possibly leading 
to stable oligomeric complexes. Finally, stabilization of the EGFR ECD by non-activating 
anti-EGFR nanobody EgA1 is able to indirectly stimulate HER2 phosphorylation and induce 
stabilization of the HER2 ECD. Taken together, we propose a model where ligand binding to 
EGFR stabilizes the ECD that will function as a docking site for HER2. This view implies that 
rather than ligand binding, the stabilization of the ECD drives HER2 heterodimerization and 
the subsequent initiation of signalling events.

	
RESULTS
In order to study the molecular dynamics of HER2 activation in the native environment, we 
set out to adapt the plasma membrane isolation protocol as described elsewhere (Kaplan 
et al 2016). It is important that the protein of interest is one of the most abundant proteins 
inside the plasma membrane fraction as ssNMR measurements will be dominated by these 
proteins. Moreover, the relative ratio between HER2 and its activating partners should 
favour HER2. Therefore, we made use of the SKBR3 cell line which is known to have a high 
endogenous overexpression of HER2, 1.0x106 HER2 receptors per cell, whilst expression 
levels are significantly lower levels for EGFR, HER3 and HER4 31. The relative expression 
levels of EGFR, HER2 and HER3 were further assessed by mass spectrometry analysis on 
SKBR3 cells and on the plasma membrane fraction after the isolation (Fig 1.b). In line with 
previous observations, HER2 is enriched after the vesiculation protocol and is present in 
higher numbers as compared to EGFR (~21:1), while HER3 was undetected by MS and 
therefore likely to be only present in low numbers. Most of the adapter proteins were lost 
after the vesiculation (data not shown).
	 Heterodimerization of HER2 with activated partners is required for the full 
activation of oligomeric complexes. Indirect stimulation of HER2 via EGF-activated EGFR 
reaches a peak after 15 minutes of continues stimulation with EGF, after which HER2 is 
downregulated resulting in background phosphorylation levels (Fig 1.c). SKBR3-derived 
plasma membrane vesicles show a reduced kinetics at which HER2 phosphorylation occurs, 
reaching maximal pHER2 levels after 45 minutes of EGF stimulation (Fig 1.d). Moreover, 
down-regulation of HER2 doesn’t appear on the timescale tested. As the plasma membrane 
vesicles will be subjected to prolonged time periods during ssNMR experiments, it is 
important that stimulated HER2 complexes will remain stable during this period. EGFR-
HER2 heterodimer complexes are unstable on the plasma membrane, which results in the 
separate internalization of EGFR and HER2. This process could be overcome by inhibiting 
internalization, via cytosol acidification medium, thereby maintaining EGF-bound EGFRs on 
the plasma membrane that continue to interact with HER2 (Fig 1.e). The latter situation 
resembles most likely the situation on the plasma membrane vesicles. Taken together, SKBR3-
derived plasma membrane vesicles can be readily prepared for ssNMR and EGF-dependent 
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stimulation and phosphorylation of HER2 can be observed.
	 To directly assess the dynamic state of the HER2 ECD in the unstimulated- and 
stimulated state, we used our previous approach for protein labelling in mammalian cells 
which gives insights on global protein dynamics (Kaplan et al 2016). In short, SKBR3 cell were 
grown on modified DMEM medium, which is supplemented with [13C, 15N]-labelled algal 
amino acid mixture and 10% dialysed FBS. The cells will incorporate the labelled amino acids 
into their metabolism and thereby enrich proteins with NMR-active isotopes. The plasma 
membrane fraction was isolated and HER2 ECD dynamics were probed using a series of 
rigidity- (cross polarization: CP; double quantum single quantum: DQSQ) and mobility- 
(INEPT) sensitive ssNMR experiments. Differences in sample quantity were corrected using 
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Figure 1 | HER2 forms functional complexes on SKBR3-derived plasma membrane vesicles. a, 
schematic representation of global structure (ECD: extracellular domain; TMD: transmembrane domain; KD: kinase 
domain; CT: C-terminal tail) of EGFR (gray) and HER2 (red). The EGFR ECD is dynamic prior to activation, which 
gets stabilized by EGF inducing heterodimerization with HER2. b, Mass spectrometry analysis performed on SKBR3 
cells and plasma membrane vesicles derived from these cells, highlighted a enrichment for HER2 after vesiculation 
and HER2 being dominant over EGFR and HER3. c, Addition of EGF induces a peak in HER2 phosphorylation after 
15-20 minutes, which is down-regulated to background HER2 phosphorylation levels. d, phosphorylation kinetics 
of HER2 are reduced as compared to cells, showing how levels of pHER2 after 45 minutes of stimulation with EGF. 
No downregulation of HER2 is observed. e, confocal imaging of nuclei (blue) EGF-488 (green) and HER2 (red) 
reveals that EGFR is internalized and down-regulated independently of HER2. Blocking internalization will retain 
EGFR-EGF-A488 complexes on the plasma membrane, allowing for continuous heterodimerization with HER2.
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90° pulses which are insensitive towards motion. 
	 Plasma membrane vesicles were incubated for 60 minutes with EGF and show a 
general increase in sensitivity in rigidity-sensitive experiments as compared to unstimulated 
plasma membrane vesicles (Fig 2.a-c). This observation is in line with an overall decrease in 
signal observed for motion-sensitive experiments (Fig 2.d). These data suggest that upon 
addition of EGF to the plasma membrane vesicles, a general stabilization of proteins occur. 
To obtain a better understanding of the effect of EGF-induced rigidification, two-dimensional 
DQSQ experiments (as described in chapter 3) were recorded and interpreted using a 
statistical secondary structure analysis18 of the available HER2 crystal structures11,32–34 (Fig 
3.a). After addition of EGF, a general increase in signal is observed for alanine and proline 
resonances, which are residues that are more enriched in the HER2 ECD and C-terminal tail, 
which suggest a stabilization of the ECD and potential oligomerization (Fig 3.b, c). Moreover, 
in the unstimulated state, we observe mainly α-helical correlations for serine and threonine 
residues, which are more predominantly found in the KD of HER2 (Fig 3.d, e). Upon addition 
of EGF, a general increase in signal is observed for random coil- and β-sheet secondary 
structure elements which indicate a stabilization of the HER2 ECD. In conclusion, these 
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Figure 2 | EGF-stimulation induces a general reduction in motion on SKBR3 plasma membrane 
vesicles. a-c, addition of EGF to fully labelled SKBR3 derived plasma membrane vesicles induces an overall increase 
in sensitivity for rigidity-sensitive, 1H13C CP, DQSQ and 1H15N CP ssNMR spectra. d, motion-sentive 1H13C INEPT 
spectra show a reduction in motion after EGF addition, which is consistent with the rigidity-sensitive spectra.
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data suggest that the ECD of HER2 exhibits sizable dynamics prior to stimulation which 
is in contrast with the crystal structure of the open conformation. Hence, addition of EGF 
leads to an EGFR-dependent stimulation and oligomerization35 of HER2, which results in the 
stabilization of the ECD of HER2.
	 Previous work on EGFR has shown similar behaviour in receptor activation, where 
EGF directly stabilizes the ECD of EGFR by binding to DI and DIII (see chapter 3). To 
this end, no activating ligands have been identified for HER2. Hence, we postulate that the 
rigidification of a binding partner would be sufficient to stimulate HER2. Recently, it has 
been shown that allosteric nanobody EgA1 partially induces stabilization by locking a hinge 
between DII/DIII of the ECD36 (and chapter 3). As long as EgA1 remains bound to EGFR, 
conformations that are necessary for EGF-induced stabilization do not occur, resulting in 
blockage of EGFR function (see chapter 3).
	 To ensure that αEGFR nanobody EgA1 doesn’t bind to HER2 as well, we performed 
binding assays on EGFR-overexpressing cell line A431 and SkBr3 using EgA1 and αHER2 
nanobody 11a437,38 (Fig 4.a). EgA1 binds with similar high affinity to EGFR on A431- (kd 7.4) 
and SKBR3 (kd 1.1) cells. As the affinity is similar and saturation of binding is reached at 
approximately 10 nM EgA1 concentration on SKBR3 cells, it is confirmed that EgA1 does 
not bind to HER2. Moreover, the Bmax of 11A4 is significantly higher than the Bmax of EgA1. 
Binding of control nanobody EgB4 doesn’t activate HER2, where phosphorylation is only 
observed after EGF addition (Fig 4.b). However, the allosteric nanobody EgA1 alone induces 
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Figure 3 | HER2 ECD becomes rigid after EGF stimulation. a, two-dimensional DQSQ spectra recorded 
on fully labelled SKBR3 plasma membrane vesicles. b-e, highlights of the spectrum presented in a, which contain 
secondary structure information for alanine, proline, serine and threonine respectively. b, c, Alanine and proline 
residues are enriched in the ECD and C-terminal tail (CT), suggesting that the addition of EGF leads to a 
rigidification of the ECD and/or CT. d, e, Serine and threonine residues also display information on the secondary 
structure elements as highlighted by the coloured boxes. Red boxes portray confidence intervals for α-helices (Cα 
solid box; Cβ dashed box), black boxes for random coil structures and the blue boxes for β-sheet resonances. 
Stimulation with EGF induces a general increase in random coil- and β-sheet confidence intervals which are 
secondary structure elements predominantly found in the HER2 ECD. ssNMR spectra were recorded at 9 kHz 
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Figure 4 | Stabilization of the EGFR ECD drives HER2 phosphorylation. a, Binding assay of αEGFR 
nanobody EgA1 and αHER2 nanobody 11A4 performed on A431- and SKBR3 cells. b, phosphorylation assay 
highlighted the effect of nanobody binding on SKBR3 cells. The control nanobody EgB4 does not induce HER2 
phosphorylation, which only occurs after EGF stimulation. EgA1 alone is sufficient to induce phosphorylation on 
HER2 which does not get further enhanced after addition of EGF. c, d, Preliminary phosphorylation assay, and 
quantification, performed on SKBR3 cells that shows that antibody Cetuximab is able to prevent EgA1-induced 
HER2 phosphorylation. e, f, Preliminary phosphorylation assay, and quantification, performed on SKBR3 cells which 
show that an EgA1 mutant (EgA1-D2) cannot induce HER2 phosphorylation as wild type EgA1.

phosphorylation of HER2, even in the absence of EGF. These data suggest that the rigidification 
in the EGFR ECD after EgA1 binding forms a seed for HER2 heterodimerization. As EGF 
does not stabilize the EGFR ECD anymore after EgA1-binding, it is unlikely that the back-to-
back dimer interface will be involved in HER2 heterodimerization. A second dimer interface, 
front-to-front dimer, is described in a tetramer model, where the 2 central EGFR molecules 
are involved in the oligomerization but do not have any ligand bound to their respective ECDs. 
In this model, DI and DIII are involved in the interactions that give rise to the tetramer39. 
Preliminary results reveal that DIII of EGFR is involved in the heterodimerization process, 
but in a size-dependent manner, as nanobody 7D12 is not able to block HER2 activation. 
However Cetuximab, a monoclonal antibody which has an overlapping binding epitope with 
7D12, does block HER2 activation (Fig 4.c, d). To confirm that HER2 activation is driven by 
stabilization of the EGFR ECD, we introduced point mutations into EgA1 (R107D, Y108D; 
EgA1-D2). Due to these mutations, we lose interactions of CDR3 of EGA1 with DII of 
EGFR, thereby freeing the hinge between DII/DIII and subsequently rescuing ECD dynamics 
(see chapter 3). Interestingly, our preliminary results show that EgA1-D2 does not activate 
HER2 anymore (Fig 4.e, f), suggesting that the stabilization of the EGFR ECD drives HER2 
activation.
	 To test the effect of EgA1 on HER2 stabilization we set out to record ssNMR spectra 
on SKBR3 plasma membrane vesicles. The addition of EgA1 induces a general stabilization 
as observed in rigidity-sensitive spectra (Fig 5.a-c) and a loss of signal in motion-sensitive 
spectra (Fig 5.d). These data are in line with the ssNMR data where EGF was used to activate 
HER2 (Fig 3) and the biochemical data on HER2 activation (Fig 4). Two-dimensional DQSQ 
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spectra (Fig 6.a) reveal a strong increase in signal for both proline, serine and threonine 
region by EgA1 (Fig 6.b-d). Using the statistical analysis as described above, we observed 
increased signals for random coil and β-sheet resonances for proline, serine and threonine 
residues (Fig 6.b-g). Taken together, these results would be consistent with the notion that 
EgA1 partially stabilizes the ECD of EGFR, where it will function as a docking site for HER2 
to bind to and initiate ECD stabilization, oligomerization and transphosphorylation.

DISCUSSION
Previous evidence has shown that studying the molecular activation of growth factor 
receptors in native plasma membranes is desirable in order to derive accurate models on 
their dynamical properties and functioning (Kaplan et al., 2016, Damman et al. in preparation). 
The native environment imposes external factors which are lost under in vitro conditions, but 
can have major implications on receptor functioning. ssNMR has proven to be powerful as 
motion and rigidity can be probed in succession on complex fully [13C, 15N]-labelled plasma 
membrane vesicles and large protein structures, moving closer toward (near) in-cell settings. 
Here, we adapted an existing protocol for protein labelling in mammalian cell lines for a 
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EgA1 to fully labelled SKBR3 derived plasma membrane vesicles induces an overall increase in sensitivity for rigidity-
sensitive, 1H13C CP, DQSQ and 1H15N CP ssNMR spectra. d, motion-sentive 1H13C INEPT spectra show a reduction 
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HER2-overexpressing cell line SKBR3. HER2 was functional in cells and remained functional 
after the extraction of the plasma membrane. The expression of HER2 as compared to other 
ErbB family members was much higher, which enables a characterization of the dynamic 
profile of the full-length HER2 receptor under native conditions by ssNMR.
	 Our ssNMR data suggest that nonstimulated HER2 exhibits a dynamic behaviour 
where the ECD samples the conformational landscape, as previously observed for EGFR. 
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When the SKBR3 plasma membrane vesicles are not stimulated, the KD of HER2 is a 
rigid entity while the extracellular domain and C-terminal tail undergo significant motion 
leading to a reduction of NMR signal intensities After stimulation with EGF, we observe a 
stabilization of the Her2 ECD domain which would be compatible with a heterodimerzation 
of EGFR and HER2 across the entire surface of the plasma membrane, leading to an overall 
increase in phosphorylation levels. In this process, binding of EGF to DI and DIII of EGFR 
stabilizes the ECD which allow for the heterodimerization with HER2. In line with these 
data, a αEGFR nanobody EgA1 which has been shown to partially stabilize the EGFR ECD 
also induced HER2 phosphorylation. Moreover, addition of EgA1 to fully-labelled SKBR3 
plasma membrane vesicles induced a full stabilization of HER2.
	 We propose a model where the induced rigidification after ligand binding is the 
driving force for HER2 activation. This would imply that heterodimerization of HER2 is a 
sequential process. First, unstimulated receptors are sampling different conformations. After 
binding of the ligand to EGFR, a the ECD is stabilized exposing rigid docking sites, which 
allow heterodimerization and HER2 phosphorylation. Such a EGFR:HER2 dimer appears 
not to be a stable complex as EGFR internalization occurs, while HER2 remains on the 
plasma membrane. The instability of dimer interfaces allows EGFR to be a seed for multiple 
HER2 complexes via kiss-and-run activation40, thereby fully activating the much larger HER2 
pool. This process has previously been shown to also been shown to involved in EGFR 
homodimerization and can quickly propagate dimerization across the plasma membrane40 

and might play a role in regulation of receptor functioning.
	 In contrast to previously thought, unstimulated HER2 exhibits a dynamic ECD which 
is stabilized after addition of EGF. Similar dynamics have been observed for the EGFR ECD 
and proven to be crucial for its functioning (see chapter 3). HER2 ECD motion might be 
required for HER2 to adapt to a range of docking partners, which is supported by the notion 
that Cetuximab, but not 7D12, is able to prevent EgA1-induced HER2 phosphorylation. 
Cetuximab and 7D12 have the same binding epitope, which suggests that Cetuximab prevents 
phosphorylation in a size-dependent manner rather than competing for a binding epitope on 
EGFR. Multiple ligands have been identified that bind to EGFR or other ErbB family members 
which stabilize a variety of structures that consequently also induce signalling pathways 
in unique manners. This would suggest a role for conformational sampling to allow for an 
ensemble of different structures to be stabilized upon ligand binding, which gives rise to a 
variety of responses. In support of this hypothesis is the conformational sampling which been 
observed for other types of receptors, where the stabilization of different structures affects 
receptor functioning, e.g. binding affinities. Conformational sampling might be a general 
feature of receptors which can be used by cells to regulate receptor functioning.

FUTURE PERSPECTIVES
Although our results provide valuable new insights in the molecular heterodimerization 
mechanism of HER2, there are still several open questions that remain to be answered. For 
example, our data shows that HER2 is more abundant on SKBR3 cells than EGFR and suggest 
that transient heterodimers are formed after EGF addition. However, it is still unknown how 
these receptors are distributed along the plasma membrane prior to- and after stimulation. 
For example, it would be possible that EGFR forms an oligomerization seed on one side of 
a clusters to which HER2 receptors bind, forming a “train” of receptors. Super-resolution 
microscopy techniques like gSTED could provide sufficient resolution to characterize the 
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heterodimerization process on a macroscopic level. Additionally to the heterodimerizaion 
process, it is also not clear what dimer interface forms the structural seed for the HER2 
ECD to stabilize. Our preliminary data suggests that the front-to-front dimer interface is 
involved, however, additional control experiments should be included to confirm whether 
this is true and whether the back-to-back dimer interface is not involved.

MATERIALS AND METHODS
Cell culture. SKBR3- and A431 cells were cultured until 80-90% confluency in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) and Penicillin/Streptomycin in an atmosphere containing 

5% CO2 and 37°C.
Nanobody production. E. coli BL21C+ cells containing plasmid DNA for his-tagged EgA1 and 11A4 were grown 
overnight in LB as a preculture. On the morning of the production, overnight cultures were diluted 1/500 into 
auto-induction medium [1/50 of 5052 (0.5% glycerol, 0.05% glucose, 0.2% α-lactose), 1/20 NPS (100 mM NaHPO4, 
25 mM (NH4)2SO4, 50 mM KH2PO4), 2mM MgSO4, micronutrients and kanamycin in LB]. The next day, the bacteria 
were harvested and resuspended in PBS. After several freeze-thaw cycles, the periplasm fraction was collected. The 
nanobodies were purified using immobilized metal-affinity chromatography (IMAC) using the His-tag. A HisTrap HP 
Ni2+-Sepharose column was used to trap His-tag containing proteins. The nanobodies were reconsitutated at 1mg/
mL concentration for storage at 4°C. 
Mass spectrometry. Quantitative mass spectrometry analysis of protein levels was performed as described 
previously18. In short, SKBR3 plasma membrane vesicles and cells were resuspended in lysis buffer (50 mM 
ammonium bicarbonate, 1% SDC, 10 mM TCEP, 100mM TRIS, 40 mM chloroacetamide and complete protease 
inhibitor cocktail (Roche)) and boiled for 5 min. The peptides in the were digested overnight using LysC (1:75) 
and trypsin (1:50). The supernatant was desalted using C18 SepPak (Waters) cartridges, vacuum-dried and stored 
at -80°C for further analysis. Peptide mixtures were reconstituted in 10% formic acid and 1μg of protein digest of 
each sample was analyzed by nano-LC-MS/MS on an Orbitrap Q-Exactive plus (ThermoFisher Scientific, Bremen). 
The digest was trapped on an in-house made trap column (Reprosil pur C18, dr maisch, 100 μm x 2 cm, 3 μm) by 
loading with buffer A (A: 0.1% formic acid) and separated on an analytical column (Poroshell 120 EC C18, Agilent 
Technologies, 50 μm x 50 cm, 2.7 μm) using linear gradient from 13% to 40% buffer B (B: 0.1% formic acid, 80% 
ACN). During each scan cycle, the 10 most intense peptide precursors were selected for higher-energy collisional 
dissociation (HCD). Raw data files were processed with MaxQuant version 1.5.3.30. For relative quantification, 
intensities of all unique and razor peptides of a protein were summed up41.
Phosphorylation Assay. SKBR3 cells were grown in a 6-well culture plate to 70% confluency before the medium 
was replaced to DMEM without FBS the day before the experiment. The cells were serum-starved a second time for 
30 minutes prior to the experiment. Next, the cells were washed with binding buffer (DMEM –FBS buffered with 10 
mM HEPES, pH 7.4) after which the cells were preincubated for 1 hour at 4°C with the respective nanobodies to 
allow maximal binding of the nanobodies. EGF (33 nM, R&D Systems) was added to the cells or plasma membrane 
vesicles to induce phosphorylation of HER2 for several time periods. The cells were washed twice with ice-cold 
phosphate-buffered saline (PBS) followed by cell lysis using a RIPA buffer (150 mM sodium chloride, 1.0% Triton 
X-100, 0.1% SDS, 50 mM Tris pH 8.0 and a protease inhibitor cocktail (Complete, Roche)). Proteins were separated 
by SDS-PAGE followed by western blotting onto PVDF-membrane. The membrane was incubated with Mouse-α-
HER2 (Cell Signalling Technology, Danvers, Massachusetts; 44E7), Rabbit-α-phosphoHER2 Y1248 (Cell Signalling 
Technology, Danvers, Massachusetts; #2247) and Mouse-α-Actin overnight at 4°C. The antibody staining was 
visualized using Goat-α-Rabbit IRDye700 (Li-COR) and Goat-α-Mouse IRDye800 (Li-COR) and detected on an 
Odyssey imaging system (Li-COR).
Binding Assay. SKBR3- and A431 cells were grown in a 96-well Nunclon culture plate (ThermoFisher) to 80-90% 
confluency. The cells were washed with binding buffer (DMEM–FBS buffered with 10 mM HEPES, pH 7.4) after 
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which the cells were incubated for 2 hours at 4°C with a serial dilution of the respective nanobodies. The cells 
were washed twice with ice-cold PBS before they were fixed using a 4% paraformaldehyde solution (PFA) for 15 
minutes at room temperature. For nanobody detection, the cells were incubated for 1 hour at room temperature 
with Rabbit-α-VHH (Creative BioLabs) followed by an incubation of 1 hour at room temperature of Goat-α-
Rabbit IRDye800 (Li-COR). The 96-well plate was read using an Odessey imaging system (Li-COR) and wells were 
quantified using the Odessey software (Li-COR) and ImageJ.
Confocal Microscopy. A431 cells were seeded the day before the experiment at a concentration of 100.000 
cells/well onto 12 mm coverslips in a 12-well culture plate. The cells were preincubated with 11A4 (100nM) for 30 
minutes at 37°C followed by the addition of EGF-A488 (33 nM) for another 15 minutes at 37°C. The cells were 
washed twice with ice-cold PBS and fixed using a 4% PFA solution. 11A4 was indirectly stained by an overnight 

incubation at 4°C with Rabbit-α-VHH (Creative BioLabs) followed by a staining with Goat-α-RabbitA555. Confocal 
imaging was performed on a ZEISS LSM700 confocal microscope at 63x magnification. 
ssNMR sample preparation. For a detailed description of this procedure see Kaplan et al18. In short, SKBR3 
cells are grown to 80-90% on DMEM supplemented with an algal mixture of [13C, 15N] isotope-labelled amino acids 
(Cortecnet), 10% dialysed FBS, stable glutamine (2 mM) and Penicillin/Streptomycin in an atmosphere of 5% CO2 
and 37°C. The cells were resuspended in homogenizer buffer (10 mM Tris pH 7.4, 250 mM sucrose, 1 mM EDTA, 
Phosphatase inhibitors (100 μM sodium-orthovanadate) and protease inhibitors (Complete, Roche) before they 
were vesiculated by passing the cells through a syringe (21G, 1.5; 0.2x40 mm). Cellular debris was removed by 
centrifugation rounds at 1000x g until no visible pellet was found. The vesicles were collected by centrifuging at 
150.000x g for 30 minutes at 4°C. 
Solid-state NMR experiments. ssNMR experiments were performed using a standard-bore 700 MHz system 
(Bruker Biospin). Fully-labelled vesicle pellets were used to fill a 3.2 mm rotor. The samples were spun at 9 kHz 
MAS at a set temperature of 283K. 2D DQSQ spectra were recorded with a CP time of 500 μs and a SPC5 mixing 
time of 2.3 ms. In total, 110 t1 points were recorded with a spectral window of 46656.176 Hz. The spectrum was 
processed using an EM function, with line broadening of 100 Hz for both t1 and t2 and 1k and 2k zero filling for t1 

and t2 respectively. Differences in sample intensity due to variance in sample quantity were corrected for using 90° 
direct excitation of 13C.
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ABSTRACT
Liquid–liquid phase separation is increasingly recognized as a process involved in cellular 
organization. Thus far, a detailed structural characterization of this intrinsically heterogeneous 
process has been challenging. Here we combine solid- and solution-state NMR spectroscopy 
to obtain atomic-level insights into the assembly and maturation of cytoplasmic processing 
bodies that contain mRNA as well as enzymes involved in mRNA degradation. In detail, we 
have studied the enhancer of decapping 3 (Edc3) protein that is a central hub for processing 
body formation in yeast. Our results reveal that Edc3 domains exhibit diverse levels of 
structural organization and dynamics after liquid-liquid phase separation. In addition, we 
find that interactions between the different Edc3 domains and between Edc3 and RNA in 
solution are largely preserved in the condensed protein state, allowing processing bodies to 
rapidly form and dissociate upon small alterations in the cellular environment.
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INTRODUCTION
Increasing evidence shows that cells develop intracellular protein-rich organelles that 
grow and fuse, allowing certain molecules to become locally enriched while excluding 
others1. Intracellular liquid–liquid phase separation (LLPS) processes seem to be a common 
route to achieving spatial organization of cellular components into dynamic, membrane-
less compartments. While physical models have helped to understand the formation of 
membrane-less protein compartments2, studying such networks at atomic resolution has 
been challenging due to the their intrinsic mobility and heterogeneous nature3,4 and because 
genetic approaches in a cellular context are complicated by the highly redundant nature of 
the clustering process.
	 NMR spectroscopy has been shown to provide unique structural insights into 
heterogeneous and dynamical systems at atomic resolution5,6,7,8. Previously, NMR in pure 
solutions has been used to decipher molecular interactions among LLPS components under 
in vitro conditions using titration studies9,10 and determined 3D structures of fast tumbling 
folded subdomains11. However, studying the structural organization of liquid-like droplets 
using solution-state NMR methods is complicated by the reduced diffusion12 of the liquid-
liquid phase separated molecules.
	 Hence, direct insights into the structural and dynamical organization of liquid-
like droplets has been limited12. Instead, solid-state NMR (ssNMR) has been employed to 
study formation13,14 and structural organization13,15,16,17,18,19 of protein hydrogels and fibrillar 
assemblies that may be closely related to LLPS3,20. For example, we have previously used 
ssNMR to investigate the hydrogel state of the FG repeat domain of the nucleoporin 
Nsp1p, revealing that transient amyloid-like β-sheet interactions among NTQS-rich protein 
regions are responsible for gelation and network formation13,16. Such on-pathway amyloid 
interactions were also proposed for hydrogel-forming peptides that contain GSY-amino acid 
rich  stretches and, in isolation, form crystalline needles reminiscent of amyloid fibrils21. 
Indeed, ssNMR revealed characteristic β -strand arrangements in fibrils formed by the low 
complexity domain of the FUS RNA-binding protein18. A relationship between LLPS and 
fibril-like protein states and their relevance for human disease has also been examined in 
stress granules composed of RNA-binding proteins (RBPs) and RNA22 and, more recently, for 
huntingtin exon1 assemblies in mammalian cells and yeast23. While LLPS and fibrillization may 
represent two mechanistically distinct processes, models that connect these two processes 
have been developed20,22,24. For example, Molliex et al.22 have depicted the relationship 
between phase separation, fibrillization, and pathological inclusions by three steps with 
an intermediate maturation regime where two phases coexist in the granule state, which 
ultimately connects LLPS to disease. However, the structural relationship between liquid-
liquid phase separation and maturation has remained elusive.
	 In the following, we combined solid- and solution-state NMR experiments to 
directly study the LLPS and maturation of processing bodies (P-bodies) that are dynamic 
cytoplasmic ribonucleoprotein (RNP) granules containing proteins that are involved in 
translational repression and mRNA degradation25,26,27,28. Their main constituents are mRNA 
and the mRNA decay machinery, including the Dcp1:Dcp2 mRNA decapping complex, the 
RNA helicase Dhh1, the Pat–Lsm1–7 complex, the exonuclease XrnI and the Edc325,29. 
Edc3 has emerged as a central hub for processing body formation in yeast. The 50 kDa 
protein (Fig. 1a) comprises an N-terminal LSm domain that directly interacts with helical 
leucine-rich motifs (HLMs) in the P-body proteins Dcp230 and Pdc19. C-terminal to the LSm 
domain, Edc3 contains a 120 amino acid long intrinsically disordered region (IDR). This IDR 
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is an interaction hub for the RNA helicase Dhh131, RNA and the C-terminal Edc3 YjeF_N 
dimerization domain25.
	 Previously, we showed that it is possible to reconstitute processing body-like 
assemblies in vitro using purified components9,25. These Edc3-containing in vitro foci undergo 
a maturation process, which over time results in the irreversible formation of an insoluble 
gel-like state (Figure 1b). Based on solution-state NMR and phase separation diagrams, we 
identified key interactions in this sequential two-step process and found that interactions 
between the Edc3 LSm domain and HLMs in Dcp2 and interactions between the Edc3 IDR 
and RNA are required for LLPS. Recently, we noticed that the isolated Edc3 protein is also 
able to undergo LLPS and we have shown that the IDR and the YjeF_N domain are key for this 
process. Moreover, the ability of Edc3 to mediate phase transitions is significantly enhanced by 
RNA which can bridge between Edc3 protomers through interactions with the Edc3 IDR25.
Solution-state NMR spectroscopy is ideally suited to study proteins and protein:RNA 
complexes before they undergo LLPS (Fig. 1b; left panel), however, it is less optimal to study 
full-length processing body components after phase separation (Fig. 1b, middle panel), due 
to the limited diffusion within the high-density phase and due to the fact that these in vitro 
processing bodies mature into a more solid-like phase that does not spontaneously dissolve 
into a liquid phase upon dilution25 (Fig. 1b, right panel). To study these states, we here turned 
to ssNMR.
	 In the following, we conducted 13C/15N- as well as 1H-detected ssNMR experiments 
using a combination of scalar- and dipolar-based correlation methods that, as we have shown 
previously13,16,32, provide a powerful tool to separate ssNMR protein signals of mobile and rigid 
protein regions. For 1H-detected ssNMR experiments, we furthermore made use of proton 
dilution approaches33,34 to increase spectral resolution under high-field/high-speed magic angle 
spinning (MAS) conditions. We applied our strategy to the matured state of full-length  Edc3 
protein as well as to the matured state of a Edc3 construct that lacks the N-terminal LSm 
domain (ΔLSm, Fig. 1a,b) representing the minimal Edc3 construct that can undergo LLPS25. In 
addition, we examined the C-terminal YjeF_N domain by both solid- and solution-state NMR 
and conducted ssNMR experiments on Edc3 preparations after the addition of RNA, which 
significantly enhances the LLPS process of Edc3.
	 Our studies reveal that the intra- and intermolecular contacts that are present 
between the Edc3 protein and RNA before LLPS are also existing in the matured granule state 
of in vitro processing bodies. These interactions are diverse and range from weak electrostatic 
to hydrophobic contacts and include folded protein domains as well as IDRs.

RESULTS
We initially examined the global dynamics of the matured state of full-length Edc3 (Edc3-FL; 
Fig. 1a,b) using scalar-based ssNMR experiments13,16,32. To this end, we recorded HC INEPT35 
(Fig. 1c) and C-C TOBSY36 (Fig. 1d) spectra that reveal regions of the protein that are highly 
mobile. These spectra indicate that at least one subdomain of the full-length Edc3 protein 
remains mobile, even in the matured (gel-like) state. As we previously showed that the Edc3 

Figure 1 | The LSm domain of Edc3 remains mobile after LLPS. (a) Overview of the Edc3 constructs used 
in this study. Residue numbers are indicated on top. (b) Fluorescence microscopy images of the three states of Edc3 
that we study here. The left panel (blue box) indicates the soluble form of the protein (or protein:RNA complex). 
This state is assessed using solution-state NMR spectroscopic methods. 
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Soluble LLPS Matured

Solution-state NMR Solid-state NMR

Edc3-FL
Edc3-∆LSm

13C, ppm50100150

Edc3-FL

Edc3-∆LSm

Edc3 YjeF_N domain

Undergoes LLPS No LLPS

Under specific conditions (see below), the soluble Edc3 protein can undergo LLPS to form liquid-like foci (middle 
panel, green box). These foci mature over time to form a gel-like state that no longer dissolves upon dilution or by 
increasing the salt concentration (right panel, red box). The matured state of Edc3 is studied using solid-state NMR 
methods. The length of the scale bar in the images is 50 μm. (c) HC INEPT spectra highlighting dynamic regions in 
the full-length phase-separated Edc3 protein (Edc3-FL, red) and in the phase-separated Edc3 protein that lacks the 
N-terminal LSm domain (Edc3-∆LSm, blue). (d) 2-dimensional C-C TOBSY spectra of the phase-separated Edc3-FL 
(red) and Edc3-∆LSm (blue) proteins. The crosses indicate the solution chemical shifts of the LSm domain. (e) The 
NMR structure of the LSm domain color-coded for residues where the solution-state chemical shifts match with 
resonances in the C-C TOBSY spectrum (green) and for residues where the solution-state chemical shifts are not in 
a region where there are resonances observed in the C-C TOBSY spectrum (gray). (f) Zoom on the proline region 
highlighted by the black dashed box in panel c, indicating four unique proline spin systems.
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LSm domain is not essential for the LLPS process of isolated Edc325 (vide infra), we speculated 
that this domain might remain flexible in the matured processing body state. To test this 
hypothesis, we repeated our scalar-based ssNMR experiments on matured processing 
bodies that were prepared from the Edc3 protein that lacks the LSm domain (Edc3-∆LSm). 
In these spectra (Fig. 1c, d; blue) we observed a near complete reduction of the dynamics 
that were visible for the Edc3-FL protein. In particular, backbone correlations were strongly 
reduced in two-dimensional C-C TOBSY spectra of the matured states of the Edc3-∆LSm 
proteins compared to Edc3-FL (Fig. 1d). Many of these disappearing correlations in Figure 
1d matched with previous solution-state NMR assignments of the isolated LSm domain 
and the corresponding residues are indicated in Figure 1e in green. Deletion of the LSm 
domain removes two proline residues from the amino acid sequence. Yet, for Edc3-∆LSm 
a total of four proline resonances disappeared (Fig. 1f), suggesting that the presence of the 
highly mobile LSm domain increases the flexibility of a part of the IDR. From these data, we 
conclude that the Edc3 LSm domain remains highly flexible in the matured state of the Edc3 
protein. This notion also implies that the LSm domain is accessible for interactions with 
other processing body proteins and that it can thus engage in interactions with Dcp2, as we 
previously showed30.
	 The C-terminal YjeF_N domain of Edc3 forms a strong dimer interface37 that does 
not dissociate over time (Supplementary Figure 1) and that is essential for the LLPS behavior 
of Edc325. Solution-state NMR 1H-15N TROSY spectra of the isolated and soluble YjeF_N 
domain display a well-folded protein (Fig. 2a, green). To assess if the fold of the YjeF_N domain 
changes upon maturation of the phase-separated Edc3 protein, we recorded 1H-detected 
dipolar NH ssNMR spectra on the matured state of the Edc3-∆LSm protein (Fig. 2a, gray). 
These spectra display Edc3 regions that are rigid on the time scale of our ssNMR experiment. 
As the Yjef_N domain comprised the majority of the Edc3-∆LSm protein, we thus expected 
to observe mainly resonances from the dimerization domain. Indeed, we found a remarkable 
overall agreement between the NH correlation spectrum of the isolated Yjef_N domain in 
solution and the matured form of the Edc3-∆LSm construct (Fig. 2a. Supplementary Figure 
2, green v/s gray). The same agreement was observed for 1H-13C methyl TROSY38 spectra 
recorded on the soluble YjeF_N domain as compared to a 1H-detected dipolar CH ssNMR 
spectra recorded on the matured state of Edc3-∆LSm (Fig. 2b, green v/s gray). Note that the 
solution-state NMR spectrum in Figure 2b only comprises signals of methyl groups from 
alanine-β, isoleucine-δ1, methionine-ε, valine-γ and leucine-δ positions, as the other carbon 
atoms and protons are NMR-inactive (see methods).
	 Even in the absence of residue-specific assignments, this strong resemblance of 
solution- and solid-state NMR data suggests that the fold of the YjeF_N domain is largely 
conserved in the matured state of the Edc3 protein without major structural rearrangements. 
This notion rules out a scenario where the Yjef_N domain forms β,-sheet-rich fibril-like 
structures after phase separation and maturation (Fig. 1b) and is further supported by the 
strong correlation between ssNMR spectra of the matured phase-separated Edc3-∆LSm 
protein and the lyophilized Yjef_N domain (Supplementary Figure 3).
	 Despite the strong correlation between the ssNMR spectrum of the Edc3 protein 
in the phase-separated state and the solution-state NMR spectrum of the isolated Yjef_N 
domain, there are some notable differences. The major cause of this lies in the fact that 
the ssNMR spectrum was recorded on a protein construct that contains the IDR and the 
Yjef_N regions, whereas the solution-state NMR spectrum was obtained on a sample that 
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Figure 2 | The fold of the YjeF_N dimerization domain is conserved after LLPS. Comparison of dipolar 
NH ssNMR spectra recorded on Edc3-∆LSm (gray) and of (1H-15N or methyl 1H-13C) TROSY-based spectra 
recorded with solution-state NMR on the YjeF_N domain (green). (a) 1H-15N region of the spectrum and (b) methyl 
region of the spectrum. The overall similarity between the spectra shows that the Edc3 Yjef_N domain is folded 
the same in solution and in the matured state. As a reference, average 13C chemical shifts for methyl-containing 
residues are indicated next to 1H-13C spectrum (note that Thr-γ, Ile-δ2 methyl groups and CH2 groups are not 
NMR-active in the solution-state samples). Dashed lines indicate the resonances used for 1D slices represented in 
Supplementary Figure 2.

only contains the Yjef_N domain. Note that it is not possible to record solution-state NMR 
spectra on a Edc3 construct that includes the IDR, as both Edc3-FL and Edc3-ΔLSm undergo 
LLPS and will transition into a matured state over time (see below), which is incompatible 
with solution-state NMR methods (Fig. 1b). Due to the presence of the IDR in the sample 
that was used to record the ssNMR spectra, additional NMR resonances are expected and 
observed (Fig 2a, gray v/s green spectrum). In addition, the IDR is known to interact with 
the Yjef_N domain in the phase-separated protein (Fig. 3a and see below). This will result in 
chemical shift perturbations of a set of the Yjef_N resonances and thus in differences between 
the solution and ssNMR spectra. In addition, as the YjeF_N domain for the solution-state 
NMR experiments was expressed in D2O, not all backbone NH protons might have back-
exchanged during the purification process, which could result in the absence of resonances 
in the solution-state 1H-15N NMR spectrum. Moreover, Ile-γ2 and Thr-γ methyl groups were 
not labeled for the solution- state NMR experiments and the corresponding resonances are 
thus not visible in the 1H-13C methyl TROSY spectrum. Finally, changes between the solution- 
and solid-state NMR spectra can result from differences in the measurement temperature 
(solid: 277 K, solution: 298K) and sample preparation. Based on our experience on globular 
proteins, we however judge that these temperature effects only cause minor changes in the 
NMR spectra. In summary, based on a comparison of Yjef_N spectra of the Edc3 protein in 
solution and in the matured state, we conclude that the structure of the Yjef_N domain is 
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Figure 3 | Edc3 LLPS and maturation. (a) Edc3 IDR sequence with highlighted residues that interact with 
the YjeF_N domain (cyan lines) and RNA (magenta lines). (b) Under different conditions the fraction of total Edc3 
protein that is in the soluble phase (blue lines; Fig. 1b, left panel), the LLPS phase (green lines; Fig 1b, middle panel) 
and in the matured phase (red lines; Fig 1b, right panel) were determined right after preparation of the solution 
and after 30, 60, 90, 120 and 180 minutes. Note that the decrease in the fraction of the protein that is in the LLPS 
phase correlates very well with the increase in the fraction of the protein that resides in the matured phase. This 
underscores that Edc3 maturation is a direct consequence of Edc3 LLPS (see Fig. 1b). Mean values and error bars 
(s.d.) are derived from three independent measurements.

largely maintained after LLPS.
	 Next, we assessed the importance of specific regions of Edc3 for LLPS and 
maturation. To that end, we performed in vitro experiments to determine to what degree 
various versions of Edc3 undergo LLPS and with what rate the condensed phase matures 
(Fig. 3b). In detail, we induced LLPS of Edc3-containing complexes and then measured over 
time the fraction of the total protein that is i) not phase-separated, ii) has undergone LLPS 
and iii) has matured into an insoluble gel (see methods). This data shows that the Edc3 
protein at 25 mM NaCl (Fig. 3b, panel 1) fractionates such that ~50% of the total protein is 
soluble (blue line at timepoint 0), ~40% is in a condensed phase separation state (green line) 
and ~10% is in a matured state (red line). Over the course of an hour, the LLPS state matures 
and transforms into the insoluble matured state, such that ~50% of the protein is then in a 
soluble state (blue) and ~50% of the total protein is in the matured phase (red). Note that 
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the concentration of the soluble (blue) protein is constant at the critical concentration that 
is required for the formation of macroscopic phase separated droplets, whereas the protein 
that is in the LLPS phase (green) at time 0 is fully transformed into the matured gel-like state 
(red).  At higher salt concentrations (Fig. 3b, panels 2 and 3), the critical concentration for 
LLPS increases and less protein participates into a LLPS state. As a result, the fraction of the 
protein that ends up in the matured state is lower at higher salt concentrations. From these 
data we conclude that electrostatic interactions play an important role in the LLPS process 
of the Edc3 proteins. Likewise, also upon addition of 5% 1,6-hexanediol, the phase separation 
propensity of Edc3 is reduced (panel 4), which indicates that hydrophobic interactions play 
a role in the Edc3 LLPS process. Interestingly, the addition of salt or 1,6-hexanediol not only 
increases the critical concentration for LLPS, it also appears to reduce the rate with which 
the LLPS protein matures. This indicates that the mode of the intermolecular interactions is 
similar in the LLPS and the matured state.
	 Based on the above setup, we addressed if the Edc3 LSm domain influences the 
LLPS and maturation process of the Edc3 protein. In agreement with the flexibility of the 
Edc3 LSm domain in the matured state of Edc3 (Fig. 1c-e), we observe that the removal of 
the Edc3 LSm domain has no significant effect of the LLPS extend and maturation rate (panel 
5).
	 Previously, we have shown that the interaction between the Edc3 IDR and the 
Edc3 dimerization domain is important for the LLPS process of Edc3. In particular, we have 
identified two regions in the IDR that can interact with the Yjef_N domain25. These two 
regions comprise the amino acids K90-K111 (termed IDR1, Fig. 3a) and L159-L172 (termed 
IDR2, Fig. 3a), respectively. To assess the relative importance of these segments for the self-
assembly process of Edc3, we performed LLPS and maturation assays with versions of the 
protein that lack either the first (IDR1, Fig. 3b, panel 6) or the second (IDR2, Fig 3b, panel 7) 
disordered segment that interacts with the Yjef_N domain (Fig. 3b). We found that removal 
of the first or second segment in the IDR strongly reduces the LLPS propensity of Edc3, 
where the first segment has a slightly stronger influence on LLPS than the second one. These 
results underscore the degeneracy in the interaction networks that are responsible for 
cellular phase transitions and identify IDR1 and IDR2 as important interaction sites for LLPS.
To support this notion, we prepared [13C, 14N] and [12C, 15N] mixed-labeled Edc3-∆LSm 
samples in the matured state and used these to probe intermolecular contacts between 
Edc3 dimers. Indeed, we observed intermolecular contacts between HN and HC atom pairs 
in NHHC experiments39 verifying the presence of intermolecular contacts between two 
Edc3 dimers. These contacts most likely result from interactions of the IDR of one Edc3 
dimer with the YjeF_N domain of another Edc3 dimer (Supplementary Figure 4).
	 To address the interaction between the IDR and the Yjef_N domain with atomic 
detail, we turned to solution-state NMR techniques. In titration experiments we observed 
clear chemical shift perturbations in 1H-15N TROSY and 1H-13C methyl TROSY NMR spectra 
of the Yjef_N dimerization domain when the IDR is added in trans (Supplementary Figure 
5a, b). To identify where the IDR interacts with the YjeF_N domain, we assigned a number of 
the resonances in the 1H-15N and 1H-13C spectra through a mutational approach (Fig. 4a). In 
particular, we were able to identify that W393 (based on 1H-15N data) and V253 (based on 
methyl TROSY data) in the dimerization domain are both part of the interface with the Edc3 
IDR. As W393 and V253 are close in space on the surface of the Yjef_N domain they are 
part of the same binding pocket. To define additional residues that are part of this pocket we 



98

Chapter 5

5

took advantage of a slightly modified version of the methionine scanning approach40,41. In this 
method, methyl group-containing residues were introduced in the spatial vicinity to W393 
and V253. These methyl groups were subsequently used as probes for the interaction of the 
Yjef_N domain with the IDR. Based on this strategy, we were able to identify that K392, 
L445 and Q447 are also part of the IDR binding pocket (Fig. 4a) as the introduced methyl 
groups experience chemical shift perturbations (CSPs) that are larger than 0.05 ppm. The 
introduced methyl groups did not alter the interaction mode between the Yjef_N domain 
and the IDR as the naturally occurring methyl groups of V253 underwent the same CSPs in 
the WT protein and the mutants. At the same time, we identified that K258, L254, L370, L390 
and V416 are located outside the IDR binding interface (Supplementary Figure 5c), as these 
reporter methyl resonances are insensitive to the IDR, while the methyl groups of V253 
remain effected by the IDR:Yjef_N interaction. In short, we find that the Edc3 IDR interacts 
with the dimerization domain at two specific pockets on the surface, one on each protomer 
(Fig 4b).
	 To shed further light on how the IDR interacts with the YjeF_N domain, we used 
atomistic molecular dynamics (MD) simulations (Fig. 4c). To this end, we used a homology 
model of the YjeF_N domain (see Materials & Methods) and performed six simulations of 
the complex formation between the YjeF_N domain in dimeric state and a short peptide that 
corresponds to IDR segment M93-E106 (IDR1). For each MD simulation, two ‘IDR1 peptides’ 
were randomly placed in the aqueous phase above the YjeF_Ndimer, shortly minimized and 
equilibrated with positions restraints, and the system was eventually freely evolved for 100 
ns. Interestingly, in three of the six runs, we observed that peptides (in blue in Fig. 4c) 
bound the YjeF_N domain in direct proximity of V253 and W393 (in red), corroborating the 
solution-state NMR data. Peptides that bound in proximity of these residues also remained 
stably associated with the YjeF_N domain (Supplementary Figure 6).
	 Previously, we observed that RNA significantly enhances the LLPS tendency of the 
Edc3 protein as three distinct regions on the IDR can directly interact with RNA25  (Fig. 
3a). Our data here shows that RNA significantly enhances the rate with which the phase-
separated Edc3:RNA complex matures (Fig 3b; panel 8) as at the earliest timepoint, a large 
fraction of the protein already resides in the matured phase. Interestingly, for other proteins 

Figure 4 | The IDR interacts directly with the YjeF_N domain. (a) The binding site of Edc3 IDR on the 
Edc3 Yjef_N domain was mapped using methyl TROSY NMR spectra. Specific residues on the Yjef_N surface 
were mutated into methyl group containing amino acids to add NMR-active probes. These mutant proteins were 
subsequently used in NMR titration experiments. Chemical shift perturbations of the introduced methyl groups 
(Δδ= √(ΔδC

2+ ΔδH
2)  indicate if the corresponding residue is part of the Edc3 IDR binding site on the Edc3 Yjef_N 

domain and considered to be significant if Δδ > 0.05 ppm (N.D.: due to spectral overlap it was not possible to 
determine the extent of the CSP). Spectra for methyl groups that we found to be outside the IDR binding site are 
shown in Supplementary Figure 4. Note that the naturally occurring methyl groups of Val 253 are shifted due to 
the W393M mutation and are thus not present at the WT resonance frequencies. In the V253I mutant protein, the 
methyl groups of V253 are not present and thus not detected in the spectra. In the W393M mutant, the V253 methyl 
groups are shifted to another spectra position and thus not readily identifiable.  (b) The identified IDR binding site 
is highlighted onto the Yjef_N homology model. Residues of the YjeF_N domain that interact with the IDR (W393, 
V253, K392, L445 or Q447) are colored red while non-interacting residues (L370, V416, L254, K259 and L390) are 
colored in yellow. (c) MD simulations on the complex formation between the YjeF_N dimer (in white) and peptides 
corresponding to the first YjeF_N interacting residue stretch of the IDR M93-E106 (IDR 1). In the MD simulation, 
for three out of six replicas, the IDR peptides (in blue) directly interacted with residues V253 and W393 (in red) 
that were identified as YjeF_N-interacting hotspots in our solution-state NMR data. The figure shows the endpoints 
of the simulations after 100 ns.
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Figure 5 | RNA interacts with the IDR and results in reduced dynamics in the matured state. (a,b), 
Scalar-based CH and NH spectra that detect molecular elements with fast nano-second motions recorded on 
Edc3-∆LSm in the absence (blue) and presence (green) of RNA, respectively. In panel b, the solution-state 1H-15N 
assignments of the IDR are indicated with black crosses. Putative interaction sites with RNA (red labels) or 
the YjeF_N domain (black labels) are indicated (See Fig. 3a). Dashed lines indicate 1D slices as represented in 
Supplementary Figure 7. (c) Dipolar CH spectra that detect rigid, immobile molecular entities were recorded on 
Edc3-∆LSm in the absence (blue) and presence (green) of RNA. Several boxes indicate predicted chemical shifts for 
specific amino acids. (d-f), 1D slices of highlighted regions.

it has been shown that RNA prevents the formation of RNP granules42, which highlights that 
small changes in the system can result in different LLPS and maturation behavior. To obtain 
insights into the molecular mechanism by which RNA is embedded into the matured state 
of phase-separated Edc3, we conducted ssNMR experiments on Edc3-ΔLSm protein in the 
presence of RNA. Interestingly, based on scalar-based CH and NH spectra we observed 
that the incorporation of RNA into the protein-rich Edc3 phase results in a significant 
loss in ssNMR signals, consistent with a reduction of the internal dynamics in the matured 
phase (Fig. 5a,b, Supplementary Figure 7; blue v/s green). In particular, we observe that many 
resonances that are typical for unstructured backbone- and side chains regions disappear 
upon interaction with RNA (Fig. 5b, green). This data thus directly reports on the interaction 
between RNA and the IDR which results in a loss of mobility of the IDR (Fig. 5b). Using 
assignments obtained from solution-state NMR25 (black crosses), the regions where signals 
disappear upon RNA incorporation (red labels) include S86, K127, S131, N137 and G183. This 
confirms our previous solution-state NMR analysis on the putative IDR:RNA interaction site 
(Fig. 3a), as these residues were identified to directly interact with RNA. Furthermore, many 
resonances of the IDR that are known to interact with the Yjef_N domain are not observed 
in these ssNMR spectra, as these amino acids are rigid both in the absence and in presence 
of the RNA.
	 To independently confirm the rigidification of the IDR upon interaction with RNA, 
we recorded dipolar CH experiments on the matured state of the Edc3-ΔLSm protein in 
the absence and presence of RNA. In those experiments, we observe that a number of peaks 
appears upon addition of RNA, confirming the notion that residues of the IDR are stabilized 
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by the RNA (Fig. 5c-f, green). The corresponding correlations (for example at 5.39 ppm 1H 
and 59.9 13C ppm) are consistent with lysine side chain and serine/ threonine backbone 
1H-13Cα peaks that are prominently present in the IDR segments that in solution interact 
with RNA (Supplementary Table 1). In conclusion, our solid-state NMR data suggest that 
RNA is recruited to the dynamic and unstructured IDR in Edc3, which results in decreased 
internal mobility.

DISCUSSION
LLPS is increasingly recognized as a cellular process that allows organizing cellular 
compartments across different spatial and temporal scales. A prominent example of such 
systems are RNP granules that contain proteins involved in translational repression and 
mRNA degradation25.
	 Currently, the mechanisms by which LLPS modulates cellular function is not 
understood in sufficient detail1,43. One potential consequence of LLPS is that the  catalytic 
activity of the embedded enzymes is effected, potentially through changes in the local 
concentrations or accessibility of substrates25. To obtain knowledge of these aspects, it is 
essential to gain atomic-level insights into the structural organization of LLPS proteins. 
Here, we demonstrated the power of combining solid- and solution-state NMR to study the 
process of phase separation events on the structural and dynamical level and at atomic scale.
	 Our results on the central processing body protein Edc3 reveal that the different 
domains exhibit different levels of structural organization and dynamics after liquid-liquid 
phase separation and a second transition into a matured phase (Fig 1b). Firstly, we find that 
the N-terminal LSm domain remains largely dynamic in the matured state, which leaves 
this domain accessible for contacts with additional processing body proteins including the 
Dcp1:Dcp2 mRNA decapping complex. Secondly, we find that the C-terminal YjeF_N domain 
largely retains its structure when the Edc3 protein undergoes a transition from the soluble 
to the matured phase separated state. This is in strong contrast to other proteins that have 
been observed to form insoluble amyloidic fibril structures after phase separation18. The 
minor structural changes in the fold of the Edc3 protein reflects the fact that proteins that 
reside in cellular processing bodies can rapidly dissociate from these foci.
	 Within the phase-separated state, the Edc3 Yjef_N domain interacts with the IDR 
of Edc3. This transient interaction is likely intermolecular as it increases the network of 
interactions leading to LLPS. Finally, we observe that the Edc3 IDR interacts with RNA in 
the matured state. These interactions involve distinct segments of the IDR and result in 
enhanced phase separation as the RNA extends and tightens the intermolecular interaction 
network.
	 Based on our data, we can construct a model for the formation of the matured 
state of the Edc3 protein (Fig. 6). In this model, the dimeric soluble Edc3 protein engages 
in a number of intermolecular interactions that involve RNA. These contacts result in the 
formation of an indefinite interaction network that drives the transition of the Edc3 protein 
from the dimeric soluble form into a dense LLPS protein state that then further matures 
into an insoluble state. Interestingly, our data clearly shows that the interactions between 
Edc3 and RNA that take place between the soluble components are, to a large degree, 
preserved in the matured phase separated state. The structural differences upon LLPS are 
thus small, which facilitates the reversibility of the process and necessitates only small cellular 
perturbations to induce phase separations (Fig. 6).
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Figure 6 | Model of Edc3- and RNA-mediated processing body formation. The soluble dimeric Edc3 
protein (blue and red) contains an N-terminal LSm domain that is linked through an IDR with the C-terminal 
dimeric Yjef_N domain (left). Intermolecular interactions between RNA (green), the IDR and the Yjef_N domains 
(solution-state NMR) result in the establishment of an infinite interaction network that leads to liquid-liquid phase 
separation of the RNP. The LLPS proteins mature over time to form a gel-like state (Fig. 1b). Within this matured 
phase of processing bodies, the LSm domains remain highly flexible (solid-state NMR) and can thus interact with 
other processing body proteins (top circle). Based on solution-state and solid-state NMR data, we have shown that 
the Edc3 YjeF_N dimerization domain remains dimeric and interacts specifically via a surface patch with an Edc3 
IDR of another Edc3 dimer (middle circle). The RNA interacts with the Edc3 IDR, which results in a rigidification 
of the unstructured region (bottom circle).

	 Our work paves the way for future studies that address the exact structural 
changes that take place upon LLPS and those that result in the formation of the irreversible 
assemblies. Based on our data, these latter changes are small, but they will, nevertheless, 
have a significant effect on cellular homeostasis, as the maturation of cellular condensed 
protein phases needs to be prevented. We envision that our approach to study the structure 
and dynamics of LLPS complexes will be able to provide important insights in the current 
context and will also be applicable for other LLPS systems where irreversible assemblies are 
closely linked to fibril formation and disease.
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MATERIALS & METHODS
Protein expression and purification. The genes for the full-length Edc3 protein, for Edc3 lacking the LSm 
domain (Edc3-∆LSm) and for the Edc3 YjeF-N domain from Schizosaccharomyces pombe were cloned into modified 
pET vectors that carried an N-terminal TEV-cleavable His6- or MBP-tag (Supplementary Table 2). The gene for 

the IDR of Edc3 was cloned into a modified pET vector that carried an N-terminal TEV-cleavable His6-GST-tag. 
Point mutations and deletions were introduced into the genes using standard site-directed mutagenesis methods 
(Supplementary Table 3). 
Escherichia coli BL21 (DE3) Codon Plus RIL cells (Stratagene) were transformed with the appropriate plasmid 
and grown at 37°C to an OD595 of 0.8 in LB. Overexpression was induced with 0.5 mM Isopropyl β-D-1-
thiogalactopyranoside (IPTG). After 18 hours at 20°C cells were pelleted by centrifugation and resuspended in 
buffer 1 (25 mM sodium phosphate, pH 7.4, 250 mM NaCl, 1 mM DTT) complemented with 10 mM imidazole, 5 
mM MgCl2, 0.1 % Triton X-100, lysozyme and 0.2 U/mL DNase I. Cells were lysed with ultrasound and insoluble cell 
debris were removed from the lysate by centrifugation. The supernatant was bound to equilibrated Ni-NTA resin, 
which was washed subsequently with buffer 1 complemented with 10 mM imidazole. Bound protein was eluted 
from the resin with buffer 1 complemented with 300 mM imidazole. Tobacco etch virus (TEV) protease was added 
to the elution fractions to cleave the purification tag from the target proteins. 
The Edc3 IDR was dialyzed overnight at 4 °C into buffer 2 (25 mM HEPES, pH 8.0, 50 mM NaCl, 1 mM DTT) 
supplemented with 0.5 mM EDTA. The dialysate was applied to a cation exchange column (HiTrap 5mL SP FF, GE 
Healthcare) equilibrated with buffer 2. To separate the protein of interest from the cleaved GST-tag, a gradient from 
0 to 35 % buffer 3 (25 mM HEPES, pH 8.0, 2 M NaCl, 1 mM DTT) was applied over a volume of 100 mL. Fractions 
containing the target protein were pooled and the buffer was exchanged to buffer 4 (25 mM HEPES, pH 7.3, 125 
mM NaCl, 1 mM DTT) using centrifugal filters. 
MBP-tagged Edc3 protein was purified from the cleared cell lysate (buffer 2) by anion exchange chromatography 
(HiTrap 5mL Q FF, GE Healthcare) using a gradient from 0 to 40 % buffer 3 over a volume of 100 mL. Fractions 
containing the target protein were pooled and the buffer was exchanged to buffer 4 by dialysis for subsequent size 
exclusion chromatography.  
Proteins carrying only an N-terminal His6-tag were directly dialyzed into buffer 4 supplemented with 0.5 mM EDTA. 
Purification to homogeneity was achieved by size exclusion chromatography on HiLoad 16/600 Superdex 75 (Edc3 
IDR, Edc3 YjeF_N) or Superdex 200 (Edc3-FL and Edc3-∆LSm) columns (GE Healthcare) in buffer 4. 
NMR-active proteins were obtained by overexpression in (50-100%) D2O-based M9 minimal medium supplemented 
with 0.5 g/L 15NH4Cl as the sole nitrogen source and either 2 g/L 1H13C-glucose for solid-state NMR samples or 4 
g/L 1H12C-glucose for solution-state NMR samples. For labeling of the Ile-δ1, Met-ε, Val-γ1/γ2 and Leu-δ1/δ2 methyl 
groups within an U-[2H12C]-background, the medium was supplemented with α-ketobutyrate (3-2H2-4-13CH3; 60 
mg/L), methionine (methyl-13CH3; 100 mg/L), α-ketoisovalerate (3-2H-3-(methyl-13CH3)-4-13CH3; 60 mg/L) one hour 
prior to induction. For simultaneous labeling of Ala-β methyl groups, 2-2H-3-13C-L-alanine was added to the medium 
20 minutes prior to induction.
RNA in vitro transcription and purification. RNA in vitro transcription and purification was essentially 
carried out as described before25. In vitro transcription of a 30mer RNA was accomplished using in-house purified 
T7 polymerase44 and two DNA primers as the DNA template (Supplementary Table 4). Transcribed RNA was 
purified under denaturing conditions using anion exchange chromatography on a DNAPac PA100 column (22 x 
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250 mm, Dionex) using a gradient from buffer 5 (20 mM Tris, pH 8,5 M urea) to buffer 6 (as buffer 5, supplemented 
with 2 M NaCl). The purified RNA was precipitated from the pooled fractions using 0.7 columes of isopropanol, 
followed by desalting on a PD10 column (GE Healthcare) and SpeedVac concentration. The obtained pure dry RNA 
product was resuspended at concentrations required for subsequent experiments. The quality of the RNA was 
assessed using urea-polyacrylamide gel electrophoresis (PAGE) in 1× TBE (89 mM Tris, pH 8.0, 89 mM boric acid, 2 
mM EDTA). RNA was visualized by methylene blue staining.
Liquid-liquid phase separation assays. Different versions of the Edc3 protein (FL, ΔLSm, ΔIDR1 or ΔIDR2) 
in the presence or absence of salt, 5% 1,6-hexanediol or RNA were prepared at a final concentration of 150 μM 
by dilution from a non-phase-separated stock solution that was at a high salt concentration. Subsequently, two 8 
µL aliquots of the sample were taken. To aliquot one 2 µL 2.5 M NaCl was added to dissolve the LLPS protein 

completely. This aliquot was cleared from any insoluble (matured) protein by centrifugation, after which the protein 
concentration of the supernatant was determined. This reading provides a measure for the protein that is not 
matured. The second aliquot was cleared from LLPS proteins and from matured proteins by centrifugation, after 
which the concentration of the Edc3 protein was determined. This reading provides a measure for the protein that 
is not phase separated or matured. The amount of the protein that resides in the matured phase was calculated 
based on the total protein concentration and the amount of the protein in the soluble + LLPS phases. These 
measurements were performed right after the preparation of the sample (0 minutes) and after 30, 60, 90, 120 
and 180 minutes incubation at room temperature. For the Edc3:RNA mixture, the protein concentrations were 
determined via the Oregon green label that was attached to 20% of the total protein. All conditions contained 25 
mM HEPES, pH 7.3 and 25 mM NaCl, unless indicated otherwise. The reported values are the average of three 
independent LLPS/maturations experiments (n=3 for all timepoints and for all conditions). The indicated error is 
the standard deviation of the independent measurements. 
Solution-State NMR experiments. All solution-state NMR samples were in buffer 4 and contained 5% D2O. 
NMR spectra were recorded at 298 K on Bruker AVIII-500 and AVIII-800 spectrometers equipped with room 
temperature and cryo probe-heads, respectively. NMR titration experiments were carried out with 0.05-0.1 mM 
15N- and ILVM methyl-labeled protein (Edc3 YjeF) and a 4- to 6-fold excess of unlabeled protein (Edc3 IDR). 
NMR spectra were processed using the NMRPipe/NMRDraw software suite45. Figures displaying NMR spectra and 
protein structures were produced using NMRview (onemoonscientific.com) and Pymol (pymol.org), respectively. 
Solution-state NMR parameters are given in an overview in Supplementary Table 5.
Solid-State NMR experiments. Phase-separated Edc3 samples for solid-state NMR measurements were 
obtained by lowering the salt concentration of concentrated protein from 125 mM to 25 mM by dilution with 
buffer 5 (25 mM HEPES, pH 7.3, 1 mM DTT). For samples to contain RNA, the protein was supplemented with a 
2.5-fold molar excess of 30mer RNA and buffer 5. Protein and protein:RNA samples were incubated for 30 minutes 
at room temperature. Droplets were pelleted by centrifugation at 15.000 g for 15 minutes. The supernatant was 
discarded, and the gel was transferred to the solid-state NMR rotors.
Solid-state NMR experiments were conducted using 3.2 mm and 1.3 mm triple-resonance (1H, 13C, and 15N) magic-
angle-spinning (MAS) probe heads in static magnetic fields of 9.4, 16.4, 18.8 and 22.2 T, corresponding to proton 
resonance frequencies of 400, 700, 800 and 950 MHz, respectively. Scalar-based correlation experiments utilized 
HC INEPT35 and 6 ms mixing C-C TOBSY36 transfer steps. Samples were chilled to approximately 278 K sample 
temperature and spun at a MAS rate of 9 kHz. 1H-detected experiments were performed at a MAS rate of 60 kHz 
and a sample temperature of approximately 310 K. Dipolar-based sequences were used with cross-polarization 
(CP) steps with an amplitude-ramp of 80-100% on 1H and 15 kHz PISSARRO46 decoupling during detection periods. 
For J-based experiments, decoupled HSQC47 sequences were used with a 4 and 3.35 ms INEPT transfer time for 
NH and CH transfers, respectively. NHHC experiments39 were performed on [12C,15N]/[13C,14N]-mixed labeled 
samples in the matured state. Dipolar-based CP steps were used for magnetization transfer from 13C to 1H and from 
1H to 15N. Proton-mixing times were from 0, 1, and 2 ms. Solid-state NMR parameters are given in an overview in 



105

Atomic-level insight into mRNA processing bodies by combining solid and solution-state NMR spectroscopy

5

Supplementary Table 6.
Molecular Dynamics Simulations. MD simulations to probe the interaction between the YjeF_N domain and 
the Edc3 IDR were run with the g54a7 force field48 and the GROMACS simulation package version 4.6.3.49. A 
3D model of the dimeric YjeF_N domain was obtained using homology modelling50 based on the structure of 
the human protein (PDB:3D3K [10.2210/pdb3D3K/pdb])37. A linear 14-meric peptide corresponding to the IDR 
stretch M93-E106 was built in Pymol (https://pymol.org/, version 1.3). For the starting state, peptides were placed 
within approximately 1 nm distance from the dimeric YjeF_N domain in a cubic aqueous box. The system was first 
energy minimized, afterwards equilibrated in an NVT ensemble for 100 ps with position restraints, then further 
equilibrated in a NPT ensemble for 100 ps with position restraints, and eventually freely evolved for 100 ns. In total, 
six replicates of 100 ns duration each with randomized initial peptide positions were run.

Contacts between IDR segment M93-E106 and the YjeF_N domain were quantified with the g-mindist tool of the 
GROMACS simulation package using a contact cut-off of 8 Å. Contacts were counted over the last 50 ns of the 
trajectory. Since the YjeF_N domain is symmetric, the contacts for both monomers were added together. The final 
analysis is the summation of the intermolecular IDR - YjeF_N domain contacts from three replicas.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1 | Edc3 forms a stable dimer in solution. (a) His-tagged full-length Edc3 was 
co-expressed in E. coli with either MBP-tagged Edc3 that contained Edc3 the Yjef_N domain (A) or with full length 
MBP-tagged full length Edc3 (B). The expressed proteins were purified in two steps. In step one all His-tagged Edc3 
complexes (dimers) were selected for using Ni-NTA chromatography. In step two, all MBP-tagged Edc3 complexes 
(dimers) were selected for using amylose affinity chromatography. The Edc3 complexes that were purified this way 
thus contain at least one His-tag and at least on MBP-tag. The purified complexes were analyzed by SDS-PAGE 
and show a 1:1 ratio of a His-tagged and an MBP-tagged Edc3 monomer. This clearly shows that the Edc3 protein 
forms a stable dimer in solution through the Yjef_N domain. Mw: molecular weight marker in kDa. (b) To assess the 
long-term stability of the Edc3 dimers, His-Edc3 homodimers (lane 1) and MBP-Edc3 homodimers (lane 2) were 
separately expressed and purified. These dimers were subsequently mixed in a 1:1 ratio (lane 3). After 24 hours at 

room temperature, one half of the mixed dimers was applied to a Ni-NTA column. The FT of this column contains 
all Edc3 dimers that do not contain a His-Edc3 monomer (lane 4). The elution of this Ni-NTA column contains all 
Edc3 dimers that contain at least one His-Edc3 monomer (lane 5). These latter dimers include MBP-Edc3 homodi-
mers as well as (in case exchange of dimers took place) MBP-Edc3:His-Edc3 heterodimers. These mixed dimers are 
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not present in the solution as the elution of the Ni-NTA column contains no MBP-Edc3 (lane 5). The second half 
of the incubated mixture of His-Edc3 and MBP-Edc3 homodimers was applied to an amylose column and a similar 
strategy was applied to probe for the occurrence of mixed dimers (lane 6,7). Taken together, we conclude that no 
exchange between Edc3 dimers takes place in 24 hours, indicating that the Edc3 dimers are very stable.
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Supplementary Figure 2 | Comparison of 1D slices of NH spectra recorded by solution- or solid-state 
NMR. (a-c) 1D slices of resonances observed in both solution (green) and solid-state (gray) NMR spectra in Fig. 
2a. Specific resonances are highlighted in Fig. 2a. Slices were scaled to match peak intensity.  

Supplementary Figure 3 | The fold of the YjeF_N domain in isolation is conserved in the matured 
state. Comparison of 1H-detected dipolar NH (solid-state NMR) spectra recorded on Edc3-∆LSm in the matured 
state (red) and lyophilized YjeF_N domain (cyan) highlighting the conservation of the fold of the YjeF_N domain. 
Differences between the two spectra can result from the IDR that interacts with the Yjef_N domain in the Edc3-
∆LSm construct as well as from differences in the ssNMR sample preparation.
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Supplementary Figure 4 | Edc3 dimers have intermolecular interactions during LLPS. NHHC spectra 
recorded on mixed 13C-only labeled and 15N-only labeled Edc3-∆LSm with different proton mixing times shows the 
intermolecular interactions of Edc3-∆LSm dimers in the matured state. Mixed 13C-15N Edc3 dimers are not present 
in the sample, as the dimers are highly stable (Supplementary Figure 1). The observed contacts are thus between 
protomers from two different Edc3 dimers. We have no indication that the Yjef_N dimers interact with each other, 
neither do we have an indication that two Edc3 IDRs interact with each other. Based on solution- state NMR data 
(Fig. 3a, 4a,b), we conclude that the Edc3 Yjef_N domain interacts with the Edc3 IDR. The inter-dimer contacts that 
we observe in the NHHC spectra are thus likely a result from interactions between the IDR of one Edc3 dimer 
with the Yjef_N domain of another Edc3 dimer. 

Supplementary Figure 5 | The Edc3 IDR interacts with the YjeF_N domain in solution. (a) Solution 
state 1H-15N TROSY and (b) 1H-13C HMQC spectra of the YjeF_N domain in solution in the absence (gray) or 
presence (green) of the unlabeled IDR. The assignment of W393 and V253 are highlighted as these residues show a 
significant chemical shift perturbation upon interaction with the IDR. (c) Introduced methyl groups on the Yjef_N 
surface that are not part of the IDR binding site (L370M, V416M, L254I, K258M, L390M). Note that the IDR interacts 
properly with the Yjef_N domain in all cases, as the naturally occurring methyl groups of Val 253 experience 
chemical shift perturbations comparable to the WT protein (panel b and Fig 4a).
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Supplementary Figure 6 | Analysis of molecular dynamics simulations. The analysis of molecular dynamics 
simulations results in the identification of the binding epitope that was also determined based on solution-state 
NMR experiments (in red in Fig. 4c). The contacts between the IDR and the Yjef_N domain were summed over the 
last 50 ns of the MD simulations. Details of the MD results are provided can be found online.
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Supplementary Figure 7 | RNA stabilizes dynamic unstructured domains of Edc3. (a-c) 1D slices of 
resonances with   reduced intensity after addition of RNA (green) compared to the absence of RNA as observed 
in the scalar-based CH spectra (Fig. 5a) and (d,e) scalar-based NH spectra.
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 YjeF IDR 
Ala 26 7 
Arg 6 3 
Asn 14 9 
Asp 10 9 
Cys 3 1 
Gln 16 3 
Glu 8 8 
Gly 18 6 
His 7 4 
Ile 18 2 

Leu 33 8 
Lys 10 20 

Met 1 1 
Phe 9 6 
Pro 11 6 
Ser 19 18 
Thr 21 5 
Trp 3 1 
Tyr 3 2 
Val 23 7 

 

Supplementary Table 1 | Amino acid distribution and occurrence for the Edc3 YjeF_N domain and 
IDR.
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Supplementary Table 2 | Primer sequences of Edc3 cloning.

Primer Sequence Purpose 
Edc3_NcoI_1_f CATGCCATGGGTATGTCTGTAGCTGATTTTTATG Cloning of Edc3 FL  
Edc3_NcoI_72_f GGCCATGGGTCCGAGTACAAATTCTACCAAGTTG Cloning of Edc3 IDR and 

ΔLSm 
Edc3_BamHI_194_r CGGGATCCTCATTTCTTTAATGTTTCACGGCTG Cloning of Edc3 IDR  
Edc3_NcoI_195_f GGCCATGGGCAAGCCATTCGTCGATGAAAA Cloning of Edc3 YjeF 
Edc3_BamHI_454_r CGGGATCCTCAGTTAGTGCTGGTACATG Cloning of Edc3 FL, YjeF 

and ΔLSm 
IDR_del90-110_f CGGAAACTTATTCTTCAAAGAACAAAACAAGTTTTCGCTGAATTTCG Cloning of Edc3 ΔIDR1 

mutant IDR_del90-110_r CGAAATTCAGCGAAAACTTGTTTTGTTCTTTGAAGAATAAGTTTCCG 
IDR_del158-171_f CTGTTAAAGACGAATTTGTAGATTTAAGTTCTTCAAGCAATGGAC Cloning of Edc3 ΔIDR2 

mutant IDR_del158-171_r GTCCATTGCTTGAAGAACTTAAATCTACAAATTCGTCTTTAACAG 
YjeF_M-2G_fwd CTTTATTTTCAGGGCGCCGGCGGCAAGCCATTCGTC 

Binding site mapping 

YjeF_M-2G_rev GACGAATGGCTTGCCGCCGGCGCCCTGAAAATAAAG 
YjeF_V253I_fwd CTTTCTCAATTTGTTTTTTCAATCTTAGGAGGACATAAACG 
YjeF_V253I_rev CGTTTATGTCCTCCTAAGATTGAAAAAACAAATTGAGAAAG 
YjeF_L254I_fwd CTCAATTTGTTTTTTCAGTCATTGGAGGACATAAACGATTGTC 
YjeF_L254I_rev GACAATCGTTTATGTCCTCCAATGACTGAAAAAACAAATTGAG 
YjeF_K258M_fwd CAGTCTTAGGAGGACATATGCGATTGTCTTCGAGG 
YjeF_K258M_rev CCTCGAAGACAATCGCATATGTCCTCCTAAGACTG 
YjeF_L370M_fwd GGCTAATGATTTAAACGTTATGATACTTTCGGTAGACATC 
YjeF_L370M_rev GATGTCTACCGAAAGTATCATAACGTTTAAATCATTAGCC 
YjeF_L390M_fwd CGGTACAAAAAAAAAACACGGCTATTATGCCCAAATGGACTTTGG 
YjeF_L390M_rev CCAAAGTCCATTTGGGCATAATAGCCGTGTTTTTTTTTTGTACCG 
YjeF_K392M_fwd CACGGCTATTTTGCCCATGTGGACTTTGGCTTTAGGG 
YjeF_K392M_rev CCCTAAAGCCAAAGTCCACATGGGCAAAATAGCCGTG 
YjeF_W393M_fwd GCTATTTTGCCCAAAATGACTTTGGCTTTAGG 
YjeF_W393M_rev CCTAAAGCCAAAGTCATTTTGGGCAAAATAGC 
YjeF_V416M_fwd GTTAAACAAGCTGCTGGTATGTCTGTATTTGTTGGAAAC 
YjeF_V416M_rev GTTTCCAACAAATACAGACATACCAGCAGCTTGTTTAAC 
YjeF_L445I_fwd CAAGTAACCGGCCAGTATATTGCCCAAATCTCATGTAC 
YjeF_L445I_rev GTACATGAGATTTGGGCAATATACTGGCCGGTTACTTG 
YjeF_Q447I_fwd GCCAGTATCTTGCCATCATCTCATGTACCAGCAC 
YjeF_Q447I_rev GTGCTGGTACATGAGATGATGGCAAGATACTGGC 
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Supplementary Table 3 | Protein constructs used in this study	

Residue number / domain / 
mutations 

Solubility / purification tag Figure 

1-454 N-His6-TEV 1c, 1d, 1e, 3b, S1 
72-194 (IDR) N-His6-GST-TEV 4a 
195-454 (YjeF_N) N-His6-TEV 2a, 2b, 4a 
YjeF_N (M-2G, L254I) N-His6-TEV Supplementary 

Figure 5c 
YjeF_N (M-2G, K258M) N-His6-TEV Supplementary 

Figure 5c 
YjeF_N (M-2G, L390M) N-His6-TEV Supplementary 

Figure 5c 
YjeF_N (M-2G, K392M) N-His6-TEV 4a 
YjeF_N (M-2G, W393M) N-His6-TEV 4a 
YjeF_N (M-2G, L445I) N-His6-TEV 4a 
YjeF_N (M-2G, Q447I) N-His6-TEV 4a 
YjeF_N (V253I) N-His6-TEV 4a 
YjeF_N (L370M) N-His6-TEV Supplementary 

Figure 5c 
YjeF_N (V416M) N-His6-TEV Supplementary 

Figure 5c 
72-454 (IDR-YjeF_N) N-His6-TEV 1c, 1d, 2a, 2b, 5 
72-454, Δ90-110  
(IDRΔ1 – YjeF_N) 

N-His6-TEV 3b 

72-454, Δ158-171  
(IDRΔ2 – YjeF_N) 

N-His6-TEV 3b 

1-454 N-MBP-TEV Supplementary 
Figure 1 

195-454 (Yjef_N) N-MBP-TEV Supplementary 
Figure 1 

 

Supplementary Table 4 | RNA sequence used in this study

RNA Properties Sequence Figures Internal 
reference 

30U15mer GA-only, 
but single 
U at 
position 15 

GGAGGAGAGGAAGGUAAGGGAAGAAAGAAG 5 #10 
primer 
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Experiment Sample Protein 
concentration 

Scans Acquisition 
Time 

Window 
Function 

Figure 

NH TROSY YjeF_N 
domain 

100 μM 64 50 ms / 28  
ms 

QSINE (2) Fig. 2a 

Methyl 
TROSY 

YjeF_N 
domain 

100 μM 64 48.128 ms / 
31.807 ms 

QSINE (2) Fig. 2b 

Methyl 
TROSY 

YjeF_N 
domain 
point 
mutants: 
V253I, 
L370M, 
V416M, 
W393M 

100 μM 64 48.128 ms / 
31.807 ms 

QSINE (2) Fig. 4 + 
Supplementary 
Figure 5 

Methyl 
TROSY 

YjeF_N 
domain 
point 
mutants: 
K259M, 
K392M, 
L254I, 
L390M, 
L445I, 
Q447I 

50 μM 128 58.368 ms / 
25.4453 ms 

QSINE (2) Fig. 4 + 
Supplementary 
Figure 5 

 

Supplementary Table 5 | Overview of the solution-state NMR parameters

Experiment Sample Quantity Scans Acquisition 
Time 
(Direct-
/indirect 
dimension) 

Window 
Function 

Figure 

CC TOBSY Edc3-FL ~ 5 mg 288 20 ms / 10 
ms 

QSINE (3) Fig. 1c,d 

CC TOBSY Edc3-ΔLSm ~ 5.4 mg 288 20 ms / 10 
ms 

QSINE (2) Fig. 1c,d 

NH (Dipolar) Edc3-ΔLSm 
Fraction 
Deuterated 

~ 3.3 mg 480 30 ms / 15 
ms 

QSINE (6) Fig. 2a 

CH (Dipolar) Edc3-ΔLSm 
Fraction 
Deuterated 

~ 3.3 mg 352 19.7 ms / 7 
ms 

QSINE (3 
and 6) 

Fig. 2b and Fig. 
5c-f 

NH (Scalar) Edc3-ΔLSm 
Fraction 
Deuterated 

~ 3.3 mg 96 20 ms / 15 
ms 

QSINE (3) Fig. 5b 

CH (Scalar) Edc3-ΔLSm 
Fraction 
Deuterated 

~ 3.3 mg 96 20 ms / 6 
ms 

QSINE (3) Fig. 5a 

NH (Scalar) Edc3-ΔLSm 
Fraction 
Deuterated 
+ RNA 

~ 3 mg 96 20 ms / 15 
ms 

QSINE (3) Fig. 5b 

CH (Scalar) Edc3-ΔLSm 
Fraction 
Deuterated 
+ RNA 

~ 3 mg 96 20 ms / 6 
ms 

QSINE (3) Fig. 5a 

CH (Dipolar) Edc3-ΔLSm 
Fraction 
Deuterated 
+ RNA 

~ 3 mg 480 21 ms / 6 
ms 

QSINE (4) Fig. 5c-f 

NH (Dipolar) YjeF_N 
domain 
lyophilized 

~ 4.8 mg 224 20 ms / 12.3 
ms 

QSINE 
(4.5) 

Supplementary 
Figure 3 

 

Supplementary Table 6 | Overview of the solid-state NMR parameters
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ABSTRACT
Recent advances in the field of in-cell NMR have made it possible to study isotope-labelled 
proteins in the context of bacterial or mammalian cell extracts or even entire cells. As 
most mammalian cells are part of a multi-cellular complex, there is a need to develop novel 
approaches to be able to study proteins at atomic resolution within the complexity of a 
3D cellular environment. Here we investigate the use of the hanging drop method to grow 
spheroids which are homogenous in size and morphology as a model system to study solid 
tumors using NMR spectroscopy. We find that these spheroids are stable under solid-state 
NMR (ssNMR) magic-angle-spinning conditions for several days and show a clear change in 
metabolic profile as compared to single cell preparations. Finally, we utilize Dynamic Nuclear 
Polarization (DNP)-supported ssNMR measurements to show that low concentrations of 
labelled nanobodies can be detected inside the spheroids. Taken together, the development of 
in-cell ssNMR on spheroids opens a new field where proteins, or other biomolecules, can be 
directly studied in a 3D cellular environment with potential applications in pharmacological 
research.
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INTRODUCTION
The contribution of cancer-derived cell lines to the understanding of molecular and cellular 
processes in the complex physiology of cancer has been immense. However, a full translation 
of the acquired knowledge towards patients can be challenging as the native tumor 
environment is much more complex than an in vitro monolayer culture. Due to the globular 
shape of a tumor, gradients exist for oxygen and nutrients, resulting in a different availability 
of nutrients for the proliferative outside layer as compared to the core1. Moreover, as a 
results of the Wartburg effect, synthesis of the endproduct of glycolysis, lactate, induces an 
acidification of the tumor and consequently results in altered gene expression and changes in 
the proteome. Furthermore, the extracellular matrix (ECM) forms a dense network of fibrils 
in which the tumor is embedded, driving tumor-specific intracellular signaling pathways2–5.
	 The intricate interplay between the environment and the tumor plays a vital role 
in the survival of the tumor, although the consequences on a molecular level of protein 
functioning is poorly understood. In order to overcome these difficulties, a new dimension 
in cancer research has opened up by the advent of three-dimensional (3D) cell culture 
techniques. Several methods have been developed aiming at reproducing certain properties 
of the tumor and its microenvironment by in vitro cell culture, used in cancer research. 
Depending on the 3D cell culturing method followed, more complex aspects of cancer 
biology, like the effect of cellular architecture, cell-cell or cell-ECM contact or tumor 
microenvironment, can be studied6–8. Ultimately, patient-derived organoids are considered 
a highly complex system that offers the closest in vivo representation in vitro9, making 
them optimal platforms to use in drug discovery. Overall, the microenvironment can have 
a prominent effect on protein function, supporting the necessity to study proteins within 
the most native context possible. Therefore, development of novel methods using 3D cell 
culture techniques for protein structural studies will contribute to a better understanding of 
the effect the microenvironment has on the structure-function relationship of proteins.
	 Recent advances in structural biology techniques allow for a rapid development 
of cellular structural biology. Due to breakthroughs in detection10, image processing11 and 
sample preparation12, Cryo-Electron tomography (cryo-ET) has led to structural studies 
on the nuclear pore complex directly in mammalian cells13,14. However, due to the limited 
penetration of ~0.5 μm of the electron beam into the sample, cryo-ET is not sufficient 
to study large multi-cellular complexes. An alternative for cryo-ET is nuclear magnetic 
resonance (NMR), which is able to provide atomic level resolution without being limited by 
the sample size. Moreover, NMR requires isotope labeling of the protein of interest meaning 
no requirement for additional chemical modifications and finally, is non-invasive in nature. 
Tailored labelling approaches allowed for high-resolution spectroscopy bacterial membranes 
and could identify structural components at atomic resolution15,16. Selective labeling schemes 
of cytosolic proteins allowed for a characterization of thioredoxin and human FK506-
binding protein in live cells17. Also for membrane proteins it has been shown that the native 
environment imposes changes to protein structure in situ and revealing new regions that that 
were not detected in vitro18. This notion is further supported by the increased line broadening 
of KcsA observed in bacterial membranes which suggests a structural heterogeneity19,20 

or increased dynamics of the non-activated extracellular domain of the epidermal growth 
factor receptor (EGFR) measured in cellular plasma membrane preparations21. Pioneering 
of delivery methods of spin-labelled material into unlabeled cells has resulted in the 
development of in-cell NMR for eukaryotic systems. A modified protein constructs provided 
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with a cell-penetrating peptide was able to translocate across the plasma membrane after 
which high-resolution spectra could be recorded22. In recent years, protein electroporation 
has been applied more frequently with much success, supporting the added value of studying 
protein structure and function with atomic resolution inside cells21,23–26.
	 Although the significance of in-cell NMR is clear, research has focused on single 
cell preparations, yet the influence of 3D cell growth on proteins remains to be explored 
for proteins. However, solution state NMR has been used to study tumors and shown the 
necessity by highlighting clear cancer-related metabolic changes27–29. In vitro-grown spheroids 
also show similar changes in their metabolism, which supports the model systems as good 
mimetics of in vivo tumors and metabolic biomarkers can now be readily used to identify 
tumors30,31. A first report on the potential of atomic-resolution ssNMR-insights on proteins 
in tissue preparations, revealed strong correlations of murine ECM and tissue-culture derived 
ECM components32,33.
	 Here we aim to develop a high-throughput approach to grown in vitro 3D tumor 
models which are homogenous in size and shape by adapting the existing hanging drop 
method34. Our data show that our spheroids remain stable during ssNMR measurements 
and show distinct metabolic differences as compared to monolayer cell cultures. Isotope-
enrichment of amino acids in spheroids is readily achieved via the culture medium. Finally, 
addition of [13C,15N]-labeled anti-EGFR nanobody 7D12 penetrated into the spheroid35, 
could be detected by sensitivity-enhanced NMR. Our data highlight the potential of 3D 
cell culture systems in structural biology and underlines the flexibility of studying labelled 
proteins in their native 3D environment. We believe that this will contribute to an increased 
understanding of the structure-function relationship of proteins.

RESULTS
A431 cells were grown in a monolayer culture until a confluency of 70-80% was reached. The 
cells were dissociated from the culture dish to be transferred into a hanging drop 384-well 
plate (Figure 1.A). Within 24 hours, several small spheroids were formed, which matured 
in the next 24-48 hours to a single spheroid. Sizes of spheroids can be controlled by the 
number of cells seeded in each individual well. To characterize A431 spheroids for ssNMR 
experiments, several spheroids matured spheroids were grown over a period of 48 hours. 
The spheroids were harvested from the hanging drop plates by centrifugation and collected 
for micro imaging by immobilizing them in a 1% agarose solution (Figure 1B). The spheroids 
were homogenous and did not differ in size or shape. To test whether spheroids can survive 
low speed magic angle spinning (MAS) for ssNMR experiments, spheroids were immobilized 
in a 1% agarose solution in a 3.2 mm rotor. Using micro imaging, images could be made 
of the spheroids before and after 5 kHz MAS at ambient temperature (Figure 1.C). The 
spheroids remained intact after MAS, although they were able to move through the agarose 
matrix during centrifugation. Confocal imaging of the spheroids, stained for nuclei and actin 
show tight networks of cells that retain the morphology of the spheroid during MAS (Figure 
1.D). To test the intracellular changes, 1D HC INEPT spectra were recorded on unlabeled 
spheroids at 2 hr intervals to follow metabolic changes over time (Figure 1.E). No significant 
changes were observed during the recordings of the spectra, confirming that the spheroids 
remain viable. Taken together, our data show that in vitro grown spheroids using the hanging 
drop methods are homogenous and stable during ssNMR experiments.
	 For high-resolution and two-dimensional ssNMR experiments, incorporation of 
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Figure 1 | In vitro grown A431 spheroids are stable under ssNMR conditions. A) A431 cells are removed 
from the monolayer culture dish and seeded in a well plate suited for hanging drop spheroid culturing. Homogeneous 
spheroids are formed between 48-72 hours after seeding of the cells in suspension. B)  Side view of a micro-image 
of spheroids consisting of 100.000 cells per spheroid. C) A 3.2 mm rotor for ssNMR experiments was filled 
with spheroids consisting of 100.000 cells per spheroid. The spheroids were imaged from the top to show their 
morphology prior to 5.000 kHz MAS. Following MAS, the spheroids were reimaged to show that the morphology 
of the spheroids is maintained under MAS conditions. D) Confocal imaging of spheroids stained for nuclei (DAPI) 
and actin (phaloidin-A647) show the tight network of cells. E) Time course of 1D HC INEPT spectra recorded at 
a 2 hour interval.
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Figure 2 | Comparison of 1D solid state NMR spectra on fully labeled A431 cells. A-D) 1D ssNMR data 
recorded on fully labeled A431 cells grown in a monolayer (black) or in a 3D spheroid (red) showing 13C 90 degree 
spectrum, 1H13C cross polarization, 1H15N cross polarization and 1H13C INEPT respectively.

[13C,15N] spin labels is required. A431 cells were grown in a monolayer culture for 2 passages 
on DMEM containing [13C,15N]-labelled amino acids, before they were seeded into hanging 
drop plates to form spheroids. Comparison of monolayer A431 cells and spheroids showed 
that the degree of labeling did not change upon the formation of spheroids and that the large 
majority of the rigidity-sensitive resonances originate from proteins (Figure 2.A,B). These 
data are in line with the nitrogen-detected cross polarization data showing clear backbone 
amide resonances and lysine and arginine side chain resonances (figure 2.C). Interestingly, 
1D HC INEPT spectra show that there is a reduction in overall resonances observed in 
the spheroids sample as compared to the monolayer culture, suggesting that the spheroidal 
morphology affects the metabolites present (Figure 2.D).
	 To further investigate the effect of the spheroid culture on the metabolites inside 
the cell, two-dimensional HC INEPT spectra were recorded on monolayer- and spheroid 
cultures (Figure3.A). The majority of the resonances observed are present in both spectra. 
When comparing the ssNMR-spectra to a solution NMR HC HSQC spectrum of labelled 
growth medium, many of these peaks originate from the free amino acids in the growth 
medium. These data show that the isotopes in the growth medium are taken up by the cells 
and used by in cellular metabolism, mainly in protein synthesis. Interestingly, several peaks 
differ between the monolayer culture and the spheroid culture in either signal intensity of 
occurrence, where certain correlations are unique for their respective cell culture condition. 
For example, the spectral region up field of free amino acids shows 6 resonances that 
can be assigned to originate from a 6-ring sugar. These resonances are only present in the 
monolayer culture, while they are absent in the spheroid culture. The availability of nutrients 
is much reduced in the spheroid culture, which results in the total consumption of the sugar 
source. In conclusion, the labelled amino acids in the cell culture medium are consumed 
during proliferation and incorporated into several metabolic pathways, depending on their 
respective culture conditions.
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	 As seen before, rigidity-sensitive carbon-detected spectra are dominated by 
protein resonances21. 2D CC PARIS spectra recorded on A431 spheroids, confirm the high 
degree of proteinaceous signals in the aliphatic region of the spectrum (Figure 4). For certain 
amino acid types, e.g. serine and threonine, (Cα-Cβ and Cβ,Cγ) cross peaks were observed 
that suggest different  secondary structure elements were present which would be in line 
with the notion that  the proteins inside the cells remain folded. Based on our previous 
experiments, actin is one of the most abundant protein inside A431 cells21. Hence, we used 
FANDAS36,37 to predict chemical shift correlations using the structural model of actin38. The 
resulting correlation pattern is in qualitative agreement with the data recorded, suggesting 
that the CC PARIS39 spectra are dominated by rigid proteins including actin.  Due to the 
general labelling scheme, all proteins or other amino acid-derived metabolites are observed, 
making it difficult to study a single protein.
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Figure 3 | A431 spheroids incorporate spin labels from the culture medium and show metabolic 
alterations compared to monolayer cells. A) HC INEPT spectrum recorded on labelled A431 cells from a 
monolayer culture and A431 spheroids at 5.000 kHz MAS. A CH HSQC of the culture medium (red) shows that the 
spin labels are incorporated into the monolayer (gray) and spheroid (blue) culture. The majority of the resonances 
match between the two culture methods, although several unique resonances are observed for the monolayer and 
spheroid culture, indicating differences in metabolism. Black crosses indicate solution state assignments as reported 
by the Human Metabolome Database. Note that glutamine, tryptophan and cysteine resonances are missing as they 
are added unlabeled. B) Zoom in on sugar region in the HC INEPT spectrum. The A431 monolayer culture shows 
several resonances which are consisted with HC correlation of 6-ring sugars. These resonances are absent in the 
spheroid culture.
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	 In order to study single protein structures inside 3D cellular structures, we resorted 
to a different approach, where we added labelled protein to unlabeled spheroids. Previous 
work performed on nanobody 7D12 has proven that this is a small protein which binds with 
high affinity to its antigen EGFR35,40,41, which is highly overexpressed in A431 cells. Spheroids 
were grown under normal culture conditions after which [13C,15N]-labelled 7D12 was added 
to the spheroids and allowed to penetrate into the spheroid for 1 hr. Unbound 7D12 was 
removed by replacing the culture medium with fresh culture medium without nanobody to 
allow the unbound nanobody fraction to diffuse out of the spheroid. We expect that the total 
amount of 7D12 inside the sample will be in the same order of magnitude as the amount of 
EGFR that is expressed in the spheroid, which will likely be too little for conventional carbon-
detected ssNMR. In order to increase the sensitivity, we resorted to sensitivity-enhanced 
ssNMR, dynamic nuclear polarization (DNP), to enhance the overall signal. We observed 
that under DNP conditions, the overall protein enhancement observed is ~68 (Figure 5.A). 
Moreover, large enhancements were also observed for nitrogen-detected cross-polarization 
experiments where clear backbone amide and side chain nitrogen resonances are observed 
(Figure 5.B). To ensure that the NMR signal that we detected originates from 7D12 and 
not from natural abundance of the sample, we recorded 1D and 2D double quantum single 

Figure 4 | A431 spheroids are enriched in labelled proteins which remain folded under MAS 
conditions. CC PARIS spectrum showing rigid protein signal of well-folded protein as seen by the dispersion of 
chemical shifts. Actin is the most abundant protein in cellular ssNMR samples from A431 cells. Therefore, chemical 
shift predictions of actin (black dots) are overlaid on top of the spectrum, based on the F-actin structure model 
(PDB ID: 2ZWH38). The observed resonances match well with the predictions. 
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quantum (DQSQ) experiments using the SPC5 recoupling sequence42. These data show that 
we clearly observed protein signal and no other metabolites e.g. lipids or sugars, which 
suggests that we are able to detect bound 7D12 inside spheroids (Figure 5.C). Moreover, 2D 
DQSQ spectra reveal a close correlation with 7D12 chemical shift predictions based on the 
crystal structure of 7D12 bound to DIII of EGFR41 (PDB: 4KRL), confirming the presence of 
7D12 (Figure 5.D). The additional signals observed around 70-78 ppm originate from natural 
abundance glycerol, which is added to the sample to prevent disruption of the spheroids. 
Taken together, our data show that small amounts of labelled material can be added to a 
complex environment and can be studied using sensitivity-enhanced ssNMR.

DISCUSSION
3D cell culture techniques, such as spheroids and organoids, are increasingly recognized as 
improved in vitro systems to study cells within their cellular context. This includes the effects 
of cellular contacts with other cells, extracellular matrix within tissues and specific growth 
conditions, such as low pH, present within the tumor micro-environment. The enhanced 
complexity contributes in the translation of in vitro data towards in vivo situations, as the 
heterogeneity in the sample will influence the structure-function relationship of proteins.
	 Currently, efforts are made to have a better understanding of the effect of the 
native environment on protein structure and functioning. However, it is often performed on 
bacterial- or mammalian-derived membranes for membrane proteins, or inside a single cell for 
cytoplasmic proteins. The additional complexity introduced by 3D cell culture techniques e.g. 
ECM, nutrient gradients, cell-cell contacts and changes in the metabolome could potentially 
have a strong influence on the structure-function relationship43. To obtain knowledge of 
these aspects, ssNMR can contribute by studying protein structure and dynamics at atomic 
resolution without the limitation of sample size. Here, we present a method where we grow 
simplified tumor model systems in vitro that are stable during the ssNMR measurements, 
which allows us to study protein structure in their most native environment.
	 Our results show that the hanging drop method for the generation of spheroids 
can be scaled-up to obtain large numbers of homogenous spheroids which can be readily 
manipulated and which are stable and remain intact during MAS for several days. Secondly, 
we observe clear differences in the metabolic profile of cells grown in a monolayer culture 
or 3D culture, emphasizing the necessity to explore 3D systems for structural biology. 
Thirdly, spin labels can easily be introduced into growing spheroids during culture and used 
to record 2D correlation spectra on proteins or other cellular components. Finally, labelled 
material can be added to unlabeled spheroids, which opens up new strategies to study a 
single protein of interest in the context of a complex environment.
	 The results presented in this study provide evidence that spheroids can be directly 
studied by ssNMR. Even though the spheroids presented here consist of the single cell type, 
the hanging drop method can be easily manipulated to include other factors that contribute 
to a tumor environment. Often, several types of cells are found within a tumor e.g. fibroblasts 
and immune cells, which can be included in the hanging drop method by adapting co-cultures 
protocols. Moreover, decellularizared ECM fibrils, such as collagen, could be added to the 
hanging drop, which will be incorporated by the growing spheroids to form a network of 
fibril- and cell-cell contacts. Additionally, advances in the delivery of labelled proteins into 
mammalian cells allow for new developments in sample preparation for sensitivity-enhanced 
ssNMR, so that individual proteins can be studied at atomic resolution. We envision that this 
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Figure 5 | DNP-supported ssNMR on labelled nanobody in spheroid. A,B) DNP-supported 1D HC (A) and 
HN (B) cross-polarization ssNMR experiments highlight the presence of labelled 7D12 inside A431 spheroids. The 
overall enhancement recorded on protein signal is 68 while on the glycerol is approximately 120. C) 1D DQSQ-
filtered Carbon ssNMR spectra confirm labelled 7D12 inside the sample. D) 2D DQSQ spectrum recorded on 
7D12-doped A431 spheroids highlighting the conserved fold of 7D12 inside spheroids. Black crosses represent 
chemical shift predictions of 7D12 based on its crystal structure, complexed to EGFR Domain III of the ECD 
(PDBidL 4KRL). All experiments were recorded on a 400MHz/GHz spectrometer at 100K.

will give rise to important insights into the role of the microenvironment on the structure-
function relationship of proteins and contribute to pharmacological research where the gap 
in experimental systems between fields can be greatly reduced.
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MATERIAL AND METHODS
Cell culture. A431 (ATCC, CRL-1555, LGC Standards, Germany) were grown in Delbecco’s Modified Eagle’s 
Medium (DMEM: GIBCO, Invitrogen, Paisley UK) supplemented 10% Fetal Calf Serum, L-Glutamine penicillin and 
streptomycin at 37°C with an atmosphere containing 5% CO2.
Preparation of isotope-labeled spheroids. Detailed description of 13C,15N labeling of eukaryotic cells and 
medium preparation is described elsewhere (Kaplan, 201621). In short, labeled culturing medium is prepared by 
dissolving 1 g/L of [13C,15N] algal amino acid mixture (Cortecnet) into DMEM absent of unlabeled amino acids. The 
medium is further supplemented with dialized FCS and penicillin and streptomycin. A431 cells were grown for 2-3 
passages in labelling medium to enrich cells in 13C,15N-labelled proteins. For the generation of spheroids, A431 cells 
were grown to a confluency of 70% in a monolayer culture after which they were dissociated of the culture dish 
by incubation with Trypsin/EDTA and resuspended in fresh labelling medium. The cell suspension was seeded into 
384-well Perfecta3D hanging drop plates (MERCK, HDP1385) and a concentration of 50.000 cells/well. The total 
volume of each well is 40 µL. Spheroids were grown for 48 to 76 hours at 37°C with an atmosphere containing 5% 
CO2 after seeding. The spheroids were harvested by centrifugation for 5 minutes at 300x g. 
Labeled nanobody production. Overnight cultures of E. coli BL21 codon+ cells contain plasmid DNA encoded 
for 7D12 behind a T7 inducible promoter were grown in LB containing kanamycin. The overnight culture was 
diluted (1/1000) into fully labeled M9 medium supplemented with 2 g/L 13C-D-glucose and 0.5 g/L 15NH4Cl. 
Bacteria were grown until an OD600 was reached after which protein production was induced by IPTG (0.5 mM) 
addition. 7D12 was produced overnight at 25°C. The next day, bacteria were harvested by centrifugation for 20 
minutes at 4000x g and resuspended in ice-cold PBS. The cells were lysed by at least 2 freeze-thaw cycles followed 
by an additional centrifugation round of 30 minutes at 4000x g to harvest the periplasm. His-tagged 7D12 was 
purified from the periplasm by immobilized metal-affinity chromatography (IMAC). The HisTrap HP Ni2+-Sepharose 
column was equilibrated with wash buffer (300 mM NaCl, 50 mM sodium phosphate, 10 mM imidazole, 2 mM 
β-mercaptoethanol). 7D12 was eluted from the column by the elution buffer (300 mM NaCl, 50 mM sodium 
phosphate, 100 mM imidazole, 2 mM β-mercaptoethanol). Protein fractions were pooled, and via buffer exchange, 
stored in PBS.
NMR and uMRI experiments. ssNMR and DNP experiments were conducted using 3.2 mm triple-resonance 
(1H,13C,15N) magic-angle-spinning (MAS) probe heads at static magnetic fields ranging from 18.8 to 22.2 T 
corresponding to 700 MHz or 950 MHz proton resonance frequencies.  Data were recorded at 273 K (referred as 
ambient temperature, AT) employing MAS rates of 5 kHz. Pulse schemes reflected standard homonuclear proton-
driven spin diffusion (PDSD) and heteronuclear dipolar-based CH and NH cross-polarization (CP) sequences, and 
J-based CH sequence with INEPT transfer steps. 
For µMRI experiments, spheroids were grown for 76 hours in normal DMEM after which they were harvested for 
sample preparation. The spheroids were washed once in ice-cold PBS and resuspended in Leibowitz 15 medium. The 
spheroids were immobilized in a solution of 2% agarose in Leibowitz medium inside of a 5 mm solution NMR tube. 
For the MAS test, spheroids were spun down in a 3.2 mm rotor and immobilized using 2% agarose in Leibowitz 
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medium. The 3.2 mm rotor was imaged inside of a 5 mm solution NMR tube. 
Dynamic Nuclear Polarization. A431 spheroids were formed over a period of 76 hours after seeding in 
unlabeled DMEM. The spheroids were harvested by centrifugation for 5 minutes at 300 xg and washed warm 
(37°C) Leibowitz medium. [13C,15N]-labeled 7D12 (500 nM) was added to the spheroids in Leibowitz medium and 
allowed to penetrate and bind to the spheroid for an hour. The spheroids were washed again to remove the excess 
of nanobody. Then, unbound 7D12 was allowed to diffuse out of the spheroid during another incubation period in 
Leibowitz medium devoid of 7D12. Finally, the spheroids were washed again, pelleted and resuspended in DNP juice 
(60% deuterated glycerol in 10 mM HEPES, pH7.4 with 15 mM AMUPol). 
DNP measurements were performed at 100K and 8 kHz MAS on a 3.2 mm triple-resonance (1H,13C,15N) magic-

angle-spinning (MAS) probe heads at static magnetic fields corresponding to proton/electron resonance frequencies 
of 400MHz/263GHz (Bruker BioSpin). 
Microscopy Experiments. A431 spheroids were grown for 48-76 hours at a cell density of 4.000 cells/well. 
The spheroids were harvested and fixed for 30 minutes at room temperature using 4% paraformaldehyde 
solution. Nuclei and F-actin were stained using 1 µg/mL DAPI and 330 nM phalloidin-A647 for 5 minutes at room 
temperature. The spheroids were washed 3 times using ice-cold PBS and mounted with mowiol. Confocal images 
were obtained on a Zeiss LSM700 microscope.
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GENERAL DISCUSSION & FUTURE PERSPECTIVES
Understanding the complex relationship between the structure of proteins and their re-
spective function in cells is of great importance. The rigid structures that are obtained from 
classical structural biology techniques form a foundation to generate models of activation 
mechanisms of proteins, but generally lack the crucial native environment including complex 
lipid bilayer compositions in the case of membrane proteins and, in many cases, post-trans-
lational modifications. Previous studies have shown that the native environment can have 
major impact on protein structure, conformational dynamics and function. Therefore, the 
necessity to study the molecular activation in a native setting is considerable and will poten-
tially lead to improved models on how proteins become are functioning1,2. 
	 The greatest challenge for performing high-resolution structural biology is the need 
for simplified in vitro systems for solution NMR, X-ray crystallography or (single particle) 
Cryo Electron Microscopy, which often requires additional stabilization of specific protein 
domains.  Here, sold-state NMR (ssNMR) spectroscopy can offer an advantage over the oth-
er techniques as protein complexes can be studied independently of their dynamic behav-
iour via the combination of motion- and rigidity-sensitive experiments. Such a combination 
of ssNMR methods allows researchers to study and characterize their protein of interest 
across a wide range of motional timescales. Moreover, as ssNMR can in principle be used 
for a large range of molecular sizes, allowing the examination molecules embedded in larger 
complexes or associated with cellular membranes, or even whole cells3,4. In Chapter 2 an 
overview is presented of recent advances in sample preparation and results for such in situ- 
and in cell-ssNMR on bacterial and mammalian samples. It illustrates how far the technique 
has come and highlights the challenges that need to be overcome in order to push the 
boundaries of in cell ssNMR further.
	 In this thesis, we set out to continue previous work from this lab in order to un-
derstand the molecular activation of growth factor receptors in their native environment 
and assess the importance of conformational sampling for receptor functioning. The role of 
dynamics in protein functioning was further assessed in a different system, where temporal 
sequestering of protein complexes on a mesoscale level has potentially large consequences 
on catalytic activity inside cells. Moreover, we developed novel approaches that pave the way 
for future in cell NMR studies.
	 The molecular activation mechanism of full-length EGFR has been characterized 
in a native lipid environment1. As the plasma membrane was directly harvested from mam-
malian cells, EGFR carries endogenous post-translational modifications, e.g. glycosylations. 
Interestingly, it has been shown that the EGFR ECD exhibits motion prior to ligand binding, 
which is lost after addition of EGF, showing that simultaneous binding of EGF to DI and DIII 
stabilizes the ECD. In chapter 3, we made use of allosteric nanobodies to reduce the con-
formational freedom of the EGFR ECD. Our data show that binding of EgA1 reduces con-
formational freedom of the ECD by locking the hinge region between DII and DIII. As EgA1 
remains bound to the ECD, EGF can bind to the receptor as its binding epitope on DIII is 
still available for binding. Due to this lock, EGF cannot bind simultaneously to DI and DIII and 
subsequently, it is unable to induce EGFR functioning. This finding underscores the crucial 
importance of conformational sampling in EGFR activation, oligomerization and internaliza-
tion. In line with this conclusion, EgA1 point mutants were created with the goal to abolish 
the interaction site on DII while leaving the DIII binding epitope unchanged. Interestingly, our 
data shows that binding of the EgA1 mutants increases the motion of the EGFR ECD, which 
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on its turn rescues the ability of EGF to activate EGFR again and to stimulate internalization. 
However, the binding affinity is reduced, suggesting that the ECD conformation that is stabi-
lized by EGF differs from the crystal structure and most likely represents an asymmetric di-
mer as previously suggested for the EGFR dimer from Drosophila5. Even though the binding 
affinity is reduced after mutant EgA1 binding, the overall level of EGFR phosphorylation is 
increased, linking conformational freedom to EGFR functioning. This result is consistent with 
findings published by Orellana and colleagues who observed that activating point mutations 
found in glioblastoma patients show a larger structural diversity6,7. 
	 The freedom in conformational sampling of the EGFR ECD allows for stabilization 
of different ECD structures that trigger a diverse set of intracellular signalling cascades8. It 
has been proposed that dimer stability plays a role in the regulation of these signalling events 
and subsequent downregulation7. Our data supports this notion by modulating the confor-
mational landscape by using allosteric nanobodies that directly affect the ECD motion. We 
propose that EGF can, besides a high-affinity structure, also stabilize a low-affinity structure 
leading to different outcome in EGFR oligomerization, activation and internalization. This 
might explain the increase in the co-called kiss and run of EGFRs in the extended conforma-
tion resulting in the observed increase in receptor phosphorylation and subsequent inter-
nalization. Moreover, the presence of different ECD conformers on the cell surface would 
allow for binding of a subset of ligands that potentially stabilize an ensemble of “open” ECD 
conformations, of which each structure potentially has unique characteristics, e.g. dimer sta-
bility, that might have different functional implications8. Taken together, the presence of con-
formational sampling of the ECD potentially allows for the formation of a diverse ensemble 
of conformations or conformers that directly affect EGFR functioning.
	 This opens the possibility that the amount of ECD dynamics correlates to EGFR 
functioning and therefore could offer an additional degree of regulation. Notably, EGFR func-
tion is influenced by specific glycosylation patterns and a local lipid environment that have 
the potential to alter EGFR ECD motion, thereby adding another level on control on recep-
tor availability and activity9.  The lipid environment might be controlled by the presence of 
specific lipids directly associated with the ECD such as GM1 or by the local environment 
provided by a lipid microdomain or raft such as sphingolipids in general and/or cholesterol. 
Hence molecular motion and receptor plasticity may expand the currently discussed struc-
ture-functioning relationship10 and may providing further insights into aspects of receptor 
functioning such as binding affinity (including its thermodynamic description), conformational 
heterogeneity, oligomerization rates and states, dimer stability, phosphorylation, signalling 
and downregulation. Cells could be able to fine tune their local environment by changing 
post-translational modifications patterns or the lipid composition of the plasma membrane, 
thereby regulating receptor functioning, ranging from inhibition of activity to stimulation of 
receptor activation.
	 The crucial role of ECD dynamics of the molecular activation of EGFR also raises 
the question whether the conformational sampling is a conserved feature in growth factor 
receptors. To address this question, we set out in chapter 4 to study another member 
of the EGFR receptor tyrosine kinase family. This receptor is Her2, which is expressed in 
15-20% of all breast cancer patients. For these studies we used the breast cancer cell line 
SKBR3 which overexpresses Her2. From these cells, we isolated the Her2-containing plasma 
membrane fraction to study this receptor in the context of its native glycosylation- and lipid 
environment. Our ssNMR data confirm the presence of conformational sampling of the 
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unstimulated Her2 ECD. This is in contrast with the previous assumption that the ECD is 
stabilized in an “open” conformation11. As Her2 relies on heterodimerization for its phos-
phorylation, it is possible that ECD motion allows Her2 to adapt to different interaction 
partners within the ErbB family, but also interact with other receptors outside of the family, 
making Her2 heterodimerization and initiation of signalling a promiscuous event. The impor-
tance of ECD motion, or the change from a dynamic to rigid state, is further highlighted by 
the effect of adding the EGFR-specific allosteric nanobody EgA1. In chapter 3, we charac-
terized the effect of the non-activating nanobody EgA1 on the EGFR dynamics and showed 
that the EGFR ECD motion is reduced after nanobody binding. The dynamics in the EGFR 
ECD could be rescued by introducing a point mutation in EgA1 that results in exclusive 
binding to DIII, thereby allowing for flexibility in the hinge between DII and DIII on EGFR. 
The data presented in chapter 4 shows the indirect effect of EgA1 on Her2 functioning. 
Even though the allosteric inhibiting nanobody still binds to the EGFR ECD, we observe a 
clear phosphorylation of Her2, which could be abolished by the mutant EgA1. EgA1-induced 
Her2 phosphorylation was further supported by ssNMR data showing that the majority of 
the Her2 population becomes stabilized after incubation with EgA1. Taken together, non-ac-
tivating ligands are able to induce phosphorylation Her2. We propose a mechanism where 
constitutively active Her2 is continuously probing rigid interaction partners. The conforma-
tional sampling of the Her2 ECD allows for rapid adaptation of its conformation to adjust its 
subdomains that lead to heterodimerization and phosphorylation. Taken together, the data 
presented in chapter 3 & 4 underscore the fundamental requirement of ECD sampling in 
the regulation and control of receptor activation and signalling. As dynamics of the receptors 
may be affected by the native environment, the presence of the plasma membrane may be of 
crucial importance for a direct regulation of ECD dynamics. 
	 Another demonstration of the importance of protein dynamics has been given in 
chapter 5. Here we present an atomistic model of liquid-liquid phase separation (LLPS) 
and propose a macromolecular structure adopted by Edc3 after LLPS. The combination of 
using solution- and solid-state NMR opened up the possibility to study and characterize 
large protein complexes, even when NMR assignments was largely missing. The direct com-
parison of proton-detected NMR spectra of truncated proteins in solution with protein 
complexes after phase separation (studied by ssNMR), paved the way to construct a model 
of how soluble proteins transit from solution to LLPS and to probe the role of each protein 
subdomain as well as the role of RNA in the process of LLPS. Moreover, we characterized 
several parameters that are of crucial importance for LLPS e.g. salt concentration or the 
hydrophobicity of the solvent.
	 In particular our combined approach such solution- and solid-state NMR data high-
lighted the vital role the intrinsically disordered region (IDR) plays in LLPS, a notion that 
was further confirmed by MD simulations. As interactions strengthen between the IDR and 
the folded dimerization domains, the overall dynamics inside the phase-separated state slow 
down until the point that this process is irreversible (gel-like state). Our current data suggest 
that this process does not involve major conformational changes of the IDR but more NMR 
experiments may be needed to fully proof this assumption. On the other hand, the N-termi-
nal LSm domain of Edc3 is still mobile in the gel-like state, suggesting that it is still available 
to recruit and interact with Dcp2, the catalytically active protein. Moreover, LLPS relies on 
the accumulation of weak and likely unspecific interactions to form liquid droplets. Sections 
of the IDR remain mobile after LLPS which allows for the reversible character of LLPS in vivo. 
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The dynamic behaviour of protein subdomains after LLPS could also have significant implica-
tions in pharmacological studies, as LLPS has now been linked to neurodegenerative diseases, 
where protein aggregates and fibril deposits often give rise to the disease morphology12..
When the aggregates are formed, solubilizing protein deposits has remained challenging. 
However, as the phase-separated state prior to fibril formation is dynamic and accessible for 
the diffusion of molecules, one could design novel molecular therapies that could tackle or 
prevent protein aggregation early on. 
	 Finally, in chapter 6 we describe a new approach which will allow researchers to 
perform NMR-based structural studies in in vitro grown tumour models. The spheroids form 
the basis upon which structural research can be performed. Even though we only have devel-
oped the first steps in the process, our results show the potential of using NMR on such a 
model system. The introduction of the 3rd dimension establishes two new parameters which 
could influence the structure and functioning of proteins: the introduction of gradients (e.g. 
nutrients, oxygen, pH, etc.) and the introduction of cell-cell contacts. Moreover, due to these 
new factors, cells that are in the outside layer exhibit a different metabolism and therefore 
also different proteome, lipidome and glycome in comparison to cells that are close to the 
necrotic core. 
	 Labelling techniques still need to be developed which can provide structural infor-
mation on a single protein species in a complex environment, for example a spheroid. Until 
then, one relies on the use of labelled molecules which can be added to spheroids. Pharma-
ceutical industries, as well as the societal mission to reduce animal model testing, there is an 
increased interest in studying 3D-cell culture model systems.  The translation of in vitro-de-
rived structural information is insufficient to correlate with these novel data. However, with 
the development of spheroids for structural studies, one could resort to these methods to 
study pharmaceutically relevant small molecules, peptides or proteins in the context of a 
3D environment, where only the added molecules are labelled and therefore studied in an 
unlabelled cellular background. Alternatively, developing approaches to locally increase NMR 
sensitivity, by for example using nanobody-conjugates to bring a radical (DNP) close to the 
protein of interest, would contribute to study fully labelled cellular preparations. With these 
developments a single protein could potentially be studied in vitro but in conditions closely 
resembling physiological relevant states.
	 Chapters 3 and 4 show the crucial role that is played by the native environment 
on the functioning of growth factor receptors. The fact that EGFR and Her2 are often mu-
tated in forms of solid tumours, e.g. head-and-neck cancer or breast cancer, presents the 
necessity to push the native boundaries even further. With the ability to study tumour model 
systems by ssNMR, we could envision to perform future studies on EGFR, Her2 or other 
growth factor receptors directly in 3D tumour models. In chapter 6, we used simplified sys-
tems in which a single cell line was used to grow the spheroids. This implies that the contacts 
cells make are only with other cells. Future research could continue to develop more com-
plex tumour model systems by incorporating the extracellular matrix (ECM), which plays a 
major role in tumorigenesis. The ECM could be added in solution while the cells are seeded, 
allowing cells to incorporate ECM components into the spheroid. Alternatively, ECM-pro-
ducing cell lines could be added to create a co-culture system where ECM components are 
produced and deposited into the extracellular space. When an intricate network of ECM 
is formed, intracellular signalling processes change which drive cell growth, sustained angi-
ogenesis, evasion of apoptosis and inhibition of apoptosis13. Moreover, the physical barrier 
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imposed by the ECM combined with cell adhesion to the ECM drives resistance in tumours. 
Finally, there is direct evidence that EGFR and Her2 interacts with a subset of integrins, the 
molecules that connect the ECM and induce ECM-specific intercellular signalling events. 
Their interaction activates EGFR and induces cytoskeletal rearrangements involved in cell 
migration and recruits EGFR to focal adhesion hotspots. The change in EGFR localization 
potentially poses a new local environment that changes the EGFR ECD motion and directly 
also its functioning14. This effect has also been observed for Her2 in brain metastases15.
	 Finally, in order to be able to study protein structure, dynamics and function in a 
native setting, ssNMR needs to develop more in order to be able to gain higher resolution 
data. First of all, currently it is a challenge to obtain a single labelled protein in the context 
of a cellular unlabelled background. Recent advances have highlighted the use of electropo-
ration as a way to deliver labelled material into cells4. However, the labelled protein is still 
produce in bacteria, which means that it is reconstituted into a mammalian setting. Moreover, 
the life time of a protein is also too short to use this method for studies in spheroids as after 
the electroporation procedure, the spheroids still require 72 hours to form. Alternatively, 
one could resort to methods similar to those described in bacteria where after reach a 
certain OD in the bacterial growth curve, protein production is induced in fresh and labelled 
medium while endogenous expression is repressed, resulting in a high degree of labelling of 
your protein of interest16. Such systems still need to be established for mammalian systems, 
but offer the great advantage that the protein of interest is produced and studied inside 
the same cell. There is no need for purification of the protein. Also the ssNMR hardware is 
still under development with ultrafast MAS and proton-detection becoming more common, 
which give rise to higher-resolution data. Moreover, the recent development of the first ul-
tra-high field 1.2 GHz NMR magnet scheduled for installation at Utrecht in 2021 will further 
expand the potential of NMR for in-situ structural biology in complex biomolecular systems.
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SUMMARY
Cells rely on their ability to sense the environment in order to quickly and adequately 
respond to an ever changing environment. They are able to respond by means of proteins, 
which are the molecular machines of cells and allow for a proper cellular homeostasis. 
The relationship between the structure and function of proteins is complex but of crucial 
importance for cellular homeostasis. Activation of proteins frequently goes hand-in-hand with 
conformational changes as a consequence of ligand binding. Previous publications suggested 
that these conformational changes occur due to intrinsically dynamic protein domains. Often 
the physiological environment also imposes a significant effect on their functioning. When 
new proteins are synthesised, they are post-translationally modified in eukaryotic cells which 
can be important for their function. Moreover, membrane proteins are often embedded in 
specialized lipid environments that directly interact with the protein. Therefore, it is of great 
importance to study the structure of proteins under physiologically relevant conditions. 
This actually imposes a problem on structural biology techniques as they generally require a 
simplified and isolated system to obtain high-resolution data. In this sense, solid-state Nuclear 
Magnetic Resonance (ssNMR) spectroscopy is unique as it is not limited by the sample size 
and complexity. Additionally, ssNMR can provide insights into the dynamic- and rigid profile 
of proteins simultaneously. In this thesis, we describe studies where we studied the dynamics, 
activation and functioning proteins in a complex or native lipid environment using ssNMR 
and molecular biology techniques. These systems play a central role in the development of 
cancer, e.g. breast cancer, but are also involved in neurodegenerative diseases. In recent years 
there has been an increase in interest towards the development of novel ssNMR methods 
which opens up the possibility to measure cellular- and even in-cell-ssNMR samples. 
	 In chapter 2, we present an overview of recent literature describing the 
development for prokaryote- and eukaryote samples. These methods offer the possibility to 
specifically label a single protein by enriching it with NMR-active isotopes inside a cellular 
system or they relate to approaches to deliver a NMR-visible protein inside an unlabelled 
cell. The literature overview emphasises the increased interest in this field and underscores 
the relevance of performing structural studies inside a native environment.
	 Previous work performed by Kaplan and colleagues highlighted the importance 
of the native environment on the intrinsic dynamic character of the extracellular domain 
(ECD) of the Epidermal Growth Factor Receptor (EGFR), but a role for this dynamics has 
never been described. Chapter 3 presents new data, in which we made use of allosteric 
nanobodies showing that conformational freedom is essential in the functioning of EGFR, 
because the nanobody locks an important hinge region of the receptor. By making point 
mutations in the nanobody, we were able to increase the dynamic behaviour of the ECD 
which lead to increased activity and internalisation rates of EGFR.Because the dynamics 
of the ECD is crucial in the activation of EGFR, we wondered whether this is a general 
feature of growth factor receptors. In chapter 4, we adapted the method previously used 
for the EGFR studies, for a cell line which has an endogenous overexpression of HER2, a 
family member of the receptor tyrosine kinase family. HER2 is a unique receptor as until 
date, no activating ligand has been found. This implies that receptor activation is dependent 
on heterodimerisation. Here we present ssNMR measurements that, in contrast to the 
general assumption, suggest that the ECD of unstimulated HER2 is dynamic. EGF-dependent 
stimulation of HER2 results in an increase in phosphorylation levels and increased ECD 
rigidity. Finally, we made use of an anti-EGFR nanobody, described in chapter 3, which 
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induces a small rigidification of the EGFR ECD by locking a receptor hinge region. This 
nanobody was shown to indirectly increase phosphorylation levels of HER2 and also stabilize 
the HER2 ECD. We conclude that the presence of a rigid dockingpartner, and therefore not 
ligand binding, is the driving force for HER2 phosphorylation and oligomerization.
	 Chapter 5 describes a different system where the dynamic character is important 
in protein functioning. We made use of a combination of solution- and solid-state NMR 
to derive an atomistic model on phase separation. Our data shows that phase separation 
coincides with increased rigidity of a mobile unstructured region. We do not observed 
significant conformational changes. The intermolecular transient and weak interactions of 
the unstructured regions with the dimerization domain allow the formation of the dynamic 
macromolecular structure.Even though structural research is being performed in situ 
when possible, there is still a gap between the environment of cells within a human body 
and cells that are being cultured in a laboratory setting. Therefore, researchers in biology 
have developed 3-dimensional cell culture techniques which attempt to mimic the cellular 
environment inside a body. In chapter 6, we have developed a large-scale method which 
results in the formation of homogenous spheroids, which function as tumour model systems. 
We subjected them to ssNMR experiments in order to record structural data directly on 
the spheroids. Moderate MAS speeds did not disrupt the spheroid which enables structural 
studies directly on these model systems. 
	 In conclusion, this thesis presents work which confirms the importance of the 
dynamic character of proteins and thereby links the structure and function of proteins. 
Additionally, it is important to perform such studies within the native environment. The 
combination of ssNMR and cell biological experiments was central in studying the structure-
function relationship. 



148

Addendum

&

SAMENVATTING
Voor het overleven van cellen zijn zij erg afhankelijk van het waarnemen van- en reageren op 
hun omgeving. Dit doen zij vaak door middel van eiwitten, wat de moleculaire machines van de 
cel zijn. Om te kunnen begrijpen hoe deze eiwitten hun precieze functies kunnen uitvoeren, 
is het van belang om de structuur van het eiwit zo gedetailleerd mogelijk op te lossen. 
Echter, de de relatie tussen de structuur en functionaliteit van eiwitten is complex, maar 
desalniettemin van cruciaal belang voor een cellulaire balans. Wanneer een eiwit geactiveerd 
wordt door bijvoorbeeld ligand binding, leidt dit vaak tot conformationele veranderingen. 
Eerdere publicaties hebben gesuggereerd dat conformationele veranderingen mogelijk zijn 
omdat eiwitten intrinsieke dynamische domeinen hebben, waarna stablisiatie optreedt na 
ligand binding en daarmee het eiwit activeerd. Daarbij komt ook dat het fysiologische milieu 
van eiwitten vaak ook een grote invloed heeft op hun functionaliteit. Wanneer nieuwe 
eiwitten gesynthetiseerd worden, zullen deze in eukaryote cellen functionele additionele 
modificaties krijgen. Daarbij komt ook dat membraaneiwitten zich vaak in gespecialiseerde 
lipide-omgevingen bevinden waarbij de lipides een directe interactie hebben met het eiwit. 
Het is daarom van cruciaal belang om structurele studies uit te voeren onder fysiologisch 
relevante omstandigheden. Dit brengt echter een probleem met zich mee dat voor de meeste 
structerele biologische technieken gelimiteerd zijn door de specifieke eisen waarbij de 
monsters vaak vereenvoudigt worden en ze uit hun fysiologisch omgevingen worden gehaald. 
Vaste-stof Nucleaire Magnetische Resonantie (ssNMR) spectroscopie biedt echter unieke 
mogelijkheden voor structurele studies, omdat de complexiteit en formaat van een monster 
niet limiterend is. Daarnaast kan ssNMR simultaan informatie verschaffen over dynamische 
en rigide onderdelen van een eiwit. In dit proefschrift beschrijven we experimenten waarin 
we de dynamiek, activatie en functionaliteit bestuderen in complexe systemen middels 
ssNMR en moleculaire biologische proeven. Deze systemen spelen een centrale rol in de 
ontwikkeling van kanker, zoals borstkanker, maar ook in neurodegeneratieve ziektes.
	 In de afgelopen jaren wordt er meer energie geïnvesteerd in de ontwikkeling 
van nieuwe ssNMR methoden die het mogelijk maken om cellulaire of zelfs in-cel ssNMR 
monsters te maken. In hoofdstuk 2 presenteren wij een overzicht van recente literatuur 
over ontwikkelingen  in monsterpreparatie voor zowel prokaryote als eukaryote preparaten. 
Deze methoden bieden de mogelijkheid om bijvoorbeeld specifiek een enkel eiwit te maken 
in een cel dat verrijkt is met NMR-actieve isotopen of beschrijft de mogelijkheid om een 
NMR-zichtbaar eiwit in een cellulair systeem te krijgen. Het literatuuroverzicht benadrukt 
de toename in interesse in dit veld en de relevantie van dit type onderzoek voor structurele 
studies.
	 De fysiologisch omgeving is van cruciaal belang voor de intrinsieke dynamica van 
het extracellulaire domein (ECD) van de Epidermale Groeifactor Receptor (EGFR), maar 
een rol voor deze dynamica hiervan was nooit aangetoond. Hoofdstuk 3 geeft nieuwe data 
weer waarin we, door middel van allosterische nanobodies, hebben kunnen aantonen dat 
de conformationele vrijheid van het ECD essentieel is voor het functioneren van EGFR. De 
allosterische nanobodies zetten een scharnier vast in het ECD waardoor EGFR niet meer 
functioneerd. Door het aanbrengen van puntmutaties in het nanobody  konden we het 
dynamisch karakter van het ECD herstellen en zelfs versterken, wat leidde tot een toename 
van zowel de activiteit en internalisatiesnelheid van EGFR.
	 Doordat de dynamica van het ECD cruciaal is voor de activatie van EGFR, vroegen 
wij ons af of dit een algemeen eigenschap is van groeifactorreceptoren. In hoofdstuk 4 



149

&

Samenvatting

hebben we de methode  die voorheen is gebruikt voor onze EGFR-studies toegepast op 
een nieuwe cellijn die een grote overexpressie heeft van HER2, een familielid van EGFR in 
de receptor tyrosine kinase-familie. De kristal structuur van HER2 ECD geeft een “open” 
conformatie weer, waardoor men denkt dat de ECD van HER2 rigide is en altijd klaar is om 
met andere receptoren een interactie aan te gaan. Daarnaast is HER2 een unieke receptor 
omdat er geen activerend ligand voor gevonden is, waardoor de activatie van de receptor 
afhangt van heterodimerisatie met andere receptoren. In dit hoofdstuk hebben we middels 
ssNMR-metingen aangetoond dat, in tegenstelling tot de algemene aanname, het ECD van 
HER2 ook dynamisch is voordat deze gestimuleerd is. Indirecte stimulatie van HER2 via 
EGFR door middel van EGF leidt tot een toename van het HER2 fosforylatieniveau en een 
toename in ECD-rigiditeit. Tot slot hebben we een nanobody gebruikt om de details van HER2 
beter te begrijpen. In hoofdstuk 3 hebben we dit remmende nanobody gekarakteriseerd en 
aangetoond dat de ECD van EGFR licht gestabiliseerd wordt. Het anti-EGFR nanobody was 
in staat om via indirecte stimulatie HER2 fosforylatie en ECD stabilisatie te induceren. We 
concluderen dat een rigide dimerisatie-epitoop, en niet ligandbinding, de drijfveer is voor het 
dimeriseren en functioneren van HER2.
	 Hoofdstuk 5 beschrijft een ander systeem waarin het dynamisch karakter 
belangrijk is voor het functioneren van het eiwit. We maakten gebruik van zowel vloeistof- 
als vaste-stof NMR om het proces van fasetransitie in detail te beschrijven. Onze data 
toont aan dat Edc3 in gist betrokken is bij het vormen van membraanloze compartimenten 
zonder grote structurele veranderingen. Echter, fasetransitie zorgt ervoor dat flexibele en 
ongestructereerde onderdelen van Edc3 tijdelijk betrokken zijn bij zwakke intermoleculaire 
interacties. De som van deze interacties leidt tot de formatie van een groter macromoleculair 
systeem die door het dynamische karakter nog steeds functioneel is.
	 Hoewel structureel onderzoek gedaan kan worden aan in situ monsters middels 
ssNMR, is er nog steeds een gat tussen cellen in het menselijk lichaam en cellen in het 
laboratorium. In de biologie wordt er daarom meer gebruik gemaakt van driedimensionele 
celkweeksystemen die potentieel een goede in vitro-representatie zijn van het lichaam. In 
hoofdstuk 6 hebben we een methode ontwikkeld die het mogelijk maakt om op grote 
schaal homogene tumormodelsystemen te groeien en deze vervolgens te bestuderen 
middels ssNMR. Onze data bevestigen dat de 3D modelsystemen de experimentele condities 
van ssNMR overleven. Hierdoor is het mogelijk om bijvoorbeeld farmacologisch relevant 
onderzoek te doen, direct in een 3D tumor model systeem.
	 Samengevat presenteer ik in dit proefschrift onderzoek dat het dynamisch karakter 
van eiwitten cruciaal is: het verbindt de structuur en de functionaliteit van het eiwit. De 
fysiologische omgeving speelt hierbij een belangrijke rol en beïnvloed mogelijk direct de 
structuur en functionaliteit van eiwitten
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