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Introduction 

The structure of biomolecules is of crucial importance for their functions. 
Hence, gaining knowledge on their structure will allow us to understand, for 
example, how they relate to particular disease symptoms. Therefore, the field 
of structural biology became especially important in the areas of medicine and 
drug development. X-ray crystallography enabled the first structural studies 
of biomolecules, such as the discovery of the DNA structure. Nowadays, there 
are numerous techniques, including cryo-electron microscopy (cryo-EM) and 
solution Nuclear Magnetic Resonance (NMR) spectroscopy, that permit the 
study of biomolecules and their structure. 

Although the field of structural biology is still dominated by X-ray 
crystallography, solution NMR provides unique advantages for structural 
studies and is an integral part of drug discovery2-5. However, as the major focus 
in the field of drug development is shifting towards membrane proteins as drug 
target8,9, solution NMR faces several limitations. Solid-state NMR (ssNMR), on 
the other hand, has no size limitations and allows the study of membrane-
embedded or membrane-associated proteins in their close-to physiological 
context, which has been shown to be of critical value10. Moreover, pioneering 
developments have further pushed the boundaries of ssNMR and enabled the 
study of proteins directly in whole cells11. These progresses offer a great potential 
to expand the utility of ssNMR in drug development where structural features of 
drug targets and drug-target complexes can guide medicinal chemistry towards 
promising drug candidates. Also heterogeneous solids such as amyloid fibrils12, 
cytoskeletal filaments13 and nucleoprotein complexes14 are amenable to ssNMR. 
Moreover, ssNMR is not limited to the analysis of structures only. It is a very 
versatile tool which, for example, can be applied to resolve target binding sites 
and to obtain site-specific information on the dynamics of the subjected complex 
from picosecond to second time timescales. Altogether, ssNMR is a powerful 
tool that will undoubtedly improve our current understanding on how to use 
membrane proteins as drug targets. 
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The work described in this thesis further underlines the versatility and 
strength of ssNMR in drug development. We show how NMR can be used to 
gain further knowledge on three different systems that might contribute to the 
design of novel therapeutics (Figure 1). These complexes include:

•	 the peptide antibiotic plectasin and the complex it forms with its target lipid 
II, 

•	 self-assembling peptidic hydrogel scaffolds for tissue engineering of the 
spinal cord, 

•	 the potassium channel KcsA. 

These systems, together with the fundamental aspects of NMR, will be 
further introduced in the following sections. 

Solid-state
NMR

Plectasin Hydrogels KcsA

Figure 1. In this work, ssNMR is used to study three different systems: plectasin and its 
target, hydrogel scaffolds for tissue engineering, and KcsA.
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Nuclear Magnetic Resonance

The principle behind NMR spectroscopy is that every atomic nucleus 
possesses an intrinsic property called a spin (I) that in turn has a magnetic 
moment (μ). Only nuclei with a non-zero spin have a magnetic moment and 
are thus visible for NMR spectroscopy. The magnetic moment, quantized into 
2I + 1 directions, forces a spin to act as a tiny bar magnet and aligns the initially 
randomly oriented spin either with (low energy state) or against (high energy 
state) the applied external magnetic field. The interaction between the magnetic 
field and the spin is also known as the Zeeman interaction. The energy of a spin 
state can be calculated with the following equation:

                                                                              (1.1)

where Ez is the energy of the individual spin state, γ is the gyromagnetic ratio of 
the nucleus, h is the Planck’s constant and B0 is the externally applied magnetic 
field. In case of a spin ½, two different energy levels would be present (Figure 
2). 

Supposing there is an ensemble of nuclear spins, which is typically the case 
in an NMR sample, each of this energy state would have a certain population 
degree defined as pα and pβ. The population distribution in the different states is 
described by the Boltzmann distribution:

     (1.2)

where k is the Boltzmann constant, v is the Larmor frequency and T is the 
absolute temperature. The Larmor frequency is the rate by which spins precess 
around the magnetic field. More nuclei will occupy the low energy state rather 
than the high energy state, hence there will be a net magnetization aligned 
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Figure 2. Simplified Zeeman energy levels for a nucleus with a spin ½ when placed in 
an external magnetic field.
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with the applied magnetic field. This net or excess magnetization can be used 
for NMR studies, however, the excess corresponds to about 0.1 % of the spins, 
which can make sensitivity a challenge for NMR studies. Sensitivity issues can 
be overcome by, e.g., increasing the external applied magnetic field, decreasing 
the temperature or by detection on nuclei with a high γ. The latter strategy will 
be discussed further in the chapter. 

In a typical NMR experiment, the response of the spins to applied 
radiofrequency (RF) pulses is measured. The RF pulses excite the spins from 
a low energy state (ground state) to a higher energy state (excited state), and 
the electric current induced by the excited state is acquired as a so-called free 
induction decay (FID). 

Spin interactions in NMR 

In this section, we briefly introduce the most relevant internal spin 
interactions in biological NMR. These interactions include the chemical shift, 
J-coupling, and dipolar coupling. While the chemical shift and the dipolar 
coupling are orientation-dependent, the J-coupling is orientation-independent. 

Chemical shift 

Besides spins, also electrons that orbit around nuclei are affected by the 
external applied magnetic field. The magnetic field causes the electrons to 
induce an electric current which in turn causes a local magnetic field at the 
nucleus. In other words, the spins are being “shielded” by the surrounding 
electrons from the external magnetic field. The magnitude of shielding depends 
largely on the density of electrons around the nucleus and the applied magnetic 
field, and is generally given by the parameter δ. The shielding of the nuclear 
spins is anisotropic, given that the electrons are not equally distributed around 
any kind of nucleus. This gives rise to chemical shift anisotropy (CSA). 

J-coupling (scalar coupling)

J-coupling involves spin-spin interactions that are operated through bonding 
electrons. These so-called indirect spin-spin interactions are caused by hyperfine 
interactions between the nuclei and the local electrons. The J-coupling has both 
isotropic and anisotropic properties. The latter, however, is usually of no practical 
importance in NMR. The isotropic part of the J-coupling is a fundamental tool in 
NMR, especially in solution NMR, and is usually referred to as scalar coupling. It 
provides with information on the through-bond connectivity of atoms, which is 
manifested by signal splitting in NMR spectra. 

Dipolar coupling

The dipolar coupling is a through space anisotropic interaction and 
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arises from two interacting spins that have a magnetic moment. This type of 
interaction is usually magnitudes stronger than J-coupling and depends on the 
gyromagnetic ratios and the cube of the distance of the interacting spins:

     (1.3)

where D is the dipolar coupling constant and r is the distance between spins 
1 and 2, respectively. Dipolar coupling of spins occurs either between two of 
the same nuclei (homonuclear dipolar coupling) or between two different 
nuclei (heteronuclear dipolar coupling). These couplings behave differently 
during Magic Angle Spinning because of the presence of zero-quantum (ZQ) 
operators in the homonuclear dipolar Hamiltonian. These ZQ transitions render 
Hamiltonian time-dependent, which especially for strong homonuclear proton 
couplings prevents efficient averaging by MAS. For a homonuclear spin pair, the 
dipolar coupling can be expressed as:

   (1.4)

Heteronuclear dipolar couplings of spins can be described by the following 
formula:

    (1.5)

Magic Angle Spinning

The aforementioned anisotropic interactions that nuclei experience can lead 
to very broad and featureless NMR signals in solids. In solution NMR, these 
interactions are averaged out by the fast tumbling of molecules, leaving only 
isotropic interactions such as the chemical shift and the relatively small (about 
100 Hz) J-couplings.  As a result, solution NMR spectra can feature exquisite 
resolution. In ssNMR, however, anisotropic interactions on the order of up to 
100 kHz are present and can lead to substantially broadened signals. High-
resolution can be restored in ssNMR with a  technique called Magic Angle 
Spinning (MAS)10. By physically rotating the NMR sample at an angle of 54.74°, 
with respect to the direction of the external magnetic field, anisotropic NMR 
interactions such as CSA and dipolar couplings are cancelled out partially or 
completely (Figure 3). The MAS frequency is of prime importance in this case 
and needs to exceed the linewidth in order to avoid incomplete averaging of 
anisotropic interaction15,16. In practice, this is very difficult to achieve due to 
the very strong time-dependent 1H-1H dipolar couplings (~120 kHz). In spite 
of these complications, MAS spinning of NMR samples drastically improves the 
spectral quality and enables the application of sensitivity-enhancing and high-
resolution NMR techniques such as 1H-detection.

𝐷𝐷 = 𝛾𝛾1𝛾𝛾2 (
ℎ
4𝜋𝜋2)(

𝜇𝜇0
4𝜋𝜋) 𝑟𝑟1,2

−3 

𝐻𝐻𝐷𝐷
𝐼𝐼𝐼𝐼 = 1

2
𝜇𝜇0𝛾𝛾1𝛾𝛾2ℎ2
16𝜋𝜋3𝑟𝑟3 (3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 1)(3𝐼𝐼1𝑧𝑧𝐼𝐼2𝑧𝑧 − 𝐼𝐼1 ∙ 𝐼𝐼2) 

𝐻𝐻𝐷𝐷
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16𝜋𝜋3𝑟𝑟3 (3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 1)𝐼𝐼1𝑧𝑧𝐼𝐼2𝑧𝑧 
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1H detection 

The broad applicability of NMR in biomedical research in solutions owes its 
success to the high sensitivity of 1H due to its high natural abundance and γ. 
The γ of 1H is about 4 and 10 times higher than for 13C and 15N, respectively. 
Since detection sensitivity relates to (Hy/Xy)3/2, 1H detection can in principal 
enable sensitivity gains of more than 30 for 15N. It is therefore no surprise 
that 1H-detection is becoming more and more routine in ssNMR. However, 
as discussed before, 1H-1H dipolar couplings are very strong and have to be 
attenuated, which can be achieved via fast (>50 kHz) MAS. 

Relaxation and dynamics 

NMR not only elucidates molecule structure, it also permits to probe 
dynamics in atomic detail by so-called relaxation measurements. Relaxation is 
a process where excited spins revert back to the ground state, thus where the 
net magnetization goes back to its equilibrium situation. In ssNMR there are 
distinct classes of relaxation processes that enable to probe different motional 
timescales. Below are three relaxation processes that were measured in this 
thesis: 

B0

54.74 o

A B

Figure 3. A) Schematic illustration of MAS. An NMR rotor containing sample is rotated 
physically at an angle of 54.75° relative to the magnetic field B0. B) 1H NMR spectra of 
glycine at different MAS speeds. MAS significantly improves the spectral resolution1.
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T1 relaxation

This relaxation process is also referred to as spin-lattice or longitudinal 
relaxation. It involves the restoration of the net magnetization, in the direction 
parallel to the magnetic field (z-plane), according to the Boltzmann distribution. 
T1 relaxation can be used to probe motion on the fast picosecond-nanosecond 
time scale and is expressed as:

    (1.6)

with Mz the magnetization in the z-plane after perturbation.

T2 relaxation 

T2 relaxation, also known as spin-spin or transverse relaxation, takes 
place perpendicular to the magnetic field (xy-plane). At equilibrium, the net 
magnetization in the xy-plane equals to 0. It becomes non-zero when RF pulses 
are applied on the nuclear spins resulting in a transition of magnetization 
from the z-plane to the xy-plane. T2 relaxation is the process by which the 
magnetization in the xy-planes decays and is expressed as:

    (1.7)

The time constant T2 is typically small, in the order of microseconds and 
its magnitude dominates the linewidth of signals. The ratio between T2 and T1 
relaxation rates is a commonly used approach to assess chemical exchange in a 
given system17. 

It should be noted that T2 is usually not measured in ssNMR due to residual 
dipolar couplings. Instead, ssNMR uses T1ρ relaxation to probe dynamics on 
slower timescales. 

T1ρ relaxation

T1ρ relaxation or spin-lattice relaxation in the rotating frame is very similar 
to T2 relaxation. It also involves the decay of the magnetization in the xy 
plane. However, in T1ρ the reversion to equilibrium is under the influence of a 
continuous RF-field that captures the magnetization in the xy plane. This RF is 
often referred to as a spin-lock. T1ρ relaxation is typically used to probe the slow 
nanosecond to microsecond dynamics of a given system. Notably, T1ρ relaxation 
measurements in biomolecules are markedly facility at fast (>50 kHz) MAS 
frequencies18. 

𝑀𝑀𝑧𝑧(𝑡𝑡) −𝑀𝑀0 = [𝑀𝑀𝑧𝑧(0) − 𝑀𝑀0]𝑒𝑒−𝑡𝑡/𝑇𝑇1  

𝑀𝑀𝑥𝑥𝑥𝑥 = 𝑀𝑀𝑥𝑥𝑥𝑥(0)𝑒𝑒−𝑡𝑡/𝑇𝑇2  
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A new generation of antibiotics

The widespread emergence of antimicrobial resistance (AMR) is dissipating 
the public health assurance that was once created by the large availability of 
antibiotics. The increasing prevalence of pathogens resistant to numerous of 
currently used antibiotics19,20 places a significant burden on the health care 
system. A recent report showed that the health care burden in the European 
Union (EU) and European Economic Area (EEA) is similar to the combined 
effect of influenza, HIV and tuberculosis, and will account for 33 000 deaths 
every year21. As a consequence, AMR will also economically impact European 
countries22. This challenging pattern of multidrug resistant pathogens demands 
for novel antibiotics that target unexploited pathways and that are robust to 
AMR development. Naturally occurring antimicrobial peptides (AMPs) are 
an interesting class of antibiotics and have proven to be effective throughout 
evolution23. A promising class of AMPs targets lipid II, a crucial precursor in the 
synthesis of the bacterial peptidoglycan (PGN) network24,25, and kills multidrug 
resistant pathogens at nanomolar levels. Especially AMPs that specifically target 
the pyrophosphate moiety of lipid II, which is deemed irreplaceable, are less 
sensitive to AMR development. Hence, lipid II, also referred as “the bacterial 
Achilles’ heel”, is an exquisite antibiotic target24.   

Lipid II – a validated target for antibiotics

All bacterial cell walls are composed of a PGN network that provides bacterial 
cells of any given species with shape and integrity. Therefore, a robust regulation 
of the PGN network synthesis is demanded upon bacterial growth. The PGN 
network is universally characterized by linear glycan chains, composed of 
alternating units of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine 
(GlcNAc), that are interlinked by short peptide-bridges. Lipid II is key player 
in the synthesis of the PGN network as it carries one complete PGN subunit, 
which is connected to a unique pyrophosphate (PPi) group that is linked to a 
membrane-embedded C55 polyisoprenoid tail (Figure 4A).

The number of lipid II molecules in both Gram-positive and Gram-negative 
bacteria is limited, hence bacteria have encountered a dynamic so-called lipid 
II cycle where lipid II is constantly recycled to ensure effective PGN synthesis 
(Figure 4A). Therefore, the lipid II cycle forms an interesting target for 
antibiotic design. In short, any drug that sequesters lipid II and thereby blocks 
the PGN synthesis is considered a potential antibiotic candidate. The bacterial 
cell wall in Gram-positive bacteria is readily accessible from the outside for 
such peptides to interact with lipid II. The first identified lipid II targeting 
peptide is the glycopeptide vancomycin26, which specifically binds the terminal 
acetyl-D-alanyl-D-alanine motif of the pentapeptide of lipid II27,28. For a long 
time, vancomycin was last resort drug for the treatment of infections with 
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Gram-positive bacteria, such as the infamous superbug methicillin-resistant 
Staphylococcus aureus (MRSA), which showed resistance against virtually all 
clinically used antibiotics. However, the emergence of vancomycin resistant 
pathogens29 further emphasizes the need for novel antibiotics. 

Peptides that target the PPi group of lipid II not only show a unique mode of 
action that kills refractory bacteria such as MRSA at nanomolar concentrations, 
but are less prone to AMR development as the PPi group of lipid II is deemed 
irreplaceable. In addition, the presence of lipid II is limited to bacteria only 
and hence lipid II – targeting peptides do not display cytotoxicity towards 
mammalian cells. Therefore, peptides that target lipid II at the PPi group 
could form the foundations for next-generation antibiotics. However, detailed 
information on the medically relevant structural correlate of the drug – target 
complex is often scarce. Native structural studies on nisin, a lantibiotic that uses 
lipid II as a docking molecule to form pores in the membrane30,31 (Figure 4B), 
revealed that indeed artificial media do not capture the biologically relevant 
nisin pore complex32. Moreover, novel features, that are crucial for the mode 
of action of nisin, were not accessible in membrane-less media. This further 
emphasizes the necessity of studying such small membrane-embedded drug-
target complexes in native conditions. 

Here, we briefly introduce a particularly interesting class of lipid II – targeting 
AMPs, the CSαβ defensins, for which, so far, only little structural data exists on 
the drug-target complex. 
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Figure 4. Lipid II is a validated target for novel antibiotic design. A) Lipid II is 
constantly recycled by the so-called “lipid II cycle” where it is assembled in the cytosol 
and flipped across the plasma membrane to maintain PGN network synthesis. B) 
Peptides can kill bacteria via two so far known mechanisms: targeted pore formation 
(left) and/or sequestering lipid II and hence blocking the PGN network synthesis (right). 



  General Introduction  |  19

1

CSαβ defensin 

Defensins are a family of small (3-5 kDa) host-defense peptides that are 
pivotal components of the innate immune system33 in eukaryotes including 
mammals, invertebrates, plants and fungi. They are essentially ancient 
antibiotics that have potent activity towards a broad range of organisms. 
Their structural motif is defined by a β-sheet enriched fold and a framework 
that is held together by three to five disulfide bonds. Vertebrate defensins can 
be classified into three subgroups: α, β-, and θ-defensins. The latter is unique 
regarding its cyclic nature and is only found in Rhesus monkeys34. The signature 
motif of the α- and β-defensins includes a three-stranded antiparallel β-sheet 
structure35. Invertebrate33 and numerous fungal defensins36 adopt a cystine-
stabilized α-helix-β-sheet fold and are therefore referred as CSαβ defensins. 

Given the increasing interest in defensins and their applications, it is essential 
to understand their mode of action. To date, several CSαβ defensins were found 
to specifically target lipid II31. These peptides act by sequestering lipid II and 
thereby block the PGN network synthesis (Figure 4B). The first identified 
lipid II targeting CSαβ defensin is the fungal peptide plectasin, isolated from 
Pseudoplectania nigrella37,38, which tightly binds to lipid II (KD = 1.8 ∙ 10-7 M) 
in a 1:1 stoichiometry. This discovery has led to the onset of a multiple of 
studies identifying novel lipid II targeting CSαβ defensin including the fungal 
defensins eurocin39 and copsin40, the oyster defensins Cg-Defh1, Cg-Defh2 and 
Cg-Defm41 (Cg-Def) and the mussel defensin MGD-142. These defensins show 
high structural similarity to plectasin. However, while plectasin and eurocin 
compose three disulfide bonds, copsin, MGD-1 and the oyster defensins have 
six disulfide bonds. 

CSαβ defensins show great activity against a wide range of medically 
relevant Gram-positive bacteria, including penicillin-resistant Streptococcus 
pneumoniae38,39,43. They are tremendously stable due to the presence of several 
disulfide bonds and can be produced in large quantities. Altogether, CSαβ 
defensins form an excellent lead for the rational design of novel antibiotics. 
Interestingly, a plectasin triple mutant NZ2114 is currently in clinical trials44. 
This triple mutant is active against MRSA, whereas WT plectasin is not. 

Although progress has been made in identifying the membrane target of 
plectasin and other CSαβ defensins, structural information on the drug - target 
complex is limited and completely absent in membranes. On the example of 
plectasin, our current structural understanding of the binding mode comes 
from a solution NMR study in dodecylphosphocholine (DPC) micelles with a 
truncated, water-soluble lipid II construct. Solution NMR titrations of lipid II 
containing micelles with plectasin showed chemical shift perturbations in a 
number of residues38 that were used to derive a HADDOCK45 model. This model 
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suggests that the backbone amide protons of residues F2, G3, C4 and C37 form 
hydrogen bonds with the lipid II pyrophosphate (Figure 5A). Interestingly, this 
binding motif is also present in both eurocin and MGD-1 (Figure 5B), which may 
imply that the binding mode is conserved among these defensins. Furthermore, 
the pentapeptide of lipid II was assumed to be at the complex interface where 
it forms hydrogen bonds with H18. This is in broad agreement with previous 
observations where enzymatic amidation of the D-glutamate of the pentapeptide 
radically affected the antimicrobial activity of plectasin46. 

These findings gave first insights into the mode of action of plectasin. 
However, many aspects remain unclear. For instance, the micelle model does 
not explain the big hit on the binding affinity of plectasin in the absence of the 
lipid II GlcNAc sugar38, which is far from the complex interface (Figure 5A). 
Moreover, the ultra-conserved H18 (Figure 5B), which assumingly binds to 
the pentapeptide, was not observed in NMR studies in micelles38. It also does 
not provide with a structural foundation that explains the improved activity of 
the plectasin derivative NZ211444 towards Staphylococcus aureus. Moreover, 
experiments were performed using a water-soluble version of lipid II and 
therefore the 1:1 stoichiometry that was found might not be of relevance in the 
native complex with membrane-embedded lipid II. In addition, the functional 
nature of the negative patch (D9-E10-D11-D12, see Figure 5B) in plectasin 
remains unidentified. 

While the fold is conserved, CSαβ defensins show only low sequence 
homology and have stark differences in the lengths of certain loops (Figure 5B, 
C). It remains unclear if these structural differences attribute to the binding 
mode to lipid II and if CSαβ defensins show at all a conserved mode of action. 

In Chapters 2 and 3, we revisit the plectasin – lipid II complex in lipid 
membranes and aim to unravel important motifs with regards to the mode 
of action of plectasin. We reveal several features that were not observed in 
the micelle model and underline the relevance of studying such drug-target 
complexes in natural lipid membranes.  
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Figure 5. The mode of action of plectasin. A) CSP based docking model of the plectasin 
– lipid II complex in micelles. Plectasin coordinates the PPi group of lipid II through the 
backbone amino protons of residues F2, G3, C4 and C37 (see zoom, right). In this model, 
it is assumed that the pentapeptide of lipid II (yellow) is involved in plectasin binding. B) 
CSαβ defensins, including eurocin, show a similar fold as plectasin. Yet, they exhibit low 
sequence homology. C) Sequence alignment of several lipid II – binding CSαβ defensins. 
Conserved residues are indicated in orange, whereas the negative patch in plectasin is 
highlighted in red. The first ten residues of copsin are not included in the alignment.  
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Tissue Engineering

Tissue damage has a significant impact on life quality and expectancy as 
millions of deaths occur worldwide due to tissue dysfunction or loss. Tissue 
transplantation, although it can save lives, has serious limitations. The scarcity of 
organ donors47,48 and prevalence of diseases, infections and rejections of tissue48,49 
associated with transplantations further complicate tissue transplantation. 
The situation is even more severe in undeveloped countries because of a lack 
of surgical services and infrastructure for rapid transport of organs. The field 
of tissue engineering has emerged to overcome these burdens and combines 
a multitude of disciplines to develop functional biological substitutes that 
restore, maintain or improve tissue function50. Central to the field is the use 
of embryonic (EM) stem cells because of their capacity to differentiate into a 
variety types of cells according to the provided stimuli (Figure 6). 

Tissue engineering relies extensively on scaffolds to recapitulate the 
extracellular matrix (ECM) and accommodate and guide EM cells in their 
growth into specific tissue. They are therefore inherent to the success of tissue 
engineering. Ideal scaffolds should not only mimic the ECM in form, but also in 
functionality. Unfortunately, due to the complexity and diversity of the ECM, it 
is almost impossible to design scaffolds that are an exact replica in both form 
and functionality. Firstly, scaffolds should be biocompatible to avoid a triggered 
immune response, but at the same time have a suitable surface chemistry and 
structure for cell attachment and migration51. Secondly, the material of the 
scaffold should be well-considered as it dictates the mechanical properties of 
the scaffold which have to be consistent with the implantation site. To date, only 

Tissue engineering

Stem cells Sca�olds Growth factors
Figure 6. Tissue engineering is a complicated process involving the regeneration of 
healthy and functional tissue and can be considered to consist the triad of stem cells, 
scaffolds and growth factors. 
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few scaffolds have been accepted by the Food and Drug Administration (FDA) 
and the European Medicines Agency (EMA)52-54. 

Scaffolds for tissue engineering

The first biomaterials that were designed for applications in the human 
body are hydrogels55. Hydrogels were initially designed for ocular use including 
contact lenses, but they are also qualified for tissue engineering purposes due 
to their highly hydrated 3D environment resembling the native ECM and their 
extensive architecture for cell proliferation and maintenance56. 

Hydrogels can be made from naturally derived or synthetic polymers. Natural 
polymers, including collagen, gelatine, fibrin, hyaluronic acid, silk, alginate 
and chitosan are highly biocompatible and have intrinsic characteristics of 
biological recognition which facilitate cell growth and proliferation. However, 
major rapid degradation, batch-to-batch differences, presence of impurities and 
the lack of control over the mechanical properties, architecture and structure 
of natural scaffolds make natural polymers far from ideal for clinical use57. 
Synthetic polymers are superior in this respect and offer high control over the 
mechanical and chemical properties. Moreover, they can be functionalized with 
the peptide unit arginine-glycine-aspartic acid (RGD)5829,30 which stimulates cell 
migration, proliferation, growth and organization59. Synthetic polymers that are 
widely used for scaffold production are poly-lactic acid (PLA), poly-glycolic acid 
(PGA) and polyethylene glycol (PEG)60. 

A more recent development in the flourishing area of tissue engineering 
has been the use of self-assembling peptides (SAPs) due to their incoherent 
biocompatibility and biodegradability61-67. One of the first SAP68, EAK16 peptide, 
was inspired by the protein zuotin69 that was serendipitously discovered in 
yeast. Several variants were derived from the EAK16 peptide, including the 
RAD16 peptide, and were shown to support cell attachment in a variety of cell 
types70. The group of Gelain biotinylated the RAD16 peptide and combined 
it with the biofunctional motif PFSSTKT which belongs to the Bone Marrow 
Homing Peptide (BHMP1) family. This intriguing biotinylated hybrid peptide 
not only exhibited outstanding assembly performance and biomechanics71, but 
also promoted adhesion, proliferation and differentiation in human neural stem 
cell (hNSC) in vitro and in vivo 72,73. 

Mechanical properties

The mechanical properties of hydrogels, on both macroscopic and microscopic 
level, play important roles in regulating cell behaviour. Macroscopically, they 
must withstand manipulations associated with cell culture proceedings and 
provide stability as the tissue regenerates. On the microscopic level, cells 
respond to the mechanical input of their microenvironment and alter their 
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genotype and phenotype depending on the mechanics of the environment74,75. 
Therefore, understanding the role of mechanical factors in redeveloping 
functional tissue is an important subject. In this regard, the exact attributes of 
mechanical properties that promote healthy tissue function remains unclear.  

Methods that have led to advances in our understanding of the mechanical 
functionality of scaffolds are tensile, compression and indentation tests, rheology 
measurements and Atomic Force Microscopy (AFM) (Figure 7A-D). However, a 
problem that is associated with these standard techniques is that they do not 
allow measurements of mechanical properties at the nano- and micro scales, 
let alone the atomic scale. As a consequence, molecular aspects that create a 
fundamental basis for the overall functionally of scaffolds remain unknown. 
Ideally, hydrogels should be exposed to techniques that enable the study of their 
mechanical properties at both macroscopic and atomic levels. An interesting 
alternative method that can provide with an unprecedented level of qualitative 
and quantitative evaluation of the mechanical properties of hydrogels is ssNMR. 
A multitude of studies have proven the success of ssNMR in the characterization 
of hydrogels43,76-78. Yet, none of these studies have reported on the mechanical 
properties of the subjected materials. In Chapter 4, we demonstrate how ssNMR 
can be used to exploit the mechanical properties of a number of SAP hydrogels 
that were designed by the group of Gelain71. We reveal previously unknown 
mechanical attributes that are inherent to the application of such scaffolds in 
tissue engineering.  

Figure 7. Common techniques to define the mechanical properties of hydrogels. 
A) Tensile tests. B) compression tests. C) Indentation tests. D) Oscillatory rheology. 
Different types of shearing geometries can be used attached to the rheometer, depending 
on the characteristics of the material: cone-plate, plate-plate and rotational cylinder. 
The latter is illustrated here. 
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KcsA: a model channel for potassium channels

Potassium (K+) channels are the most widely distributed channels and are 
present in nearly all organisms79,80. They are membrane-spanning proteins that 
direct diverse important functions including the conduction of K+ ions across the 
lipid barrier, thereby setting or resetting the resting potential in excitable and 
non-excitable cells81. K+ conduction plays a key role in several cellular processes 
including hormone secretion, regulation of cell volume, and establishment of 
electrical pulses in excitable cells82. K+ channels are highly specific for K+ ions, 
~10 000 times less permeant for Na+ ions, and are able to conduct K+ ions at 
near diffusion-limited rates (106 to 108 ions/channel/s)83. At the molecular level, 
ion discrimination is achieved by the so-called selectivity filter (SF). Recent 
advances in genetic linkage analysis have linked K+ channel gene mutations 
or impaired function with various diseases of the heart, kidney, pancreas and 
nervous system84. An improved understanding of K+ channels may lead to 
implications for the development of novel therapeutics targeting numerous 
impaired K+ channels85. The identification of the prokaryotic K+ channel KcsA 
from Streptomyces lividans has been of enormous value for the understanding 
of a large class of K+ channels and is considered a model channel86. 

K+ channels are divided into three major classes depending on their structure 
and function. These classes include: i) voltage-gated K+ (Kv) channels, ii) two-
pore K+ channels and iii) inward rectifier K+ channels containing six, four and two 
transmembrane (TM) helices, respectively. The basic organization of virtually 
all K+ channels is a tetramer with four subunits that associate to form a fourfold 
symmetric complex around an ion pore. Notably, each subunit has two to six 
TM helices that bundle together at the C-terminus (activation gate), a central 
water-filled cavity (Sc), a pore helix that runs halfway through the membrane 
and a SF that coordinates the K+ ions86. KcsA represents the simplest topology 
for a K+ channel, a tetramer formed by four identical subunits of about 18 kDa, 
with each subunit containing only two TM helices (TM1 and TM2) (Figure 8A). 

The SF is highly conserved in all K+ channels and is composed by the amino 
acid sequence TVGYG (Figure 8B). It is characterized by four K+ ion binding 
sites S1 – S4 that adopt a unique structural chain where carbonyl oxygen atoms 
are aligned towards the pore centre and serve as a ligand to the dehydrated K+ 
ion (Figure 8C). Initially, it was believed that only S1 and S3 or S2 and S4 were 
occupied by K+ ions and that water molecules accommodated the remaining 
sites87. However, contradicting studies have proposed a different scenario where 
K+ ions move sequentially from one site to the next site as they move through 
the channel6. The exact mechanism is still under debate. 
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Although the topology of KcsA is close to the inward rectifier K+ channels, 
it resembles Kv channels much more with regards to its ion permeability and 
selectivity86. The major difference between Kv channels and KcsA lies in the 
stimuli ligand required for activation of the channels: Kv channels are activated 
by membrane depolarisation, whereas KcsA activation is established by lowering 
pH88,89. The activity of Kv channels plays a key role in determining the duration, 
shape and characteristics of any kind of action potential in vertebrates90. Hence, 
gaining more insight in the mechanism underlying activation and inactivation 
of KcsA could contribute to understand the mechanism of Kv channels at the 
molecular level. 
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Figure 8. The basic organization of K+ channels is highly conserved. A) 
Structure of KcsA in the closed-conductive state. Each KcsA subunit is composed of 
two transmembrane helices (TM1 and TM2), one pore helix, one turret loop and a 
selectivity filter. B) The amino acid sequence TVGYG, which forms the selectivity filter, 
is highly conserved in K+ channels. C) The selectivity filter includes four cages where 
the backbone carbonyl oxygen serves as a ligand for the K+ ions. Figures A) and C) are 
obtained from PDB file 1K4C6.
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The activity of KcsA is governed by an interplay of the activation gate and 
the C-type inactivation gate. Opening and closing of the activation gate in KcsA 
is tightly controlled by protons. At neutral pH, the C-termini of the TM helices 
are held together through a network of hydrogen bonds that keep the channel 
in a closed conformation. When the pH is decreased to ~4, the key residues H25, 
E118 and E120 in the activation gate are protonated and the original hydrogen-
bond network holding the bundle of helices together is disrupted91,92. As a result, 
the channel opens allowing the conduction of K+ ions. Remarkably, conduction 
of K+ ions decays in a time-dependent fashion even when the activation gate 
remains open. It was discovered that the transitions between conductive and 
nonconductive state of KcsA is dictated by the C-type inactivation gate93. This 
stochastic transition mechanism (Figure 9A) is also referred to as gating. In 
some K+ channels these two mechanisms are coupled94,95. C-type inactivation is 
a slow inactivation process that is related to the SF and is initiated by a decrease 
in K+ ion concentration96. 

Figure 9. Modal gating behaviour in KcsA. A) The lower activation gate can be in an 
open or closed conformation and is tightly controlled by pH. The upper gate relates to 
the selectivity filter and transits between a conductive and inactivated state. B) Modal 
gating behaviour of KcsA recorded under steady-state conditions at pH 3.0 and 150 mV 
in 200 mM K+ (top). Modal gating is dominated by the non-conductive C-type inactivated 
state with bursts of activity with variable kinetics behaviour. Representation of each 
gating mode captured with E71 mutants. Figure adapted from reference7.
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Interestingly, KcsA gating is predominantly characterized by the 
nonconductive C-type inactivated state96,97, which is abruptly and randomly 
interrupted by bursts of opening. These bursts display distinctly different kinetic 
modes96. So far, at least three different kinetic modes have been identified in 
KcsA with i) high open probability (high P0), ii) low open probability mode (low 
P0) and iii) a high frequency flicker mode96 (Figure 9B). Random shifts between 
these gating modes are known as modal gating and are observed in many K+ 
channels, yet the molecular origins are poorly understood. 

Chakrapani and colleagues discovered that KcsA can be locked in intrinsically 
occurring ‘modal gating’ modes with E71X point-mutations7. The hydrogen-
bond network between the triad W67-E71-D80 is critical for the activity of 
KcsA7. Interestingly, residues W67 and D80 are highly conserved in K+ channels, 
whereas E71 is typically substituted by valine or isoleucine in eukaryotes. 
Mutating residue E71 to either alanine, isoleucine or glutamine locks KcsA in high 
P0 state, low P0 state or the flickering mode, respectively, facilitating the study 
of each mode independently7. Remarkably, crystal structures of the different 
E71 mutants, representing the different gating modes, revealed no structural 
differences and could not explain the distinct modal gating behaviours7. MD 
simulations suggested that changes in dynamics of the SF contribute to modal 
gating shifts7, however, detailed experimental data on the SF were not available. 

Altogether, the question on how the hydrogen-bond network between 
residues W67, E71 and D80 modulates gating behaviour of KcsA needs to be 
addressed to get a full understanding on the molecular determinants involved 
in the regulation of K+ channels and modal gating. In Chapter 5, we explore 
the gating behaviour of KcsA by applying high-resolution ssNMR on WT KcsA 
and several E71X mutants including a mutant that mimics the eukaryotic SF. 
We reveal that motional shifts in the SF are of significant importance for modal 
gating of K+ channels. 
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Scope of the thesis 

The aim of the work presented here is to contribute to our current 
understanding of therapeutic peptides and membrane proteins, which are 
fundamental for future drug design. To achieve this, we have implemented 
modern ssNMR techniques on such systems in their native-like environment. In 
Chapter 1 we have provided a brief outline on the principles of ssNMR and we 
introduce the three different systems that were explored with ssNMR.  

In Chapter 2 we present the first study on the antibiotic plectasin in complex 
with its target lipid II in lipid membranes. Combining solution and ssNMR data 
enabled us to identify structural elements that play an important role in lipid II 
binding. Our results also demonstrated that the plectasin – lipid II complex is 
significantly shaped by the membrane environment. In Chapter 3, we continued 
our structural study on the plectasin - lipid II complex. Using 15N,13C-labelled 
lipid II we could for the first time experimentally investigate the complex 
interface. This enabled us to unravel the role of the lipid II sugar – pentapeptide 
head group in the complex. With modern ssNMR methods such as DNP we 
could demonstrate that plectasin oligomerizes upon lipid II binding, which was 
not observed before. Altogether, we could provide with critical insights in the 
plectasin – lipid II complex which allowed us to identify interesting hotspots for 
the rational design of novel antibiotics using plectasin as template. 

In Chapter 4 we exploit a series of peptidic hydrogels as potent scaffolds for 
tissue engineering of the spinal cord. Here, we show that ssNMR is a powerful 
tool for the characterization of mechanical properties of tissue engineering 
scaffolds at the atomic level with high resolution without the need of 13C 
isotope-label enrichment. Our results also identified the scaffold heterogeneity 
as a, thus far, unknown crucial material parameter for the functionality of the 
scaffolds. Moreover, by integrating ssNMR and MD simulations, we succeeded to 
characterize the supramolecular organization of the hydrogels, which provided 
with new insights into the self-assembly procedure of the exploited peptides. 

Chapter 5 focuses on the molecular determinants underlying modal gating 
behaviour in the K+ channel KcsA. By combining ssNMR with MD simulations 
on different KcsA gating modes, we could, for the first time ever, show that 
conformational and motional changes, resulting from changes in selectivity 
filter dynamics, relate to the different modal gating shifts. 

Finally, we discuss the contributions of ssNMR to our understanding of the 
plectasin – lipid II complex, peptidic hydrogels and modal gating behaviour in 
KcsA in Chapter 6.  
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Abstract

The alarming rise of multi-drug resistant bacteria is a major threat to human 
health. It is hence of pressing need to develop novel antibiotics that operate 
via unexploited mechanisms and that are robust to resistance development. 
Ideal templates for such next-generation drugs could be peptide antibiotics that 
destroy the bacterial cell wall by binding to its essential membrane-anchored 
precursor lipid II at an irreplaceable pyrophosphate group. However, our 
molecular understanding of lipid II binding drugs is scarce and structural data 
in physiologically relevant conditions are absent. Here, using solid-state NMR 
methods, we report the first high-resolution study of the peptide-antibiotic 
plectasin in complex with lipid II in lipid membranes. Our study provides 
important new insights into plectasin’s mode of action and highlights the 
critical influence of the membrane environment. We expect our study to open 
new avenues for the design of novel and improved antibiotics.
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Introduction 

Antimicrobial resistance is a growing threat to human health worldwide. 
High-profile reports have predicted the devastating consequences of 
antimicrobial resistance on the public health and global economy unless novel 
intervention strategies are mounted1. The need for novel antibiotics that act 
via unexploited mechanisms and that are robust to resistance developments 
has become imperative. Ideal templates for such drugs could be antimicrobial 
peptides that interfere with the biosynthesis of the bacterial cell wall by 
targeting the essential membrane-anchored precursor lipid II at an irreplaceable 
pyrophosphate group3. Such antibiotic peptides, including nisin4,5, tridecaptin6 
and the recently discovered teixobactin7, indeed kill persistent bacteria at 
nanomolar concentrations without detectable resistance and with no signs 
of cytotoxicity towards mammalian cells8. Hence, such peptides could form a 
new generation of clinically useful drugs. However, due to challenges that are 
presented in studying small membrane-embedded drug-receptor complexes 
in biological membranes, the structural correlate of medically relevant binding 
modes remains unknown. This lack of knowledge forms a major limitation for 
the rational design of novel antibiotics. 

A particularly promising class of lipid II binding antimicrobial peptides 
are defensins. Defensins are small cysteine-rich host defence peptides that 
are part of the innate immune system in vertebrate and invertebrate animals, 
fungi and plants. Interestingly, it was reported that a class of defensins, the so-
called CSαβ defensins, specifically target lipid II and thereby kill bacteria by 
blocking the cell wall synthesis. CSαβ defensins share a common fold where 
an α-helix is connected to a short β-sheet via several disulfide bridges. Due to 
their high structural resemblance, understanding the lipid II binding mode of 
CSαβ defensins is of broad pharmaceutical importance9. The best studied CSαβ 
defensin is plectasin from the fungus Pseudoplectania nigrella2,4. Plectasin and 
its improved derivative NZ2114 show activity against a broad range of bacteria 
including medically high relevant pathogens such as methicillin resistant 
Staphylococcus aureus (MRSA) and Streptococcus pneumoniae2,10. Moreover, 
plectasin is active in animal models, which are often a bottleneck in many drug 
design studies. This makes it an attractive candidate for clinical use, however, 
also in this case structural information in relevant media is absent. The only 
available model for the plectasin – lipid II complex comes from docking studies 
based on solution NMR chemical shift perturbations derived from micelles, 
where the lipid II binding site was identified as F2, G3, C4 and C374 (Figure 1A). 

Plectasin is typically isolated from its natural producer or is chemically 
synthesized. However, these approaches are often complex and costly, especially 
when isotope labelling is required. The Escherichia coli expression system 
is a cost-effective and a simple alternative for the production of plectasin11. 
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Nonetheless, many E. coli strains have a reduced cytoplasmic environment, 
which complicates the folding of plectasin. Therefore, a downstream complex 
refolding step is required when using such strains11. Here, we express 13C, 
15N-labelled plectasin in E. coli Shuffle® cells, which is a strain that enables 
the formation of disulfide bridges in the cytoplasm and hence makes the 
downstream refolding of plectasin unnecessary. 

In this study, we use 1H-detected solid-state NMR (ssNMR)12-14 to report the 
first high-resolution study of the plectasin – lipid II complex in lipid membranes.  
We analyse the structure and dynamics of bound and unbound plectasin in 
detail and discover new structural elements of plectasin that are critical for 
lipid II binding in lipid membranes. In addition, in Chapter 3 we use isotope 
labelled lipid II to experimentally illustrate the complex interface in membranes 
and identify, thus far, unknown key residues that are involved in lipid II binding. 
Therefore, our study highlights the critical importance of the physiological 
environment for the mode of action of lipid II binding antibiotics. Finally, we 
demonstrate with plectasin mutants that our insights enable the rational design 
of antibiotics against multi-drug resistant pathogens. 

Results and Discussion 

Recombinantly produced plectasin is correctly folded 

Plectasin is the first isolated CSaβ defensin that targets lipid II4 and has 
potential as antibiotic (Figure 1A). However, a simple and cost-effective protocol 
for the production of isotope labelled plectasin without the need of additional 
refolding procedures has yet to be established. Here, we expressed plectasin 
fused to SUMO in E. coli Shuffle® cells on minimal M9 medium supplemented with 
0.5 g/L 15NH4Cl and 2.0 g/L 13C-glucose (Figure 1B). Pure plectasin was yielded 
after a first purification (affinity chromatography), subsequently followed by 
cleavage of the SUMO protein and a second purification (gel filtration) (Figure 
1B). We used solution NMR to investigate the structure of the recombinantly 
produced plectasin. First, we assigned the 1H, 13C and 15N chemical shifts of free 
plectasin (Table S1) in solution and subsequently studied its structure (Figure 
1C, D). The assignments were carried out de novo since previous studies2,4 
did not include 13C labels. A [Cα-Cβ] secondary chemical shift (SCS)15 analysis 
clearly showed the signature CSαβ-fold of plectasin, formed by α-helix D12-I22 
and β-sheet G28-A31 – V36-C39 (Figure 1D). Interestingly, we discovered the 
presence of a further β-sheet like structure in the long N-terminal loop, which is 
not present in other lipid II-targeting CSαβ defensins16, and which is assumed to 
form part of the lipid II binding site4. Moreover, the recombinantly produced 13C, 
15N-labelled plectasin showed minimum inhibitory concentration (MIC) values 
against Streptococcus pyogenes, Streptococcus pneumoniae and Staphylococcus 
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aureus that are comparable to previously reported values2,4(Figure 1E). These 
findings validate the use of the E. coli Shuffle®

 strain for the production of 
disulfide-containing antimicrobial peptides with conserved structure and 
activity. 
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Figure 1. A) The peptide antibiotic plectasin kills bacteria by tightly binding and 
sequestering the peptidoglycan precursor lipid II. Previously reported studies 
identified the lipid II binding site of plectasin as F2, G3, C4 and mainly C37 (indicated 
in magenta). B) Expression SDS-PAGE analysis of protein expression induced with 
0.5 mM IPTG for 4 hours at 37°C. Lane M contains protein marker, lane – negative 
control where no expression was induced and lane + the overexpression product of 
the petSUMO – plectasin plasmid (± 18 kDa).  1st purification SDS-PAGE analysis of the 
purification of the recombinant fusion protein. Lane M contains marker, lane 1 contains 
the fusion protein after purification by affinity chromatography, lane 2 shows cleavage 
of SUMO from plectasin by SUMO protease (Ulp1). 2nd purification SDS page analysis of 
purification of plectasin. Lane M contains marker, lane 3 and 4 contain fractions collected 
after gel filtration containing SUMO (±14 kDa) and plectasin (±4.4 kDa), respectively. C) 
Solution NMR 2D 15N – 1H spectrum of free plectasin, acquired at 900 MHz magnetic 
field (1H-frequency). D) [Cα-Cβ] secondary chemical shifts (SCS) show the signature 
CSαβ fold of plectasin and an extended structural element in the N-terminal loop. 
Helical and extended residues are coloured in red and blue in the structure (1zfu2), 
respectively. E) Activity assay of plectasin with minimal inhibitory concentrations (MIC) 
of 0.012, 0.78 and 12.5 μg/mL for S. pyogenes M3 (orange), S. pneumoniae ATCC6305 
(pink) and S. aureus USA300, respectively. Note that the measured MIC values were in 
good agreement with previously published data2,4.
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Dynamics measurements show conformational exchange for resi-
dues in αβ-loop 

Next, we investigated the relaxation rates of 15N nuclei of free plectasin in 
solution to probe the local dynamics of the unbound antibiotic peptide (Figure 
2A-C). Residues G24 and G33 were discarded in the analysis due to very low 
peak intensities. 

As expected, plectasin has a fairly rigid backbone which can be deduced from 
the high average heteronuclear NOE value of 0.76±0.09. This is clearly due to the 
presence of disulfide bridges that stabilise the characteristic fold of plectasin. 
Interestingly, while the R1 rates are very uniform for plectasin, increased R2 
values and starkly enhanced R2/R1 ratios are observed for residues I22 and 
K23 of the aβ-loop which connects the helix and the first β-strand (Figure 2D). 
These data strongly suggest that the αβ-loop undergoes slow conformational 
exchange. Moreover, significant differences between the 15N R2 rates determined 
from both CPMG and R1ρ measurements were found for I22 and K23 further 
validating contributions from conformational exchange (Figure S1). Elevated R2 
rates and R2/R1 ratios were also detected for neighbouring residues H16 to S21 
in the α-helix, suggesting that part of the helix is also involved in conformational 
exchange. These findings identify structural features of plectasin that display 
distinct motional behaviour that might be of critical importance for lipid II 
binding characteristics. 
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The plectasin – lipid II complex in lipid membranes as seen by ssN-
MR

We explored the plectasin – lipid II complex in lipid membranes using ssNMR 
spectroscopy. Therefore, we co-assembled the plectasin – lipid II complex at a 2:1 
molar ratio in DOPC liposomes to ensure saturation of lipid II. Plectasin targets 
specifically lipid II with high affinity (binding constant 1.8∙10-7 mol)4. Indeed, 
we verified with fluorescence spectroscopy that plectasin strongly binds to our 
lipid II containing liposomes, whereas no binding could be detected to empty 
liposomes (Figure S2). Hence, our ssNMR spectra include only lipid II – bound 
plectasin. We first acquired a 1H-detected dipolar-based spectrum of fully-
protonated17 13C, 15N-labelled plectasin in complex with lipid II, acquired at fast 
(60 kHz) magic angle spinning (MAS) frequency (Figure 3A). The spectrum is 
well-resolved, and features signals as narrow as 0.19 ppm (Figure S3), implying 
a well-defined complex. We assigned bound plectasin using 3D CαNH,  3D 
Cα(CO)NH and CO(Cα)NH ssNMR experiments in combination with a 2D 13C-13C 
PARIS18,19 experiment (Figure 3B, C) and our solution NMR chemical shifts. We 
could ambiguously assign 39 out of 40 residues (Table S2). 

NMR chemical shifts are highly sensitive to changes in hydrogen bonding 
and peptide conformation. Therefore, comparing the chemical shifts of bound 
and free plectasin provides atomic-level information on the lipid II binding site 
(Figure 3D). Since plectasin is assumed to bind lipid II via hydrogen bonds4, 
chemical shift perturbations (CSPs) of the amino protons (HN) are of particular 
importance to locate binding spots. Based on strong CSPs, C37 was identified 
as the primary binding site for lipid II in micelles4. Indeed, the largest CSPs in 
membranes were also observed for C37. However, unlike previously published 
data, we observed stark chemical shift differences across the whole peptide, 
hence CSPs data only does not provide with solid evidence for the lipid II binding 
site. The chemical shift  deviations between micelles and membranes  also 
suggest that the CSP-based docking model4 of the plectasin – lipid II complex 
might not reflect the physiologically relevant state. Besides C37, we also obtained 
high CSPs for G28 which has no role in lipid II binding in micelles.  Remarkably, 
both G28 and C37 show stark heterogeneity, which can be readily deduced by 
the broad signals corresponding to the residues, implying that plectasin has a 
certain conformational plasticity to bind to lipid II in membranes. This could be 
an important feature to adapt to the subtle modifications that the pentapeptide-
sugar moiety of lipid II experiences across bacterial strains20. Intriguingly, we 
also observe enhanced CSPs for D12 and K23 which virtually showed no CSPs 

plectasin is globally very rigid. However, unlike the rest of the peptide, residues of the 
αβ-loop showed highly increased R2 relaxation rates and R2/R1 ratio, typically a sign for 
increased micro- to millisecond dynamics. Secondary structure elements are indicated 
on the bottom. 
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in the plectasin – lipid II complex in micelles4. Here also, these differences show 
that plectasin has a deviating mode of action in lipid membranes compared to 
micelles. 

While HN CSPs are sensitive to hydrogen bonding, CSPs of [Cα-Cβ] SCS 
report on conformational changes (Figure 3E). Globally, the ΔSCS profile that 
compares the structure of bound and unbound plectasin reveals that the CSαβ-
fold of plectasin is conserved in the complex. As a direct effect of lipid II binding, 
the β-sheet is globally stabilised, as evidenced by the intensely negative [Cα-
Cβ] ΔSCSs for residues C30 and A31, respectively. Remarkably, negative [Cα-Cβ] 
ΔSCSs for S21 and I22 (-0.77 and -1.39 ppm) show a conformational change 
in line with a shortening of the α-helix by two residues in the complex (Figure 
3E, F). As a consequence, the αβ-loop shows large [Cα-Cβ] ΔSCSs from K23 to 
G27, signifying substantial conformational changes upon complex formation. 
Importantly, this result is in line with the strongly enhanced R2/R1 relaxation 
ratios observed in solution NMR for residues in the α-helix and the αβ-loop 
(Figure 2D), a typical sign for conformational plasticity. 
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Figure 3. A) 1H-detected 2D 15N – 1H spectrum of plectasin bound to lipid II in liposomes, 
acquired at 700 MHz magnetic field (1H-frequency) and 60 kHz MAS. Histidine side 
chain signals are back folded. B) 1H-detected solid-state NMR assignments in lipid 
membranes of plectasin residues I22 – K26 of the αβ-loop in the lipid II – bound state. 
Strip plots are shown for 3D CαNH (magenta) and Cα(CO)NH (green) experiments. C) 
2D 13C – 13C PARIS spectrum of the lipid II – bound plectasin acquired at 950 MHz, 18 
kHz MAS and with 20 ms 13C – 13C mixing time D) Comparison of the chemical shifts of 
bound and free plectasin for the amino protons HN. E) Comparison of [Cα-Cβ] secondary 
chemical shifts (SCS) of bound and free plectasin. F) The influence of lipid II binding 
is illustrated on the plectasin structure. Blue and pink represent HN CSPs and [Cα-Cβ] 
ΔSCS, respectively. 
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Dynamics of plectasin in complex with lipid II

To further characterise the mode of action of plectasin, we measured the 
dynamics of the drug-receptor complex. Understanding the dynamics is of 
high importance for drug design, since conformational plasticity and the 
entropic contribution can be decisive for binding affinity21. Moreover, site-
resolved dynamics studies can shed further light on the lipid II binding site. 
We measured site-resolved 15N R1 and R1ρ relaxation rates using 1H-detected 
measurements at 60 kHz MAS (Figure 4A, B)22,23. These experiments report on 
fast nanosecond (R1) and slow nano-to-microsecond (R1ρ) motions. In general, 
the disulfide-stabilised plectasin is very rigid in the complex. The most rigid 
residues on both fast and slow timescales were G28, Y29, C37, and K38. This 
analysis shows a clear rigidification of the β-sheet in the lipid II bound state. As 
expected, loops, with G6, D9 and E10 of the N-terminal loop and G33 and G34 
in the loop between the β-strands, showed increased conformational flexibility. 
In stark contrast, the relatively long αβ-loop I22 – G27 showed no enhanced 
dynamics and was virtually as rigid as the secondary structural elements. This 
was unexpected as no functional role has been described before for the αβ-loop. 
Surprisingly, the loop is neither near to the lipid II binding site nor is it close to 
the membrane in the published micelle model. 
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Figure 4. SSNMR dynamics of plectasin in complex with lipid II. A) 15N R1ρ relaxation 
rates reporting on slow molecular motion, measured at 800 MHz and 60 kHz. Error 
bars show the standard error of the fit. Relaxation rates are illustrated on the structure 
of plectasin. Analysed residues are shown as color-coded spheres whose size is 
proportional to R1ρ. B) 15N R1 rates, acquired at 800 MHz and 60 kHz MAS. The R1 rates 
are illustrated on the structure. D) 15N R1 side chain dynamics. E) Alignment of lipid II 
binding CSαβ defensins. H18, among cysteine and glycine residues, is conserved among 
the CSαβ defensins.
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To examine the functional aspect of the αβ-loop, we used mutational studies 
in combination with killing assays and Isothermal Titration Calorimetry (ITC). 
We mutated the long hydrophobic residues I22(A/K) and Y25(K). For each 
mutant, we verified the integrity of the CSαβ-fold with solution NMR (Figure 
S4A). Interestingly, all three mutations drastically reduced the activity of 
plectasin (Table S3). ITC data further showed that these mutants no longer bind 
to lipid II, clearly demonstrating the hitherto overlooked importance of this 
loop for the efficacy of plectasin (Figure 5A). Since the αβ-loop is not involved 
in membrane-anchoring, which we further confirm in Chapter 3, we therefore 
hypothesized that I22 and Y25 interact to form a “stapler-like” conformation 
that allosterically modulates the binding mode of plectasin (Figure 5B). Spin 
diffusion spectra, with long-mixing times, validate our hypothesis as we observed 
clear interactions between I22 and Y25 (Figure 5C). This is the first study to 
report on such “stapler-like” conformation in plectasin, and considering the 
high structural homology it is most likely conserved among the CSαβ defensins. 
We are currently thoroughly validating the stapling interaction with additional 
mutational studies.

The 2D NH spectra also enabled us to analyse side-chain dynamics (Figure 
4C). The among CSαβ defensins conserved residue H18 has led to widespread 
assumption that it directly binds to residue E2 of the pentapeptide of lipid II, 
which was corroborated in docking studies4, MD simulations24 and mutational 
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Figure 5. A) Isothermal Titration Calorimetry (ITC) data of plectasin wt (grey), I22K 
(purple), I22A (blue) and Y25K (green) with lipid II-doped DOPC vesicles. Data shows 
that I22 and Y25 mutants can no longer bind to lipid II. B) I22 and Y25 tightly interact to 
form a “stapler-like” conformation that is crucial for the activity of plectasin. C) 13C-13C 
spin diffusion spectra show clear interresidual contacts between I22 and Y25, validating 
our hypothesis on the tight interaction between these residues. Spectra were acquired 
at 950 MHz and 18 kHz MAS with 62 ms (green) and 600 ms (purple) mixing time.
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studies25. All these studies assumed that H18 is positively charged, which 
strongly influenced the binding mode24. However, thus far, no experimental 
evidence is available that H18 is directly involved in lipid II binding, and the 
H18 side chain was unobservable in the plectasin – lipid II complex in micelles4. 
In liposomes, we clearly do observe histidine side chain signals (Figure S4B), 
which appear at 167 15N ppm. Strikingly, we did not observe an additional side 
chain signal for H18, which would typically appear at 170-190 15N ppm if indeed 
the side chain is protonated. Furthermore, the unprotonated 15N signal was 
observed at ~230 15N ppm in CP spectra (data not shown), meaning that H18 
is neutral in the complex at physiological pH26 and not cationic as previously 
assumed. Hence, the previously reported structural data on the plectasin – lipid 
II complex are insubstantial.  In our 15N relaxation measurements (Figure 4C), 
the side chain signals of N5, W8, Q14 and N17 relaxed very rapidly (R1 0.09 – 
0.64 s-1), which is typical for fast-moving side-chains. However, both histidine 
side chains relaxed very slowly (R1 0.03 s-1), implying that the stiffness of H16 
and H18 is likely caused by a binding event. This is very much in agreement with 
previous mutational studies25 where mutations of both H16 and H18 influenced 
the activity of plectasin. This came as a surprise, since H16 was not be identified 
as interaction partner in micelles4. The functional importance of both H16 and 
H18 suggests that both sides of the peptide must be involved in a binding event. 
However, only one side of the peptide can bind lipid II, since the side chains of 
H16 and H18 are pointing towards opposite directions. In Chapter 3, we discuss 
this more into detail and discover a novel secondary binding event. 

Conclusions

Here, we have reported on the plectasin – lipid II complex in lipid membranes 
at the atomic level. Our data yield a critically refined view on the mode of 
action of plectasin in close-to-physiological conditions, which we expect to 
facilitate the design of a template for antimicrobials derived from plectasin 
and CSαβ defensins in general. Importantly, many of the binding features that 
we discovered were inaccessible in previous studies in micelles, highlighting 
the necessity to study small drugs such as antibiotics in native environment. 
Given the crucial need for high quality structural knowledge for drug design, we 
expect such ssNMR studies to become of vital importance to understand and 
improve lipid II binding antibiotics.  
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Materials and methods

Plasmid construction. The coding sequence of plectasin was obtained by gene 
splicing by overlap extension (gene SOEing)27 and polymerase chain reaction 
(PCR) gene synthesis. For the latter, Klenow fragment is used to synthesise the 
double stranded DNA. Two primers were designed to amplify the plectasin 
gene (Table 1). Afterwards, PCR was performed with the fully synthesised gene 
sequence for the addition of 3’ adenine overhangs by Taq DNA polymerase 
(ThermoFisher). Plectasin was cloned into the pET SUMO TA expression vector 
by TA overhang cloning according to the manufacturer’s specifications (Figure 
6). The resulting plasmid was sequenced to ensure the coding sequence of 
plectasin was correct and in-frame. 

Table 1. Primer sequences used to acquire the full plectasin construct.

Primer Primer sequence (5’- 3’)

P1
GGATTCGGTTGTAATGGACCCTGGGACGAGGATGACATGCAGTGCCATAATCATTGTAA
ATCTATAAAAGGCTATAAGG

P2
TCAATAGCACTTACAAACAAAACCGCCTTTCGCGCAATACCCTCCCTTATAGCCTTTTAT
AGATTTACAATGATTATGGCAC
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Sample preparation and purification. PET SUMO - plectasin was transformed 
into E. coli Shuffle® T7 cells (NEB) according to the manufacturer’s 
specifications. Overexpression of the 6xHis-SUMO-plectasin fusion protein was 
accomplished following the protocol of 28,29 with some modifications. Expression 
of 6xHis-SUMO-plectasin was induced in 1L 13C, 15N-labelled M9 medium at 
OD 0.6 using 0.5 mM IPTG for a period of 4h at 37 °C. Cells were harvested by 
centrifugation at 4000 g at 4 °C for 30 min. Bacterial pellets were resuspended 
in lysis buffer (50 mM sodium phosphate, 150 mM NaCl, 25 mM imidazole and 
1 mM β-mercaptoethanol, pH 8.0) supplemented with 200 μg/mL chicken egg 
white lysozyme and 1 μg/mL DNAse I. Cells were sonicated and cell debris was 
removed by centrifuging at 40 000 g for 30 min. The supernatant was filtered 
through a 0.45 μm filter. The 6xHis-SUMO-plectasin fusion protein was purified 
by affinity chromatography using pre-equilibrated Ni-NTA resins (Qaigen). The 
sample was applied to the resins and subsequently washed with 20 column 
volumes (CV) of wash buffer (50 mM sodium phosphate, 150 mM NaCl, 25 mM 
imidazole and 1 mM β-mercaptoethanol, pH 8.0 and eluted with 2 CV of elution 
buffer (50 mM phosphate buffer, 150 mM NaCl, 400 mM imidazole and 1 mM 
β-mercaptoethanol, pH 8.0). Afterwards, SUMO protease was added at a 1:1000 

6xHis

lacl

T7

Kanamycin

OriPlectasin

petSUMO - Plectasin

P1
P2

Plectasin (120 bp)

Figure 6. Schematic construct of the plectasin expression plasmid. Two partly 
overlapping primers were used to synthesize the full plectasin sequence which was 
subsequently cloned into the pET SUMO plasmid.
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molar ratio to the purified fusion protein and incubated overnight at 4°C. Further 
purification of plectasin was accomplished by Size Exclusion Chromatography 
on a Superdex 30 Hiload 16/60 column at a flow rate of 2 mL/min with 50 mM 
sodium phosphate, 150 mL NaCl and 1 mM β-mercaptoethanol, pH 7.4. Fractions 
corresponding with pure plectasin were collected and concentrated to a desired 
concentration using a 3.5K cutoff Amicon Ultra filter unit (Millipore). 

Site directed mutagenesis of plectasin. Mutagenesis of plectasin was 
performed as described in the QuickChange II Site-Directed Mutagenesis Kit 
(Agilent Technologies) manual. Primers were designed containing the desired 
mutation. The pET SUMO containing the plectasin gene was used as template. 
Reactions were thermocycled and digested with DpnI for 1h at 37 °C. E. coli 
DH5α cells were transformed with DpnI treated samples. Positive colonies were 
selected, plasmid DNA was isolated and sequenced. 

Sample preparation for ssNMR measurements. Stock solutions of 
phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) dissolved 
in chloroform (Avanti Polar Lipids) and lipid II carrying a heptaprenyl (C35) 
lipid tail (prepared as previously described30) in 2:1 chloroform/methanol 
were used for the preparation of the liposomes. For ssNMR measurements, the 
liposomes were prepared by first mixing the stock solutions of DOPC and lipid II 
to obtain 4 mol % (of total amounts lipids) lipid II in a glass test tube whereupon 
the solution was thoroughly dried under a nitrogen stream resulting in the 
formation of a thin lipid film layer on the bottom of the tube. Subsequently, 
plectasin in phosphate buffer (50 mM sodium phosphate, 150 mM NaCl and 
1 mM β-mercaptoethanol, pH 7.4) was added to the film layer to a final molar 
ratio of 2:1 plectasin/lipid II. Liposomes with plectasin – lipid II complex were 
collected after ultracentrifugation at 100 000 g for 30 min at 4 °C. This sample 
preparation ensures that plectasin is present at both sides of the membrane, 
and thus is able to reach all the lipid II molecules in the vesicles. Subsequently, 
liposomes were directly centrifuged into 1.3 mm MAS rotors. 

Solution NMR experiments. Solution NMR backbone assignments were 
performed with 13C, 15N-labelled unbound plectasin using 3D HNCα, 3D 
HNCαCβ, 3D HNCO and 3D CβCα(CO)NH experiments at 900 MHz magnetic field 
(1H-frequency). Standard NMR pulse sequences from the Topspin sequence 
library were used for these experiments. 

All relaxation experiments in solution with free plectasin were recorded 
at 600 MHz magnetic field at 298 K temperature. Heteronuclear 1H-NOE and 
15N T1

 times were obtained using previously described pulse sequences31. The 
heteronuclear NOE was measured by recording spectra with and without the 
use of 1H saturation prior to the experiment. Saturation of the amide protons 
was achieved by applying a series of 120° pulses on the amide protons. 15N T1 
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data sets were acquired using relaxation delays of 0.01, 0.05 (x2), 0.10, 0.20, 
0.40 (x2), 0.70, 1.00 and 1.40 s. 15N T2 relaxation times were extracted from 15N 
T1rho experiments performed as described previously32. During the relaxation 
period, an adiabatic spin-lock pulse of 1.9 kHz was applied with varying lengths 
of 4, 16 (x2), 32, 48, 80, 112 (x2), 128, 160, 208 and 256 ms. The following 
formula was then used to extract 15N T2 times from 15N T1ρ times:

    (2.1)

with θ being the angle between the effective field and the static magnetic field. 
The T1, T2 and T1ρ trajectories were fit to single exponentials according to:

     (2.2)

SSNMR experiments. 1H-detected 3D CαNH, 3D Cα(CO)NH and 3D CO(Cα)NH 
ssNMR experiments, using dipolar-based sequences as previously described14, 
were carried out at 60 kHz MAS and magnetic fields of 700 MHz 1H-frequency 
with a real temperature of about 308 K. All 1H-detected experiments were 
performed using PISSARRO low-power decoupling in both direct and indirect 
dimensions18. Standard parameters were used for the low power decoupling 
(standard decoupling amplitude νdec =1/4 ∙ vrot; pulse length tdec ~1/νdec; i.e., at 
60 kHz MAS: νdec = 15 kHz and tdec = 70 μs). All pulse sequences are available 
from the authors upon request. For the 1H-detected 15N R1 and R1ρ relaxation 
measurements, we used relaxation increments of 0, 5, 10, 20, 40, 80 and 120 ms 
to probe 15N T1ρ relaxation; and 0, 1, 2, 4, 8 and 16 s to probe 15N T1 relaxation. For 
the 15N T1ρ measurements, we used the previously described pulse sequence14 
and a 15N spinlock of 18 kHz. 

The 2D PARIS19 experiment was carried out at 950 MHz and 18 kHz MAS 
using a 13C – 13C mixing time of 20 ms. For the mixing period, we used the 
standard pulse-length of 1/2 ∙ τrot and a 1H-recoupling amplitude of 10 kHz, i.e., 
about half the MAS frequency. 

Fluorescence experiments. DOPC vesicles for fluorescence measurements 
were generated by the extrusion technique33 and were prepared with or 
without 2 mol % lipid II (referring to the total amount of lipids). Concentration 
of phospholipids was determined as inorganic phosphate after treatment with 
perchloric acid34 by UV-VIS spectroscopy. Plectasin (50 mM sodium phosphate 
pH 7.4, 150 mM NaCl and 1 mM β-mercaptoethanol) was subsequently titrated 
with increasing concentrations of vesicles with or without lipid II. After addition 
of vesicles, the sample was left to incubate for 1 minute before fluorescence was 
measured. Tryptophan fluorescence was measured with excitation at 280 nm 
and emission was recorded between 300 and 400 nm both using a bandwidth 
of 5 nm. All measurements were performed with a Varian Cary Eclipse fluoresce 
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spectrophotometer. All fluorescence intensities were corrected for intensity 
caused by scattering by the liposomes. 

Isothermal titration calorimetry (ITC). Small unilamellar vesicles (SUVs) 
of lipid II + DOPC lipids were prepared as described above. Plectasin (50 mM 
sodium phosphate, 150 mM NaCl and 1 mM β-mercaptoethanol, pH 7.2) and 
SUVs were degassed for 10 minutes prior to the ITC experiments. The chamber, 
with a maximal volume of 164 μL, was filled with plectasin and titrated with 
lipid II – doped DOPC liposomes at a rate of 1.96 μL/300 second with a constant 
syringe stirring rate of 300 rpm. All ITC measurements were performed at 37°C 
with a Low Volume NanoITC (TA Instruments). Data was analysed using the 
Nano Analyze Software (TA Instruments). Independent models were used for 
the fitting of the raw data. 

MIC determinations. The antibacterial activity of plectasin mutants was 
determined according to the Clinical and Laboratory Standards Institute (CLSI) 
guidelines35. On polypropylene 96-well plates, plectasin mutants were serially 
diluted in cation-adjusted Mueller-Hinton broth (CAMHB). The colonies from 
overnight cultures on blood agar were suspended in CAMHB and turbidity was 
adjusted to 0.5 McFarland. The bacterial suspension was diluted 100 times in 
CAMHB before adding to the microplate (50 μL/well). For Streptococci strains, 
the broth was supplemented with 5% lysed horse blood. The plates were 
incubated at 37 °C with shaking (5% CO2 was supplied for Streptococci) and 
investigated for bacterial growth after 16-20 h for Staphylococci and 24 h for 
Streptococci. 
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Supplementary information

Table S1. Solution NMR chemical shifts in ppm. 
Residue HN N Cα Cβ

G1  
F2 59.03 39.32
G3 7.86 101.40 44.35
C4 7.52 123.24 52.87 34.79
N5 8.11 121.58 51.93 39.63
G6 7.19 110.13 42.66
P7 64.21 31.07
W8 7.28 117.10 56.61 27.81
D9 7.59 124.01 53.78 40.66

E10 8.08 122.29 55.31 30.97
D11 8.09 125.82 52.31 40.95
D12 8.35 124.13 57.56 41.43
M13 8.13 118.20 57.49 31.31
Q14 7.57 121.63 58.93 28.62
C15 7.29 122.00 58.15 35.67
H16 8.91 122.83 60.77 31.84
N17 8.29 115.70 55.86 37.94
H18 7.90 123.07 59.80 29.47
C19 8.61 120.84 58.51 37.10
K20 7.73 115.11 58.06 31.51
S21 7.39 115.65 59.39 63.87
I22 7.51 126.56 60.70 37.94
K23 7.99 126.79 58.29 34.46
G24 8.36 113,91 44.83
Y25 7.65 120.64 56.68 38.65
K26 10.50 121.55 55.89 34.74
G27 7.21 107.65 45.61
G28 8.61 108.47 47.03
Y29 8.33 116.39 55.94 40.09
C30 9.08 118.47 52.92 36.65
A31 9.50 129.93 50.72 22.58
K32 8.84 119.81 56.62
G33 8,68 111,95 45.84
G34 7.31 105.04 44.51
F35 7.13 117.08 60.25 41.30
V36 7.63 118.91 60.66 35.48
C37 8.69 127.85 55.66 35.64
K38 8.92 136.75 54.59 34.00
C39 7.76 121.99 51.04 34.60
Y40 8.24 127.13 58.31 40.23
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Figure S1. Difference between 15N R2 rate determined from both R1ρ and CPMG. High 
differences in R2 rates are observed for residues I22 and K23 suggesting some kind of 
conformational flexibility in this region.

Figure S2. Intrinsic tryptophan fluorescence spectra of 1 μM plectasin titrated with 
A) DOPC liposomes doped with 2 mol % lipid II and B) DOPC liposomes only. In the 
presence of lipid II strong shifts in the fluorescence spectra are visible and demonstrate 
the tight interaction between plectasin and lipid II, i.e., the complex formation. In the 
absence of lipid II, however, no shifts are observable. The later clearly demonstrates 
that plectasin does not bind to DOPC liposomes in the absence of lipid II.
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Table S2. SSNMR chemical shifts in ppm. 
Residue HN N Cα Cβ

G1
F2 7.72 123.47 59.54 36.39
G3 8.34 101.44 44.59
C4 8.10 124.73 52.86 33.43
N5 8.18 123.85 52.07 39.45
G6 6.90 107.32 41.77
P7  64.88 31.06
W8 6.99 119.35 56.54 28.04
D9 7.41 125.39 53.82 40.22

E10 8.56 125.19 54.98 27.89
D11 8.32 128.12 51.14 39.42
D12 7.32 121.46 57.82 43.29
M13 8.39 117.30 56.70 30.22
Q14 7.71 123.19 59.16 27.99
C15 7.24 122.20 58.41 36.54
H16 9.41 123.36 61.03 31.72
N17 8.82 116.97 55.60 37.59
H18 7.81 123.18 59.16 29.71
C19 8.95 122.31 58.44 36.63
K20 8.10 115.19 58.04 31.68
S21 7.53 117.28 59.23 64.48
I22 7.80 128.45 61.14 39.77
K23 8.79 131.07 58.93 32.34
G24 8.83 116.44 44.43
Y25 8.26 121.54 58.49 40.66
K26 11.04 120.90 54.54 35.34
G27 7.66 110.39 46.56
G28 10.08 110.06 47.28
Y29 8.77 114.67 56.71 39.89
C30 9.97 118.59 52.83 36.97
A31 10.36 132.28 50.35 23.40
K32 9.35 118.43 56.42 34.89
G33 8.85 107.73 46.45
G34 7.21 102.17 44.23
F35 7.25 119.09 61.06 41.75
V36 8.12 118.24 60.16 35.98
C37 10.14 130.40 55.81 35.22
K38 9.16 136.35 55.16 35.84
C39 7.84 121.02 50.76 35.84
Y40 8.87 128.09 58.94 40.73
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Table S3. Activity assays (MIC in μg/mL). I22 and Y25 mutants lose all activity towards 
the tested strains.

Mutant S. aureus 
USA300

S. simulans S. pneumoniae 
ATCC6305

S. pyogenes

Plectasin wt 12.5 0.78 ≤0.78 ≤0.012
I22A >50 / / >25
I22K >50 >50 >50 >25
Y25K >50 >50 >50 >25

Figure S3. Cross-sections along the t1 dimensions of the 2D NH spectrum of bound 
plectasin shown in the main text (Figure 3A). The cross-sections were extracted without 
application of a window-function in the 1H dimension.
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Figure S4. A) Overlay of solution NMR 2D 1H-15N HSQC spectra of plectasin wt (green) 
with mutants I22A (magenta), I22K (blue) and Y25K (yellow). Data demonstrate that 
the CSαβ-fold is maintained in the mutants. All data were acquired at 900 MHz. B) Side 
chain of H16 and H18 are both visible in our 2D NH spectrum. Spectrum was measured 
at 800 MHz at 60 kHz.
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Chapter 3 is a follow-up on Chapter 2 and includes the latest insights into 
the mode of action of plectasin in lipid membranes. The reader is referred to 
Chapters 1 and 2 for an introduction on the plectasin – lipid II complex. 

In Chapter 2 we have characterized plectasin in the free state, and bound 
to lipid II in the presence of membranes. In Chapter 3 we study the plectasin 
– lipid II interface at greater detail, including oligomerization and ion binding 
properties of plectasin that were not reported before. 



The mode of action of plectasin in membranes  |  63

3

The plectasin – lipid II complex interface and membrane topology

Plectasin is the first identified CSαβ defensin to target lipid II1, which 
is composed of a sugar-pentapeptide head group that is connected to an 
isoprenoid tail through a pyrophosphate (PPi) group. Plectasin is assumed to 
target the irreplaceable PPi group and the pentapeptide of lipid II. However, no 
experimental data could be acquired for this interaction thus far. Here, we use 
solid-state NMR (ssNMR) to define the plectasin – lipid II complex interface in 
membranes. 

First, we performed a 31P CP ssNMR experiment in liposomes to probe if 
plectasin targets the PPi group of lipid II. Indeed, in the presence of plectasin 
we observe stark CSPs of the PPi signals of lipid II, strongly suggesting that 
plectasin directly binds to the PPi group (Figure 1A). This finding was validated 
by a 2D HP ssNMR spectrum which showed clear contacts between the amino 
protons of plectasin and the PPi group (Figure 1B). These amino protons would 
match G28 or C37, confirming that the β-strand of plectasin coordinates the PPi 
group.  Note that the strong signal at 8.0 1H ppm most likely relates to the NAc 
group of MurNAc which is in close proximity to the PPi group. 
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Figure 1. Plectasin binds to the pyrophosphate and the sugar-pentapeptide 
headgroup. A) 1D 31P CP spectra of lipid II in liposomes with (purple) and without 
(grey) plectasin, measured at 500 MHz and 15 kHz MAS. PPi signals show stark CSPs in 
the presence of plectasin. B) 2D 1H-31P CP spectrum of the plectasin – lipid II complex. 
Interfacial contacts were observed that could correspond to the amino protons of G28 
and C37. Spectrum was recorded at 800 MHz, 60 kHz and 2.5 ms transfer time.  C) 
Dipolar-based 13C-13C PARIS spectrum of 15N,13C-lipid II bound to unlabelled plectasin 
shows that both sugars and part of the pentapeptide are rigid and most likely involved 
at the complex interface. The lipid II sugar-pentapeptide headgroup could be fully 
assigned. Spectrum was measured at 700 MHz and 42 kHz MAS. D) The C-terminus of 
lipid II is flexible and does not interact with lipid II.
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Next, we aimed to define the interaction between plectasin and the 
sugar-pentapeptide headgroup. To achieve this, we successfully produced 
15N,13C-labelled lipid II, which is expected to be a significant contribution for 
structural studies on drug – lipid II complexes. To determine the role of the 
sugar-pentapeptide headgroup, we recorded a 2D 13C-13C dipolar-based ssNMR 
experiment, which is sensitive to rigid residues only, of 15N,13C-lipid II in complex 
with 14N,12C-plectasin. We observed strong signals for MurNAc and GlcNAc, 
suggesting that both sugars directly participate in the complex (Figure 1C). This 
is further corroborated by the 2D NH ssNMR spectra which demonstrate that 
plectasin binds to lipid I, which lacks GlcNAc, but forms a rather disordered 
complex (Figure S1A). This coincides with the big hit in binding affinity that 
was previously reported1, meaning that GlcNAc is critical for the formation of a 
stable complex. 

While residues A1 – A4 of the pentapeptide were detected in the dipolar-
based spectrum, alanine 5 could not be observed suggesting an enhanced 
mobility towards the C-terminus of the pentapeptide (Figure 1D). Indeed, 
scalar-based 2D NH (Figure S1B, C) and 13C-13C TOSBY spectra (data not shown) 
confirmed that residues 4 and 5 have increased dynamics, clearly indicating that 
the C-terminus does not operate at the complex interface. As expected, residues 
A1 and E2 do not appear in scalar-based spectra, meaning that both residues 
are rigid and potentially involved in a binding event. This is in line with the fact 
that amidation of residue E2, which reduces the charge of the PGN network, 
decreases the efficacy of plectasin2. Hence, the charge of residue E2 is of critical 
importance for the activity of plectasin. Residue K3 appears in both dipolar- 
and scalar based spectra, suggesting that it has some degree of flexibility and 
is most likely not involved in binding. We validated this by comparing binding 
of plectasin to Gram-negative lipid II, which possesses a meso-diaminopimelic 
acid (mDAP) residue instead of a lysine at the 3-position in the pentapeptide. 
Only marginal differences were observed in ssNMR spectra of plectasin bound 
to mDAP-lipid II and lys-lipid II (Figure S1D, E), which agrees with the moderate 
mobility observed in residue K3, implying that it has no role in complex 
interactions. Notably, while the pentapeptide domain gave well-defined signals 
in the dipolar-based spectrum, we observed signal heterogeneity in the sugar 
region, for instance in GlcNAc-C1, suggesting some plasticity at the binding 
interface.

A 2D 13C-13C ssNMR experiment on 15N,13C-plectasin in complex with 15N,13C-
lipid II enabled us to pinpoint the complex interface. We observed several 
unambiguous interfacial contacts that relate to E2 of the pentapeptide and Y40 
of plectasin, further confirming that E2 is indeed directly involved in complex 
formation (Figure 2A). For the sugars, we repeatedly observe ambiguous 
contacts in line with correlations to F2, W8, H16, H18, Y25, Y29 and F35 (Figure 
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2A-C). Interestingly, we obtained one faint unambiguous interfacial contact 
between residue H16 and GlcNAc, implying that H16 directly binds to GlcNAc. 

Our ssNMR data reveal that the previously reported plectasin – lipid 
II complex model, where the conserved residue H18 was shown to be the 
primary binding site for E2, must me incorrect. Moreover, H18 was assumed 
to be positively charged, which is important for the binding mode of plectasin. 
Thus far, no experimental data could further support these assumptions. 
In Chapter 2, we have clearly demonstrated that H18 is not charged in lipid 
membranes. Altogether, we have identified residue Y40 as interaction site for 
the pentapeptide. Furthermore, our findings confirmed that both sugars are 
directly involved at the complex interface. Unfortunately, signals of MurNAc 
and GlcNAc largely overlapped, hence we could not unambiguously identify key 
residues that target the sugars, with the exception of H16. In the future, we will 
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produce lipid II where only one of the sugars will be isotope labelled. This will 
reduce the ambiguity in our binding interface analysis. 

Next, we investigated the membrane topology of plectasin, which is 
fundamental to our understanding of plectasin – lipid II interactions. While the 
topology has already been investigated in micelles1, our study demonstrates 
that the complex is different in a natural membrane environment. SSNMR 
spectroscopy provides a unique approach to obtain peptide – membrane 
topological information in physiologically relevant media. 

Here, we conducted T2-edited 2D 1H(H)13C experiments3, with a 1H-1H mixing 
time of 5 ms, on the plectasin – lipid II complex to define the orientation of 
plectasin on the membrane (Figure 3A-C). The corresponding experiments rely 
on magnetization transfer from mobile water or lipid 1H to the rigid antibiotic 
via a short dipolar transfer step and hence will enable us to pinpoint residues 
that partition in the water and lipid phases. The 2D spectrum unambiguously 
shows that the backbone of residues N5, P7, W8 and A31 – F35, and side chains 
of V36 are lipid exposed. Intriguingly, all obtained unambiguous contacts are 
related to the hinge in the N-terminal loop (N5 – W8) and the loop that connects 
the two β-strands (A31 – V36). Thus far, our NMR data suggest that these loops 
partition into the membrane, whereas the hydrophobic residues of the αβ-loop 
do not act as membrane-anchors and are exposed to the water phase (Figure 
3D). Interestingly mutations in N5 to either lysine or arginine subtly improved 
the activity of plectasin, suggesting that the membrane-anchoring interface is 
an interesting hotspot for the rational design of plectasin (Table S1). It should 
be noted that residues such as M13 and N17, which seem neither involved in 
lipid II nor in membrane-anchoring, do not affect the activity of plectasin. 

For most of our ssNMR experiments, we have assembled the plectasin – 
lipid II complex in zwitterionic DOPC liposomes. However, the lipid bilayer of 
Gram-positive bacteria is largely characterized by anionic lipids4. To ascertain 
the effect of anionic lipid bilayer, we assembled the plectasin – lipid II complex 
in DOPG liposomes and recorded a 2D NH spectrum (Figure 3E). Only subtle 
changes in chemical shifts were observed, with the largest differences in the 
cationic residues K23 and K32 (Figure S1D) which may both contact the lipids 
headgroups. (Figure 3A-D). Therefore, our data implies that the membrane 
composition does not affect the mode of action of plectasin.  
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Plectasin oligomerises in the lipid II bound state 

Previous studies reported that plectasin binds to lipid II in a 1:1 stoichiometry1. 
However, this finding was established using a soluble truncated lipid II version 
in micelles, i.e., in non-physiological conditions. To determine the stoichiometry 
in membranes, we co-assembled plectasin with lipid II at molar ratios of 0:1, 
0.5:1, 1:1 and 2:1 and measured 31P CP ssNMR spectra to evaluate the 31P PPi 
signals of lipid II. The signal intensity of the PPi group was determined and was 
used to derive a binding curve (Figure 4A). Our 31P NMR titration shows that the 
1:1 stoichiometry is conserved in membranes. 

We have previously shown that both H16 and H18 side chains are unusually 
rigid in the complex (Chapter 2, Figure 4C), most likely caused by a binding 
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Figure 3. The orientation of plectasin on lipid membranes. A) 1D T2-edited 1H(H)13C 
solid-state NMR spectrum of 15N,13C-plectasin – lipid II complex, recorded at 700 MHz 
using a T2 delay of 2.5 ms to de-phase signals of the complex. 1H-1H mixing was set 
at zero to prevent magnetization transfer to the rigid complex. Remaining signals 
show lipids. B) 2D T2-edited 1H(H)13C spectrum of 15N,13C-plectasin bound to lipid II, 
measured at 700 MHz using a T2 delay of 2.5 ms and 5 ms 1H-1H mixing time. C) 13C 
CP spectrum of the complex, acquired at 700 MHz using 200 μs contact time. D) NMR 
based illustration of water (blue) and lipid (orange) exposed residues. E) Overlay of 2D 
NH ss NMR spectra of lipid II – bound plectasin in DOPC (green) and DOPG (magenta) 
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event. Additionally, previous mutational studies5 showed that H16 and H18 
modulate the antimicrobial activity of plectasin. Interestingly, the side chains 
of H16 and H18 are pointing towards opposite directions (Figure S2A). It is 
therefore unlikely that both residues are involved in lipid II binding. A second, 
thus far, unknown binding event could provide an explanation for the observed 
enhanced rigidity. Our hypothesis is that plectasin oligomerizes upon lipid II 
binding with either H16 or H18 at the dimerization interface. 

In order to directly probe oligomerization events, we mixed uniformly 
15N-labelled plectasin with uniformly 13C-labelled plectasin6. Magnetization 
transfer between 15N and 13C can only be established if the distance between 
the two nuclei is less than 5 Å (Figure 4B). Here, we mixed an equimolar ratio 
of 15N-plectasin and 13C-plectasin that we subsequently co-assembled with 0.5 
mol % lipid II, which is similar to the estimated amount of lipid II in bacteria 
(0.1 – 1 mol %)7. Hence, our experimental design is physiologically relevant. 
Moreover, using a small concentration of lipid II avoids false positives caused 
by crowding effects rather than specific oligomerization events. However, such 
a low lipid II concentration requires highly sensitive methods such as Dynamic 
Nuclear Polaization (DNP), which can significantly improve the signal intensity 
of biomolecules8-10. 

First, we recorded a series of 1D 15N(HH)13C DNP spectra, which can be 
interpreted as ssNMR “FRET-like” experiments, with 1H-1H magnetization 
transfer times that enable magnetization transfer from 15N nuclei to 13C 
nuclei (Figure 4B, C). We obtained a DNP enhancement ε of 53 (Figure 4E). 
Interestingly, we observed pronounced transfer to 13C nuclei, demonstrating 
that plectasin oligomerizes upon lipid II binding (Figure 4C). We can also 
rule out contributions from plectasin that is not bound to lipid II or natural 
abundance contributions (Figure S2B, C). We would like to emphasize that this 
is the first study to report on self-association of plectasin upon lipid II binding, 
which could be a mechanism that is conserved among the CSαβ defensins11,12 to 
target lipid II. Again, this further highlights the necessity of studying such drugs 
in physiologically relevant media, since oligomerization of plectasin was not 
observed in micelles1. Further studies will be necessary to establish the precise 
higher-order architecture of the plectasin-lipid II complex.  

As a next step, we investigated the plectasin – plectasin interface using a 
2D 15N(HH)13C experiment (Figure 4D). Due to line broadening of signals 
at cryogenic temperatures, we could not identify unambiguous interfacial 
interactions. Nonetheless, we observed several contacts that we can assign to a 
group of residues, which gives us more insight into the dimerization interface. 
It comes as no surprise that we observe an interfacial contact that relates to 
histidine side chains, strongly indicating that indeed either H16 or H18 is 
close to the dimerization interface. We also detect lysine side chains in the 
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dimerization interface, visible from the back folded signals around 75 ppm in 
the 15N plane. Furthermore, we obtained multiple correlations with aromatic 
signals of around 128.8-141.2 13C ppm. 

Our findings strongly suggest that one histidine is involved in oligomerisation, 
whereas the other participates in lipid II binding. To establish the roles of both 
histidine residues, we measured the binding affinity of H16 and H18 mutants 
using Isothermal Titration Calorimetry (ITC) (Figure 4F). Interestingly, we 
found weaker binding affinities for both histidine mutants, with a KD of 1.8∙10-4 
and 7.2∙10-6 M for H16 and H18 mutants, respectively. The much bigger hit in 
binding affinity in the H16 mutant implies that H16 directly binds to lipid II, 
whereas H18 is rather involved at the plectasin – plectasin interface. This would 
be in line with the interfacial contact that we previously observed between 
H16 and GlcNAc. At the moment of writing, we are employing 1D 15N(HH)13C 
experiments on plectasin H16 and H18 mutants to further corroborate our 
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Figure 4. Stoichiometry of plectasin in membranes. A) 31P ssNMR spectra were 
recorded of plectasin co-assembled with lipid II at molar ratios of 0:1, 0.5:1, 1:1 and 
2:1. 31P PPi signals intensities were evaluated and used to derive a binding curve, 
which clearly indicates a 1:1 stoichiometry. B) An equimolar ratio of 15N-plectasin and 
13C-plectasin were mixed to probe if plectasin self-associates. C) A series of 1D NHHC 
spectra with increasing 1H-1H magnetization transfer times applied to the complex 
containing mixed-labelled plectasin. Spectra were acquired at 400 MHz DNP, 8 kHz 
MAS, and 100 K. D) 2D 15N(HH)13C spectrum of 15N, 13C mixed labelled plectasin in 
complex with lipid II measured at 400 MHz DNP, 8 kHz MAS and 100 K. E) 13C CP spectra 
of lipid II – bound plectasin with (black) and without (grey) DNP enhancement ε 53. 
F) Isothermal Titration Calorimetry (ITC) data for H16 and H18 mutants obtained in 
DOPC liposomes. Both H16 and H18 mutants drastically influence the binding affinity 
of plectasin. 
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findings. 

To further investigate the newly discovered oligomerization property 
of plectasin, we co-assembled plectasin with lipid II at a 0.5:1, 1:1, and 2:1 
molar ratio in lipid membranes and acquired 2D 15N-1H spectra (Figure 5A). 
Overall, the two spectra look very similar with the exception of residues C4, 
N5, W8, D12, H16, G28, Y29, C30, A31, C37, K38 and C39 (Figure 5B), which 
have either disappeared or significantly shifted, implying that these residues 
show different conformations depending on the molar ratio of plectasin and 
lipid II. Interestingly, these residues are either directly involved at the complex 
interface or in membrane-anchoring. Hence, we assume that in case of excess of 
lipid II plectasin binds as a monomer, but rather as an oligomer when there is an 
equimolar amount of the drug and target. 15N R1ρ bulk relaxation measurements 
further support our hypothesis where plectasin shows higher dynamics in 
a 0.5:1 molar ratio compared to a 1:1 molar ratio of plectasin:lipid II (Figure 
5C), consistent with a smaller, more flexible complex at a 0.5:1 ratio. Note that 
there is no difference in dynamics between the 1:1 and 2:1 molar ratio complex, 
further validating that plectasin indeed binds lipid II in an equimolar ratio. 

Figure 5. Molar ratio of plectasin:lipid II modulates mode of action of plectasin. 
A) 1H-detected 2D 15N-1H spectral overlay of 0.5:1 and 1:1 molar ratio of plectasin:lipid 
II shown in magenta and blue, respectively. Spectra were acquired at 700 MHz, 60 kHz 
MAS, and about 300 K sample temperature. B) Residues that are involved in lipid II 
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Plectasin binds to divalent ions

Interestingly, one previous study reported a marked influence of divalent 
ions such as calcium (Ca2+) and magnesium (Mg2+) on the microbicidal activity 
of plectasin13. However, no molecular explanation was provided, and a potential 
role of ions was not considered in the study.  Unlike other CSαβ defensins, 
plectasin possesses a curious negative patch D9 – E10 – D11 – D12 with unknown 
structural or functional role. We hypothesized that this negative patch directly 
binds divalent ions.

In order to determine if plectasin interacts with divalent ions, we measured 
solution NMR spectra of free plectasin in the presence of manganese (Mn2+)
ions. Manganese ions are, besides biologically relevant14, also paramagnetic, 
meaning that they can affect NMR signals. These paramagnetic effects can 
manifest in either enhanced relaxation rates, chemical shifts or both, and rely 
heavily on the distance between the nuclei and ion15. Such data can therefore be 
used to pinpoint the ion-binding interface. A solution NMR spectral overlay of 
free plectasin with and without Mn2+ ions demonstrates that Mn2+ indeed affects 
relaxation rates in plectasin as the intensity of multiple signals is reduced 
(Figure 6A). This clearly supports the idea of plectasin interacting with divalent 
ions. A small patch of residues, including the negative patch E10 – D12 and C30 
– F35, were fully quenched by Mn2+ ions implying that these residues directly 
contact the ion (Figure 6B, C). Altogether, we have discovered, for the time 
ever, a novel feature of plectasin that should be taken into consideration in the 
rational design of plectasin derivatives. 

To probe the effect of a divalent ion on the complex, we co-assembled plectasin 
with lipid II in the presence of Ca2+ and measured 2D NH ssNMR experiments 
(Figure 6D). Our ssNMR data show that Ca2+, and most likely other divalent ions, 
does not interfere with complex formation given the small observed differences 
in spectra of the complex with and without Ca2+. The largest differences 
between the two samples are indeed observed in residues that are at the ion-
binding interface. Thus far, as this finding is very preliminary, it is still poorly 
understood what the biological contribution is of the ion. Further research is a 
must in order to underline if the ion participates in the complex or if it rather 
interferes with the binding of plectasin to lipid II to a certain degree. 

binding and membrane anchoring show significant differences in the two different 
molar ratios. C) 15N R1ρ bulk relaxation rates of 0.5:1 (magenta), 1:1 (blue) and 2:1 
(grey) molar ratio of plectasin:lipid II.
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Conclusions

Our ssNMR study provides high-resolution insights into the mode of action of 
plectasin in physiologically relevant conditions. Using a unique approach with 
isotope-labelled lipid II we have refined our understanding on the plectasin – 
lipid II complex interface and identified key residues that are involved at the 
interface. Along the same line, we have discovered that plectasin oligomerizes 
upon lipid II binding, which could be a shared mechanism among CSαβ defensins. 
As demonstrated in this work, the previously published complex model1 did 
not capture the correct interaction interface. In addition, we have discovered 
interesting novel features of plectasin that may be particularly important for 
drug design studies. These insights could be relevant for lipid II targeting CSαβ 
defensins in general.

K26

W8ε1
A31

K38

C37

H16

C30

K32
C19

D12

Y40
K23

D11

I22

H18
C39

C15

C4

D9

N5

E10

Q14Y25

V36

M13Y29

N17

G24

G33

G28

G3
G34

G27

G6

K20 S21

W8
F35

Q/Nε1+2

Q/Nε1+2

110

115

120

125

130

135

11.0 10.0 8.09.0 1H/ppm

15N
/p

pm

Plectasin
Plectasin + Mn2+

1 5 10 15 20 25 30 35 40

A

B

N
or

m
al

iz
ed

 in
te

ns
ity

Residue number

Plectasin
Plectasin + Ca²⁺

110

115

120

125

130

135

15N
/p

pm

12 11 10 89 7 1H/ppm

DC

A31W8ε1

K38

C37

K23

Y40 D11 I22

E10

C4
D9

H16ε2
H18ε2

K26

C30
K32

H16

C19

G3 G34

G28

G33 G6
G27

Y29

G24
N17

M13

K20

V36

Y25

S21

C39
F35

W8

D12
C15

F2

Q14
N5

H18

N5δ1+2

Q14ε/N17δ1+2

Negative patch

Figure 6. Plectasin binds to divalent ions. A) Solution NMR 2D 15N-1H spectral 
overlay of free plectasin with (red) and without (blue) Mn2+ ions measured at 600 
MHz. B) Normalized signal intensity of plectasin with (red) and without (blue) Mn2+ 
ions. Residues E10 – D12, C30, A31, G34 and F35 were fully quenched, implying that 
these residues are in direct contact with the ion. C) NMR based illustration of the ion-
binding interface of plectasin. D) 2D 15N-1H spectral overlay of lipid II bound plectasin 
in presence (purple) and absence (blue) of Ca2+. Spectra were acquired at 60 kHz MAS 
and 700 MHz. 
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Materials and methods

Sample preparation. Plectasin and the plectasin – lipid II complex samples 
were prepared according to the described protocol in Chapter 2. 15N, 13C-lipid II 
was extracted from Micrococcus flavus grown on 15N,13C-labelled rich medium. 
Lipid II was subsequently purified by anion exchange chromatography (S2). 

For the 15N(HH)13C experiments, 14N,13C-plectasin was mixed with 15N,12C-
plectasin at equimolar amounts. The peptide solution was subsequently mixed 
with 0.5 mol % lipid II-containing DOPC liposomes as described in the previous 
chapter. 

SSNMR experiments. 2D 1H-detected ssNMR experiments were performed 
with 1.3 mm rotors at 60 kHz MAS at 16.4 and 18.8 T (700 and 800 MHz 1H 
frequency, Bruker Biospin). All experiments were performed using dipolar 
based sequences. For all cross-polarization (CP) steps, ramped contacts (10-
20%) were used. The last transfer step from 15N to 1H was kept short (600 – 800 
ms). PISSARO16 low-power (15 kHz decoupling amplitude, 70 ms pulse length) 
decoupling was used in all indirect and direct detection periods.  

All 13C-detected experiments were performed with 3.2 mm rotors. 2D 13C-13C 
dipolar based experiments were performed with PARIS17 recoupling at 700 and 
950 MHz at 18 kHz MAS. The PARIS recoupling amplitude was 10 kHz for mixing 
times of 20 – 600 ms and we used the standard phase inversion time of 1/2 ∙ τrot. 
SPINAL18 was used in both indirect and direct detection periods.

The T2 – edited 2D 1H(H)13C experiment19,20 was performed at 700 MHz with 
16.5 MAS at 300 K temperature. A T2 relaxation filter of 2.5 ms was used. 
Magnetization from mobile lipids and water molecules was transferred to 
the rigid antibiotic with 5 ms 1H-1H magnetization transfer and subsequently 
transferred to 13C nuclei of plectasin with a short CP (200 ms) CP step. 

All DNP enhanced 15N(HH)13C experiments were carried out at 400 MHz, 8 kHz 
MAS and 100 K. For the 2D experiment, we used very short (80 ms) for the 
second and third CP step and a 1H-1H spin diffusion time of 200 ms.
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Supplementary information

Table S1. Activity assay (MIC in μg/mL) including different plectasin mutants. 

Mutant S. aureus USA300 S. simulans M. flavus S. pneumoniae 
ATCC6305

Plectasin wt 12.5 0.78 25 ≤0.78
N5R 3.13 ≤0.39 3.13 ≤0.78
N5K 6.25 ≤0.39 6.25 ≤0.78
M13A 6.25 1.56 12.5 ≤0.78
N17A 6.25 0.78 12.5 ≤0.78
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Figure S1. A) 2D NH ssNMR spectral overlay of plectasin bound to lipid I (yellow) and 
lipid II (orange). Plectasin still binds in the absence of GlcNAc, but forms a disordered 
complex as can be deduced from the increased spectral heterogeneity. Samples were 
measured in DOPG liposomes. B) Scalar-based NH HSQC of plectasin in complex with 
15N,13C-lipid II shows intense signals for residues A4 and A5, suggesting an enhanced 
mobility towards the C-terminus of the lipid II pentapeptide. C) SSNMR based illustration 
regarding the mobility of lipid II. D) CSPs showing the effect of mDAP-lipid II and the 
membrane composition on the complex with plectasin. E) 2D NH spectra of plectasin 
bound to lys-lipid II (grey) and mDAP-lipid II (blue) show no differences, implying that 
residue K3 does not modulate the binding mode of plectasin.
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100% 13C-plectasin 
+ 0.5 molar % lipid II

50%13C-plectasin / 50% 15N-plectasin
no lipid II 

BA

H16

H18

Figure S2. A) The side chains of H16 and H18 are facing opposite directions, hence only 
one histidine can be involved in lipid II binding. The other histidine could potentially 
participate in a second, thus far, unknown binding event. B) 15N(HH)13C DNP-ssNMR 
experiments on 15N, 13C mixed labelled plectasin in absence of lipid II (upper panel) and 
uniformly 13C-plectasin with lipid II (lower panel) showed no signals. Hence, we can 
rule out contributions from plectasin that is not bound to lipid II or natural abundance 
contributions.
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Abstract

Stem cell behaviour is critically regulated by the material properties of the 
surrounding extracellular matrix, which has important implications for the 
design of tissue engineering scaffolds that act as biomimetic stem cell substrates 
and offer fascinating applications in regenerative medicine. However, our 
understanding of stem cell scaffolds is strongly limited because our knowledge 
of their material properties is confined to nanoscopic-to-macroscopic length 
scales. Here, we present a solid-state NMR approach that provides atomic scale 
information on complex stem cell substrates at near physiological conditions 
and at natural isotope abundance. Using a series of self-assembled peptidic 
scaffolds designed for nervous tissue regeneration, we introduce the molecular 
order and assembly degree as new critical design parameters for stem cell 
scaffolds, and we show at atomic scale how scaffold assembly degree, mechanics, 
and homogeneity correlate with favorable stem cell behaviour. Furthermore, 
integration of solid-state NMR data with molecular dynamics simulations 
reveals a highly ordered fibril structure as the most favourable stem cell 
scaffold. Altogether, our approach provides a high-resolution perspective that 
could critically improve the design of tissue engineering scaffolds and other 
self-assembled biomaterials.

Based on the publication:

Shehrazade Jekhmane, Marek Prachar, Raffaele Pugliese, Federico Fontana, João 
Medeiros-Silva, Fabrizio Gelain and Markus Weingarth

“Design parameters of tissue engineering scaffolds at atomic scale”

Angewandte Chemie International Edition 2019, 55 (47): 16943
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Introduction

Stem cells respond to their microenvironment that provides critical cues for 
their migration, differentiation, and proliferation1-5. The regulatory interplay 
between stem cells and their native extracellular matrix has important 
implications for the design of biomimetic tissue engineering scaffolds, with 
potentially exciting applications in regenerative medicine that could lead 
to a paradigm shift in therapeutic treatments6-10. In order to improve our 
capabilities in engineering tissues, in-depth understanding of properties of 
stem cell substrates is essential2,4,10-12. Furthermore, it has been recognized 
by cell biologists that designer matrices and a better understanding of these 
matrices are critical for progress in translational research with stem cells and 
organoids13.

Commonly, nano- or macroscale biophysical tools are used for the 
characterisation of biomimetic stem cell substrates3. However, information 
at the atomic scale is very scarce, although such information could critically 
improve the design of stem cell substrates, and enable to distinguish materials 
that exhibit similar properties on higher length scales5. Indeed, atomic scale 
information could enable stem cell substrates with optimized biomechanical 
parameters14,15, improved exposure of functional motifs16, better cross-linking 
strategies10,17, tuned nanotopography18, or the inclusion of stimuli-responsive 
elements19. 

In this work, we discover novel design parameters for neural tissue scaffolds 
using solid-state Nuclear Magnetic Resonance (ssNMR), a technique that enables 
the characterisation of soft matter at atomic-level and at close-to physiological 
conditions. We studied a series of peptidic hydrogels that were designed to 
self-assemble into biocompatible scaffolds for the treatment of spinal cord 
injury (SCI)20, a damage for which no medical cure is available, yet a growing 
body of evidence suggests that biomechanical cues can guide SCI repair21,22. 
The peptides display variants of the bone marrow homing peptide 1 (BMHP1) 
functional motif that stimulates interactions with neural stem cells, and some 
peptides feature an N-terminal biotin tag to foster self-assembly (Table 1). The 
most favourable hydrogels showed attractive self-healing properties, stimulated 
human neural stem cell (hNSC) viability and differentiation in vitro, and showed 
regenerative potential in vivo in a rodent model of SCI20. 

Here, using an NMR approach that works at natural isotope abundance 
and enables the fast screening of complex materials, we present decisive 
molecular determinants that directly correlate with hNSC viability. Highly 
astonishingly, we demonstrate that the homogeneity and the self-assembly 
degree of the tissue scaffold are critical new design parameters for stem cell 
viability. Moreover, using an advanced ssNMR setup that works with as little as 
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60 nmol of unlabelled material, we succeed to understand how supramolecular 
structures of stem cell substrates relate to favourable functional properties, 
which we correlate to macroscopic AFM and rheology data. Altogether, our 
study presents ssNMR as a broadly applicable high-resolution technique to 
gauge tissue engineering scaffolds that, in combination with other methods, 
enables a holistic characterisation of stem cell substrates from the atomic to the 
macroscopic length scale. 

Mechanical characterisation at atomic scale

 We prepared a series of self-organized BMHP1-peptide hydrogels at 
a concentration of 3% w/v (Table 1). First, we analysed the mechanical 
properties of the highly hydrated samples using high-resolution ssNMR. 
Therefore, we quantified the rigid and dynamic fractions of the hydrogels using 
one-dimensional (1D) so-called dipolar NMR experiments (i.e., experiments 
that rely on the presence of dipolar couplings between 1H and 13C) that detect 
immobile molecular components, and scalar NMR experiments that report on 
mobile components with pronounced fast pico-to-nanosecond dynamics that 
do not form stable, large assemblies (Figure 1A, B). 

Remarkably, our experiments, which were performed without synthetic 
13C-isotope enrichment, revealed clear mechanical differences between the 
hydrogels. The hydrogels formed by peptides 2 (dubbed hydrogel 2) and B26 
gave intense scalar spectra and virtually no dipolar signal. This implies that 
peptides in these two hydrogels are highly mobile, weakly associated, and 
do not form larger aggregates. We confirmed that the scalar spectra of the 
hydrogels relate to fast tumbling small assemblies or free peptides by solution 
NMR measurements of free peptides that yielded exactly the same signals 
(Figure S1). In stark contrast, the biotinylated hydrogels B3, B15, and B24 gave 
intense dipolar spectra and very faint scalar signals, implying high rigidity and 
high assembly-degrees. Intriguingly, the rigid hydrogels B15 and especially B24 
performed best in cell viability assays in which the BMHP1-derived scaffolds 
were used as substrates to culture hNSC, a well-standardized source of somatic 
human stem cells for in vitro testing of peptidic biomaterials20,23,24, while the 
mobile hydrogels exhibited no significant difference to the negative control 
(Figure 2). Thereby, our data strongly suggest that the appropriate mechanical 
stiffness at the molecular level of the hydrogel is a crucial functional factor. 

Remarkably, only in hydrogel B24, the best performing stem cell substrate, 
virtually all scalar signals completely disappeared. In addition, the aromatic 
Phe5 sidechain in the middle of the peptides, which mutational studies suggest 
to be a hot spot for peptide assembly, is only completely rigidified in scaffold 
B2425. This implies that all peptides are firmly assembled in hydrogel B24, 
which strongly suggests being favourable for the culturing of hNSC, and which 
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we investigate below in detail. 

The build of the peptides in the scaffold. 

Name Peptide Sequence ssNMR analysis 
(hydrogel)

2       Acetyl-GGGPFSSTKT-CONH2 highly mobile
B3       Biotin-GGGPFSSTKT-CONH2 rigid
4      Acetyl-WGGGPFSSTKT-CONH2 mobile
B15       Biotin-GGGAFSSTKT-CONH2 rigid
B24       Biotin-GGGAFASTKT-CONH2 rigid 
B26       Biotin-GGGPFASTKT-CONH2 highly mobile
30      Acetyl-WGGGAFASTKT-CONH2 mobile
31      Acetyl-WGGGAFSSTKT-CONH2 mobile

Table 1. List of BMHP1-derived peptides and ssNMR analysis of the hydrogel-
mechanics. The hydrogel classification is based on the signal intensities in Figure 1. 
Rigid hydrogels give intense dipolar and faint scalar signals, respectively, while mobile 
hydrogels give faint dipolar and intense scalar signals. Hydrogels 2 and B26 were 
classified as highly mobile because they showed by far the strongest scalar and no or 
vanishingly small dipolar signals. 
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As a next step, we investigated the impact of the molecular build on the 
functional properties. Therefore, we sought to quantitatively assign the NMR 
chemical shifts, which are delicate reporters of peptide conformation26. However, 
quantitative chemical shift assignments of solid-like decametric peptides with 
complex tags critically require two-dimensional (2D) spectra. Unfortunately, 
such spectra usually necessitate isotope enrichment, which drastically limits 
the applicability of NMR because of severely increased material costs and the 
high complexity to label certain materials. Here, we demonstrate extensive 
proton and carbon assignments of solid-like hydrogels at natural isotope 
abundance and physiological temperatures using a 1H-detected ssNMR setup 
that strongly increases signal sensitivity and requires less than 75 mg (60 nmol) 
of unlabelled peptide27-35. To best of our knowledge, this is the first time that 
1H-detected ssNMR was successfully used to quantitatively assign solid-like 
peptide hydrogels at natural abundance, something that suggests being a highly 
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Figure 1. The mechanical properties of the hydrogels at atomic scale. A) 
13C-detected dipolar cross-polarization ssNMR spectra that characterise the immobile 
fraction of the hydrogels. B) 13C-detected scalar INEPT ssNMR spectra that characterise 
dynamic molecular components with fast nanosecond motion and large amplitudes. All 
spectra were acquired at 500 MHz, 10 kHz magic angle spinning (MAS), and at 280 K 
sample temperature.

Figure 2. MTS viability assay of hNSC seeded on BMHP1-peptide hydrogels. Results, 
comprising Cultrex and bare plastic-surface (control), showed significant differences 
between hydrogel B24 compared to other peptide hydrogels (***p<0.001) and control 
(not shown in the graph). Cultrex showed significant differences against all samples 
(***p<0.001, not shown). Scaffolds B3, 4, 30 and 31 exhibited no significant cell viability 
difference to the negative control. The error bars show the standard deviation. Figure 
adapted from Gelain et al.20
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promising technique to quantify such materials in the future.

We acquired a 1H-detected dipolar 2D 13C-1H correlation spectrum of scaffold 
B24 at 800 MHz magnetic field and 60 kHz MAS (Figure 3A). We carefully 
verified that the signal positions were exactly the same at 15 and 60 kHz MAS, 
demonstrating that the scaffold is not modulated by the sample spinning 
frequency (Figure S2). The 2D 13C-1H spectrum exhibited a very favourable 
spectral resolution and we could readily identify most of the signals by their 
characteristic chemical shifts. Such fingerprint signals were the G1-3 CαHα, 
Phe5 CβHβ, Ser7 CβHβ, alanine/threonine CαHα, and CβHβ. The Ser7 CαHα 
signal could be unambiguously identified by comparison with hydrogel B15 
that has two serine residues and features a much stronger signal at 57 13C ppm. 
We could also assign the biotin-tag, which provided detailed insights into its 
molecular role in the hydrogel. A comparison with solution NMR spectra of free 
B24 peptides shows significant chemical shift perturbations of more than one 
ppm for several biotin carbons (C2, C3, C6, and C9) (Figure S3)36, demonstrating 
that biotin changes its conformation in the hydrogel. These data imply that 
biotin is actively involved in the self-assembly procedure and most likely rigidly 
packed in the hydrophobic core, agreeing with the critical role of biotin for the 
formation of rigid hydrogels (Figure 1). With these extensive assignments, we 
were able to determine the conformation of the assembled B24 peptides at 
high-resolution (Figure 3B, C). This analysis revealed that residues A4-F5-A6-
S7-T8-K9 adopt β-strand conformation in hydrogel B24, while residue T10 has 
reduced β-strand propensity. Note that the free peptide B24 adopts random coil 
structure (Figure S4). 

The order of the scaffold as a novel design parameter  

With the help of our detailed structural knowledge of B24, we sought to 
understand the build of the other, functionally less favourable hydrogels. 
Particularly, we hypothesized that further, thus far ignored, material properties 
exist which critically influence the use of hydrogels as hNSC substrates. 
Indeed, while an appropriate rigidity (usually between 100 and 1.000 Pa at 
the macroscale) is important for neural tissue engineering scaffolds37, rigidity 
is clearly not the only decisive factor: while hydrogels B3, B15, and B24 all 
showed high rigidity in ssNMR spectra, B15/B24 outperformed hydrogel B3 in 
cell viability assays (Figure 2)20. We decided to acquire dipolar spectra for a 
selection of five hydrogels (2, B3, B15, B24, 30) at a very high magnetic field of 
950 MHz, which strongly improves NMR spectral quality (Figure 3E). Indeed, 
at 950 MHz, we succeeded to quantitatively understand the molecular build of 
the hydrogels, and we demonstrate that the sample homogeneity and assembly 
degree are new material property of striking importance.
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At 950 MHz, hydrogels B15 and B24 yield very similar dipolar spectra 
with many remarkably sharp (<0.3 13C ppm) signals, demonstrating that both 
scaffolds are highly ordered and adopt extended conformations from residues 
Ala4 to Thr10. However, while B24 shows virtually no sign of heterogeneity, a 
number of B15 signals such as Lys9 and Thr10 in the functional C- terminus 
are broadened (Figure 3D). Especially the critical residue Phe5 shows increased 
heterogeneity for both Cα (0.58 and 0.34 13C ppm in B15 and B24, respectively) 
and Cβ  (0.66 and 0.21 13C ppm in B15 and B24, respectively). Intriguingly, the 
increased disorder of Phe5 correlates with residual scalar signal of Phe5 in 
B15 and the reduced assembly degree of B15 (Figure 1), while all peptides are 
assembled in the extraordinarily homogeneous scaffold B24. Surprisingly, our 
950 MHz data reveal that scaffold B3 is a polymorph (Figure 3E) that consists 
of i) a dominant ordered conformation with sharp signals (0.3-0.4 13C ppm) 
and ii) a multitude of unstructured peptides that give very broad signals. The 
polymorphism of B3 is readily visible by the broad signal feed and the signals in 
the spectral region below 20 13C/ppm that corresponds to unstructured peptides 
and is empty in B15/B24. Most likely, the heterogeneity of B3 results from the 
proline residue in the middle of the peptide, which impedes the formation of 
ordered supramolecular structures, and which is replaced by an alanine in B15 
and B24. The observed sample heterogeneity can either relate to static molecular 
disorder and/or slowly exchanging conformations. Notably, the functional 
C-terminal BMHP1 motif that fosters stem cell contacts changes from β-strand 
to coil conformation in hydrogel B3, as we can unambiguously determine from 
the lower chemical shifts of Thr8β/Thr10β (70.9/70.4 and 72.1/71.4 13C ppm in 
B3 and B24, respectively) and the much higher shifts of Lys9Cα (54.8 and 51.7 
13C ppm in B3 and B24, respectively). Most importantly, the reduced secondary 
structuring and decreased order that we observe in scaffold B3 and other stem 
cell scaffolds (see below) correlate with less favourable functional properties 
(Figure 2). Future atomic-scale studies with other designer stem cell scaffolds 
would be highly insightful to gauge and generalise our findings13.  
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Figure 3. The conformation and dispersity of the assembled peptides at high-
resolution. A) 1H-detected 2D 13C-1H spectrum of hydrogel B24 at natural abundance, 
acquired at 800 MHz using 60 kHz MAS and 305 K sample temperature. B) [Cα-Cβ] 
secondary chemical shift (SCS)26 analysis reveals pronounced β-strand conformation 
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We also acquired dipolar spectra at 950 MHz for the mobile hydrogel 30 and 
the highly mobile hydrogel 2 in order to understand the molecular properties 
of the small rigid fractions of these scaffolds with low assembly degrees (Figure 
3E). Since the rigid fractions are the minor fractions in mobile and very mobile 
hydrogels, we required drastically longer measurement times (180.000 signal 
accumulations/sample, i.e., 5 days for each sample) in order to obtain clear 
dipolar signals. Signals of hydrogel 30 were generally much broader than for 
B24, which relates to a markedly increased heterogeneity of the assembly. 
Intriguingly, as can be unambiguously deduced from the doubling of Thr8β/
Thr10β signals and the characteristic chemical shifts of these signals38, hydrogel 
30 exhibits both coiled and extended conformations for the functionally critical 
C-terminus. The substantial disorder of the C-terminus is also readily visible 
from the Ser7β signal, which is more than four times wider in hydrogel 30 than 
in B24 (1.43 and 0.34 13C ppm in hydrogels 30 and B24, respectively). This 
situation is even more pronounced for in dipolar spectra of the highly mobile 
hydrogel 2. While the assembly domain in hydrogel 2 around Phe5 features 
starkly broadened yet still discernible signals, the functional C-terminus 
(residues Ser7, Thr8, and T10) is extremely disordered and almost broadened 
beyond detection. Thereby, our quantitative ssNMR analysis demonstrates that 
the peptide heterogeneity correlates with lower assembly degree, i.e., with 
more intense scalar signals (Figure 4). This conclusion is confirmed by ThT 
measurements that very clearly show that increasing homogeneity/order of the 
ssNMR spectra goes hand in hand with an increase in ThT fluorescence, i.e., with 
an increase in stable β-structured assemblies (Figure 3F). Most importantly, 
peptide order directly correlates with favorable functional properties (Figure 
2). Altogether, these findings demonstrate that the conformational homogeneity 
and the assembly degree are novel, vital functional factors for peptidic tissue 
engineering scaffolds. Interestingly, the recently reported fibers assembled 
from the gel-forming MAX1 peptide also show an intriguing homogeneity with a 
single molecular conformation39, and these assemblies also exhibit remarkable 
mechanical bulk stability40.

for residues A4-T10. C) Structural representation of the assembled peptide B24 derived 
from ssNMR. D) Cross-sections of 13C dipolar signals of B24 (left panel) and B15 (right). 
The linewidth at half-height is indicated. E) SSNMR spectra of hydrogels 2, B3, B15, 
B24, and 30 acquired at 950 MHz using 15 kHz MAS. 30.000 signals were accumulated 
for the rigid hydrogels (B3, B15, B24), and 180.000 accumulations for the mobile 
hydrogels 30 and the very mobile hydrogel 2. Spectra were processed with exponential 
line-broadening (10 Hz for B3, B15, B24; 30 Hz for hydrogel 30; 200 Hz for hydrogel 
2). The red and blue bars mark threonine residues in extended and coiled structures, 
respectively. F) ThT fluorescence measurements of the hydrogels.
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Figure 4. Structuring and assembly from ssNMR. A) Illustration of the building 
blocks that form fibers and large assemblies. Illustration is based on the dipolar ssNMR 
data reported in this study. B) The assembly degree of the hydrogels; derived from 
comparative dipolar and scalar ssNMR data. Strings illustrate fibers that give dipolar 
NMR signals, while the yellow shapes relate to small assemblies that give scalar signals.  
The relative thickness of the fibers was derived from AFM data (see below).
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The supramolecular organisation of the scaffolds 

To gain insights into the global arrangement and self-assembly pathway 
of the hydrogels, we sought to use long and large-scale restrained atomistic 
molecular dynamics (MD) simulations (see Supporting Information for details). 
Initially, we focused on the functionally most favourable hydrogel B24.41,42 In 
order to  steer the assembly behaviour, we integrated the ssNMR secondary 
structure information into the MD simulation via TALOS+43, a widely used 
software that derives torsional angles from chemical shifts. We simulated the 
self-organization of one hundred B24 peptides that were initially randomly 
distributed in a water-filled box. The peptides rapidly formed smaller clusters 
within 50 ns. Interestingly, due to the preference for β-strand conformation and 
their amphiphilic nature, the peptides mostly assemble to extended formations 
(Figure S5). These stretched clusters then unite to an elongated fiber-like 
construct reminiscent of the flat B24 fibers previously observed by AFM20. The 
resulting fibrous assembly spans through the entire simulation box and exhibits 
a high β-strand content (Figure 5A), in line with ssNMR data. 

Next, we analysed the fiber organisation. A molecular contact map (Figure 
5E) shows that biotin and Phe5 are the two major intermolecular hot-spots. 
These data demonstrate that the aromatic rings engage in intense p-stacking, 
and that Phe5 and biotin are mutually packed into the core of scaffold B24, 
which agrees well with our ssNMR results (Figures 1 and 3), and matches 
with X-ray powder diffraction data25. Intriguingly, the functional C-terminus is 
substantially less involved in peptide-peptide interactions, and hence available 
to engage in contacts with cellular receptors. Indeed, a calculation of the water 
exposure shows that hydrophobic N-terminus is buried in the fiber core, while 
the C-terminal BMHP1 motif forms the functional surface (Figure 5C). 

To understand the role of biotin, we replaced biotin by an acetyl-tag and 
performed another simulation of similar size and duration. Furthermore, we 
did a similar simulation for peptide 2. Interestingly, the acetylated peptides 
also aggregated to smaller cluster that, however, did not stably combine to 
longer fiber-like constructs (Figure 5B, D). This observation strongly suggests 
that biotin critically stimulates the transition from small stretched cluster to 
elongated fibers, which agrees well with our ssNMR data and explains why we 
see substantially weaker dipolar signals for peptide 2 and all peptides without 
a biotin-tag. Remarkably, in the biotin-less peptides 2 and NAc24, the functional 
C-terminus is much more strongly involved in packing interactions, which is 
presumably detrimental for its availability as focal point for cellular contacts 
(Figure 5F, G). In particular, for peptide 2, the C-terminus shows wide latitude 
of intermolecular interactions, explaining the strong broadening of the peptide 
2 C-terminus in NMR spectra (Figure 3E). Remarkably, residue Pro4 in peptide 
2 increases the disorder, which matches with the polymorphism in hydrogel B3 
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that features a proline at the same position(Figure 3D). 

Figure 5. The supramolecular organization.  A) B24 fiber-like assembly after 1 µs of 
restrained atomistic MD simulation. B) Replacing the biotin-tag by an acetyl-tag mark-
edly reduces the self-organization tendency. C) Peptide 2 also shows reduced self-or-
ganization tendency. D) The functional C-terminus (S7-T8-K9-T10, shown in blue) is 
surface-accessible in the B24 fiber-assembly. The N-terminal residues G1-F6 and biotin 
are coloured in yellow. The insert shows the water-exposure derived from the MD sim-
ulation. E) Residual contact matrix derived from the B24 simulation using a 5 Å cut-off 
distance. F) Same as E), but for the N-acetylated peptide 24. G) Same as E), but for pep-
tide 2. 
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Comparison to morphological and rheological properties

Finally, we sought to relate our atomistic insights to morphological and 
viscoelastic properties. Morphological hydrogel properties are typically studied 
with AFM. AFM data show that the highly ordered hydrogels B15 and B24 
indeed exhibit a markedly different morphology compared to the heterogenous 
or mobile hydrogels (Figure 6A and Figure S6). Only peptides B15 and B24 
assemble into flat tabular fibers, while B3 and the other peptides formed twisted 
fibers/protofibrils or more complex structures, which agrees with previous 
studies20. Interestingly, the height of 1.7 - 2.1 nm that we measured with AFM for 
the B24 fibers (Figure 6B) matches well to the height of the simulated B24 fiber-
like assembly, which corroborates that our MD simulation is representative 
for the fiber formation. Our AFM data also showed that, compared to peptide 
B3, B15 and B24 self-organize into a more homogeneous network of nano-
fibers. Such a dense three-dimensional fiber-network better resembles the 
typical features of the native proteins of the extracellular matrix44, and this 
may be one of the reasons why hydrogels B15 and B24 are more suitable as 
proregenerative substrates. In agreement with our ssNMR data, hydrogel 2 only 
formed sparse nano-dots but no fibers, while hydrogel 30 showed a much lower 
fiber density (Figure S5). Intriguingly, B15 and B24 give basically the same AFM 
morphologies at the nano-scale, however, while atomic scale ssNMR data show 
critical differences.
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Figure 6. Morphological and rheological characterization. A) AFM analysis. Peptide 
B3 assembles into shorter twisted protofibrils, while peptides B15 and B24 form long 
tabular fibers (scale bar 1μm). B) (left panel) AFM height measurement of scaffold 
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Rheological measurements of the storage (G’) and loss (G”) moduli are 
commonly used to characterise viscoelastic and mechanical properties of 
hydrogels. Here, G’ reflects the stiffness, while G” represents the energy dissipated 
during the oscillatory test and correlates with the liquid-like response of the 
hydrogel. The ratio between G’ and G” provides insights into the viscoelastic 
profile, i.e., whether a material behaves as an elastic solid (G’>G”) or a viscous 
liquid (G’<G”)45. The assemblies of peptides B3, B15, and B24 showed typical 
hydrogel-like profiles, featuring a predominantly elastic solid-like behavior (G’) 
relative to the viscous component (G”) (Figure 6C, left panel), matching with 
our previous studies20. In contrast, the assemblies formed by peptides 2, 4, B26, 
30, and 31 showed substantially lower G’ values, implying softer hydrogels and 
a weaker tendency to assemble (Figure S7). These data agree very well with our 
quantitative ssNMR analysis (Table 1, Figures 1, 3E, 4).

We were particularly interested to compare the three rigid hydrogels in 
order to explore if the polymorphism of scaffold B3 is reflected in rheological 
properties. In comparison to B3 (G’ value of 1526 Pa), hydrogels B15 and B24 
showed more pronounced solid-like properties with an elastic shear modulus 
G’ of 3606 Pa and 7131 Pa, respectively. Next, we performed strain-to-failure 
tests in order to assess the hydrogels failure when subjected to a linear strain 
progression (Figure 6C, right panel). In line with its lower G’ value, B3 showed 
a strain-to-failure value of 9.8% (corresponding to a stress-to-failure of 13.24 
Pa), while hydrogels B15 and B24 exhibited markedly less deformation before 
failure (1.5% and 2.3%, respectively) together with higher stress-to-failure 
values (89.07 Pa and 228.3 Pa, respectively). Notably, these results suggest that 
the higher stability of hydrogels B15/B24 relates to their much higher molecular 
order that we observe with ssNMR. Here, the higher bulk mechanical stability of 
hydrogels B15/B24 likely relates to an optimal molecular packing, maximizing 
interresidual and intermolecular contacts40, while the packing is compromised 
in disordered samples, which can be associated with reduced mechanical 
stability46. Altogether, we demonstrate that ssNMR, AFM, and rheology provide 
highly complementary insights at different length scales into the material and 
functional properties of tissue engineering scaffolds. 

B24 ranging from 1.7 nm to 2.1 nm. (right panel) We observed similar heights the B24 
fiber in restraint MD (rMD) simulation. C) (left panel) Rheological characterization of 
solutions of assembled peptides B3, B15, and B24 were monitored by frequency sweep 
tests (0.1-1000 Hz) at low strains (1%). The assemblies showed typical hydrogel-like 
profiles featuring a predominant elastic solid-like behavior (G’, solid dots), as compared 
with the viscous component (G”, empty dots). (right panel) In strain-to-failure tests, 
hydrogels B15 and B24 are less prone to deformation than B3. 
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Conclusions

 Here, we have integrated solid-state NMR and MD simulations to characterise 
the mechanical, topological, and molecular properties of tissue engineering 
scaffolds at atomic scale. Importantly, thanks to modern 1H-detected ssNMR 
methods that we apply here on tissue engineering scaffolds for the first time 
to best of our knowledge, our approach works without synthetic isotope 
enrichment and thereby enables studies at low costs and with hard-to-label 
materials such as cross-linkers or chemical modifications. On the example of 
functionalised hydrogels for the treatment of SCI, we were able to relate material 
and molecular parameters to the viability of hNSC. Intriguingly, we established 
that the complete assembly of all peptides to a highly ordered matrix is highly 
favourable for hNSC survival. Thereby, the assembly degree as novel design 
parameters.  Moreover, for the first time, we demonstrate that the molecular 
homogeneity of the scaffold relates to favourable functional properties. The 
order of the stem cell scaffold presumably enables an optimal exposure of the 
functional BMHP1 motif that fosters beneficial interactions with hNSC20, while 
the exposure of the BMHP1 motif is suboptimal in disordered scaffolds due to a 
distribution of favourable and unfavourable conformations. In the functionally 
most beneficial hydrogels, homogeneity is achieved by the removal of prolines 
from the BMHP1 motif. This is a particular noteworthy finding, given that collagen, 
the major fibrillar protein of the natural extracellular matrix, has a high content 
in proline (~10 %)47 yet features only moderate adhesion and differentiation 
potential for NSC in vitro48. Interestingly, pioneering solid-state NMR studies of 
bone collagen and cartilage47,49-57 show that prolines are involved in expansion 
joints that confer flexibility to collagen fibers58, which is vital for the functional 
mechanics of these native tissues. This finding would suggest that different cell 
types require different material properties at the atomic length scale, opening 
the door to future investigations of novel biomaterials dedicated for other 
targeted tissues. Finally, we like to emphasize that the correlations of scaffold 
homogeneity and assembly degree with favourable functional properties are de 
novo findings that do not relate to previous studies. Moreover, while it is well 
known that the mechanical properties of stem cell scaffolds correlate with the 
functional performance of biological and designer matrices5, we show here, 
for the first time ever, that the rigidity at the molecular level also correlates 
with function. This is an important new finding, given that macroscopic 
characterizations of material properties only provide an average over atomistic, 
nanoscopic, and microscopic scales. Eventually, we also like to underscore that 
previous microscopic biophysical characterizations did not succeed to quantify 
the molecular differences of the stem cell scaffolds discussed in this study20. 
The latter clearly speaks in favour of ssNMR as a powerful additional tool to 
understand the properties of designer matrices at physiological conditions. 
Thereby, the integration of microscopic and macroscopic data with atomistic 
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ssNMR data promises a markedly enhanced and holistic understanding of the 
material properties of designer stem cell matrices.

In this regard, the future challenge is to characterise tissue engineering 
scaffolds in the presence of stem cells at the atomic length scale. Here, 
ssNMR, in combination with advanced detection, enhancement, and sample 
preparation schemes for complex cellular samples such as dynamics nuclear 
polarization53,59-61, ultrafast MAS28, and 19F-labelling62,63 could be an ideal tool to 
enhance our knowledge on interactions between stem cells and their substrates 
at physiological conditions, and to generally improve our understanding of the 
composition of bone and tissue materials. Altogether, on the example of peptic 
hydrogels designed for neural tissue regeneration, we have presented a broadly 
applicable approach to study tissue engineering scaffolds at the atomic length 
scale.

Materials and methods

Sample preparation. Peptides were synthesized by solid-phase Fmoc-based 
chemistry on Rink amide 4-methyl-benzhydrylamine resin (0.5 mmol g-1 
substitution) by using the Liberty-Discovery (CEM) microwave automated 
synthesizer. Peptides were subsequently purified via Waters binary HPLC 
apparatus.20 The peptides for NMR analyses were dissolved in distilled water 
(GIBCO) at a concentration of 3% (w/v). After 24h, 10% (v/v) of PBS (Ca2+/

Mg2+ free) was added to the samples. For the solution NMR measurements of 
unassembled peptides, we diluted peptide solutions to a final concentration 
of 1.5 mM corresponding to <0.2 % (w/v), far below the ~1 % (w/v) critical 
concentration at which peptides show self-assembly. 

NMR experiments. 13C-detected dipolar cross-polarization (CP)64,65 and scalar 
INEPT66 1D ssNMR experiments to probe the rigid and mobile fractions of 
the BMHP1-derived peptide-hydrogels were carried out in a magnetic field of 
500 MHz (1H-frequency) with 10 kHz MAS at a sample temperature of 280 K. 
Samples were spun in 3.2 mm zirconia rotors (Bruker Biospin). 13C-detected 
CP experiments at 950 MHz magnetic field were performed with 15 kHz MAS 
at 278 K sample temperature. SPINAL67 was used for heteronuclear proton 
decoupling at both 10 and 15 kHz MAS. All 13C-detected CP experiments were 
initially optimised on 13C-labelled histidine, and the obtained parameters were 
then used for the hydrogels without further optimisation and using a 1H to 13C 
CP magnetization transfer time of 1 ms for all samples. A 1H-detected dipolar 
2D heteronuclear 13C1H correlation experiment was performed at 800 MHz 
magnetic with 60 kHz MAS and a real temperature of approximately 305 K. The 
contact times for the first a second CP steps in the 2D experiments were 1.2 and 
0.32 ms, respectively. A recycle delay of 0.81 s was used, together with 3.1 ms 
evolution time in the indirect dimension, and a total of 1600 scans was acquired. 
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Low-power PISSARRO68 decoupling (15 kHz 1H-amplitude) was used during all 
acquisition periods. The MISSISSIPPI scheme was used for water suppression69. 

Solution NMR experiments were performed at 750 and 900 MHz magnetic field. 
Solutions of peptides 4, 30, and B24 were assigned using 2D CH HSQC, 2D HH 
COSY and 2D HH TOCSY experiments. Moreover, we performed a 2D CH HSQC 
experiment on a biotin solution.

In vitro assays. Human neural stem cells (hNSC) were obtained in agreement 
with the guidelines of European Medicines Agency (EMA) and Agenzia Italiana 
del Farmaco (AIFA).70 hNSC were expanded and cultured into 96 multiwells for 
seven days in vitro (7DIV).20 Briefly, 40 µl of the peptide solutions previously 
dissolved in distilled water were placed in each well, then cell culture medium 
was gently added to obtain soft hydrogels covering the overall bottom well 
surface. After 30 mins, cell culture medium was replaced with new one. Cultrex-
BME® substrate and untreated-bottom well surface were used as positive and 
negative controls, respectively. At 7DIV, tetrazolium compound MTS (Promega) 
was used to evaluate cell viability. MTS solution was added to the culture 
media at concentration of 20% and incubated for 1 h at 37°C. The absorbance, 
directly related to the number of viable cells, was detected at 490 nm by using 
Vmax microplate reader (Molecular Devices, Sunnyvale, CA). Data (n=5) were 
processed using GraphPad Prism7 software and evaluated through one-way 
ANOVA followed by Tukey post test. Statistical significance was accepted p<0.05.

Molecular Dynamics simulations. All the simulations were performed in 
GROMACS version 4.6.371, using the GROMOS 53a6 force field72 and a temperature 
of 300 K together with a 2 fs timestep. For the starting configuration, one 
hundred peptide molecules were placed into a cubic box with an edge length 
of 140 Å, and subsequently solvated with SPC water molecules. Furthermore, 
100 mmol of Na+ and Cl- ions were added to the system, yielding a total atom 
number of >266000 for each the B24 and NAc24 simulation systems. Following 
position-restrained minimization and equilibration of the system, each system 
was simulated for 1 microsecond. During the production run, we used torsional 
angle restraints that were derived from our ssNMR chemical shift assignments 
with the TALOS+ software73. The analysis of the water exposure and contact 
matrix was done with GROMACS tool g_mindist and an in-house script written 
in R, respectively. A 5 Å cut-off distance was used for both the water exposure 
and the contact matrix. The water exposure was averaged over the last 50 ns of 
the MD simulation and was weighted by the number of heavy atoms.

Rheological Tests. Rheological properties of assembled nanostructures were 
carried out using a stress-controlled AR-2000ex Rheometer (TA instruments). 
A truncated cone-plate geometry (acrylic truncated diameter, 20 mm; angle, 
1°; truncation gap, 34 μm) was used. All measurements were obtained at 
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25°C using a Peltier cell in the lower plate of the instrument to control the 
temperature during each test. All samples were tested one day after dissolution 
at a concentration of 1% (w/v). To monitor the sol-gel transition, frequency 
sweep experiments were recorded as a function of angular frequency (0.1-
1000 Hz) at a fixed strain of 1%. Strain sweeps were performed on samples 
from 0.01% to a maximum strain of 1000% to determine the limit of the linear 
viscoelastic region and, therefore, the maximum strain to which the sample can 
be tested. Each experiment was performed in triplicate. Data were processed 
using Origin™ 8 software.

Atomic force microscopy analysis. AFM images were captured in tapping 
mode by a Multimode Nanoscope V (Digital Instrument, Veeco; resonance 
frequency 300 kHz, nominal tip radius of curvature 10 nm, forces constant 40 
N/m)20. Briefly, all peptides were dissolved in distilled water the day prior to 
imaging. Right before the analysis, peptides solutions were diluted to a final 
concentration of 0.001% (w/v) and deposited on a freshly cleaved mica surface. 
Samples (2μl each) were kept on the mica for 2 min at RT and subsequently 
rinsed with distilled water to remove loosely bound peptides. Samples were 
ready for imaging after 30min of evaporation. 100 different nanofibers of 
approximately 10 independent fields per sample were characterized20. 

Thioflavin T (ThT) Spectroscopy Assay. The self-assembly of the peptides 
to β-sheet fibril structures was analyzed by ThT binding assays. Briefly, ThT 
stock solution was prepared by adding 8 mg of ThT to 10 mL phosphate buffer 
(10 mM phosphate, 50 mM NaCl, pH 7) and filtered through a 0.2 μm syringe 
filter. Right before the analysis, 1 mL of ThT stock solution was diluted into 50 
mL of phosphate buffer (working solution). Peptides at 1% (w/v) were mixed 
with ThT working solution (1:0.5 v/v) and stirred for 5 min. ThT binding was 
recorded with an Infinite M200 PRO plate reader (Tecan) with λex = 440 nm 
(5 nm bandpass) and λem = 482 nm (10 nm bandpass), over 60 s at 25 °C, with 
5 s shaking before each test. Measurements were performed in triplicate, 
normalized by ThT fluorescence alone, and processed with Origin8 software.
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Figure S1. Mobile peptides in dynamic hydrogels are not part of the assembly. 
Overlay of scalar NMR spectra of A) peptide 30 and B) peptide 4 in their free/monomeric 
soluble form (in blue) and their hydrogel form (in red). Spectra of soluble monomeric 
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peptides were acquired with solution NMR and highly diluted peptide solutions, while 
scalar ssNMR spectra were acquired with INEPT. The spectral comparison demonstrates 
that mobile peptides in hydrogels do not take part in larger assembly. 
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Figure S2. The chemical shifts of hydrogel B24 are the same at 15 and 60 kHz 
MAS. (Left) 2D CH spectrum of scaffold B24 acquired at 60 kHz MAS. (Right) 13C CP 
spectrum of hydrogel B24 hydrogel acquired at 15 kHz MAS. The carbon-signal 
positions are precisely conserved at 60 kHz MAS. Note that certain signals of CH2 groups 
are broadened at 60 kHz due to strongly coupled proton-spins. This is the reason for the 
low signal intensity of the Cα signals of the glycines.
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Figure S3. The biotin-tag changes its conformation in the assembled state. A) 
Overlay of 2D CH spectra of a diluted solution of peptide B24 (in cyan), a solution of 
biotin (in dark blue), and the fully-assembled hydrogel B24 (in red). Clear chemical 
shift changes for several biotin carbons can be observed between the diluted and 
assembled state of the peptide, demonstrating a conformation change of biotin upon 
forming hydrogel B24. B) Chemical structure of biotin. Nomenclature and biotin-carbon 
assignments based on Ref. (36).
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Figure S4. Peptide B24 changes its conformation from random coil to extended 
upon hydrogel formation. A) Solution NMR spectrum of a monomeric solution 
of peptide B24. The random coil character of the peptide is readily deducible from 
chemical shifts of A4/A6 and T8/T10 which are characteristic for unstructured 
peptides/proteins.38 B) SSNMR 13C CP spectrum of hydrogel B24. A secondary chemical 
shifts analysis38 (see Figure 3B of the main text) clearly demonstrates that the peptide 
conformation changes towards β-strand conformation in the hydrogel. Biotin-carbon 
signals are abbreviated as BC.
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Figure S5. Assembly pathway of peptide B24 in a restrained atomistic MD 
simulation. All snapshots were obtained from a 1 ms restrained atomistic MD 
simulation of 100 B24 peptides that were initially randomly placed in a water-filled 
periodic box. A) Snapshots of B24 peptides, illustrating the preference to assemble into 
smaller elongated rod-like clusters that then assemble to larger fibers. B) Assembly of 
B24 peptides. Snapshots taken after 0, 50, 100, 250, 500, and 1000 ns of MD simulation.
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Figure S6. AFM morphological analysis of the mobile hydrogels 2, 4, B26, 30, 
and 31. Atomic force microscopy images of assembled peptides 2, 4, 30, 31, and the 
biotinylated B26. Twisted nanofibers are formed by hydrogels 4, 30, and 31, with highest 
densities for peptide 4. Peptide 2 does not form fibers but relatively sparse nano-dots. 
B26 does not allow for the assembly of ordered aggregates, leaving room for random 
dotted aggregates only. Scale bars 1μm.
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Figure S7. Rheological properties of the mobile hydrogels 2, 4, B26, 30, and 31. 
Frequency-sweep tests of different self-assembling peptides. A) Peptide 4 displayed 
typical features of a solid hydrogel (G’~700 Pa), although the G’ value is much lower 
than for hydrogels B3, B15, and B24 (see Figure 6 of the main text). B) The sparse, 
random aggregates of B26 seen in AFM were mirrored by a G’ equal to zero and a by 
negative G’’, both unquestionable indicators of absent scaffold formation. C) Peptides 30 
and 31 showed small values of G’, highlighting very soft hydrogel formation (G’<1). D) 
Peptide 2 exhibits an even lower G’ value, indicating an even softer hydrogel.  
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CHAPTER 5

Shifts in the selectivity filter dynamics 
cause modal gating in K+ channels



112  |  Chapter 5

Abstract

Spontaneous activity shifts at constant experimental conditions represent 
a widespread regulatory mechanism in ion channels. The molecular origins 
of these modal gating shifts are poorly understood. In the K+ channel KcsA, a 
multitude of fast activity shifts that emulate the native modal gating behaviour 
can be triggered by point-mutations in the hydrogen bonding network that 
controls the selectivity filter. Using solid-state NMR and long molecular dynamics 
simulations in a variety of KcsA mutants, here we show that modal gating shifts 
in K+ channels are caused by large shifts in the channel dynamics that strongly 
perturb the selectivity filter equilibrium conformation. Furthermore, we reveal 
a drastically different motional and conformational selectivity filter landscape 
in a mutant that mimics voltage-gated K+ channels, which provides a foundation 
for an improved understanding of eukaryotic K+ channels. Altogether, our 
results provide a high-resolution perspective on some of the complex functional 
behaviour of K+ channels.

Based on the publication:

Shehrazade Jekhmane*, João Medeiros-Silva*, Jing Li, Felix Kümmerer, Christoph 
Müller-Hermes, Marc Baldus, Benoit Roux and Markus Weingarth

“Shifts in the selectivity filter dynamics cause modal gatin in K+ channels”

Nature communications 2019, 10 (1): 123

*equal contribution
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Introduction

Potassium (K+) channels are of fundamental importance for the functioning 
of excitable cells1. They allow selective and rapid flux of K+ across the cell 
membrane through a central pore, which is regulated by the interplay between a 
cytoplasmic activation gate and an extracellular C-type inactivation gate known 
as selectivity filter. The selectivity filter sequence TVGYG is highly conserved, 
and its backbone carbonyl-groups together with the threonine hydroxyl group 
line up to form the five K+ coordination sites (S0-S4)2,3. 

Extensive crystallographic studies in the well-accepted model K+ channel 
KcsA showed that C-type inactivation is governed by a complex hydrogen bond 
network behind the selectivity filter4,5. Residue E71 is at the centre of this 
network, and modulates the selectivity filter by coordinating to the backbone 
of Y78 and, mediated via a water molecule, the D80 as well as the W67 side 
chains (Figure 1A). While W67 and D80 are highly conserved in K+ channels, 
E71 is commonly replaced by a valine or isoleucine in eukaryotes (Figure 
1B), which is assumed to critically modulate selectivity filter gating. Indeed, 
electrophysiological measurements showed that point-mutations at E71 lock 
the KcsA channel into different, natively occurring gating modes, which are best 
represented by a high-open probability (E71A), a low-open probability (E71I), 
and a high-frequency flicker (E71Q) mode6. Random shifts between such gating 
modes, known as “modal gating shifts”, were observed in various eukaryotic and 
prokaryotic K+ channels, and are a widespread regulatory mechanism of channel 
activity4,7-11. Yet, despite their broad functional importance, the structural 
correlates and triggers of modal gating shifts are unknown. Modal gating shifts 
were suggested to relate to selectivity filter rearrangements, however, a series 
of X-ray structures of E71X mutants showed no changes in the filter (RMSD 
relative to WT KcsA is <0.25 Å)6 despite the marked functional heterogeneity 
of these mutants. Curiously, for the E71A mutant, a well-established model to 
study K+ channel gating12,13, a second, strongly different filter conformation of 
uncertain functional relevance was crystallised4,14. Besides the lack of clarity 
on the selectivity filter conformation, it was further assumed that changes 
in the filter dynamics could cause modal gating shifts6. However, also here, 
whether the selectivity filter dynamics change in reference to the gating mode is 
unknown, and experimental data are scarce to resolve this question. Altogether, 
there is a fundamental lack of knowledge how the hydrogen bond network 
surrounding the selectivity filter modulates its gating, which critically limits our 
understanding of modal gating shifts and of Kv channels. 

Here, we use modern proton-detected (1H-detected)15-20 solid-state NMR 
(ssNMR) in native-like membranes to compare the selectivity filter in WT 
KcsA and the three mutants (E71A, E71I, E71Q) that are best representatives 
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of modal gating. We show that E71 point-mutations cause marked changes 
in the selectivity filter conformational dynamics, in contrast to previous 
crystallographic studies that revealed virtually no changes in structure6. By 
combining ssNMR with long MD simulations, we demonstrate that altered 
structural dynamics in E71X mutants drive the selectivity filter into new 
conformational equilibria that represent the molecular origin of modal gating. 
Furthermore, we show that modal gating goes hand in hand with fluctuations in 
the hydrogen bonding and water network behind the filter, which are triggers 
of sudden mode shifts. Altogether, these results provide a high-resolution 
perspective on the complex kinetic behaviour of the selectivity filter of K+ 
channels. Importantly, the pronounced conformational and motional changes 
that we observe in E71I KcsA provide a foundation for future elucidation of the 
selectivity filter of eukaryotic K+ channels. 

Results

NMR assignments of the channels at near-native conditions  

We assigned the 1H, 13C, and 15N ssNMR chemical shifts of WT KcsA and the 
E71A, E71I, E71Q mutants in order to analyse their conformational dynamics 
in membranes. First, we prepared uniformly [13C,15N]-labelled inversely 
Fractionally Deuterated17 channels in liposomes composed of E.coli lipids. 
Samples were prepared in buffer conditions (pH 7.4, 100 mM K+) at which WT 
KcsA is in the closed-conductive state,21 i.e., a state with a closed activation gate 
and a conductive selectivity filter. De-novo backbone chemical shift assignments 
were obtained for mutant E71A using a set of four dipolar-based three-
dimensional (3D) 1H-detected ssNMR experiments (CαNH, CONH, Cα(CO)NH, 
CO(Cα)NH) (Figure 1C and Figure S1). The high spectral quality enabled us to 
almost fully assign residues L41-W87, which include the complete selectivity 
filter and pore helix, the pore loop, larger part of the outer transmembrane 1 
(TM1) helix, and a few residues of the inner transmembrane 2 (TM2) helix. 
Since we used dipolar-based magnetization transfer steps that decrease 
in efficiency with increasing molecular mobility, the cytoplasmic domain 
(F125-R160) and the membrane-associated M0 helix (M1-H20) were not 
detectable at our experimental temperatures of 300-310 K22. Assignments were 
then transferred to KcsA mutants E71I and E71Q and confirmed with a reduced 
set of 3D ssNMR experiments (CαNH, CONH). The reduced set was also used to 
complement our previous WT KcsA assignments17. For the flicker mutant E71Q, 
spectral sensitivity was significantly lower, indicative of increased mobility, 
which averages dipolar magnetization transfer efficiency. Furthermore, for all 
mutants and WT KcsA, we acquired two-dimensional (2D) 13C-13C experiments. 
Moreover, we acquired dipolar 2D 15N-1H ssNMR spectra, in which each signal 
relates to one 15N-1H backbone or side chain unit, and which represent ‘spectral 
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fingerprints’.

Modal gating relates to changes in the filter conformation

NMR chemical shifts are sensitive reporters of protein conformation. 
Therefore, comparing the chemical shifts of the mutants to WT KcsA enables 
the analysis of the structural impact of the substitutions at E71. The 2D 15N-
1H and 13C-13C spectra of all E71X mutants superimposed very well onto WT 
KcsA, demonstrating that the global WT KcsA fold is conserved (Figure S2). 
However, for all mutants, we observed strikingly large 1H and 15N (HN) as well 
as 13C chemical shift perturbations (CSPs) across the selectivity filter (Figure 
1D, E and Figure S3). For all mutants, we observed very important HN CSPs 
for the essential residues W67, Y78, and D80 behind the filter, demonstrating 
changes in their hydrogen bond interactions. At the same time, the large 13Cα 
and CO CSPs that we observed for residues G77, Y78, and D80 imply pronounced 
conformational filter backbone changes, which likely have implications for the K+ 
occupancy. Intriguingly, all mutants also exhibited a large CSP for V76CO which 
is immediately involved in K+ binding and key residue for C-type inactivation 
(Figure 1E)3. 
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Figure 1. E71X point-mutations cause large conformational changes in the KcsA 
selectivity filter. A) The selectivity filter of K+ channel KcsA (1K4C) is regulated by 
a hydrogen bond network with the triad W67-E71-D80 at the center.5 B) W67 and 
D80 are highly conserved, while E71 is commonly replaced by a nonpolar valine or 
isoleucine in Kv channels. C) 2D NH ssNMR spectra of WT KcsA (cyan) and mutant 
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Mutants E71A and E71I showed a strikingly similar CSP pattern. Here, the 
HN and 13C signal shifts of W67, V76, Y78, and D80 are all similar in magnitude 
and in the same direction. This similarity appears plausible, given that neither 
alanine nor isoleucine is able to mimic the hydrogen bonding capacities of the 
E71 carboxyl group. However, although the CSP pattern is similar, E71I shows a 
much larger Y78Cα CSP than E71A, which implies conformational differences.

While we also observed CSP maxima at W67, G77, Y78, and D80 in E71Q, 
these signal shifts were partially in opposite direction relative to E71A and 
E71I, and less strong. In general, among the three mutants, the chemical shifts 
of E71Q deviated the least from WT KcsA. Considering that a glutamine can 
partly substitute for some of the hydrogen bonds of a glutamate, it is likely that 
the E71Q filter conformation is relatively close to WT KcsA. Indeed, the D80 side 
chain and the Y78 backbone showed by far the smallest CSPs for E71Q, which 
strongly suggests that Q71 - D80 and Q71 – Y78 maintain interactions analogous 
to WT KcsA, while these interactions are lost in E71A and E71I (Figures 2A and 
1E).  
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Figure 2. Loss of the E71-D80 interaction causes extended rearrangements behind 
the filter. A) (left) Zoom into 2D CC ssNMR spectra of WT KcsA (cyan), E71A (red), E71I 
(blue), and E71Q (orange) showing the D80 side chain CSP. (right) E71Q mimics the 
E71 – D80 interaction, which is lost in E71A and E71I. The D80 side chain CSPs are large 
in E71A and E71I, while they are small in E71Q. B) Structural representation (1K4C) 

E71A (red) acquired in membranes. Arrows indicate major signal shifts of key residues. 
Residues L41-W87 are annotated in the E71A spectrum and highlighted in red on the 
X-ray structure. D) Chemical shift perturbations (CSPs) of E71A (red), E71I (blue), and 
E71Q (orange) in reference to WT KcsA. (left) Combined HN CSPs of amino-protons and 
backbone-nitrogens and (right) Cα CSPs. The strongest NH CSPs in E71A are highlighted 
in Figure C. Source data are provided as a Source Data file. E) 2D NH (upper panel) and 
2D CC spectra (lower) showing large CSPs of key residues W67, V76, Y78, and D80 in 
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Next to conformational changes in the filter, the mutants showed moderate 
to larger CSPs around residues W67-V70. These changes presumably relate to 
modulations in the aromatic belt W67, W68, and Y78 that surrounds the filter, 
and to the loss or modulation of interaction E71 – D80, which acts as a molecular 
spring that couples the pore helix to the pore mouth in WT KcsA (Figure 2B)5. Our 
data show that the pore helices in all mutant channels exhibit, compared to WT 
KcsA, local changes (Figure 2D) that modulate the residues T74-T75-V76-G77 
at the N-terminal end of the selectivity filter, which are directly coordinated to 
the pore helix by hydrogen bonds. Indeed, all mutants show clear perturbations 
at V76 and G77 (Figure 1D, E). We observed the largest CSP in the E71I pore 
helix, which correlates with strong signal shifts of the T74 side chain. Since 
conformational changes of the T74 side chain relate to C-type inactivation23,24, 
this perturbation could be functionally important for E71I, which favours 
transitions to a non-conductive state6. This assumption is corroborated by 2D 
CC spectra, which show that the T74 side chain conformation in E71I (pH 7.4, 
100 mM K+) and in the inactivated filter of WT KcsA (pH 4, 0 mM K+) are close 
to each other (Figure 2E, F).

Furthermore, we observed remarkable conformational changes in the turret 
G53-T61. The turret is an important drug binding site25 and responds to gating 
changes26, however, the structural underpinning is unclear and inaccessible 
from X-ray structures because of intense interactions between turret and 
Fab fragments4. In our ssNMR experiments, the CSPs in the turret are small. 
However, to our surprise, residues P55, G56, and A57 in E71I disappeared or 
showed signal splitting, strongly indicative of stark structural heterogeneity 
(Figure 2C). This implies that the replacement of E71 by isoleucine causes long-
range effect that are felt ~2 nm away from the mutation site. Note that CSPs for 
the TM1 and TM2 helices, as well as for un-annotated TM residues, were very 
small, confirming that the global WT KcsA fold is conserved in the mutants.

of the stabilisation of filter residues T74-G77 by hydrogen bonds with V70 and E71 of 
the pore helix. C) The E71I turret is disordered, which causes signals to disappear or 
split. Spectral zooms are show for WT KcsA (cyan) and E71I (blue). D) Overlay of 2D 
NH spectra showing a strong CSP for V70 of the pore helix. E) Overlay of 2D CC spectra, 
showing CSPs of the functionally critical T74 side chain in E71X mutants. F) The large 
T74 CSP in E71I (pH 7.4, 100 mM K+) is reminiscent of the inactivated filter in WT KcsA 
(pH 4, 0 mM K+).
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Changes in the filter dynamics and modal gating shifts 

Historically, the selectivity filter was thought to form a stiff framework in 
order to allow fast conduction of K+ together with high selectivity over Na+2. 
More recent studies point to a more dynamic filter27, and hypothesize that 
modal gating shifts relate to shifts in the motional behaviour of the filter6. 
However, quantitative experimental data on selectivity filter dynamics are not 
available in membranes, critically limiting our understanding of K+ channel 
function. Here we probe the filter dynamics in reference to the gating mode 
with ssNMR relaxation, which is an ideal approach to measure the internal 
dynamics of membrane proteins at native conditions17,28. Site-resolved ssNMR 
relaxation can be probed with 2D 15N-1H experiments that include a relaxation 
element that is sensitive to dynamics on a certain time-scale. A series of spectra 
is then acquired with increasing duration of the relaxation element, and the 
signal sensitivity decreases according to the motion for a given residue. The 
signal decay is then converted into a relaxation rate R, and higher rates indicate 
enhanced dynamics. We probed the 15N slow rotating-frame relaxation (R1rho) 
for WT KcsA and the mutants (Figure 3) using extensive series of 1H-detected 
2D 15N-1H experiments29. 15N R1rho relaxation is sensitive to dynamics in the 
nanosecond-millisecond range but dominated by motion with slow correlation 
times in the microsecond range30. The high sensitivity with 1H-detection enabled 
us to measure relaxation rates with high accuracy. In all investigated channels, 
our study unravelled strikingly different filter dynamics that clearly correlate 
with the CSP maxima, thereby linking conformational and motional changes. In 
WT KcsA, the filter (~15 ms-1 R1rho) is the most dynamic membrane-embedded 
region, with G79 as a distinct local maximum. The dynamics of the pore helix 
is slightly lower, TM1 residues show the least dynamics, while the extracellular 
turret is by far the most mobile region. These results agree with our previous 
relaxation studies in WT KcsA17. 

The global dynamics of mutant E71I, which mimics certain Kv channels, 
resembles WT KcsA. Surprisingly, compared to WT KcsA, we measured 
strongly enhanced dynamics at the filter entrance Y78-D80 (~25 ms-1 R1rho). 
These residues also showed the largest CSPs, demonstrating again that local 
conformational and motional changes correlate. Furthermore, we observed 
sizeable stiffening at G77 in the middle of the E71I filter. Intriguingly, the 
selectivity filter dynamics is very different in the E71A mutant, in which the 
middle and upper filter regions (V76-D80) drastically rigidified (~8 ms-1 R1rho). 
This means that both E71A and E71I exhibit clearly different filter dynamics in 
spite of similar CSP patterns. It is easy to imagine that these differential dynamics 
are at the origin of some of the heterogeneous gating kinetics observed in KcsA 
and other K+ channels. As for the CSPs, the flicker mutant E71Q behaved very 
differently and featured substantially and globally enhanced R1rho values with a 
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maximum at V76. This means that the entire channel undergoes pronounced 
large-scale slow motions, which explains the strongly reduced sensitivity in our 
dipolar experiments with E71Q. Altogether, our data hence strongly suggest 
that the rapid flickering between open and closed states in KcsA, and observed 
in all K+ channels6,10, relates to large-scale dynamics of the pore domain.  

Another noteworthy observation was the stark change in the dynamics of 
the turret, which rigidified in E71A and E71I. As we concluded above (Figure 
2C), this implies that the loss of the E71 – D80 interaction causes allosteric 
changes 2 nm distal from the mutation site, presumably by successive changes 
of hydrogen bonding partners. A likely starting point for this chain reaction 
could be D80, which adopts a clearly different conformation in E71A and E71I 
compared to WT KcsA (Figure 2A).
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Figure 3 E71X point-mutations strongly change the selectivity filter dynamics. A) 
15N rotating-frame ssNMR relaxation rates (R1rho) that report on slow molecular motions 
in WT KcsA (cyan), E71A (red), E71I (blue), and E71Q (orange) measured at 700 MHz 
and 58 kHz MAS. The error bars show the standard error of the fit. Source data are 
provided as a Source Data file. B). R1rho signal decay curves for selected filter residues. 
Symbols mark data points and lines represent best fits. C) Plots of the differences in 
the dynamics between E71X mutants and WT KcsA. D) Illustration of the site-resolved 
selectivity filter dynamics. The size of the magenta spheres represents the R1rho 
relaxation rates. 
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Fluctuations in a critical water cavity trigger modal gating

The strongly different filter dynamics in the E71X mutants raise the question 
which molecular events could cause spontaneous mode shifts. One potential 
trigger could be buried water, localised in a cavity behind the filter, which is an 
decisive gating determinant in K+ channels, relating to C-type inactivation and 
recovery22,31,32. Previous X-ray studies suggested that changes in size of the water 
cavity could trigger modal gating shifts. In these and other previous studies, 
two water molecules were resolved behind the filter of E71I and E71A6,12, while 
the presence of buried water molecules in E71Q was unclear due to insufficient 
resolution. 

Here, we revisit the water distribution behind the selectivity filter using 
H/D exchange ssNMR17,33,34, for which we acquired 2D 15N-1H spectra in fully 
deuterated buffers. At these conditions, exchange with deuterons strongly 
attenuates signals of water-exposed amino-protons, which provides high-
resolution information on the water cavity size.22 The channels were incubated 
in deuterated buffers for two days, and the completeness of the exchange was 
confirmed on the fully water-exposed turret, which entirely disappeared from 
the 2D NH spectra (Figure 4A, right panel). In WT KcsA, G79 is the only filter 
residue that disappeared in deuterated buffers while Y78-T74 showed no signs 
of H/D exchange (Figure 4A, B). The lack of exchange for Y78 in WT KcsA is 
astonishing, given that a water molecule is in direct proximity in the X-ray 
structure (Figure 1A), and strongly suggests that a tight hydrogen bond with 
E71 protects Y78 from H/D exchange. In line with this conclusion, Y78 showed 
attenuated intensity in both E71I (-33 %) and E71A (-81 %) (Figure 4B, C), 
in which the X71 – Y78 hydrogen bond is lost. Intriguingly, the much faster 
exchange of Y78 in E71A implies a larger water cavity, which agrees with the 
smaller size of alanine relative to isoleucine. The widened water cavity is also 
corroborated by the high rigidity of E71A (Figure 3), which renders enhanced 
molecular fluctuations an unlikely cause for increased H/D exchange. Strikingly, 
in the flickery E71Q channel, G79 did not exchange (Figure 4A). Similarly, L81 
did not exchange in E71Q, while it disappeared in E71A, E71I, and WT KcsA, 
which confirms that the water cavity is smaller or fully absent behind the E71Q 
filter. Altogether, our NMR data demonstrate that, in membranes, E71X point-
mutations changes the size of the water cavity in reference to the gating mode, 
analogous to the crucial change of the water cavity during C-type inactivation31. 
Note that long MD simulations, which are discussed in detail in the following 
sections, also show widened water cavities and higher exchange-rates with bulk 
water for E71A and E71I (Figure S4).
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Shifts in the equilibrium structure of the filter 

Our ssNMR data demonstrate that E71 point-mutations cause large CSPs 
in the selectivity filter, with maxima at Y78Cα and V76CO; the latter forming 
the S2 and S3 sites that are critically involved in C-type inactivation3. Such 
large perturbations in the heart of the filter are astonishing, given that E71A 
and E71I show a sharply reduced extent of C-type inactivation6. To gain a 
structural understanding of the ssNMR CSPs, we performed a series of 1 µs-
long MD simulations for each WT KcsA and the mutants (Figure 5A and Figure 
S5). For WT KcsA, simulations show that the selectivity filter samples two 
conformations in which V76CO points either towards (inwards conformation) 
or away (outwards) from the filter pore35. The equilibrium between these two, 
most likely rapidly converting, conformations was recently confirmed by 2D 
IR data that showed a 60:40 ratio between inwards:outwards conformations. 
Remarkably, simulations also indicate that E71X mutations perturb this 
equilibrium, stabilising the V76CO inwards conformation in E71I and E71A, 
while the outwards state is favoured in E71Q. 

To probe if the V76CO CSPs could be explained by a change in the average 
conformation of the filter, we back-calculated36 the 13C ssNMR chemical shifts 
over the MD simulations (Figures 5B, C). These calculations yielded a much 
lower V76CO chemical shift in the outwards conformation (predicted ∆V76CO 

inwards - outwards = +2 to +3 ppm) (Figure 5D); a result that agrees with the much lower 
chemical shift of V76CO at low [K+] in the collapsed filter with a flipped V76-G77 
plane (experimental ∆V76CO conductive filter – collapsed filter = +3.3 ppm)21,37. Hence, these 
results show that the V76CO inwards conformation is strongly stabilised in E71A 
(V76CO CSP = +0.94 ppm relative to WT KcsA) and E71I (+0.77 ppm), while the 
sampling of the outwards conformation is enhanced in E71Q (-0.55 ppm) (Figure 
5E). This conclusion also agrees with our relaxation data, which show reduced 
dynamics for V76 and G77 in E71A and E71I, whereas both residues show much 
higher mobility in E71Q. Notably, the stabilisation of the V76CO inwards state 
correlates with the decrease of C-type inactivation in E71A and E71I6. 

were extracted from 3D CANH experiments to resolve spectral overlap. Signals are 
normalised (see Methods). C) 2D NH spectra of E71A in protonated (red) and deuterated 
(grey) buffers showing the fast exchange of Y78, implying a larger water cavity. D) 
Illustrations of the ssNMR-derived water cavity size: in WT KcsA, the cavity is limited 
to G79-L81, and Y78 is exchange-protected. The cavity widens in E71I, strongly widens 
in E71A, and is absent in E71Q. Blue and brown spheres represent water-exposed and 
shielded amino-protons, respectively. 
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Similarly, we could derive a structural understanding of the stark Y78Cα 
CSPs. In MD simulations, WT KcsA exclusively adopts the Y78CO inwards 
conformation that is stabilised by the E71 – Y78 hydrogen bond. However, in 
E71I, the Y78 backbone is no longer stabilised and we observe sizeable sampling 
of an outwards conformation (Figure 5A). Here again, back-calculated chemical 
shifts show a much lower Y78Cα signal in the Y78CO outwards conformation 
(predicted ∆Y78Cα inwards - outwards = +2 ppm) (Figure 5C, D). These results imply 
that a Y78CO outwards state is frequently sampled in E71I (Y78Cα CSP = -1.94 
ppm relative to WT KcsA) and less frequently or only partially in E71A (Y78Cα 
CSP = -0.84 ppm). Note that we could not observe a Y78CO outwards state in 
E71A simulations, presumably due to insufficient sampling.

Destabilisation of the critical interaction D80 – W67

An especially remarkable finding in our study is the drastically increased 
filter dynamics in E71I compared to E71A despite similar nonpolar E71 
substitutions, and this surge in flexibility most likely causes increased 
sampling of the Y78CO outwards state in E71I. We used MD simulations to 
gain a molecular understanding of the enhanced E71I filter dynamics. In our 
simulations, the conformational space of the D80 side chain is an event of 
particular interest (Figure S6). In WT KcsA, the interaction with E71 locks 
D80 in a down conformation (Figure 6A), and only this conformation enables 
the W67 – D80 interaction, which is critical for gating in Kv channels38,39. The 
down conformation prevails in E71A, enabling a steady W67 – D80 interaction 
(Figure 6B, D). However, in E71I simulations, the bulky isoleucine sterically 
destabilises the W67 – D80 interaction and causes D80 to increasingly sample 
middle and up conformations (Figure 6C). We validated the loss of the W67 
– D80 interaction in E71I with ssNMR 15N T1 relaxation experiments that are 
sensitive to the fast pico-to-nanosecond motion of unbound side chains. These 

Figure 5. E71X mutations shift the equilibrium between inwards and outwards 
filter states. A) Dihedral angle distribution of filter residues of WT (cyan), E71A (red), 
E71I (blue), and E71Q (orange) derived from 1-μs-long MD simulations. Characteristic 
angular spaces for inwards conformations, with the carbonyl group oriented towards 
the filter pore, and outwards states are highlighted. B) Comparison of V76CO CSPs 
derived from experiments (black bars) and back-calculated36 from MD simulations 
(grey bars). Source data are provided as a Source Data file. C) Histogram of back-
calculated chemical shifts for V76CO and Y78Cα of WT KcsA (cyan) and E71I (blue). 
The V76CO (left) inwards state is stabilised in E71I, leading to higher V76CO chemical 
shifts, while the Y78CO (right) inwards state is destabilised in E71I, leading to lower 
Y78Cα chemical shifts. D) Representative MD snapshots of WT KcsA and E71I showing 
inwards and outwards states of V76CO and Y78CO. The chemical shifts (in magenta) 
of V76CO and Y78Cα strongly differ between inwards and outwards conformations. E) 
Illustration of the stabilisation of the V76CO inwards state in E71A and E71I, and the 
destabilisation in E71Q.
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experiments clearly show markedly enhanced W67 side chain dynamics in E71I, 
confirming an unstable W67 – D80 interaction in this mutant (Figure 6D, E). 
To compensate, D80 increasingly engages in interactions with the functionally 
important residues R64 and Y824,31 that are hardly sampled in WT KcsA. The 
D80 promiscuity is pronounced in MD simulations of E71I and E71Q and agrees 
with the enhanced ssNMR R1rho dynamics at the filter entrance of E71I and E71Q 
(Figure 3). In E71A, however, a steady D80 – W67 interaction stabilises the filter, 
as demonstrated by strongly reduced R1rho dynamics, and this stabilisation is 
most likely the reason why the Y78CO outwards state is much less frequently 
sampled in E71A than in E71I. Interestingly, our extensive MD analysis also 
demonstrates that the E71 point-mutations and the D80 promiscuity cause 
long-range modulations in the turret (Figure S6), which presumably relate to 
the turret heterogeneity in the mutants (Figures 2C and 3).
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chain in a down configuration that enables hydrogen bonding with W67 (snapshot 
after 270 ns). B) E71A simulation: The down conformation prevails, enabling the 
W67 – D80 interaction, which stabilizes the filter entrance (snapshot after 600 ns). C) 
E71I simulation: I71 impedes the W67 – D80 interaction which destabilizes the filter 
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Discussion

Modal gating shifts at constant experimental conditions have been observed 
in K+,4,6-10 Na+,40 Ca2+41,42, and other ion channels43,44, and are considered a 
widespread regulatory mechanism11,45, potentially to achieve intermediate 
activity levels. While known for a long-time, the molecular underpinning of 
modal gating behaviour is poorly understood. In KcsA, E71 point-mutations 
emulate modal gating shifts, however, X-ray structures of E71X mutants showed 
no differences compared to WT KcsA6. These seemingly disparate perspectives 
of functional heterogeneity and of structural similarity raise critical problems 
for our understanding of modal gating and also of Kv channel function (Figure 
1B). Our ssNMR study in native-like conditions paints a strikingly different 
picture, demonstrating that E71 substitutions lock the selectivity filter in 
characteristic conformational and motional landscapes that markedly diverge 
from WT KcsA. These landscapes strongly depend on the nature of residue 71 
and directly relate to the heterogeneous functional behaviour observed in K+ 
channels6. 

By integrating ssNMR and MD simulations, we show that E71 point-
mutations rearrange the network behind the filter and perturb the K+ binding 
sites V76 and Y78 (Figure 1A, E). Thereby, we show that E71X mutations change 
the equilibrium between intrinsically sampled filter states (Figure 5E), which 
agrees with 2D IR data35 and the so-called ‘flipped’ E71A structure that point 
towards a complex selectivity filter landscape that includes dynamical flips of 
K+ coordinating peptide planes35. Our data demonstrate a stabilisation of the 
V76CO inwards state in E71A and E71I relative to WT KcsA, which correlates 
with a sharply reduced entry into the C-type inactivated state. Furthermore, our 
data clearly show Y78 conformational perturbations in E71I and E71A. Such 
perturbations could not be observed in WT KcsA X-ray structures3, however, 
there is strong evidence from previous ssNMR studies that Y78 modulations 
can accompany filter gating. Indeed, ssNMR data show that Y78Cα exhibits a 
drastically lower signal in the open-collapsed state (experimental ∆Y78Cα 
conductive filter – collapsed filter = +4.3 ppm),37 which unambiguously argues that the Y78 
conformation can change in reference to the filter mode. This notion is also 
corroborated by the ‘flipped’ E71A X-ray structure (2ATK), which also features a 
Y78CO partial outward state4,46, and it is in line with a recent cryo-EM structure 

entrance. D80 engages in interactions with Y82 (from a neighboring channel subunit) 
and R64 (snapshot after 600 ns). D) Longitudinal relaxation times (15N T1) that report 
on fast motion of the W67 side chain for E71A (red circles) and E71I (blue squares), 
measured at 950 MHz and 60 kHz MAS. The error shows the signal to noise ratio for 
W67Nε at a given data point. Source data are provided as a Source Data file. E) (left) 
The W67 – D80 interaction is maintained in E71A. (right) I71 hinders the W67 – D80 
hydrogen bond, which entails increased dynamics at the pore mouth.
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of the hERG channel47. While the exact role in KcsA is unclear, we surmise that 
Y78 backbone modulations may relate to a non-conductive state that is favoured 
by E71I, which agree with the strongly reduced K+ occupancy at S0 – S2 in E71I6.

Importantly, the marked conformational changes in the E71I selectivity 
filter, and especially the sterically destabilisation of the W67 – D80 interaction 
(Figure 6D, E) suggest to be of broad relevance for Kv channels (Figure 1B) 
where the W67 – D80 interaction plays a defining role in the inactivation 
process. Mutational studies showed that the inability to establish this highly 
conserved interaction entails severe functional perturbations for KcsA, Shaker, 
and Kv1.238,39. Moreover, in line with the effect of the weakening of the W67 – 
D80 interaction in E71I, the destabilisation of the analogous interaction W434 
– E447 in Shaker modulates the equilibrium between conducting and non-
conducting filter states48.

On the basis of our set of results, we show that modal gating shifts in K+ 
channels relate to changes in the statistical weighting of pre-existing selectivity 
filter states which are triggered by fluctuations in the hydrogen bonding 
(Figure 6) and water network (Figure 4). Notably, we show that modulations 
in this network cause changes in the turret over more than 2 nm (Figure 2C, 3), 
which opens a pathway how turret-binding drugs, lipids  or other protein can 
allosterically modulate the filter21,25,49-51. The question arises why most of these 
conformational subtypes could not be crystallised. Here, the reason is most 
likely the interaction with Fab fragments that act as crystallographic chaperons 
and attach to KcsA X-ray structures. In agreement with electrophysiological 
measurements4, these artificial Fab interactions lock the selectivity filter 
in a specific conformation, and thereby hinder the capturing of transient 
configurations, masking the effect of E71 point-mutations. Interestingly, the 
lack of ‘non-canonical’ filter conformations in X-ray structures was mirrored 
by additional torsional or position restraints in MD simulations to stabilise a 
conductive filter conformation52,53. At least for KcsA, such potentials could mask 
the physiological filter plasticity, as demonstrated in this study and previously 
with 2D IR35. 

In conclusion, our work establishes the shifts in the conformational 
dynamics of the selectivity filter as the key physiological determinant of modal 
gating shifts. At the same time, our work provides a long-needed quantitative 
description of the selectivity filter dynamics in a native environment, which is 
of fundamental importance to understand ion channel function54. Given that the 
here described filter dynamics are strongly different in mutant E71I, our study 
may ultimately help to better understand eukaryotic Kv channels. Finally, we like 
to emphasize that further experiments with open channels under inactivating 
conditions will be critically required to fully comprehend how E71X mutations 
modulate channel open probability and C-type inactivation.
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Materials and methods

Sample preparation. WT KcsA and E71X mutant channels were expressed 
in Escherichia coli M15 cells (Qiagen) using standard H2O-based M9 medium 
supplemented with 0.5 g/L 15NH4Cl and 2 g/L D-glucose-13C6-d7 in order to 
improve the spectral resolution in 1H-detected ssNMR-experiments17. Cells were 
subsequently harvested, treated with lysozyme, and lysed via French press. The 
membranes containing the KcsA channels were collected by centrifugation 
(100000 x g) and proteins were extracted with 40 mM DM (Anatrace)26. KcsA 
channels were purified using Ni-NTA agarose beads (Qiagen), resulting in a final 
yield of 10 mg/L for WT KcsA and 5 mg/L for the E71X KcsA mutants. Liposome 
reconstitution was performed using E.coli polar lipids (Avanti) at 1:100 
protein:lipid molar ratio, in which detergent was removed using polystyrene 
beads (Bio-Beads SM-2).26 Before the ssNMR measurements, reconstituted 
samples were suspended in fully protonated phosphate buffer (pH 7.4, 100 
mM K+). For spectral assignments, a fully protonated buffer was used in order 
to observe the entire channel in 1H-detected ssNMR experiments. For proton/
deuterium (H/D) exchange ssNMR spectroscopy, ion channels were incubated 
in fully deuterated buffers (pH 7.4, 100 mM K+) for a total of two days prior to 
the measurements. 

Solid-State NMR spectroscopy. 3D ssNMR experiments for sequential backbone 
chemical shift assignments were performed at 800 MHz (1H-frequency) using 
60 kHz magic angle spinning (MAS) frequency and a real temperature of 
approximately 305 K. In total, we ran ten dipolar-based 3D ssNMR experiments 
to assign the three mutant channels and WT KcsA. The pulse sequences and 
experimental setups were performed as previously descried17. 2D 13C-13C 
PARISxy55 (N = ½, m=1) experiments for side chain chemical shift assignments 
were performed at 700 MHz using 42 kHz MAS and a 13C-13C mixing time of 
110 ms. 15N T1rho relaxation experiments were performed as descripted for 
the water-inaccessible part of KcsA and measured at 700 MHz and 58 kHz 
MAS using a 15N spin lock amplitude of 17.5 kHz17. We used 1H-detected 2D 
experiments together with relaxation increments of 0, 5, 10, 20, 40, and 80 ms. 
For the much faster relaxing flicker E71Q channel, we used increments of 0, 5, 
10, 20, 40, and 60 ms. 15N T1 measurements were performed at 950 MHz and 60 
kHz MAS using relaxation elements of 0, 2, 4, 10, and 20 s. The W67 side chain is 
spectrally isolated in E71A and E71I (Figure S2) and could be readily analysed 
in a series of 1D experiments. For the analysis of H/D exchange data from 2D 
NH spectra acquired in protonated and deuterated buffers, we used the signal 
intensities, which were normalised to the water-inaccessible residues S69 and 
V70 that are not subjected to H/D exchange. PISSARRO56 decoupling was used as 
decoupling method in all direct and indirect dimensions. Chemical shifts were 
back-calculated from MD simulations with the SPARTA+ program36. Channels 
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structures were extracted from MD simulations with a time-increment of 10 
ns, yielding a total of 400 monomer structures. Compared to our experimental 
data, the SPARTA+ predictions give systematically lower chemical shifts for the 
V76 backbone carbonyl carbon, which we aligned by adding 2.5 ppm to the 
predicted carbonyl chemical shifts for all channels.

Molecular Dynamics Simulations. Atomic models of KcsA were constructed 
based on crystal structures, (1K4C3 and 3OR66) that represent a structural 
state with closed inner gate. After energy minimization, the conductive filter 
was restrained for 10-20 ns to relax any unfavorable contacts destabilizing 
the filter. Considering the high similarity between crystal structures of WT 
(1K4C), E71A (1ZWI), and E71I (3OR7), the simulation systems for E71A and 
E71I are built based the fully equilibrated WT system by introducing respective 
single mutation. With more substantial difference compared with WT, crystal 
structure for E71Q (3OR6) was used to build its simulation system. For all 
MD simulations, the channel was embedded in a bilayer of 3:1 POPC : POPG 
lipids and solvated in 150 mM or 200 mM KCl using the web service CHARMM-
GUI57,58. Most residues were assigned their standard protonation state at pH 
7. The total number of atoms in the MD systems is on the order of ~49,000. 
The CHARMM force field PARAM36 for protein59, lipids60, and ions61 was used. 
Explicit water was described with the TIP3P model. In WT, the residue Glu71 
is protonated to form a key hydrogen bond with Asp8039,62. The models of KcsA 
were refined using energy minimization for at least 2000 steps, and the ions 
and non-filter backbone atoms were kept fixed throughout the minimization 
procedure. All the simulations were performed under constant NPT conditions 
at 310 K and 1 atmosphere, and periodic boundary conditions with electrostatic 
interactions were treated by the particle-mesh Ewald (PME) method and a real-
space cutoff of 12 Å. The simulations use a time step of 2 fs. After minimization 
and equilibration with harmonic positional restraints on all of the C atoms, 
MD simulations were performed for 1μs for wild type and all mutants, by 
using either NAMD version 2.11,63 or on the special purpose computer Anton 
(Pittsburgh Supercomputer Center)64.

Data availability. Data supporting the findings of this manuscript are available 
from the corresponding author upon reasonable request. The solid-state NMR 
assignments have been deposited in the BMRB (accession number 27676 for 
WT KcsA, 27678 for E71A KcsA, 27679 for E71I KcsA, and 27680 for E71Q 
KcsA). The source data underlying Figures 1D, 3A, 5B, 6D, and Supplementary 
Figure 3 are provided as a Source Data file.
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Figure S1. Sequential ssNMR assignments with 1H-detected 3D experiments. 
Upper panel: Cα-Cα+1 backbone walk showing full connectivity for residues T72 – Y82 
in KcsA mutant E71A. Dark blue signals show CαH planes from a 3D CαNH experiment, 
cyan CαH planes were taken from a 3D Cα(CO)NH experiment. Lower panel: CO-CO+1 
backbone walk showing full connectivity for residues T72 – Y82 in E71A. Magenta 
signals show COH planes from a 3D CONH experiment, red COH planes were taken from 
a 3D Co(Cα)NH experiment. 



132  |  Chapter 5

G79
G77

T74

G43

Y78

I60

T61

G56

V84

R64

D80

T85

Y62

S69
A42

Y82

W67ε1

A54

V76

Y45

L81,V48

A73

T75

A57

Q58ss Q58ss

S44
W87

T72

L66

L86

L49
A71, W67

V70

15
N

/p
pm

 (ω
1)

105

110

115

120

125

130

12               11               10                 9                 8                  7  1H/ppm (ω2)

A

Wε1
Wε1

Wε1

W68

G79
G77 T74

G43

Y78

I60

T75

G56

V84

R64

D80 T85

Y62

S69

A42

S44,Y82

W67ε1

A54

V76

Y45

L81,V48

A73

T61

A57

Q58ss Q58ss

W87

L66

L86

L49
W67

V70

15
N

/p
pm

 (ω
1)

105

110

115

120

125

130

12               11               10                 9                 8                  7  1H/ppm (ω2)

B

Wε1
Wε1

Wε1

S102

G79
G77

T74

G43

I60

T61

G56

V84

R64

D80

T85

Y62 S69

A42

S44,Y82

W67ε1

A54

V76
Y45

V48 

A73

T75

A57

Q58ss Q58ss

W87

L66

L86

L49
W67

V70

15
N

/p
pm

 (ω
1)

105

110

115

120

125

130

12               11               10                 9                 8                  7  1H/ppm (ω2)

C

Wε1
Wε1

Wε1

L81
W68

E71A
WT

E71I
WT

E71Q
WT

2D NH spectra

Y82 Y82 Y82 Y82

T75 T75 T75 T75

T61 T61 T61 T61

Y62 Y62 Y62 Y62
S44 S44 S44 S44

T72 T72 T72 T72

L59 L59 L59 L59L81 L81 L81 L81

A54 A54 A54 A54

S102 S102 S102 S102

T85
T85, I60 T85, I60 T85, I60

I60

D80

D80 D80
D80

A73 A73 A73 A73
A71

P55 P55 P55P55S69 S69 S69 S69
V48 V48 V48 V48

V76 V76
V76

V76

Y78 Y78
Y78

Y78

A57 A57 A57 A57

G77
G77 G77

G77

G43 G43 G43 G43
G79,G56,... G79,G56,... G79,G56,... G79,G56,...

45

50

55

60

65

70

180 175 170

45

50

55

60

65

70

45

50

55

60

65

70

45

50

55

60

65

70

180 175 170 180 175 170 180 175 170

13
C

/p
pm

 (ω
1)

 

13C/ppm (ω2) 

E71A
WT

E71I
WT

E71Q
WTWT

D E F G

2D CC spectra

Figure S2. Comparison of 2D NH and 2D CC ssNMR spectra of WT KcsA and the 
E71X mutants. Upper row: Overlay of 2D NH spectra of WT KcsA (cyan) onto A) E71A 
(red), B) E71I (blue), and C) E71Q (orange). Lower row: Zoom into the carbonyl-region 
of 2D PARISxy55 CC experiments. D) WT KcsA (cyan), E) E71A (red) and WT KcsA, F) 
E71I (blue) and WT KcsA, G) E71Q (orange) and WT KcsA. Signals of V76-Y78 and 
D80 that show larger chemical shift perturbations are highlighted in magenta. Signals 
of P55-A57 that disappear or split in E71I due to conformational heterogeneity are 
highlighted in dashed boxes.
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Figure S3. Cα and CO ssNMR chemical shift perturbations of the E71X KcsA 
mutants. Left panel: Cα CSPs for E71A (in red), E71I (blue), and E71Q (orange). Right 
panel: Corresponding CO CSPs. Source data are provided as a Source Data file.

Figure S4. Water distribution derived from long MD simulations / Structural 
changes in the water-lid. A) 2D average occupancy map for all four subunits during 
1000ns MD simulations. The x-axis describes the radius to the center of the selectivity 
filter, and the y-axis is the z-coordinate of water molecules. In agreement with our ssNMR 
data, MD simulations show a widening of the water cavity for mutant channels E71I and 
especially E71A. In these channels, the cavity water also exhibits a higher mobility, as 
described by higher exchange-rates with bulk water (see C). For E71Q, the simulations 
could not reproduce the smaller water cavity that we unambiguously detect in solid-
state NMR experiments. Potential reasons for the mismatch between ssNMR and MD 
simulations for E71Q could be a suboptimal MD starting structure (which was derived 
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from WT KcsA) and insufficient sampling. B) The increased exchange with bulk water 
in mutants E71A and E71I most likely relates to structural and dynamical changes of 
residues D80 – Y82, which act as lid of the water cavity31. Indeed, we observe marked 
structural changes in the L81 side chain conformation in 2D CC ssNMR spectra of E71A 
and E71I. C) MD derived water exchange rates with bulk water: 

WT             E71I          E71A          E71Q
Number of water molecules  0.81±0.12  1.47±0.21 2.30±0.16  1.58±0.16
Turnover time (ns) 51.9±40.9          7.51±4.82 18.5±8.9     6.7±1.9

The water-binding cavity within each subunit is defined as the space with a distance 
less than 7 A° from both the nitrogen (or substituted ester oxygen) atom from Gly77 
and the Cα from E71 in the same monomer. The number of water molecules within each 
subunit was determined as the average water number within this pocket during specific 
trajectory. The mean turnover time of water molecules within each subunit is defined as 
T_MD <N> = n_d, where T_MD is the length of the trajectory, <N> is the average number 
of water molecules in one cavity, and n_d is the number of distinct water molecules that 
visited the cavity at least once during the simulation. Each of the four subunits was 
treated as an individual sample to estimate the average and standard deviation. This 
kind of analysis was also used in previous studies32.
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Figure S5. Simulated dihedral angle profiles of WT KcsA and the E71X mutant 
channels. A) Phi (φ) and B) Psi (ψ) torsional angle distribution of selectivity filter 
residues of WT KcsA (cyan), E71A (red), E71I (blue), and E71Q (orange) derived from 
1 µs-long MD simulations. 
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Figure S6. Distance measurement between side chains derived from MD 
simulations. Distance measurement between side chains derived from 1 µs-long MD 
simulations of WT KcsA (cyan), E71A (red), E71I (blue), and E71Q (orange). The D80 
side chain conformation is shown as the distribution of its z-coordinate (the centre 
of mass of carboxyl group). For distance measurements, the atom selections are D80 
(Cγ), Y82 (OH), W67 (Ne1), T61 (Og1), Q58 (backbone carbonyl oxygen), and R64 (Cζ). 
Q58, T61, R64, W67, and D80 are from the same subunit, while Y82 is from an adjacent 
subunit. 
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NMR enables the study of proteins at atomic resolution and can provide with 
detailed insights into their structure, dynamics, topology, and function. Given 
the large number of drugs that target membrane-embedded and membrane-
associated proteins, it is crucial to gain substantial knowledge on the underlying 
mechanisms by which they function. The integrity and function of these 
proteins largely depends on their environment1,2. This holds true for any kind 
of biomolecule. Hence, it is crucial to study biomolecules in their physiological 
context. However, solution NMR is restricted to membrane-embedded and 
membrane-associated proteins solubilized in detergents or embedded in small 
bicelles and nanodiscs. Instead, ssNMR has shown to extend the use of solution 
NMR and enables the study of such proteins in lipid bilayers3-5, even in close-to-
physiological cellular membranes6. While broad NMR resonances and sample 
sensitivity were a limiting factor at first, the advent of advanced methods such 
as fast MAS7-9, 1H detection10-12 and DNP13,14 make ssNMR more and more routine 
in the study of (complex) proteins in their native context. Besides membranes 
proteins, also heterogeneous systems, i.e. amyloid fibrils15-17, are amenable to 
ssNMR. In this regard, ssNMR is a unique structural method. 

In this thesis, we stress the versatility and strength of ssNMR by investigating 
three challenging systems: the antibiotic plectasin18 and its target (Chapters 
2 and 3), peptidic hydrogels for neural tissue engineering19 (Chapter 4), and 
the potassium channel KcsA20 (Chapter 5). These ssNMR studies provide 
with structural and functional rationales that might contribute to a better 
understanding of therapeutics and their targets. 

The plectasin – lipid II complex as seen by ssNMR

Antimicrobial resistance continues to plague the global public health as our 
current reservoir of effective antibiotics is running empty21. Hence, we have 
reached an era where developing novel antibiotics that are robust to resistance 
development has become vital. Lipid II, also known as the “Achilles’ heel” of 
bacteria, is a validated target for the design of next-generation antibiotics22. A 
particularly promising class of antibiotics are CSαβ defensins, which can kill 
refractory pathogens at nanomolar concentrations without known side effects. 
Despite their promising nature, the physiologically relevant binding mode 
of CSαβ defensins remains unknown due to challenges that are presented in 
studying small membrane-embedded drug-target complexes. On the example of 
the best-studied CSαβ defensin plectasin, our current understanding is derived 
from a solution NMR study with a truncated lipid II construct23. Likewise, 
previous studies have demonstrated that the study of antibiotic – lipid II 
complexes necessitates a physiologically relevant context6. In Chapters 2 and 3, 
we use a high-resolution ssNMR approach to improve the current understanding 
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of the plectasin – lipid II complex. 

The previous micelle model of the plectasin – lipid II complex23 showed 
that residues F2, G3, C4, H18 and C37 tightly interact with lipid II. However, 
experimental data that justify the involvement of these residues in the complex 
interface is absent.  Moreover, the marked influence of the lipid II sugars on the 
binding affinity of plectasin23 could not be explained by the micelle model. In 
Chapters 2 and 3, using ssNMR experiments, we conclusively demonstrate that 
the plectasin – lipid II complex is markedly different in membranes.

Our ssNMR data showed that using exclusively CSPs between unbound 
and bound plectasin is insufficient to derive the plectasin – lipid II complex 
interface, as we observed high CSPs across the entire peptide resulting from 
lipid II binding. To experimentally define the interface that coordinates the PPi 
group of lipid II, we monitored the PPi group and its interface with 31P ssNMR 
spectra of the complex in membranes. These experiments not only confirmed 
that plectasin targets the PPi group, but also strongly suggested that other 
residues next to C37 bind directly to the PPi group23. With a unique approach, 
where we co-assembled 15N,13C-plectasin with 15N,13C-lipid II, we could for 
the first time identify interfacial contacts between plectasin and lipid II using 
13C-13C spin diffusion experiments. Such data could finally explain the role of 
MurNAc and GlcNAc as we repeatedly found interfacial contacts that relate to 
both sugars. However, due to signal overlap, further ssNMR experiments will 
be necessary to further characterize the participation of both sugars in the 
complex. We were also able to clearly pinpoint residues that interact with the 
pentapeptide, which is critical to plectasin’s function23,24. Our data demonstrate 
that the previously suggested interface is not present in membranes. Instead, 
we found clear interfacial contacts between E2 and residue Y40 of plectasin. 

Employing a “FRET-like” 15N(HH)13C DNP-ssNMR experiment on the plectasin 
– lipid II complex, using 15N, 13C mixed labelled plectasin, unravelled a second 
binding event that was not observed before. 15N(HH)13C spectra showed that 
plectasin oligomerizes upon lipid II binding with a histidine side chain at the 
dimerization interface. This is in line with our ssNMR dynamics and mutational 
studies25 that marked the influence of both H16 and H18 on the efficacy of 
plectasin. Nonetheless, ITC measurements showed that although both H16 and 
H18 mutants drastically reduced the binding affinity of plectasin, a severe effect 
was observed with H16. This implies that H16 is involved in lipid II binding, 
whereas H18 plays a role in dimerization. To further verify this assumption, 
we will employ 15N(HH)13C experiments on the histidine mutants, which will 
enable us to identify the function of both histidine residues. This is the first 
study ever to report on oligomerization events in plectasin. 



144  |  Chapter 6

The discovery of oligomerization events in plectasin raises several new 
questions that require further studies. 1D HP and 2D NH ssNMR data suggest 
that oligomerization occurs in equimolar amounts of plectasin and lipid II. 
Unfortunately, due to the severely impeded spectral resolution in our DNP-
ssNMR spectra, we could not unambiguously define the plectasin – plectasin 
interface. Since we only observed minimal peak doubling in 2D ssNMR spectra, 
the complex is presumably symmetric. Further mutational and binding studies 
could shed light on the oligomerization properties of plectasin.   

Dynamics studies on the plectasin – lipid II complex also identified an 
important structural motif that is inherent to the activity of plectasin. While 
loops in plectasin showed enhanced dynamics, the αβ-loop was virtually as 
rigid as the secondary structural elements. Moreover, this loop undergoes stark 
conformational changes upon lipid II binding. Interestingly, both MIC assays and 
ITC further underlined the importance of the αβ-loop as mutations in residues 
I22 and Y25 of the loop resulted in a complete loss of function of plectasin. This 
came as a surprise, since nothing had previously been reported on the role of 
the αβ-loop. Using 13C-13C spin diffusion experiments, we show that residues I22 
and Y25 interact to form most likely a “stapler-like” conformation that might be 
allosterically involved in lipid II binding.  

We have also clearly demonstrated with NMR that plectasin directly binds 
to divalent ions. While previous studies have emphasized on the influence of 
divalent ions on the activity of plectasin26, they could not underpin the reason 
causing the observed ion sensitivity. Using the paramagnetic properties of Mn2+, 
we have shown that the negative-patch D9-E10-D11-D12 unique to plectasin 
is strongly involved in ion coordination. Since our findings are preliminary, we 
still need to explore the biological relevance of an ion-binding site in plectasin. 
Thus far, we know that plectasin does not show specificity towards the type of 
ion it can bind. Moreover, our NMR data suggest that the ion does not prevent 
the formation of the plectasin – lipid II complex. Further research should exploit 
the nature of the newly discovered ion binding site in plectasin, which could 
largely contribute to the rational design of plectasin derivatives. 

Although we could not yet establish the full picture of the plectasin – lipid II 
complex, we have significantly improved our understanding on the complex and 
have discovered many novel features that are fundamental for the function of 
plectasin. Ultimately, we should study the plectasin – lipid II complex in cellular 
membranes and eventually even in whole cells, since the in vivo situation might 
still be very different due to structural variations in the pentapeptide of lipid II 
among bacteria27. 
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Characterization of peptidic hydrogels using ssNMR

Biomimetic scaffolds that support stem cells in their migration, differentiation 
and proliferation are key to the success of tissue engineering28. Hence, in order 
to design ideal tissue engineering scaffolds, it is a requisite to have an in-depth 
understanding of their properties. Techniques such as AFM and rheology that 
are typically used to characterize scaffold properties provide only macroscopic 
information. Although atomic scale information is critical for the improvement 
of scaffold functionality29-31, it is scarce. While largely unexploited, ssNMR can 
provide atomic level information in tissue engineering scaffolds32-35. However, 
ssNMR studies on complex systems usually requires isotope enrichment that 
is either prohibitive or entails high costs. In Chapter 4, we investigate the 
properties of a series of peptidic hydrogels designed for treatment of spinal 
cord injuries using high resolution ssNMR at natural abundance.  

Rigidity, as a mechanical scaffold property, was identified as a fundamental 
regulator in cell migration and differentiation36,37. Our dipolar- and scalar based 
ssNMR experiments that probe immobile and mobile molecular components, 
respectively, confirmed that rigidity goes hand in hand with functionality. 
However, exclusively rigidity could not explain the differences in functionality 
that was observed among the different rigid hydrogels19. 

To analyse the influence of peptide conformation on the mechanical 
properties, we used 1H-detected 2D ssNMR at natural abundance to obtain 1H- 13C 
assignments. This could be a very interesting application for the study of similar 
systems as it minimizes materials costs. Our analysis on peptide conformation 
gave first indications on the self-assembly procedure. Strikingly, comparing 
peptide conformations in the rigid hydrogels also allowed as to characterize 
heterogeneity as a novel parameter, which yields fundamental importance in 
the functionality of scaffolds19. From a biological perspective, heterogeneity in 
the supramolecular organization of scaffolds could interfere with the surface 
chemistry making it less favourable for cells to adhere. Moreover, rheology 
experiments showed that polymorphism relates to a reduced mechanical 
stability in the peptidic hydrogel. 

Combining ssNMR with MD simulations provide atomic level insights 
into the supramolecular organization of scaffolds38. In line with our ssNMR 
experiments, MD simulations showed that biotin and phenylalanine are major 
intermolecular hotspots during the self-assembly procedure. This is in line with 
previous studies which demonstrated that aromatic residues have high binding 
affinities for biotin39. 

Conventional methods such as AFM and rheology could not underpin the 
molecular differences between the rigid hydrogels19. SSNMR, on the other 
hand, could provide important atomic insights into the mechanical properties 
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of the different hydrogels and revealed design parameters that were, thus far, 
ignored. We could potentially push the limits of ssNMR and study such scaffolds 
directly in the presence of stem cells. Hence, altogether, we have demonstrated 
that ssNMR is a powerful tool for the high-resolution characterization of tissue 
engineering scaffolds. 

Unravelling the molecular determinants underlying modal gating in 
K+ channels 

Many ion channels display a stochastic interplay between different gating 
modes at constant experimental conditions, known as modal gating40-42. Yet, 
the molecular determinants underlying this process are poorly understood. 
Previous studies have shown that point-mutations of residue  E71 behind the 
selectivity filter locks the archetypical K+ channel KcsA in different gating 
modes40. While rearrangements in the selectivity filter were suggested to relate 
to modal gating, curiously, no structural differences were found in the  X-ray 
structures of different E71X mutants40. In Chapter 5, we used 1H-detected 
ssNMR experiments in native-like membranes to investigate the molecular 
origins of modal gating in KcsA. 

To analyse the structural impact of the E71X mutants on WT KcsA, we 
first assigned 1H- and 13C chemical shifts. While the integrity of the KcsA fold 
was globally conserved, we observed stark conformational differences in the 
selectivity filter and the surrounding hydrogen-bond network in E71X mutants. 
By integrating ssNMR with MD simulations, we discovered that E71X mutants 
cause rearrangements in the hydrogen-bond network behind the selectivity 
filter. This network plays an important role in the activity of KcsA40,43. SSNMR 
could also demonstrate that E71X mutants severely affect the turret, which has 
important implications in drug targeting44. 

Initially, it was suggested that the SF is highly rigid20, yet recent studies have 
demonstrated that the filter is rather dynamic45 which was assumed to relate 
to modal gating in K+ channels. Thus far, no experimental data was available 
that would support this assumption. In Chapter 5, we use ssNMR to study 
the dynamics of the different E71X mutants. Interestingly, our relaxation data 
revealed drastic differences in dynamics in the different gating modes. MD 
simulations further showed that rearrangements in the network behind the SF 
relate to these differences in dynamics behaviour in E71X mutants. 

Altogether, using ssNMR we have, for the first time ever, provided critical 
insights into the molecular mechanism underlying modal gating in the K+ channel 
KcsA. These insights will ultimately help us to have a better understanding on 
eukaryotic K+ channels. 
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Conclusion

In this thesis, we aimed to contribute to the basic understanding of three 
challenging systems that are relevant for the design of therapeutics. Using 
modern ssNMR we provided in-depth insights into the mode of action of 
plectasin, design parameters for tissue engineering scaffolds, and modal 
gating behaviour in the K+ channel KcsA. Lastly, integrating ssNMR data with 
complementary techniques, such as MD simulations, can further expand our 
scope on complicated biological systems. 
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Summary
Solid-state Nuclear Magnetic Resonance (ssNMR) spectroscopy has emerged 

as a powerful tool that allows the study of proteins and protein complexes in 
their native environment. Such information can be of great value especially in 
the field of drug development. Moreover, ssNMR enables the study of protein 
dynamics, drug – target interactions and heterogeneous systems. In this thesis, 
we have investigated the plectasin – lipid II complex, peptidic hydrogels for 
spinal cord tissue engineering, and modal gating behaviour in the K+ channel 
KcsA using state-of-the-art ssNMR experiments.

The first part of Chapter 1 describes the basic principles behind ssNMR. The 
second part of the chapter briefly introduces the three different systems. 

High-resolution ssNMR study of the plectasin – lipid II complex in membranes

Antimicrobial resistance is a growing threat to human health worldwide 
which urgently calls for novel antibiotics that act through unexploited pathways. 
A validated and promising target for antibiotic design is lipid II, an essential 
precursor in the biosynthesis of the peptidoglycan network. A particularly 
interesting peptide-antibiotic that targets lipid II is the CSαβ defensin 
plectasin. However, structural data on the drug – lipid II complex are scarce and 
unavailable in its physiologically relevant membrane environment. In Chapter 
2 and 3, we exploit the plectasin – lipid II complex in membranes. In Chapter 2, 
we analysed the structure and dynamics of plectasin in the unbound and bound 
state in great detail using high resolution ssNMR. Comparing plectasin in the 
two states revealed strong structural changes in previously ignored structural 
regions of plectasin such as the αβ-loop. We show that hydrophobic residues 
in the αβ-loop engage in a “stapler-like” interaction critical for lipid II binding. 
Chapter 2 also demonstrates that the two histidine sidechains have important 
roles in the mode of action of plectasin. 

In Chapter 3 we investigated the interface of the plectasin – lipid II complex 
at high-resolution. We could experimentally show that plectasin indeed targets 
lipid II at the irreplaceable PPi group. Moreover, we could provide with insights 
into the complex interface which could finally describe the role of the sugar – 
pentapeptide head group of lipid II. Our ssNMR experiments could also provide 
us with the topological orientation of plectasin in the complex. 

Strikingly, we discovered several novel features of plectasin, including 
oligomerization and a binding site for bivalent ions, which may provide promising 
leads for the rational design of CSαβ defensin-based antibiotics. Interestingly, 
while one histidine is involved in lipid II, we found strong evidence that the 
other histidine plays a role in oligomerization. We could also finally explain 
the function of the unique negative patch in plectasin, which directly binds 
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the bivalent ion. Overall, we have found stark differences between the mode of 
action of plectasin in micelles and in membranes, which further underlines the 
need of physiologically relevant studies for drug design purposes. 

Altogether, our ssNMR study has provided with high resolution insights into 
the plectasin – lipid II complex in lipid membranes. The next step would be to 
investigate the complex directly in cell membranes and whole cells to further 
characterize the mode of action of plectasin. 

SSNMR spectroscopy for the characterization of tissue engineering scaffolds

Material properties of tissue engineering scaffolds dominate the behaviour 
of stem cells and are inherent to the success of tissue engineering. Hence, 
having substantial insights into the material properties is of critical importance. 
However, techniques such as AFM and rheology that are commonly used for 
the characterization of such scaffolds only provide with macroscopic insights. 
In Chapter 4 we explore the feasibility of studying the mechanical properties 
of a series of peptidic hydrogels, designed for neural tissue regeneration for 
treatment of spinal cord injuries, using modern ssNMR at natural abundance. 

Using dipolar and scalar based experiments and modern 1H-detected 
experiments enabled us to characterize the material properties of the different 
hydrogels. Thereby, we could not only describe material properties such as the 
rigidity and assembly degree at high resolution, but we could also identity the 
scaffold conformational heterogeneity as novel and decisive design parameter for 
the functionality of the scaffolds. Moreover, by integrating ssNMR assignments 
in MD simulations enabled us to derive the supramolecular organization of 
several hydrogels. Overall, we have demonstrated that ssNMR methods pave 
the way to obtain atomic level insights into mechanical properties of tissue 
engineering scaffolds. Hence, we anticipate that ssNMR will become more 
routine in the characterization of such scaffold.  

The molecular determinants underpinning modal gating in KcsA

Modal gating shifts are a widespread regulatory phenomenon in many 
ion channels. However, the molecular underpinning of these shifts remains 
unknown. In Chapter 5 we explore the molecular origin of modal gating 
behaviour in the archetypical K+ channel KcsA in native-like membranes using 
extensive ssNMR dynamics studies. We characterized the conformation and 
dynamics of mutant channels that represent the different modal gating modes. 
By integrating our ssNMR data with MD simulations, we discovered that shifts in 
the selectivity filter dynamics, caused by fluctuations in the water and hydrogen 
bonding network, are the driving forces for modal gating behaviour in KcsA. 
Thereby, our results provide a foundation for an improved understanding of K+ 
channels in general. 
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Samenvatting
Vaste stof NMR (vsNMR) is een krachtige techniek waarmee eiwitten en 

eiwitcomplexen in hun natuurlijke omgeving kunnen worden bestudeerd. 
Dergelijke informatie kan van grote waarde zijn, voornamelijk op het gebied 
van medicijnontwikkeling. Bovendien kan vsNMR toepast worden voor 
het bestuderen van eiwitdynamica, interacties tussen drug en doelwit, en 
heterogene systemen. In dit proefschrift hebben we het plectasin – lipid II-
complex, peptide hydrogelen voor het regenereren van ruggenmergweefsel en 
modale kanalisering in de kaliumkanaal KcsA onderzocht.

Het eerste deel van Hoofdstuk 1 beschrijft de basisprincipes van vsNMR. 
Het tweede deel van het hoofdstuk introduceert kort de drie verschillende 
systemen. 

Hoge-resolutie vsNMR studie van het plectasin – lipid II - complex in membranen. 

Antimicrobiële resistentie is een wereldwijd groeiende bedreiging voor de 
publieke gezondheid, die dringend nieuwe antibiotica eist die via onbenutte 
wegen werken. Een gevalideerd en veelbelovend doelwit voor de ontwikkeling 
van nieuwe antibiotica is lipid II, een essentiële voorloper in de biosynthese 
van de peptidoglycaanlaag. Een bijzonder interessant peptide-antibioticum dat 
zich op lipid II richt, is de CSαβ defensin plectasin. Structurele gegevens over 
het drug – lipid II – complex zijn echter schaars en zelf afwezig in fysiologische 
condities. In Hoofdstuk 2 en 3 bestuderen we het plectasin – lipid II – complex in 
membranen. In Hoofdstuk 2 hebben we de structuur en dynamica van plectasin 
zowel in de ongebonden als gebonden toestand gedetailleerd geanalyseerd met 
hoge resolutie. De vergelijking tussen plectasin in de twee toestanden onthulde 
interessante en sterke structurele veranderingen die een berlangrijke rol voor 
de αβ-lus suggereerden. We toonden aan dat hydrofobe residuen in de αβ-lus 
met elkaar interacteren om een “nietmachine-achtige” conformatie te vormen 
die kritisch is voor lipid II binding. Hoofdstuk 2 gaf ook de eerste aanwijzingen 
dat zowel H16 als H18 een belangrijke rol spelen in het werkingsmechanisme 
van plectasin. 

In Hoofstuk 3 hebben we het complex verder onderzocht, waarbij voor het 
eerst experimenteel kon worden aangetoond dat plectasin inderdaad aan de 
onvervangbare pyrofosfaat (PPi) groep van lipid II bindt. Bovendien hebben we 
inzichten verkregen in het raakvlak tussen plectasin en lipid II die uiteindelijk 
de rol van de suiker – pentapeptide kopgroep van lipid II kon beschrijven. Onze 
vsNMR-experimenten hebben ook inzicht gegeven in de topologische oriëntatie 
van gebonden plectasin op het membraan. 

We hebben verschillende nieuwe kenmerken van plectasin ontdekt, 
waaronder oligomerisatie en een bindingsplek voor tweewaardige ionen. 
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Deze kenmerken kunnen bijdragen aan het rationeel ontwerpen van nieuwe 
antibiotica. Hoewel een histidine betrokken is bij het binden van lipid II, 
hebben we sterk bewijs gevonden dat de andere histidine een rol speelt bij het 
oligomeriseren van plectasin. Verder is het ons ook gelukt om de functie van de 
negatieve streek in plectasin te verklaren, waarvan wordt aangenomen dat het 
aan het ion bindt. Over het algemeen hebben we grote verschillen gevonden 
tussen het werkingsmechanisme van plectasin in micellen en in membranen. 
Dit benadrukt de noodzaak voor het uitvoeren van fysiologisch relevante 
studies voor de ontwikkeling van nieuwe geneesmiddelen. 

Al met al, heeft onze vsNMR-studie hoge resolutie inzichten gegeven in het 
plectasin – lipid II – complex in membranen. De volgende stap zou zijn om het 
complex direct in celmembranen en zelfs in hele cellen te onderzoeken om de 
werkingswijze van plectasin verder te karakteriseren. 

VSNMR als een applicatie voor de karakterisering van scaffolds voor 
weefselregeneratie

Materiaaleigenschappen van scaffolds voor weefselregeneratie doeleinden 
domineren het gedrag van stamcellen en zijn daarom onafscheidelijk verbonden 
aan het succes van weefselregeneratie. Het hebben van enig inzicht in de 
materiaaleigenschappen is daarom van cruciaal belang. Standaardtechnieken, 
zoals AFM en reologie, die worden gebruikt voor de karakterisering van 
dergelijke scaffolds, bieden echter alleen macroscopische inzichten. In 
Hoofdstuk 4 onderzoeken we de mechanische eigenschapen van een reeks 
peptide hydrogelen met behulp van moderne vsNMR zonder het gebruik van 
13C isotooplabelverrijking. 

Met behulp van dipolaire, scalaire en moderne 1H-detectie experimenten 
hebben we verschillende materiaaleigenschappen in de hydrogelen kunnen 
karakteriseren. Daardoor konden we niet alleen rigiditeit en assemblagegraad 
beschrijven als belangrijke eigenschappen, maar konden we ook heterogeniteit 
als een nieuwe en beslissende ontwerpparameter voor de functionaliteit voor 
scaffolds identificeren. Door vsNMR te integreren met MD-simulaties, konden 
we de supramoleculaire organisatie van de reeks hydrogelen afleiden. Enfin, 
we hebben aangetoond dat vsNMR-methoden uitermate geschikt zijn voor het 
verkrijgen van atomair niveau inzichten in de materiaaleigenschappen van 
scaffolds voor weefselregeneratie. We verwachten ook dat vsNMR meer routine 
zal worden in in het karakteriseren van zulke scaffolds.   

De moleculaire determinanten die modale kanalisering in KcsA ondersteunen

Modale kanaliseringsverschuivingen zijn een geconserveerd fenomeen in 
talloze ionenkanalen. Het moleculaire mechanisme dat deze verschuivingen 
veroorzaakt is echter onbekend. In Hoofdstuk 5 hebben we de onderliggende 
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mechanisme voor modale kanalisering in KcsA in native membranen onderzocht 
met behulp van vsNMR. We hebben zowel de conformatie als de dynamiek 
van de verschillende E71-mutanten, die de verschillende kanaliseringsmodes 
vertegenwoordigen, gekarakteriseerd. Door vsNMR-verkregen informatie 
te integreren met MD-simulaties, ontdekten we dat schommelingen in de 
waterstofbrug-netwerk conformatieveranderingen in het selectiviteitsfilter 
veroorzaken. Deze veranderingen veroorzaken het kanaliseringsgedrag van 
KcsA. Deze bevindingen bieden een sterke basis voor een beter begrip van 
kaliumkanalen in het algemeen. 
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