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Abstract 
The curvature of biological membranes in cells and organelles is an important 

aspect of membrane morphology, and has been linked to a diverse range of 

biochemical processes such as membrane trafficking and apoptosis. Whilst the lipid 

composition can influence the spontaneous curvature a membrane adopts, 

curvature largely depends on the behaviour of specific proteins that can generate 

and sense this curvature. A variety of mechanisms for how proteins achieve this have 

been proposed, which includes the insertion of amphipathic helices (APHs); amino 

acid sequences arranged in such a way that the resulting helix has discrete 

hydrophobic and polar faces allowing them to partition into one leaflet of a bilayer. 

However, these are notoriously difficult to identify as considerable differences in the 

sequences, physical properties and chemistry has been observed in those that have 

been discovered, hindering the identification of a general mechanism for how these 

motifs associate with membranes. Recently, RTNLB13, an integral membrane protein 

of the reticulon (RTN) family, was shown to contain an APH that is necessary for the 

proteins function in shaping highly-curved tubules in the endoplasmic reticulum (ER). 

Yet, its precise role in curvature generation remains ambiguous.  

Herein, the curvature-dependence of this APH for folding and binding to a 

library of model membranes is demonstrated using several biophysical techniques, 

suggesting its predominant behaviour follows a curvature sensing mechanism. This 

operates by the insertion of a shallow hydrophobic face into lipid packing defects, a 

direct consequence of introducing curvature to a membrane, which provides 

additional stabilisation to the curved structure of the ER tubules. This APH has been 

speculated to be conserved across all RTN family members so experimental evidence 

for the existence of curvature sensing APHs in other RTN isoforms is also presented. 

Finally, the APHs characterised in this work inform the design of novel peptides with 

the potential to sense membrane curvature for applications in drug delivery or 

diagnostics, which are then biophysically characterised to show a dependence on 

curvature for folding and membrane-binding. 
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1 Introduction 

1.1 Membrane Curvature 

1.1.1 The significance of membrane curvature in cellular activity 

Fundamentally, biological membranes act as a barrier between the interior and 

exterior of a cell and compartmentalise the various components within.1 Specialised 

cells form complex shapes in order to perform their functions more effectively e.g. 

the biconcave disks stereotypical of erthrocytes 2 increase the surface area to volume 

ratio in order to optimise oxygen transfer. Likewise, the various membrane-bound 

organelles found inside eukaryotic cells such as the endoplasmic reticulum (ER) and 

the golgi apparatus, are sculpted into intricate folds and cylinders to increase the 

surface available for reactions to take place.3 In membrane trafficking, membranes 

need to be able to bend, protrude, invaginate, fuse and break to yield transport 

intermediates with diameters of 30-100 nm.4–6 Amongst the most widely studied 

examples of this is endocytosis. Here, inward budding of a flat membrane followed 

by fission generates a small transport vesicle containing cargo molecules.7 Fig. 1.1A 

shows the diverse range of curvatures membranes can adopt, even within a single 

cell, as well as some of the processes where generating curvature is essential. 

Membrane curvature thus plays a pivotal role in the vast number of cellular functions 

required for eukaryotic life. 

Membrane curvature simply refers to the physical bending of a biological lipid 

membrane, and can either be positive (towards the cytoplasm) or negative (away 

from the cytoplasm),8 as shown in Fig. 1.1B. Biological membranes consist of a 

continuous phospholipid bilayer with polar headgroups exposed to the external 

medium and a core containing the hydrophobic fatty acid tails (Fig. 1.1).9 Membranes 

are highly dynamic systems, undergoing changes in their shape and composition in a 

spatiotemporal manner. Membranes need to be both flexible and rigid in order to 

alter their shape whilst still maintaining the integrity of subcellular compartments.10 

To generate curvature, however, a substantial amount of energy is required.11,12 
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Fig. 1.1 (A) Drawing of a eukaryotic cell highlighting some intracellular organelles and 
processes that display different membrane curvatures, as well as a few of the 
transformations the plasma cell membrane itself may undergo. Biological lipid membranes 
consist of two layers of phospholipid molecules, arranged with the polar headgroups facing 
the aqueous medium and the hydrophobic fatty acid tails forming the interior. (B) Lipid 
molecules have an intrinsic shape that can result in a spontaneous curvature if similarly 
shaped lipids assemble close together within a membrane. Cylindrical lipids generally form 
flat monolayers. Lipids with large headgroups compared to their hydrocarbon tails have an 
inverted conical shape and cause positive curvature, where the membrane leaflet adopts a 
convex shape. Lipids with small headgroups and/or unsaturated bonds have a conical shape, 
resulting in a concave monolayer exhibiting negative curvature. Consequently, the other 
leaflets in these cases adopt the opposite curvature due to bilayer coupling. 

Certain lipids can result in spontaneous curvature due to their intrinsic shape, 

determined by the size of their headgroups and the length and saturation of their 

acyl chains (Fig. 1.1B). Cylindrical lipids such as phosphatidylcholine (PC), 

phosphatidylglycerol (PG) and phosphatidylserine (PS) prefer zero curvature and 

generally form flat monolayers. Lipids like phosphatidylethanolamine (PE) and 

phosphatidic acid (PA) have a smaller headgroup than PC, and consequently have a 

conical shape which imposes a negative curvature bringing the headgroups closer 

together. Other lipids with larger headgroups compared to their acyl chains, such as 

lysophosphatidylcholine (LPC) or phosphatidylinositol phosphates (PIP), result in an 

inverted conical shape, favouring positive curvature and thus bending the monolayer 
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away from the headgroups.11,13–15 The degree of acyl chain saturation will also affect 

the intrinsic geometry of a lipid. Double bonds, e.g. in oleic acid, introduce a kink in 

the chain and therefore will inhabit more space than the equivalent saturated 

chain.16 If many similarly shaped lipids gather together, a monolayer will adopt the 

spontaneous curvature of those particular lipids. Moreover, due to bilayer coupling, 

the entire bilayer may also change shape.8,15,17 

Nevertheless, theory dictates that the generation of large curvature entails a 

significant asymmetry between the two leaflets of a membrane which cannot be 

achieved solely changes in by lipid composition.11,12 Curvature induction is therefore 

largely dependent on the behaviour of specific proteins, and any malfunction in these 

proteins could lead to serious disease.18,19 As such, understanding the diverse range 

of mechanisms involved in membrane curvature generation is an active area of 

research. Due to its universality in eukaryotic cells, there are likely many more 

curvature-dependent proteins and cellular functions yet to be discovered. 

1.1.2 Membrane curvature generation by proteins 

Proteins can actively generate, sense, and stabilise membrane curvature 

through various domains and motifs. The currently accepted mechanisms vary from 

binding interactions to oligomerisation processes, and include both transmembrane 

and peripheral membrane proteins. Furthermore, the role of the cytoskeleton in 

supporting curvature at the microscopic level has also been recognised. In this 

section, some of the mechanisms for membrane curvature induction and 

stabilisation are described. However, it is important to note that membrane shaping 

by proteins usually takes place via a combination of several of these 

mechanisms.3,8,11,12,15 

Nanoscopic changes in curvature can be achieved through the insertion of 

shaped transmembrane (TM) proteins.15 TM proteins are integral membrane 

proteins that span an entire bilayer either once or several times via multiple TM 

domains (typically hydrophobic α-helices).1 TM proteins can have an intrinsically 

conical, or inverted conical, shape enabling them to partition into a membrane and 

use the resulting asymmetry to bend the membrane (Fig. 1.2A).20,21 The potassium 

ion channel, KvAP, is a conical TM protein abundant in highly curved membranes.22 



4 
 

Many integral membrane proteins can also oligomerise, either with themselves or 

with other proteins, constructing local protein scaffolds.23,24 

Proteins can also use small hydrophobic motifs, such as hairpins or loops, by 

inserting these into one of the membrane bilayer leaflets to act as a wedge, 

disrupting the lipid head-group packing and triggering curvature (Fig. 1.2A).25 The 

reticulons (RTNs) and DP1/Yop1p proteins contain short helical hairpins and have 

been implicated in the shaping of ER tubules.26 Caveolins, such as CAV1, also contain 

helical hairpins to support curvature at caveolae, which are plasma membrane 

invaginations.27 Both the RTNs and the caveolins can further oligomerise into 

scaffolds to have a more significant impact on curvature through their wedged 

transmembrane domains, as well as providing extra stabilisation.27,28 

Hydrophobic non-helical loops called C2 domains observed in synaptotagmin-

1 and Doc2b can also induce curvature via a wedging mechanism (Fig. 1.2A).29–31 They 

are able to generate a relatively high degree of curvature due to their vast insertion 

into lipid bilayers, and their activity can be tightly regulated as they interact with 

membranes in a Ca2+ dependent fashion.32 

Another common protein motif called an amphipathic helix (APH) can insert 

into a membrane and potentially introduce curvature (Fig. 1.2A). APHs are α-helices 

with a charged, polar face and an opposing hydrophobic face, allowing them to 

squeeze into one leaflet of a bilayer by inserting their hydrophobic residues into the 

acyl chain region. This displaces lipid headgroups and reorients the acyl chains. 

Typically, APHs are unstructured until inserted into a membrane as an α-helical 

conformation is thermodynamically more favourable once peptide bonds become 

exposed to the hydrophobic core of a membrane.33,34 To quantify whether an amino 

acid sequence is predisposed to form an APH, a simple mathematical tool35 called the 

hydrophobic moment (µ) was invented which essentially measures the hydrophobic 

asymmetry of any amino acid sequence. A large µ indicates that if the sequence folds 

into an α-helix it will be predominantly hydrophobic on one side and mainly 

hydrophilic on the other. Often, APHs are visually displayed as helical wheels; The 

amino acid sequence of interest is plotted in a rotating manner where the angle of 

rotation between sequential amino acids is 100°, so that the final representation 
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looks down a helical axis. Usually, an arrow pointing in the direction of the 

hydrophobic face represents µ. 

  

Fig. 1.2 Mechanisms employed by proteins to generate membrane curvature. (A) Proteins 
can insert hydrophobic motifs such as transmembrane (TM) domains, hairpins, C2 domains 
and amphipathic helices (APH) to generate nanoscopic curvature. (B) Protein oligomers can 
form scaffolds to sculpt membranes via direct and indirect interactions with the membrane. 
The cytoskeleton can also behave as a scaffold to support macroscopic levels of curvature. 
(C) Clustering of shaped TM proteins or peripheral proteins with intrinsically disordered 
protein (IDP) domains can lead to curvature through a molecular crowding mechanism which 
places steric pressure on the membrane. 
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As has already been briefly mentioned, nanoscopic membrane-associated 

proteins can self-assemble into larger shaped structures through oligomerisation, 

and thus induce curvature at a microscopic level.15 Examples of this include coat 

proteins such as Clathrin, coat protein complex I (COPI) and coat protein complex II 

(COPII) which generate spherical curvature by polymerising into curved structures, 

which helps stabilise the membrane during vesicle budding (Fig. 1.2B). However, they 

require adaptor proteins to link them to membranes as they cannot directly interact 

themselves. The extent to which coat proteins can deform a membrane will depend 

on the inherent rigidity of the polyhedral complex they form and subsequent 

transmission of this shape to the membrane.7,36–41 

BAR (Bin-amphiphysin-RVS) domains are banana-shaped dimers that 

preferentially bind to curved membrane surfaces due to their matching shape. All 

BAR domains are comprised of a coiled-coil core of three α-helical bundles, and 

contain positively charged residues that bind to negatively charged lipids such as PIs 

and PSs. Their large, curved surfaces and strong electrostatic interactions are 

believed to impose curvature onto membranes, which is another example of 

peripheral membrane protein scaffolding (Fig. 1.2B).42–44 Some BAR domains also 

support the formation of membrane-tubules by oligomerising via side-to-side or tip-

to-tip interactions, increasing their local concentration and rendering it more likely 

that their intrinsic shape will affect the membranes beneath (Fig. 1.2B).42 

At the microscopic scale (several microns in radius) observed in large 

intracellular organelles such as the Golgi and the endoplasmic reticulum (ER), the 

actin, intermediate filament and microtubule cytoskeleton provide support for 

membrane curvature (Fig 1.2B). Additionally, the cytoskeleton facilitates the 

curvature of the plasma membrane in structures like filopodia and lamellipodia (Fig 

1.2B), as well as the precise organisation of the plasma membrane during cell 

division, phagocytosis and in cells with specialised shapes e.g. neurons.45–47 The 

cytoskeleton sustains membrane tension by linking to the membrane at frequent 

intervals, as well as enforcing macroscopic structure by supplying an underlying 

scaffold.48 Active membrane pushing or pulling via kinesins, dynein and myosin 

likewise initiates significant membrane restructuring and provides additional support 

for the morphology of organelles like the ER and Golgi (Fig 1.2B).49 
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In addition to hydrophobic insertions and protein scaffolds, the molecular 

crowding mechanism is an effective and structure-independent mechanism for 

bending a membrane. Here, membrane associated proteins crowd together in 

suitably high densities to generate lateral steric pressure which drives membrane 

deformation.50–52 The efficiency of this method is related to the membrane tension 

and typically requires a large degree of coverage (~20%) on the membrane surface. 

Extramembrane domains of some TM proteins, e.g. receptors, may result in 

membrane curvature via a crowding mechanism as the membrane bends away from 

the side with the largest domains (Fig. 1.2C).53 This crowding effect has also been 

observed with intrinsically disordered proteins (IDP) such as epsin as it does not 

oligomerise and the replacement of its APH with an engineered tag did not impact 

membrane tubulation if the protein coverage remained constant (Fig. 1.2C).50,54 

Likewise, curvature generation has even been observed when green fluorescent 

protein (GFP) is attached to the membrane at high coverage despite displaying no 

previous tendencies to do so by other mechanisms.52 

1.1.3 Membrane curvature sensing by proteins  

Membrane curvature sensing is linked heavily to curvature induction, and some 

of the aforementioned examples of curvature-generators also display sensing 

capabilities. The predominant behaviour a protein displays appears to be driven by 

its membrane-binding affinity as well as its density on a membrane. Despite plenty 

of speculation about how proteins can generate and sense membrane curvature, the 

relationship between the two still remains unclear.12 Sensing in this context refers to 

proteins that preferentially localise or associate to highly-curved membranes, which 

helps coordinate biochemical reactions on a variety of spatial and temporal scales in 

combination with protein sorting. The full extent of cellular processes that rely on 

membrane curvature as a geometric signal is not currently known. However, the 

curvature sensitivity of proteins that possess curvature sensing functionality appears 

to be incredibly precise and their innate structural and chemical features appears to 

drive their association.55 In this section some of the mechanisms proteins utilise to 

sense membrane curvature are introduced. 
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The aforementioned BAR domains are curvature sensors, and can be adapted 

to membranes of different curvatures. Classical BAR domains sense highly positively 

curved membranes, whereas F-BAR and I-BAR domains sense shallower curvatures 

and even negative curvature in the case of the latter (Fig. 1.3A).56 BAR domains are 

encountered in proteins that readily oligomerise and deform membranes with the 

assistance of other adjacent motifs such as APHs and hydrophobic loops.56–59 There is 

currently more interest in their roles in membrane remodelling, however the BAR 

domain family is very large so it can be inferred that there may be some members 

whose sole purpose is to sense curvature.55 

BAR domain dimerization is very weak which could exacerbate their sensitivity 

to curvature as due to their inherently curved structure, there is a higher probability 

of dimerization occurring at a curved membrane (Fig. 1.3A).59 Furthermore, for 

intrinsically curved oligomers, a curved membrane could act as a template for the 

oligomer to assemble more efficiently than it would in solution. Essentially, the 

curved membrane decreases the critical concentration at which an oligomer starts to 

form (Fig. 1.3B).55 This mechanism could apply to proteins that sense all kinds of 

different curvatures such as the BAR domain proteins as well as some bacterial 

proteins that are able to sense shallow and/or negative curvatures (Fig. 1.3B).60,61 

The dynamin GTPases superfamily of proteins generate membrane curvature 

by polymerising into long, rigid spirals at the surface of a membrane. However, pre-

existing curvature is required for dynamin family members to self-assemble in this 

way, giving rise to a role in membrane scission during clathrin-mediated endocytosis 

(CME).62–67 At relatively low concentrations, dynamin will not bind or deform large 

liposomes but will assemble around thin membrane tubules pulled by optical 

tweezers suggesting it can sense curvature.68 In cells, a large fraction of dynamin 

accumulates at the neck of mature clathrin-coated buds immediately before fission.69 

These observations lead to the idea that dynamin mostly participates in the late 

stages of vesicle formation by detecting the curvature of thin tubular necks in nascent 

clathrin-coated buds (Fig. 1.3B).55 Dynamin can therefore be described as an example 

of curvature recognition by an oligomeric assembly, whose intrinsically curved 

structure facilitates a need for a highly-curved membrane surface. 
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Fig. 1.3 Mechanisms for membrane curvature sensing by proteins. (A) The structures of 
various BAR domains are adapted to different curvatures: Classical BAR domains sense high 
degrees of positive curvature; F-BAR domains sense shallow curvature; I-BAR domains sense 
negative curvature. BAR domains weakly dimerize so curved membranes may facilitate 
dimerization by lowering the critical concentration and ensuring correct orientations. (B) 
Curved membranes may facilitate oligomerisation of curved assemblies by increasing the 
probability of contact between monomers. This mechanism could apply to BAR domains, 
bacteria proteins that sense shallow negative curvature and Dynamin. Dynamin polymerises 
into rigid spirals at thin tubular necks of clathrin-coated buds. (C) Unfolded sequences can 
form amphipathic helices (APHs) at the surface of highly-curved membranes by insertion of 
their hydrophobic residues into the hydrophobic membrane core and/or electrostatic 
interactions of basic residues with anionic lipids. (D) Intrinsically disordered proteins (IDPs) 
may sense curvature by two mechanisms: As the curvature of a membrane increases, the 
steric hinderance between the IDP and the membrane decreases, increasing chain entropy. 
IDPs often have a high net negative charge so as membrane curvature increases, there is less 
repulsion between the protein and anionic lipids. 

In addition to inducing curvature, the partial insertion of an APH into a single 

leaflet of a bilayer has also been proposed as a mechanism for curvature sensing.70 

Many believe that curvature sensing by APHs is likely driven by the insertion of 

hydrophobic amino acids into lipid-packing defects as well as electrostatic 

interactions between charged residues and lipids, and that the relative strength of 

these two interactions determines whether an APH will behave as a curvature sensor 

(Fig. 1.3C). Lipid-packing defects are regions on the membrane surface where the 
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hydrophobic lipid tails are exposed to the aqueous exterior, and a higher density of 

these defects are often a direct consequence of introducing curvature to a 

membrane.71 Jensen et al. therefore proposed that the total sum of these protein-

lipid interactions explains curvature sensing and that simple physicochemical 

properties of APHs are insufficient for identifying curvature sensors.72 

Recently, it has been proposed that IDP domains also possess the ability to 

sense membrane curvature. Furthermore, proteins that contain both structured (e.g. 

BAR domains or APHs) and IDP domains appear to have enhanced curvature 

sensitivity.73 IDP domains have two key characteristics: a high degree of 

conformational entropy and a high net negative charge. Upon binding to a 

membrane, conformational entropy decreases and the electrostatic repulsion from 

anionic lipids increases, giving rise to unique curvature-sensing mechanisms. As 

curvature in a membrane increases, the steric hinderance between the IDP and the 

membrane reduces, increasing chain entropy (Fig. 1.3D). Additionally, increased 

membrane curvature also increases the average separation between anionic lipids 

and amino acids, establishing a preference for curved membranes based on 

electrostatics (Fig. 1.3D). Zeno et al. demonstrated that longer disordered chains 

with a more neutral net charge operated via the entropic mechanism, whereas 

shorter, highly charged sequences relied mainly on the electrostatic mechanism.74 

1.1.4 Amphipathic helices and membrane curvature- inducers or sensors? 

Recently, there has been some debate as to what extent APH insertion can 

generate large curvature in a cellular context.12,55,70 Current opinion is that curvature 

induction and sensing are inherently linked and that the majority of curvature-

inducing proteins can also sense curvature, and vice versa.11,18 Proteins that insert 

APHs or other hydrophobic segments to induce curvature tend to be found in higher 

densities at highly curved membranes suggesting curvature sensing is at play as well. 

In cases of membrane remodeling, scaffolding mechanisms are also typically 

employed alongside hydrophobic insertion so the relative contribution of APHs to 

curvature induction remains ambiguous.12,70 Furthermore, proteins that genuinely 

sense curvature can appear to induce curvature when overexpressed in a cell or used 

at high concentrations with artificial liposomes.55 A more careful consideration of the 
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protein concentrations in both in vivo and in vitro studies are therefore needed to 

capture the real activity of an APH at a lipid membrane. In this section, various 

membrane-associating APHs are discussed in terms of their chemistry and behaviour 

at curved membranes. 

A curvature-inducing APH has reportedly been identified in the ENTH domain 

of epsin, one of the many proteins involved in CME.75,76 This APH, referred to as helix 

0 (H0), inserts/folds when the ENTH domain specifically binds to phosphatidylinositol 

4, 5-biphosphate (PIP2) in membranes, and is shown in Fig. 1.4A. Disrupting the 

amphipathicity of H0 appears to eliminate membrane tubulation leading to the 

hypothesis that H0 generates curvature.75 Likewise, it has also been proposed that 

H0 plays a role in promoting oligomerisation of the ENTH domain.12 However, 

membrane tubulation caused by H0 insertion has recently been put into question 

due to claims that the ENTH domain may induce curvature via a molecular crowding 

mechanism instead.12,50 Kweon et al. previously suggested that H0 functions as a 

sensor for membranes enriched in PIP2 and that the subsequent membrane 

association of epsin initiates generation of highly curved endocytic vesicles.77 

Furthermore, there are questions surrounding the precise role of the APHs in 

endophilin and amphiphysin. Both of these are N-BAR proteins and thus contain a 

BAR domain, which is preceded by an N-terminal APH, also called H0 (Fig. 1.4B and 

1.4C). Again, mutational deletions within these H0 helices inhibited membrane 

tubulation, leading to the suggestion that H0 insertion can induce curvature by itself 

if present at the membrane at high enough concentrations.78,79 However, BAR 

domains themselves contain a hydrophobic ridge protruding from the membrane 

binding interface that can also wedge into the outer leaflet of the membrane and 

disruption of this fragment also reduced the curvature-inducing ability of endophilin, 

even though H0 remained intact.59 As previously mentioned, BAR domains 

homodimerize and are believed to act as a scaffold which induces curvature.59 The 

relative contributions of the BAR domain scaffold and the insertion of the H0 helix in 

membrane remodeling remains a controversial topic. The molecular crowding 

mechanism has also been suggested as a possible curvature generation mechanism 

in N-BAR proteins, although it has since been demonstrated that endophilin can 

induce curvature at low protein coverage, rendering any contributions from the 
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crowding mechanism negligible.50,80 Chen et al. demonstrated experimentally that 

the endophilin H0 localises the protein to the membrane, but does not significantly 

contribute to the curvature generation suggesting it behaves as a curvature sensor 

and that the BAR dimer scaffolding is more important for generating curvature. 

Although the BAR domain alone is also sufficient for curvature-sensing, H0 appears 

to be essential for specifically directing endophilin to the high-curvature neck area of 

clathrin-coated pits.77 H0 in N-BAR proteins may also play a role in increasing the 

membrane-binding affinity of the protein and enhancing the curvature generated by 

scaffolding.81,82 

When in the activated GTP-bound state, small G proteins Arf1 and Sar1 insert 

N-terminal APHs into the membrane to induce curvature and initiate the formation 

of the COPI/COPII cages.83–85 These proteins drive the recruitment of protein coats 

and cargo molecules, and due to their high density during this process, the APHs are 

believed to contribute to curvature generation in combination with the coat 

structure and the protein crowding mechanism.83,85–91 The Sar1 APH may also assist 

in membrane scission of COPII vesicles. Mutating bulky hydrophobic residues in the 

Sar1 APH (Fig. 1.4D) to small alanines resulted in a loss of curvature generation 

irrespective of the normal recruitment of coat proteins and cargo, emphasizing its 

importance.77 Unlike curvature sensing APHs, however, the Afr1 APH (Fig. 1.4E) can 

bind to flat membranes and on a sufficient time-scale to promote coat 

polymerisation.83,92 Although in the case of Sar1 the APH does bind more avidly to 

highly-curved membranes suggesting it can also sense curvature.86 
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Fig. 1.4 Helical projections of APHs from: (A) H. sapiens Epsin1 (M1-Y17); (B) R. norvegicus 
endophilin A1 (S2-V21); (C) H. sapiens Bin1 (G8-L33); (D) H. sapiens Arf1 (M1-M18); (E) S. 
cerevisiae Sar1 (M1-K23); and (F) the A. mellifera antimicrobial peptide, melittin. 
Hydrophobic residues are shown in green, uncharged/polar residues in purple, basic residues 
in blue, acidic residues in red, and other residues in orange. 
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Drin and Antonny commented that the APHs in epsin1 (Fig. 1.4A), endophilin 

(Fig. 1.4B), bin1/amphiphysinII (Fig. 1.4C), Sar1 (Fig. 1.4D) and Arf1 (Fig. 1.4E) 

emulate antimicrobial peptides (AMPs) such as melittin (Fig. 1.4F), due to their small 

size (~25 residues long) and the presence of basic residues in their polar faces.70 This 

could explain why at high protein concentrations, the APHs in endophilin and 

amphiphysin appear to induce liposome fusion as well as membrane tubulation.82,93 

At comparably high concentrations, cationic AMPs have a detrimental effect on 

membranes.94 It is therefore essential that the membrane density and orientation of 

these strikingly similar APHs is tightly regulated. For Arf1 and Sar1, there is a 

GTP/GDP switch that controls association of the N-terminal APH with the membrane, 

whereas the APH in epsin only folds if PIP2 is present on the membrane surface.70 

The most widely-known example of a curvature sensing APH was discovered 

in the Golgi-associated protein, ArfGAP1, which contains an unusual amphipathic α-

helical region capable of sensing membrane curvature, labelled the amphipathic lipid 

packing sensor (ALPS) motif (Fig. 1.5A).95,96 ArfGAP1 is believed to be involved in COPI 

coat disassembly after it was observed that it initiates rapid dissociation of Arf1 and 

coatomer (key components of the COPI coat) from liposomes of 70-80 nm in 

diameter. Interestingly, this process occurred 40-100 times slower with 300 nm 

diameter liposomes, verifying that curvature is at play.97 Drin et al. later determined 

that the ALPS motif was behind the curvature sensing behaviour of ArfGAP1 and its 

yeast homologue Gcsp1. They experimentally demonstrated that in solution the ALPS 

motif was unstructured, but when small liposomes were introduced it readily folded 

into an α-helix (Fig. 1.3C). Their results showed that this activity was insensitive to 

membrane charge and only occured with liposomes that displayed high membrane 

curvature (i.e. diameter <100 nm) or contained conical lipids.95 They concluded that 

the hydrophobic face of the ALPS motif must specifically recognize lipid packing 

defects due to a reduction in ArfGAP1 adsorption, activity and Golgi-membrane 

localisation when alanine replaced large hydrophobic residues within the 

hydrophobic face of the motif (Fig. 1.5A).95,98 

Drin et al. suggested that at first it seems intuitive to suggest that any APH 

should be able to sense membrane curvature in this manner as lipid packing defects 

expedite insertion of hydrophobic residues. However, membrane adsorption of APHs 
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usually depends on electrostatic interactions as well as the hydrophobic effect. Drin 

et al. noted that because the polar face of the ALPS motif contains mainly polar 

uncharged residues, such as serines and threonines, a lack of electrostatic 

interactions between the ALPS motif and a membrane is what causes its membrane-

curvature sensing ability since it solely relies on the hydrophobic effect for 

association. Indeed, introducing positively charged lysines to the polar face of the 

ALPS motif abolished the curvature sensing ability of ArfGAP1 as it bound to 

negatively-charged liposomes regardless of their size. Likewise, even when four 

glutamates were added to this mutant to achieve a net charge of zero, which is the 

same as the native ALPS motif, membrane curvature sensing was lost.96 

APHs with similar physicochemical properties to the ArfGAP1 ALPS motif and 

the ability to sense curvature have also been discovered in the Golgin GMAP-210 (Fig. 

1.5B), the sterol transporter Kes1p and the nucleoporin Nup133. These proteins were 

selected for further analysis using an algorithm that screened protein databases for 

sequences with the potential to form an APH rich in serines and threonines on the 

polar face like the ArfGAP1 ALPS motif. Although the exact primary sequences 

differed, the curvature sensitivity was the same which is suggestive of a general 

mechanism for curvature sensing by APHs abundant in serines and threonines (Fig. 

1.5A and 1.5B).96 
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Fig. 1.5 Helical projections of APHs from: (A) R. norvegicus ArfGAP1 (F199-S223); (B) H. 
sapiens GMAP-210 (M1-L38); (C) H. sapiens α-synuclein (S9-V52); (D) B. subtilis SpoVM; (E) 
B. subtilis DivIVA (E24-R41)); and P. chrysogenum Pex11 (T66-A83) (F) Hydrophobic residues 
are shown in green, uncharged/polar residues in purple, basic residues in blue, acidic 
residues in red, and other residues in orange. 
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Another well-known example of a curvature sensing APH is α-synuclein. α-

Synuclein is an intrinsically disordered cytosolic protein, abundant in the brain, that 

contains an unusually long N-terminal APH (Fig. 1.5C) that preferentially folds and 

binds to highly-curved anionic membranes of ~45 nm, the size of a synaptic vesicle.72 

α-Synuclein’s APH is comprised of seven imperfect repeats of 11 residues. This region 

can form two different conformations depending on the curvature of the 

membrane.99 At relatively flat membranes, an uninterrupted 93 residue α-helix 

forms,100 whereas at highly-curved membranes, the N-term folds into two antiparallel 

α-helices with a break at positions 44-45.101 Similar to other APH containing proteins, 

it has also been demonstrated that it can induce curvature at high 

concentrations.102,103 The exact physiological function of α-synuclein is currently 

unknown but Westphal and Chandra have suggested that synucleins facilitate 

membrane curvature generation via the asymmetric insertion of their APHs during 

synaptic vesicle exo- and endocytosis.104 Its localisation to synaptic vesicles and its 

effect on synaptic transmission also suggest that its ability to sense curvature is 

physiologically significant.70 

Despite both possessing the ability to sense membrane curvature, the ALPS 

motif and α-synuclein form very different APHs with contrasting chemical properties. 

α-Synuclein has a weak hydrophobic face containing small apolar residues (Fig. 1.5C), 

unlike the ALPS motif which contains several bulky hydrophobic residues (Fig. 1.5A 

and 1.5B). α-Synuclein also contains an almost perfectly symmetrical distribution of 

positively charged amino acids at its edges and a collection of glutamates in the 

centre of its polar face, whereas the ALPS motif lacks charged residues here.70 Pranke 

et al. sought to expose the mechanism behind α-synuclein’s ability to sense 

membrane curvature, and demonstrated that the differences between the ALPS 

motif and the α-synuclein APH meant that they specifically target different kinds of 

vesicles in cells. The authors commented that although these two APHs differ in 

terms of their physico-chemical properties, they both appear to be unbalanced i.e. 

one of the faces is less well-defined than that of a characteristic APH, and it is due to 

this weakness that membrane curvature is a requirement for binding. To test this 

theory, Pranke and co-workers decided to enhance the hydrophobicity of α-

synuclein’s hydrophobic face. As expected, this resulted in a loss of membrane 
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curvature sensing activity as the mutant was able to bind to liposomes of all sizes, as 

monitored via a binding assay using an NBD fluorescence probe.105 

Various bacterial proteins such as SpoVM and DivIVA also use APHs for 

subcellular localisation, which implies that curvature-sensing is a very old 

mechanism.60,106 The APH in the bacteria SpoVM appears to sense much smaller 

curvatures than some of the other curvature sensing APHs discussed thus far. SpoVM 

will bind to vesicles of 1 µM in diameter but not to vesicles of 30 µM. Although it has 

a very similar hydrophobicity and µ (hydrophobic moment) to the ALPS motif, this 

APH contains six positively-charged lysines in its polar face and a central proline 

residue that is necessary for its curvature sensing abilities (Fig. 1.5D).60 In the AMP 

melittin, a central proline is necessary for its lytic activity and creates a kink in the 

helix with a distortion angle of 40-50° (Fig. 1.4F).107 Drin and Antonny suggested that 

a similar distortion could be occurring in SpoVM, which is behind its curvature 

sensitivity.70 DivIVA, a protein involved in bacterial division, recognizes negative 

curvature present in bacteria cell poles. Although it contains an APH (Fig. 1.5E), it 

appears that the negative curvature sensitivity depends on the proteins ability to 

form clusters whose cooperative binding favours negative curvature, but the APH is 

a required feature for membrane binding.106 

Finally, APHs are also found adjacent to transmembrane domains, positioning 

these helices close to the surface of a membrane. Pex11, a conserved peroxisomal 

protein, induces tubulation in peroxisomal membranes via oligomerisation and 

insertion of an APH with a strong hydrophobic face and a polar face rich in basic 

residues (Fig. 1.5F).108,109 The large GTPase, atlastin, contains a C-terminal APH in 

addition to an N-terminal GTPase domain followed by two transmembrane regions. 

The APH facilitates ER membrane fusion and consists of a hydrophobic face rich in 

aromatic amino acids and a polar face containing an equal number of basic and acidic 

residues, resulting in a high µ. Membrane fusion also occured when the APH was 

isolated but at a concentration 50 times higher than that of the wild type protein.110  
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1.1.5 Strategies for designing curvature sensing amphipathic peptides for 

applications in biotechnology 

As well as a better understanding of the mechanisms behind membrane 

curvature sensing and elucidating the vital roles this activity plays in various cellular 

processes, another area of interest is to comandeer some of these mechanisms for 

applications in diagnostics, drug delivery and the develpoment of antimicrobial 

agents. The aim is to one day be able to specifically target a biological membrane 

based on its morphology alongside pursuing the many proteins and receptors 

embedded within the membrane. Peptides represent an appealing candidate for 

these kinds of applications as they are relatively small, easy to modify, relatively 

stable and can be synthesized on a large-scale. In this section, interesting features 

from naturally occuring curvature sensing APHs are discussed that might prove useful 

in the future design of amphipathic peptides with curvature sensing functionality. 

Finally, the findings from previous attempts to engineer curvature sensing peptides 

are described. 

Based on the opposing chemistry of α-synuclein and the APLS motif (Fig. 1.5 

A, 1.5B and 1.5C), Drin and Antonny suggested that one way to discover new 

curvature sensing APHs would be to unbalance the hydrophobic and polar faces, and 

predicted that an APH with a strong hydrophobic face and a negatively charged polar 

face may be able to sense curvature.70 The exact curvature response may also be 

shifted depending on the number of curvature sensing repeats present in a protein. 

This hypothesis is based on the observation that many ALPS-containing proteins 

include two ALPS motifs within their sequences.105,111 

Natural APHs that sense curvature also appear to be specifically tuned to the 

lipid compositions of the membranes they act upon, suggesting the possibility of 

producing peptides with lipid composition specificity as well as curvature 

sensitivity.70 For example, the APHs in endophilin and amphiphysin are highly basic, 

enabling them to target the cytoplasmic leaflet of the plasma membrane (PM), which 

is rich in negatively charged lipids. These APHs also contain very shallow hydrophobic 

faces which allows them to interact with the tightly-packed PM and prevents 

interactions with comparatively more neutral membranes (Fig. 1.4B and 1.4C).81 
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Conversely, the APHs in Sar1 and Arf1 are much more hydrophobic and have a more 

neutral overall net charge, making them more appropriate for interactions with Golgi 

and ER membranes, which contain very little negative charge and looser packing (Fig. 

1.4D and 1.4E).112 Furthermore, the ALPS motif displays a preference for conical lipids 

as these likely give rise to a higher density of lipid packing defects.97,113 ALPS motifs 

are typically found in proteins that are active during the early secretory pathway so 

their chemistry is likely adapted to detecting changes in membranes during the 

processes that occur here (Fig. 1.5A and 1.5B).96 

So far there have been only three concerted efforts to design curvature 

sensing peptides and all three began with sequences derived from native proteins 

that sense curvature. Another commonality between these studies is that all three 

peptides were intended to detect curved structures by delivering attached 

fluorophores.114,115 

Kawano et al. sought to design short (< 25 amino acids) curvature sensing 

peptides to help visualise membrane curvature generation in cell membranes via real 

time imaging techniques. They chose to focus on APHs within BAR domain proteins 

due to the large size of the family and their abilities to recognise various degrees of 

curvature. After screeening 11 candidates, they identified a peptide derived from the 

APH in sorting nexin1 (SNX1) as the most sensitive to curvature, as well as displaying 

a preference for negatively charged membranes (Fig. 1.6A). By studying the effect of 

mutations, they observed a direct correlation between the α-helicity and the lipid-

binding cabilities of their APH peptide and subsequently developed a 23-mer 

derivative (named FAAV) with a higher hydrophobicity that exhibited stronger vesicle 

binding and increased α-helicity (Fig. 1.6A). Although the authors acknowledged that 

this did not improve the curvature sensitivity per se.114 
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Fig. 1.6 Membrane associated structures/amino acid compositions of three curvature 
sensing peptides. Each peptide was conjugated to an environment sensitive fluorophore, 
which emit stronger fluorescence when the peptide bound to highly curved vesicles. (A) In 
solution the SNX1 (left) and FAAV (middle) curvature sensing peptides adopted random coil 
configurations. In the presence of highly curved vesicles and labelled with 4-Fluoro-7-
nitrobenzofurazan (NBD-F), however, the peptides folded into APHs. Hydrophobic residues 
inserted into lipid packing defects and positively charged lysines interacted with negatively 
charged PS (red lipids) in the vesicles. (B) The MARCKS-ED peptide, labelled with 4-chloro-7-
nitrobenzo-2-oxa-1,3-diazole (NBD), remained unfolded upon membrane-binding. 
Membrane-binding of this peptide was facilitated by strong electrostatic interactions 
between basic residues and PS, and the insertion of five phenylalanine residues. (C) ApoC 
conjugated to Nile red (NR) dye also folded into an APH in the presence of highly curved 
membranes, and relied solely on recognition of lipid packing defects for membrane 
association. For the peptides which fold into APHs, helical wheel representations are used to 
show the amino acid distribution along the helix with an arrow pointing in the direction of 
the hydrophobic face, representing the hydrophobic moment (µ). Hydrophobic residues are 
shown in green, uncharged/polar residues in purple, basic residues in blue, acidic residues in 
red, and other residues in orange. The single letters X and B represent non-proteinogenic 
amino acids norleucine and 2-aminoisobutyric acid, respectively. 
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Morton et al. reported that a 25-mer peptide originating from the effector 

domain of the myristoylated alanine-rich C-kinase substrate (MARCKS-ED) 

simultaneously sensed high curvature and PS lipids via the hydrophobic insertion of 

five phenylalanines into lipid packing defects and electrostatic interactions between 

the negatively-charged PS and positively-charged residues in the peptide (Fig. 1.6B). 

Unlike the previous example, however, the MARCKS-ED peptide did not display any 

defined secondary structure, even in the presence of vesicles, and the exact order of 

amino acids within the sequence was critical for its curvature sensing abilities. The 

authors concluded that based on their results the MARCKS-ED peptide could be used 

to probe important biological events involving exosomes, such as shedding and 

apoptosis, as these are both highly curved (30-100 nm in diameter) and tend to be 

rich in PS.115 

More recently, Sato et al. demonstrated that an APH peptide (named ApoC-

NR) derived from the C-term of apolipoprotein A-I and labeled with the fluorophore 

Nile red (NR), selectively binds to exosome-sized vesicles (Fig. 1.6C). The authors 

suggest that use of ApoC-NR offers many advantages over other methods for 

detecting exosomes such as immunoassays, as it is quick, simple and independent of 

cell-type allowing direct comparisons between exosomes of different cells. 

Immunoassays like the enzyme-linked immunoabsorbent assay are time-consuming 

and depend heavily on the expression level of protein markers on the surface of 

exosomes, which can differ greatly between different types of cells. In contrast, 

curvature appears to be a universal feature shared by all exosomes. Likewise, Sato et 

al. directly compared their peptide with the MARCKS-ED peptide and noted that the 

membrane curvature sensitivity of ApoC-NR was superior, even when the fluorescent 

probe was changed to the same dye used in the MARCKS-ED studies. They 

hypothesize that ApoC-NR is more curvature-selective as it does not depend on the 

lipid composition, whereas binding of MARCKS-ED primarily relies on electrostatic 

interactions with PS and not on membrane curvature (Fig. 1.6B and 1.6C). Instead, 

ApoC-NR recognises lipid packing defects and can be used to detect exosomes with 

smaller PS content such as those from reticulocytes and adipocytes.116 
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To summarise, membrane curvature is an important feature of biological lipid 

membranes, which function as more than just a barrier for cells and their intracellular 

compartments. Whilst the extent to which a membrane can be deformed is limited 

by the specific lipid composition, various proteins work in synergy by deploying 

different mechanisms in order to achieve the complicated architecture that 

epitomise subcellular organelles and transport intrermediates. The ability to 

recognise different degrees of curvature allows proteins to precisely localise and 

perform their membrane-associated functions at the right time, as well as provide 

feedback that the correct curvature has been attained. Amphipathic helices are a 

commonly-found feature in these proteins, and can both sense and induce curvature 

depending on their density on the membrane. The vast number of combinations of 

amino acids with the propensity to form APHs implies that there are more of these 

yet to be discovered and developing peptides with distinct curvature recognition 

abilities may also be possible. 
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1.2 The Reticulons 

1.2.1 Structure and functions of reticulons 

The reticulons are a large family of integral membrane proteins; 

predominantly located within ER membranes where they play a role in membrane 

dynamics.117 They are highly conserved across almost all eukaryotes and appear to 

have different expression levels across a wide variety of cells. Members of this family 

in vertebrates are called reticulons (RTNs), whereas in other eukaryotic organisms 

they are known as reticulon-like proteins (RTNLs).118 At this time, only 4 RTN genes in 

mammals, 21 in Arabidopsis thaliana and 17 in Oryza sativa have been fully-

verified.119,120 The reticulons first became of interest when RTN4A in humans was 

identified as an inhibitor of axonal regeneration.121 Since then, RTNs have been 

implicated in neurodegenerative diseases,122 autophagy123 and apoptosis 

regulation,124 however, their primary function involves shaping the ER membrane 

into highly-curved tubules.125 

The ER is a large, intricate, and highly dynamic organelle located within the 

cytoplasm of eukaryotic cells, with a distinctive morphology that undergoes constant 

remodelling. The ER is a major site for the synthesis and transport of biomolecules 

such as proteins and lipids. It is also involved in calcium signalling and storage, and is 

known to interact with other organelles including mitochondria and the Golgi. The 

ER membrane encompasses a continuous network of cylindrical tubules (Fig. 1.7A) 

and flat sheets (also called cisternae), and includes the nuclear envelope. Integral 

membrane proteins, such as the RTNs, maintain both the shape and distribution of 

these ER domains, which each perform very specialised functions within the cell.126 

In multiple organisms, depletion of RTNs significantly disrupts the formation of ER 

tubules and likewise, overexpression increases ER tubulation, suggesting a general 

requirement for these proteins in cells.117,127,128 
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Fig. 1.7 (A) Endoplasmic reticulum (ER) tubules are long cylindrical structures displaying high 
membrane curvature that form an interlinked network with three-way junctions, as shown 
in purple in the schematic on the left. Integral membrane proteins such as the reticulons 
(RTNs) remodel the ER into tubules by wedging of their transmembrane regions and forming 
low mobility arc-shaped oligomers (shown in turquoise). The schematic on the right shows a 
cross-section of an ER tubule being bent by RTN oligomers. (B) Proposed topology for 
members of the RTN family of proteins. Previous structural studies imply that RTNs form a 
‘W’ in the membrane of two helical hairpins, with the soluble N- and C- termini, as well as 
the central loop, contained in the cytoplasm. 

RTN proteins range in length from 200 to 1200 amino acids, and all contain a 

highly conserved transmembrane region termed the reticulon homology domain 

(RHD) believed to be responsible for generating and stabilising membrane curvature. 

The RHD consists of two hydrophobic regions of approximately 28-36 residues, either 

side of a 66-residue hydrophilic loop.119,129,130 The N-terminal domain can vary 

considerably in length between different RTN isoforms and contains no sequence 
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homology, likely giving rise to distinct biological functions and partnerships with 

other proteins.118,130 The RHD has also been found in the DP1 (deleted in polyposis) 

family which includes Yop1p in yeast and human REEPs (receptor expression-

enhancing proteins).28 More recently, RHDs have been found in proteins not 

belonging to any of these families, namely ATG40 in yeast and FAM134B in 

mammals.131,132 

Although the 3D structure of the RHD has yet to be resolved, likely due to 

issues with insufficient yield for structural studies,133 the most widely accepted 

proposal is a ‘W’-like topology of two pairs of transmembrane hairpins, with the 

central loop and the N- and C-termini located in the cytoplasm (Fig. 1.7B). These 

hairpins form wedges in the membrane and, together with reticulon oligomerisation, 

lead to curvature in the membrane (Fig. 1.7A).28,117,127,134 This mechanism appears to 

depend on both the topology and the unusual length of the TM regions, as either 

decreasing or increasing the TM domain length leads to a loss in formation of tubules, 

as well as the capacity to oligomerise and localise to regions of high-curvature.26,127,134 

To date, the few high-resolution structural studies that have been performed 

have largely focussed on the soluble loops and N- and C- termini of human RTN1-C, 

RTN3 and RTN4.135–138 So far, there have only been two high-resolution structural 

studies reported for the entire RHD which were for human RTN1-C and Yop1p from 

the yeast, Saccharomyces cerevisiae. Both studies confirmed that the RHDs 

oligomerize and that they contain a substantial amount of α–helical content.139,140 A 

high-resolution tertiary structure of a RHD-containing protein still remains a very 

sought-after goal in order to gain a better understanding of how RTNs, and related 

proteins, are able to generate and stabilise membrane curvature. 

A. thaliana contains 21 RTNLB (reticulon-like protein subfamily B) isoforms in 

its genome, however, very few of these have been studied experimentally and it is 

still unclear why the family has expanded so much more in higher plants than in 

mammals.120,127 Although some isoforms do appear to have overlapping roles in ER 

tubulation, variation in expression amongst different tissues has been detected, e.g. 

RTNLB13 is much more abundant in seeds, indicating there may be cell and tissue 

specific functions for these numerous isoforms.118 
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The plant ER membrane has been shown to play multiple roles in protein 

trafficking and pathogen response.141–143 Likewise, RTNLB1, 2 and 4 have all been 

identified as protein partners for the Agrobacterial pilin protein, VirB2. Additionally, 

a direct correlation between the expression level of RTNLB1 and the plants 

susceptibility to Agrobacterium tumefaciens infection has also been exposed.144 In a 

more recent study, it was demonstrated that RTNLB3 and 8 also interact with VirB2, 

and that their overexpression leaves a plant more at risk of infection by A. 

tumefaciens as well.145 

Furthermore, RTNLB3 and 6 have been identified as plasmodesmata-localised 

proteins via proteomics, and they both appear in primary plasmodesmata at 

cytokinesis, indicating that they may be involved in the formation of the 

desmotubule, the axial structure that crosses primary plasmodesmata, by tubulating 

cortical ER membranes.146,147 RTNLB3 and 6 also exhibit specific protein-protein 

interactions with themselves, each other, various plasmodesmata proteins and other 

proteins that have previously been identified as targets for viral movement 

proteins.146 

Five of the A. thaliana reticulons, however, have a significantly longer N-

terminal domain and may not be involved in generating curvature in the ER at all. 

Indeed, Kriechbaumer et al. demonstrated that RTNLB19 and 20 do not alter the ER 

morphology when overexpressed but do play an enzymatic role in sterol biosynthesis 

owing to their extended N-terminal regions. The authors also hypothesized that the 

extended N-termini in RTNLB17, 18 and 21 may facilitate other protein-protein 

interactions not yet determined as these do not contain the conserved 3BETAHSD/D 

domain like RTNLB19 and 20, which gives rise to their putative role in sterol 

regulation. Therefore, the role of the RHD in these isoforms may be to simply tether 

them to the ER to perform other functions.148 

RTNLB13 is one of the smallest and most studied A. thaliana isoforms (206 

amino acids), consisting almost entirely of a single RHD with short N- and C-terminal 

regions (Fig. 1.8). When overexpressed in vivo, it has displayed the capacity to 

transform ER cisternae into tubules, cementing its role in membrane curvature 

generation.134,149 RTNLB13 therefore represents a minimal functional RTN and is a 
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useful model for studies on RTN structural motifs and their impact on membrane 

morphology. 

Sparkes et al. later demonstrated that the more ubiquitous isoforms, RTNLB1-

4, also localise to the ER membrane where they constrict ER tubules. Topology 

analysis using three different methods predicted that RTNLB1-4 and 13 all share the 

‘W’-like TM structure with the central loop between TM domains 2 and 3, as well as 

the N- and C-termini, in the cytosol (Fig. 1.7B and 1.8). Sparkes et al. also showed 

that whilst the entire RHD is needed for these proteins to localise to high curvature 

ER membranes and constrict ER tubules, it is not required for homo-oligomerisation 

to occur as truncated constructs could still form low-mobility oligomers.127 However, 

a previous study from the same group did reveal that the precise length of the TM 

domains is important for both oligomerisation and ER tubulation functionality.134 

     
Fig. 1.8 Predicted topology of RTNLB13 from Arabidopsis thaliana based on previous NMR, 
CD and sequence analyses, exhibiting the ‘W’ shape as well as the location of a putative 
amphipathic helix (APH), C-terminal to the transmembrane domains, TM1-4. Schematic 
underneath shows which residues in the sequence are predicted to lie in each 
region.127,133,134,150 
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1.2.2 Experimental evidence that the RTN/DP1 family contain a C-terminal APH 

that is essential for generating highly curved ER tubules 

Recently, RTNLB13 from A. thaliana was shown to contain an amphipathic 

helix (APH) immediately C-term to the RHD that is necessary for the proteins ability 

to constrict ER tubules when overexpressed.150 Prior to this, Brady et al. had identified 

a C-terminal APH in Yop1p from S. cerevisiae, a RHD containing protein of the DP1 

family. This APH is located close to the fourth TM domain in a region highly 

conserved throughout the RTN and DP1 families. When reconstituted into polar 

lipids in vitro, the full-length Yop1p was able to induce curvature, but a 

truncated mutant not containing the predicted APH was unable to do so, 

highlighting the significance of this APH for the proteins function.139 

To test for the presence of an APH in RTNLB13, the amino acid sequence was 

analysed for regions with a high µ. Such a region was identified between residues 

E160-K175 and is represented by a helical wheel in Fig 1.9A (top panel). Like the APH 

in Yop1p, this region is immediately C-terminal to the fourth TM domain (Fig. 1.8), 

and the amphipathicity of this region is also highly conserved across other RTN 

isoforms.139,150 

Circular dichroism (CD) spectroscopy was then used to investigate the 

secondary structure of the putative RTNLB13 APH when isolated as a 16-residue 

peptide. In aqueous buffer, the peptide was readily soluble and assumed a random 

coil configuration as shown by the negative band just before 200 nm in Fig 1.9B 

(dashed line). Increasing concentrations of the zwitterionic detergent n-

dodecyclphosphocholine (DPC) were titrated into buffer-solubilised peptide, 

resulting in a transition to an α-helical conformation as evidenced by the emergence 

of negative maxima at 208 and 222 nm in the corresponding CD spectra, which are 

characteristic of α-helices (Fig. 1.9B). These results suggest that this region of 

RTNLB13 folds into an APH in the presence of PC model membranes, in this case DPC 

micelles.150 
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Fig. 1.9 (A) Helical wheel representation of the predicted APH (E160-K175) in RTNLB13, and 
the I165K mutant. Arrow symbolizes the hydrophobic moment, µ, and points in the direction 
of the hydrophobic face. Hydrophobic residues are shown in green, uncharged/polar 
residues in purple, basic residues in blue, acidic residues in red, and other residues in orange. 
(B) The APH region in RTNLB13 isolated as a 16-mer peptide folds into an α-helix in the 
presence of detergent micelles. CD spectra of the peptide dissolved in 25 mM sodium 
phosphate buffer (pH 7.0, dashed line), as well as increasing concentrations of DPC micelles. 
A maximum helical content of 31% was attained (estimated by fitting the data in Dichroweb). 
(C) The APH in RTNLB13 is necessary for constriction of ER tubules. N. benthamiana leaf cells 
were coinfiltrated with A. tumefaciens carrying plasmids encoding the indicated constructs. 
Cells were imaged with a Zeiss Airyscan detector (left) and subjected to ER network analysis 
(right). (D) Graph showing a comparison between the average ER tubule width and 
constrictions resulting from the expression of full-length YFP-RTNLB13 or the APH mutants. 
Asterisks indicate significant differences (Student t test; P < 0.001). Panels B, C and D 
reproduced from.150 
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To assess whether the predicted APH was a requirement for remodelling ER 

membranes, full-length RTNLB13 as well as three different mutants were 

overexpressed in vivo. These included a C-terminal truncation where residues 160-

206 were deleted (Δ160-206), a mutant only missing the predicted APH region 

(ΔAPH) and a construct with the amphipathicity of the APH disrupted by replacing an 

isoleucine in the centre of the hydrophobic face with a charged lysine (I165K, Fig. 

1.9A, bottom panel). The ER lumen, labelled with GFP-HDEL, was imaged using an 

Airyscan detector of a Zeiss LSM 880 confocal microscope, to estimate the width of 

ER tubules both with and without the presence of full-length or mutated YFP-

RTNLB13. Representative images of each condition, including a control with no 

RTNLB13 (native or mutant), are shown in Fig. 1.9C, as well as a plot comparing the 

average ER tubule width and the mean width of ER constriction sites for each 

condition. In the presence of full-length RTNLB13, the ER tubules were significantly 

thinner than in unperturbed ER (GFP-HDEL alone). However, the mean width of the 

ER tubules in the presence of the APH mutants was not significantly different to the 

unperturbed ER.150 

A tubule constriction phenotype analysis was also performed by 

overexpressing the full-length and mutated versions of YFP-RTNLB13 in Nicotiana 

benthamiana epidermal cells with the same ER luminal marker, GFP-HDEL. 

Constrictions in the ER displace GFP-HDEL to punctate regions of the ER leading to a 

significant reduction in the colocalization of GFP-HDEL and YFP-RTNLB13, as was the 

case with the full-length protein. Whilst the native RTNLB13 and the APH mutants all 

localised to the ER correctly, the luminal marker did colocalise with all three APH 

mutants indicating that the ER constriction phenotype had been eliminated (Fig. 

1.10A-B). Taken together, these results indicate that deleting the APH or disrupting 

its hydrophobic face with a single mutation impairs RTNLB13’s membrane shaping 

ability in vivo.150 
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Fig. 1.10 (A) Representative confocal images of N. benthamiana leaves, after the epidermal 
cells were co-infiltrated with A. tumefaciens carrying plasmids encoding the specified 
constructs, and the soluble ER marker, GFP-HDEL. (B) Average Pearson’s correlation 
coefficients (PCCs) of cells co-expressing GFP-HDEL and full-length YFP-RTNLB13 or APH 
mutants. A PCC of +1 implies perfect colocalization, 0 implies no colocalization, and −1 
implies negative colocalization. Asterisks denote a significant difference between full-length 
RTNLB13 and the particular APH mutant (Student t test; P < 0.001). (C) Isolated microsomal 
membranes from infiltrated N. benthamiana leaves expressing the specified constructs were 
solubilized in 1% digitonin, and separated on sucrose sedimentation velocity gradients. 
Gradient fractions were analysed by SDS-PAGE, and immunoblotted with anti-GFP 
antiserum. Molecular weight markers (kDa) are indicated at the top and on the left. All panels 
taken from.150  

The importance of the APH for homo-oligomerisation of RTNLB13 was also 

investigated as this had previously been shown to be important for inducing 

curvature in ER membranes.134 The APH mutants were analysed for their ability to 

form homo-oligomers and/or interact with native RTNLB13 using several different 

techniques. Microsomes isolated from infiltrated N. benthamiana leaves expressing 

wild type RTNLB13 and the three APH mutants were solubilized in 1% digitonin and 

separated by sucrose sedimentation velocity gradients. Gradient fractions were then 

resolved by SDS-PAGE, and the gels were subjected to immunoblotting with anti-GFP 

antiserum before comparison of the constructs to known molecular weight marker 
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proteins (Fig. 1.10C). Both the full-length YFP-RTNLB13 and the APH mutants formed 

high-molecular weight oligomers with similar sedimentation properties. A maximum 

molecular mass of ~200-250 kDa was observed, which is indicative of complexes 

comprised of four or five monomers and is analogous to yeast and mammalian RTNs. 

Fluorescence recovery after photobleaching analysis also suggested that RTNLB13 

and the mutants form homo-oligomers. Similarly, Förster resonance energy transfer 

measured directly by fluorescence lifetime imaging analysis revealed that removal of 

the APH or disruption of its hydrophobic face did not affect homo-oligomerisation or 

interactions of the mutants with wild-type RTNLB13.150  

The above-mentioned study confirmed the presence of an amphipathic 

region in RTNLB13 with the propensity to fold into an α-helix in the presence of 

model membranes. Furthermore, it was experimentally demonstrated that this APH 

is a requirement for membrane curvature inducing activity but not for homo-

oligomerisation. It can therefore be inferred that this APH may solely be responsible 

for inducing curvature and that the role of the RHD is to bring this region closer to a 

membrane for the correct insertion of the APH so it can generate curvature.150 

However, Brady et al. found that the isolated APH in Yop1p was not sufficient to 

generate tubules on its own and that the TM domains of the RHD were also 

required.139 This suggests that the APH may not be involved in generating curvature 

per se, but perhaps provides additional stabilisation after curvature has been 

generated via wedging and scaffolding of the RHD, although more experimental 

evidence is needed to support this model of RTN function. 

Recently, Wang et al. used negative-stain electron microscopy (EM) to show 

that a putative APH in Yop1 from Schizosaccharomyces japonicus resulted in the 

formation of lipid-protein particles when isolated as a synthetic peptide, suggesting 

that this APH (and others in RHD containing proteins) can generate extreme 

curvatures.151 However, the protein concentrations used in this study were very high 

and not physiologically relevant, and negative-stain EM is also known to distort 

membranes, bringing the validity of their results into question. 
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1.3 Biophysical Techniques  

In this section, the theories behind the various biophysical techniques that 

have been ultilised in this work are described, including different soution-state 

nuclear magnetic resonance (NMR) methods, circular dichroism (CD) spectroscopy, 

fluorescence spectroscopy, dynamic light scattering (DLS) and several bioinformatic 

tools. To study membrane-associating proteins and peptides, various membrane 

mimetics such as detergent micelles, detergent/lipid bicelles and liposomes can be 

used to aid solubilisation, as well as provide a more native environment, so the 

current challenges in choosing suitable mimetics are also discussed. 

1.3.1 Solution-state nuclear magentic resonance spectroscopy 

Solution-state NMR is a high resolution analytical technique that can be used 

to obtain information about the structure and dynamics of proteins and peptides in 

solution by monitoring the chemical environment of individual atoms. An 

introduction to some of the basic concepts of NMR follows, as well as how NMR can 

be applied to the analysis of proteins and peptides. 

1.3.1.1 Fundamental principles of NMR 

The most important concept underpinning NMR is the idea that nuclei 

possess an intrinsic property called ‘spin’, or spin angular momentum,152 which is 

described by the spin quanum number (I). The number of protons and neutrons 

within a nucleus dictates the value of I. An even number of protons and neutrons 

results in I = 0, e.g. 12C. However, if the number of protons plus the number of 

neutrons is odd then I is a half integer and if the number of protons and neutrons are 

both odd then I is an integer. Non-zero spins result in a magnetic dipole moment (Μ) 

which is related to the spin quantum number by Equation 1.1. γ is the gyromagnetic 

ratio,153 a proportionality constant that is unique for each type of nucleus and leads 

to magnetic moments of differing strengths, and therefore differences in their NMR 

frequencies are also observed. Nuclei with a spin greater than or equal to ½ are thus 

NMR active and can undergo energy level transitions when placed in an external 
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magnetic field.152 Experimentally, I = ½ nuclei are easier to observe, and the most 

valuable spin ½ nuclei for protein NMR are 1H, 13C and 15N.154 

𝑀𝑀 =  𝛾𝛾ℏ�𝐼𝐼(𝐼𝐼 + 1)                                                1.1 

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ℏ =  
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘′𝑠𝑠 𝑃𝑃𝑐𝑐𝑃𝑃𝑠𝑠𝑐𝑐𝑃𝑃𝑃𝑃𝑐𝑐

2𝜋𝜋
 

When an external magnetic field (B0) is applied to a sample containing NMR 

active nuclei, the nuclear spins orient themselves with the direction of the applied 

magnetic field. Spin ½ nuclei only split into two energy levels (i.e. 2I + 1) in a magnetic 

field, either parallel or antiparallel to B0 (Fig. 1.11). The Boltzmann distribution 

describes the ratio between the parallel and antiparallel spins, which shows that at 

thermal equilibrium the two energy levels are almost equally populated. 

Unfortunately, a consequence of this is that NMR has low sensitivity. Nonetheless, 

there are slightly more spins that are parallel to B0, causing a net magnetisation (M0) 

which is measurable (Fig. 1.11).153 

Typically, the direction of the external magnetic field is represented along the 

z-axis, and the magnetic moment precesses about this axis as shown in Fig. 1.12A. 

The rate at which this precession occurs is known as the Larmor frequency (ω0).152 It 

can be calculated for a particular nucleus (or isotope) using the gyromagnetic ratio 

(γ) and the strength of the applied magentic field (B0), according to Equation 1.2. An 

NMR spectrometer detects the Larmor precession. 

𝜔𝜔0 =  −𝛾𝛾𝐵𝐵0                                                        1.2 

However, the radius of precession of the NMR active nuclei when M0 is 

aligned along the z-axis is zero so the frequency of the precession cannot be 

measured and no NMR signal can be produced. M0 must therefore be perturbed to 

increase the precession radius and generate an NMR signal.153 This can be brought 

about by applying a radio frequency (RF) pulse along the x axis at the Larmor 

frequency of the nuclei of interest. This is commonly described as a 90° excitation 

pulse and if applied for a sufficient amount of time, the magnetisation successfully 

rotates 90° from the z-axis to the xy-plane (Fig. 1.12B). Precession can then occur 

with a radius >0, inducing an electrical current which can then be measured by a 

receiver coil within an NMR spectrometer. 
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Fig. 1.11 In the absence of an external magnetic field, spins are oriented randomly 

throughout the solution (isotropic), as shown in the box on the left. When an external 

magnetic field (B0) is applied, nuclei with spin ½ align themselves parallel or antiparallel to 

B0. A minor excess of parallel spins leads to a net magnetisation (M0), as shown in the box on 

the right. 

 

 

 
Fig. 1.12 (A) An external magnetic field (B0) is applied along the z-axis, causing the nuclear 

spins to precess about that axis. As before, a slight excess of nuclear spins parallel to B0 

results in a net magnetisation (M0) parallel to B0. (B) A radio frequency (RF) pulse is applied 

along the x-axis, rotating the bulk magnetisation from along the z-axis to the xy-plane. 

Precession in this plane induces an electrical current which can be detected. 
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Precession of the magnetic moment in the xy-plane is not at equilibrium. In 

the absence of a RF pulse, the magnetisation will once again align itself with the z-

axis (thermal equilibrim).153 The rate at which this happens depends on the 

longitudinal and transverse relaxation rates, R1 and R2 respectively. The former 

parameter, R1, represents the rate of return of magnetisation to equilibrium due to 

interactions between spins and the surrounding lattice, whereas R2 is a result of the 

interactions between spins.152 During relaxation, precession continues such that as 

M0 approaches the z-axis the radius of precession simultaneously shortens (Fig. 

1.13). As a result, the amplitude of the NMR signal being detected starts to decay 

over time once the RF pulse ceases, and is labeled the free induction decay (FID).153 

The FID plots NMR signal intensity as a function of time and is comprised of 

overlapping sine curves (Fig. 1.13). Each sine curve corresponds to the decaying 

signal of a single nucleus within the sample being measured, which can be resolved 

by performing a Fourier transformation. The time-dependent FID is thus converted 

to the frequency domain, yielding an NMR spectrum where each peak represents the 

Larmor frequency of a particular nucleus (Fig. 1.13).155 

 

Fig. 1.13 Net magnetisation relaxes back to the equilibrium state along the z-axis once the 

RF pulse terminates. Precession continues during this process which results in a signal with 

decaying intensity in the xy-plane. Plotting this signal decay as a function of time results in 

the free induction decay (FID). A Fourier transformation of the FID yields a frequency 

spectrum, where each peak corresponds to a nucleus with a different Larmor frequency, 0. 
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Nuclei in distinct chemical environments within a sample exposed to B0 

experience the magnetic field differently so will precess at a different frequency, 

resulting in separate signals in the subsequent NMR spectrum.153 This phenomenom 

occurs because each nucleus effectively behaves as a small electromagnet, and can 

produce its own local magnetic field (Bi) which can either align with or oppose B0. The 

strength of this local field depends on the electronic environment of the nucleus, i.e. 

the electron density surrounding a nucleus. These electrons circulate around the 

nucleus resulting in an “induced” magnetic field.152 The effective field (Beff) at the 

nucleus is therefore dictated by Equation 1.3. 

𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒 =  𝐵𝐵0 −  𝐵𝐵𝑖𝑖                                                    1.3 

High electron density can therefore shield the nucleus from B0, decreasing the 

precession frequency and shifting the NMR signal more upfield (to the right) in the 

spectrum. Nuclei near electronegative atoms are de-shielded and appear more 

downfield (to the left) in the spectrum. Consequently, even nuclei of the same type 

can produce slighlty different local magnetic fields if they are in different chemical 

environments as they will precess at different frequencies and appear at a different 

chemical shift (δ) in the ensuing NMR spectrum. The chemical shift153 is defined as 

the difference between the frequency of the nucleus of interest and the reference 

frequency of a chosen standard e.g. tetramethylsilane or 4,4-dimethyl-4-silapentane-

1-sulfonic acid, allowing each nucleus in a particular sample to be differentiated from 

one another based on their chemical shift. The frequencies are normalised with 

respect to both the Larmor frequency of the chosen standard (ωref) and the strength 

of the B0 using Equation 1.4. 

𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝 =  𝜔𝜔0−𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟

𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟
 ×  106                                                1.4  

Chemical shifts of nuclei within a sample are indicative of the chemical 

structures within that sample, rendering NMR a powerful tool for structure 

determination. Disperse chemical shifts for a protein sample indicate that the nuclei 

within that protein are experiencing many different chemical environments, e.g. a 

well-folded protein with a variety of secondary structure motifs. Unstructured or 
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aggregated proteins tend to give a less disperse set of chemical shifts as the nuclei 

experience a limited assortment of chemical environments.154 

1.3.1.2 Secondary structure determination of proteins by NMR  

One-dimensional NMR spectra of proteins are often far too complex to 

interpret due to high levels of signal overlap. Introducing additional spectral 

dimensions simplifies these spectra and provides more detailed structural 

information, such as elements of secondary structure. 2D NMR153 gives a spectrum 

with two frequency axes and is used to determine which nuclear spins are coupled 

to one another, either through bonds or through space depending on the specific 

experiment. The second axis can either be for the same type of nucleus 

(homonuclear) or a different nucleus (heteronuclear). Fig. 1.14A shows a simplified 

example of a homonuclear 2D spectrum. 2D NMR experiments consist of four main 

steps: preparation, where magnetisation is established; evolution, where the spins 

are permitted to precess; mixing, where magnetisation is transferred between 

nuclei; and finally detection (Fig. 1.14B). Magnetisation can be transferred by either 

scalar coupling (through bond) or by dipolar interactions (through space).156 

Total Correlation Spectroscopy (TOCSY)157,158 is a 1H-1H homonuclear NMR 

experiment that shows correlations between all protons contained within a single 

spin system by successive scalar coupling. This can be used to identify the building 

blocks, e.g. amino acids, in a molecule. Amino acids are isolated spin systems and 

therefore each gives a characteristic pattern of signals, depending on their side chain, 

from which they can be identified, as shown for Valine in Fig. 1.15. 

Nuclear Overhauser Effect Spectroscopy (NOESY)153,154 is a 1H-1H 

homonuclear NMR experiment that correlates protons based on the Nuclear 

Overhauser effect (NOE) as magnetisation is transferred via dipolar coupling. The 

intensity of the NOE is approximately proportional to 1/r6, where r is the distance 

between two protons. Typically only protons within 5 Å from one another will yield 

an observable NOE. NOESY is excellent for structure determination because two 

protons that are distant in an amino acid sequence, but close in space due to the 
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presence of secondary or tertiary structure, will give rise to detectable NOEs in the 

spectrum. 

Fig. 1.14 (A) Topology of a two-dimensional homonuclear NMR spectrum for two coupled 
spins, A and B. A diagonal divides the spectrum into two identical halves containing cross-
peaks (X). The signals that lie on the diagonal correspond to the two signals for A and B in 
the 1D spectrum. (B) Schematic showing the construction of a simple 2D NMR experiment. 
Here, a 90° RF pulse is applied, followed by a specific evolution time (t1). A second pulse 
is then applied followed by a detection period (t2). 
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Fig. 1.15 TOCSY NMR pattern for the amino acid valine. Coupling between protons that are 
connected via 2-3 covalent bonds are represented by circles. However, TOCSY correlates all 
protons of a spin system via successive scalar coupling, resulting in additional signals 
(represented as diamonds) for protons connected by more than three chemical bonds. 

To sequentially assign 1Hs for each amino acid in a protein or peptide 

sequence, the characteristic pattern of cross-peaks for specific amino acids are first 

identified in the TOCSY spectra. Next, any sequential contacts from the already 

identified residues to neighbouring ones are found. NOESY is especially useful when 

a protein or peptide sequence contains multiple copies of a particular amino acid; a 

backbone walk154 can be carried out to identify NOEs between the 1Hα proton of one 

amino acid (i) and the amide proton of the subsequent amino acid (i+1), see Fig. 

1.16A. Inter-residue NOEs can be distinguished from the intra-residue cross-peaks by 

comparing a NOESY spectrum with the corresponding TOCSY spectrum of the same 

system. 

Several short interproton distances, i.e. less than 5 Å, are unique to particular 

elements of secondary structure.153 For example, α-helices typically result in 

medium-range NOEs between the α proton of residue i and the amide protons of 

residue i+3 and i+4, as shown in Fig. 1.16B. In addition, the chemical shifts of protons 

contain secondary structure information. Wishart et al. produced a simple method 

called chemical shift index (CSI) analysis where the chemical shifts of the α protons 
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of all 20 naturally occurring amino acids were compared to those reported for a 

peptide in a random-coil configuration.159 This study showed that amino acids 

present in α-helices will yield α proton chemical shifts significantly (>0.1 ppm) less 

than those obtained from random coil regions, whereas beta strands tend to have 

chemical shift values that are greater (Fig. 1.16C). Using both these methods in 

synergy, it is possible to identify stretches of specific secondary structure in a peptide 

or protein sequence. 

 
Fig. 1.16 (A) Schematic showing the Hα of residue i coupling to the sequential amide proton 
of residue i+1. This is described as the backbone walk. (B) α-helices bring protons of residue 
i close enough in space (<5 Å) to those of residues i+3 and i+4, resulting in medium/long 
range NOEs in a NOESY NMR spectrum. (C) An example of a chemical shift index diagram, 
obtained from comparing experimental Hα chemical shifts to a reference set of random coil 
chemical shifts. If there are several sequential chemical shifts that are larger than the random 
coil values by 0.1 ppm or more, beta sheet secondary structure is assigned (red arrow). 
Conversely, if the chemical shift values are less than 0.1 ppm then an α-helix is assigned 
(green box).  
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1.3.1.3 Detecting binding interactions and interfaces by NMR  

One way to determine if two molecules in solution are interacting, e.g. a 

protein or peptide with a model membrane, is to measure their diffusion coefficients. 

Diffusion ordered spectroscopy (DOSY)156 NMR uses pulsed field gradients of equal 

magnitude and opposite sign to spatially encode and decode 1H signals within a 

sample mixture on each side of a diffusion delay time. Significant signal attenuation 

will be observed for 1Hs that diffuse quickly, but will not for those 1Hs that diffuse 

more slowly along the length of a sample (Fig. 1.17). The integration of signals from 

all resolvable 1Hs within that sample can then be used to calculate the diffusion 

coefficients for each proton, from which an average diffusion coefficient for the 

entire protein or complex can then be obtained. Larger molecules result in smaller 

diffusion coefficients as they tumble more slowly in solution and therefore have 

slower correlation times. The observed diffusion coefficient for a peptide-micelle 

complex (Dobs) can be related to the mole fraction of bound peptide (fbound) using 

Equation 1.5, where Dfree and Dbound are the diffusion coefficients of free and micelle-

bound peptide, respectively. Dfree can be measured by performing DOSY NMR on a 

peptide-only sample, and Dbound can be obtained from a micelle-only sample if an 

assumption is made that the diffusion coefficients of the micelles and the peptide-

micelle complex are equal (Fig. 1.17).160 

𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐷𝐷𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒(1− 𝑓𝑓𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏) + 𝐷𝐷𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑓𝑓𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏                              1.5 
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Fig. 1.17 DOSY NMR measures diffusion by observing the attenuation of NMR signals during 
a pulsed field gradient experiment. The degree of attenuation is a function of the strength of 
the magnetic gradient pulse (G) and occurs at a rate proportional to the diffusion coefficient 
of the molecule. Small molecules diffuse quickly through a sample so their NMR signals decay 
quickly, whereas larger molecules or complexes diffuse more slowly so their NMR signals are 
less attenuated in comparison. 

Saturation transfer difference (STD) NMR161 is typically employed to study 

protein-ligand interactions, but can also be applied to small peptides and model 

membranes to map the membrane binding interface of the peptide. STD NMR 

involves three steps. First, a 1D 1H spectrum is acquired without irradiating the 

receptor molecule (in this case detergent micelles), which is effectively the normal 

1D 1H spectrum for the peptide (off-resonance spectrum). Next, the micelles are 

selectively saturated by irradiating the sample at a frequency which only excites 1Hs 

in the micelle but not in the peptide. This saturation will then spread across the entire 

micelle via spin diffusion, and can also spread via the nuclear Overhauser effect to 
1Hs within 5 Å of the micelle. Therefore peptide 1Hs interacting closely with the 

micelle will also receive saturation transfer and the NMR signals for these 1Hs are 

attenuated in the resulting 1D 1H NMR spectrum (on-resonance spectrum). Finally, 

this on-resonance spectrum is subtracted from the off-resonance spectrum to 

produce a difference spectrum that only contains signals for the 1Hs in the peptide 

that received efficient saturation transfer i.e. only those directly interacting with the 

micelles. Like all NOE-type experiments, the signal intensities depend on the distance 

between the peptide 1Hs and the micelles (Fig. 1.18). 
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Fig. 1.18 Protons within detergent micelles are irradiated by a selective saturation pulse at a 
resonance that does not overlap with any peptide resonances. Upon binding of the peptide 
to the micelles, saturation transfers through the nuclear Overhauser effect, resulting in 
distance-dependent irradiation of protons within the peptide that are in close contact with 
a model membrane. 

Another NMR technique that can be exploited for information on the 

membrane binding interface of a peptide is deuterium exchange.162 1H and 2H 

(deuterium) isotopes have very different magnetic properties so it is possible to 

distinguish between them via NMR as 2H peaks are invisible in 1H NMR spectra. 

Typically, when performing 1H NMR experiments the peptide and detergent micelles 

are solubilised in 90% H2O and 10% D2O. However, if the peptide-micelle sample is 

solubilised in 100% D2O, easily exchangeable 1Hs such as the backbone amide 1Hs in 

a peptide can rapidly exchange with the 2H in solution and disappear in the 

corresponding 1H NMR spectrum. However, if the backbone amide 1Hs are less 

solvent accessible, such as those in amino acid residues that insert into the 

hydrophobic core of a micelle, deuterium exchange occurs more slowly and an NMR 

spectrum can be recorded capturing those 1Hs (Fig. 1.19). However, these 

measurements are time-critical as eventually these 1Hs will also exchange with 2H. 
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Fig. 1.19 Deuterium exchange NMR can be used to determine which backbone amide 1Hs 
are less accessible to the solvent. If easily accessible, backbone amide 1Hs rapidly 
exchange with 2H, which is invisible in 1H NMR. 

1.3.2 Circular dichroism  

Circular dichroism (CD) spectroscopy can also be used to investigate the 

secondary structure of proteins and peptides in different model membrane 

environments. However, unlike NMR, CD cannot provide information at the atomic 

level and instead provides data on the average structure. 

CD spectroscopy measures the difference in absorbance of left- and right-

handed circularly polarised light (Al and Ar, respectively) of a sample. Optically active 

chiral molecules preferentially absorb one direction of circularly polarised light more 

than the other, and this difference can be calculated using Equation 1.6.163 

Δ𝐴𝐴 =  Δ𝐴𝐴𝑙𝑙 − Δ𝐴𝐴𝑓𝑓                                                        1.6 

Peptide bonds in proteins are optically active and the CD they exhibit changes 

based on the conformation of the molecule. α-helices, β-sheets, β-turns and random 

coil configurations all give characteristic spectra in the far-UV region (250-180 nm), 

as shown in Fig. 1.20A. Secondary structure composition analysis can be performed 

by comparing CD spectra to a database of previously obtained spectra for reference 

proteins with known secondary structure.164 
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Fig. 1.20 (A) Characteristic CD spectra for α-helices, β-sheet and random coil protein 
configurations. (B) The intrinsic fluorescence emission peak for a tryptophan residue in a 
peptide will undergo a blue shift to a shorter wavelength upon interaction with a membrane 
mimetic and α-helix formation due to α-helix formation in the polarity of the tryptophans 
environment. (C) DLS measures the speed at which particles are diffusing due to Brownian 
motion by monitoring the rate at which the intensity of scattered light fluctuates. Small 
particles cause the intensity to fluctuate more rapidly than larger ones. Over time, the 
correlation between signals at different time-points reduces. The correlation between the 
signals from a sample containing small particles decays more rapidly than for larger particles. 

CD spectrometers usually output data in units of millidegrees (θ). However, 

to normalise to protein concentration, cuvette pathlength and amino acid chain 

length, units are converted to mean residue elipticity (MRE), using Equation 1.7. 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜃𝜃 ×105 × 𝑀𝑀𝑟𝑟
𝑐𝑐 ×𝑙𝑙 × 𝑁𝑁𝐴𝐴

                                               1.7 
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Where Mr is the mean residue weight, c is the protein concentration in mg 

mL-1, l is the pathlength in cm and NA is the number of residues in the protein. MRE 

is reported in units of deg cm2 dmol-1. 

1.3.3 Fluorescence Spectroscopy 

Fluorescence spectroscopy measures the emission of a molecule called a 

fluorophore. Fluorescence is a type of luminescence caused by absorbed photons 

exciting a molecule and raising it to an electronic excited state. As the molecule 

returns to the ground state, a photon of lower energy (longer wavelength) is 

emitted.165 If the excitation wavelength is fixed, a flourescence emission spectrum 

can be recorded displaying the emission intensity as a function of wavelength. 

Fluorescence emission spectra can be used to monitor how a particular fluorophore’s 

chemical environment is changing under different conditions. The spectral intensity 

and the emission peak wavelength are sensitive to changes in both temperature and 

concentration. Some fluorophores can also be responsive to changes in the solvent 

properties such as pH, polarity and certain ion concentrations. Futhermore, the 

intensity and emission peak wavelength can also be affected by a fluorophore 

interacting with other molecules in solution. 

Aromatic amino acids possess intrinsic fluoescence, and the most sensitive 

among these is tryptophan. Tryptophans in proteins and peptides can be excited at 

280-295 nm, producing an emission peak between 300-350 nm, depending on the 

polarity of the environment. Tryptophan fluorescence emission spectra can 

therefore be used to monitor changes in a peptide or proteins secondary (or tertiary) 

structure under different conditions. Additionally, exposure to model membranes 

can impact a tryptophans environment as it could insert into the hydrophobic interior 

of a micelle or vesicle and this is evident by a blue shift of the emission peak to a 

shorter wavelength compared to a spectrum of the isolated peptide in solution (Fig. 

1.20B).166 
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1.3.4 Dynamic Light Scattering 

Dynamic light scattering is a technique that estimates particle sizes by 

measuring the random changes in the intensity of light scattered by a solution, and 

is especially useful for determining the hydrodynamic diameters of different nano-

sized membrane mimetics, as well as their heterogeneity within a particular 

sample.167 

Small particles in a solution or suspension undergo random thermal motion 

called Brownian motion. This random motion can be modelled by the Stokes-Einstein 

equation, which is shown in Equation 1.8. 

𝐷𝐷𝐻𝐻 =  𝑘𝑘𝐵𝐵𝑇𝑇
3𝜋𝜋𝜋𝜋𝐷𝐷𝑡𝑡

                                                           1.8 

Where, DH is the hydrodynamic diameter of the particle of interest, Dt is the 

translational diffusion coefficient which DLS measures, kB is the Boltzmann’s 

constant, T is the thermodynamic temperature and η is the dynamic viscosity. 

Briefly, light from a laser source illuminates the sample and the light scattered 

by the particles is detected. Due to the random Brownian motion of the particles, the 

intensity of the scattered light fluctuates with time. The speed of these intensity 

fluctuations depends on the particles diffusion rate; smaller particles diffuse more 

quickly therefore more rapid fluctuations occur than with larger particles (Fig. 1.20C). 

The obtained signal can be interpreted in terms of an autocorrelation function, from 

which Dt can be extracted to determine DH, as well as the size distribution of the 

particles in the sample. 

1.3.5 Bioinformatic tools 

Numerous bioinformatic tools exist that are useful for analysing protein 

sequences in order to predict particular structures or for calculating various physical 

parameters, and have been instrumental in the work presented herein. In this 

section, the relevant information that can be extracted from some of these tools is 

discussed. 

To facilitate the analysis of predicted APHs, the Heliquest tool168 projects any 

amino acid sequence onto a helical wheel, allowing clear visualisation of the distinct 
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hydrophobic and polar faces of a potential APH. Additionally, Heliquest outputs 

values for hydrophobicity (H), net charge and the classical hydrophobic moment 

(µ).168 The µ is a simple mathematical tool, established by Eisenberg et al., to describe 

the amphipathicity of a sequence and its propensity to fold into an APH, and is 

calculated by Equation 1.9.35 

𝜇 =  
1

𝑁
√〈[∑ 𝐻𝑛 sin(𝑛𝛿)

𝑁

𝑛=1

]

2

+  [∑ 𝐻𝑛 cos(𝑛𝛿)

𝑁

𝑛=1

]

2

〉 

                   1.9 
Where N is the sequence length, Hn is the hydrophobicity of the nth residue in 

the sequence and n is the angle separating side chains along the backbone where 

100° signifies an α-helix. A large µ indicates that the helix is amphipathic 

perpendicular to its axis. Although Heliquest is useful for identifying and 

characterising putative APHs, and can aid mutagenesis studies, it does not provide 

definitive proof that a specific sequence will fold into an APH, which often requires 

the presence of a suitable membrane surface to initiate folding as well. Recently, a 

more sophisticated parameter termed the 3D hydrophobic moment169 (3D-HM) has 

been conceived to describe the amphipathicity along the length of a sequence 

modelled as an α-helix, and can predict the orientation of an APH with respect to a 

membrane surface. 

Topology prediction tools predict the number of membrane-spanning regions 

an integral membrane protein sequence contains, as well as their location in the 

sequence and orientation within the membrane. These tools are especially useful for 

analysing membrane proteins where the 3D structure has not yet been resolved, 

such as the RTNs. TOPCONS170,171 is a particularly powerful algorithm as it combines 

the outputs of several topology prediction methods into one consensus prediction 

and quantifies the reliability of this prediction. 

Finally, the RTNLB family of proteins in A. thaliana contains 21 different 

isoforms. To understand if a predicted APH region is conserved across all 21 isoforms, 

sequence alignment tools such as T-Coffee172 or Clustal Omega173 can be used to align 

multiple sequences quickly and accurately, and score the conservation of individual 

residues. Tools such as WebLogo174 generate graphical representations of the degree 
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of amino-acid conservation within a multiple sequence alignment, and provide a 

clear visualisation of the sequence similarity to reveal features that may otherwise 

be difficult to recognize. Phylogenetic analyses175 help to identify the evolutionary 

relationships between the different isoforms and may provide insight into how the 

putative APH region developed. 

1.3.6 Choosing suitable membrane mimetics to monitor a response to curvature 

For in vitro studies of membrane-associating peptides using the biophysical 

techniques that have been described, the native biological membranes they interact 

with need to be replicated. Various artificial membrane mimetics exist for this 

purpose including detergent micelles, lipid vesicles and bilayered micelles (bicelles). 

The choice of membrane mimetic for biophysical measurements, however, needs to 

resemble the native membrane as much as possible in order to capture the correct 

protein-lipid interactions, as well as allow acquisition of high-quality data. The added 

complication of this work is a dependence on membrane curvature, and the 

accessibility of high degrees of curvature. 

Detergents are one of the most widely used membrane mimetics to 

characterise membrane-associating proteins and peptides in aqueous environments. 

Like lipids, detergent molecules consist of a hydrophilic head and a hydrophobic tail. 

Above a specific concentration called the critical micelle concentration (CMC), 

detergent monomers typically self-assemble into spherical micelles with the 

hydrophilic heads exposed to the solvent and the hydrophobic tails contained within 

the core (Fig. 1.21). Owing to their small size (i.e. rapid tumbling) and the ease with 

which they can be isotopically labelled (i.e, with deuterium), detergent micelles are 

particularly useful for obtaining high-resolution data on the structure of membrane 

proteins by solution-state NMR.176,177 They are also highly compatible with other 

spectroscopic techniques such as CD and fluorescence as they do not significantly 

scatter light, which can be an issue with large unilamellar vesicles (LUVs). Detergent 

micelles also exhibit extremely high-curvature (1-5 nm in diameter) which is helpful 

for monitoring a response to curvature.178,179 However, many believe detergents are 

not an accurate representation of a biological membrane as they do not form a 

bilayer and their extreme curvatures may not be physiologically relevant, therefore 
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it is recommended that biophysical results in detergents be validated with studies in 

lipid bilayers.180,181 

Lipid vesicles, or liposomes, represent a more native-like environment as 

these entail natural or synthetic lipid molecules arranging themselves into closed 

bilayers in aqueous solution (Fig. 1.21). The main component of cellular membranes 

are phospholipids, which typically consist of a hydrophilic phosphate ‘head’ group 

and two hydrophobic fatty acid ‘tails’, connected via a glycerol molecule. 

Phospholipids form heterogeneous multilamellar vesicles spontaneously following 

hydration. To form unilamellar vesicles, the vesicles are agitated by sonication and 

several freeze-thaw cycles, and to produce a more homogeneous size distribution, 

the vesicles can be extruded through polycarbonate membranes of different pore 

sizes.182 However, whilst vesicles are an excellent model membrane, they are often 

not suitable for solution-NMR studies due to their slow tumbling (leading to rapid 

spin-spin relaxation) in solution even at the smallest achievable diameters.176 

Additionally they can cause significant light scattering in CD spectroscopy, although 

improving the homogeneity by extrusion can reduce this effect.183 Currently accepted 

methods for preparing unilamellar vesicles less than 50 nm in diameter (i.e. highly 

curved) for in vitro studies of membrane curvature responsive peptides include 

extended sonication, high-pressure extrusion and sendimentation methods. 

However, very little characterisation data is available to back-up the quoted diameter 

sizes and the little data that is available often contains large degrees of error.95,96,184,185 

Another popular membrane mimetic are bicelles, which can help bridge the 

gap between detergent micelles and lipid vesicles. Bicelles are disk-shaped 

aggregates, comprised of a long-chain phospholipid mixed with a short-chain 

phospholipid or a detergent. The longer phospholipid forms a flat lipid bilayer, 

whereas the shorter chain forms an amphipathic highly-curved assembly that shields 

the bilayer centre from the surrounding solvent molecules (Fig. 1.21). Bicelles are 

smaller than liposomes and, unlike micelles, mimic natural membranes more 

effectively. The size of the bicelles can be adjusted by changing the ratio of their 

components, known as the “q” value, as shown in Equation 1.10.186 

𝑞 =  
[𝑙𝑜𝑛𝑔−𝑐ℎ𝑎𝑖𝑛 𝑙𝑖𝑝𝑖𝑑]

[𝑠ℎ𝑜𝑟𝑡−𝑐ℎ𝑎𝑖𝑛 𝑙𝑖𝑝𝑖𝑑]
                                                      1.10 
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In 2005, Yue et al. reported a method for preparing small highly stable 

phospholipid unilamellar vesicles by doping DMPC/DHPC bicelles with the negatively 

charged lipid, DMPG. They observed that after dilution, vesicles with a composition 

of 60:1:15 DMPC:DMPG:DHPC and a diameter of 48 ± 1 nm spontaneously formed 

from q = 4 bicelles. These vesicles were described as energetically stable or 

“kinetically” trapped, as the DLS measurements were highly reproducible even after 

several weeks.187 

 

Fig. 1.21 Schematics to show the structures of common membrane mimetics used in the 

study of membrane-associating proteins and peptides: detergent micelles, bilayered micelles 

(bicelles) and lipid vesicles. Not drawn to scale. 
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1.4 Project Aims and Objectives 

Numerous proteins associated with biological lipid membranes contain amino 

acid sequences that can sense the curvature of a membrane. Curvature sensing 

works synergistically with curvature generation to maintain the complex architecture 

required by cells and organelles for various biochemical processes. However, these 

curvature sensing regions are often difficult to identify from amino acid sequence 

and require significant prior knowledge of the proteins in which they reside, and the 

mechanisms behind curvature sensing remain poorly understood. As such it can be 

difficult to distinguish this behaviour from curvature generation, particularly for 

APHs. 

This research aims to rationalise the variety of mechanisms that have been 

proposed through the elucidation of the protein-lipid interactions of amphipathic 

helices identified in members of the RTN family of integral membrane proteins. 

Whilst it is known that a putative APH in RTNLB13 from A. thaliana is a necessary 

feature for the full-length proteins ability to generate highly-curved tubules in the 

ER, the exact role of the APH is still unclear. Furthermore, sequence analyses suggest 

that this APH is conserved throughout the RTN family but experimental evidence for 

this is lacking. Finally, a deeper understanding of curvature sensing amphipathic 

helices could inform the design of peptide-based therapeutics with curvature sensing 

functionality. 
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1.5 Thesis Summary  

In Chapter 2 the protein-lipid interactions of the putative APH in RTNLB13 

(discussed in Section 1.2) are investigated more thoroughly. The secondary structure 

and membrane-binding capabilities of three peptides derived from the predicted 

APH region of RTNLB13 are monitored using the biophysical techniques outlined in 

Section 1.3. Solution-state NMR revealed that a 14-residue α-helix forms between 

residues K156-L169 in the presence of DPC micelles, which begins earlier in the 

sequence than originally suggested. Further spectroscopic measurements with a 

library of model membranes of varying properties exposed a sensitivity to membrane 

curvature for membrane-association, as the APH only bound to vesicles with 

diameters of 27 nm or less. The results lead to the proposal of a new model of RTN 

function where the APH senses the curvature of ER tubules by interacting with lipid 

packing defects, which are a direct consequence of the curvature generated by the 

wedging and scaffolding of the RHD. More broadly, this work highlights that 

curvature-sensing APHs tend to feature shallow hydrophobic faces and appear to be 

highly-tuned to the geometry and composition of the membranes they interact with 

in vivo. 

Chapter 3 extends the work presented in Chapter 2 to the other 20 RTNLB 

isoforms in A. thaliana. The 21 isoforms were grouped into 6 clades based on their 

evolutionary relationships and representative members from each clade were then 

chosen for biophysical investigations with a minimal library of membrane mimetics 

to confirm the presence of curvature sensing APHs. The resulting data suggested that 

the RTNLB isoforms with the closest evolutionary relationship to RTNLB13 do contain 

APHs in a similar location. However, a speciation event appears to have occurred that 

resulted in a sub-set of RTNLB isoforms exhibiting a longer linker region of ~20 amino 

acids between the fourth TM domain and the curvature sensing APH. Furthermore, 

RTNLB17-21 do not appear to contain an APH in their C-terminus and phylogenetic 

analyses indicated that they may have branched away from other 16 RTNLB isoforms 

early in evolution to perform other functions not related to curvature generation.  

Finally, Chapter 4 features the rational design of novel peptides based on the 

RTNLB13 APH. The first approach tested our understanding of the interactions taking 
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place and aimed to remove any redundant residues leftover from evolution through 

the design of a minimal amphipathic peptide. This putative APH was first investigated 

as an isolated 14-residue peptide using the same library of membrane mimetics as in 

Chapter 3. However, the results obtained highlighted a requirement for flanking 

residues on either end of the predicted APH to stabilise helix formation. The second 

approach sought to expand the curvature sensitivity to larger diameters by designing 

a peptide containing two repeat sequences of the RTNLB13 APH separated by a short 

flexible linker. Although the choice of linker did not result in two distinct APHs and a 

longer 28-residue helix formed instead, this longer construct did clearly alter the 

selectivity of the RTNLB13 APH allowing it to recognize phospholipid vesicles of 

diameters of 117 nm or less. 
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2 
Revealing the mechanism of protein-lipid 
interactions for a putative membrane curvature 
sensor in plant endoplasmic reticulum 

 

In this chapter, the specific role the RTNLB13 APH plays in generating highly 

curved ER tubules is explored more thoroughly, which offers insight into the broader 

mechanisms behind curvature-sensing APHs. A range of biophysical techniques, 

including solution-state NMR, CD and fluorescence spectroscopy revealed that the 

previously proposed APH in RTNLB13 folds and binds to membranes in a curvature 

dependent manner. Folding of this region displayed some preference for anionic lipid 

head groups. However, highly curved membranes remained a strict requirement, 

regardless of charge, hinting that the RTNLB13 APH is highly-tuned to the dynamic 

lipid composition of the ER and the exact width of its tubules. Mapping the helical 

region via 1H-1H TOCSY and NOESY NMR extended the helix beyond the previously 

proposed sequence. Deuterium exchange and STD NMR determined that the APH 

interacts with membranes via a narrow but well-defined hydrophobic face; a feature 

curvature-sensing APHs appear to share. The results from this work were interpreted 

in light of current models for curvature sensing APHs to propose a clear role for the 

RTNLB13 APH in stabilization of ER tubules.  

This chapter was published as an article in Biochimica et Biophysica Acta (BBA)- 

Biomembranes, copyright Elsevier B.V. (2019). All experiments were performed by 

the author, and the manuscript was written by the author, under the guidance of Dr. 

Ann Dixon. 
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2.1 Abstract 

Membrane curvature sensing via helical protein domains, such as those identified in 

Amphiphysin and ArfGAP1, have been linked to a diverse range of cellular processes. 

However, these regions can vary significantly between different protein families and 

thus remain challenging to identify from sequence alone. Greater insight into the 

protein-lipid interactions that drive this behavior could lead to production of 

therapeutics that specifically target highly curved membranes. Here we demonstrate 

the curvature-dependence of membrane binding for an amphipathic helix (APH) in a 

plant reticulon, namely RTNLB13 from A. thaliana. We utilize solution-state nuclear 

magnetic resonance spectroscopy to establish the exact location of the APH and map 

the residues involved in protein-membrane interactions at atomic resolution. We 

find that the hydrophobic residues making up the membrane binding site are 

conserved throughout all A. thaliana reticulons. Our results also provide mechanistic 

insight that leads us to propose that membrane binding by this APH may act as a 

feedback element, only forming when ER tubules reach a critical size and adding 

stabilization to these structures without disrupting the bilayer. A shallow 

hydrophobic binding interface appears to be a feature shared more broadly across 

helical curvature sensors and would automatically restrict the penetration depth of 

these structures into the membrane. We also suggest this APH is highly tuned to the 

composition of the membrane in which it resides, and that this property may be 

universal in curvature sensors thus rationalizing the variety of mechanisms reported 

for these functional elements. 

mailto:ann.dixon@warwick.ac.uk
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2.2 Introduction 

The sensing and modulation of membrane curvature by surface associated α-

helices has emerged as an important mechanism for protein function and membrane 

remodeling, with increasing numbers of these regions being reported over the past 

decade.1 The idea that membrane morphology is a viable recognition element 

capable of high affinity interactions with proteins has far reaching implications given 

that critical cellular processes often localize to curved membranes. Examples of this 

are summarized in more detail in a recent review,2 and include receptor mediated 

endocytosis,3 assembly of the nuclear pore complex,4 cell maturation,5 cell division,6 

immune function7 and viral infection.8 A better understanding of protein-membrane 

interactions in regions of high curvature could direct engineering of therapeutics that 

target these regions and the functions that occur therein. Indeed, this has been 

demonstrated for a curvature sensing peptide called MARCKS-ED, which has been 

used to target highly-curved, PS–rich extracellular vesicles.9 

However, curvature-sensing regions are currently difficult to identify from 

sequence alone, and often require a large degree of prior knowledge for the proteins 

in which they reside.10,11 There is also a clear lack of high-resolution structural 

information defining the molecular requirements for binding in these regions. The 

situation is further complicated by the fact that no universal mechanism of 

membrane association can be applied to currently known curvature sensing regions. 

Some curvature sensors, such as those in complexin12 and the Golgi-localized 

ArfGAP1,13,14 are thought to associate with curved membrane surfaces via interaction 

of the hydrophobic face of an amphipathic helix (APH) with the exposed lipid 

hydrocarbon chains of the membrane interior, henceforth described as lipid-packing 

defects, found on highly curved membranes (Fig. 2.1A and 2.1B). Other curvature 

sensors, such as α-synuclein (Fig. 2.1C) and the putative APH in Yop1p,15 associate 

with curved membranes via a combination of electrostatic interactions with anionic 

lipid head groups and interaction with lipid-packing defects.16–18 Still other curvature 

sensors interact with curved membranes via oligomerization of banana-shaped 

helical domains, as is the case with the BAR domain.19 This lack of consensus, coupled 
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with a paucity of structural data, holds back understanding of this unique source of 

selectivity and the ability to exploit it. 

Fig. 2.1 Front views of the amphipathic helical regions of (A) worm complexin, (B) ArfGAP1 
amphipathic lipid packing sensor (ALPS) motif, and (C) α-synuclein, and the various 
mechanisms by which these APHs can bind to lipid membranes by membrane curvature 
recognition. (A) The less well-defined amphipathic helix in complexin initially binds to a 
curved membrane in a disordered state and undergoes a transition to a helix only after 
inserting its hydrophobic residues into lipid-packing defects that are a direct consequence of 
introducing curvature to a membrane. (B) Similarly, ALPS motifs can only bind to curved 
membranes by insertion of bulky hydrophobic amino-acids (yellow) between the acyl-chains 
of lipids. (C) α-Synuclein depends on both a high degree of curvature and the presence of 
negatively charged lipids in order to bind to a membrane, due to its small number of 
hydrophobic residues (yellow) and its zwitterionic polar face. Color code: yellow, 
hydrophobic; purple, polar; red, anionic; blue, cationic. 

Recently discovered APHs in two different reticulon proteins (RTNs), namely 

the yeast RTN Yop1p15 from Saccharomyces cerevisiae and the plant reticulon 

RTNLB1320,21 from Arabidopsis thaliana are also speculated to comprise curvature 

sensing and/or modulating elements. The presence of a curvature-sensitive region in 

RTNs is fitting as these proteins play a key role in generation of highly-curved tubules 

during endoplasmic reticulum (ER) membrane remodeling in eukaryotes.22,23 RTNs 

are thought to drive formation of ER tubules through a “wedging and scaffolding” 

mechanism involving a region known as the reticulon homology domain (RHD, see 

Fig. 2.2)24–27 present in all RTNs. The APH, proposed to be conserved throughout the 

DP1 family as well as all RTN family proteins, is located near the C-terminus of the 
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RHD. Removal of this region from the full-length protein lead to reduction or 

elimination of membrane shaping activity (in vitro and in vivo), suggesting that the 

APH is a key structural requirement in this class of protein. In the case of RTNLB13, 

which consists of a single RHD and as such is a model for the minimal functional RTN, 

we predicted the location of a 16-residue APH20 and showed that a peptide derived 

from this region could form an α-helix in detergent micelles. We have also 

demonstrated the existence of additional helical regions outside of the 

transmembrane (TM) domains in full-length RTNLB13.21 However, beyond identifying 

its presence, very little is known about the structure of this APH, its mode of 

interaction with the membrane bilayer, and most importantly its role in membrane-

shaping. Given the biological importance of ER remodeling, with deformities in ER 

morphology leading to diseases such as Alzheimer's disease and hereditary spastic 

paraplegia,28 an atomic description of the interaction between the APH and model 

membranes is of great interest. 

Fig. 2.2 (A) Proposed topology for the reticulon homology domain, including four 
transmembrane domains (1–4) and a C-terminal amphipathic helix (APH). (B) Wedging of 
transmembrane domains is thought to generate membrane curvature. (C) Sequence of 
RTNLB13 in region thought to contain the APH, immediately C-terminal to transmembrane 
domain 4. The three peptides studied in this work are shown below the sequence, along with 
their hydrophobic moments (μ) and isoelectric points (pI). Also shown in the sequence is the 
location of an Ile residue in the APH (shown in bold) which, when mutated to Lys, reduced 
tubule formation. 
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Here, we demonstrate experimentally the curvature-dependence of 

membrane-binding for the APH in RTNLB13 from A. thaliana. Such a property has not 

been demonstrated for similar regions in any reticulon protein thus far. We identified 

those residues within the APH that are directly interacting with the membrane, and 

find that the hydrophobic residues that comprise this binding interface are conserved 

throughout all A. thaliana reticulons. We hypothesized that this shallow hydrophobic 

face restricts how far the APH can penetrate into the membrane and that this APH 

appears to be highly tuned to the lipid composition of the membrane with which it 

associates. Furthermore, we hypothesize that these features are broadly 

characteristic of helical curvature sensors, thus accounting for the range of 

mechanisms that have been reported thus far in the literature. 

2.3 Materials and Methods 

2.3.1 Synthesis and purification of RTNLB13 APH, α-synuclein and ArfGAP1 

peptides: Three peptides corresponding to residues 160–175 (R13-APH16), 154–171 

(R13-APH18), and 154–175 (R13-APH22) of RTNLB13 from A. thaliana, with the 

sequences EYGDQIQKHLGSLKDK (MW 1859.07), VPKLWEEYGDQIQKHLGS (MW 

2127.38), VPKLWEEYGDQIQKHLGSLKDK (MW 2611.98) respectively, and two peptides 

corresponding to residues 2–23 of human α-synuclein and residues 199–223 of 

ArfGAP1 from R. norvegicus, with the sequences DVFMKGLSKAKEGVVAAAEKTK (MW 

2307.73) and FLNSAMSSLYSGWSSFTTGASKFAS (MW 2634.90) respectively, were 

synthesized using F-moc chemistry and purified to 95% purity at Insight 

Biotechnology Limited (Wembley, UK). Peptide purity was confirmed by HPLC and 

electrospray ionization time-of-flight mass spectroscopy (ESI-TOF-MS microTOF, 

Bruker) before subsequent lyophilization. The peptides were stored as dry powders 

at −20 °C until use. 
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Table 2.1 Properties of the membrane mimetics tested in this study and their impact on the 
helical composition of the RTNLB13 APH peptides studied here. The hydrodynamic diameter 
(davg ± standard deviation) of each mimetic was measured by dynamic light scattering, and 
correlated with the helical content of the peptide (% helix) as obtained from fitting of circular 
dichriosm data using Dichroweb. The detergent micelle aggregation number (NA), length and 
saturation of the acyl chain, and head group charge are given. 

 

Footnotes: aLMPG, 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol); bDPC, n-
dodecylphosphocholine; cDDM, n-dodecyl-ß-D-maltoside; dDHPC, 1,2-dihexanoyl-sn-glycero-
3-phosphocholine; eDMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; fDLPC, 1,2-
dilauroyl-sn-glycero-3-phosphocholine; gDLPA, 1,2-dilauroyl-sn-glycero-3-phosphate; 
hDOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; iDOPE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; jPOPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; kDEPC, 1,2-
dierucoyl-sn-glycero-3-phosphocholine. 

Mimetic davg, nm % helix Chain Charge 

  16-mer 18-mer 22-mer   

LMPGa (NA 55) 3.9 ± 0.4 55 79 69 14 Anionic 

DPCb (NA 70–80) 4.1 ± 0.5 37 68 65 12 Zwitterionic 

DDMc (NA 98) 5.7 ± 0.9 10 48 73 12 Nonionic 

DHPCd:DMPCe 
q=0.25 

18.2 ± 4.3 21 34 46 6/14:0 Zwitterionic 

DHPC:DMPC 
q=0.5 

22.5 ± 1.8 7 7 35 6/14:0 Zwitterionic 

DHPC:DMPC 
q=0.75 

26.6 ± 2.4 8 32 26 6/14:0 Zwitterionic 

9:1 DLPCf:DLPAg  39.4 ± 9.5 5 7 6 12:0 Anionic 

DOPCh 54.6 ± 2.2 6 7 7 18:1 Zwitterionic 

DLPC 57.1 ± 6.3 4 7 4 12:0 Zwitterionic 

85:15 
DOPC:DOPEi 

57.6 ± 2.8 5 5 5 18:1 Zwitterionic 

Soy polar lipids 58.3 ± 0.1 3 - 15 mixed Anionic 

DMPC 59.1 ± 0.1 6 7 6 14:0 Zwitterionic 

POPCj 70.2 ± 1.5 6 10 8 16:0-
18:1 

Zwitterionic 

DEPCk 82.7 ± 24 5 9 11 22:1 Zwitterionic 
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2.3.2 Vesicle and bicelle preparation: Vesicles with a variety of lipid compositions 

(summarized in Table 2.1) were generated by dissolving lipid in a mixture of 3:1 

chloroform:methanol to a final concentration of 10 mg/mL, and drying to a film on a 

rotary evaporator. The samples were then placed under vacuum to ensure complete 

removal of the organic phase. The resulting lipid film was reconstituted in 25 mM 

sodium phosphate buffer, pH 6.6, to a final concentration of 3.3 mg/mL and 

subjected to four freeze-thaw cycles, followed by sonication at 40 °C for 5 min. 

Vesicles were extruded through polycarbonate membranes (Avanti Polar Lipids) with 

pore diameters of 50 nm before use. Bicelles were prepared from 1,2-dimyristoyl-sn-

glycero-3-phospho- choline (DMPC) and 1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC) with q values ranging from 0.25–0.75 (q = [DMPC]/[DHPC]) 

and a total lipid concentration of 150 mM by mixing the appropriate amount of DMPC 

with 25 mM sodium phosphate buffer, pH 6.6, vortexing and centrifuging the sample 

repeatedly until a homogeneous slurry was formed, and then adding an appropriate 

amount of a 400 mM DHPC stock solution. This mixture was then subjected to several 

cycles of centrifugation and vortexing until a clear non-viscous solution was obtained. 

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without 

further purification. 

2.3.3 Circular dichroism: CD spectra were measured using a Jasco J-1500 

spectropolarimeter equipped with a Peltier thermally controlled cuvette holder 

(Jasco UK, Great Dunmow, UK) and 1.0 and 0.1 mm path length quartz cuvettes 

(Starna, Optiglass Ltd., Hainault, UK). All spectra were recorded over the wavelength 

range 190–300 nm using a 2.0 nm spectral bandwidth, 0.2 nm step resolution, 200 

nm/min scanning speed, and 1 s response time. All CD spectra shown were collected 

at 37 °C, and were averaged from sixteen individual spectra after subtraction of the 

CD spectrum of the buffer. The peptide samples were prepared in 25 mM sodium 

phosphate buffer, pH 6.6, in the presence and absence of a membrane mimetic at 

increasing concentrations, maintaining a constant peptide concentration typically in 

the range of 50–75 μM. Protein concentrations were determined using the 

absorbance of the protein at 280 nm (A280) and Beers law. The machine units of 

millidegrees were converted to mean residue ellipticity to normalize to protein 
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concentration. CD data was fit using DichroWeb29 (Contin30/training set 431) to 

estimate the secondary structure content. 

2.3.4 Fluorescence spectroscopy: Intrinsic fluorescence of the tryptophan residue in 

the R13-APH18 and R13-APH22 peptides was measured before and after the addition 

of different concentrations of either DMPC lipid vesicles or DPC micelles. A peptide 

concentration of 47 μM was used for R13-APH18, whereas only 5 μM of R13-APH22 

was used, in a 3.0 mm pathlength quartz cuvette. Fluorescence intensity was 

measured at 20 °C with a Jasco FP-6500 (Jasco UK, Great Dunmow, UK) 

spectrofluorometer, equipped with a Jasco ADP-303 T temperature controller. 

Excitation was set to 280 nm, while emission spectra were recorded from 300 to 450 

nm at a bandwidth of 3 nm. Correction for light scattering was carried out by 

subtraction of the corresponding spectra of the membrane mimetics. 

2.3.5 Dynamic light scattering: An estimate for the hydrodynamic diameter of each 

membrane mimetic, diluted to a concentration of 0.06 mg/mL with 25 mM sodium 

phosphate buffer at pH 6.6, was measured by dynamic light scattering using a 

Zetasizer Nano-series instrument (Malvern Instruments, UK) at room temperature, 

with UV-transparent disposable cuvettes of 1 cm path length. All spectra were 

collected after 300 s equilibration time and averaged from six individual spectra. Data 

was processed using the Malvern Zetasizer software and exported as intensity and 

number distributions. 

2.3.6 Nuclear magnetic resonance experiments: RTNLB13 APH peptide samples for 

NMR analyses were prepared by dissolving the peptides to a final concentration of 

1–1.5 mM in 25 mM sodium phosphate buffer, pH 6.6, 90% H2O, 10% D2O, containing 

50 mM DPC-d38. All spectra were collected at 37 °C on an Avance 700 MHz 

spectrometer (Bruker Biospin, UK) equipped with a triple resonance inverse 

cryoprobe with Z-gradients and referenced to residual water. 1H—1H TOCSY and 

NOESY spectra were collected with 4096 × 256 data points, 14 × 14 ppm spectral 

windows, 32 scans and mixing times ranging from 70 to 140 ms and 90 to 200 ms, 

respectively. Spectra were processed using Topspin 3.2 and assigned using CCPNmr 

Analysis.32 STD-NMR experiments were performed on samples of R13-APH22 in 100% 
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D2O buffer with 25 mM sodium phosphate, pD 7.0, prepared with and without 50 

mM DPC, and a pseudo-2D version of the STD NMR sequence was used for the 

interleaved acquisition of off- and on-resonance spectra: 1D STD with spoil and T2 

filter using excitation sculpting for water suppression.33 Off- and on-resonance 

spectra were acquired separately and subtracted manually to obtain the STD 

spectrum. For selective saturation, the on-resonance frequency was set to −4692 Hz 

(−2 ppm), whereas the off-resonance frequency was set to 30,000 Hz (42.8 ppm). 

Blank experiments (in the absence of DPC) were performed to test the lack of direct 

saturation to peptide protons and select the appropriate on-resonance frequency. 

Saturation time was varied from 0.25–5 s, and the relaxation delay was held at 5.5 s. 

The spectral window size was 14 × 2.85 ppm, the number of data points was 32,768 

× 4 and the number of scans was 8. Deuterium exchange experiments were 

performed on samples of R13-APH22 solubilized in 25 mM sodium phosphate, pD 7.0, 

containing 50 mM DPC and prepared in 100% D2O. 1D 1H spectra were acquired 10 

min after the addition of D2O to lyophilized peptide and detergent samples, with a 

spectral window size of 14 ppm and 16 scans. Peptide diffusion coefficients were 

calculated using 1H data obtained from pseudo-2D diffusion ordered spectroscopy 

(DOSY) experiments,34 with a spectral window size of 14 × 14 ppm, 16,384 × 16 data 

points, 30–400 ms diffusion delay time, 5 ms eddy current delay time, and 128 scans. 

DOSY data was processed using the T1/T2 relaxation module within Topspin 3.2, and 

all diffusion coefficients are reported for samples prepared in 100% D2O buffer. 

2.3.7 Bioinformatics: Full-length sequences of RTNLB proteins were obtained from 

UniProt,35 and sequence alignment/formatting was carried out using Clustal 

Omega.36 The sequence logo was produced using Weblogo 3.37 Helix representations 

were generated using Chimera.38 
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2.4 Results  

2.4.1 Residues E160-K175 in RTNLB13 contain an amphipathic helix that is curvature-

responsive and displays some requirement for ionic lipids: As mentioned above, we 

have recently demonstrated that removal of residues Glu160-Lys175 from RTNLB13 

inhibits tubule formation in the ER membranes of A. thaliana.20 To investigate the 

physical properties that induce helix formation in this region of RTNLB13, a 16-

residue peptide (R13-APH16 in Fig. 2.2C) composed of residues Glu160-Lys175 was 

synthesized, purified, and reconstituted into a wide range of membrane mimetics 

(Table 2.1). Our library of fourteen different membrane mimetics included three 

detergents varying in surface charge and aggregation number, synthetic membrane 

bilayers of varying lipid composition, acyl chain lengths, saturation, and head group 

charge, and lipid bicelles composed of short- and long-chain lipids. Peptide folding 

was studied across the library of membrane mimetics using circular dichroism (CD) 

spectroscopy, and the data were fit using Dichroweb software29 to obtain an 

estimate of secondary structure content. As shown in Fig. 2.3A, CD data indicated 

that this peptide is soluble but has no defined structure (random coil) in aqueous 

buffer solution. Upon addition of micelles composed of anionic detergent (1-

myristoyl-2-hydroxy-sn-glycero-3-phospho-(1′-rac-glycerol), LMPG) or zwitterionic 

detergent (DPC), an α-helical content of 55% or 37%, respectively, was estimated for 

R13-APH16. Addition of increasing concentrations of these two detergent micelles 

lead to a dose-dependent increase in negative ellipticity at 222 nm (shown for LMPG 

in inset, Fig. 2.3A), indicating that micelle binding induces helix formation. The helical 

content of R13-APH16 was lost (3–10% helicity, which we interpret as negligible for a 

peptide of this length) and the peptide remained unstructured when combined with 

nonionic detergent n-dodecyl-β-d-maltoside (DDM, Fig. 2.3A) or any of the lipid 

vesicles in our library (see Table 2.1 for all values and Fig. 2.3B for a representative 

CD spectrum in 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DMPC). This was 

observed regardless of whether a net negative charge was present on the vesicle 

surface. 
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Fig. 2.3 (A) CD spectra of R13-APH16 peptide (70 μM) in phosphate buffer and a range of 
detergent micelles (5–300 mM) of varying aggregation number and surface charge as 
summarized in Table 2.1. The peptide displays random coil secondary structure in buffer and 
DDM micelles, and helical structure in DPC and LMPG. Inset, increasing concentrations of 
LMPG lead to a dose-dependent increase in negative ellipticity at 222 nm. (B) CD spectra of 
R13-APH16 peptide (70 μM) in DMPC lipid vesicles and DHPC:DMPC mixed micelles (bicelles) 
prepared with various q values. The peptide displays random coil secondary structure in all 
but q = 0.25 bicelles, where a small degree of helicity can be observed. All CD data are given 
in units of mean residue ellipticity (MRE, deg. cm2 dmol−1). (C) Plot of percent helical content 
of the R13-APH16 peptide (obtained from fitting of circular dichroism data using Dichroweb 
software) versus the hydrodynamic diameter of the membrane mimetic used (obtained from 
dynamic light scattering measurements). Inset shows analogous data for residues 2–23 of 
human α-synuclein (●) and the ALPS motif in rat ArfGAP1 (○), residues 199–223. 
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Only when short-chain lipids were mixed with long-chain lipids, to create lipid 

bicelles with q values (q = [DMPC] / [DHPC]) ranging from 0.25–0.75, was the helicity 

of the peptide detectable once again (Fig. 2.3B). This behavior suggested a link 

between the curvature of the membrane mimetic and folding of R13-APH16. Dynamic 

light scattering was used to measure the hydrodynamic diameters of all membrane 

mimetics tested, and the resulting diameters are given in Table 2.1. Our mimetics 

provided good coverage of diameters between 3 and 83 nm, and a plot of helical 

content of the R13-APH16 peptide versus diameter of the mimetic is shown in Fig. 

2.3C. This plot shows a clear relationship between diameter and helical content of 

the putative RTNLB13 APH, and indicates that this region is only able to fold in the 

presence of membrane mimetics with diameters ≤18 nm. To validate that these 

results were reporting curvature, and not some other aspect of our chemically-

diverse library, two well-known curvature sensors (residues 2–23 of human α-

synuclein and the ALPS motif in rat ArfGAP1, residues 199–223) were also exposed 

to the entire library of mimetics. As shown in the inset to Fig. 2.3C, these two positive 

controls closely mirror the results obtained for the R13-APH16 peptide. 

Solution state NMR was used to determine the location of the helix within the 

R13-APH16 peptide sequence. 1H—1H TOCSY and 1H—1H NOESY spectra were used to 

sequentially assign the peptide (Table S2.1 and Fig. S2.1) and reveal long-range NOEs 

in the presence of DPC micelles, which yielded significant helical structure and were 

available in a fully deuterated form. 63% of the 1Hs in the R13-APH16 peptide were 

assigned in DPC, and these assignments were used to construct an NOE-derived map 

of backbone NH, Hα and Hβ connectivities and perform a 1Hα chemical shift index 

(CSI) analysis39 as shown in Fig. 2.4. The NMR data were indicative of α-helix 

formation between residues Glu160-Leu169, which agrees well with results from CD. 

Together these data demonstrate that this region of a plant reticulon contains a 

curvature-responsive helix that requires both surface charge and high curvature to 

fold, similar to α-synuclein.17 The results also map the helix to the extreme N-

terminus of the peptide.  
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Fig. 2.4 Survey of NMR-derived sequential backbone NOE connectivities for the R13-APH16 
peptide solubilized in DPC-d38, classified as strong, weak, or absent by the thickness (or 
absence) of a bar connecting the residues involved. The non-sequential connectivities listed 
(i.e. i, i + n) are unique to helices, and were used alongside chemical shift index analyses (CSI) 
to localize the amphipathic helix to residues Glu160-Leu169 (underlined in sequence). 

2.4.2 Amphipathic helix extends beyond predicted region, and inclusion of entire 

helical region alters the determinants of membrane interaction: The well-known 

difficulties in predicting curvature-responsive regions from sequence alone coupled 

with the location of the APH at the extreme N-terminus of the R13-APH16 peptide 

lead us to ask if the helix extended beyond this region. Our previous analyses of the 

putative location of the TM domains suggested that the fourth TM domain may end 

as early as residue Val154.21 Therefore, we created two additional peptides to more 

thoroughly explore sequence space in this region of RTNLB13. An 18-residue peptide, 

spanning Val154-Ser171 (R13-APH18, Fig. 2.2C), was used to extend the N-terminus of 

the peptide by six residues without dramatically changing the length of the peptide. 

A 22-residue peptide (Val154-Lys175, R13-APH22) spanned the entire sequence covered 

by both other peptides and was studied to ensure that the entire continuous helix 

was captured. Both peptides fit the general trend expected for an APH, containing a 

polar/charged face and a hydrophobic face when plotted around a helical wheel (Fig. 
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2.5A) and yielding higher hydrophobic moments (μ18 = 8.58, μ22 = 9.99) than the 

original R13-APH16 peptide (μ = 6.85). This region of RTNLB13 is also well-conserved 

across 19 of the 21 RTNLB isoforms found in A. thaliana (Fig. S2.2). 

These longer peptides showed significant helical content in all three detergent 

types, as summarized in Table 2.1 and Figs. S2.3–2.4, and no longer exhibited a 

requirement for anionic head groups in order to fold. Indeed, the requirement for 

negative charge seems to be completely lost in the 22-residue peptide, which folds 

equally well in all micelle types. Increasing detergent concentrations lead to a dose-

dependent increase in negative ellipticity at 222 nm (inset, Figs. S2.3A and S2.4A) 

indicating that micelle binding induced helix formation in all detergents tested. 

Peptide folding was also studied in lipid vesicles and bicelles as before, and both 

peptides retained the sensitivity to curvature that was demonstrated for the R13-

APH16 sequence. Fig. 2.5B shows the reduction in helical content for R13-APH18 and 

R13-APH22 as the average diameter of the membrane mimetic was increased. In both 

cases, the peptides are only able to fold at diameters ≤27 nm. 

Solution-state NMR was again used to map the location of the helix within each 

DPC-solubilized peptide as before (see Tables S2.2–S2.3 for assignment and Fig. S2.5 

for representative data). The NOE -derived map of backbone NH, Hα and Hβ 

connectivities and 1Hα CSI analysis for the R13-APH22 peptide (Fig. 2.5C) localized the 

helix between residues Lys156-Leu169. The same 14-residue region was identified from 

the analogous data for the R13-APH18 peptide, and these results are summarized in 

Fig. S2.6. The length of the APH described in each peptide correlated to a helical 

content of 78% and 64% in R13-APH18 and R13-APH22, respectively and these values 

were in excellent agreement with the results from CD (79% and 69% respectively). 

Residues Lys156-Leu169 also encompass the most highly conserved positions in this 

region, as shown in the sequence logo in Fig. 2.5D.  
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Fig. 2.5 (A) Helical wheel plots of R13-APH18 (left) and R13-APH22 (right) peptides. (B) Plot of 
percent helical content of the R13-APH18 (●) and R13-APH22 (○) peptides (obtained from 
fitting of circular dichroism data using Dichroweb) versus the hydrodynamic diameter of the 
membrane mimetic used (obtained from DLS measurements). Inset, tryptophan 
fluorescence emission spectra of R13-APH18 and R13-APH22 in buffer, and with DPC and 
DMPC. (C) Survey of NMR-derived sequential backbone NOE connectivities for the R13-
APH22 peptide solubilized in DPC-d38, classified as strong, weak, or absent by the thickness 
(or absence) of a bar connecting the residues involved. The non-sequential connectivities 
listed (i.e. i, i + n) are unique to helices, and were used alongside chemical shift index 
analyses (CSI) to localize the amphipathic helix to residues Lys156-Leu169 (underlined in 
sequence). (D) Sequence logo indicating the degree of conservation of the 22-residue 
peptide amongst all reticulon-like protein isoforms in A. thaliana, with the exception of 
RTNLB19 and RTNLB20. 
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2.4.3 Curvature responsive region does not stably bind to membranes in a 

disordered conformation: The CD data used above to probe binding to membrane 

bilayers required the generation of long-lived secondary structure to report peptide-

membrane interactions. However, it has been reported that a curvature-sensing 

amphipathic region at the C-terminus of complexin, responsible for inhibition and 

localization of the protein to synaptic vesicles, can bind to membranes in either a 

helical or disordered conformation.12 Fluorescence spectroscopy and diffusion-

ordered NMR spectroscopy (DOSY) are methods that do not require helix formation 

to report binding, and were thus selected to probe the binding of unfolded peptide 

to membrane mimetics. Both the R13-APH18 and R13-APH22 peptides contain a native 

Trp residue (Trp158) which was monitored to gauge the polarity of the peptide 

environment. The fluorescence emission wavelength (λem) of the Trp residue 

undergoes a substantial blue shift (to lower wavelength) upon moving from an 

aqueous environment to the apolar environment of the membrane mimetic. 

Fluorescence data are shown in Fig. 2.5B (inset) for the R13-APH18 peptide solubilized 

in aqueous buffer, DPC detergent, and DMPC vesicles. These mimetics were selected 

because they represent conditions in which high as well as minimal helical content 

was observed by CD. The analogous data for the R13-APH22 peptide are given in Fig. 

S2.7A. In both cases, the identical trend was observed in which Trp emission was 

observed at λem = 360 nm in aqueous buffer, and experienced a 20 nm blue shift to 

λem = 340 nm when DPC was present, suggesting partitioning of Trp to a non-polar 

environment. However, no blue shift was observed when DMPC was present, 

suggesting that neither peptide participates in a long-lived binding interaction with 

the vesicles. 

These results were supported by DOSY NMR measurements made for the R13-

APH22 peptide in the absence and presence of DPC micelles and DMPC vesicles. Table 

2.2 summarizes the diffusion coefficients obtained from peptide solubilized in 

aqueous buffer, 50 mM DPC, or 2.4 mg/mL DMPC, and a typical fit of the data is 

shown in Fig. S2.7B. These values were used, along with the diffusion coefficients 

measured for “free” DPC micelles and DMPC vesicles, to estimate the fraction of 

peptide bound as described in the Materials and Methods, and indicate complete 

(i.e. 100%) binding of the peptide to DPC and negligible (~2%) binding to DMPC 
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vesicles. The results above show that (on the timescale of these measurements) 

there is no detectable population of unfolded vesicle-bound peptide, as was 

observed for complexin, and support a model in which this interaction is either 

absent or very short-lived. 

Table 2.2. Experimental diffusion coefficients (DC) for R13-APH22, DPC (mimetic) and DMPC 
(mimetic), and the peptide-mimetic solutions. 

 R13-APH22 DC 
( × 1010 m2/s) 

Mimetic DC 
( × 1010 m2/s) 

fbound 

Buffer 2.12 ± 0.03   
DPC 1.23 ± 0.12 1.28 ± 0.003 1.06 
DMPC 2.09 ± 0.13 0.17 ± 0.003 0.02 

2.4.4 Curvature-responsive region folds in small, highly stable unilamellar 

phospholipid vesicles: To test our conclusion that this APH has an affinity for high 

curvature, and not an affinity for detergent molecules (in which the highest helicity 

was observed), we wished to create a small unilamellar vesicle with a diameter near 

27 nm to reflect the results from CD and DLS above. Several attempts were made to 

create “tiny” vesicles by extended sonication and/or freeze-thaw cycles, extrusion 

through membranes with decreasing pore sizes down to 15 nm, and incorporation of 

conical lipids (e.g. PE) into the preparation (data not shown). None of these 

approaches yielded stable vesicles with diameters below 36 nm, and these vesicles 

were highly unstable over time. A review of the literature revealed that creation of 

stable lipid vesicles with diameters <30 nm has not been well-demonstrated. Very 

few reports exist in which sufficient data is provided to support successful 

preparation of small and stable vesicles, with the smallest vesicle diameters ranging 

from 35 to 46 nm.40,41 Using a method published by Yue et al.,41 in which small 

unilamellar vesicles with a composition of 60:1:15 DMPC:DMPG:DHPC form via 

spontaneous vesiculation, we obtained stable vesicles with an average diameter of 

23 nm (see Fig. S2.8A). Addition of these vesicles to the R13-APH22 peptide yielded a 

clear helical signal in the CD spectrum (Fig. 2.6) that corresponded to 25% helical 

content. Using the identical membrane composition above, we then prepared 

vesicles of increasing diameter up to 116 nm and recorded CD spectra of the peptide. 

The resulting spectra are shown in Fig.2.6 along with a plot of mean residue ellipticity 
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at 222 nm and percentage helical content vs. vesicle diameter (inset). These data are 

well-described by the trend shown in Fig. 2.5B and support the conclusion that what 

we observe in detergents is a report of curvature sensing and not an artifact. This 

may be a reflection of the widely-accepted theory that curvature sensing helices 

likely interact with membrane packing defects in curved membranes. It has been 

demonstrated in previous studies that detergent molecules within a micelle42,43 and 

lipid molecules within bicelles44 of q < 1 are loosely packed and dynamic, and thus 

may resemble these defects and provide an excellent platform upon which to 

investigate curvature-sensing helices at atomic resolution. Of course, any results 

obtained in this way must be corroborated in vivo to demonstrate the biological role, 

as we have done for RTNLB13 in our previous work.20  

Fig. 2.6 CD spectra of R13-APH22 peptide in the presence of vesicles with identical lipid 
composition but increasing diameter. The lipid composition was maintained at 60:1:15 
DMPC:DMPG:DHPC and the size was modulated between 23 and 116 nm. Inset shows plot 
of mean residue ellipticity at 222 nm (●) and percentage helicity (○) as obtained from fitting 
of the data in Dichroweb versus vesicle diameter. 

 



89 
 

2.4.5 Curvature-responsive folding occurs via a shallow hydrophobic face defined 

by highly conserved aromatic and hydrophobic residues: Apart from a single Ile 

residue (Ile165), which when mutated to Lys yielded a reduction in tubule formation 

in RTNLB13 in vivo,20 the molecular determinants for APH-membrane interactions 

remain unknown. To identify residues within the APH that are directly interacting 

with highly curved membranes, deuterium exchange and saturation transfer 

difference NMR (STD-NMR) were applied. The amide and aromatic region of the 1H 

spectrum of the R13-APH22 peptide in DPC micelles is shown in Fig. 2.7A for 

comparison with the deuterium exchange spectrum in Fig. 2.7B, in which labile 

protons could exchange with deuterium upon dissolution of the peptide in D2O. The 

exchange spectrum was acquired 10 min after the addition of D2O to a lyophilized 

sample containing peptide and fully protonated DPC detergent. Signals from non-

labile aromatic 1Hs remained in the spectrum, while the majority of the backbone HN 

peaks in the spectrum were fully attenuated before data were acquired. However, 

exchangeable NH 1Hs from Gln166, Tyr161, Gly162, and Ile165 remained in the spectrum 

and were protected from exchange relative to the rest of the sequence, suggesting 

that these residues were interacting directly with the micelle. 

An alternative method, namely STD-NMR, was used to validate these results. 

In STD-NMR, selective saturation of a host can be transferred to protons in a ligand 

via the nuclear Overhauser effect if those protons are within 5 Å of the host.33 This 

yields NOE enhancement of the signals from “bound” protons within the ligand after 

subtraction of the on-resonance 1H spectrum (acquired upon selective irradiation of 

the host) from the off-resonance spectrum (acquired with no saturation of the host). 

Signals that remain in this difference spectrum identify which protons in the ligand 

form the binding epitope with the host. 
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Fig. 2.7 (A) 1D 1H NMR spectrum of R13-APH22 with 50 mM DPC in 90% H2O/10% D2O buffer. 
(B) 1D 1H NMR spectrum of R13-APH22 with 50 mM DPC in 100% D2O buffer. Backbone amide 
protons that are less solvent accessible are labelled. (C) 1D 1H STD-NMR spectrum of R13-
APH22 with 50 mM DPC in 100% D2O buffer. The non-exchangeable protons that have 
undergone saturation transfer are labelled. (D) Helical wheel representation of the RTNLB13 
APH, as identified from NMR structural studies, with those protons on the hydrophobic face 
that have been identified as important for binding/helix formation indicated via the method 
used to elucidate this information. (E) Helical wheel representations comparing the 
hydrophobic penetration depth of known curvature-responsive helices in ArfGAP1 (known 
as amphipathic lipid packing sensors, or ALPS), α-synuclein, and RTNLB13 with that of known 
antimicrobial peptides aurein, magainin I and mastoparan. 

In this work, the membrane mimetic was defined as the “host” and R13-APH22 

peptide as the “ligand”, and to our knowledge this is one of very few demonstrations 

of this approach. Spectra were acquired for samples containing the R13-APH22 

peptide in 100% D2O buffer and fully protonated DPC micelles, in which a suitable 

on-resonance frequency was identified at −2.0 ppm in which no saturation of peptide 

was detected. Difference spectra were collected using saturation times (tsat) ranging 

from 0.25–5.0 s in order to follow the buildup for all 1Hs displaying saturation 

transfer. A plot of STD amplification factor (STD-AF) versus saturation time is given in 

Fig. S2.8, and the difference spectrum collected with a tsat = 1 s is shown in Fig. 2.7C. 
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While the requirement to carry out STD-NMR experiments in 100% D2O buffer meant 

that all labile protons (i.e. backbone NH) were fully exchanged at the time of 

acquisition, the spectra clearly reveal efficient saturation transfer from the DPC 

micelle to a subset of 1Hs in the R13-APH22 peptide. The signals in the STD spectra 

implicated protons in the aromatic rings of Trp158, Tyr161, and His168 in the binding of 

the peptide to the micelle. 

The H-D exchange and STD NMR results are summarized in Fig. 2.7D on a 

helical wheel containing the 14-residue sequence we have identified as containing 

the curvature-responsive helix in RTNLB13. Residues protected from H-D exchange 

and sensitive to saturation transfer all map to a discrete face of the helix that is 

shared by Ile165, the only residue known to significantly impact ER tubule formation 

in vivo when mutated in this family of reticulons. The hydrophobic face of the APH 

shown in Fig. 2.7D could partition into the hydrophobic core via two aromatic 

residues that are completely conserved across all reticulon isoforms in A. thaliana 

(see positons 5 and 8 in Fig. 2.5D), suggesting their importance in function. The polar 

Gln and His residues that flank this hydrophobic face could interact with lipid head 

groups, and the highly conserved charged face of this helix would be oriented toward 

the aqueous environment. 

2.5. Discussion 

Here we demonstrate the curvature-dependence of membrane binding and 

folding for a region in a plant reticulon, RTNLB13 from A. thaliana, previously 

demonstrated to be critical for ER membrane remodeling from tubules to sheets in 

vivo15,20 and speculated to be present in nearly all members of the reticulon 

family.15,20 Despite these facts, such a property has not been demonstrated for 

similar regions in any reticulon family member until now. Our work indicates the 

presence of a membrane curvature sensor in the C-terminus of the protein. The 

helical features of this region emerged only when the hydrodynamic diameter of the 

membrane mimetic was between 3 and 27 nm, with helicity increasing as diameter 

decreased. This result is noteworthy when compared to the reported diameters of 

various plant tubules formed in vivo (20–50 nm)45 and in vitro (30 nm)46, yeast tubules 
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formed in vivo (30 nm)47, and tubules formed in vitro by reticulon-like proteins (e.g. 

17 nm for Yop1p15 and 25 nm for poxvirus A1747). The tubule diameters in these 

studies compare favorably with the emergence of observable helicity in our data, 

especially if one considers that the portion of a spherical micelle/vesicle to which the 

rod-like APH will bind can be approximated by a cylindrical “slice” of that sphere, the 

curvature of which would be very similar to that in a cylinder of equal diameter. While 

it cannot be ruled out that the lack of binding to larger vesicles we observe here may 

be exacerbated by the removal of the APH from the full-length protein, the 

curvature-sensitivity may suggest that this APH is highly adapted to form only in the 

presence of membrane surfaces with a specific size and number of membrane 

packing defects, a typical consequence of high curvature. Such specificity is an 

exciting prospect as it implies this feature of membranes could be targeted in future 

applications. 

As mentioned earlier, curvature-sensing regions are not defined by a single 

membrane-binding mechanism and are notoriously difficult to accurately locate from 

sequence alone, and the homologous region in the RTNLB13 protein is no different. 

We have located the 14-residue curvature sensing helix using solution state NMR, 

and found that our original estimate of the location of this helix (R13-APH1620) 

omitted four residues including a completely conserved hydrophobic aromatic 

residue that we now know forms part of the membrane interaction site (Trp158). Most 

importantly, this subtle change in sequence significantly altered the determinants of 

membrane binding, removing any dependence upon electrostatic interaction with 

anionic lipids. We propose that this is by design, as dependence on specific charged 

lipids would be a liability in the ER. Not only is plant ER composed predominantly of 

uncharged lipids, with compositions of 51% PC/33% PE being reported,48 but the ER 

membrane is a highly dynamic environment and the site of lipid synthesis and 

transport.49 The curvature sensor identified in this work is not reliant on charge to 

fold, and we suggest this adaptability would be highly advantageous in the ER 

membrane. More broadly, we suggest this curvature sensor is highly tuned to the 

lipid composition of the membrane in which it resides, and that this property may be 

universal in curvature sensors thus rationalizing the variety of mechanisms reported. 
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Our data also provide rare mechanistic insight into direct protein–membrane 

interaction sites within this curvature responsive region. Four hydrophobic residues 

make up a hydrophobic helical face that interacts with membrane mimetics (Fig. 

2.7D). One of these residues is Ile165 which, when mutated to Lys, resulted in a loss 

of tubule-forming ability in the full-length protein.20 The two aromatic residues in this 

interaction face are completely conserved throughout all 21 isoforms in A. thaliana, 

and indeed are the only completely conserved sites in the entire APH region. We 

propose that the shallow hydrophobic face we identify here is broadly characteristic 

of all curvature sensing helices, including the amphipathic lipid packing sensors 

(ALPS) in the ArfGAP1 protein and in α-synuclein (Fig. 2.7E), restricting the depth to 

which these helices can penetrate into the hydrophobic core of the bilayer. This is in 

keeping with the role of these regions as sensors and stabilizers of highly curved 

membrane structures, and distinguishes them from other amphipathic helices such 

as those formed by antimicrobial peptides. Peptides such as aurein, magainin I, and 

mastoparan (Fig. 2.7E) contain hydrophobic helical faces that encompass ≥50% of 

the sequence and are thus able to penetrate deeply into the membrane core. This 

feature affords the ability to efficiently destabilize cell membranes via a number of 

reported mechanisms.50 Such a large and destabilizing hydrophobic region would be 

ill-advised in a curvature sensor. 

In the case of the plant reticulon under investigation here, our results lead us 

to propose a new model for function that now includes this curvature responsive 

region. Insertion of the RHD TM domains into the ER membrane generates local 

membrane curvature via wedging and scaffolding, as previously reported for 

reticulons.26 Formation of ever-larger RTN oligomer “networks” generates further 

membrane curvature and introduces lipid defects of increasing number and size. It is 

likely that once sufficient numbers of defects are present, the APH region will 

bind/insert into these via interactions between the hydrophobic face of the APH and 

exposed fatty acyl chains present in lipid packing defects. We suggest that membrane 

binding by the APH may act as a feedback element, only forming when ER tubules 

reach a critical size and adding stabilization to these structures without disrupting 

the bilayer. 
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2.6 Supporting Information 

Fig. S2.1 Related to Fig. 2.4 and Table S2.1. Overlay of 1H—1H TOCSY (black) and NOESY (blue) 
spectra for R13-APH16 peptide (1 mM) in the presence of 50 mM DPC- d38 detergent.  
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Fig. S2.3 Related to Fig. 2.5 and Table 2.1. (A) Circular dichroism spectra of R13-APH18 
peptide (47 µM) in phosphate buffer and a range of detergent micelles (5–300 mM) of 
varying aggregation number and surface charge as summarized in Table 2.1. The peptide 
displays random coil secondary structure in buffer, and helical structure in DPC, LMPG, and 
DDM. Inset shows that the addition of increasing concentrations of LMPG leads to a dose-
dependent increase in negative ellipticity at 222 nm. (B) Circular dichroism spectra of R13-
APH18 peptide (47 µM) in DMPC lipid vesicles and DHPC:DMPC mixed micelles (bicelles) 
prepared with a range of q values. The peptide displays random coil secondary structure in 
DMPC, and helical structure with bicelles. All CD data are given in units of mean residue 
ellipticity (MRE, deg cm2/dmol). 
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Fig. S2.4 Related to Fig. 2.5 and Table 2.1. (A) Circular dichroism spectra of R13-APH22 
peptide (40 µM) in phosphate buffer and a range of detergent micelles (5–300 mM) of 
varying aggregation number and surface charge as summarized in Table 2.1. The peptide 
displays random coil secondary structure in buffer, and helical structure in DPC, LMPG, and 
DDM. Inset shows that the addition of increasing concentrations of LMPG leads to a dose-
dependent increase in negative ellipticity at 222 nm. (B) Circular dichroism spectra of R13-
APH22 peptide (40 µM) in DMPC lipid vesicles and DHPC:DMPC mixed micelles (bicelles) 
prepared with a range of q values. The peptide displays random coil secondary structure in 
DMPC, and helical structure with bicelles. All CD data are given in units of mean residue 
ellipticity (MRE, deg cm2/dmol). 

A

B
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Fig. S2.6 Related to Fig. 2.5. Survey of NMR-derived sequential backbone NOE connectivities 
for the R13-APH22 peptide solubilized in DPC-d38, classified as strong, weak, or absent by the 
thickness (or absence) of a bar connecting the residues involved. The non-sequential 
connectivities listed (i.e. i, i + n) are unique to helices, and were used alongside chemical shift 
index analyses (CSI) to localize the amphipathic helix to residues K156–H168 (underlined in 
sequence). 
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Fig. S2.7 Related to Fig. 2.5 and Table 2.2. (A) Tryptophan fluorescence emission spectra of 
R13-APH22 in buffer, and with increasing concentrations of DPC and DMPC. (B) A typical 
diffusion decay curve fit from DOSY NMR. This corresponds to a R13-APH22 proton peak at 
7.25 ppm. 



100 
 

 

Fig. S2.8 Related to Fig. 2.6. (A) DLS data for small vesicles and (B) CD data for R13-APH22.  

 

Fig. S2.9 Related to Fig. 2.7. Saturation time (tsat) build-up curve. Saturation transfer from 
DPC micelles to various Trp158, Tyr161 and His168 aromatic protons during STD-NMR 
experiment.  
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Table S2.1 Related to Fig. 2.4. 1H NMR assignment of the R13-APH16 peptide (1 mM) in the 
presence of 50 mM DPC-d38 detergent.  

Residue NH αH βH Others  

Glu 160 8.09 4.16 1.64 γCH2 2.95 
Tyr 161 7.83 4.63 3.13 2,6H 

3,5H 
 
 

Gly 162 8.32 3.82 - -  
Asp 163 8.13 4.54 2.73 -  
Gln 164 8.27 4.26  γCH2 

δNH2 
 
 

Ile 165 8.15 3.99 2.00 γCH2 
γCH3  
δCH3 

1.20 
1.68, 0.95 

Gln 166 8.29 4.14 2.13 γCH2 
δNH2 

2.47 
 

Lys 167 7.76 4.18 1.86, 
1.73 

γCH2 
δCH2 
εCH2 
εNH3

+ 

1.42 
 
3.04 
unassigned 

His 168 7.98 4.47  2H 
4H 

 
 

Leu 169 8.22 4.32  γH 
δCH3 

 
0.92 

Gly 170 8.18 4.01 - -  
Ser 171 7.76 

 
4.37 4.03 

 
-  

Leu 172 8.22 4.32  γH 
δCH3 

 

Lys 173 8.00 4.37 1.90, 
1.74 

γCH2  
δCH2 
εCH2  
εNH3

+ 

1.48 
 
3.04 

Asp 174 8.25 4.63 2.75, 
2.66 

-  

Lys 175 7.76 4.28 1.58 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.32 
 
3.14 
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Table S2.2 Related to Figure 5. 1H NMR assignment of the R13-APH18 peptide (1 mM) in the 
presence of 50 mM DPC-d38 detergent.  

Residue NH αH βH Others  

Val 154 8.16 3.75 2.02 γCH3 1.03 
Pro 155 - 3.88 2.56/2.08 γCH2 

δCH2 
1.97 
3.46 

Lys 156 8.94 4.25 1.82 γCH2 
δCH2 
εCH2 
εNH3

+ 

1.55 
1.76 
3.04 
unassigned 

Leu 157 8.76 4.23 1.81 γH 
δCH3 

1.59 
1.02 

Trp 158 7.95 4.44 3.36 2H 
4H 
5H 
6H 
7H 
NH 

7.18 
7.34 
7.51 
7.04 
unassigned 
10.62 

Glu 159 8.33 4.39 1.65 γCH2 2.66 
Glu 160 8.18 4.02 1.68 γCH2 2.70 
Tyr 161 7.85 4.56 3.14/3.35 2,6H 

3,5H 
7.05 
unassigned 

Gly 162 8.15 3.87 - -  
Asp 163 7.96 4.09 1.17/2.30 -  
Gln 164 8.30 4.30 2.05 γCH2 

δNH2 
2.38 
unassigned 

Ile 165 8.02 4.07 1.91 γCH2 
γCH3  
δCH3 

1.58 
0.91 

Gln 166 7.82 3.95 2.77 γCH2 
δNH2 

3.19 
6.78, 7.15 

Lys 167 7.88 4.11 1.70 γCH2 
δCH2 
εCH2 
εNH3

+ 

1.38 
1.56 
2.96 
unassigned 

His 168 8.26 4.14 3.05 2H 
4H 

unassigned 
unassigned 

Leu 169 7.89 4.46 1.88 γH 
δCH3 

1.72 
0.95 

Gly 170 8.36 4.01 - -  
Ser 171 7.81 4.33 3.89 -  
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Table S2.3 Related to Figures 5 and 6. 1H NMR assignment of the R13-APH22 peptide (1 mM) 
in the presence of 50 mM DPC-d38 detergent. Values in parentheses indicate changes in 
chemical shift in the presence of non-deuterated DPC. 

Residue NH αH βH Others  

Val 154 - - - γCH3  
Pro 155 - 4.64 2.56 

 
γCH2 
δCH2 

- 
3.87 

Lys 156 8.98 4.24 1.83, 
1.75 

γCH2 
δCH2 
εCH2 
εNH3

+ 

1.55 
- 
3.03 
unassigned 

Leu 157 8.82 4.23 1.82 γH 
δCH3 

1.61 
1.01 

Trp 158 7.94 4.41 3.35, 
3.26 

2H 
4H 
5H 
6H 
7H 
NH 

7.15 
7.40 
7.47 
7.06 
6.97 
10.61 

Glu 159 7.74 3.96 2.03 γCH2 - 
Glu 160 8.00 4.01 - γCH2 2.11 

Tyr 161 7.80 4.75 3.19, 
2.73 

2,6H 
3,5H 

7.13 
6.76 

Gly 162 8.25 2.92 - -  
Asp 163 8.35 4.96 2.65, 

2.61 
-  

Gln 164 7.99 4.13 2.24 γCH2 
δNH2 

2.57 
 

Ile 165 8.30 3.70 2.02 γCH2 
γCH3  
δCH3 

- 
1.02 
0.87 

Gln 166 8.37 (8.41) 4.00 2.25 γCH2 
δNH2 

2.38 
 

Lys 167 7.99 4.05 1.89, 
1.54 

γCH2 
δCH2 
εCH2 
εNH3

+ 

1.29 
- 
2.91 
unassigned 

His 168 7.91 4.54 3.25, 
3.14 

2H 
4H 

8.44 (8.87) 
7.30 (7.57) 



104 
 

Leu 169 8.20 
 

4.32 1.91 γH 
δCH3 

1.66 
0.95, 
0.92 

Gly 170 8.09 4.02 - -  
Ser 171 7.92 4.47 3.96 -  
Leu 172 7.88 4.29 1.82 γH 

δCH3 
1.62 
0.96, 
0.90 

Lys 173 7.80 4.35 1.75 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.49 
 
3.02 

Asp 174 8.18 4.61 2.74, 
2.67 

-  

Lys 175 7.74 4.15 1.84, 
1.72 

γCH2  
δCH2 
εCH2  
εNH3

+ 

1.42 
 
3.02 
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3 

Curvature sensing amphipathic helix in the C-
terminus of RTNLB13 is conserved in all 
endoplasmic reticulum shaping reticulons in 
Arabidopsis thaliana 

Chapter 3 expands on the work of Chapter 2 to show experimentally that the 

APH in RTNLB13 is a conserved feature in other RTNLB isoforms in Arabidopsis 

thaliana that are also involved in generating regions of high curvature in the 

endoplasmic reticulum. After interrogation of their evolutionary relationships, an 

ensemble of A. thaliana RTNLB proteins were chosen for biophysical analyses. The 

secondary structure of peptides derived from their C-termini was then monitored in 

the presence of a minimal library of membrane mimetics that best demonstrate a 

dependence on curvature. Although the exact sequence and location of the APH in 

the C-term is not strictly conserved, the data presented here does verify the 

existence of curvature sensing APHs in other ER tubule shaping RTNs. Phylogenetic 

analyses suggest how this APH may have evolved throughout this subfamily, and the 

key properties of the APHs identified here are discussed in the context of the protein-

lipid interactions taking place. 

This chapter was published as an article in Scientific Reports, under a Creative 

Commons Attribution 4.0 International License. Chandni Mistry collected 

circular dichroism data of the original RTNLB4 and RTNLB15 peptides in the 

presence of DPC micelles, LMPG micelles and DMPC vesicles (data shown in Fig. 

3.2) as part of an MChem final year project under the direct supervision of 

the author. All other experiments were performed by the author and the 

manuscript was written by the author, with advice from Dr. Ann Dixon. 
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3.1 Abstract 

The reticulon family of integral membrane proteins are conserved across all 

eukaryotes and typically localize to the endoplasmic reticulum (ER), where they are 

involved in generating highly-curved tubules. We recently demonstrated that 

Reticulon-like protein B13 (RTNLB13) from Arabidopsis thaliana contains a curvature-

responsive amphipathic helix (APH) important for the proteins’ ability to induce 

curvature in the ER membrane, but incapable of generating curvature by itself. We 

suggested it acts as a feedback element, only folding/binding once a sufficient degree 

of curvature has been achieved, and stabilizes curvature without disrupting the 

bilayer. However, it remains unclear whether this is unique to RTNLB13 or is 

conserved across all reticulons—to date, experimental evidence has only been 

reported for two reticulons. Here we used biophysical methods to characterize a 

minimal library of putative APH peptides from across the 21 A. thaliana isoforms. We 

found that reticulons with the closest evolutionary relationship to RTNLB13 contain 

curvature-sensing APHs in the same location with sequence conservation. Our data 

reveal that a more distantly-related branch of reticulons developed a ~20-residue 

linker between the transmembrane domain and APH. This may facilitate functional 

flexibility as previous studies have linked these isoforms not only to ER remodeling 

but other cellular activities. 
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3.2 Introduction 

The reticulons (RTNs) are a large family of integral membrane proteins present 

in all eukaryotes and first discovered in mammalian neurons,1,2 where they are 

involved in endocytosis and intracellular transport.3,4 In addition, they have been 

linked to apoptosis, axonal growth and regeneration.5,6 RTNs are also localized to the 

endoplasmic reticulum (ER), where they are involved in ER shaping from sheets to 

tubules.7–9 In many species, deletion of RTNs leads to defects in ER tubule generation, 

whereas their overexpression increases both ER tubulation and fragmentation.8,10–12 

Abnormal ER morphology caused by mutations in ER-shaping proteins, such as the 

RTNs, has been implicated in neurological diseases and viral infections.5,13 ER shaping 

is therefore not only necessary for maintaining correct ER function, but for the overall 

health of the cell itself.14,15 

The function of RTNs is uniquely coupled with generation and recognition of 

membrane curvature, and the structure of these proteins is exquisitely adapted to 

this role via a membrane-embedded domain and membrane-peripheral domain 

acting in concert. The membrane-embedded domain is a highly conserved ~200-

amino-acid region termed the reticulon homology domain (RHD). This domain is 

present in all RTNs and is composed of two hydrophobic regions separated by a 

soluble loop of approximately 60 amino acids.16–18 These hydrophobic regions are 

believed to form wedges in the membrane that promote curvature, and this 

curvature is further stabilized through RTN oligomerization (or scaffolding).10,19–21 

The membrane-peripheral domain is an amphipathic α-helix (APH) immediately 

following the RHD which sits on the surface of the membrane at the interface 

between the polar head-group regions and the hydrophobic core. 

Interestingly, despite widely-accepted speculation that the C-terminal APH is 

conserved across all reticulons, experimental evidence for the presence of this APH 

has been provided for only two RHD-containing proteins, RTNLB13 (Reticulon-Like 

Protein subfamily B 13) from Arabidopsis thaliana and Yop1p from yeast.22–24 Brady 

et al. experimentally demonstrated that the C-term of Yop1p contained a peripheral 

APH (residues 135-151)22 in a region previously shown to be important for protein 

function.7 On its own the APH interacted with negatively charged membrane 
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mimetics, whereas in the full-length protein deleting the APH eliminated tubule 

formation in vitro. The authors hypothesised that it was likely involved in membrane 

curvature stabilization, and further suggested it was conserved across all DP1 and 

RTN family members.22 Other RHD-containing proteins also rely on C-terminal helices 

to facilitate generation of highly-curved ER regions; Atg40, an ER-phagy receptor in 

yeast, was recently shown to contain a short helix adjacent to an Atg8-family 

interacting motif in the C-term that enhances the binding of this region to Atg8 

multimers present on isolation membranes. The resulting super-assembly of Atg40 

molecules leads to bending of the membrane via the RHD, and ultimately the 

formation of an autophagosome.25 We recently demonstrated that a 14 amino-acid 

C-terminal amphipathic helix (APH), spanning residues Lys156 – Leu169, is a 

necessary feature for the curvature-generating activity of RTNLB13 in A. thaliana.23,24 

RTNLB13 is one of the smallest RTNs in A. thaliana, composed almost exclusively of 

a single RHD, and thus providing an excellent model system for study of membrane 

remodelling by this family of proteins. Our results suggested that the APH in RTNLB13 

stabilizes curved membranes and/or acts as a feedback element once the correct 

degree of curvature has been achieved by wedging and scaffolding of the 

hydrophobic RHD.23,24 This APH inserts a shallow hydrophobic face into lipid packing 

defects that are a direct result of introducing curvature to a membrane. Notably, the 

hydrophobic residues that form this binding interface are highly conserved across all 

A. thaliana RTN isoforms.24 

Given the large degree of variation in the length, sequence composition, and 

function of RTNs,16,26 and the difficulty in identifying curvature-responsive APHs from 

sequence prediction,24 we suggest that more experimental evidence for the presence 

of the APH across a number of RTNs is required to establish this emerging model of 

RTN mechanics. To identify candidate RTNs, we looked again to A. thaliana. A. 

thaliana has 21 different RTNLB isoforms, reflecting the much larger RTN gene family 

in higher plants as compared to mammals. Whilst the rationale for this gene 

expansion in plants is unknown, it is likely that the various isoforms have cell-specific 

roles.19,27 

In this work, we have analysed the sequences of all RTNLB proteins in A. 

thaliana to search for common features such as length, sequence homology and the 
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presence of a putative C-terminal APH. Using the phylogenetic relationship of all 21 

RTNLB isoforms, members were grouped into six closely-related clades. Peptides 

derived from C-terminal sequences predicted to contain an APH, or derived from the 

C-terminal domain in its entirety, were prepared from members across the clades. 

Each peptide was exposed to a range of model membranes of varying lipid 

composition and curvature, and secondary structure was assessed using circular 

dichroism and solution-state nuclear magnetic resonance (NMR). Our results 

demonstrate that the C-terminal APH is conserved across all A. thaliana RTNLBs 

known to be involved in ER remodelling, although the location of the APH within the 

C-terminus appears to have shifted later in evolution. We also highlight key 

properties these curvature-sensing APHs share despite the fact that the sequence is 

not strictly conserved. This work adds much needed experimental evidence to 

speculation that a separate curvature-sensing module, namely an APH, is a conserved 

feature of all membrane-shaping RTNs. More broadly, this work could direct 

engineering of existing RTNs or other integral membrane proteins to target curved 

biological membranes or design of peptide-based therapeutics with curvature-

sensing functionality. 

3.3 Materials and Methods 

3.3.1 Sequence alignment, phylogenetic analysis and topology prediction: 

Sequences for all reticulon-like (RTNLB) protein isoforms found in A. thaliana were 

obtained from UniProt,49 sequence alignment was carried out using T-Coffee and 

formatted using Boxshade.50 A Pairwise Sequence alignment of all the RTNLB 

isoforms in A. thaliana against RTNLB13 was performed using Emboss Stretcher.28 

Sequence logo indicating the degree of conservation was generated using WebLogo 

3.51 The phylogenetic tree was rendered using the Phylogeny.fr “One Click” mode,52 

with sequences obtained from UniProt.49 Protein topology was predicted using 

TOPCONS39 and helical wheels were obtained from Heliquest.38 

3.3.2 Synthesis and purification of RTNLB APH peptides: Four peptides 

corresponding to putative APH regions of A. thaliana RTNLB4, 7, 10 and 15 were 

synthesized using F-moc chemistry and purified to 95% purity at Insight 
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Biotechnology Limited (Wembley, UK). The identity, amino acid sequence, and 

molecular weights for these peptides are shown in Table 3.1. Additionally, a peptide 

containing the entire putative C-terminal domain of RTNLB7 (residues 206-244; 

PMLYEKYEDEIDPIAEKAVIEMK KHYQVFEAKFLSKIPH; MW 4709.50) and the C-terminal 

22 residues of this region (residues 223-244; AVIEMKKHYQVFEAKFLSKIPH; MW 

2644.17) were prepared. A further peptide derived from the C-term of RTNLB4 

(residues 226-250; REIKKQYAVLDEKVLRKVISKIPRG; MW 2967.59) was also 

synthesized. The purity of all peptides studied here was confirmed by HPLC and 

electrospray ionization time-of-flight mass spectroscopy (ESI-TOF-MS microTOF, 

Bruker). All peptides were stored at -20°C as lyophilized powders until use. 

3.3.3 Bicelle and vesicle preparation: All lipids and detergents were obtained from 

Avanti Polar Lipids (Alabaster, AL) and used without any additional purification. 

Bicelles with a q value of 0.25 (q = [DMPC] / [DHPC]) and a total lipid concentration 

of 150 mM were generated using 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC). An appropriate 

amount of DMPC was mixed with 25 mM sodium phosphate buffer, pH 6.8, followed 

by continuously vortexing and centrifuging the mixture until a homogeneous slurry 

formed, and adding a suitable amount of a 400 mM DHPC solution. This mixture was 

then subjected to several cycles of centrifugation and vortexing until a clear non-

viscous solution was attained. DMPC vesicles were prepared by dissolving an 

appropriate amount of lipid in 3:1 chloroform:methanol to reach a concentration of 

10 mg/mL, and subsequently dried via a rotary evaporator to acquire a thin lipid film. 

The film was then reconstituted in 25 mM sodium phosphate buffer, pH 6.8, to a final 

concentration of 3.3 mg/mL and treated to four freeze-thaw cycles, followed by 

sonication for 2 min. Prior to use, the DMPC vesicles were extruded through 

polycarbonate membranes (Avanti Polar Lipids) with pore diameters of 100 nm. 

Vesicles of diameter < 30 nm containing DMPC, DHPC and 1,2-dimyristoyl-sn-glycero-

3-phospho-(1-rac-glycerol) (DMPG) were prepared by adapting a protocol previously 

described by Yue et al.47 Briefly, two solutions containing 4:1 DMPC:DHPC and 

60:2:15 DMPC:DMPG:DHPC and a total lipid concentration of 50 mg/mL each, were 

repeatedly vortexed and temperature cycled from 4 °C to 50 °C in order to dissolve 
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the lipids and then combined to achieve a final composition of 60:1:15 

DMPC:DMPG:DHPC. This mixture was then allowed to equilibrate at 4 °C for 24 hours 

before diluting to a final total lipid concentration of 10 mg/mL and subjecting to one 

freeze-thaw cycle. Vesicles with the same composition but larger sizes were allowed 

to equilibrate for up to one week instead of 24 hours and extruded through either a 

50 or a 100 nm polycarbonate membrane before use. All reported diameters were 

verified via dynamic light scattering. 

3.3.4 Circular dichroism: Samples for CD measurements contained peptide at a 

constant concentration of ~50 mM, as determined by measuring absorbance at 280 

nm (A280), in 25 mM sodium phosphate buffer at pH 6.8, and either no membrane 

mimetic or a membrane mimetic at an appropriate concentration. CD spectra were 

recorded using a J-1500 spectropolarimeter supplied with a Peltier thermally 

controlled cuvette holder (Jasco UK, Great Dunmow, UK) and a 1.0 mm pathlength 

quartz cuvette (Starna, Optiglass Ltd, Hainault, UK). Spectra were measured at 37 °C 

between 190-300 nm, with a bandwidth of 2.0 nm, step resolution of 0.2 nm, 

scanning speed of 200 nm/min, response time of 1 s and averaged from 16 individual 

scans after subtraction of the buffer spectrum. To normalize to protein 

concentration, the machine units of mdeg were converted to mean residue ellipticity. 

An estimate of reproducibility in our CD measurements is provided in Fig. S3.5, which 

contains representative error analysis from three technical repeats for select 

peptides. 

3.3.5 Dynamic light scattering: The hydrodynamic diameter of each membrane 

mimetic was estimated by dynamic light scattering (DLS) using a Zetasizer Nano-

series instrument (Malvern Instruments, UK) at room temperature, with 1 cm path 

length UV-transparent disposable cuvettes. Mimetic samples were diluted to a 

concentration of 0.06 mg/ml with 25 mM sodium phosphate buffer at pH 6.8. Each 

sample was measured six times and each measurement consisted of sixteen 

accumulations, and were recorded after 300 s equilibration time. To determine the 

error in these measurements the standard deviation was calculated for each 

mimetic; DPC (3.7±0.72 nm); LMPG (4.2±0.67 nm); DMPC/DHPC bicelles (18±3.63 
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nm); DMPC (75±11.1 nm); 60:1:15 DMPC:DMPG:DHPC (22±4.1 nm); 60:1:15 

DMPC:DMPG:DHPC (42±6.5 nm); 60:1:15 DMPC:DMPG:DHPC (83±8.4 nm). The 

Malvern Zetasizer software was utilized for processing data and afterwards exported 

as intensity and number distributions. 

3.3.6 Nuclear magnetic resonance experiments: Samples for 1H-1H TOCSY and 

NOESY NMR experiments contained peptides at a concentration in the range of 1-1.5 

mM, as determined by measuring absorbance at 280 nm (A280), in 25 mM sodium 

phosphate buffer, pH 6.8, with 90% H2O, 10% D2O and 50 mM DPC-d38. NMR 

experiments were carried out on an 700 MHz Avance spectrometer (Bruker Biospin, 

UK) equipped with a triple resonance inverse cryoprobe with Z-gradients using 3 mm 

diameter NMR tubes (Bruker, Germany). Spectra were obtained at 37 °C with 4096 × 

256 data points, 14 x 14 ppm spectral windows, 32 scans, and referenced to residual 

water. Mixing times for TOCSY and NOESY ranged from 70-140 ms and 90-200 ms, 

respectively. Topspin 3.2 (Bruker Biospin, UK) was used for processing spectra and 

CcpNmr Analysis V253 for assignment. Hα chemical shift data from 2-3 separate 

TOCSY spectra were used to estimate error in chemical shift. We find all Hα chemical 

shifts, which are crucial in mapping regions of helicity using CSI methods, are accurate 

within 0.005 ppm. 

3.4 Results  

3.4.1 Phylogenetic, functional, and sequence analysis of RTN isoforms in A. thaliana 

identifies minimal library of putative RTN APH regions for study: As demonstrated 

previously,24 a multiple sequence alignment of all RTN isoforms in A. thaliana 

revealed that the APH region in RTNLB13 was highly conserved across the family (Fig. 

3.1A). Pairwise sequence alignment of this region in all isoforms against RTNLB13 

using EMBOSS Stretcher28 yielded an average sequence similarity of 51%. Several of 

the hydrophobic residues that have already been identified as important for the 

interaction of the APH in RTNLB13 with highly-curved membranes were also the most 

highly conserved (Fig. 3.1B).24 Here we carried out a phylogenetic analysis of the 21 

RTN isoforms in A. thaliana in order to group the isoforms according to their 

evolutionary relationship. As shown in Fig. 3.1D, RTNLB1-16 are clearly differentiated 
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from RTNLB17-21. When one interrogates the sequences of these proteins, as shown 

in Fig. 3.1C, the most recognizable difference between these two groups is the 

increased length of the N-terminal domain in RTNLB17-21 (179-390 amino acids) as 

compared to RTNLB1-16 (23-99 amino acids).29 

After careful consideration of the evolutionary relationships revealed via the 

phylogenetic analysis shown in Fig. 3.1D, we decided to segregate the 21 isoforms 

into six clades (denoted here as Clades 1-6) to identify a minimal library of RTNs for 

further study. RTNLB1-16 were split into four clades: RTNLB1-9 and 14 (Clade 1); 

RTNLB15 (Clade 2); RTNLB10-12 and 16 (Clade 3); and RTNLB13 (Clade 4). Isoforms 

within these groups, namely RTNLB1-4 and 13, have been previously reported to 

share the same topology and general properties10, and direct ER shaping and 

membrane remodelling. In addition to ER shaping, RTNLB1-4 and 8 have been 

implicated in plant-microbe interactions via interactions with the Agrobacterium 

tumefaciens VirB2 protein30,31, and RTNLB3 and 6 have been localised to the primary 

plasmodesmata at cytokinesis, indicating that they may be involved in the formation 

of the desmotubule.32 

RTNLB17-21 were split into two clades, RTNLB19-20 (Clade 5 in Fig. 3.1D) and 

RTNLB17, 18 and 21 (Clade 6), described by Nziengui et al. previously.27 As well as 

containing N-terminal domains that are 2-10-fold longer than those of RTNLB1-16, 

and which have been speculated to encode additional protein functionality29,33, it has 

been shown that isoforms in these groups (RTNLB19 and 20) do not constrict ER 

tubules when overexpressed and are not involved in ER shaping.29 The same team 

suggested that the lack of tubule-forming ability may be due to the absence of an 

APH in the C-terminus of RTNLB20, which has a higher percentage of hydrophobic 

residues in comparison to RTNLB13. Instead, it was shown that RTNLB19 and 20 are 

involved in sterol biosynthesis lipid regulation29, and contain a conserved sterol 

dehydrogenase domain at the N-terminus.33,34 Although no clear role for the 

extended N-term in members of Clade 6 has yet been identified, Kreichbaumer et al. 

did suggest that RTNLB17, 18 and 21 could assist in tethering molecules to the ER 

membrane via the membrane-embedded RHD and protein-protein interactions in 

the N-terminus, as has been demonstrated for yeast reticulons and dynamin-related 

GTPases.27,29,35,36 The phylogenetic tree in Fig. 3.1D suggests that the reticulon 
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“tethers” differentiated from the “structural” reticulons early during evolution.36 

Given that RTNLB19 and 20 have been shown to have no role in constriction of ER 

tubules and ER shaping29 and instead have been implicated in other processes, these 

isoforms were omitted from our minimal library interrogating conservation of a C-

terminal APH. Representative RTNs from Clades 1-3 and Clade 6 were selected, and 

22-residue peptides corresponding to the putative APH region, as indicated from 

multiple sequence alignment (Fig. 3.1A), were synthesized for comparison to 

previous results for RTNLB1324 (Clade 4). The identity of each representative RTN and 

the APH peptide sequences are given in Table 3.1. All five of these peptides fit the 

requirements for an APH; when plotted on a helical wheel each peptide contains a 

polar/charged helical face and a hydrophobic face that yields a high hydrophobic 

moment (Fig. 3.2). These peptides, in combination with the RTNLB13 APH peptide 

reported previously,24 represent a minimal library of RTN APH constructs that would 

allow us to understand whether or not the APH module is conserved throughout A. 

thaliana RTNs involved in ER shaping and, if so, whether the emerging properties that 

define such curvature sensing regions are retained. 

Table 3.1 Phylogenetic clades of A. thaliana RTNLB isoforms, individual members in each 
clade, and representative members selected. Putative APH sequences from each 
representative member are shown, as well as the corresponding position in the sequence 
and the theoretical peptide molecular weights. 

Clade Members Rep. RTN Putative APH Sequence Residues MW 

1 1-9, 14 4 IPVLYEKYEDKVDAYGEKAMRE 206-227 2647.00 
  7 VPMLYEKYEDEIDPIAEKAVIE 205-226 2594.96 
2 15 15 IPVVYMQFQELIDSFMGKVSEE 148-169 2490.00 
3 10-12,16 10 IPFLYERYQDLIDEKLSLTHRV 162-183 2749.16 
4 13 13 See ref. 23   
5 19-20 n/a n/a   
6 17-18, 21 21 IPKIFISYSTHFSAYGNFWMRR 370-391 2722.16 
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3.4.2 RTNLB10 and RTNLB15 contain curvature-sensitive APHs at a location similar 

to that in RTNLB13, but RTNLB4, RTNLB7 and RTNLB21 do not: The four peptides 

from Clades 1-3 listed in Table 3.1 are located at similar positions relative to the RHD 

in each protein (i.e. immediately following the putative fourth transmembrane 

domain) and have strong sequence similarities with one another and with the APH in 

RTNLB13. We have shown that the APH in RTNLB13 folds into an α-helix and binds to 

membrane bilayers in a curvature-dependent manner,24 therefore replication of this 

behavior was investigated here across the library of peptides. Each peptide was 

exposed to model membranes of increasing curvature, and the resulting impact on 

secondary structure was measured using circular dichroism (CD) spectroscopy. Fig. 

3.2B shows the CD spectra for each peptide from Clades 1-3 in DPC and LMPG 

detergent micelles, DMPC/DHPC bicelles (q = 0.25), DMPC vesicles, and vesicles of 

composition 60:1:15 DMPC:DMPG:DHPC prepared with increasing diameter. All 

hydrodynamic diameters were obtained from dynamic light scattering (DLS) 

measurements in the absence of peptide and are given in the legend in Fig. 3.2B. This 

library of model membranes is a more concise version of that utilized in our recent 

work24 designed to include conditions that most clearly demonstrate the response 

under investigation. CD spectra indicated that all the peptides in Clades 1-3 were 

soluble and had no defined structure (random coil) in aqueous buffer (Fig. S3.1). All 

peptides were also unstructured when the diameter of the model membrane was > 

40 nm (Fig. 3.2B). These results directly reflect the behaviour of the APH in RTNLB13 

observed in our previous study. 

However, only the putative APH peptides from RTNLB10 and RTNLB15 

demonstrated a transition in fold from random coil to α-helix upon exposure to 

increasingly curved model membranes (Fig. 3.2B). The effect is more pronounced in 

RTNLB15, although both regions demonstrate a clear propensity to fold as the model 

membranes decrease in size (increase in curvature). Conversely, the peptides derived 

from RTNLB4 and RTNLB7 remain unstructured under all conditions tested (Fig. 

3.2B). This result was unexpected given that these regions contain many of the 

features one would expect from a curvature sensor, i.e. a high hydrophobic moment 

and a shallow hydrophobic helical face, and reinforces the challenge that curvature 

sensing regions are difficult to identify from sequence alone.24 
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The peptide chosen from Clade 6 (RTNLB21) aligns with the APH in RTNLB13 

but has less sequence similarity compared to the other selected peptides (Fig. 3.2C). 

One obvious difference is that this peptide contains no acidic residues. The RTNLB21 

peptide was also considerably less soluble than the others under investigation, and 

only a very weak CD signal was observed when this peptide was exposed to the 

typically most-solubilizing membrane mimetics (DPC, LMPG, DHPC/DMPC bicelles) as 

shown in Fig. 3.2C. This lack of solubility hindered the acquisition of CD spectra of 

this peptide with lipid vesicles, and suggests that this region of RTNLB21 has very 

different chemical properties to those selected from Clades 1-3. 

  For the two peptides that demonstrated curvature-responsive folding, the 

same solution-state NMR approach we applied previously24 was used to map the α-

helices within the sequences. 1H-1H total correlation spectroscopy (TOCSY) and 1H-1H 

nuclear Overhauser spectroscopy (NOESY) spectra were obtained to sequentially 

assign both peptides (see Fig. 3.3A, Tables S3.1-S3.2 for assignments and Figs. S3.2-

3.3 for full spectra) in the presence of deuterated DPC micelles, a condition which 

resulted in significant helical content for both peptides. 83% of the 1Hs in the 

RTNLB10 peptide and 87% of the 1Hs in the RTNLB15 peptide were assigned. Long-

range backbone (i, I + n) HN, Hα and Hβ NOEs indicative of α-helix formation were 

identified and, together with chemical shift index analysis37 of the 1Hα chemical shifts 

(see Fig. 3.3B), were used to map the α-helical region in RTNLB10 to a 14 amino acid 

stretch between Phe164 – Leu177, and similarly to a region of the same length in 

RTNLB15, corresponding to Tyr152 – Lys165 (Fig. 3.3B and C). Both of these regions 

incorporate the most highly conserved residues in this region of the protein, as 

shown in the sequence logo in Fig. 3.1B, including the completely conserved aromatic 

residues. 
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3.4.3 The C-terminal domains in RTNLB4 and RTNLB7 contain an APH approximately 

20 residues from the putative fourth transmembrane domain: The absence of an α-

helix in the RTNLB4, RTNLB7, and RTNLB21-derived peptides did not rule out the 

possibility that an APH module was present at another location in their C-terminal 

domains. Given that curvature sensors are difficult to identify from sequence, we 

decided to investigate the entire C-terminus of RTNLB7 as this was the shortest of 

the three. A 39-residue peptide corresponding to the entire C-Terminal region of 

RTNLB7 (Fig. 3.4A, R7-CTerm, residues 206-244) was synthesized and purified. CD 

data were collected for this peptide in a range of solution conditions and 

demonstrated generation of α-helical secondary structure in this larger peptide upon 

exposure to detergent micelles and DMPC/DHPC bicelles, but not in DMPC or 60:1:15 

DMPC:DMPG:DHPC vesicles (Fig. S3.4). The limited solubility of this peptide 

precluded high-resolution NMR measurements, as concentrations required for NMR 

were not attainable, and the location of the helical region could not be defined.  

An alternative approach was adopted in which shorter peptides 

corresponding to the extreme C-termini of RTNLB4 and 7 were synthesized, purified 

and reconstituted into our set of model membranes. These peptides overlapped with 

the original sequences (see Fig. 3.4A), covered the majority of the remaining C-

termini, and contained a region of sequence predicted to fold into an amphipathic 

helix (as evaluated using Heliquest38). Design of such a peptide for RTNLB21, 

however, was not possible. Our original RTNLB21 peptide was designed to follow the 

putative fourth transmembrane domain of the RHD, however it has been speculated 

in the literature that members of Clade 6 contain an additional membrane-spanning 

region within their C-termini27. Indeed, topology prediction of RTNLB21 using 

TOPCONS39 suggests that this protein contains a fifth transmembrane domain only 

13 residues from our peptide between residues ~ 405-426. The C-terminus beyond 

this putative fifth transmembrane domain is highly polar along its entire length, 

enriched in acidic residues, and yields no potential APH regions which to target. 

Therefore, no additional peptide was investigated for RTNLB21.  

The new RTNLB4 peptide (residues 226-250) and RTNLB7 peptide (residues 

223-244) yielded α-helical secondary structure (see CD spectra in Fig. 3.4B) in the 
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presence of DPC, LMPG and q=0.25 DMPC/DHPC bicelles while remaining 

unstructured in DMPC and 60:1:15 DMPC:DMPG:DHPC vesicles of different sizes. 

Solution-state NMR was used to assign 78% of the 1Hs in the DPC-solubilized 

RTNLB4 peptide (Table S3.3 and 86% of the 1Hs in the RTNLB7 peptide (Table S3.4), 

and chemical shift and NOE data were used to map the location of the helical regions 

in both peptides (Fig. 3.4C and 3.4D). In the case of RTNLB4, a C-terminal APH is 

present between residues Glu226 – Ser240 and in RTNLB7 a C-terminal APH is 

present between residues Lys229 – Ile244. These sequences are plotted on a helical 

wheel diagram in Fig. 3.5 to demonstrate that both regions fit the description of an 

APH, and in both cases the APH is 15-16 residues in length and 20-23 residues from 

the reticulon homology domain. 
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3.5 Discussion  

Recent studies of a yeast and a plant reticulon suggest that an APH following 

the reticulon homology domain is critical for membrane remodeling and ER shaping 

by this family of proteins,22–24 however experimental data has only been reported for 

two proteins, RTNLB13 23,24 and Yop1p.22 Here we have examined all 21 RTN isoforms 

from A. thaliana to create a library of peptides in order to establish whether this 

feature is indeed conserved, or if the APH in RTNLB13 is unique. We have summarized 

our findings in a structural schematic shown in Fig. 3.6. Inspection of the 

phylogenetic tree in Fig. 3.1A revealed that all A. thaliana RTNLB isoforms share a 

common ancestor that most likely contained the RHD. RTNLB17-21 branch away 

from RTNLB1-16 early in evolution, and the RHD in these proteins is thought to simply 

tether them to the ER for other functions 27,29,35,40 as these proteins are not believed 

to be involved in shaping the ER. Therefore, isoforms in these two clades are 

proposed to not contain a curvature-sensitive APH in their C-termini (Fig. 3.6, bottom 

panel) and may instead contain other features such as an additional transmembrane 

domain.27  

RTNLB1-16 all share a common ancestor that RTNLB17-21 do not, therefore a 

speciation event could have resulted in ER-shaping functionality. RTNLB13 has the 

closest evolutionary relationship to this common ancestor and, as we have previously 

shown24, contains an essential APH immediately following the RHD that has likely 

been inherited (along with curvature-generation function) by all the other RTNs in 

Clades 1-4. RTNLB15 is most closely related to RTNLB13, and our results show that 

there is a putative APH in this protein that has a similar location, length, sequence, 

and curvature sensitivity (> 30 nm diameter) to that in RTNLB13. RTNLB10 is the next 

most-closely related to RTNLB13 according to the phylogenetic tree shown in Fig. 

3.2A, and again contains an APH with a similar location, length and sequence, but 

this isoform appears to have a different curvature sensitivity (only folding in 

membrane mimetics of diameter < 20 nm). This difference in curvature-sensitivity 

could be within the error of the measurements, or may be attributed to the fact that 

ER tubules are highly dynamic, flexible and undergo constant remodeling,41 and 

therefore different RTN isoforms may be active at different stages.30 Additionally, the 
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ER morphology varies between cells so these proteins could have cell-specific roles 

within A. thaliana. Overall, these results allow us to say with some confidence that 

the location of the C-terminal APH is likely conserved throughout A. thaliana RTNLB 

isoforms RTNLB10-13 and RTNLB15-16 (Fig. 3.6, center panel). 

 
Fig. 3.6 Schematic summarizing the structural features of the RTNLB proteins in A. thaliana 
proposed from the results of this work. For RTNLBs in Clade 1, a curvature-responsive APH is 
located approximately 20 residues from the membrane-spanning RHD. This APH is located 
much closer to the membrane-spanning RHD in Clades 2-4, and we (and others) propose this 
APH may be missing in Clades 5-6.  
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RTNLB4 and 7 were selected as representatives of Clade 1 (Fig. 3.2A), and both 

proteins did not contain putative APHs in the same location as those in RTNLB10, 13 

and 15; the APHs were instead located ~ 20 residues from the RHD. Proteins with 

multiple domains often contain short linker regions that are essential in maintaining 

inter-domain interactions or to facilitate the independent behavior of the two 

functional domains.42 While linker regions are challenging to predict from 

sequence43, early studies concluded that linkers lack regular secondary structure, are 

rich in Ala, Pro and charged residues, and exhibit differing levels of flexibility 

depending on their biological role.44–46 Both of the linker regions in RTNLB4 and 7 

have a higher abundance of negatively charged residues than the equivalent regions 

of RTNLB10, 13 and 15, especially in regions predicted to lie near lipid head groups 

(see Fig. 3.2A), and this may prevent this region from folding into an APH thus shifting 

it further down the sequence. It is not immediately clear why introducing a longer 

linker region would be necessary in these isoforms, although members of this group 

have been shown to localize to other parts of the cell and have functions separate to 

their roles in ER remodeling, e.g. RTNLB1-4 are thought to also be involved in plant-

microbe interactions.30–32 Additionally, a previously mentioned RTN-like protein, 

Atg40, contains a short helix in its C-term that strengthens binding of this region to a 

protein-partner.25 This particular helix is considerably further along the C-term from 

the transmembrane domains and is rich in acidic residues; these features likely allow 

this helix to function independently of the RHD. Taken together, these results suggest 

that the presence of a C-terminal APH is conserved throughout A. thaliana RTNLB1-

9 and 14, and that a ~20 residue linker between the APH and the RHD was introduced 

for these isoforms (Fig. 3.6, top panel). 

Consideration of this set of five RTN APH regions (Fig. 3.5) presents the 

opportunity to draw comparisons that have not been possible thus far. Our data 

suggest a range of lipid sensitivities for APH folding across the family of A. thaliana 

isoforms. The APH regions in RTNLB13 and 15 show no sensitivity to lipid composition 

and readily fold on highly curved model membranes regardless of charge. This was 

not the case for the APH regions in RTNLB4, 7 and 10. These APHs did not fold in 

60:1:15 DMPC:DMPG:DHPC vesicles which we used to access highly curved bilayer 

structures.47 Inspection of the structural models shown in Fig. 3.5 reveals that these 
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three APHs uniquely contain acidic residues at or near the hydrophobic helical face. 

Charge-charge repulsion between these acidic residues and negatively-charged PG 

head groups may be sufficient to destabilize helix formation. Notably, RTNLB13 and 

15 contain no acidic residues at this position and experience no charge-dependent 

destabilization. PG is not a typical constituent of the ER membrane; It is mostly found 

in the inner mitochondrial membrane where it can also be synthesized12 and in 

bacterial membranes.48 An obvious next step would be measurement of APH folding 

in the presence of tiny vesicles containing no PG lipids, however as reported by us 

previously 24 this has not yet been possible due to vesicle instability in the absence 

of negatively-charged PG.47 Work is ongoing to better understand the impact of lipid 

composition on these regions. This work once again highlights how difficult it can be 

to identify curvature-sensing helical motifs by simply examining amino acid 

sequences. However, despite the differences in the sequence and location, all five of 

these APHs share key features that we identified previously as directing curvature-

sensitivity and affinity for ER membranes24: they are between 14-16 residues in 

length; they contain shallow hydrophobic faces composed of 4-5 residues (Fig. 3.5); 

and there is no requirement for the presence of charge for association (in some cases 

this can prevent interaction). This work provides much needed experimental 

evidence supporting the presence of a conserved APH module critical for membrane 

remodeling by RTNs, and more broadly reveals shared features that will facilitate the 

recognition of other membrane curvature sensors in the future. 
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3.6 Supporting Information 

Fig. S3.1 Related to Fig. 3.2B. Circular dichroism spectra of RTNLB4, 7, 10 and 15 APH 
peptides (~50 µM) in phosphate buffer. The peptides all display random coil secondary 
structure in buffer. All CD data are given in units of mean residue ellipticity (MRE, deg 
cm2/dmol). 
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Fig. S3.2 Related to Fig. 3.3 and Table S3.1. Overlay of 1H-1H TOCSY (black) and 1H-1H NOESY 
(blue) spectra for RTNLB10 peptide (1 mM) in the presence of 50 mM DPC- d38 detergent. 

 

Fig. S3.3 Related to Fig. 3.3 and Table S3.2. Overlay of 1H-1H TOCSY (black) and 1H-1H NOESY 
(blue) spectra for RTNLB15 peptide (1.2 mM) in the presence of 50 mM DPC- d38 detergent. 
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Fig. S3.4 Related to Fig. 3.4. Circular dichroism spectra of the RTNLB7 C-Terminal peptide 
(~50 µM) in the presence of DPC micelles (black), DMPC/DHPC Bicelles with q = 0.25 (red), 
DMPC vesicles (blue), 60:2:15 DMPC:DMPG:DHPC 30 nm vesicles (green) and LMPG micelles 
(purple). All CD data are given in units of mean residue ellipticity (MRE, deg cm2/dmol). 

 
Fig. S3.5 Related to Methods. Representative CD spectra showing the average spectrum of 
three technical repeats of A. 49.5 µM of the original RTNLB7 sequence. B. 51 µM RTNLB10 
peptide. C. 51.3 µM of the second RTNLB4 peptide. D. 51.15 µM of the second RTNLB7 
peptide. All peptides were solubilized in 25 mM sodium phosphate buffer at pH 6.8. The error 
bars show the standard deviation for the CD signal (in mdeg) every 10 nm. 
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Table S3.1 Related to Fig. 3.3. 1H NMR assignment of the RTNLB10 peptide (1 mM) in the 
presence of 50 mM DPC-d38 detergent. 

Residue NH αH βH Others  
Ile 162 7.66 4.05 2.10 γCH2 

γCH3  
δCH3 

 
1.03 
0.90 

Pro 163 - 4.09 3.62, 
3.57 

γCH2 
δCH2 

1.98 
3.88 

Phe 164 8.53 4.56 3.23, 
3.16 

2,6H 
3,5H 
4H 

7.30 
7.43 
7.37 

Leu 165 8.20 4.12 1.61 γH 
δCH3 

1.52 
0.95 

Tyr 166 7.81 4.29 3.03, 
3.01 

2,6H 
3,5H 

7.01 
6.81 

Glu 167 8.38 3.95 2.03 γCH2 2.26 
Arg 168 7.78 4.14 1.66 γCH2 

δCH2 

εNH 

1.32 
3.08 
7.37 

Tyr 169 7.64 4.58 3.29, 
2.83 

2,6H 
3,5H 

7.07 
6.76 

Gln 170 7.76 3.69 2.04, 
1.93 

γCH2 
δNH2 

2.28, 2.22 
unassigned 

Asp 171 8.14 4.40 2.71 -  
Leu 172 7.68 4.04 2.09 γH 

δCH3 
 
0.90 

Ile 173 7.89 
 

3.70 1.94 
 

γCH2 
γCH3  
δCH3 

1.56 
0.94 

Asp 174 8.35 4.44 2.81, 
2.73 

-  

Glu 175 8.03 4.15 2.25, 
2.18 

γCH2 2.37 

Lys 176 8.16 4.25 1.99 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.46 
1.68 
2.92 
unassigned 

Leu 177 8.13 4.38 1.83 γH 
δCH3 

1.66 
0.90 

Ser 178 7.91 4.32 3.96 -  
Leu 179 8.17 4.32 1.79 γH 

δCH3 
1.62 
0.95, 0.90 

Thr 180 7.98 4.24 4.18 γCH3  1.18 
His 181 8.22 4.71 3.27, 

3.15 
2H 
4H 

8.34 
7.20 

Arg 182 8.27 4.39 1.89, 
1.77 

γCH2 
δCH2 

εNH 

1.64 
3.21 
7.31 

Val 183 7.67 4.21 1.88 γCH3 0.98 
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Table S3.2 Related to Fig. 3.3 1H NMR assignment of the RTNLB15 peptide (1.2 mM) in the 
presence of 50 mM DPC-d38 detergent. 

Residue NH αH βH Others  
Ile 148 7.71 4.12 1.85 γCH2 

γCH3  
δCH3 

1.78 
0.96 
0.93 

Pro 149 - 4.09 2.34 γCH2 
δCH2 

3.63, 3.58 
unassigned 

Val 150 8.39 4.04 2.17 γCH3 1.03, 0.97 
Val 151 8.20 4.18 2.17 γCH3 0.94, 0.90 
Tyr 152 7.86 4.41 3.15, 

3.02 
2,6H 
3,5H 

7.04 
6.82 

Met 153 7.94 4.28 2.15 γCH2 

εCH3 
2.64, 2.58 
unassigned 

Gln 154 8.15 4.24 2.07 γCH2 
δNH2 

2.32 
7.04, 6.64 

Phe 155 8.10 4.40 3.16 2,6H 
3,5H 
4H 

7.20 
7.26 
7.25 

Gln 156 8.26 3.73 2.16, 
2.12 

γCH2 
δNH2 

2.33 
7.72, 7.36 

Glu 157 7.95 4.12 2.05, 
1.89 

γCH2 2.23, 2.15 

Leu 158 8.25 4.19 2.12 γH 
δCH3 

 
0.95 

Ile 159 8.01 3.66 1.94 γCH2 
γCH3  
δCH3 

1.51, 1.18 
0.94 
0.73 

Asp 160 8.55 4.38 2.80, 
2.65 

-  

Ser 161 8.26 4.49 3.87 -  
Phe 162 8.07 4.43 3.19 2,6H 

3,5H 
4H 

7.26 
unassigned 
unassigned 

Met 163 8.38 4.38 2.20 γCH2 

εCH3 
2.80, 2.67 
unassigned 

Gly 164 7.98 3.96 - -  
Lys 165 7.97 4.34 1.80, 

1.74 
γCH2  
δCH2 
εCH2  
εNH3

+ 

1.43 
1.67 
2.97 
unassigned 

Val 166 8.05 4.15 2.44 γCH3 0.92 
Ser 167 8.17 4.49 3.87 -  
Glu 168 8.33 4.34 2.12, 

1.95 
γCH2 2.29 

Glu 169 8.45 4.35 2.13, 
1.94 

γCH2 2.29 
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Table S3.3 Related to Fig. 3.4. 1H NMR assignment of the new RTNLB4 peptide (1.2 mM) in 
the presence of 50 mM DPC-d38 detergent 

Residue NH αH βH Others  
Arg 226 7.46 4.46 1.97 γCH2 

δCH2 

εNH 

1.73 
3.22 
unassigned 

Glu 227 8.89 4.50 2.06, 
1.96 

γCH2 2.30, 2.27 

Ile 228 8.56 4.16 1.90 γCH2 
γCH3  
δCH3 

1.53, 1.23 
0.92 
0.88 

Lys 229 8.42 4.25 1.82, 
1.73 

γCH2  
δCH2 
εCH2  
εNH3

+ 

1.44, 1.40 
1.69 
2.98 
unassigned 

Lys 230 8.24 4.22 1.74, 
1.69 

γCH2  
δCH2 
εCH2  
εNH3

+ 

1.42, 1.38 
unassigned 
2.98 
unassigned 

Gln 231 8.29 4.24 1.96 γCH2 
δNH2 

2.24 
unassigned 

Tyr 232 8.05 4.51 3.09, 
2.97 

2,6H 
3,5H 

7.09 
6.81 

Ala 233 8.04 4.28 1.43 -  

Val 234 7.82 4.06 2.20 γCH3 0.99, 0.96 
Leu 235 7.79 4.32 1.74 γH 

δCH3 
1.55 
0.92 

Asp 236 7.72 4.65 2.91, 
2.79 

-  

Glu 237 8.91 3.94 unassigned γCH2 2.17 
Lys 238 8.32 4.03 2.03, 

1.84 
γCH2  
δCH2 
εCH2  
εNH3

+ 

1.46 
1.74 
3.03 
unassigned 

Val 239 7.89 3.77 2.27 γCH3 1.14, 1.00 
Leu 240 7.89 4.01 1.79 γH 

δCH3 
unassigned 
unassigned 

Arg 241 7.59 3.97 1.91 γCH2 
δCH2 

εNH 

1.70 
3.22 
unassigned 

Lys 242 7.63 4.14 2.01 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.58 
1.71 
2.97 
unassigned 

Val 243 8.04 3.68 2.29 γCH3 1.09, 0.95 
Ile 244 8.15 3.80 2.00 γCH2 

γCH3  
δCH3 

1.31 
0.99 
unassigned 
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Ser 245 7.43 4.70 4.09 -  

Lys 246 7.63 4.35 1.96 γCH2  
δCH2 
εCH2  
εNH3

+ 

unassigned 
unassigned 
unassigned 
unassigned 

Ile 247 7.43 4.15 1.94 γCH2 
γCH3  
δCH3 

1.67, 1.18 
0.98 
unassigned 

Arg 249 8.20 4.46 1.97 γCH2 
δCH2 

εNH 

1.74 
3.22 
unassigned 

Gly 250 8.27 3.95 - -  
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Table S3.4 Related to Fig. 3.4. 1H NMR assignment of the new RTNLB7 peptide (1.5 mM) in 
the presence of 50 mM DPC-d38 detergent. 

Residue NH αH βH Others  
Ala 223 8.27 4.31 1.37 -  
Val 224 7.66 4.31 1.78 γCH3 1.08, 0.85 
Ile 225 8.17 4.16 1.89 γCH2 

γCH3  
δCH3 

1.54, 1.23 
0.92 
0.88 

Glu 226 8.60 4.32 2.04 γCH2 2.29 
Met 227 8.49 4.41 2.14 γCH2 

εCH3 
2.66, 2.60 
unassigned 

Lys 228 8.39 4.04 1.86 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.47 
1.72 
2.97 
unassigned 

Lys 229 7.94 4.18  γCH2  
δCH2 
εCH2  
εNH3

+ 

1.29 
1.68 
2.92 
unassigned 

His 230 7.99 4.50 3.00, 
2.77 

2H 
4H 

unassigned 
7.10 

Tyr 231 7.81 4.33 3.21, 
3.14 

2,6H 
3,5H 

7.16, 
unassigned 

Gln 232 8.27 4.07 2.20 γCH2 
δNH2 

2.49 
8.09, 7.04 

Val 233 7.74 3.86 2.19 γCH3 1.05, 0.92 
Phe 234 7.30 4.47 3.21, 

3.17 
2,6H 
3,5H 
4H 

unassigned 
unassigned 
unassigned 

Glu 235 8.34 4.25 2.05 γCH2 2.29 
Ala 236 7.97 4.12 1.48 -  
Lys 237 8.11 4.11 1.75 γCH2  

δCH2 
εCH2  
εNH3

+ 

1.31 
1.57 
2.87 
7.21 

Phe 238 7.84 4.45 3.20 2,6H 
3,5H 
4H 

unassigned 
unassigned 
unassigned 

Leu 239 7.90 4.09 1.80 γH 
δCH3 

1.62 
0.93 

Ser 240 7.87 4.29 3.98 -  
Lys 241 7.72 4.33 1.94, 

1.82 
γCH2  
δCH2 
εCH2  
εNH3

+ 

1.45 
1.66 
2.97 
7.17 

Ille 242 7.47 4.31 1.91 γCH2 
γCH3  
δCH3 

1.57, 1.15 
0.92 
0.84 

Pro 243 - 3.98 2.30, γCH2 2.09 
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2.00 δCH2 3.61 
His 244 7.90 4.47 3.20 2H 

4H 
unassigned 
7.10 
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4 
The rational design of membrane curvature 
sensing peptides for regions of high membrane 
curvature in eukaryotic cell organelles 

 

Based on the findings from Chapters 2 and 3, this chapter features two 

different approaches to the rational design of peptides with potential membrane 

curvature sensing functionality. First, several residues within the RTNLB13 APH 

sequence were mutated in order to construct a minimal curvature sensing peptide 

that did not contain superfluous residues leftover from evolution. Second, a peptide 

incorporating two repeat sequences of the RTNLB13 APH connected by a short 

flexible linker was assembled. Biophysical measurements of these novel peptides 

with model membranes of varying chemistry and curvature provided further insight 

into the amino-acid specificity of the RTNLB13 APH. The work in this chapter also 

highlighted some key characteristics for future designs such as a necessity for 

flanking residues on the N- and C- termini to support helix formation at curved 

membranes as well as the importance of carefully considering the amino-acid 

sequence order. Furthermore, the second design approach expanded the curvature 

selectivity to model membranes with larger diameters than those the native 

RTNLB13 APH had interacted with in Chapter 2, suggesting that tuning to specific 

diameters may be possible.            

This chapter has been prepared as a manuscript ready for submission to a peer-

reviewed journal. The 1H-1H TOCSY and NOESY NMR spectra for VS37 were acquired 

by Dr. Fred Muskett at the University of Leicester. However, all other experiments, 

as well as all sample preparation and data analysis were performed by the author. 

The manuscript was written by the author, with advice from Dr Ann Dixon.    
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4.1 Abstract 

Membrane curvature is a universal property across all eukaryotic cells and 

organelles, and has been implicated in numerous cellular processes. Consequently, 

identifying curvature sensing motifs in membrane-associated proteins is of great 

interest. However, hijacking this behaviour to create peptide-based therapeutics 

with curvature sensing functionality has not yet been fully explored. In the present 

study, we have rationally designed several curvature sensing peptides based on an 

amphipathic helix we recently characterised in the endoplasmic reticulum tubule-

forming reticulon protein, RTNLB13. Utilising biophysical techniques, we have 

examined the interactions of these peptides with a library of model membranes of 

varying size and chemistry. We found that the amino acid content and the position 

of individual residues impacts the types of highly-curved membranes with which a 

curvature sensor will interact. Additionally, the flanking residues at either end of the 

amphipathic sequence are necessary to support helix formation at a curved 

membrane. We also found that the curvature sensitivity can be tuned to structures 

of lower curvature (i.e. larger diameter) by simply lengthening the amphipathic 

sequence. These studies provide new contributions to understanding curvature 

sensing by peptides and offer promising candidates for future work inside cells.    
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4.2 Introduction 

Membrane curvature is an intrinsic property of cells, organelles, and other 

subcellular domains. It has been linked to a diverse range of biological processes such 

as endo- and exocytosis,1,2 intracellular signalling,3 and vesicle trafficking.4 Given its 

ubiquity, the curvature of a membrane presents a unique recognition element, 

separate from membrane-embedded proteins and receptors, that could benefit drug 

targeting and delivery or diagnostics applications. Peptides represent an attractive 

tool in biotechnology as they are relatively small, simple to modify and can be 

produced on a large scale compared to larger proteins.5  

Curvature sensing regions are a common feature of many membrane-

associated proteins,6 of which the most widely studied include α-synuclein7,8 and the 

amphipathic lipid packing sensor (ALPS) motifs first identified in the GTPase-

activating protein ArfGAP1.9–12 Both are unstructured in solution but fold into 

amphipathic helices (APH) in the presence of highly curved membranes. Very little 

research into the potential uses of membrane curvature sensors currently exists, 

likely due to a lack of understanding of this behaviour. Additionally, identifying a 

simple set of physicochemical rules to define curvature sensing has not yet been fully 

realised.  

To date, there have been three reported efforts to rationally design curvature 

sensing peptides.13–15 Kawano et al. attempted to develop a membrane curvature 

sensor14 to help visualise curvature generation of cellular membranes in real-time 

imaging, based on APHs belonging to the Bin/Amphiphysin/Rvs (BAR) family; a group 

of proteins widely known to be able to individually recognise varying degrees of 

curvature.16 The lipid-binding capabilities of 11 different APH peptides to vesicles of 

both 50 and 120 nm in diameter were assessed, and SNX1 from human sorting nexin 

was identified as the most curvature sensitive. Kawano et al. then mutated several 

residues on the hydrophobic face of SNX1 to improve helicity, enabling them to 

identify a novel membrane curvature sensing peptide (named FAAV) with improved 

vesicle binding.14 Morton et al. discovered another curvature sensing peptide called 

MARCKS-ED, which they derived from the effector domain sequence of myristoylated 

alanine-rich C-kinase substrate, an intracellular membrane protein.13 This 25-mer 
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peptide specifically recognised phosphatidylserine (PS), a negatively charged lipid, 

and favoured high curvature, rendering it an ideal candidate for detecting PS-rich 

extracellular vesicles (exosomes), which have been identified as biomarkers in 

disease.17 However, unlike the SNX1 or FAAV peptides, the MARCKS-ED peptide had 

no defined secondary structure even when bound to lipid vesicles. Curvature sensing 

of this peptide appeared to be driven by electrostatic interactions of several cationic 

residues with the negatively-charged PS lipid headgroups and insertion of the 

aromatic side-chains of five phenylalanine residues into lipid-packing defects, a 

typical consequence of highly-curved membranes.13 Sato et al. also designed a 

curvature-sensing peptide to detect exosomes. This peptide (ApoC-NR) was derived 

from the C-term of apolipoprotein A-I and labelled with a fluorophore, Nile Red. The 

authors found that ApoC-NR selectively bound and folded into an APH at the surface 

of highly curved synthetic vesicles of a similar size to exosomes. Compared to the 

unstructured MARCKS-ED peptide, ApoC-NR had a stronger binding affinity and 

higher curvature selectivity. Furthermore, ApoC-NR did not require PS to sense 

curvature therefore it can sense exosomes which only contain small amounts of PS, 

such as those originating from reticulocytes and adipocytes.15  

Previously, we have characterised curvature sensing amphipathic helices in 

plant reticulons, providing insight into some of the broader characteristics of 

curvature sensors. Indeed we observed that they appear to share shallower 

hydrophobic faces compared to helical antimicrobial peptides. This feature inevitably 

restricts how far these regions can penetrate into a membrane, allowing them to 

provide additional stabilisation to curved structures without disrupting the bilayer.18 

Another factor that should be considered is the distribution of charge on the polar 

face of the amphipathic helix. We found that sequences containing anionic residues 

close to the edges of the hydrophobic face would not interact with vesicles 

containing anionic lipids, likely due to charge-charge repulsion between these 

residues and the lipid headgroups. Furthermore, sequences containing anionic 

residues close together on the putative polar face would not fold under any 

conditions tested.19  

In this work, we have taken two approaches to the rational design of 

membrane curvature sensors. In the first approach, we designed a simplified peptide 
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sequence based on the RTNLB13 APH in an attempt to replicate the curvature sensing 

behaviour and test our understanding of the interactions taking place (Fig. 4.1A). In 

the second approach, we prepared a peptide containing two repeats of the RTNLB13 

APH connected by a linker region in an attempt to alter the curvature selectivity (Fig. 

4.1B). Using spectroscopic techniques, we investigated the folding and binding of 

each peptide with a library of model membranes. We found that the length of the 

peptide was critical for stable peptide-membrane interactions and discovered a 

sensitivity to negatively charged lipids. Furthermore, we demonstrated that by 

linking two repeats of the APH with a flexible linker we can tune the curvature 

sensitivity of the peptide to recognize different degrees of curvature. This work 

provides much-needed insight into the interactions of short amphipathic sequences 

with highly curved lipid membranes and will be valuable for the future design of 

peptide-based therapeutics.   

Table 4.1 Amino acid sequences and physical properties for each of the designed peptides 
and the RTNLB13 APH. 

Peptide Sequence Hydrophobicity 2D Hydrophobic 
Moment Net Charge 

KG14 KLLKQIQEGWEEWG 0.383 7.93 -1 

VV18 VPKLLKQIQEGWEE
WGPV 0.513 6.31 -1 

VS37 
VPKLWEEYGDQIQK
HLAGAGAKLWEEYG

DQIQKHLGS 
0.296 3.69 -2 

RTNLB13 KLWEEYGDQIQKHL 0.291 7.04 -1 
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Fig. 4.1 Schematics to show the two different design approaches taken in this work. (A) 
Approach 1: The rational design of a minimal curvature sensing APH to probe our 
understanding of curvature sensing behaviour. Hydrophobic residues are shown in grey, 
acidic residues in fuchsia, basic residues in blue, polar residues in purple and other residues 
in white. (B) Approach 2: Two identical curvature sensing APHs were connected via a short 
flexible linker to try to modify the curvature sensitivity.   

4.3 Materials and Methods 

4.3.1 Peptide synthesis and purification of membrane curvature sensing peptides: 

Three peptides with sequences VPKLLKQIQEGWEEWGPV (MW 2136.48), 

KLLKQIQEGWEEWG (MW 1743.98), and VPKLWEEYGDQIQKHLAGAGAKLWEEYGDQI 

QKHLGS (MW 4223.71) were synthesised using F-moc chemistry and purified to 95% 
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purity at Insight Biotechnology Limited (Wembley, UK). The purity of the peptides 

was confirmed by HPLC and electrospray ionisation time-of-flight spectroscopy (ESI-

TOF-MS microTOF, Bruker) before lyophilisation. The peptides were then stored at -

20 °C as dry powders until required.    

4.3.2 Preparation of membrane mimetics: All lipids and detergents used here were 

procured from Avanti Polar Lipids (Alabaster, AL) and used without further 

purification to prepare micelles, bicelles and vesicles. Stock solutions of LMPG (10 

mM) and DPC (500 mM) micelles were made by dissolving appropriate amounts of 

powdered detergent in 25 mM sodium phosphate buffer pH 6.9. To prepare q = 0.25 

(q = [DMPC]/[DHPC]) bicelles with a total lipid concentration of 150 mM, powdered 

DMPC was mixed with 25 mM sodium phosphate buffer pH 6.9 and subjected to 

several cycles of centrifugation and vortexing to form a homogeneous slurry. A 

suitable amount of a 400 mM DHPC stock solution was added before several more 

centrifugation and vortexing cycles to produce a clear non-viscous solution. 60:1:15 

DMPC:DMPG:DHPC vesicles of different sizes were prepared as described 

previously19 using an adapted protocol from Yue et al.20 In brief, two solutions with 

a total lipid concentration of 50 mg/mL and compositions 4:1 DMPC:DHPC and 

60:2:15 DMPC:DMPG:DHPC were subjected to several temperature cycles (4 °C to 50 

°C), plus vortexing in-between, to dissolve the lipids. These were then combined to 

reach the desired final composition of 60:1:15 DMPC:DMPG:DHPC and left to 

equilibrate at 4 °C for 24 hours. For vesicles <30 nm in diameter, the vesicles were 

diluted to 10 mg/mL and used that day. For larger sizes, the vesicles were allowed to 

equilibrate for 7 days and were extruded through 50 nm or 100 nm polycarbonate 

membranes (Avanti Polar Lipids) prior to use. Vesicles with different lipid 

compositions were produced by dissolving an appropriate amount of lipid in 3:1 

chloroform:methanol to a concentration of 10 mg/mL, and then dried to a thin lipid 

film under vacuum. This lipid film was rehydrated with 25 mM sodium phosphate 

buffer pH 6.9 to achieve a lipid concentration of 3.3 mg/mL. Four freeze-thaw cycles 

were then carried out, followed by sonication for 2 mins. The vesicles were extruded 

through polycarbonate membranes of pore diameter 100 nm before use. Dynamic 

light scattering was used to verify the reported diameters of each mimetic.  
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4.3.3 Bioinformatics: Peptide sequences were engineered from the amino-acid 

sequence of RTNLB13 from A. thaliana, obtained from UniProt.21 Helical wheel 

diagrams and physicochemical properties of each peptide were acquired from 

Heliquest.22 Calculations for the three-dimensional hydrophobic moments (3D HM) 

were performed using the 3D HM vector calculator.23 Results were exported as pdb 

files and visualised in Chimera.24 Helical projections were also generated in 

Chimera.24 

4.3.4 Circular dichroism: CD spectra were measured on a J-1500 spectropolarimeter 

(Jasco UK, Dunmow, UK) equipped with Peltier temperature control and xenon light 

sources, in a 1.0 mm pathlength quartz cuvette (Starna Scientific Limited, Ilford, UK) 

at a temperature of 37 °C. All spectra were recorded between 190 and 300 nm with 

a 2.0 nm spectral bandwidth, 0.2 nm step resolution, 200 nm/min scanning speed, 

and a 1 s response time. Samples contained a constant concentration of 0.1 mg/mL 

peptide (30-55 µM, validated via absorbance at 280 nm) in 25 mM sodium phosphate 

buffer at pH 6.9, in the presence and absence of increasing concentrations of a 

membrane mimetic. Spectra shown were averaged from 16 individual scans with the 

buffer spectrum subtracted. Machine units (mdeg) were converted to mean residue 

ellipticity (MRE) to normalise to peptide concentration.    

4.3.5 Fluorescence spectroscopy: Intrinsic fluorescence of the two tryptophan 

residues in each peptide was measured in the absence and presence of different 

membrane mimetics. Fluorescence spectra were recorded using a Jasco FP-6500 

(Jasco UK, Dunmow, UK) spectrofluorometer. Emission spectra were recorded over 

a wavelength range of 290 to 500 nm, with a spectral bandwidth of 3.0 nm and 

scanning speed of 100 nm/min, at an excitation wavelength of 280 nm in a 3.0 mm 

pathlength quartz cuvette (Starna Scientific Limited, Ilford, UK). Peptide 

concentrations of 9.34 µM (high sensitivity) and 31.5 µM (medium sensitivity) were 

used for VS37, 52.1 µM (medium sensitivity) for VV18 and 10.0 µM (high sensitivity) 

for KG14 in 25 mM sodium phosphate buffer at pH 6.9. The corresponding 

background spectrum for each membrane mimetic was subtracted from the peptide 

spectra shown herein, and the data was normalised to λem (see Table S1).  
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4.3.6 Nuclear magnetic resonance experiments: 1H-1H TOCSY and NOESY NMR 

spectra, for a sample containing 1.2 mM KG14, 25 mM sodium phosphate buffer pH 

6.9, 90% H2O, 10% D2O and 50 mM DPC-d38 in a 3 mm diameter NMR tube (Bruker, 

Germany), were collected on a 700 MHz Avance spectrometer (Bruker Biospin, UK) 

equipped with a triple resonance inverse cryoprobe with Z-gradients. Spectra were 

referenced to residual water and recorded at 37 °C with 4096 × 256 data points, 

14 × 14 ppm spectral windows, and 32 scans. TOCSY and NOESY mixing times ranged 

from 70 to 140 ms. 1H-1H TOCSY and NOESY NMR spectra for a sample containing 1.5 

mM VS37 25 mM sodium phosphate buffer pH 6.9, 90% H2O, 10% D2O and 50 mM 

DPC-d38 in a 3 mm diameter NMR tube (Bruker, Germany), were collected on a 600 

MHz Avance spectrometer (Bruker Biospin, UK) fitted with a triple resonance inverse 

cryoprobe with Z-gradients. Spectra were referenced to residual water and recorded 

at 37 °C with 1440 × 326 data points and 15 × 15 ppm spectral windows. 96 scans 

were acquired with mixing times of 70 and 140 ms for TOCSY spectra. NOESY spectra 

were obtained with 90 and 150 ms mixing times, and 128 scans. All NMR data was 

processed using Topspin 3.2 (Bruker Biospin, UK) and assigned in CcpNmr Analysis 

V2. 

4.3.7 Dynamic light scattering: Dynamic light scattering was used to estimate the 

hydrodynamic diameter of each membrane mimetic using a Zetasizer Nano-series 

instrument (Malvern Instruments, UK). Samples of each mimetic were diluted to 0.06 

mg/mL in 25 mM sodium phosphate buffer at pH 6.9. DLS measurements of these 

samples in 1.0 cm path length UV-transparent disposable cuvettes were then 

recorded with equilibration times of 300 s. All spectra were averaged from six 

individual measurements consisting of 16 separate scans. The standard deviation was 

calculated for each mimetic to determine the error in these measurements; DPC 

(5.9 ± 0.93 nm); LMPG (4.6 ± 0.80 nm); DMPC/DHPC bicelles (16 ± 4.4 nm); DMPC 

(60 ± 6.3 nm); 60:1:15 DMPC:DMPG:DHPC (29 ± 1.7 nm); 60:1:15 DMPC:DMPG:DHPC 

(65 ± 9.1 nm); 60:1:15 DMPC:DMPG:DHPC (117 ± 9.2 nm); 9:1 DMPC:DMPG (40± 2.6 

nm); DEPC (164 ± 29.2) nm; DEPC (217 ± 26.6) nm; DEPC (250  ± 13.4 nm). Data was 

processed using the Malvern Zetasizer software and subsequently exported as 

intensity and number distributions.    
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4.4 Results  

4.4.1 Approach 1: Design of a simplistic amphipathic peptide sequence to replicate 

the curvature sensing behaviour of the RTNLB13 APH: Carrying on from our previous 

work on the RTNLB13 APH, we wanted to explore the molecular determinants of 

membrane binding and curvature sensing by altering the native sequence.18,19 

Minimising protein sequences in this way also allows the elimination of ‘genetic 

baggage’ associated with the natural selection of ancestral sequences through 

millions of years of evolution. Starting with the 14-residue RTNLB13 APH, we mutated 

five residues in order to more symmetrically distribute (a) charge and polarity on the 

hydrophilic helical face, (b) the residues at the border of the hydrophobic and 

hydrophilic helical faces, and (c) the residues present in the hydrophobic face. Fig. 

4.2A shows the positions of the amino acids selected for mutation on a helical wheel 

diagram, and Fig. 4.2B shows the resulting designed peptide. Tyrosine was mutated 

to tryptophan as tryptophan is a more useful probe in fluorescence measurements. 

The histidine was replaced with a leucine to produce a symmetrical hydrophobic face, 

and likewise, the C-terminal leucine was replaced with a glycine. The polar face was 

simplified by substituting aspartate with another glutamate and then swapping this 

with one of the lysines to break up the negative charge. The exact order of the amino 

acid sequence was also modified slightly to ensure the mutated residues were 

correctly positioned on the appropriate faces of the putative helix (sequences shown 

in Fig. 4.2A and Table 4.1). This new peptide, hereafter referred to as KG14, has very 

similar physicochemical properties to the RTNLB13 APH, including a high 

hydrophobic moment, a shallow hydrophobic face and a relatively neutral overall net 

charge. The charged residues are also located away from the edges of the 

hydrophobic face to ensure no dependence on charge for folding/binding, as was the 

case for the RTNLB13 APH.  
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Fig. 4.2 (A) Helical wheel plot of the RTNLB13 APH annotated to show which 5 residues were 
mutated in the design of KG14. The amino acid sequences of the RTNLB13 APH (top), after 
the 5 mutations (middle) and the final sequence of KG14 (bottom) following a rearrangement 
to ensure the residues were positioned on the correct faces of the resulting helix, are shown 
underneath. (B) Helical wheel plot of the final design of KG14. Hydrophobic residues are 
shown in grey, acidic residues in fuchsia, basic residues in blue, polar residues in purple and 
other residues in white/black.  

4.4.2 The designed peptide KG14 behaves differently to the RTNLB13 APH: We have 

previously shown that the RTNLB13 APH folds into an α-helix and binds to model 

membranes in a curvature-dependent manner, and that other RTN isoforms also 

contain curvature-responsive APHs.18,19 Reproduction of this behaviour was 

therefore investigated for the designed peptide KG14 exposed to membrane 

mimetics of increasing curvature using circular dichroism (CD) and intrinsic 

tryptophan fluorescence spectroscopy. Fig. 4.3A shows the CD spectra for KG14 in 

buffer, DPC and LMPG micelles, DMPC/DHPC bicelles (q = 0.25), DMPC vesicles and 

60:1:15 DMPC:DMPG:DHPC vesicles of three different sizes. The hydrodynamic 

diameters were obtained via dynamic light scattering (DLS) in the absence of peptide 

and are provided in the legend for Fig. 4.3A. This library of model membranes is the 

same as that used in our previous work and most clearly demonstrates the curvature-

response under examination as well as allowing a direct comparison between KG14 

and the RTN APHs.19 Similar to the RTNLB13 APH, KG14 was readily soluble and had 

no defined structure (random coil) in aqueous buffer (Fig. 4.3A).   
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Fig. 4.3 (A) CD spectra of KG14 (60.7 µM) in phosphate buffer and a variety of model 
membranes of different diameters. Measurements were made in buffer only, DPC micelles 
(5.9 nm), LMPG micelles (4.6 nm), DHPC/DMPC bicelles q = 0.25 (16 nm), DMPC vesicles (60 
nm) and 60:1:15 DMPC:DMPG:DHPC vesicles with diameters of 29 nm, 65 nm and 117 nm. 
All CD data is provided in units of mean residue ellipticity (MRE, deg cm2/dmol), and the 
diameters of the membrane mimetics were estimated using DLS. (B) Normalised tryptophan 
fluorescence emission spectra of KG14 with the same library of model membranes used for 
CD measurements. Excitation wavelength was set to 280 nm to excite the two Trp residues 
in KG14. A blue shift (indicated by an arrow) was observed for the Trp emission peak in the 
presence of DPC. Dashed line refers to λem for KG14 in buffer only. (C) Survey of NMR-derived 
sequential backbone NOE connectivities for KG14 solubilised in 50 mM DPC-d38, classified as 
strong, weak, or absent by the thickness (or absence) of a bar connecting the residues 
involved. The non-sequential connectivities listed (i.e. i, i + n) are unique to helices, and were 
used alongside chemical shift index analyses (CSI) to localise the APH to the residues within 
the box. 
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However, unlike the RTNB13 APH, KG14 only appeared to fold in the presence 

of DPC and LMPG micelles, and not under any of the other conditions tested. The 

resulting CD spectra were also slightly unusual as negative peaks were present at 208 

and 228 nm, rather than 208 and 222 nm typical for α-helices (see Fig. 4.3A). CD 

bands between 227-231 nm have been observed in other proteins and attributed to 

excited-state interactions between proximal aromatic tryptophan residues.25–32 The 

CD spectrum of KG14 in DPC also reveals a small positive band at 220 nm, which, 

coupled with the negative peak at 228 nm, is consistent with exciton splitting caused 

by stacking of indole rings.33 This couplet is shown more clearly in Fig. S4.1, and could 

also be obscuring the 222 nm helical band.34,35 Furthermore, there was a significant 

reduction in folding of KG14 with LMPG micelles compared to DPC, despite their 

similar size. Fitting the data in Fig. 4.3A using Dichroweb33 estimated 68% helicity for 

KG14 in DPC but only 29% helicity in LMPG, suggesting anionic headgroups 

destabilise folding.         

Binding of KG14 to the library of model membranes was also investigated 

using intrinsic tryptophan fluorescence spectroscopy (Fig. 4.3B). Here, the 

fluorescence emission wavelength (λem) will be blue-shifted (i.e. shifted to a shorter 

wavelength) when tryptophan residues move from an aqueous environment to a 

more hydrophobic environment such as the interior of a membrane (as illustrated in 

Fig. 4.3B). For KG14, a meaningful blue shift (≥ 10 nm) was only detected when the 

peptide was exposed to DPC micelles (Fig. 4.3B and Table S4.1). In aqueous buffer, 

λem for the two tryptophan residues in KG14 occurred at 358 nm but shifted to 348 

nm in the presence of DPC. Conversely, only a ~ 2 nm shift was observed when KG14 

was exposed to LMPG micelles (λem = 356 nm) suggesting that the polarity of the 

tryptophan environments was not significantly changing. Small shifts of 4 and 5 nm 

also occurred when KG14 was exposed to the q = 0.25 DMPC/DHPC bicelles and the 

29 nm 60:1:15 DMPC:DMPG:DHPC vesicles too. These results imply that KG14 only 

binds strongly to DPC micelles.  

Solution-state NMR was used to investigate regions of secondary structure in 

KG14 when exposed to DPC (deuterated for NMR studies), as this was the only 

condition resulting in significant folding/binding. 1H-1H total correlation spectroscopy 

(TOCSY) and 1H-1H nuclear Overhauser spectroscopy (NOESY) spectra were acquired 
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to sequentially assign 83% of the 1Hs in KG14 (Table S4.2 and Fig. S4.2). Chemical 

shift index (CSI) analysis of the 1Hα chemical shifts, as well as the presence of multiple 

long-range backbone (i, i + n) HN, Hα and Hβ NOEs indicative of α-helix formation, 

were used to map an 11-residue continuous α-helical region in KG14 between L3 – 

W13 (Fig. 4.3C). The size of this helix is in good agreement with results from CD (68% 

helical content) and suggests that the helix is shorter in our designed peptide as 

compared to that found in RTNLB13 (11 residues vs. 14 residues).  

4.4.3 Flanking residues stabilise helix-formation in KG14 peptide: Compared to the 

RTNLB APH peptides we have studied previously, the KG14 peptide described above 

had the shortest sequence. KG14 contained only the portion of the sequence 

comprising the putative APH without any additional residues at both the N- and C- 

termini. The results from KG14 suggested that the predicted helix region on its own 

may not be enough to form a stable α-helix at a curved membrane. Hence, we 

decided to synthesise and purify a new peptide with two residues on either end. 

Because Val - Pro precedes the RTNLB13 APH, these two residues were added to the 

N-terminus of the KG14 sequence and Pro - Val to the C-terminus to create a new 

peptide we have called VV18 (see Fig. 4.4A and Table 4.1).  

CD spectra were collected for VV18 in a range of model membranes, and the 

results are shown in Fig. 4.4B. VV18 was unstructured in aqueous solution and in the 

presence of DMPC and 60:1:15 DMPC:DMPG:DHPC vesicles of any size. However, this 

peptide displayed helical secondary structure upon exposure to detergent micelles 

and DMPC/DHPC bicelles. The CD spectra acquired were similar to that of KG14 with 

negative minima at 208 and 228 nm. However, VV18 did not display any preference 

for zwitterionic headgroups over anionic as was observed for KG14. Both LMPG and 

DPC resulted in 60% helicity in the peptide when the data was fit using Dichroweb. 

Also in contrast to KG14, VV18 folded in the presence of the DMPC/DHPC bicelles, 

resulting in 35% helicity, suggesting that the peptide does behave as a curvature 

sensor. The lack of any secondary structure with the 29 nm diameter 60:1:15 

DMPC:DMPG:DHPC vesicles could be due to unfavourable interactions between the 

negatively-charged PG headgroups and the anionic residues in the peptide, as was 

the case for the APHs in RTNLB4, 7 and 10.19 It is not surprising that VV18 did not fold 
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with DMPC vesicles however as this is consistent with the behaviour of the RTNLB13 

APH and the other RTN APHs we have studied.18,19       

Binding of this peptide to the library of model membranes was also 

investigated via intrinsic tryptophan fluorescence spectroscopy (Fig. 4.4C and Table 

S4.1). In aqueous buffer and with DMPC and 60:1:15 DMPC:DMPG:DHPC vesicles, λem 

appears between 558-561 nm. However, λem is blue-shifted to 347 nm with DPC, 342 

nm with LMPG and 352 nm with the bicelles . These results are consistent with the 

CD data and support the conclusion that VV18 binds to highly-curved model 

membranes by folding into an amphipathic α-helix.      

 



162 
 

 
Fig. 4.4 (A) Schematic to show the helical region of KG14 (as identified by solution-NMR) 
within the sequence of VV18. Underneath shows the amino-acid sequence of VV18 with 
those residues in the helix of KG14 highlighted in purple, the other residues in KG14 in grey 
and the additional residues added to produce in VV18 shown in black. (B) CD spectra of VV18 
(52.1 µM) in phosphate buffer and a variety of model membranes of different diameters: 
DPC micelles (5.9 nm), LMPG micelles (4.6 nm), DHPC/DMPC bicelles q = 0.25 (16 nm), DMPC 
vesicles (60 nm) and 60:1:15 DMPC:DMPG:DHPC vesicles with diameters of 29 nm, 65 nm 
and 117 nm. All CD data is provided in units of mean residue ellipticity (MRE, deg cm2/dmol) 
and the diameters of the membrane mimetics were estimated using DLS. (C) Normalised 
tryptophan fluorescence emission spectra of VV18 with the same library of model 
membranes used for CD measurements. Excitation wavelength was set to 280 nm to excite 
the two Trp residues in VV18. A blue shift (indicated by an arrow) was observed for the Trp 
emission peak in the presence of DPC. Dashed line refers to λem for VV18 in buffer only.     
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Fig. 4.5 (A) Diameter ranges of different intra- and extracellular vesicles. From tiny 
intracellular nanovesicles (30 nm)36 to large apoptotic bodies (1000-5000 nm).37 (B) A 
schematic of the predicted structure of VS37 showing two distinct APH helices with a linker 
in the middle and flanking residues on either end. VS37 sequence shown underneath with 
APH regions (derived from the RTNLB13 APH) highlighted in purple with other regions shown 
in black.  
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4.4.4 Approach 2: Repeating the APH sequence of the RTNLB13 alters curvature 

selectivity: The APH in RTNLB13 recognises very highly curved membranes 

corresponding to vesicles of diameters between 20-30 nm. Therefore, another 

avenue we wished to explore was the possibility of tuning the curvature selectivity 

to slightly larger vesicle diameters, e.g. 50-100 nm, by combining multiple repeats of 

the RTNLB APH connected by a short linker region. This could open up the number of 

potential membrane targets to include structures such as exosomes (30-150 nm)38 

or synaptic vesicles (~40 nm).38 The diameters of various types of vesicles found in-

vivo are shown in Fig. 4.5A. Many natural proteins, such as ArfGAP1, α-synuclein and 

complexin, contain more than one curvature sensor in their sequences, allowing 

more flexibility for various degrees of curvature and lipid compositions.10,39,40    

Utilising the RTNLB13 APH, we synthesised and purified a 37-residue peptide 

consisting of the first 16 residues of the 18-residue RTNLB13 peptide (V1-L16) from 

our previous work18, followed by a short flexible linker (AGAGA) and the final 16 

residues of that 18-residue peptide (K3-S18), so there were two curvature sensing 

domains with flanking residues on either end. We hypothesised that this peptide, 

which we have called VS37, would be able to bind to vesicles larger than 30 nm by 

forming a slightly curved shape itself where the linker region acts as a hinge (see Fig. 

4.5B).  

Once again, CD and intrinsic tryptophan fluorescence spectra were collected 

for VS37 with our library of membrane mimetics. VS37 was readily soluble and 

unstructured in aqueous buffer, and significant helicity was observed in the presence 

of DPC and LMPG micelles as well as the DHPC/DMPC bicelles (see Fig. 4.6A and Table 

S4.1). Helical content was also observable in DMPC vesicles (60 nm in diameter) and 

60:1:15 DMPC:DMPG:DHPC vesicles of three different sizes (29, 65 and 117 nm in 

diameter) as shown in Fig. 4.6A. This is in contrast to previous results for peptides 

containing a single RTNLB13 APH which only folded with 60:1:15 DMPC:DMPG:DHPC 

vesicles that were 27 nm in diameter and did not fold in the presence of 100% DMPC 

vesicles.18 Tryptophan fluorescence experiments also revealed a blue shift of λem 

under each condition that resulted in significant helicity indicative of peptide binding 

(Fig. 4.6B). In aqueous buffer, λem occurs at 357 nm but shifts to 337 and 335 nm in 

the presence of DPC and LMPG, respectively. With the other model membranes 
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where folding is evident according to CD, λem appears between 338-345 nm. We also 

collected CD and tryptophan emission spectra of VS37 in the presence of 9:1 

DMPC:DMPG and DEPC vesicles of three different sizes (Fig. S4.3). Fig 4.6C clearly 

shows the curvature-dependence on the percent-helicity observed in VS37 (CD data 

fit using Dichroweb). Furthermore, inspection of the positive helical maxima at 195 

nm shows a decrease in ellipticity when VS37 was exposed to 60:1:15 

DMPC:DMPG:DHPC vesicles of increasing size (Fig 4.6C inset). No significant helicity 

(defined as >20%) of the peptide was observed with mimetics of diameter > 117 nm. 

This curve is less steep than the one previously obtained for the single RTNLB13 APH 

construct.18 

 

Fig. 4.6 (A) CD spectra of VS37 (31.5 µM) in phosphate buffer and a variety of model 
membranes of different diameters: DPC micelles (5.9 nm), LMPG micelles (4.6 nm), 
DHPC/DMPC bicelles q = 0.25 (16 nm), DMPC vesicles (60 nm) and 60:1:15 
DMPC:DMPG:DHPC vesicles with diameters of 29 nm, 65 nm and 117 nm. All CD data is 
provided in units of mean residue ellipticity (MRE, deg cm2/dmol) and the diameters of the 
membrane mimetics were estimated using DLS. (B) Tryptophan fluorescence emission 
spectra of VS37with the same library of model membranes used for CD measurements. 
Excitation wavelength was set to 280 nm to excite the two Trp residues in VS37. A blue shift 
(indicated by an arrow) was observed for the Trp emission peak in the presence of DPC. 
Dashed line refers to λem for VS37 in buffer only. (C) Plot of percent helical content of VS37 
(obtained from fitting of CD data using Dichroweb) versus the hydrodynamic diameter of the 
membrane mimetic used (estimated via DLS). Inset, increasing the diameter of 60:1:15 
DMPC:DMPG:DHPC vesicles lead to a decrease in positive ellipticity at 195 nm.         
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Fig. 4.7 (A) Representative 1H-1H TOCSY (fuchsia) and NOESY (black) NMR spectra for VS37 
(1.5 mM) solubilised in 50 mM DPC-d38 at mixing times of 140 ms and 150 ms, respectively. 
The panel on the left shows the backbone amide NOEs, characteristic of α-helices. The 
middle panel shows the fingerprint region where more α-helical NOEs are found (i.e. Hα of 
residue i, NH of residues i + 1, 3, 4). And the right panel shows the aliphatic region where 
NOEs of Hα of residue i to Hβ of residue i + 3 are also indicative of α-helices. (B) Survey of 
NMR-derived sequential backbone NOE connectivities for KG14 solubilised in 50 mM DPC-
d38, classified as strong, weak, or absent by the thickness (or absence) of a bar connecting 
the residues involved. The non-sequential connectivities listed (i.e. i, i + n) are indicative of 
α-helix secondary structure, and were used alongside chemical shift index analyses (CSI) to 
localise the APH to those residues within the box. (C) Front (left), side (middle) and back 
(right) views of the helical region in VS37, as determined by solution NMR. Hydrophobic 
residues are shown in grey, acidic residues in fuchsia, basic residues in blue, polar residues 
in purple and other residues in white. 

To map the helical regions in VS37, solution-state NMR was utilised again. 1H-
1H TOCSY and NOESY spectra of VS37 with deuterated DPC were acquired, and 96% 

of the peptide 1H's were sequentially assigned (see Fig. 4.7A, Fig. S4.4 and Table 

S4.3). As before, CSI analysis and the presence of multiple long-range NOEs support 

the identification of a 28-residue helical region spanning from K3 to Q30 (see Fig. 
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4.7B). Therefore, the NMR data suggests that instead of two separate helices forming 

with a linker in-between, we have instead engineered a peptide with a much longer 

curvature sensing APH than that of the RTNLB13 APH (see Fig. 4.7C). 

4.5 Discussion 

Our initial aim was to replicate the curvature sensing behaviour of the 

RTNLB13 APH using a stripped-down sequence. The design was based on a 2D helical 

wheel projection as shown in Fig. 4.2A, but modelling the potential helix in three 

dimensions using Chimera reveals further considerations. As shown in Fig. 4.8A, the 

two lysines in the RTNLB13 APH were found on the extreme N-terminus and towards 

the C-terminus with the anionic residues in the middle. However, in the designed 

peptides, KG14 and VV18, the two lysines are relatively close together at the N-

terminus. Negatively charged glutamates then dominate the other half of the polar 

face. Segregating the charge in this way may account for the absence of peptide 

folding or binding in the presence of small 60:1:15 DMPC:DMPG:DHPC vesicles due 

to electrostatic repulsion between the anionic end of the helix and the negatively-

charged PG. The RTNLB13 APH18 may overcome this and only respond to curvature 

because it contains positively charged lysines on each end that help anchor41 it to a 

negatively charged membrane surface. Likewise, the small non-polar glycines at the 

edges of the hydrophobic face of KG14/VV18 may allow the helix to sink deeper into 

the bilayer, bringing the acidic glutamates closer to negatively-charged PG leading to 

greater electrostatic repulsions. Unfortunately, we are still unable to monitor 

peptide-lipid interactions with vesicles of less than 30 nm in diameter without the 

presence of PG due to their relative instability.18,19 Furthermore, the designed 

peptides did not contain a C-terminal histidine residue at the edge of the 

hydrophobic face, which may also be necessary for peptide-lipid interactions. In our 

previous work on RTNLB13, this histidine was sensitive to saturation transfer during 

STD-NMR experiments, indicating it directly interacts with DPC micelles.18 The 

relative importance of histidine thus may have been overlooked when designing the 

new sequence. Similarly, when Morton et al. investigated the lipid-binding of a 

scrambled sequence of the curvature sensing MARCKS-ED peptide, they observed 

significantly less activity compared to the wild type.13 Nevertheless, these examples 
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of sequence specificity pose interesting questions for the design of curvature sensors 

and may prove useful for imparting selectivity for a particular lipid composition in-

vivo.  

Mutating individual residues and rearranging the sequence has also had a 

noticeable effect on the 3D hydrophobic moment (3D-HM) vector of KG14 compared 

to RTNLB13 (Fig. 4.8A). Although there are limitations, the 3D-HM vector extends 

Eisenberg's classical 2D hydrophobic moment42 to describe amphipathic molecules 

in three dimensions.23 The direction of the 3D-HM vector points towards the least 

polar residues on the folded α-helix, i.e. if there are more charged residues on the C-

terminus then the vector points towards the N-terminus. The vector length then 

depends on the total amphipathicity of the peptide, and if viewed along the peptide 

axis resembles the 2D hydrophobic moment.18 As expected, the 3D-HM vectors for 

both KG14 and the RTNLB13 APH point towards the hydrophobic face when viewed 

along the peptide axis (Fig. S4.5). However, as shown in Fig. 4.8A, KG14 has a longer 

3D-HM vector than the RTNLB13 APH, and the angle between the 3D-HM vector and 

the helix axis for KG14 is closer to 90º (ideal value23 implied by the 2D hydrophobic 

moment). The hydrophobic face of KG14 consists of five (seven if the glycines are 

included) residues compared to only four in the RTNLB13 APH, which could account 

for these differences. Additionally, the 3D-HM vector for RTNLB13 points more 

towards the C-terminus, whereas for KG14 it points more towards the N-terminus, 

which might lead to differences in how the peptides insert into a membrane (Fig. 

S4.5).   

The CD spectra acquired for both KG14 and VV18 under conditions favourable 

for folding revealed an unusual peak at 228 nm (Fig. 4.3A and 4.4B). We have 

accredited this to excited-state interactions between the two tryptophan residues on 

the hydrophobic face of the helix.34 To confirm, we would need to mutate one of the 

tryptophan's and determine whether this eliminates the 228 nm peak without losing 

the desired helical secondary structure, as demonstrated for other protein 

systems.26,43 Phenylalanine is the typical replacement for tryptophan as its 

contributions in the far-UV region are deemed to be far smaller than the other 

aromatics.27,35,44 However, in the native RTNLB13 APH sequence there is a tyrosine 

at position i + 3 where i is a tryptophan. Exciton couplets for a pair of tryptophans 
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are more evident at distances of 10 Å or less.45 Only two other residues separate the 

two tryptophan's in KG14, placing the aromatic rings on the same face and within 

close proximity (approximately 7.2 Å apart) when folded into an α-helix (Fig. 4.8B). 

When modelled as an ideal helix, the relative orientation of the tryptophan's to one 

another matches the preferred geometry46 for two interacting aromatic residues in 

an α-helix at this sequence distance (Fig. 4.8C). However, the exact geometry may 

differ as this helix only forms when inserted into a model membrane.   

 
Fig. 4.8 (A) Front views of the RTNLB13 APH and the predicted KG14/VV18 helix. The three-
dimensional hydrophobic moment vectors of both peptides are shown underneath, 
represented by a black arrow alongside the vector lengths (in units of ÅkT/e) and the angle 
between the vector and peptide axis (in degrees). In the RTNLB13 APH, the 3D-HM points 
slightly towards the C-term, whereas in KG14, it points more towards the N-term. 
Hydrophobic residues are shown in grey, acidic residues in fuchsia, basic residues in blue, 
polar residues in purple and other residues in white. Models of KG14 as an ideal α-helix 
showing: (B) the approximate distance between the centre of the indole rings in W10 and 
W13 (in Å) and (C) the relative orientation of the indole rings in W10 and W13 to each other, 
described as ot. "o" indicates that in the first residue the centre of the second ring is in an 
offset or intermediate position, and "t" implies that the second residue is tilted with respect 
to the first.46  
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Although we have designed a curvature sensing APH that can bind/fold with 

larger vesicles than the native RTNLB13 APH, the peptide VS37 did not behave as 

predicted. The linker we chose to separate two APH sequences was only five residues 

long and made up entirely of alanine and glycine residues. A more polar linker rich in 

serines may prevent it from diving into a membrane as part of a helix. In nature, 

proteins with multiple curvature sensing domains have linkers of varying lengths and 

compositions. Worm complexin contains two APHs separated by six residues 

followed by an additional curvature sensing C-terminal motif only three residues 

away.40 Whereas in ArfGAP1, thirty amino acids separate two ALPS motifs.10 Another 

curvature sensing APH, α-synuclein, consists of seven imperfect repeats separated 

by multiple alanines and glycines that form part of the APH, similar to VS37.47 Future 

work could investigate the impact on peptide-folding and curvature sensing of linkers 

with different properties and lengths48 to the one we have used here, in addition to 

exploring the effect of several APH repeats. Choosing a suitable linker will also be 

essential if attaching cargo, such as a fluorophore, to a curvature sensing peptide is 

desired. 

Another issue to consider is how we eliminate peptide-lipid interactions with 

membranes of a smaller curvature than the specific membrane target in-vivo. VS37 

appears to bind/fold with all model membranes with a diameter less than 117 nm, 

suggesting it would behave the same inside a cell. Simultaneous sensing of particular 

lipid composition in addition to curvature may help overcome this problem.18    

Our results show that there is still much to be learnt about membrane 

curvature sensing and precisely what governs this behaviour before these peptides 

can be fully utilised for an application. In the future, it is imperative we 

experimentally observe how these peptides behave in vivo as natural membranes are 

considerably more crowded than the model membranes these peptides have been 

exposed to. There may not be enough surface available for a curvature sensing 

peptide to sufficiently interact. However, this work highlights some key design 

features to be taken into consideration in future work. The distribution of charge 

along the length of the helix will determine the specific lipids with which the peptide 

will interact. Individual residues and their placement within a sequence may impact 

folding and binding to highly curved membranes. And finally, lengthening a peptide 
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by adding repeat sequences will alter the curvature sensitivity, but careful 

deliberation of linking residues is also required.  

4.6 Supporting information 

 
Fig. S4.1 Related to Fig. 4.3. CD spectra of 0.1 mg/mL RTNLB13 (22-mer) solubilised in 200 
mM DPC subtracted from 0.1 mg/mL KG14 solubilised in 200 mM DPC to show tryptophan 
exciton couplet in KG14 at 220 and 228 nm.   

 

Fig. S4.2 Related to Fig. 4.3 and Table S4.2. Overlay of 1H-1H TOCSY (black) and 1H-1H NOESY 
(blue) spectra for KG14 (1.2 mM) in the presence of 50 mM DPC- d38 detergent. 
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Fig. S4.3 Related to Fig. 4.6. Top panel: CD spectra of VS37 (31.5 µM) in phosphate buffer 
and vesicles of different diameters: 9:1 DMPC:DMPG (40 nm, — ) and DEPC vesicles with 
diameters of 164 nm (– – –), 217 nm (· · ·) and 250 nm (– · – ). All CD data is provided in units 
of mean residue ellipticity (MRE, deg cm2/dmol), and the diameters of the membrane 
mimetics were estimated using DLS. Bottom panel: Normalised tryptophan fluorescence 
emission spectra of VS37 with the same model membranes used above. Excitation 
wavelength was set to 280 nm. 
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Fig. S4.4 Related to Fig. 4.7 and Table S4.3. Overlay of 1H-1H TOCSY (black) and 1H-1H NOESY 
(blue) spectra for VS37 (1.5 mM) in the presence of 50 mM DPC- d38 detergent. 
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Fig. S4.5 Related to Fig. 4.8. 3D-HM vectors viewed along the peptide axis (top) of the 
RTNLB13 APH (left) and KG14 (right) to reveal the 2D hydrophobic moment. 3D-HM vectors 
viewed from the side with respect to a lipid bilayer (bottom) for the RTNLB13 APH (left) and 
KG14 (right). 3D HM vectors calculated using https://www.ibg.kit.edu/HM/, exported as pdb 
files and visualised in Chimera.   
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Table S4.1 Related to Fig. 4.3, 4.4 and 4.6. Tryptophan fluorescence emission wavelengths 
for KG14, VV18 and VS37 for each measurement condition.   

Peptide Condition λem (nm) 

KG14 

Buffer Only 358 

DPC 348 

LMPG 356 

q = 0.25 DMPC/DHPC Bicelles 353 

DMPC 357 

29 nm 60:1:15 DMPC:DMPG:DHPC 354 

65 nm 60:1:15 DMPC:DMPG:DHPC 356 

117 nm 60:1:15 DMPC:DMPG:DHPC 358 

VV18 

Buffer Only 358 

DPC 347 

LMPG 342 

q = 0.25 DMPC/DHPC Bicelles 352 

DMPC 359 

29 nm 60:1:15 DMPC:DMPG:DHPC 359 

65 nm 60:1:15 DMPC:DMPG:DHPC 361 

117 nm 60:1:15 DMPC:DMPG:DHPC 358 

VS37 

Buffer Only 357 

DPC 337 

LMPG 335 

q = 0.25 DMPC/DHPC Bicelles 338 

DMPC 341 

29 nm 60:1:15 DMPC:DMPG:DHPC 344 

65 nm 60:1:15 DMPC:DMPG:DHPC 345 

117 nm 60:1:15 DMPC:DMPG:DHPC 343 
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Table S4.2 Related to Fig. 4.3. 1H NMR assignment of KG14 (1.2 mM) in the presence of 50 
mM DPC-d38 detergent.  

Residue NH αH βH Others  

Lys 1 unassigned unassigned unassigned γCH2  
δCH2 
εCH2  
εNH3

+ 

unassigned 
unassigned 
unassigned 
unassigned 

Leu 2 unassigned unassigned unassigned γH 
δCH3 

unassigned 
unassigned 

Leu 3 8.75 4.11 1.74 γH 
δCH3 

1.62 
0.91 

Lys 4 7.78 4.17 1.87 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.45 
1.71 
3.01 
unassigned 

Gln 5 8.01 4.19 2.23,  
2.10 

γCH2 
δNH2 

2.42 
7.46, 6.76 

Ile 6 8.16 3.89 2.00 γCH2 
γCH3  
δCH3 

1.13 
0.91 
0.85 

Gln 7 8.15 4.02 2.27, 
2.17 

γCH2 
δNH2 

2.41 
7.46, 6.77 

Glu 8 8.38 4.19 2.07 γCH2 2.47, 2.28 
Gly 9 8.24 3.80 - -  
Trp 10 8.25 4.48 3.42, 

3.29 
2H 
4H 
5H 
6H 
7H 
NH 

7.25 
7.48 
7.07 
7.24 
7.45 
10.36 

Glu 11 8.22 4.00 2.06 γCH2 2.37 
Glu 12 7.90 4.28 2.09, 

1.93 
γCH2 2.26, 2.21 

Trp 13 7.89 4.58 3.28 2H 
4H 
5H 
6H 
7H 
NH 

7.21 
7.56 
7.10 
7.26 
7.45 
10.41 

Gly 14 7.70 3.63 - -  
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Table S4.3 Related to Fig. 4.7. 1H NMR assignment of VS37 (1.5 mM) in the presence of 50 
mM DPC-d38 detergent.  

Residue NH αH βH Others  

Val 1 unassigned 3.72 1.99 γCH3 1.07, 0.88 
Pro 2 - 3.91 2.12, 

1.99 
γCH2 
δCH2 

1.91 
3.48 

Lys 3 7.77 4.11 1.86, 
1.77 

γCH2  
δCH2 
εCH2  
εNH3

+ 

1.45, 1.34 
1.65 
2.96 
unassigned 

Leu 4 8.40 3.74 2.02 γH 
δCH3 

unassigned 
1.06, 0.98 

Trp 5 8.24 3.72 2.82 2H 
4H 
5H 
6H 
7H 
NH 

7.14 
7.50 
6.98 
7.08 
7.40 
10.63 

Glu 6 7.92 4.05 2.27 γCH2 2.55 
Glu 7 7.86 4.28 1.82 γCH2 2.02 

Tyr 8 8.25 4.88 3.31 2,6H 
3,5H 

7.17 
6.80 

Gly 9 8.70 3.46 - -  

Asp 10 8.35 4.32 2.62 -  
Gln 11 8.35 3.99 2.33, 

2.24 
γCH2 
δNH2 

2.49 
7.31, 7.18 

Ile 12 7.80 4.08 1.97 γCH2 
γCH3  
δCH3 

1.85, 1.44 
1.05 
0.91 

Gln 13 8.01 4.16 2.24 γCH2 
δNH2 

2.56 
7.25, 7.12 

Lys 14 7.91 4.13 2.26 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.50, 1.31 
1.62 
2.95 
7.09 

His 15 7.81 4.83 3.24, 
2.75 

2H 
4H 

7.07 
6.83 

Leu 16 8.25 3.71 1.98 γH 
δCH3 

1.64 
1.07 

Ala 17 8.37 4.29 1.58 -  

Gly 18 8.83 3.84 - -  
Ala 19 8.25 4.26 1.64 -  
Gly 20 8.51 4.11, 

4.00 
- -  

Ala 21 8.09 4.19 1.56 -  

Lys 22 8.71 4.28 1.93 γCH2  unassigned 
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δCH2 
εCH2  
εNH3

+ 

1.63 
3.06 
? 

Leu 23 8.32 4.30 2.15 γH 
δCH3 

1.75 
1.05 

Trp 24 7.86 4.57 3.34, 
3.13 

2H 
4H 
5H 
6H 
7H 
NH 

7.29 
7.51 
6.99 
7.07 
7.43 
10.39 

Glu 25 8.41 4.06 2.30 γCH2 2.67, 2.47 

Glu 26 8.01 4.05 1.87, 
1.53 

γCH2 2.07 

Tyr 27 7.99 4.60 3.19 2,6H 
3,5H 

7.13 
6.81 

Gly 28 7.81 3.74 - -  

Asp 29 8.28 4.35 2.64 -  
Gln 30 8.01 3.99 1.93 γCH2 

δNH2 
2.33 
7.30, 7.17 

Ile 31 8.28 4.31 1.98 γCH2 
γCH3  
δCH3 

1.67 
0.97 
0.94 

Gln 32 8.89 4.29 1.60 γCH2 
δNH2 

1.86 
7.44, 6.84 

Lys 33 9.04 4.28 1.90 γCH2  
δCH2 
εCH2  
εNH3

+ 

1.58 
1.80 
3.06 
7.16 

His 34 7.94 4.41 3.39, 
3.25 

2H 
4H 

7.37 
7.17 

Leu 35 7.92 4.48 1.92 γH 
δCH3 

1.76 
0.99 

Gly 36 8.40 3.98 - -  
Ser 37 7.81 4.34 3.90 -  
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5 Conclusions and Outlook 

Amphipathic helices (APHs) are associated with both membrane curvature 

sensing and generating, and appear to be a ubiquitous feature shared by many 

transmembrane and peripheral membrane proteins. However, it can be difficult to 

unpack the precise behaviour an APH performs at a membrane, especially as these 

proteins tend to contain other curvature generating and sensing regions such as 

BAR domains or helical hairpins. Furthermore, of the APHs that have been 

identified as curvature sensors, there are vast differences in their sequences, 

chemistry and physical properties. Thus, a simple set of physico-chemical rules, 

such as those that exist for antimicrobial peptides has remained out of reach 

rendering them difficult to identify.  

 In Chapter 2, a dependence on curvature for membrane binding and helix 

formation of a region in the C-term of RTNLB13 from Arabidopsis thaliana, 

previously shown to be important for the full-length proteins ability to generate 

highly-curved tubules in the endoplasmic reticulum (ER), is experimentally 

demonstrated, leading to the proposal of a new model for how reticulons (RTNs) 

generate curvature that includes this curvature sensing APH. The reticulon 

homology domain (RHD) generates membrane curvature via wedging and 

scaffolding of the hydrophobic transmembrane domains, resulting in RTN oligomer 

“networks” and a higher concentration of lipid packing defects. Once a critical 

tubule diameter has been reached and a sufficient number of defects are available, 

the APH region is able to fold and bind through interactions of its shallow 

hydrophobic face with regions of exposed acyl chains that arise due to the packing 

defects. Thus, it is concluded that the APH in RTNLB13 acts as a type of feedback 

element and provides additional stabilisation to the highly curved structures 

formed. 

Solution-state NMR was used to locate the helix within the predicted region 

of the C-term of RTNLB13. The data obtained suggested that the original prediction 

was missing four residues at the beginning of the helix, including a completely 

conserved aromatic residue that forms part of the binding interface, as revealed via 
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STD and deuterium exchange NMR experiments. In the absence of these residues, 

the hydrophobic face is weakened, and helix formation becomes dependent on 

electrostatic interactions, as evidenced by a lack of secondary structure in the 

presence of non-ionic but highly-curved DDM. Peptides incorporating the full APH 

sequence had no dependence on charge for membrane association. This appears to 

be by design as plant ER is highly dynamic as it is the site of lipid synthesis and 

transport, and typically contains uncharged lipids such as PC and PE. Therefore, a 

requirement for charged lipids would be detrimental in a curvature sensing APH 

associated with ER membranes. Furthermore, helix formation only occurred with 

model membranes of 27 nm or less in diameter, which is consistent with reported 

diameters for plant ER tubules (~30 nm). These observations suggest that the 

curvature sensing APH in RTNLB13 is highly tuned to both the diameter and lipid 

composition of plant ER tubules, where RTNLB13 primarily resides and acts upon; a 

property other curvature sensing APHs such as the ALPS motif and α-synuclein may 

share. Additionally, although the full hydrophobic face of the RTNLB13 APH is well-

defined, it is also quite shallow, only encompassing four residues; another 

characteristic that appears to be broadly shared by other curvature sensing APHs. A 

shallow hydrophobic face automatically restricts how far these motifs can 

penetrate into a membrane and prevents destabilisation of the bilayer. 

Multiple sequence alignments suggested that this region is highly conserved 

across all 21 RTNLB isoforms in A. thaliana, especially those residues within the 

hydrophobic face that directly interact with the membrane. However, up until this 

point, APHs had only been confirmed in two members of the RTN family, RTNLB13 

and Yop1p. In Chapter 3, a selection of A. thaliana RTNLB isoforms were therefore 

chosen to investigate if the APH is truly a conserved feature. The isoforms were 

grouped into 6 clades based on a phylogenetic analysis of their evolutionary 

relationships. Of the isoforms selected, only those closest to RTNLB13 (RTN10-12 

and RTNLB15-16) in evolution contained curvature sensing APHs immediately C-

term to the RHD. A speciation event appears to have occurred that resulted in the 

APH being shifted ~20 amino acids away from the RHD in RTNLB1-9 and 14. It is not 

immediately clear why introducing a longer linker region would be necessary for 

these particular isoforms, although members of this group have been shown to 
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localize to other parts of the cell and have separate functions to their roles in ER 

remodeling e.g. RTNLB1-4 are thought to be involved in plant-microbe interactions. 

Deleting either the linker or the APH region or replacing the entire C-term with that 

of the C-term in RTNLB13 within the full-length proteins in this clade may shed 

some light on the relative importance of the linker and APH for protein function. 

Furthermore, the C-terminal regions in RTNLB17-21 are considerably more 

hydrophobic and do not appear to contain an APH at all. This could be because 

these isoforms do not participate in ER tubulation but in other enzymatic or 

protein-protein interactions in the ER, and the RHD in this subset merely behaves as 

an ER tethering domain. Likewise, RTNLB1-16 all share a common ancestor that 

RTNLB17-21 do not, which is likely where the APH was first introduced. 

The curvature sensing APHs identified in some of the other A. thaliana 

isoforms, namely RTNLB4, 7, 10 and 15, share some similar characteristics to the 

APH found in RTNLB13: they contain 14-16 amino acids, shallow hydrophobic faces 

comprising 4-5 residues and do not depend on charge for membrane interaction. 

However, there are also some key differences, i.e. in their curvature and lipid 

sensitivities. This is most evident in RTNLB10 which only folded in the presence of 

mimetics that were < 20 nm in diameter and would not fold in the presence of tiny 

60:1:15 DMPC:DMPG:DHPC vesicles, unlike RTNLB13. This is attributed to charge-

charge repulsions between the negatively charged PG in the vesicles and negatively 

charged residues close to the edges of the hydrophobic face in the RTNLB10 APH 

(as well as RTNLB4 and 7). PG is not typically found in the lipid composition of ER 

membranes, however one of the limitations of the work presented here is that 

preparing stable vesicles < 30 nm in diameter without PG has not yet been possible. 

In addition to measurements of these APH folding in the presence of tiny vesicles 

containing no PG lipids, it would also be interesting to explore how changing the 

size of the hydrophobic face or the net charge affects the behaviour of these 

curvature-sensing APHs.  

The curvature and lipid specificity displayed by the APHs characterised in 

Chapters 2 and 3 implied specific biological membranes could be targeted by 

replicating this unique recognition mechanism in the form of amphipathic peptides, 

an approach that has only been explored sparingly. Chapter 4 therefore aimed to 
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first design a minimal peptide based on the RTNLB13 APH that incorporated the 

physical properties deemed to be the most important but eliminated any 

redundant residues leftover from evolution. When the desired helical region was 

isolated as a 14-residue peptide, however, helix formation was destabilised, even at 

highly-curved membranes. Adding additional residues to either end appeared to 

stabilise helix formation and restore the curvature sensing ability of the designed 

sequence. The peptide behaved more like the APHs identified in RTNLB4, 7 and 10 

than the RTNLB13 APH though, in that the presence of negatively charged lipids 

prevented helix formation. These results suggest that the exact sequence order and 

distribution of charge along the helix are important for charge-independent 

interactions. Single mutations would further reveal the relative importance of 

specific residues within the RTNLB13 APH, such as a C-terminal histidine at the edge 

of the polar face which was omitted from the minimal peptide design. 

Nevertheless, the results obtained are promising and will help inform future 

designs. 

Another aim of Chapter 4 was to extend the curvature sensitivity of a 

curvature sensing APH by linking the RTNLB13 APH sequence to an identical APH 

repeat via a short flexible linker, a feature found in other curvature sensing proteins 

such as α-synuclein. The resulting peptide successfully interacted with vesicles of 

larger diameters (up to 117 nm) in a curvature-dependent manner, suggesting 

tuning of the curvature sensitivity is possible. However, solution-state NMR 

revealed that the linker region (AGAGA) also folded to form a long 28-residue helix 

rather than facilitating the separation of two distinct helices. Future work could 

explore the influence of different linkers on the curvature sensitivity of peptides 

with repeat APH sequences, such as longer linkers or those containing more polar 

residues such as serines and threonines.  

Finally, to be able to fully exploit these curvature sensing amphipathic 

peptides for applications, in-vivo experiments need to be performed to know if they 

can preferentially locate to highly-curved membranes and if so, which ones? Other 

questions that future work could address include: Is curvature enough for the 

isolated RTNLB13 APH to localise to highly-curved ER tubules in-vivo, or can a 
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curvature-sensing APH be added to another integral membrane protein to alter its 

trajectory and/or impact on a membrane? 

In summary, this thesis establishes the particular role in curvature 

generation of the previously proposed APH in RTNLB13 by pinning down the exact 

helical sequence and determinants for membrane-interaction. This is followed by 

much-needed experimental evidence that this APH exists in other RTN isoforms. 

Taken together, these studies also allowed parallels to be drawn between different 

curvature sensing APHs that rationalise the variety of mechanisms that have 

previously been proposed. Finally, several novel peptides, based on these findings, 

were designed to further explore the protein-lipid interactions taking place and to 

extend the curvature sensitivity to different diameters for potential applications as 

therapeutics or probes. 
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