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ABSTRACT

Membrane associating peptides such as antimicrobial peptides and viral fusion pep-

tides are involved in a diverse set of physiological processes. Their functions often require

a change in the structure of the peptide, caused by interactions between the peptide and

the biological membrane. This change in structure can be investigated in vitro, by per-

forming circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy

experiments with peptide solutions in membrane mimetic such as detergent micelles and

in organic solvents. NalP is an outer membrane autotransporter protein from N. menin-

gitidis that transports its serine protease passenger domain across the outer membrane of

the cell. The secondary structure of a linker peptide from this protein was determined in

an aqueous medium, in sodium dodecyl sulfate (SDS) detergent micelles and in trifluo-

roethanol (TFE). The peptide exhibits a random coiled secondary structure in the aqueous

medium and has a partial helical character in SDS detergent micelles. In TFE, the peptide

has an α-helical secondary structure, and this structure was determined by NMR spec-

troscopy. The difference in structure of the peptide in the detergent micelle and in the

hydrophobic organic solvent, when compared to the aqueous medium, suggests that the

linker might interact with the biological membrane during the protein transport event.

The stability of the α-helix formed by this peptide in TFE was determined by investi-

gating the overall and residue specific effects of temperature on the secondary structure of

the peptide. Partial loss of secondary structure is observed when the peptide is heated to a

temperature of 348 K. Nuclear Overhauser Effect (NOE) crosspeaks that had high relative

intensities at elevated temperatures were observed on a stretch of residues located in the

middle of the α-helix, suggesting that this region of the α-helix is comparatively more

stable and that the unfolding is initiated at both termini of the helix.
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The effect of electrostatic interactions on thermally induced unfolding of charged heli-

cal peptides was determined in detergent micelles of different charge. In the presence of a

similar charge on the peptide and the micelle, the antimicrobial peptide Magainin2 and a

mutant of the viral fusion peptide HA G1V showed a greater curvature in the temperature

dependence of CD signal at 222 nm, suggesting an increased co-operativity in the helix

coil transition of the peptide. The residue specific effects of electrostatic interactions were

also determined by measuring the temperature dependence of chemical shifts and NOE

intensities of Magainin2 peptide in SDS and dodecylphosphocholine (DPC) detergent mi-

celles.
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1. INTRODUCTION

Membrane proteins constitute about 20-30% of cellular proteins and have diverse func-

tions in the cell including physiologically important processes such as signal transduction,

respiration, photosynthesis, transport [1, 2]. 60-70% of drug targets are estimated to be

membrane proteins [3, 4]. Despite their importance, the number of known structures of

transmembrane proteins is very limited when compared to soluble proteins. At the date of

writing this manuscript, 2.5% of high resolution protein structures from the Protein Data

Bank (PDB) belong to integral membrane or membrane associated proteins [5]. The chal-

lenge in performing in vitro biochemical studies with membrane proteins and solving their

structures stems from their poor solubility in aqueous media. Obtaining soluble protein of

high concentration is a requisite for crystallization of the proteins for X-ray crystallogra-

phy or structure determination by NMR spectroscopy.

While it is possible to solubilize these proteins in denaturing conditions, such as in the

presence of high concentrations of chaotropic agents like urea or guanidium hydrochlo-

ride, this approach is limited in its utility because the native fold of the protein is not pre-

served under these conditions. Common approaches to get soluble proteins having native

folds for biochemical experiments include using ordered lipid structures, such as deter-

gent micelles, bicelles, vesicles and liposomes, or alternatively using organic solvents or

chaotropes under partially denaturing conditions [6, 7, 8, 9, 10, 11]. The strategies for

obtaining soluble protein still largely is based on a trial and error approach and acts as a

bottle neck for progress in this field.

An important method for observation of membrane proteins and membrane associating

peptides in solution is NMR spectroscopy. Structures of membrane proteins and peptides

can be determined to atomic resolution using NMR. It is additionally possible to study in-
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teractions of the target macromolecule with the ordered lipid structures, orientation of the

macromolecule and chemical exchange between different conformations or states. While

membrane proteins are interesting targets to study using NMR spectroscopy, the quality of

data obtained from NMR experiments depends on the size of the molecule. Larger proteins

have more resonances which overlap in the NMR spectra and it is challenging to resolve

and assign these resonances unambiguously. The larger size also increases the correlation

time of the protein in solution leading to broader lines in spectra and detrimental effects

from spin diffusion. An additional strategy to investigate a membrane protein, is to ob-

serve a peptide which is a part of a larger protein, in isolation [12]. Viral fusion peptides

and isolated transmembrane α-helices from integral membrane protein existing as helical

bundles, have been studied by this approach [12, 13, 14, 15]. The use of small peptides is

advantageous because the smaller peptides are easier to solubilize in organic solvents and

detergent micelles, while preserving their secondary structure, when compared to larger

proteins. Using this approach, it is often possible to determine processes that may be rele-

vant to the biochemical function of the full length protein. Similar molecules that are also

of intrinsic biochemical interest are peptides that associate with the membrane, such as

antimicrobial peptides and cell penetrating peptides.

The subsequent portions of this chapter give a general description of the different struc-

tural and biochemical aspects of membrane proteins and membrane associating peptides,

including the ones studied in this manuscript. A description of NMR methods to study

these systems is also provided.

In chapter 2, a small linker peptide which is found in the autotransporter protein NalP

from Neisseria meningitidis is observed in isolation. The structure of the peptide in an

aqueous medium, a detergent micelle and an organic solvent are determined using circular

dichroism (CD) and NMR spectroscopy. The linker peptide shows different structure in

each medium and the observations are used as a basis to suggest a role for the linker region

2



in the transport function exhibited by the full length autotransporter.

In chapter 3, the linker peptide from NalP in the organic solvent 2,2,2-trifluoroethanol

(TFE) is subject to a thermally induced unfolding. The overall and residue specific loss of

secondary structure are observed by CD and NMR spectroscopy.

In chapter 4, the antimicrobial peptide magainin2 and a mutant of a viral fusion peptide

HA G1V are observed in detergent micelles of differing charges using CD and NMR

spectroscopy. The overall and residue-specific effects of the electrostatic interactions upon

thermal denaturation of the peptide is investigated.

1.1 Structural Motifs in Transmembrane Proteins

Membrane proteins perform many physiologically important functions, including sig-

nal transduction, respiration, cell adhesion and other enzymatic functions. Apart from the

interest generated by their physiological importance, it is of additional interest to study

the determinants of folding in membrane associating proteins. The interactions that affect

protein folding in the membrane are expected to be different from that of soluble proteins

due to the hydrophobic nature of the biological membrane. For example, hydrophobic

interactions in the core of the protein which are believed to be critical to the stability of

soluble proteins may not have as significant a role in membrane proteins. Instead interac-

tions among polar residues and strong inter-helical hydrogen bonds are believed to play a

larger role in the structures of these proteins [16, 17].

The fold of transmembrane proteins can be classified under two main categories. Pro-

teins with α-helical bundles are found on the plasma membrane and the endoplasmic retic-

ulum [18]. β-barrel proteins are predominantly found in the outer membrane of Gram

negative bacteria and the membranes of the mitochondria and the chloroplast [19, 20].

Members of each family of membrane protein, despite having varied functions, are unified

by many conserved structural themes.
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1.2 Structural Themes in β-barrel Proteins of the Outer Membrane

In bacteria, membrane associated β-barrels are found on the outer membrane. The

outer membrane of Gram negative bacteria is different from the inner membrane in its

composition. While the inner membrane is symmetric and is composed of phospholipids,

the outer membrane is asymmetric. The inner leaf is composed of phospholipids and the

outer leaf contains lipopolysaccharides [21]. β-barrel outer membrane proteins (OMPs)

fall under a variety of functional families including adhesins, peptidases, autotransporters,

general and substrate specific porins. Structures for many β-barrel proteins have been

solved using X-ray crystallography and NMR spectroscopy. In Table 1.1, some represen-

tative β-barrel proteins, covering different sizes and functions, for which structures have

been solved are listed.

The β-barrel motif consists of an anti-parallel β-sheet wrapped around in the shape of

a cylinder. Known proteins of this family have between 8 and 22 β-strands and the num-

ber of strands in most cases is an even number. The first and last strands of the barrel are

anti-parallel and both termini of the folded protein are on the periplasmic side of the mem-

brane [20, 19]. A notable exception are the VDAC family of proteins from mammalian

mitochondria. These proteins are reported to have 19 β-strands and the interface of the

first and last strands is parallel [22, 23, 24]. In mammalian β-barrels, the protein synthesis

happens in the cytoplasm and the polypeptide is delivered from the exterior surface of the

membrane bound organelle.

The β-strands of OMPs are typically rich in glycine and have alternating hydrophobic

and hydrophilic residues [25]. The hydrophobic residues face outwards into the membrane

bilayer and the hydrophilic residues face the interior of the β-barrel. Thee rim of the barrel,

which is located in the interface of the lipid bilayer is rich in tryptophan and tyrosine

residues [26]. The aromatic residues present in the β-barrel fold into 2 girdle like structures
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Figure 1.1: The structures of a) OmpX, b) OmpW, c) OmpT, d) OmpC e) FhuA are shown.
The PDB ID of the structures are as shown in Table 1.1. Figures are rendered such that the
extracellular side of the protein is in the top and the periplasmic side is in the bottom
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and contribute strongly to the stability of the barrel [27]. In the periplasmic side, the

strands of the β-barrel are joined by tight turns. In the extracellular end they are joined

loops that are longer in comparison, as seen in the structure of OmpX (Figure 1.1 a) [28,

29]. In some OMPs, like in the outer membrane protease OmpT (Figure 1.1 b), a β-sheet

structure is formed that extends far above the lipid head groups in the extracellular side of

the barrel. This extended sheet structure acts as the catalytic site of the protein [30].

The β-barrels of OMPs are distinctly from those found in soluble proteins in the feature

that the β-barrels of soluble proteins have a closely packed hydrophobic core and typically

have lesser number of strands in the barrel. On the other hand, the interiors of OMP β-

barrels, even in the ones that do not have a continuous pore, are predominantly hydrophilic

in nature [31]. The barrel interior exists in many different configurations. In small OMPs

such as OmpX (Figure 1.1 a), the interior of the barrel is hydrophilic but not large enough

to form a continuous pore. The interior of the barrels formed by these proteins have been

described to have pockets of water and a network of ionic interactions and hydrogen bonds.

In larger OMPs like the monomeric porin OmpG (Figure 1.1c) and the trimeric porin

OmpC (Figure 1.1d) from E. coli, a larger pore is present. They form pores of about 15 Å

and 20 Å respectively and enable the permeation of molecules through these pores. OmpG

non-specifically transports small sugar molecules [32] and OmpC preferentially transports

cations. In the large 22 stranded TonB-dependent transporters like FhuA (Figure 1.1e), a

globular N-terminal domain plugs the pore of the β-barrel. This plug is rigidly held in the

interior with many hydrogen bonds and salt bridges [33].

1.3 Type Va Autotransporters

Protein transport across the biological membrane is a ubiquitous event in Gram neg-

ative bacteria. The ability to present proteins on the extracellular surface and to secrete

them is relevant to the lifestyle and pathogenicity of the bacteria. Concomitant to this,
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a large number of secreted proteins in bacteria are important markers of pathogenicity

[34]. In Gram negative bacteria, the process of secreting a protein involves traversing

both the inner and the outer membranes. Bacteria have evolved a diverse set of pathways

(Types I-VIII, and additionally the chaperone-usher pathway) to accomplish this process

[35]. Seemingly the most minimal of these systems is the type V autotransporter. Type

V autotransporters were initially termed as such because it was believed (a notion that

is no longer considered accurate) that they were independently capable of transporting a

passenger domain across the outer membrane. Type V autotransporters are categorized

into 3 groups, the type Va, Vb and Vc autotransporters. Type Vb autotransporters are the

two-partner systems such as TpsB from N. meningitidis and Type Vc are the trimeric auto-

transporters such as the Hia from H. influenzae [36]. For the sake of relevance, these two

groups are not covered in detail here. The type Va autotransporter is considered to be the

classical autotransporter and the term ’autotransporter’ is used in this document to refer to

this category of proteins.

The autotransporter protein has an N-terminal signal sequence and a soluble passenger

domain that is transported across the membrane. The C-terminal translocator domain,

which forms a β-barrel, is essential for transport of the passenger domain across the outer

membrane. The mechanism of autotransporter function is poorly described [37].

1.3.1 Structure of Autotransporter Domains

The C-terminal domain of the autotransporter protein is called the translocator domain

and it folds into a β-barrel. The first high resolution structure determined for the translo-

cator domain of an autotransporter was that of NalP from N. meningitidis [38]. Subse-

quently, the structures of the translocator domains of EspP [39] and Hbp from E. coli [40]

and BrkA from B. pertussis [41] were solved. Additionally, the structure of the full length

autotransporter EstA from P. aeruginosa has been determined [42]. Despite low sequence
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Table 1.2: Restricted list of structures solved for different functional domains of autotrans-
porter proteins.

Name Organism PDB-ID
Translocator Domain

NalP N. meningitidis 1UYN
EspP E. coli 2QOM
EspP (N1023A) E. coli 3SLJ
BrkA B. pertussis 3QQ2
Hbp (N1191D) E. coli 3AEH

Passenger Domain
EspP E. coli 3SZE
Pet E. coli 4OM9
Pertactin B. pertussis 1DAB
VacA H. pylori 2QV3
Hap H. influenzae 3SYJ
IgaP H. influenzae 3H09

Full length
EstA P. aeruginosa 3KVN

similarity, the size and shape of β-barrel domains are comparable. A list of autotransporter

domains for which have been determined are listed in Table 1.2, and representative struc-

tures for the proteins discussed are given in Figure 1.2. In all these structures, the β-barrel

is composed of 12 anti-parallel strands and has a pore of∼12 Å diameter. Like in the other

smaller OMPs, the periplasmic side exhibits tight turns whereas the extracellular side has

long turns. The β-strands are variable in length and may contain approximately between

10 and 25 residues. The height of the β-barrel is ∼70 Å which is only slightly larger than

the thickness of the bacterial membrane.

The presence of an even number of strands implies that the N and the C termini of

the barrel would face the periplasmic side of the membrane. This arrangement presents a

topological challenge, given that the passenger domain is to be presented in the extracel-

lular side of the membrane. In all known autotransporters, immediately upstream to the
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translocator domain is a linker region that connects the β-barrel to the passenger domain

of the autotransporter. In the crystal structures of various autotransporters, this linker is

located in the pore of the barrel. This configuration would enable presenting the passen-

ger domain on the extracellular surface. In NalP, the linker region is an α-helix that is

30 residues long. The construct containing the linker and the β-barrel is believed to rep-

resent the autotransporter after cleavage of the passenger domain has occurred. In EspP,

the crystal structure (PDB ID: 2QOM) represents the post cleavage state of the autotrans-

porter [43]. In this structure, the linker region retained after cleavage is much smaller than

in NalP and is only 15 residues long. The linker is folded as a single turn of a helix and

is tilted such that it is almost perpendicular to the axis of the barrel (Figure 1.2 c). A

structure has also been solved for the N1023A mutant of EspP which is cleavage resistant

(PDB ID: 3SLJ) [43]. The construct used in the crystal structure determination, contains

25 additional residues from the passenger domain in the N-terminus of the translocator

domain. This additional region is folded as an α-helix and extends outwards towards the

extracellular side from the pore of the barrel (Figure 1.2 d). The crystal structure has been

reported for a cleavage resistant N1191D mutant of the Hbp autotransporter [40]. The

crystal structure of this mutant is similar to that of EspP N1023A. The difference between

the two structures is that the helix from the passenger domain in the EspP is kinked and is

tilted with respect to the axis of the β-barrel, whereas in Hbp, the helix from the passenger

domain is nearly parallel to the axis of the barrel. The secretion of the passenger domain

is affected by mutations to the linker region [44].

The structure of the β-barrels of these monomeric autotransporters is also comparable

to that of the trimeric autotransporer Hia [41]. Like in the monomeric autotransporters,

Hia forms a barrel of 12 anti-parallel β-strands. In this case, 4 strands are contributed

by each monomer. There are three helices, one contributed by each monomer, that are

located in the central pore of the β-barrel and the pore diameter is comparable to that of
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the monomeric autotransporters.

The passenger domains of autotransporters vary more in their size when compared to

the translocator domains, but they have some common features in their structures. Crystal

structures have been determined for the passenger domains of various autotransporters

including those of EspP [45], Hbp and Pet from E. coli [46, 47], pertactin from B. pertussis

[48], VacA from H. pylori [49], Hap and IgaP from H. influenzae [50, 51]. These soluble

domains range between 45-110 kDa, but they all have a characteristic right handed β-

helix structure (Figure 1.2 e). The β-helix is constituted of many parallel β-sheets that

form a curved β helix spine. In IgaP and pertactin, the β-helix is made up of three distinct

β-sheets. In the larger passenger domains such as Hbp, IgaP some additional loop and

helical regions exist in N-terminus and they act as the enzymatically active domain of the

protein [51, 52].

A crystal structure has also been determined for the full length autotransporter EstA

from P. aeruginosa (Figure 1.2 f). The β-barrel domain of the protein is very similar to

that found in the other autotransporters described above. The pore of the barrel is tra-

versed by a long curved helix that links the passenger domain in the extracellular region

to the barrel. The passenger domain of EstA is unusually small compared to that of other

autotransporters and it does not have the long β-helix spine that is found in the other auto-

transporter proteins. Instead in this protein there is small single parallel β-sheet located in

the center of the domain. The structure of EstA represents the final folded conformation of

the autotransporter. The structure establishes that the linker helix of the autotransporter is

indeed located inside the β-barrel in its final folded state and that the interior of the barrel

is likely to be the conduit for the transport process.
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1.3.2 Models for Autotransporter Function

After translation of the protein in the ribosome, the autotransporter is translocated

across the inner membrane in to the periplasm. A cleavable signal sequence in the N-

terminus of the autotransporter enables the transport across the inner membrane using the

SecYEG translocon. The signal peptide which is typically about 30 residues long and has

a cationic N-terminus. The C terminus of the signal peptide acts as the recognition se-

quence for the signal peptidase that cleaves this signal peptide. The middle of the signal

peptide is hydrophobic and it is believed that this part of the peptide interacts with the cell

membrane to enable the recruitment of the translocon machinery [53]. Once the autotrans-

porer is secreted across the inner membrane, it interacts with periplasmic chaperones. The

binding of periplasmic chaperones SurA and DegP to both the translocator and passenger

domains of EspP has been demonstrated using surface plasmon resonance analysis [54].

DegP not only binds the unfolded OMP in the periplasm, but also acts as a protease to de-

grade modified or misfolded autotransporters that are incapable of insertion into the outer

membrane [55].

Multiple models have been proposed to describe the transport process in autotrans-

porters. Some of these models have gained disfavor over time due to subsequent discover-

ies. The multimer model (Figure 1.3 a), which suggests a large pore formed by multimer-

ization of the β-barrel on the membrane [56] is no longer favored because as the number

of identified autotransporters increased, it was observed that many of these proteins do not

have any identified multimeric states. Among the earlier models, the secretion function of

autotransporters was described using the threading (Figure 1.3 b)and the hairpin threading

models (Figure 1.3 c) [57, 58, 59]. The threading model suggests that the passenger do-

main is threaded into the pore such that the N-terminal is transported first through the pore

of the barrel. On the other hand, the hairpin threading model suggests that the transport
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is initiated from the C-terminus of the passenger domain and proceeding such that the N-

terminus is the last part to exit the pore of the barrel. These two models have subsequently

been improved, with subtle but important changes being proposed to the model.

Initial versions of these models were proposed with the passenger domain being fully

unfolded and in an extended configuration because the size of the pore of the β-barrel is

only∼12 Å. The passenger would have to be fully unfolded to be able to fit into the pore of

the fully formed β-barrel. However, it was later shown that recombinant autotransporters,

with passenger domains composed of antibody fragments that were expected to be fully

folded, were capable of efficient transport of their cargo [56]. In EspP, cysteine mutants

were used to create small loops in the passenger domain. The efficiency of the transport

process was not affected significantly by these structures. But introduction of larger loops

resulted in a reduction in efficiency of the transport process. Intolerance to folded struc-

ture was demonstrated in a hybrid autotransporter where one domain of the passenger was

replaced with calmodulin. The folded state of calmodulin was controlled by the changing

the concentration of Ca2+ in solution. It was demonstrated that in the presence of a cal-

cium chelator, there was efficient secretion of the passenger domain, whereas the presence

of Ca2+ in solution eliminated the secretion process [55]. These observations suggest that

there is a limited tolerance for folded structures in the passenger domain during the trans-

port process. The size of these folded structures would be incompatible with transport

through the pore of the β-barrel if the barrel was fully folded. Thus the simple threading

and hairpin models, where the β-barrel is fully folded prior to translocation, are unlikely

to be correct. It is still possible that the interior of the β-barrel is the conduit for transport,

provided the transport occurs when the β-barrel is not in its final folded state.

More recent models favor a simultaneous mechanism where the folding of the barrel

and the transport of the passenger domain occurring at the same time [60, 61]. Corrobo-

rating this view, the diameter of the active translocation pore of Hbp autotransporter was
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measured to be ∼1.7 nm which is much larger than the pore size of about ∼1.2 nm in the

folded β-barrel domain of the autotransporter [62]. Also an it was demonstrated that mu-

tants of Hbp, that stalled during translocation event, copurified along with the membrane

chaperone Bam (Omp85) [60]. Currently favored models of autotransporter function sug-

gest that the folding and transport process occur in a concerted fashion and that the process

is mediated by Omp85 (Figure 1.3 d and e) or equivalent membrane chaperones to be crit-

ical to the transport process [63].

One additional aspect of interest in autotransporter function is that the energetic driving

force for the transport process has not been established yet. The outer membrane does not

have an ion-gradient, and the periplasm does not have any significant concentration of

ATP. One theory is that the energy for the process comes from the folding of the large β-

helix spine of the passenger domain [64, 65, 66]. It has been demonstrated using mutants

of pertactin that form stalled intermediates, that the C-terminus gets transported across the

outer membrane first, followed by the N-terminus [66]. Based on this observation it has

been suggested that the folding of the passenger domain happens in a vectorial fashion

and that this directionality is required for successful transport of the domain. However,

mutations that severely affect the folding of the β-helix spine of the passenger domain only

affect the secretion efficiency moderately [67]. This leads to the counter argument that

while the free energy from the folding of the passenger domain can add to the efficiency

of the transport process, the primary energetic driving force is derived from elsewhere.

1.3.3 Assembly of OMPs and Autotransporters

Smaller β-barrel proteins assemble readily into membrane mimetics such as detergent

micelles in vitro. Initial protocols for preparation of β-barrel proteins involved the expres-

sion of the protein without the signal sequence. Protein expressed in this fashion form

inclusion bodies. The protein is unfolded from the inclusion bodies using denaturants
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such as urea or guanidium hydrochloride and is folded by rapid dilution into a solution

containing detergent micelles [68, 19]. While, in vivo, it is expected that the assembly of

β-barrels and autotransporters is assisted by Omp85 and related membrane chaperones, a

description of their in vitro folding is still useful.

In the presence of 8 M urea or 6 M guanidium hydrochloride, β-barrel proteins do

not possess a global fold, but retain some residual non-random structure. In OmpX, two

such hydrophobic clusters were identified with local structure. These clusters were sit-

uated around the two tryptophan residues in the protein [69]. Mutation of these trypto-

phan residues causes a loss of the local residual structure of the hydrophobic cluster. In

OmpX, the loss of residual structure by mutation in one cluster does not alter the other one

significantly, suggesting an absence of tertiary interactions. However, it is possible that

such tertiary interactions exist in other OMPs. These hydrophobic clusters also interacted

specifically with detergent micelles at concentrations above the critical micelle concentra-

tion. These hydrophobic clusters have been suggested to be putative sites for initial contact

with the biological membrane [70].

The in vitro assembly of β-barrel proteins into membranes is reviewed by Tamm et

al. [71, 72]. Folding intermediates in the assembly of OmpA were identified using time-

resolved distance determination by tryptophan fluorescence quenching method [73]. The

method detects the fluorescence signal from tryptophan residues as they go from the solu-

tion into the membrane. The position of the tryptophan with respect to the membrane is

determined by quenching of fluorescence signals by quenchers located at different depths

in the bilayer. Using this method kinetically resolved intermediates were identified for the

in vitro folding of OmpA. It was found in OmpA that the individual β-hairpins traverse the

membrane at similar rates leading to a concerted model of β-barrel formation, where the

hydrogen bonds that determine the formation of the β-sheet occur as the protein is inserted

into the membrane [74] [75]. In this model, the unfolded state (Figure 1.4 a) undergoes
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hydrophobic collapse to form a collapsed intermediate (Figure 1.4 b). The collapsed in-

termediate localizes to the surface of the membrane to form an intermediate where the

reporter tryptophan residues are still not ordered, possibly because the intermediate does

not have a well defined β-sheet secondary structure. The intermediate has been described

as a molten disk at this stage (Figure 1.4 c). From this stage, the protein proceeds to a

molten globule state (Figure 1.4 d), which is characterized by further penetration into the

membrane all the way to the center of the lipid bilayer. In the molten globule state, some

secondary structure is believed to be formed already. Long range tertiary contacts are

still not observed at this stage. Finally, the protein is folded into the native state that has

fully formed tertiary contacts (Figure 1.4 d). At this stage, the tryptophan residues have

been measured to be located ∼10Å from the center of the lipid bilayer and this position

agrees with their position in the crystal structure of the folded protein. While this model

is applicable for small OMPs like OmpX and OmpA, the larger β-barrel like that of NalP

or EspP can possibly have further complications. For example, the position of the linker

peptide is not defined during the membrane insertion process. It is not established whether

the linker region of the autotransporter interacts with the membrane in the initial stages of

barrel formation. It would also be relevant to know if the linker traverses the membrane

simultaneously with the rest of the barrel, or whether it precedes or succeeds it. Being able

to define these events would help develop a better model to describe the role played by the

linker during autotransporter function.

In vivo, the folding and membrane insertion of OMPs is assisted by many chaper-

one proteins. Periplasmic chaperones such as SurA, Skp, DegP and DegQ interact with

the protein in the periplasm, in its non-native state. The extent of fold attained in the

periplasm is still ambiguous [76, 77]. In E. coli, BamA is the primary membrane chaper-

one that aids the membrane insertion of all OMPs. Additionally, the protein TamA, which

is closely related to BamA, enables the membrane insertion of a specific subset of auto-
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Figure 1.4: The in vitro folding and assembly model of outer membrane β-barrels. The
5 kinetically resolved states are given as a) unfolded state, b) hydrophobically collapsed
intermediate, c) molten disk intermediate, d) molten globule intermediate, and e) final
folded state. The membrane is represented with the outer leaf facing the top.
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transporters [78]. BamA is constituted of a 16 stranded β-barrel transmembrane domain

and 5 periplasmic domains. The periplasmic domains are called polypeptide translocation

associated (POTRA) domains. BamA functions as a complex constituted of BamA, B, C,

D, E proteins. Of these, BamB, C, D, E are membrane associated and are anchored to

membrane on the periplasmic side [79, 80]. The complex is held together by interactions

of BamB, C, D, E with each other and with the POTRA domain acting as a scaffold to

make the complex [81]

While the structures of BamB, C, D, E and the POTRA domains were determined ear-

lier, structures were determined for the transmembrane β-barrel domains of BamA only

recently [82, 61]. These structures suggest models for membrane insertion of OMPs in-

cluding autotransporters. Noinaj et al. solved the crystal structures of two BamA proteins

from H. ducreyi (a deletion mutant lacking the first three POTRA domains) and N. gonor-

rhoeae (full length) and Gruss et al. solved the structure for the full length TamA protein.

TamA has only 3 POTRA domains, compared to the 5 POTRA domains of BamA. There

are some common conserved features among the structures determined. Both TamA and

the BamA proteins form 16-stranded β-barrels. In the deletion mutant of BamA described

above, the POTRA domains extend away from the barrel representing a configuration in

which the pore of the barrel is open and accessible to the periplasm. The wild type BamA

from N. gonorrhoeae has all the POTRA domains intact. In this structure, POTRA5 which

is the domain closest to the barrel occludes the pore and restricts access from the periplasm.

In the structure of TamA, the POTRA domains adopt a conformation that is similar to the

open conformation seen in the BamA deletion mutant. In molecular dynamics simulations,

based on the structure of BamA,it has been predicted that at the interface between strand

16 and 1 the membrane is thinner and has poor ordering of lipid molecules. This region

has been hypothesized to be a site for membrane insertion for target OMPs [82, 61]. Also

in both TamA and BamA, strands 16 and 1 have a relatively small interface of contact.

20



This has been proposed to be a site of a lateral opening mechanism that can facilitate the

binding of the target OMP to the chaperone. Simulations also suggest that the interface is

unstable and is amenable to the opening of the barrel [82].

It has been suggested that the mechanism of OMP insertion may involve recruitment

of the nascent OMPs to the site of insertion by the POTRA domains, followed by a confor-

mational switch involving the periplasmic domains and loop 6 of BamA enabling access

to the pore [82, 83]. After recruitment, the smaller OMPs may insert into the locally desta-

bilized membrane directly. For larger OMPs, it has been suggested that the OMPs may

use the laterally opened BamA barrel as a template to form additional strands in the barrel

enabling formation of secondary structure and insertion into the outer membrane (Figure

1.3 e). In the case of autotransporters, it is not yet clear whether a large hybrid barrel

is formed involving the chaperone and the autotransporter. If such a barrel is formed, it

can be considered as a conduit for the transport of the passenger domain as it would form

a large pore. The formation of a hybrid barrel would explain easily how the linker gets

located in the center of the barrel. Alternatively, it has also been suggested that the linker

may simply insert into the membrane and diffuse across it at a site near the site of insertion

of the β-barrel of the translocator domain.

1.4 NMR Spectroscopy of Membrane Proteins

Along with X-ray crystallography, NMR spectroscopy is one of the primary meth-

ods for structure determination in proteins. Apart from giving the structure, NMR spec-

troscopy has the added advantage in being able to study chemical exchange events and

backbone dynamics in proteins. Added to the general limitations in size due to overlap of

resonances and longer correlation time in solution of large proteins, membrane proteins

suffer some additional setbacks when compared to soluble proteins. Since the native envi-

ronment of membrane protein is in the hydrophobic lipid bilayer, such proteins usually are
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not readily soluble in aqueous media. Special folding or extraction strategies are required

to obtain membrane protein samples that are in their native states. For this purpose, choice

of solvent or membrane mimetic is important. Also 15N and 13C isotopic labeling of the

proteins is required for assignment of chemical shifts using triple resonance experiments.

It is also of additional consideration that a for a membrane protein, the added size from the

detergent micelle gives rise to a much larger apparent size. Thus observation of membrane

proteins by NMR spectroscopy requires the deuteration of side-chain proton resonances

and TROSY (transverse relaxation optimized spectroscopy) experiments.

1.4.1 Protein Expression and Isotopic Labeling

The most convenient strategy for over-expression of protein is in bacterial systems be-

cause of their robust nature, low cost for both initial set up and for running, and high yields

obtained from recombinant systems employing viral T7 promoters in E. coli. Recombinant

expression using E. coli is relatively straight-forward for small sized bacterial OMPs. This

is because they refold spontaneously into detergent micelle solutions. This strategy has

been used in structure determination studies of outer membrane proteins such as OmpA,

OmpX and PagP [84, 28, 85]. Inclusion bodies are expressed to very high intracellular

concentrations when compared to proteins expressed on the membrane, giving high yields

of the proteins. A similar inclusion bodies based approach also has been used for over-

expressing and folding the much larger mitochondrial outer membrane protein hVDAC

(human voltage dependent anion channel) [22, 86]. The additional challenge in expressing

such eucaryotic proteins is that a cDNA template has to be used to express these proteins.

Furthermore, codon optimization of the template and/or using host organisms that have

been engineered to optimally use tRNA that are frequently used in eukaryotes [87, 88].

The method using inclusion bodies is not typically useful for helical membrane pro-

teins of the inner membrane. While refolding of these proteins has been demonstrated

22



for smaller constructs that contain only 2 helical segments, refolding from inclusion bod-

ies is not common for larger proteins. One notable expression is the chemokine recep-

tor CXCR1, which was cloned as a fusion protein, expressed as inclusion bodies and fi-

nally folded in detergent micelles to prepare the samples for structure determination [89].

Many α-helical membrane proteins for which structures were determined using NMR

spectroscopy, such as DsBB, DAGK, Rhodopsin II and Mistic, were targeted to the bi-

ological membrane using either their native or recombinant signal sequences and washed

from the membrane fraction using detergent micelle solutions [90, 91, 92, 93]. An alter-

nate and newly emerging strategy is to use cell free expression systems, as it was used in

the case of proteorhodopsin and the histidine kinase receptors (ArcB, QseC and KdpD)

[94, 95]. In these cases, the protein was expressed as a precipitate in the cell free expres-

sion medium and was solubilized by washing with a detergent solution. Mistic is a very

unique membrane protein as it lacks any previously identified signal sequences. It targets

independently to the bacterial membrane and can be extracted from the membranes using

detergents. It has been proposed as a good candidate to make fusion proteins to target

other membrane proteins to the membrane and effectively solubilize them [92].

As the size of protein molecules increase, there are two effects that can be observed.

The spectra become very crowded making it difficult to resolve individual resonances.

Also the transverse relaxation rate becomes higher causing a line-broadening effect and

increases effects of spin diffusion making it difficult to observe nuclear Overhauser ef-

fect (NOE) crosspeaks. Incorporation of uniform 15N and 13C labels allows resolution

of resonances using multidimensional experiments. The detrimental effects of transverse

relaxation and spin diffusion also can be ameliorated by deuterating the proteins. Deuter-

ation of proteins can also be achieved by growing the bacteria in 2H2O. For very large

proteins, uniform labeling is often not sufficient and more advanced strategies such as site

specific labeling is employed [96, 97].
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1.4.1.1 Choice of Membrane Mimetics and Optimizing Sample Conditions

Common mimetics of the lipid bilayer are ordered lipid structures composed of de-

tergent molecules. Micelles, bicelles, vesicles and liposomes can be typically used to

solubilize proteins. Of these, micelles and bicelles are most relevant for solution NMR

because of their smaller relative size and more rapid tumbling in solution compared to

vesicles and liposomes. One alternate strategy for studying membrane proteins is to use

an organic solvent or mixtures of organic solvents and water. The structures of EmrE [98]

and the subunit c of F1F0 ATP synthase [99] have been solved in mixtures of chloroform,

methanol and water. The use of organic solvents comes with the advantage that they do

not form ordered structures in solution and therefore result in rapid tumbling of the protein

molecule. However since these conditions are different from the native conditions, they

may not accurately reflect the native structure. Additionally, these structures are difficult

to validate because functional assays which are typically used to verify enzyme activity

may not be applicable in organic solvents [100, 101]. It has been shown that enzymes

in organic solvents often do not retain their activity even when they do retain their native

structure [102]. Trifluoroethanol (TFE) is a common helix stabilizing organic solvent that

is used for studying membrane associating peptides [102].

Various detergents differing in properties such as charge, length of hydrophobic tail

have been used for structure determination of membrane proteins. While the exact deter-

gent of choice largely depends on the particular protein being studied, systematic fold-

ing studies using a large screen of detergents offers some useful insight [6, 103]. The

detergents that emerge as preferred candidates are single chain (or in some case double

chain) analogs of common phospholipids. Common choices include 1,2-diacyl phos-

phatidyl cholines, alkyl-dimethylamine-N-oxides, lysophosphatidyl cholines, lysophos-

phatidyl glycerols, phosphocholines, tetraoxyethyleneglycols, glucosides, maltosides, and
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sulfobetaines. In the studies with OmpA [103], a minimum chain length of 10 carbon

atoms in the alkyl chain (or seven in case of detergents with two alkyl chains) was re-

quired to obtain considerable yield of folded protein. To the contrary, the identity of the

head group had minimal effect on the ability of OmpA to form folded protein. For the

purpose of structure determination by NMR spectroscopy, detergent micelles of dodecyl-

phosphocholine (DPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) have been

used for multiple structure determinations of small OMPs such as OmpA and OmpX [84,

28]. For α-helical membrane proteins, lysophosphatidyl glycerols such as 1-palmitoyl-2-

hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol) (LPPG) emerged as a broadly applicable

candidate that produced high quality spectra for many protein systems tested [6]. Like-

wise, LPPG has been used to determine the structures of many helical membrane proteins

[104, 105, 106].

Screening for the best choice of detergent for a specific target protein can be done by

several approaches. For proteins that have enzymatic activity, this is often done using as-

says [93, 90]. Small OMPs (8-12 strands) that are folded correctly from inclusion bodies,

show thermal stability and do not denature in the presence of SDS, which is often consid-

ered a harsh detergent for folding of OMPs. This property is used as an assay of the folded

state. A change in mobility is observed for samples that are completely denatured by boil-

ing, when compared to samples that are not boiled [103]. For screening suitable detergents

for NMR, HSQC spectra (or TROSY spectra for larger proteins) is a good tool to evaluate

sample quality. The prepared samples should show the expected number of peaks in the

HSQC. The stability of the sample upon storage can also be evaluated by integrating the

volume of the individual peaks in the HSQC and observing the appearance of newer peaks

not present initially [6].
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1.4.2 NMR Experiments for Studying Membrane Proteins

1.4.2.1 TROSY Based Experimental Methods

Even in perdeuterated proteins, the amide protons that are labile exchange effectively

with the protons in the bulk solvent. This is especially very efficient for β-barrel proteins

that can freely exchange with the solvent when unfolded from inclusion bodies. In mem-

brane proteins that are retained in their fully folded conformation, it is possible that amide

deuterons that are very deeply buried in the expressed protein do not exchange as read-

ily. Having protonated amide residues, while retaining the deuteration in the side chains

enables the performance of experiments where the amide protons are the origin of the mag-

netization. In implementation of these techniques, the effects of transverse relaxation can

be further ameliorated by implementing the TROSY effect to obtain spectra with narrower

linewidths. At high magnetic fields, the transverse relaxation is dominated by contribu-

tions from chemical shift anisotropy interactions and dipole-dipole interactions. In a two

spin system, each component of the multiplet relaxes with different overall rate. This is

because there is interference between the two relaxing mechanisms and the two mech-

anisms contribute with different signs to each component of the multiplet. In a HSQC

spectrum that is not decoupled, you will see that 4 peaks appear in the spectrum for each

1H-15N correlation. Each peak in the quadruplet has a different linewidth. The TROSY

spectrum observes the component in which the two interactions cancel each other out, to

obtain spectra with narrow linewidths [107, 108].

TROSY versions of HNCA, HNCACB, HNCO, HNCACO and other carbon sidechain

experiments are useful for obtaining chemical shift assignment of proteins. However,

in perdeuterated proteins, carbon side-chain resonances will have to be measured using

CC(CO)NH type experiments where the magnetization is obtained from the carbon side-

chains and is detected using the amide protons. But a more efficient scheme would be
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to use a protein sample where the methyl groups of leucine, isoleucine and valine alone

are protonated. The magnetization originates in these methyl groups and is transferred

along the carbon sidechain using an efficient 13C-13C TOCSY mechanism and is detected

ultimately using the amide protons [109, 110]. The additional methyl-protons also will

provide more NOEs for structure calculations. In a perdeuterated protein, the only ob-

servable NOEs are those between amide protons. So adding methyl protons is required to

get more constraints for structure calculations. In a soluble protein these methyl protons

are often buried in the hydrophobic core, so they can be very useful to get long distance

information [97]. However, in membrane proteins, often the side-chains of hydrophobic

residues are buried in the lipid bilayer, leading to speculation whether this strategy is use-

ful in membrane proteins. However, in OmpX, a four-fold increase in NOE constraints

was observed after selective protonation of methyl groups [110].

1.4.2.2 Paramagnetic Relaxation Enhanced NMR

While NOEs are the primary determinants of distance constraints for structure cal-

culation using NMR, additional restraints can be obtained from paramagnetic relaxation

enhanced (PRE) NMR experiments. It has been demonstrated that distance restraints ob-

tained from PRE experiments alone can be used to determine structure to about 1.5 Å

resolution [111]. This can be especially useful for helical membrane proteins where the

amount of available NOE constraints can be very limited in the absence of special labeling

schemes. Consequently PRE has been used to obtain distance restraints in the structure

calculations of many helical membrane proteins [90, 94, 92, 93]. Paramagnetic spin labels

can be introduced in proteins by engineering a reactive cysteine residue that can be reacted

with a nitroxide spin radical that can react to this residue to act as a paramagnetic center

[112]. Calculating intensity ratios of peaks in a HSQC spectrum between a paramagnetic

sample and a diamagnetic sample that can be produced by quenching the nitroxide radical
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can give a rough estimate of the distances of different resonances from the location of

the spin radical. Accurate distance restraints however can be obtained by measuring ob-

served transverse relaxation rates of the protons and obtaining distance information using

the Solomon-Bloembergen equation [113].

1.4.2.3 Residual Dipolar Couplings

Anisotropic magnetic interactions such as dipole-dipole interactions get averaged out

in solution due to random orientations of molecules. When the molecules in solution are

weakly oriented to the magnetic field, these contributions do not get completely averaged

out. The residual dipolar couplings (RDCs) can be used to obtain the orientation of the

dipolar interaction vector with respect to the magnetic field. The use of RDCs has been

shown to greatly improve the quality of structures obtained from calculations. Common

media for obtaining alignment are stressed polyacrylamide gels, phage particles and bi-

celles [114, 115, 116]. Apart from protein in detergent micelles and bicelles, aligned

samples have been produced with even more complicated membrane mimetics such as

lipid nanodiscs [117].

1.4.2.4 Characterization of Interactions with Membrane Mimetic

It is often of interest to study the interactions of protein with the membrane mimetic of

choice. The direct method of observing this is by measuring 15N resolved NOESY spectra

and observing NOEs from detergent spins to the amide protons [118, 119]. These NOEs

were used to determine the orientation of the detergent molecules around the β-barrel of

OmpX [118]. Alternatively, paramagnetic probes were used to determine the solvent ex-

posed residues and buried residues in OmpX [120]. Three paramagnetic compounds Gd3+

chelated with tetraazacyclododecanetetraacetic acid (Gd(DOTA)), 16-doxyl stearic acid

(16-DSA), and 5-doxyl stearic acid (5-DSA) can be used as paramagnetic probes to deter-

mine the interaction of the protein with the detergent micelles and to determine the solvent
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exposed regions. Gd(DOTA) is a water soluble compound that does not interact with the

detergent micelle. In the case of OmpX, Gd(DOTA) specifically causes the broadening of

resonances predominantly from the loop regions which are expected to be solvent exposed.

5-DSA and 16-DSA form mixed micelles with the DHPC detergent that was used to sol-

ubilize OmpX. 16-DSA specifically broadens resonances from residues that are located

deep in the interior of the micelle, along with broadening the methyl group of the deter-

gent molecule itself. In 5-DSA, the doxyl group is present more towards the head group

of the detergent, broadens residues that are both near the surface and to a certain extent

the ones located in the interior of the barrel. In smaller peptides, the interaction of antimi-

crobial peptides such as MSI-594 and mellitin with lipopolysaccharide detergent micelles

has been determined using saturation transfer difference (STD) NMR. Continuous wave

irradiation of lipid resonances was done to identify residues on the peptide where the sat-

uration was transferred, these residues are in close proximity to the detergent resonance

being irradiated [121, 122].

1.5 Membrane Associating Peptides

Many biologically active peptides interact with the lipid bilayer membrane. These

include small antimicrobial peptides, cell penetrating peptides, viral fusion proteins and

transmembrane segments of helical membrane proteins. Depending on their activity, they

may adopt many different configurations. They may form transmembrane helical bundles,

or be oriented parallel to the lipid bilayer and located close to the lipid head group, or be

inserted at an angle. These interactions are often critical to the biological activity of the

peptides. The different categories of membrane associating peptides differ in their amino

acid composition and the specific arrangement of these amino acids on the sequence. Thus,

it is of interest to characterize how the sequences of these peptides and the properties of

the different amino acids such as charge and hydrophobicity, determine the interaction of
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the peptides with the membrane.

1.5.1 Antimicrobial Peptides

Antimicrobial peptides are present in a wide range of host organisms from bacteria to

higher eukaryotes [123]. Different antimicrobial peptides have been attributed to function

in a variety of ways including formation of pores, permeablization of the membrane or

thinning the membrane by having a detergent effect, or traversing the membrane barrier

to target internal metabolic pathways inside the cell [124, 125]. Antimicrobial peptides

that target the membrane predominantly have two different constructions. They are either

amphipathic peptides that form α-helices on the membrane like in the case of magainins, or

alternatively they form a flat dimeric β-hairpin mediated by the formation of a disulphide

bond [126].

Membrane associating antimicrobial peptides have many proposed modes of action.

The “barrel-stave” model proposed for amphipathic helices suggests that a large pore is

formed by multiple individual peptides [127]. According to the model, the individual

peptides interact with the membrane to form α-helices [125]. Each helix, by virtue of

its sequence has a hydrophobic face and a polar face. The individual helices arrange

themselves like the staves of a barrel to form the pore. The hydrophobic residues of the

amphipathic peptide interact with the lipid bilayer, and the charged and polar residues line

the interior of the pore. The specific details of the model, such as how individual helices

are recruited to the site of the pore are still under investigation. Prior to the formation

of a pore, it is unlikely that each monomeric peptide would be inserted perpendicular

to the membrane because of energetic considerations [128]. It is believed that it would

be unfavorable for the hydrophobic interior of the lipid phase, due to its low dielectric

constant and inability to form hydrogen bonds, to interact with the polar face of the peptide

and that it would be more favorable for the peptide to orient itself parallel to the membrane
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such that the polar face of the helix is exposed away from the membrane. Another model

for the membrane interaction of antimicrobial peptides is the carpet model [129]. In this

model, membrane associating peptides are oriented parallel to the lipid bilayer at all times.

The membrane permeation occurs when a high local concentration of peptide on the lipid

bilayer facilitates the formation of pore or internalization of the peptide by disruption of

the membrane curvature.

A common category of antimicrobial peptides are cationic peptides. Their sequences

are composed with∼50% hydrophobic residues and they have a net positive charge at neu-

tral pH due to the presence of multiple cationic residues. They are amphipathic in nature

and are typically soluble in water. They exhibit a random coiled structure in aqueous me-

dia, but fold into an α-helical structure in the presence of suitable biological membranes or

membrane mimetics. Despite their relatively simplistic design compared to larger proteins

that act on specific receptors, cationic peptides have high levels of toxicity in bacteria,

but do not have any measurable toxicity towards eucaryotic cells [130]. This selectivity

has been attributed to their ability to interact with the membranes of bacteria and not with

that of the host organism [131]. The idea that the selective toxicity of these peptides is an

outcome of mere interaction with membrane lipid components and not due to an interac-

tion with a specific protein target is corroborated by the observation that both D- and L-

enantiomers of these peptides show nearly equally efficient antimicrobial action [132]. Eu-

caryotic and procaryotic membranes differ in composition [132]. Eucaryotic membranes

have upto ∼25% cholesterol, are predominantly neutral and composed mainly of zwitte-

rionic phospatidyl cholines [133]. Bacterial membranes on the other hand have a negative

charge due to presence of upto 25% negatively charged lipids in the form of cardiolipn and

phosphatidyl glycerol along with the zwitterionic phosphatidyl ethanol amine [134, 135].

The fact that the selective toxicity is due to the interaction with the biological membrane

has some additional advantages that these peptides have a wide spectrum of action and
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that resistance is not readily developed towards these peptides.

1.5.2 Viral Fusion Peptide

An important category of membrane interacting peptides are viral fusion peptides.

These peptides are a part of a larger viral fusion protein that mediates the fusion of the

viral membrane and the host membrane. Two separate mechanisms have been used to de-

scribe viral entry into the cell. In one model, viral fusion with host membrane occurs at

the surface of the cell and in the other, the virus enters the cell by receptor mediated endo-

cytosis and the viral fusion with the host membrane occurs from within the endosome. In

either case, the fusion is mediated by a viral fusion protein [136]. Viral fusion proteins are

diverse in their design and complexity but have one central theme. The fusion protein is

constituted of 3 domains. The C-terminal domain is a transmembrane domain that is found

on the viral membrane, the other domains are presented towards the exterior of the virus.

The N-terminus is called the viral fusion peptide segment, which in the fusion competent

state attaches to the host membrane and anchors the fusion protein to the membrane and

in between these two domains is a helical hairpin bundle. In the fusion competent state,

fusion proteins exist as trimers (or in some cases as dimers). Upon binding of the fusion

peptide to the host membrane, the trimeric hairpin region bends into a hairpin to form a

hexameric helical bundle to mediate the fusion process [136, 137].

Viral fusion peptides differ in composition compared to other transmembrane helices.

They have an abnormally large content of alanine and glycine residues in their sequences

[138]. It has been suggested that these peptides have large content of these residues be-

cause the fusion process requires conformational flexibility of the peptide and interaction

with the membrane alone is not sufficient [139]. Viral fusion peptides have two distinct

states, their native pre-fusion states and the membrane bound or active state. In the native

state, the structures of these peptides are varied. They may in one of many configurations
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including but not limited to being buried in a local hydrophobic pocket, being partially

solvent exposed or interacting with other subunits of the fusion protein [137]. In the active

membrane bound state, many fusion peptides are known to adopt helical structures. The

peptides differ among themselves with respect to the depth of insertion, and the angle of

insertion. In many cases, the helix is not continuous and may have loops and/or kinks

[140, 15].

1.5.3 Characterization of Membrane Associating Peptides Using NMR Spectroscopy

NMR is a very powerful tool for the biophysical characterization of membrane associ-

ating peptides such as viral fusion peptides and antimicrobial peptides [141, 142, 140, 15].

Structures of many membrane interacting peptides of either category have been deter-

mined by NMR spectroscopy [143, 144, 145, 13]. The membrane mimetics used in these

studies are typically either ordered lipid structures like detergent micelles or helix stabiliz-

ing organic solvents such as TFE. Apart from structures, NMR spectroscopy can be used

to obtain the orientation of these peptides in the detergent micelles. The orientation of

the peptides on the lipid bilayer is often a determinant of function [140, 146]. Common

methods involve the use of paramagnetic probes [147] or observation of NOEs with the

detergent molecule to get the depth of insertion of the peptide into the membrane mimetic.

Residual dipolar couplings are also used to obtain the tilt and the angular orientation of

the peptide in the detergent micelle [148].
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2. STRUCTURAL STUDIES OF THE LINKER REGION OF NalP

AUTOTRANSPORTER AND IMPLICATIONS IN FUNCTION

2.1 Introduction

Bacteria possess the ability to secrete and display proteins on the surface of their cell

membranes. This ability commonly determines the virulence and pathogenicity of the bac-

teria. In Gram negative bacteria, the secretion of protein involves crossing both the inner

and the outer membranes. The pathways involved in transport across these membranes

vary both in complexity and in mechanism. The Type V secretion pathway includes au-

totransporter proteins, which were initially believed to be capable of transport across the

outer membrane autonomously [149, 57, 36]. The autotransporter family has over a hun-

dred members that have been identified using biochemical and computational methods

[34]. Autotransporters are translocated across the inner membrane in an unfolded config-

uration by SecYEG translocon, using a cleavable signal sequence. Transport across the

outer membrane involves the integration of a C-terminally located β-barrel domain into

the outer membrane and presentation of the passenger domain towards the extra cellular

space. The transport across the outer membrane does not require ATP hydrolysis or an ion

gradient [59]. The passenger domains may either be released by cleavage, or be retained

at the outer surface of the outer membrane. The passenger domains function as proteases,

esterases and adhesins among others [36, 150]. Autotransporters are important targets for

vaccines and drugs [58].

Despite the diversity in size and sequence of autotransporters, their domain architec-

ture is fairly conserved. The passenger domain is present in the N terminus and varies

in function and size. The C-terminal domain, which is crucial for the transport process,

has a conserved structure consisting of a β-barrel of 12 or 14 strands and is typically ∼30
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kDa in size for the 12 stranded barrel [149]. The translocator domain is believed to tether

the protein to the outer membrane and mediate the translocation of the passenger domain

through the outer membrane. Another conserved feature in the translocator domain is that

the N-terminus of the β-barrel structure leads to a short α-helical linker peptide. Non-

conservative mutations in these linker peptides hinder the proper folding of the respective

translocator domains and either completely eliminate or reduce the efficiency of the trans-

port process [44, 151]. Deletion of the linker peptide affects the targeting of the translo-

cator domain to the outer membrane [38]. The loss of autotransporter function caused by

deletion of linkers has been demonstrated to be restored by the use of recombinant linkers

[152].

The NalP autotransporter from Neisseria meningitidis facilitates the processing of

other autotransporter proteins through its 70 kDa passenger domain (NalP1−783), which

functions as a serine protease. Additionally, the functional domain catalyzes the release

of its own passenger domain at the outer membrane of the cell [153]. A crystal structure

has been determined for the translocator domain of NalP (NalP784−1083), showing a 12

stranded β-barrel (NalP817−1083) that is preceded by the linker peptide (NalP784−816). In

the reported structure, the NalP linker peptide is folded as an α-helix [38]. Interestingly,

this helix is located in the central pore of the β-barrel. Structures are also known for the

translocator domain of autotransporters EspP and Hbp (Escherichia coli) and for the full

length autotransporter EstA (Pseudomonas aeruginosa) [40, 43, 39, 43]. The linker pep-

tide is folded as an α-helix in the pore of the barrel in these structures as well. The location

of the linker helix inside the barrel, the ubiquitous presence of such a linker sequence in

known sequences of autotransporters and its importance in autotransporter fold and func-

tion is an indication that the linker peptide may play an important role in the folding and

assembly of the β-barrel of autotransporters.

The autotransporter moniker is misleading in the sense that the assembly of the proteins
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in the outer membrane is not completely independent, rather it is modulated by chaperone

proteins of the Omp85 super family. Models for the function of Omp85 chaperones have

been proposed based on crystal structures determined for the membrane chaperones BamA

and TamA from E. coli [82, 61]. Omp85 chaperones have been suggest to mediate the

folding and membrane insertion of outer membrane proteins including autotransporters by

multiple mechanisms. Proposed mechanisms include creating a localized loss of order in

the membrane and providing a template for strand formation for the nascent OMPs by a

lateral gating mechanism.

Here, the linker peptide from NalP has been expressed recombinantly and structurally

characterized in aqueous and hydrophobic environments. Based on the data, the relation

between the structural properties of the linker in these different environments and the role

of the linker peptide in the folding and processing of the translocator domains is discussed.

2.2 Experimental Procedures

2.2.1 Cloning and Purification of NalP Linker Peptide

NalP linker peptide between residues 784-816 of the full length protein (LAATVYAD-

STAAHADMQGRRLKAVSDGLDHNGT) was expressed as a fusion protein construct

with Smt3, a Small Ubiquitin-like Modifier Protein (SUMO) protein from Saccharomyces

cerevisiae, cloned upstream to the peptide sequence [154]. Smt3 protein gene template was

generously provided by Dr. Pingwei Li, Texas A & M University. The gene was amplified

using polymerase chain reaction (PCR)and cloned into pET28b vector (EMD Millipore

Biosciences, Billerica, MA, USA) using restriction enzymes NdeI and SacI (New England

Biosciences, Ipswich, MA, USA), leaving a 6x His tag in the N-terminus of the SUMO

tag to facilitate purification using immobilized metal ion affinity chromatography (IMAC).

The genomic DNA of N. meningitidis (American Type Culture Collection, Manassas, VA

20110 USA) was used as the gene template for NalP protein. The DNA sequence for the
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NalP linker region was amplified using PCR and was cloned between restriction enzyme

sites for SacI and HindIII. The plasmid was transformed into BL21(DE3) and a single

colony inoculated in 20 mL Luria Bertani (LB) medium with 50 mg/L kanamycin and

grown overnight to be used as a starter culture at 37 ◦C shaken at 200 rpm. The starter

culture was used to inoculate 4 L of LB with kanamycin. The cells were harvested at

an optical density of 0.7 in sterile centrifuge bottles and suspended in 1 L of expression

medium. The cells were then incubated at 16 ◦C and shaken at 200 rpm. The cells were

cultured for 1 h and then induced by adding IPTG to a final concentration of 1 mM and cul-

tured for 16 h. The expression medium used was LB broth or Terrific broth for unlabeled

protein expression or a modified M9 minimal medium with 15NH4Cl and 13C6-glucose for

expression of isotopically labeled peptides.

The peptide is vulnerable to proteolysis, therefore all purifications were performed at

4 ◦C. The cultured cells were harvested by centrifugation at 4500 rpm for 20 minutes and

resuspended in buffer A1 described below. Cell lysis was achieved by sonication in six

cycles of 2 min each interspersed by cooling periods of 5 min. Cell lysate was kept at

a temperature of 4 ◦C at all times. The fusion protein was purified from the cell lysate

by IMAC using HisTrap HP column (GE Lifesciences) using buffer A1 (20 mM sodium

phosphate, 500 mM sodium chloride, 20 mM imidazole pH 7.3) and buffer B1 (20 mM

sodium phosphate, 500 mM sodium chloride, 500 mM imidazole pH 7.3). The cell lysate

was loaded on the column and washed with 40 mL buffer A1. Elution was done using

a step gradient of 15 mL each of 10%, 20%, 30% and 40% buffer B1. The fractions

containing the fusion protein were identified by polyacrylamide gel electrophoresis and

pooled. 2-mercaptoethanol was added to a final concentration of 5 mM. Ulp1 protease,

expressed and purified previously [154], was added to a final concentration of 0.05 mg/mL

to cleave the SUMO tag. The reaction was simultaneously dialyzed against 20 mM tris,

5 mM 2-mercaptoethanol, pH 8.5 for 12 h. The SUMO tag of the fusion construct and

37



the Ulp1 protease are removed by passing the dialyzed solution through the HisTrap HP

column. The SUMO tag and the protease bind to the column whereas NalP777−816 peptide

does not. The peptide was further purified by cation exchange chromatography using a

HiTrap Q XL column (GE Lifesciences, Piscataway, NJ, USA) and buffer A2 (20 mM

tris, pH 8.5) and buffer B2 (20 mM tris, 5 mM sodium chloride, pH 8.5). Step gradient for

elution was set up similar to the IMAC protocol. The fractions containing the peptide were

pooled and dialyzed against distilled water for 12 h and lyophilized to a dry powder. The

lyophilized peptide was dissolved in H2O with 0.1% trifluoroacetic acid to a final volume

of 300 µL and the peptide solution was purified using reversed phase HPLC using a Vydac

C4 Column (Grace, Deerfield, IL, USA). Peptide was eluted across a 0% to 100% gradient

between solvent A3 (H2O with 0.1% trifluoroacetic acid) and solvent B3 (acetonitrile with

0.08% trifluoroacetic acid) using a 90 mL solvent volume using a flow rate of 1 mg/min.

The peptide fraction was lyophilized to remove solvents. The cleavage using the Ulp1

protease leaves an additional glutamic acid amino acid residue on the N-terminus of the

peptide, making the leucine residue indicated in the sequence above the second residue in

the peptide used.

2.2.2 Circular Dichroism (CD) Spectroscopy

Far UV wavelength scan CD spectra were measured on a Model 62DS CD Spectrom-

eter (AVIV Biomedical Inc., Lakewood, NJ, USA). Samples were made by dissolving 7

µM peptide in 20 mM sodium phosphate buffer (pH 6.8). Samples containing detergent

micelles additionally contained 100 mM sodium dodecyl sulfate (SDS). Samples in triflu-

oroethanol (TFE) were prepared by dissolving 7 µM peptide in TFE (Alfa Aesar, Ward

Hill, MA). All samples were degassed by performing three cycles of freezing and thawing

under vacuum. Wavelength scans were measured at 288 K between 190 nm and 320 nm

with a step size of 1 nm and a signal averaging time of 10 s.
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2.2.3 NMR Spectroscopy of NalP Linker Peptide and Structure Determination

NMR samples were prepared by dissolving nominally 1 mM NalP linker peptide in 20

mM sodium phosphate, 3 mM NaN3, 1 mM, 4,4-dimethyl-4-silapentane-1-sulfonic acid,

5% v/v 2H2O (pH 6.8). Samples in SDS micelles additionally contained 100 mM SDS.

Samples in TFE were dissolved in 2,2,2-TFE-1-2H2 (Cambridge Isotope Laboratories,

Andover, MA) with 1 mM tetramethylsilane. All spectra were measured at a magnetic

field of 11.7 T on an Avance III spectrometer using a TCI triple resonance cryoprobe

(Bruker, Billerica, MA, USA). All experiments for the peptide in the aqueous buffer were

measured at 283 K, for the detergent micelles at 310 K and for TFE at 298 K.

Sequential backbone and sidechain carbon chemical shifts were assigned using HNCA,

HNCACB, CBCACONH, HN(CA)CO, HNCO, HCC(CO)NH (DIPSI2 mixing sequence,

13 ms mixing time at 10 kHz) experiments. Backbone and sidechain proton chemical shifts

were assigned using 15N-resolved TOCSY (MLEV-17 mixing sequence, 100 ms mixing

time at 10.7 kHz) and HNHA experiments. Aromatic proton resonances were assigned in

(HB)CB(CGCD)HD, (HB)CB(CGCD)HE experiments. For the sample in SDS detergent

micelles, H(CCCO)NH (DIPSI2 mixing sequence, 13 ms mixing time at 8.6 kHz) exper-

iment was used instead of the 15N resolved TOCSY experiment to assign the proton side

chain chemcial shifts.

Nuclear Overhauser effect (NOE) crosspeaks were obtained 15N-resolved NOESY

(150 ms mixing time) and 13C-resolved NOESY (150 ms mixing time) spectra. 3JHNHα

coupling constants were measured using HNHA spectra [155]. Peaks from the NOESY

spectra were picked manually and were automatically assigned using the CANDID mod-

ule in CYANA software [156]. The structure calculation was done in 7 cycles of simulated

annealing, starting from 100 randomized conformers. The 20 conformers with lowest tar-

get function values were selected in each cycle [157]. Peptide structures were visualized
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and relevant interatomic distances and angles were measured using PyMol [158].

2.2.4 Cloning, Folding of Purification of NalP Translocator and NalP β-barrel

Domains.

N. meningitidis genomic DNA was used as the gene templates for NalP translocator

domain and NalP β-barrel and the gene sequences were amplified using PCR and cloned

into pET28b expression vector using restriction enzymes NcoI and HindIII (New England

Biolabs). The plasmid was transformed into BL21(DE3) for expression. Overnight starter

cultures were grown from a single colony of transformed bacteria in 10 mL of LB with

kanamycin. Cells were then transferred into 1 L expression medium of choice. Protein

was expressed in LB for production of unlabeled protein or in a minimal medium contain-

ing 15NH4Cl prepared in 2H2O for isotopically enriched protein samples. For each liter of

cell culture, the cells were resuspended in 40 mL of 20 mM tris, 5 mM ethylenediamine

tetra acetic acid (EDTA), pH 8.0 and lysed by six cycles of sonication for two minutes

with 5 minutes of cooling in between each cycle. Inclusion bodies were harvested by cen-

trifugation at 4300 rpm for 1 h. The inclusion bodies were resuspended and washed with

40 mL of 20 mM tris 5 mM EDTA, 0.1% Triton-X-100, pH 8.0, at 37 ◦C for 30 min. The

insoluble protein was pelleted by centrifugation at 4300 rpm for 30 min. The pellet was

resuspended in 40 mL of 20 mM tris 5 mM, pH 8.0, and incubated at 37 ◦C for 30 min. The

resuspended protein was pelleted by centrifugation at 4300 rpm for 30 min. The pelleted

inclusion body protein was unfolded and dissolved in 5 mL of 20 mM tris, 8 M urea, 100

mM glycine, pH 8.0. Insoluble cell debris was separated by centrifuging at 15,000 rpm

for 30 min and filtration through a 0.2 µm pore size filter. The final concentration of the

protein was estimated by UV absorbance at 280 nm and adjusted to 10 mg/mL.

Folding of protein was done by rapid 1:10 dilution of the protein into folding buffers

listed in Table 2.1 and incubated in 37 ◦C for 48 h. Samples for measurement of CD and
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Table 2.1: Buffers used for folding, CD spectroscopy and NMR spectroscopy of NalP
translocator domain with linker and NalP β-barrel domain.

Buffer Composition
Folding buffers 20 mM tris 1 M sodium chloride, 1.5% SB-12, pH 8.0

20 mM tris, 1 M sodium chloride, 1.5% DPC, pH 8.0
20 mM tris, 1 M sodium chloride, 1.5% LDAO, pH 8.0
20 mM tris, 1 M sodium chloride, 2.0% DHPC, pH 8.0
20 mM tris, 1 M sodium chloride, 2.0% β-OG, pH 8.0

NMR buffers 20 mM sodium phosphate, 150 mM SB-12, pH 6.8
20 mM sodium phosphate, 150 mM DPC, pH 6.8
20 mM sodium phosphate, 150 mM LDAO, pH 6.8
20 mM sodium phosphate, 250 mM DHPC, pH 6.8

CD buffers 20 mM sodium phosphate, 80 mM SB-12, pH 6.8
20 mM sodium phosphate, 80 mM DPC, pH 6.8
20 mM sodium phosphate, 80 mM LDAO, pH 6.8
20 mM sodium phosphate, 160 mM DHPC, pH 6.8

Abbreviations: 1 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
n-dodecylphosphocholine (DPC)
N,N-Dimethyldodecylamine N-oxide (LDAO)
n-Dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (SB-12)
β-octyl glucoside (β-OG)
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NMR spectra were exchanged into the respective buffers by three cycles of concentrating

the purified protein to a volume of 1 mL and diluting it ten fold into the correspond-

ing buffers listed in Table 2.1. CD samples were adjusted to a final concentration of 0.1

mg/mL. For NMR samples, the last cycle of buffer exchange was done in buffer prepared

in 10% 2H2O and the protein concentration was adjusted to 1 mM as quantified by ab-

sorbance at 280 nm. [1H-15N]-TROSY measurements were done at a temperature of 318

K.

2.3 Results

2.3.1 Assessment of Sample Purification of NalP Linker Peptide and Preliminary

Investigation

After an overnight reaction, Ulp1 protease cleaves nearly all the fusion construct to

give the SUMO tag and the linker peptide (Figure 2.1 a). The peptide released by cleavage

has apparent molecular size of <5 kDa as determined by SDS PAGE, which is correct

for the expected molecular size of ∼3.5 kDa. The HPLC purification protocol used pro-

vides a clean product with single peak with a good peak shape and no overlap with any

detectable contaminants (Figure 2.1 b). The identity of the peptide purified by HPLC was

verified by measuring the mass of the component using a Matrix Assisted Laser Desorp-

tion Ionization-Mass Spectroscopy (MALDI-MS) (Figure 2.1 d). The MALDI gives a

mass of 3541 Da, which is close to the expected mass of 3542 kDa for the peptide. 1-D 1H

spectra for the sample measured in all three conditions no observable contaminants were

observed (Figure 2.1 c).

2.3.2 Secondary Structure of NalP Linker Peptide in Different Environments.

Far UV wavelength scan CD spectra of the NalP linker peptide were measured in a

buffered aqueous medium, SDS detergent micelles and in TFE (Figure 2.2). The signature

of the CD spectrum in aqueous medium resembles that of a random coiled peptide, with
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Figure 2.1: (a) SDS-PAGE showing the cleavage of SUMO fusion construct of NalP
linker peptide. Components indicated are 1-Uncut SUMO-NalP linker fusion construct,
2-Cleaved SUMO tag, 3-Ulp1 protease, 4-NalP linker peptide. (b) Purification of NalP
linker peptide using HPLC, the peak on the chromatogram indicated with a (*) is a pres-
sure spike from the injection of the sample. (c) MALDI-MS of NalP linker peptide. (d)
1H NMR spectra of NalP linker peptide in water, SDS detergent micelles and in TFE (top
to bottom).
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Figure 2.2: Circular dichroism spectra of NalP linker peptide in water, TFE and SDS
detergent micelles measured at a temperature of 288 K.

a minimum mean residue ellipticity at 200 nm. The spectrum indicates low content of

ordered secondary structure in the aqueous medium. In TFE, the CD spectrum of the

peptide has two local minima at 208 nm and at 222 nm, which is typically observed for

α-helical secondary structures. In SDS also, a minimum at 208 nm and a shoulder at 222

nm can be identified. The absolute value of the ellipticity is much smaller compared to the

values measured in TFE, which suggests that the percentage helicity (ph) of the peptide in

SDS micelles is lower than in TFE. The percentage helicity of the peptide was calculated

from the mean residue ellipticities (θ) of the peptide at 222 nm using equation 2.1 [159].

ph =

(
θ222nm(obs) − θ222nm(coil)

θ222nm(helix) − θ222nm(coil)

)
(2.1)

θ222nm(obs) is the observed mean residue ellipticity at 222 nm. θ222nm(helix) and θ222nm(coil)

are the theoretically expected values of mean residue ellipticity in deg cm2 dmol−1, for
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a completely helical peptide and a completely coiled peptide respectively, calculated by

equation 2.2 and equation 2.3 [159, 160].

θ222nm(helix) = −40000
(

1− x

N

)
+ 100T (2.2)

θ222nm(coil) = 640− 45T (2.3)

N is the number of residues in the peptide, x is the correction factor for the number of

backbone carbonyl atoms in the peptide that cannot form a hydrogen bond as a helix and

thus will not contribute to the mean residue ellipticity, and T is the temperature in ◦C. The

percentage helicity in buffered aqueous medium was found to be 15.9%, in SDS detergent

micelles it was found to be 26.6% and in TFE it was found to be 69.5%. The peptide

exhibits lowest percentage helicity in the aqueous medium, and has increasing percentage

helicity in SDS detergent micelles and in TFE.

2.3.3 Structural Investigations of NalP Linker Peptide by NMR Spectroscopy

The [1H-15N]-HSQC spectra of the peptide in the three conditions are shown (Figure

2.3, 2.4, 2.5) and the the amide crosspeaks peaks are well resolved in all three conditions. .

Line widths are larger in the sample with SDS micelles, which could be due to association

of the peptide with the detergent micelle. The peptide in SDS micelles was hence measured

at a higher temperature of 318 K. The peptide sample in water was measured at a lower

temperature of 288 K because at higher temperatures the peptide degraded sooner than the

duration of the experiments. The chemical shifts were assigned using NMR experiments

for obtaining sequential connectivity and sidechain and sidechain chemical shifts, strips

from the HNCACB spectrum of the peptide in TFE is shown (Figure 2.6).

Chemical shifts were assigned for 13C, 15N and 1H spins (Table 2.2). Based on these

assignments, secondary shift values were calculated for Hα, Cα and Cβ resonances (Figure
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Figure 2.3: [1H-15N]-HSQC of NalP linker peptide in aqueous medium at 283 K measured
at a field strength of 11.7 T

Figure 2.4: [1H-15N]-HSQC of NalP linker peptide in SDS detergent micelles at 310 K
measured at a field strength of 11.7 T
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Figure 2.5: [1H-15N]-HSQC of NalP linker peptide in TFE at 298 K measured at a field
strength of 11.7 T

2.7). For the sample in water secondary shift values were all close to zero, indicating that

the measured chemical shift values were very similar to expected values for a random

coiled peptide (Figure 2.7 a, d, g). In the presence of SDS detergent micelles, greater

secondary shift values were observed in comparison to water (Figure 2.7 b, e, h). In

particular, regions between L2-T11 and G19-D27 have negative Hα and Cβ secondary

shifts, and positive Cα secondary shifts. Among the three conditions largest secondary

shift values were measured in TFE. A continuous stretch of positive secondary shifts are

observed for Cα and negative secondary shifts for Hα and Cβ are found between residues

L2 and S26 (Figure 2.7 c, f, i). Negative secondary shift values for Hα and Cβ , and positive

secondary shifts for Cα are characteristic of α-helical secondary structure in proteins [161,

162, 163]. Although, it should be noted that the solvent used in the reference data set for
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Figure 2.6: [δ(13C),δ(1H)] strips of residues Ala-13 to Met-17 from HNCACB spectra
of NalP linker peptide in TFE. Strips are centered around the amide 1H and amide 15N
chemical shifts of the respective residues.
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Figure 2.7: Chemical shift differences from random coil values for Hα (a), (b), (c), Cα (d),
(e), (f) and Cβ (g), (h), (i) for NalP linker peptide in water, SDS detergent micelles and
TFE respectively.

calculating the chemical shift differences is water, which is chemically different from TFE.

Many residues with 3JHNHα coupling constant values >5 Hz were observed for both

the sample in water and the sample in SDS micelles (Figure 2.8). These values are typical

for peptides that exhibit high conformational flexibility. However, in TFE the coupling

constant values for residues are smaller, especially between residues L2-V25 (Figure 2.8),

coupling constant values <5 Hz are observed for many residues. This is consistent with
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Figure 2.8: 3JHNHα coupling constants, of NalP linker peptide in water, SDS detergent
micelles and TFE.

dihedral angles for α-helical secondary structures, which give rise to coupling constant

values below this cutoff value [164, 155, 165].

While empirical relations of secondary structure to chemical shift and J-coupling val-

ues are good indicators, NOEs provide a more direct observation of the structure itself.

In α-helices, diagnostic NOE crosspeaks are typically observed for Hα(i) and HN (i+3),

Hα(i) and Hβ(i+3), and Hα(i) and HN (i+4) correlations. The number of intra-residual,

diagnostic NOEs observed for each sample from the CANDID NOE assignment routine

are shown in (Table 2.2). Diagnostic NOE crosspeaks were not observed for the sam-

ple in water. Considering this observation, along with the results of the CD experiment,

and the secondary shift and J-coupling values observed in the NMR experiments, it can

be concluded that the linker peptide in the aqueous medium is random coiled and lacks

observable secondary structure. While the polypeptides of autotransporters interact with
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periplasmic chaperones, they are considered to be in an unfolded configuration in the

periplasm [54]. The linker peptide in an aqueous medium can be considered to be similar

to such a conformation. In SDS micelles, the regions between L2-T11 and G19-D27 con-

tain sparse connectivity of NOE crospeaks from Hα(i) and HN (i+3), and Hα(i) and Hβ(i+3)

correlations. This is also the same region that has deviation from random coil chemical

shifts in the secondary shift plots (Figure 2.7 b, e, h). However, only few NOE crosspeaks

arising from Hα(i) and HN (i+4) residues are observed. Instead, some NOEs from Hα(i)

with HN (i+2) (Figure 2.9 a) are observed. Considering all data, it appears that the linker

peptide in the SDS micelles is not fully unstructured, and that a partial helical secondary

structure may exist in this condition. The linker peptide in TFE yielded NOEs diagnostic

of an α-helix between L2 and K23. Sequential NOEs between Hα(i) and HN (i+3), Hα(i)

and Hβ(i+3),and Hα(i) and HN (i+4) can be found (Figure 2.9 b). The presence of these

sequential NOEs indicates strongly that residues L2-K23 in the linker peptide adopt an

α-helical conformation in TFE. The helical secondary structure observed in the CD spec-

tra together with the observed NMR parameters, i.e. the secondary shift and J-coupling

values further support the helix formation by the linker peptide in TFE.

Calculations of peptide structure using the distance and dihedral angle restraints mea-

sured in water and in SDS detergent micelles did not yield conformers with well defined

secondary structure. However, the presence of local non-random structure was still inves-

tigated in the conformers obtained from these calculations. Atom pairs from the backbone

that are situated in configurations that permit them them to act as putative hydrogen bond

donors and acceptors were identified. Donors and acceptors located at a distance smaller

than a cutoff value of 3.4 Å (Figure 2.10) and a donor-hydrogen-acceptor angle greater

than 55◦ were identified. In SDS micelles, some residues consistently converge with the

donors and acceptors having inter atomic distances that would be conducive to the forma-

tion of hydrogen bonds. In the twenty lowest energy conformers, the amide group of A13
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Figure 2.9: Short and medium range sequential NOEs crosspeaks observed in NalP linker
peptide samples in SDS micelles (a) and TFE (b) from 13C and 15N resolved NOESY
spectra.

Figure 2.10: Number of conformers obtained from structure calculation in water (a), SDS
micelles (b), and TFE (c) with carbonyl group in residue position i located ≤ 3.4 Å away
from the amide group at residue i+4.
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and the carbonyl group of D9 are located in spatial proximity such that the amide of A13

can act as a donor and the carbonyl of D9 can act as an acceptor. A (i+4)→(i) hydrogen

bond of this kind is found in α-helices (Figure 2.10 b). However, in the water sample, of

all the donor-acceptor pairs, none consistently converge in such spatial proximity in the

different conformers (Figure 2.10 a). This method of determining putative hydrogen bond

donors and acceptors may help identify small stretches or single turns of helix that are

found in a large peptide. These features cannot be readily identified by aligning conform-

ers and using RMSD values alone. In TFE, the structure converges into a well defined

α-helix between residues L2-K23, however the residues between A24-T34 located in the

C-terminus are unstructured (Figure 2.11). The calculated structures agree with the indi-

cations that the peptide in TFE has an α-helical secondary structure in the N-terminus,

based on the chemical shift difference and 3JHNHα coupling constant values. The overall

RMSD for the entire peptide except the two terminal residues (L2-G33) is still very large,

a lower RMSD value of 1.44± 0.64 Å for the backbone residues and 2.30± 0.71 Å for all

heavy atoms was calculated for the region between residues L2-K23 (Table 2.2). Align-

ment of the different conformers obtained also shows that the α-helices in all conformers

have similar backbone conformations (Figure 2.11).

2.3.4 Folding of NalP Translocator Domain and NalP β-barrel Constructs From

Inclusion Bodies

Two constructs of NalP, the translocator domain with the linker and the β-barrel with-

out linker, were made to investigate the effect of deletion of the linker on the in vitro

folding of the translocator domain. Deletion of the linker peptide from NalP translocator

domain affected the in vitro folding properties of the protein from urea unfolded inclusion

bodies. In our attempts, the NalP translocator domain construct with the linker consistently

yielded folded protein in detergent solutions commonly used for solubilizing the β-barrels,
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Figure 2.11: 20 least energy conformers obtained from structure calculation for the NalP
linker peptide in TFE
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Figure 2.12: Far UV CD spectra of NalP translocator domain with linker and NalP β-barrel
without linker in SB-12 detergent micelles.

namely 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC), n-dodecylphosphocholine

(DPC), N,N-Dimethyldodecylamine N-oxide (LDAO), n-Dodecyl-N,N-dimethyl-3-ammonio-

1-propanesulfonate (SB-12), β-octyl glucoside (β-OG). The CD spectrum of the translo-

cator domain exhibited a minimum at 215 nm and a maximum at 195 nm in the CD spec-

trum, indicating the presence of β-sheet secondary structure (Figure 2.12). The presence

of a small shoulder at 222 nm indicates small amount of α-helical secondary structure.

The folded protein was obtainable at a high concentrations without excessive precipitation.

The [1H,15N]-TROSY spectra of the construct shows well dispersed peaks characteristic

of folded protein in SB-12 (Figure 2.13). A similar observation was also made in DPC,

DHPC and LDAO (data not shown).

In contrast, with the NalP β-barrel construct, protein solutions that were prepared in all

the different folding conditions precipitated over a duration of 48 hours. The CD spectra of
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Figure 2.13: [1H-15N]-TROSY spectrum of NalP translocator domain in SB-12 detergent
micelles at 318 K measured at 14.1 T.

freshly prepared samples of the protein in SB-12 indicate the presence of β sheet secondary

structure (Figure 2.12). However, well dispersed peaks were not observed in the TROSY

spectra of this construct despite the indication of secondary structure formation in the CD

spectroscopy experiments. The deletion of the linker therefore seems to negatively affect

the folding of the protein into detergent micelle solutions from urea unfolded inclusion

bodies. The difference in the folding characteristics of the two constructs could be either

due to improper folding of the barrel or due to low stability of the folded barrel in the

absence of the helix formed by the linker peptide.

2.4 Discussion

Outer membrane proteins including autotransporters are believed to traverse the in-

ner membrane in an non-native conformation and undergo interactions with periplasmic

57



chaperones in this stage [166, 76]. From this conformation they integrate into the outer

membrane to attain their final fold. The NalP linker peptide investigated here folds into

an α-helix that is located in the interior of the barrel [38]. The presence of such a helical

linker in the pore of the barrel has also been established in the crystal structures of EspP

(E. coli) and Hbp (E. coli) autotransporters in the pre-cleavage state and in the full length

autotransporter EstA (P. aeruginosa) [40, 43, 39, 42]. After cleavage in EspP, a single

turn of helix which is perpendicular to the axis of the barrel is retained in the pore of the

β-barrel.

From the structure of these folded translocator domains alone, it is difficult to hy-

pothesize a role for the linker in the assembly of the autotransporter or in the transport

process. While the sequence of the linker peptide is varied across autotransporters from

different organisms, it is conserved within families of similar autotransporters such as Ser-

ine Protease Autotransporters of Enterobacteriaceae (SPATEs). The linker seems to have

a role in the transport and assembly of autotransporters because deletion of the linker or

non-conservative mutations in the linker peptides either reduce or completely eliminate

membrane localization and transport processes [152, 44, 151, 167].

In vivo, using a signal sequence from PhoE, [38] were able to target the NalP transloca-

tor domain both with and without the linker peptide to the outer membrane, but the mutant

without the linker peptide had significantly lower levels of expression on the membrane.

Additionally, the protein preparation protocols to obtain post cleavage constructs of both

EspP and Hbp involve starting with larger constructs that include a small stretch of pro-

tein sequence upstream to the translocator domain, the final constructs were obtained after

intra-barrel cleavage of the linker [40, 43]. Taking all the above factors and the results ob-

tained in our translocator domain folding studies into consideration, the role of the linker

peptide in the assembly of autotransporters appears to be non-trivial.

The structural studies with the linker peptide presented here indicate that the linker
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peptide has increasing levels of helicity moving from water to SDS micelles and to TFE.

The structure of an α-helix is stabilized by the formation of intramolecular hydrogen bonds

between the amide groups and the carbonyl groups located on the backbone of the peptide.

The hydrogen bond formed enthalpically compensates for the loss of entropy caused by

the formation of the ordered structure [168]. Alternatively, the backbone residues can also

form hydrogen bonds with the solvent water molecules, but these hydrogen bonds do not

contribute to the stability of the helical structure. Organic co-solvents such as TFE stabilize

helices by coating the peptide and causing the elimination of intermolecular hydrogen

bonds between the peptide and the water molecules [169]. The low helicty of the NalP

linker peptide in SDS and the random coiled structure in water can be explained by lack of

intramolecular hydrogen bonds in those conditions, with intermolecular hydrogen bonds

with water being present instead. On the biological membrane as well, the elimination

of intermolecular hydrogen bonding with water would be required for the formation of a

helix by the linker peptide. One way to achieve this would be by the burial of the peptide

into the hydrophobic interior of the lipid bilayer. Subsequent assembly of the β-barrel

around this nascent helix could lead to the formation of an α-helix, which is stabilized by

interactions with the interior of the β-barrel. In EspP and related SPATEs, hydrophobic

residues in the linker peptide have been shown to be conserved and are critical in the

translocation process [167]. It has been suggested therein that these residues may either

form a hydrophobic core or be involved in hydrophobic interactions that are critical for

the function of the autotransporter. One possible hydrophobic interaction would be the

interaction of the linker with the biological membrane. Many viral fusion peptides (some

of which are located in the interior of the protein) serve to anchor larger fusion protein

domains to the surface of the biological membrane. They function by forming a helix,

upon interaction with the biological membrane [137]. The linker peptide may function in

a mechanism analogous to that.
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The assembly of outer membrane proteins including autotransporters is mediated by

membrane chaperones belonging to the Omp85 family. The structures of outer membrane

chaperones TamA and BamA were solved recently and they have enabled the development

of more detailed models for OMP assembly in the outer membrane. In [82], simulations

show that there may be localized destabilization of the membrane near strands 1 and 16

of the chaperone. This location has been proposed as an entry point for OMP integration

into the membrane. Both [82] and [61] suggest a lateral gating mechanism at the interface

of strands 1 and 16, where the β-barrel of the chaperone opens to form a hybrid barrel

with the folding OMP. In [61], the structure of TamA, which is the chaperone specific to

autotransporters, is reported. The folding of autotransporters and subsequently the position

of the linker has been speculated therein. In one scenario, it has been suggested that

the linker could diffuse through the lipid bilayer at a location adjacent to the β-barrel as

folding occurs. This is consistent with the model discussed here, where the linker is buried

into the lipid bilayer and folds into an α-helix. The assembly of the β-barrel could then

occur around the linker to finally attain the folded structure of the autotransporter. In an

alternative scenario, the secretion has been proposed to occur through a large hybrid barrel

formed by β-strands from the chaperone and the autotransporter, enabling the linker to be

located directly inside the barrel. In this case, there seem to be no obvious interactions

between the linker and the biological membrane and the location of the linker in the β-

barrel may be an outcome of the topology of the β-barrel. Since the linker seems to have

no natural tendency to form a helix, the formation of the linker would then have to be

mediated by interactions with residues either in the periplasmic domains of the chaperone

or the interior of the pore. In either case, based on the results obtained here, it appears

likely that the formation of the helix in the linker peptide occurs due to intermolecular

interactions, presumably in a hydrophobic environment.
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3. DETERMINATION OF THE STABILITY OF THE LINKER REGION OF THE

NalP AUTOTRANSPORTER USING THERMAL DENATURATION

EXPERIMENTS

3.1 Introduction

Thermal unfolding of peptides is commonly determined by measuring the circular

dichroism of the peptide with increasing temperature. The unfolding reaction is modeled

using helix coil transition models such as the Zimm-Bragg model [170] or the Lifson-

Roig model [171] to obtain the thermodynamic parameters such as ∆H and the equilib-

rium constants for the formation of the helix and the helix nucleation parameter. These

methods provide a macroscopic thermodynamic description of the peptide denaturation

without much insight into the specific interactions that contribute to the helix coil transi-

tion of peptides. In these models, each helix forming unit on the peptide is considered to

be equivalent and all neighboring residues are considered equivalent when describing the

cooperativity in folding. However, in reality the specific sequence of different peptides

affect their propensities to form helices and the stability of the helices thus formed. Thus

residue specific interactions may play an important role in the secondary structure stability

and helix coil transition of helical peptides. Investigation of such interactions requires site

specific resolution as provided by NMR spectroscopy.

NMR spectroscopy is a very popular method for determining the structures of peptides.

Apart from getting the structure by direct estimation of inter-proton distances, additional

indicators can also be observed to gain insight into the structure of the peptide. The chem-

ical shift of the different residues are statistically correlated to the secondary structure

[163]. Values of J-coupling constants are related to the backbone dihedral angles by the

Karplus relation [155]. Exchange rates and temperature coefficients of amide protons are
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indicators of the presence of hydrogen bonds [172]. These parameters can be monitored

over increasing temperatures to determine residue specific differences in the thermal un-

folding of peptides.

Distance restraints for NMR structure calculation are obtained from NOEs. The pres-

ence of NOE crosspeaks between two spins indicates that they are in close spatial proxim-

ity. All other things equal, the intensity of an NOE crosspeak is proportional to the inverse

sixth power to the distance between the spins. However, NOEs are not commonly used

to determine thermal unfolding because the relation of NOE crosspeak intensity to tem-

perature is not trivial. NOE crosspeak intensity depends on the global correlation time of

the molecule, which depends on the temperature not only directly but also on factors such

as viscosity of the solvent, which in turn depend on the temperature. Also exchange of

labile protons with the solvent also may change the observed NOE intensity. Considering

all these factors, it may be difficult to theoretically predict actual NOE intensity values as

a function of temperature. Despite this, the relative change in NOE intensity over temper-

ature been proposed to be a reliable indicator of unfolding in peptides [173].

In this study, the thermally induced unfolding of a peptide is studied using CD and

NMR spectroscopy. The peptide used is the linker peptide of the autotransporter protein

NalP from N. meningitidis. In the crystal structure of the translocator domain of the auto-

transporter, this linker peptide adopts an α-helical conformation. Previously, the structure

of the peptide in water, SDS detergent micelles and in trifluoroethanol (TFE) was deter-

mined using NMR spectroscopy. In TFE, the linker peptide has an α-helical secondary

structure in the N-terminus and the C-terminus exists in a random coiled conformation. In

water, the peptide is unstructured and in SDS it has a relatively low content of α-helical

secondary structure. The thermally induced unfolding of the peptide was characterized

by measuring changes in chemical shifts and relative intensities of NOE crosspeaks with

increasing temperatures.
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3.2 Experimental Procedures

3.2.1 Sample Preparation

The NalP linker peptide used is expressed as a fusion construct with a SUMO tag.

The tag is released by proteolytic cleavage and the peptide is subsequently purified as

described in section 2.2.1. Samples were prepared for CD spectroscopy by dissolving

the lyophilized peptide powder prepared from an unlabeled culture to a concentration of

7 µM peptide in TFE (Alfa Aesar, Ward Hill, MA). Peptide for the NMR samples were

prepared from cultures grown in minimal media with 15NH4Cl and 13C6-glucose acting as

the nitrogen and carbon sources respectively. NMR samples were prepared by dissolving

1 mM peptide in 2,2,2-TFE-1-2H2 (Cambridge Isotope Laboratories, Andover, MA) with

1 mM tetramethylsilane. It is to be noted that the NMR sample is the same sample used in

section 2.2.3 and the experiments described here require only 15N isotopic enrichment.

3.2.2 Circular Dichroism Spectroscopy

All circular dichroism (CD) experiments were recorded on a Model 62DS CD Spec-

trometer (AVIV Biomedical Inc., Lakewood, NJ, USA). Initial wavelength scans were

performed at temperatures of 288 K and 348 K. Wavelength scans were done between 320

nm and 190 nm, using a bandwidth of 1 nm and increments of 1 nm with a signal averaging

time of 10 s at each wavelength point. Thermal denaturation experiments were measured

at 222 nm by heating the sample from 288 K to 356 K with temperature increments being

done at intervals of 1 K. An equilibration of 5 min was allowed for each temperature point

with a signal averaging time of 30 s.

3.2.3 NMR Spectroscopy

NMR spectra were measured on a 11.7 T Avance III spectrometer fitted with a TCI

triple resonance cryoprobe (Bruker, Billerica, MA, USA). The backbone and side chain
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experiments were used to assign the backbone and sidechain chemical shifts at 298 K

as described in section 2.2.3. [1H-15N] HSQC, 15N resolved NOESY (150 ms) and 15N

resolved TOCSY (MLEV-17 mixing sequence, 100 ms at 10.7 kHz) experiments were

measured at temperatures between 288 K and 248 K at intervals of 10 K. Using the

initial assignments at 298 K as a reference, the HSQC and TOCSY experiments were

used to assign the 1H resonances at each temperature. The Sequential connectivity in

the 15N resolved NOESY experiment was used to verify the assignments of the mapped

resonances. The 15N resolved TOCSY experiment was not sufficiently sensitive at 288 K

so a HCCCONH (DIPSI2 mixing sequence, 13 ms at 8.6 kHz) was used to obtain the 1H

sidechain assignments at that temperature.

3.2.4 Data Processing

Assignment of chemical shifts were done using the CARA software [174]. Initial as-

signments for the crosspeaks picked on the 15N resolved NOESY spectrum were obtained

at 298 K using the CANDID routine in the software CYANA [156]. The NOE assign-

ments provided by CYANA were converted to spin links in CARA using a Lua script. The

assignments were verified and corrected manually, and any other additional assignments

were added manually. The list of spin links was restricted to a list of diagnostic peaks

containing only HN (i)→HN (i+2), HN (i)→HN (i-2), HN (i)→HA(i-3) and HN (i)→Hα(i-4),

HN (i)→Hα(i-3) and HN (i)→Hα(i-4) NOEs. The chemical shift change and normalized

NOE intensity of the diagnostic peaks were plotted against temperature and fitted to their

respective functions using MATLAB. A linear function was used to fit the chemical shift

change over temperature and a cubic spline function was used to fit the NOE plots.
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Figure 3.1: Far UV CD spectra of NalP linker peptide measured at temperatures of 288 K
and 348 K.

3.3 Results

3.3.1 Thermal Denaturation of NalP Linker Peptide Using CD spectroscopy

The Far UV CD spectrum of the NalP linker peptide measured at 288 K has spectral

features that are characteristic of α-helical secondary structure (Figure 3.1). The spectrum

has a two minima at 208 nm and at 222 nm and a maximum at 190 nm. At 348 K, these

features are still present in the spectrum, but the absolute values of the ellipticities are

smaller than at 288 K. The fractional helicity (ph) of the peptide was calculated from the

mean residue ellipticities (θ) at 222 nm, using equation 2.1. The fractional helicity of the

peptide, as measured using CD spectroscopy, reduces from an value of 68% at 288 K to

35% at 348 K.

The loss of helicity with increasing temperature was observed by measuring the cir-

cular dichroism at 222 nm with increasing temperature and calculating the value of the
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Figure 3.2: Fraction of helicity (θH) NalP linker peptide as measured using CD spec-
troscopy between temperatures of 288 K and 348 K.

fractional helicity (ph) as described above (Figure 3.2). Helix-coil transitions of this type

are usually modeled using the Zimm-Bragg model. It is however, not possible to fit this

data using the Zimm-Bragg model for helix coil transitions because the fraction helicity

even at the lowest temperature measured is 0.68, and the value does not seem to approach

a value of 1 even for temperatures lower than those measured. In the NMR structure of

the NalP linker peptide in TFE, solved at 298 K, a stretch of residues in the C-terminus

of the peptide is unstructured and the peptide may not transition to a complete helix under

the experimental conditions. For the Zimm-Bragg model for helix coil transition to be

applicable, the peptide should be able to transition completely to both the helix and the

coil state. However, the data shows that the fractional helicity reduces to half the initial

value and that the peptide begins to unfold in these temperatures. The concave shape of

the curve indicates that the initial temperatures in the experiment are below the melting

temperature of the peptide.

66



3.3.2 Thermal Denaturation of NalP Linker Peptide Determined by NMR spectroscopy

Since the NMR experiments require measurement of spectra for extended periods of

time at elevated temperatures, it was required to initially verify the quality of the sample

at each temperature. [1H-15N]-HSQC spectra were measured at each temperature (Fig-

ure 3.3) and the number of amide crosspeaks was counted to check for the appearance of

any new peaks from products of peptide degradation. In the HSQC spectra, at the higher

temperatures of 328 K, 338 K, and 348 K, the appearance of small additional peaks were

observed (Figure 3.3). It is likely that these peaks new peaks belong to products of degra-

dation of the peptide because these additional peaks persist when HSQCs were measured

again in the lower temperature after the completion of experiments at the higher temper-

atures (data not shown). Unambiguous assignments of side chain proton chemical shifts

was still possible at the higher temperature from the 15N resolved TOCSY spectra. Rep-

resentative strips from the 15N resolved TOCSY spectra are shown for residues Ala-8 and

Asp-9 (Figure 3.4). In the strips, the peaks from the peptide are still well resolved and the

appearance of these new peaks does not seem to interfere with the assignment of chemical

shifts.

An overlay of the HSQC measured at different temperatures (Figure 3.5) shows that

both the amide proton and amide nitrogen chemical shifts change with temperature and

that the temperature dependence of these chemical shifts are different for each residue of

the peptide. The amide chemical shifts are plotted against the temperature for each residue.

The change in amide chemical shift is linear with temperature for all values except at the

highest temperature. A straight line was fitted to the initial six points of the data, the

slope of the line gives the amide proton temperature coefficients (∆δ(HN)/∆T ) of the

different residues. Amide proton temperature coefficients are affected by the exchange of

the amide proton with the solvent, which in turn is affected by hydrogen bonding. Amide
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Figure 3.3: [1H-15N]-HSQC spectra of NalP linker peptide in TFE at (a) 288 K, (b) 298
K, (c) 308 K, (d) 318 K, (e) 328 K, (f) 338 K, and (g) 348 K.
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Figure 3.5: Overlay of [1H-15N] HSQC spectra of NalP linker peptide in TFE at 288 K
(purple), 298 K (blue), 308 K (teal), 318 K (green), 328 K (yellow), 338 K (orange), and
348 K (red).

protons that do not form intramolecular hydrogen bonded will exchange more readily with

the solvent and their chemical shifts will change strongly with increasing temperature

compared to residues that are hydrogen bonded. In α-helices there is an N(i+4)→CO

hydrogen bond. The amide protons that are involved in intramolecular hydrogen bond will

have exchange rates higher than -4.6 ppb/K. However, for hydrogen bonds present in α-

helices, lower temperature coefficient values have been observed and it has been suggested

that a lower cut off of -5.6 ppb/K may be applied [175, 172, 176]. The amide proton

temperature coefficients of different residues of NalP linker peptide have been plotted

(Figure 3.6). A continuous stretch of residues having temperature coefficients higher than

-4.6 ppb/K exist between Ser-10 and Ala-24. In the NMR structure, these residues adopt

an α-helical conformation. Residue number seven shows the lowest value of amide proton

temperature coefficient, however this residue is a tyrosine. Aromatic residues sometime

have abnormally low amide proton temperature coefficients because their chemical shifts
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Figure 3.6: Temperature coefficients of the amide proton chemical shifts of NalP linker
peptide (∆δ(HN)/∆T ) plotted against the residue number. Dashed lines have been plotted
at a temperature coefficient values of -4.6 ppb/K and -5.6 ppb/K.

are affected by ring current shift from the aromatic side chain. This effect may also extend

to neighboring residues [176].

A weighted average chemical shift change parameter is often used as a qualitative

index of structural changes in proteins [177, 178, 179]. The change in chemical shift

for each type of spin is weighted by a factor that compensates for the variance in values

observed for that type of spin. Here, a similar parameter is defined as in equation 3.1,

where αN is the scaling factor applied to amide nitrogen chemical shifts. ∆δ(HN) and

∆δ(N) are the changes in amide proton and nitrogen chemical shifts from the initial value

at 305K and a scaling factor of 0.154 was used [177].

∆W δ(H
N , N) =

√
∆δ(HN)2 + (∆δ(N)× αN)2 (3.1)
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Figure 3.7: Change in weighted average chemical shift (∆W δ(H
N , N)) of different

residues of NalP linker peptide plotted against temperature.

The weighted average chemical shift change (∆W δ(H
N , N)) was plotted against tempera-

ture (Figure 3.7). Like in the case of the amide proton chemical shift, the weighted average

chemical shift is also linear for all values except the highest temperature. The tempera-

ture coefficient for the weighted average chemical shift change was obtained by fitting

a straight line to data points for the initial six temperatures (∆W δ(H
N , N)/∆T ). The

∆W δ(H
N , N)/∆T values obtained for each residue is indicated on the NMR structure of

the NalP linker peptide (Figure 3.8).

Many residues in the stretch between position 2 and 8 have relatively higher values of

∆W δ(H
N , N)/∆T . This may be due to the presence of the aromatic residue Tyr-7. How-
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Figure 3.8: The NMR structure of NalP linker peptide in TFE. Individual residues are
colored based on the values of the temperature coefficients of the weighted average chem-
ical shifts (∆W δ(H

N , N)/∆T ). The N-terminus is colored white since amide proton and
nitrogen chemical shifts were not determined for this residue.

ever, even residues Lys-2 and Thr-5 that are not neighbors of Tyr-7 have higher values of

∆W δ(H
N , N)/∆T . It is possible that the N-terminus of the peptide is less stable and may

be frayed readily when the unfolding of the peptide occurs. The C-terminus of the peptide

seems to be already unstructured in the lower temperature. The ∆W δ(H
N , N)/∆T are

also lower for this region of the peptide. With the exception of Val-25, all residues have

low ∆W δ(H
N , N)/∆T values.

HN (i)→ HN (i+2), HN (i)→ HN (i-2), HN (i)→ Hα(i-3), and HN (i)→ Hα(i-4)NOE

crosspeaks are characteristic of α-helices. A restricted set of these NOE crosspeaks were

picked from the NOESY spectra measured at each of the temperatures. Representative

strips from the 15N resolved NOESY spectra at the different temperatures are shown in

(Figure 3.9). As expected, it can be seen that the intensity of the crosspeak decreases with

increasing temperature. The intensity values for each NOE cross peak were normalized

and plotted against temperature and fitted with a cubic spline function (Figure 3.10). The

temperature at which the NOE intensity is half that of the initial value is calculated and
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Figure 3.9: [δ(1H),δ(1H)] strips of Asp-9 from 15N resolved NOESY spectra of NalP
linker peptide measured at different temperatures as indicated. Strips are centered around
the amide 1H and amide 15N chemical shift of Asp-9 at each temperature. The peak
HN (i)→Hα(i-3) NOE crosspeak with Val-6 is indicated in each strip.
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Figure 3.10: Relative intensity of NOE crospeaks from NalP linker peptide plotted as a
function of temperature.
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Figure 3.11: Structure of NalP linker peptide in TFE. NOE crosspeaks observed between
different spins are indicated using a line. Lines are colored according to the cutoff temper-
atures calculated from (Figure 3.10).

used as a cutoff temperature. This cutoff temperature is indicated on the structure of

the NalP linker peptide (Figure 3.11). All the NOE crosspeaks having relatively high

cutoff temperatures arise from spins belonging to residues between Ala-8 and Gln-18 on

the sequence. The NOEs from the C-terminus of the peptide all exhibit lower cut-off

temperatures, in the NMR structure this region of the peptide is random coiled. All the

NOE crosspeaks having relatively high cutoff temperatures arise from spins belonging to

residues between Ala-8 and Gln-18 on the sequence. The cutoff temperatures for the NOEs

from regions flanking this stretch are lower. This possibly indicates that the unfolding on

the peptide may be initiated from the ends of the α-helix.
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3.4 Discussion

The NalP linker peptide undergoes partial unfolding under the temperatures measured.

From the CD experiments it can be seen that even in the highest temperature measured,

there is some residual helicity in the peptide. The region between Ala-8 and Gln-18 on the

peptide has the highest temperature cut-off values from the NOE experiment. This region

also contains a continuous of stretch residues having amide proton temperature coefficients

that are greater than the -4.6 ppb/K cut-off for hydrogen bonded protons. This region

seems to be relatively higher stability than the other regions of the peptide and perhaps

retains more of its structure in higher temperatures contributing to the residual helicity in

those temperatures. The NOE cut off temperatures of residues adjacent to this stretch are

lower in comparison. Upon increase of temperatures, it is likely that these regions will lose

structure sooner than the region between Ala-8 and Gln-18, thus initiating the unfolding

reaction in the termini of the helix.

In the NMR structure of the NalP linker peptide in TFE, we observed that the C-

terminus is random coiled. However, in the crystal structure of the translocator domain

of the NalP autotransporter [38], this region is an α-helix. It is possible that additional

favorable interactions occur when the linker is positioned in the pore of the barrel adding

to its stability. It has been hypothesized from the crystal structure that the presence of 7

seven salt bridges, 16 hydrogen bonds and other van der Waal’s contacts act to stabilize

the structure of the helix. Interestingly, the stable region identified in TFE also has some

HN (i)→ Hα(i-3), and HN (i)→ Hα(i-4) NOEs in the sample of the NalP linker peptide in

SDS detergent micelles. In SDS putative hydrogen bond donors identified also are from

this region. This makes those set of residues a good candidate as the nucleation site for

helix formation. Also functionally, since the C-terminus of the peptide is attached to the

translocator domain, it may be required to be more mobile until the linker attains its final
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folded conformation. Thus it can be speculated that the initiation of the helix formation

happens in the stretch of stable residues and is propagated from there and the C-terminus

is finally stabilized in the β-barrel after other tertiary contacts are formed.
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4. THERMALLY INDUCED HELIX-COIL TRANSITIONS IN MEMBRANE

ASSOCIATING PEPTIDES

4.1 Introduction

Two important categories of membrane associating peptides are cationic antimicro-

bial peptides and viral fusion peptides. While both categories differ in their designated

functions, their mode of action is primarily based on an interaction of the peptide with

the biological membrane [138]. The amino acid composition and sequences of the two

families of peptides are very different. Cationic antimicrobial peptides are amphipathic

in nature. They are usually soluble in water, while at the same time have the ability to

interact with the cell membrane. They are composed of up to∼50% hydrophobic residues

and have multiple cationic residues, giving them a net positive charge at neutral pH [128].

The cationic residues are usually spaced out on the sequence of the protein such that upon

formation of a helix, the residues are located on one face of the helix, with hydrophobic

residues populating the other face. This arrangement enables them to adopt configurations

where the hydrophobic face of the peptide is buried into the lipid bilayer and the charged

surface is positioned near the polar head groups of the lipid [125, 126, 180]. On the

other hand, the sequences of viral fusion peptides contain a very high fraction of glycine

and alanine residues. It is believed that this composition enables them to have a higher

conformational mobility when interacting with the membrane [136]. While antimicrobial

peptides have a net positive charge between +2 and +9, fusion peptides are usually neutral

or sometimes even anionic [138].

Cationic antimicrobial peptides are minimal in their design. They do not possess any

special binding pockets or motifs that recognize the target organism. Despite this, they

are able to interact with the membranes of the pathogen and cause toxicity while creating
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no such effect in the host organism [123]. It has been suggested that the selective toxicity

of these peptides towards bacterial hosts stems from the negative charge of the bacterial

cell membrane compared to that of eucaryotes [131, 128]. The ability to interact with

the membrane and the selectivity of this interaction is derived from the sequence of the

peptides. The effect of physical properties of the peptide such as hydrophobicity and

charge, on its toxicity and specificity of the peptide have been studied. It has been observed

that both the net positive charge and the presence of positive charges on the hydrophilic

face of the peptide are determinant factors for biological activity. In the antimicrobial

peptide L-V13K studied, the reduction of net charge below a threshold of +4 eliminated

antimicrobial effect of the peptide [181, 182].

Many viral fusion peptides have negatively charged residues [183, 15]. The fusion

activity of these peptides are also often triggered by a change in pH. In the host organ-

ism, this is realized by endocytosis of the virus [139, 137]. The pH inside the endosome

is acidic when compared to the extracellular milieu. The change in pH has been shown

in some cases to cause the protonation of the negatively charged residues to mediate a

conformational change that enables the fusion process [13]. In viral fusion peptides also,

charge, or lack thereof, is a determining factor of biological activity. Thus, it is of inter-

est to biophysically characterize electrostatic interactions between membrane associating

peptides and the biological membrane.

Two membrane associating peptides, the cationic antimicrobial peptide Magainin2 and

a G1V mutant of the hemagglutinin viral fusion peptide from the influenza virus have

been selected as model molecules. Magainin2 is a 23 residue cationic peptide (sequence

- GIGKFLHSAKKFGKAFVGEIMNS) that was first discovered in the skin of Xenopus

laevis [184]. It has four lysine residues in positions 4,10,11 and 14 respectively and gluta-

mate at position 19, giving it a net charge of +3 at neutral pH. Magainin2 is unstructured

in water. However, it adopts an α-helical structure in SDS and DPC detergent micelles and
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in the helix stabilizing organic solvent TFE [144, 185]. The three phenylalanine residues

that are present in the peptide are positioned on the same face of the peptide. That face

is rich in hydrophobic residues and additionally has two isoleucine, one valine and one

alanine residues. The HA G1V peptide (sequence - VLFGAIAGFIENGWEGMIDG) is

a fusion incompetent variant of the hemagglutinin fusion peptide [15]. In DPC detergent

micelles, the NMR structure of the peptide has been solved, and it adopts a helical struc-

ture between residues Phe-3 and Glu-15 (PDB ID: 2MAG). The sequence of the peptide

has two glutamate and one aspartate residues, giving a net charge of -3 at neutral pH.

In this work, the role played by charge in the interaction of the two membrane as-

sociating peptides with membrane mimetics is determined by a combination of CD and

NMR spectroscopy. The membrane mimetics used are detergent micelles. The charge

of the detergent micelles was changed by using detergent micelles of an anionic detergent

(sodium dodecyl sulfate), a cationic detergent (dodecyl trimethyl ammonium chloride) and

a zwitterionic detergent (dodecylphoshpocholine). Thermally induced denaturation of the

peptides was observed in three different detergent micelles of differing charge using CD

spectroscopy. Furthermore, residue specific effects caused by altering the net charge of

the detergent micelle were investigated using NMR spectroscopy by observing changes

of chemical shift and peak intensity of NOEs in the Magainin2 peptide in SDS and DPC

micelles.

4.2 Experimental Procedures

4.2.1 Sample Preparation

Peptide samples for Magainin2 and HA G1V, prepared by solid phase peptide syn-

thesis, were obtained commercially (Anaspec Fremont, CA, USA). The peptide powder

provided by the manufacturer was dissolved in 10 mL 30% (v/v) acetonitrile with 0.1%

(v/v) trifluoroacetic acid for each 1 mg of peptide powder. Peptides were portioned out for
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each sample to be prepared by aliquoting a measured volume of the peptide solution and

lyophilizing the peptide to remove the solvent. Samples were prepared by subsequently

dissolving the aliquoted peptide powder in the buffer of choice. Samples for CD spec-

troscopy were prepared by dissolving 0.05 mg/mL of either peptide in 20 mM sodium

phosphate with 100 mM of the respective detergents adjusted to pH 6.8. Samples were

prepared in the cationic detergent dodecyl trimethyl ammonium chloride (DTAC), the

anionic detergent sodium dodecyl sulfate (SDS) and the zwitterionic detergent dodecyl

phosphatidylcholine (DPC). Samples for NMR spectroscopy were prepared by dissolving

1 mM Magainin2 peptide in 20 mM sodium phosphate 1 mM 4,4-dimethyl-4-silapentane-

1-sulfonic acid (DSS), 5% v/v 2H2O along with 150 mM or either SDS or DPC detergent

respectively. Samples were degassed by four cycles of freezing and thawing under vac-

uum, and sealed under nitrogen gas for the NMR measurements at higher temperatures.

4.2.2 CD Spectroscopy

Circular dichroism experiment were done on a Model 62DS CD Spectrometer (AVIV

Biomedical Inc., Lakewood, NJ, USA). Initial wavelength scan measurements of the pep-

tides were done at a temperature of 288 K between 300 nm and 190 nm in increments of 1

nm, and a bandwidth of 1 nm with a signal averaging time of 10 s. Thermal denaturation

experiments were done at a measurement wavelength of 222 nm which shows a charac-

teristic minimum for α-helical secondary structure. The temperature scan was started at

a temperature of 288 K with increments of 1 K upto 368 K providing 5 min equilibration

time between each temperature point and 30 s of signal averaging.

4.2.3 NMR spectroscopy

All experiments were done on an 11.7 T Avance III spectrometer with a TCI triple

resonance cryoprobe (Bruker, Billerica, MA, USA). Temperatures were increased starting

at 305 K to 345 K at intervals of 10 K. At each temperature, NOESY (150 ms mixing time)
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and TOCSY (MLEV-17 mixing sequence, 100 ms mixing time at 10.7 kHz) experiments

were measured.

4.2.4 Chemical Shift Assignment and NOE Intensity Integration

Spectra were processed with TOPSPIN software (Bruker) and calibrated using the DSS

internal standard. The NOESY and TOCSY spectra measured at a temperature of 315 K

were used to obtain initial chemical shift assignments for Magainin2 peptide in both SDS

and DPC detergent micelles. The assignments obtained were compared to the assign-

ments reported in [144]. The assignments at 315 K were used as a reference to map the

assignments at higher temperatures. Chemical shift differences from the initial values

were plotted against temperature and the best fit straight line was calculated. The slope of

the graphs give the temperature coefficients of the chemical shifts [176]. NOE crosspeaks

were picked out in NOESY spectra at 315 K and assigned using the CANDID module in

CYANA software [156]. The assigned NOEs were verified, and an identical set of NOE

crosspeaks were picked at all the temperatures. Peaks were integrated at the different

temperatures using CARA and normalized between the lowest and highest integral val-

ues for each peak. The normalized intensities of HN (i)→ Hα(i-3), HN (i)→ Hα(i-4) and

Hα(i)→ Hβ(i+3) NOE crosspeaks were plotted against temperature. A cubic spline func-

tion was used to fit the data points and the temperature at which the normalized intensity

is half the initial value was taken as an empirical cutoff temperature [173].

4.3 Results

4.3.1 Monitoring Thermal Denaturation of Magainin2 and HA G1V Peptides by CD

Spectroscopy

Far UV CD scans were measured for Magainin2 (Figure 4.1) and HA G1V (Figure 4.2)

in all three different detergent micelles at 288 K. In all three detergents, both the peptides

have an α-helical secondary structure, which is indicated by the presence of two minima
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Figure 4.1: Far UV CD spectrum of Magainin2 peptide in SDS, DPC and DTAC detergent
micelles.

at 222 nm and 208 nm. In the case of HA G1V, since the peptide sequence contains one

tryptophan residue, quantification of the sample was done by measuring the absorbance of

the sample at 280 nm. The peptide concentrations obtained for each sample were within

a range of ± 2.5% from the mean concentration value. Accurate determination of sample

concentration was not possible in Magainin2, due to low final sample concentrations and

absence of any tyrosine and tryptophan residues in Magainin2. However, based on the

consistently similar sample concentrations measured for the HA G1V samples, the prepa-

rations of Magainin2 by an identical method have been considered to have similar con-

centrations among themselves. For each peptide, similar circular dichroism values were

observed in all three different detergents indicating that the choice of the detergent micelle

had an insignificant effect on the net secondary structure content of the two peptides.

Thermally induced unfolding of the two peptides was monitored by measuring the

CD signal at 222 nm (θ222nm). The CD signal was plotted against temperature for HA

G1V peptide (Figure 4.3 a). Since the sample concentrations and also the initial fraction
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Figure 4.2: Far UV CD spectrum of HA G1V peptide in SDS, DPC and DTAC detergent
micelles.

of helicity of the peptide may be different for each peptide, the relative change in the

observed circular dichroism from initial value at 288 K (∆θ/θ288K) against temperature

(Figure 4.3 b). In the HA G1V sample, a clear difference is seen in the curvature of

the plots obtained for the three detergents. In SDS micelle, the response of ∆θ/θ288K

to increasing temperatures follows a curve that is concave. On the other hand, in DTAC

detergent micelle the plot is convex. For the peptide measured in DPC micelles, the plot

has a curvature that lies between that of either detergent. A clear difference can be seen in

the first derivative of ∆θ/θ288K with respect to temperature for the three detergents.

Since accurate determination of sample concentrations was possible in HA G1V, the

mean residue ellipticity value at 222 nm was used to calculate the fractional helicity (pH)

using equation 2.1. The theoretical mean residue ellipticity values at 222 nm for both

the α-helix and the random coil depend on the temperature according to equations 2.2.

and 2.3. respectively. The calculated fractional helicity (pH) was plotted as a function of

temperature (Figure 4.3 c). The calculated percentage helicity plots for HA G1V are all
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Figure 4.3: Thermal denaturation curves for HA G1V peptide. θ222nm (a), ∆θ/θ288K at
222 nm (b) and pH (c) of HA G1V peptide are plotted as a function of temperature in
SDS, DPC and DTAC detergent micelles. The sample concentration is 0.05 mg/mL.
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concave downwards but their curvatures are different, with the samples in DTAC, DPC

and SDS detergent micelles having increasing levels of curvature. The curvature observed

in this plot is different from those observed in the plots of θ222nm and ∆θ/θ288K against

temperature because the theoretical values of mean residue ellipticities for random coil

and helix used to calculate the fraction helicity depend on the temperature.

θ222nm and ∆θ/θ288K values for Magainin2 are plotted against temperature (Figure 4.4

a, b) In the case of Magainin2, difference in the curvatures of thermal denaturation plots

of the three different micelles is not as not as high as that of HA G1V. In Magainin2, the

peptide in SDS detergent micelle the values of ∆θ/θ288K follow a curve that is convex at

higher temperatures. For the peptide in DPC and DTAC detergent micelles such a fea-

ture is not observed and it is difficult to discern and differences between the two micelles.

However, when the sample concentration of Magainin2 was doubled, to 1 mg/mL, a larger

difference in the shapes of the curves can be observed (Figure 4.4 c, d). The DTAC deter-

gent micelle shows the greatest curvature, while SDS shows the least curvature. In the case

of Magainin2, since accurate determination of the sample concentration was not possible,

fractional helicities are not reported. In both Magainin2 and in HA G1V, the DTAC sample

shows the greatest decrease in ∆θ/θ288K , while SDS shows the least decrease in ∆θ/θ288K

with increasing temperatures. However, the curvatures of the thermal denaturation plots

are opposite. In HA G1V, the sample in DTAC detergent micelle shows the least curvature

and the sample in SDS shows the highest curvature. Whereas in Magainin2, the sample in

SDS shows the least curvature while the sample in DTAC shows the highest curvature.

The curvature of the helix coil transition can be explained using the Zimm-Bragg the-

ory for helix coil transition [170], which provides a thermodynamic description of the helix

coil transition. In the model the helix initiation and propagation steps are considered sep-

arately and the helix coil transition is defined in terms of the nucleation factor(σ) and the

propagation parameter (s). The equilibrium constant for the nucleation of helix formation
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Figure 4.4: Thermal denaturation curves for Magainin2 peptide. θ222nm (a, c) and
∆θ/θ288K at 222 nm(b,d) of Magainin2 peptide are plotted as a function of temperature in
SDS, DPC and DTAC detergent micelles. The sample concentrations are 0.05 mg/mL (a,
b) and 0.1 mg/mL (c, d).
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is defined to be σs and the equilibrium constant for adding every additional unit of helix is

s. Values for σ range between 0 and 1. When σ=1, the plot of pH against temperature will

have no curvature and it represents a case when there is no cooperativity in the coil to helix

transition. In the Zimm-Bragg model, higher cooperativity refers to a greater tendency of

the peptide to form contiguous stretches of helix once the initial entropic barrier for the

nucleation of the helix is crossed. In the data obtained here, in the presence of a like charge

the peptides show a greater curvature in the thermal denaturation plot and hence a greater

cooperativity in the transition from coil to helix. When considering the transition from

coil to helix, the presence of a like charges should likely make the helix more unstable

thus disfavoring the formation of the helix. It seems counter-intuitive how the presence of

such a destabilizing effect would contribute to greater cooperativity in the folding of the

helix but a closer examination of the mechanism of helix coil transitions provides a pos-

sible explanation. The addition of a single helical unit in a helix coil transition involves

the formation of a (i+4)→(i) hydrogen bond. In the case of nucleation, this would involve

loss of conformational entropy due to loss of mobility at six rotational angles and this loss

of conformational entropy is partially compensated by the formation of a hydrogen bond

[168]. However, addition of further helical units require only the conformational restric-

tion of two additional rotational angles making it favorable to add additional helical units

to the initial nucleation site to compensate for the initial loss of conformational entropy.

In the case of peptides on detergent micelles, additional factors possibly contribute to the

energetics of the system than just the formation of the hydrogen bond itself. It is possible

that when a new helical unit is added, some residues are buried into the hydrophobic in-

terior of the lipid and others are exposed at the surface of the micelle in proximity to the

lipid head group. In amphipathic helices, it is likely that the charged and polar residues are

positioned hear the head group of the lipid. When like charges are present on the peptide

and on the the head group of the detergent, the electrostatic interactions between the head
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group of the detergent and the charged residues of the peptide are unfavorable and may

reduce the extent to which the addition of a helical unit compensates for the loss of con-

formational entropy. Thus more helical units have to be added to an initial nucleation site

until the loss of conformational entropy from the nucleation event is compensated, and this

results in greater cooperativity in the folding process. In the presence of opposite charges,

the addition of fewer helical units may already compensate for the loss of conformational

entropy from the initial nucleation event by gaining favorable electrostatic interactions and

hence in this case the cooperativity will be lower.

Unfolding of short α-helical peptides in solution is typically reversible, but the same

is not true in all cases for proteins. This is possibly due to the fact that these peptides do

not have any long range contacts and interactions, but the folding and stability of proteins

depends on these additional interactions. In detergent micelles, apart from intramolec-

ular interactions, peptides also have additional interactions with the detergent micelle.

Therefore, it was also verified if the folding and unfolding reactions are equivalent. Full

wavelength scan CD spectra were measured in increasing temperatures between 288 K

and 368 K and backwards (Figure 4.5 a and b). In the measured spectra, an isodichroic

point could not be identified because of the high absorbance at wavelengths smaller than

205 nm, due to absorbance from components of the buffer and the detergent micelle. Thus,

it could not be unequivocally verified that only two states were involved in the helix coil

transition. The ellipticity value at 222 nm were plotted for both the heating and cooling

process (Figure 4.5 c). The ellipticity values obtained from the heating and cooling pro-

cesses at each temperature were different. A much higher value of ellipticity was obtained

during the cooling process. This implies that the peptide is not able to completely refold

after thermal denaturation under the conditions tested. In DPC detergent micelles, this

difference between the heating and cooling process is larger than that observed for SDS

micelles (Figure 4.5 d).
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Figure 4.6: The finger print region from the TOCSY spectra of Magainin2 peptide in (a)
DPC detergent micelle (b) SDS detergent micelle at 315 K.

4.3.2 Thermal Denaturation of Magainin2 Monitored by NMR Spectroscopy

Chemical shift assignment of Magainin2 peptide was completed in SDS and DPC de-

tergent micelles at increasing temperatures between 305 K and 345 K. The chemical shifts

were assigned from TOCSY and NOESY experiments at 315 K. The chemical shifts re-

ported by [144] were used as a reference to assign the chemical shifts of the different

peptide resonances in the two detergent micelles. In all temperatures, the spectra are well

resolved, the fingerprint region of the TOCSY spectra at 315 K are shown as an example

(Figure 4.6). An overlay of the TOCSY spectra shows that the Hα and HN chemical shifts

change with temperature in either detergent micelles (Figure 4.7). The change in chemical

shift of the Hα and HN from the initial value at 305 K was plotted against temperature

(Figure 4.8 and 4.9). Different residues of the peptide show varied dependence on tem-

perature in the plot. In either detergent micelles, the value of Hα chemical shifts increased

with temperature, whereas the value of HN chemical shift decreased with increasing tem-

perature.

The the temperature coefficients HN and Hα (∆δ(H)/∆T )for each residue was ob-

tained from the slope of the linear portion of the plots in (Figure 4.8 and 4.9) and plotted
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Figure 4.7: Overlay of TOCSY spectra of Magainin2 measured at increasing temperatures.
Spectra were measured at 305 K (violet), 315 K (blue circles), 325 K (green), 335 K
(orange) and 345 K (red triangles) respectively.

Figure 4.8: The change in Hα chemical shift from initial value at 305 K plotted as a
function of temperature for Magainin2 in SDS (blue circles) and in DPC (red triangles)
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Figure 4.9: The change in HN chemical shift from initial value at 305 K plotted as a
function of temperature for Magainin2 in SDS (blue circles) and in DPC (red triangles)
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against the residue number on the sequence of the peptide. The greater change in chemical

shift can be used as a qualitative indicator of a greater change in the chemical environment

with increasing temperature. The change in chemical shift in the case of amide proton

is significantly affected by exchange with the solvent. The presence of intramolecular

hydrogen bonds in a protein greatly increases the temperature coefficient to a greater pos-

itive value [176]. In soluble proteins, this has been used an indicator of the presence of

intramolecular hydrogen bonds. In Magainin2, the sample in DPC has temperature coeffi-

cients that are comparable to or greater than those in SDS detergent micelles. For soluble

proteins, a cut off of >-4.6 ppb/K has been considered as an indicator for the presence of

hydrogen bonds in soluble proteins [172, 175]. For hydrogen bonds present in α-helices

the cut off can be relaxed to >-5.6 ppb/K [172]. The ∆δ(Hα)/∆T values for each residue

of Magainin2 in DPC detergent micelles are either comparable to or greater than the val-

ues for that of SDS (Figure 4.10 a). However, the absolute value of ∆δ(HN)/∆T for all

residues in DPC are lower than those in SDS. The differences in these values are small

making it difficult to interpret the data unequivocally. .

The intensities of NOE crosspeaks depend on inter-proton distances and are a good

indicator of structure. An α-helical secondary structure is characterized by the presence

of HN (i)→ Hα(i-3), HN (i)→ Hα(i-4) and Hα(i)→ Hβ(i+3) NOEs. However, it must be

considered that the actual intensity of the NOE depends on factors other than inter-proton

distances such as the local order parameter and correlation time. These parameters are

affected by temperature both directly and also indirectly by changing of solvent properties

such as viscosity. Despite this, NOEs can still be used as an indicator of changes in

intermolecular distances with increasing temperature [173, 186].

NOE intensity values from HN (i)→ Hα(i-3), HN (i)→ Hα(i-4) and Hα(i)→ Hβ(i+3)

NOE crosspeaks were normalized with respect to the initial observed value and plotted

against temperature and fit with a cubic spline function for DPC(Figure 4.11) and SDS
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Figure 4.10: Temperature coefficients of Hα (∆δ(Hα)/∆T ) (a) and HN (∆δ(HN)/∆T )
(b) for Magainin2 plotted against residue number in SDS (blue circles) and in DPC (red
triangle)

(Figure 4.12) detergent samples. The temperature corresponding to a normalized intensity

of 0.5 was obtained from the spline function and used as a cut-off temperature. A similar

empirical cut-off value has been previously reported as a reliable indicator to study the

thermal denaturation of TrypZip peptide [173]. The cut-off values obtained from (Figure

4.11 and 4.12) have been plotted on the structure of Magainin2 peptide (PDB ID: 2MAG)

(Figure 4.13).

The sample of Magainin2 in DPC detergent micelles gave more HN (i)→ Hα(i-3),

HN (i)→ Hα(i-4) and Hα(i)→ Hβ(i+3) NOE crosspeaks at the initial temperatures than

in SDS micelles. A similar observation can also made in the data presented in [144]. Over-

all, the cut off temperature values obtained in DPC are much larger than those obtained in

the SDS detergent micelle. However, it may be misleading to directly compare the cut-off

values of the NOE crosspeaks between the two detergent samples because the size of the

detergent molecule and aggregation number of the detergent micelles are different. The

expected size of the detergent micelles for DPC and SDS are ∼18 kDa and ∼24 kDa re-
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Figure 4.11: Normalized intensity values for NOE cross peaks for Magainin2 peptide in
DPC detergent micelles plotted against temperature.
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Figure 4.12: Normalized intensity values for NOE crosspeaks for Magainin2 peptide in
SDS detergent micelles plotted against temperature.
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spectively. While the effect of temperature on the correlation time for global motion can

be expected to be similar for all resonances in the same micelle, the same is not reasonable

to assume for the two detergent micelles of different sizes. In the DPC detergent micelle,

cut-off value range between 312 K and 333 K. Most of the NOEs with higher cut-off val-

ues are located in the middle of the peptide between residues Ser-8 and Phe-16. In DPC,

the C-terminus of the peptide has many NOEs with higher cut-off values with the excep-

tion of the HN (V17)→ Hα(G13) and Hα(V17)→ Hβ(I20) crosspeaks. In SDS detergent

micelles, as in the case of DPC higher crosspeaks with higher cut off temperatures are lo-

calized in the middle of the peptide. Unlike in the case of DPC detergent micelles, no NOE

crosspeaks with noticeable low cutoff temperatures are detected in the C-terminus of the

peptide. However, only two representative NOEs were observed in this region of the pep-

tide. In the N-terminus of the peptide however, more NOEs are found in the sample in SDS

detergent micelles, however these NOE crosspeaks have relatively lower cut-off tempera-

ture values. The peptide in (Figure 4.13) has been rendered such that the hydrophobic face

residues of the peptide is towards the right side, hydrophobic residues have been colored

in beige whereas polar and hydrophilic residues are colored grey. In the NMR structure

of Magainin2 in DPC, the helix is curved in shape. The hydrophobic face of the peptide

is concave, while the hydrophilic face is convex. In SDS, the NOEs from either face of

the peptide have comparable values of cutoff temperatures. In DPC, the NOEs from the

hydrophobic face of the peptide have significantly higher cutoff temperatures than that of

the hydrophilic face. The NOEs with the higher cut-off temperature populate the concave

face of the peptide.

4.4 Discussion

From the circular dichroism data, it can be clearly seen that the presence of like charges

on the peptide and the detergent micelle causes a higher cooperativity in the unfolding of
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the peptide. Since the trend was verified using peptides of opposite charge, it can be justi-

fied that the observation was not merely the outcome of any experimental artifacts caused

by dependence of micelle properties such as aggregation number or critical micelle con-

centration to temperature. When opposite charges are present on the micelle and on the

peptide, it may possibly have a stabilizing effect on the α-helix, and the helix to coil transi-

tion may not happen readily. On the other hand, the presence of like charges on the peptide

and on the micelle might have a destabilizing effect on the α-helix causing the unfolding

reaction to proceed more readily. In the zwitterionic micelle, it shows an intermediate

effect to that of the cationic and anionic micelle in each case. If the mere presence of a

charge, or absence thereof determined the curvature of the helix coil transitions, the ther-

mal denaturation curve of the zwitterionic detergent would resemble one of the two other

detergent micelles. However, thermal denaturation plots for the zwitterionic detergent is

not comparable to either the cationic or anionic detergent.

On the residue specific level, the only observable difference was that in DPC there was

a greater difference between temperature cutoff values from the hydrophobic face of the

peptide and that of the hydrophilic face of the peptide. In SDS detergent micelles, the

temperature cutoff values from either face of the peptide were comparable. This suggests

that the presence of negative charges exclusively on the SDS micelles adds to the stability

of the hydrophilic face of the peptide. In the case of DPC, the zwitterionic character of

the peptide due to the presence of both positive and negative charges does not stabilize the

hydrophilic face as effectively. It has to be considered that the difficulty in discerning the

differences between the two systems might arise from the intrinsic nature of the system. It

is certainly plausible that the specific details of interaction of the membrane mimetic to the

peptide such as angle of insertion into the micelle, depth of insertion into the micelle and

the bend in the structure peptide are different between the two systems. The peptide should

orient itself in the micelle with a structure and a configuration that is energetically the most
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favorable. It is therefore possible that microscopic adjustments in structure and orientation

renders the differences between the peptide in the two different micelles unobservable.

For Magainin2, the highest cooperativity was observed in a cationic detergent micelle,

however the bacterial membrane is negatively charged. Hence, mere cooperativity in fold-

ing may not be a determining factor in the antimicrobial activity of the peptides. The

stability and orientation of the peptide on the membrane may play a more important role.

Hydrophobic interactions of the membrane with the residues of the peptide, solvation of

charged residues, favorable or unfavorable interactions with the charge on the head group

of the lipid may all play a role in the stability and orientation of the peptide. It is likely

that a loss in a favorable interaction with an opposite charge on the surface of the micelle

is compensated by burying the hydrophobic portion of the peptide to a depth that is op-

timally favorable. This becomes more complicated when residues of opposite charge are

present on the peptide, which is true in the case of Magainin2. In Magainin2, the cationic

lysine residues are present in positions 4, 10, 11 and 14 of the peptide and a glutamate

residue at position 19. In the SDS micelle, while the negative charge can have favorable

interactions with the positively charged lysine residues, the unfavorable interactions with

the glutamate residue are also present. The combination of these effect might influence

the depth and angle of insertion of the peptide.

Most experiments in this study examine the helix to coil transition of peptides, which

is an unfolding process. However, the function of both cationic antimicrobial peptides

as well as viral fusion peptides are determined by a coil to helix transition, which is an

folding process. From the cooling experiments performed using CD spectroscopy, there

are indications that the two processes may not be equivalent. Helix coil transitions in

solvents are readily reversible, but the same may not necessarily hold true for peptides

in detergent micelles. One explanation is that thermal unfolding of the peptide populates

states from which recovery back to the helical configuration may not be straightforward.
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It is possible that hydrophobically collapsed intermediate states with interactions with the

lipid cause energy minima from which recovery to a helical conformation is not kinetically

favorable. Thus, it would be relevant to further investigate the coil to helix transitions of

these peptides. Between the SDS and DPC detergent micelles in the cooling experiment

shown in (Figure 4.5), the sample in SDS is able to recover to a greater extent to its

initial helical fold than the sample in DPC detergent micelles. The observed difference in

recovery may depend on the extent to which the peptide unfolds at the highest temperature

in each micelle.

From a functional point of view, this study represents a very simplistic approach to

determine the effect of charge in the helix to coil transition and stability of the α-helices

of membrane associating peptides. The biological membrane is more complicated than

a detergent micelle and is constituted of a combination of different lipids. Each of these

lipids alter the charge, rigidity and chemical nature of the membrane. Additionally, the mi-

celle is spherical, whereas the the membrane is flatter and parameters such as membrane

curvature have been shown to affect the activity of these peptides [128]. It will be more

challenging to model the exact variables that contribute to the physiological activity of

these peptides. But measuring microscopic parameters such as depth and angles of inser-

tion of peptides, and correlating these values to the toxicity and selectivity of the peptide

may enable rational design of more effective antimicrobial peptides.
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5. CONCLUSIONS

Many biologically active peptides including antimicrobial peptides, viral fusion pep-

tides and transmembrane segments of α-helical membrane proteins interact with the bio-

logical membrane. The function of these peptides often involves a change in the structure

of the peptide upon interaction with the membrane. CD and NMR spectroscopy meth-

ods are often used to investigate the interaction these peptide with detergent micelles, to

provide insight about the interaction of the peptide with the biological membrane.

In this work, the linker peptide from the autotransporter NalP, the antimicrobial peptide

Magainin2 and the mutant viral fusion peptide HA G1V have been studied. The linker

peptide from the autotransporter NalP exhibits a random coil secondary structure in an

aqueous medium. In the presence of a detergent micelle, the peptide has been shown to

exist in a partially helical conformation. In the organic solvent TFE, the NMR structure

of the peptide has been determined and the peptide folds into an α-helix. The different

secondary structures of the linker peptide in water, SDS detergent micelles and in TFE

suggest that the linker peptide may also be involved in interactions with the biological

membrane during the protein secretion function of the autotransporter.

Apart from the determination of the structure of the linker peptide in TFE, the thermal

denaturation of the α-helix formed by the linker peptide was also investigated using CD

and NMR spectroscopy. Upon heating, the peptide undergoes denaturation, however a

significant residual helicity can be observed. A helicity of 35% was determined at 345

K compared to the initial value of 68% at 288 K. Residue specific effects of heating on

the folding of the peptide were determined by observing changes in chemical shifts and

relative intensities of NOE crosspeaks. Residues located in the middle of the α-helix

display higher values of an empirically defined cutoff temperature and we suggest that this
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region of the peptide has a greater thermal stability compared to those located towards

the termini. This observation suggests that the ends of the α-helix may get frayed readily

and that the unfolding of the helix may initiate at the termini of the helix. It would be of

significance to investigate whether lower thermal stability of termini is a common feature

for all α-helices.

Thermal denaturation of peptides in detergent micelles having different charge has

been investigated by using a combination of NMR and CD spectroscopy. The peptides

used in this study, Magainin2 and HA G1V, have opposite charge and were observed in

cationic, anionic and zwitterionic detergent micelles. When like charges are present on

the peptide and on the detergent micelle the measured thermal denaturation curve has a

greater curvature. The increased curvature of the thermal denaturation plot suggests an

increase in the cooperative effect in the helix coil transition of the peptide in the presence

of like charges. While clear differences exist in the overall behavior of the peptide in the

different detergent micelles, no unambiguous differences were observed for the peptides

at the residue specific level.

In the above studies, we observe peptides in aqueous media as well as in detergent mi-

celles and organic solvents. Detergent micelles are a relatively simple and robust medium

for observation of peptides. The structures and stability of peptides in these media can

often be used as an indicator for the interaction of the peptide in the lipid bilayer. On a de-

tergent micelle the peptide experiences electrostatic and hydrophobic interactions. These

interactions determine the stability and folding cooperativity of the peptide. But to gain a

complete picture additional parameters such as depth, angle and azimuth of the insertion

of the peptide in the detergent micelle are to be investigated as well. This can be performed

by measuring additional NMR experiments such as resiual dipolar coupling, paramagnetic

relaxation enhancement NMR and exchange rate of labile protons. Moreover, the NOE

and chemical shift based method for determining thermal denaturation can be improved
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upon by measuring additional experiments to determine NOE buid up rate and J-coupling

constants as indicators of structure of the peptide.

While all the peptides studied here by thermal denaturation here are straight, some

peptides fold to form kinked helices and helical hairpins. The investigation of the thermal

stability of these peptides would be very interesting. Determination of residue effects of

temperature on these peptides would indicate the effect of the kink or the hairpin structure

on the folding and unfolding mechanisms of these peptides.

This work addresses only the interaction of the linker with the membrane. It is also

additionally possible that the linker peptide is involved in interactions with the periplas-

mic domains or the laterally opened β strands of the membrane chaperone. However,

determination of these interactions are likely to be challenging.The mechanism of mem-

brane insertion and protein translocation by autotransporters is poorly characterized. It is

believed that the folding of the translocator domain and the translocation processes are in-

terrelated. Determination of the sequence of events and description of individual steps that

occur in the folding and transport process will provide a more detailed functional model.

One approach to determine these events would be to kinetically resolve the intermediates

of autotransporter folding by using time-resolved tryptophan quenching experiments.

The determination of structures of peptides on membrane membrane mimetics and

characterizing their interactions with the membrane mimetic provides insight into the

physiological function of these peptides. Understanding the contributions of various inter-

actions towards the structure and stability of the peptide enables design of custom peptides

of desirable function. This can be applied for the design of cell penetrating and antimicro-

bial peptides.
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tual cancellation of dipole-dipole coupling and chemical shift anisotropy indicates

an avenue to NMR structures of very large biological macromolecules in solution.

Proceedings of the National Academy of Sciences of the United States of America,

94(23):12366–12371, 1997.

[108] Konstantin Pervushin, Roland Riek, Gerhard Wider, and Kurt Wüthrich. Trans-
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