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Abstract

Despite our extensive understanding of water-soluble protein folding kinetics, much less is known 

about the folding dynamics and mechanisms of membrane proteins. However, recent studies have 

shown that for relatively simple systems, such as peptides that form a transmembrane α-helix, 

helical dimer, or helix-turn-helix, it is possible to assess the kinetics of several important steps, 

including peptide binding to the membrane from aqueous solution, peptide folding on the 

membrane surface, helix insertion into the membrane, and helix-helix association inside the 

membrane. Herein, we provide a brief review of these studies and also suggest new initiation and 

probing methods that could lead to improved temporal and structural resolution in future 

experiments.
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INTRODUCTION

The study of how water-soluble proteins fold has reached a mature stage wherein advanced 

theoretical and experimental approaches are routinely applied to examine the folding 

dynamics of various protein systems.1–9 As a result, we now know a great deal about the 

mechanisms by which many proteins fold in aqueous solution. In contrast, our current 

understanding of how membrane proteins fold, specifically the kinetic and mechanistic 

aspects of the process, is limited. This is partially due to the fact that many of the standard 

biophysical techniques used to study the structure and folding dynamics of water-soluble 

proteins are not readily applicable to membrane proteins because this class of proteins 

requires a hydrophobic rather than a polar environment to fold. For this reason, recent 

efforts have been devoted to developing new strategies and techniques that can be used to 

initiate and probe the protein folding processes in a membrane environment. Herein, we 

provide a concise review of recent studies in this area, with a focus on the folding kinetics of 

membrane peptides.
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Membrane peptides perform a wide range of biological activities and functions, such as viral 

fusion,10 molecular translocation,11 cell signaling,12 and drug delivery.13 In addition, the 

two-stage model14 of membrane protein folding suggests that secondary structure formation 

precedes the formation of tertiary structure. Thus, short peptides that fold into well-defined 

secondary structures in a membrane environment constitute invaluable model systems for 

studying the folding mechanisms of membrane proteins. In the following sections, we will 

first provide an overview of the techniques available to initiate and probe the folding process 

of membrane peptides. We will then discuss recent studies on the folding kinetics and 

mechanism of monomeric α-helices, helical dimers, helix-turn-helix motifs, and proteins 

inside model membranes.

INITIATION AND PROBING METHODS

For the study of protein folding/unfolding kinetics in aqueous solution, many initiation 

methods are available, such as rapid mixing,15 laser-induced temperature-jump (T-

jump)16,17 or pH-jump,18 and photo-triggering.19,20 However, the choice of methods to 

initiate membrane protein folding kinetics is limited. In practice, the most commonly used 

initiation method is based on solution mixing. If a membrane peptide is soluble and 

unstructured in aqueous solution, but folds into a well-defined secondary or tertiary structure 

in the presence of lipid membranes, it is possible to induce or initiate folding by simply 

mixing two aqueous solutions (via stopped-flow technique), one containing the peptide of 

interest and the other containing a membrane mimetic (e.g., vesicles). Similarly, if the 

membrane binding affinity of a peptide exhibits a strong dependence on a particular solution 

property, such as pH, the peptide-membrane interaction kinetics can also be initiated by 

rapidly mixing two solutions that will lead to a change in the desired property of the 

solution. Most, if not all previous studies on the folding kinetics of membrane peptides have 

employed such mixing techniques. One major challenge with this initiation method is that if 

the peptide or protein in question is insoluble in water, detergent micelles and denaturants 

are required.21–30

Due to its high sensitivity and ease of application, fluorescence spectroscopy is most 

commonly used to probe the folding and conformational kinetics of membrane peptides and 

proteins. In particular, the intrinsic fluorophore, tryptophan (Trp), has been widely used to 

probe the structure and dynamics of membrane protein folding because its fluorescence 

spectrum and quantum yield are sensitive to the local environment.31 In addition, various 

extrinsic fluorophores, such as p-cyanophenylalanine (PheCN),32 carboxytetramethyl 

rhodamine (TAMRA),33 carboxylfluorescein (FAM),34 6-dodecanoyl-2-

dimethylaminonaphthalene (Laurdan),35 and fluorescein (FI),36 have also been used to 

investigate the kinetics of folding/unfolding and association of membrane peptides. 

Moreover, fluorescence measurements based on fluorescence resonance energy transfer 

(FRET) have been used to report on the folding kinetics of membrane peptides and proteins 

as well. Since FRET can provide distance information, it is more advantageous than 

conventional fluorescence spectroscopy in terms of correlating the observed kinetics to 

specific conformational changes. Specifically, the following FRET pairs have been used to 

investigate the folding kinetics and mechanisms of peptides or proteins in a membrane 

environment: naphthalene/dansyl, pyrene/dansyl,37 PheCN/Trp,38 Trp/dansyl,39 Trp/DBO,40 
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and Trp/Laurdan.41 Besides fluorescence spectroscopy, other kinetics methods, including 

stopped-flow circular dichroism (CD),42 hydrogen/deuterium (H/D) exchange,43 SDS-

PAGE,44 and time-resolved electron paramagnetic resonance (EPR) spectroscopy,45 are 

powerful tools for investigating the mechanism of membrane peptide and protein folding.

1. FOLDING KINETICS OF MONOMERIC α-HELICES

Many naturally occurring and designed peptides can spontaneously associate with, insert 

into, or extend across lipid membranes. In many cases, when bound to a membrane, these 

peptides adopt a well-defined structure. For example, due to their amphipathic nature, many 

antimicrobial peptides (AMPs)46 are disordered in aqueous solution but fold into an α-

helical conformation in the presence of a membrane. Thus, such peptides constitute great 

model systems for studying and elucidating the folding dynamics and mechanisms of 

secondary structure elements of membrane proteins. However, many membrane-binding 

peptides, including AMPs, can oligomerize and/or form higher-order structures when the 

peptide to lipid (P/L) ratio reaches a certain threshold.47 Therefore, great care must be taken 

in the design and interpretation of folding experiments involving membranes. In this section, 

we review recent studies on the kinetics of membrane-mediated α-helix folding with a focus 

only on experimental investigations beginning from an aqueous solution where the peptide 

of interest is unfolded.

For instance, using stopped-flow fluorescence spectroscopy, Tucker et al.48 have studied the 

membrane-mediated folding kinetics of magainin 2 (sequence: 

GIGKFLHSAKKFGKAFVGQIMNS), an AMP that is isolated from the skin of the African 

clawed frog, Xenopus laevis,49 in vesicles consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol (POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). 

By adding a PheCN residue to the N-terminus and replacing Phe12 with Trp, they created a 

mutant of magainin 2 (referred to as magainin-2-P1) that contains the PheCN-Trp FRET 

pair.38 As shown (Figure 1), their stopped-flow Trp fluorescence kinetics obtained via either 

direct excitation (i.e., with λex = 290 nm) or indirect excitation (i.e., through the mechanism 

of FRET by selectively exciting PheCN with λex = 240 nm) of the Trp fluorophore revealed 

that the fluorescence signals change as a function of time in a double-exponential manner, 

wherein the fast and slow phase reports on the rates of peptide binding and insertion, 

respectively. However, the relative amplitude of the fast phase in the stopped-flow kinetics 

obtained with indirect excitation is larger than that obtained with direct excitation. Since 

helix formation will lead to a change in the separation distance between the donor and 

acceptor, they concluded that the underlying coil-to-helix transition occurs rapidly upon 

peptide binding to the membrane surface. However, they were unable to resolve the rate of 

α-helix folding as this faster process occurs immediately after a slower kinetic event (i.e., 

the bimolecular peptide-membrane binding process). This is consistent with the fact that 

monomeric α-helices typically fold on microsecond or faster timescales.50–52 Using 

stopped-flow fluorescence spectroscopy and the same FRET pair, Tang et al.53 showed that 

the membrane-induced helix folding of another AMP, mastopran X, follows the same 

mechanism. Moreover, by inducing a-helix nucleation in the solution phase through the use 

of a double histidine mutant of mastopran X and metal ions, they further demonstrated that 

helix formation is not a prerequisite for binding of the peptide to the membrane surface; 
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instead, its role is to stabilize the membrane-bound state. Similarly, the study of 

Contantinescu et al.,54 which used a brominated acyl chain to quench the Trp fluorescence, 

also indicated that the helix folding step of another AMP, melittin, is tightly coupled to the 

binding of membranes composed of either POPC, POPG/POPC, or POPC/cholesterol. Thus, 

taken together, these studies support the following kinetic scheme for AMP-membrane 

interactions:

This model indicates that the unfolded peptide (PU) first binds to the membrane (M), 

yielding a surface-bound state (PUM)S, which rapidly converts to another surface-bound 

state (PHM)S, where the peptide is in an α-helical conformation. Even as kS approaches the 

diffusion-limited value, the corresponding peptide-membrane binding rate is expected to be 

significantly slower than kH (i.e., the actual α-helical folding rate of the peptide). Thus, kH 

cannot be independently determined from the stopped-flow measurements. Conversely, the 

formation of the final membrane-bound state (PHM)I, where the α-helix becomes more 

deeply inserted into the membrane, occurs on a slower timescale than initial binding and 

helix formation. Depending on experimental conditions, the membrane-bound α-helices can 

further associate to form higher-order structures. Similarly, the values of the membrane 

binding and insertion rate constants depend on peptide sequence and membrane 

composition.37,54–56

Another very useful model system for studying membrane peptide folding kinetics is the pH 

low insertion peptide (pHLIP) introduced by Engelman and co-workers.26 At neutral or 

basic pH, pHLIP is unfolded and either remains in the solution phase or binds to the 

membrane surface as an extended chain, but acidic pH induces the folding and insertion of 

pHLIP into the membrane bilayer. Taking advantage of this property of pHLIP, several 

groups have studied its membrane-mediated folding kinetics using a rapid pH change as a 

conformational trigger.57–61 For example, using this method, Tang et al.62 studied the 

membrane-binding and folding kinetics of pHLIP in POPC vesicles at different initial pH 

conditions by monitoring the fluorescence of the Trp residue. They found that the stopped-

flow fluorescence kinetics in all cases are complex and require at least three exponentials to 

fit (Figure 2). Based on these results, they proposed a kinetic model describing the 

underlying pHLIP-membrane interaction in which the initial bimolecular binding process 

produces at least two distinguishable surface-adsorbed conformational states. Depending on 

pH, these states can become further stabilized on the membrane surface or evolve into 

transmembrane (TM) α-helices. Interestingly, they found that when starting from a 

membrane surface-bound state, the membrane insertion kinetics of pHLIP become slower. 

Subsequently, using stopped-flow Trp fluorescence and CD techniques, Andreev et al.63 

examined the membrane insertion kinetics of pHLIP from the surface-bound states in more 

detail. They found that in response to a pH drop from 8 to 4, the surface-bound pHLIP 

molecules undergo a rapid (about 0.1 s) helix folding event, which is followed by a much 

slower (about 100 s) insertion process that involves several distinct intermediate steps. In 

addition, by systemically varying the pHLIP sequence, Karabadzhak et al.64 showed that the 
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membrane insertion rate of pHLIP depends on the number of protonatable residues at the 

inserting end of the peptide.

Finally, many designed TM α-helical peptides have been introduced,65–69 serving as model 

systems to study peptide-membrane interactions, particularly, factors that control the 

stability, structure and orientation of the TM α-helical state. While an in-depth discussion of 

studies in this area is beyond the scope of this Review, we believe that these deigned 

peptides are also great models for investigating the kinetics and mechanism of membrane-

mediated a-helix folding.

2. FOLDING KINETICS OF HELIX DIMERS

Specific helix-helix interactions inside lipid bilayers, such as lateral association70–73 and 

head-to-head dimerization,74,75 guide the folding and assembly of many integral membrane 

proteins and their complexes and, as a result, have been the focus of a large number of 

experimental and computational studies.72,76 However, there are only a few studies that 

specifically focus on the kinetic aspects of the helix-helix interaction inside a membrane 

environment.

In one such study, Tang et al.77 investigated the dimerization kinetics of a water-soluble TM 

homodimer, anti-aIIb,78 in POPC/POPG vesicles using stopped-flow fluorescence 

spectroscopy. To dissect various kinetic steps involved in anti-aIIb-membrane interactions, 

which include membrane binding, insertion, and dimerization, they employed a two-

fluorophore strategy using either the native Trp fluorescence in anti-αIIb or the fluorescence 

arising from PheCN in anti-αIIb-PheCN, an anti-αIIb mutant wherein the Trp residue was 

mutated to PheCN. As shown (Figure 3), rapid mixing of an aqueous solution containing 

either anti-aIIb or anti-αIIb-PheCN with a POPC/POPG vesicle solution produced stopped-

flow fluorescence kinetic traces consisting of distinct phases. In a self-consistent manner, 

they assigned these kinetic phases to membrane binding, insertion, and dimerization of anti-

αIIb. By globally fitting the stopped-flow kinetics obtained at different P/L ratios to an 

expanded two-stage model, they were able to further extract the respective rate constants of 

these kinetic steps. Specifically, they determined the membrane-insertion rate constant of the 

anti-αIIb monomer to be 2.4 ± 0.7 s−1, which is in good agreement with those measured for 

other membrane helical peptides,38,48,53,58,61–64,79 and the insertion rate constant of the anti-

αIIb dimer to be 0.5 ± 0.1 s−1, which is comparable to (~0.24 s−1) a helical membrane 

protein, diacylglycerol kinase.80 More importantly, they found that the helix-helix 

association kinetics inside a membrane environment occur on a time scale of a few seconds, 

which is several orders of magnitude slower than expected for a diffusion-limited 

dimerization process.

In another study, Anbazhagan et al.21 investigated the dissociation kinetics of the 

glycophorin A (GpA) dimer in detergent/SDS micelles using a stopped-flow FRET strategy 

that employs FI as a donor and TAMRA as an acceptor. By rapidly diluting a detergent/

dodecyl maltoside (DDM) solution containing a 1:1 mixture of FI-labaled GpA and 

TAMRA-labeled GpA with SDS micelles at varying concentrations, they found that the 

time-depended FRET signals, which were attributed to GpA dimer dissociation, follow a 

double-exponential function. In addition, they found that while the rate constants of these 
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two phases show a strong dependence on SDS concentration (e.g., at χSDS = 0.95, k1 = 0.126 

s−1 and k2 = 0.026 s−1), their relative amplitudes do not. While double-exponential kinetics 

can arise from either a parallel or sequential dissociation mechanism, they suggested that it 

is likely that the fast phase represents an initial destabilization step of the GpA dimer prior 

to helix–helix separation.

Besides helix-helix association in a parallel fashion, many small peptides can assemble into 

linear dimers that span the length of a bilayer.81–88 For example, the functional state of 

gramicidin A corresponds to a helical dimer arranged in a head-to-head manner.89,90 

However, a comprehensive examination of its folding kinetics and mechanisms are still 

lacking.76,86,91 Moreover, many membrane peptides and proteins need to dimerize or 

oligomerize to perform their functions, thus studying and understanding the kinetics and 

mechanism of peptide-peptide association inside membranes is an important undertaking; 

we expect that more studies in this area will emerge.

3 FOLDING KINETICS OF HELIX-TURN-HELIX MOTIFS

The helical-hairpin or helix-turn-helix (HTH) motif plays important structural and functional 

roles in both globular and integral membrane proteins.92,93 While the folding dynamics and 

mechanism of water-soluble helical hairpins have been extensively studied and well-

understood,94 it is only recently that the membrane-mediated folding kinetics of a few HTH 

models have emerged,95–99 including the hemagglutinin fusion peptide (HAfp).

HAfp corresponds to the N-terminal domain of the trimeric HA2 hemagglutinin 

glycoprotein of the influenza virus.100 Several NMR studies have shown that HAfp can 

adopt different conformations in model membranes, including a HTH conformation, 

depending on pH, and can even induce membrane fusion. For example, the NMR structures 

of Han et al.100 indicate that HAfp forms an inverted V-shape consisting of an N-terminal α-

helix and an extended conformation in the C-terminal region at pH 7.4, which, upon 

lowering the pH to 5, the C-terminal segment converts to a short 310-helix. On the other 

hand, the NMR studies of Bax and coworkers101,102 reveal that HAfp folds predominantly 

into a helical hairpin structure (or HTH) in DPC micelles at pH 7, while in acidic conditions 

HAfp samples three conformations (i.e., helical hairpin, L-shaped, and extended) with the 

helical hairpin structure being dominant (~80%).

Recently, we have carried out a series of stopped-flow Trp fluorescence measurements on 

the wild type (sequence: GLFGAIAGFIENGWEGMIDGWYG-NH2) and a mutant (i.e., 

Phe3/PheCN) of HAfp in POPC and POPC/POPG vesicles,103 aiming to provide a better 

understanding of its membrane-mediated folding mechanism. We found that the stopped-

flow kinetic traces obtained by rapidly mixing HAfp with 100 nm POPC vesicles at varying 

P/L ratios can be fit by a three-exponential function. Interestingly, except the slowest phase, 

which accounts for only about less than 10% of the total signal, the other two kinetic phases 

showed a clear dependence on the P/L ratio, indicating that they arise from second order 

kinetics. While a sequential mechanism, which involves peptide binding to the membrane 

followed by peptide dimerization and subsequent insertion deeper into the membrane, would 

produce kinetics with two of the three rates being dependent on peptide concentration, we 

quickly dismissed this model as (1) it cannot explain the observed dependence of the rates 
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on the P/L ratio and (2) HAfp is not known to dimerize or oligomerize under the current 

experimental conditions. Therefore, we sought to use a parallel kinetic scheme, as indicated 

below, to interpret the stopped-flow results.

The key assumption underlying this model was that HAfp exists in a dynamic equilibrium 

between a folded (PF) and an unfolded (PU) conformation in aqueous solution, with the 

equilibrium highly favoring the unfolded state. Upon interaction with a membrane (M), the 

peptide first becomes surface-bound where the unfolded state (PUM)S changes to the folded 

state (PFM)S, which further converts to the final membrane-inserted state, (PFM)I. Because 

PF has a much smaller population than PU, and (kF + kU) −1 is expected to be on the 

microsecond timescale,94 its membrane-binding kinetics can only be detected when kFS > 

kUS. While this is an attractive model, it is impractical to use it to directly fit the stopped-

flow kinetics as it contains too many variables. To simplify the analysis, we further assumed 

that the folding/unfolding rate (i.e., kSF + kSU) of HAfp on the membrane is too fast to be 

observed. Under these conditions, the above scheme is effectively reduced to a simpler 

kinetic model, which contains two second-order binding events (manifested by kUS and kFS), 

followed by a first-order insertion process (manifested by kI). To determine these kinetic 

parameters, we globally fit the stopped-flow kinetic signals obtained under pseudo first-

order conditions, F(t, CL), obtained at different lipid concentrations (CL) to the following 

equation:

(1)

where k3 = kI + k-I ≈ kI. As indicated (Figure 4), this equation fits the stopped-flow kinetics 

traces of HAfp well and yields membrane binding rate constants (Table 1) that are consistent 

with reported values for peptides of similar size.52,53,61–63,77 In addition, the membrane 

insertion rate constant, 3.1 s−1, is in agreement with other helical membrane peptides.53,77

To further test the validity of this parallel kinetic model, we also carried out stopped-flow 

measurements on the Phe3/PheCN mutant (referred to hereafter as HAfp-F3CN). As shown 

(Figure 5), the stopped-flow kinetics of HAfp-F3CN obtained by directly exciting (i.e., λex = 

290 nm) the Trp fluorophores, can also be satisfactorily described by Eq. 1. In addition, the 

rate parameters obtained from the fits are similar to those obtained with the wild type (Table 

1), indicating that the Phe to PheCN mutation has not significantly changed the membrane-

interaction property of the peptide. Furthermore, by using the determined rate constants and 

only varying the amplitudes we were able to satisfactorily fit the stopped-flow kinetics of 

HAfp-F3CN obtained by indirectly exciting the Trp fluorophores via FRET (i.e., λex = 240 

nm) (Figure 6). More importantly, the relative amplitudes of the three kinetic phases 
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obtained in this case (Table 1) are consistent with the above proposed HAfp-membrane 

interaction mechanism. For example, if the slowest kinetic component (i.e., k3) in the 

stpped-flow kinetics corresponds to the folding process of the surface-bond state (i.e., from 

(PUM)S to (PFM)S), instead of the proposed membrane insertion of (PFM)S, one would 

expect  to be significantly increased when an excitation of 240 nm is used. However, 

this is not observed.

It is interesting to note that the membrane-mediated folding mechanism of HAfp uncovered 

here is similar to that of intrinsically disordered proteins (IDPs).104,105 It has been shown 

that the accumulation of the folded state of an IDP can be realized through either a binding-

induced folding pathway from the unfolded state or an equilibrium shift mechanism wherein 

binding decreases the folded population.106 Additionally, when the HTH of interest is a part 

of a larger protein, for example in the case the diphtheria toxin T-domain,107 the underlying 

folding and membrane insertion mechanism can become more complicated.98

4 FOLDING KINETICS OF PROTEINS

The above examples provide clear indications that membrane-mediated folding processes 

are complex, even at the secondary structure level. Thus, it is more difficult to study and 

understand the tertiary folding mechanisms of integral membrane proteins. Despite many 

technological challenges, recent studies have yielded many insights into the folding 

dynamics of this class of proteins.108,109 While a comprehensive discussion of this topic is 

beyond the scope of this Review, we briefly describe a few examples to highlight the rapid 

growth of this important research field. In this regard, one of the most studied α-helical 

membrane proteins is bacteriorhodopsin (bR), which consists of seven TM α-helical 

segments (A–G). For example, Booth and coworkers110 have examined the refolding 

kinetics of bR in DOPC membranes from a partially denatured state in SDS micelles. By 

examining kinetics obtained from intrinsic and extrinsic fluorophores, which were 

introduced at different sites of the protein, they proposed that bR folds in a two-stage 

manner, where one phase (6.7 s−1) represents partitioning of helix-D with the lipid head 

groups and the second (0.33 s−1) represents TM insertion. Additionally, they concluded that 

the insertion of a preformed core is essential for the protein to fold correctly inside the 

membrane. More recently, Curnow et al. have carried out F-value analysis111 to determine 

the folding transition state structure ensemble of bR. Their results suggested that helix-B is 

native-like in the transition state and acts as a folding nucleus,112 whereas helix-G is formed 

on the native side of the major folding free energy barrier.113 Among β-sheet membrane 

proteins, outer membrane proteins (Omps), in particular the 8-stranded OmpA β-barrel of 

Escherichia coli, have emerged as great model systems to study the membrane-mediated 

protein folding mechanism as they fold spontaneously from a chemical-denatured state upon 

dilution with lipid vesicles and/or detergent micelles.114,115 For example, in a series of 

studies, Tamm and coworkers116,117 have proposed a folding mechanism of OmpA wherein 

four β-hairpins insert and translocate across the membrane concurrently. Damachi et al.118 

reported refolding times (0–5 s) of individual β-hairpins in OmpG, and suggested that these 

β-hairpins fold and insert into the membrane in a hierarchical manner. Furthermore, when 

OmpA folds in vivo it requires periplasmic chaperones as well as the barrel assembly 

machinery (BAM) complex. Indeed, recent studies by Patel et al.119 and Gessmann et al.120 
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have shown that the kinetics of OmpA folding and insertion were accelerated when the 

preformed bilayers also contained the protein, BamA. Since phosphoethanolamine head 

groups of the bilayer are thought to impose a kinetic barrier on OmpA folding, their results 

suggest that BamA can decrease this barrier.120 Other than studying the folding properties of 

β-barrel motifs, great effort has also gone into investigating the kinetics and mechanism of 

membrane-mediated interactions between β-sheets.121 For example, Fu et al.122 and Ling et 

al.123 have employed non-linear infrared spectroscopy to investigate how membranes affect 

the amyloid formation kinetics of the human islet amyloid polypeptide (hIAPP).

SUMMARY AND PERSPECTIVES

Lipid bilayers offer a unique environment for a wide variety of peptides and proteins to fold, 

interact, and function. Numerous studies have been carried out to investigate and understand 

how and why folding occurs in this environment. While we now know a great deal about the 

thermodynamic principles and factors that govern the structure and stability of membrane 

peptides and proteins,124,125 we know much less about the underlying folding kinetics and 

mechanisms. This is because the membrane environment is dynamic, heterogeneous, 

crowded, and consists of both polar and hydrophobic regions, which all present 

experimental challenges for initiating and probing protein folding events with desired 

temporal and structural resolution. In this Review, we briefly describe the recent progress in 

the study of membrane-mediated folding kinetics of peptides that form well-defined simple 

structural elements, such as the α-helix, helix-helix dimer, and helix-turn-helix. It is clear 

that even for such simple systems, arriving at a molecular-level understanding of each and 

every kinetic step, including binding, folding, insertion, and association (for dimer and 

oligomer formation), is not a trivial task. It is also clear that in order to move the field 

forward, new experimental methods that can offer better time and structural resolution are 

needed. For example, several techniques, including laser-induced temperature-jump,126 

laser-induced pH-jump,127 and phototriggering based on cleavage of a tetrazine128 or a 

photocage,129 can potentially be used to induce or initiate a membrane protein folding 

process on the nanosecond or microsecond timescale. In addition, by using a 

photoresponsive structural constraint, it is possible to initiate a folding or unfolding process 

from a well-selected conformational state. To improve the structural resolution of folding 

kinetic studies, we believe that the following approaches, many of which have already been 

used to study the equilibrium structures of membrane peptides and proteins, are promising: 

using (1) a local vibrational mode, such as that arising from an isotopically-labeled amide 

unit130–132 or an unnatural amino acid side chain,126,133–135 and resonance Raman 

scattering of a Trp probe,136 to gain site-specific structural and environmental information; 

(2) the coupling between two site-specific vibrators to probe tertiary interactions;137 (3) 

multiple fluorophores to simultaneously probe conformational changes of the protein of 

interest in different regions;138 (4) multi-fluorophore FRET to reveal correlated 

conformational motions;138 and (5) various nonlinear techniques, such as two-dimensional 

(2D) infrared (IR),139 second harmonic generation,140 and sum frequency generation141–145 

spectroscopy.
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Figure 1. 
Stopped-flow fluorescence traces of magainin-2-P1 obtained with different excitation 

wavelengths, as indicated. Smooth lines are global fits to the following equation, S(t) = A – 

B1•exp(−t/t1) – B2•exp(−t/t2), with t1 = 11 ms and t2 = 99 ms, respectively. For λex = 240 

nm, A = 0.929, B1 = 0.109, and B2 = 0.014; for λex = 290 nm, A = 0.875, B1 = 0.067, and B2 

= 0.060. The larger B1 value in the case of 240 nm excitation indicates that the folding 

transition occurs in this kinetic phase. Reprinted with permission from Ref [48]. Copyright 

2006 American Chemical Society.
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Figure 2. 
Stopped-flow Trp fluorescence kinetics of pHLIP obtained under different mixing 

conditions. Magenta: the process was initiated by mixing equal volumes of pHLIP in 10 mM 

phosphate buffer (pH 8.0) with POPC vesicles (pH 8.0). Red: the process was initiated by 

mixing equal volumes of pHLIP in 10 mM phosphate buffer (pH 8.0), POPC vesicles (pH 

8.0), and a HCl solution (pH 1.6). Blue: the process was initiated via a pH-jump from 8.0 to 

4.0 by mixing equal volumes of a pre-equilibrated peptide-vesicle solution (pH 8.0) with a 

HCl solution (pH 1.9). Reprinted with permission from Ref [62]. Copyright 2008 American 

Chemical Society.
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Figure 3. 
Stopped-flow kinetics of anti-αIIb (black) and anti-αIIb-PheCN (blue) upon association with 

POPC/POPG vesicles (0.86 mg/mL). In both cases, the final peptide concentration was 2.5 

μM. The smooth lines are fits of this data to a sequential kinetic model consisting of binding, 

insertion and dimerization steps. Reprinted with permission from Ref [77]. Copyright 2009 

American Chemical Society.
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Figure 4. 
Stopped-flow kinetics obtained upon mixing HAfp with 100 nm POPC vesicles at different 

final lipid concentrations, as indicated. The Trp fluorescence was directly excited using an 

excitation wavelength of 290 nm and the final peptide concentration was 2.5 μM. Smooth 

lines are fits of this data to Eq. 1 and the fitting parameters are listed in Table 1. For clarity, 

these kinetic traces have been offset.
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Figure 5. 
Stopped-flow kinetics obtained upon mixing HAfp-F3CN with 100 nm POPC vesicles at 

different final lipid concentrations, as indicated. The Trp fluorescence was directly excited 

using an excitation wavelength of 290 nm and the final peptide was 2.5 μM. Smooth lines 

are fits of this data to Eq. 1 and the fitting parameters are listed in Table 1. For clarity, these 

kinetic traces have been offset.
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Figure 6. 
Stopped-flow kinetics obtained upon mixing HAfp-F3CN with 100 nm POPC vesicles at 

different final lipid concentrations, as indicated. The Trp fluorescence was indirectly excited 

via FRET using an excitation wavelength of 240 nm and the final peptide was 2.5 μM. 

Smooth lines are fits of this data to Eq.1 and the fitting parameters are listed in Table 1. For 

clarity, these kinetic traces have been offset.
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Table 1

Parameters obtained from globally fitting the stopped-flow kinetics of HAfp and HAfp-F3CN to Eq. 1. The 

bimolecular rate constants were calculated using the lipid concentration and the relative amplitudes are 

average values.

HAfp (λex = 290 nm) HAfp-F3CN (λex = 290 nm) HAfp-F3CN (λex = 290 nm)

kFS (M−1 s−1) 4.8×105 3.7×105 3.7×105

k-FS (s−1) ~0 ~0 ~0

kUS (M−1 s−1) 1.4×105 1.4×105 1.4×105

k-US (s−1) 0.14 0.14 0.14

k3 (s−1) 3.1 5.5 5.5

36.0 34.4 50.5

57.7 60.9 42.6

6.3 4.7 6.9
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