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Conspectus

Although each type of protein fold and in some cases individual proteins within a fold 

classification can have very different mechanisms of folding, the underlying biophysical and 

biochemical principles that operate to cause a linear polypeptide chain to fold into a globular 

structure must be the same. In an aqueous solution, the protein takes up the thermodynamically 

most stable structure, but the pathway along which the polypeptide proceeds in order to reach that 

structure is a function of the amino acid sequence, which must be the final determining factor, not 

only in shaping the final folded structure, but in dictating the folding pathway. A number of groups 

have focused on a single protein or group of proteins, to determine in detail the factors that 

influence the rate and mechanism of folding in a defined system, with the hope that hypothesis-

driven experiments can elucidate the underlying principles governing the folding process. Our 

research group has focused on the folding of the globin family of proteins, and in particular on the 

monomeric protein apomyoglobin. Apomyoglobin (apoMb) folds relatively slowly (~2 seconds) 

via an ensemble of obligatory intermediates that form rapidly after the initiation of folding. The 

folding pathway can be dissected using rapid-mixing techniques, which can probe processes in the 

millisecond time range. Stopped-flow measurements detected by circular dichroism (CD) or 

fluorescence spectroscopy give information on the rates of folding events. Quench-flow 

experiments utilize the differential rates of hydrogen-deuterium exchange of amide protons 

protected in parts of the structure that are folded early; protection of amides can be detected by 

mass spectrometry or proton nuclear magnetic resonance spectroscopy (NMR). In addition, 

apoMb forms an intermediate at equilibrium at pH ~ 4, which is sufficiently stable for it to be 

structurally characterized by solution methods such as CD, fluorescence and NMR spectroscopies, 

and the conformational ensembles formed in the presence of denaturing agents and low pH can be 

characterized as models for the unfolded states of the protein. Newer NMR techniques such as 

measurement of residual dipolar couplings in the various partly folded states, and relaxation 

dispersion measurements to probe invisible states present at low concentrations, have contributed 

to providing a detailed picture of the apomyoglobin folding pathway. The research summarized in 

this review was aimed at characterizing and comparing the equilibrium and kinetic intermediates 

both structurally and dynamically, as well as delineating the complete folding pathway at a 

residue-specific level, in order to answer the question “What is it about the amino acid sequence 

that causes each molecule in the unfolded protein ensemble to start folding, and, once started, to 

proceed towards the formation of the correctly folded three-dimensional structure?”
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Introduction

Globular proteins must be folded into specific structures in order to perform their biological 

functions. The fidelity of folding is astonishing: although proteins frequently utilize 

chaperones and other factors in vivo to reach the correct fold without misfolding or 

aggregation, in vitro folding experiments with many small proteins commonly show that 

virtually every molecule folds to the correct structure, in the absence of cellular accessory 

factors. This argues that the amino acid sequence itself encodes the information for its own 

folding, and this assumption informs all of the work described in the following pages.

For our laboratory and others, myoglobin (Figure 1) has been the molecule of choice for 

biophysical studies aimed at elucidation of protein folding. Although our emphasis in the 

current review is on the story that has emerged from our own laboratory, a number of others 

(for example, those of Baldwin,1 Roder,2 Gruebele,3 Callender and Dyer4) have contributed 

important insights. This information has given a new understanding of what features of the 

amino acid sequence prompt it to fold, and insights into how each molecule in the ensemble 

can fold to the correct structure despite starting (in the unfolded ensemble) from vastly 

different structures. We also now understand why the intermediate states in the folding of 

apomyoglobin cause it to pause in its trajectory to the final folded structure, and why such a 

pause is advantageous for the formation of correctly-folded molecules. This review 

summarizes experimental work on apomyoglobin folding, with an emphasis on the 

understanding that we have generated from our own data and those of other labs.

Unfolding and Refolding of Apomyoglobin

Apomyoglobin unfolds reversibly at acidic pH, and unfolding by the addition of acid occurs 

in stages that can be monitored by changes in the circular dichroism and fluorescence 

spectra of the solution.5 ApoMb can readily be refolded from acidic or denaturant solutions. 

At pH ~ 4, a “molten-globule”5 intermediate, which exists as an equilibrium between two 

forms (Ia and Ib),6 is populated; at pH ~2, the protein is unfolded but retains a small amount 

of helical structure, which is eliminated by the addition of denaturants such as urea or 

guanidine.7 In higher-salt media, the protein populates alternatively-structured forms.8,9

Residue-Level Exploration of Protein Folding

Although numerous experimental techniques have been applied to the exploration of protein 

folding, the method that can potentially deliver extensive residue- and atomic-level 

information on the process is solution nuclear magnetic resonance (NMR). Our earliest 

insights into the folding of apomyoglobin were derived from NMR studies of synthetic 

peptides with amino acid sequences corresponding to fragments of the apomyoglobin 

sequence.10 The peptide studies led to hypotheses that were later tested using more 

advanced NMR and other techniques.

Breakthrough: Hydrogen-Exchange Pulse Labeling by NMR

Atomic-level insights into the folding pathway were not obtained until the introduction of 

the quench-flow NMR amide exchange technique,11,12 which takes advantage of both the 
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potential for NMR data acquisition on samples obtained by rapid-flow mixing, and the well-

known pH dependence of amide proton exchange in proteins, to overcome the limitations 

imposed by the intrinsically slow acquisition of an NMR spectrum. In a quench-flow 

experiment, the only amides visible in the NMR spectrum of the folded protein are those 

that were protected during the refolding process. At the shortest refolding times 

(approximately 6 ms) only the amides located in the most rapidly folding portions of the 

protein will remain protonated.

The kinetic folding pathway of apomyoglobin, delineated using 2D 1H NMR spectra,13 

showed that folding proceeded via a “burst phase” intermediate that formed within the 6 ms 

dead time of the quench flow instrument. This kinetic intermediate, as indicated by the 

pattern of protected amides at the shortest folding times, contained parts of the A, G and H 

helices. The remaining portions of the protein folded more slowly, over a timescale of 

seconds. Quench-flow experiments measuring H/D exchange by mass spectrometry14 led to 

the further conclusion that the kinetic intermediate was obligatory and on-pathway in the 

folding of all molecules in the ensemble.

Folded and Unfolded States of Apomyoglobin

Apomyoglobin is ideal for folding studies, since it contains no native cysteines or disulfides 

and exhibits no proline isomerization, and also because it is readily prepared from bacterial 

expression systems,15 thereby facilitating labeling with 15N and 13C for assignment of all 

backbone resonances for both the apo- and holoproteins.16,17

At pH 6, apomyoglobin folds into the same topology as the holoprotein, except that the F 

helix is incompletely folded.18,19 At pH 4, it forms a molten globule, which has been 

optimized for NMR studies.20 The pH 4 state of apoMb shows amide proton protection21 

and native-like helical structure in the A, G and H helices and part of the B helix,20 similar 

to the results obtained for the burst phase intermediate in the kinetic folding pathway.13 The 

pH 2 state shows native-like residual helical structure in the H helix, and a small amount of 

non-native helix between the D and E helices.22

Analysis of relaxation data for the pH 2 state of apoMb suggested the presence of transient 

long-range contacts between opposite ends of the polypeptide;22 these contacts were verified 

in a study incorporating spin labels.23 Complete denaturation of apoMb in urea at pH 2 

destroys both the residual helical structure and the transient long-range interactions seen in 

the absence of urea, but subtle sequence-specific variations in the relaxation data were 

observed.24 These variations likely indicate transient local interactions within clusters 

containing long hydrophobic side chains, whereas regions containing clusters of small amino 

acids (glycine and alanine) show significantly greater mobility. The evidence for specific 

local and long-range interactions in the unfolded states of apoMb led to a hypothesis that 

clusters of residues with long hydrophobic side chains, including residues such as lysine 

with its long aliphatic side chain, are instrumental in initiating the folding process (see later 

section). These clusters can be readily identified as they score high on a scale termed 

“average area buried upon folding” (AABUF).24–26
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Because the unfolded and partially-folded states of apoMb are well-behaved, they provide 

the means to elucidate the characteristics of unfolded states of proteins in general. Residual 

dipolar couplings, measured for urea and acid-denatured apoMb transiently aligned in 

stretched or compressed polyacrylamide gels,27 showed the expected bell-shaped 

distribution of RDCs in the fully urea-denatured protein. Residual secondary structure 

propensity in the acid-denatured protein has an effect on the magnitude of the RDC that can 

be quantified site-specifically to determine the ensemble populations of transiently folded 

elements of secondary structure.27 Measurements of the proximity of covalently-attached 

spin labels in the unfolded states of apoMb showed the presence of transient long-range 

interactions in acid-unfolded apoMb,23 and this technique has been used together with a 

worm-like chain model to gain new insights into the conformational ensemble of the 

transient collapsed states present in the unfolded protein at pH 2.3.28

Dissection of the Apomyoglobin Kinetic Folding Pathway

The kinetic folding pathway of apoMb was explored using wild type protein and a series of 

mutant proteins designed to test hypotheses on the role of factors such as intrinsic secondary 

structural propensity on folding. Mutation of the H helix sequence to lower its intrinsic 

helical propensity (N132G/E136G) caused changes in the folding pathway, but these 

changes were not reflected in the folding rate, which remained the same despite the lowered 

helical structure in the burst phase intermediate of the mutant protein.29 ApoMb collapses 

rapidly upon initiation of folding to an intermediate that contains folded helical structure in 

regions that comprise the A, G, and H helices in the wild-type protein, but the same collapse 

occurs in the mutant protein, allowing the protein to fold almost normally, despite the 

absence of the H helix from the intermediate.30 Clearly, although the A(B)GH intermediate 

is obligatory on the folding pathway,14 the structure of the intermediate itself is not critical 

and it may be altered quite substantially without changing the kinetics of folding.

Although the conclusions of the early apoMb work13,14 were validated by each new set of 

experiments, evolution in NMR methodology towards greater precision later showed that 

sites within individual helices could differ quite substantially in their behavior with slight 

variations in solution and temperature conditions.31 These studies indicated that the burst 

phase intermediate identified in the initial quench-flow experiments13 is structurally 

heterogeneous. The majority of the amides protected in the burst phase of the quench-flow 

experiment were still observed in the A, G and H helices (and in a small area of the B helix, 

between Ile28 and Phe33), but partial protection was also observed in the E helix, that is, a 

percentage of the molecules showed protection of E helix amides in the burst phase, with the 

same amides in the remainder of the molecules being protected on a slower timescale. This 

effect was highly dependent on the strength and duration of the high-pH labeling pulse, 

reflecting different intrinsic stability of local structure at pH 10 that was independent of its 

rate of folding at pH 7 where the folding process was being examined.

Why Does the Kinetic Folding Intermediate Occur?

A limitation in the experimental protocol for quench-flow experiments led to the 

development of a robust method to quantitate the proton occupancy of individual amides. All 
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of the early quench flow experiments involved reconstitution of holomyoglobin for NMR 

analysis.13 Because folding probes consist only of amides that are well-protected in the 

holoprotein, large portions of the molecule are invisible because they contain no slowly-

exchanging amides in the native folded state. Following an idea first suggested in 1995,32 we 

used an aprotic solvent, DMSO, for NMR analysis of protein solutions generated in the 

quench-flow experiment.33 With no means of exchange-out of amides during the NMR 

experiment, folding information could be obtained on all of the amides in the protein except 

for the F helix, yielding a significantly richer picture of the folding of the wild-type and 

mutant proteins.

Replacement of hydrophobic side chains in the B helix with alanine results in alteration of 

the pattern of burst phase proton occupancy.34 Specific long-range interactions were 

identified between the B helix and other regions of the molecule: in the kinetic intermediate, 

I30 appears to contact the C helix, and L32 the G helix, both native-like interactions. By 

contrast, mutation of L29 affects the proton occupancy of residues in the E helix, a contact 

that does not occur in the native folded state, raising the possibility that local non-native 

interactions are present in the kinetic intermediate despite its overall native-like topology. 

Similar long-range contacts were observed when hydrophobic residues in the A, E, G and H 

helices were substituted by alanine.35 Insights were also obtained into the transition state 

and the rate-determining step of the visible (~ seconds) folding pathway. Mutations that 

affect the docking of the E helix onto the A-B-G-H core decrease the folding rate, indicating 

that correct positioning of the E helix must occur prior to the transition state of the folding 

reaction. The location of highly protected amides within the individual helices in the burst 

phase intermediate gave rise to the intriguing hypothesis that the intermediate, despite its 

obligatory, on-pathway nature, contains a local non-native interaction, specifically that the H 

helix is translocated by one helical turn from its position in the fully folded apoprotein.35 

This non-native interaction must be resolved before E helix docking can occur – this, 

together with other sites of frustration such as the B/G interface, is the major source of the 

pause in the folding process where the folding intermediate is observed.

This hypothesis was tested by a two-pronged mutagenesis approach. If the kinetic 

intermediate indeed contains a translocation of the H helix relative to the G helix, then fixing 

the relative positions of the G and H helices, for example, by the engineering of a disulfide 

bond between them, might be expected to have a profound effect on the folding pathway.36 

Fluorescence probes were also attached to the G and H helices to measure fluorescence 

resonance energy transfer (FRET) and fluorescence quenching in various equilibrium states 

and in the kinetic intermediate.36 The FRET experiments clearly demonstrate that in the 

equilibrium intermediate state, the H helix slides, in an N-terminal direction, approximately 

one helical turn towards helix A. Fluorescence quenching experiments confirm this 

translocation of the H helix, in both the equilibrium intermediate and the Ib kinetic 

intermediate. Disruption of helix translocation by the formation of a disulfide bond between 

Cys residues substituted at positions 108 and 135 (to stabilize the native, non-translocated 

conformation) results in only a slight increase in the refolding rates from urea and acid. 

There is no change in the structure of the disulfide-bonded protein at neutral pH, but the 

equilibrium intermediate at pH 4 shows greatly increased helical structure compared to the 

wild-type protein. These results demonstrate that, although the folding intermediate is 
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locked into the native-like conformation, this is not sufficient to promote correct packing of 

the E helix, and shows that there must be additional sites of energetic frustration that impede 

native docking of the E helix and progression to the transition state. In addition to the non-

native G-H helix packing, instability of the N-terminal region of helix B37 and burial of the 

distal His6438 also frustrate the folding process by impeding the native docking interactions 

of helix E. Translocation of the H helix appears to promote dynamic disorder in the E and F 

helix regions, preventing excessive stabilization of compact non-native structures and 

allowing efficient search of conformational space until additional sources of frustration are 

relieved and folding can progress.36

Sequence Determinants of the Apomyoglobin Folding Pathway

It is clear that for apoMb at least, and likely for most proteins, the amino acid sequence 

contains complete information not only on the final structure, but determines the pathway of 

folding. The examination of unfolded and partly-folded forms of apoMb20,22,24 suggested 

that clusters of side chains that are long and bulky, rather than simply being classified as 

“hydrophobic”, play a central role in initiation of the folding process. Thus, a lysine side 

chain, which because of its ζ-amino group is generally defined as “hydrophilic”, is 

considered to promote folding initiation in this way, while an alanine side chain, although it 

is hydrophobic, does not, due to its small size. This characteristic was found24,39 to be 

correlated with the quantity “average area buried upon folding” (AABUF)25 or 

“hydrophobicity” (as defined by Matheson and Scheraga).40 According to this hypothesis, 

regions of the amino acid sequence where the AABUF is high should participate in the 

earliest folding events. To test this hypothesis, we designed mutants that would change the 

local AABUF but leave the final structure intact.26 Apomyoglobin contains two tryptophan 

residues, W7 and W14. The structure of the folded protein (Figure 1) shows that the side 

chain of W14 is located in the hydrophobic core, close to the E helix. Opposite the W14 side 

chain on the E helix is G73. A double mutant was prepared in which W14 was changed to 

Gly, and G73 was changed to Trp. Since the bulky tryptophan side chain can be 

accommodated in the mutant in approximately the position it occupies in the wild-type 

protein, the structure of the mutant protein at pH 6 is close to that of the wild-type protein. 

However, the AABUF of the amino acid sequence is drastically changed (Figure 2). Where 

the wild-type sequence shows a peak in the A helix and a low point in the E helix, consistent 

with the presence of the A helix in the kinetic and equilibrium molten globule states of the 

wild-type protein, the mutant protein shows a peak at the E helix and a lowered AABUF at 

the A helix. The population of protected amides in the burst phase of the kinetic folding of 

wild-type apoMb includes much of the A, G and H helices and part of the B helix (Figure 

3a). This population is changed in the double mutant: the population of protected amides in 

the A helix is lowered and the population in the E helix is significantly increased (Figure 

3b). These results are exactly what would be expected if local regions of the sequence that 

bury a large surface area on folding, as determined by the AABUF parameter, promote the 

initial collapse of the polypeptide chain. These conclusions were reinforced by further 

studies on apoMb mutants where the F helix (normally invisible in NMR experiments) was 

stabilized.41 These mutant proteins provide excellent examples of role of AABUF in driving 

the initial collapse and determining the folding pathway.

Dyson and Wright Page 6

Acc Chem Res. Author manuscript; available in PMC 2018 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Measurements of NMR line broadening in paramagnetic spin-labeled apomyoglobin at pH 

2.328 show that regions of the unfolded polypeptide with high AABUF values undergo 

spontaneous local collapse and promote transient, long-range hydrophobic interactions that 

play a key role in initiating the folding process. The most compact species observed in the 

acid unfolded protein appear to involve native-like contacts between the A/B and G/H helix 

regions that bury a large amount of hydrophobic surface and facilitate progression towards 

the molten globular folding intermediates (Figure 4).

Apomyoglobin Folding Efficiency is Subordinated to Function

A mutant protein of a completely different type, where the functional distal histidine H64 is 

changed to a hydrophobic residue, increases the stability of the apoprotein and the 

equilibrium folding intermediate42 and increases the folding rate.43 This histidine is required 

for reasons of function, despite its effect in slowing the folding of the protein. Other mutants 

also demonstrate this subordination of folding efficiency to function. In apoMb at pH 6, the 

NH resonances of the F helix are invisible,18 probably due to conformational exchange. 

Mutants with increased helical structure in the F helix (P88K/S92K (F2) and P88K/A90L/

S92K/A94L (F4)) were designed to alter the AABUF of the F helix to increase the 

likelihood that this region of the protein would participate in the earliest steps of folding.41 

NH resonances were visible in the HSQC spectrum for the F helix residues of both mutant 

proteins at neutral pH, indicating that the F helix has been stabilized, but only the F4 mutant 

protein had a high enough AABUF to stabilize the F helix in the burst phase intermediate. 

Interestingly, the overall rate of folding is slowed in the F4 mutant, because the folded F 

helix stabilizes the intermediate and inhibits translocation of the H helix to its native 

position.41 The structural heterogeneity observed for the F helix in the native wild-type 

protein at pH 6 may be related to the in vivo insertion of the heme after the protein is folded. 

Flexibility in the F helix would allow insertion of the bulky heme, after which the heme 

pocket closes and the F helix becomes stably folded in the holoprotein.18

Extension of Rate Measurements

Conventional stopped-flow and quench flow apparatus is limited by their flow characteristics 

to the delineation of rates slower than a few milliseconds. Hence, these experiments provide 

little direct information on processes that occur faster than instrument dead times. 

Continuous-flow methods have recently been improved to the point where microsecond 

apomyoglobin refolding processes can be monitored.2,44,45 Quench-flow hydrogen exchange 

experiments performed using a continuous-flow mixer show that apomyoglobin folds by a 

hierarchical mechanism. The A, G, and H helix regions undergo rapid collapse within 0.4 ms 

of initiating refolding, leading to stabilization of helical structure and protection of amides 

from H/D exchange.45 This state, the Ia intermediate,6,44 corresponds to the burst phase 

intermediate observed in conventional stopped-flow experiments. After 6 ms, additional 

helical structure becomes stabilized by docking of the B helix region onto the AGH core, 

followed by progressive stabilization of structure in the C-terminal region of the E helix, the 

N-terminal region of E and the C helix to form the Ib intermediate. These intermediates are 

separated by an energy barrier and differ in the content of helical structure.6,36,44 Ib is a 

kinetically trapped state in which energetic frustration in the B-G helix packing and 
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translocation of the H helix relative to G impedes progression to the folding transition 

state.36 Using a fluorescence-detected continuous-flow technique with a dead time as short 

as 40 μs, an additional intermediate between the unfolded state and Ia has been detected.2

Equilibrium Methods to Probe Alternatively Folded States

Proteins can be unfolded from their native states by altering the solution environment, by 

lowering or raising the pH, by changing salt concentrations, by the addition of denaturants or 

by raising or lowering the temperature. Another perturbation that has been applied to 

apomyoglobin is increase of pressure, which can unfold proteins by causing changes in 

solution volume. Pressure changes have been applied to myoglobin and changes in the 

folded state detected by a number of spectroscopic techniques,46–48 including NMR.49,50 

The NMR detection of pressure-induced changes in the folded states of proteins has the 

advantage that site-specific information can be obtained throughout the protein, and the 

higher-energy conformers induced in the conformational ensemble can readily be detected. 

For apomyoglobin, the pressure experiments indicated that the protein forms an equilibrium 

mixture throughout the unfolding transition, populating two defined intermediate 

conformations as well as fully native and fully unfolded states.50

Another powerful NMR method to explore partly folded states that would be otherwise 

undetectable is the analysis of relaxation dispersion data.51 This method has been applied to 

the delineation of states of apomyoglobin that are populated as the pH is slightly decreased 

from 6.0 to 5.0.52 The F helix itself is invisible in the NMR spectrum, but relaxation 

dispersion in regions that contact the F helix indicate that these changes are associated with 

local unfolding and undocking of the F helix. At lower pHs, relaxation dispersion in more 

widespread regions of the protein indicated a three-state unfolding process with an 

intermediate state leading to a transiently populated molten globule state that is structurally 

similar to the equilibrium molten globule state observed at lower pHs.

Conclusions

Intensive research over the past 20 years has provided a coherent picture of the molecular 

events that accompany folding and unfolding processes in apomyoglobin (Figure 4). The 

unfolded protein consists of an ensemble of structures, largely unfolded but with local 

preferences for collapsed states. These preferences are directly related to the local amino 

acid sequence, in that local collapse initiates in regions with a high AABUF, where a large 

surface area is buried upon folding. These local hydrophobic clusters coalesce through 

transient long-range interactions involving widely-separated regions of the polypeptide 

chain, facilitating formation of compact molten globule intermediates that have native-like 

topology of the polypeptide chain.28 When the solution conditions are changed from those 

favoring the unfolded state (high urea, low pH) to those favoring the folded state (low urea, 

neutral pH), the polypeptide chain undergoes rapid and highly specific collapse, on a 

timescale faster than ~400 μs,44,45 to form a compact intermediate (Ia) with hydrogen-

bonded helical structure in parts of the A, G, and H helix regions. Secondary structure 

becomes further stabilized as Ia progresses to Ib, with additional transient helical structure 

forming in local regions of the B, D, and E helices. The apomyoglobin folding landscape is 
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highly rugged and folding is frustrated by energetic bottlenecks at the A-G-H, E-G-H, and 

B-E-G helix interfaces that impede progression to the transition state.36 Energetic frustration 

appears to play an important role by preventing excessive stabilization of non-native contacts 

in compact, partly folded states of correct chain topology while at the same time facilitating 

dynamic conformational fluctuations in frustrated regions that speed up the search for the 

native structure.
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Figure 1. 
Ribbon diagram of the backbone of sperm whale myoglobin53 showing helices A (red), B 

(orange), C (yellow), D (green), E (turquoise), F (blue), G (purple) and H (pink). The Trp 14 

side chain is shown in its position opposite Gly 73 in the wild-type protein Reproduced with 

permission from ref.26. Copyright 2005 Elsevier. The figure was prepared using Molmol54.
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Figure 2. 
Sequence variation of the average area buried upon folding (AABUF)25 for the myoglobin 

sequence, plotted using a nine-residue moving average. Black curve: wild-type sperm whale 

sequence. Red dotted curve: sperm whale sequence with the two mutations W14G, G73W 

Reproduced with permission from ref.26. Copyright 2005 Elsevier.
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Figure 3. 
Residue-specific plot of proton occupancy in the burst phase intermediate, measured at 6.4 

ms folding time in a urea-jump folding experiment, with varying durations of the pH 10.1 

labeling pulse. A. wild-type apomyoglobin. B. W14G, G73W mutant apomyoglobin. Red: 

pulse duration 7 ms; orange, 12 ms; green, 20 ms; blue, 35 ms; purple, 65 ms. The locations 

of helices A–H are shown Reproduced with permission from ref.26. Copyright 2005 

Elsevier.
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Figure 4. 
Schematic diagram of the apomyoglobin folding pathway. The AABUF profile (top of 

figure) shows peaks where the amino acid sequence indicates local clusters of hydrophobic 

residues and side chains such as Lys and Glu that contain long aliphatic regions in their side 

chains. Local interactions between the G and H helices and transient long-range interactions 

between the A and G/H regions are observed in the acid-unfolded state. The molten globule 

intermediate Ia is the first observable state, with stabilized helical structure and patterns of 

protected amide protons that indicate that the H helix is translocated (indicated by arrow and 

dotted ellipse). The H helix is also translocated in intermediate Ib, which contains more 

protected amides in the D and E helices, indicating that these helices are partly folded. After 

a few seconds, the final folded state forms, with all of the helices except F correctly folded 

and packed.
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