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Abstract Myoglobin is an alpha-helical globular protein

containing two highly conserved tryptophanyl residues at

positions 7 and 14 in the N-terminal region. The simulta-

neous substitution of the two residues increases the sus-

ceptibility of the polypeptide chain to misfold, causing

amyloid aggregation under physiological condition, i.e.,

neutral pH and room temperature. The role played by

tryptophanyl residues in driving the folding process has

been investigated by examining three mutated apomyo-

globins, i.e., W7F, W14F, and the amyloid-forming mutant

W7FW14F, by an integrated approach based on far-ultra-

violet (UV) circular dichroism (CD) analysis, fluorescence

spectroscopy, and complementary proteolysis. Particular

attention has been devoted to examine the conformational

and dynamic properties of the equilibrium intermediate

formed at pH 4.0, since it represents the early organized

structure from which the native fold originates. The results

show that the W ? F substitutions at position 7 and 14

differently affect the structural organization of the AGH

subdomain of apomyoglobin. The combined effect of

the two substitutions in the double mutant impairs the

formation of native-like contacts and favors interchain

interactions, leading to protein aggregation and amyloid

formation.
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Introduction

Proteins spontaneously fold from randomly unfolded

conformations to biologically active structures in a hier-

archical manner, with secondary structure preceding ter-

tiary structure formation (Baldwin and Rose 1999).

Secondary structure is primarily stabilized by hydrogen

bonds between the amide groups of amino acids that are

close in sequence (Aurora et al. 1997; Baldwin 2003),

whereas tertiary structure is stabilized by hydrophobic

interactions among side-chains of more distant segments of

the chain (Kauzmann 1959; Tanford 1973). This is sup-

ported by the observation that fluctuating elements of

secondary structure often persist under denaturing condi-

tions where the chain is disordered and devoid of specific

tertiary interactions. Under physiological conditions,

hydrophobic interactions among nonpolar side-chains favor

collapse of hydrogen-bonded secondary structure elements

into a compact conformation (Dill 1985). In this respect,

folding is usually envisaged as the convergence of an

ensemble of disordered conformations, i.e., the unfolded
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state, toward lower-energy partially folded compact struc-

tures from which the biologically active protein is obtained

(Kim and Baldwin 1990).

Apomyoglobin, i.e., heme-free myoglobin, is a small,

alpha-helical protein that contains two highly conserved

tryptophanyl residues located at positions 7 and 14 in the

N-terminal region of the molecule (Fig. 1). The folding of

this protein is known to proceed through compact inter-

mediates that have been detected in both kinetic and

equilibrium experiments (Hughson et al. 1990; Kay and

Baldwin 1996; Barrick and Baldwin 1993; Sirangelo et al.

1998, 2003a, b). In most of these intermediates, A, G, and

H helices are folded and sterically oriented as in the native

AGH subdomain, whereas the remainder of the molecule

seems to be unordered. More recently, Uzawa et al. (2004)

presented evidence that the high level of helical structure in

the earliest compact intermediate suggests the presence of

helical regions outside the A, G, and H helix subdomain.

Furthermore, the same authors supposed that the increases

in helix content observed in the subsequent folding stages

are probably due to an increase in the length of the pre-

existing helices.

Our previous results indicated that the tryptophanyl

residues are strong determinants of apomyoglobin structure

and that the presence of at least one of the two residues is

necessary for the formation of tertiary key interactions in

the early stages of protein folding (Sirangelo et al. 2000).

The simultaneous replacement of both tryptophanyl resi-

dues affects the folding pathway, causing aggregation and

formation of amyloid-like fibrils at physiological pH

(Sirangelo et al. 2002, 2004). On the contrary, wild-type

apomyoglobin was reported to form amyloid fibrils only

under stress conditions that favor the association of

unfolded polypeptide segments (Fandrich et al. 2003;

Vilasi et al. 2011).

Protein aggregation is known to occur naturally in

nonpathological states when proteins fail to fold properly

(Kopito 2000; Ben-Zvi and Goloubinoff 2001) or when its

folded structure converts into a conformational state that is

at least partially unfolded and prone to aggregation (Kelly

1996; Rochet and Lansbury 2000). Natural mutations

associated with familial forms of amyloidosis have been

shown to reduce the stability of the folded state (Hurle

et al. 1994; Quintas et al. 2001; Canet et al. 2002; Niraula

et al. 2002). Recent studies have allowed three major fac-

tors to be identified as important parameters in the con-

version of the partially or totally unfolded state of a protein

into aggregates. These are high hydrophobicity, high pro-

pensity to convert from a-helical to b-sheet structure, and low

net charge (Konno 2001; Chiti et al. 2002; Tjernberg et al.

2002; Ciani et al. 2002; Monsellier et al. 2007; Tartaglia et al.

2008). In the case of the W7FW14F apomyoglobin mutant, an

increased hydrophobicity of the N-terminal segment and

tendency to form b-strands has been reported (Jennings and

Wright 1993; Sirangelo et al. 2004).

In this study, we used an integrated approach based on

far-UV CD analysis, fluorescence spectroscopy, and com-

plementary proteolysis to investigate the conformational

effects produced by single-point W ? F mutations intro-

duced at position 7 and 14, in order to understand how their

combination makes the polypeptide chain highly prone to

form amyloid under physiological conditions. In addition,

we performed prediction analysis that helped to elucidate

the molecular events underlying the aggregation process.

We focused most of our attention on the conformational

and dynamic properties of the partially folded state formed

at pH 4.0, since it represents the early organized structure

from which the native protein fold originates (Jennings and

Wright 1993; Eliezer et al. 1998; Tsui et al. 1999; Jamin

2005). The behavior of single W ? F mutants at pH 4.0

was compared with that of the amyloid-forming double

mutant at pH 4.0, where it is soluble without any tendency

to aggregate. Moreover, detailed characterization of the

native state of wild-type and single mutants was also car-

ried out. This could not be done for the double mutant

because of the aggregation occurring at neutral pH.

The results presented in this paper show that the W ? F

substitutions at position 7 and 14 differently affect the

structural organization and the flexibility of the AGH

subdomain of apomyoglobin. The combination of the two

effects in the double mutant determines further changes

that make the polypeptide chain more susceptible to

aggregation and amyloid formation. Controlled proteolysis

experiments were employed to analyze the final aggrega-

tion product of the double mutant, i.e., the amyloid-like

fibrillar form. This contributed to elucidate the molecular

events leading the protein to deviate from the productive

folding process.

Fig. 1 X-ray structure of wild-type sperm whale apomyoglobin

(PDB accession no. 2JHO). Helices are labeled from A to H, and the

side-chains of the conserved tryptophans (positions 7 and 14) are

shown in the structure
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Experimental procedures

Protein expression and purification

Wild-type sperm whale myoglobin was obtained by

expressing the synthetic gene in Escherichia coli strain TB-1

[ara, D (lac-pro), strA, thi, U80dlacZDM, r-, m?] (Springer

and Sligar 1987). The tryptophanyl substitutions were per-

formed as described elsewhere (Sirangelo et al. 2000). Wild

type, and W7F and W14F mutants were essentially purified

as described by Springer and Sligar (1987). The culture was

grown at 37 �C in Luria–Bertrani broth in the presence of

ampicillin (200 mg/l), harvested in late log phase, lysed in

lysis buffer [50 mM Tris-HCl, 1.0 mM ethylenediaminete-

traacetic acid (EDTA), 0.5 mM dithiothreitol (DTT), 40

units of DNase per ml, 3 units of RNase A per ml, 4 mg of

lysozyme per ml, pH 8.0] at 4 �C overnight, and sonicated

for 30 min on ice. Cell debris was removed by centrifuga-

tion, and the supernatant was fractionated by ammonium

sulfate precipitation. The 60–95 % cut was centrifuged and

suspended in 20 mM Tris and 1.0 mM EDTA (pH 8.0) and

fractionated on a Sephadex G-50 (Pharmacia) gel filtration

column (2.5 9 100 cm) equilibrated in the same buffer.

Fractions containing reddish-brown myoglobin were col-

lected and applied to a Whatman DEAE 52 ion-exchange

column (2.5 9 20 cm) equilibrated and resolved with

20 mM Tris-HCl (pH 8.4). Under this conditions the myo-

globin did not stick on the column and was rapidly eluted.

Protein purity was controlled by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (Laemmli 1970). The

heme was removed from myoglobin by the 2-butanone

extraction procedure (Teale 1959). The contamination of the

apoprotein by myoglobin was assessed spectrophotometri-

cally. In all cases, no significant absorption was observed in

the Soret region. W7FW14F myoglobin mutant was purified

as N-terminal His-tagged form via affinity chromatography

on Ni2?-nitrilotriacetic acid resin as previously described

(Sirangelo et al. 2002, 2004). The His-tag was not removed,

because it does not affect the double mutant properties. This

was previously verified using the TAGZyme system

(Quiagen) after subcloning in pQE1 (unpublished data) and

by comparing with His-tagged wild-type protein (Sirangelo

et al. 2002, 2004). Protein concentration was determined

under denaturing conditions by measuring absorption at

280 nm for wild type, and W7F and W14F mutants and

at 275 nm for W7FW14F mutant. The molar extinction

coefficients, calculated from the tryptophan and tyrosine

content (Wetlaufer 1962; Edelhoch 1967), were e280 =

13,500, and 9,750 M-1 cm-1 for wild-type and single-

tryptophanyl-substituted myoglobins, respectively, and

e275 = 3,750 M-1 cm-1 for W7FW14F mutant. The

absorption measurements were carried out on a Jasco V-550

spectrophotometer.

Fluorescence

Fluorescence measurements were performed on a Perkin-

Elmer LS 55 fluorescence spectrophotometer using emission

and excitation bandwidths of 3.5 nm and cell with optical path

length of 1 cm. To avoid contamination from tyrosine emis-

sion, protein samples were excited at 295 nm, a wavelength at

which the absorption of this residue is negligible. The tem-

perature was maintained at 25 �C. Fluorescence quenching

experiments were performed by adding small aliquots of a

5.0 M acrylamide to an 8.0 lM protein solution. The fluo-

rescence intensities were corrected for dilution caused by the

stepwise addition of quencher. The values of the dynamic

quenching constant (Stern–Volmer constant, KSV) were

obtained by fitting the experimental data to the equation

F0

F
¼ ð1þ KSV½Q�Þ � eðKST Q½ �Þ;

where F0 and F are the fluorescence intensities in the

absence and presence of quencher, respectively, [Q] is the

concentration of quencher, and KST represents the static

quenching constant responsible for the appearance of an

upward curvature of the plot (Eftink and Ghiron 1976).

CD spectroscopy

The far-UV CD spectra were recorded at 25 �C on a Jasco J-715

spectropolarimeter at protein concentration of 20 lM using

thermostated quartz cells of 0.1 cm path length. Spectral

acquisition was taken at 0.2 nm intervals with 4 s integration

time and bandwidth of 1.0 nm. An average of three scans was

obtained for all of the spectra. Photomultiplier absorbance did

not exceed 600 V in the spectral region analyzed. Data were

corrected for buffer contributions and smoothed using the soft-

ware provided by the manufacturer (System Software version

1.00). All measurements were performed under nitrogen flow.

The results are expressed as mean residue ellipticity [H]MRW in

units of degrees cm2 dmol-1. A mean residue weight of 115

was used for the peptide chromophore. Protein secondary

structure estimation was performed using CDPro software,

which contains three software packages, i.e., CDSSTR, CON-

TIN/LL, and SELCON3 (Sreerama and Woody 2000). The

secondary structure percent contents reported are the arithmetic

means of the estimates obtained from each program.

Complementary proteolysis experiments

Enzymatic hydrolysis were performed at 37 �C by incu-

bating the sample in 10 mM Tris–HCl, pH 7.0 for the

experiments at pH 7.0, or ammonium acetate 10 mM, pH

4.0 for the experiments at pH 4.0 with enzyme-to-substrate

ratios ranging from 1:1,000 to 1:50 (w/w). Trypsin, chy-

motrypsin, endoprotease K, and endoprotease Glu-C were
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used as conformational probes at pH 7.0, whereas endo-

protease V8 and pepsin were selected for digestion at pH

4.0 due to their activity at acidic pH. The extent of pro-

teolysis was monitored on a time-course basis by sampling

the reaction mixture at different time intervals from 15 to

60 min. Digested protein samples were acidified to pH 2.5

by adding trifluoroacetic acid (TFA), and proteolytic

fragments were separated by reverse-phase high-perfor-

mance liquid chromatography (HPLC) on a Phenomenex

Jupiter C18 column (250 9 2.1 mm, 300 Å pore size) with

a linear gradient of 5–65 % acetonitrile in 0.1 % TFA over

60 min, at flow rate of 200 ll/min. Elution was monitored

at 220 and 280 nm. Individual fractions were collected and

analyzed by electrospray mass spectrometry using a ZQ

instrument. Data were acquired and processed using Mass-

Lynx software purchased by the manufacturer.

Limited proteolysis on W7FW14F apomyoglobin fibrils

For enzymatic digestion, fibrils were separated by centrifuga-

tion (13,000 rpm, 10 min), resuspended with the original buf-

fer, and collected again by centrifugation. This procedure was

repeated three times. The samples were finally resuspended

with 200 ll 10 mM sodium phosphate, pH 7.0, and the absence

of any residual soluble form checked by matrix-assisted laser

desorption/ionization time-of-flight (MALDI-TOF) analysis.

Proteases (1 lg/ml trypsin, 0.5 lg/ml chymotrypsin, 1:100,

1 lg/ml elastase, 0.2 1 lg/ml Glu-C, respectively, in 10 mM

sodium phosphate buffer, pH 7.0) were added, and digestion

allowed to proceed for 15 min at 37 �C. After 15 min, the

digested fibrils were collected by centrifugation and the reac-

tion was then stopped by acidification with TFA 0.1 % final

concentration. One microliter was mixed with 1 ll of a solution

of a-cyano-4-hydroxycinammic acid, 10 mg/ml in 70 % ace-

tonitrile, 30 % 50 mM citric acid, and the mixture was applied

onto the metallic sample plate, air-dried, and analyzed by

MALDI time-of-flight mass spectrometry using a Voyager

STR mass spectrometer (Applied Biosystems). Mass calibra-

tion was performed using a peptide standard mixture provided

by the manufacturer. All mass values are reported as monoi-

sotopic masses, and raw data were analyzed using software

provided by the manufacturer.

Calculation of aggregation propensities

Prediction analyses were performed using online available

predictors such as TANGO, PASTA, and CamP. The

apoMb amino acid sequences were analyzed for b-aggre-

gation propensity using Tango (Fernandez-Escamilla et al.

2004), PASTA (Trovato et al. 2007), and Zyggregator

(Tartaglia et al. 2008), and for tendency of proteins to

convert from the native state to the amyloid state using

Zagg ? CamP (Tartaglia et al. 2007).

Results

Circular dichroism

The effects caused by W ? F substitutions on the structure

of the native and partially unfolded state of apomyoglobin

were investigated by circular dichroism and fluorescence.

Figure 2a shows the CD spectra recorded at neutral pH and

25 �C for soluble native apomyoglobins, i.e., wild type and

single mutants W7F and W14F. All spectra exhibit two

negative minima at 222 and 208 nm, typical of polypeptide

chains mostly in a-helical conformation. The estimated

secondary structure compositions are displayed in Table 1.

The results indicate that the a-helical content of single-

tryptophan-containing apomyoglobins is slightly lower

than that of wild-type protein, thus suggesting that each

single-tryptophanyl substitution at either position 7 or 14

affects protein secondary structure. Unfortunately, the CD

spectra of the native folded single-substituted apomyoglo-

bins at neutral pH could not be directly compared with that

of W7FW14F because of the aggregation occurring at this

pH value, which brings the protein into a nonnative

Fig. 2 Far-UV circular dichroism spectra of wild-type (filled circles),

W7F (filled squares), and W14F (filled triangles) apomyoglobins at

pH 7.0 (a) and pH 4.0 (b), and W7FW14F apomyoglobin (crosses) at

pH 4.0 (b). Spectra were recorded at 25 �C in 10 mM phosphate/

acetate buffer at protein concentration of 20 lM
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amyloid conformation (Sirangelo et al. 2004). Neverthe-

less, the CD spectrum of the amyloidogenic apomyoglobin

could be extrapolated from the time dependence of the CD

activity (Iannuzzi et al. 2007), and the estimated secondary

structure is presented in Table 1 and compared with that of

wild-type and single-substituted apomyoglobins.

At pH 4.0, the negative ellipticity of wild-type and

single-tryptophan-substituted apomyoglobins decreases,

but the spectra still exhibit the two characteristic minima

(Fig. 2b). However, the substitution W ? F at position 7

seems to affect the secondary structure composition to a

larger extent, causing an increase in the content of

b-structure and a decrease of helical content (Table 1). The

secondary structure content of the amyloid-forming

W7FW14F apomyoglobin mutant at pH 4.0, i.e., in con-

ditions for which the polypeptide is in a soluble partially

folded conformation (Sirangelo et al. 2002, 2004), is very

similar to that of W7F.

Complementary proteolysis experiments

Complementary proteolysis experiments were carried out

on the equilibrium intermediate formed at pH 4.0 of

W7FW14F in comparison with wild type, W14F, and

W7F. Due to their activity at acidic pH, endoprotease V8,

which specifically cleaves at the C-terminal glutamic

acid, and pepsin, which is a rather nonspecific enzyme,

were selected for digestion, with the aim of creating

conditions in which the selectivity of the cleavage was not

related to, or limited by, the specificity of the enzyme. An

appropriate enzyme-to-substrate ratio was selected in

each case to achieve single proteolytic events on the intact

molecule. Under these conditions, the protein remained

largely undigested, with only a limited number of frag-

ments released from the molecule. The extent of the

enzymatic hydrolysis was monitored on a time-course

basis by sampling the incubation mixture at different time

intervals followed by HPLC fractionation. The fragments

generated from the protein were identified by their unique

mass values as obtained by electrospray mass spectrom-

etry (ESMS) leading to the assignment of cleavage sites.

Only the first cleavage event in each molecule was con-

sidered as reflecting structural information, since the

original structure of the protein can be altered after the

first cleavage.

An example HPLC chromatogram of the sample of

W7FW14F withdrawn after 15 min of incubation with

endoprotease V8 at pH 4.0 (E/S ratio 1/600 w/w) is shown

in Fig. 3.

W7FW14F was cleaved at Glu136, releasing the com-

plementary fragments 1–136 and 137–153 (peaks 4 and 1

in Fig. 3, respectively). Moreover, peak 2 and peak 3 were

identified as peptides 39–153 and 86–153, whose comple-

mentary peptides were found in fraction 4 (peptide 1–85)

Table 1 Percent content of secondary structure of wild-type and

mutant apomyoglobin at neutral and acidic pH

pH 7.0 wt W7F W14F W7FW14Fa

a 0.65 0.52 0.56 0.56

b 0.04 0.09 0.07 0.09

Turn 0.09 0.14 0.12 0.14

Unordered 0.22 0.25 0.25 0.021

pH 4.0 wt W7F W14F W7FW14F

a 0.46 0.26 0.37 0.28

b 0.10 0.23 0.13 0.22

Turn 0.17 0.21 0.21 0.22

Unordered 0.27 0.30 0.29 0.28

a Data from Iannuzzi et al. (2007). Analysis was performed on

computed CD spectrum extrapolated from the time dependence of

dichroic activity

Fig. 3 Complementary

proteolysis experiments. HPLC

profile of the aliquot withdrawn

after 15 min incubation of

W7FW14F with

endoprotease V8 at pH 4.0

under controlled conditions

using E/S ratio of 1/600 (w/w).

Individual fractions were

collected and identified by

ESMS, and the corresponding

peptides are reported

Eur Biophys J (2012) 41:615–627 619
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and fraction 5 (peptide 1–38), indicating the occurrence of

cleavage sites at Glu38 and Glu85.

The cleavage sites identified in the limited proteolysis

experiments on W7FW14F in comparison with wild type,

W14F, and W7F are shown in Fig. 4b. In W7FW14F,

preferential proteolytic sites were identified at Leu29,

Glu38, Glu85, Glu109, and Glu136. Leu29, Glu38, Glu85,

and Glu136 were also cleavage sites in wild-type apo-

myoglobin as well as in the single mutants, whereas

cleavage at Glu109 was observed only in W7F besides the

double mutant. Additional cleavage sites at Glu 54 and

Leu69 were observed in all the proteins except in

W7FW14F, whereas cleavage at Glu105 was specifically

detected only in W7F.

The overall analysis of the proteolytic patterns reveals few

but significant differences between W7FW14F and wild-type

protein, since in the double mutant the region corresponding to

helices D and E in the native fold are protected from prote-

ases, while helix G is exposed, thus suggesting significant

differences in the structural organization. The pattern of

cleavage sites of W14F is identical to wild type, with all the

helices, except A and G, accessible to proteases, whereas in

W7F also helix G is accessible.

Complementary proteolysis experiments were carried

out also at pH 7.0 on wild-type apomyoglobin and the

single-tryptophan-containing mutants using trypsin, chy-

motrypsin, endoprotease K, and endoprotease Glu-C as

conformational probes. The overall patterns of proteolytic

sites exhibited by the three protein species in their native

state are summarized in Fig. 4a. The proteolytic pattern of

wild type was identical to that reported in literature (Fon-

tana et al. 1997; Kim et al. 2005). In the case of the

examined mutants, only W7F showed a further specific

proteolytic cleavage at Glu136. As a whole, these results

indicated that all apomyoglobins are compact with few

specific regions amenable to protease action essentially

located in the F helix. It should be underlined that this helix

is involved in the interaction with heme in native myo-

globin and is frayed upon removal of the prosthetic group

(Eliezer and Wright 1996). However, the W7F mutant

Fig. 4 Preferential cleavage

site pattern observed in

W7FW14F, wild-type, W7F,

and W14F apomyoglobins at pH

7.0 (a) and 4.0 (b)
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showed a peculiar accessibility within the H helix that was

not observed in the other species. This result corroborates

the CD analysis revealing a decrease of a-helix content in

W7F apoMb which may be ascribed to a less structured H

helix.

Fluorescence

The stability of the tryptophanyl microenvironment in the

partially unfolded state at pH 4.0 was probed following

the guanidine dependence of the intrinsic tryptophanyl

fluorescence. Figure 5 shows the results plotted as the ratio

between the intensities at 320 and 360 nm (F320/F360). This

ratio is readily altered by changes in the solvent accessi-

bility to indole residues, since the emission of solvent-

exposed indole residues is considerably red-shifted

compared with that of buried residues, i.e., 350–360 versus

320–330 nm (Irace et al. 1981). The three curves are

superimposed, thus indicating that the stability of the try-

ptophanyl microenvironment in the equilibrium interme-

diate is not influenced by the introduced amino acid

replacement at either position 7 or 14. These results are

consistent with those reported by Dyuysekina et al. (2008),

who studied the stability of apomyoglobin substituted at

conserved W14. Moreover, the sigmoidal dependence of

fluorescence emission on denaturant concentration reveals

the cooperative destruction of tertiary interactions stabi-

lizing the AGH subdomain.

In conclusion, the data so far reported indicate that

single W ? F substitution causes a decrease of helical

content and stability (Sirangelo et al. 2000) of apomyo-

globin in its native state but does not affect the stability of

the tryptophanyl environments at pH 4.0 despite the dif-

ference observed in the secondary structure contents. This

lets us hypothesize that the single substitutions determine a

different structural organization of the molecular region

clustering the indole residues without affecting the overall

stability.

Fluorescence quenching

We used fluorescence quenching to evaluate the effects

induced by single-point mutations on the local conforma-

tion and dynamics of tryptophanyl microenvironments.

Previous studies indicated that the contribution to the total

protein emission of the two tryptophans is rather additive,

thus suggesting that they emit independently (Sirangelo

et al. 2003a, b). Figure 6 shows the effect of increasing

concentration of a neutral quencher, i.e., acrylamide, on the

fluorescence intensity of the single-tryptophan-containing

apomyoglobin mutants W7F and W14F at acidic pH in

comparison with the wild-type protein. The data were

analyzed in terms of the Stern–Volmer equation, plotting

the dependence of the fluorescence ratio F0/F measured at

320 nm (F0 denotes the fluorescence intensity in the

absence of quencher) versus quencher concentration.

Table 2 presents the Stern–Volmer constants calculated

from the data reported in Fig. 6, compared with those

obtained at pH 7.0 previously reported (Sirangelo et al.

2003a, b). The increased values detected for the single-

substituted apomyoglobins at both pH values indicate that

the replacement of one tryptophanyl residue increases the

solvent accessibility of the other. Moreover, the Stern–

Volmer constants relative to the acrylamide quenching of

wild-type protein is almost unchanged at pH 4.0 with

respect to pH 7.0, whereas those of the two single-trypto-

phan-containing apomyoglobin are slightly higher. This

indicates that the introduced amino acid replacement alters

Fig. 5 Dependence of tryptophanyl fluorescence intensity ratio at

320 and 360 nm on guanidine concentration of wild-type (filled
diamonds), W7F (filled squares), and W14F (filled triangles)

apomyoglobins at pH 4.0. Data are expressed as percent variation.

Excitation was at 295 nm. Protein concentration was 8 lM in 10 mM

phosphate/acetate buffer

Fig. 6 Acrylamide quenching of wild-type (filled diamonds), W7F

(filled squares), and W14F (filled triangles) apomyoglobins at pH 4.0.

Solid lines were obtained by fitting the experimental data to the

equation F0/F = (1 ? KSV[Q]) 9 exp(KST[Q]). The excitation wave-

length was 295 nm. Protein concentration was 8 lM in 10 mM

phosphate/acetate buffer. Temperature was kept at 25 �C

Eur Biophys J (2012) 41:615–627 621
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the structure and dynamics of the AGH subdomain in the

equilibrium intermediate more than in the native state.

Characterization of the amyloid-like fibrils

and prediction analysis

The amyloid product formed at pH 7.0 by W7FW14F was

analyzed using controlled proteolysis experiments in con-

junction with MALDI-MS analysis of the fragments gen-

erated. This investigation aimed to describe the protein

regions involved in the stable core of the fibrils. The

rationale behind this approach is that proteolytic cleavages

on the fibrils would only occur at flexible regions of the

polypeptide chain, leaving the inaccessible core untouched

(Monti et al. 2005).

Fibrils were washed accurately before enzyme incubation

to remove any possible soluble component, thus avoiding

misleading results. After centrifugation, the recovered pellet

was diluted in the working buffer and individually incubated

with trypsin, chymotrypsin, Glu-C, and elastase as proteo-

lytic enzymes. At appropriate digestion times, aliquots

of the samples were centrifuged and the supernatant

analyzed by MALDI-MS. Fibril-released fragments were

identified on the basis of the mass value and the protease

specificity. Table 3 presents the results obtained with the

four proteases.

The distribution of cleavage sites observed in the fibrils

from W7FW14F is summarized in Fig. 7. Proteolytic

experiments revealed a picture of the fibril structure in

which helices A, B, and E and part of helices D and G are

protected from protease action and, thus, are possibly

involved in the fibril core.

Moreover, we used some of the online available pre-

dictors, such as TANGO, PASTA, and Zyaggregator, to

evaluate whether changes in the properties of the sequence

are sufficient to explain our observations or, instead,

structural modifications of the amyloidogenic double

mutant need to be invoked. Tango revealed the presence of

b-aggregating sequences in wild-type protein correspond-

ing to segments 6–15, 66–75, and 101–108, which belong

to helices A, E, and G, respectively, in the natively

folded protein (Fig. 8). Both single substitutions W7F and

W14F slightly increase the b-aggregation propensity of

segment 6–15, but their simultaneous occurrence has a

much larger effect, determining a four time increase.

Regions 6–15 and 101–108 were also predicted by PASTA

to have b-aggregation tendencies, albeit the latter at a

comparatively higher level (Fig. 9). Interestingly, PASTA

revealed that the W ? F replacement at position 7 does

not affect the aggregating propensity of segment 6–11,

whereas it increases almost twofold for the other substi-

tution. The same three regions were predicted by Zyggre-

gator but without significant differences among mutants.

The most relevant aspect of the prediction analysis is

that the b-aggregating sequences correspond to the protein

regions that are fully protected from protease action

on mature fibrils and, thus, are possibly involved in the

formation of the fibril core. Significant differences

were observed using Zagg ? CamP, which predicts the

Table 2 Stern–Volmer constant (KSV) for acrylamide quenching of

wild-type and mutant apomyoglobins at neutral and acidic pH

pH 4.0 pH 7.0a

Wild type 3.5 3.2

W7F 6.0 5.1

W14F 5.9 5.0

a Data from Sirangelo et al. (2003a, b)

Table 3 MALDI-TOF analysis of protease-digested W7FW14F

apomyoglobin fibrils

Protease Identified

peptide

Experimental

[MH?] mass

value (Da)

Theoretical

[MH?] mass

value (Da)

GLU-C 39–54 1,992.04 1,992.05

39–52 1,791.81 1,791.97

42–54 1,648.74 1,648.88

42–52 1,448.68 1,448.79

110–136 2,854.46 2,854.45

137–148 1,481.72 1,481.85

137–153 2,000.94 2,001.11

Trypsin 32–47 2,022.41 2,022.08

32–45 1,747.13 1,746.9

35–47 1,634.08 1,633.83

35–45 1,358.87 1,358.67

79–96 1,982.38 1,982.05

80–96 1,853.92 1,853.96

140–147 936.88 936.56

Chymotrypsin 15–29 1,523.83 1,522.78

34–46 1,633.84 1,633.83

34–43 1,215.63 1,215.63

116–123 951.45 951.45

139–153 1,739.96 1,739.96

Elastase 40–53 1,761.78 1,761.96

78–94 1,880.95 1,881.0

108–123 1,813.85 1,813.95

131–144 1,619.88 1,619.90

Fig. 7 Regions protected from protease action in W7FW14F fibrils.

Highlighted in grey are the regions corresponding to peptides found in

the supernatant of W7FW14F fibril digestions with proteases
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tendency of proteins to convert from the native state to the

amyloid state. The results are shown in Fig. 10. Their

analysis reveals that the W ? F replacement at position 7

increases the propensity of the protein to undergo local

unfolding events which may trigger the a ? b transition

responsible for b-aggregation.

Discussion

The ability to form amyloid fibrils is a generic property of

polypeptide chains and can be readily rationalized (Dobson

1999, 2002). The amyloid core structure results primarily

from the formation of a network of hydrogen bonds

involving the amide and carbonyl groups of the polypep-

tide backbone that links the b-strands together. In essence,

in amyloid fibrils the main chain dominates the structure

and the side-chains are incorporated in the most favorable

manner consistent with this requirement. By contrast, in

the evolved globular structures, the overall fold is deter-

mined by the close-packing of the side-chains, and the

polypeptide backbone is incorporated in the most favorable

manner. Globular proteins may then have evolved features

to prevent aggregation by selecting and preserving key

residues that interfere with the establishment of the inter-

actions among the polypeptide backbone that would lead to

aggregation. In this respect, the tryptophanyl residues

located in the A helix of myoglobin seem to play such a

crucial role in preventing the main chain from taking over

the network of interactions that stabilizes the native three-

dimensional structure. The simultaneous replacement of

both indole residues determines a deviation from the cor-

rect folding pathway leading to protein aggregation and

amyloid formation even under physiological conditions

(Sirangelo et al. 2002, 2004). Moreover, studies performed

with deleted and circularly permuted mutations on sperm

whale myoglobin strongly highlight that the native position

of the N-terminus is important for the precise structural

architecture of the protein (Ribeiro and Ramos 2005). The

apo form of the deleted and permuted mutants showed

native-like folding and bind heme, but were less stable and

exhibited a stronger tendency to aggregate. Moreover, the

Fig. 8 Prediction of apomyoglobin b-aggregation propensity based on TANGO aggregation scores of wild type and W7F, W14F, and

W7FW14F mutants
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circularly permuted mutants form cytotoxic fibrils at a rate

higher than the wild type (Correa and Ramos 2011).

These considerations prompted us to investigate how the

single substitution W ? F at either position 7 or 14 affects

the protein conformation, dynamics, and stability at both

pH 7.0 and 4.0. The latter condition favors the existence of

a compact, partially folded intermediate formed by the A,

G, and H helices and part of the B helix, with the remainder

of the molecule more loosely packed with fluctuating D

and E helices (Hughson et al. 1990; Kay and Baldwin

1996; Barrick and Baldwin 1993; Sirangelo et al. 1998,

2003a, b).

Our data show that the apomyoglobin mutant W7F at pH

4.0 contains less a-helical structure and more b-content

than wild type, thus indicating that the substitution of the

indole residue at position 7 changes the secondary struc-

ture organization of the folded portion (AGH subdomain)

of the compact intermediate. The CD spectrum of W7F

mutant at pH 4.0 is very similar to that of the amyloid-

forming mutant and characterized by an increased amount

of b-structure. Chow et al. (2003) reported that the 1–36

Fig. 9 Prediction of apomyoglobin b-aggregation propensity based on PASTA aggregation scores of wild type and W7F, W14F, and W7FW14F

mutants

Fig. 10 Camp prediction of wild-type and W7F, W14F, and

W7FW14F mutant apomyoglobin. lnp \ 5 nonprotected residues,

lnp [ 5 protected residues
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N-terminal fragment of wild-type apomyoglobin displays a

high level of b-structure and forms macroscopic aggregates

when the pH gets closer to neutrality.

The limited proteolysis data further corroborate a dif-

ferent organization of the AGH core of the molten globule

intermediate of W7F and W7FW14F as compared with

wild-type apomyoglobin, as evidenced by the accessibility

of G helix to proteolytic cleavage observed for both

mutants. The change induced by W7F replacement alters

also the interaction between the AGH subdomain and the

remainder of the molecule and may, therefore, influence

the pattern of side-chain and backbone contacts. Recent

studies on permuted mutants (Ribeiro and Ramos 2005)

have also indicated that folding of the AGH core helps to

constrain the fluctuation of the polypeptide backbone in

CDEF subdomain. Moreover, the reciprocal influences of

mutations in A helix on E helix and vice versa have been

described by Nishimura et al. (2006), who provided strong

evidence that docking of the helices A and E is one of the

crucial steps of the apomyoglobin folding pathway, with E

helix folding and packing occurring when A helix is

already folded. This could justify the surprising observa-

tion that L69, a side-chain that is known to be located at the

interface among helices A, B, E, and G and that mediates

packing of the E helix onto the AGH core in the wild-type

protein (Nishimura et al. 2006), is protected in the double

mutant. Perturbation of the docking of AGH core and E

helix has been reported also for other mutations in the A

helix (Nishimura et al. 2006), although not as dramatically

as in W7FW14F.

Another point of interest is the marked exposition of G

helix observed in the equilibrium intermediate formed by

W7F and W7FW14F. However, the exposition of the

G-helix is not crucial, as indicated by the observation that

the single mutant W7F retains a folded structure and does

not aggregate. In conclusion, the W ? F substitution at

position 7 changes the secondary (see CD data) and tertiary

(see complementary proteolysis) organization of the AGH

subdomain. However, this single mutation alone is not able

to alter the productive folding pathway of W7F that

remains monomeric and soluble at pH 7.0, with an overall

three-dimensional (3D) structure very similar to wild type

although with a significantly increased accessibility of

proteolytic enzymes to H helix. This is further validated by

CamP analysis that revealed an increased propensity of this

mutant to undergo local unfolding.

The single substitution at position 14 has a less marked

effect on the secondary structure of the compact interme-

diate state populated at pH 4.0. In fact, the CD spectrum of

the W14F mutant is the closest one to that of wild-type

protein. However, the observed reorganization of the sec-

ondary structure (Table 1) induced by W14F substitution

determines an increase of the local flexibility documented

by fluorescence quenching without affecting the confor-

mational stability of the indole microenvironment.

When the two mutations occur together, their synergic

effect determines an uncorrected pairing of the E helix on

the preexisting substructure, making the formation of the

network of hydrogen bonds of the polypeptide backbone

overcome the correct establishment of the tertiary inter-

actions. This conclusion is sustained by the finding that A,

B, E, and part of D and G participate in the formation of the

amyloid fibril core. This further confirms that the mutations

introduced in the N-terminal region are responsible not

only for the increased propensity to aggregate but also for

perturbing other molecular regions, especially the E and G

helices, and involving them in fibril elongation. Prediction

analysis evidenced the presence of regions with an intrinsic

high b-aggregation propensity that are a-helical structured

and buried in the natively folded structure. The simulta-

neous tryptophanyl replacement not only introduces

structural distortion but also increases the overall flexibility

of the molecule as indicated by CamP analysis favoring

local unfolding and uncorrected pairings. How these

uncorrected pairings evolve and intermolecular interac-

tions, leading to fibrils formation, are established has still

to be determined.

Another still open question is whether this nonnative

docking of the E helix is actually one of the trapped states

naturally present on the folding route of apomyoglobin to

the native structure. This state, caused by the natural

roughness of the protein folding landscape, would become

more populated in the simultaneous absence of the two

tryptophans. Alternatively, this nonnative docking deviates

apomyoglobin from the productive folding pathway to an

alternative dead-end route. In both cases, however, the

conservation of at least one of the tryptophans in the A

helix seems to have been selected by molecular evolu-

tionary pressure to keep myoglobin on the pathway to its

native structure.
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