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Limited proteolysis experiments can be successfully used to probe conformational

features of proteins. In a number of studies it has been demonstrated that the sites

of limited proteolysis along the polypeptide chain of a protein are characterized by

enhanced backbone flexibility, implying that proteolytic probes can pinpoint the

sites of local unfolding in a protein chain. Limited proteolysis was used to analyze

the partly folded (molten globule) states of several proteins, such as apomyoglobin,

�-lactalbumin, calcium-binding lysozymes, cytochrome c and human growth hor-

mone. These proteins were induced to acquire the molten globule state under spe-

cific solvent conditions, such as low pH. In general, the protein conformational fea-

tures deduced from limited proteolysis experiments nicely correlate with those deriv-

ing from other biophysical and spectroscopic techniques. Limited proteolysis is also

most useful for isolating protein fragments that can fold autonomously and thus be-

have as protein domains. Moreover, the technique can be used to identify and pre-

pare protein fragments that are able to associate into a native-like and often func-

tional protein complex. Overall, our results underscore the utility of the limited pro-

teolysis approach for unravelling molecular features of proteins and appear to
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prompt its systematic use as a simple first step in the elucidation of structure-dynam-

ics-function relationships of a novel and rare protein, especially if available in min-

ute amounts.

A variety of spectroscopic techniques are

available for monitoring conformational tran-

sitions of proteins in solution, the most com-

monly used being circular dichroism (CD).

Far-UV CD measurements allow to evaluate

the overall features of the secondary struc-

ture of proteins, as well as to quantify the rel-

ative proportions of �-helix, �-sheet and ran-

dom coil. Tertiary structure and the micro-

environment of aromatic chromophores in a

protein can be monitored by near-UV CD, flu-

orescence emission and differential absorp-

tion in the UV region. Also infrared and

Raman spectroscopy can be used to estimate

conformational features and transitions of

proteins. Nowadays, the most useful and in-

formative technique for the structural eluci-

dation of (small) proteins in solution is NMR

spectroscopy. However, usually NMR re-

mains plagued by heavy instrumentation re-

quirements, needs a millimolar concentration

of a non-aggregating protein solution and, in

addition, is of limited success in the detailed

analysis of partly folded and fluctuating

states of proteins due to resonance broaden-

ing and/or lack of sufficient chemical shift

dispersion. Even X-ray crystallography can be

utilized for protein structure analysis only if

suitable protein crystals are available and,

moreover, it is of no use with dynamic protein

systems. Therefore, no one technique is fully

superior to all others and each one has advan-

tages and drawbacks.

In this review we will summarise the results

of our studies aimed to use limited proteoly-

sis experiments for probing molecular fea-

tures of proteins in their native or partly

folded states. The key features of the site(s) of

protein cleavage by proteolytic probes are dis-

cussed. Even the aggregation process of pro-

teins to protofibrils and amyloid deposits can

be monitored by this technique. Moreover,

protein fragments that can fold autono-

mously and/or can associate to form na-

tive-like nicked protein species have been pre-

pared by limited proteolysis of several pro-

teins. It is shown that the simple biochemical

technique of limited proteolysis can provide

important information on the structure and

dynamics of proteins, thus complementing

the results that can be obtained by using

other biophysical and spectroscopic tech-

niques. We have not attempted here to cover

the vast amount of literature dealing with

proteolysis of proteins, so that the reader

likely will find a personal selection of subjects

and omissions as well. Rather we will present

here what we consider the most significant re-

sults of our studies conducted over the past

two decades. The reader may find additional

information in our previous review articles

dealing with the limited proteolysis phenome-

non (Fontana, 1989; Fontana et al., 1989;

1993; 1997a; 1999).

THE RATIONALE OF THE

TECHNIQUE

Proteolysis of a protein substrate can occur

only if the polypeptide chain can bind and

adapt to the specific stereochemistry of the

protease’s active site (Schechter & Berger,

1967). However, since the active sites of pro-

teases have not been designed by nature to fit

the specific sequence and fixed stereo-

chemistry of a stretch of at least 8–10 amino-

acid residues of a particular globular protein,

an induced-fit mechanism of adaptation of the

protein substrate to the active site of the pro-

tease is required for binding and formation of

the transition state of the hydrolytic reaction

(Herschlag, 1988). Therefore, the native rigid

structure of a globular protein cannot act as

substrate for a protease, as documented by

the fact that folded proteins under physiologi-

cal conditions are rather resistant to proteoly-
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sis. This is no longer the case when the fully

unfolded state (U) of a globular protein exists

at equilibrium with the native state (N). How-

ever, the N � U equilibrium is much shifted

towards the native state under physiological

conditions, according to the Boltzmann rela-

tionship �G = –RTln[U]/[N], where �G is

5–15 kcal/mol. Therefore, only a tiny fraction

(10–6–10–9) of protein molecules is in the U

state that is suitable for proteolysis. Conse-

quently, native globular proteins are rather

resistant to proteolytic degradation, as a re-

sult of the fact that the N � U equilibrium ac-

tually dictates and regulates the rate of prote-

olysis.

Nevertheless, as shown in the Scheme of

Fig. 1, even native globular proteins can be at-

tacked by a protease and, in a number of

cases, it has been shown that the peptide

bond fission occurs only at one (or a few) pep-

tide bond(s). This results from the fact that a

globular protein is not a static entity as can be

inferred by a picture of its crystallographi-

cally determined 3D-structure, but instead is

a dynamic system capable of fluctuations

around its average native state at the level of

both side chains and polypeptide backbone.

Indeed, crystallographers analyze this pro-

tein mobility in terms of B-factor for both side

chains and C�-backbone (Frauenfelder et al.,

1979; Sternberg et al., 1979; Ringe & Petsko,

1985). The main chain B-factor is a measure

of average displacements of the polypeptide

chain from its native structure, so that it can

experience displacements leading to some lo-

cal unfolding. It can be envisaged that these

higher energy, locally unfolded states are

those required for a native protein to be at-

tacked by a proteolytic enzyme. Evidence for

this mechanism of local unfolding required

for limited proteolysis has been provided by

demonstrating a close correspondence be-

tween sites of limited proteolysis and sites of

higher backbone displacements in the

316-residue polypeptide chain of thermolysin

(Fontana et al., 1986). It is plausible to sug-

gest that limited proteolysis derives also from

the fact that a specific chain segment of the

folded protein substrate is sufficiently ex-

posed to bind at the active site of the prote-

ase. However, the notion of exposure/protru-

sion/accessibility is a required property, but

clearly not at all sufficient to explain the se-

lective hydrolysis of just one peptide bond,

since it is evident that even in a small globu-

lar protein there are many exposed sites (the

all protein surface) which could be targets of

proteolysis. Instead, enhanced chain flexibil-

ity (segmental mobility) appears to be the key

feature of the site(s) of limited proteolysis

(Fontana et al., 1986; 1997a).

The results obtained with thermolysin

(Fontana et al., 1986) are in line with those

derived from limited proteolysis experiments

conducted on a variety of other proteins of

known three-dimensional (3D) structure

(Fontana et al., 1993; 1997a). In many cases,

limited proteolysis was observed to occur at

sites of the polypeptide chain displaying high

segmental mobility or poorly resolved in the

electron density map, implying significant

static/dynamic disorder. Therefore, it was

concluded that limited proteolysis of a globu-
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Figure 1. Schematic view of the mechanism of

proteolysis of a globular protein.

A dual mechanism of protein degradation is shown, the

one involving as substrate for proteolysis the (fully) un-

folded protein and the other the native form of the pro-

tein. In this last case proteolysis is limited and occurs

at flexible site(s), leading to a nicked protein species

that can unfold and then be degraded to small pep-

tides.



lar protein occurs at flexible loops and, in par-

ticular, that chain segments in a regular sec-

ondary structure (such as helices) are not

sites of limited proteolysis. Indeed, Hubbard

et al. (1991; 1994) conducted modelling stud-

ies of the conformational changes required

for proteolytic cleavages and concluded that

the sites of limited proteolysis require a large

conformational change (local unfolding) of a

chain segment of up to 12 residues (Hubbard,

1998). A possible explanation of the fact that

helices and, in general, elements of regular

secondary structure are not easily hydrolyzed

by proteolytic enzymes can be given also on

the basis of energetic considerations. If prote-

olysis is occurring at the centre of the helical

segment, likely the helix is fully destroyed by

end-effects and consequently all hydrogen

bonds, which cooperatively stabilize it, are

broken. On the other hand, a peptide bond fis-

sion at a disordered flexible site likely does

not change much the energetics of that site,

since the peptide hydrolysis can easily be

compensated by some hydrogen bonds with

water (Krokoszynska & Otlewski, 1996).

Therefore, it can be proposed that proteolysis

of rigid elements of secondary structure is

thermodynamically very disadvantageous.

The limited proteolysis approach for prob-

ing protein conformation implies that the

proteolytic event should be dictated by the

stereochemistry and flexibility of the protein

substrate and not by the specificity of the at-

tacking protease (Mihalyi, 1978; Price &

Johnson, 1990; Fontana et al., 1986; 1993;

1997a; 1997b; 1999; Hubbard et al., 1994;

Hubbard, 1998). To this aim, the most suit-

able proteases are those displaying broad sub-

strate specificity, such as subtilisin, thermo-

lysin, proteinase K and pepsin (Bond, 1990).

These endopeptidases display a moderate

preference for hydrolysis at hydrophobic or

neutral amino-acid residues, but often cleav-

ages occur at other residues as well. The rec-

ommended approach is to perform trial exper-

iments of proteolysis of the protein of interest

in order to find out the most useful protease,

the optimal protein substrate:protease (E:S)

ratio and the effect of temperature and time

of incubation (Fontana et al., 1999). Possible

ways to control proteolysis is by using a low

concentration of protease, short reaction

times and low temperature. It is not easy to

predict in advance the most useful experimen-

tal conditions for conducting a limited prote-

olysis experiment, since these depend upon

the structure, dynamics, stability/rigidity

properties of the protein substrate and from

the actual aim of the experiment, i.e., identifi-

cation of the sites of protein flexibility, isola-

tion of the rigid core of the protein or prepa-

ration of a nicked protein (see below). In typi-

cal experiments of limited proteolysis, it has

been found that an E:S ratio of 1:100 (by

weight) is recommended, but occasionally

both 1:20 or 1:5000 can be used. This results

from the fact that there is a great variation in

the rate of the selective peptide fission in a

globular protein, requiring seconds or days

for the limited proteolysis event (Mihalyi,

1978). Moreover, if isolation of the nicked

protein resulting from the initial proteolysis

is desired, both the time and temperature of

reaction should be properly controlled, since

the nicked species may be present only tran-

siently in the proteolysis mixture. Indeed, a

nicked protein is usually much more flexible

and unstable than the native one and easily

unfolds to a protein substrate that is finally

degraded to small peptides (see Fig. 1).

IDENTIFICATION OF FLEXIBLE

SITES OF A POLYPEPTIDE CHAIN

Limited proteolysis does not occur at the

numerous sites scattered across the protein

surface, but is restricted to (very) few spe-

cific locations. These sites have shown a

good correlation with larger crystallographic

B-factors, uncertain electron density and

larger dispersion values of backbone angles

(Fontana et al., 1993; 1999). Hence, limited

proteolysis occurs preferentially at those
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loops which display inherent conformational

flexibility, whereas the protein core remains

quite rigid and thus resistant to proteolysis

(Fontana, 1989; Fontana et al., 1986; 1989;

1993; 1997a; 1997b; Polverino de Laureto et

al., 1995). Usually it is a region, rather than

a specific site, the target of limited proteoly-

sis, as given by the fact that, if several pro-

teases are used, one observes that cleavage

takes place over a stretch of peptide bonds

(Fontana et al., 1997a; 1997b). A survey of

the cleavage sites of a variety of proteins of

known 3D structure revealed that they never

occur at the level of �-helices, but largely at

loops (Fontana et al., 1986; 1993; 1999).

Therefore, limited proteolysis experiments

can be used to identify the sites of enhanced

flexibility or of local unfolding of a poly-

peptide chain (Fontana et al., 1993; 1997a;

Hubbard, 1998).

Limited proteolysis experiments were used

to probe the structural and dynamic differ-

ences between the holo and apo form of horse

myoglobin (Mb) (Fontana et al., 1997a). Ini-

tial nicking of the polypeptide chain of apoMb

(153 amino-acid residues, no disulfide bonds)

by several proteases occurs at the level of

chain segment 89–96. In contrast, holoMb is

resistant to proteolytic digestion when re-

acted under identical experimental condi-

tions. More recently, the conformational fea-

tures of native and mutant forms of sperm-

whale apoMb at neutral pH were probed by

limited proteolysis experiments utilizing up

to eight proteases of different substrate

specifities (Picotti et al., 2004). It was shown

that all proteases selectively cleave apoMb at

the level of chain segment 82–94 encompass-

ing helix F in the X-ray structure of the holo

form of the native protein; for example,

thermolysin cleaves the Pro88–Leu89 pep-

tide bond (Fig. 2). These results indicate that

helix F is highly flexible or largely disrupted

in apoMb, in full agreement with NMR

(Eliezer & Wright, 1996; Lecomte et al., 1996;

1999; Eliezer et al., 1998) and molecular dy-

namics simulations (Brooks, 1992; Tirado-

Rives & Jorgensen, 1993; Hirst & Brooks,

1995; Onufriev et al., 2003).

Since helix F contains the helix-breaking

Pro88 residue, it was conceivable to suggest

that helix F is kept in place in the native holo

protein by a variety of helix-heme stabilizing

interactions, including the coordination of

the heme iron by proximal His93. In order to

modulate the stability of helix F, the

Pro88Ala and Pro88Gly mutants of sperm-

whale apoMb were prepared by site-directed

mutagenesis and their conformational prop-

erties investigated by both far-UV CD spec-

troscopy and limited proteolysis (Picotti et al.,

2004). The helix content of the Pro88A mu-

tant was somewhat enhanced with respect to

that of both native and Pro88Gly mutant, as

expected from the fact that the Ala residue is

the strongest helix-inducer among the 20

amino-acid residues. The rate of limited pro-

teolysis of the three apoMb variants by

thermolysin and proteinase K was in the or-

der native > Pro88Gly >> Pro88Ala, in agree-

ment with the scale of helix propensity of Ala,

Gly and Pro.

The clear-cut results of the proteolysis ex-

periments conducted on apoMb (Fontana et

al., 1997; Picotti et al., 2004) emphasize the

utility of proteolytic probes of protein struc-

ture and dynamics. By using the simple bio-

chemical approach of limited proteolysis it is

possible to detect the unfolding of helix F, in

agreement with the results obtained in ana-

lyzing the molecular features of apoMb at

neutral pH by using NMR and computational

approaches. Clearly, it is the local mobil-

ity/unfolding of the chain of the apoMb sub-

strate that dictates the limited proteolysis

phenomenon (Fontana et al., 1986). Indeed,

when the mobile chain region encompassing

helix F in apoMb is induced to adopt a quite

rigid and hydrogen-bonded structure, as that

resulting from a Pro�Ala replacement, the

site of limited proteolysis was rather well pro-

tected against the proteolytic attack (Picotti et

al., 2004).
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PROBING PARTLY FOLDED STATES

OF PROTEINS

Interpreting function of proteins in terms of

their three-dimensional (3D) structure is

dominating protein science since many de-

cades. Nevertheless, in recent years the pro-

tein structure–function paradigm has been

challenged by the observation that proteins

can exist in states different from the native

(N) and fully unfolded (D) state (Dunker &

Obradovic, 2001; Dunker et al., 2002). Indeed,

there are a number of experimental observa-

tions demonstrating that proteins can adopt

intermediate states that play a role in the

functioning of proteins at the cellular level,

such as ligand binding and protein trans-

location (Bychkova & Ptitsyn, 1995; Ptitsyn,

1995). Folding intermediates, usually named

molten globule (MG) states, can be generated

at equilibrium by exposing the protein to mild

acid solutions, in the presence of moderate

concentrations of protein denaturants, by re-

moving protein-bound ligands (metal ions or

prosthetic groups), as well as by chain trunca-

tion or amino acid replacements by genetic

methods (Ptitsyn, 1995; Arai & Kuwajima,

2000). In some cases, the molecular features
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Figure 2. Limited proteolysis of apomyoglobin (apoMb) at neutral pH.

(Top) Schematic secondary structure of sperm-whale myoglobin. The height helices A to H are shown in colored

boxes. The amino-acid sequence of the chain segment encompassing helix F is magnified and the sites of initial

proteolytic cleavage by proteinase K (K), thermolysin (Th), subtilisin (Su), chymotrypsin (Ch), trypsin (T), V8-pro-

tease (V8), papain (P) and elastase (E) are indicated by arrows. (Bottom) Schematic 3D structure of sperm-whale

apoMb. The location of the helical segments (A to H) of the 153-residue chain of holo myoglobin are shown. The

chain segment encompassing helix F is shown to be disordered in apoMb (see text). The model was constructed

from the X-ray structure (file 1YMB taken from the Brookhaven Protein Data Bank) using the program WebLab

(Molecular Simulations Inc., San Diego, CA, U.S.A.).



of MGs have been found to resemble those

that form transiently in kinetic experiments

of protein folding (Chamberlain & Marqusee,

2000) and thus it was proposed that the MG

state is an intermediate in protein folding

(Ptitsyn, 1987; 1995; Ptitsyn et al., 1990). The

MG was defined as a dynamic compact state

of a polypeptide chain, characterized by a

high degree of native-like secondary struc-

ture, but lacking the fixed tertiary contacts of

the native state (Ohgushi & Wada, 1983;

Ptitsyn, 1987). However, the results of a vari-

ety of studies have clearly indicated that a

plethora of MGs exists, ranging from those

much resembling the unfolded state of a pro-

tein to those possessing substantial na-

tive-like properties, including some specific

tertiary interactions (Arai & Kuwajima,

2000). Moreover, it has been reported that nu-

merous proteins contain largely disordered

chain regions of 40 or more amino-acid resi-

dues (Romero et al., 2001) and that some pro-

teins appear to be intrinsically or “natively”

unfolded or only partly folded under their

normal conditions in the cell (Wright &

Dyson, 1999; Uversky et al., 2000; Uversky,

2002). Therefore, it has become increasingly

clear that proteins are dynamic systems that

can adopt a variety of partly folded states or

MGs and, in particular, that the function of

proteins cannot be interpreted solely on the

basis of their static 3D structures (Wright &

Dyson, 1999; Dunker & Obradovic, 2002).

It is clear, therefore, that the structural

analysis of protein intermediates or MGs is

relevant for a number of biophysical and bio-

logical aspects of proteins and, in particular,

for re-assessing the protein structure–func-

tion paradigm (Wright & Dyson, 1999). How-

ever, the analysis of the molecular features of

MGs is not at all an easy task, since these

states usually are flexible and heterogeneous,

not amenable to structural elucidation by

X-ray crystallography and quite difficult to

analyse by NMR spectroscopy (Evans &

Radford, 1994). Recent developments in hy-

drogen/deuterium (HD) exchange, combined

with two-dimensional NMR spectroscopy,

have provided useful experimental tools for

analyzing folding intermediates even at the

level of atomic resolution (Eliezer et al.,

1998). The advances in NMR measurements

include the use of multi-dimensional het-

ero-nuclear NMR techniques utilizing 13C- or
15N-labeled proteins. Also the solution X-ray

scattering technique has been used to obtain

accurate data on the size, shape and, in some

cases, even tertiary fold of compact, non-na-

tive states of proteins (Arai & Kuwajima,

2000). However, it is clear that the structural

complexity of MGs requires the use of new

and complementary techniques and ap-

proaches, since no one technique is fully supe-

rior to all others (Evans & Radford, 1994;

Dobson, 1994; Fink, 1995; Fontana et al.,

1997a).

The conformational state of �-lactalbumin

(LA) exposed to acid pH (A-state) is nowadays

regarded as a prototype MG (Ptitsyn, 1987;

1995; Kuwajima, 1989; 1996; Permyakov &

Berliner, 2000; Permyakov et al., 2003). The

A-state of LA has been investigated in great

detail using a variety of experimental ap-

proaches and techniques (Kuwajima, 1996;

Arai & Kuwajima, 2000). These studies were

conducted on bovine, human, goat and

guinea-pig LA, but the conformational fea-

tures of these homologous proteins are very

similar (Pike et al., 1996) and thus results ob-

tained with LA from different sources and

their interpretations likely can be used inter-

changeably. NMR and HD-exchange measure-

ments revealed that in acid the 123-residue

chain of LA adopts a partly folded state char-

acterized by a disordered �-domain, while the

�-domain maintains substantial, albeit dy-

namic, helical secondary structure (Wu et al.,

1995). The �-domain is a discontinuous do-

main given by the N-terminal segment 1–37

and the C-terminal segment 85–123 and com-

prises all helical segments of the protein,

while the �-domain is given by the remainder

of the protein chain encompassing the

�-strands and a coil region (Pike et al., 1996).
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Alternatively, the term �-subdomain was used

to indicate the chain segment from residue 34

to 57 encompassing the three �-strands of the

protein (Polverino de Laureto et al., 1995;

2001; 2002a; 2002b).

Polverino de Laureto et al. (1995) were first

in using the limited proteolysis approach for

unravelling molecular features of MG states

of proteins. Proteolysis of LA in its A-state at

low pH by pepsin results in the initial cleav-

age at peptide bonds 52–53 and 40–41 lo-

cated in the �-subdomain of the protein, thus

implying that this region is flexible or un-

folded. Subsequently, pepsin cleaves also at

peptide bond 103–104 and, therefore, frag-

ments 53–103 and 1–40/104–123 accumu-

late in the proteolysis mixture. Overall, it was

concluded that the proteolytic probe detects,

in the A-state of LA, the flexibility or unfold-

ing of the �-subdomain, in full agreement

with the results of other physicochemical

studies. Indeed, the proposal was advanced

that the MG of LA has a “bipartite structure”

given by a structured �-domain and a disor-

dered �-domain (Peng & Kim, 1994; Wu et al.,

1995; Schulman et al., 1995; 1997).

The conformational features of the cal-

cium-depleted form of LA are not yet defined

in such a detail as those of the A-state. Actu-

ally, there are discrepancies in the reported

experimental results and conflicting propos-

als regarding the conformational state of

apo-LA, ranging from a classical MG devoid

of a cooperative thermal transition (Yutani et

al., 1992) to a partly folded state with some

native-like properties and displaying instead

cooperativity (see Kuwajima, 1996, for a dis-

cussion and references). The thermal unfold-

ing transition of apo-LA to a MG state was

monitored by differential calorimetry, sec-

ond-derivative UV spectroscopy, fluorescence

emission, Raman spectroscopy and near-UV

CD. Depending upon the technique and the

solvent conditions (pH, ionic strength), differ-

ent figures for the melting temperature (Tm)

of apo-LA have been reported, from about

10°C to 42°C (Griko et al., 1994; Griko &

Remeta, 1999; Permyakov & Berliner, 2000).

Often it is assumed that apo-LA, as obtained

for example by dissolving the protein at 20°C

in Tris buffer, pH 8.0, containing a calcium

chelating agent, adopts a MG state (Kataoka

et al., 1997), but this may be not be true with-

out specifying the ionic strength and the tem-

perature of the protein solution. It is clear,

therefore, that the conformational state

adopted by apo-LA is strongly influenced by

the specific solvent conditions (Griko &

Remeta, 1994). Recently, both X-ray crystal-

lography (Chrysina et al., 2000) and NMR

spectroscopy (Wijesinha-Bettoni et al., 2001)

have been used to analyze the structure of

apo-LA in the presence of salt (e.g., 0.5 M

NaCl) at neutral pH. These studies revealed

that the conformational features of the

apo-form of LA are much similar to those of

the calcium-loaded protein and that the struc-

tural differences between the apo and holo

form are mainly confined at the level of the

calcium-binding sites.

Limited proteolysis of bovine apo-LA at neu-

tral pH under moderate heating occurs at the

same �-subdomain region as in the A-state of

LA at low pH (Polverino de Laureto et al.,

2002b). All sites of limited proteolytic cleav-

age by the voracious and non-specific

proteinase K (Lebherz et al., 1986) occur at

the level of the �-subdomain encompassing

the three �-strands S1, S2 and S3 of native

LA (Fig. 3). Thus, proteolysis data indicate

that the heat-mediated MG of apo-LA at neu-

tral pH shares similar overall conformational

and dynamical features to those of the A-state

of the protein and, in particular, that the

�-subdomain is disordered. Visual inspection

of the 3D-model of LA (see Fig. 3) reveals that

the �-subdomain is rather well separated

from the protein core and thus it can be con-

sidered a structural domain or subdomain

(Wetlaufer, 1973; 1981). Removal of the

�-subdomain from the MG of apo-LA by prote-

olysis leads to the gapped species des�-LA,

given by fragments 1–34 and 54–123 or

57–123 covalently linked by the disulfide
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bridges of the protein. This gapped des�-LA

species is sufficiently stable and rigid to resist

further proteolysis, so that, during proteoly-

sis, accumulates in the reaction mixture as

the major protein species. Conformational

and stability features of des�-LA have been

reported (Polverino de Laureto et al., 2001).

It has been found that LA interacts with a

variety of hydrophobic compounds, including

fatty acids (Cawthern et al., 1997; Permyakov

et al., 2003). A most intriguing observation

was reported by H�kansson et al. (1995; 1999;

2000) and Svensson et al. (1999; 2000). They

found a form of LA isolated from the casein

fraction of milk that can induce apoptosis in

tumor cells, but not in healthy cells. The LA

variant inducing apoptosis, yet not thor-

oughly characterized, appears to require the

binding of oleic acid (18:1) as cofactor and to

possess spectroscopic properties related to

those of the MG state of LA in acid (Svensson

et al., 2000). The authors gave to this LA vari-
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Figure 3. Limited proteolysis of �-lactalbumin (LA) in its partly folded (molten globule) state.

(Top) Schematic representation of the crystal structure of bovine LA generated from the coordinates deposited in

Brookhaven Protein Data Bank (1hfz) using the program Insight II version 97.0 (Molecular Simulations, San

Diego, CA, U.S.A.). The chain segment from residue 35 to 56 encompassing the three-stranded antiparallel

�-pleated sheets is indicated in red and the chain segments 1–34 and 57–123 in blue. Calcium is represented by a

solid sphere in green. The connectivities of the four disulfides (represented by sticks) along the 123-residue chain

of LA are 6–120, 28–111, 61–77 and 73–91. (Bottom) Scheme of the secondary structure of the 123-residue chain

of bovine LA (Pike et al., 1996). The four �-helices (H1–H4) along the protein chain are indicated by major boxes

and below them the corresponding chain segments are given. The three �-strands (S1, 41–44; S2, 47–50; S3,

55–56) are indicated by small boxes. The short 310 helices (h1b, 18–20; h2, 77–80; h3c, 115–118) are also shown by

small boxes. At variance from LA derived from other sources, the chain segment encompassing helix H4 (residues

105–110) in the crystal structure of bovine LA exhibits a variety of distinct conformers, including a distorted �-he-

lical conformation (Pike et al., 1996). The amino-acid sequence of the chain region (residues 34–57) of apo-LA is ex-

plicitly shown. The sites of peptide bond fission of apo-LA in its MG state at neutral pH in the presence of oleic acid

by proteinase K are indicated by arrows (see text).



ant the fancy name HAMLET (human

�-lactalbumin made lethal to tumor cells)

(Svensson et al., 2000) and found it to possess

several interesting biological properties

(Köhler et al., 1999; 2001), including a bacte-

ricidal activity (H�kansson et al., 2000). It is

not clear if HAMLET is monomeric or oligo-

meric, since Svanborg and co-workers named

the oleic acid complex of LA also MAL, i.e.,

multimeric LA (Köhler et al., 1999;

H�kansson et al., 1999; see: also Permyakov

et al., 2003).

The simple addition of oleic acid (7.5 equiva-

lents) to a solution of bovine apo-LA at neu-

tral pH induces the formation of the MG state

of the protein, as demonstrated by far- and

near-UV CD (Polverino de Laureto et al.,

2002b). The oleic acid-induced MG behaves to-

wards the proteolytic probe proteinase K in

the same way as that of the protein upon mod-

erate heating. Previously, the oleic acid/

apo-LA complex or HAMLET has been pre-

pared by a chromatographic procedure

(Svensson et al., 2000). The freshly prepared

oleic acid/apo-LA complex, obtained by sim-

ple mixing the protein with the fatty acid, is

monomeric and shows spectroscopic proper-

ties identical to those of the MG of LA

(Polverino de Laureto et al., 2002b). The pro-

tein species des�-LA, given by the N-terminal

fragment 1–34 linked via disulfide bridges to

the C-terminal fragment 54–123 or 57–123,

was isolated from the proteolysis mixture of

the oleic acid/LA complex (see Fig. 3). There-

fore, seemingly the same MG state of apo-LA

can be obtained at neutral pH at 37–45�C or

by mixing apo-LA with oleic acid at room tem-

perature. This MG of LA maintains a na-

tive-like tertiary fold, characterized by a

structured �-domain and a disordered

�-subdomain 34–57 (Polverino de Laureto et

al., 2002b).

We have analyzed also the partly folded

states of protein members of the lysozyme/

lactalbumin (LYS/LA) superfamily by CD

measurements and limited proteolysis exper-

iments (Polverino de Laureto et al., 2002a).

Hen, horse, dog and pigeon lysozyme (LYS)

and bovine LA were used for this study.

These are related proteins of 123–129

amino-acid residues with similar 3D struc-

tures, but notable differences among them

reside in their calcium-binding properties

and capability to adopt partly folded or MG

states in acid solution or upon depletion of

calcium at neutral pH (apo-state). Far- and

near-UV CD measurements revealed that,

while the structures of hen and dog LYS are

rather stable in acid at pH 2.0 or at neutral

pH in the absence of calcium, conforma-

tional transitions to various extents occur

with all other LYS/LA proteins. The most

significant perturbation of tertiary structure

in acid was observed with bovine LA and

LYS from horse milk and pigeon egg-white.

While hen LYS at pH 2.0 was fully resistant

to proteolysis by pepsin, the other members

of the LYS/LA superfamily were cleaved at

different rates at few sites of the polypeptide

chain, thus leading to rather large protein

fragments. The apo-form of bovine LA, horse

LYS and pigeon LYS were attacked by

proteinase K at pH 8.3, while dog and hen

LYS were resistant to proteolysis when re-

acted under identical experimental condi-

tions. Briefly, it has been found that the pro-

teolysis data correlate well with the extent of

conformational transitions inferred from CD

spectra and with existing structural infor-

mations regarding the proteins investigated

and mainly derived from NMR and HD-ex-

change measurements. The sites of initial

proteolytic cleavages in the LYS variants oc-

cur at the level of the �-subdomain (approxi-

mately chain region 34–57), in analogy to

those observed with bovine LA (Polverino de

Laureto et al., 1995; 2001; 2002b). Overall,

proteolysis data indicated that the MG of the

LYS/LA proteins is characterized by a struc-

tured �-domain and a largely disrupted

�-subdomain.
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MONITORING PROTEIN

AGGREGATION

The problem of protein aggregation was con-

sidered in the past just a nuisance in protein

research, but recently the analysis of the mo-

lecular features of the protein aggregates con-

stituting amyloid fibrils has attracted consid-

erable attention and research effort by nu-

merous investigators. Amyloid fibrils are

self-assembled filaments formed by the spon-

taneous aggregation of a wide variety of pep-

tides and proteins and these aggregates are

associated with severe debilitating diseases,

such as Alzheimer’s disease, type 2 diabetes,

prion diseases, Parkinson’s disease, senile

systemic amyloidosis and Huntington’s dis-

ease (Sacchettini & Kelly, 2002; Dobson,

2003; Stefani & Dobson, 2003; Selkoe, 2003).

The interest of protein scientists arises from

fundamental questions regarding the mecha-

nisms by which amyloid fibrils form from

monomeric or oligomeric species and the na-

ture of the interactions that make amyloid fi-

brils a stable structural state for polypeptide

chains. Peculiar characteristics of amyloid fi-

brils include the presence of the cross-� struc-

tural motif (Sunde & Blake, 1997) and the un-

usual resistance to proteolytic degradation.

Information about the molecular structures

and stabilizing interactions of amyloid fibrils,

as well as of the mechanisms of fibril forma-

tion, is likely to be useful for the development

of therapeutic strategies and drugs for amy-

loid diseases (Cohen & Kelly, 2003).

The results of a variety of recent studies

have indicated that amyloid fibril formation

from native proteins occurs via a confor-

mational change leading to the formation of

partly folded intermediates and subsequent

association of these protein species to form

pre-fibrillar species given by soluble oligo-

mers that susequently associate into well-or-

dered mature fibrils (Dobson, 2003). Forma-

tion of protein intermediates appear to be

critical for the onset of fibril formation, since

these species are capable of strong inter-

molecular interactions due to the exposure of

hydrophobic patches otherwise buried in the

overall fold of the native protein (Fink, 1998).

This view led to the proposal that likely all

polypeptide chains can form amyloid aggre-

gates under proper experimental conditions

that promote formation of a partly denatured

state of the protein chain (Dobson, 1999;

2003).

However, it should be emphasized that a

large proportion of physiologically relevant

amyloid deposits in the tissue are given by

protein fragments deriving from relatively

larger proteins (Sacchettini & Kelly, 2002;

Dobson, 2003). For example, the Alzheimer’s

fibrils derive from the fragment(s) produced

by limited proteolysis of the amyloid precur-

sor protein (APP). Other examples of aggre-

gating fragments include those of serum amy-

loid A, gelsolin, apolipoprotein A1, prolactin,

amylin, calcitonin, �2-microglobulin, trans-

thyretin, medin, fibrinogen and others. Pro-

tein fragments derived by limited proteolysis

of proteins are particularly unstable, because

usually they can only adopt partly folded

states and cannot establish the long-range in-

teractions present in the intact native pro-

tein. In particular, a peculiar property of frag-

ments is that they can display hydrophobic

patches that can cause protein aggregation

(Fink, 1998). Therefore, it seems that protein

fragmentation by limited proteolysis can be a

causative mechanism of several amyloid

diseases.

Considering our research interests in protein

folding intermediates, protein fragments and

mechanisms of proteolysis, we made an effort

to contribute to the problem of protein

fibrillogenesis. First of all, we attempted to fol-

low the aggregation phenomenon from pro-

tofibrils to mature fibrils of a SH3 domain by

using far-UV CD spectroscopy, electron mi-

croscopy and limited proteolysis experiments

(Polverino de Laureto et al., 2003). The SH3

domains are small protein modules of 60–85

amino-acid residues that are found in many

proteins involved in intracellular signal
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transduction. The SH3 domain of the p85�
subunit of bovine phosphatidyl-inositol

3�-kinase (PI3-SH3) under acidic conditions

readily forms amyloid fibrils. The process of

PI3-SH3 aggregation at low pH was monitored

by using pepsin as proteolytic probe. Remark-

ably, the protein aggregates that are formed

initially display enhanced susceptibility to pro-

teolysis, suggesting that the protein becomes

more unfolded and/or flexible in the early

stages of aggregation. By contrast, the more

defined amyloid fibrils that are formed over

longer periods of time are completely resistant

to proteolysis. This observation appears to in-

dicate that a rather unfolded/flexible state of

the protein is that required to transform

protofibrils into the final well-ordered fibrillar

structures. Moreover, considering that the ini-

tial pre-fibrillar aggregates are substantially

more cytotoxic than mature fibrils (Buccian-

tini et al., 2002), it was proposed that the more

unfolded early aggregates could expose spe-

cific regions of the protein to the external envi-

ronment, causing inappropriate binding to

membranes and other cellular components

and leading to impairment of cellular viability

and ultimately cell death.

Hen egg-white lysozyme (LYS) was found to

form amyloid fibrils when incubated in vitro

at pH 2.0 for several days (Krebs et al., 2000).

We have analyzed the amyloid fibril forma-

tion by hen LYS, since this well-characterized

protein appears to be an excellent experimen-

tal model to study the determinants of pro-

tein aggregation. Amyloid fibrils from LYS,

obtained under rather harsh solution condi-

tions by incubating the protein for several

days at pH 2.0 and 65°C, are mainly com-

posed of protein fragments, primarily encom-

passed by chain region 49–101 of the 129-res-

idue chain of the protein (Frare et al., 2004).

In order to gain further insights into the ag-

gregation properties of LYS, the propensities

of different fragments of the protein to aggre-

gate were examined. Several fragments have

been prepared by limited proteolysis of hen

LYS by pepsin at pH 0.9 and in the presence

of 2 M guanidine hydrochloride. Under these

solvent conditions the protein adopts a partly

folded state (Sasahara et al., 2000). Frag-

ments 57–107 and 1–38/108–129 were abun-

dant species in the proteolytic mixture, the

last fragment being a two chain species con-

stituted by the N-terminal fragment 1–38 and

the C-terminal fragment 108–129 covalently

linked by the two disulfide bridges

Cys6–Cys127 and Cys30–Cys115. The pro-

pensity of these fragments to aggregate in so-

lution was studied in detail by CD, thioflavine

T binding and electron microscopy. It was

shown that fragment 57–107, but not frag-

ment 1–38/108–129, is able to generate

well-structured amyloid fibrils when incu-

bated at pH 2.0, 37°C for 2–6 days, i.e., under

the same solvent conditions that cause

fibrillar assembly of the full-length LYS.

These findings indicate that the polypeptide

chain encompassing the �-domain and C-helix

of LYS is a highly amyloidogenic region of the

protein. Of interest, this chain region was

shown previously to locally unfold in the

amyloidogenic variant D67H of human

lysozyme causing systemic amyloidosis and

thus populating a partly folded protein spe-

cies that initiates aggregation events (Canet

et al., 2002).

IDENTIFICATION AND PREPARATION

OF PROTEIN DOMAINS

Relatively large globular proteins are assem-

blies of compactly folded substructures, usu-

ally called domains or modules. Protein do-

mains are almost invariably seen with pro-

teins made up of more than about 100 amino-

acid residues and often their existence can be

recognized simply by visual inspection of the

3D model of a protein molecule (Wetlaufer,

1973; 1981). Many large proteins, such as

those involved in cell adhesion, clotting,

fibrinolysis and signalling, are composed of a

series of functionally, distinct, autonomously

folding protein domains. Often, identification
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of domains or modules in a large protein can

be reached simply from sequence analysis of

the databases and, in recent years, there has

been a rapid advance in identifying families

of multi-module proteins, such as the immu-

noglobulins, fibronectins, kringles, SK2 and

SK3 domains, EGF-containing proteins and

others (Campbell & Downing, 1994).

Wetlaufer (1973) proposed that protein do-

mains could represent intermediates in the

folding process of globular proteins. It is con-

ceivable to suggest that, in a multidomain

protein, specific segments of the unfolded

polypeptide chain first refold to individual do-

mains and that they subsequently associate

and interact with each other to give the final

tertiary structure of the protein, much the

same as do subunits in oligomeric proteins.

The major implication of this hierarchical

model of protein folding by a mechanism of

modular assembly is that isolated protein

fragments corresponding to domains in the

intact protein are expected to fold into a na-

tive-like structure, thus resembling in their

properties a small globular protein. The con-

formation of the individual domains may be

different from that attained in the final native

protein, since in the assembled domains some

novel mutually stabilizing interactions may

be operative. Therefore, a strategy to over-

come the complexity of the protein folding

problem is to cleave a multi-domain protein

into fragments that correspond to domains in

the native protein and to study their

conformational features in isolation. This

protein dissection strategy has been used

with several protein systems and in a number

of studies it has been demonstrated that some

protein fragments can behave as autonomous

folding units (AFU) (Wetlaufer, 1981; Wu et

al., 1994; Peng & Wu, 2000). However, the

problem remains how to choose and prepare

suitable protein fragments to be studied for

their folding properties.

The current rapid growth in the number of

even large protein structures solved by X-ray

methods, together with the fact that domains

are the constituent building blocks of these

proteins, has prompted both theoretical and

experimental research on protein domains

(Peng & Wu, 2000). Several computer algo-

rithms were developed for the identification

of protein domains utilizing the C�-coordi-

nates of protein structures derived from

X-ray analyses (Rose, 1979; Janin & Wodak,

1983, Zehfus, 1987; Siddiqui & Barton, 1995).

These algorithms, based on principles such as

interface area minimization, plane cutting,

clustering, distance mapping, specific volume

minimization and compactness, allow a de-

scription of globular proteins in terms of a hi-

erarchic architecture given by elements of

secondary structure (helices, strands), sub-

domains (supersecondary structures or fold-

ing units), domains and whole protein mole-

cule. Therefore, the concept of protein do-

mains appears to be a convenient way both to

simplify the description and classification of

protein structures and to study protein fold-

ing. In current literature there is no strict,

universally accepted definition of a protein

domain, but a consensus view of a domain in-

volves a compact, local and independent unit

relatively well separated from the rest of the

protein molecule.

Limited proteolysis appears to be the best

experimental technique for splicing out a

fragment that can fold autonomously. The

success of the technique resides in the fact

that limited (specific) proteolysis of a globular

protein occurs at the “hinge” regions or con-

necting segments between domains. These

hinge regions between domains are usually

more flexible than the rest of the polypeptide

chain forming the globular units of the do-

mains. Thus, a peptide bond fission at the

flexible or unfolded chain region likely does

not hamper overall structure and stability of

the individual protein domains. Indeed,

Neurath (1980) emphasized that proteolysis

is expected to occur at the flexible hinges be-

tween protein domains. Over the years, lim-

ited proteolysis was found a most suitable

procedure to produce from large proteins in-
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dividual, autonomously folding domains for

further structural and functional character-

ization (Wetlaufer, 1981; Neurath, 1980;

Peng & Wu, 2000). The most interesting ap-

plications of the limited proteolysis approach

for producing protein domains were with

multifunctional proteins, allowing the isola-

tion of fragments capable of independent

folding and displaying some of the activities

of the parent protein, thus helping to clarify

both structure and mechanism of biological

activity of complex proteins. For example,

proteolytic cleavage of DNA polymerase leads

to a large fragment which catalyzes 3�–5�

exonuclease action on both single stranded

and unpaired regions of double-stranded

DNA, and to a small fragment which retains

only 5�–3� exonuclease activity (Klenow &

Hennigsen, 1970). Other examples are the

separation and isolation of kringles from

prothrombin, plasminogen, urokinase and

plasminogen activator (Patthy et al., 1984)

and the isolation of the �-carboxyl-glutamic

acid (Gla) domains from coagulation factors

(Esmon et al., 1983). Limited proteolysis has

been used also to define the boundaries of a

domain by removing its flexible and unstruc-

tured parts (Dalzoppo et al., 1985; Darby et

al., 1996). Finally, the chain flexibility notion

explains the fact that, in certain proteins, the

rather loose parts can be removed by limited

proteolysis, allowing the isolation of the

“core” of the protein as the most proteoly-

sis-resistant moiety and thus as a stable pro-

tein entity (Vindigni et al., 1994).

In our laboratory we have conducted sys-

tematic conformational studies on protein

fragments derived from thermolysin, a two-

domain metallo-protease (Vita & Fontana,

1982; Fontana et al., 1983; Vita et al., 1984).

It was found that several C-terminal frag-

ments of thermolysin are capable of folding

into a native-like structure independently

from the rest of the polypeptide chain, thus

possessing protein domain properties. These

fragments of thermolysin were initially pre-

pared by cyanogen bromide cleavage of the

protein at the level of methionine residues in

position 120 and 205 of the 316-residue chain

of the protein (Vita et al., 1982; 1984). Of

course the dimensions of the fragments, for

example those of the most studied fragment

206–316, were dictated by the location of the

Met residue in the protein chain. With the

aim to define the minimum size of a

thermolysin C-terminal fragment capable to

acquire a stable native-like conformation,

Dalzoppo et al. (1985) digested the thermo-

lysin fragment 206–316 by means of several

proteases. From the kinetics of proteolysis di-

gestion and analysis of the isolated

subfragments, it was found that the rather

short fragment 255–316 was quite resistant

to further proteolysis, implying a tightly

folded conformation. Indeed, both CD spec-

troscopy (Dalzoppo et al., 1985) and, in partic-

ular, NMR measurements (Rico et al., 1994)

provided a clear-cut evidence of a stable, na-

tive-like structure of this small 62-residue

fragment.

PREPARATION OF COMPLEMENTING

PROTEIN FRAGMENTS

The utility of peptide fragments for analyz-

ing features of protein structure and folding

has been recognized long time ago, as given

by the pioneering studies on fragments of

ribonuclease A and staphylococcal nuclease

(Anfinsen & Scheraga, 1975). A specific aim

of these early studies was to develop suitable

experimental conditions to produce rather

long protein fragments by limited proteolysis

of the protein and to reconstitute a folded,

functionally active “nicked” protein, i.e., the

noncovalent complex of (usually two) protein

fragments (Taniuchi et al., 1986). Over the

years a number of nicked proteins, or comple-

menting fragment systems, has been de-

scribed and the results of these studies pro-

vided information about principles underly-

ing protein structure, folding and dynamics

(Fischer & Taniuchi, 1992; dePrat-Gay, 1996).
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In general, it was proposed that fragment as-

sociation proceeds through the formation in

the individual fragments of quite unstable

“native formats” or folding subdomains that,

upon association, acquire a more rigid and

stable 3D structure (Anfinsen & Scheraga,

1975; Tsai et al., 1998).

It has been found that functionally active,

nicked proteins can be formed by a combina-

tion of fragments in such a way that the dis-

continuity of the polypeptide chain occurs at

exposed and flexible sites (usually loops) of

the folded protein, outside regions of regular

secondary structure (Taniuchi et al., 1986).

For this reason, limited proteolysis of globu-

lar proteins proved to be the most suitable

technique to produce nicked proteins result-

ing from usually two protein fragments capa-

ble of autonomous folding and self associa-

tion. This success derives from the fact that

limited proteolysis occurs at flexible sites

along the protein chain and that stable, auton-

omous folded fragments are more resistant to

further proteolytic degradation than rela-

tively unstructured fragments (Fontana et al.,

1997a; 1999). Recently, we have applied the

limited proteolysis approach to produce sets

of complementing fragments from human

growth hormone (hGH) (Spolaore et al.,

2004), horse apoMb (Musi et al., 2004) and

horse cytochrome c (CYT) (Spolaore et al.,

2001). With these proteins experimental con-

ditions have been devised to cleave them at a

single peptide bond, thus producing for each

protein a set of two fragments covering the

entire protein chain. Besides the identifica-

tion of the flexible sites along the protein

chain in the intact proteins, our studies led to

the discovery of three novel systems of com-

plementing fragments. Each of these two-

fragment systems (1–88/89–153 of apoMb,

1–44/45–191 of hGH and 1–56/57–104 of

CYT) produce a stable protein complex

(nicked protein) possessing a native-like 3D

structure. Conformational studies conducted

by CD spectroscopy on the isolated fragments

revealed that they adopt partially folded

states and that only upon complementation

they acquire the specific long-range interac-

tions that are essential for attaining the struc-

ture of the intact protein. Overall, our results

indicate that protein fragment complemen-

tation is a valuable tool to study the funda-

mental steps of the folding process, thus sim-

plifying the difficult problem of protein fold-

ing (Tsai et al., 1998). Here, we summarize

the results of our studies conducted on nicked

hGH, apoMb and CYT.

Limited proteolysis of hGH by pepsin at low

pH 4.0 occurs at the level of the Phe44–Leu45

peptide bond, leading to the production of

fragments 1–44 and 45–191 (Spolaore et al.,

2004) (see Fig. 4). Thus, proteolysis data indi-

cate that in acid solution hGH adopts a partly

folded state characterized by a local unfolding

of the first mini-helix (residues 38–47) en-

compassing the Phe44–Leu45 peptide bond.

Fragment 1–44 was shown to retain little sec-

ondary and tertiary structure at neutral pH,

while fragment 45–191 independently folds

into a highly helical secondary structure. The

two peptidic fragments are able to associate

into a stable and native-like hGH complex

1–44/45–191. Of interest, hGH has both in-

sulin-like and diabetogenic effects and two

fragments of hGH occur in vivo and exert

these two opposite activities, namely frag-

ment 1–43 showing an insulin-potentiating

effect and fragment 44–191 a diabetogenic

activity. It was suggested that the confor-

mational changes of hGH induced by an

acidic pH promote the generation of the two

physiologically relevant fragments by pro-

teolytic processing of the hormone. Likely,

limited proteolysis of hGH at low pH is physi-

ologically relevant, since the hormone is ex-

posed to an acidic environment in the cell.

The study of Spolaore et al. (2004) reports for

the first time the analysis of the confor-

mational features of the two individual func-

tional domains of hGH and of their complex.

Proteolysis of the 153-residue chain of horse

apoMb by thermolysin results in the selective

cleavage of the peptide bond Pro88–Leu89
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(see Fig. 2). The N-terminal (residues 1–88)

and C-terminal (residues 89–153) fragments

of apoMb were isolated to homogeneity and

their conformational and association proper-

ties investigated in detail. Far-UV CD mea-

surements revealed that both fragments in

isolation acquire a high content of helical sec-

ondary structure, while near-UV CD indicated

the absence of tertiary structure. A 1:1 mix-

ture of the fragments leads to a tight non-

covalent protein complex (1–88/89–153,

nicked apoMb), characterized by secondary

and tertiary structures similar to those of in-

tact apoMb. The apoMb complex binds heme

in a native-like manner, as given by CD mea-

surements in the Soret region. Moreover, in

analogy to intact apoMb, the nicked protein

binds the hydrophobic dye 1-anilino-

naphthalene-8-sulfonate. It was concluded

that the two proteolytic fragments 1–88 and

89–153 of apoMb adopt partly folded states

characterized by sufficiently native-like

conformational features that promote their

specific association and mutual stabilization

into a nicked protein species much resem-

bling in its structural features intact apoMb.

It was suggested that the formation of a

noncovalent complex upon fragment com-

plementation can mimic the protein folding

process of the entire protein chain, with the
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Figure 4. Complementing fragments of human growth hormone (hGH).

(Top) Schematic 3D structure of hGH. The four major helices and the three minor helices are shown as ribbons, the

remaining residues are represented as a string and the two disulfide bridges (Cys53–Cys165 and Cys182–Cys189)

are indicated by grey sticks. The site of the Phe44–Leu45 peptide bond cleavage by pepsin at pH 4.0 is indicated by

an arrow. Segments of the 3D structure of hGH corresponding to fragment 1–44 and fragment 45–191 are shown

in red and yellow, respectively. The model was constructed from the X-ray structure of hGH (PDB file 3HHR) using

the program WebLab Viewer Pro 4.0 (Molecular Simulations Inc., San Diego, CA, U.S.A.). (Bottom) Scheme of the

secondary structure of hGH. The main boxes indicate the helical segments of the four-helix bundle in hGH, smaller

boxes indicate the three short helical segments, whereas disulfide bonds are represented by a solid line. Fragment

1–44 (red) and fragment 45–191 (yellow) are colored as in the 3D model of hGH (Top).



difference that the folding of the complemen-

tary fragments 1–88 and 89–153 is an inter-

molecular process (Tsai et al., 1998). Consid-

ering that apoMb has been extensively used

as a paradigm in protein folding studies since

few decades, the novel fragment complement-

ing system of apoMb appears to be very useful

for investigating the initial as well as late

events in protein folding.

Limited proteolysis experiments have been

used by Spolaore et al. (2001) to monitor the

folding of a polypeptide chain from a rather

unstructured state to a folded, helical state.

The N- and C-terminal fragment 1–56 and

57–104, respectively, of horse CYT were

used. It was shown that the folding of the

polypeptide chain, as given by far-UV CD

measurements, resulting from the associa-

tion of the two fragments into a folded na-

tive-like complex, can be monitored by using

proteinase K as proteolytic probe. It has been

demonstrated that the simple biochemical

technique of limited proteolysis can provide

useful protein structural data, complement-

ing those obtained by the commonly used CD

technique. A specific interest of the comple-

menting fragment system 1–56/57–104 of

CYT resides in the fact that the individual

fragments correspond exactly to the two exon

products of the CYT gene.

CONCLUDING REMARKS

The sites of limited proteolysis (nicksites) in

globular proteins of known 3D structure are

characterized by enhanced chain flexibility or

segmental mobility (Fontana et al., 1986;

1993; 1999). Often, the sites of specific fission

are located at regions even devoid of struc-

ture, i.e., at disordered protein regions for

which no recognizable signal appears in the

electron density maps. This is in keeping with

the general notion that the protein substrate

should suffer considerable structural change

in order to properly bind at the precise

stereochemistry of the protease’s active site

in order to form the idealized transition state

of the hydrolytic reaction (induced fit mecha-

nism; Herschlag, 1988). Proteolytic enzymes,

therefore, can be used to pinpoint, in globular

proteins, sites (loops or turns) or regions

characterized by local unfolding.

A specific advantage of using proteolytic

probes for probing protein structure and dy-

namics is that they can provide data on the so-

lution structure of a protein, even if these

data do not reach the high resolution level

given by other physicochemical techniques

(NMR, X-ray). The limited proteolysis tech-

nique is simple to use and modest in demands

for protein sample requirements, instrumen-

tation and experimental efforts. In the past,

the technique was somewhat difficult to ap-

ply, since the analytical methods required to

isolate and characterize protein fragments

were labor intensive and not sensitive

enough. The present availability of automatic,

efficient and highly sensitive techniques of

protein sequencing and, in particular, the re-

cent dramatic advances in mass spectrometry

in analyzing peptides and proteins, likely will

prompt a much systematic use of the limited

proteolysis approach as a simple first step in

the elucidation of molecular features of a

novel and rare protein, especially if available

in minute amounts.

We wish to emphasize again that quite often

in past and current literature limited proteol-

ysis events are wrongly interpreted in terms

of “exposure” of the site(s) of cleavage

(Novotny & Bruccoleri, 1987). Of course, the

notion of accessibility is a required property

of the sites of cleavage in order that the bimo-

lecular reaction between the protease and the

protein substrate can take place, but not at all

sufficient to explain the selective proteolysis

of one single peptide bond among hundred(s)

bonds, as often observed in limited proteoly-

sis experiments. There are plenty of exposed

peptide bonds in a globular protein, but the

one that is cleaved should be embedded in a

highly flexible or unstructured chain region

(Fontana et al., 1986; 1993; 1997a; 1997b;
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1999). Therefore, aiming to probe the “sur-

face topography” of a protein by the limited

proteolysis approach is simply unfounded. In-

stead, the approach is eminently suitable to

pinpoint in a globular protein the sites of

chain flexibility or local unfolding. The corre-

lation between the sites of limited proteolysis

and the mobile sites detected by X-ray or

NMR methods (Fontana et al., 1986; 1997a;

1997b), as well as by molecular dynamics sim-

ulations (Stella et al., 1999; Falconi et al.,

2002), has been amply documented. In this re-

spect, we may mention that, in a recent study,

disorderd chain regions in protein structures

were identified by both proteolysis experi-

ments and predictions of their location along

the polypeptide chain by the neural network

program PONDR (Prediction of Natural Dis-

ordered Regions; Iakoucheva et al., 2001).

Predictions nicely correlated with the results

of limited proteolysis, thereby indicating that

chain disorder or flexibility is the key parame-

ter dictating limited proteolysis events in

proteins.
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