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Abstract

A protein can fold efficiently with high fidelity if on average native

contacts survive longer than non-native ones. If native contacts survive

long enough to obtain a certain level of probability that other native

contacts form before the first interacting unit dissociates this provides

the folding process with directionality towards the native state and no

particular pathway is needed. Interactions among hydrophobic residues

are by far more important than electrostatic interactions in protein

assembly, folding and stability. Proteins may under certain conditions

and as a function of time give up their native folded state and form

amyloid fibrils – a process that is involved in a number of human

diseases. The fibrillation process can be perturbed by the presence of

foreign surfaces, for example nanoparticles of different surface char-

acter.

Introduction

Protein folding and protein folds reflect the large number of non-covalent interactions that

form under the very substantial constraints imposed by the covalent chain. Due to steric

overlap, roughly ninety percent of the combinations of backbone torsion angles phi and psi

are inaccessible. Nevertheless, the accessible ~10% of the Ramachandran map allows for a

remarkable variation in protein folds through combinations of extended or helical segments
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and loops. In this review we will provide examples of studies aiming at understanding the

role of fundamental intermolecular interactions in protein folding, binding and the role of

foreign surfaces in protein fibrillation.

Protein Folding through Kinetic Discrimination

Many proteins fold rapidly and spontaneously to the native state. This has puzzled investi-

gators for decades as the process would not be completed within the lifetime of the universe

if the protein was deemed to random search through all possible conformations, the

Levinthal paradox [1]. Yet, proteins fold on a ms – ms time scale [2 – 5] implying a high

degree of directionality of the process. Levinthal interpreted this as an evidence for pathways

that direct the search [1] and spontaneous folding is often taken as an evidence that there are

one or a few obligatory intermediate structures that the chain must adopt on its way from

unfolded to the native state. However, for many proteins no intermediates have been de-

tected and they are classified as two-state folders. The ‘‘new view’’ and funnel model

invokes parallel routes for ensembles of proteins [6, 7]. By Monte Carlo simulations we

resolved the Levinthal paradox and showed that a protein can fold efficiently with high

fidelity if on average native contacts survive longer than non-native ones (Fig. 1) [8]. An

important consequence of this finding is that no pathway needs to be specified. Instead,

kinetic discrimination among formed contacts is a sufficient criterion for rapid folding to the

native state. Successful folding requires that native contacts survive long enough to obtain a

certain level of probability that other native contacts form before the first interacting unit

dissociates. A modest degree of cooperativity among the native contacts shifts the required

ratio of dissociation rates into a realistic regime and makes folding a stochastic process with

a nucleation step [8].

Figure 1. Protein folding through kinetic discrimination. Monte Carlo simulations

were performed with the condition that native contacts (green) on average survive

longer than non-native ones (red) [8]. (A) Successful folding occurs if native contacts

survive long enough to obtain a certain level of probability that other native contacts

form before the first interacting unit dissociates. (B) Results of simulation with dif-

ferent ratios of the average life time for dissociation of native vs non-native contacts.

The actual life-rime of each contact was picked randomly from an exponentially

decaying function with native or non-native lifetime. A modest degree of cooperativity

was used among the native contacts so that contacts formed next to preexisting contact

get prolonged life time [8].
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Protein Reconstitution Studies of the Role of

Fundamental Interactions in Protein Assembly

The stability of a protein towards denaturation is often high enough that the protein can

tolerate one or more interruptions in the polypeptide chain. After separation, the protein

fragments may reassemble spontaneously to regain a complex with a structure and function

highly similar to that of the intact native protein [9]. Successful reconstitution has been

observed for a large number of proteins including thioredoxin, cytochrome c, ribonuclease,

dihydrofolate reductase, calbindins D9k and D28k, troponin C, calmodulin and Trp repressor

[10 – 20]. The protein reconstitution process leads to assembly of the fold from more than

one chain segment using native contacts in a reaction akin to intramolecular folding.

By the same reasoning, the folding of intact proteins can also be thought of as an association

reaction, but one in which the binding partners are imprisoned in the same chain. The

analogy between folding and reconstitution has prompted investigators to study the recon-

stitution reaction as an alternative way to gain insight into protein folding and factors

favoring the native states of protein [21 – 27]. In a recent review we made an attempt to

summarize the insights gained from reconstitution and folding studies into the molecular

factors governing these two processes [28].

Figure 2. Protein reconstitution and intramolecular folding. The two equilibria for

protein reconstitution from two fragments (top) and protein folding of a single cova-

lent chain (bottom) are illustrated for the protein monellin. The equilibrium constants

for the two folding processes reflect the difference in their molecularity, with conse-

quent need to define the standard state for the intermolecular reconstitution reaction.
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While folding is unimolecular process, protein reconstitution is a bimolecular or higher order

process (Figure 2). The fraction of fragments associating as a reconstituted complex will like

for all binding reactions be governed by the total concentration of fragments and the

equilibrium constant for complex formation, while for the intact protein the fraction of

folded protein will be independent of protein concentration (within reasonable limits avoid-

ing aberrant aggregation).

Thereby the reconstitution reactions gain a very significant practical advantage by bringing

protein folding under the control of mass action. We have utilized this feature to develop

direct experimental approaches to studies of contributions of individual residues to protein

assembly (Figure 3; [18, 19, 29, 30]). Our approaches can be used under physiologically

relevant solution conditions, and at the conditions under which the protein is maximally

stable. This is not possible in traditional protein stability studies which require perturbation

of the equilibrium away from the folded state using harsh conditions.

Figure 3. Role of hydrophobic residues in protein assembly and stability. CPK model

of intact calbindin D9k (4icb.pdb) and two fragments representing its two EF-hands,

EF1 and EF2 (left). The fragments are cut out of the intact structure file, slided apart

and rotated 90 degrees towards the viewer to reveal the interaction surface. Hydro-

philic backbone and side-chains are colored blue and red, while hydrophobic groups

are colored yellow or gold. In this study, the hydrophobic residues with side-chains

colored cyan, magenta, green and black were mutated to alter the hydrophobicity and

the effects on free energy of fragment association was measured and correlated to the

free energy of unfolding of the corresponding intact proteins carrying the same sub-

stitutions (right).

The main conclusion from our protein reconstitution studies [18, 19, 29, 30] is that interac-

tions involving the hydrophobic core residues are by far more important for folding and

assembly of the protein structure compared to interactions involving charged residues. This

settles a long-standing debate as to which physical interactions are most relevant in deter-

mining protein tertiary structure.
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Three-dimensional domain swapping is a process in which part of the tertiary fold of one

chain is replaced by the corresponding part of another chain [17, 31, 32]. Three-dimensional

domain swapping may lead to formation of a dimer [33 – 37], or higher multimeric assembly

[38 – 40] in which the native fold of the protein is repeated two or more times through

association of subdomains from separate chains. Most of the original native contacts are

reformed in a reconstituted protein or a domain-swapped oligomer. Swapping thus has in

common with fragment reconstitution that the tertiary fold begins in one chain but is

completed using segments that originate from another chain. Domain-swapping has been

reviewed recently by Liu and Eisenberg [32], and also by Håkansson and Linse [17] who

pointed out its relationship to reconstitution. Numerous proteins are found to undergo both

processes using similar chain segments.

Protein Fibrillation – the Influence of Nanoparticles

The native fold of a protein represents a free energy minimum that is strongly sequence

dependent. In contrast, amyloid fibrils seem to represent an alternative free energy minimum

that has very wide tolerance for protein sequence. These amyloid fibrils have a characteristic

cross-beta structure [41] regardless of the native fold or sequence of the parent protein. Fibril

formation is documented for so many proteins that it may well be universal, and it has been

proposed to reflect universal properties of proteins [42].

Currently, about 30 different proteins and peptides are known to cause human amyloid

disease [for reviews see refs. 43 – 47]. These diseases involve self assembly of soluble

proteins into large insoluble fibrils through nucleation-dependent assembly, often via the

formation of oligomeric structures that possess toxic properties [48, 49]. It has been shown

that surfaces presented by lipid bilayers, collagen fibres, polysaccharides, and other liquid-

air, liquid-solid or liquid-liquid interfaces can have specific and significant effects in pro-

moting amyloid formation [50 – 55]. These observations suggest that interactions with dif-

ferent surfaces could promote protein self-assembly into amyloid fibrils and enhance protein

conformational changes associated with other protein misfolding diseases.

While the molecular events behind the processes leading from native to fibrillar states

remain elusive, accumulated data from many studies suggest that fibrillation involves a

number of intermediate oligomeric states of different association numbers and structures

[46]. The use of agents that interfere with these processes and/or allow for the isolation of

intermediate species may help elucidate the molecular mechanism of fibril formation. Such

strategies have also therapeutic potential for the treatment of neurodegenerative diseases.

We have recently identified co-polymeric nanoparticles as agents that accelerate the fibrilla-

tion of b2-microglobulin, b2m. Specifically, we found that the presence of nanoparticles

leads to a shortening of the lag phase for nucleation of the fibrillation process. The likely
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role of the nanoparticles in this process is binding of b2m to the particles, thereby increasing

the local concentration and the likelihood of formation of a critical nucleus for fibrillation

[56].

These studies are part of an extensive search for potential hazards with nanoparticles. Our

premise has been that it is not the nanoparticles per se that constitutes the biological risk

factor but the nanoparticle with its corona of associated proteins [57]. Nanoparticles in a

biological fluid are invariantly coated with proteins and we have developed methodology for

mapping which these proteins are and also to study equilibrium affinities and exchange rates

for protein-nanoparticle interactions [58 – 60].

References

[1] Levinthal, C. (1968) Are there pathways for protein folding? J. Chim. Phys. 65:44.

[2] Anfinsen, C.B., Haber, E., Sela, M., White, F.H. Jr. (1961) The kinetics of formation

of native ribonuclease during oxidation of the reduced polypeptide chain. Proc. Natl.

Acad. Sci. U.S.A. 47:1309 – 1314.

[3] Hagen, S.J., Hofrichter, J., Szabo, A., Eaton, W. (1996) Diffusion-limited contact

formation in unfolded cytochrome c: estimating the maximum rate of protein folding.

Proc. Natl. Acad. Sci. U.S.A 93:11615 – 11617.

[4] Maxwell, K.L., Wildes, D., et al. (2006) Protein folding: defining a ‘‘standard’’ set of

experimental conditions and a preliminary kinetic data set of two-state proteins.

Protein Sci. 14:602 – 616.

[5] Fulton, K.F., Devlin, G.L., Jodun, R.A., Silvestri, L., Bottomley, S.P., Fersht, A.R.,

Buckle, A.M. (2005) PFD: a database for the investigation of protein folding kinetics

and stability. Nucleic Acids Res. 33:D279 – 83.

[6] Baldwin, R.L. (1995) The nature of protein folding pathways: the classical versus the

new view. J. Biomolec NMR 5:103 – 109.

[7] Dill, K.A., Chan, H.S. (1997) From Levinthal to pathways to funnels. Nature Struct.

Biol. 4:4 – 9.

[8] Linse, S., Linse, B. (2007) Protein folding through kinetic discrimination. J Am Chem

Soc 129:8481 – 8486.

[9] Richards, F.M. (1958) On the enzymatic activity of subtilisin-modified ribonuclease.

Proc. Natl. Acad. Sci. U.S.A. 44:162 – 166.

[10] Taniuchi, H., Parr, G.R., Juillerat, M.A. (1986) Complementation in folding and

fragment exchange. Methods Enzymol. 131:185 – 217.

188

Linse, S.



[11] Tasayco, M.L. Carey, J. (1992) Ordered self-assembly of polypeptide fragments to

form native-like dimeric trp repressor. Science 255:594 – 597.

[12] Hantgan, R.R., Taniuchi, H. (1977) Formation of a biologically-active, ordered com-

plex from 2 overlapping fragments of cytochrome-C. J. Biol. Chem.

252:1367 – 1374.

[13] Holmgren, A. (1972) Thioredoxin-C’ – Reconstitution of an active form of Escher-

ichia coli thioredoxin from 2 noncovalently linked cyanogen bromide peptide frag-

ments. FEBS Lett. 24:351 – 354.

[14] Kobayashi, N., Honda, S., Yoshii, H., Uedaira, H., Munekata, E. (1995) Complement

assembly of 2 fragments of the Streptococcal protein-G B1 domain in aqueous

solution. FEBS Lett. 366:99 – 103.

[15] Shaw, G.S., Hodges, R.S., Kay, C.M., Sykes, B.D. (1994) Relative stabilities of

synthetic peptide homodimeric and heterodimeric troponin-C domains. Protein Sci.

3:1010 – 1019.

[16] Shuman, C.F., Jiji, R., Akerfeldt, K.S., Linse, S. (2006) Reconstitution of calmodulin

from domains and subdomains: Influence of target peptide. J. Mol. Biol.

358:870 – 881.

[17] Hakansson, M., Linse, S. (2002) Protein reconstitution and 3D domain swapping.

Curr. Protein Pept. Sci. 3:629 – 642.

[18] Berggard, T., Julenius, K., Ogard, A., Drakenberg, T., Linse, S. (2001) Fragment

complementation studies of protein stabilization by hydrophobic core residues. Bio-

chemistry 40:1257 – 1264.

[19] Xue, W.-F., Carey, J., Linse, S. (2004) Multi-method global analysis of thermody-

namics and kinetics in reconstitution of monellin. Proteins 57:586 – 595.

[20] Linse, S., Thulin, E., Gifford, L.K., Radzewsky, D., Hagan, J., Wilk, R.R.,

Akerfeldt, K.S. (1997) Domain organization of calbindin D28k as determined from

the association of six synthetic EF-hand fragments. Protein Sci. 6:2385 – 2396.

[21] de Prat-Gay, G., Ruiz-Sanz, J., Davis, B., Fersht, A.R. (1994) The structure of the

transition state for the association of two fragments of the barley chymotrypsin

inhibitor 2 to generate native-like protein: Implications for mechanisms of protein

folding. Proc. Natl. Acad. Sci. U.S.A. 91:10943 – 10946.

[22] Ruiz-Sanz, J., de Prat-Gay, G., Otzen, D.E., Fersht, A.R. (1995) Protein fragments as

models for events in protein folding pathways: Protein engineering analysis of the

association of 2 complementary fragments of the barley chymotrypsin inhibitor-2.

Biochemistry 34:1695 – 1701.

189

Protein Interaction, Association and Fibrillation



[23] de Prat-Gay, G. (1996) Association of complementary fragments and the elucidation

of protein folding pathways. Protein Eng. 9:843 – 847.

[24] Kang, X.S., Carey, J. (1999) Structural organization in peptide fragments of cyto-

chrome c by heme binding. J. Mol. Biol. 285:463 – 468.

[25] Dutta, S., Batori, V., Koide, A., Koide, S. (2005) High-affinity fragment complemen-

tation of a fibronectin type III domain and its application to stability enhancement.

Protein Sci. 14:838 – 2848.

[26] Mitchinson, C., Baldwin, R.L. (1986) The design and production of semisynthetic

ribonucleases with increased thermostability by incorporation of S-peptide analogues

with enhanced helical stability. Proteins. 1:23 – 33.

[27] Schultz, D.R., Ladbury, J.E., Smith, G.P., Fox, R.O. (1998) Interactions of ribonu-

clease S with ligands from random peptide libraries. In Applications of Calorimetry

in the Biological Sciences. (ed. J.E. and C. Ladbury), pp. 123 – 138. John Wiley and

Sons, Ltd, New York.

[28] Carey, J., Lindman, S., Bauer, M.C., Linse, S. (2008) Protein reconstitution and

three-dimensional domain swapping. Limits and benefits of covalency. Protein

Science 16:2317 – 2333.

[29] Xue, W.F., Szczepankiewicz, O., Bauer, M.C., Thulin, E., Linse, S. (2006) Intra-

versus intermolecular interactions in monellin: Contribution of surface charges to

protein assembly. J. Mol. Biol. 358:1244 – 1255.

[30] Dell’Orco, D., Xue, W.F., Thulin, E., Linse, S. (2005) Electrostatic contributions to

the kinetics and thermodynamics of protein assembly. Biophys. J. 88:1991 – 2002.

[31] Bennett, M.J., Choe, S. Eisenberg, D. (1994) Domain swapping – Entangling alli-

ances between proteins. Proc. Natl. Acad. Sci. U.S.A. 91:3127 – 3131.

[32] Liu, Y., Eisenberg, D. (2002) 3D domain swapping: As domains continue to swap.

Protein Sci. 11:1285 – 1299.

[33] Hakansson, M., Svensson, A., Fast, J., Linse, S. (2001) An extended hydrophobic

core induces EF-hand swapping. Protein Sci. 10:927 – 933.

[34] Ekiel, I., Abrahamson, M. (1996) Folding-related dimerization of human cystatin C.

J. Biol. Chem. 271:1314 – 1321.

[35] Liu, Y.S., Hart, P.J., Schlunegger, M.P., Eisenberg, D. (1998) The crystal structure of

a 3D domain-swapped dimer of RNase A at a 2.1-angstrom resolution. Proc. Natl.

Acad. Sci. U.S.A. 95:3437 – 3442.

190

Linse, S.



[36] Byeon, I.J.L., Louis, J.M., Gronenborn, A.M. (2003) A protein contortionist: Core

mutations of GBI that induce dimerization and domain swapping (vol 333, pg 141,

2003). J. Mol. Biol. 334:605 – 605.

[37] Janowski, R., Kozak, M., Jankowska, E., Grzonka, Z., Grubb, A., Abrahamson, M.,

Jaskolski, M. (2001) Human cystatin C, an amyloidogenic protein, dimerizes through

three-dimensional domain swapping. Nat. Struct. Biol. 8:316 – 320.

[38] Lawson, C.L., Benoff, B., Berger, T., Berman, H.M., Carey, J. (2004) E. coli trp

repressor forms a domain-swapped array in aqueous alcohol. Structure

12:1099 – 1108.

[39] Sanders, A., Craven, C.J., Higgins, L.D., Giannini, S., Conroy, M.J., Hounslow,

A.M., Waltho, J.P., Staniforth, R.A. (2004) Cystatin forms a tetramer through struc-

tural rearrangement of domain-swapped dimers prior to amyloidogenesis. J. Mol.

Biol. 336:165 – 178.

[40] Guo, Z.F., Eisenberg, D. (2006) Runaway domain swapping in amyloid-like fibrils of

T7 endonuclease I. Proc. Natl. Acad. Sci. U.S.A. 103:8042 – 8047.

[41] Nelson, R., Sawaya, M.R., Balbirnie, M., Madsen, A.O., Riekel, C., Grothe, R.,

Eisenberg, D. (2005) Structure of the cross-beta spine of amyloid-like fibrils. Nature

435:773 – 778.

[42] Dobson, C.M. (1999) Protein misfolding, evolution and disease. Trends Biochem.

Sci. 24:329 – 332.

[43] Koo, E.H., Lansbury, P.T. Jr., Kelly, J.W. (1999). Amyloid diseases: abnormal protein

aggregation in neurodegeneration. Proc. Natl. Acad. Sci. U.S.A. 96:9989 – 9990.

[44] Chien, P., Weissman, J.S., DePace, A.H. (2004) Emerging principles of conforma-

tion-based prion inheritance. Ann. Rev. Biochem. 73:617 – 656.

[45] Westermark, P., Benson, M.D., Buxbaum, J.N., Cohen, A.S., Frangione, B., Ikeda, S.,

Masters, C.L., Merlini, G., Saraiva, M.J., Sipe, J.D. (2005) Amyloid: toward termi-

nology clarification. Report from the Nomenclature Committee of the International

Society of Amyloidosis. Amyloid 12:1 – 4.

[46] Chiti, F., Dobson, C.M. (2006) Protein misfolding, functional amyloid, and human

disease. Ann. Rev. Biochem. 75:333 – 366.

[47] Huff, M.E., Balch, W.E., Kelly, J.W. (2003) Pathological and functional amyloid

formation orchestrated by the secretory pathway. Curr. Opin. Struct. Biol.

13:674 – 682.

191

Protein Interaction, Association and Fibrillation



[48] Cleary, J.P., Walsh, D.M., Hofmeister, J.J., Shankar, G.M., Kuskowski, M.A.,

Selkoe, D.J., Ashe, K.H. (2005) Natural oligomers of the amyloid-beta protein spe-

cifically disrupt cognitive function. Nat. Neurosc. 8:79 – 84.

[49] Baglioni, S., Casamenti, F., Bucciantini, M., Luheshi, L.M., Taddei, N., Chiti, F.,

Dobson, C.M., Stefani, M. (2006) Prefibrillar amyloid aggregates could be generic

toxins in higher organisms. J. Neurosci. 26:8160 – 8167.

[50] Knight, J.D., Miranker, A.D. (2004) Phospholipid catalysis of diabetic amyloid

assembly. J. Mol. Biol. 341:1175 – 1187.

[51] Relini, A., Canale, C., De Stefano, S., Rolandi, R., Giorgetti, S., Stoppini, M.,

Rossi, A., Fogolari, F., Corazza, A., Esposito, G. et al. (2006). Collagen plays an

active role in the aggregation of beta2-microglobulin under physiopathological con-

ditions of dialysis-related amyloidosis. J. Biol. Chem. 281:16521 – 16529.

[52] Yamaguchi, I., Suda, H., Tsuzuike, N., Seto, K., Seki, M., Yamaguchi, Y.,

Hasegawa, K., Takahashi, N., Yamamoto, S., Gejyo, F. et al. (2003). Glycosamino-

glycan and proteoglycan inhibit the depolymerization of beta2-microglobulin amy-

loid fibrils in vitro. Kidney Int. 64:1080 – 1088.

[53] Myers, S.L., Jones, S., Jahn, T.R., Morten, I.J., Tennent, G.A., Hewitt, E.W., Rad-

ford, S.E. (2006) A systematic study of the effect of physiological factors on beta2-

microglobulin amyloid formation at neutral pH. Biochemistry 45:2311 – 2321.

[54] Powers, E.T., Kelly, J.W. (2001) Medium-dependent self-assembly of an amphiphilic

peptide: direct observation of peptide phase domains at the air-water interface. J. Am.

Chem. Soc. 123:775 – 776.

[55] Lu, J.R., Perumal, S., Powers, E.T., Kelly, J.W., Webster, J.R., Penfold, J. (2003)

Adsorption of beta-hairpin peptides on the surface of water: a neutron reflection

study. J. Am. Chem. Soc. 125:3751 – 3757.

[56] Linse, S., Cabaliero-Lago, C., Xue, W.-F., Lynch, I., Lindman, S., Thulin, E., Rad-

ford, S.R., Dawson, K.A. (2007) Nucleation of protein fibrillation by nanoparticles.

Proc. Natl. Acad. Sci. U.S.A. 104:8691 – 8696.

[57] Lynch, I., Dawson, K.A., Linse, S. (2006) Detecting cryptic epitopes created by

nanoparticles. Science STKE 327, pp. pe14.

[58] Cedervall, T., Lynch, I., Lindman, S., Berggård, T., Thulin, E., Nilsson, H.,
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