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Abstract

Proteins can be redesigned to fold downhill on a free energy surface characterized by only a few coordinates, confirming a
principal prediction of the ‘energy-landscape’ model. Nonetheless, natural proteins have small but significant barriers. Spec-
troscopy and kinetics reveal potential biological causes for activation barriers during protein folding: evolution against protein
aggregation and for protein functiofo cite thisarticle: M. Gruebele, C. R. Biologies 328 (2005).
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Résumé

Repliement descendant des protéines : I'évolution rencontre la physique. Les protéines peuvent étre génétiquement
modifiées pour se replier sans barriéres signifiantes sur une surface d’énergie libre avec un nombre limité de coordonnées,
confirmant une prévision principale du modele de «paysage d’énergie ». Pourtant, les protéines naturelles ont des barriéres
petites, mais significatives. Les études cinétiques et spectroscopiques indiquent des causes biologiques potentielles pour le
barrieres d’activation pendant le repliement des protéines : I'évolution contre I'agrégation des protéines et en faveur de leur
fonction.Pour citer cet article: M. Gruebele, C. R. Biologies 328 (2005).
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1. Introduction and key concepts over large activation barriers during bond-breaking

and -making. Protein folding is generally much less

Thermodynamically favored reactions of small or- favored thermodynamically (protein function often re-

ganic molecules, such as combustion, are generally quires proteins to be flexible and at the brink of sta-

quite slow at room temperature. They must proceed pjjity) yet folding is fast at room temperature. In the
test tube, denatured states of natural proteins last only
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for folding, in contrast to the long shelf life of organic
compounds.

So-called ‘water-soluble’ globular proteins really
fold in a crowded cellular environment in vivo; the
largest ones are aided out of misfolded states by chap-
erones. Yet these proteins unfold and refold sponta-
neously many times during their lifecycle, and sim-
ple mass-action considerations show that cells do not
contain enough chaperones to take care of all folding
[1]: hence Christian Anfinsen’s seminal discovery that
the amino acid sequence generally suffices to guide
folding of small proteins or protein domaifi?], after
ribosomal synthesis is complete and without helper-
molecules.

The high speed of protein folding, compared to
most barrier-controlled chemical reactions, is due to
the near-cancellation of enthalpic and entropic contri- 5 10 15 20 o5
butions to the free energy during the folding process.

Proteins can make energy-lowering contacts and be- Absolute Contact Order
come compact in small steps, so no large mismatch rig. 1. Correlation of the folding rate with fold complexity (quanti-
appears en route to the folded product. Small barri- fied by absolute contact ordfs0] and illustrated by three folds of
ers in the free energy of folding are distributed along increasing complexity). The red line shows the average logarithm
several reaction coordinates, rather than being lumped of the rate for natural proteins and coqstruct; not specificall_y en-
into one local high-energy barrier. Energy-landscape glneere_d f_or speed froifb0]. The bla_ck. I!ne estimates the foldlng
o . -~ speed limited only by fold complexity; it decreases exponentially
theory, a statistical-mechanical treatment of protein it increasing fold complexity7]. An alternative model based on
folding, predicts that this cancellation could be nearly homopolymer theory posits a ‘softer’ linear decrease of the speed
perfect[3]. Such proteins would fold downhill in free  limit with sequence lengtf86]. The molecular ratém leading to

energy, on timescales as short as about 0.5 ps for athe natiye state has been observed directl)hfpg5 (3) [14] 'andfor'
. an engineered WW domaj24]. Other speed limit candidates in-
bundle of three helices.

. . clude a single helix (1)51], the three helix bundle--3D (2) [26],
Natural proteins are not quite that fast, but could anq the 20 residue trp-cage, observed at 4 ps, with a speed limit

proteins be engineered to verify that downhill fold- probably near 0.5 ps based on our [2]. Speed limits estimated
ing is possible?Fig. 1 shows that the smallest and from fast-forming intermediates include apomyoglobin[@#g] and
fastest known folders indeed accomplish the job in Phosphoglycerate kinase (6]

about a microsecond. There is kinetic experimental ev-

idence that the folding rate of these fastest folders is actions, such as squeezing water molecules out of the
limited only by a slight roughness of the free energy hydrophobic core. Such undesirable interactions (from

surface, with a root-mean-square val@ ~ 1RT ~ the vantage point of efficient folding) create roughness
2.5 kImol ™t [4]. on the energy landscape.
Since downhill-folding proteins can be engineered, If barriers are not inherently required by the physics

a transition state barrier is not a physicochemical re- of folding, perhaps their roots are to be found in
quirement for the folding process. What then about the constraints imposed by evolutigf]. Four such con-
majority of proteins inFig. 1, whose folding rates lie  straints, resulting from the interplay of physics with
below the speed limit? Such proteins are said to be ‘en- evolution of the amino acid code, of the protein syn-
ergetically frustrated’3]. In addition to the speed limit  thesis machinery, for protein function, and against pro-
set by the purely topological requirements of match- tein aggregation, are considered here.

ing up multiple elements of secondary structure in 1. The genetic code evolved early from RNA-
key tertiary contacts, their speed is hampered by non- peptide interactions, but it is now nearly ‘frozen’.
native contacts and changes in protein—solvent inter- Natural proteins are made of 20 natural amino acids,
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