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This review focuses on a very important but little understood type of molecular recognition — the
recognition between highly flexible molecular structures. The formation of a specific complex in this case is a
dynamic process that can occur through sequential steps of mutual conformational adaptation. This allows
modulation of specificity and affinity of interaction in extremely broad ranges. The interacting partners can
interact together to form a complex with entirely new properties and produce conformational signal
transduction at substantial distance. We show that this type of recognition is frequent in formation of
different protein–protein and protein–nucleic acid complexes. It is also characteristic for self-assembly of
protein molecules from their unfolded fragments as well as for interaction of molecular chaperones with
their substrates and it can be the origin of ‘protein misfolding’ diseases. Thermodynamic and kinetic
features of this type of dynamic recognition and the principles underlying their modeling and analysis are
discussed. Copyright# 2001 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Molecular recognition is a process by which biological
macromolecules interact with each other or with smaller
molecules to form a specific complex (Janin, 1995;
Otlewski and Apostoluk, 1997). What distinguishes mol-
ecular recognition from other types of interactions exhibited
by biological macromolecules is that it is able to distinguish
highly specific from less specific binding. In order to make
an interaction specific, the bonds between correct partners
should be strong, while for other partners showing only
minor differences in structure they should be weak or even
repulsive. Another feature of molecular recognition is that
the ligand concentration effects are usually nonlinear. The
binding is usually cooperative and a high concentration of
weakly interacting ligands cannot replace the effect of a
small concentration of a specific ligand interacting with
high affinity. Most important is the fact that the recognition
is usually not a process in itself, but is an element of a more
complex, functionally important mechanism such as
allosteric regulation of enzyme activity, signal transduction,
protein folding or the formation of multisubunit and
supramolecular structures. This requires important and
sometimes dramatic changes in the properties of interacting
partners.

Physically, the strong binding of correct ligand and
discrimination against incorrect ligands can be achieved by

formation of rigid patterns of interacting groups of atoms on
complementary molecular surfaces of the partners, which
requires their pre-existing and stable conformations (Jones
and Thornton, 1996; Lo Conteet al., 1999). This case is
easily conceivable, has a lot of analogies in our macroscopic
world and although not without difficulties, is solvable by
computational methods based on convenient rigid-body
approximation. This mechanism does not require and does
not provide conformational reorganization of partners,
which is often necessary for achieving the functional result
of binding.

Thus, in order to achieve cooperativity in interaction,
allosteric effects and signal transduction through the
molecule, a certain level of mobility should exist in the
ligand–receptor system, which can propagate over sub-
stantial distance (see Table 2 in Lo Conteet al., 1999). This
requires the solution of a more difficult problem, namely to
describe how the conformations of the partners change and
to establish the mechanisms of these changes. Modeling of
these processes is difficult, because the dynamics of
interactions involve a much larger conformational space
intrinsic to interacting partners, together with new interac-
tions formed during the process of recognition.

There are even more difficult cases when one of the
partners or both of them are very flexible or even completely
disordered, and their interaction results in formation of an
ordered structure in the complex. In this case the whole
process of complex formation develops over a huge
configurational space under the influence of a multitude of
attractive and repulsive interactions acting on every amino
acid residue, on hierarchial length and time scales, and
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probably not at equilibrium. So the problem of physical
analysis in these systems becomesas difficult as the
problemof protein folding (Demchenko, 2000b).Mechani-
cal modelsin this caseare inapplicable, while stochastic
modeling is complicatedandmay not allow a clearvisual
representation of results.In order to analyze topological,
thermodynamic andkinetic properties of molecular recog-
nition in suchsystems,the researcher hasto select a new
methodology.

The aim of this review is to discussthe problem of
molecular recognition in systems with high flexibility.
Particular emphasis will be given to conformational
adaptation in the formation of functionally important
protein–protein, protein–nucleic acid and protein–small
ligand complexes, to the coupling of intermolecular
assembly with protein folding and of protein folding with
complex formation involving molecular chaperones. We
will try to derivegeneral principlesandapproachesfor the
modeling andanalysis of thesesystems.

2. FLEXIBILITY IN MOLECULAR
RECOGNITION

There are numerous examples of proteins existing in
disorderedconfigurationsthatmayexhibit self-organization
or induced organization on complex formation with their
targets (Gastet al., 1995; Yoo, 1995;Weinrebet al., 1996;
Sohletal., 1998;Lo Conteetal., 1999;Dugganetal., 1999;
Wright andDyson,1999;Lydakis-Simantiris et al., 1999).
Most of these proteins are involved in very important
regulatory functions,andthelackof aparticularstructurein
unboundform may be to their advantagesinceit provides
largerflexibility in theinteraction with differenttargetsand
rapid turnoverin the cell.

2.1. Enzyme–substrate and enzyme–inhibitor
interactions

Catalytic functions of many enzymesrequire conforma-
tional isomerization of both enzymesand substrates.The
extent of thesemotions may be quite different — from
reorientationsof rigid domainsand segmentsto disorder–
order transitions. Thus,for glutathioneS-transferaseA 1-1
(Nieslanik et al., 1999; Stella et al., 1999) the C-terminal
loop covering the activesite is disordered in apo-formand
becomesa-helical in thepresenceof glutathioneconjugates.
For a mutantof this protein, the increase in bindingaffinity
is associated with dramatic decreasein rates for the C-
terminal order–disorder transitionassociated with product
release (Haley et al., 2000).

A very interesting result hasbeenreportedrecently. It
wasfoundthataspartic proteinaseA from yeastis inhibited
by a small (68 residues) protein IA3 which whenalone in
solution doesnot haveany detectable secondary structure.
However, uponformationof inhibitotry complexit becomes
ordered,andits segmentbetweenresidues2 and32adoptsa
nearly perfecta-helical structure.Thus,aspartic proteinase
A actsasa folding templateand‘folds its own inhibitor into
a helix’ (Li et al., 2000).

2.2. Antigen–antibody interactions

The location of protein antigenic determinants predomi-
nantly at the protein surfaceand at its conformationally
flexible sites is well known (Morris et al., 1998). The
phenomenonof conformational stabilization (Rizzo et al.,
1992) and selectionbetweendifferent antigenconformers
can be demonstratedby meansof antibodiesthat act on a
population of antigenmolecules with different extentsof
conformational order. Thus, antibodies raised against
conformational antigenic determinantsof thenativeprotein
can react with denatured protein molecules by inducing
their folding, at leastlocally (Leder et al., 1995;Bergeret
al., 1999). Thus,angiotensinII whichis unfoldedin solution
adopts a regular structure on interaction with specific
antibody (Murphy et al., 1993). Large conformational
changes in antibodiescanalsoaccompany antigenbinding,
andthesecanalter dramatically the size,shapeandcharge
distribution in the antigen-binding pocket (Stanfield and
Wilson, 1994).

2.3. Proteins of signal-transduction systems

Calmodulin is asmallproteininvolvedin theregulation of a
wide variety of intracellular processes.It was found that
calmodulin-binding peptide, which is an unstructured
random-coil in solution, attainsan a-helical conformation
on binding to nativecalmodulin (O’Neil et al., 1987).This
means that the folded peptide conformation is induced
during the dynamic recognition with the peptide binding
site. In contrast, the peptidecorresponding to calmodulin-
bindingdomainof smoothmusclemyosinlight chain kinase
interacts with calcium-saturated calmodulin in sucha way
that the initially helical peptidereorganizesin thecomplex
to a more open state exhibiting a helix–coll transition
(Ehrhardtet al., 1995).Thus,by criteriaof amidehydrogen
exchangekinetics,the local unfolding is demonstrated.

Structuralcomparisonof two GTPase activating proteins
p120 andp50in complexeswith RasandRho, respectively,
allows the structural featuresresponsible for their remark-
able structural flexibility to be specified(Soucheta et al.,
2000).Comparative studiesof cyclophilinA in thefreeform
andin complexedwith cyclosporinrevealedthe transitions
of polypeptide loops surrounding the ligand-binding site
from locally flexible conformationsin the free protein to
well-defined spatial arrangementsin thecomplex (Ottigeret
al., 1997).

The cyclin-dependent kinase(Cdk) inhibitor p21Waf1/
Cip1/Sdi1, importantfor p53-dependent cell cycle control,
mediates G1/S arrest through inhibition of Cdks and
possibly throughinhibition of DNA replication. A striking
disorder–order transitionfor p21uponbinding to oneof its
biologicaltargets,Cdk2, wasdemonstrated(Kriwacki etal.,
1996). It wasshown that p21 andNH2-terminal fragments
that are active as Cdk inhibitors lack stable secondary or
tertiary structure in the free solution state.The p21 NH2
terminusadoptsanorderedstableconformationwhenbound
to Cdk2.Thisstructuraltransitionhasprofoundimplications
in light of the ability of p21 to bind and inhibit a diverse
family of cyclin-Cdk complexes,including cyclin A-Cdk2,
cyclin E-Cdk2,andcyclin D-Cdk4.
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Src-homology-2 (SH2)domainsbind to proteinscontain-
ing phosphorylated tyrosines,with additional specificity
provided by interactions with residues C-terminal to the
phosphotyrosine (pTyr) residue. While theC-terminal SH2
domain of phospholipaseC-gamma1 (PLCC SH2)interacts
with eight residues of a pTyr-containingpeptidefrom its
high-affinity binding site on the beta-platelet-derived
growth factor receptor, it can still bind tightly to a
phosphopeptide containing only three residues. Certain
regionsof thePLCCSH2domain contacting theresiduesC-
terminalto thepTyr havea high degree of mobility in both
thefreeandpeptideboundstates(Kay etal., 1996,1998).In
contrast,thereis significant restriction of motionin thepTyr
bindingsite.Theseresultssuggest acorrelationbetweenthe
dynamic behaviour of certain groups in the PLCC SH2
complex andtheir contribution to high affinity bindingand
binding specificity (Kay et al., 1996,1998).

FlgM is the inhibitor of sigma28, a transcription factor
specific for the expression of bacterial flagella and
chemotaxis genes. During flagella filament assembly it is
alsoexportedfrom thecytoplasmto theoutsideof thecell. It
wasreportedthat FlgM is mostly unfolded,but about50%
becomesstructuredwhen boundto sigma28 (Daughdrill et
al., 1997). In solution the C-terminal part of FlgM lacks
sufficient intramolecularcontactsto form stablesecondary
and tertiary structures, and on binding to sigma 28 this
structure is stabilized.

2.4. Flexible proteins in macromolecular assembly

In thecourseof thecell cycle,microtubulesexhibit dramatic
reorganization, which is modulated by a number of
stabilizing and destabilizing factors (Andersen, 2000).
Assembly and stability of microtubules is supported by
stabilizing factors,themost importantof which aretauand
MAP2.Whenstudiedin solution, theseproteinsexhibit low
helical content,no temperature-dependentunfolding transi-
tions anda high sensitivity to proteases(Hernandezet al.,
1986),which suggeststheir disorderedconformation. The
ordering of theseproteinsoccurson interaction with tubulin
filaments, and both interaction partners acquire new
properties. Thus the binding to microtubules becomes
highly cooperative, while the isolatedmicrotubule-binding
segments do not display any cooperativity (Coffey and
Purich,1995).Throughtheirhighconformationalflexibility
in the unboundstate(Friedhoff et al., 2000)theseproteins
areinvolvedin pathological conditionssuchasamyloidosis
(seeSection 5.2).

Among microtubule-destabilizingfactors, the most
important is phosphoprotein OP18/stathmin (Larssonet
al., 1999;Martin et al., 2000).This proteindoesnot have
adefinedthree-dimensionalstructure,althoughit contains
three distant regions of sequencewith different helix
propensities (Wallon et al., 2000). The separated
segmentscan bind to tubulin filamentsbut are not able
to produce the functional effect that modulates the
dynamicsof microtubules.Thebinding to tubulin occurs
by multiple, physically distinct, but cooperativeinterac-
tion sites(Larssonet al., 1999).The binding of stathmin
to tubulin modulatesthe binding of GTP to tubulin asa
consequenceof a conformationalchangein theb-tubulin

subunit (Morenoet al., 1999).Thus,we observethat on
interaction with microtubule modulating factors the
tubulin moleculesand their ordered filaments acquire
newproperties.

Caldesmon is a major F-actin binding protein in smooth
muscle, which is alsoinvolved in assemblyof myosin rods
(Katayamaet al., 1995).It wasreported that in solution it
has a highly extended flexible conformation devoid of
secondarystructure(Lynch et al., 1987).

2.5. Proteins interacting with nucleic acids

Protein–nucleic acid complexes possessboth stability and
specificity: the binding constants under typical ionic
conditions rangefrom 109 to 1012 Mÿ1 or higher, and the
ratios of specific to nonspecific binding constantsrange
from 103 to 107 (Spolar andRecord, 1994).The phospho-
diester backbone is uniformly charged, and non-specific
binding canbe easilyachievedelectrostatically. Sequence-
specific recognition occurs through hydrogen bonding
interaction with the bases,which modifiesDNA andRNA
flexibility makingthese moleculesmorerigid andbentto a
strainedconformation.Conformationalchangesobservedin
various proteins interacting with nucleic acids include
quaternaryrearrangementof domains or subunits, ordering
of disorderedloopsor N-terminal segmentsandformation
of a-helicesandb-hairpinsfrom the unfolded structure in
the freestate (Hard,1999).

Most of the folding or ordering transitionsin proteins
interactingwith DNA occuron complementary surfacesof
doublehelical structure,which comprisethe binding site.
Often this recognitionoccursby insertionof an a-helical
segment(helix–coil–helix) into the major groove,andthis
allows the recognition of a specific sequenceby direct
interaction with the bases. These proteins commonly
containthe characteristic‘leucine zipper’ motif aswell as
basic domains.The yeast transcription activator GCN4
provides a well-studied example of bZIP recognition,
whereinB-DNA servesessentiallyasa templatefor protein
folding (Weissetal., 1990;O’Neil etal., 1991;Ellenberger
et al., 1992; Bergeret al., 1996; Benevideset al., 2000).
Crystallographicdatademonstratethat the basicregionof
GCN4 protein and its fragmentscontaining the leucine
zipperandbasicsegmentsarehighly disordered,and that
the interaction with DNA induces their fully helical
conformation(Weiss et al., 1990; O’Neil et al., 1991).
This results in highly specific binding with the DNA
recognitionsite(Konig andRichmond,1993;Benevideset
al., 2000). Non-specific binding does not produce this
orderingeffect.

The SKN-1 transcription factor of Caenorhabditis
elegans binds DNA with a high affinity as a monomer,
by meansof abasic regionlike thatof basic-leucinezipper
(bZIP) proteins, which bind DNA only as dimers. A
flexible armat theSkndomain aminoterminusbindsin the
minor groove, while a support segmentadjacentto the
carboxy-terminalbasic region stabilizesindependently the
basic region-DNA binding. Without DNA thebasic region
and arm are unfolded and the support segment forms a
loose conformation (moltenglobule) of four a-helices.On
bindingDNA, theSkndomainadoptsatertiarystructure in
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which the basic region helix extends directly from a
support segmenta-helix, which is required for binding.
The remainder of the support segment anchors this
uninterruptedhelix on DNA, but leaves the basicregion
exposedin themajorgroove.This is similar to theway the
bZIP basic region extends from the leucine zipper,
indicating that positioning and cooperative stability
provided by helix extensionare conservedmechanisms
that promotebinding of basic regions to DNA (Carroll et
al., 1997).

A flexible segmentis responsiblefor the interactionof
the l repressorwith DNA (Clarke et al., 1991), and
moleculardynamicssimulationof this proteinsuggeststhe
existenceof two dynamicsub-states(Komboet al., 2000).
Monomer–dimerequilibrium in phagel Cro repressoris
interesting:thereareno folded monomersin the free state
and only unfolded monomersand folded dimers exist in
equilibrium. However, on interacting with DNA, this
proteincanattaina folded monomericconformation(Jana
et al., 1997).

Unstructuredelements of polypeptide sequence partici-
pate also in ligand binding by Escherichia coli CytR
regulator (Jorgensenetal., 1998;Gaviganet al., 1999).The
nucleotideexcissionrepair occurs by insertionof a flexible
b-hairpin betweentwo DNA strands(Theis et al., 1999;
Ikegami et al., 1999).

The trp repressoris an important regulatory protein in
Escherichia coli, which, whenactivated by its cofactor, L-
tryptophan,controls theuptakeandsynthesisof tryptophan.
The relative disorderof its DNA-binding domain and its
stabilizationon interaction with L-tryptophanis recordedby
avarietyof experimental methods(Zhaoetal., 1993;Zhang
etal., 1994;Gryk etal., 1995).A pointmutation in theDNA
binding domain which increasesthe affinity towards DNA
anddecreases the domainmobility limits the effectiveness
of trp repressor to interactwith someoperators (Gryk et al.,
1996).

Studiesof transcription factorEts-1 provideevidencethat
local protein unfolding (in contrast to more common
folding) can also accompany DNA binding (Petersenet
al., 1995). Circular dichroism and partial proteolysis
showed that the secondary structure of the Ets-1 DNA-
binding domain is unchanged in the presenceof DNA. In
contrast,DNA allosterically inducedtheunfolding of ana-
helix that lies within a flanking region involved in the
negativeregulation of DNA binding.Thesefindingssuggest
a structural basisfor the intramolecularinhibition of DNA
binding anda mechanismfor the cooperative partnerships
that arecommonfeaturesof many eukaryotic transcription
factors.

Theco-factorsin interaction of transcription factors with
DNA canalsodisplaydisorder–order transitionon interac-
tion with their partners (Wendt et al., 1998). When they
interact with transcription factors they can induce their
ordering (Huaet al., 1998).

In the case of Eco RV endonuclease, in addition to
changesof quaternary structure, the folding of two short
loops is coupled to DNA binding (Winkler et al., 1993).
Oneloop (68–71)which contactswith minor groove and
thesugar-phosphatebackbone, leadsto ab-turn following
both specific and non-specific binding, although the
protein is poorly ordered in the free state. Another loop

(182–187) interacting specifically with the basepairs in
the major groove remains disordered in non-specific
complexes. It is interesting that the total contact areais
larger in the caseof non-specificcompared to specific
binding to DNA. Whenthebinding with DNA is specific,
bending of the DNA helix occurs (Horton and Perona,
1998).

RNA recognitiondiffers from DNA recognition,which is
connected with the different functions of the formed
complexes (Draper, 1995, 1999; Varani, 1997; Frankel
andSmith,1998).Two mainthemesappearin protein–RNA
interactions. A ‘groove binder’ classof proteins placesa
protein structure(a-helix, 3–10-helix, b-ribbon,or irregular
loop) in the grooveof an RNA helix, recognizing both the
specific sequence of basesandthe shapeor dimensions of
the groove,which is sometimesdistortedfrom the normal
A-form. A secondclassof proteinsusesb-sheet surfacesto
create pockets that recognize the basesof single-stranded
RNA. Some of these proteins recognize completely
unstructured RNA and,in others, RNA secondarystructure
indirectly promotes binding by constraining basesin an
appropriateorientation.

What is common in DNA and RNA binding is the
involvementof dynamicinteractionswith theparticipation
of flexible elementsof structure.Formationof complexes
with proteinscan order the flexible single-strandedRNA
loops(Allain et al., 1996),andalsohighly flexible protein
segmentsbecomestructuredon this interaction(Markuset
al., 1997; Nanduri et al., 1998). Thus, the interaction
betweenribosomal protein L25 with a fragment of 5S
rRNA (Stoldt et al., 1999) demonstratestwo types of
recognition,preformedand induced.In the latter casea
flexible loop converts to a-helix. Another ribosomal
protein, L11, possessesan extendedunstructuredloop,
which becomesstructuredon RNA binding(Markuset al.,
1997).

A remarkable caseis U1A protein, which binds, very
tightly (Kd � 10ÿ11 M), an RNA hairpin during splicing,
despite the presenceof a very small interface area.The
binding involvesa disorder–ordertransitionin the loop on
the template of b-sheetedprotein structure (Allain et al.,
1996).

Protein kinase PKR is activated by a double-stranded
RNA (Nanduri et al., 1998). It was found that a highly
flexible interdomain linker enablestwo domainsto wrap
around the RNA duplex for cooperative and high-affinity
binding.This leadsto anoverall changeof PKR conforma-
tion resulting in its activation.

Thus, high flexibility of at least one of the interacting
partners in protein–nucleic acid recognition and often of
both of them is necessary for highly selective functional
events. The results of many experimentsdemonstrate,
however, that there is no needfor whole molecules to be
unfolded, a high mobility being required only for its
functional/recognition part.In couplingwith local folding a
high specificity can be realized where specific local
sequencesserveas templates for folding transition, while
nonspecificsequencesdo not. Sinceboth the driving force
(binding free energy)and the driven process (binding and
folding) are a function of DNA sequence, the final
conformationof thecomplex mayinducea highly selective
function of this DNA sequence.
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3. SELF-ASSEMBLY OF NATIVE
PROTEIN BY ASSOCIATION OF ITS
DISORDERED CHAINS: AN EXTREME
CASE OF MOLECULAR
RECOGNITION BETWEEN FLEXIBLE
STRUCTURES

Protein folding is theprocessof attaininga uniquestructure
in an enormousconfigurationalspacedriven by the search
for global free energyminimum. In order to achievethis
minimum, theflexible molecule hasto try a hugevariety of
configurations between partially ordered elements of
structure. If the polypeptide chainis fragmented, canthese
fragmentsassociateto form thefoldedstructure?Canwe,by
proper manipulation with protein chains and their frag-
ments, observe the coupling of protein folding with
intermolecular recognition between flexible and self-
organizing elementsof this macromolecularstructure?This
section will try to answerthesequestions.

3.1. Folding of proteins cut into fragments

The folding of protein from its separated unstructured
fragments may present a unique model for dynamic
recognition. This field of research started to be explored
alreadyin the early seventies,andthe reader is referredto
excellent reviews covering the early research (Anfinsen,
1973;ZabinandVillarejo,1975;Wetlaufer,1981; Taniuchi
etal., 1986).At thattime thestudieswerefocusedprimarily
on the implications of structure and functional activity
determinationin general terms, andmuch lessattention was
paid to local structuralandkinetic effects.Resultsof more
recentexperiments(Prat-Gay, 1996)involve detailed struc-
tural analysis, information on folding kinetics andexplora-
tion of genetically engineeredprotein forms.

Limited proteolysis of ribonuclease A, a molecule
composedof 124 amino acids,cuts a single peptidebond,
which resultsin theappearanceof anN-terminalfragmentof
20residues,theS-peptide.Thelatterhasnoregularstructure,
but on its interactionwith the rest of molecule(S-protein),
with all four of its disulfidebondsbeingintact,a complexis
formedin whichtheS-proteinregularstructureinducestheS-
peptideto adopt an a-helix conformation(Labhardt,1982,
1984).Therate-limiting stepof this processis the formation
of a-helix (GoldbergandBaldwin, 1999).The S-protein,if
denaturedwith reduceddisulfidebonds,cannotfold correctly
without the helpof S-peptide,but the folding canbe readily
achievedwhen both unfolded S-proteinand S-peptideare
mixed in solutionin folding conditions.

Staphylococcal nucleaseconsistsof a single polypeptide
chain of 149 residues containing no disulfide bonds.
Association of two or three of its long fragments(Andria
et al., 1971; Light et al., 1974), including those with
overlapping sequence (Taniuchi and Anfinsen, 1971;
Taniuchi et al., 1977), results in restoration of native
structureandof somelevel of activity. A commonfeatureof
formation of all thesecomplexesis the first-orderkinetics,
whichsuggeststhattherate-limiting stepis not thediffusion
of componentsbut the reorganization of their complex
(Light et al., 1974).

Cytochrome c, a 104-residue heme-containing protein,
wasalso exploredasa modelfor theassemblyof a protein
from its fragments. Its molecules assembled from two or
three chain fragmentsresemble closely the intact native
protein in structure and biological activity (Hantgan and
Taniuchi, 1977;Juillerat etal., 1980;Juillerat andTaniuchi,
1982), although assembled protein has a decreasedtem-
perature stability.

Thioredoxin, a small a/b domain protein, can fold
together out of its fragments (Reutimannet al., 1983).Re-
assembly is possible not only after a cleavageinside an
exposed loop but also in an a-helix (Yang et al., 1999).
Although both sets of fragments produce native-like
complexes, there are clear differences betweenthem in
interfacegeometry, stability of the foldedstate andmech-
anism of association/folding (Chaffotte et al., 1997;
Ghoshal et al., 1999).

Barnaseis a small (110 residues) bacterialribonuclease
free from disulfide bonds. A peptide corresponding to
barnaseresidues 1–22which containsin its nativestructure
the major a-helix (residues 6–18) binds rapidly to the
complementary peptide (residues23–110)containing a b-
sheetto form acatalytically activecomplexwith near-native
structure and properties (Kippen and Fersht, 1995). Both
fragments, whentheyareseparate,appear to bedisordered,
andbecomestructured asa resultof their association. A set
of mutationsin thehelical region(1–22)wereintroducedin
orderto destabilizethea-helix. Themechanismof assembly
of the peptides was investigatedby analyzingthe kinetics
andequilibria of association of mutants.The reactionwas
found to follow second-orderkinetics.Virtually the entire
changein stability of thecomplexonmutationwasreflected
in changes in the association rate constant, while the
dissociation rate constant was very little affected. The
complexesformedby all preformedmutantpeptides (1–22)
with (23–110) wereonly 10%active. It wasfound that the
noncovalentcomplex wasdestabilized lessby mutations in
thea-helix thanis the intact protein.

Two fragments (20–59) and (60–83) of chymotrypsin
inhibitor-2 from barleyseedsassociate to give a native-like
structure (Ruiz-Sanz et al., 1980; Mohana-Borges et al.,
1999). The kineticsandequilibria of association of mutant
fragments derived from cleaving mutant proteins were
analyzed. The changes in free energyof association have
beenmeasuredbothby isothermal studiesof thebindingof
fragmentsandby thermal denaturationof thecomplexes.In
general, thereis a goodcorrelationbetween thechanges of
free energy of association of fragmentsfollowing mutation
and the changes in free energy of folding of the parent
protein.Thesecond-orderrateconstants for themajorphase
of associationchangewith mutation. Therateconstantsfor
association correlate well with the rate constants of
refolding of the respectiveintact proteins.

These earlier results were extended recently to other
fragmentsof chymotrypsin inhibitor-2 (Prat-Gay, 1996).
For theproteinassembledfrom fragments, bothcrystal and
NMR structures havebeensolved,andthey were found to
be similar to that of intact protein except for the cleaved
loop and its closely neighbouring groups. Kinetics of
association of fragments demonstratecooperative and
simultaneousformation of secondaryandtertiary structures,
asin the intact protein. By applicationof high pressurethe
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protein assembled from fragmentscanbetransferred to the
denatured form, in which the fragments are still bound
together (Mohana-Borgeset al., 1999).

Subdomain-size proteolytic fragmentsof trp repressor
from Escherichia coli havebeenproduced.They assemble
in definedorderto regeneratefully nativedimers (Tasayco
andCarey,1992).By characterization of thesecondaryand
tertiary structuresof isolatedandrecombinedfragments,the
structure of assemblyintermediatescanbe correlated with
the kinetic folding pathway of the intact repressor deduced
from spectroscopic measurement of folding rates. The
native-like structureof theseintermediatesprovidesfurther
evidencethatprotein folding pathwaysinvolve theacquisi-
tion of stability of secondarystructureunitsandassemblies
that arefound in the nativestate.

It is known that many proteinsare synthesizedtogether
with N-terminalpro-peptideswhicharenecessaryfor correct
folding. It was shown that the refolding of a calcium-free
mutant subtilisin BPN' is readily catalyzedby the isolated
pro-peptide(Strausberget al., 1993). The pro-peptide is
unstructuredat thestartof thecomplexation-foldingreaction,
and the rate-limiting step in this caseis the formation of
initial collision complex.Onceformed,this complexresults
in a rapid isomerizationto the fully foldedstructure.

Thus, we can conclude that, even in caseswhen the
peptide fragment exhibits no or very limited ordered
structurein aqueoussolution, its latentstructuredetermined
by theprotein folding codemayberealizeduponinteraction
with complementary fragments derived from the same
protein molecule. This is achievedby the specificity of the
intermolecular process of recognition between flexible
structures.

3.2. Inter action of folding protein with its own
fragments

Protein fragments, independently of their possession of
regularelementsof structure, areusuallymore flexible than
their parent folded proteins. When the protein folds, its
structural fragmentsget together, recognize eachother by
complementary pattern of non-covalentbondsandcondense
into a proteinglobule or domain.Onecanintervenein this
process by adding the isolated protein fragments to the
solution of intact protein undergoing the folding reaction.
The fragments may interactwith complementarysegments
of the intact chainandinterfere with thenormalprocessof
intramolecular recognition in the folding pathway by
formation of non-native intermolecularcomplexes.Experi-
mentally we canthenobserve theretardationof the folding
reaction and/or imperfect folding with the decreaseof
activity of the folded enzyme. Experimentsperformedon
dihydrofolate reductasedemonstratedclearly the effect of
decreasedactivity of theprotein foldedin thepresenceof its
fragments(Hall andFrieden,1989).It is interesting thatthis
effectwasobservedonly in conditionswhen thefolding rate
was relatively slow. Among a numberof testedpeptides
only three(belongingto onechainsegment)were effective,
andthe highereffect wasobserved for the shorterpeptide.
Thus,in thisunnatural systemtheexternally addedpeptides
may be recognized as intrinsic elements of the folding
protein structureandbecometrapped.

3.3. Intertwine d dimers: self-assemblyprecedes
folding

Therearedimeric proteinswhich cannotexistasmonomers
in the same conformation because of high level of
integration between subunits.They cannot be assembled
from already folded subunits, and the question arises
regarding the steps of their folding and assembly. An
exampleof suchproteinsis thetrp-repressor,adimerof two
identical chainsof 108 residues and six a-heliceseach,in
which the two chainsare intertwined. The kinetics of its
folding-assembly is very complicated and hasbeeninter-
preted to involve three parallel channelswith multiple
folding andisomerizationreactions.In orderto resolveit, a
polypeptidecorrespondingto thecore/dimerization domain
was constructed (Gloss and Matthews, 1998). Kinetic
properties of its folding showedthat the second-orderrate
constant for the association reactionapproachesthat of the
diffusion limi t. The dimeric structure is formed via a
dimeric intermediate, in other words the formation of
secondary and tertiary structure is concurrent with or
precedesdimerization.

Anotherexample of couplingfolding andassemblyis the
cell cycle regulatoryprotein sucl, which can exist in two
thermodynamically stableforms— asa monomerandasa
dimer. The dimer is a structurewith intertwined chains
belonging to the monomers. On folding to dimer, it forms
quite specific secondary structure thatcannotbe formedby
association of already folded monomers (Endicott et al.,
1995; Bourneet al., 1995).

Recognition coupled with folding and recognition
between folded structures are present together in the
assembly of the small tetrameric protein tumor suppressor
p53 (Mateu et al., 1999). Unfolded monomers form
intertwined dimers,which associate to produce functional
tetramers.

Protein folding by association of subunits is not limited to
these spectacularcases. In titrations by chemical denatur-
antsit is oftenobservedthattheonly stablespeciesdetected
are unfolded monomers and folded oligomers with no
folded monomeric intermediates(Bowie and Sauer, 1989;
Barry and Matthews, 1999). This process can even be
modeled by rathersmall peptides suchas melittin, which
exhibits a concentration-dependent equilibrium between
disordered monomer and a-helical tetramer (Spolar and
Record,1994).

It can be concluded that the protein folding is a
transformationof linear information encoded in aminoacid
sequence into a well-determinedthree-dimensional struc-
ture. On the folding pathway numerousrecognition steps
resulting in the formation of elements of regularstructure
should beinvolved. Theprotein foldingcodewhich is arule
for this transformationis not localbut is distributedoverthe
whole sequence (Demchenkoand Chinarov, 1999). As a
result the cutting of protein sequence into long segments
doesnot producea substantial damageand, the segments
mayself-assembleandfold into thenativestructure,asdoes
the intact chain. However, in the case of associating
fragments the process of folding involves additional
processesof diffusion, encounter and complex-formation
of distantly locatedelements of structure. Therefore, this
system may serve as a powerful model for studying
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molecular recognitionbetween flexible structures,aprocess
which is only partly understood.

4. RECOGNITION BETWEEN
UNFOLDED PROTEINS AND
MOLECULAR CHAPERONES

Molecular chaperones is the commonnameof a diverse
family of proteinswhich help otherproteinsto fold, refold
aftertransportthroughbiologicalmembraneor maintain the
foldedstateunderconditionsof stress. Different chaperones
only partially substitute each other; they interact with
differentfamiliesof substrateproteinsandondifferentsteps
of their folding. They differ in a number of properties,and
their common feature is that they interact only with
unfolded or partially folded but not with native proteins,
while theformedcomplex candissociateinto chaperoneand
foldedproteinmolecule.Thechaperonesarenotenzymesin
a strict sense,they do not accelerate the folding, but
substantially suppress the appearance of misfolded and
aggregated protein states (Demchenko, 1999). Many
chaperonesareATPases,andthe suggested generalrole of
ATP hydrolysis is the control on the dissociation of
productive chaperone-substratecomplexes.At presentthere
is no clearunderstanding how chaperones help proteinsto
fold. In the author’s‘fettered folding model’ (Demchenko,
1999, 2000a)the temporal occlusionof particular hydro-
phobic sites in polypeptide sequence reduces greatly the
conformational spacefor folding. This allows the self-
assembly of structure to proceedwith the formation of
folding determinantsat sitesthat are free from chaperone
protection. Af ter the chain is released from the complex, a
collapse of structure with formation of intramolecular
hydrophobic bonding occurs.

The diversity of chaperones, their broad but well-
determined substrate specificity and the fact that a great
variety of newly synthesizedandfunctioning proteinswith
very dissimilarstructuresinteract with chaperonessuggest
the absence of highly specificprotein recognition features.
This is in contrast to other examples of ‘flexible’
recognition.

4.1. Chaperonins (Hsp60)bind unfolded protein
substratesin a cagedstructure

A typical representative of this family is theGroEL/GroES
protein complex. It is a 14-meric particle of 840kDa
forming a porouscylinder with an internalcavity of about
6 nmin diameter,whichcanaccommodateproteinsof asize
of about 60kDa. Each of the GroEL 60kDa subunits
forming seven-memberedrings consistsof threedomains.
The large equatorial domains associateto produce the
centralcoreof the structure possessingmaximumcontacts
within thering andbetween thetwo rings.They containthe
nucleotidebinding (ATPase)site adjacentto the junction
with the small intermediate domain. The binding of both
non-native substratesandof co-chaperoneGroESoccursto
the apical domain,which is able to move as a rigid body
adopting different orientations and probably possessing

some intrinsic flexibility (Braig et al., 1995). In contrastto
other chaperones, GroEL is able to undergo muti-point
binding of substrate proteins by sevensubunitssimulta-
neously (Farr et al., 2000). It hasbeensuggested that its
ability to re-fold the misfolded proteins lies in an ATP-
dependent (Von Germar et al., 1999) stretching of the
complex (Hammarstromet al., 2000)with thegeneration of
force (Shtilermanet al., 1999).

Hsp60scan assistthe folding of an extendedvariety of
proteins(Houryetal., 1999).Theirbindingability probably
excludesonly initial andfinal statesin folding kinetics, i.e.
totally unfolded polypeptide chains and already folded
nativeproteins.In somecases,when thebindingwith native
proteinsis recorded,theboundformsareprobably thepre-
existing non-nativeconformations, presumablylate folding
intermediates,rather than the native states.The forms of
bound protein studied at equilibrium demonstrate inter-
mediatepropertiesbetween unfoldedandnativestates. They
may possesselementsof secondarystructuresuch as a-
helices (LandryandGierasch,1991;Chatellier et al., 1999;
Preuss and Mill er 1999) and b-sheets(Chatellier et al.,
1999). The critical factors for binding appearto be the
features of early folding intermediates,suchas clustering
and exposure of hydrophobic residues (Preussand Miller,
1999; Wanget al., 1999a,b) ratherthanadefinedsecondary
structure motif (Hendrick and Hartl, 1993). In addition to
low-selectivehydrophobic interactions (Lin et al., 1995),
electrostatic interactions probably also play a role in the
recognition. Being acidic, GroEL interacts more strongly
with basicpeptides andproteins (Itzhaki et al., 1995;Lau
and Churchich,1999). Long-rangeionic interactions may
participate in the initial steps of recognition before
hydrophobic binding occurs, and this can allow fast
association and slow dissociation of unfolded peptide
(Perrett et al., 1997).

An elegantmodelto study substratespecificity of GroEL
hasbeenintroducedrecently(Chatellier etal., 1999). It uses
the isolatedapical domain of GroEL monomer (minicha-
perone) immobilizedon a solid support. Usingthis modelit
wasfoundthat theside-chainsof therecognizedpeptide do
not have to be totally hydrophobic, and that polar and
positively charged chains can also be accommodated.
Further, the spatial distribution of the side-chains is
compatiblewith that in ana-helix. This implies thatGroEL
canbindawiderangeof structures,from extendedb-strands
and a-helices to folded stateswith exposedhydrophobic
side-chains (Wang et al., 1999a). The binding site can
accommodatesubstratesof approximately 18 residues in a
helical or seven residues in an extendedconformation.
Thesedatasupport the existenceof two GroEL functions:
the ability to retain sticky intermediatesby binding many
motifs and an unfolding activity by binding an extended
sequential conformationof the substrate.

The question whether in addition to these very general
regularitiesobservedfor all proteinswhich aresubstratesof
GroEL, there exist specific recognition sites (chaperonin
recognition determinants), which are transiently exposed
andthenhidden into protein interior in thenativestate,was
discussed (Preuss and Mill er, 1999). In favor of this
possibility aretheresults onchaperoninbindingto substrate
protein mutants. Thus,a mutantof maltosebindingprotein
is completely arrestedby interaction with GroEL, while
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wild-type protein can fold successfully (Sparrer et al.,
1996).Against this suggestion is the fact that GroEL can
bind artificial proteinswith random sequences(Aoki et al.,
2000). It may be possible that the chaperonin recognizes
somehowthe physicalstateof the proteinmolecule known
as ‘highly flexible intermediate’ or ‘molted globule’
(Buckle et al., 1997). However, the latter mechanism by
now hasvery little experimentalsupport.

How can a compact but flexible substrate protein
structureinteract dynamically with GroEL recognition sites
allowing optimal induced fit (Chen and Sigler, 1999)?
Experiments demonstrate that during this interaction the
alreadyexistingsecondarystructureis partially destabilized
(Zahnet al., 1994; Preuss andMill er, 1999).ATP binding
and hydrolysis induce conformational changes in GroEL
(Galan et al., 1999),which dependon bindingof protein or
polypeptide substrate (Mendozaand Campo, 1996). This
demonstratestheexistenceof communication between two
structurally remote functional sites.

Thus,chaperonin GroEL bindsa variety of polypeptides
that share no obvious sequence similarity. The precise
structural, chemical and dynamic featuresthat are recog-
nized remain largely unknown. The GroEL structure
combines both the rigidity necessary for formation of
oligomeric structure and performing control on ATP
binding and hydrolysis and the flexibility important for
binding different unfoldedproteins.

4.2. Hsp70 chaperones— monomeric molecules
binding singlepolypeptide strands

Thefunctional role of Hsp70chaperones is associatedwith
the binding andreleaseof segments of polypeptidechains
belonging to unorganized random-coil proteins and their
subunits, which is necessary to prevent nonspecific
aggregation alreadyduring initial steps of protein folding.
Hsp70 proteins are ATPases activated by the binding of
peptide substrate.Themostextensivelystudiedrepresenta-
tive of Hsp70group is bacterialDnaK. For this protein it
was established that two functional entities, the ATPase
domain and the peptide-binding domain, are structurally
separated. The N-terminal, �45kDa, ATPase domain is
followed by a C-terminal�18kDa domain, which contains
the peptide-binding site (Demchenko, 1999).

The structure of peptide-binding domainof DnaK in the
complex with bound synthetic heptapeptide has been
resolved by X-ray crystallography (Zhu et al., 1996) and
by NMR in solution(Wanget al., 1998;Morshauser et al.,
1999;Pellecchiaet al., 2000).Thisstructureconsistsof two
sub-domains, onerepresentedby b-sandwich andthe other
(C-terminal part) by a sequenceof a-helices.The substrate
peptide in stretched conformation is bound in the site
formedby the loopsof b-structureandinteracts with it via
sevenhydrogenbondsof themainchainandnumerousother
main-chain and side-chaininteractions. Sucha configura-
tion suggests that the recognition of thebindingsiteon the
chainis local, andthatchaperonebindingoccludesall inter-
chain interactions with other peptide segments. The
chaperonea-helical sub-domain mayoccupytwo positions.
Oneof themis ontopof thestructureof thesubstrate-biding
domain, covering the binding site but without contact with

the boundpeptide. The other is an extendedconformation,
whichallowsthepeptide-binding siteto open.This suggests
that conformational changes should be associatedwith
protein functioning, at least during the stepsof peptide
binding and release. Thesechangeswere recordedby a
varietyof physicalmethods(Slepenkov andWitt, 1998)and
many attempts were madeto couple the cycle of substrate
binding-releasewith the ATPase cycle (McCarty et al.,
1995; Pierpaoliet al., 1997;Farr et al., 1998;Gisler et al.,
1998; Demchenko,1999).

The key differencein substrate specificity betweenthe
Hsp70 and Hsp60 systems is that, while Hsp60 is an
oligomeric complex which allows multipoint interaction
with the substrate,Hsp70 is usually monomeric and can
interact with unfolded chains only at one site and can
occludeonly ashortsegmentof thesequence.UnlikeHsp60
chaperonins, Hsp70scannotrecognize the globular struc-
tures and therefore cannot perform ‘proofreading’ and
correctionof misfoldedformson a globular level. It should
operate on a smaller scale i.e. in the binding of short
sequences.

The experimental data are in accordwith this specific
feature of Hsp70. The frequencyof appearance of DnaK
binding sites in different proteins is on averageevery 36
residues.Theaffinitiestowardsthesesitesareveryhigh (Kd

as low as 100 nM), and ‘DnaK is thus capable of
distinguishing, though not exclusively, secondary structure
elementsby recognition of primary structure’ (Rudiger et
al., 1997a). The elements of structure that are strongly
favoredfor bindingarethehydrophobicb-strands,whereas
those which are strongly avoidedare the amphiphilic a-
helices. This preferenceis completely different from that
observed for GroEL (Landry et al., 1992). Thus, the
structureswhich frequently appearon the surfaceof the
foldedprotein areavoidedfrom Hsp70binding,while those
which in the native structurehaveto form a hydrophobic
nucleus are favored. In line with this suggestion are the
results of comparative studiesof DnaK binding to peptides
of different sizes and sequences (Fourie et al., 1994;
Gragerov et al., 1994; Rudiger et al., 1997a, b). The
sequencescontaining short(four to five residues in length)
segments of hydrophobic residues surrounded by basic
residuesonepreferentially bound(Rudigeret al., 1997a). A
multistep mechanism of interaction of unfolded peptide
with Hsp70 wassuggested(Mayeret al., 2000).It involves
theconcept of mechanistic motion of rigid Hsp70segments
together with a conformational adaptation of the flexible
protein substrate.

4.3 Hsp90chaperoneswith a specificity determined
by functional rather than structural properties of
substrate

Hsp90 is oneof themostabundant proteinsin thecytosolof
both prokaryotic and eukaryotic cells. In addition to a
general chaperoneeffect,it hasaspecificrole in thefolding
of a range of signal transduction molecules, including
steroid hormonereceptors andproteinkinases(Csermely et
al., 1998; Caplan, 1999; Buchner, 1999).Hsp70can bind
andhydrolyzeATP, but its ATP-hydrolyzingactivity is not
obligatory (Prodromou et al., 1997). Binding affinity to
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different peptide substrates hasnot beenstudiedin detail,
and existing data (Csermely et al., 1997) correlate this
affinity with both hydrophobicity and positive charges of
peptide substrates.Thesediscriminativefeaturesaresimilar
to those of other chaperones. However, many Hsp90
substratesretainhigh flexibility after folding.

Oneof the interaction partnersof Hsp90is co-chaperone
p23,whichbindsto Hsp90in its ATP-boundstateand,onits
own, interactsspecifically with non-native proteins per-
forming thechaperonefunction.It containsanunstructured
region that maps to the C-terminal part of the protein
sequence(Weikl et al., 1999).This unstructured regionof
p23 is not necessary for interaction with Hsp90, but
importantfor the ability to bind non-nativeproteinsandto
prevent their non-specific aggregation. The isolated C-
terminal region itself is unable to act asa chaperoneor to
complement truncated p23 by addition of this peptide.
These results imply that different sites with different
flexibility of interaction may coexist within one protein
molecule, andthat for efficient interaction of p23with non-
nativeproteins, both the folded domain andthe C-terminal
unstructuredregionareequally important.

4.4 SecBbinds the unfolded substrateswith diffusion-
limited rates

SecBis a bacterialchaperonewith theapparent function to
bind unfoldedproteins,which are to be transported across
the membranes,andto keepthemin a transport-competent
conformation (Randall, 1992; Randall and Hardy, 1995).
SecBis a tetramer made up of 17kDa subunits. It bindsto
andpromotestheexport of periplasmic andouter membrane
proteins by stabilizing the unfolded or loosely folded
precursor conformation and thus preventing premature
folding or aggregation. Since the proteins designedfor
export cannottranslocateacrossthemembranein thenative
form, bindingchaperones andkeepingthemin anunfolded
transport-competent form is a necessarystep in their
production in the cell. A distinguishing feature of SecB
interaction with unfoldedprotein substratesis anextremely
high association rate, which approachesthe limit set by
diffusion of interacting partners,�109 Mÿ1sÿ1.

SecB is highly acidic with a pK �4, which allows the
electrostatic recognition of positively chargedsites in the
polypeptide sequence. Specific interactions of SecB with
different signal sequencesof precursorprotein forms have
beenshown(WatanabeandBlobell, 1995),andthis maybe
an important factor which determines recognition of the
targetprotein. It is essentialalsothat,beingatetramer,SecB
can interact simultaneouslywith four small-size peptides,
but only with oneunfolded protein chain.This suggests a
cooperation between subunits.

The mechanism by which SecB recognizes secretory
proteins andeliminatescytosolic proteinsis poorly under-
stood. To identify its bindingmotif, 2688 peptidescovering
the sequencesof 23 proteins were recently screenedfor
SecBbinding(Knoblauchetal., 1999).Themotif wasfound
to be approximately nineresidues long andwasenrichedin
aromatic andbasic residues, whereas acidic residues were
disfavored.Its identificationrequired thesearchfor binding
regionsamongdifferentproteins.Surprisingly, it wasfound

that SecB lacks specificity toward signal sequences. In
unfoldedproteins,SecB-binding regionsoccurstatistically
every 20–30 residues. The occurrence and affinity of
binding regionsare similar in SecB-dependent and -inde-
pendent secretory proteins and in cytosolic proteins.
Accordingto these data, SecBcannotdifferentiatebetween
secretory and non-secretory proteins via its binding
specificity.

The analysisof equilibrium and kinetic regularities of
substratebinding suggesteda multistepbindingmechanism
(Randall, 1992),according to which theprimaryinteraction
triggers a conformational changein SecB,which leadsto
exposure of new hydrophobic binding sites resulting in
much strongerbinding. Therearetwo typesof bindingsites
onSecBthatinteractwith differentregionsof apolypeptide
ligand(Randall etal., 1998).Onetypein theflexible regions
can interact electrostatically and is involved in the initi al
recognition, while the other interacting with hydrophobic
areas becomes exposed at a latter stage as a result of
subsequentconformational change. Due to multiple bind-
ing, concerted functioning of several sitesinteracting with
oneligandandlargecontactarea,a high-affinity binding is
selective for non-nativeligandswithout high specificity at
any ligand binding site (Randall andHardy, 1995).

It was reported that flexible contact area of SecB
interacting with the flexible segments of substrate protein
inducesthelatterto adoptab-sheetstructure(Fasmanetal.,
1995). Recording thekineticsof CD spectrashowsthat the
rateof initial binding approachesthe encounter limit . This
allowsakinetic partitioningof polypeptides,whichexhibit-
slow spontaneous folding into complexes with higher
affinity, while theformsexhibiting fastspontaneousfolding
arekinetically eliminated.This mechanism,which involves
the transition from low-affinity to high-affinity binding,
requiresa conformational changein thechaperone,andthe
latter wasobserveddirectly (Randall, 1992).

4.5. Proteasomesand foldaseswith chaperone activity

Two types of enzymesareactively involved in the process
of protein folding — protein disulfide isomerase and
peptidyl prolyl cis–trans isomerase(PPI). Their common
name‘foldases’ indicatesthattheycatalyzetheformationof
correct disulfide bonds and proline isomers when these
reactions limit the protein folding process. The substrate
specificity of theseenzymesis very broadandthey interact
with folding intermediatesof variable conformation(Wang
and Tsou, 1998). In addition they exhibit the function of
molecular chaperones and suppress the aggregation of
targetedproteins by accelerating their correctfolding. In a
sense, these functionsareindependent, but theyareapplied
to the samesubstrates, probably in sequential manner, so
that they may share the samemechanismof recognition.

The system of intracellular protein degradation also
requires the recognition of unfolded, misfolded and
aggregated proteins. The proteasome is a multicatalytic
protease,which is known to degradeunfoldedpolypeptides
with low specificity in substrate selection and cleavage
pattern. Molecular modeling basedon crystallographicdata
(Loidl et al., 1999)suggeststhepresenceof six activesites
in the inner chamber of the complex, which allows
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multivalency in substrate binding. It is interesting that the
proteasomecanalso actasamolecular chaperone(Braunet
al., 1999).During the binding of substrate proteinsit first
tries to fold themandthenstarts to hydrolyzethemif they
are unable to fold. The same phenomenonobserved with
classical chaperones are found with proteasomes,i.e.:
promiscuous selective binding of unfolded proteins with
preciseselecting outandreleaseafterthestepsof interaction
of normally foldedandfunctioningmolecules.

4.6. Small heat shockproteinsand a-crystallins —
the barrier againstaggregation of structurally
damaged macromolecules

The small heat shock proteins (sHsp) are abundantand
ubiquitousintracellularproteinswhichpossessanumberof
functions,oneof which is thepreventionof aggregationof
proteins denatured by heat and other stress factors
(Ehrnspergeret al., 1997;Lee et al., 1997).They rangein
size from 12 to 42kDa and can be found as loosely
structuredcomplexesof 200–800kDa.Theysharestructur-
al homologywith eyelensa-crystallinsandcanform mixed
complexeswith them (Merck et al., 1993). Moreover,a-
crystallinsarefoundin all living cells,andtheyarethought
to performsimilar functions.Both proteingroupscanform
stable complexes with folding intermediates of their
substrates.The exact mechanismof their function is not
known,andthe function itself is formulatedasanefficient
trapping of a large number of unfolded proteins in a
folding-competentstate.Thismaycreateareservoirof non-
native proteinsfor an extendedperiod of time, allowing
refolding after restorationof physiological conditions in
cooperationwith other chaperones(Ehrnspergeret al.,
1997).

In studies of sHsp16.3 the interesting observation was
made that very mild treatments by heating, urea or
guanidine hydrochloride, which enhance the dynamicsof
the polypeptide chain, increase dramatically the chaperone
activity (Yang et al., 1999). This increaseis followed by
exposure of hydrophobic surfacesas revealed by fluores-
cenceprobes. This suggestsan important role of flexibility
in performing the chaperonefunction.

The three-dimensional structure of one sHsp has been
determined recently (Kim et al., 1998). The monomeric
folding unit consists of a b-sandwich in which one of the
strandscomesfrom the neighboringmolecule. A 24-meric
structure forms a hollow spherical complex of octahedral
symmetry, with eight tragonaland six square ‘windows’.
The hole is 6.5nm in diameter. The amino-terminal
sequence of 32 residues is highly disordered,but from
residue33onwards, includingtheentirea-crystallin domain
(the segment46–135homologous to a-crystallin) and the
carboxy-terminal extension, it is well-ordered. In an
oligomeric complex the sequenceof disordered residuesis
located insidethesphere.By analogy,onemaythink thatin
a-crystallins also,a partof thesequenceis not orderedand
participates in substrate binding. This possibility is
supported by the fact that mutations in this region of aB-
crystallin abolish its chaperone activity in vitro without
influencingthesizeof theoligomericcomplex (Plateretal.,
1996).

Becauseof crystallization problems, the three-dimen-
sional structureof a-crystallin hasnot beenresolved.The
model basedon comparisonwith highly homologousb/g-
crystallins suggestsa high flexibility of the C-terminal
domain (Singh et al., 1996;Farnsworthet al., 1998),which
mayalsobeacandidatefor substratebinding(Lindneretal.,
1998). The other possible reasonfor the presence of an
unstructured C-terminal domain or its highly flexible
extension(Carver et al., 1992) is its role in providing high
protein solubility, which is necessary in view of its large
hydrophobicsurface. A decreasedmobility of this site can
be achieved by insertion of the hydrophobic Trp residue
(Smulderset al., 1996),which resultsin dramatic reduction
of chaperoneactivity.

The substratespecificityof a-crystallin is not very clear.
There is evidencethat it can recognize and bind proteins
with perturbed anddamagedconformation,which arevery
closeto thenativestate(DasandSurewicz,1995;Dasetal.,
1996). At the sametime it canbind proteinsthat areheat-
denatured(DasandSurewicz,1995;Carveretal., 1995;Das
et al., 1999) or denatured by reduction of S–S bonds
(Farahbakhsh et al., 1995) and prevent their aggregation.
However,it doesnot reactwith stable, hydrophobicproteins
(e.g. reduced andcarboxymethylateda-lactalbumin anda-
casein) (Carveret al., 1995).

Controversialdataexistregardingtheoveralla-crystallin
structure as a function of temperature and complex-
formationwith substrateprotein.Onesetof databasedon
NMR and protein fluorescenceindicates only slight
changesin hydrophobicityof the N-terminal region and
mobility of the C-terminal region (Lindner et al., 1998),
while other resultsbasedon binding fluorescenceprobes
indicatesthe transitionto a ‘molten globule’ state(Raman
etal., 1995).Wedecidedto verify if indeedthea-crystallin
molecule displaysa dramaticchangeof conformationasa
function of substratebinding and temperature(Vadzuk,
Ercelenand Demchenko,to be published).We observed
that some modulation of protein structure does indeed
occur, and is easily detectedby tryptophanfluorescence,
but theobservationof a significantlevel of red-edgeeffect
(Demchenko,1986) togetherwith relatively high aniso-
tropy of emissionindicatesthepreservationof a rigid core
of N-terminal tryptophan-containingdomain,which is in
line with a recently publishedmodel (Farnsworth et al.,
1998). Thus, plasticity and rigidity coexist in the same
molecule.

In conclusion, in the caseof interaction of molecular
chaperones with unfolded or partially folded substrate
proteins, we observethat ‘group-specific’ recognition can
be achievedbetweenflexible macromolecular structures,
which resultsin ordering and dissociation of one of them
(substrateprotein).

5. FALSE RECOGNITION:
‘INCLUSION BODIES’ AND PROTEIN
FOLDING DISEASES

An importantquestion arisesregardingpossible mistakesin
the recognition between flexible structuresand the costof
these mistakes. Many proteins can fold spontaneously
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followingtheirnormal folding pathway,determinedby their
structure and the folding code imprinted in it (Anfinsen,
1973),but there arealsocases when the normal folding is
disruptedwith theaccumulation of aggregatesof denatured
protein. This causesserious complications such as an
accumulation of insoluble ‘inclusion bodies’ when animal
protein genes are expressed in bacteria. The protein
aggregates,which appearin animalandhuman cells,cause
a number of pathological conditions. In both cases the
polypeptide chains are synthesized normally, and their
inability to fold is dueto interactionswith otherfactorsthat
causenon-specific aggregation.

5.1. Inclusion bodies— the aggregatesof
recombinant proteins in bacterial cells

Very often recombinantproteins expressedin bacteriado
not fold normally, but form inert and inactive aggregates
(inclusion bodies) that accumulate in host cells. These
aggregatescanbe isolated,dissolved in chemical denatur-
antsandrefoldedagain(RudolphandLil le, 1996).Thefact
thatmany proteinsrecoveredfrom inclusionbodiescanfold
spontaneously in vitro suggests that the problem is not
caused by a missing factor, but ratherby the presenceof
some additionalfactor, which causesthe aggregation.This
factoris theaggregatedprotein itself. It formsatemplatefor
binding the newly synthesized proteins leading to further
aggregation. Protein folding intermediates are thermally
unstable (King et al., 1996), and the aggregateprovidesa
surfacewith high affinity for their binding.

5.2. Protein misfolding diseases

There are several diseases which are characterized by
abnormal accumulation of aggregated proteins. They are
commonly known as amyloidosis, a condition in which
certainproteins or protein fragmentsprecipitate in various
tissues as amyloid, a fibrillar aggregate in a pleated-sheet
conformation. Thus in the case of Alzheimer’s disease,
insoluble fibrilar deposits known as amyloid plaque are
formedin neuralcells(Kosik, 1992).Its majorcomponentis
b amyloid proteinAb. The formation of amyloid plaque is
related to the flexible conformation of its N-terminal
domain, which allows an easytransition between nativea-
helical and non-native b-stranded structures. The fact that
the transition from monomer to neurotoxic amyloid is
mediatedby the template wasconfirmeddirectly in studies
of deposition of solubleAb ontoamyloid fibrils (Esleretal.,
2000).

How canthis processstartin theabsenceof template?A
minor ‘non-Ab’ componentin theplaquehasrecentlybeen
identified, which formsamyloidfibrils in vitro by seedinga
fibril formationby majorAb componentb 1–40(Hanet al.,
1995).It may thereforebe a candidatefor a templateof in
vivo plaque formation. Conformational analysis of this
protein (Weinrebetal., 1996)demonstratesthatit existsasa
mixtureof rapidly equilibrating extendedconformersandis
representative of a class of ‘natively unfolded’ proteins,
many of which are known to initiate protein–protein
interactions.

Tau protein which is involved in the stabilization of
microtubulesand is naturally disordered (Schweerset al.,
1994) can, by aggregation, form fibrillar bodies charac-
teristic of Alzheimer’sdisease(Kosik, 1992).Thesebodies
consist almostexclusively of tau protein that is inducedto
adopt the pleated-sheet structure on transition to the
aggregatedform.

Abnormal aggregatesof non-nativestatesare formed in
other diseaseconditions, in particular in systemic amy-
loidosis consisting of aggregated transthyretin and its
peptide fragments (Jarvis et al., 1993). As in previous
cases, the fibrillar state is composedmainly of b-sheets
(Terry et al., 1993).Thesoluble protein form in this caseis
also composedof b-sheets, but in contrast to previouscases,
the b-sheets are also characteristic of native protein
structure. Since native protein cannot form aggregates, a
profound reorganization of b-structure must occur in the
pathological state.

Thus, in pathologies associatedwith amyloid deposits,
the formation or reorganization of b-structure is concomi-
tant with agregation. The aggregate growth occurs on
interaction of unfoldedor pre-foldedproteinwith template
formedby misfolded agregatedproteins.

5.3. Prion protein aggregation and ‘mad cow disease’

Small infectious particles called prions cause certain
neurodegenerative diseases, including scrapie in sheepand
goats, bovine spongiform encephalopathy (‘mad cow
disease’)in cattle andCreutzfeldt–Jacobdiseasein humans.
The fact thatprionsconsistexclusivelyof protein drewa lot
of attention to the mechanism of their replication and
propagation(CohenandPrusiner, 1998).The prion protein
PrPSc hasa normal cellular isoform PrPC with a predomi-
nantly a-helical conformation (Zahn et al., 2000) and an
apparent absence of ability to associate. In contrast, the
scrapie isoformis aprotein-resistantaggregatecomposedof
the sameprotein but in denseb-sheetedstructure(Inouye
andKirschner, 1997).The protein is probablysynthesized
asa normal isoform, but on interaction with thetemplateof
aggregatedprotein, it adopts a conformation of a patho-
logical protein, which allows the template to grow. This
templatemayplay a role of infectiousparticle. Theabsence
of a simpleanddirect route for conformational isomeriza-
tion from a-helical to b-sheetedconformationsuggests that
eitherthemisfolding occursafterthechainsynthesisbefore
theacquisitionof the foldedstructureor the transformation
is produced by interaction with the surfaceof the prion
particle (Horiuchi andCaughey,1999;Cohen1999).

Thus, inclusion bodiesand protein misfolding diseases
canbeconsideredasresultingfrom high protein flexibility.
The interaction potential between folded compactglobular
proteins is usually strongly repulsive, while unfolded
proteinsandfolding intermediateswith low structural order
areunstableandproneto formationof aggregates.In fact,
misfoldedproteins,if theydonotaggregate,donotproduce
any danger.They canbe easilyeliminated by intracellular
proteases(Ritter and Helenius, 2000; Matouschek, 2000),
while the highly dense b-sheeted fibrils are strongly
protease-resistant.Therefore‘misfolding diseases’may be
called ‘diseasesof falserecognition’.
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6. KINETICS AND THERMODYNAMICS
OF RECOGNITION

6.1. Kin etic stepsand their analysis

Protein–protein recognition kinetics are relatively easily
analyzed in a rigid-body approximation, i.e. when the
precise assembly of two sterically and chemically com-
plementary surfaces occurs leaving no extra degrees of
freedomto the componentmolecules(Janin,1995).In this
case the two partners come together by translational
diffusion. If they are in the right position and orientation,
an interfacedevelopsaspart of the molecular surfaceand
internal degreesof freedomrelax to optimize short-range
interactions. If the orientation is not correct, then the
partnersdissociateandcollideagain. Thecollision rateKcoll

is determined by the Einstein–Smoluchowski equation and
is of theorderof 109 Mÿ1sÿ1. This rate is a theoretical limit
for protein–protein associations. It should dramatically
decreaseif not every collision results in binding and if
conformational adaptationof thepartnersis required.Purely
geometricestimatessuggest thattheobservedratesmightbe
six orders of magnitudeslowerthantheSmoluchowski rate
limit (NorthrupandErickson,1992),while the experimen-
tally observedrates are only three orders of magnitude
slower. The high rateswere explained by nonspecific and
not orientation-restricted primary binding followed by
sliding in a two-dimensionaldiffusion along the surface
(Berg, 1985). This concept is not applicable when the
surface is flexible or even structureless. Substantial rate
acceleration is suggested by ‘electrostatic steering’, when
the properly designedelectrostatic potential guides the
binding(Wadeetal., 1998),but it is notclearhowthiseffect
is realized if the charges fluctuate together with the
structures.Partial desolvation of interactingpartners may
play a role in molecular recognition especially in cases
where the long-range electrostatics is weak (Camancho et
al., 1999, 2000),althoughprotein segmentaldynamicscan
modulate these effects dramatically.

A virtual intermediate,which is formedat the end-point
of diffusional association before the isomerization of the
complex, is the encounter pair. Its characteristics are
important for determining association rates, but even in
the caseof rigid-body complexation its structurecannotbe
determined experimentally (Gabdoulline andWade, 1998;
1999). When molecules are flexible, the encounter pair
should be formed primarily between interacting mobile
segments, which then should be reorganizedinto a stable
complex.Thecharacteristictime scaleof elementaryevents
in this processis the nanosecondwhich correspondsto the
time for translational motion of a small flexible segmentby
a few angstromand also to its elementary step rotational
diffusion motion. How many of theseelementary stepsare
needed andwhich of themdeterminestherateof thewhole
processcannotbe easilystudied.

A commonly applied approach to separate molecular
recognition into elementarystepsandevaluaterate-limiting
eventsusesthe effect of solvent viscosity on rates(Von
Hippel andBerg,1989).In the caseof flexible recognition
partners,this is notapplicable,sincetheviscosity influences
not only the diffusion but also the folding kinetics. In

addition to concentration dependenciesof rates,avarietyof
time-resolved techniques are currently usedto follow the
formation and reorganization of structure. In somecases
they show that the complex-formation approaches the
diffusion limit. This behavior was observedfor recogni-
tion-folding of fragments of barnase(Kippen and Fersht,
1995), chymotrypsin inhibitor 2 (Mohana-Borges et al.,
1999), folding-assembly of dimeric trp repressor(Glossand
Matthews,1998), binding of unfolded substrates to mol-
ecular chaperone SecB(Randall, 1992) and the transcrip-
tional factorsbindingto DNA (Bergeretal., 1998;Wendtet
al., 1997). In contrast, the folding from fragments of
staphylococcal nuclease (Light et al., 1974), flexible
antigen–antibody interactions (Lindner et al., 1999) and
the protein binding to a variety of molecular chaperonesis
kinetically limit ed to isomerization stepsin the complex.
Kinetic measurementsunder pseudo-first-order conditions
oftenrevealthecomplex characterof thesereactionswhich
involve severalreactionsteps.(Chaffotteet al., 1997).

6.2. Thermodynamicsof folding-associated
recognition

The formation of protein complexes with proteins and
nucleic acids is usuallyassociated with largenegativeheat
capacity changes,DC°assoc< 0. The strongest contribution
to this effect may be provided by the removal of large
amountsof non-polar surfaceoncomplex formation (Spolar
and Record, 1994). Among entropic (TDS°assoc) and
enthalpic (DH°assoc) contributions to DC°assoc, the entropic
factor is estimatedto be most important. In this case,any
ordering of structurewhich canresultin decreasein protein
surfaceareas andsqueezing of watermolecules from inter-
residuecontactsshould dramatically increasethis effect. In
a flexible system, this effect should become counter-
balancednot only by the decreaseof translationalentropy,
but also by the decreaseof configuration entropy of
polypeptidechains.This picture is in line with simulations
of DNA complex-formation with restriction nucleases
(Duan et al., 1996). They demonstrate the presence of
higher levelsof structureordering in specific comparedto
non-specificcomplexes,andalsoa significant entropygain
on specific binding. This gain is the result of opposing
contributions i.e. solvent release,which increasesentropy,
vs configurational terms and collective terms from tight
coupling between the motionsof the proteinandDNA.

A favorable entropic contribution to the binding was
observedby isothermal titration calorimetry for angiotensin
II binding antibody(Murphy et al., 1993), the binding of
captopril to angiotensin-converting enzyme(Ortiz-Salmer-
on et al., 1998), complex-formation of ovomucoid third
domain to elastase(BakerandMurphy,1997)andfolding of
dimerizationdomain of trp repressor (GlossandMatthews,
1998). However, this picturecannotbegeneralizedto every
caseof recognition between flexible structures. Thus, the
bindingof calmodulinto smMLCKp proceedswith negative
changes in enthalpy, heatcapacityand entropy indicating
that it is an enthalpy-driven and entropically unfavorable
process(WintrodeandPrivalov, 1997).This maybedueto
the fact that smMLCKp in the complex becomes more
flexible (Ehrhardt et al., 1995). The increase of protein
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backbone dynamics on complex formation has been
reported in a number of cases (Zidek et al., 1999;
Forman-Kay,1999).In general, thethermodynamic analysis
strongly suggests that the ordering of structure and
desolvation (or disordering and solvation) are strongly
coupled,andthis coupling mayallow differentmechanisms
of sequentialandselective enhancement of interactions.

Thus, in protein folding and binding two dominant and
opposing contributionsto entropyaremanifested,onefrom
the hydrophobic effect,or the release of wateron burial of
nonpolar surface, and the other from the reduction in
conformational entropy.If molecularrecognition is coupled
with local or global folding, the hydrophobic effect may
becomemuch moresignificant thantheentropylossdueto
the loss of conformational mobility. This suggests an
essentially nonlinear phenomenon: when the binding is
strongerandmore specificwith higher positive interaction
enthalpycontributionto thebindingfreeenergy, theentropy
contribution can become large and positive. Thus, the
binding, which immobilizes the interaction partners,may
becomeselectivelystronger, andthis maybethekey factor
to providehighly selective recognition.

At present,becauseof thepresenceof differentopposing
factors,manydetailsof thekineticsandthermodynamicsof
recognition between flexible structuresare still obscure.I
will outline only two important problems, for which a
solution is needed.

1. In simple kinetics, if the strongbinding is associated
with fast association rates,then the dissociation rates
should alwaysbeslow (theaffinity constantis theratio
of association and dissociation rates). However, in
many cases, specific and high affinity binding is
provided with very high association rates. Many
functionally important recognition processessuch as
chaperone-assisted folding, intracellular signaling or
protein–DNA interaction requirea very rapiddissocia-
tion (Felderet al., 1993).How this is mechanistically
realizedremainsunresolved.Oneof thesuggestions to
explain this fact is that the unbinding process is
adiabatic, and that entropic changes occur after
unbinding (Moy et al., 1994).

2. Specific recognition in many casesoccursin conditions
of high concentrationof ligandanalogs,which areable
to bind non-specifically. Therearealsocaseswhen the
receptor hasa great number of non-specific interaction
sites, which may hamper specific binding. Thus,
endonucleasesand transcriptional activators can bind
to anyDNA sitenon-specifically, whichshouldresultin
a strongeffectof competitive inhibition (Jen-Jacobson,
1997),This is not observed.The fact that flexibility is
different for the partners participating in specific and
non-specific complexes may contain a clue to this
problem.

7. MODELING OF RECOGNITION
BETWEEN FLEXIBLE STRUCTURES

Computationaltools for predicting ligand–receptorbinding

complementarity, affinity and association rates develop
rapidly sincetheyareneeded for rational drugdesign.In this
respect the application of rigid-body approximation is the
simplestapproach,since it doesnot requirethesearchingof
extensiveconformationalspace(Walls andSternberg,1992;
Náray-Szabo´, 1989,1994;Sobolev et al., 1996; Jacksonet
al., 1998). The fact that flexible molecules changetheir
conformations in intermolecular interactions raises new
combinatorial aswell asenergeticproblems.Analysis of the
conformational energies of flexible moleculesshowed that,
for mostof thosecompounds,both the crystal andprotein-
bound conformations were energetically well above the
global minimum. In many cases thereis not evenany local
energy minimum (Nicklaus et al., 1995). This makesthe
energy refinement problemvery difficult.

Some new computationalstrategiesfor flexible docking
anddesignhavebeenextendedfrom rigid-body to flexible
docking: Monte Carlo/moleculardynamicsdocking,in-site
combinatorial search,ligand build-up, site mapping and
fragmentassembly(Rosenfeld et al., 1995;Jackson et al.,
1998; Najmanovichet al., 2000). In order to producethe
global optimization of amultivariablefunction,which is the
energy, andto discriminatebetween high-specificandlow-
specific binding,Monte-Carlo minimization algorithms are
applied (Caflisch et al., 1992; Friedman et al., 1994).An
algorithm basedon molecular dynamics simulations (Di
Nola et al., 1994; Mangoni et al., 1999) allows one to
manipulateto some extentthe ligand, receptor andsolvent
mobilities by assigning different temperatures to these
subsystems.

A generalapproachto addresstheproblemof finding an
appropriate protein docking solution is to separateit into
two steps:(1) a searchover theN dimensional bindingand
conformational spaces in order to selectcandidategeome-
tries of the complex; (2) applicationof a suitable scoring
function to distinguishnearnative modesof binding from
the otherfalsesolutionsgenerated during the initial search
(Palma et al., 2000). In the caseof flexible interacting
partners,this approachis very difficult to apply in view of
thehugenumberof alternative geometries(Gehlhaaret al.,
1995; Zhanget al., 1999).Thusflexibilit y in modeling the
molecularrecognition is introducedsequentially by allow-
ing flexibility in asmall-sized ligand(Friedmanetal., 1994;
Desmet et al., 1997; Lorber andSchoichet,1998;Wanget
al., 1999b), flexibilit y in receptor protein asmovement of
loopsor largedomains(Sandak etal., 1998;Verbitskyetal.,
1999) andthesmall-scaleflexibility of sidechains(Desmet
et al., 1997;Najmanovichet al., 2000).With the inclusion
of onetypeof motion, theothertypesareusuallyignored.It
hasbeenshown that the assumption of a rigid binding site
can lead to errors in identification of the correct binding
modeandassessmentof binding affinity, evenfor proteins
whichshowarelativelysmall shift in atomicpositionsfrom
oneligand to the next (Lorber andShoichet,1998).

In orderto understand themechanismof protein folding,
anewmethodology hasbeenproposedrecently(Bryngelson
et al., 1995).It considers the processof folding asmotion
along theenergylandscaperesembling afunnel with abroad
upperpartrepresentingamagnitudeof conformationsof the
unfolded stateand a narrow well representingthe folded
conformation.Thefolding proceedsdownhill alongthefree
energy gradient. Along this pathway, local minima can
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exist, which will result in folding intermediates.This
concept has been recently extended to model folding-
associatedrecognition (Ma etal., 1999;Kumaretal., 2000).
The complex-formation may change substantially the
energy landscapes with different shapes and distributions
of conformers. This approach allows introduction of the
concept of statistical ensembleof conformersand tries to
obtain theequilibrium state of thecomplex asa distribution
of conformersin the vicinity of the free energy well.

Thegoalin thesestudiesis to understandthemechanisms
of formation andfunctioningof supramolecular complexes
andof computational structure-baseddrugdesign.It is also
to predictthestructuresof complexesthathavenotyetbeen
experimentally determined by X-ray crystallography or
NMR. In addition, we have to predict their affinities and
sequential stepsof their formation.For this task,dockingof
rigid ligandsis inadequatebecauseit assumesknowledgeof
theconformationof theboundligandandof theboundstate
of the receptor. Docking of flexible ligands to flexible
receptorswould bedesirable, but with presentmethodology
this meanssearching an enormousconformational space,
which is not feasible. Ideasbasedonprotein folding funnels
are attractive, but they have not yet become efficient
research tools.

8. CONCLUSIONS

In view of the very frequent occurrence of dynamic
recognition between flexible structures and in different
structurally and functionally dissimilar systems,can we
expect that thereshouldbesomegeneralprinciples for this
typeof recognition?If yes,whataretheseprinciples?I will
try to formulatethembelow:

1. The reactionof complex formation shouldconsistof at
least two steps— a bimolecularreactionof diffusional
formation of encounter pair and a unimolecular
isomerization of encounter pair into a stablecomplex.
Thesestepsarekinetically coupled,andin the applied
range of concentrations, depending on the particular
system, either of them can be rate-limiting. The
formation of an encounter pair can be acceleratedby
long-range electrostatic interactions (Antosiewicz et
al., 1996;Wadeet al., 1998).Their preformedpattern
canhelp to achieveproperselectionandorientationof
interacting partners. The encounter rate can also be
accelerated by reduced diffusion in space, e.g. by
sliding of a protein along double-helical DNA mol-
ecules(Von Hippel andBerg,1989;Theiset al., 1999)
or moving while adsorbedto a biomembranesurface.

2. The encounter pair is a loose associate which iso-
merizes into a stablecomplex in a number of steps,
which involve sequential selection. There is no other
way to achieve the specificity of a complex being
formed other than by probing it by many stochastic
bond-making and bond-breaking events. Sequential
selection implies that the effective ligand association
occurs not in one act, but involves consecutive
elementary stepsduring which more and more sub-
sitesof onepartnermake contactswith complementary
sub-sites of the other (Neumann,1981). The effective

rate constant of ligand binding is therefore a net
quantitycomposedof therateconstantsof all thesteps
involved. Only if the next in sequence contact occurs
within the lifetime of a given ligand–receptor con-
figuration does the ligand become gradually bound
more tightly; it is then selectedasopposedto ligands
with weakersub-sitebinding. Eachsequentialstep is
distinguishedfrom thepreviousoneby strongerbinding
energyandlonger duration.

The mechanisms of sequential selection should
probably involve kinetic proofreading (Hopfield,
1974) or kinetic amplification (Ninio, 1975, 1977).
Theseeffects are best understood in the caseof two
successivesteps,where the first one is fast, reversible
andof low selectivity, whereas thesecond oneis slow,
highly selectiveandirreversible.A wrongligand(with
attractivebut weakinteraction potential) undergoesthe
first step,but thereafter it will beeliminatedby theback
reactionbeforeit becomesinvolvedon thesecond step.
In contrast, the correct substrate will have a much
higherprobability to passsuccessfullybothsteps.Thus,
onthefirst steptheremaybearatherflat energyprofile,
while the second onemustexhibit a much higher and
more discriminative energybarrier. Apparent irrever-
sibility of the secondstep for correct ligand occurs
becauseof depopulationof ligandconformersafterthis
stepdueto a new sequenceof eventsoccurring in the
complex.This dramatically increasesthe selectivity of
the whole reaction, and this occurs in a sequential
manner.

3. Sequential steps in recognition arenotequivalent.They
exhibit hierarchy of time and length scales, which
mechanistically is similar to protein folding (Demchen-
ko, 2000b). Whenacertain numberof primarycontacts
areformed, the reactionof ordering andre-ordering of
structureproceedsin thecomplex asanintegrated unit.
This is an isomerization process with sequential
increaseof integration. The similarity with protein
folding (Miller andDill, 1997;Tsaiet al., 1999)is due
to involvement of the same well-known types of weak
non-covalent interactionsbetweengroupsof atomsand
thesamethermodynamic forcewhichdrivesthesystem
towardsthe freeenergyminimumglobal for thewhole
complex.Current achievements in solving the protein
folding problem can be successfully applied in the
analysisof dynamic complex formation.

4. Interactionof slow andfastdynamic modesmayresult
in nonlinear effectsand generation of new stationary
states, which do not exist in the free,separate partners
(Kharkianen and Demchenko,2000, to be published).
As a result of this processa conformational signal
propagating beyond an interface and triggering an
effectory function may appear. Conformational
changesmay not be neededfor molecularrecognition,
but molecular recognition is absolutely needed for
many biological functions in which the induction or
amplification of effectory signal via conformational
changesin the regions outside the contact areasis
required.The resultant integrated structural unit can
retain (or achieve) a highly dynamic structure, which
allows combination of high specificity of interaction
with easyformation anddissociation of the unit. This
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makes it possible to avoid the conformationalentropy
costof rigid complex formation andallowsfor a broad
variation of contactareas.Thusthecontactareaandthe
strength of binding may not correlate(Varani, 1997).

In adynamical systemcomposedof interactingmolecules
with flexibleconformationsit is hardto incorporatetheterm
‘complementarity’. What actually occurs is a stochastic
processof ordering in a loosely coupledcomplex influenced
by local energy field gradients.Thus, complementarity is
created togetherwith theacquisition of order.Manytrialsof
binding-release must occur until the proper ligand is
selectedandits interactionswith thereceptorarereinforced
with theoptimal amountof short-rangenon-covalentbonds.
Althoughno rigorousanalysishasbeenperformed,it seems
highly probablethatrecognition between flexible structures

with manyisomerizationstepsis far moreefficient in terms
of rateandspecificity thanthe ‘lock-and-key’ bindingwith
its largenumberof unsuccessfulfittings.
Thus,it is highly probable thatthemost specificrecognition
is achievedin natureby meansof highly flexible structures.
Thereasonmaybethatthis typeof recognitionallowsmore
possibilities to optimize the fit between the interacting
partnersusing a broader rangeof structural and energetic
parameters. Flexibility extends dramatically the space
dimensionality for conformational search,and this factor
will result in dramatic increase in selectivity. Using the
‘lock-and-key’ analogywe mayconcludethatanelectronic
key with millions of variantsis moreselectivefor opening
the door thana mechanical key with only a few hundreds
variants.
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