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Recognition between flexible protein molecules:
induced and assisted folding
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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 formation of rigid patterns of interacting groups of atoms on
complementary molecular surfaces of the partners, which
Molecular recognition is a process by which biological requires their pre-existing and stable conformations (Jones
macromolecules interact with each other or with smaller and Thornton, 1996; Lo Contet al, 1999). This case is
molecules to form a specific complex (Janin, 1995; easily conceivable, has a lot of analogies in our macroscopic
Otlewski and Apostoluk, 1997). What distinguishes mol- world and although not without difficulties, is solvable by
ecular recognition from other types of interactions exhibited computational methods based on convenient rigid-body
by biological macromolecules is that it is able to distinguish approximation. This mechanism does not require and does
highly specific from less specific binding. In order to make not provide conformational reorganization of partners,
an interaction specific, the bonds between correct partnerswhich is often necessary for achieving the functional result
should be strong, while for other partners showing only of binding.
minor differences in structure they should be weak or even Thus, in order to achieve cooperativity in interaction,
repulsive. Another feature of molecular recognition is that allosteric effects and signal transduction through the
the ligand concentration effects are usually nonlinear. The molecule, a certain level of mobility should exist in the
binding is usually cooperative and a high concentration of ligand-receptor system, which can propagate over sub-
weakly interacting ligands cannot replace the effect of a stantial distance (see Table 2 in Lo Coetal, 1999). This
small concentration of a specific ligand interacting with requires the solution of a more difficult problem, namely to
high affinity. Most important is the fact that the recognition describe how the conformations of the partners change and
is usually not a process in itself, but is an element of a more to establish the mechanisms of these changes. Modeling of
complex, functionally important mechanism such as these processes is difficult, because the dynamics of
allosteric regulation of enzyme activity, signal transduction, interactions involve a much larger conformational space
protein folding or the formation of multisubunit and intrinsic to interacting partners, together with new interac-
supramolecular structures. This requires important and tions formed during the process of recognition.
sometimes dramatic changes in the properties of interacting There are even more difficult cases when one of the
partners. partners or both of them are very flexible or even completely
Physically, the strong binding of correct ligand and disordered, and their interaction results in formation of an
discrimination against incorrect ligands can be achieved by ordered structure in the complex. In this case the whole
* Correspondence to: A. Demchenko, TUBITAK Marmara Research Center proc_ess (-)f complex formatlon- develops over a huge
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probably not at equilibrium. So the problem of physical
analyss in these systens becomesas difficult as the
problemof protein folding (Demchenk, 2000b).Mechani-
cal modelsin this caseare inapplicalte, while stochasti
modding is complicatedand may not allow a clear visual
represatation of results.In orderto analyze topological
thernodynamc andkinetic propeties of molecuar reca-
nition in suchsystemsthe researber hasto sekcta new
methoddogy.

The aim of this review is to discussthe problem of
molecudar recaynition in systens with high flexibility.
Partiaular emphasis will be given to confarmationd
adaptabn in the formation of functionaly important
proten—proten, proten—nuclet acid and protein—snall
ligand complexes, to the couping of intermolecular
assenbly with proten folding and of protein folding with
complex formation involving molecular chap&ones. We
will try to derivegeneal principlesandapprachesfor the
modding andanalyss of thesesystems.

2. FLEXIBILITY
RECOGNITION

There are numerous exampes of proteins exiging in
disarderedconfigurationsthatmay exhibit self-organizaion
or induced orgarization on complex formation with their
targes (Gastet al., 1995; Yoo, 1995; Weinrebet al., 1996;
Sohletal., 1998;Lo Corteetal., 1999;Dugganetal., 1999;
Wright and Dyson, 1999; Lydakis-Simantirg et al., 1999).
Most of these protens are involved in very important
regulabry functions,andthelack of a particularstructurein
unboundform may be to their advantagesinceit provides
largerflexibility in theinteracton with differenttargetsand
rapid turnoverin the cell.

IN MOLECULAR

2.1. Enzyme-sutstrate and enzyme—hhibitor
interactions

Catalyic functions of mary enzymesrequire confama-
tional isomerizaion of both enzymesand substates. The
extent of thesemotiors may be quite different — from
reorientationsof rigid domainsand segmentgo disorder
ordertransitiors. Thus, for glutathioneStranderaseA 1-1
(Niedanik et al., 1999; Stellaet al., 1999) the C-terninal
loop coveling the active site is disordeed in apo-formand
becomes:-helical in thepresencef glutathioneconjugates.
For a mutantof this protein, the increag in binding affinity
is asso@ted with dramatic deceasein ratesfor the C-
terminal order—dsordertransition associged with produd
releag (Haleyet al., 2000).

A very interesing resut hasbeenreportedrecenly. It
wasfoundthataspatic proteinaseA from yeastis inhibited
by a small (68 residues) protein 1Az which whenalore in
soluion doesnot haveany detectabé secomlary structure
Howeve, uponformation of inhibitotry complexit becomes
orderedandits segmenbetweerresidues 2 and32 adoptsa
neaty perfecto-helical strucure. Thus,aspatic proteinase
A actsasafolding templat and‘folds its own inhibitor into
ahelix’ (Li etal., 2000).

Copyright© 2001JohnWiley & Sons,Ltd.

2.2. Antigen—antibody interactions

The location of proten antigeric deteminants predomi-
nanty at the protein surfaceand at its confamationdly

flexible sitesis well known (Morris et al., 1998). The
phenonenonof confamationd stabilization (Rizzo et al.,

1992) and selectionbetweendifferent antigenconformers
can be demorstratedby meansof antibodiesthat act on a
population of antigenmolecues with different extentsof

confamationd order. Thus, antibodies raised against
confarmationd antigeric determirantsof the native protein

can react with denaturd proten molecues by inducing
their folding, at leastlocally (Leder et al., 1995; Bergeret
al., 1999. Thus,angbtensinll whichis unfoldedin soluion

adops a regular structure on interacton with specific
antibody (Murphy et al.,, 1993). Large confamationd
changsin antibodescanalsoaccompay antigenbinding,
andthesecanalter dramaically the size,shapeandcharge
distribution in the antigerbinding pocket (Stanfietd and
Wilson, 1994).

2.3. Proteins of signd-transduction systems

Cdmodulinis asmallproteininvolvedin theregulatian of a
wide variety of intracellular processes.It was found that
calmodulin-binding peptide, which is an unstructued
randon-coil in solution, attainsan a-helical confarmation
on binding to native calmodulin (O'Neil etal., 1987).This
means that the folded peptide confarmation is induced
during the dynamic recognition with the pepide binding
site. In contrast, the peptidecorresponéhg to calmodilin-
binding domainof smath muscle myosinlight chain kinase
interacts with calcium-saturged calmodilin in sucha way
thattheinitially helicd peptidereomanizesin the comgdex
to a more open stae exhibiting a helix—coll transtion
(Ehrhardtetal., 1995). Thus,by criteria of amidehydrogen
exchangekinetics,the local unfolding is denonstrated.

Structural comparsonof two GTPag activaing proteins
p120 andp50in complexeswith RasandRho, resgectively,
allows the structural featuesrespondile for their remark-
able structuré flexibility to be specified(Soucteta et al.,
2000). Comparaitve studesof cyclophilin A in thefreeform
andin complexed with cyclosporinrevealedthe transitions
of polypeptde loops surrounding the ligand-birding site
from locdly flexible confamationsin the free protein to
well-defined spatal arrangerentsin thecomplex (Ottigeret
al., 1997).

The cyclin-depaexdent kinase (Cdk) inhibitor p21Wd1/
Cipl/sdil,importantfor p53-dgendem cell cycle contol,
medates G1/S arrest through inhibition of Cdks and
possbly throughinhibition of DNA replication. A striking
disarder—orcbr transitionfor p21 uponbindingto oneof its
biologicaltargets Cdk2, wasdenonstratedKriwacki etal.,
199%). It wasshown that p21 and NH2-terminal fragmeris
that are active as Cdk inhibitors lack steble secomary or
tertiary strucure in the free soluion state.The p21 NH2
terminusadoptsanorderedstableconfarmationwhenbound
to Cdk2.Thisstructuraltransitionhasprofoundimplications
in light of the ability of p21 to bind andinhibit a diverse
family of cyclin-Cdk complexes,including cyclin A-Cdk2,
cyclin E-Cdk2,andcyclin D-Cdk4.
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Src-homology2 (SH2)domans bind to proteinscontain-
ing phosphoylated tyrosines, with addtional specifcity
provided by interections with residues C-terminal to the
phospheyrosine (pTyr) residue While the C-termina SH2
doman of phosphtipaseC-gamna 1 (PLCC SH2)interacs
with eight residues of a pTyr-containing peptidefrom its
high-affinity binding site on the beta-phteletderived
growth factor receptor, it can still bind tightly to a
phosphpepide contairing only three residue. Certain
regionsof thePLCCSH2doman contacing theresidus C-
terminalto the pTyr havea high degres of mobility in both
thefreeandpepide boundstateqKay etal., 1996,1998).In
contast,thereis signficantrestricion of motionin thepTyr
bindingsite. Theseresultssuggesa correltionbetweerthe
dynanic behavour of certan groupsin the PLCC SH2
complex andtheir contibution to high affinity bindingand
binding specificty (Kay etal., 1996,1998).

FIgM is the inhibitor of sigma28, a transciption factor
specific for the expression of bacterial flagela and
chemoéxis genes During flagella filament assenbly it is
alsoexpotedfrom thecytoplasmto the outsideof thecell. It
wasreportedthat FIgM is mostly unfolded,but about50%
becomesstrucuredwhen boundto sigma28 (Daughdill et
al.,, 1997). In soluion the C-termind part of FIgM lacks
suffident intramolecularcontactsto form stablesecomlary
and tertiary structures, and on binding to sigma 28 this
strucureis stabilized.

2.4. Flexible proteins in macromolecular assemlly

In thecourseof thecell cycle, microtubulesexhibit dramatic
reorgankation, which is modulated by a number of
stabilizing and destabilizhg factors (Andersen, 2000).
Assenbly and stability of microtubdes is suppoted by
stabilizing factors,the modg important of which aretauand
MAP2.Whenstudiedin solution, theseproteinsexhibit low
helicd content, no temperatire-depadentunfolding transi-
tions and a high sensitivity to proteags (Hernandezt al.,

1986), which suggestgheir disarderedconformation. The
orderirg of theseproteinsoccurson interacton with tubulin
filamens, and both interacton partnes acquire new
propeties. Thus the binding to microtubules becones
highly coopeative, while the isolatedmicrotubule-birding
segmerg do not disgay any cooperaivity (Coffey and
Purich, 1995).Throughtheir high conformationalflexibility

in the unboundstate(Friedhdf et al., 2000)theseprotens
areinvolvedin patlologicd conditionssuchasamyloidoss
(seeSecton 5.2).

Among microtubule-destabilizingfactors, the most
importantis phosphopotein OP18/statmin (Larssonet
al., 1999;Martin etal., 2000).This proteindoesnot have
adefinedthree-dimensionadtrudure,althoughit contains
three distant regions of sequencewith different helix
propensities (Wallon et al.,, 2000). The separated
segmentsan bind to tubulin filamentsbut are not able
to produce the functiond effect that modudates the
dynamicsof microtubules.The binding 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
consequencef a conformationakhangen the -tubulin
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suburit (Morenoet al., 1999). Thus,we observethat on
interaction with microtubule modulating factors the
tubulin moleculesand their ordered filaments acquire
new properties.

Cddesma is a major F-actn binding protein in smooth
mu<le, which is alsoinvolvedin assemblyof myosn rods
(Katayameet al., 1995).1t wasrepoted thatin solution it
has a highly extended flexible confamation devoid of
secomlary structure (Lynch et al., 1987).

2.5. Proteins interacting with nucleic acids

Protein—nuceic acid complexes possesdoth stability and
specficity: the binding constants under typical ionic

condiions rangefrom 10° to 10?m~* or higher, and the
ratios of specific to nonspeific binding constantsrange
from 10° to 10’ (Spokr and Record 1994). The phosphe
dieder backbme is uniformly chaged, and non-gecific
binding canbe easily achievedelectrostaticly. Sequence-
specfic recogniton occurs through hydrogen bonding

interaction with the baseswhich modifiesDNA and RNA

flexibility makingthese molecues morerigid andbentto a
stranedconfarmation.Corformationalchangs observedn

various protens interecting with nucleic acids include
guaernaryrearangemenbf domans or subunits orderirg

of disarderedloops or N-terminal segnentsand formation

of a-helices and f-hairpinsfrom the unfolded structure in

the free stae (Hard, 1999).

Most of the folding or orderingtransitionsin proteins
interactingwith DNA occuron complemetary surfaceof
double helical structure,which comprisethe binding site.
Often this recognitionoccurshby insertionof an «-helical
segmeni(helix—coil-helix) into the major groove,andthis
allows the recognition of a specific sequenceby direct
interaction with the bases. These proteins commonly
containthe characteristicleucine zipper’ motif aswell as
basic domains. The yeast transcription activator GCN4
provides a well-studied example of bZIP recognitia,
whereinB-DNA servesssentiallyasatemplatefor protein
folding (Weissetal., 1990;0O’'Neil etal., 1991;Ellenberger
etal., 1992; Bergeret al., 1996; Benevideset al., 2000).
Crystallographicdatademonstrateéhat the basicregion of
GCN4 protein and its fragmentscontaining the leucine
zipper and basicsegmentsare highly disorderedandthat
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;Benevidest
al., 2000). Non-specific binding does not produce this
orderingeffect.

The SKN-1 transcription factor of Caenorhédditis
elegansbinds DNA with a high affinity as a monamer,
by meansof abasicregionlike thatof basic-leucinezipper
(bZIP) proteins, which bind DNA only as dimers. A
flexible armatthe Skndomah aminoterminusbindsin the
minor groove, while a supportsegmentadjacentto the
carloxy-terminalbasic region stabilizesindependetly the
basic region-DNA binding Without DNA the basic region
and arm are unfolded and the supprt segnent forms a
loose conformdion (moltenglobue) of four a-helices.On
binding DNA, the Skndomainadoptsatertiarystructuein
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which the basic region helix extend directy from a
supprt segmentz-helix, which is requred for binding.
The remainar of the support segment anchors this
unintaruptedhdix on DNA, but leaves the basicregion
exposedn themajorgroove.Thisis similar to theway the
bZIP basic region extend from the leucine zipper,
indicating that positionirg and cooperave stability
provided by hdix extensionare conservedmechanisms
that promotebinding of basic regionsto DNA (Carroll et
al., 1997).

A flexible segmentis responsiblefor the interactionof
the 4 repressorwith DNA (Clarke et al., 1991), and
moleculardynamicssimulationof this proteinsuggestshe
existenceof two dynamicsub-stategKombo et al., 2000).
Monomer—dimerequilibrium in phage Cro repressolis
interesting:thereare no folded monomersn the free state
and only unfolded monomersand folded dimers exist in
equilibrium. However, on interacting with DNA, this
protein canattain a folded monomericconformation(Jana
etal., 1997).

Ungructuredelemants of polypeptde sequace partici-
pate also in ligand binding by Escheichia coli CytR
regulabr (Jorgenseretal., 1998;Gavganetal., 1999).The
nucleotideexcissionrepar occuss by insertionof a flexible
p-hairpin betweentwo DNA strands(Theis et al., 1999;
Ikegami etal., 1999).

The trp repressoris an important regulatory protei in
Escherchia coli, which, whenactivaed by its cofector, L-
tryptophan,controls the uptakeandsynthess of tryptophan.
The relative disorderof its DNA-binding doman and its
stabilizationon interacton with L-tryptophanis recordecby
avarietyof experimengl methodqZhaoetal., 1993;Zhang
etal., 1994;Gryk etal., 1995).A pointmutaion in theDNA
binding doman which increaseghe affinity towards DNA
anddecreasgthe domain mobility limits the effeciveness
of trp represer to interactwith some operatos (Gryk etal.,
1996).

Studiesof transciption factorEts-1 provideevidencehat
local proten unfolding (in contrastto more common
folding) can also accompay DNA binding (Petersenet
al., 1995). Circular dichroism and partid proteolysis
showed that the secomlary structure of the Ets-1 DNA-
binding domain is unchamgedin the presenceof DNA. In
contrast,DNA allosterically induced the unfolding of ana-
helix that lies within a flanking region involved in the
negative regulaton of DNA binding. Thesefindingssugges
a strucural basisfor the intramokecularinhibition of DNA
binding and a mechanisnfor the cooperaitze partnershps
thatare commonfeaturesof mary eukaryotic transcriptian
factors.

The co-factorsin interacton of transcrigion factors with
DNA canalsodisplaydisarder—orebr transitionon interac-
tion with their partnes (Wendt et al., 1998). When they
interect with transcrigion factors they can induce their
orderirg (Huaetal., 1998).

In the caz of Eco RV endmucleag, in addtion to
changes of quaterrary structue, the folding of two short
loopsis couplad to DNA binding (Winkler et al., 1993.
Oneloop (68—71)which contactswith minor groove and
the sugar-phosplatebadkbore, leadsto a -turnfollowing
both spedfic and non-specific binding, althoudh the
proteinis poorly orderel in the free state Another loop
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(182-187 interecting specificdly with the basepairs in

the major groove remains disardered in non-specific
conplexes. It is interestiry that the total contact areais

larger in the caseof non-specificcompaed to specfic

binding to DNA. Whenthe binding with DNA is specific

bendng of the DNA helix ocaurs (Horton and Peraa,
1998).

RNA recogniton differs from DNA recogniton, whichis
conneted with the different functionrs of the formed
complexes (Drape, 1995, 1999; Varani, 1997; Frankel
andSmith, 1998).Two mainthemesappeain protein—RNA
interections. A ‘groove binder’ classof proteins placesa
protein strucure (x-helix, 3—10-telix, -ribbon,or irregular
loop) in the grooveof an RNA helix, recagnizing both the
specfic sequene of basesandthe shapeor dimensons of
the groove, which is sometimedistortedfrom the normal
A-form. A seconcclassof proteinsusesf-sheet surfacesto
crede pockes that recogize the basesof sinde-straned
RNA. Same of thes protens recogniz compleely
unstucturaed RNA and,in othes, RNA secondanstructure
indirectly promots binding by constaining basesin an
appr@riate orientation.

What is commonin DNA and RNA binding is the
involvement of dynamicinteractionswith the participation
of flexible elementsof structure.Formationof complexes
with proteinscan order the flexible single-strandedRNA
loops (Allain etal., 1996),andalsohighly flexible protein
segmentdecomestructuredon 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) demonstrateswo types of
recognition, preformedand induced. In the latter casea
flexible loop converts to o-helix. Another ribosomal
protein, L11, possessesn extendedunstructuredloop,
which becomesstructuredon RNA binding (Markusetal.,
1997).

A remakable caseis U1lA protein, which binds, very
tightly (Kq ~ 10 **m), an RNA hairpin during splicing,
despte the presenceof a very smdl interface area. The
binding involves a disorderordertransitionin the loop on
the templak of f-sheetedprotein strucure (Allain et al.,
199%).

Prokin kinase PKR is activated by a double-¢sranded
RNA (Nandur et al., 1998). It was found that a highly
flexible interdomain linker enablestwo domainsto wrap
arourd the RNA duplex for cooperaive and high-afinity
binding. This leadsto anoverall changeof PKR confama-
tion resuting in its activaion.

Thus, high flexibility of at leastone of the interacting
parthersin protein—nuckic acid recagnition and often of
both of them is necesary for highly selecive functional
evens. The results of mary experimentsdemorstrate,
however, that thereis no needfor whole molecues to be
unfolded, a high mobility being required only for its
functional/recanition part.In couplingwith local folding a
high specificty can be realized where specific local
sequacesserveas templaes for folding transition, while
nonspecificsequacesdo not. Sinceboth the driving force
(binding free energy)and the driven process (binding and
folding) are a function of DNA sequeace, the final
confarmationof the complex mayinducea highly selecive
function of this DNA sequece.
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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

Proteinfolding is the procesof attainhg a uniquestructure
in an enormousconfiguational spacedriven by the seach
for global free energyminimum. In order to achievethis
minimum, the flexible molecue hasto try a hugevariety of

configuations between partidly ordered elements of

strucure. If the polypeptde chainis fragmentel, canthese
fragmentsassociateo form thefoldedstructur® Canwe, by

propeg maripulation with proten chains and their frag-
merts, obsewe the coupling of protein folding with

intermokecular recanition between flexible and self-
organzing elemants of this macronolecularstructue?This
section will try to answerthesequestims.

3.1. Folding of proteins cut into fragments

The folding of protein from its sepaated unstructurel
fragments may present a unique modd for dynamic
recagnition. This field of researb stated to be explored
alreadyin the early seventiesandthe reackr is referredto
excellent reviews coveiing the early researb (Anfinsen,
1973;ZabinandVillarejo, 1975;Wetlaufer, 1981 Taniuchi
etal., 1986).At thattime the studiesverefocused primarily
on the implications of structure and functional activity
deterninationin geneal terms andmud lessattentiaon was
paid to local structuralandkinetic effects.Resultsof more
recentexpeiments(Pra-Gay, 1996)involve detdled struc-
tural analyss, information on folding kinetics andexplora-
tion of geneically engineeed protein forms.

Limited proteolysis of ribonuclease A, a molecule
composedof 124 amino acids, cuts a single peptidebond,
whichresultsin theappearancef anN-terminalfragmentof
20residuesthe S-peptideThelatterhasnoregularstructure,
but on its interactionwith the rest of molecule(S-protein),
with all four of its disulfidebondsbeingintact, a complexis
formedin whichthe S-proteinregularstructurenduceghe S-
peptideto adoptan a-helix conformation(Labhardt,1982,
1984).The rate-limiting stepof this processs the formation
of a-helix (Goldbergand Baldwin, 1999). The S-protein,if
denaturedvith reducedlisulfidebondscannotfold correctly
without the help of S-peptide put the folding canbe readily
achievedwhen both unfolded S-proteinand S-peptideare
mixedin solutionin folding conditions.

Staplylococcd nucleaseconsistsof a singe polypeptide
chain of 149 residus contairing no disulfide bonds.
Assocation of two or three of its long fragments(Andria
et al., 1971, Light et al., 1974), including those with
overlappng sequace (Taniuchi and Anfinsen, 1971,
Taniuwchi et al.,, 1977), resuts in restoration of native
strucureandof sonelevd of activity. A conmonfeatuie of
formation of all theseconmplexesis the first-orderkinetics,
which suggetsthattherate-limiting stepis notthediffusion
of componentsbut the reorganzation of their complex
(Light etal., 1974).
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Cytochrome c, a 104-reside heme-contming proten,
wasal exploredasa modelfor the assemblyof a protein
from its fragments. Its molecues assemt#d from two or
three chain fragmentsresenble closely the intact native
protein in strucure and biological activity (Hanigan and
Taniuchi, 1977;Juillera etal., 1980; Juillera andTaniuchi
1982), although assenbled protein has a deceasedtem-
perdure stability.

Thioredoxin, a smdl o/f doman proten, can fold
togeher out of its fragments (Reutimannet al., 1983).Re-
assenbly is possibé not only after a cleavageinside an
expose loop but also in an «-helix (Yang et al., 1999).
Although both sets of fragments produe nativelike
complexes, there are clear differences betweenthem in
interface geonetry, stability of the folded stae and mech-
aniam of asso@tion/folding (Chaffotte et al., 1997;
Ghosal etal., 1999).

Barnaseis a small (110 residue) bacterialribonucleae
free from disufide bords. A peptide correspading to
barnaeresidues 1-22which continsin its native structure
the major «-helix (residies 6—18) binds rapidly to the
complemernary pepide (residues23-110)confining a f-
sheeto form acatalyticaly activecomplexwith near-nave
structure and propeties (Kippen and Fersh, 1995). Both
fragments whenthey aresepaate,appea to bedisardered,
andbecomestructurel asaresultof their asso@tion. A set
of mutationsin the helicd region(1-22)wereintroducedn
orderto destabilizehea-helix. Themechansmof assenbly
of the pepides wasinvestigatedby analyzingthe kinetics
and equilibria of assocition of mutants.The reactionwas
found to follow secoml-orderkinetics. Virtually the entire
changein stability of thecomplex onmutationwasrefleded
in changs in the associdon rate constant while the
disociation rate constantwas very little affected. The
complexesformedby all preformedmutantpeptides (1-22)
with (23—-110) wereonly 10% actve. It wasfoundthatthe
noncovalentconplex wasdestahlized lessby mutafonsin
the z-helix thanis the intact protein.

Two fragments (20-59) and (60-83 of chymotrysin
inhibitor-2 from barleyseedsassocite to give a native-like
structure (Ruiz-Samz et al., 1980; Mohana-Boges et al.,
199). The kineticsand equiibria of asso@tion of mutant
fragments derived from cleaving mutant proteins were
analzed. The changs in free energyof asso@tion have
beenmeasued both by isothernal studes of the binding of
fragmentsandby thermal denaturatiorof the complexes.In
geneal, thereis a goodcorreltion betweea the changs of
free enegy of assoa@tion of fragmentsfollowi ng mutation
and the changs in free enegy of folding of the parent
protein. The secondorderrateconstans for themajorphase
of associatiorchangewith mutafon. Therate consantsfor
asso@tion correbte well with the rate constants of
refolding of the respectiveintact protens.

These earlier resuts were extended recently to other
fragmentsof chymotrypsin inhibitor-2 (PratGay, 1996).
For the proteinassemt#d from fragments both crysal and
NMR structure havebeensolved,andthey were found to
be similar to that of intact protein excep for the cleaved
loop and its closely neighbouring groups Kinetics of
asso@tion of fragments demonstratecoopeative and
simultaneougormaton of secomlaryandtertiaty structues,
asin theintact proten. By applicationof high presurethe

J. Mol. Recognit.200114:42—-61



RECOGNITIONBETWEEN FLEXIBLE MOLECULES 47

proten assemt#d from fragmentscanbetransferedto the
denature form, in which the fragments are still bound
together (MohanaBorgeset al., 1999).

Subdmain-ske proteoytic fragmentsof trp represer
from Escherchia coli havebeenprodu®d. They assenble
in definedorderto regeneratefully nativedimers (Tasgco
andCarey,1992).By characerizatian of the secomaryand
tertiary structuesof isolatedandrecanbinedfragments,the
strucure of assemblyintermediatesan be correlate with
the kinetic folding pathwa of the intact repressr deducel
from spectr@copt measurerant of folding rates. The
nativedike strucure of theseintermediategprovidesfurther
evidencethat protein folding pathwaysinvolve the acqusi-
tion of stability of secomlary structureunitsandassembks
thatarefoundin the native stae.

It is known that many proteinsare synthesizedogether
with N-terminalpro-peptidesvhich arenecessaryor correct
folding. It was shownthat the refolding of a calcium-free
mutant subtilisin BPN' is readily catalyzedby the isolated
pro-peptide (Strausberget al., 1993). The pro-peptideis
unstructuredtthestartof the complexation-foldingeaction,
and the rate-limiting stepin this caseis the formation of
initial collision complex.Onceformed,this complexresults
in arapidisomerizationto the fully folded structure.

Thus, we can concludethat, even in caseswhen the
pepide fragment exhibits no or very limited ordeed
strucurein aqueos soluion, its latentstrucure determired
by theproten folding codemayberealizeduponinteraction
with complemenary fragments derived from the same
proten molecue. This is achievedby the speciftity of the
intermolecular process of recanition between flexible
strucures.

3.2. Interaction of folding protein with its own
fragments

Prokin fragments independetly of their possasion of
regularelemants of structure areusuallymore flexible than
their parent folded protens. When the protein folds, its
strucural fragmentsget together, recagnize eachother by
complementay patten of non-mvalentbondsandconderse
into a protein globue or domain.Onecanintervenein this
process by adding the isolated protein fragmentsto the
solution of intact protein undegoing the folding readion.
The fragments may interactwith complenentarysegmenrd
of the intact chainandinterfere with the normal process of
intramokecular recanition in the folding pathwg by
formation of non-ndive intermolecularcomplexes.Experi-
mentally we canthenobsewe the retardation of the folding
reaction and/or impeffect folding with the decreaseof
activity of the folded enzyre. Experiments performedon
dihydrofolate redudcasedemorstratedclearly the effect of
deceasedctivity of the proteinfoldedin the preenceof its
fragments(Hall andFrieden,1989).1t is interesing thatthis
effectwasobsewedonly in conditionswhen thefolding rate
was relativdly slow. Among a numberof testedpeptides
only three(belongingto onechainsegmentwere effective,
andthe higher effect was obsewed for the shorterpeptide
Thus,in thisunnatiral systemthe externdly addedpeptides
may be recogrized as intrinsic elements of the folding
proten structureandbecometrapped.
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3.3. Intertwine d dimers: sef-assemblyprecedes
folding

Therearedimelic proteinswhich cannotexistasmonaners
in the same confamation becawse of high level of
integration betwee subunits.They cannotbe assenbled
from already folded subunits, and the question arises
regading the stepsof their folding and assenbly. An
exanple of suchproteinsis thetrp-repressoradimer of two
idertical chainsof 108 residues and six «-heliceseach,in
which the two chainsare intertwined. The kinetics of its
folding-asembly is very conplicated and hasbeeninter-
preted to involve three parallel channelswith multiple
folding andisomeizationreactionsln orderto resolveit, a
polypeptidecorrespading to the core/dinmerization domain
was constructd (Gloss and Matthews, 1998). Kinetic
propeties of its folding showedthat the secoml-orderrate
constantfor the associatin reactionapprachesthat of the
diffusion limit. The dimeirc structure is formed via a
dimeric intermedate, in othe words the formaion of
secomlary and tertiary strucure is concurr@t with or
precdesdimelization.

Anotherexanple of couplingfolding andassemblys the
cell cycle regulatoryproten sucl which can existin two
themodynanically stableforms— asa monanerandasa
dimer. The dimer is a structurewith intertwined chains
belonging to the monomes. On folding to dimer, it forms
quite specfic secondary strucure that cannotbe formedby
assodtion of alreadyfolded monamers (Endicott et al.,
19%; Bourneetal., 1995).

Recognition coupkd with folding and recognitbn
betwea folded structures are presenttogethe in the
assenbly of the small tetrameic proten tumor suppessor
p53 (Mateu et al., 1999). Unfolded monamers form
intertwined dimers, which associge to produe functioral
tetramers.

Protkeinfolding by associéion of subuntsis notlimited to
thes spectcularcase. In titrations by chenical denatu-
antsit is oftenobservedhattheonly stablespeciesietected
are unfolded monamers and folded oligomers with no
folded monameric intermediategBowie and Sauey 1989;
Barry and Matthews 1999). This process can even be
modeded by rather small peptides such as melittin, which
exhibits a concentrationdepenént equilibrium betwea
disadered monome and «-helical tetrame (Spokr and
Record, 1994).

It can be concluded that the protein folding is a
transformationof linearinformaion encodel in aminoacid
sequeace into a well-determinedthreedimensonal struc-
ture. On the folding pathwvay numerousrecaynition steps
resuting in the formation of elements of regularstructure
shoul beinvolved Theproten folding codewhichis arule
for thistransbrmationis notlocal butis distributedoverthe
whole sequace (Demchenkoand Chinaov, 1999. As a
resut the cutting of proten sequepe into long segnents
doesnot producea substarial damageand, the segnents
may self-assmbleandfold into the nativestrucure,asdoes
the intact chain. Howeve, in the case of associéing
fragments the process of folding involves additional
processesof diffusion, encourer and complex-formation
of distantly locatedelements of strucure. Therdore, this
sysem may sene as a powerful model for studying
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molecuar recognitbn betwea flexible structure, a process
which is only partly understod.

4. RECOGNITION BETWEEN
UNFOLDED PROTEINS AND
MOLECULAR CHAPERONES

Molecular chaperons is the commonname of a diverse
family of protenswhich help otherproteinsto fold, refold
aftertransporthroughbiologicalmembaneor maintain the
foldedstateunder condtionsof stressDifferent chaperons
only partially subsitute each other; they interact with
differentfamiliesof substrée proteinsandon differentsteps
of their folding. They differ in a numker of propertes, and
their common featue is that they interact only with
unfolded or partidly folded but not with native protens,
while theformedcomplex candisociateinto chapeoneand
foldedproteinmolecule.Thechapeonesarenotenzymesn
a strict sense,they do not accderate the folding, but
substantlly suppessthe appea@ane of misfolded and
aggregated protein staes (Demchenko 1999). Many
chapeonesare ATPasesandthe suggeted generalrole of
ATP hydrolyss is the control on the disociation of
produdive chaperonesubgratecomplexes.At presenthere
is no clearunderstandig how chaperons help proteinsto
fold. In the author’s'fettered folding model’ (Demchenkq
1999, 2000a)the tempoal occlusionof particular hydro-
phobi sitesin polypeptide sequace redues gredly the
confamationd spacefor folding. This allows the self-
assenbly of structureto proceedwith the formaion of
folding determirants at sitesthat are free from chapeone
protecton. After the chan is releagd from the comple, a
collape of strucure with formation of intramolkecular
hydroghobic bonding occurs.

The diversity of chaperons, their broad but well-
determined substrée speciftity and the fact that a great
variety of newly synthesizedandfunctioning protens with
very dissimilar structuresinteract with chapeonessugges
the absewe of highly specificprotein recogniton featuies.
This is in contast to other exampks of ‘flexible’
recagnition.

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

A typical representatie of this family is the GroEL/GroES
proten complex. It is a 14-meic partide of 840kDa
forming a porouscylinder with an internal cavity of about
6 nmin diameer, which canaccommodad protensof asize
of about 60kDa. Each of the GroEL 60kDa subunits
forming seven-nemberedrings consistsof three domains
The large equabrial domains associateto produce the
centralcore of the strucure possessingnaximumcontcts
within thering andbetwee thetwo rings. They containthe
nucleotide binding (ATPase)site adjacentto the junction

with the small intermedate doman. The binding of both
non-ndive substréesandof co-chapeone GroESoccursto

the apical domain,which is able to move asa rigid body
adopting different orientations and probaly possessig
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some intrinsic flexibility (Braig etal., 1999. In contastto
othe chaperons, GroEL is able to undergo muti-point
binding of substate protens by sevensubunitssimuilta-
neousy (Far et al., 2000). It hasbeensuggeted that its
ability to re-fold the misfolded protens lies in an ATP-
depenént (Von Gemar et al., 1999) strething of the
complex (Hammarstrometal., 2000)with the generaibn of
force (Shilermanetal., 1999).

Hsp60s can assistthe folding of an extendedvariety of
proteins(Houry etal., 1999).Their binding ability probably
excludesonly initial andfinal staesin folding kinetics, i.e.
totally unfolded polypeptide chans and already folded
nativeproteins.In sone casesyhen thebindingwith native
proteinsis recaded,the boundforms are probaly the pre-
exiging non-nativeconfamations presimablylate folding
intermediates,rather than the native states.The forms of
bound proten studied at equilibrium denonstrateinter-
medatepropeatiesbetwea unfoldedandnativestatesThey
may possesslementsof secondarystructuresuch as a-
helices (LandryandGierasch,1991;Chatdlier etal., 1999;
Preus and Mill er 1999) and f-sheets(Chatelier et al.,
199). The critical factors for binding appearto be the
featules of early folding intermedates, suchas clusteing
and exposue of hydrophobic residue (Preussand Miller,
199; Wangetal., 1999a,b ratherthana definedsecondary
structure motif (Hendick and Hartl, 1993). In additionto
low-selectivehydroghobic interactons (Lin et al., 1995),
electrostaic interections probaly also play a role in the
recagnition. Being acidic, GroEL interacs more strongly
with basicpeptides and protens (Itzhaki et al., 1995; Lau
and Churchich,1999). Long-rangeionic interactons may
paricipate in the initial steps of recagnition before
hydrophobic binding occurs, and this can allow fast
asso@tion and slow dissociaibn of unfolded peptide
(Perettetal., 1997).

An elegantmodelto study substatespecifcity of GroEL
hasbeenintroducedrecently(Chatelier etal., 199). It uses
the isolatedapical doman of GroEL monamer (minicha
perore) immobilized on a solid suppot. Usingthis modelit
wasfoundthatthe side-clainsof the recognizd pepide do
not have to be totally hydropghobic, and that polar and
postively charged chans can also be accommodatd.
Further, the spatal distribuion of the side-chais is
conmpatiblewith thatin ana«-helix. Thisimpliesthat GroEL
canbindawide rangeof structures, from extendeds-strards
and «-helices to folded stateswith exposedhydropholic
sidechains (Wang et al., 1999a). The binding site can
accommodatesubstrées of appraimately 18 residue in a
helicd or sevenresidus in an extendedconfarmation.
Thesedatasuppot the exigenceof two GroEL functiors:
the ability to retain sticky intermedatesby binding mary
motifs and an unfolding activity by binding an extended
sequatial confarmationof the substate.

The questio whether in addiion to thes very genesl
regularitiesobsewedfor all protenswhich aresubstréesof
GroEL, there exist specific recogniton sites (chgperonin
recaynition determinanty which are transienly expose
andthenhidden into protein interior in the nativestate was
disaussed (Preussand Mill er, 1999). In favor of this
possbility aretheresuts onchaperonirbindingto substrée
protein mutans. Thus,a mutantof maltosebinding protein
is compleely arrestedby interacton with GroEL, while
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wild-type protein can fold successilly (Sparer et al.,
1996). Against this suggestin is the fact that GroEL can
bind artificial proteinswith randan sequaces(Aoki etal.,
2000). It may be possibé that the chapeonin recognzes
sonmehowthe physicalstateof the proteinmolecue known
as ‘highly flexible intermedate’ or ‘molted globule’
(Buckle et al., 1997). Howeve, the latter mechansm by
now hasvery little expeimental support.

How can a compact but flexible substrée protein
strucureinteract dynarmically with GroEL recognitbn sites
allowing optimal induced fit (Chen and Sigler, 1999)?
Experiments demonstra¢ that during this interaction the
alreadyexistingsecomlary structureis partially destablized
(Zahnetal., 1994; Preus and Mill er, 1999). ATP binding
and hydrolysis induce conformational changes in GroEL
(Galan et al., 1999),which dependon binding of protein or
polypeptide substrée (Mendozaand Campq 1996). This
denonstrateghe existence of commurication betwea two
strucurally remot functional sites.

Thus, chapeonin GroEL bindsa variety of polypeptides
that share no obvious sequace similarity. The precise
strucural, chenical and dynamic featuresthat are recay-
nized remain largely unknown. The GroEL structure
combines both the rigidity necesary for formation of
oligomeric structure and perfornming contol on ATP
binding and hydrolysis and the flexibility important for
binding different unfoldedproteins.

4.2. Hsp70 chaperones— monomeric molecules
binding single polypeptide strands

Thefunctional role of Hsp70chaperongis associateavith
the binding and releaseof segmend of polypeptide chains
belonging to unorganied randan-coil proteins and their
subunts, which is necesary to prevent nonspeific
aggreyation alreadyduring initial steps of proten folding.
Hspr0 proteins are ATPa%s activaed by the binding of
pepide substate. The mostextensively studiedrepreseta-
tive of Hsp70groupis bacterialDnaK. For this protein it
was establisled that two functional entities, the ATPa®
doman and the peptde-binding domain, are structurally
separatéd. The N-termind, ~45kDa, ATPa® domain is
followed by a C-terminal ~18 kDa doman, which contairs
the peptde-bindirg site (Demchenkqg 1999).

The strucure of pepide-bindirg domainof DnaKin the
conplex with bound syntheic heptapepte has been
resdved by X-ray crygsallograghy (Zhu et al., 1996) and
by NMR in solution(Wangetal., 1998; Morshausr et al.,
1999;Pellecdhiaetal., 2000).This structureconsiss of two
sub-cmains onerepresatedby S-sardwich andthe other
(C-termrinal part) by a sequencef «-helices.The substate
pepide in stretched confamation is bourd in the site
formedby theloopsof -structureandinteracts with it via
severhydrogenbondsof themainchainandnumeousother
main-chain and side-chaininterections. Sucha configuia-
tion suggets thatthe recogrition of the binding site on the
chainis locd, andthatchapeonebinding occludesall inter-
chain interactons with othe peptide segments. The
chapeonea-helical sub-dom@ may occupytwo postions.
Oneof themis ontop of thestructue of thesubstrate-ialing
doman, coveiing the binding site but without contact with
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the boundpeptide The otheris an extendedconfarmation,
which allowsthepeptidebinding siteto open.This suggets
that conformational changs shoull be associatedwith
protein functioning, at least during the stepsof peptide
binding and relea®. Thesechangeswere recordedby a
variety of physicalmethodqSlepenke andWitt, 1998)and
mary attenpts were madeto coupk the cycle of substrée
binding-releasewith the ATPa% cycle (McCarty et al.,
19%; Pierpaolietal., 1997;Farretal., 1998;Gisleretal.,
1998; Demclenko,1999).

The key differencein substrée speciftity betweenthe
Hspr0 and Hspb0 systens is that, while Hsps0 is an
oligomeric conplex which allows multipoint interaction
with the substrate Hsp70is usually monameric and can
interact with unfolded chains only at one site and can
occludeonly ashortsegmentf thesequace.Unlike Hsp60
chapeonins, Hsp70scannotrecanize the globuar struc-
tures and therefore cannot perform ‘proofreadng’ and
correctionof misfolded formson a globularlevel. It shoud
operde on a smaller scak i.e. in the binding of short
sequeces.

The expeimental data are in accordwith this specific
featule of Hspr0. The frequencyof appearane of DnaK
binding sitesin different protens is on aveiage every 36
residus. Theaffinitiestowardsthesesitesarevery high (Kq
as low as 100 nm), and ‘DnaK is thus capale of
distinguishirg, though not exclusively, secomary structure
elementsby recagnition of primary structuré (Rudiger et
al.,, 1997a) The elements of strucure that are strongy
favoredfor binding arethe hydroghobic -strards, whereas
those which are strongly avoided are the amphiphilic «-
helices. This preferenceis conpletely different from that
obseved for GroEL (Landry et al., 1992). Thus, the
structureswhich frequently appearon the surfaceof the
foldedproten areavoidedfrom Hsp70binding, while those
which in the native structurehaveto form a hydropholic
nucleus are favored. In line with this suggeton are the
resuts of compardéive studes of DnaK binding to pepides
of different sizes and sequaces (Fouie et al., 1994;
Gragerov et al., 1994; Rudger et al., 1997a, b). The
sequacescontairing short(four to five residue in lengh)
segnents of hydrophobic residues surroundd by basic
residue onepreferentialy bound(Rudigeretal., 1997a) A
multistep medhanism of interaction of unfolded peptide
with Hsp70 wassuggeted (Mayer et al., 2000).1t involves
the concept of mechanist motion of rigid Hsp70segnents
togeher with a conformational adapéation of the flexible
protein substrée.

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

Hsp0is oneof themostabundat proteinsin the cytosol of
both prokayotic and eukaryoic cells. In addition to a
genenl chapeoneeffect,it hasa specificrole in thefolding
of a range of signal transdution molecues, including
staoid hormonereceptas andproteinkinaseqCserméy et
al., 1998; Capla, 1999; Buchner 1999). Hsp70can bind
andhydrolyzeATP, butits ATP-hydrolyzingactivity is not
obligatory (Prodronou et al., 1997). Binding affinity to
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different pepide substrées hasnot beenstudiedin detal,
and existing data (Csermelyet al., 1997) correlte this
affinity with both hydrophobidty and positive charges of
pepide substrées.Thesediscriminativefeatulesaresimilar
to those of other chaperons. Howeva, many Hsp90
substréesretainhigh flexibility after folding.

Oneof theinteracton partersof Hsp90is co-chapeone
p23,whichbindsto Hs@0in its ATP-boundstae and,onits
own, interacts specificdly with non-ndive protens per-
forming the chaperondunction. It confainsanunstructurel
region that mags to the C-terminal part of the proten
sequace (Weikl etal., 1999).This unstructued region of
p23 is not necesary for interaction with Hsp90, but
importantfor the ability to bind non-nativeproteinsandto
prevent their non-spedic aggreation. The isolated C-
terminalregionitself is unabk to actasa chaperoneor to
complement truncated p23 by addtion of this peptide
These results imply that different sites with different
flexibility of interacton may coexist within one proten
molecue, andthatfor efficientinteraction of p23with non-
native proteirs, both the folded doman andthe C-terninal
unstucturedregionare equallyimportant.

4.4 SecBbinds the unfolded substrateswith diffusion-
limited rates

SecBis a bacterialchapeonewith the appaentfunctionto
bind unfolded proteins,which areto be transporte acrcss
the membanes,andto keepthemin a transport-conpetent
confarmation (Randd, 1992; Randal and Hardy, 1995).
SecBis a tetramer mack up of 17kDa subunits It bindsto
andpromoestheexpot of periplasnic andouta membane
protens by stabilizing the unfolded or loosely folded
prearsor conformation and thus preventing premature
folding or aggregdabn. Since the proteins designedfor
expot cannottransbcateacrassthe membanein the native
form, binding chaperons andkeepingthemin anunfolded
transpot-conpetent form is a necessarystep in their
produdion in the cell. A distingushing feature of SecB
interaction with unfoldedprotein substatesis anextremey
high asso@tion rate, which apprachesthe limit set by
diffusion of interactng partnes, ~10° M~ *s™2.

SecBis highly acidic with a pK ~4, which allows the
electostatic recogniton of positively chargedsitesin the
polypeptide sequ@éce. Specfic interactions of SecB with
different signal sequacesof preairsor proten forms have
beenshown(WatarabeandBlobell, 1995),andthis maybe
an important factor which deternmines recagnition of the
targetproten. It is essentiaalsothat,beingatetramerSecB
can interact simultaneouslywith four small-sze peptides,
but only with one unfolded protein chain. This suggets a
coopeation betwea subunits

The mechansm by which SecB recaynizes secetory
proteins and eliminates cytosolic proteinsis poorly under
stod. To idertify its binding motif, 2688 peptides covering
the sequenceof 23 proteins were recently screenedfor
SecBbinding(Knablauchetal., 1999). Themotif wasfound
to be appraimately nineresidue long andwasenrichedin
aromatc and bast residues, wherea& acidic residue were
disfavored. Its identificationrequired the searchor binding
regionsamongdifferentproteins.Surprisingy, it wasfound
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that SecB lacks specificty toward signal sequenes. In
unfolded proteins, SecB-bindhg regionsoccur statistcally
evely 20-30 residus. The occurence and affinity of
binding regionsare similar in SecB-d@enden and -inde-
penden secrebry proteins and in cytosolc proteins.
Accordingto thes datg SecBcannotdifferentate betwee
secetory and non-gcretory proteins via its binding
specficity.

The analysisof equilibrium and kinetic regulaities of
substatebinding suggeted a multistepbindingmechansm
(Randd, 1992),according to which the primaryinteraction
triggers a conformational changein SecB,which leadsto
exposuwe of new hydrophobic binding sites resulting in
much strongerbinding Therearetwo types of binding sites
on SecBthatinteractwith differentregionsof a polypeptide
ligand(Randdl etal., 1998).Onetypein theflexible regions
can interactelectrostatally andis involved in the initial
recagnition, while the othe interactng with hydropholic
aread becones exposé at a latter stage as a result of
subsguent conformational change Due to multiple bind-
ing, conceted functioning of seveal sitesinteractng with
oneligand andlargecontactarea,a high-afiinity bindingis
sekective for non-nativeligandswithout high specficity at
any ligand binding site (Randd andHardy, 1995.

It was repoted that flexible contact area of SecB
interacting with the flexible segmenrg of substrée protein
inducesthelatterto adopta f-sheetstructure(Fasmaretal.,
199%). Recordng the kineticsof CD spectrashowsthatthe
rate of initial binding apprachesthe encouter limit. This
allows a kinetic partitioningof polypeptdes,which exhibit-
slow sponaneous folding into complexes with higher
affinity, while theformsexhibiting fastsponaineoudolding
arekinetically eliminated. This medanism,which involves
the transtion from low-affinity to high-affinity binding,
requresa confamationd changein the chapeone,andthe
latter wasobseved direcly (Randd, 1992).

4.5. Proteasonesand foldaseswith chaperme activity

Two types of enzymesareactivdy involved in the process
of protein folding — protein disulfide isomerse and
pepidyl prolyl cis-trans isomerasg(PPI). Their common
nane ‘foldases’indicatesthatthey catalyzetheformation of
correct disulfide bonds and proline isomes when these
readions limit the proten folding process. The substrée
specficity of theseenzymess very broadandtheyinteract
with folding intermedatesof variable confamation (Wang
and Tsou, 1998). In addtion they exhikt the function of
molecular chap@ones and suppess the aggreyation of
targetedprotens by accéerating their correctfolding. In a
sensethes functionsareindependem, but they areappied
to the samesubstratesprobaly in sequatial mamer, so
thatthey may shae the samemechanismof recogniton.
The system of intracelular protein degralation also
requires the recqnition of unfolded, misfolded and
aggreyated proteins. The proteasme is a multicaalytic
proteasewhichis known to degrale unfoldedpolypeptdes
with low speciftity in substate selectionand cleavage
patten. Molecular modding basedon crystallographicdata
(Loidl etal., 1999)suggestshe preenceof six activesites
in the inner chanber of the complex, which allows
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multivalencyin substrée binding. It is interesting that the
proteasmecanalso actasa molecuar chapeone(Braunet
al., 1999). During the binding of substate proteinsit first
triesto fold themandthenstats to hydrolyzethemif they
are unabk to fold. The sane phenonenonobsewved with
classtal chapeones are found with proteasomes,i.e.:
promiuous sekctive binding of unfolded proteins with
predseselecing outandreleag afterthe stepsof interaction
of normally folded andfunctioning molecues.

4.6. Smal heat shock proteinsand a-crystallins —
the barrier againstaggregation of structurally
damaged macromolecules

The small heat shock proteins (sHsp) are abundantand
ubiquitousintracellularproteinswhich possesa numberof
functions,oneof which is the preventionof aggregatiorof
proteins denatured by heat and other stress factors
(Ehrnspergeet al., 1997;Leeetal., 1997).Theyrangein
size from 12 to 42kDa and can be found as loosely
structureccomplexeof 200—80kDa. 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 intermediatesof their
substratesThe exact mechanismof their function is not
known, andthe functionitself is formulatedasan efficient
trapping of a large number of unfolded proteinsin a
folding-competenstate This maycreateareservoirof non-
native proteinsfor an extendedperiod of time, allowing
refolding after restorationof physiological conditionsin
cooperationwith other chaperonesEhrnspergeret al.,
1997).

In studes of sHsp16.3 the interesting obsewvation was
mack that very mild treatments by heatng, urea or
guantine hydrochlaide, which enhane the dynamicsof
the polypeptde chan, increag dramatially the chap&one
activity (Yang et al., 1999). This increaseis followed by
exposue of hydrophobic surfacesas revealed by fluores-
cenceprobes. This suggestan importantrole of flexibility
in performing the chapeonefunction.

The threedimensonal strucure of one sH9 hasbeen
deternined recently (Kim et al., 1998). The monameric
folding unit conssts of a -sandwch in which one of the
strandscomesfrom the neighboringmolecue. A 24-meric
structure forms a hollow spheri@l comgex of octehedral
symmetry, with eight tragonaland six squae ‘windows’.
The hole is 6.5nm in diameer. The aminoterminal
sequace of 32 residue is highly disordered,but from
residue33 onwardsincludingtheentirex-crystllin domain
(the segment46—135homologais to «-crystllin) and the
carloxy-termnal extension, it is well-ordered. In an
oligomeric complex the sequace of disordeed residueds
locata insidethe sphereBy analogy,onemaythink thatin
a-crystallins also,a part of the sequ@ceis not orderedand
partidpates in substate binding. This possiblity is
suppoted by the fact that mutatiors in this region of «B-
crygallin aboish its chapeone activity in vitro without
influencingthe size of the oligomeric complex (Plateretal.,
1996).
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Becauseof crystalization problems,the three-dimen-
sional structureof «-crystllin hasnot beenresolved.The
modd basedon comparisorwith highly homdogous f3/y-
crydallins suggestsa high flexibility of the C-terminal
doman (Singh etal., 1996;Farnsworthetal., 1998),which
mayalsobea candidag for substatebinding(Lindneretal.,
1998). The othe possibé reasonfor the preenceof an
unstuctured C-termind doman or its highly flexible
extension(Caner et al., 1992) is its role in providing high
protein solubility, which is necessar in view of its large
hydrophobicsurface A deceasedmobility of this site can
be achieved by insation of the hydroghobic Trp residue
(Snuldersetal., 1996),which resultsin dramatic redudion
of chapeoneactivity.

The substratespecificity of -crystallin is not very clear.
There is evidencethat it canrecaynize and bind proteins
with perturted anddamagedconfarmation, which arevery
closeto thenativestae (DasandSurewicz,1995;Dasetal.,
199%). At the sametime it canbind proteinsthat are heat-
denatired(DasandSurewicz,1995;Caveretal., 1995;Das
et al., 1999) or denature by reduction of S-S bonds
(Farahbakish et al., 1995) and prevent their aggreyation.
However,it doesnotreactwith stable hydrophobicproteins
(e.g.redued and cartoxymettylated o-lactabumin and o-
casén) (Carveretal., 1995).

Controvesial dataexistregardingheoveralla-crystallin
structure as a function of tempergéure and complex-
formationwith substrateprotein. Onesetof databasedon
NMR and protein fluorescenceindicates only slight
changesin hydrophobicity of the N-terminal region and
mobility of the C-terminalregion (Lindner et al., 1998),
while other resultsbasedon binding fluorescenceprobes
indicatesthe transitionto a ‘molten globule’ state(Raman
etal., 1995).We decidedo verify if indeedthea-crystallin
molecuk displaysa dramaticchangeof conformationasa
function of substratebinding and temperature(Vadzuk
Ercelenand Demchenkoto be published).We observed
that some modulation of protein structure does indeed
occur, and is easily detectedby tryptophanfluorescence,
but the observatiorof a significantlevel of red-edgeeffect
(Demchenko,1986) togetherwith relatively high aniso-
tropy of emissionindicatesthe preservatiorof arigid core
of N-terminal tryptophan-containinglomain, which is in
line with a recently publishedmodel (Farnsvorth et al.,
1998). Thus, plasticity and rigidity coexistin the same
molecuk.

In concluson, in the caseof interaction of molecuar
chapeones with unfolded or partially folded substrée
proteins, we observethat ‘group-gecific’ recogniton can
be achievedbetweenflexible maadomolecubr structures,
which resultsin orderirg and dissociaion of one of them
(subgrate proten).

5. FALSE RECOGNITION:

‘INCLUSION BODIES’ AND PROTEIN
FOLDING DISEASES

An importantquestia arisesregarding possble mistakesn
the recognitbn betwee flexible strucuresand the cost of
thee mistakes Many proteins can fold spontneously
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followi ngtheir normal folding pathway deteminedby their

structure and the folding code imprinted in it (Anfinsen,
1973), but there are also cases when the normalfolding is

disrupedwith theaccumulaibn of aggrega¢sof denature

proten. This causesserious conplications such as an

accumuation of insduble ‘in clusion bodies’ when animal
proten genes are expressed in bacteria. The protein
aggreyateswhich appearin animalandhuman cells, cause
a number of pathologcal condtions. In both case the
polypeptide chains are synthesized normally, and their

inahility to fold is dueto interactionswith otherfactorsthat
causenon-gecific aggreation.

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

Very often recanbinant protens expressedin bacteriado
not fold normaly, but form inert and inactive aggre@tes
(inclusion bodies) that accunulate in host cells. These
aggreyatescan be isolated,dislved in chemical denatur-
antsandrefoldedagain(RudolphandLil le, 1996).Thefact
thatmary proteinsrecoveredfrom inclusionbodies canfold
sponaneouslyin vitro suggess that the problem is not
causel by a missingfactor, but ratherby the presenceof
some additionalfactor, which causeghe aggreyation. This
factoris theaggreatedproteinitself. It formsatemplatefor
binding the newly syntheszed protens leadingto further
aggregation. Protein folding intermedates are thermally
unstble (King et al., 1996), andthe aggregateprovidesa
surfacewith high affinity for their binding.

5.2. Protein misfolding diseases

There are sevenl diseass which are characerized by
abnomal accumuation of aggregatd protens. They are
commonly known as amyloidoss, a condtion in which
certainproteirs or protein fragmentspredpitate in various
tissues as amyloid, a fibrillar aggregag in a pleatal-sheet
confamation. Thus in the caseof Alzheimer’'s disease
insduble fibrilar deposis known as amyloid plaque are
formedin neuralcells(Kosik, 1992).Its majorcomponents
S amyloid protein Af. The formation of amyloid plagie is
relaied to the flexible confarmation of its N-terminal
doman, which allows an easytranstion betwee native o-
helicd and non-ndive f-strarded structure. The fact that
the transition from monamer to neurdoxic amyloid is
medatedby the templat wasconfirmeddirectly in studies
of deposiion of solubleA f ontoamyloid fibrils (Esleretal.,
2000).

How canthis processstartin the absewe of temphlate?A
minor ‘non-Af’ componentn the plaquehasrecentlybeen
idertified, which formsamyloidfibrils in vitro by seedinga
fibril formationby major A componeny; 1-40(Hanetal.,
1995).1t may therefore be a canddatefor a temphte of in
vivo plaque formation. Corformational anaysis of this
protein (Weinrebetal., 1996)demonstratethatit exigsasa
mixture of rapidly equiibrating extendedconformersandis
represetative of a classof ‘natively unfolded’ protens,
mary of which are known to initiate proteh—proten
interections.
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Tau proten which is involved in the stabilization of
microtubulesand is naturaly disordeed (Schweerset al.,
199) can, by aggregabn, form fibrillar bodies charac-
terigic of Alzheimer’'sdiseas€Kosik, 1992).Thesebodies
conskt almostexclusiely of tau proteinthatis inducedto
adopt the pleatedsheet strucure on transition to the
aggreyatedform.

Abnormal aggregags of non-nativestatesare formedin
othea diseasecondtions, in particular in systemicamy-
loidosis consising of aggregatd transthyetin and its
pepide fragments (Jarvis et al., 1993). As in previous
casea, the fibrillar stde is composedmainly of f-sheets
(Terry etal., 1993).The solwble proten form in this caseis
also composedof f-sheetsbutin contra$to previouscases,
the p-sheets are also chamcteristic of native proten
structure. Since native protein cannotform aggregags, a
profound reorgankation of f-strudure mustoccurin the
pathologicd state.

Thus, in patholodes associatedvith amyloid deposis,
the formaion or reorganzation of f-strudure is conconi
tant with agregation. The aggregat growth occuis on
interaction of unfoldedor pre-folded proteinwith temphte
formedby misfolded agregatedroteins.

5.3. Prion protein aggregation and ‘mad cow disease’

Smal infectious particles called prions cause certain
neuralegeneative diseass, including scrapie in sheepand
goas, bovine spongiform encephapathy (‘mad cow
disease’)in catle andCreutfeldt—Jaob diseasen humans.
The factthatprionsconsistexclusively of proten drewalot
of attentbn to the mechansm of their replication and
pr(;g;gation (CohenandPrusiner 1998).The prion protein
PrP>° hasa normal cellular isoform PrP~ with a predomi-
nanty o-helical confamation (Zahn et al., 2000) and an
appaent absere of ability to asso@te. In contast, the
scragie isoformis aprotein-resstantaggregat composewf
the sameproten but in densef-sheetedstructure (Inouye
andKirschner, 1997). The proten is probablysynhesized
asanormal isoform, but on interaction with thetemplate of
aggreated protein, it adops a confarmation of a patho-
logical protein, which allows the templae to grow. This
temphtemayplay arole of infectious particle Theabsence
of a simpleanddirect routefor conformationalisomeiza-
tion from «-helical to f-sheetecdconfarmationsuggets that
eitherthemisfolding occursafterthe chainsynthesisbefore
the acquisitionof the folded structureor the transbrmation
is produed by interaction with the surfaceof the prion
paricle (Horiuchi and Caughey,1999; Cohen1999).

Thus, inclusion bodiesand protein misfolding disease
canbe consideed asresultingfrom high proten flexibility.
The interacton potential betwee folded conpactglobuar
proteins is usually strongly repukive, while unfolded
proteinsandfolding intermedateswith low structural order
areunsable and proneto formation of aggrejates.In fact,
misfolded protens, if theydo notaggreate,do not produe
any danger.They canbe easily eliminated by intracellular
proteaseqRitter and Helenius, 2000; Matousdiek, 2000),
while the highly dense f-sheeted fibrils are strongly
protease-resitant. Therefore‘misfolding diseasesmay be
called ‘diseasef falserecogniton’.
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6. KINETICS AND THERMODYNAMICS
OF RECOGNITION

6.1. Kinetic stepsand their analysis

Protin—proten recognitbn kinetics are relatively easily
analyzedin a rigid-body approimation, i.e. when the
predse assenbly of two sterically and chemicaly com:

plemenary surfacesoccurs leaving no extra degres of

freedomto the conponentmolecules(Janin,1995).In this
case the two parthers come togeher by translatonal
diffusion. If they arein the right postion and orienfation,
an interfacedevebps as part of the molecuar surfaceand
internal degreesof freedomrelax to optimize short-ange
interections. If the orientation is not correct then the
partnes dissocia¢ andcollide agan. Thecollision rateK

is determined by the Einsteir~-Smoluclowski equaton and
is of the orderof 10° M *s ™. Thisrate is atheoreti@l limit

for proten—protein associéions. It should dramatially

deceaseif not every collision resultsin binding and if

confarmationd adapationof thepartnesis required Purely
geonetricesimatessuggesthatthe observedatesmightbe
six orders of magitudeslowerthanthe Smoluchaevski rate
limit (Northrupand Erickson,1992),while the experimen-
tally observedrates are only three orders of magitude
slower. The high rateswere explaired by nonspeific and
not orientation-resgricted primary binding followed by
sliding in a two-dimensionaldiffusion along the surface
(Berg, 1985). This concept is not applicable when the
surfaceis flexible or even strucureless Substarial rate
accderation is suggeted by ‘electrodatic steering, when

the propely designedelectostatic potential guides the
binding(Wadeetal., 1998),butit is notclearhowthis effect
is realized if the charges fluctuate togethe with the
strucures. Partal desolvaion of interacting partnes may
play a role in molecular recogniton espeglly in case
where the long-range electrostats is wee (Camanchb et
al., 1999 2000),althoughprotein segmentatlynamicscan
moduate thes effects dramaically.

A virtual intermedate, which is formed at the end-pint
of diffusional asso@tion before the isomeriation of the
conplex, is the encoutter pair. Its chamcteristic are
important for determinng asso@tion rates, but evenin
the caseof rigid-body complexationits structurecannotbe
determined expeimentally (Gabdouline and Wade 1998;
1999). When molecues are flexible, the encouner pair
shoutl be formed primarily betwee interactng mobile
segmerg, which then shoutl be reorganizednto a stable
conmplex. Thecharcteristictime scaleof elemantaryevens
in this processis the nanoseondwhich correspadsto the
time for translatonal motion of a smdl flexible segnentby
a few angstromand also to its elementary step rotationd
diffusion motion. How mary of theseelemeantary steps are
needel andwhich of themdeteminesthe rate of the whole
processcannotbe easily studed.

A commonly applied apprach to separat molecuar
recaynition into elementarystepsandevaluaterate-limiting
eventsusesthe effect of solvent viscosity on rates(Von
Hippel andBerg, 1989).In the caseof flexible recagnition
partnes, thisis notapplicable, since theviscosty influences
not only the diffusion but also the folding kinetics. In

Copyright© 2001JohnWiley & Sons,Ltd.

addtion to concentrabn depen@nciesof rates,a variety of

time-resoled techniques are currenty usedto follow the
formation and reorganizabn of strucure. In somecases
they show that the complex-formation appraches the
diffusion limit. This behaviorwas observedfor recagni-

tion-folding of fragments of barnase(Kippen and Fersht,
19%), chymotrypsn inhibitor 2 (MohanaBorgeset al.,

1999), folding-asserbly of dimerictrp repressor(Glossand
Matthews, 1998), binding of unfolded substrées to mol-

ecular chapeone SecB (Randdl, 1992) and the transcip-

tional factorsbindingto DNA (Bergeretal., 1998;Wendtet

al., 1997). In contras, the folding from fragments of

stgphylococ@l nuclease (Light et al., 1974), flexible

antiger-antbody interactions (Lindner et al., 1999) and
the proten bindingto a variety of molecdar chapeonesis

kinetically limited to isomeization stepsin the complex.

Kinetic measuementsunder pseudefirst-ordeg condtions
oftenrevealthe complex characteiof thesereactionswhich

involve severalreactionsteps.(Chaffotteet al., 1997).

6.2. Thermodynamics of folding-assodated
recognition

The formafon of protein complexes with proteins and
nucleic acidsis usuallyassocited with large negativeheat
capadty changesAC®,ss0c< 0. The stronges contribution

to this effect may be provided by the removal of large
amauntsof non-pdar surfaceon conplex formaton (Spolar
and Record, 1994). Among entropt (TASass0g and
enthalpic (AH®ss08 cONtributions to AC°,¢50¢ the entropc

factor is esimatedto be mostimportant. In this case,any
ordeing of strucurewhich canresultin decreasén protein

surfacearea andsqueezig of watermolecues from inter-

residueconfactsshoutl dramati@lly increasethis effect. In

a flexible system this effect shoutl becore counter-
balancednot only by the deceaseof translationalentropy,
but also by the decreaseof configuation entropy of

polypeptidechains.This picture is in line with simulations
of DNA conplex-formation with restricion nuclease
(Duan et al., 1996). They demongtate the presence of

highe levels of structureordering in specifc comparedto

nonspecificcomplexes,andalsoa sigrificant entropygain

on specfic binding. This gain is the resut of opposhg

contibutionsi.e. solventreleasewhich increags entropy,
vs configurational terms and colledive terms from tight

couping betweea the motionsof the proteinand DNA.

A favorabk entropic contibution to the binding was
obsewed by isothemaltitration calorimery for angiotersin
[l binding antibody (Murphy et al., 1993), the binding of
capbpril to angobtensin-comerting enzyme(Ortiz-Salmer-
on et al., 1998), conplex-formation of ovomucoid third
doman to elastaséBakerandMurphy, 1997)andfolding of
dimerizationdoman of trp represser (GlossandMatthews,
1998). Howeva, this picture cannotbe geneanlizedto evely
caseof recaynition betweea flexible structure. Thus, the
binding of calmodulinto smMLCKp proceedswith negaive
changs in enthalfy, heatcapacityand entropyindicating
that it is an enthalpy-diven and entropicaly unfaworable
process(WintrodeandPrivalov, 1997).This may be dueto
the fact that smMLCKp in the complex becones more
flexible (Ehrhardt et al., 1995). The increag of proten
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backbame dynamics on conplex formation has been
reportal in a number of case (Zidek et al., 1999;
Forman-Kay,1999).In geneel, thethernodynamc analyss
strongly suggeststhat the ordeing of structure and
desolvaion (or disordemg and solvation) are strongly
coupkd,andthis couping mayallow differentmechanisra
of sequentiabndselecive enhancerant of interactions.

Thus, in proten folding and binding two dominan and
opposihg contributionsto entropyare manifested onefrom
the hydrophobic effect, or the relea® of wateron burial of
nonpohlr surface and the otha from the reduction in
confarmationd entropy.If molecularrecagnition is coupkd
with local or global folding, the hydrophobic effect may
becomemud moresignificant thanthe entropylossdueto
the loss of confamationd mobility. This suggets an
essatially nonlinear phenonenon: when the binding is
strongerand more specificwith highe positive interaction
enthalpy contibutionto thebindingfree enegy, theentropy
contibution can become large and postive. Thus, the
binding, which immobilizes the interaction partners,may
becomesekctively stronger andthis may bethe key factor
to provide highly selecive recogniton.

At presentbecausef the presencef differentopposing
factors, manydetailsof the kineticsandthernodynamcs of
recaynition betwee flexible strucuresare still obscure.l
will outline only two important problems, for which a
solution is needed.

1. In simple kinetics, if the strongbinding is asso@ted
with fast associéion rates,then the dissociaibn rates
shoutl alwaysbe slow (the affinity constanis theratio
of associatio and dissociaion rates). Howeve, in
mary cases, specific and high affinity binding is
provided with very high asso@tion rates. Many
functionally important recogniton processessuch as
chapeone-asisted folding, intracellular signaling or
protein—DNA interacton requirea very rapid dissocia-
tion (Felderet al., 1993). How this is mechanistically
realizedremans unre®lved. Oneof the suggestioato
explain this fact is that the unbinding processis
adiabatic, and that entropt changs occur after
unbinding (Moy et al., 1994).

2. Specificrecognitonin mary case occursin condtions
of high concentrationof ligand anabgs,which areable
to bind non-gecificaly. Therearealsocasesvhen the
receptor hasa grea numker of non-gecific interaction
sites, which may hanper specific binding. Thus,
endonuteasesand transciptional activaors can bind
to anyDNA sitenon-spedically, which shouldresultin
a strongeffectof competitive inhibition (Jen-Jaobson
1997), This is not obsewed. The fact that flexibility is
differentfor the partnes participding in specfic and
non-pecific complexes may contin a clue to this
problem.

7. MODELING OF RECOGNITION
BETWEEN FLEXIBLE STRUCTURES

Compuationaltoolsfor predictirg ligand—eceptorbinding
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complemenarity, affinity and asso@tion rates develop
rapidly sincetheyareneede for rational drugdesign.n this
respect the appication of rigid-body approximaion is the
simplestapprach,sine it doesnot requirethe searchingpf
extensiveconformatonal spacgWalls andSternbeg, 1992;
Naray-Szabhp1989,1994; Scholevet al., 1996 Jacksoret
al., 1998). The fact that flexible molecues changetheir
conformations in intermoleclar interactions raises new
combinatoial aswell asenergptic problems Analyss of the
confarmationd energie of flexible molecues showedthat,
for mostof thoseconpounds both the crygtal and protein-
bound confamations were energeitally well above the
globd minimum.In mary case thereis not evenany local
enegy minimum (Nicklaus et al., 1995). This makesthe
enegy refinemet problemvery difficult.

Same new conmputationalstrategiesfor flexible docking
and designhavebeenextendedrom rigid-body to flexible
docking: Monte Carlo/noleculardynamicsdocking,in-site
combinatoiial search,ligand build-up, site maping and
fragmentassembly(Rosenfedl et al., 1995; Jacksa et al.,
1998; Najmanovichet al., 2000). In orderto producethe
globd optimization of amultivariablefunction, whichis the
enegy, andto disaiminate betwee high-specificandlow-
specfic binding, Monte-Calo minimization algarithms are
appled (Caflisch et al., 1992; Friedman et al., 1994). An
algaithm basedon molecdar dynamnics simulations (Di
Nola et al., 1994; Mangmi et al., 1999) allows one to
maripulate to sone extentthe ligand, recetor and solvent
mobilities by assiging different temperatires to these
subsygems.

A generalapproachto addresghe problem of finding an
appr@riate protein docking solution is to separatét into
two steps:(1) a searchoverthe N dimensonal binding and
confarmationd space in orderto selectcandidategeome-
tries of the conplex; (2) applicationof a suitabke scoring
function to distinguishnearnative modesof binding from
the otherfalse solutionsgeneratd during the initial search
(Paima et al., 2000). In the caseof flexible interacting
pariners,this apprachis very difficult to applyin view of
the hugenumberof alternailve geometrés(Gehhaaretal.,
19%; Zhanget al., 1999). Thusflexibility in modelirg the
molecularrecognitbn is introducedsequentidy by allow-
ing flexibility in asmall-sizel ligand(Friedmanetal., 1994;
Degnetetal., 1997 Lorberand Schothet,1998; Wanget
al., 1999b) flexibility in recept® protein as movement of
loopsor largedomans (Sand& etal., 1998;Verbitskyetal.,
199) andthe small-caleflexibility of sidechans(Desnet
etal., 1997;Najmanovichet al., 2000). With the inclusion
of onetypeof motion, the othertypes areusuallyignored.It
hasbeenshown that the assumgbn of a rigid binding site
canleadto errorsin identificaion of the correct binding
modeandassessmerdf binding affinity, evenfor proteins
which showarelativelysmadl shiftin atomicpostionsfrom
oneligandto the next (Lorber and Shoichet, 1998).

In orderto understad the mechansm of protein folding,
anewmethoddogy hasbeenpropogdrecently(Bryngelson
etal., 1995).It consides the process of folding as motion
alorg theenergylandscapaesemiting afunnd with abroad
upper partrepresentinga magnitudeof confamationsof the
unfolded stateand a narrow well representingthe folded
confarmation. Thefolding proceedsdownhill alongthefree
enegy gradient Along this pathway, local minima can
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exist, which will resut in folding intermediates.This
concet has been recently extended to modd folding-
asso@tedrecoquition (Maetal., 1999;Kumaretal., 2000).
The complex-formaion may change subsantially the
enegy landscaps with different shaps and distributions
of confamers. This apprach allows introduction of the
concet of statstical ensembleof confamersand tries to
obtan the equilibrium stae of the conplex asa distribution
of conformersin the vicinity of the free enegy well.

Thegoalin thesestudesis to understad themechanism
of formation andfunctioning of supranolecuar comgexes
andof computdional structurebaseddrugdesign.lt is also
to predictthe strucuresof complexesthathavenotyetbeen
expeimentaly determired by X-ray crystallography or
NMR. In addtion, we haveto predict their affinities and
sequatial stepsof their formation. For this task,dockingof
rigid ligandsis inadequatdecausdét assume&nowledg of
the conformation of the boundligand andof theboundstate
of the recepts. Docking of flexible ligands to flexible
receptos would bedesiralbe, but with preentmethoddogy
this meanssearching an enormousconfarmationd space
whichis notfeasble. Ideasbasedn proten folding funnels
are attrective, but they have not yet becone efficient
researb tools.

8. CONCLUSIONS

In view of the very frequent occurence of dynamic
recaggnition betwee flexible strucures and in different
structurally and functionaly dissmilar systems,can we
exped thatthereshouldbe somegeneralprinciples for this
type of recaynition?If yes,whataretheseprinciples? will

try to formulatethembelow:

1. The reactionof complex formation shouldconsistof at
least two steps— a bimolecularreactionof diffusonal
formaton of encourmer pair and a unimolecular
isomeization of encouter pair into a stablecomplex.
Thesestepsarekinetically coupled,andin the applied
range of concetrations dependéhg on the particular
sysem, either of them can be rate-limiting. The
formation of an encouter pair can be accderatedby
long+range electrostaic interactions (Antosewicz et
al., 1996;Wadeet al., 1998). Their preformedpatten
canhelpto achieveproperselectionandorientationof
interecting partnes. The encouter rate can also be
accderated by redued diffusion in space e.g. by
sliding of a protein along doubke-helical DNA mol-
ecuks(Von Hippel andBerg,1989; Theiset al., 1999)
or moving while adsorbedo a biomembanesurface.

2. The encoutter pair is a loose asso@te which iso-
merizes into a stablecomplexin a numkber of steps,
which involve sequatial selecton. Thereis no other
way to achievethe specificity of a complex being
formed other than by probing it by many stochasti
bond-nmaking and bond-bre&ing events. Sequenl
sekction implies that the effective ligand assocition
occus not in one act but involves conseutive
elementary stepsduring which more and more sub-
sitesof onepartnermake contactsvith complemeriary
sub-gtes of the othe (Neumann,1981). The effective
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rate constantof ligand binding is therebre a net
guantitycomposedf the rate constantof all the steps
involved Only if the nextin sequ&ce confact occurs
within the lifetime of a given ligand—eceptor con-
figuration does the ligand becone gradually bound
moretightly; it is then selectedas opposedo ligands
with weakersub-sitebinding. Each sequentialstep is
distingushedfrom the previousoneby strongeibinding
energyandlonge duration.

The mechansms of sequatial selection shoutl
probably involve kinetic proofreading (Hopfield,
1974) or kindic amplification (Ninio, 1975, 1977).
Theseeffects are bestundestoodin the caseof two
successivesteps,where the first oneis fast, reversile
andof low selectivily, wherea the seconl oneis slow,
highly selectiveandirreversible. A wrongligand(with
attractivebut weakinteracton potertial) undegoesthe
first step,butthereaferit will beeliminatedby theback
reactionbeforeit beconesinvolved onthe secom step.
In contast, the correct substate will have a much
higherprobaility to passsuccesfully bothsteps.Thus,
onthefirst steptheremaybearatherflat energyprofile,
while the secom one mustexhibit a much highe and
more discriminative energybarrier. Apparent irrever-
sibility of the secondstep for correct ligand occurs
becausef depopuéation of ligand conformersafterthis
stepdueto a new sequencef eventsoccuring in the
complex.This dramaically increagsthe selecivity of
the whole reaction, and this occus in a sequengl
manner.

. Sequentl stepsin recagnition arenotequivalent. They

exhibit hierarchy of time and lengh scales which

mechanigtally is similarto proten folding (Demchen-
ko, 2000b) Whena certan numker of primary contacts
areformed thereactionof orderirg andre-orderng of

structureproceedsn the conplex asanintegratel unit.

This is an isomeization process with sequential
increaseof integrtion. The similarity with proten

folding (Miller andDill, 1997;Tsaietal., 1999)is due
to involvemen of the sane well-known types of weak
non-covaéntinteractionsbetweergroupsof atomsand
the same thermodynarit forcewhich drivesthe sysem

towardsthe free energyminimum globd for the whole

complex. Current achievemets in solving the proten

folding problem can be successflly appied in the

analysisof dynanic complex formation.

. Interactionof slow andfastdynamc modesmay resut

in norlinear effectsand geneation of new stationary
states which do not exig in the free, separag partrers
(Kharkiaren and Demclenko, 2000, to be publishel).
As a result of this processa confamationd sigral
propagaihg beyond an interface and triggering an
effectory function may appear. Confomational
changesnay not be neededor molecularrecogniton,
but molecular recogition is absolutely neede for
many biological functions in which the induction or
amplification of effectory sigral via conformational
changesin the regions outside the contact areasis
required. The resultantintegrated structural unit can
retain (or achieve) a highly dynamc structure which
allows combindion of high specficity of interaction
with easyformation and dissocation of the unit. This
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malkesit possble to avoid the conformational entropy
costof rigid complex formaton andallowsfor a broad
variaion of contactarea. Thusthe contactareaandthe
strengh of binding may not correlate(Varani, 1997).

In adynamial systemcomposeaf interacting molecules
with flexible confarmationsit is hardto incorpomatetheterm
‘complementaity’. What actually occursis a stochast
processof orderirg in aloosely coupkedcomple influenced
by locd enegy field gradients.Thus, complenentarity is
createl togetherwith theacquistion of order.Many trials of
bindingteleag mug occur until the prope ligand is
selecedandits interactonswith thereceptor arereinforced
with the optimal amaunt of short-rangeion-cvalentbonds.
Althoughnorigorousanalysishasbeenperformedjt seems
highly probablethatrecogniton betwea flexible structures

with manyisomeriation stepsis far moreefficientin terms
of rateandspeciftity thanthe ‘lock-and-key’ binding with

its large numberof unsucessfulfittings.

Thus,it is highly probalbe thatthe mog specificrecogniton

is achievedn natureby meaisof highly flexible structues.
Thereasormaybethatthis type of recaynition allows more
possbilities to optimize the fit betwee the interacting
parinersusing a broacer rangeof structurd and energec

paraneters. Flexibility extends dramaticaly the space
dimensionality for conformationd search,and this factor
will resultin dramaticincrea® in selectivity. Using the
‘lock-and-ke’ analogywe may concludethatan electonic

key with millions of variantsis more sekective for openng

the door thana mechantal key with only a few hundrels
variants.
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