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ABSTRACT: The unfolded state and flexible linkers in the folded structure play essential roles in protein
stability and folding and proteinprotein interactions. Intrinsic to these roles is the fact that unfolded
proteins and flexible linkers sample many different conformations. Polymer models may capture this and
complement experiments in elucidating the contributions of the unfolded state and flexible linkers. Here

I review what can be predicted from these models and how well these predictions match experiments. For
example, Gaussian chain models give quantitatively reasonable predictions of the effects of residual charge
charge interactions in the unfolded state and qualitatively reasonable results for the effects of spatial
confinement and macromolecular crowding on protein stability. A wormlike chain model has met with
success in quantifying the effects of flexible linkers in binding affinity enhancement and in regulatory
switches. In future developments, more realistic models may emerge from molecular dynamics simulations,
and these models will guide experiments to advance our understanding of the unfolded state and flexible
linkers.

Great insight into the specific interactions that stabilize between two residues that are far apart along the unfolded
the folded structure of a protein can be gained from its chain @). Some proteins have been found to be unfolded
structure determined by X-ray or NMRThese interactions  under native conditions. Even in the folded state, linkers
have been the focus of most discussions about the determiconnecting individual domains may be quite flexible. Dis-
nants of protein stability. However, appreciation of the role ordered proteins or disordered regions have recently attracted
of the unfolded state has increased over the years. It is nowmuch attention4—6).
not uncommon to see residual interactions in the unfolded
state demonstrated or invokel] ). Of course, the unfolded
chain is the starting point of protein folding. An elemental
step in the folding process may be the formation of a contact

It is difficult to completely characterize an unfolded protein
(or a flexible linker) in experimentsry. By its very nature,
an unfolded protein chain or a flexible linker samples many
different conformations. Therefore, only distribution func-
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Chain Statistics of the Unfolded State 1 40

Regardless of the existence of residual interactions, the
sampling of vastly different conformations remains an
essential property of an unfolded protein. The simplest model
for a flexible polymer chain has a Gaussian probability
density for the displacement vector between any two
residues:
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The mean square distance in this model only depends on e RPN [P
the number of peptide bonds between the end residues; 10 10 50 20 %0 10
specifically, 0= b. The increase irt?Owith | reflects
the statistical behavior by which, relative to residues closer
on the chain, residues far apart on the chain will have
increasingly higher probabilities of sampling long distances.
The Gaussian chain model gives a better description of the 8 r
statistics of residues with a large chain separation. I
The effective bond length is a model parameter, which 6
can be fixed by experimental data on the radius of gyration
or hydrodynamic properties such as Stokes radius or intrinsic 4t
viscosity. For a Gaussian chain withresidues, the radius !
of gyration Ry = (IR?lI6)"? = b(N/6)'2, where [R?Uis the 5 L
mean square end-to-end distance. According to the Zimm
model (6), the Stokes radius and intrinsic viscosity of a
Gaussian chain are

e
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R,= KbNY2 [y7] = ®b3N*2 2) R, or r(14_38) (A)
Ficure 1: (A) Comparison of calculated (curves) and experimental
It should be noted that these results were derived for (symbols) results for Stokes radit and radius of gyratiorR.

extremely long chains. Similar results had previously been Calculated results foRs are from ref32, and the chain conforma-

obtained by Kirkwood and Risema?). tions used forRs give the displayed results fd®;. Experimental
. . . i results forRs are from refs22—24, and those foR; are from refs
An important factor in the chain statistics of an unfolded 5537 (B) Comparison of distribution functions for the radius of

protein is excluded-volume interactions, both local (within gyration and the distance between residues 14 and 38 in BPTI
a residue and between neighboring residues) and nonlocabbtained in two studies. Curves labeled Z are from32f and
(between residues farther apart on the chain). Local excluded-curves labeled G are from r&8.

volume interactions play a dominant role in restricting ) )

backbone torsional angles of a polypeptide chain to particular TWO recent studies explored the conformations sampled
regions on the Ramachandran mag)( Gaussian statistics Py unfolded proteins. In the firsB@), chain conformations
are retained for residues with large chain separations evenere generated using backbone torsion angles collected in a
in the presence of local excluded-volume interactions. database of loop residues. As noted earlier, these torsion
However, the probability density may be distorted by angles account for Ioca_l exclud'ed—volumcaT interactions. Non-
nonlocal excluded-volume interactions. An approximate way local excluded-volume interactions were mt_roduced th_rough
to account for nonlocal excluded-volume interactions is to hard-sphere repulsions betweep &oms. Sixteen chains,
keep the Gaussian distribution of eq 1 but modify the mean With 16—104 residues, were studied. The hard-sphere
square distanceT?) to equalb’zn*< (19). The radius of diameters of ¢ atoms were adjusted to reproduce experi-

gyration R;) then becomes equal [N"/(2 + €)(3 + mental values of intrinsic viscosity. The resulting values for
€)]¥2. The Stokes radius and intrinsic viscosity for extremely the Stokes radius and radius of gyration are in good
long chains are now given by agreement with experimental data (Figure 1A). The effective
bond length, defined ads = (IR2IN)Y2, ranges from 5.7 A
R, = K'O'NY/2; ] = @' N2 3) whenN = 16 to 8.8 A wherN = 104.

In the second study, Goldenbe®g| generated conforma-
Decades ago, Tanford and co-worke?§,21) measured the  tions of four protein chains (with 26268 residues) by
Stokes radii and intrinsic viscosities of fully denatured randomly sampling torsion angles. Excluded-volume interac-
proteins in GUHCI. These data are in qualitative agreementtions were included by a soft potentidll; = (ry/ri® — 1)%/4
with eq 3. However, quantitative analysis of the data if interatomic distance; is less tham;°, the sum of adjusted
according to eq 3 is questionable, since this equation strictly van der Waals radii. Conformations thus generated were also
applies to only extremely long chains and values forkhe  able to reproduce experimental data on the Stokes radius and
and®’' coefficients have large uncertainties. In recent years, radius of gyration for denatured proteins. Despite the different
Stokes radii and radii of gyration have been determined for approaches, chain statistics obtained in the two studies appear
a large number of denatured proteins and peptide fragmentdo show striking similarity. As Figure 1B shows, the
by modern techniques/(22—31). distribution functions for the radius of gyration and the
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distance between residues 14 and 38 calculated for the 58-
residue BPTI by the two studies match well. Since these

chain conformations share global properties (e.qg., radius of
gyration) with denatured proteins, however, one may question
how well they represent the unfolded state under physiologi-

cal conditions 7).

Wormlike Chain Model for Flexible Linkers

It was recognized in early studies of DNA hydrodynamics
that the Gaussian chain model is inadequate for the statistics
of residues close along the chaigd). At a short contour
length, the direction of the chain has a persistent memory.
In addition, DNA and polypeptide chains are practically
inextensible so the total contour length is fixed for a given
chain. These properties are captured by the continuous
wormlike chain model of Kratky and Poro@5). The tangent
vector at each point along the wormlike chain has a unit
magnitude (to preserve the contour length) and shows
correlation over a contour length lpf(the persistence length).
The mean square distance between two points spanning a
contour length. is

0= 21|, — 21,71 — exp(=I/1)] (4)

The contour length of a chain consistinglgieptide bonds

is approximatelybol, whereby, (3.8 A) is the average dis-
tance between two adjacent @toms. For long chains in
which I > |, eq 4 reduces tai?[= 2lylc = 2bgl,l, a result
consistent with the Gaussian chain model. On the other
hand, whenl; < I, eq 4 reduces taf?l]= 12, a result
expected for a rigid rod. No closed-form expression has beenpgure 2: Flexible linkers (A) between the POU-specific domains
found for the probability density of the displacement vector, and homeodomains of DNA-binding protein Oct-1 PQl12) and
but a good approximation i$36) (B) between the SH3 domain (yellow) and a myristoyl group bound

to the kinase domain (blue) of the tyrosine kinase c-AR(Q. The

o 32 2 . linkers are missing in the X-ray structures and are shown for
p(r) = (3/4rl | )~ exp(=3rT/al I )1 — w(r;l)]  (5a) illustration in cyan. C-Abl also has relatively rigid linkers between
the SH3 domain and the SH2 domain (in green) and between the

w(r;l) =5l p/4|C _ 2r2/|c2 + 33r4/8(]p|03 + 79|p2/16002 + SH2 domain and the kinase domain.

3292',)/120 5 _ 679941600 % + 3441%2800 | ° — measurement of the persistence lengths of DNA and a
¢ ¢ pe disordered protein through direct visualization of the mol-

1089%12800,%° (5b)  ecules by electron or atomic force microscop+40).
Further insight into the wormlike chain model for protein

A convenient way to calculatg(r) numerically is based on  loops and linkers can be obtained by examining the end-to-
the fact that the wormlike chain is the continuum limit of end distances of short peptides with conformations generated
the freely rotating chain (with the bond length 0 and the from backbone torsion angles of loop residues. Figure-BD
bond angle— 7). Interest in the wormlike chain model was shows that the distribution functions of these short peptides
revived by recent single-molecule experiments in which are also close to the wormlike chain model, with a somewhat
forces are applied to stretch DNAs or unfold proteins larger persistence length of 4 A. (Note that excluded-volume
(discussed in the next section). interactions between residues in such short peptides are

Many proteins have a modular design, with individually insignificant.) As will be discussed next, the persistence
folded domains connected by flexible linkers. The flexibility length d 4 A is in agreement with experimental results from
may be reflected as missing atoms in X-ray structures (Figure mechanically unfolding a number of proteins. Two factors
2). It was recently proposed that flexible linkers may be may contribute to the smallés value of 3.04 A found for
modeled as wormlike chains37). Furthermore, it was  protein loops. (i) The end residues of loops are also start or
suggested that loops connecting regular secondary structureend residues of regular secondary structures. (ii) Excluded-
(a-helices andg-strands) in protein structures represent volume interactions between a loop and the remaining folded
conformations of a wormlike chain. Figure 3&C displays structure may favor more compact conformations (see
the distribution functions of the end-to-end distances of loops below). When the end residues are moved away from regular
with given chain lengths. They agree well with the predic- secondary structures, such loop fragments behave like a
tions of a wormlike chain with a persistence lenglf) Of wormlike chain with a persistence length4oA (Figure 3D
3.04 A. This procedure of obtaining the value of the F). For flexible linkers connecting folded domains, the use
persistence length of peptide linkers is similar in spirit to of anl, of 3.04 A seems appropriate.
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Ficure 3: Distribution functions for the end-to-end distances of protein lo@7. (The distribution functionP(r) for the end-to-end
distancer is related to the probability densipfr) of the end-to-end vectarvia P(r) = 4xr?p(r). Loops are defined as residues connecting
regular secondary structures, and the end residues of a loop are also start and/or end residues of secondary structures—@,panels A
symbols represent results calculated from protein loops with a given loop leratld solid curves are predicted by the wormlike chain
model with anl, of 3.04 A. In panels B-F, dashed curves are obtained from short peptide with backbone torsion angles of loop residues,
solid curves are predicted by the wormlike chain model wittyaaf 4 A, and symbols are results calculated from loop fragments in loops
with lengths ranging from 11 to 30 peptide bonds. Loop fragments do not include the first two and the last two residues of a loop.

o
W
Iy
G

Mechanical Unfolding of Proteins few studies 40, 47, 48), values ofl, in the range of 6.58
A were reported. Chains with partial structures may have

The development of single-molecule techniques such aseven longer apparent persistence lengths. It agpedrhas
atomic force microscopy has provided new insight into the now been taken as a standard valuelfdn fitting single-
behavior of unfolded proteins. When a protein is unfolded protein mechanical unfolding data.
by a mechanical forcé, the chain can be extended by the | 3 90-residue unfolded protein is modeled as a wormlike
force (Figure 4). Wher- — 0, the extensiorz along the  chain with anl, of 4 A, then one obtains a value of 5.5 A
direction of the force is proportional . WhenF — o, z for the effective bond length defined bs= ([20)Y2 where
approaches the contour lendthThe force-extension curve s given by eq 4 antd= 90. This value ob is consistent
contains information about the flexibility of the unfolded \yith a chain without excluded-volume interactions and is
chain. For a wormlike chain under stretching, Marko and sjgnificantly smaller than the value 0f8.5 A determined
co-workers obtained a simple interpolation formula for the py fitting to hydrodynamic date3@). A possible explanation

force-extension relatior(, 42): for this discrepancy is that, in a typical mechanical unfolding
5 experiment, the fitting of the force-extension curve to eq 6
| FlkeT =2/l + 1/4(1— 2 )" — 1/4 (6) is dominated by the range of force above 50 pN (see Figure

4B). Under such large forces, the chain is extended so the
where kg is the Boltzmann constant ant the absolute chance for excluded-volume interactions is reduced. Under
temperature. Equation 6, initially used for analyzing DNA smaller forces, the chain is expected to coil up (Figure 4A)
stretching data, has now been widely used to fit data for and thus encounter significant excluded-volume interactions.
mechanically unfolding proteins4(, 43—54). In most Rief et al. @7) found that the force-extension curve of titin
studies, the determined persistence lengths of unfoldedlg domains in the force range below 50 pN fitted to eq 6
proteins ranged from 3.3 to 4.2 M3—46, 49-54). In a better with anl, of 8 A, although the full curve fitted to eq
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A 4 y simulations with expanded van der Waals radii) and was able
® . :kéy——*éyﬂ A to reproduce some of the experimental pH dependence of
AG.
It has been recognized that the unfolded protein must
@ 4\ @71 sample different conformations so that distances between
charges have a broad distribution rather than being fifd (
4

At a particular distance, the energy of interaction between
3 AT Aﬂﬁﬂ two chargesy andg; in the unfolded state may be given by
the Debye-Huckel potentialJ;(r) = giq; exp(—«t)/er, where
k is the ion screening parameter aads the dielectric
O ©) B constant of the solvent. If the probability density for the
Z 100 displacement vector between the chargep(ig, then the
f 50 average energy of interaction is
0 50 100 W, = [drp(r)u;(r) (8a)

If the chain obeys Gaussian statistics, then eq 8a becomes

z (nm)

Ficure 4: Single-protein unfolding by atomic force microscopy.
(A) lllustration of the sequence of events in a stretching experiment. 2 y 203/2
(1) One domain is unfolded and fully extended. (2) A second W = q,g;(6/m) 1 — % exp) erfc(X)]/e@*C? (8b)
domain is just unfolded. (3) Both unfolded domains are fully

extended. (B) Corresponding force-extension curve. wherex = «[B2¥2/6Y2. This interaction energy shifts thep

values of ionizable groups in the unfolded state and

6 better with arl, of 4 A. For spectrin r_e_peats, it took less determines the net charge on the unfolded chain at a given
than 50 pN to unfold each repeat, and fitting of the full force- H

extension curve to eq 6 gave kof 8 A, a relatively high

The Gaussian chain model for treating residual charge
value noted above.

charge interactions has been used to rationalize the pH
dependence of folding stability for a number of proteigs (
68, 69). In all these applications, the root-mean-square
distance between two charges was sefitd’? = bl*2 + s,

The pH dependence of the folding stability provides wherel is the chain separatiob,is the effective bond length
a probe of the unfolded state. Tanfor&5) derived fixed at 7.5 A, ands is a shift distance fixed at 5 A,

Residual Charge Charge Interactions in the Unfolded
State

the following relation: purportedly to account for the fact the charges are located
on side chains (as opposed to the backbone). By the chain
AG(pH) — AG(pHy) = statistics, residues close along the sequence are more likely

pH pH to sample short distances, and thus, their electrostatic
(kgT In 10) pHoQU dpH = (kgTn 10) pHon dpH (7) interactions are dominating. The quantitative account of the
pH dependence of folding stability for the various proteins

where AG(pH) is the unfolding free energy at a given pH by the Gaussian chain model suggests that residual electro-
andQr andQ, are the net charges on the folded and unfolded static effects may indeed be attributable to nonspecific

protein, respectively. SincAG(pH) and Q; can be deter-  interactions dominated by charges close along the sequence.
mined experimentally, eq 7 can be used to calcul@ie Kay and co-workersgg, 70) recently determined the<
which contains information about residual chargharge values of Asp, Glu, and His residues in both the folded and
interactions in the unfolded state. unfolded states of drk-SH3 and directly confirmed the

For many years, it was assumed that such residual charge validity of eq 7. The K, values provided unprecedented
charge interactions are negligible. Dill and co-workéss) ( information for critically testing the Gaussian chain model.
explicitly included chargecharge interactions in the un- The model was found7() to reproduce well the key
folded state in developing a model for protein folding. The experimental results: (i) Ky shifts for the Asp and Glu
earliest experimental evidence for residual electrostatic residues from model compound values were small, and (ii)
effects was presented by Fersht and co-work&w, (vho Glu2 and Asp8 had the largesKpshifts, 0.32 and 0.25 pH
studied the effects of salt on the pH dependence of the folding unit, respectively, in the downward direction. The calcula-
stability of barnase. In a subsequent studB){( they tions suggested that the two downward,pshifts were
determined the l§, values of ionizable groups in the folded primarily due to interactions with sequentially neighboring
state, from whichQs can be calculated. It was found that eq positive charges on the N-terminus, Lys6, and His7. It was
7 could be satisfied only i), was calculated by assuming further demonstrated that repulsions among neighboring
pKa values lower than model compound values. The pH charges along the unfolded chain may contribute to folding
dependence of the folding stability along with information stability, a mechanism initially advanced in a study of
for Qr has now been determined for a number of other electrostatic contributions to the stability of a thermophilic
proteins 69—66). Elcock 67) made the first quantitative  cold shock protein7{?2).
prediction about the contribution of residual electrostatic  Figure 5A displays the pH dependence of the unfolding
effects to the pH dependence of folding stability. He modeled free energyAG for FnFn3(10) predicted by the Gaussian
the unfolded state by one structure partially unfolded from chain model. Inclusion of the residual charggharge
the folded structure (obtained by molecular dynamics interactions significantly improves the agreement with
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Ficure 5: pH dependence of the unfolding free energy for (A) FnFn3(10), (B) its Asp7Lys and Asp7Asn mutants, (C) ribonuclease Sa, and
(D) its 5K mutant. Symbols are experimental resu@4, (73), and curves are predictions by the Gaussian chain model (GC model) or an
idealized model (Id. model) neglecting residual chargearge interactions. In panel B, the reference is the unfolding free energy at pH
2.4,

experimental results of Koide et al64). These authors  state are neglected, a significant increasA®is predicted
determined the g, values of all eight Asp and Glu residues (Figure 5B).

of FnFn3(10) in the folded state, and found that five Aspor  The Gaussian chain model can be used to check experi-
Glu residues have downshiftetKpvalues but Asp7, Glu9,  mental results for pH-dependent properties. Pace and co-
and Asp23 have elevatetpvalues. The latter three residues \yorkers 65, 73) determined the pH dependenceAs® for
cluster on the surface of the folded structure, and their yiponyclease Sa and th&pvalues for all ionizable groups
repulsions perhaps contribute to the elevatéd yalues. in the folded protein. The pH dependence AfG is
When residual chargecharge interactions in the unfolded reasonably well predicted by the Gaussian chain model
state are neglected\G from pH 2 to 4 is incorrectly  (Figure 5C). Pace and co-workers made a mutant called 5K,
predicted to increase. The increase is a result of the five i, \which five exposed Asp and Glu residues are replaced
downshifted |, values in the folded state (leading to a lower \yith ysines. The predicted pH dependenceAss for the
than expected) from model compound i, values). The 5K mutant now shows a significant discrepancy with the
Gaussian chain model predicts downshiftéd, palues for  eyperimental results of Pace and co-workers (Figure 5D).
all eight Asp and Glu residues, ranging from 0.04 pH unit one of the j, values, for Glu14, was found by these authors
for Glu9 to 0.17 pH unit for Asp80. The downshifts are due g shift from 5.02 in the wild-type protein to 2.83 in the 5K
to sequentially neighboring positive charges (€.9., ASp7 next mytant g5). If the wild-type K value for Glul4 is used in

to Arg6 and Asp80 next to Arg78). They are the reason for calculatingQy, the predicted pH dependence A6 comes

the disappearance of the increaseAid with pH. to good agreement with the experimental results.
Experimental results of Koide et al. on the Asp7Lys and

Asp7Asn mutants lend further support to the Gaussian chaingntropy-Based Strategies for Protein Stability

model. With these mutations, th&pvalues of Glu9 and

Asp23 are no longer significantly elevated in the folded state It was suggested earlier that unfavorable interactions in
(perhaps by elimination of repulsions with Asp7). Now, the unfolded state may contribute to folding stability. Since
except for Glu9 with a slight upshift inKa, all other Asp the unfolded state, with its ability to sample vastly different
and Glu residues show a modest downshift K, jin the conformations, is favored by chain entropy over the folded
folded state. On the other hand, all Asp and Glu residuesstate, a fruitful route to increased folding stability is
are predicted to have small downshifts iQ,pn the unfolded restricting the chain entropy of the unfolded state. Theoretical
state. As a resultAG is predicted to have only a weak bases for six different strategies have recently been sum-
dependence on pH (Figure 5B). This prediction is in marized 8). These are (i) spatial confinement, (ii) macro-
agreement with the experimental finding that the folding molecular crowding, (iii) shortening of loop lengths, (iv)
stability of each mutant is nearly identical at pH 2.4 and 7. covalent linkage of dimeric proteins, (v) backbone cycliza-
When residual chargecharge interactions in the unfolded tion, and (vi) catenation.
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The theories developed for analyzing these entropy-basedthe effect of the linker. The linker is unrestrained in the
stabilization strategies are based on polymer models, specif-unfolded state but has its end-to-end distance restricted to a
ically, the Gaussian chain model for the unfolded chain and fixed valued in the folded state. It was foun@Q)
the wormlike chain model for flexible loops and linkers. For
example, the effect of spatial confinement on the unfolded Cer = K'/K® = p(d) (10)
state was found by calculating the fraction of conformations ) ) .
of a continuous Gaussian chain not crossing the boundaryEquation 10 was shown to predict well the effects of linkers
of a confining cage. Many of the more open conformations On folding stability for a number of proteins3,(80). A
of the unfolded chain are eliminated by the confinement. der|vat|o_n of _thls equation will b_e presented in a later section.
Similarly, the effect of crowding on the unfolded state was A flexible linker can also be introduced to connect the N-
found by calculating the fraction of conformations of the @and C-termini, resulting in a circular protein. The linker is
same chain not crossing the surface of any crowding NOW rest.ralned in bot_h the folded and unfoldgd states. _The
macromolecule. Instead of being confined to a cage, the chainchange in the unfolding free energy by the circularization
can extend to distant locations via interstitial spaces; thus, Was found to be given byg()
even very open conformations are possible under crowding. 3
Significant stabilization is predicted for confinement, but only eXpBAAG,) = p(d)/ [d’rp(r)pa(r) (11)

a marginal effect is predicted for crowding. These disparate
predictions are consistent with experimental results. Eggers
and Valentine T4) encapsulated-lactalbumin in the pores

of silica glass and found the melting temperature to increase
by 32°C. On the other hand, Minton and co-workers)(
recently studied the thermal unfolding of hen lysozyme in
the presence of dextran, observing a mere°Z5ncrease

in the melting temperature even at 300 g of dextran/L. Shortle
and Ackerman6) observed persistent nonlocal structural
order, even in the presence of 8 M urea, of a large fragment
of staphylococcal nuclease confined to the pores of poly-
acrylamide gels. Thirumalai and co-workerg7) have
attributed the persistent structure to the confinement effect.
Confinement and crowding are likely physiologically im-
portant because proteins may be confined to cages such a
the central cavity of chaperonins and usually exist in the
crowded environment of the cytoplasm.

The fact that a protein loop is able to freely sample
different end-to-end distances in the unfolded state but upon
folding has a fixed end-to-end distandeletermined by the
folded structure gives rise to an entropy cost. For a loop Rate of Contact Formation
modeled as a wormlike chain, the loop entropy is given by attention is now turned to the kinetics of protein folding.
(8, 37) Protein folding may be viewed as a process of accumulating

native contacts. In simulations of protein folding, the fraction
ASoofke = In p(d) = —(3/2) In[(4rl,/3) ] — 3d74l ). + of native contacts formed is often used to monitor the folding
In[1 —w(d;l)] (9a) process. The rate of forming a single contact between
residues in an unfolded protein or an unstructured polypeptide
Whend is set to 0 angp(d) is replaced by the probability  has been measured in a large number of studiés g5).
density of a Gaussian chain, eq 9 is reduced to the classical Contact formation in a polymer chain can be cast as
result of Jacobson and Stockmay@g)( crossing an entropy barrier. The distribution functier)
) for the distancer between the contact-forming residues
ASgofks = In pg(d) = —(3/2) In[(27b7/3)I]  (9b) defines a potential of mean forceksT In P(r)]. The bottom
of the potential well corresponds to the maximum of the
For protein loops, it is important to recognize that the end- gjstribution function (see, for example, Figure 1B or 3). The
to-end vector spans a finite distarr_d:in the folded state _(as value of P(r) at a short distance, the contact distaacés
opposed to being confined to a tiny volume as considered small, corresponding to a potential barrier. Assuming that
by Jacobson and Stockmayer), and a wormlike chain may the inter-residue motion is diffusive, Szabo and co-workers
be a better model than a Gaussian chain. Equation 9a waggg) calculated the diffusion-limited rate of contact formation
found (37) to correlate well with the experimental results of 55 the inverse of the mean first passage time:
Nagi and Regan79) for the effect of loop length on the
stability of the four-helix bundle protein Rop. k= fwdrP(r)/fwdr[DP(r)]’1[f°°dr'P(r')]2 (12a)

For a protein that folds only upon dimerization, a flexible a a '
linker connecting the subunits changes the folding processyhereD is the inter-residue diffusion constantalf< 22,
from bimolecular to unimolecular. The effective concentra- then eq 12a is reduced to
tion, defined as the ratio of the equilibrium folding constants
for the single-chain variant and the dimeric protein, measures k = 4nDa x p(a) (12b)

wherefi = (ks T)~. The linker and the unfolded linear protein
were modeled as a wormlike chain and a Gaussian chain,
with probability densitiep(r) andpg(r) for their respective
end-to-end vectors. Predicted value\X G, were found

to be in quantitative agreement with the experimental results
of Deechongkit and Kelly§2) on circularizing the PIN1 WW
domain by linkers with two to seven residues. Another
example is the circularization of DnaB-(2436) via a nine-
residue linker by Dixon and co-worker83). These authors
proposed an estimate AAAG. that is equivalent to
assuming a uniform probability density for the linker end-
to-end vector. The average distandglfetween the N- and
C-termini of folded DnaB-(24136) is 13.4 A. Dixon and
go—workers measured a stabilization of 1.9 kcal/mol for the
Circularization. Equation 11, without adjusting parameters,
predicts aAAGgyq of 2.0 kcal/mol. For this protein, eq 11
finds a maximum stabilization of 2.1 kcal/mol by circulariza-
tion with a five-residue linker. With a 20-residue linker, the
stabilization is reduced to 1.7 kcal/mol.
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where the probability densiiy(r) = P(r)/4nr?. For Gaussian  before a contact is formed. The residues can reach their native

chain statistics (eq 1), eq 12b becomes conformations by local fluctuations. The local conformational
fluctuations may be modeled as stochastic transitions between
k = 3(6/:1)”2Da/m2[31’2 (12¢) nonnative and native states, just like in studying bimolecular
reactions {03). An important question is how much the
Using an alternative argument, Wang and David$ai) lad additional requirement of correct local conformations will
derived an expression agreeing with eq 12c within a slow the rate of contact formation. The answer has been
numerical factor. found to depend on the time scale of the local conformational
Equation 12c has been used to rationalize experimentalfluctuations relative to the inter-residue diffusional motion
results for contact formation rate84; 85, 87—90, 94). For (104). If the fluctuations are slow, then the contact formation

example, residues 18 and 80 of the 104-residue cytochromerate is scaled by the equilibrium fractions of the native states.
¢ have a root-mean-square distarité&}2 of 68.4 A in the For example, if each residue occupies the native conforma-

unfolded conformations generated in 8% Whena= 4 A tion with a probability of 1/16, then the rate would be reduced
andD = 4 x 1077 cn¥/s, a contact rate of 2 1 stis by 256-fold. However, when local fluctuations become rapid,
predicted. The measured rate is in the range of-Q.2 x the rate of contact formation would be significantly higher

1 s 1 (with higher rate for lower denaturant concentrations) than the equilibrium estimate. In particular, if the local
(84, 85, 89). The distribution of the distance between residues fluctuations occur at a picosecond time scale relative to a
18 and 80 in the unfolded conformations of cytochrotne nanosecond time scale of inter-residue diffusion, then the
deviates from Gaussian statistics, and can be fittetf-to rate of contact formation was found to be reduced by just
exp[—(r/73.4%4. Calculation according to eq 12a with this  7-fold. Thus, the rapid local fluctuations appear to play an
fitted function gives a rate of 0.% 10° s (whena =4 A important role in accelerating protein folding.

andD = 4 x 107 cn¥/s). Portman 98) has discussed the ) ] . N

validity of the assumption of inter-residue diffusion leading Gaussian Chain Model for the Folding Transition State

to eq 12a and, importantly, the apparent need to use a
?iffusipn constant much smaller than the value expected forWolynes and co-worker$( 105) introduced the following
ree diffusion of the contact-forming residues. energy function

For shorter peptides, the persistence length becomes a
hindering factor for end-to-end contact formation. This 5
hindering effect may well be present in contact formation H= zri “Tyer+ Bzri + Y qulry) (1)
rates for chains with fewer than 10 peptide borgg 94). H : ne
Lapidus et al. 89) found that their data for quenching of
tryptophan triplet states by cysteine in Cys-(Ala-Gly-T#p)
Trp peptides with am of 1—6 could be fitted to a wormlike
chain model with a persistence length-e® A. The kinetics
of this process have been studied by molecular dynamics
simulations 98, 99).

The folding of an entire protein proceeds through the
accumulation of native contacts. Makarov et &, 100
outlined the following scenario. Diffusional motion of
residues changes the conformation of the unfolded chain.
native pair of residues, which are separated by more than
12 residues on the chain and have aC, distance of less ;
than 6 A in thefolded structure, will form a contact as soon observation of Oas and co-workerk0g). .
as they are separated by less than 6 A. This native contact The entropy compo'nent of the .free' energy o bta".‘ed from
may unravel or may be followed by another native contact. eq _14_ arises from re_5|dues _freezmg into configurations that
When allN,. native contacts are formed, folding is complete. optimize favorable interactions. In other models for the

The rate for forming a native contact was determined with trtans;tlzn dstat(tal engs_mlblle, f[ﬁ? enetrgy functions wetre cfon-
eq 12c, and the contact breaking rate was a universal constaniruc ed directly 1 : Q. The entropy components 0
these models consisted of the loop entropy for each pair of

. The following result was derived for the overall foldin ) . A
I:;te. ¢ g contact-forming residues (eq 9). The distributions of struc-
' tures in the transition state ensembles identified by these

k = N,k exp[—AF(N,)] (13) models also largely agreed with experiments.

To model the transition state ensemble in protein folding,

where the first term stipulates the Gaussian chain statistics,
the second term constrains the radius of gyration, and the
last term represents interactions between natively contacting
residues. The free energy of the system was evaluated by a
variational approach. The transition state ensemble was
obtained by searching for saddle points on the free energy
surface. For each saddle point, magnitudes of mean square
fluctuations of residues indicate whether they are structured.
AFori repressor, Wolynes and co-workers found that helices
1 and 4 are structured in the transition state but helices 2
and 3 are not. This result is consistent with the experimental

i . Bimolecularversus Intramolecular Binding
whereF(m) (=Fo + MAF) is the free energy of forming

native contacts. Equation 13 was found to account for the Most proteins function by interacting with other proteins
correlation of folding rates with contact order initially (and DNA). The interactions occur via transient formation
observed by Plaxco et alL@1). Ideas similar to those behind  of protein—protein (proteinr-DNA) complexes. Over the
eg 13 had previously been proposed by Debe and Goddardcourse of evolution, interaction partners were connected by
(102. peptide linkers, whereby formerly individual proteins now
Forming a native contact may involve more than just reside within a single polypeptide chain. Linkers between
meeting a distance requirement. The two contact-forming individually folded domains may be relatively rigid or quite
residues may have to be in their native local conformations flexible (Figure 2). Even domains connected by relatively
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Ficure 6: Models of the effect of a flexible linker on binding: (A) a linker between two binding partners and (B) a linker between two
domains which bind to different sites of the same target.

rigid linkers may dissociate during protein function. In this as the distribution function. The unimolecular binding
case, it is difficult to isolate the role of the linker from those constant is

of the domains. The situation may be simpler for flexible s 3 3

linkers. K'= [dr d°Q, &°Q, p(r) exp—pU)/

In the generic model illustrated in Figure 6A, a flexible 3. 3 3 -
linker between two binding domains changes the binding JuFr ¢°Q, °Q, p(r) exp(—pU) (15b)
process from bimolecular to unimolecular. The role of the where the subscript u specifies the unbound state. In the
linker can be measured by the effective concentration, hound state, the end-to-end distance of the linker has a fixed
defined as the ratio of the unimolecular and bimolecular yalue ofd. In the unbound state, if the potential of mean
binding constants. In 1966, Wang and Davids®r) felated  force has a range that is much shorter than the width of
the cyclization of DNA with complementary single-stranded the probability densityp(r), than the Boltzmann factor
ends to the bimolecular association of the single-strandedexp(-AU) can be dropped. Equation 15b becomes
ends after the original DNA is broken into two fragments.

They derived the effective concentration for this case as the K" = p(d) [,d* d°Q, d’Q, exp(~BU)/(87%)* = p(d)K"
Jacobson Stockmayer factords(0) = (3/27b4)39. For the (15¢)
binding between two protein domains connected by a flexible
linker, the effective concentration was derived to (ifd)

(10, 80; see eq 10). This result accounts for the fact that the
end-to-end vector of the linker spans a finite distathcgon
binding of the domains and a short peptide linker may be
better modeled as a wormlike chain than a Gaussian chain
(a similar argument was made above in discussing loop
entropy; see eq 9).

To highlight the assumptions made in deriving eq 10 for
the effective concentration, a brief derivation is given here. ky' = kdb (16a)
With a potential of mean forcl(r,L2,,92,), wherer is the
displacement between the domains &xdand Q, specify
their orientations, the bimolecular equilibrium constant is k\/kP = KYK® (16b)

(11
= p(d) (16¢c)

KP = j;dgr d3Ql d3£22 exp[—ﬁU(r,Ql,QZ)]/(SnZ)2 (15a) For DNA cyclization, Wang and Davidson97) have
validated eq 16b experimentally.

where the subscript b specifies the bound state. When a,
flexible linker, with a probability density(r) for the end-
to-end vector, is introduced, the simultaneous action of the An extension of the model shown in Figure 6A is two
linker and the potential of mean force gives) exp(—5U) linked domains not binding to each other but simultaneously

which is the same as eq 10.

The relation between bimolecular and unimolecular bind-
ing reactions can be extended to kinetics. Since the bound
state is held together by numerous short-range interactions
and dissociation entails breaking these interactions, whether
a linker is present appears to be immaterial for the dissocia-
tion process5, 80). Thus, the dissociation rates are expected
to be the same

which in turn means for the association rates

Enhancement of Binding Affinity by a Flexible Linker
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binding to a third target. The linker in this case is found to et al. has 18 peptide bonds and spans a distance of 28.6 A.
play the important role of enhancing binding affinity0j. According to eq 5p(d) in this case is 3.4 mM. WheK; =
As Figure 6B illustrates, the binding constant of the linked 10° M~* andK, = 10° M™%, eq 17 predict = 3.4 x 10"

domains to the target is given by M~
The association and dissociation rates of two domains
K= K;K;p(d) 17) linked to the same target have been found through the use

of eq 16 (2). It was found that the affinity enhancement

whereK; andKj; are the binding constants of the individual was achieved by reducing the dissociation rate without
domains to the target. Relative to the binding constants of affecting the association rate. This prediction was validated
the individual domains, the binding constant of the linked by a recent experimental result17, 118).
domains is scaled by a factébp(d) or Kyp(d). The value
of p(d) typically is in the millimolar range, whereds and Role of Flexible Linkers in Regulatory Switches
K, are usually=10° M. Thus, an affinity enhancement of o
>1000-fold is expected. The equilibrium between the_ bound and unboun_d states

DNA seems to be ideally suited for affinity enhancement May Serve as a regulatory switch for many proteins. For
by domain linking. Indeed, DNA-binding proteins typically &Xa@mple, dissociation of a binding partner may expose a

have two or more domains for binding to adjacent sites. The PNA-binding surface or an enzyme active site. The advan-
linkers connecting the DNA-binding domains may be rigid tage afforded by covalently linking the interaction partners

or flexible. A dimerization domain may also serve the role is that the binding equilibrium is concentration-independent

of a linker. Figure 2A shows the POU-specific domain and since the reaction is unimolecular. The equilibrium constant
homeodomain of Oct-1 POU bound to DNA1?). Klemm may be set to a fixed value, or it may by modulated by a
and Pabo 113 investigated the role of the flexible linker ~ triggering event such as phosphorylation or binding of a small
connecting the two domains by studying the DNA binding igand. . .

of the two domains without the linker, obtaining binding  Recently, Dahlquist and co-workerd3j studied the
constants of 0.6« 10f and 6.7x 10° M1, respectively. The  interdomain interaction of the response regulator NarL.
intact Oct-1 POU was found to have a binding constant of Binding of the receiver domain blocks the DNA-binding
1.4 x 10° ML, From these results, one obtaink&;K; surface of the effector domain. The binding between the
of 3.6 mM. This value was compared with the prediction of domains is weakened by phosphorylation of the receiver
eq 17 (0). The end-to-end distance of the linker, measured domain. The role of the linker was studied by comparing
between the last residue (Glu75) of the POU-specific domain the unimolecualar binding of the domains in the intact protein
and the first residue (Arg102) of the homeodomain, is 27.6 With the bimolecular binding when the linker was cleaved.
A (112. With a linker length of 26 peptide bonds, eq 17 The linker has 13 peptide bonds and spans a distance of 19.2
with eq 5 predictd</K;K, = p(d) = 5.8 mM, agreeing well A. Equation 5 was used to determipgl) = 20 mM. In the .
with the experimental result. van Leeuwen et &ll4) have  dephosphorylated and phosphorylated states, the two domains
further studied the effect of linker length on the DNA binding had bimolecular binding constants of 2<510° and 80 M,
affinity of Oct-1 POU. When the linker length was mutated respectively. Equation 15¢ would prediKt = 50 and 1.6,
from 26 to 12, 18, 31, and 40 peptide bonds, they found the meaning 2% of the dephosphorylated intact protein and 38%
ratio of the binding constants before and after mutation to of the phosphorylated intact protein would be competent for
be 3.4, 1.1, 1.0, and 0.8, respectively. These correlate veryDNA binding. These predictions agreed well with the DNA

well with the predictions of eq 17: 4.0, 1.4, 1.0, and 1.0, binding assay results reported by Dahlquist and co-work-
respectively. ers: phosphorylated NarL bound DNA at the same level as

The central region of the 70 kDa subunit of replication the effector domain alone, whereas a 10-fold excess of

protein A (RPA70AB) has two domains that bind to single- nonphosphorylated NarL bound DNA at the same level as
stranded DNA in tandem1(5. By cleaving the linker  the effector domain alone.
between the two domains and investigating the DNA binding ~ Superti-Furga, Kuriyan, and co-worker$1Q 120) un-
affinities of the two individual domains, Chazin and co- covered animportant regulatory element of the c-Abl tyrosine
workers (1) recently showed that the covalent linkage of kinase, in the form of the myristoylated N-terminus latching
the two domains contributes to an affinity enhancement of onto the kinase domain (Figure 2B). One potential mecha-
~100-fold. This affinity enhancement was found to be well nism for activating c-Abl is the dissociation of the myris-
modeled by eq 17. toylated N-terminal latch. How often does this latch spon-
A potential important application of the linkage effect is taneously come off? An answer to this question was obtained
in engineering high-affinity antibodies. Many antibodies can by incorporating experimental results to the wormlike chain
be raised against the same antigen, each targeting a differentnodel for linkers {4). The myristoylated N-terminus is
epitope. High affinity can be achieved by covalently linking connected to the SH3 domain of c-Abl by a flexible linker,
antibodies targeting different epitopes. This strategy was which consists of 79 peptide bonds and spans an end-to-end
successfully implemented by Neri et él1€) by linking two distance of 56.8 A¥20). Equation 5 gives a(d) of 0.5 mM.
single-chain Fv fragments, D1.3 and HyHEL-10, against hen Superti-Furga and co-worker$X9) measured a dissociation
egg white lysozyme (HEL). The HEL binding constants of constant I’ of 2.3 uM for the myristoyl group. The binding
the two Fv fragments were $@nd 16 M, respectively. constantKY for the intact c-Abl is then predicted by eq 15¢
The linked Fv fragments were found to have an HEL binding to be 217 M, which means an equilibrium unbound fraction
constant of>1.3 x 10 ML This result was shown to be  of just 0.5%. The small unbound fraction may be important
predicted well by eq 171Q). The linker introduced by Neri ~ for keeping the kinase activity of c-Abl at low levels.
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Ficure 7: Binding of (A) a folded protein and (B) an unfolded protein to a target.
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Unregulated kinase activity of c-Abl is a known cause for Future Deelopments
chronic myelogenous leukemia.

The unimolecular nature of covalently linked binding may
also be important when a rapid binding rate is required, such
as in deactivating ion channels in neural cell$)( For
example, theShakerpotassium channel employs its N-
terminal segment for inactivatiori21).

I have given an overview of recent polymer theory-based
models for the unfolded state and flexible linkers, and their
applications in analyzing experimental data on protein
stability, folding, and interactions. What is captured by these
models is the fact that unfolded protein chains and flexible
linkers sample many different conformations. What are
Folding upon Binding missed are realistic details of the conformations actually

sampled by an unfolded protein or a flexible linker connect-

Many proteins are unfolded before they bind with a target jhg folded domains. Such details can be obtained from
(4—6). Wolynes and co-workersl@2) studied the impact  molecular dynamics simulations. These simulations may
of being unfolded during binding and proposed that binding syggest more realistic polymer models and help fix model
kinetics may be accelerated. The unfolded chain is more openparameters. On the experimental side, the theoretical models
and able to sample different conformations, and thus is able may benefit from systematic and critical tests. The interplay
to interact with the binding surface on the target at a greater of theoretical models, molecular dynamics simulations, and

distance from the target than the folded protein. They experiments will greatly advance our understanding of the
constructed a free energy functional for the binding process ynfolded state and flexible linkers.
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