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ABSTRACT We introduce a method to estimate
the loss of configurational entropy upon insertion of
a cross-link to a dimeric system. First, a clear distinc-
tion is established between the loss of entropy upon
tethering and binding, two quantities that are often
considered to be equivalent. By comparing the prob-
ability distribution of the center-to-center distances
for untethered and cross-linked versions, we are
able to calculate the loss of translational entropy
upon cross-linking. The distribution function for
the untethered helices is calculated from the prob-
ability that a given helix is closer to its partner than
to all other helices, the “Nearest Neighbor” method.
This method requires no assumptions about the
nature of the solvent, and hence resolves difficulties
normally associated with calculations for systems in
liquids. Analysis of the restriction of angular free-
dom upon tethering indicates that the loss of rota-
tional entropy is negligible. The method is applied
in the context of the folding of a ten turn helical
coiled coil with the tether modeled as a Gaussian
chain or a flexible amino acid chain. After correct-
ing for loop closure entropy in the docked state, we
estimate the introduction of a six-residue tether in
the coiled coil results in an effective concentration
of the chain to be about 4 or 100 mM, depending
upon whether the helices are denatured or pre-
folded prior to their association. Thus, tethering
results in significant stabilization for systems with
millimolar or stronger dissociation constants.
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INTRODUCTION

“Thus we are forced to the conclusion that there is no
basis for estimating the standard free energy change for
the binding of a molecule to a macromolecule from the
corresponding energies of binding for molecules represent-
ing its component parts without a detailed knowledge of
the properties for the system.”*

Part of this dilemma posed by Jencks in his classic
treatise on enzymology, is the difficulty of calculating from
association constant of n component system (K., units of
M "1) the related association constant for the lower
order reaction where two of the components are tethered?®
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(K, units of M~ ™*2), This issue can be cast in the specific
situation of concentration-dependent bimolecular docking
reaction A + B < A - B: Given the free energy of this
reaction, AGY;,...;, can one predict the concentration inde-
pendent AG,,; for the corresponding unimolecular reac-
tion where the components are cross-linked with a flexible
tetherA.. . B~ A - B?

We first note that the loss of entropy upon tethering is
completely distinct from the loss of entropy upon binding
(Fig. 1). Binding of two species of comparable sizes effec-
tively reduces the independent translational and rota-
tional freedom of the two bodies to that of a single body.
Upon cross-linking, however, each of the two species
retains a considerable amount of translational and rota-
tional freedom, given that the tether is of moderate size
and flexibility. The difference between the cross-linking
and binding processes is clearly noted by considering the
two-step process, A + B<—A...B< A - B, where the
tether is introduced, followed by the two tethered species
binding to each other in a complex (A - B). Hence, binding
and tethering represent fundamentally different processes
even though they both reflect a reduction of the dimension-
ality of the system.

Traditionally, the Sackur-Tetrode equation describing
entropy in the gas phase has been used to estimate the
entropy of binding, cross-linking, and association of atoms,
molecules, and macromolecules.>* However, this equation
does not consider the molecular volume occupied by the
solvent, and, hence, probably overestimates the entropy in
the liquid phase. In the cell theory of liquids, another
approach to the problem, the entire volume of the solvent
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Fig. 1.

Individual steps in folding, binding, and tethering. The left column represents the process of two

untethered, denatured chains that form helices, and then bind to form a helical dimer. The two unstructured
monomers are modeled as Gaussian random walks (State 1); the isolated (State 3) and bound (State 5) helices
are modeled as thin rods. States 2, 4, and 6, are the corresponding states for a system where the two chains
have been tethered. The introduction of the tether, a shift from the left to the right column, results in a decrease
in the reaction order for the isolated chains (1 <> 2, and 3 <> 4), but not for pre-docked helices (5 <> 6). The loss
of translational entropy upon introduction of the tether for the upper two transitions is calculated according to
the NN method, while for the lower transition, the loss is calculated according to loop closure entropy.

is divided into fixed cages or cells.” Each cell contains a
single given molecule, an unrealistic assumption that
precludes the molecules from fully sampling the entire
volume.

To compare the bimolecular to unimolecular system, we
calculate the center-to-center probability distributions for
the two species before and after their tethering. These
distributions, P2¢%* (r) and P!%* (r), respectively, are used

to calculate the entropy of each state according to

S=-R J oc41'rr2P(r)ln P(r)dr (1)

0

The distribution P2¢* () inherently depends upon the
concentration of reactants, typically chosen to be at 1 M
standard state. The more concentrated the reactants, the
less entropy is lost upon introduction of the tether. The
distribution P*%* (r) depends upon the length and nature
of the tether.

One of the major benefits of using probability distribu-
tion functions is that the presence of the solvent does not
significantly affect the calculation of the benefit of cross-
linking. Although the volume occupied by the solvent
molecules may restrict the available volume of each helix,
the distribution functions themselves are not significantly
altered by the liquid. Additionally, any reduction should be



ENTROPIC BENEFIT OF A CROSS-LINK

independent of the presence of the tether. Hence, the
entropy of both states should be reduced by the same
amount, which cancels out in the calculation of the overall
change in entropy.

To calculate the untethered system’s distribution, we
introduce the “Nearest Neighbor” method, where PA¢/™ (r)
is posited to reflect the probability that a partner can
travel a given distance from a reference helix while still
being its nearest neighbor (NN). The center-to-center and
relative angle distribution functions of the tethered sys-
tem, connected by Gaussian random coils or poly-L-
alanine chains, are compared to their untethered counter-
parts to estimate the loss of translation and rotational
entropy accompanying cross-linking. Here, we illustrate
this methodology to the docking of two helices, as well as to
the general association of three components where two of
them are pre-tethered. The method is extended and com-
pared to experimental results for a variety of proteins.

MATERIALS AND METHODS

The entropy calculations were performed using a pro-
gram written in Mathematica® 4.1 developed by Wolfram
Research Inc. A chain of n residues (unfolded peptide or
the cross-link) was modeled either as a Gaussian random
walk with 2n segments (length 1.5 A = %(Cm-to-Cu dis-
tance)), or as a poly-alanine chain. For the latter, each
alanine’s conformation was specified by the occupation of
three discrete regions in the Ramachandran ®, ¥ plot
(extended, a- and 3, helical regions, which are the upper
left, lower left, and upper right quadrants, respectively).
The regions were approximated as ellipsoids according to
Flory’s method.® The ®, ¥ values were randomly chosen
within each region in proportion to the size of each
ellipsoid to determine the overall conformation of the
chain.

The excluded volume effects were investigated as out-
lined by Pappu et al.” Based upon a hard-sphere model,
the sterically allowed ®, ¥ angles for an alanine dipeptide
were generated. A steric clash between two atoms exists
when their contact distance is less than the hard-sphere
contact distance. Equally distributed values of these steri-
cally allowed @, ¥ angles were used to generate conforma-
tions of chains up to twelve alanine residues. Each chain’s
conformation was then screened for steric clashes between
any two atoms of non-adjacent residues. The conforma-
tions without any clashes were tabulated to calculate the
percentage of allowed conformations for each chain length.

RESULTS AND DISCUSSION
Loss of Translational and Rotational Entropy Upon
Cross-Linking

The folding and binding of a pair of helices is modeled
with six states, which are related by transitions represent-
ing either folding, cross-linking, or binding (Fig. 1). The
horizontal arrows represent the cross-linking process
whether the system is in the denatured (1 <> 2), helical
(83 <> 4), or docked conformations (5 <> 6). The vertical
arms represent the folding from a random coil to helical
structure (1 <> 3 and 2 <> 4), or the docking of two pre-
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folded helices (3 <+ 5 and 4 <> 6). The translational en-
tropy depends upon the distribution of center-to-center
distances whereas the rotational entropy depends upon
the distribution of the relative angles between the two
components. The reduction in translational entropy upon
cross-linking of pre-folded helices is calculated by compar-
ing the center-to-center probability distribution of the two
helices before, P¢%* (r), and after tethering, P& (r),
according to:

AStrans = Stether - Sdimeric = _RJ (4Trr2{(P;leetl}i§r(r)ln P;le[;l}in(r)

0

_ Phelix (r)ln Phelix (r)})dr (2)

dimer dimer

where R is the gas constant, and the distribution has
normalization fo ? 4mr? Pl (mdr = 1.

Although internal vibrational motions of the docked
complex must be accounted for in a calculation of the
energetics of a given binding process (AGp;,.o1 O AG,.1)%,
these motions are not altered by introduction of an ideal
tether. They should contribute equally in the bound state
of both the tethered and untethered systems, and do not
affect AS,, ., as defined in Eq. 2. Thus, internal motions do
not need to be considered in the present calculation of the
change in entropy upon tethering.

The reduction in rotational entropy is obtained from a
comparison of the rotational distribution function for the
tethered species, P,.,..(0,$), with that of the untethered
species, which is a uniform distribution P, ;4,0.(0,$):

ASrot = _Rf[Ptether(6’¢)ln Ptether(e’d))

- Puniform(evd))ln Puniform(ead))] d(6,¢) (3)

where 6, and ¢ are the angles in spherical coordinates
between the axes of the two helices with normalization
J P(6,4)d(0,4) = 1. The unfolded peptide and unstructured
tethers are initially approximated as Gaussian random
walks (or chains)®!°® and the helices as thin, non-
interacting rods. Both the tether and the unfolded polypep-
tide are assumed to be Gaussian random walks. The
excluded volume effects of the chain are discussed in a
later section.

Translational Entropy

The loss of translational entropy is calculated upon the
introduction of the tether for each of the three horizontal
transitions shown in Figure 1.

Docked helices

The process 5 <> 6 represents the ligation of the tether
and the formation of a closed loop. The ligation process is
unimolecular (ignoring the covalent peptide bond forma-
tion). Hence, the concentration of reactants is irrelevant to
the loss of translational and rotational entropy. According
to Flory and Jacobson-Stockmayer Theory for Gaussian
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chains, the entropic cost of loop closure of n segments

:o6,9,10
s

ASs;6= — 3/2R In(nw/2) (4)

Undocked helices

The process 3 <> 4 represents the cross-linking of a
system of two pre-folded, but undocked helices. Tethering
of the helices results in a change from a bimolecular to a
unimolecular system. The loss of entropy for this process is
calculated from the change in the probability distribution
of center-to-center distances that describes the configura-
tion before and after the introduction of the tether, i.e.,
Plelix (1) and P (r), respectively.

The relative motion of the two cross-linked helices is
restricted by the tether, which itself has an end-to-end
probability distribution (Fig. 2). For an n residue tether,
this distribution is approximated by a freely-jointed Gauss-
ian random walk of 2n segments (each amino acid has two
torsion angles):

Pre(r) = (B/\Jm)%e # (5)

where B = V3/(2nl?), and [ is the length of each step®'?,
taken to be 1.5 A.

Rather than the end-to-end distribution of the tether,
the relevant quantity for the calculation of the loss of
entropy for the helices is their center-to-center distribu-
tion. This distribution can be calculated from the tether’s
end-to-end distribution by adding to the ends, an extra
step of half the length of the helix chosen at random exit
angles. We obtain P?¢/* (r) by simulating such a random
walk (Fig. 2), and the translation entropy of the tethered
helices from Eq. 1.

Next, the center-to-center distribution function for the
unlinked system, P%¢%* (r), is calculated. In principle, the
two unlinked helices are uniformly distributed over the
entire volume of the system, V. The application of this
uniform distribution, however, greatly overestimates the
accessible volume and results in an incorrect, system-size
dependence on the entropy.

To circumvent this problem, we introduce the Nearest
Neighbor (NN) Method. The relevant volume for a given
partner helix is limited to the region around a reference
helix where the partner is the nearest neighbor. As the
partner diffuses a distance away from the reference helix,
another helix is likely to become the closest helix. The
distance the original partner can travel while remaining
the nearest neighbor is dependent upon the number
density, p = N/V,=1/V_,,.

We posit that the probability of the partner being the
closest, Pyp(r), is proportional to the center-to-center
distance distribution, P2¢* (r), between the partner and
the reference helix, differing only by a scale factor required
to maintain unit normalization. As the initial choice of
both the reference helix and partner are arbitrary, and
their mutual association is not fixed in time (i.e., a third
helix can become the NN), issues related to distinguishabil-
ity are circumvented.
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Fig.2. Probability distribution functions. The center-to-center probabil-
ity distribution functions for unfolded chains and cross-linked helices,
either untethered, (calculated according to the NN Method), or connected
by a six residue tether (modeled as a Gaussian random coil). a: P(r)
distribution. b: The unit normalized 4w?P(r) distribution. ¢: 4wr2P(nInP(r).
The area under the curve in cfor each distribution (multiplied by —R) is the
translational entropy. For comparison, the distribution is shown for a mole-
cule uniformly distributed within a spherical volume, but having the same
entropy as the NN distribution. Symbols are the same in all three panels.

The NN, and, hence, P4* (r) distribution can be calcu-
lated from the probability that no other helix is the NN.
For the partner at a distance r from the reference helix, the
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TABLE 1. Change in Translational Entropy

Upon Cross-Linking
Length of tether ASdenatured (g )2 ASprefolded (g )b
6 3.89 -2.15
9 411 —0.838
12 4.32 0.104
15 451 0.84
18 4.69 1.45

2Tethering of denatured helices, Process 1 < 2.
PTethering of pre-folded helices, Process 3 <> 4.

probability that another particular helix is the NN is v/V,,
= vp/N, where v = 47r®/3. The probability the original
partner remains the NN is the probability that none of the
other N helices are closer:

Pyy(r) = (1 — vp/N)V ~ e (6)

After normalization, we obtain P2 (r) = e *?/p.

Having determined P2 (r) in this manner, we can
calculate the entropy of the untethered, dimeric helices
according to Eq. 1. At 1 M standard state, 1/p = V_,, =
1,661 A% and Sy,...c = —17.02 e.u. Interestingly, this
value of entropy is equivalent to that for a helix uniformly
distributed within a volume of 1,839 A3. This volume is
very close to V., for which S = —16.82 e.u. (Fig. 2).

The difference in entropy between the untethered sys-
tem and the cross-linked helices (process 3 <> 4) provides
the entropic cost of cross-linking in the helical, but un-
docked, state as per Eq. 2. For the introduction of a
six-residue tether to a bimolecular system at 1 M standard
state, the entropy is decreased by 2.15 e.u., or TAS,, ..« =
—0.64 kcal mol™* at T = 300 K. Values for other length
tethers are listed in Table L.

Although the tethering the two undocked helices at 1 M
standard state by six residues decreases the entropy of the
system, a tether of twelve or more residues results in an
increase in the entropy of the system. It may seem
paradoxical that the tethering can result in an increase in
entropy. The increase indicates the tethered but undocked
helices sample more volume than do the isolated helices at
the (high) standard state concentration of 1 M. The
entropy of an untethered helix equates to it uniformly
sampling a box of dimensions of only (12.2 A)3, whereas the
mean center-to-center distance of two helices with a
twelve-residue tether is over twofold larger. This increase
for the tethered helices explains why a twelve-residue
tether actually increases the entropy in the cross-linked
state when compared to the free state at 1 M standard state
concentration (see discussion below). Part of the effect
comes from the fact that the tethered helix cannot be
exchanged with another helix, however far away it moves,
whereas the untethered one can when it moves further
away than 12.2 A. For a more realistic standard state
concentration of 1 M, the volume sampled by the unteth-
ered system is increased 10°-fold, and the introduction of
the tether does reduce the translational entropy of the
helices.
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The use of the distribution function and Eq. 1 to
calculate the translational entropy correctly accounts for
the concentration dependence, AS(C) = AS(C,.) — R In
Crow/Crep, Wwhere C, and C,; are the new and reference
concentration, respectively. For example, an N-fold in-
crease in solute concentration results in the distribution
function being uniformly contracted N-fold along the r-axis
(with a commensurate increase in height to maintain unit
normalization): P (r) = NP, (rN). The entropy of the
system at higher concentration is

S(C)

—Rf41'rr2PC(r)ln P(r)dr

-R f [4mr*NP,, (rN)In P, (rN)

0

+ 47r’NP¢, (rN)In Nldr

—Rf 4mr®Pg, (rN)In P, (rN)(Ndr)

0

(N

~-RInN J 4P, (rN)Ndr = S(C,,) — RIn N

0

Hence, the method has the correct dependence on the
solute concentration.

Denatured polypeptides

The analysis for tethering in the denatured state (Pro-
cess 1 < 2) is similar to that for the undocked helices.
Again, the change in translational entropy is calculated
from the change in the center-to-center distance distribu-
tions, Pdenatured (p) gnd pienatured(y) The pdenatured r) distri-
bution is identical to its helical counterpart, P2 (r), as
the NN Method did not assume any shape for the reac-
tants.

The tether restricts the center-to-center distribution of
the two denatured polypeptides. The tether’s end-to-end
distribution when convoluted with each polymer’s end-to-
center distribution is the desired center-to-center distance
distribution between the two polypeptides. Alternatively,
Ppdenatured(yy can be calculated by realizing that it is the
end-to-end distribution for the portion of the chain connect-
ing the two centers of the denatured (identical) helices.
The number of residues in this portion is Ny ;. + Nicther-

The calculation of change in entropy upon the introduc-
tion of a cross-link in the unfolded state is carried out by
using Eq. 2. We find AS,, .. = 3.9 e.u. (TAS,, .« = 1.16 kcal
mol ! at 300 K) for the introduction of a six-amino-acid-
long tether in the denatured state, Process 1 <> 2. The
increase in entropy indicates that the center of tethered
polypeptide samples more configurational space than it
does when it is untethered at a standard state concentra-
tion of 1 M.
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TABLE II. Effect of Tether on the Association of
Denatured and Pre-Folded Helices®

Length AG; — AG,,;
of tether AS° (e.n.) = —TAS° Coe(M?
6 —10.6 (—4.6) 32(14) 0.0049 (0.10)
9 -12.0(=7.1) 3.6(2.1) 0.0024 (0.029)
12 -13.1(-8.9) 3.9(2.7) 0.0014 (0.012)
15 -14.0(-10.3) 42@3.1) 0.00092 (0.0056)
18 —14.7(-11.5) 4.4(3.4) 0.00063 (0.0032)

"Process 1< 5 relative to Process 2<> 6, at 1 M standard state
concentration. Values for Process 3 <> 5 relative to Process 4 <> 6 are
given in parentheses. Stability is given in kcal M~ *, at T = 300 K.
“Calculated according to C, = e*%'%.

Size Dependence of Cross-Linking Entropy

The entropic cost of cross-linking depends upon the size
of components. An increase from 33 to 66 residues, for
example, results in the entropy of tethering increasing by
0.6 and 1.82 kcal M~ (2 and 6.06 e.u., respectively) for
denatured and pre-folded helices (Process 1< 2, and
3 < 4), respectively, when they are connected by a six-
residue helix. The increase in entropy for the denatured
helices of 66 residue is because the center-to-center dis-
tance distribution is that of a 72-residue (N} o1ix + Niether)
random walk rather than the original 39 residue random
walk. Likewise, the increase in entropy for the pre-folded
helices is because of their increased length, which results
in a more extended distribution function. The entropy
values listed in Tables I and II, and mentioned elsewhere
in this paper, are for tethers of different lengths. The helix,
hovgever, is kept at a constant 33 residues and length of
30 A.

Rotational Entropy

The analysis of the loss of rotational entropy parallels
that for translational entropy, except that the restriction
in the relative angle, rather than the distance, between the
two helices is the pertinent quantity. Of the three horizon-
tal processes in Figure 1, the relative angle is likely to
affect only the tethering of the two undocked helices
(Process 3 <> 4). The tether does not change the orienta-
tion between two docked helices (Process 5 <> 6), nor does
it significantly restrict the rotational freedom between the
two denatured polypeptides (Process 1 < 2).

The angular distribution of the undocked helices, P(6,),
relative to a uniform distribution, P, ;¢.m(0,0), is used to
calculate loss of rotational entropy (Eq. 3). For arbitrarily
shaped objects, a third angular degree of freedom is
required. However, for the cylindrically symmetric helices
with a freely jointed tether examined here, there is no
restriction in this quantity.

A tether composed of amino acids has steric restraints
due to restriction of each residue’s ®, ¥ dihedral angles.
This restriction may result in a decrease in the angular
freedom between the two helices. In order to investigate
this effect, simulations are carried out with polyalanine
tethers. The dihedral angles for each residue are chosen to
reflect the restriction of the polypeptide backbone and
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side-chain moieties. The tether’s conformation is coarsely
specified for each residue by the occupation of three
discrete regions in the Ramachandran ®, ¥ plot.° The
regions are approximated as ellipsoids according to Flory’s
method.® The ®, ¥ values are randomly chosen within
each basin according to their relative areas to determine
the overall conformation of the chain.

To assess the loss of rotational entropy, the angle
between the long axes of the helices is histogrammed for
each configuration. This angle is assumed to be the same
as the angle between the first and last segment of the
tether (i.e., the helix is fixed in angle relative to the
adjoining segment in the tether). The histogram of angles
is coarsely divided into octants of a sphere [Fig. 3(a)]. For a
six-residue tether, the angular distribution is nearly uni-
form, indicating that the helices are essentially freely
jointed for this length of tether. Hence, the loss of rota-
tional entropy upon tethering is quite small (<0.5 e.u.),
and generally negligible as compared to the loss of transla-
tional entropy. Furthermore, the loss of rotational entropy
upon tethering is considerably less than 45 e.u. (TAS =
13.5 kecal mol™! at T = 300 K), the loss of rotational
entropy for the binding of two 4 kD proteins.*

Entropic Benefit of Cross-Linking

Having calculated the entropic cost of cross-linking for
each of the individual steps, and concluded that the loss of
rotational entropy is insignificant, we can estimate the net
benefit of cross-linking to the entire docking equilibrium of
the unfolded (Process 1 <> 5 relative to 2 <> 6) or pre-folded
helices (Process 3 <> 5 relative to 4 <> 6). Under the as-
sumption that docking is intra-molecular, the introduction
of a cross-link results in a loop closure penalty in the
docked state. The tether either decreases or increases the
entropy of free, undocked state, depending upon its length
(Tables I, II). For example, closing a six-residue tether in
the docked state (Process 5 <> 6), results in a loop closure
penalty equivalent to a reduction in entropy of 6.7 e.u. At 1
M standard state, the introduction of the tether increases
the translational entropy by 3.9 e.u. for the denatured
helices (Process 1 <> 2), but decreases it by 2.15 e.u. for the
pre-folded, undocked helices (3 < 4).

Thus, the introduction of the tether in the denatured
state (Process 1 <> 2) favors the tethered state while in the
docked state (Process 5 <> 6), it favors the untethered
state. Hence, for the entire reaction (Process 1 <> 5 relative
to 2 < 6), the tether’s effect in both the undocked and
docked states opposes the formation of the docked state by
a total 10.6 e.u. When the undocked state is already
helical, the tether’s contribution favors the untethered
state in both undocked and docked states. The net of these
opposing factors still inhibits the formation of the docked
state by a total of 4.6 e.u. Therefore, in either situation, the
introduction of a tether results in a decrease in the amount
of docked species.

However, the conclusion that tethering is entropically
destabilizing explicitly depends upon the standard state
concentration used in the calculation. The less concen-
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Fig. 3. Properties of a polyalanine tether. a: Rotational entropy. The angle between the two helices, approximated as the angle between the first
segment and the last segment of the polyalanine tether, are shown. The uniform distribution indicates that the loss of rotational entropy upon tethering is
minimal at these linker lengths. b: Comparison between end-to-end distances for Gaussian random coils and polyalanine chains. The distributions are
significantly different for three-residue polyalanine chains, but are similar for six-residue (and longer) chains. ¢: Probability distribution of end-to-end
distances for Gaussian random coils and polypeptides. The results for six or more residues are well approximated by a Gaussian distribution. The solid
line represents a Gaussian fit whose width is within 10% of the corresponding Gaussian random coil distribution of the same length.

trated the reactants, the more translational entropy each
helix has prior to binding. Thus, the loss of entropy upon
introduction of the tether in the undocked state is greater
when compared to reactants at lower concentrations. The
loss of translational entropy generally is calculated rela-
tive to the free state at 1 M concentration, the concentra-
tion where free energies for bimolecular systems are
calculated (i.e., AGy; = —RT In K__.). As noted above, the
use of 1 M standard state concentration explains the
paradoxical result that a twelve-residue tether between
two helices, whose average center-to-center distance is
25-30 A, results in an increase in entropy relative to the
free species, whose translational entropy is equivalent to
the uniform exploration of a cube having a volume of only
1,661 A% ~ (12.2 A)2. In essence, the helices explore more

volume when tethered than they do at 1 M standard state
concentration according to the NN method.

For macromolecules, the 1 M standard state concentra-
tion is unrealistically high. At a more realistic concentra-
tion of C, = 1 pM, the entropic penalty of adding the
tether is increased by 26.7 e.u. (Eq. 7), and the introduc-
tion of the tether now is very entropically restrictive, as
one expects. Further, at this lower concentration, the
assumption that the tethered helices dock intramolecu-
larly is more likely to be valid.

In terms of free energy for the denatured helices at 300
K connected by a six-residue tether, AG,,,; is less than AG;,;
by 3.2 keal mol ! at 1 M standard state concentration, but
is 5 kcal mol~' greater at C,., = 1 pM. Hence, the
introduction of the tether does increase the population of
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A A
K untether Kurltether A v
l_L_IM ) v .
A i A
Kteiher Kteiher ] 'A v
P_IT\/‘I — = ) v .

Fig. 4. Higher order reactions. Diagram depicted the sequential binding of three components, A, B, and C when A and B are untethered (upper) and
pre-tethered (lower). For the untethered system, the association constant is given by Ky7ther = Kuntetherguntether — [A - B - CJ/[A][B][C] (Kiigther, Kyrtetherin
units of M, K¥™e%e in units of M~ 2), while the association constant for the corresponding reaction where A and B are tethered, is given by: K&her =
Kigtherktether — [A-B - CJ/[A . . . B][C] (Kg'%er, K2'herin units of M1, K'2'her is dimensionless).

docked species when concentration of the individual heli-
ces is below ~ 1 mM.

The tether’s effect on stability, and its dependence on
the choice of C,.. also can be cast in terms of effective
concentration of reactants, C_s, upon the introduction of a
tether. Once AS values are calculated at a given reference
concentration, C, . the effective concentration upon cross-
linking, C,_, can be calculated according to:

Cef = CrefeAS/R (8)

For six- and eighteen-residue tethers, denatured helices
have an effective concentration of 4.1 and 0.57 mM,
respectively (Table II). At a reference concentration equal
to C,z, the free energy of the bimolecular and tethered
systems is equal. When the effective concentration in-
duced by the tether exceeds the dissociation constant, the
docked complex is stable, i.e., Kg;mpl‘fx = [docked]/
[undocked] = C, /K ;.. > 1.

Higher Order Reactions

The methodology presented above can be used as a
framework for determining the binding constant for a
multimeric association after two of the individual compo-
nents are tethered.? The analysis is illustrated with the
sequential binding of three individual components, A, B,
and C (Fig. 4). If the tether does not interfere with either
binding step (e.g., K&'&etmer = K%'°r), then the difference in
the two processes is reduced to the difference in the second
binding step where A binds to the complex B - C. This
situation directly corresponds to that for the docking of the
pre-formed helix before and after the introduction of the
tether (State 3 <> State 5 vs. State 4 <> State 6 in Fig. 1).
Prior to A binding the complex, its effective concentration
is altered by the presence of the tether, and consequently

its translational entropy is changed. After binding, there is
a loop closure penalty associated with the restriction of the
ends of the tether. The loss in entropy, AS,,Louna, UPON
introduction of the tether between A and the complex B - C
is the same as that calculated using the NN method for the
two helices (although excluded volume issues may become
more important). The corresponding loss in entropy in the
bound state, AS, .4, 1S the loop closure entropy penalty
for the tether. This value depends upon the actual end-to-
end distance of the tether in the bound state, which may
not be zero, and will depend on the details of the system.
The loop closure penalty for Gaussian random coil for a
given r end-to-end distance (relative to a zero end-to-end

distance) is®1?
Prey,
ASyoa = S(r) — S(0) = — R h{%] _RE ()
RC(0)

where B is defined in Eq. 5.

The net effect of the introduction of the tether is
ASiciher = ASiouna — ASunbouna- This entropy can be
converted to C g according to Eq. 8. We obtain the associa-
tion constant of the tethered reaction according to

ether

wpe = C, fKKLItae-gm (10)

An empirical value of K%*2°%, which equates to a C,, that is
higher than predicted by Eq. 10 generally implies that the
tether provides an orientational benefit. Conversely, a
lower value of C ¢ implies that the tether may be directly
interfering with binding or that it is insufficiently long or
flexible, and is strained in the bound complex.

Gaussian Coil Approximation

The simulations of the poly-alanine tether used in the
rotational entropy calculation can also be used to test the
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validity of the Gaussian random coil approximation for
real amino acid tethers. The average end-to-end distance
distribution for poly-alanine tethers of various lengths is
compared to that for an ideal Gaussian random coil in
Figure 3 (b-d). A three-residue tether behaves signifi-
cantly differently than the idealized coil, but a six-residue
chain already is a reasonable approximation for a Gauss-
ian coil, both in terms of the mean end-to-end distance and
the distribution of end-to-end distances.

Excluded Volume Effects

In order to correct for the excluded volume of the helices
and steric overlap, simulations are carried with finite size
helices. The 30-A-long, 10-A-diameter helices overlap in
about 1/3 of the configurations of a six-residue tether. For
an eighteen-residue chain, the occurrence decreases to 5%
[Fig. 5(a)l. The elimination of these disallowed configura-
tions results in a more extended center-to-center probabil-
ity distribution. Hence, the entropy of the tethered helices
is higher, and the loss of translational entropy is, in fact,
reduced. Numerically, this effect results in a decrease of
only 0.43 e.u. (2.9% decrease from the original S ..,) and
0.12 e.u. (0.7% decrease) in cross-linking entropy for six-
and eighteen-residues, respectively.

In order to investigate excluded volume effects due to
the steric clashes of non-neighboring residues, we per-
formed hard-sphere simulations similar to Pappu et al.”
[Fig. 5(b)]. Polyalanine chains were constructed using
dihedral angles randomly chosen from all the sterically
allowed possibilities in a dipeptide (without restriction to a
given region such as a-helical, as was done by Pappu et
al.”). The number of overlapping chains increases nearly
linearly from 7 to 16% going from six to twelve residues.
Furthermore, the effect on the end-to-end probability
distribution also is very small. As this distribution directly
relates to the entropy, excluded volume effects of the
tether with itself (and presumably with the helices that
extend out in the opposite direction) has a minimal impact
on the entropy of tethering.

Comparison to Other Methods

The NN method provides an explanation as to why the
Cell Theory of Liquids provides a reasonable result, even
though the basic premise, that the solute particles are
localized to cells, is invalid. The distribution function for
the untethered system, P4¢"% (r), has nearly the equivalent
entropy to that of a uniform distribution within volume
equivalent to the average volume per solute molecule.
Hence, the Cell Theory of Liquids provides a reasonable
approximation even though the basis of the method is
unrealistic.

Likewise, the NN method for calculating the entropy of a
free helix (not the loss of entropy for the tethering process)
agrees with the gas phase Sackur-Tetrode Eq. in that a
solute particle has nearly the same effective volume per
particle in both methods. We point out, however, that the
Sackur-Tetrode Eq. for classical particles requires the ad
hoc introduction of an extra factor of N~ ! in the volume per
particle to account for the particles’ indistinguishability.
No such correction is needed in the NN method.
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Fig. 5. Excluded volume effects. a: The fraction of configurations
where the finite sized helices (30 A long, 10 A diameter) overlap for
different length poly-alanine tethers. b: Number of allowed configurations
for different length poly-alanine chains. The steric clashes of non-nearest
neighbors were calculated using the hard-sphere model described in the
text.

Amzel® as well as Mammen et al.* have presented
similar corrections to the Sakur-Tetrode Eq. to account for
restrictions due to the finite volume occupied by solvent
molecules. The effective or free volume of the solute is the
volume the center of the solute can sample without bump-
ing into a solvent molecule. Using this method, Amzel®
accurately estimates the entropy of liquid water. Amzel®
also predicts the loss of entropy upon binding (Process
4 < 6) by comparing the free volume for the solute in
solution to the solute’s free volume when it is bound to
another protein.

Mammen et al.* accurately estimated the standard
entropy of condensation of monatomic gases using the
concept of free volume. They also estimate the (maximum)
loss of entropy for a binding reaction of a tethered system
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TABLE III. Comparison Between Experiment

and NN Method"
Experimental AS Predicted AS
Protein (structure) (AGy, — AG,,,) (AGy; — AG,,,)
GCN4 coiled-coil ' ~0 —10.66
(a-helical) (~0) (3.2)
Designed coiled-coil*® 5*8 -3.4
(a-helical) (-=1.5+24) 1.0
SSI%° (o/B) —5+4 —7.20
(1.5+12) (2.2)
Arc repressor?! (o/B) -11.8+05 —13.4
3.5*+0.2) (4.0)

"Entropy is given in e.u., stability in kcal mol %, calculated according
to AG = —TAS at 300 K.

(Process 4 <> 6), as distinct from our calculation where
entropic benefit of introducing the tether is calculated
(Process 4 <> 6 relative to Process 3 <> 5). Regardless, our
calculation is similar in that the loss of entropy is based
upon a comparison of the volume accessible prior to
docking to that available afterwards. However, certain
details are different; for example, the present analysis is
based upon probability distribution functions of the tether.

Another method used to calculate the translational
entropy of binding or cross-linking in aqueous media is the
empirical quantity “cratic entropy” (mixing entropy) given
by:

AS= —RIn55 11)

The value of 55 reflects the ratio of the concentration of 1 M
solute to the molarity of pure water. Cratic entropy was
proposed by Gurney'? and Kauzmann'® to explain the
entropy of mixing of ideal solutes in pure solutions. This
correction is not derived from any princples of thermody-
namics' or statistical mechanics.®16

Comparison to Experiments

We have compared the NN method to the results for
proteins where the entropy or the free energy between
the monomeric and dimeric versions has been measured
(Table III).

For variants of the dimeric GCN4-pl coil coiled and
analogs cross-linked with a disulfide bridged, Cys-Gly-Gly
amino terminal tether, the difference between the dimeric
and unimolecular stability was approximately zero.'” For
this system, however, the NN method predicts the dimeric
stability is stronger by 3.2 kcal mol ™! for the difference in
the stability of the two versions. The excess stabilization of
the tethered species may reflect stabilizing interactions
between the tether and the helices. The amount of denatur-
ant sensitive surface buried in the native structure (the
m-value) was increased by about 10% in the tethered
version. Potentially, the helix was capped by the glycines
in the tether, which stabilized additional helical struc-
ture.'®

Yu and coworkers have performed detailed calorimetric
measurements of the stability of homodimeric coiled coil
and a version cross-linked with an internal disulfide
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bond.'® They showed that the entire change in free energy
upon cross-linking was due to the loss of entropy upon
introduction of the tether. The heat capacity of these
molecules was not affected by the cross-link and, therefore,
the vibrational modes were not perturbed. Also, the
AHg, 14ing did not change upon introduction of the tether.
The pre-docked conformation is essentially fully dena-
tured in this system, thus the calculated loss of entropy is
for the difference in AS between Processes 1< 2 and
5 < 6. For a system with just an internal disulfide bond,
the loop closure entropy in the folded complex is minimal
(~1 e.u.). Therefore, the entire entropy change probably is
only due to the tethering process in the denatured state.
For such a system, according to the NN method, the loss of
entropy is 3.4 e.u., which is in good agreement with the
experimental results (5 + 8 e.u.).

In a very similar study on Streptomyces subtilisin
inhibitor (SSI), Tamura and PrivalovZ® measured the loss
of entropy upon cross-linking by calorimetric and magnetic
resonance methods. For this homodimeric system,
cross-linked by only a single internal disulfide bond, the
NN method predicts the loss of entropy to be —7.20 e.u.,
which is close to the experimentally determined value of
—(5b*4)e.u.

Robinson and Sauer®' examined the effect of a 15-
residue cross-link on stability and folding kinetics on
dimeric are repressor. The cross-link connects the C-
terminus of one Arc subunit to the N-terminus of the
second subunit (Arc-L1-Arc). Comparison of the equilib-
rium stabilities of the linked and unlinked proteins yielded
aC.q= 2.7 £ 0.7mM. We model the system by taking into
account the length of the cross-link and the end-to-end
distance between the C-terminus of one Arc subunit and
the N-terminus of the second subunit. For the Arc-L1-Arc
system, the NN method predicts C,¢ = 1.2 mM, or a
difference of 1.6 e.u. from the observed value.

CONCLUSION

A clear distinction exists between binding and cross-
linking, two processes that are often considered to be
equivalent. We have presented a method to calculate the
entropic benefit of cross-linking. The major underpinning
of the method is the realization that the probability
distribution for the dimeric system represents the probabil-
ity that a partner can travel a given distance while still
being the closest molecule to a reference helix. Also, by
comparing entropies based upon probability distributions,
the method is independent of the nature of the solvent. We
have also shown that the contribution of rotational en-
tropy is relatively negligible for a reasonable length tether.
We have also demonstrated the applicability of our method
to a wide variety of protein systems. The methods outlined
in this paper can be applied to higher order association
processes and nucleic acid hairpins, although the exact
results should be sequence dependent. For dimeric pro-
teins, the introduction of a ten-residue tether results in an
effective concentration of reactants in the millimolar range.
When the concentration of the dimeric system is less than
this concentration, the introduction of the tether will
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increase the fraction of docked species and, generally,
result in a net stabilization for systems with mM or
stronger dissociation constants.

NOTE ADDED IN PROOF

H. Zhou (J Amer Chem Soc 2001;123:6730—6731)22
calculated the effect of tethering using only the end-to-end
distribution function of a worm-like chain in the tethered
state: C,z = P(r)/N sy agodro- Although this analysis does not
consider the loss of entropy due to introduction of the
tether, the predicted values are in good agreement with
experiment.
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