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From an energetic view the origin of binding candn¢halpic, entropic, or both. From the kinetics
viewpoint the process of binding between two mdlesgan be diffusion or activation controlled. For
the formation of the weakly bound encounter paie expects a diffusion controlled process. The
corresponding very fast relaxation ratelldoes not produce an optical extinction change=ab600

nm. The formation of the isolated bound nucleatigand is found to be activation controlled. Much
of the activation free enthalpy for the nucleatieaction may be of entropic origin, probably caused
by a particular folding and alignment requiremenitshe polymer and activated solvation states of
the ligand before binding. The difference in radestants for nucleation and growth is not verydarg
The activation can be viewed as a pre-equilibrivetwieen the native folding state and a local
conformation state comprising a stretch of mononaed their cytidilic side chains. In the growth
reaction the requirement of desolvation of coopesbt bound molecules will include activated
(partially desolvated) states of the ligands. Tifetiine of an encounter complex is limited. If the
ligand does not find an activated region on the/pel it may dissociate again instead of binding. A
region may heal or become stabilized by the bindihg first ligand (nucleation), but this does not
lower the activation energy required for bindingeond neighbor. The presence of stacks of bound
ligands will delay the rate at which the ligandaim encounter complex finds a reactive nucleation or

growth binding site.

Key words polymers; ligand binding; energetics of bindingn-ionic binding.

INTRODUCTION

1.1. The system.We consider a system in
which the total initial concentratioof ligands A
is Cao and the initial concentration of polymer
chains Ris G, = Gogn (in this text we use the
MKSA system of units. Concentrations are
expressed in mol.M Concentration values in the
common chemical unit molitt must be converted
to MKSA unit molm® by multiplying with 1000.)
The value of n is the average number of
monomeric units in a chain and¢ds the total
initial concentration of monomeric units in the
polymer solution. A binding positiom on the

chain may involve more than one monomeric unit.

The number of binding positions per monomeric
unit is taken into account by the factorcgl. A
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polymer chain Pof n monomers contains at most
gn binding positionsu for the ligand. The
maximal initial concentration of binding positions
for all chains in the system 8y, = gCso. The
binding of a ligand requires the formation of an
intermediate encounter complex between the
ligand and a polymer chain, followed by the
reaction of the ligand with one of the binding
positions. The kinetic model of binding reactions
developed in the following applies to the
experimentally investigated reaction between
polycycitidilic acid (PolyC) and the ligand
Violamycin BI.

1.2. Binding Sites. A binding site on the
polymer belongs to two topologically different
categories of binding position sequenaas resp.
uuaon the polymer chain, leading to bound states
UA.u, resp.uA u, (I = 2). uuu represents a free
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binding positionu neighbored on each side by
another free binding positioruua represents a
free binding positioru neighbored on one side by
a free binding position, on the other side by a
ligand-occupied position. A third category of free
binding positionsaua neighbored on both sides
by a bound ligand, is not considered. It may
become important when the initial concentration
of ligands C,o greatly exceeds the initial
concentration of polymers & (expressed as
monomeric units).

Binding positionsuuu are callednucleation
positions If the ligand of the encounter complex
binds to a binding site on the chain that is
neighboring an already bound ligand this is
characterized as arowth reaction Binding
positionsuuaare calledyrowth positions

Besides binding to the polymer the ligand may
associate to form dimers. The presence of
dimerized ligand$\, will be accounted for in the
calculation of equilibrium concentrations but will
be neglected in the derivation of the kinetic
equations for the reaction mechanism of binding
to the polymer. It is known that at large excess of
monomeric units in polyC chain relative to the
concentration of ligands the latter bind as isalate
dimers as well as isolated monomers on the
polymer chain. This occurs at ratios pf =
Cro/Cpo far beyond those at which the kinetic
experiments discussed in the following have been
carried out. Dimers are assumed to be always in a
fast equilibrium with the free unbound ligand. The
relaxation amplitude of the dimerization reaction
contributes only a small part to the amplitudes of
the other relaxation processes.

Dimer formation is mainly driven by the
entropy increase when water molecules from the
boundary between the polar solvent and the non-
polar aromatic chromophore of the monomeric
molecule are released from the contact surface
between the non-polar parts of neighbouring
ligand molecules in the dimer. This leads to
increased entropy of translational and
orientational degrees of freedom. In the dimer the
ionic charges, both located at the same side of the
anthracylic chromophore of the ligand, oppose the
entropic binding forces.

This favors an antiparallel orientation of the
anthracylinic chromophores in the dimer. In the
presence of the oppositely charged polymer chain
the repulsive effect of the ligand charges on the
dimer equilibrium are neutralized. The parallel
orientation of the chromophores of neighboring

ligands stacked on a polymer chain is now
favored. The same entropic forces (often called
hydrophobic forcésleading to dimerization also
favors the cooperative binding of chromophoric
ligands to the polymer. The name hydrophobic
forces indicate an apparent attractive force
between surfaces of non-polar molecules. In
reality the surfaces are pushed together by polar
forces between the molecules of the solvent.

Binding reaction of a monomeric ligand with
binding sites on a polymeric chain differ from
normal bimolecular reactions because binding
sites on a polymer are not homogeneously
distributed in the solvent, but bundled together as
linear arrangements on the polymer molecule. The
number of available binding sites on a polymer
chain isgn minus the number of binding sites
already bound to a ligand.

1.2.1. Ligand StatesThe following symbols
are used for characterizing the varying states of a
ligand, determined by its environment. The
symbol A is used for a non-bound ligand,
irrespective of its environmentC, is the
concentration of unbound ligand<Cy is the
concentration of free unbound ligands that are not
in the immediate vicinity of a polymer chain. The
symbol Ar designates an unbound ligand that has
entered the immediate vicinity, the encounter
volume of a polymer chaif,, but still is not
bound to one of its binding sites. The ligand and
the polymer chain form an encounter complex, or
encounter paiA.. We have:

Cy=C, +C

Ao

Polymer-bound ligand states are characterized
by symbolsuAu (for an isolated bound ligand)
and uAvu; | > 2 for a stack of neighboring
ligands of lengthl. The stability constant for
isolated bound ligands measured by titration is:

Kse = Cuau /(C Ca )

uuu

Overlined concentration values refer to
equilibrium values. The stability constant for
stacked ligands is expressed by a cooperativity
factorq:

Kooy = 0K = =2
grow nuc
CuAuCAf

For the binding of Violamycin Bl to PolyC the
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stability constants have been experimentally
determined from measured optical properties of
sets of initial concentration€,, and Cp, and

involve the unknown free ligand concentration

Cp¢ - The optical extinction coefficient of an

isolated bound ligandiA,u does not differ from
that of the free ligand since the excited state
electronic orbitals of the isolated bound ligand
have quite different energies compared to those of
the cytidilic site chain of the polymer. But for
cooperatively bound ligandsAu, | = 1 orbital
interacions between the aromatic parts of
neighboring ligands decrease the extinction
coefficient and change the fluorescence
properties. The ratio of the two stability conssant
is:

q= _CuA_Zu y CA_fCuuu _ Cu_AzuC

C Zuau

CAfCuA|u C

uuu

uAju

Since A; and uAiu have the same extinction
coefficient at the wavelength = 500 nm, the
procedure involves the titration of a fixed
concentratiorCa with increasing amounts @po.

At low ratio of p :% and sufficient affinity
"o

most binding positions on the polymer chain will
be occupied by a ligand, mostly bound as stacks
(saturation of the binding positions). At very high
values ofp a large fraction of the ligands are
bound on isolated sites. Sinég and uAu have
the same extinction coefficient at the wavelength
) = 500nm, the procedure involves the titration of
a fixed concentratio,, with increasing amounts
of Cpo. At very high values of p a large fraction of
the ligands are bound on isolated sites.

Analysis of the measured functidiy*/E,-""°
at different experimental values of allows the
determination of the quantities g, Knuc E°® is
the optical extinction of the solution at the
wavelengthl = 500nm.E>*YC, is the apparent

For stacked ligands one has:

extinction coefficient at a given initial
concentrationCyo of the ligand. WithEamon =
Euatw » East = Euazu @and Engim @S the respective
extinction coefficients of monomeric dissolved
and isolated bound ligand, cooperatively bound
ligand pairs and longer stacks of cooperatively
bound ligands, and dissolved ligand dimers, one
has:

Ex = Ean(CatCip) + Eﬁgtzlycueu +E, 2C,,

Expressions will be simplified by defining

CAstackd = ZI ICUAU

For the binding of Violamycin Bl to PolyC the
stability constants have been experimentally
determined from measured optical properties of
sets of initial concentratiorC,, and Cpy and
involve the unknown free ligand concentration
Cu -

The experimental procedures for determining
the equilibrium parameters for this system have
been described previously

The experimental values for the nucleation
equilibrium constantK,,,. and the cooperativity
factor g at 298K and ionic strength 0.025M
corresponding to the present system for which
also kinetic relaxation data have been determined
and which will been wused in numerical
calculations are:

Knue = 70 M%
q=100;

| =0; 025M:;
T=298K

1.3. Equilibrium concentrations of bound
states.The equilibrium product of isolated bound
ligands is:
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CU
Ky = 0K = =t
CuﬂuCAf

Using the following formula for infinite series:
(1) Y s"=1/(1-9)

m=0
(2) Z_: ms" = s/(1-9)?

m=0

expressions (Withs=qKnUCC_3Af and under the conditios < 1) for the equilibrium concentrations

Cstacks@Nd Cpy -, IN terms ofCuAlu are obtained:

stacks'

(3) Cstacks = 6u;%u + 6uA\;u + 6uAtu oo = 6quu Z_;)(qKnucéAf )m

_ K. C,
(4) =Con o
1-9K,,Ch,
5 € =—
( ) uau 1_S

The equilibrium concentratloﬁipbounol is

m=oo

(6) Cyyy +2C,, +3C,, +4C,,, +....

= 6uAlu Z(m + :]-)(qKnucéAf )m)

+i)

1-s

= = S
(7) C%Ound - CUA u ((1_ 5)2
—c. 1
(8) - CuAlu (1_ S)z

For s < 1 the cooperatively bound stacks have
decreasing lengths. Fep 1 the series equation is
not applicable. Bound stacks of increasing length
are then formed. The distinct behavior by
selection of the total concentration @ Iin
titration experiments with increasing values of the
ratio p allows the experimental determination of
the valuegy andgK,. The quantitys used here is
identical withs in the theoretical treatment of the
binding equilibria by G. Schwarz.

1.3.1. Encounter pairs as intermediatesThe
binding of a ligand to either category of binding
sites occurs in two steps. The first step is a 3-
dimensional diffusion process leading to an
encounter complex (encounter pAl) between a
ligand and a polymer chain.

The actual concentration of non-bound ligands
in the system i€,, the concentration of polymer
chains is Cpo/n. The concentration of polymer
chains does not change by the formation of
encounter complexe€,p, but the concentrations

of non-bound ligand<C, = Cux + Cap must be
separated in free non-bound ligandss @Gnd
encounter complexe€,p . The concentration of
encounter-complexes Cpp IS in dynamic

equilibrium with the free non-bound ligand
concentration Cx and the polymer chain
concentratiorCpqy,,
Ky = =20
CAfCFb/n

Cpp is the part of ligand molecules that are at an

unspecific position within an encounter distance
de,cOf a polymer chain, where they are subject to
mutual electrostatic interactions between the
electric charges on the ligand and the polymer.
The encounter equilibrium producK 5, is

proportional to the encounter volume surrounding

the polymer chains, but it is also dependent on
electrostatic forces between charges on the ligand
and on the chain (see section 5).
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Note. The encounter equilibrium producthe product
K. = |_| CY for a reaction equilibrium between chemical

componentsi with signed stoechiometric coefficients
defines the equilibrium constant of the transfoiorat The
value ofK. is usually not constant, however, except in ideal
systems where other interactions between the coemgsri
are not present. But in the case of reactions letwebarged
species this assumption does not hold. We thergfdreise
the term equilibrium product foﬂ CiU' .In thermodynamic

relations the equilibrium constant appears in tief
InK =-AG/RT =In[]yC"

Here concentration valueS; must be interpreted as non-
dimensional numerical values relative to a standard
concentration, e.g. 1mol.f since the logarithm function is
only applicable to numbers. The dependency of the
equilibrium on other parameters of the compositisn
expressed by the introduction of dimensionless viagti
coefficientsy; multiplying the concentration values C

The encounter complex ligand> can move
inside the encounter volume and get in close
contact (but not yet bound) with one of the
uncovered binding sites of the chain, or it can
dissociate again. It may also bind to the nucleatio
resp. growth binding site with which it is in
contact with specific rate constants

ke . = ke exp- B3t/ KT resp.

K'Ryow = Kr €Xp- E2%, /KT .

grow

*O . . . .
kF? is a site-independent unimolecular rate
constant (dimensios™) for transformation of a

contact pair into a bound state, while
t t - . .
E;. 2 0resp. E5; >0 are positive activation

free enthalpies related to changes in the ligamd an
chain configuration that make binding possible.
The asterisk in the rate constant symbol indicates
that this rate constant applies to reaction rafes o
contact ligands within the encounter volume. The
formation of a bound stateAu involves the
reaction:

A;n +uuu< UAU

uuu is one of the nucleation sites on the
polymer chain of length n that contains the
reactive encounter ligandsA

If none of the binding sites on a polymer chain
is occupied by a ligand the number of available
binding sites on that chain i®y. If the chain is
partly covered by bound ligands the number of
available uncovered binding sites (irrespective of

| | C,,
their nature) is: B, =ngx(@——=x). The
probability that any of these is a nucleation &te

C . .
—4iThe number of uncoveraulicleationsites

0
on the chain is then:

C C

uuu :B uuu
u

o,

Ca
B, =ng x (1——=4)x
C,

0 0

The number of growth site is:

B Cuua = 2B CuAlu + Cstacks

" Gy, Cy,

since a bounduAu ligand or a stack of
neighboring ligands offer 2 growth positions at
their ends. The transition rate of encounter ligand
with their facing nucleation site to the bound etat

is k;nuc. The rate of formation of bound states
uAu is then:

CUUU

dC,,, / dt = KR, CaXB,

0

The growth rate at the growth site is:

_ * CUAU
dC,. o/t =2, C xB,

Uo

Dissociation rate constants are obtained from
microscopic reversibility:

* * C, 6&
anuc = kI%ucBJ CUUU C
CUO CuAu
and
ZCUAU + Cstacks CAP

k;; row - I<*RHLICB‘j ~
’ CUO 2Cstacks

1.4.Encounter pair equilibrium.

1.4.1. The entropic partThe entropic part of
the encounter equilibrium product comes from the
fact that the partners for this equilibrium must
share a common volume. The ligand looses
transitional degrees of freedom when it is
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constrained to the encounter volume surrounding
a polymer chain. For a neutral ligand the
probability p. that it is in the encounter volume
of a single chain iPenc = Vend Vsysiem The entropy
loss for a single ligand molecule s

- kIni =kInp,.. The standard molar
enc

entropy change for Nligand molecules and N
chains in unit  system  volume is

AS)c = KNAIN(N e/ Veysiens = ~“RINVS,.  where

enc
the standard Yeemis 17. Vhe = NaUenc/ Veystem

is the standard molar encounter volume expressed
as fraction of the system volume. This negative
standard entropy change is always present even if
the probability p,. is modified by electrostatic
interactions of the encounter partners.

1.4.2.The enthalpic part The ligand part of the
encounter pair carries on its molecular backbone
two alkyl ammonium cation chargedN(CH),H"
separated by about 12.0x1%n when the charge
carrying glycosyl residues are extended outward.
This configuration of the non-bound ligand is
slightly stabilized by the mutual repulsive forces,
but in this configuration the repulsive energy is
only aboutRT/2 The average separation will be
less due to the positive entropy of different
possible orientations of their attachment groups
and to the screening effect of counterions and
ionic strength of the medium.

The dissolved poly-cytidylic acid chain is

The thermodynamic expression:

RT

AH ©
+
RT R

K =

where:

ASO

) = (exp -

characterized by a negative surface charge
resulting from charge®0O ™ in the phosphodiester
units that link the riboses of the polymer chain.
Their average distance is only 6.0 X'l The
mutual repulsion energy of the phosphate ions
stretches the polymer chain to a thin rodlike
structure because the repulsive force between
neighbor and next neighbor charges is additive.
Again, the stretching force is weakened by
counterion and ionic strength effects, allowing the
chain to take spiral-like configurations. In the
encounter complex the electrostatic potential of
the ligand charges is lowered by the vicinity af th
opposite surface charges on the polymer chain,
enhancing the stability of the encounter complex

by an electrostatic enthalpic contributifd 2. ..

The enthalpic contribution by electrostatic
forces depends on the average distance between
ligand and polymer charges within the encounter
volume. It is influenced by the presence of other
mobile charged entities (e.g. counter ions or added
salt ions) contributing to ionic strengthin the
system.

Note. For the contact encounter state there is a distanc
mismatch between that of neighboring fixed aniastiarges
on the polymer and the more mobile cationic chaageshe
ligand. We neglect a small enthalpic contributididg,, =
AH . onact - AH % Which is difficult to evaluate because
assumptions on the effective charge distribution the
polymer must be made.

AH O)X(exp A SO
R R

)

K = Mequilibrium productconcentrabns
Mequilibrium reactantoncentrabns

The entropic and enthalpic influences on an eqiilib product can be written as the product of two

factors:

K = K"'x Ks

K* = exp@S’/ R) = expRIN(NUene/ Veysent/ R) = exp(InVy) = V°

VO

enc

is the standard molar encounter volume fractianthe encounter volume of one mol of chains

relative to the standard system volume ofml With the result of section 5.1.2 the electrostatiork
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performed by one mol of positively charged ligaro&l negatively charged polymer chains coming to a

distance gis:

denc\/l_ )

Ky =exp-

The factor m§ﬁ = ZAZE: is the signed product

of the effective valencies (numbers) of the ionic
charges on the encounter partnarandP, & =
1.6022 x 10" amp.sis the elementary charge of
an electrong, = 8.954 x 10" amp.s.voltm™ is
the electrical permittivity of free space,is the
dielectric constant of the medium (the permittivity
of the medium relative to that of free spadeis
the ionic strength (a measure of charge
concentration) of the medium, conventionally

. 1 . .
defined as | == >z2.  The index i
5 2.6

encompasses all ionic species in the medigm,
their valencies andc, their concentrations,
expresses by conventionrimol/lit, so that is also
measured by this unit. Multiplication with 1
required to usel in MKSA context. This
multiplication has been included in the numerical
factor 3.041 x 10° as well as a factor 2,
compensating the factor % in the conventional
definition of I. The factor 3.041 x I¢ has
dimensionlengthx (mol/lit)"2

The factorzs, in m, is an effective value that
does not correspond to times the number of
phosphate monomers of the chain. The equation
belongs to a theoretically well defined equivalent
spherically  distribution of ionized chain
monomers, counterions and foreign ions that
would correspond to the same amount of
electrostatic work as for the true average non-
symmetric distribution.

With an empirical value formg’ﬁ, found by

least-square parameter fitting of measured
relaxation times with the subsequently developed
kinetic model, the use of this equation has the
advantage that many unknown parameters of the
real distribution are represented by a single
parameter that has a simple interpretation. For a
detailed discussion of the electrostatic equation
see section 5. Encounter complexes play an

e ex
N (36 1 P (gpa100
ant, M KT d

enc

important role in most chemical reaction

mechanisms.

2. THE KINETIC MODEL OF LIGAND
BINDING

2.1. Rate of formation of encounter pairs.
The encounter rate to a givedistance den.
between two particles of different species is
proportional to the product of their volume
densities. Since each encounter produces an
encounter pair, the production rate of encounter
pairs is diffusion controlled. The bimolecular rate
constankgen:0f the diffusion controlled formation
of encounter pairs has the dimension mohs. It
depends on the encounter distarkg, on the
diffusion constants and on the attractive or
repulsive forces between the reacting partners.
krenc is the production rate of encounter pairs (in
molnumber per unit time and per unit volume) for
normalized volume densitigd mol.m™) of the
reaction partners. For reaction partners with
diffusion coefficientsus and up, (in Mf.s™) and
signed electrical valencies,z-, the encounter rate
constant can be derived as

I’Bj
ZAZBrBj
eXpT - 1

enc

Kg o AN X (Up + )X

el

where

e
® (4r0,O)xkT

is the “Bjerrum distance” at which the energy of
mutual attraction or repulsion is equakib.
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_ N, [zAaneg (Upt 1)
2,2,

ke =
o ,0RT
exg— 0 -1
4rr0,0d,, KT

The production rate of encounter complexes by
diffusional encounter of free ligands at
concentrations C5 and polymer chains at
concentratiorCpy/n is:

dCx9" / dt = kg Ca Cqy /N

The polymer chain is surrounded by its
encounter volume,,. This is a cylindrical shell
with inner diametedgain, Outer diameted.nain +
digana and lengthlenain = ndy, where d,, is the
distance between the monomeric phosphates of
the polymeric chain. An estimate for the
encounter distance is obtained from the diffusion
volume of the polymer chain of length. The
diffusion volume V;p is taken equivalent to the
volume of the cylindrical shell that encloses the
polymer chain but its shape is assumed spherical
instead of cylindrical. The encounter distaigg
is the radius of the spherical diffusion volume:

denc = 31 4in with Vp= TC((dchain/Z + dligand)z‘
T

(dehai/ 2)2)ndpp

When the diffusing ligand (arriving from the
total space anglem} reaches the spherical surface
of the diffusion volume it can enter the encounter
volume and be-come an encounter compigx
which may find an unoccupied binding site on the

chain with which it can form an encounter contact
pair Ap, able to be transformed in a bound ligand.

2.2.Rates of ligand binding to a binding site.
The encounter compleRy has three alternative
ways for disappearing:

1) by dissociation into a free ligan® with
unimolecular ratekpenc Cap,

2) by binding to a nucleation site with
unimolecular rate

* C
C, B, —uu
kRﬂuc P CUO
3) by binding to a growth site with
unimolecular rate
* C
C BJ uua
kRgrow Ap CUO
2. C
where Cow andc“”a1 = BITUAU are
CUO CUO CUO

probabilities that an uncovered binding site is a
nucleation resp. a growth site. (Fbrz1 every
UAu provides 2 uua growth sites.).

C .
B, = ng (1- —2ond) s the number of uncovered
0
binding sites on a chain. The rate of formation of
Cuaw (nucleation) by reaction in an encounter
volume is:

Cuuu
C Ch

Uo

d**C,,, /dt=K; B,

The rate of formation o€, from dissociation of uAu in an encounter volume is:

d"*Cyy, /dt=+2k; C

uAu
The rate of dissociation cﬁluAlu is:
d "3CuA1u [dt= ‘k;mCuAu
The rate of reaction o€, , for formation ofuAeu is:
d™C,,, /dt=—k; 2B, %c%

Summing these rates gives the rate of creatiarfgf:
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- * CUUU * * * CuA_u
dCUAU /dt = k|awucBJ CU CAP + 2kDgr0WCUA2U - 2anucCU'ﬁU - 2kRgrowBJ CU CAP
0 0

The rate of creation afAuu is:

C C
_ * uA_u * _ * _ * upgu
dC“AZU /dt= 2k|agrowBJ E CAP + 2kDgrowCUASU ZkDgrOWCUAZU 2k|agrowBJ ? CAP
0 0

The rate of creation afAgu is:

C
ulgu C

C
AdCup, / dt = 2 B, —-Cp + 2k5  Cupy — 2Kp, Cuny ~ 2Kz By o Cn
0

CU Ap Dgrow ~uAu Dgrow ~uAsu
0

The rate of creation afAwu is:

C C
dCupu /Ot = 2ky B, —2C, + 2K Cup, = 2Ky Cppy = 2Ky B, —2C

R u Ap D uAsu D uAqu R u Ap
‘grow grow grow grow
G, G,

There is a unimolecular formation of encounter clexgs A» when a bound ligant®young
dissociates from its binding site without leavinige tencounter volume. This will occur with
probability (1 —pp), wherepp is the probability that the created encounternib@, leaves the
encounter volume to become a free ligaag.. po is equal to the dissociation rate of an encounter
complexkpenc divided by the sum of the rates of the differezdation pathways a ligand can take
inside the encounter volume and thereby end tagrie of the encounter complex.

kDenc
. Cuwu .
kDenc + kI%ucBJ + 2kRgrowBJ
o

Po = (Cuﬁu + Cstack;

o

po < 1 indicates that the encounter complex creayedigsociation of a bound ligand can re-engage
in binding to the same or a different binding site the same chain without leaving the encounter
complex.

The probabilities that the encounter complex ligapdbinds to a nucleation resp. a growth site can
be obtained in an analogous way:

k*Rﬂuc Bu Cuuu
Prnue = “,
Nue = (CU u + Csac S)
kDenc + k*Rﬂuc Bu Cuuu + 2k;grow u Al =

0 UO
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*

2k

(CuAlu + Cstacks)

Rgrow™u

Cy

0

pgrow

C

uuu

k, + k;m B,

enc

Uo

Because the reaction pathways in the encounter
complex turn out to involve activated processes,
in contrast to the dissociation of the encounter
complexKpenc , Po is Not very different from unity
if the activation free enthalpies are the order of
severalkKT. The consequence, however, is that
there are two competing processes for the creation
of an encounter pair. One is the bimolecular
encounter proced&enc Car Cro /n. The other is the
fraction 1 — pp of unimolecular dissociation
processes.

The created encounter ligans may rebind
with a different binding site within the encounter
volume, or it may dissociate from the encounter
volume to form a free non-bound ligand. The first
unimolecular process provides for unimolecular
transformations between isolated bound ligands
and stacks (and for exchange of bound ligands
between stacks of different lengths), but
bypassing the intervention of the free ligand
concentrationCxs . The second process provides
for equilibration of free and bound ligand states.

This lets us foresee two main different
processes that cooperate in establishing the
equilibrium between the concentrations of the
different species in the system:

1. The equilibrium between bound and non-
bound free ligand states requires the bimolecular
reaction between free ligands and polymer chains
via diffusional formation of encounter complexes.

2.  The equilibration between isolated and
neighboring bound states can occur by exchange
reactions within the encounter volume of a
polymer chain.

For 1> 2 the dissociation of a bound ligand at
either one of the two growth positions at the end
of the stack and rebinding to a nucleation position
does not change the number of growth positions
nor the number of bound ligands. It changes,
however, the number of neighboring bound
ligands by one. The same is true for moving an
isolated bound ligand to a growth position. This is
important for the optical properties of the system.
The extinction coeffcient of neighboring bound

+2k. B

(CuAlu + Cstacks)
Cy

Rgrow u

0

ligands may be different from that of isolated
bound ligands or non-bound ligands.

Effective bimolecular rate constank”

and
uc

unimolecularkpn,. are used in the expression for
the experimentally determined the equilibrium
productK,c

o
= CUAU
e CuuuCAf
leading to
kl%:fuccuuuCAf = anUCCuAlu
kg:uc is related to the encounter pair rate constant

k;nuc by kg:fuc = kR‘IUCX pnuc

kS:]fuc depends on the covering of binding sites

by both kinds of bound ligands. The dissociation
rate constants are relatedy,= pDk*Dnuc.

A similar treatment for obtaining the
equilibrium constant gKy,c for cooperatively
bound ligands is not possible. In fact, there is no
way to express a dynamic equilibrium equation
for cooperatively bound ligands in terms of only
the dissociable ligands bound at the end of a stack
because binding at a growth position does not
increase the number of dissociable growth
ligands, although it increases the number of
cooperatively bound ligands in a stack.

An effective bimolecular rate constahsbgmw
may, however, be defined by the bimolecular rate
constant of encounter multiplied by the
probability that the encounter results in growth
binding:
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kS;me = kg, X Porow but it cannot be used to derig&yyc

2.3. Kinetic model equations. After these preliminaries we can formulate thdofwing set of kinetic
equations that corresponds to the described mesthani

dCAf /dt = (_kRenCCAf CP0 / n+ kDenCCAP + pD kI;nucCuAu + 2 pD kl*ngWX ZI>1 CuAu)

* * * Cuuu
dC, /dt=[ky C,Cp/n—ks C, + (1~ Poks Cup +2Ky x3,C,) ko B,—2C, -
* Cu u + CS acks
e B e G
% * * * C +CS acks
dCuu/dt =(ko, Cip Cr N+ 2Kp | 210 Cupy kg B, =t Cy, ~2Kg,,.By UAUTH(CA:)
4C,., fdt=k, B, CmC, +2k) Co K, Cuu-2K, B, MC
UA u - |%uc u AP Dgrow U&U Dnuc UAU Rgrow u ? AP
* CuAlu * * * CuA u
dC,., /dt = 2k B, Cpy +2Ks,,, Cuny = 2Kogow Cun = 2K, B, -ZC,
Uy Uo
* CuA u * * * CUA u
dC . /dt =2k, B,—2C, +2k, C,,-2K, Cu, -2k, B,—2cC,
3 grow CU . P grow 4 grow 3 grow CU . P

Summing the equatiordC,,,/dt for | > 1 and introducing the variablgs., C , u= stac|<.5andz,2>1CuAI u

= Cetackst Cyp o leads to:

—_ _ * CuAlu * * * CuAZu
dY 1:Cup /At =dC/ dt = 2k, B, C. Cp, +2Ks  Cuny = 2K, Cunu ~ 2Kr B, C. o

0

* Cu&u * * % Cu%u N Cu%u )

* 2kRgr°W Bu CAP + ZkDQVDWCuAlu B 2kDgrowCU'%u B 2kRgrow Bu CU CAP + 2kRgrow Bu CU CAP + 2kDgrowcuA§>u
C

— _ * uAu

2kDgrowCuAlu 2kRgr0W Bu CU CAP

‘ C , Cuau ~Cunr 4

O 1 dC g / At = 2K Ry, B, —C . + 2K 00 Y 152 A Al

Cu, " Cy,
Since:

z 1>2 (CuAu - CuA(H)u) = Z I>2CuAu - z |>1CuAu = (Z IleuAu - Cquu - Cuﬂu) - (Z IleuAu - Cuqu) = _Cquu

it follows:

. . C .
)" 15Cupu /At = dCy o/ dt = 2k B, C“U‘*“ Cp, ~2Ks . Cuny

0
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2.3.1. Conservation conditions There exist
conservation conditions for the number of ligands
A and for the number of monomer units that can
serve as binding positions of the different
categories.

The initial total concentration of ligands in the
system is Cp,. The concentration of unbound

ligands isC, = C, +C,, . The concentration of

ligands appearing in encounter complex with the
polymer is C, =(CoXKy)(Cq/n). The

concentration of bound ligands @, = Z o1 |

X C,a,- The concentration of isolated bound
|

ligands is C,,. The concentration of stacks

their length) iSCspacks =
. The concentration of nucleation

(irrespective  of
Z |22CuA|u
binding positions isCy,. The concentration of
growth positions i€ya = 2(CuAlu +Cyackd)

The conservation equation fAris:
Cry = Ca *Cp + Gy,

ound’

The conservation of monomer units is given by:

CFb = (1/ g)(Cuuu + CAbound +2x
Z IleuAlu) = (l/ g) (Cuuu + CAbound + Z(Cuﬁ}u + Cstack;

since everyuA u occupies g monomers and is
flanked by 2 monomers belonging to 2 non-
isolated binding positions.

2.3.2. Linearization. For linearizing the
equation system equilibrium quantiti€s (.) and
perturbation quantitiesx () << C () are
introduced:

Xp, = CAf —CAf
Xp, =Cp, =Cp,
Xi = CuAu - CuAu
quu = uuu - CUUU

The conservation equations impose:

Xy — 2X X

Xpo = X0 T Xapouna’ vound stacks

-2 X Xq

Details of the derivation of the linearized
kinetic equations are given in the Appendix.

2.3.3.Matrix form of the linearized equationsThe result of the linearization may be writtenaasatrix

equation:
Xa, a1 &y 3 Ay Xag
X a,, d,, d,, d
K =Rxx=| " |=|% G2 G Gl Xuuu
XuAu A3 Qg Agz Agy X
_XAbound_ a41 a42 a43 a44 XAbound

a; kg, x(Cq/n)-k
a, ~Pp k;g,ow
a; *Pp (k;nuc - 2pD k*ngW)

a, —kp, - (Po)ko

Denc

grow
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8y +kg, XFCuy+ 2Ky  XF(Cags* Cunu)

a,, (—k;nuc + k*Rgrow )X FCAP - k;grow

8y  tkp, ~2Kp,,

a,, + k;gmw X F(EAP + zauAlu + ZEStacks) + k;nch Féuuu - k;grow
8, Ky, XFCyu,+2Ky X FCoy,+2K, XK, Cyn,
a,, + k*Rnuc X FEAP

a, - Zk;gmw X FCAP —kp, X(C,0K,..)

8y, —Kg, XFCu,+2ky ~XCu,

a, - ZK;W X I:(EuAlu + Estacks) + k;nuc X FEuuu

a, ~ k;gmwx FEAP - k*Dg,ow - k*RnchCUUU

a, + k;nuc + 2k*ngw

8, *t k;nuc X FEuuu - k*Rg,ow X FEAP + 26uAlu + 265tacks+ k;grow

B,

Here the factoF = —-
0

3. ITERATIVE CALCULATION OF
SYSTEM EQUILIBRIUM AND
RELAXATION BEHAVIOUR

3.1. Simulation program. A simulation
computer progranvBIPolyC.exe was developed
for facilitating the interpretation of experimenyal
observed binding equilibria and relaxation times
obtained for the system violamycin Bl and
poly(C).The iterative computer program is written
in Microsofts Visual Studio C++ and may be
executed on personal computers with Microsoft
Windows operating systems.

It calculates the equilibrium concentrations of

free C,, , dimerizedCy;,, isolated bound ligand
sitesC_, , and stacked bound ligands of increasing

stack length C_ZuAu from measured equilibrium

products Kgm, Knue ,COOperativity factorq and
initial concentrations CAO and Cpo. The

following parameters characterizing the system
can be entered manually in the dialog-based user-
interface of the program:

- equilibrium product¥yim, Knue @andq

- initial concentratioﬁ:A0 and Cpo, the average

numbern of monomers in a polymer chain, and
the number of binding positions per mononger
and the ionic strengthin mol.lit™ of the solution
of reactants.

extinction coefficients for free, dimerized,
isolated bound, neighboring bound ligartels, ;
Edim; Emon;

Eqx Used for calculation of measurable optical
density
- molecular diameters of the polymer chaliam
and of the ligand.giam (in M.).
- recombination rate constants

kpenc ’kRnuc 'kRgrow

for the calculation of relaxation times.
Dissociation rate constants also appearing in the
matrix elements are calculated from the
recombination values and corresponding
equilibrium products. Default values for the
parameters are provided.

The program functionDo Single uses an
iterative non-linear least-squares optimization
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procedure (J.-G. Reich, C Curve Fitting and
Modeling for scientists and Engineers, McGraw-
Hill 1992) for -calculating the equilibrium
concentrations of the different ligand states. €hes
and derived values foCgiacks and Capoung are
needed to build the kinetic matrix. The
eigenvalues of the kinetic matrix represent the
negative reciprocal relaxation times of the
linearized kinetic equations. Since the kinetic
matrix is real non-symmetric the algorithm for
finding its eigenvalues proceeds as follows:

- the kinetic matrix is squared by
multiplying it by the transposed matrix,

- the squared matrix is symmetric, its
eigenvalues are determined using a modified
Jacobi solution method introduced by H.F. Kaiser
(The Computer Journdb, 271 (1972)).

The real eigenvalues of the squared matrix are
the squared eigenvalues of the original matrix.
Since the kinetic mechanism describes decaying

B

bcnsras e - =

normal-mode equilibrium deviations, the negative
square roots must be selected to give the
eigenvalues\; of the original kinetic matrix. The
calculated relaxation times = -1/A; are given by
the program as positive values. The four
independent variables describing the Kkinetic
equations lead to four relaxation times. They are
not relaxation times belonging to each of the four
independent variables, but belonging to sets of
four linear combinations of the independent
variables. Each eigenvalue of the matrix
(corresponding to a relaxation time) transforms
the matrix into a different eigenvector with four
components. They are the coefficients of the
relaxing linear combination of independent
variables. The program does not attempt to
calculate the eigenvector belonging to each
eigenvalue because a reliable algorithm for this
calculation with the given non-symmetric real
matrix was not available.

7]
wV

2L B

Ok

’ 3

-

Fig. 1. Observed Relaxation Rates € 1.5x 10 M; Cpo = 11.85x 10* (Results)

The function Do Single does a single
calculation with the concentration values and the
other parameters entered manually. Since some of
these values are initial guesses of unknowns, their
entered values do not necessarily correspond to
the true parameter values (e.g. the length of the
polymer chain or the reaction rate constants). The
results of the calculation will then differ from
those obtained by a direct measurement.

When a set of measured relaxation times at the
entered concentrations is available the program
function fit kinetics uses the iterative non-linear
least squares algorithm to search for optimized
values of the unknown parameters that will result
in a best agreement of the results of the
calculation of the relaxation times with the
measured results. The parameters iteratively

changed during this optimization are the unknown
rate constants, the unknown length of the polymer
chain and the unknown effective electric charge
on the polymer.

The functionfit kinetics uses a set of default
measured relaxation times for a corresponding set
of initial concentrations used in the measurement.
It is possible to enter manually a different set of
measurement results or to save and load it from a
file. Other available program options are
calculations of optical properties as a function of
the concentration parameter

-
g
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at given values ofCp) or C,, . The results of

the progam functionp-Rangeat constant CVBI

and variableC,, andCpp at constanp are given as
graphical displays (with different options for the
measurable optical properties to be plotted) of
concentration values and measurable optical
extinction as a function gb. This is useful for
simulating different titration experiments.

4. RESULTS AND DISCUSSION

4.1 Relaxation times.Only two relaxation
times 1.5 and Ty are experimentally observed
for a system violamycin BI/Poly(C) with the
following compositions at ionic strength= 0.025
mol.lit™.

Table 1
Cao mol.lit 1 Cro mol.lit 1 g S 1tgon S -
1.510% 11.58 10* 1.861d 12
1.0 10* 7.91 10° 1.421d 12
9.0 10° 7.11 10° 1.291¢ 12
7.510° 5.93 10° 1.061d 12
7.0 10° 5.53 10% 1.021d 12
The kinetic model developed above is  strength, measured.l{ = 70, measured q = 110

characterized by 4 relaxation times. Calculated 1/
values for the given concentrations and ionic

are:

Table 2
Cao mol.lit T Cro mol.lit ™+ 1k, st lh,s? lhys? lh, st
1.5 10* 11.58 10* 2.11 10 1.86 10 1.76 106 8.68 10
1.0 10° 7.91 10* 1.57 10 1.29 14 2.16 10 1.40 10
9.0 10° 7.11 10° 1.43 10 1.21 10 1.88 10 9.78 10
7.510° 5.93 10° 1.25 14 1.12 14 2.12 10 2.86 10
7.010° 5.53 10* 1.20 10 1.10 14 22110 5.27 18

These calculated values are obtained with
optimized chain lengtm = 170 and values for
Krnue= 3652 §', K*rgrow= 1500 S".

The calculated 1{ corresponds to the encounter
complex formation. This fast relaxation process is
not experimentally observable since the free ligand
and the encounter complex ligand do not differ in
their optical properties.

The measured values fortdd are very well
represented by the calculated,1/The observed
1lhsow is an average of the two slow calculated 1/
and 1t,. The calculated values are obtained by
least-squares optimization. The sum of squared

differences between calculated and measured
reciprocal relaxation times is minimized by an
iterative algorithm. The optimized parameters for
the model are: polymer chain length, polymer
charge k*rnyc and K*rgron . Dependent on chosen
initial values they will somewhat differ with
different runs of the optimization, but they remain
reasonably within a range of +50 percent of their
average values.

The rate constantKgrne and Kggow have
moderate values of the same order of magnitude,
indicating similar but considerable activation free
enthalpies. Under conditions of saturation of
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binding sitest, depends 0ok rnyc and K rgrow T2
represents equilibration @, with nucleation and
growth binding sites, but establishing the
equilibrium distribution of stack lengths occurs by
slower processes.

Effective bimolecular rate constants for binding
to a nucleation site resp. binding to a growth site
are:

(10) kg =1.19x10°s™(mol/lit)™

These bimolecular rate constants are obtained
by multiplication of the bimolecular encounter
rate constant with the probability that the
encounter results in binding to a nucleation rasp.
growth site. The probabilities are:

(9) kg, =6.41x10"s™(mol/lit)™

(11) V. i
Denc + kRnch FCUUU + 2kRgr0WX F(CStaCkS+ CuAlu)

(12) Rsrow = 2k;growx F((_:StaCkS-l- (_:UAP)

The two slowest relaxation timeg and 1,4
represent coupled consecutive reactions system
A - AP < Ayug that establish the final

equilibrium length of stacks while the free ligand
concentration and that of nucleation and growth
sites remain in equilibrium with changing length
distribution. The true reaction system is a set of
coupled consecutive reactions with a multitude of
forms of A,ouna The theoretical kinetic model
developed above describes the observed behavior
very well.

An important result of the experiments and their
interpretation in terms of a mechanism that
explicitly considers the formation of encounter
complexes preceding the binding reaction is that
neither the nucleation reaction nor the growth
reaction are diffusion controlled. The moderate
values of r<Rnuc and RRgrOWa or l@Nuc and lﬁGrOWa
indicate that binding is an activated process,
contrary to what one would expect for a pure
electrostatic neutralization of simple oppositely
charged reaction partners. The activation free
enthalpies are the order of makymol'. The
origin of the required large activation free
enthalpies remains unclear as long as the
molecular structure of the bound states is
unknown. A large part of the activation enthalpy
must be of entropic origin. Configuration changes
of the polymer chain are obviously required for
binding. The desolvation (release of solvating
water molecules around the organic parts of the

kDenc + k;nucx I:Cliuu + Zk%gmwx F(Cstacks+ CUAlu)

ligands) that must take place before these parts
can come in close enough contact to contribute to
the stability of the next neighbor interaction of a
cooperatively bound pair may also play a role. It
is true that the enhanced stability results from th
final gain of orientational degrees of freedom of
the released water molecules, but this release in
the case of rather large solvated surfaces of the
organic moiety of the ligands do not occur in a
single step. The activation free enthalpy may
come partly from the required intermediary
desolvated states, where the reacting molecules
are not yet in close contact of their surfaces and
temporary loss of hydrogen bonding energy and
decreased electrostatic permittivity of their
surrounding environment must be overcome.

5. ENERGETICS OF BINDING
5.1.Electrostatics.

5.1.1. Electrostatic work and electrostatic
potential The following recalls some fundamental
concepts. Charles Augustin de Coulomb was the
first to measure the mechanical forEebetween
two electrical charges q andaj a distance as:

He found that electrical charges are signed
guantities. The factork is the mechanical-
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electrical coupling constant. The relation allows a
definition of the unit of charge in terms of
mechanical quantities. Settink = 1 and
measuring the forcE in dyne, the distance in cm,
we are dealing with the electrostatic cgs (esu)
system of units. The cgs-unit of charge (one
franklin) then repels an identical charge at a
distance of 1 cm with a force of 1 dyne. The
dimension of this unit of charge i AMY2T 7.

The electrodynamics phenomena observed later
by Andre-Marie Ampere with moving charges
(charge flow, electrical current) led to the de
definition of different variants of the cgs system
(emu) for dealing with electromagnetic
phenomena. It became obvious that the electric
charge must be considered as a fundamental
physical property of matter with its own
dimension Q, next to the other fundamental
physical quantitied, M, T. This introduced the
MKSA system, in which the ampere (the unit of
current flow) is the additional base unit, besides
the meter-kilogram-second base of the Sl system.
The value of the electro-mechanical coupling

constank in vacuum, expressed in MKSA-units is
then:

k = 1/4req

€ = 8.854 10% amps/volt.mis the dielectric
permittivity, a fundamental property of the free
space that carries the field energy of the charge.
Including the numerical factor 4n k is done in
order to simplify certain derived mathematical
expressions.

The dielectric permittivity of material media is
€0 multiplied by the dimensionless dielectric
constant of the medium in which the charges are
embedded. The producte, is the dielectric
permittivity in a material medium (ratio of
dielectric displacement D iamp.s.nif to electric
field strength E involtm™). In water with a
temperature of 298K (25 degree C) at one
atmosphere pressures 78.5.

Changing the distance between the two charges
from riniar OF inal iNVOIVES the electrostatic work

w(r) = _[ " forcedr):

initial

_ 99 finita 1
W = JR—
AT(O) Hina 12

q.q (1 B 1)
AT(OH) Thna Finital

The work required to bring a positive unit of chew(@ amps) from infinity to the distanceof a charge
located at the origin of a coordinate system igrecfion of 1f:

w(r) = (lamp.9 x

q 1
an(0f) ¢

The sign of the central charge defines the sigpeoformed workv. The expression:

W)=

in the work equation for the approaching unit
charge measures thaectrical potentialy(r) at
the locationr, in volt, created by the chargpat
the origin. The producty’ w(r) measures (in
volt.amp.s= joule), if positive, the work required
for, if negative, the work performed by, the

q 1

4m(C,0) r

relative displacement of a chargeq in the
electrostatic field of a central charge

In general, the functiop(r, 0, ) measures the
electrical potential created at the locationé ¢)
by a distribution of charge(x; y; 2. The
electrical potentials are additive; charges at
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different positions in the system contribute
additively to the potential at a given location.

The internal energyU and therefore the
enthalpy H = U + PV of the system with
electrically charged particles now contain not only
the kinetic and potential energy associated with
mechanical degrees of freedoh. contains also
the internal electric field energy (the electrastat
potential w(r, 0, ¢), in volt, associated with the
spatial distribution of the charges). Moving a
charge ' (in amp.s) from a position where the

potential isy, volt to a position where it iy

volt, requires the
mechanical) work:

electrostatic  (equivalent

q X (l-prb - lpra)

in volt.amp.s = joule

In the following, when discussing ionic
interactions, we will often replace the symiapl
representing a charge gfamp.s, by the symba]

& in which g is the elementary charge of the
electron e = 1.902.1019amp.s and the
accompanying symbol; zepresents the sign and
the valency (humber of elementary charges) of an
ionic chargd.

In a medium with many more than the two
charges considered before, including also
additional mobile ionic charges, resulting from a
dissolved strong electrolyte salt present in the
solvent, the work equation must be corrected. All
charges are spatially distributed in a manner that
is not completely random but that nevertheless
guaranties electrical neutrality of the system.

The non-randomness leads to the existence of
an average ion distribution (the ionic atmosphere)
around any central ion, with an average charge
density of opposite sign. The charge of a central
ion is thereby effectively screened at long
distance. The average electrical potential
(potential energy of an electrical force field)
around a central ion is lower than that of the
unscreened case and the mechanical work
performed by relative displacements of the
charges is lower. This influences the chemical
interactions between charged patrticles.

5.1.2. Screening effect of charges, ionic
atmosphere and ionic strength The excess
density of the charges opposite to that of the
central ion has a spherically symmetric Boltzmann
distribution that depends on a parameter, the ionic
strength 1, which takes into account the
concentration as well as the valency of all ionic
species in the medium:

1
=326

¢ is the concentration of charges usually
expressed imol/lit, z the product of sign and
valency. The distancg from the position of the
maximum of the Boltzmann distribution to the
origin (the position of the screened chajyés
inversely proportional to the square root of the
ionic strength. ris known as the screening length
or the average radius of the ionic atmosphere.

In order to be consistent with our use of SI-mkleteostatic unitg; must be expressed in m ahdh
molm®, equal to 1000x the value conventionally giveigniollit). rj in m and | inmol.lit * are related by the

equation:

_ [ opkr

L keT

1 _ 3041107

r. = =
7\ NA2 (20100001 ~ |2[1000CN“€ I

N Vi

A derivation of this equatidr{the equations given here follow the treatmenthefibnic cloud by Arnold
Eucken in his Lehrbuch der Chemischen Physik, @aibll,2, Leipzig 1944) starts by postulating a
Boltzman-distribution of the average number denkityr) (in m™ for MKSA units) a pointlike ion of the

kind i in a spherically symmetric average electrical pt& ¢, in the vicinity of a positive central ion:

&0,

N(r) = Ni, exp-—==

KT

The average charge densjby at a position with average potential is then:
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P = &Y N exp- E2

Taking only the linear term of the series expansibtihe exponential function:

COREMEUNCE Ze‘)t'jf)—eoZzN.w ZfN.mem

Since the solution is electrlcally neutral thetftesm ebzi ZN; o vanlshes. There remains:

PO =Y N, =%

For moderately dilute solutions the number derssmelnflnlty may be expressed by the concentration
Ni,oo = NACi

For determining explicitly two unknowns(r) and y(r), two equations relating them are required. A
second relation between the average charge depségd the average potenti@l is given by the Poisson

equation:

— i __ P _
AY = divgrad] = o wa]kT AZZZQ

Using polar coordinates this gives the second adiftarential equatlon.

d? 12
F(r‘l//)—[/(] riy

where the abbreviation:

WP = g e 7o

is introduced. Usingd =r — ¢/ as the variable there follows the simple expression

2
o0 = kP b
The general solution of this differential equatisn
=A@ +B
leading to

w(r) =2t Bt
r r

The integration constait must be zero, because otherwjge) should be infinite at infinite distance from
the central iorj. When the radius of the central ion is small coragao the extension of the oppositely
charged ionic atmosphey#gr) in the limitr — 0 must be equal to the potential of the centnal io

r - 0 =—%%
W ) A dr

because more distant charges can not influencpdtential in the immediate vicinity of the centrah.
This requiresB =z for the second integration constant, giving

Ve

- 5% A
ry=—-—e€
7 4rr,0r
¥ (r) may be written as the sum of the two terms
T-Ij(r) = lpcentral + l-|Jatmosphere

5%

————— is contributed by the potential of the central ioand
4rr,0r

Where Weentral
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5%
4rr,0r

Watmosphers —

(s e‘["]r) is the contributed by the Boltzmann distributidrifee ionic atmosphere.

From the Poisson equatioé)ﬁ =AY = —[K]2L|J one obtains the charge distribution around thérakion:

A spherical shell betweenandr + dr contains the charge

_ 2 _ .2 4% 2 l«lr - _ 4% ~(«1 )
q(r)dr = 47z %p(r)dr = 471 oor ([K] )e Calr 471DOD ([«]r)e™™ "d([«]r)

The functiony = xe* with dy = € (1-x) has maximum at=1 so thatfJr =1 orr = ﬁ at the maximum
K

of charge distributionr; =ﬁ has the dimensiolength and is known as thscreening length or average
K

radius of the ionic atmospher&aking the square root ﬁ gives
K

1 [0,0mT 1
rj——]—

[

e

N, Y .z

Although in this derivation there appears nowhefactor 2, it is the generally accepted definitmfrthe

ionic strength | =%Zi zZCi in mol.lit*. The use of this definition in the equation fgrrequires the

introduction of a factor 2, compensating the faétom the definition, and the factor 1000 for thege of

unitsmol.m?® to mol.lit™:

.

040 KT [

1

Because this equation is obtained by taking only
the linear term of the series expansion of the
Boltzmann equation it is valid only fdr< 0.001
mol.lit "% The numerical factor 3.041 x 1B
depends on the square root of the temperature. It

has the dimensiam/mollit™. One must be
careful with the use of this numerical value when
the effect of ionic strength is compared for
different systems where observations may have
been made at different temperatures. Several
modifications of the first order Debye-Hiickel
approximation have been proposed in order to
extend the validity to higher ionic concentrations.
Taking into account the finite radius of the
central ion introduces a factor

_1
1+[«] a

Py [QDLOOO\/l _
VeiN, 5 2156

= 3041x10710
NG

in the expression for the integration constant
Other extended Debye-Hiickel theories use in
addition higher order terms of the expansion of
the Boltzmann equation. The concept of ionic
association in which associated ions with
valencies; andz within distance

7€

F<rn=-————
80,0 KT

min

behave as a weak electrolyte without, however,
involving their electron shells in a chemical bond
rmin iS called theBjerrum distanceat which the
electrostatic energy of the approaching ions is
equal to KT .

None of these extended theories is really
satisfactory at high ionic strengths. In many
applications it is useful to modify the first order
Debye-Huckel equation by multiplication with
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an empirical dependent factor:

_ | OpET 1 1
V&N, (211000 /I "1+ femey/i

 corr
J

f*"is calledkappafaktorand must be obtained
by numerically fitting the equation to observed
ionic-strength-dependent properties. The equation
for the electrical potential at distance r from the
central ion in first order Debye-Hickel
approximation may be written as

- 5% r
o 4ndr P I

and used for calculating the electrostatic energy
w; of two chargesz and z at the reciprocal
distance 1

" = 2 T
W) = 70 = g n e
We will use the value
reor = r 1
j j 1+ femp\/l_

in this equation to find the electrostatic enthalpy
contribution4H® the binding free enthalp¥G of
a chemical association reaction between
electrically charged reaction partners.

A fitting program Equilibria has been
developed using the ionic strength dependence for
distinguishing ionic and non-ionic binding forces
in association or binding equilibria between
molecules that carry charges but where the free
enthalpy of the reaction includes contributions of
non-ionic origin.

6. ELECTROSTATIC
LIGAND/POLYMER/SOLVENT
INTERACTIONS .

6.1. Standard enthalpies of componentsin
the ligand/polymer system threeategories of
charges are present. the chargd$(CH), H'

d

pair

fixed on the mobile ligand molecules and their
mobile OH countercharges, the charge®O
fixed on the polymer chain and their mobhg
countercharges, and a third category of mobile
ionic charges resulting from a dissolved strong
electrolyte salt added to the aqueous solvent. The
majority of charges is of the third category.

The electrostatic enthalpies of the ions of the
added strong electrolyte are not explicitly
included but only their ionic strength effect om th
electrostatic enthalpy of the first two categories.

For dilute dissolved species the standard states
are defined as individual solutions with properties
extrapolated from infinite dilution in the selected
solvent to the standard 1 molar concentration. In
the MKSA system of units the usual chemical
volume concentration 1molar =rhollit = 1000
mol.m® The standard enthalpy includes the
enthalpy of non-electrostatic as well as of
electrostatic origin. Whereas the electrostati¢ par
of the standard enthalpy of a charged species can
with reasonable accuracy be calculated from the
electrostatic interactions with other charged
species in the system, a priori calculation of non-
ionic enthalpies is much more difficult. It needs i
most cases a quantum-mechanical approach. Non-
ionic contributions to measured enthalpy values
(e.g. from calorimetric data or other equilibrium
determinations) can be evaluated by subtracting
the calculated electrostatic parts.

For dilute dissolved electrically charged entities
(here, for example a ligand molecule or a binding
site) our definition of the standard enthalpy ie th
enthalpy of one mol of the pure entity (pure =
with properties at in nite dilution in the given
solvent with ionic strength only resulting from the
added strong electrolyte), corrected for
electrostatic enthalpies of its component charges
and their interactions with the solvent at one-
molar concentration.

6.1.1. Standard ligand enthalpyThe standard
electrostatic enthalpy of ligand, dissolved in the
agueous solvent of ionic strength 1, is the additio
of several contributions:

1. The first one isN, times the electrostatic
enthalpy of the charges of the ligand ion (the
electrostatic potential of a single pair of postiv
charges) at their fixed distance

=-N(CH,),H"...."HN(CH,),- = 120x10*°m
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in the ligand molecule, submerged in a solvent
of dielectric constantesoven: @and including the
correction to their electrostatic potential for the
ionic strength of the solvent.

The field energy of the charggezof simple
ion, e.g.Mg"" at infinite dilution in a solvent of
zero ionic strength consists only of its interactio
with the solvent. It depends only on the dielectric
constant of the solvent. By convention this energy
is not considered part of the enthalpy of the ion,
except in the case where the solubility in differen
solvents is discussed. In a solvent of ionic stifeng
| the field energy is lowered by screening of the
charge. This result in a negative enthalpy
compared to a solution of zero ionic strength. The
contribution of the ionic atmosphere to the
potential was obtained as

4% (1 —

e—r /rj) .
Aangdr

Wom(r) =

. —1/rj
For small value ofr using l-e  )=r/ r|
the expression becomes

2a2
N ,z5eg

N A w centralion =

By this charging procedure the central charge
and the potential generated at its position are
simultaneously increased to their final values.
Since temperature and volume are held constant
during charging (changes in their values have not
been explicitly accounted for) the dissipated
energy n; Naw, for a solution containingn
screened ions becomes part of the internal energy
of the system.

The difference between a simple divalent ion
and the two monovalent ionic states at a fixed
distance on the same ligand molecule does not
affect the resulting screening energy since central
ion size is neglected in the first order
approximation. It would be accounted for in the
empirical correction factor that corrects for this
and other size influences.

2. The second contribution comes from the
counterions and is equal to two times the

S 4mo0r,

_ Z&
llJatm(r - 0) ATT DOD rj

The electrostatic energy, of a chargey at the
potential  is qw. We cannot simply obtain the
energy of the central chargege by its
multiplication with the potentialy,(0) because
the central charge itself is origin @fy, . We
obtain the field energy of the central charge with
its surrounding ion cloud by a charging procedure
in which the central chargge, is replaced by a
chargezie, and its energy in the potential(0)
is

By integrating ove# when it changes from 0 to
1 the molar screening energy for one mol of ions
is obtained as:

2a2
N Z5€g

fvd)\ = - ——A10
0 AT OO0 T,

1
3

electrostatic enthalpy ofNA mobile counterions
OH at infinite dilution, corrected for the
dielectric constant and the ionic strength of the
solvent. The factor 2 is included because the
standard state of the mobile ions is 1 molar. By
definition the electrostatic enthalpy of an isotate
charge, separated infinitely from all other charges
is zero. The electrostatic enthalpy at infinite
dilution of a mobile counterion can only come
from its interaction with the dipolar molecules of
the solvent and with the average distributed
opposite charge of the ionic atmosphere supplied
by the ionic strength of the solvent. The first
interaction is taken into account by the dielectric
constant of the solvent; it does not contribute to
the electrostatic ion enthalpy. The screening
interaction of theOH™ ion is calculated by the
above charging procedure. The sum of the ligand
ion screening energy and that of t@d1 ions is

the electrostatic standard enthalpy of one mol
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dissolved ligand molecules.

3. The third contribution is the work required
for bringing N, ligands with A, fixed charges
and their N, mobile counterions in a common
volume of one liter. As in the case of an ideal, gas
the volume compression work done on neutral
non-interacting ligands does not change their
enthalpy. The electrostatic work to bring the
charged parts associated with ligands and
counterions from infinite dilution to the one-molar
standard state of the ligand is the opposite wérk o
moving them to infinity, starting from the initial
distance distribution at one-molar concentration.
This is equivalent to removing from the ionic
strength the contribution of ligand and counterion
charges. The standard ligand enthalpy as a result
of the interaction with screening ions is then give

by:
VI

3x3041 x10710

o — _NA(4+2)¢
o an O

where the ligand and counterion charges are not
included in I. The factor (4 + 2) accounts fgr
mol of divalent ligand ionszf,ig = 4) and & mol
of univalentOH Zoy = 1)

Neglecting small entropy changes caused by the
charging procedure, the system free enthalpy

change by dissolving moles of ligand is:
acl, = -n N0 228
A0  3x3041x107%°

In a reaction mixture the Oldounterions of the
ionized ligand will have been neutralized by H
counterions of the polymer at preparation of the
mixture. Their contribution to a separate solution
of ligands must not be included in the reaction
enthalpy of formation of encounter complexes or
bound states in a pre-prepared mixture of ligand
and polymer chains. (This would not apply for
calorimetric measurements where the heat of
mixing must be included).

6.1.2.Polymer chain enthalpyWe measure the
concentration of the polymer not in number of
moles of chains in the standard volume, but in
number of monomeric units of which the chains of
average lengthn are composed. The standard

enthalpy of a polymer chain will therefore be
defined as the enthalpy of hypothetical one molar
solution of chains, each with the enthalpy of a
chain at infinite dilution. With it screened ionic
phosphate ions the chain at infinite dilution may
be considered as a droplet of extremely high
concentration of n ions with 6 x 78m distances
from each other in the chain volume. The
screening of the ions will be completely different
from the Debye-Hlickel model considered before.
For most of the ions screening as envisioned by
Bjerrum will apply, in which many phosphates are
in their neutral undissociated state. At infinite
dilution the chain occupies a volume nearly equal
to the encounter volume and carries an effective
chargezpneo, much smaller than that afionizable
phosphate groups. This charged chain will then
still be surrounded by a cloud of screening ions
with a prolate ellipsoidal instead of a spherical
distribution. The one molar standard solution of
polycytidine chains contaird, x n nucleotides. A
rather crude approximation for the standard
enthalpy of the screened ionized chains would
then be obtained by using the same approach as
for dissolved ligand molecules but with the central
charge equal to the effective chain charge.

The standard polymer chain enthalpy is
expressed by an equation similar to that for the
ligands, but the charge factNA(nqz) for n non-
interacting ions with valencies as in the case of

dissolved ligands, must be replaced by an
effective charge numbeMNaz->, The ionic
strength

_1x,
=225

will include the counterions. All corrections for
non-shericity will be implicitly accounted for in
the average chain charge:

H 0 — N AZI%neO2 ’\/I_
P 41 0,0 3 x 3.041

x 10 10

The unknown valency factor may be obtained
by least-square fitting procedures for measured
data (e.g. conductivities, binding constants) from
systems of different concentrations.

6.1.3. Encounter pair enthalpy The standard
enthalpy of encounter complexes is then the
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standard chain enthalpy according to this & d.

.. . . AHO - N ex enc
definition, but each chain associated at the A4 L a0 d, p- 3041 X101

encounter contact distance with an unbound
ligand. The standard enthalpy of an encounter pair
differs from that of the chain plus that of theefre
ligand by the addition of the field energy of the
charged ligand and the charged chain in each
others field at the encounter distance. The
screening enthalpies of ligand and chain are not
changed very much by the association so At

for the formation of the encounter pair (in which
these reactant enthalpies are again subtracted) is
practically identical with this added field energy.
The electrostatic energy;vof two chargeg; and

z at the reciprocal distancerMas obtained as:

wherez_is the valency of the ligand amg, the
effective valency of the chain. This equation has
been used in Section 1.4.2 to obtain an estimate
for Kap .

6.1.4. Bound state enthalpies The bound
ligand enthalpy includes contributions of
electrostatic as well as contributions of non-
electrostatic origin. The one molar standard
solution of isolated bound ligands is represented
by a solution of one mol of ligand, each bound to
1/g monomers on chains of length. The

z 263 r electrostatic  bond interactions  with  the
w;(r) = ze(r) = amnnr P polyelectrolyte backbone for one mol nucleation
Mo T ‘i bonds are accounted for additively in the standard
L enthalpy but neighboring interaction enthalpies of
This gives growth bonds and the electrostatic work for
screening the non-occupied binding sites are not
included.
0o - $ ooV, N\@& T
AHbond - NAZ_ZB—eXp_ +
A1t 00 dypog 3041 x10%°  4m O] 3x3.041x107°

Zz is the valency of the binding site. The last
term arises from the disappearance of the
screening energy of the ligand when it reacts with
a binding site. With a bond distance 3.3 x'ién
and valencies, = 2 andzz = -2 atl = 0.025
lit. mol™* this equation predict$H® = -16.&Jmd ™"
andK = 69.1mol.lit"™". Although his corresponds
to the experimentally observed valuelgf it is
very improbable thadl,.ng can be as small as 3.3 x
10"° m in view of the large discrepancy of the
charge separations in the ligand and in the chain.
Appreciable configuration changes of the chain
would be required to obtain such a small bond
distance dyong @and the non-ionicdG, of these
configuration changes should also contribute to
value ofK,,. The electrostatic part of the standard
enthalpy of one mol of growth bonds is similar to
the enthalpy of a nucleation bond but the effective
dwona May be different because other configuration
changes may be involved. The non-ionic
interaction between neighboring ligands is mostly
responsible for the cooperativity factgr Non-
ionic interactions will be discussed in later sewti

(cf. 6.3.1).

6.2. Charge interaction influence on rate of
encounter. The rate constant of encounter of two
neutral particles A and B moving at random in a
viscous medium to a mutual encounter distance
denciS

k&nc = 4T[I\IA X (HA + H'B) Xdenc

This applies to spherical particles with diffusion
coefficientsus = kT/fa andug = kT/fz and friction
coefficients according to Stokes lafw= 6uyr;,
wherer; is the radius of the spherical particle

An estimate for the (diffusion controlled)
encounter rate constankgk. for ligand-polymer
chain encounter is obtained from the sum of
diffusion coefficientsua + xpn and the encounter
distancede,. to the polymer chaif®. The volume
Vehain €Nclosing the polymer chain is the volume of
a cylinder with radius g2 and lengthp, = ndy,
whered,, is the distance between the monomeric
phosphates of the polymeric chaity, includes
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the bound ligands. The diffusion volung, has
the same volume as.y, but has a spherical
shape. The sum of the radius of the diffusion
volume and the ligand radiu%/2 approximates
the average encounter distandg,. when the
diffusing ligand (arriving from the total space
angle 4) reaches the surface of the diffusion
volume.

This leads to:

_d + Ve Y3

denc =2 (
2 (@13
and

Ke, = 4TNAX (Hy) X 0o X 1000

This expression givekgencin lit.mol™'s* when
un + ug is given inn’s ™t and length quantitiegs;
di; Pien; denc are given in m. For charged patrticles
the effects of mutual attraction or repulsion péay
role when the the electrostatic (force times
distance) between the particles becomes
comparable with their average kinetic enekdy
This occurs athe Bjerrum distance:

Lo %8
% @nOo) xkT

The rate constant for reaching the distadgg
is modified by the factor

rBi / denc
s,
exp—-
P4

-1

enc

Is.
Knune = A7NAX (Hp * fig ) X——
exp— -1

enc

Since the encounter process is not accompanied
by changes in the physical properties of the ligand
nor the polymer the relaxation experiments do not
directly show the encounter relaxation.

6.3. Electrostatics of ligand binding
equilibria. The total free enthalpy of reaction
calculated from the measured equilibrium
products at = 0 is:

AG% . = RTINK,,c = —15.5kJ.mol*
4G = RTINKy 0, = —26.8 kJ.mol*

At | =0.025 mol/lit these values are:
AG% .. = RTINK, ,c = —10.5kJ.morl*

AGOgrow = RTIanrow = - 21.9kJ.moT1

These enthalpies include the electrostatic work
for the formation of the encounter pair as well as
the final electrostatic work of stable bond
formation when the encounter pair transforms into
the bound state. They also include any other non-
ionic standard free enthalpy changes in ligand,
polymer chain, counter ions and solvation upon
binding

The reaction 2 N(CH3)H" + 2 "OP—-is not a
neutralization likeH™ + OH™, although balancing
counterions may have neutralized this way when
the reaction mixture was prepared. It might
involve, if steric conditions allow, the formation
of a pair of strongly polarized heteronuclear
hydrogen bond- N* — H — O P—and release of 4
or more HO molecules formerly solvating the
ligand and polymer chargesN(CH3)}H" and ~
OP-. For this kind of binding the smallest final
charge separation distancé,,n¢ would be
equivalent to the length of a heteronuclear
intramolecularN — H — Ohydrogen bond. This
would be between 1.0 and i2°. The dielectric
permittivity of the surrounding environment of
this bond can be less than that of water because
some water molecules are excluded by the
surrounding organic patrt.

2 dbond
Wbond = NA ;-ZQ) X Ir'zdr X OOOlkJmO| 1
4o, o
2 exp - M
W = —NA_A%&% 3057 x10°1°
bond
4t OO dyong

z and zz are the effective valencies. Even
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assuming that the dielectric constaat=78.5 in
water) remains unchanged during the structural
transition from the encounter complex to the bound
ligand the electrostatic work of bond formation
With Opong = 1.2:10'° mis —57.9kjoule.mot* atl =

0 if we take the effective valenciggaq = 2 and
Zbindingsite= 2. Th|S iS more than thﬁi'\’oformation =
15.5 kjoule.mot* = AH° — T4S’ obtained from
measurement of the equilibrium productlat O.
Either the effective bond distance must be larger
than 1.2 or there must be a large non-ionic
contribution ta4G%mation OF bOth.

The reaction between the ligand and the
polymer chain 2— N(CH3)H" + 2 OP -
involves:

- the two ligand ions and two polymer ions
making a bound state with negative (dependent on
ionic strengthp\

ionicdistancechange
- neutralization of two pairs of screened
counterionsH® and OH™ with standard screening
enthalpies

N eam 0] [x]
3 ,

giving a negativeA =-114.2

counteriomeutralizdion
kJ.mol™ atl = 0. The neutralization at finiteof

the screened ions decreas®s, The
neutralizdion

neutralization enthalpy would only appear in
calorimetric measurements when the reaction
mixture is prepared. It plays no role in optically
measured binding constants in the reaction
mixture.

Note. The calorimetrically measured heat of neutraloratof H*
with OH™ is 4y = —57.1kJ.mof* as measured from the reaction
betweenHCIl andNaOH With CH3COOHandNaOH it is AH® = —
55.9kJ.mo". The difference is +1.kJ.mof*. This is because
CH3COOH s a weak acid that must firrst dissociate iktd and
CH3COO ions. This process is accompanied by the absaormfo
energy, the heat of dissociation®@f;COOH in H,O. Therefore, the
overall liberated energy upon neutralization of tgcecid with
NaOH is somewhat less than 57%&I.mot™. Conversely the binding
of anH" ion to aCH;OO must have a reaction enthalgy, of —1.2
kJ.mot™ Here the final distance betwekr andCH,OO" is almost
zero (the bond is stil polar), therefore one wangect (as a result of
the foregoing equations) that the electrostatickwafr bringing the
charges together must be considerably larger. Muidhis work is
absorbed, however, to change the configuratiomefionic—-COO
quantum state, into the very different configunataf the neutra
COOH radical. In the ionic state the negative chargeshared
between the two oxygen atoms. The distances toatiwn atom and
the energies of the binding orbitals are very déife from the neutral
molecule. One concludes that most of the work nééoleseparating
the oppositely charged ions at the dissociatiorCBECOOH into
ions is driven by the large energy difference betwethese

configurations. In the case of the ionic dissooatiof H,0, or

alcohols, there is not such a quantum mechaniéfereince between
the configurations of the neutral molecule andrthgative ion. This
exemplifies the fact that the electrostatic worlneldy ion motion
may not alone be responsible for bond formation maty be
accompanied by other work of enthalpic or entrapéture due to
atomic or molecular configuration changes in thection.

- configuration changes withcon and T Aggons OF
positive or negative signs. Only in rare cases are
these configuration changes predictable. The
configuration change may also involve the
solvent, e.g. in the case of dimer association.
Water molecules solvating non-polar parts of a
molecule may be restricted in their orientational
degrees of freedom. Upon association to a dimer
this restriction is removed for water molecules
that were solvating non-polar surfaces that are
now in direct contact. Removing the restriction for
the liberated water molecules creates a positive
reaction free enthalpy that stabilizes the dimeric
form. The contribution A4H%;nicaistancechange IS
recognizable by its dependence on ionic strength.

6.3.1. Non-ionic contributions to ligand
binding. It is possible that the electrostatic work
done by bringing together opposite charges is not
converted completely into heat of reaction, but
partially transformed into potential mechanical
work, saved and stored in the force field of some
non-randomly selected mechanical degrees of
freedom of the product species. Then the
electrostatic contributiodH® is compensated by
an opposite amount of enthalpy of mechanical

origin, which must already be included in
> Homemst. If there is complete conversion of

electrostatic work of binding in configurationally
work the net electrostatic heat of reactitti®® is
zero. The ionic strength dependent attractive
electrostatic forces between the opposite charges
on ligand and polymer then still do contribute to
the chemical binding but do not generate heat of
reaction. The electrostatic work is transformea int
work of structural mechanical forces present only
in the bound state. The standard free enthalpy of
the bound state must then already include the work
of the structural forces. The partial electrical to
mechanical conversion is not improbable in the
present case, because binding of the ligand may be
accompanied by changes in the solvation of the
ligand and the polymer and changes in its folding
conformation.

There may also exist non-ionic interactions
between the bound ligand and the polymer that do
not oppose, but favor the binding stability.
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We write AG° = RTINK as a sum of

contributions of different origin:

RT In K= _AHoionic —A Honon-ionic + TAS)

AH %0 = AH % onic + AH onionic i Measurable as
the heat of reactiontHCq may be obtained from
the foregoing theoretical equations  of
electrostatics, but knowledge of the bond distance
and the equivalent valency factors is required. The
bond distance is the distance between effective
centers of charge on the ligand and its polymeric
counterpartAHonon.ionic can be obtained from the
differencedH% o = AH %nic. A priory calculations
of AH%,. are difficult: they require detailed
knowledge of the structural configuration changes
and corresponding quantum-mechanical energy
differences.AG% on.ionic IS the difference between
measured 4G° (from equilibrium data) and
calculatedtHC e (from electrostatics). It contains
enthalpic and entropic contributions of non-
electrostatic origin:

AGonon-ionic =4 Honon-ionic_ T4 g)non-ionic.

The entropy term is dominant in the present
case.

7.NUMERIC CALCULATION OF NON-
IONIC BINDING CONTRIBUTIONS

From a set of measured valueskgf. andKgo
under different conditions of ionic strengtltone
can obtain the best Fltting value 6% ionic tO
the theoretical model:

RTan(I ) measured— AGOnon ionic T

0 .
AH ionic(l) calculated.

A computer progrankquilibria was developed
for this purpose. It has been used for measured
sets Knudl) and Kgon(l) as a function ofl.

-10000

-11000|
-12000 |
-13000|
-14000

-15000

Y-Axis: Binding Enthalpy, J/mol
— — measured values

0.1

X-Axis: lonic strength
—— calculated values

Fig. 2. Fit of Ky, with program Equilibria.
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Table 3
Block lonic strength, K_eq
M M~

K nuc 0.0000 515
K nuc 0.0025 331
K nuc 0.0050 211
K nuc 0.0100 167
K nue 0.0200 73
K nue 0.0500 56
K nuc 0.1000 48

The non-linear least-squares algorithm simultangoogtimizes the

correction factof in

corr —

|"‘
J
) 1+ f O/

and the value ofiG%,,,, ionicfor fixed m(z2) = —4;£=78.5.

values ofly,ng the empirical

Table 4
I, M Knue, M2
0.0000 00515.0000
0.0025 00331.0000
0.0050 00211.0000
0.0100 00167.0000
0.0200 00073.0000
0.0500 00056.0000
0.1000 00048.0000

ForK,. | = 0 the results are:

AH%onic = —6.15kJ.moTY; dpong= 11.51 107%m; 4G 01 ionic = —9.55kJ.mol™; AGga = —15.47kJ.mof™; f= +11.36

Table 5
I, M Karow M
0.0000 51500.0000
0.0025 36400.0000
0.0050 23200.0000
0.0100 18400.0000
0.0200 08000.0000
0.0500 06200.0000
0.1000 05300.0000
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ForKgeow, | = 0 the results aretH%pc = —6.03kJ.mol™ ; dpong= 11.74 10°m
AGon ionic = —21.18kJ.moTl* ; AG g = —26.88kJ.mol"; f=+10.23

Although these values may have large error The theoretical expression fotH,c used in
bounds because they are very much dependent on these calculations did not distinguish between
the chosen value of m(z) =z and €, they nucleation and growth binding since possible
indicate that the electrostatic part of binding  additional work from electrostatic forces resulting
energy is almost the same for nucleation and for from interacting neighboring ligands was not
growth, and that nucleation involves a substantial considered. This and the considerable error
negative non-ionic energy of formation (larger  bounds on measured valueskdf) and calculated
than that of the electrostatic part) of the isalate values ofAH,. limits the numerical correctness
bound ligand. The ionic part of binding enthalpy  but not the basis of the above conclusions. One
of the growth reaction is similar to that of may compare these results with those obtained for
nucleation. The growth reaction is supported by the dimerization equilibriufifrom spectral data:
additional non-ionic binding.

-10000|

-11000

-12000|

-13000|

-14000

-15000

0.1

Y-Axis: Binding Enthalpy, J/mol X-Axis: lonic strength
— — measured values —— calculated values

Fig. 3. Fit ofKp;, with program Equilibria.
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Table 6
I, M Keg. M7* Kopim,M
0.0200 732 732
0.0450 1499 1499
0.0700 3400 3400
0.1200 6150 6150
0.2200 9355 9366

gives fit parametersn, = +4;¢ = 78.54H%nic = +6:98kJ.mol™ ; dpong= 6.19 10
AH 1on ionic= —23.18kJ.mol%; AH%g = —16.34kJ.mol™ ; f = +5.02

Dimerization is driven by the non-ionic part of
AH %ime. The distance of the repulsive charge
configuration is smaller than in the attractive
configuration with the opposite charges of the
polymer. These values are highly dependent on the
selected values of the dielectric constant and the
effective charge valencies. The quality of least-
squares fitting the ionic strength dependencies of
the equilibrium products to the model that
introduces non-ionic contributions to the binding
can be judged from the graphic representation of
the results in figures 1. to 3.
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CONCLUSIONS

From an energetic view the origin of binding
can be enthalpic, entropic, or both. From the
kinetics viewpoint the process of binding between
two molecules can be diffusion or activation
controlled. For the formation of the weakly bound
encounter pair one expects a diffusion controlled
process. The corresponding very fast relaxation
rate 1#; does not produce an optical extinction
change ak = 500 nm.

The formation of the isolated bound nucleation
ligand is found to be activation controlled. Much
of the activation free enthalpy for the nucleation
reaction may be of entropic origin, probably

caused by a particular folding and alignment
requirements of the polymer and activated
solvation states of the ligand befdniading.

The difference in rate constants for nucleation
and growth is not very large. The activation can
be viewed as a pre-equilibrium between the native
folding state and a local conformation state
comprising a stretch of monomers and their
cytidilic side chains. In the growth reaction the
requirement of desolvation of cooperatively
bound molecules will include activated (partially
desolvated) states of the ligands. The lifetime of
an encounter complex is limited. If the ligand
does not find an activated region on the polymer it
may dissociate again instead of binding. A region
may heal or become stabilized by the binding of a
first ligand (nucleation), but this does not lower
the activation energy required for binding a
second neighbor. The presence of stacks of bound
ligands will delay the rate at which the ligand in
an encounter complex finds a reactive nucleation
or growth binding site. The observed rate
constants can be written as

k;%uc = thlzjt(i:vationklg and k*Rg,DW = Kgég\%tio*lg where
kg is an intrinsic binding rate constant of the
order of 16 - 10s*  and

géjt(i:vation reSp'K agét?\\;vation are equ”ibrium
constants describing an equilibrium of 'reactive’
ligands and 'reactive' binding positions relative t
their native 'nonreactive' state. The activation
process is required in both the forward and reverse
binding process. It influences only the process
rates but not the equilibria. K is of the order
krenoe Which would be required for non-activated
diffusion controlled binding, the lowering tGnyc
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shows K.uive to be of the order 16 - 107, to allow the non-ionic contribution to the binding
equivalent to an activation free enthalpy of up to that it requires an activated desolvation process.
30kJ.mol ™. This is an upper bound because part

of the lowering is caused by the time needed by

the ligand inside the encounter volume to find the REFERENCES
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ligand and at the same time require particular
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Appendix A. Derivation of linearized kinetic equatons

A.1l. The nonlinear equations.The number of unoccupied positions on a chlaiis equal to the chain
length (expressed by the number of binding sitgsmultiplied by the total fraction of unoccupiedes: B,
= NQ(CUp — Capouna)/CUp = NY(1 —Capouna/CUy).

Of these, the fractioB,C,,/CU, gives the number of available nucleation sites 2BiICya1 + Cstacky IS
the number of available growth sites on the polyofetin of an encounter complex.

Once it is formed the ligand in the encounter campeacts with probabilityp= (k* R..TAP)B.Cuu/CUq
resp. (k*RgrowTAP)2By(Cua1 + Cstackd With an available binding site or leaves the emter complex with
probability KDen.TAP TAP= 1/(KDene + K*RaudBuCuud/CUp + K*Ryron2Bu(Cua1 + Cstackg IS the lifetime of an
encounter complex. The non-linear system of kinegjgations is:

dCAf /dt = kRenc CAf CPO /n + kDenc CAP + pDk*Dnuc CuAlu + a)Dk*Dgrow XZ‘I>1 CuAIu

dCAP /dt =+ kRenc CAf CPO /n - kDenc CAP + (1‘pD) k* Dnuc CuAlu + 2(1‘pD) k* Dgrow X z:I>l CuAIu - k*Rnuc I:CuuuCAP
- Z(*Rgrow FCuAleAP - z(*Rgrow FCstackguo CAP '

dCuu/dt = +K pnue Cuatu+ 2<*Dgrow Y1 Cuatu— K rnue FCuuCap — 2<*RgrOV\FCuAleAP - 2<*Rgrow CstackCuoCap
dCuar/dt = +K ruuc FCuuCap + 2<*Dgrow Cuazu— K pnue Cuatu— Z{RgrOV\FCuAluCAP

dCyaz/dt = + 2<*Rgrow FCua1lap + Z{Dgrow Cuazu— Z{Dgrow Cuazu— Z<*RgrOV\FCuA2LpAP

dCuaa/dt = 2K rgrow FCunzuCar + 2K bgrow Cunsu— 2KpgrowCunzu— K rgrow FCunzlCap

dCqulu/dt = Z(*Rgrow CunalCap + 2k*Dgrow Cunsu— z(*Dgrow Cungu— Z<*RgrOV\FCuAmK:AP
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Summing the equationsCga/dt for | >1 and introducing the variabléds;Cya= Cstacks aNd Zi51Cuan =
Cstacks+ Cua l€ads to:

dSp1Cunifdt =  OCoddt  +2K rgodCurslCar  +2K pyrouCunss  ~2KogrowCuneu  —2K rgronF CunalCar
+2k*RgI’OV\FCuA2LpAP +2k*Dgf0WCU/-\4U_Zk*DgrOWCuA3u_2k*Rgrov\FCuAmpAP +2k*RgrOV\FCuA3LCAP +2k*Dgr0WCuA5u
_2k*D9f0WCuA4u_2k*RgrovxFCuA4ucAP

or
dCstack!dt = +Z(*Rgr0\I\FCUA1LCAP +2k*Dgr0WZI>2F(CuAIu_ CuAI—lLD

Since
Z|>2 (CuAIu - CuAI—lu) = z"I>2CuAIu _ZI>1 uAlu — (2I>1CuAIu - CuAZu_ CuAlLD (2I>1 uAlu — CuAlLD _CuA2u

it follows:
dz"I>1CuAIu/dt = d:stacks: + z<*RgI’OVJ:CUA1lpAP _Z<*DgrowcuA2u

A.1.1. The linearizing expressions. The lineariggstem of kinetic equations is:

dCAf /dt= déAf /dt+ dfo /dt= —kRencfAf Cp, In+ kDencéAj pDk;nuﬁuAu + 2pDk,;ng Mquu
Since the first parthf /dt = 0, there remains

dX, /dt =K Cp/mXy +Kp Xa + Po (Ko, Xuau + 2PoKp,, ) Xstacks

dCAP /dt= kRenCC_ZA Cp, /n—k C_J +(@0- pD)k,’;nucC_:u +2(1- pD)k mw_stacks k FCuuuC
- 2kRng FCaCh ~ ZkRg, chtackSC A

X, /dt=ke Cp/nX, =Ko Xa + (= Pp)Kp, Xuns + 20~ Po)Kp_ X ks ~ Kr, FCuuXa,
~Ke, FCapXuu = 2Kz F(CupiXs, = 2K FCyaadXa, — 2Kz FC, -2k, .

Ao XuAu FC/-\P X sacks

dC,., /dt = kg Cuny +2Kp, . Coass~ K, FC, Co, —2Kg  F(C,Cp = 2K FCaqdCh

grow

B/ AE=K5 Xy + 2K Kaos —Kr, FCWX, » ~Kry FCo Xouu = 2Kz FCuaXa, = 2Ke  FC. Xy,
- ZkiRng FEQCKSXAP - Zk;gmw FC_:AP Xstacks

dCy, fdt=kg FCCap +2Kp  Cinu =Ko, Cunu = 2Ke, FCux,Ch,

Bn /At =ke FC X + Ke, FCaXuuu + 2Kp X ~ Ko, Xuaw — 2Kg, FCu Xap ~ 2Ke  FCaoXun,
dcstacks/ dt= 2k _FCuChp 2kngW uAu

*

Koo/ At = 2K FCyp Xy + 2K FCp Xy, — 2K

ApXuau ow CUAU

A.1.2. The linearizing equations. The linear systdrkinetic equations is:

X, /dt=—KgenCp /X, +Kp Xy + pokg qu1u+2pDk Dy Xstacks
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Xy, /dt=Ke Cp/NXy -Kp X, -Ke FCuXay —Kg FCu Xy, — 2K

Ap “fuuu Rgrow

FC_:uAluxA -2k’

0 Ryon FCA pXupu
- Zk*Rg,OW FEstackQ(Ap -2k ;g, FCAp Xstacks T (L= PD) anuc Xoau ¥ 2kDg,DW Xstacks

WXy /At =Ky Xupy = 2Kg  FCaXa = 2K FCu Xyny = 2Ke  FCoogXa, —2Kg  FC
—kg FCuuux —Kq FCppXyu + 2kngW X tmcks

X
A P stacks

Xy /At = kg FCLuXa, tKe FCu Xy = 2Ky0uFCauXa, = 2Kg0uFCA Xuay + 2Kp  Xup — Ko Xyag,

A Nuuu grow grow Ao PUAU grow nuc
Moo/ At = 2k FC xAP+2k FC, Xy — 2K

stacks As “MuAu g,OWXquu

uAu

A.1.3. Selection of independent variable$he summation of the variablegfor (I >1) has reduced to six
the number of variables used to derive the kinetjgations. They angy , Xap1, Xuuw Xuatw Xuazw aN0Xsacks
Y1 Xy Au.. The rate of change of variabkga,,does not appear explicitly but is included ygdt. In
view of the two conservation conditions the systdymamics is determined by only four independent
variables. For solving the system we must makeraeient selection of four independent variableg an
express the other ones in terms of the selectapemtient ones.

Linearizing C,,, = C,, K Cp, gives

Xiag = Com@KnueX,, + Ca AKiuXuay
An alternative substitution fog,,iS obtained from
~ _CnOKuCa _ Cuy,

T 1-gKuCa 1 AK,Ca

= (1 qKnuc Af)X 'stacks
from which one gets the linearized expression:

Xau = - qKnucC_:Af) X Xstacks ™ qKnuc(itacksX Xa,
but this applies only ifjK,,.C, A <1

The conservation equation

Chns = Ca, ~Ca, —Cy,

can be used to replacg, = ~Xapound ™ Xa¢

The conservation of monomer units is given by:
CFg) = (1/ g)(Cuuu + CAmund +2x ZCUAU) = (1/ g)(Cuuu + CAmund + 2(CuAlu +Cstacks))
1=1

since eachPy.ung OCCUpies one binding position and each stack anH e&u is flanked by twouua,
which are not counted asiu This leads to the relation

Xouu + XAbound +2x X +2x Xstacks 0

Stacks can be formed Iy u + Ao — uAou, giving the creation of ondy,,ng NO l0ss oluug, loss of one
ua,u and increasing the number of stacks by one. Thearwation equation would lead Qpoung = +1,
Xstacks = +1; X = -1 g|V|ng Q(UULD =~ (XAbound) - 2(Xstack9 - 2(XuAlu) =-1-2+2=-1 thus the
conservation condition requires that the binding@wéAs requires the loss of onaiu A stack can also
be formed by dissociating ai% from uAu and binding it to uAu: uAu + UA;U — UAU + UA1U,
giving Xapouna= 0, X1 = — 1,Xsacks= +1. But the dissociatiomA;u — uuu+Ap is accompanied by = -
Xapound = = 1; Xuuu = +3; Xstacks= 0, Since the two neighboring uua are transformémuuu According to
the conservation condition: $3() — 1(Xabound) — 2(ua1y) = 0. This allows the introduction @&f,oung aS
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independent variable.

dx, [dt==dx,,/dt— 20K,/ dt - 20, /dt

dx, Jdt=-ky X+ 2k FCuAux + 2k FCAP Xypo +Ke FCuuuxAP +Kg. FCAP X,

* Zk;Q'OW FEStaCkSXAP + Zk;gww FCAP XStaCks_ Dgrow xStaCkS_ 4 ;gr FCUAU - 4k;gr FCAP XUA u + 4k;grow Xquu
= 2kg, CuuXa, = 2K, FCapXyuy + 4K FCuuXa, +4Ke  FCu Xon —4Ko  Xinu + 2Kp Xon

After ellmlnatlng compensating terms this becomes.
dXAb /dt = 2k I:CuAlu XAP + 2k* FCAP XuAlu + 2k*Rg,DW FCstacksxAp + 2kl;g,ow FCAP Xstacks_ 2k*ngw Xstacks
- k FCuuux kaC FCAPx +Kkg - Xuau

The system of linear kinetic dlfferentlal equatioow contains expressions foxad /dt, dxap /dt, dk,, /dt,
quAlu /dt, d(stacks/dt and dAbound /dt = in terms Of seven Variables\f(; Xap 3 Xuuw Xualw Xua2u Xstacks XAbound)
of which only four are independent.

As independent variables we use the st; Xy Xuatyu; Xabound)-

The rate equationdx,r /dt and Kgaddt may be omitted since they are implied by thenaiming rate
equations B /dt; dxy,, /dt; dXyar, /dt; Kapound /dt.

Using the substitutions:
XJ&u uAiqunchAf + CAf qKnUCXJAU
and Xstacks = -/ Z)Xjuu Xoau ~ @as 2)Xpbound
XAP = _XAf - Abound
Results in:
X, /dt=-kg Cp/nx, +k, X, + pDk Xua L+ 2PoKg
Becomes
Cb(Af /dt = _kRencCPO / n X - k X - kDenc Abound pD DnchUAlu
o, /dt= k,;nucx ‘Zk*Rg, FCu,iux ZKRW FC, X,
- 2kRng A Xstacks gmwxstacks
becomes

% /dt= k; Xuﬁu + 2k FCu&uXAf + 2k FCu&u X'%oun 2kRg FCAD XuAlu + k& uquAf kR7 UUX'%ound
- 2kRQ FCAD Abound kR‘r FCA quu + 2kRg taCkg(Af + 2kRJrow FC tackg('%ound kRQ FC X ound * ZkRJrOW FCAD XUAiu

Dgrow stacks

QTOWXUUJ 2 pD grow XUAlu pD kD
k FC X k&uc FCAD )(UUU - ;grow FCStaCkg(Ap

X
grow A)ound

UAU Ao Au uuu”As

+ kRgrow FEAP uuu - k;grow XUUU - 2k;grow XUA}.U - k;grow A)ound

0, /At = kg FCuquA, +kg FC_lpp X, — 2K Rg FCuAux Zk;grow FC_lAD Xopu t 2kE,ngqu2u —Kp_ Xuau
becomes

dx,,,, /dt = —kg FCuuux — kg FCuquAb otk FCApquu 2Kg FCuAux A t2Ke  FCupuXa,,..,
—2kngw FCA Xuau +2kngw FCuAqunuchf +2k FC KoueXugu = k - Xuau
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ox A [dt = 2k FCu auXa, + 2k _FC A X T ZKRW FCyackXa, + 2kRgmw FCAP Xstacks ™ ZKp, ., Xstacks
- k FCuuux kac FCApquu + kDnuc Xuau
becomes

dXA;)ound / dt = _2k FCUA.tuX - 2kRgrow FCUAUXAmund + 2kRgrow FCAP XUAIU - 2kRgrow FCStaCksxA - 2kRgr FCStaCKSXAJound
- k FCAD XUUU - 2kRgr FCAP XUA u - kRgruwCAP XA)OIJI’\G + kDgroW XUUU + 2kDgroWXUAlu + kDgruw XAJUUFI + k FCuuu
+ k FCuquAb kpm FCAPquu + anchUAu
For the relaxation matrix we get

XAf a; 3, Q53 Ay X/-\f

X a, a,, a,, a
x=Rxx=| " |= 21 Q22 Qo3 Ao | Xuuu

XuAu 83, 83, Agz Agy XAy

| " Aouna | A, Ay Qy3 Ay XA pound

o, /dt= (kg Cp /N—Ky )X,

- pD Dg,owxuuu
(+ pD Dnuc 2pDk grow) UAU
(_kDenc - pD grow) Abound

dxuu/dt =(+2Kg  F(Cupy + Coaaed + Kr,, FCuu) X,
(kg F + k%gm) FCAP ~ Koy

(o, = 2Ko, M Xua

(+k;gr0WF(6AP +2C p + 2C000 + Ky FCluy = Koo XA

quAlu /dt = (_k;nuc I:C_:uuu + Zk;grow FC_:UAU + 2k*Dg,OW6uAlqunuc) XAf

+ kg FCy Xy
(-2ky  FC, —k5 +2ky  C, qK o) Xun
(K. FCuu + 2Kg,,,, FCu )%,
dx,, /At =(-2kg  FCyu — 2Ky FCoust ki, FCuuu)Xa
(-ks,.,FCy +ko ~Ke FCu )X
(+2Ks,., + Ko, ) Xuau
(+kg, FCuu—Kr  F(2Cp +2Cst Co) Ko W
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The elements of the kinetic matrix are:

ail = (_kRencCPO / n - kDenc)
&, =" Pp k;grow
a3 = (+Pokp,, ~2Ppks,,,)

ay, = (-ky, - pDk*D )

enc grow

3 = (+2k*RgrowF(un + Cotaaid + Zk%,ucl:c_:uuu)

%, = (g, F + K3, )FCy, —K'p,0)

83 = (Hho,, — 2p,,)

&, = ("'k;gmwF(EAp + ZC_:UAU + Zastackg + k::;uclzauuu - ki*agm)

aSl = (_k*RwucFC_:uuu + 2k|;ngFC_:UAtU + ZkBgrow(:JAlqunuc)
3, = +Hg FCy,
%3 = (_2k*RgrOWF6A:’ h k;;nuc + 2kBng6qunUC)

a34 = (_ki*%wcF(_:uuu + 2k;growF6uAu)

a41 = (_Zk*RgrowF(:JA_tu - Zk%mWFC_:StaCkS-i- k;nucFEUULD
a42 = (_k;growFEAP + kTDgrow - k%uucFEAP)

%3 = (+2k*Dgr0W + k*DrlUC)

Ay = (_k;gmwF (ZEuAlu + 2(?stalcks' EAF,) + kTZ)g,W)



