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This paper describes the model used to estimate the parame:ers of caffeine-poly(riboadenylate) (poly(A)) interactions from
corresponding ' H-NMR measurements. The model of insertion and aggregate binding describes the non-cooperative insertion
of a molecule C into an interspace between two monomers of a homopolymer in competition with aggregate binding. It
contains two binding constants, K, for insertion and K, for the interaction of monomeric A units of the polymer with C
molecules in bound aggregates, and two cooperativity parameters, K for the stacking of C molecules within aggregates and
which is thought to be due to conformational adaptation of the polymer to those bound aggregates which cover more than one
A unit. In contrast to other models, the size of a binding site (within the aggregates) is less than one monomeric unit, with n
denoting the maximum number of C molecules per A unit in bound aggregates. The model is developed for general n by means
of the method of sequence-generating functions. For n = 2 and n = 3, the correctness of the model treatment was checked by
the matrix method. The model is applicable to the binding of aggregates to homopolymers, which are flexible enough to fit

their structure to the aggregates.

1. Introduction

The binding of caffeine to poly(riboadenylate)
was investigated by NMR spectroscopy. The aim
of these studies was to determine the structure of
the caffeine-poly(A) complex as a model for the
caffeine-DNA complex [2]. Analogously to ref. 1,
this paper deals with the choice of a proper model
for the description of the NMR data and with the
treatment of this model for the purpose of parame-
ter estimation, especially the estirnation of interac-
tion shifts characterizing the structure of the com-
plex.

In section 2 the inspection of the NMR data
includes the application of model-free analysis to

* This paper and the preceding one [1] are theoretical counter-
parts to the paper of ref. 2.
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binding data. This method is very powerful but
seldom used in the literature. Using this method it
becomes apparent that there are two binding
mechanisms which are assumed to be a non-coop-
erative insertion of single caffeine molecules be-
tween two adenine bases of poly(A) and, in com-
petition, binding of caffeine aggregates to poly(A).
Bound aggregates are both bound products of
self-association and outside bound monomers (ag-
gregates of unit length), besides aggregates in solu-
tion. As explained in section 2, the data suggest
that the maximum number, n, of aggregate-bound
caffeine molecules per A unit is greater than one.

The different states of interaction contributing
to the chemical shift are identified in section 3. In
section 3, the binding model is treated. The rela-
tive populations of the different states of interac-
tion are calculated as functions of the total con-
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certrations and the binding paramet.:ss. For gen-
eral n, the method of sequence-generating func-
tions is used. The particular cases n =2 and n=3
were checked by the matrix method. Section 4
explains the procedure of parameter estimation by
means of our general data fitting programme for
non-linear regression analysis.

For a fixed set of binding parameters. the model
behaviour is discussed in section 5. It shows the
binding of an associating ligand to a linear homo-
polymer flexible enough to fit its structure to the
aggregate structure.

The model is treated for the purpose of parame-
ter estimation by means of a computer pro-
gramme. During this treatment. two implicit equa-
tions. the interaction equation and the balance
equatior. must be solved simultaneously. As ihis
probiem is characteristic for complicated binding
models. its solution is demonstrated in the appen-
dix.

2. Choice of a proper model

As in the investigation of caffeine-AMP mixed
association [1]. three A proton chemical shifts
(j = 1-3) and four C proton chemical shifts (j=
4-7) were measured (see fig. 1 of ref. 1). The
titration was done at fixed poly(A) concentration
¢i\. the caffeine concentration c¢- being varied. The
resulting courses of toth A and C proton chemical
shifts vs. ¢¢- are displayed in fig. 2 of ref. 2.

The different courses of 8,5, (¢¢-) and 85, ()
cannot be explained by a single binding mecha-
nism. Particularly. the non-monotonic course of
8124 suggests the existence of at least two binding
mechanisms.

The data shown in fig. 2 of ref. 2 indicate
enlargement of the distance between H8A posi-
tions (situated near the sugar phosphate backbone
in poly(A)) cver the whole ¢- range. i.e.. by both
binding mechanisms. The distance between H2A
positions is also enhanced by the second binding
mechanism, but in the first binding mechanism
these protons are clearly influenced by the ap-
proach of some interaction partner.

From this behaviour, together with seli-associa-
tion of C in solution, the two mechanisms may be
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Fig. 1. 8,34 as a binding state-specific signal plotted vs.
r,=ct /¢t for ci; = 0.051 M and ci» = 0.095 M. The choice of
some constant values of 8z, defining certain binding states
(each characterized by its binding ratio r) is indicated by
horizontal lines. As equal binding states correspond to equal
caffeine concentrations in solution ccg. the values of r and ccg
may be estimated from their intersections wit:- the curves by
chy = ccg + el and ¢k = ccs + rei- Additionally. as a result
of this model-free analysis. 8;;34 as a function of r was in-
troduced. taking the numerical values on the abscissa to be
values of r instead of r.

specified to be (1) insertion of single C monomers
between A units and (2) binding of C aggregates at
poly(A), where n, the maximum number of aggre-
gate-bound C molecules per A unit, has a value
greater than one. For stereochemical reasons, n =2
has been assumed (see section 6).

In order to confirm these assumptions, model-
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Fig. 2. The binding ratio as constructed by model-free analysis
(see fig. 1) shown as a function of the caffeine concentration in
solution (r(ccg). lower curve) and of the concentration of free
monomeric caffeine (r(c¢). upper curve), taking into account
Ahe self-association of caffeine. The open circles correspond to
the two binding states indicated by horizontal lines in fig. 1.
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free analysis has been performed in a similar way
to those described in refs. 3—7. Being Intensive
quantities [1] which reflect the extent of binding, r,
the measured chemical shifts of A protons are
directly applicable as polymer state specific sig-
nals. 854 has been chosen because of its most
pronounced a..d monotonic dependence on caf-
feine concentration. As usual, from iwo titrations
at different polymer concentrations c}, the bind-
ing ratio r (sum of concentrations of all caffeine
bound by any binding mechanism//total con-
centration of A units) has been derived as a func-
tion of the caffeine concentration not bound to
poly(A) (fig. 1). Taking into account the self-as-
sociation of caffeine as resulting from ref. 2. we
obtain a plot of r vs. the concentration of free
monomeric caffeine ¢, which clearly indicates the
onset of a second binding mechanism with en-
hanced amounts of caffeine bound per A unit at
high caffzine concentrations (fig. 2).

Furthermore, as any constant value of &y,
specifies a value of r, a plot of 8,334 vs. r may be
drawn, which is additionally introduced in fig. 1.
If there were only one type of binding with a
single interaction shift, the chemical shift (8yg,)
should exhibit a linear dependence on r. There-
fore, its obvious deviation from a straight line also
shows that more than one binding mechanism is
indicated in the measured signal.

These results suggest a model that contains
beside the insertion of single caffeine molecules
between two A units an outside aggregate binding
with more than one éaffeine per A unit.

3. Statistical treatment of the binding model

Models that describe structural transitions or
ligand binding on linear polymers regarding spe-
cial binding mechanisms have been aerived from
statistical thermodynamics by either the matrix
method or the method of sequence-generating
functions [12-16] and other equivalent methods
[17,18]. Ref. 10 must be considered in connection
with refs. 14, 20, and 21. In our case, the method
of sequence-generating functicns has the ad-
vantage that it refers to any number of caffeine
molecules bound per A unit in aggregated form.

The case of general n is intentionally treated both
to demonstrate the general applicability of the
method of sequence-generating functions and to
provide formulas for cases where n must be as-
sumed to be greater than two.

3.1. Introduction of sratistical weight

In this binding model, KX, is the equilibrium
constant of insertion and K, that of the first
caffeine-adenine binding contact in bound aggre-
gates. If, however, an aggregate covers more than
one A, then its binding constant is K, at the first
A, but the binding contact at each of the following
As contributes a factor of K,7. This means that
K,7 is a (dimensionless) measure of cooperativity
(see section 5) concerning the interaction (via con-
formation changes of the backbone) of occupied A
units. To minimize the number of parameters. 7 is
assumed equal at each subsequent binding contact.
Kcc describes the stacking interaction of
neighbouring caffeine molecules in bound aggre-
gates as well as in aggregates in solution. The
maximum number of Cs that bind per monomeric
unit of poly(A) in aggregate binding is n.

In the method of sequence-generating func-
tions, three states (fig. 3) of A units are considered.
viz., free, inserted and aggregate-bound, desig-
nated by u, v and w, respectively. We define a
chain element to comprise one A and its right-hand
interspace. .

The notation ‘u’ is used only if an A unit
together with its full right-hand interspace is not
occupied by any ligand. Unoccupied states which
do not meet this condition are considered as gaps
within sequences of bound aggregates, i.e., as w
states.

The notation ‘v’ is used for an A unit with a
caffeine molecule inserted in its right-hand inter-
space. The next A-unit, as influenced by the in-
serted caffeine as well, is assumed not to be a
possible binding contact for aggregates, for steric
reasons. Although not stringent at large n, this
assumption is reasonable for n =2 as used in the
evaluation of caffeine-poly(A) data. Moreover, this
assumption may easily be lifted in the derivation
of sequence-generating functions.

In order to calculate the sequence-generating
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Fig. 3. States and s=quences illustrating the formation of sequence-generating functions (for n = 2). (a) Possible states of a single chain
element. Note that w; may only be followed by wy or w,. These five states are exactly those that have been used for n = 2 to apply the
matrix method to this system of interaction. Dashed lines always indicate adenine bases that no longer belong to the element under
consideration but mark the right oorder of interspace. (b and c¢) Demonstration of aggregate binding (reduced in scale). (b) Examples
of non-interrupted w sequences without and with a gap of type a. (uw,w,w,u) Gapless aggregate which starts and stops at a binding
contact; number of binding contacts covered & = 3. number of caffeine molecules comprised m = (kK — 1)n + 1 = 5. (uwywaw,u) Gapless
aggregate with both continuation to the right and to the left. (uw,w,wu) w sequence containing a type a gap (unit length being
maximum length for n = 2). (c) Distinction between gaps of type b and an interruption of a w sequence. (uwsw;w,u) Type b gap of unit
Iength. (uw,w,w;u) Type b gap of maximum length of 27 —2 = 2. (uw,uwu) Interrupted w sequence. consisting of two gapless
aggregates of unit length. one of them with a continuation to the right.

functions. relative statistical weights are intro-
duced containing contributions from binding states
(symbolized by g) and interactions (denoted by v).
In particular, y,, =1 denotes no interaction and
Y,, = O forbidden sequences. In detail, the model
assumes:

g.=1

g.= K,c where ¢ denotes the free monomeric
ligand concentration,

Y., =lforx=u,vandy=u,v

as no interaction is assumed in all these cases.
For aggregate binding the situation is more

complicated. The statiztical weight of a w state

consisting of an aggregate that comprises m Cs

and covers k& binding contacts without any gap is
given by (fig. 3b))

m—=1 k—1
8mr = ¢(Kccc) K,(K,7) (1)
The treatment of gaps within sequences of bound
aggregates will be discussed below (fig. 3b and c).

3.2. Calculation of the sequence-generaring functions

U, is the sequence-generating function for a

sequence of states u preceded by a state v.

o -
U=y u, x™ 2)
j=1

where u ; is the statistical weight of a sequence of j
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states u preceded by a state v
uvj = YvugleYt{u—l = 1 (3)

The result is

1
U,=7—7 (4)
The calculation of U, yields the same result
Similarly,
V,= Z v, jx_j (6)
Jj=1
where
vuj=yuvg{:.y‘{v_l = (ch)j (7)
-The result is
K,c
ket b 8
Y x— K¢ ®)
and: again
V.=V,.=V (9)

The determination of W, and W, is much more
complicated. Aggregates that start from a binding
contact must not follow state v, for steric reasons.
They may, however, follow state u. Therefore, W,
and W, indeed, differ from one another. If, how-
ever, this assumption is lifted, they are identical to
one other.

For the discussion intended, it is convenient to
consider first of all, gapless aggregates that start
from and stop at binding contacts (fig. 3b). Their
continuations to the left and to the right (at the
border to states u or v) and the gaps within
sequences of aggregates will be dealt with sep-
arately (fig. 3b and c).

For such aggregates, eq. 1 applies with m = (k
— Dr+1.

(k—~1)n k~1
g(k—l)n+1.k=C(ch‘-') K,(K,7) (10)

The power of x that must be muliiplied with
aggregate weights has to be considered carefully. x
is the partition function per monomeric unit. A

monomeric unit comprises one A and its right-hand
interspace. Therefore, the aggregates under consid-
eration affect & monomeric units and contribute
the factor x%.

The contribution to W (whether W, or W) of
such gapless aggregates (GLA) of length of A =1,
ork=2,0r ...,1is

— (k=1
8oia= 2 cKyx 'K r(Kcce) x7']
k=1
cK,
X = Kz“'(chC)"

(11)

Continuations to the left (CL) (fig. 3b) of length
of 0or1or ... n—1 contribute to g5, 4 the factor

n—1
ger=1+x7"' 3 (Kcce)
i=1
1 ch‘-’_(chC)n

=1+x T (12)

because any continuation to tine left, except of
length O, covers an additional monomeric unit (via
its interspace).

Continuations to the right (CR) (fig. 3b and ¢)

of length O or 1 or ... n — 1 contribute to gg; A the
factor
n—1 n
i 1—=(Kccc)
gCR_1+i§:l (KCCC) - 1 '_KCCC (13)

because no continuation to the right covers an
additioral monomeric unit.

According to the assumption that an A-unit
neighbouring an inserted caffeine cannot be a
binding contact of an aggregate-bound caffeine,
state v can only precede state w if there is a
left-hand continuation (CL) of non-zero length
representing caffeine molecules {partly) covering
the preceding interspace. Therefore,

gcruw = 8cL (14
but
BcLv=8cL— 1 (15)

Exclusively this causes the difference between W,
and W,.
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Fig. 4. Maximum size of gaps of type a or b for n=4. (a)
n-1=3()Y2n-2=6.

Yet. gaps within sequences of aggregates must
be considered. Gaps may be of two types: (a)
those not covering binding contacts (GNB) (fig.
3b): (b) those covering one binding contact (GCB)
(fig. 3c). Their contributions to W will now be
discussed.

One should proceed carefully with these consid-
crations because the introduction of too large a
sap of type b might create a state u (fig. 3¢). Gaps
of type a are of length n — 1 at most (see fig 4).

From combinatorics we find #n — j ways to place
such a gap of length j by removing j neighbouring
C molecules from a sequence of n—-1 C molecules
between neighbouring gapless aggregates. thereby
climinating j + 1 CC contacts. Conversely, with i
denoting the number of C molecules not removed
by forming the gap. (i < n-2). there are i + 1 ways
of distributing them to the left and to the right of
the gap. This way we find that (i +j=»n — 1) type
a gaps of length 1 or 2 or ... n — 1 have the weight
(where the sum reads backwards)

n—2
Honpg = Z (i+ 1) Kc('C)'
=0
n-1 —-n
K ¢ 1—(XK
= — (Keee) n— ( CCC)_I (16)
- Koo |7 T2 (Keeo)

where i = 0 describes an empty interspace between
two occupied neighbouring binding contacts. Any
additional factor x~' does not appear. since no
additional monomeric unit is covered by putting a
gap of type a between gapless aggregates.

Gaps of type b are at most of length 2n—2

because at least one C must be attached to the
right gapless aggregate (see fig. 4). Otherwise this
would give rise to a state u contradicting our
definition of a gap (fig. 3c).

Large gaps with # <j < 2n — 2 C molecules re-
moved may be treated in a similar way to type a
gaps with an additional factor of K¢ contrib-
uted by the unremovable right-hand CC contact.
Smaller gaps with 1 <j <n are restricted by the
condition that they must cover the binding con-
tact, otherwise being type a gaps. There are j ways
of creating small gaps of length j, giving rise to
2n — 1 — i possibilities for putting n<i<2n—2
C molecules to the left or to the right. Therefore,
(i+j=2n—1) type b gaps of length of 1 or 2 or
--- 2n — 2 have the weight

n—1
8o = [ Z i KCCC)'

i=0

2n-2
+ Y (2n-1 —i)(KCCc)'}x_1

x7!

a- KC(‘C)2

X [1 = (Keee)"][ Kece = (Kece)"]  (17)
where i = 0 is a forbidden state with no contribu-
tion, because this would exceed the maximum size
of type b gaps and give rise to a state u (figs. 3c
and 4). The state with i = 1 can be realized only in
one way within a non-interrupted w sequence (fig.
3c). The factor x 7! appears because one additional
monomeric unit of poly(A) is involved in a type b
gap.

Now, all expressions needed are available in
order to formulate W, and W,. The weight of all
possible sequences of aggregates, containing any
number of single gapless aggregates, separated
from each other by type a or b gaps, that are
preceded by u. may be written

W, = g(‘L.ugGLA{l +(8cne + 8cer) 8ora

+[(gGNB+gGCB)gGLA]2+ ~--}8CR (18)

W, is obtained from W, by writing g, , instead of
ZcL..- Any immediate sequence of gaps is forbid-
den in order not to create states u within aggregate
states.
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In a more compact notation W, and therefore
W, may be written as

Ecru8cLa&cr

(19)
1—( Zona + 8cca) 8GLA

w, =

After introducing the expressions just derived

-1 Kecce _(KCCC)"

305
The largest root of eq. 22 is
(28)

Thus, for any value of »n the system equation is
quadratic in x and may be solved for x; analyti-

the final result is
[1 + X

1—K¢eec

]

1

1_____.__.
1—Kccc

{—n(KCCc)"_]+ T— Koo
C

W is obtained from W, by omitting the term ‘1 at
the first position of the first factor in the numera-
tor.

An independent combinatorial derivation of the
sequence-generating functions W, and W, yielded
equivalent results.

3.3. Derivation and solution of the interaction equa-
iion

Now, all the sequence-generating functions are
ready to be introduced into the general interaction
equation for x [12], which (by use of the notation
in eqgs. 5 and 9) may be written as

Gle, x)=1—-UV(W,+ W)

—UW,— VW, — UV=0 (21)

After many rearrangements the result is in a
fairly compact notation, expressed in powers of x,

G(c,x)=x2—Ex~—F=0 (22)
with
E=1—-A+C""'BD—M/(1-C)* (23)
F=Q1+Aa)[mM/Q~c)—~c " 'BD]
+N/(1~cC) (24)
A=K,c, B=Kye, C=Kccc, D=7Kcc (25)
M=B(rC" '—(n—1)C"—1) (26)
N=B(1-cC") (27)

1 —(ch")n

Kse 1 —(Kcce)”
x—K.1(Keee)” 1—Kece
K,c
1+ x Keee(l = (Keee)™™! } 2 =
[ cce(1=Kee) N} Tt

(20)

cally. This must be due to the assumption of
nearest neighbour interaction.

These results were checked by using the matrix
method for n =2 and n = 3 with a different defini-
tion of states and their statistical weights (fig. 3a).
In both cases, the coefficients £ and F of the
interaction equation coincide with those resulting
from the method of sequence-generating functions
(eqs. 23 and 24).

3.4. The balance equarion of ligand concentration

The solution of the interaction equation (eq. 28;
still contains ¢, the free monomeric ligand con-
centration, as an unknown. To determine fully this
solution, besides the system equation, G(c, x)=0
(eq. 22), we need the balance equation of ligand
concentration, H(c. x)= 0. where

C

a- Ko’:c‘-’)2 29)

H(c,x)=cg— —cir

(the index of x has been omitted) c¢ is the total
caffeine concentration, the second term the con-
centration of caffeine in solution, according to the
isodesmic model of self-association (eq. 6 of ref.
1), and the third term the concentration of caffeine
bound to poly(A), r being the quotient of the
concentration of bound ligands divided by the
poly(A) concentration in monomeric units, c.
The dependence of H(c, x) on x is due to r
because, in terms of partition function formalism,
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r is given by

_13dlmzZz dIn x
"™“N3amec dInc(x=x;)
dG/d In ¢

- 3G/3 In x(x = xy)
The algorithm of solving the equation system
G=0
H=0
is given in the appendix. Of course, any derivative
of G has to be taken at the values of the solution
(c. x).

3.5, The concentrations of system components

The connection between the chemical shifts
measured and the parameters to be estimated is
mediated by a similar set of equations to those in
ref. 1. In the corresponding notation

(8/: )..\ = 6/.:\ + 2A8].A.|nscr\.ms.l/c:-\.l (30)
+ AS/ .A.uuc.-\.au.:/c.f\ o

forj=1-3 and

( 8/: )(' = 61~(' + Asl-('.lnxc('.m.\:/(‘(('.r (31)
+ Asj.(‘.zmcc.au.:/clc.:
+ Aaj .C.:lggc(‘.agg.:/c‘(‘.l

forj=4-7.

The factor 2 in eq. 30 accounts for the fact that
ceach of the two monomeric units of poly(A) in-
volved in insertion contributes its interaction shift
As].z\.ln\'

C(agg denotes the concentration of all caffeine
moleculss involved in aggregates at the polymer as
well as in solution.

The relative concentration ¢4 ;.. /ch of A inter-
spaces carrying inserted Cs in solution is the same
as that of an individual poly(A) chain because
interaction between polymers is neglected. There-
fore.

_ 3G/ K,
3G /9 In x(x=x,)
(32)

Caane — a In x _
i\ dln K, (x=x;)

For the same reason, the relative concentration of

binding contact As where Cs are attached is

Ca.au _ d1ln x _ aG/a In Kz
ch dln Ky(x=x,) 9G/9 In x(x=x;)
(33)
and, corresponding to a 1:1 relation
CC.ins C‘A Ca.ins
Ans A 34
ce Ce  Cha (34)
and
€Cau C:‘\ CAau
ZCaun _ A TAau 35
¢t e en (39)
Ccagg has to be composed from the contribu-

tions of inner and outer caffeine molecules of
aggregates at the polymer and in solution (as
derived for self-association in ref. 1, egs. 3, 19 and
20). The quotient of C concentration bound in
aggregates divided by c}, is given by

__Ccour t Ccinp ,— Cc,ins

t

T t
Ca Ca

L3-3-3

_Blnx_ dlnx
" dlnc 9Ink,

(36)

(the notation in derivatives of G is now omitted)
The model allows one to separate the con-
centration of Cs involved in attachment to initial
binding contacts ¢¢_,ini from that of Cs attached
to cousecutive binding contacts ¢¢ . cons as follows

CC.au.cons __ dInx

. _aln+ (37)
CCauinite _ 9Ilnx 9dInx

. dlnk, dln+ (38)

Twice the concentration of initial binding contacts
is the concentration of outer Cs in bound aggre-
gates

CCoup = 2€C atinit (39)

From egs. 36 and 39, cc g, p and cc;,p may be
calculated separately, in order to be introduced
into the last line of eq. 31 in a preportion of 1:2
(see eq. 3 in ref. 1).
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4. Paranieter estimation

The total model of caffeine-poly(A) binding
contains five non-linear system parametess
KI’KZ’KCC’T’n (40)

and 25 linear measurement parameters, viz. (see
egs. 30 and 31)

sj.A’ A‘sj.A.insv Aa_/..—\.au for j=1-3 (41)
8, c0 A8 ciner A8 4 nis A8 oy fOrj=4-7

Some of the parameters were known in advance or
assumed and were kept fixed during data analysis
of binding.

Kees 8,c and A8, ., were taken from ref. 2,
A, ¢ .y being identified with A, cc. §; ., was di-
rectly measured at c. = 0. n =2 was assumed for
steric reasons.

Thus, a grand total of 17 parameters had to be
estimated. As in ref. 1, this has been done by using
the general curve-fitting programme ALAU.

In the experiments, NMR data on caffeine-
poly(A) mixtures of constant poly(A) concentra-
tion (0.051 M) and variable caffeine concentration
(from 0 to 0.13 M) had been prepared (see fig. 2 in
ref. 2). Table 1 shows the parameter values esti-

Table 1

Best estimates of parameter values

mated from those data, their errors being omitted
(see table 3 in ref. 2). The data material was
insufficient to allow complete parameter estima-
tion. The parameter K, could only be scanncd.
Thereby, K2./K . served as an upper limit of its
value [2]. Finally, X; = 10 M~ was chosen in ref.
2 because for this value (see table 4 in ref. 2) the
interaction shifts of insertion estimated agree very
well with those obtained from the structural model.
Fig. 2 in ref. 2 shows the curves of chemical shifts
vs. ¢¢ fitted with the parameter values estimated.
A discussion of the results may be found in ref. 2.

5. Discussion of the model behaviour

Figs. 5—7 demonstrate the model behaviour for
ihe case of 0.051 M poly(A) and varying con-
centration of monnmeric caffeine in solution with
the set of parameters K, =10 M™), K, =253
M~ Kee =105 M~ =053 M, and n=2. In
fig. 5 one recognizes that the binding raction of
inserted caffeine (r;,,) is always appreciably smaller
than that of aggregated caffeine (7,,,). At smail
caffeine concentrations, this is caused simply by
the ratio of K; and K,. At concentrations c. larger
than about 0.015 M, r_. starts to decrease. In

ins

Parameter values estimated of caffeine binding to poly(A). Complete parameter estimation was impossible due to insufficiency of data
mezterial. K; could only be scanned in a reasonable interval of values. The four values of K, and T, respectively, correspond by data
fitting to the four A]; values scanned when n was fixed as equal to two.

K, (MY Interaction shifts of binding caffeine-poly(A) (ppm)

A ins A, att

10 20 30 60 10 20 30 60

HSA —0.05 —0.05 —0.05 —0.07 0.25 0.29 0.31 0.37
H2A —-0.22 —0.13 -0.11 —0.08 -0.02 —0.01 0] 0.01
HI'A 0.06 0.04 0.03 0.02 0.02 0.02 0.01 0.01

C,ins C,att
HSC —0.44 —0.23 —0.16 —0.06 -0.19 —0.22 -0.24 —0.29
H7C —0.60 —0.31 —0.21 —0.08 -0.09 —0.13 —0.16 -0.24
H3C —-0.79 —0.40 —-0.27 —0.09 -0.04 —0.10 —0.15 —0.27
H1C —0.66 —0.32 —0.21 —0.06 -0.03 —0.09 —0.13 —0.24
K, (M™1) 25.3 317 38.0 59.1

(M) 0.53 0.37 0.30 0.18




)
(=}
7]

i

Tagg

“att

ag

F1att

-3

i . . M
[s153] co2 003 ogs

Fig. 3. Binding fractions - of bound caffeine molecules per
monomeric unit of poly(A). Parameter set: K, =10 M~ K, =
25 MY Koo =10 M™' and =053 M. r. of all bound
caffeine: r,,. of all aggregate-bound caffeine; r,,,. of all aggre-
gate-bound caffeine attached to an A: ry . of bound caffeine
attached at initial binding contacts, i.e.. number of aggregates
per monomeric unit of poly(A): r,., of all inserted caffeine.
For comparison the result of model-free analysis r(c¢) is given
as a dashed curve.

competition for the binding sites. the aggregate
binding overcomes the insertion. Apart from the
ratio of binding constants, the reason for this
behaviour is given by the fact that only one caf-
feine molecule per monomeric unit may be in-
serted, but two (generally 72) molecules per mono-
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Tig. 6. Dependence of caffeine partial concentrations on the
concentration of free monomeric caffeine (cf, = 0.051 M:
parameters as in fig. 5). ¢, concentration of polymer-bound
caffeine: ceg. concentration of all non-pelymer-bound caffeine:
c¢- total caffeine concentration: /,..,. mean length bound;
{,s¢.~» mean length of aggregates in solution.

K. Weller et al. /Caffeine - poly(A) model

ask
€nhagg s/ °c!

SCaggbfect

Cattf ect

cC/ccl
all-

c,ns/‘:Ct
» T

I8
002 op3 004

.
003
Fig. 7. Concentration fractions of caffeine molecules in differ-
ent states. ce-. total concentration: cp ,ggss concentration of

caffeine molecules in higher aggregates (dimers, trimer, etc.) in

solution; ¢, ., n. concentration of caffeine molecules in the

aggregate bound state: ¢,,. concentration of caffeine molecules
attached 10 a base A of poly(A): ¢, concentration of mono-
meric caffeine molecules in solution: c¢,,. concentration of
caffeine molecules inserted between two bases A of poly(A).

meric unit may be bound in an aggregate.

The general phenomenon that at sufficiently
high ligand concentration a binding mechanism
which needs less space becomes superior to another
binding mechanism even with a higher binding
constant will be briefly demonstrated using our
model as an example. If the state ‘aggregate bound’
is lengthened by one A unit, the statistical weight
of the polymer state is enhanced by a factor of

(42)

whereas the lengthening of the state ‘inserted’
gives the factor

K,cc (43)

per monomeric unit. Thus, a 2-fold concentration
increase gives rise to a factor of 4 in eq. 42, but a
factor of 2 in eq. 43: a 10-fold concen.ration
increase results in a factor of 100 or 10, respec-
tively. This also explains why, for instance, in the
case of ligand binding to DNA the ‘weaker’ out-
side binding replaces the ‘stronger’ intercalation at
high ligand concentration [19].

Fig. 5 further shows that the number of bound
aggregates (r; ,,,) starts to decrease at concentra-
tions c¢ > 0.03 M, whereas the number of binding
contacts (r,,) is further increasing (saturation at

2 el
K, 7Kéecr

-1

c M
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r,, = 1). Thus, joining of aggregates by filling gaps
then outweighs the initiation of new aggregates.

For the sake of comparison, in fig. 5 the func-
tion r(cc) as a result of model-free analysis shown
in fig. 2 is represented by a dashed line.

Fig. 6 shows that up to concentrations of 0.025
M monomeric caffeine there is more caffeine bound
to polymer (¢, ) and less non-bound caffeine (c¢)
in solution. At higher concentration the non-bound
part predominates increasingly, because there is
only a fixed concentration of poly(A) available for
caffeine binding, whereas the self-association in
solution is non-limited.

The numerical value of 7(< 1) might suggest
consideration of aggregate binding as an anti-co-
operative process, with energy consumption by
destacking [2] overcompensating energy gain by
binding. However, both the stronger increase of
average aggregate length at polymer (/,,:) in
comparison to that in solution (/. ) (fig. 6) and
the sigmoidal shape of #,,, in fig. 5 indicate the
cooperative character of aggregate binding.

If we consider aggregates of length 3, they may
be attached to the polymer in two ways, covering
one or two A units as binding contacts. The corre-
sponding binding constants are K, or K37, respec-
tively. Thus, the involvement of a second A unit in
aggregate binding is favoured by a factor of K,7=
13.3. This is one contribution to the cooperativity
of aggregate binding.

A second contribution originates from the inter-
action between Cs within the aggregate, which
leads to a tendency to avoid gaps and to form
longer aggregates, even for a constant number of
binding contacts occupied and a constant amount
of aggregate binding (#,, = constant. r,, =
constant). Consider two aggregates, each of length
2, attached to one A unit per aggregate, and
leaving a gap of length 1 between them. The
statistical weight of this sequence of states is given
by the expression

$KEccd
By rearrangement of one caffeine molecule, a state
would be created which represents the binding of
one aggregate of length 4 without any gap. In this
case, the statistical weight is given by

K3rK3-cd
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The ratio of these two statistical weights is
Keer=5.55>1

This is the second contribution to the cooperativ-
ity of aggregate binding.

Thus, aggregate binding is, indeed, a coopera-
tive phenomenon. The energy loss caused by con-
formational constraints leading to poly(A) de-
stacking is overcompensated by both AC and CC
interaction.

Note that for each gapless aggregate one pure
binding constant K, (without the factor 7) is intro-
duced (eqgs. 11 and 18). This means that a gap (as
well as a state u or v) interrupts the conforma-
tional constraint on the polymer induced by ag-
gregate binding.

In fig. 7, the contributions of the caffeine con-
centrations in the different states to the total caf-
feine concentration are demonstrated. Caused by
the cooperative character of aggregate binding, the
portion of the aggregate-bound caffeine increases
at first, but starts to decrease at high concentra-
tion, whereas the portion of inserted caffeine de-
creases from the beginning. The only component
which increases more and more is the portion of
aggregates in solution.

6. Concluding remarks

The underlying data material did not allow
determination of all parameters of the modsl. For
n, a value of 2 was assumed. With regard to the
phosphate—phosphate distance in poly(A) and the
stacking distance in C-aggregates [2], no greater
value of n is possible in this case. K; was scanned.
From the results of C-AMP mixed association, a
reasonable upper limit for K, was deduced. From
the structural model the value X, =10 M~! was
chosen.

The impossibility of determining all parameters
in this case is not a property of the model. The
parameters K, K,. K, T and n are independent.
They can be determined in common from a suffi-
cient set of data. For further use of the model,
some hints on how to obtain such a set of data will
be given.

In the present case, all parameters (interaction
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shifts as well as binding parameters) had to be
obtained from the measurement at a single poly(A)
concentration. In contrast, model-free analysis
demonstrates the possibility of determining sep-
arately the binding behaviour and the dependence
of the measured signal on the binding ratio frecm
consistent measurements at iwo polymer con-
centrations at least. To obtain a good estimate also
for n, measurements should be extended to satura-
tion of aggregate binding, i.e., to high ligand con-
centration in the solution. For the determiaation
of K, it seems essential to perform measurements
also at low binding ratios. According to the princi-
ples of design of binding experiments (H. Schitz,
unpublished results) the determination of all
parameters requires, besides measurements at a
medium polymer concentration, supplementary
measurements at both high and low polymer con-
centration.

Appendix: An algorithm of solving the system of
implicit equations in the interaction

The regula falsi method is applied to H(c, x),
considered as a function of c.

(1) ¢ covers the interval 0 < ¢ < ¢'. The regula
falsi needs two marginal values ¢_ and c,. A
practical choice is ¢_ =0 and ¢, = min(¢*,0.999/
Kee)-

(2) Calculation of both x_ =1 from ¢_ =0 and
x, from ¢, according to eq. 28.

(3) Calculation of both 3G /9 Inc and 3G/
0 In x for (c¢_, x_) and ¢, . x,). respectively, from
eq. 22.

(4) Calculation of both H(c¢,, x,) and
H(c_, x_) from eq. 29.

(5) Application of the regula falsi method to
{c, .H(c .x,)} and {c_.H(c_.x_)}, and de-
termination of the zero ¢,, c_ <¢, < c, .

(6) Calculation of x, from ¢, according to eq.
28 and of A(c,. x,) from eq. 29.

(7) Substitution of that {c¢.H(c, x)} in item 5
by {c¢,.H(c,. x,)} for which the H terms have the

same sign. Iteration of the regula falsi method up
to|{H/c{<107".

(8) Calculation of x from the iteratively de-
termined value ¢, according to eq. 28.
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