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Analytic Binding Isotherms Describing Competitive Interactions of a
Protein Ligand with Specific and Nonspecific Sites on the Same
DNA Oligomer
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ABSTRACT Many studies of specific protein-nucleic acid binding use short oligonucleotides or restriction fragments, in part
to minimize the potential for nonspecific binding of the protein. However, when the specificity ratio is low, multiple
nonspecifically bound proteins may occupy the region of DNA corresponding to one specific site; this situation was
encountered in our recent calorimetric study of binding of integration host factor (IHF) protein to its specific 34-bp H' DNA
site. Here, beginning from the analytical McGhee and von Hippel infinite-lattice nonspecific binding isotherm, we derive a
novel analytic isotherm for nonspecific binding of a ligand to a finite lattice. This isotherm is an excellent approximation to the
exact factorial-based Epstein finite lattice isotherm even for short lattices and therefore is of great practical significance for
analysis of experimental data and for analytic theory. Using this isotherm, we develop an analytic treatment of the competition
between specific and nonspecific binding of a large ligand to the same finite lattice (i.e., DNA oligomer) containing one specific
and multiple overlapping nonspecific binding sites. Analysis of calorimetric data for IHF-H’ DNA binding using this treatment
yields enthalpies and binding constants for both specific and nonspecific binding and the nonspecific site size. This novel
analysis demonstrates the potential contribution of nonspecific binding to the observed thermodynamics of specific binding,
even with very short DNA oligomers, and the need for reverse (constant protein) titrations or titrations with nonspecific DNA
to resolve specific and nonspecific contributions. The competition treatment is useful in analyzing low-specificity systems,
including those where specificity is weakened by mutations or the absence of specificity factors.

INTRODUCTION

Nucleic acid binding proteins generally exhibit two modesing. Their analytic binding isotherm is an invaluable tool for
of interaction with nucleic acids: specific and nonspecific.analysis of nonspecific binding of ligands to macromolec-
Even though in vitro studies of specific binding typically ular DNA (Jezewska et al., 2001; Lundback et al., 1998;
use short DNA oligomers, nonspecific binding can be aPadmanabhan et al., 1997; McAfee et al., 1996; Veal and
significant contributor to binding equilibria for proteins Rill, 1991; Mascotti and Lohman, 1990; Bujalowski et al.,
whose specificity ratio is not very large, as expected for1989). Epstein (1978) derived a series expression represent-
protein or DNA variants with reduced specific binding ing the binding isotherm for nonspecific binding of a large
affinity. In calorimetric measurements of binding of wild- ligand to a finite lattice and discussed the approach to
type integration host factor (IHF) to a DNA oligomer (Hol- infinite lattice behavior with increasing lattice length. The
brook et al., 2001), equal in size and sequence to'itsitd, = Epstein isotherm is an exact result, but it requires explicit
we observed an unusual three-phase character of reversgumeration of all possible states of bound ligands on the
titrations, caused by competition between nonspecific andattice, which does not simplify to a closed-form expression.
specific IHF binding to the same DNA fragment. The anal-This finite lattice isotherm has been used in the analyses of
ysis of the thermodynamics of competitive nonspecific ancbinding of large ligands to short DNA oligomers where the
specific binding to the same DNA oligomer (finite lattice) is infinite-lattice limit is not accurate (Zhang et al., 1999;
therefore important but has not previously been worked outjezewska and Bujalowski, 2000). Although MvH and Ep-
Nonspecific binding isotherms for binding one or more stein isotherms model only one mode of binding of a given
types of large ligands to infinite and finite lattices of over- Jigand to a lattice, they also serve a basis for more complex
lapping sites have been obtained previously. McGhee anginding models, where more than one binding mode
von Hippel (MvH) (1974) showed the crucial importance of (Schwarz and Stankowski, 1979; Bujalowski et al., 1989;
the correct definition of a nonspecific site and the interplayrajendran et al., 1998) or a different mode of binding near
between the binding constant and the overlap site size ifhe ends of a finite lattice (Munro et al., 2000) are consid-
determining occupancy of a polymeric (infinite) DNA lat- gred.

tice by noncooperative (or cooperative) nonspecific bind- Here, starting from the MvH infinite-lattice noncoopera-
tive isotherm, we derive an analytic expression for the end
effect and show that introduction of this end effect makes
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ing constant in determining the shape of the isotherm anthttice isotherm to finite lattices by incorporating end ef-
the occupancy at given concentrations of ligand and latticefects. For a ligand that occludadattice units in nonspecific

It also provides a route to incorporate ligand binding to abinding to an infinite lattice, the McGhee and von Hippel
finite nucleic acid lattice into an analytic description of (1974) result for the dependence of the nonspecific binding
ligand effects on processes involving DNA, RNA, and otherdensity v, on the free ligand concentratioh][is:
biopolymers such as heparin. As an added benefit, without

any significant loss of accuracy in most cases, this isotherm Vs L

is much easier to use in iterative calculations and data KLl (1 = nu ()™ (1)
analysis than the exact finite-lattice isotherm cast in the

form of a finite sum of factorial-based terms (Epstein

'where the conditional probabilitif is defined as

1978).
We apply the analytic isotherm to analyze ligand binding 1-np
to a finite DNA lattice containing one specific site but ff=_ ™ (2)
1- (n - 1)Vns

multiple potential nonspecific sites. We derive binding iso-
therms for both specifically and nonspecifically bound pop- ) ]
ulations of ligand species for two situations, in which either!" Eas. 1 and 2y, is defined as the average number of
very short or long regions of nonspecific DNA flank the Pound ligands per lattice unit, arid, is the equilibrium
specific site. We show that conventional (forward) titrationsconstant for binding to any potential site on a lattice. In
at constant DNA concentration are not sufficient for theEd-1, the quantity - nv,sis the probability that a lattice
analysis of the binding parameters where nonspecific bind!nit is unoccupied, andff)"* is the conditional proba
ing is significant. Only titrations at constant protein concen-Pility of finding n — 1 free lattice units next to a free
tration (reverse titrations) provide sufficient information to 'attice unit on an infinite lattice. For finite lattices, the
deconvolute the thermodynamics (enthalpies and binding€Pendence of this conditional probability on binding
constants) of both specific and nonspecific binding andl€nsity is a function of the lattice siZ¢. However, to a
obtain the nonspecific site size. The analysis is applied t§00d approximation, especially at low enough lattice
isothermal titration calorimetry (ITC) studies of binding of Saturation ¢,J, we find that the infinite-lattice condi
IHF to its 34-bp specific (1 site on a DNA of this length tlonal.p.robabl_llty )" *is applicable to aII. interior units
performed in this laboratory (Holbrook et al., 2001). We on.aflnlte lattice (§ee bglow), Whgre interior is deflr_1ed as
show that both nonspecific and specific binding of IHF being at Ieas.n lattice units from either en.d. For residues
make significant contributions to the enthalpic effects ob-/€SS tham units from either end of the lattice, the number
served in forward (constant DNA) and especially reverse®f ways to findn — 1 lattice units next to it is smaller
(constant IHF) ITC titrations, even for a DNA oligomer than for an interior residue. _

with the length and sequence of the specific dite. This There aren — 1 terminal lattice units at each end aNd-
effect should be observed with any nucleic acid binding2( — 1) interior lattice units on a finite lattice. On an
proteins for which the ratio of specific to nonspecific bind- Unoccupied lattice, any interior lattice unit is a partrof
ing constants (specificity ratid<./K,J is moderate and dlﬁgreqtly posmon'ed free sites. If end-binding modes in
does not greatly exceed the ratio of site siz#s)for these Whlch ligands partially ove;rhang Fhe end;: of the lattice are
binding modes. Systems with large deviations from thed|sallow_ed, then any Fejrmmal Iatt|c§ unit is a part of fewer
consensus nucleic acid sequence and/or the wild-type pr(ghan n differently positioned free sites. For example, the

tein site should be especially prone to this behavior. first and last lattice units are a part of only one free site;
relative to interior lattice units, the probability of finding

n — 1 free lattice units adjacent to a free lattice unit at the
end of the lattice isff)"*/n. For the second lattice unit from

Analytical Theory and Applications
vt i PP either end, this probability is #}"~*/n and so on. Summa

Extension of the noncooperative McGhee-von tion of these weighted probabilities over alllattice resi-

Hippel nonspecific binding isotherm to oligomers  dues yields the average conditional probability of finding

(finite lattices) n — 1 free lattice units next to a free lattice unit on a finite
lattice:

We consider a process of ligand binding to a one-dimen-
sional homogeneous lattice bf monomer units (e.g., base o
pairs or bases of a nucleic acid, as appropriate). In an,, - n-1 n-1
elegant derivation using conditional probabilities, McGheeraN 2(n = )T+ zizi(ff)
and von Hippel (1974) obtained the general analytical ex- N

pression for the isotherm describing noncooperative binding

of a large ligand to an infinitely long latticeN(>>). Here N-n+1 (ffy?

n—i
n

we derive an analytic expression to extend their infinite N
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0.16 that can accommodate only two ligands per lattice (calcu-
0.14 1 lated for the cas&l = 34,n = 12, but generally observed
’g? 0.12 for N > 2.5n), the largest difference does not exceed the
;é 010 | usual experimental error (5%). For the other two lattices
= shown in Fig. 1 N/n = 5 andN/n = 7), the difference in the
§ 0.08 1 fraction of free lattice sites is even smaller. For the situation
= 0.061 N = 2n, corresponding to the shortest lattice where this
%" 0.04 1 5 analysis is required (e.gN = 34,n = 17) and where the
5 0.02 - ﬂ error in the analytic expression is largest, the absolute error
= 0.00 n=5 bp in the fraction of free lattice sites does not exceed 15%. (For
002 . ' ' . N < 2n, only one ligand can be bound to the lattice, and
0.0 0.2 0.4 0.6 0.8 10 therefore one does not need to use a lattice isotherm anal-
v v ysis.) Even in this case, Eq. 3 remains a good approximation
ns. ns,max at low and high binding densities. This largest deviation for

FIGURE 1 Difference between the analytic (Eq. 3) and exact numericalthIS lattice is experimentally significant only in titrations,

(Epstein, 1978) results for the average fraction of free lattice S, — where half-saturation of the lattice,{ ~ 1/(2n)) occurs in
N+ 1)8(ndKndL]) = NIN = n + 1) [(1,dKnd LD eq.s — ndKnd LD psied: the midrange of the titration curve. This result is illustrated
for N = 34 bp anch = 5 (cf. Fig. 3), 7, 12, and 17 bp. by simulated reverse titrations ([L,] = constant) in Fig. 2.

In a typical equilibrium binding experiment (Fig. B),
) o where [L},, << (K,J %, measurable fraction of bound li-
Therefore, the isotherm for nonspecific binding of a Iargegand is achieved only at low binding densities,(< 1/3n),

ligand to finite lattices oN monomer units is i.e., in large excess of lattice sites over ligand. In this
Ve N—n+1 regime, Eqg. 3 is an excellent approximation even for the
KLl 1- nvns)(ff)”‘l<N), (3) shortest lattice. In the tight binding regime (FigCP, where

L]t => (K9~ % Eq. 3 is in very good agreement with the
which approaches the infinite lattice result (Eg. 1) Ms Epstein isotherm up to the region of high ligand saturation,
increases. where the discrepancy is difficult to observe experimen-
Using numerical calculations, Epstein (1978) confirmedtally. Most of this titration is at high binding densities, i.e.,
the estimate of McGhee and von Hippel (1974) that theat v, =~ 1/n. In the intermediate regime (Fig. B), where
binding density calculated using the infinite lattice isotherm[L] o, ~ (K, %, the midpoint of the titration corresponds to
given by Eqg. 1 differs from the finite lattice result by a half-saturation of the lattice. Therefore, even for an ex-
factor of N — n + 1)/N in the limit v,.— 0. The above tremely short lattice, the deviation between the analytic
derivation shows how this factor arises from end effects orisotherm given by Eq. 3 and the exact theory is significant
nonspecific binding to a finite lattice. Even for quite short only in a narrow concentration regime and does not exceed
lattices (\/n > 2), use of thell — n + 1)/N correction to  10-15%, as indicated above.
the MvH isotherm yielded values of . that deviate by less For the longest lattice considered in Fig. 1 (whire 34
than 10% from the numerical finite lattice value &gf, < bp andn = 5 bp;N/n ~ 7), which are the parameters in the
0.15h (i.e., <15% saturation) (Epstein, 1978). Below, we study of nonspecific binding of IHF to the 34-bp Kite at
demonstrate that Eq. 3 is an excellent approximation to théow [salt] (Holbrook et al., 2001), the Scatchard plot shown
exact Epstein isotherm over the entire range of experimenin Fig. 3 illustrates that Eg. 3 is an excellent approximation
tally significant binding densities, even for the shortestto the numerical Epstein isotherm over the entire range of
possible lattices, and hence is of great practical significanceéhinding densities. Without correction for the end effect, the
For lattices of various sizes, Fig. 1 shows the differenceanfinite lattice isotherm is not accurate in this case (cf.
between the average fraction of free lattice sitB(Nl — n Fig. 3).
+ D][vd(K.JL])], calculated using Eqg. 3 and the exact As an example, we apply the finite lattice isotherm de-
value of this quantity calculated from the numerical Epsteinscribed by Eq. 4 to the analysis of previously reported
isotherm. For all lattices, the deviation is small at low reverse titration fluorescence data for oligocatior?*(L
binding densities because Eq. 3 is exactat= 0. At high  binding to single-stranded DNA oligonucleotides of three
binding densities (where, , approaches hj, the relative different sizes/n =~ 8, N/n = 5, andN/n ~ 2) (Zhang et
deviation of N/(N — n + 1)][v,J(K,JL])] is large because al., 1999). These data were originally analyzed numerically
the average number of free lattice sites is small, but thavith the Epstein isotherm to quantify coulombic end effects
absolute deviation, which is the experimentally relevanton oligocation-oligoanion binding (Zhang et al., 1999).
quantity (see below), is small (Fig. 1). The deviation is mostNonlinear regression analysis of the data (Johnson and
significant near half-saturation of the lattice, i.e.,iat ~ Frasier, 1985) using Eq. 3 shown in Fig. 4, yields best-fit
1/(2n). Fig. 1 shows that even for a very short finite lattice parameters that are in excellent agreement with those per-
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very good agreement with that reported by Zhang et al.
(1999) (see Fig. 4), as expected for this regime (L4«
(K9~ %, Fig. 3A). Most of the data for the shortest oligo
nucleotide fall in the range,, < 1/3n and therefore are well
modeled by Eg. 3.

Therefore, Eq. 3 is applicable to the analysis of experi-
mental data even for lattice lengths that do not greatly
exceed the size of the ligand. Because Eq. 3 does not require
thatn be an integer, it is of more practical use in nonlinear
regression data analysis, wheres a fitting parameter, than
the exact factorial-based Epstein isotherm, which requires

. . . T thatn be an integer. (Nearest-neighbor anticooperativity or
0.0 0.2 0.4 0.6 0.8 1.0 low levels of positive cooperativity are parameterized in the
[Latticelpd[L]ror MvH isotherm by nonintegen. Where cooperativity is
significant, one should use cooperativity analysis (see Ap-

10 T
0.8 1
0.6
0.4

0.2 1

0.0

FIGURE 2 Simulated reverse (constahi [, titrations for nonspecific - : L
ligand binding to the shortest lattice. Fraction saturation of ligahgd]/([ pendix), which separates the cooperativity fagidrom n.)

[L]..) is plotted versus the excess of DNA lattices over ligatatttel,,/ N the_following _sect_ion,_ we _incorp_orate E_q- 3 into the
[L],) using the exact Epstein isother®)( Eq. 3 (—), and the MvH  analysis of the situation in which a ligand binds both spe-

infinite lattice isotherm (— — —) for il = 34,n = 17) with the binding  cifically and nonspecifically to the same lattice. In the study

constantK, = 1 (arbitrary units) and total Iiggnd con(_:entrations;n{1 = by Holbrook et al. (2001) we apply this analysis to ITC

0.1 @: [Hior = 1 (B); and Lo = 10 (C) (arbitrary units). studies of binding of IHF to the Hsite and to nonspecific
DNA.

formed using the exact Epstein isotherm (Zhang et al.
1999). As expected, fdd/n ~ 8 andN/n ~ 5 (Fig. 4,A and

B), Eq. 3 is a good approximation over the entire range o
binding densities. For the shortest oligonucleotids(= 2; Here we obtain an approximate analytic isotherm for ligand
Fig. 4 C), where the data are at low binding densities, abinding to a finite lattice containing one specific site and
value ofn cannot be obtained from the fit even to the exactmultiple nonspecific sites and develop two mathematically
numerical Epstein isotherm. By fixing = 8 as determined tractable applications of particular relevance for experimen-
from experiments with larger oligomers, we obtain the fittal studies of protein binding to synthetic oligonucleotides
shown in Fig. 4C, which yields a value oK, sthat isina or restriction fragments.

Binding of ligand to a finite homogeneous lattice
Fontaining a specific site

Biophysical Journal 81(4) 1960-1969
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Case 1

A synthetic DNA oligomer with the length and the sequence
of the specific binding site is investigated. In this case, the
lattice size N) is the same as the specific binding site size
(s), whereas the nonspecific site sizg {s much less than
bothN ands (n << s = N). In this case, specific binding of
one ligand eliminates all nonspecific binding sites on that
lattice. On the other hand, when the specific site is vacant,
multiple ligands can be bound nonspecifically. In this case,
the binding density of nonspecifically bound ligang,J is

[Lb,ns]
Vs = D, 1N’ (4)

corr

where [L, .d is the concentration of nonspecifically bound
ligand. In Eq. 4, [Rdit = [Dliot — [Dpsd is the concen
tration of DNA molecules in the form of finite lattices of
nonspecific sites, i.e., all DNA molecules except those
occupied by the specifically bound ligand Q). The rela
tionship between the binding density,.0 and the free
ligand concentration ([L]) for a sufficiently large finite
lattice is given by Eg. 3. The concentrations of specifically
bound species are given by the specific 1:1 binding equi-
librium,

corr

[Lb,spﬂ = [Db,sp] = Ks;{l—][Dsp]v (5)

where [Q] is the concentration of free specific sites. The
mass balance equation for ligand is

[Llot = [LT+ [Lonsd + [Losal- (6)

The final required equation is the relationship between
the concentration of free specific DNA sites () and
the average binding density of nonspecifically bound
ligand. In this case, a specific site is free if no ligands are
bound to the lattice (either specifically or nonspecifi-
cally). The fraction of DNA lattices without nonspecifi-
cally bound ligands is the product of the probability that
-6.0 -55 —5.0 —4.5 4.0 arandomly chosen lattice unit is free (1 nv,) and the
weighted probability that there ald — 1 free lattice

LOQ[D NAP] units adjacent to itff)N " *:

[Dsp] = [Dnghot(1 — nVns)(ff)N_l- (7)
FIGURE 4 Binding isotherms obtained at constant ligand (KWK o o o )
NH,) concentrations obtained by monitoring the fluorescence quenchln deriving Eq. 7, the weighting coefficient in front of

ing (Quor) as a function of the DNA phosphate concentrations (data(ff)N~* for each lattice unit is N because there is only one
previously reported in Zhang et al., 1999 (KWK¢-NH, binding to - frae site of sizéN on an unoccupied lattice. This coefficient

dT(pdT), at initial oligopeptide concentrations of 1.4eM (O), 2.97 . . . .
uM (0, and 4.95uM (A) (correction of the erroneously reported cancels when this result is expressed per lattice, i.e., after

values from Zhang et al., 1999). The solid lines are the best-fit curvedNUItiplying by the total number of lattice units.

to Eq. 3 withK,,. = (2.0 0.5) X 10° M™%, n = 8.5+ 0.2, andQy., = From Eqgs. 3-7, we obtain a closed-form expression re-
0.92 = 0.02. B) KWK g-NH; binding to dT(pdT}, at initial oligopep lating v,sto [L] o and [D} in terms ofn, K5, andKg, (Eq.

tide concentrations of 0.9aM (O), 1.49 uM (1), and 1.98uM (A).
The solid lines are the best-fit curves to Eq. 3 with, = (9.5 1.6) X
1° M™% n =85 0.2, andQu. = 0.95 = 0.02. C) KWKNH,
binding to dT(pdT)s at initial oligopeptide concentrations of 0.9M
(©), 1.49 uM (), and 1.98uM (A). The solid lines are the best-fit not be resolved by the fit and was fixedrat= 8 to facilitate comparison
curves to Eq. 3 withK,,; = (2.5+ 0.3) X 10° M~ *andQ,,,, = 0.88 + with Zhang et al., 1999). Fitting of this data set to the Epstein isotherm
0.02 (due to low binding density range of the data in this pamebuld yieldedK,s = (2.1 = 0.2) X 10° M~* (Zhang et al., 1999).

corr
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TABLE 1 Binding isotherm describing competition between specific and nonspecific
binding to a short DNA oligomer (N ~ s)

Equation
number Equation
8 B Nvps KnN = n+ 1) + KgffN "
(Lhot = K (N nt D@ g N[D]“"V"S(KHS(N "+ D) + NKwd "
9 _ _ NVns[D]to! _ NVniDsp]
[Lb,ns] = NVns[Dns]tm = N NKsp (ﬁ)an = 1- nvns)(ﬁ:)Nfl
KN —n+ 1) "
10 KSF[D]totNVns(ff)Nin

[Losd = KndN—n+1) + NKsang(ff)Nin

8 in Table 1). In a data-fitting procedure one solves Eq. 8 for(fffNn~D*s"1 0 < | = N,,. Analogously, for the other
vy in each fitting iteration for a given trial set of fitting end, this probability is f)™="D"S"1 0 = i = Ni,.
parametersr, K, andK) and experimental input values Therefore, the estimate of the concentration of free spe-
([L]:o: and [Dley. This v,¢is then substituted in Eqgs. 5—7 to cific sites (analogous to Eq. 7 in case 1) should be recast
yield the concentrations of specifically and nonspecificallyas a summation along the length of the lattice:

bound ligand and DNA sites (Egs. 9 and 10 in Table 1). N1

These concentrations are used to analyze experimentalEb 1=Dnd 1[ S (1 — nwy ) (ff)Na-d+s1

observed quantities such as heats of binding in calorimetric_° "N 5 "

measurements (Holbrook et al.,, 2001) or fluorescence No1

changes upon binding (Zhang et al., 1999). + 3 (1 - nu (N1l = [D oA, (11)
i=0

Case 2 where summation of the geometric series in Eqg. 11 yields
the closed-form result fok given in Table 2. The mass
balance for DNA is [Qdt = [Dltot — [Dp sd, @s in case

1. The mass balance equation for ligand species in this
case is the same as Eq. 6. The difference is in the
interpretation of the concentration of nonspecifically
bound species, because in addition to the nonspecific
binding in the region of the specific site, binding also
occurs to flanking sequences on fragments with a specif-
ically bound ligand:

A restriction fragment containing the specific site em-
bedded in flanking nonspecific DNA is investigated. In
this case, the lattice siz&\ is significantly greater than
the specific site sizes| so that even when a ligand is
specifically bound, the flanking regions behave as suffi-
ciently long finite lattices for nonspecific binding (<

N — s). The specific site is centrally located with flanking
sequences of lengths;; andN;,, each much larger than
s. Here, for the specific site to be free, a stretchsadr
more consecutive free lattice units should be positioned [Lond

Ic:or_rectly t.o coptaln thg sp§0|f|c site. If an arbitrary free Vns [DpeioN + (Npg + N[ Dol (12)
attice residue is chosdrresidues from one end, then the

conditional probability that the gap that contains thisThe nonspecific binding density,. (Eq. 12) is related to the
residue also contains the whole specific site isnonspecific site size and the binding constant by Eq. 3. In

TABLE 2 Binding isotherm describing competition between specific and nonspecific
binding to a restriction fragment (N = s + N, + Ny, > s)

Equation
number Equation
13 Nvng Nvps + (NVns + 1)Ksp)\[|-]
(Mo = R N=n+ DA @ =g+ Pl T AL
1 2— (ﬁ:)Nu — (ﬂ)Nfz
A= N (l - nVnS) 1_7(1.1:)
14 [Lb,ns] = U N[Diot
15 Ksp’\[L][D]tot

[Losd = 77 KeA[L]
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many studies, using restriction fragments, the length ofg g
DNA is much longer than the specific site si2¢ s~ N
andN;; + Ng, = N). Solving the system in this case yields £ —5 1
Eq. 13 (Table 2). As in case 1, this equation can be solved%:
numerically to obtairv,, Whenv,¢is known, the concen ©
trations of various species can be found from the aboves _;5
expressions in the reverse order (Egs. 14 and 15 in Table 22
to be used in a data-fitting procedure. £—20
All isotherms developed above can be readily generalizedg
for cooperative binding to a lattice, using the MvH cooper- ;_
ative isotherm. This generalization is described in the Ap- 2 _zq
pendix.

inject

inj’
| )

5 35 T T T T
0.0 [SN,BL\] /[|H1F% 1.6 2.0
DISCUSSION o ot
The analytic finite lattice isotherm describing nonspecific 1.0 ' ' l '
binding of a large ligand, developed here, is particularly
useful in analyses of binding data obtained under conditions _ 0.8
where nonspecific binding to a DNA lattice competes with E_-‘?
specific binding to the same DNA. One example of such a L, 0.6 -
low-specificity system is binding of IHF to DNA containing = ’
the H site, investigated by Holbrook et al. (2001). c
.8 0.4 1
Analysis of forward and reverse titrations for “ 0.2
low-specificity systems: application to IHF-H’
DNA interactions 0.0
0.0 0.4 1.6 2.0

Holbrook et al. (2001) performed ITC measurements of IHF
protein binding to a 34-bp duplex DNA containing a spe-
cific (H') site. Both specific and nonspecific interactions of FIGURE 5 @) Reverse ITC titration of 2.26 1075 M IHF with 34-bp
IHF are exothermic, with characteristically different enthal- H' DNA oligonucleotide. Heat of injection normalized per mole of injected
pies of Specific and nonspecific b|nd|ng Consequenﬂy, thé®NA strands is plotted versus the molar ratio of DNA molecules to IHF.
competition between specific and nonspecific binding canf e fitration is performed at 60 mM Kin phosphate buffer at 20°C
be observed directly in reverse titrations. i.e.. when addin Holbrook et_ al., 2001). The solid curve is theﬁbest fit of theffz dataﬁto the
) . o ! v odel described by Egs. 9-11 of this pagég(= 9.0 X 10* M2, Ksp =

DNA to protein. The calorimetric signature of this compe- 9.3x 16 M~ andn = 4.5 bp (or 9 nucleotides: for details of the fitting
tition is the characteristic shape of the calorimetric profile ofsee Holbrook et al., 2001)). The dashed line is the best fit to the data
the reverse titration, which contains three regimes and igbtained by fixing<,, = 10° M ~* and allowing the other fitting parameters
much more complex (Fig. 5\) than that expected for a to float. (B)_Dist_ribution of protein species (_shO\_Nn as afraqtion of total IHF

. ) L . . N . . concentration in the reaction cell) in the titration shownAin
simple 1:1 binding isotherm. The species distribution (Fig.
5 B) for this isotherm demonstrates how specific and non-
specific binding contributions vary with addition of DNA in
a reverse titration. The initial phase corresponds to théNA-specific sites is negligible throughout the experimen-
formation of nonspecifically bound protein-DNA com- tally achievable concentration range, the concentration of
plexes, because the effect of the difference in site sizes (free nonspecific sites and the contribution of nonspecific
<< s) overwhelms the fact that nonspecific binding is in- binding are significant. As the ratio of DNA to protein
trinsically weaker K,s << K in large excess of protein concentrations increases, some fraction of protein mole-
over DNA. The specificity ratios /K¢ is indeed found by  cules dissociates from nonspecific sites and binds to specific
this analysis to be-100 and at high [IHR]/[D] . is dom  sites.
inated by the ratio of nonspecific to specific sites on this In addition, the strong competition between specific and
DNA fragment (found to be 30:1 in base pairs or 60:1 innonspecific binding to the same fragment makes it possible
phosphates, fon = 8 andN = 68 phosphates). Therefore, to obtain a value (instead of a lower bound) for the specific
at high enough saturation of protein with DNA, both spe-binding constant. Despite the fact that the concentrations of
cific and nonspecific contributions are measurable, a$oth reactants are in the micromolar range, and equivalence
shown in Fig. 5B. Even though the concentration of free is obtained at 23M, Fig. 5A demonstrates that the specific

O.'8 1.2
|:DNA]M/[|HF:|tot

Biophysical Journal 81(4) 1960-1969



Analytic Finite Lattice Isotherm 1967

specific binding isotherm. The species distribution (Fig. 6
B) predicted from the fit to the data in Fig.A6demonstrates
that the fraction of free protein (the titrant) is negligibly
small in the range where the calorimetric enthalpy changes
are observable. An equally good fit to the forward titration
data (Fig. 6A) is obtained when both binding constants are
increased by a factor of 100, maintaining the same speci-
ficity ratio. This fit yields the same species distribution
(with an undetectable free protein concentration). There-
fore, fitting only forward titration data yields only lower
bounds on the binding constants. Thus, the fit corresponding
to the larger specific and nonspecific binding constants is
statistically distinguishable from the best fit in the reverse
but not in the forward titration. This illustrates the require-
ment for exploring the widest possible range of fractional

_, kcal per mole of IHF injected

inj

AH
N
N

1.6 2.0

1.0 ! I I ! saturation of both protein and DNA and shows that reverse
titrations are necessary to extract both specific and nonspe-
cific binding parameters from the data. Wong and Lohman

0.8 e .

3 (1995) showed that reverse titrations contain more thermo-
'L—I: dynamic information than forward titrations in the case
= 0.6 when protein oligomerization is coupled to DNA binding.
5 Our study shows that reverse titrations also contain more
5 0.4 information than forward ones when nonspecific binding
*g contributes significantly to the equilibrium species distribu-
. tion.

0.0 Concluding discussion

0.0 0.4 [ﬁ.?]m/[DNkﬁm 16 2.0 The above analysis quantifies the two ways in which non-

specific binding can contribute in experiments where one
FIGURE 6 () Forward ITC titration of 10° M 34-bp H DNA with measures specific binding.
IHF. Heat of injection normalized per mole of injected active IHF is plotted 1) If the DNA fragments used in the experiment are
versus t_he molar ratiq of IHF to DNA molec_ules. Conditions are the sameg fficiently short so that the sequences flanking the specific
as in Fig. 3. The solid curve is the best fit of these data to the model_. . -
described by Eqs. 9-11 of this paplg,( = 8.0 10'M %, K., = 1.4 X s!tes are very short or absest<£ N), and if the nonspecific
10’ M, andn = 4.5 bp; for other parameters and the details of the fitting Sit€ Siz€ is much smaller than the length of the fragment (
see Holbrook et al., 2001). The dashed line is the best fit to the data<< S), then competition between nonspecific and specific
obtained by fixingK,, = 10° M~ * and allowing the other fitting parameters  binding for occupancy of the specific site is the dominant
to float. (B)‘Dist_ribution of protein species (_shO\_Nn as afrac_tion of total IHF contribution. For two systems studied to date, the ratio of
concentration in the reaction cell) in the titration shownAin e o - .

specific §) to nonspecific if) site size has been shown to be

large: for lac repressor (Revzin and von Hippel, 1977),

s/n =~ 2; and for IHF (Holbrook et al., 2001¥n ~ 8 at low
binding constantK, = (9.2 = 0.9) X 10’ M™% K., * =  [salt]. We expect that other specific binding proteins will
0.011* 0.001uM) is indeed well determined by the fitting exhibit moderate-to-large site size/r() ratios, especially
procedure. The full range of the reverse titration containsvhere large-scale protein or DNA conformational changes
both a nonspecific binding titration and a competitive non-are coupled only to specific binding. For such systems,
specific-specific binding titration, which is a consequencenonspecific binding will significantly affect the thermody-
of the relatively small specificity ratio~100) and to the namics of specific protein-DNA binding even on short DNA
differences in site sizeN(n ~ 7). fragments if the specificity ratio is relatively low. A related,

Fig. 6 A shows the forward titration (addition of protein extensively studied example is the bindingEscherichia

to DNA) at the same conditions as Fig. 5. Although thecoli single-strand binding protein (SSB) to a polynucleotide,
concentrations of reactants are comparable (micromolamvhere different modes with site sizes that differ by a factor
and competition from nonspecific binding is therefore sig-of two are observed. In studies of SSB binding to (dA)
nificant, the signature of competition is absent from thesdrerrari et al. (1994) showed that (dg)an bind either one
data. Therefore, if the information from a reverse titration iIsSSSB tetramer in a mode that occludes 65 nucleotides or one
not available, one can erroneously fit these data to a 1:br two SSB tetramers in a mode that occludes only 35
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nucleotides per tetramer. The binding mode switches fronThis work was supported by National Institutes of Health grant GM23467.
the larger to the smaller occluded site size with increasing
binding density.
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