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ABSTRACT: 11F8 is a sequence-specific DNA binding monoclonal autoantibody previously isolated from
an autoimmune lupus-prone mouse [Stevens, S. Y., and Glick, G. D. (1999)Biochemistry 38, 560-568].
This antibody, like many other lupus anti-DNAs, localizes to kidney tissue and eventually leads to renal
damage through a process that first involves the binding of DNA antigens. A series of experiments were
conducted to investigate the thermodynamic and structural basis by which this antibody discriminates
between specific, noncognate, and nonspecific sequences. Sequence-specific binding occurs with a minimal
dependence on the polyelectrolyte effect along with a favorable binding enthalpy reflecting the presence
of base stacking and contacts to DNA bases. This favorable binding enthalpy apparently is derived from
desolvation at the binding interface and is consistent with recent models of the nonclassical hydrophobic
effect. Noncognate recognition is also driven by the nonclassical hydrophobic effect, but is accompanied
by highly unfavorable entropies that are responsible for reduced affinity relative to the high-affinity
consensus sequence. Nonspecific recognition is driven completely by the polyelectrolyte effect involving
extensive electrostatic interactions with the phosphate backbone. Collectively, the data demonstrate the
ability of 11F8 to adapt its mode of binding to the available DNA surface and provide a thermodynamic
model for sequence-specific recognition of single-stranded DNA. The salient features of this model employ
the paradigms invoked to explain protein‚dsDNA, protein‚RNA, and antibody‚antigen binding.

Understanding the structural and thermodynamic basis of
protein‚nucleic acid recognition is of fundamental importance
to cellular regulation. Thermodynamic and structural mea-
surements have been conducted on a variety of nucleic acid
recognition systems to elucidate the factors that both regulate
binding affinity and allow nucleic acid binding proteins to
distinguish between target and competing sequences (speci-
ficity). Double-stranded DNA (dsDNA)1 binding proteins use
a balance of forces to achieve high affinity and specificity.
Sequence-specific recognition of dsDNA is generally en-
tropically driven due to the polyelectrolyte and hydrophobic
effects, which promote maximum surface complementarity
at the protein‚DNA interface (1-3). However, several
examples of enthalpically driven sequence-specific dsDNA
recognition have been reported (4-6). In general, recognition
of dsDNA is dominated by ‘direct readout’ of the sequence,
a process that involves matching complementary arrays of
hydrogen bonds between a given protein and a dsDNA
sequence (7, 8). In contrast, nonspecific recognition of the

phosphate backbone is largely driven by the polyelectrolyte
effect (7-11).

Protein‚RNA recognition differs from dsDNA recognition
because RNA can fold into complex secondary structures.
Both single-stranded and double-stranded RNA regions are
recognized by proteins, and structural features such as three-
dimensional shape and charge distribution provide critical
features for sequence discrimination (12). Binding energy
is often provided by hydrogen bonding, a relatively small
dependence on the polyelectrolyte effect, and the interaction
of protein side chains with RNA bases (12, 13). Conforma-
tional reorganization to achieve maximum complementary
is common for both protein and RNA binding partners (14).
Consequently, a key determinant of specificity can be the
energetic costs paid to achieve an appropriate bound
conformation (15).

Sources of sequence specificity for single-stranded DNA
(ssDNA) binding proteins are less well understood. The
majority of highly characterized ssDNA binding proteins,
such asE. coli SSB, gene32 protein, and geneV protein, bind
cooperatively to ssDNA (16-19). Binding energy is con-
tributed by cation release from the phosphate backbone and
stacking of aromatic side chains with DNA bases (20-23).
Although these proteins often display discrimination for one
homopolymer over another, no sequence specificity exists
(9). A large number of proteins that interact sequence-
specifically with ssDNA have been reported (e.g.,24-28).
However, a systematic evaluation of the thermodynamic and
structural basis for sequence-specific recognition has yet to
be described.
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Antibodies that bind DNA (anti-DNA) provide a unique
framework to characterize protein‚nucleic acid interactions.
Anti-dsDNA and anti-ssDNA are spontaneously produced
by patients with the autoimmune disorder systemic lupus
erythematosus (SLE), and in some instances, these autoan-
tibodies can be pathogenic (29). In particular, a subset of
anti-DNA localize to kidney tissue through a process
involving binding to DNA or DNA-containing antigens (30-
32). Hence, defining the molecular basis of DNA recognition
by lupus autoantibodies could provide insight into the
pathogenic nature of anti-DNA antibodies as well as recogni-
tion of DNA in general. However, little is known about the
thermodynamic, kinetic, or structural basis of DNA recogni-
tion by lupus autoantibodies. Using binding site selection
experiments, we have previously investigated the sequence
specificity of three clonally related monoclonal anti-ssDNA
antibodies (33). One of these antibodies, 11F8, binds
sequence-specifically to a ssDNA motif, designatedWT
(Figure 1). NMR and chemical footprinting experiments
indicate thatWT forms a stem-loop structure (33). Here
we describe experiments to elucidate the thermodynamic
basis by which 11F8 discriminates between the specific
sequence (WT ) and alternative sequences. Collectively, these
data provide a thermodynamic model for sequence-specific
recognition of single-stranded DNA, the salient features of
which employ the paradigms used to describe protein‚
dsDNA, protein‚RNA, and antibody‚antigen binding.

MATERIALS AND METHODS

11F8 and DNA Preparation.11F8 was isolated from
ascites fluid and purified by affinity chromatography (>95%)
as previously described (34). 11F8 concentrations were
calculated from the absorbance at 280 nm, with an extinction
coefficient (0.67 mg‚mL-1/OD280) that was calculated from
the amino acid sequence (35). Concentrations calculated from
the absorbance were identical to those measured using
Bradford assays (Bio-Rad, Hercules, CA). The DNA se-
quences were synthesized using standard protocols and
purified to >95% by HPLC, as previously described (33).
To ensure that the DNA counterion was sodium, purified
DNA was equilibrated in 4 M NaCl overnight and desalted
by gel filtration with Sephadex Superfine 450 (Pharmacia,
Piscataway, NJ) or NAP-5 columns (Amersham Pharmacia,
Upsalla, Sweden). DNA concentrations were calculated from
the DNA absorbance at 260 nm, using extinction coefficients
calculated from the DNA sequence (36). DNA solutions were
heated to 95°C prior to measurement to avoid the effects of
DNA secondary structure on absorbance.

Steady-State Fluorescence Affinity Measurement.Fluo-
rescence measurements were carried out on a Spectronic AB2
fluorometer equipped with a magnetic stirrer and thermo-
stated cell block. Briefly, 11F8 was diluted into titration
buffer (20 mM Tris, variable [MX] and pH) and allowed to
equilibrate at the experimental temperature. The intrinsic
protein fluorescence (λem 338 nm; 16 nm band-pass) was
measured as a function of added DNA. Excitation wave-
lengths were chosen such that the absorption of excitation
light by DNA was not prohibitive. In general,WT titrations
used 280 or 295 nm excitation,LS andT7 used 295 or 305
nm excitation, whileNS and weakly binding DNA mutants
used 305 or 310 nm excitation. Control experiments showed
no dependence of the observedKd on the choice of excitation

wavelength. Final fluorescence values were calculated ac-
cording to eq 1:

whereFbkgd ) fluorescence of DNA titrated into buffer,Vi

) reaction volume at each point,Vinit ) initial reaction
volume, and IF corr) inner filter correction) 1/(1 - 10-A)
(37) where A ) solution absorbance at the excitation
wavelength.

Dissociation constants were obtained from fluorescence
intensity values with an iterative protocol using eqs 2-5 as
previously described (38). Quenching values (eq 2) were first
plotted vs the values of free DNA concentration calculated
using eqs 3 and 4 and an initial estimate forQmax. A fit of
the single-site binding isotherm (eq 5) to these data by
nonlinear least-squares regression using the computer pro-
gram Kalaidagraph yielded a more accurate value ofQmax.
This new value ofQmaxwas used to calculate final free DNA
concentration values, and an additional fit of the single-site
binding isotherm to quenching and free DNA concentration
values yielded the dissociation constant:

where Qi ) fluorescence quenching at each added DNA
concentration,Finit ) protein fluorescence in the absence of
added DNA,Fi ) fluorescence at each added DNA con-
centration, and [total protein sites] was kept below theKd

and was equal to twice the [mAb]total. Error bars reported
for dissociation constants are the standard error based on a
minimum of three replicates.

Van’t Hoff Experiments.Titrations were carried out from
5 to 35 °C (20 mM Tris; pH and [NaCl] varying with
system). To correct for pH variation of the buffer with
temperature, separate buffers were made at each titration
temperature. Data were plotted in van’t Hoff form (lnKobs

vs 1/T) and analyzed using the computer program Kalaida-
graph. Enthalpy values were obtained from the data using
either the van’t Hoff equation (eq 6), or a series of
relationships that assumes constant heat capacity change (eqs
7 and 8) (3):

whereTH is the temperature at which the enthalpic driving
force is zero andTS is the temperature at which the entropic

Fcorr ) (Funcorr- Fbkgd)‚(IF corr)‚(Vi/Vinit) (1)

Qi ) (Finit - Fi)/Finit (2)

Qi/Qmax ) fraction bound) [bound mAb]/

[total protein sites] (3)

[free DNA] ) [total DNA] - Qi/Qmax[mAb]total (4)

QI ) Qmax[free DNA]/(Kd + [free DNA]) (5)

(δ ln Kobs/δ 1/T)P ) -∆H°obs/R (6)

ln Kobs) ∆C°p/R[TH/T - ln(TS/T) - 1] (7)

∆H°obs) ∆C°p(T - TH) (8)

∆G°obs) ∆H°obs- T∆S°obs (9)
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driving force is zero (39); TH andTS are obtained from a fit
of the data to eq 7. Entropy values were obtained from free
energy and enthalpy values according to eq 9. Errors reported
for ∆H°obs, ∆C°p, TH, and TS reflect either uncertainty
associated with nonlinear least-squares regression to eq 7,
or the standard deviation of the slope of the linear van’t Hoff
plot. Errors for∆G°obsare 95% confidence limits calculated
from a minimum of threeKd measurements. Reported errors
in T∆S°obsare propagated from errors associated with∆H°obs

and∆G°obs.
Osmotic Pressure and Polarity Experiments.Affinity was

determined by fluorescence titration, using titration buffer
that contained varying amounts of glycerol, methanol,
ethanol, or 1-propanol. Osmolal concentrations were calcu-
lated from the solvent weight percent using published tables
(40). Values for the dielectric constant(s) of aqueous solvent
mixtures were calculated from empirical relationships based
on weight percent (41). Since experiments with different
solvents were carried out at identical buffer salt concentra-
tions, the contribution of buffer salt concentration to the bulk
dielectric constant was neglected. Errors reported for these
data are the standard deviations of the slope obtained by
linear regression of a minimum of four points.

UV Thermal Denaturation Studies. Melting studies were
conducted using a Carey 3 spectrophotometer. DNA samples
were diluted in filtered buffer (20 mM Tris, 150 mM NaCl,
pH 8) in sealed semi-micro cuvettes and mixed by inversion.
DNA concentrations were sufficient to have finalA260 values
ranging from 0.2 to 0.5 OD. Solutions were equilibrated at
5 °C for 30 min, andA260 was measured as the temperature
was ramped from 5 to 95°C (1 °C/min). The absorbance
signal was measured twice per minute with 3 s average time
(4 nm bandwidth). After data collection,Tm values were
calculated from the first derivative of the melting curve using
the spectrophotometer software.

CD Studies.CD spectra of 11F8, DNA, and 1:1 11F8‚
DNA complexes (5µM) were measured in titration buffer
(20 mM Tris, 150 mM NaCl, pH 8, 5°C) on an AVIV 62DS
spectrometer. Individual spectra were the average of three
scans, with data collected every nanometer (3 s averaging
time). Spectra of 11F8‚DNA complexes and the sum of 11F8
and DNA spectra were compared after correction for buffer
signal and differences in dynode voltage.

Footprinting DNA Ligands and mAb‚DNA Complexes.
11F8 and 5′ 32P end-labeled DNA were incubated in buffer
(10 mM Tris, pH 8; 150 mM NaCl) containing dA21 as a
nonspecific competitor (1µM). In these experiments, excess
protein was used to ensure that all DNA was bound.
Potassium permanganate footprinting was then performed
as previously described (42), either in the absence or in the
presence of protein. The chemically modified DNA isolated
from the footprinting reaction was electrophoresed on a
denaturing gel [15% 19:1 acrylamide/bis(acrylamide), 8 M
urea-polyacrylamide gel in 1× TBE] at a constant power
of 63 W for 2 h. The gels were analyzed using a Molecular
Dynamics phosphorimager as previously described (42, 43).

RESULTS

Selection of DNA Sequences. Experiments were conducted
comparing the binding ofWT and a group of different DNA
constructs (Figure 1). A nonspecific ligand, 5′(GATC)13GAT

(designatedNS), represents all bases equally and does not
possess any secondary structure. Additional ligands are
variants ofWT and can be considered ‘noncognate’ sites
since they differ fromWT at only a few positions and are
bound by 11F8 with slightly lower affinity thanWT . LS
contains base-pair mismatches in the stem duplex ofWT
and does not adopt a stem-loop secondary structure. This
sequence was designed to probe the energetics of preorga-
nizing the binding epitope withinWT into a defined
secondary structure. A second variant ofWT , designated
T7, replaces nucleotides 8-14 with thymine. In addition,
nucleotides 3 and 16 were also replaced with thymine to
prevent stem duplex formation. Previous studies have
established that 11F8, similar to other ssDNA binding
proteins, displays a base preference for thymine (34).
Discrimination between a “preferred” homopolymer and a
specific sequence has been proposed to represent another
aspect of specificity relative to random sequence DNA (33).
Therefore,T7 was chosen to examine recognition of this
preferred homopolymer, within a context similar toWT . In
addition to these constructs, various loop, stem, and bulge
mutants were constructed to help identify individual nucle-
otides that may contact 11F8 directly as well as those that
contribute to recognition throughWT secondary structure.
In particular, mutants T11dU and∆dG4, which lacks theWT
bulge, were studied, since both the T11 methyl group and
bulge are necessary for high-affinityWT binding (vide infra).

Quenching of the intrinsic protein fluorescence was used
to measure 11F8 binding affinity (34). This method does
not require physical separation of bound and free ligand,
allowing affinity constants to be measured at equilibrium.
Representative binding isotherms for 11F8 binding toWT ,
NS, LS, andT7 are shown in Figure 2 andKd values are
listed in Table 1. The (thermodynamic) measure of specificity
represents the degree to which a protein can discriminate
between a ‘specific’ site, those of similar composition, and
random DNA (1, 2). The ratio between specific and
nonspecific binding affinities ranges from 3 (44) to g102

(1, 2, 12, 45, 46) for nucleic acid binding proteins. The
specificity ratios for 11F8 binding toWT compared toNS
and T7 are 600 and 4, respectively. 11F8 binding toLS
occurs with 10-fold lower affinity thanWT , which suggests

FIGURE 1: DNA sequences used in binding studies.WT is the 55
base-long construct obtained from binding site selection experiments
with 11F8 (33). Additional nucleotides flanking the selected stem-
loop are not shown (represented as∼) and are part of the PCR
primers used in original binding site selection experiments.T7
replaces positions 3, 8-14, and 16 ofWT with T, resulting in a
T-rich linear sequence. InLS, positions 3 and 16 ofWT are
replaced with T to preclude secondary structure formation.

Sequence-Specific Recognition of ssDNA Biochemistry, Vol. 40, No. 9, 20012913



that preorganization of the recognition site is important for
high-affinity binding (Table 1). Together, these data indicate
that specific DNA binding by 11F8 is achieved only when
the appropriate recognition elements onWT are presented
within a defined secondary structure.

11F8 Binding as a Function of Temperature.To determine
the enthalpic and entropic driving force for 11F8 recognition
of DNA, affinity measurements were conducted as a function
of temperature. A comparison of the van’t Hoff data forWT ,
T7, LS, NS, T11dU, and ∆dG4 demonstrates distinct
differences in thermodynamic behavior (Figure 3). The van’t
Hoff plot (ln Kobs vs 1/T) for the 11F8‚WT complex shows
both a positive slope and a deviation from linearity, reflecting
a favorable enthalpic driving force and a negative change in
heat capacity (Figure 3a). Recognition ofLS is accompanied

by similar temperature dependence; however, the maximum
in theLS van’t Hoff plot occurs at a lower temperature than
the corresponding maximum forWT . The van’t Hoff plots
for T7, T11dU, and∆dG4 are linear, with a positive slope
that reflects a favorable enthalpy change accompanying
binding (Figure 3b,c). These data suggest that for these
sequences, no net heat capacity change is associated with
complexation. Recognition ofNS is not temperature de-
pendent from 10 to 30°C (Figure 3b), which indicates that
∆H = 0 and recognition of this sequence is entropy-driven.

The temperature data forWT andLS were fit to a model
that assumes a constant heat capacity change, and the
resulting enthalpy, heat capacity, and entropy values are
shown in Table 3. Binding ofWT is enthalpically favorable
and opposed by entropy. It was anticipated that the entropic
cost for bindingLS would be higher than for bindingWT .
As expected, the entropy associated with 11F8‚LS binding
is more unfavorable than for 11F8‚WT . However,∆H is
more favorable forLS than forWT , which partly compen-
sates for the higher entropic cost associated with recognition
of this unstructured sequence. Hence, the interaction of 11F8
with WT may represent a compromise between maximizing
favorable interactions at the binding interface and the entropic
cost associated with recognition of ssDNA.

Apparent linearity of the van’t Hoff plot, as shown for
T7, ∆dG4, and T11dU, may result from zero heat capacity
or from experimental temperatures that are well above the
plot maximum (TH). A zero heat capacity change ac-
companying binding ofT7, ∆dG4, and T11dU is supported
by the observation that data analysis using eq 7, which allows
for the possibility of a heat capacity change, produces∆C°p

values that are indistinguishable from zero (data not shown).
Regardless, the assumption of linearity will produce ap-
propriate values for the enthalpy and entropy changes,
because the enthalpy change at any temperature is propor-
tional to the instantaneous slope (eq 6). Hence, the temper-
ature data forT7, ∆dG4, and T11dU were fit to a model
that assumes a zero∆C°p. As observed forWT andLS, 11F8
recognition of these noncognate sequences is driven by
enthalpy and opposed by entropy (Table 2). Favorable
enthalpies have been observed for noncognate DNA binding
of other proteins, including several nonspecific ssDNA
helicases (47, 48), dsDNA transcription factors (4, 5), and
an engineered anti-ssDNA antibody (49).

A variety of possible effects may contribute to the
thermodynamic parameters associated with 11F8 binding.
These processes include hydrogen bonding, van der Waals
interactions, intercalation of DNA nucleotides between
aromatic amino acids within the 11F8 binding site (i.e., base-
stacking) (50, 51), losses in rotational, translational, and
vibrational degrees of freedom, and release or uptake of water
molecules and ions (3, 9). A series of experiments varying
both solution conditions and DNA sequence were conducted
to elucidate the components that comprise the observed
enthalpy and entropy changes.

11F8 Binding as a Function of Salt Concentration.Cations
condensed along the DNA backbone that are released into
bulk solution upon binding can provide a large entropic
driving force for protein‚DNA complexation. The sensitivity
of binding affinity to buffer salt concentration reflects the
involvement of the polyelectrolyte effect, where the slope
of the plot-ln Kobs versus ln [MX] represents the stoichi-

FIGURE 2: Representative 11F8 binding isotherms forWT (b),
T7 (]), LS (O), and NS ([). Data were measured in standard
titration buffer (20 mM Tris, 150 mM NaCl, 25°C, pH 8). Since
11F8 occludes about five nucleotides upon binding (34), overlapping
binding sites are possible forT7 andNS. Therefore, fit of the single-
site binding isotherm yields apparentKd values that overestimate
single site affinity for these sequences. High DNA absorbance at
305 nm prevented measurement of additional points on theNS
titration curve.

Table 1: Relative Affinities and Salt Release Stoichiometries for
11F8 Complexesa

DNA salt -SKobs Kd (nM) relativeKd

WT NaCl 2.18( 0.07 10.1( 0.6 1
NaOAc 1.4( 0.1

LS NaCl 2.29( 0.06 119( 5 12
NaOAc 2.1( 0.2

T7 NaCl 3.4( 0.1 46( 5 4.6
NaOAc 2.9( 0.2

∆dG4 NaCl 2.6( 0.1 90( 10 9
NaOAc 2.2( 0.2

T11dU NaCl 2.4( 0.2 71( 25 7
NaOAc 2.2( 0.1

NS NaCl 7.3( 0.1 6300( 700 570
NaOAc 7.0( 0.2

a Affinity measurements were carried out in Tris buffer (20 mM Tris,
85-400 mM [MX], pH 8 or 8.3, 25°C). Values of-SKobs represent
the stoichiometry of salt release as described by Record (52) and were
obtained from the slope of plots shown in Figure 3. Values ofKd were
obtained in 20 mM Tris, 150 mM NaCl, pH 8 at 25°C. RelativeKd

values are normalized againstWT . Errors inKd are the standard error
based on a minimum of three trials. Errors in-SKobs are the standard
deviations associated with slope of the salt plots. No evidence for
changes in 11F8 conformation with salt concentration was detected by
CD.
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ometry of salt release (52). The larger the stoichiometry of
salt release, the larger the thermodynamic impact of the
polyelectrolyte effect. Unfavorable entropies accompanying
11F8 binding to noncognate sequences are larger than those
observed for 11F8‚WT . To test the hypothesis that this trend
results from reduced ion release in noncognate complexes,
the magnitude of the polyelectrolyte effect in 11F8 recogni-
tion was evaluated.

The stoichiometries of salt release for 11F8 binding of
WT , noncognate sequencesLS, T7, T11dU, and∆dG4 are
presented in Table 1. Representative salt plots are shown in
Figure 4. The salt release values for 11F8‚WT are small and
similar to those measured for several RNA binding proteins
and other anti-DNA antibodies (53-55). By contrast, the
salt release stoichiometries measured for the noncognate
sequences are greater than forWT . This trend is similar to
what has been observed for other nucleic acid binding
proteins, where decreased affinity for noncognate sequences
is accompanied by a larger release of cations (7, 56). These
results suggest that changes in the polyelectrolyte effect are
not responsible for larger unfavorable entropies observed for
noncognate recognition relative toWT . Recognition ofNS
is accompanied by a significantly larger salt release stoichi-
ometry than observed forWT (Table 1). Given that 11F8‚
NS binding is driven by entropy and not accompanied by
an enthalpy change, these data suggest that the driving force
may result completely from the polyelectrolyte effect,
consistent with other nonspecific protein‚DNA interactions
(10, 11, 57-61).

Cation release data are often interpreted in terms of the
number of ionic interactions present in a complex (52, 62):

wherez ) number of ion pairs andΨ ) degree of cation
condensation per phosphate (ca. 0.7 for ssDNA). However,
overall salt release stoichiometry values can also reflect
release of anions bound to a protein. The degree to which
anions interact with protein surfaces follows the lytotropic
series (H2SO4

- g OAc- > > Cl- > Br- > > SCN-) (62,

FIGURE 3: van’t Hoff analysis of 11F8 binding. (a) Data forWT (b) andLS (O) were measured in 20 mM Tris, 150 mM NaCl, pH 8, and
analyzed assuming a constant negative heat capacity. (b) Data forT7 (]) were measured in 20 mM Tris, 150 mM NaCl, pH 8, and
analyzed assuming no heat capacity change. Data forNS ([) were measured in 20 mM Tris, 100 mM NaCl, pH 8. (c) Data for∆dG4 (9)
and T11dU (0) were measured in 20 mM Tris, 150 mM NaCl at pH 8 and analyzed assuming no heat capacity change. Error bars shown
represent 95% confidence limits based on a minimum of three trials.

Table 2: Thermodynamic Parameters Associated with 11F8 Binding at 25°Ca

sequence
∆G°obs

(kcal/mol)
∆H°obs

(kcal/mol)
T∆S°obs

(kcal/mol)
∆Cp°

[kcal/(mol‚K)]
TH

(°C)
TS

(°C)

WT -10.91( 0.02 -22 ( 2 -11 ( 2 -1.3( 0.1 8( 1 16.5( 0.5
LS -9.45( 0.02 -36 ( 9 -27 ( 9 -1.3( 0.3 -3 ( 1 5.3( 0.9
T7 -10.00( 0.08 -23 ( 3 -13 ( 3 0 - -
∆dG4 -9.64( 0.05 -27.0( 0.3 -17.4( 0.3 0 - -
T11dU -9.67( 0.01 -31.7( 0.5 -22 ( 0.5 0 - -
NS -7.09( 0.05 0 7( 1 0 - -

a Errors for ∆G are the standard deviations normalized for the number of trials (standard error). Enthalpy data were obtained by van’t Hoff
analysis over the temperature range 5-35 °C as shown in Figure 5. Errors reported for∆H, ∆Cp, TH, andTS reflect either uncertainty associated
with nonlinear least-squares regression to eq 7, or the standard deviation of the slope of the linear van’t Hoff plot. Reported errors inT∆S are
standard deviations. Dashes (-) are shown whereTH andTS data are not relevant because no heat capacity change was observed. No 11F8 denaturation
was detected by CD over the temperature range 5-35 °C.

FIGURE 4: Dependence of affinity on buffer [NaCl]. Data for 11F8‚
WT (b), 11F8‚T7 (]), 11F8‚LS (O), and 11F8‚NS ([) were
measured in 20 mM Tris, 85-450 mM NaCl at pH 8, 25°C.

d ln Kd/dT ) zΨ ln [MX] (10)
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63). If anion release occurs upon binding, anions that have
a lower intrinsic affinity for the protein surface will lead to
a smaller ion release stoichiometry than those that interact
more strongly. A reduction in ion release stoichiometry is
observed for 11F8 binding toWT in NaOAc relative to NaCl
buffers (1.4( 0.1 vs 2.18( 0.07), indicating that 11F8‚
WT complexation is accompanied by both anion and cation
release. In contrast, no change in salt release stoichiometry
is observed for binding toLS, NS, and T11dU in NaOAc,
while T7 and ∆dG4 binding may result in slight anion
dependence (Table 1).

It is possible that the observed cation release results from
conformational changes inWT (64). Ion release from a
conformational change can be distinguished from ion pairing
based on the pH dependence of both the affinity and the
salt release stoichiometry. Because ion pairing requires a
(protonated) basic protein residue, both the salt release
stoichiometry and binding affinity should be pH dependent.
In contrast, ion release resulting from a rearrangement of
the DNA surface should be characterized by a pH-
independent salt release stoichiometry. The binding of 11F8
to WT , LS, ∆dG4, andNS is pH-independent below pH 8.5,
above which the affinity for these ligands becomes progres-
sively weaker with increasing pH (Figure 5). Ion release
stoichiometry for 11F8‚WT at pH 9.1 is zero (data not
shown), which presumably results from deprotonation of
basic protein residues at high pH (60, 65). Similar results
were obtained for 11F8‚LS and 11F8‚∆dG4 (data not shown).
Collectively, these data are consistent with ion pair formation
as the source of the observed cation release. In contrast to
WT , T7 salt release stoichiometry is not reduced at high
pH, although the affinity does vary (linearly) with pH. These
data suggest that conformational changes may contribute to
the salt release observed for 11F8‚T7, although similar results
for nonspecific binding of thelac repressor have been
interpreted to reflect ion-pairing resulting from protonation
of basic residues that occurs concomitantly with binding (60).
Regardless, the pH sensitivity of 11F8‚T7 suggests that the
same process is not responsible for salt release in both
complexes and that the mode of binding is altered forT7
relative toWT .

Since acetate anions are highly excluded from macromo-
lecular surfaces (63, 66), they are unlikely to be site-bound

at protein or DNA sites and then released into solution upon
protein‚DNA complexation. Hence, any contribution of anion
release to salt release stoichiometries in NaOAc buffers
should be small. Therefore, salt release stoichiometries in
NaOAc can be interpreted as reflecting only cation release.
The number of possible ion pairs formed in each 11F8‚DNA
complex can be estimated according to eq 10, which corrects
the salt release stoichiometry for the thermodynamic degree
of cation condensation per phosphate (67) (0.7 for ssDNA).
Binding studies in NaOAc buffer suggest that 2 ion-pairs
form in the 11F8‚WT complex, 3 form in the 11F8‚LS and
11F8‚∆dG4 complexes, and 10 ion-pairs are formed upon
binding NS. Taken together, these salt dependence data
suggest that the polyelectrolyte effect provides only a small
energetic contribution to 11F8‚WT affinity, consistent with
the observed unfavorable entropy change (Table 2). Increased
cation release accompanies lower affinity binding to non-
cognate sequencesLS, T7, ∆dG4, and T11dU. Since binding
of these sequences occurs with an even more unfavorable
entropy change than is observed forWT , the entropic bonus
from increased salt release is not sufficient to compensate
for the higher entropic costs associated with noncognate
recognition. Presumably, higher entropic costs could result
from changes in solvation or differences in conformational
or vibrational degrees of freedom for noncognate complexes
versus 11F8‚WT .

Polarity Experiments.Binding of WT and noncognate
sequences is enthalpically driven over the physiological
temperature range. Intermolecular contacts like van der Waals
interactions and direct protein‚DNA hydrogen bonds are
traditionally associated with favorable enthalpies and pre-
sumably require desolvation, or water release, at the binding
interface (68). However, water release is generally associated
with favorable changes in entropy at room temperature (69)
that are not observed for 11F8‚WT or 11F8‚noncognate
complexes. To further understand the processes driving
complexation, a series of experiments were conducted to
investigate the impact of bulk solution polarity changes in
11F8‚DNA recognition.

To test whether the driving force for 11F8‚WT binding
is provided by the hydrophobic effect, the sensitivity of
binding affinity to addition of nonpolar solvents was
investigated. Binding titrations were carried out in buffers
containing up to 28% w/v added methanol, ethanol, 1-pro-
panol, or glycerol. Addition of nonpolar solvents reduces
the energetic contribution of the hydrophobic effect by
stabilizing interactions between bulk solvent and hydrophobic
surfaces in free 11F8 andWT . Consequently, if the
hydrophobic effect drives binding, the energy difference
between bound and unbound states is reduced in the presence
of nonpolar solvents. The data in Table 3 and Figure 6
demonstrate that binding ofWT is reduced by addition of
each solvent, which suggests that the hydrophobic effect
stabilizes the 11F8‚WT complex. High concentrations of
glycerol or other nonaqueous solvents can decrease the
degree of cation condensation on DNA structure (70). To
determine if the observed affinity decreases with added
solvents result from changes in salt release, 11F8‚WT NaCl
release stoichiometry was measured in the presence of added
glycerol (28% w/v). Observed salt release stoichiometries
were indistinguishable from those measured in the absence
of added solvent, indicating that the observed affinity

FIGURE 5: Dependence of 11F8 binding on pH forWT (b), T7
(]), LS (O), andNS ([). Data were measured in NaCl buffers
(20 mM Tris, 25°C). WT , LS, andT7 data were measured in 150
mM NaCl. NS data were measured in 100 mM NaCl.
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decreases do not result from changes in the polyelectrolyte
effect (data not shown).

Nonaqueous solvents reduce bulk water activity as well
as solution polarity. Hence, it is possible that the observed
affinity decreases caused by added solvent could result from
changes in osmotic stress rather than bulk solution polarity.
Previous studies of protein‚dsDNA and antibody‚antigen
binding have interpreted affinity decreases with increasing
osmotic stress to reflect water uptake concomitant with
binding (71, 72). If changes in osmotic stress are primarily
responsible for the observed affinity decreases, the depen-
dence of affinity on solution [osmolal] should be similar for
each solvent (73-75). However, if polarity is the primary
contributor to the observed affinity decreases, the dependence
of affinity on bulk solution polarity should be independent
of solvent choice. As shown in Figure 7a and Table 3, the
dependence of 11F8‚WT affinity on osmolal concentration
varies widely between solvents, indicating that osmolal

concentration is not the only variable affecting affinity.
However, the dependence of 11F8‚WT affinity on bulk
solution polarity is indistinguishable for the four solvents
(Figure 7b; Table 3). Taken together, these suggest that the
primary source of the decreased affinity with nonpolar
solvent addition is a reduction in bulk solution polarity, rather
than changes in osmotic stress.

Changes in polarity might be expected to impact hydrogen-
bonding strength in addition to reducing favorable driving
force from the hydrophobic effect. However, in systems
where hydrogen bonding provides the primary driving force
for complexation, reductions in buffer polarity lead to
increases in affinity (76, 77), in contrast to what is observed
for 11F8‚WT binding. Hence, the sensitivity of 11F8‚WT
affinity to polarity changes suggests that hydrogen bonding
is neither the largest thermodynamic driving force for 11F8‚
WT binding nor the primary source of the observed favorable
enthalpic driving force. Instead, the enthalpic driving force
must be provided by hydrophobic interactions between
nonpolar surfaces on 11F8 andWT surfaces, stacking of
aromatic 11F8 side chains withWT nucleotide bases, and
desolvation at the binding interface.

Interactions between hydrophobic surfaces that result in
water release have traditionally been associated with favor-
able entropy changes (69). However, recent theoretical and
empirical studies have suggested that the hydrophobic effect
may be enthalpy-driven, depending on surface topography
(78-83). Enthalpy-driven “nonclassical” hydrophobic in-
teractions have recently been assigned as the driving force
for several protein‚carbohydrate (84, 85), membrane‚peptide
(86-89), and host‚guest systems (90-92). The sensitivity
of 11F8‚WT binding to polarity, coupled with the enthalpic
driving force, argues that 11F8‚WT interaction is driven by
a similar effect. Since the entropy changes accompanying
desolvation of nonclassical hydrophobic surfaces may be
small, the apparent insensitivity of 11F8‚WT binding to
osmotic stress does not preclude water release upon binding.

The sensitivity of 11F8‚LS and 11F8‚T7 affinity to
addition of solvents is greater than that observed for 11F8‚
WT (Table 3). These results suggest that the hydrophobic
surface area enclosed in these complexes may be larger than
for 11F8‚WT , and could be responsible for some of the
observed higher favorable enthalpy changes. In contrast, the

Table 3: Sensitivity of 11F8 Binding Affinity to Osmotic Stress
and Solvent Polaritya

sequence osmolyte
plot slope:

ln Kd vs [O]
plot slope:
ln Kd vs ε

WT glycerol 0.32( 0.03 -0.24( 0.02
methanol 0.27( 0.02 -0.25( 0.02
ethanol 0.55( 0.07 -0.24( 0.03
1-propanol 1.04( 0.04 -0.27( 0.05

T7 glycerol 0.37( 0.02 -0.25( 0.02
1-propanol 1.29( 0.04 -0.35( 0.01

LS glycerol 0.42( 0.02 -0.29( 0.02
1-propanol 1.38( 0.05 -0.35( 0.02

T11dU glycerol 0.32( 0.03 -0.22( 0.03
methanol 0.29( 0.01 -0.22( 0.01
ethanol 0.45( 0.02 -0.29( 0.01
1-propanol 0.98( 0.04 -0.27( 0.01

∆dG4 glycerol 0.30( 0.06 -0.20( 0.02
methanol 0.29( 0.02 -0.28( 0.07
ethanol 0.47( 0.02 -0.30( 0.01
1-propanol 1.08( 0.05 -0.27( 0.02

NS glycerol 0.05( 0.03 -0.05( 0.02
a Data for all sequences were measured in 20 mM Tris, 300 mM

NaCl, pH 8, 20°C, except forNS measurements, which used 20 mM
Tris, 100 mM NaCl, pH 8, 20°C. Data shown are the slopes of the
plot of ln Kd vs either bulk solution dielectric constant (ε) or osmolal
concentration, [O]. No changes in 11F8 conformation were detected
by CD over the polarity range used in these experiments.

FIGURE 6: Dependence of 11F8‚WT affinity on addition of
nonpolar solvents. Data were measured at 20°C in 20 mM Tris,
pH 8, 300 mM NaCl in the presence of either glycerol (+), methanol
(4), ethanol (2), or 1-propanol (1) (up to 25% v/v).

FIGURE 7: Dependence of 11F8‚WT affinity on added nonpolar
solvent, presented as a function of (a) osmolal concentration and
(b) bulk solution dielectric constant. Data were measured at 20°C
in 20 mM Tris, pH 8, 300 mM NaCl in the presence of up to 25%
w/v of either glycerol (+), methanol (4), ethanol (2), or 1-propanol
(1). Dielectric constant values represent bulk solution and are
therefore normalized for polarity differences between individual
solvents.
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sensitivity of 11F8‚T11dU and 11F8‚∆dG4 affinity to addi-
tion of solvents is similar to that observed for 11F8‚WT
(Table 3). These data suggest that the hydrophobic driving
force for 11F8‚T11dU and 11F8‚∆dG4 is similar to that
present in 11F8‚WT and that increases in hydrophobic effect
involvement are not the source of the observed higher
enthalpy changes for these complexes relative to 11F8‚WT .

Significant differences in the both the enthalpy and entropy
changes, sensitivity to polarity, and anion and cation release
associated with 11F8 binding toWT relative to the variant
sequences indicate that the sequences are recognized in
different ways. These differences may be due to DNA
binding at a slightly altered binding site within the 11F8
complementarity determining regions (CDRs), or from
differing interactions made possible by conformational
changes in 11F8 or DNA surfaces. To investigate possible
conformational changes, CD spectra of 11F8, DNA, and
11F8‚DNA complexes were measured from 200 to 300 nm.
The spectra of the 11F8 complexes were compared to the
sum of the spectra of unbound 11F8 and DNA. No significant
differences between the spectra of 11F8 complexes and free
11F8 and DNA were observed in the regions corresponding
to DNA (220-300 nm) or protein (200-240 nm) (93) for
11F8‚WT , 11F8‚LS, 11F8‚T7, and 11F8‚∆dG4 complexes
(data not shown). These data suggest that no large-scale
structural changes occur upon 11F8 binding of these
sequences. This result does not preclude all conformational
adjustments, however, since many conformational changes
observed for antibody-antigen complexes are reorientations
of side chain conformation or CDR alignment (94, 95) that
CD may not detect. In contrast, a 30% decrease in the
magnitude of the band at 220 nm occurs for 11F8‚NS relative
to free 11F8 andNS (data not shown). This result suggests
that the different binding mode exhibited for 11F8‚NS
recognition may require much larger alterations in 11F8 or
DNA conformation.

Mapping the DNA Recognition Surface. Specific DNA
binding by 11F8 is achieved only when the recognition
elements onWT are presented within a well-defined second-
ary structure. Fluorescence quenching and chemical foot-

printing experiments onWT and several mutant sequences
were conducted to determine which nucleotides directly
contact the protein (sequence specificity) and which nucle-
otides contribute to binding through the secondary structure
(conformational specificity). Previous studies have demon-
strated that T10 and T11 provide critical sequence-dependent
recognition contacts for 11F8 (33). Decreased affinity for
LS and ∆dG4 suggests that both the stem and bulge are
important for 11F8 recognition. Consequently, the sequence-
dependent role for the methyl groups of T10 and T11, the base
size at positions 8 and 9, and the sequence of the stem and
the bulge were investigated by systematically altering each
base or base pair from dA3 to T15 (Figure 8).

Nucleotides Protected from KMnO4 Modification in the
Presence of 11F8. Potassium permanganate selectively
oxidizes the C5-C6 double bond of thymine bases that are
not Watson-Crick hydrogen-bonded (96, 97). In the pres-
ence of protein, the magnitude of reactivity at individual
thymine bases can be altered at positions that are contacted
by the protein or which undergo a protein-dependent con-
formational change. KMnO4 footprinting of the 11F8‚WT
complex shows strong protection of T10 and T11, somewhat
weaker protection of T15, and slightly increased reactivity
of T6 (33). Differences in this protection pattern for mutant
ligands can be used to assess changes in the interaction with
11F8. Changes in reactivity at these bases in the absence of
11F8 reflect differences in free DNA conformation relative
to WT .

To probe the role of the thymine methyl group, T10 and
T11 were each replaced with dU. Substitution of T10 with
dU does not alter the binding affinity or the KMnO4

protection pattern in the presence or absence of 11F8. In
addition, both the temperature dependence and salt release
stoichiometry measured for T10dU are identical toWT (data
not shown). These data suggest that the T10 methyl group
does not contribute to recognition. However, the T11dU
mutant binds 8-fold weaker thanWT , and the pattern of
KMnO4 protection in the 11F8‚T11dU complex shows
decreased protection at T10 and dU11 relative to the 11F8‚
WT complex (Figure 9). Moreover, unlikeWT , the binding

FIGURE 8: WT mutants and proposedWT recognition surface based on footprinting experiments.Tm and relativeKd values are shown in
parentheses. RelativeKd values are normalized againstWT . Each affinity measurement was conducted at least 3 times, affording standard
errore30% of the averageKd. Bases that directly contact 11F8 (T10,T11, dC12) are shown underlined in boldface type. Other bases modulate
recognition by affecting free ligand conformation (dG4, shown in boldface), stem secondary structure (T6-dA13, dC5-dG14, and dA3-T15,
shown in italics), or both free ligand conformation and mode of binding (dG7, dC8, and dC9, shown in boldface italics).
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of T11dU is not accompanied by a heat capacity change.
These data indicate that the T11 methyl group is important
for recognition and may directly contact 11F8 (Figure 8).

Nucleotide dC12 is also susceptible to oxidation by KMnO4

in the absence of 11F8 and shows decreased KMnO4

reactivity in the presence of protein, suggesting possible 11F8
contacts at this position. To investigate how dC12 contributes
to binding, dG7-dC12 base pair mutants and individual base
substitutions of dC12 were studied. Substituting dG7-dC12

with T7-dA12, dA7-T12, or dC7-dG12 decreases affinity
6-20-fold (Figure 8). These mutants are not accompanied
by significant protection of T10 or T11 from KMnO4 oxidation
in the presence of 11F8 (Figure 9b). In addition, all dC12

point mutations (dC12dG, dC12dA, and dC12T) bind weakly
to 11F8, and show increased reactivity of T10, T11, and T15

in the absence of protein, as well as altered KMnO4

protection patterns in the presence of 11F8 (Figure 9c). Taken
together, these studies suggest that dC12 is important for
recognition by 11F8, probably in the context of a G-C base
pair.

Secondary Structure Nucleotides.Footprinting experiments
with monopersulfate/KBr, which specifically modifies single-
stranded dC bases (98), show no difference in the reactivity
of dC8 and dC9 in the presence or absence of 11F8,
suggesting that these nucleotides may not be directly
contacted. Conservative pyrimidine substitutions (dC9T and
dC10T) binde3-fold weaker thanWT , and their reactivity
to KMnO4 is nearly identical toWT in the presence of 11F8.
In contrast, purine substitutions bind 10-20-fold more
weakly thanWT , and show altered reactivity of T10, T11,
and dC12 to KMnO4 in the presence or absence of 11F8,
relative toWT (Figure 9d). Losses in affinity as well as
decreased protection of T10, T11, and dC12 presumably reflect
the steric effects of a bulkier base present in the loop and
suggest that a pyrimidine is required at positions 8 and 9 to
provide an optimal loop geometry for binding.

The importance of presenting T10, T11, and dC12 in a well-
defined secondary structure is suggested by the fact thatLS
binds 10-fold weaker thanWT . To investigate the role of
the stem duplex in 11F8 recognition, mutants that individu-
ally changed three base pairs in the stem (T6-dA13, dC5-
dG14, dA3-T15) to all other canonical base pair combinations
were studied (Figure 8). Binding affinities for all mutants
are within 4-fold ofWT , and no significant changes to the
KMnO4 modification patterns are observed either in the
absence or in the presence of 11F8. These data suggest that
the stem duplex serves only to provide the necessary
secondary structure for recognition by 11F8.

Conformational Effects of the Bulge.Removing dG4 from
WT decreases affinity 9-fold without significant alteration
of the KMnO4 footprint in the presence of 11F8. However,
changing the dG4 to dC has no impact on the thermodynam-
ics of binding. Footprinting the 11F8‚WT complex with
DMS and DEPC, both purine-specific reagents, shows no
protection of dG4 from modification (data not shown). Taken
together, these data suggest that the bulge at position 4
contributes to affinity but does not directly contact 11F8.
Studies of bulged DNA duplexes demonstrate that, depending
on its conformation, a bulged nucleotide can exert significant
conformational effects on surrounding nucleotides (99, 100).
Significant modification by DMS at dG4, both in the presence
and in the absence of 11F8, suggests that this nucleotide
extends out into solution and does not stack with the bases
in the helix. Consequently, the primary structural contribution
of the bulge is expected to be a destabilization of helical
stacking, resulting in a more “open” stem conformation (15,
101). Consistent with this interpretation, the free energy of
melting for ∆dG4 is 2 kcal higher than forWT at 150 mM
NaCl. A correlation between helix stability and 11F8 affinity
is suggested by the observation that the differences in free
energy of melting ofWT and ∆dG4 (∆∆Gmelting) and free
energies of binding (∆∆Gbinding) are within error for the two

FIGURE 9: Quantification of representative KMnO4 protection footprinting for 11F8 in complex with (a)WT and dT11dU, (b)WT and
(dG7dA, dC12dT), (c)WT and dC12dT, and (d)WT and dC9dG. Black bars) WT , white bars) mutant sequence. The difference in
strand cleavage is represented by bars and is calculated by subtracting the logarithm of the probability of cleavage at each position in the
free DNA (Fn) from the same position in the complex (Pn) (43). A larger negative value of ln(Pn/Fn) indicates greater protection from
KMnO4 oxidation.
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sequences at 1 M NaCl, where the effects of differences in
salt release stoichiometry are negligible (∆∆Gbinding ) 1.6
kcal/mol; ∆∆Gmelting ) 1.7 ( 0.3 kcal/mol).

DISCUSSION

Sequence-Specific Recognition ofWT. Binding of WT is
opposed by entropy, is driven by enthalpy, and is ac-
companied by a negative heat capacity change. Our data
suggest that the favorable enthalpy change derives in large
part from the nonclassical hydrophobic effect. This effect
differs from the classical understanding of the hydrophobic
effect, which is derived from measuring the transfer of small
nonpolar solutes from water to nonaqeuous solvent (69).
However, recent theoretical analyses have suggested that the
classical hydrophobic effect may not apply to systems where
hydrophobic surface topography does not resemble the small
concave surface of model solutes (78, 81, 102, 103). For
example, molecular dynamics calculations predict that planar
or concave nonpolar surfaces, or those adjacent to polar or
charged surfaces, are solvated by nonclathrate water struc-
tures that are incompletely hydrogen-bonded (79, 83, 104,
105). Desolvation of these surfaces upon binding results in
a significant favorable enthalpic driving force as water
molecules become fully hydrogen-bonded in bulk solvent
(78, 79). This phenomenon is believed to drive the binding
of several protein‚carbohydrate (79, 84, 85), protein‚ligand
(106-108), membrane‚peptide (86-89), membrane‚ligand
(109, 110), and many host‚guest recognition systems (91,
92). In addition, cyclophane‚guest interactions, which have
been proposed as models for hydrophobic interactions in both
antibody‚antigen and protein‚nucleic acid complexes, show
favorable enthalpies, unfavorable entropies, and sensitivity
to solution polarity similar to those observed for 11F8‚WT
(90, 111).

Enthalpy and entropy values measured for 11F8‚WT are
similar to those reported for high-affinity sequence-specific
recognition of RNA. For example, R17 coat protein binds
to the loop region of a bulged RNA hairpin with favorable
enthalpy (∆H ) -19 kcal/mol) and unfavorable entropy
(T∆S ) -8.9 kcal/mol) (45, 112). Human U1A protein
recognizes a seven base-long hairpin loop with comparable
thermodynamic parameters including a negative heat capacity
change [∆H ) -17 kcal/mol;∆Cp ) -1.4 kcal/(mol‚K)]
(113). These observations suggest that 11F8‚WT recognition
may have more in common with sequence-specific protein‚
RNA systems than most protein‚dsDNA systems. In part,
similarities may arise because both RNA binding proteins
and 11F8 recognize their target ligands in the context of
nucleic acid secondary structure. In both cases, secondary
structure promotes high-affinity recognition by restraining
conformational flexibility prior to complexation, thus reduc-
ing the losses in conformational entropy otherwise associated
with binding single-stranded nucleic acids.

Nonspecific 11F8 Recognition.Unlike the 11F8‚WT
complex, 11F8 recognition ofNS is driven completely by
the polyelectrolyte effect. KMnO4 modification of 11F8‚NS
shows no significant protection of thymine, suggesting that
no intimate contacts are made between 11F8 and DNA bases.
Consistent with these data, and in contrast toWT binding,
11F8‚NS recognition is not accompanied by a change in
enthalpy or heat capacity. The different thermodynamic

driving force(s) for 11F8 recognition ofNS and WT
demonstrate(s) the ability of 11F8 to adapt its mode of
binding to the available DNA surface, as has been observed
for other nucleic acid binding proteins (10, 14, 114, 115).
The most energetically favorable set of 11F8 interactions is
defined by the high-affinity 11F8‚WT complex. In the
absence of theWT recognition surface, 11F8 chooses the
next most favorable set of interactions, which for 11F8‚NS
involves extensive electrostatic interactions with the phos-
phate backbone.

Binding of Noncognate Sequences.Binding of noncognate
sequences is accompanied by pronounced increases in
favorable enthalpy and unfavorable entropy relative to 11F8‚
WT . It is possible that these differences result from
alterations in the thermodynamic signature of the hydropho-
bic effect. Dill has recently proposed that the thermodynamic
signature of the hydrophobic effect is a continuum that varies
from purely entropy-driven with a large negative heat
capacity change to purely enthalpy-driven with opposing
entropy and no heat capacity change (78). In this case, the
magnitudes of the enthalpy and entropy changes are deter-
mined by the pattern of hydration of hydrophobic surfaces
enclosed in the complex. Since each noncognate sequence
presents a different recognition surface thanWT , the DNA
hydration pattern should be altered for each sequence.
According to this model, the increases in enthalpy and
entropy upon binding noncognate sequences may reflect
decreases in the degree of ordering of hydrating water
molecules relative toWT .

Alternatively, it is possible that some of the differences
in binding thermodynamics could result from (small) changes
in DNA contacts in the noncognate complexes. While
sensitivity to polarity and the pattern of KMnO4 protection
show that both the noncognate andWT complexes make
similar 11F8‚DNA contacts, some alterations are evident.
For example, KMnO4 protection experiments show that dC12

is not protected in the 11F8‚T11dU complex, indicating that
the substitution results in changes in the binding of adjacent
nucleotides. Similarly, the sensitivity of the noncognate
complexes to increasing [MX] suggests that a larger number
of ionic contacts are present in noncognate complexes than
in 11F8‚WT . However, the structural differences are rela-
tively subtle and in most cases involve reduced contacts at
key residues. Consequently, it is unlikely that these differ-
ences account significantly for the large increases in favor-
able enthalpy observed for noncognate recognition.

The change in enthalpy forWT and noncognate recogni-
tion is linearly correlated with the change in entropy (Figure
10). Similar linear relationships are documented in a wide
variety of systems and are believed to characterize processes
in which solvation changes play an important role in binding
(116-118). This interpretation is consistent with Dill’s model
of the hydrophobic effect in which the thermodynamic
signature of desolvation shifts from entropic to enthalpic
depending on the pattern of hydration. For 11F8, increases
in favorable enthalpy are offset by unfavorable entropy, and
it is this effect that results in specificity forWT . A similar
phenomenon has been observed for host‚guest interactions
and is thought to reflect conformational adaptation to
maximize favorable interaction in the complex (92, 119).
Thus, the observed enthalpy-entropy compensation is
consistent with both structural adaptation in noncognate
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complexes and the key role of the hydrophobic effect in 11F8
binding.
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