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Break in the Heat Capacity Change at 303 K for Complex Binding of
Netropsin to AATT Containing Hairpin DNA Constructs
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ABSTRACT Studies performed in our laboratory demonstrated the formation of two thermodynamically distinct complexes on
binding of netropsin to a number of hairpin-forming DNA sequences containing AATT-binding regions. These two complexes
were proposed to differ only by a bridging water molecule between the drug and the DNA in the lower affinity complex.
A temperature-dependent isothermal titration calorimetry (ITC)-binding study was performed using one of these constructs
(a 20-mer hairpin of sequence 5'-CGAATTCGTCTCCGAATTCG) and netropsin. This study demonstrated a break in the heat
capacity change for the formation of the complex containing the bridging water molecule at ~303 K. In the plot of the binding
enthalpy change versus temperature, the slope (ACp) was —0.67 kcal mol~' K~ steeper after the break at 303 K. Because of
the relatively low melting temperature of the 20-mer hairpin (341 K (68°C)), the enthalpy change for complex formation might
have included some energy of refolding of the partially denatured hairpin, giving the suggestion of a larger ACp. Studies done
on the binding of netropsin to similar constructs, a 24-mer and a 28-mer, with added GC basepairs in the hairpin stem to
increase thermal stability, exhibit the same nonlinearity in ACp over the temperature range of from 275 to 333 K. The slopes
(ACp) were —0.69 and —0.64 kcal mol~' K~ steeper after 303 K for the 24-mer and 28-mer, respectively. This observation
strengthens the argument regarding the presence of a bridging water molecule in the lower affinity netropsin/DNA complex. The
ACp data seem to infer that because the break in the heat capacity change function for the lower affinity binding occurs at the
isoequilibrium temperature for water, water may be included or trapped in the complex. The fact that this break does not occur in
the heat capacity change function for formation of the higher affinity complex can similarly be taken as evidence that water is not

included in the higher affinity complex.

INTRODUCTION

Physiologically relevant solution studies of macromolecular
interactions with small molecules are performed in water
with dissolved ions at near neutral pH. The role of water in
binding small molecules to nucleic acids and other biopoly-
mers therefore is an important consideration in drug design
strategy. Water is generally believed to play a significant role
in a number of biological interactions including the forma-
tion of binding complexes between small molecules and
nucleic acids, as well as complexes of small molecules and
proteins (1-14). Not only is it essential to study how the size,
structure, and charge density of a small molecule dictate its
interactions with a macromolecular target structure, it is also
important to understand how solvent water participates in
this interaction.

The most well known role of water in the formation of
small molecule/DNA complexes is its contribution to the
thermodynamics of complex formation. For example, dis-
ruption of the solvent cage around a nucleic acid can affect
binding affinity through the entropically favorable disorder-
ing of the solvent cage (3,15-21). Another role that water has
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been demonstrated to play in forming small molecule/DNA
complexes is by allowing molecules which are not the
“‘right’” shape to fit into a binding site by bridging between
the nucleic acid and the small molecule (6-8,12—14). Com-
plexes formed between minor groove-binding agents and the
DNA minor groove have been a topic of biophysical interest
for some time (22-36). Previously published work from our
laboratory identified the formation of two thermodynami-
cally distinct complexes upon binding netropsin to a number
of hairpin and duplex DNA constructs (13,14). This study
proposed that the binding of netropsin occurred in two con-
formations: one was an ideally suited crescent shape (which
would fit nicely into the minor groove), and the other was a
less favorable conformer that was not bent like a typical
minor groove-binding agent. It was proposed that the latter
conformer of the drug molecule is aided in binding to the
minor groove by a water molecule that forms a bridge be-
tween the nucleic acid and the drug compound.

The purpose of this study is to probe the thermodynamics
of the binding interaction between netropsin and the minor
groove of DNA in more detail than that performed in the
previous study. The main focus is on the temperature de-
pendence of the enthalpy change of binding (i.e., ACp),
which may give more insight into the nature of formation of
both complexes. The main construct probed in the previous
study was a 20-mer hairpin with an AATT-binding site. The
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20-mer original hairpin (OHP) construct has a melting tem-
perature of 341 K (68°C) under the solution conditions
studied. Titration data collected for netropsin binding at
temperatures above 323 K were expected to contain some
energy of refolding the hairpin structure simultaneously with
the drug-binding energy. In this study we used 24-mer and
28-mer hairpin constructs containing additional GC pairs
in the stem while maintaining the same AATT netropsin-
binding site. These constructs were stabilized over the OHP
by 13 and 20 K, respectively. This allowed temperature-
dependent netropsin-binding experiments to be performed at
temperatures in excess of 333 K without any concern about
including refolding energy in the measured binding en-
thalpies. The more in-depth study of the change in heat
capacity for the binding of netropsin to these more stable
hairpin constructs gives more insight into the complex bind-
ing described previously and aids in the further under-
standing of the role of water in the formation of complexes
between minor groove-specific small molecules and DNA.

MATERIALS AND METHODS
Isothermal titration calorimetry

Oligonucleotides were obtained from Oligos Etc. (Wilsonville, OR). The
oligonucleotide ‘‘code’’ or reference names, e.g., OHP, n-mer length, e.g.,
20-mer, complete sequences, e.g., 5'-d(CGAATTCGTCTCCGAATTCG)-
3’, and netropsin-binding site sequence, i.e., AATT/AATT, are given in
Table 1. Netropsin was obtained from Sigma Aldrich (St. Louis, MO).
Oligonucleotides were prepared in MES (2-(N-morpholino)-ethanesul-
phonic acid) buffer (0.01 M MES, 0.001 M EDTA, 0.2 M NaCl, pH 6.2)
and dialyzed against two changes of buffer (24 h each) at 277 K (4°C).
Oligonucleotide concentrations for isothermal titration calorimetry (ITC)
were nominally 1.0 X 10~> M. The concentrations of all of the DNA solu-
tions were verified using ultraviolet/visible (UV/Vis) spectrophotometry
with molecular extinction coefficients determined using a nearest-neighbor
calculation for single-strand DNA (37) and the absorbance of thermally
denatured constructs extrapolated back to 298 K (25°C) and/or a total
phosphate analysis technique (38). The extinction coefficients determined
for the 20-mer OHP, 24-mer long stem hairpin (LSHP), and 28-mer double
long stem hairpin (DLSHP) by these techniques were &0 = 1.76 X 10°
M 'em ', 2.07 X 10°M ' em ™!, and 2.39 X 10° M~ em ™!, respectively.

All netropsin solutions were prepared using the final dialysate from
the oligonucleotide solutions. Concentrations of netropsin were nominally
1.5 X 10~* M. Concentrations for netropsin were verified with UV/Vis

TABLE 1 The OHP along with alternate hairpin sequences
including base additions in the stem, loop, and tail regions
as well as the duplex structure

Code

name Complete hairpin sequence n-mer
OHP 5'-d(CGAATTCGTCTCCGAATTCG)-3' 20-mer
LSHP  5'-d(CGAATTCGCGTCTCCGCGAATTCG)-3’ 24-mer

DLSHP 5'-d(CGCGAATTCGCGTCTCCGCGAATTCGCG)-3' 28-mer

The code names stand for OHP, LSHP, and DLSHP. The code names are
given to simplify the results and discussion references to individual DNA
constructs. The bases located in the netropsin-binding region are shown in
bold. The bases added to the OHP to lengthen the stem above or below the
binding site are indicated by underlining.
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spectrophotometry using a published molar extinction coefficient of e;96 =
2.15 X 10° M~ em™' (39).

ITC experiments were performed using a Microcal (Northhampton, MA)
VP-ITC. Titrations were typically done at temperatures from 275 K to 333 K
and involved overfilling the ITC cell with ~1.5 ml of dilute oligonucleotide
solution and adding as many as 50-60 injections (5 ul) of the dilute solution
ligand. Typically three replicate measurements were made. The raw cal-
orimetric data were corrected for the heat of dilution of the netropsin and
oligonucleotide by subtracting the heats from the appropriate blank titrations.
These heats were small in comparison to the binding interaction heats, and the
data shown in Fig. 1 are the blank corrected data. At high stoichiometries the
corrected heats approach zero, although a small effect from nonspecific
aggregation of netropsin with the oligonucleotide may be present. The ther-
mograms (integrated heat/injection data) obtained in ITC experiments were
fit with our own *‘two-fractional-sites’’ model fitting algorithm developed for
use with Mathematica 5.0 software (13). (The ‘‘two-fractional-sites’” fitting
model is described in more detail in the Results section and in the
accompanying Supplementary Materials.) The ITC-binding data obtained for
netropsin could only be fit within expected experimental error using our
“‘two-fractional-sites’’ binding model and our Mathematica-based nonlinear
regression algorithm. Values for AG, (K,), AG, (K>), AH,, AH,, —TAS,,
—TAS,, nq, and n, were extracted directly from the fits obtained for our ‘two-
fractional-sites’” model. The OA parameters were obtained by simple
subtraction of the second site parameter from the first site parameter (AG,
AH, or —TAS). ACp; and ACp, values were obtained by plotting AH; versus
temperature (K) and fitting the temperature data with a simple linear
regression model over the appropriate narrow temperature ranges within the
entire temperature-dependent data set (275-333 K).

Differential scanning calorimetry

For differential scanning calorimetry (DSC) experiments the oligonucleotide
concentration was nominally 1 X 10~* M and netropsin concentrations
ranged from 5 X 107> M to slightly greater than 1 X 10~* M. The DSC
experiments were performed on a Microcal VP-DSC instrument. The
experiments cover the temperature range from 10°C to 110°C. Typically the
scan rate was set to 90°C/h, and the typical scanning experiment involved at
least three temperature scans for each filling. Replicate experiments were

AH (kcal/mol)

0.0 0.5 1.0 1.5 2.0
Mol Ratio

FIGURE 1 Representative nonlinear regression fits of the ITC-integrated
heat data for netropsin binding to the AATT containing OHP (<), LSHP
(A), and DLSHP (O) DNA constructs at 298 K (25°C). The fits shown as
solid lines are for the ‘‘two-fractional-sites’” model described by Egs. 1 and
2. This model is represented by two fractional sites that are constrained to
have a combined stoichiometry of 1.0 mol of ligand/mol of DNA. The fit
lines shown above were obtained with a user-defined fitting routine coded in
Mathematica 5.0 by our laboratory.
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done on separate fillings of the DSC cell. The DSC thermograms (excess
heat capacity versus 7T plots) were analyzed using the Origin 7.1 software
and were well fit in all cases with a single ‘‘two-state’” process. The Origin
analysis reported values for the melting temperature, Ty, and the calorimetric
and van ’t Hoff enthalpies for the transition.

RESULTS

Thermograms obtained for the titration of netropsin with all
three of the hairpin constructs are shown in Fig. 1. The
symbols represent the corrected heat data, and the lines
represent the nonlinear regression fit to our *‘two-fractional-
sites’” model. These thermograms could only be fit within
experimental error with a two-site model where the total
number of sites is one per hairpin, but it is defined as two
fractional sites having approximate stoichiometries of 0.66
and 0.33. The equations given below describe a two-site
model for the oligonucleotide-drug complex. This model
could result, for example, from a situation in which one
molecule of drug can bind to the DNA in two different
orientations (two fractional sites) having slightly different
affinities. In such a model, binding of the drug to the DNA
results in two structural conformers for the complex, for
example, one conformer that contains the drug molecule and
a water molecule bound in the minor groove and one
conformer that contains only the drug bound in the minor
groove. The following two equations demonstrate the two
different pathways for binding the drug to the minor groove,
resulting in two different final products: one where all of the
groove water has been displaced and one where a single
water molecule is trapped (or left behind):

Hp-(H,0), + D« Hp-D + n(H,0),

K, = [Hp-D]/[Hp-(H,0),][D] (M
Hp-(H,0)n + D« Hp-D-H,0 + (n — 1)(H,0),
K> = [Hp-D-H,0]/[Hp- (H,0)n][D], )

where K and K, are the equilibrium constants for binding to
the higher and lower affinity sites, respectively. The non-
linear regression was constrained to yield values for n; and
n, that summed to 1 as the stoichiometry for the netropsin-
binding interaction is known to be 1:1 for a single A,T,-
binding site in the DNA construct. (The *‘two-fractional-sites’’
model is described in more detail in the Supplementary
Materials.)

The ITC titration data for all three constructs were
unusually complex and consistent with the formation of two
thermodynamically distinct drug/DNA complexes during the
first mol ratio of titrated drug. Representative titration data
for all three hairpin constructs are shown in Fig. 1. The
enthalpy change for formation of complex 1 between all
three hairpin constructs and netropsin is nominally —7 kcal
mol ™! (as shown by the y-intercept in Fig. 1, which closely
approximates the value for AH). The enthalpy change for
formation of complex 2 for the three hairpin constructs varies
from a low of —12.0 to a high of —15.9 kcal mol " for the
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OHP and LSHP constructs, respectively. The minima in the
three enthalpograms underestimate the fit values for AH,.
Even as the mol ratio approaches 1, the observed heat
(shown in Fig. 1) is a linear combination of both AH; and
AH,. The difference in binding enthalpy between the forma-
tion of complex 1 and complex 2 at 298 K is more exo-
thermic for the second process by 4.9, 8.8, and 6.6 kcal
mol ™! for the OHP, LSHP, and DLSHP constructs, respec-
tively. The free energy change for the formation of complex
1 in all three hairpin constructs is nominally —11 kcal mol .
The difference in the free energy change for complex for-
mation between complex 1 and complex 2 at 298 K is less
favorable by 2.9, 2.7, and 2.4 kcal mol ™! for the OHP,
LSHP, and DLSHP constructs, respectively.

ITC titrations were performed at a range of temperatures
from 275 to 328 K for the OHP (Table 2) (due to the low
melting temperature of 341 K) and 275 to 333 K for the two
longer hairpin constructs (Tables 3 and 4). A plot of the
enthalpy change for formation of complexes 1 and 2 is
shown in Fig. 2 for all three hairpin constructs. All three sys-
tems demonstrate the linearity of the enthalpy change of for-
mation of complex 1 with respect to temperature with ACp,
values of —0.26, —0.16, and —0.13 for the OHP, LSHP, and
DLSHP hairpin constructs, respectively. The plot also in-
cludes the data for the formation of complex 2 for each con-
struct that does not demonstrate the same linearity with respect
to temperature as seen with the formation of complex 1.

These lines instead contain a break at ~303 K, where
there is a significant change in the slope of the line yielding
two values for the heat capacity change, one below 303 K
and one at temperatures higher than 303 K. The OHP con-
struct demonstrated ACp, values of —0.19 and —1.06 kcal
mol ' K™, the LSHP demonstrated ACp, values of —0.16
and —0.79 kcal mol™! Kil, and the DLSHP demonstrated
ACp, values of —0.15 and —0.89 kcal mol ' K.

Because of the low melting temperature of the OHP
construct, it is assumed that the measured binding enthalpy

TABLE 2 ITC-derived thermodynamic parameters, AG;, AH,,
and —TAS; for the OHP DNA construct binding netropsin in MES
buffer (0.01 M MES, 0.001M EDTA, 0.2 M NaCl, pH 6.2) at a range
of temperatures from 275 to 328 K

Temp AG[* AH[ * 7TAS[ AGz* AHz* 7TAS2
(K) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

275 -9.7 -3.1 —6.6 -7.7 —10.3 2.6
278 -9.2 —-3.3 -5.9 -74 -9.2 1.8
288 -9.7 —6.3 34 —8.0 —12.2 4.2
298 —11.2 —7.1 —4.1 —8.3 —-12.0 3.7
310 —-10.9 —124 1.5 —-8.6 —21.7 13.1
318 —11.2 —-11.9 0.7 —8.8 —26.6 17.8
323 —11.4 —14.3 2.9 —-8.4 —36.1 27.7
328 -89 —18.4 9.5 na na na

The parameters are for the ‘‘two-independent-sites’’ binding model.

*The uncertainties (not shown here) for fit parameters AG,, AG,, AH|, and
AH, were taken directly from the fitting program and were typically <2%
of the listed parameter value.
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TABLE 3
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ITC-derived thermodynamic parameters, AG;, AH,, and —TAS;,, for the LSHP DNA construct binding netropsin in MES buffer

(0.01 M MES, 0.001 M EDTA, 0.2 M NaCl, pH 6.2) at a range of temperatures from 275 to 333 K

Temp (K) AG, (kcal/mol) AH, (kcal/mol) —TAS, (kcal/mol) AG, (kcal/mol) AH, (kcal/mol) —TAS, (kcal/mol)
275 —9.8 (+£0.2) —3.6 (£0.5) —6.2 —8.3 (x1.3) —14.8 (£2.0) 6.5
278 —9.5 (%0.1) —3.4 (+0.5) —6.1 —8.3 (+04) —13.1 (+0.5) 4.8
288 —10.0 (+0.2) —5.1 (£0.6) —49 —8.3 (*£0.4) —14.2 (£0.7) 5.9
298 —10.9 (+0.5) —7.1 (£0.5) -3.8 —8.5(+0.2) —15.9 (x2.3) 7.4
310 —10.9 (+0.1) —9.5 (£0.3) —14 —8.6 (*£0.2) —234 (%£1.4) 14.8
318 —11.2 (*0.1) —12.2 (+0.3) 1.0 —8.7 (£0.2) —32.8 (*3.4) 24.1
323 —11.1 (%£0.2) ——12.0 (%x1.3) 0.9 —8.5 (+0.2) —39.8 (£3.1) 31.3
328 —11.2 (*0.2) —13.5 (+2.0) 2.3 —8.3 (*0.2) —44.1 (£4.2) 35.8
333 —11.4 (x0.4) —13.2 (%£1.9) 1.8 —8.3 (*£0.2) —46.8 (£2.3) 38.5

The parameters are for the ‘‘two-independent-sites’” binding model. The uncertainties listed for AG; and AH; are * 1 standard deviation from the mean values

determined by averaging triplicates for each experiment.

in experiments performed above 323 K contains some
refolding energy. Close inspection of the DSC curve for
melting the OHP (Fig. 3) allows the unfolded fraction of the
hairpin to be estimated for these temperatures. By subtract-
ing the estimated refolding energy obtained from the DSC
experiments, the 323 K experiment point for AH, moved up
and onto the line defined by the AH, values at temperatures
above 303 K. Because the 328 K experiment with the OHP
appeared to be well fit with a single binding process, no attempt
was made to correct and include the 328 K titration data point
for the OHP in the heat capacity plot for binding process 2.
DSC experiments with the three hairpin constructs dem-
onstrated melting temperatures of 341, 354, and 361 K
(68°C, 81°C, and 88°C) (Fig. 3). The enthalpy of unfolding
all three hairpin structures was nominally 70 kcal mol ' (62,
68, and 72 kcal mol ™! for the OHP, LSHP, and DLSHP con-
structs, respectively). Profiles for the naked hairpin and the
1:1 complexes were fit with a simple two-state model, and
the addition of one mol ratio of netropsin shifted the melting
temperatures from 10°C to 20°C above the melting temper-
atures for the naked hairpins, demonstrating tight binding of
netropsin to all three hairpin constructs (data not shown).

DISCUSSION

ITC titrations with the two modified hairpin constructs dem-
onstrated the same complex binding behavior observed

TABLE 4

previously for the OHP system (13,14) and other systems
(40). The modifications performed on the stem of the hairpin
DNA did not eliminate the complex binding. It should be
noted here that ITC, because it allows for the simultaneous
determination of the free energy, enthalpy, and entropy
changes for complex formation, is a technique that is
uniquely suited to observe this complex binding behavior.
Equilibrium methods, for example SPR, DSC, and various
spectroscopic methods, would fail to identify the presence of
two distinctly different binding modes (one involving the
trapping of a water molecule) for the netropsin hairpin
interaction (14).

The temperature-dependent data for binding netropsin to
the OHP have been analyzed to yield values of heat capacity
change at constant pressure, ACp, for both the site 1 and site
2 interactions. The site 1 interaction exhibits a ACp; of
—0.19 kcal mol™' K~ ' 275-328 K (2°C-55°C). This is a
typical average value that has been observed previously for a
number of minor groove binders (5,16,18). This large
negative value for ACp has been interpreted in terms of the
expulsion of 8-10 water molecules from the DNA minor
groove on ligand binding (5,16,18). There is not much new
in these data for site 1 binding. However, the site 2 enthalpy
change is not a simple linear function of temperature (see
Fig. 2). The site 2 binding interaction exhibits a different
value for ACp, at temperatures below 303 K and a second
even more negative value for ACp, at temperatures above

ITC-derived thermodynamic parameters, AG;, AH;, and —TAS;, for the DLSHP DNA construct binding netropsin in MES

buffer (0.01 M MES, 0.001 M EDTA, 0.2 M NaCl, pH 6.2) at a range of temperatures from 275 to 333 K

Temp (K) AG, (kcal/mol) AH, (kcal/mol) —TAS, (kcal/mol) AG, (kcal/mol) AH, (kcal/mol) —TAS, (kcal/mol)
275 —9.7 (=0.3) —2.6 (=0.2) -7.1 —7.8 (%0.5) —-9.4 (%+0.2) 1.6
278 -9.9 (=0.1) —3.4 (=0.1) —6.5 —7.4 (+0.3) —10.9 (+2.6) 35
288 —10.4 (=0.1) —5.1(£0.3) —-5.3 —8.0 (£0.1) —10.8 (£0.5) 2.8
298 —11.0 (=0.5) —7.0 (=0.1) —4.0 —8.6 (=0.2) —13.6 (+£3.2) 5.0
310 —11.5 (+0.3) —-9.4 (£0.2) 2.1 —8.8 (=0.3) —20.1 (£1.2) 11.3
318 —11.3 (%0.2) —10.3 (+0.8) -1.0 —8.9 (+0.1) —26.7 (£2.9) 17.8
323 —11.5 (+0.3) —12.6 (+£0.9) 1.1 —8.8 (+0.1) —30.1 (%2.1) 21.3
328 —11.3 (+0.6) —12.2 (+0.7) 0.9 —9.1 (=0.6) —35.0 (+0.6) 25.9
333 —11.3 (x0.2) —12.1 (x0.5) 0.8 —9.1 (£0.2) —39.6 (£2.9) 30.5

The parameters are for the *‘two-independent-sites’” binding model. The uncertainties listed for AG; and AH; are * 1 standard deviation from the mean values

determined by averaging triplicates for each experiment.

Biophysical Journal 92(7) 2516-2522



2520

-10

-20

-30

AH (kcal/mol)

-40 -

-50 4

-60 T T T : T T T T
275 285 295 305 315 325 335
Temperature (K)

FIGURE 2 Temperature dependence of the enthalpy change for netropsin
binding to the AATT containing hairpins OHP (@), LSHP (s), and DLSHP
(A). In all three systems the first binding mode (dashed line) demonstrates
a linear dependence of the enthalpy change on the temperature over the
measurement range of 275-328 K (for OHP) or 275-333 K (for LSHP and
DLSHP). The slope of the simple linear regression line shown corresponds to
a global fit line with a slope of ACp; = —0.19 =+ 0.01 kcal mol ' K. Fitting
each system individually yielded ACp; values of —0.26, —0.16, —0.15 kcal
mol~' K~! for the OHP, LSHP, and DLSHP, respectively. The second
binding mode (solid line) demonstrates two different heat capacity profiles,
one at temperatures below 303 K and a significantly steeper heat capacity
profile at temperatures above 303 K. The slope of the low temperature simple
linear regression line shown corresponds to a global fit line with a slope of
ACp, = —0.14 =+ 0.04 kcal mol ' K. Individual linear regression analyses
on the data below 303 K on all three systems yielded ACp, (1) values of —
0.19, — 0.16, and —0.89 kcal mol ' K™ for the OHP, LSHP, and DLSHP,
respectively. The slope of the high temperature simple linear regression line
shown corresponds to a global fit line with a slope of ACp, = —0.98 = 0.09
keal mol ™' K. Linear regression analyses on the data above 303 K for all
three systems yielded ACp, (2) values of — 1.06, — 0.79, and —0.89 kcal
mol~! K~! for the OHP, LSHP, and DLSHP, respectively.

303 K. The two values for ACp, are —0.14 kcal mol ' K™
at the lower temperatures and —0.97 kcal mol™' K" at
temperatures above 303 K. Enthalpy-entropy compensation
has been a poorly understood but much discussed topic for
more than 35 years (41). It is often discussed in terms of
either isokinetic or isoequilibrium relationships (17). Linear-
free energy relationships, plots of AH versus AS, are often
analyzed in terms of the slope, 3, or isoequilibrium tem-
perature. For nonionic ligand interactions in water, 3 values
have been reported to range from 280 to 320 K. Dunitz
reported an isoequilibrium temperature for hydrogen bond-
ing in water of 300 K (17). The isoequilibrium or often-
observed enthalpy-entropy compensation phenomenon is
almost certainly a ubiquitous property of water. The obser-
vation here that the heat capacity breaks at or near the iso-
equilibrium temperature of water (303 K) is almost certainly
not a coincidence.

Binding of netropsin or other ligands to partially unfolded
DNA is known to stabilize the DNA and obviously refold the
partially denatured structure. When measuring the binding
enthalpies of netropsin complexation with the OHP construct
at higher temperatures (approaching the melting tempera-
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FIGURE 3 DSC data of all three hairpin constructs showing the shift in
melting temperature upon addition of GC interactions in the hairpin stem.
The melting temperatures for the OHP, LSHP, and DLSHP are 68°C, 80°C,
and 87°C, respectively.

ture), the binding enthalpy would necessarily include some
refolding heat. This prompted the experiments done in this
study, which employed hairpin constructs with additional
GC bases in the stem and having melting temperatures
increased by 13 and 20 K for the LSHP or the DLSHP,
respectively (Fig. 3). These two constructs also demonstrated
the same break in the heat capacity slope at 303 K. This
verified that the break in slope seen in the OHP construct was
not the result of refolding energy alone but the result of the
restructuring of water molecules in the groove of the DNA
that affected the energy of binding netropsin into the hairpin
groove. In addition it also validated the estimation of the
enthalpy of refolding the hairpin structure upon drug binding
to the OHP construct in the 323 K experiments.

The temperature dependence of the ACp of water was
reviewed in an attempt to explain the observed break in the
heat capacity plot for formation of complex 2 with all three
of these hairpin constructs using the work from Dougherty
et al. (42). When the change in ACp was calculated with
respect to temperature, it was determined that the contribu-
tion of temperature-dependent change in ACp to the
observed AH was fairly minimal (~3.7 kcal mol™ ') in
comparison to the enthalpy changes observed for the entire
binding process (from —10 to —35 kcal mol ' for mode two,
depending on the construct and the reaction temperature).
The possibility of modeling the structure of water in the
minor groove after the structure of water in ice was sug-
gested as another possible explanation for the observed break
in the heat capacity for the formation of complex 2. A heat of
fusion term for trapping water in an ‘‘ice-like’’ structure
could contribute to the enthalpy change for complex 2
formation. Again, the temperature dependence of the heat of
fusion of water (42) cannot be used to explain the change in
the slope of the heat capacity change data at 303 K. If all of
the 8—10 water molecules purported to be expelled from
the minor groove were included in the calculation, the
corrected enthalpy change values would shift to values that
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are less exothermic than those observed in the formation of
complex 1.

Any difference in the enthalpy change for formation of
complexes 1 and 2 must be the result of the combination of the
differences in energy between binding the two different
conformers of netropsin as well as the energy of trapping a
bridging water molecule in the hairpin/netropsin complex.
The free energy change for the formation of complex 2 re-
mains fairly constant over the entire temperature range
explored with all three hairpin constructs. Thus the large
observed temperature-dependent increase in the enthalpy
change is another example of enthalpy-entropy compensa-
tion. The entropy of complex 2 formation becomes largely
unfavorable as the temperature increases and thus the favor-
able exothermic enthalpy change must increase to maintain a
fairly constant favorable free energy change. Because the struc-
ture of the water surrounding the hairpin constructs in solution
becomes more highly disordered at higher temperatures, the
energy price for trapping a water molecule in a highly ordered
netropsin/hairpin complex increases accordingly.

It is important to note that the proposed binding model
including a trapped water molecule in complex 2 is somewhat
speculative. However, it is entirely consistent with and inferred
from the calorimetric results obtained in this study. We would
like to further point out that this hypothetical structural model
has yet to be verified in complementary experiments and would
need to be corroborated in future studies.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophys;j.org.
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