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Abstract: The hydration changes that accompany the DNA binding of five intercalators (ethidium, propidium,
proflavine, daunomycin, and 7-aminoactinomycin D) were measured by the osmotic stress method with use of

the osmolytes betaine, sucrose, and triethylene glycol

. Wiatekewas found to accompany complex formation

for all intercalators except ethidium. The difference in the number of bound water molecules between the
complex and the free reactantsry,) was different for each intercalator. The values foundAoy, were the
following: propidium,+6; daunomycin;+18; proflavine,+30; and 7-aminoactinomycin ;32. For ethidium
binding to DNA a value ofAn,, = +0.25(0.3) was found, indicating that within experimental error no water
was released or taken up upon complex formation. Intercalation association constants measp@edéneD

found to increase relative to values measured 4@ lfbr all compounds except ethidium. A positive correlation
between the ratio of binding constanks(o/Kn,0) andAn,, was found. These combined studies identify water

as an important thermodynamic participant in the formation of certain intercalation complexes.

Introduction

Water is an integral part of DNA structute® At least two
hydration layers surround duplex DNA, the first of which

and specificity of proteir DNA interactions’14 The role of
water in the binding of small ligands to DNA, in contrast, is
poorly characterized. For improved drug design, it is essential
to clarify how water molecules participate in liganBNA

consists of about 20 water molecules per nucleotide. Recentjyiaractions.

studies have shown that water and cations may bind in
complicated, specific ways to particular DNA sequencés.
Hydration plays an important role in both the binding affinity
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containing the macromolecules and ligands being studied, A x
thereby altering water activity in the solution. These added : O
osmolytes are assumed not interact with any of the reactants

NH,
HQ

under study, an assumption that may be verified by using a .
variety of neutral solutes whose size and physicochemical
properties differ.

“Osmotic stress”, “preferential hydration”, and “crowding”
are all closely related phenomena, and their exact relationships
are the subject of some debaté® In our recent study of
crowding effects on triplex and duplex meltittyve were able
to clearly distinguish crowding effects of added solutes from
effects on water activity by using cosolutes with differing molar
volumes. Small cosolutes of the type used in the present study
were found to exert little, if any, crowding effects.

The osmotic stress method was used to study the coupled
hydration change in the binding of a netropsin analogue to
DNA.2° The surprising finding in that study was that interaction
of this groove binder with DNA was accompanied by the net
uptakeof 50—60 water molecules. The osmotic stress method
was recently used to study hydration changes for the intercala-
tion of ethidium and daunomyci#.No change in hydration was
found for the DNA binding of the simple interacalator, ethidium,
but significant wateuptakewas found to accompany the binding CH,
of the more complex intercalator daunomycin, which contains
not only an intercalating moiety but also a carbohydrate NH,-HCl
substituent that binds in the minor groove. D

The present study builds on the preliminary results obtained Sar Sar
for ethidium and daunomycin with use of the osmotic stress Pr Me-val Prd  “MeVal
method. Sucrose, betaine, and triethylene glycol were used as | |
osmolytes. These three osmolytes were chosen because they D‘Val\mrzo D'V“‘I\Th -0
were recently used to study water release in DNA duplex and Ne=0 o=¢"
triplex melting reaction$ and in the interaction of thgal
repressor with DNAZ These three osmolytes vary greatly in
their affects on solution dielectric constant, viscosity, and
densityl®14and therefore offer a system in which the effect of H, o o
changes in water activity can be clearly distinguished from these CH, CH,
other physicochemical properties. Sucrose and betaine were_ ) o )
reported to be excluded from the surface of DNA, an important Figuré 1. Chemical structures of the five intercalators studied: (a)
prerequisite for their use in the osmotic stress stratétyythis proflavine hydrochloride; (b) eth'dTm bromide (R ?H&_X - B)

. . ;. and propidium iodide (R= CH,CH;"N(CH,CHs),CHs; X = 2I); (c)
repprt, hydratlt_)n changes that gc_companle_d_the DNA bl_ndlng daunomycin hydrochloride; and . (d) 7-aminoactinomycin D.
of five known intercalators (ethidium, propidium, proflavine,
daunomycin, and 7-aminoactinomycin D) were explored. The complexes, substitution of £ for H,O ought to increase the
chemical structures of these intercalators are shown in Figureapparent liganet DNA binding constant. Such an isotope effect
1. These intercalators differ both in size and in the complexity was in fact observed. A linear correlation was found between
of their structures. Their structural differences result in DNA the increase in the magnitude of liganBNA binding constant
binding site sizes ranging from 2 bp (ethidium) te-% bp in D,O and the difference in the number of bound water
(actinomcyin D)?? The hydration changes upon ligaRBNA molecules between the complex and the free reactants,
complex formation were found to differ for each compound measured by the osmotic stress method. Our combined studies
studied. Except for ethidium, DNA binding affinity was found  clearly identify water as an hitherto unappreciated participant
to decreasavith decreasing water activity, indicating that water in intercalation reactions.
is taken up upon complex formation. Participation of water in
intercalation reactions was confirmed independently by binding Materials and Methods
studies in RO. DO hydrogen bon,d, strength is inc.reased re!ative Ethidium bromide (Lot No. E8751), daunomycin hydrochloride
to H,0.2372° If water binds specifically to DNA intercalation (Lot No. 108H1301), proflavine hydrochloride (Lot No. 50H3527), and

CH,0 O OH

o\
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and deuterium oxide (Lot No. D-4501, 99.8 at. % D) were purchased
from Sigma Chemical Co. (St. Louis, MO). Triethylene glycol (Lot
No. 112-27-6, purity>99%) was obtained from Aldrich Chemical Co.,
Inc. (Milwaukee, MI). The above chemicals were used without further
purification.

Calf thymus DNA (Lot No. 27-4562-02) was purchased from
Pharmacia. The DNA was sonicated and purified as described €eérlier.
Before further use, the DNA was dialyzed against BPES buffer
consisting of 6 MM NgHPO;,, 2 mM NaHPO,, 1 mM NgEDTA, and
0.185 M NaCl at pH 7.0 in the absence or presence of different
concentration of an osmolyte (sucrose, betaine, or triethylene glycol)
for 24 h. The DNA used for comparison of ligand binding affinity in
H.0O and in BO was dialyzed against BPE buffer consisting of 6 mM
NaHPQO;, 2 MM NaHPQO,, and 1 mM NaEDTA at pH 7.0 aqueous
solution or QO for 24 h. DNA concentration was determined by UV
absorption at 260 nm, using a molar extinction coefficient of 12 824
cm ! M~Y(bp).

Instrumentation. Absorbance measurements and melting experi-
ments were conducted with a Varian Cary 3E tWs spectropho-
tometer (Palo Alta, CA), equipped with a Peltier temperature control
accessory and interfaced to a Gateway 386 PC for data collection and
analysis. Circular dichroism studies were recorded &t0n a Jasco
J500A spectropolarimeter. Fluorescence data were recorded with an
I.S.S. Greg 200 fluorometer and Model ATF 105 automated titration
spectrofluorometer (Aviv Inc., Lakewood, NJ), equipped with a
NESLAB temperature control accessory. Solution osmolalities were

measured with a Wescor Inc., model 5520 vapor pressure osmometer.

Determination of Binding Constants.DNA binding constants were
determined by fluorescence titration as described previgisiyvo
kinds of titrations were carried out. In the first, fixed ligand concentra-
tions were titrated by increasing DNA concentration in BPE buffer in
aqueous solution or . Titration data were fit directly by nonlinear
least-squares methddg® to get binding constants, using a fitting
function incorporated into the program FitAll (MTR Software, Toronto).
Low-salt BPE buffer was chosen for these studies to maximize the
magnitudes of the binding constants, in hopes of magnifying a@y D
isotope effect. In the second process, fixed concentrations of DNA were
titrated with increasing ligand concentrations in BPES buffer alone or
in the presence of osmolytes. Data were transformed into the form of
a Scatchard plot of/C versusr, wherer is the ratio of bound ligand
to the total base pair concentration a@ds the concentration of free
ligand. Data were fit to the McGhee/on Hippel neighbor exclusion
model?”-2 Errors were evaluated by a Monte Carlo analy$/using
a routine that has been added to the FitAll package (MTR Software,
Toronto).

Results

Hydration Changes for Ligand Binding to DNA. Figure 2
shows binding isotherms for the interaction of proflavine and
7-aminoactinomycin D with calf thymus DNA in the absence
and presence of an osmolyte (betaine) that perturbs water
activity. The qualitative effect of the osmolyte is clear. The

presence of betaine significantly decreases the apparent DNA

binding affinity of both proflavine and 7-aminoactinomycin D.
Figure 3 shows the effects of added osmolytes on intercalator

binding constants. The data show that as osmolyte concentratior

increases (and, concomitantly, as water activity decreases), th
ligand—DNA binding constant decreases. The solid lines through
the data in Figure 3 were obtained by global fits to the data for
all three different osmolytes used. Each individual osmolyte
exerts a similar effect, within experimental error, on the

intercalator binding constants as inspection of the slopes
collected in Table 1 shows. From the slopes of the lines in Figure
3, it is possible to obtain the stoichiometry of water binding in

(26) Chaires, J. B.; Dattagupta, N.; Crothers, D.Bibchemistry1982
21, 3933-3940.

(27) Qu, X.; Chaires, J. BMethods EnzymoR00Q 321, 353-369.

(28) Correia, J. J.; Chaires, J. Blethods Enzymoll994 240, 593—
614.
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Figure 2. Binding isotherms for the interaction of proflavine (A) and
7-aminoactinomycin D (B) with calf thymus DNA in the absence and
presence of betaine. The solid lines show nonlinear least-squares fits
of the data to the neighbor exclusion model. Panel A: Proflavine
binding to DNA in the absence of betaine (1) or in the presence of
added betaine to produce 1.44 (2) or 2.48 (3) osmolal solutions. Panel
B: 7-Aminoactinomycin D binding to DNA in the absence of betaine
(2) or in the presence of added betaine to produce 1.44 (2) or 3.23 (3)
osmolal solutions.

the formation of intercalation complexes for these five com-
pounds. Assuming that there is no direct interaction of the
osmolytes with DNA or the intercalators, the change in hydration
is given by the equation

AIN(KJK)/[Osm] = —An,/55.5

where InKJ/Ky) is the change in binding free energy, “Osm” is
the osmolality of the solution, anfin, is the difference in the
number of bound water molecules between the complex and
the free reactant$.A positive sign forAn,, indicates thaiptake
of water upon complex formation. The negative slopes of the
best-fit lines in Figure 3 indicate thatn,, is positive and that
additional water is bound upon complex formation. Hydration
changes for the intercalation reactions studied are summarized
n Table 2. The values found foAn, are the following:
ropidium,+6; daunomycin;+18; proflavine,+30; and 7-ami-
noactinomycin D;+32. The error irAn,, estimates ranges from
2 to 17%. Within experimental error, there was no observable
hydration change for ethidium binding\(,, = +0.254 0.3).
Appropriate controls were performed to ensure that DNA
remained in standard duplex form in the presence of osmolytes
over the concentration ranges used (see Supporting Information).
While osmolytes decrease the DNA melting temperatfitbe
Tm remains well above the temperature used for binding studies,
even at the highest osmolyte concentrations used here. Circular
dichroism studies confirm that DNA retains the standard B-form
spectrum in the presence of osmolytes at°@0(Figure S2,
Supporting Information). Circular dichroism was also used to
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Y T optical properties of the intercalators are fully accounted for in

0.0¢ our determination of binding constants).
-0.5- Discussion
These results identify water as an important participant in
€ .o - . : .
¢ e DNA intercalation reactions. Separate experimental approaches
z (osmotic stress and deuterium isotope studies) show that water

1.5 uptake accompanies the DNA binding of some (but not all)
intercalators. This finding is counterintuitive since intercalation
reactions are commonly thought to be accompanied by decreased
solvent accessible surface areas as the planar, aromatic chro-
mophore is buried within the DNA helix. The results reported
here suggest that the situation is more complex, and must
involve factors other than nonspecific binding of water to
exposed surfaces. Coupled hydration changes must now be
considered as an important contribution to the thermodynamics
of intercalation reactions.

The osmotic stress method provides perhaps the most direct
measure now possible of the hydration changes that accompany
intercalator binding. Quantitative estimates for the number of
additional water molecules bound upon complex formation are
2.0- listed in Table 2. The osmotic stress method rests on the firm

T, thermodynamic foundation of the GibbBuhem e_quatioﬁl?v18

) A key assumption in the osmotic stress method is that the added
[Solute], osmolal neutral solutes do not themselves bind to either the DNA or
Figure 3. Dependence of DNA binding constants on osmolyte the ligand!516 A practical and widely accepted test of this
conce_ntration. The natural Iogafithm of th_e ratio of th_e b_inding constant assumption is to show that chemically different osmolytes exert
ata given osmolytg concentratiois| rel_atlve to thg binding constant  tha same effects on ligand bindift2° Our results show that
in BPES buffer Ko) is shown as a function of solution osmolality. The betaine, sucrose, and triethylene glycol all affect intercalator

colors indicate data obtained using a particular osmolyte: betaine (blue),b. di tants i tially th The s| h
sucrose (red), or triethylenglycol (green). Different symbols indicate Inding constants In essentially the same way. The slopes shown

data for different intercalators. Panel A: ethidium (curve 1, squares); [0 the individual osmolytes in Table 1 do not vary in any
daunomycin (curve 2, circles); 7-aminoactinomycin d (curve 3, Systematic way for the various intercalators studied, supporting
triangles). Panel B: propidium (curve 1, down triangles); proflavine the assumption that the added solutes are not interacting with
(curve 2, diamonds). either the DNA or the ligands. More direct experimental
evidence supporting the exclusion of sucrose and betaine from
confirm that the intercalators studied bind to DNA by the same DNA was recently reportedf. If the individual osmolytes were
binding mode in the presence of osmolytes (Figure S3, Sup- to interact with DNA, neglect of that interaction would render
porting Information). The induced CD spectra observed for Any values overestimates of the true values for the cases of
propidium, daunomycin, and 7-aminoactinomycin D upon water uptake observed heteWe emphasize that we do not
binding to DNA are all identical in the presence and absence believe that to be the case, since we cannot discern any
of added osmolyte. differences in the effects exerted by the three different osmolytes
used in either this study or our previous study of triplex and
duplex melting'® Given the differences in the chemical proper-
ties of these osmolytes, each would be expected to interact in
a unique way with DNA, which would lead to observable
differences in the slopes shown in Table 1. At present, direct
measurement of potential osmolytemacromolecule interactions
is a demanding and tedious task that requires enormous
macromolecule concentratiofsWhile osmolyte-protein in-
teractions have been studied to a very limited exiéstudies
of osmolyte-DNA interactions have not yet been reported.
While we hope to attempt such measurements in the future,
such an effort represents a complex, arduous experimental
undertaking that is beyond the scope of the current investigation.
We find that the magnitude of the deuterium isotope effect
on the intercalator binding constant is directly correlated to the
number of water molecules taken up as measured by the osmotic
stress method (Figure 5). We interpret this finding as resulting
Al . . . . from the incr in the hydrogen bond strength of the water
on the binding constaljt: Thatis conS|stent.W|_th previous reports m%leculees gpi?f?cally bez)ur)]/g vc\)/igiﬁin lt)r?e cijntserialg?atio(r)1 corlilplgxe.3
of D,0 effects on ethidium fluorescenétLimiting values of An alternate interpretation, however, could be that isOD

fluorescence _mtensmes_ were determined as fitting parametersgq vions substituent hydrogen atoms on both the DNA and
in our analysis of binding isotherms, so,® effects on the

-2.04

Ligand Binding in Deuterium Oxide Solution. D,O was
used to study the solvent isotope effect on ligaBdNA
interactions. Hydrogen bond strength is greater fe®© Dhan
for H,0,23-25 s0 if water is a specific participant in the formation
of intercalation complexes, an increase in the apparent DNA
association constant would be expected upon substitution@f D
for H,O. Figure 4 shows binding isotherms for the interaction
of propidium, daunomycin, and 7-aminoactinomycin D with
DNA in H;0 and in BO. The binding affinity increased by
factors of 1.1, 1.7, and 2.7 for propidium, daunomycin, and
7-aminoactinomycin D, respectively. Table 3 summarizes the
parameters for intercalator binding to DNA in® and in DO.
Figure 5 shows that there is a linear correlatigh> 0.98)
between the magnitude of the relative increase of ligand binding
affinity in D,O andAn,. (We note that in RO, the intrinsic
fluorescence of all the intercalators studied was enhanced
(comparéd-q values in Table 3), in addition to the isotope effect

(30) Courtney, E. S.; Capp, M. W.; Anderson, C. F.; Record, M. T., Jr.
(29) Olmsted, J. D.; Kearns, D. Biochemistryl977, 16, 3647-3654. Biochemistry200Q 39, 4455-4471.
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Table 1. Summary ofdln(K4/Kog)/d[Osm] Values for DNA Intercalation Reactichs

aln(KyJ/Ko)/o[Osm]
compd sucrose betaine triethyleneglycol global
ethidium —0.06+0.01 —0.03+0.11 —0.02+ 0.03 —0.00, + 0.01
propidium —0.064+0.01 —0.114+0.02 —0.124+0.03 —0.124+0.02
daunomycin —0.37+0.03 —0.384+0.05 —0.26+ 0.02 —0.32+0.01
proflavine —-0.484+0.11 —0.494+0.10 —0.524+0.02 —0.544+0.07
7-aminoactinomycin D —0.554+0.08 —0.62+ 0.05 —0.69+ 0.04 —0.58+0.05

2 The slopes of the lines obtained by linear least-squares fits of the data plotted in Figure 3 are shown. “Global” means that a single best-fit line
was obtained by using all of the data points from all osmolytes. The individual slopes reported for each individual osmolyte for a given intercalator
were obtained by linear fits to the data for that particular osmolyte. Each slope results from a linear fit to one set of colored symbols shown in
Figure 3 for each intercalator.

Table 2. Comparison of Hydration Changes for Intercalator 1.0
Binding to Calf Thymus DNA A
aln(KyJKo)/ 0.8 o
ligand Ko? Ke o[OsmF Anyd
ethidium 1.1x 1 0.9x 1¢° —0.00 0.25+0.3 0.6
propidium 5.2x 100 4.4x 10 —0.12 6.4+ 1.1
proflavine 2.7x 106 0.75x 1° —0.54 30.0+ 4.0
daunomycin 6.2< 106 19x 10° -0.32 18.0+ 0.3 0.4
7-aminoactino- 4.4x 10° 1.0x 1C° —0.58 32.0+ 3.0
mycin D 0.24
a Ligand—DNA binding constants in BPES buffer (6 mM NP O,,
2 mM NaHPQ,, 1 mM NaEDTA, 0.185 M NaCl, pH 7.0). The binding 0.0

data were obtained by fluorescence titration as described in the text
and were fit to the McGheevon Hippel neighbor exclusion model.

b Representative ligareDNA binding constants in BPES buffer plus
sucrose. Solution osmolalities were as follows: ethidium, 3.15;
propidium, 2.34; dauonmycin, 2.16; proflavine, 3.27; 7-aminoactino-
mycin D, 2.6.¢ The slopesdln(KJKg)/d[Osm]) were obtained by linear
least-squares fits to the data shown in Figuré &n, = —55.5 x
(dIn(KJKp)/o[Osm]). See text for an explanation.

intercalators exchange with deuterium, leading to stronger
intercalator-DNA hydrogen bonds within the complex. If this
were the case, we do not understand why there would be the
correlation observed in Figure 5, so we favor the former model.
Hydration changes that accompany ligand binding to DNA
can also be explored using volume, density, and ultrasound
velocity methods, although these methods provide less direct
measures of hydration changes in comparison to the osmotic
stress metho# Results obtained using these alternate methods
have been reported for only a few intercalation reactions. Results
from volume and compressibility studies for the intercalation
of ethidium and daunomycin were interpreted in terms of
enhanced DNA hydration upon complex formati@iwhile that
conclusion is generally consistent with the observations reported
here, that study did not provide quantitative estimates for the
numbers of water molecules taken up, nor was any difference
between the behavior of ethidium and daunomycin noted. ’ TR AR A P AR
Volume and density measurements were recently reported that [DNALM
support the conclusion that intercalation of both ethidium and Figure 4. DNA binding isotherms for the interaction of propidium

propidium was accompanied by the uptake of Wé:ieNater . (panel A), daunomycin (panel B), and 7-aminoactinomycin D (panel
upta!(e was gre.a.ter (by about 4 ther molecules) for PrQP'd'Um C) in HO (solid symbols) or BO (open symbols). The normalized
relative to ethidium, an observation in agreement with our fiyorescence response is shown as a function of total DNA concentra-
findings. For volume, density, and ultrasound velocity measure- tion. In these titrations, the ligand concentration was kept constant at
ments to be interpreted quantitatively in terms of hydration 1 uM while the DNA concentration was varied between 1 mM and
changes, assumptions must be made concerning the physica®.01xM bp. Data fitting and determination of binding parameters (see
properties of “free” and “bound” water. That necessity renders Table 2) were carried out using nonlinear least-squares analysis, as
these technlques more |nd|rect’ |n our Oplnlon, than the osmotlc deSCI’ibed in the Materials and MethOdS Section. The SO|id Iines through

stress method, which is firmly based on the principles of linkage the data show the best fitting curves to the binding model described in
' the text.

Relative Fluorescence

(31) Chalikian, T. V.; Breslauer, K. Biopolym. (Nucleic Acid Sci)998
48, 264—280.

(32) Kudriashov, E. D.; Bukin, V. A.; Braginskaia, F. I.; Marky, L. A.  thermodynamics. The various experimental approaches comple-

B'O(gé';‘ﬁ,lg?sf ALl.?’Al.l-olzlfpske D. W.; Kankia, B. IMethods EnzymoR001 ment one another. For the rather sparse available data on

340, in press. intercalation reactions, all of the various experimental methods
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Table 3. Summary of Thermodynamic Parameters for Intercalator Binding to Calf Thymus DNA in BPE and in DBPE (heavy water BPE)

daunomycin ethidium propidium 7-aminoactiomycin D proflavine
BPE DBPE BPE DBPE BPE DBPE BPE DBPE BPE DBPE
K/10f, M~ 1.5+ 0.15 2.6+ 0.50 0.93+0.09 0.62+0.05 0.96+0.10 1.05+0.10 0.10+0.01 0.28+0.02 0.81+0.14 2.06+ 0.37
Fo 54 124 2093 3120 4127 8605 2302 3712 152200 177900
Fo 692 2723 266 694 235 850 331 637 77610 89380

aLigand—DNA binding studies were carried out & 6 MM NaHPQ,, 2 mM NaHPO,, and 1 mM NaEDTA aqueous solution or D solution.
The ligand concentration was fixed atuM while DNA concentration was varied between 00 and 1 mM. All the samples were prepared
separately. The titration data were collected with the fluorescence method and used directly to get the bindingkcanstettie limiting fluorescence
intensities,F, and Fo, by using a nonlinear least-squares analysis method as described in the text.

3.5 ing years the neighbor exclusion model has been widely ac-
cepted as the most appropriate explanation for nonlinear Scatch-
ard plots obtained from intercalator binding to DNA. Finally,
2.5 we note that if water were in fact released upon actinomycin
binding to DNA, such behavior would be inconsistent with the

3.0

=3
X 20 deuterium isotope effect we observe (Figure 5, Table 3).
g:— 1.54 Our laboratory has been devoted to understanding the
molecular contributions to ligareDNA binding free energiéé3°
1.0 and has made several attempts to parse binding free energies
0.5 into their component part§-42 Up until now, the contributions
of water to intercalator binding were not fully appreciated and
0.0

were neglected. The coupled binding of water to DNA is
analogous to the coupled binding of counteriéhahich gives
rise to the salt-dependence of ligaridNA binding constants.
Figure 5. Correlation of the increase of intercalator binding affinity = The dependence of ligand binding free energies on water activity
in DO with Any, the difference in the number of bound water s thermodynamically as significant as their dependence on salt
molecules between the complex aqd the free reactantsAmpealues concentration, pH, and temperature, and must be defined for a
were taken from Table 2. The ratio &fo,0/Ki,0 was calculated by complete understanding of the binding process. Exactly how to
using the binding constants reported in Table 3. The line through the o . S
data was obtained by linear regressien¥ 0.98). quantlta_ltlvgly evaluate the energetic contrlb_utlo_n of couplegl
water binding to observed binding free energies is problematic
at present. Immobilization of water upon binding is expected
to impose an entropic energy penalty of 0 to 2 kcal Thét
For the bound water to be stable, though, a favorable enthalpic
contribution from hydrogen bond formation must overwhelm
the unfavorable entropy to yield a favorable, negative free
energy. But the exact overall resultant free energy change is
simply not known with sufficient precision to make any
guantitative estimates possible for the contribution of coupled
ater binding to the free energies of intercalation reactions. We
identify water as an important participant of intercalation
reactions, and can quantitatively measure the stoichiometry of
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An
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are generally consistent with water uptake upon intercalation
complex formation.

A recent repo* described osmotic stress studies of the
binding of actinomycin D to DNA but, in contrast to our
findings, concluded that water was released upon binding. At
first glance, that result seems reasonable, since actinomycin D
has peptide substituents that fill the minor groove and might
be expected to displace groove-bound water. However, we hav:
several concerns about the interpretation and analysis of
experimental data in that report. First, the authors fit their

experimental binding data to a single class of sites in the absencq,[s differential uptake upon complex formation. We cannot yet

of osmolyte§, but found it necessary to fit their data to tWO calculate or estimate its exact contribution to the overall free
classes of sites when osmolytes were added to their solutions.

In the only example of primary binding data provided, however energy of intercalation reactions.
binding t())/ what I\)/vas tgrmedythe “high-aﬁirﬁty" clas,s of sites’ . The ngmber Of Wat_er m_olecules that participate in th?
was defined by only 23 data points in the low-saturation region intercalation rt_aactlons_l!sted in Table 2 represent macroscopic,
of the Scatchard plot where it is most difficult to obtain reliable thermoqunamlc quantities that. must be a<_:counted for. in any
data. Transformation of binding data into the form of a Scatchard discussion of the underlying binding reaction mec.h.anlsms or
plot bropagates error such that data at low binding ratios (which of the structures of the cpmplexes. These quantities pose a
are most needed to characterize high-affinity sites) are IeastChaIIenge for those studying the structures of ligabtNA

; L - LR complexes. Can these numbers of specifically bound waters be
reliable. Binding constants for these “high-affinity” sites were

used for the osmotic stress analysis, inappropriately and inCor_identified in high-resolution st.ructures of intercalation com-
rectly in our opinion. We did not obs,erve any indications of a plexes? In general, examination of known crystal structures

multiple class of binding site in the presence of osmolytes in  (37) Chaires, J. BAnticancer Drug Des1996 11, 569-80.

our studies (Figure 2). The authors also state that neighbor ex- gg; gﬂa!res, 3'1 gBlgp?;ymelrSl%Z 454, éOlh—lg- Fokt. L Proewloka. T
. . . . alres, J. b.; satyanarayana, S.; sun, D.; FOKT, I.; Przewloka, I.;

cllus[on models coqld not'be used. to fit .thel!’ experimental Priebe, W Biochemistry1996 35, 2047-53.

binding data for the interaction of actinomycin with calf thymus (40) Haq, 1.; Jenkins, T. C.; Chowdhry, B. Z.; Ren, J.; Chaires, J. B.

DNA, a situation we find peculiar. A neighbor exclusion model Methods EnzymoR00Q 323 373-405.

; ; i indi (41) Hagq, |.; Ladbury, J. E.; Chowdhry, B. Z.; Jenkins, T. C.; Chaires,
was first deriveéP specifically to account for the binding of 3. B.J Mol. Biol. 1997 271, 244-57.

actinomycin binding to calf thymus DN, and in the interven- (42) Ren, J.; Jenkins, T. C.; Chaires, JBochemistry200Q 39, 8439
8447.
(34) Ruggiero Neto, J.; Colombo, M. Biopolymers200Q 53, 46—59. (43) Record, M. T., Jr.; Anderson, C. F.; Lohman, T.®Ql.Re. Biophys.
(35) Crothers, D. MBiopolymers1968 6, 575-84. 1978 11, 103-78.

(36) Muller, W.; Crothers, D. MJ. Mol. Biol. 1968 35, 251-90. (44) Dunitz, J. D.Sciencel994 264, 670.
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suggests that specific waters can indeed be found in a numbef molecules in these water assemblies ordered around the
of ligand—DNA complexes. We caution, however, that crystals intercalation complex is remarkably (and perhaps fortuitously)
are usually grown in the presence of high concentrations of close to the value aAn,, = +30 measured here by the osmotic
osmolytes (glycerol, poly(ethylene glycol)), so the exact rela- stress method.

tionship between waters observed in high-resolution structures

and the hydration changes reported here is by no means clear.

With this caveat, we note the following: Crystal studf€g® Summary
have shown a large number of apparently specifically bound
water molecules within the daunomyeiDNA complex. These These studies identify water as an important participant in

include a water molecule simultaneously hydrogen bonded to intercalation reactions. Two different experimental approaches
the ligand O13 substituent and to a cytosine on the upper sidewere used, and both were consistent with the thermodynamic
of the intercalation site, 34 water molecules interacting with  ¢oupling of water and intercalator binding for four of the five

a sodium ion and with ligand and DNA substituents in the major compounds studied. Water binding must now be considered in

Q;OhO\ije- ?nd .se:/t:aral water molec_uleti that .fq':m ?t';:m“'sp'”e" any complete description of ligand binding to DNA, as important
of hydration in the minor groove in the vicinity of the amine 14’ ndamcniaiae counterion binding,

group on the daunosamine moiety. Apart from these apparently
specifically bound waters in the complex, Frederick and co-
workerd” have mapped 1520 water molecules in the first- Acknowledgment. This work was supported by grant
layer solvent shell whose positions appear to be conserved ovelCA35635 from the National Cancer Institute. We thank Drs.
three different anthracycline crystal structures. We do not claim Ihtshamul Haqg (University of Sheffield), Terence C. Jenkins
at all that these waters that are observed in crystal structuresUniversity of Bradford), Loren Williams (Georgia Institute of
are the very ones counted by the osmotic stress technique, butrechnology), and David Dignam (Medical College of Ohio)
do note that their number is generally consistent with the for helpful comments on the manuscript.
magnitude ofAn, = +18. High-resolution crystal structures
of dCdG—proflavine complexes at several temperatures have _ ) i )
consistently revealed a network of 280 “core” water mol- Supporting Information Available: UV melting curves and
ecules that are an intrinsic part of the structt#®The number ~ CD spectra of calf thymus DNA and CD spectra of propidium,

. - . . ~daunomycin, and 7-aminoactinomycin (PDF). This material is
Vaﬁgér';'ggﬁog?w'mi;ﬁ’s’Pfegbi';ﬁéhgh’qisztr;;lngZ'sé"sgfggggé_J' A+ available free of charge via the Internet at http://pubs.acs.org.

(46) Moore, M. H.; Hunter, W. N.; d’Estaintot, B. L.; Kennard, Q.
Mol. Biol. 1989 206, 693—705.

(47) Frederick, C. A.; Williams, L. D.; Ughetto, G.; van der Marel, G.  JA002793V
A.; van Boom, J. H.; Rich, A.; Wang, A. HBiochemistry199Q 29, 2538~
2549.

(48) Schneider, B.; Ginell, S. L.; Berman, H. Miophys. J.1992 63, (49) Swaminathan, S.; Beveridge, D. L.; Berman, H.IMPhys. Chem.
1572-1578. 1990 94, 4660-4665.




