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siract

recently showed that a nonspecific complex of the restriction nuclease EcoRI with poly
-dC) sequesters significantly more water at the protein-DNA interface than the complex
th the specific recognition sequence. The nonspecific complex seems o retain almost a full
dration layer at the interface. We now find that at low osmotic pressures a complex of the
triction nuclease EcoRI with a DNA sequence that differs by only one base pair from the
ognition site (a ‘star’ sequence) sequesters about 70 waters more than the specific one, a
ue virtually indistinguishable from nonspecific DNA. Unlike complexes with oligo (dI-dC)
with a sequence that differs by two base pairs from the recognition sequence, however,
ch of the water in the ‘star’ sequence complex is removed at high osmotic pressures. The
ergy of removing this water can be calculated simply from the osmotic pressure work done
the complex. The ability to measure not only the changes in water sequestered by DNA-
tein complexes for different sequences, but also the work necessary to remove this water is
potentially powerful new tool for coupling inferred structural changes and thermodynamics.

ntroduction

is becoming increasingly apparent that hydration properties and energetics play
«cy role in determining the specificity and strength of protein-DNA recognition,
particular, and in defining the structure and interactions of macromolecules, in
neral (1-5). Crystal structures of many specific DNA-protein complexes
viewed in 6 and 7) show that the DNA-water and protein-water interactions in
ute solution are mainly replaced by direct DNA-protein contacts at the interface.
creasingly, however, crystal or NMR structures of DNA-protein complexes are
owing water molecules structured at the interface mediating contacts between the
o surfaces (8-11). Additionally, Gewirth and Sigler (12) found that the complex
steroid receptor-like domain with a noncognate DNA sequence had several
more waters incorporated at the interface than the specific complex, suggesting a
ationship between the number of mediating waters and the binding strength.
ermodynamically, the role of hydration is inferred through the large heat capac-
‘changes accompanying the formation of specific DNA-protein complexes that
ve been attributed to the release of structured water from the surfaces (13-16).

spite of this generally accepted importance of water, there are few technigues for
easuring changes in the numbers of ‘bound’ waters accornpanying DNA-protein
ding reactions. A difference in the numbers of water molecules released in the
ng of a protein to two different DNA sequences can be measured through the
pendence of the relative binding constant on water activity (or, equivalently, on
motic pressure). Water activity can be varied by adding neutral solutes that do not
mselves directly affect the DNA-protein binding. Defined in this thermodynamic
1se, ‘bound’ water is the protein, DNA, or complex associated water that excludes
ute (17). This inference of a change in bound water through the dependence of
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Figure 1: A schematic representation of the differ-
ence in sequestered water between EcoRI specifical-
ly bound to its recognition sequence and the nonspe-
cific protein-DNA complex. The crystal structure
(29) shows that the specific complex is characterized
by direct protein-DNA contacts with no intervening
water. From the osmotic dependence of the difference
between specific and nonspecific binding of EcoRI
(23), the nonspecific complex retains practically a full
layer of water at the interface between DNA and pro-
tein surfaces (shown as the crosshatched area). From
the insensitivity of the number of sequestered waters
to solute size and chemical nature, it is probable this
water sterically excludes solutes.
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Nonspecific complex

binding free energy on water chemical potential is strictly analogous to measuring ion
release through the dependence of binding constants on salt activity, or protonation
through a pH sensitivity, or even entropy through a temperature dependence. The
osmotic stress technique (17) has been used to measure the changes in water binding
accompanying the DNA binding of several proteins: E. coli gal repressor (18), E. coli
CAP protein (19), Hin recombinase (20), Ultrathorax and Deformed homeodomains
(21), E. coli tyr repressor (22), EcoRI (23,24), and Sso7d protein (23).

The binding of the restriction nuclease EcoRI to DNA is a paradigm for one extreme
of specificity in recognition. As extensively studied by Jen-Jacobson and coworkers
(26-28), even small perturbations in DNA structure and sequence can have large con-
sequences for binding energy. The ratio of binding constants of the enzyme to the spe-
cific recognition sequence and to sequences that differ by two or more base pairs is
~104. Even changing a single base pair at the end of the recognition sequence (a ‘star’
sequence) decreases the binding constant by a factor of ~103. Most of the specific
binding energy is lost with the change of one in six base pairs. In spite of the loss of
binding energy ‘star’ sites can still be inefficiently cleaved by the enzyme. This cleav-
age at ‘star’ sites is intriguingly enhanced by adding osmolytes.

We recently showed that a striking difference in the binding of the restriction nucle-
ase EcoRI to its specific recognition sequence and to the nonspecific DNA poly (dI-
dC) is the amount of water sequestered at the protein-DNA interface (23). The com-
plex of protein with poly(dI-dC) retains about 110 more waters at 25°C than the
specific complex of the protein with a DNA fragment containing its recognition
sequence GAATTC. Unlike the binding of free gal repressor to its operator
sequences (18), the difference in excluded water between specific and nonspecitic
EcoRI complexes is not dependent on solute size or chemical nature. This inde-
pendence implies that the water retained by the nonspecific complex is sequestered
in a cavity probably at the DNA-protein interface that is sterically inaccessible to
solute. Figure 1 schematically illustrates the difference in sequestered water
between specific and nonspecific EcoRI binding.

Specific complex

We now report that the abrupt decrease in binding energy with even a single base pair .
change (‘star’ site) from the recognition sequence is accompanied by an abrup :
increase in the water sequestered by the EcoRI-DNA complex, supporting a conne¢
tion between hydration and binding energy. At low applied pressures, the osmotic
stress dependence of the relative binding energies of DNA sequences that differ by
one, two, or even six base pairs from the recognition sequence indicate that all these
noncognate complexes sequester ~ 70 more waters at ~ 0°C than the specific com
plex (Figure 1), At higher pressures, however, we now see that the behavior of a *star
sequence complex is strikingly different from complexes with the sequences having
two or six wrong base pairs. Although the two or six wrong base pairs containin
complexes still sequester 70 waters at the highest osmotic pressures applied, 2 ‘star
sequence complex loses most of its water. This novel result can be straightforwardl
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nderstood if it is realized that water sequestered by these complexes should not be
nisidered fixed and invariant. In principle, any sequestered water can be removed
by applying high enough osmotic stress (or, equivalently, low enoughi-water activity
relative humidity). The work necessary to dehydrate complexes will naturally
pend on the DNA-protein contacts resulting from the removal of water. This rea-
ning is consistent with the observed loss of water from ‘star’ sequence complex
ith one wrong base pair under osmotic conditions at which the complexes with
quences having two or six wrong base pairs show no loss of water.

1e EcoRI restriction nuclease used in most of the experiments reported here was
rchased from New England Biolabs and used without further purification. Active
rotein concentrations were determined by direct titration with a 322 bp fragment
ntaining the recognition sequence under conditions of stoichiometric binding.
dditional control experiments were performed with highly purified EcoRI (a gen-
ous gift of Dr. L. Jen-Jacobson) to ensure that the results obtained with the com-
ial enzyme were not artifactual. In agreement with several others (24,30), we
und no significant differences in the binding properties of the two enzyme prepa-
tions. Both the competition for EcoRI binding between a DNA fragment con-
ning the specific recognition site and nonspecific oligo(dI-dC),, and the osmot-
stress dependence of the competitive binding constant are within experimental
rror for the two enzyme preparations.

322 bp DNA fragment carrying one EcoRI binding site, GAATTC, was isolated
ym the Pvull digestion products of plUC19 using standard techniques. Both
C19 and the restriction nuclease Pvull were purchased from New England
olabs and used without further purification. The self-complementary oligonu-
otides used as competitor DNA were (dI-dC),,, 5-ggcgatcgaGAATTCregategece-3’

ying one EcoRI specific site (shown in capital letters), 5'-
gecaTAATTCaccggtGAATTAtggege-3 that has two ‘star’ sites (shown in capi-
letters) differing by one base pair (underlined) from the recognition site, and 5'-
cgacGATATCGATATCgtcgee-3 that has two potential EcoRI binding sites dif-
ting by two base pairs from the specific sequence. Several experiments were per-
rmed with a double helical oligonucleotide containing a single ‘star’ sequence
-8gcgeeatcTAATTCeateegegg-3” and its complement) to ensure that the binding
havior of the two ‘star’ sequence oligonucleotide with increasing osmotic stress
s N0t a consequence of the two sites.

1 oligonucleotides were purchased from Gibco BRL, dissolved in 10-1 TE buffer,
arated from small molecular weight impurities using P6 Bio-Spin columns at
i temperature, and annealed. The double-stranded character of the oligonu-
otides was confirmed by polyacrylamide gel electrophoresis. The concentrations
the DNA fragment and the oligonucleotides were determined spectrophotomet-
ally, using an extinction coefficient of 0.0148 (UM base pairs)! cm-! at 250 nm
(dI-dC);, and 0.013 (UM base pairs)! cm-! at 260 nm for the other three
gonucleotides and the DNA fragment.

taine glycine was purchased from United States Biochemical and was used with-
- further purification. Osmolal concentrations of betaine were determined by
Cl'measurement using a vapor pressure osmometer (Wescor, Logan, UT; model
00) at 20°C. Betaine osmotic pressures measured by freezing point depression
“Consistent with the 20°C data. Water chemical potentials are linearly propor-
nal to solute osmolal concentrationss , i.e., A, = Hy - B°f = -RT [osmolal /5.6,
¢ W, and p ™ are the water chemical potentials of the solution with and with-
3 dded osmolyte, respectively.
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Competitive Binding Assay

Since we are particularly concerned with the differences in the osmotic siress
dependence for the binding of EcoRI to various DNA sequences and not with the
absolute dependence, we use a competition assay to measure directly the ratio of
binding constants to different sequences. The decrease in EcoRI binding to a DNA
fragment containing the specific recognition sequence is measured by the gel
mobility shift assay as the concentration of oligonucleotide competitor is increased.
The experimental procedure was described in detail previously (23). Briefly, EcoR1
was added to mixtures of the 322 bp fragment (2.4 nM in specific EcoRI binding
sites) and varying concentrations of oligonucleotide in 25 mM TrisCl (pH 7.5), 0.1
M NaCl, 2.5 mM EDTA, ImM DTT, 0.1 mg/ml BSA, and 2.5% ficoll (70,000
m.w.), incubated on ice. The total reaction volume was 25 pl. Sufficient EcoRI was
added to give 40-60% stoichiometrically bound fragment without added compet;-
tor. Titration both of the protein with the specific DNA fragment and of the specif-
ic fragment with protein verified that the binding of active protein to the specific
sequence was stoichiometric under the experimental conditions and DNA concen-
trations used. We observed no cleavage of the DNA in the absence of Mg?*. At
betaine concentrations < 2 osmolal, 30 minutes incubation was sufficient to reach
equilibrium. At higher concentrations, the reaction rates are sufficiently slow such
that longer incubation times are required. Separate kinetic measurements were per-
formed at these higher betaine concentrations to determine the time necessary to
reach equilibrium. The reaction mixtures were then electrophoresed in a 1.5%
agarose gel, 0.5x TBE buffer, at 120 V, in the cold room, for 2 hrs to separate free
DNA fragment and EcoRI-bound complex. As shown previously (31), the specific
EcoRI-DNA complex is remarkably stable in the agarose gel over the course of the
experiment. We observed no dependence of the fraction of DNA in complex on the
time of ge! electrophoresis between 30 min. and 2 hours.

Quantitation and Data Analysis

Electrophoretic bands containing free DNA fragment and DNA-protein complex
were stained with SYBR Green I (Molecular Probes) on agarose gels and quantitat-
ed using fluorescent intensities as described previously (23). The linearity of fluo-
rescent intensity versus DNA amount per band over the range of concentrations
studied was confirmed using pBR322 DNA fragments generated by Mspl digestion.

The ability of an oligonucleotide to compete with the specific site fragment for the
EcoRI binding depends on the ratio between specific and oligonucleotide DNA
association constants (K = K/Kjigo)- At equilibrium,

K IV(DNAsp : ECORI)][DNAOligo]ﬁec

Ky= —b=
* 7 Koigo [(DNAyyg - BcORDIDNA leee

The fraction of specific fragment bound with EcoRl, f, = [(DNA -
EcoRDVIDNA, ], i experimentally determined from the gel mobility-shift
assay. As developed previously (18,23), if the binding of EcoRI to the competitof
oligonucleotides is much weaker than specific fragment binding (K, « Kyp), then,
under conditions of virtually stoichiometric protein binding, the decrease in specif-
ic fragment binding with increasing competitor DNA conceniration is given by,

(oG [DNAdelay o @)
Krel 1- fb [DNAsp]mtal

where f is the fraction of specifically bound DNA fragment in the absence of com
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petitor oligonucleotide. This expression is a rearrangement of the equation used

jjprcviously. The relative binding constant, K, can be straightforwardly calculated

om the slope of f versus I‘fb'f [DNA 0] ioias While holding specific site and pro-

in concentrations constant. °

order to compare our relative binding constants of EcoRI to ‘star’ and to non-
pecific sequences and subsequently with the results of Lesser et al. (26), we must
orrect for the two ‘star’ sites contained in the ‘star’ sequence oligonucleotide.
ven though there is little difference between binding to oligo (dI-dC) and to the
TATC oligonucleotide or, by extension, to any other nonspecific DNA
uence the relative binding constants are simply calculated assuming that each
onspecific oligonucleotide also has two binding sites. The difference in the num-
of waters sequestered from solute between the specific and nonspecific com-
exes, calculated from the dependence of K. 0n the solution osmotic pressure, is,
- course, independent of the assumed number of binding sites/oligonucleotide.

he data in Figure 3 for the dependence of AG,, (=-RTIn(K,.})) on the osmotic
gress 1 for the two “star’ sequence oligonucleotide competition was fit to a model
ming an equilibrium between two states of the ‘star’ sequence complex with
erent numbers of sequestered waters (relative to the specific site complex). The
icular equation used for fitiing is,

1 (Kpepapp) = RTIn (K )+ AN, ¥, TT=RTlIn (1 +¢ -G ; + AN, AN_ )V THRT) [3]
1e V,, is the average partial molar volume of water sequestered in the complex

ml/mole), RT is the thermal energy, Kerapp 15 the apparent binding constant of
‘star’ sequence complex relative to the specific site, K ré)H 1s the relative con-
t for state 1 at [T = 0, AN,,, and AN,,, are the numbers of waters sequestered
tive to the specific site complex) by states 1 and 2, respectively, and AGY, is the
eénergy difference between the two states at IT = 0. This nonlinear equation was

the data using the software TableCurve 2D (Jandel Scientific) that employs a
dard Levenburg-Marquardt fitting algorithm.

salts

© general strategy is the same as used previously (23) and is outlined in Figure
¢lative binding constants of EcoRI to different DNA sequences are measured
competition assay. Competitive binding reactions allow a more direct and sen-
¢ determination of the thermodynamic differences between DNA sequences
traditional measurements of the binding of protein free in solution to DNA.
loss of binding of EcoRI to a 322 bp DNA fragment containing its specific
gnition sequence is measured using the gel mobility shift assay (32,33) as the
entration of a competitor oligonucleotide containing the sequence of interest is
ased. The ratio of binding constants to fragment and to oligonucleotide can be
tracted from the decrease in specific binding since the free protein concentration
uch less than the protein-DNA complex concentration, i.c., binding is essen-
 stoichiometric. Both the reported dissociation constant of ~ 0,005 nM (26) for
coRI-specific site complex under similar salt conditions and our previously
1ated upper bound of < 0.03 nM from protein-DNA titration experiments (23)
ndeed much smaller than the DNA concentrations used, ~ 2.4 nM sites. A typ-
gel mobility shift experiment at three water activities set by betaine glycine
entration and the relative binding constant analysis are shown in Figure 2.

difference in binding free energy of EcoRI to the specific sequence and to a

- Séquence on an oligonucleotide is related to the ratio of association binding

tants by AG,, = - RT In (K,) =- RT In (K/Koiigo)s Where RT is the thermal
¥. Figure 3 shows the dependence of the relative binding free energies of

to three different oligonucleotide DNA sequences on the osmolal concen-
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2A

bound DNA
free DNA

[DNA ‘star' J, uM: ¢ ——> 2.8 6 —> 3.8

Figure 2: Measurement of relative binding con-
stants. (A) The gel mobility-shift assay is used to
monitor the loss of EcoRI binding to a 322 bp DNA
fragment containing the enzyme’s specific recogni-
tion sequence, GAATTC, as the concentration of a
30 bp oligonucleotide competitor containing two
copies of the ‘stax’ sequence TAATTC is increased.
Three series of experiments for different osmolal
concentrations of betaine are shown.

(B) The ratio of specific and ‘star’ sequence EcoRI
association binding constants (K, = K /K ,) is
extracted from the competition between the 322 bp
fragment and the ‘star’ sequence oligonucleotide for
EcoRI binding. The fraction of fragment with specif-
ically bound EcoRlI, f,, is quantitated from the fluo-
rescent intensities of the DNA bands in the gel. The
linear slope of the plot f, vs (f/(1-f,)) [DNA o] is -
(K [DNA,,]), whete [DNA,] and [DNA.,,] are
the concentrations of DNA fragment specific recog-
nition sites and oligonucleotide ‘star’ sequences,
respectively. For 0.22 (®), 0.69 (&) and 0.94 (#)
osmolal betaine, Krel = (2.0 = 0.2) x 103, (3.3 =
0.28) x 103, (5.3 £ 0.52) x 103, respectively..
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tration of betaine glycine. We previously found (23) that osmolal concentration or,
equivalently, water chemical potential is an appropriate thermodynamic parameter
for describing the action of a number of solutes, including betaine glycine, on com-
petitive EcoRI binding.
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The relative binding energies of EcoRI to a 24 bp oligonucleotide containing a sit
that differs from the recognition site by two base pairs (GATATC) and to (dI-dC),
are closely similar. In the absence of added neutral solutes, the binding constants t
these sequences are a factor of 1.2 x 104 smaller than the binding constant to th
specific site. Comparing the specific sequence with three doubly substitute
sequences and the inverted site, Lesser et al. (26) reported a range of values, 0.4
1.6 X 104, for the ratio of specific and nonspecific binding constants under simil

salt conditions but at 25°C. With added solutes, the difference in free energy varie
linearly with osmotic stress at least through ~ 3 osmolal (corresponding to ~ 70 at

osmotic pressure or to ~ 95% relative humidity). The linearity indicates that the di

ference between the numbers of excess waters associated with specific and non

[DNA 'star'], uM

specific complexes of DNA with EcoRL Ny, ., and Ny, noqep, TEspectively, is constant

over this range of betaine glycine concentrations. The difference in the excess num:,

bers of sequestered waters between the specific and these two nonspecific cont-

plexes can be extracted from the slopes through d[RT In (K,o))/d[osmolal] = - R
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{,/55.6, where AN,, =N, o, - Ny nonsp- The two nonspecific complexes sequester
out 70 more water molecules (70 £ 3 for the GATATC oligonucleotide and 69 +
or (dI-dC),,) from the bulk solution than the specific complex at ~ 0°C. This is in
ntrast to the 110 waters found previously at 25°C (23). In data not shown, the rel-
ve binding constant of EcoRI to the specific sequence on the 322 bp fragment and
the specific sequence on a 24 bp oligonucleotide (K frae/Kep oiigo = 0.4, at ~ 0°C)
5 1ot depend on osmotic stress through the highest betaine concentration used
3 osmolal). This signifies that there is no difference in sequestered water
tween the two specific complexes, as expected.

ure 3 also shows data for the binding of EcoRI to a ‘star’ sequence (TAATTC)
gonucleotide that differs by one base pair from the recognition sequence. With no
ded*osmolyte, the binding of enzyme is about & times stronger to the oligonu-
otide containing TAATTC ‘star’ sequences than to GATATC oligonucleotide or
-dC)y,, but still about a factor of 1.6 x 103 weaker than to the recognition
juence. Lesser et al. (265) reported a factor of 1.1 X 103 for an oligonucleotide
0 containing this ‘star’ sequence but at 25°C. The dependence of the binding free
ergy for the ‘star’ sequence oligonucleotide on the osmolal concentration of
taine glycine is very different from the two other noncognate sequences. Only at
| stresses is the dependence approximately linear. The initial slope translates into
ifference of 70 + 5 waters between the ‘star’ and specific sequence complexes. At
her osmotic stresses, however, the dependence of the relative binding free ener-
‘on osmolal concentration is clearly nonlinear. Consequently, EcoRI binding to
- ‘star” sequence oligonucleotide relative 1o the other two nonspecific sequence
gonucleotides becomes even stronger at higher osmotic stresses. At ~ 3 osmolal,
‘example, the binding constant of EcoRI to the ‘star’ sequence oligonucleotide
about 40 times larger than to the nonspecific sequence oligonucleotides rather
1 the factor of 8 seen at betaine glycine concentrations less than 1 osmolal.

ce betaine glycine is still acting osmotically at these high stresses on the com-
1tion between specific EcoRI binding and binding to the nonspecific GATATC
} (dI-dC) oligonucleotides, it is probable that this osmolyte is also acting osmot-
1y on the competition reaction between the ‘star’ and specific sequence com-
8. Otherwise there must be a specific binding of betaine glycine to the ‘star’
ence complex that does not occur with either the nonspecific GATATC and
C) oligonucleotide complexes or the specific sequence complex. We consider
mlikely. The downward curvature of the data in Figure 3 would indicate that

Removing Water From an
EcoRl-Noncognate DNA Complex

Figure 3: The binding free energies of EcoRI to three
oligonucleotides each relative to the specific
sequence, -AG,, = RT In(K,,)), are shown as a function
of the osmolal concentration of betaine. The competi-
tor sequences shown are: (dI-dC),, (B), GATATC
(two wrong base pairs) (¢), and TAATTC (‘star’
sequence’) (). Each point is the average of 2-4 sepa-
rate experiments, with an error of at most ~ 15%.
The dashed lines arc linear regression fits to the initial,
fow pressure data, from O to I osmolal, for each oligonu-
cleotide. The solid line is the best fit of the TAATTC
oligonucleotide data to the two state model described in
the text (Equation (3] of Materials and Methods),
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the ‘star’ complex sequesters significantly fewer waters at higher stresses. The
approximate slope at the highest pressures measured translates into a difference of
only ~ 15 waters between the ‘star’ and specific sequence complexes,

The simplest model that can adequately fit the ‘star” sequence complex data (the solid
line in Figure 3) assumes an osmotic stress dependent equilibrium between two dis-
crete states. Within this model (equation [3] of Materials and Methods), one state
sequesters AN, water molecules and the other AN,,, (both relative to the specific
sequence complex). The other variables are the association constant for the first state
relative to the specific sequence in the absence of added solute, K9, (= KO/K9),
and the free energy difference between the two states in the absence of added solute,
AGY,,. The best fit of this two-state model to the ‘star’ sequence data gives RT
In(X0,, ;)= 4.05 + .05 and AN,,,, = 75 + 10. The parameters AG®;; and AN, are tight-
ly coupled and difficult to estimate as accurately. The best fitting value for the
remaining number of sequestered waters in the second state, AN, is 5 £ 5 waters
and the corresponding best fitting value for AGC,, indicates that, with no applied
stress, the state with 75 sequestered waters is more stable by 1.4 + 0.5 Kcal/ mole
complex. The drier state of the ‘star’ sequence complex has very little sequestered
water relative to the specific complex. The effect of osmotic stress is to modulate the
free energy difference between the two binding modes of EcoRI to the ‘star’
sequence. While, with no added osmolyte, a calculated 93% of the star sequence
complexes are predicted to be in the state with 75 sequestered waters, ~ 86% of the
complexes are in the drier state at 3.5 osmolal.

Discussion

Understanding the physical basis underlying the strength and specificity that char-
acterizes the interaction of sequence specific DNA binding proteins with their tar-
get sequences will require measuring differences in structure and thermodynamics
of complexes with varying DNA sequences. We have previously found for EcoRI
(23) and for E. coli gal repressor (18) that there are large differences in the release
of water between binding to the specific recognition sequences and in forming non-
specific complexes. The osmotic stress approach we use to measure these differ-
ences in water is nothing more than a particular form of the fundamental Gibbs-
Duhem equation that focuses on the role of water chemical potential in modulating
reactions between states with different numbers of sequestered waters.

The exclusion of solute from water associated with macromolecular complexes can
occur for several reasons. Many osmolytes, such as sucrose and betaine glycine, are
excluded to varying extents from exposed surfaces. Reactions that result in changes
in exposed surface area will necessarily depend on osmolyte concentration. Both
crowding (34,35) and preferential hydration (36,37) are formulations that have
been developed to describe exclusion from exposed surfaces. In the language of
crowding, osmolyte exclusion is simply a matter of solute size. Preferential hydra-
tion recognizes an additional physical reality, i.e., exclusion from exposed surfaces
should also depend on the chemical nature of the solute. Both crowding and pref-
erential hydration’ view the effect of solute on reactions from the standpoint of the
excluded osmolyte. The osmotic stress method simply views these same reactions
from the standpoint of the water that is necessarily included. The various view-
points are complementary and not exclusive.

In contrast to the effect of solute on reactions with significant changes in exposed
surface areas; there are several systems, the opening and closing of membrane chan-
nels (38), the oxygenation of hemoglobin (39), and the specific-nonspecific compe-*
tition binding of EcoRI (23), that are characterized by a AN, that is insensitive, |
within experimental error, to solute size and chemical nature. We have concluded:
that in these cases AN,, is due to a difference in water sequestered in cavities,
grooves, or pockets that are sterically inaccessible to the solutes. :

Material may be protected by copyright law (Title 17, U.S. Code)




. The
ce of

solid
o dis-
state
eciflc
' state
KO,),
olute,
s RT
tight-
r the
vaters
plied
mole
tered
te the
‘star’
ience
of the

char-
r {ar-
AMics
coRI
lease
non-
iffer-
ibbs-
ating

s can
e, are
inges
Both
have
ge of
ydra-
faces
pref-
of the
t10ns
/1eW-

osed
chan-
mpe-
itive,
uded
ities,

it previous measurements of AN, between specifically and nonspecifically
ound EcoRl are in this class. Five different solutes, glycine, methyl glucoside,
ucrose, triethylene glycol, and betaine glycine, all gave AN, results values within
0% of the average of 110 waters at 20°C (23). We concluded that the extra water
questered in the nonspecific EcoRI complex, compared with the specific one, is
some pocket that sterically excludes solute. We presumed this water is probably
the DNA-protein interface. of sterically sequestered water. By directly compar-
g the binding of protein to specific and nonspecific DNA sequences using a com-
etitive assay we avoid the contribution from changes in exposed surface accom-
anying the binding of free protein.

hese results do not preclude binding of solutes to complexes or their exclusion
om exposed surfaces, only that the differences in binding or exclusion from sur-
ices between specific and nonspecific sequence complexes is negligible.
asuring AN, between specifically and nonspecifically bound enzyme directly
g a competition assay rather than measuring separate absolute binding con-
ants has the additional practical advantage that a single direct measurement, of
suese, involves less error than for determining the two binding constants sepa-
tely. The measurement of a binding constant with nonspecific DNA that neces-
‘ ly requires high protein concentrations can be particularly problematic.

/e are now comparing AN,, between specific and nonspecific complexes for dif-
nt noncognate sequences. Only differences in the structure of complexes with
¢ noncognate sequences and the consequent differences in their interaction with
olytes will contribute to differences in AN,,. The effect of solute on the ener-
¢cs of the specific sequence complex is simply a common baseline.

- structural counterpart to the thernodynamical strong sequence specificity
wn by EcoRI can be inferred from the number of waters sequestered by com-
xes with the different DNA sequences studied here. The dramatic decrease in
ding constant to these noncognate sequences relative to the specific sequence is
:companied by a large increase in the number of waters sequestered by the com-
¢s relative to the specific. Under low osmotic stress conditions, the complexes
 EcoRI with the three noncognate sequences, (dI-dC), GATATC, and the ‘star’
quence TAATTC oligonuclectides, all sequester ~ 70 more water molecules than
e specific sequence complex. Since the binding constant to the ‘star’ sequence
onucleotide is about ten fold higher than for the other two sequences, ~ 90% of
s protein is bound to the ‘star’ sequence rather than to the flanking regions and,
erefore, the 70 waters does indeed correspond to the ‘star’ sequence complex.
e change of even one base pair from the specific recognition sequence is suffi-
tto result in an abrupt change between specific and nonspecific binding modes,
ast as defined by sequestered water. If this water is indeed at the protein-DNA
terface, then this transition is perhaps a consequence of the extensive, highly
terconnected network of protein-protein and protein-DNA hydrogen bonds that
laracterizes the specific EcoRI-DNA complex (29,40,41). The interacting sur-
Ces are perhaps too rigid to adapt to local, non-complementary patches, while
aintaining close association of the remaining complementary regions,

gnificant differences between complexes with the noncognate sequences are seen
the dependence of binding free energy on water activity at high stress. The appli-
bon of large osmotic pressures can cause additional complications in binding
tions. Both the protein and DNA conformations, for example, could be sensi-
solute stress. The observation, however, that relative binding free energies
ScoRI to GATATC and oligo (dI-dC) continue to scale linearly with water
Mical potential energy even at these high osmotic pressures (up to ~ 3 osmolal
ine) strongly indicates that betaine glycine is still acting simply osmotically.
itionally, at the high solute concentrations, the binding of the enzyme to spe-
sequence remains stoichiometric and there is no apparent loss of actively bind-
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28 ing protein. Any change in protein or DNA conformation induced by these high
solute concentrations is either small or affects specific and nonspecific sequence
binding equally.

Sidorova and Rau

It is only with the ‘star’ sequence oligonucleotide that the dependence of AGy,, on
I1 is distinctly nonlinear. While at low solute concentrations the osmotic pressure
dependence of the binding constant ratio for competing specific and ‘star’
sequences closely resembles the results for the other two nonspecific sequences, at
high solute concentrations the insensitivity to osmotic pressure more closely
resembles the results for the specific sequence fragment - specific sequence
oligonucleotide competition. One explanation is that betaine glycine binds specifi-
cally to the ‘star’ sequence complex, but not to the specific or nonspecific sequence
complexes. Though possible, we consider this improbable. Rather, given the con-
tinued osmotic action of betaine glycine on the competition for EcoRI binding
between the specific sequence and the nonspecific GATATC and (di-dC) oligonu-
cleotides, we interpret the decrease in the siope of AG,, vs. I as indicating that the
average number of waters sequestered by the “star’ sequence complex decreases
with increasing stress.

The slope of AG,,, vs. T indicates that only ~15 waters/ ‘stat’ sequence complex
are sequestered from osmolyte at high stresses (~3 osmoial), a net loss of ~55
waters relative to the low stress complex. There are alternate possibilities that can
account for this loss of water, The most straightforward explanation is that this loss
is directly from the 70 initially sequestered waters. Since these waters are likely at
the DNA-protein interface, the loss of this water would force closer DNA-protein
contact. Alternatively, the net loss of water may be due to other changes in the ‘star’
sequence complex that are separate from the 70 sequestered waters. Changes thatin
structure that bury additional surface area, as, for example, due to a protein con-
formational transition or a protein-protein dimerization reaction, could also explain
the data. Such changes, however, must then be particular for the ‘star’ sequence
complex and not occur for the specific or nonspecific GATATC and (dI-dC)
oligonucleotide complexes. Although we can not definitively exclude this possibil-
ity (this question could, in principle, be resolved using other solutes in addition to
betaine), we think it more probable that the water loss is directly from the 70
sequestered waters. The difference between the ‘star’ sequence and the (dI-dC) and
GATATC oligonucleotide complexes would then very naturally be the difference
in energy required to remove the 70 waters and force more direct protein-DNA con-
tacts between a sequence with one wrong base pair compared with sequences with-
having two or more wrong base pairs.

The data is not sufficiently precise to distinguish unambiguously an osmotic stress
dependent equilibrium between two distinct states, i.e., between a ‘star’ sequence
complex with ~ 70 sequestered waters and a second discrete binding mode with
much less associated water, or among a continuum of states, i.., a gradual loss of
water from the ‘star’ complex. The osmotic work done in removing water from the
‘star’ sequence complex can be calculated independently of the mechanism. This
T1dV work is straightforwardly calculated as,

AN . _ n, _
w=- [ H(Nw)vdew:—vawaHf-rjo v, N, dIl, [4]

wi

where AN, and AN, are the numbers of waters sequestered by the complex at in
tial and final pressures 0 and I, respectively, and v,, is the average molar volume
of water sequestered in the complex (~18 mi/mole). Since the excess number of
waters sequestered by the ‘star’ sequence complex relative to the specific complex.
AN,, is, by definition, dAG,/ v, dI1, the work is,

W = + AG,(TT) — v AN, T1; — AG(0). [5)
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. This work is simply the difference between the measured relative binding free
. energy at IT = O and the free energy change linearly extrapolated from the high
. stress region (I1y) back to IT = 0. If the slope at 3 osmolal for the ‘star’ sequence in

. Figure 3 is estimated as indicating that ~ 15 waters are left in the complex, then the
work of removing ~ 55 of the 70 waters initially present is ~ 0.8 Kcal/mole com-
piex. An estimate of the energy to remove all the waters is model dependent. The
‘two state model used in calculating the best fitting curve in Figure 3 predicts that
~ 1.4 Kcal/mole complex is necessary to remove essentially all the water (the ener-
gy difference between the two states at 11 = 0). This means that the energy differ-
nce between the dehydrated ‘star’ sequence and specific site complexes is ~ 5.4
cal/mole complex (the plateau value of RT In(¥K_,,) in Figure 3). This would be a
rect measure of the interaction of the one wrong base pair with the protein both
if the loss of water from the ‘star’ sequence complex is from the protein-DNA inter-
face and if the structures of the specific sequence and the dehydrated ‘star’
squence complexes are comparable. Any difference in structure of the dehydrated
tar” sequence complex from the specific binding mode at the high osmotic stress-
would lower the energy difference.

has Tong been known that EcoRI will infrequently cleave ‘star’ sequences and
jat the enzymatic activity at ‘star’ sequences increases with increasing concentra-
ons of osmolytes, such as glycerol. Robinson and Sligar (42,43) have investigat-
1 the dependence of the cleavage rate at ‘star’ sites by EcoRI on solute concen-
ation and have reported an osmotic effect that is qualitatively similar to our results
r the competitive binding of EcoRI to specific and nonspecific sequences. There
a common curve for cleavage rate at ‘star’ sites vs. osmotic pressure for a very
jde variety of solutes (glycerol, dimethyl sulfoxide, ethanol, ethylene glycol, dex-
0s¢, sucrose, 2-propanol, and N-methylformamide) even up to high osmotic pres-
ires (~ 3 osmolal). These solutes are acting osmotically on a sterically sequestered
ater pocket to increase the cleavage rate at ‘star’ sequences. We suggest that the
ss of water from the ‘star’ sequence complex inferred from the data in Figure 3
-directly related to the enzymatic activity at these sites.

orerecent resuits of Robinson and Sligar (24), however, are not in agreement with
¢ data presented here. Although Robinson and Sligar find a difference of ~ 70
aters at 25°C between the specific EcoRI complex and the complex with the non-
pecific sequence TAGACG, a ‘star’ sequence compiex is seen to release 140
aters ‘more than the nonspecific complex even at low osmotic pressures. The
ftar’ sequence complex seems to sequester some 70 fewer waters than the specif-
%‘one, even though the X-ray crystal structure (29,40,41) shows very few or no
aters remaining at the protein-DNA interface of the specific complex already.
se differences in water were determined from the differences in the osmotic
endence of absolute binding constants. We do not understand why these results
‘e 30 different from our own. The relative binding constants with no osmotic stress
ieasured by Robinson and Sligar are consistent with those of Lesser et al. (26) and
ith those reported here. We would point out that the protein concentrations nec-
ssary for titration of the nonspecific and ‘star’ sequence DNA are 10% - 104 times
ber than with the specific sequence or than used here. It is possible that high
smotic stresses or the particular osmolyte used, ethylene glycol, causes addition-
i.complications at these high protein concentrations.

should be noted that the osmotic stresses needed to remove water from the ‘star’
quence complex are not particularly high compared with water activities used to
tallize many DNA-protein complexes. These solutions typically use polyethyl-
i€ glycol or methyl pentanediol to control water activity in much the same way
iat betaine glycine was used here. The water seen at DNA-protein interfaces in
eral crystal structures may only reflect a fraction of the waters present with
ch lower osmotic pressures.
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The osmotic stress dependence of the energetics of DNA-protein complexes offers
novel possibilities for using thermodynamics to infer changes in structure. A stan-
dard strategy for dissecting the energetics of DNA-protein interactions is to mutate |
the complementary surfaces and to determine the change in binding free energy,
enthalpy, or heat capacity. The changes are often difficult to interpret in terms of
interactions between individual groups on the protein and DNA since these ther-
modynamic measurements contain little direct information about concomitant
changes in complex structure. The simultaneous measurement of the change in the
number of waters sequestered by DNA-protein complexes can help bridge this gap.
Furthermore, one can now use osmotic pressure to remove water from complexes
with different sequences and measure comparative energies associated with a struc-
tural change.

The release of structured water in forming specific complexes is thought to be
responsible for the large heat capacity changes characteristic of specific DNA-protein
binding (13-16). This can now be probed for EcoRI binding by measuring the tem-
perature dependence both of the number of sequestered waters for nonspecific com
plexes in general and of the work to remove these waters from the ‘star’ sequence
complex in particular. The difference of 70 waters between specific and nonspecific
sequence complexes of EcoRI reported here at 0°C is significantly smaller than the
110 waters found at 25°C previously (23). This large difference suggests a large dif-
ference either in protein or DNA structure or in the energetics of hydration at the two ‘
temperatures that is directly pertinent to the inferred heat capacity.

Recent experiments directly measuring forces between many biopolymers in

macroscopic arrays suggest that structuring of the intervening water dominate
intermolecular interactions at close spacing (1), rather than van der Waals interac
tions or electrostatics. These ‘hydration forces’ can be either strongly repulsive o
attractive depending sensitively on the complementarity of the apposing surfaces ‘
The correlation between numbers of sequestered waters and binding free energies
as surfaces are mutated or as water is removed at high stresses is directly pertinen
to uncovering a link between recognition and hydration. Indeed, if the loss of wate
from the nonspecifically bound star complex is continuous, then the data in Figure
3 can be presented in a way that is strictly analogous to a force curve, i.e., as AAG
or ITvs. AN,,.

Alternatively, many other specific sequence DNA binding proteins, as, for exam-
ple, A Cro protein (13) and the E. coli lac repressor (44) are not as stringent as
EcoRI and show a more gradual change in binding energy as the consensus recog-
nition sequence is changed. The correlation between binding free energy and
sequestered water provides complementary information to the osmotic work in
removing water and is a further way to link hydration and binding energy. This
newly realized possibility to measure not only differences in water sequestered by
DNA-protein complexes but also changes in this water with osmotic stress can be
a powerful tool for understanding sequence specific recognition.
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