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ABSTRACT. The DNA binding domain of the transposon Tn916 integrase (INT-DBD) binds to its DNA
target site by positioning the face of a three-stranded antipafatibkeet within the major groove. Binding

of INT-DBD to a 13 base pair duplex DNA target site was studied by isothermal titration calorimetry,
differential scanning calorimetry, thermal melting followed by circular dichroism spectroscopy, and
fluorescence spectroscopy. The observed heat capacity change accompanying the association reaction
(ACy) is temperature-dependent, decreasing frotn4 kJ K- mol~t at 4°C to —2.9 kJ K'* mol~* at 30

°C. The reason is that the partial molar heat capacities of the free protein, the free DNA duplex, and the
proteinr—DNA complex are not changing in parallel when the temperature increases and that thermal
motions of the protein and the DNA are restricted in the complex. After correction for this eff€gis

—1.8 kJ Kt mol~! and temperature-independent. However, this value is still higherAlarof —1.2 kJ

K~1 mol~! estimated by semiempirical methods from dehydration of surface area buried at the complex
interface. We propose that the discrepancy between the measured and the structure-based prediction of
binding energetics is caused by incomplete dehydration of polar groups in the complex. In support, we
identify cavities at the interface that are large enough to accommeddievater molecules. Our results
highlight the difficulties of structure-based prediction&€, (and other thermodynamic parameters) and
emphasize how important it is to consider changes of thermal motions and soft vibrational modi inprotein
DNA association reactions. This requires not only a detailed investigation of the energetics of the complex
but also of the folding thermodynamics of the protein and the DNA alone, which are described in the
accompanying paper [Milev et al. (200B)ochemistry 423492-3502].

Noncovalent binding of proteins to DNA is fundamental different forces. In the search of unifying principles for the
to the processing of genetic information. Reactions such asstructure-based prediction of binding energetics, a challeng-
transcription and replication depend on specific DNA ing goal is to link the energetics of a proteiDNA
recognition by enzymes and regulatory proteins. To under- association reaction with the type and number of noncovalent
stand sequence-specific DNA recognition, one has to un-intermolecular contacts at the binding interface, taking into
derstand the structural, kinetic and thermodynamic require- account also the energetic consequences of structural adapta-
ments and characteristics of proteidNA association tion and changes in hydration. The starting point is the
reactions. Here we focus on the thermodynamic propertiesdetermination of the changes of enthalpyH), entropy AS),
of the reaction of a bacterial integrase with its target DNA. and heat capacityACp) accompanying proteinDNA as-
Sequence-specific protetDNA complexes are held  sociation. The best estimates of these parameters are obtained
together by van der Waals contacts, oriented hydrogen bondsy isothermal titration calorimetry (IT.
and salt bridges. Binding often requires conformational The heat capacity change has attracted special attention,
adaptation of both the protein and the DNA molecule, and and its accurate determination is crucial, as it provides a
water can be present at the complex interface, contributing rigorous description of the temperature dependenceGf
to the overall energetic balance of binding. As a consequence;
proteir-DNA association is a dynamic process between 1 Abbreviations: ACESN-(2-acetamido)-2-aminoethanesulphonic

. acid; ASA, solvent-accessible surface area; bp, base pair; CD, circular
partly flexible molecules and depends on a balance of manydichroism; DSC, differential scanning canrFi)metry; pHEPES, N-2-

hydroxypiperazineéN'-2-ethanesulphonic acid; ITC, isothermal titration
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* Corresponding author. Telephone:41 1 655 5547. Fax:+41 1 from folded components; C, value referring to dissociation of complex
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AH, andAS Values of ACp for protein—DNA association MATERIALS AND METHODS
are negative when using the free components as the reference

state. This is ascribed to the loss of bound water molecules
from interacting surface areas in the complex. The magnitude
of ACp should therefore correlate with the energetic cost of
dehydration of molecular surfacé,(2). Hence,AC, (and
alsoAH andAS) can be estimated by semiempirical methods
from the structure of the complex and its componets (
2), although such estimates may be ambiguo8s5).
Indeed, values oAC, for protein—DNA association tend to
be larger than those predicted from the burial of polar an

nonpolar surface aloné{10). Since the conformation of
P 19 grown fa 4 h at 37°C and induced by addition of 1 mM

protein and DNA often change when forming a complex isopropylthiof-p-galactoside. Cells were harvested by cen
11-14), conformational changes are invoked to explain the > _ e o ! )
( ) I g v xpal trifugation, resuspended in 100 mM Tris-HCI (pH 7.2), 5

observed discrepancies between measured and structure- o :
based estimates oACp. Association may change the mM EDTA, 2.5 mM dithiothreitol (DTT), 5 mM benz-

vibrational modes of the complex as compared to its free amidine, and lysed by sonification. The lysate was centri-
components, and this may also increas€s (15, 16). fuged at 15 000 rpm for 1 h, and the supernatant containing

Moreover, vibrational effects are not restricted to protein and Ig;'DBD W"f‘sl |Céaded1(2n a hepa”n'sﬁ%hatmge _Cth-fgocolll\,l/lmn
DNA. The decrease of translational and soft vibrational (Pharmacia, 1.6 cnx 14 cm) pre-equilibrated wi m

modes of water molecules near to or at the binding inter- Tris-HCI (pH 7.0), 5 mM EDTA, 2.5 mM DTT. After

face, can be substantidl®, 18). A recent theoretical study Eﬂgrg;r%:eVgﬁ?frell:]qfhﬂuézzgt\évﬁazc;z\ﬁg dW(I)t\t]e%nlighngLilgst
?llg;s at a large heat capacity effect of DNA dehydration 50 mM Tris-HCl (pH 7.0), applied to a LKB-SP-5PW

) ) ) column, and eluted with a gradient®M NaCl (0—100%)
Structural interpretation of heat capacity changes can alsojn 50 mM Tris-HCI (pH 7.0). INT-DBD was purified to
be hampered if the conformation of both the protein and the homogeneity by reversed-phase HPLC on a Nucleosi-300
DNA are.temperature-sensitive. Many DNA-binding proteins cg column (Machery & Nagel) and binary gradients of
are flexible and sometimes partly or even completely gcetonitrile/HO containing 0.1% trifluoroacetic acid. The
unfolded in isolation and have low thermal stabiliti/1). protein was lyophilized and stored as a powder. lon spray
This brings us to an important point: Analysis of the mass spectrometry showed a single peak of 8555 Da
energetics of proteinDNA association requires the knowl-  corresponding to residues-Z4 (C57A). Protein concentra-
edge of all the conformational transitions of the complex tion was measured by UV absorption at 280 nm in 6M
and its free components in as large a temperature range a&sdmcCl using the calculateghgo of 10.81 Mt cm2.
possible. In particular, knowing the heat capacities of the  \jethods. Preparation of DNA Duplex and ProteiBNA
complex and its components is necessary to interpret complex Single-stranded oligonucleotides were purchased
discrepancies between measured and calculated heat capacifyom Metabion GmbH (Martinsried) and were purified by
changes, as shown by one of us befdt®)(To this end,  HpLC. For duplex preparation, equimolar amounts of the
mixing calorimetry (ITC) has to be supplemented by dif- two complementary strands were mixed and annealed by
ferential scanning calorimetry (DSC) and other “thermal heating to 70°C and slowly cooling to room temperature.
melting” methods. Only from the combined results of such concentrations were determined, after complete digestion by
studies performed on the complex and its components canphosphodiesterase 1, from light absorption at 260 nm
one reliably correlate energetics with structure. (Sigma). The complex was formed by adding the protein to
We have used bacterial integrase Tn916 and its targeta solution of DNA until the calculated 1:1 ratio was reached.
DNA as a relatively simple system for the comprehensive  Circular Dichroism MeasurementsAll measurements
thermodynamic analysis of a proteibDNA complex. Here were carried out on a Jasco J-715 instrument equipped with
we report on the energetics of the association reaction of computer-controlled water bath, using jacketed cylindrical
the 74-residue DNA-binding domain of integrase Tn916 with cells of 1-mm or 10-mm path length. Spectra shown are the
a 13 bp target duplex DNA. The association reaction is average of three scans recorded at 5 nmifhermal
endothermic and entropy-driven at low temperature and unfolding curves were measured by following the ellipticity
becomes exothermic and opposed by entropy decrease abovehange upon continuous heating or cooling between 3 and
about 15°C. ACp of association is itself temperature- 65—85°C at a scan rate of 0.5 or°C min— and with data
dependent and is significantly larger than the structure-basedcollection every 20 s. Reversibility of unfolding was checked
estimate ofAC,. This peculiar behavior oAC, is due to by repeated scans and was always better than 95%. Thermal
restricted thermal motions of the protein and the DNA in melting curves were analyzed as describ2®).(
the complex and, possibly, the presence of water-filled Fluorescence Spectroscodyluorescence measurements
cavities at the complex interface. It should be emphasizedwere made on a Perkin-Elmer LS 50B luminescence
that the structural interpretation of the thermodynamic spectrometer. Excitation was at 295 nm, and emission spectra
parameters presented here would not have been possiblevere recorded from 300 to 450 nm at 1 nm intervals with
without the independent analysis of the thermodynamics of 1.2 s integration time. For binding experiments; 2uM
folding of the free protein and the free DNA described in protein placed in the thermostated cuvette was titrated with
the accompanying pape2(@). 2 uL aliquots of concentrated DNA with continuous stirring.

Materials. Buffers Most experiments were conducted in
standard buffer composed of 50 mM Nphosphate, 100
mM NacCl, pH 6. Some ITC experiments were performed in
64 mM HEPES (or ACES), 100 mM NacCl, pH 6.0. All
chemicals were of analytical grade and were used without
further purification.

Overexpression and Purification of INT-DBOThe sub-
cloning of the N-terminal domain of Tn916 integrase (INT-
¢ DBD) comprising residues-274, and the Cys57Ala mutation
has been described elsewheld)( E. coli cultures were
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Final dilution was 4% or less. The association constégy, conformers of the complex and 25 NMR conformers of the

was calculated from protein were used, and the DNA was modeled in an ideal
B-form conformation. Values afy used in eq 2 were 0.561

F= g cnr3for DNA, 0.7154- 0.006 g cm® for protein and 0.659

Frad Dy + P+ 1K, — (D, + P + 1K,)? — 4DP} =+ 0.003 g cm? for the complex.
°D Binding SimulationsTo simulate the temperature depend-
t

ence of the excess heat capacity function of an equimolar

1) mixture of protein and DNA interacting to a 1:1 complex,

the theoretical framework developed by Brandts and Lin was
d used 80). In the following, S& and Sg denote, respectively,
the total molar concentrations of DNA single strands A and
B. Dy and D+ are, respectively, free DNA duplex and total
DNA in duplex equivalents. The total molar concentration
of protein isPr. The concentrations of free protein in the
unbound native state and in the unbound unfolded state are
designated®y and Py, respectively. The following expres-
hsions describe all the equilibria of the system. DNA melting
with strand dissociatiorDy == SS, + SS;, is described by
the equilibrium constarp = SS\ x SS/Dy, the enthalpy
of DNA dissociationAHp(Tp) at the reference temperature
(melting temperature)p, and the heat capacity increment
of DNA unfolding AC, p. The protein conformational equi-
librium Py == Py is described by the equilibrium constant
Kp = Py/Py, the protein unfolding enthalpgxHg(Tp) at the

describing a 1:1 association reaction widh P;, and Fax
representing the total concentrations of DNA duplex an
protein, respectively, and the maximal change of fluorescence
intensity reached at saturation.

Isothermal Titration CalorimetrylTC was performed on
a MCS ITC instrument (MicroCal Inc., Northampton, MA).
The calorimeter was calibrated according to the manufac-
turer’'s description. Samples of protein and DNA were
prepared in, and thoroughly dialyzed against, the same batc
of buffer to minimize artifacts due to minor differences in
buffer composition. Concentration was determined after
dialysis. The sample cell (1.36 mL) was loaded with.30
DNA duplex. A titration experiment typically consisted of
25—27 injections of a 156350uM protein stock solution,
each of 8 or 1QuL volume and 10 or 12 s duration, with a

5 min interval between additions. Stirring rate was 350 rpm. ) :
g P reference temperaturep,Tand the protein unfolding heat

Nonspecific heat effects were estimated from the magnitude . . .
of the peaks appearing after complete saturation. Raw datacap"’1C|ty changACyn The Gibbs free energies of DNA

were integrated, corrected for nonspecific heats, normalizedunfom'ng’AGD' and protein unfoldl.ngAGp, are defined by

for concentration, and analyzed according to a 1:1 binding the Gibbs-Helmholtz eqs 3 and 4:

model assuming a single set of identical binding sites. T
Scanning CalorimetryDSC experiments were performed AGp(T) = AHD(TD)'(l - 17) +

on a VP-DSC calorimeter (MicroCal Inc.) equipped with twin P

coin-shaped cells of 0.52 mL volume. Details on the AC D’T —T,—-T |n(l)] — RTIn(0.85D;) (3)

instrument’s performance are given elsewhe28).( The P To

heating rate was 1C min L. Protein, DNA, and complex

samples were dialyzed for &4 h against the same batch AG/(T) = AHP(TP)’(l — l) +

of buffer used to establish the baseline. Reversibility was Tp

checked by 23 cycles of heating and cooling. The raw T

experimental data were corrected for the instrumental buffer- ACp,F{T —Tp=T ln(T_P)] (4)

buffer baseline and transformed to partial molar or partial

specific heat capacity using partial specific volumes of 0.715,  Native protein and DNA duplex associate to form the 1:1

0.561, and 0.659 cfng~* for protein, DNA duplex, and  complex, PD, according tBy + Py = PD. The association

protein-DNA complex, respectively (see below). The analy- constant iska = PD/(Dy x Py) and the change of the

sis of heat capacity traces of the proteDNA complex enthalpy AH,), entropy AS)), and free energyAGy) of

followed the formalism detailed elsewher24{-26). Data association with temperature is given by

handling and analysis were carried out using the program

CpCalc 2.1 (Applied Thermodynamics), subroutines for AG,(T) = —RTIn K, = AH,(Tg) +

Origin provided by MicroCal, and in-house written scripts T T

for NLREG (Phillip H. Sherrod). S AC A dT — TIAS(Te) + [{ AC, 5 d InT] (5)
Calculation of Absolute Heat Capaciti€Bhe absolute heat

capacityC, was derived from the concentration dependence WhereTg denotes an appropriate reference temperature.

of the apparent heat capaci®,, according to 27) Since Sg and Sg are always present in equimolar amount

and since S§= SS equals the concentration of unfolded
Capp= (Cp — vyy)My + const (2)  DNAin duplex equivalents, mass conservation can be written

as

wherevy, is the partial specific volume of the macromolecule

andmy is its mass in the calorimetric cell. The partial specific 53\2 55\2

volumes of the protein, 13 bp DNA duplex, and the complex Dy =Dy + SS, +PD= o +SS§, + KA~PN-K—

were computed according to Karshikoff and Ladenst28). ( D D(G)

This method reproduces with high precision of globular

proteins. Indeed, the calculatad, is within 2% of vy SSA2

estimated from the amino acid sequence according to P, =P+ P, + Py =Py + Kx-Py + Ky'Pyr—— (7)
Makhatadze et al.20). For the calculation, 20 NMR Kp
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Substitution ofPy = Pr/(1 + Kp + SS? x (Ka/Kp)) from

eq 7 into eq 6 leads to an equation that can be numerically
solved for S&. Once Sg is known, the population of all
other species at any temperature can be calculated from the
above equations.

The excess enthalpy function of the system, using the
complex as the reference state is

HO= AHP-(E—:) + AHD-(B—:) - ’AHA-(%TPU)] ®)

and after differentiation, the excess heat capacity function
is obtained.

Calculation of Salent-Accessible Surface Are&SA was
calculated using the program NACCES with the default set
of atomic radii and parameter81). The structures of free
protein and free DNA in their binding competent conforma-
tion (protein* and DNA* in Scheme 1) were generated by
removing the protein or the DNA from the coordinate file
of the complex (1B69). The NMR structure of the free CICATCATTTAAG
protein (2BB8) and of the 13 bp duplex DNA in a canonical _'lz_'r%’f'é %El:n('j\lli\t/ISRCs()t:]EljcltleJ:(eV\cl)i];ft]hg Eyﬁ'biggiqudgﬂij;‘(Osfg)”t‘zg‘;ase
B-DNA conformatlon were used to calculate the surfage arédiee form of INT-[F))BD. The secon%arypstructure elements are
changes associated with the structural rearrangement induceghpeled. L, loop; T, turng, beta strand; Hg-helix. (B) Comparison
upon binding. Residues Ser 2, His 72, Asp 73, and Gly 74 of the free (in gray) and bound (in black) forms of the protein.
missing in the NMR structure of the complex, and residues Superposition of the backbone atoms from residues Arg 6 to Tyr

Ser 2 and Gly 74 missing in the NMR structure of the free 27 and GIn 37 to Glu 66 emphasizes the different positioning of
turn T2, the major structural rearrangement induced upon binding.

protein were added manually and the resulting structures cy comparison of the bound form of the INDNA duplex (in

GAGTAGTAAATTC

were minimized by standard protocols using CHARMAL, black) with the cannonical B-DNA conformation (in gray). The
ascribed to dehydration of the complex interface was oligonucleotide sequence used in the NMR structure and all
calculated from experiments is listed. The consensus binding site for the integrase

protein is underlined. (D) Schematic representation of the structure
of the INT-DBD—DNA complex. A ribbon diagram of the protein
AC, = ayipAASA iy T 8, AASA, + 8, AASA, (9) is shown positioned on the van der Waals surface of DNA.

where the terms\ASA (in units of ) are the binding-  {f0Scopy @1 35).2 Figure 1 shows the structures of the
induced changes in aliphatic, aromatic, and polar surface,Protein-DNA complex and the free protein. The protein

respectively, and the coefficienis are the elementary binds to the DNA through a three-stranded antiparallell
contributions (in units of kJ K! mol~* A=?) to the heat fB-sheet and contacts bases and backbone groups of the major

; : ; . This is a rare DNA-binding motif found so far in
capacity of hydration of the corresponding type of surface groove - .
(32—34). Likewise, the hydration enthalpy can be scaled only three DNA-binding proteins3g, 37). The structure of

from the amount and type of surface becoming inaccessible.the protein becomes more disordered in the complex, as

: : dicated by the loss of several NOEs in the spectrum of
to bulk solvent when the complex is formel] 2). Numerical n : N
values of the per-Acontributions toAH were taken from the bound form21). The DNA is bent by~35" toward the

Table 13 in Makhatadze and Privalog4j. Other param- protein but retains an overall B-conformation with a modest

etrization schemes that do not distinguish between aliphaticCompreSSIon of the major groove in the center of the

and aromatic surface contributiors 82) gave very similar recognition motf,
: 9 y The protein used in this study contains residues/2.
estimates oAC,.

The missing N-terminal Met of the original protein used to
solve the NMR structure does not participate in binding and
RESULTS AND DISCUSSION has no effect on the stability of the complex. Experiments
Structure of the ProteinDNA Complex.Tn916 is a were performed in the buffer used for NMR structure
transposon carrying tetracycline resistance. Excision of the détérmination. o ,
Tn916 transposon requires the formation of a nucleoprotein _ SPectroscopic Characterization of Complex Formation.
complex in which the N-terminal domain of the transposon- CP Spectroscopy Reals Conformational Changeshe CD

encoded integrase specifically recognizes a DNA target SPECtrum of the complex differs from the sum of the CD

sequence. The N-terminal 75 residues of the Tn916 integraseSPectra of the protein and the DNA (Figure 2A). Subtraction

called INT-DBD, suffice for DNA recognition. O.f the CD spectrum at B5C from the spectrum at 3C
] ) . yields the difference spectrum between the folded and the
The solution structure of the free protein (with a Cys57Ala
mutation) and of the protein bound to the 13 bp target DNA 2To facilitate reading, the N-terminal fragment-24 of integrase

duplex (sequences'-BAGTAGTAAATTC-3' and B- Tn916 and the 13 bp duplex target DNA are called “protein” and
GAATTTACTACTC-3) have been solved by NMR spec- “DNA”, respectively.
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g / 102 & FIGURE 3: Formation of proteirr DNA complex followed by ITC.
T J Joo E Binding isotherms from titration of 3@M DNA placed in the
0.01 _ = calorimetric cell with protein from a 30@M stock solution in

300 350 400 450 0 2 4 6 standard buffer. Symbols represent the integrated heats after
Wavelength (nm) Duplex concentration (M x 10) correction for nonspecific heat effects and normalization for the

FIGUrRe 2: Spectroscopic characterization of protein, DNA and molar concentration. Continuous lines are nonlinear fits for a 1:1

protein—DNA complex.(A) CD spectra of protein (thin line), DNA binding model. Experimental temperatures are indicated.

(dotted line), 1:1 proteirDNA complex (heavy line), and calcu-

lated sum of SpeCtra of free pI’Otein and free DNA (dashed “ne) Wlthln experlmental errorKA |S temperature_lndependent

recorded at 3C in standard buffer with 6@M protein, 60uM :
duplex DNA, and 6QuM complex, respectively. (B) Difference between 4 and 30C. The averaga is (7 £+ 5) x 10°

spectra calculated by arithmetic subtraction of the spectrar@t 3 M % in agreement withK, from fluorescence ftitration
from the spectra at 85C (lines as in panel A). Spectral changes (Figure 2D).

induced by heating are95% reversible. (C) Fluorescence emission The apparent enthalpy and entropy changes of association
spectrum (excitation 295 nm) of free protein (dotted line) and of vary with temperature (Figure 4A). Complex formation is

protein saturated with DNA (solid line). (D) Binding isotherm - . :
recorded at 20C. The data are plotted as the normalized change endothermic atcf!dow temperature and exothermic at high

of the emission intensity. DNA from a 70M stock solution was ~ temperature AH;* changing signs at around 1®. The
added stepwise to 2M of protein. The continuous line is a best sameAHff' is measured in buffers of different heats of pro-
fit according to eq 1 foK, of 8 x 10° M. tonation indicating that there is no change in the protonation

state of the protein or the DNA upon bindin (The entropy
unfolded species (Figure 2B). Thermal unfolding of the of complex formation is positive below about 2&€ and
complex is silent at 232 nm for the DNA and at 260 nm for negative at higher temperature (Figure 4A). The thermody-
the protein. Ellipticities at these wavelength can be used to namic binding parameters from 20 ITC experiments per-
separately monitor the unfolding of the protein and the DNA, formed in the range of 4 to 3TC are summarized in Table
respectively, during thermal unfolding of the complex (Figure 1 of the Supporting Information.

5). The Heat Capacity Change of Association Determined by
Dissociation Constant of the Complex Obtained by Fluo- ITC. The temperature variation of the binding enthalpy,
rescence Titration of Protein with DNA'he fluorescence 6AH,§”"/<ST, represents the heat capacity change of associa-
emission of Trp 42, located at the DNA binding sigd), is tion, AC, ». Linear regression of the data shown in Figure

qguenched when this residue is buried at the complex interface4B yields AC, a of —2.3£0.2 kJ K'* mol~t. However, the
(Figure 2C). From the change of fluorescence, the associationdata are not well described by a straight line. Fitting statistics
constant of the complex can be determined (Figure 2D). The improve significantly if a second-order polynomial is used
solid line in Figure 2D is a best fit for a 1:1 binding reaction (heavy line in Figure 4B). The curvature of tAHS/oT
(eq 3) with equilibrium constars of (8 £ 3) x 1P M~* function indicates a temperature variation frerh.4 kJ K2
at 25°C. mol~* at 5°C to —2.9 kJ K’ mol~* at 30°C.
Thermodynamics of Complex Formation Measured by Thermal Dissociation and Unfolding of the ProteiBNA
Titration Calorimetry. Dissociation Constant, Enthalpy of Complex. Thermal Unfolding Followed by CDnfolding
Association, and Complex Stoichiometry Deduced from ITC. was monitored at 232 and 260 nm, taking advantage of the
ITC is the most direct method to measure the change of observation that the two wavelengths reflect the thermal
enthalpy AHa) and heat capacityNCy,») of the association  transition of protein alone and DNA alone (Figure 2B). The
reaction and to confirm the 1:1 stoichiometry of the complex. melting curves are shown in Figure 5. From the normalized
Addition of small aliquots of protein to DNA in the curves (inset of Figure 5), it is seen that the transitions
calorimetric cell produces measurable heat effects, which monitored at the two wavelengths are superimposable. This
saturate as the molar ratio of protein to DNA increases hints at a highly cooperative transition from folded complex
(Figure 3) @8). From the shape of the titration curve the to unfolded protein and DNA. The data of Figure 5 were
binding stoichiometryn, the association constark,, and subjected to van't Hoff analysis according to eq 2 of the
the apparent calorimetric enthalpy of associatiahic, is Supporting Information. This analysis requires that the
calculated 88). The stoichiometry is 1.02 0.15 (mearnt reaction order n of the thermal unfolding reaction is known.
SD of 20 experiments), in agreement with a 1:1 complex. An order of 2 means that the complex unfolds into its folded
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FiGURE 4: Energetics of proteinDNA association measured by
ITC. (A) Changes of enthalpy, entropy and free energy in the range
of 4—30 °C. (B) Determination of the heat capacity chamy@, a

from 0AHA/OT (Kirchoff plot). Filled squaresAHS® (data from
Table 1); asterisks\Ha corr (data from Table 1) for a hypothetical
rigid body association reaction; see the text for detailed discussion.

Dotted line: linear fit ofd AHS/OT yields ACp 4 of —2.3+ 0.2 kJ
K~1mol-L. Heavy line: second-order polynomial fit SAHS/OT
yields increasingA\Cp 4 from —1.4 kJ Kt mol~t at 4°C to —2.9
kJ K1 mol~? at 30°C. Thin solid line: linear fit of S AHS/OT
yields ACp acor Of —1.8 £ 0.2 kJ K1 mol™? for a hypothetical
rigid-body association reaction.
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Ficure 5: Thermal melting of the proteinlDNA complex followed
by CD. The change of ellipticity at 260 nm (melting of DNA) and
232 nm (melting of protein) was measured with &@ complex
in standard buffer at a heating rate of 1 deg minnset: progress
of reaction expressed as fraction of melted complex. Closed circles,

melting of protein followed at 232 nm; open circles, melting of
DNA followed at 260 nm.
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components. An order of 3 means simultaneous dissociation
and unfolding of the components. The enthalpy changes
calculated from the CD melting curveAH,°P, are 470 kJ
mol~! for n = 2 and 610 kJ mot for n = 3. As will be
shown below, the analysis of the DSC melting trace indicates
thatn has a value between 2 and 3.

Thermal Unfolding Followed by DSO.he temperature-
induced conformational transitions of the complex are highly

Milev et al.
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FIGURE 6: Heat capacity curves of the complex and the isolated
components obtained by DSC. (A) Thermograms recorded in
standard buffer of pH 6.0 at a heating rate of 1 deg Thinith
sample concentrations of GIM. Heavy line, complex; thin line,
free protein; dotted line, DNA; dashed line, calculated sum of partial
molar heat capacities of free protein and free DNA. Data for free
protein and free DNA are from2(Q). (B) Progress of melting
calculated from the changes of heat absorption. Line type is the
same as that in panel A.

reversible at pH 6 in 0.1 M NaCl. The partial molar heat
capacity function is shown in Figure 6A together with the
traces recorded for the isolated components described in the
accompanying pape(). Melting of the complex produces
a single sharp heat absorption peak whose temperature of
maximum heat absorption (which can be regarded as the
apparent transition temperature or melting temperaiuje
is higher than the melting temperatures of protein and DNA
alone. The shape of the DSC trace of the complex is
asymmetric, which indicates a cooperative unfolding process
accompanied by subunit dissociatid?b). The DSC trace
demonstrates that the components are thermally stabilized
in the complex (Figure 6B). The dissociation of the complex
and the concurrent unfolding of the protein and the DNA
are taking place within a narrow temperature interval.

The Heat Capacity Change at, Rppears NegligibleThe
heat capacity of the complex increases linearly up to about
40 °C and remains constant above B0, indicating that no
further temperature-induced changes occur after the main
transition (Figure 6A). Extrapolation of the pre-transitional
and post-transitional heat capacities into the transition zone
shows that the net heat capacity change of dissociation and
unfolding of the complexAC, ¢, is almost negligible around
Tm. In seven experiments it scatters forn®.9 to +0.9 kJ
K~ mol! (dotted line in Figure 7). This is unexpected since
AC,c is composed of the heat capacity change of protein
unfolding AC, 5, DNA unfolding (AC, ), and the dissocia-
tion reaction (equivalent te-AC, ») according toAC,c =
AC,p+ AC,p — ACya. From experiments described in the
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100 DNA. The value is significantly higher thaAHZ' of 540

kJ mol* calculated from the peak area of Figure 7. It follows
that the DSC melting trace generates neither the expected
enthalpy change nor the expected heat capacity change of
complex dissociation and unfolding.

Thermal Fluctuations are Gradually Accumulating in the
Native Complex before the Start of the Main Melting
Transition.We propose that the discrepant values of meas-
ured and expected values @HZ' and AC,c can be
explained if one assumes that thermal fluctuations are
S gradually accumulating in the complex upon heating. This

0 10 20 30 40 50 60 70 effect is illustrated in Figure 7. If, as discussed above, one

Temperature (°C) assumes an ex_pe_cted total he_at capacity cha&_a@g,d) of

FiIGURe 7: Partial molar heat capacity of the proteiDNA complex dissociation plus prote_ln and DINA meltlng ef‘Z‘B].
complex. Experimental conditions as in Figure 6. Symbols, kJ K™ .moI L t_he heat capacity of a hypothetlc?al non-
experimental data. Continuous line, van't Hoff analysis according fluctuating” native complex at 63C can be obtained by
to eqs 4-6 in Supporting Information with the following best fit ~ subtracting 8-11 kJ mot* from the high-temperature end
parametersin = 2.3, Tmos = 51.1°C, AH = 572 kI mol*, and  of the trace of Figure 7. This is shown by the daslotted
tﬁgpezx ;?I#]Se rlft\]alwtiarggl:ﬁé'\:lvonteahh;ttzlti?fisref&% am‘ztergsegﬁsg?gﬁl line of Figure 7, which represents the heat capacity function
experir‘r)wents given in the text.) Dotted line, apparent intrinsic heat of a hypotheucgl “nonfluctuating” protefﬂDl\_IA ‘?Omp'ex )
capacity function connecting the pre-transitional and post- lacking a steep increase of thermal fluctuation in the native
transitional parts of the experimental trace and indicating negligible state. The enthalpy chang@HCCa' of unfolding and dis-
total heat capacity increment. Dashed line, intrinsic heat capacity ggciation of such a “nonfluctuating” complex corresponds

of a hypothetical “nonfluctuating” complex undergoing thermal : P .
melting with a total heat capacity increment of 10 kJtHnol- to the area above the dashed line shown in Figure 7 and is

see the text for detailed discussion. Daslotted line, heat capacity 730 kJ mot?, in agreement witlAHE' of 750 kJ mot?
function of a hypothetical “nonfluctuating” complex. calculated fron‘AHf;a' = AHp + AHp — AHa. The slope of

the heat capacity of the “nonfluctuating” complex is 125 J
accompanying pape(), AC,p of protein unfolding is 5 K2 mol™*, which is almost exactly the sum of theilheat
kJ K~ mol%, andAC,  of DNA unfolding is 1-2 kJ K- capacity temperature slopes of the DNA (69 JFKnol™)

p

[0} ®

o o
T T

Partial molar C_(kJ K" mol™)
i
o

N
o
T

mol-%. AC, 4 of complex association from ITC is2 to —3 and the protein (55 J ¥ mol™) reported in the accompany-
kJ K-t mol~! (Figure 4). Hence, the expected valuehsE, c ing paper £0). . o
is 8-11 kJ K- mol~?, contra to experiment. Our analysis of the DSC melting trace indicates that the

Why is the apparenhC, c deduced from the DSC melting ~heat capacity of the complex increases rapidly with temper-
curve so much smaller than expected? A possible explanatior@ture. The enthalpic content of the system is significantly
is that the complex dissociates into partly folded components reduced at temperatures preceding the main transition. This
so that the heat capacity is smaller than the sum of the heatindicates gradual destabilization of the complex. However,
capacities of the fully unfolded protein and the dissociated thermal fluctuations are linked to gain in entropy. Obviously,
unstructured DNA strands. This interpretation can be ex- gradual enthalpic and entropic effects are effectively com-
cluded since the sum of the heat capacities of the proteinPensating each other, so that the Gibbs energy of association,
and the DNA above 66C is within +2 kJ K-: mol L of the ~ AGa, remains almost constant (Figure 4A).
heat capacity of the melted complex (Figure 6A). An  Van't Hoff Analysis of DSC Trace Confirms High Coop-
alternative explanation may be hidden in the steep heaterativity of Complex Dissociation and Thermal Unfolding.
capacity increase of the native complex below°@ The melting profile of the complex shown in Figure 6A can

To further analyze this problem, we calculate the apparent be subjected to van't Hoff analysis. The reaction onlef
calorimetric enthalpy of complex melting and dissociation, €ds 3-6 in Supporting Information is not defined. As
AHZ'. The value corresponds to the area above a line discussed for CD melting above, limiting valuesroére 2
smoothly connecting the pre-transitional and post-transitional for the dissociation to the native components and 3 for the
portions of the heat capacity trace (dotted line in Figure 7) dissociation to unfolded protein and DNA strands. Simulation
and equals 54820 kJ mott (meant SD of 7 experiments). ~ Of the DSC trace according to eqs-@ in Supporting
AHCCa' is composed of the enthalpy changes of protein Information yieldsn = 2.3 &+ 0.1. The corresponding

. , -laliges ; VH 1 .
unfolding, DNA unfolding and complex dissociation (equiva- €nthalpy changeAH$ , 1S 560+ 20 kJ mof™, very similar
lent to —AH,): AH® = AHp + AHp — AH,. Using the ~ tothe measuredHZ' of 540+ 20 kJ mot ™. Thus, the ratio
values determined for protein and DNA unfolding reported AHZ/AHZ"is 1, in support of a highly cooperative unfold-
in the accompanying pape® and AH, from the ITC ing reaction. The enthalpies calculated for fixed n are 530
experiment extrapolatédo the melting region, one obtains kJ mof* (n = 2) and 610 kJ mof* (n = 3). These limiting
AHE' of about 750 kJ mot. This corresponds to the values are almost identical to those obtained from the CD
expected total heat change for the disruption of complex- Melting curves (Figure 5)AH,° = 470 kJ mof* (n = 2)

stabilizing contacts and unfolding of the protein and the and 610 kJ mot* (n = 3). Equally, fitting of the CD melting
curves shown in Figure 5 with fixed at 2.3 yieldsAH,°P

1 : VvH
3 AC,» 0f —2.3 kJ K-* mol-L from the linear regression of the data  Of 925 kJ mot™, in |900d agreement withH¢" of 560+ 20
in Figure 4 was used for this extrapolation. kJ mof* and AHZ' of 540 + 20 kJ mot™.
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Ficure 8: Simulations of proteir DNA association according to
the procedure of Brandts and Lir80Q). (A) Symbols are the
experimental excess molar heat capacity from DSC for the complex
(filled squares), the free protein (open triangles), the free DNA (open
squares), and the arithmetic sum of free protein and free DNA (open
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Scheme 1
protein* + DNA*

conformational transition rigid body association
AC, g = 0.830.17 AC, = —1.240.1

protein + DNA protein-DNA complex

AC, = —0.3720.12

the mutual stabilization of the individual components due
to binding interactions, is reproduced wkia (25 °C) of 6.4
x 10° M1, which is the same within error & of (7 & 5)
x 10 M1 from ITC andKp of (8 + 3) x 10 M1 from
fluorescence quenching\HA®¥(25 °C) determined by ITC
is predicted within£15 kJ mof?®. Figure 8B shows the
calculated population of each molecular species. In the
transition region, melting of the complex releases small
amounts of free folded protein and free DNA duplex in
equilibrium with large amounts of unfolded protein and
DNA. This is in accord with a reaction order between 2 and
3 obtained from van't Hoff analysis of the DSC trac&he
success of the modeling indicates that the thermodynamic
parameters obtained by ITC and DSC describe the thermo-
dynamic behavior in a consistent way, bridging the entire
temperature and concentration range covered by the ITC and
DSC experiments.

The Heat Capacity Change of ProteiDNA Association.
Analysis of the Partial Molar Heat Capacities Explains the

triangles). Solid lines are simulated excess heat capacity funCtionsTemperature DependenceE, A peculiar feature of the

calculated with the help of the combined eqs-8 and the
parameter3m protein= 44.2°C, AHm protein= 245 kI mot?, ACy protein
=45kJK? mOl_l, Tm,DNA =46.1°C, AHm,DNA =320 kJ mOTl,
ACpona = 1.5 kJ K2 mol2, AHA(25°C) = —30 kJ K, ACya
—2.3 kJ Kt mol~L. The experimental melting temperature of
the complex is reproduced best wiia (25 °C) = 6.4 x 106 ML,
Dotted lines are simulations performed witka 1 order of
magnitude lower or higher than 64 10° M~1. (B) Calculated
temperature-induced changes of the fractional population of free
native protein, free DNA duplex, and proteiDNA complex
(symbols as in panel A). Solid line, free unfolded protein; dotted
line, free single-stranded DNA.

The striking similarity of the enthalpy changes deduced
from the CD melting curves, from van’t Hoff analysis of

proteir—-DNA association reaction studied here is the
nonlinear temperature dependence of the association enthalpy
seen in Figure 4B. We now wish to explain this behavior in
terms of temperature-induced heat capacity changes occurring
in the temperature interval where the native form of the
complex and its components dominate. Such changes are
clearly seen between 4 and 3@ in Figure 6A. The
calculated sum of the heat capacitiy slopes of protein and
DNA (dashed line in Figure 6A) increases nonlinearly from
0.24 kJ K2 mol™* near 4°C to about 0.40 kJ K2 mol*

near 30°C, the average over the ITC temperature range being
0.32 kJ K2 mol™L. At the same time, the heat capacity of

the DSC trace and from direct calorimetric analysis strongly the complex displays a nearly constant temperature slope of
supports high cooperativity between complex dissociation 0.24 kJ K2 mol™. This behavior indicates the following:
and unfolding of the components. The reaction order of 2.3, () In the temperature range before the main thermal
on the other hand, may indicate that the complex dissociatestransition, the free protein, the free DNA and the complex
into components that may not yet be completely unfolded. €xhibit minor changes of conformation, of thermal fluctua-

Simulation of the Heat Capacity Trace by Linked- tions and of vibrational content, including changes in the
Equilibria Analysis.The excess heat capacity function can water shell around the molecules. (i) In the complex and
be analyzed further by a model which takes into account its components the changes are not occurring in parallel. (iii)
the temperature-induced changes in the concentration of allThe enthalpy fluctuations of free protein and free DNA
the five molecular species populated in the temperature rangeduplex are attenuated when association has taken place.
of the DSC experiment: complex, native and unfolded These observations explain in a qualitative wﬁayl-ﬁa'/éT
protein, duplex DNA, and unfolded DNA strands. This is curved (heavy line in Figure 4B).

analysis combines the energetics of folding of the compo-
nents described in the accompanying pa2f) (vith the
energetics of complex formation described here. Although
developed more than 10 years a@0)( the deconvolution
technique was applied to protetDNA interaction only once
before 89). Figure 8A presents the results of simulations
according to the combined egs 8. The experimental excess
heat capacity profile of the 1:1 complex is very well

If we were able to account in a quantitative way for the
different thermal properties of the system in its associated
and dissociated states, we could predict the enthalpic
behavior of a hypothetical rigid body association reaction
between the protein and the DNA in their binding competent
conformations (see Scheme 1 below). In other words, if we

4 Populations of different molecular species depend on the total

simulated. The position of the heat absorption peak, reflecting concentrations of protein and DNA.
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could subtract all the temperature-dependent (nonlinear)temperature. FurthermorAC, a cor Of the hypothetical rigid-
changes ofC, of the free components from the main trace body association reaction can now be judged against the
of complex melting of Figure 6A, we would obtain the structure of the complex, that means with regard to the
enthalpy change of the hypothetical rigid body association molecular surface buried at the complex interface.
reaction. The necessary procedure has been developed by Correlation of the Heat Capacity Change of Association
Privalov and colleagued.(). The enthalpy of association at  with Structural FeaturesAC, provides a semiempirical link
any temperature can be written as between structure and energetics and has attracted special
attention as a key parameter in estimating the contribution
AHA(T) = AH(Tg) + AC, A(TR) x (T = Tg) +4  (10) of dehydration to bindingl{ 2). ExperimentalAC, often
correlates well with the amount and type of surface buried
at the interface of a complex. However, in the case of

T c i protein—DNA association, significant discrepancies between

fTR{[Cp(T) - Cp(TR)] - Z[Cp(T) - Cp(TR)]} dT (10a) measured and calculatesiC, have been reported<10).
' The present system is a particularly telling example.
Superscript i denotes free protein and free DNA, respectively, The conformational changes accompanying complex for-
and superscript ¢ denotes the compl&&, A(Tr) is defined mation are reflected by the different solvent accessible
as surface area calculated for the complex and its free and bound
. components. The association reaction can be formally divided
AC, A(Tg) = Cp(TR)C - ZCD(TR)' (10b) into two steps (Scheme 1): (i) the transition of protein and
[ DNA from the free to the binding-competent conformations
(marked by asterisks in Scheme 1) and (ii) the association
of the binding-competent molecules to the complex.

The heat capacity changes can be estimated from the
dehydration of nonpolar and polar surface area according to
eq 15. Estimates are based on empirical correlations estab-
lished for many proteifrprotein and proteirDNA interac-
tions (1, 2, 32—34). Interestingly, the protein and the DNA
unfold slightly to expose more binding surface in their
binding competent conformatior+-@50 A2 of nonpolar
surface and-80 A2 of polar surface). Therefor&Cp,cont is
positive with an estimated value of 0.83 kJ *Kmol™.

AH — AH® — ) (11) Association of the binding competent molecules buries 790
Accorr A A2 of aliphatic, 540 & of aromatic, and 1040 Aof polar

Equation 11 defines the association enthalpy change of thes%rlface,illeading to a negative value &€, of —1.2 kJ
rigid body reaction. Values akHa cor Were calculated from K ™' mol™%. The estimated overall heat capacity change of
the combined egs 10b and 1They are added as asterisks asSociation ifACp,n = ACp,con + ACy,m and is very much
to Figure 4B and are shown in Table 1 in Supporting smaller than any of the measured values. Our estimates are
Information. Most satisfying, the change 6Ha cor With based on elementary contributions pg? &f polar and
temperature is linear, as expected for rigid body association.nonpolar area (eq 9) taken fror84). Estimated values of
The corrected heat capacity chang@eSp acor = OAHA cord AC, differ by only 10-20% when other parametrizations
OT, is —1.8+ 0.08 kJ KX mol~* (slope of thin straight line ~ are usedX, 2, 32—34) (not shown).
in Figure 4B). It should be emphasized that the calculate@,’s are

In conclusion, analysis of the heat capacities of free protein Pased on the simple assumption that the bulk contribution
and DNA and their complex measured by DSC confirms the 10 AC; originates from dehydration of interacting surface in
curvature of the plot oﬁHfj" versusT measured by ITC. the complex. Alteration of thermal motions and vibrational

The temperature dependence A, A is the consequence modi are not considered. Nevertheless, the structural esti-
of nonparallel changes in the thermal fluctuations of the Mates ofAC, provide us with a guideline for assessing the

system in its dissociated and associated states. It is importanfi€asured thermodynamic parameters.
to recognize that the “correction” of the ITC-measured Circumstantial Ezidence for Residual Water at the Com-

enthalpy does not imply thakHa cor is the “true” binding plex Interface.Our analysis of the DSC data leading to
’ cal AC, acor €liminates the contributions arising from confor-

enthalpy while the apparent experimertéd,” is “wrong”. : : .
ExperimentalAH,% is the association enthalpy change of mational adaptation and thermal fluctuatlons. Therefore,
AHa corr represents the enthalpy of intermolecular contacts

the molecules in their real conformational state, including . o i
thermal fluctuations, conformational changes, and perhapsIOIUS the changes of hydration upon association of rigid
even partial unfolding. Our analysis merely highlights the molecular surfaces..HencACp,A,consh(_)uI.d be equal to th?
thermodynamic complexity of the association reaction and structure_—based estlr?flte G}fle,rb- This 1S not the caje.
provides a rationale for the nonlinear changeA®f$' with ACppcoris —1.8 kI K= mol %, andACpw is —1.2 kJ K

A mol~1. How can we explain the “extra>0.6 kJ K'* mol~?

We propose that they arise from incomplete dehydration of

wherel is defined as

Equation 10 without the integral describes the ideal
situation of a rigid body reaction for whiclAC, A is
temperature-independent in the first approximation (in a
sufficiently narrow interval of temperatures) and corresponds
to the difference betweed, of the rigid complex and, of

its rigid components. The integralrepresents the difference
between the temperature dependenc€pbf the complex
and the summed temperature slopesCgfof free protein
and DNA. Thus, we can define a “corrected” enthalpy change
of association as

5 For integration,Tr = 4 °C was used since the differencé@Cy/ ;
oT)¢ — 2(6Cp/6T)‘_is near zero bel_ow 1€C and the exp_erimental value th?t (r:10m[|)|ex Igterface' ized that t | | |
of AC,a(Tr) obtained from DSC is close #C, 4 obtained from ITC as long been recognized that water molecules piay an

data below 15C. important role in proteinr DNA association40). Structural
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and computational analysis have identified water molecules dehydrated upon bindingyH®' would be only about-760
bridging protein and DNA groups and often participating in  kJ mol* and would agree with 13 to 17 H-bonds. This
hydrogen bonding networkst{). Strong evidence for the  estimate is corroborated by NMR structural da2d)(and
proposed presence of water comes from packing densityMD simulations (A. G. and . J., manuscript in preparation).
calculations. Using the NMR structures of complex, protein Thirteen H-bonds can be observed in at leas8 2onformers
and DNA, we identify a total of 14@: 40 A® of “empty of the NMR ensemble. Up to 16 hydrogen bonds can be
space” distributed over-67 cavities at the complex interface. identified in some conformers after optimization of the
These cavities are large enough to contain together abouthydrogen positions. Ten residues are hydrogen-bonded to
10 water molecules that are inaccessible to the bulk solvent.DNA bases and backbone groups througha2 ns MD
Since the “extra” heat capacity change is negative, it can besimulation. Furthermore, if water molecules are present at
attributed to partial dehydration of polar surface (the heat the interface, they also may serve as donors or acceptors of
capacity of polar hydration is negative). Thus, t6.6 kJ additional H-bonds. Indeed, we observe&/water molecules
K~ mol~* can be accounted for by assuming that the buried inaccessible to bulk water in the simulations. Altogether, the
polar surface is only~60% dehydrated. This estimation is enthalpy parsing analysis reconciles structural features of the
based on an elementary contribution of hydration-a£27 complex with the observed heat capacity changes if one
J K-t mol~t A~2 (34). Dehydration is even less than 60% if assumes that only 60% of the complex interface is dehy-
one takes a value of1.09 J K! mol* A-2 from the drated.
parametrization advanced by Freire and colleag®s, ( In concluding this discussion of enthalpy parsing, we note
Incomplete Dehydration Can be Reconciled with the that polar interactions contribute only little to the en-
Enthalpy of AssociatiorThe association enthalpy measured thalpy of binding around room temperature. Incidentally,
by ITC is zero near 1214 °C (Figure 4). The change from  the calculated enthalpy of hydrophobic bondingH?® +
endothermic to exothermic heat effect close to room tem- AHﬁgﬁ'ydD, which includes van der Waals contacts between
perature indicates the importance of hydrophobic interactions gjiphatic and aromatic groups plus the corresponding dehy-
since the enthalpy of apolar contacts is almost exactly dgration of these groups, is18 kJ mot? at 25°C, which
canceled by the corresponding dehydration enthalpy, hencematches perfectly with the association enthalpy of the rigid-
the total enthalpic effect of hydrophobic interaction vanishes body reaction at that temperature (thin line in Figure 4B).

at 25°C (34, 42). The relatively small binding enthalpy in  Thys, the analysis according to eq 12 seems reasonable.
this temperature range results from weak intermolecular

interactions, i.e., hydrogen bonds and other polar contacts, GENERAL DISCUSSION
or from mutually compensating enthalpic effects. The o i . ) ]
enthalpy of an association process approximating rigid-body This is the first thermodynamic analysis of DNA recogni-

binding can be formally decomposed into four contributions: tion by a three-strande@sheet. It is instructive to compare
the presented thermodynamic parameters with the energetics

of association reactions promoted by other more common
recognition motifs. Sequence-specific protein binding to

, DNA has been investigated by calorimetry in several systems
where th_e termsAHiy represent all the intermolecular g representative data have been discusted14). It
contacts in a vacuum and the terfBleenyarall the enthalpy  gnpears that significant negative heat capacity changes are
effects of surface dehydration; superscripts apol and pol refery,q only common feature of several proteldNA associa-

to contacts between nonpolar and polar surfaces, respecijon reactions. This is reasonable since protdiNA
tively. For energy parsing we apply the parametrization of ¢mplexes bury a large amount of apolar molecular surface.
Privalov and colleague$34) because it clearly selparates As for other systems\Cp  of the integrase DNA complex
between vacuum energies and energy contributions fromig arge and exceeds by far the expected heat capacity effect
hydration based on calorimetric results. Using the total ¢ g\ rface dehydration. It seems that valuesAd, » that
amount of buried surface to predict the total enthalpy effect 5.6 100 large to originate from hydration effects are a
of dehyc?ratlon, we obtain about 1460 kJ miofor AHgEiq  hallmark of specific proteirDNA binding, although there

+ AHgghq Of which about 90% arises from the very may be exceptions4@). Interestingly, the Kirchoff plot of
unfavorable enthalpy of burying polar groups at the complex AH, versusT is curved. We propose that a nonlinear change
interface. The enthalpy of van der Waals contacts involving of association enthalpy with temperature is caused by the

AH, = AHE+ AHR + AHEN o+ AHRL e (12)

aliphatic and aromatic groupAHﬁﬁ"', is only about—195 nonparallel and nonlinear change of the heat cap&zjtyf

kJ mol ™. Since the total association enthalpy of the rigid the free components and the complex before the main thermal
body association reaction at 26, AHA%", is —19 kJ mot? transition.

(Figure 4B), one obtain&HP' of —1270 kJ mot! from Unlike heat capacity changes, the enthalpies and entropies

insertion in eq 12. It is reasonable to assume that the bulk of protein-DNA association are highly variable. For ex-
of AHﬁﬁ' originates from hydrogen bonds at the complex ample, DNA binding of they cl repressor has a favorable
interface. Again with the parametrization fro@4j, we take AHa of =100 kJ mot? and an unfavorabl&AS, of —60 kJ

a value of—45 to—60 kJ mot™ for the enthalpic content of mol™* at 25 °C (44). Just the opposite is seen for DNA
a single hydrogen bond and predict about-28 hydrogen recognition by the TATA-box binding protein, which at 25
bonds at the complex interface. There are only 13 residues°®C is opposed byAH, of 125 kJ moi* and favored by RS,
capable of forming H-bonds between the protein and the of 140 kJ mof? (9). As a rule, enthalpic and entropic
DNA. Hence, the predicted number of H-bonds is too large. contributions cancel to a large extent so that the binding free
However, if only 60% of the buried polar surface were energy is typically in the range of 35 kJ mot? (14).
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However, becausAC, 4 is usually large, the enthalpic and 8.

entropic contributions to binding are temperature dependent
and my change sign at physiological conditions of temper-
ature. At room temperaturd\Ha andAS, of the integrase 10
DNA complex is similar to the enthalpy and entropy change

of three other major groove binderB0j: the Antennapedia 11.

C39S homeodomain, the three zinc finger fragment of
TFIIA, and the methionine repressor dimer MetJ. Only MetJ,
a member of the tetrameric ribbon-helix-helix protein family, 13
recognizes the target DNA h3+sheets, similar to integrase

Tn916. However, there is little structural homology between 14
15.

MetJd and INT-DBD except that two (MetJ) or three (INT-
DBD) -sheet strands are inserted into the major groove with
every second side chain pointing toward the DNA. The 16

DNA complex could be accidental.

The search for structure-energy relationships in pretein
DNA association is greatly hampered by the fact that binding 5,
is accompanied by structural rearrangements which are

9

system-specific and difficult to account for. Conformational  21.

adaptation is typical for macromolecular recognition. The

present study illustrates that adaptation occurs at the cost of 22.

introducing conformational disorder in parts of a binding »3
domain. The results emphasize that structure-based methods

for the prediction of heat capacity changes (and other 24.

thermodynamic parameters) fail when thermal motions and gg

soft vibrational modi of the components are severely altered
in the complex. However, we present a useful and promising 5,7
way to deal with this complication, namely to link ITC

measurements of protetDNA association with the inde- 28.

pendent DSC analysis of the complex and its free compo-
nents.

30.
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SUPPORTING INFORMATION AVAILABLE 32

Equations used for van't Hoff analysis of thermal melting 35
of the proteinr-DNA complex measured by CD and DSC.

Table with thermodynamic parameters of the association of 34.

the integrase DNA binding domain with the 13 bp duplex
DNA observed by ITC. Next to the directly measured
AH? AG, andTAS,, the Table lists the values dfHa corr 36
and TASa cor. This material is available free of charge via

the Internet at http://pubs.acs.org. 37.
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