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ABSTRACT:. The thermodynamic properties and DNA binding ability of the N-terminal DNA binding
domains of interferon regulatory factors IRF-1 (DBD1) and IRF-3 (DBD3) were studied using
microcalorimetric and optical methods. DBD3 is significantly more stable than DBD1: &C2he

Gibbs energy of unfolding of DBD3 is-28.6 kJ/mol, which is 2 times larger than that of DBD414.9
kJ/mol. Fluorescence anisotropy titration experiments showed that at this temperature the association
constants with the PRDI binding site are 1x110° M~ for DBD1 and 3.6x 10° M~ for DBD3,
corresponding to Gibbs energies of associatiorr8% and—37 kJ/mol, respectively. However, the larger
binding energy of DBD3 is due to its larger electrostatic component, while its nonelectrostatic component
is smaller than that of DBD1. Therefore, DBD1 appears to have more sequence specificity than DBD3.
Binding of DBD1 to target DNA is characterized by a substantially larger negative enthalpy than binding
of DBD3, implying that the more flexible structure of DBD1 forms tighter contacts with DNA than the
more rigid structure of DBD3. Thus, the strength of the DBDs’ specific association with DNA is inversely
related to the stability of the free DBDs.

Prompt and regulated cellular response is central to hostdisordered and undergo large structural changes upon binding
defense against bacterial and viral pathogens. It is coordinatedDNA (6, 7).
by a genetic network controlled by various transcription  In this paper, we report the energetic bases of the structure
factors, particularly the interferon regulatory factors, IRFs. of the DBDs of IRF-1 (DBD1) and IRF-3 (DBD3) and their
All IRFs have two domains: the N-terminal DNA binding complexes with the consensus DNA.
domain (DBD), which is homologous among the family
members, and a C-terminal transactivation domajnThe =~ MATERIALS AND METHODS

crystal structures of the DBDs of IRF-1RF-4 have been Proteins and DNA DuplexeSeparate plasmids encoding
determined in complex with consensus DNA and exhibit & {he 113 N-terminal amino acids of DBD1 and DBD3 were
high degree of similarityZ—5). They bind the major groove  inqly provided by C. Escalante. Both proteins were
of DNA at the consensus sit¢ BANNGAAA-3" and cause  gynressed in BL21(DE3)pLysS cells. The expression and
the DNA to bend toward the protein by approximately’ 20 yjification of DBD1 have been described previousdy. (
(Figure 1). Topologically, these domains share the winged pgp3 was expressed, and cell pellets were collected and
helix—turn—helix (WHTH) motif; however, they bear no |y qaq by sonication. DBD3 was separated by ammonium
sequence homology with other DNA-binding proteins in this g i¢ate fractionation, pelleting at 70% saturation, and dialyzed
category, and a cluster of five tryptophans and two extendedagainst buffer A (200 mM sodium phosphate, 0.5 M NacCl,

loops makes these DBDs unique. and 50 mM imidazole). His-tagged DBD3 was passed over
Notwithstanding a topological similarity of all IRF DBDs, an FPLC nickel-charged HiTrap chelating column (Amer-
a detailed comparison of the existing structures, particularly sham Biosciences) and eluted with a 50 to 500 mM imidazole
the DBDs of IRF-1 and IRF-3, which will be denoted here gradient in buffer A. The His tag was removed by overnight
just as DBD1 and DBD3, respectively, reveals certain digestion with thrombin, and the protein was separated from
differences. It appears that DBD3 has m@reonformation, free tag by another round of Hi Trap chelating column
which forms a more extensive sheet contactingathénelix, chromatography. DBD3 was concentrated and dialyzed
and the content of tha-helical conformation in this DBD
is somewhat higher. Also, the interactions with DNA 100ps 1 appreviations: DBD1, IRF-1 DNA binding domain; DBD3, IRF-3
L1 and L3 differ considerably in their extent. The structures DNA binding domain; PRDI and PRDIII, positive regulatory domain
of the DBDs of IRF-1 and IRF-3 in the absence of DNA are ! and Ill DNA binding sites, respectively; TCEP, reducing agent tris-

- _ (2-carboxyethyl)phosphine HCI; FAM, 5,6-carboxyfluorescein;
unknown, but the solution structure of free IRF-2 DBD has equilibrium transition temperature at which half of the molecules are

been determined and shows that the loops are highlyin the unfolded state in the equilibrium proce€s; partial molar heat
capacity;AC,, heat capacity increment upon unfolding of the protein;
mun, parameter that shows the increase of the denaturant accessible

T This work was supported by NIH Grant GM48036-12. protein surface upon unfoldingsHunr and AGyyr, enthalpy and Gibbs
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516-6532. Fax: (410) 261-1064. E-mail: privalov@jhu.edu. entropy, and Gibbs energy of association, respectively.
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Ficure 1: Crystal structures of the DBD1 (a) and DBD3 (b) complexes with the consensus PRDI and PRDIII DNAs, respegti)ely (

against the appropriate buffer. Concentrations of DBD1 were SpectropolarimetryCD measurements were carried out
determined using an extinction coefficierbgy) of 36 820 using a Jasco-710 spectropolarimeter equipped with a Peltier
M~1cm 1. Concentrations of DBD3 were determined using PTC-3481 temperature controller. Measurements of the
an extinction coefficientepgg) of 31010 M* cm™. The ellipticity of the samples were obtained in various buffers
purity of all proteins used was checked by chromatography using a 1 mmSuprasil quartz cell. Spectra were monitored
and mass spectrometry and found to be better than 98%. Allover the wavelength range of 19270 nm.
studies of DBD1 containing cysteine were carried outinthe  pifferential Scanning CalorimetryDSC was performed
presence of 1 mM TCEP as a reducing agent. on a Nano-DSC calorimeter from Calorimetry Sciences Corp.
DNA containing the positive regulatory domain | (PRDI)  (Lindon, UT) with a cell volume of 0.328 mL. Details of
site from the human interfergfi-enhancer was used as a the performance of this instrument and the experimental
target for the IRF DBDs in calorimetric and optical experi- procedures are given elsewhefi®,(11). Solutions for the
ments. For studying the thermodynamics of association calorimetric experiments were extensively dialyzed against
between the proteins and DNA by calorimetry, a 13 bp solvent for at least 12 h at€. Results were analyzed using
duplex containing the PRDI site was used (a). For fluores- the G CALC program supplied with the Nano-DS@3).
cence anisotropy experiments, a 13 bp DNA duplex contain- GdmCI Denaturation Fitting and AG determination of

ing the PRDI site (b) and a 17 bp noncognate DNA duplex unfoldin . . S
. ) g by GdmCI, monitored by the change in the intrinsic
(c) were used, each labeled at oriesBd with FAM: fluorescence and ellipticity at 215 nm, were as described

(2) -GAGAAGTGAAAGT-3’ previously (9).
3’-CTCTTCACTTTCA-5 Fluorescence Anisotropy MeasuremenEuorescence
(b) g::g$glé1é&chrérér%iT§?.,pAM anisotropy, corrected for thé-factor, was measured on a
(¢) FAM-5-ACTATAACAATACAAG-3 SPEX FluoroMax-3 spectrofluonmet_er.under coqtrol _of
3 TGATATTGTTATGTTC-5' DataMax software (version 2.10). Excitation and registration

of emission were at 490 and 520 nm, respectively. The

All oligonucleotides were purchased from Integrated DNA instrument has a thermostated cell holder and software-
Technologies, Inc. The oligonucleotides were purified by controlled water bath. A 0.4 cm path length quartz Suprasil
anion exchange FPLC on a Mono-Q column, using a linear cell was used. All measurements were conducted in 10 mM
0.1 to 1.0 M NaCl gradient in 10 mM Tris-HCI buffer (pH  sodium phosphate buffer (pH 7.4). Association constants of
7.0), 1 mM EDTA, and 20% acetonitrile. The DNA was the DBDs with the PRDDNA duplex labeled with a
precipitated with ethanol, pelleted, and then air-dried. fluorophore were evaluated by direct fitting of the measured

Concentrations of single strands and duplexes were binding isotherms as described previousdy. (The fitting
determined from the\ss Of the nucleotides after complete Procedure assumed a 1:1 equilibrium between DBD and
digestion by phosphodiesterase | (Sigma) in 100 mM Tris- DNA. The association constants were measured at three fixed
HCI (pH 8.0). To determine the concentration of labeled temperatures, 10, 20, and 3C, and provided the Gibbs
single strands, the additional contribution of FAM absorption €nergies of association at these temperatures.
at 260 nm Ezgo= 28 000 M cm™?) was taken into account. Isothermal Titration CalorimetrylTC was performed on

DNA duplexes were prepared by mixing the complemen- a Nano-ITC Series Il instrument from Calorimetry Sciences
tary oligonucleotides in equimolar amounts, heating to 70 Corp. with a cell volume of 1.25 mL. Concentrated protein
°C, and cooling slowly to room temperature. Solutions of solutions (700uM) were placed in the syringe and DNA
duplex DNA for the experiments were prepared by extensive (50 uM) in the cell. The protein solution was titrated in 5
dialysis against the desired buffer. uL increments at 200 s intervals into the DNA solution
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FIGURE 2: CD spectra of DBD1+) and DBD3 (- - -) at 0°C in structure. The dashed and dotted line shows the heat capacity
solutions at pH 6.0 and 100 mM NaCl (inset) and the change in function expected for the fully unfolded DBDs. (b) Dependence of

mean residue ellipticity at 222 nm upon heating. the unfolding enthalpies of DBD1) and DBD3 (- — —) on the
temperature of unfolding determined by DSC (open symbols) and

thermostated at the desired temperature. Samples of DNACP (closed symbols) in solutions with different pHs.
and protein were prepared with the same batch of buffer to compact, rigid structure. With the temperature increase, the
minimize artifacts due to minor differences in buffer peat capacity of DBD1 increases faster than that of DBDS3.
composition. In separate experiments, the heats of dilution larger heat capacity slope of DBD1 implies that the
of the DNA into the solvent were measured and correspond- thermal motions of this protein are more intense than those
ing cqrrectlons were made. T_he result; of the titration 4 pgpa3. Thus, the structure of DBD1 appears to be more
experiments were analyzed using the Bindwork program, fiexible and loose. It should be noted that the tendency of
wh|ch is mcluded with the ITC mst_rument_from CSC. DpBD1 to aggregate and form disulfide cross-links upon
Calorimetric measurements were carried out in the range of to|ding prevented accurate calorimetric measurement of
5-30°C with a 5°C interval. the enthalpy of its unfolding. Therefore, most of the data
for this protein were obtained by the van't Hoff analysis of
the CD melting profiles since that requires much lower
Stability of the DBDsAccording to the circular dichroism  concentrations of protein than calorimetric experiments.
(CD) spectra of free DBD1 and DBD3 (Figure 2), they differ ~ As the pH decreases, the stability of the DBDs drops and,
significantly in their content of regular conformations: at 0 correspondingly, their enthalpies of unfolding decrease. The
°C DBD1 has~3% lesso. and3 conformations than DBD3.  enthalpies of unfolding of DBD1 and DBD3 in solutions with
The content of these regular conformations in DBD1 different pHs are plotted against the transition temperatures,
decreases faster upon heating than that of DBD3, and itT;, in Figure 3b. The calorimetric and van't Hoff enthalpies
unfolds cooperatively at significantly lower temperatures than are in good correspondence for both DBDs, showing that
DBD3. The van't Hoff enthalpyAH"") calculated from the  their temperature-induced unfolding represents a highly
sharpness of the transition for DBD1 is 1815 kJ/mol at cooperative process that can be modeled by a two-state
the transition temperature (45°€C); for DBD3, the van't transition. The slope of the enthalpy function corresponds
Hoff enthalpy Hynt' is 267 &= 5 kJ/mol at the transition to the heat capacity effect of protein unfoldingA\H/oT =
temperature (53.7C). AC,). The heat capacity effect of unfolding is 380.1 kJ
These CD results were confirmed by differential scanning K~* mol~* for DBD1 and 4.5+ 0.1 kJ K'* mol~* for DBD3,
calorimetry (Figure 3a). It is also seen that the cooperative in good correspondence with the direct observation of the
unfolding of DBD3 takes place at significantly higher heat capacity increment upon unfolding (Figure 3a). The fact
temperatures and proceeds with a much more pronouncedhat unfolding of DBD3 results in a larger heat capacity
and sharp heat absorption peak than the unfolding of DBD1, increment indicates that this protein has a more extensive
the excess heat absorption of which is more diffuse. The hydrophobic core.
dashed line in this figure shows the heat capacity expected Using the determined transition temperature, the transition
for the fully unfolded polypeptide chains of these proteins enthalpy, and the heat capacity effect of unfolding, and
calculated by summing the partial specific heat capacities assuming that this effect does not change considerably with
of the constituent amino acid residuek3(14). The cor- temperature, one can determine the Gibbs energy of protein
respondence of the calculated heat capacity function of thestabilization at any temperature according to the following
unfolded polypeptide chain to the calorimetrically measured equation:
heat capacity of the heat-denatured DBDs illustrates that
thermal denaturation leads to the complete unfolding of these AG(T) =
proteins. The dotted line shows the heat capacity function AH(1 = T/T) — AC[(T, = T) — TIn(T/T)] (2)
for a fully folded protein of comparable size such as bovine
pancreatic trypsin inhibitor (BPTI). For 20°C, the Gibbs energy of stabilization of DBD1 is
It is notable that at BC the partial heat capacity of DBD1 —14.04+ 1.0 kJ/mol and that of DBD3 is-27.7+ 1.0 kJ/
is almost similar to that of DBD3 and both are significantly mol; i.e., DBD3 is approximately 2 times more stable than
larger than what is expected for BPTI, a protein with a DBD1. Using the enthalpies of unfolding at 2C, which

RESULTS
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followed by the change in the wavelength of maximal fluorescence (2 a6 ™. DBD3 =
emission ©) and ellipticity at 215 nm@®) (insets). Both methods R A
give very similarAG,; values, and their dependence on the GdmClI (©) I N C)) b
concentration is approximated by the linear function. (b) Gibbs a8 d— , . . . . . 3
energies of unfolding of DBD1-) and DBD3  — —) at different R 08 o4 00
temperatures determined by extrapolation to zero denaturant Temperature, 'C log[NaCl]

concentration. Thenus values of DBD1 €-) and DBD3 (- - -) vs FIGURES: Isotherms of DNA binding by DBD1 (a) and DBD3 (b)
temperature derived from the GdmCI unfolding experiment (inset). getermined at various fixed temperatures. (c) The Gibbs energies

of association of DBD1-{) and DBD3 (- - -) with the target DNA
are 994 5 and 130+ 5 kJ/mol for DBD1 and DBD3, duplex plotted gigainst the temperature of the titration experiment.
respectively (Figure 3b), one can determine the entropy (d) Dependencies of lol¢) on log[NaCl] for association of DBD1

factors of unfolding of these DBDSTAS = AH — AG). () and DBDS3 (- - -) with the target DNA.
These are 8% 6 and 102+ 6 kJ K™* mol™* for DBD1 and s |ooser than the structure of DBD3, and the looseness of
DBD3, respectively. DBD1 increases as the temperature increases. This conclu-

The large difference in the stabilities of these two DBDs sijon is in accord with the results of the heat denaturation
according to analysis of their temperature-induced unfolding experiments.
was confirmed by studying their unfolding by guanidine  Association of the DBDs with DNAetailed thermody-
hydrochloride (GdmCI). Chemical denaturation is advanta- namic description of a proteifDNA complex entails
geous because it did not cause the DBDs to aggregate, evespecification of the following information: the equilibrium
at neutral pHs. Unfolding by GdmCI was monitored by the constant; the Gibbs energy, which is derived from the
change in intrinsic fluorescence and ellipticity at 215 nm association constanAG2 = —RT In(K®)]; the enthalpy of
(insets in Figure 4a). The results obtained by these parameterassociation AH3); and the entropy of associatiod$),
were practically identical, demonstrating that unfolding by which is determined using the enthalpy and Gibbs energy
GdmCl is a highly cooperative process, which can be of association AS* = (AH2 — AG?®/T]. It is particularly
described by a two-state transition. The Gibbs energiesimportant that these parameters be determined at various
calculated on the basis of this model exhibit a linear temperatures and salt concentrations. The dependence of the
dependence on the GdmCI concentration (Figure 4a). Ex-association enthalpy on temperature provides the heat capac-
trapolation of this functional dependence to zero denaturantity effect of binding AH¥3T = AC,?, which is important
concentration gives the Gibbs energy of stabilization of the for estimating the role of the hydration effect, i.e., the change
protein’s native structure at the temperature of this experi- in water accessible surface$6-18). The dependence of
ment (L5). The plots of these values versus temperature for the equilibrium constant on ionic strength provides the
DBD1 and DBD3 are presented in Figure 4b. AtZ0) the electrostatic component of the binding energy. The associa-
Gibbs energy of unfolding of DBD1 is'15.44+ 1.0 kJ/mol  tion enthalpy can be measured only by an isothermal titration
and that of DBD3 is—28.6+ 1.0 kJ/mol. These values are calorimeter (ITC), while the association constant can be
very close to those determined by the temperature-induceddetermined by any instrument that is sensitive to binding.
unfolding of the DBDs. Thus, both methods demonstrate that In our experience, the most efficient method of studying
the structure of DBD3 is significantly more stable than the protein-DNA association is fluorescence anisotropy titration,
structure of DBD1. which works over a broad range of reactant concentrations

Another important parameter provided by the denaturant- (19).
induced unfolding is the slope of th®G,s dependence on The binding isotherms of DBD1 and DBD3, with the same
the concentration of the denaturam,;), the parameter that DNA oligonucleotide containing the PRDI site, obtained by
shows the increase of the denaturant accessible proteiranisotropy titration at fixed temperatures in solution at pH
surface upon unfoldingl§). As shown in the inset of Figure 7.4 and 100 mM NaCl are shown in panels a and b of Figure
4b, myy is significantly smaller for DBD1, and its dependence 5. At 20 °C, the association constant is 1x110° M~ for
on temperature decreases more quickly. Since the denaturantoBD1 and 3.6x 10° M~ for DBD3. The Gibbs energies
exposed surfaces of these two DBDs in the unfolded stateobtained from these experiments are plotted against temper-
are very similar because their sequences are similar, one camture in Figure 5c. They differ considerably for DBD1 and
conclude that in the native state, DBD1 has more extendedDBD3, and this difference increases with a decrease in
surface exposed to denaturant. That is, the structure of DBD1temperature. At 20C and 100 mM NacCl, the Gibbs energy
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tendency of these proteins to aggregate. However, from the
studies of other DNA binding proteins, and particularly HMG
proteins, it is known that the enthalpies of association of
proteins with DNA do not depend noticeably on the ionic
strength of the solutiond( 20, 21).

DISCUSSION

One of the main results from this study is that free DBD1
and DBD3 differ in their stabilities; DBD3 has a more rigid
structure, while DBD1 appears to be more flexible. This
' ' ' difference is not entirely surprising because of their low level

AH?, kJ/mole

10 20 . % of sequence identity (34%).
Temperature, C Another important result is that under standard conditions
FiGure 6. Enthalpies of association of DBD1-} and DBD3 (20 °C, 100 mM NacCl, 20 mM sodium phosphate, and pH
(= — —) with target DNA measured by ITC at different temper- 7 4) the association constant of DBD3 for PRDI DNA is

atures at pH 7.4 and 100 mM NaCl. greater than that of DBD1; i.e., the Gibbs energy of

association with this target DNA is significantly more

values are-33.6& 1.'5 and—36.7+ 1.5 kd/mol for DBD1 negative for DBD3 than for DBD1 (Table 1). It is interesting,
and DBD3, re.spectlvely. ) — however, that while binding of DBD1 is enthalpy-driven,
An increasing salt concentration significantly affects binding of DBD3 is entropy-driven. To understand the
binding of these two DBDs. In both cases, Isg(appears g alitative difference in the mechanisms of binding of these

to be a linear function of log[NaCl], but the slopes of these DBDs, we need to analyze in detail the components of
functions p log(K®)/d log[NaCl]] are different: 1.4 forDBD1  he Gibbs energy of binding.

and 3.3 for DBD3 (Figure 5d). Therefore, at 200 MM NaCl, A jinear dependence between the log of the binding
these two functions cross each other, which means that “”deEonstant of a protein with DNA and the log of the NaCl

this condition the Qibbs energies 'of binding of theg,e WO concentration, as seen in Figure 5d, is usually regarded as a
DBDs are equal. Linear extrapolation of these functions t0 manifestation of the electrostatic interactions of this process

log[NaCl] = 0, i.e., © 1 M NaCl, results in very different (50 52 Formation of ion pairs between the cationic amino
values of association constants for these two DBDs: for 5.iqs of the protein and the DNA polyanion results in the

DBD1 log(K?), = 4.75 and for DBD3 log(?)o = 3.30. release of counterions, the mixing of which with the ions in

Corraespondingly, the association Gibbs energidsM NaCl 6 11k solution produces a significant entropy increag (
(AG%) are—26.8+ 2.0 and—18.5+ 2.0 ky/mol for DBD1 At relatively low concentrations of salt in the aqueous
and DBD3, respectively solution, when the activity of water is less affected by the

To investigate the specificities of the DBDs for their hresence of salt, the entropy of water release upon protein
consensus PRDI site, we studied their association with DNA pinging is independent of the salt concentration and this

containing nonconsensus sequence (see Me}te_rials and Metr‘@ntropy effect is simply proportional to the number of
ods). At 20°C and 100 mM NaCl, the association constant released counterions23). The counterions are released
of both DBDs with this noncognate DNA dropped more than yostly from the DNA since the low charge density on protein
1 order of magnitude, and for DBD1, binding did not appear srfaces does not attract a tight coat of counteri@. (

to conform to a 1:1 stoichiometry (data not shown). correspondingly, the logarithm of the association constant
Therefore, accurate determination of the salt effect on binding ¢ protein with DNA is presented in just two terms:

and evaluation of the components of binding energy for
noncognate binding were impossible. log(K®) = log(K%) — Zy log[NaCl] (2)
Enthalpy of Binding The enthalpies of association of
DBD1 and DBD3 with the target DNA measured by ITC at whereZy is the number of counterions released by the Z
several fixed temperatures are presented in Figure 6. TheyDNA phosphates upon association with protein and, cor-
differ significantly in magnitude; at 20C, AH?2 is 40 kJ/ respondingly,y is the number of released counterions per
mol greater for DBD3 than for DBD1. For DBD3, the phosphate. When the salt concentration approaches 1 M, log-
association enthalpy is positive only at@, but for DBD1, [NaCl] equals zero, and the electrostatic term in eq 2 becomes
it is negative over the entire temperature range that has beerzero.AG?, then approximates the nonelectrostatic part of the
considered. With an increase in temperature, both enthalpiesGibbs energy of complex formationG#,.. By subtracting
become more negative. Therefore, the heat capacity effectthis term from the overall Gibbs energy, one can calculate
of association is negative, which indicates that apolar groupsthe electrostatic term of the Gibbs energy of binding?.
are predominantly dehydrated upon DNA binding. It is (Table 1). For the nonelectrostatic component of the Gibbs
notable thatAH?2 is more temperature-dependent for DBD1 energy of association, we have th&®3,q = AG? — AG%,.
than for DBD3. The dependence of the association enthalpiesSince the enthalpy of binding of protein to DNA usually
on salt concentration was not studied because the associatiodoes not depend on the salt concentratien21, 25), it
constants are low, even at 100 mM NaCl, and decreaseshould be assigned to the nonelectrostatic component of the
quickly with an increase in salt concentration. Therefore, Gibbs energy. Then the nonelectrostatic entropy factor can
measurements of the enthalpy of association at higher saltbe determined via the relationshiASe = AH2 — AG3g,
concentrations by ITC required high concentrations of and since the electrostatic component of the Gibbs energy
proteins, which was impossible because of the strong of association is entirely entropic in natur22), we have
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Table 1: Binding Characteristics of DBD1 and DBD3 to PRDI DNA at°Z) pH 7.4, and 100 mM Na€l

total characteristics

nonelectrostatic components

electrostatic components

protein AG? AH? TAS AC, AG%e AH%g TAS el AG% AH% TAS,
DBD1 —33.8 —50.7 —16.9 —2.2 —26.3 —50.7 —24.4 —-7.5 0 7.5
DBD3 —36.7 —11.5 25.2 —-1.6 —18.5 —11.5 7.0 —18.2 0 18.2
error +1.5 +0.5 +20 +0.1 +2.0 +0.5 +2.5 +2.0 +2.0

a AG? and AH? in kilojoules per mole, AC, in kilojoules per kelvin per mole.

20 (a) 204 (b)
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FIGURe 7: (a) Electrostatic and nonelectrostatic components of the
Gibbs energy of association of DBD1 and DBD3 with target DNA
duplex at 20°C, pH 7.4, and 100 mM NacCl. (b) Enthalpic and
entropic components of the nonelectrostatic Gibbs energy of
association of DBD1 and DBD3 with target DNA.

for the electrostatic component of the entropy fadiSk =
—AG?%,. All these parameters of association of both DBDs
with DNA at 20 °C are presented in Table 1.

31). Thus, association of DBD1 with DNA should be more
sequence-specific than that of DBD3. It is remarkable that
the larger nonelectrostatic component of the Gibbs energy
of binding of DBD1 correlates with the lower stability and
greater flexibility of the protein’s structure. A similar
correlation was observed previously with the family of HMG
DNA binding proteins; the less stable, more flexible DNA
binding domains of these proteins were characterized by a
larger nonelectrostatic component of Gibbs energy and a
higher level of DNA sequence specificite9). It appears
that flexible structure enables the DBD to better adjust to
the structure of the DNA. That is, the protein is more
complementary to the DNA, permitting it to form more base-
specific contacts32).

Along this line of thought, particular attention should be
paid to the enthalpic and entropic components of the
nonelectrostatic Gibbs energy of association of DBD1 and
DBD3 with DNA (Figure 7b). It appears that the larger
nonelectrostatic Gibbs energy of association of DBD1 is
provided by its more negative enthalpy of binding. The
nonelectrostatic entropy of binding in that case is negative;
i.e., it opposes binding in contrast to the entropy of binding

It appears that the absolute value of the Gibbs energy of ©f DBD3, which is positive.

association of DBD3 is larger than that of DBD1 only

because of its electrostatic component, while its nonelectro-

static component is smaller than that of DBD1 (Figure 7a).
This is intriguing because it is known that the sequence
specificity of proteir-DNA interaction is determined by the
nonelectrostatic component of the binding ene@y19, 26—

The positive nonelectrostatic entropy of DBD3 binding
can be explained only by dehydration of the groups at the
protein—DNA interface. A similar dehydration can be
expected upon association of DBD1 with DNA, but its
overall nonelectrostatic entropy of binding appears to be
negative. Therefore, in the binding of DBD1 to DNA, the
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Ficure 8: Contact map of the residues of DBD1 and DBD3 with PRDI and PRDIII DNAs. The contacts are specified by the ratio of the
water accessible surface areas (ASA) of the residue in the complex with DNA and with the DNA removed from the crystal structure. In
black are shown basic residues. The asterisks indicate residues that contact DNA phosphates according to the crystal2stdjictures (
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positive entropy of dehydration is overbalanced by the ACKNOWLEDGMENT

negative entropy that might arise only from some increase
in order. This cannot be the entropy associated with the loss
of translational/rotational freedom because it is too small,
only approximately—20 J K1 mol~! (33), and its contribu-
tion is similar in the two considered complexes. The
significant negative entropy might result either from fixing
some mobile substructures of DBD1 or from water incor-

poration in the formed interface. Some water molecules were 2.

indeed found to be incorporated into the crystal structures

of DBD1 and DBD2 complexes with DNA2( 7). It is 3
unclear, however, why more water molecules would be
incorporated in the DBD:XDNA complex than in the
DBD3—DNA complex. On the other hand, the crystal
structures show that loops L1 and L3 of both DBDs
participate directly in DNA binding, and the loops of DBD1
are more extended (Figure 1). The structure of DBD2 shows
that loops L1 and L3 are disordered in solution but undergo

large conformational changes upon binding DN& 7). 6.

From the thermodynamic studies presented above, we know
that free DBD1 has a much looser structure, and its entropy

of unfolding is significantly lower than that of DBD3. This 7.

large disparity provides evidence that the difference in the
nonelectrostatic entropies of association of the DBDs results

mainly from the difference in the extension and flexibility 8.

of the loops participating directly in DNA binding, which
should certainly be fixed by their interactions with DNA. 9

Another question that arises is why the electrostatic
component in binding energy prevails in the DBBBNA
complex (Figure 7a). In other words, why is the dependence
of log(K? on log[NaCl] significantly stronger for DBD3
binding to DNA (Figure 5d)? According to eq 2, the slope
of this function determines the number of counterions
released by the DNA phosphates upon protein binding, which
appears to be 1.4 and 3.3 for DBD1 and DBD3, respectively.
If 1 = 0.64, as suggested for short DNA duplex2%)( we
find thatZ, the number of phosphates releasing counterions,
is ~2.2 for DBD1 association ang5 for DBD3 association.
Thus, DBD1 forms approximately 2 times fewer charge
charge contacts with DNA phosphates than DBD3. Analysis
of the crystal structures of DBBAPRDI and DBD3-PRDIII
complexes presented in the contact maps in Figure 8 shows
also that these two complexes differ in the number of ionic

contacts: DBD1 has 6 positive charges contacting PRDI 15.

DNA, while DBD3 has 10 positive charges contacting
PRDIII DNA. It appears, however, that not all of these
contacts are with phosphates; i.e., not all of the DNA-
contacting residues are responsible for the release of coun-
terions upon complex formation: the number of contacts of
basic residues (Arg and Lys) of the protein with DNA

phosphates is 4 for DBD1 and 5 for DBD3. These residues 17-

are denoted with asterisks in Figure 8. The correspondence

of these values with the results of titration experiment is 18
perfect for the DBD3 complex, although the DNAs used in
these two experiments were not identical. In the case of the
DBD1-PRDI complex, the correspondence of the crystal
and titration data is less impressive, although the DNA used
in these two experiments was identical. It is certain, however,
that DBD3 makes significantly more ionic contacts with
DNA phosphates than DBD1.

10.

11.

12.

13.

16.

20.

We thank Dr. Carlos Escalante for providing the plasmids
encoding IRF-1 DBD and IRF-3 DBD.
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