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Thermodynamics of Specific and Nonspecific DNA Binding by
Two DNA-Binding Domains Conjugated to Fluorescent Probes

Martin Thompson and Neal W. Woodbury
Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604 USA

ABSTRACT The complexes designed in this work combine the sequence-specific binding properties of helix-turn-helix
DNA-binding motifs with intercalating cyanine dyes. Thermodynamics of the Hin recombinase and Tc3 transposase DNA-
binding domains with and without the conjugated dyes were studied by fluorescence techniques to determine the contribu-
tions to specific and nonspecific binding in terms of the polyelectrolyte and hydrophobic effects. The roles of the electrostatic
interactions in binding to the cognate and noncognate sequences indicate that nonspecific binding is more sensitive to
changes in salt concentration, whereas the change in the heat capacity shows a greater sensitivity to temperature for the
sequence-specific complexes in each case. The conjugated dyes affect the Hin DNA-binding domain by acting to anchor a
short stretch of amino acids at the N-terminal end into the minor groove. In contrast, the N-terminal end of the Tc3
DNA-binding domain is bound in a well-ordered fashion to the DNA even in the absence of the conjugated dye. The
conjugated dye and the DNA-binding domain portions of each conjugate bind noncooperatively to the DNA. The character-
istic thermodynamic parameters of specific and nonspecific DNA binding by each of the DNA-binding domains and their
respective conjugates are presented.

INTRODUCTION

The design and synthesis of novel sequence-specific DNA- Previous studies of a similar system using a zinc finger-
binding agents has attracted considerable interest (Browimtercalating dye conjugate have shown that the properties
and Harding, 1994; Dwyer et al., 1992; Sardesai and Bartompf the native DNA-binding domain are retained in the
1997) and has led to a greater understanding of the subtieonjugate and that the dye acts as a sensitive reporting
factors that confer recognition of DNA sequences at thegroup of the binding behavior of the oligopeptide (Thomp-
molecular level. Several groups have focused their attentioson and Woodbury, 2000a). Here, two new peptide/dye
on combining the effects of two different types of binding conjugates are described and characterized in terms of the
motifs in the same molecule to develop systems with endetailed thermodynamic parameters associated with specific
hanced selectivity, stronger binding affinity, or that act as aand nonspecific binding interactions. In subsequent inves-
chemical probe or reporter group (Bourdouxhe et al., 1992tigations, these conjugates will be used primarily in fluo-
Mack and Dervan, 1990; Tokuda et al., 1993). The com+escence energy transfer experiments to study the properties
plexes designed in this work combine the sequence-specifief fluorescence resonance energy transfer between interca-
binding properties of HTH DNA-binding motifs with inter- |ated donors and acceptors in DNA, to map out the se-
calating cyanine dyes. Such conjugates are very attractive agience-dependent potential surface of native DNA binding
probes of both sequence-dependent thermodynamics and @fgions using energy transfer as a distance ruler, and to
searching dynamics involved in peptides locating bindingobserve the single-molecule dynamics of linear searching
sites on DNA. Because the intercalating dyes used in thignd sequence-specific binding. This future work is critically
study fluoresce only when intercalated in DNA, the conju-dependent on a detailed understanding of the thermody-
gates only produce measurable signals when bound. Thigsamic parameters that control binding of these conjugates to
makes it possible to perform very sensitive studies of fluo-specific and nonspecific sequences. Because it is necessary
rescence changes due to binding and movement, particto distinguish between effects resulting from protein—-DNA
larly at the single molecule level, where background fluo-interactions and those due to the attached probe, this study
rescence becomes a very serious issue (Daniel et al., 200@ompares the unconjugated native DNA-binding domains
with the dye-conjugated peptide.

The overall affinity of protein—DNA interactions is de-
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the enthalpy componenAH). The entropic contribution to dynamic parameters of the isolated HTH DNA-binding
the binding free energy, in contrast, has been shown to drivenotif's association with DNA has been performed.

both sequence-specific and nonspecific binding (Bulsink et Tc3 of Caenorhabditis eleganss a member of the
al., 1985; Takeda et al., 1992). The large positive change ifc1/mariner family of transposable elements. Transpos-
entropy AS), which seems contrary to formation of a higher gble elements (transposons) are small stretches of DNA
order complex, is partially derived from the net release ofthat can move from one position in the genome to another
ions and water molecules from the complementary macrogplasterk, 1996). The enzyme responsible for excision
molecular surfaces upon protein—-DNA association. Studiegnq insertion of the transposon into the genome, called a

using DNA sequences ranging from specific to nonspecifiGyansposase, is encoded by the transposon sequence. In
show large variations in the enthalpic and entropic contri,.« particular family of transposons, only a single pro-

butior_13 (Frank et al‘h 199h7; Oda et_al., %958)[;'(\)‘;6‘ gi:c’entein, the transposase, is encoded by the Tc3A gene and is
protein, suggesting that the energetics of the sur ac%apable of performing the entire transposition reaction in

is, to some ex.ten't, unique to the protein—DNA mterfacevitro (Lampe et al., 1996 Vos et al., 1996). Crystal
formed upon binding.

The thermodynamics of many DNA-binding proteins structure data (van Pouderoyen et al., 1997) of the HTH

have been studied, but relatively few of the DNA-binding motif shows tha.t _the N-termmal_en_d of the 52-re3|due
domains themselves have been investigated in great dg_agment comprising th? DNA—bmdmg domain ,Of Tc3
tail aside from conjugated complexes engineered tdransposase is oriented in the minor groove. Th|“s furth(:::r
chemically (Mack and Dervan, 1990; Shin et al., 1991) Orstabllhzes the binding mteracuon_by acting as a thgmb
photochemically (Sardesai and Barton, 1997; Thompsofi© 9rP the DNA. Currently, there is no thermodynamic or
and Woodbury, 2000b) cleave DNA. The study of indi- binding information for the DNA-binding domain of this
vidual domains can lead to valuable insights into proteinProtein to complement the crystal structure data.
design_ Knowing how individual Segments work in iso- The other DNA-bIndIng domain used in these studies was
lation creates opportunities to mix and match domains taglerived from the Hin recombinase @&almonella typhi-
generate new functions or to position nonnative functiongnurium which belongs to the class of DNA-cleaving en-
into diverse areas. zymes known as invertases or recombinases. Hin catalyzes
In this study, the HTH motifs from Hin recombinase and a DNA inversion reaction of a 1-kb segment of the chro-
Tc3 transposase, with and without the conjugated intercamosome to control alternate expression of two flagellin
lating cyanine dyes, are studied by fluorescence anisotropgenes by switching the orientation of the promoter (Hughes
and relative fluorescence yield. Previous studies using peet al., 1992). The Hin proteins recognize and bind to left
tide—probe conjugates (Dervan et al., 1984; Sardesai anghixL) and right fixR) sites that flank the invertible seg-
Barton, 1997; Sluka et al., 1987) show that they retain thenent. A specific DNA—protein complex is formed by the
ability to recognize the native consensus sequence. Thigin recombinase dimers in the presence of a recombina-
system conjugates a fluorescent intercalating probe to thgonal enhancer sequence and Fis proteins, which interact
DNA-binding domain for sensitive studies of the binding gjrectly with the enhancer element. This higher order com-
properties, as has been shown previously (Thompson angey is necessary for strand exchange at hhesites be-
Woodbury, 2000b). The Hin and Tc3 DNA-binding do- ¢5,se  after recombination, DNA supercoils are lost, pro-

mains are similar in structure and mode of sequence-SpPg;ing energy for the reaction. Crystal structure data of the
cific DNA interaction. Both of these DNA-binding domains HTH motif of the Hin protein shows that the N- and C-

izgilihzaeviir?d;horlt) lefggr]minm ;heel(r:ifi— ii?(;jral::lt-ifrzgminr: mztterminal ends of the 52-residue fragment comprising the
g oy g sp DNA-binding domain of Hin recombinase are oriented in

minor groove. The HTH motif common to both gets its the minor groove (Feng et al., 1994). The critical sequence-
name from a region of high secondary structure similarity, nnorg 9 T q
specific contacts between the Hin monomer artdxahalf-

consisting of a recognition helix, which spans the major™! ) . .
groove and exhibits the majority of sequence-specific conSite are an AT base pair that the protein contacts in both the

tacts. A second helix stabilizes the folded structure byMa&or and minor groove. This facilitates opening of the
forming a hydrophobic pocket and often confers some adPNA duplex, exposing bases to solvent.

ditional binding stabilization. The HTH motif is found in a  1he use of solid phase synthesis (SPS) to make these
wide range of proteins, such as homeodomains (Pabo arfaNA-binding domains facilitates the addition of a fluoro-
Sauer, 1992) and transcription factors (Latchman, 1990phore to a defined location on the peptide, in this case
Pabo and Lewis, 1982). These motifs recognize a widé@nabling the intercalation of the dye into the double-
range of short DNA sequences, often with submicromolastranded DNA. In this paper, the thermodynamic parameters
binding constants (Bruist et al., 1987). Despite the imporor the specific and nonspecific binding of the Hin and Tc3
tant role played by HTH-containing proteins in gene expresdomains, with and without a conjugated intercalating dye, to
sion and repression, no comprehensive study of the therm®NA are determined.

Biophysical Journal 81(3) 1793-1804



Thermodynamics of Fluorescent DNA probes 1795

202 253
TOTc3: N-[TO]-PRGSALSDTERAQLDVMKLINVSLHEMSRKISRSRHCIRVYLKDPVSYGTS-C

139 190
YOHin: N-[YO]-GRPRAINKHEQEQISRLLEKGHPRQQLAIIFGIGVSTLYRYFPASSIKKRMN-C

FIGURE 1 The primary structure of the TOTc3 and the YOHin conjugates. The 52-amino-acid Tc3 DNA-binding domain tethered to the dye was derived
from residues 202-253 of the native Tc3 transposase, and the 52-amino-acid Hin DNA-binding domain tethered to the dye was derived from residues
139-190 of the native Hin recombinase. The location of the appropriate cyanine dye is shown in brackets. The underlined residues are those havin
a-helical secondary structure.

MATERIALS AND METHODS labeled peptides, concentrations were determined from the extinction co-
efficients of exgp,m = 40,500 M™* cm™* for YOHin and esgg,m = 50,800
Materials M~*cm™*for TOTc3 (Thompson, 2000). The amino acid sequences of the

o . ) ) Tc3 transposase DNA binding domain and the Hin recombinase DNA
Lepidine, 5-bromovaleric acid, 3-methylbenzothiazole-2-thione, Z'mercapbinding domain are shown in Fig. 1.

tobenzoxazole, para-methyltoluenesulfonate, iodomethane, anhydrous eth-

anol, and triethylamine were purchased from Aldrich (Milwaukee, WI) and

used without further purification. F-moc amino acids and peptide synthesis B . )
reagents were purchased from Advanced Chemtech (Oklahoma City, OKPNA synthesis and purification

The F-moc-Lys (Mt)-OH was purchased from Anaspec (San Jose, CA)'AII oligonucleotides were synthesized on a DNA synthesizer using phos-

phoramidite chemistry (Caruthers et al., 1987) and purified on a 15%
denaturing polyacrylamide gel. Bands were cut out and recovered by
soaking the crushed gel pieces in 100 mM Tris, (pH 8.0) 100 mM NacCl

Peptides were synthesized on a 9050 peptide synthesizer (Millipore, Beuffer for 4—6 h. Extractions were combined and the urea and salts
ford, MA). Purification of synthetic peptides was performed using high removed by spin filtration or a Sephadex G-15 size exclusion column
performance liquid chromatography. Absorbance measurements werldrich). Concentrations for purified single-stranded oligonucleotides
made on a Cary V spectrophotometer (Varian Instruments, Palo Alto, CA)Were calculated using the nearest neighbor method (Fritsch and Maniatus),
Steady-state fluorescence and fluorescence anisotropy measurements wéf89; Kendrew and Lawrence, 1994) except for the tetramethylrhodamine-
performed on a Spex Fluorimeter (Jobin Yvon Inc., Edison, NJ). labeled strands, which were determined spectrophotometrically by using
€s42nm= 81,000 M"* cm™* (Haugland, 1996). Nonlabeled strands for use
with reverse titrations of the conjugates were annealed using the same
Labeled and nonlabeled peptide synthesis, molar equ_ivalent of each oligpnucleotide. Each tetramethylrhodamine—
purification and characterization labeled oligo was anneale_d with 1.5 molar qulvalents of its unlabeled
complement. The excess single-stranded DNA is not expected to alter the
The cyanine dyes coupled to the DNA-binding domains were synthesized€esults because monomeric cyanine dyes do not bind the single-stranded
as described previously (Rye et al., 1992; Thompson and WoodburyDNA. The oligonucleotides used in this study are shown in Fig. 2.
2000b). Labeled and unlabeled peptides were synthesized on PAL-PEG-PS
resin by automated solid-phase peptide synthesis using F-moc chemistry
(Ken_t, 1988)‘. For labeled peptides, the carboxylic af:id derivative of theFluorescence measurements
cyanine dye is attached by standard O-(7-azabenzotriazol#4;M)N,N’-
tetramethyluronium hexafluorophosphate (HATU) coupling chemistry at aSteady-state fluorescence anisotropy and total fluorescence measurements
selectively deprotected lysine. This procedure was described in a previousere performed as forward and reverse titrations, respectively, as described
publication (Thompson and Woodbury, 2000b). previously (Thompson and Woodbury, 2000b). Forward titrations of the
The peptides were purified by reverse phase high performance liquidetramethylrhodamine-labeled DNA with nonlabeled DNA-binding do-
chromatography on a Zorbax€olumn (9.4 mmx 25 cm) (Agilent Tech.,  mains were performed using 10 nM tetramethylrhodamine-labeled DNA
Palo Alto, CA) using a water (0.1% TFA)-acetonitrile (0.1% TFA) gradi- and varying the concentration of the peptide. Vertically polarized excita-
ent. ldentities of the peptides were confirmed by amino acid analysis andion at 542 nm was used with detection in the vertical and horizontal planes
matrix-assisted laser desorption ionization—time of flight mass spectromeat 582 nm. Reverse titrations using 1 nM of the appropriate peptide/dye
try. Stock solution concentrations of both the nonlabeled and labeledonjugate were performed by varying the concentration of nonlabeled
peptide were determined spectrophotometrically. The extinction coeffi-DNA. Excitation was at 480 nm and emission detection at 510 nm for
cient e,gonm = 4200 M~ cm™* calculated for tyrosine absorption (Cantor oxazole yellow and 510 and 535 nm, respectively, for thiazole orange
and Schimmel, 1980) was used for nonlabeled peptides. For the dyesamples. Steady-state fluorescence measurements were carried out in 20

Instrumentation

TC3: 5-GCTGACTGCGTTCTATAGGACCCCCCCGCTGACTGCATCA-3'

hixL: 5-TCTAGATGGCCACGITATCAAAAACACTATGTCGCACGGC-3'

NS: 5-TCCATGCACGTCGACGTACGGTCGTACGTCGCACGGCTAC-3'
FIGURE 2 The three 40-base oligonucleotide sequences used in these studies. The native consensus sequences for the Tc3 and the Hin hixL a

underlined. A nonspecific sequence that contains neither consensus sequence (NS) is alsd sfetvam&thylrhodamine-labeled oligos identical to these
were used for the anisotropy measurements of the nonlabeled DNA-binding domains (see Materials and Methods).
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mM Tris (pH 7.6), 150 mM NaCl except in the case of the salt titrations, observed for the singly charged speciesmatg( = 6523.8.
where the concentration of NaCl is as indicated in the figures and tablesBy comparison, the expected mass of the Hin DNA-binding

Salt-dependence studies were performed by addition of an appropriat P . L -
amount d1 M NacCl in the same Tris buffer to yield the indicated final salt aomam itself is 6163.2 and a sharp peak In fis spectrum is

concentration. Temperature-dependence studies were performed by ian—bserve(_:l for the smgly charged speqesm}tel = 6160.9.

bating each sample for 30 min at the given temperature. The temperaturEhe conjugate was further characterized by reversed phase

of the sample was held constant by pumping water through the cuvetttiPLC. An HPLC analysis of purified conjugates and unla-

holder from a Neslab General Purpose bath (Portsmouth, NH) fit with aya|e(d peptides shows only one peak in the chromatograph

flow-through cooler. Each titration was performed at least three times. (data not shown), which confirms the purity of these prep-
arations.

Determination of thermodynamic functions

The contribution of the hydrophobic effect and the polyelectrolyte effect to
the stability of the conjugate or DNA-binding domain—DNA complex was
determined by analyzing the temperature and salt-concentration deperFhe specific binding affinity of the synthetic peptides com-
dence of the observed association equilibrium cond€gpnt For binding to prising the Hin and Tc3 domains (sequence shown in Fig 1)
a specific DNA sequencé . is given b . S . o

P a obs!S 9 Y was determined initially without any dye molecules conju-

[PDleq gated to the peptides. In each case, this was accomplished
obs ~ 7[P]e({D]eq' (1) by monitoring the anisotropy of a tetramethylrhodamine-
labeled dsDNA fragment containing the appropriate binding
where, Pleqis the concentration of the conjugate or DNA-binding domain, sjte (sequences given in Fig. 2) as a function of the concen-
[Dleq is the concentration of DNA, andPD], is the concentration of tration of the DNA binding domain being considered. Fig-
bound complex at equilibrium. This analysis is based on the assumption 3sh tative bindi taf lected
that sequence-specific binding can be described as a two-state systeHre Shows representative bin |n_g curves at a few _Se _eC €
Here, the stability of the bound complex is determined by the differencesTre_mpe_ratureS and salt c_oncentratlor_ls for the_ assoua'qon of
in the noncovalent interactions between the peptide and the DNA as saltlin (Fig. 3A) and Tc3 (Fig. 3B) domains to their respective
concentration and temperature are varied. Equilibrium titration data wergpecific binding sites. The binding constarks,() and the
evaluated by fitting to Eq. 1 using a nonlinear least-squares algorithm a%orresponding binding free energie‘sqo) determined for a
previously described (Thompson and Woodbury, 2000b). . .

Titration data for the interaction of the DNA-binding domains (DBDs) mole complete series of salt concentrations (0':_[5_0'25 M
and the conjugated probes with nonspecific DNA are analyzed in terms oN& ) a_nd tempe_ratures (275-313 K) are Sh_OW_n in Table 1
the McGhee-von Hippel model for binding to a chain polymer in the Previous studies have shown that the binding constants
absence of any cooperative interactions between ligands (McGhee and vdpr both sequence-specific and nonspecific interactions of

Specific binding by the nonlabeled peptides

Hippel, 1974): proteins with DNA are typically strongly dependent on salt
Y 1—nv \"t! concentration in the physiological range in the absence of
i~ K1 — nv)(l—(n—l)v) , (2)  competitive divalent cations (Revzin, 1990). In Table 1, the

equilibrium constant decreases monotonically approxi-
wherev is the ratio of bound DBD or probe per DNA base paif s the ~ mately fourfold when the salt concentration is increased
free ligand concentration (dye-labeled or nonlabeled HKHM %) is the from 0.15 to 0.25 M for both of the two DNA-binding

intrinsic binding constant for binding by the ligand to a site consisting of yomains studied. In contrast. the dependence of the ob-

n base pairs. It is this intrinsic equilibrium-binding constdttthat is used served equilibrium constant with temperature is not mono-
in the analyses that follow for nonspecific binding. q P

Each equilibrium-binding constant value reported is the average of afONIC. Instead, an increase in binding strength is apparent as
least three independent titrations. The experimental error in determininghe temperature is increased from 275 K to near 300 K for
equilibrium binding constant values 4s+15%. both the Hin and Tc3 binding domains, followed by a
decrease in the binding strength as the temperature contin-
RESULTS ues to increas_e a_lbove300 K (Table 1). This is due to an

unfavorable binding enthalpy at lower temperature that be-
Characterization of the conjugates comes favorable at higher temperature, as described in more

The purified 52-amino-acid TOTc3 conjugate was charac-CI etail below.

terized using matrix-assisted laser desorption ionization-
time of flight mass spectrometry. The expected mass o e L
TOTc3 is 6209.8 and a sharp peak in its mass spectrum épeslcfllc blndlpg b:’ the dye-labeled

observed for the singly charged speciesmatg = 6210.9. peptides (conjugates)

By comparison, the expected mass of the Tc3 DNA-bindingThe site-specific DNA binding affinity of the Hin and
domain itself is 5843.8 and a sharp peak in its spectrum i¥c3 domains was also determined. In this case, the total
observed for the singly charged speciesmatgl = 5841.0.  fluorescence intensity could be used to monitor binding
The expected mass of the purified 52-amino-acid YOHinbecause the conjugated dyes only fluoresce significantly
conjugate is 6522.3 and a sharp peak in its mass spectrumvghen intercalated into DNA (the fluorescence quantum

Biophysical Journal 81(3) 1793-1804
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0.24 TABLE 1 The equilibrium constants (K,,.) and binding free
energies determined for sequence-specific binding of Hin and
0.22 - Tc3 with their respective consensus DNA-binding sequences
Hin recombinase DBD Tc3 transposase DBD
a 0.20 1 Kobs Kobs
o Temp [Na®] (M} AG° [Nat] (M7 AG°
:c;); 0.18 (K) (M) Xx10°% (kcal/lmol) (M) X 10°°® (kcal/mol)
< 275  0.150 4.4 -84 0.150 7.7 -8.7
< 0.16 278  0.150 8.4 -8.8 0.150 8.6 -8.8
283 0.150 8.6 -9.0 0.150 8.0 -8.9
014 288 0.150  10.6 -9.3 0.150  13.3 -9.4
293 0150 108 -9.4 0.150 132 -9.5
298 0150  11.1 -9.6 0.150  11.6 -9.6
0.12 ' y 303 0150 91  -97 0150 143  -99
-8 -7 ) -6 -5 308  0.150 6.1 -9.6  0.150 9.8 -9.9
log [Hin DBD] 313 0150 61  -97 0150 57  -97
0.24 298  0.175 6.9 -9.3 0.175 118 -9.6
298  0.200 4.0 -9.0 0.200 6.4 -9.3
298  0.225 25 -8.7 0.225 4.8 -9.1
0.22 1 298 0250 25 -87 0250 32 -8.9
> 0.20 -
o
§ 0.18 1 the corresponding binding free energieAGP) deter
c mined in this way are given in Table 2 for salt concen-
< 0.16 - trations between 0.15 and 0.25 M Nand temperatures
between 275 and 313 K. The equilibrium constant de-
0.14 creases 6- and 14-fold for YOHin and TOTc3, respec-
tively, when the salt concentration is increased from 0.15
0.12 T T to 0.25 M. As was observed for the unconjugated DNA-

-8 -7

-6 5 binding domains, the temperature dependence of the
log [Tc3 DBD]

equilibrium-binding constant goes through a maximum in

FIGURE 3 Representative binding curves f8) Hin and @) Tc3 bind- the 295-300 K range (Table 2).
ing to their respective tetramethylrhodamine-labeled consensus DNA se-

quences (Fig. 2). The fluorescence anisotropy of 10-nM tetramethylrho- .. .
damine-labeled DNA is plotted as a function of the log of the nonIabeIedDNA binding by the cyanine dyes

(A) Hin or (B) Tc3 concentration at several salt concentrations and tem : -
peratures®, 208 K, 0150 M N&: ¥, 313 K, 0.150 M N4 B, and 298 The same experiments that were performed for the conju

K, 0.250 M Na&". The solid lines represent the best fit to a binding curve. gates were also performed for the two free cyanine dyes (not
conjugated to the DNA binding domains). Because the
behavior of the two dyes used in this work was found to be

yield upon intercalation is enhanced1000-5000-fold essentially the same, the thermodynamic constants deter-

over that in solution). For these binding titrations, mon-mined for the two cyanine dyes were averaged together and

itoring fluorescence intensity is preferable to monitoringgiven as a single set of thermodynamic parameters. Table 3

fluorescence anisotropy, because energy transfer betwesnmmarizes the equilibrium constankg,() and the corre

the bound intercalating dye and the label on the DNAsponding binding free energieA@°) as a function of salt

used in the anisotropy measurements interferes with theoncentration (0.15-0.25 M Na and temperature (275—

experimental determination of the anisotropy. In addi-313 K) determined by total fluorescence counts from the

tion, the measurement of total fluorescence can be gerintercalating dyes as a function of dsDNA concentration.
erally performed with higher sensitivity than anisotropy For these measurements, the dye concentration in each case
measurements, because it does not depend on determiwas held constant at 50 nM, and the concentration of the
ing a small difference between the parallel and perpennonspecific dsSDNA fragment (see Fig. 2 for sequence) was
dicular fluorescence readings. varied between 5 nM and 50M. The equilibrium constants
Figure 4 shows representative binding curves deterpresented in Table 3 are given in terms of the number of
mined for the YOHin- and TOTc3-domain conjugates asmoles of nonspecific dsDNA fragment that is the same

a function of the concentration of the native consensugength in base pairs as the two dsDNA fragments used

sequence for the YOHin (Fig. A) or TOTc3 (Fig. 4B) above (HixL and TC3) containing specific binding sites.

conjugate, respectively. The binding constaitg,() and  Note that similar experiments using the HixL or TC3

Biophysical Journal 81(3) 1793-1804
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TABLE 2 The equilibrium constants (K,.) and binding free
energies determined for sequence specific binding of YOHin

and TOTc3 conjugates to their respective consensus

DNA sequences
YOHin conjugate TOTc3 conjugate
é Kobs Kobs
E Temp [Na‘] (M9 AGC  [Na'] (MY AG®
2 (K) M) Xx10°% (kcal/mol) (M) X 10°® (kcal/mol)

275 0.150 22 —-9.2 0.150 22 —-9.2
278  0.150 21 -9.3 0.150 26 -9.4
283  0.150 40 -9.8 0.150 40 -9.8
288 0.150 61 —10.3 0.150 21 —-9.6
293  0.150 143 -10.9 0.150 66 -10.5
0.0 + i i y y " 298  0.150 83 -10.8 0150 245 114
90 -85 80 -75 -70 65 -6.0 303  0.150 60 -10.8  0.150 49 -10.7
log [hixL] 308  0.150 41 -10.7  0.150 22 —-10.4
313 0.150 29 —-10.7 0.150 22 —-10.5
298 0.175 67 —-10.7 0.175 83 —10.8
298  0.200 37 -10.3 0.200 40 -10.4
298 0.225 29 —-10.2 0.225 26 —-10.1
298 0.250 14 -9.8 0.250 17 -9.9

o/OFmaX

Nonspecific binding of unconjugated peptides
and conjugates

The salt and temperature dependence of nonspecific binding
between Tc3 or Hin domains and DNA is shown in Figs. 5
and 6. The equilibrium constant is lower for nonspecific
binding compared to specific binding for all samples and
90 -85 80 -75 70 65 -6.0 conditions. The site sizen), determined by the McGhee—
log [TC3] von Hippel model, was roughly 9.8 for the DBDs alone and
10.6 for the conjugates, although this difference is approx-
55 e o o O . iMaIEl ecuivalent o th range aivalues cetermined fo
quences (Fig. 2). '?he total fluorepscence of 1 nM conjugate is plotted as QOth' At, the hlgheSt S?.It Concentratlon_',the DBDs WlthOUt
function of the log of the concentration of DNA. The solid lines representthe® conjugated dyes bind the nonspecific sequence with an
fits to a theoretical binding curve. The titrations were performed as aaffinity approximately 50-fold lower than they bind to the
function of salt concentration and temperat®e298 K, 0.150 M N&; V, appropriate consensus sequence (Figj).5At the same salt
313 K, 0.150 M N&; andM, 298 K, 0.250 M N4. concentration, the peptide/dye conjugates bind to nonspe-

. TABLE 3 The equilibrium constants (K,,.) determined for
dsDNA fragments gave essentially the same results for bOtoanine dye interaction with nonspecific DNA

the magnitudes and the salt and temperature dependences-6t

the equilibrium constants. Binding of oxazole yellow or emp Na'] (“';‘Jj’i) AG®
thiazole orange to calf thymus DNA also gives very simi- ) M) % 10-5 (kcal/mol)
lar results when the size of the DNA fragment is accounted
for. 275 0.150 0.59 -7.3
. I 278 0.150 0.61 -7.4
In the salt range examined here, the equilibrium con- 544 0.150 0.60 75
stant for dye binding decreases less than twofold when2gs 0.150 0.64 -7.6
the salt concentration is increased from 0.15 to 0.25 M 293 0.150 0.63 -7.8
salt (Table 3). These dyes exhibit a considerably lower 298 0.150 0.63 —7.9
dependence upon salt concentration than is observed fog03 8'128 8'22 :g'g
the whole conjugate (Table 2). This is most likely a 35 0150 050 _go
function of the delocalized positive charge present on the2gg 0.175 0.56 -7.2
cyanine dyes. The temperature dependence of the equi298 0.200 0.50 —-7.2
librium binding constants for the unconjugated dyes is 298 0.225 0.48 —12
298 0.250 0.38 -7.0

even weaker (Table 3).
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FIGURE 5 Dependence of Id§,,son —log[Na*] for specific and non FIGURE 6 Dependence of 5., on 1T for specific and nonspecific
specific DNA-binding. A) The salt dependence of the binding constants DNA-binding. (A) The temperature dependence of the binding constants
for the DNA-binding domains Hin®) and Tc3 &) is shown for specific  for the DNA-binding domains Hin®) and Tc3 &) is shown for specific
(filled symbol$ and nonspecific qpen symbo)sbinding. B) The salt  (filled symboly and nonspecificqpen symbojshinding. B) The temper-
dependence of the conjugates YOH®)(and TOTc3 A) is shown for  ature dependence of the conjugates YOH®) énd TOTc3 A) is shown
specific filled symbol$ and nonspecific dpen symbojsbinding. Lines  for specific (illed symbol$ and nonspecificqpen symbojshinding. The
shown for each data set are calculated from Eq. 3. solid lines represent a fit of the data to Eq. 4.

cific sequences with a 210- and 320-fold lower assoc:iatior\1Neaker than that observed for specific binding. This is

fﬁ:sgagéi];?g ZSECeBnigg \((F? Hg, liisrpfggvegi,sg%mg?rti% toevident when comparing the data as a function of tem-

b d . 9: . parison, . erature for specific binding of each of the DNA-binding
lowest salt concentration, the peptide/dye conjugates bind tgomains and their dye-labeled conjugates with the non-
nonspecific sequences with a 140- and 230-fold lower as-

sociation constant for TOTc3 and YOHin, respectively (Fig.SpeCiﬁC binding by these same samples (Fig. 6). As the

5B). Thus, as salt concentration is increased, nonspecifi{:emper"’lture is increased from 275 to 303 K, the specific

binding interactions between the protein and the DNA comiNtéractions show a three- and ninefold increase in the

pete less effectively with binding of ions in solution and @ssociation constants for the unconjugated (Fig) &nd
therefore the ratio of the nonspecific to specific equilibriumthe conjugated (Fig. 8) DBDs, respectively. The non-
constants K </Kg) increases. This gives rise to the greaterspecific binding shows approximately a twofold increase
salt dependence observed for the nonspecifically bounin the association constant for both the conjugated and
complexes. the unconjugated DBDs, again comparing 275 and 303 K.

Although nonspecific interactions show a slightly This greater dependence on temperature of specific bind-
greater dependence on salt than do specific interaction#ng is indicative of a larger negative change in heat
the temperature dependence of nonspecific binding isapacity (described below).
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DISCUSSION constant temperature, the stoichiometric representation of
The objective of these studies is to investigate the thermot-he assoc _|at|on re?‘““?” of the probe (P) with a specific or

; o nonspecific DNA site is
dynamic parameters of the sequence-specific and nonspe-
cific DNA-binding by two native DBDs with and without a _
conjugated intercalating dye. The two HTH motifs usedPa(Cl~) + DNA site (bNa")
here are derived from the Hin recombinase and Tc3 trans-
posase DNA-binding domains. The cyanine dyes are linked

covalently to thee-amine group of a lysine added to the
N-terminal end of each of the DNA-binding domains. Both Here, P-DNA represents the bound complex between the

DBDs have a short N-terminal stretch of amino acids that i?robe and the available DNA binding site. The apparent
designed to place the dye into the minor groove of the DNA Stoichiometric coefficienta andb are related to ions inter-
The sequence recognition properties of the DBDs and coracting with regions of the probe and DNA-binding site,
jugates were studied by steady-state fluorescence assaysrespectively. Typically,b >> a because the DNA is a
a function of temperature and salt concentration. The DBDsod-like polyanion with a high axial charge density, whereas
and dye—DBD conjugates bind their cognate sequences witthe region of the protein at the interface of the DNA is
high affinity, having equilibrium constants in the range of locally an oligoelectrolytic portion of the polyampholytic
10" (DBDs) and 18 (conjugates). protein (Olmsted et al., 1989). The number of anions re-
Here, we have confirmed previous work from this lab, leased is relatively negligible to a first approximation from
which indicated that the intercalating dye lends nonspecifioligoelectrolyte theory (Mascotti and Lohman, 1990; Olm-
binding affinity to the DBD when bound to its cognate site. sted et al., 1989), although a rigorous determination using
Apparently, the DNA-binding domain is sufficient to confer ditferent anions was not performed here. The dependence of
sequence specificity, but requires other structural features fe observed equilibrium constant on [Naresults from
the protein, or, in this case, the additional stabilization byihe release of counterionb)(from the DNA in the associ-
the intercalated dye, to maintain high binding affinity. 4ton reaction with the DNA-binding domain or conjugate

These conjugates have the effect of reproducing bi”din%robe. From the polyelectrolyte theory (Manning, 1969,
affinity comparable to that of the complete native protein.1972) simple monovalent cations, like Nand K', inter-

The dye molecule augments the nonspecific binding affin- : . .
. . ) . act with a polyelectrolyte by direct condensation of coun-
ity, often conferred by regions of the native protein that are POy yie by

not within the DNA-binding domain, while maintaining the terions on.to. the polyion to reduce the axial charge density.
e . . o . The remaining charges on the polyelectrolyte are screened

specificity of the native protein. This will provide a useful ¢ h other b bil " d codi f the bulk

framework for the engineering of site-specific DNA-inter- rom each other by mobiie counter- and co-ions ot the bu

acting proteins and probes that are based on these bindir?é’lu“on' The sum O,f the direct condensation of the c_ounte—
domains. rions and the associated Debye—Huckel-type screening pro-

In addition, we have determined the relevant thermodyC€SS neutralizes the high charge density along the DNA
namic parameters associated with the binding of both th&uplex due to the negatively charged phosphate groups, and
Hin and Tc3 (with and without a conjugated dye). Thesestabilizes the duplex conformation. The number of counte-
two domains have been previous|y characterized Structu[ﬂ.ons confined at any time due to direct or indirect interac-
ally, but thermodynamic binding studies of these DBDstions with each charge on the DNA is less than one and
have not been previously performed. given by an empirical factog. In typical B-form DNA, ¢

equals 0.88 (Mascotti and Lohman, 1990). The distribution
of positively and negatively charged side chains in the DNA
Comparison of the polyelectrolyte effect for bound form of the peptides and conjugates make their
specific and nonspecific binding coulombic interactions with phosphate groups somewhat

Equilibrium constants for specific and nonspecific interac-compl'cat_eq' However, the §alt concent_raﬂon-de_pepdent
characteristics oK, for peptide and conjugate binding

tions are strong functions of the salt concentration. lonic § k i
effects orK,,.have been modeled at a thermodynamic level?PP€ars comparable to that of a simple oligocation (deHas-
in terms of the direct stoichiometric participation of ions in €th €t al., 1977).

the protein—-DNA association reaction (Record et al., 1976, For oligonucleotides of the length used here, (40 base
1978, 1991). A decrease in the equilibrium associatiorPairs) the DNA behaves as a polyelectrolyte in the central
constant with increasing ionic strength has been observei@gion containing the cognate sites with a relatively homo-
for a range of different cationic ligand—DNA interactions geneous electric field perpendicular to the helical axis. In
and is attributed to the competition between the positiveljthe absence of Mg or other competitive ions, plots of
charged ligands and the Naons for available DNA bind  log K,.are a linear function of-log[Na"] with a slope that

ing sites. In a solution of univalent salt, such as NaCl, afis proportional to the number of ions displaced from DNA

<> P-DNA complex+ aCl~ + bNa".
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phosphate groups and basic groups of the protein (deHaseTABLE 4 The effects of sequence specificity and dye

et al., 1977)_ It was determined that labeling on the change in heat capacity and number of ions
displaced upon association of Hin and Tc3 DBDs

] Iog Kobs Specific Non-specific
EETTVES Il 112 (3)
M™] AC, AC,
(kcal/K mol) ions (kcal/K mol) ions
where the bound form of the protein makes ion pairs  Hin recombinase
with the DNA upon binding and [M] is the molar concen Unconjugated -0.69 35 ~0.46 42
tration of the counterion, in this case, NgRecord et al., Conjugated -1.14 4.9 —0.65 6.0

1976). Fits of the salt dependence of the equilibrium con-T¢3 ransposase
stants to Eq. 3 are shown in Fig. 5 and have fitting errors unconjugated o 3.7 042 4.0
AT Conjugated —1.06 4.7 —0.55 5.7
within 15%.
Analysis of the slopenf’ys) in the fits of Fig. 5 yields that
the number of cations displaced upon complex formation is
~3.5 for Hin and 3.7 for Tc3 (without conjugated dye). This bind, respectively, compared to specific binding (Table 4).
is in good agreement with crystal structure data, whichin general, nonspecific interactions are stabilized by the
shows four salt bridges for sequence-specific binding oformation of the contact ion pairs between the phosphate
both the Tc3 and Hin domains. groups of the DNA backbone and the basic amino acid side
In contrast to the unconjugated binding domains, thechains of the protein, as shown by previous salt-dependence
linear slopes of the sequence-specific binding interactionstudies (Edsall and McKenzie, 1978). The difference be-
for the conjugated binding domains give 4.9 displaced iongween the number of ions released when binding to specific
for YOHin and 4.7 for TOTc3, (Fig. 5). These values are 1.4versus nonspecific DNA sequences suggests that the Hin
and 1.0 cations larger, respectively, than those observed f&BD, more so than the Tc3, uses these ion pairs as part of
the unconjugated binding domains. To further understanghe sequence-recognition mechanism. This further supports
this, the same analysis of the polyelectrolyte effect for thethe idea of a greater hydrophobic effect related to specific
cyanine dyes alone was performed. The cyanine dye haskinding of these complexes to DNA, likely due to the
single delocalized positive charge. The slope of the saltreduction of the water-accessible nonpolar surface area (see
dependence plot for the cyanine dye corresponds to 0.9 iorfer example, Livingstone et al., 1991).
displaced upon dye intercalation (data not shown). The
qumber of ions displaced for th.e DBD and the dye effec'Comparison of the hydrophobic effect for
tively add up to the number of ions displaced by the con- - e b o
. o . specific and nonspecific binding
jugate. Further examination of the free energy differences
between each respective conjugate and DBD show a mudh has been known for several decades that large negative
smaller difference than would be observed if the thermody<hanges in heat capacity are characteristic of protein folding
namic contributions of the intercalating dye were solely anand conformational changes (Privalov and Gill, 1988;
additive process. This strongly suggests that, in the conjuRecord et al., 1991). More recently, it has been shown that
gate-DNA interaction, there is considerable steric consuch changes in heat capacity are a feature common to
straints or, as predicted previously (Thompson and Woodprotein—DNA interactions (Brenowitz et al., 1990; Jin et al.,
bury, 2000b), the unwinding of the DNA upon dye 1993; Ladbury et al., 1994; Merabet and Ackers, 1995;
intercalation adversely affects some of the DNA-DBD con-Takeda et al., 1992). The temperature dependend&,nf
tacts. (Figs. 5 and 6 and Tables 1-3) was fit to Eq. 4 to determine
This analysis was extended to nonspecific DNA bindingthe standard heat capacity change,, for complex for
of the DBDs and their respective conjugates. Comparison ofation between specific and nonspecific dsDNA fragments
the slopes of the lol,,. versus—log[salt] plots for both and each DNA binding domain, domain/dye conjugate and
the Hin and Tc3 DBDs show a greater [salt] dependence founconjugated dye:
nonspecific binding than for specific binding. This phenom-
enon is commonly observed in sequence-specific DNA-Z'303>< l0g Kearc =

binding proteins (Eriksson and Nilsson, 1995; Frank et al., AHS /1 1

1997; Lundback et al., 1993; Oda et al., 1998). The salt 2.303X log Kyps — R (T - T*)
dependence of the DNA-binding domains (without conju- '

gated dye) show a release of an additional 0.3 and 0.7 ions 0 T, %

for interaction of a nonspecific sequence with Tc3 and Hin, + ?p [(2.303 X log T*) + T, —1]. (4)

respectively, compared to specific binding (Table 4). For
the conjugates, nonspecific binding results in the release dflere, 2.303x log K psandAHS, .are values at* = 298 K.
an additional 1.0 and 1.1 ions when TOTc3 and YOHinThe choice of reference temperatui@)(is arbitrary and
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does not affect the results of the fit. The errors from fitting 30
the equilibrium constants for each temperature to Eq. 4 are
within 20% of the stated values fa&xC, (Table 4). Eq. 4
(Frank et al., 1997) assumes thaC, is independent of
temperature within experimental uncertainty. It has been
suggested (Baldwin, 1986; Ha et al., 1989) that the thermo-
dynamics of processes, whek€, is large and temperature
independent, can be completely characterized by the heat
capacity AC,) and two temperature$,, (the temperature at
which AH® = 0 and occurs at the maxima of the van't Hoff
plot) andTg (the temperature at whichS” = 0 and occurs

at the minima of a plot oAGP versus temperature). Using
this approach, the changes in enthalpy and entropy upon  -40 T T T T
binding as a function of temperature are given as 280 290 300 310

AH® = AC,(T — Ty, (5)

Energy (kcal/mol)

T
AS = AC, X 2.303X Iog(.l_s). (6) 20 1

Association constants for site-specific protein—~DNA in-
teractions typically exhibit maxima at temperatures in the
physiological range (Revzin, 1990; deHaseth et al., 1977).
This is observed, for example, in Fig.A5 which plots the
In Kyps @s a function of I¥ for the unlabeled DBDs. The
logarithm of the equilibrium constant shows a maximum at
~293 K for Hin and~294 K for Tc3. Analysis of these data
using Eq. 4 reveals a negative heat capacity change upon
association for both the Him\C, = —0.69 kcal/kmol) and -40 T T T
Tc3 (AC, = —0.77 kcal/kmol) domains. This is a common 280 290 300 310
feature observed for sequence-specific protein—DNA inter- Temperature (K)

actions (SpOIar and R,ecord’ 1994)' The tem'pergture depelgl'GURE 7 Thermodynamic profiles of the DNA-binding reaction of the
dence of the enthalpic and entropic contributions to thga) yoHin and @) TOTc3 conjugate for specificfiled symboly and
binding free energy can be evaluated using Eqgs. 5 and 6. Aionspecific 6pen symbojshinding as determined by total fluorescence.
298 K, binding is both enthalpically and entropically favor- Plotof the free energy®), enthalpy &), and entropyM) of binding versus
able for both Hin AHO — —2.8 kcal/mol andAS = 16 temperature. It should be noted that the entropy is given-@aS to

. o_ _ . present the data with enthalpy and free energy in the same units. Experi-
cal/K m0|) and Tc3 AH = —3.0 keal/mol andAS® = 23 mental errors for the determination of the thermodynamic parameters are in

cal/K'mol). Sequence-specific binding for both nonlabeledihe range of 10 to 40%.

DNA-binding domains become enthalpically favorable and

entropically unfavorable as temperature increases, such that,

at 313 K, association is entirely enthalpically driven for the YOHin (AH = —3.7 kcal/mol andAS = 19 cal/kmol)

Hin (AH" = —13.1 kcal/mol andAS’ = —19 cal/lkmol)  when bound to the cognate sequence (Fig. 7).

and Tc3 AH® = —14.6 kcal/mol andAS’ = —16 call Similar analysis of the temperature dependenc&Qf.

K-mol) alike. for the cyanine dyes alone reveals a moderate negative heat
A similar dependence on temperature for site-specificcapacity change upon associatioAl, = —0.15 kcal/

protein—DNA interactions is also observed for both conju-K-mol, Tables 3 and 4). The changes in heat capacity are

gates (Fig. 8). Analysis of these data reveal a negativesmaller for the dyes alone than for either the unconjugated

heat capacity change upon associatid@( = —1.14 kcal/  peptides or the conjugates. The change in the heat capacity

K:mol) for YOHin and AC, = —1.06 kcal/kmol) for  for the dyes alone is close to that determined for the inter-

TOTc3. The changes in heat capacity are larger for thealators ethidium bromideAC, = —0.14 kcal/kmol) and

conjugates than for the unconjugated peptides binding to thpropidium iodide AC, = —0.15 kcal/kmol), which dem

same site, due to the predominantly hydrophobic surfacenstrated that the overwhelming driving force is derived

area of the cyanine dye. As was the case for the unconjurom the hydrophobic effect (Ren et al., 2000).

gated DNA-binding domains, at 298 K, binding is both A clear trend in the thermodynamic parameters exists

enthalpically and entropically favorable for the TOTc3 between the binding of the consensus sequence versus the

(AH = —3.8 kcal/mol andAS = 20 cal/kmol), and the nonspecific sequence across all the species studied here. In

Energy (kcal/mol)
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terms of the hydrophobic effect, the magnitude of the negSligar, 1996) of the Hin—hixL complex both indicate the
ative change in the heat capacity@,) is larger for the N-terminal arm of the Hin is quite mobile in solution. This
specifically bound complexes than for nonspecific bindingregion may be forced to spend more time in the minor
(Table 4). This can be seen in Fig. 6, where the extent of thgroove when the dye is conjugated to the peptide. Here, the
curvature in the van't Hoff plots is reduced in going from intercalated dye can act as an anchor—further stabilizing the
specific to nonspecific for both the DNA-binding domains binding in this region and possibly slowing the dissociation
(Fig. 6A) and the conjugates (Fig.B®. The smaller nega- kinetics of this portion of the DNA-binding domain. The
tive change in heat capacity for binding to nonspecificdye attached to the Tc3 may affect the bound complex in the
sequences is typically attributed to a larger dehydratedame way to some extent. However, in the Tc3, the stretch
surface area at the protein—DNA interface for the cognat®f N-terminal amino acids in the minor groove is shorter
sequence than for the nonspecific sequence. For the nothan for the Hin and is highly ordered in the crystal structure
specific sequence, the interface is more hydrated and les§ the DNA-bound Tc3 complex (van Pouderoyen et al.,
complementary. 1997). Thus, the dye may play less of an anchoring role in
Several comparisons can be made from the differences ithe Tc3 complex.
the heat capacity changes summarized in Table 4 as they
relate to differences in Wate.r_eXposed hyd.rOphObIC Surfac?his work was supported in part by a grant from the US department of
areas for each complex. First, a comparison of the heaggricu“ure (98-35306-6396).
capacity change for specific and nonspecific complexes for
the DBDs yields information about the differences in the
binding interface and induced structural changes upon corBEFERENCES
plex formatloh' _NeXt' a c_omparl_son of _the §peC|f|ca_IIy Baldwin, R. L. 1986. Temperature-dependence of the hydrophobic inter-
bound DBD with its respective conjugate yields information action in protein foldingProc. Natl. Acad. Sci. U.S./&3:8069—8072.
about how the attached dye affects the bound complex. IBourdouxhe, C., P. Colson, C. Houssier, J. S. Sun, and T. Montenay-
the case of the unconjugated DBDs, the Hin and Tc3 com- Garestier. 1992. Binding of a distamycin-ellipticene hybrid molecule to

. . DNA and chromatin: spectroscopic, biochemical and molecular model-
plexes show aAC, difference between the specific and g investigationsBiochemistry31:12385-12396.
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