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ABSTRACT. Coulombic interactions and coupled conformational changes make important contributions to
stability and specificity of many proteimucleic acid complexes. As models of these phenomena in
simpler systems, we have investigated the binding to mononucleosomal (160 base-pair) calf thymus DNA
of a high charge density (compact) 5-residdel) oligopeptide (with 4 lysines and 1 tryptophan) and of
four lower charge density (extended) 17-residttd) oligopeptides (each with 4 lysines,-102 alanines,

0—2 glycines, and 1 tryptophan). The fractional helicity) 6f each oligopeptide before and after DNA
binding was determined using circular dichroism. At low univalent cation concentration GM6.4

mM), binding to DNA increasef significantly for all but one of the extended oligopeptides. Oligopeptide
DNA binding constantsiong9 and apparent binding site sizeg (vere quantified using the noncooperative
McGhee-von Hippel isotherm to fit tryptophan fluorescence quenching data. For each of the oligopeptides
studied,n is found to be approximately equal to four, the number of lysine charges. In the range 6.4 mM
< [M*] = 21.5 mM, power dependences Kfps on [M*] (SKows = d log Kopdd log[M*]) for all 17-
residue ¢4) oligopeptides are similar with an average value-&7 4 0.4, which is indistinguishable
(outside uncertainty) from the value obtained here for the compieg} ¢ligopeptide and from values
reported elsewhere for another compact tetralysine and for spermifle (Our results are consistent
with the conclusion that the nonspecific binding to DNA of all these tetravalent ligands is driven primarily
by coulombic interactions. At any [M investigated, values dfqsfor the four extendedi(4) oligopeptides

differ by less than an order of magnitude, but all are2lorders of magnitude less than valuedefs for

two compact ¢4) oligopeptides and for spermine. The differencesKifs for oligopeptide-DNA
complexes, which all have similarand similarSKyg indicate that when an extended oligopeptide binds

to DNA it becomes more compact as a result of conformational changes, such as the adalitiefial
formation detected by circular dichroism.

Binding of proteins to DNA is driven in large part by the 1990; O’Neill et al., 1990, 1991; Zhang et al., 1994,
favorable thermodynamic consequences of reducing DNA Percipalle et al., 1995). Johnson et al. (1994) demonstrated
polyanionic charge density (polyelectrolyte effect) and of that increases in-helicity of low charge density (extended)
burying nonpolar surface (hydrophobic effect) [see Record lysine-containing alanine oligopeptides [as determined by
et al. (1991) and Spolar and Record (1994)]. Local protein circular dichroism (CDY occur upon nonspecific binding
folding transitions and other conformational changes, driven to duplex DNA oligonucleotides. High charge density
by binding free energy, create functionally important parts (compact) lysine oligopeptides (with net chargeanging
of the specific proteinrDNA interface and give rise to a from 3 to 10 positive charges) have been used as model
characteristic thermodynamic signature (Spolar & Record, systems in investigations of salt concentration effects on the
1994). In particularg-helix formation is coupled to specific  thermodynamics of proteilDNA interactions (Latt & Sober,
binding of many gene regulatory proteins and of oligopep- 1967a,b; Lohman et al., 1980; Mascotti & Lohman, 1990,
tides corresponding to the DNA-binding regions of various 1992, 1993; Zhang et al., 1996). For compact and extended
proteins (Arrowsmith et al., 1990; O'Neill et al., 1990, 1991; DNA-binding oligopeptides, more systematic and quantitative
Talanian et al., 1990; Zhang et al., 1994; Lewis et al., 1996) comparisons should provide better understanding of how
and restriction enzymes (McClarin et al., 1986; Jen-Jacobsonoligopeptide charge, structure, and helix-forming propensity
etal., 1986; Newman et al., 1995). For proteins that interact affect the thermodynamic parameters that characterize their
nonspecifically with DNA, smaller increases in helicity nonspecific binding to DNA.
induced by binding have been reported (Arrowsmith et al., In the present study, we characterize and compare the

nonspecific binding to double-helical 160 base-pair (bp)
. mononucleosomal calf thymus DNA (CT DNA) of five
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Table 1: Cationic Oligopeptides {L)

oligopeptide sequence KK spacing
Extended 17-Residue AK Oligopeptides
AK1 Ac-W-K-AAA-K-AAAA-K-AAA-K-AA-amide ( 1,i+4;1,i+5;1,i+4)
AK2 Ac-W-K-AAAA-K-AAAA-K-AAAA-K-amide ( i,i+5)
Extended 17-Residue AKG Oligopeptides
AKG1 Ac-W-K-AAA-K-A-GG-A-K-AAA-K-AA-amide (1,i+4;1,i+5;1,i+4)
AKG2 Ac-W-K-AAAA-K-A-GG-A-K-AAAA-K-amide (1,i+5)
Compact 5-Residue Oligopeptide
WK4 Ac-W-KKKK-amide
Compact 4-Residue Oligopeptide
KWK, K-W-KK-amide

@ Investigated by Mascotti and Lohman (1993).

residue), exhibit a range of flexibility and fractional helicity In Kqp9; [M*]-dependences dops (SKops= d logKondd log-
in the unbound state. All have four positively charged [M+]); and values ofAu®", the contribution toAGg,s due
lysines (at neutral pH), an amide (uncharged) at the C-to the change in the conformation of the oligopeptide
terminus, and an acetylated (uncharged) N-terminal tryp- occurring when it binds to DNA. The extent to which any
tophan, which is used for fluorescence and absorbanceconformational change of a bound oligopeptide can be
detection. The coulombic contribution to the DNA binding attributed to an increase in helicity is investigated by
of the (+4) oligopeptides studied here should be directly analyzing the change in its CD spectrum upon binding using
comparable with that of otherH4) oligocations including a modification of the Lifson and Roig (1961) theory (Doig
spermine (Braunlin et al., 1982) and the lysine oligopeptide et al., 1994).
KWK (Mascotti & Lohman, 1993).

For alanine oligopeptides, extensive information is avail- MATERIALS AND METHODS
able on the thermodynamics ofhelix formation, on the
helix-forming propensities of various guest amino acids, and  Preparation, Purification, and Characterization of Oli-
on the side-chain interactions that affect helix stability gopeptides. The oligopeptides listed in Table 1 were
(Baldwin, 1995, and references therein). The two 17-residue Synthesized by the solid-phase method using the simultaneous
alanine-lysine (AK) oligopeptides studied here were chosen Multiple peptide synthesis procedure (Houghten, 1985;
to exhibit moderate-helix propensities in aqueous solution. Houghten et al., 1986). Each synthesis of a C-terminal
In the two 17-residue AKG oligopeptides studied here, two amidated oligopeptide was performed in a separate fine mesh
centrally-located alanine residues were replaced with helix- Polypropylene bag [Propyltex fabric (74m), Tetko Inc.
destabilizing glycines to produce more flexible conformations Chicago, IL] on a 0.030.05 mmol scale using 0-10.15 g
with lower averager-helix propensities than the correspond- ©f @ 0.3 milliequiv/g of PAL (polystyrene Fmoc, 9-fluoren-
ing AK oligopeptides. With only five residues, WHKs ylmethoxycarbonyl) resin (Milligen). The active ester
considerably more compact than either AK or AKG and is coupling procedure using the pentafluorophenyl (OPfp) esters
expected to be nonhelical because of its short length (5 Of the Fmoc amino acids (Milligen) was used in the synthesis.
residues) and relatively high charge density. The N-termini of the oligopeptides were acetylated using

The oligopeptides AKG2 and AK2 have lysines in acetic anhydrlde and cleaved from the resin as o_Ilgopeptlde
identical positions in the sequence, separated by four residueg@mides using a 95:5 (vol:vol) trifluoroacetic acid (TFA):
(i,i+5). Separations between lysines in AKG1 and AK1 also anisole mixture. The crude oligopeptides then were purified
are identical: i(i+4) between K2 and K6 and between K11 Using a semipreparative C18 reverse-phase column (Beckman
and K15, and i(i+5) between K6 and K1l. Helix- Ultrasphere Sum resin in 25 cmx 1 cm column or a
destabilizing coulombic repulsions are greater for lysines with Kromasil 100 A, 5um C18 reverse-phase column) with
spacing i(i+4) because this spacing corresponds most closely Water—acetonitrile (0.1% TFA) gradients run at a flow rate
to onea-helical turn. Consequently, at low salt concentra- of 1.5 mL/min and monitored at 225 nm. The eluted
tions, where charge-screening is relatively ineffective, AK1 oligopeptides then were lyophilized to yield approximately
is expected to be less helical than AK2. Increases in salt99% purity. Amino acid identities were confirmed by
concentration reduce the effects of coulombic repulsions Matrix-assisted laser desorption ionization mass spectrometry
among lysine charges and hence increase the fractiona(Department of Chemistry, University of Wisconsin
helicity of AK1 in solution (Baldwin, 1995) as does binding Madison). Prior to spectroscopic measurements, fresh stock
to DNA (Johnson et al., 1994). solutions 0.5 mM) were prepared by dissolving the

The oligopeptides studied in this paper should be useful lyophilized oligopeptide in water, and the oligopeptide
models for sites on proteins that undergo coupled folding concentration was determined from_the absorbgnc_e of the
transitions upon binding to DNA, because they exhibit N-terminal tryptophan at 280 nmi6 M guanidinium
differences in the distribution of ligand charges and in the hydrochloride usingzso= 5690 M™* cm™* (Edelhoch, 1967).
propensity to formu-helical structure. By analyzing binding ~ This N-terminal tryptophan also serves as a means of
data at various salt concentrations using the McGives monitoring ollgopeptldeDNA binding by tryptophan fluo-
Hippel (1974) isotherm, we quantify and compare: binding "€scence guenching.
site sizestf); nonspecific site binding constants.fy as well The K, of the lysinee-NH, in alanine-lysine oligopep-
as the corresponding binding free energiA&§,s = —RT tides is approximately 11.5 in 10 mM NaCl at @
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(Marqusee & Baldwin, 1987). We conclude that, over the roethanol (TFE) at 5C, 0.1 M KCI, pH 7.0, were performed
range of concentrations and solution conditions employed as described by Nelson and Kallenbach (1986).

in the present study, the free oligopeptides did not aggregate Determination and Analysis of Fractional HelicityEx-
because the tryptophan fluorescence intensity is linear with perimental values of,, the fractional helicity, were deter-
oligopeptide concentration (data not shown); the circular mined from P].., measurements using a baseline value (in
dichroism signal is independent of oligopeptide concentration the absence of aromatic residues) 6f.$» 0% = +640 for

(Baldwin, 1995, and references therein); afys is inde-

0% helix and §]222,100%= —40 000 [1— (2.5N,)] for 100%

pendent of changes in oligopeptide and DNA concentrations, helix, whereN, = 17, the number of amino acid residues

as indicated by our titrations with DNA at different oli-
gopeptide concentrations. [However, a 17-residueoli-

(Scholtz et al., 1991a). Chakrabartty et al. (1993) showed
that the aromatic tryptophan side chain contribut€300

gopeptide in which all lysines are phase{4) is observed 4+ 600 deg cridmol? ([6]399.0) to the CD signal at 222 nm
to gel at moderate concentrations (J. Ballin, personal when tryptophan is in a nearly 100% helical oligopeptide
communication).] On the basis of the reversibility of DNA  (at 1 M salt) and makes no significant contribution when
binding, the reproducibility of the maximum fluorescence the tryptophan is nonhelical. In a subsequent paper, Chakra-
quenching, the reversible temperature dependence of the Chhartty et al. (1994) assumed a simple proportionality between
signal induced by DNA-binding, and the results of light the tryptophan contribution arfd of the oligopeptide. We
scattering experiments (data not shown), we conclude thatcalculatef, from CD signals using their expression.
no aggregation occurs in the solutions containing both
oligopeptide and DNA under the conditions investigated. f = ([6],,,— [6]222,000/(10) 222, 100%—

Preparation of Natie Mononucleosomal Calf Thymus 100%
DNA. The 160+ 5 bp mononucleosomal CT DNA was [60]222,006T [6]222.0) (1)
purified from calf thymus glands as described by Wang et
al. (1990). Its size was verified by gel electrophoresis in a  Values off,, calculated with eq 1 were analyzed using a
7.5% polyacrylamide gel using a pBR322 size marker modified form of the Lifsor-Roig theory (1961) of helix
obtained from arHpall and EcaR1 restriction digest. All coil transitions (Doig et al., 1994), as outlined in the
the DNA samples exhibited ratios of the UV absorbances at Appendix. This model (here designated MLR) is formulated
260 nm and 280 nm larger than 1.82, as expected for awith the following sequence-independent relative statistical
protein-free preparation. To remove excess NaCl and anyweights: ‘W’ related to helix propagation” related to helix
multivalent metal ion impurities, stock solutions of the 160 nucleation; andriza,’ and “ceap’ Were deduced experimentally
bp CT DNA (DNA phosphate concentration, [DNAE]10 from N- and C-terminal capping effects. In the present
mM) were extensively dialyzed (in tubing with10* g/mol application of the MLR model, a minimal number of
cutoff) at 4°C to yield a ratio [N&])/[DNAP] of ~1:1 (Stein conformational parameters suffices to characterize the ther-
et al., 1995). Values of [DNAP] were determined from its modynamic coupling of helix induction with DNA binding.
absorbance at 260 nm in a Cary 210 spectrophotometer usingrherefore, for a given oligopeptide the same average value
an extinction coefficiente = 6410 Mt cm™, calculated of w is assigned to every type of residue (but the different
from nearest neighbor frequencies (Allen et al., 1972; Stein extended oligopeptides are characterized by different average
et al., 1995). The hyperchromicity upon alkaline denatur- values ofw). The binding of an oligopeptide to DNA is

ation at 260 nm was-30%, indicating that the DNA was
double-stranded (before and after oligopeptide binding).
Circular Dichroism MeasurementsCD measurements

assumed to cause a changavirbut not in any of the other
statistical weights «, Nncap Or Ccap, Which were assigned
values reported for similar alanine oligopeptides (Doig &

were performed on an Aviv 60DS spectropolarimeter equipped Baldwin, 1995). [For the tryptophan residues,is assigned
with a Hewlett-Packard 89100A temperature control unit a value of unity in the absence of experimental data (Doig
(Department of Biochemistry, Stanford University). The & Baldwin, 1995).]

spectropolarimeter was calibrated with)¢10-camphorsul- Fluorescence Titrations.Oligopeptide binding to DNA
fonic acid (Chen & Yang, 1977). CD spectra of oligopep- was monitored by tryptophan fluorescence quenching in an
tide, DNA, and oligopeptide DNA solutions, obtained in ~ SLM-Aminco 8000C spectrofluorometer (Urbana, IL) using
K,HPQ, buffer (pH 7.0, 6.4 mM K) at 5 and 25°C using an excitation wavelength of 296 nm and an emission
a 1 mm path length cuvette and 0.2 nm step size, werewavelength of 350 nm in order to minimize absorbance by
averaged over four scans. The oligopeptide concentrationDNA and inner filter corrections (Mascotti & Lohman, 1992).
was typically 20uM. To ensure complete binding of all  Solutions of oligopeptides (310 M initial concentration)
oligopeptides to DNA, oligopeptideDNA spectra were  and DNA (0.5-2.0 mM DNAP) for fluorescence titrations
obtained in a 16-fold excess [DNAP}MB15 uM) and a were prepared from stocks diluted to identical salt and buffer
relatively low [Kt] = 6.4 mM. The CD spectrum of each concentrations. The binding buffer (pH 7.0) was made up
oligopeptide-DNA complex was obtained by subtracting the of 0.2 mM NgaEDTA, 1 mM NaHPQO,, 1 mM NaB,0;,

CD spectrum of the corresponding DNAuffer solution and 1 mM trisodium citrate (for a total [Nd= 6.4 mM).
from the CD spectrum of the oligopeptid®NA—buffer At the low salt concentrations of these binding experiments,
solution. Mean molar residue ellipticities at 222 nii],p» the use of different cations (Navs K*) and different buffer

(in deg cn? dmol1), were measured in 10 mm path length anions for the fluorescence and CD measurements is not
cuvettes for oligopeptide concentrations of approximately 20 expected to be of any significance. Interchanging these two
uM at pH 7.0 at the specified temperature-@3 °C) and cations produces no change in the salt concentration depen-
K* concentration (6.4 mM and 1.0 M, where TKwas dence ofKqps for binding of oligocationic ligands to DNA
increased with KCI). (The DNA remains native at all (Mascotti & Lohman, 1990). At the (relatively low) salt
temperatures investigated.) Measurements in 10% trifluo- concentrations investigated here no specific effects of the
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buffer anions on conformational or binding equilibria of
oligopeptides or nucleic acids have been reported.

At least two different concentrations of each oligopeptide
were titrated with DNA in the presence of a fixed concentra-
tion of excess Na The fluorescence quenching data for
these “reverse” titrations were corrected for dilution and inner
filter effects, as described by Lohman and Mascotti (1992),
using exg¢ = 1700@=100) Mt cm™! for the N-terminal
tryptophan andeags = 570&30) Mt cm? for CT DNA.

All titrations were performed in a siliconized quartz cuvette
to minimize ligand (i.e., oligopeptide) adsorption to the

Padmanabhan et al.

observation that approximately 90% of the fluorescence
signal is recovered upon titration to high salt concentrations
(>0.2 M; data not shown) indicates that binding is reversible.
Determination and Analysis of the OligopeptieeNA
Binding Isotherm. The equilibrium binding “constant” for
oligopeptide-DNA binding is defined (according to the usual
convention) in terms of the equilibrium molar concentrations
of reactants and produckq,s= [LD]/[L][D]. Here LD, L,
and D designate the oligopeptid®NA complex, free
oligopeptide, and an isolated unoccupied binding site on
DNA, respectively. To determinEqys in the limit of low

cuvette walls. The temperature was regulated by a circulating!i9and binding density, reverse titration data (of excess L
constant-temperature Neslab RTE-220 water bath. Photo-With D) were fitted using the McGheevon Hippel (1974)

bleaching was minimized by use of minimal excitation slit
widths (2 or 3 nm) and by opening the excitation shutter

only during the fluorescence intensity measurement. Pho-
tobleaching was negligible under these conditions; after an

hour of continuous irradiation, the fluorescence signal

binding isotherm:

1 v [1-(n- l)v)”l @)

K°b5:ml— m\ 1—nv

decreased by less than 2%. The fluorescence intensityThiS expression was derived for non-cooperative binding of

measured in oligopeptideDNA titrations was corrected for

linear ligands of arbitrary length to a linear, homogeneous,

background emission and Raman light scattering from water infinite lattice with overlapping binding sites. Henes the
by subtracting corresponding signals measured during anoverlap-site size of the ligand (the number of potential ligand

equivalent titration of the buffer solution.

The extent of tryptophan fluorescence quenchi@g.d
is defined as
Qobs= IFobs — I:init|/|:init (2

whereFqsis the observed fluorescence intensity &g is
the initial fluorescence intensity of the free oligopeptide. All

binding sites eliminated by one isolated bound ligand), and
v is the ligand binding density (the average fractional
occupancy of a site). First by McGhee and von Hippel
(1974) and subsequently by numerous other laboratories [see,
for example, Record et al. (1976), Braunlin et al. (1982),
Plum and Bloomfield (1988), and Mascotti and Lohman
(1992)], eq 3 has been shown to describe the functional form
of binding isotherms for the nonspecific interactions with
DNA of a variety of oligocations, including oligopeptides.

fluorescence intensities were corrected for background gecguse any anticooperativity has in effect been subsumed

fluorescence, dilution, and inner filter contributions (Lohman
& Mascotti, 1992; Zhang et al., 1996). (The magnitude of
the inner filter correction is proportional to the DNA
concentration and is approximately 7%5% of the observed
fluorescence signal at approximately 6.3 mM DNAP.)
Tryptophan fluorescence of these oligopeptides in the
absence of DNA increases by no more than-3%b6 when
[M™] is increased from 6 mM to 0.3 M (while significant
increases in helicity occur over the same*Mange) and
hence is relatively insensitive to changes in coulombic
interactions and/or in oligopeptide conformation, including
increases in helicity caused by increased M Therefore,

into n, this parameter generally is not integral. No depen-
dence ofn on v, [L], or the concentration of excess salt
(which fixes the magnitude df.,9 has been observed here
or in previous studies.

In our applications of eq 3 to fluorescence quenching data,
v = (QobdQmax)([L7J/[D~]) and [L] = (1 — QobdQmax[L 7],
respectively. Here [[ and [Ly] are the total concentrations
of DNA sites and oligopeptide, respective@spsis defined
in eq 2, andQnmax is the maximum fluorescence quenching
(Mascotti & Lohman, 1992; Zhang et al., 1996). The 160
bp DNA is effectively infinite, insofar as the number of
binding sites is not significantly fewer than the number of

observed changes in fluorescence quenching, as a functiomppna phosphates.

of ligand or DNA concentration at different fixed salt

The nonlinear least squares program NONLIN (Johnson

concentrations, can be attributed to changes in the extent ofg Frasier, 1985) was used to fit eq 3 to the fluorescence
ligand binding without complications from changes in the gyenching data obtained in reverse titrations of L with D.
tryptophan fluorescence in either the bound or free state of The parameteriqss Qmax andn were floated or fixed, as

the oligopeptide. We estimate that the corrections to the jngicated in the tables and figure captions. The analysis

fluorescence data described above, together with the usuahssumes thayssis directly proportional to [E)/[L 1] (where
random sources of error, produce experimental uncertainties ; and L; specify the bound and total oligopeptide,

that are approximately 10% when 1= 6.4 mM and
[DNAP] is relatively low and 15%20% when [M] = 21.5
mM and [DNAP] is relatively high.

Salt concentration dependences of oligopeptiodlA

respectively). This assumption was verified previously by
a ligand binding density analysis for tryptophan-containing
oligolysines binding to DNA (Mascotti & Lohman, 1992;

Zhang et al., 1996), and in the present study was verified

binding were determined from reverse titration data obtained for the binding of AKG2 to DNA (data not shown). For

at four different fixed salt concentrations, obtained by adding
NaCl to the binding buffer (6.4 mM N3 to final [Na'] of

11.4,16.5, and 21.5 mM, respectively. “Salt back-titrations”,
in which salt is added to displace the ligand from DNA at

the tightest-binding oligopeptides (AK1, WKvalues ofn
also were estimated from the intersection of the initial tangent
line and the horizontal line at saturation in plot<®fsversus
[DNAP]/L+].

fixed total concentrations of each of these reactants, were With values ofKq,s determined from reverse titrations at
used only to assess the reversibility of the binding. The various fixed salt concentrations, the dependendé&,gfon
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Ficure 1: Circular dichroism spectra obtained in the absence and presence of CT DNA ([BNAP$ uM), pH 7.0 (3.2 mM KHPO,/
6.4 mM K*), [oligopeptide]~ 20 uM, at 5 or 25°C. The mean molar residue ellipticitieg][are plotted as a function of the wavelength
(nm). (A) AK1: a, 25°C, —DNA; b, 25°C, +DNA; ¢, 5°C, —DNA,; d, 5 °C, +DNA. (B) AKG1: a, 5 or 25°C, —DNA; b, 5 or 25°C,
+DNA. (C) AK2: a, 25°C, —DNA; b, 25°C, +DNA; c, 5 °C, —DNA,; d, 5 °C, +DNA. (D) AKG2: a, 5, 25°C, —DNA; b, 5, 25°C,
+DNA.

[M*] was evaluated as the derivati&ons = d log Kondd Table 2: Mean Molar Residue Ellipticitiest{f22) of AK and AKG
log[M*]. Over the range of [M] investigated here, the salt  Oligopeptides

dependence dfqps for 160 bp DNA is expected to exhibit

-~ ; —[6]22Adegcnidmol1)P
minimal coulombic end effects (Olmsted et al., 1989, 1995; uti ditions AKL AKGL AKZ  AKG2
Stein et al., 1995). In the experiments used to evalliaie S0 ”+'°n condition
M+] was always in large excess over the concentrations of 6.4 MM M", 5°C
I[_ D] and LD ybut I vg enough (6421.5 mM) so that free CDNA) 20400 1000 24000 1600

v D , oy ugh (6:421. ) bound (-DNA) 29000 6700 31400 1200
experimentally determined values®Ky,sare only~5% less 6.4 mM M*, 25°C
negative than the corresponding calculated value} Kfps free (—DNA) 8200 1000 12300 1000
= d log Kepdd log a., wherea. is the mean ionic activity . obl‘\)ﬂu&q f;'%gA) 16900 3300 19400 1000
of the unlvalgnt. salt. Thls derl\{a'tlve is directly relatgd to e (-DNA) 20000 3400 31500 4100
f[he pref_erentlal interaction co_efﬁuents that Chara_ct_enze the 0.1 M M*, 10 mol % TFE, 5C
interactions of excess salt with each of the participants in  free (-DNA) 35500 19900 nt 21500
the binding interaction (Anderson & Record, 1993; Record — apH 7.0.° Error in the measurement 6f[0]22; is <3%. Amino
& Anderson, 1995). acid sequences shown in Tablechd, not determined.

EEEEE#%ENTAL AND COMPUTATIONAL oligopeptide ligands. Table 2 lists values feff].2, under

the conditions indicated.

Circular Dichroism Measurements of Oligopeptide and  The CD spectra of AK1 and AK2 in solutions with and
Oligopeptide-DNA Complexes.CD spectra of the 17-  without DNA at 5 and 25°C (Figures 1A and 1C,
residue oligopeptides (AK1, AKG1, AK2, and AKG2) in respectively) have two minima (one at 222 nm and the other
the presence and absence of DNA at 5 andQ%&are shown between 205 and 210 nm), a maximum at approximately 190
in Figures 1A-D. Spectra in the presence of DNA are nm, and an isodichroic point near 203 nm, consistent with
difference spectra (explained in Materials and Methods), the two-state model for each residue: helical or unstructured
obtained at low (but excess) [Ifland excess DNA ([DNAP)/ (Holzwarth & Doty, 1965). The presence of a minimum
[ligand] ~ 16) to ensure complete>@9%) binding of the between 200 and 205 nm and the absences of a minimum at
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Ficure 2: (A) Dependence of the mean molar residue ellipticities
at 222 nm, (P]222 in deg cn? dmol™?) on temperature for AK1 in
the absence and in the presence of DNA. (B) Dependencd of [
on temperature for AK2 in the absence and in the presence of DNA.
In both A and B, solution conditions are [oligopeptide]20 uM,
[DNAP] = 315uM, [K*] = 6.4 mM, pH 7.0. Symbols represent
oligopeptide ©), oligopeptide-DNA (®), and the difference
between oligopeptideDNA and oligopeptide4). (C) Dependences
of [0]222 On salt concentration in the absence of DNA for AK1
(@), AKG1 (O), AK2 (m), and AKG2 (@) at 5 °C, pH 7.0,
[oligopeptide]~ 20 uM.

0 500

222 nm and of a maximum near 190 nm in the CD spectra
of AKG1 and AKG2, both with two central glycines, indicate
negligible helicity at low [M7] in the absence of DNA
(Figures 1B and 1D, respectively). Under these conditions,
for AK1 and AK2, formation of a-helical regions is
intramolecular, as shown by their reversible, concentration-
independent thermal unfolding monitored by our CD mea-
surements (Figures 2A and 2B), in agreement with previous

Padmanabhan et al.

results (Scholtz et al., 1991b). Sedimentation equilibrium

measurements also have demonstrated that helix formation
is intramolecular in similar alanine oligopeptides (Padmanab-

han et al., 1990).

The CD spectra of CT DNA in 6.4 mM Mat 5 and 25
°C are superimposable and characteristic of B-form DNA,
with two maxima at 272 and 221 nm and a minimum at 248
nm (Chan et al., 1990). The CD signal at 222 nm remains
unchanged between O and 4&. Furthermore, signal
intensities between 260 and 300 nm (attributable to base
stacking; Chan et al., 1990) are virtually identical in the
presence and absence of each of the oligopeptides. Hence,
their binding has no apparent effect on the DNA conforma-
tion, and so the changes in CD signal intensities in the far-
UV region (200-240 nm) observed in oligopeptid®NA
solutions can be attributed exclusively to changes in the
fractional helicity of the oligopeptide induced when it binds
to DNA. This inference is in accord with extensive studies
of specific and nonspecific binding of oligopeptides to DNA
(O’Neil et al., 1990, 1991, Talanian et al., 1990; Johnson et
al., 1994), which obtained no evidence of any DNA
conformational change upon oligopeptide binding.

At two widely different [M*] (6.4 mM ard 1 M M*) in
the absence of DNA; is negligible for the two oligopeptides
having central glycines (AKG1, AKG2). At both high and
low [M *] the fractional helicity of free AK1 is less than that
of free AK2, as expected from the smaller lysine spacing of
AK1. For each of the oligopeptides, the increase-[i#] 22,
with increasing salt concentration (Figure 2C) is consistent
with previous results (Scholtz et al., 1991c). In 10% TFE,
a helix-stabilizing mixed solvent;-[0]., for AK1 ap-
proaches the value expected for a 100% helical 17-residue
oligopeptide (cf. Materials and Methods), whereas values of
—[0]222 for AKG1 and AKG2 are significantly lower,
presumably because the two central glycines strongly favor
less structured conformations.

In the presence of excess DNA at low {M6.4 mM M),
the fractional helicities of AK1, AK2, and AKG1, but not
AKG2, increase significantly over values observed in the
absence of DNA. Under these conditions, where all of the
oligopeptide is bound to DNA, values ef[0]..; are either
the same (AK1, AK2), somewhat larger (AKG1) or smaller
(AKG2) than values in excess DNA & M salt (Table 2).
This binding produces a detectable shift in the equilibrium
of helical and nonhelical residues of the bound oligopeptides
(except for AKG2) but does not cause them to become
completely helical, as indicated by the CD spectra of the
bound oligopeptides (Figure 1).

Determinations of Aerage Helix Propensities (w) and
Oligopeptide Conformational Partition Functions{Z). The
formation of a-helical structure in short oligopeptides in
aqueous solution is a moderately cooperative thermodynamic
process (Scholtz et al., 1991a) which appears to be described
adequately by statistical models, such as the modified form
of the Lifson—Roig model (Doig et al., 1994) outlined in
the Appendix. This model also should be applicable to
describe the physical situation of interest here, where binding
to DNA does not induce the entire oligopeptide to form an
a-helix but does produce an increase in its overall average
fractional helicity. For AK and AKG oligopeptides that are
either bound (B) to DNA or free (F) in solution, Table 3
lists values of the residue-averaged helical propensitigs (
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Table 3: Average Helix Propagation Equilibrium Constants dnd Modified Lifson-Roig Partition FunctionsZR) Calculated fron, for
Extended Oligopeptides and Their DNA Complexes

T free ligand DNA complex AR @
L

oligopeptide (°C) fo ZMR e Wi © i ° ZiR e wg © (kcal/mol)
AK1 5 56 11+1 1.26+0.01 79 62+ 22 1.49+ 0.04 1.0+0.2
25 24 42+01 1.07+ 0.01 47 8.0t 0.4 1.21+0.01 0.4+ 0.1
AK2 5 66 19+ 2 1.33+0.02 86 243+ 237 1.66+ 0.10 1.4+ 0.6
25 35 5.5+ 0.2 1.14+ 0.01 54 10+1 1.25+ 0.01 0.4+ 0.1
AKG1 5 4.4 28+01 0.78+0.01 20 4201 1.03+0.01 0.2+ 0.1
25 4.4 2.8+£0.1 0.78+ 0.01 11 3.3 0.1 0.93+0.01 0.1+ 0.1
AKG2 5 6.0 29+01 0.83+0.01 5.0 2801 0.80+ 0.01 —0.0+£0.1
25 4.4 2.8+0.1 0.78+ 0.01 4.4 2.8:0.1 0.78+0.01 0.0£0.1

aFree DNA): 6.4 mM M*, pH 7.0. Bound{DNA): 6.4 mM M*, 315uM DNAP, pH = 7.0.°f, r andfy g, fractional helicities for the free
and bound oligopeptides, respectively, were calculated from the mean residue ellipticjtigs listed in Table 2, as described in Materials and
Methods.c Z"F, we: 6.4 mM M*, no DNA. Z¥R wg: 6.4 mM M*, 3154M DNAP. Errors inZM'R andw are estimated on the basis of the
average 3% error in the CD determinations @J},. ¢ Calculated with eq 4. Errors are estimated from uncertaintie®"if.
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FiGURE 3: Representative reverse titrations of extended 17-resitlde qligopeptides with CT DNA in 6.4 mM Na pH 7.0, 25°C. The

observed fluorescence quenching (cf eq 2) is plotted vs the logarithm of the molar concentration of DNA phosphates (monomer) added. (A)
AKG1, initial concentrations of 2.23Y), 3.18 (1), and 6.3«M (O). (B) AK1, initial concentrations of 3.10), 5.4 (»), and 7.7uM (O).

(C) AKG2, initial concentrations of 2.9%(), 4.02 (), and 5.3uM (O). (D) AK2, initial concentrations of 3.1{) and 6.2uM (2). Solid

lines are the best global fittings of the McGhemn Hippel isotherm (eq 3) to the reverse titration data for wimeefixed at its average

value of~4 (cf. Table 4).

and wg) and of the oligopeptide conformational partition A#EALR = RTIn(Z g‘LR/Z g"LR) (4)
functions gy and Z¥'") calculated under the specified

conditions by analyzing CD data with the modified Lifsen  The resulting values of\u"® fall in the range 0.41.3
Roig (MLR) model, as explained in the Appendix. Between kcal/mol and are larger at 5 than at 5. The calculations

0 and 43°C each of thew values decreases with increasing of A#["LR presented in Table 3 indicate that binding to

temperature, as indicated by the less negative valug§0f[  DNA stabilizes additionai-helical structure of AK1, AK2,
shown in Figures 2A and 2B. This observation is consistent and AKG1. For the binding of each of the extended

the finding that helix denaturation in water is generally AGg. are considered in more detail at the end of the Resullts.
_endothermlc (Scholtz et al.,. 1991b). At all temgeratures Tryptophan Fluorescence Quenching Measurements of
investigated here the best-fit values wé and Zg™" for Oligopeptide-DNA Binding Parameters.Figures 3A-D

AK1 and AK2 at low salt ([M] = 6.4 mM) in the presence  report the results of representative reverse titrations of AKG1,

of DNA are greater than the corresponding valueswénd AK1, AKG2, and AK2 (2-8 uM), respectively, with CT

Z¥'"® obtained at the same [Nl in the absence of DNA.  DNA in 6.4 mM M*, pH 7.0, and 25C. The tryptophan
(According to eq A2ZM-R increases mouggonically witl.) fluorescence quenchin@ops is plotted versus the logarithm

Also given in Table 3 are values i, the (theoreti- of the DNA phosphate concentration, log[DNAP]. These
cal) change in the chemical potential of each of the extendeddata were analyzed by global fittings, in which the McGhee
oligopeptides that is due to a change in helicity (as monitored von Hippel isotherm (eq 3) is fitted to all reverse titration
by f;) of the ligand when it binds to DNA. The tabulated data obtained at a given salt concentration for a given
values of were calculated (according to the modified Lifson  oligopeptide at different initial concentrations. These global
Roig model described in the Appendix) with the expression fittings yield the best-fit values of the parameters listed in
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Table 4: Parameters for Oligopepti®BNA Binding from
Fluorescence Titrations

log Kops

oligopeptide Qmad nP (M~1)e
AK1 0.30+0.01 3.4+ 0.2 6.00+ 0.18
AKG1 0.26+ 0.01 5.0+ 0.4 5.89+ 0.12
AK2 0.35+0.01 3.5+ 0.2 5.80+ 0.13
AKG2 0.29+ 0.01 3.9+ 0.2 5.76+ 0.10
WK 4 0.31+0.01 4.6+ 0.5 7.84+ 1.36

aMaximum fluorescence quenchingMcGhee-von Hippel (1974)
site size evaluated as best-fit parameter using €gvV:Ghee-von
Hippel (1974) binding constants at pH 7.0, 6.4 mM \25°C evaluated
as best-fit parameter using eq 13 floated).

Table 5: Salt Concentration Dependences of Oligocatidh)(L
DNA Interactions

oligocation log Kobs log Kobs
(L4 SKopd A MMH)e (6.4 mM M+)e
AK1¢ —4.04+0.1 —2.36+£0.24 6.43+0.12
AKG1¢® —-3.440.5 —-1.61+0.81 5.63+0.10
AK2¢ —3.44+0.4 —1.594+0.77 5.84+ 0.15
AKG2¢ —-3.3+0.1 —-1.73+0.34 5.82+ 0.04
WK 4¢ —4.14+0.3 —1.91+0.60 6.90+ 0.26
KWK A —3.54+0.3 —0.344+0.32 7.43+0.73f
sperminé —3.3£0.3 0.20£ 0.20 7.44+ 0.69f

a SKops = d log Kopdd log[M*]. b Extrapolateda 1 M M, pH 7.0,
25°C. ¢For fixedn = 4; pH 7.0, 25°C. ¢ For linearized pUC8 DNA,
n=4, pH 6.0, 25°C (Mascotti & Lohman, 1993}, For sonicated calf
thymus DNA,n = 3.6-5.4, pH 6.5, 25°C (Braunlin et al., 1982).

Padmanabhan et al.
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FiIGURE 4: Representative reverse titrations of the helical oligopep-
tide, AK1, and nonhelical oligopeptide AKG1 with CT DNA at
pH 7.0, 25°C, and different [N&]. The observed fluorescence
quenching (cf. eq 2) is plotted vs the logarithm of the molar
concentration of DNA phosphate (monomer). (A) AK1 (initial
oligopeptide concentrations of 34AM). (B) AKGL1 (initial oli-
gopeptide concentrations of 2.23, 2.54, 3.18, and M
respectively) in 6.40), 11.43 ), 16.46 (»), and 21.50 mM Na

(O). Solid lines are the best fittings using the McGheen Hippel
isotherm (eq 3) withn fixed at its average value of4 (cf. Table

T Errors are estimated from the reported linear regression and errors on4) andKops and Qmax floated.

the slope and intercept.

Table 4. When all three parametek&ds Qmax andn) are
floated, the resulting best-fit values ofare approximately

binding of all oligopeptides investigated here are significantly
smaller than those observed for the binding of KYWid
linear or supercoiled pUC8 DNAQna—=0.47-0.50 at pH

4 for each of the oligopeptides. Fittings of the data for fixed 6.0 in cacodylate buffer; Mascotti & Lohman, 1993). These

nx
magnitude ofh obtained from the global fittings exhibit no

5 do not converge. The minor variations in the differences inQmax may reflect differences in the chemical

environment of the interior tryptophan in KWKrom those

trend for compact (5-residue) vs extended (17-residue)of the terminal tryptophans in Wjand the extended AK or

oligopeptides. Values af close to 4 also were obtained by
an alternative approach, analyzing plots @Qf,s versus
[DNAP]/[L+] for AK1 and WK,, which exhibit the largest
values ofK,ys of the oligopeptides we investigated. Con-

AKG oligopeptides (which, unlike KWK are N-acetylated).
For each of the oligopeptides in the present study the intrinsic
fluorescence quantum yield of the N-terminal tryptophan is
similar to that of free_-tryptophan, but higher than that of

sequently, to decrease the number of floated parameters, KWK in the buffer used here (data not shown). The lower
was fixed at its average value of 4 in global fittings of reverse extents of tryptophan fluorescence quenching in the present
titration data with eq 3, which generated the smooth curves study may also be due to the presence of buffer anions, such
shown in Figures 3AD. Values ofQmax and Kops (Table as phosphate, which can quench tryptophan fluorescence, as
5) obtained with fixedh = 4 are similar to those listed in ~ reported recently (Mascotti & Lohman, 1995). At {y1=
Table 4 withn floated. 6.4 mM, Kqpsis greater for AK1 than for AK2, AKG1, and

In principle global fitting yields the best way of assessing AKG2, all of which are approximately the same. For all of
how well a given nonlinear functional form can represent the 17-residue oligopeptide&os is almost an order of
experimental data for a given set of conditions. However, magnitude smaller than the value determined here fou WK
the global fitting is not necessarily the best fitting for a single and the values extrapolated to 6.4 mM Kor spermine 4)
titration. In fact, the individual fitting (not shown) to each (Braunlin et al., 1982) and KWK(Mascotti & Lohman,
of the titrations is better than that obtained by global fitting 1992) (Table 5).
with n = 4 (cf. Figure 3) and does eliminate the appearance Dependence of §s on Salt Concentration The depen-
of any systematic deviation between data points and the fitteddence ofKqs On salt concentration was examined by using
curve. Binding constants obtained as averages from theeq 3 to analyze fluorescence quenching data for two to three
individual fittings are not significantly different from those reverse titrations at each of four differentMoncentrations

obtained by global fitting.
The maximum fluorescence quenchi@hax ranges from
0.264 0.01 (AKG1) to 0.35t 0.01 (AK2) under the solution

in the range 6.421.5 mM. Over this range of [M, fyr,
the fractional helicity of the free oligopeptide, does not
change significantly (cf. Figure 2C). Representative plots

conditions investigated here and exhibits no systematic trendof reverse titration data of oligopeptides for AK1 (helical)
(cf. Table 4). Thus, the complexed states of these oligopep-and for AKG1 (nonhelical) at similar initial bound oligopep-
tides are inferred to be similar with regard to the environment tide concentrations are shown in Figures 4A and 4B,

of the N-terminal tryptophan. Values @max for DNA-

respectively. Some scatter in the data appears at the higher
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assume more compact conformations, with charge distribu-
tions similar to that of WK.

The increase iy observed by CD for AK1, AK2, and
AKG1 when each is bound to DNA demonstrates that an
increase iro-helical structure is one type of conformational
change coupled to DNA binding (cf. Table 2). Other types
of conformational changes also could be involved in produc-
ing the more compact bound states of some of these extended
oligopeptides (e.g., AKG2). The thermodynamic effects of
conformational changes accompanying oligopeptio&lA
binding are quantified by applying the following analysis.

As evaluated via eq 3 from the tryptophan fluorescence
guenching data, the observed standard binding free energy
AGgysis obtained fromAGg,s= —RTIn Ky Because the
+ values ofn and SKqps that we have determined for each of

Log[Na*] the four extended oligopeptides are close to the corresponding
FiGURE 5. Plots of logKops Vs log[Nat] for the oligopeptides values determined for WKwe assume that all contributions
indicated (WK;, O; AK1, O0; AK2, A; AKG2, a; AKG1, W) at 25 to AGgps other than those resulting from conformational
°C, pH 7.0Kopsat each salt concentration was obtained as described changes are the same for each of the oligopeptides (extended
g‘atge(\}veitxﬁ'plg?aeriéfgfﬁg?etd"?f%;ﬁgsé)s_quares best fittings to thea_nd compact) investigated here. Therefak&gys for the
binding to DNA of each of the extended oligopeptides is
expressed as the sum of two terms:

P Y S Y S NN A W T S [T S T S

LN I A AL BN S B B S
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-2.2 -2.0 -18 -16

Table 6: Energetics of Oligopeptid®NA Binding and Coupled
Conformational Changes (2%, pH 7.0, 6.4 mM M)

[ o conf
cost of coupled AGgps= AGobs,WK4 +AG (5)
binding conformational  cost of helix
oligopeptide  free energy _Changes Inductiorf Here AGSmswi, is the binding free energy of a compact
) AGSs(kealimol) Auw ™ (keal/mol) Aw”" (keal/mol) tetravalent ligand (WH), for which AG" the conforma-
Xv}fl“ :g-gig-g +(())6j:05 8410 L tional contribution, is zero, because binding-induced con-
AK2 80402 114105 0.44 0.1 formational changes are not expected in this compact
AKG1 -7.7+0.1 +1.7+0.4 0.0+£0.1 O|I90pept!de_- o _
AKG2 -7.9+0.1 +1.5+0.4 0 For a binding equilibrium of the type considered here, the

a Calculated for each oligopeptide from best-fitted valu&gfusing formatior! of the complgx LD in general could produce
eq 3 withn = 4 (as in Table 5) Calculated using eq 5.Calculated changes in the conformations of both L and D. The observed

using eq 4 (as in Table 3). increases irfy, for three of the extended oligopeptides are
clear indications that binding to DNA induces additional
(fixed) values of [M] and/or [DNAP], probably because of  o-helical structure in these ligands (as shown in Table 3).
the weaker binding of the oligopeptide and/or the relatively In agreement with previous studies of specific and nonspe-
larger magnitude of corrections to the fluorescence signal. Cific binding of oligopeptides to DNA (O'Neil et al., 1990,
However, in all cases the quenching data are adequatelyl991; Talanian et al., 1990; Johnson et al., 1994), our
described by eq 3. Fittings of these reverse titration data Spectroscopic results provide no indication of any change in
yield values ofn = 4 whenn is floated (data not shown) at  the double-helical structure of the DNA itself upon binding
each fixed [M]. For each oligopeptid®max does not vary of an oligopeptide ligand. Consequently, the conformational
with [M*] outside experimental uncertainty. Values of log Cchange accompanying the binding interaction in each of these
Kobsfor all the oligopeptides decrease linearly with log[M systems is attributed entirely to a change in the excess

in the salt concentration range examined here and havechemical Potential of the ligand, so thaGe™" = Auf",
con

similar slopes $K,9 ranging from—3.3+ 0.1 to—4.1+ whereu,”" is the conformational contribution to the excess
0.3, with an average value ef3.7 + 0.4 (cf. Figure 5and  chemical potential of the oligopeptide (as defined in the
Table 5). Appendix).

Effects of Coupled Conformational Changes of a Ligand _The values ofAu{" listed in Table 6 were calculated
on the Thermodynamics of Its DNA Bindingalues ofKe,s ~ With €q 5 from our experimental determinations &G
for the binding of compacti4) oligocations (W, KWK, for each of the extended oligopeptides. Because of the
spermine) to double-stranded DNA at 6.4 mM"Mre relatively large uncertainty iAGgpswk,, the error bars on
approximately 10M 1, 1—2 orders of magnitude higher than  our reported values ok generally overlap. Of course,
those for the 17-residue extended4) AK and AKG pairwise comparisons of the DNA-binding energetics of
oligopeptides. Corresponding valuessbg, listed in Table different extended oligopeptides should be made in terms
6, exhibit significant differences that we propose are due to 0f AGgs rather thanAuf™™", to avoid unnecessary com-
the costs of conformational changes that occur upon bindingpounding of experimental uncertainties. The purpose of
to DNA. The average value offor the extended oligopep- ~ estimating values of\u{®" with eq 5 is strictly to make
tides is 44 0.5, the same within uncertainty as that of the comparisons with corresponding theoretical predictions.
compact oligopeptide WK From this similarity inn, and If Au®" were due entirely to the induction of-helical
the reduction inAGg,s for the extended oligopeptides structure when the oligopeptide binds to DNA, it could be

compared to WK4, we infer that upon binding to DNA they estimated theoretically, using eq 4, by applying the modified
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Lifson—Roig (MLR) model (explained in the Appendix) to  cTDNA i | [ =]
analyze the observed change fin for bound and free © © © ©
oligopeptides. Values ofiu"® calculated in this way are

given in Table 6 for binding to DNA of each 17-residue  Compact oligopeptide: ® ® ® @
oligopeptide at 25C and 6.4 mM N4, for comparison with Free and bound states W
the corresponding values 8fu™" estimated with eq 5. For

AK1, AuSY is approximately equal ta\uicY, the theo-

retical estimate of the free energy cost of additional induced Extended oligopeptides:
a-helical structure. For each of the other extended oligopep- a) Free state W
tides, Au™" is significantly larger than the corresponding

value of Au)"R. Physical implications of these differences ®
®

are discussed below. ® ) @
) ol
DISCUSSION p) [dealized helica . O QO O O

Nonspecific DNA-Binding of Tetracationic Ligands{(L
of Diverse Types Exhibits Common Thermodynamic Char- @ @ @ @
acteristics The DNA-binding of the tetracationic oligopep-  «¢) Idealized nonhslical
tides examined here [AK and AKG (both extended) and WK bound state
(compact)] and previously [spermine (Braunlin et al., 1982)

; FiGUrRe 6: Schematic representation of the effects of different
and KWK, (Mascotti & Lohman, 1993), both compact], oligopeptide conformations on their binding interactions with ds

show many striking similarities, even though these ligands pna DNA phosphate charges and lysine side-chain charges are
differ from one another in number of residues, charge represented in the circles with and+ signs, respectively.

distribution, and primary and secondary structure and even
though the extended oligopeptides exhibit a wide range of For example, intervening uncharged residues in these ex-
increases in fractional helicity upon binding to DNA. For tended oligopeptides may “loop out” upon binding to produce
all of the+4 ligands investigated here (as well as spermine a relatively compact conformation as illustrated in Figure 6.
and KWKy), the binding to DNA is characterized by similar  The cost in free energy due to enhanced coulombic repulsions
site sizes (average = 4 + 0.5) and similar power between lysine charges and the loss of entropy incurred by
dependences on [M (averageSKsps= —3.7 £+ 0.4). Both compaction of the oligopeptide conformation must be more
n and SKqs are independent of salt concentration over the than compensated by favorable coulombic interactions
range investigated. All of the extended (17-residue) oli- between lysine and DNA phosphate charges.
gopeptides investigated in the present study exhibit a L[4+ Ligands Exhibit Similar Power Dependences @hK
relatively narrow range of the observed binding constants on Salt ConcentrationValues ofKq,sfor the DNA-binding
Kobs from approximately 4.3« 10°t0 2.7x 1P M~*at6.4  of the extended AK and AKG peptides (all tetracationic but
mM M*, which are +2 orders of magnitude smaller than  with differences in primary structure, charge distribution, and
Kobs for compact ligands having the same charget) at helicity in the bound and unbound states) show power
the same [M]. dependences on salt concentration with similar values of

L4t Ligands Exhibit Site Sizes of4 in DNA Binding. SKaps(averaging—3.7 £ 0.4 and ranging from-3.3 to—4.1).
Despite the significant differences in chain lengths (17 vs 5 This minor variation inSKps could be due to variations in
amino acid residues) and in the increasé,iimduced upon the salt-dependence Qxﬂﬁonf for the different oligopep-
binding to DNA, McGhee-von Hippel (1974) analyses of  tides. However, under the conditions of the present study
titrations of all the oligopeptides investigated here yield site this effect is too close to experimental uncertainty to be
sizes (1) of approximately 4 DNA phosphates. For nonspe- analyzed quantitatively.
cific binding of compactoligocations, the approximate For the DNA binding of all the oligopeptide ligands that
equality ofn andz (the ligand charge) has been observed have been investigated here and elsewh®kg,s is found
previously (McGhee & von Hippel, 1974; Record et al., to be relatively insensitive to the details of initial ligand size,
1976; Braunlin, 1982; Plum & Bloomfield, 1988; Mascotti shape, and charge distribution. The valuesStfy,s deter-
& Lohman, 1992, 1993; Zhang et al., 1996). The analogous mined here for four extended oligopeptides are similar to
finding for extended oligocationic ligands is reported here those reported previously for the more compact ligands
for the first time. having the same net positive charge, such as sper8iigs(

In view of the correspondence nfandz for both extended = —3.34 0.3; Braunlin et al., 1982), KWK(SKops= —3.5
and compact oligopeptides, we propose that differences in+ 0.3; Mascotti & Lohman, 1993), and WK SKys = 4.1
the values ofAGg,s determined here between the compact + 0.3; this study). Results consistent with ours also were
and any of the extende#t4 oligopeptides, and among the reported by Mascotti and Lohman (1992, 1993) for the
latter, result from different extents and/or types of confor- binding interactions of single-stranded polynucleotides with
mational changes that accompany binding to DNA. Our CD three compact oligolysines having the same number of
data demonstrate variable extents of induction of additional lysines (5) interspersed with one to three tryptophans. Values
o-helical structure in the bound oligopeptides (except of SKysfor binding of oligocationic ligands to DNA are the
AKG2). The differences betweem\u™" and Aul'™® same in Na and K" salts (Mascotti & Lohman, 1990).
(shown in Table 6 and considered in more detail below) Values ofKqs extrapolated to [M ] = 1 M (Table 5) are
imply the occurrence of conformational change(s) of some small and unfavorable, as observed for other primarily
other type(s) when AK2, AKG1, and AKG2 bind to DNA. coulombic interactions of oligocations {L) with DNA
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(Record et al.,, 1976; Braunlin et al., 1982; Plum &
Bloomfield, 1988; Mascotti & Lohman, 1990, 1992; Zhang
et al., 1996).

A detailed thermodynamic analysis 8&gs for ligand—
DNA binding has been formulated in terms of preferential
interaction coefficients (Anderson & Record, 1993). On the
basis of a standard simplified model for the ligand and the
polyelectrolyte solutionSKyus has been evaluated using the

counterion condensation concept (Record et al., 1976, 1978;corresponding values ofu,’

Manning, 1978), grand canonical Monte Carlo simulations
(Olmsted et al., 1995), and the Poiss@oltzmann (PB)
equation (Zhang et al., 1996; Rouzina & Bloomfield, 1996).
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Changes. The values of Au™" listed in Table 6, as
calculated by eq 5, are intended to contain all contributions
of conformational changes in the ligand to the ovendH3,s

for a given ligand-DNA binding interaction. For binding

to DNA of the extended oligopeptides AK and AKGAGS,s
ranges from—7.7 to —8.8 kcal/mol, about 1:12.2 kcal/
mol less favorable than the values for compact rigid
tetravalent ligandsAGgys = —9.9 + 0.3 kcal/mol). The
conf - estimated with eq 5 for
each of the extended‘t oligopeptide ligands, are no larger
than the change in binding free energy that would result from
decreasing the ligand charge by one unit. At the salt

More structurally detailed models also have been used toconcentration investigated (6.4 mM™) the increase in the

evaluateSKyys for specific binding of some cationicH2)
ligands and proteins via numerical solutions of the PB
equation (Misra et al., 1994; Sharp, 1995). Theoretical
calculations 05Kyps for the DNA-binding of various ligands,
ranging in complexity from compact oligocations to proteins,
have been reviewed recently (Anderson & Record, 1995).

magnitude of DNA-binding free energy is2 kcal/mol per
added positive charge, as determined for the series putrescine
(+2), spermidine+3), spermine<{4) (Braunlin et al., 1982),

and for KWK; (+4) vs KWK, (+6) binding to double-
stranded (linear and circular) plasmid DNA (Mascotti &
Lohman, 1992).

These calculations, although based on model assumptions \ye infer from CD measurements that oligopept@NA
and approximations (fundamental and numerical) that differ binding does not cause any conformational change in the

in some important respects, all are predicated on the primaryl60 bp DNA but does induce additionathelicity in AK1

importance of coulombic interactions as determinants of
SKows This crucial assumption is supported further by the
results of the present study. For oligocation-DNA binding,
previous experimental work [cf. Zhang et al. (1996) and
references therein] demonstrates that the magnitu&épt

is determined primarily by the thermodynamic effect of the

release of accumulated cations that accompanies the reduc;

tion in polyanion DNA charge density when an oligocation
binds.

For Binding of It Ligands to Polyanionic DNA, the
Magnitude of Kpsls Correlated with Ligand Charge Density
in the Unbound StateValues ofKoys (6.4 mM M*, 25°C)
for all of the extended 17-residue AK and AKG oligopeptides
differ by less than an order of magnitude (ranging from 4.3
x 1P to 2.7 x 10° M~ for n = 4). The corresponding
trend inAGgysis related to effects of conformational changes,
as discussed in the following section. Here we consider
comparisons between the binding energetics of the extende

oligopeptides and three more compact tetracationic ligands

of higher charge density (spermine, K\Wkand WK;). The
compactt4 ligands exhibit values dfqps(ranging from 7.9
x 10Pto 2.7 x 10’ M~1) which are significantly higher than

those of any of the extended oligopeptides. Because of the

and AKG1, both of which have two pairs dfi+-4) spaced
lysines. This inference is consistent with the observation
reported by Johnson et al. (1994) that nonspecific binding
to DNA induces increased fractional helicity in alanine
lysine oligopeptides that havei-4) lysine spacing, which
form amphipathic helices. We find additional helix induction
also in bound AK2, withi(i+5) lysine spacing, but not in
bound AKG2. Johnson et al. (1994) found no additional helix
induction upon binding to DNA of an oligopeptide similar
to AK2 (except that the N-terminal tryptophan was replaced
by a tyrosine). However, this result could stem from the
weaker binding conditions examined (higher salt concentra-
tions and shorter DNA).

The free energy cost associated with forming the more
compact conformations of bound ligands diminishes the
magnitudes oAGgy,s for the extended 17-residue oligopep-

({ides from the values obtained for spermine, K¥Vé&r WK,.

n AK1, the two ,i+4) spacings between lysine residues
permits placement of positive charges on the same side of
the a-helix (nearly an amphipathic helix) and thereby could
favor contacts between lysine charges and DNA phosphates.
Accordingly, at 25°C AuS% = 0.4 + 0.5 kcal/mol of

shorter chain lengths and the higher coulombic replusions PEPtide, which within experimental uncertainty does not

among the lysine charges, KWknd WK, are expected to
have zero helicity whether bound to DNA or free in solution.
Thus, tighter DNA-binding of each of these compaet

oligocations could reflect their higher unbound charge density cantly exceedsAuay,

as well as the absence of any significant conformational
change upon binding (cf. Figure 6). The correlation between
higher DNA-binding affinity and higher charge density of
the unbound ligand is consistent with several previous
spectroscopic and thermodynamic studies of relative DNA-
binding affinities of inorganic cations and (poly)amines of
the same charge but different charge density:™ Na
(CH3)4N™, Mg?* vs putrescine £2), and Co(NH)&®" vs
spermidine {3) (Bleam et al., 1980; Braunlin et al., 1982,
1987; Padmanabhan et al., 1991).

Differences inAGgy,s for Binding to DNA of &' Ligands
Can Be Attributed to Differences in Coupled Conformational

differ from the theoretically calculated free energy cost of
additional helix induction Aujyr = 0.4 + 0.1 kcal/mol
(Table 6). HoweverAuSys = 1.4+ 0.5 kcal/mol signifi-

M = 0.4 + 0.1 kcal/mol (Table 6).
This difference indicates that, in addition to induction of the
o-helical secondary structure, other significant conforma-
tional changes may occur (because of the different primary
lysine spacing in AK2) to optimize favorable contacts
between lysine charges and DNA phosphates. For the
glycine-containing oligopeptideduSw, = 1.7+ 0.5 kcal/
mol and AuS, = 1.4 + 0.5 kcal/mol, respectively. In
both cases the corresponding is significantly smaller in
magnitude. The positive values Ak G5ps akc — AGbs.aK)
reflect the greater disorder of the unbound states of the AKG
oligopeptides (smallef, determined by CD measurements).

Thus, compaction of the glycine-containing oligopeptides
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upon binding to DNA entails a greater cost in conformational state that includes, but may not be limited to, an increase in
free energy. the o-helicity of the bound oligopeptide. The binding
The observed differences betweemﬁ"”f and AﬂyLR isotherms (as determined by the fluorescence spectroscopic

imply that the MLR model does not suffice to describe all method described in Materials and Methods) yield no
of the conformational changes in the oligopeptide L that indication of more than one class of bound oligopeptides.
occur upon binding to DNA. This inadequacy could arise, Consequently, a thermodynamic analysis of the contribution
for example, if coil (nonhelical) states of certain residues to the binding energetics that is due to a conformational
are no longer energetically equivalent when the oligopeptide change of the oligopeptide can be based on a two-state
is bound to DNA. In this situation a matrix different from  picture, taking into account only the averagelicity (or,
that used in the MLR model would be required to generate more generally, average conformation) of an oligopeptide
the ensemble of conformational states of the bound oli- that is either bound to DNA or free. The difference in free
gopeptide. Any more detailed statistical thermodynamic €nergy between the bound and free states can be described
description of these conformational states could be reliably theoretically as due to a shift in the populations of all possible
parametrized only on the basis of structural information that (i.€., sterically allowed) conformational states of the oli-
is not currently available. gopeptide chain. In our implementation of statistical ther-
All of our results are consistent with the following Modynamic calculations of the change in free energy due to
conclusions. Extended alanine/lysine/glycine oligopeptides, & Shift in the average oligopeptide conformationanariori
which may serve as models for DNA-binding regions of assumptions are made about the extent of fractional helicity
larger proteins, exhibit significant conformational changes, ©f oligopeptides in either the bound or the free state.
including a-helix formation, upon binding to DNA. Cou- In general the conformation _of an oligopeptide depends
lombic interactions of lysine charges with DNA phosphates ©N temperature, salt concentration, and the presence of other
reduce the DNA axial charge density and thereby drive the SP€cies (€.g., DNA) to which it can bind. At the molecular
nonspecific DNA binding of these cationic ligands. Coupled €vel the orientations of individual bond angles along the
conformational changes produce a compact state of the bounc/i9opeptide chain are determined not only by relatively local
ligand that interacts more favorably with the DNA phos- intramolecular interactions, such as hydrogen bonds, but also
phates (as illustrated by examples shown in Figure 6). As by coulombic interactions wnh charggs on the oligopeptide,
a result of this compaction the magnitudes &GS, are on DNA, and/or on salt ions in solution. The ensemble of
reduced for the DNA binding of extended oligopeptides, in conformations of an oligopeptide can be enumerated and
comparison to the compact oligopeptide WKaving the appropriately weighted by constructing a conformational

same charge. partition function,ze". Because this partition function is
of the “semigrand” type, as discussed for example by
ACKNOWLEDGMENT Schellman (1975), the conformational contribution to the

] . excess chemical potential of the oligopeptide can be ex-
We thank Drs. R. L. Baldwin, T. M. Lohman, P. S. Kim,  pressed ag®" = —RTIn z¢. [The relevance oZ®" in

and R. S. Saecker for helpful discussions and/or for their this context was Suggested to us by C. Rohl (private
valuable comments on the manuscript and Dr. Baldwin for communication).] If binding to polyanionic ds-DNA is

access to the AVIV 60DS CD spectropolarimeter and the accompanied by a shift in the population of the conforma-
programs (originally written by J. A. Schellman) implement-  tjonal states of a ligand L, then the corresponding change in

ing the modified Lifsor-Roig modgl of helix-coil transition. Aﬂf"”f, the conformational part of the excess chemical
We a_lso thanl_< Drs. P. H. von Hippel and N. J(_)hnson for_a potential of L, can be expressed as
preprint of their paper and their comments on this manuscript
and Drs. L. Smith and M. Fitzgerald for mass spectrometric Alqunf: RTIn@Z féonflz Eonf) (A1)
measurements, C. Rohl for helpful discussion about aspects
of the helix—caoil transition and for providing the computer Here B and F denote the bound and free states of L,
program to analyze CD data, and S. Aiello for her help in respectively.
preparing the manuscript. For a given set of solution conditions, the magnitude of
Aut" is determined, in general, by differences in the
thermodynamic effects of both coulombic and noncoulombic
interactions on the conformation of L in the bound and free
states. In addition ta\u™°", various other types of contri-
butions determine the values &Gg,s obtained here by
analysis of fluorescence quenching data for the oligopeptide
DNA binding process. In general, intermolecular and
Whether bound to DNA or free in solution, the relatively intramolecular effects of both coulombic and noncoulombic
short oligopeptide chains investigated here do not have totallyinteractions contribute to the magnitudeAtBg,s which also
a-helical conformations. Under given conditions, the overall depends in an obvious way on the units chosen to express
average “fractional helicity” of each oligopeptide, expressed the concentrations of reactants and products in the stoichio-
as f, (eq 1), was evaluated from CD measurements (as metric equilibrium quotientK,,s Under the conditions of
explained in Materials and Methods). Binding to DNA interest here (typical of most in vitro studies) the only
produces an increase fpfor three of the four 17-residue  composition variable that determines the magnitud&@§y,s
oligopeptides under all of the conditions investigated in the at fixed T and P is the concentration of excess salt.
present study. These changediineflect a coupling of the If the only significant conformational change that ac-
binding process to a change in the overall conformational companies oligopeptideDNA binding can be monitored by

APPENDIX

Application of the Modified LifsonRoig Model To
Calculate the Conformational Contribution to the Change
in Excess Chemical Potential of an Oligopeptide
Accompanying Its Binding to Nag DNA
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using CD measurements to determine the changg @i equation, which has been discussed for example by Qian
the oligopeptideZ™" can be evaluated theoretically using and Schellman (1992):

the modified Lifson-Roig (MLR) model (Lifson & Roig,

1961; Qian & Schellman, 1992; Doig et al., 1994). In f. N, =2aIn zg’”-R/am W, (A2)
calculatingz)"®, the oligopeptide is modeled as a chain of '

‘residues”, each of which may be in either of only two The (effective) numerical integration of this equation was
conformational states. Specifically, a residue correspondsaccomplished via computer program (Doig et al., 1994),
to the a-carbon attached to a peptide unit in the chain sybject to the aforementioned constraints on all statistical
(defined by the MLR model to include both N—acetylated Weights other thanw;. After app|y|ng this approach to
and C-amidated termini). The conformational state of each gygjuate botfZ¥'R andZM'® for a given oligopeptide under
residue is designatech” or “c” solely on the basis of the : - MLR | :
torsional angleg andy formed by bonds attached directly -?—a%;/eeg steetreot:;:l?::(ld;ttg)g Sdnt?ﬁevk?;l;?:o?féa A1“St6d n

to the a-carbon. Then each possible conformation of the '
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