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ABSTRACT: The role of asymmetric charge neutralization as a primary determinant of protein-induced
DNA helical bending remains controversial. Electrophoretic phasing experiments have been conducted
previously for peptides derived from the yeast basic leucine zipper (bZIP) transcription factor GCN4
bound to AP-1 sites in duplex DNA. Mutations altering the electrostatic character of amino acids close
to the DNA backbone result in phase-dependent gel mobility changes, interpreted as evidence of DNA
bending. However, alternate interpretations are possible. The effect of electrostatic interactions on DNA
conformation has now been investigated further, using purified peptides having indistinguishable AP-1
DNA affinity. Two independent techniques have been employed: electrophoretic phasing and fluorescence
resonance energy transfer (FRET). The phasing results imply DNA bending by bZIP charge variants,
consistent with earlier findings. FRET studies yield the meaarsl to 3 end distance of AP-1 DNA

when free or bound to neutral or charged bZIP peptides. These distances were reduced in the charged
variant complexes relative to those in the free duplex and the wild-type complex. Bending of the DNA
helical axis is shown by molecular modeling to be the simplest interpretation of these results. The
electrophoretic phasing and FRET results thus offer two mutually supportive lines of evidence for induced
bending of the DNA helical axis due to asymmetric changes in charge density caused by the electrostatic
character of the amino acids residing near the DNA backbone.

DNA is commonly bent when bound by proteins).( DNA deformation. To what extent do favorable electrostatic
Protein-mediated DNA bending is believed to be important interactions contribute? To what extent do inherent inter-
to many cellular processes, including the formation of phosphate repulsions (stretching forces) allow DNA to resist
nucleosomes and the assembly of nucleoprotein complexesleformation? To what extent does asymmetric charge
required for transcription activatior?,(3). Although most neutralization of DNA phosphate charges induce spontaneous
short DNA segments do not assume extreme conformations,‘collapse” of the DNA toward the protein? The present study
protein binding releases sufficient free energy to drive the is part of an ongoing series of experiments motivated by
bending of DNA into compact, folded structurek 4). these questionsd).

Two classes of DNA bending proteins have been recog- Mirzabekov and Rich originally hypothesized that the
nized @). Class 1 DNA bending proteins [e.g., TATA- approach of the cationic surface of a protein near the DNA
binding protein (TBP)] contact DNA through intercalation packbone increases the screening of DNA phosphate charges
of hydrophobic amino acids between base pairs in the minor relative to the screening otherwise due to condensed cations
groove, bending the DNA helix away from the prote ( (9). This leads to an asymmetric decrease in phosphate
6). Class 2 DNA bending proteins (e.g., the histone octamer) phosphate charge repulsions on the protein-bound face of
contact DNA through electrostatic interactions between the helix relative to the face away from the protedy. (The
cationic amino acids and the DNA suggrhosphate back-  resulting unbalanced interphosphate repulsions are predicted
bone @). DNA deformation by class 2 DNA bending proteins  to cause a collapse of the DNA backbone toward the protein
often involves DNA bending toward the bound protef).( (10). Important contributions to DNA bending are also

The role of electrostatic effects in DNA bending by class undoubtedly made by both electrostatic attraction and the
2 proteins is an area of active investigati@n ONA bending entropically favored displacement of counterions.
occurs when favorable interactions achieved between the |nduced bending of DNA has been investigated for various
DNA and protein are sufficient to overcome the costs of members of the family of basic leucine zipper (bZIP)
proteins, including Fos-Jun, Jun-Jun, CREB, and GCN4.
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the presence of charged residues in these positions of other Time-resolved FRET measurements have been shown
bZIP proteins correlates strongly with apparent DNA bending previously to yield precise bend angles for various DNA
in the resulting proteirDNA complexes, as measured by promoters bound to the TATA-binding protein (TBP), with
electrophoretic phasing assays. Because GCN4 contains anean interdye distances reliably determined to a precision
neutral amino acid cluster (PAA) at this site, this model of ~0.1 A (17, 25—27). Furthermore, excellent agreement
would predict the absence of GCN4-induced DNA bending. has been demonstrated between FRET and crystallography
Consistent with this view is a GCNADNA cocrystal in determining these induced bends for two consensus
structure showing little deformation of the DNA duplex AP-1 promoters, the major late and E4 sequences from the
target site 16). This result must, however, be considered in adenovirus 25, 26). The present FRET study utilized the
view of the fact that the crystallizing agents used in such same dye pair, linker arms, and end bases as these previous
studies have been shown to dramatically alter the extent ofstudies. In addition, all analyses were conducted assuming
protein-induced DNA bending in some casé3)( a value of/; for «?, a term describing the relative orientations

If interphosphate repulsion is a fundamental determinant of the donor and acceptor dipoles for which it is notoriously
of DNA shape, then substitution of cationic or anionic amino difficult to determine a value. Of interest was whether the
acids for the neutral PAA amino acids of GCN4 might be same conditions and assumption would also lead to agree-
predicted to result in DNA bending. Electrophoretic phasing ment between FRET and phasing data in determining DNA
analyses supported this hypothesis: cationic amino acidbend angles. Two such independent techniques can, in the
substitutions resulted in an apparent DNA bend toward the most favorable case, be used together to refine the uncertain-
protein-bound face, while anionic amino acid substitutions ties of each technique.

caused DNA bending away from the protein-bound fdek ( Both the electrophoretic phasing and FRET results support
18, 19). A similar result was obtained in studies of bZP  a model of bZIP peptide-induced DNA bending. The phasing
DNA complexes involving variants of Jun and Fds3), results are consistent with those obtained previously: cationic

A number of limitations of the above experiments have amino acid substitutions resulted in an apparent DNA bend
been recognized. Gel methods (phasing analysis, circulartoward the protein-bound face, while anionic substitutions
permutation) used to study DNA bending are based on the caused apparent DNA bending away from the protein-bound
premise that bent DNA molecules migrate more slowly face. The 5dye—3' dye distances determined using FRET
through a gel matrix than unbent DNA molecules, corre- were reduced for the charged variant complexes, relative to
sponding to reduced end-to-end distance. These methods alsthose in the free duplex and neutral complex. Bending of
assume that the shape of the DNA in a protddNA the DNA helical axis is shown by molecular modeling to be
complex dominates the electrophoretic properties of the the simplest interpretation of these results. The findings of
complex @0). Recent studies of bZFPDNA complexes have  these two powerful and independent methodologies are thus
raised the possibility that the extended shape of some leucinemutually corroborating and support the hypothesis that the
zipper domains of bound bZIP proteins may contribute trajectory of DNA can respond to asymmetric changes in
substantially to the overall frictional coefficient of the local charge density.
complex detected by electrophoresidl)( Electrophoretic
studies are also limited in that one cannot from first principles EXPERIMENTAL PROCEDURES
predict the relationship between molecular shape and mobil-
ity through a gel matrix. These concerns are somewhat
diminished for the described GCN4 studies, since truncated
peptides (representing only the DNA-binding domain of the
protein) were used, an identical leucine zipper domain was
present in all peptides, and only three amino acids were
varied to create charge variant$9). Nonetheless, it is
possible that different charge variants affect gel mobility due iiqe molar extinction coefficient@).

to some property other tha_n !:)NA bending. Plasmids.Plasmid pJ013 encodes the basic and leucine
The most notable conflicting results have been those zipper regions of GCN4 [amino acids 22881 (9)]

obtained for derivatives of the bZIP heterodimer Fos-Jun. ¢, ,hcioned into pET3b30). Plasmids pJT170-2 through

Electrophoretic phasing studies indicate that some Fos—JuanT170_9 were used as standards in phasing analgaps (

derivatives induce a 1530° bend in the DNA helix 22— Plasmids pDP-AP-1-21, -23, -26, -28, and -3@)(were used

24). However, cyclization kinetics, minicircle competition generate probes for phasing analyses. Plasmids pJ170

binding assays, and crystal structures all indicate that Variousthrough pJ175 encode GCN4 variants for expression as crude

related Fos-Jun deriva;ives do not bend DNZO,(_21). _lysates 19). Plasmids pJ290, pJ291, pJ292, pJ299, pJ300,
Although some of this discrepancy may be due to inconsis- pJ307, and pJ323 encode GCN4 charge variants with
tency in the particular peptide constructs tested, electro- \_tarminal His fusions.

phoretic phasing assays have been questioned in the analysis

of DNA bending by bZIP proteins20, 21). 1 Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet
We have undertaken a unified study to further examine acetic acid; FRET, fluorescence resonance energy transfer; HEPES,

bZIP-induced DNA conformational changes using both N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid; HPLC, high-

electrophoretic phasing and fluorescence resonance energyperformance liquid chromatography; PAGE, polyacrylamide gel elec-

; ot ; rophoresis; PCR, polymerase chain reaction; TAMRA, tetramethyl-
transfer (FRET}' This work  utilizes a new famlly of rhodamine; TBE, Tris-borate-ethylenediaminetetraacetic acid buffer;

recombinant, purified bZIP charge variants derived from Tgp TATA box binding protein: TE, Tris-HGtethylenediaminetet-
GCN4. raacetic acid buffer; Tris, tris(hydroxymethyl)aminomethane.

OligonucleotidesOligonucleotides were synthesized by
standard methods on an ABI model 394 instrument. Oligo-
nucleotides were cleaved and deprotected in hot ammonia,
purified by denaturing polyacrylamide gel electrophoresis,
eluted from the gel, and desalted usings @&verse-phase
cartridges (Waters Corp.). Oligonucleotide concentrations
were determined at 260 nm, using nearest-neighbor dinucle-
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concentrations of T and P and assumes only that the binding

molecular cloning techniques were employed. PCR was usedreaction is at equilibrium. Measured valuesboivere fit to

to appendBanHlI-compatible termini onto the GCN4 bZIP
charge variant coding regions (forward primef;GICG-
AGATCTATG3TCGAT,; reverse primer, 5GACGAGAT-
CTAT,ACTGTC,G,AT,C). PCR products were digested

eq 1 with [P] andKy as fitting parameters and [Tfnown.
Curve fitting was performed with Kaleidagraph software
running on a Macintosh G3 computer.

Electrophoretic Phasing Analyse®robes for phasing

with Bglll and inserted into expression plasmid pJ273 that analysis were prepared by PCR from plasmids pDP-AP-1-
encodes an N-terminal Hidusion downstream from an 21, -23, -26, -28, and -30 as previously descrikEd).(Pairs
IPTG-inducible promoter. bZIP peptides were expressed in of curved DNA standards containing different numbers of
Escherichia coliSW1061 cells. Cultures (500 mL) harboring phased Atracts at either the center or one terminus of each
expression plasmids pJ290, pJ291, pJ292, pJ299, pJ300fragment were prepared by digestion of plasmids pJT170-2
pJ307, or pJ323 were grown at 3C to an ORy of 0.5. through pJT170-9 with eithelhd and BanHl| (31). The
IPTG was then added to a final concentration of 0.1 mM, resulting~440 bp duplex DNA fragments were purified and

and cells were incubated for an additional 3 h. Cells were radiolabeled as previously describel®), Binding studies

pelleted by centrifugation at 50dor 20 min at 4°C.
Purification of His-Tagged GCN4 Variant®\ll steps were
performed at 4°C. Pelleted cells were resuspended in 10
mL of cold lysis buffer (100 mM NaCl, 20 mM Tris-HCI,
pH 8.0, 6 M guanidine) and shaken gently for 5 min. Lysed
cell extracts were clarified by centrifugation at 12Qd0r

were performed by incubation of the indicated peptid® (
nM) with ~100 pM radiolabeled duplex DNA probes (AP-
1-21, -23, -26, -28, or -30; see above) in a final reaction
mixture of 10uL containing 10 mM HEPES, pH 8.0, 20
mM NacCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.05%
Triton X-100, and 15 nglL poly(dI-dC). Solutions were

15 min, and the supernatant was removed to a fresh tube. Aincubated on ice for 30 min. Free and protein-bound DNA

spin column (Clontech) was packed with 1.5 mL of Ni-

probes were resolved by native 8% polyacrylamide gel

NTA—agarose resin (Qiagen) and charged with 10 mL of electrophoresis (29:1 acrylamidbisacrylamide) in 0.5x

cold lysis buffer. Clarified extract was poured over the

TBE buffer for 20 h at 4°C (12 V/cm). Dried gels were

charged column three times. The column was then washedanalyzed by storage phosphor technology. Phasing calcula-

three times with 6 mL of wash buffer (100 mM NaCl, 20
mM Tris-HCI, pH 8.0 6 M guanidine, 10 mM imidazole).
Protein was eluted from the column with three 1 mL aliquots
of elution buffer (100 mM NaCl, 20 mM Tris-HCI, pH 8.0,
6 M guanidine, 100 mM imidazole) and dialyzed exhaus-
tively into a buffer containing 25 mM sodium phosphate,
pH 7.5, 1 mM DTT, and 5% glycerol. Protein purity was
confirmed via silver staining of 10% Bis-Trisacrylamide
gels (Novex). DNA-binding activity was determined by
standard gel-shift methods.

Determination of GCN4 Variant Dissociation Constants.
Duplicate experiments were performed at 20 andCt
Peptides were incubated with 50 nM radiolabeled duglex
(Figure 1) in 1QuL reactions containing either 10 mM Tris-
HCI, pH 7.4, 10 mM KCI, 1 mM EDTA, 2 mM DTT, and
15 ngilL poly(dl-dC) (20°C) or 10 mM HEPES, pH 8.0,
20 mM NacCl, 10% glycerol, 1 mM EDTA, 1 mM DTT,
0.05% Triton X-100, and 15 ngL poly(dl-dC) (4°C), with
increasing amounts of unlabeled competitor dugdl€xigure
1). Solutions were incubated either atZD or on ice for 30

tions were performed as previously describ&g) (In these
experiments, the factor used to correct for electrophoresis
conditions,k, was determined to be 1.15 0.01 33).
Determination of End-to-End Distance Distributions for
Free and Peptide-Bound DNA Using Time-Reedl Fluo-
rescence DecayDetailed discussions of the theory of
fluorescence resonance energy transfer as well as the
methodology and analyses applicable to labeled oligonucle-
otides have been published?7( 25, 34—36). A summary
with details relevant to this study follows. The nonradiative
transfer of excited-state energy from a donor fluorophore to
an acceptor chromophore through dipetpole coupling
results in a decrease in the observed fluorescence emission
from the donor dye. Since the rate of energy transfer depends
on the inverse sixth power of the distance between the donor
and acceptor chromophores, changes in that distance are very
sensitively reflected in the observed fluorescence decay.
With both fluorophores covalently attached to a DNA
oligomer by flexible tethers, the interdye distance is variable
rather than fixed. The donor decay then depends on the

min. Complexes were resolved on native 5% polyacrylamide probability distributionP(R), of all possible such distances

gels (75:1 acrylamidebisacrylamide) running in 0.5 TBE

buffer at 10 V/cm. Gels were dried and exposed to storage
phosphor screens for analysis using a Molecular Dynamics

Storm 840 phosphorimageKy values were estimated by
measuring the fractional saturatiofl) (of the radiolabeled

(37) in accord with the expression:

6
1) = 1 [TPRYS g ex;{—(rid_—k t (Rﬁ") )] R (2)

i Tp*

nucleic acid target (T) as a function of the concentration of where the subscripts da and d reference the deacceptor

added protein (P) and fitting to the equation:

1

GZTT]t[T]I_‘_Kd_{_[P]t_

JT] + K+ [P — 41PKTL| (D)

where the subscript t refers to total concentration. The use

labeled oligomer and the donor-only labeled oligomer,
respectivelyl is the initial fluorescence emission intensity
from the donor-only labeled oligo, ang; is theith donor
lifetime. Additional relationships include

g = (k + k)

k= [(1/75) (R/R)’]

3)
(4)

of eq 1 requires no assumptions with regard to the relative wherek;, k;, andk; are the rate constants for nonradiative
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decay, fluorescence decay, and energy transfer, respectivelyof the following conditions: single-labeled AP-1 duplex free
and R, is the Faster distance, for which the efficiency of and bound to His-PAA, His-EEE, and His-KKK peptides
transfer is 0.5. Since only, but notk, is dependent on the  and double-labeled AP-1 duplex free and bound to His-PAA,
local environment of the fluorophore, the value ©f is His-EEE, and His-KKK peptides (Figure 1).

uniquely associated with a specific valueRyfand remains To obtainP(R) for the free duplex, a & 3 matrix was
constant as long as the other terms in Reexpression constructed from the three composite decays for the single-
remain unchanged. A value #§ for «?, the factor describing  labeled duplex and the three composite decays for the
the relative spatial orientation of the transition dipoles of corresponding free double-labeled duplex. The resulting nine
the dyes, is appropriate for the flexible dye tethers used in combinations of donor/donefacceptor decays were indi-
this study 88; discussed further in the Results section herein). vidually analyzed using eq 2 to obtain nine value®®)sce

P(R) may thus be extracted from the time-resolved fluores- Nine independent values were thus obtainedRgy. (the
cence decays of the donor-only and doenacceptor labeled  mean 5 dye—3' dye distance) and fossee Characterizing
duplexes. the width of the distance distribution. These values were

The double-labeled duplex used in this study (duBex averaged to yield the reported valuesRyte and ofee and
Figure 1) had 5TAMRA and 3-fluorescein attached via the corresponding standard deviations. The valudgfq
6-carbon linkers to the top strand: TAMRA-6GCT- andopeungfor the AP-1 duplex bound to His-PAA, His-EEE,
GACTCA TTGG-3-fluorescein, with the AP-1 sequence in and His-KKK were obtained using an identical procedure.
bold. The dyes, linker arms, threetdrminal bases, and three  Two-tailed t-tests were used to evaluate the statistical
3'-terminal bases are identical to those used previously in significance of FRET data usirigvalues to four significant
similar FRET studies 17, 25—27, 34). Fluorescein and figures. Equivalent evaluation of the bend angles utilized the
TAMRA constitute a FRET doneracceptor pair withRy = Fisher-Behrens test (for cases of unequal population vari-
61 A, well-suited for determination of the end-to-end ances).
distances initially estimated for the AP-1 duplex. The  To evaluate the effect on dye mobility of bound peptide
corresponding single-labeled top strand lacke@ AMRA and of differential peptide charge, time-resolved fluorescein
but was otherwise identical (dupl@xFigure 1). Both labeled  anisotropy measurements were made and analyzed as
oligonucleotides and the complementary strand were syn-described Z5) for the duplex free and bound to all three
thesized by Sigma Genosys (The Woodlands, TX). The peptides. The corresponding semi-cone angles were deter-
double- and single-labeled strands were HPLC/PAGE and mined as described previous|g5).

PAGE purified, respectively. Duplexes were formed with a  DNA modeling was performed using Insight 1l (MSI)
2-fold excess of complement. The buffer consisted of 10 mM running on an sgi02 computer.

Tris-HCI, pH 7.4, 10 mM KCI, 1 mM EDTA, 2 mM DTT,

and 15 ngiL poly(dI-dC). All measurements were made at RESULTS AND DISCUSSION

20 £ 0.05°C. Protein Expression and CharacterizatioRigure 1A is

Fluorescence decays were obtained for solutions containingbased on a published crystal structure of the bZIP domains
25 nM single-labeled and 50 nM double-labeled duplexes of GCN4 bound to AP-1 DNAX6). Electrostatic interactions
with a total sample volume of 750L. The DNA—bZIP (black arrows in Figure 1A) between the DNA sugar
complexes were formed by adding 550 nM peptide to ensure phosphate backbone and the indicated amino acids have been
>98% DNA saturation according to the equilibrium constants proposed to be responsible for DNA bending by certain
determined from gel-shift assays under identical conditions. charge variantsl@). Because of the controversy surrounding
These time-resolved emission measurements were madehe interpretation of electrophoretic phasing assays of DNA
using a LaserStrobe spectrofluorometer (Photon Technologybending induced by bZIP proteins, we have sought inde-
International, Inc., Lawrenceville, NJ) as described previously pendent approaches to test hypotheses regarding the effect
(25). of local charge asymmetry on DNA conformation.

Data collection and analysis f&*(R) were as described T7-XXX peptides (Figure 1B) refer to GCN4 charge
previously @5). Briefly, detection ranged from just prior to  variants characterized previousydj. The basic and leucine
fluorescence emission t010 times the longest fluorescence zipper domains are indicated. The position of the variable
lifetime. For a given sample, three decays were collected amino acid cluster is also highlighted in Figure DBXX).
and automatically averaged to generate one representativd®CR and standard subcloning methodologies were used to
decay curve. The fluorescence decay of the fluorescein donormodify the N-terminus of the T7-XXX peptides and append
was extracted from the total emission, which includes the a hexahistidine tag to create the indicated series of His-XXX
instrument response function, using an iterative reconvolution peptides (Figure 1B). His-XXX peptides differ from T7-XXX
procedure incorporated into the nonlinear regression analysis peptides only in the character of their N-termini (highlighted
Four such representative curves were generated and defineth bold). His-XXX peptides were purified on Ri-NTA—
as one set. These normalized data were fit to both bi- andagarose columns to greater than 90% homogeneity, as judged
triexponential decay models, with the relative quality of the by silver staining of SDSpolyacrylamide gels (data not
fits rigorously assessed according to numerous criteria, shown). Specific binding of His-XXX peptides to the AP-1
including the values of?, the Durbin-Watson parameter  site was demonstrated by gel-shift reactions utilizing non-
(39, 40), and the runs test parametdd). The fouro andt specific competitor DNA duplexes (data not shown). Figure
values composing a given set were then averaged; thelC displays the DNA duplexes used in these studies. Duplex
corresponding average decay curve, termed a compositel was used in gel-shift reactions for binding affinity
curve, characterized 12 separate decays. Three such comdeterminations. Duplexe® and 3 are single- and double-
posite curves (a total of 36 curves) were obtained for eachlabeled duplexes used in FRET experiments.
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1 -0 - -_; - - [ I . B
B. 0.8f ' -
MASMTG 202 MCRDXXXLERARNTEA7 Ry SRARKLORMEQLEDKVES Ly SKNY . . . T7-XXX o6f

MRGSHERSMGRDXXXLKRARNTEA R SRARKLORMKQLEDKVES Ly SKNY . . . His-XXX :
L]

c 0 0.41

0.2t
5"~ CTCTAGAGAGATGACTCATCTCGCAMACT 1 L

GAGATCTCTCTACTGAGTAGAGCOGTTTGE -5 0 L ) , [ .
5'- GGCTGACTCATTGG-D 2 109 108 107 10-6 10-5
CCGACTGAGTAACC -5° [Unlabeled DNA 1] (M)
P A oreagmance s 3 FiGURE 2: Determination of His-XXX peptide binding affinities

for AP-1 DNA. (A) Example of a gel-shift experiment with His-
PAE binding to radiolabeled DNA duplek in the presence of
increasing concentrations of unlabeled dudekis-XXX peptides
were incubated with 50 nM radiolabeled duplexas described in
Experimental Procedures. Reactions also contained the indicated
amount of unlabeled competitor dupl&xComplexes were resolved

Ficure 1: bZIP peptides and DNA duplexes under investigation.
(A) GCN4 homodimer (peptide backbone atoms shown as white
spheres) bound to the AP-1 DNA sequence (ribbon). Locations of
amino acid substitutions are indicated by black spheres. Arrows
indicate possible electrostatic interactions that might cause DNA
bending. DNA major (M) and minor (m) grooves at the center of -, free duplexl by electrophoresis on native polyacrylamide
the AP-1 site are indicated. (B) Amino acid sequences of the o015 (g) Esti%ation )c/)f binding affinity and active Bro)t/ein ){:oncen-
recombinant GCN4 derivatives studied. T7-XXX peptides are yaiion for His-PAE.# (fraction of radiolabeled dupleg shifted
described in ref.9. His-XXX peptides differ only in the character e 'to peptide binding) is plotted vs the total concentration of
of the N-terminus. All peptides also contained the C-terminal |,pejeq and unlabeled dupléxKg values were estimated through

sequence HLENEVAELKLESGQ. Amino acids at position$XX e : : ;
were varied from PAA (wild type, charge 0) to PAE (~2), PEE curve fitting to eq 1, as described in Experimental Procedures.

(—4), EEE (6), PAK (+2), PKK (+4), and KKK (+6). Charges — — - _
refer to the expected charge of the tripeptide region of the dimeric Table 1. Binding Affinities of His-XXX Peptides for Duplek

bZIP form. (C) DNA duplexes used in these studies. Dull¢29 bZIP peptide K (NM) bZIP peptide K (M)
bp) was used in gel-shift reactions in binding specificity and

dissociation constant determinations. Dupkd4 bp) was singly His-PAA 17+5 His-PAK 10+ 4

labeled with 3-fluorescein which served as the donor species in His-PAE 12+6 His-PKK 10£3

FRET experiments. DupleX(14 bp) was doubly labeled with both His-PEE 5t2 His-KKK 6+1
3'-fluorescein and STAMRA, which served as a donor/acceptor His-EEE 1

pair in FRET experiments. aKgq values were estimated through curve fitting to eq 1, as described

in Experimental Procedures. Mean and standard deviations were
Binding Affinity DeterminationsThe determination of  obtained from at least four independent measurements.

binding affinities of bZIP charge variants for DNA had not
previously been undertaken and was essential to establisiCurve fitting yields estimates of botky and the active
conditions required for peptide saturation of target DNA. The peptide concentration in the gel-shift reactiéi.estimates
equilibrium dissociation constanK{) characterizing the  are displayed in Table 1. Results obtained from experiments
affinity of each His-XXX peptide for the AP-1 target DNA  performed at either 4C (duplex1) or 20 °C (duplexes2
sequence was determined by gel-shift reactions. Experimentsand3), under several buffer conditions, were not significantly
were performed at both4C (duplex1) and 20°C (duplexes different. Estimated dissociation constants were between 5
2 and3). Figure 2A displays a representative experiment in and 15 nM, similar to those reported for other bZIP proteins
which peptide His-PAE~+200 nM) was incubated with a (42, 43) and for full-length GCN444). Analysis of variance
constant amount (50 nM) of radiolabeled duplgxin the indicated that dissociation constants were not significantly
presence of increasing amounts (50 nM to 1:28) of different from one another. This result was somewhat
unlabeled competitor duplek. The concentration of His-  unexpected as we had anticipated that cationic charge variants
PAE was empirically determined to shift initially greater than might bind more tightly to AP-1 DNA relative to anionic
95% of the labeled dupled. As the concentration of charge variants, on the basis of attractive electrostatic forces.
unlabeled duplex is increased, less His-PAE is available Electrophoretic Phasing Assaydaving established bind-
to bind labeled dupleX, reducing the measured fractional ing affinities for purified His-XXX peptides, electrophoretic
saturation g, of labeled duplex.. A plot of 0 vs the total phasing analyses were employed to measure changes in gel
duplex 1 concentration is shown in Figure 2B. Data were mobility due to the binding of His-XXX peptides. Phasing
analyzed according to eq 1 in Experimental Procedures. probes (440 bp) contained an array of;A; tracts located
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Ficure 3: Electrophoretic phasing analysis of DNA bending by bZIP charge variants. (A) Electrophoretic mobility shift assay of His-XXX
peptides bound to phasing analysis probes. Each set of five lanes contains phasing probes from plasmids pDP-AP-1-21, -23, -26, -28, and
-30, respectively, incubated with the homodimer GCN4 charge variants His-PAA (larfes His-PAE (lanes 610), His-PEE (lanes
11-15), His-EEE (lanes 1620), His-PAK (lanes 21 25), His-PKK (lanes 26 30), and His-KKK (lanes 3135). Lanes 3640 contained

no protein. (B) Analysis of phasing data. The relative mobility of each of the five phasing probes in a given protein complex is plotted as
a function of the spacing (bp) between the center of the AP-1 site and the center of theeaht array, as described9). Mobilities of

free probes) and complexes involving His-PAAA(), His-PAE ©), His-PEE (), His-EEE (x), His-PAK (3¢), His-PKK (@), and His-

KKK (m) are shown. (C) Graphical representation of the relation between apparent DNA bend angle and tripeptide formal charge for
T7-XXX peptides ®) and His-XXX peptidesM). Positive bend angles are toward the minor groove at the center of the AP-1 site. Error
bars are smaller than the symbols used. The axial direction of DNA bending is toward the minor groove (cationic XXX) or major groove
(anionic XXX) in a reference frame-0.5 bp 3 from the center of the AP-1 site (Figure 1).

at different distances from the AP-1 sequerik®).(If peptide (Figure 3A, lanes 1620) were more pronounced. In each
binding causes DNA bending, as the helical phasing betweencomplex involving anionic His-XXX peptides, the probe
the two elements (reference A tracts vs His-XXX peptide ~ pDP-AP-1-26 was most retarded in the gel, suggesting that
bound to AP-1 site) changes, electrophoretic mobility is the direction of DNA bending is similar in these complexes.
altered. When curvature loci are aligned in cis, gel mobility A similar result had been observed in our previous studies
is minimized. The extent to which gel mobility is reduced with T7-XXX peptides and was interpreted as evidence for
in each probe is interpreted as a measure of the DNA bendbending of the AP-1 site away from the anionic amino acid
angle and direction effected by His-XXX peptide binding. cluster (9).

Representative phasing data are presented in Figure 3A. A very different profile of AP-1 probe mobilities was seen
Lanes 36-40 demonstrate the sensitivity of the assay to DNA in complexes with cationic His-XXX peptides. Whereas sets
shape. The AP-1 site possesses a small degree of intrinsi®f DNA probes yielded a pronounced “frown” in the gel
curvature f~6° (45)]. Different phasings between the refer- when bound by His-PEE and His-EEE, binding of His-PAK
ence A tracts and the unoccupied AP-1 site result in subtle (Figure 3A, lanes 2425), His-PKK (Figure 3A, lanes 26
mobility differences of the unbound probes (Figure 3A, lanes 30), and His-KKK (Figure 3A, lanes 3135) caused an
36—40). Mobility retardation is maximal for probe pDP-AP- increasingly pronounced “smile” in the gel. In these cases,
1-26 (Figure 3A, lane 38), where the loci of curvature are mobility retardation was maximal in probe pDP-AP-1-30,
most nearly in phase, suggesting the modest intrinsic suggesting that cationic His-XXX peptides bend the AP-1
curvature of the AP-1 site is toward the minor groove near site in a direction nearly opposite to that caused by the
its center (Figure 1A). Mobility retardation is minimized in ~ anionic series.
probes pDP-AP-1-21 and -30 (Figure 3A, lanes 36 and 40), The gel mobility measurements of each complex were
where the loci of curvature are out of phase. transformed as described previoush@); Relative mobility

Changes in electrophoretic mobility induced by His-XXX was plotted against the distance in base pairs between the
peptides were then measured. Lanes51display the center of the AP-1 site and the center of curvature in the
mobilities of complexes involving the binding of His-PAA  phased A tracts. The results are depicted in Figure 3B.
to the phasing probes (Figure 3A, laness). Subtle mobility Using techniques derived by Kerppola and co-worka8},(
differences are observed among complexes, consistent withthe relative differences in probe mobilities were transformed
a small degree of bending. Mobility anomaly differences are into estimates of DNA bend magnitude and direction due to
amplified as the charge of the amino acid cluster in the His- peptide binding. Estimated DNA bend angles were then
XXX peptide dimer is decreased from 0 te6. Whereas plotted against the total charge of the variable amino acid
His-PAA (Figure 3A, lanes 45) and His-PAE (Figure 3A,  cluster in the peptide dimer (Figure 3C).
lanes 6-10) complexes displayed minor differences in  The results indicate a similar apparent linear relationship
electrophoretic anomaly, mobility differences of DNA probes between the DNA bend angle and the total charge of the
bound by His-PEE (Figure 3A, lanes-115) and His-EEE  variable amino acid cluster for both T7-XXX and His-XXX



7738 Biochemistry, Vol. 41, No. 24, 2002 Hardwidge et al.

peptide_s. In both cases, DNA ben_ding d“e to peptide ‘?i”f?””g Table 2: Lifetime Distributions Characterizing the Donor
is maximal for complexes involving either highly anionic  Fluorescein Emission Decays for Duplex@and3 Unbound and
(EEE) or cationic (KKK) peptides. However, a global shift Bound to Each of the Three GCN4 Peptides

of ~10° of bending toward the major groove was observed complex o 71 (ns) 0 7 (ns)

in the Hls-X_XX pe_:pt|des, relative to T7—X>§X p_eptldes. The > 0.414 1699 0536 3540
distinct vertical displacements of curves in Figure 3C may 3 0.760 1.013 0.240 2133
reflect the overall charge context of the different peptide 2+ 2-PAA 0.379 1.657 0.621 3.673
series 46). Overall, the dramatic dependence of the elec- gigmﬁ g-};‘f fé)?g 8-522561 3?51;?
trophoretic mob|I|t|e§ of these peptydé)NA complexgs 34 2-KKK 0.794 0976 0206 5118
upon the electrostatic character of six amino acids in T7- >4 o Egg 0.291 1.828 0.709 3729
XXX and His-XXX peptide dimers confirms our previous 3+ 2-EEE 0.696 0.953 0.304 2.161

data and is most easily interpreted as evidence for DNA "z ol donor decay curves, from which probability distributions were
bending due to asymmetric changes in the charge densitydetermined, were very well fit to a biexponential decay model with
near the DNA sugarphosphate backbone. the mean value of? for all 192 curves= 0.959+ 0.009.

FRET Measurements for Free and bZIP Peptide-Bound
AP-1 DNA.The B8 dye—3 dye distances for dupleXbound angles of~12C, the? distribution extends only from 0.417
to peptides His-PAA, His-EEE, and His-KKK were deter- to 1.448 88), greatly reducing the uncertainty in the mean
mined using time-resolved fluorescence emission decay inx? value relevant to the four AP-1 cases.
conjunction with FRET. FRET is the process by which  Whereas th&? distribution limits can be determined, the
excited-state energy is transferred nonradiatively from a distribution shape is unknown. There is no evidence sug-
donor to an acceptor chromophore via dipetipole coup- gesting variation in the shapes of the AP-1 dye distributions.
ling. A concomitant decrease in the donor fluorescence Furthermore, it has been shown elsewhere that integration
emission decay is observed. Since the rate of energy transfepver various limited distribution functions, all having the
depends exquisitely upon the distance between the donor angdame average value of (%3), yieldsR values differing only
acceptor chromophores, the donor decay very sensitivelyby <0.1 A (38). The inverse sixth power dependenceRof
reflects changes in that distance. Time-resolved measure-on «? ensures this insensitivity of the value Bfto small
ments of the donor emission in FRET reflect only transfer changes inc®. The question is therefore: what average
and not static quenching, do not assume a single lifetime, value should be used? In the previously cited studies of TBP-
explicitly reflect a distribution of interdye distances, and yield induced DNA bending 35, 26), which employed FRET
very precise relative mean distancBg17, 25—27, 38). The probes nearly identical to those used herein, a valu#;of
subtle conformational differences induced in the AP-1 DNA was used fok2. Because those analyses yieldederived
by His-XXX peptides were therefore determined using FRET bend angles for the two consensus promoters that were in
fluorometry. These spectroscopic results were then consid-excellent accord with those determined crystallographically,
ered together with results from electrophoretic phasing assayshe same value of? was used in the present study. These
that have been interpreted as evidence of DNA bending (thisfacts, taken together, strongly support the assumption that
work and refl9). «? is effectively constant among the four AP-1 conditions

To establish the dye mobility and its dependence on with a mean value of/; and that therelative values ofR
peptide binding and peptide charge, time-resolved anisotropyand corresponding bend angles are highly reliable.
decays were first measured for the donor fluorescein for the Lifetime distributions were determined for duplexzand
labeled AP-1 duplex, free and peptide bound. The full apical 3 (Figure 1C) for the duplexes unbound and bound to the
angle of the cone describing the rotational motion of the His-PAA, His-KKK, and His-EEE peptides (Table 2). The
fluorescein linked to the free duplex was calculated to be corresponding mear 8ye—3' dye_distancesl?, for duplex
~120° and was the same within error for the PAA-, EEE- 3 were then determined (Table 3.for unbound duplexd
and KKK-bound duplexes. This cone angle is very similar was 56.6+ 0.1 A. Binding of wild-type His-PAA effected
to those measured previously for both Buorescein and  a statistically significant 0.2 A decrease in this distanze (
5-TAMRA for a 14mer free and bound to TBP under a < 0.01). Binding of both charged mutants, His-KKK and
variety of conditions 17, 25). This similarity is not surprising  His-EEE, resulted in respective decree_lse&inf 0.6 and
since the donor and acceptor dyes, linker arms, threade 1.0 A, respectively. These differencesRrelative to that
pairs, and three'3base pairs were identical among these obtained for DNAHis-PAA are statistically significantlyp(
studies. Similar rotational motion was therefore assumed for < 0.01). Values ofR for DNA-His-KKK and DNA-His-
the AP-1-linked TAMRA. This high level of rotational EEE are also statistically different from each othpr<
freedom would be expected to yield a broad range of relative 0.01). These statistical differences remain valid for errors
orientations of the dyes’ transition moments. The extent of up to 0.3 A for all cases excepting DNAis-PAA vs free
the latter determines the value of the effectifevalue. AP-1DNA.

Because changes in the valuexdfyield changed values Precision inR values to 0.1 A has been demonstrated
of Ry and thusR, the appropriate value for this term merits definitively in a series of recent publications, in which
further consideration. In principle, one should integrate in changes irRinduced by the TATA-binding protein in 14mer
eq 2 over a? distribution, as well as the distance distribution. duplexes bearing “TATA” sequences were determined using
In the absence of rotation of the donor and acceptor dyes,time-resolved FRET 1(7, 25—27). Such precision derives
the a priori width of thec? distribution extends from 0 to 4.  from several sources. A narrow, sharp instrument response
However, with dye rotation occurring on a time scal&0x function, high signal to noise, and averaging of replicate runs
faster than the average rate of energy transfer and with coneyield raw data curves that are highly reproducible. The
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Table 3: Mean 5Dye—3' Dye DistancesR), Distribution Widths 10° " " ' ' T
(0), and Model-Dependent DNA Bend Angles Characterizing
Duplex 3 When Free or Bound to bZIP Charge Variants

B DNA bend =
complex Re (A) o (A) angléc(deg) G
©

3 56.6+0.1  4.6£0.2 g ]
3+ His-PAA 56.4+ 0.1 4.7+ 0.2 9.4+ 4.0 Té’
3 + His-KKK 56.0+ 0.1 4.5+ 0.2 16.8+ 2.2 5
3+ His-EEE 55.6+£ 0.1 5.6+ 0.2 21.0+ 1.8 =z

aAll P(R)s were modeled as constrained shifted Gaussian distribu-
tions and corrected for the small amourt206) of free duplex as
described 25). R errors ranged from 0.03 to 0.08 A and were rounded 1072 ,
up to 0.1 A.bBend angles correspond &g as described in Figure 5. 0 2 4 6 8 10 12
Bend angle error estimates were obtained from standard error propaga-
tion theory using the errors in the valuesRite andRooung € Bending
model with a single central bend, used for describing the bZIP peptide- FIGURE 4. G(t) = Fpa(t)/Fp(t) is shown for the AP-1 duplex free
induced bend in the AP-1 bearing duplex. The bend angles reported (Smooth line) and bound to His-PAA (short dashes) and His-KKK
are those described hy. (long dashes)G(t) represents the hypothetical decay due only to

FRET; the area under the curve is the average lifetime for the
A hypothetical case where only transfer depopulates the donor excited

Time (nsec)

state. For distance distributions having the same width, such as
these three, such a plot affords a direct, graphic compariséh of
values from largest (free AP-1 duplex) to smallest (DNA&-KKK).

parameters describing each raw decay curve for a givencantly decreased the quality of the fit overall and particularly
condition are then determined by an extensive search over &or DNA-His-EEE, suggesting that the largeralue in the
broad range of values. The optimal parameters are identified|atter reflects a real increase in DNA flexibility in that
using ~10 stringent criteria. A total of 36 or 48 replicate complex. One interpretation is that electrostatic repulsion
curves are routinely collected in separate sets and indepenbetween the DNA backbone and the anionic amino acid
dently analyzed for each condition, yielding, respectively, cluster of His-EEE induces this increased duplex flexibility,
three or four “composite” curves as described in Experi- which may not be distinguishable from multiple conformers.
mental Procedures. Nine or 16 independent determinationsin contrast, the slight decrease égnupon DNA binding to

of Rare therefore obtained and averaged to yield mean valuedis-KKK suggests DNA stiffening due to electrostatic
and corresponding standard deviations. Such ensembledttraction between the DNA backbone and the cationic amino
averaging, used to determines0 R values over a period of ~ acid cluster.

several years, has yielded error estimates ranging from 0.03 The donor-acceptor lifetime decay;pa(t), reflects both

to 0.14 A with a mean of<0.1 A. These estimates have the inherent donor decalyp(t), and a distribution of lifetimes

been rounded to 0.1 A in reporting 7, 25—27). This level corresponding to the transfer process. A function that reflects
of precision is consistent with that from steady-state mea- Only the pure transfer proces3(t), has thus been generated,
surements of emission intensity: a chang&inf ~0.1 A with G(t) = Fpa(t)/Fo(t). Becauses(t) is determined only

(for R ~ Ro) corresponds to arv1% change in steady-state Py R ando, a simple comparison dRs is available for

intensity, with the latter reliably measured using appropriate distributions having the same values. A plot ofG(t) for
filtering and dual beam detection, DNAfee DNA-His-PAA, and DNAHis-KKK, all with

indistinguishableo values, therefore reveals directly the
The widths of the distance distributions (Table 3) reflect ordering of R values for these three cases (Figure 4).

both DNA flexibility and the relative dye mobilities. Because Additionally, an ~1% decrease in the area g§G(t) dt

the anisotropy decays demonstrate indistinguishable dyecorresponds to an-0.1 A decrease irR The decrease

mobility for all four cases, differences among the values of in this area between DNAe and DNAHis-PAA, 1.5%,

o reported herein must reflect primarily differences in DNA  Predicts am~0.15 A decrease iR, the calculated decrease

flexibility. These o values were also highly reproducible, :‘EIIS'Zac';&;:o(Jr?tglc? %rtht?y r?rr]r;alral.rig Ad'ffgi;feer}gicg ?mrsa 'S

I’evea"ng an Unexpected but intriguing trend. For DNA free S|m||ar|y, the difference in area between DMS_PAA

and bound to His-PAA and His-KKK, the values@fange and DNAHis-KKK predicts a further 0.5 A decrease
from 4.5 to 4.7 A and are statistically indistinguishable. These in R, compared to the calculated decrease of 0.4 A (Table
values are in the very low range of greater than 15 such 3); Such a direct comparison using the area under the

. G(t) curve is precluded for DNAdis-EEE because the
values measured for free duplexég,(25—27, unpublished Ia(rge differencg ing (~1 A) for this complex relative

data), suggesting a low level of DNA ﬂEXIblllty for the to the other cases increases the area W/o

duplex unbound and PAA and KKK bound. Notably, the  petermination of DNA Bend AngleBrotein-induced DNA
value ofo increased~20% upon binding of DNA to His-  geformation can be described by a model-dependent bend
EEE (p < 0.001). To determine the veracity of the latter, angle using the rati®RoundRree SUch angles successfully
the data were analyzed globally with the value ®f  characterize and distinguish even subtle conformational
constrained to be identical for all three bound cases. This changes. The reliability of these bend angles is most
procedure yielded only slightly different bend angle values, convincingly seen within the context of a predictable trend.
ordered as in the unconstrained fitting. However, it signifi- For example, in the previously mentioned TBRTA study,
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80 theoretically possible, however, that changes in-tyge
distances reflect changes in the helical alignment of the
fluorophores due to peptide-induced changes in DNA rise
or twist, apart from axial bending.

Molecular models of DNA duplex3 were therefore
constructed to explore the effect on predicted tghge
distances of changing the helical rise and twist parameters
] of the DNA (between the base pairs of the 7 bp AP-1 site).
We began by using straight models of dup@xvith rise

70 1

60 ]

50

DNA bend angle

40

3000 P and twist parameters of 3.2 A and°34s observed in the
’ ) ) ' ) ’ ' GCN4/DNA X-ray structure16) where no deviations from
ethylene glycol, M B-form DNA were observed in the complex with wild-type

Ficure 5: Graphical representation of the precis_ion with which  GCN4. When no DNA axial bending was allowed, we noted
model-dependent bend angles may be determined from smallihat decreases in average eyye distances on the order of

changes irR. These data are from a previous FRET stutly) ©f : : ;
protein-bound 14mer duplexes that are very similar to those usedthe observed 0.6 A would require either a decreased rise per

herein (see Experimental Procedures) and show the dependence dpase pair of-0.1 A over the AP-1 site (with no change in
the DNA bend angle on osmolyte concentration. Even such small twisting), an untwisting of~4° per base pair over the same
differences inR values yield bend angles (squares) that follow a AP-1 site (with no change in base pair rise), or some
remarkably smooth trend, as shown in this a posteriori fit of the ~gmpination of these two distortions. Such distortions in

data to a rectangular hyperbola (ine). DNA geometry in bZIP-DNA complexes have not been

the value ofR determined at five osmolyte concentrations OPserved by X-ray techniquesl, 47, 48). DNA untwisting
changed incrementally by only G-1.5 A (Table 3 in ref by ~4° per base pair would convert the helical repeat of the
17). The corresponding increases in bend angle range fromAP-1 site from 10.6 bp per turn to 12.0 bp per turn. It is
3.3 to 18.8 (Table 3 in ref17). Despite such small important tolnote that these changes Woyld be requweq in
differences, the reliability of thesR values and derived the geometries of DNA bound to both His-EEE and His-

angles is apparent in the extremely smooth progression of KKK peptides relative to the DNA geometry when bound
the DNA conformational change from 36.80 78.2, for by His-PAA. The similar decreases iR for oppositely
which all calculated and fitted bend angles are withirr0.5 charged peptide variants would seem more consistent with

(Figure 5). (For an analogous example, see Table 1 in ref DNA bending rather than unprecedented changes in DNA
27) base pair rise and twist. If such unprecedented changes were

Electrophoretic phasing assays cannot rigorously identify induced, one might expect cationic and anionic bZIP variants

an exact DNA bending locus. However, crystallographic to have different _effe_cts on the organization of base pairs
results have shown the DNA deformation in bZIBNA within the AP-1 site, inconsistent with our FRET measure-

complexes to be a single bend centered on the consensu§'eNnts: The fact that apparent DNA bend direction in all cases
sequencell, 47). Therefore, we interpret our phasing data "€mains centered Wlt.hln 0.5 bp .from.the center of the AP-1
in terms of a model in which DNA deformation compresses Sit€ also argues against twist distortions of the DNA.
either the major or minor groove at the center of the AP-1 _ We favor an interpretation wherein reductionsRmupon
site. The bend angle;, may be obtained for the correspond- Pinding of duplex3 to the His-XXX peptides reflect bending
ing bending model (Table 3) using the relationship: of the DNA helix axis due to asymmetric changes in the
charge density near the DNA backbone. Together with

— — a previous results 19), the present electrophoretic phasing
RooundRiree = COSE () results and the highly precise FRET measurements provide
independent and mutually supportive evidence of electro-
The bend angles corresponding to this model for duglex statically induced DNA bending.
bound to His-PAA, His-EEE, and His-KKK are shown in Conclusion. Purified GCN4 bZIP peptide derivatives
Table 3. All three of these bend angles differ significantly having differential charge mutations near the DNA backbone
(p < 0.01). Notably, the magnitudes of these bends are veryare shown to yield phase-dependent alterations in gel
similar to those determined from phasing analysis. Unlike mobility. In addition, opposite charges are shown to result
the latter, FRET measurements give no information regardingin opposite directions of apparent DNA bending, consistent
the direction of bending. The His-EEE-bound AP-1 duplex with previous observationd9). All of these bZIP domains
undergoes the largest conformational change, with the largesthave similar DNA affinities. That anomalous gel mobility
bend and a significant increase in flexibility. doesnot derive from differences in bZIP structural details
The observed decrease in end-to-end distances for DNAhas been reported elsewhere from studies employing bZIP
duplex 3 bound by anionic or cationic forms of His-XXX  fusion proteins 46). These results support strongly the
peptides relative to the neutral form is consistent with DNA electrostatic model for DNA bending described herein.
bending near the center of the AP-1 site. Because of the These same GCN4 peptides are shown by FRET to induce
helical nature of DNA, we also considered the possibility a decreased end-to-end distance in AP-1 bearing duplexes,
that similar changes in end-to-end distance could arise fromconsistent with DNA bending. The bends induced by the
other changes in DNA geometry, rather than bending of the cationic or anionic variants are 79% and 123% larger,
helix axis. Significant DNA twisting or untwisting has not respectively, than those from the neutral peptide. The
been reported in crystal structures of bZIP proteins nor have magnitudes of these charge variant-induced bends are in very
changes in base pair spacing been observed. It remaingood accord with those determined from phasing analysis.
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Similar reductions in dyedye distances without axial

bending could be achieved only by significant changes in
DNA twist and/or rise parameters within the AP-1 site for
bZIP peptide charge variants. Such DNA distortions have

not been observed in crystal structures of bZINA 19.

complexes, even in the case of Jun and Fos, where a similar
pattern of cationic amino acids occurs naturally. Taken
together, these complementary results thus support a model
in which DNA bending can be induced by the binding of

appropriately charged peptides at low ionic strength. 21.
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