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ABSTRACT:. We are testing the idea that placement of fixed charges near one face of the DNA double
helix can induce DNA bending by a purely electrostatic mechanism. If stretching forces between DNA
phosphates are significant, fixed charges should induce DNA bending by asymmetrically modulating these
forces. We have previously tested this hypothesis by adding charged residues to small bZIP DNA binding
peptides and monitoring DNA bending using electrophoretic phasing assays. Our results were consistent
with an electrostatic model of DNA bending in predicted directions. We now confirm these observations
with fluorescence resonance energy transfer (FRET). Using a “U”-shaped DNA probe, we report that
DNA bending by charged bZIP peptides is readily detected by FRET. We further show that charged bZIP
peptides cause DNA bending rather than DNA twisting.

DNA bending plays a central role in many biological tive predictions about high local concentrations of cations
processes such as nucleosome compaction, transcriptiorattracted to a densely charged polyelectrolyte such as DNA
activation, and recombinatiod-{3). The bending persistence (17, 18). The resulting counterion cloud partially reduces
length @) of naked double-stranded DNA 4150 bp under interphosphate repulsions through charge neutralization. Such
physiological conditions. DNA molecules much longer than radially uniform charge neutralization is predicted to increase
p will spontaneously collapse to an average end-to-end DNA flexibility, an effect that has been observed when DNA
distance that is related to the DNA contour length by stiffness is measured by optical tweezers in the presence of
~(pL)¥2 (4). For example, a DNA molecule of 8 10° bp counterions of higher valencé9). Free cations are believed
(~1 m) will adopt conformations with an average end-to- to loosely interact with the surface of DNA, though there is
end distance of~400 um in physiological buffer [a evidence for sequence-specific accumulation of cations
spontaneous compaction of 2500-folg)]. In contrast, influencing the geometry of the DNA grooveXX-25). More
segments of DNA on the length scalepadre relatively rigid, dramatically, sequence-specific DNA binding proteins can
with an average spontaneous axial deflection of only one position charges near one face of the DNA helix forming
radian. The local rigidity of DNA must be overcome for long-lived electrostatic interactions. Such laterally asym-
biological function. Structural studies of DNA bending metric charge distributions should generate bending forces

proteins such as CAF/(8), the histone octamed(9), and by local reduction (cations) or enhancement (anions) of
HMG proteins (0, 11) have suggested an important role interphosphate repulsiond3, 26—28). According to this
for electrostatics in protein-mediated DNA bendidg)( We model, the asymmetric reduction or enhancement of elec-

have been measuring DNA bending after creating laterally trostatic repulsive forces on one DNA face causes DNA
asymmetric charge distributions along DNE3(-16) in order bending by unbalancing the repulsive forces on the two sides
to determine the extent to which electrostatic forces can of the double helix.

modify the shape of DNA. Transcription factor Gendp ddaccharomyces cerisiae

Our previous experimental results are consistent with the regulates amino acid biosynthesis during the GCN response
premise that phosphate repulsions along the backbone of theo nutrient starvation29, 30). Gen4p binds as a homodimer
double helix contribute to the observed rigidity of DNA. to both AP1 (5ATGACTCAT) and CRE (5ATGACGT-
Manning’s counterion condensation model makes quantita- CAT) sequences3{) through the carboxy-terminal basic
leucine zipper (bZIP) domain (60 amino acids) of the protein.
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Ficure 1: Experimental design. (A) Gendp bZIP homodimer bound

to the CRE DNA sequencd). The leucine zipper (red) and basic
(blue) domains are indicated. Charge variants (XXX) of bZIP

WO OCOE LKRARNTEAARRSRARKLORMKOLEDKVEELLSKNYHLENEVARLKKLVGER
ADK XXX LKRARNTEAARRSRARKLORMKGLEDKVEELLSKNYHLENEVARLKKLYGERGEGE
ROXX X LKRARNTEAARRSRARKLORMKOLEDKVEELLSKNYHLENEVAEALKKLESGO
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MATERIALS AND METHODS

Plasmids Gecndp expression plasmid pJ951, derived from
pET3a (Novagen), encodes the 57 amino acid bddRr
domain of Gcn4p and was generously provided by T.
Ellenberger $3). Plasmid pJ013, a derivative of a pET3b
(Novagen), encodes 67 amino acids of the 3R peptide
Gcendp and was generously provided by B:IMuHill (31).

A Gendp variant containing a disulfide cross-link, bZIRk ,

was prepared by chemical oxidation of a peptide encoded
by a plasmid generated through site-directed mutagenesis of
pJ951. Charge variants of all three peptide scaffolds (bZIP-
sHorT, BZIPxunk, bZIPong) Were then generated by site-
directed mutagenesis of the wild-type sequence PAA (XXX,
Figure 1A,B) to create anionic (EEE) and cationic (KKK)
forms. Three charge variants were generated for each of three
peptide scaffolds to create nine expression plasmids. CRE-
containing derivatives of plasmids pDP-AP-21,—23, —25,
—26,—28,—30 (43) were created by mutagenic insertion of

peptides were created near the N-terminus (gold) by mutation of a single GC base pair into the AP1 sequenceAT GACT-

the wild-type sequence (PAA, neutral) to either anionic (EEE) or
cationic (KKK) forms. (B) bZIP-XXX peptide scaffolds studied.

The indicated cysteine residue (dot) allowed oxidation to a cross-

linked covalent homodimer form. Color coding is as in panel A.
(C) DNA duplexesl and?2 contained either a CRE site (shown) or
an AP1 site (5SATGACTCAT).

significantly bend the CRE sitet{—44). The intent of the

CAT) to create the CRE sequenceé-fsT GACGTCAT) for
DNA duplexes used in electrophoretic phasing analysis.
OligonucleotidesHPLC-purified, dye-conjugated oligo-
nucleotides used for the generation of U-shaped FRET
duplexes (Figure 1C) were purchased from Integrated DNA
Technologies, Inc. FAM and TAMRA dyes were linked to
each oligonucleotide via d“phosphodiester bond, hexam-

present study is not to resolve this prior controversy. Rather, ethylene linker, and amide bond at the dye. Unmodified
the focus here is to use a homodimeric yeast bZIP domain gjigonucleotides were purified by denaturing polyacrylamide
as a scaffold to position charged residues near DNA for ge| electrophoresis followed by reverse-phase column puri-

testing electrostatic effects in DNA bending [Figure 114,(
15)].

fication and desalting (Sep-Pak; Waters Corp.).
Protein Expression and Purificatio&cn4p bZIP variants

Electrophoretic phasing assays are sensitive to DNA were expressed from BL21(DE3) cells carrying the auxiliary

bending because mobility in native gels is exquisitely
dependent upon DNA shapdé5 46). We have previously

pLysS plasmid in LB media53). After induction and
harvesting, cells were lysed using a combination of sonication

used electrophoretic phasing assays to test DNA bending byand pneumatic sheering with an Avestin Emulsiflex-C5

charge variants of bZIP or basic hetiloop—helix (bHLH)
domains {3, 15, 47). Bending interpretations in electro-

disruptor (140 psi, £C). Crude cell lysates were clarified
by centrifugation (2000§) 45 min, 4°C) followed by heating

phoretic phasing assays involving native and charge-modified at 70°C for 15 min to denature and precipitate contaminating
bZIP peptides are subject to the assumption that no phaseproteins. Clarified lysates were treated with -8B5% (w/

dependent mobility changes arise from the shape, flexibility,

and/or gel-matrix interactions of the elongated peptRie (
36, 39, 40). We previously controlled for such possibili-

V) polyethylenimine (Sigma) for 30 min at°€ while slowly
stirring to precipitate sheared bacterial DNA fragments. The
resulting lysate was concentrated using a 5000 molecular

ties by showing that charge-induced DNA bending persisted weight cutoff centrifugal concentrator (VivaSpin 20; Viva-

after appending globular domains to bZIP peptid&y &nd

Science) before final purification by,greverse-phase HPLC

with the less elongated bHLH domain as a charge scaffold [C,4 preparative reverse-phase column (26(1.2 mm),

(47).

To independently confirm the role of electrostatics in DNA

Beckman 127P System Gold; buffer I, 0.1% trifluoroacetic
acid (TFA); buffer 1l, 80% CHCN, 0.1% TFA, gradient of

bending by charged peptides, we now apply fluorescence10%-70% buffer 1l over 50 min]. Peptide purity was
resonance energy transfer (FRET), a useful spectroscopicassessed by ESI GC-MS to b®5%. Purified peptides were
approach to measure macromolecular distances from 10 tolyophilized for long-term storage. To examine the effects of

100 A (49, 50). We previously applied FRET analysis to
bZIP charge variants bound to linear DNA, showing results
consistent with DNA bendingl@). We now present studies
using a more sensitive “U”-shaped DNA duplex that allows
estimation of both the magnitude and direction of small DNA
bends that are difficult to observe in linear DNB1( 52).

We demonstrate DNA bending in opposite directions by

solution conditions, three buffer systems were used in the
subsequent assays (buffer A, 10 mM K/HRPPH 6.2, 100
mM KCI; buffer B, 10 mM Na/HPQ@, pH 7.4, 137 mM NacCl,
2.7 mM KClI, 5% glycerol, 0.025% NP-40; buffer C, 50 mM
Tris—H3BOs, pH 8.3, 1 mM EDTA).

Circular Dichroism SpectroscopyCD spectra were re-
corded using a Jasco 810 spectropolarimeter. Far-Uv CD

cationic and anionic bZIP charge variants. These resultsspectra were obtained in the continuous mode, collecting

compare favorably with DNA bending estimates obtained

measurements every 1 nm with an averaging tim® e at

by electrophoretic phasing experiments, suggesting a sig-295 K between 260 and 200 nm. Protein samples were 10
nificant role for electrostatics in DNA rigidity and bending. «M in 0.2 cm path length cells. Spectra were acquired in
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Ajstract  As bulge CRE As bulge A, tract
near | ATCGCCCAGGCARAACGGCG

EATGACGTCAT CTATCGRAAAR GGCGGTAGCCGTT‘I‘TGCG
GGGTCCGTTTTGCCGC - -—CGHENae XL P GATAGG- - —--CCGCCATCGGCARAACGCGCTA] fragment 5
TGACGTCAT Sy-Yeele
TACTGCAGTA Se:Uy:\elels
o TGACGTCAT S L-YYeE
TACTGCAGTA S Ny:\ele
o TGACGTCAT J&J.VNeE
TACTGCAGTA S NVes
TGACGTCAT JUNTeE
TACTGCAGTA gejiy:\els
2 TGACGTCAT elslifele
TACTGCAGTA e Xels
-3 TGACGTCAT elelele]
TACTGCAGTA gelels
Ficure 2: Rotamer design. Rotamer derivatives2ofenerated by the addition or deletion of a single bp flanking the CRE binding site.

The sequence alterations of the rotamer derivatived 2, —1, 0, +1, +2) are shown. ZeroQ) refers to the unlabeled form of FRET
probe2. ~100 bp linear DNA fragments were then ligated to the arms of the rotamers for gel electrophoresis studies.

57700 bp linear | ATCGCCCAGGCAAAACGGCGAARAR

00 bp
3 fragment

+2
1

Rotamer

buffer B with either 10uM bZIP peptide or a complex of
bZIP-1 at a final molar ratio of 1:1.1. All baseline buffer
and nucleic acid contributions to ellipticity were subtracted
after spectral collectior-Helical estimates of bZIP peptides

electrophoresis (29:1 acrylamide:bisacrylamide) ikOTBE
buffer for 2000 V*h at 22 °C. Electrophoretic phasing
analysis and calculations were performed as previously
described %6).

from CD data are based upon previously published equations Rotamer Generation and Analys&ingle bp additions and
(54). deletions adjacent to the CRE sequence were made to
Binding Affinity Measurement€RE duplext (Figure 1C) generate six rotamer derivatives 2{+2, +1, 0, —1, —2,

was radiolabeled usingaf®?P]JdNTPs and the Klenow  —3), where rotame® has the same twist geometry as FRET
fragment ofEscherichia coliDNA polymerase I. Nonfluo- probe 2. After annealing,~100 bp linear DNA fragments
rescent U-shaped dupleX (Figure 1C) was radiolabeled with compatible cohesive end$8) were incubated with
using [y-3?P]JATP and polynucleotide kinase (New England rotamers in the presence of T4 DNA ligase (4 units/20
Biolabs). Radiolabeled duplexes were purified from unin- ligation reaction; New England Biolabs) to extend the
corporated nucleotides by size-exclusion chromatographyrotamers in order to enhance shape detection by electro-
using spin columns (Chromaspin TE-10; Clontech). bZIP phoresis (Figure 2). Extended rotomers were radiolabeled

sample concentrations were determined as descrifauiid
then diluted into buffer B. Binding reactions were performed
with peptide dilutions (10 pM1 uM) incubated with
radiolabeled DNA duplexesl( 50 pM; 2, 50 nM) in final
reaction volumes of 2AL containing buffer B supplemented
with 100 ug/mL bovine serum albumin (BSA). Binding

using [-*?P]JdNTPs and the large fragment &. coli
polymerase | (New England Biolabs). Radiolabeled duplexes
were purified from unincorporated nucleotides by size-
exclusion chromatography using spin columns (Chromaspin
TE-10; Clontech). Radiolabeled extended rotamers were
incubated with bZIPong charge variants in 2L reactions

reactions were incubated on ice for 30 min before separationcontaining binding buffer B supplemented with 10¢§/mL
by native 8% polyacrylamide gel electrophoresis (29:1 bovine serum albumin (BSA). Free and bZIP bound rotamer

acrylamide:bisacrylamide) in 0:5TBE buffer for 750 h

probes were resolved using native 4.5% polyacrylamide gel

at 22 °C. Dried gels were analyzed by storage phosphor electrophoresis (29:1 acrylamide:bisacrylamide) ikOTBE

technology using a STORM 840 scanner (Amersham)
Equilibrium dissociation constank{) values of bZIP pep-
tides (P) for the DNA duplex (D) were estimated by
measuring the fractional occupandy) ©f the radiolabeled

duplex as a function of the bZIP concentration according to

0 = {([Dliotas + Ky t [Plioad —

(Dl + K + [Pliowa)® — 4([Dl;oralPlioa)} 2[D]ioce
(1)

Data were fit using nonlinear least-squares analysiKfor
estimates using Kaleidagraph software.
Electrophoretic Phasing Assays of DNA Bindirigve

. buffer for 1200 \¥h at 22°C. Normalized mobilities of each

set of rotamer probes were plotted against bp spacing and
fit to a cosine function:
U =2acospx—c) +d (2)

wherea is amplitude b is frequencygc is phase shift, and
is vertical offset of the cosine function. Fits showed similar
minima of the cosine functions identifying the intrinsic twist
in FRET probe2 (rotamerQ).

Modeling of the U-Shaped FRET Profd&e nonplanarity
of 2 required a model to account for both the inherent twist
(¢) and induced bendsj of the CRE/AP1 site. Twist and
bend at the base of the U are represented by two transforma-

DNA duplexes for phasing analyses were generated andtions in this model (Figure 3A). Holding half of the model
radiolabeled by polymerase chain reaction (PCR) from CRE fixed, the change in the end-to-end distance between the

derivatives of pDP-AP-1-XX plasmid€8). DNA duplexes
were incubated on ice for 30 min with sufficient peptide for
~50% mobility shift in buffer B or C and 108g/mL BSA

donor and acceptor due to both twisting and bending is
estimated as follows. The donor (green) and acceptor (red)
occupy pointg (Xy,2) andp; (X,y',Z), respectively. Point

before separation using native 8% polyacrylamide gel p, can be moved to poirgs while holdingp; stationary, and
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Ficure 3: Geometric model of U-shaped FRET pradbéA) Transformations of include twisting about thg-axis resulting in nonplanarity
shown by the anglé (first transformation) and bending in the center of the CRE site (about#xés) bX the anglé (second transformation).
(B) Planar model based d¢hand previous experimental dat2]. Distanced is estimated to be 37 A from electrophoretic data (Figure 7),
suggesting that the measured donacceptor distance of 80 A includes a°3®ist in the U-shaped probe. (C) Relative insensitivity of the
end-to-end distanceRfa) and derived bend angl@g) on twist parameterd( for values near the actual twist estimate of.3Calculated
values are depicted as filled circles with linear fits.

this movement of, to (X",y"',Z") vis-avis a twist and bend  Applying both rotations, leaving the angles as variables, the

of the CRE site can be defined by matf#x(57, 58): relationship between the anglgs ) and Ry, is obtained:
_COos¢ 0  sing 12sin? ¢ + (d — d cosf — | sin 3 cos¢)? +
R=|—sinf cos¢ cosp sinp cos¢ 3) Ria= ] 5
L—cosp sing —sin cosp cose | (I +dsinj — I cosf cosg) )
where¢ represents the twist angle afidepresents the bend Using reasonable estimates for lengths of DNA arms,

at the center of the CRE/AP1 site. This rotation of a portion double helix geometry’ and known angles for both thﬁ A
of arigid body at a point using the rotational matdefines  pulges and Atracts, distances andl are approximately 34
the movement of the FRET probe by bend and twist motions and 58 A, respectively (Figure 3B). The resulting model
such that the new position of any point of the rigid body relatesRy, to the bend angle at the center of the CRE/AP-1
can be found through application of the rotation matrix as sequence. The twis$, has been well-established for FRET
follows: choosing location coordinatesd(), the twist angle probe2 and shown not to change with peptide binding. In
(¢), and the bend anglg), the matrix is multiplied by vector  fact, the general relationship betweRq and6 is relatively
Ps (Ps = Rp) to obtain insensitive to small changes i (Figure 3C).
| FRET Measurement$:luorescence measurements were
collected on a SPEX FluoroMax-3 spectrofluorometer
Ps= ‘ d ' (4) equipped for steady-state conditions using a thermostated cell
L0 holder connected to a software-controlled water bath. FRET
experiments were performed on the basis of previously
described methods using a specially designed U-shaped
duplex labeled at 'sends with FAM and TAMRA dyes
suitable for bZIP bindingg1, 52). The FRET efficiency[)
was determined from the sensitization of the TAMRA
5 5 5 acceptor fluorescence that normalizes the FRET signal for
Ria= \/(Xl —X) YY) T (@ —z) (5 the acceptor quantum vyield, for the concentration of the

wherel is the length of the “arm” of the U-shaped probe
andd is the distance from the center of the CRE site to the
end of the base. Calculation of the distance between the two
pointsp; andp, (Rys) requires the distance formula:
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Ficure 4: CD analysis of bZIP charge variants. Mean residual ellipti¢ty\(alues for free bZIP charge variants (thin lines) and corresponding
complexes with DNA duplex (thick lines) were collected in buffer B (pH 7.4) as described in Materials and Methods.

duplex DNA, for bZIP-mediated donor-only or acceptor-only

: : Table 1: Peptide Folding Estimates from CD at pH 7.4
guenching, and for less than optimal donacceptor label- able ephide Tolding Estimates rom -2 & P

ing. The fluorescence intensities of the emission spdeira MRE® helicity (%)
(491), excited at 491 nm, where both donor (FAM) and charge variaitt bZIP scaffold  free  complex free complex
acceptor (TAMRA) absorb energy, were fitted to the PAA SHORT —20300 —29000 59 89
weighted sum of the two spectral components: the corrected fé_)l'{l\l(l;( —5%88 —22888 gsla ;g
rum of th nor (£ FAM) exci 491 nm - -
[SIE)?ZtQT)] f:\)n(;[l fhgoc;re(g?egdg?lioresc)eﬁcg tsd attr Sr)n f th EEE SHORT — —22100 —29500 65 90
d : pectrum of the XLINK —22500 —25500 67 77
acceptor excited at 560 nrir{560)]. The spectral relation- LONG —17500 —23500 50 70
ships between these groups is expressed by KKK SHORT —14000 —21400 39 63
XLINK —11000 —15000 29 42
F(491)= AF,(491)+ FEF(560) @ LONG —12500 —22500 34 67

. L 2 See Figure 1° Mean residual ellipticity of bZIP peptides free and
whereA and FE are the fitted weighting factors of the two  complexed with CREL in buffer B. ¢ Calculated as describe84).

spectral components (FAM, TAMRA) determined from least-
squares fitting of eq 4 using SigmaPlot over the range of
500-700 nm. The FRET effect (FE) is the TAMRA
fluorescence component of the spectrum (excited at 490 nm)
normalized to the fluorescence spectrum excited at 560 nm,
F4(560). This effect is linearly dependent upon the efficiency
of energy transfert:

domain to generate neutral (PAA), anionic (EEE), and
cationic (KKK) charge variants (Figure 1A). Three versions
of the bZIP domain (bZIRorT, bZIPxiink , BZIPLonG) Were
studied to determine which peptide scaffold provided the
most stable nucleoprotein complex for analysis (Figure 1B).
CRE-containing duples (Figure 1C) was used for studies

€4(491)  €,(491) of peptide folding and binding affinities. U-shaped CRE-
E=E (560) | <(560) (8) containing duplex containing terminal donor (5=AM) and
a a acceptor (5TAMRA) fluorophores (Figure 1C) was used

The ratioseq(491)k4(560) andes(491)k,(560) were experi- in FRET experiments_. cher experiments inv_olved similar
mentally determined in all three buffer systems (A, 0.353, DNA co.nstructs c_:entammg AP1 sites. To examine the effects
0.112; B, 0.718, 0.122; C, 0.802, 0.127). Fluorescence of solution conditions, three byffer systems (A, pH 6.2; B',

measurements were collected in buffers@to confirmthat ~ PH 7.4; C, pH 8.3) were used in these analyses. Buffer A is
results were not strongly dependent on conditions. The & conventional FRET assay buffer with a relatively low pH

asymptotic FRET effect values that characterize the extent(6-2) promoting favorable acceptor quantum yield. Buffer
of deformation of the DNA upon 100% protein binding were B iS compared as a more physiologically relevant buffer
determined from FRET-titration isotherms using previously Matching binding conditions used prior to electrophoretic
described fitting procedure4@, 11). The FRET efficiency, assays. Buffer C is the low ionic str.ength running buffer used
E, varies with the sixth power of the distance between the in native gel electrophoretic phasing assays.

donor and acceptor, normalized to therster distanceR,) Folding of Free and DNA-Bound bZIP Charge Variants.
that yields 50% energy transfer efficiency: To determine which bZIP scaffold was most stable for studies
of charge variants, we characterized peptide folding using
E=RIR,— Ry) 9) circular dichroism (CD) spectroscopy. Crystal structures of

) bZIP-AP1 and CRE complexed{, 53) demonstrate that the
Upon rearrangement, the distance between the donor andyzp gomain adopts a continuoashelical structure when
acceptor Rag) can be determined using aiseer radius of  15,nd to DNA while the basic domain is disordered in free
R, = 50 A. The experimentally determind®, value canbe  7;p peptides §9). As such, CD is an ideal modality to

used to generate bend angle estimates using a simplénqnitor the transition of the basic region from random coil

geometric model approximating the shape and intrinsic twist 4 5 stablax-helix upon DNA binding. Far-UV CD spectra

of 2 (Figure 3). of free bZIP charge variants (16M) are shown in Figure

4. On the basis of mean residual ellipticity valu€3,£,),

the helical content of each of the nine unbound bZIP charge
Experimental DesignThe bZIP domain of Gendp was  variants was determined (Table 1). The results show a strong

modified by replacement of three residues distal to the basiceffect of charge on the folding stabilities of the free peptides.

RESULTS
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A e ———EREE Table 2: DNA Binding Affinities of bZIRone Charge Variants at
pM nM uM pH 7.4
[Peptide] 0 10 30 100 300 1 3 10 30 100 300 1
Bound -p=| dhm Kd (nM)b
DNA? PAA EEE KKK method
1 6.3+ 1.5 27+ 4.1 13.4+ 3.3 PAGE
2 28.8+ 7.7 349+ 5.4 44,1+ 10.0 PAGE
2 21.7+4.9 26.4+ 1.8 35.7+£21.1 FRET

a CRE-containing DNA duplexes (Figure 1¢)Mean + standard
deviation based on at least three independent measurements by
electrophoretic gel mobility shift (Figure 5) for bZlRc charge variants

Free o) bt S — - in buffer B or fitting to FRET data as previously describdd,(11).
B M nM ul bZIP: - PAA EEE KKK
[Peptide] © 100 300 1 3 10 30 100 300 1 Probe: abcde abcde abcde abcde
A - v
Bound »| el bound ﬂ.'.h .'. -
™ Ld
free » ‘HUHU *y
1.06 _B"‘“§ —o—CRE —o—EEE
1.04 f —O0—PAA —0— KKK
Free -5 s St it et St St Sl 0 i =~
1.02 7‘% /
C 1 T I= g
o= DAA : S OF \ ]
0.8 E]EQE{: 2 B~
. —o— PAA: 0.96 ‘—Hv} % \H"_’—
——EEE: - %_/ ]
——— KKK : o'm-...xx..lx..Ax.l.x.l.‘.-
06 [ 0 2 4 6 8
0 spacing (bp)
FiGure 6: Electrophoretic phasing assay of DNA bending by
04 - bZIP_onG charge variants. (A) Radiolabeled phasing duplexes
were incubated with bZIRng peptides in buffer B (pH 7.4) and
electrophoresed through 8% native polyacrylamide gel. (B) Analysis
02 L of electrophoretic phasing data for phasing duplexeswhen free
) % and bound to PAA, EEE, and KKK peptides. Relative mobilities
4 of each of the five phasing duplexes in a given condition were
[‘;1} § . . plotted as a function of the spacing between the center of curvature
q":'-“ 107° 107 10° 107 10° in the proximal A tract and the center of the CRE binding site.

[bZIP] M Normalized migration rates for each complex were fit to a phasing
function to estimate the DNA bend magnitude and direction as

FIGURE 5: bZIP_ ong peptide binding affinities for CRE DNA. (A) described in Materials and Methods.

Radiolabeled CRE duplek(50 pM) and increasing concentrations . o o .

of bZIP_one EEE peptide resolved on 12% native polyacrylamide macrodipole §0). This interpretation is particularly supported

gel in buffer B. (B) Radiolabeled U-shaped CRE du@g%0 nM) by results obtained for the three bZ8Rs peptides (Figure

and increasing concentrations of bZiRe EEE peptide resolved 4, Table 1), as the charged residues in this scaffold are
on 8% native polyacrylamide gel in buffer B. (C) Estimation of ,jtiqned further from the amino terminus and are predicted

bZIP ong binding affinities for CRE duplexe4 (circles) and2 - . . . . .
(squares). Fractional DNA occupanc§) (is plotted against the O interact less with the helical macrodipole. While minor

concentration of bZIRne peptide. Curve fitting is described in  stability differences are observed for free bk peptides,
Materials and Methods. all charge variants acquire similat-helical content upon
binding to DNA. bZIRonG charge variants were selected for
Relative to the neutral charge variants (PAA), the cationic study in subsequent experiments.
charge variants (KKK) destabilized folding, whereas the  DNA Binding Affinities of bZIRne Charge Variants.
anionic variants (EEE) stabilized folding for all three bZIP  DNA binding affinities of bZIRone charge variants were
scaffold constructs (Figure 1B, Table 1). Addition of cognate obtained by electrophoretic gel mobility shift assays using
CRE duplexl to the bZIP charge variant peptides increased CRE duplexed and2 (Figure 5). These studies determined
o-helical content in all cases (Figure 4, Table 1). As observed the extent to which charge modifications affected binding
for free peptides, bound cationic variants (KKK) gained less affinities. Compared to bZi,ort and bZIBnk scaffolds
o-helical structure and anionic variants (EEE) gained more (data not shown), the bZIByc scaffold displayed the least
o-helical structure relative to the neutral (PAA) peptides. variation in binding affinity between neutral, anionic, and
These data show that electrostatic effects can substantiallycationic variants (Table 2). In the case of CRE duplex
alter the folding stabilities of small peptides in the absence the data in Table 2 show that the anionic charge variant has
and presence of DNA. Placement of charged residues neathe highest affinity for the CRE DNA, followed by the
the amino terminus of the bZIP peptides presumably influ- neutral form and the cationic form. Unlike the other scaffolds
ences stability by electrostatic interaction with the helical that demonstrate significant charge-related differences in the
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Table 3: Electrophoretic Estimates of CRE Bending by bZIP
Charge Variants

CRE PAACRE EEECRE KKK-CRE
bend angle (deg) 5.2+ 0.3 57+06 20.3+1.1 12.1+1.6
directior? major major major minor

2DNA bend angles were estimated as described in Materials and
Methods. Mean and standard deviations reflect three independent

measurement$.Bend direction refers to the DNA face that becomes
concave, in a reference frame at the center of the CRE sequence.

PAA EEE KKK
+2+1 0-1-2-3 +2+1 o -1-2-3 +2+1 0-1-2-3 +2+1 0-1-2-3
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FIGURE 7: Estimation of twist in DNA prob@. (A) Electrophoresis

of free rotamers of prob2. (B) Electrophoresis of rotamers bound
to bZIR one charge variants. (C) Quantitation of the normalized
migration of free and bZIP-bound rotamers. Data fits used to
determine the minima of the cosine fitting functions are shown.
The minimum of the function corresponds to planar rotamiér
(Figure 2). (D) Interpretation of results from electrophoretic data
showing the estimated twist of each rotamer species.

peptide folding when bound to DNA (Figure 4, Table 1),

similar binding affinities are observed for bZHRc peptides,
in agreement with the CD results. The binding of b
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Ficure 8: FRET effect (FE) analysis for U-shaped DNAupon
binding by bZIRong charge variants. (A) Example of fluorescence
spectra for 50 nM DNA2 with the indicated concentrations of
bZIP_ong PAA in buffer B (pH 7.4). (B) FE analysis for bZ|Bne
charge variants (filled circles) binding to U-shaped DR buffer

B. Fits to asymptotes as described in Materials and Methods were
used to estimate DNA bend angles for different bZIP charge
variants. Fractional saturation data (open circles) in buffer B are
plotted for comparison (Figure 5).

As tracts and the deformed protein binding site. When the
CRE deformation is incis with the phased Atract, gel
mobility is least, whereas &ans relationship between the
two deflections permits greatest mobility. bZHRs charge
variants were incubated with phasing probes in order to
observe how charge affected apparent DNA bending (Figure
6). Results (Table 3) are consistent with our previous work
(13—15). Anionic charge substitutions bend DNA byl5°
toward the major groove, and cationic charge substitutions
bend DNA by ~15° toward the minor groove. Charge
variants of bZIRyorrand bZIR nk scaffolds yielded similar
results, suggesting that folding stabilities of bound bZIP
peptides do not affect bending in electrophoretic gels (data

charge variants to a radiolabeled version of U-shaped duplexnot shown). Similar effects were also observed in bHLH

2 was somewhat weaker than for duptexPeptide affinities

scaffolds, as the observed folding stabilities of the shorter

from electrophoretic binding assays were in general agree-scaffolds did not adversely affect DNA bendingjr).

ment with those obtained by fitting FRET data to the

Characterization of U-Shaped DN2 Before applying

appropriate binding isotherm (Table 2). These measurementgshe FAM/TAMRA conjugated form of U-shaped DN2in

established conditions for DNA bending assays.
DNA Bending by bZIP Charge Variants: Electrophoretic
Phasing AnalysisWe used a well-established electrophoretic

FRET assays, we investigated the shape of this molecule
using electrophoretic assays. It was important to determine
the intrinsic twist (nonplanarity) of the U-shaped probe in

DNA phasing assay that permits quantitative estimation of order to properly interpret FRET changes induced by peptide

both the magnitude and direction of DNA bendidg,(45).

binding. We generated six rotamer variants of FRET probe

Phasing constructs contained a central CRE binding site 2 by addition or deletion of single bp flanking the CRE site

variably spaced from an array of three phasedrActs that

(Figures 2 and 7). Rotamers in this series differ in the degree

serve as a curved reference. The varied spacer distancef twist in the base of the U. To analyze the shape of these
produces unique helical phasings (twist) between the phasednolecules by gel electrophoresis, we ligatetio0 bp linear
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Ficure 9: FRET effect titration curves. Asymptotic FRET effects derived from titrations of CRE-contath(B nM) with increasing
concentrations of bZIRng peptide in three buffer systems: buffer A (10 mM K/HRPH 6.2, 100 mM KCI); buffer B (10 mM Na/HPD

pH 7.4, 137 mM NaCl, 2.7 mM KCI, 5% glycerol, 0.025% NP-40); buffer C (50 mM Tri88s, pH 8.3, 1 mM EDTA). bZIP charge
variants are indicated by red (neutral, PAA), blue (anionic, EEE), and green (cationic, KKK).

DNA fragments to each arm to create rotamers,(—2,

Table 4: FRET Estimates of CRE Bending by bZIP Charge

Variants

—1, 0, +1, +2) and separated them on a 4.5% native
acrylamide gel (Figure 7A). Addition of 100 bp arms
enhanced the effect of shape on electrophoretic mobility in

bend angle (de§)
[relative bend

the native gel. These rotamers were also co-incubated and__duplex2 FE’ Rea(A)° angle (deg)]
electrophoresed with bZ|Bne charge variants (Figure 7B). Buffer A (pH 6.2}
The rotamer with minimum mobility is the most nearly SEAE CRE 8;?% 8'88? gg'i (1)'; %i%i ;'8%6%?'6]
planar. The results (Figure 7C) indicate that proBe  £gg ' CRE 02890004 50412 331+ 1.5[+8.4]
(corresponding to rotam@) is intrinsically twisted by~30° KKK Long'CRE ~ 0.171+ 0.008 65.2£1.7 16.5+ 2.0[-8.2]
out of the plane (Figure 7D). Importantly, incubation of AP1 8-1g4i 8-88% ZO-CHE 0-2 ;(1)-& (2)'35%15]
i i PAAxnk*AP1  0.187+ 0. 1.5+ 1. 7+ 2.0]o0.

rotamers with bZIRone charge variants proved that none of - i AE - 05000 6006 218512 315+ 15 [+10.9]
the peptides induced additional helical twisting of the DNA .\ " (Ap1 0158+ 0.007 68.5t 1.7 12.8+ 2.0 [-7.9]
(Figure 7B). On the basis of these results, a geometrical

. Buffer B (pH 7.4}
model of FRET probe (without 100 bp arms) was created g 0.1960.001 71.7£0.3 9.3+ 0.5[~14.2]
to extract DNA bend angle estimates from measured changespAA one'CRE  0.322+0.011  59.0+ 0.7 23.5+ 1.0 [0.0]
in FRET effect (FE) upon peptide binding (Figure 3). The EEERone'CRE  0.518+0.018 49.2£0.8 34.4+ 1.0 [+10.9]
dispositions of TAMRA and FAM fluorophores differ with ~ KKKione®CRE  0.223£0.006  68.1+ 1.1  13.3+1.5[~10.2]
respect to the DNA helix axistQ, 51, 61, 62), introducing Buffer C (pH 8.3}
a small uncertainty when estimating the twist angle between SRE 0.205£0.002 72.3:04  8.6+0.5[14.1]

PAALone'CRE  0.346£0.002 59.7+1.1 22.7+ 1.5[0.0]

the tethered fluorophores. However, DNA bend angle ggg . .-CRE 0537+ 0.004 50.2£0.7 33.3+ 1.0 [+10.6]
estimates based on our geometric model are not highly KKK one'CRE  0.232+0.008 68.9+ 1.0 12.4+1.0[-10.3]

sensitive to small differences in this twist angle (Figure 3C).
DNA Bending by bZIP Charge Variants: FREWe
studied U-shaped FRET prol2econtaining either a central
CRE or AP1 site (Figure 1C, flanking sequence adjusted to
maintain consistent probe length) to measure effects of
peptide binding and electrostatics on donacceptor dis-
tances by steady-state FREF2). A fixed concentration (50
nM) of 5-FAM-TAMRA-labeled duplex2 was incubated
with increasing concentrations of bZHR charge variants
under three_ diﬁere_nt l_)Uffer conditions. Results _for D_LN% the local orientation of the FAM fluorophore is estimated to affect DNA
charge variants binding to dupléxare shown in Figures  pend angle estimates by less than 26®end angle relative to DNA
5B, 8, and 9 and are summarized in Table 4. In the case ofbound by the neutral bZIP charge variant. Positive values indicate
buffer B (pH 7.4), unbound CRE dupléXis characterized  bending toward the major groove at the center of the CRE/AP1 binding
by an initial FRET effect (FE) consistent with intrinsic S
curvature of 3.4 toward the major groove at the center of
the CRE site. Neutral (PAA) charge variant binding to the cationic (KKK) charge variant counteracted the DNA bend
CRE site in buffer A resulted in a change in the apparent observed upon binding of the neutral charge variant, holding
DNA bend angle from 3%4to 17.6 (net bend of 14.2 the DNA near its intrinsic shape (6.9ending toward the
toward the major groove, i.e., toward the zipper domain of major groove).
the peptide). In the case of the anionic (EEE) charge variant, These FRET results for bZ|Bys charge variants binding
the apparent bend increased by an additional °1tb&vard to the CRE site o2 were comparable to data recorded under
the major groove (29710f total bending). In contrast, the other binding conditions and for bZ{Rnk charge variants

aBuffer A: 100 mM KCl and 10 mM K/HP@ pH 6.2. Buffer B:

137 mM NacCl, 10 mM Na/HPQ) pH 7.4, 2.7 mM KCI, 5% glycerol,
and 0.025% NP-40. Buffer C: 50 mM TridH3BO;, pH 8.3, and 1
mM EDTA. P FRET effect (FE) values were determined by fitting to
the asymptote as described in Materials and Methb@slculated from

FE data as described in eqs-9 (Materials and Methods). Indicated
uncertainties reflect standard deviations (reproducibility) and should
not be interpreted as implying DNA rigidity or fluorophor restraint. In
all cases, the DNA bend direction was such that the major groove face
of DNA became variably concave in a reference frame at the center of
the CRE or AP1 forms of DNA duple® (Figure 1C). Uncertainty in
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A Electrophoresis discrepancy cannot be ruled out. It should be noted that the
FRET result reported here for the neutral (PAA) bZIP peptide
binding to a CRE site compares favorably to that reported
in the X-ray structure of the GCN4/CRE compleX). The
bend angle measured by FRET is 7 #nd the bend in the

| — —
7 \E crystal structure was 20The origin of this 20 bend has
B et 5 been argued to arise from slight local DNA unwinding and
flexure to accommodate the more rigid peptidd)( The
results of Figure 7 show that net DNA twisting does not
propagate outside of the binding site.
\ This work supports the interpretations of previous experi-
T ments suggesting that electrostatic effects can induce modest
= o DNA bending in predictable directions. It has been suggested
free DNA Neutral (PAA) Anionic (EEE) Cationic (KKK)

) . that certain discrepancies might be explained by contributions
Ficure 10: Comparison of results from electrophoretic and FRET ¢ the elongated shapes or flexibilities of bound ligands such

assays of bZIP charge variants bound to the AP1 or CRE consensus .
site. (A) Interpretation of data from electrophoretic phasing assays. as bZIP peptides3p). We have recently demonstrated that

(B) Interpretation of data from FRET assays. The two assays assigncomparable DNA bending effects are obtained for charge

slightly different shapes to the DNA in the PABNA complex, variants of both the bZIP domain of Gcn4dp and the more
but estimates of induced DNA bending relative to that complex globular bHLH domain of Pho4p in electrophoretic phasing
are similar for the two methods. assays47). Limited data have been available to complement
. . . gel-based observations supporting the electrostatic model of
binding to the AP1 site o2 (Table 4). The data provide a DNA bending by bZIP peptides3g, 40, 48, 63, 64). The

f:ohererjt p|c_trl;]re OfC?NA dgformatlon by clfwahrged peptujed FRET measurements reported here independently validate
Interactions. The modest intrinsic curvature of the unoccupied o, - g1 hased interpretations, support an electrostatic model

CRE site is significantly enhanced (apparent DNA bend of ot hyA pending, and are consistent with the notion that

~14 towar_d the major groove) upon bindin_g O.f the _neutra_l DNA phosphate charges contribute significantly to DNA
charge variant. Placement of additional anionic amino acid stiffness.

_re3|dues hear the minor groove facg of the CRE site (E.EE) When compared with the results of electrophoretic phasing
INcreases thls.bend toyvard the major groove, as pr.e‘,j'Ctedassays, the present data point to DNA bending effects
by electrostatic repulsions. The placement of additional i, ,ceq hy placement of charges near DNA. Because FRET
cationic residues (near the minor groove face of the CRE giciancy is dominated by the distance of closest approach
S|te).counteracts th_e pendmg observed for.the neutral variantyavveen fluorophores, we cannot presently exclude the
h0|d'ng.D'\.|A near its intrinsic shape. Itis important to note possibility that charge-dependent changes in DNA flexibility
the S|m|Iar|'gy n FRET-based DNA bend est|m.a'tes for bzIP could also explain part or all of the observed FRET effects.
charge variants, independent of buffer condltlon_s (_buffers This interpretation is not supported by preliminary time-
A, B, C), bZIP scaffold (bZIR.nk, bZIPLone), Or binding oq01ved FRET experiments where donor decay was modeled
site (CRE’. AP1). T.h's consistency suggests a .dommantwe" as a simple biexponential process in the absence or
electrostgtlc effect in the .obse.rved DNA bending. The presence of bZIP peptide (data not shown). However, if the
preservation Of DNA bending in buffer B.“(140 mM bending flexibility of free DNA is slightly enhanced upon
monovalent catlor_1) suggests tha; elec_trostanc _effects Shouldbinding to PAA, terminal fluorophores will sample shorter
cause DNA bending under physiological conditions. separations, as we observe. If the binding of KKK were to
DISCUSSION rigidify DNA [a reSL_JIt that W_ould contradict a recent report
(50)], the observed increase in average fluorophore separation
A model summarizing the comparison between electro- could be explained. If binding of EEE were to increase DNA
phoretic and FRET results is shown in Figure 10. Itis striking flexibility, the observed decrease in average fluorophore
that both electrophoretic and FRET methods estimate similarseparation would be predicted. Future studies would be
net DNA bending effects for all charge variants tested (Tables required to absolutely distinguish induced DNA bending and
3 and 4). Both methods suggest that-P0° of induced DNA flexibility.
bending can be attributed to charge and that the directions
of induced DNA deformation (relative to the neutral PAA ACKNOWLEDGMENT

case) are opposite for opposite charges. According to \ye thank T. Ellenberger and B. Mer-Hill for bZIP
electrophoretic estimates, the shape of the DNA in the neutral expression plasmids, A. Schepartz for the original pDP-AP1
PAA-DNA complex is not deformed whereas anionic and phasing plasmids, M. Ramirez-Alvarado and F. Prendergast
cationic bZIP charge variants bend DNA toward the major for instrument access and advice, J. Kahn for theoretical
or minor grooves, respectively. FRET measurements predictdiscussion and software assistance, Z. Bajzer for mathemati-
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bZIP charge variants, but with reference to a DNA bend of pyrification.
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