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ABSTRACT:. DNA architecture has been shown to be important for cellular processes such as activation of
transcription, recombination, and replication. Many proteins reconfigure the shape of duplex DNA upon
binding. Previous experiments have shown that some members of the eukaryotic bZIP family of DNA
binding proteins appear to bend DNA, while others do not. We are exploring the role of electrostatic
effects in DNA bending by bZIP proteins. The yeast bZIP transcription factor GCN4 does not induce
DNA bendingin vitro. Previously we substituted basic residues for three neutral amino acids in GCN4
to produce a GCN4 derivative that bends DNA+®Y5°. This result is consistent with a model of induced
DNA bending wherein excess positive charge in proximity to one face of the double helix neutralizes
local phosphate diester anions resulting in a laterally-asymmetric charge distribution along the DNA.
Such an unbalanced charge distribution can result in collapse of the DNA toward the neutralized surface.
We now present a more comprehensive analysis of electrostatic effects in DNA bending by GCN4
derivatives. It is shown that the direction and extent of DNA bending by these derivatives are a linear
function of the charges of the amino acids adjacent to the basic domain of the protein. This relation
holds over the charge ranget (16> bend toward the minor groove) te6 (25> bend toward the major
groove).

The assembly of macromolecular complexes involving (TBP) is observed to bend duplex DNA by90° in solution
multiple proteins bound at specific DNA sites allows (6, 7) and in crystals§, 9.
processing of the information encoded in DNA. In order  Some bZIP proteins, such as the Jufos heterodimer,
for proteins to interact with one another during assembly of also appear to induce DNA bending(, 11 although
such nucleoprotein complexes, the distance between proteircontroversy exists on this poinl?—14). Proteins of the
binding sites must often be shortened. Therefore, intrinsic bZIP family contain conserved leucine zipper and basic
DNA curvature and protein-induced DNA bending presum- domains that enable them to dimerize and bind DNA, (
ably play significant roles in the functional architecture of 16). The basic region is a continuoushelix that contacts
promoters {—4). In many cases, protein binding has been base pairs within the major groove of the DNA recognition
shown to allow reconfiguration of the double helix and site (e.g., SATGACTCAT in the present study). The
subsequent activation of transcription. For example, the leucine zipper stabilizes a coiled-coil afhelices common
ability of catabolite activator protein (CAP{p induce a~90° to the many combinations of homo- and heterodimers
bend in duplex DNA is thought to allow productive interac- observed among bZIP family members.
tions between CAP and the basal transcription machinery Although a number of bZIP proteins appear to induce
(5). In addition to CAP, many other proteins induce DNA DNA bending, it is interesting that some family members
bendingin uitro. For example, the TATA binding protein  do not (L7). Further analysis has suggested that the ability

of bZIP proteins to induce DNA bending depends on the
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borate, EDTA. which do not appear to induce DNA bendirgbl. GCN4
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contains the neutral amino acids proline-alanine-alanine ing, antibody incubations, and fluorescent detection were
(PAA) at the positions that have been suggested to beperformed as previously describeil).

important for DNA bending (Figure 1B). A testable Electrophoretic Gel Mobility Shift Assay®inding reac-
implication is that substitution of charged amino acids at tions were performed by incubation of the indicated extract
these positions might induce DNA bending. Furthermore, (0.25-5 uL) with 1 uL of radiolabeled, duplex DNA probes
cationic amino acids are predicted to induce DNA bending (AP-1—-21, —23, —26, —28, or —30; see above) in a final
toward the neutralized surface, while anionic amino acids reaction mixture containing phosphate-buffered saline (2.7
are expected to induce DNA bending in the opposite direction mM KCI, 137 mM NacCl, 4.3 mM NgHPO,, 1.4 mM KH,-
(toward the less negatively charged surface). We describePQO, pH 7.3), 5% glycerol, 1 mM EDTA, 1 mM DTT, 0.05%

experiments that confirm these hypotheses. NP-40, and 2636 ug/mL poly(dFdC) as described by
Paolella et al. 19). The amount of bacterial extract was
MATERIALS AND METHODS chosen empirically to partially saturate the labeled DNA

probe. Binding reactions were incubated on ice for 30 min.
Free and protein-bound DNA probes were resolved by
nondenaturing 8% polyacrylamide gel electrophoresis [29:1
acrylamide:bis(acrylamide)] in 0:5TBE buffer for 20 h at

4 °C (12 V-cm™). Dried gels were analyzed by storage
phosphor technology.

Phasing Analysis CalculationsMobilities («) of free and
bound DNA fragments were taken as the distance (mm) from
the center of the electrophoresis well to the center of the
band corresponding to free or protein-complexed DNA and
were normalized to the average mobility of each set of probes
to give relative mobility:

Oligonucleotides.Oligonucleotides were synthesized on
an ABI Model 394 instrument using standard procedures.
Oligonucleotides were cleaved and deprotected in hot am-
monia and purified by denaturing polyacrylamide gel elec-
trophoresis, eluted from gel slices, and desalted usiag C
reverse phase cartridges. Oligonucleotide concentrations
were determined at 260 nm using molar extinction coef-
ficients (M~! cm™t) of 15400 (A), 11 700 (G), 7300 (C),
and 8800 (T) assuming no hypochromicity.

Plasmids. Plasmid pJ013 encodes the basic and zipper
regions of GCN4 [amino acids 22&81 (26)] subcloned
into pET3b 7). Plasmids pJT170-2 through pJT170-9 were
used as standa_rds_in phasing analy@28}. ( This series of Ureg = Uit Q)
plasmids contains increasing numbers of phasedr#cts.

Plasmids pDP-AP-121, —23, —26, —28, and—30 (19) wherezi corresponds to the average valueudfor a set of
were used to generate phasing probes (see below). GCNéhasing probes. Values pf, were then plotted against the
mutants were created by digesting pJ013 witd and phasing spacing (distance in bp between the center of the
BsdHIl. Oligonucleotides specifying the mutated amino acids AP-1 site and the center of thesAract array) for fitting to
were annealed in a 1:1 ratio. The resulting synthetic the phasing function:

duplexes were ligated between thdd and BsdHll sites of

pJ013 to create plasmids encoding mutant GCN4 derivatives. trer = (Ppf2 cos[2e(S— S)/Ppl} +1 (2)

Bacterial Extracts Containing Recombinant GCN4 De- ) . . )

i vatives. Plasmid pJ013 expressing the bZIP domain of Wheregue is the relative mobility of the free or protein-
wild-type GCN4 or plasmids expressing mutant GCN4 Complexed DNASis the phasing spacer length (bBj is
derivatives were transformed inscherichia coliBL21- the phasing period (set at 10.5 bp/tuiyjs the trans spacer
(DE3) cells. Cultures were grown to log phaggeb~ 0.6) length (bp; the length where the intrinsic and protein-induced
at 37°C, IPTG was added to a final concentration of 1 mM, Pends are predicted to most nearly cancel giving maximal
and cells were grown an additidrh (27). Cells (from 3 mobility), and Ay, is the amplm_Jde of the phasmg functlon
mL of culture) were harvested by centrifugation, and the cell (30)- The value oAy was estimated by curve fitting and
pellet was resuspended in extraction buffer (300 200 is related to the magnitude of the directed bend. C_Zurve flttl_ng
mM Tris-HCI, pH 8.0, 10 mM MgGJ, 1 mM EDTA, 7 mM was performed by the least squares method using Kaleida-
B-mercaptoethanol) and sonicated (Fisher Scientific) on ice Graph software (Synergy Software Co.). The directed DNA
for 1 min at a setting of 10 W20). After centrifugation for ~ P€nd anglepy;, was obtained using the relation:

30 min (4°C, 1200@®), aliquots of the clarified supernatant _
were frozen at-80 °C. tan kop/2) = (Ap/2)/[tan koc/2)] 3)

Prep_aration of DNA Duplex ProbesProbes_ for phasing  \\here ac is the reference bend angle magnitude®(Sar
analysis were prepared by PCR from plasmids pDP-AP-1  hree A ¢ tracts), andk is empirically determined using the

21,—23,-26,-28, and—30 as previously describedl). electrophoretic behavior of bending standards. To determine
Pairs of curved DNA standards containing different numbers  ihe mobilities of the bending standards were fit to the

of phased A tracts at either the center or one terminus of ¢ nction:
each fragment were prepared Nd and BanHI cleavage

of plasmids pJT170-2 through pJT17028). The resulting Acp=1— cos ka/2) 4
~400 bp duplex DNA fragments were purified and radio-
labeled as previously describe@il]. wherea is the angle due to thesAs tracts, andAcp is the

Western Blot AnalysisProtein concentrations were de- amplitude of the circular permutation function reflecting the
termined using the Bio-Rad (Bradford) assay with detection magnitude of the DNA distortion30). The valueAcp is
at 595 nm. Ten micrograms of total protein from each given by
extract was separated on-120% SDS-polyacrylamide gels
in tricine buffer and transferred onto nitrocellulose. Block- Acp = (Ucentefttend — 1l ©)
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) (DE3) cells expressing different GCN4 derivatives. Lanes 1 and 6
e AL AR} -1 contain extracts of cells carrying the expression vector alone, lanes
FEE PR FEE} 2 2 and 7 contain extracts expressing the wild-type GCN4 derivative,
EEE (PAL EEE] A and lanes 35 and 8-10 contain extracts of cells expressing GCN4

) ) o ) with the indicated amino acids substituted for PAA.
Ficure 1: bZIP proteins under investigation. (A) GCN4 homodimer

(spheres) bound to the AP-1 DNA sequence [ribt&8)]( Locations . - . .
of amino acid substitutions are indicated by black spheres and Were expressed i. coliwith an N-terminal T7 epitope that

arrows. DNA major (M) and minor (m) grooves at the center of IS recognized by a monoclonal T7 tag antibody. Chemif-
the AP-1 site are indicated. (B) Amino acid sequences of the luorescence detection allowed estimation of protein levels.

recombinant GCN4 derivatives studied. Leucines of the zipper GCN4 derivatives were expressed at somewhat reduced
heptad repeat are underlined (top). The black box indicates amino| vels relative to wild-type GCN4 (Figure 2). The relation-
acids that were mutated. The resulting sequences, designations, an(F . . 2 .
tripeptide formal charges are indicated below. Charge refers to a SNiP between the different GCN4 derivatives and their levels
monomer, so the charge must be doubled when considering dimericOf expression relative to wild type was as follows: GCN4-
bZIP proteins. Both wild-type and mutant recombinant proteins also (PAA—KKK), ~38%; GCN4(PAA~PKK), ~16%; GCN4-
contained the N-terminal sequence MASMTGGQQMGR and the (PAA—PAK), ~21%; GCN4(PAA~PAE), ~43%; GCN4-
C-terminal sequence KKLESGQ. (PAA—PEE), ~35%; and GCN4(PAA-EEE), ~34%.
Besides being expressed at different levels in different crude
extracts (Figure 2), the specific binding activities of each
mutant form have not been determined in these experiments.
As described under Materials and Methods, the amount of
bacterial extract was adjusted for each mutant to partially
saturate labeled DNA probes in electrophoretic mobility shift
RESULTS assays. Thus, differences in the degrees of probe saturation
observed in gel mobility shift assays do not reflect the
Design of GCN4 Mutants.Previous experiments have intrinsic affinities of the various mutants for the AP-1 site.
shown that the presence of basic amino acids adjacent to Phasing Analysis.Electrophoretic mobility shift assays
the conserved basic domains of bZIP proteins correlates withwere employed to study apparent changes in average DNA
electrophoretic behavior that can be interpreted as DNA shape due to both intrinsic DNA curvature and protein-
bending toward the minor groove [i.e., away from the leucine induced DNA bending. Nondenaturing gel electrophoresis
zipper such that the DNA in Figure 1A adopts a “frown” was employed to measure DNA shape. We interpreted
configuration (7—21)]. The yeast bZIP protein GCN4 phase-dependent differences in electrophoretic mobility
contains the sequence PAA adjacent to the basic region, anthetween molecules of the same length as evidence of DNA
does not appreciably bend DNA in electrophoretic experi- bending. DNA fragments used in our phasing analyses
ments @5). We have shown that mutation of these neutral contained a protein recognition sequence (i.e., the AP-1 site)
amino acids to the basic amino acids KRR (as found in Fos) and a reference sequence of defined curvature, in this case
or to KKK induces ~15° of DNA bending by GCN4 an array of phased#racts. Phasing analysis measures the
homodimersZ1). We wished to establish whether variations overall DNA shape as the distance between these elements
in the net charge of this tripeptide have systematic effects of curvature is alteredl(, 13, 19, 31). The resulting phase-
on DNA bending. We therefore mutated the PAA sequence dependent changes in mobility allow estimation of the
found in wild type GCN4 to yield combinations of amino magnitude and orientation of a directed bend relative to the
acids such that the net charge of this tripeptide region rangedintrinsic curvature present in the fragment.
from +3 to —3 (Figure 1). Phasing probes (43746 bp) used to study DNA bending
The effect of amino acid substitutions on protein expres- by GCN4 derivatives were described previouspi)( In
sion was examined by Western blotting. GCN4 derivatives these phasing probes, the AP-1 sittAAGACTCAT) is

where icenterand teng are mobilities of circularly permuted
DNA fragments where phased arrays qftfacts are located

at the center or end of the fragment, respectively. The
average value df under the present electrophoretic condi-
tions was 1.09.
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Identity — GCNa KKK PKK PAK PAE PEE EEE
Charge — 0 +3 -1 -2 -3
I

1 35 7 9 111315 17 19 21 23 25 27 290 31 33 35 37 39
2 4 6 B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Ficure 3: Electrophoretic mobility shift assay of GCN4 and GCN4 mutant homodimers bound to phasing analysis probes—bBanes 1
contain phasing probes from plasmids pDP-AP21, —23, —26, —28, and—30, respectively, incubated with an extract&fcoli cells
containing the expression vector alone. Laned® contain the same five phasing probes incubatedBittoli extracts containing homodimers

of wild type GCN4 (lanes 610), GCN4(PAA~KKK) (lanes 11-15), GCN4(PAA—~PKK) (lanes 16-20), GCN4(PAA~PAK) (lanes
21-25), GCN4(PAA—PAE) (lanes 26-30), GCN4(PAA—PEE) (lanes 3%35), and GCN4(PAA-EEE) (lanes 3640). The indicated
formal charges refer to a monomer, so the charge must be doubled when considering dimeric bZIP proteins.

separated from a 25 bp curved DNA element by a variable Table 1: DNA Bending Induced by GCN4 and Mutant Derivatives

linker. The 25 bp curved sequence contains thre&@cts tripeptide bend angle
with an overall curvature of S4toward the minor groove bZIP protein formal charge (degy
(in a reference frame taken to be 0.5 Bg@the central A GCN4(PAA—KKK) +3 —155+ 1.8
of the central A tract in the array). The five probes differ GCN4(PAA—PKK) +2 —04.3+1.0
only in the length of the variable linker separating the AP-1 ~ GCN4(PAA—PAK) +1 046+11
site and A tract arra GCN4 0 04.9+ 0.1
Y- GCN4(PAA—PAE) -1 14.440.8
The AP-1 Site Has Intrinsic Cuature. Lanes -5 of GCN4(PAA—PEE) -2 19.0+1.0

Figure 3 depict mobilities of phasing probes incubated with _ SCN4(PAA~EEE) -3 25.2+1.5
E. coli extract lacking GCN4 peptides. The absence of 2Formal charge of the tripeptide corresponding to PAA in GCNA4.
shifted complexes indicates that there are no endogeous Charge refers to a monomer, so the charge must be doubled when

. . . . . .. . considering dimeric bZIP proteingBased on best fits to phasing eq
coli proteins that bind to the phasing probes. Slight intrinsic , (Materials and Methods) where bend angl@ indicates bending

p_mbe Curvatu_r.e. in or near the AP-1 sit_e is implied by the toward the DNA major groove; bend angt® indicates bending toward
different mobilities observed for the five phasings. An the DNA minor groove. In the absence of protein binding, the AP-1

estimate of-8° intrinsic curvature toward the major groove phasing probes displayed intrinsic curvature interpreted@soward

at the AP-1 site was determined from phasing analysis andthe major groove at the center of the AP-1 sequence. Data represent
the arbitrary assumption that the center of the AP-1 site is averaget standard deviation based on results from three experiments.
the site of curvature (Figure 4; Table 1). This result is in

agreement V.Vith previous resulc'fs from our laboratory that GCN4 Mutants Bearing Two or Three Cationic Residues
estimated this curvature to be7* (21). Induce DNA Bending toward the Minor Groe. Three
GCN4 Does Not Bend the AP-1 SitBinding reactions  mutant GCN4 derivatives carry a net positive charge in the
with labeled AP-1 probes and extract containing wild-type tripeptide sequence of interest. Binding reactions with
GCN4 protein (basic and zipper regions) resulted in com- labeled AP-1 probes and bacterial extracts containing
plexes whose mobilities reflected the same DNA curvature recombinant GCN4(PAAKKK) or GCN4(PAA—PKK)
pattern as was observed for the free probes (Figure 3,proteins produced complexes whose mobilities suggested
compare lanes-610 with lanes +5). Analysis of these = DNA bending opposite to that measured for free probes or
phasing data suggest a bend angle-6f toward the major  wild-type GCN4-DNA complexes (Figure 3, compare
groove (Figure 4; Table 1). This value is comparable to the mobility patterns in lanes 120 with lanes +10; Figure
~8° intrinsic curvature measured for the unbound AP-1 site, 4; Table 1). In contrast, the mobility pattern for GCN4-
and corresponds to a slight “smile” configuration of the DNA (PAA—PAK)—DNA complexes indicates the same DNA
in Figure 1A. Note that the binding data in Figure 3 are curvature observed for free probes and for wild type GEN4
qualitative; i.e., it is the relative mobility (rather than the DNA complexes (Figure 3, compare lanes-2b with lanes
extent of probe saturation) in each complex that is significant 1—10; Figure 4; Table 1). Thus, for homodimeric GCN4
(see above). derivatives, disposition of four or six positively charged
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1.2 first pair (which alters the bend by 10 about half the effect
A seen for pairs of positive charges after the first pair. This
asymmetry might reflect a tendency of negatively-charged
residues to be deflected further away from the DNA. In this
regard, it is perhaps surprising that the first pair of positive
charges introduced (PAAPAK) has no effect since it occurs
closest to the DNA.

In summary, these data for homodimeric GCN4 derivatives
show that disposition of six, four, or two negatively charged

© amino acids on one face of the AP-1 site appears to induce
DNA bending away from the more negatively charged face.
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1.2 B DNA bending by bZIP proteins has been measured using
B numerous techniqued?—14, 17). A comparison of these
[ o results has previously been presenté@)( Controversy
A ’ surrounds several aspects of these studies. First, some
electrophoretic phasing experiments indicate phase-dependent
electrophoretic mobilities of bZIP/DNA complexeB)( 11),
while others do not ¥2). Subsequent analysis of the
difference between these experiments tends to clarify the
discrepancies by showing that probe geometry is an important
consideration13). In particular, long phasing probes with
closely spaced curvature elements were shown to be the most
o sensitive to DNA bending.
0.8 y v y ! ’ A remaining point of contention is the failure of sensitive
21 23 25 27 29 31 . . oo
Spacing (bp) ring closurg experiments to detept DNA bending mduced
by the binding of Jun/Fos heterodimers to the AP-1 gifd.(
FiGURE 4: Analysis of phasing data. Relative gel mobilities are Though counterarguments have been put forwag, this
plotted as a function of the spacing (bp) between the center of the discrepancy remains unresolved. Others have argued that

AP-1 site and the center of thesAract array. (A) GCN4 vs . - . L .
derivatives with net positive charge at the tripeptide. Mobilities of the entire subject of bZIP-induced DNA bending is physi-

free probes®, thin line) and complexes involving wild-type GCN4  ologically unimportant because of the small bend angles
(W, thick line), GCN4(PAA-KKK) (O, dotted line), GCN4-  involved (14).
(PAA—PKK) (4, dotted line), and GCN4(PA~PAK) (0, dotted This paper measures apparent DNA bending using elec-

line) are shown. (B) GCN4 vs derivatives with net negative charge - : . - o
at the tripeptide. Mobilities of free probes thin line) and trophoretic phasing analysis, and we implicitly assume that

complexes involving wild-type GCN4MK, thick line), GCN4- the phase-dependent changes in electrophoretic mobility
(PAA—PAE) (O, dotted line), GCN4(PAA-PEE) (1, dotted line), reflect protein-induced DNA bending. Other explanations
Sgd' §$&4(C|;AICAT aEtEcliz)bE't (:;;ztteéif ltlr?:)dzrt: ?Qotvr\]/g- %‘;thnpméz 2for our data include: (i) amino acid substitutions in the PAA
pi u st fits phasing : : : ;
described under Materials and Methods. Data reflect the averagemp(_:‘pt".je near the. amino_terminus of GCN4. produce
dramatic changes in the structure of the leucine zipper

from three experiments. Als e . A -
domain, (ii) changes in the sequence of this tripeptide alter

amino acids on one face of the AP-1 site appeared to induceits structure in a manner that dramatically changes gel
DNA bending toward the neutralized face, whereas no mobility, or (iii) changes in the electrostatic character of the
induced bending was observed in the case of two cationic tripeptide sequence alter the rigidity of the proteDNA
amino acids. complex in some manner that causes phase-dependent
GCN4 Mutants Bearing Anionic Residues Induce DNA changes in electrophoretic mobility. While these alternative
Bending Away from the Minor Gree. Binding reactions explanations are not formally excluded, we favor DNA
with labeled AP-1 probes and bacterial extracts containing bending as the most plausible interpretation to account for
recombinant GCN4(PAA-PAE), GCN4(PAA—~PEE), or the proportionality between electric charge at the GCN4
GCN4(PAA—EEE) proteins produced complexes whose N-terminus and phase-dependent electrophoretic anomalies.
mobilities suggested DNA bending opposite to that measured It has previously been hypothesized that electrostatic
for derivatives with cationic tripeptides (Figure 3, compare interactions might explain the different degrees of DNA
mobility patterns in lanes 2640 with lanes 1%25). bending observed for different bZIP proteidg{21). Our
Quantitative data are summarized in Figure 4 and Table 1.laboratory has focused on the possible role of asymmetric
For GCN4 derivatives with formal charges of3, —2, and phosphate neutralization in bZIP-induced DNA bending.
—1 within the tripeptide of interest, induced DNA bending Neutralization involves the negatively charged phosphate
toward the major groove was-25°, ~19°, and ~14°, backbone of duplex DNA and the cationic amino acids of
respectively (note that-5° of bending toward the major an approaching protein. According to one mod2, (32,
groove occurs for the wild-type GCNDNA complex). As 33), the resulting unbalanced charge distribution along the
summarized in Table 1, the incremental effect of negative duplex DNA induces the double helix to collapse toward
charges is 56° per pair of anionic amino acids after the the neutralized or less negatively charged surface. 24 (
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FIGURE 6: Graphical representation of the relation between apparent
DNA bend angle and tripeptide formal charge for recombinant
GCN4 and GCN4 derivatived). The data of Leonard et al. (1997)
for mutated derivatives of Jun/Fos are included for compari®n (

presence of multivalent cations, consistent with an electro-
static contribution to the bending forc2Q; 34).

Electrostatic effects are again evident in the results of the
present DNA bending study. However, distinguishing
models based on electrostatic attraction between DNA

FIGURe 5: Schematic representation of induced DNA bending. (A) phOSphatPTS and protein Sld? Cham.s vs DNA collapse dl.Je to
Wild-type GCN4 homodimer binding to duplex DNA induces little asymmetric charge neutrallgatlon 1S n'ot erma_”y, po_ssble
DNA bending. (B) GCN4 derivatives with cationic tripeptide based on the present experiments. Likewise, it is difficult
sequences induce DNA bending toward the minor groove (i.e., to distinguish whether anionic amino acids induce DNA
toward the neutralized DNA surface). (C) GCN4 derivatives with bending by repelling phosphate charges, or induce DNA

anionic tripeptide sequences induce DNA bending away from the - ahse by creating unbalanced repulsive forces between
minor groove (i.e., collapse toward the less negatively charged

surface). Note that bend angles are exaggerated for clarity. phosphates. With reference to Figure 1A, the electrostatic
forces of amino-terminal amino acids introduced by the
and others 18, 20) have observed that substitution of binding of a relatively rigid protein may be focused along
positively charged residues N-terminal to the basic region the anionic DNA backbone flanking the DNA minor groove.
of the protein induces DNA bending toward the minor groove In this case, repulsion produced by anionic amino residues
(i.e., toward the neutralized face). We now extend this result in these positions might be envisioned as “clamping” or
by showing that addition of negatively charged residues at “pinching” together the deoxyribosghosphate backbones
the same positions induces DNA bending in the opposite flanking this minor groove, resulting in its compression
direction, away from the minor groove (i.e., toward the less (DNA bends “downward”). Similarly, if extra cationic
negatively charged surface). This result is consistent with residues of such a rigid protein are present at these positions,
the predictions of DNA collapse associated with asymmetric they might be predicted to attract phosphates on the DNA
charge distribution. Thus, the asymmetric addition of backbone, expanding the width of the minor groove (DNA
negative charges increases phosphate repulsions along onkends “upward”). Insofar as the DNA curvature predicted
DNA face, resulting in a force bending the DNA toward the to result from such direct repulsions or attractions is opposite
less negatively charged surface. These results are sumto what is suggested by our phasing results, a DNA collapse
marized in Figure 5. model may be more easily reconciled with the data.
A similar ability of negatively charged amino acids to Discerning the actual origins of such electrostatic forces is
induce DNA bending by bZIP proteins has been illustrated ultimately a goal of “phantom protein” studies in which the
in previous work by Kerppola and co-worke2(34). These degree of DNA collapse due to phosphate neutralization is
authors first showed that small changes in the charge of twomeasured using DNA analogs designed to simulate the
amino acids near the amino terminus of monomers in the electrostatic consequences of protein bindi2g—24).
Jun/Fos heterodimer caused detectable changes in apparent The DNA binding domain of GCN4 contains numerous
DNA bending @0). Indeed, Figure 6 depicts bending data conserved basic residues. The shape of DNA does not
for mutant forms of the Jun/Fos heterodim2@)(compared appear to respond to all of these residues. One possible
with the present data set for GCN4 mutants. Interestingly, explanation is that the cationic core of the GCN4 basic region
both data sets show similar, roughly linear relationships packs into the major groove, immobilizing the double helix
between peptide charge and DNA bending. We cannot so that electrostatic effects on DNA shape are not evident.
account for this apparent proportionality between charge andIn contrast, DNA proximal to the basic region (near the added
deflection angle as it would not be predicted from first cationic or anionic amino acid residues in this study) may
principles. Second, these authors presented evidence thabe more flexible and able to respond to laterally asymmetric
the very acidic transactivation domains of Jun and Fos appearcharge distributions.
to act at a distance (and independent of the DNA binding This work presents evidence that electrostatic effects
domains) to alter DNA bending. DNA bending by these explain how bZIP variants differentially alter the structure
proteins appears to involve deflection of the double helix of DNA upon binding. The data are consistent with a model
away from the respective anionic transcription activation in which the trajectory of DNA responds to lateral asym-
domains. DNA bending in these studies was reduced in themetries in charge density. It will be interesting to determine
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if this model applies to induced DNA bending by other
proteins. Ultimately, we hope to use these principles to

design novel peptides or proteins that bend nucleic acids.
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