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ABSTRACT. Transcription activation is thought to require DNA bending to promote the interaction of
upstream activators and the basal transcription machinery. Previous experiments have shown that some
members of the bZIP family of DNA binding proteins bend DNA, while others do not. We are exploring

the possibility that electrostatic effects play a role in these differences. The yeast bZIP transcription
factor GCN4 does not induce DNA bendimg vitro. Substitution of basic residues for three neutral
amino acids of GCN4 confers the ability to bend DNA. 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.
Previous data suggest that such an unbalanced charge distribution results in collapse of the DNA toward
the neutralized surface. Interpretations of the present data are discussed. Our result supports the hypothesis
that electrostatic interactions can play a key role in DNA bending by bZIP proteins.

DNA bending presumably plays a significant role in the many combinations of homo- and heterodimers observed
functional architecture of all promoters (Perez-Martin & among bZIP family members. The basic region is a
Espinosa, 1993; Perez-Martin et al., 1994; Travers, 1992; continuous helix that contacts base pairs within the major
Zinkel & Crothers, 1991). Multiple transcription factors are groove of the DNA recognition site (e.g.-BTGACTCAT
thought to bind and reconfigure the duplex DNA, allowing for AP-1; JuntFos heterodimer). There is evidence that the
initiation and activation of transcription by RNA polymerase basic region attains this structure only upon DNA binding
(Giese et al., 1995; Robertson et al.,, 1995; Thanos & (O'Neil et al., 1991).

Maniatis, 1995). Contacts between transcription factors and Interestingly, different bZIP homo- and heterodimers have
the basal transcription machinery are critical in this process. been found to bend DNA to different extents and in different
The interactions between these distant proteins are thoughtirections (Table 1; Kerppola & Curran, 1993). Three amino
to be mediated by DNA bending (Bracco et al., 1989; acids positioned just N-terminal to the basic region may be
Gartenberg & Crothers, 1988; Gartenberg & Crothers, 1991; important (Figure 1 and Table 1). It has been noted that the
McAllister & Achberger, 1989; Zinkel & Crothers, 1987; presence of basic residues in these positions correlates with

Zinkel & Crothers, 1991). DNA bending away from the leucine zipper in the resulting
A variety of proteins have been shown to bend DMA  complexes (Kerppola & Curran, 1993; Paolella et al., 1994).
vitro. For example, the TATA binding protein (TBPis This observation suggests that these cationic amino acids

observed to bend duplex DNA by9(° in solution (Parkhurst  contact one face of the DNA and interact with the negatively
et al., 1996, Starr et al., 1995) and in crystals (Kim et al., charged phosphate diester backbone. In light of our previous
1993a,b). Some bZIP proteins, such as the Jun-Fos hetstudies on DNA bending by asymmetric phosphate neutral-
erodimer, appear to induce DNA bending (Kerppola & ization (Strauss & Maher, 1994; Strauss et al., 1996a,b), we
Curran, 1991a,b). bZIP proteins dimerize and bind DNA have been intrigued by the role of these basic residues in
through conserved basic and leucine zipper regions (FigureDNA bending by bZIP proteins.

1; Landschulz et al., 1988; McKnight, 1991). The leucine A testable implication of the data in Table 1 is that
zipper stabilizes a coiled coil ai helices common to the  substitution of three basic amino acids might convert GCN4
(a yeast bZIP protein that does not induce DNA bending;
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ethoxyethanol); P, proline; A, alanine; K, lysine; R, arginine; M,

methionine: S, serine; T, threonine; G, glycine: Q, glutamine; L, leucine; ficients (Mt em™) Of 15400 (A), 11 700 (G), 7300 (C),
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Table 1: Basic Residues Adjacent to the Conserved Basic Domains
of bZIP Proteins Correlate with DNA Bendifg

amino acids at

bzIP the amino end net charge bend toward

protein  of the basic regidh of tripeptide DNA minor grooveé
FOS KRR +3 ++
FRA1 RRR +3 +
FRA2 KRR +3 +
ATF2 KRR +3 +
JUN KAE 0 -
CREB KRE +1 -
ATF1 KRE +1 -
ZTA ELE -2 -
GCN4 PAA 0 -

a2 Bending data were interpreted according to the independent DNA
bends model (Kerppola & Curran, 19918y he indicated tripeptide
corresponds to residues 22229 of GCN4 (Ellenberger et al., 1992).
Basic amino acids are underlinédKerppola and Curran, 1993+)
indicates a bend angke20° toward minor groove, ) indicates a bend
angle<20° toward minor groove, and) indicates a bend angle toward
the major groove.

CATGTCGATAT,ALCGTG-3 and 3-CGCGCACGTA -
TATC3GACATGCTGGAC AGTCATGCTAGGA-3' were
annealed in a 1:1 ratio. This synthetic duplex was ligated
between thé&dd andBsd |l sites of pJ013 to create plasmid
pJ145.

Bacterial Extracts Containing Recombinant GCN4 De-
rivatives. Plasmid pJO13 expressing the bZIP domain of
GCN4, plasmid pJ024 expressing the mutated GCN4-
(PAA—KRR) derivative, or plasmid pJ145 expressing the
mutated GCN4(PAA-KKK) derivative was transformed into
Escherichia coliBL21(DE3) cells. Cultures were grown to
log phase As00 ~ 0.6) at 37°C, IPTG was added to a final
concentration of 1 mM, and cells were grown an additional
3 h (Studier et al.,, 1990). Cells were harvested by
centrifugation, and the cell pellet was resuspended in
extraction buffer (200 mM Tris-HCI, pH 8.0, 10 mM Mgg£l
1 mM EDTA, 7 mM -mercaptoethanol) and sonicated
FI_GURE 1: Side and boﬁqm views of a_GCN4 homodimer complex (Fisher Scientific) on ice for 1 min at a Setting of 10 W
with duplex DNA containing an AP-1 site (Ellenberger et al., 1992). (Suckow et al., 1993a). After centrifugation for 30 min (4

DNA and protein are in gray and blue, respectively. Basic amino " o
acids of GCN4 are shown in red. The three amino acids that are . C» 12 00@), aliquots of the clarified supernatant were snap

mutated in this study are indicated in yellow. The sites of nearest frozen and stored at80 °C.
putative phosphate contacts are indicated in green. Molecular Preparation of DNA Duplex ProbesProbes for phasing

modeling was performed using Insight Il (version 95.5) software analysis were prepared by PCR amplification of 4346-
gﬁi?émeg:;%?ic'\g%eéig?rlIs\lilrgijllg'[tzla?irz)rllr.]c. (San Diego, CA) and a1 fragments containing an AP-1 site in various phasings
relative to an array of three intrinsically bents Aracts.
Plasmids. Plasmid pJ013 (previously termed pPLc28- Primers 5GCAGCT,GCGC,GCATAT,ATCATGA-
bZIP; Suckow et al., 1993b) encodes the basic and zipperCAT,A.C-3 and 3-G, TAC,GCTA,GCTCATACACGTGC,
regions of GCN4 (amino acids 22@81). Plasmids pJT170-2 TG-3 are complementary to regions within plasmids pDP-
through pJT170-9 (Thompson & Landy, 1988) were used AP-1-21, -23, -26, -28, and -30 (Paolella et al., 1994) and
as standards in phasing analyses. This series of plasmidsvere used for PCR amplification to generate duplex DNA
contains increasing numbers of phasegticts. Plasmids  probes containing the AP-1 site. The resulting phasing
pDP-AP-1-21, -23, -26, -28, and -30 (Paolella et al., 1994) probes were designated AP-1-21, -23, -26, -28, and -30. PCR
were used to generate phasing probes (see below). Theeactions (10Q.L total) contained~10 nM template DNA,
GCN4(PAA—KRR) derivative was created by digesting 1 uM each of primer, 20uM d(GAT)TP, 50uM dCTP,
pJ013 withNdd and BsdHIl. Oligonucleotides 5TATG,- 1.5 mM MgCk, 50 mM KCI, 10 mM Tris-HCI (pH 8.3), 2
CTAGCATGACTG,TG,ACAGCA3TG3TCG3ATA 5- uL of [o-32P]dCTP (10 mCi/mL; 3000 Ci/mmol), and 100
CGTCGTALLCGTG-3 and 3-CGCGCACGTA;CGACGT:- units/mL Tth DNA polymerase (Epicentre Technologies).
ATC;GACATsGCTGTGAC,AGTCATGCTAGGA-3' were DNAs were amplified by 20 cycles consisting of incubation
annealed in a 1:1 ratio. This synthetic duplex was ligated at 94 °C for 60 s, 50°C for 75 s, and 72C for 120 s.
between théldd andBsdHll sites of pJ013 to create plasmid Reactions were extracted with an equal volume of chloro-
pJ024. A plasmid encoding the GCN4(PAXKK) deriva- form.
tive was created by digesting pJ013 witldd and BsdHll. Pairs of curved DNA standards containing different
Oligonucleotides 5STATG,CTAGCATGACTGTG,ACAG- numbers of phased¢Aracts at either the center or the end
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of each fragment were preparediiid andBanH| cleavage (Zipper )
of plasmids pJT170-2 through pJT170-9 (Thompson & GCN4 ﬁl KRARNTEAARRSRARKLQRMKQLEDKVEELLSKNYHLENEVAEL

Landy, 1988). The resulting-400-bp duplex DNA frag- GCN4
ments were purified by nondenaturing polyacrylamide gel (PAA-KRR)
electrophoresis (5% acrylamidex ITBE), visualized by UV GCN4
shadowing, excised, and eluted overnight at °87 with (PAA—KKK)

agitation in water. The eluant was extracted with an equal FIGURE 2:  Amino acid sequences of the recombinant GCN4
volume of phenotchloroform (1:1 v/v), and duplex DNA deg"ﬁ?'r‘l’ej étutﬂ"\e/vdiidl_teucmfw?j r%f tthr?t rz'pp%bikr‘f%ttadr rte[i)r?at e
was ethanol precipitated. Duplex DNA was r_adiolabeled ggn;in ?hé l\(l)-termina?lz(fac?uenceu l(a/IASﬁ/lC'?GGQ?gMglg %nz ?hs:
using T4 DNA polymerase (New England Biolabs) and c-terminal sequence KKLESGQ.
[a-®2P]dATP in the presence of 0.2 mM d(GTC)TPs (Deen
et al., 1983). bends are predicted to most nearly cancel giving maximal
Western Blot AnalysisProtein concentrations were de- Mmobility), andAey is the amplitude of the phasing function
termined using the Bio-Rad (Bradford) assay with detection (Kerppola, 1994). The value @&y is estimated by curve
at 595 nm. Ten micrograms of total protein from each fitting and is related to the magnitude of the directed bend.
extract was Separated on-1P0% SDS—po|yacry|am|de ge]s Curve flttlng was performed by the least squares method
in tricine buffer and transferred onto nitrocellulose. The Using KaleidaGraph software (Synergy Software Co.). The
membrane was blocked with an overnight incubation in 1% directed DNA bend angleys, is obtained using the relation:
non-fat dry milk and TBS-T (10 mM Tris-HCI, pH 8.0, 150 _
mM NacCl, and 0.05% Tween 20), followed by successive tankog/2) = (Apy/2)/tankoc/2) ©)
incubations with anti-T7 tag mouse monoclonal antibody (1:
10 000), anti-mouse fluorescein-linked antibody (1:100), and
anti-fluorescein alkaline phosphatase conjugate (1:2500), all
in TBS-T containing 1% non-fat dry milk. In the final step,
alkaline phosphatase catalyzes the conversion of AttoPho

where o is the reference bend angle magnitude®(5ar
three A_¢ tracts) andk is empirically determined using the
bending standard duplexes. To determin¢éhe mobilities
Sof the bending standards are fit to the function:

(JBL Scientific Inc.) to a product that fluoresces at 540 Acp=1— coska/2) 4)

560 nm. Fluorescent detection was performed with a Storm

840 instrument (Molecular Dynamics Inc.). wherea is the angle due to the s tracts andAcp is the
Electrophoretic Gel Mobility Shift Assay$inding reac- amplitude of the circular permutation function reflecting the

tions were performed by incubation of the indicated extract magnitude of the DNA distortion (Kerppola, 1994). The
(5—10uL) with 1 uL of radiolabeled, duplex DNA probes valueAcp is given by

(AP-1-21, -23, -26, -28, or -30; see above) in a final reaction

mixture containing phosphate-buffered saline (2.7 mM KCI, Ace = |(Ucentefttend — 1l )
137 mM NacCl, 4.3 mM NgHPQ,, and 1.4 mM KHPO,, _

pH 7.3), 5% glycerol, 1 mM EDTA, 1 mM DTT, 0.05% where ucenterand peng are mobilities of circularly permuted
NP-40, and 2636 ug/mL poly(d+dC) as described by DNA fragments where phased arrays thﬁacts_are located
Paolella et al. (1994). Binding reactions were incubated on 2t the center or end of the fragment, respectively (see lanes
ice for 10 min. Free and protein-bound DNA probes were 1—4 of Figure 5A and lanes 117 of Figure 5B). The
resolved by nondenaturing 5% polyacrylamide gel electro- average value df under the present electrophoretic condi-
phoresis (29:1 acrylamide:bisacrylamide) in.B3BE buffer tions was 1.1.

for 16 h at 4°C (12 V-cm™%). Dried gels were analyzed by RESULTS

storage phosphor technology.

Phasing Analysis CalculationdMobilities («) of free and Design of GCN4(PAAKRR) and GCN4(PAAKKK)
bound DNA fragments were taken as the distance (mm) from Mutants. Previous experiments have shown that the presence
the center of the electrophoresis well to the center of the of basic amino acids adjacent to the conserved basic domains
band corresponding to free or protein-complexed DNA and of bZIP proteins correlates with DNA bending toward the
were normalized to the average mobility of each set of probes minor groove (away from the leucine zipper; Table 1). The

to give relative mobility: yeast bZIP protein GCN4 contains the sequence PAA
adjacent to the basic region and does not appreciably bend
el = Hlit 1) DNA in electrophoretic experiments (Gartenberg et al.,

1990). We hypothesized that mutation of these neutral amino
wheren corresponds to the average valueuofor a set of acids to the basic amino acids KRR (as found in Fos; Table
phasing probes. Values pgf, were then plotted againstthe 1 and Figure 2) or to KKK would induce DNA bending by
phasing spacing (distance in bp between the center of theGCN4 homodimers.

AP-1 site and the center of thesAact array) for fitting to GCN4 mutant proteins were expressed at reduced levels
the phasing function: in E. colias assayed by Western blotting (Figure 3). GCN4
derivatives were expressed with an N-terminal T7 tag
Ut = (Apf2){cos [21(S— S;)/Ppl} +1 2 sequence that is recognized by the monoclonal T7 tag
antibody. Chemifluorescence detection allowed for estima-
where ure is the relative mobility of the free or protein- tion of protein levels in Western blots. GCN4(PAXKRR)
complexed DNASis the phasing spacer lengtPgy is the was expressed at onky7% of wild-type levels. GCN4-
phasing period (set at 10.5 bp/tur®; is the trans spacer (PAA—KKK) was expressed at36% of wild-type levels.
length (the length where the intrinsic and protein-induced Because we used crude bacterial lysates for gel mobility shift
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FIGURE 3: Western analysis. Western blot of crude protein extracts
from E. coli BL21(DE3) cells expressing different proteins. Lane
1 contains extract fronf. coli cells carrying expression vector
alone, lane 2 contains extract of cells expressing the wild-type
GCN4 derivative, lane 3 contains extract of cells expressing GCN4-
(PAA—KRR), and lane 4 contains extract of cells expressing

GCN4(PAA—KKK).

CTAGAGAGATGACTCATCTG! GGG GGG GC AP-1-21
GATCTCTCTACTGAGTAGACGTTT! CCC 'TTTGCCCETTTTTGCG -
CTAGAGAGATGACTCATCTCTG! GGG GGG GC AP-1-23
GATCTCTCTACTGAGTAGAGACETITTTTGCCCETTTTIGCCCETTTTTGCG
CTAGAGAGATGACTCATCTCGCCTG GGG GGG GC
GATCTCTCTACTGAGTAGAGCGGACETTTTTGCCCETTTTIGCCCETITTTTGCG AP-1-26
CTAGAGAGATGACTCATCTCGCACCTG! GGG GGG GC AP-1-28
GATCTCTCTACTGAGTAGAGCGTGGACGTTTTTIGCCCETT CCCETTT CG

CTAGAGAGATGACTCATCTCGCACTGCTG GGG GGG GC AP-1-30
GATCTCTCTACTGAGTAGAGCGTGACCGACHTTTTTIGCCC TTGCCCHTTTTTGCG o

varjable linker
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of the variable linker that changes the phasing of the AP-1
site and A tract array.

AP-1 Phasing Probes He Intrinsic Cuwature. Lanes
5-9 of Figure 5A depict mobilities of phasing probes
incubated withE. coli extract lacking GCN4 peptides. The
absence of any shifted complexes indicates that there are no
endogenoug. coli proteins that bind to the phasing probes.
Slight intrinsic probe curvature in or near the AP-1 site is
implied by the different mobilities observed for the five
phasings. An estimate of8° intrinsic curvature toward the
major groove at the AP-1 site was determined from the
phasing analysis and the assumption that the center of the
AP-1 site is the site of curvature (Figure 6; Table 2).
However, the actual site of curvature cannot be determined
from this study. Previous experiments with shorter phasing
probes (164173 bp) containing the sequences flanking the
AP-1 site estimated the AP-1 site to be curve® toward
the major groove (Paolella et al., 1994). The slight difference
in these estimates may be attributable to the difference in
length of the phasing probes. The longer phasing probes
used in our study are thought to allow for more sensitive
determination of bend angles (Kerppola, 1996).

GCN4 Does Not Bend the AP-1 SitBinding reactions
containing the AP-1 probes and extract containing wild type
GCN4 protein (basic and zipper regions) resulted in com-

Ficure 4. Phasing analysis probes used to study DNA bending plexes whose mobilities reflected the same DNA curvature
by GCN4 derivatives. Probes used for phasing analysis containedpattem as was observed for the free probes (Figure 5A,

an AP-1 site (underlined) separated by a variable number of bp

from a 25-bp array of Atracts (bold and boxed) that is intrinsically
bent toward the minor groove by54° (in a reference frame near
the center of the centralsAract). Probe designations are shown at

compare lanes-59 with lanes 16-14). Analysis of these
phasing data suggests a bend angle 6f toward the major
groove (Figure 6; Table 2). This value is comparable to the

the right indicating the distance (bp) between the center of the AP-1 ~8° intrinsic curvature measured for the unbound AP-1 site.

site and the center of the 25-bp; &act array. Probes are 437
446 bp in length, and the AP-1 site is 203 bp from the left terminus
of each probe.

GCN4(PAA~KRR) and GCN4(PAAKKK) Induce DNA
Bending. Binding reactions containing the AP-1 probes and
bacterial extract containing recombinant GCN4(PAKRRR)

experiments, differences in protein expression are reflectedprotein or recombinant GCN4(PAAKKK) protein pro-

in different degrees of probe saturation.

Phasing Analysis.Changes in average DNA shape due
to intrinsic curvature of the duplex or protein-induced
bending were studied by electrophoretic mobility shift assays.
Nondenaturing gel electrophoresis allows for detection of
phase-dependent changes in electrophoretic mobility. Thes
effects result when a DNA fragment containing a protein

recognition sequence (e.g., the AP-1 site) also contains a
reference sequence of defined curvature, in this case an arra
of As tracts. Phasing analysis measures the overall DNA

shape as the distance between these elements of curvatu
is altered (Kerppola, 1996; Kerppola & Curran, 1991a;
Paolella et al., 1994; Zinkel & Crothers, 1987). This

technique is sensitive and distinguishes directed bends from

distortions that result from isotropic flexibility. Phasing

analysis also allows for definition of the orientation of a
directed bend relative to the intrinsic curvature present in
the fragment.

The 437446-bp phasing probes used to study DNA
bending by GCN4 derivatives are shown in Figure 4. Only
the sequences surrounding the AP-1 site apdrédct array
are shown. The AP-1 site (ATGACTCAT) is separated from
a 25-bp curved DNA element by a variable linker. The 25-
bp curved sequence contains thregtiacts with an overall
curvature of 54 toward the minor groove (in a reference
frame taken to be 0.5 bp 8 the central A of the central A
tract in the array). The five probes differ only in the length

e

duced complexes whose mobilities suggested very different
DNA curvatures than those measured for free probes or wild-
type GCN4-DNA complexes (Figure 5A, compare mobility
patterns in lanes 514 with lanes 1519; Figure 5B,
compare mobility patterns in lanes-5 with lanes 6-10).
.The mobility patterns for GCN4(PAAKRR)—DNA com-
plexes and GCN4(PAAKKK) —DNA complexes indicate
induced bending in the opposite direction from the intrinsic
urvature of the AP-1 site (Figure 6; Table 2). For both
utants with cationic residues, the induced bend angle
mounted to~20° toward the minor groove~15° toward
the minor groove in addition to reversal of the5° of
curvature toward the major groove in the wild-type GCN4
DNA complex). Thus, mutation of three amino acids endows
the GCN4 mutants with substantial DNA bending charac-
teristics.

DISCUSSION

Numerous techniques have been employed to measure
DNA bending by bZIP proteins such as AP-1 (3tFos;
Hagerman, 1996; Kerppola, 1996; Kerppola & Curran, 1993;
Sitlani & Crothers, 1996). Original work by Kerppola and
Curran employed electrophoretic phasing analysis and in-
dicated that these complexes bend DNA and that the
orientations of DNA bending induced by Fos-Jun het-
erodimers and Jun homodimers are opposite. In contrast,
X-ray crystallographic analysis, restriction fragment cycliza-
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A vl SRR,

Relative Mobility

22 24 26 28 30
Spacing (bp)
Ficure 6: Analysis of phasing data. Relative gel mobilities are
plotted as a function of the spacing (bp) between the center of the
AP-1 site and the center of the;&act array. Data were calculated
as described in Experimental Procedures. Mobilities of free probes
(x, solid line), wild-type GCN4-DNA complexe§]( dotted-dashed
line), GCN4(PAA—~KRR)-DNA complexes ©, dashed line), and
GCN4(PAA—KKK)-DNA complexes @, dotted line) reflect the
average of at least two experiments. Both plots depict the calculated
best fits of the data to the phasing equation described in Experi-
mental Procedures.

2 4 5 6 7 8 910111213141516171819 Table 2: DNA Bending by GCN4 Derivatives
complex bend angigdeq)
probe (intrinsic curvature) 1.0
probe+ GCN4 5+0.8
probe+ GCN4(PAA—KRR) —15+1.3
probe+ GCN4(PAA—KKK) —-14+14

a2 Based on best fits to the phasing equation. Convention: bend angle
>0° for bending toward the DNA major groove; bend anglé° for
bending toward the DNA minor groove. Data are based on two to four
experiments.

phoretic techniques, phasing analysis and phase-sensitive
detection have important differences. Phase-sensitive detec-
tion employs DNA probes with wide spacing between two
bends together with short flanking sequences. This arrange-
ment can generate complex DNA shapes, resulting in
reduced, or even undetectable, electrophoretic mobility
differences. In contrast, phasing analysis employs DNA
| probes with close spacing between two bends and long
1 3 5 7 9 11 13 1517 flanking sequences. This arrangement produces DNA shapes
.2 4 6 8 10 12 14 16 that approximate a continuous DNA bend, resulting in large
FiGURE 5: Electrophoretic mobility shift assay of GCN4, GCN4- mobility differences between in-phase and out-of-phase
(PAA—KRR), and GCN4(PAA-KKK) homodimers bound to  constructs. A thorough study by Kerppola (1996) clarifies
phasing analysis probes. (A) Lanes4.contain bending standards.  the effects of probe geometry on the detection of protein-

Lanes 1 and 2 contain circularly permuted pJT170-2 DNA . - .
fragments, where the phased array of téacts is located at the induced DNA bending. On the basis of these results, we

end or center of the fragment, respectively; lanes 3 and 4 containbelieve that phasing analysis with the AP-1 phasing probes
circularly permuted pJT170-3 DNA as stated above for pJT170-2. and homologous GCN4 derivatives we describe provides for

Lanes 5-9 contain phasing probes from plasmids pDP-AP-1-21, sensitive and accurate detection of DNA bending due to

-23, -26, -2_8,. -30, respectivejy, incubated with an extra&.o:fo!i electrostatic effects.
cells containing the expression vector alone. Lanes18contain . . . . .
phasing probes incubated with coli extracts containing wild- Another issue in phasing analysis is whether gel mobility

type GCN4 homodimers (lanes 1@4) or GCN4(PAA~KRR) of bZIP-DNA complexes can be significantly affected by
homodimers (lanes 1519). Shifted complexes in lanes1%9 are the extended shapes of these proteins. It has also been
indicated by white triangles. (B) Lanes-5 contain phasing probes  pyngthesized that rigid protein domains, such as the leucine

incubated with an extract d&. coli cells containing the expression /i rm ind nomal lectrophoretic mobilit
vector alone. Lanes-610 contain phasing probes incubated with pper, may uce anomalous electrophoretic mobiiity

E. coli extracts containing GCN4(PAAKKK) homodimers. Lanes  (McCormick et al., 1996). These potential complications
11-17 contain bending standards (in this case all lanes contain are lessened in our experiments due to utilization of truncated
two circularly permuted pJT170 DNA fragments, wherein the recombinant peptides. Moreover, the zipper region is never

phased A tracts are located at the end or center of the fragment; ; ; :
lanes 1£.17 contain pJT170-2, pJT170-3, pJT170-5, pJT170-6, altered in our studies, such that changes in apparent DNA

pJT170-7, pJT170-8, and pJT170-9, respectively). Interpretation of P&Nding must be attributed to the small number of amino
the bending data is indicated schematically above the gel images.acid substitutions proximal to the basic region.

It has been hypothesized that electrostatic interactions
tion, and phase-sensitive detection experiments suggest little(Manning et al., 1989; Mirzabekov & Rich, 1979; Strauss
or no DNA bending in the complexes (Glover & Harrison, & Maher, 1994) might explain the different degrees of DNA
1995; Sitlani & Crothers, 1996). With respect to electro- bending observed for different bZIP proteins (Kerppola &
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Curran, 1995). Unfortunately, the absence of DNA bending possible on the basis of the present experiments. We suggest
in cocrystals with bZIP proteins prevents a high-resolution that discrimination between these kinds of bending forces
analysis of the DNA bending observed in solution. However, can only be accomplished by “phantom protein” studies
X-ray data for the Jun-Fos heterodimer and the GCN4 (Strauss & Maher, 1994; Strauss et al., 1996a,b) in which
homodimer complexed to duplex DNA provide many details the degree of DNA collapse due to phosphate neutralization
of the protein/DNA interface (Ellenberger et al., 1992; Glover is measured in the absence of protein using DNA analogs
& Harrison, 1995). The central G base pair of the AP-1  designed to simulate the electrostatic consequences of protein
site is recognized by a specific arginine residue (GCN4, binding. Analyses of this type may be useful to clarify the
R243; Jun, R279; Fos, R155), and this interaction is essentialsource of DNA bending energy in the present experiments.
for high-affinity binding. Other interactions comprise an As is evident from Figure 5, crude bacterial extracts
ensemble of hydrogen bonds and van der Waals contactscontaining the GCN4(PAA-KRR) or GCN4(PAA—~KKK)
between the basic region of the protein and the base pairsmutants contained reduced DNA binding activity relative to
of the AP-1 site. Which of these interactions is important the wild-type GCN4 derivatives. Western analysis has
for DNA bending? shown that this is largely due to reduced protein expression
Using GCN4 as a model, we report that conversion of three of both mutants. In this regard, it is notable that protein
neutral amino acids of GCN4 to their cationic counterparts expression from extracts containing a GCN4(PARRR)
[KRR (present in Fos) or to KKK] converts GCN4 into a mutant was undetectable (data not shown). However, the
DNA bending protein. The resulting DNA bend has the GCN4(PAA—KKK) mutant was expressed at higher levels
same orientation as that attributed to Fos, i.e., compressionand causes DNA bending identical to the GCN4(PARRR)
of the minor groove such that the DNA bends away from mutant.
the zipper domain. This result strongly suggests a role for  |n addition, data obtained with disulfide-linked synthetic
electrostatic interactions in DNA bending by bZIP proteins. basic regions (not shown) suggest that GCN4(PASRR)
Previous work in our laboratory has shown that DNA has a lower binding affinity compared to wild-type GCN4
bending is induced when duplex DNA is asymmetrically derivatives. This reduced affinity might relate to the high
neutralized by methylphosphonate substitutions or tetherediocal charge predicted for such a complex, but the same local
cations (Strauss & Maher, 1994, Strauss et al., 1996a,b). Thepattern of basic residues is not uncommon among bZIP
resulting asymmetric charge distribution causes DNA to heterodimers (e.g., Fos-ATF-2) that stably bind to duplex
collapse toward the neutralized face. It is intriguing to DNA. Thus the origin of decreased DNA binding affinity
speculate that this effect contributes to DNA bending when for this particular mutant remains obscure.
the GCN4(PAA~KRR) or GCN4(PAA—~KKK) dimers bind The present data contribute to the view that some examples
to the AP-1 site. Perhaps the added positive chargesof DNA bending by proteins may be understood in terms of
neutralize local phosphate diester anions resulting in an pNA collapse due to asymmetric phosphate neutralization
unbalanced charge on the DNA. The observed collapse ofpy cationic amino acids. These forces may explain some of
the DNA toward the neutralized surface (away from the the DNA bending in the nucleosome (Crothers, 1994) and
zipper domain) is consistent with this reasoning. have been plausibly extended to site-specific DNA bending
Possible sites of phosphate neutralization by GCN4- proteins such as PU.1 (Kodandapani et al., 1996; Pio et al.,
(PAA—KRR) or GCN4(PAA—~KKK) are at or near the  1996) and bZIP homodimers (this work). Together with
phosphates highlighted on the AP-1 sequence (Figure 1).djfferent bending mechanisms thought to be involved in other
These sites were identified with reference to the crystal DNA bending molecules (e.g., LEF-1, SRY, HMG, and TBP;
structure of GCN4 bound to the AP-1 site (Ellenberger et werner et al., 1996), the forces involved in configuring

al., 1992). When mapped onto the AP-1 site, these phos-nycleoprotein complexes may soon be better appreciated.
phates (indicated by filled circles) are

5-ATGACT. CAT

NOTE ADDED IN PROOF

, Similar effects of cationic amino acid substitutions on
3F-TACTGAGTA apparent bending of the AP-1 site have recently been reported

It is important to note that the GCN4 bZIP domains contain for the bZIP domains of Jun and Fos (Leonard et al., 1997;

many conserved basic residues besides the three that havgaOIeIIa etal., 1997).
_been added in our study. Why QOes the AP-1 DNA not bend pcxNOWLEDGMENT
in response to conserved basic residues of GCN4? One
possibility is that the cationic core of the GCN4 basic region ~ We thank B. Mueller-Hill for plasmid pPLc28-bZIP, T.
wraps around the DNA with dyad symmetry, packing into Kerppola for pJT170 plasmids, and A. Schepartz and D.
the major groove in a manner that immobilizes the DNA Paollela for pDP-AP-1 plasmids. C. Vinson and T. Kerppola
such that electrostatic effects on DNA shape are not evident.provided helpful discussions and advice, J. Vockley and W.
In contrast, DNA proximal to the basic region (near the added Mohsen provided assistance with molecular graphics, and
cationic amino acid residues in this study) may be more the staff of the Mayo Foundation Molecular Biology Core
flexible and able to respond to asymmetric phosphate Facilities provided excellent oligonucleotide synthesis and
neutralization. DNA sequencing services.

Although electrostatic effects are clearly implied in this
DNA bending study, it is important to note that partitioning REFERENCES
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