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Abstract

The basic leucine zipper (bZIP) proteins are one of the largest and most conserved groups of eukaryotic tran-
scription factors/repressors. Two major subgroups among the plant bZIP proteins have been identified as G-box
(CCACGTGQG) or C-box (TGACGT@) binding proteins based on their DNA binding specificity and the amino

acid sequences of their basic regions. We have investigated how plant bZIP proteins determine their DNA binding
specificity by mutation of the basic domain of the G-box-binding protein EmBP-1. Four subregions of the EmBP-1
basic domain that differ from the C-box-binding protein TGAla were substituted singly or in combination with the
corresponding regions of TGAla. DNA binding experiments with the mutant proteins demonstrated that binding
specificity of plant bZIP proteins is determined independently by two regions, the core basic region and the hinge
region. These two regions have an additive effect on DNA binding specificity. PCR-assisted binding-site selections
using key mutants demonstrated that only G-box and C-box binding specificity can be generated by combinations
of amino acids in the basic domains of EmBP-1 and TGAla. These results suggest that factorial contributions of
the amino acid residues in the basic domain combine to determine DNA-binding specificity of bZIP proteins.

Introduction of plant gene regulation to determine the molecular
mechanisms governing DNA binding specificity of the
Many studies have revealed vital roles of basic leucine plant bZIP proteins.
zipper (bZIP) proteins in biological processes in eu- Amino acid sequence alignment of the basic re-
karyotic cells. In plants, the bZIP proteins are involved gions of plant bZIP proteins indicates that they are
in control of seed storage gene expression, photomor-more related to each other than to those from other
phogenesis, and organ establishment (Schetic., eukaryotes, indicating they are an ancient evolution-
1987, 1990; Oyamat al, 1997; Walshet al., 1998). ary subgroup of bZIP proteins (Johnson, 1993). DNA
Furthermore, the plant bZIP proteins are also impli- binding studies have shown that the binding speci-
cated in regulating gene expression in response toficity of plant bZIP proteins are related by the nearly
abscisic acid (ABA), light, anaerobiosis, and devel- universal recognition of an ACGT core sequence (Fos-
opmental signals (Menkeret al, 1995). Individual ter et al, 1994). The binding affinity of a particular
plants can express a large number of bZIP proteins; bZIP protein is largely determined by the three bases
for example, inArabidopsis 13 bZIP proteins have flanking the four core nucleotides, although binding
been identified (Figure 1). It is likely that differen- specificity is variably flexible.
tial expression of bZIP genes, hetero-dimerizationand  Among plant bZIP proteins, three major groups
unigue binding specificity of the different proteins re- can be distinguished based on DNA binding speci-
sult in a factorial mechanism generating functional ficity. Some prefer the G-box{3C —2C —1A —0C
diversity. Thus, it is essential to the understanding G+0 T+1 G+2 G+3), others the C-box+{3T —2G



Protein BASIC REGION - HINGE Kd ratio Group Genbank #
-20  -15 -1 (o
wheat EmBP-1 KQSs|NRE[S|AR degL 100 1 uo7933
kidney bean  ROM2 NRES/AR EE[L U41817
Arabidopsis  GBF3 NRE[S|A EE[L Us1850
soybean  SGBF-2 NRE[S/ARRSRLRK E E[L L1448
maize 05828 NRES|AR EEfL 42208
maize GBF1 NRE[s|A EEL U10270
soybean SGBF-1 NREISIARRSRLRK CGEE|L L01447
wheat HBP-1a NRE[s|A CEE[L 35  Ghbox xs6781
parsley CPRF-1 NRE[S EE[L 10  binding X58575
tobacco TAF-1 NRESIARRSRL RK E E[L 5 proteins  X60363
tomato GBF9 NREs|ARRSRLRK olE|L X74943
tomato GBF4 NRESARRSRLRK E E[L X74942
tomato GBFi2 NRE[s|A EEL X74941
Brassica  BnGBF1a NRESARRSRLRK gat X83922
Brassica BnGBF2a NRE[S|ARRSRL RK| E E|L X83920
Arabidopsis  GBF-1 NRE/S/ARRSRLRK gaL X63804
Arabidopsis  GBF-2 NRE[s|AR EaL X63895
Arabidopsis  GBF-3 NRES|ARRSRLRK lElat X63896
parsley CPRF-3 NRE/S|ARR DﬂL 5 X58576
maize oCsBF-1 AADTHRAEKRAL|SINRESARRSRLRKQQHLDEL 3 X62745
parsley CPRF-2 PSDAKRVRRKL[SINRE[sJARAsRRRkQAHMT[HL 25 0 xs8s77
rice RITA-1 PLDVKRMRRMV|S|NRE[SIARRSRKRKQAHL|ADL L34551
maize OHP1 PVQQRLQRRKASNRESARRSRSRKAAHL|NEL L00623
maize OPAQUE-2 D[P TEERVRKRKE|SINRE[SIARAISRYRKAAHL|KEL 15 X16618
maize mLIP15 TTDERKRKRML|S|NRE/S|ARRS RARKQQRL|E[EL D26563
rice Lipto GGADERKRKRML|S|NRE/S|ARRASRARKQQRL|EEL X57325
tobacco TGA1b NDEDEKKRARLVRNRESAQLSRQRKKHYVEEL 05 X18450
tobacco TGAta SKPVEKVRRLAQNREAA KsrLriKAYva 0017 W X16449
potato MBF2 sikP1 EKVILIRRL AQNREAARKSRLRKKAYVQ 573826
soybean  STGAI s|KPTDKI QRRLAQNREAARKSRLRKKAYVQ 128005
tobacco PG13 AKPI DKVIURAL AQNREAARKSRLRKKAYVE M62855
wheat HBP-lb KNGDQKTMRRLAQNREAARKSRLRKKAYVQ X56782
Arabidopsis  TGAT SRHPDKI QRRLAQNREAARKSRLRKKAYVQ C-box  X68053
Arabidopsis  OBF4 SAHPDKI QRRLAQNREAARKSRLRKKAYVQ binding  X69899
Arabidopsis  TGA3 DRI NDKMKRRLAQNREAARKSRLRKKAHYQ proteins  £10209
maize OBF3.1 KLookT[LlRAIL AQNRE/AARKIS RL RKIK A]Y X69153
Arabidopsis  TGAG KLDakT/ILIRRL AQNREAARKSRLRKKAYVQ 142327
broadbean  VBP1 KISDQKT|L|RA[L AQNREAARKSRLRKKAYVQ M81827
Arabidopsis  OBFS sikMDQKT|L|RRL AQNRE/AARKSRLRKKAYVQ X69900
Arabidopsis  AHBP-1b kMpak T|L|RAL AQNREAlARKSRLRKKAY VaQ D10042
potato MBF1 TlKIRI DKVRRRLAQNREAARKIS RLRKKAYVQ 73828
Arabidopsis  GBF4 DKAAAjiRMI KNR RSRE'RKQAI EL W uo1s23
Arabidopsis PosF2{ AL DP KRt wANRAs|AARSKERKTRY FlEL X61031
-25 15 -10 -1

Figure 1. Alignment of the basic and hinge regions of plant bZIP proteins. The plant bZIP proteins are classified as four groups according to
their DNA binding specificity and amino acid sequences in the basic-hinge regions. Groups |-lll are named accordingebaizéva9o3).

Group IV proteins do not bind to DNA as homodimers. Conserved amino acids among the plant bZIP proteins are in bold type. The amino acids
that are conserved in each group are boxed. Amino acid numbering is according to Sticko(®993). The first leucine in leucine heptad
repeats is numberedl, the last amino acid of the basic and hinge regionslisThe ratio of G-box to C-box dissociation constarkg) of

ten plant bZIP proteins was determined by Izatal. (1993). GenBank accession numbers for these bZIP proteins are listed. The basic-hinge
region of yeast bZIP protein GCN4 is also shown at the bottom for comparison with plant bZIP proteins.

—1A —0C G+0 T+1 C+2 A+3), and therest bind G-  box binding affinity (Izawaet al., 1993). EmBP-1
box or C-box with about the same affinity (Izaefal., was isolated from wheat by interaction with an ABA
1993). EmBP-1 is the strongest and most specific G- response element (Guiltinaat al, 1990). Its DNA
box-binding protein among 10 plant bZIP proteins binding specificity and DNA binding and dimeriza-
tested with about 100-fold difference ikig ratio of tion domains have been characterized, indicating that
G-box vs. C-box-binding affinity, whereas TGAla is EmBP-1 is a typical bZIP transcription factor which
the strongest and most specific C-box-binding protein binds to a G-box site (GCCACGTGGC) with highest
with a value of 0.017 inKy ratio of G-box vs. C- affinity (Guiltinan and Miller, 1994; Niu and Guilti-



nan, 1994). TGAla was cloned from tobacco and
originally shown to bind the sequence TGACG in the
as-1 element of the 35S promoter of the cauliflower
mosaic virus (Katagiriet al., 1989). To investigate
the determinants of DNA binding specificity, we mea-
sured G-box and C-box binding by EmBP-1 mutants
with TGAla amino acid substitutions. Our results
indicate DNA-binding specificity of plant bZIP pro-
teins is determined not only by the basic region but
also by the hinge region. The results also illustrate
that combinatorial contribution to DNA binding speci-
ficity is important in determining high DNA-binding
specificity of the bZIP proteins.

Materials and methods

PCR-assisted mutagenesis

Mutations were introduced into EmBP-1 coding se-

3

digested withEcdRl andPst. The fragments contain-
ing G-box and C-box were gel-purified and labeled
by Klenow filling to high specific activity (1-2x
10° cpmjug DNA). Minor differences in labeling were
equalized by dilution with % binding buffer. Quan-
tification of mobility shift gels was performed with a
Phosphorimager (Molecular Dynamics).

Overexpression and purification

For large-scale purification of recombinant proteins,
XL1-blue cells containing the plasmids were grown
to ODgop 0.4 and induced with isopropyl-1-thig-D-
galactopyranoside for 3 h. Proteins were purified as
described (Niu and Guiltinan, 1994). The buffer con-
taining the eluted proteins was changed three times
with storage buffer (50 mM Tris pH 7.6, 100 mM
KCI) by Centricon-30 filter ultrafiltration (Amicon).
Proteins were diluted with an equal volume of glycerol
and stored at-20 °C. Purified recombinant proteins

quence for the basic-hinge region by a PCR-assistedwere used in PCR-assisted binding-site selection and

mutagenesis method (H al,, 1989), using the plas-
mid pXN11 (Niu and Guiltinan, 1994) as template.
The PCR products were cut witanH| and Hindlll
and cloned into similarly digested pXN11.

PCR-based transcription/translation

DNase | footprinting.

PCR-assisted binding-site selection

PCR-assisted binding-site selection was performed as
previously described (Niu and Guiltinan, 1994) with
the following modifications: the oligonucleotide with

EmBP-1 and its mutant proteins were synthesized @ 14 nucleotide random sequence was made double-

in vitro in transcription/translation reactions as de-
scribed (Guiltinan and Miller, 1994), using PCR prod-
ucts amplified from the above plasmids containing the

stranded DNA and*?P-labeled in a buffer consist-
ing of 50 mM Tris-HCI pH 7.2, 100 mM NaCl,
10 mM MgCh, and 0.1 mM DTT. In binding reac-

sequences of EmBP-1 and its mutants. In PCR reac-tions, the concentrations of poly(dl-dC) varied from

tions, the N-terminal primer with a phage T7 promoter
sequence starts from amino acid 245 of EmBP-1a (5
GGAATTCTAATACGACTCACTATAGGGAGCCAT
GTCGCTGTCTCAG-3, the C-terminal primer ends
with amino acid 317 of EmBP-1a as described (Guilti-
nan and Miller, 1994). EmBP-1 and its mutant pro-
teins synthesizeih vitro were used in electrophoretic
mobility shift assays shown in Figure 2.

Electrophoretic mobility shift assay (EMSA)

EMSA was as previously described (Guiltinan and
Miller, 1994). For G-box and C-box probes, two
oligonucleotides (G-box:’5STGGATGGCCACGTGG
CCATCCA-3; C-box: 3-AGCTTAGTGACGTCACT
AAGCT-3) were cloned into th8al-cut and Klenow-
filled pUC19 vector, generating plasmids pMG92.23
and pLWRGc-14. pMG92.23 and pLWRGc-14 were

50 to 5 ng/ul depending on individual mutant proteins.
The bound fractions were separated from unbound
fractions on 4% polyacylamide (29:1 ratio of acryl-
amide to bisacrylamide)-0:5Tris/borate/EDTA gels

at room temperature.

DNase | footprinting

DNA probe preparation, footprinting reactions and de-
naturing gels were as described (Nst1 al, 1996).
Poly(dI-dC) concentrations vary according to individ-
ual mutants as indicated in the text. For some mutants,
reaction volumes were scaled up proportionally to
larger volumes to accommodate more mutant protein
in a reaction. For C-box probe, pLWRGc-14 was used
as template for PCR reaction to make DNA probes as
previously described (Guiltinan and Miller, 1994; Niu
and Guiltinan, 1994). For A-box and AP-1 site probes,
cloned DNA binding sites 12 and 13 in Figure 3D
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Figure 2. Analysis of EmBP-1 mutants. A. Gel shift assays of S-15A mutant. Left: EmBP-1 and its mutants bind to G-box probe. Middle:
EmBP-1 and its mutants bind to C-box probe. Right: quantification of gel shift results. Ratio of bound G-box to C-box probes from three
experiments and the standard errors are presented. B. Alignment of the basic-hinge regions of EmBP-1 and TGAla. Amino acid differences
between EmBP-1 and TGAla are in bold type. The amino acid positions that make base-specific contacts with DNA in GCN4 crystal structures
are underlined. The regions that make phosphate backbone contacts with DNA are boxed. Amino acid numbering and region designations are
as described in the text and indicated. C. DNA binding of EmBP-1 subregion substitution mutants. Horizontal bars represent the basic-hinge
regions of EmBP-1 and its mutants. EmBP-1 specific and TGAla specific amino acids are represented by gray and black boxes, respectively.
Mutant designations and grouping are shown at the left. Binding preferences of mutant proteins are represented at the right by the ratio of
bound G-box to C-box. The ratios are the average of three experiments, the standard errors are also shown. The stars indicate that PCR-assisted
binding-site selection was performed on these mutants (see Figure 3). D. DNA binding sites bound by EmBP-1 or TGAla. Except for the AP-1
site, nomenclature of these binding sites follow that of Izatal. (1993, 1994). The C-box is identical to the CRE site. The sequences of these
binding sites are shown with the positier2 underlined to indicate G-box, C-box and A-box signature. Half-site spacing and binding to these
sites by EmBP-1 or TGAla are also indicated.

were used as templates in PCR reactions to make DNAtions —15 and—12. Ser-15 and Arg-12 are conserved
probes, respectively. in plant G-box binding proteins, whereas Ala-15 and
Lys-12 are conserved in C-box binding proteins (Fig-
ure 1). Because Ala-15 makes base-specific contact
with DNA in GCN4 crystal structures, it is reason-
able to postulate that the amino acid-&15 may be a
major determinant for plant G-box and C-box binding
specificity (Fosteet al,, 1994).

To test this hypothesis, Ser-15 in EmBP-1 was
replaced by Ala-15 of TGAla, generating a mutant S-
15A. The S-15A mutant was translated vitro and
tested by EMSA against G-box and C-box binding
sites along with the wild-type EmBP-1 and a TGAla-
like mutant in which the entire basic and hinge regions
of EmBP-1 are replaced by those of TGAla (we
designate this mutant as TGAla-BR). The results in
Figure 2A show that S-15A still binds the G-box with
high affinity comparable to that of EmBP-1 (left panel

Results

Single amino acid substitution at15 does not alter
DNA-binding specificity of EmBP-1

According to X-ray crystal structures of GCN4 com-
plexed with DNA-binding sites (Ellenbergest al,
1992; Kénig and Richmond, 1993; Kelletal,, 1995),
base-specific contacts involve amino acids Asn-18,
Ala-15, Ala-14, and Arg-10 (nomenclature follows
that used by Suckowet al. (1993), the first leucine
of the heptad repeats is numberedl, the last amino
acid of the basic domain is-1). Ser-11 or Thr-17

is also involved in base-specific contact of GCN4
binding to the AP-1 site (TGACTCA) or CRE site in Figure 2A). Additionally, S-15A mutant did not
(TGACGTCA) Consistent with the X-ray structures, bind to the C-box much more Strong|y than EmBP-
mutagenesis studies of GCN4 and mammalian bZIP 1 (Figure 2A, middle panel). To minimize potential

protein C/EBP demonstrated that amino acids from effects of protein concentration and stability on com-

—18 to —11 are major residues determining DNA-
binding specificity (Johnson, 1993; Suckat al,
1993a,b, 1996).

parison of DNA binding preference, the ratio of bound
G-box probe to bound C-box probe for each protein
was calculated (Figure 2A, right panel). The ratio

Among these amino acids that make base-specific for S-15A has a value of 8.6, which is much higher
contacts, a change of Ala-14 to Val-14 brings about than that of TGAla-BR (0.4) but lower than that
the tendency of GCN4 to bind to the C/EBP-binding of EmBP-1 (14.5). This result indicates that S-15A
site (ATTGCGCAAT) (Johnson, 1993), demonstrat- has strong preference for G-box, thus this mutation
ing that replacement of a single base-contact residuedoes not change EmBP-1 DNA binding specificity
can dramatically alter DNA-binding specificity. Sys- dramatically. This value for EmBP-1 G/C box speci-
tematic single amino acid substitutions at positions ficity is about 7 times lower than previously reported
—18, —15, —14, —11, and—10 of GCN4 have also  (j1zawaet al, 1993), the difference most likely be-
been shown to change GCN4 DNA-binding specificity jng due to different experimental conditions. In the
(Suckowet al,, 1993a,b, 1994a,b). previous report (Izawat al., 1993) crude protein ex-

Based on the results with GCN4, we compared tracts fromEscherichia colivere used, whereas in this

residues in plant bZIP proteins predicted to contact report, in vitro translated proteins were used. How-
DNA. From positions—18 to —11, plant G-box and

C-box binding proteins differ in two residues at posi-



A B
EmBP-1 selected binding sites TGAla-BR selected binding sites
1 gorerr GadACGTGAA GACTCT  Emla 1 ATAAGA ATGACGTBAG CTT C/A hybrid
2 @oTeTT GacaceToda GACTCT 2 CTGTGG ATGACGTAAG CAAAGC

' ]
3 TTATTIG TAGACGTGCC AAAGCT  Emla-like 2 CICATG I.IG“SGWG ACTCIA
4 AARATA TACACGTGOC ABAGCT GCTITG JTGACGTAAT TTACTG
5 AMAATA TACACGTGUC ARAGCT

5 CTIGGG A’IGACG‘I‘(\T CARAGC

6  ATAMAG TACACGIGUC ABAGCT € <

0 6  CCAGCA Amccmm CABAGC

7 TTATIG TAdACGTGéz AMAGCT
7  CTTACG A{TGACG’I:I‘AQ CAAAGC

§  TAAATT AAcAccmdc ABAGCT 8  CAGTTT ATGACGTTAG CAAACC
1
9 AGGCGT mdAccmgc BAAGCT  Hex-like 9 CTTATT p;mAcm%;m CAAAGC
10 TGTTIG ATUACCTGCC AAAGCT 10 CTTCCA ATGACOTGTG CABAGC
11  GTTCTG C'IGIACG'I‘(R?:T ARAGCT 11 CAGACG A‘TGACG’IGAG CAAAGC
1 ! '
1
12 TAACGC AT'chcmqg ABAGCT 12 CAGCGA ATGACOTCTG CAAAGE
| '
i ] t
13 GCTTIG CATACGTGGA CATTTA 13 CGTCTG pemmmg CAAAGC  ACGT-like
14 TATG ATGATGTRAT GCAAAG
Motif .. .ACGTGG. LTINS PIEICY
Motif JTGACGT. . .
c D

lected bindin it N .
< se ed ding sites ABC selected binding sites

1 CTGAAA ATGACGTRAG CARAGC C/A hybrid oo MG e O e
2 CGTTGA I?NACGT?\AQ CABAGC 2 comc I\'IGACGTAAS
3 TGATGT ATGACGIEGC BAAKCT  Hex-like 3 COAATG ATGACGTAAG CAAAGC
4 CGAATG ATGACGTAAG CABAGC
4 GATATG ATGACGIHQC ARAGCT s o A‘IGACGMQ
5 TGTCTG ATGACGTGGC AAAGCT CGAN CAANGC
6 TAACAA G'TGACGmi AAAGCT 6  CGATGG ATGACGIPAG CAAAGC
7 CGAATA A{I‘GACGT?\AQ CAMAGC
7 CAGATG A’I‘GACG’IG‘IG CARAGC ! '
8  GATATG ATGACGIITG CAAAGC 8  CAGTAG ATGACGTGAG CARAGC

9 CAGTAG NIGACG‘I,GAQ CAAAGC

1

f 1
10 CTAMAG MTGACATAAG CAARGC — ACGT-like
11 CTAAAG ATGACATPAG CABAGC

9 GCITTG GTGACGTTT CGTTAG

1 ]
10 CAGTTG ATGACATLAG CAAAGC  ACGT-like
11 ICTATG ATGACATLAG CAAAGC

12 CATCTG ATGACATRAG CAAK
CATCTG ATGACATY G CAANGC 12 CAACTG ATTACGTAAG CAAAGC  A-box

13  GICCAA ATGATAACTC AGCAAA  Non-ACGT

13 CATAGG ATGACTCAG CAAAGCT AP-1 site
Motif .TGACGT. .. N

Motif .TGACGT. ..
E

F

selected binding sites
L N ABD selected binding sites

CGAAAG ATGACATAAG CAAAGC  C/A hybird
GCTTTG TGACATAAG AATCAG
TCGATT GTGATGTRAT GCABAG and
CGATGA ATGACGCAAA GCTT
GTAAAA GTGACGCPAT GCAAAG — ACGT-like
AGICTG ATGATGTGGT ATGCAA
1 1

GCTTTG CTGACGTRCT TATTTG
8  CIAGAG FCGACGTSTA TCGCCT

GAGTCA WTGACGTRTG TTTGCA
10 TTTGCA ATGACGTITT GATGAC

1 GCTCGT (TGACGTRAT GACTCT — C/A hybrid
AGTTTG (TGACGTACA ATAAZA
1 )

[N

CCAAAT ATGACGITCG CAAAGC

GCTTTG (TGACGTICA CCTCAG

AGCTTG _Q’ICACG’I'I‘I‘C GRATGG

CAAARA A’I‘GACG’[‘I‘AQ CAMAGC

CTTGTG C}TGACGTGTQ CAAAGC
1

[ RS W SR

Non e W

i
8  GOTTIG GTGACATATT CAACAG  ACGT-like
9 GAGTCT ATGATGTRAAT TTAGTA
10 GICAAG ATGATGTSTA TGCAAA
11 GCTTIG Q_TGA‘TG‘IFTA CTTCTG

11 CTTTTA ACTACGTAAG ACTCTA

12 CTTTGG TTGACAAACG CAAAGC  Non-ACGT
13  GATCGT ATGATGAAAC CGCAAA
14 GAGTCG CTGACGATTA AATGCA
15 GCTTTG CTATCGTAAG TAGTTG

12 CTAGTG ATGAGTTAAG CAAAGC — non-ACGT
13 CGTTAT GTGACGATAG CAAAGC
14 ATGGTG ATGAATCAG CAAAGCT — AP-1 like

Motif .TGACGT. . . Motif -TGACCT. . -

Figure 3. Selected binding sites from a random oligonucleotide pool by EmBP-1 and its mutants. A to F are the selected binding sites by
EmBP-1 and its mutants (TGAla-BR, 8BC, D, and_ABD. Selected binding sites (assuming a 10 bp sequence) are aligned centering the
ACGT core sequence. Sequence motifs identified in the selected binding site pools are boxed with a dashed line and summarized at the bottom
of each pool. Some known DNA binding sites (Em1la, Hex, C/A hybrid, A-box, AP-1 site) contained in the selected binding sites are indicated

at the right. The oligonucleotide sequences flanking the 14 bp random sequences are underlined.
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ever, qualitatively, these two experimental values are ~ Gel mobility retardation experiments indicated that
in agreement. all the mutants were still capable of binding to either
The above results suggest that amino acids be- G-box or C-box sites in the conditions tested (data not
sides—15 also contribute to G-box and C-box binding shown). To estimate DNA binding preference of the
specificity. Because Ser-15/Ala-15, and Arg-12/Lys-12 mutant proteins, ratios of bound G-box probe to bound
belong to two groups with similar biochemical and C-box probe were measured using a Phosphorimager
physical properties (small/neutral and basic, respec- and calculated from three replicate experiments. Fig-
tively), their relative contributions at each position to ure 2C indicates that the, B, or AB mutants (Group |
G-box and C-box binding specificity may not be large. mutants) retained G-box binding specificity compara-
ble to EmBP-1. Ratios of bound G-box probe to C-box
Substitution of amino acids in the basic-hinge regions probe are very high and comparable to that of EmBP-
of EmBP-1 by amino acids in TGAla 1. This suggests that the A and B regions of plant
. . . I . bZIP proteins exert little effect on DNA-binding speci-
Because single amino acid substitution does not sig- ficity. However, this region is an integral part of the

nificantly affect G—bpx and C-box binding preference basic region and a small deletion completely abolishes
of plant bZIP proteins, we investigated what subre- DNA binding (Schindler et al., 1992; Guiltinan and

gionsbin t_he basic—hfingg fegiof‘s. of %agt bZIPdprC(:thins Miller, 1994). Figure 2C also indicates that the rest
Eaz. e |mpq]£t§tr1t :r rtlaterm.lmlr;g ) ;é ?ﬂ POX" ¢ the EmBP-1 mutants (Groups I, IlI, IV) change
INcing Speciiicily. AS SNOWN In FIGUre 2B, th€ amino 14, yea or strong C-box-binding proteins judging by

EC|nglf{erer;c$sGX(let\Neen ghed.bijs'gh'?g? reglor;)s of ratios of bound C-box probe to G-box probe. These
mbr-~ an acan be divided Into four Subré- 12t contain mutations in C or D region or both.

?Cl)on8227rergelgino :‘é:o:;igisngvzvzrgxnicf;;;oggé Combined mutation of the B, C and D sites gave the
o X o . . highest C-box-binding preference examined.
and —24, region C contains five amino acids-a21, g gp

—20,-19, —15, and—12, and region D contains six
amino acids from-6 to —1 representing the hinge re-
gion. Amino acids in regions A, B, and C are clustered

and may act as independent specificity determining x_ray crystal structures of GCN4 indicate that amino
groups. Region C consisted of five amino acids that are 5cids from—22 to —4 in GCN4 make 5 base-specific
in a region normally referred to as core basic region. gnd 9 phosphate backbone contacts with its DNA tar-
All these regions and permutations in the basic-hinge gets (see Figure 2B for these positions in EmBP-1 and
domain of EmBP-1 were substituted by corresponding TGA1a). Most of these contacts occur within amino
aminO aCidS Of TGAla, generating atotal Of 15 EmBP- acids from_22 to -7 (5 base_specific contacts and
1 mutants. For nomenclature, all EmBP-1 mutants will 8 DNA backbone Contacts)_ We designate th|s region
be referred to by the region(s) which have been re- 55 the core basic region. One backbone contact is ex-
placed by the corresponding TGAla sequence excepttended to the region from6 to —1, adjacent to the
for TGAla-BR, in which the entire basic-hinge region |eycine zipper region. We designate this region as the
of EmBP-1 was replaced by the TGAla basic-hinge hinge region. Cand all other Group Il mutants have
region. five amino acid substitutions spanning froa21 to
—11 (Figure 2B). Because the mutations are flanked
by the conserved amino acids of EmBP-1 and TGA1a,
the changed region is actually fror23 to—7. There-
fore, C mutants change the entire core basic region
from EmBP-1 to TGAla.

Ratios of bound C-box probe vs. G-box probe mea-
sured from gel mobility shift assays indicate that the C
mutant and its derivatives (Group 1) exhihited C-box
binding preference (Figure 2C). &d AChave a ra-
tio of bound C-box probe to C-box probe comparable
to that of TGAla-BR mutant. However, the ratio of
bound C-box to bound G-box for B&d ABC mu-

Core basic region can determine DNA binding
specificity

DNA binding of EmBP-1 mutants

To assess the DNA binding specificity of all the mu-
tants, mutant proteins as well as EmBP-1 were synthe-
sized byin vitro translation using rabbit reticulocyte
lysate. Translated products of correct size were veri-
fied by SDS protein gels, quantified by Phosphorim-
ager, and adjusted to equal molar concentration. The
same amounts of mutant and EmBP-1 proteins were
tested against G-box and C-box binding site probes in
gel mobility shift assays, which were repeated three
times.
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tants is low; in particular, AB®as a ratio near 1. Gel
shift assays indicate that AB@nding either to G-box
or to C-box probes was very weak, making quantifi-

1991; Schindleet al, 1992a, b). The Hex sequence
was also selected by EmBP-1 (Figure 3A). Further-
more, all of the mutants we generated bound to the

cation subject to large deviation. One reason for such Hex sequence (data not shown). In the latter sequence

weak binding to DNA by ABGnay be that the protein-
DNA complex is not stable. Another possibility is that
a new binding specificity was generated which was not
represented in the probes used for this experiment.
To further investigate DNA binding specificity of
Group Il mutants, PCR-assisted binding-site selec-
tions were applied to @nd ABC mutants. We pre-
viously used this method to determine the wild-type
binding specificity of EmBP-1 (Niu and Guiltinan,
1994). As controls, EmBP-1 and TGAla-BR were

also subject to binding-site selections under our mod-

ified conditions (see Materials and methods). As dis-
cussed above, recombinant AB@utant protein did
not bind to DNA strongly, therefore to achieve bind-
ing by ABC, we reduced poly(dl-dC) concentrations
5-10-fold in binding reactions. After five rounds of

pool, ABC also selected an A-box (TTACGTAA) se-
guence and the AP-1 (TGACTCA) site (Figure 3D).
Both of these two sequences have been shown to be
bound by TGAla (Izawat al, 1993; de Pateet al,
1994).

As shown in our previous study of wild-type
EmBP-1 (Niu and Guiltinan, 1994), selected binding
sites are a pool of DNA sequences of varying affinities.
In this study, gel shift assays and PCR binding-site
selections demonstrated thata@d ABC mutants are
C-box-binding proteins. A-box and AP-1 sites have
been reported to be bound by C-box-binding proteins
and are in the pool of ABGelected DNA sites. To
verify DNA binding specificity and to further examine
relative affinity of mutant proteins for these binding
sites, we tested @nd ABC binding to these three

selection, selected DNA sequences were cloned andbinding sites by footprint analysis.

sequenced as shown in Figure 3A-3D.

The results indicated that EmBP-1 and TGAla-BR
selected binding sites with the G-box and C-box mo-
tifs, respectively (Figure 3A and 3B). All of EmBP-1
selected binding sites contain the motif of ACGTGG,
which has a high-affinity G-box half site {11 G+2
G+3). A representative binding site selected by
EmBP-1 is the Emla site (GACACGTGGA), which
was originally used to clone EmBP-1 (Guiltinanal,,
1990). All of TGAla-BR selected binding sites have
a motif of TGACGT (reverse complement sequence
is ACGTCA), which contains a typical strong C-box
half site 3 T —2 G —1 A). In conjunction with this
strong C-box half site, the second half site can be vari-

As shown in Figure 4, TGAla-BR binds to C-box
and A-box strongly with slightly higher affinity for
C-box (Figure 4, lanes 1-4). @utant also binds to
C-box and A-box strongly with slightly higher affinity
for A-box (Figure 4, lanes 5-8). Binding of ABRu-
tant to these two sites is much weaker but protection of
the binding sites can still be seen (lanes 9-12). Under
the same protein concentrations used for C-box and
A-box binding, footprinting titrations indicate all these
mutants can bind to the AP-1 site with sharply reduced
affinity. None of these mutants showed specific bind-
ing to the G-box as indicated by DNase | footprinting
and gel mobility shift assays (data not shown).

able but they are not random sequences, as has beeffhe hinge region influences DNA-binding specificity

shown for Arabidopsis TGA1 (Schindlet al.,, 1992),
a homologue of tobacco TGAla. One of commonly
found secondary half sites istlL A+3 A+4. A com-
bination of these two half sites;1T —2G —3A and
T+1 A+3 A+4, is the C/A hybrid site, following pre-
vious nomenclature (Izawet al, 1993, 1994), which
is also selected by TGAla-BR.

Binding sites selected by @xd ABC are shown
in Figure 3C and 3D. Both @nd ABCselected bind-
ing sites are C-box-like with a clear sequence motif of
—3T —2G —1A —0C G+0 T+1. The C/A hybrid site
is also in both pools of selected binding sites. In the
former sequence pool, €elected the Hex sequence
(G/C hybrid site) (Tabatat al., 1989), which is bound
by both plant G-box and C-box proteins (Tabetal.,

The hinge region defines the junction between the
dimerization interface and the DNA-binding domain.
In D mutants, the hinge region (amino acidé to—1)

of EmBP-1 is replaced by that of TGAla which differs
at all 6 positions. As shown in Figure 2C, thenbu-
tant and its derivatives AIBD, and ABD (Group III)
also prefer C-box to G-box as indicated by ratios of
bound C-box to bound G-box probes. Except the ABD
mutant, however, preference for C-box by Group Il
mutants is not strong because these mutants have a
ratio of slightly higher than 1. The possible reasons for
this are that Dnutants may not retain stringent binding
specificity or that a new binding specificity is gener-
ated. Like the ABCmutant, Group Il mutants also
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Figure 4. DNase | footprinting of key EmBP-1 mutant proteins. From top to bottom are EmBP-1 mutant proteins binding to C-box, A-box,
and AP-1 sites. Each mutant protein was tested with the protein concentration in 3-fold incremers (and ). For each mutant, the
same amount of protein was tested against three different binding sites. Vertical bars at the left indicate bases protected by mutant proteins.

G+A ladders are shown at the right. Bottom strand sequences of the DNA probes are also shown with G and A residues indicated by stars. The
underlined DNA sequences indicate C-box, A-box and AP-1 site, respectively.



10

seem not to form very stable complexes with DNA the same, but the affinity for the AP-1 site is reduced.
as indicated by gel shift assays. These results suggesBecause TGAla protein was shown to bind the AP-1
that swapping of the hinge regions between G-box- site, D mutants are good candidates to investigate if
and C-box-binding proteins resulted in reduced DNA- this is due to the hinge region. However, we have not
binding affinity of mutant proteins. Therefore, some D detected a stronger preference of these mutants for the
mutants as well as @utants do not bind to DNA as  AP-1 site compared to @utants. These results were
avidly as EmBP-1 or the Cinutants. also verified by gel shift assays (data not shown).

To further examine the binding specificity of D
mutants, PCR-assisted binding-site selections wereAdditive effect of core basic and hinge regions
applied to Dand ABD mutants. In the binding reac-
tions for site selection by recombinant &hd ABD
proteins, less poly(dl-dC) was necessary to achieve
binding occupancy similar to EmBP-1 and TGAla-
BR (data not shown). This result is consistent with
the use ofin vitro translated proteins for our initial
gel shift assays. After five rounds of selection, over
14 individual DNA binding sites for each mutant were
cloned and sequenced. As shown in Figure 3E and
3F, most of the Dand ABD selected binding sites
have ACGT or ACGT-like core sequences. TGACGT
is still the major motif among the selected binding
sites for both mutants (boxed with dashed line in Fig-
ure 3E and 3F). ¥1 A+2 A+3 half site has also
been selected in combination with the C-box half site
—3T —2G —1A (C/A hybrid in Figure 3E and 3F).
These results demonstrated thaaBd ABD mutants
are C-box-binding proteins. However, comparison o
selected binding sites by Bnd ABD with those by
C, ABC, and TGAla-BR indicate that the Butant
consensus sequences are not as uniform as,tABC
and TGAla-BR selected sites. First, there are many
more ACGT-like sequences-QC is substituted by T,  piscussion
G+0 by A, or T+1 by C) in the pools of and ABD
mutant selected binding sites. Second, half sites that|t js interesting that all plant bZIP proteins identi-
associated with the- 3T —2G —1A half site are more  fied to date displayed related but at least three dis-
random. Third, there are more sequences without antjnct DNA-binding specificity (Izawaet al, 1993).
ACGT core (non-ACGT sequences), especially in D Even though a large number of plant bZIP proteins
selected binding sites. have been isolated, the mechanisms determining DNA

To verify binding specificity of Dmutants, DNase | pinding specificity are not understood. We used the
footprinting was performed on @nd ABD mutants  typical plant G-box binding protein EmBP-1 and C-
against C-box, A-box, and AP-1 sites. As shown in pox-hinding protein TGAla to investigate how the
Figure 4 (lanes 13-16 and lanes 17-20), these mutantsamino acids in the basic-hinge region determine the
do bind to these binding sites specifically. However, DNA-binding specificity of plant bZIP proteins. Our
the D mutant has a relatively relaxed binding speci- study indicates that not only the core basic region
ficity as indicated by protection of entire DNA probe put also the hinge region are important in determin-
sequences on the footprinting gels (Figure 4, lanes 13—ing plant DNA-binding specificity and that changes of
16). A more stringent C-box-binding specificity was  these two regions have an additive effect.
observed in the ABDmutant, in which mutations in N-terminal basic region or AB region_el to
regions A and B of the basic region were added to the _24) s integral part of the basic region as demon-
D mutation (Figure 4, lanes 17-20). Binding affinities  strated by deletion and amino acid substitution analy-
by D mutants for C-box and A-box are approximately sis of the DNA binding domain (Schindlest al.,

The results above indicate that the regions most impor-
tant in determining DNA-binding specificity are the C
and D regions. The effects of C and D mutations ap-
pear to be additive because the @idtants (Group 1V
and TGAla-BR in Figure 2C) showed stronger C-box-
binding activity than either @nutants (Group II) or
D mutants (Group Ill) alone. Statistical analysis of
these data using Studentstest showed that these
values are significantly different at at least the 95%
confidence level. Figure 2C indicates that the ratio of
bound C-box to bound G-box probes for GRutants
is overall higher than that of eitheri@utants or Dmu-
tants. PCR-assisted binding-site selection by the BCD
mutant showed that BCBelected binding sites are
similar to those selected by the strong C-box-binding
proteins TGAla-BR (data not shown). DNase | foot-
f printing in Figure 4 (lanes 21-24) demonstrates that
BCD binds to the C-box strongly but to the A-box with
slightly lower affinity. The affinity for the AP-1 site by
BCD is very much reduced.



1992a,b; Guiltinan and Miller, 1994). However, our
gel shift assays indicate that the N-terminal basic
region does not play a strong role in determining
DNA-binding specificity. This region may contribute
to DNA-binding specificity in combination with other
regions. For example, the MDutant displayed weaker
C-box binding specificity than the ABhutant. It is
also possible that mutations in the N-terminal region
of plant bZIP proteins affects stability of DNA-protein
complexesin away analogous to that of nuclear factor-
interleukin-6 (NF-IL6) (Brasier and Kumar, 1994).

In GCN4 X-ray crystal structures, 5 base-specific
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influenced by the hinge region at positioast of
DNA binding site (we denote the central two base
pairs as+0) (Haaset al, 1995). These results have
illustrated the roles of the hinge region in determin-
ing DNA-binding specificity to some extent. However,
plant G-box and C-box-binding proteins have the same
half-site spacing in their binding sites (Figure 2D).
Our results with plant bZIP proteins reveal a large ef-
fect of the hinge region on DNA-binding specificity.
DNA binding sites at position&2 and+3 have been
changed, for example from G-box (BCGTGQG) to
C-box (TGACGTCA). The change possibly also af-

contacts and all but one phosphate backbone contactdects DNA-binding sites at positioa=4; however,

are made by the core basic regioh22 to —7). Of

changes at positions4 can be tolerated by plant bZIP

these amino acids, only five amino acid differences are proteins.

seen between plant G-box binding protein and C-box
binding protein. Substitution of the five amino acids
in this region changed the DNA binding activity and
specificity. The crystal structure of GCN4 complexed
with the CRE site (TGACGTCA) has been resolved
(Kénig and Richmond, 1993; Kellest al,, 1995). The
CRE site is identical to the C-box-binding site of plant
bZIP proteins. Therefore, DNA-protein contacts seen
in the GCN4-CRE site complex are likely applicable
to the TGAla-C-box complex. However, GCN4 binds
to AP-1 better than the CRE site while TGAla binds
to C-box (CRE site) better than the AP-1 site, there-
fore adjustments in GCN4-CRE site structure have to
be made to account for protein-DNA interactions of
plant bZIP proteins. The CRE and AP-1 sites differ in
half-site spacing (Figure 2D). Mutagenesis studies of

It is interesting that, based on the GCN4 crystal
structures, the hinge region does not make direct base-
specific contact with DNA. The effect of the change
in the hinge region must be transmitted to the basic
region to display changed binding specificity. One hy-
pothesis to account for this invokes that a change of the
hinge region results in a small conformational shift of
the entire basic region both in position and in orienta-
tion (Kim et al, 1993); however, a detailed proof of
the mechanism awaits further structural analysis.

Based on the known bZIP structures (Ellenberger
et al, 1992; Kénig and Richmond, 1993; Glover and
Harrison, 1995; Kelleet al, 1995), among five amino
acids that make base-specific contacts with DNA, four
are the same in plant bZIP proteins. Only the amino
acid at—15 differs in plant G-box and C-box-binding

GCN4 have revealed that the hinge region and some proteins. However, a change of the amino acid &6
adjacent amino acids in the basic region determine the does not have a large effect on DNA-binding speci-

half-site spacing preference of GCN4 (Johnson, 1993;

Kim et al,, 1993; Kim and Struhl, 1995). One expla-
nation for this is that the basic regions of these GCN4
mutants may bifurcate at a wider angle from the dimer-

ficity of EmBP-1. Changing four additional amino

acids in the core basic region did alter the DNA-
binding specificity. These four amino acids are less
critical than—15 based on X-ray structures and pre-

ization domain to accommodate the CRE site which vious mutagenesis data; however, our results suggest

has two central base pairs for half-site spacing (Konig
and Richmond, 1993; Kellest al, 1995).

that these five amino acids in the core basic region col-
lectively contribute to G-box or C-box DNA-binding

Sequence alignment indicated that the hinge region specificity.

of plant C-box-binding proteins are highly conserved
(Figure 1). This implies that this region also has an im-

Our results also indicate that both the core basic
and the hinge regions contribute to EmBP-1-binding

portant function. Our mutagenesis results indicate that specificity. When the center or hinge region of EmBP-

this region is important in determining DNA-binding
specificity of plant bZIP proteins.
Studies of GCN4 and GCN4-C/EBP chimeras have

demonstrated that the hinge region can change half-

site spacing (Johnson, 1993; Kiet al, 1993; Kim
and Struhl, 1995). The binding specificity of two bZIP
proteins, chicken VBP anbrosophilaGiant, are also

1 is replaced, G-box-binding activity is decreased.
C-box-binding specificity of EmBP-1 mutants with ei-
ther core basic region or the hinge region of TGAla
iS not as strong as mutants with both regions. This
result also suggests that combinatorial contributions
are very important in determining highly specific DNA
binding.
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Binding-site selections indicate that none of the
mutants exhibited new binding specificity other than
to the G-box and C-box. This could indicate that
amino acids in EmBP-1 and TGAla have been evo-
lutionarily selected to be compatible only with G-box

acute-phase inducible nuclear factor-interleukin-6 transcription
factor. J. Biol. Chem. 269: 10341-10351.

de Pater, S., Katagiri, F., Kijne, J. and Chua, N.-H. 1994. bZIP

proteins bind to a palindromic sequence without an ACGT core
located in a seed-specific element of the pea lectin promoter.
Plant J. 6: 133-140.

or C-box—binding specificity. Amino acid sequence Ellenberger, T.E., Brandel, C.J., Struhl, K., Harrison, S.C. 1992.

alignment indicates that G-box and C-box binding
proteins have their own highly conserved amino acids

The GCN4 basic region leucine zipper binds DNA as a dimer
of uninterrupted a helices: crystal structure of the protein-DNA
complex. Cell 71: 1223-1237.

(boxed residues in Figure 1); this also is consistent Foster, R., Izawa, T. and Chua, N.-H. 1994; Plant bZIP proteins

with the notion that these G-box- or C-box-specific
amino acids in plant bZIP DNA-binding domains
may collectively contribute to G-box or C-box-binding
specificity.

Even though crystal structures have been resolved

for several bZIP proteins (Ellenberget al, 1992;
Kdnig and Richmond, 1993; Glover and Harrison,

gather at ACGT elements. FASEB J. 8: 192—-200.

Glover, J.N. and Harrison, S.C. 1995. Crystal structure of the het-

erodimeric bZIP transcription factor c-Fos-c-Jun bound to DNA.
Nature 373: 257-261.

Guiltinan, M.J. and Miller, L. 1994. Molecular characterization

of the DNA binding and dimerization domains of the bZIP
transcription factor, EmBP-1. Plant Mol. Biol. 26: 1041-1053.

Guiltinan, M.J., Marcotte, W.R.J. and Quatrano, R.S. 1990. A plant

leucine zipper protein that recognizes an abscisic acid response

1995), mutagenesis studies have revealed a complex- element. Science 250: 267-271.

ity of DNA-protein interactions of bZIP proteins not
easily predicted from the structures. Previously, bZIP
proteins were thought to be a simple system for the
study of protein-DNA recognition because the region
that interacts with DNA depends only on arhelix,
which is not packed closely with other parts of the pro-
tein (Konig and Richmond, 1993). However, the basic
regions of bZIP proteins appear to be in an unfolded
state and only assume highly structureehelices
upon binding to specific high-affinity sites (O’Neil

Haas, N.B., Cantwell, C.A., Johnson, P.F. and Burch, J.B.E. 1995.

DNA-binding specificity of the PAR basic leucine zipper protein
VBP partially overlaps those of the C/EBP and CREB/ATF fami-
lies and is influenced by domains that flank the core basic region.
Mol. Cell. Biol. 15: 1923-1932.

Ho, S.N., Hunt, H.D., Horton, R.M., Pullen, J.K. and Pease, L.R.
1989. Site-directed mutagenesis by overlap extension using the
polymerase chain reaction. Gene 77: 51-59.

Izawa, T., Foster, R., Chua, N.-H. 1993. Plant bZIP protein DNA
binding specificity. J. Mol. Biol. 230: 1131-1144.

Izawa, T., Foster, R., Nakajima, M., Shimamoto, K. and Chua, N.H.
1994. The rice bZIP transcriptional activator RITA-1 is highly
expressed during seed development. Plant Cell 6: 1277-1287.

et al, 1990). Mutagenesis and molecular modeling of Johnson, P.F. 1993. Identification of C/EBP basic region residues

GCN4 suggest that adaptability at the protein-DNA in-

involved in DNA sequence recognition and half-site spacing
preference. Mol. Cell. Biol. 13: 6919-6930.

terface is an important aspect of sequence recognition Katagiri, F., Lam, E. and Chua, N.-H. 1989. Two tobacco DNA-

by bZIP proteins (Kinet al, 1993). Our results show
that longer-range effects of hinge region amino acids
act together with the amino acids of core basic region
to determine the final binding preference of this class
of DNA-binding proteins.
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