
mental conditions, a contribution in tobac- 
co cells of 100 mM mannitol mav be con- 
sistent with both mechanisms. However, 
uniform distribution of mannitol at the 
subcellular level would likely preclude cy- 
tosolic osmoreeulation. Determination of 
both the subce~lular location of mannitol 
and the concentrations of the sugar alcohol 
in tissues will help to distinguish between 
these two mechanisms. 

Altemativelv. mannitol mav metaboli- , , 
cally predispose tobacco cells to stress tol- 
erance. Thus, the cellular accumulation of 
mannitol, which is normally foreign in 
tobacco cells, may increase the response of 
metabolic pathways normally involved in 
stress tolerance, which thereby allow cells 
to withstand stress. 

On the basis of pilot experiments, we 
studied the growth response of plants of a 
defined age that were exposed to the ex- 
treme, or shock, condition of 250 mM 
NaCl. Additional experiments that vary 
plant age (development) and NaCl concen- 
tration (added all at once or incremental- 
ly), as well as experiments that investigate 
the effects of other environmental stresses 
such as drought and cold, will help to 
explain the function of mannitol in higher 
plants. We have demonstrated that for 
tobacco, the presence of mannitol in vivo 
protects against high salinity. Sugar alcohol 
accumulation may also enhance stress tol- 
erance in other plants. 
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Altered Specificity of DNA-Binding Proteins with 
  ran sit ion ~ e t a l  Dimerization Domains 

Bernard Cuenoud and Alanna Schepartz* 
The bZlP motif is characterized by a leucine zipper domain that mediates dimerization and 
a basic domain that contacts DNA. A series of transition metal dimerization domains were 
used to alter systematically the relative orientation of basic domain peptides. Both the 
affinity and the specificity of the peptide-DNA interaction depend on domain orientation. 
These results indicate that the precise configuration linking the domains is important; 
dimerization is not always sufficient for DNA binding. This approach to studying the effect 
of orientation on protein function complements mutagenesis and could be used in many 
systems. 

Active sites of proteins are typically com- 
posed of recognition elements guided into 
proximity and appropriate orientation by 
the native protein fold. Individual recogni- 
tion elements may be remote in primary 
structure or may be located on different 
polypeptide chains in multisubunit pro- 
teins. With site-directed mutagenesis, ami- 
no acids that constitute individual recogni- 
tion elements can be changed without af- 
fecting the overall orientation of the recog- 
nition domain. Yet present technology does 
not allow predictable and routine changes in 
the orientation of the domains themselves. 

Department of Chemistry, Yale University, New Haven, 
CT 0651 1-81 18. 

*To whom correspondence should be addressed. 

The transcriptional activator protein 
GCN4 is one of a large family of DNA- 
binding proteins identified by a bZIP struc- 
tural motif (1); this motif contains a-DNA 
contact domain characterized by conserved 
basic and hydrophobic residues (b domain), 
and a dimerization domain identified by a 
heptad repeat of leucine residues (ZIP do- 
main) (2, 3). The two domains are separat- 
ed by a six-amino acid linker whose length, 
but not sequence is conserved across bZIP 
families (1). Previous work has demonstrat- 
ed that the active DNA-binding entity is 
generated when the ZIP domains of two 
protein monomers assemble (4) into a par- 
allel coiled coil (5, 6). The stissors grip ( I )  
and induced helical fork (7) models propose 
that the coiled coil, the natural dimeriza- 
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Fig. 1. Schematic representation of [G,T,],Fe, 
[G29TJ2Fe, and dG,T,I,Fe ( 17). 

tion domain, fixes the spatial relationship 
between the two DNA contact domains to 
present the correct constellation of func- 
tional groups to the DNA (5, 8-1 0). Even 
subtle changes in basic domain orientation 
or organization can have dramatic effects on 
DNA binding (5, 1 1-1 3). 

To understand better the role of dimer- 
ization domain architecture in modulating 
the affinity and specificity of bZIP-DNA 
interactions, we explored an approach to 
protein design (14) that exploited the well- 
defined geometries of transition metal ion - 
complexes to assemble protein structural 
domains with defined orientations (1 5). 
Transition metal ion complexes make ideal 
synthetic scaffolds: the strong geometric 
constraint placed on the ligand by the 
central metal ion allows the relative orien- 
tation of two or more domains to be altered 
systematically by positioning them, through 
chemical synthesis, at various locations on 
a ligand of known structure. Molecules 
were constructed in which the GCN4 
coiled coil was replaced by a series of Fe(I1) 
complexes that systematically altered the 
relative orientation and spacing of the basic 
DNA contact domains. In our model- 
building studies we started with the coordi- 
nates of the scissors grip model (1) and 
sought a stereochemically well-defined 
transition metal ion complex whose geom- 
etry was complementary to the void pro- 
duced on removal of the GCN4 coiled coil. 
These requirements were satisfied by the 
kinetically inert bis (terpyridyl) iron (11) 
complex first prepared by Morgan and 
Burstall in 1932 (1 6). 

The terpyridyl substitution pattern dic- 
tated the relative orientation of G,, pep- 
tides in bis(terpyridyl)iron(II) complexes 
~GZ9Tsl2Fe, [Gz9TBI,Fe, and [G2,TLI2Fe 

2. (A) Gel r 
and (B) Dl ,-,.. ~ 

nobility shi. 
Nase I foot 
, ~ .., . 

Fig. 
(18) 
analys~s (zul or pepr~ae-UN~ In- 
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(1 7) (Fig. 1). In [G2,Ts],Fe, the 4'-substi- 
tuted terpyridyl Ts separated the two G,, 
carboxamide termini by approximately 11 
A and oriented them at a 180' angle. In 
[G2,TB],Fe, the 4-substituted terpyridyl TB 
separated the carboxamide termini by ap- 
proximately 8 A and oriented them at a 90" 
angle. The 4'-substituted terpyridyl TL en- 
forced the same geometry as Ts but con- 
tained a longer and more flexible tether. 
The ability of these stereochemically de- 
fined synthetic scaffolds to organize two G,, 
peptides into a functional DNA-binding 
protein was determined by monitoring the 
DNA binding affinities of the resultant 
complexes. The disulfide dimer of G,, 
(GZgSS) (1 3) and a 54-amino acid peptide 
containing both the DNA contact and 
dimerization domains of GCN4 (G5,) were 
studied for comparison. 

The binding of [G,,T],Fe complexes to 
duplex DNA was measured first by gel 
mobility shift assay (1 8). Incubation of 
CRE,,, a 5' end-labeled double-stranded 
DNA fragment (5'-AGTGGAGATGAC- 
GTCATCTCGTGC-3') containing the 
high affinity GCN4 binding site CRE (AT- 
GACGTCAT; CAMP response element) 
(19), with 0.13 to 1.2 nM [G,,T,],Fe 
resulted in the gradual appearance of a 
complex with lower electrophoretic mobil- 
ity than CREZ4 alone or a CRE24:G,,SS 
complex (Fig. 2A). Monomeric Gz9Ts 
failed to bind CRE,,, but binding was 
restored upon addition of Fe(I1). Addition 
of Cu(I1) did not result in DNA binding. 
The affinity of [G,,Ts],Fe for CRE,, was 
determined by measuring the fractions of 

Flg. 3. Determination of the dissociation con- 
stant for the complex of [G,T,],Fe and CRE, 
(18). 

bound and free CRE,, at several [Gz9Ts],Fe 
concentrations (Fig. 3). The data fit a the- 
oretical equation that describes formation of 
a 1: 1 complex with an equilibrium dissocia- 
tion constant (Kd) of 0.13 + 0.01 nM (18), 
a value comparable to the Kd measured for 
the G5, homodimer and the Fos-Jun het- 
erodimer at this temperature (I I). 

DNA binding by [G,,T,],Fe was char- 
acterized further by deoxyribonuclease I 
(DNase I) footprinting (20) and circular 
dichroism (CD) spectroscopy. [G2,TsI2Fe 
and G54 exhibited identical DNase I foot- 
prints and adjacent hypersensitive sites 
(Fig. 2B), demonstrating that the two mol- 
ecules make similar DNA contacts and 
cause similar structural adjustments of the 
flanking DNA. Previous work has shown 
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that the DNA contact domains of bZIP 
proteins undergo an increase in helical 
structure when bound to specific DNA tar- 
gets but not to nonspecific DNA (7, 9, 10, 
13). [G,,TS],Fe had little helical structure 
in the absence of DNA. The intensity of 
the CD signal at 222 nm (a helical band) 
increased significantly when one molar 
equivalent of CRE,6 (5'-GAGATGACGT- 
CATCTC-3') was added (Fig. 4A). The 
difference spectrum (Fig. 4B) indicated that 
[Gz9Ts],Fe was almost entirely helical when 
bound to CREI6 (2 1 ) . These results demon- 
strate that a metal ion complex of 612 
daltons can replace the function of the 
leucine zipper, effectively orienting two Gz9 
basic domains to permit high-affinity, se- 
quence-specific recognition of a GCN4 tar- 
get site. 

The importance of orientation in DNA 
binding is illustrated by comparing the 
DNA affinities of [Gz9TJ2Fe, [G2,TL],Fe, 
and [G2,TB],Fe. Although these metal 
com~lexes are structurallv similar. neither 
[G,,?'~],F~ nor [G,,T~],F~ bound cRE in a 
mobility shift assay (Fig. 2A), even at 0.2 
kM. The absence of binding was not due to 
instability of the relevant DNA complexes 
under mobility shift conditions; neither 
[G,,T,],Fe nor [G,,TB],Fe yielded a detect- 
able DNase I footprint (Fig. 2B) at 4 kM 
nor reduced the extent of CRE:[G2,TS],Fe 
complex formation in a mobility shift com- 
petition assay. The only evidence support- 
ing DNA binding by [G2,TL],Fe or 
[G,,T,],Fe was obtained in CD experi- 
ments performed at a concentration 10,000 
times the Kd of the CRE2,:[G2,TS],Fe com- 
plex, where a moderate increase in peptide 
helicity was observed (Fig. 4B). From our 
mobility shift data, we estimated that at 
4°C the CRE:[G2,TS],Fe complex is 4 kcal 
mol-' more stable than either the 
CRE: [G2,TL] 2Fe or the CRE: [G2,TB] ,Fe 
complex. The spacing of the basic domains 
in [Gz9TS],Fe and [G,,T,],Fe differs by only 
four methylene groups, while [G2,TS],Fe 
and [G,,TBI2Fe differ only in the orienta- 
tion with which the basic domains extend 
into the major groove. Thus, coordination 
complex architecture is important in ori- 
enting the G,, basic domain for high affin- 
ity recognition of the CRE. The transition 
metal ion complexes studied here provide 
an independent stereochemical variable in 
protein design by allowing the assembly of 
peptide aggregates with defined orienta- 
tions. 

All bZIP proteins share a common do- 
main architecture and conserved basic and 
hydrophobic residues, yet they differ in their 
ability to differentiate target sites with alter- 
native half site spacing. The Fos-Jun subfam- 
ily prefers the AP1 site (ATGACTCAT) 
and the CREBJATF subfamily prefers the 
CRE site (ATGACGTCAT) (22). GCN4 

512 

(9, 19) and certain disulfide-linked dimers of 
the GCN4 basic domain (23) bind both sites 
with comparable ahi ty.  Within a B-DNA 
context, the additional C:G base pair in the 
CRE displaces the two ATGA contact sur- 
faces by an axial translation of 3.4 A and a 
twist angle of 34" (24). 

As the results described above demon- 
strate the effect of basic domain orientation 

on CRE affinity, we asked whether basic 
domain orientation would also affect dis- 
crimination between CRE and AP1. Mobility 
shift assays did not detect any interaction 
between AP 1 ,, (5'-AGTGGAGATGAC- 
TCATCTCGTGC-3') and [G2,TS],Fe, even 
at elevated concentrations (Fig. 5A), 
whereas G2,SS bound CRE,, and APl,, 
with comparable affinity (Fig. 5B). Neither 

-. 

200 220 240 200 220 240 200 220 240 
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Fig. 4. Circular dichroism spectroscopy. (A) CRE,, alone (0), [G,,TS],Fe alone (D), and CRE,, with 
[G,TS],Fe (m). (B) Spectra of [G,Tsl,Fe (m), [G,T,l,Fe (e), [G,T,I,Fe (a), and GmSS (A) 
peptides with CRE,,, calculated as the difference between the observed spectrum of the mixture 
and CRE,, alone. (C) Spectra of [G,T,],Fe (m), [G,TJ,Fe (e), [G,T,],Fe (a), and GBSS (A) 
peptides with APl,,, calculated as the difference between the observed spectrum of the mixture 
and AP1 ,, alone. CD spectra were recorded with an AVlV model 62DS CD spectrometer at 2S°C in 
a 1 mm cell. Samples contained 10 mM phosphate buffer (pH 7.4), 100 mM NaCI, and 4.6 p M  
peptide and 5.0 pM duplex DNA when present. 0, the observed ellipticity; [@I,, the mean residue 
ellipticity. Spectra were the average of 5 scans and were corrected with a spectrum of buffer alone 
but not smoothed. 

Fig. 5. Gel mobility shift assays (18) (A) and 
DNase I footprinting analysis (20) of CRVAPI 
discrimination (B). The DNase I footprint of the CRE and AP1 sites by [G,Ts],Fe. G,,, and GBy .  
The DNA used contains the 10-bp CRE site between positions 21 and 30 and the 9-bp AP1 slte 
between positions 57 and 65. Left, DNA labeled with 32P at the 5' end of the + strand; right, DNA 
labeled with 32P at the 5' end of the - strand. 
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peptide bound AP2,, (5'-AGTGGAGAT- 
GATTCATCTCGTGC-3 ') , an AP 1-like 
DNA containing a C to T mutation that is 
not tolerated by GCN4 in vitro (25). 
DNase I footprint experiments performed 
with a DNA fragment containing both 
CRE and AP1 sites revealed a footprint 
only at the CRE site in the presence of 
[G,,T,],Fe, whereas footprints were ob- 
served at both sites when G5, or G2,,, were 
added (Fig. 5B). Finally, [G2,T,],Fe dis- 
played no increase in helical structure in 
the presence of APl,, (5'-GAGATGAC- 
TCATCTC-3') (Fig. 4C). A mobility shift 
competition assay was performed to quan- 
tify the differential binding properties of 
[G,,T,],Fe (1 7, 18, 26). The preference for 
CRE,, over APl,, exhibited by [G2,T,],Fe 
corresponded to a differential binding free 
energy (AAGOOb,) of >4 kcal mol-' (1 7). 
Although [G,,T,],Fe contains the basic 
and linker domains of GCN4, it had a 
1600-fold preference for the CRE site, 
mimicking the sequence-selectivity of the 
CREBIATF subfamily. These results dem- 
onstrate that the orientation and the rela- 
tive displacement with which the basic 
domains emerge from the central dimeriza- 
tion interface are important in controlling 
CRE affinity and CREIAPl selectivity (27). 

Transcriptional regulation in eukaryotes 
involves a finely tuned interplay of proteins 
with a complex set of DNA target sites. A 
fundamental issue in the study of gene 
regulation is how regulatory proteins differ- 
entiate nearly identical sites with high pre- 
cision. Here we demonstrate that substitu- 
tion of the GCN4 coiled coil with a stere- 
ochemically well-defined metal complex 
generates a molecule capable of differenti- 
ating DNA sequences that GCN4 cannot. 
[G,,T,],Fe contains the GCN4 basic and 
linker domains, yet it displays the sequence 
selectivity of the CREB-ATF subfamily. 
The bis (terpyridyl)iron(II) dimerization do- 
main modifies the inherent selectivity of 
the GCN4 basic domain without altering 
its sequence. 
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