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Europa and Ganymede may have undergone an episode of chaotic motion before the 
establishment of the current Laplace resonance involving the three inner Galilean 
satellites. During this episode, the orbital eccentricities of both satellites may have 
increased dramatically. As a result, the mechanical stresses due to  tidal deformation of 
the satellites' icy lithospheres may have been large enough to  result in extensive 
fracturing, and tidal heating may have melted water ice in the mantles of both 
satellites, triggering the geological activity that has modified their surfaces since the 
heavy cratering period. The tidal effects on  Ganymede during this episode provide an 
explanation of the dichotomy between it and Callisto, which have similar bulk 
properties but very different geological histories. 

T HE VOYAGER 1 AND 2 FLYBYS OF 

the Galilean satellites revealed four 
dramatically different worlds (1, 2). 

The innermost of these satellites, 10, is cur- 
rently volcanically active. Europa also has an 
extremely young surface; geological activity 
has fractured the ice crust and erased most of 
the topography of this satellite. Ganymede 
has a mixture of surface types: relatively 
dark, heavily cratered "dirty ice" terrain at 
least 3.8 billion years old ( 3 ) ,  lighter, less 
cratered, and significantly modified 
"grooved" terrain between approximately 
3.1 and 3.8 billion years old (3), and bright 
smooth terrain overlying older terrains. In 
contrast, Callisto, which has bulk properties 
quite similar to those of Ganymede (Table 
l), has a dark, ancient, heavily cratered dirty 
ice surface. 

Intense tidal heating drives the volcanism 
on 10 (4)-Jupiter's powerful tides bend and 
flex the interior of 10 as it moves in an 
eccentric orbit forced by the Laplace reso- 
nance involving 10, Europa, and Ganymede 
(5); this bending results in frictional dissipa- 
tion of energy. Although tidal heating of 
Europa, augmented by radiogenic heating 
in the silicate core, may be sufficient to 
maintain a liquid water layer under the ice 
crust and drive current resurfacing (64, 
more intense heating in the past would have 
been necessary to melt an initially frozen 
mantle. Tidal heating of Ganymede in the 
Laplace resonance is negligible (9). 

The similar sizes, masses, and densities of 
Ganymede and Callisto imply that they 
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might have similar geological histories, but 
this notion is contradicted by the Voyager 
observations. Superficially, the dark cratered 
terrain on Ganymede resembles the surface 
of Callisto, but the younger, brighter 
grooved and smooth terrains have no Callis- 
to analogs. Some form of geological activity 
occurred on Ganymede only, or was delayed 
on Ganymede after the end of the heavy 
bombardment period. Possible mechanisms 
for the production of the modified terrains 
on Ganymede include extensional stress due 
to global expansion (10, II), diapirism (12, 
13), liquid-water volcanism (3), solid-state 
ice volcanism (13), fracturing above convec- 
tive upwellings (1 1, 1 4 ,  and fracturing due 
to tidal deformation (12). Although a num- 
ber of global properties tend to favor devel- 
opment of geological activity on Ganymede 
but not Callisto, including Ganymede's larg- 
er mass, larger silicate fraction, and its in- 
volvement in the Laplace resonance, most 
evolutionary models predict that similar ac- 
tivity should have occurred on Callisto as 
well, and therefore special initial conditions 
are required to explain the Ganymede-Cal- 
listo dichotomy. I show in this report that 
melting and fracturing during a period of 
chaotic orbital motion may account for the 
resurfacing of Europa and Ganymede and 
provide an explanation of the Ganymede- 
Callisto dichotomy. 

10 and Europa have probably undergone 
significant tidal orbital expansion since their 
formation (14). Differential tidal expansion 
of satellite orbits may cause them to pass 
through mean motion commensurabilities 
(15). If the Io-Europa 2 : 1 resonance is old, 
Europa and Ganymede may have passed 

through a 3 : 1 mean motion commensura- 
bility early in the history of the solar system 
(14, 16-18). At this commensurability, the 
orbital period of Ganymede was approxi- 
mately three times the orbital period of 
Europa, so the angular combination 
31G - l E  varied slowly, where 1  is the mean 
longitude. The gravitational attraction be- 
tween the two satellites is strongest near 
conjunctions. At a mean motion cornrnensu- 
rability, the configuration of the satellites is 
nearly the same at successive conjunctions, 
and the cumulative effects may lead to signif- 
icant perturbations of their orbits. The na- 
ture of the perturbations depends on how 
successive conjunctions evolve in a coordi- 
nate frame referred to the orbits of one or 
both satellites, the orbits of which precess 
because of planetary oblateness. At the 3 : 1 
mean motion commensurability, the most 
important resonances affecting the orbital 
eccentricities involve the following three 
angular combinations: 

where a is the longitude of pericenter. 
These angles may either circulate or oscil- 
late, and in the absence of other perturba- 
tions, each may be described by a pendu- 
lum-like Harniltonian system [see, for exam- 
ple (19)l. The orbital pericenters precess at 
the rate: 

where n and a are, respectively, the mean 
angular rate of orbital motion and the orbit- 
al semimajor axis, R, is the equatorial radius 
of the planet (J, ~ u ~ i t e r ) ;  and]' is a zonal 
gravity coefficient parameterizing the plane- 
tary oblateness. Because the rate of orbital 
precession is strongly dependent on the 
distance from the planet, the frequencies of 
the above 3 : 1 resonant terms differ by the 
"splitting frequency" of approximately 
kE - kc. If this splitting frequency is suffi- 
ciently large, the permrbative effects of one 
resonant term may dominate the effects of 
the others, and the motion may be described 
analytically. However, if the splitting fre- 
quency is small, the resonant terms may 
interact strongly. 

Because Uranus has a small oblateness 
LJ2 = 0.0033 (ZO)], and the relative masses 
of the Uranian satellites are large, the split- 
ting frequency is sufficiently small that reso- 
nances at past mean-motion commensurabi- 
lities among the Uranian satellites interact 
strongly; such strong interactions result in 
chaotic behavior (17, 18, 21-24), and make 
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Table 1. Satellite parameters. Parameter values are taken from Burns (20) 
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Fig. 1. Orbital eccentricity variations of Europa 
(A) and Ganymede (8) during evolution through 
the 3 : 1 mean motion commensurability, shown 
as a function of time referred to the center of the 
resonance region. The simulated tidal evolution 
rate corresponds to Qj = 2 x 10' (see text). The 
dynamical periods are much shorter than the 
resonance passage time scale, so the shaded region 
shows the maximum and minimum excursions of 
eccentricity, calculated at intervals of t/Qj = 2.5 
years. Escape from the resonance occurs at 
t/Qj = 1.64 x lo4 years. 

capture into some of the resonances only 
temporary phenomena. Passage through 
these chaotic resonances can account for 
Mirandays anomalously large orbital inclina- 
tion (17) and may have resulted in- signifi- 
cant tidal heating of Miranda (22, 24) and 
Ariel (18). Jupiter has a significantly larger 
mass, radius, and oblateness U2 = 0.0147 
(20)] than Uranus, which favor larger orbit- 
al precession rates, and therefore large split- 
ting frequencies. However, the relatively 
large orbital distances of Europa and Gany- 
mede result in orbital precession rates, and 
therefore splitting frequencies, that are com- 
parable to those of the inner Uranian satel- 
lites. In addition, the relative masses of the 
Galilean satellites are comparable to those of 
the Uranian satellites, and thus the reso- 
nances should be comparable strength. 
These factors suggest that chaotic behavior 
may have been important in the Jovian 
satellite system. 

I have therefore investigated the past dy- 

Sate,.te Density Mass Radius Semimajor axis Eccentricity Inclination 
(g cm- ) (loz5 g) (10' cm) (10" cm) (forced) free (degrees) 

Europa 2.97 4.80 1.569 6.709 (0.0101) 0.470 
Ganymede 1.94 14.823 2.631 10.70 (0.0006) 0.0015 0.195 
Callisto 1.86 10.766 2.400 18.83 0.007 0.281 

namical behavior of Europa and Ganymede 
during evolution through the 3 :  1 mean 
motion commensurability, using numerical 
and analytical techniques similar to those 
applied to the Uranian satellites (1 7, 18, 21- 
24). The tidally evolving resonant system is 
approximated- by a k c a t e d ,  averaged 
Hamiltonian with a slowly evolving parame- 
ter, and algebraic mappings are used for the 
numerical integrations; selective verification 
of dvnamical behavior is made with standard 
integration methods. I have restricted my 
study to the planar two-satellite approxima- 
tion (25), which contains enough of the 
important dynamical features of the prob- 
lem to evaluate the possible importance of 
chaotic behavior at this resonance. 

In this approximation, the orbital eccen- 
tricities of Europa and Ganymede may in- 
crease dramatically during evolution 
through the 3 : 1 commensurability (Fig. 1). 
A total of 29 trajectories were evolved 
through the Europa-Ganymede 3 : 1 reso- 
nance, and the simulated tidal evolution 
rates correspond to QJ = 2 x lo5, 8 x lo3, 
and 2 x lo3 [for kzJ = 0.379 (26, 27)]. In 
all cases, the maximum orbital eccentricities 
before the satellites escape from the reso- 
nance are much larger -than the current 
values (Fig. 2 and Table l ) ,  and the distribu- 
tions of maximum eccentricity are similar for 
the different rates (28). ~ccentricities upon 
escape from the resonance are lower than 
the maximum eccentricities by approximate- 
Iv 0.005 for Ganvmede and 0.02 to 0.04 for 
Europa. Two trajectories (not included in 
Fig. 2) did not enter the large chaotic zone 
and were captured into resonance. 

In the two-satellite approximation, 
the dynamical equations of motion can be 
approximated by a Hamiltonian system with 
two degrees of freedom. For such a system, 
it is possible to portray the phase space in 
two dimensions with the surface of section 
or Poincare map [see (29)l. The generalized 
coordinates of the ~lanar-eccentric 3 : 1 reso- 
nance Hamiltonian are related to two of the 
resonance angles defined above: 

and the momenta are proportional to ek and 

e;, respectively [see, for example, (22)l. The 
surface of section is made by plotting eG 

versus UG when aE = 0. Points generated 
by chaotic trajectories fill areas on the phase 
plane in an irregular manner; quasiperiodic 
trajectories generate points that lie on 
curves. 

Soon after encountering the 3:  1 reso- 
nance the trajectory in Fig. 1 enters a chaotic 
zone (Fig. 3), which dominates the phase 
space until escape from the resonance. The 
trajectory crosses between the chaotic zone 
and the quasiperiodic resonance zones; this 
results in the very ragged appearance in Fig. 
1 before tiQj - 4.5 x lo3. After this point, 
the chaotic zone fills nearly all of the reso- 
nance region; the maximum and minimum 
excursions of eccentricity vary smoothly 
for the most part, although the variations 
within these bounds are typically chaotic 
(30). 

The presence of a chaotic zone leading to 
large orbital eccentricities at the 3 : 1 reso- 
nance strongly suggests that it played an 
important role in the thermal evolution of 
Europa and Ganymede. If the satellites 
reached eccentricities of the order of those 
shown in Fig. 2 during passage through the 
3 : 1 resonance, tidal distortion of the satel- 
lites may have had important geophysical 
consequences. A synchronously rotating sat- 
ellite in an eccentric orbit is tidally heated at 
a rate (31) 

where m, is the mass of the planet, and p, g, 
R, p, and Q, are, respectively, the density, 
surface gravity, radius, rigidity, and specific 
dissipation h c t i o n  (27) of the satellite. In 
addition, the satellites are radiogenically 
heated; the primordial equilibrium radio- 
genic heat fluxes of Europa and Ganymede 
were a proximately 65 erg s-' and 40 
erg s-Pcm-2, respectively, and would have 
decayed to approximately 60% of these val- 
ues after a billion years (9). 

Reynolds and Cassen (32) calculated that 
solid-state convection in the mantles of 
large, differentiated icy satellites could re- 
move an equilibrium heat flux of up to 115 
erg s-' ~ m - ~ .  By combining the above two 
heat sources, we may estimate the critical 
orbital eccentricities necessary to overcome 
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Fig. 2. Maximum eccentricities of Europa (A) 
and Ganymede (B) before escaping from the 3 : 1 
mean motion commensurability. Black, effective 
Qj = 2 x lo5; hatched, effective Qj = 8 X lo3; 
white, effective Qj = 2 x lo3. 

solid-state convection in the satellites' interi- 
ors and to lead to the melting of water ice, 
assuming that Europa and Ganymede were 
solid and differentiated approaching the res- 
onance and that they were in thermal equi- 
librium with the heat sources. 

For these calculations, I used rigidities of 
6.5 x 10" dyne cm-2 for Europa and 
4 x 10" dyne cm-2 for Ganymede [fol- 
lowing (9)]. A billion years after the satel- 
lites formed, during the phase of geological 
activity leading to the production of the 
grooved terrain on Ganymede (3), the criti- 
cal eccentricities for Europa and Ganymede 
would have been: 

Tidal Q's of satellites may be as low as 10 if 
the interior is near the solidus temperature, 
or as large as 500 if cold [see, for example 
(33)l. For values of QE within this range, 
and for QG less than about 200, many of the 
maximum eccentricities summarized in Fig. 
2 are comparable to or exceed the above 
critical values, and thus melting of water ice 

Fig. 3. Surface of section for the trajectory in Fig. 
1 at t/Q, = 1.56 x lo2, shortly after the trajec- 
tory has entered the chaotic zone. The quasiperio- 
dic regions above and below the chaotic zone are 
regions away from the resonance where UG circu- 
lates. The two large quasiperiodic regions en- 
gulfed by the chaotic zone are regions where UG 

librates, and the small quasiperiodic zone amid 
the chaotic zone at lower right is the region where 
the resonance angle 31G - lE  - a r E  - li- 
brates. Here, the resonances overlap, that is, the 
chaotic separatrices have merged. The chains of 
islands visible in the libration regions are the 
chaotic separatrices associated with secondary res- 
onances between the libration frequency and the 
splitting frequency. These secondary resonances 
transfer trajectories from the quasiperiodic libra- 
tion regions into the chaotic zone [see, for exam- 
ple ( 17, 18,22)] .  At larger values of the eccentrici- 
ty, the resonant libration regions shrink, and the 
chaotic zone occupies most of the resonance 
region. The eccentricity scale is nonlinear on this 
plot. 

in the mantles of these satellites mav have 
been possible during passage through the 
3 : 1 resonance. 

Whether melting actually occurred de- 
pends on both the magnitude and duration 
of tidal heating. The maximum orbital ec- 
centricities attainable by the satellites are 
constrained by the rates of tidal dissipation 
in the planet and the satellites [see, for 
example (22)l. The larger the dissipation 
rate in Jupiter, the more rapid the expansion 
of Europa's orbit, and therefore, the larger 
the possible maximum eccentricities. The 
much more rapid orbital expansion of 10 
sets an upper limit on the rate of tidal 
evolution required if Europa and Ganymede 
were to evolve through the 3 : 1 resonance 
before the establishment of the 10-Europa 
2 : 1 resonance. This upper limit is about &I 
order of magnitude too small to allow the 
critical melting eccentricities (34-36). How- 
ever, if the 10-Europa 2:  l resonance was 
established before the Europa-Ganymede 
3 :  1 resonance was encountered, tidal 
torques on 10 would have increased the rate 
of ~ u r o ~ a ' s  orbital expansion and its ap- 
proach to the resonance by about a factor of 
20 (5, 14). Therefore, for significant heating 
of Europa and Ganymede to have occurred, 

the 10-Europa 2 :  1 resonance must have 
been established before Europa and Gany- 
mede escaped from the 3 : 1 resonance. 

At such a rapid tidal evolution rate, the 
time scale for resonance passage would have 
been only a few times lo5 years or less. Most 
of the tidal heating of Ganymede probably 
occurred after escape from the resonance as 
its orbital eccentricity decreased exponen- 
tially with a time decay constant T = lo6 QG 

years. The internal temperature of Gany- 
mede at the time of resonance encounter 
was probably at least 220 K, a value that 
even may have been reached by much small- 
er icy satellites of Saturn as a result of 
accretional and radiogenic heating only (37). 
The minimum melting temperature of water 
ice in the interior of Ganymede is approxi- 
mately 253 K (32), so that in order for 
melting to have occurred, the internal tem- 
perature of Ganymede must have increased 
by up to AT = 33 K while the rate of tidal 
heating still exceeded the maximum rate of 
convective heat loss. The interval of time 
during which eG remained above the critical 
value is at most a few times lo7 years for 
10 < QG < 200; heat is distributed within 
Ganymede by solid-state convection on a 
similar time scale, on the basis of estimates 
of the convective velocities of order 10 to 
100 cm yr-' in the ice mantle (11). In the 
approximation that all of the heat tidally 
generated during this interval was retained, 
the escape eccentricity required for the melt- 
ing of water ice is [see also (18)] 

where G is the gravitational constant and 
C = 2 x lo7 erg g-l K-' i s the heat ca- 
pacity. For AT = 33 K, this equation yields 
0.035 < eGerc < 0.064 for 10 < QG < 200, 
values that may have been reached by Gany- 
mede during evolution through the 3:  1 
resonance (Fig. 2). The greatest uncertainty 
in this scenario is the effect of 10 on the 
dynamics of resonance passage (38). Further 
work is warranted to better determine the 
probability that melting occurred. 

Even if the orbital eccentricitv of Ganv- 
mede did not reach the values given above, 
tidal heating at the 3 : 1 resonance may have 
significantly affected its thermal evolution. 
For example, if Ganymede was undifferenti- 
ated at the time of resonance encounter, the 
presence of silicates in the mantle ice may 
have reduced the efficiencv of solid-state 
convection (39, 40), and melting of water ice 
may have occurred even if the maximum 
eccentricities were smaller than the critical 
values given above. Also, if significant 
amounts of materials with much lower melt- 
ing temperatures, such as the ammonia wa- 
ter eutectic, were present, mobilization of 
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mantle material may have occurred at eccen- 
tricities smaller than those required to melt 
water ice. 

In addition to the possibility of melting, 
tidal deformation of the satellites during 
resonance passage may have stressed the 
rigid lithospheres of Europa and Ganymede 
sufficiently to cause widespread fracturing, 
which would have provided conduits 
through which mobile mantle material 
could resurface. The periodic variations in 
the tidal distortion of a satellite in an eccen- 
tric orbit give rise to stress on the litho- 
sphere; the magnitude of the stress is pro- 
portional to e/a3 (12, 41, 42). Because the 
Maxwell time of Europa's lithosphere is of 
the order of an orbital period (8) and that of 
Ganyrnede's lithosphere is much longer than 
an orbital period (13), a nearly elastic re- 
sponse of the lithospheres to tidal stresses is 
expected, and brittle failure may occur if the 
stress is sufficiently large. Currently, tidal 
stresses are of the order of a few bars on 
both satellites, more than an order of magni- 
tude too small to cause fracturing (7, 12, 
43). At the 3  : 1 resonance, tidal stresses on 
the lithospheres of Europa and Ganymede 
would have been enhanced over the current 
values by factors of approximately 
2 x 102eE and 7 x 102eG, respectively. At 
the largest values of eccentricity attained by 
the satellites for the trajectory in Fig. 1, tidal 
stresses would have been enhanced by about 
a factor of 30 for Europa and a factor of 50 
for Ganymede, and may have caused exten- 
sive fracturing. 

The possibility of a significant heat source 
at the 3 :  1 commensurability is consistent 
with some other models for the resurfacing 
of Ganymede. If Ganymede and Callisto 
were both deeply differentiated during ac- 
cretion, freezing of the ice mantle from 
above and below may have culminated in a 
convective instability as solid-state convec- 
tion bridged the residual liquid water layer 
(13). Diapiric transfer of heat from the 
interior may have occurred, and this process 
may have resulted in fracturing of the brittle 
upper lithosphere and the emplacement of 
relatively warm, clean ice on the surface. If 
this occurred during the heavy cratering 
period, the geological evidence would have 
been obliterated by impacts. However, if 
tidal heating led to the melting and fractur- 
ing of the ice mantle of Ganymede during 
passage through the 3: 1 resonance after 
heavy bombardment, a second instability 
may also have occurred in Ganymede only as 
the mantle froze again after resonance pas- 
sage; such an event could result in a second 
phase of surface activity. 

Alternatively, if Ganymede and Callisto 
were both only partly differentiated during 
accretion, both may have possessed an "ac- 

cretional trigger" (40),  that is, the interface 
between an-icy differentiated upper mantle 
and an undifferentiated lower mantle may 
have been a barrier to solid-state convection, 
making the melting of water ice more likely 
in the ice-rock lower mantle than in a fully 
differentiated ice mantle. If melting were 
initiated below the interface between the 
upper and lower mantles, a runaway differ- 
entiation (39) might be triggered. Perhaps 
only Ganymede was heated sufficiently dur- 
ing passage through the 3 : 1 resonace to 
pull the trigger and initiate runaway differ- 
entiation, while Callisto remained only part- 
ly differentiated. During runaway differenti- 
ation, further melting of the ice and global 
expansion of Ganymede (10) may have oc- 
curred. and as the now differentiated man- 
tle froze, it may have become susceptible to 
the convective instability of Kirk and Ste- 
venson (13), which would result in yet more 
modification of the surface. Either wav. a 

J ,  

combination of melting and fracturing due 
to tidal effects and the resurfacing mecha- 
nisms described above may account for the 
timing and duration of the resurfacing of 
Ganymede following the heavy cratering 
period. 
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A Plant Leucine Zipper Protein That Recognizes an 
Abscisic Acid Response Element 

The mechanism by which phytohormones, like abscisic acid (ABA), regulate gene 
expression is unknown. An activity in nuclear extracts that interacts with the ABA 
response element (ABRE) from the 5' regulatory region of the wheat Em gene was 
identiiied. A complementary DNA clone was isolated whose product is a DNA binding 
protein (EmBP-1) that interacts specifically with an 8-base pair (bp) sequence 
(CACGTGGC) in the ABRE. A 2-bp mutation in this sequence prevented binding of 
EmBP-1. The same mutation reduced the ability of the ABRE to confer ABA 
responsiveness on a viral promoter in a transient assay. The 8-bp EmBP-1 target 
sequence was found to be conserved in several other ABA-responsive promoters and in 
promoters from plants that respond to signals other than ABA. Similar sequences are 
found in promoters from mammals, yeast, and in the major late promoter of 
adenovirus. The deduced amino acid sequence of EmBP-1 contains conserved basic 
and leucine zipper domains found in transcription factors in plants, yeast, and 
mammals. EmBP-1 may be a member of a highly conserved family of proteins that 
recognize a core sequence found in the regulatory regions of various genes that are 
integrated into a number of different response pathways. 

ESPONSES OP CELLS TO EXTERNAL 

stimuli (such as light, hormones, 
and environmental stress) are medi- 

ated in part by the expression of genes 
whose products contribute to a given phys- 
iological effect. Studies with animal hor- 
mones have elucidated several response 
pathways that ultimately converge at the 
level of gene expression (1, 2). These path- 
ways have been deciphered in part through 
identification of the protein -factors that 
bind regulatory elements in hormone-re- 
sponsive genes. The distinct transcriptional 
regulatory patterns of genes expressed dur- 
ing these responses are determined primarily 
by specific interactions between protein and 
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DNA (1, 2). 
During plant development, hormones in- 

fluence fruit ripening, seed maturation and 
germination, shoot and root growth, and 
responses to environmental and pathogenic 
stresses (3). However, the response pathway 
for any one phytohormone has not yet been 
elucidated. All classes of phytohormones 
influence the expression of specific genes, at 
least in part at the level of transcription (4, 
5). Related sequences exist in the 5' up- 
stream regions of genes similarly regulated 
either by abscisic acid (ABA), gibberellic 
acid (GA), ethylene, or auxin (6-8). DNA 
regulatory elements have been fimctionally 
identified in promoters of genes responsive 
to ABA (9-1 I), GA (12), and ethylene (7). 

Like most phytohormones, ABA medi- 
ates diverse physiological responses, includ- 
ing promotion of embryogenesis and pre- 

vention of precocious germination (5, 13). 
Late in seed development of a wide variety 
of plants, a unique set of abundant mRNAs 
and proteins appear, coincident with high 
concentrations of endogenous ABA. These 
late embryo abundant (Lea) gene products - 
share common physical properties and accu- 
mulate in mature embryos (13, 14). If em- 
bryos are isolated at earlier developmental 
stages and exposed to exogenous ABA, 
some of the Lea class mRNAs and proteins 
accumulate precociously (5, 13-1 5). The 
concentration of ABA also increases when 
plant tissues are stressed by desiccation (16), 
wounding (17), or high osmoticum (18), 
resulting in the expression of some of the 
same Lea genes in nonembryonic tissues 
(13). We approached the question of how 
ABA exerts its effect at the level of the gene 
by defining regulatory elements in the ABA- 
responsive promoter of the wheat Em gene 
(9, 10, 19). 

Accumulation of mRNA from Em (20, 
21) is regulated by ABA during embryo 
development and under stress conditions (5, 
13, 19) in a manner similar to other Lea 
genes. When the Em 5' regulatory region 
was linked to the reporter gene, p-glucuron- 
idase (GUS), and used in transient (9) and, 
transgenic (10) assays, a 646-bp region 
(-554 to +92) that was essential for re- 
sponse to ABA was identified. Within this 
region, a 50-bp ABA response element 
(ABRE) (-152 to -103) has been defined 
that is capable of conferring ABA inducibil- 
ity upon a minimal cauliflower mosaic virus 
(CaMV) promoter (1 0). Two elements 
(Em1 and Em2) within this 50-bp ABRE 
are conserved in other ABA-regulated pro- 
moters (lo), including the rice Rab and the 
cotton Lea gene families (8, 11). We now 
describe the identificatiori of a protein that 
interacts with the ABRE. 

Nuclear extracts from mature wheat em- 
bryos and rice cells in suspension cultures 
contained proteins that bound a 32P-labeled 
119-bp DNA fragment ( O R E  probe) that 
contained the 50-bp response element (Fig. 
1) (22). Two major protein-DNA complex- 
es (B1 and B2) were specifically competed 
by unlabeled DNA fragments that contained 
the ABRE (Fig. 1B). Neither the Em coding 
sequence nor an ABRE that contained a 2- 
bp mutation (mABRE) was capable of com- 
peting for the binding activity (Fig. 1B). 

We noticed that the recognition site 
(Hex) for the wheat transcription factor 
HBP-1 (23) contains sequences that are 
similar to the ABRE (Fig. 1A). A DNA 
fragment that contained the Hex sequence 
was capable of competing with the AJ3RE 
probe for binding activity (Fig. lB), but did 
not compete as well as the ABRE fragment 
(Fig. 1B). 
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