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GT- 1 Binding Site Confers Light Responsive 
Expression in Transgenic Tobacco 

Light-dependent expression of rbcS, the gene encoding the small subunit of ribulose- 
1,5-bisphosphate carboxylase, which is the key enzyme involved in carbon fixation in 
higher plants, is regulated at the transcriptional level. Sequence analysis of the gene has 
uncovered a conserved GT motif in the - 150 to - 100 region of many rbcS promoters. 
This motif serves as the binding site of a nuclear factor, designated GT-1. Analysis of 
site-specific mutants of pea rbcS-3A promoter demonstrated that GT- 1 binding in vitro 
is correlated with light-responsive expression of the rbcS promoter in transgenic plants. 
However, it is not known whether factors other than GT- 1 might also be required for 
activation of transcription by light. A synthetic tetramer of box I1 (TGTGTGGTTAA- 
TATG), the GT-1 binding site located between -152 to -138 of the rbcS-3A 
promoter, inserted upstream of a truncated cauliflower mosaic virus 35s  promoter is 
sufficient to confer expression in leaves of transgenic tobacco. This expression occurs 
principally in chloroplast-containing cells, is induced by light, and is correlated with 
the ability of box I1 to bind GT- 1 in vitro. The data show that the binding site for GT- 
1 is likely to be a part of the molecular light switch for rbcS activation. 

T HE ELUCIDATION OF THE MOLECU- 

lar mechanisms for light-responsive 
gene expression is an important step 

toward understanding photomorphogene- 
sis. While the mechanism by which the 
photoreceptor phytochrome transmits its 
signal remains unknown, analyses of light- 
regulated genes in transgenic plants have 
demonstrated that the promoter region of 
many of these genes harbors DNA elements 
for light-responsive expression (1, 2). In 
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addltion, the promoters of several vbcS 
(genes that encode the small subunit of 
ribulose- 1,5-bisphosphate carboxylase) dl- 
rect expression preferentially in chloroplast- 
containing cells (3, 4). Thus, the promoter 
for rbcS contains genetic information for 
light responsiveness as well as for cell speci- 
ficity. In vitro studies with plant nuclear 
extracts have identified GT-1 (5 )  and a G- 
box factor (6) as nuclear proteins that inter- 
act with light-responsive promoters. The 
binding of GT-1 has been mapped to con- 
served elements termed box I1 and box I11 in 
the upstream regions of vbcS promoters from 
many dicotyledonous species (1, 5 ) .  Site- 
specific mutations in box I1 and box I11 
result in a loss of GT-1 bindlng in vitro and 

are correlated with the attenuation of the 
vbcS-3A promoter function in vivo (7). In 
addition, a 116-base pair (bp) fragment, 
from - 166 to - 50 of vbcS-3A, containing 
box I1 (5 '-GTGTGGTTAATATG-3') and 
box I11 (5'-ATCA'ITITCACT-3'), is able 
to confer light responsiveness to the cauli- 
flower mosaic virus (CaMV) 35s  promoter 
truncated at -46 (8). These studies show 
that GT-1 binding is likely to be necessary 
for the light-dependent activation process 
under our assay conditions. However, 
whether GT-1 alone is sufficient or binding 
of additional factors to the 116-bp fragment 
is also required for light-responsive gene 

Root Leaf 

1 2  3 4  5 W T  1 2  3 4  5 W T  

Construct 

Fig. 1. Activity of rbcS-3A box I1 and as-I tetra- 
mers in transgenic tobacco. Activity is expressed 
as picomoles of 4-methylumbelliferone produced 
per minute per milligram protein, with 4-methyl 
umbehferyl glucuronide as substrate (15). Data 
from five to ten independent transgenic plants for 
each construct are shown. RbcS-3A box I1 se- 
quence (-152 to -138) is TGTGTGGTTAA- 
TATG and its mutant sequence is TGT- 
GTCXJTAATATG, with the mutated bases un- 
derhed (12). Activation sequence-1 (as-I) is de- 
rived from the -82 to -62 region of the CaMV 
35s promoter upstream sequence and has the 
sequence CTGACGTAAGGGATGACGCAC. 
The sequence of its mutant derivative is C T G a  
GTAAGGGATaCGCAC, with the mutated 
bases underlined (13). Tetramers of box I1 and its 
mutant derivative are designated 411 and 4IIm, 
respectively. Tetramers of as-I and its mutant 
derivative are designated 4ASl and 4ASlm, re- 
spectively. All tetramers were synthesized with a 
Hind I11 site on the 5' end and an Xho I site on 
the 3' end. These sites were used for cloning of 
the tetramers into the X-GUS-90 vector, as de- 
scribed in the text. Construct 1, X-GUS-90; 
construct 2, 411-90; construct 3, 411111-90; con- 
struct 4, 4AS1-90; construct 5, ASlm-90; WT, 
nontransformed tobacco. Each dot represents the 
activity of an independent transgenic plant. 
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expression remains unresolved. 
To demonstrate the positive function of 

GT-1 in vivo, we fused a synthetic rbcS-3A 
box I1 tetramer to the -90 derivative of the 
CaMV 35s  promoter [that is, the X-GUS- 
90 vector (9)] to generate the construct 411- 
90. This truncated derivative of the CaMV 
35s  promoter has been shown to confer 
expression preferentially in root (10, 11). 
The coding sequence for the Escherichia coli 
p-glucuronidase (GUS) gene was h e d  3' 
to the 35s  promoter and served as the 
reporter gene. As a negative control, we 
fused a tetramer of mutant box 11, in which 
the two G's at positions -147 and -146 
were altered to C's, to X-GUS-90 (4IIm- 
90). These mutations reduced the binding 
a h i t y  of GT-1 by at least ten times (12). 
For comparison, wild-type and mutant 
binding sites (as-I and as-lm) for another 
characterized plant nuclear factor, activation 
sequence factor-1 (ASF-1) (13), were also 
fused to the X-GUS-90 vector, forming the 
constructs 4AS1-90 and 4ASlm-90. These 
constructs were transformed into Nicotiana 
tabacum (cv. SR1) by the use of Agrobacterium 
tumefaciem (14), and the expression of the 
artificial promoters was assayed by measur- 
ing the GUS enzyme activity in both root 
and leaf extracts (15). The X-GUS-90 vec- 
tor, as reported earlier (10, 1 I), had signifi- 
cant expression above background in root 
but not in leaf (Fig. 1). This root-specific 
activity was enhanced significantly by the as- 

1 tetramer. In contrast. the box I1 tetramer 
did not give any significant enhancement of 
GUS activity in root. However, in leaf, GUS 
ex~ression was observed with both wild- 
type box I1 and as-I tetramers, with the 
latter being about nine times more active. 
For both tetramers, mutations that severely 
decrease binding of their cognate factor & 
vitro (12, 13) also reduce drastically the 
ability of the tetramers to potentiate tran- 
scription from the truncated 35s  promoter. 

We then examined the effects of modula- 
tion by light on the artificial promoters 411- 
90 and 4AS1-90 (Fig. 2). Transgenic plants 
were grown in a 16-hour light and 8-hour 
dark cycle or constant darkness for 2 days. 
Leaves were collected in the afternoon of the 
second day and the levels of transgene 
expression were compared by 3' S1 nuclease 
protection assays. The X-GUS-90 vector 
contains a reference gene comprised of a 
CaMV 35s  upstream fragment (-941 to 
+8) fused to the coding sequence of bacte- 
rial chloramphenicol acetyl transferase 
(CAT). The 3' polyadenylation sequences 
for the test (that is, the GUS) gene and the 
reference gene were derived from the corre- 
sponding regions of pea rbcS-3C and rbcS- 
E9, respectively (16). Since these 3' regions 
have homologous sequences, we can com- 
pare quantitatively the test and reference 
gene transcripts with the same S1 probe. 
Expression of the 411-90 construct was depen- 
dent on light, whereas the expression of 

Transgenic plant 

C 
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I -1 1 a * l I n - l I - l 1  35s 1 GUS I 3c I 

Reference gene 

Fig. 2. Expression of synthetic 
promoters containing as-1 or box 
I1 tetramers in transgenic tobac- 
co. Five to ten independent trans- 
genic plants with constructs 
4AS1-90 or 411-90 were assayed. 
Leaves from mature transgenic 
tobacco plants were collected in 
the light (L) or after transferring 
into dark boxes for 2 days (D). 
Total RNA (20 p,g per lane) was 
analyzed by 3' S1 nuclease diges- 
tion with a probe derived from 
the pea rbcS3C 3' region (16). 
Results from two and three repre- 
sentative plants are shown for 
constructs 4AS1-90 (A) and 411- 
90 (B), respectively. Transcripts 
from the test gene (GUS) are 
expected to give protected bands 
of about 230 bases and those 
from the reference gene (CAT) 
about 89 bases (16). The con- 
structs 4AS1-90,411-90, and ref- 
erence gene are diagrammed in 
(C). Methods for tobacco trans- 
formation, RNA preparation, 
and S1 nuclease protection analy- 
ses have been described (7, 14, 16, 
18). 

35s 

4AS1-90 consauct was slightly higher in the 
dark than in the light. The reference CAT 
gene in both constructs appears to be ex- 
pressed at slmilar levels in both light and dark. 

We have also examined the cell type speci- 
ficity of the arthcial promoters in construct 
411-90 and 4AS1-90 by histochemical local- 
ization of the GUS gene product in trans- 
genic plants. In leaf, the box I1 tetramer 
conferred expression predominantly in chlo- 
roplast-containing cells (that is, the meso- 
phyll cells and the chlorenchyma), whereas 
the as-I tetramer was active in diverse cell 
types (Fig. 3). We cannot be certain wheth- 
er the 411-90 construct is exvressed in all 

CAT 

chloroplast-containing cells; however, we 
have not observed expression of this pro- 
moter in leaf cells that do  not contain chlo- 

€9 

roplasts, such as the vascular elements. Both 
mutant binding site constructs, 4IIm-90 and 
4ASlm-90, did not show significant stain- 
ing in leaf tissues. In root, the 411-90 con- 
smc t  showed staining mainly in the tip 
region (Fig. 3E). This expression pattern is 
indistinguishable from that of the X-GUS- 
90 vector alone (11) or the 4IIm-90 con- 
struct, suggesting that the box I1 tetramer is 
inactive in root. In contrast. the as-I tetra- 
mer gave extensive expression in d portions 
of the root (Fig. 3F). 

Our data show that the tetramer of rbcS- 
3A box 11, a binding site for the nuclear 
factor GT-1, can confer light-responsive and 
tissue-specific expression on a heterologous 
promoter in vivo. Quantitation of expres- 
sion as determined by S1 nuclease protec- 
tion assays shows that expression from this 
synthetic promoter is about 10 to 20% of 
that from the rbcS-3A promoter (17). A 
mutant box I1 tetramer that is defective in 
GT- 1 binding is unable to confer significant 
expression on the same promoter. These 
data provide indirect evidence for the posi- 
rive function of GT-1 in the light-activation 
process. Previous site-specific- mutagenesis 
studies have implicated box I1 and box I11 as 
positive elements (7), and have shown that a 
kmer  of box 11, when inserted between the 
CaMV 35s  enhancer and promoter, can 
attenuate expression of the CaMV 35s  pro- 
moter in the dark (18). Although these data 
suggested that the box I1 trimer can func- 
tion as a negative element, it was not clear 
that the reduced expression in the dark was 
due to GT-1 binding, as site-specific mu- 
tants of box I1 were not included for a 
negative control. If GT-1 and box I1 are 
involved in both activation of rbcS in the 
light and repression in the dark, the mode of 
action of GT-1 may be explained by one of 
the models in Fig. 4. In models A and B, 
GT-1 interacts with either a positive factor 
(P) in the light or negative factor (N) in the 
dark. Neither P nor N bind DNA on their 
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Boxn Box 11 Bm ll 

Rg. 4. Mod& for activation of transai 
mrdimdbym-I "$" *mbmII . In ( r :  
(C) the rbcS-3A box II sequence is depicted as a  

transaiption. In (A) a  n tive ngulator N is 
shownabindmGT-l in~darkand~vc ly  
mask thc activation domain. In (B), Gl-1 docs 
not contain any activation domain of its own. 
Haweva, in the light, a fiaor P with an &a- 
tiondomainbindstoGT-landthereby- 
transaiption fiwn the adjacent pmmotm. In (C), 
Gl-lisshowntoundagorcva~ibkmodification 
duringor aftathe transition bcrwccnlight and 
MmcaP. Thc end d t  ofthc modification is 
that a region of GT-1 becomes functional as an 
rceivition domaia in thc light, whik the 
DNA-bin* propat~cs of GT-1 runain unaf- 
~ T h c ~ ~ a f l d s h a p c o f t h c v a r i ~ u s  
p s o o i n t h c l b o n d ~ a e i d d k l ~ ~  
ofprcsaltation. 

I sue-spea.6~ expression on factor concentra- 
tion and the copy number of its cognate 

F ~ .  *. rruuu- ,,, --,,,. ual.u.ar uy oy..u,+ur y.ra.arw -ts. binding site is similar to the =t obscrva- 
H a n d s c c t i o n s o f l e a v ~ a n d ~ h m  'vc tysgcnic tobacco containing the 411-90 (A, C, tion with the Drosophila homcotic gene bicoid 
E) and thc Wl-90 (B, D, F) conml2=. Hmxhana lmh.mo 

. . of Gus gene product (23), and may d e c t  a basic principle by 
was as described (9). Cell types wac zapigncd as in (3). A and B, the mid-win section ofa tobacco M, 
C and D, the lamina pmPu; E and F, mots. CH, Chlorromyma all layer; VA, vascuh dements; 

which ppmms of ee vion 
0, cohchyrna; EP, epidermis; M, maophyll&, T, trichome. can be generated from a small set of diffwen- 

ti* tegulatcd factors. 

own, and GT-1 binding to box I1 is inde- 
pendent of light These two modcls arc 
analogous to the interaction between the 
yeast factors GAL80 and GAL.4, where 
GAL4 is a positive, DNA-binding transcrip- 
tion factor with an activation domain, and 
GAL80 interacts with GAIA to inhibit 
trans-activation but not DNA binding (19). 
The third modd, C, sllggcsts that GT-1 may 
cxist in two diffbent statcs. GT-1 is func- 
tionally competent in trans-activation in the 
light but not in the hawever, its DNA- 
b i i  property remains unaltered under 
both conditions. This model is similar to 
that suggested for the yeast heat shack tran- 
scription factor (20). The three modcls all 
incorporate the obsendon that DNA- 
bin* activity of GT-1 is prcsscnt in nude- 
ar atram from both light-grown and dark- 
adaptcd plants (5, 12). 

ASF-1 binds to the -82 to -62 region 
(that is, the el site) of the CaMV 35s 
promoter (13). A -90 derivative of the 
CaMV 35s promoter shows root-specific 
expression whereas fimher deletion to -75 

abolishes promoter activity in the root as 
well (10, 11). A palindromic sequence from 
the octopine synthasc promotct, which a h  
binds ASF-1, has been shown to c o n k  
root-spcdc expression when insated u p  
stream of a CaMV 35s promoter tnulcated 
at -46 (21). These data thus suggest that a 
single binding site for ASF-1 co& expres- 
sion preferentially in root. In the present 
work, we show that addition of the as-1 
tetrama enhances leaf expression considera- 
bly (Fig. 1). We have nportad previously 
that the steady-state amount of d p t s  
coding for ASF-1 is about ten times hlghcr 
in root than in leaf (22). Togcchcr, these 
data suggest that the concentration of ASF- 
1 may be limiting in kaf as compand to 
rog and that the low concentration in leaf 
may be overcome by m dtimehation of the 
as-1 b d m g  site. Howeva, these results do 
not d u d e  the possibility that ASF-1 exists 
in different forms in the two organs. Never- 
theless, our present results show that as-1 
c a n a m k l e a f ~ i o n  aswell as root 
expression. The appercnt dcptndcncc of tis- 
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Ostwald Ripening of Clays and 
Metamorphic Minerals 

Analyses of particle size distributions indicate that clay minerals and other diagenetic 
and metamorphic minerals commonly undergo recrystallization by Ostwald ripening. 
The shapes of their particle size distributions can yield the rate law for this process. 
One consequence of Ostwald ripening is that a record of the recrystallization process is 
preserved in the various particle sizes. Therefore, one can determine the detailed 
geologic history of clays and other recrystallized minerals by separating, from a single 
sample, the various particle sizes for independent chemical, structural, and isotopic 
analyses. 

C LAY MINERALS GENERALLY HAVE 

large surface areas and exhibit a 
range of particle sizes. These charac- 

teristics suggest that clays may undergo Ost- 
wald ripening (1-6) when exposed to fluids 
such as ground water or hydrothermal solu- 
tions, although this process must occur 
slowly at near-surface temperatures because 
clays are so insoluble. Recent evidence (7, 8) 
indicates that illite can recrystallize by Ost- 
wald ripening in some hydrothermal sys- 
tems. In this report we show that this 
process also occurs in other minerals and 
environments, and we discuss the effect that 
Ostwald ripening has on the crystal chemis- 
try and geology of clays. 

Ostwald ripening is a recrystallization 
process that is characterized by the simulta- 
neous dissolution and growth of a mineral 
in a single medium. After nonexplosive nu- 
cleation, a system contains a great many 
crystallites of different sizes. Surface free 
energy then tends toward a minimum by the 
dissolution of small particles and the growth 
of large particles as matter is transferred 
from the former to the latter through solu- 
tion (4). As ripening proceeds in a closed 

*To whom correspondence should be addressed. 

system, the mean crystallite size increases, 
the level of supersaturation in the solution 
decreases, the particle size distribution 
spreads out, and the number of particles 
decreases. As the level of supersaturation in 
solution decreases with increasing particle 
size, the mechanism of crystal growth may 
change from a process with a first-order 
reaction rate to one with a second-order rate 
(4, 5 ) .  Equilibrium cannot be attained until, 
by some process, the mineral consists of a 
single crystal or all the crystallites of a 
mineral are the same size. A complete record 
of the recrystallization process will be con- 
tained in the largest particle: it will be zoned 
progressively from an older core, represent- 
ing the nucleation stage, to a younger rim, 
because the largest particles in the system 
never undergo dissolution (4). This history 
also will be preserved in the various particle 
sizes because the relative size relation be- 
tween particles formed in the original nucle- 
ation step is maintained during ripening (9). 

The occurrence of Ostwald ripening can 
be detected, and the mechanism that con- 
trolled the rate of the ripening process can 
be determined, from the particle size distri- 
bution, as originally suggested by Lifshitz 
and Slyozov (10) and Wagner (11). This 
quantitative description of Ostwald ripening 
is known as the LSW theory (4). Particle 
thickness distributions for three illites (Fig. 
1) from shales from the Glarus Alps (12) 
show a sequence expected for ripening: 
mean particle thicknesses increase and parti- 
cle thickness distributions spread out as 
metamorphic grade increases. In addition, 

the Al~ine  illites show convercence to a " 
steady-state profile when particle thickness 
distributions are nondimensionalized (based 
on the use of reduced coordinates according 
to LSW theory; Fig. 2A); this is done by 
dividing by both the mean particle thickness 
for each distribution and the value for the 
maximum frequency in each distribution. 

The occurrence of similar, reduced pro- 
files (Fig. 2A) that approach a steady-state 
distribution (a distribution that is indepen- 
dent of the mean particle size and the initial, 
pre-recrystallization particle size distribu- 
tion) is indirect proof that the clays have 
undergone Ostwald ripening (4, 10). Pro- 
files having shapes similar to those found for 
the Alpine samples, but displaced toward 
larger reduced radii, also were found for 

Thickness (nrn) 

Fig. 1. Particle thickness dstributions for ihtes 
from the Glarus Alps (12): metamorphic grade 
increases from sample MF4 (beginning of the 
anchizone) via MF23 to sample MF998 (epizone) 
on the basis of illite "crystallinity." Thickness 
measurements were made by the Warren-Aver- 
bach (W-A) technique (14), with Siemens D500 
soha re ,  and the 002 and 005 x-ray diffraction 
peaks for Sr-saturated, <2-pm samples. Particle 
thicknesses measured by the W-A technique were 
checked by TEM measurements for five illite 
samples. The two techniques were found to give 
nearly identical mean particle thicknesses and 
particle thickness distributions. Ages are from 
(12). 
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