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Abstract. Previous experiments have shown that the 
minimal promoters required for function of the squid 
SL20-1 and SL11 crystallin genes in transfected rabbit 
lens epithelial cells contain an overlapping AP-1/an- 
tioxidant responsive element (ARE) upstream of the 
TATA box. This region resembles the PL- 1 and PL-2 el- 
ements of the chicken ~B 1-crystallin promoter which are 
essential for promoter function in transfected primary 
chicken lens epithelial cells. Here we demonstrate by 
site-directed mutagenesis that the AP-1/ARE sequence 
is essential for activity of the squid SL20-1 and SL11 
promoters in transfected embryonic chicken lens cells 
and fibroblasts. Promoter activity was higher in trans- 
fected lens cells than in fibroblasts. Electrophoretic mo- 
bility shift and DNase protection experiments demon- 
strated the formation of numerous complexes between 
nuclear proteins of the embryonic chicken lens and the 
AP-1/ARE sequences of the squid SL20-1 and S L l l  
crystallin promoters. One of these complexes comi- 
grated and cross-competed with that formed with the 
PL-1 element of the chicken ~Bl-crystallin promoter. 
This complex formed with nuclear extracts from the 
lens, heart, brain, and skeletal muscle of embryonic 
chickens and was eliminated by competition with a con- 
sensus AP-1 sequence. The nonfunctional mutant AP-1/ 
ARE sequences did not compete for complex formation. 
These data raise the intriguing possibility that entirely 
different, nonhomologous crystallin genes of the chick- 
en and squid have convergently evolved a similar cis- 
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acting regulatory element (AP-1/ARE) for high expres- 
sion in the lens. 
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Introduction 

Complex eyes containing photoreceptors, a pigmented 
epithelium, and a transparent lens were formed inde- 
pendently in the course of vertebrate and invertebrate 
evolution (Land 1984; Land and Fernald 1992). Among 
the invertebrates, cephalopod (squid, octopus, and cut- 
tlefish) eyes are best known for their striking similari- 
ty to those of vertebrates (Packard 1972). In both cas- 
es, a transparent lens is used to focus incoming light 
onto photoreceptor cells. The major soluble proteins in 
the eye lens of vertebrates and invertebrates are called 
crystallins. Vertebrate crystallins are a very diverse 
group of proteins which often differ in composition be- 
tween different species (Wistow and Piatigorsky 1988; 
de Jong et al. 1989). Some crystallins are present in the 
lenses of all vertebrates (the ct and ~/y-crystallins), 
while others, generally related or identical to metabol- 
ic enzymes, are restricted to certain species (the taxon- 
specific crystallins). S-crystallins are the major lens 
proteins of squids (Siezen and Shaw 1982). These are 
not present in vertebrate lenses and are related to the 
metabolic enzyme, glutathione S-transferase (GST) 
(Wistow and Piatigorsky 1987; Tomarev and Zinovie- 
va 1988; Tomarev et al. 1992, 1993). 

The basis for recruiting a lens crystallin during evo- 
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lution is not known. The fact that many, if not all, of the 
crystallins are either derived from or identical to pro- 
teins providing stress protection or detoxification func- 
tions suggests that their recruitment may have involved, 
at least during the early stages of selection, the induc- 
tion of gene expression by some form of metabolic 
stress or environmental signal (Piatigorsky and Wistow 
1989; de Jong et al. 1989; Wistow and Kim 1991). The 
possibility has also been advanced that transcription 
factors required for the optimal expression of crystallin 
genes in the lens may have common properties despite 
differences in the nature of the encoded crystallins (Pi- 
atigorsky 1992). If this idea is correct, one would ex- 
pect to find similar transcription factors utilized for 
high expression of different crystallin genes in the lens 
of the same and different species. 

In the course of our investigations on the squid, we 
noted that a consensus AP-1 binding sequence over- 
lapping an antioxidant response element (ARE) was 
present in the minimal functional 5' flanking sequences 
of the SL20-1 and SL11 crystallin genes. This element 
is required for activity of the squid promoters fused to 
the bacterial chloramphenicol acetyltransferase (CAT) 
gene in transfected N/N1003A rabbit lens epithelial 
cells (Tomarev et al. 1992). This was of special inter- 
est since AP-I has been implicated in the expression of 
numerous crystallin genes in vertebrates (see Piatig- 
orsky and Zelenka 1992) and both AP-1 and ARE are 
involved in the induction of GST genes by oxidative 
stress in mammals (Daniel 1993). Moreover, the AP-1/ 
ARE element in the squid promoters resembles the PL- 
1 and PL-2 functional elements of the chicken ~B 1-crys- 
tallin promoter (Roth et al. 199l). Consequently, we 
used site-directed mutagenesis, transfection experi- 
ments, electrophoretic mobility shift assays (EMSA), 
and DNase I footprint analysis to compare the functional 
requirements and binding properties of the AP-1/ARE 
sequences found in the squid promoters with the PL-1 
element of the chicken ]3Bl-crystallin promoter in 
chicken lens cells. The results indicate that the squid 
AP-1/ARE sequences are essential for promoter activ- 
ity in transfected chicken lens cells and fibroblasts. 
Moreover, the squid AP-1/ARE sequences form a com- 
plex similar to that formed with the PL-1 element of the 
chicken [3Bl-crystallin promoter with a chicken lens 
nuclear extract. These data are consistent with the pos- 
sibility that the SL20-1 and SL 11 crystallin genes of the 
squid have at least one functional element in common 
with that of the ~B 1-crystallin gene of the chicken. 

Materials and Methods 

Nucleic Acid Isolation. Plasmid DNAs were isolated using Qiagen 
columns (QIAGEN Inc.). For transfection, plasmid DNAs were pu- 
rified by the alkaline method (Birnboim and Doly 1979) and subse- 
quently banded twice in a cesium chloride/ethidium bromide density 
gradient. RNA was isolated by the acidic guanidinium thiocya- 

nate-phenol-chloroform extraction method (RNazol B, Cinna/Bio- 
tecx; Chomczynski and Sacchi 1987) from transfected and nontrans- 
fected primary lens epithelial cells. 

Recombinant DNA Constructions. Plasmid DNAs containing squid 
S-crystallin gene promoter fragments coupled to the bacteria/ chlor- 
amphenicol acetyltransferase (CAT) reporter gene were described 
previously (Tomarev et al. 1992). Site-directed mutations were 
introduced into the squid S-crystallin promoters by using the oligonu- 
cleotide-directed mutagenesis method as described by the manufac- 
turer (Amersham Corp.). All constructs were confirmed by dideoxy- 
nucleotide sequencing (Sanger et al. 1977) using Sequenase version 
2.0 (U,S. Biochemical). 

Transfection. Transfections were performed on patches of prima- 
ry lens epithelial (PLE) cells obtained from 14-day-old chicken em- 
bryos (Borras et al. 1988). A minimum of two separate experiments 
were performed in duplicate for each construct tested. The test plas- 
mid (10 gg) was cotransfected with a control SV40 promoter/[3-galac- 
tosidase plasmid (pCH110) (Herbomel et al. 1984) (2 ,ug) as a calci- 
um phosphate precipitate as described elsewhere (Dubin et al. 1989). 
Cells were assayed for CAT activity by the fluor-diffusion method 
(Neumann et al. 1987) and for ~-galactosidase activity (Borras et al. 
1988) 48 h after transfection. 

Primer Extension Analysis. Primer extension analysis was per- 
formed with 50-75 gg of total RNA from transfected PLE cells. 
Primer 3761 (5'-CAACGGTGGTATATCCAGTG-3'), whose T-end 
corresponds to CAT geue position + 15, was used. The primer was ra- 
dioactively labeled with ['~-32P]ATP (%000 Ci/mmol, INC) using T4 
polynucleotide kinase (BRL). The labeled oligonucleotide primer 
was mixed with RNA, heated at 68 ° C for 5 rain, and incubated at 37 ° 
C for 30 rain to 1 h after addition of 10-20 units of AMV reverse tran- 
scriptase (Stratagene). RNA was hydrolyzed by NaOH treatment, 
and extended cDNAs were extracted with phenol-chloroform and 
ethanol precipitated, cDNAs were analyzed on 6% polyacrylamide/7 
M urea gels. Sequencing reaction ladders generated from primer 3761 
were used as a size marker. 

Nuclear Extracts, Gel Mobility Shift Assays, and DNase I Foot- 
printing. All synthetic oligonucleotides were synthesized on an Ap- 
plied Biosystem 380A DNA synthesizer and purified on an 8% de- 
naturing polyacrylamide gel. The sequences of the sense strand 
oligonucleotides used as probes and competitors were as follows: 

SL20-1 : 5'-ATTGTTTAAAGTGACTCATCTATT-3' 
SL11: 5'-AGGCCAGCGTGACTCATCAAAGAATACA-3' 
PL- 1: 5'-GGATGTGATGACTGGGCGGCCGCA-3' 
SL20-1M6A: 5'-ATTGTTAAAGCACACTCATCTATT-3' 
SL11M6A: 5'-AGGCCAGCCACACTCATCAAAGAATACA-3' 
PL-1M6A: 5'-GGATGAGCACACTGGGCGGCCGCA-3' 
ARE: 5'-TGCTAATGGTGACAAAGCAACTTT-3' 
Rat AP-I: 5'-CGAGTGTCTGACTCATGCTTTCGA-3' 
Chicken AP- 1: 5'-CTGGCTTCTGAGTCAGCACGGACA-3' 

Oligodeoxynucleotides were labeled by using [y-32pJATP (ICN) and 
polynucleotide kinase to a specific activity of about 5 × 107 cpm/gg 
DNA; unincorporated nucleotides were removed by passage through 
G-25 spin columns. Double-stranded labeled probes were prepared by 
annealing with a threefold molar excess of the unlabeled comple- 
mentary strand. Nonradiolabeled competitors were prepared by an- 
nealing equimolar amounts of the complementary oligonucleotides. 
Nuclear extracts were prepared from the indicated tissues of 14-day- 
old embryonic chickens (Shapiro et al. 1988). Extracts were titrated 
with various oligonucleotides within the chicken ctA-crystallin en- 
hancer ( - 1 6 2  to -88 )  and probes containing Sp 1 (GGGGCGGGCT) 
and octomer (ATGCAAAT) binding sites to control for the quality of 
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the nuclear proteins (Klement et al, 1993). Electrophoretic mobility 
shift assays were performed in the total volume of 12.5 gl by mixing 
2 gl of crude nuclear extract (approximately 48 gg of protein) with 

10 40,000 cpm of probe (Cerenkov counting, about 1 ng), 500 ng of 
poly(dI-dC) in a solution containing 8.5 mM HEPES, pH 7.9, 30 mM ~ 1.0: 
KCt, 1.5 mM MgC12, 0.4 mM DTT, 0.3 mM PMSF and 4% w/v Fi- ~ 0.8 
coll 400. For the competition experiments, 50 ng of cold competitor ~. 
oligonucleotide (50-fold excess) was added to this mixture. Follow- ~ 0.6 
ing a 15-min incubation at room temperature, the products were an- 
alyzed by electrophoresis (10 V/cm, 2 h, 4 ° C) in 5% polyacrylamide ~ 0.4 
gels (acrylamide/bisacrylamide ratio of 29:1), using 0.5 × TBE elec- >~ 

r ~  

trophoretic buffer (45 mM Tris-borate, pH 7.8, 1 mM EDTA). The ~6 0.2 
gels were dried under vacuum and autoradiographed. For footprint- 
ing experiments, lens nuclear extracts were further fracfionated by hep- 
arin-Ultrogel A4-R chromatography as described (Klement et al. Fig. 1. 
1993). The proteins eluted from the resin with 600 mM KC1 (H600CE) 
(Klement et al, 1993) were used in all footprinting experiments. 
DNase footprinting experiments were performed as described (Kle- 
ment et al. 1993) using -202/+37 (SL20-1) or -163/+89 (SL11) 
probes uniquely labeled at either the Sal site or the HindIII site (ap- 
proximately 20,000 cpm per assay). 

Resu l t s  

Activity of the Squid Crystallin Promoters in 
Transfected Chicken PLE Cells 

We init ial ly transfected fusion genes containing various 
p romote r  f ragments  of  the SL20-1 and S L l l  genes 
l inked to the C A T  gene into PLE cells and f ibroblasts  
of  14-day-old  embryonic  chickens.  Cotransfect ions us- 
ing a SV40 promoter/[3-galactosidase fusion gene were 
per formed in every case as an internal  control  to nor- 
mal ize  for t ransfect ion eff iciency.  (See Mater ia ls  and 
Methods.)  In addit ion,  the results  were normal ized  rel- 
ative to those obta ined in paral le l  t ransfect ion tests us- 
ing an RSV promote r /CAT fusion gene (Borras et al. 
1988). The results  are shown in Fig.  1. As was the case 
for transfected N/N1003A cells der ived from rabbit  lens 
epi thel ia l  cells  (Tomarev  et al. 1992), the - 8 4 / + 3 7  
f ragment  of  the SL20-1 gene and the - 1 1 1 / +  89 frag- 
ment  of  the SL11 gene were the min imal  sequences 
demonst ra t ing  promoter  act ivi ty  in t ransfected chicken 
PLE cells.  Each of  these min imal  promoter  f ragments  
contains  an A P - 1 / A R E  sequence.  The - 3 8 / + 3 7  frag- 
ment  of  the SL20-1 gene and the - 60 /+  89 f ragment  o f  
the SL11 gene, both  of  which lack the A P - 1 / A R E  se- 
quence, did not drive the CAT gene in transfected chick- 
en cells. The promoter less  parent  p lasmid  (pSVOAT-  
CAT) gave vir tual ly  no background  C A T  act ivi ty  in 
t ransfected PLE cells (data not shown). Revers ing the 
- 7 6 1 / + 3 7  f r a g m e n t  o f  the  SL20-1  gene  and  the  
- 4 2 5 / + 8 9  fragment  of  the SL11 gene (the largest  frag- 
ments  that were tested) e l iminated  activi ty of  the squid 
promoters  in the t ransfected cells (Fig. 1). As expect-  
ed, the squid promoters  were much less active in chick-  
en PLE cells  than a chicken ~A-c rys t a l l i n  p romoter  
f ragment  ( -  162/+77)  c loned into the same parent vec- 
tor. The squid promoter  fragments  were also less active 
in t ransfected f ibroblasts  than in t ransfected PLE cells. 
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Relative CAT activity in extracts obtained from transfect- 
ed chicken PLE cells and fibroblasts. The activity of the Rous sarco- 
ma virus promoter was taken as 100%. (See Materials and Methods.) 
The results of a typical experiment are presented. The height of each 
bar is an average of measurements using duplicate plates. The M7, 
M6A, and reverse orientation constructs were tested twice, while the 
other plasmids were tested three to six times, depending on the con- 
struct, with similar relative values obtained each time. The numbers 
above the bars represent the position of the 5' flanking nucleotide of 
the construct being tested; the 3' nucleotides of the SL20-1 gene and 
SL11 gene fragments were +37 and +89, respectively, in each con- 
struct. M7 and M6A are mutant promoters (see Fig. 3); rev is reverse 
orientation. 

Pr imer  extension exper iments  were per formed in or- 
der  to map the t ranscript ion ini t iat ion sites of  the squid 
crys ta l l in  p romo te r /CA T  fusion genes in t ransfected 
PLE cells. R N A  was isola ted from PLE cells 48 h after 
t ransfec t ion  and a 20 -me t  synthet ic  o l igonuc leo t ide  
(primer 3761) complementa ry  to the beginning of  the 
CAT coding sequence was used to init iate reverse tran- 
scription. (See Mater ia ls  and Methods.)  Analys is  of  the 
extended cDNAs with a paral lel  sequencing ladder  gen- 
erated from the 5' region of  the SL20-1 and SL11 crys- 
ta l l in  genes showed that both  fusion genes in i t ia ted 
t ranscript ion at two closely spaced sites near, but  not 
ident ical  to, those used by  the endogenous genes in the 
squid lens (Fig. 2). 

The AP-I/ARE Sequence is Essential for Activity of 
the Squid Promoters in Transfected PLE Cells 

As shown in Fig.  3, the AP-1 /ARE sequences found in 
the SL20-1 and SL11 promoters are similar to the PL-1 
and PL-2 sequences of  the chicken [~B 1-crystal l in pro- 
moter .  S i t e -d i r ec t ed  mu tagenes i s  expe r imen t s  have  
shown that the PL-1 and PL-2 sequences are both es- 
sential  for act ivi ty of  the [3B 1-crystal l in promoter  in 
t ransfected chicken PLE cells (Roth et al. 1991). Thus, 
we created mutations in the AP-1 /ARE sequences of  the 
SL20- t  and SL-11 promoters  which resembled  those 
known to reduce the act ivi ty of  the [SB 1-crystall in pro- 
moter  (Fig. 3). The M 6 A  mutat ion of  the PL-1 element  
of  the ~B 1-crystal l in gene was previously  shown to re- 
duce promoter  act ivi ty approximate ly  ninefold,  while 
the M7 mutat ion of  the PL-2  e lement  of  the ~B 1-crys- 
ta l l in  gene reduced  promoter  act ivi ty  about  twofo ld  
(Roth et al. 1991). 



G A T C  G A T C  

G Positions 
AP-1 consensus TGAeTCA 
SL20-1WT TTAAAGTGACTCATC -49/-35 
SL20-1 M7 TTAAAGGCCTTCaTC -49/-35 
SL20-1M6A TAAAGCACACTCATC -49/-35 
SL11WT CCAGCGTGACTCATC -82/-68 
SL11 M7 CCAGAGGeCT~TC -82/-68 
SLI I M6A CCAGACACACTCATC -82/-68 
PL-IWT ATGTGATGACTGGC.~ -116/-102 
PL-1M6A ATGTGCACACT~ -116/-102 
P L - 2 W T  CACTGATeAGC'Z~C-C -90/-76 
PL-2M7 CAeTAC~CC TCT~?,C -90/-76 
ARE consensus GTeAC run, fed 
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Fig. 3. Comparison of AP-1 and ARE (Rushmore et al. 1991) con- 
sensus sequences in the promoter regions of the squid SL20-1 and 
SL11 (Tomarev et al. 1992) and chicken [3B 1 (Roth et al. 1991) crys- 
tallin genes. M6A and M7 are mutations which were made previous- 
ly in the PL-I and PL-2 elements, respectively, of the chicken [3B1- 
crystallin promoter (Roth et al. 1991). Nucleotides identical to the 
AP- 1 consensus are underlined, while those identical to the ARE are 
shown in bold letters. The position numbers of corresponding se- 
quences in the squid and chicken promoters are shown on the right. 
Two deletions of one nucleotide (positions -56 and -5 i )  and the A 
for T substitution at position -48 of the SL20-1 (M6A) promoter mu- 
tant were inadvertently created and not studied further. 

Fig. 2. Primer extension analysis of the transcription initiation sites 
of the squid SL20-1(-84/+37) and SL11(- 11 l/+89) promoters 
fused to the CAT gene using RNA obtained 48 h after transfection of 
PLE cells; 75 ~tg of total RNA was annealed with primer 3761, elon- 
gated, and analyzed as described in Materials and Methods. Se- 
quencing reactions with the same plasmids and primers were used as 
size markers and are shown on the left for the SL20-1 promoter and 
on the right for the SL11 promoter. The initiation sites are shown by 
arrows in the middle lanes and are circled in the corresponding nu- 
cleotide sequences along the sides. Solid and dotted circles correspond 
to the major and minor initiation sites, respectively. The major initi- 
ation sites observed in vivo are shown by large arrows in the se- 
quences. 

These mutat ions in the A P - 1 / A R E  sequences of  the 
squid promoters  comple te ly  abol ished promoter  activ- 
i ty in t ransfected PLE cells and f ibroblasts  (Fig. 1). We  
thus conclude that the A P - 1 / A R E  elements  found in 
the SL11 and SL20-1 promoters  are important  for their 
function in chicken PLE cells and fibroblasts .  This cor- 
responds to similar results obtained for the related PL-1 
and PL-2 sequences of  the chicken fiB 1 promoter  (Roth 
et al. 1991). 

EMSAs Using AP-1/ARE Sequences f rom 

Crystallin Promoters 

E M S A s  were conducted  with synthetic double-s t rand-  
ed o l igonucleot ides  to test for the presence of  lens nu- 
clear  factors from 14-day-old chicken embryos  which 
bind to the A P - 1 / A R E  sequences found in the squid 
SL20-1 and SL11 and the chicken [3B 1 promoters.  Com- 
pet i t ion exper iments  were per formed with nonlabeled  
se l f -ol igonucleot ides ,  and a variety of  o l igonucleot ides  

containing the ARE (Rushmore et al. 1991) site, the 
chicken (Kol ler  and Trueb 1992) and rat (Chiu et al. 
1989) AP-1 sites, and the PL-1M6A,  SL20-1M6A,  and 
SL11M6A mutant sequences.  (See Materials  and Meth-  
ods for the o l igonucleot ide  sequences.)  The results are 

shown in Fig. 4 A - D .  
The PL-1 sequence of  the chicken f B l - c r y s t a l l i n  

promoter  formed two major  and several  weaker  com- 
plexes with lens nuclear  proteins (Fig. 4A). Both major  
complexes  were e l iminated  by self-compet i t ion,  while 
only the fas ter-migrat ing major  complex  (arrow) was 
e l iminated by compet i t ion  with the AP-1,  ARE, SL1 l ,  
and SL20-1 ol igonucleot ides  (Fig. 4A,B).  By contrast,  
the PL-1M6A mutant  o l igonucleot ide  competed  only 
with the upper  complex,  and nei ther  complex  was re- 
duced by compet i t ion  with the SL11M6A and SL20- 
1M6A mutant  o l igonucleot ides  (Fig. 4A). 

The SL20-1 ol igonucleot ide  formed one major  com- 
plex (arrow) and several less-intense complexes with the 
lens nuclear  proteins,  and all (except  for the fastest-mi-  
grat ing complex)  were e l iminated  or marked ly  reduced 

by competit ion with the nonlabeled SL20-1, SL11, PL-1 
and rat AP-1 o l igonucleo t ides  (Fig. 4C). The major  
complex  ident i f ied with an arrow in Fig. 4C migrates  
very s imilar ly  to that specified with an arrow in Fig. 4A 
and B. The mutant SL20-1M6A and SL11M6A oligonu- 
cleot ides competed  somewhat  for format ion of  the mi-  
nor complexes  and competed  either poor ly  or not at all 
for format ion of  the major  complex  with the wi ld- type  
SL20-1 ol igonucleot ide;  the PL- 1M6A ol igonucleot ide  
did not compete  at all with SL20-1 ol igonucleot ide .  
Similar ly ,  the wi ld- type  SL1 l o l igonucleot ide  formed 
several complexes  with the lens nuclear  proteins, one of  
which (arrow) appeared to comigra te  with the major  
complex  formed with the SL20-1 o l igonucleot ide  (Fig. 
4D). Al l  the complexes  were se l f -competed  with the 
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Fig. 4. Gel mobility shift assays. The assays 
were conducted as described in Materials and 
Methods, using the indicated radiolabeled and 
unlabeled competitor oligonucleotides. The ratio 
of labeled to unlabeled oligonucleotides was 1:50. 
A, B Binding of chicken lens nuclear proteins to 
an oligonucleotide containing the chicken PL-1 
element. The arrow points to the major complex, 
which has similar mobility to and cross-competes 
with all the tested oligonucleotides except the 
nonfunctional mutants. F, free probe. C, D 
Binding of chicken lens nuclear proteins to an 
oligonucleotide containing the squid SL20-1 (C) 
and SLI 1 (D) AP-1/ARE element. The 
oligonucleotide sequences are given in Materials 
and Methods. 

nonlabeled SL11 oligonucleotide, and the intensity of  
the major complex was strongly reduced by competition 
with the PL-1, SL20-1, and rat AP-1 oligonucleotides. 
By contrast, the mutant SL11M6A and PL-1M6A oligo- 
nucleotides competed slightly, while SL20-1M6A did 
not compete for formation of  any of  the complexes. 

Final ly ,  the wild type  P L - I ,  S L l l ,  and SL20-1 
oligonucleotides were used to investigate whether the 
complexes  formed above were lens-specific or also 
formed with nuclear extracts f rom the brain, heart, and 
skeletal muscle of  chicken embryos (Fig. 5). In gener- 
al, the results were similar for all tissues tested, indi- 
cating the absence of  tissue specificity. Moreover,  the 
major,  c ross -compet ing  complex  formed with each 
oligonucleotide (arrow) comigrated on the gel, consis- 
tent with each binding similar nuclear proteins, as ex- 
pected from the competition experiments. We conclude 
from these experiments that the PL-1, SL20-1 and SL11 

oligonucleotides form at least one similar complex with 
nuclear proteins of  the embryonic chicken lens, and 
this complex appears similar to that formed with an 
AP-1 or ARE binding site. 

DNase I Footprint Analysis of the SL11 and SL20-1 5' 
Flanking Sequences 

DNase I footprint analyses were conducted using a par- 
tially purified embryonic chicken lens nuclear extract in 
order to investigate whether the protein:nuclear com- 
plexes observed by EMSA also formed within the con- 
text of  the longer, natural 5' flanking sequences of  the 
squid SL11 and SL20-1 crystallin genes. The footprints 
showed that the lens nuclear proteins protected numer- 
ous regions of  the 5' flanking sequence of  both the 
SL20-1 (Fig. 6) and S L l l  (Fig. 7) genes from DNase I 
digestion. Importantly, the A P - I / A R E  sequence of  the 
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Fig. 5. Gel mobility shift assays using either the chicken PL-1 el- 
ement (A) or the squid SL20-1 and SL11 AP-1/ARE (B) as probes 
with chicken nuclear extracts prepared from different tissues. The 
oligonucleotides are given in Materials and Methods. The a r r o w s  

point to the same major complex indicated in Fig. 4. 

SL11 and SL20-1 genes was protected on both strands 
from DNase I digestion although the protection of this 
sequence in the upper strand of the SL20-1 gene was not 
strong (Fig. 6). These results are consistent with the EM- 
SA experiments indicating specific interactions between 
nuclear proteins of the embryonic chicken lens and the 
AP-1/ARE sequence of the SL20-1 and SL11 crystallin 
promoters. 

Discussion 

One of the puzzles of evolution is that although the 
transparent eye lenses of different vertebrates have sim- 
ilar functions (Walls 1967), their crystallins are diverse, 
structurally different, and often differ among species 
(Wistow and Piatigorsky 1988; Bloemendal and de Jong 
1991). Thus, it has been difficult to identify the unify- 
ing characteristics of the crystallins required for optical 
properties of the lens. Certainly, the ability to accumu- 
late to high concentration in the lens and great stabili- 
ty are essential features of these water-soluble proteins 
used for refraction. An intriguing connection between 
the crystallins is that many are able to provide protec- 
tion against physiological stress (Piatigorsky and Wis- 
tow 1989; de Jong et al. 1989). For example, aB-crys- 
tallin is a small heat-shock protein (Klemenz et al. 1991; 
see de Jong et al. 1993) and many of the taxon-specif- 
ic crystallins are detoxification enzymes (Piatigorsky 
1992). This suggests that crystallin recruitment may 
have involved the induction of high-level gene expres- 
sion by environmental stress, at least during the early 
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stages of lens evolution. Subsequent adaptive changes 
leading to developmentally controlled and high consti- 
tutive expression of crystallin genes in the lens must 
have occurred, establishing their encoded proteins as 
crystallins with specialized refractive functions. 

Studies on the cellular lenses of cephalopods (Siezen 
and Shaw 1982; Chiou 1984; Tomarev and Zinovieva 
1988; Tomarev et al. 1991, 1992), gastropods (Cox et 
al. 1991), and cubomedusan jellyfish (Piatigorsky et al. 
1989, 1993) have shown that crystallin diversity extends 
to the invertebrates, whose eyes have evolved indepen- 
dently from those of vertebrates (Eakin 1972; Ali 1984; 
Cronin 1986). In general, invertebrates and vertebrates 
have used different proteins as crystallins. However, it 
is noteworthy that aldehyde dehydrogenase has been re- 
cruited as a crystallin in both octopus (f2-crystallin: 
Tomarev et al. 1991; Zinovieva et al. 1993) and elephant 
shrews (rl-crystallin: Wistow and Kim 199l), indicat- 
ing that convergent evolution may result in the selection 
of a similar protein for refraction in the lens of an in- 
vertebrate and a mammal. The present experiments pro- 
vide evidence that a similar cis-acting regulatory ele- 
ment (the AP-1/ARE sequence) is required for promoter 
activity of the squid SL20-1 and SL11 crystallin genes 
and the chicken ~3B 1-crystallin gene in transfected em- 
bryonic chicken lens cells. An overlapping AP-1/ARE 
sequence is also present in the promoter of the squid 
SL20-3 crystallin gene (Tomarev et al. 1992) which 
was not examined here. The chicken AP-1/ARE se- 
quences in the PL-1 and PL-2 elements were shown pre- 
viously to be required for activity of the chicken ~B 1- 
crystallin promoter in these homologous lens cells (Roth 
et al. 1991). 

The squid promoters functioned more efficiently in 
transfected chicken lens cells than in transfected fi- 
broblasts. This cannot be interpreted as lens preference, 
since heart-specific a-actin and erythrocyte-specific ~3- 
globin promoters were also expressed more efficiently 
in chicken PLE cells than in fibroblasts in previous 
transfection experiments. (See Discussion in Tomarev 
et al. 1992.) The deletion mutations and the gel retar- 
dation experiments presented here suggest that the AP-1/ 
ARE sequence is necessary for the activity of the squid 
promoters in fibroblasts as well as lens cells. It is pos- 
sible that the low levels of promoter activity found in 
fibroblasts are due to the lower-than-usual levels of c- 
jun found in these cells (Hadman et al. 1993). 

The nature of the chicken lens nuclear proteins in- 
teracting with the AP-1/ARE sequence in the promot- 
ers of the squid SL20-1 and S L l l  and chicken ~B1 
crystallin genes is not known. The observation that all 
of these AP-1/ARE sequences are able to form a simi- 
lar, comigrating, and cross-competing complex sug- 
gests that they bind the same or extremely similar pro- 
teins. The lack of tissue specificity for these complexes 
and the ability to compete with AP- 1 binding sequences 
are consistent with the possibility that this complex 



140 

I - 1 - 1 3 1 6 1 9 1  
G+A 1 2 3 4 5 

~--H600CElg I)'--~ I - [ - 1 3 [  619 I 
5' G+A 6 7 8 910 3' 

UPPER STRAND 

-91 

-81 

-73 

-63 

-47 

-38APq 

-30 

TATA 

-18 

3' 
LOWER STRAND 

-17 
-27 TATA 
-37 

AP-1 
-48 

-62 

-72 

-79 

-94 

5' 

Fig. 6. In vitro DNase I footprinting of 
the squid SL20-1 promoter (-202/+37) 
using partially purified nuclear proteins 
from embryonic chicken lenses. Upper 
(left) coding and lower (right) noncoding 
strand 3'-end-labeled probes were 
incubated with the indicated volumes of 
H600CE fraction and analyzed as 
described (Klement et al. 1993). Regions 
protected and enhanced from DNase I 
digestion are shown boxed and marked by 
asterisks, respectively. The hatched 
regions correspond to AP-1/ARE and 
TATA-box sequences. 

contains proteins belonging to the c-fos and c-jun fam- 
ilies (Curran and Franza 1988; Vogt and Bos 1990; An- 
gel and Karin 1991). AP-1 has been implicated in the 
expression of a number of crystallin genes (Piatigorsky 
and Zelenka 1992), and c-fos and c-jun are expressed 
and differentially regulated in the embryonic chicken 
lens (Rinaudo and Zelenka 1992). A number of differ- 
ent proteins are able to interact with an AP-1 binding se- 
quence in a phenomenon called cross-talk. Transcription 
factors complexing with sequences containing an AP-1 
binding core include CREB and CREM (Masquilier and 
Sassone-Corsi 1992), the thyroid hormone receptor 
(T3R) (Wondisford et al. 1993), and the retinoic acid and 
vitamin D 3 receptors (Schule et al. 1990; De Luca 
1991). Indeed, retinoic acid can increase crystallin ac- 
cumulation in cultured lens epithelial cells of chicken 
(Patek and Clayton 1990) and activate the lens-specif- 
ic mouse ?F-crystallin promoter via a novel retinoic 
acid receptor (Tiniet  al. 1993). Recently, we have ob- 
served that the PL- 1 element forms at least five discrete 
complexes in a photoaffinity cross-linking experiment 
with chicken lens nuclear extract (Duncan and Piati- 
gorsky, unpublished), indicating that there are a num- 
ber of different proteins which could form complexes 
with the AP-1/ARE-like sequence. Clearly, further ex- 

periments are necessary in order to identify the chick- 
en nuclear proteins in these complexes. 

Further investigations are also required to determine 
if the squid AP-1/ARE sequences are necessary for pro- 
moter activity of the SL20-1 and SL11 crystallin genes 
within the squid lens. To date it has not been possible 
to transfect squid lens cells or to obtain enough squid 
lens nuclear extract to perform gel mobility shift ex- 
periments. AP-1 homologs have been cloned from Dro- 

sophila (Perkins et al. 1990; Zhang et al. 1990) and 
yeast (Schnell et al. 1992), consistent with the possi- 
bility that proteins homologous to AP-1 are present in 
squid. Although not homologous to AP-1, the yeast 
transcription factor, GCN4, recognizes the AP-1 bind- 
ing sequence. (See Georgakopoulos and Thireos 1992 
for references and further discussion.) Thus, the AP-1/ 
ARE sequence may be recognized by an entirely dif- 
ferent protein in the squid than in the chicken. Verte- 
brate retinoic acid receptor homologs are also present 
in invertebrates (De Luca 1991). It is tempting to spec- 
ulate that the AP-1/ARE sequence in the squid crystallin 
promoters is important for expression of these genes in 
the lens. This would provide a putative link between the 
recruitment of a crystallin gene and a regulatory path- 
way involving induction of gene expression by oxida- 



I - ] - 1 3 ) 6 ) 9 1  
G+A 1 2 3 4 5 

UPPER STRAND 

' " -  H600CE(~I) 

5' 

-140 
-131 

-85 

AP-1 

-61 

-28 
TATA 

-22 
> 

3' 

I -1 -131619  ~ 
G+A6 7 8 9 10 

LOWER STRAND 

3' 

+33 

+21 

-64 

AP-1 

-78 

5' 

Fig. 7. In vitro DNase footprinting of 
the squid SL11 promoter (-163/+89) 
using partially purified nuclear proteins 
from embryonic chicken lenses. See 
legend to Fig. 6 for further details. 
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tive stress. AP-1 is an antioxidant-responsive tran- 
scription factor that is subject to redox regulation (Brach 
et al. 1992; Xanthoudakis et al. 1992; Xanthoudakis 
and Curran 1992; Meyer et al. 1993). The ARE se- 
quence was identified in experiments involving the in- 
duction of GST gene expression by oxidative stress in 
vertebrates by phenolic antioxidants and planar aro- 
matic compounds (Rushmore et al. 1990, 1991; Daniel 
1993). Recent cross-linking and gel mobility shift ex- 
periments have ruled out jun homodimers or jun-fos het- 
erodimers in complexes formed with the ARE in the rat 
GST Ya gene, although it is still possible that ajun fam- 
ily member may be a part of the ARE binding complex 
(Nguyen and Pickett 1992). 

There are several examples supporting the idea that 
different or convergently evolved genes utilize similar 
regulatory pathways for their expression in organs 
which have been derived independently. An impressive 
example is the expression of alcohol dehydrogenase 
(ADH) in the liver of humans and the fat body of Dro- 
sophila, which are analogous structures. The ADH 
genes in humans and Drosophila both employ a simi- 
lar positive and negative regulatory element (Falb and 

Maniatis 1992). The CREB/ATF transcription factor 
(BBF-2) which binds to the fat-body-specific enhancer 
of the Drosophila ADH gene is also able to interact 
specifically with the regulatory elements required for 
the liver-specific expression of the human ADH gene 
(Abel et al. 1992). Two other examples providing evi- 
dence for similarities in gene regulation during con- 
vergent evolution include the apparent involvement of 
the COUP steroid receptor transcription factor in ver- 
tebrates and svp, its Drosophila homolog, in neuroge- 
nesis and eye development (Fjose et al. 1993), and the 
use of retinoid receptors for transcriptional activation 
during morphogenesis in vertebrates and invertebrates 
(De Luca 1991). Among the invertebrates, the major 
chorion proteins of the silkmoth0 Bombyx, and the fruit- 
fly, Drosophila, are not homologous, yet genes of the 
former are correctly expressed in the latter when intro- 
duced into the germ line by P-element transformation 
(Mitsialis and Kafatos 1985). Finally, the P25 silk-en- 
coding gene of Bombyx is expressed in the anterior sali- 
vary gland of Drosophila in P-element transformation 
experiments although Drosophila does not produce silk 
(Bello and Couble 1990). The present experiments have 
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raised the possibility that entirely different crystallin 
genes in chicken and squid may have convergently 
evolved similar cis-acting elements for high expression 
in the eye lens. 
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