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have obtained ratios of narrow-band images
of Venus at 2.24 and 2.4 pLm that show
small, spatially dependent contrast variations, but their analyses of these images
indicates that H20 variations are much
smaller than those seen here, and they are
not well correlated with either feature
brightness or latitude. The spatially resolved
spectra collected by the Galileo NIMS experiment could help to determine the spatial
relationship of the NIR features and the
trace gas abundances in the lower Venus
atmosphere.
The apparent presence of spatially varying
H20 abundances below the clouds has a
variety of implications for studies of the
deep Venus atmosphere. For example, the
spatial distribution of wet and dry regions
must be known to estimate the total water
budget of the lower Venus atmosphere. The
water budget, in turn, affects the efficiency
of the atmospheric greenhouse mechanism
that maintains the high surface temperatures. Both water vapor and clouds play an
important role in this greenhouse by blocking thermal emission in spectral windows
between CO2 bands (26). Abundances of
H20 as large as those inferred from our
hot-spot spectra, along with an unbroken
cloud deck as thick as that used for our
cold-spot model are assumed in current
greenhouse models to yield the observed
surface temperatures (730 K). Thus other
greenhouse absorbers or other radiative processes that are not currently included in
those models may be needed to account for
these high temperatures in consideration of
the lower water abundances of cold-spot
regions and the lower cloud abundances of
hot-spot regions that we have observed.

An in vivo selection system for isolating targets of DNA binding proteins in yeast was
developed and used to identify the DNA binding site for the NGFI-B protein, a
member of the steroid-thyroid hormone receptor superfamily. The feasibility of the
technique was verified by selecting DNA fragments that contained binding sites for
GCN4, a well-characterized yeast transcriptional activator. The DNA binding domain
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priate to the changing cellular environment
OF EARLY RESPONSE
genes is rapidly and transiently in- or to the newly differentiated state. Howevduced in response to various stimuli, er, the target genes of most mammalian early
including growth factors. These genes often response genes have not been identified, so
encode transcriptional regulatory proteins their specific functions in cellular differenti[for example cfios and cjun (1)] and are ation are unknown.
NGFI-B is an early response gene that is
thought to activate or repress genes approinduced by nerve growth factor (NGF) in
T. E. Wilson, T. J. Fahrner, J. Milbrandt, Division of the rat pheochromocytoma cell line PC12
Laboratory Medicine, Departments of Pathology and (2, 3). This neural crest-derived cell line
Internal Medicine, Washington University School of
responds to NGF by differentiating into a
Medicine, St. Louis, MO 63110.
M. Johnston, Department of Genetics, Washington Uni- postmitotic cell type with neuronal characversity School orme icine, St. Louis, MO 63110.
teristics (4). Sequence analysis shows that
NGFI-B shares similarity with the steroid*To whom correspondence should be addressed.
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system we used the yeast transcriptional
activator GCN4, which recognizes the 7-bp
consensus sequence TGACTCA (12, 13).
Two target reporter libraries were created
Transform
activator strain
that contained either oligonucleotides of
with reporter
library
random sequence or rat genomic DNA fragments as potential UASs (14). A total of 12
GALl
clones that required plasmid-borne GCN4
VASlessr
promoter
in order to be His' were selected from these
Number
Sequence
Replica plate
C
libraries
(10), and all but one of these conobtained
to select
His colonies
tained an apparent GCN4 binding site (Fig.
GCN4 site
TGACTCA
1C). The selected genomic fragments may
Random oligonucleotide
2
TGACTCA
________CA
library selected clones
2
be of further interest because the GCN4
_~~~~~~~
recognition site, TGACTCA, is the same as
Rat genomic library
6
TGACTCA
selected clones
that
for the mammalian transcription factor
TGtCTCA
AP-1
(1, 15).
TGjCTCA
A
potential
limitation of the described
TGACTjA
selection
system
is that the DNA binding
No GCN4 site
protein under study must activate transcripFig. 1. The yeast selection system. (A) Schematic of the yeast activator and reporter plasmids. In this tion in yeast. To surmount this problem, we
example, the activator is GCN4 expressed from its own promoter. (B) Selection of yeast bearing
specifically activated UAS-reporter clones. An activator-dependent His+ colony (indicated by the exploited the LexA-GAL4 hybrid protein
arrow) is identified by the sensitivity of its His+ phenotype to 5-FOA (that is, it will only grow on plates (LG), which binds to genes in yeast that
lacking 5-FOA). (C) Three thousand clones from each of the degenerate oligonucleotide and genomic contain the LexA binding site (lexO), by
fragment libraries were screened for activation by plasmid-borne GCN4 in agcn4- strain [Saccharomyces virtue of its LexA DNA binding domain,
cerevisiae YM3040 (a ura3-52 his3-200 ade2-101 lys2-801 trpl-501 ku2- tpl- gcn4A1)] (10). Two and activates transcription by virtue of its
oligonucleotide clones that contained perfect GCN4 consensus sites were independently selected (P
2 x 10-4) 231). Of ten clones isolated from the genomic library, six contained perfect GCN4 sites (P GAL4 transcriptional activating domain
(Fig. 2A) (16). Because of the apparent
= 4 x 10
) (31) and three contained sites that match the GCN4 binding site at six of the seven base
pairs (nonmatching bases are lowercase and underlined). One of the selected fragments had no apparent modular structure of transcription factors
GCN4 site. All sequences with one or no differences from the GCN4 site are shown.
(17), addition of another DNA binding
domain (X) to LG to create a tripartite
protein (LXG) should allow for the tranthyroid hormone receptor superfamily (2), a binding sites for the activator protein will scriptional activation of a reporter gene that
class of ligand-dependent transcriptional ac- express HIS3 and become His'. However, contains a binding site for the added dotivator proteins (5). As a potential ligand- with a library of reporter clones, most yeast main. Leaving the LexA DNA binding dodependent transcription factor, the synthesis cells will be His+ as a result of activation by main intact in the chimera provides an inof which is induced by extracellular signals, an endogenous yeast activator, whereas rel- ternal control for activator expression and
NGFI-B might function in NGF-induced atively few will be His+ as a result of function. The LexA domain should not inactivation by the plasmid-borne activator. terfere significantly with selection because
neuronal differentiation.
Steroid-thyroid hormone receptors bind These possibilities can be distinguished by its binding site is relatively large (20 bp)
to DNA as dimers by virtue of two Cys2- replica plating to medium containing 5-flu- (18) and should thus occur rarely.
We constructed a chimeric activator by
Cys2 zinc fingers (5, 6). The amino acid oro-orotic acid (5-FOA) (10), which is meinserting the NGFI-B zinc finger region into
sequence of the NGFI-B zinc fingers sug- tabolized to a toxic product by the URA3
gests that the protein might bind to the product (11). Yeast transformants that re- LG (19). This LexA-NGFI-B-GAL4
estrogen (ERE) or thyroid hormone recep- quire the plasmid-borne activator for func- (LBG) chimera still activated transcription
tor (TRE) response elements (7). However, tion ofthe test UAS will be His' only in the from a lexO-containing reporter gene, demonstrating that the hybrid activator protein
we have been unable to detect binding of absence of 5-FOA (that is, only when they
was expressed and functional in yeast cells
NGFI-B to either of these sites (8). To contain the activator plasmid) (Fig. 1B).
To test the feasibility of the yeast selection (Fig. 2A). LBG was then used as the activadefine the DNA binding specificity of the
NGFI-B protein, we developed a genetic
selection system in yeast that identifies target
B
sequences of DNA binding proteins.
A UAS (LexQ)2
(B1)3
Mbo I

B

-Ura - Trp

=

No

2B
Bi

1 OATCCGTGCCOAGGTCCCTAGGAOTGGAAGTCCCTACCCTAAoCCGGAGCTCCAGCTTGA
The yeast selection system makes use of pRS
51.a
two plasmids (Fig. 1A). First, the coding
61 CTTTTCAGGCTGCAAATAAAAATTGAGCAC]IITTTAAAACTCCAGTGTGAATATCTC
sequence of the HIS3 gene was placed
121 ATTTACCTAATGACTTTATGTCACCTACGGAGATTTCCTCTTAACCTTTCccc
MboI
downstream of an inactive GAL1 promoter
161 TGCTGCTGCAOTAAGCATTCTTCCCTAATCAATOGTOOCTCGAATOXTC
(9). This promoter becomes active and expresses HIS3 only when the binding site of
Fig. 2. Selection with a LexA-NGFI-B-GAL4 (LBG) chimera. (A) The LBG chimeric activator was
a transcriptional activator protein (upstream
used to select a His', 5-FOA-sensitive clone (B1) from the genomic fragment reporter library (10).
activating sequence, or UAS) is inserted Yeast bearing the indicated (at left) activator plasmids were transformed with reporters (indicated at the
upstream. Second, the transcriptional activa- top) that contained no UAS, two LexA binding sites, or one or three copies ofthe B1 genomic fragment
to assess HIS3 gene expression. The pRS vector is
tor gene was present on a plasmid with (9), and added to medium that lacked histidine
without added activator protein sequences. The yeast strain was S. cerevisiae YM954 (a
plasmid
alone,
URA3 as the selectable marker. A yeast cell ura3-52 his3-200 ade2-101 lys2-801 leu2- trpl-901 canRgal4AS52gal80338). (B) Sequence of the B1
that carries this transcriptional activator genomic fragment. The locations of the Bla and Bib sequences are indicated, with boxes surrounding
plasmid and a reporter clone that bears the ERE-TRE half-sites. Relative orientation of the half-sites are indicated by arrows.
Sib
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Fig.

3. DNase I

footprinting of the
B1 genomic fragment with NGFIB. (Lane 1) The
DNase I digestion
pattern of the 32plabeled B1 genomic fragment in the
absence of added
protein. Regions
bound by NGFI-B
were detected by
first
incubating
with 15 jig (lanes 2
and 4) or 45 i.Lg
(lanes 3 and 5) of
an NGFI-B-containing
(hsBCHO) (lanes 2 and
3) or negative control
(hs-CHO)
(lanes 4 and 5)
whole cell extract.
The Bla protected

Bla

w/

/
4*

23.

region is indicated
by a bracket. Sequence location was determined
by comparison to an adjacent dideoxy sequencing
ladder. Protection assays were performed (21) and
whole cell extracts were prepared (32) essentially
as described.
tor in a selection of 60,000 clones of the
genomic fragment reporter library (10).
Two clones that requlired LBG for HIS3
expression were identified and shown to be
identical. Activation of HIS3 in one clone
(B1) clearly requlired the NGFI-B zinc fingers because LG-containing yeast cells transformed with this clone were His- (Fig. 2A).
Multiple copies of the B1 genomic fragment
inserted upstream of HIS3 enhanced the
LBG-dependent His' phenotype, firther
demonstrating the specificity of the interaction (Fig. 2A).
The 229-bp B1 genomic fragment con-

tained two copies of the ERE-TRE half-site,
AGGTCA (termed Bla and Bib in Fig.
2B), separated by 58 nucleotides. Inverted
repeats of this 6-bp sequence are present in
the ERE and TRE, with half-sites juxtaposed in the TRE but separated by three
nucleotides in the ERE (6). We hypothesized that one or both of these regions
would be binding sites for NGFI-B. To test
this hypothesis, we performed deoxyribonuclease I (DNase I) footprinting analysis on
the BI fragment (Fig. 3) with a whole cell
extract of a cell line (hsB-CHO) that produces large amounts of NGFI-B protein in
response to heat shock (3). The Bla region
was protected by the hsB-CHO cell extract,
but not by a control CHO cell extract
(hs-CHO). The Bib region was partially
protected at high concentrations of hsBCHO extract (8), suggesting that NGFI-B
binds to this site with lower affinity.
To assess the difference in affinities of the
Bla and Bib sites for NGFI-B, we tested
the ability of various concentrations of unlabeled Bla and Bib oligonucleotides to
compete for binding of NGFI-B to labeled
Bla in a gel retardation assay (Fig. 4A).
Consistent with the footprinting results,
NGFI-B had a higher affinity for the Bla
sequence-approximately three times more
Bib than Bla oligonucleotide was required
for the same amount of competition.
Because the Bla and Bib oligonucleotides both contain ERE-TRE half-sites but
have different affinities for NGFI-B, we reasoned that nucleotides adjacent to the halfsites must also be important for binding. To
identify these nucleotides, we used Bla oligonucleotides with sequential mutations to
compete for binding of NGFI-B to Bla
(Fig. 4). Changes in either the half-site or

B

I
00.H

Bla
Bla
B1b
A 5-7
bb.
_ _..

BO
0

°

A cL

z

Oligonucleotide

Bla
Bla
Bla
Bla
A 8-10 A12-15 A17-19 A 20-22

B1a
B1b
B1 a A5-7

B~aA58-1O
Bla A 2-15
-CBl aMA 7-1 9
Bl a A20-22
TRE
ERE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Fig. 4. Definition of the NGFI-B recognition sequence. (A) A gel shift assay
was performed as described (21) with 5 ,ug of hsB-CHO whole cell extract
and double-stranded Bla oligonucleotide labeled with [y-32P]ATP (adenosine triphosphate) to a specific activity of 108 cpm/,ig (lane 2). The NGFI-B-Bla
complex is indicated by an arrowhead (the free probe was allowed to run off the
gel; lane 1, probe alone). For competition, the extract was incubated with

100-fold (lanes 3, 6, 9, 12, 15, 18, 21), 30-fold (lanes 4, 7, 10, 13, 16, 19, 22),
and tenfold (lanes 5, 8, 11, 14, 17, 20, 23) molar excesses of the indicated
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H-2R 1
CF 1
COUP

the AAA sequence immediately 5' to the
half-site effectively eliminated competition.
This localized the high affinity Bla NBRE
to the ERE-TRE half-site and its three
adjacent 5' A nucleotides. The lower affinity
Bib site contained the sequence AGA immediately 5' to the ERE-TRE half-site, suggesting that one substitution in this region
can reduce binding affinity. This mutational
analysis argues against the necessity for
short-range symmetry in the NGFI-B response element (NBRE) and suggests that
dimerization may not be strictly required for
NGFI-B to bind to its recognition element,
high binding affinity being achieved by extension of the recognition sequence.
To assess whether NGFI-B can bind to
the recognition sites of other steroid hormone receptors, we tested several known
response elements, all of which contain at
least one ERE-TRE half-site, as competitors
of NGFI-B binding to Bla (Fig. 4B). Neither the ERE nor TRE inhibited formation
of the NGFI-B-Bla complex, even at a
100-fold molar excess. The site for the H-2
region II binding protein (H-2RIIBP), a
highly related member of the steroid-thyroid hormone receptor family that binds to
major histocompatibility complex class I
genes (20), was also an ineffective inhibitor
of complex formation. By contrast, sites for
Drosophila chorion factor 1 (CFi) (21) and
chicken ovalbumin upstream promoter transcription factor (COUP-TF) (22) interfered
with NGFI-B binding to Bla.
A search of the EMBL sequence database
revealed genes that contain the NBRE (defined for this purpose as 5'-AAAAGGTCA,
with up to one mismatch in the three 5' A
nucleotides) in their promoter regions.
Most notably, genes for the steroid biosyn-

Competition
results
GAGTTTAAA AGGTCA TGCTCAATTT
CCTACGGAGA GGTCA TTTCCTCTT
GAGTgcgAAA GGTCA TGCTCAATTT
GAGTTTTg GGTCA TGCTCAATTT
GAGTTTTAA cacgA TGCTCAATTT
GAGTTTTAA GGTCA gcgTCAATTT
GAGTTTTAA AGGTCA TGCcgcATTT
TC GGTCA GACCTGA
GTCCAAAGTC GGTCA CAGTGACCTGATCAAAGTT
GGTG AGGTCA GGGGTGGGGACCATGG
TAGTGTATAT GGTCA CGTAAATGTC
ATGGTGTCAA AGGTCA AA

++
+
++
++
.1.4-

+
+

oligonudeotides. (B) Summary of gel shift results. The names of the mutant
oligonudeotides are derived from the nucleotide numbers of the Bla oligonudeotides that were substituted. Mutated nudeotides are shown in lower case and
underlined. The box surrounds the ERE-TRE half-site present in all oligonucleotides except the Bla A12-15 mutation. The results of competition of the
NGFI-B-Bla gel shift with each oligonudeotide are shown to the right, with
+ +, +, and - referring to complete, partial, and no competition at a 100-fold
molar excess, respectively.
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thetic enzymes 21-hydroxylase and cholesterol desmolase and the gene that encodes
corticotropin-releasing factor have NBRE
sites (23). A second group of NBRE-contaming genes encodes lipid binding proteins
(24). Neuron-related NBRE-containing
genes include the y subunit of NGF, the y
subunit of the muscle acetylcholine receptor,
and N-myc (25). Whether or not NGFI-B
actually participates in the regulation of
these or other NBRE-containing genes remains to be shown.
To assess whether the NBRE could direct
NGFI-B-dependent transcriptional activation, we placed the B1 fragment upstream of
a basally inactive prolactin promoter-luciferase gene construct and cotransfected the
resulting plasmid into COS cells with various NGFI-B-expressing plasmids (26, 27)
(Fig. SA). A truncated form of NGFI-B that
lacked the putative ligand binding domain
(NGFI-Bt) activated transcription ninefold
from the BL-luciferase reporter. This result
is consistent with observations that similarly
truncated glucocorticoid, estrogen, and progesterone receptors activate transcription in
the absence of ligand, albeit with reduced
efficiency (28). Full-length NGFI-B activated luciferase expression from the B1-luciferase reporter to an even greater extent
(15-fold) (Fig. SA). The Bla oligonucleotide also directed dose-dependent, specific
activation by cotransfected NGFI-B, as high
as 67-fold when multiple copies were present (Fig. 5B), even though no presumptive
NGFI-B ligands were added.
There are several possible explanations for
the apparent ligand-independent transcriptional activation by NGFI-B: (i) the ligand
for NGFI-B may be present in the medium
used for growth and transfection ofthe COS
cells; (ii) the ligand for NGFI-B may be an
intracellular molecule that is synthesized in
COS cells; (iii) NGFI-B may not require a
ligand to activate transcription, despite its
sequence similarity to other ligand-dependent receptors; and (iv) the extent of activation seen may be weak compared to the
amount that would be observed if ligand
was added at the appropriate concentration.
Our in vivo binding site selection method
has some advantages over in vitro selection
procedures (12, 29). First, high affinity antibodies, purified protein, and efficient bacterial

expression systems

are

not

necessary

main has been cloned. In addition to the
NGFI-B zinc fingers, we have created fimctional proteins with the GCN4 leucine zipper domain and the NGFI-A zinc fingers (8).
Another advantage ofthe yeast-based method is that selection is performed in vivo and
thus may detect more biologically relevant interactions. Because in vitro techniques must be
performed under conditions of high stringency
to identify specifically bound sites, the examined sites may not reflect the true diversity of
DNA binding possible by a given protein. In
vivo selection assesses dones individually, and
so weaker but functional target dones might
also be isolated. This is demonstrated by comparing the GCN4 sites obtained here (Fig. 1C)
with those obtained with an in vitro procedure
(12). In the latter case, 95% ofth e isolated sites
contained a perfect 7-bp GCN4 .ore consensus
sequence. Also, a significant c(onsensus was
obtained up to three nucleotides outside of the

t~.0

4.9

*

added consensus (13). In the work presented
here, no consensus was seen outside of the 7-bp
core, and 33% of the selected dones did not
have the perfect 7-bp core; yet all dones required GCN4 for activation, suggesting that
biological function does not strictly require a
perfe~ct 7-bp binding site, an observation consistent with previous reports (13).
There are two disadvantages of the in vivo
selection technique. First, the technique
cannot be used for proteins that have a
DNA binding specificity that is identical to a
transcriptional activator present in yeast.
Second, fewer test sequences can be screened compared with in vitro techniques, so
that an entire mammalian genome cannot be
analyzed. However, the smaller genomes of
yeast and Drosophila can be completely
screened (30). We therefore suggest that in
vitro and in vivo techniques might be used
most efficiently in combination. A large target population could be screened by in vitro
selection

66.7

at

low

stringency.

The

resulting

population would be enriched for both weak

A

and strong target sites

(necessarily

contain-

ing some false positives) and would thus be
accessible to screening in yeast. In this way,
many weak and strong target sequences
could be selected from a mammalian genome, increasing the likelihood of identifying genes that are naturally regulated by a
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by

NGFI-B in

fragment-containing luciferase reporter (BL-Luc) by
various forms of NGFI-B. No luciferase activity
was detected when pCMV-(NGFI-B) was comammalian cells.

(A)

transfected with the nonrecombinant Pro36-Luc
vector.
ments

Data

were

by expressing

normalized between
values

relative luciferase units
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experi-

percentage of the
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BI-Luc-CMV combina-

(B) Dose-dependent

activation of the Bla

reporters [Bla-Luc
for application of this procedure. The only omigonucleotide-contanifig
and
(Bra)-Luc] by NGFI-B. White bars, activa-

tools needed are existing yeast expression tion by the nonrecombinant pCMV vector; black
plasmids. Thus, after a putative DNA bind- bars, activation by pCMV-(NGEI-B). Data were
ing protein has been identified, it can imme- normalized between experiments by expressing
relative to the (Bla)o8-Luc-NGFI-B
diately be used to select target fragments. values
bination. Fold induction for each reporter by
Furthermore, use of an LXG tripartite acti- NGFI-B is calculated relative
to the activity obvator protein should allow for detenrination of tained with pCMV. The number of plates assayed
binding sequences for any DNA binding pro- for each combination (n) is shown above the
tein, even when only the DNA binding do- bars (SD).
com-

error
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7-bp core, despite the fact that many proposed
yeast GCN4 target sequences diverge from this

7.
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Proximate Constraints on the Evolution of Egg Size,
Number, and Total Clutch Mass in Lizards
BARRY SINERVO AND PAuL LIcHT

Proximate constraints on egg size, number, and total clutch mass in side-blotched
lizards were examined by experimentally reducing average clutch size from 4.6 eggs to
one, two, and three eggs. Eggs from experimentally altered clutches were larger than
those from controls, reflecting the trade-off between egg size and number. Moreover,
the increased frequency of females with oviducally bound eggs or eggs that burst at
oviposition suggests that egg size in clutches with very few eggs are at a functional
upper size limit. These proximate constraints may also limit evolution of egg size in
another group of lizards (Anolis) that only produces one-egged clutches.
clutch or litter size and offspring size is a
IN
CONSIDERATIONS
IMPLICIT
many traits that covary consistently fundamental aspect of life history theory (2)
among phylogenetically related groups and is a pervasive pattern among vertebrates
of organisms is that these traits are in some (3). Given functional and energetic limitafashion constrained and this constraint re- tions on total clutch or litter mass, it seems
flects an underlying mechanistic trade-off intuitively obvious that a female producing
among these traits. Indeed, the notion of a larger offspring must produce fewer offtrade-off among suites of traits making up spring than a female producing a smaller
the organismal life history has become a offspring. Moreover, at one end of this
paradigm of evolutionary biology (1). For continuum, a second type of constraint may
Sasaki N. Yosioka, Y. Takagi, Y. Sakaki, Gene 37, example, the presumed trade-off between impose further limits on adaptive evolu191 (1985)], and acyoenzyme A oxidase [T.
tion-the diameter of the pelvic girdle has
Osumi, N. Ishii, S. Miyazawa, T. Hashimoto, J.
been suggested to be a functional limit to
Biol. Chem. 262, 8138 (1987)].
Departfent of Integrative Biology, University of Cali- the
maximum offspring size that is possible
B. A. Evans and R. I. Richards, EMBO J. 4, 133 fornia, Berkeley, CA 94720.
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