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Comparative utilization of transcription factor GABP by 
the promoters of ribosomal protein genes rpl_30 and rpL32
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The prom oters of two mouse ribosom al protein  genes, rpL30 and rpL32, contain a similarly lo
cated elem ent, called P, which was previously shown to interact with the same nuclear protein. 
This protein has now been identified as the GA-binding protein (GABP) on the basis of studies 
with recom binant GABP subunits and GABP-specific antibodies. The rpL30 elem ent consists of 
two contiguous GABP binding sites that can form  a tetram eric complex with two a  and two (Jl 
subunits of GABP, as well as dim eric complexes with a  and either the p i or P2 subunit. The rpL32 
elem ent consists of a solitary GABP binding site that can form only dim eric complexes with a  
and p i or P2. Footprint analysis and a com parison of the effects of m utations in each of the tandem  
rpL30 binding sites dem onstrated that the site nearest to the transcriptional start point is strongly 
favored for dim eric complex form ation and is correspondingly m ore im portan t for rpL30 p ro 
m oter function. The contributions to overall prom oter activity of the proxim al rpL30 site and 
the solitary rpL32 site are virtually the same. Paradoxically, the potential for tetram er form ation 
afforded by the tandem  sites in rpL30 has a relatively m inor effect on overall prom oter strength. 
These findings illustrate the subtlety of mechanisms by which fine-tuning of rp  promoters is achieved.

T he m am malian ribosom e is a complex 
organelle comprising four RNA com po

nents and about eighty distinct proteins. Co
ordinate expression of the genes encoding these 
proteins is vital for the growth and maintenance 
of all cell types. Although the various ribosomal 
protein (rp) genes are widely dispersed in the 
genome, they are transcribed at very similar rates 
owing to the equivalent strengths of their p ro 
moters (Hariharan et al., 1989). The strength 
of each prom oter depends upon the particular 
combination of transcription factors that bind 
to its sequence elements. The way in which such 
factors act to stimulate transcriptional activity 
is still poorly understood. To gain further in 
sight into this process, it is im portant to iden

tify the factors and to determ ine their particu
lar roles in different rp promoters.

Previous studies defined three similarly lo
cated cis-acting elements that contribute posi
tively to the overall prom oter activity of both  
the rpL30 and rpL32 genes (Hariharan et al., 
1989). These elements were shown to contain 
binding sites for nuclear protein factors p, y, 
and 8 (Fig. 1). The rpL30/L32-y and rpL30/L32- 
8 proteins have been purified in our laboratory, 
and a cDNA for rpL30/L32-8 was isolated and 
characterized (D. E. Kelley, unpublished data; 
H ariharan et al., 1991). The binding site for 
rpL30-P, located 53 to 64 bp upstream  of the 
transcriptional start point, contains a tandem ly 
repeated sequence — (CGGAAR)2 — that is iden-

Received November 3, 1993; revision accepted December 10, 1993.
Correspondence: Robert R Perry, Institute for Cancer Research, Fox Chase Cancer Center, 7701 Burholme Avenue, Philadelphia, 
PA 19111 Tel (215) 728-3606 Fax (215) 728-2412
© 1994 by Finch University of Health Sciences/The Chicago Medical School. All rights reserved. 1052-2166/93/0303/279-10$2.00

279



280 Genuario et al.

CTTCCGCTTCCG
GAAGGCGAAGGC

-59 -16 +20
CGGAAG
GCCTTC

Y V  7 ^  5e 8i
rpL32--------------------------------- O ---------^ --------- O -------------O —

-73 -24 +32 +65

Figure 1. Schematic representation  of the prom oters 
o f the rpL30 and rpL32 genes showing the locations 
of the p, y, and 6 elements and sequences of the p factor 
binding sites. The coordinates represent the approxi
mate centers of the elements, as determ ined by DNase 
I o r m ethylation interference footprin t analyses.

tical to a m otif in the enhancer of a herpesvirus 
im m ediate early gene (HSV-IE), which interacts 
with a transcription factor called GA-binding 
protein (GABP; Thom pson et al., 1991). In con
trast, the rpL32-p site contains a single CGGAAR 
sequence at position -  76 to -  71. It has recently 
been reported that the rpL32j3 site binds a p ro
tein that is immunologically related to GABP 
(Yoganathan et al., 1992).

GABP is a heterodim eric protein. cDNAs en
coding both subunits were cloned and sequenced 
by LaMarco et al. (1991). Analysis of the amino 
acid sequence showed that the GABPa subunit 
is a m em ber of the Ets family of DNA-binding 
proteins and that the GABPP subunit contains 
iVoteA-related structural motifs. By itself, the a 
subunit can weakly bind to DNA, whereas the 
P subunit binds to DNA only when the a sub
un it is present (Thompson et al., 1991). There 
are two isoforms of GABPP, term ed pi and p2, 
which have completely different C-terminal ends 
(LaMarco et al., 1991). HSV-IE DNA forms con
siderably m ore stable complexes with a and pi 
subunits than with a and P2 subunits, presum 
ably because p i subunits on each of the tan 
dem sites can associate to produce an (ap i )2 

tetramer, whereas such an association between 
P2 subunits does not occur (Thompson et al., 
1991).

To determ ine w hether and how GABP in ter
acts with the rpL30 and rpL32 prom oters, we 
carried out electrophoretic mobility-shift assays 
(EMSA) and footprinting assays with recom bi
nant GABP proteins and antibodies raised 
against these proteins. Additionally, to investi
gate the relative contribution to prom oter ac
tivity of the solitary GABP site in rpL32 versus 
the tandem  GABP sites in rpL30, we made m u

tations in each of the sites and tested the ac
tivity of the m utants in transient transfection 
experiments. O ur results indicate that GABP 
interacts effectively with both the rpL30 and 
the rpL32 promoters. Furthermore, we observed 
that each of the tandem  rpL30 sites has a differ
ent affinity for GABP and that the affinity cor
relates with the value of the site for rpL30 p ro 
m oter activity. Interestingly, the contributions 
of the solitary site in rpL32 and the high affinity 
site in rpL30 are virtually the same. The ad
ditional GABP binding site and the potential 
for tetram er form ation has a relatively small 
effect on the overall strength of the rpL30 
promoter.

Materials and methods

Nuclear extracts and EMSA

Nuclear extracts were prepared from S194 
mouse plasmacytoma cells by the m ethod of 
Dignam et al. (1983). Recombinant GABPa, 
GABPP 1, and GABPP2 subunits and rabbit an
tibodies against GABPa and GABPP were gen
erous gifts from Catherine Thom pson and Steve 
McKnight. GABP binding activity was deter
m ined by EMSA. The binding reactions con
tained 20 mM Hepes-K+ (pH 7.9), 50 mM NaCl,
0.2 mM EDTA, and 10% glycerol. Two \ig 
poly(dI-dC) poly(dI-dC) were added as non
specific com petitor when nuclear extracts were 
used. Unless stated otherwise, nuclear extracts 
(2-5 ng protein) or recom binant GABP subun
its (approximately 3 nM) were incubated at 25°C 
for 15 m inutes in a 25 |Lil reaction with 0.1-0.5 
ng of end-labeled, double-stranded oligonucleo
tides. The reactions were analyzed by electro
phoresis in nondenaturing polyacrylamide gels 
in 0.5x Tris-borate-EDTA (TBE) or 0.25x TBE, 
as indicated.

DNase I footprint analysis

DNA probes for DNase I footprinting were gen
erated by polymerase chain reaction (PCR) with 
oligonucleotide prim ers 5' and 3' to the rpL30 
or rpL32 GABP binding sites. E ither the sense 
or antisense prim er was 5' end-labeled p rio r 
to PCR. Recombinant GABP subunits were in 
cubated with a 32P-labeled DNA fragm ent u n 
der conditions described for EMSA. Free DNA 
and protein-bound DNA were partially digested 
with DNase I and subjected to electrophoresis 
on 4% polyacrylamide gels in 0.5x TBE. Free
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DNA and protein-bound DNA were identified, 
excised from the gel, recovered by electroelu
tion, and subjected to electrophoresis on an 8% 
polyacrylamide gel containing 7M urea. DNA 
sequencing markers were electrophoresed in 
parallel.

Site-directed mutagenesis of the rpL30 and 
rpL32 GABP sites

All site-directed m utations were generated by 
PCR using the rpL30-CAT construct “g” (-2 0 5  
to +167; H ariharan et al., 1989) or the rpL32- 
CAT construct (-159  to +115; Atchison et al., 
1989), both of which utilized the CAT expres
sion vector pl06. These constructs contain all 
the elements, including those in the first intron, 
that are required for maximal prom oter activ
ity. To generate an individual m utant, prim er 
1 (sense strand) containing a m utation in the 
rpL30 or rpL32 GABP site and prim er 3, com
plem entary to CAT vector sequences, were used 
in PCR. Prim er 2 (a reverse com plem ent of 
prim er 1) and prim er 4, containing sequences 
5' to the multiple cloning site of the vector pl06, 
were also used in PCR. Both PCR products were 
purified using Stratagene Prime Erase Push 
Columns, and equal amounts were mixed and 
used as tem plate for an additional PCR with 
prim ers 3 and 4. The final PCR product was 
digested with H ind III and Sma I, gel purified, 
and cloned in H ind III and Sma I sites of pl06. 
Each site-directed m utant was confirmed by 
DNA sequencing.

Cell culture and DNA transfection
S194 mouse plasmacytoma cells (ATCC TIB19) 
were m aintained in Dulbecco’s modified Eagle’s 
m edium  supplem ented with 10% horse serum 
and antibiotics. Approximately 2 x 107 cells 
were transfected with 5 pg of plasmid by the 
DEAE-dextran procedure, followed by a 30 m in
ute treatm ent with chloroquine diphosphate 
(Grosschedl and Baltimore, 1985). Cells were 
harvested approximately 40 hours after trans
fection. Extract preparation, CAT assays, and 
thin-layer chromotography were perform ed es
sentially as described by Gorm an et al. (1982). 
CAT activity was quantified with an Ambis ra
dioimage analyzer.

Oligonucleotides
The following oligonucleotides were used. Mu
tations are in lower case.

rpL30(-70 to -3 7 ) wt
(5'-AATTGCTTCTCTTCCGCTTCCGGTCCCACAATCCTCTG-3')
and
(3'-CGAAGAGAAGGCGAAGGCCAGGGTGTTAGGAGACTTAA-5') 

rpL30 A l site mutant
(5,-GCTTCTCcTCCGCTTCCGGTCCCACAATCCTCT-3')
and
(3'-CGAAGAGgAGGCGAAGGCCAGGGTGTTAGGAGA-5') 

rpL30 A2 site mutant
(5'-GCTTCTCTgCCGCTTCCGGTCCCACATCCTCT-3')
and
(3'-CGAAGAGAcGGCGAAGGCCAGGGTGTTAGGAGA-5') 

rpL30B site mutant
(5M3CTTCTCTTCCGCTgCCGGTCCCACAATCCTCT-3')
and
(3'-CGAAGAGAAGGCGAcGGCCAGGGTGTTAGGAGA-5,)

rpL30 AB double site mutant
(5'-GCTTCTCcTCCGCTgCCGGTCCCACAATCCTCT-3')
and
(3'-CGAAGAGgAGGCGAcGGCCAGGGTGTTAGGAGA-5'). 

rpL32(-83 to -5 4 ) wt
(5'-AATTCCAGAGCCGGAAGTGCTTCCCTTTTCTCTG-3')
and
(3'-GGTCTCGGCCTTCACGAAGGGAAAAGAGACTTAA-5') 

rpL32 mutant
(5'-CCCAGAGCCtGAAGTGCTTCCCTTTTCTCT-3')
and
(3'-GGGTCTCGGaCTTCACGAAGGGAAAAGAGA-5')

HSV IE
(5'-AACCAAGCTTGCGGAACGGAAGCGGAAACC-3')
and
(3'-TTGGTTCGAACGCCTTGCCTTCGCCTTTGG-5')

PCR primer 3
(5'-CTCCATTTTAGCTTCCTTAGCTCCTGAAAATCTCGCC-3') 

PCR primer 4
(5'-ATGATTACGCCAAGCTTG-3').

Results

Antibodies specific to GABP subunits recognize 
the rpL30/L32-P factor

To determ ine whether GABP binds to the 
rpL30/L32-P sites, oligonucleotides represent
ing sequences in the rpL30 (-7 0  to -3 7 ) or 
rpL32 ( -  83 to -  54) prom oters or the enhancer 
of the HSV-IE gene ICP4 were incubated with 
nuclear extract in the presence or absence of 
rabbit antibodies specific for each GABP sub
unit. We observed two retarded  complexes that 
have the same mobilities with the HSV-IE and 
rpL30 probes, both of which contain tandem  
GABP sites (Fig. 2A; com pare lanes 1 and 9). 
We in terpret the lower and upper bands to rep 
resent complexes with GABP dimers on one or 
both  binding sites —GABP(aP) and GABP(aP)2,
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Figure 2. Antibodies specific to GABP subunits recognize the rpL30/L32-|3 factor. A. S194 nuclear extract was in 
cubated with a 32P-labeled oligonucleotide containing a GABP binding site derived from the enhancer o f  the Herpes 
sim plex virus ICP4 gene [HSV(IE)], rpL32 ( - 8 3  to -3 7 ) , or rpL30 ( -7 0  to -3 7 )  in the presence or absence o f  rabbit 
antibodies, as indicated at the top o f  the figure. Rabbit antibodies at a dilution o f 1/20 were incubated with nuclear 
extract for 5 m inutes at room tem perature prior to the addition o f  labeled oligonucleotides. Control incubations 
contained a rpL30 oligonucleotide ( - 3 5  to -1 ) , which does not contain a GABP binding site, but rather contains 
a binding site for the y  factor, a hom odim eric protein o f  similar size as GABP. The reactants were subjected to 
electrophoresis on a 4% polyacrylamide gel in 0.25x TBE. The bands corresponding to the tetrameric (a(3)2 and 
the dim eric (a|3) com plexes are indicated. B. The ratio o f  (a|3)2 to (aP) increases with increasing ratio o f  nuclear 
extract to probe. Lanes 2, 3, and 4 contained 2-, 3-, and 5-fold more protein than lane 1.

respectively. This interpretation was confirmed 
by several lines of evidence, including a titra
tion of the rpL30 binding sites, in which the 
proportion  of the upper band increased with 
increasing amounts of nuclear extract (Fig. 2B), 
footprint analysis (Fig. 4B), and experiments with 
rpL30 binding site m utants (Fig. 5A). No upper 
band was observed with the rpL32 probe (Fig. 
2A, lane 5), consistent with the fact that it con

tains only a single GABP site. As observed for 
the HSV-IE control (Fig. 2A, lanes 2 and 3), the 
rpL30 and rpL32 complexes were both super- 
shifted by antibodies specific for either the a 
or (3 subunit of GABP (Fig. 2A, lanes 6, 7, 10, 
11). This indicates that the sites in both the 
rpL30 and rpL32 genes bind GABP as a hetero
dimer. No supershift was observed in the fol
lowing control experiments: (1) with serum from
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Figure 3. Recombinant GABP subunits bind to the rpL30/L32-(3 site. 32P-labeled oligonucleotides containing the 
GABP binding sites o f  rpL30 and rpL32 were incubated with either purified recombinant GABP subunits or S194 
nuclear extract. B inding reactions containing approxim ately 20 ng o f  the indicated recombinant proteins were sub
jected  to electrophoresis on a 4% polyacrylamide gel in 0.25x TBE. A. Assays o f  a and pi complexes. B. C om 
parison o f  api and ap2 complexes. In this particlular experim ent, the GABP(ap2) com plex with the rpL30 probe 
was largely confined to the edges o f  lane 3 because o f  a problem  with sample loading.

a nonim m unized rabbit (Fig. 2A, lanes 4, 8, and 
12); (2) with an oligonucleotide that lacks a 
GABP binding site (Fig. 2A, lanes 13-16); and 
(3) when 1/20 diluted antibodies and probe were 
mixed without nuclear extract (data not shown). 
The results of these control experiments con
firm the specificity of the GABP antibodies for 
the (3-site binding proteins. These experiments 
cannot distinguish between a(31 and a(32 hetero
dimers because the (3 subunit antibodies would 
recognize both isoforms. This issue was spe
cifically addressed in experiments with recom 
binant GABP proteins (see below).

Binding of recombinant GABP subunits to the 
rpl_30/L32-P sites

Recombinant GABP subunits were used to ex
amine further the binding of GABP to the rpL30 
and rpL32 promoters. As shown in Figure 3A, 
a m ixture of GABPa and GABPpi subunits 
form ed complexes with the rpL30 and rpL32 
probes that were very similar to those form ed 
with nuclear extract proteins (lanes 4, 5, 9, 10). 
Consistent with previous findings by T hom p
son et al. (1991), the a subunit—but not the pi 
subunit— can weakly bind to DNA in the absence
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GABP sites. Purified recom binant GABP subunits were 
incubated with a DNA fragm ent labeled at the sense 
or antisense strand. Free DNA and protein-bound DNA 
were partially digested with DNase I and subjected to 
electrophoresis on a 4% polyacrylamide gel in 0.5x TBE.
DNA was recovered by electroelution and subjected to 
electrophoresis on a 8% polyacrylamide gel containing 
7M urea. The positions o f sequence markers are ind i
cated at the right and left of the panels. A. Fragment 
corresponding to the -1 2 6  to -1 3  region of rpL32.
B. Fragm ent corresponding to the -1 2 5  to - 6  region o f rpL30. At the bottom  of the figures, the sequences o f the 
protected regions are delineated by boxes. The stippled portion  of the rpL30 box was protected in both the ap i 
and (a(31)2 complexes; the nonstippled portion  was protected only in the (ap i)2 complex.
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of its dim eric partner (lanes 2, 3, 7, 8). A similar 
experim ent with a m ixture of GABPa and 
GABPP2 subunits showed good binding to the 
rpL32 solitary site (Fig. 3B, lane 7) and to one 
of the two tandem  sites in rpL30 (Fig. 3B, lane 3). 
In agreem ent with the inability of p2 subunits 
to associate with each other (Thompson et al., 
1991), there was little or no (aP2)2 tetramer 
formation on the rpL30 tandem sites (compare 
lanes 2, 3, and 4 of Fig. 3B). Since the P2 subunit 
is slightly smaller than the pi subunit (37 kD 
versus 41.5 kD), the mobility of the dimeric com
plex aP2 is slightly faster than that of ap i — 
most clearly seen with the solitary L32 site

(Fig. 3B, lanes 6 and 7). The broad band observed 
with nuclear extract protein (Fig. 3A, lane 10; 
Fig. 3B, lane 5) resembles that seen with a mix
ture of ap i and aP2 complexes (Fig. 3B, lane 8). 
It would appear, therefore, that a single GABP 
site can effectively bind dimers composed of 
a and either pi or P2, whereas tetram er for
m ation on a tandem  GABP site can occur only 
with a and pi. Since we were interested in com
paring the im portance of GABP for prom oters 
with solitary and tandem  binding sites, we fo
cused our attention on the a and pi subunits, 
which interact equally well with both types of 
promoter.
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Probe: rpl_30wt rpL30A s ite  rpL30 B site rpL30 AB
mutant mutant double mutant

Figure 5. Analysis o f rpL30 and rpL32 GABP binding-site mutants. Purified recom binant GABP subunits or S I94 
nuclear extract were incubated with 32P-labeled oligonucleotides containing wild-type GABP sites or sites with 
point m utations (see Table 1). The reactants were subjected to electrophoresis on a 4% polyacrylamide gel in 
0.25x TBE. A. rpL30. Results with the A1 m utant are shown here; sim ilar results were obtained with the A2 
m utant. B. rpL32.

Table 1. Effect of mutations on GABP binding and 
rpl_30/rpL32 promoter activity.
Binding was assayed by EMSA, as shown in Figure 5. For ac
tivity measurements, the rpL30 and rpL32 promoters (-2 0 5  
to +167 and -1 5 9  to +115, respectively) containing wild-type 
or mutant GABP binding sites were linked to a cat reporter 
plasmid and transfected into SI 94 plasmacytoma cells. Extracts 
of cells harvested 40 hours after transfection were assayed for 
CAT activity and normalized to the values for the wild-type 
promoter. The mean values for duplicate assays of two to five 
independent transfection experiments are listed together with 
the average deviations. For ease of comparison of common 
motifs, the sequences on the minus strand of rpL30 and the 
plus strand of rpL32 are listed.

Binding

Proximal(B) site \ 
distal (A) site

complex

Gene api (api)2 Activity
rpl_30 

wild-type 
A1 mutant 
A2 mutant 
B mutant 
AB mutant

5'-CGGAAGCGGAAG-3' 
CGGAAGCGGAgG  
CGGAAGCGGcAG  
CGG cAGCGGAAG  
CGGcAGCGGAgG

++ ++ 
++
++
+

100
78 ± 18 
69 ± 8 
42 ± 13 
27 ± 7

rpL32
wild-type
mutant

5'-CGGAAG-3'
CtGAAG

++ 100
44 ± 8

DNase I footprint analysis confirmed the GABP 
binding sites in the rpL32 and rpL30 promoters. 
GABP protects a region on the rpL32 DNA frag
m ent equivalent to one GABP binding site (Fig. 
4A). In addition, a hypersensitive DNase I site 
was observed on the rpL32 antisense DNA 
strand. Protein-DNA complexes corresponding 
to both GABP(a|31) and GABP(apl)2 were char
acterized on rpL30 DNA (Fig. 4B). As expected, 
when the GABP(aPl)2 complex was character
ized, a site of DNase I protection encompassing 
both GABP sites was observed. Interestingly, 
when the GABP(apl) complex was analyzed, the 
site proxim al to the transcriptional initiation 
site on both sense and antisense strands was 
consistently protected from DNase I digestion 
to a greater extent than the distal site, suggest
ing that the affinity of the proxim al site for 
GABP is greater than that of the distal site. This 
observation was confirmed when m utants with 
substitutions in each of the sites were analyzed 
by EMSA and transfection studies (see below).
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Analysis of rpL30 and rpL32 GABP-site mutants

The DNase I footprint analysis of the rpL30 di
meric complexes suggested that the two tandem  
sites do not bind GABP with the same affinity. 
To test this hypothesis, single point m utations 
(Table 1) were introduced into each site, and 
the effect on GABP binding was characterized. 
W hen oligonucleotides with a point m utation 
in the distal site (Al or A2 m utants) were in 
cubated with either nuclear extract or recom 
binant GABP subunits, the GABP(apl) complex 
was readily form ed (Fig. 5A; Table 1). However, 
these m utants form ed negligible amounts of 
GABP(a(31)2 complex, indicating that two intact 
sites are required to form stable GABP(a|31)2 
tetramers. When an oligonucleotide with a point 
m utant in the proximal site (B m utant) was ana
lyzed, a reproducibly lower am ount of the 
GABP(apl) complex was observed com pared 
to that form ed with the A mutants, and no 
GABP(aPl)2 complex was observed. An oligo
nucleotide with point m utations in both sites 
(AB double m utant) failed to bind any GABP. 
The same result was obtained irrespective of 
whether the nucleotide substitutions were at 
a different (Al) or a corresponding (A2) posi
tion in the A and B sites (Table 1), indicating 
that this effect is due to an intrinsic difference 
in the affinity of the two sites, rather than a 
difference in the efficacy of the particular point 
m utations. The effects of these m utations are 
in good agreem ent with the footprinting data, 
suggesting that the proximal rpL30 GABP site 
has a greater affinity for GABP than the distal 
site.

To examine the effects of these m utations 
on the activity of the rpL30 promoter, we cloned 
the GABP-site m utants into rpL30 constructs 
linked to a chloramphenicol acetyltransferase 
reporter gene (cat) and assayed the relative ac
tivities after transient transfection into S194 
cells. In good agreem ent with the in vitro b ind
ing analyses, we observed that the rpL30 proxi
mal site m utant has an activity that is about 
40% of the wild-type promoter, whereas the ac
tivity of the distal site m utants was about 75% 
of the wild-type level (Table 1). M utation of both 
rpL30 GABP sites resulted in a residual p ro 
m oter activity of approxim ately 25 to 30%, 
which is roughly additive of the effects of the 
individual site m utations.

The effects of a point m utation in the rpL32

GABP site were also investigated. This m utation 
abolished binding of both nuclear extract and 
recom binant GABP proteins (Fig. 5B) and re
duced rpL32 prom oter activity to about 45% 
of the wild-type level (Table 1). Thus the con
tribution to prom oter activity of the solitary 
GABP site in rpL32 is basically the same as that 
of the high affinity site in rpL30.

Discussion

Several pieces of evidence indicate that GABP 
is an im portant positive regulator of the ribo- 
somal protein genes rpL30 and rpL32. First, 
antibodies specific for the a and P subunits of 
GABP recognize a nuclear protein (previously 
term ed the P factor) that binds to functionally 
im portant elements of the rpL30 and rpL32 
promoters. Second, recom binant GABP p ro 
teins bind to these elements and give DNase I 
footprints on the known GABP core motif, 
CGGAAR. Third, point m utations in this m otif 
had corresponding effects on GABP binding in 
vitro and on transcriptional activity in vivo.

In general, the interaction of GABP with the 
rpL30 prom oter resembles that observed with 
the enhancer of the herpesvirus ICP4 gene. In 
both cases, two GABPa and two GABPpl sub
units form a tetram eric complex (ap i )2 on two 
contiguous CGGAAR motifs. Although the a 
subunit itself can bind weakly to DNA, the sta
bility of the tetram eric complex appears to de
pend on an interaction between the C-terminal 
portions of the pi subunits (Thompson et al., 
1991). The P2 subunit lacks this C-terminal seg
m ent and is therefore ineffective in form ing tet
ram eric complexes on both the ICP4 prom oter 
(Thompson et al., 1991) and the rpL30 pro
m oter (Fig. 3B).

Interestingly, the tandem  sites in rpL30 do 
not have equivalent affinities for GABP. In 
mobility-shift experiments carried out with lim 
iting amounts of protein — for example, Fig. 2A 
and B (lane 1) and Fig. 3A—a substantial p ro 
portion of the probe has GABP bound only to 
one of the two contiguous sites, and in rpL30 
this site is predom inately the one that is proxi
mal to the transcriptional start point, as indi
cated by DNase I footprinting analysis. M ore
over, point m utations in this proximal (B) site 
alm ost completely obliterate GABP binding, 
whereas identical m utations in the distal (A)
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site only prevent assembly of the tetrameric com
plex. Thus, the proximal site would be favored 
for the form ation of dimeric complexes, which 
could become critical when the am ount of 
GABP is lim iting or the ratio of 02 to 01 sub
unit is high. This affinity difference probably 
accounts for the fact that mutations in the proxi
mal GABP site have a more deleterious effect 
on in vivo prom oter activity than m utations 
in the distal site.

The solitary GABP site in the rpL32 p ro 
m oter forms dimeric complexes equally well 
with a and either the (31 or the 02 subunits. 
Since a(31 dimeric complexes are more stable 
than complexes with a alone, stabilization at 
solitary sites must involve an interaction other 
than 01-01 association. Â  similar interaction 
probably also occurs with the 02 subunit. Mu
tagenesis studies indicate that the contribution 
of GABP to prom oter activity in rpL32 is com
parable to that in rpL30 when only the high 
affinity site is occupied. The potential for tet
ram eric complex form ation on the tandem  
rpL30 sites is associated with a m oderate in 
crem ent (1.3- to 1.6-fold) in prom oter strength 
over that achieved with dimeric complexes, p re
sumably because this potential is only partially 
realized in vivo.

A survey of the -100  to +20 regions of 18 
o ther vertebrate rp  genes revealed 23 possible 
GABP binding sites (Table 2). Several of these 
examples resemble the rpL32 prom oter in that 
there is a single GABP target site upstream  of 
the transcriptional start point. The GABP sites 
occur in both orientations with respect to the 
direction of transcription, as is the case in rpL30 
versus rpL32. The site in the Xenopus rpL14 
gene has been shown to be a positive activator 
of transcription and to bind a factor that is im- 
munologically related to GABPa and GABP0 
(M. Marchioni et al., 1993). Although four genes — 
rpL7(m), rpS6(h), rpS14(h), and rpS15(c) — have 
m ultiple GABP sites, these sites are not con
tiguous, as they are in rpL30 and the herpes
virus ICP4 gene. In rpL7(m), rpS16(m), rpS14(h), 
rpS6(h), and rpS15(c), putative GABP sites are 
located immediately downstream of the tran
scriptional start point. We dem onstrated pre
viously that the region of rpS16 containing the 
GABP site is im portant for prom oter function 
(Hariharan and Perry, 1989), and recently we 
verified that this site does indeed bind GABP.

Table 2. Occurrence of the GABP consensus binding 
site sequence (XCGGAAR) in the -1 0 0  to +20 regions 
of vertebrate rp genes.
Sequences of rp genes are from twenty Genbank/EMBL com 
pilations. rpl_13a(m) is listed as turn-  transplantation antigen; 
ub/rp-52 is a ubiquitin/ribosomal protein fusion gene, m, 
mouse; r, rat; h, human; c, chicken; X, Xenopus laevis. The rp 
genes that lack GABP sites in the region scanned are rpL7a(m), 
rpl_7a(h), rpS15(h), rpS8(h), and rpL1(X).

Positions Identity
Gene of X/R of X/R Strand
rpl_30(m) -52/58 C/G -

-58/64 G/G -

rpL32(m) -77/71 C/G +
rpL7(m) -72/78 C/A -

+16/10 C/A -

rpLI 3a(m) -82/76 A/A +
rpS16(m) +10/4 C/A -

rpP2(r) -96/102 C/G -

rpS15(r) -76/70 G/G +
rpSI7(h) -52/58 G/G +
rpS14(h) -82/88 C/G -

-42/48 C/G -

-38/32 A/G +
+10/4 C/A -

ub/rp-52(h) -12/18 C/A -

rpL26(h) -21/15 C/G +
rpS6(h) -104/98 C/G +

-72/78 G/G -

-13/7 G/G +
+11/5 A/A -

rpL7a(c) -70/76 C/A -

rpS15(c) -75/69 G/G +
-37/43 G/G

-3/9 C/G -

+11/5 G/A -

rpL14(X) -45/51 C/G -

It is noteworthy that in 23 of the 26 listed ex
amples, the proposed binding site sequence is 
(C/G)CGGAAR. Thus, there may be a preference 
for C or G in the position immediately 5' of 
the CGGAAR consensus.

Recently, GABP has been im plicated in the 
prom oter function of the m urine genes that en
code cytochrome c oxidase (COX) subunits IV 
and Vb (Carter et al., 1992; Virbasius et al., 1993). 
In the COXVb gene, three noncontiguous GABP 
binding sites are located on both sides of a set 
of multiple transcriptional start points, whereas 
in COXIV, the sites occur in the imm ediate vi
cinity of the start points. Thus, in both the rp 
and the COX genes, GABP may play a variety 
of roles in transcriptional activation, depend
ing on its location within the promoter. It is 
clear from both the COX gene studies and from 
our studies of rp  genes that the arrangem ent 
of tandem  GABP sites found in the herpesvirus
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ICP4 prom oter, which confers a potential for 
GABP tetram er form ation, is not essential 
for GABP utilization. The widespread occur
rence of this transcription factor in a variety 
of tissues (LaMarco et al., 1991), its flexibility 
with regard to binding site arrangem ent and 
location, and its presence in genes encoding 
critical components of the translational and re
spiratory m achinery point to its vital role in 
higher eukaryotes.
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