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The DNA sequences required for expression of the ribosomal protein gene rpL32 were identified by
transient-expression assays of chimeric rpL32-chloramphenicol acetyltransferase genes. These studies showed
that maximal rpL32 expression requires sequences in a 150- to 200-base-pair region spanning the transcrip-
tional start site. Three discrete regions of importance were identified: one between positions —79 and —69 and
two others located downstream of the transcriptional start site. Progressive 5’ or 3’ deletions caused stepwise
decreases in expression, which suggested a complex interplay of redundant or compensatory elements. Gel
mobility shift assays were used to identify trans-acting nuclear factors which bind to segments of the rpL32
promoter that are known to be important for transcription. Evidence for several distinct nuclear factors is
presented. The binding sites for these factors were localized to the following regions: —79 to —69, —36 to —19,
—19to +11, +11 to +46 in exon I, and within the first 31 base pairs of intron 1. One of these factors may bind
to multiple sites within the promoter region. Interestingly, the factor that binds to a sequence motif in the first
exon also binds to similar motifs in a comparable region of the c-myc gene.

The ribosomal proteins are structurally diverse and evo-
lutionarily unrelated to each other, yet the genes that encode
them are expressed with very similar efficiencies, as indi-
cated by the relatively uniform abundance of various ribo-
somal protein mRNAs and by the similar RNA polymerase
loading of different ribosomal protein genes (11, 12; D. E.
Kelley and R. P. Perry, unpublished observations). What is
the basis for this similarity? Presumably, the transcriptional
efficiency of a ribosomal protein gene should ultimately be
determined by the characteristics of its particular set of
regulatory elements and by the cellular content of trans-
acting factors that interact with these elements. To improve
our understanding of these elements and factors, we have
sought to define the DNA sequences that constitute the
complete promoter of the ribosomal protein gene rpL.32 and
to identify the nuclear factors that bind to the functionally
important sequences. Using a series of constructs in which
selected portions of the rpL.32 promoter region were linked
to a chloramphenicol acetyltransferase (CAT) reporter gene,
we observed that maximal expression requires sequences in
a 150- to 200-base-pair (bp) region spanning the transcrip-
tional start site, including sequences within exon I and intron
1. Moreover, we show that there are several discrete nuclear
factor binding sites within this region, at least one of which
recognizes a factor that is also bound by the myc gene
promoter. These findings, together with previous and other
parallel studies of rpL.32 expression (2, 5; R. Moura-Neto,
K. P. Dudov, and R. P. Perry, Proc. Natl. Acad. Sci. USA,
in press), have delineated the complex set of sequences that
determine the efficiency of rpL.32 transcription. The unusual
organization of this promoter may enable it to function with
a similar efficiency in a wide variety of cell types.
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MATERIALS AND METHODS

Plasmid constructions. Plasmid p106 is composed of an
EcoRI-Smal DNA segment derived from pSVOCAT con-
taining the CAT gene linked to the simian virus 40 (SV40)
splice and polyadenylation signals (7), inserted into the
EcoRI-Smal sites of pUC13. Various rpL32 DNA segments
(4) were inserted at the multiple cloning site just upstream of
the CAT sequences. For some rpL32-CAT constructs, ap-
propriate rpL.32 DNA fragments were made blunt with
Klenow polymerase and inserted into the unique Smal site in
the p106 polylinker region. These constructs, and the restric-
tion endonuclease sites defining their boundaries, are as
follows: —159,+195 (Accl to Aval); —159,+72 (Accl to
Sacll); —69,+72 (Xmnl to Sacll); and —159,+12 (Accl to
Haell). For construct —79,+72, the 5’ boundary was pro-
duced by BAL 31 resection, followed by addition of a
BamHI linker (prepared by K. Dudov). To prepare the
—159,+64 and —159,+ 54 constructs, a segment of the rpL.32
gene spanning sequences —159 to +72 was excised by
HindIll-Sacll digestion and purified by electrophoresis
through a 6% polyacrylamide gel. For the —159,+64 clone,
this purified DNA fragment was cut at the Sall site in the
polylinker region on the 5’ side of the rpL.32 sequences and
at the Haelll site at position +64 in the rpL32 gene. This
Sall-Haelll DNA segment was purified by electrophoresis
through a polyacrylamide gel and cloned into the Sall-Smal
sites of p106. For the —159,+ 54 construct, the —159 to +72
DNA fragment was partially cleaved with Hinfl, and the
appropriate-size DNA segment was purified by gel electro-
phoresis and cloned into the Xbal site of pl106, which had
been made blunt by filling in. For construction of the
—36,+72 construct, a pUC12 subclone containing sequences
spanning —36 to +72 was linearized at the EcoRI site just 3’
of the rpL32 sequences, filled in with Klenow polymerase,
and blunt-end ligated to a filled-in 1.6-kilobase BamHI DNA
fragment derived from p106 containing the CAT gene linked
to the SV40 splice and polyadenylation sequences. Crucial
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sequence boundaries were verified by DNA sequence anal-
ysis.

Cell culture and DNA transfection. S194 mouse plasmacy-
toma cells were obtained from the American Type Culture
Collection (Rockville, Md.) and maintained in Dulbecco
modified Eagle medium (GIBCO Laboratories, Grand Is-
land, N.Y.) containing 10% horse serum. Cells were trans-
fected by the DEAE-dextran (Pharmacia Fine Chemicals,
Piscataway, N.J.) procedure according to the method of
Grosschedl and Baltimore (8), followed by a 30-min treat-
ment with chloroquine diphosphate (Sigma Chemical Co.,
St. Louis, Mo.). Cells were harvested between 40 and 46 h
after transfection. Preparation of cell extracts, CAT assays,
and thin-layer chromatography were performed as described
by Gorman et al. (7).

Nuclear factor binding assays. Nuclear factor binding as-
says and polyacrylamide gel electrophoresis were performed
essentially as described by Singh et al. (14). Each assay
contained 8 ug of nuclear extract protein (prepared by the
method of Dignam et al. [3]), 0.1 to 0.5 ng of the 32P-labeled
DNA fragment to be analyzed, and 3.2 pg of poly(dl-
dC) - poly(dI-dC) (Pharmacia). Specific competitor DNA
fragments, purified by electrophoresis on polyacrylamide
gels followed by electroelution, were added to the binding
reactions in the molar excesses indicated. Labeled rpL32
DNA fragments derived from the region spanning —36 to
+77 were isolated from a rpL32 subclone beginning at
position —36. This plasmid was digested with restriction
endonuclease Xbal (which cuts in the polylinker region just
5’ of the rpL.32 sequences), labeled by filling in with Klenow
polymerase and [a->?P]dCTP, and then cleaved with either
Sacll, Haelll, Hinfl, or Haell to produce DNA fragments
beginning at position —36 and extending to position +77,
+64, +49, or +11, respectively. Alternatively, a purified
DNA fragment spanning sequences —36 to +77 was labeled
at both ends by filling in with Klenow polymerase and
[a-3?P]dCTP and then cleaved with Hhal or Haell to pro-
duce labeled DNA fragments spanning —36 to —19, —36 to
+11, or +11 to +77. Labeled DNA segments beginning at
position —79 or —69 were prepared from construct —79,+72
or —69,+72, respectively. Each plasmid was cleaved at the
BamHI site 5’ of the rpL32 sequences, labeled by filling in
with Klenow polymerase and [a-3?P]JdCTP, and then di-
gested with restriction endonuclease Hinfl. The resulting
labeled DNA fragments spanning —79 to —41 or —69 to —41
were purified by electrophoresis on a polyacrylamide gel and
isolated by electroelution. The immunoglobulin V,19 frag-
ment was isolated from the 5’ flank of the MPC11 « gene (9).
The fragments from the myc gene promoter were kindly
supplied by Kenneth Marcu.

RESULTS

Definition of the functionally important elements of the
rpL32 promoter. In the experiments reported here, various
portions of the rpL32 promoter region were linked to a
promoterless CAT gene and transfected into mouse plasma-
cytoma cells, and their effectiveness was evaluated by
measurements of CAT activity. These experiments were
carried out concurrently with other studies in this laboratory
(2; Moura-Neto et al., in press) in which rpL32 genes bearing
deletions of 5’-flanking or internal sequences were trans-
fected into monkey kidney cells and their transient expres-
sion was assayed by S1 nuclease protection and Northern
(RNA) blot analyses. As will be seen, a comparison of the
results from these two types of experiment is very helpful in
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determining the relative contributions of different segments
of this complex promoter to its overall efficiency. This is
particularly important when evaluating the role of internal
sequences which, in principle, could contribute at both
transcriptional and post transcriptional levels. Furthermore,
the use of murine cells for these experiments ensures that the
results of the other studies were not influenced by possible
species-specific variations in the complement of transcrip-
tion factors.

The rpL32 promoter segments were inserted into a
pUC13-based vector (p106) containing the CAT gene linked
to the SV40 splice and polyadenylation signals derived from
pSVOCAT (Fig. 1A). These chimeric constructs were intro-
duced into S194 plasmacytoma cells, and activity was mea-
sured in transient-expression assays. Initial experiments
showed that rpL32 promoter sequences spanning the —159
to +72 region (relative to the cap site) were more active in
driving CAT expression than was the Rous sarcoma virus
long terminal repeat or the SV40 enhancer-promoter combi-
nation (data not shown). We therefore defined the activity of
the —159 to +72 construct as 100%. Progressive 5’ deletions
beginning at —159 and extending to —36 were tested. Dele-
tion of 5’ sequences to —79 had only a slight effect on CAT
activity, whereas deletion to —69 reduced activity to about
40% (Fig. 1B and C). Further deletion to —36 lowered
activity to approximately 25%. These results are in close
agreement with those obtained with the intact rpL.32 gene
(82, 42, and 28% for the —79, —69, and —36 mutants,
respectively [Moura-Neto et al., in press]), thus confirming
the reliability of the chimeric CAT constructs for assessing
the relative contributions of the various rpL.32 regulatory
sequences.

To determine the 3’ boundary of the rpL.32 promoter, the
5’ flank was maintained at position —159, and progressive 3’
deletions were prepared starting at position +195 and ending
at +11. The AUG translational start codon in the rpL.32 gene
lies within exon II, and the exon I-intron 1 boundary is at
position +46. In all constructs, the first AUG codon is the
CAT initiator codon. Only a small decrease in activity was
observed as sequences from +195 to +64 were deleted,
which indicated that these sequences are of minor impor-
tance for the rpL32 promoter activity (Fig. 1B and C). In
contrast, a deletion to position +54 caused a rather abrupt
drop in activity, and further deletion to +12 decreased
expression to less than 10% of the maximum value. The fact
that activity declined sharply when the intron 1 sequences
between +54 and +64 were removed suggests that the
boundary of an important element lies within this region of
intron 1. The large decrease in activity observed when
sequences between +12 and +54 were deleted indicates that
there is another important element in this region. These
conclusions corroborate those drawn from independent ex-
periments which examined the effects of segmental deletions
of exon I (Moura-Neto et al., in press) and intron 1 se-
quences (2) on rpL.32 expression. Implication of the intron 1
element in transcriptional regulation was directly demon-
strated by nuclear run-on assays (2). Thus, a requirement for
exon I and intron 1 sequences is evident irrespective of
whether these sequences are linked to a CAT gene or to the
remainder of the complete rpL32 gene. These findings,
together with the factor binding data presented below,
indicate that the internal sequences have a role in transcrip-
tional regulation. The two internal elements and those in the
5’ flank presumably constitute the complex promoter of the
rpL32 gene.

Evidence for trans-acting factors that bind to functionally
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FIG. 1. Promoter activities of various rpL32 DNA segments. (A) Map of plasmid p106. Symbols: C1, promoterless CAT gene;

A,

——, pUC13 DNA sequences. The position where various rpL32 DNA

fragments were inserted upstream of the CAT gene is indicated. (B) Diagram of rpL.32 DNA segments used in each construct. Symbols: —,
5'-flanking and intron 1 sequences; mm, exon 1. Endpoints of the rpL.32 DNA sequences in each construct are indicated, and the average
activity of each construct, normalized to the value for —159,+72, is shown at the right. Data for each construct were obtained from three to
five separate transfection experiments. The activity of each construct was measured by directly counting the reaction products with an
AMBIS Radioisotope Scanning System II after thin-layer chromatography. This value was then corrected for variations in transfection
efficiencies by measurements of the amount of plasmid DNA in the Hirt supernatant fractions. (C) Typical CAT assay with each of the
rpL32-CAT constructs. Acetylated derivatives of [**Clchloramphenicol were fractionated by thin-layer chromatography and visualized by
autoradiography. Above each lane is shown the rpL.32-CAT construct used for transfection.

important rpL32 sequences. The identification of several
distinct regions important for the control of rpL32 gene
expression encouraged us to look for trans-acting factors
that interact with these DNA sequences. To assess the
ability of sequences between positions —79 and —69 to
recognize trans-acting factors, DNA segments containing

sequences spanning —79 to —41 or —69 to —41 were end
labeled with 32P and used in gel mobility shift assays (6).
Incubation of each DNA fragment with a nuclear extract
prepared from S194 plasmacytoma cells yielded striking
results. The —79 to —41 DNA segment bound a nuclear
factor resulting in the appearance of a slower-migrating band
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FIG. 2. Nuclear factor binding assays with various rpL.32 DNA fragments. End-labeled DNA fragments derived from the rpL.32 gene were
incubated with (+) or without (=) nuclear extract proteins isolated from S194 plasmacytoma cells, electrophoresed on 4% polyacrylamide
gels, dried, and visualized by autoradiography. The positions of free (F) and bound (B) bands are indicated on the left. Nucleotide positions
corresponding to the 5’ and 3’ boundaries of each labeled DNA fragment are indicated above each lane. (A) Analysis of the —79 to —41 region;
(B and C) analysis of the —36 to +77 region. Arrows in panel B indicate positions of the major intense bands.

upon electrophoresis, whereas the —69 to —41 DNA seg-
ment remained unbound (Fig. 2A, lanes 1 to 4). The speci-
ficity of this binding was demonstrated by the efficient
competition of a —159 to +77 fragment that contained the
—79 to —69 sequence and the virtual absence of competition
by a fragment from the —36 to +77 region that lacked the
—79 to —69 sequence (Fig. 3C). Thus, a trans-acting nuclear
factor clearly bound to the same DNA sequence (AGCCG
GAAGTG) that was determined to play a role in rpL.32 gene
expression. We have termed this factor a (Fig. 4).

A similar analysis was performed with the DNA segment
spanning sequences in the —36 to +77 region. This segment
yielded a very complex pattern of DNA-nuclear factor
interactions. The pattern consisted of a major intense band
(arrows in Fig. 2B) and four to five fainter bands of slower
mobility (Fig. 2B, lanes 1 and 2). These interactions ap-
peared to be specific because the factors binding to this
region were outcompeted by an excess of homologous
unlabeled fragment but not by a fragment from the promoter
region of an immunoglobulin k gene, V 19 (Fig. 3A). The
quality of the V 19 competitor was verified by its effective-
ness against the homologous labeled V 19 fragment (Fig.
3B). In an attempt to simplify the pattern, smaller DNA
segments were used in the assay. The binding patterns of
fragments spanning —36 to +64 and —36 to +49 (Fig. 2B,
lanes 3-6) were similar to that of the —36 to +77 fragment.
However, since the complexity of the pattern might obscure
a single-band difference, we decided to examine the func-
tionally important region of intron 1 more carefully with a
DNA segment containing the +53 to +77 sequence. A single
band of slower mobility was indeed observed with this

fragment (Fig. 2B, lanes 9 and 10), which indicated the
presence of a bound nuclear factor. The specificity of this
binding was also demonstrated by differential competition
with a fragment containing the +53 to +77 sequence and the
unrelated V, 19 fragment (Fig. 3F). We have termed this
factor ¢ (Fig. 4).

When assays were performed with a DNA segment span-
ning sequences —36 to +11, the major intense band was no
longer observed (Fig. 2B, lanes 7 and 8). The binding site
responsible for the major intense band was thus localized to
the +11 to +49 region, and the factor was designated 3 (Fig.
4). The location of the 3-factor binding site correlates well
with the expression data indicating that loss of sequences
between +12 and +54 results in at least a 10-fold reduction
in expression. The residual set of retarded bands observed
with the —36 to +11 fragment also appeared to represent
specific binding to rpL32 promoter sequences, since this
binding was outcompeted by a fragment that contained the
—36to +11 sequence but not by the V, 19 fragment (Fig. 3E).
Further reduction of the DNA size to a fragment spanning
—36 to —19 yielded a single band (Fig. 2C, lanes 3 and 4),
which was outcompeted by homologous but not by nonho-
mologous sequences (Fig. 3D). This finding correlates well
with previous data indicating that sequences between —36
and —13 are essential for rpL32 expression (5). The factor
binding to the —36 to —19 region was termed B, and the one
or more factors binding to the —19 to +11 region were
collectively designated vy (Fig. 4).

Assays performed with a DNA segment spanning se-
quences +11 to +77 yielded a major intense band as well as
two fainter, slower-migrating bands (Fig. 2C, lanes 7 and 8).
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FIG. 3. Specificity of factor binding to segments of the rpL32 promoter. Various labeled fragments, indicated below each panel and
diagrammed at the bottom, were used in factor binding assays together with the indicated molar excess of unlabeled competitor fragments

shown above each panel.

The similarity in the pattern of slower-migrating components
observed with the nonoverlapping DNA segments spanning
—36 to +11 and +11 to +77 (compare lanes 6 and 8 of Fig.
2) suggested that these components might have resulted from
binding of the same factor to more than one DNA site. To
investigate this possibility, the labeled —36 to +77 DNA
fragment was assayed in the presence of an unlabeled —36 to
+11 fragment added as competitor. Although this competitor
did not eliminate the band ascribed to the & factor, it
completely abolished the fainter, slowly migrating bands
ascribed to the B and +y factors (Fig. 5, lanes 2 and 3). When
the competition experiment was repeated with unlabeled
competitor spanning sequences +11 to +77, the 8 band and
all but one of the B-y bands was lost (Fig. 5, lanes 4 and 5).

These results indicate that binding sites for a common factor
or for factors with similar DN A-binding specificities lie both
upstream and downstream of +11. In summary, there are
binding sites for several nuclear factors in the region of the
rpL32 promoter. The locations of the binding sites for these
factors (Fig. 4) generally correlate well with the functionally
important regions of the rpL32 promoter. Among these
factors, a is clearly unique (Fig. 3B) and 8 does not corre-
spond to either B or vy (Fig. SA). There may be some overlap
between ¢ and B or d, although further experiments will be
required to define the nature of this overlap.

DNA sequences within the c-myc gene compete for rpL32
binding. The unusual organization of the rpL32 promoter
resembles that of the c-myc promoter in that both genes
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FIG. 4. Summary of binding assay data. Symbols: msm, rpL.32
first exon; ——, 5'-flanking and intron 1 sequences. Relevant
nucleotide positions are indicated; nuclear factors that bind to
specific regions of the rpL32 gene are designated «, B, v, 3, and .

contain regulatory sequences within exon I and at the exon
I-intron 1 boundary (18). To assess whether sequences
within this region of the c-myc gene bind to the same factors
that interact with the rpL.32 promoter, competition experi-
ments were performed with the labeled —36 to +77 rpL32
segment and unlabeled segments of the c-myc gene that are
known to be involved in transcriptional regulation (18). Two
segments, defined by a 179-bp Haelll-Xhol fragment from
the 3’ region of the c-myc exon and a 51-bp Xhol-Bglll
fragment spanning the exon-intron boundary, competed very
effectively for the d-factor (Fig. 5, lanes 6 to 9). Methylation
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interference footprinting of the 3-factor binding site indicates
that this factor interacts with the motif CTGCCATC at
positions +30 to +37 in the rpL32 first exon (Moura-Neto et
al., in press). Interestingly, the myc gene segments that
efficiently compete for this binding factor contain related
sequences (CTGCCCGC in the Haelll-Xhol fragment and
CAGCCTTC in the Xhol-BgllI fragment).

DISCUSSION

The results presented here have helped localize the DNA
sequences that control rpL32 gene expression and have
provided evidence for trans-acting nuclear factors that inter-
act with these sequences. Since identification of the 3’
boundary of the rpL32 control sequences relied on transient-
expression assays with rpL32-CAT fusion genes that pro-
duce transcripts with variable 5' ends, it is not possible to
rigorously exclude the possibility that some of the observed
effects were due to posttranscriptional events. However,
this possibility seems unlikely for several reasons. First, the
construct most likely to be adversely effected by stability
and processing differences due to inclusion of intron se-
quences within the mature mRNA is —159,+195. Tran-
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FIG. 5. Competition binding assays with rpL32 or c-myc DNA fragments. (A) A labeled rpL32 DNA fragment spanning residues —36 to
+77 was incubated with nuclear extract proteins in the presence of unlabeled competitor DNA fragments derived from either the rpL32 gene
or the c-myc gene. The competitor DNA fragments used and the molar excess of each competitor are listed above each lane. (B) Positions
in the rpL32 and c-myc genes from which the competitor DNA fragments were derived. Symbols: ——, S'-flanking and intron 1 sequences;

W, exon 1.
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scripts produced by this construct contain the entire first
exon, a §' splice site, 149 bp of intron sequence, and no 3’
splice site, yet this construct was the most active in our
study. Removal of intron sequences to give transcripts more
closely approximating normal rpL32 mRNA (—159,+54)
results in lowered activity. Additional removal of all rpL.32
intron sequences (—159,+12) yields the least active con-
struct. Thus, inclusion of sequences most likely to exert
adverse effects on RNA stability and processing actually
results in higher expression. This inverse relationship
strongly suggests that these sequences play a role in tran-
scriptional regulation. Second, the ability of these internal
DNA sequences to bind trans-acting nuclear factors is also
consistent with a role in transcriptional control. Indeed, in a
recent study of another mouse ribosomal protein gene,
rpL30, site-specific mutagenesis of an exon I sequence
resulted in a concomitant decrease in factor binding ability
and promoter activity (N. Hariharan, D. E. Kelley, and
R. P. Perry, manuscript submitted). Finally, the importance
of intron 1 sequences for transcription was directly demon-
strated by nuclear run-on experiments (2).

One novel aspect of the rpL.32 control sequences is their
internal location with respect to the rpL32 cap site. The
boundary of these sequences lies about 80 bp beyond the site
of transcriptional initiation. Although it is atypical for poly-
merase II promoters to contain functional information 3’ of
the transcriptional start site, this organization is not without
precedent. As mentioned above, the c-myc promoter also
has regulatory sequences within the first exon and at the
exon-intron boundary. For the c-myc gene, these sequences
do not behave as an enhancer because they must be 3’ of the
transcriptional start site and in the correct orientation (18).
Similarly, internal rpL.32 control sequences are nonfunc-
tional when moved away from their normal locations (2).
Thus, these control sequences appear to be an integral part
of the rpL.32 promoter. The similar organization of the rpL.32
and c-myc promoters and the apparent ability of these
promoters to interact with the same trans-acting nuclear
factor suggest that these two genes possess some common
regulatory features.

The very complex binding pattern of the rpL.32 promoter
region and the relatively gradual loss of activity during
progressive 5’ or 3’ deletions suggest that this promoter is
regulated by a complex assortment of factors. We have
identified the regions within the rpL.32 promoter where some
of these factors bind. However, it is not possible at present
to definitively assign the binding sites for all factors binding
in the —80 to +80 region. The binding pattern may be
complicated by differential occupancy of binding sites, by
posttranslational modifications of some nuclear factors, or
by the binding of distinct factors with similar binding spec-
ificities to the same DNA site. Indeed, the latter situation has
been observed for several nuclear factor binding sites (1, 10,
13, 15-17). The apparent ability of different regions of the
promoter to bind to the same nuclear factor, or to factors
with similar binding specificities (e.g., the sequences 5’ and
3’ of +11), is reminiscent of the SV40 early promoter, which
contains multiple Spl binding sites. The complex and
slightly redundant organization of the rpL.32 promoter may
relate to its ability to be expressed in all cell types. Thus,
cells that are deficient in some trans-acting factors might still
be able to express the gene efficiently because of the
presence of other compensatory factors.
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