MoLEcULAR AND CELLULAR BioLoGY, Aug. 1988, p. 3406-3414
0270-7306/88/083406-09$02.00/0
Copyright © 1988, American Society for Microbiology

Vol. 8, No. 8

Purification and Characterization of a High-Mobility-Group-Like
DNA-Binding Protein That Stimulates rRNA Synthesis In Vitro

HSIN-FANG YANG-YEN anp LAWRENCE I. ROTHBLUM*
Department of Pharmacology, Baylor College of Medicine, Houston, Texas 77030

Received 1 February 1988/Accepted 2 May 1988

A 16,000-dalton, high-mobility-group-like (HMG-like) DNA-binding protein, referred to as p16, has been
purified to homogeneity from Novikoff hepatoma ascites cells. p16 binds specifically to a portion of the 5’
flanking region of the rat rRNA gene (—620 to —417), which is part of the upstream activator sequence
identified previously (B. G. Cassidy, H.-F. Yang-Yen, and L. I. Rothblum, Mol. Cell. Biol. 6:2766-2773,
1986). p16 also binds to a segment of the external transcribed spacer (+352 to +545). In vitro reconstituted
transcription experiments demonstrated that the addition of p16 stimulated rRNA synthesis up to ca. fourfold.
The stimulation was dose dependent and saturable. The effect of p16 on ribosomal gene transcription was also
dependent on the presence of either the upstream or the downstream DNA-binding site, or both. The amino
acid composition of p16 is very similar to that of HMG-I, suggesting that p16 may be a member of the HMG-I
family of proteins. In this case, our results suggest that HMG proteins may play an important role in the

regulation of the rRNA gene expression.

Eucaryotic rRNA genes (rDNA) are distinct from genes
transcribed by RNA polymerase II or III in that: (i) rRNA
genes are transcribed by an a-amanitin-resistant polymerase
(class I), (ii)) rRNA genes code for the most abundant RNA
species in the cell, (iii) rRNA genes are the only transcription
unit localized in the nucleolus, and (iv) their transcription is,
for the most part, species-specific transcription (13, 17).

rRNA genes are arranged as tandemly repeating units
which contain a transcribed (or coding) region and a non-
transcribed spacer (NTS). The transcribed domain consists
of external transcribed spacers (ETS), the internal tran-
scribed spacers, and the regions coding for the 18S, 5.8S,
and 28S RNAs, respectively (30). The functions of the NTS,
which is the major portion of the repeat, are just being
elucidated.

There are several important transcriptional elements
within the NTS. The core promoter element, located be-
tween nucleotides —39 and +6 (+1 being the initiation site of
the precursor rRNA), is required for the correct initiation of
transcription (14, 25, 29, 33, 60). The upstream promoter (or
control) element, located between nucleotides —150 and
—110, has been shown to be able to effectively stabilize the
preinitiation complex (3, 20, 38, 52, 55). Transcription ter-
minators have been identified both downstream and up-
stream of the initiation site (15, 16, 36). These elements
either direct the termination of rRNA synthesis or are sites
of rapid RNA processing. In addition, the terminator that
lies ca. 200 base pairs (bp) upstream of the initiation site
(referred to as T, in the mouse or as T in the Xenopus IDNA
repeat) may act as an upstream element of the adjacent
promoter (15, 22, 36). The spacer or NTS promoter (5, 21,
40, 46), which is much weaker than the 45S (or 40S in
Xenopus species) gene promoter, may also play a role in
regulating rRNA synthesis. In addition, enhancer elements
(4, 7, 8, 27) have been identified at various distances up-
stream of the transcription initiation sites of the respective
genes.

The development of accurate in vitro transcription sys-
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tems (2, 13, 19, 34, 56) has led to the identification of factors
required for the synthesis of the rRNA (37, 39). Studies on
the rDNA terminator and enhancer elements suggest that
trans-acting factors are involved in these two functions (4,
16, 44).

We have identified the upstream activator sequence
(UAS) (or enhancer element) of the rat rRNA gene that is
located between nucleotides —1018 (Kpnl site) and —286
(BamHI site) (4) and shown that a HinfI fragment (—1106 to
—417) encompassing and overlapping the putative UAS
element was recognized by a cellular factor (4). We now
report the purification of the DN A-binding protein (referred
to as pl6) to near homogeneity (>95%) by using a gel
electrophoresis DNA-binding assay. pl6 is very similar to
the high-mobility-group (HMG), nonhistone chromosomal
protein (24), especially HMG-I (32), on the basis of its size
and other properties. The similarity is of interest because
some of the HMG proteins have been shown to be prefer-
entially associated with the chromatin and nucleosomes of
active genes (23, 47, 54, 57, 58) and to have an effect on
transcription in vitro (53).

We found that p16 bound to two regions of the rDNA, one
site within the NTS (nucleotides —620 to —417) and the other
within the ETS (nucleotides +352 to +545). More impor-
tantly, we found that the addition of p16 to in vitro transcrip-
tion reactions stimulated rRNA synthesis up to ca. fourfold,
as long as either one or both of the pl6-binding sites
remained in cis with the promoter. Since one of the pl6-
binding sites was localized to the region that contained the
upstream activator or enhancer sequence (4), as well as the
NTS promoter (5), pl6 may play a significant role in the
regulation of rDNA expression.

MATERIALS AND METHODS

Plasmid DNA. p3.4 is a plasmid containing 3.4 kilobases of
the rat rDNA 5’ NTS (nucleotides —286 to —3687, +1 being
the initiation site of DN A transcription) cloned into pBR322
as described previously (41, 61). Plasmid pUCHF3 was
generated by subcloning a 688-bp Hinfl fragment (4) (nucle-
otides —1106 to —417) from p3.4 into the Smal site of pUC12
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FIG. 1. (a) Schematic diagram of plasmid pUCHF3. pUCHF3 was constructed by subcloning a 688-bp Hinfl fragment (4) (nucleotides
—1106 to —417) from plasmid p3.4 into the Smal site of pUC12. The nucleotide sequence between —650 (Sall) and —417 (original Hinfl site)
is shown above the map. DNA fragments hf3 and SS240, which are used in the DN A-binding assay, are also indicated. ===, Sequences from
the insert; ——, vector (pUC12). (b) Mapping of the NBP (p16)-binding site. End-labeled hf3 fragment (lanes 1 and 2) was digested with either
Ddel (lanes 3 and 4) or Sall (lanes 5 and 6). These fragments were analyzed in the standard DNA-binding assay by using 1.84 pg of nuclear
extract, as described in Materials and Methods. Symbols: %>, bound form of an individual fragment; +, —, presence and absence,
respectively, of that component in the assay. Lower panel: Schematic representation of the Sall and Ddel sites.

(Fig. 1a). Other plasmids (or DNA templates) containing
portions of the rDNA gene used in this study are p5.1E/X,
p5.1AH, pl1018, and pl1742d (see Fig. 7a) (B. G. Cassidy,
Ph.D. thesis, Baylor College of Medicine, Houston, Tex.,
1987). pS.1E/X (—286 to +638) was cloned into the EcoRI
and BamHI sites of pBR322. p5.1AH (—286 to +124) was
constructed by inserting the BamHI-HindIII fragment from
pS.1E/X into the BamHI-HindIIl sites of pBR322. p1018
(—1018 to +638) was constructed by isolating the Kpnl
(converted to an Sphl site)-BamHI fragment from p3.4 and
cloning it into the Sphl-BamHI sites of pS.1E/X. pl742
(—1742 to +638) was constructed by isolating the Xbal

(converted to an Sphl site)-BamHI fragment from p3.4 and
inserting it into the Sphl-BamHI sites of p5S.1E/X. pl742d, a
template used in the transcription assays, was derived by
double digestion of p1742 with HindIII (+124) and EcoRI
(+638).

Enzymes. Restriction enzymes were purchased from New
England BioLabs, Inc., Bethesda Research Laboratories,
Inc., or Boehringer Mannheim Biochemicals and were used
as recommended by the supplier.

DNA labeling. DNA fragments were 5’ end labeled with
[y-32PJATP (Amersham Corp.) by using T4 polynucleotide
kinase (Bethesda Research Laboratories) after digestion
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with bacterial alkaline phosphatase (Bethesda Research
Laboratories).

Nuclear extract. Nuclear extracts were prepared essen-
tially as described by Haglund and Rothblum (19) from
Novikoff hepatoma ascites cells. The extracts were dialyzed
extensively against buffer C-20, which is buffer C (20 mM
HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid; pH 7.9], 0.1 M KCl, S mM MgCl,, 0.2 mM EDTA, 1
mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride)
containing 20% (vol/vol) glycerol, clarified by centrifugation,
quick frozen, and stored in small aliquots at —80°C.

DNA-binding assay. Protein-DNA complexes were visual-
ized after separation from the free DNA fragments on a
low-ionic-strength (6.7 mM Tris hydrochloride [pH 7.5], 3.3
mM sodium acetate, 1 mM EDTA) 5% polyacrylamide gel as
described by Fried and Crothers (10) with some modifica-
tions. The end-labeled, double-stranded DNA fragments (ca.
2 ng) were incubated with an appropriate amount of nuclear
extract or a partially purified fraction and 1 pg of poly(dI-
dC) - poly(dI-dC) (Pharmacia, Inc.) in buffer C-10 (buffer C
containing 10% glycerol). The final reaction volume was 25
nl, and the incubation was carried out at room temperature
for 10 to 20 min. Aliquots of the reaction mixtures were
loaded onto 16-cm-long, low-ionic-strength 5% polyacryl-
amide gels. The samples were electrophoresed for 90 min at
160 V at room temperature, and the DNA bands were
visualized by autoradiography.

Purification of the NBP p16. Crude nuclear extracts were
adjusted with ammonium sulfate to 70% saturation by adding
0.472 g of solid ammonium sulfate per ml. After the ammo-
nium sulfate dissolved, the solution was clarified by centrif-
ugation for 20 min at 39,000 X g. The pellet (referred to as
Dig X/C) contained RNA polymerase I and the factor(s) that
could direct the correct initiation of rRNA synthesis in vitro
(19). NTS-binding protein (NBP) was found to be enriched
10-fold in the supernatant (AS70S). After the pellet was
suspended, both fractions were extensively dialyzed against
buffer C-20 and stored at —80°C.

The proteins in the ammonium sulfate supernatant
(AS70S) were subjected to chromatography on a heparin-
Sepharose (Sigma Chemical Co.) column. The column was
equilibrated with buffer C-10 and step eluted with buffer
C-10, C-10-300, and C-10-500 (C-10-300 and C-10-500 are
buffer C-10 containing 300 and 500 mM KCl, respectively).
The fractions were assayed for their ability to retard the
mobility of the Sall-Sall fragment (Fig. 1la, SS240) in the
band shift assay. The DN A-binding activity was enriched in
the fractions eluted with buffer C-10-500, termed HSS500.
This fraction was concentrated by ultrafiltration with an
Amicon apparatus equipped with a YM-10 membrane and
loaded directly onto an Ultrogel ACAS54 (LKB Instruments,
Inc.) gel filtration column (1.6 by 95 cm). The column was
equilibrated with buffer C-10-500, and the flow rate was 9 ml/
h. The DNA-binding activity eluted as a ca. 30-kilodalton
(kDa) protein. The peak binding fractions, referred to as
GF30, were pooled and dialyzed against buffer C-20.

GF30 was then fractionated on a CM-Sephadex (Phar-
macia) column. The column was equilibrated with buffer
C-10 and step eluted with 100, 200, and 500 mM KCI.
Sometimes the protein was eluted with a 200 to 600 mM KCl
gradient elution after the 200 mM KCl wash step. Peak
binding fractions, which eluted with 500 mM KCI (step
elution) or 280 to 350 mM KCl (gradient elution), termed
CMS500, were pooled and dialyzed against buffer C-20. This
fraction contained a single protein, which was >95% pure
for NBP as judged from either the Coomassie blue or silver
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staining pattern of a sodium dodecyl sulfate (SDS)-poly-
acrylamide gel.

MPE-Fe(Il) footprinting. Methidiumpropyl-EDTA Fe(Il)
[MPE-Fe(II)] footprinting reactions were carried out essen-
tially as described by Angel et al. (1), except that the buffer
for the binding assay contained 20 mM HEPES (pH 7.9) in
place of 25 mM Tris hydrochloride (pH 7.9). MPE was
kindly provided by Peter Dervan, California Institute of
Technology, Pasadena. After the reaction, the DNA was
purified by phenol-chloroform extraction, precipitated with
ethanol, and analyzed on urea-containing sequencing gels.

Protein elution and renaturation from SDS-polyacrylamide
gels. SDS-polyacrylamide gel electrophoresis (PAGE) anal-
ysis was carried out essentially as described by Laemmli
(28). One strip of the gel was stained with Coomassie blue for
visualization of the protein bands. The remainder of the gel
was divided into 0.5- to 1.5-cm-wide slices, and the proteins
in each gel slice were eluted and renatured essentially as
described by Hager and Burgess (18). After renaturation, the
sample was dialyzed against buffer C-50 (buffer C containing
50% glycerol) and used in the DNA-binding assay.

Amino acid composition analysis. Purified protein was
hydrolyzed in 5.7 N HCI at 110°C for 22 h. The amino acid
composition was determined on a Beckman 121 MB amino
acid analyzer.

In vitro transcription. Transcription assays were done
essentially as described previously (4). To examine the effect
of NBP (p16) on the transcription of  DNA, we preincubated
the templates with purified pl6 for 5 min before adding
extract. Partially purified extract, DE175 (19), which was
devoid of NBP but could support accurate rRNA synthesis
in vitro, was used in these reconstitution experiments. A
constant amount of an end-labeled DN A fragment was added
to the reaction mixture before the purification steps and
served as an internal standard for the efficiency of recovery
of nucleic acids. The synthesis of specific transcripts was
visualized by autoradiography and quantitated as described
previously (4, 5).

RESULTS

A protein binds specifically to the upstream region of rDNA.
We previously demonstrated that Novikoff hepatoma nu-
clear extracts contained a protein factor(s) that recognized a
Hinfl fragment (nucleotides —1106 to —417) from the region
upstream of the rat 45S rRNA transcription initiation site (4).
This region of the gene overlaps the putative upstream
activator sequence in vitro (4). Treatment of the nuclear
extract with proteinase K (1 mg/ml) at 0°C for 30 min
eliminated the interaction between the nuclear extract and
this fragment (results not shown), indicating that the DNA-
binding factor was a protein or at least contained a protein-
aceous component required for the recognition of the spe-
cific rDNA fragment.

To define the region within the Hinfl fragment recognized
by the protein(s) in the nuclear extract, >2P-labeled Hinfl
fragment (hf3) was isolated and digested with either Ddel or
Sall, generating smaller, labeled fragments (Fig. 1b). The hf3
fragment (Fig. 1b, lane 2), the larger Ddel fragment (nucle-
otides —998 to —417) (lane 4), and the smaller Sall fragment
(nucleotides —650 to —417) (lane 6) demonstrated mobility
shifts when incubated with nuclear extracts, whereas the
smaller Ddel fragment (ca. 110 bp) and the larger Sall
fragment (ca. 460 bp) were not shifted. These two fragments
thus served as a negative control for the mobility shift assay.
These results suggest that the region between the Sall
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FIG. 2. Scheme for purification of NBP (pl6) from nuclear
extracts of Novikoff hepatoma cells. Symbol: *, fractions that
contain NBP (p16) activity.

(nucleotide —650) and Hinfl (nucleotide —417) sites has a
sequence that binds specifically to a protein(s) present in the
nuclear extract. Long stretches of AT sequences present in
this region of the DNA (Fig. 1a) may be important for this
specificity. The Sall-Sall fragment (Fig. 1a, SS240) was then
used in the mobility shift assay during the purification.
Purification of the NBP p16. The general protocol used to
purify the NBP is shown in Fig. 2. When crude nuclear
extract was adjusted with ammonium sulfate to 70% satura-
tion, NBP was enriched in the supernatant fraction (AS70S).
This fraction represented about 10% of the total proteins
present in the crude nuclear extract, but contained ca. 90%
of the NBP activity. NBP was then further purified through
fractionation on heparin-Sepharose, Ultrogel ACAS54, and
carboxymethyl-Sephadex columns. Chromatography over
heparin-Sepharose was a critical step in which the NBP was
enriched at least 100-fold from the AS70S fraction. The
binding activity was in the fractions that eluted with 500 mM
KCIl (HS500) (data not shown). The HS500 fraction was
subjected to chromatography on a calibrated Ultrogel
ACAS54 gel filtration column (Fig. 3). The peak of the binding
activity eluted in fractions 41 to 43, equivalent to the elution
volume for a 30-kDa globular protein (see inset in Fig. 3). (As
the protein was purified, we noted the appearance of multi-
ple bands in the gel retardation assay. The nature of these
extra complexes is unknown.) The three fractions containing
the peak of the DNA-binding activity were pooled (GF30).
This pooled fraction represented 16 to 20% of the proteins
applied to the ACAS54 column. GF30 was further purified by
carboxymethyl-Sephadex column chromatography. NBP
was enriched in the fractions that eluted at S00 mM KCl
(data not shown) when the column was step eluted with
buffers containing 100, 200, and 500 mM KCl. When the
carboxymethyl-Sephadex column was eluted with a 200 to
600 mM KCl gradient, the peak of the DN A-binding activity
eluted at 280 to 350 mM KClI (data not shown). The peak
fractions from the carboxymethyl-Sephadex column (step or
gradient elution) (CM500) represent ca. 20% of the total
protein applied. We estimate that the overall recovery of the
NBP throughout the purification steps was 50%; thus, the
NBP has been purified about 12,000-fold from the nuclear
extract. SDS-PAGE analysis of the protein components of
CMS500 demonstrated a single polypeptide with an apparent
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FIG. 3. Gel filtration (Ultrogel ACA54) column chromatography
of NBP (p16). Standard DN A-binding assays were performed by the
DNA fragment SS240 (Fig. 1a) and the protein fractions eluted from
the column. The upper panel shows the results of the DNA-binding
assay. The protein-DNA complex is indicated as Sg. Sg denotes the
free form of labeled SS240. V. represents a nonspecific fragment,
derived from the vector (pUC12), which was added to the assays as
an internal control for specificity. The lower panel shows the protein
elution profile of the ACAS4 column. The arrow indicates the
position of the peak of the DNA-binding activity. The inset in the
lower panel shows the calibration of this ACAS54 column (1.6 by 95
cm) with protein standards (bovine serum albumin [BSA], carbonic
anhydrase, and cytochrome c); X, elution volume of pl16.

molecular weight of 16,000 (Fig. 4). Therefore, we refer to
this protein as pl6.

Amino acid composition analysis of p16. The amino acid
composition of p16 (Table 1) is similar to that of members of
the HMG family of proteins, especially HMG-I1 (12, 32)
(Table 1). Preliminary protein sequencing data indicated that
the N-terminal 13 amino acids of pl6 were very similar,
although not identical, to the putative N-terminal sequences
of HMG-I (31) (data not shown). These results suggest either
that p16 is a new member of the HMG-I family of proteins or
that it belongs to a new class of proteins that are closely
related to HMG-I.

The purified NBP is not a degradation product. To deter-
mine whether p16 was the protein responsible for the original
DNA-binding activity, and not the degradation product of a
higher-molecular-weight precursor, we carried out the fol-
lowing experiment. The crude AS70S fraction was separated
by SDS-PAGE, the gel was divided into regions, and the
proteins from each slice were eluted, renatured (18), and
tested for their specific DNA-binding activity (Fig. 5). Only
the proteins from gel slice H (Fig. 5) contained the activity.
Since gel slice H contained proteins within the 14- to 20-kDa
range, these results suggested that p16 was not a degradation
product of a higher-molecular-weight polypeptide.

Since pl6 behaved as a 30-kDa polypeptide during gel
filtration column chromatography and was a 16-kDa poly-
peptide on SDS-PAGE, the possibility exists that native pl6
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FIG. 4. SDS-PAGE analysis of the proteins obtained at each
purification step. Protein samples from each step were analyzed on
an SDS-containing 15% polyacrylamide gel. The proteins were
visualized by staining with Coomassie brilliant blue. The amount of
protein loaded in each lane was 74 ug (nuclear extract, N.E.), 34 pg
(AS70S), 10 pug (HS500), 3 ng (GF30), and 0.34 ug (CMS00).

is a homodimer of the 16-kDa polypeptide. Preliminary
cross-linking experiments with the purified protein indicated
that only a small fraction, less than 5%, of the p16 present in
the purified material could be cross-linked with dimethylsu-
berimidate in vitro (results not shown), indicating that it is
unlikely that the protein is a dimer. It is more likely to be an
elliptical or rodlike protein which would behave as a protein
of higher molecular weight on the molecular sieve column
during chromatography.

Recognition sequence of p16. We have used MPE-Fe(Il) to
footprint the DN A-protein complex. Purified p16 protected
several regions between nucleotides —620 and —417 (Fig. 6a
and b). This region of the DNA is characterized as having
several long stretches of poly(dA-dT) sequences (Fig. 1a).
pl6 seems to have a higher affinity for sequences with eight
or more consecutive thymidines (or adenines), e.g., nucleo-
tides —620 to —610, —605 to —594, and —442 to —429, than
for sequences with other combinations of A and T nucleo-
tides, since only the former sequences were completely
protected when smaller amounts of pl6 were added to the
assay mixture (Fig. 6a, lane 3). The binding of p16 to this
A+T-rich region is also very specific, since the sequence
AAAAGAAA, adjacent to the —429 position, was not rec-
ognized by p16 (Fig. 6b, right panel). We previously reported
that the ETS of the rat rDNA gene contains a region which
is enriched in A+T-rich sequences (+352 to +545) (see Fig.
3 in reference 45). Using the band shift assay, we determined
that p16 also recognized those sequences (data not shown).
Footprinting experiments confirmed that pl6 indeed recog-
nized the A+T-rich sequences within the ETS segment:
sequences from +352 to +406 and from +501 to +545 (Fig.
6c). These results indicate that there are at least two pl6-
binding regions within the rDNA repeat. One is localized in
the NTS (or upstream) region (sequences —620 to —417),
and the other is within the ETS (or downstream) region
(sequences +352 to +545).

Transcriptional role of p16. The original NTS binding
activity demonstrated by pl6é was of interest since this
protein bound to an rDNA region responsible in cis for
stimulating rRNA synthesis in vitro (4). Thus, we examined
the possibility that the addition of pl6 to an in vitro tran-
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TABLE 1. Amino acid composition

% Amino acid found in:

Amino acid

Ht:inmlljs()rat HMG-I (HeLa)® pl6°
Asx 4.9 3.0 3.0 0.4
Thr 7.1 7.2 8.3 + 0.6
Ser 11.9 12.2 13.2 + 0.7
Glx 17.8 18.6 12.6 £ 2.0
Pro 9.0 10.5 12.0 £ 0.6
Gly 11.1 10.4 11.7 = 0.7
Ala 5.2 5.3 41+1.1
Cys - - -
Val 4.7 3.2 39 +0.3
Met - - —*
Ile 1.0 1.2 1.1 £0.1
Leu 1.6 3.3 3.1+0.2
Tyr - - 0.3 *0.0
Phe - - 0.2 +0.0
His 0.6 0.4 —*
Lys 16.5 15.0 18.0 £ 1.5
Arg 9.2 9.0 8.8 0.6

< Taken from reference 12.

b Taken from reference 32.

< Average of three independent preparations. —*, Trace amount of this
amino acid was detected in only one of the three preparations.

scription system would result in an elevated level of tran-
scription.

The addition of p16 to a transcription reaction mixture that
consisted of a template with the NTS binding region in cis
with the promoter (p1742d [Fig. 7a]) resulted in a three- to
fourfold stimulation of transcription (Fig. 7b, lanes 1 and 2).
The transcription of a control template, which did not
contain this binding site (p5.1AH [Fig. 7a]), was unaffected
by the addition to p16 (Fig. 7b, lanes 3 and 4). Since p16 also
recognized sequences downstream of the rDNA initiation
site, we examined the effect of p16 on the transcription of
such a template (pS.1E/X [Fig. 7a]). We found that p16 could

955 5543 36 29 18.4 12.4
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FIG. S. Identification of the proteins in the crude extract that
contains NTS-binding activity. Proteins from the AS70S fraction
were fractionated on an SDS-containing 15% polyacrylamide gel.
The gel was then sliced into several regions, designated A through J,
as shown at the top of the figure. Proteins from each gel slice were
eluted, renatured as described by Hager and Burgess (18), and
analyzed for their specific DNA-binding activity (bottom panel).
Only proteins that eluted from gel slice H contained the same
activity as pl6.
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FIG. 6. Binding of purified p16 to the NTS and the ETS regions of the rat rDNA gene. (a) The coding-strand probe, the Sall (—650)-Bgll
(—468) fragment, was prepared by 5’ end labeling the Sall site of pUCHF3. (b) Two noncoding-strand probes, fragments BamHI (in the vector
next to —417)-Sall (—650) (Fig. 1a) (b) and EcoRI (+638)-HindIII (+124) (Fig. 7a) (c), were S’ end labeled at the BamHI and EcoRI sites,
respectivley. Approximately 4 to 8 ng of labeled DNA was incubated with increasing amounts of purified p16 (0.4 to 2.0 ng; lanes 3 to 7 in
panels a through c), subjected to partial digestion by MPE-Fe(Il), and analyzed on urea-containing sequencing gels. Footprinted regions are
indicated by brackets. The right side of panel b is an analysis of the same reaction products as in the left side (6% gel), but displayed on a
20% gel to show the binding site that lies between positions —429 and —442. Control reaction mixtures (lane 2) contained 2 ng of bovine serum
albumin. The A>C sequencing ladders (35) (lane 1) of the same probe were run adjacent to each footprinting reactions to identify the

sequences of the binding sites.

stimulate the transcription of pS.1E/X up to ca. fourfold (Fig.
7¢c, lanes 1 to 4). We also found that the transcription of
templates with both binding regions (p1018 [Fig. 7a]) was
stimulated to approximately the same extent (Fig. 7c, lanes
5 to 8) as the transcription of templates with either the
upstream or the downstream binding region. These experi-
ments indicated that the maximal effect of p16 on transcrip-
tion required only one of its binding domains to be in cis to
the promoter and that the binding region could be located
either upstream or downstream of the promoter. In this
regard it should be noted that p1742d contained a second
RNA polymerase I promoter (5) upstream of the pl6-binding
site in the NTS region and that transcription from this
promoter was also stimulated (Fig. 7b, arrowhead in lanes 1
and 2). The lack of stimulation of templates that did not
contain pl6-binding sites was significant, since it indicated
that the stimulation of transcription was not the result of a
nonspecific anti-inhibitor, e.g., an inhibitor of RNase, or of
nonspecific DNA binding.

The effect of p16 was both proportional to the amount of
plé added to the assay and saturable. The addition of
increasing amounts of p16 to a transcription reaction mixture
resulted in elevated levels of transcription (Fig. 7c). How-
ever, in this case the addition of more than 40 ng of pl6
resulted in a slightly decreased level of transcription (results
not shown). This was probably due to nonspecific DNA

binding at that ratio of p16 to template. The stimulation was
also specific for p16, since a fraction devoid of p16, HS300,
generated during the purification of pl16 (see Materials and
Methods), had no effect on transcription (data not shown).

DISCUSSION

We have purified an rDNA-binding protein, pl6, from
Novikoff hepatoma cells to near homogeneity. Protein pl16
recognized two regions of the rat rDNA gene in vitro. One of
these regions, which lies upstream of the transcription
initiation site (between nucleotides —620 and —417), is part
of the UAS (4). The second region is within the ETS
(between +352 and +545) (45). Both of these binding do-
mains contained long, pure dA-dT sequences (Fig. 1a and 3
in reference 45). A search of the GenBank (MicroGenie,
Beckman Instruments, Inc.) revealed that sequences con-
taining 10 to 20 consecutive thymidines (or adenines) are
quite common. However, sequences containing =45 base
pairs of pure A and T, as those sequences present in the
rDNA region, are relatively rare. Footprinting experiments
showed that these dA+dT-rich sequences were the recogni-
tion sites of pl6.

We have also shown that when either the upstream (NTS)
or the downstream (ETS) binding region (or both) was in cis
with an rDNA promoter, the addition of p16 to a transcrip-
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FIG. 7. Effect of pl6 on transcription. (a) Templates used in the transcription assay. p5S.1AH was truncated at a unique HindlIII site, which
results in a 124-nucleotide transcript; otherwise, the templates were truncated at a unique Xhol (or EcoRl) site, resulting in 638-nucleotide
transcripts. p1742d was derived by double digestion of p1742 (see Materials and Methods) with HindIlI (+124) and EcoRI (+638), releasing
the downstream (ETS) pl6-binding site. The resulting transcript of this template is 124 nucleotides in length (marked as 124 in panel b).
pl6-binding sites are shown as solid ovals in the diagram. (b) p16 stimulates the transcription of a template that contains only the upstream
binding region, p1742d (lanes 1 and 2), but not that of a template lacking any binding region, pS.1AH (lanes 3 and 4). Templates were
preincubated with 10 ng of pl6 (lanes 2 and 4) for 5 min at room temperature before the addition of DE175 and nucleotides to initiate
transcription. The RNA synthesized in vitro was purified and analyzed on an 8 M urea—4% polyacrylamide gel. The specific transcripts were
visualized by autoradiography. The relative amount of transcript synthesized in each reaction is shown at the bottom of the figure.
Abbreviations: 124, specific transcript 124 nucleotides in length; Int. Std., internal standard (see Materials and Methods). An arrowhead
points to the transcripts initiated from the NTS promoter (see text). (c) pl6 stimulates the transcription of templates containing the ETS
binding region, pS.1E/X (lanes 1 to 4) and that of a template with both binding regions in cis with the promoter, p1018 (lanes S to 8). The
amount of p16 (labeled as CMS500) added to each assay was as indicated (1 to 10 ng). The relative amount of transcription of each reaction
is indicated at the bottom of the figure. —, No p16 (fraction CM500) was added.

tion assay resulted in a three- to fourfold stimulation. Since
the protected sites of both the upstream and the downstream
binding regions are quite large (more than 70 nucleotides in
each case), it is likely that more than one molecule of pl6
binds to each region.

pl6 was soluble in 5% perchloric acid (data not shown),
and its amino acid composition was similar to the reported
amino acid compositions of the HMG-I (12, 32) proteins. The
DNA-binding sites of the a-protein (50) and other members
of the HMG-I family (9) have been reported to be A+T-rich
regions of =6 bp. p16 also recognizes A+T-rich sequences;
however, it has a higher affinity for sequences of eight or
more consecutive thymidines (or adenines), suggesting that
if p16 is a member of the highly conserved HMG family or
proteins, it may belong to a subclass of the HMG-I family. In
this case, we have demonstrated a new, nondenaturing
method for purifying this member of HMG-I proteins. In
studies of yeast genes, poly(dA-dT) sequences have been
shown to activate transcription bidirectionally, and the de-
gree of activation appears to be proportional to the length of
the poly(dA-dT) sequences (51). These A+T-rich DNA
regions were reported to be free of nucleosome structure (26,
42, 49), and they caused the DNA to kink (59). It was
suggested (51) that the activation of transcription by the
poly(dA-dT) DNA was not due to a trans-acting factor, but
to the unusual structure of the sequences themselves. How-
ever, in our studies on the rDNA gene, we have not
observed any effect of the poly(dA-dT) sequences alone. We
found that the AT elements played a role in transcription
only when the assay mixtures were supplemented with p16.

These results would suggest that the A+T-rich sequences in
the rat rDNA might be functionally different from that in the
yeast genome in that they would require the binding of a
cellular protein which might, then, change the conformation
of the DNA and activate transcription. Preliminary DNase I
footprinting experiments (results not shown) supported this
model. We have observed an alteration in the structure of
the surrounding DNA, as reflected by the occurrence of
DNase I-hypersensitive sites, when pl6 was bound to the
DNA.

The identification of an ETS binding site which could
mediate the stimulatory effect of pl6 was unexpected. Ex-
cept for the internal promoter elements of the class III genes,
very few intragenic transcription activators have been re-
ported (11, 43). One example of such an element is the
tissue-specific enhancer found in the intron of the immuno-
globulin heavy-chain gene (11). Although we have not tested
the ETS pl6-binding site for properties such as orientation
and distance dependence (properties common to other en-
hancers), the ETS binding site demonstrated similarities to
the immunoglobulin heavy-chain gene enhancer. For exam-
ple, these two elements are transcribed as part of their
genes, recognized by specific cellular factors (48), and can
activate their own transcription. We have previously identi-
fied an additional RNA polymerase I promoter in the NTS
region (5). This NTS transcript initiates at nucleotide —713
with respect to the initiation site of 45S RNA synthesis. The
NTS binding site of pl6 lies downstream of this NTS
promoter (nucleotides —620 to —417), and thus will be
transcribed as part of the transcripts initiate at the NTS



VoL. 8, 1988

promoter. Our data showed that transcription from this NTS
promoter can also be stimulated by p16 as long as the NTS
binding site is in cis with this promoter.

De Winter and Moss (6) reported that at least one spacer
promoter is necessary for efficient enhancement of Xenopus
laevis TDNA transcription and suggested that these spacer
promoters and the 60/81-bp enhancer repeats probably act
together to enhance 40S pre-RNA synthesis. The NTS
promoter that we identified in the rat rDNA gene lies within,
or close to, the UAS. It is possible that the NTS promoter is
one of the functional parts of the UAS and that it plays a role
very similar to that of the spacer promoter in the Xenopus
ribosomal repeat (6). Since the transcription of the DNA
template without the UAS can also be stimulated by p16, as
long as the downstream binding domain is cis-linked to the
promoter, this would suggest that p16 is not the factor (or the
only factor) that is responsible for the UAS effect observed
previously (4). However, the proximity of these three func-
tional elements, i.e., the pl6-binding site, the NTS pro-
moter, and the UAS, may suggest the existence of a pres-
ently undefined mechanism that regulates rRNA synthesis in
vivo.

The mechanism by which p16 stimulates rRNA synthesis
in vitro is unknown. It is possible that the binding of p16
alters the conformation of the DNA and makes the template
more accessible to the transcription machinery. While this
study was in progress, Tremethick and Molloy (53) reported
that HMG 1 and HMG 2 stimulated the transcription of
genes transcribed by RNA polymerase II and RNA polymer-
ase III in vitro. Although it was not determined whether this
stimulatory effect required specific sequences, as we have
shown for pl6, their results suggested that it was due to
DNA-protein interactions. It has also been reported that
HMG 14 and HMG 17 are associated with actively tran-
scribed genes (57, 58). These results might suggest that most,
if not all, HMG proteins can activate gene transcription,
although their mechanisms of action may not be identical.
The effect of p16 on transcription of the class II and III genes
is under investigation.

The role of the HMG proteins in the regulation of gene
expression has been the source of some speculation (23, 24,
47, 54, 57, 58). We have demonstrated that a possible
member of this group of proteins, p16, has a positive effect
on transcription. Since the binding of p16 to the transcribed
region of rDNA gene appears to be sufficient for the stimu-
latory effect, this might represent a novel way of regulating
gene expression. The synthesis of the HMG-I proteins has
been shown to be dependent on the growth rate of the cells
(12), as is the synthesis of rRNA. It will be of interest to
determine whether the expression or posttranslational mod-
ification of pl6 is one of the key steps involved in the
growth-dependent expression of the rRNA gene family.
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