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ABSTRACT

The RNA polymerase | transcription factor UBF has
been identified in human, mouse, rat and Xenopus and
the primary structure of the human protein has been
determined. Human UBF was shown to contain four
tandem homologies to the folding domains of the HMG1
and 2 proteins and hence to belong to a previously
unrecognised familly of ‘HMG-box’ transcription
factors. Here, cDNA clones encoding the Xenopus
laevis UBF (xUBF) have been isolated and sequenced.
Northern and Southern blots revealed that in tissue
culture cells, xUBF is coded on a single major mRNA
size species by a small number of genes. The deduced
primary structure of xUBF is highly homologous with
the human protein except for a central deletion which
removes most of one HMG-box. This explains the major
size difference between the X. laevis and human
proteins and may well explain their different
transcriptional specificities. It is shown that xUBF
contains 5 tandemly repeated HMG-boxes and that by
analogy the human protein contains 6.

INTRODUCTION

The isolation of the protein factors necessary for RNA polymerase
I transcription has been undertaken in a wide range of organisms.
However since most of these factors are defined only in terms
of chromatographic fractions of differing purities, it is extremely
difficult to compare the different systems. The human and
acanthamoeba systems are probably the best characterised at
present, followed closely by those of the mouse and rat (1 —13).
A few of these studies have recently shown that some factors
are conserved at least among vertebrates (2,6,14). It would also
appear that the common factors identified all show some degree
of species specificity. Thus the assumption that a single factor
in each system is solely responsible for the species specificity
of ribosomal DNA (rDNA) transcription is probably no longer
valid.

UBF and SL1 were first defined in human cell extracts (10,13),
where together with the polymerase they reconstituted correct
in vitro initiation on the human promoter. SL1 carries the major
species selectivity observed between mammalian polymerase I

promoters, while UBF was found necessary for its correct and
efficient binding. In the presence of UBF1, SL1 binds to the
upstream control (UCE) and the core elements of the human
promoter. UBF has been purified to homogeneity as a protein
doublet of about 94 and 97kd, but as yet SL1 has not (2,8). The
mouse and rat equivalents of human UBF (hUBF) have also been
identified and shown to have activities similar to and exchangeable
with those of hUBF (2,14).

The Xenopus laevis equivalent of UBF was also recently
purified to homogeneity as a doublet of about 82 and 85kd (15),
i.e. significantly smaller than hUBF. It was shown to have
footprinting activities like those of the human and rat equivalents
(6,14). However xUBF will not functionally replace the human
protein in human in vitro transcription assays and the converse
is also true. Unlike the situation on the human promoter, both
xUBF and hUBF footprint very extensively throughout the X.
laevis promoter and XLUBF almost completely protects the
spacer enhancers.

A cDNA coding for hUBF has been isolated and shown to code

a protein of about 89.4kd having homologies to HMG1 and 2
(16). Along with the sex determination factors (17,18), hUBF
defines a new familly of transcription factors. It has also been
suggested that HMGsl and 2 may be synonymous with the
polymerase II transcription factor TFIIB (19). The hUBF has
been shown to contain 4 tandem homologies to the folded domains
of HMG 1 and 2, each HMG protein has two such domains.
Further it has been shown that the HMG-boxes of hUBF are
involved in DNA binding (16). As in the HMGs, a region of
very predominantly aspartic and glutamic residues is present in
the C-terminal segment of hUBF. By analogy this almost certainly
forms a highly flexible if not totally random coil region in
solution.
Here we present the structure of XUBF. We show it to be highly
homologous with the human protein with the exception of one
HMG-box. We also show that xXUBF and by analogy hUBF
contain respectively 5 and six tandem HMG-box repeats.

MATERIALS AND METHODS

The EcoRI—BstEII fragment from pSUBF1 (16), kindly provided
by M.-H. Jantzen, was used to screen a Agtl0 cDNA bank
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Figure 1. Sequence of the xXUBF cDNA, (A\XIUBF2c). The complete cDNA sequence including the EcoRI linkers (shaded) used in cloning is shown as well as
the deduced amino acid sequence for xXUBF. The sequence has been submitted to EMBL and given the accession number X57201.

prepared from X. leavis stage 17 to 19 polyA* RNA (kind gift
of D. Melton), essentially following published procedures (20).
The EcoRI insert of AXXIUBF2c, which contains an internal EcoRI
site, was subcloned as two fragments into pT3T7-UlS8
(Pharmacia). The sequence of each fragment was determined by
the dideoxy-method (21,22) using a combination of Exo III
deletions (Promega, Erase-a-base) and specific oligonucleotide
primers. The sequence across the internal EcoRI site of
MXIUBF2c was also determined by direct double strand
sequencing (23).

RESULTS

The human UBF1 (hUBF) cDNA clone (16) was used to screen
a Xenopus laevis A\gt10 cDNA library. From 30 or so positives,
12 were purified and of these 8 were found to have inserts which
hybridised specifically on a southern blot. The sequences of 3
of these clones were determined from the internal EcoRI site
(position 1987 in figure 1) and all found to be identical. One
of these clones, AXIUBF2c, was selected and the insert of 3729
b.p. sequenced in full, fig. 1. The sequence showed only one
open reading frame (290b.p. —2320b.p.) long enough to encode
the X. laevis UBF, (xUBF) (15). This open reading frame

encoded a polypeptide of 677 amino acids (a.a.) and was proceded
by an inframe stop codon at 269, suggesting that the complete
coding sequence of XUBF had been isolated. The encoded protein
would have a molecular weight of 79.2kd, in reasonable
agreement with the relative molecular weight of 85kd determined
by gel electrophoresis (15).

Of the eight purified xXUBF clones, only two lacked an internal
EcoRlI site. One of these was also completely sequenced and
found to encode a highly homologous but distinct XUBF species,
thus demonstrating the existence of two xXUBF genes, (data not
presented, but see also Discussion).

Northern blot analysis of X. laevis RNA probed with XIUBF2c
cDNA showed a major RNA species migrating at about 4kb. and
minor hybridisation at about 4.7kb., fig. 2A. Thus if the cDNA
represented in figure 1 corresponded to the major mRNA species,
it was probably 200 to 300 b.p. short. Since no 3’-terminal polyA
tract and no consensus polyA addition signal was found in the
cDNA, some of the missing sequence probably lies in the already
very extensive 3'-untranslated region. Southern blot analysis of
DNA from a X. laevis individual probed with XIUBF2c at high
stringency, showed several major and minor hybridising
fragments, fig. 2B. The distribution of major fragments was
consistent with the presence of two or more UBF genes. The
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Figure 2. A) Northern analysis of the XUBF mRNA. 3ug of poly-A* RNA from
X. laevis tissue culture cells was gloxylated and electrophoresed on 1% agarose
in 10mM Na-phosphate (34). After transfer the RNA blot was probed with a
EcoRI fragment (positions 1 to 1987) labelled with 32P by random priming
(35,36). Hybridisation was at 42°C in 50% formamide, 6 X SSC and the last wash
was in 0.2XSSC at 42°C, (37). B) Southern analysis of the xXUBF gene. Sug
DNA from a X. laevis inividual was digested with BamHI (B), EcoRI (E) and
HindII (H) and separated on 1% agarose. After transfer the DNA blot was probed
as in A) excepting that hybridisation was in 6 xXSSC at 65°C and the final wash
in 0.1 XSSC also at 65°C. To assure complete digestion, after an initial digestion
with a 10X excess of enzyme for 16 hr, the DNA was extracted with
phenol/chloroform, precipitated and redigested with the same amount of enzyme
for an additional period of 2hr. No difference in hybridisation was noted before
and after the second digestion.

minor bands could represent genes carrying related sequences,
e.g. closely related HMG-boxes.

The predicted primary structure of xXUBF was found to be 73%
identical to that predicted for hUBF (16) and 50% of the amino
acid changes found to be either conservative or semi-conservative,
fig. 3. The choice of start codon for the XUBF was made on
the basis of a) the largest open reading frame, b) the use of the
first ATG of the cDNA sequence and c) the predicted amino acid
sequence homology with hUBF. The first AUG of the message
is known to be almost exclusively used as the start codon in
eukaryotes (>90% of analysed mRNAs), e.g. see (24). The
context of the first ATG in figure 1, (the choice of bases at —3
and +4), was also one of the three most common found in
eukaryotic mRNAs (24). However, ATG codons occured in both
the x- and hUBF sequences at +37, +79 and +100b.p. relative
to the chosen start codon. Thus the use of these as start codons
could not be excluded purely by comparison of the predicted and
measured molecular weights for XUBF. However alignment of
the predicted x- and hUBF a.a. sequences, fig. 3, showed very
significant homology, i.e. 5 identical matches and 2 conservative
replacements, within the 12 a.a. before the second methionine
at residue 13. Therefore it is highly likely that the xXUBF coding
sequence starts with the ATG indicated in figure 1, but final
confirmation of this must await N-terminal sequence analysis of
the protein.

HUBF has been shown to contain four tandem primary
structure homologies to the folded domains of the HMG 1 and
2 proteins (HMG-boxes 1, 2, 2a and 3, in figure 3) as well as
having a highly acidic C-terminal region in common with these
proteins (16). XUBF retains both these characteristics. The first
three of the HMG-box homologies were found to be present and
highly conserved in XUBF, (94, 83 and 93% sequence identity
respectively). However the forth HMG-box of hUBF was found
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Figure 3. Alignment of the xXUBF and hUBF amino acid sequences. The
homologies with HMG 1 and 2 are indicated by open boxes and labelled as box
1 to 5. The nomenclature for the HMG boxes 1 to 3 of hUBF follows ref. (16)
and M.-H. Jantzen (personal comm.). The highly acidic regions have been
underlined and the conserved serine rich segments shaded. Amino acids conserved
between x- and hUBF have been indicated by ‘|’, :’, *.” according to their
descending degree of conservation (38,39).

to be essentially absent from xUBF. This accounts in greater part
for the molecular weight difference between the Human and
Xenopus proteins of about 12kd (8,15). It may also be a major
factor in determining the transcriptional specificities of these
proteins (6), see discussion.

The region N-terminal to HMG-box 1 was found to be quite
stringently conserved (70%) between the human and X. laevis
proteins, but less so than the HMG-boxes. The region between
HMG box 3 and the C-terminal acidic domains was however
found to be 81 % identical (xUBF residues 405 —573) with hUBF.
Comparison of these sequences with HMGI identified a further
two HMG-box homologies, fig.4A. These have been indicated
in figure 3 and 4 and designated Boxes 4 and 5. HMG-box 4
of hUBF would overlap with the previous suggested boundary
of box 3. This could be simply due to the difficulty in defining
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Figure 4. Alignment of HMG-boxes. A) Dotplot comparison of the amino acid sequence of xXUBF (horizontal axes) with that of bovine HMG1 folding domains
A and B (BHMG-boxA and B) (vertical axes). The programs COMPARE and DOTPLOT (38) were used with a window size of 30 and cutoff of 15, i.e. a 50%
match over 30 a.a.. The schematic of the structure of xUBF is shown above the horizontal axes of the plots. ‘A’ and ‘S’ refer respectively to the highly acidic
regions and the serine-rich segments. B) Alignment of the HMG-boxes in xXUBF (xUBFbox1 —5) with those of bovine HMG1 (BHMGboxA and B) and trout HMG-T
(HMG-TboxA and B). Black and shaded positions indicate respectively 8 or 9 out of 9 and 6 or 7 out of 9 identical or closely related amino acid matches, i.e.
basic K,R; acidic D,E; aromatic Y,F,W; hydrophobic I,L,V,F,M; serine/theonine. ‘HMGI’ and ‘PollI’ indicate respectively the consensus DNA binding sequence
of human HMGI (27) and the consensus sequence of the CTD of RNA polymerase II, e.g. see (40). The rapid cleavage sites for trypsin and V8-protease in bovine

HMG1 (BoxA and BoxB) are indicated by arrows.

the boundaries of an HMG-box domain or may indicate that box
3 of hUBF is incomplete. If the latter were true and box 3 of
hUBF were therefore non-functional, its nearly complete removal
in xXUBF would be of less significance than it at first sight appears.

As in hUBF, the acidic C-terminal domain of xUBF was split
into two segments by a serine rich sequence and both proteins
terminated in another such sequence, figures 3 and 4A. Both
serine rich sequences were almost perfectly conserved between
x- and hUBF.

DISCUSSION

The predicted primary structure for the X. laevis UBF shows
a high degree of homology with that of its human counterpart
throughout most of its length. Such homology might be expected
in a ribosomal transcription factor, especially one which binds
in a very similar way to both the human and Xenopus promoters
(6). The fact that the xUBF essentially lacks a complete putative
DNA binding domain present in hUBF, (hUBF-box3, figure 3),
is therefore somewhat of a surprise. It was however shown that
the xUBF and the hUBF are not interchangeable in in vitro
transcription assays (6). Thus, this species specificity could at
least in part be due to the lack of this HMG-box. The predicted
structure for xXUBF has also been determined from a second

distinct cDNA (unpublished data, D. Bachvarov). This second
xUBF shows 95.9% homology with the sequence given in figure
3 except for an insertion of 22 a.a. in the region of the
hUBF/xUBF deletion. This insertion probably explains why
xUBF is purified as a doublet of ~82 and 85kd (15).

That both x- and hUBF give identical footprints, (ref. (6) and
unpublished observations, B. Leblanc), might be interpreted to
mean that the hUBF-box3 does not contact DNA in any significant
way. This interpretation would also conform with the apparent
overlap between hUBF-boxes 3 and 4, (figure 3, but see also
below), since box 3 would not need to retain its DNA binding
function.

Analysis of the x- and hUBF sequences has allowed us to
identify two further HMG1 and 2 homologies, HMG-boxes 4
and 5, fig. 4A. Thus, apart from the 100 or so residues N-
terminal to box 1 and the acidic tail, the UBFs appear to consist
of 5 or 6 direct repeats of the HMG folding domain. Assuming
that all or most of these HMG-boxes constitute 2 DNA binding
domain, it is relatively easy to understand why XUBF gives such
very extensive footprints on the Xenopus rDNA promoters and
enhancers. Each domain when folded would be nearly 3nm in
diameter and five such domains strung out along the DNA could
then occupy a DNA site more than 50 b.p. long, e.g. a complete
60b.p. enhancer repeat.



It is clear from figures 3 and 4B) that the degree of homology
between the HMG boxes of human and Xenopus UBF is much
greater than the homologies between the boxes within a given
UBF. This suggests that each box evolved a distinct role at a
very early stage in evolution. The same arguement holds for the
HMGs, boxes A or boxes B of HMG1 and HMG-T being very
similar, but box A and B of the same HMG being quite dissimilar,
(figure 4B).

We have noted a proline repeat, xPxxPxxPx where x is often
a basic, theonine or serine residue, which occurs at the N-terminal
of each HMG-box, (figure 4B). In bovine HMG 1 this sequence
is cleaved from the rest of box A by trypsin with apparently little
or no effect on the folded structure of the box (25,26). The
sequence of this motif has similarities with the DNA binding
motifs of HMGI (27), the C-terminal domain (CTD) of RNA
polymerase II (28) and other DNA binding proteins (29—31),
(figure 4B) which are believed to bind in the DNA minor groove.

The conservation between Xenopus and human of the acidic
tail and flanking serine rich segments of UBF (fig. 3 and 4A))
suggests they have conserved functional roles. The acidic residues
may play a part in transcription by interacting with other factors
in a relatively non-specific way, as has been described for some
RNA polymerase II factors, e.g. ref. (32). On the other hand
these residues may be important to displace histones from the
chromatin in order to allow access of other factors to the DNA,
e.g. see ref. (33). If phosphorylated the adjacent serine rich
segments could aid in either role.
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