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Elements in the first intron of the a l(l)  collagen gene 
interact with Spl to regulate gene expression

DeAnn J. Liska, Victoria R. Robinson, and Paul Bornstein

Department of Biochemistry, University of Washington, Seattle, Washington

Sequences w ithin the first in tron  o f the a l(I) collagen gene act both  positively and  negatively to 
regulate expression of the gene. We have fu rth e r characterized  a 274 bp in tronic sequence that 
contains an  orientation-specific inhibitory activity and  represents a constitutive DNase I-hypersen- 
sitive site in  the gene. We show that this sequence contains two tandem , unique b ind ing  elem ents 
for the transcrip tion  factor Spl. In  addition , an Spl-like site, capable o f com peting for pro tein  
b ind ing  to the in tronic elem ents, resides in  the distal p rom oter of the collagen gene. T he results 
o f experim ents with site-directed m utations that abolish b ind ing  to the in tronic elem ents indicate 
tha t these protein-D N A  interactions have an inhibitory effect on  the transcrip tional efficiency 
o f a  1(1) collagen-reporter gene constructs in  transien t transfection analysis. These data support 
o u r conclusion tha t the first in tron  plays a com plex role, involving m ultiple protein-D N A  binding  
interactions, in the regulation o f expression of the a  1(1) collagen gene.

Recent observations suggest tha t the mecha- 
. nisms underlying the intricate spatial and 

tem poral expression o f m am m alian genes are 
likely to be complex and involve an interplay 
o f cis-acting enhancers and silencers, as well as 
DNA methylation and chrom atin conform ation 
(Gross and Garrard, 1988; Elgin, 1988). Although 
the m olecular details rem ain to be elucidated, 
it is clear tha t the interaction o f nuclear, trans
acting factors with specific DNA sequences is 
central to the regulation of transcrip tion  of 
m am m alian genes (Ptashne, 1988; Dynan and 
Tjian, 1986). O f the several sequence-specific, 
DNA-binding transcrip tion  factors that have 
been described, one o f the best characterized 
is Spl. Sp l is expressed in many cultured  m am 
m alian cells and is involved in the transcription 
o f a variety o f cellular and viral genes (Dynan 
and Tjian, 1986; Briggs et al., 1986; Kadonaga 
et al., 1988). Spl is highly regulated during de

velopm ent (Saffer et al., 1991), can be m odified 
posttranslationally by phosphorylation (Jackson 
et al., 1990), and displays a 10- to 20-fold range 
of binding affinities for specific Spl-binding sites 
(Kadonaga et al., 1988). These observations in 
dicate tha t Spl is likely to play an im portan t 
role in cellular processes during development 
and differentiation.

Functional Spl-specific binding sites have 
been localized from  within 100 bp to several 
kb both  5' and 3' to the start o f transcription, 
and these distal and proxim al Spl-binding se
quences are capable o f acting in a synergistic 
m anner (Courey et al., 1989). A favored m echa
nism invoked to explain this observation is the 
interaction of distally DNA-bound Spl with tran
scription factors at or near the start o f transcrip
tion. In  vitro experim ents have dem onstrated 
tha t Spl, bound  to distal DNA sequences, can 
interact with proxim ally bound  S pl, resulting
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in a looping out of the intervening DNA se
quences (Su et al., 1991). Li et al. (1991) have 
also dem onstrated that proxim ally bound  Spl 
can form  a stable loop with distally bound en
hancer protein E2 of the bovine papillomavirus 
type 1 prom oter. W hether this is a functional 
m echanism  for the interaction of distal, cis- 
acting sequences with proxim al elements in the 
context o f chrom atin is not known.

We are interested in understanding the mech
anisms involved in the regulation of expression 
of the hum an al(I) collagen gene. Several lines 
of evidence have implicated a role for sequences 
w ithin the first in tron in the regulation of tran 
scription o f the gene. (1) A region of DNase I- 
hypersensitivity, approximately 900 bp from the 
start o f transcription, has been dem onstrated 
in the first intron of both the mouse and hum an 
al(I) collagen genes (Barsh et al., 1984; Breindl 
et al., 1984). (2) Germ-line integration of a re tro 
virus into the first intron of the m urine al(I) 
collagen gene abolishes transcription of the gene 
in m ost tissues (Schnieke et al., 1983). (3) Se
quences within the first in tron were required 
for activity of a transgene containing 444 bp 
of the 5'-flanking sequence of the hum an al(I) 
collagen gene in transgenic mice (Slack et al., 
1991). (4) The first in tron of the hum an and rat 
al(I) collagen genes displays a substantial de
gree of sequence conservation, including the 
conservation of several putative protein-DNA 
binding motifs, whereas a sim ilar interspecies 
sequence com parison between the fifth introns 
shows no such conservation (Bornstein and Sage,
1989).

The presence of intronic cis-acting sequences 
tha t show both  positive and negative effects in 
vitro has been dem onstrated in both the hu
m an and mouse al(I) collagen genes (Bornstein 
et al., 1987; Rossouw et al., 1987; B ornstein and 
McKay, 1988; B ornstein et al., 1988; Liska et al., 
1990; Rippe et al., 1989; Boast et al., 1990). These 
investigations have indicated that intronic, cis- 
acting sequences show a cell-type dependent 
activity and are most active in cells o f a p ri
mary fetal origin (Bornstein et al., 1988; Boast 
et al., 1990). Consonant with that notion, sev
eral studies have dem onstrated that the intronic, 
cis-acting activities are not observed in NIH 3T3 
fibroblasts (Bornstein et al., 1988; Olsen et al„ 
1991). A lthough these studies have identified 
regions of cis-acting sequences, few studies have 
characterized specific sequence elements or

investigated protein-D N A  interactions within 
these putative regulatory regions.

We have reported  that a 274 bp fragment, 
located in the region of the intronic DNase 
I-hypersensitive site, inhibited transcription 
from the collagen prom oter in an orientation- 
dependent m anner (Bornstein et al., 1988). 
Furtherm ore, the inhibitory activity of this cis- 
acting sequence was alleviated by a deletion of 
specific sequences in the al(I) collagen p ro 
moter. We postulated that the 274 bp sequence 
was involved in a p ro m oter-in tron  interaction 
that played a role in regulation of the al(I) col
lagen gene. In this study we report that the tran 
scription factor Spl is able to bind specifically 
to two elements, A l and A3, that are located 
w ithin this intronic sequence, as well as to a se
quence in the collagen prom oter. M utation of 
the intronic Spl-binding sequences leads to an 
increase in transcriptional efficiency o f tran 
siently transfected reporter gene constructs in 
chicken tendon fibroblasts (CTF). These data 
support a role for the transcription factor Spl 
in the regulation of expression of the al(I) col
lagen gene.

M aterials and m ethods

Plasmid and probe construction

Site-directed mutagenesis was perform ed by 
polymerase chain reaction (PCR) as follows. 
3' prim ers for m utation of Al and A2 (see 
Fig. 1) were a 74-mer from +924 to +997 (5'- 
CCCACCGCGCTAGCGGGCTCCCCAGACGGC 
CACTAGGTGTCGGGCAACGCTAAGCAATGG 
GGCCGGGTATGGGCC-3') and a 44-mer from 
+ 953 to +997 (5'-CCCACCGCGCTAGCGGCT 
CCCCAGAGGGTTGAGCTTCGTCGGGC-3', re 
spectively. Here and elsewhere underlined bases 
represent changes from the wild-type sequence. 
The 5' p rim er was the top strand of oligo SI 
from +588 to +616, which has been previously 
described (Liska et al., 1990). The plasm id 
pUC19E, containing the 2.3 kb H ind Ill-H ind 
III fragm ent of the al(I) collagen gene, includ
ing 804 bp upstream  of the start o f transcrip
tion, the first exon, and most of the first intron, 
has been described previously (Bornstein et al.,
1987). The wild-type fragm ent containing the 
A l and A2 sites was excised from pUC19E by 
Bgl II-Nhe I digestion. The 400 bp PCR p ro d 
uct containing the m utation  was purified by
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Figure 1. Alignment of the 274 bp sequence (from + 820 to +1093) of the human al(I) collagen intron (top line) with the rat al(I) collagen intron (bottom line). Base numbers are for the human sequence, with base 1 as the start of transcription. Boxed sequences represent DNase-I protection footprints Al, A2, and A3, corresponding to bases +919 to +944, +951 to +978, and + 986 to +1009 in the human sequence, respectively (Bornstein et al., 1987). The Bgl II and Nhe I recognition sites in the human sequence are indicated by the open and filled triangles, respectively. The degree of sequence identity (indicated by asterisks) is 66%.

agarose gel electrophoresis, subjected to diges
tion with Bgl II and Nhe I, and cloned into 
the Bgl II-Nhe I site o f pUC19E, producing 
pCol(MAl) and pCol(MA2), respectively. M uta
tion of the A3 site was perform ed by PCR, with 
the 5' p rim er (5'-GGAGCCGCTAGCGCGGT 
ATT AGTGGT-3') and 3' prim er (5'-GGAGGTCCA 
GCCCTCATCCC-3') corresponding to sequences 
+ 978 to +1013 and +1247 to +1266, respec
tively. The wild-type fragm ent was excised from  
pUC19E using Nhe I and a partial restriction 
digestion with BspM I and replaced with the 
PCR product, after Nhe I-BspM I restriction 
digestion, to produce pCol(MA3). pCol(MAl/ 
MA3)hGH (hum an growth horm one) was p re 
pared  by excision of the Bgl II-Nhe I fragm ent 
from  pCol(MAl) and ligation into the Bgl II- 
N he I site of pCol(MA3).

The 2.3 kb collagen fragm ent, flanked by 
H ind  III sites, was excised from  the plasmids 
contain ing  m utations and was cloned into the 
H ind  III site of pUC19-hGH (Bornstein and 
McKay, 1988) to produce pCol(M Al)hGH, pCol 
(MA2)hGH, pCol(MA3)hGH, and pCol(MAl/ 
MA3)hGH. O rien tation  o f the H ind  III frag
m ent was determ ined by Pvu II restriction d i
gestion. All m utations were verified in the final 
plasm id by double-stranded DNA sequencing.

The constructs pCol-hGH, pCol(671-1440) 
hGH, pCol(1440-671)hGH, and pCol[AI]hGH

have been previously described (Bornstein et 
al., 1988; Liska et al., 1990). Plasmids pC ol(67l- 
1440MAl/MA3)hGH and PCol(1440-67lM Al/ 
MA3)hGH were p repared  analogously to pCol 
(67l-1440)hGH and pCol(1440-67l)hGH. Brief
ly, the +671 to +1440 fragm ent was isolated 
from  pCol(MAl/MA3) by Sst II digestion and 
substitu ted in both  orientations into pCol[AI] 
hGH. All o f the plasmids contain an hGH m ini
gene that includes the last two exons, an intron, 
and the poly(A) addition signal o f the hGH gene 
(Bornstein and McKay, 1988).
Protein-DNA binding assays

Preparation  of nuclear extracts from chicken 
tendon fibroblasts (CTF) and HeLa cells, m o
bility shift assays, and m ethylation interference 
analyses were perform ed as previously described 
(Bornstein et al., 1988; Liska et al., 1990). Mo
bility shift assays with purified Spl protein (Jack- 
son et al., 1990) were perform ed in nuclear d i
alysis buffer (Liska et al., 1990) with the addition 
of 0.2 M KC1, 12 mM MgCl2, 0.1% (v/v) Noni- 
detP-40. O ligonucleotide Spl (5' GATCGATCG 
GGGCGGGGCGATC-3') was obtained from Stra- 
tagene. O ther double-stranded oligonucleotides 
used for mobility shift assays were p repared  by 
the Howard Hughes Medical Institute Chemical 
Synthesis Facility, Seattle, as follows:
Al (5'-CCGGTGAGGTCGGCCCCGCCCCGGCCCCATTG-3') 
MAI (5'-CCGGTGAGGTCGGCCCATACCCGGCCCCATTG-3')
A3 (5'-CGCTAGCGCGGTGGGAGTGGTTAGCTAAC-3')
MA3 (5'-CGCTAGCGCGGTATTAGTGGTTAGCTAAC-3'l 
A2 (5'-CCATTGCTTAGCGTTGCCCGACACCTAGTGG-3')
SI (5'-GCCGTGGGATGATTCATAAGGAAAGATTG-3')
PI (S'-TTTATGCCCCTCCCTTAGCT-3')

A probe containing the protected region Al 
and A2 was p repared  by digestion of pUC19E 
with Bgl II and Nhe I. A probe containing p ro 
tected region A3, and lacking Al and A2, was 
p repared  from  A274-pUC19 (Bornstein et al., 
1987) by deletion o f the sequences between the 
Bgl II and Nhe I sites (see Fig. 1). The prom oter 
sequences -4 7 7  to -2 5 6  of the hum an al(I) 
collagen gene was subcloned into pUC19. Probes 
for protein  binding were p repared  from  this 
plasm id using restriction endonuclease sites 
in the polylinker and an internal Xba I site 
at -331 . Probes were 5' end-labeled with 32P 
on the coding and non-coding strands with T4 
polynucleotide kinase after restriction endo
nuclease digestion.
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Transient transfection and RNase 
protection assay

Procedures for transient transfection of CTF, 
purification of RNA and analysis for hGH 
mRNA by RNase protection assay have been p re
viously described (Bornstein et al., 1988; Liska 
et al., 1990). Efficiency of transfection was m oni
tored by cotransfection with a plasm id contain
ing a neomycin-resistance gene driven by a 
m etallothionein prom oter.

Results

Protein-DNA interactions in the 274 bp intronic 
sequence
The 274 bp sequence has been shown to con
tain  three regions o f protection when analyzed 
by DNase-I footprint assay with nuclear extracts 
p repared  from  HeLa, L-cell, and a lym phoid 
cell line (Bornstein et al., 1987). These foot- 
p rin ted  regions contain  a high-affinity Spl box 
(Al) and a GC-rich region and viral core en 
hancer m otif (A3) and show both  spatial and 
base conservation between rodent and hum an 
genes (Fig. 1). A lthough a complex pattern  of 
protein-DNA binding was obtained by DNase-I 
footprint analysis, gel mobility shift analysis with 
the 274 bp sequence has shown only one m ajor 
and one m inor band after incubation with CTF 
or HeLa nuclear extracts (Bornstein et al., 1988; 
data  not shown). To fu rther define the p ro te in - 
DNA interactions in this region, we perform ed 
m ethylation interference analysis o f the spe
cifically shifted bands obtained with the 274 bp 
sequence after incubation with e ither HeLa or 
CTF nuclear extract. Sequences w ithin the A l 
and A3 footprinted regions showed specific base 
interactions with nuclear proteins (Fig. 2, A, B, 
and C). Interestingly, no interactions within the 
A2 footprin ted  sequence were observed, al
though this protected region shows the highest 
degree of conservation between the hum an and 
rodent genes (Fig. 1). The GC element in A3 does 
not directly conform  to the GC consensus m otif 
(5'-GGGCGG-3'; Briggs et al., 1986; Jones et al., 
1986) b u t instead is sim ilar to an Spl-binding 
sequence that has been identified in the h u 
man growth horm one prom oter (5'-GGGTGG-3'; 
Lem aigre et al., 1990).

To determ ine w hether the two regions, Al 
and A3, were able to bind factors independently 
o f each other, a probe was p repared  that con

tained  the Al and A2 footprin ted  regions only. 
Figure 3A indicates that, in the absence of the 
A3 sequence, the A1-A2 probe is able to bind 
nuclear factors. A probe containing only the 
A3 sequence shows the same pattern  of b ind
ing (Fig. 3B). Double-stranded oligonucleotides 
containing the Al and A3 binding sequences 
were able to com pete fully for binding to e ither 
the A1-A2 or A3 probes (Fig. 3A and B). These 
data indicate that the Al and A3 regions bind 
the same nuclear factors independently of each 
other. M utations in the GC-rich sequence of 
e ither Al or A3 abolish the ability of the oligo
nucleotides to com pete for binding (Fig. 4), 
fu rther supporting the observation that bases 
w ithin the viral core enhancer m otif in A3 are 
not involved in specific nuclear protein-D N A  
interactions u nder these conditions.

Methylation interference experiments did not 
identify any specific protein-D N A  interactions 
w ithin the A2 footprin t region. To investigate 
fu rther w hether the conserved A2 region con
tains sequences capable of binding nuclear fac
tors in HeLa or CTF nuclear extracts, we p re 
pared a double-stranded oligonucleotide to the 
conserved sequences between +939 and +969, 
designated oligo A2. No specific binding was 
observed to oligo A2, e ither alone or after clon
ing in m ultiple copies (data not shown). The 
oligo A2 also d id  not com pete for binding to 
a larger fragment containing region A3 (Fig. 3B) 
or to the fragment A1-A2 (data not shown). These 
observations suggest tha t e ither the A2 region 
is not able to bind nuclear factors independently 
of the larger sequence, o r that the A2 region 
is not recognized by factors in HeLa o r CTF 
nuclear extracts. These data do not exclude the 
possibility that the A2 sequence interacts with 
developm ental o r cell-type specific factors.
The transcription factor Spl is able to interact 
with the A l and A3 regions
Binding to the A l region appears to encom 
pass the Spl consensus motif. In addition, bind
ing to the A3 region does not appear to involve 
bases w ithin the viral core enhancer m otif bu t 
instead involves a GC-rich region ju s t 5' to that 
motif. To investigate w hether Spl was able to 
bind to the Al and/or A3 element, we perform ed 
a mobility shift assay with purified Spl. Figure 
5A indicates that bo th  A l and A3 are capable 
o f binding purified Spl, and both  produce the 
same mobility shift pattern. Furtherm ore, oligo-
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Figure 2. Methylation interfer
ence analysis of the 274 bp se
quence. A. The 274 bp frag
m ent was end-labeled on the 
coding strand and subjected 
to partial methylation and de- 
purination. After incubation 
with either HeLa or CTF n u 
clear extract and gel mobility 
shift analysis, the bands corre
sponding to the protein-bound 
(lanes 2,3, 5) and uncomplexed 
(lanes 1, 4, 6) probe were ex
cised and processed separately. 
Base num bers refer to base 1 
as the start of transcription. Se
quences corresponding to Al, 
A2, and A3 are indicated. Ar
rows indicate the protected 
guanines. B. The non-coding 
strand from +854 to +984 was 
end-labeled and analyzed for 
specific binding as described. 
Uncomplexed probe is rep re
sented in lanes 2, 4, and 6. 
Protein-bound probe is rep re
sented in lanes 3 and 5. The 
arrows represent full protec
tion, and the dots represent 
partial protection of bases 
within the Al protected region. 
The molecular weight markers 
in lane 1 indicate bands of 
123, 110, 90, 76, 67, and 34 bp. 
C. Summary of the methylation 
interference data. Shown are 
the non-coding and coding 
strand of the Al and A3 foot
prints, respectively. The viral 
core enhancer and Spl consen
sus sequences are also shown. 
Protected bases are indicated 
by asterisks.

nucleotides containing the Al or A3 sequences 
competed for binding to an oligonucleotide con
taining a high-affinity site for the nuclear fac
tor Spl (Fig. 5B). O ligonucleotides Al and A3 
com peted for binding of e ither 32P-labeled Al 
or A3 at the same concentrations, suggesting 
that the two sequences bind the same factor in 
dependently  and with sim ilar affinities (data 
not shown). This finding is consistent with p re 
vious studies that have failed to dem onstrate co
operative binding of Spl to adjacent sites (Gidoni 
et al., 1985; A nderson and Freytag, 1991).

An Spl-binding site resides in a distal 
promoter sequence
We have previously reported  that sequences in 
the prom oter between bases -4 7 7  to -2 5 6  were 
able to com pete for binding to the 274 bp se
quence and have hypothesized that these two 
regions may interact via DNA-binding proteins. 
We wanted to identify the sequences within the 
prom oter region responsible for the specific 
com petition for the Al- and A3-binding activi
ties. Mobility shift analysis indicated that se
quences between -4 7 7  and -3 3 2  com peted for
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Figure 3. Nuclear protein binding of fragments A1-A2 and A3. A. Fragment A1-A2 was end-labeled and analyzed for protein binding in a gel mobility shift assay with either 10 ng HeLa (lanes 2-5) or 16 ng CTF (lanes 7-10) nuclear extract. Lanes 1 and 6, no nuclear extract; lanes 2 and 7, no added competitor; lanes 3 and 8,50-fold 
molar excess of oligonucleotide Al; lanes 4 and 9,50-fold molar excess of oligonucleotide A3; lanes 5 and 10, 50-fold molar excess of oligonucleotide SI. B. The sequences between the Bgl II and Nhe I sites, containing Al and A2, were excised from the 274 bp sequence to produce fragment A3. Fragment A3 was end-labeled and 
analyzed for protein binding in a gel mobility shift assay with 10 ng HeLa nuclear extract. Lane 1, no nuclear extract added; lane 2, no added competitor; lane 3, 50-fold molar excess of fragment A3; lane 4, 50-fold molar excess of oligonucleotide A2; lane 5, 50-fold molar excess of oligonucleotide Al; lane 6, 50-fold molar excess of oligonucleotide A3; lane 7, 50-fold molar excess 
of oligonucleotide SI; lane 8,80 ng salmon sperm DNA.

1 2 3 4 5 6 7 8 9  10 11
Figure 4. Mobility shift analysis with oligonucleotides Al and A3. Oligonucleotide Al was 32P-end-labeled and assayed for protein binding activity by incubation with either 10 pg HeLa (lanes 2-6) or 24 pg CTF (lanes 7—11) nuclear extract. Lane 1, no nuclear extract was added; lanes 2 and 7, nuclear extract with no added competitor; lanes 3 and 8,100-fold excess of oligonucleotide Al; lanes 
4 and 9, 100-fold excess of oligonucleotide A3; lanes 5 and 10, 100-fold excess of oligonucleotide MAI; lanes 6 and 11, 100-fold excess of oligonucleotide MA3.

nuclear factor binding to the 274 bp sequence, 
whereas sequences between -331 and -2 5 6  were 
ineffective (data not shown). Figure 6A shows 
that a num ber o f protein-D N A  complexes are 
form ed after incubation o f the prom oter se
quence -  477 to -  332 with HeLa nuclear extract. 
The Al and A3 oligonucleotides com peted for 
m ost of these interactions. M ethylation in ter
ference analysis indicated that these band shifts 
were due to interactions with a GC-rich sequence 
(Fig. 6B and C). The bands that were no t com 
peted by the Al or A3 oligos showed no specific 
protection pattern and appeared to result from 
nonspecific in teractions (Fig. 6B; data no t 
shown). These data suggest that the b inding  ac
tivities we have observed in the prom oter be
tween -4 7 7  to -3 3 2  are due to Spl.

To investigate fu rther w hether the prom oter 
sequence is capable of binding the same factor 
as the Al and A3 sequences, we p repared  a 
double-stranded oligonucleotide to bases -4 5 8  
to -473, designated oligo PL Mobility shift
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Figure 5. Binding analysis of Spl with the A1 and A3 oligonucleotides. A. The binding of purified Spl protein was assayed by mobility shift analysis to 32P end-labeled oligonucleotide A1 (lanes 1 and 2), oligonucleotide A3 (lanes 3 and 4), and oligonucleotide Spl (lanes 5 and 6). Lanes 1, 3, and 5, no added protein; lanes 2, 4, and 6, 20 ng Spl protein was added. B. An oligonucleotide containing a high affinity binding site for the transcription factor Spl was 32P-end-labeled and incubated with 10 pg HeLa nuclear extract. Lane 1, no nuclear extract; lane 2, nuclear extract with no competitor; lane 3, 50-fold excess of oligonucleotide Spl; lane 4, 50-fold excess of oligonucleotide Al; lane 5, 50-fold excess of oligonucleotide A3; lane 6, 50-fold excess of oligonucleotide SI.

analysis with oligo PI and nuclear extracts in 
dicated that this sequence yielded the same shift 
as tha t observed with the high affinity Spl- 
b ind ing  oligo (Fig. 6D, lanes 1 and 7). Oligos 
PI and A l were able to com pete equally well 
for all o f the binding activity to the high-affinity 
S pl b inding  sequence (Fig. 6D, lanes 7-11). F u r
therm ore, oligonucleotides containing binding 
motifs for API (SI, Fig. 6D, lane 12) or NF-1 (data 
not shown) did not com pete for this binding 
activity. We conclude from  these data that the 
binding activities we have observed in the 274 
bp sequence and in the prom oter between -4 7 7  
to -3 3 2  are due to Spl or an Spl-like factor.
Transcriptional activity of the A l, A2, and A3 
intronic sequences
To investigate the role of these binding elements 
in the transcriptional regulation o f the al(I) 
collagen gene, we transferred the site-specific 
m utations in A l, A2, and A3 into plasmids con
tain ing the collagen prom oter, first exon, and 
first intron. These plasmids were analyzed for

relative transcriptional efficiency after trans
fection into CTF. The expression of the plas
mids containing the m utations in e ither Al or 
A3 was slightly higher (approx. 1.5-fold) than 
tha t o f the paren t construct, pCol-hGH (data 
not shown). We then investigated w hether m u
tations in both  o f these sites would affect the 
transcriptional efficiency of the collagen p ro 
m oter to a greater extent. As shown in Figure 7A, 
line 3, m utations in both Al and A3 result in 
a 2-fold enhancem ent of transcription. A m u
tation  in the conserved A2 sequence shows no 
effect on transcriptional efficiency of the col
lagen prom oter in the context o f the full intron 
(Fig. 7A, line 4).

The effect o f the Al and A3 m utations on 
transcrip tion  is modest. We tested w hether re 
moval of a previously described enhancer ac
tivity, a ttribu ted  to an API site located between 
bases + 588 and +616 (Liska et al., 1990), would 
alter the effect observed with the Al and A3 
m utations. Plasmids containing only the in 
tronic + 671 to +1440 sequence showed an
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Figure 6. Nuclear protein binding to the promoter se
quence -477 to -332. A. The collagen promoter fragment -477 to -332 was 32P end-labeled and analyzed for protein binding by gel mobility shift assay with 10 |ig HeLa nuclear extract. Lane 1, no nuclear extract was added; lane 2, nuclear extract with no added competitor; lane 3,100-fold molar excess of oligonucleotide Al; lane 4 ,100-fold molar excess of oligonucleotide A3; 
lane 5, 100-fold molar excess of oligonucleotide SI. 
B. The collagen promoter fragment -477 to -332 was 32P end-labeled on the non-coding strand and subjected to partial methylation and depurination. After incubation with either HeLa (lanes 1-9) or CTF (lanes 10-13) nuclear extract, the shifted bands were excised and processed for further analysis as described. The uncomplexed probe band (F) was also excised and pro
cessed as a control. C. Summary of methylation interference data. Protected guanines on the lower strand are indicated. D. Oligonucleotides PI (lanes 1-6) and Spl (lanes 7-12) were 32P-end-labeled and assayed for protein binding activity by incubation with 10 ng HeLa
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nuclear extract. Lanes 1 and 7, nuclear extract with no added competitor; lanes 2 and 8, 50-fold excess of oligonucleotide Al; lanes 3 and 9, 200-fold excess of oligonucleotide Al; lanes 4 and 10, 50-fold excess of oligonucleotide PI; lanes 5 and 11, 200-fold excess of oligonucleotide PI; lanes 6 and 12, 200-fold excess of oligonucleotide SI.
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B MUTATIONS IN THE 274 BP FRAGMENT

A  1 - AGG TCGG CCCCG CCCCGG CCCCA TTG

MAI:  A TA ---------------

A2: G TTG CCCGACACCTAGTG G CCG TCTGG

MA2: ----------------------GAAGCTCAA-----------------

A3: TAGCGCGGTGGGAGTGGTTAGCTAA

MA3:  A T T -----------------

Figure 7. Diagrammatic representation of pCol-hGEI derived plasmids and tabulation of relative transcriptional activity. A. The open and filled rectangles represent the first exon of the al(I) procollagen gene and the hGH minigene,-respectively. The start of transcription at base +1 is designated by the arrow. Unique Sst II sites at +292, +671, and +1440 in the procollagen first intron are indicated. The orientation of insertion of the intronic fragment between +671 and +1440 (lines 5-10) is indicated by the arrow. Site-specific mutations in the Al, A2, or A3 elements are indicated as MAI, MA2, and MA3, respectively. The transcriptional activity of each plasmid in CTF, relative to pCOL-hGH ± SEM and corrected for transcriptional efficiency, is tabulated. The number of independent determinations is given in parentheses. B. Mutations in the Al, A2, and A3 elements are shown. Dashes indicate that the sequence is the same as wild-type.

orientation-dependen t enhancem ent relative 
to the intronless plasmid, consistent with p re 
vious reports (Bornstein et al., 1988; Fig. 7A, 
lines 5 and 6). No significant difference in tran 
scriptional efficiency was observed with plas
mids containing m utations in the A l and A3

site (Fig. 7A, lines 7 and 8). These plasm ids con
tinued to show the orientation-dependent effect, 
which suggests that a m odest enhancer activity 
resides elsewhere in the intronic sequence. Fu r
therm ore, these m utations do not abolish the 
orientation-dependen t inhibition of transcrip
tion previously reported  for the 274 bp frag
ment. These findings suggest that additional reg
ulatory elements may be present that account for 
the inhibitory activity of the 274 bp fragment.

Discussion

We have previously reported  that a 274 bp se
quence of the hum an al(I) collagen first intron, 
when inverted, was highly inhibitory to tran 
scription of a collagen-hGH fusion gene in 
transient transfection experim ents (Bornstein 
and McKay, 1988; Bornstein et al., 1988). W hen 
oriented  positively, the 274 bp sequence was 
essentially neutral. Interestingly, this o rien ta 
tion-dependent inhibition was alleviated when 
deletions were m ade in the prom oter between 
bases —477 and -255 . We also observed that 
a fragm ent of the prom oter containing these 
bases could com pete for the binding of nuclear 
proteins to the 274 bp fragment, suggesting that 
both regions of the DNA were bound in the same 
complex. To account for these observations, we 
proposed that the orientation-specific inh ib i
tory effect involved interactions of complex 
arrays o f DNA-binding proteins which, when 
incorrectly positioned, would d isrupt the n o r
mal spatial geometry of the transcriptional com 
plex. It was therefore o f interest to fu rth er 
characterize the protein-DNA binding elements 
w ithin these two regions of the al(I) collagen 
gene.

In the present study, we dem onstrate that two 
regions contained within the 274 bp intronic 
sequence, Al and A3, bind, with a similar affinity, 
Spl or an Spl-like factor in nuclear extracts. 
A lthough the A l and A3 regions are closely ap 
proxim ated, they do not bind Spl in a cooper
ative m anner bu t instead display independent 
binding. We have also identified an Spl-binding 
sequence in the prom oter (bases -4 6 6  to -459 ; 
Bornstein et al., 1987) which com petes for b ind
ing to the A l and A3 sequences in the 274 bp 
fragm ent. However, the orientation-dependen t 
inhibitory effect observed with this DNA frag
m ent may not be due directly to protein-D N A  
interactions involving Al or A3, since m utation
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o f these elements does not abolish the effect. 
Recently, two Spl-binding sequences have been 
identified in the basal prom oter of the mouse 
al(I) collagen gene (Nehls et al., 1991). These 
S p l binding sequences overlap NF1 consensus 
sequences and were shown to bind Spl or NF1 
in a mutually exclusive manner. Overexpression 
o f Spl in NIH 3T3 fibroblasts reduced basal 
p rom oter activity by less than 2-fold, whereas 
overexpression o f NF1 resulted in enhanced 
transcrip tion  from  the procollagen prom oter. 
Coexpression o f NF1 and Spl resulted in in
hibition o f the enhancem ent observed with NF1 
alone, indicating that Spl modulates expression 
of the collagen prom oter by inhibiting the bind
ing o f NF1.

Previously, we reported  that site-directed m u
tagenesis o f a conserved API m otif abolished 
the transcriptional enhancem ent by the first in- 
tron, after transient transfection into CTF (Liska 
et al., 1990). Unlike the API sequence, site- 
specific m utations that abolish the binding of 
nuclear factors to the A l and/or A3 regions do 
not com prom ise the ability of the first intron 
to enhance transcription in a transient trans
fection assay. Instead, a 2-fold enhancem ent of 
activity was observed in CTF, suggesting that 
these sequences, and their respective binding 
factors, are involved in down-regulation o f the 
al(I) collagen gene. These data also indicate 
tha t the API m otif and the A l and A3 regions 
o f the 274 bp sequence regulate expression of 
the collagen gene by separate mechanisms. It 
seems likely that the extent to which m utations 
in the A l and A3 regions augm ent transcrip
tion is lim ited by the high transcrip tional ac
tivity of collagen genes in CTF. It is possible 
that the same m utations in o ther cells, o r at 
o ther times in development in which other m od
ulatory influences exist, could lead to higher 
degrees of transcrip tional enhancem ent.

Alternatively, Spl-binding sequences may not 
be involved in a direct interaction with the tran 
scriptional com plex in vivo b u t may influence 
expression of the gene by ano ther mechanism, 
possibly by alteration of chrom atin conform a
tion. The 274 bp sequence contain ing  Al and 
A3 is the site of a constitutive DNase I-hyper- 
sensitive site in the first in tron  of the hum an 
al(I) collagen gene (Barsh et al., 1984). The vast 
m ajority o f DNase I-hypersensitive sites de
scribed thus far are gene-associated and appear 
to play a role in determ ining the position and

frequency of transcriptional in itiation or te r
mination (Gross and Garrard, 1988; Elgin, 1988). 
Constitutive DNase I-hypersensitive sites have 
also been observed in association with induc
ible protein-D N A  interactions (H errera et al., 
1989; Weih et al., 1990; Hapgood, 1991). Fur
therm ore, the Spl binding sequences of the 
SV40 genome are known to be one im portant 
determ inant in the induction of the DNase I- 
hypersensitivity of SV40 chrom atin (Jongstra 
et al., 1984; Buchanan and Gralla, 1987; Mc- 
Knight and Tjian, 1986). Thus, the Spl-binding 
sequences in the al(I) collagen intron may be 
im portan t in the form ation or function o f the 
constitutive DNase I-hypersensitive site. This 
DNase I-hypersensitive site may be involved in 
the establishm ent of a transcriptionally active 
DNA conform ation at the gene locus.

A num ber of observations suggest that the 
first in tron is necessary for expression in vivo. 
Jaenisch and coworkers have shown that tran 
scription of the al(I) collagen gene is abolished 
by the insertion of a Moloney leukemia proviral 
gene into the first intron (Schnieke et al., 1983). 
Investigation into the m echanism  o f this inh i
bition has shown that the provirus prevents 
the developmentally regulated form ation of a 
DNase I-hypersensitive site in the 5'-flanking 
sequence (Breindl et al., 1984). These observa
tions have suggested that the transcriptional de
fect in the al(I) collagen allele containing the 
proviral insertion is most likely due to d isrup
tion o r displacem ent of essential cell-type or 
developmental-specific elements within the first 
in tron  o f the al(I) collagen gene (Chan et al., 
1991; Barker et al., 1991). In line with these 
studies, an hGH minigene driven by 444 bp of 
prom oter, the first exon, and the first intron 
of the hum an al(I) collagen gene, was expressed 
in transgenic mice in the m ajor collagen- 
producing tissues, bu t expression o f the trans
gene was barely detectable when sequences 
w ithin the first in tron were deleted (Slack et 
al., 1991). Recently we have shown tha t a trans
gene driven by a longer (to -  2300) collagen p ro 
moter, bu t lacking the first intron, is well ex
pressed in the dermis of transgenic anim als bu t 
fails to be expressed in derm al fibroblasts grown 
in cell culture (M. Reed, D. J. Liska, E. H. Sage, 
and R Bornstein, unpublished  data). Thus, the 
first in tron of the al(I) collagen gene may be 
involved in developmentally specific collagen 
expression.
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