
Drosophila Nuclear Proteins Bind to Regions of 
Alternating C and T Residues in Gene Promoters 

of H-form DNA (a, as the cuts localized on 
the purine strand were on one side of the 
mirror repeat (Fig. 1C). 

While monitoring protein-DNA interac- 
tions in intact nuclei, we found evidence of 
an association of protein with the CT se- 
quence in the histone promoter region. To 
analyze these protein-DNA interactions, we 
performed footprinting analyses (6) on nu- 
clei fiom Drosophila embryos (7). Isolated 
nudei were treated with DNase I, and the 
positions of the cuts were determined by 
high-resolution indirect end-labeling analy- 
sis; bound protein would be expected to 
protect the DNA fiom nudease digestion. A 
comparison of the digestion pattern of the 
region upstream of his3 produced in nudei 
(Fig. .1B, lanes 3 and 7) to that of purified 
genomic DNA (Fig. lB, lanes 2 and 6) 
showed that the CT region was resistant to 
digestion in chromatin. A distinct footprint 
was evident on the pyrimidine strand (Fig. 
lB, lane 7), whereas the boundary on the 
distal side of the purine strand is less distinct 

Proteins fiom Dmsophila nuclei that bind to regions of alternating C and T residues 
present in the promoters of the heat shock genes hsp70 and hsp26 and the histone genes 
his3 and his4 have been purified. These proteins b i d  to isolated linear DNA, and 
genomic f e t i n g  analyses indicate that they are bound to DNA in nudei. In 
supercoiled plasmids at low pH, some of these DNA sequences adopt triple-helical 
structures which, if they fbrm in vim, could signi6cantly &kt chromatin structure 
The nuclear proteins described here, and not necessarily the defbrmed conformation of 
the DNA, may be responsible for maintaining a potentially induable promoter 
sttvcture More tramaiptional activation. 

M om DNA IN EUKARYOTES IS OR- 
ganizcd in ordered arrays of nu- 
deommes (1). However, discon- 

tinuities in these arrays, detected as deoxyri- 
bonudease I (DNase I)-hypersensitive sites, 
are present in the promoters of active or 
induable genes; such discontinuities may be 
important in promoter function (2). Certain 
DNA sequences readily become ddbrmed 
from their normal right-handed double-heli- 
cal conformation under appropriate condi- 
tions, and it has been suggested that such 
deformable sequences may contribute to 
chromatin structure by preventing the for- 
mation of nucleosomes (3, 4). 

A 20-bp region of alternating C and T 

residues is present upstream of the Drosophi- 
la his3 gene. In supercoiled plasmids at pH 
5.5, this region became deformed fiom the 
normal double-helical contbrmation of B- 
form DNA, as detected by sensitivity to the 
single-strand cutting enzyme S1 nudease 
(Fig. lA, lane 2). The region appeared to 
have adopted the triple-helical conformation 
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Fig. 1. The CT quence in the intergenic region between the his3 and his4 
promoms deforms m supercoiled plasmids at low pH and is protected from 
digestion by DNase I in nudei. (A) Detection of Sl nudeasexmitive sites in a 
supercoiled plasmid containing the his3 and his4 promoters (25). Lane 1, the 
products of a partial purine cleavage reaction; lane 2, the products of digestion 
with S1 nudease of a supercoiled plasmid at pH 5.5; lane 3, a sample treated 
identidy to that in lane 2 with the exception that S1 nudeax was not added. (B) 
Genomic fbotprinting analysis of the region wntaining the his3 and his4 promot- 
ers (26). Lanes 1 to 4, detection of cleavages on one strand; lanes 5 to 8, cleavages 
on the complementary strand. Lanes 1 and 5, the products of partial cleavage at 
purine residues in purified genomic DNA; lanes 2 and 6, the products of partial 
digestion by DNase I of purified genomic DNA; lanes 3 and 7, the products of 
partial +tion with DNase I of DNA in isolated nuclei; lanes 4 and 8, genomic 
DNA isolated from nuclei that were incubated in DNase I digestion buffer 
without DNase I (a control for endogenous nudease activity). (C) The overall 
organization of the hk3-his4 promoter region. The manscription initiation sites are 
indicated by the arrows. The respective TATA boxes of each histone gene and the 
long suetch of alternating C and T residues are shown. Strand-specific probes 
u d  in (B) are homolog&.us to the indicated region in his3. Below h e  restiiction 
m m  is the sauence of the reeion encom~assine the CT stretch. Genomic 
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mc~fic probes fb&prhts are shown on the r e s a v e  strand by d e  bold lines; the hashed lines 

rcprrsent uncertainty in delimiting the ends of the footprints. Vertical arrows 
mark the sites of S1 cutting in supercoiled plasmids at pH 5.5; their sizes reflect 
the relative dficiency of cutting at each nudeaide. Horizontal arrows delineate 
the mirror repeat. The Hae 111 restriction site and the boxed A residue are relevant 
to the protocol for selective labeling of the CT region [see Fig. 2C and (12)l. 
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(Fig. lB, lane 3). The protection was appar- 
ent even after digestion with ten times the 
amount of DNase I used for the experiment 
shown in Fig. 1B (8). As a torsionally 
strained region of DNA would not persist 
under these more extensive digestion condi- 
tions, it is likely that the protection was 
produced by a bound protein and not by a 
superhelical-dependent deformation in the 
DNA double helix. Protection was also seen 
on the TATA sequence located upstream of 
the his3 transcription start and was presum- 
ably produced by a TATA factor (Fig. 1B). 

The pattern of cleavage observed for the 
his3 in nuclei is the product of approximate- 
ly 100 copies of the histone gene cluster (9). 
The sequence composition of these copies 
must be homogeneous, because the pattern 
produced for the region from the resaiction 
site to the proximal side of the CT sequence 
exactly matches that expected of a cloned 

the CT-binding protein on the hid- 
his4 promoter region (27). Lanes 1 
to 3, the products of cleavages on 
one strand labeled on the 3' end 
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representative of the region (compare Fig. 
lA, lane 1, and Fig. lB, lane 1). The 
cleavage Dattern on the distal side of the CT 
regiolisLless distinctive. However, a similar 
indirect end-labeling analysis from the o p  
m i t e  side of the CT seauence shows a 
precise pattern of purine cleavage sites up to 
the CT sequence (8). Thus, the imprecision 
(Fig. 1B) is due to the CT region being 
slightly heterogeneous in length.- 

- 

Proteins that interact with the CT se- 
quence (10) were isolated from nuclear ex- 
tracts of Drosophila embryos (1 1) by affinity 
chromatography. Interaction of the affinity- 
purified protein fraction with the intergenic 
&ion located between the his3 and- his4 
pGmoters occurred on linear DNA hg-  
ments (Fig. 2A, lanes 1 and 6), indicating 
that DNA supercoiling was not required. In 
addition to the protection that occurred on 
the region of alternating C and T residues 

with reverse transcriptase; lanes 4 111 
to 6, the products of cleavages on -- 
the complementary strand labeled 
on the 5' end with polynucleotide 
kinase. Lanes 1, 2, 5, and 6, the 
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#r = PS;T 4, 
products of digestions with DNasc 
I; samples in lanes 1 and 6 were 
produced in the presence of the 
CT-bin- proteins and samples 
in lanes 2 and 5 were produced 
without addition of the protein. 
The Sam Ies in lanes 3 and 4 were 
p roduJby  cleavage ar pu- 
rine residues. Because of the posi- 
tion of the radioactivity on the two 
strands, the cleavage patterns in 
lanes 1 to 3 are two bases out of 
alignment with lanes 4 to 6. Foot- 
prints are shown on the respective 
strands by bold lines; the stippled 
bars represent uncertainty in delim- 
itin the end of the footprints. (9) 
SD!-polyacrylamide gel analysis of 
the protein fraction fiom the DNA 
e t y  column (10). Lane 1 con- 
tains 10 pl of the &ty-purified 

rotein (10). Lane 2 contains mo- 
PecuIar mass markers (approximate- 
ly 30 ng of each protein; sizes 
shown in kilodaltons). After elec- C -  
wphoresis, the proteins were de- A 
tested by staining with silver. (C) -- - 
Protein DNA cross-linking analysis 
of the a&ity-puri6ed, CT-biding fraction. The ailhity-purified fraction was incubated as in (A) with 
a DNA w e n t  that had been selectively labeled with 32P on the pyrimidine strand in the re 'on of the 
CI sequence, and cross-linking analysis was then paformed (12). An autoradiogram of a &ed SDS- 
polyacrylarnidc gel containing the radioactively tagged proteins is shown. Lane 1, proteins tagged in the 
absence of any synthetic oligonucleotide competitor; lanes 2 and 3, proteins tagged in the presence of a 
ligated polymer of the HSE (5'-CTAGAAGcIT-3'/3'-'ITCGAAGATGS'), or in the presence of a 
ligated polymer of the CT sequence (5'-AGAGAGAGAGAGAWGAGAGAG-3'13'-CTmG 
TCTCITlTCTCTmCT-5'),, respectively. The position of a 66-kD band is shown. 

upstream of H3, there was an interaction of 
protein with a region containing the nucleo- 
tide sequence GAGAGAG upstream of his4, 
its complementary sequence on the opposite 
strand being CTCTCTC. 

The final step in the purification of the 
CT-binding protein was DNA affinity &re 
matography on a column consisting of mul- 
timers of the annealed oligonucleotides 
S1-AGAGAGAGAGAGAGAAAAGAGA- 
GAG-3' and 3'-CTCTCTCTCTCTTITG 
TCTCTCTCT-5'. Fractions from this col- 
umn exhibiting binding activity were sub- 
jected to SDS-polyacrylamide gel electro- 
phoresis, which revealed several polypep- 
tides between 66 and 105 kD (Fig. 2B). 
Successive passages of the protein mixture 
over the DNA affinity column, even in the 
presence of nonspecific carrier DNA [po- 
ly(d1-dC)], did not significantly alter the 
polypeptide composition (8). 

To identify which polypeptide interacts 
with the CT sequence upstream of his3, we 
used a protein-DNA cross-linking analysis 
(12). A 66-kD protein became cross-linked 
to the pyrimidine strand of the CT region 
(Fig. 2C). The labeling of this protein was 
sequence-specific, as the corresponding non- 
radioactive polymer inhibited labeling (Fig. 
2C, lane 3), whereas a polymer composed 
of the minimal heat shock element (HSE) 
(5'-CTAGAAGCTT-3'13'-TTCGAAGA- 
TG5'), did not (Fig. 2C, lane 2). The latter 
sequence does not contain a region of alter- 
nating C and T residues of more than three 
bases. To ensure that the analysis focused 
only on interactions with the CT region, we 
selectively labeled DNA fragments in the 
pyrimidine strand of the CT sequence (12). 

The hsp70 and hsp26 heat shock gene 
promoters also include potentially deforma- 
ble DNA sequences, as demonstrated by 
their sensitivity to S1 nuclease in supercoiled 
plasmids at low pH (13, 14). We thus deter- 
mined whether our protein preparation 
bound to these sequences. DNase I foot- 
printing analyses indicated that protein 
bound to the potentially deformable se- 
quences upstream of the hq26 and hsp70 
genes (Fig. 3, lanes 1, 6, 7, and 12). In 
addition, binding occurred on two short CT 
sequences that are interdigitated with the 
HSEs of hsp70 (15). 

Two types of evidence suggest that the 
same or closely related proteins are responsi- 
ble for all of the interactions of the affinity- 
purified proteins with the histone and heat 
shock gene promoter regions (Fig. 4). First, 
the proteins responsible were eluted fiom a 
Mono S column at a defined point in a salt 
gradient (8). Second, the interactions that 
occur within the heat shock gene promoters 
are sensitive to competition by the CT-GA 
oligomer but not by the oligomer of the 
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minimal HSE (8), as shown earlier for the 
his3-his4 sequences; the failure of the HSE 
sequence to compete indicates that the heat 
shock transuiption factor does not contrib 
Ute to the footprints observed in Fig. 3. 

The CT-binding protein that we have 
aflinity-purified appears to be the same as or 
closely related to the previously described 
GAGA factor (16); the two proteins are 
both 66 kD, and purified GAGA factor 
produces DNase I footprints on the histone 
CT regions that are identical to those ob- 
tained with our protein preparations (8). 
The GAGA factor was isolated fkom a DNA 
aflinity column composed of (5'-GATCC- 
TGGCTCTCTG'ITI'C-3'I3'-GACCGAGA- 

GACAAAGCTAG5'), and was found to 
interact with short CT sequences that are 
interdigitated with the binding sites of a 
second DNA-binding protein produced by 
the xeste gene (17). Both the zeste gene 
product and the GAGA factor stimulate in 
vim transcription fkom the Ubx promoter, 
indicating that both are putative transcrip 
tion factors. 

We propose that the proteins interacting 
with CT sequences might participate in ei- 
ther the assembly or the maintenance of a 
promoter structure poised for transcription. 
The strength of the genomic footprint that 
we detected upstream of the his3 promoter 
(Fig. 1B) indicates that most of the his3 
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Flg. 3. DNase I footprindng analy- 
ses of the &ty-purified, CT- 
biding proteins on the hsp26 and 
hq70 heat shock gene promoters. 
Binding analyses on the hsp26 and 
hsp70 promoter fragments were 
performed as described (27). The 
hsp26 DNA (lanes 1 to 3) and the 
hsp70 DNA (lanes 7 to 9) are the 
products of cleavages on one strand 
labeled at the 3' end with reverse 
transcriptase; the corresponding 
hsp26 DNA samples (lanes 4 to 6) 
and the hsp70 samples (lanes 10 to 
12) are the products of cleavages on 
the complementary strand labeled 
at the 5' end with polynuclcotide 
kinase.Lanes 1,2, 5,6, 7,8, 11, 
and 12 are the products of DNase I 
digestions; samples in lanes 1,6,7, 
and 12 were produced in the pres- 
ence of the CI'-binding proteins; 
and samples in lanes 2,5,8, and 11 
were produced without the addi- 
tion of protein. The samples in 
lanes 3,4,9, and 10 were produced 
by partial cleavage at purine mi- 
dues. Because of the position ofthe 
radioactivity on the two strands, 
the cleavage pattern on one strand 
is slightly out of alignment with its 
complement. Footprints are shown 
on the respective strands by bold 
lines; the stippled bars represent 
uncertainty in delimiting the ends 
of the footprints. 

genes are associated with this CT-binding 
protein. Most of these genes are inactive, 6 
only a small fraction of the cells in 6- to 18- 
hour-old embryos would be in the S phase 
of the cell cvcle. which is when the histone 
genes are Ap& (18). The inactive his- 
tone genes might be maintained in the 
poised state by association with the CT- 
binding A similar role can be pro- 
posed for the CT-binding protein interact- 
ing with the heat shack genes. The heat 
sh-&k genes are not exP&d in normally 
growing cells; they are rapidly and dramati- 
cally induced by various types of stress (19). 
Nonetheless, both the TATA factor and 
RNA polymerase I1 are associated with their 
promoter regions before transcriptional acti- 
vation (7, 2G22). Genomic footprinting 
analyses (similar to those in Fig. 1B) indi- 
cate that the CT sequence upstream of hsp26 
is resistant to cleavage by DNase I in nuclei 
Erom non-heat sh&ed-embryos (7). Since 
this resistance is an extension of a much 
larger DNase I-resistant region produced 
by a nucleosome, it was unclear in the earlier 
analysis whether a distinct protein was asso- 
ciated with the CT sequence. By analogy to 
the histone region, this seems likely to be the 
case. 

Both large and small CT sequences locat- 
ed upstream of kp70 interact with our &- 
ity-purified protein. Deletion analyses of 
hsp70 indicate that the large CT regions are 
not required for heat shock induction (23, 
24). However, the function of the CT se- 
quences that are interdigitated with the 
HSE has not been systematically analyzed. 

The potential for CT sequences to deform 
from a normal double-helical conformation 
has led to the proposal that the deformed 
structure of these sequences may function in 
gene expression (5): Although we do not 
rule out the transient formation of such 
structures, our results provide support for 
the hypothesis that CT sequences mediate 
their effects on transcription by interacting 
with sequence-specific DNA-binding pro- 
teins. 
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footprints on each strand are shown by the bold lines located above and bracketed above the sequences of each heat shock promoter; the TATA 
below the respective sequences; the stippled regions at the ends of some bold dements are bracketed below each sequence. 
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Identification of Monocyte Chemotactic Activity 
Produced by Malignant Cells 

Human malignant cells secrete low molecular size proteins that attract peripheral 
blood monocytes and may be responsible for the accumulation of tumor-associated 
macrophages observed in vivo. Similar chemotactic proteins are secreted by cultured 
vascular smooth muscle cells. The predominant monocyte chemoattractants produced 
by tumor cells of differing origin were demonstrated to be related to smooth muscle 
cell-derived chemotactic factor. Thus, a single class of chemotactic proteins is 
produced by different cell types, which suggests a common mechanism for the re- 
cruitment of monocytes and macrophages. These results are significant in view of the 
potential of macrophages to affect tumor growth. 

A CHARACTERISTIC FEATURE OF MAC- 

rophages is their ability to infiltrate 
tumors. The cellular mass of a solid 

tumor can consist of up to 80% macro- 
phages (1). Macrophages may stimulate tu- 
mor growth through the production of pro- 
liferative and angiogenic factors (2) or exert 
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an inhibitory effect through the production 
of factors such as interferon, tumor necrosis 
factor, and transforming growth factor-6 
(3, 4). The macrophage content of tumors is 
sustained primarily through the recruitment 
of circulating monocytes, which undergo 
maturation in situ to macrophages (5) .  For- 
merly, it was thought that such recruitment 
resulted from immune recognition of neo- 
plastic cells ( 6 ) .  This now appears unlikely, 
however, as there is little correlation be- 
tween imrnunogenicity and the le\~el of tu- 
mor-associated macrophages ( 7 ) .  
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