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ABSTRACT The Drosophila HMG1-like protein DSP1 was
identified by its ability to inhibit the transcriptional activating
function of Dorsal in a promoter-specific fashion in yeast. We
show here that DSP1 as well as its mammalian homolog
hHMG2 bind to the mammalian protein SP100B and that
SP100B in turn binds to human homologs of HP1. The latter
is a Drosophila protein that is involved in transcriptional
silencing. Each of these proteins represses transcription when
tethered to DNA in mammalian cells. These results suggest
how heterochromatin proteins might be recruited to specific
sites on DNA with resultant specific effects on gene expres-
sion.

The Drosophila protein Dorsal can act as a transcriptional
activator or repressor depending on the promoter context. For
example, in Drosophila, Dorsal activates the twist promoter but
represses the zen promoter. A Dorsal-binding element taken
from the zen promoter, called the ventral repression element,
and placed upstream of an activated gene in a Drosophila
embryo, mediates Dorsal-dependent repression of that gene
(1). In Saccharomyces cerevisiae, however, Dorsal activates
transcription from both the twist and zen promoters. DSP1, a
member of the high mobility group1y2 (HMG) family of
non-histone chromosomal DNA-binding proteins, was isolated
as a putative corepressor that inhibits Dorsal from activating
the zen promoter but has no effect on Dorsal activation of a
reporter bearing certain isolated Dorsal-binding sites (2).
DSP1 interacts with Dorsal and with p50yp65 heterodimer
NF-kB and binds cooperatively with these proteins to DNA
(ref. 2 and J. Brickman and M.P., unpublished data).

In Drosophila, various proteins bearing ‘‘chromo domains’’
(CDs) or closely related sequences have been implicated in
gene repression (3). For example, Polycomb, which contains
one such domain, is required to maintain repression of genes
of the antennapedia and bithorax complexes in certain tissues
(4, 5). A variety of experiments suggest that Polycomb, which
evidently does not bind DNA directly (6), is found in com-
plexes at specific sites associated with repressed genes (7, 8).
The CD of Polycomb, a sequence of some 53 amino acids, is
required for proper localization of the protein (9). Another
example of a repressing non-histone chromosomal protein that
bears a CD is HP1, also known as Su(var)205 (10). This
protein, which bears in addition to a CD a related sequence
called a chromo shadow domain (CSD) (see Discussion), is
required for the form of gene repression called position effect
variegation. Position effect variegation is the partially re-
pressed expression of a gene that, by chromosomal rearrange-
ment, has been placed into or near heterochromatic regions
(11). Mutation of HP1 restores expression of such a gene (10).
HP1 is found predominantly but not exclusively in heterochro-
matin as visualized by in situ staining of polytene chromosomes

(12). Either the CD or the CSD suffices to direct the protein
to sites in heterochromatin, but it is not known whether either
domain can direct the protein to the limited sites in euchro-
matin that are visualized by polytene chromosome staining
(13). Like Polycomb, HP1 does not bind DNA directly (14).
Proteins bearing both a CD and a CSD have been found in a
wide array of organisms (15).

Previous work has shown that so-called ‘‘nuclear bodies’’
(NBs), found in nuclei of mammalian cells, contain the pro-
teins SP100A (16), PML (17), and PIC1 (18). SP100A is an
autoantigen recognized by antibodies from patients suffering
from primary biliary cirrhosis, (16) and PML has been impli-
cated to play a role in acute promyelocytic leukemia (17). Both
SP100A and PML are up-regulated by interferons (19, 20), and
overexpression of PML results in slow growth (21). It has been
suggested that the NBs might play a role in cellular antiviral
defense mechanisms (22).

In this report, we show that DSP1 and its mammalian
homolog hHMG2 interact with SP100B, a splice variant of
SP100A (23), and that SP100B, in turn, binds to mammalian
homologs of the Drosophila heterochromatin protein 1, HP1.
We further show that each of these proteins behaves as a
transcriptional repressor when tethered to DNA. Our results
therefore suggest the existence of an HMGySP100ByHP1-
repressing complex that could be recruited to DNA by inter-
action with various members of the rel family of transcriptional
activators such as Dorsal. The accompanying paper by Seeler
et al. (41) provides evidence for the existence of such a complex
in NBs of mammalian cells.

MATERIALS AND METHODS

Chloramphenicol Acetyltransferase (CAT) Assays. HeLa
cells were grown and transiently transfected as described (2).
The GAL4(1–147) fusions were made by using M1, a mam-
malian expression vector containing the DNA-binding domain
of GAL4 under the control of the early SV40 enhancer (24).
Ten micrograms of plasmids encoding the GAL4 fusions were
transfected, except for the experiments of Fig. 4, in which only
1 mg was used. The TK reporter was made by cloning five
GAL4 sites into the polylinker of BLCAT2 (25). The SV40
reporter was a gift from P. Broad (Zeneca Pharmaceuticals,
Macclesfield, Cheshire, U.K.). Then, 0.3 mg of the TK reporter
was transfected in the experiments shown in Figs. 1 and 2, and
0.1 mg of the SV40 reporter was transfected in the experiments
as shown in Fig. 3. One microgram of the SP100CAT reporter,
0.1 mg of the SV40CAT reporter, and 1 mg of the TKCAT
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reporter were used for the experiments shown in Fig. 5
together with 3 mg of cDNA3 plasmid (Invitrogen) containing
the depicted effector protein. Each transfection was done in
the presence of 1 mg of pAdVAntage (Promega), and CAT
activity was normalized for transfection efficiency using 1 mg
of CH110 (26) except for the experiments shown in Fig. 5, in

which 0.5 mg of CMV-lacZ (Promega) was used. All presented
normalized CAT activities were calculated the same way: CAT
activity 5 acetylated chloramphenicolytotal chloramphenicol;
normalized CAT activity 5 CAT activityyb-galactosidase ac-
tivity. Each number represents the average of at least three
independent experiments with a SD of ,20%.

b-Galactosidase Assays. Yeast cells were grown and trans-
formed as described (27). The GAL4(1–147) fusions were
made by using Y1, a TRP1-marked yeast expression vector
containing the DNA-binding domain of GAL4 under the
control of the ADH1 promoter (24). The fusions to the
activation domain of GAL4 were made by using pACT
(CLONTECH). The reporter bearing five GAL4 sites up-
stream of a single GCN4 site has been described (28), as well
as the reporter with just five GAL4 sites (27). Both reporters
were integrated into the yeast chromosome of NLY2 (28).
b-Galactosidase assays were performed, and b-galactosidase
activity was calculated as described (28). Each number repre-
sents the average of at least three independent measurements
with a SD of ,20%.

Two-Hybrid Screens. The two-hybrid screens were per-
formed by using the yeast strain HF7c (CLONTECH) and a

FIG. 2. SP100B interacts with DSP1 and with hHMG2 in vivo (A)
and in vitro (B), and GAL4-SP100B represses transcription in human
cells but not in yeast (C). (A) b-Galactosidase activities in yeast
bearing the diagrammed reporter and two additional plasmids. One of
the plasmids expressed either rII alone (Left) or rII fused to SP100B
(Center) or rII fused to SP100A (Right). The second plasmid expressed
GAL4(1–147) or GAL4(1–147) fused to the indicated molecule. (B)
In vitro translated DSP1(178–393) interacts with GST-SP100B(477–
528), and in vitro translated hHMG2 interacts with GST-SP100B(477–
528). A ‘‘2’’ stands for a free lane. Presented are two independent
experiments. (C Left) CAT activities in cells transiently transfected
with the diagrammed reporter and with DNA encoding GAL4(1–147)
or GAL4(1–147) fused to SP100B. The reporter was activated by
endogenous activators that recognize sequences taken from the TK
promoter. (Right) b-Galactosidase activities in yeast cells bearing the
diagrammed reporter and a plasmid encoding the depicted effector.
The reporter was activated by endogenous GCN4.

FIG. 1. GAL4-DSP1 and GAL4-hHMG2 repress transcription in
human cells but not in yeast. (Left) CAT activities in HeLa cells
transiently transfected with the diagrammed reporter and with DNA
encoding the indicated effector protein. The reporter was activated by
endogenous SP1 and a CyEBP homolog. (Right) b-Galactosidase
activities in yeast bearing the diagrammed reporter and transformed
with a plasmid encoding GAL4(1–147) or GAL4(1–147) fused to the
indicated molecule. The reporter was activated by endogenous GCN4.

FIG. 3. hHP1a and hHP1g interact with SP100B in vivo (A) and in
vitro (B), and GAL4-hHP1a and GAL4-hHP1g repress transcription
in human cells but not in yeast (C). (A) b-Galactosidase activities in
yeast bearing the diagrammed reporter and two additional plasmids.
One of the plasmids expressed either rII alone or rII fused to the
indicated molecule. The second plasmid expressed GAL4(1–147) or
GAL4(1–147) fused to the indicated molecule. (B) In vitro translated
SP100B(5–528) interacts with GST-hHP1a and GST-hHP1g but not
with GST. A ‘‘2’’ stands for a free lane. (C) As in Fig. 2C, except that
in this case the repressing molecule was hHP1a, hHP1g, or deletion
derivatives of hHP1a fused to GAL4(1–147), and the SV40 enhancer
was used instead of the TK promoter.
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cDNA library derived from human B cells fused to the
activation domain of GAL4 (CLONTECH), following the
protocol given from the manufacturer. Each time 106 trans-
formants were screened.

Glutathione S-transferase (GST)-Pulldown Assay. The
GST-pulldown assay was carried out according to ref. 29.

RESULTS

Fig. 1 shows that DSP1, fused to a GAL4 DNA-binding
domain and bound to DNA at GAL4 sites, functions as a
transcriptional repressor in HeLa cells. The reporter used in
this experiment bore five GAL4 sites upstream of DNA
sequences, taken from the TK promoter, that bind the activa-
tors CyEBP and SP1. The figure shows that a GAL4 fusion
bearing the complete DSP1 repressed some tenfold in mam-
malian cells (line 2). A fusion containing the carboxyl half of
DSP1, which includes both HMG boxes, repressed even more
efficiently than did the full length fusion (line 4), whereas the
amino half of DSP1 increased activation, a result of unknown
significance (line 3). Intact human HMG2 fused to GAL4 also
worked as an efficient repressor in mammalian cells (line 5).
In all cases, repression was abolished by deleting the GAL4-
binding sites. As Fig. 1 (Right) shows, in no case did we observe
repression in yeast, suggesting that the repression we see in
higher eukaryotes requires proteins absent from yeast.

To identify such proteins, we performed a yeast two-hybrid
screen by using GAL4-DSP1(178–393) as bait and challenging
with a human cDNA library derived from B cells (CLON-
TECH). The cDNAs were fused to DNA encoding rII, an
activating region derived from GAL4 (30). We found one
interacting candidate, a previously sequenced protein called
SP100B (23), a splice variant of the NB protein SP100A (16).
SP100A is 479 amino acids long and SP100B contains 688
amino acids. Both proteins are identical in their first 476 amino
acids. Our cDNA clone represents amino acids 5–528 of
SP100B, referred to as SP100B here. The two-hybrid recon-
struction experiment of Fig. 2 A shows that SP100B, but not
SP100A, interacted with the carboxyl half of DSP1, (lines 2 and
3), as well as with human HMG2 (line 4). We obtained a
stronger signal with GAL4-DSP1(178–393) than with GAL4-
DSP1 (cf. lines 2 and 3). However, Western blot analysis
revealed that full-length DSP1 was expressed at lower levels
than the C-terminal half in S. cerevisiae, which might explain
this difference (data not shown). Fig. 2B shows that the
B-specific domain of SP100B (amino acids 477–528) was
sufficient for the interaction with both DSP1(178–393) and
hHMG2 in vitro. Fig. 2C shows that the fusion protein GAL4-
SP100B, like GAL4-DSP1 and GAL4-hHMG2, worked as a
repressor in mammalian cells but not in yeast. The repression
depended on the presence of the GAL4 DNA-binding sites in
the reporter.

We performed a second two-hybrid screen, similar to the
first, except that in this case the bait was GAL4-SPl00B. Two
strongly interacting candidates were recovered, each of which
contained both a CD and a CSD. Both proteins, hHPla (31)

and hHP1g (32), are homologs of the Drosophila protein HPl
(also called Su(var)205 as described above). Fig. 3A shows that,
in a yeast two-hybrid assay system, hHPla and hHP1g inter-
acted with SP100B. The interaction could be seen regardless
of which protein was fused to the DNA-binding domain of
GAL4 (Fig. 3A, cf. Top and Bottom). The figure further shows
that the interaction required the CSD of hHP1 and not the CD
(hHP1a: Bottom, cf. lines 3 and 4; hHP1g: Top, cf. columns 3
and 4; see Fig. 6 for the location of the chromo and shadow
domains of hHP1a and hHP1g). Fig 3A also shows that for
SP100B, the interaction domain is located between amino
acids 286 and 333, a region identical in both SP100A and
SP100B. SP100B also interacts with itself and this self-
association determinant is probably located in the N terminus
of the protein (Fig. 3A). Fig. 3B shows that SP100B interacts
with both hHP1 proteins in vitro. Fig. 3C shows that both
GAL4-hHP1 fusion proteins worked as repressors when bound
to GAL4 sites in mammalian cells. In all of the cases, repres-
sion was abolished by deleting the GAL4-binding sites. Like
the interaction with SP100B, repression requires the chromo
shadow and not the CD (Fig 3C, cf. lines 4 and 5). As before,
no repression was observed in yeast. GAL4-hHPl repressed
approximately tenfold more efficiently than did GAL4-
DSP1(178–393) and fivefold more efficiently than did GAL4-
SP100B (cf. Figs. 1–3).

The experiments shown in Fig. 3 show that the CSD of
hHP1a, comprising 53 amino acids, bears two functions: it
confers the repression function when fused to GAL4, and it
interacts with SP100B. Further deletions into this domain from
either end eliminated both functions (data not shown). To
identify residues required for one or the other function, we
performed an alanine scan experiment. Seven glycine and
alanine residues are found in this 53-residue CSD. We sepa-
rately replaced each of the remaining 46 residues with alanine
and tested each variant for repression activity and for inter-
action with SP100B in experiments similar to those of Fig. 3.
Thirty-four variants were unaffected for either function, and
11 were defective in both (data not shown). One, V151A,
interacted like wild type with SP100B as assayed in yeast but
was markedly deficient in its repression function as assayed in
mammalian cells (Fig. 4). Western blot analysis failed to reveal
hHP1, either wild type or mutant, in these transfected mam-
malian cells, and so we cannot exclude the possibility that the
mutant was preferentially degraded.

The experiment of Fig. 5 suggests that the SP100 promoter
itself can be inhibited by a complex that includes hHMG2y
DSP1. The figure shows that the SP100 promoter (33), cloned
upstream of a CAT reporter gene, was inhibited some three-
fold by transient overexpression of DSP1 or hHMG2 (Left).
Two other promoters with their enhancers, the strong SV40

FIG. 4. A mutant of the hHP1a chomo shadow domain that is
specifically deficient in the repressing function. (Left) As in Fig. 3C,
except that one of the fusions bears the V151A mutation (line 3) and
that 1 mg (instead of 10 mg) of plasmid expressing the GAL4(1–147)
derivative was used. (Right) As in Fig. 3A (Bottom).

FIG. 5. DSP1 and hHMG2 inhibit the SP100 promoter but not the
SV40 enhancer or the TK promoter in transient transfection assays.
CAT activities in HeLa cells transiently transfected with the dia-
grammed reporter and with DNA encoding the indicated effector
protein. Presented are relative CAT activities normalized to CMV-
LacZ and compared with the empty expression vector cDNA3.
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promoter and the weak TK promoter, were not inhibited by
overexpression of DSP1yhHMG2 (Center and Right).

DISCUSSION

Our experiments suggest that a complex comprising at least
four proteins—a human homolog of the Drosophila rel protein
Dorsal, a human homolog of the Drosophila HMG protein
DSP1, SP100B, and hHP1—works as a repressor in mamma-
lian cells, and the corresponding complex works similarly in
Drosophila (Fig. 6). Thus, yeast two-hybrid experiments, as
well as experiments performed in vitro, showed interactions
between a rel protein (e.g., Dorsal) and DSP1 (J. Brickman
and M.P., unpublished results), between DSP1 and SP100B,
and between SP100B and hHP1. Each of these components,
with the exception of the rel protein, functioned as a repressor
in mammalian cells when tethered to DNA as a GAL4-fusion
protein. As assayed from GAL4-binding sites positioned up-
stream of an activator, the extent of repression mediated by
these molecules was GAL4-hHP1 . GAL4-SP100B . GAL4-
DSP1. These findings suggest that the sole role of each
component (with the possible exception of hHP1, see below)
is to recruit to DNA an additional member of the complex.
According to this idea, the rel protein, at certain promoters,
recruits DSP1 (or its human homolog) (J. Brickman and M.P.,
unpublished results). DNA-tethered DSP1 then recruits
SP100B, and SP100B in turn recruits hHP1. We have no direct
evidence for the existence of such a complex. As described in
the accompanying paper by Seeler et al., however, hHP1 and
SP100, as well as an SP100-HMG fusion protein, are found in
NBs, suggesting that the interactions we have described may
indeed produce the complex suggested here.

Our experiments do not explain the promoter-specific effect
of Dorsal, that is, its ability to repress from certain promoters
and to activate from others. As reported elsewhere, we have
failed to identify sequences outside the Dorsal-binding sites in
the zen ventral repression element that affect cooperative
binding to DNA of Dorsal and DSP1. In particular, the
so-called NRE (negative regulatory element), a sequence
found in the zen VRE, is irrelevant for that effect (J. Brickman
and M.P., unpublished results). That result, taken with others
(J. Brickman and M.P., unpublished results) suggests that the
NRE is also irrelevant for repression in vivo. Other proteins
(e.g., Groucho, ref. 34) and DNA sequences (35) have been

implicated in specifically determining the negative effect of
Dorsal.

Our finding that GAL4-DSP1 and GAL4-hHMG2 work as
transcriptional repressors in mammalian cells but not in S.
cerevisiae (at least at the promoter tested) could be explained
if these repression effects required proteins absent from S.
cerevisiae. The complete sequence of the S. cerevisiae genome
is now available (36) and indeed there is no S. cerevisiae
SP100B homolog. There are S. cerevisiae proteins with CDs,
but not with CSDs, and we have shown that both repressing and
interacting functions are comprised within the CSD. Finally,
there is at least one S. cerevisiae protein with an HMG box that
functions as a transcriptional repressor (ROX1), but this
repression is mediated by the SSN6yTUP1 pathway (37).

Our analysis of hHP1a and hHP1g showed that the CSDs of
these proteins also bear two functions: the separated CSD
interacted with SP100B and mediated repression as efficiently
as did the intact molecule. In contrast, no other portion of
hHP1a, including the CD, manifested either function. It is
possible that the specificity determinants on the CSD that
direct hHP1–SP100B interaction are similar or identical to
those that direct HP1 to its specific sites on the Drosophila
chromosome. Our experiments delineated the CSD of hHP1a
as comprising residues 123–175. For HP1, the corresponding
residues would be 149–201. Thus, our result is consistent with
the finding of Powers and Eissenberg (38) that HP1(95–206),
but not HP1(152–206), localizes to heterochromatin in Dro-
sophila. Others (39, 40) have found that Polycomb represses
transcription as a GAL4 fusion but that its CD is neither
necessary nor sufficient for this function.

We thank Josh Brickman, Jacob Seeler, and Anne Dejean for
communicating results before publication, Ivonne Seffen and Sandra
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