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Monoclonal antibodies were prepared against a fraction of nuclear proteins of Drosophila melanogaster
identified as tightly binding to DNA. Four of these antibodies were directed against a 19-kilodalton nuclear
protein; immunofluorescence staining of the polytene chromosomes localized the antigen to the a, I, and
intercalary heterochromatic regions. Screening of a Agtll cDNA expression library with one of the monoclonal
antibodies identified a recombinant DNA phage clone that produced a fusion protein immunologically similar
to the heterochromatin-associated protein. Polyclonal sera directed against the bacterial lacZ fusion protein
recognized the same nuclear protein on Western blots. A full-length cDNA clone was isolated from a AgtlO
library, and its DNA sequence was obtained. Analysis of the open reading frame revealed an 18,101-dalton
protein encoded by this cDNA. Two overlapping genomic DNA clones were isolated from a Charon 4 library
of D. melanogaster with the cDNA clone, and a restriction map was obtained. In situ hybridization with these
probes indicated that the gene maps to a single chromosome location at 29A on the 2L chromosome. This
general strategy should be effective for cloning the genes and identifying the genetic loci of chromosomal
proteins which cannot be readily assayed by other means.

In eucaryotic organisms, the genetic material exists as a
complex between DNA, histones, and nonhistone chromo-
somal (NHC) proteins. The histones, whose primary struc-
ture has been highly conserved over evolution, are the
protein components of the nucleosomes and as such are
associated with almost all the DNA sequences of the
genome. NHC proteins, therefore, are the leading candi-
dates to play specific roles in the organization of higher-
order chromatin structure and in the control of gene expres-
sion. It appears very likely that specific NHC proteins are
involved in the compaction of nucleosomes into domains,
the formation of specialized structures such as centromeres
and telomeres, and the condensation of the chromatin fiber
into the mitotic chromosome structure (9, 12). The presence
or absence of various NHC proteins may also be critical in
establishing the differences in structure between euchroma-
tin and heterochromatin in the interphase nucleus.
While a great deal of success has been obtained in the

characterization of those NHC proteins with a known enzy-
matic function (16, 24), a systematic biochemical approach
to the study of other NHC proteins has proven to be a
difficult task. This may be attributed in part to their unusual
physico-chemical properties (25), relatively low abundance,
and lack of any functional assays. We chose an approach
that allowed us to identify NHC proteins of Drosophila
melanogaster by what is essentially a structural assay.
Monoclonal antibodies prepared against fractionated nuclear
proteins of D. melanogaster embryos are used in immuno-
fluorescence staining of the polytene chromosomes of third-
instar larvae of D. melanogaster. Those monoclonal anti-
bodies that indicate a protein distribution of interest can be
used as probes (66, 67) to identify recombinant cDNA clones
from Xgtl1 cDNA expression libraries. Libraries con-
structed from RNA from an early stage of embryogenesis
may prove to be most effective. These recombinant cDNA
probes can be used in the isolation of chromosomal genes
from A Charon 4 genomic DNA libraries (33). The chromo-
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somal gene can be located by in situ hybridization of the
genomic DNA clones to polytene chromosomes. In fortu-
nate cases mutants at this locus may be identified from
available genetic stocks, while in most cases appropriate
deletions for mutant screens can be obtained.
Here we describe the identification of an NHC protein that

is primarily located in the heterochromatic regions of the
Drosophila chromosomes. Monoclonal antibodies directed
against this protein were used to identify a cDNA clone from
a Xgtll library. We mapped this gene to locus 29A on
chromosome 2L. Some functional aspects of this protein
based on its distribution along the chromosomes and the
amino acid sequence derived from the nucleic acid sequence
are also inferred.

MATERIALS AND METHODS

Purification of nuclei from Drosophila embryos. Embryos (6
to 18 h old) (1 to 2 kg) were collected from a laboratory
population of D. melanogaster (Oregon R) maintained at
25°C as described by Elgin and Miller (13). Embryos could
be stored for up to 2 years at -80°C without any major
alteration of the protein pattern (S. Amero, personal com-
munication). Embryos were dechorionated by stirring in 10
volumes of 2.5% sodium hypochlorite for 3 min followed by
extensive washing in tap water and rinsing in distilled water
(35). They were collected on Nitex filters and homogenized
in cold buffer A (15 mM Tris hydrochloride [pH 7.4], 60 mM
KCl, 15 mM NaCl, 1 mM EDTA, 0.1 mM EGTA [ethylene
glycol-bis(,B-aminoethyl ether)-N,N,N',N,'-tetraacetic
acid], 0.15 mM spermine, 0.5 mM spermidine, 0.5 mM
dithiothreitol, 1.0 mM phenylmethylsulfonyl fluoride, 10 ,ug
of leupeptin [Sigma Chemical Co., St. Louis, Mo.] per ml,
0.2 Ti units of aprotinin per ml) containing 1.0 M sucrose.
The homogenate was filtered through two layers of
Miracloth, and the nuclei were isolated as described by Wu
et al. (65) except that buffer A was used throughout the
procedure. The yield of nuclei per kilogram of embryos was
approximately 5 x 1011 nuclei (25 g).
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Fractionation of nuclear proteins. The fractionation of
nuclear proteins was carried out as described by Fleisch-
mann and Elgin (manuscript in preparation). Approximately
25 g of nuclei (5 x 1011 nuclei) were homogenized at 4°C with
a glass-Teflon homogenizer in 50 ml of buffer B (10 mM
Tris-hydrochloride [pH 8.0], 1 mM EDTA, 1 mM 3-
mercaptoethanol, 0.25 M sucrose). The homogenate was
centrifuged at 225,000 x g for 1 h, and the extraction was
repeated with the pellet. The supernatants were pooled, and
the pellet was then extracted for 1 h in 50 ml of buffer B
containing 0.25 M potassium thiocyanate and centrifuged as
described above. This step was repeated once more. The
supernatants were pooled, and the pellet was finally ex-
tracted twice with 50 ml each of 1.0 M or 2.0 M potassium
thiocyanate in buffer B. The pooled supernatants from this
step were diluted fourfold in buffer B and concentrated by
pressure dialysis with an Amicon YM10 membrane. The
retentate was then dissolved in 50 ml of buffer C (4 M urea,
1 M NaCl, 10 mM potassium phosphate, pH 6.8). An
Ultrogel HA (LKB Instruments, Rockville, Md.) column (5
by 4 cm) was prepared in buffer C, and the retentate was
loaded onto the column. The flowthrough fraction was
collected and reapplied to the column. The flow rate was 30
ml/h. The column was washed extensively with buffer C and
was developed with a step gradient of 100 ml each of 0.1, 0.4,
and 1.0 M potassium phosphate (pH 6.8) in buffer C. The
eluted proteins were dialyzed against 10 mM acetic acid and
stored as lyophilized powder.

Preparation of antibodies. Proteins separated on acetic
acid-urea (39)-polyacrylamide gels (acrylamide-bisacryl-
amide, 30:0.2, wt/wt) were stained briefly with Coomassie
blue and washed for 2 h in 10% methanol-7.5% acetic acid
(destain). The gel was then treated with 2% glutaraldehyde
solution for 1 h and washed in destain for two more hours
with three to four changes. Typically, Coomassie blue-
staining bands (approximately 1 to 2 ,ug of protein each) from
two 4-mm-wide lanes of a gel (15 by 15 by 0.1 cm) were
excised after glutaraldehyde fixation and were ground wet
into a paste. This was then freeze-dried, suspended in
Fruend adjuvant, and used as an immunogen (22). The
booster injections were given after 21 days. Immune sera
from the mice were collected 10 days after the booster
injection. Preimmune serum and immune serum from the
same mouse were compared by the immunofluorescence
staining assay on polytene chromosomes (53) to identify
antigens that had an active association with chromosomes.

After the identification of mice that gave a response of
interest, a further booster injection was given, and the
animals were sacrificed 72 to 84 h later. Spleen cells were
prepared from each mouse, and they were fused to Sp2/0 Ag
14 myeloma cells at a ratio of 1:10 with 50% polyethylene
glycol 1450 as described by Oi and Herzenberg (38). Cells
after fusion were seeded into 10 microtiter plates that had a
feeder layer of 103 peritoneal cells per well. Media and
supplements used in these experiments were as described by
Siraganian et al. (56). Our fusions gave 40 to 60% growth
positives. Primary screening of the hybridomas was per-
formed by an enzyme-linked immunosassay. Fractions from
the Ultrogel HA column were used as antigens at a concen-
tration of 1 ,ug/ml. The proteins were fixed onto the
microtiter plates with carbodiimide (59). A biotin-
streptavidin-horseradish peroxidase system (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.) was used to
identify the positive clones as described by the manufac-
turer. Positive clones from this screen were then transferred
to a 24-well plate and grown in the hybridoma complete

medium containing 75 ,ug of endothelial cell supernatant
growth factor (Collaborative Research, Inc., Waltham,
Mass.) per ml. After cells attained confluency, cell superna-
tants from these wells were screened on a Western blot (60)
with proteins from the Ultrogel HA fraction. Supernatants
(50 to 100 pJ) from clones that produced antibodies against
the protein antigen were further screened by the immunoflu-
orescence assay (53). A fluorescein-conjugated antimouse
second antibody (Miles Laboratories, Inc., Elkhart, Ind.)
that recognizes mouse immunoglobulin G, immunoglobulin
M, and immunoglobulin A molecules was used in this
screening. Hybridoma supernatants that showed a positive
signal on all three assays were cloned by limiting dilution or
soft-agar techniques or both (14). After identification of the
monoclonal cell lines of interest, the cells were used in the
production of ascites. Clarified ascites fluids were stored at
-80°C (40).
Immunofluorescence analysis. The distribution patterns

obtained with the preimmune serum, immune serum, and
monoclonal antibodies were determined by the methods of
Silver and Elgin (53) with the modification that 0.05% Tween
20 was present in all solutions throughout the procedure and
10% bovine calf serum was present in the antibody solutions.

Screening of Agtll cDNA expression library. The Agtll
cDNA library used was originally constructed in AgtlO and
subsequently recloned into Xgtll by using EcoRI sites (M.
Philip and D. Brutlag, personal communication). The proce-
dure for screening the Xgtll library was similar to that
described by Huynh et al. (23). We used Escherichia coli
Y1088 on LB plates containing 100 pug of ampicillin per ml.
Isopropyl-fi-D-thiogalactopyranoside induction was for 10 to
12 h. After induction, the nitrocellulose paper was incubated
for 2 h at 37°C in Tris-buffered saline (50 mM Trishydro-
chloride [pH 7.5], 150 mM NaCl) (TBS) containing 10%
bovine calf serum, 1% hemoglobin, 100 ,ug of bovine gamma
globulins per ml, 0.2% sodium azide, and 0.5% Tween 20
(TBS complete). Monoclonal antibody (ClA9), often as
clarified ascites fluid, was diluted 1:20 in the TBS complete
medium, and the filters were incubated at 37°C for 2 h. They
were then washed three times for 10 min each in excess TBS
with 0.5% Tween 20, or until all the hemoglobin had come off
the filters. The second antibody was 1251-labeled F(ab')2
fragment against mouse immunoglobulin at a dilution of
1:500 (approximately 105 cpm/ml) in TBS complete medium.
The filters were incubated for 1 h at 37°C and washed as
before. Filters were blotted dry and exposed to Kodak
X-Omat AR film with Du Pont Cronex Lightning-Plus inten-
sifying screens at -80°C for 12 to 24 h. Positive plaques were
rescreened as described above.

Production of polyclonal antisera against fusion protein. A
positive plaque that produced a fusion protein antigenically
similar to ClA9 antigen was lysogenized, and the bacterial
proteins were isolated after induction of a 500-ml liquid
culture (23). Fractionation of the bacterial lysate to enrich
for the fusion protein was done as described by Muller-Hill
and Kania (37) except that an Ultrogel HA column was used
instead of a phosphocellulose column. Proteins that eluted at
0.2 M potassium phosphate (pH 6.8) were precipitated with
20% trichloroacetic acid, and a small sample was separated
on a 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel.
The position of the fusion protein on the gel was identified by
Western blot analysis of a portion of the gel with ClA9
antibody. The Coomassie blue-stained band was excised
from the gel and used to immunize mice as described above.
After booster injections, the polyclonal serum was collected
from the animal.
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Gel electrophoresis. (i) Protein gels. Gradient (15% or 6 to
18%) 15% SDS-polyacrylamide (30:0.8) gel electrophoresis
was performed as described previously (27). For precise
molecular weight determinations, nuclear proteins were also
analyzed along with molecular weight standards on 10 and
12% urea-SDS-polyacrylamide (30:0.8) gels with a neutral
pH phosphate buffer (pH 7.3) system (7; H. Ley, Focus 6:5,
1984). The 6 M urea-5% acetic acid-polyacrylamide (30:0.8
or 30:0.2) gels used were similar to the gels of Panyim and
Chalkley (39) with minor modifications (2). Some urea-acetic
acid gels contained up to 0.4% Triton DF16. The Coomassie
blue-stained gel strips from urea-acetic acid gels were ana-
lyzed on second-dimension SDS-polyacrylamide gels as de-
scribed by Allis et al. (2).

(ii) RNA gels. Total RNA was separated on 1% agarose
gels containing 2.2 M formaldehyde and 10 ,ug of ethidium
bromide per ml as described by Lehrach et al. (30) except
that MOPS (3-[morpholino]propanesulfonic acid)-acetate
buffer (pH 6.8) was used.

(iii) DNA gels. Restriction endonuclease digests of phage
and Drosophila genomic DNA were separated on 1%
agarose gels in a Tris acetate-EDTA buffer system (51).
DNA-sequencing gels were made as described by Sanger
and Coulson (48).

Southern, Northern, and Western blot analysis. Southern
transfers were done by the method of Southern (58) except
that the DNA was depurinated (61) and 20x SSC (1 x SSC is
0.15 M NaCl plus 0.015 M sodium citrate) was used as the
transfer buffer. For Northern transfers, formaldehyde-
containing RNA gels were blotted in 20x SSC onto BA 85
(0.45-,um pore size; Schleicher & Schuell, Inc., Keene,
N.H.) nitrocellulose immediately after electrophoresis. Af-
ter fixation of nucleic acids to the paper, they were washed
in distilled water and hybridized to nick-translated DNA (44)
probes as described by Church and Gilbert (11). Western
blot analyses of SDS-protein gels were performed by the
method of Towbin et al. (60) except that 0.1-,um-pore-size
nitrocellulose filters (Schleicher & Schuell) were used in
Tris-glycine transfer buffer containing 10% methanol. After
transfer, nitrocellulose sheets were processed for antibody
screening as described above for Xgtll screening. We also
used a biotin streptavidin-alkaline phosphatase system (Be-
thesda Research Laboratories) to immunostain Western
blots according to the directions of the manufacturer.

Isolation of nucleic acids. Rapid lysate and large-scale
preparations of phage DNA were done as described previ-
ously (23). Plasmid DNA was isolated by the method of
Birnboim (6); high-molecular-weight Drosophila genomic
DNA was isolated from 6- to 18-h-old embryos by the
method of Wu et al. (65). Total RNA from 6- to 18-h-old
embryos was isolated by the lithium chloride-urea extraction
procedure (3). The final RNA pellet was dissolved in 10 mM
Tris-hydrochloride (pH 8.0)-i mM EDTA (TE buffer) con-
taining 0.2% lauryl sarcosyl. Cesium chloride was added to
5.7 M, and the RNA was pelleted at 50,000 rpm for 12 h in a
type 865.1 rotor (Du Pont Sorvall Inc., Wilmington, Del.).
The RNA pellet was dissolved in TE buffer and precipitated
with 2 volumes of ethanol. The RNA was reprecipitated until
no more cesium chloride remained in the pellet.
DNA sequencing. The chemical sequencing of the XgtlO

and Xgtll cDNA inserts was performed by the method of
Maxam and Gilbert (34). Dideoxy sequence analysis of the
cDNA insert was performed by using synthetic primers to
the EcoRI site of the Xgtll vector (New England BioLabs,
Inc., Beverly, Mass.), the EcoRI and HindlIl sites of the
pBR322 vector (Pharmacia Inc., Piscataway, N.J.), and a
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FIG. 1. Extraction of ClA9 antigen from nuclei with potassium
thiocyanate. The nuclear proteins extracted with potassium
thiocyanate were analyzed in duplicate on a 15% SDS-polyacryl-
amide gel (25 to 50 ±g of protein per lane) with discontinuous buffer
systems (27) as described in Materials and Methods. After electro-
phoresis, proteins from one half of the gel were blotted onto a
nitrocellulose filter and probed with monoclonal antibody ClA9 and
251I-labeled anti-mouse immunoglobulin antibodies for ClA9 antigen
detection. (A) Coomassie blue-stained half of the gel; (B) autoradi-
ograph of the Western blot. Lanes: 1, 0.25 M potassium thiocyanate
fraction; 2, 1.0 M potassium thiocyanate extract; 3, 2.0 M potassium
thiocyanate extract; 4, 0.4 N H2SO4-soluble nuclear proteins. The
molecular weight (x 103) standards are shown on the left.

20-mer 5'-PCCGAGCTCTCAGGGTTGTCGoH complemen-
tary to nucleotides 363 to 383 as described by Wallace et al.
(62) and Hattori and Sakaki (20). Either both strands were
sequenced or one strand was sequenced by both methods
over the entire cDNA.

Screening of Charon 4 genomic and AgtlO cDNA libraries.
A Charon 4 Drosophila (Canton S) genomic library (33) and
a XgtlO cDNA library (41) constructed from poly(A)-
containing RNA isolated from 0- to 3-h-old D. melanogaster
(Oregon R) embryos were screened by using a subclone in
plasmid pBR322 of the Xgtll cDNA as a probe. Plaque lifting
and processing were as described previously (5), while
hybridizations were performed as described above.

In situ localization of the gene encoding the ClA9 antigen.
In situ localization of the gene for the ClA9 antigen on the
polytene chromosomes was done by a procedure communi-
cated to us by William Engels (University of Wisconsin),
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FIG. 2. Urea-SDS-polyacrylamide (1o in panel A and 12% in panel B) gel electrophoretic analysis of C1A9 antigen with a continuous
neutral buffer system (7; H. Ley, Focus 6:5, 1984). Photographs of both Coomassie blue-stained gels (lanes 1, 2, and 3) and immunostained
filters (lanes 4 and 5 corresponding to lanes 2 and 3 of the Coomassie blue-stained gel) are shown. Lane 1 shows molecular weight standards:
-y-chymotrypsinogen, 25,700; ,3-lactoglobulin, 18,400; and lysozyme, 13,300. Other higher-molecular-weight standards did not migrate into the
resolving gel and can be seen in the stacking gel. Lanes 2 and 3 were loaded with the same protein samples as in lanes 2 and 3 of Fig. 1. After
electrophoresis, proteins from one half of each gel were transferred to nitrocellulose filters (60). These filters were then processed for
immunostaining with CiA9 monoclonal antibodies. Biotinylated anti-mouse immnunoglobulin antibodies and alkaline phosphatase-conjugated
streptavidin (Bethesda Research Laboratories) were used for detection of ClA9 antigen.

using a biotinylated (44) cloned genomic DNA probe for the
ClA9 antigen. A polyalkaline phosphatase enzyme-linked
immunoassay (Bethesda Research Laboratories) was used to
identify the hybrids.

RESULTS
Identification of heterochromatin-associated NHC protein.

Nuclei were isolated from 6- to 18-h-old embryos in the
presence of protease inhibitors. Proteins were released from
the nuclei with increasing concentrations of potassium
thiocyanate (KSCN) (Fleischmann and Elgin, in prepara-
tion). In this paper we describe the identification of a
chromosomal protein that was present in 1.0 and 2.0 M
potassium thiocyanate fractions. Electrophoretic analysis of
the proteins from the various fractions on SDS-Tris-glycine-
polyacrylamide gels (Fig. 1A) illustrates the fractionation
pattern obtained. Antibodies were produced in mice against
a selection of proteins released from the nuclei at 2.0 M
KSCN.
A group of four hybridoma cell lines from one fusion,

designated here as ClA9, C9A1O, C4D12, and C9C7, pro-
duced monoclonal antibodies that recognized a particular
nuclear protein. The immunogen was a protein that was
released from the nuclei at 1.0 or 2.0 M potassium thiocyan-
ate and eluted from the hydroxylapatite column at 0.1 to 0.4
M phosphate concentration. Western blot analysis of nuclear
proteins with these monoclonal antibodies confirmed that
this protein (designated as ClA9 antigen) was indeed re-
leased from chromatin primarily at higher concentrations of
KSCN (Fig. 1B). This protein migrated more slowly than
histone Hi on urea-acetic acid gels (data not shown); it
migrated with an apparent molecular weight of 34,000 on
SDS-containing gels. Unlike histones, this protein was not
released by extraction of chromatin with 0.4 N H2SO4 (Fig.
1, lane 4).

It is known that some chromosomal proteins of D.
melanogaster migrate aberrantly on SDS-polyacrylamide

gels when discontinuous buffer systems are used (27).
Histone Hi migrates at an apparent molecular weight of
38,000, while the actual molecular weight calculated from
amino acid sequence data is 21,990 (63). To obtain a more
precise molecular weight for C1A9 antigen, we used a
urea-SDS-polyacrylamide gel which employs a neutral con-
tinuous buffer system. In this gel system histone Hi from D.
melanogaster migrated with a molecular weight of approxi-
mately 22,000. After electrophoresis, the proteins from the
gels were transferred to nitrocellulose filters, and the filters
were probed with monoclonal antibodies directed against
ClA9 antigen. The exact position of ClA9 antigen was
identified from the positive signal on the nitrocellulose
paper. The molecular weight of the ClA9 antigen was
calculated from known molecular weight standards electro-
phoresed on the same gel (Fig. 2A and B). Using this gel
system, it was found that the ClA9 antigen migrates at a
molecular weight of approximately 19,000.
Immunofluorescence analysis on polytene chromosomes

from third-instar larval salivary glands with the monoclonal
antibodies that recognized ClA9 antigen revealed that the
protein is located in well-defined regions of the chromo-
somes, previously identified by cytological techniques as
constitutive heterochromatin (Fig. 3). These include the
chromocenter and the intercalary heterochromatin at cyto-
logical map position 35 to 36 on chromosome 2L (18, 46).
Fluorescence elsewhere along the euchromatic arms was
minimal. Slight differences in the staining pattern of intercal-
ary heterochromatin were observed between monoclonal
antibodies ClA9 and C9A1O on the one hand, and C4D12
and C9C7 on the other. Representative staining patterns are
shown in Fig. 3 A, B, and C.

Salivary gland polytene chromosome squashes were pre-
pared after fixation in acetic acid or in formaldehyde solu-
tions (54); acetic acid is known to solubilize histone Hi and
some other chromosomal proteins. Fixation by either pro-
cedure resulted in the same staining pattern of the

VOL. 6, 1986

#. --a

4ft t
I ., i . i



3866 JAMES AND ELGIN

M.

IW

Tc

A B
FIG. 3. Immunofluorescence staining of polytene chromosomes. Three different monoclonal antibodies, ClA9 (A), C9C7 (B), and C9A10

(C), directed against the same nuclear protein were used in the immunofluorescence assay on third-instar larval polytene chromosomes. Note
that the staining is primarily limited to the chromocenter (thick arrows) and a few bands along the arms. In panel B, the chromocenter is split
into two halves, and staining is limited to these regions. In panels A and C, prominently stained regions on the chromosome arms are clearly
visible, particularly at locus 35 to 36 on 2L (thin arrows). In all cases the upper panels show the phase-contrast pictures, while the lower panels
show the epifluorescence of fluorescein isothiocyanate-conjugated second antibody under UV light. The inset in panel A shows a preferential
immunofluorescence staining of P-heterochromatin by ClA9 monoclonal antibody.

chromocentric heterochromatin of the polytene chromo-
somes. Based on the KSCN extraction of Drosophila em-
bryo nuclei and the retention of this antigen after acetic acid
fixation of the polytene chromosomes, it appears that ClA9
protein is tightly bound to the chromatin. In all staining
experiments with ClA9 or other antibodies against the same
protein, we did not observe any cytoplasmic staining, indi-
cating that the ClA9 antigen in the cell is exclusively located
on the chromosomes.

Isolation of cDNA clone that codes for ClA9 antigen. The
cDNA library used in this study was prepared from poly(A)+
RNA isolated from 1.5 to 5-h-old D. melanogaster embryos
(M. Philip and D. Brutlag, personal communication). The
fact that heterochromatinization occurs ca. 2 h after fertil-
ization suggested a higher rate of synthesis of ClA9 antigen
at this stage of embryogenesis. Screening of 2 x 105 recom-
binant DNA phage from the Agtll cDNA library with the
ClA9 monoclonal antibody identified two plaques that on
isopropylthiogalactopyranoside induction produced lacZ fu-
sion proteins that were antigenically similar to the
heterochromatin-associated ClA9 antigen. The molecular
weight of one of the fusion proteins was calculated from SDS
gels to be 135,000. This indicates an approximately 600- to
700-nucleotide-long open reading frame in the cDNA insert.
To positively identify this cDNA clone, we raised a poly-

clonal antiserum against the fusion protein. The antiserum
was used in a Western blot analysis in which the lacZ fusion
protein and Drosophila nuclear proteins were separated in
parallel on a 6 to 18% SDS-polyacrylamide gradient gel.
Monoclonal antibodies ClA9 and C9A10 reacted to both the
galactosidase fusion protein (135 kilodaltons) and the origi-
nal Drosophila nuclear antigen (Fig. 4A and B). Polyclonal
antiserum against the fusion protein recognized the fusion
protein and a second bacterial protein (Fig. 4C, lane 1). It
also reacted very specifically to the Drosophila heterochro-
matin-associated nuclear protein, indicating that the fusion
protein and the nuclear protein share very specific common
antigenic determinants. Of the four monoclonal antibodies
which recognized the nuclear protein, both ClA9 (Fig. 4B)
and C9A10 (Fig. 4A) recognized the fusion protein, while the
C9C7 and C4D12 antibodies did not. This suggests that C9C7
and C4D12 recognize a different antigenic determinant that
ClA9 and C9A10.

Nucleotide sequence of cDNA clone. Total RNA isolated
from 6- to 18-h-old embryos was separated on an agarose gel
under denaturing conditions and probed with the nick-
translated cDNA clone. A single species ofmRNA of 1.0 to
1.1 kilobases hybridized to the cDNA (data not shown).
Comparison of the sizes of the RNA on the Northern blot
and the cDNA insert revealed that the cDNA insert obtained

MOL. CELL. BIOL.



HETEROCHROMATIN-ASSOCIATED NONHISTONE PROTEIN 3867

The nucleic acid sequence of the AgtlO cDNA clone contains
a 349-base-pair (bp)-long untranslated 5' sequence before a
483-bp-long open reading frame that codes for a protein with
a molecular weight of 18,101 (Fig. 5). At the 3' end, there is
a 338-bp-long untranslated sequence before the poly(A) tail.
The untranslated regions at both ends contain multiple
termination codons on all three reading frames. The trans-
lational initiation ATG codon and the surrounding sequence
5'-AAAATGG-3' are in general agreement with consensus
sequence 5'-ACCATGG-3' for the "scanning model" of
initiation of translation of eucaryotic messengers proposed
by Kozak (26). All of the 483-bp protein-coding sequence
and the 338-bp 3'-untranslated sequences are present in the
Xgtll cDNA clone. However, -5 upstream from the ATG
initiation codon, 13 nucleotides are different in the AgtlO and
Xgtll cDNA inserts (see Xgtll cDNA sequence in Fig. 5).
This is possibly artifactual since the Xgtll cDNA library was
constructed from a XgtlO library by digestion of the whole
library with EcoRI and subsequent mass isolation of the
inserts followed by ligation into the EcoRl site of Agtll.
Except for this difference and the regenerated EcoRI recog-
nition sequence in the Xgtll insert, the nucleic acid se-
quences from both AgtlO and Agtll cDNA inserts are iden-
tical.
The amino acid sequence derived from the DNA sequence

(Fig. 5) revealed some interesting features of the protein.

1 2

1356
110'

C69

from the Xgtll lacks approximately 300 nucleotides at its 5'
end. To obtain a full-length cDNA clone, we screened a
AgtlO cDNA library constructed from poly(A)-containing
RNA isolated from 0- to 3-h-old Drosophila embryos. The
AgtlO cDNA library was constructed (41) by using GC tailing
at the 5' end on the first synthesized DNA strand to
maximize the yield of 5' full-length cDNA clones (29). A
number of positive phage plaques were identified, and the
lengths of the cDNA inserts contained within them were
calculated. The largest AgtlO cDNA clone that carried a
1.2-kilobase insert was chosen to study in detail.
To understand the nature of the heterochromatin-

associated protein, we sequenced the Xgtll and AgtlO cDNA
clones by both chemical (34) and dideoxy (20, 49, 62)
sequencing techniques. The cDNA inserts from both XgtlO
and Xgtll were subcloned into pBR322 at the EcoRI site.
The orientations of both clones were identified by the
polyadenylation consensus sequence (at bases 1146 to 1152
in XgtlO) and the poly(A) tail (data not shown) at the 3' end.
The protein-coding strand was identified by probing a North-
ern blot with single-stranded M13 probes (data not shown),
and the correct reading frame was determined in Xgtll
cDNA by the Glu-Phe amino acids coded in frame by the
regenerated EcoRI site used in the original ligation reaction.
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FIG. 4. Immunological identification of the recombinant DNA-

derived lacZ fusion protein. A 6 to 18% SDS-polyacrylamide gel
(discontinuous buffer system) was used to separate partially purified
3-galactosidase fusion protein from a lysogenized recombinant
DNA phage (lane 1) and D. melanogaster nuclear proteins (lane 2,
2.0 M potassium thiocyanate extract). The proteins were then
blotted onto nitrocellulose and probed with the monoclonal antibody
C9A10 (A) or ClA9 (B) directed against the nuclear protein or with
an anti-lacZ fusion protein antiserum (C). The nuclear protein
sample loaded on this gel was the same as that in Fig. 1, lane 3. The
gel shown in panel A was run separately from that in shown panels
B and C. Molecular weight standards (x 103) are indicated in each
case.
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XgtlO sequence
10 20 30 40 50 60 70

GAGGAACCAGTCGAGGAGCTCGGAAATTGAACGTAGAACAGATTCCTTTTGTAGATAGAAAACGAAACAGTTGTTGGG
88 98 108 118 128 138 148

AGATGGTAACCAGACGAATGTCGAATGACAAACGATAAATAATGATAAACTAAACTAAAGTTCTAAACAAAACAAAAC
166 176 186 196 206 216 226

ACAGTAAAATCGCACAGAAGCGCACGCATTACAAAATACAAAAACCTGCAACGGTCATTTTAGAACGCGCATTTTTTT
244 254 264 274 284 294 304

GCAGATTTTTCATTTTGTGGAAAGTCTTCTAGCGCCAACACACAGGCTTATAAAAACCAATTTAGCTGCGTGCATAAG
322 332 342 352 362 372 382

TGTAGATCTATTAATCTAGTATTTTAATAAAAACAAAATGGGCAAGAAAATCGACAACCCTGAGAGCTCGGCAAAGGT
MetGlyLysLysIleAspAsnProGluSerSerAlaLysVa

Xgt11 cDNA GAATTCCGGAGTTCCCACGACAAAATGGGCAAGAAAATCGACAACCCTGAG
GluPhe HetGlyLysLysIleAspAsnProGlu

400 410 420 430 440 450 460
TTCCGATGCCGAAGAGGAGGAGGAGGAGTACGCCGTGGAAAAGATCATCGACAGGCGGGTGCGCAAGGGAAAGGTGGA
lSerAspAlaGluGluGluGluGluGluTyrAlaValGluLysIleIleAspArgArgValArgLysGlyLysValGl

478 488 498 508 518 528 538
GTACTATCTGAAATGGAAGGGCTATCCCGAAACTGAGAACACGTGGGAGCCGGAGAACAATCTCGACTGCCAGGATCT
uTyrTyrLeuLysTrpLysGlyTyrProGluThrGluAsnThrTrpGluProGluAsnAsnLeuAspCysGlnAspLe

556 566 576 586 596 606 616
TATCCAGCAGTACGAGGCGAGCCGCAAGGATGAGGAGAAGTCAGCCGCCTCCAAGAAGGATCGACCCAGCAGCAGCGC
uIleGlnGlnTyrGluAlaSerArgLysAspGluGluLysSerAlaAlaSerLysLysAspArgProSerSerSerAl

634 644 654 664 674 684 694
CAAGGCCAAGGAAACTCAAGGACGCGCCAGCAGTTCGACGTTCACAGCAAGCAAGCGAAAGTCCGAAGAACCAACAGC
aLysAlaLysGluThrGlnGlyArgAlaSerSerSerThrPheThrAlaSerLysArgLysSerGluGluProThrAl

712 722 732 742 752 762 772
GCCCTCTGGCAATAAATCAAAACGTACCACAGATGCGGAGCAGGACACCATTCCCGTTTCAGGATCTACCGGATTCGA
aProSerGlyAsnLysSerLysArgThrThrAspAlaGluGlnAspThrIleProValSerGlySerThrGlyPheAs

790 800 810 820 830 840 850
TCGCGGCCTAGAGGCCGAAAGATCTTGGGTGCCTCCGACAATAATGGCCGCCTGACATTCCTCATTCAGTTCAAAGGC
pArgGlyLeuGluAlaGluArgSerTrpValProProThrIleMetAlaAla

868 878 888 898 908 918 928
GTGGACCAAGCAGAAATGGTGCCCTCCTCAGTGGCCAATGAAAAAATTCCACGAATGGTAATCCACTTCTACGAAGAG
946 956 966 976 986 996 1006
CGCCTATCCTGTACTCTGATAATGAAGATTAAACAGTTGGATCATCGAAAGAGCGAAAAAGAACGATTATACATTTAA

1024 1034 1044 1054 1064 1074 1084
CGAAAAATTACCCACTTAGAATTATAGCTCCTTGCAGGCGCTTTCAAAACCACCCAACCAACTCTTAAGGCATCGGAC

1102 1112 1122 1132 1142 1152 1162
TTTTTTCCATAAATGTCCAGAGTCAGTGTCTGTATTTATGATAACCATTTTCAATAAATAAAAAAAACCTTTAAATCG
1173
AAA

FIG. 5. Nucleotide sequence of the EcoRI insert in AgtlO recombinant DNA phage. The nucleotide sequence of the EcoRI insert in Agtll
recombinant DNA phage is identical to the AgtlO cDNA insert except for base pairs 1 to 345. Hence, only the first 50 nucleotides with the
open reading frame from the lacZ fusion and the Glu-Phe amino acids coded by the EcoRI linkers of the Agtll insert are shown (see text).
An amino acid sequence is derived from the nucleotide sequence. Only one of the reading frames is shown. The other two reading frames have
many stop codons and hence could not produce the 135,000-dalton lacZ fusion protein seen in Xgtll phage. The polyglutamic acid stretch at
400 to 418 nucleotides and the putative poly(A) addition consensus sequences are underlined.

The protein is very hydrophilic in nature. There is a basic-
to-acidic amino acid ratio of 1.2. A series of six glutamic acid
residues (bases 400 to 418) is present among a stretch of 20
amino acids (bases 392 to 463) that has the potential to fold
in to an a-helical structure. The molecular weight of the
protein derived from the DNA sequence is 18,101, which is
in agreement with the molecular weight of the C1A9 antigen
obtained from urea-SDS-polyacrylamide gels (7; H. Ley,
Focus 6:5, 1984).

Isolation of a genomic DNA clone and in situ localization of
the gene coding for the heterochromatin-associated protein.
We screened a Charon 4 genomic library for DNA fragments
that contain the ClA9 antigen gene. A number of overlap-
ping DNA fragments that hybridize to the Xgtll cDNA clone
were identified. Two of these clones were characterized in

detail. A partial restriction map of the two genomic clones
(Charon 4 HCDm 7 and 1.4) and the localization of the
cloned cDNA sequences are shown in Fig. 6. Northern blot
analysis of embryo RNA with Charon 4 HCDm 7 as a probe
indicated the presence of a second gene with a less-abundant
transcript of approximately 1.3 kilobases (data not shown).
At present we do not know the functional role of the protein
encoded by this transcript. The genomic DNA clones
Charon 4 HCDm 1.4 and 7 were used to probe salivary gland
polytene chromosomes in situ. A single site that mapped to
29A on the second chromosome was identified as the chro-
mosomal location of the gene (Fig. 7). The hybridization
signal indicated a broad region at 29A, raising the possibility
that there may be one or two copies of this gene or a similar
gene at this location.
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FIG. 6. Partial restriction map of the two overlapping genomic DNA clones isolated from a Charon 4 genomic library. The solid bars

represent the two transcription units. ? shows the position of the uncharacterized transcription unit which lies toward the 3' end of ClA9
transcription unit. kb, Kilobases.

DISCUSSION

Our understanding of the structural and functional roles of
chromosomal proteins has been greatly aided by the devel-
opment of immunological techniques to localize protein
antigens on eucaryotic chromosomes (1, 17, 52, 53) with
very specific antisera. A necessary requisite to such an

analysis is the availability of monospecific antibodies to
various chromosomal proteins. Recently, it has been possi-
ble to produce monoclonal antibodies from impure antigens,
as has been done for NHC proteins of the D. melanogaster
cell line Kc (50). One of the drawbacks of this approach is
the fact that the use of crude protein preparations as antigens
often results in the production of a large number of mono-
clonal antibodies that recognize a small number of major
antigenic components in the preparation. To overcome this
drawback, the antigen used in our study was prepared from
gel electrophoretically separated proteins. Our experimental
approach is designed for proteins that are present in low
amounts and that are difficult to purify to homogeneity by
conventional biochemical techniques. Consequently, we
used 1 to 2 ,ug of protein per injection for immunization.
Hydroxylapatite fractionation of nuclear proteins was cho-
sen primarily because separation can be achieved in the
presence of denaturing solvents, which are necessary to
maintain these proteins in solution.
We identified four different monoclonal antibody-secreting

cell lines from a single fusion. In an immunofluorescence
assay, all four monoclonal antibodies recognized an antigen
that is primarily located at the chromocenter. A small, but
consistent number of chromosomal sites, notably region 35
to 36 on the 2L chromosome, were also stained. A detailed
analysis of all the regions that are stained by this assay
indicates that the antigen is concentrated at previously
identified centromeric and intercalary heterochromatic sites
(T. C. James and V. Dietrich, unpublished data).
Heterochromatin in eucaryotic cells can be classified into

two types, constitutive and facultative. Constitutive or oblig-
atory heterochromatin is commonly found in the form of
comparatively short stretches of highly condensed material
that always occur at the same location in both members of a

homologous pair of chromosomes. It is found at
centromeres, usually at both sides of the kinetochore. At
interphase the regions of constitutive heterochromatin may
remain aggregated to form chromocenters. Obligatory

heterochromatin in D. melanogaster occupies approxi-
mately 25 to 50% of all major chromosome arms and the Y
chromosome. It is also interspersed in many euchromatic
sites. Cytological distinctions sometimes have been
drawn between the material of the chromocenter (a-hetero-
chromatin) per se and the condensed regions immediately
adjacent which connect the chromocenter to the chromo-
some arms (P-heterochromatin). While a-heterochromatin is
underreplicated, P-heterochromatin, which has a banded
structure, appears to replicate with euchromatin and also
appears to be transcribed at low levels (28). In the immuno-
fluorescence assay with ClA9 antibody we observed a more
intense staining in the ,-heterochromatin than in the a-

heterochromatin (Fig. 3). This may reflect the DNA and
protein content of the respective regions.
The ClA9 antigen, like Drosophila histone Hi, migrates

aberrantly on SDS-polyacrylamide gels that use discontinu-
ous buffer systems (27). The apparent molecular weight of
34,000 calculated for ClA9 based on its migration on these
gels is approximately twice the absolute molecular weight
obtained from the amino acid sequence data. However, in a
urea-containing SDS gel with a continuous neutral buffer
system, both ClA9 antigen and histone Hi migrated very
close to their absolute molecular weights derived from
nucleic acid or amino acid sequence data at 19,000 and
22,000, respectively. The exact reasons for the anomalous
migration of some proteins on SDS gels is not clearly
understood. The anomalous migration may be due to specific
secondary structures or to an uneven distribution of charge
throughout the protein. The presence of urea and SDS in the
gel at neutral pH presumably results in complete denatur-
ation of these proteins.
There appear to be multiple interdependent factors that

determine heterochromatinization, including the nucleotide
sequences in the heterochromatic DNA and the various
chromosomal proteins that bind to them. Analysis in D.
melanogaster has identified several AT-rich satellite DNAs
present in the constitutive heterochromatin. The satellite
DNA with a bouyant density of 1.688 (8) has been shown to
bind to at least two proteins in a DNA filter binding assay
(21). In another study, it was shown that an NHC protein
called Dl (1, 31) specifically binds to highly AT-rich DNA.
Using immunological techniques, Will and Bautz (64) have
identified a protein of approximately 38,000 daltons (based
on migration of the protein in SDS gels with the discontinu-
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FIG. 7. In situ localization of the gene coding for the ClA9 antigen. A genomic DNA clone (Charon 4 HCDm 7) isolated from a Charon
4 library was nick translated (44) with biotinylated dUTP and used to probe a polytene chromosome squash as described in Materials and
Methods. The hybridization signal is located exclusively at cytological map position 29A on the 2L chromosome.

ous buffer system) as a constituent of heterochromatin.
These authors prepared antisera against two chromosomal
protein fractions obtained from a hydroxylapatite column.
Both antisera showed bright fluorescence staining at the
chromocenter. A number of other bands along the chromo-
some arms were also stained. Because of the impurities in
the antigen the authors could not conclusively attribute the
various staining patterns obtained in this experiment to any

specific antigen, although the 38,000-dalton protein was one

of the major components immunoprecipitated from that
fraction. It is possible that the antigen we identified in the
heterochromatic regions is identical to that described by Will
and Bautz (64). The facts that the antigen described here and
that described previously both elute from hydroxylapatite
columns at 100 to 150mM phosphate concentrations and that
both migrate similarly on urea-acetic acid and SDS-
polyacrylamide gels with discontinuous buffer systems
strongly suggest that they are the same antigen.
The ClA9 antigen appears to be very hydrophilic and has

a high predicted helical content similar to high-mobility
group proteins (4, 10). In addition, polyglutamic acid
stretches (15) and long 3'-untranslated regions (G. H. Dixon,
B. T. Pentecost, K.-L. De. Lee, and J. M. Wright, Abstr.
Int. Symp. Chromatin Struct. Function, Camarino, Italy,
1985, p. 61-62) similar to those seen in the ClA9 antigen
mRNA have also been observed in high-mobility group

proteins. Recently mRNA for another DNA-binding protein,
GCN4 in yeasts, has been characterized (36). GCN4 protein
synthesis is regulated at the translational level, and its
mRNA has a 600-nucleotide-long untranslated 5' noncoding
region. If ClA9 synthesis is also regulated at the transla-
tional level, the long untranslated 5' sequences of ClA9
antigen mRNA may have a functional role. Comparison of
the nucleic acid sequence to Genebank sequences and the
protein sequence to the protein sequence data bank did not
show any significant similarities to other known sequences.

In both drosophila (32) and mice (47) the presence of a

euchromatic gene in close proximity to the constitutive
heterochromatin results in somatic mosaicism in the expres-

sion of the euchromatic gene. This effect, known as position
effect variegation, results from the functional inactivation of
the euchromatic gene. Position effect variegation has been
described in a variety of plants and animals and has been
extensively studied in drosophila (see reference 57 for a
review). Many workers have observed a striking correlation
between the proportion of cells in which the variegating gene
is packaged into heterochromatin and the degree to which a
gene is expressed (19, 42). At the genetic level specific
mutations which modify position effect variegation in D.
melanogaster have been described previously (43). The
localization of the ClA9 antigen-encoding gene to 29A on the
2L chromosome is very intriguing. Recently, a group of
genes referred to as suppressors of position effect variega-
tion have been genetically mapped to approximately 28.9
centimorgans on the 2L chromosome (55). Mutations at this
locus result in marked supression of position effect variega-
tion. It was suggested that genes at such loci may encode
structural NHC protein components of heterochromatic
regions. The protein we identified is an NHC protein and is
very specifically associated with heterochromatic regions.
The chromosomal location of the gene that encodes this
protein at map position 29A appears to be at or very near to
the mutation at 28.9 centimorgans. Preliminary studies indi-
cate that the expression of the message for the ClA9 antigen
is affected by this suppressor mutation (T. C. James and
J. C. Eissenberg, unpublished data). It may therefore be
possible to rescue the lethal homozygous phenotype by
introducing an intact wild-type gene coding for the ClA9
antigen into this mutant by P element-mediated transforma-
tion (45). Such experiments are currently being undertaken
in this laboratory.

ACKNOWLEDGMENTS
We thank Valerie Dietrich for carrying out the immunofluores-

cence staining of polytene chromosomes, Joel Eissenberg for per-
forming the in situ hybridization, and Ursula Bond for her generous
assistance and helpful advice. We thank M. Philip and D. Brutlag
(Stanford University) for the Xgtll library, T. Kornberg (University

MOL. CELL. BIOL.



HETEROCHROMATIN-ASSOCIATED NONHISTONE PROTEIN 3871

of California, San Francisco) for the AgtlO library, W. Bender and T.
Maniatis (Harvard University) for the Charon 4 library, and W.
Engles for communicating the procedure for use of biotinylated
probes for in situ hybridization.

This work was supported by a grant from the American Cancer
Society and by Public Health Service grant GM31532 from the
National Institutes of Health to S.C.R.E.

LITERATURE CITED

1. Alfageme, C. R., G. T. Rudkin, and L. H. Cohen. 1980.
Isolation, properties and cellular distribution of Dl, a chromo-
somal protein of Drosophila. Chromosoma 78:1-31.

2. Allis, C. D., C. V. C. Glover, J. K. Bower, and M. A. Gorovsky.
1980. Histone variants specific to the transcriptionally active
amitotically dividing macronucleus of the unicellular eukaryote
Tetrahymena thermophila. Cell 20:609-617.

3. Applebaum, S. W., T. C. James, D. H. Wreschner, and J. R.
Tata. 1981. The preparation and characterisation of locust
vitellogenin messenger RNA and the synthesis of its comple-
mentary DNA. Biochem. J. 193:209-216.

4. Baker, C., I. Isenberg, G. H. Goodwin, and E. W. Johns. 1976.
Physical studies of the non-histone chromosomal proteins
HMG-1 and HMG-2. Biochemistry 15:1645-1648.

5. Benton, W. D., and R. W. Davis. 1977. Screening Xgt recombi-
nant clones by hybridization to single plaques in situ. Science
196:180-182.

6. Birnboin, H. C. 1983. A rapid alkaline extraction method for the
isolation of plasmid DNA. Methods Enzymol. 100:243-255.

7. Bond, U. M., and M. J. Schlessinger. 1985. Ubiquitin is a heat
shock protein in chicken embryo fibroblasts. Mol. Cell. Biol.
5:949-956.

8. Brutlag, D. 1980. Molecular arrangement and evolution of
heterochromatic DNA. Annu. Rev. Biochem. 14:121-145.

9. Cartwright, I. L., M. A. Keene, G. C. Howard, S. M. Abmayr,
G. Fleischmann, K. Lowenhaupt, and S. C. R. Elgin. 1983.
Chromatin structure and gene activity: the role of nonhistone
chromosomal proteins. Crit. Rev. Biochem. 13:1-86.

10. Cary, P. D., C. Crane-Robinson, E. M. Bradbury, K. Javaher-
ian, G. H. Goodwin, and E. W. Johns. 1976. Confirmational
studies of two non-histone chromosomal proteins and their
interactions with DNA. Eur. J. Biochem. 62:583-590.

11. Church, G. M., and W. Gilbert. 1984. Genomic sequencing.
Proc. Natl. Acad. Sci. USA 81:1991-1995.

12. Cox, J. V., E. A. Schenk, and J. B. Olmsted. 1983. Human
anticentromere antibodies: distribution, characterization of an-
tigens, and effect on microtubule organization. Cell 35:331-339.

13. Elgin, S. C. R., and D. W. Miller. 1977. Mass rearing of flies and
mass production and harvesting of embryos, p. 112-121. In M.
Ashburner and T. R. F. Wright (ed.), The genetics and biology
of Drosophila, vol. 2a. Academic Press, Inc., New York.

14. Galfre, G., and C. Milstein. 1982. Preparation of monoclonal
antibodies. Strategies and procedures. Methods Enzymol.
73:1-46.

15. Goodwin, G. H., and E. W. Johns. 1983. The high mobility group
(HMG) proteins, p. 70-87. In L. S. Hnilica (ed.), Chromosomal
nonhistone proteins, vol. 3. CRC Press, Inc., Boca Raton, Fla.

16. Goto, T., and J. C. Wang. 1984. Yeast topoisomerase II is
encoded by a single copy essential gene. Cell 36:1073-1080.

17. Greenleaf, A. L., U. Plagens, M. Jamrich, and E. K. F. Bautz.
1978. RNA polymerase B (or II) in heat induced puffs of
Drosophila polytene chromosomes. Chromosoma 65:127-136.

18. Hanna, A. 1951. Localisation and function of heterochromatin
in Drosophila melanogaster. Adv. Genet. 5:87-125.

19. Hartman-Goldstein, I. J. 1967. On the relationship between
heterochromatinisation and variegation in Drosophila, with spe-

cial reference to temperature sensitive periods. Genet. Res.
10:143-159.

20. Hattori, M., and Y. Sakaki. 1986. Dideoxy sequencing method
using denatured templates. Anal. Biochem. 152:232-238.

21. Heish, T., and D. Brutlag. 1979. A protein that preferentially
binds Drosophila satellite DNA. Proc. Natl. Acad. Sci. USA
76:726-730.

22. Howard, G. C., S. M. Abmayr, L. A. Shinefeld, V. L. Sato, and
S. C. R. Elgin. 1981. Monoclonal antibodies against a specific
nonhistone chromosomal protein of Drosophila associated with
active genes. J. Cell Biol. 88:219-225.

23. Huynh, T., R. Young, and R. Davis. 1985. Constructing and
screening cDNA libraries in AgtlO and Xgtll, p. 49-78. In D. M.
Glover (ed.), DNA cloning, vol. 1. IRL Press, Oxford.

24. Ingles, C. J., H. J. Himnmelfarb, M. Shales, A. L. Greenleaf, and
J. D. Friesen. 1984. Identification of a structural gene for an
RNA polymerase II polypeptide in Drosophila melanogaster
and mammalian species. Proc. Natl. Acad. Sci. USA
80:3396-3400.

25. Klyszejko-Stephanowics, L., and L. S. Hnilica. 1983. Isolation,
fractionation and analysis of non-histone chromosomal pro-
teins, p. 1-69. In L. S. Hnilica (ed.), Chromosomal non-histone
proteins, vol. 3. CRC Press, Inc., Boca Raton, Fla.

26. Kozak, M. 1983. Comparison of initiation of protein synthesis in
procaryotes, eucaryotes, and organelles. Microbiol. Rev.
47:1-45.

27. Laemmli, U. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

28. Lakhotia, S. C., and J. Jacob. 1974. EM autoradiographic
studies on polytene nuclei of Drosophila melanogaster. II.
Organisation and transcriptive activity of the chromocenter.
Exp. Cell Res. 86:253-263.

29. Land, H., M. Grez, H. Hauser, W. Lindernmaier, and G. Schultz.
1983. Synthesis of ds-cDNA involving addition of dCMP tails to
allow cloning of 5'-terminal mRNA sequences. Methods
Enzymol. 100:285-292.

30. Lehrach, H., D. Diamond, J. M. Wozney, and H. Boedtker. 1977.
RNA molecular weight determination by gel electrophoresis
under denaturing conditions: a critical reexamination. Biochem-
istry 16:4743-4751.

31. Levinger, L., and A. Varshavsky. 1982. Protein Dl preferentially
binds A:T rich DNA in vitro and is a component of Drosophila
melanogaster nucleosomes containing A:T rich satellite DNA.
Proc. Natl. Acad. Sci. USA 79:7152-7156.

32. Lewis, E. B. 1950. The phenomenon of position effect. Adv.
Genet. 3:75-115.

33. Maniatis, T., R. C. Hardison, E. Lacy, J. Lauer, C. O'Connel, D.
Quon, G. K. Sim, and A. Efstratiadis. 1978. The isolation of
structural genes from libraries of eukaryotic DNA. Cell
15:687-701.

34. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

35. Miller, D. W., and S. C. R. Elgin. 1981. Transcription of heat
shock loci of Drosophila in a nuclear system. Biochemistry
20:5033-5042.

36. Mueller, P. P., and A. G. Hinnebusch. 1986. Multiple upstream
AUG condons mediate translational control of GCN4. Cell
45:201-207.

37. Muller-Hill, B., and J. Kania. 1974. Lac repressor can be fused
to galactosidase. Nature (London) 249:561-562.

38. Oi, V. T., and L. A. Herzenberg. 1979. Immunoglobulin produc-
ing hydrid cell lines, p. 351-372. In B. B. Mishell and S. M.
Shiigi (ed.), Selected methods in cellular immunology. W. H.
Freeman & Co., San Francisco.

39. Panyim, S., and R. ChaLkley. 1969. High resolution acrylamide
gel electrophoresis of histones. Arch. Biochem. Biophys.
130:337-346.

40. Parham, P. 1983. Monoclonal antibodies against HLA products
and their use in immunoaffinity production. Methods Enzymol.
92:110-138.

41. Poole, S. J., L. M. Kauvar, B. Drees, and T. Kornberg. 1985.
The engrailed locus of Drosophila: structural analysis of an
embryonic transcript. Cell 40:37-43.

42. Prokofyeva-Belgoskaya, A. A. 1947. Heterochromatinisation as a
change of chromosome cycle. J. Genet. 48:80-98.

43. Reuter, G., W. Werner, and H. J. Hoffman. 1982. Mutants
affecting position effect heterochromatinisation in Drosophila
melanogaster. Chromosoma 85:539-551.

VOL. 6, 1986



3872 JAMES AND ELGIN

44. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labelling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase I. J. Mol. Biol.
113:237-251.

45. Rubin, G., and A. C. Spradling. 1982. Genetic transformation of
Drosophila with transposable element vectors. Science
218:348-353.

46. Rudkin, G. T. 1964. The structure and function of
heterochromatin, p. 359-375. In S. J. Geerts (ed.), Genetics
today, vol. 2. Pergamon Press, Inc., Elmsford, N.Y.

47. Russell, L. B. 1963. Mammalian X chromosome action: inacti-
vation limited in spread and in region of origin. Science
140:976-978.

48. Sanger, F., and A. R. Coulson. 1978. The use of thin acrylamide
gels for DNA sequencing. FEBS Lett. 87:107-110.

49. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

50. Saumweber, H., P. Symmons, R. Kabisch, H. Will, and F.
Bonhoeffer. 1980. Monoclonal antibodies against chromosomal
proteins of Drosophila melanogaster. Establishment of anti-
body producing cell lines and partial characterisation of corre-
sponding antigens. Chromosoma 80:253-275.

51. Sealy, P. G., and E. M. Southern. 1982. Gel electrophoresis of
DNA, p. 39-75. In D. Rickwood and B. D. Hames (ed.), Gel
electrophoresis of nucleic acids. IRL Press, Oxford.

52. Silver, L. M., and S. C. R. Elgin. 1976. A method for distribution
of chromosomal proteins. Proc. Natl. Acad. Sci. USA
73:423-427.

53. Silver, L. M., and S. C. R. Elgin. 1977. Distribution patterns of
three subfractions of Drosophila nonhistone chromosomal pro-
teins: possible correlations with gene activity. Cell 11:971-983.

54. Silver, L. M., and S. C. R. Elgin. 1978. Immunological analysis
of protein distribution in Drosophila polytene chromosomes, p.
216-263. In H. Busch (ed.), The cell nucleus. Chromatin, part
B, vol. 5. Academic Press, Inc., New York.

55. Sinclair, D. A. R., R. C. Mottus, and T. A. Grigliatti. 1983.
Genes which suppress position effect variegation in D.
melanogaster are clustered. Mol. Gen. Genet. 191:326-333.

56. Siraganian, R. P., P. C. Fox, and C. Berenstein. 1983. Methods

in enhancing the frequency of antigen specific hybridomas.
Methods Enzymol. 92:17-26.

57. Spofford, J. B. 1976. Position effect variegation in Drosophila, p.
955-1018. In M. Ashburner and E. Novitski (ed.), The genetics
and biology of Drosophila, vol. lc. Academic Press, Inc., New
York.

58. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

59. Telakowskiz-Hopkins, C. A., A. Y. H. Lu, and C. B. Pickette.
1983. Isolation and characterisation of monoclonal antibodies
against rat liver epoxide hydrolase. Arch. Biochem. Biophys.
221:79-88.

60. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

61. Wahl, G. M., M. Stern, and G. M. Stark. 1979. Efficient transfer
of large DNA fragments from agarose gels to diazobenzyloxy
methyl paper and rapid hybridization by using dextran sulfate.
Proc. Natl. Acad. Sci. USA 76:3683-3687.

62. Wallace, R. B., M. J. Johnson, S. V. Suggs, K. Miyohi, R. Bhatt,
and K. Itakura. 1981. A set of synthetic oligodeoxyribo-
nucleotide primers for DNA sequencing plasmid vector
pBR322. Gene 16:21-26.

63. Wells, D. E. 1986. Compilation analysis of histones and histone
genes. Nucleic Acids Res. 14:rll9-rlSO.

64. Will, H., and E. K. L. Bautz. 1980. Immunological identification
of a chromocenter associated protein in polytene chromosomes
of Drosophila. Exp. Cell Res. 125:401-410.

65. Wu, C., P. M. Bingham, K. L. Livak, R. Holmgren, and S. C. R.
Elgin. 1979. The chromatin structure of specific genes: evidence
for higher order domains of defined sequence. Cell 16:797-806.

66. Young, R. A., and R. W. Davis. 1983. Efficient isolation of genes
by using antibody probes. Proc. Natl. Acad. Sci. USA
80:1194-1198.

67. Young, R. A., V. Mehra, D. Sweetser, T. Buchanan, J. Clark-
Curtiss, R. W. Davis, and B. R. Bloom. 1985. Genes for the
major protein antigens of the leprosy parasite Mycobacterium
leprae. Nature (London) 316:450-452.

MOL. CELL. BIOL.


