
of calpain I1 supports the idea that location 
of calpain I1 may be critical to the mode of 
c a l ~ a h  11 function in terms of access to 
substrate or mode of activation or deactiva- 
tion. 

Clearly, the nature of the interrelation- 
ship between calpain I1 and calpastatin 
is not yet understood. For instance, we do 
not yet know whether the mechanism by 
which calpastatin controls calpain I1 relies 
more heavily on (i) a physical association 
that necessitates physical proximity [sarco- 
lemmal association of calpastatin and calpain 
I1 in striated muscle (11,12)] or whether (ii) 
the Ca2+ microenvironment may be more 
important in modulating the calpain II- 
calpastatin interaction. Injected calpain I, 
though inhibited during in vitro interac- 
tions with calpastatin, does not relocate 
during mitosis and does not appear to affect 
the progress of specific mitotic states (13). 
This result provides additional support for 
the theory that relocation of calpain I1 may 
be critical to how the protease functions in 
mitosis. 

Insight into mechanisms by which the 
Ca2+ requirement of calpain I1 may be 
modulated has come from calpain activation 
studies in smooth muscle (14). The amount 
of ca2+ required for the autolysis of half of a 
total amoint of calpain I1 ( G , ~ )  can be 
reduced from 680 pkf to 87  pkf if phospha- 
tidylinositol or diacylglyerol are added. 
However, these ca2+ levels are still substan- 
tially greater than those reported at meta- 
phase-anaphase transition (0.5 to 0.8 +M) 
(4) for PtKl cells. Additional work needs 
to address the potential involvement of 
Ca2+-binding proteins in combination 
with other factors in the modulation of this 

Although one of the original reasons for 
the use of microinjection was to facilitate the 
identifications of cellular substrates, there 
may be an array of substrates for calpain 11. 
Hydrolysis of specific cytoskeletal proteins 
(15, 16) as well as microtubule-associated 
proteins (MAPS) (17-19) by calpain I1 has 
been well documented. Calpain II-promot- 
ed hydrolysis of MAP 1 or MAP 2 could 
result in the disassemblv of the microtubules 
of the mitotic spindle. Moreover, the selec- 
tive hydrolysis of filamin and other actin- 
binding proteins (20,21), as well as hydrol- 
ysis of intermediate filament components 
(22), has major implications for any of the 
mitotic processes dependent on these cyto- 
skeletal components. The possible role that 
calpain I1 may play in association with the 
nucleus. nuclear membrane. or chromo- 
somes is somewhat more speculative. Cal- 
pain I1 has been implicated in the Ca2+- 
mediated intracellular processing of various 
receptors that become associated with the 

nucleus (23,24), as well as in the cytoskeletal- 
directed condensation of chromos~mes (25). 
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Identification and Characterization of a Neuron- 
Specific Nuclear Antigen in Drosophila 

An antigen found only in neuronal nuclei of Drosuphila melanogaster is revealed by 
staining with a monoclonal antibody (Mab44Cll). This antigen appears early in 
development, before neurons show any other signs of antigenic or morphologic 
differentiation, and persists throughout development. This nuclear staining permits 
reliable detection of neurons in developmental studies of wild-type and mutant flies. 
Protein immunoblot analyses and immune precipitation experiments show that the 
neuronal nuclear antigen is a 50-kilodalton polypeptide. 

T HE DIFFERENCE BETWEEN NEU- 

rons and other types of cells remains 
a major question in developmental 

neurobiology. In Drosopbila, this problem 
can be studied by two complementary ap- 
proaches. (i) From mutational studies, one 
can identify genes that are important in 
neuronal determination (1-3). (ii) With 
neuron-specific antibodies, one can identify 
molecular differences between neurons and 
other cell types. Although a number of 
antibodies have been found to stain subsets 
of cells of the nervous system (4)) only one 
antiserum, raised against horseradish peroxi- 
dase (HRP), was previously known to stain 
all Drosqhila neurons [antibodies to HRP 
bind to carbohydrate epitopes on the neuro- 
nal membrane (5-81. Here we describe a 

Howard Hughes Medical Institute and the Departments 
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monoclonal antibody (Mab44C11) that ex- 
clusively stains neuronal nuclei in Drosopbila. 
We also present preliminary biochemical 
characterizations of this neuron-specific nu- 
clear antigen. 

The antibody Mab44C11 was found as an 
immunoglobulin M (1gM)-secreting clone 
from a hybridoma fusion with HRP as an 
immunogen; however, it does not recognize 
HRP. At all stages of Drosopbila develop- 
ment that have been examined, Mab44Cll 
stains neuronal nuclei. In the central nervous 
system (CNS), nuclei of neurons but not 
neuroblasts are stained. Although it appears 
that all neurons are labeled, because of the 
high density of cells we could not be certain 
that every neuron in the CNS is stained. In 
the embryonic peripheral nervous system 
(PNS), on the other hand, the number and 
position of all neurons has been determined 
(8). Examination of many embryos revealed 
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Fig. 1 .  One-to-one correspondence of cells la- 
beled with (A) antibodies to HRP and with (B) 
Mab44Cll in a dorsal cluster of peripheral neu- 
rons in an abdominal segment of a stage 16 
e m b ~ o .  In this double-labeling experiment, anti- 
bodies to HRP were labeled with rhodamine- 
conjugated goat antibodies to rabbit IgG, and 
Mab44Cll was labeled with fluorescein-conju- 
gated goat antibodies to mouse IgM. Bar, 20  pm. 

that all neurons but no other cells in the 
periphery express this nuclear antigen. A 
one-to-one correspondence is found be- 
tween cells stained with antibodies to HRP 
and with Mab44Cll (Fig. 1). 

In both the CNS and PNS the 
Mab44Cll antigen appears as soon as or 
shortlv afier a neuron is born and is the 
earliest neuron-specific antigen of which we 
are aurare. In Drosopbila, embnrogenesis lasts 
for about 22 hours at 25OC. The Mab44C11 
staining reveals the first peripheral neuron at 
stage 11 [approximately 7 hours afier fertil- 
ization; staging is according to (9) ]  (Fig. 
2A). During the next 3 hours, staining of 
other peripheral neurons appears in a stereo- 
typed pattern (Fig. 2, B to D). In contrast, 
staining by antibodies to HRP (5) or 
Mab21A4, which recognizes all sensory 
neurons (lo),  first appears early during stage 
13 (about 9.5 hours after fertilization). Ax- 

onogenesis also begins at stage 13, and by 
stage 14 (10 hours after fertilization) all 
necrons are present q d  express a number of 
neuron-specific antigens (Fig. 2, D to F). 
Afier embryogenesis, a second wave of neu- 
rogenesis takes place and gives rise to the 
adult nervous system. For instance, adult 
sensory neurons start to appear in the ima- 
ginal disks during the late third instar larval 
and early pupal stages (10). One of the first 
signs of neuronal differentiation in these 
cells is nuclear staining by Mab44C11. The 
Mab44Cll antigen throughout the 
development of larval and adult neurons. 

The early onset and nuclear localization of 
this neuron-specific antigen make it an ex- 
cellent marker for analyzing mutations af- 
fecting neural development. To  illustrate 
this point we show a Notch mutant with an 
overall increase of both central and peripher- 
al neurons (1) and a scute mutant with a 
severe reduction of central and peripheral 
neurons (1 1 )  (Fig. 3). Compared to staining 
of neuronal surface or cytoplasm, the 
Mab44C11 staining of neuronal nuclei per- 
mits easy, unambiguous identification of 
individual neurons. This resolution is essen- 
tial in counting neurons in large clusters. 

As a first step in the biochemical study of 
the Mab44C 1 1 antigen, we looked for pro- 
teins that bound specifically to this anti- 
body. On protein immunoblots (12), two 
bands (at 21 and 50 kD) were seen only in 
embryos that had begun neurogenesis (older 
than 6 hours) and showed Mab44C11 stain- 
ing (Fig. 4A). A 45-kD band, common to 
all embryos (Fig. 4A) and comigrating with 
one major yolk protein band, was also 
stained bv other monoclonal antibodies in 
control experiments and was probably non- 
specific. Because extracts of embryonic and 
larval CNS and adult heads gave rise to only 
the 50-kD immunoreactive band (Fig. 4A) 
and immune precipitation experiments de- 
scribed below also revealed the 50-kD band 
but not the 21-kD band, the 50-kD band is 

Fig. 2. Appearance of peripheral 
neurons in embryos as revealed by 
Mab44Cll staining (A to E) and w- 
by Mab21A4 staining (F). (A) A zri late stage 11 embryo showing one 
or two cells labeled with A 
Mab44Cll in each hemisegment. 

- C 
. . 

(B) A late stage 12 embryoshow- C 
ing Mab44C11 staining o f  cells in 
the lateral cluster after staining is 
apparent in the dorsal cluster. (C to 
E) Embrvos at stages 13, 14, and - 

16, res&tively, stained with 
Mab44C11. In f El the full comole- 

\ r 

ment of peripheral neurons is 
shown. (F) A stage 15 embryo with 
fullv develoocd ocrinheral nervous 
system, ladeled' wkh Mab21A4 
(10). Bar, 200 pm. C - - 

the only suitable candidate for the cyto- 
chemical antigen. 

In addition to tissues and developmental 
stages described above, 2- to 4-day pupae 
also contain the 50-kD band. This immuno- 
reactive band is present at much lower 
amounts in third instar larvae and adult male 
abdomens, where nervous tissues represent 
only a small proportion of the total mass. 
Thus, the level of the 50-kD immunoreac- 
tive band correlates with the amount of 
nervous tissue. 

As additional controls, we used mutant 
embryos with reduced nervous tissue, em- 
bryos of distantly related Drosopbila species, 
as well as other monoclonal antibodies. 
Since the CNS is derived from ventrolateral 
regions of the embryo, it should be greatly 
reduced in embryos of homozygous dorsal- 
ized (dl) mothers; these mutant embryos fail 
to develop ventral tissues (13). Indeed, 
Mab44Cll staining revealed no neurons in 
most mutant embnros and small clusters of 
stained cells in the rest. Consistent with the 
sparse staining, little of the 50-kD band is 
found in these dl embryos (Fig. 4A). Em- 
bryos from Drosopbila virilk, which had di- 
verged from Drosopbila melanopter 50 to 
60 million years ago, do  not stain histo- 
chemically, nor do they show any bands on 
protein immunoblots (Fig. 4A). Control 
blots (not shown) of early embryos (0 to 6 
hours), late embryos (6 to 18 hours), and 
dissected larval CNS were probed with three 
other IgM class monoclonal antibodies (spe- 
cific for pole cells, body wall muscle, or a 
general nuclear antigen). No 50-kD band 
was revealed. Therefore, a strong correlation 
was found between the 50-kD band and 
Mab44Cll staining of neurons. 

In immunoblotting, the proteins are de- 
natured and bound to nitrocellulose paper 

Fig. 3. Examples of mutant phenotypes in the 
nervous system seen with Mab44Cll staining. 
(A) A Notch mutant (Dfll) p) embryo with 
severe hypertrophy of both CNS and PNS. (B) 
A scute mutant (scBS7) embryo with reduced 
numbers of CNS and PNS neurons. Bar, 200 pm. 
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before exposure to the antibody. To deter- 
mine whether the 50-kD protein binds to 
Mab44Cll in solution, we used this anti- 
body to precipitate the antigen from 3 5 ~ -  

labeled CNS. A 50-kD protein was precip- 
itated (Fig. 4B) (but not by a control mono- 
clonal antibody) and shown in other experi- 
ments to comigrate with the 50-kD band on 
protein immunoblots. Moreover, after pre- 
cipitation of unlabeled embryonic protein 
by Mab44Cl1, a 5 0 - 0  protein can be 
eluted that is recognized by Mab44Cll on 
immunoblot (Fig. 4C). In this experiment 

most proteins with a molecular size of 50 
kD are removed during immune precipita- 
tion. Therefore, the 50-kD band on protein 
immunoblots is most likely due to specific 
biding rather than cross-reactivity of a ma- 
jor protein. Taken together, both protein 
immunoblot and immune precipitation ex- 
periments strongly suggest that the 
Mab44Cll antigen is at least in part made 
up of a 50-kD protein. 

A number of nuclear proteins have been 
characterized. Notable examples are some of 
the segmentation and homeotic gene prod- 

Embryo 
(hours) 

B Urea eluate C Embryo Fig. 4. (A) Immunoblots of protein e n r a m  from tissues 

---2 (hours) and different developmental stages and genetic backgrounds 

r ,  2 - g reveal a band at 50 kD as the only nervous system-specific 
7 .- -i signal. The heavy bands in the "S-immune precipita- 
$ 5  $ 2  tion ("S-pept.) lanes correspond to  Mah44Cll  IeU and 

Fti 
- rabbit IgG subunits and complexes. Autoradiography of the 

samc blot showed that a 35S-laheled 50-kD protein in these 
two lanes precisely aliLgned a i th  the 50-kll band on the blot. 
Protein extracts \\,ere made in phosphate-buffered saline \vith 
0.5% NP-40 plus protease inhibitors. Protein immunoblots 

50 - 50- --  (12) were incubated sequentially with bovine serum albu- 
min. Mab44Cll  (1 : 10 dilution of culrure supernatant), 
affinity-purified rabbit antibodies to mouse I g C I  (Zyned. 
1:  1000). and alkaline phosphatase-conjugated goat anti- 
bodies to rabbit IgG (Promega Biotec, 1: ,500) according 
to the Promega Riotec protocol. Abbreviations: L, lawal; E, 
embno; dlldl P, homozygous dorsalized females; and Mol. 

-. size stds., molecular s i x  standards. (6) SDSplyacrylamide 
gel electrophoresis (PAGE) analys~s shows that a 50-kL> 

?t?' protein binds to  ,Mab44C11 in solution. The 50-kD protein 

E is eluted with lM urea or 50  mM methylamine (pH 11.0) 
from Mah44Cll  but not from Mab43G8. a different anti- 

body of the Iglll class. Thirry to 50 hand-dissected l a n d  CNSs [or purified embno CNSs (In] were 
incubated in a reaction misture containing [."S]methionine and ['5S]cystcinc in saline supplemented 
aith amino acids at 4°C overnight. Protein extracts were made and immune precipitates urere formed by 
incubating the extracts with preformed monoclonal antibody : rabbit antibody to  mouse I@: StaplN[o- 
c o r n  afrreus complexes overnight at 4°C. The complexes Xvcre then washed, eluted, and run on SDS- 
PAGE for analysis. The lane labeled Total sup. represents proteins from the extracts that did not bind to 
the iMab44C11 antibody. (C)  Immunoblots of proteins eluted from immune precipitates of unlabeled 
embryo extracts and of a similar eluate that had becn cleared of contaminating rabbit I@ and mouse 
IgM antibodies (El. pcpt.) by incubation first with a complex of S. aurezu and rabbit antibodies to  
mouse I@ and then with S. aureus. The cleared eluate shows a single band at 50 kD. 

ucts, which show position-dependent dism- 
bution and play crucial roles in pattern 
formation and gene regulation (14). 
Mab44Cll antigen is the first nuclear anti- 
gen known to have tissue type-dependent 
distribution. Although its function in neural 
development is not known, we have found a 
connection between this antigen and the 
embryonic lethal abnormal visual system 
(ehv) locus (3) whose embryonic transcripts 
are limited to the nervous system (15). 
Deletions or lethal point mutations of the 
elm locus eliminate Mab44Cll staining, 
although neurons can be visualized in these 
mutant embryos by staining with antibodies 
to HRP. From our studies (16) we cannot 
be sure whether the elav locus encodes the 
Mab44Cll antigen or controls its expres- 
sion; further characterization of the elm 
gene products (15) should resolve this ques- 
tion. Studies of the function of the 
M a w 1  1 antigen and of the neuron-spe- 
cific expression of this nuclear protein may 
provide insight to the molecular mecha- 
nisms that differentiate neurons from other 
types of cells. 
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Co-transfection of SV-HTLV with the 
HTLV-I1 LTR into COS cells results in 
transactivation of the HTLV-I1 LTR, as 
measured by enhanced expression of LTR- 
linked indicator genes. LTR function was 
assaved with the LTR-II-CAT construct. in 

that males and females'have equal amounts of the 
Mab44Cll antigen. Thus, at present no conclusive 13 November 1987; accepted 11 March 1988 

which the bacterial chloramphenicol acetyl- 
transferase (CAT) gene is linked to the . - 
HTLV-I1 LTR (8). 

Two mutations were introduced into SV- 
HTLV that specifically prevent wild-type 

HTLV-I1 Transactivation Is Regulated by the 
Overlapping tax l~ex ~onstructu;al ~ e n e s  

The human T-cell leukemia virus (HTLV) types I and I1 have two nonstructural genes 
that are encoded in overlapping reading frames. One of these genes, known as tax, has 
been shown to encode a protein responsible for enhanced transcription (transactiva- 
tion) from the viral long terminal repeats (LTRs). Genetic evidence indicates that the 
second nonstructural gene of HTLV-11, here designated vex, acts in trans to modulate 
tax gene-mediated transactivation in a concentration-dependent fashion. The rex gene 
may regulate the process of transactivation during the viral life cycle. 

H TLV-I AND HTLV-I1 ARE ASSO- encodes protein species of 26 and 24 kD 
ciated with specific T-cell disor- (13). The presumed Met initiation codon 
ders in humans (1-3). HTLV-I, for HTLV-I1 rex is located on the middle 

HTLV-11, and the related bovine leukemia exon of the 2.1-kb subgenomic mRNA at 

rex expressioi (Fig. ' 1 ~ ) .  Mutant SV- 
HTLV-SD~ has a 4 - b ~  deletion that elimi- 
nates the Met initiation condon for rex, but 
does not affect the tax initiation codon, 
which is located further downstream (1 7). 
SV-HTLV-rexterm contains a single nucleo- 
tide substitution that introduces a stop co- 
don in the rex coding sequences, resulting in 
a truncated rex gene product of 79 amino 
acids instead of the wild-type product, 
which is 170 amino acids (1 7) (Fig. 1B). 
Co-transfection of LTR-II-CAT into COS 
cells with either the SV-HTLV-Sph or SV- 
HTLV-rexterm mutants defective for rex 
expression results in a five- to tenfold de- 
crease in the level of transactivation of the 
HTLV-I1 LTR when compared to an equi- 
molar amount of transfected SV-HTLV 
(Table 1). Transfection of a construct desig- 
nated SV-HTLV-Cla (Fig. lB), which is 
deficient for both tax and rex because of a 

virus (BLV) each have two genes located in nucleotide (nt) position 5121 (Fig. 1A) frameshift mutation, results in no transacti- 
the 3' region of the genome that encode (13). The Met initiation codon for p37'" vation above baseline levels, as previously 
nonstructural proteins (Fig. 1) (4-6). One (AUG) is located downstream in the same reported (8). 
of these genes, called tax (which has also middle exon at nt 5180 (16). The fact that To determine whether the mutations af- 
been referred to as x-lor, tat-1, tat-2, andx), 
encodes a protein, designated p4W' in 
HTLV-I and p37X" in HTLV-I1 (4). The 
tax gene product is required for HTLV 
replication (7), and acts in trans to increase 
the rate of viral transcription from the viral 
LTR (8-1 1) .  The second gene is encoded in 
an alternate open reading frame that partial- 
ly overlaps with the t m  gene on the same 
subgenomic mRNA (Fig. 1A) (5, 12, 13). 
For HTLV-I. the second nonstructural 
gene, called tel (for trigger for expression of 
late genes) (14) or rex (for regulator of 
expression) (15) encodes a major protein 
species of 27 kD, p27x"', which is localized 
to the nucleus of HTLV-I-infected cells, as 
well as a 21-kD protein species p21X"' (5, 
12, 14). The p27x"' protein of HTLV-I is 
required for efficient gag expression (14). 

The corresponding rex gene of HTLV-I1 
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the rex gene product is encoded by the same 
subgenomic mRNA as the trans-acting tax 
gene product, p37x", suggested that, like 
tax, the rex gene might also play a regulatory 
role in the viral life cycle. 

To express, HTLV-I1 viral genes in vitro, 
we cons&ucted the expression vector, SV- 
HTLV (Fig. 1B) which contains the entire 
HTLV-I1 coding region (nt 361 to 8550) 
under the control of the SV40 promoter (8). 

fected a trans-acting function of the rex 
gene, a recombinant construct 91023-pX-b, 
which independently expresses the rex gene 
by means of the eukaryotic expression vector 
p91023-B, was used (18). The sequences 
surrounding the initiator Met codon for rex, 
GCTGCATGC, match poorly to the con- 
sensus initiator sequences identified by Ko- 
zak (19). By contrast, the sequences sur- 
rounding the downstream tax gene Met 

Fig. 1. (A) Schemat~c representatlon of the I o tax o o r e x  A 
HTLV-I1 genome and codmg sequences for non- 
structural protelns The gag, pol, and env codmg 5 gag pol env 3' 
regions are delineated on the provlrus The boxes 0 0 

above the genome des~gnate codmg reglons for (5121 - rex) 

tax and vex The 2 l-kb mRNA specles schematl- Av_G - 
AUG 

c d y  Illustrated below the HTLV-I1 genome con- (51 8 0  - tax) 

tams both tax gene sequences encodmg p37"", P B R ~ ~ Z  S V ~ O  sph I Cia I neoR SV40 

and vex gene sequences encodng the other non- i t r  ' V- 

structural protem(s) (4, 13). The 5' leader exon 361 8550 

(nt 313 to 449), mddle exon (nt 5044 to 5183), SVHTLV - GCTGCATG ccc 6 
and th~rd exon (nt 7214 to 8751) are represented SVHTLV-sph - GcTG"iccA 
by th~ck l~nes (6 )  Schemat~c representatlon of the 
SV-HTLV expresslon vector and vex gene mu- SVHTLV - ATCGATGG 

tants The mutations and resultant sequences In SVHTLV-rex - A T A G A T G G  

SV-HTLV-Sph, SV-HTLV-V~X'~'", and SV- S V H T L V - c a  - A T C ~ C G A T G G  

HTLV-Cia are shown below the genome. An 
arrow designates the Sph I cleavage slte at nt 5124 m the SV-HTLV sequence The Cla I cleavage ~n 
SV-HTLV-Cla slte IS designated by an arrow at nt 7385 In the SV-HTLV sequence 
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