tion, our data imply a direct role of the gene
for a transcription factor in human cancer-
associated genetic rearrangements. Al-
though it is suspected that Myc may also
function as a transcription factor, direct
demonstration of this has not been present-
ed. Finally, given our data suggesting that a
potential fusion transcript may be formed as
a result of t(1;19), it should be possible to
design DNA probe—based methodologies to
detect this abnormality in leukemia DNAs.
Knowledge of the genes affected by the
t(1;19) should also help establish whether
submicroscopic lesions of E2A or a gene on
chromosome 1 are associated with various
leukemias that lack the t(1;19) chromo-
somal translocation.

Note added in proof. Recent review of the
karyotype for leukemia cells from patient 1
showed that although this leukemia carries a
chromosome 19 abnormality, it is not a
t(1;19) or its unbalanced variant (24).
Therefore, ten out of ten t(1;19) break-
points in this study were detected by using
the pE47M probe, suggesting that all
t(1;19) breakpoints occur near or within
E2A.
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A Role for a 70-Kilodaton Heat Shock Protein in
Lysosomal Degradation of Intracellular Proteins

Hur-LinG CHIANG,* STANLEY R. TERLECKY, CHARLES P. PLANT,

J. FRED Dicgt

A 73-kilodalton (kD) intracellular protein was found to bind to peptide regions that
target intracellular proteins for lysosomal degradation in response to serum withdraw-
al. This protein cross-reacted with a monoclonal antibody raised to a member of the
70-kD heat shock protein (hsp70) family, and sequences of two internal peptides of the
73-kD protein confirm that it is a member of this family. In response to serum
withdrawal, the intracellular concentration of the 73-kD protein increased severalfold.
In the presence of adenosine 5'-triphosphate (ATP) and MgCl,, the 73-kD protein
enhanced protein degradation in two different cell-free assays for lysosomal proteolysis.

TUDIES OF THE DEGRADATION OF

proteins microinjected into cultured

cells have shown that ribonuclease A
(RNase A) is degraded within lysosomes
and that lysosomal degradation of RNase A
is increased when cells are deprived of serum
growth factors. The increased degradation
during serum withdrawal results from an
increased rate of protein transfer to lyso-
somes (1, 2).

Amino acid residues 7 to 11 (KFERQ)
(3) of RNase A constitute the essential
region for the enhanced degradation (4),
and similar, but not identical, peptide se-

Department of Physiology, Tufts University School of
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*Present address: Department of Biochemistry, Univer-
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quences exist in fibroblast proteins that are
preferentially degraded when cells are de-
prived of serum (5). A detailed description
of the probable peptide motif has been
presented (6).

To determine whether cytosolic proteins
participate in the lysosomal proteolysis of
microinjected RNase A seen in response to
serum withdrawal, we looked for proteins
that could specifically recognize KFERQ.
We found a 73-kD protein in the cytosol of
serum-deprived fibroblasts that bound to
RNase S-peptide (residues 1 to 20 of RNase
A) linked to Sepharose (but not to underiva-
tized Sepharose) and could be eluted with
the peptide KFERQ (Fig. 1), RNase S-
peptide, or RNase A, but not by several
unrelated peptides or proteins (7). We refer
to this protein as the 73-kD peptide recogni-
tion protein (prp73). A smaller protein (30
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Fig. 1. A 73-kD cellular protein binds to RNase A B
S-peptide and is recognized by MAb 7.10. (A)
IMR-90 human diploid lung fibroblasts were
grown as described (2). Cytosolic proteins from
serum-deprived fibroblasts and from livers of fed
rats were prepared (5) and passed through a 10-
ml column of RNase S-peptide—Sepharose. The
column was washed with 20 column-volumes of
0.5M tris buffer (pH 8) containing 0.5M NaCl
and then with 5 column-volumes of phosphate-
buffered saline (pH 7.2) containing 0.5M NaCl
and 0.1% Triton X-100. Proteins that remained
associated with the RNase S-peptide—Sepharose
were eluted by excess KFERQ peptide (2.5
mg/ml). Eluted proteins were visualized after
SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) with silver stain (lane 1) or Coomassie
blue R-250 (lane 3). Lane 2 contained sample
buffer with no protein added and was silver-stained; this shows that the two faint bands with molecular
sizes of 60 to 70 kD are artifacts (26). Protein standards (Sigma) were as follows: 116 kD, E. coli B-
galactosidase; 67 kD, bovine serum albumin; 45 kD, ovalbumin; and 14 kD, lysozyme. (B) Protein
blots with MAb 7.10. Lane 1, purified hscp73 from bovine brain; lane 2, whole cytosol from rat liver;
lane 3, purified prp73 from rat liver; and lane 4, purified prp73 from human fibroblasts. Inmunoblot-
ting was performed according to the manufacturer’s instructions (Bio-Rad), except bovine serum
albumin, rather than gelatin, was used in the blocking solution and antibody buffer. MAb 7.10 was in
the form of a hybridoma culture medium and was used at a 1: 50 dilution. The MAb 7.10 was visualized
with biotinylated goat antibody to rat immunoglobin G (Sigma) and a mixture of biotinylated
horseradish peroxidase and avidin.

- gfﬂl :
an
1a - B a -

Table 1. Amino acid sequences of prp73 and other hsp70 proteins. Purified prp73 from rat liver was
subjected to SDS-PAGE and stained with Coomassie blue. Fragment 1 was generated with
staphylococcal V8 protease (Sigma). Fragment 2 was a product of spontaneous hydrolysis of prp73.
After clectrophoresis, the fragments of prp73 were transferred onto Immobilon (Millipore) and
visualized by brief staining with Coomassie blue. Bands were cut out and sequenced with a pulsed-
liquid protein sequencer (Applied Biosystems Model 477A) and an on-line phenylthiohydantoin amino
acid analyzer (Applied Biosystems Model 120A). Differences between prp73 and the corresponding
sequences of other hsp70’s are underlined. Sequences were obtained from published reports (25). X,
unknown residue (3).

Protein Fragment 1 Fragment 2 Id(cgrzt)lty
Rat prp73 VKSTAGDT XL GDAAKX X VA
Rat hscp73 VKSTAGDTHL GDAAKNQVA 100
Human hsp70 VKATAGDTHL GDAAKNQAA 88
Chicken hsp70 VKSTAGDTHL GDAAKNQVA 100
Trout hsp70 VKATAGDTHL GDAAKNQVA 94
Frog hsp70 VKATAGDTHL GDAAKNAQVA 94
Drosophila hsp70 VRSTAGDTHL GEPAKNQVA 81
Yeast ssal VKATAGDTHL GDAAKNQAA 88
Yeast ssa2 VKSTAGNTHL GDAAKNQAA 88
E. coli VLATNGNTHL GQPAKRQAYV 50
dnaK product
Rat grp78 VVATNGDTHL GDAAKNQLT 69
Chicken grp78 VVATNGDTHL GDAAKNQLT 69
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kD) was evident in some silver-stained prep-
arations (Fig. 1) and is probably a break-
down product of prp73 (8).

Protein blot analysis showed that a rat
monoclonal antibody (MAb 7.10) to Dro-
sophila hsp70, which recognizes all known
hsp70’s from organisms as diverse as yeast
and humans (9, 10), also recognized (i) the
73-kD heat shock cognate protein (hscp73)
from bovine brain (11) and some of its
degradative products (8), (ii) a major 73-kD
protein, as well as some minor proteins, in
rat liver cytosol, and (iii) purified prp73
from both rat liver and human fibroblasts
(Fig. 1).

Eukaryotic organisms contain eight to ten
different proteins of the hsp70 family (9,
12). Some of these proteins are not induced
by heat, but by other stimuli such as cold
exposure (13), glucose deprivation (10, 14),
or growth factor stimulation (10). Proposed
roles for different hsp70’s include facilitation
of ribosome assembly (15), cytoskeletal rear-
rangement (16), uncoating of clathrin-coat-
ed vesicles (17), and retarding movement
through the endoplasmic reticulum of in-
completely assembled multimeric proteins
and underglycosylated or denatured pro-
teins (14). Also, hsp70’s in yeast facilitate
protein import into mitochondria and mi-
crosomes (18, 19).

Amino acid sequence analysis confirmed
that prp73 is a member of the hsp70 family.
The determined amino acid sequence of
fragments of prp73 isolated from rat liver
show 100% identity with rat hscp73 and
chicken hsp70 (Table 1). The sequences also
share 50 to 94% identity with other mem-
bers of the hsp70 family.

We examined the effects of serum with-
drawal on the amount and subcellular distri-
bution of hsp70’s by protein blotting with
MAD 7.10. Most hsp70’s fractionated with
organelles in cells that had been maintained
in the presence of serum; in response to
serum withdrawal, the concentration of
hsp70’s increased in all cell fractions, but

Fig. 2. Increase in the amount of cytosolic prp73
in response to serum withdrawal. Confluent cul-
tures of fibroblasts were maintained in the pres-
ence or absence of 10% fetal bovine serum for 0,
1, or 2 days, harvested, and subjected to subcellu-
lar fractionation as described (5). Equal amounts
of protein (100 pg) from cytosol (lanes 1 to 5), a
fraction containing mitochondria and lysosomes
(lanes 6 to 10), and a fraction containing micro-
somes and ribosomes (lanes 11 to 15) were
separated by SDS-PAGE. The proportion of cell
protein in the cytosol, mitochondria-lysosomes,
and microsomes-ribosomes is 57%, 6%, and 4%,
respectively (5). Protein standards and immuno-
blotting procedures were as described (Fig. 1).
Immunoblots were quantitated with a Bio-Rad
620 Video Densitometer in the reflectance mode.
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most strikingly in cytosol (Fig. 2). The
predominant hsp70 in the cytosol of serum-
deprived human fibroblasts appears to be
prp73 because most (>90%) of the immu-
noreactive protein could be removed by
affinity chromatography over an RNase S-
peptide-Sepharose  column, and other
hsp70’s do not bind to such columns (20).
Quantitation of the protein blots indicated
that there was a 20-fold induction of prp73
in cytosol, a 1.4-fold induction in a fraction
containing mitochondria and lysosomes,
and a 1.9-fold induction in a fraction con-
taining microsomes and ribosomes in cells
that had been deprived of serum for 1 day.
We cannot rule out the possibility that the
modest increase in prp73 in organelle frac-
tions after serum withdrawal was due to a
trace amount of contaminating cytosol.

To obtain more direct evidence for a role
of prp73 in the lysosomal uptake and degra-
dation of RNase A, we attempted to recon-
stitute this degradative pathway in two dif-
ferent cell-free systems. Digitonin-permea-
bilized Chinese hamster ovary (CHO) cells
show increased rates of lysosomal proteoly-
sis if cells are deprived of serum before they
are permeabilized (21). We microinjected
labeled RNase A into CHO cells and found
that it was degraded at a similar rate to that
seen in human fibroblasts; its half-life was
90 hours in the presence of serum and 40
hours in the absence of serum (22). We
permeabilized CHO cells with digitonin as

described [(21) and legend to Table 2] and
also isolated lysosomes from human fibro-
blasts by consecutive density gradients [(23)
and the legend to Table 2]. We added to
both cell-free systems *H-labeled RNase A
or RNase S-peptide and measured degrada-
tion to acid-soluble material under a variety
of conditions. The observed degradation of
[’H]RNase A by permeabilized cells and
[*H]RNase S-peptide by isolated lysosomes
required adenosine 5'-triphosphate (ATD)
and MgCl, and is likely to be lysosomal
because it was inhibited by NH4CI (Table
2). The degradation in isolated lysosomes
was also temperature-dependent and satura-
ble, and addition of prp73 significantly
stimulated degradation of RNase A and
RNase S-peptide in both cell-free systems
(Table 2). Two other hsp70’s, the glucose-
regulated 78-kD protein (grp78) and the
Escherichia coli dnaK product, had no effect
(24). The maximal degradation rates
achieved were 0.44% per hour for permea-
bilized cells and 2.1% per hour for isolated
lysosomes. These rates correspond to half-
lives of 157 hours and 33 hours, respective-
ly, reasonably close to half-lives observed for
RNase A microinjected into intact cells.
Our working model for the role that
prp73 plays in the lysosomal degradation of
cytosolic proteins containing KFERQ-like
sequences is as follows: when cells are de-
prived of serum, the amount of prp73 in-
creases and the protein appears in the cyto-

Table 2. Stimulation of degradation of [*H]RNase A and [*H]RNase S-peptide by prp73 in
permeabilized cells and by isolated lysosomes. CHO cells were scraped from the monolayer in
cytoskeletal buffer (21), centrifuged at 800g for 5 min, and permeabilized with digitonin essentially as
described (21). The resulting permeabilized cells lost >90% of cytosolic enzymes and retained >90% of
organelle enzymes. The degradation mixture contained 6 X 10° permeabilized cells, 100,000 dpm of
[*H]RNase A (5 x 10° dpm/p.g), and 5 pg of cytosolic proteins in a final volume of 0.5 ml. Other
factors added were at the following final concentrations: ATP and an ATP-regenerating system [10 mM
ATP, 10 mM MgCl,, 2 mM phosphocreatine, and creatine phosphokinase (50 pg/ml)], NH,CI (10

Acid-soluble
. radioactivity
Assay system Additions (dpm)
(mean * SD)
Permeabilized  None 1+8
CHOcellsand ATP 250 = 17
[*H]RNase A ATP + NH,CI 226
ATP + prp73 876 = 154
Experiment 1
Isolated None 73 x5
lysosomes and  ATP 152 =6
[*H]RNase A ATP + prp73 214 + 4
S-peptide ATP + prp73 22%2
+ S-peptide
Experiment 2
ATP + prp73 425 + 46
ATP + prp73 11 + 30
+ NH,Cl
ATP + prp73 326 = 32
+ KFERQ
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mM), and prp73 (10 pg/ml). Degradation was
linear for 2 hours at 25°C, and after 2 hours
phosphotungstate-HCl-soluble radioactivity was
determined (2). Acid-soluble radioactivity in the
absence of permeabilized cells (14 dpm) has been
subtracted from the data (n = 6). Similar results
were obtained in two other experiments. Lyso-
somes were isolated from serum-supplemented
human IMR-90 fibroblasts by two consecutive
discontinuous density gradient centrifugations as
described (23). Lysosomes from 2 X 10° cells
were incubated with 10,000 dpm of [*H]RNase
S-peptide (5 x 10° dpm/pg). Other additions
and reagents were as described for CHO cells
except that unlabeled RNase S-peptide and the
peptide KFERQ were added to a final concentra-
tion of 500 pg/ml and 4.0 pg/ml, respectively
(n = 4). Similar results were obtained in five
other experiments. Control experiments showed
linear degradation for 2 hours at 25°C, equivalent
percent degradation within a tenfold range of
labeled substrate added, and no degradation with-
out added lysosomes. In experiment 2, the acid-
soluble radioactivity produced when ATP and
prp73 were incubated for 2 hours at 0°C was
47 = 17.

sol where the proteins to be degraded re-
side; prp73 recognizes the KFERQ-like se-
quences within proteins that are destined for
lysosomal degradation and then alters the
conformation of these proteins into a trans-
port competent state, analogous to the pro-
posed role of hsp70’s in the translocation of
proteins into microsomes and mitochondria
(18, 19). The organelle specificity for the
protein translocation may reside with the
particular hsp70 involved, organelle recep-
tors for the hsp70-protein complex, or both.
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The Neostriatal Mosaic: Striatal Patch-Matrix
Organization Is Related to Cortical Lamination

CHARLES R. GERFEN

The basal ganglia, of which the striatum is the major component, process inputs from
virtually all cerebral cortical areas to affect motor, emotional, and cognitive behaviors.
Insights into how these seemingly disparate functions may be integrated have emerged
from studies that have demonstrated that the mammalian striatum is composed of two
compartments arranged as a mosaic, the patches and the matrix, which differ in their
neurochemical and neuroanatomical properties. In this study, projections from pre-
frontal, cingulate, and motor cortical areas to the striatal compartments were exam-
ined with the Phaseolus vulgaris—leucoagglutinin (PHA-L) anterograde axonal tracer in
rats. Each cortical area projects to both the patches and the matrix of the striatum;
however, deep layer V and layer VI corticostriatal neurons project principally to the
patches, whereas superficial layer V and layer III and II corticostriatal neurons project
principally to the matrix. The relative contribution of patch and matrix corticostriatal
projections varies among the cortical areas examined such that allocortical areas
provide a greater number of inputs to the patches than to the matrix, whereas the
reverse obtains for neocortical areas. These results demonstrate that the compartmen-
tal organization of corticostriatal inputs is related to their laminar origin and
secondarily to the cytoarchitectonic area of origin.

THE STRIATUM, WHICH COMPRISES
the caudate, putamen, and accum-
bens nuclei, is composed of two dis-
tinct compartments, termed the patches and
matrix, that are arranged as a mosaic (1-4).
Neurochemical markers are differentially
distributed in these compartments. For ex-
ample, patches are rich in p-opiate receptor
binding sites (3), whereas the matrix con-
tains calbindin D,gyp immunoreactive neu-
rons and a rich plexus of somatostatin fibers
(5). Neuroanatomical studies have’ estab-
lished that the compartmental patterns of
cortical (2, 4, 6, 7), thalamic (3, 8), and
dopaminergic (9) inputs and the patterns of
the outputs of the patches and matrix (4, 5,
10) reflect segregated input-output systems.
Previous studies have related the compart-
mental organization of corticostriatal inputs
to the cortical area of origin (4, 6), that is,
the prelimbic cortex has been shown to
project to the patch compartment, whereas
most neocortical areas examined, including
motor and visual cortices, have been shown
to project to the matrix. The prelimbic
cortex receives major inputs from limbic
brain areas, including the amygdala (11),

and the amygdala has been shown to project
directly to the patches (12). These findings
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might suggest that limbic-related systems
provide the major input to the patches,
whereas neocortical areas provide inputs to
the matrix. Before accepting as a general rule
this allocortical versus neocortical segrega-
tion of patch and matrix inputs, a more
thorough examination of the compartmen-
tal organization of corticostriatal projections
was initiated.

Iontophoretic injections of the antero-
gradely transported axonal tracer Phaseolus
vulgaris—leucoagglutinin  (PHA-L) (13)
were stereotaxically placed into the frontal
cortex of 150 adult Sprague-Dawley rats.
After 2 weeks the brains were processed by
standard immunohistochemical procedures
(14) to localize the PHA-L, which had been
incorporated into neurons at the injection
site in the cortex and anterogradely trans-
ported in the axons. Adjacent sections
through the striatum were processed for
immunohistochemical staining of calbindin
Daskp, a striatal matrix-specific marker (5),
to identify the distribution of PHA-L~la-
beled corticostriatal inputs to either the ma-
trix or patch striatal compartments. The
cortical areas injected were the infralimbic,

Fig. 1. Photomicrographs
of PHA-L labeling after in-
jections into the prelimbic
cortex in two animals. In the
first animal (A to D), PHA-
L-injected neurons are lo-
cated in layer VI and deep
layer V (A). Axonal labeling
is observed in the deep lay-
ers of the homotypic contra-
lateral cortex (B) and in the
striatal patches (arrows in
C), which are marked by
low levels of calbindin im-
munoreactivity in the adja-
cent section (arrows in D).
In the second animal (E to
H), PHA-L-injected neu-
rons are located in upper
layer V and in layers II and
III (E). Axonal labeling is
observed in the superficial
layers of the contralateral
homotypic cortex (F) and in
the striatal matrix (G),
which is marked by calbin-
din immunoreactivity in the
adjacent section (H).
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