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ABSTRACT The Alz-50 immunoreactive proteins, desig-
nated A68, are detected by electrophoretic blot analysis of
100,000 x g pellet fractions of brain tissue from individuals
with Alzheimer disease (AD). In exploring the biochemical
nature of these proteins, we have found that a preincubation of
such fractions with 5 mM ATP results in loss of Alz-50
immunoreactivity on immunoblots. The loss of antigenicity is
complete after a 1-hr incubation at 37°C and is stringently
dependent on ATP. Hydrolysis of ATP is required, since the
inhibition is not supported by the nonhydrolyzable analog
adenosine 5'-[y-thio]triphosphate (ATP[¥S]) and is prevented
when the ATPase inhibitors o-vanadate and oligomycin are
present. Upon further characterization, it was found that
certain protease inhibitors, phenylmethylsulfonyl fluoride, an-
tipain, tosylphenylalanine chloromethyl ketone, and aprotonin
prevent the loss of the epitope. This suggests that hydrolysis of
ATP is coupled with proteolysis of A68, leading to loss of Alz-50
immunoreactivity. Since a variety of proteins are believed to be
degraded by an ATP/ubiquitin-dependent pathway, a possible
role for ubiquitin (Ub) in this effect was investigated. Two
polyclonal antibodies against Ub protected A68 from proteo-
lysis and were also effective in inmunoprecipitating A68 after
incubation with ATP in the presence of Ub and phenylmeth-
ylsulfonyl fluoride. The proteolysis of A68 was also blocked by
hemin, an inhibitor of the protease that cleaves Ub—protein
conjugates. Taken together, these findings indicate that loss of
Alz-50 immunoreactivity with A68 is due to ATP-dependent/
Ub-mediated proteolysis. This mechanism may be relevant to
the physiological role for A68 in AD or it may simply represent
an attempt to abort an aberrant protein. i

A voluminous amount of data regarding protein abnormalities
in the brains of individuals with Alzheimer disease (AD) has
emerged in the past decade (1). The spectrum ranges from
posttranslational modification to changes in concentration of
normal cellular proteins. What remains to be clarified is a
casual relationship between any of these abnormalities and
the two characteristic lesions of AD—i.e., the neurofibrillary
tangle (NFT) and the neuritic plaque (NP). Since the abun-
dance of these pathological structures is correlated with the
severity of dementia (2-5), identification of a biochemical
abnormality that precedes the formation of NFTs and NPs
may be crucial to the understanding of the pathogenesis of
AD.

An example of a biochemical abnormality that is detected
prior to structural changes in AD is a group of proteins called
A68, which are identified by the monoclonal antibody (mAb)
Alz-50 (6, 7). The Alz-50-reactive proteins are localized in
neurites of NPs, in NFT-bearing neurons and in neurons
susceptible to the development of these pathological struc-
tures (7-9). They also occur in substantial quantities in the
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brains of patients with AD but are barely detectable in normal
individuals and in other neurological diseases (7, 8). Since
A68 appears to be an early marker for Alzheimer-like pa-
thology, elucidating the nature of the antigen may provide
some insight into the formation of NFTs and NPs.

After the discovery of the A68 proteins with Alz-50, this
antibody was found to cross-react with tau protein, but only
after denaturation with 2-mercaptoethanol and SDS (10, 11).
There are also reports that the A68 proteins share additional
epitopes with tau, as well as epitopes with certain other
cytoskeletal elements (10, 12). It has therefore been sug-
gested that these proteins are modified tau proteins that
accumulate in AD (10, 11). Apart from this limited knowledge
of their antigenic characteristics, virtually nothing is known
about the biochemical properties of these proteins. Based on
their ability to bind to cibacron blue, it was suggested that the
proteins had an affinity for ATP (1). Subsequently, a phos-
phorylating activity was observed in enriched preparations of
A68 (13), although upon further scrutiny, this activity was
found to be associated with a comigrating contaminant in the
preparation (39). However, these studies led to the finding
that A68 undergoes an ATP-induced loss of Alz-50 immuno-
reactivity. The present paper describes the biochemical char-
acteristics of this ATP-induced loss of Alz-50 reactivity with
A68. The results suggest that A68 is processed by an ATP-
dependent ubiquitin (Ub)-mediated proteolytic pathway.

EXPERIMENTAL PROCEDURES

Materials. Adenosine 5'-[y-thio]triphosphate (ATP[yS])
was from Boehringer Mannheim. Pyrophosphate and o-
vanadate were purchased from Fisher. All reagents including
nucleotides, protease inhibitors, hemin, Ub, and oligomycin
were obtained from Sigma.

Antibodies 30 and 42 are IgGs cloned from Alz-50 (IgM)
following class switching. Antibodies 38, 126, 147, and 58 are
mAbs prepared by immunization of mice with highly purified
A68 (14). NP8 is a neurofilament mAb (15) that shows
cross-reactivity with A68. UH-11, a polyclonal antibody
(pAb) to Ub was a gift from S.-H. Yen. Another pAb to Ub
(Ubp) was provided by A. Haas. Secondary goat anti-mouse
antibodies were purchased from Fisher.

Preparation of A68-Enriched Fractions. AD cases were
selected by clinical and neuropathological criteria. Tissue
dissected from frozen cortical specimens of AD brain was
homogenized in 10 vol of buffer containing 10 mM Tris-HCl,
pH 7.4/0.8 M NaCl/3 mM EGTA/1 mM phenylmethylsul-
fonyl fluoride (PMSF). Final selection of cases was based on
titers of these homogenates with Alz-50 by ELISA. The
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selected homogenates were centrifuged at 27,000 X g for 20
min and the supernatants were recentrifuged at 27,000 X g for
20 min. The supernatants were then spun at 100,000 X g for
35 min, and the resulting pellets, enriched in A68, were
resuspended in 1 vol of Tris-buffered saline (TBS; 0.01 M
Trizma-base/0.14 M NaCl, pH 7.4). The protein concentra-
tion of the pellet suspension was determined by the Bio-Rad
protein assay, and aliquots of 25 ug of protein were stored at
—70°C until used. According to the above scheme, the tau
proteins remain in the high-speed supernatant fraction and
aliquots of this supernatant were used as a source of tau
protein.

Incubation with ATP. Aliquots (25 ul) of the A68 prepara-
tion of TBS were incubated with 5 mM ATP in a final vol of
30 ul at 37°C for 1 hr. From preliminary experiments, it was
determined that the concentration of ATP required for opti-
mal inhibition of Alz-50 immunoreactivity was 5 mM. This
concentration is consistent with that used in various studies
of ATP-dependent proteolysis (16, 17). The ATP reaction was
terminated by addition of 5 ul of electrophoresis sample
buffer containing 1 M Tris-HCI, pH 6.8/5% SDS/5% 2-
mercaptoethanol/50% (vol/vol) glycerol/0.5% bromophenol
blue.

SDS/PAGE and Electrophoretic Blotting. Samples were
boiled for 5 min prior to electrophoresis on SDS/10% poly-
acrylamide gel with a 4% stacking gel (18). The resolved
proteins were transferred from gel to nitrocellulose paper
(19). Alz-50 staining of blotted proteins was performed as
described (7). Briefly, nonspecific binding was blocked by 5%
milk in TBS; the blot was then incubated for 2 hr with Alz-50
at a 1:10 dilution; bound antibody was detected by incubation
with peroxidase-conjugated goat anti-mouse IgM antibody
using 4-chloronaphthol as the chromogen. Immunoblotting
with other mAbs (see Fig. 6) was conducted with 1:10
dilutions of primary antibody in 5% milk/TBS according to
the same protocol.

Immunoprecipitation with Ub Antibodies. After incubation
of samples with 5 mM ATP, 2 ug of affinity-purified Ub pAb
was added and the samples were incubated at 37°C for 1 hr.
Protein A-Sepharose (50 ul) (1 ml of gel in 2 ml of TBS) was
then added and the samples were incubated at 37°C for an
additional hour. The immunoprecipitates were collected by
centrifugation, washed three times with 200 ul of TBS, and
then boiled in sample buffer to release the bound antigen.

RESULTS

Incubation of A68-enriched preparations with S mM ATP
resulted in a loss of Alz-50 immunoreactivity with A68 as
determined by subsequent electrophoretic blot analysis of the
treated preparations (Fig. 14). The loss occurred in a time-
dependent manner, beginning after 15 min of incubation and
requiring 1 hr for completion (Fig. 14). Incubation of A68
preparations in the absence of ATP did not result in such a
loss of Alz-50 immunoreactivity (Fig. 1C, lane 1). Since
Alz-50 cross-reacts with the tau proteins, the effect of ATP
on the reactivity of the antibody with tau protein was also
tested. The results in Fig. 1B indicate that Alz-50 immuno-
reactivity with tau protein is not sensitive to ATP after
incubation for 15, 30, or 60 min. The effect of temperature on
the action of ATP was investigated by comparing Alz-50
immunoreactivity with A68 after incubation at 4°C, 25°C, or
37°C for 1 hr (Fig. 1C, lanes +). Incubation with 5 mM ATP
at 4°C produced no effect on the subsequent labeling of A68
with Alz-50. However, incubation with 5 mM ATP at 25°C
resulted in a partial loss of Alz-50 immunoreactivity with the
protein, and at 37°C Alz-50 reactivity was totally abolished
(Fig. 1C). The effect of ATP at 37°C was prevented when the
A68 preparation was boiled for 5 min before incubation with
ATP (Fig. 1C, lane #). In the absence of ATP (Fig. 1C, lanes
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Fic. 1. Time course and temperature dependence of the ATP-
induced loss of Alz-50 immunoreactivity. For the time course
studies, A68 (4) and tau (B) preparations were incubated with S mM
ATP at 37°C for the indicated durations. The incubation was termi-
nated by addition of electrophoresis sample buffer and boiling.
Samples were electrophoresed and the gels were transferred to
nitrocellulose. The blots were then immunostained with Alz-50. For
the temperature-dependence studies (C), A68-enriched preparations
were incubated for 1 hr in the absence (lanes —) or presence (lanes
+) of 5 mM ATP at the indicated temperatures. Samples were then
subjected to electrophoresis and Alz-50 immunoblotting according to
the routine protocol. The first lane represents an unincubated sample
and the lane marked with an asterisk represents a sample that was
boiled for 10 min before incubation with ATP. Numbers on left are
kDa.

—), there were no detectable changes in reactivity of the
antibody with A68 at either 4°C or 37°C.

A68 preparations were incubated with various ribonucle-
otide triphosphates and Alz-50 immunoreactivity with the
proteins was subsequently examined by electrophoretic blot
analysis (Fig. 2). Of the various nucleotide triphosphates
examined, only ATP was effective in inhibiting Alz-50
immunoreactivity with A68. To test whether the hydrolysis of
ATP was necessary for the effect, the incubation was con-
ducted in the presence of the ATPase inhibitors o-vanadate
and oligomycin. In these conditions, nucleotide-induced loss
of Alz-50 antigenicity was prevented (Fig. 2). Furthermore,
incubation with a nonhydrolyzable analog of ATP—i.e.,
ATP[yS}—was not effective in reducing subsequent Alz-50
immunoreactivity (Fig. 2).

It was of interest to determine whether incubation with
ATP in the presence of antibody would result in protection of
the antigen from loss of its Alz-50 epitope. Affinity-purified
mAbs Ab42 and Ab30 (IgGs), which were derived from
Alz-50 (IgM) after class switching, were used for this pur-
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FiG. 2. Nucleotide specificity and dependence on hydrolysis of
ATP. A68 preparations were incubated with S mM concentrations of
the indicated nucleotides in TBS for 1 hr at 37°C. The effects of 200
1M o-vanadate (Va) and 100 uM oligomycin (oligm) were examined
in the presence of 5 mM ATP. Electrophoresis and immunoblotting
with Alz-50 were conducted according to the routine protocol.
Numbers on left are kDa.
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pose. As indicated in Fig. 3, the addition of either of these
antibodies to the ATP incubation prevented the ATP-induced
loss of Alz-50 immunoreactivity. In contrast, other isotype-
matched mAbs were not capable of protecting A68 from loss
of its Alz-50 epitope (data not shown).

One explanation for the apparent irreversible loss of Alz-50
immunoreactivity with the A68 proteins is ATP-activated
proteolysis. This possibility was tested by adding various
protease inhibitors to the ATP incubation. While some of
these inhibitors—i.e., leupeptin, pepstatin, and tosyllysine
chloromethyl ketone—were ineffective (Fig. 4), others—i.e.,
PMSF, antipain, tosylphenylalanine chloromethyl ketone,
and aprotonin—did prevent the loss of Alz-50 immunoreac-
tivity (Fig. 4).

The polypeptide Ub is known to play a role in the non-
lysosomal ATP-dependent degradation of abnormal and cer-
tain normal cellular proteins (20-22). With this in mind, the
involvement of Ub in the apparent ATP-stimulated proteo-
lysis of the A68 proteins was investigated. Addition of Ub to
the ATP incubation was found to partially protect A68 from
loss of its Alz-50 epitope (Fig. 5, lane Ub). When A68
preparations were incubated with S mM ATP in the presence
of either of two independently derived pAbs against Ub—i.e.,
UH-11 and Ubp—the loss of Alz-50 reactivity was totally
prevented (Fig. 5, lanes UH-11 and Ubp, respectively). Since
ATP promotes ligation of Ub with its substrate proteins (16,
21, 23), the possibility of in vitro conjugation of A68 was
tested by subjecting the ATP-treated preparations to immu-
noprecipitation with UH-11 or Ubp. In these experiments,
PMSF, which blocks subsequent conjugate degradation, was
added to the ATP incubation. When the UH-11 and Ubp
precipitate and supernatant fractions were electrophoresed
and immunoblotted with Alz-50, the A68 proteins were found
to be completely recovered in the immunoprecipitates (Fig.
5, lanes UH-11ppte and Ubp ppte). Under similar conditions,
anonspecific pAb (RbIgG) was ineffective in precipitating the
Alz-50 antigen (Fig. 5, lane RbIgG). Neither of the two Ub
pAbs precipitated the tau proteins after they were similarly
incubated with ATP in the presence of PMSF (data not
shown).

One of the characteristic features of the ATP/Ub system is
the inhibition by hemin of the protease that cleaves the
Ub-protein conjugates (24, 25). Another feature is the iso-
topic exchange mechanism between ATP and AMP, and ATP
and PP; according to the following reaction:

2ATP + 2Ub + E & AMP + 2PP; + Ub-E-AMP-Ub,

where E is the Ub-activating enzyme catalyzing the initial
step in conjugation of Ub to the substrate protein (26, 27). To
further substantiate the above data, indicating a possible
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FiG. 4. Effects of protease inhibitors on the ATP-induced loss of
Alz-50 immunoreactivity with A68. A68 preparations were incubated
at 37°C for 1 hr with 5 mM ATP (lanes +) in the presence of the
indicated protease inhibitor. Samples were processed as described in
the legend to Fig. 1 and the blots were stained with Alz-50. The
concentrations of the inhibitors were as follows: PMSF, 2 mM;
tosyllysine chloromethyl ketone (TLCK), 500 uM; tosylphenylala-
nine chloromethyl ketone (TPCK), 500 uM; antipain, 100 uM;
pepstatin, 2 mM; leupeptin, 30 uM; aprotonin, 0.80 mg of protein per
ml. Numbers on left are kDa.

involvement of Ub in the ATP-induced loss of Alz-50
immunoreactivity, experiments were conducted to determine
the effects of hemin on the ATP-induced proteolysis of A68
and to examine the effects of isotopic exchange (Fig. 5). In
agreement with the established action of hemin, this com-
pound inhibited the loss of Alz-50 reactivity induced by ATP
(Fig. 5). It was also found that the presence of AMP or
PP;/NaF abolished the ATP-induced cleavage of A68,

a2 w
= 2 a Q 2z €
2« 8183 & 3 3 §
D O O O DO =@ < < a =
L v¢-“‘—"‘
2OO~Ff ﬂ“a}
97—
68— .
2 gmE=- L L
43—
ATP - + + + + + 4+ + + + + +

FiG. 5. The role of Ub in the ATP-induced loss of Alz-50
immunoreactivity with A68. A68 preparations were incubated at
37°C for 1 hr with 5 mM ATP (lanes +) plus Ub (5 ug), polyclonal Ub
antibody UH-11 (3 ug), or polyclonal Ub antibody Ubp (3 ug). In
other experiments, A68 preparations were incubated with 3 mM ATP
plus ADP (3 mM), AMP (3 mM), PP; (3 mM)/NaF (2 mM), or 100 uM
hemin. Lanes UH-11ppte, Ubp ppte, and RbIgG represent immuno-
precipitates of ATP-treated A68 preparations with antibodies UH-11,
Ubp, or RbIgG (an irrelevant pAb). In these experiments, samples
were incubated with 5 mM ATP in the presence of 5 ug of Ub and
2 mM PMSF to promote accumulation of conjugates. UH-11, Ubp,
or RbIgG (3 ug) was added to respective samples and incubation was
continued for 1 hr at 37°C. Fifty microliters of a 50% suspension of
protein A-Sepharose in TBS was then added to each tube and the
samples were incubated for an additional hour. The resulting im-
munoprecipitates bound to the Sepharose beads were collected by
centrifugation and washed with TBS. Bound antigen was released
from the beads by boiling in electrophoresis sample buffer. The
samples were centrifuged and aliquots of the supernatants were
loaded onto SDS/polyacrylamide gels. Electrophoresis and immu-
noblotting with Alz-50 for all the above data were conducted ac-
cording to the routine protocol. Numbers on left are kDa.
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whereas ADP, which does not participate in isotopic ex-
change, did not (Fig. 5). Similar to previously described
findings (26), PP; was only effective in inhibiting ATP-
dependent protein breakdown in the presence of NaF, an
inhibitor of endogenous pyrophosphatase activity.

Since loss of an epitope does not necessarily imply total
loss of protein, detection of possible reaction products of the
ATP-activated cleavage was attempted by using other mAbs
that cross-react with A68. Thus, ATP-treated preparations
were electrophoresed and immunoblotted with the mAbs 126,
147, 58, and 38 (mAbs against purified A68) and NP8 (an
antibody against neurofilament protein). Every one of these
mAbs identified the same reaction products that were found
to have a higher electrophoretic mobility than the native
Alz-50reactive proteins (Fig. 6). In particular, the proteolytic
products lacking Alz-50 immunoreactivity consistently mi-
grated 2-3 kDa faster than the native A68 proteins (Fig. 6).

DISCUSSION

These experiments describe a loss of Alz-50 immunoreactiv-
ity with A68 in enriched preparations from AD brain after
incubation with S mM ATP. The ATP effect is only observed
when the incubation is conducted at temperatures above 4°C,
and it is prevented when certain protease inhibitors (PMSF,
tosylphenylalanine chloromethyl ketone, antipain, and apro-
tonin) are present. These observations suggest that the loss
of antigenicity is a result of an ATP-dependent proteolytic
activity. The proteolysis requires hydrolysis of ATP, since it
is not supported by the nonhydrolyzable analog ATP[yS] or
other ribonucleotide triphosphates. Additional evidence in
favor of ATP cleavage is the finding that the ATPase inhib-
itors o-vanadate and oligomycin both abolish the ATP-
induced loss of Alz-50 immunoreactivity with A68. In this
regard, the observed ATP-induced proteolytic activity re-
sembles that of the Escherichia coli ATP-dependent prote-
ases (28-30) and the mammalian mitochondrial ATP-acti-
vated protease (31, 32). However, in contrast with these
ATP-dependent proteolytic activities, the ATP-induced loss
of Alz-50 immunoreactivity is not inhibited by 1 mM EGTA
or 1 mM EDTA, nor is it affected by addition of Mg?* or Ca?*
(data not shown). Thus, there appears to be no metal ion
requirement for ATP binding, the reasons for which are
presently unclear.

Electrophoretic blot analysis of the ATP-treated prepara-
tions with other mAbs that cross-react with A68 identified
proteolytic by-products migrating 2-3 kDa faster than the
native proteins. While it is recognized that other ATP-
mediated posttranslational modifications such as phosphor-
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FiG. 6. Detection of proteolytic by-products. Aé8-enriched prep-
arations were incubated at 37°C for 1 hr in the absence (lanes —) or
presence (lanes +) of 5 mM ATP. Samples were processed as
described in the legend to Fig. 1. The blots were immunostained with
the indicated antibodies as described. Numbers on left are kDa.
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ylation or ADP-ribosylation may produce similar changes in
electrophoretic mobility of proteins, attempts to demonstrate
such modifications with A68 under these conditions were
unsuccessful (unpublished observations). Instead, the action
of the various protease inhibitors on the ATP-induced loss of
Alz-50 reactivity provides convincing evidence for the oc-
currence of a lytic event. The relatively small electrophoretic
shift indicates cleavage from either end of the molecule,
suggesting that the Alz-50 epitope in A68 is located within a
terminal region of the protein. Interestingly, the Alz-50
epitope in tau protein has also been mapped to a terminal
region, although there is some conflict as to whether it exists
at the amino (33) or the carboxyl terminus (34). Yet, in
contrast to the results with the A68 proteins, the Alz-50
epitope on tau protein does not appear to be susceptible to
ATP-activated proteolysis. The specificity of the ATP-
induced cleavage for A68 therefore suggests the existence of
some recognition signal in these proteins (but not found in
normal tau) that targets them for energy-dependent proteo-
lysis. The recognition signal may consist of either a unique
amino acid sequence or a posttranslational modification.

Another observation that supports the specificity of the
ATP-induced proteolysis of A68 is its resistance to further or
complete degradation at the expense of ATP. After similar
incubations of A68-enriched preparations with trypsin or
chymotrypsin, virtually no proteolytic fragments are detect-
able with any of the antibodies against the proteins (data not
shown). Thus, the limited sensitivity to the ATP-activated
protease is not likely to be due to protection of potential
cleavage sites by a robust secondary and tertiary conforma-
tion. Rather, the ATP-dependent protease appears to cleave
A68 in a limited fashion. Proteolysis introducing only limited
cuts into proteins (and thus being very specific) generally
provides a means for activation or inactivation of proteins
(35). While a biological action has not yet been assigned to
A68, such a mechanism may serve as a useful tool in
determining the role of these proteins in the pathophysiology
of AD.

Another intriguing aspect of the ATP-activated proteolysis
of A68 is the involvement of Ub in the mechanism. This
polypeptide is covalently attached to free amino groups on
proteins by a multicomponent enzyme system (36, 37) and
serves as a marker for proteins destined for nonlysosomal
degradation (25, 38). The demonstration of isotopic exchange
suggests that the presence of the enzymatic machinery in the
AG68 preparation. However, it is unlikely that these proteins
undergo conjugation with Ub in vitro since there is no
alteration in their electrophoretic mobility. Most ATP-
dependent proteases, although soluble, have been reported to
exist as large (>500 kDa) complexes in both bacterial and
mammalian systems (40, 41). It is therefore reasonable that
some ATP-dependent proteolytic activity is recovered in a
100,000 x g pellet, such as the one used in our studies.

The association of Ub with intraneuronal pathological
inclusions is a feature commonly observed in several neuro-
degenerative diseases (42). The target proteins for Ub con-
jugation in these dementing illnesses have not yet been
identified, although it is clear that the various lesions differ
with respect to structural and antigenic characteristics (42).
One explanation for the formation of ubiquitinated interme-
diates in neurodegenerative diseases is activation of the Ub
system as a general response to a variety of damaging insults
that ultimately lead to neuronal cell death. Recently, it has
been reported that Ub is a normal component of the micro-
tubular network in cells (43). In light of this discovery, it is
also possible that association of Ub with pathological inclu-
sions is a result of reorganization of already existing Ub-
protein conjugates.

In AD, Ub has been definitively identified (44) as an
integral component of paired helical filaments (PHFs), which



4844 Neurobiology: Vincent and Davies

are a major constituent of NFTs. Ub is also associated with
the neuritic elements of senile plaques (45, 46). While the
compositional analysis of PHFs is still incomplete, there is
evidence that at least a portion of tau protein is another
integral element (47, 48). However, it is not known whether
these two components are covalently linked to each other in
PHFs. In this regard, it has been reported that tau protein
purified from bovine brain does not serve as a substrate for
the ATP/Ub system (34). The resistance of the Alz-50 epitope
in tau protein from Alzheimer brain to ATP-induced Ub-
mediated proteolysis in the present study is consistent with
this finding. Other observations reported here do, however,
suggest the involvement of Ub in the processing of the
Alz-50-reactive A68 proteins from Alzheimer brain. More-
over, they suggest that A68 may be a Ub acceptor protein in
AD brain. At the immunocytochemical level, Alz-50 reactiv-
ity is detected in neurons prior to structural pathology (7, 8),
but the appearance of Ub has been correlated with the
deposition of fibrillar material (46, 49, 50). Taken together,
these findings suggest that the association of Ub with Alz-50
immunoreactive proteins may be an important event in PHF
formation and may be responsible for some of the staining of
AD brain tissue by antibodies to Ub. Ub also appears to be
associated with the proteolytic by-products derived from
ATP-induced cleavage of the A68 proteins (unpublished
data). While sequestration of abnormal proteins in response
to heat shock and stress is the predominant function of the Ub
system (25, 51, 52), an alternative nonproteolytic role has
been suggested whereby reversible attachment of Ub to an
acceptor protein modulates protein function (53-55). Whether
the ATP-induced Ub-mediated proteolysis of A68 is an abor-
tive effort to degrade abnormal neuronal proteins or whether
it serves a more distinctive role in the pathogenesis of the
disease is an important issue that remains to be determined.

We thank Drs. Yen and Haas for the provision of antibodies to Ub,
and Dr. D. W. Dickson for neuropathological evaluation of AD
brain. This work was supported by National Institute of Mental
Health Grant 38623 and by National Institutes of Health Grant
AG06803.

1. Davies, P. (1988) in Etiology of Dementia of Alzheimer Type, eds.
Henderson, A. S. & Henderson J. H. (Wiley, New York), pp.
135-147.

2. Blessed, G., Tomlinson, B. E. & Roth, M. (1968) Br. J. Psychiatry
114, 791-811.

3. Roth, M., Tomlinson, B. E. & Blessed, G. (1967) Proc. R. Soc.

Med. 60, 254-260.

Wilcock, G. K. & Esiri, M. M. (1982) J. Neurol. Sci. 56, 343-356.

Perry, E. K., Tomlinson, B. E., Blessed, G., Bergmann, K., Gib-

son, P. H. & Perry, R. H. (1978) Br. J. Med. 2, 1457-1459.

Wolozin, B. L., Pruchnicki, A., Dickson, D. W. & Davies, P. (1986)

Science 232, 648—-650.

Wolozin, B. L. & Davies, P. (1987) Ann. Neurol. 22, 521-526.

Hyman, B. T., Van Hoeson, G. W., Wolozin, B. L., Davies, P.,

Kromer, L. J. & Damasio, A. R. (1988) Ann. Neurol. 23, 371-379.

Tabaton, M., Whitehouse, P. J., Perry, G., Davies, P., Autilio-

Gambetti, L. & Gambetti, P. (1988) Ann. Neurol. 24, 407-413.

10. Ksiezak-Reding, H., Davies, P. & Yen, S.-H. (1988) J. Biol. Chem.

263, 7943-7947.
11. Nukina, N., Kosik, K. & Selkoe, D. (1988) NeuroSci. Lett. 87,
240-246.
12. Greenberg, S., Yen, S.-H. & Davies, P. (1989) J. Cell Biol. 107, 464.
13. Wolozin, B. L. & Davies, P. (1986) Soc. Neurosci. Abstr. 12, 944.
14. Ghanbari, H. A., Riesing, S., Miller, B. E. & Tribby, 1. (1989) Soc.
Neurosci. Abstr. 15, 1042,

15. Ksiezak-Reding, H., Dickson, D. & Yen, S.-H. (1987) Proc. Natl.
Acad. Sci. USA 84, 3410-3414.

16. Tanaka, K., Waxman, L. & Goldberg, A. L. (1983) J. Cell Biol. 96,
1580-1585.

17. DeMartino, G. N., McGuire, M. J. & Croall, D. E. (1988) in The

“nh

o ®=N o

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31
32.
33.

35.
36.
37.
38.
39.

41.

42.
43.

45.

47.

49.
50.

51.
52.
53.
54.
55.

Proc. Natl. Acad. Sci. USA 87 (1990)

Ubiquitin System, eds. Schlesinger, M. & Hershko, A. (Cold Spring
Harbor Lab., Cold Spring Harbor, NY), pp. 126-129.

Laemmli, U. K. (1970) Nature (London) 227, 680-685.

Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Natl. Acad.
Sci. USA 76, 4350-4354.

Ciechanover, A., Hod, Y. & Hershko, A. (1978) Biochem. Biophys.
Res. Commun. 81, 1100-1105.

Hershko, A., Ciechanover, A., Heller, H., Haas, A. L. & Rose,
I. A. (1980) Proc. Natl. Acad. Sci. USA 77, 1783-1786.

Hershko, A., Ceichanover, A. & Rose, 1. A. (1979) Proc. Natl.
Acad. Sci. USA 76, 3107-3110.

Ciechanover, A., Heller, H., Elias, S., Haas, A. L. & Hershko, A
(1980) Proc. Natl. Acad. Sci. USA 77, 1365-1368.

Etlinger, J. D. & Goldberg, A. L. (1980) J. Biol. Chem. 255,
4563-4568.

Haas, A. L. & Rose, 1. A. (1981) Proc. Natl. Acad. Sci. USA 718,
6845-6848.

Ciechanover, A., Heller, H., Katz-Etzion, R. & Hershko, A. (1981)
Proc. Natl. Acad. Sci. USA 18, 761-765.

Haas, A. L., Warms, J. V. B., Hershko, A. & Rose, 1. A. (1982) J.
Biol. Chem. 257, 2543-2548.

Chung, C. H. & Goldberg, A. L. (1981) Proc. Natl. Acad. Sci. USA
78, 4931-4935.

Charette, M. F., Henderson, G. W. & Markowitz, A. (1981) Proc.
Natl. Acad. Sci. USA 78, 4728-4732.

Tanaka, K., Waxman, L. & Goldberg, A. L. (1984) J. Biol. Chem.
259, 2803-2809.

Desautels, M. & Goldberg, A. L. (1982) J. Biol. Chem. 257,
11673-11679.

Desautels, M. & Goldberg, A. L. (1982) Proc. Natl. Acad. Sci. USA
79, 1869-1873.

Ksiezak-Reding, H., Chien, C.-H., Lee, V. M.-Y. & Yen, S.-H.
(1990) J. NeuroSci. Res. 25, 412-419.

Kosik, K. S. (1989) J. Gerontol. 44, 55-58.

Teichert, U., Mechler, B., Muller, H. & Wolf, D. (1987) Biochem.
Soc. Trans. 15, 811-813.

Hershko, A., Heller, H., Elias, S. & Ciechanover, A. (1983) J. Biol.
Chem. 258, 8206-8214.

Hershko, A. & Ciechanover, A. (1982) Annu. Rev. Biochem. 51,
335-364.

Hershko, A., Ciechanover, A. & Rose, 1. A. (1981) J. Biol. Chem.
256, 1525-1528.

Vincent, 1. & Davies, P. (1990) Brain Res., in press.

Hough, R., Pratt, G. & Rechsteiner, M. (1986) J. Biol. Chem. 261,
2400-2406.

Menon, A. S., Driscoll, J., Chung, C. H. & Goldberg, A. L. (1988)
in The Ubiquitin System, eds. Schlesinger, M. & Hershko, A. (Cold
Spring Harbor Lab., Cold Spring Harbor, NY), pp. 136-140.
Gallo, J.-M. & Anderton, B. H. (1989) Nature (London) 337,
687-688.

Murti, K. G., Smith, H. T. & Fried, V. A. (1988) Proc. Natl. Acad.
Sci. USA 85, 3019-3023.

Mori, H., Kandu, J. & Ihara, Y. (1987) Science 235, 1641-1644.
Perry, G., Friedman, R., Shaw, G. & Chau, V. (1987) Proc. Natl.
Acad. Sci. USA 84, 3033-3036.

Cole, G. M. & Timiras, P. S. (1987) NeuroSci. Lett. 79, 207-212.
Goedert, M., Wischik, C. M., Crowther, R. A., Walker, J. E. &
Klug, A. (1988) Proc. Natl. Acad. Sci. USA 85, 4051-4055.
Wischik, C. M., Novak, M., Thogersen, H. C., Edwards, P. C.,
Runswick, M. J., Jakes, R., Walker, J. E., Milstein, C., Roth, M.
& Klug, A. (1988) Proc. Natl. Acad. Sci. USA 85, 4506-4510.
Love, S., Saitoh, T., Quijada, S., Cole, G. M. & Terry, R. D. (1988)
J. Neuropathol. Exp. Neurol. 41, 393-405.

Bancher, C., Brunner, C., Lassmann, H., Budka, H., Jellinger, K.,
Wiche, G., Seitelberger, F., Grundke-Igbal, I., Igbal, K. &
Wisniewski, H. M. (1989) Brain Res. 477, 90-99.

Hershko, A. & Ciechanover, A. (1986) Prog. Nucleic Acid Res.
Mol. Biol. 33, 19-56.

Munro, S. & Pelham, H. R. B. (1985) Nature (London) 317, 477-
479.

Goldknopf, I. L. & Busch, H. (1977) Proc. Natl. Acad. Sci. USA 74,
864-868.

Siegelman, M., Bond, W., Gallatin, W. M., St. John, T., Smith,
H. T., Fried, V. A. & Weissman, 1. L. (1986) Science 231, 823-829.
Yarden, Y., Escobedo, J. A., Kuang, W.-J., Yang-Feng, T. L.,
Daniel, T. O., Tremble, P. M., Chen, E. Y., Ando, M. E., Harkins,
R. N, Francke U., Fried, V A., Ulrich, A. & Wllhams, L.T.
(1986) Nature (London) 323, 226-232



