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ABSTRACT
The role of the N-terminus of tau in Alzheimer’s disease
Peleg M. Horowitz

The polymerization of the microtubule-associated protein, tau, into insoluble filaments is
common to Alzheimer’s disease (AD) and in a variety of dementias. The conformational
change required for tau to transition from soluble monomers to filamentous AD
pathology involves the extreme N-terminus of tau coming into contact with other regions
of the molecule; however, these exact interactions are complex and incompletely
understood. Furthermore, this process may be regulated by phosphorylation, enzymatic
cleavage, and other post-translational modifications at the N-terminus and elsewhere.
Such modifications have been well documented at the C-terminus of the molecule
during the evolution of the neurofibrillary tangles of AD. However, N-terminal
processing of tau remains largely uncharacterized. The aim of this project was to
investigate the role of the N-terminus in tau polymerization and trace the changes that
occur at the N-terminus during the evolution of AD pathology.

The role of the N-terminus in polymerization was investigated by generating
recombinant N-terminal fragments of tau. A construct representing the amino half of
tau, which itself does not polymerize, inhibits polymerization of full-length tau (hTau40)
in vitro. The inhibitory effect requires specific residues of the N-terminal fragment and
hTau40. Furthermore, the fragments appear to exert their effects by interacting with
soluble tau species. These results suggest a novel regulatory role for the N-terminus of
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tau in polymerization. Immunohistochemical examination of the N-terminus of tau in AD
pathology using a panel of N-terminal anti-tau antibodies showed significant differences
in the number and morphology of tangles stained, suggesting an early event which
unmasks an N-terminal epitope. Later in tangle evolution, the loss of extreme Nterminal epitopes correlated with the appearance of a C-terminal caspase-cleaved
epitope, suggesting a role for caspases in N-terminal processing of tau. In support of
this hypothesis, caspase-6 cleaved the N-terminus of tau in vitro at D13, a novel
caspase cleavage site in tau, preventing immunoreactivity with N-terminal antibodies.
Another protease, puromycin-sensitive aminopeptidase, also digests tau from the Nterminus in vitro. Collectively, these results may account for an N-terminal truncation of
tau and disappearance of N-terminal tau epitopes during neurofibrillary tangle evolution
and the progression of Alzheimer’s disease.
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CHAPTER 1 – INTRODUCTION
1.1

Alzheimer’s disease

Since its initial identification a century ago (Alzheimer, 1907), Alzheimer’s disease (AD)
has come to be recognized as the leading cause of senile dementia. The financial and
personal burdens of treating AD and other dementias are great and difficult to estimate.
These costs are expected to only increase with time: the number of people with
dementia worldwide is expected to double every 20 years to 81.1 million by 2040 (Ferri,
et al., 2005).

Alzheimer’s disease is described clinically as a progressive amnestic disorder with
impairment in one or more additional cognitive domains. It primarily affects areas of the
brain involved in learning and memory, such as the entorhinal cortex and hippocampal
formation, but can eventually cause more widespread impairment, involving temporal
and frontal cortices, as well as parietal association areas. Usually, primary sensory
functions are spared (Morris, et al., 1989).

On the molecular level, a major feature of the pathogenesis of AD is the posttranslational modification, misfolding, and subsequent deposition of specific proteins in
the brain. These proteins make up the three characteristic histopathological lesions of
AD: plaques, neurofibrillary tangles (NFTs), and neuropil threads (NTs). A great deal of
debate and controversy exists over which protein or proteins are ultimately responsible
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for the neuropsychiatric manifestations of AD. Two proteins, amyloid-beta and tau, are
at the forefront of this debate.

Genetic studies implicate A-beta as a causative agent in AD (Masters, et al., 1985), and
A-beta is clearly harmful to neuronal cells in a variety of forms (Lambert, et al., 1998),
though this toxicity appears to require the presence of tau (Rapoport, et al., 2002).
Amyloid-beta protein is known to aggregate into polymers in a beta-pleated sheet
conformation (Hilbich, et al., 1991). Such aggregates are found in the AD brain
plaques, which vary in size, density, and involvement of dystrophic neurites (Braak, et
al., 1989). However, the appearance of plaques correlates poorly with the loss of
function of the brain regions in which they reside (Braak and Braak, 1991; Terry, et al.,
1991).

1.2

Tau in Alzheimer’s disease

In contrast to amyloid plaques, the clinical-pathological correlation between tau lesions
and cognitive decline is much closer (Dickson and Yen, 1989; Braak and Braak, 1991;
Arriagada, et al., 1992; Braak and Braak, 1995; Ghoshal, et al., 2002; Mitchell, et al.,
2002). Tau is found in the neurofibrillary tangles and neuropil threads of AD (Fig. 1), as
well as a subset of plaques (neuritic plaques) (Grundke-Iqbal, et al., 1986; Kosik, et al.,
1986; Goedert, et al., 1998; Ghoshal, et al., 2002). Like amyloid-beta, tau is known to
polymerize in vitro into filaments at physiologic concentrations, though this
polymerization requires one of a variety of inducers (Kampers, et al., 1996; Singer, et
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Figure 1. Tau pathology in
Alzheimer’s disease. The classical
triad of AD tau pathology is labeled
with the monoclonal anti-tau antibody
5A6: (A) a neurofibrillary tangle (NFT)
in a pyramidal neuron, (B) a neuritic
plaque in the extracellular space, (C)
numerous neuropil threads scattered
throughout the tissue section. Scale
bar = 20 µm.
al., 1997; Wilson and Binder, 1997; King, et al., 1999; Gamblin, et al., 2000b; King, et
al., 2000). Tau mutations have also been linked to a number of dementias (Hutton,
2001; Lee, et al., 2001; Poorkaj, et al., 2001; Poorkaj, et al., 2002), and some have
suggested that AD and these dementias are connected in a genetic spectrum of
degenerative brain disorders (Dermaut, et al., 2005).

Nonetheless, it is difficult to fathom how tau, normally a highly soluble protein that can
withstand heat, denaturing agents, and acid treatment (Weingarten, et al., 1975;
Lindwall and Cole, 1984) could end up in the insoluble tangles of AD. Native tau is
thought to exist in an unfolded or extended state (Schweers, et al., 1994; Syme, et al.,
2002), although isolated regions of the molecule exhibit secondary structure (Esposito,
et al., 2000; Minoura, et al., 2002; Berry, et al., 2003). Despite this apparent lack of
secondary structure, global folding of tau in solution has been demonstrated by different
approaches (Carmel, et al., 1996; Jeganathan, et al., 2006). Others have suggested
that, in solution, tau transitions rapidly between several of conformations (Minoura, et
al., 2004; Minoura, et al., 2005). For a more thorough discussion of the structure(s) of
soluble tau, see the Introduction to Chapter 2.
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Under normal conditions, tau is thought to bind to microtubules and stabilize them by
virtue of its microtubule binding repeats (3 or 4, depending on mRNA splicing) (Drubin
and Kirschner, 1986; Lee and Rook, 1992), and inhibiting tau expression causes loss of
neurite polarity (Caceres and Kosik, 1990). The mRNA splicing and post-translational
modifications of tau are also heavily regulated throughout development (Bramblett, et
al., 1993; Goedert, et al., 1993; Watanabe, et al., 1993; Lovestone and Reynolds,
1997), although it appears that tau is not essential per se for neuronal development or
animal survival (Harada, et al., 1994).

A number of differences between normal and AD tau have been noted since its
discovery as the major antigenic component of neurofibrillary tangles (Grundke-Iqbal, et
al., 1986; Kosik, et al., 1986; Ghoshal, et al., 2002). Hyperphosphorylation, enzymatic
truncation, and conformational changes are all features of AD tau not found in normal
adult brain (Johnson and Jenkins, 1996; Duyckaerts, et al., 1998; Johnson and
Hartigan, 1998; Friedhoff, et al., 2000; Uboga and Price, 2000; Ghoshal, et al., 2002;
Mitchell, et al., 2002; Garcia-Sierra, et al., 2003). The effects of hyperphosphorylation
and nitration on tau behavior are complex, and are reviewed well elsewhere (Billingsley
and Kincaid, 1997; Reynolds, et al., 2005b).

It is clear that enzymatic cleavage of tau plays an important role in the development of
the neurofibrillary tangle in AD progression. Immunological studies with truncationspecific antibodies have demonstrated two carboxy-terminal truncations of tau in AD
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Figure 2. Carboxy-terminal tau truncations during NFT evolution. Tau cleavage by a
caspase at aspartic acid 421 generates the epitope of the monoclonal Tau-C3
antibody (Gamblin, et al., 2003c; Guillozet-Bongaarts, et al., 2005). Subsequent
cleavage by an unidentified protease at glutamic acid 391 yields tau immunoreactive
with the MN423 antibody (Novak, et al., 1993).
NFTs (Fig. 2). The first cleavage at residue D421 (out of 441) is a relatively early event
in tangle evolution recognized by the monoclonal antibody Tau-C3, and triggered by a
caspase, most likely caspase-3 (Gamblin, et al., 2003c; Guillozet-Bongaarts, et al.,
2005). A second cleavage occurs by unknown mechanisms at a much later stage of the
disease, resulting in truncation at residue E391 to form the epitope of the MN423
antibody (Wischik, et al., 1988a; Wischik, et al., 1988b; Novak, et al., 1993; GarciaSierra, et al., 2003). This sequential truncation of the C-terminus can be reliably traced
through the evolution of tangle pathology in AD tissue (Guillozet-Bongaarts, et al.,
2005).

The cleavage state of tau also influences many of its normal and pathologic
characteristics. Tau truncation affects its ability to bind to and stabilize microtubules
(Fasulo, et al., 1996; Canu, et al., 1998), self-assemble into filaments (Perez, et al.,
1996; Abraha, et al., 2000; Berry, et al., 2003; Gamblin, et al., 2003a), induce apoptosis
(Fasulo, et al., 1998; Fasulo, et al., 2000; Chung, et al., 2001), and assume specific
tangle-associated conformations (Carmel, et al., 1996; Ghoshal, et al., 2001).
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The cleavage state of the carboxy terminus of tau appears to parallel the molecule’s
transition through several specific conformations in AD neurofibrillary tangles (Fig. 3).
These insights into the structures of filamentous tau have come from immunological
studies using conformation-dependent monoclonal antibodies, in particular Alz-50
(Carmel, et al., 1996) and Tau-66 (Ghoshal, et al., 2001). Both antibodies recognize tau
in which a distal part of the molecule has folded to contact the microtubule binding

Figure 3. A timeline of tangle evolution in AD. Neurofibrillary tangles can be
accurately staged by their morphology or the conformation or C-terminal truncation
state of the tau from which they are composed. Pre-tangles begin as diffuse
intracellular aggregates of full-length tau forming the Alz-50 conformation (top left).
As tangles age, they become denser and more filamentous, and caspase cleavage of
the carboxy terminus takes place at aspartic acid 421. Still later in tangle evolution,
the Alz-50 conformation is replaced by the Tau-66 conformation (top right). The Cterminus is subsequently cleaved further, and in the late stage extracellular “ghost”
tangle, the Tau-66 conformation is also lost. The entire evolution takes years to
decades. The tau sketches are reproduced from (Guillozet-Bongaarts, et al., 2005).
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repeat (MTBR) region (the specific discontinuous epitopes are described below). These
two conformations are distinct; i.e., they do not overlap within individual tangles
throughout tangle evolution and AD pathogenesis (Garcia-Sierra, et al., 2003).
Furthermore, the appearance and disappearance of these two conformations can be
accurately staged in a timeline by comparison with either sequential C-terminal
truncation or advancing tangle morphology (Garcia-Sierra, et al., 2003; GuillozetBongaarts, et al., 2005). In this way, the evolution of the carboxy terminal modifications
and conformational changes of tangles has been well-documented.

1.3

The Amino Terminus of Tau

In contrast to the wealth of knowledge about other regions of tau, little is known about
the structure, function, and pathology of the amino terminus of tau. While it is
composed of both acidic and basic regions (Gustke, et al., 1994), the N-terminus of tau
has no known secondary structure in solution. The N-terminus, also known as the
“projection domain” of tau, is not involved in the microtubule stabilizing and bundling
function of tau (Gustke, et al., 1994), but may have a role in regulating association of
microtubules with molecular motors (Hagiwara, et al., 1994), kinases (Sun, et al., 2002),
and the neuronal plasma membrane (Brandt, et al., 1995).

Besides its normal cellular functions, the extreme N-terminus of tau is also an important
regulator of tau polymerization. Folding of the extreme N-terminus of tau over the
MTBR region to form the Alz-50 conformation (Carmel, et al., 1996) is thought to be one
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of the earliest steps in polymerization (King, et al., 1999), and removing the first 18
amino acids of tau decreases, but does not abolish, tau polymerization (Gamblin, et al.,
2003a). Furthermore, a single frontotemporal dementia-causing mutation at the Nterminus (R5L) has also been identified (Navas, et al., 2001; Poorkaj, et al., 2002) which
causes increased polymerization of tau in vitro (Gamblin, et al., 2003a). The N-terminus
clearly has a role in regulating polymerization of tau. However, this regulation appears
to be somewhat more complex than was originally thought (see Chapter 2).

Also, relatively little is known about the amino-terminal processing of tau in
neurofibrillary tangles. Previous studies from our laboratory have shown that, as
tangles acquire the advanced-stage Tau-66 conformation, they lose immunoreactivity
with amino terminal probes (Ghoshal, et al., 2002). This suggests that at least one
proteolytic cleavage occurs along a large stretch of the molecule (between residues 9
and 210), and that this change signifies progression to a more advanced neurofibrillary
tangle in cases with more severe memory impairment. However, the location of these
putative truncations and candidate proteases were not identified.

The goal of this thesis project was to investigate the role of the N-terminus in tau
polymerization and trace the changes that occur at the N-terminus during the evolution
of AD pathology. The role of the N-terminus in polymerization was investigated using
recombinant N-terminal fragments of tau in an in vitro model of pathologic tau
polymerization. The results of these experiments (Chapter 2) demonstrate a novel
inhibitory role for the N-terminus of tau in polymerization. In addition, the N-terminus of
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tau was examined in AD pathology by immunohistochemistry and immunofluorescence
with a panel of N-terminal anti-tau antibodies. These antibodies (Chapter 3) showed
interesting differences in the number and morphology of tangles labeled and revealed
that the loss of extreme N-terminal epitopes is contemporaneous with caspase cleavage
at the C-terminus. In addition, tau was treated in vitro with candidate proteases that
may be involved in N-terminal truncation (Chapters 4 and 5). Caspase-6 cleaved the Nterminus of tau in vitro at D13, a novel caspase cleavage site in tau, preventing
immunoreactivity with N-terminal antibodies. Another protease, puromycin-sensitive
aminopeptidase, also digests tau from the N-terminus in vitro. Collectively, these
results may account for the N-terminal truncation of tau during neurofibrillary tangle
evolution and the progression of Alzheimer’s disease. In light of these findings, the role
of the N-terminus in tau polymerization, solubility, and AD pathogenesis is reexamined
(Chapter 6).
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CHAPTER 2 – ROLE OF THE N-TERMINUS IN
SOLUBILITY AND POLYMERIZATION OF TAU
The contents of this chapter have been accepted for publication in Biochemistry,
prepared in collaboration with and co-authored by Nichole LaPointe (Horowitz, et al.,
accepted)

The polymerization of the microtubule-associated protein, tau, into insoluble filaments is
a common thread in Alzheimer’s disease and in a variety of frontotemporal dementias.
The conformational change required for tau to transition from an extended monomeric
state to a filamentous state with high β-sheet content involves the extreme N-terminus
coming into contact with distal portions of the molecule; however, these exact
interactions are incompletely understood. Here we report that a construct representing
amino acids 1-196 (Tau196), which itself does not polymerize, inhibits polymerization of
full-length tau (hTau40) in vitro. In addition, we trace the inhibitory effect of Tau196 to
amino acids 18-42 of the construct. We also provide evidence that the N-terminal tau
fragments require a specific C-terminal region of tau (residues 392-421) to exert their
inhibitory effect. The fragments are most effective at inhibiting polymerization when
present during the initial five minutes of the reaction, they remain in the soluble fraction
of the polymerization reaction, and they increase the amount of soluble hTau40. The
fragments also reduce the number and average length of filaments formed. Taken
together, these results suggest that the N-terminal tau fragments inhibit hTau40
polymerization by interacting with a specific C-terminal sequence, thereby stabilizing a
soluble conformation of tau.
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2.1

Introduction

Tau polymerization is a characteristic pathological feature of Alzheimer’s disease (AD)
(Johnson and Jenkins, 1996; Duyckaerts, et al., 1998; Johnson and Hartigan, 1998;
Binder, et al., 2005), several frontotemporal dementias (FTDs) (Lee, et al., 2001), and
various hereditary tauopathies (Hutton, 2001; Lee, et al., 2001; Poorkaj, et al., 2002). In
AD, the appearance of filamentous tau pathology follows a spatial and temporal
progression through the brain regions that underlie cognitive systems affected in AD
(Braak and Braak, 1995; Ghoshal, et al., 2002; Mitchell, et al., 2002). Therefore, it is
widely recognized that an understanding of the biochemical mechanisms underlying tau
polymerization may lead to a deeper understanding of disease progression.

In solution, tau monomers have little discernible secondary structure (Schweers, et al.,
1994), although isolated regions of the tau protein, specifically the third microtubule
binding repeat (Minoura, et al., 2002) and the C-terminus (Esposito, et al., 2000; Berry,
et al., 2003), exhibit secondary structure detectible by NMR and / or circular dichroism.
When not bound to microtubules, monomeric tau is thought to either exist in a largely
extended state (Syme, et al., 2002), exhibit high mobility in a globally folded state
(Jeganathan, et al., 2006), or transition rapidly between several conformations
(Minoura, et al., 2004; Minoura, et al., 2005). In contrast, tau filaments are highly
ordered structures, with β-sheets predominating in the MTBR region (von Bergen, et al.,
2000; Barghorn, et al., 2004; Eliezer, et al., 2005; Tokimasa, et al., 2005). The
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transition of tau from a monomeric to a filamentous state therefore must involve
extensive conformational rearrangement.

Several lines of evidence suggest that the transition of tau from soluble monomer to
insoluble filaments involves a folding event in which the N-terminus comes in close
proximity to the MTBR region (Carmel, et al., 1996; Jeganathan, et al., 2006). Insights
into the structures of filamentous tau have come from immunological studies with the
conformation-dependent monoclonal antibodies Alz-50 (Carmel, et al., 1996) and Tau66 (Ghoshal, et al., 2001). Both antibodies recognize tau conformations in which an Nterminal portion of tau is folded over the microtubule binding repeat (MTBR) region.
The Alz-50 antibody recognizes a discontinuous epitope involving the extreme amino
terminus and the third MTBR (residues 5-15 and 312-322) (Carmel, et al., 1996) and
labels early tau lesions in AD brain (Hyman, et al., 1988; Garcia-Sierra, et al., 2003). In
contrast, the epitope recognized by Tau-66 involves a different N-terminal region and a
similar sequence in the third MTBR (residues 155-244 and 305-314) (Ghoshal, et al.,
2001), and Tau-66 decorates tau pathology at a later stage of maturation (Ghoshal, et
al., 2002; Garcia-Sierra, et al., 2003).

Although immunological evidence suggests that the amino terminus is an integral part of
filamentous tau conformations, little is known about how this region regulates the
polymerization of tau. We have previously proposed that the N- and C- termini exert
antagonistic effects on polymerization by competing for the same region in the MTBRs
(Berry, et al., 2003; Gamblin, et al., 2003a; Gamblin, et al., 2003b; Binder, et al., 2005).
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The C-terminus appears to be in close proximity to the MTBRs in the absence of
polymerization inducers (Jeganathan, et al., 2006), and removing the C-terminus
increases the rate and extent of polymerization in vitro (Abraha, et al., 2000; Berry, et
al., 2003). In contrast, folding of the extreme N-terminus into proximity with the MTBR
region may be an early step in polymerization (King, et al., 1999), and removal of amino
acids 2-18 of tau decreases, but does not abolish, polymerization in vitro (Gamblin, et
al., 2003a). Because we have postulated that polymerization involves a folding event
that brings the N-terminus and the MTBR region together (Gamblin, et al., 2003a;
Gamblin, et al., 2003b), we hypothesized that a protein fragment containing only the Nterminus and not the MTBRs would inhibit polymerization of the full-length protein.
However, we have previously shown that application of an N-terminal peptide consisting
of amino acids 1-15 of tau did not affect polymerization in vitro (Gamblin, et al., 2003a),
suggesting that a different or larger sequence may be necessary to observe such an
effect. Therefore we chose to begin our investigations with a construct representing
nearly the entire N-terminal half of the protein.

Here we report that an N-terminal tau fragment truncated after residue 196 (Tau196,
which lacks the MTBRs and is therefore assembly-incompetent) inhibits polymerization
of full-length human tau (hTau40) in a dose-dependent manner. We show that the
inhibitory effect requires amino acids 18-42 in the N-terminal fragment and residues
392-421 of the full-length protein. Furthermore, we provide evidence that the primary
effect of the fragments is to inhibit polymerization at an early stage of the reaction, most
likely by interacting with and stabilizing a monomeric or soluble oligomeric tau species.
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2.2

Experimental Procedures

Materials – Arachidonic acid (AA) was obtained from Cayman Chemical (Ann Arbor, MI)
and stored at -20°C. Working solutions were prepared in 100% ethanol immediately
prior to use. Synthetic peptides were supplied by Cell Essentials (Boston, MA). The
peptide 18-42 represents amino acids 18-42 of hTau40 (YGLGDRKDQGGYTMHQDQE
GDTDAG), and was supplied at >90% purity. A peptide with the same amino acid
composition in a randomized order (KDQLDGGQQGGDTMHEGRAYDDGTY) was also
synthesized.

Recombinant proteins – The full-length tau used in this study (hTau40) is the longest
isoform in the human central nervous system and contains 441 amino acids, including
both alternatively spliced N-terminal exons (e2 and e3) and four microtubule binding
repeats (m1-m4; Fig. 1). The generation and purification of this construct and several
others used in this study have been described elsewhere: hTau40, ∆2-18, ∆9-155,
∆155-244, ∆321-441, ∆430-441 (Carmel, et al., 1996); ∆18-42, ∆18-30, ∆24-36, ∆30-42
(Horowitz, et al., 2004); hTau23, hTau24 (King, et al., 2000); ∆291-349, ∆376-441,
∆392-441 (Abraha, et al., 2000); and ∆422-441 (Gamblin, et al., 2003c). The Tau196
construct was generated as previously described (Reynolds, et al., 2005a). The
Tau196 internal deletion mutant library was generated by restriction digestion and
ligation of Tau196 with the various N-terminal deletions listed above, with the exception
of Tau196 ∆104-147 (“Tau196B”), which was created using the Tau196 template and
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phosphorylated primers flanking the desired deletion. All proteins were expressed in E.
coli and purified by means of an N-terminal poly-histidine tag (Carmel, et al., 1996;
Abraha, et al., 2000).

Epitope Mapping of Tau-7 – Internal deletion mutants of hTau40 were diluted to 2 ng/µl
in Tris buffered saline (pH 7.6) and attached in quadruplicate to Costar 96-well plates
overnight at 4° C. ELISAs were performed as previously described (Ghoshal, et al.,
2001) using the mouse monoclonal C-terminal tau antibody Tau-7 (40 ng/mL). Results
of these ELISAs (Fig. 1) confirm that removal of amino acids 430-441 of tau abolish
Tau-7 binding.

Figure 1. The monoclonal antibody Tau-7 recognizes the extreme C-terminus of tau.
hTau40 is the longest isoform of tau in the human central nervous system (441 amino
acids). Labeled boxes represent (from left to right): alternatively spliced N-terminal
exons (e2 and e3), the proline-rich region, and the microtubule-binding repeats (m1m4). The ability of Tau-7 to react with full-length hTau40 and tau harboring deletions
(white; numbers on left) was assayed by ELISA. Data are expressed as plus (O.D. >
3.5) or minus (O.D. at background levels). The epitope was defined as the smallest
deletion which completely abolished Tau-7 binding (hatched; ∆430-441).
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Polymerization reactions – Tau polymerization was induced by arachidonic acid as
previously described (Gamblin, et al., 2000a). Briefly, tau protein (4 µM) was incubated
at room temperature in reaction buffer (final buffer conditions: 10 mM HEPES, pH 7.6,
100 mM NaCl, 0.1 mM EGTA, 5mM DTT) in the presence of 75 µM arachidonic acid.
The final volume of ethanol in these reactions was 3.8 %, and this volume was added to
control reactions in the absence of AA. Unless otherwise noted, N-terminal constructs
were added at a concentration of 8 µM to the polymerization reaction, prior to the
addition of 4 µM full-length tau and arachidonic acid. Reaction progress was monitored
by the intensity of right angle laser-light scattering (is). End-point (t = 300 min) laser
light scatter data from at least three independent experiments were analyzed for
statistical significance by one-way ANOVA and protected t-tests, and time course data
were fit with curves using GraphPad Prism 3.0 software. Error bars in all figures and
tables represent plus or minus one standard error of the mean.

Arachidonic acid critical micelle concentration (CMC) – Arachidonic acid was diluted in
polymerization buffer at a range of concentrations and incubated ten minutes at room
temperature in the presence or absence of 8 µM protein. Intensity of right-angle laser
light scattering was plotted as a function of arachidonic acid concentration, and linear
regression was performed to determine the x-intercept (Brito and Vaz, 1986; Chirita, et
al., 2003). The data presented here are the combined results of five separate
experiments, analyzed using a one-tailed t-test (GraphPad 3.0).
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N-terminal Fragment Centrifugation – Reactions polymerized for five hours were
centrifuged at 355,000 x g for 15 minutes at 25° C over a 40% glycerol cushion.
Supernatant and pellet were boiled in Laemmli buffer and proteins were separated by
SDS-PAGE electrophoresis before transfer to nitrocellulose membranes. N-terminal
fragments (Tau196B) were probed with the amino terminal antibody Tau-12 (4 ng/mL)
(Ghoshal, et al., 2002; Horowitz, et al., 2004), while full-length tau was probed with Tau7 (see Fig. 1). HRP-conjugated goat-anti-mouse secondary antibody (Vector) and ECL
(Amersham) were used for detection.

Electron microscopy – Polymerization reactions were allowed to proceed at least four
hours, fixed with 2% glutaraldehyde (Electron Microscopy Sciences, EMS), spotted onto
300 mesh formvar/carbon coated copper grids (EMS), and negatively stained with 2%
uranyl acetate (EMS) as previously described (King, et al., 1999). Grids were examined
using a JEOL JEM-1220 electron microscope at 60kV and 12,000x magnification, and
photographed using a MegaScan 794/20 digital camera and DigitalMicrograph software
version 3.9.3 (Gatan). Optimas 6.0 imaging software (Media Cybernetics) was used to
automatically identify and measure filaments (defined as objects ≥20 nm in length). At
least five fields from each grid were chosen for quantitation under low illumination to
prevent bias. Results from three separate experiments were analyzed by two-tailed ttest (GraphPad Prism 3.0 software).

Tau Critical Concentration Assay – Reactions polymerized for five hours were
centrifuged at 355,000 x g for 15 minutes at 25° C. To determine the effectiveness of
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these sedimentation conditions at removing polymerized material from the supernatant,
the supernatant fractions were analyzed by electron microscopy as above. The amount
of tau in supernatant fractions was quantified by diluting samples in Laemmli sample
buffer and spotting onto nitrocellulose membranes, alongside a series of hTau40
standards of known concentrations. Full-length tau was visualized with Tau-7 (which
does not react with the N-terminal fragment) and HRP-conjugated goat-anti-mouse
secondary antibody. The amount of protein per spot was quantified using Adobe
Photoshop: a box of fixed size was centered on each spot, and the average pixel
intensity was determined using the histogram function. The tau standard curve and
GraphPad Prism 3.0 software were used to determine tau concentrations in the soluble
fractions of the polymerization reactions.

2.3

Results

N-terminal tau fragments inhibit full-length tau polymerization in vitro – To determine
whether an amino terminal fragment of tau would inhibit polymerization of full-length tau
(hTau40), a protein construct corresponding to the N-terminal half of hTau40 was
generated by changing the tyrosine at position 197 to a stop codon. The resulting
construct (“Tau196”; Fig. 2A) lacks the MTBR region, including the sequence required
for arachidonic acid-induced filament assembly (residues 314-320) (Abraha, et al.,
2000). As predicted, Tau196 itself failed to polymerize in the presence of arachidonic
acid (data not shown). When Tau196 was added at a two- or four-fold molar ratio, this
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Figure 2. N-terminal
fragments of tau
specifically inhibit
arachidonic-acid induced
tau polymerization as
measured by laser light
scattering. (A) Schematic
of the N-terminal tau
constructs used in this
study. A tau construct
containing a stop codon at
Y197 (“Tau196”) and
several internal deletion
mutations on the Tau196
background were created
and purified, including
Tau196 ∆104-147 (herein
called “Tau196B”).
Constructs that inhibited
(+) or failed to inhibit (–)
polymerization (shown
below) are indicated, as is
the specific N-terminal
sequence required for
inhibition (hatched,
residues 18-42). (B)
Tau196 was added at a
one-, two-, or four-fold
molar ratio to a
polymerization reaction of
4 µM full-length tau
(hTau40). Polymerization
was significantly inhibited
in the presence of 8 µM (p
< 0.05) and 16 µM (p <
0.01) concentrations of
Tau196. (C) Internal
deletion mutations in
Tau196 (8 µM) were utilized to map the sequence specificity of the inhibitory effect.
Only the Tau196 ∆18-42 fragment failed to significantly inhibit hTau40 polymerization (p
< 0.01 vs. other deletion constructs, not significant vs. hTau40 control). (D) Smaller
deletions in the 18-42 region of the tau fragment also eliminate the inhibitory effect of
the fragment (p < 0.01 vs. Tau196B, not significant vs. hTau40 control), suggesting that
this entire sequence is necessary to inhibit hTau40 polymerization.
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N-terminal fragment of tau inhibited the polymerization of full-length tau protein as
measured by right-angle laser light scattering (Fig. 2B).

Inhibition of polymerization depends on amino acids 18-42 of Tau196 – In order to
identify the specific sequence in Tau196 responsible for interfering with hTau40
polymerization, we generated a library of internal deletions on the Tau196 background
(Fig. 2A) and screened these proteins for their ability to inhibit hTau40 polymerization.
Tau196 mutants harboring deletions of residues 2-18, 41-103 (exons 2 and 3), or 104147 reduced hTau40 polymerization by 57-63% (p < 0.01) at a two-fold molar ratio.
However, removal of residues 18-42 resulted in loss of the inhibition (Fig. 2C; p < 0.01
vs. other deletions, not significant vs. control). Constructs containing smaller deletions
in the 18-42 region (18-30, 24-36, or 30-42) also failed to significantly decrease hTau40
polymerization (Fig. 2D; not significant vs. hTau40 control), indicating that this entire
sequence may be required for inhibition. The inhibition caused by Tau196 ∆104-147
was more robust than for Tau196, and for this reason it was used as a positive control
for polymerization inhibition in this experiment (p < 0.01) and for the remainder of the
study. For the sake of simplicity, Tau196 ∆104-147 was renamed to “Tau196B”.

Since these data suggested a crucial role for residues 18-42, we next asked whether a
peptide corresponding to these residues would also inhibit hTau40 polymerization. A
second peptide containing the same amino acids in a randomized order was used as a
control. At a 10-fold molar ratio (40 µM), neither peptide inhibited hTau40
polymerization as measured by laser light scattering and electron microscopy (data not
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shown). This result is consistent with our previous report that another N-terminal
peptide (residues 1-15) does not affect hTau40 polymerization (Gamblin, et al., 2003a).
The failure of these peptides to inhibit polymerization may indicate that a larger
sequence is necessary to stabilize a direct interaction with hTau40, or to recapitulate
the native conformation of the N-terminus of tau.

N-terminal fragments require residues 392-421 of hTau40 to inhibit polymerization – In
our working model of tau polymerization, the N-terminus and C-terminus interact with
the MTBR region of the full-length protein, with the N-terminus promoting polymerization
and the C-terminus promoting solubility (Berry, et al., 2003; Gamblin, et al., 2003a;
Gamblin, et al., 2003b; Binder, et al., 2005). We therefore hypothesized that the Nterminal fragments likewise interact with the MTBRs of hTau40, blocking the
intramolecular interaction of these two regions that facilitates polymerization. If this is
the case, removal of the MTBR binding site on hTau40 should ameliorate the inhibitory
effects of the N-terminal fragment.

In order to identify this site, we employed a series of C-terminally truncated tau
constructs (∆321-441, ∆376-441, ∆392-441, ∆422-441), the last two of which are also
found in AD brains (Novak, et al., 1993; Gamblin, et al., 2003c). All of these truncated
tau proteins are known to polymerize effectively in vitro (Abraha, et al., 2000; Gamblin,
et al., 2003c). These C-terminally deleted tau proteins were polymerized in the absence
or presence of twice-molar Tau196B, and the extent of polymerization was measured by
laser light scattering. Tau196B inhibited polymerization of full-length tau and tau
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truncated at aspartic acid 421 (Fig. 3; p < 0.01). However, the N-terminal fragment
failed to inhibit polymerization of tau proteins truncated prior to residue 392 (p < 0.01),
suggesting that residues 392-421 are required for N-terminal inhibition. The simplest
explanation for this result is that the N-terminus interacts directly with residues 392-421,
although more complicated scenarios are possible. Because we have previously shown
that residues 321-375 (and not 376-441) are required for C-terminal inhibition of
polymerization (Berry, et al., 2003), this result suggests that different regions of tau are
required for polymerization regulation by the N- and C-termini.

Figure 3. Inhibition requires the C-terminal 392-421 region of hTau40. A schematic
of full-length tau and the C-terminal deletion constructs used is shown above.
Tau196B inhibits full-length hTau40 and ∆422-441 tau polymerization (p < 0.01) but
not the polymerization of ∆321-441, ∆376-441, or ∆392-441 tau (p < 0.01 vs. hTau40
and ∆422-441; not significant vs. control).
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N-terminal fragments are most effective at early time points – Once the specific
sequences involved in the inhibition were identified, we turned our attention to the
mechanism of tau polymerization and its inhibition. We began by examining the efficacy
of the N-terminal fragments at various time points in tau polymerization. To test this,
Tau196B (8 µM) was added to an hTau40 polymerization reaction just prior to the
induction of polymerization, or five minutes, 15 minutes, or 24 hours after induction.
Tau196B was equally effective when added prior to polymerization induction or five
minutes after induction (Fig. 4A); however, when the fragment was added 15 minutes
after induction, it was 44% less effective at inhibiting polymerization (p < 0.05). Addition
of Tau196B to fully polymerized hTau40 (24 hours after induction) did not result in
depolymerization of hTau40 filaments six hours later, as measured by laser light
scattering and quantitative electron microscopy (data not shown). Overall, the results of
this experiment indicate that the N-terminal tau fragments are most effective at an early
step in polymerization, suggesting that they hinder the generation or elongation of
nascent polymers rather than destabilize existing filaments.

N-terminal fragments remain in the soluble fraction – Next, we asked whether the
fragments associate with the mass of polymerized material or with a soluble component
of the reaction. To address this question, hTau40 polymerization reactions were
subjected to ultracentrifugation, and the pre-spin reactions and post-spin supernatants
and pellets were analyzed by Western blotting (Fig. 4B). While the majority of the
hTau40 in the polymerization reaction sediments under these conditions, we found no
evidence of Tau196B in the pellet. As predicted, more hTau40 remains in the
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Figure 4. N-terminal fragments act at an early step in polymerization and remain in
the soluble fraction. (A) Tau196B was added just prior to (t=0 min), or after induction
of polymerization (t=5 or 15 min). Delaying addition of the fragment by 5 minutes did
not reduce its efficacy; however, 15 minutes after induction the fragment was
significantly less effective (p < 0.05). (B) Polymerized samples were subjected to
ultracentrifugation over a 40% glycerol cushion and separated by gel electrophoresis.
From left to right: hTau40 and Tau196B standards; hTau40 polymerization; hTau40
polymerization with twice molar Tau196B; Tau196B alone. Pre: pre-spin
polymerization reaction; S: supernatant; P: pellet. N-terminal fragments (Tau196B)
were probed with the amino terminal antibody Tau-12, while full-length tau was
probed with the carboxy terminal antibody Tau-7. Tau196B does not pellet with the
mass of polymerized hTau40, but instead remains in the supernatant.
supernatant in the presence of the fragment, and the fragment does not sediment in the
absence of hTau40. Our results strongly suggest that the fragments do not incorporate
into the growing filaments, but rather exert their effects on a soluble component of the
polymerization reaction.
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The 18-42 region does not affect arachidonic acid critical micelle concentration (CMC) –
Since the fragments remain in the soluble fraction and act at an early step in
polymerization, we suspected they may interact with the polymerization inducer,
arachidonic acid (AA). AA forms micelles under physiological buffer conditions, and tau
filaments are thought to nucleate at the micelle surface (Chirita, et al., 2003; Chirita, et
al., 2004; Chirita and Kuret, 2004; Chirita, et al., 2005). Tau lowers the CMC of AA and
other anionic detergents, and this effect correlates with the ability of these detergents to
induce tau polymerization (Chirita, et al., 2003); however, the regions of tau that
mediate the effect on AA CMC remain unidentified. If the N-terminal fragments also
lower the AA CMC, they could coat the AA micelles or sequester AA and thereby have a
substantial effect on filament nucleation.

To determine whether the inhibitory effect of the fragment involves such an interaction
with arachidonic acid, we measured the AA CMC in the absence of protein, in the
presence of an inhibitory fragment (Tau196), and in the presence of a fragment that
failed to inhibit polymerization (Tau196 ∆18-42). Although both fragments lowered the
AA CMC, the effects of Tau196 and Tau196 ∆18-42 did not differ significantly (Table 1).
These results suggest that the observed inhibition of polymerization cannot be
explained simply by an effect on arachidonic acid.

Tau196B decreases the number and average length of filaments – Electron microscopy
is a useful tool for verifying results obtained by laser light scattering and further
examining the effects of molecules that regulate polymerization (Gamblin, et al., 2003a).
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Table 1. The critical micelle
concentration of arachidonic acid
is depressed in the presence of
either Tau196 or Tau196 ∆18-42
(p < 0.05 vs. no protein).

Condition

AA CMC (µM)

No protein

80.03 ± 5.79

Tau196

55.54 ± 8.80 *

Tau196 ∆18-42 38.88 ± 12.50 *
Filaments formed in the absence or presence of 8 µM Tau196B were visualized by
electron microscopy. The filaments formed under these two conditions appeared
morphologically similar (Fig. 5A, left). However, quantitative analysis (Fig. 5B) revealed
several differences: the addition of the N-terminal tau fragment greatly reduced the
number of filaments per field (to 51.0 ± 5.6 % of control; p < 0.01) and had a small but
significant effect on average filament length (to 81.8 ± 1.9 % of control; p < 0.05).
Under both conditions, exponential length distributions were observed (data not shown).
Combined, the effects on filament number and length resulted in a substantial decrease
in the mass of polymerized material (to 41.8 ± 5.2 % of control; p < 0.01), consistent
with the light-scattering data (Fig. 2C-D). The electron microscopy data suggest that
the N-terminal fragments primarily act by reducing the number of filaments formed, but
also slightly decrease the average length of filaments.

N-terminal fragments raise tau critical concentration – Since Tau196B increased the
amount of hTau40 in the supernatant of the polymerization reaction (Fig. 4B), we sought
to quantify this result to determine the effect of N-terminal tau fragments on the hTau40
critical concentration. Though critical concentration measurements are frequently used
as reflections of the growth constant (Timasheff, 1981), there is debate in the literature
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on how to best estimate the amount of unpolymerized, soluble tau in a polymerization
reaction (Gamblin, et al., 2003b). We chose as our measure of tau critical concentration
the amount of tau remaining in the supernatant fraction following ultracentrifugation.
Since the centrifugal force required to sediment all of the polymerized material
(oligomeric and filamentous) is not known, electron microscopic analysis was performed
to determine the efficacy of the protocol used here at sedimenting polymerized material
(Fig. 5A). The micrographs demonstrate that the vast majority of polymerized protein is
removed from the supernatant under these conditions. Furthermore, this protocol is
externally validated by noting that the critical concentration of hTau40 measured by this
method (0.45 ± .03 µM; Fig. 5C) is comparable to several previously published values
for hTau40 critical concentration (0.50 ± 0.09 µM and 0.47 ± 0.14 µM) as estimated by
laser light scattering (King, et al., 1999; Reynolds, et al., 2005b).

To determine the effect of Tau196B on hTau40 critical concentration, the amount of fullFigure 5. (Appears on following page) N-terminal tau fragments decrease mass of
polymerized material and increase the hTau40 critical concentration. (A) Left:
Representative electron microscopy fields from polymerization reactions of hTau40 in
the absence and presence of Tau196B. Right: Electron microscopy confirms that
ultracentrifugation removes the vast majority of polymerized material from the
supernatant fraction. Scale bars represent 200 nm. (B) Quantitation of 5-hour
polymerization reactions reveals that Tau196B caused a significant reduction in the
number of filaments per field (to 51.0 ± 5.6 % of control, p < 0.01) as well as a
smaller decrease in average length per filament (to 81.8 ± 1.9 % of control; p < 0.05).
The combined effects on filament number and length resulted in a reduced overall
mass of polymerized material per field (to 41.8 ± 5.2 % of control; p < 0.01). Black
bars: hTau40 alone; white bars: hTau40 + Tau196B. (C) The hTau40 critical
concentration in the absence and presence of Tau196B was quantified by blotting the
supernatant fraction with the Tau-7 C-terminal antibody. T: hTau40 alone; T+F:
hTau40 plus N-terminal fragments (Tau196B). The hTau40 critical concentration
(0.45 ± .03 µM) is similar to previously published results. Tau196B increased the tau
critical concentration to 0.56 ± 0.05 µM (p < 0.01).
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Figure 5.
Legend appears on
preceding page.
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length tau in the supernatants was quantified with the monoclonal antibody Tau-7 (Fig.
5C), which recognizes only the C-terminus of hTau40 (and therefore not the N-terminal
fragment). The presence of twice molar Tau196B significantly increased the hTau40
critical concentration to 0.56 ± 0.05 µM (p < 0.01). Since the tau critical concentration is
inversely proportional to the growth constant (Timasheff, 1981), this signifies a 19.6 %
decrease in the growth constant for hTau40 filament elongation. This data supports the
quantitative electron microscopy findings that the fragments exert a small but significant
effect on filament length, in addition to a primary effect on the number of filaments.

2.4

Discussion

Although the path from tau monomer to filament is incompletely understood, a picture of
the regions of the tau protein governing this transition is beginning to emerge. A salient
feature of this model is competition between the extreme termini of the protein for
proximity to the MTBR region. The MTBR region of tau (specifically residues 314-320)
(Abraha, et al., 2000) is required for arachidonic acid induced polymerization, and
folding of distal parts of tau onto the MTBRs is an important regulator of tau solubility
and polymerization (Berry, et al., 2003; Gamblin, et al., 2003a; Gamblin, et al., 2003b).
Interaction of the extreme C-terminus with the MTBRs promotes solubility (Berry, et al.,
2003). Conversely, polymerization is favored when the N-terminus is in close proximity
to the MTBRs, as recognized by the Alz-50 antibody (Carmel, et al., 1996; King, et al.,
1999). The goal of the present study was to further characterize the role of the Nterminus by assessing the effects of a truncated construct representing the N-terminal
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half of tau (Tau196) in an in vitro polymerization assay. Our results demonstrate that a
specific N-terminal tau region inhibits polymerization of the full-length protein,
suggesting a novel regulatory role for the amino terminus of tau.

We initially hypothesized that an excess of Tau196, which contains the N-terminal
portion of the Alz-50 epitope (residues 1-15) but lacks the corresponding MTBR portion,
would inhibit polymerization of hTau40 by binding to nascent filaments and preventing
the addition of full-length tau. However, our data show that both N- and C-terminal
sequences that are required for the fragments to inhibit hTau40 polymerization (18-42
and 392-421; Figs. 2 and 3) differ considerably from the sequences required for Alz-50
binding (1-15 and 312-322) (Carmel, et al., 1996). Furthermore, the filament “capping”
mechanism is unlikely given that we were unable to detect any N-terminal fragments
associated with tau filaments in the pellet of a polymerization reaction following
ultracentrifugation. Moreover, a “capping” mechanism would be expected to produce a
pronounced effect on elongation, which seems not to be the case. Overall, these
results suggest that if filament capping occurs, it is not the primary mechanism by which
the N-terminal fragments inhibit polymerization.

Instead, the data presented here are consistent with a mechanism in which the Nterminal fragments act on a soluble component of the polymerization reaction. The
fragments increase the amount of soluble tau in the polymerization reaction and are
most effective when present at the induction of polymerization. Furthermore, the
fragments are not incorporated into or associated strongly with filaments; instead, they
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remain in the soluble fraction. Since the inhibitory effect of the fragments cannot be
explained by an effect on the arachidonic acid critical micelle concentration and instead
requires specific sequences of both hTau40 and the N-terminal fragments, our results
are most consistent with a mechanism in which the fragments interact with full-length
soluble tau. Collectively, these results suggest that the N-terminal fragments stabilize
full-length tau in a soluble conformation, removing hTau40 molecules from the pool of
polymerizable protein.

One known conformation of soluble tau involves folding of the C-terminus of tau onto
the MTBR region (Berry, et al., 2003). Stabilizing this interaction could conceivably
increase hTau40 solubility in the face of polymerization inducers. Recently,
fluorescence resonance energy transfer (FRET) analysis of tau in solution has shown
that residue 432 of the C-terminus and residue 310 of the third MTBR are in close
proximity, confirming that the C-terminus of tau folds over the MTBRs in the absence of
polymerization inducers (Jeganathan, et al., 2006). However, the N-terminus has also
been implicated in this C-terminal / MTBR folding: while the N-terminus and MTBRs
have low FRET efficiency, residues 17-18 of the N-terminus are in close proximity to
residue 432 of the C-terminus (Jeganathan, et al., 2006). Thus, in this “paperclip
folded” conformation of soluble tau, the N-terminus is near the C-terminus as the Cterminus associates with the MTBRs.

The N-terminal fragment data presented here are consistent with the N-terminal
involvement in the folding of the C-terminus over the MTBR region (Jeganathan, et al.,
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2006). The association of residues 17-18 and 432 of the N- and C-termini in the
paperclip folding of soluble tau (Jeganathan, et al., 2006) suggests that residues 18-42
and 392-421, which have yet to be investigated by FRET, may also be in close
proximity in this conformation. We therefore propose a scenario in which the N-terminal
fragments bind to the C-terminus of hairpin-folded soluble tau and stabilize the Cterminal / MTBR interaction. This explanation is consistent with our observations that
the fragments increase the amount of soluble tau while the fragments themselves
remain in the soluble fraction (Figs. 4 and 5). However, the influence of the N-terminus
on the polymerization of hTau40 is complex, and further experimentation is needed to
fully understand its involvement in the conformational shifts that take place during tau
polymerization.

Our results suggest a novel role for the N-terminus in the regulation of tau solubility.
Human tau is nearly unique in its predilection for neurofibrillary tangle formation in vivo
(Cork, et al., 1988; Nelson and Saper, 1995; Nelson and Saper, 1996), and comparison
of the tau genes in various species also sheds light on the importance of the Nterminus. Human tau differs from tau in other species in that it includes an insertion of
nearly a dozen amino acids in exon 1 which overlaps the 18-42 region (Lee, et al.,
1988; Goedert, et al., 1989; Himmler, 1989; Himmler, et al., 1989; Kosik, et al., 1989;
Lee, 1990; Alonso, et al., 1995). Our findings are also particularly interesting in light of
the numerous disease-related modifications of tau that affect the regions at either end of
the molecule. The 18-42 and 392-421 sequences include residues which may be
regulated by phosphorylation (Otvos, et al., 1994; Lee, et al., 2004) or nitration
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(Reynolds, et al., 2005a). Our previous work (see Chapters 3-5) has also shown that
the N-terminus of tau in neurofibrillary tangles may be subject to regulation by
enzymatic cleavage in early AD (Horowitz, et al., 2004), and proteolysis up to glutamic
acid 391 (Wischik, et al., 1988a; Wischik, et al., 1988b; Novak, et al., 1991) is known to
occur at an advanced stage in AD tangle evolution (Ghoshal, et al., 2002; Garcia-Sierra,
et al., 2003). It will be interesting to determine how these modifications influence the
ability of the fragments to inhibit tau polymerization.

The inhibitory N-terminal constructs described here also bear an intriguing resemblance
to a recently discovered group of alternatively spliced tau isoforms which lack the
sequences encoding the MTBR region and C-terminal portion of the protein (Wei and
Andreadis, 1998; Wei, et al., 2000). At least one of these alternatively spliced
constructs (the 6d tau isoform, which contains residues 1-143 of canonical tau followed
by 11 additional unique amino acids) is expressed in human brain tissue, and
expression is particularly high in areas that are not affected by tau lesions in AD
(cerebellum, spinal cord) and lowest in tangle-prone areas (hippocampus, cerebral
cortex) (Luo, et al., 2004). Even within affected areas, the 6d isoform does not
colocalize with cells bearing tangles (Luo, et al., 2004). In light of our results, it is
tempting to speculate that expression of this alternatively spliced N-terminal fragment of
tau could be responsible for preventing tau polymerization in these unaffected cells and
brain regions.

2.5
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CHAPTER 3 – HISTOPATHOLOGY OF
THE N-TERMINUS OF TAU IN ALZHEIMER’S DISEASE
The contents of this chapter have been published in the Journal of Neuroscience
(Horowitz, et al., 2004)
Alzheimer’s disease is a progressive amnestic dementia that involves post-translational
hyperphosphorylation, enzymatic cleavage, and conformational alterations of the
microtubule-associated protein, tau. The truncation state of tau influences many of its
pathologic characteristics, including its ability to assume AD-related conformations and
to assemble into filaments. Cleavage also appears to be an important marker in AD
progression. While C-terminal truncation of tau at D421 has recently been attributed to
the apoptotic enzyme caspase-3, N-terminal processing of the protein remains largely
uncharacterized. Here we report immunohistochemical staining in a cohort of 35 cases
ranging from non-cognitively impaired to early AD with a panel of three N-terminal antitau antibodies: Tau-12, 5A6, and 9G3-pY18. Of these three, the phosphorylationindependent epitope of 5A6 was the earliest to emerge in the pathological lesions of
tau, followed by the appearance of the Tau-12 epitope. The unmasking of the Tau-12
epitope in more mature 5A6-positive tangles was not correlated with tau
phosphorylation at tyrosine 18 (9G3-pY18). Still later in the course of tangle evolution,
the extreme N-terminus of tau was lost, correlating temporally with the appearance of Cterminal caspase cleavage of tau at D421. These results define the timeline for the
appearance and loss of N-terminal tau epitopes, and suggest a role for caspases in the
N-terminal truncation of tau during neurofibrillary tangle evolution and the progression of
Alzheimer’s disease.
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3.1

Introduction

A major feature of the molecular pathogenesis of Alzheimer’s disease (AD) is the posttranslational modification, misfolding, and aggregation of the microtubule-associated
protein tau to form neurofibrillary tangles, dystrophic neurites, and neuritic plaques
(Johnson and Jenkins, 1996; Duyckaerts, et al., 1998; Johnson and Hartigan, 1998;
Friedhoff, et al., 2000; Uboga and Price, 2000; Mitchell, et al., 2002). The evolution of
tau structural changes in pathological specimens of AD brains can be inferred by
comparing tangles in cases that vary in pathological severity. Such analyses have
shown that through a complex series of phosphorylations, enzymatic cleavages, and
conformational changes, tau transitions from its highly soluble and natively folded state
to an insoluble accumulation of misfolded protein (Ghoshal, et al., 2002; Garcia-Sierra,
et al., 2003).

It is clear that enzymatic cleavage of tau plays an important role in the development of
the neurofibrillary tangle as AD progresses. Cleavage at residue D421 is triggered by a
caspase, most likely caspase-3 (Gamblin, et al., 2003c; Garcia-Sierra, et al., 2003).
The truncation state of tau influences many of its normal and pathologic characteristics,
including its ability to bind to and stabilize microtubules (Fasulo, et al., 1996; Canu, et
al., 1998), assume specific tangle-associated conformations (Carmel, et al., 1996;
Ghoshal, et al., 2001), self-assemble into filaments (Perez, et al., 1996; Abraha, et al.,
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2000; Berry, et al., 2003; Gamblin, et al., 2003a), and induce apoptosis (Fasulo, et al.,
1998; Fasulo, et al., 2000; Chung, et al., 2001).

In contrast to C-terminal truncation of tau, little is known about its amino-terminal
processing. Tyrosine phosphorylation of tau at Y18 has recently been demonstrated in
connection with activation of Fyn, a member of the src-family of tyrosine protein kinases
(Lee, et al., 2004). Additionally, a number of studies have suggested that the Nterminus of tau is lost as tangles become extracellular (Dickson, et al., 1992; Endoh, et
al., 1993; Bondareff, et al., 1994). At least one proteolytic cleavage has been
postulated along a lengthy stretch of the molecule (between amino acids 9 and 210 of
the epitopes of the Tau-12 and Tau-5 antibodies, respectively). The loss of N-terminal
(Tau-12) immunoreactivity signifies evolution to more severe AD pathology (Ghoshal, et
al., 2002).

Here we show that the phospho-independent antibody 5A6 is the first of three Nterminal antibodies to label early, diffuse tangles. The Tau-12 epitope becomes
unmasked as lesions assume a fibrillar morphology. This change appears to be
unrelated to tyrosine phosphorylation at Y18 of tau, as detected by the 9G3-pY18
antibody. Subsequent to the unmasking of Tau-12, the extreme N-terminal epitopes of
tau are lost from tangles of human AD brains, a process that correlates temporally with
the appearance of the Tau-C3 epitope, specific for C-terminal caspase truncation of tau
at D421. These results establish a time line for the appearance and disappearance of
N-terminal tau epitopes, as related to tangle morphology and C-terminal truncation state
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of tau. Furthermore, they suggest a potential role for caspases in the N-terminal
truncation of tau during tangle maturation in Alzheimer’s disease.

3.2

Materials and Methods

Epitope Mapping of Tau-12, 5A6, and CR Polyclonal. The antibodies used in this study
are described in Table 1 and Fig. 1A. Epitopes for each antibody were defined by their
reactivity or lack thereof with overlapping N-terminal internal deletion mutants of tau
(Carmel, et al., 1996). The expression and purification of full-length tau (hTau40, 2N4R,
Goedert, et al., 1989) and tau∆2-18 have been previously described (Carmel, et al.,
1996; Abraha, et al., 2000; Gamblin, et al., 2003a). Novel internal deletion mutations
were generated using polymerase chain reaction on pT7c-ht40 with primers
immediately flanking the desired deletion: tau∆18-42: Tau18 F (5’-PO4CGTCCCAGCGTGATCTTCCAATCAC) and Tau42 R (5’-PO4CTGAAAGAATCTCCCCTGCAGACC); tau∆18-30: Tau18 F (above) and Tau30 R (5’PO4-ATGCACCAAGACCAAGAGGTGAC); tau∆24-36: Tau24 F (5’-PO4CCTGTCCCCCAACCCGTACGTC) and Tau36 R (5’-PO4GGTGACACGGACGCTGGCCTGAAA). The amplified sequences were re-ligated and
expressed as described above. Proteins were analyzed by SDS-PAGE and Western
blotting with Tau-12 (1:250,000), 5A6 (1:50,000), Cross-Reactive Polyclonal (CR
Polyclonal, 1:5,000) and Tau-5 (1:50,000). Horseradish peroxidase (HRP)-conjugated
secondary antibody (Vector Laboratories, Burlingham, CA) and enhanced
chemiluminescence were used to visualize bands (Amersham Biosciences, Piscataway,
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Table 1. Characteristics of the antibodies used in this study. ** denotes epitopes
that were re-mapped in this report.
Antibody

Epitope

Tau-5

210-230

MN423

TruncE391

Host /
Class
mouse /
IgG
rabbit
mouse /
IgG
mouse /
IgG
mouse /
IgG
mouse /
IgG

Tau-12

9-18 **

Tau-C3

TruncD421

mouse /
IgG

Tau-46.1

428-441

mouse /
IgG

CR Polyclonal 12-24 **
9G3-pY18
12-24,
pY18
5A6
19-46 **

Comments

Phospho-Tyr18
specific

References
(Ghoshal, et al.,
2002)
(Lee, et al., 2004)
(Lee, et al., 2004)
(Johnson, et al.,
1997)
(Carmel, et al., 1996)

Truncation-specific at
E391
Truncation-specific at
D421, associated
with caspases
Intact C-terminus

(Wischik, et al.,
1988b; Novak, et al.,
1993)
(Gamblin, et al.,
2003c)
(Kosik, et al., 1988;
Carmel, et al., 1996)

NJ). The affinity of each antibody for purified recombinant hTau40 was also assessed
by ELISA as described previously (Ghoshal, et al., 2001).

Brain Tissue. In experiments addressing the earliest changes in tau pathology, samples
of middle temporal gyrus were obtained from the Religious Orders Study (ROS) cohort
at the Rush University Alzheimer’s Disease Center (Chicago, IL). The 35 cases from
the ROS have been characterized extensively both clinically and pathologically (Mufson,
et al., 1999; Kordower, et al., 2001; Bennett, et al., 2002; Ghoshal, et al., 2002; Wilson,
et al., 2002). In order to study more advanced N-terminal changes, additional tissue
was obtained from five pathologically confirmed severe AD cases (Braak stage V-VI,
Braak and Braak, 1995) from the Northwestern University Cognitive Neurology and
Alzheimer’s Disease Center (NU-CNADC) Brain Bank.
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Immunohistochemistry. In single label studies, immunohistochemistry was performed
on adjacent 40 µm sections of middle temporal gyrus from the 35 ROS cases as
previously described (Ghoshal, et al., 2002) using the N-terminal monoclonal tau
antibodies Tau-12 (1:500,000), 9G3-pY18 (1:5,000), and 5A6 (1:10,000). In doublelabel experiments for brightfield microscopy, sections from the temporal lobes of severe
AD cases were incubated with CR Polyclonal (1:5,000) and either Tau-12 (1:250,000) or
5A6 (1:50,000). Appropriate secondary antibodies conjugated to either HRP or biotin
and a Vectastain ABC-AP solution were employed, and Nova Red and AP substrate kit
III were used as chromogens (Vector Laboratories).

Quantitative and statistical analysis of immunohistochemistry. Slides from the ROS
cases were analyzed using StereoInvestigator software (MicroBrightfield, Inc., Williston,
VT) with the experimenter (PH) blind to all information about the slides (including case,
diagnosis, and antibody stain). The seven cases with the most extensive pathology
were analyzed using systematic random sampling (fractionator). In cases with less
severe pathology, the gyrus was counted in its entirety. In all cases, only tangles
containing a visible perinuclear region were counted. Because of the range in
pathological severity of the cases studied, it was necessary to normalize the data to a
fourth section labeled with all three primary antibodies to allow quantitative comparisons
of tangle labeling across cases. A simple linear correlation analysis (Pearson r test)
was performed on the normalized data using Prism 2.01 software (GraphPad Software,
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Inc., San Diego, CA). Normalized Tau-12, 9G3-pY18, and 5A6 staining across the
cohort were compared by ANOVA and protected paired t-tests.

Double-label immunofluorescence (IF). Double-label IF confocal microscopy was
performed as previously described (Garcia-Sierra, et al., 2003) on temporal lobe tissue
from severe AD cases. Tissue was incubated with two of the following primary
antibodies: 5A6 (1:50,000); biotinylated Tau-12 (1:100); CR Polyclonal (1:2,000); Tau46.1 (1:4,000); Tau-C3 (1:2500); and MN423 (1:500). Species- or biotin-specific
secondary antibodies linked to Texas Red, FITC, or Cy5 were employed (Jackson
Immunoresearch, West Grove, PA; Molecular Probes, Eugene OR) and sections were
viewed using the 60x objective on a 510-Zeiss laser scanning confocal microscope.
Individual sections, 2-D projections, and 3-D rotations were analyzed with the software
included with the microscope (Zeiss LSM Image Browser v.2.30.011). For
quantification, projections of three fields (325 µm x 325 µm) encompassing cortical
layers II-III of the superior temporal gyrus (STG) were analyzed per case (n = 3), per
antibody pair.

3.3

Results

N-terminal tau epitopes differ in prevalence in tangles of early AD – The phosphoindependent Tau-12 and 5A6 monoclonal antibodies and CR Polyclonal antibody (Table
1 and Fig. 1A) were selected for investigation of early N-terminal changes because of
their overlapping epitopes spanning the extreme N-terminus of tau. The contribution of
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tyrosine phosphorylation of tau at Y18 was assessed with the phosphotyrosine-specific
9G3-pY18 antibody, raised against a phosphorylated peptide corresponding to amino
acids 12-24 of tau (Lee, et al., 2004). Tau-12 (previously attributed to residues 9-18)
and 5A6 (residues 19-46) were both raised against purified recombinant human tau
(Johnson, et al., 1997; Ghoshal, et al., 2002).

Since previous reports indicated that the epitopes of Tau-12, 5A6, and CR Polyclonal
are in close proximity, they were re-mapped using novel, smaller N-terminal internal
deletion mutations of tau (Fig. 1B). These data show a great deal of similarity between
the epitopes of all three antibodies and suggest that the epitope for 5A6 extends further
N-terminally than was previously thought. By virtue of binding to tau∆24-36 but not
tau∆2-18 or tau∆18-30, all three antibodies bind somewhere within a span of tau
(residues 2-23) that includes the Fyn target, Y18. Both 5A6 and Tau-12 show a strong
affinity for purified recombinant human tau (Fig. 1C). However, as the affinity of an
antibody for tau in fixed human tissue may differ from its affinity for recombinant tau in
vitro, all antibodies were re-titered on tissue prior to use.

In order to better understand the early tau changes that take place in the tangles of AD,
tissue from a cohort of 35 cases ranging from no cognitive impairment to mild AD was
immunolabeled with the three N-terminal monoclonal antibodies described above.
Middle temporal gyrus (MTG) tissue was selected due to the wide range of pathological
severities observed in this region of cortex (from a few, isolated tangles or threads to
widespread, extensive tau lesions spanning cortical layers II-VI).
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Figure 1. Epitope maps of the tau antibodies employed. (A) The structure of the
longest human tau isoform found in brain (hTau40) with the approximate locations of
the epitopes from the antibodies used in this study. (B) The 5A6, Tau-12, and CR
Polyclonal phospho-independent epitopes were re-examined using internal deletion
mutations of tau. Left two lanes: purified recombinant protein; right four lanes: whole
lysates of bacteria induced to express recombinant proteins. All three epitopes
overlap (residues 2-23) and encompass tyrosine 18 of tau. Tau-5 shows total tau on
the membrane. (C) The relative affinities of the three antibodies for purified
recombinant hTau40 were compared by ELISA. Tau-12 and 5A6 both show very
high affinities.

We found marked differences in the prevalence of the three N-terminal tau epitopes in
neurofibrillary tangles. The number of tangles labeled with 5A6 did not significantly
differ from the number of tangles stained with all three primary antibodies combined (p >
0.2), while Tau-12 and 9G3-pY18 labeled fewer tangles than 5A6 (Fig. 2A).
Furthermore, in several of the pathologically mild cases, 5A6-labeled tangles were
observed in the absence of Tau-12 labeling (5 cases), while the reverse was never
observed (Fig. 2B, left). In the case of Tau-12 and 5A6, these findings were
unexpected, since our epitope mapping experiments suggested significant overlap of
the two epitopes (see Discussion).
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Figure 2. N-terminal tau epitopes differ in prevalence in human brain tissue. (A)
Quantitative analysis in the ROS cohort shows that 5A6 labels far more tangles than
either Tau-12 or 9G3-pY18 (89.0 ± 12.1 %, 13.1 ± 2.9 % and 26.1 ± 3.0 %,
respectively; all three differ from each other at p < .001). (B) Correlation analysis of
normalized tangle densities shows a positive predictive relationship between the
tangle labeling of Tau-12 and 5A6 (Pearson r = 0.516, p = .0015), while 9G3-pY18
labeling is not significantly correlated with either of these antibodies (p = 0.40 and
0.20).

A correlation analysis was then performed on the data (Fig. 2B). Although labeling with
the two phospho-independent antibodies showed a positive correlation, neither of these
were significantly correlated with 9G3-pY18 labeling. These results suggest an in situ
relationship between the Tau-12 and 5A6 epitopes despite the disparity in the number
of tangles stained.
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Morphologically, 5A6 labeled both early, diffuse tangles and compact, fibrillar tangles
(Fig. 3A-C), while Tau-12 primarily labeled compact tangles (Fig 3D-E), as did 9G3pY18 (data not shown). The DAB staining of 5A6 also extended further into the apical
dendritic arbor (Fig. 3C) than that of either Tau-12 (Fig. 3D-E) or 9G3-pY18 (data not
shown). Interestingly, neuropil threads, thought to be the earliest manifestation of tau
pathology (Ghoshal, et al., 2002), were heavily labeled with 5A6 in many of the cases,
but were revealed only in more pathologically severe cases with Tau-12 and 9G3 (data
not shown). The highlighting of neuritic plaques (Fig. 3F) followed a similar pattern.
Thus, 5A6 labeled tau lesions earlier than either Tau-12 or 9G3-pY18.

To test the hypothesis that the more mature and compact 5A6-positive tangles also
label with Tau-12, sections from severe AD cases were double-labeled with either 5A6
or Tau-12 and the N-terminal phospho-independent polyclonal peptide antibody, CR
Polyclonal (Fig. 3G). Both Tau-12 and 5A6 showed nearly 100% double labeling with

Figure 3. (Appears on following page) Tau pathology stained with N-terminal
antibodies. (A) A diffuse tangle in the MTG of a case from the ROS cohort is labeled
with 5A6 and visualized with DAB. (B) Diffuse (upper) and fibrillar (lower) tangles are
labeled with 5A6. (C) Transitional tangles exhibit both diffuse and fibrillar 5A6
labeling. Extensive labeling of the dendritic tree is often seen with 5A6. (D) A
representative Tau-12 positive tangle in the same case as A-C has a compact,
fibrillar appearance and lacks extensive dendritic staining. (E) Tau-12 stains dense
neurofibrillary tangles in the inferior temporal gyrus of a severe AD case. (F) 5A6
also readily labels other tau lesions, including neuritic plaques, in pathologically mild
cases. (G) Brightfield microscopy depicts three tangles in the hippocampus (CA1) of
a severe AD case that are double-labeled for 5A6 (red) and the polyclonal N-terminal
antibody CR Polyclonal (blue). This antibody pair shows nearly 100% cosegregation
in tangles. (H-J) Double-label laser scanning confocal microscopy demonstrates the
colocalization of (H) biotinylated Tau-12 and (I) 5A6 in tangles of the STG of severe
AD (merged image, J). Images A-G are at the same magnification, as are H-J.
Scale bars represent 20 µm.
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Figure 3. Legend appears on preceding page.
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CR Polyclonal in these tangles, suggesting that they label the same population of
tangles. In addition, confocal microscopy using 5A6 and biotinylated Tau-12 in severe
AD brains demonstrated numerous double-labeled compact tangles (Fig. 3H-J). These
data support the hypothesis that the Tau-12 epitope is unmasked in the more mature
and fibrillar 5A6-positive tangles of more pathologically advanced AD cases.

Loss of N-terminal tau epitopes correlates temporally with the appearance of a Cterminal caspase cleavage epitope – Previous data suggested that tau is cleaved at a
site between the Tau-12 and Tau-5 epitopes (amino acids 9 to 210), and that the loss of
the Tau-12 epitope correlates with progression to more severe impairment on tests of
episodic memory (Ghoshal, et al., 2002). To determine the timing of this important
change in individual tangles, a pathological timescale was employed that makes use of
a defined sequence of C-terminal truncations of tau (Kosik, et al., 1988; Wischik, et al.,
1988a; Carmel, et al., 1996; Ghoshal, et al., 2002; Gamblin, et al., 2003c; Garcia-Sierra,
et al., 2003). Sections from severe AD cases were labeled with CR Polyclonal and
three separate C-terminal antibodies (Fig 4A): Tau-46.1 (intact C-terminus), Tau-C3
(caspase-truncated C-terminus at D421), and MN423 (late-stage C-terminal truncation
at E391). As truncations of tau gradually remove epitopes external to the cleavage
sites, this trio of antibodies provides a useful approach to characterizing in situ the
timing of the changes tau undergoes in the tangles of AD brains.

Quantitative analysis of these data showed that the extreme N-terminal marker CR
Polyclonal cosegregates well with the intact C-terminal marker Tau-46.1 in tangles but
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is rarely seen in tangles with Tau-C3 and never with MN423 (Fig. 4B). In the rare cases
of CR Polyclonal / Tau-C3 cosegregation, the tangles were usually chimeric; i.e., TauC3 staining occupied a central region of the tangle and CR Polyclonal staining was
restricted to the peripheral soma and neuronal processes (Fig. 4C). These results
indicate that the loss of the N-terminus of tau correlates temporally with appearance of a
C-terminal truncation associated with caspase activation.

3.4

Discussion

Early tau evolution in AD tangles – Characterizing the early changes that tau undergoes
is critical to understanding the process of tangle formation and the role of tau evolution
in the development of AD. In this study, we investigated the changes that take place in
the extreme N-terminus of tau, a relatively uncharted region of this molecule. While the
epitopes of Tau-12, 9G3-pY18, and 5A6 have been described separately (Johnson, et
al., 1997; Ghoshal, et al., 2002; Lee, et al., 2004), the appearance, timing, and
relationships of the three extreme N-terminal tau antibodies have not previously been
investigated together.

Here we have shown that 5A6 is the first of the N-terminal antibodies to decorate tau
pathology in AD NFT development. The 5A6 epitope predominates in tangles from the
ROS cohort, a group that ranges clinically from no cognitive impairment to mild AD. In
the cases with the mildest pathology, 5A6 labeling consistently appears in the absence
or paucity of Tau-12 labeling. As pathological severity increases, the Tau-12 epitope is
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Figure 4. Loss of N-terminal tau epitopes correlates temporally with the appearance
of the Tau-C3 epitope. (A) Tissue from severe AD brains is labeled with CR
Polyclonal (green) and one of three C-terminal monoclonal antibodies (Tau-46.1,
Tau-C3, and MN423 in red; epitopes shown to the right of the merged image).
Images represent projections of several optical sections. (B) CR Polyclonal labeling
cosegregates well with Tau-46.1 (54.2% ± 9.7% double labeled, D.L.), but is rarely
seen in the same tangles as Tau-C3 (5.9% ± 4.3%) and is never observed with
MN423. (C) The tangles that double-label with Tau-C3 and CR Polyclonal show a
distinct pattern: Tau-C3 (red) appears mostly in the core of the tangle, while CR
Polyclonal (green) primarily decorates the periphery of the somatodendritic
compartment. This merged image represents a single optical section.
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unmasked in fibrillar, compact tangles, and Tau-12 is shown to colocalize with 5A6 in
most tangles of severe cases. While the trigger for this change remains unclear, it
appears to be unrelated to Y18 phosphorylation and to occur prior to the activation of
caspases.

Despite our inability to differentiate the Tau-12 and 5A6 epitopes at the molecular level
using recombinant tau deletion mutants, the two antibodies clearly show distinct staining
patterns in AD tissue. A number of explanations for this disparity can be proposed.
Destruction of a portion of the epitope could reduce antibody affinity by removing
important hydrophobic or charge-charge interactions between antibody and antigen.
Also, removal of a nearby region of the molecule not directly involved in antibody
binding could sufficiently disrupt the orientation or structure of surrounding regions to
reduce antibody affinity. Alternatively, conformational changes (see below) or as yet
unidentified post-translational modifications at the N-terminus of tau could influence the
in situ presentation of the epitope. Such modifications could cause 5A6 alone to bind
diffuse tangles while allowing both 5A6 and Tau-12 access to their epitopes when tau is
arranged in a fibrillar morphology. While 5A6 and Tau-12 show similarly high affinities
for purified recombinant tau, changes in conformation and other post-translational
modifications could cause them to have different affinities for tau in fixed AD tissue. A
finer mapping of the epitopes of these two antibodies may be warranted, as is
investigation of the contributions of post-translational modifications to the affinities of
these antibodies.
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Timing and significance of N-terminal cleavage – Previous work has shown that loss of
Tau-12 immunoreactivity in tangles indicates progression to more mature tau pathology
(Ghoshal, et al., 2002; Garcia-Sierra, et al., 2003). In this report, we show that the Nterminal marker CR Polyclonal cosegregated well with the intact C-terminal marker Tau46.1 in tangles, but poorly with Tau-C3, a marker of C-terminal caspase cleavage at
D421. This indicates that the N-terminus of tau may be lost from tangles in AD brains at
approximately the same time as caspase-cleavage of the C-terminus of tau (likely
caused by caspase-3). The association of the bilateral cleavage of tau with activation of
programmed cell death-associated proteases has grave implications with regard to
neuronal viability and suggests an integral role for caspases in tangle evolution.

The N-terminal 15 amino acids of tau are required for the formation of the Alz-50
conformation of tau (Carmel, et al., 1996; Jicha, et al., 1997), a conformation known to
be a marker for early tangles (Hyman, et al., 1988; Ghoshal, et al., 2002; Garcia-Sierra,
et al., 2003). The Alz-50 conformation of tau is gradually replaced by another
conformation in NFTs, Tau-66 (Ghoshal, et al., 2001; Garcia-Sierra, et al., 2003), which
does not require an intact N-terminus. While removal of the N-terminus of tau
decreases the rate and extent of tau polymerization in vitro (Gamblin, et al., 2003a), Nterminal truncation may stabilize existing filaments through a conformational shift from
the Alz-50 to Tau-66 conformations. Thus, N-terminal cleavage of tau could play an
integral part in tangle maturation in AD. This topic is discussed further in Chapters 4
and 5.

59
3.5

Acknowledgements

I am grateful to Kristy Patterson for her assistance on this project, as well as the other
authors who contributed to this work: Drs. Angela Guillozet-Bongaarts, David Bennett,
Vincent Cryns, Robert Berry, and Lester Binder. The authors would like to thank Drs.
Gloria Lee (University of Iowa), Gail Johnson (University of Alabama at Birmingham),
Virginia Lee (University of Pennsylvania), and Michal Novak (Slovak Academia of
Sciences) for the generous gifts of their antibodies (9G3-pY18 and CR Polyclonal; 5A6;
Tau-46.1; and MN423 respectively). We continue to be indebted to the hundreds of
nuns, priests, and brothers of the Religious Orders Study as well as those individuals
who participated in the NU-CNADC brain donation program. We would also like to
thank Julie Bach, M.S.W., Beth Howard, and Dr. Eileen Bigio, the coordinators of the
Religious Orders Study, Rush Brain Bank, and Northwestern Brain Bank, respectively.
We thank Dr. Nupur Ghoshal for her assistance in managing the ROS brain tissue and
Drs. T. Chris Gamblin and Francisco García-Sierra for contributing to the artwork in
several diagrams.

60
CHAPTER 4 – CASPASE-6 CLEAVAGE OF
THE N-TERMINUS OF TAU IN VITRO
Portions of the work in this chapter have been published in the Journal of Neuroscience
(Horowitz, et al., 2004)

While the C-terminal enzymatic cleavage of tau has been well characterized, little is
known about the enzymatic truncation of the N-terminus during tangle evolution.
Previous studies (Ghoshal, et al., 2002) suggested that at least one proteolytic event
along a large stretch of the molecule (residues 9 to 210), and that this truncation
signifies progression to a more advanced neurofibrillary tangle in cases with more
severe memory impairment. Earlier results (Chapter 3) established a time line for the
disappearance of N-terminal tau epitopes as related to the C-terminal truncation state of
tau, and implicated caspases in N-terminal cleavage of tau. Here, we show that
caspase-6 cleaves tau in vitro, causing loss of immunoreactivity with two N-terminal tau
antibodies. This cleavage is not affected by nearby phosphorylation at tyrosine 18.
Additionally, mass spectrometry confirms that the in vitro caspase-6 truncation site is
D13, a semi-canonical and hitherto undescribed caspase cleavage site in tau.
Monoclonal antibodies were also generated against a peptide mimicking the cleaved
end of tau (starting at residue H14). While two clones specifically recognize caspase-6
cleaved tau, neither labels tangles in AD tissue. Collectively, these results show that
while caspase-6 is capable of N-terminal truncation of tau, other mechanisms may be at
play during neurofibrillary tangle evolution and the progression of Alzheimer’s disease.
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4.1

Introduction

It is clear that enzymatic truncation of tau is an important marker in the evolution of
neurofibrillary pathology in Alzheimer’s disease (Wischik, et al., 1988a; Ghoshal, et al.,
2002; Gamblin, et al., 2003c; Binder, et al., 2005; Guillozet-Bongaarts, et al., 2005).
While C-terminal cleavage of tau has been well characterized, less is known about Nterminal processing of the molecule. Previous reports from our laboratory (Ghoshal, et
al., 2002) indicated that neurofibrillary pathology may react positively with an antibody to
the proline-rich region of tau while lacking reactivity to an antibody binding to an
extreme N-terminal epitope. Therefore, at least one truncation site in tau was proposed
to exist between the epitopes of Tau-12 (Ghoshal, et al., 2002) and Tau-5 (Carmel, et
al., 1996), i.e., between residues 9 and 210 of tau. Additionally, in the previous chapter
it was shown that the immunoreactivity of AD tangles to N-terminal antibodies
disappears around the same stage in tangle evolution as the appearance of a caspaserelated truncation epitope at the C-terminus (Horowitz, et al., 2004). This prompted us
to propose that a caspase could also be responsible for the N-terminal truncation of tau
in AD.

An examination of the primary sequence of this region of tau led to the identification of a
possible non-canonical caspase-6 cleavage site at residue D13. Here we report that
caspase-6 cleaves tau in vitro, causing loss of immunoreactivity with Tau-12 as well as
5A6, another N-terminal tau antibody. Cleavage was not impaired by prior treatment of
tau with Fyn, a tyrosine kinase known to phosphorylate tau at residue Y18.
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Furthermore, mass spectrometry of the control and caspase-treated tau samples
confirmed that the in vitro caspase-6 truncation site is D13, a semi-canonical and
hitherto undescribed caspase cleavage site in tau. We also set out to generate
monoclonal antibodies against a peptide mimicking the cleaved end of tau (starting at
residue H14). Two clones specifically recognize caspase-6 cleaved tau; however,
neither of these labeled tau in AD tissue. Collectively, these results show that while
caspase-6 is capable of N-terminal truncation of tau, other mechanisms may be at play
during N-terminal processing of tau in the progression of Alzheimer’s disease.

4.2

Materials and Methods

Caspase-6 treatment of recombinant tau. A double-deletion mutant lacking both N- and
C-termini (tau∆2-18∆422-441) was generated by restriction endonuclease digestion of
both single-deletion mutants (Gamblin, et al., 2003a; Gamblin, et al., 2003c) with XhoI
and SacI (New England Biolabs). Digestion products were separated by agarose gel
electrophoresis, and fragments containing the desired mutations were extracted from
the gel, re-ligated, and used to transform cells as described previously (Horowitz, et al.,
2004). Control hTau40 and tau deletion mutants (100ng/µl) were incubated with active
caspase-6 (5ng/µl) at 37°C for 24 hours (BioMol, Plymouth Meeting, PA). Products
were analyzed by SDS-PAGE and Western blotting (see Chapter 3 methods for a
description of the antibodies used). Representative data from three independent
experiments is shown.
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Caspase-3 treatment of recombinant tau – Full-length tau and tau∆422-441 were
treated with recombinant active caspase-3 as previously described (Gamblin, et al.,
2003c) and analyzed by SDS-PAGE and Western blotting.

Fyn treatment of tau∆422-441 and Y18F-tau∆422-441. A tyrosine to phenylalanine
mutant of hTau40 was generated using the QuickChange Site-directed Mutagenesis Kit
(Stratagene, La Jolla, CA). The forward (F) and reverse (R) mutant primers used in the
reaction were as follows: Y18F F: GATCACGCTGGGACGTTCGGGTTGGGGGACAGG
and Y18F R: CTGTCCCCCAACCCGAACGTCCCAGCGTG. This mutation was then
excised with XhoI / SacI and ligated onto a tau∆422-441 background as described
above. All mutations were confirmed by DNA sequencing. Purified recombinant
tau∆422-441 and Y18F-tau∆422-441 (100 ng/µl) were incubated for 1 hour at 37°C with
either vector or 1 ng/µl active Fyn (Upstate, Lake Placid, NY). Active caspase-6
(5ng/µl) was added directly to the phosphorylation reaction for 24 hours at 37°C, and
the products were analyzed by Western blotting with 9G3-pY18, Tau-5, and Tau-12.

Mass Spectrometry of untreated and caspase-6 treated tau∆422-441. The intact
molecular masses of untreated and caspase-6 treated tau∆422-441 were determined in
triplicate by matrix assisted laser desorption / ionization time-of-flight mass spectrometry
(MALDI-TOF MS) in linear mode on an Applied Biosystems Voyager-DE STR. For
peptide mass fingerprinting analyses, untreated and caspase-6 treated tau∆422-441
were trypsinized, desalted by solid-phase ZipTip extraction (Millipore, Bedford, MA) and
analyzed by MALDI-TOF MS in reflector mode.
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Generation of monoclonal antibodies to D13-cleaved tau – The immunization strategy
employed was similar to that used to generate the Tau-C3 antibody (Gamblin, et al.,
2003c). Briefly, a peptide was generated corresponding to residues 14-28 of tau plus a
C-terminal cysteine (HAGTYGLGDRKDQGGC, Cell Essentials, Boston MA). This
peptide was conjugated via the cysteine to maleimide-activated keyhole limpet
hemocyanin (KLH), and suspended 1:1 in Freund’s Incomplete or Complete Adjuvant.
Five female Balb/c mice were immunized every 3 weeks until serum titers were positive
by ELISA at 1:20,000. For one of the later immunizations, recombinant hTau40 ∆2-13
(see Chapter 5) was substituted for the KLH-conjugated peptide in an attempt to
increase affinity of the antibodies for the epitope in the context of the whole molecule.
The immune spleens were removed, dissociated, and fused to SP2/o myeloma cells to
form hybridomas. Clones were HAT-selected and grown for 2 weeks. Clonal
supernatants were screened for binding to the peptide antigen or recombinant tau∆213, and subcloned 3 times (or until stably expressing antibody). Antibody subtyping,
ELISA titers for substrate specificity, and AD brain tissue immunohistochemistry were all
performed as previously described (Horowitz, et al., 2004; Guillozet-Bongaarts, et al.,
2005).

4.3

Results

Caspase-6 cleaves tau in vitro – In order to investigate cleavage of tau at the potential
caspase-6 site at residue D13, an in vitro caspase-6 assay was performed. Initial
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results using full-length recombinant tau (hTau40) showed that caspase-6 indeed
cleaved tau into a small number of lower molecular weight bands, suggesting cleavage
at more than one location (Fig. 1). Therefore, N- and C-terminal deletion mutations of
tau were used to determine at which end(s) of the molecule caspase-6 is active.

Deletion mutations and N-terminal antibodies demonstrate that cleavage is N-terminal –
Since it has been previously reported that caspase-6 can cleave at canonical (DXXD)
caspase-3 sites (Talanian, et al., 1997; Thornberry, et al., 1997), such as the D421 site
in tau (Gamblin, et al., 2003c), a tau mutant harboring a deletion of the C-terminus
(tau∆422-441) was employed to eliminate this known C-terminal caspase cleavage site.
Caspase-6 treatment of tau∆422-441 caused the appearance of a single lower
molecular weight band (Fig. 1). The truncated tau band was not immunoreactive with
either of the N-terminal tau antibodies Tau-12 or 5A6, suggesting that the truncation
was N-terminal and not at another proposed C-terminal caspase-6 site (D402) (Guo, et
al., 2004).

To confirm this, tau harboring an additional N-terminal deletion mutation at the Nterminus was used. Removal of the N-terminal caspase site in this mutant (tau∆218∆422-441) prevented cleavage by caspase-6. As an additional control, tau lacking
the N-terminal site but retaining the C-terminal caspase site at D421 was also used.
This mutant (tau∆2-18) was cleaved by caspase-6, but to a lesser extent than tau∆422441. Therefore, caspase-6 cleaves tau at both an N-terminal site and D421, though the
data support preferential cleavage at the N-terminal site in vitro.
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Figure 1. Caspase-6 cleaves tau in vitro to remove N-terminal epitopes. Caspase-6
treatment of full-length tau (WT) causes appearance of lower molecular weight
bands. N- and C-terminal deletion mutations were employed to determine which
end(s) of the molecule caspase-6 cleaves. Caspase-6 treatment of a C-terminal
deletion mutant (tau∆422-441) causes the appearance of a single lower molecular
weight band recognized by Tau-5, but not by the N-terminal antibodies Tau-12 or
5A6. Caspase-6 treatment of an N-terminal deletion mutant (tau∆2-18) also causes
appearance of a single lower molecular weight band corresponding to low-efficiency
cleavage at the canonical caspase-6 site (D421, recognized by Tau-C3). These
results indicate that caspase-6 cleaves tau once at each terminus, with preference for
N-terminal cleavage. Thus, as expected, tau harboring deletions at both the N- and
C-termini (tau∆2-18/∆422-441) is not cleaved by caspase-6.

Caspase-3 does not cleave tau N-terminally – Since we have reported that caspase-6
has some non-specific activity at the canonical caspase-3 site (D421) (Gamblin, et al.,
2003c), we wondered whether caspase-3 might likewise cleave at this novel N-terminal
caspase-6 site. However, Western blotting with various antibodies clearly shows that
caspase-3 has complete preference for the C-terminal D421 site (Fig. 2).
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Figure 2. Caspase-3 does not cleave tau at the N-terminal site. Tau-C3 recognizes
wild-type tau (1-441) after it has been treated with Caspase-3 (yielding tau 1-421).
Tau-C3 also binds to recombinant mutant tau mimicking the Caspase-3 cleavage
event (Tau ∆422-441). Tau-46.1 recognizes amino acids 428-441 of tau, which are
removed by Caspase-3. Tau-5 binds to amino acids 210-230, and shows all of the
tau in the samples. No lower molecular weight bands were observed in any of the
blots, indicating a lack of N-terminal cleavage by caspase-3.
Effects of N-terminal tyrosine phosphorylation on caspase-6 cleavage – Posttranslational modifications of tau are thought to inhibit caspase cleavage at nearby sites
(Guillozet-Bongaarts, et al., 2006). Since tyrosine 18 of tau is subject to
phosphorylation by the src-family kinase Fyn (Lee, et al., 2004) and is in proximity to the
proposed caspase-6 site, we investigated the effects of its phosphorylation on caspase6 cleavage of the N-terminus. Compared to untreated tau∆422-441, Fyn
phosphorylation at Y18 did not appreciably affect the extent of N-terminal cleavage (Fig.
3). Tau∆422-441 Y18F, an unphosphorylatable mutant, was also studied to control for
the possible direct effects of Fyn on caspase-6 activity. These data suggest that
tyrosine phosphorylation of tau at residue 18 may not impact the N-terminal processing
of the protein by caspase-6.
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Figure 3. Tyrosine phosphorylation has no effect on caspase-6 cleavage. The
presence (+) of Fyn caused phosphorylation at tyrosine 18 of tau (detected by the
pY18-specific antibody 9G3, top). However, this treatment had no significant effect
on the extent of caspase-6 cleavage (shown by Tau-5, bottom). The Y18F mutant
was used as a non-phosphorylatable control for the possible direct effects of Fyn
phosphorylation of caspase-6.

Caspase-6 cleavage occurs at residue D13 in vitro – To confirm the exact location of
the in vitro N-terminal caspase-6 truncation, the control and caspase-6-treated samples
were subjected to mass spectrometric analysis (Fig. 4). In-solution digestion with
trypsin yielded fragments that were identified monoisotopically using MALDI-TOF mass
spectrometry. Trypsin cleaves intact tau to yield a doublet encompassing the predicted
truncation site (Fig 4, top). In samples treated with caspase, the doublet is shifted to a
lower molecular mass, corresponding to the predicted cleavage of the peptide at D13
(Fig. 4, bottom). These results were verified by determining the intact molecular
masses of untreated and caspase-6 treated tau∆422-441 (data not shown). These data
confirm that caspase-6 is capable of cleaving tau N-terminally at D13, causing a loss of
reactivity with N-terminal antibodies.
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Figure 4. MALDI-TOF mass spectra of in-solution tryptic digests of caspase-6 treated
samples show a shift of the peaks at m/z 2053.9 and 2181.9 to 1046.5 and 1174.6
(arrows), respectively, as would be expected for cleavage at D13. All peaks labeled
in the spectra correspond to predicted tryptic peptides of tau∆422-441.
Characterization of monoclonal antibodies specific for N-terminally cleaved tau – Since
the above evidence suggested tau cleavage at D13 might occur in AD, we generated
monoclonal antibodies against a peptide mimicking D13 cleavage. From the five fusion
reactions performed, several clones produced antibodies reactive to D13-cleaved tau.
Only two of the clones tested, 2A3 (IgG) and 14C1 (IgM), did not also cross-react with
full-length tau (Fig. 5). A third non-specific clone, 13D2 (IgA) was also selected for its
unique subtype as an ideal control in possible future double-labeling experiments.
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Figure 5. ELISA titers of two caspase-6 cleavage-specific antibodies. Monoclonal
antibodies were generated from immunizations to a peptide mimicking caspase-6
truncation of tau at D13. Two clones (2A3 and 14C1) generated antibodies specific
for D13-truncated tau (■) with no cross-reactivity to full-length tau (▲). A third clone
producing an antibody of the rare IgA subtype (13D2) was not specific for truncation.
Tau-5 was used as a non-specific antibody control. 2A3 was later renamed Tau-C6g.
These three antibodies were used to immunostain sections of AD brain tissue as
previously described (Horowitz, et al., 2004). Only the non-cleavage specific IgA
antibody 13D2 stained tau pathology, in the form of pre-tangles, tangles, and threads
(Fig. 6). Pre-treatment of tissue sections with formic acid or citrate did not increase
staining for either 2A3 or 14C1 antibodies (Juan Reyes and Michael Cahill, personal
communication). Possible explanations for these results are discussed below.
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Figure 6. Tissue staining of the non-specific
IgA antibody 13D2. While neither 2A3 nor
14C1 stained tau pathology in AD brain tissue,
the IgA antibody 13D2 (not specific for caspase
cleavage) stained (A) fibrillar tangles and
threads (20x objective), as well as (B) diffuse
intracellular tangles (60x objective).

4.4

Discussion

D13 is novel and different from other caspase sites in tau – A number of studies have
provided evidence that tau is an important substrate for caspases (Canu, et al., 1998;
Fasulo, et al., 2000; Chung, et al., 2001; Rohn, et al., 2002; Gamblin, et al., 2003c;
Rissman, et al., 2004; Guillozet-Bongaarts, et al., 2005). While most of these reports
focus on the C-terminal truncation of tau at D421, Rohn and colleagues (2002) describe
another possible N-terminal caspase-3 cleavage site at D25 (DRKD*) by use of a
polyclonal antibody to the putative cleavage site. However, both here and in another in
vitro study, this site was not cleaved by caspase-3 or any known caspase (Gamblin, et
al., 2003c), and basic residues immediately N-terminal to the cleavage site are known to
inhibit cleavage by caspase-3 subfamily members (Talanian, et al., 1997; Thornberry, et
al., 1997). Here, we provide direct evidence of in vitro N-terminal cleavage of tau at
D13, a hitherto undescribed site.

The D13 site (VMED*) varies from the canonical caspase-6 site (VEID* in lamin A)
(Cohen, 1997) in that the acidic and hydrophobic residues are reversed. The mass
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spectrometric data presented here confirm that cleavage occurs at this site. However,
several caveats should be noted about this study. First, the mass spectrometric data do
not rule out C-terminal cleavage at another putative caspase-6 site (D402), though such
a cleavage was not detected by Western blotting. Also, we have described in vitro
truncation of tau by caspase-6 specifically at D13, but it still remains to be seen whether
this truncation state of tau exists in AD brain. Furthermore, additional N-terminal
truncations in more mature tangles may take place in vivo as well. Precedent for this
type of processing of tau is found at its C-terminus, where the Tau-C3 epitope is
replaced by that of MN423 as the tangle evolves.

Role of caspases and tau in AD – Apoptosis has long been hypothesized as the
mechanism of neuronal loss in AD (Smale, et al., 1995; Cotman and Su, 1996;
Desjardins and Ledoux, 1998). Amyloid beta-induced neurotoxicity, which requires the
presence of tau (Rapoport, et al., 2002), is also thought to involve apoptotic
mechanisms. Also, altered levels of pro- and anti-apoptotic proteins have been found in
transgenic models of AD (Hwang, et al., 2002) and human AD tissue (Kitamura, et al.,
1998), including the p10 fragment of active caspase-6 (LeBlanc, et al., 1999). The
presence of active caspase-6, in particular, is necessary and sufficient to cause
apoptosis in primary human neuronal cultures (Zhang, et al., 2000). Interestingly,
microinjection of these cultured neurons with levels of caspase-6 below a threshold
increased the susceptibility of these cells to other insults without triggering immediate
apoptosis. This suggests that although caspases may be activated in some AD
neurons, these cells may still be viable while harboring caspase-cleaved tau.
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Caspase cleavage of various proteins, including tau, has been associated with
neurofibrillary tangle formation (Rohn, et al., 2001; Gamblin, et al., 2003c). Since tau
cleavage products may be intrinsically neurotoxic (Canu, et al., 1998; Fasulo, et al.,
2000; Chung, et al., 2001), caspase cleaved tau may feed back to further activate
caspases in neurons of AD brains. This body of evidence also suggests that caspases
may be a crucial link between amyloid beta and tau lesions in AD (Canu, et al., 1998;
Rohn, et al., 2002; Gamblin, et al., 2003c). Overall, the data support the interpretation
that caspase cleavage of tau is not merely a reflection or marker of enzyme activation in
ailing neurons, but is instead actively involved in the disease process.

Antibodies specific for D13 truncation fail to stain AD tissue – While a positive result in
immunohistochemistry usually indicates the epitope of interest is present, the inverse is
not necessarily true; i.e., lack of staining does not necessarily mean the epitope is
absent. Nevertheless, the failure of 2A3 and 14C1 to stain AD pathology is
troublesome. Several explanations can be proposed for this problematic result. First, it
is possible that the caspase-truncated epitope in AD brains is inaccessible or masked in
the pathology. Precedent for this can be found in the tau-related frontotemporal
dementias PSP and CBD, in which the tissue must be subjected to harsh treatments in
order to allow antibody access to tau-bearing lesions (Arai, et al., 2003). However,
similarly harsh treatments of the tissue here failed to improve staining with these two
antibodies. Additional experiments using other antigen unmasking techniques are
currently underway to determine whether this epitope is present in AD tau pathology.
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Another distinct possibility is that, whether or not caspase-6 cleavage takes place in
tangles, other mechanisms of N-terminal degradation are at play. Another protease that
cleaves tau further along than D13 could readily eliminate binding of these antibodies.
One such potential protease is puromycin-sensitive aminopeptidase (PSA), discussed in
the following chapter. Hence, it is quite possible that cleavage at D13 occurs, but this
truncated form of tau is quickly lost due to subsequent proteolysis.
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CHAPTER 5 – DEGRADATION OF TAU BY
PUROMYCIN-SENSITIVE AMINOPEPTIDASE IN VITRO
This work is in preparation for submission, in collaboration with and co-authored by
Soma Sengupta (Sengupta, et al., in preparation).

Tau, a microtubule associated protein, aggregates intracellularly into paired helical
filaments (PHFs) by an unknown mechanism in Alzheimer’s disease (AD) and other
tauopathies. A contributing factor may be a failure to metabolize free cytosolic tau within
the neuron. The build-up of tau may then drive the aggregation process through mass
action. Therefore, proteases that normally degrade tau are of great interest. A recent
genetic screen identified puromycin-sensitive aminopeptidase (PSA) as a potent modifier
of tau-induced pathology, and suggested PSA as a possible tau-degrading enzyme.
Here we have extended these observations using human recombinant PSA purified from
Escherichia coli. The enzymatic activity and characteristics of the purified PSA were
verified using chromogenic substrates, metal ions, and several specific and non-specific
protease inhibitors, including puromycin. PSA was shown to digest recombinant human
full-length tau in vitro, and this activity was hindered by puromycin. The mechanism of
amino terminal degradation of tau was confirmed using a novel N-terminal cleavagespecific tau antibody (Tau-C6g, specific for cleavage between residues 13-14) and a
previously described C-terminal cleavage-specific tau antibody (Tau-C3), as well as
colorimetric amino- and carboxy-peptidase substrates. Additionally, PSA was able to
digest soluble tau purified from normal human brain, but did not efficiently digest soluble
or PHF tau purified from AD brain or tau purified from porcine brain. These results are
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consistent with observations that PSA modulates tau levels in vivo, and suggest that this
enzyme may be involved in tau degradation in human brain.

5.1

Introduction

Intraneuronal aggregation of the hyperphosphorylated microtubule associated protein,
tau, is one of the pathological hallmarks of Alzheimer’s disease (AD) (Johnson and
Jenkins, 1996; Johnson and Hartigan, 1998; Binder, et al., 2005). Tau pathology is also
involved in a number of other neurodegenerative disorders, collectively known as
tauopathies (Goedert, et al., 1998; Hutton, 2001; Lee, et al., 2001). One contributing
factor in development of tau pathology may be impaired proteolysis of normal or
abnormally modified tau, leading to increased levels of cytosolic tau available for
aggregation (Kosik, et al., 1986; Bancher, et al., 1989; Ikeda, et al., 1998). In vitro, tau
has been reported to be a substrate for a number of proteases, such as trypsin and
chymotrypsin, (Ksiezak-Reding and Yen, 1991), cathepsin D (Kenessey, et al., 1997),
calpains (Mercken, et al., 1995), caspases (Gamblin, et al., 2003c; Horowitz, et al.,
2004), proteasomal proteases (David, et al., 2002), double-stranded DNA-stimulated
protease (Wang, et al., 1996), and thrombin (Olesen, 1994; Wang, et al., 1996).
However, the proteases that actually degrade tau or affect its function in brain are still
unknown.

One promising family of enzymes is the neutral aminopeptidases, which includes
puromycin-sensitive aminopeptidase (PSA or EC 3.4.11.14), a 100 kDa enzyme of the
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M1 class of metallopeptidases (Rawlings and Barrett, 1993; Hooper, 1994) which was
recently identified in a Drosophila model of AD (Karsten, et al., in press). Functionally,
PSA is closely related to aminopeptidase A, aminopeptidase N and leukotriene A4
hydrolase, but PSA can be distinguished from these enzymes by its sensitivity to the
protein synthesis inhibitor puromycin (Hayashi, 1978; Hersh, 1985). PSA is found in
neurons, but not in surrounding glial cells or in blood vessels (Tobler, et al., 1997), and is
present and active in both cytosolic and membrane-bound fractions (Hersh and
McKelvy, 1981; Wagner, et al., 1981; McLellan, et al., 1988; Dyer, et al., 1990). The
broad tissue distributions of PSA and other neutral aminopeptidases, as well as their
high homology and expression in a variety of species (Constam, et al., 1995; Tobler, et
al., 1997; Huber, et al., 1999; Schulz, et al., 2001), suggest important physiological roles
for such enzymes. PSA, in particular, is responsible for over 90% of the aminopeptidase
activity in the brain (McLellan, et al., 1988).

PSA digests a broad range of substrates, preferring hydrophobic and basic amino acids
(Schnebli, et al., 1979; Wagner, et al., 1981; Hui, et al., 1983). It is involved in a number
of physiological processes, including normal cellular protein turnover (Botbol and
Scornik, 1983; Goldberg and Rock, 1992), cell cycle regulation (Constam, et al., 1995),
processing of antigenic peptides for display on class Ι MHC molecules (Stoltze, et al.,
2000), and degradation of neuropeptides (Osada, et al., 1999; Schulz, et al., 2001).
Along with aminopeptidase N and the neutral endopeptidase, PSA has been implicated
in the degradation of enkephalins (Kerr and Kenny, 1974; Malfroy, et al., 1978;
Traficante, et al., 1980; Hui, et al., 1983; Gros, et al., 1985; Hersh, 1985; Matsas, et al.,
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1985) and has also been shown to degrade dynorphins, cholecystokinin, and
somatostatin (Hersh and McKelvy, 1981; Hui, et al., 1995; Safavi and Hersh, 1995). The
wide range of PSA substrates already described suggests that it may act on many as yet
unidentified substrates. Furthermore, the tissue distribution of PSA makes it an ideal
candidate for normal neuronal degradation of tau. In fact, recent experiments in a
Drosophila model of Alzheimer’s disease identified the Psa gene as a potent regulator of
the development of tau pathology and neurodegeneration (Karsten, et al., in press).

In this study, we characterized the digestion of tau by PSA in vitro. We expressed and
purified human recombinant full-length PSA from E. coli and verified its purity
electrophoretically. The aminopeptidase activity of the recombinant PSA was confirmed
using chromogenic substrates, metal ions, and various specific and non-specific
protease inhibitors. PSA degraded human recombinant full-length tau in vitro, and this
process was inhibited by puromycin and bestatin. The aminopeptidase degradation of
tau was verified using a novel antibody specific for an N-terminal truncation site on tau
(Tau-C6g) and an antibody specific for a previously described C-terminal cleavage site
(Tau-C3). Furthermore, PSA digested soluble tau purified from human brain, but did not
effectively degrade soluble or PHF tau purified from AD brain or tau from porcine brain.
These results identify a role for PSA in the modulation of tau levels in the brain.

5.2

Materials and Methods
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Cloning of human PSA in a bacterial system – Recombinant human PSA was produced
by cloning the PSA gene into a bacterial expression system (Karsten, et al., in press).
The cDNA corresponding to human PSA was generated by PCR from the Large Insert
Human Brain cDNA library (Clontech) using the Advantage cDNA PCR kit (BD
biosciences). The following primers were used: forward- 5P ׳ATG CCG GAG AAG AGG
CCC TTC GAG C 3P ׳and reverse- 5P ׳TCA CAC TGT GGG TGG TGA GGC CTT C 3P׳.
Using this PCR product as a template, another PCR product was made by using vent
DNA polymerase (NEB) where the TEV protease cleavage site was placed upstream of
the vector specific sequence in the forward primer. This PCR product was then ligated
into the pET-41 Ek/LIC vector (Novagen) having an N-terminal GST (Glutathione stransferase) fusion tag according to the manufacturer’s protocol. The pET-41-GST-PSA
construct was then transformed into E. coli BL-21 (DE3*) cells (Novagen). The
sequence of PSA was confirmed by di-deoxy sequencing.

Expression and purification of recombinant PSA – The pET-41-GST-PSA clone was
grown at 37oC and IPTG (Calbiochem) was then added to a final concentration of 1 mM.
Induction was allowed to proceed for 16-17 hrs at 18° C, after which cells were
harvested, resuspended in phosphate buffer (pH 7.3), and disrupted with a French
press. The lysate was centrifuged at 15,000 x g for 30 min. The clarified supernatant
was applied to a glutathione sepharose (Amersham Biosciences) column. Recombinant
PSA was eluted from the resin with 50 mM Tris-HCl (pH 8.0) containing 10 mM reduced
glutathione. The active fractions were pooled and dialyzed against 10 mM Tris-HCl (pH
7.4) containing 200 mM NaCl. The protein was then applied to a Superdex-200
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(Amersham Biosciences) column. The eluted active fractions were then dialyzed against
10 mM Tris-HCl, pH 7.4, and concentrated. The soluble, purified GST-PSA migrated
mostly as a single band on SDS-PAGE (Fig. 1). Using TEV protease, the enzyme was
separated from the fusion tags, but no significant difference in the activity was found
between the native protein and the fusion protein (data not shown). Therefore, the GST
fusion protein was used for all subsequent studies.

Assay of aminopeptidase activity – Enzyme activity was assayed using amino acyl pnitroanilides (p-NAs) of Lys, Ala, Met, Leu, Val, and Pro (Sigma) on a Beckman DU640
spectrophotometer employing a colorimetric assay modified from a previous report
(Constam, et al., 1995). Reaction mixtures (500 µl) contained 5 µg of enzyme and 1 mM

Figure 1. Purification of human PSA from E. coli. PSA at various stages of
purification was analyzed by SDS-PAGE and Coomassie blue staining. Lane 1:
Molecular-weight standards. Lane 2: Crude cell extract before IPTG induction. Lane
3: Crude cell extract after 16-17 hr of induction showing over-expressed GST-PSA.
Lane 4: Pooled active fractions following glutathione sepharose column elution. Lane
5: Purified recombinant PSA after superdex-200 column size exclusion
chromatography.
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DTT in 10 mM Tris.HCl, pH 7.4, and reactions were initiated by adding amino acyl p-NA
at a final concentration of 0.2 mM. After incubation at 37° C for 15 min, reactions were
stopped by adding 500 µl of 0.1 M sodium acetate, pH 4, and the absorbance of the
liberated p-nitroaniline was measured spectrophotometrically at 405 nm. Due to weak
activity toward p-nitroanilides of Val and Pro, incubation was carried out for more than 15
min for these compounds. Activities were calculated assuming that 1 unit of enzyme
liberates p-nitroaniline at a rate of 1 nmol min-1 (ε405= 9500 l × mol-1 × cm-1). The
specificity of aminopeptidase activity with respect to the different amino acyl pnitroanilides was determined as described above using variable concentrations of
substrate. Kinetic constants were determined by Lineweaver-Burk analysis.

Assay of carboxypeptidase activity – The lack of carboxypeptidase activity in
preparations of PSA and tau was verified using the substrates hippuryl-L-phenylalanine
and hippuryl-L-arginine (Sigma). Reaction mixtures contained 1.4 units PSA, 0.3 µg tau,
or 0.4 units carboxypeptidase A (E.C. 3.4.17.1, used as a positive control) per ml, with 1
mM substrate in 25 mM tris-HCl buffer with 500 Mm NaCl, pH 7.5, and were carried out
at 25° C for 10 min. The liberated hippuric acid was measured at 254 nm. Activities
were calculated assuming that one unit of the enzyme hydrolyzes 1.0 µmol substrate per
minute at pH 7.5 at 25° C (ε405= 0.36 L × mol-1 × cm-1).

Effects of metal ions and inhibitors on enzyme activity – To assess the effects of metal
ions on enzyme activity, 5 µg of purified enzyme was incubated with 1mM MgCl2, 5 mM
CaCl2, or 0.01 mM ZnCl2 for 15 min at 37° C prior to the addition of the substrate Lys-p-
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NA. Inhibition assays were carried out with 5 µg of purified enzyme incubated for 5 min
at room temperature with the indicated inhibitor in the assay buffer containing 1 mM
DTT, followed by the addition of Lys-p-NA. The following inhibitors were used (all from
Sigma): Inhibition constants were determined by varying the concentration of Lmethionine-p-NA at a fixed concentration (10µM) of puromycin (Sigma) and bestatin
(Sigma).

Tau preparation – The full-length tau used in this study was the recombinant htau40, 441
residues in length, which corresponds to the longest tau isoform found in the central
nervous system (Goedert, et al., 1989). In order to accurately study aminopeptidase
activity on tau, we used a tau construct in which the the poly-histidine tag (used for
purification) was placed at the C-terminus (a gift from Dr. T. Christopher Gamblin). This
construct was expressed and purified as previously described (Carmel, et al., 1996;
Abraha, et al., 2000). Arachidonic acid-induced polymerization of this protein was
indistinguishable from that of N-terminally poly-histidine tagged tau (data not shown).
The C-terminally poly-histidine tagged hTau40 ∆2-13 mutation was generated by PCR
using two 5’-phosphorylated primers flanking the desired deletion, and purified as
described previously. The purification of N-terminally poly-histidine tagged hTau40
∆422-441 has been described previously (Gamblin, et al., 2003c). The purification of
soluble tau from human, AD, bovine, and porcine brains, as well as PHF tau from AD
brain, has been described previously (Reynolds, et al., accepted).

83
Digestion of tau proteins with PSA and Inhibition of PSA – Digestion of recombinant tau
proteins (hTau40 and tau∆2-13) was carried out at 37oC in 10 mM Tris-HCl buffer, pH
7.4, containing 1 mM DTT, with 5 µg tau and 1.4 units of PSA. Aliquots were taken at
various time points and the reaction was terminated by adding Laemmli SDS sample
buffer and boiling for 5 min. Samples of tau incubated without PSA and removed at the
indicated time points were used as negative controls. Samples were analyzed by SDSPAGE and Western blotting with the primary antibodies listed in Table 1. Horseradish
peroxidase (HRP)-conjugated anti-species specific secondary antibodies (Vector
Laboratories) and enhanced chemiluminescence (Amersham Biosciences) were used to
visualize the bands. Inhibition experiments were performed by using PSA pre-incubated
15 minutes in the presence of 1 or 2 mM puromycin, 2 mM bestatin, or 2 mM PMSF.
Digestion was carried out at 37° C for 20 hours, and samples were analyzed as above.
The digestions of human brain soluble tau, porcine soluble tau, and soluble and PHF tau
from AD brains were carried out at 37° C for 18 hrs in the digestion buffer using 5 µg tau
and 7 units PSA and samples were analyzed as described above.

Generation of monoclonal antibodies to N-terminally cleaved tau – This procedure is
described in the previous chapter (p. 65).

5.3

Results

As full-length recombinant PSA purified from a bacterial source has not previously been
characterized (Karsten, et al., in press), it was necessary to compare the enzymatic
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Table 1. Characteristics of the antibodies used in this study

Antibody

Epitope

Concentration

Anti-PSA

Polyclonal

Tau-12

9-18

4 ng / ml

(Ghoshal, et al., 2002;
Horowitz, et al., 2004)

Tau-5

210-230

20 ng / ml

(Carmel, et al., 1996)

Tau-7

430-441

40 ng / ml

(Horowitz, et al.)

Tau-C3

C-truncation after
421

400 ng / ml

(Gamblin, et al., 2003c;
Guillozet-Bongaarts, et al.,
2005)

Tau-C6g

N-truncation at 13

100 µg / ml

Reference
Commercial

1:100 dilution of This report
tissue culture
supernatant

properties of the PSA in this preparation to those previously described for PSA purified
from other sources, including human brain tissue. We therefore investigated the activity
of bacterially purified PSA with respect to substrate specificity and behavior in the
presence of specific metal ions and protease inhibitors.

Comparison of specific activity – PSA has been reported to cleave beta-naphthylamides
and acyl-p-NAs of basic and neutral amino acids (Schnebli, et al., 1979; Wagner, et al.,
1981; Hui, et al., 1983). The specific activity of our PSA was determined using a number
of amino acyl-p-NAs. The order of specific activity of recombinant PSA against amino
acyl-p-NAs was Lys > Ala > Met > Leu (Fig. 2A). No activity against Val-p-NA and Pro-
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p-NA could be detected under the conditions used in our assay within 15 min, but on
increasing the incubation time, some activity against Val-p NA and Pro-p-NA was noted
(data not shown).

The Km and kcat for the six amino acyl-p-nitroanilides used in this study were measured
(Table 2). There was no large difference in Km among the p-nitroanilides except for Lysp-NA, which had a very high Km of 2.2. The kcat/ Km for Leu-p-NA and Ala-p-NA were
almost two-fold higher than that for Lys-p-NA and Met-p-NA, and ten-fold higher than
that for Pro-p-NA and Val-p-NA. These values indicate that PSA prefers Leu-p-NA most
among the six p-nitroanilides tested in this study and that proteolysis would be slowed
greatly upon encountering amino acid sequences rich in proline and/or valine.

In order to rule out the presence of any contaminating carboxypeptidase and confirm
that our recombinant PSA was acting as an aminopeptidase, several control
experiments were conducted using the carboxypeptidase substrates, hippuryl-Lphenylalanine and hippuryl-L-arginine. Neither PSA nor tau preparations digested
these substrates (Fig. 2B, data not shown for arginine).

Enzyme activity in the presence of metal ions and inhibitors – As PSA is an M1 class
metallopeptidase and contains a zinc-binding consensus motif, we tested the effect of
three divalent cations on enzyme activity: Mg2+, Ca2+ and Zn2+ (Table 3). Previously, it
was reported that 1 mM MgCl2 and 5 mM CaCl2 increased the specific activity of PSA
(McDermott, et al., 1985; Stoltze, et al., 2000) and that 0.01 mM ZnCl2 has an inhibitory
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Figure 2. Relative substrate specificity of purified GST-PSA. The specific activities
(nmol/min/mg) of PSA against Lys-, Ala-, Met-, and Leu-p-nitroanilides were compared
and expressed as a percentage of Lys-p-nitroanilide cleavage. The bar diagrams
represent avearage ± standard deviation for triplicate determinations.
Table 2. Substrate specificity of puromycin-sensitive aminopeptidase
Substrate

Km (mM) kcat (min-1)

kcat/ Km (min-1 mM-1)

Lys-p-NA

2.20

5.34 × 103

2.42 × 103

Leu-p-NA

0.25

1.19 × 103

4.76 × 103

Ala-p-NA

0.27

1.25 × 103

4.60 × 103

Met-p-NA

0.80

1.80 × 103

2.30 × 103

Pro-p-NA

0.47

1.39 × 102

2.95 × 102

Val-p-NA

0.21

85.90

4.09 × 102

effect (Hersh and McKelvy, 1981). Similarly, we also noted that 1 mM MgCl2 and 5 mM
CaCl2 increased the specific activity of PSA by about 26% and 10%, respectively, and
the specific activity was decreased by about 20% in the presence of 0.01 mM ZnCl2.
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The activity of PSA was greatly reduced by 0.5 mM of the divalent cation chelator
EDTA, as has also been previously reported (Schnebli, et al., 1979; Wagner, et al.,
1981).

Table 3. Effects of divalent metal cations and EDTA on enzyme activity
Metal ion or

Concentration (mM) Relative activity (%)

chelator
None

---

100

Mg2+

1

126.0 ± 0.15

Ca2+

5

109.8 ± 0.20

Zn2+

0.01

79.4 ± 0.52

EDTA

0.50

44.00 ± 0.20

The effects of various protease inhibitors on aminopeptidase activity are summarized in
Table 4. PSA purified from tissue has been reported to be inhibited by puromycin and
bestatin, but is not inhibited by the covalent serine protease inhibitor
phenylmethylsulfonyl fluoride (PMSF) (Hayashi, 1978; Schnebli, et al., 1979; Hersh and
McKelvy, 1981; Botbol and Scornik, 1983; Hui, et al., 1983; Matsas, et al., 1985;
McDermott, et al., 1985; Constam, et al., 1995). Similarly, our recombinant PSA was
almost completely inhibited by puromycin and bestatin (ki values: 2 and 1.5 µM,
respectively). PSA was not inhibited by PMSF, and only slightly inhibited by leupeptin
and aprotinin. The enzyme was also inhibited about 50% by 100 µg/ml anti-PSA IgG.
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Table 4. Effects of various inhibitors on aminopeptidase activity, measured using the
substrate Lys-p-nitroanilide
Inhibitor

Concentration

Activity remaining (%)

None

---

100

Puromycin

100 µM

3.12 ± 0.02

Bestatin

100 µM

2.57 ± 0.08

Leupeptin

100 µg/ml

83.00 ± 0.10

Aprotinin

100 µg/ml

82.00 ± 0.09

PMSF

1 mM

100.10 ± 0.03

Anti-PSA IgG

100 µg/ml

53.40 ± 0.17

Digestion of tau by PSA and inhibition by puromycin – To determine if PSA could
degrade tau in vitro we incubated PSA with human recombinant purified tau protein
(hTau40). PSA caused a time-dependent loss of tau in the samples (Fig. 3A), as
detected by Western blotting with a C-terminal tau antibody, Tau-7. Tau incubated
without PSA remained intact, indicating that in the absence of the aminopeptidase, the
tau protein is stable at this temperature. The degradation of tau by PSA was inhibited by
the specific inhibitor puromycin, as well as bestatin, another potent inhibitor of PSA (Fig.
3B). In the presence of PMSF, however, tau digestion proceeded nearly to completion.

Truncation-specific tau antibodies confirm N-terminal degradation of tau – While the
data above indicated tau is degraded in these samples, we wished to verify that the
degradation was in fact occurring from the amino terminus of tau. Since no distinct
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Figure 3. PSA digests tau in vitro. (A) Kinetics of PSA digestion of C-terminally polyhistidine tagged hTau40 in the presence of PSA (+). In the absence of PSA (-), tau is
not degraded. (B) Tau digestion is inhibited at 20 hours by the specific PSA inhibitor
puromycin (1 or 2 mM) and by another PSA inhibitor, bestatin (2 mM). However, in
the presence of PMSF (2 mM), tau digestion proceeded nearly to completion.
bands of partially degraded tau were visualized by Western blotting (Fig. 3A), another
set of antibodies was employed in order to specifically identify the ephemeral N- or Cterminally cleaved tau species in these samples. Truncation-specific tau antibodies
have already been reported (Tau-C3 and MN423) which detect C-terminal truncation
sites of tau and do not cross-react with full-length tau (Table 1).

Specific detection of N-terminal truncation required the generation and use of a novel
antibody. As we have previously reported, caspase-6 can cleave tau N-terminally in
vitro at residue D13 (Horowitz, et al., 2004). Therefore, we sought to make antibodies
that specifically detect cleavage at this site. Mice were immunized with a KLH-
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conjugated peptide corresponding to the free amino terminus of caspase-6 cleaved tau
(residues 14-28), and clones were selected for production of antibodies specifically
detecting D13-cleaved tau and not full-length hTau40. Tau-C6g, an IgG antibody which
met these criteria, shows remarkable selectivity for N-terminally truncated tau (tau
residues 14-441) over full length tau (Fig. 4A). Tau-C6g also does not bind efficiently to
the recombinant protein tau∆2-13, which contains an initial methionine residue (M1)
immediately N-terminal to the 14-28 epitope (Fig. 4B).

We hypothesized that aminopeptidase degradation of tau∆2-13 would cause rapid
removal of the initial methionine, and therefore the appearance of the Tau-C6g
truncation-specific epitope. At later time points, this epitope would be lost as the
remaining tau becomes completely degraded. Furthermore, N-terminal degradation of
tau would not cause appearance of the C-terminal truncation-specific epitope of the
antibody Tau-C3 (cleavage at residue D421). The reverse would be true if tau were
digested from the C-terminus (i.e., by a contaminating carboxypeptidase).

Western blotting with these antibodies clearly shows that the rapid appearance and
gradual disappearance of the Tau-C6g epitope in PSA-treated tau∆2-13, but not in
untreated tau∆2-13 (Fig. 4B). While the Tau-C3 C-terminal truncation-specific antibody
labeled the positive control (tau ∆422-441), it did not label the PSA treated or untreated
samples, indicating that the truncation of tau is due to aminopeptidase activity, rather
than another contaminating exopeptidase.
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Figure 4. Truncation-specific antibodies confirm that PSA degrades tau as an
aminopeptidase. (A) Tau-C6g is a novel monoclonal antibody specific for tau cleaved
N-terminally at the caspase-6 site after residue D13 (■), which does not react with fulllength tau (▲). Tau-5 is used as a non-specific control. (B) Western blotting with
truncation-specific tau antibodies shows N-terminal, but not C-terminal, digestion of
tau. Tau-5 and Tau-7 show all of the tau on the membrane. The binding of the TauC6g antibody to tau∆2-13 is impaired due to the initial methionine residue just Nterminal to residue 14. Addition of PSA causes the rapid appearance and gradual
disappearance of the Tau-C6g epitope, indicating N-terminal digestion of the first
methionine, followed by the rest of the molecule. Tau-C3, which recognizes a Cterminal truncation-specific epitope (cleavage after D421), does not blot PSA-treated
tau, though it labels tau∆422-441, a positive control (PC).
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PSA digests normal human brain tau, but not tau from AD brain – Next, the ability of
PSA to digest tau from brain tissue sources was investigated. PSA was incubated with
soluble tau purified from non-AD human or porcine brain as well as soluble and
insoluble (PHF) tau purified from AD brain. After 18 hours of incubation, the non-AD
human brain soluble tau was completely digested (Fig. 5A). In contrast, both soluble
and insoluble (PHF) tau samples from AD brain tissue were relatively resistant to PSA
digestion for this extended time period (Fig. 5B-C). Interestingly, soluble tau purified
from porcine brain, which differs from human tau primarily at the N-terminus (Matthew
Reynolds, personal communication), was also resistant to PSA degradation (Fig. 5D).
These results indicate that amino acid sequence, abnormal post-translational
modifications, and / or aggregation state of tau may regulate its degradation by PSA in
vivo.

Figure 5. Western blot analysis (with Tau-7) illustrating the proteolysis of tau purified
from various brain sources. (A) PSA completely degrades soluble tau purified from
control (non-demented) brain following 18 hours incubation. (B) Soluble tau and (C)
insoluble PHF tau from AD brain are relatively more resistant to PSA treatment. (D)
Tau from porcine brain soluble fractions also resists PSA treatment compared to
human non-AD soluble brain tau.
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5.4

Discussion

While the initial causative factors leading to tau polymerization and tangle formation in
Alzheimer’s disease are still undefined, one potential contributing factor is the buildup of
normal or abnormal tau within the neuronal cytoplasm. Therefore, the proteases that
degrade tau under normal and disease conditions are of great interest. Puromycinsensitive aminopeptidase, originally described as an enkephalin-degrading enzyme
(Hayashi and Oshima, 1977; Hayashi, 1978), has recently been shown to influence the
development of tau pathology in a Drosophila model of Alzheimer’s disease (Karsten, et
al., in press). For this reason, we chose to investigate the degradation of tau by PSA in
vitro.

Previous studies of N-terminal tau processing have used tau constructs containing an
amino terminal poly-histidine tag (Horowitz, et al., 2004; Karsten, et al., in press). In
order to more accurately study the N-terminal digestion of tau by PSA, we chose as our
substrate the longest isoform of tau expressed in human brain, containing instead a
carboxy terminal poly-histidine tag. This resulted in a tau molecule with a more
physiologically relevant N-terminus, as well as a tau preparation which was relatively
more pure electrophoretically than N-terminally poly-histidine tagged protein
preparations.

Next, as PSA was not available commercially, we produced recombinant PSA purified
from bacteria. Since this preparation of PSA has not been adequately characterized in
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the literature (Ma, et al., 2003; Karsten, et al., in press), we first verified that it was
biochemically similar to previously published reports in all tests of substrate specificity
and enzyme inhibition. Furthermore, a number of controls were used to verify that PSA,
and not another contaminating protease, was digesting tau. Both the purified PSA and
tau preparations were devoid of carboxypeptidase activity. Additionally, the digestion of
tau by PSA was inhibited by the specific protease inhibitor puromycin as well as another
known potent PSA inhibitor, bestatin. Finally, the digestion of tau∆2-13 by PSA led to
the formation of a transient N-terminal truncation-specific epitope by cleavage of a single
methionine residue (as recognized by the novel Tau-C6g antibody), but did not result in
C-terminal digestion as measured by a truncation-specific antibody at the other end of
the molecule (Tau-C3). Collectively, these results show that the bacterially purified
recombinant human PSA is digesting tau as an aminopeptidase.

The preferred physiological substrates of PSA have not been identified. While PSA has
been reported to cleave a number of small peptide substrates, its role in degrading
larger proteins has scarcely been addressed. However, here we have demonstrated
that full-length catalytically active human PSA expressed in bacteria readily cleaves
human recombinant tau protein. The digestion also shows some specificity, as soluble
tau purified from non-AD human brain is digested while similarly prepared tau from
porcine brain was not digested. Sequence differences between human tau and other
species may be responsible for this effect, though porcine tau may differ in other ways.
Soluble tau from AD brain was also relatively resistant to PSA treatment, suggesting that
post-translational modifications can impair the ability of PSA to degrade tau. In AD, tau
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is known to be heavily phosphorylated and N-terminally nitrated (Billingsley and Kincaid,
1997; Reynolds, et al., 2005b). Furthermore, AD-associated conformations of tau
(Carmel, et al., 1996; Ghoshal, et al., 2001) may impart tau with protease resistance:
precedent for this may be found in the prion disease literature, where an abnormal
conformation of the prion protein causes resistance to digestion by proteinase K (Safar,
et al., 1998). It is possible that PSA prefers ‘unstructured’ protein and peptide
substrates, and the transition of tau from its soluble state to the PHF form heavily
populated by beta-sheet structure inhibits the activity of PSA. The effects of these
myriad post-translational modifications of tau on its digestion by PSA may be complex,
and they merit further research.

Collectively, these results may also partially explain the lack of tissue staining with the
Tau-C6g antibody. In the previous chapter, it was shown that caspase-6 can cleave tau
in vitro at residue D13, though antibodies specific for this cleavage failed to label tau
pathology in AD brain tissue. PSA cleavage of tau from the amino terminus could
readily eliminate binding of these antibodies specific for D13 cleavage. Hence, it is
quite possible that cleavage at D13 occurs, but this truncated form of tau is quickly lost
due to subsequent proteolysis.

The association of tau and PSA biochemically is particularly interesting in light of the
similarities in the sequences of these two proteins. Tau and PSA are located in nearby
regions of chromosome 17q (Donlon, et al., 1987; Thompson, et al., 1999), and besides
its catalytic domains, PSA contains two motifs that show significant similarity to the
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microtubule-binding sites of MAP-2, MAP-4 and tau protein (Constam, et al., 1995). As
tau is known to self-associate via its microtubule repeat region, PSA’s structure suggests
a possible targeting mechanism of the protein for members of the MAP-4 superfamily.
Alternatively, the MTBR-like domains could also target PSA to the microtubule, bringing
it into close apposition to tau and other MAPs. While these two proteins can be linked
theoretically based on their microtubule binding domains, they have already been linked
genetically (Karsten, et al., in press). In this study, genetic screens in both mice and
Drosophila showed that PSA expression was correlated with rescue of FTD-like tau
pathology, while loss of function in Drosophila led to accelerated neurodegeneration.
Clearly these two proteins share a relationship which has important implications for the
development of tau pathology in AD and other dementias.
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CHAPTER 6 – CONCLUSIONS

The pathogenesis of Alzheimer’s disease involves the post-translational modification,
misfolding, and subsequent deposition of tau. The N-terminus of tau is integrally
involved in the process tau polymerization, and modification of the N-terminus in tau
lesions is a key marker of their evolution throughout the course of the disease. This aim
of this project was to investigate the role of the N-terminus of tau in these phenomena
during disease progression. The combined results of the preceding chapters begin to
elucidate this complex issue.

While a picture of the conformation(s) of native, soluble tau is just beginning to emerge,
it is clear that the N-terminus plays a part in forming, and possibly maintaining, these
conformations. Several lines of evidence suggest that in soluble tau, folding of the
carboxy terminus onto the MTBRs (the “core” of polymerization) prevents self-assembly
(Berry, et al., 2003; Jeganathan, et al., 2006). As shown in Chapter 2, N-terminal
fragments of tau can inhibit the polymerization of full-length tau by interacting with a
specific C-terminal sequence in a soluble species of tau. Based on these results, we
proposed that the N-terminus stabilizes the interaction of the C-terminus with the MTBR
region. This interpretation, along with evidence from other structural studies
(Jeganathan, et al., 2006), places the extreme N-terminus of soluble tau in a precarious
location, near the MTBR “core” of polymerization. It is easy to imagine how the Nterminus of tau could, in the presence of polymerization inducers, replace the carboxy
terminus as the binding partner of the MTBR “core” to form the Alz-50 conformation
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(Carmel, et al., 1996). While our results begin to define the relationship between the Nterminus and the remainder of the molecule in solution, future studies using FRET
analysis and electron paramagnetic resonance will focus on analysis of the structures of
soluble and polymerized tau. By examining the relationships between select regions of
tau in these two states, these studies should provide a clearer picture of the mechanism
by which tau transitions from a collection of soluble monomers to an insoluble filament
and the configurations of tau domains during this process.

Besides the implications for tau structural analyses, these results also identify a possible
role for the cryptic Tau6d and Tau6p isoforms in the prevention of tau polymerization.
These isoforms, created by alternative splicing of exon 6 (normally omitted from the
other six canonical isoforms) (Wei and Andreadis, 1998; Wei, et al., 2000), are present
in both non-pathological and AD human brain tissue, and are especially enriched in
areas and cells lacking tau pathology (Luo, et al., 2004). Based on the similarity of
Tau6d and Tau6p to our N-terminal fragments, we have hypothesized that they may also
inhibit the polymerization of tau. Future experiments using electron microscopy, laser
light scattering, and immunohistochemistry will focus on these intriguing tau variants and
their potential for preventing tau filament pathogenesis by stabilizing soluble tau species.

The transition of tau from soluble to insoluble states may also be responsible for some of
the earliest immunohistochemical changes observed in AD tau lesions. This process is
associated with tau attaining the Alz-50 conformation (Carmel, et al., 1996), a harbinger
of tau polymerization both in vitro (King, et al., 1999) and in vivo (Hyman, et al., 1988).
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Since the N-terminus of tau is central to tau assuming this conformation, the
immunohistochemistry of tau lesions was reexamined here using a panel of N-terminal
anti-tau antibodies on tissue from a large cohort of non-demented to mild AD cases
(Chapter 3). This study showed interesting differences in the number and morphology of
tangles labeled by the antibodies, suggesting that as the tangles begin to form and
subsequently develop into more mature fibrillar lesions, the N-terminus undergoes
conformational changes and may be removed entirely. This alteration in the appearance
of the N-terminus during early tangle development merits further study, as it might be
caused by a number of important cellular events, including phosphorylation, nitration,
aminopeptidase degradation, and site-specific enzymatic cleavage at the N-terminus or
elsewhere in the molecule.

Of these tau modifications, the most seminal change during tangle maturation may be
enzymatic cleavage of tau. N-terminal degradation of tau has long been hypothesized,
since previous studies suggested that the N-terminus is lost in older tangles (Dickson, et
al., 1992; Endoh, et al., 1993; Bondareff, et al., 1994; Ghoshal, et al., 2002). However,
the timing and mechanism of this phenomenon remained elusive. To address this issue,
double label immunofluorescence and confocal microscopy were used to more precisely
define the timing of the loss of N-terminal immunoreactivity (Chapter 3). This study was
the first to employ an established sequence of carboxy terminal tau cleavage (see Fig.
1.2) to “stage” the loss of the N-terminus of tau. The results showed that the loss of
extreme N-terminal epitopes of tau is contemporaneous with appearance of a caspase
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cleavage-specific epitope at the C-terminus. These results suggested that caspases
might be among the enzymes responsible for degrading the N-terminus of tau.

To test whether cleavage at a caspase-6 site at the N-terminus of tau could be
responsible for these observations, tau was treated in vitro with caspase-6 (Chapter 4).
This treatment led to the loss of immunoreactivity to two N-terminal tau antibodies, and
mass spectrometry confirmed that caspase-6 cleaved tau at a previously undescribed
non-canonical site after D13. However, antibodies generated against this caspase-6
cleaved tau site failed to stain AD brain tissue, suggesting that either cleavage at the
D13 site does not occur in vivo, or the cleaved N-terminus may be further degraded by
other enzymes, causing the cleavage-specific epitope to be too transient to detect
immunohistochemically.

Potential support for the latter possibility comes from studies of N-terminal tau
degradation by puromycin-sensitive aminopeptidase (Chapter 5). PSA was identified by
our collaborators in a genetic screen using a Drosophila model of AD (Karsten, et al., in
press). The digestion of tau by PSA was examined more thoroughly here in vitro
(Chapter 5), using, in part, Western blotting with the truncation-specific antibodies
against the D13 cleavage site. These results showed that recombinant human PSA
indeed digests tau as an aminopeptidase. Such digestion of tau might explain the lack
of tissue staining with Tau-C6g: PSA degradation of the amino terminus of tau would
essentially erase evidence of caspase-6 cleavage by destroying the D13 truncationspecific epitope. Another important implication of this mechanism of N-terminal
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truncation is that, unlike at the C-terminus, there may not be an individual caspasecatalyzed, stable truncation-specific epitope at the N-terminus of tau in tangles.
Furthermore, PSA and caspase-6, along with a large number of other potential
proteases described by other groups (see Chapter 5 introduction), may account for the
proposed N-terminal truncation of tau during neurofibrillary tangle evolution.

Besides its potential for digesting tau in tangles, it appears that PSA may also be
involved in normal proteolysis of soluble tau. Our results indicate that PSA is more
effective in degrading soluble tau from non-pathological brain tissue than soluble and
insoluble tau purified from AD brain. Since tau polymerization and pathological
involvement is in part dependent on tau concentration in the neuron, PSA is in a key
position to prevent and limit the formation of the fibrillar pathologies in AD. Even partial
N-terminal degradation of tau could render it unable to contribute to polymer formation,
as it could prevent tau from assuming the tangle-prone Alz-50 conformation (Carmel, et
al., 1996; Gamblin, et al., 2003a). Since PSA is also an important modifier of tau
pathology in other model systems (Karsten, et al., in press), it will likely become the
focus of future preventative and therapeutic studies in AD.
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