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Abstract

Neurons must remove aggregated, damaged proteins in order to survive. Among the ways of
facilitating this protein quality control is the ubiquitin-proteasomal system (UPS). Aggregated,
damaged proteins are targeted for destruction by the UPS by acquiring a polymer of ubiquitin
residues that serves as a signal for transport to the UPS. However, before this protein degradation
can occur, the polyubiquitin chain must be removed, one residue at a time, a reaction facilitated by
the enzyme, ubiquitin C-terminal hydrolase (UCH-L1). In Alzheimer disease brain, this normally
abundant protein is both of lower levels and oxidatively and nitrosatively modified than in control
brain. This causes diminished function of the pleiotropic UCH-L1 enzyme with consequent
pathological alterations in AD brain, and the author asserts the oxidative and nitrosative alterations
of UCH-L1 are major contributors to mechanisms of neuronal death in this devastating dementing
disorder and its earlier stage, mild cognitive impairment (MCI). This review paper outlines these
findings in AD and MCI brain.
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1.0 Introduction

Alzheimer disease (AD) is the most prevalent dementing disorder in aged individuals and
one of several age-related neurodegenerative disorders associated with protein aggregation
in brain [1]. AD is characterized histopathologically by the presence in brain of: a)
extracellular senile plaques, which are composed of aggregated amyloid B-peptide42 (Ap42)
and Ap40 and surrounded by dystrophic neurites; b) neurofibrillary tangles (NFT), which
are composed of aggregated hyperphosphorylated tau protein that had fallen off axonal and
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dendritic microtubules; and c) loss of neuronal synapses [1]. Clinically, AD is characterized
by progressive loss of higher executive functioning, among which are loss of reasoning,
ability to draw conclusions from presented data, memory, and other aspects of cognition,
ultimately leading to dementia. Since synapses are involved in these processes, synaptic
dysfunction is highly prevalent in AD.

An earlier stage of AD is mild cognitive impairment (MCI), which exists in two forms,
associated with memory loss (amnestic MCI, aMCI) and non-amnestic MCI [2]. Persons
with aMClI are characterized by having significant levels of AD neuropathology, but such
persons have normal activities of daily living [3].

The presence of protein aggregates in AD and MCI brains is in large part due to a failure of
protein quality control processes, including, among others, cytoplasmic resident autophagy,
removal of damaged mitochondria (mitophagy), intracellular unfolded protein response, and
cytoplasmic ubiquitin proteasomal system (UPS) all involved in degradation of damaged
and/or aggregated proteins [4—6]. Collectively, these quality control processes are often
referred to as the proteostasis network [7].

The current review article emphasizes the role played by one aspect of the UPS, i.e.,
ubiquitin carboxyl-terminal hydrolase L-1 (UCH-L1), the dysfunction of which as a
consequence of oxidative and/or nitrosative damage leads to at least three pathological
aspects in AD brain. Our laboratory also hypothesized that UCH-L1 represents a promising
pharmacological target for this dementing disorder.

2.0. Alzheimer disease and Oxidative/Nitrosative Stress

2.1. Oxidative and Nitrosative Stress.

Oxidative stress results when the production of free radicals exceeds the rate of cellular
small-molecule or protein-based antioxidant scavenging of these free radicals [8-10]. Some
examples of reactive oxygen species (ROS) or reactive nitrogen species (RNS) that are
either free radicals or oxygen-containing molecules that can react to produce free radicals
are superoxide free radical, hydroxy! free radical, hydrogen peroxide. A more extensive list
of ROS and RNS and sulfur-containing free radicals is found in [9,10]. Indices of protein
oxidation resulting from reaction of ROS and/or RNS are elevated levels of protein-resident
carbonyls or 3-nitrotyrosine (3-NT) moieties, while the principal protein modification
resulting from lipid peroxidation is protein-bound 4-hydroxy-2-nonenal (HNE).

2.1.1. Protein Carbonyls.—Protein carbonyls are formed by four main processes [8):
a) Cleavage of the protein’s primary amino-acid chain by free radicals leading to aldehyde
or ketone functionalities on the cleavage ends of each of the two strands; b) oxidation of
side chain portions of the primary amino acid sequence of proteins; ¢) By the aldehyde
functionality of lipid peroxidation-derived alkenals that can covalently bind by Michael
addition to His, Cys, or Lys residues of proteins (see below); and d) By not well-understood
processes of Amadori chemistry that are initiated by formation of an imine bond (aka Schiff
base) between the aldehydic portion of a reducing sugar with a protein-resident Lys residue.
Protein carbonyls are often detected immunochemically [11]. Following formation of the
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2,4-dinitrophenylhydrazone on proteins by reaction of protein-resident carbonyls with 2,4-
dintrophenylhydrazine, antibodies specific for the protein-resident hydrazone are employed
(Figure 1). Antibodies are shown to be specific for the hydrazone by first treating the protein
samples with the strong reducing agent, NaBH, that converts the carbonyl functionality to
an alcohol, to which the antibodies do not bind.

2.1.2. 3-Nitrotyrosine.—The free radical nitric oxide is formed from arginine by the
action of nitric oxide synthase (NOS), of which there are three isoforms, the more important
for brain being neuronal NOS (n-NOS) and inducible NOS (i-NOS). Superoxide free
radicals are most commonly formed in Complex | on the matrix side of the inner membrane
of mitochondria, but also by reactions involving NADPH oxidase or xanthine oxidase.
Radical-radical recombination reactions of NO with superoxide free radicals are among the
fastest reactions known and lead to the non-radical peroxynitrite, ONOO™. Through a series
of other reactions, peroxynitrite leads to nitrogen dioxide, NO», a free radical [12-14].

The OH moiety of tyrosine in the para-position of the aromatic ring of Tyr can be attacked
by a free radical leading to abstraction of a hydrogen atom and a free radical on the
oxygen atom. Because the OH group bound to an aromatic ring in the para-position is

an ortho-para-directing substituent on an aromatic ring, the free electron on the 4-position
of Tyr will delocalize to the ortho- or 3-position of the aromatic ring of Tyr. Then, in

a rapid radical-radical recombination reaction, NO, formed as from above binds to the
free electron in the 3-position of Tyr to form 3-NT (Figure 2), which is often detected in
samples immunochemically by reaction with specific antibodies to protein-resident 3-NT
[14]. Specificity of the antibody used is shown by the absence of binding to samples that
had been pretreated with the powerful reducing reagent, Na,S,0, that converts 3-NT to
3-amino-Tyr that is no longer recognized by antibodies against 3-NT [15].

When present on proteins, steric hinderance of 3-NT of the OH group on the aromatic ring
of Tyr interferes with cell-signaling processes involving receptor tyrosine kinases, i.e.,3-NT
is highly detrimental to intracellular signaling [16].

2.1.3. Reactive Alkenals, Products of Lipid Peroxidation.

2.1.3.1. Lipid Peroxidation.: Lipid peroxidation leads to production of reactive alkenals
that modify proteins (see below) [10,17-20]. The process of lipid peroxidation involves four
steps:

a. Reaction of a free radical R* with a labile allylic H-atom on a beta-acyl chain of
the phospholipid to form RH and a carbon-centered free radical C* on the C-atom
from which the allylic H-atom was abstracted.

b. Molecular oxygen, which is a diradical with two unpaired electrons and is a
molecule with zero dipole moment and therefore soluble in the low dielectric
medium of the hydrophobic acyl chains of the phospholipid bilayer, reacts with
the carbon-centered free radical via radical-radical recombination to form the
lipid peroxyl free radical, COO'.
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c. The lipid peroxyl free radical COO' reacts with another labile allylic H-atom on
the beta-acyl chain of phospholipids to form the lipid hydroperoxide, COOH on
the carbon atom from which the first H-atom was abstracted and another carbon-
centered free radical, C* on the same or different acyl chain of phospholipids.
Note that the carbon-centered free radical formed in this step can propagate these
reactions by entering at reaction b above, that is, lipid peroxidation involves a
chain reaction that will continue as long as molecular oxygen and a source of
available labile allylic H-atoms are present. Moreover, the COOH moiety formed
in reaction c, through a series of reaction steps, can from the highly reactive and
neurotoxic alkenal, HNE, discussed below. An important point is that a small
amount of reactive free radicals in the lipid bilayer can, via this chain reaction
outlined above greatly amplify the amount of HNE formed.

d. As in essentially all chain reactions, recombination of free radical species,
such as two carbon-centered free radicals in this case, will terminate the chain
reaction.

2.1.3.2. 4-Hydroxy-2-nonenal (HNE).: HNE is a molecule with an alpha, beta double
bond between carbon atoms 2 and 3 and adjacent to an aldehyde functional group on
carbon-1 of this 9-carbon molecule. Due to resonance of the double bond between carbon
atoms 2 and 3 and the aldehyde on carbon atom-1 of HNE, coupled to the inductive effect
of the electronegative character of the O-atom of the OH group on carbon-4, the electron
density surrounding carbon atom-3 is significantly lessened. Therefore, an electrophilic
reaction of carbon atom-3 of HNE with the electron-rich S-atom of Cys, epsilon amino
N-atom of Lys, or the reactive N-atom of His leads to a covalent bond formation in a process
called Michael addition. The effects of HNE addition to proteins can be profound, ranging
from major structural changes in the protein [20] to loss of activity of the protein to which
HNE is bound, which can and does occur [9,17,20-29].

Importantly, once oxidized, protein structures are altered and their activities are significantly
diminished and often completely inhibited [17,30-34].

2.2. Oxidative/Nitrosative Stress in Indices AD and aMCI Brains

2.2.1. AD and aMCI Brains—Relative to that in control brains, protein carbonyls were
first reported to be elevated in AD brain in regions rich in AB42, such as hippocampus and
inferior parietal, but not in AB42-poor cerebellum [35]. Another protein oxidation marker,
3-NT, was reported to be elevated in AD brains [33,36—39]. Lipid peroxidation, indexed

by elevation of protein-bound HNE (among other indices), is found in AD brain [9,17,22—
24,27]. Some recent reviews of oxidative/nitrosative stress in AD and MCI are cited here
[24,25,27,40-42].

2.2.2. Redox Proteomics to Identify Oxidatively Modified Proteins in AD and
aMCI Brains—Redox proteomics is that branch of the field of proteomics that identifies
oxidatively or nitrosatively modified proteins [43,44]. Basically, current methods involve
separation of subject and control proteins, with each group tagged with unique identifier
probes for oxidative/nitrosative markers, and subjected to proteolysis and subsequent
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sequence analysis of resulting peptides using MS/MS methods by shotgun proteomics.
Sequence analyses of individual peptides allows data-base facilitated identification of the
oxidized proteins [45]. More detailed descriptions of methods of redox proteomics can be
found in relatively recent reviews [45-49]. As mentioned elsewhere in this manuscript, our
laboratory pioneered the use of redox proteomics to identify oxidatively or nitrosatively
modified brain proteins in AD disease or MCI [23,24,27,31,32,36,47,50-57].

2.2.2.1 Major Pathways with Diminished Function and Constitutive Oxidatively
Modified and Dysfunctional Proteins Identified by Redox Proteomics Following
Oxidative/Nitrosative Modification of Constitutive Proteins.: Table 1 provides the major
pathways that are affected in AD and MCI brains by Ap42-associated oxidative and
nitrosative stress [47]. Table 2 shows the specific proteins that are oxidatively modified

and nearly always dysfunctional in common in the progression of AD from its earliest
stages through late-stage AD indexed by protein carbonyls, protein-resident 3-NT, and
protein-bound HNE [44]. /n vivo mouse models of AD yield similar results in terms of
pathways that are dysfunctional as Ab oligomers are formed [47].

As is evident from the Tables 1 and 2, glucose metabolism and proteostasis (protein

quality control) mechanisms, the latter involving the UPS system and therefore UCH-L1,
the subject of this review article, are found to be oxidatively and/or nitrosatively modified
in brains from individuals with late-stage AD, early-stage AD, MCI and preclinical AD.
Clearly, decreased glucose metabolism as a consequence of oxidative modification is

a major contributor to brain dysfunction throughout the progression of AD, no matter
which oxidative stress marker is elevated. In addition, in the case of brain proteins with
elevated protein carbonyls, UCH-L1 also is oxidatively modified at each stage of AD
investigated except the very earliest, preclinical AD (PCAD). Elevated protein carbonyls
reflect damaged, often aggregated proteins, and oxidatively modified UCH-L1 is consistent
with the notion that protein degradation via the proteasome is one of the major pathways
that is dysfunctional throughout the progression of AD. This finding makes UCH-L1 a
potentially promising therapeutic target to slow, or in the ideal case, retard the progression of
this devastating dementing disorder. The remainder of this review article explores UCH-L1
in brains of AD and MCI individuals as well as /n vivo and /n vitro models of AD.

3.0. UCH-L1 in AD and MCI and Models thereof
3.1 UCH-L1 Background

UCH-L1 is found nearly exclusively in neurons, where it comprises 1-5% of total neuronal
proteins [58-60]. That fact alone suggests that UCH-L1 is an important protein. The high
abundance of UCH-L1 suggests one or more critical roles for this protein. Other locations
include gonads and certain cancer cells.

As discussed further below, the primary function of UCH-LL1 is to permit highly
ubiquitinylated aggregated and/or damaged proteins to be degraded by the 26S proteasome
following removal of the poly-ubiquitin tag, one ubiquitin residue at a time from the
carboxyl end by UCH-L1. In addition, in neurons, UCH-L1 is known to be important for
stability of axonal microtubules [58-60] and interactions with tau protein [61].
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UCH-L1 is a relatively small protein of only 223 amino acids, with an active-site resident
Cys residue. A characteristic of most de-ubiquintinylation enzymes is a highly knotted
structure near the N-terminus. Indeed, this knotted structure is regarded as one of the

most complicated protein structures known [62]. Structural analysis reveals two domains of
multiple a-helices that overlap a tightly packed hydrophobic core of B-strands [63]. The
knotted backbone serves to protect UCH-L1 from proteasomal degradation by blocking the
active site [64].

Poly-ubiquitinylated proteins (see below) are targeted to the 26S proteasome, which consists
of two 19S caps on either side of a 20S barrel-shaped structure, for destruction to recycle

a fixed amount of ubiquitin in the brain and to recycle amino acids [65,66]. The 19S cap

is triggered to open on which are proteases that cleave the poly-ubiquitinylated, damaged
protein into small peptides with lysine-containing peptides capable of having a polymer

of ubiquitin. These, in turn, are small enough to permit the carboxyl end of the ubiquitin
chain to slip under the knot structure of UCH-L1 to be hydrolyzed and recycled. This
process continues until all ubiquitin residues of all the small peptides are removed. The
de-ubiquitinylated peptides then migrate to the 20S barrel of the proteasome for degradation
of these small peptides into even smaller peptides that emerge from the bottom 19S cap

to encounter non-specific proteases that degrade these very small peptides to single amino
acids that can be recycled for protein synthesis.

UCH-L1 has binding affinities for two key proteins in neurons that are relevant to AD:
amyloid precursor protein (APP) from which neurotoxic Ap42 is derived, and tubulin,
whose alpha- and beta-isoforms comprise microtubules that facilitate anterograde and
retrograde axonal transport [58]. As elaborated further below, oxidative and/or nitrosative
modification of UCH-L1 likely disrupts these interactions, conceivably leading to facilitated
amyloidogenic processing of APP and disruption of axonal microtubules, with consequent
decreased axonal transport of key cargo such as neurotransmitter vesicles and mitochondria
[31,47,67-70]. In contrast, in the absence of oxidative/nitrosative modification of UCH-L1,
APP conceivably undergoes non-amyloidogenic processing and microtubules are stabilized,
consistent with the notion that UCH-L1 in its normal state demonstrates neuroprotective
properties [58-60,71-73].

Mechanisms of Protein Polyubiquitinylation

Ubiquitin is a small 76-amino acid protein that is critical in marking aggregated and/or
damaged proteins for degradation via the UPS requires activation. This is accomplished by
the enzyme, ubiquitin activating enzyme, designated at E1, which catalyzes the reactions:

E1 O

Ubiquitin + ATP — PPi + Ubiquitin—é-AMP

(1A)
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0O @)

Ubiquitin-C-AMP + E1-SH — > E1-§-C-Ubiquitin + AMP

(1B)

In a second enzyme-catalyzed reaction, the enzyme, ubiquitin-carrier enzyme, E2, facilitates
ubiquitin transfer to E2 from E1:

) 0O

E‘l-S-l-Ubiquitin + E2-SH — E2-S-C-Ubiquitin + E1-SH

@

In a final enzyme-catalyzed reaction, an enzyme, E3 ligase, which is unique for the protein
being ubiquitinylated, binds the protein of interest to ubiquitin at lysine residue 63 or lysine
residue 48, followed by a ligation of ubiquitin to the E3 ligase:protein adduct and separation
of the E3 ligase:

E3 + Protein ——» E3:Protein

(3A)

E3:Protein + E2-S-C-Ubiquitin E2-SH + E3 + Protein
Ubiquitin
(3B)

These reactions repeat until a poly-ubiquitin chain exists on the protein, acting as a signal
for the poly-ubiquitinylated protein to be subjected to the 26S proteasome for degradation as
outlined above.

3.3. Oxidative and Nitrosative Modification of UCH-L1 in AD and MCI Brains and in
Models Thereof.

Oxidative and/or nitrosative modifications of enzymes most often reduce or completely
inhibit their activities [9]. Consequently, oxidative and/or nitrosative modification of
UCH-L1 would lead to three predictions in the AD brain: a) there would be many poly-
ubiquitinylated proteins present; b) because removal of ubiquitin residues from aggregated/
damaged proteins is not efficiently facilitated by oxidized or nitrated UCH-L1, the 26S
proteasome would develop lack of functionality; and c) because the 26S proteasomal
activities would not be accessible as noted in b), there would be excess presence of
aggregated, damaged proteins in AD brains. All three of these predictions are observed
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in AD brains [9,74-76]. The consequences of the inability of the 26S proteasome to degrade
aggregated/damaged proteins in neurons and other brain cells are profound. Namely, the
presence of such aggregates would slow or stop intracellular trafficking, inhibit intracellular
movements of substrates, and potentially starve the cell for energy [65,66].

UCH-L1 was first identified to be oxidatively modified in autopsied brains (very short
post-mortem interval, typically fewer than 4 h) from persons with sporadic AD compared
to brains from control subjects [31] using redox proteomics, techniques pioneered in the
author’s laboratory [44-47]. Later, Choi et al. using proteomics replicated our findings that
UCH-L1 was oxidatively modified in AD brains [70]. Subsequently, our group identified
UCH-L1 in brains of persons with inherited AD as oxidatively modified, suggesting that
oxidative dysfunction of this protein, which normally is important in maintaining protein
quality control in cells, is of fundamental importance with the pathogenesis of AD [69].

Elevated 3-NT is observed in AD and MCI brains [36,51,77,78]. Nitrosative modification
of UCH-L1, indexed by elevated 3-NT, occurs in AD and MCI brains [45,56] as does
another nitrosative modification, nitrosylation of key Cys residues in AD brains [68]. Lipton
and co-workers demonstrated a tricomponent transnitrosylation network among UCH-L1

to cyclic-dependent kinase-5 to Drpl in which each component could transnitrosylate the
others in processes associated with aging and inflammation [67,68].

3.3.1. Model Systems and UCH-L1 and AD.—Recombinant UCH-L1 was treated
with HNE with the result that decreased activity of the enzyme was found, presumably
because components of the UCH-L1 catalytic triad of Cys, His, and asparagine were
covalently by this highly reactive and neurotoxic alkenal [79]. Similarly, UCH-L1
treated with peroxynitrite led to tyrosine nitration of the hydrolase on specific residues,
demonstrating UCH-L1 was subject to nitration reactions [80].

A study by Guglielmotto et al. [81] demonstrated that elevated AB42 led to increased

levels of beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), while levels of
UCH-L1 were decreased. At the same time, NF-kB was activated, which would produce
more inducible nitric oxide synthase. As noted above, Ap oligomers are associated with
increased oxidative stress, synaptic dysfunction, elevated intracellular Ca,. and decreased
glucose metabolism in AD brain [9,82,83], and following activation of NF-kB [84,85].
Consistent with the study by Guglielmotto at al. [81] but from the opposite direction, Wada
and colleagues used stably expressed UCH-L1 in HEK cells to show that overexpression of
UCH-L1 decreased BACE activity as demonstrated by decreased levels of C99 fragment of
APP and, importantly, decreased A levels [86]. These results are consistent with the notion
that UCH-L1 leads to BACE degradation, and as such suggests upregulation of UCH-L1
potentially could be neuroprotective strategy in MCI and AD (see further discussion below).

Caenorhabditis elegans provide a relatively simple organism to study molecular biological
aspects of aging and age-related disorders, including AD [87,88]. We showed that among
the oxidized proteins identified by redox proteomics in C.elegans that expressed human
AB42 was the worm equivalent of UCH-L1 [89]. Similarly, injection of AB42 in the
forebrain of adult rats led to oxidative modification of hippocampal proteins, including
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UCH-L1 [90]. Moreover, addition of AB42 oligomers to gerbil synaptic membranes led

to identification of UCH-L1 as oxidatively modified and dysfunctional [91]. These results
are consistent with our laboratory’s overall hypothesis of AD that Ap42 oligomer-induced
oxidative damage, particularly HNE formation following lipid peroxidation, with subsequent
modification to key molecular targets underlies synaptic loss and neuronal death in AD

and MCI, including the UCH-L1-relevant proteostasis network, with consequent loss of
cognitive function [9,25,82,91].

Wada and colleagues studied the gracile axonal dystrophic (gad) mice, which have sensory
defects and increased motor ataxia with age associated with an in-frame deletion of exons
on chromosome 5 comprising much of the active site of UCH-L1 [92]. gad mice have
significantly elevated levels of APP and Ap and deletion of the gracile tract [92]. Our
group collaborated with Prof. Wada to perform redox proteomics on brains from these mice
with inactive UCH-L1 [93]. Oxidized proteins were identified with functions ranging from
antioxidant, glycolytic, cell signaling, and structural proteins, including neurofilament-L,
recently identified as a biomarker for neuronal damage [94,95]. These results are consistent
with the notion that in addition to its role in protein quality control mechanisms, UCH-L1
may influence or regulate many types of protein functions.

The results above showing AD-like elevations in APP and Ap with the gad mouse are
consistent with the idea that decreased levels of intact UCH-L1 are associated with damage
to brain cells reminiscent of those in AD brain. Consonant with this idea, in AD brains
there are found decreased levels of soluble UCH-L1 but elevated levels of UCH-L1 in NFT
[96], which as mentioned at the beginning of this review are brain deposits composed

of hyperphosphorylated tau protein and, along with amyloid plaques, a quintessential
pathological hallmark of AD. Based on these results, Gong et al. [97] reasoned that elevation
of soluble UCH-L1 might rescue cognitive loss in a mouse model of AD in which UCH-
L1 were low as they are in AD subjects. The fusion product of UCH-L1 protein to the
transduction domain of HIV-transactivator protein (TAT) was transduced to hippocampal
slices treated with oligomeric Ap42, a process that restored normal synaptic function.
Similar studies with a human APP/PS-1 transgenic mouse model of AD demonstrated
normal synaptic function and improved contextual memory in marked contrast to those
characteristics in control APP/PS-1 mice [97].

Taken together, the results of these model studies suggest UCH-L1 levels in brain are
inversely proportional to levels of enzymes involved in producing A and NFT deposits,
classic neuropathological hallmarks of AD. On the contrary, procedures that lead to
elevation of UCH-L1 may be a promising therapeutic strategy for treatment of AD and
MCI.

4.0. Conclusions and Future Studies

A protein such as UCH-L1 that comprises 2-5% of total brain protein, mostly localized to
neurons, would be predicted to be critically important for efficient brain functions related
to learning and memory. Indeed, this seems to be the case. Timely removal of aggregated,
damaged proteins via the cytosolic-resident UPS system and autophagy, and the ER-resident
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unfolded protein response (UPR) is essential for maximum function of neurons [98]. In AD
and MCI brains, evidence of dysfunction in autophagy and the UPR exist [16,99,100].

Figure 3 summarizes some of the key features of AD brain associated with oxidative
modification of UCH-L1 and its decreased level of this soluble enzyme. For the UPS
system, the 26S proteasome is known to be oxidized and dysfunctional in AD and MCI
brains [6,47] as is UCH-L1, a key protein needed to facilitate proteolysis by the 20S
proteasome components of originally aggregated and damaged proteins [31,47,67-70].
Neuronal survival depends in part on keeping the cell free of aggregated, oxidatively
damaged proteins, and UCH-L1 is an important contributor to this function in normal brains
but is oxidatively dysfunctional in AD and MCI brains.

As noted above, UCH-L1 has other functions in addition to facilitation of the UPS system.
Namely, UCH-L1 is important for stabilization of axonal and dendritic microtubules that
permits organelle (i.e., mitochondria; neurotransmitter vesicles, etc.) trafficking to and from
the synapse from the neuronal cell body, and in synaptic protein remodeling, which is a key
process associated with learning and memory [97]. Also, UCH-L1 is intimately associated
with tau protein [61], the hyperphosphorylation of which leads to NFT. As also noted above,
UCH-L1 normally plays a protective role in mitigating processing of APP by BACE1 [81].
In the absence of this UCH-L1-mediated protection, BACEL1 is activated, which in AD brain
is part of the mechanisms involved in producing highly neurotoxic Ap. Small oligomeric
AP peptide aggregates interact with synapses, leading to damage that results in loss of
learning and memory [101-103]. Moreover, Ap oligomer-associated lipid peroxidation and
protein oxidation in neurons lead to glucose dysmetabolism with consequent loss of ATP
that is needed for numerous neuronal functions, some of which are maintenance of neuronal
membrane cell potential, prevention of Ca, overload, proper mitochondrial function, and,
of course, execution of neurotransmission processes [9,16,17,24,25,100], all characteristics
of AD. As indicated previously, in AD and MCI brains and models thereof, UCH-L1 levels
are decreased while BACEL levels are increased [61]. That is, lower levels of UCH-L1
reportedly lead to processes that themselves are involved in producing the two major
pathological hallmarks of AD and MCI brains.

Consequently, UCH-L1 may be an attractive target in the arsenal of therapeutic strategies to
slow progression of AD. Future research will determine if this prediction is confirmed.
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Figure 1.
Formation of the Schiff base (aka protein hydrazone) by reaction of a protein carbonyl

moiety that results from protein oxidation with 2,4,-dinitrohydrazine.
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Figure 2.
Schematic drawing of the formation of 3-nitrotyrosine (3-NT). Nitric oxide (NO), a free

radical gaseous molecule formed by decomposition of arginine by the enzyme nitric oxide
synthase (inducible NOS is shown), reacts with superoxide free radical anion by radical-
radical recombination to form peroxynitrite, ONOO™. This, in turn, through a series of
reactions, form nitrogen dioxide, NO», also a free radical. Reaction of a radical R with

the OH group at the 4-position of the aromatic ring of Tyr leads to abstraction of H’

and a resulting radical on the O-atom and RH. Because the OH functionality on aromatic 6-
member rings is ortho- and para-directing of electron density, delocalization of the unpaired
electron to the ortho 3-position of the aromatic ring of Tyr occurs (the para-position is
already occupied as part of the Tyr structure). The NO, free radical then reacts with this free
electron on the 3-position of Tyr by radical-radical recombination to form 3-NT.
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Figure 3.
UCH-L1 is oxidatively modified and nitrosylated and of lower levels in AD brain compared

to control brain. These characteristics of UCH-L1 in AD brain have the consequent
effect of decreasing function of the Ubiquitin-Proteasomal System (UPS), which leads to
accumulation of aggregated damaged proteins in the cell that are neurotoxic. Moreover,
in AD brain, decreased levels of UCH-L1 are associated with elevated levels of BACEL,
an enzyme that is involved in the processing of APP to eventually lead to neurotoxic

AP peptide and subsequent oligomers. Ap oligomers are associated with excess oxidative
and nitrosative stress, causing neuronal death. In addition, in AD brain, UCH-L1 is
associated with intracellular neurofibrillary tangles (NFT, composed of aggregates of
hyperphosphorylated tau protein), possibly because of UCH-L1 normally associates with
microtubules, the foundation of axonal microtubules, to stabilize them as does tau. NFT
cause neuronal death. See text for more details.
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TABLEL1.

Major Dysfunctional Pathways in Brains of Late-Stage AD, Early-Stage AD, MCI, or Preclinical AD (as well
as Down Syndrome with AD) [Ref. 47]

Dysfunctional Pathway

Consequence(s)

Cellular redox homeostasis and
detoxification defense

Build-up of oxidatively modified proteins and elevated lipid peroxidation

Glucose metabolism

Decreased ATP production, which can lead to loss of neuronal cell potential, opening of voltage-
gated Ca2* channels with resultant neuronal mitochondrial, ER, and cellular death

Glutamine shuttle

Repeated depolarization of post-synaptic neurons with result neuroal death (excitotoxicity)

Synaptic plasticity, neurotransmitter
vesicle transport and pre-synaptic
membrane docking mechanisms

Decreased neurotransmission capability; consequent decreased learning and memory ability

Brain inflammation

Release of pro-inflammatory cytokines, ROS, and i-NOS, all producing harmful effects in the
brain parenchyma

Protein synthesis

Decreased production of proteins to replace oxidatively damaged proteins

Protein Chaperones, Protein Folding,
Damaged protein degradation via
proteostasis network, including the 26S
proteasome

Oxidatively damaged, misfolded proteins not degraded efficiently with consequent build-up of
such proteins in the neuronal cytosol with resultant neuronal death

Cellular Signal Transduction

Inefficient transduction of extracellular signals, for example, receptor binding by key ligands,
would lead to disruption of regulation of key cellular processes necessary for proper functioning
of brain cells.
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Oxidatively Modified Brain Proteins in Common Indexed by Oxidative Stress Marker [Ref. 44]

TABLE 2.

Elevated Oxidative Stress Index

Stages of AD

Oxidatively Modified Proteins in Common

Protein Carbonyls

Late-AD; Early AD; MCI; PCAD

ATP synthase; UCH-L1

Protein Carbonyls

Late AD; MCI; PCAD

ATP synthase; a-Enolase; UCH-L1;

Protein-Resident 3-NT

Late AD; Early AD; MCI

ATP synthase

Protein-Bound HNE

Late AD; Early AD; MCI

ATP synthase; a-Enolase
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