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Commentary

Neurodegenerative diseases and transglutaminase
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The idea that transglutaminase (TG), a posttranslational pro-
tein crosslinking enzyme (for reviews, see refs. 1–6), might be
involved in the pathology of neurodegenerative diseases, no-
tably of Alzheimer disease (AD), was first suggested by the
experiments of Selkoe et al. (7, 8). These authors drew
particular attention to the reactions of TG with brain neuro-
filaments. Miller and Anderton (9) extended the observations
by showing that, in addition to the neurofilament triplet
proteins, the microtubule-associated proteins were also good
substrates for TG. The dynamic quality of the neural inter-
mediate filament network (10) is essential for maintaining the
plasticity of the cytoskeleton and cell architecture, in general.
Linking together noncovalently assembled segments of the
network with intermolecular N«(g-glutamyl)lysine side chain
bridges could impact adversely on the functions and viability
of the neuron. Efforts are underway for documenting the
TG-mediated covalent polymerization of the microtubule-
associated t proteins (11, 12) which are the main (if not the
only) constituents of the intracellular neurofibrillary tangles
(or paired helical filaments; PHF) often seen in AD (13) and
other diseases (14). With recombinant human t40 protein as
substrate for human TG, a number of potential crosslinking
sites were identified by employing dansylcadaverine for the
enzyme-directed substitutions of Gln (or acceptor) residues
(15) and dansyl-«-aminocaproyl Gln-Gln-Ile-Val for those of
the Lys (or donor) residues (16). Listed roughly in the order of
reactivities, the following side chains in t40 were derivatized:
Gln-424, -88, -6, -244, -351, -124, -276, and -288; Lys-383, -385,
-174, -180, -225, -263, and -24 (S. N. P. Murthy, J. A. Kuret, J.
Wilson, T. J. Lukas, and L.L., unpublished). It remains to be
determined which of these residues is involved in the homol-
ogous polymerization of t to t and which is involved in the
crosslinking of t to other neuronal constituents. The in vitro
reactions of TG with neurofilament proteins (8) or with t
proteins (11) did not produce PHF. Perhaps some prior
modification (e.g., phosphorylation) of the substrates is re-
quired for the correct ordering of polymeric assemblies.
However, the cytoskeletal alterations, including the forma-

tion of PHF, may only be a secondary response to cerebral
insults which, in AD, is mainly attributed to the 40- to
42-residue amyloid b protein (Ab or bA4; ref. 17), proteolyti-
cally processed from a larger transmembrane precursor and
secreted to the outside. Ab has a marked neurotoxic effect that
is probably critical for inducing or amplifying the process of
brain cell degeneration; the protein is also a main constituent
of the amyloid deposits in AD. Ab is a good substrate for TG
(18, 19), and the same has been shown for another peptide
component (20) present in the amyloid plaque (called non-Ab
component or NAC, derived from a larger precursor, NACP
or synuclein). It has been suggested that the crosslinking of the
bA4 amyloid peptide by TG may increase its neurotoxicity*,
similarly to the effect of the enzyme on interleukin 2, which
converts the cytokine into a factor cytotoxic to oligodendro-
cytes (21–23).
Green proposed (24) that TG could also be involved in the

development of Huntington disease (HD) and introduced the
novel idea that the N-terminal Gln repeats of the abnormal
gene product (huntingtin) might render the mutant protein a

particularly favorable target for TG. Similarly expanded Gln
repeats are found in proteins associated with other neurolog-
ical diseases, e.g., spinocerebellar ataxia, SCA1 (25);
Machado–Joseph disease, SCA3 (26); dentato-rubral-pallido-
luysian atrophy (DRPLA) (27, 28); and spinal and bulbar
muscular atrophy (SBMA) (29). Thus, enhanced TG reactivity
of substrates, not present in the normal brain, could have
pathogenic implications beyond HD. Kahlem et al. (30) ex-
amined a number of model peptides and showed that reactivity
to TG increased with the lengths of Gln repeats. In fact, most
peptides were inactive at a single glutamine residue, and
addition of repeats contributed large increases to the reactivity
of each glutamine residue, as long as the peptides remained
soluble.
Commercially available guinea pig liver TG (31) is often

used in experiments with human proteins as substrates, but the
human brain enzyme seems to bear closer similarity to the
homospecific red blood cell TG (8). Though both enzymes are
cytosolic in nature and are down-regulated by GTP (32–34),
requiring only Ca21 ions to become activated, there are
significant differences between the human and guinea pig
enzymes with regard to their associations and the selection of
Gln targets even in the same protein substrate. In the extra-
cellular environment, a site for extensive changes in AD and
HD, coagulation Factor XIII (35) might also become an
important player. The A subunits, carrying the masked cata-
lytic sites in the zymogen, have been detected in some micro-
glia and macrophages in neurodegenerative diseases, such as
AD (36). Potential extracellular targets include the myelin
basic protein (8), although the TG-catalyzed reaction with the
protein has not been implicated in the pathology of any
neurodegenerative disease thus far. The porcine substrate
reacted with activated Factor XIII at Gln-74, -122, -146, and
-148 (P. M. Turner and L.L., unpublished).
Which of the TGs might contribute to the progression of a

given disease? With the availability of transgenic mouse mod-
els (37, 38), which TG gene should be considered for a
knockout experiment? Eliminating Factor XIII would repre-
sent an obstacle, because the autosomal recessive inheritance
of the deficiency in humans is known to be associated with
severe bleeding (39, 40). Various TGs (41–44), including a
synapse-specific TG (45), were reported to be present in the
brain; tetanus toxin is thought to activate the latter. Presum-
ably, one of the brain enzymes would have to catalyze the
intracellular, covalent polymerization of t proteins and the
crosslinking of the neurofilament proteins of the cytoskeleton
and of synapsin I, a membrane-associated protein involved in
neurotransmitter release. It should also be mentioned that Gh,
a receptor signaling protein that activates phospholipase C, is
a member of the TG family (46, 47). It is difficult to say a priori
whether crosslinking of huntingtin occurred intra- or extracel-
lularly. Kahlem et al. showed that aggregation of one of the
model peptides (R5Q18R5) was produced and glycine ethylester

*Ikura, K., Shimagawa, R., Masuda, S., Takahata, K. & Sasaki, R.
(1994) 4th International Conference on Transglutaminase and Pro-
tein Crosslinking Reactions, Aug. 28–31, 1994, Debrecen, Hungary.
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was incorporated into another (DRPLA) by brain transglu-
taminase alone (30).
Based on studies with the human red blood cell enzyme, we

estimate that about 5 3 1025 M Ca21 would be needed for the
half-maximal activation of the cytosolic TG (S. N. P. Murthy
and L.L., unpublished). At what point during protracted cell
death could such an excess of Ca21 leak into the cell from the
outside or be released from internal stores? Would this
increase in Ca21 be a sudden event, akin to the Ca21 toxicity
simulated by experiments for activating the endogenous latent
TG (as well as proteases) in red blood cells (48, 49), lens (50,
51), and keratinocytes (52, 53)? Or could TG become activated
to a lesser extent by repeated, small transient rises of Ca21
concentration, allowing for the gradual accumulation of
crosslinked products over a longer time period? It may be
relevant to this issue that tetanic stimulation was found to
increase the crosslink content in rat brain slices (54). When do
the Ca21 pumps fail in AD and HD, and what causes them to
fail? Alas, we cannot answer these questions, and we can only
play the role of archaeologists, digging among the structural
ruins!
An immediate inclination might be to measure the N«(g-

glutamyl)lysine crosslinks, the footprints of prior TG action, in
cell fractions or deposits, e.g., amyloid or PHF in AD. Since the
stability (i.e., the free energy of hydrolysis) of the side chain
isopeptide bridge is not significantly different from that of a
peptide in the backbone, there are no chemical procedures for
differential cleavage. Serial fragmentation of the protein with
proteolytic enzymes is employed for breaking down the back-
bone to amino acids without hydrolyzing the g:« isodipeptide.
However, biological deposits (such as PHF) often resist com-
plete digestion by proteolytic enzymes; hence, crosslink fre-
quencies can be looked upon only as minimal estimates. The
results presented in Fig. 1A indicate that TG functions in some
steps of normal brain cell differentiation, laying down a
skeleton (which could not be dissolved in 2% sodium dode-

cylsulfate:0.1 M 2-mercaptoethanol) with a relatively high
frequency of cross bridges [about 1 mol of N«(g-glutamyl)-
lysine per 50,000 unit weight of protein]. It has also been
observed that TG activity increased during mouse brain mat-
uration 2.5-fold from day 3 to adulthood (57). Against the high
background in normal brain, measuring crosslink frequencies
in neurodegenerative diseases may not be a simple task. In any
case, f lanking sequences around the crosslinks will have to be
determined from partial digests of cell fractions, so that
assignments to specific protein constituents could be made
(e.g., to t protein in AD or to the poly-Gln extension of
huntingtin in HD). It will have to be proved, as control, that
the same crosslinked sequences are absent from normal brain.
Crosslinking, either through a polyamine linker or through

the formation of the N«(g-glutamyl)lysine bridge (Fig. 2) may
not be the only means for changing the solubilities and
interactions of proteins by reaction with TG. Concerning the
catalytic mechanism, these enzymes are very similar to papain
and function also in a hydrolytic mode. The hydrolysis of even
a single Gln to a Glu residue in a protein, though representing
a change of just a few kilocalories in the thermodynamic
behavior of the side chain, can have an enormous effect on the
equilibria governing the conformation, the oligomeric associ-
ations-dissociations, and the interactions of the macromole-
cule with other proteins (59). However, searching for TG-
mediated Gln-to-Glu conversions in biological specimens
would present a formidable project.
The specificities of TGs are determined mainly by the higher

order structure of substrates in their natural environments. No
consensus sequences were identified for the Gln (acceptor)
and Lys (donor) functionalities with which a TG would react.
Thus, taking the interesting findings of Kahlem et al. (30) as a
point of departure, the following questions will need to be
addressed. (i) Is the reactivity of the Gln repeats in huntingtin
different from that of the model peptides? (ii) Does the TG
reaction change by formation of a complex between huntingtin

FIG. 1. N«(g-glutamyl)lysine crosslinks are present in normal human brain (J. Wilson, D. Selkoe, and L.L., unpublished). Minced cerebral cortex
was incubated (2 hr, room temperature, 50 mM TriszHCl, pH 7) with sodium dodecylsulfate (2%) and 2-mercaptoethanol (0.1 M), heated (1008C,
10 min), passed through a Nitex sieve (110 mm), and centrifuged (1500 3 g; see ref. 7). Proteolytic digestion of the pellet and crosslink analysis
were carried out essentially as described (55) but with inclusion of alkaline protease. Only the elution profile around the N«(g-glutamyl)lysine peak
(marked by arrow) is shown. (A) The cortical digest. (B) The cortical digest mixed with the authentic N«(g-glutamyl)lysine dipeptide (25 pmol).
(C) The same mixture as in B, after treatment with g-glutamylaminocyclotransferase (56), which seen to degrade the isodipeptide. From A, the
calculated frequency of N«(g-glutamyl)lysine in the cortical sample was approximately 1 mol per 500 amino acid residues.
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and HAP1? This huntingtin-associated protein (60) plays a
critical role in the brain-specific pathology of HD and binds to
the Gln extensions of the mutant protein. Would the associ-
ation of huntingtin with HAP1 reduce the accessibility of the
Gln repeats to TG for amine substitution, while perhaps
promoting its heterologous crosslinking to HAP1? Is HAP1 a
unique partner in brain for the TG-catalyzed reaction with
huntingtin?
In the present state of knowledge (see also ref. 61), numer-

ous questions may be asked, but most of them seem to be
tractable by further experimentation. Also, the possibility
exists that an ‘‘end run’’ could be mounted for seeking
additional evidence that TG may be involved in the progres-
sion of the pathology of some of the neurodegenerative
diseases. Nontoxic active center-directed inhibitors of TG are
becoming available (62), and Zn21 is also known to be a potent
inhibitor of these enzymes (3). If sufficient concentrations of
these inhibitors could be delivered to the brains of the AD and
SCA1 transgenic mice (37, 38), we could gain a deeper insight.
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