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Abstract: Human tissue transglutaminase (TGM2) is implicated in the pathogenesis of several

neurodegenerative disorders including Alzheimer’s, Parkinson’s and expanded polyglutamine

(polyQ) diseases. TGM2 promotes formation of soluble and insoluble high molecular weight
aggregates by catalyzing a covalent linkage between peptide-bound Q residues in polyQ proteins

and a peptide-bound Lys residue. Therapeutic approaches to modulate the activity of TGM2 are

needed to proceed with studies to test the efficacy of TGM2 inhibition in disease processes. We
investigated whether acetylation of Lys-residues by sulfosuccinimidyl acetate (SNA) or aspirin

(ASA) would alter the crosslinking activity of TGM2. Acetylation by either SNA and/or ASA resulted

in a loss of >90% of crosslinking activity. The Lys residues that were critical for inhibition were
identified by mass spectrometry as Lys444, Lys468, and Lys663. Hence, acetylation of Lys-residues

may modulate the enzymatic function of TGM2 in vivo and offer a novel approach to treatment of

TGM2 mediated disorders.

Keywords: transglutaminase; neurodegenerative diseases; acetylation; deacetylation; Huntington’s

disease; polyglutamine repeats; Parkinson’s disease; Alzheimer’s disease

Introduction
Tissue transglutaminase (TGM2) is a member of the

transglutaminase (TG, E.C. 2.3.2.13, protein-gluta-

mine c-glutamyltransferase) gene family, known to

catalyze both inter- and intra-molecular isopeptide

bonds between specific glutamine c-carboxamide

groups and e-amino groups in Lys and free primary

amines (TGase).1–3 The crosslinking reaction func-

tions to promote extracellular matrix stabilization

and wound healing; however, abnormal crosslinking

contributes to tissue fibrosis and several neurodege-

nerative diseases including Huntington’s, Parkin-

son’s, and Alzheimer’s diseases.4 TGM2 was vali-

dated as a therapeutic target in expanded polyQ

diseases based on evidence from TGM2 knock-out

experiments5,6 and TGM2 inhibition studies.7–9

TGM2-mediated crosslinking alters the solubility of

proteins that contain a poly-glutamine (polyQ)

repeat,10 alpha-synuclein11,12 and Tau.12,13 TGM2 is

a likely mediator of the apparently irreversible

crosslinking of neuronal proteins, leading to the for-

mation of soluble aggregates, as well as insoluble

inclusions, which are distinctive pathologic features

of neurodegenerative diseases.4 Given the funda-

mental significance of TGM2 in both human biology

and pathology, the development of a practical

approach to modulate TGM-2 activity could have

widespread application.

TGM2 activity can be inhibited by developing

specific inhibitors targeting the enzyme14,15 but this

approach has not led to orally active TGM2 inhibi-

tors that are safe and effective. An ideal strategy for

drug development would be to preserve the essential

TGM2 crosslinking reaction and limit excessive

TGM2 activity that promotes pathology. We investi-

gated whether the Lys residues on TGM2 could be

modified by acetylation using either chemical
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reagent or a common pharmacologic agent. Lys resi-

dues are critical for protein function, solubility, pro-

tein–protein interactions and are common targets

for post-translational modification.16,17 Ubiquitina-

tion, sumoylation, as well as acetylation, all modify

Lys residues.18 Acetylation of free Lys-residues may

modulate the crosslinking reaction in a manner that

limits the contribution of the enzyme to pathologic

processes. In this study, we investigated the effect of

acetylation on the crosslinking activity of TGM2 and

identified specific Lys residues through Matrix-

Assisted Laser Desorption/Ionization Time-of-Flight

(MALDI-TOF) mass spectrometry (MS).

Results

We initially tested whether a reactive acetylating

agent, sulfo-NHS-acetate (SNA), a water soluble

analog of N-hydroxysuccinimide (NHS) (Fig. 1),

would react with the primary amines (e-amino

groups of Lys-residues) in TGM2 and alter enzy-

matic function. The acetylation of e-NH3 groups pro-

duces an amide bond and releases sulfo-NHS as a

by-product. This reagent was selected because of its

specificity and reactivity with primary amines under

nondenaturing conditions to ensure Lys residues

were targeted rather than other potential targets

such as histidine and cysteine residues. SNA was

chosen previously to probe the surface Lys residue

on the plasma transglutaminase, Factor XIIIA20 and

several other enzymes.21 Another pharmacologic ace-

tylating agent, aspirin (acetyl salicylic; ASA), which

is a common anti-inflammatory agent, acetylated

Lys residues in several molecules including antith-

rombin III,22 hemoglobin,23,24 fibrinogen25 and

BSA.26 Since ASA can be administered orally to

humans, it could serve as a practical method to mod-

ulate the activity of TGM2.

Initial acetylating experiments were carried out

using 0–1 mM of SNA and unreacted SNA and/or by

products removed by extensive dialysis. We found a

concentration-dependent inhibition of TGase activity

with an IC50 of �35 lM (Fig. 1). At 1 mM SNA,

more than 90% of TGase activity was inhibited. The

inhibition of TGase activity was not due to a change

in solubility because SDS-PAGE revealed the protein

remained soluble and confirmed that an equal

amount of TGM-2 was present in each of the TGase

assays (Fig. 1, bottom panel).

Aspirin (ASA) inhibited TGase activity with an

IC50 of �400 lM. The apparent higher concentration

of ASA needed to inhibit TGM2 could be due in part

to either ASA targeting different Lys residue(s), a

short-half life and/or lower efficiency in the acetyla-

tion reaction. It is known that acetylating efficiency

is dependent on the hydrolysis rate of ASA, which is

time and temperature dependent.27 A time course

study was performed to determine the optimal incu-

bation time for ASA to inhibit TGase activity (Fig.

2). We found there was a two-phase time-dependent

inhibition of TGase activity when recombinant

Figure 1. Sulfo-NHS acetate inhibits TGase activity in a

concentration-dependent manner. Recombinant TGM2 (0.7

lM) was incubated with 0–1 mM of SNA in HBS (50 mM

HEPES, pH 8.5, 100 mM NaCl) at room temperature for 30

min. Following reaction, the reaction mixtures were dialyzed

against large excess of dialysis buffer containing 10 mM

Tris-Cl, pH 7.5, 10% glycerol, and 1 mM EDTA. After

dialysis, equal amounts (�2 lg) of acetylated TGM2 were

loaded on 8–15% SDS-PAGE gel and stained with

Coomassie blue (bottom panel). TGase activity was

measured using the established BP incorporation assay.19

The data represent the average (6 standard deviation) of a

total of three independent experiments.

Figure 2. Inhibition of TGase activity by aspirin is time

dependent. Recombinant TGM2 (0.7 lM) was incubated

with 500 lM of ASA in HEPES-buffered saline (HBS; 50 mM

HEPES, pH 8.5, 100 mM NaCl) at room temperature for 0.5,

1, 2, 3, 4, and 16 hours. Following reaction, the reaction

mixtures were dialyzed against large excess of dialysis

buffer containing 10 mM Tris-Cl, pH 7.5, 10% glycerol, and

1 mM EDTA. After dialysis, equal amounts (�2 lg) of
acetylated TGM2 were loaded on 8–15% SDS-PAGE gel

and stained with Coomassie blue (bottom panel). TGase

activity was measured using the established BP

incorporation assay.19 The data represent the average

(6standard deviation) of a total of three independent

experiments.
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TGM2 was incubated with ASA. At 500 lM of ASA,

TGase was inhibited rapidly by 80% after 1 hour

and then a much slower inhibition to 90% occurred

after 16 hours of incubation. The inhibition of TGase

activity was not due to a change in TGM2 solubility

after acetylation since equal amounts of TGM2 were

recovered after dialysis (Fig. 2, bottom panel).

Identification of Lys-residues that are

acetylated

To identify Lys residues that were acetylated and to

confirm the specificity of the reaction, TGM2 was

acetylated with either SNA or ASA and then dia-

lyzed. The dialyzed samples were digested with tryp-

sin and MALDI-TOF MS was performed to identify

each acetylated peptide, as described in ‘‘Materials

and Methods.’’ The mass of peptides containing an

acetylated Lys residue was identified as m/z 42

greater than its unmodified counterpart. When TGM2

was acetylated with 150 lM SNA, Lys173, Lys 379,

Lys429, Lys468, Lys590, Lys598, Lys600, Lys663, Lys674,

and Lys677 were found to be acetylated. In 50% (four

determinations) of the samples, Lys74, Lys444 and

Lys649 also were found also to be acetylated. When

TGM2 was treated with 1 mM ASA, Lys444, Lys468,

and Lys663 were found to be acetylated.

Discussion

TGM2 has been considered as a therapeutic target

for the treatment of several neurodegenerative dis-

eases.4,28 Current strategies to inhibit TGM2 include

the use of peptides and small molecules inhibitors to

directly inhibit crosslinking activity.14,29 In this

study, we discovered there were critical Lys residues

on TGM2 that are susceptible to modification by

acetylation, resulting in the loss of TGase crosslink-

ing activity. Our results have important implications

in the treatment of neurodegenerative diseases.

The abundance of lysine residues in many pro-

teins and their tendency to be located on surfaces

rather than in the interior makes this amino acid an

attractive target for modification.30 Furthermore,

lysines are critical residues for protein function, pro-

tein–protein interactions, chemical conjugation and

are targets for post-translational modifica-

tion.16,17,31,32 Remarkably, several important post-

translational reactions, including TGM2-mediated

crosslinking, ubiquitination, sumoylation, and acety-

lation, all target Lys residues.18,32 In some cases, the

same Lys residues are modified, but the biological

consequences are distinct,18,32 whereas, in other

cases, one modification may preclude the other and

could have a significant impact on biology. Recent

studies indicate that reversible-acetylation of the e-
NH3 group of Lys residues occurs not only in histo-

nes and transcription factors, but in other cellular

proteins involved in cell motility, protein trafficking,

immune function, synapse formation and apopto-

sis.32,33 In this study, we demonstrated that acetyla-

tion of critical Lys residue(s) not only will render

specific Lys-containing substrates unavailable for

TGM2 to perform crosslinking, but also will affect

TGM2 crosslinking.

The reactivity of individual Lys residues is

highly dependent upon the degree to which they are

exposed to the solvent.32 Investigation of three-

dimensional structure and surface probability analy-

sis of TGM2 indicate that 30 Lys residues are sol-

vent accessible. Lys265, Lys273, Lys364, and Lys672

appear to occupy surface positions within the cata-

lytic core domain and other exposed Lys residues are

located at b-barrel 1 and 2 domains. The results

from acetylation demonstrated that SNA and ASA

targeted only a few of the same residues, that is,

Lys444, Lys468, and Lys663, indicating that they play

a role in inhibiting enzyme function. As acetylation

of these three Lys residues resulted in a loss of

TGase activity after ASA treatment, they are likely

to play an important role in regulating TGase activ-

ity. The inhibition by acetylation was not due to the

presence of excess SNA, ASA or the hydrolysis prod-

uct, salicylic acid, as they were removed by exten-

sive dialysis.

To investigate how acetylation of the three com-

mon lysines (Lys444, Lys468, and Lys663) that reacted

with both SNA and ASA might impact enzymatic ac-

tivity, the positions of these residues were examined

in the structure of TGM2 (Figs. 3 and 4). The crystal

structure of TGM2 has been determined in two states:

an ‘‘open’’ state in complex with a peptide inhibitor

that is believed to represent the active form of the

enzyme37 and a GDP-bound ‘‘closed’’ form in which

the active site is inaccessible and the enzyme is inac-

tive.34 In the closed form, the C-terminal b1 and b2
domains pack against the core (catalytic) domain, but

in the open form these interactions are lost and the

four domains are arranged in a linear fashion (Fig. 3).

In the closed form of TGM2, Lys663, which lies

on domain b2, forms a domain–domain interaction

through an electrostatic linkage with Asp434 of the

core domain [Fig. 4(A)]. A nearby residue, Asn681,

also hydrogen bonds with Asp434. When Lys663 is

acetylated, the electrostatic linkage with Asp434

would be lost, which may weaken the domain–do-

main interaction and thus increase the likelihood of

the enzyme existing in the open form. How this

would lead to inhibition of the enzyme, rather than

activation, however, is unclear.

Lys468 is also located in an interesting region of

TGM2 [Fig. 4(B)]. This residue lies on a loop that

connects the core domain and domain b1 and, in

both the open and closed forms of the enzyme, this

loop is disordered. This loop appears to act as the

hinge between the two forms of the molecule and

thus one explanation for enzyme inhibition is that

acetylation of Lys468 hinders the hinge motion, thus
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preventing closed-to-open, that is inactive-to-active,

transitions.

The third lysine, Lys444, is located within the core

domain and forms hydrogen bonds with carbonyl

groups of Val397, Val422, and Gly423. These interactions,

which also occur in the open form of the enzyme, may

stabilize this region of the molecule. Acetylation of

Lys444 would disrupt the hydrogen bonding

Figure 3. The open and closed forms of TGM2. (A) The ‘‘closed’’, inactive form of TGM2. (PDB ID: 1KV3) (B) The ‘‘open,’’

active form (PDB ID: 2Q3Z). In both cases, the molecule is shown in ribbon format where each domain colored as follows: N-

terminal domain, blue; core domain, green; b1 domain, yellow and b2 domain, red. The lysines acetylated by ASA are shown

in space-filling format and labeled. The TGase active site triad (Cys277, His335, and Asp358) is marked by orange spheres

corresponding to the alpha carbon residues and, similarly, the alpha carbons of the proposed GTP-binding residues (Lys174,

Arg476, Arg478, Met483, Arg580, and Tyr583) are shown as purple spheres.34 These regions are indicated by arrows in (A).

Figures 3 and 4 both produced using MOLSCRIPT35 and RASTER3D.36

Figure 4. Structural context of the three Lys residues in TGM2 that are acetylated by ASA. (A) Lys663 hydrogen bonds with

Asp434 across the b2-core domain interface in the closed form of TGM2. This interaction is absent in the open form [see Fig.

3(B)]. (B) Lys468 is located within a disordered loop of TGM2 that connects the core and b1 domains. Although Lys468 was

included in the crystal structure of the closed form of TGM2, the electron density is weak or absent in all molecules of the

asymmetric unit, indicating its disorder. (C) Lys444 is relatively buried within the core domain where it forms hydrogen bonds

with three main chain carbonyls. Shown here is the closed form of TGM2, but the structure is essentially the same in the

open form. For all three panels, the views used are approximately the same as in Figure 3 and the same colors are used for

the domains.
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arrangement and might lead to structural changes. In

particular, since the side chain of Val422 is only 6Å from

Phe6 of the peptide inhibitor in the structure of the

open form of TGM2 (not shown), these changes could al-

ter the architecture of the active site.

Hence, modification of all three residues would

likely cause structural perturbations consistent with

the lowering of enzyme activity. Elucidating the pre-

cise mechanism of each, however, will require more

detailed structural studies.

ASA is among the most widely used drugs world-

wide.38 ASA is being prescribed as nonsteroid anti-

inflammatory medication and the recommended dos-

age ranges from 75 to 325 mg per day up to 5 g/day.

These doses of ASA correspond to plasma concentra-

tion of � 0.017 to 15 mM.39 Low and high therapeutic

doses of ASA apparently have different targets and

applications. The concentrations of ASA used in this

study to inhibit TGM2 are within the range of thera-

peutic dosage and therefore relevant for consideration

as therapy to modulate pathologic TGM2 activity. As

inflammation plays an important role in the pathoge-

nesis of neurodegenerative diseases, ASA has been

used in several in vivo studies for potential benefits in

Alzheimer’s, Parkinson’s, and Huntington’s dis-

eases.38,40,41 Although the results are mixed, it

remains to be determined whether the optimization of

the therapeutic dose of ASA will increase the thera-

peutic potential in these disorders.40

In summary, we identified critical Lys residues

in TGM2 that are important for modulating its

crosslinking activity. As TGM2 is a validated target

for inhibition in HD and other neurodegenerative

diseases, our study offers an alternative therapeutic

approach to inhibit TGM2 activity. In addition to the

effects on TGM2, the acetylation of the available

Lys-residue(s) on polyQ containing proteins such as

truncated huntingtin protein in HD disease would

prevent them from serving as the Lys-substrates in

the TGM2-mediated crosslinking reaction. Two ace-

tylating reagents were used in this study and com-

mon Lys residues were targeted by both agents indi-

cating that these Lys residues are a sensitive site for

post-translational modification. As post-translation

modification events are cell- and location-specific,

the manipulation of these events could offer as alter-

native approaches to specifically inhibit TGM2. Fur-

ther studies are needed to investigate whether

TGM2 and/polyQ proteins are indeed modified by

post-translational modification. Our results have

potential implication in treating HD and other neu-

rodegenerative diseases.

Materials and Methods

Materials
Streptavidin-alkaline phosphatase, LB medium, and

yeast extract were obtained from Invitrogen. 5-bio-

tin-amido-pentylamine (BP) and sulfosuccinimidyl

acetate (sulfo-NHS-acetate, SNA) were obtained

from Pierce (Rockford, IL). The TG100 monoclonal

antibody against TGM2 was purchased from Neo-

Marker (Labvision, CA). Acetylsalicylic acid (Aspi-

rin, ASA) and all other reagents used in this investi-

gation were purchased from Sigma (St. Louis, MO),

unless stated otherwise.

Expression and purification of
recombinant TGM2

Recombinant TGM2 was expressed and purified in

E. coli as a glutathione S-transferase (GST) fusion

protein as described.42 Protein concentrations were

quantified using the Bradford method (Bio-Rad).

The purified protein was stored in 50 mM Tris-ace-

tate buffer, pH 7.5, at �80�C.

Acetylation of Lys residues using Sulfo-NHS-
acetate (SNA) or aspirin (ASA)

SNA stock solution (in water) was freshly prepared

and diluted immediately before each reaction. Aspi-

rin was freshly diluted from concentrated stock solu-

tion (in 100% ethanol) before each assay. For the

acetylating reaction, TGM2 was incubated with dif-

ferent concentrations of SNA or ASA in HBS buffer

(50 mM HEPES, pH 8.5, 100 mM NaCl) at room

temperature for 1 hour. After reaction, the mixture

was dialyzed against 2 � 2 liters of HBS buffer and

stored in ice before determining transglutaminase

activity.

Matrix-assisted laser desorption/ionization time-

of-flight (MALDI-TOF) mass spectrometry (MS)
MALDI/TOF MS was performed at Michael Hooker

proteomic core facility, University of North Carolina,

Chapel Hill, using the tryptic peptides derived from

acetylated TGM2 and Reflex I (Bruker Instruments

Co., Bremen, Germany) and Reflex III (Billerica,

MA) instruments. MascotTM was utilized for search-

ing and interpreting the product ion spectra.43

When searching product ion spectra, a mass accu-

racy of 60.1 Da in the masses of both precursor and

product ions was selected.

Transglutaminase (TGase) BP-incorporation

assay

TGase activity was determined by quantifying the

incorporation of 5-biotinamidopentylamine (BP) into

N, N0-dimethylcasein in the presence of recombinant

TGM2 and 10 mM Caþ2 in a microtiter plate as

described previously.19 The amount of BP incorpo-

rated into the N, N0-dimethylcasein was determined

after a 45-min incubation at 37�C and color devel-

oped using streptavidin-conjugated alkaline phos-

phatase and PNPP.19 For IC50 determination, all

assays were determined in the presence of 1 mM BP.
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SDS-PAGE and immunoblotting
After SDS-polyacrylamide gel electrophoresis

(PAGE) and transfer to a nitrocellulose membrane,

the bands were detected using a monoclonal anti-

body against TGM2 and visualized using Super Sig-

nal West Pico Luminol (Pierce). For experiments

involving biotinylated pentylamine (BP), the bands

were also detected using streptavidin-peroxidase and

visualized by Super Signal West Pico Luminol

(Pierce).
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