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ABSTRACT Many proteins contain reiterated glutamine
residues, but polyglutamine of excessive length may result in
human disease by conferring new properties on the protein
containing it. One established property of a glutamine residue,
depending on the nature of the flanking residues, is its ability to
act as an amine acceptor in a transglutaminase-catalyzed reac-
tion and tomake a glutamyl–lysine cross-link with a neighboring
polypeptide. To learn whether glutamine repeats can act as
amine acceptors, we have made peptides with variable lengths of
polyglutamine flanked by the adjacent amino acid residues in the
proteins associated with spinocerebellar ataxia type 1 (SCA1),
Machado–Joseph disease (SCA3), or dentato-rubral pallido-
luysian atrophy (DRPLA) or those residues adjacent to the
preferred cross-linking site of involucrin, or solely by arginine
residues. The polyglutamine was found to confer excellent sub-
strate properties on any soluble peptide; under optimal condi-
tions, virtually all the glutamine residues acted as amine accep-
tors in the reaction with glycine ethyl-ester, and lengthening the
sequence of polyglutamine increased the reactivity of each glu-
tamine residue. In the presence of transglutaminase, peptides
containing polyglutamine formed insoluble aggregates with the
proteins of brain extracts and these aggregates contained glu-
tamyl–lysine cross-links. Repeated glutamine residues exposed
on the surface of a neuronal protein should form cross-linked
aggregates in the presence of any transglutaminase activated by
the presence of Ca21.

Glutamine is the most common repeated amino acid in eukary-
otic proteins (1–3), and it has been postulated that the introduc-
tion of such repeats is a general evolutionary mechanism for
adding new amino acid sequence. Involucrin, a product of the
terminally differentiating keratinocyte, a substrate of transglu-
taminase (4), and a precursor of the cross-linked envelope,
probably began in evolution as polyglutamine and was subse-
quently modified by mutation (5, 6).
Five different proteins containing a sequence of polyglutamine

are associated with disease of the human nervous system. These
polyglutamine sequences have been evolving toward greater
length within the human lineage, since they are much shorter in
the corresponding proteins of nonhuman primates (7, 8); only
when the polyglutamine in the human protein exceeds about 35
residues does the protein produce disease of the nervous system
(for recent reviews, see refs. 9 and 10). The allele encoding an
abnormally long segment of polyglutamine is dominant over the
normal allele, but as disease does not occur when a single allele
is disrupted or deleted (11, 12), the disease resulting from the
longer sequence of polyglutaminemust be due to a dominant gain
of function. This gain-of-function results in cell lethality (9, 12).

Two of the numerous explanations suggested for the disease-
producing dominant gain of function are (i) polyglutamine se-
quences are highly insoluble because they form hydrogen-bonded
polar zippers (13) and a polypeptide containing such a sequence
will form multimeric but not covalently bonded aggregates (14),
and (ii) if polyglutamine is a transglutaminase substrate, it should,
in the presence of an active enzyme, become cross-linked with
polypeptides containing lysyl groups to form covalently bonded
aggregates (15).
To participate in a transglutaminase-catalyzed reaction, glu-

tamine residues must be part of a peptide or polypeptide. It has
long been known that in certain small proteins, most or all
scattered glutamine residues may act as amine acceptors, at least
in the absence of secondary or tertiary structure preventing access
of the enzyme (16, 17); but in native proteins, the nature of the
neighboring residues has appreciable influence on the reactivity
of a glutamine residue (18–21), and it has been shown that some
glutamine residues are greatly preferred to others (22, 23).
Among preferred glutamine residues are ones adjacent to a
second glutamine residue.
We describe here a variety of synthetic polypeptides containing

polyglutamine. As long as the polypeptides are rendered suffi-
ciently soluble by the flanking residues, all are excellent substrates
of transglutaminase.

MATERIALS AND METHODS
Peptide Synthesis. Peptides were synthesized at the Biopoly-

mers Facility of the Howard Hughes Medical Institute, Harvard
Medical School, and purified by HPLC. The quality of synthesis
was verified by mass spectrometry and amino acid analysis.
Peptides were dissolved in a buffer containing 50 mM TriszHCl
(pH 7.5) and 1 mM EDTA, and stored at 48C at concentrations
estimated to be between 0.4 and 5.0 mM. The precise concen-
tration was determined by amino acid analysis of an aliquot.
Transglutaminase-Catalyzed Incorporation of Labeled Gly-

cine Ethyl-Ester into Synthetic Peptides.The reaction volume (25
ml) contained 100 mM TriszHCl (pH 8.2), 10 mM CaCl2, 10 mM
DTT, 20% glycerol, 19.3 mM unlabeled glycine ethyl-ester, 0.73
mM 14C-labeled glycine ethyl-ester (1 mCi; 1 Ci 5 37 GBq), and
0.144 milliunityml of purified guinea pig liver transglutaminase
(Sigma) for each series of peptide, except for the dentato-rubral
pallido-luysian atrophy (DRPLA) peptides, which we found to be
more soluble when the Tris concentration was reduced to 50mM.
All peptides were used at a final concentration of 0.5 mM, except
for R5QnR5, which was at 0.08 mM. Negative controls contained
20 mM EDTA (pH 8.0).
It was known from earlier work that transglutaminase can itself

stably incorporate amines (24). We have confirmed this autore-
activity and found that it leads to inactivation of the enzyme. A
1-h preincubation reduced subsequent activity to 40%, and a 4-h
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preincubation reduced it to 20%. No degradation of transglu-
taminase by Ca21-activated proteases occurred, since the trans-
glutaminase band remained of equal intensity by Coomassie blue
staining. To retain enzymatic activity in long-term experiments
on peptide substrates, additional transglutaminase was added
repeatedly during the reaction. Experiments were carried out for
as long as 10 h at 378C in a reaction volume of 125 ml and 3.6
milliunits of transglutaminase per 25 ml of reaction volume were
added every hour. Samples of 25 ml were taken at successive
intervals, and EDTA was added to 20 mM to stop the reaction.
The reaction products were subjected to electrophoresis on

12.5% SDSypolyacrylamide gels by the system of Swank and
Munkres (25) for oligopeptide analysis. Involucrin, fibronectin, and
Machado–Joseph disease (SCA3) peptides were loaded on gels
consisting of 1:10 bisyacrylamide, 0.1% SDS, 8 M urea, 0.075%
N,N,N9,N9-tetramethylethylenediamine, 0.07%ammoniumpersul-
fate, and 0.1MH3PO4. Trizmabasewas added in sufficient amount
to bring the pH to 9.0 for the SCA3 peptide and 6.8 for involucrin
and fibronectin peptides. The electrophoresis buffer consisted of
0.1 M H3PO4 and 0.1% SDS, to which trizma base was added to
pH 6.8 (about 1.2 M Tris was required). The loading buffer
contained 4 M urea, 0.5% SDS, 5% glycerol, 71.5 mM 2-mer-
captoethanol, and 0.01% phenol red. The pH was brought to 6.8
or 9.0 with H3PO4 and Tris, as for the preparation of the gels.
For DRPLA, SCA1, and R5QnR5 peptides, we used 25 mM

TriszHCl in both the gel and the buffer because we found that a
lower Tris concentration increased the solubility of the peptides.
A small amount of H3PO4 was added to 25 mM trizma base to
bring the pH to 6.8. We also omitted the urea, because gels
lacking urea gave better resolution of the peptides and the
intensity of the spots detected by direct autoradiography was
increased. Electrophoresis was at 12.5 Vycm, for 1.5 h to resolve
the spinocerebellar ataxia type 1 (SCA1) peptide, and for 2.5 h
to resolve the other peptides. After electrophoresis, gels were
exposed directly under SaranWrap to aBiomax-MR film (Kodak)
overnight. Gel fragments (2 cm 3 1 cm) corresponding to the
spots on the autoradiographs were excised, dissolved in 10 ml of
Biolute-S (EG & G, Salem, MA), and counted in 10 ml of
Optiphase ‘‘HiSafe’’ (EG & G) scintillation liquid.
Preparation of Brain Extract and Incorporation of Glycine

Ethyl-Ester by DRPLA Peptide Q12 and Brain Protein. Brain
extract was prepared according to ref. 26 with somemodification.
A rat brain was homogenized in two volumes of 50 mM TriszHCl
(pH 7.5), containing 1 mM EDTA and 0.1 mM leupeptin, using
a motor-driven Teflon pestle (12 strokes at 900 rpm). The
homogenate was centrifuged at 1000 3 g for 10 min at 48C. The
supernatant was collected, clarified at 200,000 3 g for 1 h, and
concentrated about five times by centrifugation through an
ultrafilter, using either a Millipore column (10,000 cut off) or a
Sartorius column (centrisart 1, cut off 5000). The concentrate was
used as source of both transglutaminase and substrate proteins.
Protein concentration was determined with a Bio-Rad protein
assay kit using IgG as protein standard. Incorporation of 14C
glycine ethyl-ester into brain proteins was measured after tri-
chloracetic acid precipitation of the proteins (4).
Incorporation of glycine ethyl-ester into DRPLA Q12 peptide

by brain transglutaminase was measured by precipitating the
peptide with 350 mM TriszHCl (pH 7.5), washing the pellet with
the same buffer five times, dissolving it in 100 ml of water, and
counting in 10 ml of scintillation fluid.
Cross-Linking of Labeled R5Q18R5 with Polylysine or Brain

Proteins. Labeling of the peptide with glycine ethyl-ester was
carried out in 50 ml of 100 mM Tris buffer identical to that used
for other peptides, except that the concentration of R5Q18R5 was
0.2 mM, and the amount of 14C glycine ethyl-ester was 2 mCi. The
tubes and pipette tips were siliconized. Transglutaminase was
added every hour. At the end of 3 h, either polylysine or brain
proteins were added; the final reaction volume was 80 ml.
Reaction was stopped by addition of 20 mM EDTA, and the
products were boiled for 5 min in the presence of either 4.0 M

urea or 1% SDS and 20 mM 2-mercaptoethanol and centrifuged
at 20,0003 g for 5 min. Pellets were washed twice with water and
counted in 10 ml of scintillation fluid.

RESULTS
Reactivity of Model Fibronectin Peptide Containing Small

Numbers of Glutamine Residues. For our first experiments, we
obtained a family of synthetic peptides consisting of the sequence
pEA(Q)nIV, where n 5 1, 2, or 6. This sequence, where n 5 2,
as in bovine fibronectin, had been used earlier as a model
substrate for transglutaminase (27). Our experiments with puri-
fied liver transglutaminase showed that Q2 was much more
reactive with 14C-labeled glycine ethyl-ester, a commonly used
amine donor, than Q1 (Fig. 1). Q6 incorporated a considerable
quantity of the amine, but most of the product remained at the
top of the gel, in keeping with the tendency of the peptide to
precipitate, even in pure solution, presumably because of the
aggregating properties of polyglutamines. The effect of further
increases in the length of polyglutamine on the reactivity cata-
lyzed by transglutaminase could therefore not be examined in this
family of peptides.
Choice of Peptides Containing Polyglutamine Flanked by

Charged Residues to Increase Solubility. Families of synthetic
peptides were prepared so as to contain polyglutamine flanked by
residues that normally flank a polyglutamine sequence in four
proteins (Fig. 2). The first example was human involucrin, a
demonstrated transglutaminase substrate (4, 29). The other three
were polyglutamine-containing proteins, none of which has yet
been shown to be a transglutaminase substrate, but all of which
produce disease of the nervous system when the polyglutamine is
of excessive length: SCA1, DRPLA, or SCA3.
In human involucrin (where n5 2), Qn is the site preferred by

transglutaminase, and it is the second of the two glutamines that
is most reactive (29). In the regions flanking the Qn, the principal
charged residue is glutamic acid, but there are also a histidine and
a lysine. The flanking residues in the SCA1 and SCA3 peptides
also include mixed positively and negatively charged residues,
whereas the only charged flanking residues of theDRPLApeptide
are histidines. In the case of the involucrin and SCA3 peptides, the
N-terminal glutamic acid was cyclized, as in the fibronectin model
substrate (27). The sequences flanking the polyglutamine in
Huntingtin and the androgen receptor protein were not used to
prepare peptides, because they seemed to lack charged residues in
sufficient number to promote the solubility of the peptide.
The Reactivity of Polyglutamine in the Involucrin Peptide.

Involucrin peptides containing different lengths of polyglutamine
were incubated with 1 mCi of glycine ethyl-ester (20 mM) and

FIG. 1. Activity of fibronectin peptides with small numbers of
glutamine residues as amine acceptors. The different peptides were
incubated with 5 mCi of 14C-labeled glycine ethyl-ester for 1 h.
Reaction was stopped by addition of EDTA, and the products were
resolved on a gel prepared according to Swank and Munkres (25). The
gel was fixed and dried, and the radioactivity incorporated in the
peptide was revealed by fluorography after a 24-h exposure. Q2 is
much more active than Q1. Q6 is active, but most of the product did
not enter the gel. The control incubated in the presence of EDTA
shows no incorporation.
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purified liver transglutaminase for 1 h. The reaction was stopped
by the addition of EDTA, the products were resolved on urea gels
and their radioactivity was measured. It can be seen that Q0 and
Q1 had no detectable reactivity (Fig. 3), but the addition of
increasing numbers of Q to this site made the peptide progres-
sivelymore active. Reactivity was completely dependent onCa21.
With rare exception, earlier studies of transglutaminase action

have been carried out over an incubation period of 1–2 h, but as
the involucrin peptide continued to react over long periods of
time, quantitative studies of reactivity were carried out over a
period of 10 h (Fig. 4). Because of the instability of the enzyme
(seeMaterials andMethods), fresh enzyme was added every hour.
Although it possessed a glutamine residue downstream of the site
of Qn, Q0 showed no reactivity with glycine ethyl-ester even after
10 h (Fig. 4A). Q1 also incorporated practically no glycine
ethyl-ester in a 1-h period, but incorporated small amounts over
succeeding hours. Q3 was a better substrate than Q1, but Q5, Q8,
and Q12 were better still. Maximum incorporation per mol of
peptide at 10 h, obtained with Q12, was 6 mol of amine (Fig. 4B).
Since the larger peptides had, permol of peptide,more glutamine
residues that could act as amine acceptors, their quality as
substrates could also be expressed as mol of amine incorporated
per mol of peptide glutamine. The presence of higher numbers of
glutamine residues resulted in increasing reactivity per glutamine
residue, up to Q5, which was 80% saturated with amine (Fig. 4C).

At n . 5, the reactivity per glutamine residue declined; but in
contrast to the peptide Q5, which was freely soluble, Q8 and Q12
were close to maximum solubility and were likely to have been
partly aggregated.
Reactivity of Polyglutamine in DRPLA, SCA1, and SCA3

Peptides. DRPLA peptide containing a single glutamine residue
was not appreciably reactive in a 3-h incubation (Fig. 5A). Q2 and
Q5 were increasingly better substrates, not only when incorpora-
tion is expressed per mol of peptide (Fig. 5A), but also when it is
expressed per mol of glutamine (Fig. 5B). By increasing the
number of glutamine residues from 2 to 5, the reactivity of each
glutamine residue increased over 3-fold. Q5 was nearly saturated
with amine (0.95 mol of amine per mol of glutamine).
SCA1 peptides also improved markedly as substrates when n

increased from 3 to 5, though not as greatly as the DRPLA
peptide; the reactivity per mol of glutamine reached only 0.43 for
SCA1 and 0.24 for SCA3.
The SCA1 peptide Q12 could not be dissolved in aqueous

solution at all and the SCA3 peptide Q12 dissolved to form a very
viscous solution that resembled a gel; both peptides behaved
poorly as substrates. The DRPLA peptide Q12, being more
soluble, incorporated 1.5 mol of amineymol of peptide in a 3-h
reaction. Although this peptide was not as satisfactory a substrate
as the involucrin Q12, we used it as a substrate for experiments on
brain extracts (see below).

FIG. 2. Peptide substrates containing polyglutamine. Residues
with a charged side chain are indicated by an asterisk. The first 10
amino acids of the involucrin sequence (n 5 2) constitute a B-type
repeat (28), which contains, at site Qn, the most reactive glutamine in
the entire protein (29). The residues K H L E are the first four of the
succeeding A repeat. The flanking amino acids for the other peptides
were chosen from the sequences of the proteins associated with SCA1
(30), SCA3 (31), and DRPLA (32).

FIG. 3. Reactivity of involucrin peptides containing Qn of different
lengths. Autoradiography of the resolved products of transglutaminase
action on peptides Q0–Q12 in the presence of glycine ethyl-ester, 20
mM, at a specific activity of 2 mCiymmol. The larger the value of Qn,
the greater the reactivity and the slower the mobility.

FIG. 4. Quantitation of
reactivity of involucrin pep-
tides. (A) Time course of re-
action of peptides containing
variable length of polyglu-
tamine. (B) Stoichiometry of
glycine ethyl-ester incorpo-
rated after 10-h incubation,
expressed per mol of peptide.
(C) Stoichiometry of same in-
corporation, expressed per
mol of glutamine (complete
reaction 5 1 molymol of glu-
tamine).
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Polyglutamine Flanked by Arginine Residues. To see whether
the flanking residues found in proteins are necessary for the
amine-accepting function of the glutamine residues, and in the
hope thatmore strongly charged flanking residues would bemore
effective in maintaining solubility of the peptides with longer
polyglutamine stretches, we prepared a family of peptides of
sequence R5QnR5. At all values of n up to 18, the peptides were
soluble, and increasing the value of n improved incorporation of
glycine ethyl-ester (Fig. 6). By the end of a 10-h incubation period,
when incorporation was still continuing, Q18 had incorporated
over 8 mol of glycine ethyl-ester per mol of peptide, equivalent to
45% saturation of the glutamine residues. Over the same period,
Q3 incorporated a maximum of about 1 mol of amine per mol of
peptide, equivalent to 33% saturation of the glutamine residues.
Peptides with intermediate values of n incubated for a single
period of 3 h confirmed the increasing reactivity with increasing
values of n. The arginine-flanked family of polyglutamines was

the best of the peptide substrates tested in the sense that the
reactivity per mol of glutamine increased up to Q12.
DRPLA Peptide Q12 and Brain Proteins as Substrates for

Transglutaminase. In all the experiments described above, we
used a commercial preparation of tissue type transglutaminase
(type II) purified from guinea pig liver. The brain contains the
same enzyme (33) but also an uncharacterized transglutaminase
associated with synaptic vesicles (34, 35). Since the two brain
transglutaminases may be different, we determined whether
either could act on the DRPLA Q12 peptide. When a crude rat
brain extract was incubated in the presence of the DRPLA Q12
under optimal conditions for catalysis by transglutaminase, we
observed significant incorporation of labeled glycine ethyl-ester
into the peptide. A crude rat liver extract incorporated about 15
times more amine into the DRPLAQ12 than the brain extract, in
keepingwith the higher concentration of transglutaminase in liver
than in brain (36, 37).
We then compared the DRPLA Q12 peptide and the proteins

of a crude brain extract as amine acceptors (Table 1). Brain
extract was incubated in the presence of labeled glycine ethyl-
ester, either with or without added DRPLA Q12. The DRPLA
peptide incorporated about 16-fold more glycine ethyl-ester than
did the same amount of brain protein. When purified liver
transglutaminase was used as enzyme with either the brain
protein or the DRPLA Q12 as substrate, the incorporation of
glycine ethyl-ester was about 50-fold higher by the DRPLA
peptide than by the average brain protein (Table 1).
Experiments carried out with R5Q12R5 as amine acceptor

yielded very similar results. In this case, the labeled product was
separated from the proteins by trichloracetic acid precipitation of
the latter, prior to electrophoresis.
Cross-Linking of R5Q18R5 to Polylysine and the Formation of

Aggregates. In all the experiments described above, we measured
the cross-linking of glycine ethyl-ester into a monomeric peptide.
To determinewhether a polyglutamine-containing peptide acting
as amine acceptor could be cross-linked to another polypeptide
acting as amine donor and form polymeric aggregates, we incu-
bated 36 mg of R5Q18R5 in the presence of 100 mg of polylysine
(molecular weight range 10–30 kDa) together with purified
transglutaminase. After 3 h, we observed the development of
aggregates. No aggregates were visible in the controls lacking
R5Q18R5, transglutaminase, or polylysine, or containing excess
EDTA. Aggregates were not dissolved by boiling for 5 min in a
solution containing 4M urea and 20 mM 2-mercaptoethanol. (In
this experiment, urea was used as denaturant rather than SDS
since the latter caused polylysine itself to precipitate.)
R5Q18R5 was labeled for 3 h with 0.2 mM dansylcadaverine

(38). At the end of this period, polylysine was added and
incubation was continued for an additional 3 h. The aggregates
that formed after addition of polylysine were boiled in the
presence of urea and 2-mercaptoethanol. Examination underUV
light showed that the aggregates were brightly fluorescent. Since

FIG. 5. Reactivity of DRPLA, SCA1, and SCA3 peptides. Incor-
poration of glycine ethyl-ester during a 3-h period per mol of peptide
(A) and per mol of glutamine (B). E, DRPLA peptides; å, SCA1
peptides; Ç, SCA3 peptides.

FIG. 6. Reactivity of R5QnR5. For Q3 and Q18, the incorporation
was measured after different incubation times (E). For intermediate
values of Qn, values are plotted for a single incubation time of 3 h (å).

Table 1. Incorporation of glycine ethyl-ester by DRPLA peptide
O12 and brain protein

dpm 3 1023 incorporated by

Brain
transglutaminase into

Purified liver
transglutaminase into

Brain
proteins

DRPLA
peptide

Brain
proteins

DRPLA
peptide

1 Ca21 1.3 22.2 11.4 548
1 EDTA 0.24 6.3 0.60 5.3

Results are expressed as dpm of amine incorporated into 100 mg of
protein or peptide. For incorporation by brain transglutaminase, 1.4
mg of brain extract was incubated with or without 100 mg of DRPLA
peptide. For incorporation by purified liver transglutaminase, 100 mg
of brain extract or of DRPLA peptide were incubated with 11.5
milliunits of the transglutaminase. Reactions were for 2 h at 378C.
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polylysine cannot incorporate free dansylcadaverine, we con-
cluded that the R5Q18R5 labeled with dansylcadaverine was
subsequently polymerized with the polylysine.
To quantitate this process, we labeled R5Q18R5 with 2 mCi of

14C glycine ethyl-ester in the presence of 11.5milliunits of purified
liver transglutaminase for 3 h, and removed an aliquot for
subsequent electrophoresis and counting of the reaction product.
Meanwhile, we added polylysine to the rest of the reaction
mixture and continued the incubation overnight, adding three
successive aliquots of the transglutaminase. Aggregates that
formedduring this incubationwere heated in the presence of urea
and 2-mercaptoethanol, centrifuged for 5 min at 20,000 3 g,
washed twice with water and counted by liquid scintillation. The
aggregates contained from 0.62 to 1.06 3 105 dpm, values
corresponding to 10–20% of the labeled R5Q18R5 (Table 2).
Cross-Linking of R5Q18R5 to Brain Proteins and the Forma-

tion of Aggregates.An aliquot of brain extract containing 200 mg
of protein was incubated in the presence of R5Q18R5 and purified
transglutaminase, but without polylysine. Aggregation of the
brain proteins was visible within 5 min, but with time the
aggregate increased in amount and settled more rapidly to the
bottomof the tube.No aggregatewas apparent in controls lacking
R5Q18R5 or transglutaminase or containing an excess of EDTA.
The aggregate remained insoluble after boiling in the presence of
1% SDS and 20 mM 2-mercaptoethanol (Fig. 7).
We then repeated this experiment with R5Q18R5 previously

labeled with glycine ethyl-ester and purified transglutaminase, as
described above. In two separate experiments, a 3-h incubation
with transglutaminase added every hour, resulted in incorporation
of 2.53 105 dpm and 3.43 105 dpm into the aggregate (Table 2).
These values corresponded to 30–60% of the labeled R5Q18R5.
Finally, we determined whether brain transglutaminase alone

would suffice to form aggregates in the presence of R5Q18R5 as
amine acceptor and brain proteins as amine donors. After a 3-h
incubation of brain extract containing 1 mg of protein in the
presence of R5Q18R5, an aggregate was evident, although it was
not as voluminous as when additional enzyme was added. No
aggregate appeared in the presence of EDTA or in the absence of
R5Q18R5. The polymerization of the brain proteins must have

been due solely to the endogenous transglutaminase activity in the
extract. Enzymatically pre-labeled R5Q18R5, when incubated with
brain extract, was incorporated into aggregates, but not as exten-
sively as when purified transglutaminase was added to the reaction
mixture (Table 2).
In experiments combining the DRPLA peptide Q12 with brain

extract in the absence of any additional transglutaminase, incu-
bation for 24 h led to the formation of insoluble aggregates similar
to those produced by R5Q18R5.
To demonstrate that isopeptide bonds were formed during the

aggregation, the reaction was carried out in the presence of
R5Q18R5, brain proteins and purified transglutaminase for 24 h,
and the resulting aggregates were centrifuged, boiled in the
presence of SDS and 2-mercaptoethanol, and subjected to termi-
nal enzymatic hydrolysis (39). The enzymeswere precipitatedwith

FIG. 7. Insoluble aggregates formed by reaction of R5Q18R5 with
brain proteins. Brain proteins (200 mg) incubated overnight with 11.5
milliunits of purified transglutaminase in the presence of 36 mg of
R5Q18R5 resulted in slow formation of a dense aggregate that settled
to the bottom of the tube. Addition of SDS to 1% and 2-mercapto-
ethanol to 20 mM, followed by heating to 1008C, did not affect the
appearance of the aggregate (Center). The aggregate contained 70%
of the total initial protein and peptide. A control lacking the peptide
(Right) remained completely clear. A second control (Left) containing
100 mMEDTA immediately formed a faint opalescence (not reaction-
dependent), but no aggregate at the bottom of the tube. An additional
control without brain proteins (not shown) yielded no aggregate.

Table 2. Transglutaminase-catalyzed formation of labeled insoluble aggregates from labeled
R5O18R5 and polypeptide amine donors

14C incorporation into aggregates,
dpm 3 1025

Exp. 1 Exp. 2 Exp. 3

Polylysine 1 purified transglutaminase
1 Prelabeled R5Q18R5 0.62 1.06 0.78
1 Unlabeled R5Q18R5 1 14C - GEE 0.003 0.001
1 Prelabeled R5Q18R5 1 EDTA 0.08 0.12 0.06
2 R5Q18R5 1 14C - GEE 0.006 0.002
2 Polylysine 0.06 0.15

Brain extract 1 purified transglutaminase
1 Prelabeled R5Q18R5 2.5 3.4
1 Unlabeled R5Q18R5 1 14C - GEE 0.18
1 Prelabeled R5Q18R5 1 EDTA 0.12 0.07
2 R5Q18R5 1 14C - GEE 0.007
2 Brain extract 0.12

Brain extract 1 any residual purified transglutaminase from
preincubation
1 Prelabeled R5Q18R5 0.21 0.21
1 Unlabeled R5Q18R5 1 14C - GEE 0.001 0.0009
1 Prelabeled R5Q18R5 1 EDTA 0.014 0.033
2 R5Q18R5 1 14C - GEE 0.0024 0.0014

R5Q18R5 was labeled by preincubation with 2 mCi of 14C glycine ethyl-ester (GEE) for 3 h in the presence
of purified transglutaminase. Subsequent incubation with amine donors (brain proteins or polylysine) resulted
in the formation of aggregates insoluble in the presence of 20 mM 2-mercaptoethanol and either 4 M urea or
1% SDS at 1008C for 5 min. The aggregates were centrifuged, washed, and counted. Included among the
negative controls was one in which the R5Q18R5 was not prelabeled with 14C glycine ethyl-ester, but the latter
was incubated togetherwith the unlabeledR5Q18R5 during the enzymatic coupling to polylysine or brain protein.
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trichloracetic acid and the supernatant was analyzed by high
pressure liquid chromatography at the Harvard Microchemistry
Facility. A peak at the correct position for «(g glutamyl) lysine
equaled 2.7% of the total free lysine. When the enzymatic
hydrolysate was subjected to acid hydrolysis before the chroma-
tography, there was no peak at the position of «(g glutamyl) lysine.

DISCUSSION
The nervous system diseases resulting from polyglutamine in
proteins require years to develop, whereas the properties of
polyglutamine as substrates for transglutaminase are necessarily
studied in short-term experiments. Short polyglutamine stretches
in native proteins should be exposed to water, and the only
crystallographic study on such material shows that Q5 in a small
protein is located in a loop protruding on the surface (40). In a
larger protein, access of transglutaminase to such a loop could be
hindered by the tertiary structure of the protein; for this reason,
the peptide facsimiles of the disease-producing proteins, lacking
steric hindrance, may reveal with greater sensitivity the substrate
properties conferred by polyglutamine than would the intact
proteins. This conjecture is supported by the recent demonstra-
tion that expanded polyglutamine itself is more cell-lethal when
it is expressed in the brain or in cultured cells than the same
polyglutamine expressed as part of the protein of SCA3 (41). In
any of the family of intact proteins, a polyglutamine sequence of
more than 35 residues is usually required to produce disease; this
suggests that a longer sequence of polyglutamine forces some of
the residues into a configuration favoring reactivity with trans-
glutaminase. Such an effect could explain the behavior of the
monoclonal antibody 1C2, which recognizes polyglutamine in
intact proteins only if the sequence contains more than 32
residues (42).
In our synthetic peptides, all polyglutamine sequences fromQ2

to Q18 were substrates for transglutaminase. The most soluble
family of peptides was R5QnR5, followed by the involucrin family
and the DRPLA family. In contrast to the transglutaminase
substrates studied earlier, the nature of the sequences flanking
the reactive glutamines becomes of little consequence as n
increases beyond 2, apart from the necessity for charged residues
to maintain solubility. The addition of increasing numbers of
glutamine residues not only increases the number of cross-links
per peptide molecule, but also makes each residue more reactive
as long as the peptides remain soluble: in the involucrin family,
reactivity per glutamine residue continued to increase at least up
to Q5, and in the case of R5QnR5, up to Q12; per mol of peptide,
the largest number of cross-links formed when n was further
increased, at least up to 12 for involucrin and 18 for R5QnR5.
Involucrin is a substrate for transglutaminase during terminal

differentiation of the keratinocyte. The evolutionary introduction
of polyglutamine in this protein, although mostly ancient, is still
occurring in some lineages in a way similar to that of the neuronal
proteins. Whereas human involucrin possesses only two glu-
tamines at the preferred site, mouse involucrin has a sequence of
19 consecutive glutamines, most of which were added recently in
evolution and are located in a region not present in the human
protein (43). It would be interesting if the site preferred by the
keratinocyte transglutaminase has shifted from its known loca-
tion in the human protein to the recently introduced polyglu-
tamine sequence of the mouse protein.
In our experiments, the formation of cross-linked protein

aggregates by transglutaminase in vitro depended on the marked
amine-accepting properties of the polyglutamine. It occurred
when the transglutaminase was of brain type and when the amine
donors were normal brain proteins. The mechanism of aggrega-
tion differs from that proposed by Perutz et al. (13) in that it
occurs when the polypeptide containing the polyglutamine is
itself soluble, as seems to be the case for far larger proteins.
However, it does require the participation of a Ca21-dependent
enzyme. It is very likely that if the Ca21 concentration rises, even
transiently, in cells containing a proteinwith a long polyglutamine

sequence, there will be action on that sequence by transglutami-
nase. This is particularly so for neurons, which are subjected to
Ca21 transients as part of their function in impulse-conduction.
Evidence that the cross-linking occurs in neurons would be
supported by detection of glutamyl-lysine in brain or cerebrospi-
nal fluid.
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