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ABSTRACT [3H]Putrescine injected into the cell body of the
giant neuron R2 of Apiysia was readily converted to y-aminobu-
tyric acid, acetylputrescine, spermidine, and spermine. In addi-
tion, labeled putrescine and spermidine were found covalently
linked to protein through the action of an intracellular transglu-
taminase. This was shown by exhaustively treating the acid-insol-
uble fraction from injected cells with Pronase, aminopeptidase M,
and carboxypeptidases A and B. High-performance liquid chro-
matography of the digest revealed labeled y-glutamylputrescine
and y-glutamylspermidine, the products expected from the trans-
glutaminase-catalyzed post-translational modification of intracel-
lular proteins. In vitro assays ofAplysia nervous tissue showed the
presence of transglutaminase as well as y-glutaminyl cyclotrans-
ferase, an enzyme that cleaves the y-glutamylpolyamine bond.
Incorporation ofpolyamine into proteins in R2 is a specific process
because only a few 3H-labeled polypeptides were found after
injection.

Transglutaminases (EC 2.3.2.13) are a family of calcium-de-
pendent enzymes that crosslink proteins by catalyzing the for-
mation of e-(y-glutamyl)lysine bonds: y-carboxamide groups of
peptide-bound glutamine are acyl donors and primary amino
groups of peptide-bound lysine serve as acyl acceptors (1). It
is the action ofextracellular transglutaminases, for example, that
mediates the covalent polymerization of fibrin during hemo-
stasis (2). Transglutaminases also exist inside of cells (see ref.
1 for a review), and work on erythrocytes (3, 4) has shown that
an intracellular form of the enzyme covalently links integral
proteins of the surface membrane with those of the underlying
spectrin network. The possibility that transglutaminase me-
diates interactions between membrane proteins and the cyto-
skeleton (5) is also indicated by the fact that actin (6) and myosin
(7), as well as HLA-A and HLA-B histocompatibility antigens
(5), are all substrates for the enzyme.
The role(s) of transglutaminase has now been extended by

the finding that primary amino groups of the polyamines pu-
trescine and spermidine are also able to act as acyl acceptors.
In this case the polyamine becomes covalently linked to a glu-
tamine moiety on an existing protein via a y-glutamylpolyamine
bond (8). As substrates, therefore, polyamines may modulate
the cross-bridging activity of transglutaminase.
A biological system suitable for exploring the relationship

between transglutaminase activity, cell surface proteins, and
polyamines is the giant neuron R2 of Aplysia californica. The
external membrane of R2 is known to contain several types of
voltage-dependent calcium channels (9), and these can be ma-
nipulated electrically, thereby regulating the flow of calcium

through the membrane. The external membrane also contains
two partially characterized integral glycoproteins that have their
carbohydrate moieties exposed on the surface and that are po-
tential substrates for transglutaminase (10). Recently, we have
shown that R2 activity metabolizes putrescine injected directly
into the cell body (11). In the present paperwe report that trans-
glutaminase activity is present inAplysia nervous tissue and that
[3H]putrescine injected into R2 can be used by transglutamin-
ase to modify proteins by a post-translational covalent addition
ofthe polyamine. A briefreport ofsome ofthis work has already
appeared (12).

EXPERIMENTAL PROCEDURE

Aplysia californica, weighing between 50 and 250 g, were pur-
chased from Pacific Biomarine (Venice, CA). In experiments
designed to examine polyamine incorporation into total nervous
tissue, the abdominal ganglion was excised, placed in 0.5 ml of
a supplemented sea water (13) containing 50 1ACi of [3H]putres-
cine (New England Nuclear; 20.6 Ci/mmol;l Ci = 3.7 x 1010
becquerels) and incubated at 150C for 24 hr. The tissue was then
homogenized at 40C in a ground glass grinder containing either
0.4 M perchloric acid or 5% trichloroacetic acid and the pre-
cipitate was collected by centrifugation. The pellet was dis-
solved in 0.1 M NaOH and precipitated again with acid. This
cycle was repeated until no radioactivity appeared in the
supernatant.
The metabolism of polyamines in single neurons was exam-

ined by using the identified cholinergic neuron designated R2
(14). [ H]Putrescine was purified and micro-injected intraso-
matically into R2 within the abdominal ganglion as described
(11, 15). The tissue was maintained at 150C for 24 hr and then
the ganglion, containing R2's cell body, and the right connec-
tive, containing R2's major axon, were homogenized in trichlo-
roacetic acid. Because injected putrescine is metabolized only
in the injected cell (11), it was not necessary to separate R2 from
surrounding tissue.
The washed 3H-labeled protein fraction obtained after in-

cubation or injection was dissolved in 0.1 M NaOH and the pH
was adjusted to 8.0 at 370C by addition of Tris HCl. In order
to show that labeled polyamine had been incorporated cova-
lently, the protein fraction was digested at 37C by sequential
treatment with Pronase (18 hr) (Calbiochem), additional Pro-
nase (8 hr), aminopeptidase M (65 hr), and carboxypeptidases
A and B (24 hr) (Boehringer Mannheim) (2). After digestion, an
equal volume of 10% trichloroacetic acid was added, the pre-
cipitate was removed, and the supernatant was analyzed for N-
(y-glutamyl)polyamines by using a column (0.5 X 7 cm) of
HPAN 90 cation-exchange resin (Hamilton, Whittier, CA)
eluted with a gradient ofsodium chloride in sodium citrate (11).
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1,000 A The column was standardized with authentic N-(L-y-gluta-
myl)putrescine (Vega-Fox, Tucson, AZ), putrescine, and sper-
midine (Calbiochem): a mixture of the N1 and N' forms of (L-y-
glutamyl)spermidine, N',N4-bis(L-y-glutamyl)putrescine, and
N',N5-bis(L-y-glutamyl)spermidine standards were generous
gifts of J. Folk. They were also prepared by proteolytic diges-
tion of N,N'-dimethylcasein that had been incubated with [3H]-

500 putrescine or [3H]spermidine (Amersham; 20 Ci/mmol) in the
presence of transglutaminase partially purified from guinea pig

(D t liver (16). The identity of all derivatives formed in vivo or in
vitro was verified by treatment of the enzymic hydrolyates with

i! 6 M HC1 or by digestion using y-glutamylamine cyclotransfer-
ase (17). Both procedures liberate the labeled polyamine from
the glutamyl conjugate.

I'zAAil3lo Transglutaminase activity was assayed in the 105,000 X g
_ l l l Z | l , , l | , l supernatant from Aplysia nervous tissue by measuring the in-
0 50 100 corporation of [3H]putrescine into N,N'-dimethylcasein in the

presence of saturating levels of Ca2+ and the reducing agent
dithiothreitol (16). In some experiments the activity of the en-

1,000 - (i) <z) B zyme was tested by using a crude high-salt extract of Aplysia
body wall muscle that contained myosin heavy and light chains,
as well as actin (D. Harris, A. Sherbany, and J. Schwartz, per-
sonal communication). The activity of y-glutamylamine cyclo-
transferase in Aplysia nervous tissue was determined by using

E g 10 mM y-glutamylputrescine, 100 p1 of a crude tissue extract
(50 1Lg of protein) in 300 td 200mM sodium phosphate buffer

It 500- (pH 7.5) for 3 hr at 240C. Activity was measured chromato-
graphically by assessing the amount ofputrescine liberated from
y-glutamylputrescine per unit time of incubation (17).

Th unequivocal
RESULTS

Tihe unequivocal demonstration of intracellular transglutamin-
hAAiis!i ase activity using polyamines as substrates requires the isolation

0- of the y-glutamylpolyamine products from the protein and the
050 100 separation ofthe products from other possible metabolites. This

was initially accomplished in a defined test system by using
guinea pig liver transglutaminase to incorporate [3H]putrescine

24,000 C and [3H]spermidine into Aplysia muscle proteins. Prolonged
22,000 - proteolytic digestion of the labeled protein (see Experimental22,000 Procedure) released [3H]polyamine derivatives and, as shown
20,000 in Fig. 1 A and B, y-glutamylputrescine was separated from y-

18,000
I glutamylspermidine by ion-exchange chromatography.18,000 The next objective was to determine if transglutaminase ac-

16,000 tivity is present in Aplysia nervous tissue. Homogenates of the
1,000~~ ~ ~ ~ ~ Inervous system were examined and were found to contain an
1,0001 enzyme that, in the presence of Ca2 , incorporated labeled

putrescine or spermidine into exogeneous protein (Table 1).
The rate of incorporation was linear for approximately 20 min

500 but then diminished, possibly as a result ofactivation ofcalcium-
dependent proteases (18). All of the radioactivity incorporated
under these conditions was found as the appropriate y-gluta-

0- ad .QV _4 Q\
.

@ ti / mylpolyamine derivative. Other studies showed that the ner-
_1 1 A vous system also has y-glutamylamine cyclotransferase, an en-

0 50 100 zyme that cleaves the covalent linkage between the polyamine
Time, min and glutamate moieties (17). The activity of the enzyme in

FIG. 1. Transglutaminase-catalyzed incorporation of polyamines 24 hr. Under these conditions all of the radioactivity was found as the
into protein. Partially purified guinea pig liver transglutaminase (10 free labeled polyamine. In C, an abdominal ganglion was incubated in
pAg) was incubated for 10 min at 370C in 0.280 ml of 50 mM Tris HCl 25 kLCi of [3H]putrescine. Twenty-four hours later the tissue was ho-
(pH 8.0) containing 100 ,g of Aplysia muscle extract, 5 mM CaCl2, 5 mogenized in perchloric acid and the washed precipitate was treated
mM dithiothreitol, and 25 ACi of either [3H]putrescine (A) or as above. i-i, Direct analysis of the digest; e .-.e, analysis after
[3H]spermidine (B). The reaction was stopped by adding ice-cold per- treatment with HCl. Comparable results were obtained by digestion
chloric acid and the washed precipitate was treated with proteolytic with y-glutamylamine cyclotransferase (not shown). The arrows in-
enzymes. One-half of the digest was analyzed directly by ion-exchange dicate the positions of the authentic compounds: 1, bis(-glutamyl)-
chromatography (an- ); the other half was treated with y-gluta- putrescine; 2, bis(y-glutamyl)spermidine; 3, y-glutamylputrescine; 4,
mylamine cyclotransferase and then analyzed (e .-. ). Alternatively, N1- and N8-y-glutamylspermidine; 5, putrescine; 6, -y-glutamylsper-
in some experiments the digest was treated with 6 M HClat 10500 for mine; 7, spermidine; 8, spermine.

Biochemistry: Ambron and Kremzner



3444 Biochemistry: Ambron and Kremzner

Table 1. Transglutaminase activity in the nervous system
of Aplysia

Incorporation
Time, Activity, mol/mg
min Addition cpm protein per hr

10 488 124
20 948 240
30 740 188
20 2 mM EDTA 262 67
20 1 mM iodoacetamide 0 0

Activity was measured at 240C in 0.350 ml of 50 mM Tris HCl (pH
8.0) containing 100 pg of nervous tissue extract, 5 mM CaCl2, 5 mM
dithiothreitol, and 5 uCi of [3H]spermidine (30 uM final concentra-
tion). The reaction, run in duplicate, was terminated at the times in-
dicated by adding an equal volume of ice-cold 0.8 M perchloric acid.
The precipitate was washed five times and digested with proteolytic
enzymes, and the digest was analyzed by HPLC (see Fig. 1). Control
values (0 time) were subtracted from each subsequent time.

Aplysia averaged 6 mol/mg of protein per hr at 22TC, which is
the same order of magnitude as that reported for rabbit brain
(17) when corrected for temperature.
The existence oftransglutaminase activity in extracts does not

necessarily imply that the enzymes are active in the tissue under
normal physiological conditions. For example, transglutamin-
ase activity in lymphocyte protein could be detected only after
treatment of the cells with mitogen (8). Evidence for an active
intracellular transglutaminase in the Aplysia nervous system
was obtained when excised abdominal ganglia were incubated
in [3H]putrescine for 24 hr. Not only was radioactivity found
associated with the acid-insoluble, protein fraction, but also
treatment of the protein according to the protocol described
above revealed labeled y-glutamylputrescine (Fig. 1C). The
identity of this derivative was further established by its suscep-
tibility to acid and enzymatic hydrolysis (Fig. 1C and Experi-
nmntal Procedure).

It is important to note that in every experiment in which
endogenous proteins were labeled the proteolytic digest also
contained considerable amounts offree labeled putrescine (Fig.
1C). This stands in contrast to experiments in which poly-
amines were incorporated into casein or other purified proteins
by using liver transglutaminase: under these conditions no free
polyamine was found in the digest (Fig. 1A and B). Endogenous
proteins retained noncovalently bound polyamine even after
extensive washing with trichloroacetic acid, perchloric acid,
acetone, or treatment with detergents under a variety of
conditions.

Aplysia ganglia are heterogenous, consisting ofneurons, glial
cells, and connective tissues (14). That the covalent incorpo-
ration of polyamine occurs in neurons was shown directly by
injecting [3H]putrescine into the cell body of R2, the giant cho-

Table 2. Distribution of radioactivity in the acid-soluble fraction
after intrasomatic injection of [3Hlputrescine into R2

Total Metabolites, % of total cpm
Tissue cpm GABA AcPut Put Spd Spm Other

Cell body 20,000 15 5 50 23 3 4
Axon 1,500 20 9 37 23 8 3

Twenty-six hours after injection, the abdominal ganglion, contain-
ing R2's cell body, and the right connective, containing R2's axon, were
homogenized separately in 0.4 M perchloric acid and the acid-soluble
radioactivity was analyzed by ion-exchange chromatography (11). The
identity of the metabolites was established by comparison with the
authentic compounds. A small percentage of the radioactivity (other)
was not identified. GABA, y-aminobutyric acid; AcPut, monoacetyl-
putrescine; Put, putrescine; Spd, spermidine; Spm, spermine.

linergic neuron found in the abdominal ganglion. As shown in
Table 2, injected putrescine is converted to spermidine, sper-
mine, and other metabolites in the acid-soluble fraction of the
neuron. No labeled y-glutamylpolyamine derivatives are found
in this fraction. Approximately 15% of the total radioactivity in
injected cells was associated with the acid-insoluble fraction.
When analyzed for covalently bound polyamines, about one-
halfofthe radioactivity was found in two compounds that eluted
with the y-glutamylputrescine and y-glutamylspermidine stan-
dards. Smaller amounts of radioactivity were associated with
peaks corresponding to bis(y-glutamyl)putrescine and bis(y-
glutamyl)spermidine (Table 3).
The identification of the latter two derivatives must be con-

sidered tentative, however: whereas treatment of the proteo-
lytic digest with acid completely eliminated radioactivity as-
sociated with the y-glutamylputrescine peak and reduced that
of y-glutamylspermidine by more than 80%, the two other de-
rivatives were reduced to a lesser extent (Table 3). This strongly
suggests that the peaks containing the latter compounds also
contained other components. Moreover, treatment of the pu-
tative bis derivatives with y-glutamylamine cyclotransferase
released only a small amount oflabeled polyamine (not shown).
Authentic bis(glutamyl)spermidine and bis(glutamyl)putrescine
are good substrates for this enzyme (17). As expected, concom-
itant with the reduction in labeled y-glutamylpolyamine was an
increase in the amount of labeled putrescine and spermidine.
The acid-resistant radioactivity in the y-glutamylspermidine
peak may be hypusine, an unusual amino acid that on HPLC
behaves like the spermidine derivative (19, 20).

Some indication of the nature of the proteins that become
labeled by polyamines was obtained by using the vinca alkaloid
vinblastine, an agent commonly used to precipitate tubulin (21).
Vinblastine is not specific for tubulin, however, but will react
with a wide variety of proteins that bind calcium (22). When an
extract of Aplysia nervous tissue that had been incubated in
[3H]putrescine was treated with vinblastine, a broad range of

Table 3. Distribution of radioactivity in the acid-insoluble fraction after intrasomatic injection of [3Hlputrescine into R2
Hydrolysis products, % of total cpm

N1,N4_ N1,N8_
Bis- Bis- N1- + N8-

Total (yGlu)- y-Glu- (yGlu)- -Glu-
Preparation cpm Put Put Spd Spd* Put Spd Spm Ptr Other

Enzyme hydrolysate 2,300 8 16 11 33 24 3 0 2 3
Acid hydrolysate 700 3 0 3 6 32 30 6 6 14

Twenty-four hours after injection of [3Hlputrescine into R2, the abdominal ganglion and the right connective were combined and homogenized
in 0.4 M perchloric acid. The precipitate was washed five times and digested with proteolytic enzymes. Three-quarters of the digest was analyzed
chromatographically. The remaining material was first hydrolyzed with 6 M HCl at 105°C for 24 hr and then examined. Ptr, putreanine; other
abbreviations as in Table 2.
* N1- and N8- -glutamylspermidine are incompletely resolved: a mixture of the two compounds may be present.
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FIG. 2. Sodium dodecyl sulfate/polyacrylamide gel
sis of vinblastine-precipitated proteins. The central no
was removed from the animal and incubated in 1.0 ml of
sea water containing 50 ACi of [3H]putrescine. After 21
was washed in the same medium without putrescine at
nized, and centrifuged at 105,000 x g for 45 min (10). '

then extracted with 50 mM Tris HCl (pH 7.6) containi
trescine, and the combined supernatants were lyophili
stituted in 1.0 ml of buffer containing 900 jug of vinb
(Velban; Eli Lilly). Incubation at 3700 for 1 hr resulted i
culent precipitate, and this was collected by low-speed c
The precipitate was dissolved in buffer containing sodiu
fate and mercaptoethanol and electrophoresed to equ
4-30% gradient of polyacrylamide (10). The gel was f
tioned into 1-mm segments, and the radioactivity was
scintillation counting (10). The ability of vinblastine
Aplysia tubulin was tested in separate experime
[3H]colchicine (New England Nuclear) was added to ti
supernatant from unlabeled nervous tissue. Addition
precipitated all of the protein-bound radioactivity; afl
decyl sulfate gel electrophoresis of the precipitated mat
with Coomassie blue revealed a number of proteins, inc
inent band at 56,000 daltons (not shown). Peaks X
kilodaltons.

proteins was precipitated reproducibly, including
were radioactive (Fig. 2). The major labeled ban(
56,000-dalton protein that migrated with Aplysia
a smaller (19,000-dalton), more heavily labeled poli
is similar in size to the protein that is labeled in

(8). We do not know at present which bands conta
bound polyamine and which contain polyamines t
by electrostatic interactions.

DISCUSSION

We have been examining the metabolism and axo
of the polyamines putrescine, spermidine, and spa

giant neuron R2 with the objective of gaining insight into the
role of these compounds in the nervous system. [3H]Putrescine
injected into R2 is readily metabolized to spermidine and
spermine (Table 2), and the pathways appear similar to those

19 in mammalian tissues (11). We now have evidence that putres-
cine and spermidine, but not spermine, are covalently bound
to protein via the action of an intracellular transglutaminase

lTable 3). The presence of the active enzyme in R2 was shown
by isolating and characterizing labeled y-glutamylputrescine
and y-glutamylspermidine obtained from digests ofcellular pro-
teins after injection.
We consistently observed that 3H-labeled polyamines were

bound to endogenous proteins with such great affinity that they
were not dissociated by trichloroacetic acid, perchloric acid, or
other agents commonly used to separate small ligands from pro-
teins (Fig. 1C and Table 3). Because this binding is probably
not unique to Aplysia proteins, the unequivocal demonstration
of transglutaminase activity absolutely requires the separation
and identification of the y-glutamylpolyamine derivatives. Two
other labeled products found associated with R2's proteins after
injection behaved like bis(y-glutamyl)putrescine and bis(y-glu-
tamyl)spermidine, respectively (Table 3). The presence ofthese
compounds would imply that transglutaminase is crosslinking
proteins by means of a polyamine bridge. Such bridges occur
in extracellular proteins (2, 8) but have not been found inside
cells (8). Although 3H-labeled products from R2 and the au-
thentic compounds cochromatographed, the peaks that should
contain the labeled bis compounds were contaminated with as-
yet-unidentified labeled products that were resistant to acid

60 70 hydrolysis (Table 3) and to treatment with y-glutamylamine
cyclotransferase, the enzyme that specifically hydrolyzes these
compounds (17). It is likely that some of the radioactivity in the

I electrophore- peaks is present as the bis conjugates, but they must be com-
ervous system pletely separated from the acid-resistant contaminants before

0 hr the tissue their identity can be conclusively established.
t 0C, homoge- For years polyamines were believed to act primarily as or-
The pellet was ganic cations that maintain the conformation ofcertain proteins
ing 30 mM pu- and nucleic acids (23, 24). The finding in lymphocytes (8) and
ized and recon- in Aplysia R2 that putrescine and spermidine are substrates for
lastine sulfate intracellular transglutaminase now suggests a role for these
n a white floc- compounds as modulators oftransglutaminase activity: high lev-
cm dodecyl sul- els ofthe polyamines will preclude formation of y-glutamyl-lysine
tilibrium on a crossbridges by competing with peptide-bound lysine for the
hEzen and sec- active site ofthe enzyme. Moreover, the covalent incorporation
s measured by ofpolyamine may alter the conformation ofthe protein, thereby
to precipitate providing a signal that influences the fate of the protein, per-

he 105,000 x g haps by making it more susceptible to proteolysis. Ifthese ideas
of vinblastine are correct, then calcium would have a pivotal role, because not
ter sodium do- only does calcium activate transglutaminase (2) but also it can
terial, staining initiate selective proteolysis (18). Aplysia neurons have several
luding a prom- types of calcium channels in their membranes (9). Because cal-
are labeled in cium flux can be regulated electrically in these cells, it should

be possible to examine the relationship between calcium entry,
gseveral that transglutaminase activity, and protein turnover.

is included a A major advance in elucidating the function of transgluta-
tubulin and minase in R2 would be to identify the protein substrates. Thereypeptulintand is evidence in fibroblasts (25) that transglutaminase acts onypeptide that membrane proteins and that in erythrocytes it crosslinks cell
lymphocytes surface proteins to spectrin (3, 4). The possibility that mem-
in covalently brane protein-cytoskeletal interactions are mediated by trans-
tightly bound glutaminase is also supported by work showing that actin (6),

myosin (7), and the histocompatibility antigens HLA-A and -B
(5) are all substrates for the enzyme in vitro. In the latter case,
transglutaminase specifically recognizes glutamine moieties on

nal transport the carboxy-terminal region of the antigens-i.e., the portion
ermine in the of the membrane complex that extends into the cytoplasm (5).
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As a preliminary step toward identifing transglutaminase
substrates in Aplysia neurons, we have assumed that the pro-
teins to which polyamines are added are the same as those that
are crosslinked when polyamine levels are low. When vinblas-
tine was used to precipitate proteins from an extract ofAplysia
nervous tissue that had been incubated in [3H]putrescine (Fig.
2), several labeled proteins were found, including a band that
corresponded to Aplysia tubulin. We do not know which of the
proteins contain covalently bound polyamines, but, coupled
with a recent report implicating putrescine and spermidine in
microtubule assembly (26), our results provide additional sup-
port for the hypothesis that polyamines are involved in cellular
events that depend on cytoskeleton interactions.
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