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Summary

Transglutaminase, purified from guinea pig liver, was used to catalyze the incorporation of [14C]putrescine
into exposed surface proteins of intact mouse neuroblastoma cells. This method specifically labeled two
surface proteins (Mr =92 000 and 76 000) in the N-18 mouse neuroblastoma cells and three surface proteins
(Mt =92 000, 76 000, and 72 000) in the NB-15 mouse neuroblastoma cells. In addition, transglutaminase
also catalyzed cross-linking reactions of exposed surface proteins. In both the N-18 and NB-15 cells,
differentiation was accompanied by a 2-fold increase of specific radioactivity incorporated into trichloroacet-
ic acid insoluble cellular material, suggesting that the differentiated mouse neuroblastoma cells may possess
greater amount of accessible peptide-bound glutaminyl residues on their surface than their malignant
counterparts. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorographic method re-
vealed that while the [!4C]putrescine-labeled protein patterns of undifferentiated and differentiated mouse
neuroblastoma cells were similar, the intensity of labeling of individual bands was specifically modulated by

cell differentiation.

Abbreviations

PMSF, phenylmethylsulfonylfluoride; Bt,cAMP,
N6,07-Dibutyryl adenosine 3”:5’-cyclic monophos-
phate; IBMX, 3-isobutyl-1-methyl xanthine; SDS-
PAGE, sodiumdodecylsulfate- polyacrylamide gel
electrophoresis; HEPES, N-2-hydroxylethylpiper-
azine-N’-2-ethanesulfonic acid.

Introduction

Transglutaminases, a class of enzymes widely oc-
curring in animal tissues and body fluids, catalyze a
calcium-dependent acyl transfer reaction between
the y-carboxamide group of peptide-bound gluta-
minyl residue and primary amino group of various
acceptor substrates (1). Depending on the acceptor
substrates, either amine or peptide-bound lysine
residue, transglutaminase can mediate a labeling

reaction or an inter-peptide cross-linking reaction
(1,2).

Purified guinea pig liver transglutaminase has an
apparent molecular weight of 85000 and, when
added to intact cells, would not penetrate cell mem-
branes(3,4). Since the conditions of transglutamin-
ase catalyzed reactions are mild, purified transglu-
taminase has been used to identify exposed surface
proteins of intact cells. For example, Dutton and
Singer (4) have used guinea pig liver transglutamin-
ase and dansylcadaverine to specifically label the
Band 3 protein of mouse erythrocytes. Okumura
and Jamieson (5) have shown that transglutamin-
ase catalyzes the incorporation of [ 14C]glycine ethyl
ester specifically into the glycoprotein II of human
platelet membrane.

Early investigators have demonstrated that
among various primary amines, polyamines (pu-
trescine, spermidine and spermine) serve as good
acceptor substrates for transglutaminase (6). Nu-



92

merous reports have established that polyamines
areinvolved in a wide spectrum of growth regulato-
ry processes (7-9). Other studies have also provided
evidence that cellular transglutaminase may play a
role in growth regulation (10-13). Due to wide-oc-
currence of transglutaminase and polyamines in
animaltissuesand body fluids, itislikely thatendog-
enous polyamines may become covalently bound to
some surface proteins via transglutaminase cata-
lyzed reaction. Studies from several laboratories
have suggested that indeed polyamines may serve as
physiological substrates for transglutaminase in vi-
tro (13, 14) and in vivo (15, 16). In view of these
considerations it appears likely that the transglu-
taminase catalyzed incorporation of polyamines in-
to surface proteins may be used to probe the surface
structure and to identify potential surface sites
where polyamines can be covalently conjugated.

In this report, the cell surface proteins of the
undifferentiated (malignant) and differentiated cul-
tures of two mouse neuroblastoma cell lines, the
N-18 and the NB-15 cells, were studied and com-
pared using the transglutaminase/[!4CJputrescine
labeling method.

Materials and methods

[1,4-14C]putrescine - 2HCI (60 mCi/ mmol) and
[H“C]spermidine - 3HC1 (122 mCi/ mmol) were pur-
chased from Amersham, Arlington Hgts., Ill. Dul-
becco’s modified Eagle medium, fetal calf serum
and Earle’s balanced salt solution were obtained
from Gibco, Grand Island, N.Y. Phenylmethylsul-
fonyl fluoride (PMSF), N6,02"-dibutyryl adenosine
3”5’-cyclic monophosphate (Bt,cAMP) and dithio-
threitol were purchased from Sigma Chem. Co., St.
Louis, Mo. 3-Isobutyl-1-methyl xanthine (IBMX),
an inhibitor of phosphodiesterase, was from Al-
drich Chem. Co., Milwaukee, WI. N,N-dimethyl-
casein was obtained from Calbiochem-Behring
Corp., San Diego, CA. QAE-Sephadex ion ex-
changer was purchased from Pharmacia Fine
Chemicals, Piscataway, N.J. Hydroxyapatite was
purchased from Bio-Rad Lab., Richmond, CA.

Purification of guinea pig liver transglutaminase

Guinea pig liver transglutaminase was purified
by a modified version of the method of Connellan et

al. (17). Transglutaminase activity was determined
by the method of Lorand et al. (18). Briefly, a
100 000 g supernatant from guinea pig liver homog-
enate was chromatographed twice over a QAE-Se-
phadex column. Fractions containing transglutam-
inase activity were pooled and further purified by
hydroxyapatite column chromatography.

Cell culture and differentiation

Mouse N-18 and NB-15 neuroblastoma cells
were grown as monolayer cultures in Dulbecco’s
modified Eagle medium (with 4 500 mg glucose per
liter, without sodium pyruvate) supplemented with
10% fetal calf serum. Cells were plated at a density
of 2 X 104 cells/ cm? and were maintained at 37 °Cin
a Forma water jacketed CO, incubator (95% air,
5% CO,). Differentiation of neuroblastoma cells
was induced by adding Bt,cAMP (1 mM) and iso-
butylmethylxanthine (0.5 mM) to sparse culture 15
h after plating (19). The undifferentiated and differ-
entiated neuroblastoma cells at the early stationary
phase of growth(approximately 4-5 days after sub-
culture) were used for the labeling experiments.

Transglutaminase/['4Clputrescine labeling of sur-
face proteins

Cells grown in monolayer cultures (100 mm
tissue culture dish) at the early stationary phase of
growthwererinsed three times with phosphate-buff-
ered saline (0.15 M NaCl, 10 mM sodium phos-
phate; pH 7.4) and removed from the substratum
by gentle flushing with a stream of Earle’s balanced
salt solution. Cells were then sedimented by cen-
trifugation at 1 000 g for 2 min. The cell pellet was
resuspended in Earle’s balanced salt solution
(pH 7.6), containing 20 mM Tris-HC], 9.5 mM di-
thiothreitol, and 4.5 mM CaCl,. The cell concentra-
tion was kept atl.5 X 107 cells/ ml. [1,4-14C]putres-~
cine (5 ~ 10 uCi/ ml) was added to the cell suspen~
sion, and the labeling reaction was initiated by the
addition of purified transglutaminase (60 ug/ ml) to
the cell suspension. The mixture was incubated at
35 °Cfor 1 h with occasional gentle agitation. The
cell suspension was then diluted with Earle’s bal-~
anced salt solution containing 5 mM cold putres-
cine, and washed three times by centrifugation at
1000 g. The final cell pellet was suspended in a
10 mM Tris-HCI (pH 7.2) buffer containing | mM



PMSF. Samples were then prepared for SDS-
PAGE according to methods described below. Al-
ternatively, after labeling, the cell pellet was resus-
pended and homogenized in 10 mM HEPES
(pH 7.2), containing | mM MgCl,,2 mM CaCl, and
0.5 mM PMSF. The plasma membrane enriched
fraction was prepared by discontinuous sucrose
gradient (15%, 30% and 50%) centrifugation at
23300 gfor 30 min as previously described (20). The
incorporation of [14C]puirescine into acid-insolu-
ble cellular material was determined by a filter-pap-
er assay method (21). Protein concentrations were
measured by the procedure of Lowry et al. (22)
using bovine serum albumin as the standard.

SDS-polyacrylamide gel electrophoresis and fluor-
ographic procedure

Protein samples obtained after labeling experi-
ments were mixed with one-fifth volume of SDS-
stop solution containing 129% SDS, 0.5 M Tris-HCI
(pH 8.0) 109% B-mercaptoethanol, 5 mM EDTA,
25% glycerol and 0.005% pyronin Y and heated at
100 °C for 5 min. The protein samples were then
subjected to SDS-PAGE on a linear gradient slab
gel (7.5-15% acrylamide) as previously described
(20). Gels were stained for protein with Coomassie
blue. Fluorographs were prepared according to the
procedure of Bonner and Lasky (23). Apparent
molecular weights of the radioactive protein bands
were estimated by the method of Fairbanks et al.
(24). Standard proteins (and their molecular
weights) used were cytochrome C (12 000), chymo-
trypsinogen (25 000), aldolase (40 000), ovalbumin
(45 000), catalase (57 000), bovine serum albumin
(67 000), phosphorylase a (94 000) and 8-galactosid-
ase (130 000). Fluorographs were scanned with a
Schoeffel SD-3 000 spectromicrodensitometer, and
the peak areas of the optical tracings were used as a
quantitative measure of the incorporation of ra-
dioactivity.

Results

When intact mouse neuroblastoma cells were in-
cubated with [!14C]putrescine in the presence of pur-
ified guinea pig liver transglutaminase, several sur-
face proteins were specifically labeled. Figure 1
shows the specific labeling of two protein bands
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with apparent molecular weight of 92000 and
76 000 of the N-18 cells and three protein bands
with apparent molecular weight of 92 000, 76 000
and 72 000 of the NB-15 cells by [1*C]putrescine. In
addition to these labeled proteins, a band of ra-
dioactivity was also apparent at the top of the gra-
dient gel in both N-18 and NB-15 cells. It seems
likely that this very high molecular weight radioac-
tive band may represent cross-linked proteins using
['4C]putrescine as a cross-linking agent. This no-
tion is supported by the finding that this band did
not penetrate appreciably into the gel after electro-
phoresis even when acrylamide concentration was
reduced to 5% (for example see Fig. 3B).

The amount of ['“C]putrescine incorporated into
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Fig. 1. Fluorograph illustrating the transglutaminase catalyzed
incorporation of [1,4-14C]putrescine into surface proteins of the
N-18 and NB-15 mouse neuroblastoma cells. Both N-18 and
NB-15 cells were labeled under identical conditions and plasma
membrane fractions of each cell line were prepared (see Meth-
ods). The plasma membrane preparations used in this experi-
ment were 9-fold purified judging by the increase in specific
activity of 5-nucleotidase (see Methods). The protein samples
were then solubilized in SDS-Stop solution and subjected to
analysis by SDS-PAGE as described in Methods. Each lane
contained 50 ug protein. T.D. refers to the dye front of tracking
dye, pyronin Y.
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the major labeled protein bands in N-18 and NB-15
cells was calculated from the densitometric tracings
of the fluorographs and was expressed as percen-
tage of radioactivity incorporated (Table 1). While
the three labeled surface proteins (Mr = 92 000,
76 000 and 72 000) were of approximately equal
intensity in NB-15 cells, the 76 000-dalton band of
N-18 cells alone accounted for about 509 of the
total radioactivity incorporated.

The difference in the labeling pattern between
N-18 and NB-15 cells is unexpected in view of the
relatedness of these two clonal lines. Both the N-18
and NB-15 mouse neuroblastoma cells are clonal
lines derived from the original tumor line C-1300
mouse neuroblastoma cells (25). Both cell lines can
be induced to undergo differentiation by the addi-
tionof cyclicAMP analogsand/ or phosphodiester-
ase inhibitors (19, 26). The significance of such
small difference in the membrane structure revealed
by the [!4C]putrescine labeling pattern between
these two closely related clonal lines is not clear.
However, it is interesting to note that, despite many
similarities shared by these two cell lines, they dif-
fered slightly in their doubling time; being~21 h for
N-18 cells and ~25 hrs for NB-15 cells.

The fact that [!14C]putrescine can selectively label
exposed surface proteins suggests that this method
may be used to monitor possible changes of plasma
membrane during the differentiation of mouse neu-
roblastoma cells. Other surface protein labeling
methods such as lactoperoxidase catalyzed iodina-
tion method and galactose oxidase catalyzed reduc-

Table |. Transglutaminase catalyzed incorporation of [*C]pu-
trescine into various surface proteins of the N-18 and NB-15
mouse neuroblastoma cells.

Percentage of the total amount of
radioactivity incorporated into
individual protein bands

N-18 NB-I5
gel top band 20 + 5% 17+£3
92 000 15+3 205
76 000 48+ 6 16 + 3
72000 0 18 +4
others ~15 ~25

2 Mean * S.D. of three separate experiments

The percentage of the total amount of radioactivity incorporat-
ed into individual protein bands was estimated from the densi-
tometric tracings of the fluorographs.

tive tridiation method have been used to study the
changes of plasma membranes in cell differentia-
tion and malignant transformation (20, 27).

In boththe N-18 and NB-15 neuroblastoma cells,
the amounts of radioactivity incorporated into the
trichloroacetic acid-insoluble material of the differ-
entiated cells were approximately 2-fold higher
than that of their undifferentiated (malignant)
counterparts (Table 2).

The electrophoretic pattern of ['4C]putrescine-
labeled surface proteins of the undifferentiated and
differentiated N-18 neuroblastoma cells is shown in
Fig. 2. The intensities of the gel top protein band
and the 76 000-dalton band of the differentiated
N-18 cells were greater than that of the undifferen-
tiated cells by 2.1-fold and 2.3-fold, respectively.
However, the intensity of the 92 000-dalton band of
the differentiated N-18 cells was diminished when
compared to that of the undifferentiated cells. The
reciprocal relationship of the intensities of the gel
top band the 92 000-dalton band in the differentiat-
ed N-18 cells could be due to a more preferential
cross-linking of the 92 000-dalton band in the dif-
ferentiated N-18 cells than that in the undifferen-
tiated counterparts.

The labeling patterns of the undifferentiated and
differentiated NB-15 cells are shown in Fig. 3. In
contrast to results obtained with the N-18 cells, the
intensity of all the labeled protein bands of NB-15
cells increased during cell differentiation. In addi-
tion, differentiation of NB-15 cells, was also ac-
companied by increases of labeling of some low

Table 2. Transglutaminase catalyzed incorporation of [4C]pu-
trescine into acid-insoluble material of mouse neuroblastoma
cells.

Trichloroacetic acid
insoluble radioactivity

Cell line Morphology (cpm per mg protein)
Undifferentiated 55000 £ 8007

N-18
Differentiated 114 000 = 2 000
Undifferentiated 77000 £ 900

NB-15

Differentiated 153 000 + 3 000

2 Mean * S.D. of three separate experiments

Undifferentiated and differentiated mouse neuroblastoma cells
were labeled by the transglutaminase/[!4C]lputrescine method
under identical conditions. The specific radioactivity incorpo-
rated into acid insoluble cellular material was determined by
filter-disc assay method (21).
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Fig. 2. Densitometric tracing of fluorograph illustrating the
pattern of transglutaminase/['*C]putrescine labeled surface
proteins of the undifferentiated (NB) and differentiated (ND)
N-18 mouse neuroblastoma cells. Undifferentiated and differen-
tiated N-18 cells were labeled under identical conditions. La-
beled proteins were separated on a linear gradient (7.5-15%) of
SDS-polyacrylamide slab gel. The fluorograph was made on a
SB-5 X-ray film (Eastman Kodak). Densitometric tracings were
obtained by scanning the fluorographs. For both the NB and
ND cells, S0 ug of cellular protein were used for gel electro-
phoresis.

molecular weight protein bands (Fig. 3A). Fig. 3B
emphasizes the fact that the very high molecular
weight band in both undifferentiated and differen-
tiated NB-15 cells did not penetrate appreciably
into the 5% gel suggesting that this gel top band is a
cross-linked band.

The results illustrated in Fig. 2 and Fig. 3 also
demonstrated that while the patterns of proteins
labeled by the transglutaminase catalyzed incorpo-
ration of [14C]Jputrescine of the undifferentiated
and differentiated mouse neuroblastoma cells were
similar, the intensity of labeling of the individual
bands was modulated by cell differentiation.
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Discussion

In this study, the transglutaminase/[!4C]putres-
cine labeling method was used to compare and
probe the possible differences in surface architec-
tures of undifferentiated and differentiated neuro-
blastoma cells.

A significantly greater amount of radioactive pu-
trescine was incorporated into the surface proteins
of the differentiated N-18 and NB-15 cells than that
of their undifferentiated counter parts (Figs. 2 and
3). These results indicated that the differentiation of
mouse neuroblastoma cells was accompanied by an
increase of available acyl donor groups (i.e., gluta-
minyl residues) at cell surface proteins. Such an
increase may be due to any one or a combination of
the following mechanisms: (a) both the undifferen-
tiated and differentiated neuroblastoma cells have
the same number of peptide-bound glutaminyl res-
idues, but in the undifferentiated cells these residues
are partially occupied by endogenous polyamines;
{b) the conformation of surface proteins of the dif-
ferentiated cells is such that they are more suscepti-
ble to the transglutaminase catalyzed transamida-
tion reaction than their undifferentiated counter-
parts; (c) there are more copies per cell of those
surface proteins which can be labeled by [14C]-
putrescine in the differentiated cells than that in the
undifferentiated cells.

It has been shown that transglutaminase can
cross-link proteins through two mechanisms, one is
the direct cross-linking of two proteins via y-glu-
taminyl-lysine linkage, (2, 4) the other is using di-
amine or polyamine as a bridge to cross-link pro-
teins via the -y-glutaminyl-diamine (polyamine)-
y-glutaminyl linkage (28). The incorporation of
radioactive putrescine into protein band at gel top
of both N-18 and NB-15 cells suggests that [1*C]pu-
trescine may be used as a cross-linking agent under
the present experimental conditions. If so, the in-
creased cross-linking of surface proteins in the dif-
ferentiated N-18 and NB-15 cells suggest that mem-
brane structure of the differentiated cells may be
different from that of the undifferentiated cells.

Polyamine-conjugated proteins have been des-
cribed in human plasma (15), human amniotic fluid
(16), and possibly human lymphocytes (29). Since
transglutaminase and polyamines exist both in
tissues and tissue fluids, transglutaminase may cat-
alyze the incorporation of extracellular polyamines
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Fig. 3. Fluorograph illustrating the transglutaminase/[*C]putrescine labeled surface proteins of undifferentiated (NB) and differentiat-

ed (ND) NB-15 mouse neuroblastoma cells.

Panel A: labeled proteins were separated on a 7.5-15% linear gradient SDS-polyacrylamide slab gel.
Panel B: labeled proteins were separated on a 5% SDS-polyacrylamide gel. Each lane contained 50 ug protein.

into cell surface proteins in vivo. In light of this, it is
of interest to note that Quashet al. have shown that
anti-polyamine antibody binds tightly to the sur-
face of chick embryo cells (30) and is able to lyse L
cells and BHK Py cells (31) in the presence of com-
plement (31). Their results suggest that tightly-
bound polyamines do exist at cell surface, however,
the chemical properties of such binding remain to
be identified. In the present study, I have shown
that putrescine can covalently bind to certain spe-
cific surface proteins of mouse neuroblastoma cells.
If indeed there are tightly bound polyamines at cell
surface, these labeled surface proteins (92 000- and
72 000-dalton proteins for N-18 cells and 92 000-,
76 000- and 72 000-dalton proteins for NB-15 cells)
may represent potential binding sites for polyam-
ines in vitro and in vivo.
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