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ABSTRACT: Sphaerechinus granularis eggs were fertilized in seawater in the presence of 0.2 mM dan-
sylcadaverine, and development was allowed to take place with this compound in the medium. ~y-Gluta-
myldansylcadaverine, indicative of the utilization of the amine tracer by intrinsic transglutaminase, was
isolated from the embryonic proteins, and identity of the product with the chemically synthesized vy-glutamyl
derivative of dansylcadaverine was confirmed. Covalent labeling of proteins occurring during development
was examined by means of electrophoresis in NaDodSO,, followed by immunoblotting with an antibody
that specifically recognized the dansyl hapten. There was an increase in the total uptake of the tracer at
an essentially constant rate with each cell divison, from 2- to 8- and 64-cell stages. Moreover, multiple
protein labeling was evident in all specimens. The described concept of studying posttranslational modifications
in vivo by transglutaminase through detection of the haptenic or specific ligand recognizable group of an
incorporated small amine substrate will undoubtedly be of general utility for probing the functions of this

family of enzymes in other cell types as well.

Activation of transglutaminase (Lorand & Conrad, 1984),
as measured by the incorporation of the naturally occurring
polyamine, putrescine, into proteins, was shown to occur within
a few minutes following fertilization of sea urchin eggs, sug-
gesting that this enzyme might play a role in the early post-
translational modification of embryonic proteins (Cariello et
al., 1984). An appreciable degree of protein cross-linking by
N¢-(vy-glutamyl)lysine side-chain bridges, yet another indicator
of the physiological functioning of transglutaminases, was also
demonstrated. These observations serve as the background
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for the present study which examines in vivo patterns of amine
incorporation into proteins in the 2-, 8-, and 64-cell embryo.
Because natural polyamines can undergo a variety of metabolic
reactions, synthetic dansylcadaverine! was employed as the
tracer (Lorand et al., 1968). This compound is a good general
substrate for transglutaminases of all types and is known to
compete effectively against the incorporation of polyamines
into proteins following fertilization. The availability of a

! Abbreviations: dansylcadaverine or D¢, N-(5-aminopentyl)-5-(di-
methylamino)-1-naphthalenesulfonamide; y-glutamyldansylcadaverine
or v-GluDc, N'-L-(y-glutamyl)-N3-[5-(dimethylamino)-1-naphthalene-
sulfonyl]diaminopentane; Dns, dansyl or 5-(dimethylamino)-1-
naphthalenesulfonyl; cadaverine, 1,5-diaminopentane: TLC, thin-layer
chromatography; HPLC, high-pressure liquid chromatography; Boc,
tert-butyloxycarbonyl; Tris, tris(hydroxymethyl)aminomethane; EDTA,
ethylenediaminetetraacetate; NaDodSQO,, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; K, 10°,
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sensitive immunoblotting procedure, based on an antibody to
the dansyl moiety (Lorand et al., 1986), made this compound
a particularly suitable choice for purposes of such investiga-
tions,

MATERIALS AND METHODS

Embryonic Cultures. Methods for the harvesting, washing,
counting, and fertilizing of eggs from Sphaerechinus granu-
laris (collected in the Bay of Naples) were essentially the same
as described in the earlier work (Cariello et al., 1984). A
20-mL suspension containing 10% eggs was incubated (20 min,
ca. 20 °C) in the dark with 1 mM dansylcadaverine in a
filtered seawater medium enriched with 2 mM calcium chlo-
ride. The suspension was diluted 5-fold with the seawater prior
to the addition of sperms. Aliquots (30 mL) were withdrawn
from the developing culture at approximately 1.5, 3.5, and 7
h, corresponding to 2-, 8-, and 64-cell embryos. Following
sedimentation in a hand-driven centrifuge, ca. 0.5-mL pellets
were formed, which were resuspended in 10 mL of 10 mM
Tris-HCI, pH 8.3, containing 10 mM EDTA, 0.1 M methyl-
ammonium hydrochloride (Sigma, St. Louis, MO) and | mM
phenylmethanesulfonyl fluoride (Sigma). Suspensions were
homogenized (1 min, Ultra-Turrex, TP 10; IKA, West Ger-
many) and concentrated by freeze-drying. Control cultures
were raised, harvested, and processed in a parallel manner,
but without dansylcadaverine in the medium.

Electrophoresis and Immunoblotting. Materials were taken
up in 2% NaDodSO, (Bio-Rad, Richmond, CA) and 40 mM
dithiothreitol (Sigma) in 50 mM Tris-HCI, pH 7.5 (37 °C,
2 h), and insoluble residues were removed by centrifugation
(Microfuge, Beckman, Fullerton, CA). Samples corresponding
to approximately 100 ug of proteins were applied to 3% po-
lyacrylamide stacking gels and were electrophoresed (protean
slab gel apparatus; Bio-Rad) either in 6% or in 10% poly-
acrylamide resolving gels according to the method of Laemmli
(1970). Molecular weight markers (MW-SDS-200 and 70L
kits) were purchased from Sigma. Gels were transblotted to
nitrocellulose (0.2-um pore size, Schleicher & Schuell, BAS83,
Keene, NH) by using an LKB 2005 Transphor unit (Houston,
TX) and employing the buffer system [25 mM Tris, 0.192 M
glycine, and 20% (v/v) methanol, pH 8.3] recommended by
Towbin et al. (1979). Processing of nitrocellulose sheets,
staining with 0.2% amido black (Sigma) for proteins, and
immunoblotting with anti-dansyl IgG were carried out as
previously described (Lorand et al., 1986). Dilutions of rabbit
anti-dansyl IgG (1:2000), of biotinylated anti-rabbit IgG
(1:500, Vectastain, Vector, Burlingame, CA), and of the
avidin—peroxidase complex (1:250) were chosen to obtain
maximal color development against a clear background. Im-
munoblots were photographed, negatives were scanned (Ze-
ineh, Fullerton, CA), and appropriate areas of the tracings
were weighed to estimate the relative distribution of immu-
nostained material.

Isolation of y-Glutamyldansylcadaverine (v-GluDc) from
64-Cell Embryos Raised in the Presence of Dansylcadaverine.
The dry material (300 mg) was taken up in a solution (8.5
mL) of 25 mM Tris-HC], 200 mM glycine, pH 8.3, 10 mM
EDTA, 2% NaDodSOy,, and 1% 2-mercaptoethanol. A slight
sediment was removed by centrifugation, the pellet was rinsed
with 0.5 mL of the above, and the supernatants were combined.
Passage through an Extracti-gel D (Pierce Chemical, Rock-
ford, IL, 1.5 X 20 cm) column, using the above solution
without NaDodSO, as eluant, removed the detergent. Proteins
were precipitated by the addition of trichloroacetic acid (10%)
at 4 °C (16 h); the precipitate was washed twice with 5 mL
of each of the following: 5% trichloroacetic acid, ethanol/
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acetone 1:1 (v/v), and acetone. The dried proteins were taken
up in 2.5 mL of 0.1 N NaOH and dialyzed against 0.1 M
NHHCO;, pH 8. Enzymatic digestion, following the example
given by Cariello et al. (1984), was carried out with the se-
quential addition of 0.4 mg of subtilisin (twice), 0.4 mg of
pronase CB (twice), 0.4 mg of carboxypeptidase Y, 0.15 mg
of leucine aminopeptidase (twice), and 0.15 mg of prolidase.
The insoluble residue was removed (Microcentrifuge, Brink-
man, Westbury, NY), and the precipitate was dried and
dissolved in 2 mL of 0.002 N HCl. Amino acid analysis was
performed according to the procedure of Griffin et al. (1982)
to estimate the total amount of protein in the sample (21.9
mg). Correction was made by subtracting amino acid con-
tributions from the proteases used for digestion (0.9 mg).
Thus, a value of 21 mg was calculated as representing sea
urchin proteins.

v-GluDc was identified by HPLC (Waters, Bedford, MA)
using three solvents (Cariello et al., 1984): methanol, H,0
(Milli-Q + Organex-Q, Millipore Corp., Bedford, MA), and
40 mM potassium acetate, pH 5.5, each containing 1% (v/v)
tetrahydrofuran. The Zorbax Cq4 column (Du Pont, Wil-
mington, DE) was equilibrated at a solvent composition of 40%
methanol and 30% each of H,O and potassium acetate. Two
minutes following sample (0.2 mL) injection, a linear increase
of methanol commenced, with a decrease of the other solvents.
With a flow rate of 1.8 mL /min, the methanol concentration
was allowed to reach 100% at 22 min. Fluorescence of the
effluent was monitored (A, = 334 nm, A, = 530 nm) with
a Waters Model 420 AC detector at highest sensitivity.

A 0.2-mL aliquot of the proteolyzed digest of embryonic
proteins was dried and redissolved in 0.2 mL of 50 mM sodium
phosphate, pH 7.5. Ten microliters of partially purified -
glutamylamine cyclotransferase (Fink et al., 1980) containing
0.2 activity unit was added, and the sample was incubated at
37 °C for 60 min. The reaction was stopped by adding 20
1L of 0.6 N HCI, and the sample was analyzed by HPLC as
described above.

Biochemical Preparation of [*H}-y-Glutamyldansyl-
cadaverine ([*H]-v-GluDc) Standard. The compound was
isolated from the proteolytic digest of N,N’-dimethylcasein,
following the transglutaminase-mediated labeling of this
protein with [*H]dansylcadaverine. The 3-mL mixture in 50
mM Tris-HCI, pH 7.5, comprised 45 mg of N,N*-dimethyl-
casein (Curtis & Lorand, 1976), 9 ug of guinea pig liver
transglutaminase (Connellan et al., 1971), S mM CaCl,, 5 mM
dithiothreitol (Sigma), and 2 mM [*H]dansylcadaverine
(Amersham, Arlington Heights, IL; diluted with the cold
amine to an activity of 5520 cpm/nmol). After 21 h of in-
corporation at 37 °C, the sample was dialyzed against water
and was taken to dryness (Speedvac, Savant, Hicksville, NY).
It was dissolved in 2.5 mL of 0.1 M NH,HCO,, pH 8, and
was hydrolyzed by the sequential addition of proteolytic en-
zymes as previously described (Cariello et al., 1984), using
0.6 mg of subtilisin (twice), 0.6 mg of Pronase (twice), 0.3
mg of carboxypeptidase Y, 0.225 mg of leucine aminopeptidase
(twice), and 0.225 mg of prolidase. The digest was filtered
(0.45 pm, Millipore Corp.) and dried. It was dissolved in 2
mL of water and was redried three times.

Separation of [*H}-y-GluDc was achieved by HPLC with
a Zorbax Cg column using a linear gradient between two
solvents [A, 0.1% (v/v) triethylamine acetate, pH 6.8, and 1%
(v/v) tetrahydrofuran; B, 90% (v/v) acetonitrile in solvent A].
The protein digest was taken up in 2.5 mL of solvent A and
was processed in suitable aliquots through HPLC. The solvent
composition at injection was 70% solvent A and 30% solvent
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B. Two minutes later the percentage of solvent B was allowed
to rise linearly, reaching 100% at 22 min. The flow rate was
set at 1.5 mL/min, and fluorescence of the effluent was
monitored (A, = 360 nm, v, = 530 nm) with the detector
set to its lowest sensitivity. The presumed [*H]-y-GluDc peak
representing about 64% of the total radioactivity, and eluting
at 10.3 min, was pooled from all the aliquots chromatographed
and dried. The material was finally dissolved in 0.01 N HCI
and stored at =20 °C. Another radioactive peak (ca. 36% of
the total isotope) eluting later from the HPLC column was
identified as free [*H]dansylcadaverine.

Synthesis of N'-L-(v-glutamyl)-N*-{5-(dimethylamino)-
I-naphthalenesulfonylldiaminopentane was necessary to
confirm the identity of the y-GluDc obtained by the bio-
chemical procedures described above. To a stirred and cooled
(-15 °C) solution of N*-Boc-glutamic acid a-benzyl ester (1.0
g, 2.96 mmol; Chemical Dynamics, South Plainfield, NJ) in
10 mL of dry tetrahydrofuran was added N-methylmorpholine
(0.34 mL, 3.0 mmol), followed by isobutyl chloroformate (0.38
mL, 2.9 mmol). After 15 min, a precooled (0 °C) solution
of dansylcadaverine fumarate (1.28 g, 2.83 mmol; Sigma
product converted to the fumarate salt) in 10 mL of dry di-
methylformamide containing N-methylmorpholine (0.34 mL,
3.0 mmol) was added. The reaction mixture was stirred at
~10 °C for 30 min and then at 0 °C for 3 h, followed by 17
h at room temperature. The solvents were removed by
evaporation in vacuo, and the residue was taken up in ethyl
acetate (150 mL). The ethyl acetate extract was washed
successively with cold 1 N HCI (1 X 25 mL), 5% NaHCO,,
and saturating NaCl. It was dried (Na,SO,), filtered, and
concentrated to a 10-mL volume under reduced pressure. This
was diluted with petroleum ether and cooled (0 °C), and the
precipitate was triturated repeatedly with additional cold (0
°C) petroleum ether, filtered, and dried in vacuo to give 1.74
g (94%) of a light yellow solid: mp (uncorrected) 49-52 °C;
TLC homogeneous (fluorescent under UV light of 365 nm,
but negative with 0.25% ninhydrin stain in 1-butanol); R,0.84
in solvent I [chloroform/methanol/acetic acid 10:2:1 (v/v)]
and 0.86 in solvent II [ether/ethanol/NH,OH 14:4:2 (v/v)].
The 'H NMR (CDCl;, 90 MHz) spectrum was in agreement
with the structure for the blocked intermediate, N*-Boc-a-
benzyl-y-glutamyldansylcadaverine. A solution of this ma-
terial (1.64 g, 2.5 mmol) in 125 mL of ethanol was hydro-
genated in the presence of 0.4 g of 5% Pd on a carbon catalyst
for 4 h at atmospheric pressure. The catalyst was filtered off,
and the filtrate was concentrated. Upon addition of 60 mL
each of anhydrous ether and petroleum ether, followed by
trituration of the precipitate with petroleum ether, a light
yellow solid was obtained which was filtered off and dried in
a vacuum desiccator to give 1.26 g (89%): mp 83-88 °C; TLC
homogeneous (fluorescent, but ninhydrin negative); R;0.79
in solvent I and 0.15, 0.78, and 0.23 in solvents II, III [95%
ethanol/10% NH OH 10:2 (v/v)], and IV [chloroform/
methanol 10:2 (v/v)], respectively. To deblock the Boc group,
a solution of this intermediate (0.3 g, 0.53 mmol) in 2.0 mL
of 50% trifluoroacetic acid in dichloromethane was allowed
to stand at room temperature for 1 h. Excess trifluoroacetic
acid was removed by adding more dichloromethane and
evaporating under vacuum and triturating the residue with cold
anhydrous ether (2 X 25 mL). The precipitate was filtered
off and recrystallized twice from a mixture of anhydrous
methanol and anhydrous ether with a yield of 0.185 g (60%)
of L-v-glutamyldansylcadaverine: mp (uncorrected) 171-173
°C; TLC homogeneous (fluorescent and ninhydrin positive);
R,0.1 in solvent I, 0.05 in solvent II, and 0.65 in solvent III;
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FIGURE 1: Identification of 4-glutamyldansylcadaverine (v-GluDc)
in the hydrolysate of proteins from the 64-cell embryo, raised in the
presence of dansylcadaverine (Dc). Panel A shows the HPLC profile
for a standard mixture containing [*H]-y-GluDc (100 pmol) and D¢
(100 pmol), as monitored by fluorescence (see Materials and Methods).
Panel B is the pattern for the hydrolysate of embryonic proteins (1.8
mg) which, upon further treatment with y-glutamylamine cyclo-
transferase, was converted to the pattern shown in panel C.

'H NMR (Me,SO-d;) & (expressed as parts per million and
using tetramethylsilane as internal standard) 1.1-1.3 (6 H,
m, (CH,); of diaminopentyl moiety), 1.8-1.9 (2 H, br m,
BCH;, Glu), 2.2 (2 H, app t, yCH, Glu), 2.75-2.88 [10 H,
m of NHCH,(4H) + S of N(CH,),(6 H) centered at 2.85],
3.2 (1 H, app t, «CH Glu), 3.35 (3 H, br s, -N*Hj,), 7.95 (2
H, br t, SO,NH + CONH), 7.25, 8.1, 8.3, 8.45 (each 1 H,
d, naphthyl of Dns), 7.6 (2 H, m, naphthyl of Dns); FAB MS,
m/z 465.2 (M* + 1). Anal. Calcd for C;,H;,N,OS: C,
56.87; H, 6.94; N, 12.05. Found: C, 56.19; H, 6.89; N, 11.74.

RESULTS

Pretreating of Sphaerechinus eggs for 20 min with 1 mM
dansylcadaverine and lowering the concentration of the amine
to 0.2 mM just prior to the introduction of sperms were com-
patible with a good fertilization rate (>90%) and an apparently
normal mode of development for the duration of the experi-
ments. Embryos were harvested at the 2-, 8-, and 64-cell stages
at approximately 1.5, 3.5, and 7 h after fertilization, homo-
genized, and processed as described under Materials and
Methods.

First, the identity between a biochemically isolated v-GluDc
and the chemically synthesized N!-L-(y-glutamyl)-/V3-[5-
(dimethylamino)-1-naphthalenesulfonyl]diaminopentane had
to be demonstrated. Therefore, v-GluDc was obtained from
the proteolytic digest of N,N’-dimethylcasein into which
[*H]dansylcadaverine was previously incorporated through the
action of liver transglutaminase. By employing the HPLC
protocol for Figure 1, the biochemically prepared and the
synthetic product coeluted at about 9.7 min. In addition,
treatment of either compound with y-glutamylamine cyclo-
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FIGURE 2: Electrophoretic separation and immunoblotting of embryonic proteins with anti-dansyl antibody. Panels A and A’ show the protein
profiles obtained n 6% and 10% polyacrylamide gels, respectively, by the staining of nitrocellulose transblots with amido black, whereas panels
B and B’ repesent the corresponding immunoblots with the anti-dansyl antibody (see Materials and Methods). Lanes 1, 2, and 3 in each panel
refer to samples from the 2-, 8-, and 64-cell embryos grown in the presence of dansylcadaverine; lane 4 is always the control 64-cell specimen
which was raised in the absence of dansylcadaverine. Molecular weight markers are included in panels A and A’, and calculated relative molecular
weights for prominent bands in the immunoblots are given for panels B and B". The arrows in panel B mark the position of 50K proteins.

transferase resulted in the loss of the 9.7-min peak but gave
rise to a similarly fluorescent material which was eluted around
11.6-11.8 min. This second peak was identified as dansyl-
cadaverine (Dc).

Panel A in Figure 1 illustrates the resolution for a reference
mixture of 100 pmol each of y-GluDc and Dc standards, and
panel B shows the HPLC fluorescence profile for the pro-
teolytic digest of the 64-cell embryonic proteins. The analysis
revealed the presence of y-GluDc at a frequency of about 2.4
mol/10® g of protein and of free Dc at about 0.9 mol/10° g
of protein. When the digest in panel B was exposed to -
glutamylamine cyclotransferase, as presented in panel C, there
was a complete loss of 4-GluDc; however, free Dc accumulated
to the extent of about 3.1 mol/10® g of protein.

Having demonstrated that the bulk of the dansylcadaverine
which became incorporated into embryonic proteins could be
recovered from the digest in the form of y-GluDc, a structure
compatible with transglutaminase-mediated posttranslational
modifications, the pattern of protein alterations during em-
bryonic development was examined. Proteins were extracted
from the 2-, 8-, and 64-cell embryos by NaDodSO, in di-
thiothreitol and were electophoresed in polyacrylamide, fol-
lowed by transfer to nitrocellulose under electric current. Since
free dansylcadaverine would not be transferred by this pro-
cedure, it could be assumed that probing the nitrocellulose with
an anti-dansyl antibody would yield positive results only with
proteins which were covalently modified through the incor-
poration of dansylcadaverine at relevant positions.

Electrophoresis was performed in 6% as well as in 10%
polyacrylamide resolving gels to achieve separation of poly-
peptides of higher molecular mass (panels A and B of Figure
2) and lower than 66K (panels A’ and B”). Panels A and A’
show the protein profiles obtained by staining the nitrocellulose
sheets with amido black, whereas panels B and B’ represent
the immunoblots with anti-dansyl antibody. Lanes I, 2, and
3 correspond to samples from the 2-, 8-, and 64-cell embryos
grown in the presence of dansylcadaverine, while lane 4 in each
panel refers to a control 64-cell stage specimen that was raised

in the absence of dansylcadaverine. Since staining intensities
with amido black were essentially the same throughout (lanes
1-4 for panel A or A’), it may be concluded that similar gel
loadings were achieved.

Negative immunoblotting in lanes 4 of panels B and B’ was
in accordance with the specificity of the anti-dansyl antibody
because it did not react with any component in this control
material. However, all the experimental specimens grown in
the presence of dansylcadaverine gave positive immunostaining.
Overall intensity increased with embryonic age, from lanes 1
to 3 in panels B and B’. Furthermore, in all instances, in-
cluding the 2-cell samples, multiple labeling of bands was
evident. Even the lower molecular weight (<50K) material
moving as a sharp band at the front of 6% gels (marked by
arrows on the transblots in panel B) could be resolved into
several components by electrophoresis in the 10% polyacryl-
amide gel (panel B’).

Densitometric scans of the immunoblots (corresponding to
panels B and B’ in Figure 2) are shown in Figures 3 and 4,
respectively, demonstrating the progressive labeling of em-
bryonic constituents in a more quantitative manner. The
combined areas under each tracing in Figure 3 reflect the
extent of dansylcadaverine incorporation. When these were
compared for the 2-, 8-, and 64-cell preparations (marked I,
I1, and III, respectively), the approximate ratio of 1:2.6:12.7
was obtained. Considering the fact that the 2- and 8-cell stages
are separated by two cell divisions and the 8- and 64-cell stages
by three cell divisions, the data indicate a fairly constant or
just a slightly increasing rate (1.3-1.6-fold) of labeling of
embryonic proteins. The relative distribution of labeling for
the different molecular weight groups of proteins in the 64-cell
blastomere was as follows: about 20% of the total dansyl label
was in Z182K bands, 32% in 182-123K, 17% in 123-98K,
23% in 98-68K, 5% in 64-51K and only 3% in <51K species.
As shown in Figure 4, the small molecular weight material
could be further resolved into several components, and labeled
bands could be recognized with Ms of 51K, 44.5K, 32.5K,
and 29.5K. However, in quantitative terms, their individual
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FIGURE 3: Profile of dansylcadaverine-labeled large (=70K) embryonic
proteins. Densitometric analysis was carried out for the immunoblots
shown in lanes 1-3 of panel B in Figure 2.
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FIGURE 4: Distribution of dansylcadaverine-labeled small (<70K)
embryonic proteins. The densitometric profiles were obtained from
the immunoblots shown in lanes 1-3 of panel B’ in Figure 2.

contributions to the total uptake of dansylcadaverine appeared
to be rather minimal.

DISCUSSION

The presence of transglutaminase in sea urchin eggs has
been known for some time, and it has also been suggested that
the subcellular distribution of the enzyme may change during
embryogenesis (Campbell-Wilkes, 1973). Additional interest
was focused on transglutaminase by showing that, soon after
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fertilization, the enzyme underwent a remarkable degree of
activation (Cariello et al., 1984). Since emetine, as inhibitor
of protein synthesis, did not block the increase in activity up
to the first cell division, it was concluded that fertilization
caused a conversion of a preexisting form of transglutaminase
to an enzymatically active form. A similar pattern of acti-
vation was found when human epidermal carcinoma cells
(A431) were exposed to epidermal growth factor (Dadabay
& Pike, 1987). Thus, in addition to gene activation, the
conversion of transglutaminase from a latent to an enzy-
matically functioning form may be a common response to
different agonists, such as sperm or growth factors, in a variety
of cell types. Altogether, the transglutaminase-mediated
posttranslational modification of proteins may be of general
biological importance.

By nondenaturing electrophoresis (Lorand et al., 1979a)
three forms of transglutaminase could be identified in extracts
of Strongylocentrotus purpuratus eggs (Takeuchi and Lorand,
unpublished observation). Of these differently charged pro-
teins, one was obtained in a highly purified form; the enzyme
was shown to require Ca?* for expression of activity and was
inhibited by iodoacetamide, an indication that it functioned
through a SH catalytic center.

A major aim of the present study was to define the in vivo
pattern of posttranslational modification of protein substrates
after fertilization, caused by the activation of transglutaminase.
To highlight the difficulties inherent in this effort, it may be
instructive to compare the transglutaminase-catalyzed reaction
with the paradigm of protein phosphorylation by tyrosine
kinases in biological systems [see Hunter and Cooper (1985)].
In that example there is but one product, a phosphotyrosyl
residue, and the phosphoryl group which is transferred is
always derived from the singular y-position of the intracellular
ATP pool. Importantly, also, the latter can be readily labeled
to high levels of radioactivity under physiological conditions.
By contrast, transglutaminase-mediated reactions, operating
on protein-bound (P) glutaminyl residues, may generate a
variety of products depending on the partitioning of the
acyl-enzyme intermediate by different nucleophiles [such as
water, alcohols, small primary amines (e.g., putrescine,
spermidine, spermine), or the e-lysine side chain of another
protein; see Lorand and Conrad (1984)]. In every case, NH,
is a common byproduct, generated in the formation of the
acyl-enzyme intermediate, but the derivatization of the pro-
tein-bound glutamyl will differ:

P~CONH, + H,0 — P~COOH (1)
P~CONH, + HOR — P~COOR )
P~CONH, + H,NR — P~CONHR 3)

P~CONH, + H;N~~P’ — P~CONH~ ~P’ (4)

It would be quite a formidable analytical task to search for
all of these products after cell activation. Rather, we intro-
duced an exogenous amine tracer, dansylcadaverine, and al-
lowed it to compete, in a manner represented by (3), against
the other reaction possibilities. However, even though dan-
sylcadaverine is one of the best among the known amine
substrates for transglutaminase (Lorand et al., 1979b), it is
obvious that the in vivo labeling of proteins by the compound
may represent only a fraction of the totality of posttranslational
modifications by this enzyme.

First, it was necessary to chemically synthesize N!-L-(y-
glutamyl)-/N3-[5-(dimethylamino)-1-naphthalenesulfonyl]di-
aminopentane and to show that the relevant derivative, ob-
tained from the total proteolytic digest of a protein, was,
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indeed, the same compound. For this purpose N,N’-di-
methylcasein was prelabeled with dansylcadaverine by
transglutaminase and digested. Armed with this information,
it was possible to demonstrate that, apart from some free
dansylcadaverine, the bulk of the tracer was present in the form
of y-GluDc when the embryos were raised in the presence of
the exogenous amine (Figure 1B,C).

Analysis of embryonic proteins by NaDodSO,~-PAGE,
coupled with immunoblotting with an anti-dansyl antibody,
revealed an increasing degree of labeling with dansylcadaverine
through the development period of 2-, 8-, and 64-cell stages.
The increase in the covalent incorporation of the tracer oc-
curred at a fairly constant rate (1.3-1.6-fold) with each cell
division. In all instances (see Figures 3 and 4) a multiple
pattern of protein labeling was found. Although for the earliest
2-cell specimen (see panel I in Figure 3) a case could be made
for the preferential labeling of 90K and 162K polypeptides,
it is clear that our results do not support the claim for the
existence of a “unique” transglutaminase-sensitive protein of
about 30K in size. That conclusion was reached by Canellakis
et al. (1985), who, following our work with ['4C]putrescine
(Cariello et al., 1984), employed [*H]spermidine to identify
posttranslational products of transglutaminase in fertilized sea
urchin eggs without, however, proving that the polyamine was
actually incorporated into y-glutamyl residues in proteins.

The biological functions of proteins identified as trans-
glutaminase substrates in vivo remain to be elucidated. It has
been known for some time that both the fertilization envelope
and hyalin may serve as amine-incorporating substrates. In
fact, these embryonic structures could be isolated in a fluor-
escent form by exposure of the developing culture to dan-
sylcadaverine (Campbell-Wilkes, 1973). We have recently
confirmed that, following the in vivo uptake of dansyl-
cadaverine into the fertilization envelope, y-GluDc could be
isolated, and from the fertilization envelope of control cultures,
Ne-(y-glutamyl)lysine was obtained at the relatively high
frequency of about 1 mol/330000 g of protein (Cariello,
Wilson, and Lorand, unpublished results). The idea that the
transglutaminase-mediated cross-linking of proteins may be
important in the assembly of the fertilization envelope received
impetus also from the studies of Battaglia and Shapiro (1988),
who suggested that such cross-linking may actually precede
the hardening of the envelope by formation of dityrosine
bridges. We assume that some of the labeled proteins seen
in Figures 3 and 4 may represent component polypeptides of
the fertilization envelope and of the hyalin layer. Different
forms of transglutaminase may be responsible for reactions
at different regions of the embryo, some involved in intra-
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cellular developmental events, others in extracellular mor-
phogenesis. The conceptual and methodological approaches
outlined in the present paper should be useful for identifying
specific protein substrates which are affected by posttransla-
tional modifications through the functioning of such trans-
amidating enzymes not only in the sea urchin embryo but also
in other biological systems. Whether all the proteins that were
labeled with the dansylcadaverine probe would participate in
physiological cross-linking reactions in the absence of the amine
remains to be answered.
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