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GTP is known to be a potent inhibitor of the protein crosslinking
activity of transglutaminase (TG), probably the most abundant G
protein in the human red cell. Nucleotide binding to TG was
examined by fluorescence spectroscopy and anisotropy in mixtures
of TG with methylanthraniloyl analogs of GTP and GDP. A charac-
teristic feature was the appearance of a major energy transfer
band (lexc, max 5 290 nm, lem 5 444 nm) from protein tryptophans
to the bound nucleotides. Quenching of the bound fluorophore
(lexc 5 360 nm, lem 5 444 nm) by acrylamide was barely different
from that of free ligand. However, major changes were observed
in anisotropy, which was used to demonstrate a facile exchange
between bound and free nucleotides and to evaluate affinity
constants for the binding of methylanthraniloyl GTP and GDP
to TG.

Because of its abundance and exceptionally high affinity for
plasma fibronectin (1, 2), the transglutaminase (TG; EC

2.3.2.13) discharged from human erythrocytes seems to play a
critical role in wound healing. When released from the lysed red
cells at the site of injury, the combination of TG and fibronectin
forms ternary complexes with collagen (3), and by interactions
with b1- and b3-integrins, TG also promotes the anchoring of
fibronectin to cell surfaces and facilitates cell spreading (4).
Thus, independently from its protein crosslinking potential, the
red cell-derived TG serves as a cement in establishing a provi-
sional matrix in the wound. Eventually, the TG-catalyzed fusion
of proteins by N«(g-glutamyl)lysine bridges would add to the
stability of extracellular elements (5).

Within the red cell, the activity of TG can be turned on by
increasing the concentration of Ca21, and with the crosslinking
of membrane-associated proteins (band 3, ankyrin, spectrin, 4.1),
the reaction produces an irreversible loss of deformability (6–9).
GTP is a potent allosteric inhibitor of the enzyme, lowering its
affinity for Ca21 (10, 11). The question as to whether the
enzymatic crosslinking of membrane proteins could in some
situations be a significant factor in the destruction of erythro-
cytes cannot be answered as yet without knowing the actual
concentrations of Ca21 and GTP prevailing in the cells just a few
minutes before their being eliminated from the circulation.
Experiments with other systems suggest that this type of TG can
be activated rapidly (12). For the moment, the notion pointing
to the possible involvement of TG in the process of cell destruc-
tion rests on the isolation of N«(g-glutamyl)lysine crosslinks, the
characteristic products of TG action, from red cell membrane
polymers of a sickle cell (13) and a hemoglobin-Köln patient
(14); in both conditions, the life span of the erythrocyte is greatly
reduced. The fava bean-induced hemolytic crisis in subjects
deficient in glucose-6-phosphate dehydrogenase seems to be
another example (15). It is also interesting that the selective
depletion of GTP in the red cell is a persistent feature of
hemolytic anemias associated with hereditary disorders of pu-
rine metabolism (16). When released from inhibition by GTP,
crosslinking by TG and cell destruction could perhaps be trig-
gered more readily in the GTP-deprived erythrocytes (and, for

that matter, also in the nerve cells of such patients, e.g., those
with Lesch–Nyhan syndrome) than in normal cells.

Some tissue (class II) TGs related to the one isolated from the
human erythrocyte have been shown to be capable of perform-
ing G protein-like activities in transducing signals from epineph-
rine (17–21) and thromboxane (22). Inasmuch as their molecular
masses are much higher than those of the well known hetero-
trimeric Gas, this family of GTPyGDP binding proteins is
collectively referred to as Gh.

The purpose of the present investigation was to gain a deeper
insight into the nucleotide binding properties of erythrocyte
TGyGh by employing methylanthraniloyl (mant) analogs of GTP
and GDP. These environmentally sensitive fluorescent probes
have been used to explore the reactions of several G proteins,
such as ras (23, 24), rho (25, 26), and dynamin (27). The
heterotrimeric Go (28–30), the predominant species of Ga in the
human brain, and the retinal Ga subunit of transducin interact
rather weakly with mantGTP (31), because residues from the
helical domain of Gas would need to make contact with the 29
and 39 hydroxyls in the ribose of the nucleotide (32). Examining
interactions of mantGTP and mantGDP with TGyGh is all the
more interesting, because models of the protein do not show any
structural features resembling the GTPyGDP binding pockets of
other G proteins (33, 34). In addition, our fluorescence studies
revealed a facile exchange between TG-bound and free nucle-
otides and provided the means for measuring nucleotide-binding
constants.

Materials and Methods
TG was purified from human red cells by affinity chromatog-
raphy, employing a fragment of human fibronectin as described
(2, 35). The enzyme was stored in small aliquots in 20 mM
imidazole-HCly1 mM EDTAy10% (vol/vol) glycerol, pH 7.5 at
280°C. Protein concentration was determined by the BCA
method (Pierce) with BSA (Pierce) as the standard. The fluo-
rescent nucleotide analogs 29-(or-39)-O-(N-methylanthrani-
loyl)guanosine-59-triphosphate, trisodium salt (mantGTP), and
29(or-39)-O-(N-methylanthraniloyl)guanosine-59-diphosphate,
disodium salt (mantGDP), were obtained from Molecular
Probes as a solution (5 mM) in 50 mM TriszHCl, pH 7.5. Stock
solutions (50–100 mM) of GTP, GDP, GMP, and guanosine-
59-O-thiotriphosphate (GTPgS) from Sigma were made in water
and stored at 280°C. In all experiments with nucleotides,
equimolar concentrations of MgCl2 were used. Acrylamide (30%
volyvol solution) was purchased from Roche Molecular Bio-
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chemicals. Buffer solutions were Millipore-filtered through ni-
trocellulose (0.45-mm pore size).

Fluorescence measurements were carried out with an SLM
8000 C double-emission spectrofluorometer (SLM–Aminco, Ur-
bana, IL). Excitation and emission spectra were recorded (20°C)
in a microcuvette (5-mm light path) in 150-ml solutions of 10
mM sodium phosphatey100 mM NaCl, pH 8.0, containing
mantGTPyMg21 or mantGDPyMg21 with and without TG
added. Control spectra were also obtained for solutions of TG.
Polarization experiments were performed with constant stirring
of solutions of the mant nucleotides (0.1 mM) in 1 ml of the pH
8 buffer, followed by injections of aliquots of TG. Release of
bound mant nucleotides from complexes with TG was examined
by injecting GTPgS, GDP, or GMP. Data were subjected to a
10-pass smoothing routine as described (2).

Results and Discussion
The major reorganization that occurs with the binding of GTP
or GDP in the human red cell TG molecule is best reflected in
a large anodic shift in the mobility of the protein in nondena-
turing electrophoresis, a shift much larger than would be ac-
counted for simply by the acquisition of two to three extra
negative charges from binding the nucleotides (36). The addition
of mant analogs to TG produced the same mobility changes,
indicative of the fact that the mant-substituted nucleotides were
just as effective as GTP or GDP in inducing a conversion of the
nucleotide-free, slowly migrating form of TG to the fast, nucle-
otide-bound form of the protein. As illustrated for mantGTP in
Fig. 1, the addition of these nucleotides to TG also caused
significant changes in the excitation (Fig. 1 A) and emission (Fig.
1B) spectra of the mant fluorophore. With excitation at 360 nm,
under the conditions of this particular experiment, the intensity
of the rather broad emission band (lem ' 444 nm) increased
somewhat on addition of TG (by a mean value of about 2,374 6
80 from 10,043 6 989, n 5 7, for mantGTP and by 1,194 6 185
from 10,799 6 1,279, n 5 7, for mantGDP). However, the most
prominent feature of the spectral changes observed in mixtures
of TG with the mant nucleotides was the appearance of a new
excitation band with 290-nm maximum. A difference spectrum
for this band is presented in Fig. 1 A Inset for TG:mantGTP; the
TG:mantGDP mixture showed a smaller increase for this band.
All of the above changes were specific for the interactions of TG
with the mant nucleotides, because they could be abolished by
addition of GTPgS or GDP.

Appearance of the 290-nm band (Fig. 1 A) can be attributed to
energy transfer from the excitation of one or more of the Trp
residues in TG to the mant group attached to the ribose residues
in the nucleotide analogs. (Although only about 60% of the
amino acid sequence of the human red cell TG is available, the
known sequences suggest near identity with the human endo-
thelial TG, which contains 13 Trp residues; ref. 37.) In the
binding of mantGTP to the human brain Go subunit, both of the
two Trp residues in the molecule contribute to energy transfer
(30). We find that this transfer band is also present in mixtures
of the mant nucleotides with the chicken red cell or the guinea
pig liver TG, and it is interesting that, under identical conditions,
the intensity of the 290-nm transfer band is twice as high with the
chicken TG than with the human protein. Clearly, the Trp
residues at conserved positions in these proteins (38) should be
the best targets of point mutations for examining the question as
to which contributes to the process of energy transfer to the
nucleotide binding pocket of TGyGh. Proximity andyor the
alignment between the relevant Trp residues and the mant group
might be more favorable for energy transfer in chicken TG than
in the human protein. The distribution of conserved Trp residues
among the different domains of TG (for definition, see refs. 33
and 34) is most interesting. Seven of the eight conserved Trps are
located in the central core domain of the protein (i.e., residues

139–471) which, in addition to the active center residues for
crosslinking, also contains the GTP binding residues (34). By
contrast, only a single Trp is found in the N-terminal sandwich
(residues 1–138), and none are found in the barrel 1 (residues
472–584) and barrel 2 (residues 585–686) domains, C-terminal
from the core. Fluorescence energy transfer from Trp to mant
is likely to be affected by reorganization of the peptide backbone
and side chains of the core with the binding of GTP, Ca21, and
crosslinking substrates. Thus, changes in the 290-nm transfer
band (lem 5 444 nm) might serve as a sensitive probe with which
to monitor the crosstalk among the allosteric centers of this
multifunctional protein.

Quenching by acrylamide is often used to probe accessibilities
to the nucleotide-binding pockets of proteins. In this regard,
striking differences have been demonstrated for the binding of
mantATP by the head domains of rabbit heart and Dictyostelium
myosins (39). In our case, acrylamide quenching of the protein-
bound nucleotide was barely distinguishable from that of the free
nucleotide. This finding was true for mantGTP (Fig. 2) as well
as for mantGDP, bringing our results more in line with the
quenching behavior of mantATP bound by the Dictyostelium
myosin motor (39).

Ease of exchange between bound GDP and free GTP and
between bound GTP and free GDP would be a requisite for
TGyGh to perform Ga-like functions in signal transduction. This
issue was addressed by examining the anisotropy (r) of mant

Fig. 1. Fluorescence spectra for mantGTP and TG. (A) Excitation with l 5
444-nm emission. (B) Emission with l 5 360-nm excitation. Recordings were
made at 20°C with TG (1 mM) and mantGTP (0.5 mM) separately and with the
two combined (solid line); the solutions (150 ml) also contained 10 mM sodium
phosphate, pH 8y100 mM NaCly0.5 mM MgCl2. (A Inset) An energy transfer
band (lmax 5 290 nm) calculated from the difference of excitation intensities
between the mixtures of TG with mantGTP and the sum of TG and mantGTP
alone.
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f luorophore in mixtures of mantGTP or mantGDP with TG,
before and after the addition of GTPgS or GDP. The findings
presented in Fig. 3 indicate a facile exchange between bound and
free nucleotides. Actually, the observed rise and decay of r values
are so fast that stop-flow procedures will have to be used for the
quantitative evaluation of rates for these reactions. The data in
Fig. 3 also demonstrate a large difference in specificities for
GTPgS and GDP (Fig. 3 Aa, Ab, and B), on one hand, and GMP
(Fig. 3 Ac) on the other. ATP (not shown) was less effective than
GMP by a factor of close to 2 in displacing TG-bound mantGTP.
The increases in anisotropy (Dr) of about 0.09 for 0.1 mM
mantGTP and 0.06 for 0.1 mM mantGDP with 0.15 mM TG could
be reduced by 50% when 0.32 mM GTPgS was allowed to
compete against mantGTP and 0.21 mM GDP was allowed to

compete against mantGDP for binding to TG. Such competition
experiments (data not shown) indicate that the mant nucleotides
have a somewhat higher affinity for TG than their unsubstituted
counterparts and that the mant group also contributes slightly to
binding to the protein.

An attempt was also made to exploit anisotropy changes of
mant fluorescence for measuring the binding affinities of TG for
nucleotides. It was convenient to record r values while raising the
concentration of TG by successive injections of the protein into
the solution of the mant nucleotide under study. The main graph
for the experiment examining the binding of mantGTP to TG in
Fig. 4 shows increases of r with each addition of TG. GTPgS was
injected (heavy vertical arrow) at the end of the experiment to
document the exchangeability of the mant nucleotide. In Fig. 4
Inset A, anisotropy values are plotted against the reciprocals of
TG concentrations. Extrapolation to the y axis gives r for the
binding of the mantGTP ligand (L) at infinite concentration of
TG. With this value, after correction for the 31% enhancement
in the emission intensity of the bound state, the fractional
binding of the ligand (L bound) could be calculated. Because the
concentration of total ligand in the solution is known, the
concentration of the bound ligand in molar units and that of free
ligand (Lfree) is obtained from Lfree 5 Ltotal 2 Lbound.

From the data presented in Fig. 4 Inset B, according to the
recommendation of Klotz (40), a stoichiometric binding con-
stant was derived for the TG 1 mantGTP (L)ª TG: mantGTP
(L) equilibrium by extrapolating to the y axis for Lfree 5 0. With
the regression shown in Fig. 4, K ' 4 3 107 M21 was obtained
for the binding of mantGTP to the human red cell TG. Analysis
for the binding of mantGDP to the protein gave a similar value.

In a recent article (34), GTP binding has been localized to a
15-residue segment (159-YVLTQQGFIYQGSVK-173) of the
protein, with residues S171 and K173 thought to be critical for
binding to the nucleotide. Also, some mutations N-terminal to
G170 have been shown to be detrimental to binding GTP.
However, chicken erythrocyte TG (38) contains a sequence with

Fig. 2. Acrylamide quenching of fluorescence of the TG-bound and free
mantGTP. Conditions for recording emission intensities (l 5 444 nm, at
360-nm excitation) were identical to those described in Fig. 1, except for the
presence of varying concentrations of acrylamide (0.05–0.5 M, as indicated on
the graph). (Inset) Fluorescence changes in the emission intensity (F) with
increase of acrylamide concentration, relative to that in the absence of
acrylamide: F0.

Fig. 3. Exchange of the TG-bound mant nucleotides for GTPgS, GDP, and
GMP, examined by changes in fluorescence anisotropy (r; lexc 5 360 nm, lem 5
444 nm). The cuvettes contained starting solutions of mantGTPyMg21 (0.1 mM;
A) or mantyGDPyMg21 (0.1 mM; B) in 1 ml of phosphate buffer-NaCl as
described in Fig. 1. At about 100 s, 10 ml of TG was injected to a concentration
of 0.15 mM; at times marked by vertical arrows, 5 ml of the competing
nucleotide was injected, i.e., GTPgS (Aa and B, to 5 mM) and GDP (Ab, to 5 mM).
Because of the difficulty in displacing the bound mantGTP with GMP (Ac),
multiple additions of the latter were required (to 5, 15, 25, and 275 mM).

Fig. 4. Binding of mantGTPyMg21 to TG, examined by changes in fluores-
cence anisotropy. Conditions were the same as described in Fig. 3, except for
the fact that the concentration of TG was increased stepwise. There was only
a slight change in solution volume (from 1 to 1.066 ml) during the course of
titration; times of addition of TG are indicated by the vertical arrows, and its
concentrations are given as nM. At the end of the experiment (heavy vertical
arrow), GTPgS (10 mM) was injected. (Inset A) A plot of the reciprocal of
TG concentrations against r. (Inset B) A graph for calculating binding con-
stant (40).
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major differences in key residues: YVLSQQGLIYMGSRD, yet
we find that the transamidase activity of this enzyme, in com-
parison to TGs from other species (35), is perhaps the most
sensitive to inhibition by GTP. Moreover, as mentioned earlier,
a prominent 290-nm energy transfer band is seen in mixtures of
chicken TG with mantGTP or mantGDP, and by following a
procedure similar to that described in Fig. 4, a good binding of
mantGTP to the protein could be documented. Thus, the
definition of critical residues required for the binding of GTPy
GDP in TGs would benefit from taking into account the relevant
sequences of the chicken protein too.

A clear rationale for the tight binding of GTP by TG would be
to keep the crosslinking activity of the enzyme in check as long
as the red cell is to remain in the circulation. Release from this
allosteric inhibition might happen only when the normal nucle-
otide metabolism of the cell and its outward directed Ca21

pumping capacity become impaired. Although its crosslinking
substrates are associated with the membrane skeleton, TG itself
is isolated from the red cell lysate (2, 35) routinely with a yield
of about 1.5 mg per 100 ml of packed cells. Thus, in contrast to
the trimeric Gas (41, 42) in the human erythrocyte, TG is a
predominantly cytosolic G protein. Nevertheless, it is conceiv-
able that, under the influence of certain stimuli, TGyGh might
be able to translocate to the membrane without expression of
crosslinking activity and might participate in signaling.
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