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Two isoforms of tissue transglutaminase mediate

opposing cellular fates
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Opposing cellular responses are typically regulated by distinct sets
of genes. However, tissue transglutaminase (TGase) provides an
interesting example of a single gene product that has been impli-
cated both in affording protection against cellular insults as well as
in promoting cell death. Here, we shed some light on how these
conflicting activities might be manifested by demonstrating that
alternative transcripts of TGase differentially affect cell viability.
We show that although the full-length TGase protein affords
strong protection against cell death signals, a shorter version of
TGase that is truncated at the 3’ end, and thus called TGase-short
(TGase-S), is cytotoxic. The apoptotic activity of TGase-S is not
dependent on its transamidation activity because the mutation of
a cysteine residue that is essential for catalyzing this reaction does
not compromise the ability of TGase-S to induce cell death. Intrigu-
ingly, TGase-S undergoes inappropriate oligomer formation in cells
before cell death, suggesting a novel mechanism for the apoptotic
effects of this protein.

aggregation | cell death | transamidation

Tissue transglutaminase (TGase) catalyzes a Ca”>*-dependent
transamidation reaction resulting in the formation of cova-
lent cross-links between certain proteins or proteins and poly-
amines (1-3). The induction of TGase expression and enzymatic
transamidation activity in cells is a highly regulated process
initiated by exposure to cellular stresses, differentiation agents,
or growth factors (4-9). When properly regulated, TGase-
catalyzed transamidation activity plays a role in a range of
physiological processes, whereas conditions that give rise to
deregulated enzymatic activity have been linked to several
pathologies (1-3). Enhanced TGase expression and transami-
dation activity are hallmarks of diseases characterized by pro-
teinaceous aggregates, including Alzheimer’s, Huntington’s, and
Parkinson’s disease (5, 8, 10-12). Moreover, TGase has been
shown to cross-link components of the protein oligomers asso-
ciated with each of these neurodegenerative disorders (8, 11,
13-15).

These findings, when coupled with the fact that interfering with
TGase-catalyzed transamidation activity suppresses protein aggre-
gation and extends the survival rates of models of neurodegenera-
tive diseases, suggest that TGase has a causative role in inducing cell
death (14-16). However, the up-regulation of TGase expression
and/or its catalytic activity is not detrimental to all cells. For
example, TGase is overexpressed in certain types of human cancers,
and the chronic TGase-catalyzed transamidation activity associated
with some cancer cell lines promotes chemoresistance (4, 17-19).
The ability of TGase to protect the retinoblastoma gene product
from caspase-promoted degradation may help confer a survival
advantage to cells (20). This may be related to recent findings that
show that TGase suppresses thapsigargin-induced apoptosis of
HCT116 cancer cells by cross-linking caspase 3 into a nonfunctional
oligomer (21). Indeed, the apparent connections between the
up-regulation and activation of TGase and the development of the
malignant state have led to the idea that specific inhibitors of
TGase’s transamidation activity might offer a therapeutic strategy
against human cancers (22).

www.pnas.org/cgi/doi/10.1073/pnas.0604844103

The often contradictory cellular functions attributed to
TGase are puzzling, and they raise questions regarding how its
transamidation activity might account for such opposing bio-
logical outcomes as cell survival versus apoptosis. Thus, we
have considered other possible mechanisms to explain these
divergent functions. One possibility that could explain some of
the disparities involves alternative processing of the TGase
transcript. In fact, several groups have reported the identifi-
cation of a novel TGase RNA transcript whose expression can
be induced in cells by cytokines and is detected in the brains
of Alzheimer’s patients (7, 23-25). This transcript, TGase-
short (TGase-S), encodes a truncated form of TGase that lacks
the carboxyl-terminal (C-terminal) 138 aa. We now show that
TGase-S exerts diametrically opposite effects on cell viability
compared with its full-length counterpart because the latter
protein confers a strong survival advantage to cells whereas
TGase-S is apoptotic. Interestingly, the ability of TGase-S to
induce cell death is not dependent on transamidation activity,
but rather it may be the outcome of its unique capability to
undergo higher-order aggregation.

Results

As a possible explanation for the distinct outcomes attributed to
TGase, we compared the cellular functions of the full-length
protein with the shorter splice variant, TGase-S, that is truncated
from the C-terminal end (Fig. 1a). Fig. 1b shows that although
the expression of both Myc-tagged TGase and TGase-S was
detected in NIH 3T3 cells 48 h after transfection, the Myc-TGase
protein levels were much higher. When examined at shorter time
intervals after transfection, Myc-TGase-S expression was opti-
mal at 12 h after transfection, and then it underwent a steady
decline (Fig. 1b Middle). We considered whether the down-
regulation of TGase-S expression was due to a selective pressure,
as might be the case if TGase-S induced cell death. The
morphology of cells expressing Myc-TGase-S for 48 h appeared
rounded and irregular compared with cells expressing Myc-
TGase (Fig. 1c Inset). Moreover, ~65% of the cells expressing
Myc-TGase-S had nuclei that were condensed or blebbed, a
hallmark of cell death (Fig. 1c). The adverse effects of TGase-S
on cell viability were not limited to NIH 3T3 cells, but they were
also observed in SKBR3 breast cancer cells (Fig. 1d). In contrast,
Myc-TGase expression protected NIH 3T3 cells from serum
deprivation-induced apoptosis (Fig. 1¢), consistent with previous
findings (20, 26, 27).
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Fig. 1. TGase and TGase-S differently impact cell viability. (a) Schematic
diagram of the functional domains of TGase (Upper) and TGase-S (Lower). The
numbers refer to amino acid residues. (b) Myc-TGase or Myc-TGase-S was
expressed in NIH 3T3 cells for various times and then lysed. The cell lysates were
immunoblotted as indicated. (c) NIH 3T3 cells transiently expressing Myc-
TGase or Myc-TGase-S were maintained in medium with or without 5% serum
for 1 day and then fixed. Immunofluorescence was performed on the samples
by using Myc antibody and DAPI to detect transfectants and nuclei, respec-
tively (Inset). Cells cultured with (open bars) or without (filled bars) serum
were scored for cell death as identified by nuclear condensation/blebbing and
graphed. (d) SKBR3 cells expressing Myc-TGase or Myc-TGase-S for 2 days were
assayed for cell death as outlined in c.

We next asked whether distinct signaling pathways regulated
the expression of endogenous TGase versus TGase-S in NIH
3T3 cells. Fibroblasts were exposed to retinoic acid (RA),
TNFaq, or doxorubicin, and then the protein levels of the
isoforms were determined. Doxorubicin induced the expres-
sion of TGase-S, and to a lesser extent, TGase, whereas RA
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Fig. 2. TNFa-induced TGase-S expression promotes cell death. (a) NIH 3T3
cells were treated with 5 uM RA, 35 ng/ml TNFq, or 0.2 uM doxorubicin (Dox)
for 1 or 2 days and then lysed. The cell lysates were immunoblotted as
indicated. Note the presence of a larger TGase species of ~180 kDa (TGase-S
oligomer) in lysates from cells treated with TNFa or doxorubicin. (b and c) Cells
transfected with TGase-RNAi-1 or -2 were treated with 5 uM RA or 35 ng/ml
TNFa for 1 day and then either lysed or fixed. (b) The lysed cells were
immunoblotted as indicated. (¢) The fixed cells were stained with DAPI and
then scored for cell death as identified by nuclear condensation/blebbing.

increased only TGase expression while TNFa specifically
up-regulated TGase-S expression (Fig. 2a, top two panels).
Because TNFa distinctively augments the expression of the
smaller TGase isoform and activates caspase 3 (Fig. 2a, third
panel from top), we examined whether knocking down
TGase-S by RNAI (Fig. 2b Right) affected TNFa-mediated cell
death. Fig. 2c¢ shows that ~80% of the cells challenged with
TNFa underwent cell death. However, cells transfected with
TGase-RNAi-1 or 2 were less susceptible to TNFa (Fig. 2¢).
A similar approach was used to assess how interfering with
RA-induced TGase expression influenced cell viability (Fig.
2b Left). Although treatment with RA alone did not adversely
affect the cells, expression of either TGase-RNAi caused
between a 2.5- and 3.5-fold increase in RA-mediated cell death
over the control (Fig. 2c). Taken together, these data argue
that TGase promotes, but TGase-S attenuates, cell viability.
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Fig. 3. TGase-S-induced cell death does not require its transamidation
activity. (a) Lysates from Cos7 cells expressing Myc-TGase or Myc-TGase-S were
immunoblotted as indicated. The GTP-binding activities of Myc-TGase and
Myc-TGase-S were determined by using an affinity-labeling assay with
[a-32P]GTP. Shown is an autoradiogram of the results. The transamidation
activities of the TGase isoforms were determined from the same cell lysates by
assaying the incorporation of 5-(biotinamido)pentylamine into proteins.
Shown are the results from an experiment where 7.5 or 75 ug (x10) of the
indicated cell lysates were assayed. (b) NIH 3T3 cells expressing the indicated
TGase and TGase-S constructs for 1.5 days were fixed and subjected to immu-
nofluorescence with Myc antibody and DAPI. Transfectants were scored for
cell death as identified by nuclear condensation/blebbing.

We then examined whether the transamidation or GTP-binding
activity of TGase-S was responsible for its apoptotic effects.
Whereas exogenously expressed Myc-TGase was enzymatically
active, as read by the incorporation of 5-(biotinamido)pentylamine
into proteins from cell extracts (Fig. 3a Bottom Left), Myc-TGase-S
exhibited weak transamidation activity that was only detectable
when using a 10-fold excess of lysate proteins (Fig. 3a Bottom Right).
Likewise, consistent with previous reports (4, 26), exogenously
expressed Myc-TGase showed constitutive GTP-binding activity as
indicated by the incorporation of [a-*?P]GTP (Fig. 3a Middle). In
contrast, Myc-TGase-S failed to incorporate [a-*?P]GTP. Thus, the
apoptotic-promoting effects of TGase-S cannot be attributed to
excessive transamidation activity or to the binding of GTP.

We considered whether the inability of TGase-S to bind GTP
and/or its weak transamidation activity might account for its
cytotoxic effects. However, these possibilities seemed unlikely,
given that the expression of a point mutant of TGase, defective
in both GTP-binding and transamidation activities (Myc-TGase
S171E) (27), did not mirror the cell death effects caused by
TGase-S (Fig. 3b). We then asked whether the adverse effects of
TGase-S might be a consequence of its lacking the C-terminal
portion of TGase. Expression of a TGase construct lacking 30 aa
from the C-terminal end [designated TGase (1-657)] induced a
cell death response comparable to that elicited by TGase-S (Fig.

Antonyak et al.

a &

o be
0‘ %ﬁ; %0 %24
o c,‘b o‘b o‘b
LA SR Sl
[a®?P] GTP
Binding GTP-
- <Myc-TGase
a- Myc-TGase-S &
-+ Myc-TGase (1-657)
Anti-Myc Oligomers
Myc-TGase
W e [ Qviye-TCase(1-657)
<4Myc-TGase-S

o

S
b . @,;\'\A
& & ‘b%v
A“‘é &G"&G‘) &G
“Gicaners
Anti-TGase s o [AMyc-TGase

| Myc-TGase-S

Anti-ACtinIE‘ Ac““

Fig. 4. TGase-S oligomerizes in cells. Myc-tagged TGase, TGase-S, TGase
(1-657), and TGase-S (C277V) were expressed in Cos7 cells and then lysed. (a)
The cell lysates were immunoblotted as indicated. Note the presence of larger
Myc-TGase-S and Myc-TGase (1-657) species of ~180-240 kDa [Myc-TGase-S
and TGase (1-657) Oligomers]. The GTP-binding activities of the various
constructs were determined by using an affinity-labeling assay with
[@-32P]GTP. Shown is an autoradiogram of the assay. (b) The indicated cell
lysates were immunoblotted with TGase and actin antibodies. The larger
Myc-TGase-S species detected is denoted as “TGase-S Oligomers.”

3b). Furthermore, TGase (1-657), like TGase-S, was unable to
bind GTP and exhibited greatly reduced transamidation activity
(Fig. 4a Top) (data not shown). This emphasizes the importance
of the last 30 aa of TGase in promoting its GTP-binding and
transamidation activities and demonstrates that the deletion of
this segment is sufficient to convert TGase into a potent death
factor.

How does the C-terminal truncation of TGase yield a
protein that triggers cell death? We obtained a clue when
lysates from cells expressing the Myc-tagged TGase isoforms
and TGase (1-657) were subjected to Western blot analysis.
Fig. 4a Middle shows that in addition to the monomeric form
of each of the TGase constructs, higher molecular mass forms
of TGase-S and TGase (1-657) that ranged in size from ~180
to 220 kDa were also detected. The larger-than-expected forms
of Myc-tagged TGase-S and TGase (1-657) most likely re-
flected either the autocross-linking of these TGase molecules
or their covalent cross-linking to other proteins. Moreover, the
appearance of the Myc-TGase-S oligomer was not an artifact
of overexpressing TGase-S, because induction of endogenous
TGase-S expression with TNFa or doxorubicin resulted in the
appearance of similar higher molecular mass TGase species
(Fig. 2a, Top Right).

Although TGase-S displays a greatly reduced transamidation
activity relative to TGase, this limited cross-linking capability
might still be sufficient to give rise to the TGase-S oligomers
observed by Western blot analysis. Thus, we generated a cata-
lytically defective form of TGase-S [TGase-S (C277V)] (4, 6, 9,
20) and expressed it in cells. The Western blot in Fig. 4b shows
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Fig.5. TGase-Sformslarge aggregatesin cells. About 12 h after the transfection
of NIH 3T3 cells with the indicated TGase and TGase-S constructs, the cells were
fixed. (a) Immunofluorescence was performed on the samples by using Myc
antibody. The top and side views of the transfectants are shown. (b) Immuno-
fluorescence was also performed on samples by using Myc and B-COP antibodies
and DAPI to detect transfectants, Golgi, and nuclei, respectively.

that despite Myc-TGase-S and Myc-TGase-S (C277V) being
expressed equally, TGase oligomers were only detected in lysates
from cells expressing Myc-TGase-S. We then asked whether the
transamidation activity of TGase-S was required for its apoptotic
activity. Fig. 3b shows that cells overexpressing Myc-TGase-S
(C277V) for 48 h were just as likely to undergo apoptosis as cells
expressing Myc-TGase-S, indicating that the ability of TGase-S
to covalently cross-link itself or other proteins is not essential for
its apoptotic-promoting activity.

We still wondered whether the potential for TGase-S to
undergo an autocross-linking reaction might be a clue to the
mechanistic basis of its apoptotic activity, for example, by
possibly influencing its cellular localization. NIH 3T3 cells, after
expressing the truncated TGase isoform for 48 h, appeared small
and rounded (Fig. lc Inset), and they were not useful for
determining the cellular localization of Myc-TGase-S. Thus,
immunofluorescent studies were carried out on cells expressing
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Fig. 6. TGase and TGase-S exhibit distinct biochemical properties. Lysates of
Cos7 cells expressing Myc-TGase or Myc-TGase-S were separated by SDS/PAGE
(a) or native-PAGE (b) and immunoblotted as indicated. (c) The cell extracts
were also loaded onto a Superdex 200 gel filtration column and eluted from
the column in 1.0-ml fractions. Aliquots (50 ul) from each fraction (indicated
by numbers) were immunoblotted with Myc antibody. The elution profiles of
Myc-TGase-S (Upper) and Myc-TGase (Lower) are shown. Fractions 15-21
correspond to a molecular mass range from 580-500 kDa, whereas fractions
28-35 correspond to a molecular mass range from 220-140 kDa.

the various TGase constructs for ~12 h, a length of time
sufficient for the induction of Myc-TGase-S expression (Fig. 1),
but preceding the onset of cell death. Fig. 5a shows the top and
side views of cells expressing Myc-tagged TGase and TGase-S.
Myc-TGase was uniformly expressed throughout the cytoplasm,
while Myc-TGase-S aggregated within the cells. The number of
aggregates observed per cell typically ranged from one to five
and often displayed perinuclear localization (Fig. 5). Myc-
TGase-S aggregates, however, did not colocalize with the ubiq-
uitous Golgi protein B-COP, indicating that the unique distri-
bution of Myc-TGase-S surrounding the nucleus was not due to
its accumulation in the Golgi (Fig. 5b).

The analysis was expanded to determine whether the trans-
amidation-defective form of TGase-S [Myc-TGase-S (C227V)]
and the truncated form of TGase lacking the C-terminal 30 aa
[Myc-TGase (1-657)] aggregated within cells. Fig. 5b indicates
that expression of either of these constructs resulted in the
formation of aggregates that were similar to those observed in
cells expressing TGase-S. This line of evidence raises two key
points. First, transamidation activity is not required for the
aggregation of TGase-S in cells. Second, all forms of TGase and
TGase-S that aggregate in cells also induce cell death (see Fig.
3b). Thus, inappropriate protein oligomerization may underlie
the apoptotic activity of TGase-S.

To characterize further the ability of TGase-S to oligomerize
in cells, extracts of cells expressing Myc-TGase or Myc-TGase-S
were examined by native gel electrophoresis and gel filtration
chromatography. The Myc-tagged TGase isoforms were ex-
pressed at nearly equivalent levels (Fig. 6a), and then lysates
from the transfectants were resolved on a native gel. Unlike
TGase, the majority of TGase-S exhibited a retarded migration

Antonyak et al.
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such that it was detected near the wells of the gel (Fig. 6b), thus
reflecting its ability to form large oligomers in cells. Fig. 6¢ shows
the elution profiles of the TGase isoforms obtained by gel
filtration chromatography of the cell extracts. As earlier reported
(28), Myc-TGase eluted at ~180 kDa, suggesting that it may exist
as a dimer or associate with additional proteins in cells. In
contrast, Myc-TGase-S eluted with an apparent size of ~550
kDa. Thus, the findings from three independent approaches,
namely immunofluorescence, native gel electrophoresis, and
column chromatography, all support the idea that TGase-S
forms oligomers when expressed in cells.

Discussion

TGase has been suggested to participate in a host of biological
activities, including the propagation of signals that contribute to
cell survival in some contexts but cell death in others (1-3). The
possible connections between TGase-mediated cell survival and
malignancy may be especially relevant because there have been
increasing indications that inhibiting TGase’s transamidation
activity can enhance the actions of apoptotic factors on cancer
cells (4,17, 19,21, 22). Unfortunately, this picture has been made
confusing by reports suggesting that TGase contributes to cell
death through the deregulation of its transamidation activity (9,
14-16, 29, 30). This led us to consider the possibility that some
of the opposing effects on cell viability attributed to TGase might
involve the existence of multiple transcripts that exhibit distinct
functional properties (7, 23, 24). Although there is a good deal
of precedent for different transcripts exhibiting varying degrees
of a particular activity, the ability of distinct transcripts from a
common gene to mediate diametrically opposing functions is
rare. However, this is exactly what appears to be the case for
TGase and its shorter form, TGase-S. Consistent with previous
findings from our laboratory and others, expression of full-
length TGase in cancer cells as well as in fibroblasts provides
protection against apoptotic challenges (4, 17, 19-21, 26). In
contrast, ectopic expression of TGase-S induced an apoptotic
response. The initial indication for this came from our obser-
vations of an apparent selective pressure against the expression
of TGase-S in fibroblasts. We then showed that TNF« selectively
up-regulated TGase-S expression, whereas knocking-down
TGase-S caused a partial reduction in TNF-a-induced apoptosis.

The apoptotic activity of TGase-S cannot be attributed to
either of the two established activities of the full-length protein,
namely the ability to bind GTP and to catalyze transamidation
activity. In fact, we are unable to detect measurable GTP-
binding activity for TGase-S, most likely because of the C-
terminal truncation removing a portion of the guanine nucle-
otide-binding site (7, 31). TGase-S also exhibits only a weak
transamidation activity; moreover, mutation of a cysteine resi-
due essential for transamidation activity had no effect on its
apoptotic activity.

These findings then lead to the obvious question of “how does
TGase-S induce apoptosis?” The answer may be related to a
rather unusual property of this isoform to exhibit higher order
aggregation. This was first demonstrated through the ability of
TGase-S possibly to undergo an autotransamidation reaction,
resulting in the appearance of higher molecular weight forms of
the protein on SDS/PAGE gels. We then found that this activity
was correlated with the ability of TGase-S to form aggregates
and that the aggregation of TGase-S was visualized in cells under
conditions where it induced cell death.

Thus, our findings now suggest that although full-length
TGase typically provides a protective effect against cellular
insults and apoptotic challenges, because of its transamidation
activity, the TGase-S isoform gives rise to cell death, appar-
ently through its aberrant aggregation. Inappropriate protein
oligomerization has emerged as an increasingly common
mechanism for inducing cell death (11, 15). Misfolded, mu-
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tated, or posttranslationally modified proteins that acquire the
ability to oligomerize indiscriminately can accumulate in cells
until normal cellular processes are disrupted to the extent that
cell death ensues. All of this is particularly intriguing given the
suggestions that TGase-S is a possible participant in neuro-
degenerative disorders (23). However, this also raises a num-
ber of important questions for future study. What is the
specific mechanism by which TGase-S undergoes aggregation?
Can we identify specific amino acid residues that are essential
for aggregation, and if so, will mutations of these sites block
aggregation and consequently render TGase-S incapable of
causing apoptosis? Might it ultimately be possible to identify
small molecules that disrupt the aggregation and thus use this
as a strategy to prevent cytotoxic events linked to various
neurodegenerative disorders?

Methods

Materials. TNF«, doxorubicin, RA, B-COP antibody, and DAPI
were obtained from Sigma, and 5-(biotinamido)pentylamine was
obtained from Pierce. The TGase and actin antibodies were from
NeoMarkers, the Myc antibody was from Covance, and the ERK
and active caspase-3 antibodies were from Cell Signaling. The
stealth control-RNAi and TGase-RNAis and all cell culture
reagents were from Invitrogen.

Plasmid Construction. Full-length cDNAs encoding TGase and
TGase-S (also referred to as TGase-isoform b or TGase-
homologue) were cloned from HeLa cells and ligated into
pcDNA3 (Invitrogen). The indicated mutations were introduced
by site-directed mutagenesis using the QuikChange kit
(Stratagene) or by PCR-based technologies.

Cell Culture. NIH 3T3 and Cos7 cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% calf serum. SKBR3
cells were grown in RPMI medium containing 10% FBS. The
Myc-TGase and Myc-TGase-S constructs and the TGase RNAis
were introduced into cells by using Lipofectamine 2000 (Invitro-
gen). Cells were lysed with cell lysis buffer (25 mM Tris/100 mM
NaCl/1% Triton X-100/1 mM EDTA/1 mM DTT/1 mM
NaVOy/1 pg/ml each aprotinin and leupeptin).

Western Blot Analysis. Cell lysates were subjected to SDS/PAGE,
and then the proteins were transferred to PDVF. The filters
were incubated with the various primary antibodies diluted in
TBST (20 mM Tris/137 mM NaCl, pH 7.4/0.02% Tween 20).
The primary antibodies were then detected with horseradish
peroxidase-conjugated secondary antibodies followed by ex-
posure to ECL.

Transamidation Assay and Photoaffinity Labeling of TGase. These
assays were performed as described (4, 26, 27).

Immunofluorescence and Cell Death Assay. Cells transfected with
the various expression plasmids and/or exposed to various
culturing conditions were fixed with 5% formaldehyde, perme-
abilized with PBS containing 0.1% Triton X-100, and probed
with the indicated primary antibodies. Primary antibodies were
detected with either Oregon green 488- or rhodamine red-
conjugated secondary antibodies (Molecular probes), and DAPI
was used to stain nuclei. The cells were visualized by fluores-
cence microscopy. Cells undergoing cell death were identified by
nuclear condensation/blebbing.

Gel Filtration. Cos7 cells expressing Myc-TGase or Myc-
TGase-S were lysed by using lysis buffer devoid of Triton
X-100. Myc-TGase and Myc-TGase-S were precipitated from
the cell extracts by using 80% (NH,4),SOy, resuspended in
buffer A (20 mM Tris, pH 8.0/150 mM NaCl/2 mM DTT) and
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then dialyzed in the same buffer. The samples were then
loaded onto a fast protein liquid chromatography Superdex-
200 Highload 16/60 column, and 1-ml fractions were collected.
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