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Abstract

Neurofibrillary tangles composed of hyperphosphorylated and aberrantly cleaved microtubule-
associated protein tau are a major neuropathological hallmark of Alzheimer's disease. Recent studies
suggest that the predominant neurotoxic effect of pathologically processed tau is mediated by
intermediate tau multimers rather than the mature tau tangles, thus underscoring the importance of
studying tau self-association preceding tangle formation. However, experimental approaches for such
studies are limited. Here, we describe a modification of the B-galactosidase (f-gal) complementation
assay, which provides a simple, sensitive and quantitative system to monitor pre-tangle tau-tau
interactions in a cell model. Full-length tau (T4) and tau truncated at D421 (C3, to mimic caspase-
cleaved tau) were fused to one of a pair of weakly complementing p-gal mutants (Ao and Aw) and
expressed in human embryonic kidney cells. The tau-tau interactions and the subsequent
juxtapositioning of Ao and Aw led to B-gal complementation and an increase in p-gal activity which
was detected by histochemical staining and quantified by chemiluminescent assays. After cross-
linking with disuccinimidyl suberate, tau formed high molecular weight complexes which were
detected on denaturing acrylamide gels, further confirming the close proximity among self-associated
tau molecules. The self-association of C3 appeared to be less efficient than that of T4. Furthermore,
treatment with lithium decreased B-gal complementation of both T4 and C3 indicating that the
interaction of these proteins was attenuated. Overall, this study suggests that B-gal complementation
assay can be a useful tool to monitor tau self-association.
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The neuropathology of Alzheimer's disease (AD) is characterized by extracellular senile
plaques and intracellular neurofibrillary tangles (NFTSs), which are mainly composed of
abnormally accumulated hyperphosphorylated microtubule-associated protein tau (Grundke-
Igbal et al. 1986; Kosik et al. 1986). Tau is predominantly expressed in neurons where its
primary function is to promote tubulin polymerization and microtubule stability (Johnson and
Bailey 2002). Hyperphosphorylation of tau has been suggested to impair its ability to bind and
stabilize microtubules, and promote tau self-assembly and aggregation (Alonso et al. 1994,
2001). In addition to hyperphosphorylation, aberrant cleavage is another pathological post-
translational modification of tau that has been shown to play an important role in tau
aggregation. In vitro, tau truncated at D421 (C3) that mimics in vivo cleavage by caspase 3
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aggregates more rapidly and to a greater degree than full-length tau (T4) (Gamblin et al.
2003b; Rissman et al. 2004).

Although the abundance of NFTSs correlates positively with the severity of cognitive
impairment in AD (Grober et al. 1999), NFTs themselves are not necessarily the tau species
inducing neurotoxicity. Attenuation of tau over-expression in a transgenic mouse model
prevented further neuronal loss and memory impairment without decreasing the number of
NFTSs (Santacruz et al. 2005). Also, inhibition of tau hyperphosphorylation in another mouse
model prevented severe motor deficits without reducing NFTs counts (Le Corre et al. 2006).
These studies suggest that it is the process of tau aggregation and the intermediate tau species
preceding the formation of mature NFTs that are likely neurotoxic. Therefore, it is important
to study the formation of pre-tangle tau complexes. However, currently, there is no easily
accessible and sensitive approach for monitoring such tau-tau interactions in a cell model.

Valuable insights into the conformation of tau and the mechanisms involved in tau
polymerization have been provided by examining purified recombinant tau protein in vitro
with techniques such as thioflavin S staining, electron microscopy, spectroscopy, and laser
light scattering (Gamblin et al. 2003a; von Bergen et al. 2005). However, the readout of these
techniques is the formation of tau filaments, a relative late stage in tau aggregation, and also
it is not feasible to model the regulation of tau polymerization by other cellular factors in these
in vitro systems. When in situ or in vivo systems are used, most studies on tau-tau interactions
focus on the formation of insoluble tau aggregates using sarkosyl fractionation or electron
microscopy (DeTure et al. 2002; Andorfer et al. 2003; Ferrari et al. 2003). In addition,
quantitative assays for the measurement of pre-tangle tau self-association in situ, such as
fluorescence resonance energy transfer (FRET) (Chun and Johnson 2007), are largely very
technically demanding and require technology that is not always readily available.

Given the importance of understanding the process of tau self-association, the purpose of this
study was to establish a relatively easy and accessible assay for the analysis of pre-tangle tau-
tau interactions in situ. To accomplish this goal we adapted the B-galactosidase (B-gal)
complementation system (Mohler and Blau 1996; Rossi et al. 1997) to monitor tau-tau
interactions in mammalian cells. This technique has been used to monitor protein interactions
such as oligomerization of cell surface receptors and clustering of integrins (Blakely et al.
2000; Yan et al. 2002; Buensuceso et al. 2003), but has never been applied to the study of
interactions of aggregation-prone proteins involved in neurodegenerative processes. In this
study, tau was fused to one of a pair of inactive 3-gal mutants (Aa and Aw). The tau-tau
interactions brought Ao and Ao into proximity and reconstituted 3-gal activity, whereas in the
absence of interaction, Ac.and Aw only displayed a low level of spontaneous complementation.
Using this assay, we further examined the effects of C-terminal tau truncation and lithium on
tau self-association. Our data suggest that f-gal complementation assay is a promising new
tool for studying tau self-association and its modulation.

Materials and methods

Constructs, cell culture, and transfection

The pWZL-Aa and pWZL-Aw retroviral vectors containing B-gal mutants Aa and A,
respectively, were obtained from Dr Helen Blau (Stanford University) (Mohler and Blau
1996; Rossi etal. 1997). pcDNA3.1(-)-T4 containing human tau with four microtubule binding
repeats but without exon 2 and 3, and pcDNA3.1(+)-C3 containing T4 truncated at D421 thus
mimicking caspase 3 cleavage have been described previously (Cho and Johnson 2003). Ao,
and Aw were amplified and subcloned into pcDNA3.1(+) to generate pcDNA-Aa and pcDNA-
Aw. T4Aa, T4Aw, C3Aa, and C3Am were also generated by fusing Aa or A to the C-terminus
of T4 or C3 with three residues Leu-Glu-Ser in between as a linker. LacZ construct was obtained
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from Stratagene (La Jolla, CA, USA). Human embryonic kidney (HEK) cells were grown at
37°C in Dulbecco's modified Eagle's medium/F-12 medium (Cellgro, Manassas, VA, USA)
supplemented with 5% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM L-glutamine,
10 U/mL penicillin and 100 U/mL streptomycin (Cellgro). Twenty-four hours after cells were
plated, different combinations of constructs were transiently transfected into HEK cells with
Effectene Reagent (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions
and processed as following.

Histochemical assay for B-gal activity

The assay was performed according to a protocol described previously (Mohler and Blau
1996; Rossi et al. 1997). After transfection with the B-gal constructs for 48 h in a 12-well plate,
HEK cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 25°C for
5 min and rinsed twice with PBS for 5 min. X-gal (5-bromo-4-chloro-3-indolyl-b-o-
galactopyranoside; Sigma, St Louis, MO, USA) was diluted to a final concentration of 1 mg/
mL in 5 mM KzFe(CN)g, 5 mM K4Fe(CN)g, 2 mM MgCl, in PBS, applied to cells, incubated
at 37°C overnight. Cells were rinsed twice with PBS for 5 min. Images were captured by an
AxioCamMR3 camera connected to a Zeiss Axio Observer D1 microscope with an A-Plan
10X/0.25 Ph1 objective and exported in TIFF format using axiovision software (Thornwood, NY,
USA).

Chemiluminescent detection of B-gal activity

HEK cells were transfected with the B-gal constructs in 96-well white plates with clear bottoms.
Gal-screen assays were performed as described in the manufacturer's instructions (Applied
Biosystems, Foster City, CA, USA). Briefly, Gal-Screen substrate was diluted 1 : 25 in Gal-
Screen Buffer A to prepare the reaction mixture. One hundred microliters of reaction mixture
was added to each well containing 100 uL of culture medium, and chemiluminescent signal
was read at 26°C for 2 h with a Synergy HT multi-mode microplate reader (BioTek, Winooski,
VT, USA).

Cell lysis and immunoblotting

Cells were collected in 2x sodium dodecyl sulfate (SDS) stop buffer (0.25 M Tris-Cl pH 6.8,
10% glycerol, 2% SDS, 5 mM EDTA, 5 mM EGTA, 1 mM phenylmethylsulfonyl fluoride,
and 10 pg/mL of leupeptin, aprotinin, and pepstatin), mixed with equal volume of 2x protein
loading buffer (2x SDS stop buffer, 25 mM dithiothreitol, and 0.01% bromophenol blue), and
boiled for 5 min. Equal volumes of protein lysates were separated on 8% SDS-polyacrylamide
gels, transferred to nitrocellulose membrane and probed with antibodies against B-gal (Abcam,
Cambridge, MA, USA) or tau (Dako, Carpinteria, CA, USA). After incubation with the
horseradish peroxidase-conjugated goat anti-rabbit 1gG (H + L) secondary antibody, the blots
were developed using enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ,
USA).

Protein cross-linking

HEK cells transfected with B-gal constructs in 6-well plates were washed with PBS three times
and resuspended in PBS pH 8.0. The protein cross-linker disuccinimidyl suberate (DSS; Pierce,
Rockford, IL, USA) was added to the cell suspension at a final concentration of 5 mM and
incubated at 25°C for 30 min before quenched with 20 mM Tris pH 7.5 for 15 min. An equal
volume of 2x protein-loading buffer was added to lyse cells. After boiled for 10 min, protein
lysates were separated on 4-12% gradient SDS-polyacrylamide gels and immunoblotted with
appropriate antibodies.
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Lithium chloride treatment

Seventeen hours after transfection with g-gal constructs, HEK cells were treated with 20 mM
LiCl for 25 h followed by chemiluminescent assays for 3-gal activity.

Statistic analysis

Data were analyzed using Student t-test, and values were considered significantly different
when p < 0.05.

Results

Expression of tau-B-gal fusion proteins for B-gal complementation

To monitor tau-tau interactions in cell model, we used a p-gal complementation system reported
previously (Rossi et al. 1997). In this system, a pair of inactive f-gal mutants Aa and A®
complement spontaneously with very low efficiency. The interaction between the two proteins
of interest fused to Aa and Aw drives -gal complementation and reconstitutes -gal activity
(Fig. 1a). Thus, the enzyme activity based on complementing p-gal serves as a marker for
protein-protein interactions. To test whether this system can be used to examine the interactions
among tau proteins, we generated tau-p-gal fusion constructs by fusing Aa and A to the C-
terminus of T4 and C3 (Fig. 1b). The approximately equivalent expression of Aa and various
Aa fusion proteins or Ao and various A fusion proteins in HEK cells was confirmed by
immunoblotting with antibodies against p-gal or tau (Fig. 2¢). Ao and tau-Aw fusion proteins
migrated faster than Ao and tau-Aa, respectively, because of the greater size of © domain
compared with oo domain. Also as expected, there was a slight difference in migration between
T4-B-gal fusion proteins and C3-B-gal fusion proteins because of the truncation in the C3
constructs.

Tau-tau interactions monitored by B-gal complementation

To detect the B-gal complementation driven by tau-tau interactions, HEK cells transfected with
three pairs of B-gal constructs (Ao + A, T4Ao + T4Aw, and C3Aa + C3Aw) were subjected
to histochemical examination for §-gal activity (Fig. 2a). Cells transfected with lacZ were also
stained to show efficient transfection and serve as a positive control for B-gal activity. The
spontaneous complementation between Ao and Ao resulted in a very low percentage of X-Gal
positive cells. But clearly, there were more X-Gal positive cells in cell cultures transfected with
T4Ao0 + T4Aw or C3Aa + C3Am than with Aa + Aw, suggesting that the interactions among
T4 proteins or truncated tau proteins promoted p-gal complementation thus recreated p-gal
activity. To quantify p-gal activity, we performed chemiluminescent assays on cells transfected
with different pairs of -gal constructs (Ao + Aw, T4Aa + T4Aw T4Aa + C3Aw, C3Aa +
C3Aw, and C3Aa + T4Aw) (Fig. 2b). B-gal activities of all combinations of tau-p-gal fusion
proteins were significantly higher than that of Aa + Aw. The B-gal proteins were all expressed
at approximately similar levels (Fig. 2c), therefore, the increases of B-gal activity were indeed
because of the complementation strengthened by tau-tau interactions. We also observed higher
B-gal activity of T4Aa + T4Aw® compared with that of C3Aa + C3Aw (Fig. 2b), suggesting that
the intrinsic interactions among T4 are stronger than that of C3. Together, these data
demonstrate that the self-association of tau can be detected and quantified with -gal
complementation assay.

Cross-linking of complementing tau-B-gal fusion proteins

To further confirm the close proximity of the complementing tau-B-gal fusion proteins,
transfected HEK cells were cross-linked intracellularly with the cell permeable cross-linker
DSS and the protein lysates were separated on 4-12% gradient SDS-polyacrylamide gels. After
cross-linking, T4Aa and T4Aw formed protein complexes of high molecular weight detected
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by both B-gal and tau antibodies, whereas protein complexes formed by Ao and Aw were barely
detectable. Similar high molecular weight protein complexes were also detected with other
combinations of tau-p-gal fusion proteins (Fig. 3).

Lithium attenuates complementation of tau-B-gal fusion proteins

Lithium reduces tau phosphorylation by inhibiting glycogen synthase kinase 3p (GSK-3p)
(Hong et al. 1997; Noble et al. 2005; Caccamo et al. 2007), a major kinase implicated in tau
hyperphosphorylation in AD (Mazanetz and Fischer 2007). To test whether the tau-tau
interactions and hence the complementation of tau-f-gal fusion proteins can be modulated,
HEK cells transfected with Aa + Aw, T4Aa + T4Awm, or C3Aa + C3Aw were treated with lithium
chloride and subjected to chemiluminescent assays for B-gal activity. Lithium treatment did
not affect the spontaneous complementation of Aa and Aw; however, it significantly decreased
the complementation of T4Aa and T4Aw and of C3Aa.and C3Aw by 33% and 32%, respectively
(Fig. 4a). To rule out the possibility that this decrease of complementation was due to the
decrease of protein expression, we immunoblotted cell lysates from a duplicate experiment
with an antibody against -gal. The result shows that B-gal proteins were expressed at the
similar levels in untreated and treated groups (Fig. 4b), suggesting that the decrease of
complementation of tau-p-gal fusion proteins was caused by the attenuation of tau-tau
interactions by lithium.

Discussion

NFTSs observed in AD mainly consist of paired helical filaments of aggregated tau. Given that
there was a positive correlation between NFTs and cognitive impairment (Grober et al.
1999), it was originally hypothesized that NFTs are the tau species that cause neurotoxicity.
However, in a mutant tau transgenic Drosophila model progressive neurodegeneration
occurred without NFTs formation (Wittmann et al. 2001). More importantly, in an inducible
tau transgenic mouse model for tauopathy, turning off tau expression rescued memory
impairments and neuronal loss but NFTs continued to accumulate (Santacruz et al. 2005).
Additionally, reduction of endogenous tau prevented behavioral abnormalities in an amyloid
precursor protein transgenic mouse model, in which substantial neurofibrillary pathology is
absent (Roberson et al. 2007). Thus, the accumulation of NFTs alone can be dissociated from
neuronal toxicity and cognitive deficits. These findings stimulated interest in studying the
formation of tau complexes in pre-tangle stage in which potentially toxic tau species are
produced and how tau-tau interactions are modulated by various cellular factors.

Here, we report that the f-gal complementation system is a new tool that can be used in cell
culture models to study tau-tau interactions preceding the formation of tau filaments. Although
FRET microscopy is an elegant technique and has been used to study intermolecular tau
association (Chun and Johnson 2007), it is technically demanding and requires extensive data
analysis, as well as expensive and not readily available equipment. The B-gal complementation
assay has advantages in signal amplification based on the enzymatic activity of p-gal, thus
allowing interactions to be monitored without gross over-expression of complementing protein
chimeras, and in straightforward signal quantification based on a chemiluminescent, or other
readily measured signal. In addition, itis fairly easy to set up the p-gal complementation system.
Once the parameters are established the tau-B-gal fusion constructs are transfected into cells
and the B-gal enzyme activity, which reflects the strength of tau-tau interactions, can be
examined with convenient assays such as chemiluminescence, fluorescence or colorimetric
readouts depending on the substrate chosen (Mohler and Blau 1996; Rossi et al. 1997).

Using the B-gal complementation system, we were able to detect tau-tau interactions in a
transfected cell culture model by histochemistry and quantify the relative extent of interactions
with chemiluminescent assays (Fig. 2), strongly suggesting that wild-type tau can come into

J Neurochem. Author manuscript; available in PMC 2009 April 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ding and Johnson

Page 6

close physical proximity to form tau complexes in situ without the presence of any non-
physiological inducers. This is further supported by the formation of high molecular weight
tau-p-gal fusion protein complexes detected after chemical cross-linking (Fig. 3), which also
validates B-gal complementation as a useful tool for studying tau self-association. The
biological significance of pre-existing tau multimers is still not clear. But considering the
previous studies showing that over-expression of tau alone is not enough to promote the
formation of sarkosyl-insoluble or thioflavin S-positive tau aggregates (Cho and Johnson
2004;Ding et al. 2006), the multimeric state of soluble tau proteins might predispose tau to
pathogenic conformational changes triggered by stressors associated with AD and tauopathies,
which will eventually lead to tau aggregation. Although active p-gal is a tetramer and in
bacteria, restoration of B-gal activity from complementing mutants results from formation of
hetero-octamers, in mammalian cells the precise number of monomers in an active p-gal
complex remains to be determined (Langley and Zabin 1976;Matthews 2005). Thus, the extent
of the multimeric state of tau in this model needs to be further studied.

Interestingly, we detected higher B-gal activity from complementing T4-B-gal fusion proteins
than from C3-p-gal proteins (Fig. 2), suggesting stronger interactions in situ of T4 compared
to C3. This is probably not related to the fusion of the B-gal mutant to the C-terminus instead
of N-terminus of tau because a previous study using fluorescent protein-labeled tau in FRET
analysis showed a similar extent of tau self-association of both C-terminal and N-terminal
labeled T4 or C3 tau proteins (Chun and Johnson 2007). Thus, deletion of the last 20 amino
acids somehow weakens the in situ interactions of one truncated tau with itself. This seems to
be contradictory to the in vitro studies showing that the C-terminal truncation actually enhances
tau aggregation in the presence of polymerization inducers (Gamblin et al. 2003b;Rissman et
al. 2004). However, it needs to be considered that it is possible that C3 displays different
conformations in the cell than in vitro. Second, the self-association of tau detected in our study
occurred spontaneously and relatively early without formation of tau filaments. Therefore, this
apparent disparity could mean that the conformational changes related to the C-terminal
truncation do not necessarily dictate the occurrence of tau aggregation (such as in our study)
but can lower the critical concentration needed for aggregation to occur and enhance tau
filament nucleation efficiency (such as in the in vitro studies) (Yin and Kuret 2006). Indeed,
we have previously shown that over-expression of C3 together with GSK-3p, but not T4 with
GSK-3p or C3 alone, resulted in sarkosyl insoluble and thioflavin S-positive tau aggregates in
the cell (Cho and Johnson 2004;Ding et al. 2006).

Lithium reduces tau phosphorylation by inhibiting a major tau kinase GSK-3p (Hong et al.
1997) and is being explored as a therapeutic drug to reduce tau hyperphosphorylation and tau
pathology in AD (Noble et al. 2005; Caccamo et al. 2007). Here, we show that the
complementation of both T4-B-gal and C3-B-gal fusion proteins was significantly attenuated
by lithium treatment (Fig. 4), indicating that the decrease of tau phosphorylation is associated
with weakened tau-tau interactions. This is consistent with a previous study showing that
increasing tau phosphorylation by expressing active GSK-3 enhanced tau self-association
(Chun and Johnson 2007). As the tau-microtubule interactions are also regulated by tau
phosphorylation, the attenuation of tau-p-gal complementation by lithium we observed could
also be partially because of a decrease in the cytosolic pool of free tau resulting from increased
association of tau with microtubules.

In summary, we have described a novel way to use -gal complementation as a tool to detect
tau-tau interactions in the cell and study the modulation of tau-tau interactions by tau truncation
and phosphorylation. Further studies using this method will help elucidate the mechanisms of
the regulation of tau self-association in transition to tau aggregation. With appropriate
modifications, this method may have broader applications in studying self-association of
aggregation-prone proteins in other neurodegenerative diseases.
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Fig. 1.

Schematic diagram of -galactosidase (B-gal) complementation and generation of tau-p-gal
fusion constructs. (a) In the B-gal complementation assay, proteins of interest a and b are fused
to the B-gal deletion mutants Aa or Aw. The interaction between a and b and the subsequent
juxtapositioning of Ac.and Aw lead to complementation and an increase in 3-gal activity (lower
panel), whereas in the absence of interaction, Aa.and Aw only display a low level of spontaneous
complementation (upper panel) (adapted from Rossi et al. 1997). (b) Tau-B-gal fusion
constructs used in this study. Ao and Aw represent B-gal mutants lacking a and © domains,
respectively. Different fusion constructs were created by linking Aa or Ao to the C-terminus
of full-length tau (T4) or tau truncated at D421 (C3) as indicated.
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Fig. 2.

Tau-B-galactosidase (p-gal) fusion proteins complement. (a) Complementation detected by
histochemistry. HEK cells were transfected with Aa + Aw, full-length tau (T4) Aa + T4Aw, or
tau truncated at D421 (C3) Aa + C3Aw for 48 h followed by X-Gal reaction for B-gal activity.
Lacz-transfected cells were used as positive controls. Shown is one representative experiment
of three independent experiments with similar results. (b) Complementation quantified by
chemiluminescent assay. HEK cells were transfected with B-gal proteins as indicated for 65 h
followed by chemiluminescent assay for B-gal activity. LacZ-transfected cells were used as
positive controls. The relative B-gal activities from three independent experiments with
triplicates within each group (mean + SEM) were expressed as fold increase relative to the
negative control Aa + Aw. *p < 0.05 versus Aa + Aw. #p<0.05 versus T4Aa + T4Aw. (c) B-gal
proteins in transfected HEK cells were expressed at approximately equivalent levels shown by
immunoblotting with antibodies against p-gal and tau.
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Fig. 3.

Complementing tau-p-galactosidase (B-gal) fusion proteins were cross-linked by
disuccinimidyl suberate (DSS). Human embryonic kidney (HEK) cells transfected with -gal
proteins as indicated were treated with dimethylsulfoxide or 5 mM DSS. Cell lysates were
separated on 4-12% gradient sodium dodecy! sulfate-polyacrylamide gels and immunoblotted
with antibodies against p-gal or tau. After cross-linking, full-length tau (T4) Ao and T4A®
formed protein complexes of high molecular weight detected by both -gal and tau antibodies
(asterisks), whereas protein complexes formed by Aa and Aw were barely detectable (left
panel). Similar high molecular weight protein complexes were also detected with other
combinations of tau-B-gal fusion proteins (right panel).
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Fig. 4.

LiCl attenuates complementation of tau-p-galactosidase (B-gal) fusion proteins. Human
embryonic kidney (HEK) cells were transfected with Aa + Aw, full-length tau (T4) Aa +
T4Aw, or tau truncated at D421 (C3) Aa + C3Aw for 17 h and treated with or without 20 mM
LiCl for 25 h. B-gal activities were measured by chemiluminescent assays. (a) Quantification
of the relative B-gal activities from three independent experiments with triplicate within each
group (mean = SEM), expressed as fold increase relative to untreated Ao + Aw. LiCl treatment
significantly attenuated B-gal activities of T4Aa + T4Aw and C3Aa + C3Aw but not that of Aa
+ Aw. *p<0.01 versus untreated T4Aa + T4Aw; **p<0.05 versus untreated C3Aa + C3Aw. (b)
B-gal proteins in untreated and LiCl-treated cells were expressed at approximately equivalent
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levels shown by immunoblotting p-gal. Lane 1, 4: Aa + Aw; lane 2, 5: T4Aa + T4Aw; lane 3,
6: C3Aa + C3Aw.
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