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Single cell assay of a transcription tactor
reveals a threshold in transcription
activated by signals emanating from the
T-cell antigen receptor
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Stimulation of T lymphocytes through their antigen receptor leads to the appearance of several transcription
factors, including NF-AT and NF-kB, which are involved in regulating genes required for immunologic
activation. To investigate the activity of a single transcription factor in individual viable cells, we have applied
an assay that uses the fluorescence-activated cell sorter to quantitate B-galactosidase (B-gal). We have analyzed
the distribution of NF-AT transcriptional activity among T cells undergoing activation by using a construct in

which three tandem copies of the NF-AT-binding site directs transcription of the lacZ gene. Unexpectedly,
stimulation of cloned stably transfected Jurkat T cells leads to a bimodal pattern of B-gal expression in which
some cells express no B-gal and others express high levels. This expression pattern cannot be accounted for by
cell-cycle position or heritable variation. Further results, in which B-gal activity is correlated with NF-AT-
binding activity, indicate that the concentration of NF-AT must exceed a critical threshold before transcription
initiates, This threshold likely reflects the NF-AT concentration-dependent assembly of transcription
complexes at the promoter. Similar constructs controlled by NF-«B or the entire interleukin-2 enhancer show
bimodal expression patterns during induction, suggesting that thresholds set by the concentration of
transcription factors may be a common property of inducible genes.
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A fundamental problem encountered by multicellular
organisms is how to translate a continuum of graded en-
vironmental signals into discrete responses such as dif-
ferentiation, cell division, or cellular activation. There
are many possible ways in which this problem can be
solved, but it is likely that one common way will be a
threshold somewhere in the pathway leading to expres-
sion of the genes specific for the changed phenotype.
Among possible sites for such a threshold is the concen-
tration-dependent binding of transcriptional regulators
to their DNA-binding sites. An example of this sort of
regulation comes from Drosophila in which, by a con-
centration-sensitive mechanism, a gradient of bicoid
protein influences target genes to create a series of dis-
crete transcriptional results that organize the head and
thoracic pattemn of the embryo (Driever and Nusslein-
Volhard 1988, 1989). Further studies have shown that
the embryonic position in which reporter genes con-
trolled by bicoid are expressed reflects the affinity of the
bicoid protein for different binding sites controlling
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these genes (Driever et al. 1989; Struhl et al. 1989). We
have sought an understanding of how another graded
stimulus, presentation of antigen and binding of inter-
leukins-1 and/or -6, can be translated into the all-or-
none immunological activation of a T lymphocyte. Our
approach has been to analyze this differentiation event
by correlating the transcription of a reporter gene con-
trolled by a single inducible transcription factor with the
induced DNA-binding activity of that transcription
factor.

As a model gene whose expression is tightly linked to
T-cell activation, we have studied interleukin-2 (IL-2).
IL-2 is transcribed in T cells only after the cell receives
two independent signals: (1} specific T-cell receptor acti-
vation by antigen-presenting cells in the context of
major histocompatibility complex (MHC), and (2)
binding of lymphokines produced by activated macro-
phages in a non-MHC-dependent interaction {Rosenthal
and Shevach 1973; Mizel 1982; Palacios 1982; Wiskocil
et al. 1985). These signals are thought to potentiate cal-
cium and protein kinase second messenger responses
(Weiss et al. 1984). The integration of these multiple
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signals results in the activation of IL-2 transcription me-
diated by the binding of several transcription factors to a
transcriptional enhancer between —319 and — 52 (Fujita
et al. 1986; Sicbenlist et al. 1986; Durand et al. 1987,
1988).

The binding of one factor, NE-AT (nuclear factor of
activated T cells), is closely correlated to the activation
of IL-2 transcription. NF-AT-binding activity is demon-
strated by DNase I protection studies of the IL-2 en-
hancer or by electrophoretic mobility shift assays
{EMSA) of an oligonucleotide composed of IL-2 enhancer
sequences between —286 and —257 (Durand et al.
1988). NF-AT-binding activity, found only in activated
lymphoid cells, is strongly induced within 20 min after
stimulation of T cells and precedes initial IL-2 mRNA
production by 20 min (Shaw et al. 1988). Induction of
NF-AT-binding activity is dependent on de novo tran-
scription and translation {Shaw et al. 1988). Drugs that
block the induction of NF-AT-binding activity, such as
cyclosporin A or translation inhibitors, also block IL-2
transcription (Emmel et al. 1989). Deletions of the
NF-AT-binding site that abolish NF-AT binding reduce
reporter gene expression in transient transfection assays
to 5-30% of wild-type enhancer activity (Fujita et al.
1986; Durand et al. 1988). Collectively, these results
suggest that the gene encoding NF-AT is one of the first
genes induced as part of a complex pathway of differen-
tiation leading to T-cell immunologic function.

To quantitatively analyze the relationship between
transcription factor concentration, physiologic state of
viable cells, and induced transcription, we have applied
the FACS/Gal reporter gene system (Nolan et al. 1988)
to the study of NF-AT as a model inducible transcription
factor. FACS/Gal exploits the Escherichia coli lacZ re-
porter gene encoding 3-galactosidase (B-gal), the fluoro-
genic substrate fluorescein-di-galactoside (FDG), and the
fluorescence activated cell sorter (FACS) to quantitate
B-gal activity in individual cells.

Because individual cells are assayed, any intercellular
differences in B-gal expression are detected, and direct
measurements of both the percentage of cells with B-gal
activity and the amount of activity per expressing cell
can be made. Importantly, cell viability is maintained by
the assay; therefore, cells can be FACS-sorted based
on their B-gal activity. Thus, with the application of
FACS/Gal, lacZ becomes a selectable marker that can
quantitate a broad range of g-gal activity (5—50,000 mol-
ecules per cell; Nolan 1989) and select cells based on any
level of that activity. In this report, using FACS/Gal and
a construct in which lacZ transcription is controlled by
NEF-AT, we quantitate the binding activity of NF-AT and
its influence on gene expression in individual viable
cells.

Although lacZ is transcriptionally responsive to
NF-AT, the induction of NF-AT-binding activity is not
linearly correlated with lacZ transcription. The ob-
served relationship indicates that the concentration of
NF-AT must exceed a threshold before transcription is
initiated. The most likely stage at which the threshold
occurs in the pathway is the assembly of an effective
transcription complex at the promoter.
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Results

Stimulation of the T-cell receptor signaling pathway
induces lacZ expression from the stably integrated
NFATZ construct in clones of the Jurkat T-cell line

To detect transcriptional activity of NF-AT in single
cells, we designed the construct NFATZ. This construct
(Fig. 1A) employs three tandem copies of a 30-bp DNA
oligonucleotide containing the sequences protected
from DNase I digestion by NF-AT binding (Durand et al.
1988) linked to a minimal IL-2 promoter-driving expres-
sion of lacZ. The NF-AT-binding site trimer is expected
to act as a transcriptional enhancer solely responsive to
transcriptionally active NF-AT (Durand et al. 1988,
Pierce et al. 1988).

The NFATZ construct, which also includes the bacte-
rial hygromycin-resistance gene driven by the herpes
simplex thymidine kinase promoter, was linearized and
electroporated into Jurkat T cells, and hygromycin-resis-
tant pools of cells were selected. To isolate integrants
that expressed lacZ under the control of NF-AT, we
stimulated the hygromycin-selected cells under condi-
tions known to induce IL-2. IL-2 expression is transcrip-
tionally controlled and strictly dependent on a signal
transmitted by antigen stimulation of the T-cell receptor
(TCR; Rosenthal and Shevach 1973; Wiskocil et al.
1985). Antigen stimulation of the TCR can be mimicked
by agents that stimulate the TCR in the absence of an-
tigen, such as anti-TCR or phytohemagglutinin (PHA,
Meuer et al. 1983; Weiss and Stobo 1984). The pathway
can be pharmacologically stimulated by phorbol ester
(PMA), an activator of protein kinase C, in combination
with the calcium jonophore, ionomycin, a reagent that
raises intracellular free calcium (Truneh et al. 1985).
Pools of hygromycin-resistant cells were analyzed for
constitutive and inducible B-gal activity. After 5 hr of
stimulation with ionomycin and PMA, the stimulated
cells and replicate unstimulated cells were loaded with
the fluorogenic B-gal substrate FDG. No constitutive ac-
tivity was discernible in any of the 46 pools (an esti-
mated 500 individual transformants) analyzed. Single
Jurkat cells with stimulation-induced B-gal activity
were FACS-sorted into individual tissue culture wells.
After 4 weeks growth, 24 clones were reanalyzed by
FACS/Gal, as described above. None of the clones had
constitutive B-gal activity. The clones that expressed the
highest levels of B-gal activity after stimulation were
studied further.

All clones able to express B-gal showed B-gal inducibi-
lity consistent with NF-AT-dependent transcription.
One clone, ] NFATZ.1, containing one copy of the con-
struct as determined by Southern blot (data not shown),
was chosen for the studies presented here. RNase pro-
tection of induced J.NFATZ.1 demonstrates that the ex-
pression of IL-2 and lacZ in these cells requires specific
stimulation and that the JacZ mRNA is properly initi-
ated at the expected transcriptional initiation site (Fig.
1B). The expression of lacZ from stably integrated
NFATZ in Jurkat cells is induced under several condi-
tions shown previously to stimulate endogenous IL-2 or
chloramphenicol acetyl transferase (CAT) activity in
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Figure 1. The NFATZ construct and its relationship to the IL-2 gene. (A} Map of the 5 region of the IL-2 gene, including the enhancer
that extends from —52 to —319. Sites that bind proteins believed to contribute to transcriptional control are noted, with the names of
putative binding proteins. The NFATZ construct contains lacZ attached to the IL-2 gene at position +47, which precedes the transla-
tional start site for IL-2. The promoter is the fragment of IL-2 from —70 to +47, which includes a TATA box. The enhancer in this
construct is a trimer of the NF-AT-binding site {—286 to — 257 of IL-2). All three NF-AT sites are oriented in the same direction asin
IL-2, and this trimer is attached to a minimal IL-2 promoter at —70. (B) The lacZ message from NFATZ is only expressed after
stimulation and is properly initiated at the IL-2 transcriptional initiation start site. RNase protection was used to analyze the presence
and initiation site of JacZ and IL-2 RNA. The probe spanned — 70 to +250 of the NFATZ construct and can detect both messages.
Properly initiated lacZ message gives a protected band of 250 bases, and endogenous IL-2 gives a 47-base protected band.

transient IL-2 enhancer/promoter/CAT transfections
(Fig. 2A; Durand et al. 1987). In addition, cyclosporin A,
which inhibits IL-2 transcription and blocks the induc-
tion of NF-AT-binding activity (Emmel et al. 1989), in-
hibits expression of lacZ at concentrations similar to
those that inhibit IL-2 transcription {Fig. 2A).

A bimodal expression pattern suggests a threshold
event in signal transduction

Surprisingly, analysis of single stimulated cells by
FACS/Gal reveals that B-gal activity is unequally dis-
tributed within the clone (Fig. 2B}. Unstimulated cells or
cells treated with PMA alone show no increase over the
background levels of untransfected Jurkat cells in either
the 4-methylumbelliferone-p-p-galactoside (MUG) or
FACS/Gal assays. Antibody to the Jurkat TCR idiotype
(anti-TCR), a physiologically relevant stimulation, gives
a weak but definite induction. With the addition of PMA
to the anti-TCR stimulation, total B-gal activity in-
creases almost threefold. However, this increase is not
distributed equally among all cells: FACS/Gal analysis
shows that 22% of cells have responded, whereas the
majority of the ] NFATZ.1 cells show no activity. This
bimodality is again apparent in PHA-stimulated cells,
but unlike the anti-TCR results, PMA does not signifi-
cantly change either the total B-gal activity or the per-
centage of cells with B-gal activity. Stimulation of the
cells with ionomycin alone induces weak B-gal activity

even though endogenous IL-2 is not induced by iono-
mycin alone {Weiss et al. 1987}. Ionomycin plus PMA is
clearly the strongest inducer of total NF-AT-mediated
B-gal activity; FACS analysis demonstrates significant
B-gal activity in >90% of the cells. Interestingly, even
under these optimal conditions, a small proportion of
cells are still refractory to stimulation. The fact that
some cells within a clone respond strongly to induction
and others make no response suggests a threshold in the
pathway leading to expression of NF-AT-driven lacZ.

To further explore the parameters influencing the dis-
tribution of induced B-gal activity, we examined the ki-
netics of lacZ expression following stimulation {Fig. 3).
Consistent with the induction kinetics of NF-AT DNA-
binding activity after T-cell stimulation (Shaw et al.
1988), B-gal activity first appears 1 hr after stimulation
and peaks ~12 hr poststimulation. In the presence of 10
ng/ml PMA, increasing the concentration of ionomycin
from 0.25 to 2.25 pM increases the percentage of cells
responding at each time point, inducing B-gal activity in
almost the entire population by 12 hr. Although varying
the ionomycin concentration changes the magnitude of
the response as measured by total B-gal activity, or the
percentage of cells expressing, there is no marked
change in the overall kinetics of induction (Fig. 3B).
Even with optimal ionomycin and PMA concentrations,
the cells do not respond uniformly and present a bi-
modal distribution both prior to and at the time of peak
activity in the culture.
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Figure 2. The TCR signaling pathway induces B-gal activity in Jurkat NFATZ cells. . NFATZ.1 was stimulated with combinations of
the following reagents for 8 hr: 10 ng/ml PMA (Sigma), 2.0 uM ionomycin (Calbiochem), 1/1000 ascites of antiidiotypic C305 antibody
anti-TCR (Weiss and Stobo 1984} plus 20 pg/ml rat anti-mouse immunoglobulin (Southern Biotechnology Associates), 8 wg/ml PHA
(Sigma), and 30 ng/ml cyclosporin A {Sandoz). (A} After stimulation, 5000 cells of each treatment group were distributed into wells of a
96-well plate, and their B-gal activities were assayed by a 3-hr incubation with MUG {solid bars). The fluorescence generated by an
equal number of untransfected Jurkat cells (80 units) was subtracted from the MUG unit values. (B) After stimulation, as described
above, FACS/Gal analysis was performed as per Materials and methods. Shown are histograms of the B-gal-generated fluorescence in
these cells displayed on a log scale. Cells in the population with substantial B-gal activity accumulate, due to substrate exhaustion,
with a fluorescence of ~100 units, whereas ] NFATZ.1 cells with no B-gal activity or untransfected Jurkat cells have a background
fluorescence of ~2 units. The percentage of cells with B-gal activity in B (determined as the percentage of cells with fluorescence
>99% of similarly assayed untransfected Jurkat cells) is also displayed in A (hatched bars).

The correlation between NF-AT DNA-binding activity sion pattern, indicate the existence of a threshold con-
and lacZ expression shows that the threshold event is centration of NF-AT that must be exceeded before tran-
controlled by the concentration of NF-AT scription occurs. If this is the case, it implies that cells
not expressing B-gal may contain levels of NF-AT that
We investigated the relationship between NE-AT- are only slightly lower than cells with high B-gal ac-
binding activity and B-gal activity by measuring both pa- tivity.
rameters in stimulated J.NFATZ.1 cells {Fig. 4). PMA in- To determine how the bimodal distribution of lacZ
duced NF-AT-binding activity that was not sufficient to expression is related to NF-AT-binding activity and
mediate transcription of lacZ; however, activation with thereby to test the hypothesis of a threshold induction
PMA in the presence of increasing quantities of iono- concentration of NF-AT, we stimulated .NFATZ.1 cells
mycin produced an abrupt increase in B-gal activity with and assayed the induced NF-AT-binding activity in
only a minor change in NF-AT-binding activity. With sorted B-gal positive (B-gal*) and B-gal negative (B-gal-)
0.25 pm ionomycin, there was no detectable B-gal ac- cells. After stimulation under conditions that give ap-
tivity, whereas with 0.75 uM ionomycin, B-gal activity proximately equal numbers of cells with and without
was clearly detectable and was associated with a small B-gal activity, cells were loaded with FDG for 75 sec,
increase in NF-AT-binding activity. Further increasing quenched in ice-cold isotonic media, and kept on ice
the ionomycin concentration 3-fold from 0.75 to 2.25 throughout the subsequent sorting and protein isolation
pM induced a 30-fold increase in B-gal activity, whereas procedure. Approximately 107 cells each of B-gal* and
NF-AT-binding activity was increased <2-fold. Thus, B-gal~ fractions were sorted (Fig. 5A). Whole-cell protein
minor quantitative changes within a narrow range of extracts were made from these fractions and examined
NF-AT-binding activity are accompanied by large in- for their level of NF-AT-binding activity. p-gal* cells
creases in NF-AT-mediated transcription. Furthermore, were fivefold enriched for NF-AT-binding activity as
these results, in conjunction with the bimodal expres- compared to B-gal— cells (Fig. 5B). This fivefold differ-
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Figure 3. Induction of B-gal activity is sensitive to ionomycin
concentration and follows kinetics similar to the kinetics of
IL-2 induction. J.NFATZ.1 cells were stimulated at time 0 with
10 ng/ml PMA and the indicated concentrations of ionomycin.
Aliquots were harvested and analyzed by FACS/Gal at the des-
ignated times. (A} Fluorescence generated as histograms of log
scale fluorescence. (B) Percentage of cells expressing §-gal, de-
fined as in Fig. 2, plotted vs. stimulation time, for each iono-
mycin concentration.

ence in NF-AT-binding activity is associated with a
much greater difference in B-gal expression. Accumula-
tion of B-gal* cells in a peak at ~100 units of fluores-
cence is due to substrate exhaustion; therefore, fluores-
cence of those cells is an underestimation of their §-gal
activity. Further hindering efforts to accurately compare
the B-gal activity of the two populations is the fact that
B-gal activity in the B-gal~ population is below detect-
able levels with either the FACS/Gal or the MUG assay.
However, because we know the sensitivity of the assays,
we can state that the difference in B-gal activity between
the two peaks is at least 100-fold and is likely to be
much greater. We conclude that the bimodal distribu-
tion of B-gal activity is associated with intercellular
variation in NE-AT concentration at least 20-fold less

Threshold event in transcriptional activation

Figure 4. Induction of B-gal activity is nonlinearly related to
increased NF-AT-binding activity. ] NFATZ.1 cells, 5 x 107 for
each condition, were stimulated for 3 hr with 13 ng/ml PMA
and the noted ionomycin concentration. Cells {5000} were har-
vested from each stimulation condition and assayed for p-gal
activity with both the MUG assay and FACS/Gal; nuclear ex-
tracts were made from the remaining cells. NF-AT-binding ac-
tivity was assayed by EMSA with the NF-AT-binding site as a
probe. The NFIL-2A EMSA probe (Shaw et al. 1988) was used as
a control for the amount and integrity of protein in the extract,
because NFIL-2A-binding activity is constitutive. Lanes 1-6 are
NEF-AT assays that correspond to lanes 8-13, respectively, of
NFIL-2A assays. Lanes 7 and 14 are free probe of NF-AT-
binding oligonucleotides and NFIL-2A-binding oligonucleo-
tides, respectively. Briefer exposures of the autoradiogram were
used to densitometrically measure the band intensities to ob-
tain the displayed values. In this experiment the cells did not
express B-gal in response to a 3-hr stimulation with PMA plus
0.25 uM ionomycin, even though Fig. 3 shows a response with
those conditions. The difference in response is explained by a
difference in cell density, in which, even though fresh media
was used for stimulation, cells at 106/ml here show less re-
sponse at low ionomycin concentration than the cells for Fig. 3,
which were at 3 x 10%/ml. No further data on this cell density
effect are shown.

than the variation in B-gal activity. Thus, cells con-
taining more than some critical threshold concentration
of NF-AT-binding activity induce lacZ, whereas those
below this threshold concentration do not.

Sensitivity to stimulation is due to multiple
nonheritable physiological factors, including factors
influenced by the cell cycle

We have shown that the bimodality of B-gal expression
is correlated with small quantitative differences in in-
duction of NF-AT-binding activity. What are the factors
that lead to intercellular variation of NF-AT transcrip-
tional activity following stimulation of a clonal popula-
tion? Heritable differences in the levels of factors in-
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Figure 5. Small changes in NF-AT levels corre-
late with very large changes in NF-AT-dependent
transcription. ] NFATZ.1 cells (108), were stimu-
lated with 10 ng/m! PMA and 1.5 um ionomycin.
Two hours after the addition of stimulants, the
stimulation was stopped by centrifuging the cells
and resuspending in fresh media. The cells were

total population

kept in culture for an additional hour to allow
any existing lacZ message to be translated into
B-gal. The cells were then harvested, analyzed by
FACS/Gal, and FACS-sorted based on B-gal ac-
tivity. (A} Sort data showing the B-gal activity
histogram, the sorted populations, and the reanal-

Number

Cell

NF-AT -
sorted populations ;

ysis of samples of the sorted cells. Approximately
107 cells each of B-gal* and B-gal- populations
were sorted. Sorted and unsorted stimulated cells
were used to prepare whole-cell protein extracts.
{B) EMSA analysis of NF-AT-binding activity in
whole-cell extracts. The control lane contains an
equal amount of protein from a nuclear extract of

Relative

reanalysis of
negative sort

stimulated Jurkat cells, which verifies the posi-
tion of the NF-AT band. The dark bands below
the NF-AT bands in experimental lanes are due to
nonspecific binding by cytoplasmic proteins in
whole-cell extracts (and can serve as an internal
control for the amount of protein loaded). Densi-

reanalysis of
positive sort

tometry of the relevant NF-AT bands quantitated
the relative amount of NF-AT as 1, 2, and 5 units,
respectively, for the negative, total stimulated,
and positive sort.

volved in the signaling pathway could, over many cell
generations, lead to the observed inducibility differences
within the cell population. FACS/Gal sorting of stimu-
lated J.NFATZ.1 cells into B-gal~ and B-gal* fractions
with subsequent reanalysis after approximately seven
generations in culture demonstrates that there is no her-
itable bias giving rise to a population of cells that are
more or less sensitive to induction of lacZ (Fig. 6). The
progeny of the B-gal*- or 3-gal ~-selected populations are
virtually identical to each other and to the parental cells
in expression of B-gal following restimulation. This ex-
periment indicates that the variation of sensitivity to
stimulation is not predominantly heritable; therefore,
small differences in induction of NF-AT must be related
to nonheritable variation in cellular physiology within
the clone.

Prior to antigen-dependent stimulation, nonmalig-
nant, mature T cells are quiescent and do not proliferate
(Go in the cell cycle). TCR-initiated activation signals
mediate NF-AT activation in normal T cells and also
prompt progression into the cell cycle, leading to prolif-
eration (for review, see Crabtree 1989). Therefore, it is
possible that position in the cell cycle is the physiologic
variable that leads to the differential NF-AT activity
that we have observed. Using FACS/Gal and Hoechst
33342, we simultaneously analyzed NF-AT-induced
B-gal activity and position in the cell cycle (Fig. 7). The
FACS/Gal histogram of induced B-gal activity is shown
in Figure 7A. Figure 7, B and C, shows the cell-cycle pro-
file of B-gal~ cells and B-gal* cells. The major peak at
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the left in Figure 7, B and C (between 20 and 43 fluores-
cence units), represents cells in G, phase; cells with flu-
orescence >43 are in S and G, phases. The DNA content
profiles of B-gal* and B-gal~ subpopulations are similar
but not identical. The B-gal-expressing population is
enriched in S + G, phase cells, as compared to the
B-gal-nonexpressing population. These same results are
presented as a two-dimensional probability plot {Fig. 7D)
of B-gal activity (y-axis) versus DNA content (x-axis)
that shows the difference in the cell-cycle distribution of
B-gal* and B-gal~ cells: 46% of the B-gal* cells are in
S + G, as compared to 31% of B-gal- cells. However,
the correlation between position in the cell cycle and
induction of B-gal activity is not absolute. As Figure 7
demonstrates, many g-gal~ cells are in S + G,, and con-
versely, many B-gal* cells are in G;. We conclude that
cell-cycle-related physiological factors may influence
the induction of NF-AT, but other, possibly stochastic,
factors contribute to the small differences in NF-AT in-
duction that strongly influence lacZ expression.

Transcriptional thresholds may be a general
characteristic of genes controlled by multiple inducible
transcription factors

To determine whether the threshold detailed here is a
special property of NF-AT or whether it is a more gen-
eral property of inducible genes, we prepared two other
inducible lacZ constructs and examined their induction
when stably integrated in Jurkat cells. The constructs
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Figure 6. Variability of response to stimulation is not a heri-
table characteristic. ] NFATZ.1 cells were stimulated with 0.8
1M ionomycin and 10 ng/ml PMA for 4 hr. The cells were har-
vested and analyzed by FACS/Gal. (A) The 10% most fluores-
cent (high B-gal activity) and 10% least fluorescent cells (no
B-gal activity) were sorted as designated by the arrows (50,000
of each). (B) The sorted populations were cultured for 7 days,
until there was ~2 x 108 cells in each, and aliquots of the
sorted population and parental cells were stimulated for 6 hr
with 0.8 um ionomycin and 10 ng/ml PMA and analyzed by
FACS/Gal and the MUG assay. FACS/Gal histograms and asso-
ciated MUG values are displayed.

are similar to NFATZ (see Materials and methods). In
one construct (IL2ZH), the entire IL-2 enhancer as dia-
grammed in Figure 1 controls lacZ, and in the other con-
struct (kBZH), lacZ is controlled by a trimer of the
NF-«B-binding site from the mouse x immunoglobulin
light-chain enhancer situated in the same position as the
NEF-AT-binding site trimer in NFATZ. Jurkat cell lines
that express the integrated constructs were produced as
described above for the J.NFATZ.1 cell line. Similar to
NFATZ, both constructs show distinctly bimodal distri-
butions of induced B-gal activity ({Fig. 8), suggesting that
from these constructs, as from NFATZ, lacZ is not tran-
scribed until a threshold concentration of transcription
factors is exceeded.

Discussion
A threshold in transcriptional induction

We have used the FACS/Gal assay to measure the tran-
scriptional activity of a single transcription factor,

Threshold event in transcriptional activation

A B-Gal Activity (fluorescence)

1 10 100
L 1 1 [
£ | p-gal- B-gal +
E
z
o
o —
[
2
k-]
(]
&
v’\\w\
B
] ] C
B-gal - B-gal +

Relative Cell Number

I T T T !

1 T
0 20 40 60 80 o0 20 40 60 80
DNA Content per Cell (Hoechst 33342)

D 5 G1 | S«G2
Q -]
c
[
9 8.6% 7.4%
£100
S
€ B-gal *
2> 10
2
< 1 B-gal =
w
0]
A

0 20 40 60 80
DNA Content per Cell

Figure 7. The first cells responding to a brief stimulation are
enriched for cells in S + G, of the cell cycle. ] NFATZ.1 cells
were stimulated with 2.0 um ionomycin and 10 ng/m! PMA.
After 90 min of stimulation, the cells were centrifuged and
brought up in fresh media without stimulants containing 5
pg/ml of the fluorescent DNA-binding dye Hoechst 33342 and
cultured for an additional hour. Dual-laser multiparameter
FACS analysis of B-gal activity versus cell cycle was done for
each cell by assaying B-gal activity with FACS/Gal and DNA
content by Hoechst 33342 fluorescence. {A) A histogram of the
fluorescein fluorescence of the cells (8-gal activity). Further
computer analysis allows us to display the DNA content histo-
gram (Hoechst fluorescence linear scale) for B-gal- (B) and
B-gal* (C) cells. (D) The same data in a two-dimensional plot
with B-gal activity vs. DNA content. The percentage of cells in
each quadrant is shown.

NF-AT, in individual viable cells and have correlated
this information with its DNA-binding activity mea-
sured in vitro by EMSA. We find that the induction of
NF-AT-binding activity and associated induction of
B-gal activity is not uniform within a clonal population
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Figure 8. Other inducible constructs show a bimodal pattern
of induction following stimulation of stably integrated Jurkat
clones. Representative Jurkat clones that had integrated IL2ZH
{lacZ controlled by the IL-2 enhancer) or kBZH (IacZ controlled
by a trimer of NF-«B sites) were suspended at 5 x 105/ml and
stimulated with 12 ng/ml PMA and 2 pM ionomycin. Cells
were harvested at the indicated time points and assayed by
FACS/Gal as per Materials and methods.

of cells. NF-AT-mediated transcription of B-gal is non-
linearly related to DNA-binding activity such that small
changes in NF-AT-binding activity can be associated
with much larger changes in B-gal activity. In addition,
we find that cells induce significant levels of NF-AT-
binding activity without inducing any B-gal activity. Al-
together, these results provide evidence for a threshold
in transcriptional activation after the induction of
NEF-AT that is not associated with variations in the
ability of the cells to transmit signals via the TCR sig-
naling pathway. Because the threshold occurs between
the induction of NF-AT-binding activity and the induc-
tion of NF-AT-mediated transcription, we believe that
the threshold corresponds to the assembly of an active
NEF-AT-mediated transcription complex.

There is a theoretical possibility that the threshold
occurs at the translational rather than the transcrip-
tional level. To address this possibility, we examined
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the relationship between transcription (measured by
RNase protection of a lacZ probe by cytoplasmic RNA)
and B-gal activity {measured with the MUG assay).
These experiments were done on Jurkat clones with in-
tegrated copies of either NFATZ or kBZH. Because mes-
sage levels correlate linearly with B-gal activity {data not
shown), we conclude that the threshold is at the tran-
scriptional level.

One assumption relevant to our conclusions is that
transcription from the NFATZ construct is strictly con-
trolled by NF-AT, rather than by factors interacting with
the IL-2 promoter sequences in the construct. This as-
sumption is supported by the following evidence, which
indicates that the IL-2 promoter {—70 to +47) used in
the construct does not contain sequences that confer in-
ducible or T-cell-specific transcription. Except for a
TATA box, there are no sites within the —70 to +47
segment that are homologous to other sites known to
influence transcription. Constructs with the —70 to
+47 segment, but without the NF-AT sites, are not ex-
pressed constitutively or inducibly in either T-cell lines
{Fujita et al. 1986; Durand et al. 1987) or T cells of trans-
genic mice (Verweij et al. 1990). The sequences between
—81 and +51 of IL-2 can function as a promoter for en-
hancer elements in nonlymphoid cells (Fujita et al.
1986), suggesting that this region contains no elements
that are functional only in activated T cells. There is no
evidence from in vitro footprint analysis for inducible
proteins binding to the —70 to O sequences of IL-2
(Durand et al. 1988}, and there are no inducible DNase I
hypersensitive sites in the —70 to +47 fragment (Sie-
benlist et al. 1986).

What is the molecular basis of the threshold? If
NEF-AT can exist in a form that is competent to bind
DNA but unable to mediate transcription, the threshold
may be a modification step that allows binding-compe-
tent NF-AT to mediate transcription. Although we
cannot rule out this possibility, in vitro transcription
studies have not revealed evidence for such a binding-
competent, but transcriptionally inactive, form of
NE-AT (M. Flanagan and G.R. Crabtree, unpubl.).

The threshold could be the result of cooperativity of
NF-AT binding. Cooperativity of transcription factor
binding is well known in prokaryotes, and recent reports
have demonstrated in vitro DNA-binding cooperativity
by mammalian transcription factors (Davidson et al.
1988; LeBowitz et al. 1989; Tsai et al. 1989). However,
gel retardation studies have shown no evidence that
NF-AT binding is cooperative. The binding of NF-AT to
a labeled monomer of the NF-AT-binding site is compet-
itively inhibited as efficiently by binding site monomers
as by an equal number of multimerized binding sites
(Fig. 9). This in vitro experiment does not eliminate the
possibility of binding cooperativity in vivo.

Our experiments, in combination with results re-
ported previously, suggest that transcription is not initi-
ated from the NFATZ construct until the concentration
of NF-AT is sufficient to fill all three binding sites. Pre-
vious studies, employing transiently transfected con-
structs, have shown that generally more than one
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Figure 9. NF-AT does not bind cooperatively in vitro. The
binding of NF-AT to a 32P-labeled probe consisting of mono-
mers of the NF-AT DNA-binding site was competitively inhib-
ited by either unlabeled binding site monomers (monomer
competitor} or by an equal number of unlabeled binding sites
that had been ligated together (multimerized competitor). To
ensure that the concentrations of binding sites in the two com-
petitor stocks were identical, we produced the multimers by
ligation of the monomers; the extent of ligation was deter-
mined by 32P-labeling and subsequent gel analysis of aliquots of
the competitors. The multimerized competitor contained
~80% dimers and higher multimers of the binding site (data
not shown).

binding site for a transcription factor is required to ini-
tiate transcription (Laimins et al. 1984; Veldman et al.
1985; Durand et al. 1988; Schatt et al. 1990). It has also
been shown recently that multiple bound transcription
factors can have a synergistic influence on transcription
(Carey et al. 1990; Lin et al. 1990). Most importantly,
because one or two copies of the NF-AT site fused 5’
proximal to a minimal promoter have little or no tran-
scriptional activity and three or more copies of the site
mediate substantial reporter gene induction in transient
assays {Durand 1988; C.L. Verweij and G.R. Crabtree,
unpubl.), the construct used here would be expected to
require the binding of NF-AT at all three binding sites
before transcription initiates.

If the hypothesis that all three binding sites must be
occupied to mediate transcription is correct and there is
no in vivo binding cooperativity, the threshold can be
explained, at least in part, simply by the fact that, be-
cause each cell has a single reporter gene, the proportion
of cells with all three sites occupied is essentially the
cube of the proportion of individual sites occupied.
EMSA studies show that the binding of NF-AT to its
binding site in vitro is proportional to NF-AT concentra-
tion (data not shown). If NF-AT binding in vivo is pro-
portional to NF-AT concentration in the range studied
here, any change in NF-AT concentration would cause a
similar change in the occupancy of individual sites and
would therefore affect transcription of NFATZ in pro-
portion to the cube of the concentration change. For ex-
ample, a 5-fold increase in mean NF-AT concentration
in a population would mediate a 53 {125)-fold increase in
transcription in that population. If our in vitro EMSA
experiments accurately describe the behavior of NF-AT
binding in vivo, the transcriptional threshold demon-
strated here could be partly or substantially explained by
the three-site requirement and the associated third
power relationship between NF-AT concentration and
transcription.

Are there similar thresholds in the induction
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pathways of other genes? The construct IL2ZH, with
lacZ controlled by the complete IL-2 enhancer, when
stably introduced into Jurkat cells, is expressed in a bi-
modal fashion following stimulation (Fig. 8). Hence,
transcription of endogenous IL-2 may involve exceeding
a threshold similar to that detailed for NFATZ. Simi-
larly, expression of an NF-kB responsive construct is
also bimodal (Fig. 8) even though NF-«xB and NF-AT are
activated by different mechanisms {Bauerle and Balti-
more 1988; Ghosh and Baltimore 1990). This bimodal
expression pattern occurs regardless of whether multiple
copies of a single inducible factor (NF-AT or NF-«kB) or
multiple distinct inducible factors (IL-2) control tran-
scription.

For any gene, if binding is not cooperative or interac-
tive, the probability that all transcription factor-binding
sites will be occupied is the product of the probabilities
that each individual site will be occupied. Thus, any
gene to which multiple inducible factors are required to
bind before transcription occurs could exhibit an effec-
tive physiological threshold related to the fact that con-
centrations of all necessary factors must be well above
their binding constants before it is likely that all sites
will be filled. This situation could make a gene inher-
ently difficult to activate (i.e., it would have a threshold)
and therefore tend to make transcription an all-or-none
response. Such a threshold would be useful at critical
stages of development when all-or-none responses must
be mediated by graded stimuli to accomplish cellular
differentiation.

Potential of single-cell assays of transcription factors
that correlate transcription with cellular physiology

Stimulation of normal resting T cells has a strong influ-
ence on cell-cycle stage, because activation induces cells
to leave G, and initiate DNA synthesis {Cantrell and
Smith 1984). Jurkat, a leukemic T-cell line, is clearly
under modified control because it cycles constantly and
never enters a lengthy G, phase. Our experiments have
established that cell-cycle position, an important source
of physiological variation within a clonal population,
partially correlates with the ability of the cell to express
lacZ in response to stimulation. Two different interpre-
tations of these data can be made. The first possibility is
that cells in the S and G, phases are more readily in-
duced to express lacZ after stimulation. In this case,
cells in the S and G, phases likely produce more NF-AT
in response to a given stimulus than those in G;; how-
ever, this disposition is not absolute. The second possi-
bility is that there is no bias in the cell-cycle stage in
which lacZ is induced; rather, cells responding to stimu-
lation both induce lacZ and are altered in their progres-
sion through the cell cycle. To explain the observed en-
richment of B-gal* cells in S + G,, the aforementioned
cell cycle alteration must result in an increase of such
cells in S + G, either by inhibition of progression
through S phase or premature movement from G, into S.
Either interpretation leads to the conclusion that lacZ
activation and, therefore, small differences in the induc-
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tion of NF-AT, is partially correlated at the single-cell
level to events that either influence or are influenced by
the cell cycle.

The integration site of the NFATZ construct does not
affect the qualitative response to stimulation but does
have a distinct quantitative influence. All of the stable
NFATZ integrants analyzed (24 clones) show the same
phenotype of induction of -gal activity only by condi-
tions known to induce NF-AT transcriptional activity.
However, the clones show large consistent differences in
how much B-gal activity they induce. Interestingly, the
presence upstream of a constitutively active herpes sim-
plex thymidine kinase promoter region, directing tran-
scription of the linked hygromycin-resistance gene, is
unable to cis-activate constitutive lacZ expression de-
spite the fact that it is only 2 kb away and in the
same transcriptional orientation. Although individual
NFATZ Jurkat clones vary in the magnitude of p-gal ac-
tivity they express, generally they do not differ signifi-
cantly in NF-AT-binding activity following stimulation
{data not shown). This suggests that different integration
sites, all of which are constitutively transcribing a
linked drug-resistance gene, mediate heritable quantita-
tive differences in response to a given level of NE-AT.

FACS/Gal can be applied to analyze the signaling
pathways leading to activity of an inducible transcrip-
tion factor. With this system we have observed a
threshold in the transmission of a signal from the cell
surface to transcription in the nucleus. The ability to
use FACS/Gal to analyze variation within complex cell
populations and viably select cells based on reporter
gene expression levels provides an overall new approach
to the study of inducible genes and the signals that con-
trol their induction. In particular, this approach could be
useful in the selection of mutants in activation
pathways. As opposed to transient assays, this approach
allows the study of gene expression in a more physiolog-
ically relevant and undisturbed context. Furthermore,
the compatibility of FACS/Gal with FACS analysis of
other parameters, such as cell cycle, creates a powerful
potential to correlate gene expression with single-cell
physiology. We believe assays similar to those presented
here will be productive in dissecting the complex inter-
connecting signaling pathways between cell membrane
molecules involved in sensing the environment and
transcriptional regulatory molecules essential for pheno-
typic adaptation.

Materials and methods
Cells and cell culture

Jurkat cells were maintained in complete RPMI 1640 (GIBCO)
supplemented with 10% (vol/vol) fetal calf serum, 108 U/ml
penicillin, and 52 U/ml streptomycin in a 7% CO,/93% air at-
mosphere. Clones transfected with NFATZ were periodically
cycled in the above media with 300 pg/ml hygromycin B (Cal-
biochem).

Plasmid construction

Construction of NFATZ used p22-6 CAT, a construct with the
enhancer/promoter used in NFATZ attached to the CAT gene.
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The CAT gene was removed from p22-6 CAT by HindIIl-
BamHI digestion and replaced with the HindllI-BamHI lacZ
fragment from pCH110 {Hall et al. 1983) to make p22-6 Z. To
attach a drug-selectable marker and complete NFATZ, the
NF-AT enhancer-promoter/lacZ portion was excised with
Xhol/BamHI from p22-6 Z and inserted into the vector p220.2
(modification of p201 by the addition of a polylinker in the Nazl
site; Yates et al. 1985) that contains the herpes simplex thymi-
dine kinase promoter controlling the bacterial hygromycin-re-
sistance gene (TK/Hygro}. Construction of IL2ZH and xBZH
will be described in detail elsewhere {P.S. Mattila, K. Ullman, S.
Fiering, M. McCutcheon, L.A. Herzenberg, and G.R. Crabtree,
in prep.). Briefly, they are similar to NFATZ, with the following
exceptions: In both constructs, the TK/Hygro gene is 3’ of lacZ
rather than 5', IL2ZH has the entire IL-2 enhancer, as shown in
Figure 1, controlling lacZ, and kBZH has three copies of the
NF-kB-binding site from the immunoglobulin « light-chain in
place of the NE-AT-binding sites.

Transfection and selection of hygromycin-resistant Jurkat
clones '

The NFATZ plasmid was digested with Nrul and BamHI, and
the TK-Hygro/NFAT-lacZ fragment was gel-purified. Jurkat
cells were centrifuged and resuspended at a concentration of
107/ml in growth media containing 20 wg/ml of the purified
DNA fragment. Aliquots {300 wl) of the cells were electropor-
ated in a Bio-Rad Genepulser at 250 V with 960 pF capacitance.
The electroporated cells were resuspended in 24 ml of growth
media, and 1 ml/well was plated into a 24-well tissue culture
plate. The following day the media were brought to 300 pg/ml
with hygromycin B, and the hygromycin-containing media
were changed periodically until resistant cells grew out of the
selected population. Production of hygromycin-resistant IL2ZH
or kBZH containing Jurkat clones was essentially identical to
the procedure described above for NFATZ-containing Jurkat
clones.

Ribonuclease protection

A probe spanning the NFATZ sequences from ~70 to +250,
which is capable of revealing transcription of both lacZ and en-
dogenous IL-2, was made by cloning the Xhol—Rsal fragment
from NFATZ into pSP65 to create pSP65Gal. Total RNA was
purified by the guanidinium isothiocyanate technique
{Chirgwin et al. 1979). RNase protection was done by standard
techniques (Melton et al. 1984). RNA was quantitated spectro-
photometrically, and 12 pg was used for each experimental
point. For mapping the correct initiation of the lacZ mRNA, a
32P-labeled RNA probe was transcribed from Pstl-digested
pSP65Gal. Hybridization was done at 42°C, and the samples
were digested with 5 pg/ml RNase A and 200 U/ml RNase T1
at 37°C for 1 hr. The digested samples were electrophoresed on
a 6% denaturing polyacrylamide gel.

B-Gal assays

The FACS/Gal assays were carried out basically as described
previously (Nolan et al. 1988). Briefly, cells to be assayed were
suspended in growth media or isotonic phosphate-buffered sa-
line (PBS) at concentrations between 106 and 107/ml. Aliquots
of 50 ul were warmed to 37°C, mixed rapidly with 50 ul of 2
mm FDG at 37°C (Molecular Probes, Eugene, OR) in distilled
water, and returned to a 37°C water bath for 75 sec. After the
75-sec loading reaction, the cells were diluted with 10 volumes
(1 ml) of ice-cold isotonic PBS or growth media and placed on




ice. After a 2-hr incubation on ice, the cells were analyzed by
FACS configured for fluorescein analysis. The sensitivity of the
assay was improved by autofluorescence compensation (Alberti
et al. 1987).

The MUG (Sigma) assay for B-gal activity was performed by
lysing 5 x 102 cells in 120 ul of 0.1% Triton X-100 in Z buffer
[60 mM Na,HPO,, 40 mM NaH,PO,, 10 mm KCl, 1 mm MgSO,
(pH 7.0)]. The assay was started by the addition of 30 ul 3 mm
MUG in Z buffer (solubilized at 90°C), which brings the reac-
tion to 0.6 mm MUG. After 15 min to 6 hr of incubation at 37°C
{depending on the activity per cell), the assay was stopped by
the addition of 75 wl MUG stop buffer [15 mm EDTA, 300 mm
glycine (pH 11.2)]. Methylumbelliferone fluorescence was
quantitated by a Fluoroskan fluorimeter {Flow Labs).

Electrophoretic mobility-shift assays

Nuclear extracts were made as described previously (Ohlsson
and Edlund 1986), with modifications as developed by K.S.
Ullman, enabling the procedure to be done with fewer cells.
Nuclear extracts were initiated by harvesting 5 x 107 cells per
experimental point and washing the cells once in ice-cold PBS.
All subsequent steps were performed at 4°C. The cells were
pelleted, washed once in 1 ml of buffer A [10 mm HEPES {pH
7.8), 15 mm KCl, 2 mM MgCl,, 1 mm DTT, 0.1 mm EDTA, 0.1
mM PMSF], and resuspended in 1 ml of buffer B (buffer A plus
0.2% NP-40). Pelleted nuclei were resuspended in 315 pl of
buffer C [50 mm HEPES (pH 7.8), 50 mm KCl, 0.1 mm EDTA, 1
mM DTT, 0.1 mm PMSF, 10% {vol/vol) glycerol], and 35 pl of 3
M (NH,},S0, (pH 7.9) was added. Following gentle mixing for 30
min, the viscous solution was centrifuged at 200,000g for 15
min. An equal volume of 3 M (NH,),SO, was added to the su-
pernatant, and precipitated proteins were pelleted at 100,000g
for 10 min and resuspended in 50—100 pl of buffer C. Protein
samples were desalted by passage over a P6DG column (Bio-
Rad). Concentrations of proteins were determined by Bradford
assay (Bradford 1976).

Whole-cell extracts on FACS-sorted cells were made by PBS
washing 107 sorted cells, resuspending the pellet in 315 pl of
buffer C, and adding 35 pl of 3 M (NH,),SO, (pH 7.9). All further
procedures are as described for nuclear extracts above.

EMSAs were done essentially as described (Fried and
Crothers 1981; Garner and Revzin 1981). The binding reactions
were carried out with 10 pg of protein for NF-AT and 5 pg for
NFIL-2A in a solution consisting of 10 mm Tris-HCI (pH 7.5),
50 mM NaCl, 0.5 mm EDTA, 5% glycerol, and 1.7 ug poly[d(I-
CJ]. The protein solutions were incubated for 60 min at room
temperature with 0.1-0.5 ng of end-labeled double-stranded
oligonucleotides. Oligonucleotides used in these studies are
monomers of the binding sites for NF-AT (- 285 to —255 from
human IL-2} or NFIL-2A {—93 to - 63 from IL-2). The samples
were electrophoresed on 4.5% polyacrylamide gels. EMSAs
were quantitated by analysis of autoradiograms on a Molecular
Dynamics computing densitometer model 300 A or by direct
analysis with an Ambis Radioanalytic imaging system.

Multiparameter FACS analysis of f-gal activity and cell-cycle
position

Following stimulation for 90 min, the cells were incubated at
37°C for 1 hr in growth media containing 5 pg/ml Hoechst
33342. After this incubation the FACS/Gal assay was per-
formed as described above, except that the diluent to stop the
loading reaction contained 5 pwg/ml Hoechst 33342. Fluorescein
and Hoechst 33342 fluorescence was measured by dual laser
FACS analysis in which the Hoechst 33342 excitation was at
362 nm and emission was measured at 440—-460 nm. With this
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procedure, Hoechst 33342 fluorescence is directly proportional
to DNA content of the cell (Arndt-Jovin and Jovin 1977).
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