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Hind III fragment of pEF-CYRI (24), encoding the
COOH-terminal region of adenylyl cyclase, into the
Hind III restriction site of YEpl3 to yield the
plasmid pYC. The 4.5-kb Bam HI-Xho I fragment
of pEF-CYR1, containing the ADH-I promoter and
region encoding the NH,-terminal region of adenyl-
yl cyclase, was then cloned into pYC, which had
been digested with Bam HI and Xho I, to create

pYCYR. p.CYR differs from pEF-CYRI only in
the vector used to carry adenylyl cyclase. pEF-CYR1
carries the TRP1 auxotrophic marker, whereas
pYCYR carries LEU2. Both plasmids use the yeast
ADH-I promoter to express an adenylyl cyclase
fusion protein. This protein has a small peptide
epitope fused to the NH,-terminus of adenylyl
cyclase. The epitope is recognized by monoclonal
antibody 12CA5, which can be used to monitor and
purify the fusion protein (24). The codons deleted
are indicated by means of the numbering system of
Kataoka et al. (14). In some cases two regions were
deleted. Precise deletions were made by reconstruct-
ing the parent plasmid with combinations of restric-
tion endonuclease fragments and the desired DNA
products of polymerase chain reactions [R. K. Saiki
et al., Science 239, 487 (1988)]. Details of the
deletions are described elsewhere (J. Colicelli, J.
Field, R. Ballister, N. Chester, M. Wigler, in prepa-
ration). Each construct was first tested for function
by complementation in adenylyl cyclase—deficient or
RAS-deficient strains. Constructs were tested by
immunoprecipitation of adenylyl cyclase activity

with monoclonal antibody 12CA5. In some cases
the enzyme was additionally tested by protein im-
munoblots or by affinity purification, in each case
with the use of monoclonal antibody. After it was
established that the deleted plasmids produced a
catalytically functional adenylyl cyclase molecule, a
frameshift mutation was introduced at the Nco I
restriction site. This was performed by digestion
with Nco I, filling in the ends with Klenow frag-
ment, followed by ligation. This procedure was
monitored by the creation of an Nsi I site formed by
the ligation of the filled-in ends of the Nco I site.
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Two Distinct Transcription Factors That Bind the
Immunoglobulin Enhancer pE5/kE2 Motif

PauLA HENTHORN, MEGERDITCH KILEDJIAN, TOM KADESCH

Activity of the immunoglobulin heavy and x light chain gene enhancers depends on a
complex interplay of ubiquitous and developmentally regulated proteins. Two comple-
mentary DNAs were isolated that encode proteins, denoted ITF-1 and ITF-2, that are
expressed in a variety of cell types and bind the pE5/kE2 motif found in both heavy
and « light chain enhancers. The complementary DNAs are the products of distinct
genes, yet both ITF-1 and ITF-2 are structurally and functionally similar. The two
proteins interact with one another through their putative helix-loop-helix motifs and
each possesses a distinct domain that dictates transcription activation.

HE IMMUNOGLOBULIN HEAVY hancer activity in mouse L cells, suggesting

chain (IgH) enhancer activates tran-

scription of rearranged heavy chain
genes (1). In transfection experiments it
stimulates transcription from a variety of
promoters, but only in cells of the lymphoid
lineage (primarily B cells). This activity is
mediated through several protein binding
sites. Four of these sites, pEl, pE2, nE3,
and pE4, were defined initially by in vivo
footprinting (2). Two others, octa (3) and
REBP-E (4), were first defined in vitro.
Deletions or mutations of these sites gener-
ally reduce overall enhancer activity (5-7).
However, mutation analyses also suggest
that the sequence motifs identified by DNA
binding assays do not account for all of the
IgH enhancer activity (3, 6). In particular, a
deletion that destroys both the pEl and
pE2 sites and removes the 24 bp between
these two sites has a more deleterious effect
in B cells than clustered point mutations that
simultaneously destroy these two motifs (6).
This deletion results in an increase in en-
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that the region between pEl and wE2 may
comprise a negative regulatory element as
well (6, 8). An examination of the nucleo-
tide sequence between pE1 and wE2 reveals

an additional E-related motif, referred to as
rES5 (9). Although this site closely resem-
bles the k light chain enhancer E2 site,
protein binding to the wES5 site has not been
detected with crude nuclear extracts (5, 10).

To study the function of this region of the
enhancer in more detail, we have isolated
cDNAs that encode its cognate DNA bind-
ing proteins. We used an oligonucleotide
bearing both the pE5 and pE2 sites to
screen a B cell-derived Agtll cDNA library
(11). We analyzed in detail two phage iso-
lates, denoted E2-2 and E2-5, that had
binding activity for the oligonucleotide. A
series of experiments employing mutant oli-
gonucleotides confirmed that the DNA
binding activity encoded by each phage was
specific for the pE5 motif within the oligo-
nucleotide, as well as for a kE2 motif carried
on a different oligonucleotide (12).

_ DNA Fig. 1. Comparison of proteins that
Hydrophilic  binding bind the wE5/kE2 site. A schematic
domain  domain : : -
Vot (261 N sy COMparison of the amino acid se-
E2.5 [ [ ] quences deduced from the E2-5
e e BT cDNA, the E2-2 cDNA (GenBank
accession numbers M30314 and
E2:2 M30313, respectively), and two re-
lated cDNAs (E12 and E47) isolat-
E12 ed by Murre et al. (9) is shown.
Amino acid positions are shown in
E47 parentheses, with the terminal Eco

R1 sites of the E2-5 and E2-2
cDNAs representing amino acids
one and two. Amino acid similarity of regions within each protein, relative to the protein encoded by
E2-5, is indicated by percent identity and by relative shading, the lighter the shading, the more related
(gaps were introduced to optimize the alignments). The dashed lines of clone E47 indicate the region of
that cDNA not sequenced. A region of high charge density (hydrophilic domain) and the DNA binding
domain as determined by Murre et al. (9) are shown. Phage clones E2-2 and E2-5 were isolated from a
human B cell derived Agtl1 cDNA library (Clontech, Palo Alto, California) as described (11), with the
following modification. The probe used for screening, the pE5 + pE2 oligonucleotide (5'-AG-
AACACCTGCAGCAGCTGGCAGG-3'; pE5 and pE2 sites underlined), was end-labeled with [y-*2P]-
adenosine triphosphate and then ligated to form random concatamers. Nucleotide sequences (both strands)
were determuned using the dideoxy method and Sequenase T7 DNA polymerase (USB, Cleveland, Ohio)
on single-stranded M13 subclones generated with various restriction enzyme fragments. Specific oligonu-
cleotides were also synthesized to use as sequencing primers. Nucleotide sequences are available upon

request.
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A schematic diagram of the proteins en-
coded by the E2-2 and E2-5 cDNAs is
shown in Fig. 1, along with those encoded
by E47 and E12 (9), two cDNAs shown
previously to encode kE2 binding proteins.
The E2-2 and E2-5 proteins share no re-
gions of complete identity. There are, how-
ever, three blocks of nearly 90% identity
(each corresponding to approximately 75%
nucleotide sequence identity) on a back-
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Fig. 2. The E2-5 protein product activates tran-
scription through a wE5 + wE2 oligonucleotide
in vivo. Expression plasmids pSVE2-2 and
pSVE2-5 (25) were cotransfected into the B cell
line P3-X63Ag8 (6) with reporter plasmids that
contain the bacterial cat gene under the control of
a promoter with varying numbers of pE5 + pE2
oligonucleotides (25). The expression plasmids
used and the number of pE5 + wE2 oligonucleo-
tides linked to the alkaline phosphatase TATA
box (13) in each reporter plasmid are indicated
above each line. Cells were transfected using 25
g of expression plasmid, 25 pg of pES + pE2
oligonucleotide reporter plasmid, 10 pg of plas-
mid pSV2Apap (26) to normalize transfection
efficiencies, and pUC19 DNA to bring the total
DNA transfected to 100 pg. Cells were harvested
after 48 hours and assayed for CATase (14).

ground of a minimum of 26% identical
amino acid residues. The E2-2 and E2-5
c¢DNAs encode related proteins that are
encoded by distinct genes. On the other
hand, E2-5 is nearly identical to E47 and,
with the exception of the region identified as
the DNA binding domain, to E12. The
DNA binding domain of E2-2 is highly
related to the similar region in E12. The
DNA binding domains of E12 and E47 are
comprised of putative helix-loop-helix
(HLH) motifs that also specify protein di-
merization (9). We therefore tested and
confirmed that the E2-2 and E2-5 proteins
are able to form heterodimers in vitro (12).

To determine if the polypeptides encoded
by E2-2 and E2-5 could activate transcrip-
tion, we linked the entire open reading
frames of the cDNASs to the 5' untranslated
region and ATG from the B-globin gene
under control of the simian virus 40 (SV40)
carly promoter. These expression plasmids
(pSVE2-2 and pSVE2-5) were then co-
transfected into the mouse B cell line P3-
X63Ag8 with reporter plasmids that con-
tained various oligonucleotides placed up-
stream of an alkaline phosphatase gene
TATA box (13) linked to the bacterial cat
gene [expressing chloramphenicol acetyl-
transferase, CATase (14)] (Fig. 2). Whenev-
er a reporter plasmid that had one or four
copies of the wE5 + wE2 oligonucleotide
was transiently transfected along with
pSVE2-5, more CATase activity was detect-
ed (compare lanes 3 and 4 to lanes 5 and 6).
CATase activity was reduced from a reporter
plasmid that carried a mutated pE5 site
(12). Hence, the E2-5 polypeptide is capable
of activating transcription through the pES

E2-5 cDNA

A\

CYC:E2-5

Hilpl HAn! }—

14

E2-5 cDNA (reverse)

CYC:E2-5R

e HAs 1 —

UAS:Bgal

AUAS:Bgal

[ES-E2),:Bgal

Fig. 3. The E2-5 protein product activates transcription in yeast. The
structures of the various yeast expression and reporter plasmids used to
transform yeast strain 29a (27) are shown on the left. Expression plasmids
CYC:E2-5 and CYC:E2-5R contain the forward and reverse orientations,
respectively, of the E2-5 cDNA insert under the control of the yeast CYC1
promoter (25). The various reporter plasmids contain the B-galactosidase
gene under the control of the CYC1 TATA box and various elements
upstream. UAS,: Bgal contains the normal CYC1 UAS elements upstream.of
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site in mammalian cells. We did not detect
transcriptional activation in transfections
with the pSVE2-2 expression plasmid (lane
7). Cotransfection of pSVE2-2 did not in-
hibit transcription activation by pSVE2-5
(lane 8). This lack of activation by the E2-2
encoded protein may be a result of weaker
DNA binding affinity in vivo or because the
E2-2 ¢cDNA may not encode full-length
protein. In fact, we have observed that a
GAL4:E2-2 fusion protein (see below) is
capable of weakly activating transcription
through a pES5 site. Hence, it is possible that
the GAL4 amino acids supply a function
(perhaps nuclear localization) that is missing
in the E2-2 encoded protein.

As an initial effort to establish a more
well-defined system to study the E2-2 and
E2-5 protein products, and ultimately to
study their interactions with other IgH en-
hancer binding proteins, we examined their
abilities to activate transcription in yeast.
This was accomplished by constructing a set
of E2-2 and E2-5 expression plasmids and a
set of reporter plasmids, analogous to those
described above, but compatible with yeast
transformation and expression (Fig. 3). In
the yeast expression plasmids, the entire
coding sequences of E2-2 and E2-5 cDNAs
were linked to the CYC1 promoter [includ-
ing the two upstream activating sequence
(UAS) elements] and ATG (15). For nega-
tive controls, the E2-2 and E2-5 ¢cDNAs
were also placed in reverse orientation. The
reporter plasmids contained the B-galacto-
sidase gene under the control of the yeast
CYC1 promoter (16) with or without four
tandem copies of the pES + pE2 oligonu-
cleotide in place of the CYC1 UAS ele-

Expression Reporter B-gal
plasmid plasmid activity
- UAS,:Bgal 410179
— AUAS Bgal 2613
— [E5-E2], Poal 541
CYC:E2-5 <1
CYC:E2-5R o <1
CYC:E2-5 [ES-E2],:Bgal 330 +40
CYC:E2-5R [E5-E2],:Boal 1816
CYC:E2-5 AUAS_Bgal 7+7

the CYC1 TATA box. AUAS.:Bgal carries the CYC1 TATA box only. [E5-
E2],:Bgal carries four copies of the pE5 + pE2 oligonucleotide upstream of
the CYC1 TATA box. Yeast strains were transformed, harvested, and
assayed for B-galactosidase as described (27). B-galactosidase activity (arbi-
trary units) was expressed relative to the protein content of each extract.
Protein concentrations were determined using the micro-assay of Bio-Rad
(Richmond, California). Values represent the mean and standard deviations
from at least five independent yeast transformants.
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Fig. 4. Identification and mapping of transcrip-
tion activation domains within E2-2 and E2-5
protein products. (A) Plasmids (5 pg) expressing
the GAL4 DNA binding domain linked to vari-
ous protein coding sequences were transfected
into NIH 3T3 cells (28) along with cat reporter
plasmids (1 pg) carrying the adenovirus Elb
TATA box with or without a linked GAL4 bind-
ing site (17). CATase assays were carried out two
days after transfection. Plasmid GAL4,_,4; (17)
expresses only the GAL4 DNA binding domain. Plasmid GAL4:EI1A
expresses the GAL4 DNA binding domain linked to the transcription
activation domain of the adenovirus Ela protein (17). Plasmids GAL4:E2-2
and GAL4:E2-5 express the GAL4 DNA binding domain linked to the
entire coding sequences of the E2-2 and E2-5 cDNAs, respectively (25). The
number of GAL4 binding sites in the reporter plasmids are indicated above
each lane. (B) Plasmids were constructed to express fusion proteins of the
GAL4 DNA binding domain linked to either the NH,-terminal two-thirds
or COOH-terminal one-third of the E2-2 or E2-5 coding regions (25). The
fusion proteins are diagrammed schematically, using the bar diagrams as in
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GALA sites: 0 1
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>
=
-
=
b
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=74
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GAL4:E2-2,c) 50 L 7k 07 08

1.0 151

Fig. 1, except the DNA binding—dimerization region is represented here as a
cross-hatched box. Subscripted numbers indicate the E2-2 or E2-5 amino
acid residues included in the various constructs. The plasmids were transfect-
ed into NIH 3T3 cells along with reporter plasmids as described above,
except 5 pg of the B-galactosidase expression plasmid pCH110 (29) was also
included to normalize transfection efficiencies. CATase values, adjusted
relative to levels of B-galactosidase, represent the number average of two
experiments and are expressed relative to the activity obtained with transfec-
tions of the GAL4,_47 plasmid and the reporter plasmid carrying no GAL4
binding sites.

ments. Yeast were transformed with various
combinations of expression plasmids and
reporter plasmids and assayed for B-galacto-
sidase (Fig. 3). Large amounts of B-galacto-
sidase were obtained in yeast transformed
with the E2-5 expression plasmid and the
reporter plasmid carrying the pE5 + pE2
oligonucleotides. These levels were compa-
rable to those obtained when B-galacto-
sidase was expressed from an intact CYC1
promoter with its cognate UAS elements.
Less B-galactosidase was expressed if either
of these plasmids was introduced alone or if
the E2-5 cDNA was expressed in the wrong
orientation. Similar to our results with
mammalian cells, we also did not detect any
transcription activation by expressing the
E2-2 ¢cDNA in a parallel set of experiments
(12).

To further examine the transcription acti-
vation potential of the proteins encoded by
E2-2 and E2-5, we constructed hybrid genes
in which the sequences specifying the yeast
GAL4 DNA binding domain were fused to
the E2-2 and E2-5 cDNA coding regions.
Plasmids that contained these fusion genes,
which are under the transcription control of
the SV40 early promoter, were introduced
into mouse NIH 3T3 cells with reporter
plasmids that contained the bacterial cat
gene under the control of an adenovirus E1b
TATA element, plus or minus an upstream
GAL4 binding site (17). It was expected that
the GAL4:E2-2 and GAL4:E2-5 fusion
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proteins would bind to the GAL4 binding
site and activate transcription from the E1b
TATA box if the E2-2 and E2-5 proteins
contain transcription activation domains.
When the coding regions of either E2-2 or
E2-5 were linked to the GAL4 DNA bind-
ing domain, proteins were produced that
stimulated transcription from an E1b TATA
clement linked to a GALA4 binding site (Fig.
4A, lanes 6 and 8). No activation was
observed if the reporter lacked a GAL4
binding site (lanes 5 and 7) or if the expres-
sion plasmid carried only the GAL4 DNA
binding domain (lanes 3 and 4). Activation
was roughly equivalent to that obtained
using GAL4 fused to the activation domain
of the adenovirus Ela protein [lane 10
(17)1.

The locations of the amino acids required
for transcription activation were determined

- roughly by linking specific segments of the

E2-2 and E2-5 coding regions to the GAL4
DNA binding domain. The segments were
chosen to test specifically whether the DNA
binding—protein dimerization motf was also
required for transcription activation (Fig.
4B). The transcription activation domains
of both E2-2 and E2-5 were localized to the
NH,-terminal portions of the proteins, dis-
tinct from the hydrophilic and DNA bind-
ing—protein dimerization domains.

Both proteins encoded by E2-2 and E2-5
c¢DNAs have the capacity to activate tran-
scription in mammalian cells. Hence, they

can be considered transcription factors.
Since these proteins are distinct, yet struc-
turally related, we will henceforth refer to
them as “immunoglobulin transcription fac-
tors” ITF-1 (cDNA E2-5) and ITF-2
(cDNA E2-2).

ITF-1 and ITF-2 are members of a larger
family of proteins. The E2-5 cDNA that
encodes ITF-1 appears to be a longer ver-
sion of two closely related cDNA clones,
E12 and E47, isolated by Baltimore and co-
workers (9). Together, these three cDNAs
define a small group of proteins that are
most likely encoded by alternatively spliced
transcripts of a single gene. ITF-2 (encoded
by E2-2) is closely related to ITF-1 in a
region that shows homology to a number of
other proteins, including Myc (18), myoD
(19), myogenin (20), lyl-1 (21), TFE3 (22),
and those encoded by the Drosophila genes
daughterless, twist, and those of the achaete-
scute complex (9, 23). A region common to
all of these proteins has the potential to form
an HLH structure. The HLH domain has
been shown for some of these proteins to be
responsible for DNA binding and protein
dimerization (9), and for the formation of a
variety of heteromeric complexes among
proteins with related HLH domains (24).
We have confirmed that ITF-1 and ITF-2 -
also interact with one another through their
respective HLH domains. It has been pro-
posed that interactions between different
HLH-containing proteins may have regula-
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tory significance by influencing the DNA
binding affinity of the proteins (24). How
these types of interactions might influence
the activities of ITF-1 and ITF-2 remain to
be determined. It is relevant to note that
ITF-1 appears to function as a transcription
factor on its own. It contains distinct ele-
ments that dictate both efficient DNA bind-
ing and transcription activation. Hence, it is
unlikely that a second helix-loop-helix pro-
tein is required to specifically supply either
of those functions. Furthermore, ITF-1 is
active in yeast where it is doubtful that such
specialized regulatory proteins exist.
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Glutamate Induces Calcium Waves in Cultured
Astrocytes: Long-Range Glial Signaling

ANN H. CORNELL-BELL, STEVEN M. FINKBEINER, MARK S. COOPER,

STEPHEN ] SMITH*

The finding that astrocytes possess glutamate-sensitive ion channels hinted at a
previously unrecognized signaling role for these cells. Now it is reported that cultured
hippocampal astrocytes can respond to glutamate with a prompt and oscillatory
elevation of cytoplasmic free calcium, visible through use of the fluorescent calcium
indicator fluo-3. Two types of glutamate receptor—one preferring quisqualate and
releasing calcium from intracellular stores and the other preferring kainate and
promoting surface-membrane calcium influx—appear to be involved. Moreover,
glutamate-induced increases in cytoplasmic free calcium frequently propagate as waves
within the cytoplasm of individual astrocytes and between adjacent astrocytes in
confluent cultures. These propagating waves of calcium suggest that networks of
astrocytes may constitute a long-range signaling system within the brain.

STROCYTES GUIDE NEURONAL DE-
velopment, metabolize ions and
neurotransmitters, and regulate cen-

‘tral nervous system vasculature (1), but until

recently, there has been little indication that
they play any role in rapid signal transmis-
sion (2, 3). This situation has begun to
change with the finding that astrocytes pos-
sess ion channels opened on a millisecond
time scale by glutamate, the common excit-
atory neurotransmitter (3). In this report we
describe another prompt form of astrocytic
response to glutamate and observations sug-
gesting that networks of astrocytes may
constitute an extraneuronal pathway for rap-
id long-distance signaling within the brain.

We first examined intracellular free calci-
um (Ca®*;) responses of cultured hippocam-
pal astrocytes to prolonged applications of
glutamate (4, 5) (Fig. 1). Virtually all cells
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* Present address: Department of Molecular and Cellular
Physiology, Stanford Medical School, Stanford, CA
94305.

responded to 100 wM glutamate with an
initial spike-like increase in Ca®*;, but later
phases of the response to the continued
presence of glutamate varied from cell to cell
(Fig. 1, A to D). We have classified response
types into three categories. (i) In the sus-
tained oscillation response, cells exhibited a
prolonged episode of Ca**; oscillation, last-
ing from 300 to 1800 s (mean + SD = 850
+ 300 s; measurements on 24 cells, five
experiments). In some cells, the oscillation
frequency remained relatively constant (Fig.
1E) (period of 13 * 2 s; 192 measurements
on seven cells, three experiments). In other
cells, the oscillation frequency gradually de-
creased (Fig. 1F) (period of initial cycle of
oscillation is 9 + 2 s, increasing to 23+ 5 s
after 5 min, 31 measurements). (ii) In the
damped-oscillation response, cells exhibited
Ca?*; oscillations of decreasing frequency
(Fig. 1G) (period of initial cycle of oscilla-
tion is 12 = 4 s) that damped to a steady,
elevated base line within 115 + 48 s (230.
measurements on 30 cells, three experi-
ments). (iii) In the third response pattern,
cells did not oscillate, but exhibited a step-
response, where Ca®>*; remained clevated
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