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In response to specific extracellular signals, intracellular cyclic
AMP levels increase, leading to a variety of responses including
the alteration of transcription of many eukaryotic genes. This
transcriptional effect is frequently mediated through the cyclic
AMP-response element (CRE) motif T(T/G)ACGTCA. Using
an expression screening approach we have cloned a yeast gene,
MSN2, that encodes a 78 kDa protein that recognizes this
consensus CRE motif. Phosphorylation of the MSN2 protein by

the catalytic subunit of protein kinase A stimulates DNA binding
in vitro. Two putative Cys,His,-type zinc fingers present in the
C-terminal 79 amino acids of the MSN2 protein are sufficient to
confer CRE-binding specificity. Therefore, MSN2 represents a
novel CRE-binding protein distinct from the multiple previously
characterized basic region-leucine zipper repeat CRE-binding
proteins.

INTRODUCTION

The cyclic AMP-signalling pathway is one of the major in-
tracellular signal transduction pathways in eukaryotic cells [1].
Stimulation of adenylate cyclase increases the intracellular con-
centration of cyclic AMP, resulting in the activation of protein
kinase A (PKA), which, in turn, phosphorylates a number of
substrates [1]. Multiple genes whose rate of transcription is
regulated by cyclic AMP have been identified [2]. In most, but
not all, cases the action of cyclic AMP has been shown to be
mediated via a cis-acting sequence, designated the cyclic AMP-
response element (CRE), that has the consensus sequence
T(G/T)ACGTCA [2].

Three families of trans-acting factors, the CRE-binding pro-
tein/activating transcription factor family, the Fos/Jun family
and the CCAAT/enhancer binding protein family have been
shown to bind the CRE [3,4]. These families include both
transcriptional activators and repressors; however, all the
members share a structural motif known as the basic region-
leucine zipper repeat (bZIP) that allows for DNA binding and
dimerization respectively [3,4]. As yet, PKA has been shown to
phosphorylate only a small number of these CRE-binding
proteins [3,4].

This paper describes the identification of a yeast protein,
MSN?2, that recognizes the CRE motif through a Cys,His, zinc-
finger motif. As such, MSN2 may represent a novel class of
CRE-binding proteins distinct from the bZIP families.

EXPERIMENTAL
Materials

The catalytic subunit of PKA [5] and the PKA inhibitor peptide
[6] were generous gifts from Dr. Jackie Corbin and Dr. Sharron
Francis (both of Vanderbilt University) respectively. A AGT11
rat liver 5" stretch cDNA library was purchased from Clontech
Laboratories.

Expression screening

The expression cloning strategy used was based on the method of
Singh et al. [7] as modified by Vinson et al. [8] except that 0.2,
polyoxyethylene-sorbitan monolaurate (Tween 20) was used
instead of dry milk to block non-specific binding. Positive clones
were plaque purified, and bacteriophage DNA was isolated by
standard procedures [9].

To isolate a complete MSN2 genomic clone, a YEp24 genomic
plasmid library [10] transformed into Epicurian coli (Strategene)
was screened by standard methods [9] using the 818 bp EcoRI-
EcoRI fragment from the 18MC AGT11 recombinant phage as
the labelled probe (Figure 1).
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Figure 1 Partial restriction enzyme map of a YEp24 yeast genomic clone
encoding MSN2

An 8.5 kbp yeast genomic clone containing the entire MSN2 open reading frame was isolated
from a YEp24 plasmid library [10]. The partial restriction enzyme map shows the sites used
in construction of the various MSN2 expression vectors. The 818 bp EcoRI—£coRl fragment was
contained in the 18MC phage identified by expression screening. Abbreviation used: ZF, zinc
fingers.

Abbreviations used: bZIP, basic region-leucine zipper repeat; CRE, cyclic AMP-response element; IPTG, isopropy! g-b-thiogalactoside; PEPCK,
phosphoenolpyruvate carboxykinase; PKA, protein kinase A; PKI, PKA catalytic subunit inhibitor.
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Plasmid construction

The EcoRI-EcoRI fragment from the 1I8MC AGT11 recombinant
phage was subcloned into pGEX-2T (Pharmacia) such that it
was not in frame with the glutathione S-transferase coding
sequence; the resulting plasmid was designated pGEX-18MC.
To delete the two putative zinc fingers, pPGEX-18MC was digested
with Bglll (Figure 1) and re-ligated to create pGEX-ZM.

To determine whether a short (118 amino acid, ~ 12 kDa) C-
terminal fragment of MSN2 that included the two putative zinc
fingers was sufficient to confer DNA-binding activity, the DNA
sequence encoding this peptide was synthesized using PCR and
ligated into the T7 expression vector pET-15b (Novagen), in
frame with the His- Tag linker, to create pET-12kDa.

To create an expression vector for the production of full-
length MSN2, the YEp24 plasmid containing the MSN2 genomic
clone was digested with Xbal and HindlIl, and a fragment of
2050 bp was isolated (Figure 1). This was ligated into pPGEM7
(Promega) to create pGEM-18MCP. A 150 bp fragment con-
taining the missing 5" MSN2 sequence (Figure 1) was synthesized
by PCR and ligated into pGEM-18MCP to create pGEM-
18MCT. The full-length MSN2 coding sequence was isolated
from pGEM-18MCT and ligated into pET-15b (Novagen) to
create pET-18MCT. The MSN2 coding sequence is in frame with
the His-Tag linker. The orientation of all subcloned DNA
fragments was determined by restriction enzyme analysis, and
the absence of PCR-induced errors was confirmed by DNA
sequencing (Sequenase kit, USB).

Transcription and translation in vitro

Coupled transcription and translation in vitro of pET-18MCT
was performed using the TNT T7-coupled reticulocyte lysate
system (Promega) according to the manufacturer’s instructions.
Where appropriate (Figure 3b), 1 xl of [**S]methionine (Tran 35S-
label, 1016 Ci/mmol, 12 mCi/ml; ICN) was included in a final
25 ul reaction volume.

Bacterial expression of MSN2

pGEX-18MC and pGEX-ZM were transformed into DHS-«
cells, whereas pET-18MCT and pET-12kDa were transformed
into BL21 (DE3) pLysS cells. After 2-4h growth in LB/
ampicillin (200 xg/ml) at 37 °C in the presence or absence of
1 mM isopropyl g-p-thiogalactoside (IPTG), 2.5 ml of cells were
pelleted by centrifugation and resuspended in 250 ul of lysis
buffer: 50 mM Hepes, pH 7.5, 100 mM NaCl and 2 mM PMSF.
Cells were lysed by sonication [9] and, after precipitation of
insoluble matter by centrifugation, the supernatant was assayed
for DNA-binding activity as described below.

Gel retardation assay

Oligonucleotides representing the wild-type and mutant phospho-
enolpyruvate carboxykinase (PEPCK) CRE and the wild-type
somatostatin CRE have been previously described [11]. The
analysis of protein binding to the labelled PEPCK CRE using the
gel retardation assay was performed exactly as described [12].

MSN2 phosphorylation

To investigate whether MSN2 protein is a substrate for various
kinases, unprogrammed reticulocyte lysate or lysate programmed
with pET-18MCT (3 pl of each lysate) was incubated in the
presence or absence of PKA catalytic subunit (0.5 4M final
concentration) in a final volume of 20 xl containing 10 mM Tris,
pH 7.4, 0.1 mM magnesium acetate, 0.3 mg/ml BSA, 1.2 uM

calmodulin, 0.5 mM CaCl, and 0.2 mM [y-**PJATP (specific
activity ~ 2.5 uCi/nmol) for 5 min at room temperature. The
reactions were terminated by the addition of SDS/PAGE sample
buffer and analysed by PAGE [9].

To investigate whether phosphorylation of the MSN2 protein
by the catalytic subunit of PKA has any effect on DNA-binding
activity, unprogrammed reticulocyte lysate or lysate programmed
with pET-18MCT (lxl of each lysate) was incubated in the
presence or absence of PKA catalytic subunit (0.5 xuM final
concentration) or PKA catalytic subunit inhibitor (PKI, final
concentration 11 xM) or both in a final volume of 10 ul con-
taining 10 mM Tris, pH 7.4, 10 mM magnesium acetate, 0.2 mM
ATP and 0.3 mg/ml BSA for 5Smin at room temperature. A
DNA-binding cocktail (10 xl) containing labelled PEPCK CRE
oligonucleotide (~ 20 fmol, 75000 c.p.m.), 20 mM Hepes,
pH 7.8, 2 mM spermidine. 20 mM dithiothreitol, 2 ug of poly(dI-
dC)- poly(dI-dC), 10%, glycerol and 0.2%, Nonidet P40 (v/v)
was then added for a further 10 min at room temperature before
loading the mixture on a non-denaturing polyacrylamide gel,
electrophoresis and subsequent analysis of DNA binding by
autoradiography as described previously [12].

RESULTS

To identify novel CRE-binding proteins, an expression cloning
strategy was used, based on the well-characterized method of
Singh et al. [7] as modified by Vinson et al. [8]. A 32P-labelled,
catenated PEPCK CRE probe [11] was used to screen a Clontech
rat liver cDNA library. About one million plaques were screened,
and a recombinant AGT11 phage, designated 18MC, that en-
coded a protein that bound the probe was identified. The protein
encoded by the 18MC phage specifically recognized the wild-type
but not a mutant CRE probe (results not shown).

The plaque-purified 18 MC AGT11 recombinant phage con-
tained an 818 bp EcoRI-EcoRI insert (Figure 1), the sequence of
which was identical with part of the yeast protein MSN2 [13]. It
was subsequently reported that Clontech libraries are prone to
contamination with yeast genomic DNA [14]. Since all the
known mammalian CRE-binding proteins identified to date
contain the putative bZIP motif (see Introduction), and because
MSN?2 encodes a 78 kDa Cys,His,-type zinc-finger protein [13],
MSN2 may represent a new class of CRE-binding protein.

To prove that the two MSN2 zinc-finger motifs are sufficient
to confer CRE-binding activity, an expression vector encoding
only the C-terminal 118 amino acids of MSN2 with an additional
N-terminal 24-amino-acid His- Tag extension, designated pET-
12 kDa, was constructed as described in the Experimental section.
When this plasmid was transformed into E. coli BL21(DE3) P.
Lys cells, two IPTG-inducible CRE-binding proteins were de-
tected (Figure 2a). An analysis of the MSN2 sequence reveals a
perfect Shine—Dalgarno box (AGGAGA ; [15]) at an appropriate
distance (7 bp) from a methionine residue that could initiate
internal translation of an approximately 8 kDa (79 amino acid)
peptide that still contains both zinc fingers. Thus we would
speculate that the two CRE-binding proteins observed in Figure
2(a) represent 118- and 79-amino-acid forms of MSN2. Sup-
porting the potential for internal initiation of translation is the
observation that ligation of the EcoRI-EcoRI fragment from the
18MC IGT11 recombinant phage (Figure 1) into pGEX-2T, such
that it is not in frame with the glutathione S-transferase coding
sequence, still leads to the production of an IPTG-inducible
CRE-binding protein that co-migrates with the putative 79-
amino-acid peptide (Figure 2b). Deletion of the DNA sequence
encoding the two putative zinc fingers abolishes CRE-binding
activity (Figure 2b).



Research Communication 19

(a) (b)
Zinc finger ... WT MUT
IPTG... - + - +

- w—-—

Figure 2 The putative zinc fingers in the MSN2 protein are required for
CRE binding

(a) Two IPTG-inducible CRE-binding proteins (arrows) were detected in a gel retardation assay
[12] when a 118-amino-acid C-terminal fragment of MSN2 was expressed in bacteria using the
pET-12kDa plasmid. (b) IPTG-inducible CRE-binding activity (arrow) was expressed from the
PGEX-18MC (WT) but not the pGEX-ZN (MUT) plasmid in which the DNA sequence encoding
the two putative zinc fingers had been deleted.
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Figure 3 Expression in vitro of the full-length MSN2 protein

The ability of proteins present in unprogrammed reticulocyte lysate (U), or lysate programmed
with the pET-18MCT plasmid (P), to bind to a labelled PEPCK CRE probe in a gel retardation
assay (a) was assessed as described previously [12]. Incorporation of [*3SJmethionine into
MSN2 was assessed by SDS/PAGE and fluorography (b). For the gel retardation assay, 1 ul
of each lysate was used, whereas for SDS/PAGE only 1 sl of the pET-18MCT lysate was loaded
compared with 4 gl of the unprogrammed lysate. Abbreviation used: IVT, in vitro transcription
and translation.

To investigate further the DNA-binding properties of MSN2,
a YEp24 yeast genomic clone encoding MSN2 was isolated
(Figure 1) and an expression vector, designated pET-18MCT,
was constructed for the expression of the full-length MSN2
protein with an additional N-terminal 24-amino-acid His-Tag
extension, as described in the Experimental section. When
analysed in a gel retardation assay, reticulocyte lysate pro-
grammed with this plasmid produced a single major protein—
DNA complex not seen in unprogrammed lysate (Figure 3a).
When lysate programmed with pET-18MCT in the presence of
[*S]methionine was analysed by SDS/PAGE, a single major
band was detected with a molecular mass of ~ 116 kDa (Figure
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Figure 4 MSN2 specifically recognizes the CRE core motif

The pET-18MCT plasmid was used to express full-length MSN2 in reticulocyte lysate (a) and
truncated MSN2 in bacteria (b). A 200-fold molar excess of double-stranded oligonucieotides
representative of the wild-type (P) and mutant (M) PEPCK CRE and the wild-type (S)
somatostatin CRE were incubated with a 3P-labelled PEPCK CRE probe before addition of
reticulocyte lysate (1 ul; @) or bacterial extract (0.25 ul; b) and analysis of protein binding
using the gel retardation assay [12].

3b). This is much greater than the predicted molecular mass of
78 kDa and suggests anomalous migration on SDS/polyacryla-
mide gels.

Although the protein encoded by the 18MC phage recognized
the wild-type but not mutant PEPCK CRE (results not shown),
this result does not prove that the protein actually binds the
consensus CRE core sequence [T(G/T)ACGTCAJ]. To confirm
that it does, we performed a competition experiment comparing
oligonucleotides representing the wild-type PEPCK and somato-
statin CREs with an oligonucleotide containing mutated se-
quences that in functional assays abolish cyclic AMP respon-
siveness [11]. The somatostatin and PEPCK CREs have com-
pletely different flanking sequences on either side of the consensus
core sequence [11]. When the PEPCK CRE was used as the
labelled probe in a gel retardation assay, both the wild-type
PEPCK (P) and somatostatin (S) CREs competed for binding of
full-length MSN2 (expressed in vitro using the pET-18MCT
plasmid) (Figure 4a). The mutant CRE (M) was ineffective
(Figure 4a).

When the pET-18MCT plasmid was transformed into E. coli
BL21(DE3) P. Lys cells, no full-length MSN2 could be detected.
Similar problems using this vector to direct protein expression in
bacteria have been reported previously [16]. However, an IPTG-
inducible CRE-binding protein was produced that co-migrates
with the putative 79-amino-acid MSN2 peptide generated by
internal iniation of translation as described above. This main-
tained the same DNA-binding specificity as the full-length
protein (Figure 4b). Additional studies will be required to
determine the consensus sequence for MSN2 binding.

An analysis of the deduced amino acid sequence of MSN2
using the IntelliGenetics PROSITE 10 data bank revealed the
presence of several possible phosphorylation sites for PKA.
Since MSN2 binds the CRE consensus sequence, we wanted to
determine whether it was a substrate for PKA and, if so, whether
phosphorylation affected DNA binding. Since we were unable to
express (and then purify) full-length MSN2 in bacteria, we used
the crude in vitro translation lysate as a source of full-length
protein. The catalytic subunit of PKA phosphorylates a number
of proteins in the reticulocyte lysate (Figure 5). However, a
comparison of unprogrammed lysate (U) with lysate pro-
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Figure 5 MSN2 Is a substrate for the catalytic subunit of PKA

The ability of the catalytic subunit of PKA to phosphorylate proteins in unprogrammed
reticulocyte lysate (U) or lysate programmed with the pET-18MCT plasmid (P) was assessed
by SDS/PAGE as described in the Experimental section. Abbreviation used: IVT, in vitro
transcription and translation.
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Figure 6 Phosphorylation of MSN2 by PKA stimulates DNA binding

The pET-18MCT plasmid was used to express full-length MSN2 in reticulocyte lysate. The effect
of PKA-dependent phosphorylation on CRE DNA-binding activity, in the presence or absence
of PKI, was analysed using the gel retardation assay as described in the Experimental section.
Abbreviation used: IVT, in vitro transcription and translation.

grammed with pET-18MCT (P) reveals the presence of a unique
band at approximately 116 kDa (Figure 5), a size that is
compatible with the [*S]methionine data (Figure 3b).

Having established that MSN2 is a substrate for PKA in vitro

we next wanted to determine whether phosphorylation affected’

DNA binding. To answer this question we used the gel retardation
assay and compared unprogrammed lysate (U) and lysate
programmed with pET-18MCT (P). The catalytic subunit of
PKA had no effect on DNA binding by proteins in the un-
programmed lysate (Figure 6). By contrast, the catalytic subunit

of PKA stimulated binding of MSN2 to the PEPCK CRE ~ 2.5-
fold [2.540.6 (S.D.); n = 4] and also induced a slight upward
shift in mobility. Both effects were blocked by the specific PKA
inhibitor PKI, at a concentration known to inhibit the activity of
the PKA catalytic subunit ([6]; Figure 6).

DISCUSSION

We have demonstrated that the yeast gene MSN2 encodes a
Cys,His,-type zinc-finger CRE-binding protein. Since all known
mammalian CRE-binding proteins contain the bZIP motif,
MSN2 may represent a new class of CRE-binding proteins [3,4].
MSN?2 is a substrate for the catalytic subunit of PKA, and
phosphorylation stimulates DNA binding. Additional studies
will be required to demonstrate that MSN2 is phosphorylated in
a cyclic AMP-dependent manner in vivo and that MSN2 binding
activity correlates with the regulation of transcription of an
endogenous yeast gene by cyclic AMP. PKA has previously been
shown to phosphorylate and inactivate the yeast transcriptional
activator ADR1 [17]. Unlike MSN2, ADRI1 binds an upstream
activating sequence in the ADH2 gene promoter that is distinct
from the CRE consensus motif, and phosphorylation does not
affect DNA binding [18].

MSN2 was initially identified by multicopy suppression of an
SNF1 protein kinase mutant of Saccharomyces cerevisiae [13].
Two other genes from the cyclic AMP-dependent protein kinase
pathway in yeast also suppress mutations in SNF1 when present
in multiple copies [19]. These genes, MSI1 and PDE2, encode a
negative regulator of the cyclic AMP pathway and a cyclic AMP
phosphodiesterase respectively [19].

Genetic data suggest that MSN2 stimulates transcription of
the SUC2 gene, which encodes invertase [13]. Interestingly,
Nehlin et al. [20] identified another yeast gene, SKOI1, that binds
a CRE motif in the SUC2 promoter. Unlike MSN2, SKO1
contains a bZIP DNA-binding domain, and, unlike MSNZ2,
SKOIl is a negative regulator of SUC2 gene expression [20].
Nehlin et al. suggest that SKO1 is inactivated through phospho-
rylation by PKA, thus relieving the inhibition of SUC2 gene
expression [20]. This hypothesis is complicated by the observation
that deletion of the SKOI1-binding site in the SUC2 promoter
actually leads to a decrease in SUC2 expression. Nehlin et al. [20]
hypothesized that this result could be explained if an activator
also bound the same CRE motif, much like the well-characterized
antagonism between CRE-binding protein and cyclic AMP-
responsive element modulator [3,4]. The MSN2 protein is an
obvious candidate for such a role.
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