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Abstract The promoter of the cre1 gene, encoding the
glucose-dependent regulator CRE1 from the �-lactam pro-
ducer Acremonium chrysogenum, carries 15 putative CRE1
binding sites (BS1 to BS15). For a detailed analysis, we
fused cre1 promoter deletion derivatives with the DsRed
reporter gene to perform a comparative gene expression
analysis. Plate assays, Northern hybridizations, and spectro-
Xuorometric measurements of DsRed identiWed the minimal
D4 promoter sequence that promoted glucose-dependent
expression. Truncated recombinant CRE1 interacted with
D4 in electromobility shift analysis and these binding stud-
ies were further extended with two oligonucleotides, carry-
ing putative CRE1 binding sites BS14 and BS15. Surface
plasmon resonance analysis was performed using BS14 and
BS15, along with four derivatives containing 2 or 4 bp sub-
stitutions within BS14 and BS15, respectively. Substitutions
within BS14 abolished the high aYnity interaction with
CRE1, while mutations in BS15 only marginally diminished
the aYnity with CRE1. In vivo analysis of a modiWed D4

sequence with substitutions in the two binding sites con-
Wrmed the in vitro binding results and still promoted glu-
cose-dependent gene expression. Our results will contribute
to the construction of versatile expression vectors carrying a
minimal cre1 promoter sequence that still confers glucose-
dependent induction of gene expression.

Keywords cre1 promoter · Glucose-dependent gene 
expression · �-Lactam biosynthesis · Acremonium 
chrysogenum

Introduction

Glucose is a readily metabolizable carbon source, which
leads to enhanced growth rates during fermentation pro-
cesses. Glucose also causes repression of several enzymes
and secondary metabolites by a phenomenon called carbon
catabolite repression (CCR) that has been observed in
diverse prokaryotic and eukaryotic microorganisms (Martín
et al. 1999; Warner and Lolkema 2003). In the yeast Sac-
charomyces cerevisiae, CCR is mediated by the zinc-Wnger
protein MIG1 that, via binding a consensus sequence
(5�-SYGGRG-3�) in several glucose-repressible promoters,
interacts with the TUP1/SSN6 general repressor complex to
form an active complex and represses gene expression
(reviewed by Gancedo 1998). In Wlamentous fungi, the
homologue of the MIG1 repressor (CREA or CRE1) was
Wrst isolated from Aspergillus nidulans (Dowzer and Kelly
1989) and later shown to function in diverse pathways, e.g.
regulation of proline, ethanol, xylan, and arabinan utiliza-
tion (reviewed by Ruijter and Visser 1997). In Trichoderma
reesei, the industrially important producer of cellulases and
hemicellulases, the CRE1 homologue is partially responsi-
ble for the inhibition of cellulase expression and also

Communicated by K. Breunig.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00294-007-0164-8) contains supplementary 
material, which is available to authorized users.

D. Janus · U. Kück (&)
Lehrstuhl für Allgemeine und Molekulare Botanik, 
Ruhr-Universität, Universitätsstr. 150, 44780 Bochum, Germany
e-mail: ulrich.kueck@ruhr-uni-bochum.de

D. Janus
e-mail: danielle.janus@rub.de

P. Hortschansky
Department of Molecular and Applied Microbiology, 
Leibniz-Institute for Natural Product Research and Infection 
Biology (HKI) and Friedrich-Schiller-University, 
07745 Jena, Germany
123

http://dx.doi.org/10.1007/s00294-007-0164-8


36 Curr Genet (2008) 53:35–48
represses the expression of the xylanase I (xyn1) gene
(Ilmén et al. 1996; Mach et al. 1996). The CRE proteins
function either by directly competing for binding sites of
activator proteins or by an indirect mechanism that prevents
the action of an activator (Ronne 1995). Characterization of
the promoters of many glucose-repressible target genes led
to the identiWcation of CRE binding consensus sequences
(5�-SYGGRG-3�) (e.g. Kulmburg et al. 1993; Cubero and
Scazzocchio 1994; Mathieu et al. 2000; Rauscher et al.
2006). Furthermore, CRE1 does not always directly regu-
late transcription by interacting with binding sites in pro-
moter sequences, but also indirectly regulates transcription
by aVecting nucleosome positioning, such as in the 5�-regu-
latory sequence of the cbh2 gene (Zeilinger et al. 2003).
CRE binding sites are not only found in the promoters of
target genes but also in the promoters of cre genes from
diverse Wlamentous fungi. The best molecularly character-
ized creA promoter is the A. nidulans promoter; which con-
tains four CREA binding sequences and large blocks of
CT-rich sequences, including long stretches of polydT
sequence (Dowzer and Kelly 1989; Kulmburg et al. 1993;
Cubero and Scazzocchio 1994). Two of these CREA consen-
sus binding sequences were previously characterized in A.
nidulans and shown to function as an autoregulation motif in
vivo. The authors showed that the glucose pulse-mediated
downregulation of creA transcript levels is abolished when
the creA gene was fused with a promoter carrying mutated
CREA recognition sequences (Strauss et al. 1999).

In this study, we provide a functional characterization of
the cre1 promoter from the �-lactam antibiotic producing
fungus Acremonium chrysogenum, in which antibiotic bio-
synthesis is repressed by glucose (reviewed by Schmitt
et al. 2004a). Detailed transcript analysis revealed that the
transcript levels of pcbC and cefEF, encoding isopenicillin
N synthase and deacetoxycephalosporin C/deacetylcepha-
losporin C synthetase, respectively, were reduced in the
wild type but not in a producer strain (Jekosch and Kück
2000b). The cre1 gene from A. chrysogenum was previ-
ously isolated in order to analyze glucose-dependent gene
expression, and the CRE1 protein sequence shows high
similarity to other glucose repressor proteins from Wlamen-
tous fungi, suggesting a similar regulation and related role
in CCR. Analysis of the cre1 transcript levels in two A.
chrysogenum strains showing diVerent production rates of
the antibiotic cephalosporin C displayed a diVerent glucose
regulation of the cre1 transcript in both strains. The cre1
transcript level in the wild type strain was increased sixfold
during growth in glucose-containing, pH-buVered medium,
whereas the transcript of the producer strain was unaVected,
indicating a positive autoregulation of cre1 in the wild type
strain and an absence of glucose regulation in the producer
strain.

In order to measure the cre1 promoter-driven gene
expression in A. chrysogenum, we used the DsRed reporter
gene encoding the red Xuorescent protein from Discosoma
spec. We recently have shown that the DsRed gene is a
valuable reporter not only for quantifying promoter
strengths but also for the phenotypic detection of robustly
expressed genes on Petri dishes (Janus et al. 2007). Previ-
ous sequence analysis of the 1,030 bp cre1 promoter
sequence identiWed 15 putative CRE1 binding sites (BS1 to
BS15) (Jekosch and Kück 2000a) that are further character-
ized in this investigation. This includes in vivo expression
studies with diVerent cre1 promoter derivatives as well as
in vitro binding studies of CRE1 with putative CRE1 bind-
ing sites using electromobility shift analysis (EMSA) and
surface plasmon resonance (SPR) analysis. Our experi-
ments are complemented by investigating transformants
that carry modiWed cre1 promoters with mutated CRE1
binding sites. This study identiWes a 114 bp minimal pro-
moter with two CRE1 binding sites, the Wrst minimal regu-
latory promoter sequence for the �-lactam antibiotic
producing fungus.

Materials and methods

Strains and culture conditions

Escherichia coli strain K-12 XL1-blue (Stratagene) was
used for plasmid construction and maintenance (Bullock
et al. 1987). As already described, liquid cultures of A.
chrysogenum strains were grown at 27°C and 180 rpm for
3–5 days in CCM medium, CCM complemented with
100 mM HEPES (CCMH), or CCMH with the addition of
6.3% (w/v) glucose (CCMHS) (Walz and Kück 1991;
Jekosch and Kück 2000a).

Transformation of A. chrysogenum strain ATCC 14553
was done according to conventional transformation proce-
dures (Walz and Kück 1993; Radzio and Kück 1997).
Resulting transformants were selected on media containing
hygromycin B at concentrations as previously reported
(Walz and Kück 1993; Radzio and Kück 1997). All strains
used in this study are listed in Table 1 and their genotypes
were veriWed by Southern blot analysis to determine the
copy number of the transformed DsRed gene (data not
shown). Copy number determination was done with the
Scion Image program (Scion Corporation) to quantify sig-
nals from autoradiographs that were obtained from hybrid-
ization with the labeled DsRed probe. For reference, the
membranes were reprobed with a labeled cre1 fragment
that detects the single copy cre1 gene in A. chrysogenum.
DsRed copy numbers of individual transformants are given
in Table 1.
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Construction of the cre1 promoter derivatives

For amplifying the cre1 promoter from plasmid pCRE13/2
(Jekosch and Kück 2000a) primers 3148 and 3149 were
used. The PCR fragment was ligated into plasmid pDrive
(Qiagen) and subsequently sequenced. The resulting plas-
mid was hydrolyzed with AgeI and partially digested with
NcoI. The corresponding DNA fragment was used for liga-
tion with the AgeI-NcoI-restricted fragment of plasmid
pRHN1. The reporter gene plasmid pRHN1 carries the full-
size DsRed gene (DsRed-Express; BD Biosciences Clon-
tech, Heidelberg, Germany) under the control of the gpd
promoter and trpC terminator of A. nidulans and an hph-
resistance cassette (Godehardt and Kück, unpublished
data). The resulting recombinant plasmid was designated
pRPcre1 carrying the DsRed gene under control of the cre1
promoter (Pcre1).

The construction of the cre1 promoter deletion deriva-
tives was performed by conventional PCR or fusion PCR
based on modiWed protocols described previously (Shev-
chuk et al. 2004). The cre1 promoter fragments for generat-
ing deletion derivatives D1, D3, and D4 were ampliWed by
using primers Pcre1-D1/Pcre1-D3/Pcre1-D4 and 3149,
respectively, and plasmid pCRE13/2 as template. Using
primers 3148 and 3149 and plasmid pCRECEFD2, pro-
moter deletion fragment D2 was ampliWed to generate
plasmid pRPcre1-D2. pCRECEFD2 carries the full-size
A. chrysogenum cefEF gene controlled by a truncated ver-
sion of the cre1 promoter (�bp 488–687). cre1 promoter
derivatives D5, D6 and D7 harbor internal deletions and
were therefore made by a three step fusion PCR. In the Wrst
step, both fragments which should be fused, were ampliWed
using A. chrysogenum genomic DNA as template and prim-
ers cre1ko5 and D5-anti/D6-anti/D7-anti, and cre1-as and
D5-sense/D6-sense/D7-sense, respectively. For deletion
derivative D4*, primers cre1-as and Pcre1-D4*-s, and
Pcre1-D3 and Pcre1-D4*-as were used to amplify the Wrst

two PCR fragments of the promoter. In the next step the
two fragments that correspond to one deletion fragment
were fused by a further PCR step. In the Wnal step, the cre1
promoter deletion fragments were ampliWed using nested
primers 3148 and 3149 (deletion derivatives D5, D6, and
D7), and primers 3149 and Pcre1-D4 (deletion derivative
D4*) to attach restriction sites AgeI and NcoI. The corre-
sponding cre1 promoter fragments were ligated into pDrive
(Qiagen) and sequenced. In the next step, all obtained frag-
ments were digested and inserted into AgeI–NcoI restriction
sites in plasmid pRHN1 to generate the diVerent promoter
deletion constructs (Table 2). The sequences of all the
recombinant plasmids and oligonucleotides are given in
Tables 2 and 3, respectively.

Preparation and analysis of RNA

RNA was isolated as described by Jekosch and Kück
(2000a), and the integrity of all RNAs was veriWed by aga-
rose gel electrophoresis and Northern blot analyses (Sam-
brook and Russell 2001). The blots were hybridized with
32P-radiolabeled DNA probes as speciWed in “Results”.

Protein puriWcation

The puriWcation of fungal proteins was carried out as
described previously (Schmitt et al. 2004b), with the modi-
Wcation that the mycelium was resuspended in 2 ml of
buVer A [0.1 M morpholinepropanesulfonic acid (MOPS,
pH 7.5), 0.2 M KCl, 10 mM MgCl2, 1 mM EDTA, 10 mM
dithiothreitol, 4.2 mM phenylmethylsulfonyl Xuoride, 40%
(w/v) glycerol].

SpectroXuorometric measurements

The Xuorescence of the DsRed protein was measured at
576 nm with the excitation set at 554 nm using a JASCO

Table 1 Recipient and transgenic strains used in this study

ND not deWned

Strain Characteristics DsRed copy number References

ATCC 14553 Wild-type strain –

ATCC:pRPcre1 cre1(p)::DsRed::trpC(t); trpC(p)::hph T2: 1; T13: 2; T17: 2 This work

ATCC:Pcre1_D1 cre1(p)�1–643::DsRed::trpC(t); trpC(p)::hph ND This work

ATCC:Pcre1_D2 cre1(p)�488–687::DsRed::trpC(t); trpC(p)::hph T11: 3; T12: 1 This work

ATCC:Pcre1_D3 cre1(p)�1–489::DsRed::trpC(t); trpC(p)::hph ND This work

ATCC:Pcre1_D4 cre1(p)�1–721::DsRed::trpC(t); trpC(p)::hph T7: 2; T9: 6 This work

ATCC:Pcre1_D4* cre1(p)�1–721_C756–759A_C805–808A::DsRed::trpC(t); trpC(p)::hph T10: 1; T14: 3 This work

ATCC:Pcre1_D5 cre1(p)�678–835::DsRed::trpC(t); trpC(p)::hph T1: 29; T5: 1 This work

ATCC:Pcre1_D6 cre1(p)�689–706::DsRed::trpC(t); trpC(p)::hph T1: 1; T6: 1 This work

ATCC:Pcre1_D7 cre1(p)�715–835::DsRed::trpC(t); trpC(p)::hph T6: 2; T10: 1 This work
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FP-6500 spectroXuorometer (JASCO, Tokyo, Japan) as
previously described (Janus et al. 2007). A calibration
curve using puriWed DsRed protein (BD Biosciences) was
produced and served as control to quantify DsRed levels in
A. chrysogenum protein extracts.

Synthesis of recombinant CRE1 polypeptide in E. coli

GST and GST fusion proteins were puriWed from E. coli
BL21 (DE3) cells (Stratagene). The gene sequence for the
Wrst 183 amino acids from CRE1 was ligated in frame to
the coding sequence of GST by using restriction sites
EcoRI and NotI of pGEX-4T1 (Amersham Bioscience).
The resulting plasmid named pGEXcre1_183 was trans-
formed into E. coli expression host BL21 (DE3). Gene
expression was induced at midlog phase by adding 1 mM
isopropyl �-D-thiogalactoside and the cells were incubated
for 1 h at 30°C. GST and GST fusion proteins were puriWed
by aYnity chromatography using a 50% slurry of Glutathi-
one Sepharose beads according to the supplier’s manual
(Amersham Biosciences). On-column cleavage has been
performed with 80 U thrombin according to the supplier’s
manual (Amersham Biosciences). PuriWed proteins were
stored at ¡80°C until used for electrophoretic mobility shift
assays.

Electromobility shift assays

Gel shift experiments were performed using either radiola-
beled PCR fragments or annealed oligonucleotides from the
cre1 promoter. The promoter fragments were ampliWed
with oligonucleotides listed in Table 3 and radiolabeled

during PCR as described previously (Schmitt et al. 2004b).
The PCR mixture contained 90 ng of pCRE13/2 as tem-
plate, 40 ng of each primer, 4 �M dATP, 4 �M dTTP, 4 �M
dGTP, 0.2 �M dCTP, 8.33 £ 10¡12 mol of [�-32P] dCTP,
and 1 U Taq polymerase (Eppendorf) in a volume of 50 �l.
To remove free nucleotides from the samples, an electro-
phoresis was performed in a 5% polyacrylamid gel with
0.5£ Tris–borate–EDTA buVer. Single bands were
extracted, incubated with elution buVer (0.5 M ammonium
acetate, 1 mM EDTA, 0.1% SDS) and precipitated with
ethanol. The precipitate was Wnally dissolved in 100 �l
H2O. Labeling of annealed oligonucleotides was achieved
by 5�-end labeling using polynucleotide kinase (Roche) and
[�-32P]-dATP. To investigate the binding of the CRE1 poly-
peptide, 10–30 fmol of various radiolabeled promoter frag-
ments or oligonucleotides were incubated with varying
protein concentrations (indicated in the corresponding
Wgures) in the presence of 2 �l binding buVer (250 mM
Tris/HCl pH 8.0, 1 M KCl, 50% glycerin) and 1 �g of
poly(dI–dC) · poly(dI–dC) in a total volume of 20 �l. After
20-min incubation at room temperature, the samples were
electrophoresed in a 5% polyacrylamide gel at 4°C with
Tris/glycine buVer.

Protein puriWcation of CRE1 for Biacore measurements

GST-tagged CRE1 (1–183) was produced by autoinduction
in E. coli Rosetta 2 (DE3) cells grown at 30°C in 1 l Over-
night Express Instant TB Medium (Novagen) (Studier
2005). Fifteen grams of cells were collected by centrifuga-
tion, resuspended in 200 ml lysis buVer (20 mM NaH2PO4,
150 mM NaCl, 1 mM PMSF, pH 7.4) and homogenized

Table 2 Plasmids used for in vivo reporter gene assays and protein synthesis

Plasmid Characteristics Reference

pRHN1 gpd promoter, DsRed gene (aa 1–226) separated by a NcoI site and trpC terminator 
of A. nidulans

Godehardt and Kück 
(unpublished data)

pCRE13/2 cre1 promoter and cre1 gene (aa 1–406) of Acremonium chrysogenum Jekosch and Kück (2000a, b)

pCRECEFD2 cre1 promoter with deletion of bp 488–687 and cefEF gene of A. chrysogenum Ogrodowczyk and Kück 
(unpublished data)

pRPcre1 cre1 promoter, DsRed gene (aa 1–226) separated by a NcoI site and trpC terminator 
of A. nidulans

This work

pRPcre1_D1 pRPcre1 with deletion of bp 1–643 of the cre1 promoter This work

pRPcre1_D2 pRPcre1 with deletion of bp 488–687 of the cre1 promoter This work

pRPcre1_D3 pRPcre1 with deletion of bp 1–489 of the cre1 promoter This work

pRPcre1_D4 pRPcre1 with deletion of bp 1–721 of the cre1 promoter This work

pRPcre1_D5 pRPcre1 with deletion of bp 678–835 of the cre1 promoter This work

pRPcre1_D6 pRPcre1 with deletion of bp 689–706 of the cre1 promoter This work

pRPcre1_D7 pRPcre1 with deletion of bp 715–835 of the cre1 promoter This work

pRPcre1_D4* pRPcre1_D4 with substitutions in BS14 (bp 756–759) and BS15 (bp 805–808) This work

pGEXcre1_183 cre1 fragment (aa 1–182) in pGEX-4-T1 (GE Healthcare/Amersham Biosciences) This work
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using an EmulsiXex C5 high-pressure homogenizer (Aves-
tin). ClariWed cellular extract was loaded onto a 20 ml Glu-
tathione Sepharose 4 FF column (GE Healthcare) followed
by an overnight on-column cleavage at room temperature

using 320 U human thrombin (Sigma). CRE1 was eluted
with 50 mM Tris/HCl, 10 mM reduced glutathione, pH 8.0,
transferred to 50 mM NaH2PO4, 150 mM NaCl, pH 7.4 and
applied to a 5 ml Heparin Sepharose HP column (GE

Table 3 Sequences of oligonucleotides used in this work to generate PCR amplicons for construction of cre1 promoter deletion construct and
GST-fusion vectors, for use in gel retardation experiments and Biacore analysis

Restriction sites are underlined. Nucleotide substitutions are shown in bold face. CRE1 consensus binding sites (SYGGRG) are shown in italics
a Nucleotide positions are from accession no. AJ245727
b Only the sense strand is given for each double-stranded DNA probe, used in gel retardation analysis and SPR assays

Oligonucleotide SpeciWc sequence (5�–3�) SpeciWcity

1 GCCTCCCTCTCGGAACGGCTGGGA cre1 promoter; pos. 1–24a

2 CTTCTTTTTCAAGCAGAGACCTCAGTC cre1 promoter; pos. 73–57a

15 CCCGATTCTTTCCACTTCCATCCC cre1 promoter; pos. 499–522a

16 GAGTGGGACCCACTGGGGAAGGAAGAG cre1 promoter; pos. 559–585a

17 CAGTGGGTCCCACTCTTTTTCACTCCC cre1 promoter; pos. 571–597a

18 CATCGTGGGCTTGTGACGGGCCCC cre1 promoter; pos. 636–659a

19 CACAAGCCCACGATGCTATTCCCACCC cre1 promoter; pos. 645–671a

20 CCTATTCTCCCAGACTGGGGCAGAC cre1 promoter; pos. 709–733a

21 GTCTGGGAGAATAGGACCCAAGGCCCC cre1 promoter; pos. 719–745a

24 TGACCAGGATCTTGATATGGTGTTCCG cre1 promoter; pos. 873–847a

BS14_s CCATTGCCGACCCCGGCCCGATGCCT cre1 promoter; pos. 746–771a, b

BS14m1_s CCATTGCCGACAACGGCCCGATGCCT BS14_s with substitutions 
C757A + C758Ab

BS14m2_s CCATTGCCGAAAAAGGCCCGATGCCT BS14m_s with substitutions 
C756A + C759Ab

BS15_s CCCCCCCCCCCAGTCTTTCCATGGAC cre1 promoter; pos. 798–823a, b

BS15m1_s CCCCCCCCAACAGTCTTTCCATGGAC BS15_s with substitutions 
C806A + C807Ab

BS15m2_s CCCCCCCAAAAAGTCTTTCCATGGAC BS15m_s with substitutions 
C805A + C808Ab

neg_Pcre1_s GAGAGCTGACTGGACTGCTGACTGAG cre1 promoter (pos. 38–63)a

3148 ACCGGTGCCTCCCTCTCGGAACGGCTGGG cre1 promoter (pos. 1–23) + AgeIa

3149 CCATGGGTGGTCCACCAGCTCTATTTGCG cre1 promoter (pos. 1008–1030) + NcoIa

Pcre1-D1 ACCGGTTCACAAGCCCACGATGCTA cre1 promoter (pos. 644–662) + AgeIa

Pcre1-D3 ACCGGTGTACTGCCTCCCGATTCTTTC cre1 promoter (pos. 490–510) + AgeIa

Pcre1-D4 ACCGGTTGGGAGAATAGGACCCAAG cre1 promoter (pos. 722–740) + AgeIa

cre1-as GACTGCGATCGTTGCGGCAT cre1 gene (pos. 1–20)a

cre1ko-5 CTCATTACCACACATCCAGTTTCG A.c. genomic DNA in front 
of cre1 promoter

Pcre1-D5-s CTATTCCCACCCCCCGCGCACGTTCTGGCCGGAACACCATATCAAG cre1 promoter (pos. 660–677 + 836–863)a

Pcre1-D5-as GTGTTCCGGCCAGAACGTGCGCGGGGGGTGGGAATAGCATCGTGGGC cre1 promoter (pos. 650–677 + 836–854)a

Pcre1-D6-s CCCCGCGCTTTTGCATTCAAGTCTGCCCCAGTCTGGGAGAATAGGACC cre1 promoter (pos. 671–688 + 707–736)a

Pcre1-D6-as CCCAGACTGGGGCAGACTTGAATGCAAAAGCGCGGGGGGTGGGAATAGC cre1 promoter (pos. 659–688 + 707–725)a

Pcre1-D7-s TTTTTTTTTTTAAGTCTGCCACGTTCTGGCCGGAACACCATATCAAG cre1 promoter (pos. 696–714 + 836–863)a

Pcre1-D7-as TGTTCCGGCCAGAACGTGGCAGACTTAAAAAAAAAAAAAAAAAAGAATGC cre1 promoter (pos. 683–714 + 836–853)a

Pcre1-D4*-s CGCTCTTTTTAAACCACCACGTCCCCCCCAAAAAGTCTTTCCATGGACC cre1 promoter (pos. 776–824)a

Pcre1-D4*-as GGGACGTGGTGGTTTAAAAAGAGCGTGGGAGGCATCGGGCCTTTTTCGGC cre1 promoter (pos. 800–751)a

3074 GAATTCATGCCGCAACGATCGCAGTG cre1 gene (pos. 1–20) + EcoRIa

cre1_NotI GCGGCCGCTTAGACAAATGACGAGTACGTG cre1 gene (pos. 1561–1579)
+ stop codon + NotIa

3011 TGTCGATCGACCACGACGACCACC cre1 promoter (pos. 933–956)a

CRE1koanti GACGCCCTGGTGCTGAGGAGCGATGCCC cre1 gene (pos. 663–636)a
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Healthcare), followed by elution with a salt gradient up to
2 M NaCl. CRE1 containing fractions were concentrated
using a Vivaspin 10 kD concentrator (Vivascience) and
puriWed to homogeneity by gel Wltration chromatography
on a Superdex PG 200 column (GE Healthcare) with
50 mM NaH2PO4, 150 mM NaCl, 1 mM DTT, pH 7.4 as
running buVer.

Binding analysis by SPR

Real-time analysis of protein–DNA interaction was per-
formed on a Biacore 2000 system at 25°C. A commercially
available SA sensor chip (Biacore) was used having a layer
of a thin gold Wlm coated with carboxymethyldextran
hydrogel matrix to which streptavidin was cross-linked.
Data were processed with the BIAevaluation software ver-
sion 4.1 (Biacore). The running buVer used for DNA immo-
bilization and SPR assay was 10 mM HEPES pH 7.4,
0.15 M NaCl, 1 mM DTT, 0.005% (v/v) surfactant P20.
The buVer was freshly prepared, Wltered through a 0.22 �m
membrane and degassed prior to use. Refractive index
errors due to bulk solvent eVects were corrected by sub-
stracting responses from the non-coated Xow cell 1. 5�-Bio-
tinylated DNA duplexes (5 nM) containing CRE1 wild type
and mutant binding sites were immobilized on a SA sensor
chip on Xow cells 2, 3 and 4 by injection at a Xow rate of
10 �l/min until 80 response units (RU) were bound. The
puriWed CRE1 protein was diluted to nanomolar concentra-
tions in running buVer and a concentration series from 12.5
to 400 nM was examined for each DNA duplex. Sample
injection and dissociation time was set to 2.5 min at a Xow
rate of 20 �l/min. The chip surface was regenerated with an
injection of running buVer containing 0.5 M NaCl for one
minute. Dissociation constants were calculated from the
concentration-dependent steady-state binding using the 1:1
steady-state aYnity model.

Results

cre1 promoter directed DsRed expression

Transcriptional expression of the cre1 gene is up regulated
in the presence of glucose in the A. chrysogenum wild
type strain (Jekosch and Kück 2000a). We examined the
5�-upstream region of the cre1 gene and detected several
putative CRE1 consensus binding sites (5�-SYGGRG-3�),
suggesting a positive autoregulation of cre1 expression by
its own gene product. We discovered 15 CRE1 consensus
sequences (BS1 to BS15) within the 1,030 bp upstream of
the cre1 transcription start site, which is preceded by an
18 bp T-stretch as well as a CT-rich region. In order to
study cre1 promoter-driven expression in vivo, we used a

recently developed DsRed gene-based reporter system.
Expression of the gene encoding the red Xuorescent protein
(DsRed) results in fungal transformants displaying a red
colored phenotype on solid medium. Moreover, variations
in DsRed synthesis can be quantiWed with spectroXuoro-
metric measurements (Janus et al. 2007).

For our expression studies, we constructed plasmid pRP-
cre1, which contains the DsRed gene under control of the
full-length cre1 promoter (Pcre1). Transformation of pRP-
cre1 into A. chrysogenum resulted in several diVerently col-
ored transformants obtained on agar plates. Of the total 19
transformants, 7 showed a red or pink colored phenotype
and were further analyzed for plasmid copy number and
glucose-induced gene expression. We identiWed low (T2)
and multi copy number transformants (T13, T17), and glu-
cose-induction was further analyzed when the strains were
grown in the presence (+G) or absence (¡G) of glucose.
From these various strains in diVerent growth conditions,
RNA was isolated and subjected to Northern blot hybrid-
izations. As presented in Fig. 1a, the DsRed transcript
markedly increases in all transformants when grown in glu-
cose-containing medium. Transcript levels are barely
detectable when the strains were grown in the absence of
glucose. Only T17, which is a multi copy strain, showed
detectable levels of DsRed in the absence of glucose.

We next examined the time-course of DsRed expression.
Strains were cultured for 7 days and protein extracts were
obtained at speciWc time points. To guarantee suYcient cel-
lular material for the quantiWcation of DsRed, the measure-
ment began 2 days after inoculation, and, as recently
described, spectroXuorometric measurements were con-
ducted to determine the amount of DsRed in each sample
(Janus et al. 2007). As shown in Fig. 1b, all transformants
showed the highest amount of DsRed in a copy-dependent
manner when grown in the presence of glucose. Maximal
expression was observed after 5–6 days of growth in all
cases, conWrming the usefulness of the DsRed reporter gene
system to study regulated gene expression in A. chrysoge-
num.

Expression studies with cre1 promoter deletion derivatives

To detect critical sequences within the cre1 promoter
region, we performed functional analysis of seven promoter
deletion mutants that lack at least one of the putative CRE1
binding sites (Fig. 2). All promoter constructs were fused
upstream of DsRed and analyzed phenotypically. Transfor-
mation of A. chrysogenum with plasmid pRPcre1 in which
DsRed expression is driven by the wild type cre1 promoter
resulted in a total of 19 analyzed transformants, 7 of which
displayed clear red or pink color. In comparison, the panel
of promoter mutants displayed a diverse range of DsRed
regulation. As discussed below, ectopic integration of
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transformed DNAs into the genome, such as during DNA-
mediated fungal transformation, leads to modiWcation of
the plasmid-derived gene expression (Janus et al. 2007).
Thus, the phenotypic characterization of fungal transfor-
mants on Petri dishes is a rough estimate of promoter-
driven reporter gene expression. From the data presented in
Fig. 2, the T-stretch and the CT-rich region, both compris-
ing a region of about 149 bp, are essential for gene expres-
sion, exempliWed by the high frequency of reddish
transformants, carrying either D1, D3, D4, or D6. In con-
trast, D5 and D7 showed no reddish transformants and lack
the T-stretch as well as the CT-rich region. One exception
seemed to be the D2 mutant that carries a deletion just
upstream of the T-stretch, suggesting that the upstream
region contains binding sites for further activator or repres-
sor proteins that modulate gene expression. In separate
experiments, we constructed promoter derivatives lacking
the 5�-transcribed but not translated region. None of these
mutants showed a detectable expression of the reporter
gene (data not shown).

To quantify the observed variations in transcriptional
expression, 10–14 randomly selected transformants
obtained with each promoter derivative were selected and
analyzed spectroXuorometrically. After 5 days of growth,

the DsRed protein content was determined compared to the
total protein amount (Supplementary Data Table 1). The
results of the spectroXuorometric measurements are consis-
tent with the data shown in Fig. 2. Transformation with
promoter derivatives that failed to yield any colored trans-
formants correspondingly had barely detectable DsRed pro-
tein, while among the derivatives that generated a range of
phenotypes, we observed a correlation between DsRed pro-
tein content and copy number. Notably, the D4 construct
generated the most distinct protein yields (Supplementary
Data Table 1).

We further analyzed DsRed expression in both, low and
multi copy transformants harboring the promoter deriva-
tives D2, D4, D5, D6, and D7, in the absence and presence
of glucose. Northern blot analysis showed that cells harbor-
ing DsRed driven by the full length cre1 promoter mark-
edly induced DsRed expression in the presence of glucose,
and levels correlated well with copy number (Fig. 3a). A
glucose-dependent transcriptional induction was generally
observed among all transformants investigated, except D5
and D7, which acted similar to a negative control. The
derivatives D4 and D6 induced strong DsRed levels similar
to that obtained with the full-length promoter Pcre1. Inter-
estingly, in cells with the full-length promoter, a basal

Fig. 1 Expression of the DsRed reporter gene under control of the
cre1 promoter in multi (T13, T17) and low (T2) copy transformants.
a Northern blot hybridization was performed using the DsRed gene as
a probe. b SpectroXuorometric measurements of the DsRed protein in

A. chrysogenum total protein extracts. +G and ¡G indicate that strains
were grown in the presence or absence of glucose. The wild type strain
served as a negative control
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expression was detectable in the absence of glucose, while
D4 showed no detectable transcript at all. These transcrip-
tional expression data were further veriWed by spectroXuo-
rometric measurement of the DsRed protein level (Fig. 3b).
Glucose-dependent protein levels were observed, with the
highest yield generated by the multi copy transformant car-
rying the D4 derivative (D4 T9 +G). The wild type strains
served as negative control to measure background Xuores-
cence in all cases.

Gel shift analysis of cre1 promoter sequences with CRE1

To determine whether the CRE1 protein could bind frag-
ments of the cre1 promoter carrying putative CRE1 binding
sites, we performed in vitro binding studies using EMSA.
As detailed in “Materials and methods”, we generated a
recombinant GST::CRE1 fusion protein consisting of the
GST-tag and the Wrst 183 amino acids of the CRE1 poly-
peptide comprising the zinc-Wnger DNA binding region and

Fig. 2 Schematic drawing of 
the wild type cre1 promoter 
(Pcre1) and diVerent promoter 
deletion derivatives. All pro-
moter fragments were fused to 
the DsRed reporter gene. Num-
bers on the right represent red 
colored transformants (Wrst 
number) within the total number 
of analyzed transformants (sec-
ond number). The putative 
CRE1 binding sites (bars), 
a T-stretch (T), a CT-rich region 
(CT), as well as the transcrip-
tional start point (arrow) are 
indicated

Fig. 3 Impact of glucose on 
DsRed expression. a Northern 
blot hybridization analysis with 
RNAs from low (lc) and multi 
copy (mc) transformants grown 
with (+G) and without (¡G) glu-
cose. Radiolabeled DsRed 
served as hybridization probe 
and the rRNA served for stan-
dardization for the RNA loaded. 
b SpectroXuorometric measure-
ments of the DsRed amount in 
the transformants as indicated. 
Strains were grown in the pres-
ence (black bars) or absence 
(gray bars) of glucose
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synthesized the fusion protein in E. coli. DiVerent DNA
fragments that were generated with individual primer pairs
(Fig. 4a) were incubated with GST::CRE1, and in all these
cases, almost every fragment was bound by the CRE1 pro-
tein (data not shown). As an example, incubation of two
labeled DNA fragments with recombinant GST::CRE1
resulted in a high molecular weight DNA–protein complex
only with fragments 21–24, which contains two putative
CRE1 binding sites, while fragments 1–2, which lacks
binding sites, and the GST alone were both unable to form
any complex (Fig. 4b). We then tested increasing amounts
(0.5–10 �g) of the GST::CRE1 fusion protein and the
CRE1 protein lacking the GST-tag with fragments 21–24.
In both cases, we observed an intensiWed binding, suggest-
ing strong interactions between the proteins and the DNA
fragment. Interestingly, multiple bands appeared when the
amount of the CRE1 protein was increased, indicating con-
secutive binding of diVerent sequences with the CRE1
polypeptide (Fig. 4c, d).

To more closely analyze CRE1 binding, the two putative
binding sites (BS14, BS15), part of the 114 bp DNA
sequence of promoter derivative D4 triggering glucose-
dependent gene expression, were used for gel shift analysis

(Fig. 5a). BS14 contains the putative binding site 14
Xanked by 10 base pairs on both sites, while BS15 carries
binding site 15 and is Xanked by 7 and 13 bp. Gel shift
analysis showed that both sequences interact with CRE1
lacking the GST-tag, and that the protein binds BS15 more
intensely (Fig. 5b). Increasing amounts of GST::CRE1 in
the binding analysis produced only a single complex with
BS14 and BS15 (Fig. 5c).

Interactions between CRE1 and binding sites BS14 
and BS15 determined by SPR analysis

To further characterize the binding speciWcity of CRE1,
SPR analyses of protein–DNA interactions were carried out
on a streptavidin-coated Biacore SA sensor chip using oli-
gonucleotides BS14 and BS15, as well as mutant oligonu-
cleotides with two to four substitutions (BS14m1, BS14m2,
BS15m1, BS15m2) (see Table 3) within the consensus
binding sites as shown in Fig. 5a. The non-coated Xow
cell 1 served as a reference in order to reduce bulk solvent
eVects. The RU-values of diVerent DNA loaded on each
Xow cell were about 80 RU. As detailed in the “Materials
and methods”, a highly puriWed CRE1 protein detached

Fig. 4 Gel shift analysis to 
determine CRE1 binding sites. 
a Schematic map of the cre1 
promoter region as already 
shown in Fig. 2. PCR fragments 
used in electromobility shift 
analysis (EMSA) with the CRE1 
protein are indicated with 
numbers that represent primers 
for PCR ampliWcation. b Gel 
retardation analysis of the CRE1 
protein together with PCR 
fragments 1–2 and 21–24. The 
recombinant GST::CRE1 
(G-CRE1) protein puriWed from 
E. coli and an E. coli control pro-
tein (GST) were incubated with 
radiolabeled PCR fragments. 
c EMSA with PCR fragments 
21–24 and increasing amounts 
of the GST::CRE1 (G-CRE1) 
fusion protein. d EMSA with 
PCR fragments 21–24 and 
increasing amounts of recombi-
nant CRE1 (CRE1) protein 
detached from the GST-tag
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from the GST-tag was synthesized for SPR analysis. The
puriWed truncated CRE1 protein (CRE1 1–183) used in
these studies showed a single band on SDS-polyacrylamide
gels (Fig. 6a).

Surface plasmon resonance sensorgrams for equilibrium
binding of CRE1 to immobilized DNA-duplexes were
recorded (data not shown) and their corresponding steady-
state aYnity analyses are shown in Fig. 6b, c. Binding of
the CRE1 polypeptide to BS14 compared to the two mutant
DNA-duplexes BS14m1 and BS14m2 is shown in Fig. 6b.
Interaction of 400 nM CRE1 with BS14 attained 73.8 RU
at equilibrium whereas mutant oligonucleotides showed no
or very marginal interactions at all. SPR analyses using oli-
gonucleotides BS15 and mutant forms (BS15m1, BS15m2)
are shown in Fig. 6c and demonstrate that the protein–DNA
interaction between CRE1 and BS15 had a high aYnity. On
the other hand, mutant oligonucleotides retained lower
binding speciWcities but still showed a weak aYnity, which
is reduced by a factor of approximately 3. Consequently,
substitution of 2–4 bp within the consensus binding
sequence of BS15 weakened the protein–DNA complex
formation but did not completely inhibit CRE1 binding.

Comparing the calculated KD-values (Table 4) supports
the observation that both BS14 and BS15 are speciWcally
bound by CRE1 but BS14 (with a KD value of 154 nM)
interacts with a lower aYnity than BS15 (with a KD value
of 85.9 nM). In contrast, mutant oligonucleotides, BS14m1,

BS14m2, BS15m1 and BS15m2, show higher KD values in
comparison to BS14 and BS15, which refer to a lower bind-
ing aYnity to the CRE1 polypeptide. These results are in
good agreement with the data obtained with gel retardation
analysis of CRE1 interaction to oligonucleotides BS14 and
BS15 (Fig. 5b, c).

In vivo analysis of substitutions in binding sites 
BS14 and BS15

The SPR analysis indicates that BS14m2 lacks almost any
binding speciWcity with CRE1 while BS15m2, despite four
nucleotide substitutions, still retains decent interaction with
the CRE1 protein. This suggests that in vivo a D4 fragment
containing the BS14m2, as well as the BS15m2, substitu-
tion could still have a glucose-dependent transcriptional
expression. We thus constructed plasmid pRPcre1_D4*
harboring 4 bp substitutions in each of the BS14 and BS15
CRE1 consensus binding sites, and transformed it into the
wild type strain of A. chrysogenum, resulting in reddish col-
onies on agar plates. When we tested a total of 35 transfor-
mants, we found that 17 had a pink or red color while the
remaining did not show any expression of the DsRed gene
on solid media. This is similar to the distribution we
observed when we used the D4 construct carrying the wild
type sequence for fungal transformation (see also Supple-
mentary Material Table 1). This rough approach indicates

Fig. 5 Electromobility shift 
analysis with primers BS14 and 
BS15. a 5�-Sequence of deletion 
derivative D4. Putative CRE1 
binding sites BS14 and BS15 are 
underlined, the transcriptional 
start point is marked by an arrow 
and the start codon of the open 
reading frame is shown in ital-
ics. Shaded sequences were used 
for gel retardation analysis and 
surface plasmon resonance 
(SPR) assays, and substitutions 
of the putative binding sequence 
are given below the sequence. 
b Analysis of protein–DNA 
interactions with radiolabeled 
oligonucleotides BS14 and 
BS15 and the recombinant 
CRE1 (CRE1) protein lacking 
the GST-tag. c Gel retardation 
analysis with oligonucleotides 
BS14 and BS15 with increasing 
amounts of the recombinant 
GST::CRE1 protein (G-CRE1) 
as indicated
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that, despite the base pair substitutions, the modiWed D4*
promoter sequence is still able to confer glucose-dependent
gene expression. These results were further conWrmed
when two randomly selected D4* transformants, a low
copy and a multi copy strain, were subjected to Northern
blot analysis and compared to transformants carrying either
the full-length cre1 promoter or the D4 promoter fragment.
As shown in Fig. 7, the level of the transcript clearly

increased in all strains investigated under glucose-inducing
growth conditions, and this was further conWrmed by spec-
troXuorometric measurements of DsRed protein (data not
shown). Thus, these data are in good agreement with the
results obtained with the SPR measurements showing a
suYcient aYnity of CRE1 to the BS15m2 sequence harbor-
ing four T-substitutions, being capable of driving glucose-
induced gene expression. The binding aYnity to BS15
seemed to be stronger than interaction with BS14, as dem-
onstrated by SPR analysis, and this is in line with the in
vivo analysis with deletion derivative D4* still showing
strong gene expression and induction by glucose.

Discussion

So far, in A. chrysogenum a locus-dependent integration
system to study reproducible expression rates, as in other
Wlamentous fungi (e.g. A. niger) (van Hartingsveldt et al.
1987) has not been established. Therefore, a larger number
of transformants carrying ectopically integrated plasmids
with variable gene expression patterns must be investigated

Fig. 6 Surface plasmon resonance analysis. a Coomassie blue-stained
protein gel with highly puriWed CRE1 protein (lane 1). Molecular
weight markers are indicated on the site. b Analysis of steady state
aYnity of CRE1 binding to BS14, BS14m1 and BS14m2 determined
using SPR measurements. c Steady state aYnity of CRE1 binding to
BS15, BS15m1 and BS15m2 determined using SPR measurements.
The graphs show the response units in comparison to the protein con-
centration

Table 4 Dissociation constants (KD) of the interaction between the
CRE1 protein and wild type binding sites BS14 and BS15, and mutant
forms of both duplexes

a Binding is below detection limit

DNA-duplex KD (nM)

BS14 154

BS14m1 –a

BS14m2 –a

BS15 85.9

BS15m1 281

BS15m2 229

Fig. 7 Impact of nucleotide substitutions within CRE1 binding sites
on DsRed expression. Northern blot hybridization with RNA from the
wild type strain and from selected transformants, harboring plasmids
pRPcre1 (Pcre), pRPcre1_D4 (D4) or pRPcre1_D4* (D4*). RNA was
isolated from strains that were grown in the presence (+G) or absence
of glucose (¡G). Hybridization was done with a radiolabeled DsRed
probe
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in separate experiments. For this purpose, the DsRed gene
is an ideal reporter system for a statistical approach to dis-
tinguish transformants showing high, medium, and low
expression rates.

The identiWcation of a 114 bp CT-rich sequences in the
non-transcribed cre1 upstream region suggests that it is
required to trigger glucose-dependent gene expression. CT-
rich regions are frequently found in promoters of strongly
transcribed genes in Wlamentous fungi, mostly in genes
lacking conventional TATA and CAAT boxes (Kapoor
et al. 1995). This indicates that CT-rich regions are putative
activator sequences in close proximity to transcription start
sites (Gurr et al. 1987; Yamazaki et al. 2000; Sirand-Pugnet
et al. 2003; Fei et al. 2006; Neveu et al. 2007). For exam-
ple, deletion of the CT-rich region upstream of the tran-
scription start point in diVerent Aspergillus gpdA and oliC
genes, encoding glyceraldehyde-3-phosphate dehydroge-
nase and oligomycin-resistant ATP synthase subunit 9,
respectively, resulted in an altered transcription initiation.
This supported the involvement of this region in correct
transcription initiation and determining the frequency of
initiation (Ballance 1986; Ward and Turner 1986; Ward
et al. 1988; Punt et al. 1990). In plants, the CT-rich regions
Xanking the 5�-end of plant genes function similarly, since
mutagenesis of this sequence resulted in a signiWcant
decrease of transgene expression (Bolle et al. 1994).

In A. chrysogenum, the CT-rich region contains two
closely spaced binding sites (BS14, BS15) that according to
our gel shift analysis cooperatively bind to CRE1. Simi-
larly, two closely spaced putative CREA binding sites were
found in the creA promoter from A. nidulans, mediating
autoregulation. Gel shift analysis with a recombinant
GST::CREA protein and cell-free extracts showed direct
interaction of the CREA protein to binding sequences in the
creA promoter (Strauss et al. 1999).

The binding aYnities of A. chrysogenum CRE1 with two
binding sequences were further quantiWed using SPR analy-
sis. To the best of our knowledge, this is the Wrst example
where the CRE1 aYnity to consensus binding sites was
measured using this technique. SPR measurements have,
e.g. been used to determine the interaction of two proteins
or protein complexes with speciWc DNA sequences (e.g.
Hortschansky et al. 2007; Shi et al. 2007). Recently, the
interaction of the S. cerevisiae alcohol dehydrogenase 1
protein with sequences of the alcohol dehydrogenase II
gene was analyzed by SPR. The determination of dissocia-
tion constants for the interaction of this zinc-Wnger protein
with the corresponding DNA has been determined with
two-digit nanomolar aYnities (SchauXer and Klevit 2003),
similar to the results in our investigation. Furthermore, our
data reveal that SPR analysis is a convenient method to
determine the interaction of a protein to diVerent DNA
sequences in real-time without labeling requirements

(Myszka et al. 1998). In addition, the comparison of bind-
ing speciWcities of a protein to wild type and mutant bind-
ing sites can be easily performed and quantiWed (Hart et al.
1999).

Detailed sequence analysis of binding site BS15 (5�-
AGACTGGGGGGGGGGG-3�) and mutant binding sites,
as well as adjacent sequences, displayed that the consensus
binding site (5�-SYGGRG-3�) in the mutant oligonucleo-
tide shifted to the 3�-end of BS15m2 (5�-AGACTTTT
TGGGGGGG-3�) with only a single nucleotide substitu-
tion. Therefore, it is possible that this incompletely trun-
cated binding site is responsible for the glucose induction in
transformants carrying deletion derivative D4*. This is also
consistent with our SPR analysis using oligonucleotides
that have still a signiWcant aYnity to CRE1. Deletion of
Xanking sequences from BS15 should be performed to pre-
vent further binding of CRE1 to the displaced binding site
and to further determine whether CRE1 is the only regula-
tor responsible for glucose induction directed by promoter
derivative D4.

Another explanation could be the interaction of other
proteins and possible transcriptional modulators directed by
the cre1 promoter. At present, we can only speculate
whether the CRE1 protein interacts with other proteins hav-
ing a speciWcity to the 114 bp CT-rich sequence. The in sil-
ico analysis did not reveal any signiWcant binding sites for
transcriptional activators/repressors from Wlamentous
fungi, but detailed promoter–protein interaction studies in
Wlamentous fungi showed that a tight interplay between
diVerent transcription activators and/or repressors is a pre-
requisite to control environment-speciWc gene expression.
For example, the xyn1 promoter from T. reesei, controlling
xylan-dependent gene expression, is regulated by an inter-
play of the CRE1 repressor and the cellulose regulator
Ace1 that acts as a general and speciWc repressor with the
xylanase regulator Xyr1 (Rauscher et al. 2006). Similarly,
the iron-dependent transcriptional expression in A. nidulans
is regulated by the novel HapX factor, mediating repression
of iron-dependent pathways under iron-depleted conditions
via interaction with the CCAAT-binding core complex
(Hortschansky et al. 2007).

In conclusion: the cre1 promoter from A. chrysogenum
displays a positive autoregulation upon glucose induction,
and our identiWcation of a 114 bp minimal promoter with
two CRE1 binding sites is the Wrst example of a minimal
regulatory promoter sequence for this �-lactam antibiotic
producing fungus. Two CRE1 consensus binding sites are
located within the minimal promoter sequence that are
tightly bound by the CRE1 protein, and this interaction was
quantiWed using the Biacore system and represents the Wrst
characterization of a CRE1–DNA interaction by SPR anal-
ysis. Importantly, the minimal cre1 promoter identiWed
here will be a functionally useful tool for the construction
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of compact fungal expression vectors suitable for biotech-
nically relevant Wlamentous fungi. For example, normal
glucose-dependent repression of cephalosporin C biosyn-
thesis genes could be converted into expressional activation
by fusing biosynthesis genes to the minimal cre1 promoter.
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