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Abstract
The cAMP response element binding protein (CREB) is a mammalian transcription factor which
regulates the expression of many cellular genes. CREB is commonly expressed in E. coli and purified
by heat-extraction followed by affinity chromatography. We have discovered that although this
purification yields a reasonably pure product which is active in DNA-binding and functional assays,
it contains a large amount of nucleic acid as well as CREB truncation products and other polypeptides.
Consequently, this CREB is inadequate for use in biophysical studies including crystallography, and
spectroscopic analysis such as analytical ultracentrifugation, FRET, and circular dichroism. We
revised the purification protocol to incorporate expression in the Rosetta™ host strain, nuclease
treatment, and denaturing/high salt size-exclusion chromatography. We typically obtain 10 mg of
CREB per liter of culture media that is 99% homogenous, free of nucleic acid, and amenable to
biophysical studies. Comparison of CREB from the original and revised protocols shows similar
affinities for the cAMP response element (CRE) but small differences in their secondary structures
when assayed by limited proteolysis and circular dichroism.

Introduction
The cAMP response element binding protein (CREB) is a widely studied transcription factor
which activates a large number of cellular genes containing cAMP response elements (CREs).
CREB is expressed in many tissues and regulates a wide range of biological functions including
cellular growth, memory, and neuronal proliferation in response to a variety of intracellular
signaling events. Several kinases activate CREB, including PKA, which phosphorylates the
kinase inducible domain (KID) as serine133 [1]. CREB binds as a dimer to the CRE (5’-
TGACGTCA-3’) via its basic leucine zipper (bZIP) domain and recruits the coactivator CREB-
binding protein (CBP) or its paralogue, p300, to mediate transcriptional activation. [2–6].

To better understand CREB structure and function, we attempted to perform various
biophysical studies with untagged CREB expressed and purified from E. coli. We utilized a
conventional purification protocol which incorporates heat-treatment of the cell lysate [7,8],
followed by heparin-Sepharose affinity chromatography. Expression and purification using
this protocol generated a CREB product that was approximately 65% pure, and active in a
variety of DNA binding assays and in in vitro transcription assays. However, when analyzed
by size-exclusion chromatography, this CREB eluted at an unusually large apparent molecular
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weight as an aggregate. We discovered that the aberrant elution and aggregation was
attributable to contaminating nucleic acid that co-purified with CREB via non-specific bZIP
interactions. In addition, we observed low molecular weight carboxy-terminal truncation
products of CREB that co-eluted due to bZIP heterodimerization as well as other polypeptides.

The tight association of CREB with contaminating nucleic acid and truncation products is
detrimental in a variety of assays, including proteolytic analysis, spectroscopic studies, and
crystallography. To address these concerns, we developed a revised protocol that incorporates
expression in a Rosetta™ host strain and purification by heat-treatment and heparin-Sepharose
chromatography in the presence of nucleases, followed by denaturing/high salt size-exclusion
chromatography. This revised protocol yields a large amount of soluble CREB protein which
is 99% pure and free of contaminating nucleic acid. This highly-purified CREB is active for
complex formation with the CRE and the KIX domain of CBP/p300. Analysis by limited
proteolysis and circular dichroism, however, highlights the subtle yet significant differences
between the two differently purified CREB products.

Material and Methods
CREB Expression

The bacterial expression vector for CREB327 [9] was expressed in E. coli BL21(DE3)pLysS
cells (Stratagene, cat. #200132) for the conventional CREB purification and in E. coli
Rosetta™ BL21(DE3)pLysS cells (Novagen, cat. #70956-4) for the revised CREB
purification. Freshly transformed bacteria were grown in 10 ml of LB (2 cultures) containing
ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml) at 37°C overnight. The overnight
cultures were expanded into 1L of the same media and cells were grown to an optical density
(OD600) of 0.5–0.8. Protein expression was then induced with 0.4 mM IPTG and the culture
was grown for 3 hours. The cells were harvested by centrifugation at 2,000g for 30 minutes at
4°C and resuspended in a buffer containing 50 mM Tris-HCl pH 7.9, 12.5 mM MgCl2, 100
mM KCl, and 1 mM EDTA pH 8.0 (15ml per liter of culture media). The resuspended cell
pellet was stored at −80°C until use.

CREB Purification- Conventional Protocol
The cell resuspension was heated in 1 ml aliquots to 65°C for 15 min. in the presence of 1 mM
PMSF, 8 µg/ml aprotinin, 8 µg/ml leupeptin, and 2 mM DTT. Following heat-treatment, the
samples were placed on ice for 10 min. and the above reagents were again added to the same
final concentrations. The supernatant containing soluble CREB was recovered by
centrifugation at 13,000g for 30 minutes at 4°C and bound to Heparin Sepharose 6 Fast Flow
resin (GE Healthcare, cat.#17-0998-01) overnight at 4°C. Unbound sample was collected in
the flow-through and the resin was washed with 3 column volumes (CVs) of the resuspension
buffer containing 2 mM DTT. Bound sample containing CREB was eluted with 3 CVs of the
resuspension buffer containing 600 mM KCl and 2 mM DTT. The CREB eluate was dialyzed
overnight at 4°C in a buffer containing 50 mM Tris-HCl pH 7.9, 100 mM KCl, 12.5 mM
MgCl2, 1 mM EDTA pH 8.0, 20% glycerol, and 2 mM DTT.

CREB Purification- Revised Protocol
The revised protocol was carried out as described above with the following changes. RNase A
(200 µg/ml) was added prior to the heat-treatment. RNase A (100 µg/ml) and DNase 1 (0.025U/
µl) were added during the heparin sepharose binding step (RNase A, Sigma, cat. #R4875;
DNase I, Roche, cat. #04536282001). The heparin sepharose elution was carried out at room
temperature with a denaturing buffer containing 50 mM Na2PO4 pH 8.0, 8 M urea, 1 M NaCl,
and 2 mM DTT. The denaturing buffer was always made fresh immediately before use to avoid
cyanate accumulation, and further deionization with a mixed bed ion-exchange resin and/or
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addition of a cyanate scavenger such as 50 mM Tris can be included to avoid protein
carbamylation. The eluate was then concentrated and fully exchanged into the denaturing
buffer at room temperature using an Amicon Ultra-15 MWCO 10KDa concentrator (Fisher,
cat. #UFC901024). The sample was loaded onto a room temperature pre-packed prep-grade
HiLoad Superdex 200 HR 16/60 column (GE Healthcare cat. #17-1069-01) that was pre-
equilibrated with the denaturing buffer. The column was run at a flow rate of 1.0 ml/min. and
1.5 ml fractions were collected. Absorbance was monitored at 280 nm. Peak fractions
containing CREB were pooled and immediately dialyzed at room temperature against 4 liters
of a buffer containing 50 mM Na2PO4 pH 8.0, 100 mM NaCl, 1 mM MgCl2, 2 mM DTT with
2 buffer changes. CREB was then dialyzed overnight at 4°C against 4 liters of the above dialysis
buffer containing 20% glycerol. Aliquots were stored at −80°C.

Sizing column calibration and apparent molecular weight determination
Low and high molecular weight standards (GE Healthcare, LMW kit cat. #28-4038-41; HMW
kit cat. #28-4038-42) were run on a pre-packed prep-grade HiLoad Superdex 200 HR 16/60
column at 4°C. KAV values were determined for each protein standard based on the following
equation; KAV = (VR-VO)/(VC-VO) where VR = elution volume, VO = void volume, VC =
column volume. KAV values were graphed versus the log of their molecular weights to
determine the standard curve. Apparent molecular weights of the indicated column fractions
were determined using their elution volumes and the equation obtained from the standards,
where KAV = (VR −45.8)/78.2, y = −0.3562x + 1.1041 (y = log MW, x = KAV).

MALDI-TOF molecular weight determination and N-terminal sequencing
Molecular weight determination (MS analysis by MALDI-TOF) and N-terminal sequencing
(automated analysis by Edman degradation) were performed at the Macromolecular Resources
Core Laboratory of Colorado State University http://macromolecular.colostate.edu.

Electrophoretic mobility shift assays
Protein/DNA complexes were formed by incubating the indicated amounts of CREB protein
with a 32P-end labeled double stranded CRE oligonucleotide (0.5 nM) and poly(dA-dT)·poly
(dA-dT) (5 ng) for 1 hour on ice in a buffer containing 25 mM Tris pH 7.9, 50 mM KCl, 6.25
mM MgCl2, 0.5 mM EDTA, 10% glycerol, 0.1% Tween-20 and 2 mM DTT. Samples were
resolved on a 5% (49:1 w/w acrylamide:bisacrylamide) non-denaturing gel in a buffer
containing 40 mM Tris-HCl pH 8.5, 306 mM Tris-glycine and 0.1% Nonidet P-40, and
visualized by autoradiography.

Nucleic acid detection
Samples were resolved on a 1% agarose gel in a buffer containing 40 mM Tris-acetate and 10
mM EDTA pH 8.0 then visualized by SYBR® gold nucleic acid gel stain (Molecular Probes,
cat #S-11494).

Analytical Gel filtration chromatography of CREB/DNA complexes
CREB/DNA complexes were formed by incubating CREB (10 µM) and a 1.2-fold molar excess
of 21 bp CRE oligonucleotide (6 µM) relative to the dimer for 1 hour on ice. Samples (500 µl)
were injected onto a pre-packed analytical Superdex 200 10/300 GL size-exclusion column
(GE Healthcare, cat. #17-5175-01) pre-equilibrated with buffer containing 10 mM Tris-HCl
pH 8.0, 50 mM KCl, 2 mM MgCl2, 5 µM ZnSO4 and 2 mM DTT. The column was run at a
flow rate of 0.5 ml/min, and protein/DNA absorbance was monitored at 280 nm. Blue dextran
2,000 and protein molecular mass standards between 14.4 and 669 kDa were used to calibrate
the column. The void volume of the column was at approximately 7.8 ml.

Lopez et al. Page 3

Protein Expr Purif. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Proteolysis
Protein samples were incubated with trypsin at a ratio of 1:100 (w/w, sequencing grade trypsin,
Promega, cat #V5111) at 25°C in a buffer containing 50 mM ammonium carbonate pH 7.9 and
10 mM DTT for the times indicated. The reactions were performed with 3.8 µM CREB and a
1.5-fold molar excess of CRE DNA (2.8 µM) relative to the dimer. The reactions containing
DNA were preincubated for 30 min. at 30°C prior to the addition of trypsin. At each time point,
a volume equivalent to 4 µg of CREB was removed and the reaction was terminated with SDS
sample dye and flash-freezing in liquid N2. Proteins were resolved by 10% Tris-Tricine SDS-
PAGE and visualized by Coomassie Brilliant Blue staining.

Circular Dichroism Spectroscopy
Purified original CREB, new CREB, and a 21 bp CRE oligonucleotide were each exchanged
into 20 mM sodium phosphate pH 8.0, 20 mM NaCl, 1mM MgCl2, and 1 mM TCEP pH 8.0.
The protein concentration in each sample was 5 µM and the oligonucleotide concentration was
3 µM, as determined by UV spectrophotometry. Original CREB concentration was measured
by the Bradford method due to contaminating nucleic acid absorbance at 276 nm, and
confirmed by comparison to new CREB by SDS-PAGE and Coomassie staining. CREB/CRE
binding reactions were incubated at 17°C for at least 1 hr prior to scanning. The buffer base
line was subtracted from all samples and the CREB/CRE spectra were obtained by subtracting
the spectra of the oligonucleotide from the spectra of the complex. Absorbance from the
contaminating nucleic acid in the samples containing original CREB could not be subtracted
away from raw data and are contributing to the final spectra. CD spectra were collected on a
Jasco J-720 spectropolarimeter using a 0.05 cm path length quartz cell at 17°C. All spectra are
the average of 15 accumulations measured from 260 nm to 190 nm with the following setup
conditions: 1 nm bandwidth, 100 nm/min scan rate, 1 sec time constant, 1 nm step resolution,
50 L/min N2 purge rate. All spectra were normalized to per residue delta epsilon (Δε) units
from their per residue molar ellipticity values.

Oligonucleotides
The top-strand sequences of the double-stranded (ds) oligonucleotides (IDT, USA) used in the
indicated assays are as follows: Gel filtration and circular dichroism: 5’-
CAGGCGTTGACGTCAACCCCT-3’. EMSA probe DNA (used in Fig. 2): 5’-
GTCAGGCGTTGACGTCAACCCCTCA. EMSA probe DNA (used in Fig. 7): 5’-
AGTTTTTTGAGGTGAGGGGTTGTCGTCAACGCCTGAGGACGGCTTGAC-3’.
Proteolysis: 5’-TTCTTGATCCATGACGTCAATTGAGATCTCTCAAATGATCTC-3’.
The cyclic-AMP response element (CRE) sites are underlined.

Image processing and data reproducibility
SDS-PAGE and agarose gels were imaged using the Kodak EDAS 290 gel analysis system.
EMSA gels were visualized by the GE Storm™ PhosphorImager™. Image Quant 5.1 software
(Molecular Dynamics) was used to quantify band intensities. Background signal was subtracted
from each band quantified. Images were processed in Adobe Photoshop enabling minor
adjustments to brightness/contrast as needed. No bands were obscured or altered. Images were
annotated in PowerPoint.

Results and Discussion
Conventional CREB expression and purification

For the studies described herein, we use the CREB327 isoform that has similar DNA binding
and transcriptional activity as CREB341 [10–12]. This CREB isoform, which lacks the 14 amino
acid alpha domain, has a calculated molecular weight of 35,136 Da and runs as a 40 kDa protein
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on an SDS polyacrylamide gel (Fig. 1B, lane 1). Throughout this manuscript, we refer to
CREB327 as CREB.

CREB is frequently expressed in and purified from E. coli. We transformed the construct
carrying untagged CREB [9] into this expression vector and induced protein expression to high
levels (Fig. 1B, lanes 2, 3). A common first step in the purification protocol is heat treatment
of the cell lysate [7,8]. This step yields significant recovery and purification of CREB, which
remains in the heat-soluble fraction (Fig. 1B, lanes 4, 5). Although it is unusual to heat-purify
a protein, many studies have demonstrated that CREB retains activity following heat treatment
[2,7,13–15]. This unique property has been attributed to a lack of significant structure in CREB,
which is believed to be partially unfolded in solution [8,16]. We have traditionally utilized this
initial purification step by heating the CREB cell lysate to 65°C for 15 minutes followed by
heparin-Sepharose chromatography, as outlined in figure 1A. The purification summary is
presented in Table 1. Although the heparin-Sepharose step did not significantly improve CREB
purity when analyzed by SDS-PAGE, we reasoned that this step removed heat-soluble cell
debris including carbohydrates, lipids, and ribonucleic acids. We found that roughly half of
our CREB protein did not bind the heparin-Sepharose resin. Using this method, we generally
obtained 10 mg of CREB per liter of culture media, determined by the Bradford method. The
product was approximately 65% pure and contained varying amounts of low molecular weight
protein contaminants (Fig. 1B, lane 9).

Size-exclusion chromatography suggests CREB is aggregated
To better characterize our purified CREB protein, we analyzed the heparin-Sepharose eluate
by size-exclusion chromatography under native conditions. Molecular weight standards were
used to determine approximate molecular weights of various elution fractions and their
corresponding elution volumes (Table 2). Unexpectedly, we found that CREB, a 75 kDa dimer
in solution, eluted from the HiLoad Superdex 200 column in two contiguous high molecular
weight peaks. The first eluted near the void volume as a tight peak of approximately 1200 kDa,
while the second eluted as a broad peak of approximately 500 kDa (Fig. 1C). Analysis by SDS-
PAGE revealed that the elution of CREB protein correlated with the absorbance profile of the
chromatogram. Additionally, a number of proteins co-eluted with CREB, suggesting that these
proteins were in complex with CREB (Fig. 1D). Amino-terminal sequencing revealed that three
of the lower molecular weight polypeptides were truncations of CREB. The amino-termini of
these peptides mapped to amino acids 186, 255 and 277. Based on their size, these polypeptides
carried the bZIP domain and thus the ability to dimerize with full-length CREB. The E. coli
DNA binding protein HU-alpha (HU-2), and chain T of the E. coli 30S ribosomal subunit were
also identified in the CREB-containing fractions. A larger (approximately 75 kDa) band
mapped to amino acid 2 in CREB, which would correspond to a dimer of CREB that lacks the
methionine start codon.

We performed electrophoretic mobility shift assays (EMSA) to qualitatively assess the DNA
binding activity of proteins eluted the size-exclusion column (data not shown). We found that
fractions containing full-length CREB formed a complex that migrated as expected, indicating
that the CREB present in the high molecular weight fractions was active. Interestingly, we did
not observe more slowly migrating complexes that might be expected from the apparently
aggregated CREB protein. We noted the presence of a shifted band just below the CREB/DNA
complex that was likely due to CREB/bZIP heterodimer complexes present in the preparation
(see Fig. 5A). Importantly, the presence of these complexes in the sizing column eluate further
confirmed that CREB carboxy-terminal truncation products co-elute with the full-length
protein via interaction at their respective leucine zipper regions in solution.

The elution profile of CREB from the sizing column was unexpected and suggested that the
unusually high molecular weight may be due to extensive aggregation of the protein. The CREB
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bZIP domain contains three cysteine residues which can contribute to disufide bond formation
and dimerization under oxidizing conditions. Although CREB was purified in the presence of
2 mM DTT, we observed a small amount of CREB dimer when analyzed by SDS-PAGE (Fig.
2B, fraction 15). Therefore, we considered whether intermolecular disulfide cross-links might
contribute to CREB aggregation, and thus the aberrant elution profile. We again purified and
analyzed CREB by size-exclusion chromatography in the presence of either 10 mM DTT or 3
mM TCEP and obtained the same elution profiles (data not shown). We also purified and
characterized a CREB C → S mutant in which the three cysteines (Cys286, Cys296, and
Cys323) were substituted with serine residues. This mutant CREB, which cannot form disulfide
bonds, also exhibited an elution profile identical to that of wild type CREB (data not shown).
Interestingly, the elution profile of the 8 kDa bZIP domain (CREB254–327) was identical to that
of full-length CREB, suggesting that the cause of the aberrant elution profile was linked to a
property of bZIP (data not shown).

CREB is contaminated with nucleic acid
CREB327 has an exceptionally low extinction coefficient (10150 M−1 cm−1 @ 276 nm) due to
a lack of tryptophan and phenylalanine amino acids and a relatively low tyrosine content.
Although the CREB elution profile from the size-exclusion column corresponded to the protein
visualized by SDS-PAGE, the absorbance of the CREB eluate was very high and did not
correlate with the amount of protein loaded. Additionally, analysis of the peak fractions
containing CREB by UV spectrophotometry revealed a peak absorbance near 260 nm (Fig.
2A, inset). This absorbance peak lead us to consider whether the purified CREB protein was
contaminated with endogenous nucleic acid from E. coli. The high number of basic amino
acids within the bZIP domain would be predicted to tightly associate, albeit non-specifically,
with both DNA and RNA.

To investigate possible nucleic acid contamination, we treated a 10 nmol sample with RNase
A and “mock” treated a second identical sample. Both samples were analyzed in parallel by
size-exclusion chromatography followed with SYBR® gold gel staining of individual column
fractions. (Fig. 2). SYBR® gold detects both single and double-stranded nucleic acid with high
sensitivity. In the mock-treated sample, we detected significant amounts of low molecular
weight nucleic acid that appeared to be primarily tRNA, as it co-migrated with the 100 bp DNA
marker (Fig. 2B). Notably, a significant amount of the nucleic acid co-eluted with CREB and
ran as a broad, slightly shifted band suggesting that it existed in a stable complex with the
protein (compare Fig. 2B and 1D). RNase A treatment dramatically shifted the majority of the
absorbance on the chromatogram to a peak at fraction 61, a volume at which the smallest
molecules elute from the size-exclusion column (Fig. 2C and 2D). Analysis of this fraction by
UV spectrophotometry revealed a classic pure nucleic acid peak with absorbance at 260 nm,
consistent with the presence of short RNAs generated by RNase digestion (Fig. 2C, inset). The
nucleic acid in these fractions migrated off the agarose gel, and thus was not detected in the
assay.

Interestingly, RNase A treatment did not completely remove the nucleic acid, as a residual
peak at fraction 15 remained following treatment. This suggested that the RNA was tightly
bound within CREB and the truncation products, thus protecting it from complete digestion
and liberation. It is also possible that the remaining nucleic acid may have been DNA, which
would not have been digested and removed by RNase. Treatment with RNase A caused a
portion of the CREB protein to precipitate, suggesting that the nucleic acid contaminants may
contribute to the stability of CREB. We did not observe the emergence of a CREB peak
following the RNase A treatment, likely due to the small amount of protein loaded onto the
column and the low extinction coefficient of CREB. From these data, we hypothesized that
CREB, in complex with contaminating nucleic acid via the bZIP domain, forms an extended
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high molecular weight lattice. This lattice results from multiple CREB dimers and heterodimers
bound randomly at several sites on a given tRNA or other nucleic acid molecule.

Revised protocol for CREB purification
Considering that our purified CREB possessed truncated products and a significant amount of
nucleic acid, we revised both the expression and purification protocols to eliminate these
contaminants, as outlined in figure 3. The purification summary is presented in Table 3 and
shown in figure 4. The competent cell line used to express CREB was changed to the Rosetta™
host strain. This strain supplies tRNAs for rare codons in E. coli, thus alleviating codon bias
and premature termination of translation. Approximately 10% of the CREB protein is encoded
by these rare codons, and many occur in clusters that may stall the translational machinery.
We revised the purification protocol to include nuclease digestion and denaturing/high salt
size-exclusion chromatography for removal of bound nucleic acid and protein contaminants.
The cell lysate was heated to 65°C for 15 min. in the presence of RNase A to digest the cellular
nucleic acid under conditions unfavorable to protein-nucleic acid interaction. The heat-soluble
fraction containing CREB was then bound to heparin-Sepharose in the presence of RNase A
and DNase I. Treatment of a previously purified sample with various RNases, including RNase
A, RNase T1, and RNase ONE, showed no major differences in digestion efficiency (data not
shown). Furthermore, treatment with DNase I revealed that a small portion of the contaminant
was DNA (data not shown). Nuclease digestion was performed at this step to remove negatively
charged nucleic acid and increase CREB binding and recovery from the heparin-Sepharose
resin. In addition, heparin-Sepharose served to stabilize CREB and prevent precipitation during
nuclease treatment. CREB was eluted from the resin in a denaturing/high salt buffer containing
8 M urea, 1 M NaCl, 50 mM Na2PO4 pH 8.0, and 2 mM DTT to unfold the protein and disrupt
any remaining protein/protein and protein/nucleic acid interactions. A minimum concentration
of 8M urea was necessary to fully unfold and disrupt the contaminating interactions (data not
shown). The eluate was concentrated and fully exchanged into the denaturing buffer before
final purification by denaturing size-exclusion chromatography. Eluant fractions containing
purified CREB were pooled and renatured by dialysis against a buffer lacking urea.

Analysis of highly purified CREB
Analysis of the revised purification protocol by size-exclusion chromatography (Fig. 4A),
SDS-PAGE (Fig. 4B), and SYBR® gold agarose gel staining (Fig. 4C), revealed the
progressive removal of both protein and nucleic acid contaminants. CREB expression in the
Rosetta™ strain dramatically decreased the lower molecular weight protein contaminants,
including the small bZIP species (Fig. 4B, compare lane 1 and 3). This strain, however,
exhibited enhanced expression of an approximately 18 kDa protein which was conveniently
purified away from the CREB protein during subsequent purification steps (Fig. 4B, lanes 4–
6, 8 and 13). Heat-purification in the presence of RNase A resulted in considerably less nucleic
acid present in the soluble fraction as compared to that from the conventional protocol (Fig.
4C, lanes 1–3). Nuclease treatment during the heparin-Sepharose binding step allowed CREB
to fully bind the resin, as CREB was absent in the flow-through and wash fractions (Fig. 4B,
lanes 4–5). Most strikingly, a small amount of nucleic acid co-eluted with CREB from the
heparin-Sepharose resin and was not fully removed until the sample was further purified over
the denaturing size-exclusion column. This final step resulted in complete removal of the lower
molecular weight proteins and the contaminating nucleic acid (Fig. 4B and 4C, lanes 8–16).
Analysis of the elution profile showed that the bulk of the absorbance had shifted to a highly
symmetrical peak corresponding to fractions 23–27, with an apparent molecular weight of 420
kDa. These fractions corresponded to the purified CREB protein (Figure 4B, lane 11).
Additionally, analysis of the peak fraction containing CREB by UV spectrophotometry
revealed a peak absorbance near 276 nm (Fig. 4A, inset). The small peak at fraction 15, which
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corresponded to a low amount of CREB that remained bound to nucleic acid, resolved well
from the purified CREB peak and could be separated away from the final product.

In summary, the revised protocol generally yielded 10 mg of highly pure CREB per liter of
culture, determined by both the Bradford method and UV spectrophotometry. The product was
approximately 99% pure and free from protein and nucleic acid contaminants. Analysis of this
new CREB by size-exclusion chromatography under native conditions showed an identical
elution profile as that observed under denaturing conditions (Fig. 4D, compare with 4A). The
persistent, unusually large apparent molecular weight of highly purified CREB may reflect an
extraordinarily asymmetric or oblong structure [17]. As a means to further analyze our purified
CREB, we performed mass spectroscopy to determine whether the purified protein correlated
with the expected molecular mass, and whether carbamylation occurred during the urea
denaturation step (Fig. 4E). The predicted molecular mass of CREB is 35,136 Da, and mass
spectroscopy data revealed a mass of 35,073 Da. Protein sequencing indicated that the amino-
terminal methionine was absent from purified CREB, accounting in part for the small difference
in predicted versus observed molecular weight. Importantly, comparison of mass spectroscopy
data from original CREB (which was not exposed to urea) and CREB purified by the revised
protocol revealed an identical molecular mass for the two proteins, confirming that the new
CREB had not undergone modification (data not shown).

Highly purified CREB is competent for CRE DNA binding
A direct comparison of the DNA-binding activities of CREB purified by the two methods
showed that the highly purified new CREB retained the same activity as the original CREB in
an EMSA (Fig. 5A). Both CREB proteins were incubated with radiolabeled CRE probe for 1
hour on ice. By titrating increasing amounts of CREB as indicated, we determined the apparent
dissociation constant (Kd) for complex formation. Both CREB products had an apparent Kd of
1 nM despite the presence of contaminating protein and nucleic acid in the original CREB and
despite the two denaturing steps in the purification of the new CREB. The formation of
heterodimers between CREB and a bZIP contaminant was apparent only in the sample obtained
from the conventional purification. The highly-purified CREB is also active for complex
formation with the KIX domain of CBP/p300 when analyzed by EMSA (data not shown).

Analytical size-exclusion chromatography of CREB/CRE DNA complexes revealed that
sequence-specific DNA binding reversed the lattice formed between the original CREB and
contaminating nucleic acid (Fig. 5B). The shift in the majority of CREB from the 1200 kDa
peak to a smaller 500 kDa CREB/DNA peak further supported the notion that the CREB
obtained from the conventional protocol was active for binding to a CRE. Together, these data
suggested that the aberrant elution profile was not due to irreversible aggregation or disulfide
bonds but rather reversible, nonspecific interactions with the nucleic acid contaminants.

Proteolytic digestion reveals striking differences between contaminated and highly-purified
CREB

Previously published studies have shown that the CREB bZIP domain undergoes a
conformational change upon DNA binding [8,14]. To further complement the previous activity
assays, we performed limited proteolysis to compare the conformation of CREB purified by
the two methods. Differences in conformation can be visualized by a change in band pattern
or intensity following protease treatment. Original and newly purified CREB were treated with
trypsin (1:100 w/w) both in solution and bound to a CRE DNA oligonucleotide (Fig. 6A).
Prominent bands observed by Coomasie staining in figure 6A are numbered and sequence
analysis allowed assignment of several specific fragments (Fig. 6B). Due to non-specifically
bound nucleic acid in the original CREB, we expected that the two CREB products would have
different cleavage patterns in solution. Based on the identical DNA binding activities and
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elution profiles of both proteins in the presence of a CRE oligonucleotide, we also anticipated
similar cleavage patterns in the presence of CRE DNA.

As predicted, both CREB samples exhibited considerably distinct proteolytic cleavage patterns
in solution. We observed the presence of three fragments (Fig. 6A, lane 11–12, band #4, 6, 8)
that were unique to the new CREB sample. CREB protein obtained from the original
purification protocol was significantly more resistant to trypsin cleavage, both in solution and
bound to DNA, likely due to the contaminating nucleic acid. We observed an increased
accumulation of a trypsin resistant fragment and the absence of the low molecular weight smear
in the new CREB sample bound to DNA (Fig. 6A, band #3 and 8, respectively). The smear of
small peptides only present in the unbound sample corresponds to digestion of the unbound
bZIP domain, which contains an unusually high number of trypsin sites. Unexpectedly, the
contaminated CREB sample displayed a nearly identical pattern in the absence and presence
of the CRE. Notably, original CREB did not display the same extent of the low molecular
weight species, suggesting that the bZIP domain was not in the same conformation as that of
the highly purified CREB and was somewhat protected by the contaminating nucleic acid.
Collectively, these observations suggest that the tight binding of CREB to contaminating
nucleic acid and truncation products promotes interactions that significantly alter the pattern
of proteolysis as compared to that of the highly-purified new CREB. Furthermore, this
contamination may account for the differences in the qualitative and qualitative digestion
patterns relative to those presented in previously published studies [3,8,18].

CD analysis reveals subtle differences between old and new CREB
We used circular dichroism to further identify any structural disparities between the two
differently purified CREB proteins measured in the absence and presence of CRE DNA (Fig.
7). The CD spectra of both CREB proteins (5 µM) in solution and bound to the CRE (3 µM)
were determined from 260-190 nm at 17°C. Excess CRE DNA was added to ensure complete
complex formation, and the signal from this double-stranded oligonucleotide was subtracted
from the complex spectra. Subtracting this signal assumes no conformational changes occur
in the DNA upon binding, however, a slight deviation in the baseline at longer wavelengths
may be due to observed changes in DNA structure. Pure protein is indistinguishable from the
baseline in this region. The signal from the contaminating nucleic acid could not be subtracted
from the original CREB spectra and is contributing to the final data obtained. Contaminating
A-form tRNA and DNA would have similar spectra, characterized by a large positive band
near 190 nm, smaller positive bands near 210 and 275 nm, and a negative band near 245 nm
[19].

As expected, a comparison of both CREB proteins in solution showed that the original CREB
sample had a distorted spectrum (Fig. 7A). At longer wavelengths, the original CREB spectrum
displayed a sloped deviation from the baseline that is characteristic of nucleic acid. The two
minima in original CREB, near 222 and 208 nm, had a smaller difference in amplitude than
the new CREB, which also had one minima shifted nearer to 202 nm. Additionally, the large
positive band at 190 nm present in the new CREB spectrum, a characteristic of α-helicity, was
deflected negatively and toward 195 nm in the contaminated CREB spectrum. This change
may have been due to an increased propensity toward random coil and/or, to a lesser extent,
β-sheet induced by the contaminating nucleic acid. Random coils have a strong negative band
near 200 nm while β-sheets have a characteristic positive band shifted to 195–200 nm. Although
contaminating nucleic acid should have a positive contribution at these wavelengths, it is
possible that such a change in structure could outweigh its signal.

A comparison of both CREB proteins bound to a CRE demonstrated stronger similarities (Fig.
7B). Both complexes displayed a general increase in amplitude of the two minima, indicative
of an increase in α-helicity. Additionally, new CREB complex displayed an enhanced 222 nm
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band, narrowing the difference in amplitude between the minima to resemble that of the original
CREB complex. The strong positive band near 190 nm was also enhanced in both samples
upon binding to the CRE. Interestingly, although both spectra displayed a deviation from the
baseline at the longer wavelengths, the slope in the original CREB/DNA complex spectrum
was greater. This observation suggested that this DNA was in a different conformation than
that in the new CREB/DNA complex. Analysis of the original CREB, original CREB/DNA,
and new CREB/DNA supports the observation that the original CREB protein was tightly
bound to the contaminating nucleic acid, as all three spectra have similar signals (Fig. 7C). A
difference spectrum (ΔΔε), derived by subtracting the spectra of CREB in solution from CREB
bound to the CRE, shows a significant change in secondary structure for both CREB proteins
upon binding to DNA. The difference spectra obtained for original and new CREB are distinct
from one another, suggesting that the conformational changes each undergoes upon binding
to the CRE are not the same (data not shown). Furthermore, although differences in structure
were observed, both CREB proteins showed similar conformations when bound to the CRE,
indicating that the two denaturation/renaturation steps in the revised protocol did not adversely
affect the proper folding of CREB.

Conclusions
The conventional purification protocols for CREB, which commonly utilize a heat-treatment
step followed by chromatography, yield a largely pure product. However, we have found that
this protein is highly contaminated with tightly-associated nucleic acid as well as CREB
truncation products and other polypeptides. As a result, this contaminated CREB elutes as an
unusually large aggregate (1200 kDa) when assayed by size-exclusion chromatography.
Spectroscopic studies are not feasible due to absorbance from the contaminating nucleic acid
and biophysical assays are unreliable due to aggregate formation. Consequently, we have
revised the purification scheme to incorporate: 1) expression using the Rosetta™ host strain,
2) nuclease treatment, and 3) denaturing/high salt size-exclusion chromatography. CREB
obtained from this revised protocol is 99% pure and elutes as a considerably smaller (500 kDa),
homogenous species when analyzed by size-exclusion chromatography. Although CREB
purified by the conventional and revised protocols form identical CREB/CRE complexes when
assayed by EMSA and size-exclusion chromatography, limited proteolysis and CD indicate
that both maintain structural differences in solution and when bound to CRE DNA. These more
sensitive assays highlight the small variations in both CREB products which may not affect
basic activity assays but would affect more stringent biophysical characterization.

Nucleic acid contamination may be an inherent property of many DNA-binding and positively-
charged proteins. We know that these non-specific electrostatic interactions are occurring
primarily within the CREB bZIP domain, since the absorbance and elution profile from the
size-exclusion column of CREB254–327 is virtually identical to that of full-length CREB.
Furthermore, CREB has been shown to bind with high affinity to hairpin binding sites [20],
which may account for the tight association of the bZIP domain with contaminating tRNA.
These observations raise the question as to how universal contaminating nucleic acid may be
in purified preparations of proteins that have DNA binding activity.
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Figure 1. CREB purification using a conventional protocol
(A.) Schematic representation of the CREB purification protocol. (B.) CREB purification
results in low molecular weight protein contaminants. Samples from each step of the
purification were resolved on a 10% Tris-Tricine SDS-PAGE and visualized by Coomassie
Brilliant Blue Staining. (C.) Elution profile of CREB analyzed by size-exclusion
chromatography. CREB (13 nmol in 1 ml) was loaded onto a prep-grade HiLoad Superdex
200 HR column. Absorbance (mAU) was measured at 280 nm and the apparent molecular
weight (App MW) of each major peak is noted. (D.) CREB protein is present throughout both
major absorbance peaks. Samples (1 ml) of elution fractions from figure 2A were TCA
precipitated, resolved on a 10% Tris-Tricine SDS-PAGE, and visualized by Coomassie
Brilliant Blue staining.
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Figure 2. Identification of nucleic acid contamination
(A.) Elution profile of mock RNase A-treated CREB analyzed by size-exclusion
chromatography. CREB (10 nmol in 1 ml) was mock RNase A-treated and loaded onto a prep-
grade HiLoad Superdex 200 HR size-exclusion column. Absorbance (mAU) was measured at
280 nm. The peak fraction corresponding to CREB protein was analyzed by UV
spectrophotometry (inset). (B.) Nucleic acids co-elute with CREB. Samples (18 µl) of elution
fractions from figure 3A were resolved on a 1% agarose gel and visualized by SYBR™ gold
staining. (C.) RNase A dramatically shifts the absorbance toward lower molecular weight
species. CREB (10 nmol, 1 ml) was treated with RNase A (40 µg/ml) and loaded onto a prep-
grade HiLoad Superdex 200 HR size-exclusion column. The new low molecular weight peak
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fraction was analyzed by UV spectrophotometry (inset). (D.) RNase A decreases the amount
of nucleic acid present throughout the elution profile. Samples (18 µl) of elution fractions from
figure 3C were resolved on a 1% agarose gel and visualized by SYBR™ gold staining.
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Figure 3. Revised CREB purification protocol
Revisions include a change in expression strain, nuclease treatment, and denaturing/high salt
chromatography.
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Figure 4. Purification of CREB to 99% homogeneity using the revised protocol
(A.) Elution profile of CREB purified by size-exclusion chromatography. The concentrated
heparin-Sepharose eluate was loaded onto a denaturing/high salt prep-grade HiLoad Superdex
200 HR column for the final step in purification. Absorbance (mAU) was measured at 280 nm.
The peak fraction corresponding to purified CREB protein was analyzed by UV
spectrophotometry (inset). (B.) Revised CREB purification results in a highly pure product
lacking low molecular weight protein contaminants. Samples from each step of the purification
were resolved on a 10% Tris-Tricine SDS-PAGE and visualized by Coomassie Brilliant Blue
Staining. The asterisk corresponds to purified CREB peak fractions. (C.) Revised CREB
purification removes contaminating nucleic acids. Samples from each step of the purification
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were resolved on a 1% agarose gel and visualized by SYBR™ gold staining. (D.) Elution
profile of purified CREB analyzed by native size-exclusion chromatography. CREB (30 nmol)
was analyzed by prep-grade HiLoad Superdex 200 HR chromatography. Absorbance (mAU)
was measured at 280 nm and the apparent molecular weight (App MW) of each major peak is
noted. (E.) Mass spectroscopy analysis of purified CREB. Highly purified CREB was analyzed
by MOLDI-TOF.

Lopez et al. Page 18

Protein Expr Purif. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Both preparations of CREB are competent for sequence-specific DNA binding
(A.) CREB purified by the conventional and revised protocols have identical DNA-binding
activities as assayed by EMSA. Both CREB proteins were incubated with a 32P-labeled 48 bp
CRE-containing probe (0.5 nM), as indicated. The samples were resolved by 5% nondenaturing
PAGE and analyzed by autoradiography. The slower migrating bands at high CREB
concentrations result from the use of a longer probe. (B.) Sequence-specific CRE DNA binding
reverses the lattice formed between CREB and nucleic acid. Original CREB/DNA and new
CREB/DNA complexes (5 µM) were analyzed by size-exclusion chromatography (analytical
Superdex 200 10/300 GL). DNA was added in small excess to drive complex formation, and
to serve as an internal marker for the elution profiles.
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Figure 6. Proteolytic cleavage reveals that contaminating nucleic acid alters the confromation of
CREB
(A.) Original and new CREB in solution and bound to DNA show distinct proteolytic cleavage
patterns. All samples were incubated with trypsin (1:100 w/w, trypsin:CREB). Proteins were
resolved by 10% Tris-Tricine SDS-PAGE and visualized by Coomassie Brilliant Blue staining.
Prominent cleavage products are numbered. (B.) Schematic diagram of CREB cleavage
products following trypsin digestion. Numbered fragments correspond to the numbered bands
in figure 7A. Assignments are based on sequence information obtained from a subset of
cleavage products (bands 1, 2 and 3), coupled with the molecular weights of the fragments and
the location of potential trypsin cleavage sites. Arrows represent observed cleavage sites.
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Figure 7. Circular dichroism analysis reveals differences between original and new CREB
Wavelength (nm) is represented along the x-axis and change in molar per residue ellipticity
(Δε) along the y-axis. (A.) Original and new CREB in solution have distinct structures. CD
spectra of both CREB proteins (5 µM) were obtained in 20 mM phosphate, 20 mM NaCl, 1mM
MgCl2 and 1mM TCEP (pH 8.0) at 17°C (B.) Original and new CREB bound to CRE DNA
exhibit more structural similarities. CD spectra of both CREB proteins (5 µM) in complex
with CRE DNA (3 µM). The signal from the CRE alone has been subtracted from both spectra.
(C.) Original CREB is bound to contaminating nucleic acid. Comparison of original CREB in
solution and both CREB proteins bound to the CRE.
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Table 1
Conventional CREB purification (1L culture media)

Purification Steps Total Proteina CREB Yield Yieldb CREB Purity,bc
 (mg) (%) (%)

Heat treatment 20 70 65
Heparin-sepharose chromatography 10 40 65

a
Total protein was determined by the Bradford method.

b
CREB yield and purity were assessed by SDS-PAGE and Coomassie staining.

c
CREB purity does not take into account contaminating nucleic acid.
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Table 2
HiLoad Superdex 200 column elution fractions, volume and corresponding apparent molecular weights.

Superdex 200 Fraction number Corresponding Volume (ml) Corresponding Molecular Weighta (kDa)

12 41.5 Void
18 50.5 722
24 59.5 350
30 68.5 169
36 77.5 82
42 86.5 40
48 95.5 19
54 104.5 9
60 113.5 5
66 122.5 2

a
See “Sizing column calibration and apparent molecular weight determination” in Materials and Methods.
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Table 3
Revised Purification of CREB (1L culture media)

Purification Steps Total Proteina CREB Yieldb CREB Purityb
 (mg) (%) (%)

Heat treatment 20 70 70
Heparin-sepharose chromatography 15 60 75

Denaturing size-
exclusion chromatography

10 40 99

Renaturation 10 40 99

a
Total protein was determined by the Bradford method.

b
CREB yield and purity were assessed by SDS-PAGE and Coomassie staining.
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