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Proper spatiotemporal gene expression is achieved by selective DNA binding of transcription factors

: in the genome. The most intriguing question is how dynamic interactions between transcription

. factors and their target sites contribute to gene regulation by recruiting the basal transcriptional

: machinery. Here we demonstrate individual binding and dissociation events of the transcription

. factor cCAMP response element-binding protein (CREB), both in vitro and in living cells, using single-
molecule imaging. Fluorescent-tagged CREB bound to its target sequence cAMP-response element
(CRE) for a remarkably longer period (dissociation rate constant: 0.21s) than to an unrelated
sequence (2.745™). Moreover, CREB resided at restricted positions in the living cell nucleus for a

. comparable period. These results suggest that CREB stimulates transcription by binding transiently

. to CRE in the time range of several seconds.

Transcription is the initial step in gene regulation in cells'. Assembly and disassembly of the transcription
. complex, which are governed by protein-DNA and protein-protein interactions, control spatiotemporal
. transcription within the nuclear space’. In particular, specific binding of a transcription factor to its
© target sequence is a necessary condition for recruitment of basal transcriptional machinery components
. such as RNA polymerase (RNAP) II and co-regulators®. To date, fluorescence recovery after photobleach-
. ing (FRAP) and fluorescence correlation spectroscopy (FCS) have demonstrated dynamic behaviour of
: transcription factors*®. However, the kinetics of transcription factor binding to DNA and their spatial
- distributions in the nucleus remains uncertain.
CREB is a well characterized transcription factor which regulates gene expression in response to
. cAMP, calcium and cytokine signals in homeostasis and memory formation®’. Biochemical and struc-
* tural analyses have demonstrated that a CREB homodimer binds to a CRE in the promoter regions of its
. target genes®®. Transcription could be initiated by recruitment of the co-activators CREB-binding protein
(CBP)/p300 and cAMP-regulated transcriptional co-activators (CRTCs) to CREB via protein-protein
interactions in response to the signals®!®. How do CREB-CRE interactions underlie transcription? How
: does CREB contribute to selective gene expression by being distributed spatially within the nucleus?
. Although CREB has been shown to be mobile in living cell nuclei'’, a key issue is to quantitatively
. understand the spatiotemporal dynamic behavior of CREB interacting with DNA.
: In the present study, we investigated real-time binding and dissociation of fluorescent-tagged CREB
: to CRE at the single-molecule level in vitro and in living cells. Our results show that CREB resides on
. the CRE sequence for a significantly longer period (more than several seconds) than on an unrelated
sequence, but that DNA binding-deficient mutants do not. Dynamic behavior of CREB in living cell
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Figure 1. Single-molecule imaging of CREB on a DNA-coated cover glass (a) Experimental design of single-
molecule imaging to visualize TMR-CREB interacting with surface-tethered DNA using TIRF microscopy.
(b) TMR-CREB spots interacting with CRE were observed. TIRF images were acquired continuously at 10
frames per second for 120s. Scale bar: 10pm. (¢) TMR-CREB spots exhibit two stepwise reductions of the
fluorescence intensity. Scale bar: 0.5pm.

nuclei further demonstrates that CREB resides in fixed locations in the time range of seconds. These find-
ings in vitro and in living cells support the view that transient and frequent binding of the transcription
factor is responsible for gene regulation.

Results

Single-Molecule Imaging Reveals Real-Time Interaction between CREB and CRE in vitro. First,
we directly examined interactions between CREB and CRE in vitro using single-molecule imaging'?.
To visualize a single molecule of CREB, HaloTag-CREB was labeled with a tetramethylrhodamine
(TMR)-conjugated HaloTag ligand (TMR-CREB). We confirmed the ability of HaloTag-CREB to induce
downstream transcription (Supplementary Fig. S1). TMR-CREB was loaded into a flow cell comprising
two cover glasses coated with oligonucleotides containing the CRE sequence (GCACGTCA) from the
human brain-derived neurotrophic factor (bdnf) locus' (Fig. 1a). Total internal reflection fluorescence
(TIRF) microscopy showed that numerous fluorescent spots of TMR-CREB remained associated with the
CRE-coated cover glass for various periods (Fig. 1b and Supplementary Movie S1). Furthermore, some
spots clearly exhibited two stepwise reductions in their fluorescence intensity (Fig. 1c), indicating that
the CREB dimer interacting with CRE is visualized at the single-molecule level.

CREB Binds to the CRE Sequence with Long Residence Time. The residence times of individual
CREB dimers bound to the CRE sequence were quantitated. The majority (91.8%) of TMR-CREB spots
exhibited short residence times (<1 s, Fig. 2a,e), whereas a small (8.2%) but significant fraction stayed
in the same place for markedly longer periods (>1 s, Fig. 2a,f). In contrast, the fraction of TMR-CREB
spots having the longer residence times was substantially lower (2.2%) on a cover glass coated with a
recognition sequence for transcription factor NF-kB (the kB site sequence, GGGACTTTCC)!, indicat-
ing that TMR-CREB has a stronger affinity for the CRE sequence (Fig. 2a,b,e,f, Supplementary Fig. S2a,
Supplementary Movie S2).

We also investigated the residence time of mutant CREB (R301L), which is unable to bind to the CRE
sequence’®. As expected, the population with the long residence time (1.9%) was much smaller com-
pared to that for the intact CREB (Fig. 2¢,h, Supplementary Fig. S2b, Supplementary Movie S3). Another
mutant CREB (L318/325V), which cannot bind to CRE because it cannot dimerize'é, also displayed a
much smaller population with the long residence time (1.5%, Fig. 2d,g,h, Supplementary Fig. S2b and
Supplementary Movie S4). This is consistent with previous findings from gel electrophoresis mobility
shift assays!>!6. These results indicate that wild-type CREB has sequence-specific binding activity with a
long residence time.

The distribution histogram of the residence times of CREB bound to CRE fitted a biexponential
function (Supplementary Fig. S2a). The dissociation rate constants for the short and long residences were
2.574+0.33s! and 0.21+0.03s™, respectively. In contrast, the distribution histogram of the residence
times of CREB on the kB sequence fitted more accurately a monoexponential function with a dissocia-
tion rate constant of 2.74+0.12s, which is close to the short residence in the CREB-CRE interaction
(Supplementary Fig. S2a).
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Figure 2. Individual interaction between CREB and CRE in vitro. (a,b) TIRF images show individual TMR-
CREB spots interacting with CRE sequence (a; the same image in Fig. 1b) and kB sequence (b). Scale bar:
10pm. (c,d) TIRF images of TMR-mutant CREB (R301L and L318/325V) interacting with CRE sequence.
(e,f) Quantitative analysis of the residence time of CREB spots interacting with CRE and kB sequences.

(e) and (f) show distribution histograms for short (<1s) and long (>1s) residence times of TMR-CREB,
respectively. The number of TMR-CREB spots analyzed is presented in parentheses. The Kolmogorov-
Smirnov (KS) test showed that the difference between the two distributions (CRE vs. kB) is significant
(P<0.001). (g,h) Quantitative analysis of the residence time of mutant CREB spots interacting with CRE
sequence. (g) and (h) show distribution histograms of short (<1s) and long (>1s) residence times of the
spots, respectively. The number of TMR-CREB spots analyzed is presented in parentheses. The distribution
of wild-type CREB is significantly different from those of the mutants (KS test, P < 0.001).

To test the possibility that photobleaching of TMR-CREB might have affected the rate constant, we
examined the fluorescence stability of TMR-CREB in the same condition. The time constant of the pho-
tobleaching (13.8s) was much longer than the duration of the long-residence interaction between CREB
and CRE sequence (1 / 0.21=4.8s) (Fig. S2a, c). Thus, it is likely that the residence times of CREB on
the CRE sequence-coated substratum reflect its binding to CRE.

Single-Molecule CREB in Living Cell Nuclei. We next studied the in vivo dynamics of CREB in the
nuclei of living mammalian cells at the single-molecule level”. Mouse neuroblastoma Neuro2a cells were
transfected with HaloTag-CREB. To observe single-molecule TMR-CREB in the nucleus, highly inclined
and laminated optical sheet (HILO) microscopy was used!® (Fig. 3a). Moreover, HaloTag-CREB was
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Figure 3. Single-molecule imaging of CREB in the nucleus. (a) Experimental design of single-molecule
imaging to visualize TMR-CREB in the nucleus of living cells. A limited number of TMR-CREB molecules
in the nucleus are observed with low background using HILO microscopy. (b-g) Subcellular localization
of TMR-CREB in fixed HaloTag-CREB-transfected Neuro2a cells using HILO fluorescence microscopy.
Scale bar: 10pm. Immunocytochemical staining was performed with anti-lamin A/C antibody (c) anti-
Ser5-phosphorylated RNAP II C-terminal domain antibody (f) and TMR-conjugated HaloTag ligand

(b,e) Series of images (0.2um X 5 sections) were subjected to a deconvolution algorithm. Arrows indicate
TMR-CREB spots colocalized with Ser5-phosphorylated RNAP II C-terminal domain. (h) ChIP and qPCR
were performed to detect HaloTag-CREB residing at the CRE sequence within the c-fos promoter in cells
transfected with plasmids encoding wild-type, mutant (R301L) or mutant (L318/325V) HaloTag-CREBs. Bar
represents the mean & SEM from three independent experiments.

sparsely labeled by adding a low concentration of TMR-HaloTag ligand, in order to follow the dynamics
of individual TMR-CREB molecules.

Before live imaging, immunocytochemical analysis was performed with HILO microscopy to exam-
ine the subcellular localization of TMR-CREB in the transfected cells. A few dozen fluorescent spots of
TMR-CREB were clearly observed, with low background signals (Fig. 3b,e). In addition, TMR-CREB was
predominantly localized within the nucleus, surrounded by lamin A/C, a nuclear envelope component’
(Fig. 3b-d). Moreover, some of the TMR-CREB spots were found to colocalize with Ser5-phosphorylated
RNAP II C-terminal domain, which suggests that a proportion of TMR-CREB molecules are present at
actively transcribed loci®® (Fig. 3e~g). The average number of colocalizing spots was 2.4+ 1.4 per optical
section (n=40 cells) (Supplementary Fig. S3).

To confirm that TMR-CREB was binding to endogenous CRE sequences in transfected cells, we per-
formed chromatin immunoprecipitation (ChIP) assays with HaloTag affinity resin (Fig. 3h). Wild-type
CREB was associated with the promoter region of c-fos as well as bdnf, each of which contains a CRE
sequence®". In contrast, the binding fraction of both the mutant CREB (R301L) and the mutant CREB
(L318/325V) apparently decreased in accordance with the observation in vitro (Fig. 2gh).

In vivo Dynamics of CREB in the Nucleus of Living Cells. Real-time movements of TMR-CREB in
living cells were investigated by HILO microscopy, and were compared to those of mutant CREB (R301L
and L318/325V). If the above in vitro observations apply to the interactions of CREB with genomic
DNA, TMR-CREB spots having the longer residence times (several seconds) should be detected more
frequently than those of TMR-mutant CREB. Many TMR-CREB spots were clearly visible in the nuclei
of living cells, with a wide range of residence times (Fig. 4a and Supplementary Movie S5) which were
quantified as described above. Although the majority of both CREB (89.5%) and mutant CREB (R301L:
97.8%, L318/325V: 94.6%) spots disappeared by 1s, the fraction with longer residence times (>15s)
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Figure 4. Dynamics of CREB in the nucleus of living cells. (a) TMR-CREB spots were observed in the
living cell nucleus by HILO fluorescence microscopy. Average of the images (for 1s) shows individual TMR-
CREB spots in the nucleus. Scale bar: 10pm. (b) A representative kymogram (60s) shows the long residence
times of TMR-CREB spots at restricted locations (arrows). Scale bar (y-axis): 10 pm. (¢c,d) Distribution
histograms show the short (<1s) and long (>1s) residence times, respectively, of TMR-CREB and TMR-
mutant CREBs in living cells. The number of spots analyzed in living cells is presented in parentheses. The
distribution of wild-type CREB is significantly different from those of mutants (KS test, P < 0.001). (e)

A color contour map represents spatial distribution of the frequency of appearance of TMR-CREB spots
having long residence times (>>1s) in a living cell. The area covering the whole nucleus was divided into 154
equal sub-areas (1.2 x 1.2pm). The number of TMR-CREB spots for the entire observation time (120s) was
counted in each sub-area. Twelve out of a total of 270 spots (4.4%) accumulated in two different sub-areas
(hot points, orange/red). This accumulation level for the hot points is much higher than would be expected
(1.8 spots, 0.7%) in a random distribution. TMR-CREB spots also tended to occur frequently in the sub-
areas surrounding the hot points. (f) A model of the dynamic interaction of CREB with CRE to promote
transcription initiation.

was larger for wild-type CREB (10.5%) than for the mutant CREBs (R301L: 2.2%, L318/325V: 5.4%)
(Fig. 4c,d, Supplementary Fig. S4, and see also Supplementary Fig. S5). The differences between wild-type
and the mutant CREBs in living cells were smaller than those in vitro, suggesting that CREB may interact
with nuclear proteins in addition to DNA in the nucleus. Moreover, the dissociation rate constants for
TMR-CREB (3.11£0.53s! and 0.3540.08 5! for the short and long residence components, respectively)
in living cells were not only different from those for the mutant CREBs but also comparable with those

SCIENTIFIC REPORTS | 5:10662 | DOI: 10.1038/srep10662 5



www.nature.com/scientificreports/

in vitro (Supplementary Fig. S2b, $4, Supplementary Table S1). Taken together with the findings in ChIP
assay (Fig 3h), these results suggest that the fraction with the long residence time most likely corresponds
to CREB specific binding to CRE. The fraction of short residence time indicates the non-specific binging
to DNA. Indeed, we observed the substantial fraction of binding remained even in the mutant CREB
transfected cells in ChIP assays. The subtle difference between the mutant CREB (R301L) and the mutant
CREB (L318/325V) in ChIP assay also seems to reflect the residence time.

The spatial distribution of TMR-CREB spots in the nucleus was also studied. We found that
TMR-CREB spots with long residence times (>1s) appeared repeatedly at highly restricted locations
in the nucleus (Fig. 4b). A location at which >4% of the long-residence-time TMR-CREB spots accu-
mulated was defined as a hot point. As exemplified in Fig. 4e, TMR-CREB spots accumulated in two
different hot points. The average number of hot points per optical section was 3.04 0.6 (n=22 cells),
similar to the number of active RNAP II foci which colocalized with TMR-CREB spots (2.4+ 1.4 per
optical sections; Fig. 3g, Supplementary Fig. S3). Taken together, these results suggest that TMR-CREB
interacts with genomic DNA, on presumed multiple CRE sites, in living cells, with a similar time course
to that in vitro.

Discussion

The present study has shown, for the first time, a dynamic interaction between CREB and CRE at the
single-molecule level. While previous DNase I footprinting and gel-shift assays had indicated a strong
affinity between the twoS, our findings both in vitro and in living cells revealed the existence of two
modes of interaction, with a short and a long residence time. The interaction of CREB with CRE is
therefore more dynamic than previously suggested®'~>.

The short residence may represent CREB interacting weakly with non-specific DNA sequences while
it searches for CRE sites in the genome. Consistent with this view, non-specific DNA binding by the
lac repressor (Lacl) shows very fast dissociation in living Escherichia coli cells?’. Several recent studies
have also demonstrated that mammalian transcription factors very transiently interact with chromatin
for less than 1s%-3° (Supplementary Fig. S5), although FRAP analysis of CREB in PC12 cells exhibits
slow dissociation!!. On the other hand, the long residence of CREB may reflect the specific interaction
with CRE, since the long-residence fraction was almost abolished when CREB was incubated with the
xB sequence (Fig. 2f). Similar residence times were obtained in living cells by single-molecule imaging
(Fig. 4c,d). Therefore, we propose that CREB participates in transcription initiation by binding to the
target sequence transiently in the time range of several seconds (Fig. 4f). In accordance with this view,
recent single-molecule imaging studies have demonstrated that other mammalian transcription factors
transiently reside in the nucleus with a similar time course of second order®®=*. In particular, p53 and
the glucocorticoid receptor exhibit the long residence at the target sites®.

The presence of hot points in the nucleus further implies that CREB repeatedly binds to and dissoci-
ates from active CRE sites®’~**. CBP/p300 and CRTCs may bind efficiently only to CREB dimers residing
on these CRE sites. Previous studies with tandem gene arrays have also demonstrated that transcription
factors bind repeatedly at the active gene loci***". Thus, it is likely that the repetitive binding of tran-
scription factors promotes transcription®®%.

Our spatial analysis also showed that a few TMR-CREB hot points were present in a single focal
plane, in accordance with the number of TMR-CREB spots which colocalized with Ser5-phosphorylated
RNAPII foci in fixed cells (Fig. 3g,4e, Supplementary Fig. S3). One may suppose that this number of
the hot points was fewer than the total number of CRE sites in the whole genome®"*2. However, it is
not surprising because only a fraction of CRE sites is active in living cells***°-**, As chromatin states
and chromosome positions in the interphase nucleus are known to influence gene expression**, the
formation of the hot point is probably limited by these chromatin components. Therefore, although
further study is needed, the hot points may indicate active gene loci whose transcription is driven by the
CREB-CRE interaction.

Collectively, our observations indicate that CREB contributes to transcription initiation by binding
transiently to genomic CRE sites in the time range of several seconds. In addition, the present analysis
using single-molecule imaging both in vitro and in living cells will enable further studies of the dynamics
of transcription factors on DNA.

Methods

Plasmids. pFN21AB5414 containing HaloTag-human CREBI cDNA was purchased from Promega.
To generate the HaloTag-human CREB1 R301L and L318/325V mutant, point mutations were intro-
duced into pFN21AB5414 by PCR-mediated site-directed mutagenesis with the mutagenic primer pairs:
R301L 5-GAAGCAGCTCGAGAGTGTCCTAGAAAGAAGAAAGAATATG-3' and its complementary
oligonucleotide; L318/325V 5-TTTAGAAAACAGAGTGGCAGTGGTTGAAAATCAAAACAAGAC
AGTGATTGAGGAGCTA-3' and its complementary oligonucleotide.

DNA Coating on Cover Glasses. Cover glasses (Matsunami) were cleaned by boiling in RCA solu-
tion (6:4:1 H,0/30% NH,OH/30% H,0,) for 1 h. Poly(ethyleneimine) (PEI) and poly(acrylic acid) (PAcr)
(Sigma) were dissolved at 2mg/ml in H,O and then adjusted to pH 8.0 using either NaOH or HCI. The
cleaned cover glasses were immersed in positive (+, PEI) and negative (—, PAcr) polyelectrolytes in the
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sequence + / wash / - / wash / + / wash for 30 min each at room temperature; each wash step involved three
rinses in distilled water®. A flow cell was assembled from two cover glasses and two strips of double-sided
tape as spacers. The flow cell was treated with 10 mg/ml biotinylated o-casein in PBS for 5min and then
reacted with 5 mg/ml NeutrAvidin (Life Technologies) in PBS. Biotin-labeled dsDNAs (40 nM in PBS) were
adsorbed onto the cover glass surface through the avidin-biotin interaction for 5min. Biotin-labeled 19-nt
dsDNA including the CRE sequence was prepared by annealing 5’-GACAGCGCACGTCAAGGCA-biotin
-3’ and its complementary oligonucleotide. Biotin-labeled 22-nt dsDNA including the kB sequence was
prepared by annealing 5-AGTTGAGGGGACTTTCCCAGGC-biotin-3" and its complementary oligo-
nucleotide. After each procedure, the flow cell was washed with PBS. Finally, the flow cell was treated
with 10mg/ml BSA in PBS for 5min and then flushed with a binding buffer solution (100mM KClI,
1 mM MgCl,, 20mM HEPES-NaOH (pH 7.8), 0.1 M DTT, 2 mg/ml BSA, 50% sucrose). In experiments,
TMR-CREB or TMR-mutant CREB in binding buffer was loaded into the flow cell. All CREB proteins
were generated by the TNT Quick Coupled Transcription/Translation System (Promega) and labeled
with HaloTag TMR Ligand (Promega). To determine fluorescence stability, TMR-CREB in binding buffer
was loaded into a 35-mm glass-bottom culture dish (Greiner bio-one) without DNA coating.

Cell Culture. Mouse Neuro2a cells were cultured in DMEM/F12 medium (Life Technologies) sup-
plemented with 10% fetal bovine serum (Hyclone). The cells were seeded to 80% confluence in a 4-well
culture plate (Nalge Nunc) and then transfected with plasmid vectors. All plasmids used for transfec-
tion were obtained using PureLink Hipure Plasmid DNA purification kits (Life Technologies) and dis-
solved in PBS. Transfection with Lipofectamine2000 (Life Technologies) was performed according to
the manufacturer’s instructions. After transfection, cells were cultured for 8 h and then replated on a
35-mm glass-bottom culture dish (Greiner bio-one). To label HaloTag CREB with a TMR, HaloTag
CREB cDNA-transfected cells were incubated with growth medium containing 0.1nM HaloTag TMR
Ligand (Promega) for 15min in a CO, incubator, after which the medium was replaced.

Microscopy. An inverted microscope (Ti-E, Nikon) with oil-immersion objective (100 x, NA 1.49;
Nikon) was used for all experiments. Alexa 488 and TMR were excited by 488- (20mW; Coherent) and
561-nm (20 mW; Coherent) lasers, respectively. TIRF and HILO were used as illumination for in vitro
and in vivo analysis, respectively. All fluorescence live images were obtained at 10 fps using an EM-CCD
(iXon897, Andor Technology) with Solis software (Andor Technology). The images shown in the Figures
are averaged representations of photos captured over 1 or 5s. To observe the dynamics of TMR-CREB in
living cells, the cell culture dish was mounted on a stage top incubator (Tokai Hit) maintained at 37°C
in an environment of humidified 5% CO,, 20% O,, and 75% N,. All images were analyzed by Image]
software with a self-made plugin (Particle Track and Analysis). Fluorescence images of fixed cells were
acquired and processed with NIS Element software linked to a deconvolution module (Nikon).

Statistical Analysis. All statistical values are presented as the mean value+SD from at least
three independent experiments. Significant differences were determined with Student’s t-test or the
Kolmogorov-Smirnov test. Origin (OriginLab) and Excel (Microsoft) were used for statistical analysis
and data plotting.

Immunostaining. Neuro2a cells were fixed at room temperature for 10 min in 4% paraformaldehyde/
PBS. They were then permeabilized and blocked for 10 min in buffer G, composed of 5% normal goat
serum (S-1000; Vector Labs) and 0.1% Triton X-100 in PBS. The cells were then incubated overnight at
4°C with anti-lamin A/C mouse monoclonal antibody (3A6-4C11; Active Motif) at 1:1000 and anti-RNAP
II C-terminal domain phospho Ser5 rabbit polyclonal antibody (Active Motif) at 1:10000 in buffer G.
Primary antibodies were detected by incubation with Alexa 488-conjugated anti-mouse IgG (A11029;
Invitrogen) at 1:400, or with Alexa 488-conjugated anti-rabbit IgG (A-11034; Invitrogen) at 1:400, in
buffer G at room temperature for 2h. Nuclei were stained with 0.1% 4,6-diamidino-2-phenylindole
(Sigma) in a mounting medium containing 50% glycerol and 2.3% 1,4-diazabicyclo[2.2.2]octane (Sigma)
in 50mM Tris-HCI (pH 8.0).

ChIP Assay and Quantitative real-time PCR (qPCR). Cells were cross-linked with 1% formalde-
hyde in culture medium for 10 min, and lysed in lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
1% Triton X-100, 0.1% sodium deoxycholate). Cross-linked cell lysates were sonicated for 20 cycles (burst
and intervals of 15s each) with a VCX130PB (Amplitude 60%; Sonics & Materials). Sonicated samples
were incubated with HaloLink Resin (Promega) for 3h at room temperature. The resin was washed
twice with nuclease-free water, once with high-salt buffer (50 mM Tris-HCI (pH 7.5), 700 mM NaCl, 1%
Triton X-100, 0.1% sodium deoxycholate and 1 mM EDTA), and finally three times with nuclease-free
water. Samples were reverse cross-linked with reversal buffer (10mM Tris-HCI (pH 8.0), I mM EDTA
and 300 mM NaCl) for 6 h at 65°C. The eluted DNA was purified using a PCR product purification kit
(Promega). qPCR was performed using an ABI StepOne (Applied Biosystems). To quantify the amplified
DNA, a SYBR Green PCR assay was used with KAPA SYBR FAST qPCR Kit Master Mix (KAPA Biosystems)
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and the primers 5-GCGTAGAGTTGACGACAGAGC-3’ and 5-TGGATGGACTTCCTACGTCA-3’ The
obtained values were normalized to the respective input DNA.
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