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We investigated the dynamics of nuclear transcription
factor kB (NF-kB) by using fusion proteins of the p65
subunit with mutants of green fluorescent protein
(GFP). GFP-NF-kB chimeras were functional both in
vitro and in vivo, as demonstrated by electrophoretic
mobility shift assays and reporter gene studies. GFP-p65
was regulated by IkBa similar to wild type p65 and as-
sociated with its inhibitor even if both proteins were
linked to a GFP protein. This finding was also verified
by fluorescence resonance energy transfer (FRET) mi-
croscopy and studies showing mutual regulation of the
intracellular localization of both GFP chimerae. Incuba-
tion of GFP-p65 with fluorescently labeled NF-kB-bind-
ing oligonucleotides also resulted in FRET. This effect
was DNA sequence-specific and exhibited saturation
characteristics. Application of stopped-flow fluorome-
try to measure the kinetics of FRET between GFP-p65
and oligonucleotides revealed a fast increase of accep-
tor fluorescence with a plateau after about 10 ms. The
observed initial binding rate showed a temperature-de-
pendent linear correlation with the oligonucleotide con-
centration. The association constant calculated accord-
ing to pre-steady state kinetics was 3 3 106 M21, although
equilibrium binding studies implied significantly
higher values. This observation suggests that the bind-
ing process involves a rapid association with a rather
high off-rate followed by a conformational change re-
sulting in an increase of the association constant.

Nuclear factor kB (NF-kB)1 or Rel proteins are members of a
family of eukaryotic transcription factors, which share struc-
tural and functional similarities. They are characterized by the
presence of a so called Rel homology domain, RHD, with a
length of about 300 amino acids. Their active DNA-binding

forms are homodimeric or heterodimeric complexes consisting
of combinations of members of this protein family.

Their common structural feature, the RHD, is important for
dimerization, DNA binding, and regulatory binding to inhibi-
tory molecules of the IkB family (for review see Refs. 1–3). The
NF-kB/Rel factors can be divided into different functional
classes. The most important distinction is the presence of
transactivating domains in the p65 (RelA), RelB, c-Rel, and
v-Rel subunits, which are not contained in the p50 and p52
subunits. The latter Rel family members originate from p100
and p105 precursors, respectively, by proteolytic cleavage of an
inhibitory, IkB-like sequence from the proform. In most cells,
NF-kB complexes are normally localized to the cytosol as inac-
tive complexes with inhibitory IkB proteins. However, at least
in certain cell types mainly of the hematopoetic cell lineage,
particular NF-kB members are constitutive in the nucleus,
where they have essential roles in cellular proliferation and
differentiation (2).

The most abundant NF-kB dimers, p50/p65 and p65/p65,
which are important for the inducible expression of genes in-
volved in inflammation, are maintained in the cytosol as inac-
tive complexes with IkB proteins (IkBa, IkBb, and IkBe), which
mask their nuclear localization sequence by binding to the
RHD (2, 4, 5). In these cases, the activation of NF-kB is tightly
regulated by signal transduction pathways leading to the phos-
phorylation, ubiquitinylation, and proteasomal degradation of
IkB molecules (for review see Ref. 6). It is generally assumed
that binding of different signaling molecules such as TNFa to
the corresponding receptors on the cell surface leads to an
oligomerization of receptors (7) and cytosolic adapter molecules
(such as the TNF receptor-associated factors, TRAFs), followed
by activation of downstream kinases such as NIK (NF-kB-
inducing kinase) or MEKK1 (MAPK/ERK kinase kinase-1) (8–
10). These kinases phosphorylate and activate so-called IkB
kinases (IKK1/IKK-a and IKK2/IKK-b), which are part of a
multiprotein complex termed the signalosome that is responsi-
ble for signal-induced phosphorylation of IkB molecules on two
Ser residues that are close together in the N-terminal regula-
tory domain (11–15). This phosphorylation triggers the ubiq-
uitinylation of IkB by b-TrCP variants (16, 17) and its degra-
dation by proteasomes. The proteolytic elimination of IkB
molecules leads to the release of NF-kB and the unmasking of
its nuclear localization sequence, which is followed by translo-
cation to the nucleus and binding to cognate DNA sequences.

The occurrence of different NF-kB dimer isoforms, the for-
mation of complexes with distinct IkB molecules, which exhibit
diverse phosphorylation and degradation characteristics (2,
18), and modifications in the signaling cascades leading to
release of NF-kB provide enormous variation for the activation
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of NF-kB. Moreover, it has been shown that different members
of the NF-kB family bind slightly distinct DNA sequences with
different affinities (19), which represents an additional level of
transcriptional regulation of NF-kB-dependent genes. The clas-
sical NF-kB consensus sequence, 59-GGGRNNYYCC-39 (R in-
dicates purine, and Y is pyrimidine), is an imperfect palin-
drome, which in itself allows a rather high level of variation (2).
Interestingly, the p65/p65 homodimer can bind to just one
half-site of the target sequence, thereby expanding the number
of potential NF-kB-regulated genes dramatically. Differences
in the second half-site lead to variations in the association
constants (20).

Up to now, the binding of NF-kB to its cognate DNA se-
quence was studied mainly by electrophoretic mobility shift
assays, which allows only an equilibrium binding analysis.
Using this technique, a rather slow binding of NF-kB to DNA
was reported, with a plateau after about 60 min in the presence
of poly(dIzdC) (21) or within approximately 5 min in the ab-
sence of an excess of unspecific competitor DNA (22). However,
the high DNA-binding affinity of NF-kB complexes, with asso-
ciation constants in the range of 1010 to 1013 M21 (19, 23, 24),
would argue for much faster binding kinetics, which cannot be
resolved by the electrophoretic mobility shift techniques used
so far. Therefore, we generated a GFP-NF-kB fusion protein
suited for the investigation of not only the dynamics of this
transcription factor in living cells but also the binding to DNA
in vitro, by applying the principle of FRET. This principle is
based on the fact that energy transfer occurs between two
fluorophores when they are in close proximity (,10 nm), and
the emission spectrum of the first fluorophore (the donor) over-
laps with the excitation spectrum of the second (the acceptor).
The energy transfer is dependent on the quantum yield of the
donor, the degree of spectral overlap, and the orientation of the
fluorophores, and it declines with the sixth power of the dis-
tance. A close association of two suited fluorophores and exci-
tation of the donor results in an increase of acceptor fluores-
cence and/or a decrease in donor fluorescence due to FRET
(25–27). By applying this phenomenon, we could measure the
kinetics of the interaction between GFP-NF-kB and fluores-
cently labeled oligonucleotides using stopped-flow fluorometry.
We found a rapid association, reaching a plateau within about
10 ms, and a subsequent slow decrease of the energy transfer.
This phenomenon, as well as the difference between association
constants calculated from initial binding rates and those de-
rived from equilibrium binding studies, indicates that the rapid
association is followed by a conformational change of the NF-
kBzDNA complex, which increases the affinity.

The technique that we describe should open a wide field of
possible applications, for instance the investigation of the in-
teraction between various NF-kB family members and differ-
ent DNA sequences for drug screening of potential inhibitors.
Moreover, it could be very valuable for the analysis of the
dynamics and biochemical characteristics of protein-protein
interactions in solution using CFP and YFP fusion proteins. In
that respect, it should have considerable advantages over con-
ventional assays of macromolecular interactions, which usually
do not reflect the dynamics of the association, and also over
kinetics-based methods using proteins immobilized on chip
surfaces (such as surface plasmon resonance on BIAcoreTM

chips), which do not represent the behavior of macromolecules
in solution.

MATERIALS AND METHODS

Construction of GFP-NF-kB and CFP-IkBa Variants—The p65 sub-
unit of NF-kB was amplified by PCR with Pfu DNA polymerase using
the sequences 59-AAA AAA GCT TCC ACC ATG GAC GAA CTG TTC
C-39 and 59-AAA AGG ATC CAA GGA GCT GAT CTG ACT CAG-39 for
forward and reverse primers, respectively. The PCR fragment was

cloned in frame into the BamHI and HindIII sites of pEGFP-C1 (CLON-
TECH Laboratories Inc., Palo Alto, CA), generating a fusion protein of
the mammalian codon-optimized enhanced GFP protein with p65
linked to its C terminus. A YFP-p65 construct was generated in the
same way using pEYFP-C1 (CLONTECH). The CFP-IkBa construct
(with CFP linked to the N terminus of IkB) was designed by transfer-
ring the coding region of IkB from the construct described previously
(28) into the pECFP-C1 plasmid (CLONTECH). An IkB-CFP construct,
in which the CFP tag is linked to the C terminus of IkB, was cloned by
inserting a PCR fragment without a stop codon into the NheI site of the
pECFP-C1 vector. All constructs were verified by restriction and se-
quence analysis.

Cell Culture and Transfections—CHO cells were cultured in MEM-a
medium (Life Technologies, Inc.) and 293 and HeLa cells in Dulbecco’s
modified Eagle’s medium (Life Technologies, Inc.), both including 10%
fetal calf serum and 2 mM glutamine. HUVEC were grown as described
(29). Transient transfections were performed with the LipofectAMINE
PlusTM system (Life Technologies, Inc.) according to the manufacturer’s
protocol. In brief, CHO cells (one well of a six-well plate, 10 cm2) were
transfected with 1 mg of DNA, 5 ml of Plus reagent, and 2 ml of Lipo-
fectAMINE for 3.5 h and 293 cells with 1 mg of DNA, 4 ml of Plus
reagent, and 3 ml of LipofectAMINE for 4 h. HeLa cells were transfected
with 1.5 mg of DNA, 5 ml of Plus reagent, and 4 ml of LipofectAMINE for
5 h and HUVEC with 1.5 mg of DNA, 8 ml of Plus reagent, and 4 ml of
LipofectAMINE for 2.5 h. Stable transfection of CHO cells with GFP-
p65 was performed with the construct after linearization by MluI to-
gether with a puromycin resistance vector (pPUR, CLONTECH, linear-
ized by EcoRI) using the LipofectAMINE protocol as described above.
Selection was performed with 50 mg/ml puromycin (CLONTECH), and
single GFP-p65-expressing clones were generated by limiting dilution
and evaluation of the fluorescence.

Electrophoretic Mobility Shift Assays—Whole cell extracts from GFP-
p65 expressing CHO cells were prepared by repeated freeze-thawing in
buffer A (20 mM Tris/HCl, pH 7.9, 1 mM EDTA, 5 mM MgCl2, 50 mM KCl,
1 mM dithiothreitol) and pelleting of cell debris at 14,000 3 g for 30 min.
Labeling of double-stranded NF-kB-binding oligonucleotides and elec-
trophoretic mobility shift assays were done as described (30). Imaging
and quantification of protein-bound and free oligonucleotides were done
with PhosphorImager equipment (Molecular Dynamics).

Reporter Gene Assays—293 or HeLa cells were transiently trans-
fected with a luciferase reporter construct under the control of the
NF-kB-dependent IkB promoter (28) and a b-galactosidase vector con-
taining a ubiquitin promoter (pUB6/V5-His/lacZ, Invitrogen, Gronin-
gen, Netherlands) as internal control. GFP variants of p65 or IkBa, wild
type p65 (31) or IkBa (28), were co-transfected with reporter and control
vectors using LipofectAMINE Plus as described. Cell extracts were
prepared by repeated freeze thawing in 0.1 M potassium phosphate
buffer (pH 7.8). Luciferase activity was determined as described (32)
and normalized to b-galactosidase activity determined with chlorophe-
nol red-b-D-galactopyranoside as substrate and colorimetric detection
at 570 nm.

Morphological Studies and FRET Imaging—HUVEC or HeLa cells
were transiently transfected with YFP-p65, CFP-IkB, or both and in-
vestigated 1 day after transfection on a Nikon Diaphot TMD microscope
using filter sets, which discriminate between CFP and YFP fluores-
cence (Omega Optical Inc., Brattleboro, VT) and a cooled charge-cou-
pled device camera (Kappa GmbH, Gleichen, Germany). For FRET
microscopy studies, images were taken with the donor filter set (for
CFP) and an acceptor filter set (XF88, Omega Optical Inc.) with exci-
tation of the donor (440 nm), a 455 nm dichroic mirror, and an emission
filter for the acceptor (535 nm). Images were captured with both filter
sets under identical conditions for control cells transfected with CFP
and YFP and cells transfected with IkB-CFP and YFP-p65. Ratio im-
ages were calculated by dividing the acceptor filter image by the donor
image (33) using NIH image software, version 1.62. Nuclear import of
GFP-p65 after the addition of TNFa (200 international units/ml) to
HUVEC was investigated by time series imaging using confocal laser
scanning microscopy on MRC600 equipment (Bio-Rad).

Scanning and Stopped-flow Fluorometry—Extracts containing GFP-
p65 were prepared from stable CHO transfectants as they were for
electrophoretic mobility shift assays by repeated freeze-thawing in
buffer A, centrifugation at 100,000 3 g for 1 h at 4 °C, and filtration of
the supernatant through a 0.45-mm filter. GFP-p65 extracts were incu-
bated in buffer A with TET- or HEX-labeled double-stranded oligonu-
cleotides comprising the NF-kB binding site of the IkBa promoter (plus
strand, 59-CTT GGA AAT TCC CCG-39; minus strand, 59-TCG GGG
AAT TTC CAA-39; with both labeled on the 59-end). The competitor
oligonucleotide had the same sequence but without label. The mutant

Dynamics of GFP-NF-kB and -IkBa17036



oligonucleotide had the sequence 59-TTA GAT TTT ACT TTC CGA
GA-39 with a 59-TET-label and the corresponding complementary
strand. Emission scans were performed on a JASCO FP-920 spectroflu-
orometer with excitation at 482 nm (bandwidth, 18 nm) and an emis-
sion bandwidth of 10 nm. Stopped-flow fluorometry was performed with
SX-18MV equipment (Applied Photophysics, Leatherhead, Surrey, UK)
at 15 °C or 37 °C with excitation at 490 nm and a 530-nm long pass
emission filter. In total, 100 ml were shot into a flow cell with a 1-cm
light path. For monitoring the initial binding phase, fluorescence was
recorded for 50 ms with 2000–4000 data points, and the recorded time
course of fluorescence was fitted with an algorithm for a single expo-
nential reaction. On- and off-rates were calculated from the concentra-
tion dependence of the initial binding rates observed (with kon given by
the slope of the linear curve fit and koff by the intercept on the y axis
(34)). The association constant of the initial binding phase is defined as
kon/koff. Investigation of longer time periods was done using 2000 data
points for the initial 50 ms and 2000 data sets for subsequent 1000 ms.

RESULTS

Functional Integrity of GFP-p65-NF-kB—We generated a fu-
sion construct of the p65 NF-kB protein with a mammalian
codon-optimized enhanced mutant of GFP linked to the N ter-
minus of p65. On the basis of the crystal structure of the p65
homodimer (20) or the p50/p65 heterodimer (35) bound to a
cognate DNA sequence, we expected that the N-terminal GFP
tag would not interfere with binding of p65 to DNA. Moreover,
the C terminus comprising the two transactivation domains,
which are essential for interaction with the transcriptional
machinery, should remain unaffected by the N-terminal GFP.
The C-terminal domain was also reported to be the target of a
phosphorylation event that is essential for full transcriptional
activity (36). To determine whether the GFP-p65 fusion protein
is still functional with respect to binding in vitro, we performed
electrophoretic mobility shift assays with the fusion protein
compared with wild type p65. CHO cells were transiently
transfected with equal amounts of wild type p65 or GFP-p65,
and extracts were prepared as described under “Materials and
Methods.” Incubation of these extracts with 32P-labeled NF-kB-
binding oligonucleotides and analysis of the electrophoretic
retardation of protein-bound oligonucleotides revealed a com-
parable binding activity for both wild type and GFP-p65. The
binding was specific for NF-kB in both cases as shown by
competition with a 200-fold molar excess of unlabeled oligonu-
cleotides and the inability of a mutant competitor to prevent
binding (Fig. 1). These results indicate that GFP-p65 binds in
vitro to the NF-kB cognate sequence as well as wild type p65
does. Our next goal was to verify whether GFP-NF-kB fusion

proteins are also functional in vivo. For that purpose, we used
reporter gene assays with a NF-kB-dependent luciferase re-
porter. Transfection of HeLa cells with fusion proteins of p65
with GFP variants (GFP or YFP) induced a strong up-regula-
tion of luciferase reporter activity, which reached the same
level as with wild type p65 (Fig. 2). The induction of luciferase
activity could be blocked both for wild type p65 and for GFP- or
YFP-p65 by co-transfection of a vector coding for IkBa, indicat-
ing that GFP-p65 variants are still binding in vivo to their
physiologic inhibitor. Moreover, the same inhibition of NF-kB-
dependent reporter induction could be achieved by expressing a
fusion protein of IkBa with CFP linked to either the N or C
terminus, demonstrating that GFP-p65 or YFP-p65 still bind to
a IkBa-GFP fusion protein. Similar results were obtained with
293 and CHO cells (data not shown). Taken together, these
data indicate that GFP-p65 proteins are fully functional both in
vitro and in vivo.

Fluorescence microscopy of different cell types (CHO, 293,
HUVEC, and HeLa cells) that were transiently transfected
with GFP-p65 revealed localization patterns dependent on the
amount of protein expressed (Fig. 3A). Cells with low fluores-
cence intensity showed mainly cytosolic localization of the
GFP-NF-kB fusion protein, indicating complete binding to en-
dogenous IkB molecules. However, cells with a high expression
level of GFP-p65 exhibited a predominant nuclear fluorescence,
implying that the endogenous IkB was saturated, leading to
the nuclear translocation of the excess GFP-p65. Co-transfec-
tion of a YFP-p65 construct with a vector coding for CFP-IkB
resulted in cytosolic localization of both proteins in nearly all of
the transfected cells, as demonstrated by microscopy filter com-
binations that distinguish between the two GFP variants. This
observation supports the data obtained with reporter gene
assays showing inhibition of NF-kB activity by CFP-IkBa fu-
sion proteins. Interestingly, transfection of CFP-IkB without
p65 revealed a predominant nuclear localization of the CFP-
IkB fusion protein. This fusion protein has a significantly
higher molecular weight than the postulated limit for passive
diffusion through the nuclear pore complex, indicating an ac-
tive nuclear import, as previously demonstrated for the wild
type IkB (37, 38).

The interaction between YFP-p65 and CFP-tagged fusion
proteins of IkBa in the cytosol of living cells was further sup-
ported by FRET microscopy using ratio imaging of donor and
acceptor fluorescence. This imaging technique revealed a sig-
nificantly higher ratio of acceptor to donor fluorescence at the
excitation wavelength of the donor for cells transfected with
CFP-IkB and YFP-p65 compared with control cells transfected
with CFP and YFP investigated under the same conditions of
transfection and imaging. Co-transfection of YFP-p65 with an
IkB-CFP construct, coding for a fusion protein with the CFP
tag linked to the C terminus, where it should be closer to the
YFP portion of p65 based on the known crystal structure (4, 5),
revealed an even higher ratio of acceptor to donor fluorescence.
The ratio image indicated YFP-p65zIkB-CFP complexes in the
cytosol, whereas that from the CFP/YFP control showed no
remaining fluorescence signal (Fig. 3B). In addition to ratio
imaging on a single cell level, we quantified the levels of fluo-
rescence for a larger number of cells with donor and FRET
filter sets in order to obtain average values, which should
eliminate cell to cell variations of donor and acceptor expres-
sion. This quantitative evaluation showed a significantly in-
creased ratio of acceptor to donor emission at the donor exci-
tation wavelength and supported the FRET imaging results
(data not shown).

We further verified the functional integrity of GFP-p65 by
morphological analysis of transfected endothelial cells after

FIG. 1. Binding of GFP-p65 to its cognate DNA sequence. Ex-
tracts from CHO cells that were transiently transfected with wild type
p65 (wt-p65) or GFP-p65 were subjected to electrophoretic mobility shift
assays with 32P-labeled NF-kB-binding oligonucleotides in the absence
(2) or presence (1) of a 200-fold molar excess of unlabeled competitor
oligonucleotides of the same DNA sequence (comp.) or a mutated se-
quence (mut. comp.). The localizations of wild type p65 (*) and GFP-p65
(#) are indicated.
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administration of TNFa. Cells with a low expression level of
GFP-p65 and a cytosolic localization, which reflect a physiolog-
ical expression and regulation of the NF-kB fusion protein,
showed a marked translocation of GFP-p65 into the nucleus
after TNFa administration (Fig. 4), indicating degradation of
the endogenous IkB and release of GFP-p65. Further investi-
gation of GFP-p65 by fluorescence microscopy revealed subse-
quent nuclear export, which could be inhibited by leptomycin
B, a drug that blocks nuclear export processes via exportin/
crm1p (data not shown). This finding is in line with previous
reports demonstrating nuclear export of p65 bound to its in-

hibitor IkB via a leptomycin B-sensitive, crm1p-dependent
transport (37, 38).

Fluorescence Resonance Energy Transfer between GFP-
NF-kB and Fluorescently Labeled Oligonucleotides—After ver-
ifying the functional integrity of GFP-p65, we proposed to ex-
ploit the fluorescence properties of the fusion protein for
studies on binding to its cognate DNA sequence by applying the
principle of fluorescence resonance energy transfer (FRET).
The fluorescence characteristics of enhanced GFP, with an
excitation peak at 488 nm and the maximum emission at 507
nm, suggested the use of acceptor fluorophores with excitation
peaks in the range of 500 to 540 nm. Commercially available
covalent tags for oligonucleotides in that range are TET (tet-
rachloro-carboxyfluorescein) and HEX (hexachloro-carboxy-
fluorescein) with excitation peaks at 522 and 535 nm, respec-
tively. Incubation of GFP-p65 extracts with TET-labeled NF-
kB-binding oligonucleotides showed a significant increase of
acceptor fluorescence (Fig. 5A), detected as a distinct shoulder
on the emission scan (after subtraction of the TET emission
curve). The addition of increasing amounts of TET-labeled
DNA to the GFP-p65 extract showed saturation character-
istics of the FRET effect calculated as ratio of acceptor to
donor fluorescence at the excitation wavelength of the donor
(Fig. 5B).

Using HEX-labeled DNA as the acceptor, we observed only a
slight increase in acceptor fluorescence but a significant de-
crease in GFP emission. This decrease was a DNA sequence-
specific effect as shown by the restoration of the donor fluores-

FIG. 3. Microscopy of YFP-p65 and CFP-IkBa in living cells. A,
HUVEC were transfected with YFP-p65 (left panel), CFP-IkBa (middle
panel), or both (right panel). Images were taken with a cooled CCD
camera 1 day after transfection using the appropriate filter sets for CFP
and YFP, respectively. The image in the right panel showed the same
fluorescence pattern with both filter sets. B, FRET microscopy using
ratio imaging. HeLa cells were transfected with equal amounts of CFP
and YFP or IkB-CFP and YFP-p65, and images were taken with the
donor filter set and the acceptor filter set as described under “Materials
and Methods.” The ratio images represent the division of the acceptor
filter images by the donor filter images. In the case of the negative
control, fluorescence is higher with the donor filter set, whereas for the
IkB-CFPzYFP-p65 pair, it is higher in the acceptor filter set, resulting in
a distinct ratio image.

FIG. 4. Cytosolic GFP-p65 is translocated to the nucleus in
response to TNFa. HUVEC cells were transiently transfected with
GFP-p65. Cells with a low expression level, which showed cytosolic
fluorescence, were investigated by confocal laser scanning microscopy
followed by the addition of TNFa (200 u/ml) and subsequent morpho-
logical analysis of the same cells.

FIG. 2. Fusion proteins of p65 or
IkBa with GFP variants are func-
tional in reporter gene assays. HeLa
cells were transiently transfected in trip-
licates with a luciferase reporter con-
struct containing a NF-kB-dependent pro-
moter (0.5 mg/6-well plate), a plasmid
coding for b-galactosidase under the con-
trol of a ubiquitin promoter (NF-kB-inde-
pendent) as internal control (0.5 mg), and
p65, IkBa, or GFP variants thereof, as
indicated (0.05 mg of the p65 construct
and 0.45 mg of the IkBa vector or an
empty control vector). Cell extracts were
prepared and luciferase as well as b-ga-
lactosidase activity determined as de-
scribed under “Materials and Methods.”
Luciferase activity normalized to b-galac-
tosidase is expressed as a -fold induction
of control.
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cence after the addition of unlabeled competitor DNA in excess
(Fig. 5C). We assume that the rather small overlap of the GFP
emission with the excitation spectrum of HEX favors a donor
quenching rather than an increase in acceptor fluorescence.

Kinetics of GFP-NF-kB Binding to DNA—The application of
the FRET principle allowed us to obtain much more informa-
tion on the binding process between proteins and DNA than
would the use of conventional techniques such as electro-

phoretic mobility shift assays. One of the advantages is the
possibility of determining the kinetics of the association by
monitoring the time course of the FRET effect. We aimed to
determine the kinetics of GFP-NF-kB binding to DNA by using
stopped-flow fluorometry, which is suited to the measurement
of changes in fluorescence in the millisecond range. Mixing a
cell extract from stable transfectants expressing GFP-p65 with
a TET-labeled NF-kB-binding oligonucleotide resulted in a dis-
tinct increase of acceptor fluorescence at the donor excitation
wavelength, reaching a plateau as soon as about 10 ms (Fig.
6A). No temporal change of fluorescence was observed with a
mutant TET-labeled DNA sequence that does not bind to
NF-kB.

For a further evaluation of the binding process, we investi-
gated the concentration dependence of the observed initial
binding rates at 15 and 37 °C deduced from single exponential
fits between 1 and 10 ms (Fig. 6B). Interestingly, we found
rather high off-rates of 3.3 3 102 s21 and 2.4 3 102 s21 for 15
and 37 °C, respectively. Given the on-rates, deduced from Fig.
6B, of 3.0 3 108 M21 s21 and 7.3 3 108 M21 s21, we calculate
association constants Ka 9.2 3 105 M21 and 3.0 3 106 M21 for 15

FIG. 5. Binding between GFP-p65 and fluorescently labeled
oligonucleotides can be monitored by FRET analysis. A, extracts
from stable CHO transfectants expressing GFP-p65 were incubated
with TET-labeled NF-kB-binding oligonucleotides (in the presence of
0.1 mg/ml poly(dIzdC)) and analyzed by scanning fluorometry with
excitation of the donor fluorophore, GFP. The emission curve of the TET
fluorescence in the absence of GFP-p65 was subtracted from the emis-
sion scan of the sample containing both fluorophores. The resulting
emission curve (GFP-p65zTet-DNA, M) was compared with the GFP-p65
emission in the absence of labeled oligonucleotides (GFP-p65, ●). B,
equal amounts of GFP-p65 extracts were incubated with increasing
amounts of TET-labeled oligonucleotides and measured by fluorometry.
FRET was determined by calculating the ratio of acceptor fluorescence
to donor fluorescence. This ratio is plotted against the concentration of
oligonucleotide. C, FRET between GFP-p65 and HEX-labeled oligonu-
cleotides (determined as in A) shows a significant decrease of donor
fluorescence (GFP-p65zHex-DNA, E) compared with GFP-p65 alone
(thick line). The addition of an unlabeled competitor oligonucleotide in
excess restores the donor emission (‚)

FIG. 6. Kinetics of binding between GFP-p65 and fluorescently
labeled DNA as measured by stopped-flow fluorometry of the
FRET. A, GFP-p65 extracts were mixed with TET-labeled NF-kB-
binding oligonucleotides (Tet-DNA) or labeled nonbinding oligonucleo-
tides (mutant Tet-DNA) at 15 °C in the mixing chamber of a stopped-
flow system, and the acceptor fluorescence at the excitation of the donor
was recorded for 50 ms. B, equal amounts of GFP-p65 extracts were
mixed with increasing concentrations of TET-labeled NF-kB-binding
oligonucleotides and the kinetics of binding measured by stopped-flow
fluorometry for 50 ms. The resulting time course of the acceptor fluo-
rescence was fitted by a single exponential algorithm to obtain the
initial binding rates. The observed rates for 37 °C (f) and 15 °C (M) are
plotted against the concentration of the oligonucleotide, and the corre-
sponding correlation is calculated by linear regression. The y axis
intercept indicates the off-rate, and the slope of the line is a measure for
the on-rate of binding.
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and 37 °C, respectively. These constants are significantly lower
than postulated in previous reports, which claim association
constants in the range of 1010 M21 for p65 homodimers as
determined by electrophoretic mobility shift assays done by
Fujita et al. (19).

To clarify whether this difference in the calculated binding
affinity from previously reported values is due to a reduced
affinity of the GFP fusion protein or a difference in pre-steady
state versus equilibrium binding affinity, we applied the same
technique of electrophoretic mobility shift titration assays that
was previously used to determine the equilibrium binding con-
stants. Constant amounts of GFP-NF-kB extracts were incu-
bated with increasing amounts of radioactively labeled NF-kB-
binding oligonucleotides and subjected to gel electrophoresis.
The relation of bound to free oligonucleotides was used to
calculate the association constant by Scatchard analysis, re-
vealing a value of about 4 3 108 M21 (Fig. 7). This number is
somewhat lower than that reported for p65 homodimers but is
still significantly higher than that calculated from off- and
on-rates determined by stopped-flow analysis. These data in-
dicate that the GFP portion of the fusion protein may cause
some reduction in the equilibrium binding affinity. However, it
is apparently not the reason for the distinct difference between
the affinity determined by analysis of the pre-steady state
kinetics and that observed under equilibrium conditions. One
possibility would be that a second, slower reaction takes place,
which increases the overall affinity. To test for this possibility,
we investigated the FRET effect between GFP-p65 and TET-
labeled oligonucleotides for longer time periods. These studies
showed a rather slow decrease of FRET, which became notice-
able after about 20 ms (Fig. 8A). This decrease was more
noticeable at 37 °C with approximately 30% reduction of the
FRET effect between 10 and 50 ms, whereas it was only about
10% in the same time at 15 °C (Fig. 6A). The decline was not
due to a bleaching process, because GFP-p65 or TET-labeled
oligonucleotide alone showed no reduction of fluorescence (data
not shown). This second phase of the interaction between GFP-
p65 and oligonucleotides could be fitted by a decay of fluores-
cence with the natural logarithm of time according to the
formula: fluorescence 5 k 3 1n(time). Analysis of the second
phase with different amounts of oligonucleotides could not de-
tect any significant correlation between the constant k and the
oligonucleotide concentration (Fig. 8B). In principle, a dissoci-

ation of GFP-NF-kB and the TET-labeled oligonucleotide could
be a potential reason for the observed decrease of the FRET.
However, in that case there should be a linear correlation
between the natural logarithm of the fluorescence and time
(39). Moreover, electrophoretic mobility shift assays indicated a
strong, high affinity binding of the oligonucleotide to GFP-p65
even after prolonged incubation. Therefore, we assume that the
observed decrease of fluorescence is caused by a conformational
change of the GFP-p65zDNA complex.

DISCUSSION

We generated a fusion protein of p65 NF-kB with enhanced
GFP on the N terminus and demonstrated the functional in-
tegrity of this chimeric protein both in vitro and in vivo by the
use of electrophoretic mobility shift and reporter gene assays,
respectively. Under normal conditions of gel retardation as-
says, where an excess of oligonucleotides is used, we observed
binding of GFP-p65 to its cognate DNA motif that was equiv-
alent to that of wild type p65. However, this observation does
not rule out the possibility that the affinity is lower under
nonsaturating conditions. In fact, electrophoretic mobility shift
assays with various nonsaturating concentrations of NF-kB-
binding oligonucleotides suggested a slightly lower affinity of
GFP-p65 compared with values reported for wild type p65 (19),

FIG. 7. Affinity of GFP-p65 for NF-kB-binding oligonucleotides
as determined by an equilibrium binding assay (electrophoretic
mobility shift assay). Constant amounts GFP-p65 extracts were in-
cubated for 15 min with different concentrations of 32P-labeled NF-kB-
binding oligonucleotides and subjected to native polyacrylamide gel
electrophoresis. NF-kB-bound and free radioactivity were quantified
using a PhosphorImager and analyzed by Scatchard plotting. The equa-
tion and the correlation coefficient of the linear regression fit are given,
as well as the deduced association and dissociation constants.

FIG. 8. Stopped-flow analysis of the FRET effect indicates a
conformational transition of the GFP-p65zTET-DNA complex af-
ter the binding. A, kinetics of the FRET effect on a logarithmic time
scale. The interaction between GFP-p65 and TET-labeled oligonucleo-
tides was measured at 37 °C by stopped-flow fluorometry with 2000
data sets for the initial 50 ms and 2000 data points for the subsequent
1000 ms. Representative points are shown and fitted by a single expo-
nential equation (dashed line) between 1 and 10 ms and by a logarith-
mic algorithm (fluorescence 5 k 3 1n(time), solid line) between 10 and
100 ms. The absolute fluorescence of the GFP-p65 extract was lower
than that used in Fig. 6A, resulting in a lower absolute amplitude of the
fluorescence change. B, equal amounts of GFP-p65 were analyzed with
increasing concentrations of TET-labeled oligonucleotides, and the sec-
ond phase of the interaction (10–100 ms) was fitted with the logarith-
mic algorithm. The calculated constant, k, is plotted against the oligo-
nucleotide concentration, indicating no concentration dependence of the
second phase.
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which might be the result of the GFP moiety. Furthermore, the
difference between reported affinities and those that we found
in electrophoretic mobility shift assays might have been caused
by subtle differences in the oligonucleotide sequence. Nonethe-
less, using reporter gene assays, we found an equivalent activ-
ity in vivo of GFP-p65 and wild type p65 with respect to the
induction of NF-kB-dependent promoters. Moreover, the GFP
fusion protein was inhibited by IkB, as is wild type p65, and
could also be blocked by a fusion protein of IkB and CFP,
demonstrating that the transcription factor can bind in vivo to
its physiologic inhibitor even when both proteins are linked to
a GFP variant. These findings were further supported by FRET
microscopy, using ratio imaging of donor and acceptor fluores-
cence, and by morphological analysis, showing that CFP-IkB
and YFP-p65 prevent each other from translocating into the
nucleus.

Transient overexpression of GFP-p65 without its inhibitory
molecule IkB led to a distinct fluorescence localization pattern
depending on the expression level. Although cells with rather
low fluorescence exhibited a cytosolic localization of GFP-NF-
kB, cells with a high expression level showed a predominant
nuclear fluorescence. We assume that the cytosolic localization
of GFP-p65 in cells with low expression is due to binding to
endogenous IkB rather than to a putative nuclear export se-
quence recently postulated to be active in COS cells (40). This
notion was supported by the observation that TNFa induced a
nuclear translocation of cytosolic GFP-p65, which can be ex-
plained by a degradation of bound endogenous IkB, whereas it
is unlikely to affect a putative nuclear export mechanism of
p65. Moreover, transfection experiments using low amounts of
the GFP-p65 vector revealed a predominant cytosolic fluores-
cence, whereas co-expression of the same amount of GFP-p65
with an excess of unlabeled p65 lead to a significant shift from
cytosolic to nuclear fluorescence, indicating that the endoge-
nous IkB is saturated by the unlabeled p65 (data not shown). It
might be dependent on the cell type as to whether the localiza-
tion of p65 is regulated by IkB molecules or by an intrinsic
nuclear export sequence. This view is supported by the obser-
vation that overexpression of p65 leads to a predominant cyto-
solic localization in COS cells (40), whereas the majority of
endothelial cells exhibit a nuclear localization.

Our results on nuclear translocation of cytosolic GFP-p65
after the addition of TNFa to transfected HUVEC is also in line
with a very recent report showing the nuclear import of a
GFP-p65 fusion protein in fibroblasts in response to interleukin
1b (41).

The localization that we observed for CFP-IkB in the absence
of co-transfected p65 is further support for the current assump-
tion that IkB is actively transported into the nucleus instead of
undergoing a passive diffusion as formerly suggested (42, 43).
The fusion protein is significantly larger than the threshold
value for diffusion through the pore complex, whereas wild type
IkB would be small enough for such a passive translocation. In
a recent report, it has been demonstrated that there is an
active nuclear import of IkB in vitro, which requires the
ankyrin repeats (44). However, the quantitative relation of this
active transport compared with a potential passive diffusion is
not known in detail for the in vivo situation. Our results imply
that the active nuclear import might constitute the major por-
tion of the transport or is at least capable of transferring nearly
all of the IkBa, because we find in vivo a predominant nuclear
fluorescence after overexpression of CFP-IkB. After verifying
the functional integrity of GFP-p65 in various assays, we aimed
to exploit its fluorescence properties for binding studies with
fluorescently labeled DNA using FRET technology. We were
able to monitor a significant change of the emission curve with

different fluorophores that we used as labels for the NF-kB-
binding oligonucleotides. Incubation of GFP-p65 with TET-
labeled oligonucleotides resulted in a significant increase in
acceptor fluorescence, whereas incubation with HEX-labeled
DNA caused rather a decrease of donor and only a slight
augmentation of acceptor fluorescence. The observed difference
between TET- and HEX-labeled oligonucleotides in energy
transfer experiments with GFP-p65 might result from the
smaller overlap between the emission spectrum of GFP and the
excitation spectrum of HEX compared with that of TET, which
would favor a consumption of the absorbed energy by other
mechanisms, such as molecular oscillations, instead of emis-
sion of acceptor fluorescence. However, for both fluorophores
the detected spectral shifts were DNA sequence-specific, as
shown by competition experiments or labeled oligonucleotides
that do not bind to NF-kB. Our data on the kinetics of the
binding process between NF-kB and DNA, using stopped-flow
fluorometry of the FRET effect between GFP-p65 and TET-
labeled oligonucleotides, provide important information for the
dynamics of this transcription factor. In principle, stopped-flow
measurements of binding reactions can be achieved, at least in
certain cases, by monitoring changes of the intrinsic trypto-
phan fluorescence caused by conformational changes. However,
the application of functional GFP fusion proteins and FRET
analysis seems especially useful in stopped-flow measurements
because it circumvents the need for highly purified protein
preparations, which are normally necessary for the determina-
tion of intrinsic fluorescence and which often retain only part of
the original physiologic activity.

Using time-resolved FRET analysis, we showed that the
association between GFP-p65 and the corresponding oligonu-
cleotides occurs within several ms. The first reports using
equilibrium binding studies based on electrophoretic mobility
shift assays proposed a very slow binding process with a pla-
teau after about 60 min (21), which seems rather unlikely given
the high affinity of this transcription factor for its cognate DNA
sequence, which has an association constant in the range of
1010 to 1012 M21 (19). It has to be noted that the binding
reaction in the study of Zabel and Baeuerle (21) was done in the
presence of 100 mg/ml poly(dIzdC), which is usually added in
electrophoretic mobility shift assays to improve the specificity
of the technique. However, later studies of the same group
demonstrated that this compound has to be omitted in experi-
ments measuring the affinity of binding, because it is a signif-
icant competitor of the binding process with an IC50 concentra-
tion of about 38 mg/ml and also influences the kinetics of
association. Gel retardation assays in the absence of
poly(dIzdC) revealed an equilibrium of the binding process
within less than 5 min (22), which is apparently faster than the
time limit that can be resolved by that technique. Our present
study is, to our knowledge, the first report on the kinetics of
binding between a NF-kB molecule and its cognate DNA se-
quence in solution using a technique that is suited to resolve
reactions in the millisecond range. Interestingly, the affinity
that we calculated based on kon and koff rates derived from
pre-steady state kinetics is significantly lower than the value
derived from Scatchard analysis of data obtained by electro-
phoretic mobility shift assays using the same GFP-p65 prepa-
ration. Although we found somewhat lower steady state affin-
ities for the GFP-p65 fusion protein compared with values
reported for wild type p65 homodimers (19), the GFP moiety is
apparently not the reason for the observed difference between
the association constant calculated from pre-steady state ki-
netics and that derived from equilibrium binding studies. A
possible explanation for this difference is that the binding
process includes a fast association with lower affinity, which is
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followed by a slower reconfiguration of the complex leading to
an increase of the association constant. Stopped-flow analysis
of the FRET effect for 1 s actually indicated a conformational
transition after the first binding process, resulting in a de-
crease of FRET. This decrease was not due to bleaching of
fluorophores and it could not be explained by dissociation of
GFP-p65 and TET-labeled DNA, because it did not follow the
kinetics of a dissociation process. Moreover, electrophoretic
mobility shift assays, which were done after 15 min of incuba-
tion, still showed a strong, high affinity binding. The observed
decrease of fluorescence might be caused by an increased dis-
tance between the GFP tag and the TET label or, alternatively,
by a decrease of the distance between the two GFP molecules of
a GFP-p65 homodimer, resulting in a mutual donor quenching
and a subsequent decrease of acceptor fluorescence. The on-
rate that we measured for the first stage of binding between
GFP-p65 and DNA is comparable with or even higher than
values reported for other DNA-binding proteins. However, the
off-rate of 2.4 3 102 s21 that we observed for this initial phase
seems considerably higher than the off-rates reported for these
proteins (34, 45, 46). It is possible that a subsequent decrease
of the off-rate due to a conformational change results in a
corresponding increase of the association constant. A decrease
of koff to a number in the range of 100 s21, as described for RNA
polymerase (34), would lead to a corresponding increase of the
association constant from 3 3 106 M21 to 108-109 M21, which
would be in line with our data obtained from equilibrium bind-
ing assays.

It has to be noted, however, that these values derived from in
vitro studies cannot reflect the complexity of the situation in
vivo, where the conditions for diffusion and accessibility of
NF-kB binding sequences are probably significantly different.

Nevertheless, our study demonstrates that GFP fusion pro-
teins are not only useful in investigating the dynamics of a
great variety of proteins in living cells but also in monitoring
the biochemical characteristics of macromolecular interactions
in solution by means of time-resolved measurements of FRET
in the millisecond range. The application of this technique to
the investigation of protein-protein interactions using appro-
priate GFP variants might expand our understanding of these
interactions considerably.
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