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by E. coli in response to oxidative stress of a
Mn-dependent paralog to the constitutively expressed, Fe-dependent superoxide dismutase
(30). Examination of the reactivity of the distinctive Mn/Fe cofactor toward these oxidants
may thus provide a biochemical rationale for
its evolution.
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Probing Transcription Factor
Dynamics at the Single-Molecule
Level in a Living Cell
Johan Elf,1* Gene-Wei Li,2* X. Sunney Xie1†
Transcription factors regulate gene expression through their binding to DNA. In a living Escherichia
coli cell, we directly observed specific binding of a lac repressor, labeled with a fluorescent protein,
to a chromosomal lac operator. Using single-molecule detection techniques, we measured the
kinetics of binding and dissociation of the repressor in response to metabolic signals. Furthermore,
we characterized the nonspecific binding to DNA, one-dimensional (1D) diffusion along DNA
segments, and 3D translocation among segments through cytoplasm at the single-molecule level.
In searching for the operator, a lac repressor spends ~90% of time nonspecifically bound to and
diffusing along DNA with a residence time of <5 milliseconds. The methods and findings can be
generalized to other nucleic acid binding proteins.
n all kingdoms of life, transcription factors
(TFs) regulate gene expression by sitespecific binding to chromosomal DNA, preventing or promoting the transcription by RNA
polymerase. The lac operon of Escherichia coli,
a model system for understanding TF-mediated
transcriptional control (1), has been the subject
of extensive biochemical (2–4), structural (5),
and theoretical (6, 7) studies since the seminal
work by Jacob and Monod (8). However, the in
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vivo kinetics of the lac repressor, and all other
TFs, has only been studied indirectly by
monitoring the regulated gene products. Traditionally, this was done on a population of cells
(9), in which unsynchronized gene activity
among cells masks the underlying dynamics.
Recent experiments on single cells allow
investigation of stochastic gene expression
(10–15). However, direct observation of TFmediated gene regulation (16) remains difficult,
because it often involves only a few copies of
TFs and their chromosomal binding sites. Here
we report on a kinetics study of how fast a lac
repressor binds its chromosomal operators and
dissociates in response to a metabolic signal in a
living E. coli cell.
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Single-molecule detection also makes it possible to investigate how a TF molecule searches
for specific binding sites on DNA, a central
question in molecular biology. Target location
by TFs (and most nucleic acid binding proteins)
is believed to be achieved by facilitated diffusion, in which a TF searches for specific binding sites through a combination of one-dimensional
(1D) diffusion along a short DNA segment and
3D translocation among DNA segments through
cytoplasm (17). However, real-time observation
in living cells has not been available because of
technical difficulties. Here we report on such an
investigation, providing quantitative information
of the search process.
The lac repressor (LacI) is a dimer of dimers.
Under repressed conditions one dimer binds the
major lac operator, O1, and the other dimer binds
one of the weaker auxiliary operators, O2 or O3
(18) (Fig. 1A). LacI binding to O1 prevents RNA
polymerase from transcribing the lac operon
(lacZYA). Upon binding of allolactose, an
intermediate metabolite in the lactose pathway,
or a nondegradable analog, such as IPTG
(isopropyl b-D-1-thiogalactopyranoside), the
repressor’s affinity for the operator is substantially reduced to a level comparable to that
of nonspecific DNA interaction (19).
To image the lac repressor, we expressed it
from the native chromosomal lacI locus as a
C-terminal fusion with the rapidly maturing (~7
min) yellow fluorescent protein (YFP) Venus
(A206K) (15, 20) (Fig. 1A). The short maturation
time prevents the lac operator sites from being
occupied by immature fusion proteins. The Cterminal fusion avoids interference with the N-
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repression factor compares well with that of nonlabeled repressors (4), indicating that the fusion
protein maintains regulatory activity.
The detection of specific binding of LacI to
its operators is achieved through localization
enhancement (15) [see Supporting Online

lacIOZ –

terminal DNA binding domain (21). Our fusion
protein forms a dimer, which like most other Cterminal fusions with LacI (22), does not tetramerize
(fig. S1). The labeled dimer up-regulates the expression of lacZ ~100-fold in response to full
induction by IPTG at 37°C (JE13 in Fig. 1B). This

DIC

Material (SOM)]. When E. coli cells are imaged
with a wide-field fluorescence microscope and a
charge-coupled device (CCD) camera with a
long exposure time (1 s), the fluorescence from
TFs that are not specifically bound to DNA is
collected from the entire area of the cell because
of fast diffusion and is hence overwhelmed by
strong cellular autofluorescence. However, a
single TF specifically bound to the relatively
stationary DNA emits from a highly localized
region and can be detected above the autofluorescence background.
A necessary condition for detection through
localization enhancement is that the copy number of TF must be low. LacI, like most other
TFs in E. coli, is naturally expressed at a low
level—about 20 monomers per lacI gene (23).
This results from autorepression at the O3 operator, which overlaps part of the lacI gene. We
further reduced the expression level by replacing
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Fig. 1. Specific binding to lac operators. (A) Strains. The chromosomal lac region of the wild-type E. coli
(BW25933) and various derivatives used in this report. (B) Bulk activity assay. The Miller assay (top) shows
that the YFP fusion strains (JE12 and JE13) are active and respond to induction by IPTG (1 mM, 3 hours)
by derepressing lacZ (yellow). The Western blot (bottom) for LacI shows that JE12 and JE13 express the
full-length fusion protein (67 kD) and that the expression in JE12, in the absence of IPTG, is strongly
autorepressed as compared to the wild type and JE13. (C) Fluorescence (1-s exposure) and DIC images of
JE12 grown in M9 glucose with amino acids. The YFP-labeled LacI binds persistently at one or two
locations per cell depending on whether the operators have been replicated or not. The graph shows the
fluorescence intensity along the red line. Scale bar, 1 mm. (D) DIC and fluorescence images (1-s exposure)
of LacI-Venus expressed from plasmid in the lacI− and lacIOZ− strains, respectively. Plasmid expression is
used to obtain similar expression levels in the two strains. No specific binding is observed in the absence
of the lac operators.
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Fig. 2. lac repressor kinetics in living cells. (A) JE12 bacteria before and 40 s after addition of IPTG to a
final concentration of 1 mM. (B) Fraction of the lac operator regions that is TF-bound (±SEM, n ~ 3) is
plotted as a function of time after induction by various concentrations of IPTG. The data are globally
fitted with a model in which IPTG binds independently to the two dimers in the operator region (SOM).
(C) JE12 bacteria before and 1 min after dilution of IPTG from 100 to 2 mM with the addition of 1 mM
ONPF. (D) Fraction of the operator regions that is TF-bound (±SEM, n ~ 3) as a function of time after
rapid dilution of IPTG from 100 to 2 mM by addition of 1 mM ONPF. The data are fitted with an
exponentially distributed binding time and yield a time constant of 59 s.
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Fig. 3. Imaging nonspecifically bound LacI. (A)
Two fluorescence images with different exposure
times and the corresponding DIC image of IPTGinduced E. coli cells. At 1000 ms, individual LacIVenus appear as diffuse fluorescence background.
At 10 ms they are clearly visible as nearly
diffraction-limited spots. (B) Fluorescence spot size
as a function of exposure time. The size is represented as the average variance of a 2D Gaussian
function fit to images of fluorescence spots (±SEM,
n ~ 100). The same total excitation energy is used
for different exposure time. The spots are measured
before (−IPTG, ●) and after (+IPTG, ■) induction.
The size converges to the width of the point spread
function (full width at half maximum = 370 nm)
below 5ms.
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not due to photobleaching (fig. S3). In Fig. 2B
the fraction of operator regions with bound TF is
plotted as a function of time after induction at
different IPTG concentrations. The repressor
dissociation kinetics was probed by imaging
different groups of cells at different time points
after induction (SOM). Because dissociation of
the IPTG-bound LacI from the operator is
significantly faster than 1 s−1 (2), we could
attribute the kinetics in Fig. 2B to the binding of
IPTG to the LacI-operator complex. However,
fitting of Fig. 2B (SOM) yields an association
rate constant of IPTG to the repressor-operator
complex of ~851 M−1 s−1. This value is one
order of magnitude lower than the in vitro
estimate (2), which indicates that IPTG’s
membrane permeability might be rate limiting
for LacI binding.
To investigate how fast the TFs find a specific operator site, we rapidly diluted IPTG from
100 to 2 mM by adding growth media with
1 mM ONPF (2-nitrophenyl-b-D-fucoside) (Fig.
2C). ONPF is an anti-inducer that competitively
binds to LacI and therefore effectively prevents
rebinding of IPTG after its dissociation (23).
Kinetic analysis (Fig. 2D) yields a time constant
of ~59 s for the exponential rise (SOM).
Considering that IPTG dissociates from LacI in
just a few seconds (2) and assuming that ONPF
reaches sufficient intracellular concentration rapidly, we would expect the TF’s target searching to
be rate limiting. Taking into account the possibility of a slower ONPF influx rate, we conclude
that the upper bound of the time for the first TF

the O3 operator with an O1 operator sequence,
thus enhancing autorepression. This reduces the
expression level by a factor of ~3 as compared
to the wild type (Fig. 1B).
Figure 1C shows a differential interference
contrast (DIC) image and the corresponding
fluorescence image with a 1-s exposure time. In
the image, specifically bound TFs appear as
nearly diffraction-limited spots. Most cells have
at least one spot per cell. Some have two, owing
to replication of the operator region (24). We
could not distinguish from the spot intensity
whether one or two TF dimers were bound to
the operator region containing two O1 operators
(Fig. 1A and fig. S1). As a control, we showed
that the specific LacI binding is dependent on
the concentration of inducer (IPTG) (fig. S2).
As another control, we proved that LacI binds
specifically only to the lac operator. We expressed LacI-Venus from plasmid in two
different strains, with and without specific chromosomal operators (lacI − and lacIOZ −, respectively) (Fig. 1A). The fluorescence images in
Fig. 1D with 1-s exposure demonstrate the lack
of specific binding in lacIOZ − strain, proving
that LacI binds persistently only at the lac
operators.
We next investigate the response time of TFmediated induction. Figure 2A shows the same
cells before and 40 s after addition of 1 mM
IPTG to the growth media. During this time
interval, the TFs dissociate from the operators
in nearly all cells. As a control, we proved that
the disappearance of localized fluorescence is

Table 1. Diffusion constants and characteristic times.
Parameter
Deff
D3
D1
Search time* (t )
Residence time on DNA (tR)

Value

Method
−1

0.4 ± 0.02 mm s
3 ± 0.3 mm2 s−1
0.046 ± 0.01 mm2 s−1
65† to 360 s
0.3† to 5 ms
2

*
Defined as the time for a single TF in one cell to find a target.
association to nonspecific sites (29) (SOM).

In vivo SM tracking
In vivo FCS
In vitro SM tracking
Detection by immobilization
Spot size dependence on exposure time
†

Theoretical lower bound considering diffusion-limited

Fig. 4. Single-molecule tracking with stroboscopic illumination. (A)
Timing diagram for stroboscopic illumination. Each laser pulse (1 ms) is
synchronized to a CCD frame time, which lasts time T. (B) Displacement
histograms for different values of T. The absolute values of displacement
along an arbitrary axis were calculated from 2D Gaussian fittings in two
successive image frames. The displacement distribution of nonspecifically bound TFs broadens with time (left), whereas the distribution
www.sciencemag.org

to find one of the two unoccupied O1 operators
is 59 s. Because there are about three repressors
per cell, it would take at most t ~ 59 s × 2 × 3 =
354 s for a single lac repressor dimer in one cell
to find a specific operator.
We next turn our attention to the search
process. The conventional view is that the search
is facilitated by a combination of 1D diffusion
along short DNA segments separated by transfers between segments through cytoplasm.
Recent in vitro experiments on DNA-repair enzymes have directly demonstrated the 1D diffusion along nonspecific DNA (25). Similarly, we
determined the 1D diffusion constant of the dimeric LacI-Venus to be D1 = 0.046 ± 0.01 mm2 s−1
using single-molecule tracking on flow-stretched
DNA (SOM). Although the in vitro measurement
was done at low salt concentration in order to
obtain trajectories with long residence time, the
diffusion constant, which is largely independent
of ionic strength (25), is expected to be similar in
a living cell. However, the residence time, which
is dependent on salt concentration, is yet to be determined in vivo.
To determine the nonspecific residence time
on DNA for IPTG-bound LacI-Venus in a living
cell, we obtained fluorescence images at different
exposure times. With 1-s exposure, nonspecifically bound LacI cannot be imaged individually,
as shown in Fig. 1D. With 10-ms exposure,
however, LacI appear as nearly diffractionlimited spots (Fig. 3A). We observed two to four
TFs in each cell, consistent with the expected
LacI copy number. Figure 3B (and fig. S4)
shows that the spot sizes increase for exposure
times longer than 5 ms. Because the 1D diffusion
along a DNA segment on this time scale is much
shorter than the diffraction-limited spot size, we
attribute the increase in spot size to 3D translocation between nonspecific binding events.
This result indicates that the TF’s nonspecific
residence time in cells, tR, was ≤5 ms.
The ability to image nonspecifically bound
TFs allowed us to track the movement of individual TFs using stroboscopic laser excitation.

before induction (right) remains peaked at <100 nm. The contrast
between them illustrates the change in TF mobility before and after
induction. (C) Mean-square displacement for nonspecifically bound TFs
at different time intervals. The red line shows a linear fit of the MSDs.
Error bars are calculated as described in the SOM. The fitting agrees well
with a normal diffusion in the imaging plane, 〈Dx2〉 = 4Defft, with Deff =
0.4 mm2 s−1.
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Laser pulses (1 ms) were synchronized to the
frame rate of a fast EMCCD (electron multiplying charge-coupled device) camera (Fig. 4A,
SOM). Because individual molecules are
bleached in three to four frames, we varied the
frame rate (1/T) to construct net displacement
histograms for different time intervals (T = 10 to
75 ms) (Fig. 4B). Without IPTG, both the
specific and nonspecific binding events are
observed, and the displacement histogram is
strongly peaked at <100 nm because most TFs
are specifically bound. This shows that the lac
operator region is confined to within 100 nm
during 75 ms. With 1 mM IPTG, however, the
displacement distribution broadens with increasing time intervals.
We next determine the apparent diffusion
constant. The mean square displacement (MSD)
of IPTG-bound LacI measured at various time
intervals follows a linear dependence at the
time scale >10 ms (Fig. 4C) and does not exhibit anomalous diffusion, as was observed for
mRNA in E. coli cytoplasm at longer time
scales (26). The apparent diffusion constant,
Deff = 0.4 ± 0.02 mm2 s−1, is one order of magnitude higher than the 1D diffusion constant (D1)
of LacI dimers on DNA. Therefore, we attribute
apparent diffusion to the contribution from 3D
diffusion in between nonspecific bindings. Using
fluorescence correlation spectroscopy (FCS) (27),
we measured the in vivo diffusion constant of
LacI-Venus without its DNA binding domain to
be D3 = 3 ± 0.3 mm2 s−1 (SOM). This suggests
that the Lac I dimer spends ~87% of the time
nonspecifically bound and diffusing along DNA
(SOM). This fraction is consistent with the
previous population-averaged estimate (>90%)
on the basis of the LacI tetramer concentration
in minicells (28).
With the measurements of the diffusion
constants and residence time (Table 1), we can
give an estimate of the search time using a
simple model for facilitated diffusion (7).
Considering that the repressor spends most of
its time bound to DNA, the search time is
estimated as the nonspecific residence time (tR)
multiplied by the average number of 1D
diffusion events necessary to find the target
(29). The latter is given by the accessible
genome size (M ≈ 4.8 × 106 bp) divided by
the number
of base pairs visited per sliding
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
event ( 4D1 tR < 85 bp).
M
t ≈ tR pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ M
4D1 tR

rﬃﬃﬃﬃﬃﬃﬃﬃ
tR
4D1

ð1Þ

This results in a search time of t < 270 s for a
single lac repressor in one cell to find one
target. In the SOM, we further calculate a
lower bound of the search time based on
diffusion-limited association to nonspecific
DNA (Table 1). Hence, the measured and
estimated search times are consistent. Despite
the uncertainty of these numbers, our measure-
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ments provided quantitative information of the
target search on DNA in vivo. This result has
implications for other DNA binding proteins
such as DNA-repair enzymes. Similar singlemolecule experiments will advance our quantitative understanding of biochemistry and molecular
biology in living cells.
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Abraxas and RAP80 Form a BRCA1
Protein Complex Required for the
DNA Damage Response
Bin Wang,1 Shuhei Matsuoka,1 Bryan A. Ballif,2* Dong Zhang,1† Agata Smogorzewska,1,3
Steven P. Gygi,2 Stephen J. Elledge1‡
The BRCT repeats of the breast and ovarian cancer predisposition protein BRCA1 are essential
for tumor suppression. Phosphopeptide affinity proteomic analysis identified a protein, Abraxas,
that directly binds the BRCA1 BRCT repeats through a phospho-Ser-X-X-Phe motif. Abraxas binds
BRCA1 to the mutual exclusion of BACH1 (BRCA1-associated C-terminal helicase) and CtIP
(CtBP-interacting protein), forming a third type of BRCA1 complex. Abraxas recruits the ubiquitininteracting motif (UIM)–containing protein RAP80 to BRCA1. Both Abraxas and RAP80 were
required for DNA damage resistance, G2-M checkpoint control, and DNA repair. RAP80 was
required for optimal accumulation of BRCA1 on damaged DNA (foci) in response to ionizing
radiation, and the UIM domains alone were capable of foci formation. The RAP80-Abraxas complex
may help recruit BRCA1 to DNA damage sites in part through recognition of ubiquitinated proteins.
he BRCA1 tumor suppressor is associated with hereditary breast and ovarian
cancer and functions in maintenance of
genomic stability (1, 2). BRCA1 contains an Nterminal RING domain, a Ser-Gln (SQ) cluster
domain (3), and two BRCT (BRCA1 C-terminal)
repeats, which constitute a phosphopeptide rec-
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ognition domain that binds peptides containing a phospho-SXXF motif (S is Ser, F is Phe,
and X varies) (4–6) and is required for tumor
suppression. By dimerizing with BARD1
(BRCA1-associated RING domain protein)
through the RING domain, BRCA1 forms an
E3 ubiquitin ligase (7–10).

www.sciencemag.org

