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            Abstract
Transcription factors mediate gene regulation by site-specific binding to chromosomal operators. It is commonly assumed that the level of repression is determined solely by the equilibrium binding of a repressor to its operator. However, this assumption has not been possible to test in living cells. Here we have developed a single-molecule chase assay to measure how long an individual transcription factor molecule remains bound at a specific chromosomal operator site. We find that the lac repressor dimer stays bound on average 5 min at the native lac operator in Escherichia coli and that a stronger operator results in a slower dissociation rate but a similar association rate. Our findings do not support the simple equilibrium model. The discrepancy with this model can, for example, be accounted for by considering that transcription initiation drives the system out of equilibrium. Such effects need to be considered when predicting gene activity from transcription factor binding strengths.
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                    Figure 1: The single-molecule chase assay.[image: ]


Figure 2: Kinetic measurements for individual lac operators.[image: ]


Figure 3: Models of gene regulation.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Single-molecule chase assay for dissociation.
(a) Western blot of strain JE127 harboring pBAD24-lacI. While plasmid-expressed LacI was immediately upregulated by the addition of arabinose, chromosomal LacIs-Venus remained unaffected. Using ImageJ (supplementary reference 2) the excess of competitor (LacI over LacIs-Venus) was quantified for each time point to be 4× (at 0 min), 5× (1 min), 12× (3 min) and >20× (5 and 10 min). (b) Raw data of the different dissociation rate measurements shown in Figure 2a and Supplementary Figure 4b—each data set is fitted including an initial association of fluorescent molecules as described in the Online Methods. For each strain/condition all series are fitted to a fixed generation time (i.e., time between divisions, which is 26 min at 37 °C (Supplementary Fig. 3a) and 70 min at 25 °C (data not shown)), a common toff and individual parameters for start and end levels. (c) LacIs-Venus binding to lacOsym at 37 °C; in black circles (as in Fig. 2a)—pBAD24-lacI, switch from IPTG to arabinose; in green squares—pBAD24-lacI, switch from IPTG to IPTG + arabinose; in red triangles—pBAD24-xylR, switch from IPTG to IPTG + arabinose.


Supplementary Figure 2 Fast switching kinetics as demonstrated by IPTG response.
(a) Images show binding of LacI-Venus to lacO1 (at 37 °C), with automatically detected localized spots encircled, before (0) and 0.4, 2.8 and 5.2 s after removal of IPTG. Scale bar = 4 μm. As described in the Supplementary Note, a 2-s delay was subtracted from the time points to account for the time delay from the medium switch. (b) The corresponding dissociation curves from lacO1 and lacOsym operators. (c) Association rates to lacOsym measured with increasing competing concentration of the anti-inducer ONPF. (d) Steady-state binding (number of spots per cell after 15-min incubation with IPTG at different concentrations) to lacOsym.


Supplementary Figure 3 Average number of operator sites.
The number of lac operator sites per cell increases at replication, decreases at division and can be detected as specifically bound LacI-Venus molecules. (a) The observed frequency (number of molecules cell-1 min-1 μm-1) of specifically bound LacI-Venus molecules mapped onto the major axis (horizontal) of the cells over time (vertical, from top to bottom). The exponentially expanding black lines indicate the average apex position of the poles of the cells, and the red horizontal lines indicate the average division times. Cells are synchronized at the time they achieve a reference length (4.25 μm). (b) The contribution of spots detected in a strain in which all operator sites have been removed (same scale as in a). (c) Same as (a) but with cells synchronized according to time of division.


Supplementary Figure 4 Roadblock effect for association to lacOsym and lacO1 and dissociation from lacOsym.
(a) Association to lacOsym with and without roadblock on one side of the operator; the roadblock effect is f = 1.35 ± 0.04. (b) Dissociation with and without roadblock; the same data as in Supplementary Figure 1b (bottom right panel) and fitted as described in the Supplementary Note; the roadblock effect is f = 1.25 ± 0.09. (c) Association in a strain with two lacO1 operators with binding sites for two TetR roadblocks in between. Association curves with and without TetR expressed are shown. The roadblock effect is f = 1.16 ± 0.03. (a–c) We verified that the TetR roadblock binds >99% of the time by comparing β-galactosidase activity ± aTC in a strain (JE125; Supplementary Fig. 7b) where lacO1 is replaced by the tet operator tetO2 and TetR is chromosomally and highly expressed as in the kinetic experiments. The repression ratio is 220 ± 26 (mean ± s.d.). As a control the experiment was repeated without TetR expressed (strain JE112), and here the repression ratio is 1.0 ± 0.35 (mean ± s.d.). Comment: the rates for binding to two operator sites in (c) are not a factor of two higher as compared to Figure 2b as under these experimental conditions, i.e., exponential growth at 37 °C in the microfluidic device, the fraction of mature Venus is on the order of 0.25 and many sites are occupied by non-fluorescent LacI-Venus.


Supplementary Figure 5 Spatial distribution of non-specifically bound LacI-Venus molecules in cells between 4.6 μm and 5.1 μm.
(a) The distribution of LacI-Venus molecules observed at 2-ms exposures in strains without specific operator sites. The top panel shows the distribution of LacI42-Venus (n = 20,863 cells with 〈s〉 = 0.26 detected spots per cell), in which the DNA binding domain of LacI has been deleted. The following panels (from top to bottom) show strains expressing LacI-Venus from loci proximate to the origin of replication (n = 15,538, 〈s〉 = 0.77), mid-replicore (n = 13,572, 〈s〉 = 0.65) and the terminus (n = 19,023, 〈s〉 = 0.63), respectively. (b) Localization of chromosomal gene loci as determined by the specific binding to operator sites. Top, origin seen as the binding of plasmid-expressed LacI-Venus to an array of lacO1 operators (n = 5,453, 〈s〉 = 1.55). Middle, mid-replicore seen as the binding of chromosomal LacI-Venus to single lacO1 (n = 10,942, 〈s〉 = 0.5) (data the same as in Supplementary Fig. 3a). Bottom, terminus seen as the binding of chromosomal MalI-Venus to two colocalized malO sites (n = 12,648, 〈s〉 = 0.8. (c) Distribution of LacI42-Venus without (top) (n = 517, 〈s〉 = 1.35) and LacI-Venus with (bottom) (n = 1,054, 〈s〉 = 1.7), DNA binding domain; expressed from the mid-replicore region and imaged 40 min after fixation with formaldehyde. (d) Same as (c), although with data pooled from the whole data set and thus a broader range of cell lengths (2.3–5.6 μm) (top) (n = 17,579, 〈s〉 = 0.96) (bottom) (n = 15,175, 〈s〉 = 1.38). (e) Time lapse showing how non-specifically binding LacI-Venus molecules are immobilized by formaldehyde treatment; the detection of near-diffraction limited spots increases with time when imaging is done using long exposure times (blue squares), and the rate of diffusion decreases on the same timescale as measured by fast tracking (3.5 ms between frames). (f) The growth of single cells as a function of time (25 s between frames) before and after (vertical red dashed line) formaldehyde treatment. The data show the average of 230 individual cell traces. The vertical black continuous line marks the point of growth arrest as found by regression analysis. Inset, a subset of the cell traces (from a single trap in the microfluidic chip) and the fitting to each one of them is shown with the same axis labels as in the main figure.


Supplementary Figure 6 Tracking of LacI-Venus in cells between 2 and 3 μm.
(a) Trajectories longer than 30 ms at a sampling rate of 330 Hz with 1-ms exposures in a strain without specific operator sites, mapped onto a unit cell (425 trajectories from approximately 500 cells). Five trajectories were randomly chosen and highlighted. (b) The distribution of detected spots mapped onto a unit cell (117,891 points from approximately 500 cells). (c) MSD analysis for the two-dimensional trajectory data presented in (a). The analysis was performed prior to mapping coordinates onto the unit cell. The offset indicates a localization accuracy of 40 nm. (d) A histogram showing the distribution for step lengths in two dimensions for the diffusing molecules during a time of 9 ms, i.e,. for trajectories subsampled by a factor of 3.


Supplementary Figure 7 Strains used in this study.
Those marked with an asterisk were previously published (supplementary reference 1). (a) Strains used in microscopy experiments and (b) strains used in β-galactosidase experiments.


Supplementary Figure 8 Calibration of LacI-Venus expression levels.
(a) From left to right: total fluorescence in strains (Supplementary Fig. 7) having LacI-Venus being autorepressed at the sequence lacO1 (JE116) and the sequence lacOsym (JE101) then in two strains having LacI-Venus and no autorepression (JE120, JE124) and a strain lacking Venus (BW25993). Scale bar = 4 μm. (b) Western blot using antibody against LacI in the corresponding strains. From left to right: JE116, JE101, JE120, JE124 and BW25993.
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