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On the basis of the evidence presented in this
report, we propose that appressoria of the rice
blast fungus infect plants by using a septin-
dependent mechanism summarized in Fig. 4G. In
this model, isotropic expansion of the pressurized
appressorium is directed into mechanical force at
the base of the infection cell. This is dependent
on assembly of an extensive toroidal F-actin net-
work at the appressorium pore to provide cortical
rigidity at the initially wall-less region of the ap-
pressorium. Septins organize the actin network,
making direct phosphoinositide linkages to the
plasma membrane and facilitating the action of
ERM proteins, such as Teal, which link cortical
F-actin to the membrane. The septin ring also
acts as a diffusion barrier to ensure localization of
proteins, such as the Rvs167 I-BAR protein, and
the WASP/WAVE complex involved in mem-
brane curvature at the tip of the emerging pen-
etration peg and F-actin polymerization (Fig. 4G).
In this way, the rice blast fungus extends a rigid
penetration peg that ruptures the leaf cuticle and
invades the host plant tissue.
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The /ac Repressor Displays Facilitated
Diffusion in Living Cells

Petter Hammar, Prune Leroy, Anel Mahmutovic, Erik G. Marklund, Otto G. Berg, Johan ELf*

Transcription factors (TFs) are proteins that regulate the expression of genes by binding
sequence-specific sites on the chromosome. It has been proposed that to find these sites fast
and accurately, TFs combine one-dimensional (1D) sliding on DNA with 3D diffusion in the
cytoplasm. This facilitated diffusion mechanism has been demonstrated in vitro, but it

has not been shown experimentally to be exploited in living cells. We have developed a
single-molecule assay that allows us to investigate the sliding process in living bacteria. Here we
show that the lac repressor slides 45 + 10 base pairs on chromosomal DNA and that sliding can be
obstructed by other DNA-bound proteins near the operator. Furthermore, the repressor frequently
(>90%) slides over its natural lacO; operator several times before binding. This suggests a trade-off
between rapid search on nonspecific sequences and fast binding at the specific sequence.

to rapidly find their specific binding sites

among millions of nonspecific sites on
chromosomal DNA (7). In 1970, Riggs et al.
showed that in vitro the /ac repressor (Lacl)
finds its operator apparently faster than the
rate limit for three-dimensional (3D) diffu-
sion (2). These experiments were explained
by the facilitated diffusion theory (3, 4), which
posits that TFs search for their binding sites

Transcription factors (TFs) have evolved
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through a combination of 3D diffusion in the
cytoplasm and 1D diffusion (sliding) along the
DNA. The sliding effectively extends the target
region to the sliding distance, which facilitates
the search process. Since then, sliding on DNA
has been studied in various in vitro assays (5-8),
including direct observations in single-molecule
experiments (9, 10). However, the physiolog-
ical relevance of the long sliding distances ob-
served at low salt concentrations in vitro has
been questioned (//, 12). This is because the
high intracellular concentrations of salt and nu-
cleoid proteins are expected to reduce sliding
distances (/3). Therefore, whether facilitated
diffusion is used in living cells, and if so, how

far a TF slides on chromosomal DNA, remain
unanswered questions.

Single-molecule imaging provides the time
resolution necessary to study TF binding kinet-
ics in living cells. Using a yellow fluorescent
protein—labeled Lacl in Escherichia coli cells, we
developed an assay for measuring the search time
based on the distinction between localized and
diffuse fluorescence signals (/4). On a 4-s time
scale, individual operator-bound Lacl-Venus mol-
ecules appear as diffraction-limited spots over
the background of freely diffusing molecules
(Fig. 1A). By measuring the average number of
fluorescent spots per cell as a function of time
after removing the inducer isopropyl-f-p-1-
thiogalactopyranoside (IPTG) (fig. S7), the ki-
netics of TF binding to an individual operator site
in the E. coli chromosome can be monitored at a
time resolution of seconds (Fig. 1B) (15). The
fusion to Venus prevents Lacl from forming tet-
ramers, thus removing the possibility that the
protein will loop DNA. The accuracy of the assay
depends on limiting the total number of repres-
sors to three to five molecules per cell (14, 16).
This can be achieved (fig. S6) by increasing the
autorepression through a single artificial lacOgyy,
operator site partially overlapping the repressor
coding region (Fig. 1B, inset).

When we measured the association rate in the
strain with a single lacO,,,, (JE101), we found
that it took an average time of 56 + 2 s (SEM) for
any of the three to five fully active (supplemen-
tary text) Lacl-Venus dimers to bind the operator
site (Fig. 1B). This implies that the time required
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for a single repressor molecule to bind lacO,,, is
3 to 5 min. These observations are in excellent
agreement with recent theoretical binding-time
predictions (3.5 min) based on facilitated diffu-
sion by sliding (/3) (supplementary text). This
overall agreement suggests the possibility of
a sliding mechanism, without proving any of
the specific assumptions made in the theoret-
ical model.

To directly evaluate whether the /ac repressor
slides on nonspecific DNA sequences in vivo—
and if so, how far—we made strains (/5) with
two identical lac operator sequences separated by
different distances (Fig. 2A, fig. S5, and table S1)
and measured how fast the /ac repressor finds
any one of these sites (Fig. 2B). This is an in vivo
version of the in vitro assay for TF sliding de-
veloped by Ruusala and Crothers (7). The
rationale is that if the distance between two op-
erator sites is smaller than the sliding distance,
they will appear as one search target, whereas
two distant operator sites will appear as two
independent targets. Indeed, when the two op-
erator sites were positioned 115 base pairs (bp) or
203 bp apart, the first binding event of the two
operators occurred twice as fast as the binding
event of a single operator (Fig. 2B and fig. S8).
This implies that the two operators are perceived
as independent targets in the search process and
that the sliding distance is shorter than 115 bp.
However, when the distance between the operator
sites was shortened to 45 or 25 bp, there was a
significant decrease in the rate of binding (Fig.
2B), demonstrating that the target regions of the
two operators partly overlap. This suggests that
the effective target region of an individual operator
site is much larger than the ~1 bp precision needed
for specific binding by 3D diffusion only (3).

To calculate the size of the target region, we
derived the association-rate dependence on the
operator distance based on the facilitated diffu-
sion model (3) (supplementary text and fig. S3).
The rate of binding in the two-operator case, 7,
in relation to the rate of binding in the one-
operator case, 71, can be expressed as

:—Z:I—O—tanh (L/2s) (1)
1

where L is the center-to-center distance between
the operators and s = \/D/kq is the effective
capture distance along DNA from each side of
one operator. In deriving this relationship, it is
assumed that the TF slides along a DNA seg-
ment at rate D (bp2 s 1), that it dissociates from
the DNA at rate k4 (s '), and that the TF always
binds as soon as it reaches the operator. The root
mean square sliding distance is sp = sv/2. A
best fit of the association rates in Fig. 2B to
Eq. 1 gives an effective sliding distance s = 36 +
6 bp (SEM).

One consequence of sliding on DNA before
binding to a specific site is that another protein
bound next to the operator would block sliding
from that side and therefore reduce the overall
association rate by up to a factor of 2. To test this
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Fig. 1. Single-operator binding assay. (A) Overlays of E. coli cells imaged in phase contrast and
fluorescence microscopy. (Left) Repressing state (—IPTG); Lacl-Venus binds the single chromosomal
operator (lacO,,,,) and appears as a diffraction-limited spot (yellow). (Right) The cells are induced with
IPTG (300 uM), which prevents specific operator binding and results in a diffuse fluorescence signal
from the rapidly diffusing Lacl-Venus molecules. Scale bar: 2 um. (B) The association rate to a single
chromosomal operator is determined by studying the rebinding kinetics of the repressor to the operator
after removing the inducer. The fractional binding, i.e., the average number of bright diffraction-limited
spots per cell as a function of time, is fitted to the single exponential function a(1 — be™). (Inset) The
accuracy of the assay depends on maintaining a low and even expression of Lacl-Venus. This is achieved
by using strong autorepression mediated by the ideal lac operator lacO,,, or lacO; in a position that
overlaps the 3" end of the lacl-venus coding sequence (sequence level information is in table S1).
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Fig. 2. Sliding-length determination. (A) Two identical lacOs,,, operator sites are positioned at center-
to-center distances 25, 45, 65, 115, or 203 bp (45 and 115 bp not shown) in different strains. The
capture region of each operator is indicated with colored arrows. When the operators are far apart, they
are expected to be independent targets in the search process. When the operators are moved closer,
such that the capture regions of two operators overlap, they should appear more and more as one
operator site (green). The strains express the same amount of Lacl-Venus, as shown by Western blots
(fig. S6). (B) Rate of binding to the first of two identical operator sites as a function of the interoperator
distance. The association rates are fitted to the theoretical sliding length dependence curve (black line),
(1 + tanh(L/(s;1/2))), where L is the distance between operators. ¢ = 0.73 + 0.02 min™" is the association
rate to a single operator, and s; = 36 = 6 bp is the sliding distance. Error bars indicate +SEM; n > 8. (Inset)
Individual association rate measurements (data for 45 and 115 bp are provided in fig. S8).

T
0

prediction, we placed the operator fetO, of the
transcription factor TetR next to a single lacO,,
operator (Fig. 3A). We optimized the position
of the tetO, site by using molecular-dynamics
simulations to place the TetR as close as possible
to Lacl without allowing contact between the
bound proteins (Fig. 3C). When TetR was present,
the rate of Lacl binding to lacO,,,, was reduced by

a factor of 1.75 + 0.18 when the zetO, site was
next to the lacO,,, site as compared to when there
was no tetO; site (Fig. 3A). However, the equilib-
rium binding of Lacl to lacO,,,, was not changed
by TetR binding (Fig. 3, A and B, and fig. S14).
Thus, TetR obstructs the entry and exit pathways
of the lac operator without changing the free en-
ergy of the bound state.
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Fig. 3. A TetR roadblock reduces the association rate of Lacl without changing its equilibrium binding. (A) Single-operator binding ¢
operator. TetR i IS expressed
from plasmid pQE30 in both strains. The association rates are 1.18 + 0.09 min~* without tet0, and 0. 68 £ 0.05 min~

kinetics without (yellow squares) and with (green circles) a tetO, operator site juxtaposed to the lacOy,,
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(the ratio is 1.75 + 0.18). Error bars indicate +SEM; n > 4. (B) B-Galactosidase activity assay showing how the regulation of lacZ is influenced by TetR
binding next to the lacOs,, as in (A). TetR or XylR is expressed from plasmid pBAD24. (C) Molecular-dynamics simulation of Lacl (blue) and TetR (red)
binding on DNA in the same configuration as in (A) and (B). The simulations are based on crystallographic data of Lacl and TetR binding their respective
operator. The snapshot image illustrates how the two transcription factors are separated in space. The inset shows how the shortest distance between the

proteins changes over time in the simulation.
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Fig. 4. Contributions from the elements of the wild-type operator region. (A) Association rates
measured for strains stepwise modified from the wild-type operator configuration in JE13. The arrow
indicates the promoter region with binding sites for CRP, H-NS, and RNAP. The contributions of
individual operators fit an addltlve model with lacOy,,, = 0.73 min -1 . lacO; = 0.57 min™, lacO, = 0.25
min~%, and lacO; = 0.06 min~>. See supplementary text for all blndlng curves and calculations. Error
bars indicate +SEM; n > 4. (B) Comparison of association rates for lacO; and lacO,, operators. Binding
curves are shown for a single lacO; (red filled circles), a single lacOy,, (red filled squares), two lacO,
(black open circles), and two lacOs,,, (black open squares). Association rates [in (A)] are given by single
exponential fits (supplementary text). Error bars indicate £SEM; n > 4.

The wild-type lac operator region is more
complicated than in the simplified constructs. It
includes, for example, the binding sites for RNA
polymerase (RNAP), cAMP receptor protein
(CRP), and histone-like nucleoid structuring pro-
tein (H-NS) (17, 18). This raises the possibility

that these proteins act like the TetR-roadblock
and make sliding less important in the natural
context than in our constructs. To identify the
contribution of each element in the wild-type lac
operator region, we modified it stepwise into our
artificial construct (Fig. 4A). Starting with the

wild-type operator configuration lacO3-0;-O;
and changing /acOj; to the much stronger /lacO;
operator increased the association rate for the TF
to the operator region by a factor of 1.57 (figs.
S10, F and H, and S11). Next, the weak lacO,
site was removed from lacO;-O;-O,. This de-
creased the rate of binding only by a factor of
1.20 (fig. S10E), implying that the association
rate to lacO; is lower than to lacO;. Finally, we
replaced the binding sites for RNAP, CRP, and
H-NS between the two remaining /acO; sites. This
did not change the rate of Lacl binding significant-
ly (fig. S10D), showing that the RNAP, CRP, and
H-NS sites are not sufficiently occupied to hinder
sliding under our experimental conditions.

The rate of binding to the two independent
lacO; operators in the modified /ac operator
region (JE118) is 26% smaller than that to the
two independent lacQ,,,, operators (JE104) in
the sliding distance experiment (Fig. 4B). This
observation is inconsistent with previous theoret-
ical models (3, 74, 19), which have assumed that
the rate of operator binding is diffusion limited
and thus independent of variations in operator
sequence. The difference was, however, confirmed
by comparing association rates to single /acO; and
lacQ,,,, operators in otherw15e identical strains
(rates: 0. 74 +0.03 min~' for lacO,,,, and 0.60 +
0.03 min ' for lacO;) (Fig. 4B). The difference im-
plies that the repressor has different probabilities,
Poing» Of binding the different operators before
sliding to the neighboring base pair. There are,
however, neither theoretical predictions nor exper-
imental estimates of this probability for any TF.
Therefore, we have here rederived the established
search rate equations to include the probability of
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binding the operator (supplementary text and fig.
S1). The difference in association rate between
lacO,,,, and lacO; means that the upper bound
for lacO; is pying = 0.12, if we consider that the
upper bound for lacO,,, is pying = 1.

One method to determine the absolute value
of pping 1 to measure association rates to a lac
operator in strains where roadblocks for sliding
have been placed on both sides of the operator
(supplementary text). For pying = 1, the overall
association rate would be strongly dependent on
the distance between the roadblocks because they
would determine the effective target region. A
Poind << 1 would imply that the operator is by-
passed several times before binding. This would
reduce the impact of the roadblocks because the
restricted target region would be largely com-
pensated by an increased number of return events
(fig. S2). On the basis of measurements with
TetR roadblocks at 7 or 12 bp from the lac
ogerator, we estimate that pJl; = 0.044 and
Dt = 0.094 (supplementary text and fig. S13).

It may seem that this low py;,q would make
the TF search hopelessly inefficient. However, in
terms of search efficiency, one has to take into
account that the TF returns many times (sz //2)
before leaving the capture region of the operator
DNA. In the refined search model, including the
low pping, the sliding distance is s, =45 + 10 bp
and the overall probability of binding a lacO;
operator, including multiple return events, is 53 +
24% (supplementary text and figs. SI and S2).
One important consequence of py,q < 1 is that it
invalidates the classical prediction (3, 79) that the
maximal association rate can be achieved when
the repressor spends 50% of the time free in the
cytoplasm and 50% nonspecifically bound. When
the association rate is maximized for pyiq < 1, the

optimal fraction of time the TF is nonspecifically
bound will be larger than 50% (supplementary
text). The experimentally observed 90% non-
specific binding (/4, 20) is optimal for the lower
range of the estimated binding probabilities (sup-
plementary text and fig. S4).

We have demonstrated here that the lac re-
pressor slides into its chromosomal operators in
living bacterial cells. The average sliding dis-
tance is s; = 45 + 10 bp, which is close to what
is measured in vitro (5, 7) for ionic strengths
corresponding to 0.15 M monovalent cations
(21). The sliding makes the search for a lacO;
operator 40 times as fast (Eq. S8) as the situation
where the repressor binds DNA nonspecifically
but does not slide. In relation to a hypothetical
situation where the repressor could bind directly
to an operator without nonspecific interactions,
the speed-up is a modest factor of 4 (Eq. S14),
i.e., the in vivo binding is not much faster than
the theoretical diffusion limit for 3D diffusion
alone. The fact that the sliding TF does not bind
to the operator upon first encounter opens a new
level of complexity in the evolution of tran-
scription factors and their binding sites. Indeed,
it may be physically impossible to combine a
high probability of binding at specific sites with
a fast search at nonspecific sites.
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