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Transcription activators trigger transcript production by RNA Polymerase II (RNApII) via the Mediator coactivator complex. 
Here the dynamics of activator, Mediator, and RNApII binding at promoter DNA were analyzed using multi-wavelength 
single-molecule microscopy of fluorescently labeled proteins in budding yeast nuclear extract. Binding of Mediator and 
RNApII to the template required activator and an upstream activator sequence (UAS), but not a core promoter. While 
Mediator and RNApII sometimes bind as a pre-formed complex, more commonly Mediator binds first and subsequently 
recruits RNApII to form a preinitiation complex precursor (pre-PIC) tethered to activators on the UAS. Interestingly, Mediator 
occupancy has a highly non-linear response to activator concentration, and fluorescence intensity measurements show 
Mediator preferentially associates with templates having at least two activators bound. Statistical mechanical modeling 
suggests this “synergy” is not due to cooperative binding between activators, but instead occurs when multiple DNA-
bound activator molecules simultaneously interact with a single Mediator. 
 

Keywords 
TIRF; synergy; statistical mechanics; CoSMoS; activation domain; intrinsically disordered region 
 

Introduction 
Eukaryotic genes respond to a wide range of cues. Multicel-
lular plants and animals contain dozens to hundreds of dif-
ferentiated cell types, each expressing distinct subsets of the 
same genomic information1,2. Even single-cell eukaryotes 
such as yeast exhibit a wide range of specific transcription 
patterns tuned to nutrient availability, temperature, and 
other environmental conditions. A major determinant of 
these complex patterns of gene expression are transcription 
activators (TAs), sequence-specific DNA binding proteins 
that promote assembly of the RNA Polymerase II (RNApII) 
transcription machinery to form a pre-initiation complex 
(PIC) on target promoters3–5. More complete understanding 
of the molecular mechanisms of transcription activation re-
mains an essential goal in understanding eukaryotic gene 
regulation. 

Binding sites for TAs are typically clustered within DNA 
elements known as enhancers or upstream activating se-
quences (UASs)6. Metazoan enhancers often have a dozen or 
more TA binding sites1. Early promoter analyses showed 
that two or more binding sites for the same TA can result in 
far greater activation than the sum of that from the individ-
ual sites, a phenomenon termed “synergy”7–9. More gener-
ally, enhancers with sites for different TAs can synergisti-
cally integrate different signals transmitted through these 

distinct TAs, providing a basis for combinatorial regulation 
of promoters4,10–12. However, multiple TA sites in an en-
hancer do not always produce synergy12–15, and multiple 
mechanisms for synergy have been proposed9,14,16–19.  

TAs bound at a UAS promote assembly of PICs at the core 
promoter through multiple coactivators. Chromatin modify-
ing and remodeling coactivators (e.g., SAGA, SWI/SNF) 
modulate promoter accessibility. However, the most critical 
coactivator may be Mediator20–24. This large, multi-subunit 
complex has Head and Middle modules that can bind 
RNApII and several general transcription factors (GTFs); a 
Tail module that can bind the activation domains of many 
TAs; and a reversibly-associating kinase module that can 
phosphorylate TAs24–30. These interactions are believed to 
“mediate” communication between UAS-bound TAs and 
PIC components at the core promoter. This role is consistent 
with chromatin immunoprecipitation experiments detecting 
Mediator presence at either enhancers or at core promoters 
depending on the circumstances28,31–34. Likewise, structural 
studies have provided static pictures showing Mediator in-
corporated into either the PIC at the core promoter35–39 or 
bound with TAs, RNApII, and some GTFs at the UAS40. Fi-
nally, in vivo imaging experiments have led to models where 
clusters of multiple Mediator molecules form condensates at 
enhancers via intrinsically disordered regions41,42. Given this 
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diversity of its interactions, structural poses, and functions, 
the molecular mechanisms by which Mediator conveys acti-
vating signals from TAs to the PIC machinery at core pro-
moters are still not well understood31,43–45.  

Functional mechanisms of systems capable of multiple 
macromolecular interactions are often best revealed by sin-
gle-molecule methods. We used colocalization single-mole-
cule spectroscopy (CoSMoS)46,47 to directly image TA, 
RNApII, and Mediator dynamics on individual DNA mole-
cules in real time. Our experiments are based on budding 
yeast (Saccharomyces cerevisiae) nuclear extracts which con-
tain the full complement of nuclear proteins and recapitu-
late the essential features of activated transcription in vitro48–

51 when supplemented with the recombinant TA Gal4-
VP1652–54. To focus solely on chromatin-independent tran-
scription activation mechanisms, the template DNA was not 
pre-assembled into chromatin.  

Using this system, we previously found49 that RNApII 
and GTFs do not sequentially assemble PICs directly on the 
core promoter as often assumed. Instead, RNApII, TFIIF, 
and TFIIE associate first at the TA-bound UAS to form a PIC 
precursor (pre-PIC), which we proposed then transfers to 
the core promoter. Here we define the role of Mediator in 
PIC formation by showing that Mediator also initially binds 
UAS-associated TAs independently of the core promoter, 
and that this binding is necessary for simultaneous or subse-
quent RNApII binding. Quantitative analysis of Mediator 
and TA occupancy on DNA reveals that a single Mediator 
strongly prefers templates bound by multiple TAs, and the 
data implicate Mediator recruitment as a locus of TA syn-
ergy. 

Results 
Dynamics of Gal4-VP16 and Mediator binding to DNA  
We established a single-molecule fluorescence assay to char-
acterize how UAS-bound TAs affect Mediator dynamics. TA 
binding was monitored using a recombinant Gal4-SNAP-
VP16 protein consisting of the Saccharomyces cerevisiae Gal4 
DNA-binding domain, a SNAP tag fluorescently labeled 
with red-excited dye adduct SNAP-Surface-649, and the po-
tent herpes simplex virus VP16 transactivation domain 
(TAD)51,52 (Figure S1A). This construct is designated below 
as Gal4-VP16649. The DNA template contains a UAS com-
prised of five Gal4 binding sites positioned upstream of the 
CYC1 core promoter (UAS+promoter; Figure 1A; Table 
S4). We confirmed that transcription from this template in 
yeast nuclear extract (YNE) is as strongly activated by Gal4-
SNAP-VP1651 as by Gal4-VP1649,50,55,56 . To observe Mediator, 
a S. cerevisiae strain (YSB3613; Table S1) was constructed 

Figure 1: CoSMoS experiments design and example data. (A) Sche-
matic of the UAS+promoter DNA. (B) Experimental design. Labeled 
Gal4-VP16649 (red) and Med7549 (green) in YNE were allowed to bind to 
dye-labeled UAS+promoter DNA tethered to the slide surface. (C) Sin-
gle-molecule imaging example. Large grayscale image shows the mi-
croscope field of view (65 µm diameter) imaged for DNA before addition 
of extract at time t = 0. Insets show a magnified region of the field with 
two DNA molecules (boxes). Different laser excitation wavelengths vis-
ualized the DNA (blue border; t < 0) and colocalized Gal4-VP16649 (red 
border) or Med7549 (green border) at times t1 = 101 s and t2 = 301 s after 
extract addition. Cartoons illustrate inferred molecular species present 
on the two DNA molecules at times t1 and t2. 
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with tandem HA-tag and SNAP-tag fused to the C-terminus 
of Med7. Med7 is essential for viability38, so the unperturbed 
growth of this strain compared to the parental strain (Figure 
S1B) suggests that the tagged Mediator functions normally 
in vivo. Western blots of the YNE from this strain confirmed 
expression of Med7-HA-SNAP protein at the expected mo-
lecular weight (Figure S1C), and the YNE treated with the 
green-excited dye adduct SNAP-Surface-549 shows a single 
fluorescent protein (hereafter abbreviated as Med7549) at the 
same position (Figure S1D). Bulk transcription assays con-
firm that the Med7549-containing YNE displays activator-de-
pendent transcription activity in vitro (Figure S1E).  

Single-molecule microscopy experiments were done us-
ing conditions previously developed49–51 to study PIC for-
mation (Figure 1B). UAS+promoter DNA templates, tagged 
with biotin and blue-excited dye AF488, were tethered in a 
neutravidin-derivatized microscope flow chamber46,47. Total 
internal reflection fluorescence (TIRF) microscopy revealed 
several hundred DNAs in a typical field of view (Figure 1C). 
These were incubated with Med7549-containing YNE and 
Gal4-VP16649 in the absence of NTPs, conditions allowing 
stable formation of transcription-competent PICs while pre-
venting transcription initiation48–50,55.  

At 10 nM Gal4-VP16649, substantial binding was seen at 
DNA molecule locations (Figure 2A, S2A upper panel). 
These TA molecules remained bound for up to hundreds of 
seconds, consistent with kinetically stable binding of Gal4-
VP16 to its target site. In contrast, randomly selected control 
locations on the slide surface that lacked labeled DNA mol-
ecules displayed little TA binding (Figure 2B and Figure 
S2A lower panel; only 8% (28 of 356) of control no-DNA lo-
cations showed instances of TA binding vs. 74% (376 of 506) 
of DNA locations). Thus, TA bound specifically to the DNA 
rather than non-specifically to the slide surface.  

Gal4 binds its DNA target site as a dimer57, and in some 
records there were two different sizes of Gal4-VP16649 fluo-
rescence intensity steps (e.g., Figure 2A, middle trace; com-
pare steps denoted with single and double dots), consistent 
with TA dimers carrying either one or two active dyes. Quan-
titative analysis of the step increase intensity distributions 
(Figure S3A) confirmed that 97 ± 4% (S.E.) of TA dimers 
were labeled with at least one dye (see Methods). At a higher 
Gal4-VP16649 concentration (50 nM, Figure 2C), the initial 
TA association to a DNA molecule was followed by addi-
tional stepwise increases in fluorescence intensity, indicat-
ing sequential binding of two or more TA molecules to the 
five Gal4 binding sites. At 50 nM activator, the progressive 
accumulation of TA molecules on individual DNAs suggests 

that the rate of TA binding initially outpaced the rate of de-
parture, but eventually tended toward an equilibrium bal-
ance between arrival and departure. 

In the same experiments imaging TA binding, Mediator 
binding was simultaneously monitored. Mediator binding 
was DNA-specific, with little association with control no-
DNA locations (e.g., Figure 2B; Figure S2B: 79% (502 of 
637) of DNA locations showed Mediator binding versus only 
10% (56 of 561) of control locations). Surprisingly, at 10 nM 
Gal4-VP16649, Med7549 binding to DNA was rare, and individ-
ual binding events were short, on the order of 1 s duration 
(e.g., Figure 2A). In contrast, at 50 nM activator concentra-
tion, Mediator binding was more frequent and the time in-
tervals during which Mediator was present on DNA were 
typically 10- to 100-fold longer (e.g., Figure 2C). Thus, TA 
concentration had a profound effect on Mediator presence 
on the DNA. 

Even at 50 nM activator, a single DNA usually contained 
only one Mediator at a time, even when multiple TA mole-
cules were simultaneously present (e.g., Figure 2C, red 
bars). Instances of multiple Mediator molecules bound sim-
ultaneously at the same DNA were rare and brief (e.g., Fig-
ure 2C, green bar in bottom record). There were almost no 
observations of multiple Mediator molecules arriving simul-
taneously, arguing that multimolecular Mediator conden-
sates do not form in this experimental system, in contrast to 
what is reported for some mammalian enhancers in 
vivo3,41,42.  

TA presence on DNA recruits Mediator 
A plausible mechanism for Mediator recruitment is that TAs 
bind to DNA and, once present, they can directly or indi-
rectly bind Mediator. Our observations are consistent with 
such a sequential model: at 50 nM Gal4-VP16649, Mediator 
was over eight-fold more likely to occupy DNA during time 
points when Gal4-VP16649 was present as compared to inter-
vals without Gal4-VP16649 (Figure 2D). To rule out non-se-
quential alternative mechanisms (e.g., those in which TA 
binds before Mediator simply because TA generally binds to 
DNA faster than Mediator), binding time courses for 100 
randomly selected DNA molecules from the 10 nM (Figure 
2E) and 50 nM (Figure 2F) Gal4-VP16649 data sets were plot-
ted as two-color rastergrams. Sorting by time of initial Gal4-
VP16649 binding (left panels) shows that intervals with one or 
more Mediator complexes present (blue and green horizon-
tal lines) were more frequent and longer-lived after initial 
TA binding than before. In contrast, when the same 100 
DNA molecules were sorted by the time of initial Med7549 
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binding (Figure 2E, F, right, 
black points), TA binding inter-
vals (e.g., Figure 2E, F, right, 
red or blue horizontal lines) 
were almost equally dense be-
fore and after the first Mediator 
binding. Furthermore, the sub-
set of DNAs that never bound 
TA (Figure 2E, left, DNA mole-
cule numbers 71 – 100) almost 
never bound Mediator. The rare 
Mediator binding observed in 
the absence of fluorescent TA 
can be largely explained by dark 
TA dimers caused by photo-
bleaching or the small fraction 
of incompletely labeled mole-
cules (Figure S3A; see Meth-
ods) and nonspecific binding. 
Thus, our observations support 
the sequential model in which 
TA must bind first and remain 
present on the DNA for Media-
tor to bind. 

Mediator is recruited to UAS but 
stabilized by core promoter 
Previous reports show Mediator 
interacting with TAs at the 
UAS27,31,58–60; or binding directly 
to the PIC at a core pro-
moter36,38,60,61. To examine which 
of these interactions occur in 
our system, Mediator binding to 
the UAS+promoter DNA was 
compared to “UAS-only” or 
“Promoter-only” constructs 
lacking one or the other of these 
elements (Table S4). Two DNA 
constructs were sequentially at-
tached to the same microscope 
slide to ensure identical condi-
tions, and then incubated with 
Med7549 YNE supplemented 
with 190 nM unlabeled Gal4-
VP1650 in the absence of NTPs. 
Mediator binding was equally 
fast and extensive at UAS+promoter DNA and UAS-only 
DNA locations, with more than half of DNAs displaying 

initial Mediator binding within the first 500 s (Figure 3A, 
B). In contrast, Mediator binding to UAS+promoter and 
Promoter-only (which differ only by having the Gal4 binding 

Figure 2: TA-dependent recruitment of Mediator to a transcription template DNA. (A) Example 
Gal4-VP16649 (red) and Med7549 (green) fluorescence intensity time records from the locations of three 
individual DNA molecules in the presence of YNE plus 10 nM Gal4-VP16649. Color: time points at which 
a fluorescent spot was detected46,47. Horizontal bars: time intervals in which more than one molecule 
was simultaneously present. Step changes in Gal4-VP16649 fluorescence intensity are presumed to 
correspond to arrival or departure of dimers with either one (single dot) or two (two dots) dye molecules. 
(B) Intensity records from two control no-DNA locations in the same experiment as (A). (C) Same as 
(A), but with 50 nM Gal4-VP16649. (D) Time-averaged fraction (± S.E.) of Mediator-bound DNA locations 
that either do (blue) or do not (green) have one or more Gal4-VP16649 molecules bound. Data are from 
the experiment in (C); from NDNA = 637 DNA molecules and Nt = 1,024 time points per molecule. (E) 
Rastergram plots from 100 randomly selected DNA molecules from the experiment in (A). Each hori-
zontal line displays the time record for a single DNA location, color coded to indicate Gal4-VP16649 and 
Med7549 presence. In the left and right plots, the same DNA molecules are ordered by the time of first 
Gal4-VP16649 binding or time of first Med7549 binding, respectively. The start of each first binding event 
is marked (black). (F) Same as (E), but from the 50 nM Gal4-VP16649 experiment in (C). 
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sites mutated in the latter) showed much less extensive bind-
ing to the Promoter-only DNA (Figure 3C, D). Indeed, bind-
ing at Promoter-only DNA locations resembled that at 

control no-DNA locations (Figure 
3E), suggesting that most of the ob-
served binding at Promoter-only lo-
cations was due to non-specific Me-
diator binding to the slide surface. 
Non-specific Mediator binding was 
higher at 190 nM Gal4-VP16 than at 
the 50 nM Gal4-VP16649 used earlier 
(compare Figure 3E to Figure 
S2B). 

To quantitatively compare bind-
ing on the different DNA constructs, 
effective DNA-specific Mediator as-
sociation rate constants (keff, which 
correct for an observed slow inacti-
vation or departure of the DNA mol-
ecules in YNE; see Methods and Fig-
ure S4D) were calculated using the 
distributions of time intervals before 
initial binding of Mediator observed 
at each DNA location and no-DNA 
control location47 (Figure 3F, G). 
The keff values for UAS+promoter 
and UAS-only DNA were identical 
within experimental uncertainty 
(Figure 3F and H, compare green 
and blue), suggesting that initial Me-
diator binding is primarily to TAs at 
the UAS. In agreement, DNA-spe-
cific Mediator association is essen-
tially absent without Gal4-VP16 
(Figure 3H, magenta; Figure S4A-
C). Importantly, the low rate of 
DNA-specific Mediator binding to 
Promoter-only DNA suggests UAS-
independent binding of Mediator to 
the core promoter makes little con-
tribution to overall Mediator associ-
ation kinetics (Figure 3H, compare 
cyan to green; Table S2).  

Mediator association kinetics 
were essentially identical on the 
UAS+promoter and UAS-only 
DNAs (Figure 3F, H). However, the 
fraction of time with Mediator pre-

sent was substantially higher on UAS+promoter DNA (Fig-
ure 3I), largely due to longer average Mediator dwell times 
on UAS+promoter DNA (Figure 3J). Specifically, the dwell 

Figure 3: Mediator association strongly depends on UAS and activator, but not core promoter. 
Single-molecule experiments were conducted using 190 nM unlabeled Gal4-VP16. (A, B) Rastergrams 
for Med7549 binding in an experiment in which UAS+promoter DNA (A) and UAS-only DNA (in which 
the DNA was truncated following the UAS, B) were tethered at known locations in the same sample 
(see Methods). Each plot shows data from 100 randomly selected DNA locations, sorted by the time of 
initial Med7549 arrival. Colored bars indicate times during which one or more Med7549 molecules were 
bound. (C, D) Same as (A,B) but from an experiment which simultaneously monitored UAS+promoter 
(C) and promoter-only (in which the Gal4 binding sequences were ablated, D) DNA. (E) Data from 
control no-DNA location from the same experiment as (C, D). The no-DNA control from the experiment 
in (A, B) shows even less binding (Table S2). (F) Cumulative fraction of UAS+promoter and UAS-only 
DNA bound by at least one Med7549 molecule as a function of time from addition of extract, from the 
experiment in (A,B). Lines are fits (see Table S2) to an exponential specific-binding model that accounts 
for the contribution of non-specific surface binding47. (G) Same as (F), except using data from the ex-
periment in (C-E). (H) Effective first-order DNA-specific association rate constants keff (± S.E.) for 
Med7549 measured for different DNAs in the presence of zero or 190 nM Gal4-VP16. Data are weighted 
averages of values from multiple replicates (Table S2). (I) Fraction of time (± S.E.) in which UAS+pro-
moter and UAS-only DNAs were bound by at least one Mediator in the experiment shown in (A, B, F). 
Number of observations given in Table S2. (J) Cumulative distributions of DNA-specific Med7549 dwell 
times on UAS+promoter and UAS-only DNA in the experiment shown in (A, B). Each continuous time 
interval with ≥1 labeled Med7549 molecules present was scored as a single dwell. Specific frequency 
values were calculated by correcting for the contribution of non-specific surface binding measured at 
no-DNA locations (panel F, black curve). 
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time distributions when fit to models with three components 
(Figure S4E), showed the longest component significantly 
lengthened by the presence of the core promoter (compare 
τL values in Figure S4F). In previous experiments (also con-
ducted, as here, in the absence of NTPs) we observed similar 
recruitment to TAs at the UAS but kinetic stabilization by 
core promoter for RNApII and TFIIF49. We propose that Me-
diator, RNApII, TFIIF, and possibly other coactivators and 
general transcription factors49,50,62 assemble relatively short-
lived pre-PICs while tethered to TAs at the UAS, which then 
transfer to core promoter sequences to form PICs, which in 
the absence of NTPs can last for hundreds of seconds49,59. 

Mediator recruits RNApII to the template  
The proposed model predicts that the pre-PIC contains both 
Mediator and RNApII. To investigate the pathway(s) by 
which these components are assembled into the pre-PIC, we 
analyzed CoSMoS data from fluorescently labeled Mediator 
(Med7549) and RNApII (Rpb1Cy5) YNE supplemented with 
190 nM unlabeled Gal4-VP16 in the absence of NTPs (Fig-
ure 4). Like Mediator, Rpb1Cy5 

bound primarily at DNA locations, 
with little non-specific binding at 
no-DNA sites (Figure S5A-B). Most 

commonly, RNApII molecules arrived at DNA molecules 
where Mediator was already present (e.g., start of each pur-
ple-shaded dwell in Figure 4A). RNApII arrival on DNA 
lacking Mediator was rare (e.g., Figure 4A, orange; and Fig-
ure 4B, left, few red lines above the black curve), and these 
rare Mediator-independent interactions often had short 
dwell times similar to RNApII bound nonspecifically to the 
slide surface (Figure S5B)50. Mediator arrival on the DNA 
generally preceded RNApII arrival (Figure 4B, right, many 
green lines above the black curve), and Mediator could bind 
to DNAs that never recruited RNApII (Figure 4B, DNA 
molecules 44-100). At these high TA concentrations, we ob-
served occasions where two or more Med7549 (Figure 4A, 
green bars), and less frequently, two or more Rpb1Cy5 (Fig-
ure 4A, red bars) molecules were present on the same DNA. 
Multiple simultaneously bound RNApII molecules were vir-
tually exclusively observed at DNAs with more than one Me-
diator molecule. Taken together, these observations support 
the proposal that Mediator recruits RNApII in the formation 

Figure 4: RNApII recruitment by Mediator 
during activator-dependent PIC assem-
bly. (A) Example Rpb1Cy5 (red) and Med7549 

(green) fluorescence intensity time records 
recorded from the locations of three individ-
ual UAS+promoter DNA molecules in YNE 
plus 190 nM Gal4- VP16 (from same experi-
ment as Figure 2A). Red and green colors 
indicate times at which a fluorescent spot 
was detected. Red and green bars mark sim-
ultaneous presence of more than one 
Rpb1Cy5 or Med7549, respectively. Shading 
highlights RNApII-bound intervals in which 
RNApII arrived when Mediator was already 
present (purple), when both RNApII and Me-
diator arrived simultaneously (blue), and 
when RNApII arrived while no Mediator was 
detected (orange). Yellow shading repre-
sents the rarely observed cases in which Me-
diator was present before RNApII arrived 
simultaneously with a second Mediator mol-
ecule. (B) Rastergrams, plotted as in Figure 
2E and F, for 100 randomly selected DNA 
molecules from the experiment in (A). (C) 
Fold increase (± S.E.) in Rpb1Cy5 binding fre-
quency to DNA molecules when Med7549 was 
present relative to when it was absent 
(green) and fold increase in Med7549 binding 
to a DNA when Rpb1Cy5 was present relative 
to when it was absent (red). A binding rate 
enhancement of one (horizontal dashed line) 
indicates no preference. (D) Simultaneous 
arrival of the initial molecules of Mediator and 
RNApII to 100 randomly selected DNA loca-
tions. Red, bars indicate the fraction of the 
initial Rpb1Cy5 arrivals on each DNA that ap-
peared simultaneous (within ± 2.7 s) with the 
arrival of Med7549 at the same DNA. Green, 
fraction of the initial Med7549 arrivals that ap-
peared simultaneous with the arrival of 
Rpb1Cy5.  
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of UAS-bound pre-PICs, presumably for rapid transfer to the 
core promoter during activated transcription49.  

To quantitate the apparent dependence of RNApII re-
cruitment on Mediator, we calculated the effect of DNA-
bound Mediator on RNApII association frequency to DNA. 
RNApII molecules bound to Mediator-occupied UAS+pro-
moter DNA >14-fold more frequently than to DNA mole-
cules with no Mediator present (Figure 4C, left, green). This 
high “binding rate enhancement” was not simply caused by 
Mediator binding more rapidly than RNApII: a control anal-
ysis randomly pairing Mediator and RNApII records (Fig-
ure 4C, left, green striped bar) showed no enhancement, as 
expected for independent events. Enhancement of Mediator 
binding rate to DNAs with RNApII already present com-
pared to those without was considerably smaller (Figure 4C, 
red bars), but still greater than the randomized control value 
of ~1 (Figure 4C, red striped bars). We attribute this small 
effect to occasional Med7549 fluorescence blinking and/or 
photobleaching rather than RNApII recruiting Mediator to 
DNA. Importantly, binding rate enhancements on UAS-only 
DNA (Figure 4C, right, green) were similar to those on 
UAS+promoter DNA, consistent with both Mediator (Fig-
ure 3) and RNApII being initially recruited directly to the 
UAS-bound TAs49. 

Mediator and RNApII can arrive at DNA in a pre-formed com-
plex  
While Mediator most often preceded RNApII on DNA, sim-
ultaneous arrivals were also frequently seen (e.g., Figure 
4A, starts of blue and yellow intervals). Approximately 20% 
of initial Rpb1Cy5 arrivals on each DNA were simultaneous 
with Med7549 arrivals (Figure 4D). The simultaneous arri-
vals were not coincidences: random time-offset control anal-
yses exhibited zero simultaneous arrivals on 100 DNAs ana-
lyzed (see Methods). In contrast only ~5% of initial Mediator 
arrivals were accompanied by simultaneous Rpb1Cy5 arrivals. 
This is expected, as Mediator arrivals greatly outnumber 
RNApII arrivals (Figure 4B).  

In a complementary analysis, we examined the for-
mation of each Mediator/RNApII/DNA ternary complex. As 
expected, the distribution of time intervals between Media-
tor arrival and RNApII arrival (𝑡𝑡RNAPII

arr −  𝑡𝑡Medarr ; Figure S5C) 
showed that the majority of ternary complexes were formed 
with Mediator arriving prior to RNApII (Figure S5C, green 
bars). As before, roughly one-fifth of the ternary complexes 
were formed by Mediator and RNApII arriving simultane-
ously (Figure S5C, blue). Additionally, kinetic analysis con-
firms that the apparently simultaneous arrivals cannot be ac-
counted for by sequential arrival of the two proteins within 

the ± 2.7 s time resolution of the experiment (Figure S5C, 
compare blue bars to curves). Consistent with our conclu-
sions that Mediator (Figure 3) and RNApII49 are initially re-
cruited to the UAS, results obtained with UAS-only were es-
sentially identical to UAS+promoter DNA (Figure S5D). 
Thus, the data suggest that pre-formed protein complexes 
that contain both Mediator and RNApII are present in YNE 
and account for a significant fraction of the RNApII recruit-
ment to the UAS. This fraction may be even higher in cells 
since nucleoplasm is more concentrated than YNE and the 
higher concentrations may drive association of protein com-
plexes. 

Mediator tethers RNApII to UAS-bound activator  
Mediator can arrive at the TA-occupied UAS independently 
of RNApII, whereas RNApII arrival usually had simultane-
ous or prior Mediator arrival. The inverse pattern was seen 
with protein departures (compare Figure S5C-D with E-F). 
Most commonly, RNApII dissociated from the UAS before 
Mediator. The second most common category of events were 
those in which the two departed simultaneously. Only rarely 
did Mediator depart first. The arrival and departure data to-
gether are consistent with Mediator being able to function as 
a physical tether between UAS-bound TAs and RNApII. The 
fact that Mediator can remain bound after RNApII dissocia-
tion raises the possibility that a single Mediator binding 
event at the UAS could promote multiple rounds of tran-
scription. 

Mediator occupancy is increased synergistically by multi-
ple activator molecules 
In the simplest model for TA-Mediator interactions, one TA 
molecule would recruit one Mediator complex. However, we 
noted far less Mediator occupancy in the 10 nM TA experi-
ment than at 50 nM TA, even when a similar fraction of 
DNAs were occupied by TA (compare Figures 2E and F). 
We suspected this was related to multiple TAs being able to 
bind the five Gal4 sites in the UAS. Activator synergy in 
stimulation of RNApII transcription is well-documented in 
vivo, but can be explained by many different models (see 
Discussion)9,11,12,14,16–19. We therefore investigated whether 
cooperative recruitment of Mediator by multiple activators 
was occurring in our system.  

To quantitate the number of TA and Mediator molecules 
on each DNA, the Bayesian machine learning program 
tapqir (see Methods)63 was used to determine spot fluores-
cence intensities, which can serve as a proxy for protein stoi-
chiometry. Data from four different TA concentration exper-
iments were analyzed (although note that unlabeled TA was 
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used for the 190 nM experiment, as background fluorescence 
is too high at this concentration of labeled protein). At late 
time points in each experiment (~1,000 s or more), individ-
ual TA and Mediator molecules were still arriving at and de-
parting from DNA (Figures 2-4). However, the mean fluo-
rescence intensities of Gal4-VP16649 and Med7549 spots (Fig-
ure S6A and B, respectively) plateaued, suggesting the reac-
tions (which do not contain NTPs) had reached equilibrium. 
Consistent with this interpretation, the time required to 
reach the equilibrium plateau shortened with increasing TA 
concentrations. We computed the mean number of Gal4-
VP16 dimers bound during this plateau by combining the 
fractions of DNAs occupied by at least one Gal4-VP16649 
(Figure S6C, red), the fits to the Gal4-VP16649 fluorescence 
intensity distributions at those DNA molecules, (e.g., Figure 
S3B; Supplementary data file 1), and a correction for the 
fraction of unlabeled Gal4-VP16 monomers (see Methods). 
An analogous calculation was done for Mediator data. Gal4-
VP16649 mean occupancy fraction (Figure S6C, red) in-
creased roughly hyperbolically with concentration. Simi-
larly, the mean number of TA molecules per DNA (Figure 
5A, red) was well fit by a hyperbolic binding curve (Hill co-
efficient of 1), consistent with a simple independent binding 
model. Strikingly, Med7549 occupancy fraction (Figure S6C, 
green) and mean number of Mediator molecules per DNA 
(Figure 5A, green) exhibited a sigmoidal relationship with 
Gal4-VP16 concentration, increasing very little from 10 to 25 
nM activator but showing a marked increase from 25 to 190 
nM activator. The fit of the mean number of Mediator mole-
cules per DNA to the Hill equation was best at a Hill coeffi-
cient of 2.9 (Figure 5A), consistent with switch-like or co-
operative response to TA concentration.  

A likely possible explanation for the non-linear response 
of Mediator to TA is that DNA molecules carrying only a sin-
gle TA dimer have a relatively weak interaction with Media-
tor; while two or more TA present on the DNA can bind Me-
diator more strongly. To determine the relative stoichiome-
try of TA to Mediator (which was predominantly present at 
one molecule per template; e.g., Figure 2C), we plotted dis-
tributions of Gal4-VP16649 fluorescence intensities when Me-
diator was absent (Figure 5B, red points) or present (Figure 
5B, blue points). Strikingly, the Gal4-VP16649 fluorescence 
intensity on DNA without Mediator most often corre-
sponded to two dye molecules (i.e., one activator dimer; Fig-
ure 5B, red points). In contrast, when Mediator was present 
on a DNA there was a clear shift to a broader, multimodal 
distribution with mostly higher Gal4-VP16649 intensities cor-
responding to the presence of two or more TA dimers 

(Figure 5B, blue points). We conclude that a Mediator mol-
ecule preferentially associates with a DNA carrying two or 
more TA molecules.  

Figure 5: Mediator occupancy is cooperative with respect to TA 
concentration. (A) Mean (± S.E.) number of Gal4-VP16 and Mediator 
molecules per DNA at equilibrium (points; see Methods and Table S3) 
at different activator concentrations [A]. Data are from the 10 and 50 nM 
Gal4-VP16649 experiments in Figure 2, an additional experiment at 25 
nM, and the 190 nM unlabeled Gal4-VP16 experiment in Figure 3A. 
Data at zero Gal4-VP16 are zero by definition (red point) and from the 
experiment in Figure S4A (green point). Gal4-VP16 (three [A] values) 
and Mediator (five [A] values) were separately fit to the Hill equation 
𝑓𝑓max �1 + (𝐴𝐴50 [A]⁄ )�H�⁄  (lines) yielding the indicated parameter values 
[68% C.I.]. fmax is the asymptotic value at high [A] and A50 is the [A] value 
producing a half-maximal value. The Hill coefficient, nH was a variable 
parameter for the Mediator fit but was fixed at nH = 1 for the activator fit. 
(B) Gal4-VP16649 equilibrium spot intensity distributions at DNA loca-
tions in the experiments at 25 nM Gal4-VP16649. Intensity distributions 
(± S.E.; NDNA

 = 620) are plotted for the 3,690 data points during which 
Med7549 was present (blue points) or for a randomly-selected, time-
matched set of 3,960 points during which Med7549 was absent (red 
points). Intensities are expressed both as the number of photons emitted 
per frame and the calculated number of dyes present.  
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Modeling of synergistic activator-Mediator interactions 
To quantitatively explain the dependence of equilibrium TA 
and Mediator occupancies on the concentration of TA, we 
asked whether the TA and Mediator data, taken together, 
could distinguish between particular equilibrium binding 
mechanisms. (This is in contrast to the fits in Figure 5A, in 
which the TA and Mediator data were fit separately to sim-
ple phenomenological models.) We considered model mech-
anisms in which up to five TA molecules bind to DNA and 
at most one Mediator molecule per DNA can bind through 
activator-Mediator interaction(s). For simplicity, we treated 
all five possible activator-DNA contacts as having identical 
binding interfaces.  

To start, we defined a “single-bridging” model (Figure 
6A) that allows only a single interaction at a time between 
Mediator and the bound activators. Specifically, the model 

assumes that the TA dimers bind DNA independently and 
that the Mediator molecule binds through interaction with 
any single TA dimer. This model has only two variable pa-
rameters: Ka, the association equilibrium constant for a Gal4-
VP16 dimer binding to a Gal4 binding site; and m, the 
strength of the Gal4-VP16−Mediator binding interaction ex-
pressed as a Boltzmann factor (see Methods). Computing the 
statistical weights associated with all molecular states in the 
model allowed us to calculate the parameter values that gave 
the best fit of the model to the equilibrium occupancy data 
for Gal4-VP16 and Mediator taken together (Figure 6B). 
The best fit failed to match the occupancy data, in particular 
failing to reproduce the sigmoidal shape of the Mediator oc-
cupancy curve (Figure 6B, inset), showing that this model 
is inconsistent with the data.  

We then considered a single-bridging model in which 
neighboring DNA-bound TAs inter-
act with each other (Figure 6C) as 
has been proposed for other activa-
tor/UAS combinations64–67. For sim-
plicity, all the TA-TA contacts were 
assumed identical and the TA-TA 

Figure 6: Statistical mechanical models 
and best fits for equilibrium TA and Me-
diator occupancy at the UAS. (A) States 
and statistical weights17 defining the single-
bridging equilibrium model for binding of 
Gal4-VP16 dimers (red) and Mediator 
(green) to a DNA with five Gal4 binding 
sites (white rectangles). In this model, 
states can include a maximum of one TA-
Mediator interaction (purple lines) and no 
TA-TA interactions. Each cartoon illustrates 
only one of the possible molecular arrange-
ments included in that state; the statistical 
weights account for all arrangements. The 
weights depend on two variable parame-
ters (Ka and m; see text) and the TA con-
centration [A]. (B) Mean (± S.E.) number of 
Gal4-VP16 and Mediator molecules per 
DNA at equilibrium (points; same data as in 
Figure 5A). Lines are the best fit (relative 
likelihood pA = 2.06 × 10-9) of the combined 
Gal4-VP16 and Mediator data to the model 
(A), yielding the indicated parameter values 
[90% CI]. (C) Same as (A) but for the “sin-
gle-bridging with TA interactions” model (pC 
= 9.71 × 10-9). The model is identical to that 
in (A) except that it adds direct interactions 
(with strength represented by Boltzmann 
factor b; see Methods) between adjacent 
TAs (blue lines). (D) Same data as in (B) 
with best fit to model in (C). (E) Same as 
(A), but for the “multiple-bridging” equilib-
rium model (pE = 2.75 × 10-5). The model 
assumes that every DNA-bound TA bridges 
(purple) between DNA and Mediator when 
present but does not include direct TA-TA 
interactions. The weights have three varia-
ble parameters (Ka, m, and c; see text). (F) 
Same data as in (B) with best fit to model in 
(E). We favor the model in (E) (checkmark) 
over those in (A) and (C) (×); see text. 
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binding energy is represented by the Boltzmann factor b. De-
spite allowing this additional interaction between adjacent 
TAs, the best fit of this model to the equilibrium occupancy 
data for Gal4-VP16 and Mediator taken together again failed 
to reproduce the shape of the Mediator occupancy curve 
(Figure 6D) showing that this model too is inconsistent with 
the data. 

Since neither of the above models gave good fits to the 
data, we considered the alternative simple “multiple-bridg-
ing” model shown in Figure 6E. This model lacks the direct 
TA-TA interactions of the model in Figure 6C but instead 
includes interactions between Mediator and all TAs present 
on the DNA when Mediator is present. The second through 
fifth TA−Mediator interactions are more favorable than the 
first because when forming these interactions Mediator is al-
ready in close proximity to the DNA-bound TAs, leading to 
a reduced entropic cost of interaction. For simplicity the sec-
ond through fifth TA−Mediator interactions are each as-
sumed to have the same Boltzmann factor, c, so that the mul-
tiple-bridging model contains the same number of variable 
parameters as the single-bridging model with TA interac-
tions. The multiple-bridging model fits the equilibrium oc-
cupancy data for Gal4-VP16 and Mediator better than the 
single-bridging model with TA interactions (likelihood ratio 
pE / pC = 2.83 × 103). Unlike the latter, the best fit of the mul-
tiple-bridging model was in reasonable agreement with the 
data across all activator concentrations, reproducing the 
higher binding of Gal4-VP16 than Mediator, the roughly hy-
perbolic activator binding curve, and the sigmoidal Mediator 
binding curve (Figure 6F). Furthermore, the parameter val-
ues produced by the fit were roughly those expected in the 
cases in which there are prior measurements of the interac-
tion strengths (see Methods). Thus, the observed binding 
curves can be quantitatively accounted for by a simple three-
parameter model based on multiple TAs bridging between 
DNA and Mediator. This analysis only evaluates the agree-
ment between this simple model and the data; more complex 
models including additional interactions and/or parameters 
might better fit the data. In contrast, the simple single-bridg-
ing models were inconsistent with the data irrespective of 
whether they did not (Figure 6B) or did (Figure 6D) in-
clude interactions between neighboring activators.  

Discussion 
Here we image the Gal4-VP16 activator, Mediator, and 
RNApII in the context of nuclear extract using single-mole-
cule microscopy. While consistent with previous genomic 
and structural studies39,62,68,69, our results provide important 

new insights about factor dynamics, which are inaccessible 
using these other methods. The interactions between factors 
allow for multiple routes to PIC formation, but real time 
monitoring of events on individual DNA templates reveals 
which pathways predominate (Figure 7, blue shading). Our 
experiments also reveal a mechanism by which multiple TAs 
can synergistically activate gene expression.  

Hierarchical interactions recruit Mediator and RNApII to the 
UAS 
Cryo-EM structures of the PIC or initially transcribing com-
plex (ITC) show Mediator interacting with GTFs and 
RNApII at the core promoter35–37,39,70–72. Temperature sensi-
tive mutants indicate that Mediator is important for PIC as-
sembly and stabilization in vivo61. However, ChIP-seq data 
show Mediator crosslinking to enhancer/UAS regions, usu-
ally to a greater extent than at core promoters, consistent 
with Mediator binding to UAS-associated TAs. These dis-
tinct configurations are often thought to happen simultane-
ously, with Mediator creating a DNA loop between UAS-as-
sociated TAs and the RNApII-containing PIC on the pro-
moter. 

Our single-molecule experiments suggest a different 
model in which TA-tethered Mediator nucleates assembly of 
a pre-PIC comprised of RNApII and a subset of GTFs. Initial 
binding of Mediator to DNA was primarily at the UAS, not 
the core promoter (Figure 3), and dependent on the pres-
ence of one (Figure 7, steps i, ii) or more (Figure 7, steps iii, 
iv) activator molecules on the UAS (Figures 2, 3, S4). This 
behavior mirrors initial binding of RNApII and TFIIF, 
which we showed also occurs at the UAS rather than the 
core promoter49. DNA molecules with multiple activator 
molecules showed faster Mediator association, longer Medi-
ator dwells, and sometimes accumulated multiple copies of 
Mediator (Figures 2A, C and 4A).  

Imaging of Mediator and RNApII together showed that 
Mediator presence was required for RNApII binding to a 
DNA molecule (Figure 4C). While often modeled arriving 
as a pre-formed complex, we observed (Figure 4D, S5C, D) 
that Mediator most often arrived at the UAS before RNApII 
(Figure 7, step vi), and only sometimes together (Figure 7, 
step vii). There were also many Mediator binding events 
where RNApII never appeared, but not the converse (Figure 
4B). In the absence of NTPs, RNApII predominantly left the 
DNA before or simultaneously with Mediator (Figure S5E, 
F). Therefore, RNApII-induced conformation changes in 
Mediator68 are not required for delivery to the UAS. “Empty” 
Mediator can bind to UAS-associated TAs and then wait at 
the UAS to recruit RNApII.  
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Nonetheless, we observed up to a third of RNApII arri-
vals were simultaneous with Mediator, and roughly half 
were simultaneous with TFIIF49. These numbers are con-
sistent with estimates of RNApII-Mediator and RNApII-
TFIIF complexes derived from co-immunoprecipitation 
from extracts, although that study concluded that there was 
little or no trimer complex with all three factors73. Pre-
formed complexes might be more common in vivo, where 
factor concentrations are likely higher. These off-DNA inter-
actions likely account for previously reported RNApII “hol-
oenzymes”, which had varying GTF content depending on 
isolation method, but characteristically contained RNApII, 
Mediator, and TFIIF6,74–76.  

Mediator pre-PICs likely transfer 
from UAS to core promoter  
Our pre-PIC model is strongly sup-
ported by a recent structure (desig-
nated the Med-PICearly complex) 
showing Gal4-VP16 tethering Medi-
ator, RNApII, TFIIF, and TFIIB at 
the UAS40. Although the intrinsi-
cally disordered VP16 TAD and 
Med15 Activator Binding Domains 
(ABDs) were not resolved, this 
structure is consistent with demon-
strated contacts between activator 
TADs and Mediator tail subu-
nits30,77,78. These tail module interac-
tions are important for Mediator re-
cruitment to promoters in vivo32,79,80, 
although the universality of these 
interactions has been disputed28.  

Our model further proposes a 
physical transfer of the pre-PIC 
from UAS to the core promoter 
(Figure 7, step ix), where TATA-
binding protein is presumably re-
quired to receive the complex. Upon 
completion of the PIC, progression 
to initiation is likely rapid. While 
transfer has not yet been directly 
demonstrated, several observations 
support this model. In the absence 
of NTPs to prevent transcription in-
itiation, we see an increase in long 
Mediator dwell times on UAS+pro-
moter versus UAS only DNAs (Fig-
ure 3J, Figure S4E-F), as previ-
ously observed for RNApII and 

TFIIF49. These extended dwells likely represent PICs, as they 
are greatly reduced by NTPs. Our results parallel in vivo 
ChIP experiments showing that depletion of the TFIIH ki-
nase, needed to trigger release of Mediator from the PIC, 
leads to strong increase of Mediator crosslinking at the core 
promoter32,59,80,81.  

A multiple-bridging model for activator synergy in Mediator 
recruitment 
Transcription synergy occurs when multiple activator bind-
ing sites produce a gene output greater than the sum of the 
outputs driven by the individual sites7,10,19,54. Synergy is sig-
nificant because it can produce non-linear, switch-like re-
sponses to TA concentration and can facilitate accurate 

Figure 7: Pathway of Mediator and RNApII recruitment during activator-dependent PIC assem-
bly. Our single-molecule experiments reveal hierarchical recruitment of activator, Mediator, and RNApII 
(depicted in red, green, and yellow, respectively) at the UAS. The most commonly observed pathway 
for the formation of a UAS-bound pre-PIC is shaded in blue. Recruitment of Mediator to the UAS is 
cooperative with respect to activator concentration, likely because multiple activator dimers can bridge 
between DNA and a single Mediator.  
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combinatorial gene regulation by multiple TAs. A wide vari-
ety of mechanisms have been proposed to explain syn-
ergy12,18. One classic mechanism for synergy is cooperative 
binding of TAs at adjacent DNA sites, which has been exper-
imentally observed for several prokaryotic and eukaryotic 
TFs54,64–67,82. Another type of model is “kinetic synergy”, 
where different activators act at distinct rate-limiting steps9. 
For example, one TA could be needed for relieving chroma-
tin repression while the second accelerates PIC assembly di-
rectly. 

Our experiments suggest a different TA synergy mecha-
nism in Mediator recruitment, independent of cooperative 
TA binding or chromatin. First, the average number of Me-
diator molecules bound to DNA increased much more 
sharply than the number of TA molecules as TA concentra-
tion increased from 10 to 50 nM (Figure 5A). Second, indi-
vidual DNA molecules with Mediator present were much 
more likely to have multiple bound activator molecules than 
DNAs without Mediator in the same experiment (Figure 
5B). The data are inconsistent with the analyzed single-
bridging mechanisms where Mediator interacts with only 
one TA molecule at a time, whether or not interactions occur 
between TA molecules at adjacent binding sites (Figure 6A-
D). Instead, the data are consistent with a multiple-bridging 
model in which UAS-bound activators do not directly inter-
act with each other, but two or more DNA-bound activators 
can simultaneously interact with the same Mediator (Figure 
6E, F). During early work on activators, a generic multiple-
bridging model with a single unidentified target was pro-
posed to explain observations of synergy without TA cooper-
ativity10,19, and our results show that the Mediator is likely 
such a target.  

Our multiple-bridging model is consistent with data sug-
gesting multiple TAD interaction sites within a single Medi-
ator83, either via multiple Mediator subunits or perhaps even 
within a single Med15 subunit24. Multiple intrinsically disor-
dered activator-binding domains (ABDs) are available to 
make dynamic, low affinity interactions with TADs30,83,84. In-
terestingly, recent in vivo imaging also suggests that the 
mammalian p300 histone acetyltransferase also requires at 
least two activator interactions for effective recruiting to 
chromatin85. Our data do not exclude the additional possibil-
ity that some TAD-Mediator interactions might be indirect 
(e.g., bridging through RNApII, GTFs, or other proteins).  

A single template DNA can simultaneously associate 
with multiple Mediators and RNApII molecules (Figure 4A 
and ref. 49). Thus, a group of TAs at the UAS can likely as-
semble multiple pre-PICs, positioning them for rapid 

transfer to the promoter and transcript initiation. Pre-PIC 
formation at enhancers could be one mechanism for the 
clustering of activators and Mediator seen by live cell imag-
ing, independent of any phase separation phenomena. We 
see no evidence for formation of large-scale liquid-like con-
densates in our extract system – Gal4-VP16, Mediator, and 
RNApII associate with the DNA in single-molecule steps49,50 
– but such mechanisms could provide further concentration 
of pre-PIC factors poised for transfer to promoters. 

A multiple-bridging mechanism for Mediator recruit-
ment by activators provides several potential advantages. 
First, it creates a straightforward mechanism for combinato-
rial regulation by multiple different activators binding to the 
same UAS, allowing more distinct transcription patterns. 
Even the simple compact promoters found in yeast often 
contain multiple TA binding sites, as illustrated by analyses 
of HIS486, CYC187, and PHO588. Synergistic binding to multi-
ple TAs also reduces the likelihood that Mediator can be 
“squelched” by non-productive interactions with single acti-
vators molecules in the nucleoplasm. Supporting this idea, 
purified Mediator showed stable binding to DNA with mul-
tiple activators, even in the presence of a large excess of free 
activator molecules in solution83. Finally, in vivo imaging of 
Gal4 show that a UAS with multiple binding sites allows for 
transcription bursts lasting beyond the time scale of individ-
ual Gal4 dwell times89. 

Our single-molecule studies provide important new in-
sights into the dynamics of transcription activation using a 
simple extract system. Predictions of the TA:pre-PIC multi-
bridging model can now be tested in more complex in vitro 
and in vivo systems. Even with additional complexities such 
as chromatin, multiple enhancers, and long-distance en-
hancer-promoter communication, we anticipate that single-
molecule experiments and statistical mechanical analyses 
will provide further insight into the biochemical mecha-
nisms of activation. 

 
Limitations  
Our single-molecule studies provide new insight into the 
pathways of activated transcription but come with limita-
tions. One limitation is the ability to visualize only a subset 
of proteins (i.e., the ones that are fluorescently labeled) in 
each experiment. Investigating the participation of other 
proteins or protein complexes in the phenomena studied re-
quires additional experiments in which those proteins are la-
beled. Though yeast nuclear extract approximates the pro-
tein composition inside the nucleus of a living cell, the ex-
tracts are more dilute than the nucleus, leading to possible 
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underestimation of the prevalence of protein-protein inter-
actions. Finally, our statistical mechanical models are mini-
mal models consistent with the data; this work does not ex-
clude the possibility that more complex models might better 
explain the data. 
 

Methods 
Purification and labeling of Gal4-VP16 activators 
To prepare fluorescently labeled Gal4-VP16649, we first prepared a Gal4-
SNAP-VP16 construct as described in ref. 51: A bacterial expression con-
struct that encodes a fusion protein consisting of the yeast Gal4 DNA bind-
ing domain (amino acids 1-95), SNAPf90, and the VP16 transcriptional acti-
vation domain52, was subcloned in the pRJR plasmid91 and was transformed 
into the BL21 (codon+, DE3) E. coli strain. Cells were grown in LB at 37°C 
until the OD600 reached 0.5. Protein was then induced with 0.1 mM IPTG 
and 10 μM ZnCl2 at 30 °C for 3 hours. Cells were harvested by centrifugation 
at 5,000 rpm (096-041053, Thermo Scientific) for 10 minutes at 4°C, resus-
pended in Lysis buffer (20 mM HEPES-KOH pH 7.6, 10 μM ZnCl2, 300 mM 
KCl, 5% (v/v) glycerol, 0.1% NP-40, and 1 mM PMSF), and lysed by soni-
cation. The lysate was centrifuged at 15,000 rpm (096-124022, Thermo) for 
15 minutes at 4°C and the supernatant was incubated with Ni-NTA agarose 
(Gold Biotechnology) at 4°C overnight on a rotator. The activator-bound 
beads were extensively washed with Wash buffer (20 mM HEPES-KOH pH 
7.6, 10 μM ZnCl2, 30 mM KCl, 5% (v/v) glycerol, 15 mM imidazole, and 1 
mM PMSF), and protein eluted with Elution buffer (20 mM HEPES-KOH 
pH 7.6, 10 μM ZnCl2, 30 mM KCl, 5% (v/v) glycerol, 600 mM imidazole, and 
1 mM PMSF). Protein was further purified by salt gradient ion exchange 
chromatography using a Mono Q 5/50 GL column (GE healthcare) and Gra-
dient buffers (20 mM HEPES-KOH pH 7.6, 0.1 M (low salt) or 1 M (high 
salt) NaCl, 10 μM ZnCl2, 1 mM EDTA, 20% (v/v) glycerol, 1 mM DTT, and 
1 μg/ mL each of aprotinin, leupeptin, pepstatin A, and benzamidine), and 
dialyzed against Dialysis buffer (20 mM HEPES-KOH pH 7.6, 500 mM 
KOAc, 10 uM ZnCl2, 1 mM EDTA, and 20% (v/v) glycerol). 

Purified Gal4-SNAP-VP16 was labeled with SNAP-Surface-649 dye 
(New England Biolabs) as in (51). Roughly 5 μM protein was incubated with 
13.5 μM dye in PBS supplemented with 1 mM DTT at 4°C for 90 minutes. 
Labeled protein was incubated with Ni-NTA agarose at 4°C for 1 hour. The 
protein-coupled beads were extensively washed with PBS (supplemented 
with 10 % glycerol, 1 mM DTT, 10 μM ZnCl2, and 1 μg/ mL each of aprotinin, 
leupeptin, pepstatin A, and antipain) to remove unincorporated dye. Then, 
labeled Gal4-VP16649 was eluted with PBS (supplemented with 10 % glyc-
erol, 300 mM imidazole, 1 mM DTT, 10 μM ZnCl2, and 1 μg/ mL each of 
aprotinin, leupeptin, pepstatin A, and antipain).  

Unlabeled Gal4-VP16 was prepared as in refs. 49,50.   

Yeast growth rate assays  
Yeast cultures were diluted in YPD to OD600 of 0.002. Multiple replicate 150 
- 200 µL wells of each strain were grown with orbital agitation at 30°C for 
300,000 s in a Tecan microtiter plate reader. Log phase growth rates were 
measured as the slope of the linear portion of the log2 (OD600) records, then 
normalized to the growth rate of corresponding wild-type strain (Figure 
S1B). Records without a clearly defined log phase were discarded. 

Preparation of yeast nuclear extracts  
Yeast nuclear extracts were prepared as previously described49, with minor 
modifications. Yeast strains (Table S1) were grown in 4 L of modified YPD 
(1% yeast extract, 2% peptone, 3% dextrose, 0.015% tryptophan, and 0.006% 
adenine) at 30°C until the absorbance at 600 nm reached 3. Cells were 

harvested by centrifugation at 4,000 rpm for 8 minutes at 4°C and resus-
pended in 150 mL TD buffer (50 mM Tris-HCl pH7.5 and 30 mM DTT). Af-
ter 15 minutes incubation with gentle shaking at 30°C, cells were pelleted 
by centrifugation at 4,000 rpm for 12 minutes at 25°C and resuspended in 
20 mL YPD/S (1% yeast extract, 2% peptone, 2% dextrose, and 1 M sorbitol). 
We then added 15 mg of Zymolyase 100T (120493-1, Amsbio) dissolved in 
30 mL of 1 M sorbitol to make spheroplasts and incubated for 30-60 min 
with gentle shaking at 30°C. Spheroplasts were mixed with an additional 
100 mL of YPD/S and pelleted by centrifugation at 4,000 rpm for 12 minutes 
at 25°C. This pellet was resuspended in 250 mL YPD/S and incubated at 
30°C for 30 minutes for recovery. Then spheroplasts were washed first with 
YPD/S and then with cold 1 M Sorbitol by sequential centrifugations at 
4,000 rpm for 12 minutes at 4°C and then resuspended in Buffer A (18% 
(w/v) Ficoll 400, 10 mM Tris-HCl pH 7.5, 20 mM KOAc, 5 mM Mg(OAc)2, 
1 mM EDTA pH 8.0, 0.5 mM spermidine, 0.17 mM spermine, 3 mM DTT, 
and 1 μg / mL each of aprotinin, leupeptin, pepstatin A, and antipain) and 
homogenized (62400-802, Wheaton). By four sequential centrifugations at 
a low speed (twice at 5,000 rpm for 8 minutes, then twice at 5,000 rpm for 5 
minutes, with new centrifuge tubes used for each spin), large cell debris and 
improperly lysed spheroplasts were removed as pellets. The final superna-
tant was centrifuged at 13,000 rpm for 30 minutes at 4°C to collect crude 
nuclei. The nuclei were resuspended in 10 mL of Buffer B (100 mM Tris-
OAc pH 7.9, 50 mM KOAc, 10 mM MgSO4, 10% Glycerol, 2 mM EDTA pH 
8.0, 3 mM DTT, and 1 μg/ mL each of aprotinin, leupeptin, pepstatin A, and 
antipain) and lysed by addition of 3 M (NH4)2SO4 to a final concentration of 
0.5 M. After 30 minutes incubation at 4°C on a rotator, the lysed nuclei were 
centrifuged at 37,000 rpm (type 70 Ti, Beckman) for 90 minutes at 4°C. The 
nuclear proteins in the supernatant were then precipitated by a gentle ad-
dition of granular (NH4)2SO4 to ~ 75 % saturation (0.35 g per 1 mL of super-
natant) with 30 minutes incubation on a rotator at 4 °C. Nuclear proteins 
were collected by centrifugation at 13,000 rpm for 20 minutes discarding the 
supernatant, and centrifuging the pellet again for 5 minutes and again dis-
carding supernatant. The pellet (~0.8 g) was suspended in 2 mL of Buffer C 
(20 mM HEPES-KOH pH 7.6, 10 mM MgSO4, 1 mM EGTA pH 8.0, 10% glyc-
erol, 3 mM DTT, and 1 μg/ mL each of aprotinin, leupeptin, pepstatin A, 
and antipain). SNAP-fused proteins in the extract were then labeled by in-
cubation with 0.4 μM SNAP-Surface-549 (New England Biolabs) for 1 hour 
at 4°C on a rotator. The labeled nuclear extract was dialyzed against Buffer 
C supplemented with 75 mM (NH4)2SO4 or 100 mM KOAc in dialysis tubing 
(molecular weight cut-off, 6-8 kDa) three times (60 minutes, 90 minutes, 
and 120 minutes sequentially). Unincorporated free dye in the nuclear ex-
tract was mostly removed by incubation with recombinant SNAPf-coupled 
agarose beads (Pierce 26196) at 4°C for 1 hour. The agarose beads in the 
nuclear extract were then removed by centrifugation at 1,000 x g for 2 
minutes at 4 °C. The labeled nuclear extract was flash frozen, aliquoted, and 
stored at -80°C. 

Western blots 
5 μL yeast nuclear extract was diluted 10-fold in 0.1% SDS, resolved by gel 
electrophoresis on a 10% SDS-PAGE gel, and transferred to a PVDF mem-
brane (IPFL00010, Millipore). Anti-HA antibody (Roche, 12013819001) and 
anti-Rpb1 antibody (8WG16) were used for chemiluminescent detection of 
Med7 and Rpb1, respectively (Figure S1C). 

In vitro transcription activity assay  
The in vitro bulk transcription activity assay was performed as previously 
described48,49. In brief, 250 ng SB649 plasmid92, 200 ng Gal4-VP16, and 10-
50 µg yeast nuclear extract were incubated in ATB buffer (20 mM HEPES-
KOH pH 7.6, 100 mM KOAc, 1 mM EDTA pH 8.0, and 5 mM Mg(OAc)2) 
supplemented with 10 mM phosphocreatine, 0.1-0.2 units of creatine ki-
nase, and 0.33 units of RNAsin (Promega) at room temperature for 5 
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minutes. Then, 500 μM ATP, 500 μM CTP, 20 μM UTP, and 0.3 μCi of α-32P 
UTP (PerkinElmer) were added to the reaction to initiate transcription and 
label transcripts. After 45 minutes incubation at room temperature, tran-
scripts were recovered by phenol/chloroform extraction, resolved by gel 
electrophoresis (8 M urea-6% polyacrylamide gel), and phosphoimaged on 
a Typhoon imager (GE Healthcare). 

Preparation of DNA templates for microscope experiments 
The UAS+promoter DNA template was prepared by PCR using Herculase 
II Fusion DNA Polymerase (Agilent #600675) from the SB649 plasmid92 and 
upstream primer 5′-biotin-TTGGGTAACGCCAGGGT-3′ (IDT) and down-
stream primer 5′-Alexa488-AGCGGATAACAATTTCACACAG-3′. The 
UAS-only DNA template49 was prepared the same way except with the 
downstream primer 5′-Alexa488-CGAGATCCTCTAGAGTCGG-3′. The 
promoter-only DNA template was amplified from the SB1958 plasmid using 
the same primers as the UAS+promoter DNA. The PCR product was puri-
fied using DNA SizeSelector-I SPRI magnetic beads (Aline Biosciences Z-
6001) according to the manufacturer’s instructions. Plasmid SB1958 is iden-
tical to plasmid SB649 except that the Gal4 binding sites have been mutated. 
Sequences for each template are given in Table S2. 

Colocalization single-molecule microscopy 
As previously described49,50, we passivated glass coverslips using mPEG-SG-
2000:biotin-PEG-SVA5000 (Laysan Bio) at a 200:1 ratio, then created flow 
chambers by sandwiching lines of silicone vacuum grease between two co-
verslips. We filled the chambers with KOBS buffer (50 mM Tris-OAc (pH 
8.0), 100 mM KOAc, 8 mM Mg(OAc)2, 27 mM (NH4)2SO4, 0.1 mg/ mL bo-
vine serum albumin (#126615 EMD Chemicals; La Jolla, CA)), and 
mounted them on a micro-mirror multi-wavelength TIRF microscope46, us-
ing excitation wavelengths of 488 nm, 532 nm, and 633 nm. We first photo-
bleached any fluorescent impurities on the coverslip surface by simultane-
ously irradiating with 2 mW at each of the three wavelengths (all laser pow-
ers were measured at the input to the micro-mirrors). We then added strep-
tavidin-coated fluorescent beads (TransFluoSpheres, Thermofisher Scien-
tific T10711) to serve as fiducial markers for drift correction46. The slide sur-
face was then treated with 0.13 mg/mL NeutrAvidin (Thermofisher Scien-
tific 31000) for one minute before being flushed with 20 µL KOBS buffer. 
We then introduced KOBS supplemented with ~10 pM biotinylated and 
AF488-labeled DNA template, an oxygen-scavenging system (0.9 units/mL 
protocatechuate dioxygenase [Sigma-Aldrich P8279], 5 mM protocatechuic 
acid [Sigma-Aldrich 03930590]), triplet state quenchers93 (0.5 mM propyl 
gallate, 1 mM Trolox, 1 mM 4-nitrobenzyl alcohol)94 and 0.5% dimethyl-
sulfoxide. Images of the DNA were acquired using the 488 nm laser at 1.2 – 
1.3 mW. In experiments with multiple DNA templates (e.g., UAS+promoter 
and UAS-only DNA), the DNAs were sequentially added and images were 
taken with only the first DNA template in the sample and then with both 
templates in the sample95. Finally, the reaction mix containing yeast nuclear 
extract, reagents, and buffers with the following final concentrations was 
introduced: 5.5 mg protein/mL yeast nuclear extract, the same oxygen scav-
enging system and triplet state quenchers as previously detailed, 20 nM 
Cy5-TMP (if labeling Rpb1-DHFR), 0 – 50 nM labeled Gal4-VP16649 or 190 
nM unlabeled Gal4-VP16, NTP depletion system (20 mM glucose and 2 
units hexokinase [Sigma H4502]), 20 µM Acetyl-CoA, and 20 ng/µL com-
petitor E. coli genomic DNA fragments49, and buffer components (100.5 mM 
potassium acetate, 24.1 mM HEPES, pH 7.6, 0.4 mM Tris-acetate, 1 mM 
EDTA, 5 mM magnesium acetate, 2mM MgSO4, 0.2 mM EGTA, 15 mM 
(NH4)2SO4, 4.25% glycerol).  

For experiments with Gal4-VP16649 and Med7549, separate images using 
633 nm and 532 nm excitation (0.5 and 1.2 mW, respectively) were captured 
every 1.4 s (0.5 s for each channel, plus switching times) (Figures 2 and 5). 
For experiments with Rpb1Cy5 and Med7549, separate 633 nm and 532 nm 

excitation (0.4 and 0.8 mW, respectively) images were captured every 2.7 s 
(1 s per frame for each channel, plus switching times) (Figures 3 and 4; 
Table S2). Custom software Glimpse (github.com/gelles-
brandeis/Glimpse) was used to operate the microscope, laser shutters, filter 
wheels, and camera. 

Surface-tethered DNA detachment/cleavage rate 
To measure the rate at which surface-tethered DNA molecules detached 
from or were cleaved off of the chamber surface (Figure S4D) under the 
conditions of the CoSMoS experiments, we first prepared chambers with 
surface-tethered DNA in KOBS buffer with oxygen-scavenging and triplet 
state quencher as described for CoSMoS experiments for DNA imaging. Af-
ter imaging the DNA, we added YNE in the same reaction mix as described 
previously minus activator and Cy5-TMP). This step was omitted for the 
zero-exposure control. After zero, 900, or 2,280 s exposure to yeast nuclear 
extract, the chamber was washed with the full CoSMoS reaction mixture 
(including 190 nM activator) and the DNA was immediately reimaged. The 
fraction of DNA molecules in the first image that had survived in the second 
image was normalized by the surviving fraction in the zero-exposure exper-
iment. 

CoSMoS image analysis 
Microscope images were preprocessed as previously described47. In brief, 
DNA spots were first detected in the blue-excited channel and their centers 
determined via Gaussian fitting. These locations were then mapped to the 
red- and green-excited “binder”47 protein channels and corrected for spatial 
drift across the time duration of the experiment using the fluorescent beads 
as fiducial markers. When two DNA templates were present in the same 
sample (e.g., both UAS+promoter and UAS-only DNAs), multiple blue 
channel images pre- and post-addition of the second DNA were used to dis-
tinguish between the two95. Locations lacking visible DNA molecules were 
also randomly selected as described47, to serve as controls to measure DNA-
independent non-specific interactions of binder proteins with the slide sur-
face. The fluorescence intensity values from the binder protein channels at 
DNA and no-DNA locations were integrated to create time records (e.g., 
Figure 2A-C; Figure 4A). Presence or absence of each binder protein at 
each DNA location in each frame was determined by analysis of the two-
dimensional image data using the spot-detection method described previ-
ously47. The resulting binary bound/unbound state records were used to 
generate rastergrams (Figures 2E-F; 3A-E; 4B; S2; S4A-B; S5A-B). 

Mediator association rate constant 
To measure DNA-specific rate constants for Mediator association (Figure 
3F-H, Table S2), we measured the time from the beginning of the experi-
ment until the first time a Med7649 molecule was detected at each DNA or 
no-DNA location. Restricting analysis to the first binding at each location 
reduces confounding effects (e.g., from photobleaching, dye blinking, or in-
complete labeling) on the measurement47. In the distributions of times to 
first binding, a minority subpopulation of DNA locations appeared to be-
come incapable of DNA-specific Med7649 association, and the size of this 
subpopulation was lower in experiments that displayed higher DNA-spe-
cific binding rates.  

This observation suggests kinetic competition between DNA-specific 
Med7649 association and inhibitory processes that cause DNA locations to 
become refractory to association. Control experiments show that a fraction 
of these apparently inactive locations could be caused by DNA detachment 
from the surface or DNA endonucleolytic cleavage before Mediator has had 
a chance to bind (Figure S4D). However, detachment or cleavage is insuf-
ficient to account for most inactive locations. We propose instead that most 
of the inactive DNAs instead result from occlusion of the DNA molecules 
by interactions with DNA-binding proteins (e.g., histones48) present in the 
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YNE, or by non-specific interactions of the DNA molecules with the slide 
surface, either of which could obstruct Mediator binding. To account for 
these inhibitory “DNA inactivation” processes, we analyzed the time-to-
first-binding data using the model  

  , 
which assumes that DNA locations recorded before extract addition are in-
itially in a state (DNA*) that is binding-competent, are slowly converted (at 
rate ki) to inactive locations DNAinact. Only DNA* locations are capable of 
specific association with Mediator (Med). Specific binding (with apparent 
first-order rate constant keff) forms the specific complex DNA*•Med. In con-
trast, both DNA* and DNAinact locations will exhibit non-specific surface 
binding (forming “surface Med”) with apparent first-order rate constant kn. 
This model predicts the conditional probability of observing a time interval 
t until first Med7649 binding, given specified values for the rate constants, is 
proportional to:  

𝑝𝑝(𝑡𝑡 | 𝑘𝑘eff, 𝑘𝑘i, 𝑘𝑘n) = � �eff

(�eff+�i)
− �z

�
�(𝑘𝑘eff + 𝑘𝑘n + 𝑘𝑘i)𝑒𝑒−(�eff+�n+�i)�  +

 � �i

(�eff+�i)
�(𝑘𝑘n)𝑒𝑒−(�n)�, 

(Equation 1) 
where 𝑛𝑛�

𝑁𝑁⁄  is the fraction of DNA locations at which a binder molecule was 
already present at the start of acquisition. To determine the rate constants 
keff, ki, and kn, we adapted the method in Eqs. 4–7 of ref. 47, which are repa-

rameterized as 𝐴𝐴f(𝑡𝑡) ≡ �eff

(�eff+��)
 and 𝑘𝑘�� ≡ 𝑘𝑘eff + 𝑘𝑘i. We first used maximum 

likelihood fitting to determine kn from data taken at control no-DNA loca-
tions. Holding kn at this value, we then determined Af and kon from data at 
DNA locations. Finally, keff and ki were calculated as keff = kon × Af and ki = 
kon (1 - Af). Parameter values with S.E. calculated by bootstrapping (1,000 
samples) are reported in Table S2. Values of ki could only be accurately de-
termined in experimental conditions (UAS-containing DNA and Gal4-VP16 
present) that showed specific Med7649 binding to DNA. In those experi-
ments the value of ki was consistently around 1–2 × 10-3 s-1 (Table S2), con-
sistent with the model assumption of a constant rate of time-dependent 
DNA inactivation.  

Mediator dwell times 
Frequency distributions of Med7649 specific-binding dwell times on DNA 
(Figure 2J) were determined by subtracting the distribution measured at 
randomly selected no-DNA locations from the distribution at DNA loca-
tions measured from the same recording47. Only dwells for which the end 
of the dwell was observed during the experiment were used in this analysis. 
Distributions were plotted as cumulative dwell time frequency distributions 
or as binned dwell time probability density distributions. 

Measured dwell times were fit to a multi-exponential model, using an 
analogous approach to that described by Equations 9 – 12 in ref. 47 (Figure 
S4E-F). First, dwells from non-specific Mediator binding to the slide surface 
at no-DNA locations were fit using the biexponential empirical probability 
density model 

𝑃𝑃�(𝑡𝑡 | 𝑎𝑎�, τ�1, τ�2) = � 1

����+(1−��)�� 
� �𝑎𝑎�

�
− �

��1

��1
+ (1 −  𝑎𝑎�) �

− �
��2

��2
 �, 

(Equation 2) 

with 𝐴𝐴�  =  𝑒𝑒�−���� ��1⁄ � − 𝑒𝑒�−���� ��1⁄ �  and  𝐵𝐵�  =  𝑒𝑒�−���� ��2⁄ � − 𝑒𝑒�−���� ��2⁄ � . 
The variables tmin and tmax were set to the minimum and maximum interval 
lengths that can be resolved in the experiment. The two exponential com-
ponents have characteristic lifetimes τB1 and τB2 and amplitudes aB and (1- 

aB). The corresponding likelihood function was maximized to obtain values 
for aB, τB1, and τB2. 

Next, dwells from DNA locations were fit to triexponential empirical 
probability density model for DNA-specific Mediator binding that also in-
cludes the biexponential non-specific surface binding determined from no-
DNA locations 
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(Equation 3) 

with 𝐴𝐴 =  𝑒𝑒�−���� ��⁄ � − 𝑒𝑒(−����
��)⁄ ; 𝐵𝐵 =  𝑒𝑒�−���� ��⁄ � − 𝑒𝑒�−���� ��⁄ � ; and 𝐶𝐶 =

 𝑒𝑒�−���� ��⁄ � − 𝑒𝑒�−���� ��⁄ �. The variables 𝑓𝑓����+�� and 𝑓𝑓�� were set to the fre-
quencies of Mediator binding events measured at DNA and no-DNA loca-
tions, respectively. The three exponential components have characteristic 
lifetimes τS, τM, and τL and amplitudes aS, aM, and 
aL = (1 − 𝑎𝑎� − 𝑎𝑎�). This corresponding likelihood equation maximized to 
determine values for the parameters τS, τM, and τL, aS, and aM. 

Binding rate enhancement 
To measure the acceleration by the presence of Mediator on the DNA bind-
ing of RNApII, we counted the number of time points in a single-molecule 
experiment in which RNApII arrived at a DNA location at which Mediator 
was already bound, NMed->Med-RNApII ≡ Nrecruited, and the analogous number of 
RNApII arrivals when Mediator was not already bound, NØ->RNApII ≡ Nnon-

recruited. We then calculated the recruited and non-recruited RNApII binding 
frequencies as fr = Nrecruited / tMed and fnr = Nnon-recruited / tØ, respectively, where 
tMed is the number of time points at which Mediator, but not RNApII, was 
present and tØ is the number of time points at which neither Mediator nor 
RNApII was present. The subset of binding events in which Med7549 and 
Rpb1Cy5 arrived within 2.7 s of each other were excluded from this analysis. 
We also calculated an analogous quantity fnon for control no-DNA locations 
to account for the non-specific binding of Mediator. The DNA-specific bind-
ing rate enhancement (Figure 4C, solid green bars) was taken to be  

𝑃𝑃 = (�r− �non)

(�nr− �non)
 ,  

(Equation 4) 
where P = 1 indicates equal preference for the two binding modes. To check 
that P > 1 values were not coincidental, we also performed randomized con-
trol analyses in which Mediator and RNApII records from different DNA 
locations were randomly selected without replacement and paired for the P 
calculation. These controls yielded P ≈ 1 (Figure 4C, striped green bars) 
confirming the detected preferences were not biased by kinetic differences 
between the proteins studied. These steps were repeated to analyze the re-
cruitment of Mediator by RNApII, with opposite designations (Figure 4C, 
solid and striped red bars). In Figure 4C left, the binding rate enhancement 
values are calculated from DNA-specific RNApII binding frequencies of 
Med7549 and Rpb1Cy5 to UAS+promoter DNA in the experiment in Figure 
4A plus two additional replicates. In Figure 4C right they are calculated 
from a single replicate experiment with UAS-only DNA. Nrecruited and Nnon-

recruited are the total number of observed Rpb1Cy5 binding events observed to 
DNA molecules with and without bound Med7549, respectively (Figure 4C, 
green bars), or the reverse (Figure 4C, red bars).  

Simultaneous arrival of Mediator and RNApII at DNA molecules 
Mediator and RNApII were scored as arriving simultaneously (Figure 4D; 
Figure S5C-D) if appearance of Med7549 and Rpb1Cy5 fluorescence at a DNA 
location occurred within the experimental time resolution (± 2.7 s). Control 
analyses of the same 100 randomly selected first-binding datasets in Figure 
4D in which a random time offset (uniformly distributed between −133 and 
+133 seconds) was introduced between the Rpb1Cy5 and Med7549 record 
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from each DNA location exhibited zero simultaneous arrivals, indicating 
that the observed simultaneous arrivals of Med7549 and Rpb1Cy5 were not 
coincidental.  

To test the idea that apparently simultaneous arrivals of Med7549 and 
Rpb1Cy5 reflected recruitment of a pre-formed complex containing both pro-
teins, rather than independent sequential binding of the two proteins 
within the time resolution of the experiment, we quantitatively examined 
the formation of Mediator and RNApII ternary complexes. Ternary com-
plexes were defined using time intervals in which both Med7549 and Rpb1Cy5 
were simultaneously present for at least one shared frame. To minimize the 
effect of Cy5-TMP blinking, only a single Rpb1Cy5 event was considered per 
Med7549 dwell (for example, see Figure 4A, top trace between 0 – 600 sec-
onds). Ternary complex formation events were then categorized as in Fig-
ure S5C-D (bars). The kinetically modeled sequential events (red and green 
fit curves) were substantially lower than the blue bars when extrapolated to 
zero time-difference, indicating that the vast majority of these apparently 
simultaneous arrivals were indeed simultaneous. The analogous analysis 
was performed for simultaneous departures (Figure S5E-F). 

Gal4-VP16649 and Med7549 spot presence and spot fluorescence in-
tensity 
CoSMoS experiments with Med7549 and 0, 10, 25, or 50 nM Gal4-VP16649 or 
190 nM unlabeled Gal4-VP16 were processed by the Bayesian machine 
learning method implemented in the software tapqir using the described 
time-independent cosmos model63. To measure the fraction of DNA mole-
cules colocalized with a Gal4-VP16649 or Med7549 fluorescence spot in these 
experiments (Figure S6C), we scored time points at each DNA location 
with a DNA-specific Gal4-VP16649 and/or Med7549 spot as those with specific 
spot probability pspecific ≥ 0.5. In the experiment with no Gal4-VP16649, the 
fraction of DNAs with a colocalized Gal4-VP16649 spot was taken to be zero 
(leading to the solid red points in Figure 5A; Figure 6B, D, F; and Figure 
S6C). 
  The cosmos model fits two candidate spots per frame per DNA 
location. For both candidates it calculates the probabilities p(θ = 1) and p(θ 
= 2) (denoted theta_probs in ref. 96) that candidate spots 1 and 2 are au-
thentic, target-specific spots63. To accommodate cases in which a single, 
DNA-colocalized spot was fit as consisting of two overlapping candidate 
spots, we take the intensity (in photons) above background of all target-spe-
cific (i.e., pspecific ≥ 0.5) spots to be 

𝐼𝐼 = �(θ = 1) ∙ ℎ1+ �(θ = 2) ∙ ℎ2

� ∙[�(θ = 1)+ �(θ = 2)]
, 

(Equation 5) 
where the cosmos model parameters h1 and h2 are the integrated Gaussian-
modeled spot intensities for spots 1 and 2; and g is camera gain (ADU/pho-
ton). This theta probability weighting means the intensity value will reflect 
the “true” spot when the choice is clear or combine the signals when a single 
intense spot is modeled as two overlapping spots. To calculate the time-de-
pendence of the average Gal4-VP16649 and Med7549 fluorescence per DNA 
molecule (Figure S6A, B, respectively), we binned the experimental 
timepoints into quintiles (10, 25, 50 nM Gal4-VP16) or deciles (190 nM 
Gal4-VP16; see Table S3). For all DNA locations at all timepoints in each 
bin, we averaged the spot intensity I (Equation 5) if a target-specific spot 
was detected (i.e., pspecific ≥ 0.5) or a value of zero if no spot was detected 
(pspecific < 0.5). Standard errors of this mean were conservatively estimated 
using the number of DNA molecules, NDNA (i.e., they did not account for the 
number of time points), since successive measurements on the same DNA 
location are not fully statistically independent.  

Fitting spot intensity distributions  
 The molecular complexes studied may in general contain more 
than one Gal4-VP16 or Mediator and therefore may contain more than one 
dye-labeled Gal4-VP16649 or Med7549 protein. To measure the fluorescence 

intensities, distributions of target-specific fluorescence spot intensity I 
across multiple time points and DNA locations (e.g., Figure S3) were max-
imum likelihood fit to the gamma distribution mixture model probability 
density function 

∑ [𝑃𝑃�
1

�−���Γ(���)
𝐼𝐼���−1𝑒𝑒−��]�

�=1 , 

(Equation 6) 
where j was set at a fixed number of components corresponding to the max-
imum number of dyes per spot; µi was taken to be i ∙µ1 for i = 2,…,j; and the 
fit parameters were µ1, the mean intensity above background of a single dye 
moiety; w, the gamma distribution inverse scale parameter; and Pi for i = 
1,…,j, the fractional amplitude of the ith component, where ∑ [𝑃𝑃�]

�
�=1 = 1. All 

fits, fit parameter values, and parameter standard errors are reported in 
Supplementary Data File 1. 

Gal4-VP16649 and Med7549 fraction labeled 
The fraction of Gal4-VP16 dimers in the Gal4-VP16649 preparation that con-
tained one or more fluorescent dye was measured from the distribution of 
fluorescence intensity changes accompanying the first Gal4-VP16649 bind-
ing seen at each DNA location in the 10 nM Gal4-VP16649 experiment (Fig-
ure 2A). In the first instance of three consecutive Gal4-VP16649-present (pspe-

cific ≥ 0.5) frames immediately following a Gal4-VP16649-absent (pspecific < 0.5) 
frame, we used the intensity above background I (Equation 5) values for the 
second pspecific ≥ 0.5 frame. The distribution of these intensities was fit to 
Equation 6 as described above, using j = 4 (Figure S3A). Gal4-VP16 binds 
tightly to its cognate DNA sequence as a dimer, so we assume that the first 
and second gamma components correspond to dimers with one or two flu-
orescent dyes, respectively, while the much smaller amplitude third and 
fourth gamma components are due to outlier events, e.g., instances in which 
two dimers bound in rapid succession. The subunit labeling fraction was 
calculated as  

fGal4-VP16 monomers =  2�2

�1+2�2
 , 

(Equation 7) 
and the fraction of dimers with at least one dye was then calculated as 

fGal4-VP16 dimers = 1 − (1 − 𝑓𝑓Gal4−VP16 monomers)2. 
(Equation 8) 

The reported experiments used a single Gal4-VP16649 preparation with fGal4-

VP16 monomers = 82 ± 11% and fGal4-VP16 dimers = 97 ± 4%. 
 We estimated a lower limit on the fraction of dye-labeled Media-

tor molecules in the Med7549/Rpb1Cy5 extract from the ratio of background-
corrected frequencies for Rpb1Cy5 arrival when Med7549 was present to when 
it was absent intervals, which is the 14.6 ± 1.0 recruitment preference (Fig-
ure 4C, left, green bar). This corresponds to a lower limit Med549 labeling 
fraction of 𝑓𝑓M̅ediator =14.6 / (14.6 + 1) = 94%. 

Number of Gal4-VP16 or Med7 molecules per DNA 
To calculate the average number of Gal4-VP16 or Med7 on each DNA at 
equilibrium (Figure 5A, points; Figure 6, points), I (Equation 5) distribu-
tions were fit to Equation 6, using values of j chosen to account for the ob-
served distributions while using the smallest number of components to pre-
vent overparameterization: Gal4-VP16649 intensities were fit using j = 8 or 
10; and Med7549 intensities were fit with j = 4 (Supplementary Data File 
1). For Gal4-VP16649, equilibrium µ1 values were similar at all concentra-
tions and were similar to µ1 measured earlier from the first binding event 
data (compare Figure S3A with Figure S3B and Supplementary Data 
File 1), consistent with the fitting procedure accurately measuring the sin-
gle-dye intensity values in the equilibrium intensity distributions. The µ1 

values for the equilibrium Med7549
 intensity distributions from the experi-

ments with 10, 25, and 50 nM Gal4-VP16649 were also consistent with each 
other, but not with data at 190 nM activator, which was collected under dif-
ferent acquisition conditions as described earlier. At 0 nM Gal4-VP16649, 
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there was not enough Med7549 binding to fit an intensity distribution to the 
Gamma mixture model, so all instances of binding were assumed to have 
one Med7549 molecule present. We calculated the average number of dye 
molecules per fluorescent spot as 

𝑑𝑑 = ∑ [𝑖𝑖 𝑃𝑃�]
�
�=1 . 

(Equation 9) 
The fraction of uncleaved DNA molecules remaining on the slide surface 
during the equilibrium time intervals, each of which was centered at tc = 
~1,250 s from the start of the experiment, was estimated as 𝑓𝑓DNA =
𝑒𝑒−(𝑘𝑘L 𝑡𝑡𝑐𝑐) = 0.75, where kL = 2.3 × 10-4 s-1 is the independently determined 
rate of DNA loss from the surface (Figure S4D). The mean numbers of 
Gal4-VP16 dimers and Mediator complexes per surviving DNA location 
were then calculated as  

(𝑑𝑑 ∙  𝑓𝑓≥1 Gal4−VP16)
(2 𝑓𝑓Gal4−VP16 monomers)(𝑓𝑓DNA)⁄  , 

(Equation 10) 
and 

(𝑑𝑑 ∙  𝑓𝑓≥1 Mediator)
�𝑓𝑓M̅ediator�(𝑓𝑓DNA)⁄ , 

(Equation 11) 
respectively, where 𝑓𝑓≥1 Gal−VP16 and 𝑓𝑓≥1 Mediator are the fractions of original 
DNA locations with one or more dye-labeled Gal4-VP16649 and Mediator549 
(Figure 5A).  

Quantitative models for Mediator recruitment by Gal4-VP16 
To test quantitative explanations for the observed activator binding and Me-
diator recruitment by activator to a DNA containing five identical Gal4 
binding sites, we formulated three contrasting equilibrium statistical me-
chanics models: two “single-bridging” models with either noninteracting or 
interacting TA molecules (Figures 6A and C, respectively) and a “multiple-
bridging” model (Figure 6E). For each model, we enumerated all possible 
protein-bound states of a DNA molecule and calculated the associated sta-
tistical weights from the free energy contributions of the protein-DNA and 
protein-protein interactions present and the state multiplicity17. The proba-
bility of a DNA being in a given state at equilibrium is its statistical weight 
divided by the sum of all weights. In each model, the state probabilities de-
pend on the free concentration of Gal4-VP16, [A] (which is assumed to be 
equal to the total added Gal4-VP16 or Gal4-VP16649), and either two or three 
variable parameters. 

In the independent single-bridging model (Figure 6A), in which only 
one TA at a time can interact with Mediator, only two parameters were 
needed: Ka, the equilibrium constant for association of a TA dimer with a 
single Gal4 binding site on the DNA; and m = [M]Km, where [M] is the con-
centration of Mediator and Km is the equilibrium constant for association of 
a single Mediator to a single TA dimer on DNA.  

In the single-bridging model with TA interactions (Figure 6C), an ad-
ditional parameter was introduced to reflect the interactions between TAs: 

𝑏𝑏  =  𝑒𝑒
−� ��

�B�
�
, the Boltzmann factor representing the strength of each TA in-

teraction, where Ga is the free energy associated with interactions between 
a pair of neighboring TAs bound to a DNA. 
For the multiple-bridging model (Figure 6E), state probabilities depend on 
the model parameters Ka, m, and additional parameter c. The parameter 

𝑐𝑐  =  𝑒𝑒
−� ��

�B�
�
 is the Boltzmann factor corresponding to the free energy Gm 

associated with the interaction between each of the second through fifth 
TAs and Mediator. 
To determine the set of parameter values, 𝛽𝛽, that give the best agreement 
between a model and the occupancy data, we used the MATLAB fminsearch 
function to minimize: 

− ln 𝑝𝑝 = 1

2
∑ ��(𝑦𝑦� | 𝛽𝛽 ⃗) − 𝑥𝑥��

2
∆𝑥𝑥�

2⁄ �7
�=1 , 

(Equation 12) 

where p is the relative likelihood, the seven xi values are the experimentally 
measured mean numbers of equilibrium activator dimers or Mediator mol-
ecules per DNA (the points shown for non-zero activator concentrations in 
Figure 5A and Figure 6B, D, and F), Δxi is the standard error associated 
with each xi, and (𝑦𝑦𝑖𝑖  | 𝛽𝛽) are the corresponding model predictions for occu-
pancy values given the set of model parameters. Parameter confidence in-
tervals were determined by bootstrapping (1,000 samples).  

For the multiple-bridging model the value of Ka determined from the fit 
(0.017 nM-1) is of similar magnitude to a published measurement (0.067 nM-

1; ref. 97) for Gal4-DBD binding to its consensus DNA site at a somewhat 
different ionic strength. The fitting procedure estimates m, the product of 
Mediator concentration and its association constant with a single DNA-
bound activator. Since single molecules cannot be detected by TIRF above 
solution concentrations of roughly 50 nM, the concentration of Mediator in 
our experiments is at or below that value. Thus, the fit value of m, 0.007, 
yields a predicted single activator-Mediator association equilibrium con-
stant of Km ≥ 0.14 µM-1, in rough agreement with equilibrium constants re-
ported for binding of Mediator to Gal4 and Gcn4 ADs29,30,98.  
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