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Affinity and competition for TBP are molecular
determinants of gene expression noise

Charles N.J. Ravarani!, Guilhem Chalancon!, Michal Breker? ", Natalia Sanchez de Groot"" & M. Madan Babu'

Cell-to-cell variation in gene expression levels (noise) generates phenotypic diversity and is
an important phenomenon in evolution, development and disease. TATA-box binding protein
(TBP) is an essential factor that is required at virtually every eukaryotic promoter to initiate
transcription. While the presence of a TATA-box motif in the promoter has been strongly
linked with noise, the molecular mechanism driving this relationship is less well understood.
Through an integrated analysis of multiple large-scale data sets, computer simulation and
experimental validation in yeast, we provide molecular insights into how noise arises as an
emergent property of variable binding affinity of TBP for different promoter sequences,
competition between interaction partners to bind the same surface on TBP (to either promote
or disrupt transcription initiation) and variable residence times of TBP complexes at a
promoter. These determinants may be fine-tuned under different conditions and during
evolution to modulate eukaryotic gene expression noise.
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ene expression noise is the measure of cell-to-cell

variability in the expression level of a gene in a population

of genetically identical cells that are grown in the same
environment!. Differences in expression levels (noise) can result
in phenotypic diversity between individuals despite genetic
homogeneity>>. Non-genetic variation as a basis for phenotypic
diversitby is an evolvable trait* and is critical for development and
disease™®. Indeed, genome-wide studies have revealed that some
genes are noisier than others’” and that stochastic variation in
levels of regulatory proteins can generate phenotypic diversity®.
In the last decade, an increasing number of factors that influence
noise during transcription have been identified>*!. Specifically,
variability in chromatin organization and transcription factor
(TF) binding play a role by regulating access to the DNA by the
transcription machinery!'!"13, thereby leading to differences in
transcriptional output and noise (Fig. 1a). Although these factors
provide an important mechanistic framework!4, the molecular
aspects of how the process of transcription initiation, the different
assembly pathways of the transcriptional machinery, and their
dynamics—the key steps on having access to the promoter—lead
to noise remains less well understood.

When a promoter becomes accessible after chromatin
reorganization and TF binding, RNA polymerase II can be
recruited in different ways!>~17. All assembly pathways require a
conserved factor called the TATA-box binding protein (TBP), the
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Integration of datasets at different levels of resolution, scale and type:

scaffold for assembling the general transcription factors (GTFs) to
form a pre-initiation complex (PIC)!31%. TBP recognizes a DNA
element called the TATA-box?® (see Supplementary Fig. 1 for
definitions of a TATA-box). Not all genes have a canonical
TATA-box sequence, but TBP is recruited to all promoters to
initiate transcription?!. Crucially, genes with a TATA-box are
associated with high noise?>~2%. In cells, TBP exists in different
complexes (Fig. 1b) that either promote or disrupt PIC
formation®®; TBP can be a dimer, bound to the DNA, part of
different co-activator complexes, or be engaged by PIC-disrupting
factors such as Motlp and NC2 (ref. 25). The competition
between the interacting partners sequesters the ~ 20,000 copies of
TBP into distinct TBP-containing complexes®® that have distinct
properties (for example, diffusion rates?” and residence times at
the promoter?®). Disrupting this dynamic equilibrium can
influence the abundance of specific TBP complexes and affect
gene expression globally?®. Thus, how the TATA-box and the
variability in the subsequent steps for PIC formation contribute to
noise remains unclear. Here, we describe a molecular model of
how TBP, the sequence of its binding site, the complexes it can
form and their respective residence times at a promoter can make
a gene more or less noisy through an integrated analysis
of multiple large-scale data sets, computer simulation and
experimental validation in yeast (Fig. lc; Supplementary
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Figure 1| Framework for investigating how gene expression noise arises from the mechanistic details of the interaction of TBP with its partner
proteins and their influence on PIC formation. (a) In a population of genetically identical cells (isogenic population), individual cells can show differences
in their gene expression levels (shades of yellow). In order for genes to be expressed, their promoter needs to be accessible (nucleosome re-organization)
and co-activating complexes need to be recruited (via transcription factors; TFs). (b) The TATA-box binding protein (TBP) is required for every
transcriptional event in eukaryotic cells. TBP can exist in different functional assemblies. They are in dynamic equilibrium between a dimeric state and a
monomeric state that in turn can form different TBP assemblies with (i) other general transcription factors (TFIIB and TFIIA in yellow), (ii) co-activators
(TFID in pink and SAGA in red) that promote pre-initiation complex (PIC) formation or (iii) disrupting factors (Mot1p in purple) that bind and evict the
DNA bound TBP and prevent PIC formation. (¢) To obtain mechanistic and molecular insights into the origins of noise, we integrated data from different
levels of resolution, scales and types describing various aspects of transcription initiation in the yeast Saccharomyces cerevisiae, which were tested using

stochastic simulations and were experimentally validated.
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Results

Functional TBP-binding sites are accessible at a promoter.
Previously, genes were classified as TATA-box containing or
TATA-less based on predicted TATA-box sequences somewhere
in their promoter’’. Recently, TBP was found to bind at
the promoter of nearly every gene, and the exact location of
functional TBP-binding sites (TBS) was determined at nucleotide
resolution®!, This allowed a new classification of genes into those
containing a TATA-box and those with an experimentally
verified TATA-like sequence that are very similar to a TATA-
box with no more than two mismatches?! (Supplementary Fig. 1;
Fig. 2a). Using the new scheme and the increased resolution in
defining a functional TBS (that is, where a PIC forms), we
observed that the TBP-binding site of ~80% of TATA-box genes
and ~90% of the TATA-like genes are not occluded by a well-
positioned nucleosome. This means that a TBS is more likely to
be accessible to the transcriptional machinery in both promoter
types (Supplementary Fig. 1; Supplementary Note 1), raising the
question as to how an accessible TATA-box and TATA-like TBS
influences PIC formation and noise.

TBS type is linked with cofactor binding preference. At an
accessible promoter, TBP forms transcriptionally permissive
assemblies either as part of a TFIID or SAGA co-activator
complex. TFIID is a ~1.2MDa complex’! of which TBP has
been observed to be a constitutive subunit!®. SAGA is also a
multi-subunit complex®>3% (~ 1.8 MDa), but unlike TFIID, TBP
only weakly binds to SAGA, and is less likely to be a constitutive
subunit!'®3*, In contrast to TFIID, TBP and SAGA subunits can
arrive at a promoter independently, where they interact relatively
weakly'®323> Thus both co-activator complexes lead to PIC
formation but in different ways. While some sequence specific
TFs and nucleosome modifications influence the differential
recruitment of the co-activator complexes>>3, the TBS may play
a role in their ability to assemble at a promoter. Using the new
classification scheme, we observed that there is a continuum of
binding preference for the co-activator complexes: genes with a

TATA-box show predominant binding by SAGA and genes with a
TATA-like sequence show predominant binding by TFIID.
Interestingly, both co-activators bind to the same promoter of
several genes, suggesting the existence of two sub-populations’’
where either TFIID or SAGA is bound in different individuals in
the promoter of a given gene (see Supplementary Fig. 2 and
Supplementary Methods for how the co-activator-regulation classes
were defined; note that the percentage of gene classes do not
represent the true biological proportions but reflects the fact that
they were classified according to the median occupancy value).

Cofactor binding preference is linked to noise. In terms of noise
(measured as coefficient of variation (CV); ratio of s.d. to mean
abundance), we observed that TATA-box genes are noisier and
display higher expression level than the newly classified TATA-
like genes (Supplementary Fig. 2). In fact, TATA-box genes that
are highly expressed display a higher CV, suggesting that the
higher noise cannot simply be explained due to low protein
abundance (mean-CV inverse relationship38). Since the mean
abundance tends to be inversely related to CV3, we subsequently
used DM, which is an abundance-independent measure of cell-to-
cell variability (DM; distance from median CV; herein referred to
as noise - except when specified otherwise; Supplementary Fig. 2).
We found that TATA-box genes bound by SAGA have higher
noise’ (Fig. 2b). Irrespective of the TBS type, TFIID bound genes
show comparably low noise. Among the genes with a TATA-like
TBS, those bound by SAGA display higher noise compared with
the ones bound by TFIID. This suggests that the specific co-
activator that assembles at a promoter influences noise despite the
type of TBS. Collectively, these observations suggest that the TBS
type is linked with preferential co-activator assembly, and the
specific co-activator that assembles at a promoter may influence
noise (Fig. 2b). This raises the following questions: what is the
molecular explanation for the different TBS types to preferentially
assemble SAGA or TFIID? And why do SAGA-regulated genes
tend to be noisier and TFIID-regulated genes tend to be less
noisy?

a Basehoar Rhee and b
etal®®  Ppugh?'
(2004)  (2012) % of total
of total
Basehoar et al.3 3 é _’é g TATA-box/
(n=5,671) X < < < & TATAdike TATA SAGA -100
All genes Rhee and e ';: ';: l;: 3 motifs in x
(n=~6,600) Pugh® = F F F O Rhecetal TATA TFID + SAGA —153 —-—
(74231) o 437 57.96%
& 3,119 .89.70% SAGA 27— -
= E) i
2 292 38.72% | & TFIID + SAGA —557
(2}
2 267 7.68% | E
= TATA TFIID -33
— 5 NS
Not assigned in 25 S % TFIID —281 -
Basehoar et al. 91 2.62% . 5 . .
-5 0 5 10
Not assigned 588 TBS co-factor Gene expression noise (DM)
in Rhee et al. 1,170 preference

Figure 2 | Comparison and classification of TBS sequences and the relationship between TBS type, co-activator binding preference and gene
expression noise. (a) Comparison of promoter classification using the computationally inferred TATA-box containing promoters by Basehoar et al.3° and
nucleotide-level resolution measurement of TBP-binding sites by Rhee and Pugh?'. The Venn diagram on the top left indicates the number of genes
analysed in the different data sets and the extent of overlap of the genes studied, respectively. The matrix on the right indicates the degree to which the
more recent data set from Rhee and Pugh agrees (top) and disagrees (bottom) with the assignment of genes in Basehoar et al.39 to host a TATA-box
(dark green) or a TATA-like (light green) sequence/TBP-binding site (TBS) in their respective promoters. Genes with no assignment in both studies are
also shown. (b) The relationship between promoter TBS type and co-activator preference, and gene expression noise. The respective distributions in terms
of gene expression noise (DM) are shown as box plots and were ranked according to the median noise value of each class. In the different panels, statistical
significances between distributions of medians were assessed using the Wilcoxon rank-sum tests that were corrected for multiple testing ("**' for P<0.01
and ‘NS’ for not significant). The number of genes in each class is given on the left of the plot.
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TBP displays distinct preference for TBS sequences. Since TBP
is recruited differently at genes that are regulated by the two
co-activators, we investigated how the chemical differences and
intrinsic flexibility of the TBS sequences (properties that affect
affinity and kinetics**~#!) might influence co-activator binding. An
analysis of protein—bindin% microarray (PBM) data containing all
possible 8-mer sequences*>** showed that the signal intensity for
monomeric TBP was higher for TATA-box containing probes
(compared with TATA-like or other 8-mers; Fig. 3a; left).
Intriguingly, we observed a large spread of PBM intensity among
the distinct TATA-box sequences. Upon ordering them by their
PBM intensity, the sequences naturally cluster into two subsets:
those with a Thymine or Adenine in position 5 (Ts/As subset) of
the TATA-box (Fig. 3a; middle). The PBM intensity is higher for
the T5 compared with the A5 subset (Fig. 3a; right). An analysis of
published binding kinetics data?* showed that there is no
statistically significant difference in the ‘on’ and ‘off rates for
TBP binding to the different TBS sequences (Supplementary Fig. 3).

PBM
Chip

Number of genes with TBS:
>0 030 06009

Median signal: @

12,000 -

PBM signal (a.u.)

4,000 -

All non-TBS
sequences

TATA-like
sequences

TATA-box
sequences

Motif class:

TATA-box

(&)}
|

[o 2NN
| I

TATA-b As
-DOX T.

5

Computed mean MGW (A)
of yeast promoter DNA
[
I

I | 1 |
o

Distance to TBS (bp)

TBS flexibility may determine TBP binding preference.
An analysis of the available structures of TBP in complex with
different TBS sequences revealed that (a) the TBP structure in
the DNA bound and the unbound forms are highly similar
(irrespective of either a TATA-box or TATA-like sequence),
(b) the DNA of both TBS types are bent to the same extent
and (c) the complexes are very similar in terms of buried surface
area, interaction energy and number of interacting residues
(Supplementary Fig. 3). Despite this high degree of similarity in
the DNA structure of the bound complexes, the computed minor
groove width (MGW; an indicator of DNA conformational
flexibility*>; Supplementary Note 2) of the yeast promoter
sequences showed that TATA-box sequences are likely to adopt
a wider MGW (Fig. 3b)%6. This indicates that TATA-box
sequences are more flexible than TATA-like sequences and
hence energetically easier to bend to form the final configuration
(Fig. 3b). Furthermore, the relatively wider MGW extends
throughout the whole motif for the Ts subset, whereas, there is
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Figure 3 | TBP binding affinity and intrinsic DNA flexibility of TBS sequences. (a) The protein binding microarray (PBM) signal intensity is plotted
for the different TBS type sequences (dark green for TATA-boxes and light green for TATA-like sequences) and all other 8-mer sequences (black).
Every circle represents the median signal measured for all the repeats on the chip for that given sequence, and the size indicates the number of promoters
in yeast that host this particular sequence in its TBS. The red dot indicates the median PBM signal per sequence class. PBM signals for TATA-box subtypes
(middle), that is, Ts (yellow) and As (blue). The number of genes with the given sequence in the TBS in yeast is shown on the right. Box plots of
distributions of PBM signal intensity for probes hosting the different TBS motifs (right). (b) Computed intrinsic minor groove width (MGW) for TATA-box
(dark green) and TATA-like sequences (light green; top panel). The shaded area represents confidence intervals. MGW for Ts (yellow) and As (blue)
subtypes are shown in the bottom. (¢) Genes were classified based on the TBS type in their promoter (dark green for TATA-box with the Ts and the
As subsets, light green for TATA-like sequences) and box plots of distributions for SAGA and TFIID occupancies are shown. In all the panels, Wilcoxon
rank-sum tests (that were corrected for multiple testing; **' for P<0.01) were performed to assess statistical significance between the medians of the
distributions. The number of genes in each class is given on the bottom of the box plot.
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a sharp drop for the As subset, possibly explaining the higher
in vitro binding of monomeric TBP in the Ts subset (Fig. 3b).
These observations collectively suggest that the bendability of the
TBS (rather than the chemical differences) might play a role in
the thermodynamics of monomeric TBP binding preference for
different TBS sequences.

TBP binding affinity drives co-factor assembly. The preferential
binding of TBP to the different TBS sequences can influence the
assembly of co-activator complexes. Because TBP can arrive
independently at SAGA-regulated genes’, such promoters may
harbour high-affinity TBS sequences compared with TFIID-
regulated genes. Consistent with this, SAGA occupancy in vivo
was higher in promoters of the Ts compared to the As subset
(Fig. 3c). In contrast, TFIID occupancy remained comparable
across promoter types, including TATA-like sequences (Fig. 3¢).
This suggests that in vivo, TBP as a part of TFIID can bind both
TATA-box and TATA-like promoters equally well despite the
intrinsic preference for monomeric TBP to bind TATA-box
sequences. This may be because the other subunits of TFIID make
additional contacts and stabilize the TBP:TBS complex once
recruited*”*8, These observations highlight that SAGA assembly
is linked to the differential affinity of monomeric TBP to bind
specific TBS sequences, and suggests a role for TBS bendability in
the preferential assembly of SAGA at TATA-box promoters
in vivo.

TBP in TFIID is inaccessible by Motlp. Having investigated
the role of the TBS sequences, we then studied how the TBP
interaction partners influence PIC formation. We analysed the
structures of TBP in complex with its different binding partners
and characterized the nature of the interaction surface (Fig. 4a)
after establishing the equivalent TBP residues between the dif-
ferent structures (Supplementary Fig. 4). A key factor that can
disrupt PIC formation is Motlp, which binds and evicts mono-
meric TBP from the DNA*. Motlp only requires access to the
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convex surface of TBP*°, However, low-resolution EM models of
TFIID show that TBP is buried within the complex (Fig. 4a)4”>>!
and cannot be readily accessed by Motlp. A comparison of the
structure of TBP in complex with the TAND domain of
Taflp (TBP interacting subunit of TFIID) revealed that
Taflp-TAND and Motlp overlap significantly in terms of the
interaction surface on TBP (16 overlapping residues; ~ 800 A2).
Furthermore, Taflp makes more unique contacts with TBP than
Motlp (Fig. 4b). Therefore, when TBP is recruited as a part of
TFIID with its subunits, Motlp is unlikely to readily displace the
subunits of TFIID and gain direct access to TBP in the complex,
especially, given the nanomolar affinity for TBP to bind certain
subunits of TFIID*%. Thus, at TFIID-regulated promoters
(more likely to harbour a TATA-like TBS; Supplementary
Fig. 2), Motlp is unlikely to directly interfere with PIC formation.

Motlp can compete with SAGA for TBP. When monomeric
TBP binds the TBS, TFIIA is required to stabilize the TBP:DNA
complex®?>3 for SAGA assembly. Mot1p and TFIIA both bind to
the convex surface of monomeric TBP*>4, although Motlp
binds more extensively than TFIIA (Fig. 4a). Despite the overlap
in binding, Motlp uniquely contacts twice as many residues as
TFIIA, suggesting a stronger interaction between Motlp and TBP
(Fig. 4c). Although additional regions of TFIIA can contact TBP,
they are likely to be transient as these regions have missing
electron density®. The transient interactions are however
important for PIC formation irrespective of the co-activator
recruited*”>>. Thus, at SAGA-regulated promoters (more likely
to harbour a TATA-box TBS; Supplementary Fig. 2), Motlp can
compete with TFIIA and hence, SAGA assembly. This can disrupt
PIC formation, and thereby prevent transcription initiation.

Motlp binding at promoters with distinct TBS types. An
analysis of genome-wide binding data revealed that Motlp
occupancy is higher at TATA-box promoters where monomeric
TBP can bind. Motlp occupancy is also higher at SAGA occupied

Convex surface
is bound by proteins

TFIID

Concave surface

TBP
is bound by DNA
Mot1p e

Figure 4 | Properties of the interface and interactions between TBP and its partner proteins. (a) Characterization of the interaction interface of TBP in
complex with distinct PIC-influencing factors. TBP (grey) is shown from the same orientation as it interacts with TFIID (pink), Motlp (purple) and TFIIA
(yellow). For TFIID, the electron microscopy structure is shown. One of the subunits (Taflp) with two TAND domains that interact with TBP is also
highlighted. The properties calculated to characterize the interaction interface include the number of interacting TBP residues, the number of atomic
contacts, the number of non-covalent contacts, the total computed energy of interaction (kcal per mol), and the total buried surface area (A2).

(b) Comparison of the TFIID(Taflp):TBP interface and the MotIp:TBP interface (convex TBP surface only). The contributions of the different factors are
divided into those that are unique to each (pink for TFIID and purple for Mot1p) and those that are common/overlapping (black). (¢) Comparison of the
TFIIA:TBP interface and the Mot1p:TBP interface (convex TBP surface only). The contributions of the different factors are divided into those that are unique
to each factor (yellow for TFIIA, purple for Mot1p) and those that are common/overlapping (black). In both (b,c) the interacting regions are mapped onto

the structure and viewed from different angles. The DNA is coloured white.
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promoters (Fig. 5a; Supplementary Fig. 5). This suggests that
Motlp and SAGA occupy the same promoter. However, the
structural data above suggests that Motlp and TFIIA (required
for SAGA assembly) cannot bind to the same TBP molecule as
they compete for the same surface on TBP, which has also been
inferred by an earlier study®®. One explanation that is consistent
with both observations is the existence of two sub-populations
of cells; one harbouring the transcriptionally non-permissive
Motlp:TBP:TBS complex (which will be transient and
readily dissociate) and the other harbouring the permissive
SAGA:TBP:TBS at the same promoter. This heterogeneity in
distinct TBP assemblies between different individuals may lead to
variable transcriptional output. Intriguingly, we note that genes
that are regulated by both TFIID and SAGA have the highest
Motlp occupancy. These genes tend to be highly expressed,
highly regulated by a larger number of distinct TFs, and have a
highly dynamic chromatin at the promoter (Supplementary
Fig. 5). This suggests that the promoter DNA might be more
often accessible and might expose non-functional TBP-binding
sites, which may lead to spurious and inappropriate TBP binding
that needs to be cleared up by Motlp (Supplementary Fig. 5). By
evicting TBP from such non-functional sites, Motlp can facilitate
binding of TBP to the appropriate sites, and may promote
transcription at some promoters*>’. In line with this, we observe
that the promoters of these genes have higher TBP binding in
regions that are distal to the PIC forming TBS and might explain
the unexpectedly high Motlp occupancy in the region
(Supplementary Note 3). Finally, consistent with the
observations that Motlp may not have access to the TBP
within TFIID, we found that Motlp occupancy is lowest at

TFIID-regulated promoters, irrespective of the TBS type (Fig. 5a).
Thus, when TFIID is assembled at an accessible TBS, PIC
formation is unlikely to be disrupted by Motlp. Therefore,
individual cells in a population might show little variability in PIC
formation, thereby leading to a consistent transcriptional output.

TBP residence times are longer at TATA-like promoters. The
extent of switching between the different TBP complexes at a
promoter will depend on the residence time of the respective
complexes. Investigation of TBP turnover data using the new TBS
classification scheme revealed that the turnover rate is lower in
TATA-like promoters?® (Fig. 5b). This suggests that the same
TBP complex is present for a longer period of time. This is
consistent with the structural and genome-scale occupancy data
that TATA-like promoters are more likely to be bound by TFIID
that might prevent TBP removal by Motlp. In line with this,
genes with low TBP turnover display low noise (Fig. 5¢). Thus, for
TATA-like promoters, it seems that lower noise might be a
consequence of the stable association of TBP as part of TFIID,
leading to a consistent transcriptional output. At TATA-box
promoters, TBP turnover is higher, which suggests that switching
between TBP complexes happens frequently (Fig. 5b). This raises
the question as to how high TBP turnover can lead to high noise.

Rapid TBP recycling by Motlp leads to higher noise.
To investigate why high TBP turnover leads to high noise, we
analysed Motlp occupancy in the different TATA-box subtypes.
Motlp occupancy was higher for the Ts compared to the As
subset (Fig. 5d), which in turn is linked to the increased binding
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Figure 5 | Box plots of the distributions highlighting the relationship between TBS, TBP interacting proteins, TBP turnover and gene expression noise.
(@) Motlp occupancy at promoters with different TBS types and different co-activator regulation classes. (b) TBP turnover at promoters with different
TBS types (dark green for TATA-box and light green for TATA-like). (¢) The TBP turnover in promoters of genes was split into low and high bins
([0.008-0.026] and (0.026-0.051] a.u., respectively) based on the median TBP turnover and the distributions of gene expression noise for these two
classes are displayed as box plots. Genes were classified based on the TBS type in their promoter (dark green for TATA-box with the Ts and the As subsets,
light green for TATA-like sequences) and the distributions of Mot1p occupancy and TBP turnover are shown in (d) and noise in (e). In all the panels,
Wilcoxon rank-sum tests (that were corrected for multiple testing; **' for P<0.01, "*' for P<0.05) were performed to assess the statistical significance
of the differences between the medians of the distributions. The number of genes in each class is given on the bottom or the left of the box plot.
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Figure 6 | Stochastic simulations highlighting how TBP affinity for a TBS, competition between Mot1p and SAGA and their residence times influence
noise. (@) The possible TBP assemblies at the promoter (microstates) leading to transcriptional output (On state) or no output (Off state) and the
transitions between the microstates were used to build a Markov model. The simulation was performed for a cell population with 500 individual cells and
for 150 time points. (b) The intrinsic binding affinity of TBP for different TBS sequences and its relationship with noise. For this simulation, the competition
and residence time parameters for Mot1p and SAGA were kept constant. The grey ribbon around the trend line indicates plus and minus one s.d. from the
mean from three independent simulations. (¢) Phase diagram of the possible noise behaviour for different parameters for a promoter under different
co-activator and Mot1p regulation. Black square boxes in the matrix highlight the parameter combination that was used to generate the simulation results
shown in b. In the bottom, the history of microstates from the simulation for a TATA-box and TATA-like promoters is shown (left). At a given instant,
individual cells with TATA-like promoter have a more homogenous distribution of microstates and a corresponding consistent expression output.

In contrast, cells with TATA-box promoters show a more heterogeneous distribution of microstates and a corresponding variable expression output (right).
The respective mean expression values are indicated with a dashed line in the distribution.

of TBP (Fig. 3a). Thus, at TATA-box promoters, monomeric TBP
readily binds the high-affinity TBS and Motlp might rapidly evict
it (Fig. 5d). This leads to a futile cycle where TBP is rapidly
recycled and the promoter is transcriptionally silent until SAGA
binds. Indeed, depletion of Motlp leads to increased TBP binding
preferentially at TATA-box promoter?®. The variability in the
time spent in the transcriptionally silent state and the competition
to switch to the permissive state on SAGA binding, can lead to
variability in the timing of transcription initiation and therefore,
cell-to-cell differences in gene expression levels. Collectively,
these observations highlight that at an accessible promoter, the
affinity of TBP to the TBS sequence provides the context for noise
to emerge. Consistent with this, we find that the binding
preference of monomeric TBP for the different TBS types is
linked with the extent of noise (Fig. 5e).

Simulations to explore possible noise regimes. Integrating the
observations from the biochemical, biophysical, structural and
genome-scale occupancy data, we performed a discrete-time
stochastic simulation of transcription initiation from an accessible
TBS to explore the role of (a) differential affinity of TBP to
TBS sequences, (b) competition between TBP interaction
partners (specifically, the extent of Motlp/SAGA assembly) and
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(c) variable residence time of the TBP complexes (Motlp and
SAGA residence time in particular) on noise (Fig. 6a). The
simulation assumes the promoter context to be the same (that is,
TF binding and nucleosome organization are not modelled
explicitly). This provides an opportunity to monitor how the
different TBS sequences alone could affect the different TBP
complexes (microstates) that can assemble at a promoter in
individual cells, which in turn impacts the transcriptional output
(On/Off macrostates), thereby influencing noise in a cell popu-
lation (Fig. 6a; Supplementary Methods).

First, we modelled the effect of the affinity of TBP to different
TBS sequences (affinity parameter) in situations that are reflective
of the observations described above, that is, (a) Motlp is more
likely to outcompete SAGA (competition parameter), (b) longer
and intermediate residence times for TFIID and SAGA,
respectively (residence time parameter) and (c) lower residence
time for Motlp at promoters since Motlp enzymatic activity is
high in cells (Motlp:TBP:DNA complex dissociates rapidly; see
also Supplementary Note 4 and Fig. 6b). The simulations revealed
that noise increases as the probability to assemble monomeric
TBP increases. A more comprehensive simulation that system-
atically varied the competition and residence times of Motlp and
SAGA revealed the landscape of noise values that are attainable
(Fig. 6¢). The simulations revealed that the waiting time between
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Figure 7 | Deletion of SAGA impacts noise in the way predicted by the model. (a) The experimental pipeline used in this study. (b) The genes

were selected based on SAGA and TFIID occupancy for both TBS types (TATA-box containing, dark green and TATA-like sequence, light green). The
selected genes can be classified into six groups with at least two genes in each group (total of 16 genes; red dots). (¢) Fluorescence microscopy images of
two genes (MSB2: TATA-box TBS and predominantly regulated by SAGA; PFY1: TATA-like TBS and predominantly regulated by TFIID), in the wild type
(WT) strain and SAGA knockout strain (ASPT3; SPT3 of the SAGA complex interacts with TBP). Scale bars, 4.2um. Flow cytometry measurements of
thousands of single cells (~20,000 cells; no. of cells, n are shown for both replicate experiments) were recorded with two replicates to get the distribution
of expression levels in the population and to investigate the impact of the ASPT3 knockout on noise (CV). (d) Expected and observed effect of SPT3
knockout (SAGA subunit) for genes with different core promoter types. Genes are classified based on their TBS type (TATA-box, dark green and TATA-like,
light green), and their respective TFIID and SAGA occupancy (high/low). The expected effects of the ASPT3 knockout based on the mechanistic model
(no change; dash or a decrease in noise; red down arrow) are shown. The observed decrease in effect was defined as a deviation from WT noise levels by at
least one s.d. from all measured differences.

the transcriptional On states is longer for TATA-box genes TBP between the unbound form and the TBP:TBS complex
in situations when Motlp outcompetes SAGA. The longer (Off state) due to Motlp, resulting in higher TBP turnover
waiting time is a consequence of rapid recycling of monomeric  (Supplementary Fig. 6). The variability (between different
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Figure 8 | Molecular and mechanistic model for how the TBS in a promoter can lead to different TBP assemblies in a population of cells and thereby
lead to noise in gene expression levels. (a) The TBS within a gene's promoter in a cell population can harbour different TBP assemblies following a given
path through a chain of events/decision tree (top). A promoter can harbour a number of possible microstates: free (f), TFIID (D), TBP (T), SAGA (S) or
Motlp (M). Depending on the assembled TBP complex, the promoter will either be transcriptionally active or silent. The extent of switching between
transcriptionally permissive or non-permissive states either (i) over time in an individual (time-average) or (ii) at an instance between individual cells in a
population (space-average) determines the extent of expression noise (bottom). (b) TBS type determines the TBP complexes that can be assembled and
thus can explain the emergence of noise. A TATA-box TBS can host a larger variety of microstates with different transcriptional output (top-right), which
leads to more variability in gene expression levels between individual cells in a population. TATA-like TBS predominantly end up in the TFIID microstate,
which leads to consistent expression output (top-left) and less variability in expression levels between individual cells in a population. In a population of
cells, the different individuals might switch between the different TBP assemblies at a promoter and this will manifest as differences in the expression level
of a gene (dark yellow for low abundance and light yellow for high abundance).

individuals) in switching to the occasional On state with large Note 5) for 16 different yeast genes in two different genetic
expression burst via SAGA leads to differences in the expression backgrounds (wild-type and SAGA/Spt3p mutant; Fig. 7b and
output, resulting in higher noise. Supplementary Fig. 7). We selected the Spt3p subunit of SAGA as
Importantly, the simulations also revealed the existence it is a non-essential subunit that binds TBP and hence likely to
of situations where TATA-box genes have lower noise than compete with Motlp®2. The individual genes were chosen to
TATA-like genes. For instance, when SAGA outcompetes Motlp  cover all the different combinations of core promoter properties
(for example, under low abundance of Motlp and/or high in terms of the TBS type and TFIID/SAGA occupancy (Fig. 7b).
abundance of SAGA), a TATA-box gene is less noisy since SAGA  The experimental findings are in agreement with what is expected
more often wins the competition and/or SAGA residence times from our model for the SAGA-regulated genes; lowering the level
are higher. This can happen when a strong transcriptional of SAGA does influence noise in the way as the model would
activator effectively recruits and tethers SAGA to the promoter predict, that is, a larger reduction of noise is observed in TATA-
(for example, SAGA recruitment by Galdp>®). In such situations, box genes compared with TATA-like genes on deletion of SAGA
the influence of Motlp is minimized and the promoter is more (Fig. 7c,d; Supplementary Fig. 7). For a majority of the genes
often in the On state in TATA-box genes, thereby resulting in a  belonging to the TFIID/SAGA + TFIID co-regulator classes, the
stable transcriptional output, resulting in low noise. findings are consistent. One reason why a small subset of genes
does not show the expected behaviour might be due to gene

specific mechanisms (that is, the extent of chromatin regulation,

Experimental validation. We carried out experiments in yeast nucleosome context and TF binding) that may influence any
(Fig. 7a) to test whether lowering the abundance of SAGA of the steps in the model and hence can modulate noise
impacts noise in a way predicted by the model (see Discussion).  (Supplementary Note 5). Finally, although we did not measure
For this, we measured noise (as measured by CV; Supplementary  the variation in the abundance of the SAGA complex between
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individual cells from the wild-type population, it is reasonable to
infer from our experiments that variation in the abundance of the
SAGA complex (extrinsic noise) will affect the expression
variability of SAGA-regulated genes.

Discussion

By integrating measurements made at the whole population level
with data on single-cell measurements, we provide insights into
how TBP, the sequence of its binding site, the complexes it can
form and their respective residence times at a promoter can make
a gene more or less noisy. The findings fit within the existing
framework of nucleosome organization and TF recruitment, and
provide molecular insights into how the TBS can play an
important role in influencing noise by determining the assembly
pathway of transcriptional initiation.

Our observations can be synthesized into the following model
(Fig. 8) and can help rationalize a number of previously published
perturbation studies (Supplementary Discussion). Depending on
the bendability of certain DNA sequences, the affinity of TBP
to bind a sequence might increase due to lowering the
conformational strain to form the bound complex. Based on
the affinity for certain TBS sequences, TBP may bind as a
monomer or as a part of TFIID. If TFIID is recruited, the PIC is
formed and transcription is initiated (On macrostate). If
monomeric TBP binds, Motlp or other TBP remodelling factors
(for example, NC2) might evict TBP, resulting in no transcrip-
tional output (Off macrostate). Alternatively, the SAGA complex
might assemble and initiate transcription (On macrostate).
Thus, at a TBS, TBP can exist in at least four microstates:
(a) TFIID:TBP:TBS, (b) SAGA:TBP:TBS, (c) Motlp:TBP:TBS or
(d) TBP:TBS complex (Fig. 8a). Some microstates will have a
higher residence time (for example, TFIID:TBP), whereas others
are turned over quickly (for examlple, Motlp:TBP), thereby
influencing the transcriptional output'>>8, Hence at a given time
point, the same promoter could sample different microstates in
different individuals or a single individual could sample different
microstates over a period of time (ergodic hypothesis; that is, the
behaviour averaged over time is the same when averaged over the
space of all states; Fig. 8a, bottom)>°.

At TATA-like TBS, TBP can bind only as a part of TFIID as
the affinity of monomeric TBP is lower. Since TBP within TFIID
is not accessible by Motlp and the additional TFIID subunits
contact the promoter extensivelys, it remains bound for
longer periods of time, thereby ensuring consistent and stable
transcriptional output®=%2, Thus, in a cell population, TATA-like
TBS are likely to be stably occupied by TFIID and display less
variability in expression levels between individuals (Fig. 8b). At
TATA-box promoters, the affinity for monomeric TBP is higher
and distinct TBP complexes can be assembled. In some
individuals, TBP can bind as a monomer or as part of TFIID
(in which case the outcome is similar to above). When TBP binds
as a monomer, competition between Motlp, GTFs and SAGA
leads to the assembly of mutually exclusive TBP complexes at a
promoter. Since TBP has a higher affinity for TATA-box TBS and
Motlp readily evicts monomeric TBP, this leads to frequent
cycling between transcriptionally silent states (futile cycle),
making the promoter responsive when SAGA is recruited. The
variation in the waiting time to switch to the On state via SAGA
between individuals will determine the extent of noise in a cell
population (Fig. 8b). The history of the micro- and macrostates
sampled at a promoter over time by an individual will determine
the total abundance, burst size, burst frequency and the extent of
variability in the expression level of a gene between individuals in
a population (Supplementary Fig. 6).

Although the observations are consistent with a number of
genes, the reported trends are unlikely to apply to every single

10

gene. Several factors can influence (or override) the TBP
complexes that can assemble at a promoter (Supplementary
Discussion). However, since the mechanisms and components
involved in transcriptional initiation are evolutionarily conserved,
the reported observations are likely to be general and hold for
other eukaryotes, including humans. Nevertheless, there will be
differences in the number and tﬂ)es of distinct TBP complexes
that can be formed at a promoter"’. For instance, there are several
paralogs of TBP in humans®?, homologous protein complexes of
SAGA (for example, ATAC), and splice isoforms of the PIC
components in other eukaryotes®4. This may result in an increase
in the number of different TBP complexes (and the extent of
switching between the different assemblies) in distinct cell types
or during development, thereby providing an opportunity to tune
the expression noise of individual genes or a subset of genes. An
important implication of our findings is that in addition to
alterations in the expression level of TBP or mutations in the TBS,
variation in the expression level of TBP-interacting proteins
(for example, SAGA, Motlp and NC2) will globally influence
noise by affecting the abundances of distinct TBP complexes and
can thus be considered as global regulators of noise. Finally,
the principles described here may represent a more general
framework that is applicable to every major step along the process
of gene expression. The interplay between affinity, competition
for an essential regulatory factor and their residence times can
drive the assembly of distinct complexes in different individuals
of a cell population. This may lead to heterogeneities in the
assembly of gene expression machineries, resulting in expression
variability in a cell population.

Methods

Genome-wide data set on gene expression noise. Gene expression noise data
were obtained from Newman et al.” Noise values for every gene were computed
as the ratio of the s.d. over the mean of fluorescence intensity for the entire

cell population (CV) and the data was normalized to arrive at an abundance-
independent measure of noise, called distance from the running median CV (DM).
We used 1,804 protein-coding genes for which other genome-wide information
was available, and for all calculations we used the DM values in yeast peptone
dextrose (YPD) conditions as noise value.

TBS classification. The TBP-binding site (TBS) classification status

(TATA-box or TATA-like) for 4,231 mRNA-coding genes was obtained from Rhee
and Pugh?!. The main improvement of this data set is the base-pair resolution of
localization of TBP on a genome-wide scale. This data set classified genes into
either TATA-box genes if the motif was ‘pure’, or TATA-like genes if their
promoter hosts a TATA-box motif with up to two mismatches.

Occupancy of TBP interaction partners in promoter regions. The genome-wide
binding profiles of TBP, Motlp, TFIID (Taflp subunit), SAGA (Spt20p subunit)
and Pol II across the entire yeast genome were acquired from van Werven et al.%
who employed chromatin immunoprecipitation (ChIP)—chip using cells in their
exponential growth phase. The genomic probe enrichment at time point 0 was used
and for each gene. The median factor occupancy was computed for probes situated
in the promoter region.

Gene classification based on co-activators in promoters. Every gene was
classified according to whether it was TFIID regulated or SAGA regulated. As an
intuitive measure of regulation, genes that have an occupancy value above the
median of all genes” promoters for a factor (Taflp or Spt20p) are considered to be
regulated by that factor. Genes with an occupancy value below the median are
considered as not regulated by that factor. This classification for TFIID regulation
and SAGA regulation, respectively, leads to four possible states for a promoter:
TFIID and SAGA regulated (+/+ ), only TFIID regulated (+/—), only SAGA
regulated (—/+) and neither TFIID nor SAGA regulated (—/—). Finally
rescaling and centring was applied for visual clarity and does not have an effect on
calculating the respective median of SAGA and TFIID occupancy. Genes where
either factor could not be detected were excluded from the analysis.

Intrinsic TBP binding preference from PBM experiments. The raw data of the
PBM chips was obtained from the Bulyk group website (http://the_brain.bwh.
harvard.edu/uniprobe/downloads.php). The authors generated a microarray chip
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with a set of synthetic double-stranded DNA sequences that together represent all
possible 10-mers of DNA. This unbiased set of sequences on the PBM chip can
then be assessed for their protein binding levels, when incubating the chip with a
GST-tagged protein. Binding of TBP to the DNA probes was detected using a
GFP-tagged antibody to the GST, which in turn indicates the intrinsic binding
preference of the TBP for all possible 8-mer sequences (the sequence length that is
bound by TBP). To deconvolute and approximate which of the contained motifs is
bound by TBP (every probe host multiple motifs), the median value of the many
replicate measurements of the same motif on different probes was calculated. This
strategy has been shown to be a good indicator*® of the signal and is informative
of TBP’s intrinsic binding preference to specific sequences. The motifs in the
probes were then classified based on their TBS sequence types (TATA-box,
TATA-like sequence and other 8-mers).

Promoter DNA shape. The intrinsic MGW of all TBS sequences in the promoter
context was calculated with DNAShape. The method computes structural
properties of DNA segments including MGW, which highlights the distance
between the two opposing strands of the DNA phosphate backbones when
perceived from the minor groove side. This measure is informative of the intrinsic
tendency of a DNA segment to show a widened or contracted minor groove. This
approach was applied to a region of * 15bp around the TBS (including the TBS)
of all yeast promoters investigated in this study.

Interface properties of TBP-containing complexes. The atomic coordinates of
TBP in complex with Taflp (4B0A)>*, Motlp (30C3)*° and TFIIA (IRM1) were
obtained from the Protein Data Bank (PDB). The PDB files were processed to only
include TBP and the interaction partner of interest. For the complexes of TBP with
Taflp and Motlp (both monomeric proteins) this was already done. However, the
structure of TBP in complex with TFIIA also hosts DNA, which was first removed.
The interfaces of TBP with the protein or DNA interaction partners were then
‘repaired’ using FoldX 3.0 (http://foldxsuite.crg.eu/) with standard parameters,
putting the structures of the complexes on the same energetic ‘footing’ important
for comparisons. The atomic contacts between TBP and its interaction partners
were then characterized with the internal module of the Chimera software (https://
www.cgl.ucsf.edu/chimera/). Furthermore, the accessible surface area of TBP and
the buried surface area on complex formation was calculated using the Hotregions
webserver®, which employs naccess (http://www.bioinf.manchester.ac.uk/naccess/)
internally. Finally, for the different complexes containing TBP, the energy
contributions of the interfaces were quantitatively estimated at the residue level
using FoldX 3.0 with standard parameters.

Turnover as a measure of dynamics of TBP at the promoter. TBP turnover data
at 542 gene promoters were obtained from van Werven et al.?® TBP turnover is
defined as the rate at which a new molecule of TBP binds at the promoter after an
old one has been displaced.

Testing for statistical significance. Statistical analysis was done using the

R statistical package. Statistical significance was assessed using the Wilcoxon
rank-sum test when comparing distributions and the 7> test when comparing
enrichments. The Mann-Whitney test (or Wilcoxon rank-sum test) was used to
assess whether two samples were from the same population. It is a non-parametric
test and does not assume a defined distribution. Statistical tests were corrected for
multiple testing using the Benjamini and Hochberg method. The 72 test for
goodness-of-fit compares observed ratios with expected ratios for nominal scale
data. It helps to assess whether there are significant differences between the
expected frequencies and observed frequencies in one or more categories.

Visualization of distributions. Distributions were represented by box plots, which
highlight informative statics. The median value for each sample is shown with a
horizontal black line. Boxes enclose values between the first and third quartile. The
interquartile range (IQR) is calculated by subtracting the first quartile from the
third quartile. All values that are 1.5 X IQR lower than the first quartile or

1.5 x IQR greater than the third quartile are considered to be outliers and were
removed only from the figures to improve visualization.

Markov chain modelling of promoter states and noise. Discrete time
stochastic modelling of gene expression was performed to determine the impact of
affinity, competition and residence time of TBP on noise. Markov chains (MCs)
were used to model a graph based on our findings with five distinct microstates:
free promoter (f), TBP:TBS (T), TBS:TBP:Motlp (M), TBS:TBP:SAGA (S) and
TBS:TBP:TFIID (D). The transition probabilities to switch between the microstates
were chosen to be reflective of the cellular conditions in yeast cells. Every
simulation was conducted for 150 time points and for 500 cells (see Supplementary
Methods for more details and parameter selection). We did not explicitly model
degradation. At the end of the simulation, the total expression level per cell and the
variation thereof in the simulated population of cells was quantified using the CV.
MCs were computed using the ‘markovchain’ R library.

Deletion of Spt3 and generation of the GFP tagged strains. We deleted the
SPT3 subunit of the SAGA complex from the MATo haploid Yeast strain Y6545
using nourseothricin (Nat) resistance plasmid pAG35 (ref 67). Synthetic genetic
array technique was performed between ASpt3:Nat" against the GFP collection
(::HIS3; the library was a kind gift from J. Weissman, University of California, San
Francisco, San Francisco, CA; Mating was performed on rich media plates, and
selection for diploid cells was performed on plates with clonNAT Nourseothricin
(Werner) and lacking HIS. Sporulation was then induced by transferring cells to
nitrogen starvation plates for 5 days. Haploid cells containing all desired mutations
were selected by transferring cells to plates containing all selection markers
alongside the toxic amino-acid derivatives Canavanine and Thialysine (Sigma-
Aldrich) to select against remaining diploids and lacking Leucine to select for only
spores with an ‘@’ mating type (Cohen and Schuldiner®®). Synthetic genetic array
procedure was validated by inspecting representative strains for the presence of the
GFP-tagged strains and for the deletion of SPT3 by PCR. To manipulate the
collection in high-density format (384), we used a RoToR bench top colony arrayer
(Singer Instruments).

Protocol for flow cytometry. Wild type (WT) and SPT3 deleted GFP-tagged yeast
strains (see details below) were measured using flow cytometry. The comparison
between the fluorescence emitted by wild type GFP-tagged strain (with SPT3) and
the knockout shows the impact of the deletion. To grocess the cytometry data, the
protocols from Newman et al.”, Weinberger et al.'® and Hornung et al.%® were
followed. Cells were incubated in YPD medium at 30 °C overnight to stationary
phase, then diluted to an optical density (O.D.) of 0.01 before growing for another
5-6h prior to the measurement. An LSRII flow cytometer to measure fluorescence
in standard mode at a velocity of 1-1.5 pl's ~ ! was used. GFP was excited at 488 nm
and the fluorescence was collected through a 505-nm long-pass filter and 525-nm
band-pass filter (Chroma Technology). Thousands of events were recorded from
each well in the plate. The flow cytometry experiments were repeated in duplicates.
The processing of the raw data was performed as reported before!®. First, it
consisted of filtering observations with extreme forward scattering values
(0<SSC — A<218 — 1 and 0 <FSC-A <218-1), and times of data collection. Then
the measurements in the top and bottom 5% in terms of the scattering measured
were discarded. To identify the subpopulation of small cells that did not bud, the
measurements were gated to have a total scattering (SSC-A x FSC) below a quintile
cutoff value of 0.5. To correct for the effect of size on GFP fluorescence, a linear
model (GFP ~FSC — A + SSC — A) was defined. The size-corrected GFP values
were obtained dividing the square of the raw GFP fluorescence measurements by
the fitted values of the linear regression. The mean of the residuals of the linear
regression indicate the s.d. of the measurements. The noise or CV was calculated
with the corrected values dividing the s.d. by the mean of GFP fluorescence. To
estimate the reproducibility of the measurement, the two replicates for the wild
type, and the SPT3 knockout were averaged and the s.e. was estimated.

References

1. Raser, J. M. & O’Shea, E. K. Control of stochasticity in eukaryotic gene
expression. Science 304, 1811-1814 (2004).

2. Raser, J. M. & O’Shea, E. K. Noise in gene expression: origins, consequences,
and control. Science 309, 2010-2013 (2005).

3. Balazsi, G., van Oudenaarden, A. & Collins, J. J. Cellular decision making and
biological noise: from microbes to mammals. Cell 144, 910-925 (2011).

4. Acar, M., Mettetal, J. T. & van Oudenaarden, A. Stochastic switching as a
survival strategy in fluctuating environments. Nat. Genet. 40, 471-475 (2008).

5. Lehner, B. Genotype to phenotype: lessons from model organisms for human
genetics. Nat. Rev. Genet. 14, 168-178 (2013).

6. Van Heyningen, V. & Yeyati, P. L. Mechanisms of non-Mendelian inheritance
in genetic disease. Hum. Mol. Genet. 13 Spec No 2: R225-R233 (2004).

7. Newman, J. R. et al. Single-cell proteomic analysis of S. cerevisiae reveals the
architecture of biological noise. Nature 441, 840-846 (2006).

8. Jothi, R. et al. Genomic analysis reveals a tight link between transcription factor
dynamics and regulatory network architecture. Mol. Syst. Biol. 5, 294 (2009).

9. Sanchez, A., Choubey, S. & Kondev, J. Regulation of noise in gene expression.
Annu. Rev. Biophys. 42, 469-491 (2013).
10. Maheshri, N. & O’Shea, E. K. Living with noisy genes: how cells function
reliably with inherent variability in gene expression. Annu. Rev. Biophys.
Biomol. Struct. 36, 413-434 (2007).
. Sharon, E. et al. Probing the effect of promoters on noise in gene expression
using thousands of designed sequences. Genome Res. 24, 1698-1706 (2014).
12. Hornung, G., Oren, M. & Barkai, N. Nucleosome organization affects the
sensitivity of gene expression to promoter mutations. Mol. Cell. 46, 362-368
(2012).

13. Weinberger, L. et al. Expression noise and acetylation profiles distinguish
HDAC functions. Mol. Cell. 47, 193-202 (2012).

14. Kim, H. D. & O’Shea, E. K. A quantitative model of transcription factor-
activated gene expression. Nat. Struct. Mol. Biol. 15, 1192-1198 (2008).

15. Huisinga, K. L. & Pugh, B. F. A TATA binding protein regulatory network that
governs transcription complex assembly. Genome. Biol. 8, R46 (2007).

1

—

| 7:10417 | DOI: 10.1038/ncomms10417 | www.nature.com/naturecommunications 1


http://foldxsuite.crg.eu/
https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimera/
http://www.bioinf.manchester.ac.uk/naccess/
http://www.nature.com/naturecommunications

ARTICLE

16.

1

N

1

o

19.

20.

21.

22.

23.

24.

25.

26.

2

N}

28.

29.

30.

3

—

32.

33.

34.

35.

36.

3

Q

38.

3

o

4

f=}

4

—

42.

43.

44.

45.

46

47.

48.

Hahn, S. & Young, E. T. Transcriptional regulation in Saccharomyces cerevisiae:
transcription factor regulation and function, mechanisms of initiation, and roles
of activators and coactivators. Genetics 189, 705-736 (2011).

. Sikorski, T. W. & Buratowski, S. The basal initiation machinery: beyond the

general transcription factors. Curr. Opin. Cell. Biol. 21, 344-351 (2009).

. Grunberg, S. & Hahn, S. Structural insights into transcription initiation by RNA

polymerase II. Trends Biochem. Sci. 38, 603-611 (2013).

Burley, S. K. & Roeder, R. G. Biochemistry and structural biology of
transcription factor IID (TFIID). Annu. Rev. Biochem. 65, 769-799 (1996).
Lifton, R. P., Goldberg, M. L., Karp, R. W. & Hogness, D. S. The organization of
the histone genes in Drosophila melanogaster: functional and evolutionary
implications. Cold Spring Harb. Symp. Quant. Biol. 42 Pt 2, 1047-1051 (1978).
Rhee, H. S. & Pugh, B. F. Genome-wide structure and organization of
eukaryotic pre-initiation complexes. Nature 483, 295-301 (2012).

Blake, W. J., K&£rn, M., Cantor, C. R. & Collins, J. ]. Noise in eukaryotic gene
expression. Nature 422, 633-637 (2003).

Tirosh, I. & Barkai, N. Two strategies for gene regulation by promoter
nucleosomes. Genome Res. 18, 1084-1091 (2008).

Lehner, B. Selection to minimise noise in living systems and its implications for
the evolution of gene expression. Mol. Syst. Biol. 4, 170 (2008).

Pugh, B. F. Control of gene expression through regulation of the TATA-binding
protein. Gene 255, 1-14 (2000).

Borggrefe, T., Davis, R., Bareket-Samish, A. & Kornberg, R. D. Quantitation of
the RNA polymerase II transcription machinery in yeast. J. Biol. Chem. 276,
47150-47153 (2001).

. Sprouse, R. O. et al. Regulation of TATA-binding protein dynamics in living

yeast cells. Proc. Natl Acad. Sci. USA 105, 13304-13308 (2008).

van Werven, F. ], van Teeffelen, H. A., Holstege, F. C. & Timmers, H. T.
Distinct promoter dynamics of the basal transcription factor TBP across the
yeast genome. Nat. Struct. Mol. Biol. 16, 1043-1048 (2009).

Zentner, G. E. & Henikoff, S. Mot1 redistributes TBP from TATA-containing to
TATA-less promoters. Mol. Cell. Biol. 33, 4996-5004 (2013).

Basehoar, A. D., Zanton, S. J. & Pugh, B. F. Identification and distinct
regulation of yeast TATA box-containing genes. Cell 116, 699-709 (2004).

. Sanders, S. L., Garbett, K. A. & Weil, P. A. Molecular characterization of

Saccharomyces cerevisiae TFIID. Mol. Cell. Biol. 22, 6000-6013 (2002).

Han, Y., Luo, J., Ranish, J. & Hahn, S. Architecture of the Saccharomyces
cerevisiae SAGA transcription coactivator complex. EMBO ] 33, 2534-2546
(2014).

Wu, P. Y., Ruhlmann, C., Winston, F. & Schultz, P. Molecular architecture of
the S. cerevisiae SAGA complex. Mol. Cell. 15, 199-208 (2004).

Bai, Y., Perez, G. M., Beechem, J. M. & Weil, P. A. Structure-function analysis
of TAF130: identification and characterization of a high-affinity TATA-binding
protein interaction domain in the N terminus of yeast TAF(II)130. Mol. Cell.
Biol. 17, 3081-3093 (1997).

Weake, V. M. & Workman, J. L. SAGA function in tissue-specific gene
expression. Trends Cell. Biol. 22, 177-184 (2012).

Bhaumik, S. R. Distinct regulatory mechanisms of eukaryotic transcriptional
activation by SAGA and TFIID. Biochim. Biophys. Acta 1809, 97-108 (2011).

. Geisberg, J. V. & Struhl, K. Quantitative sequential chromatin

immunoprecipitation, a method for analyzing co-occupancy of proteins at
genomic regions in vivo. Nucleic Acids Res. 32, e151 (2004).

Bar-Even, A. et al. Noise in protein expression scales with natural protein
abundance. Nat. Genet. 38, 636-643 (2006).

. Kastritis, P. L. & Bonvin, A. M. Molecular origins of binding affinity: seeking

the Archimedean point. Curr. Opin. Struct. Biol. 23, 868-877 (2013).

. Schreiber, G., Haran, G. & Zhou, H. X. Fundamental aspects of protein-protein

association kinetics. Chem. Rev. 109, 839-860 (2009).

. Duzdevich, D., Redding, S. & Greene, E. C. DNA dynamics and single-molecule

biology. Chem. Rev. 114, 3072-3086 (2014).

Berger, M. F. et al. Compact, universal DNA microarrays to comprehensively
determine transcription-factor binding site specificities. Nat. Biotechnol. 24,
1429-1435 (2006).

Zhu, C. et al. High-resolution DNA-binding specificity analysis of yeast
transcription factors. Genome Res. 19, 556-566 (2009).

Bonham, A. J., Neumann, T., Tirrell, M. & Reich, N. O. Tracking transcription
factor complexes on DNA using total internal reflectance fluorescence protein
binding microarrays. Nucleic Acids Res. 37, €94 (2009).

Flatters, D. & Lavery, R. Sequence-dependent dynamics of TATA-box binding
sites. Biophys. J. 75, 372-381 (1998).

. Zhou, T. et al. DNAshape: a method for the high-throughput prediction of

DNA structural features on a genomic scale. Nucleic Acids Res. 41, W56-W62
(2013).

Cianfrocco, M. A. et al. Human TFIID binds to core promoter DNA in a
reorganized structural state. Cell 152, 120-131 (2013).

Burke, T. W. & Kadonaga, J. T. Drosophila TFIID binds to a conserved
downstream basal promoter element that is present in many TATA-box-
deficient promoters. Genes Dev. 10, 711-724 (1996).

49. Auble, D. T. The dynamic personality of TATA-binding protein. Trends
Biochem. Sci. 34, 49-52 (2009).

50. Wollmann, P. et al. Structure and mechanism of the Swi2/Snf2 remodeller

Motl in complex with its substrate TBP. Nature 475, 403-407 (2011).

. Papai, G., Weil, P. A. & Schultz, P. New insights into the function of
transcription factor TFIID from recent structural studies. Curr. Opin. Genet.
Dev. 21, 219-224 (2011).

52. Warfield, L., Ranish, J. A. & Hahn, S. Positive and negative functions of the
SAGA complex mediated through interaction of Spt8 with TBP and the
N-terminal domain of TFIIA. Genes Dev. 18, 1022-1034 (2004).

53. Blair, R. H., Goodrich, J. A. & Kugel, J. F. Single-molecule fluorescence
resonance energy transfer shows uniformity in TATA binding protein-induced
DNA bending and heterogeneity in bending kinetics. Biochemistry 51,
7444-7455 (2012).

54. Anandapadamanaban, M. et al. High-resolution structure of TBP with TAF1
reveals anchoring patterns in transcriptional regulation. Nat. Struct. Mol. Biol.
20, 1008-1014 (2013).

55. Bagby, S. et al. TFIIA-TAF regulatory interplay: NMR evidence for overlapping

binding sites on TBP. FEBS Lett. 468, 149-154 (2000).

. Geisberg, J. V. & Struhl, K. Cellular stress alters the transcriptional properties of
promoter-bound Mot1-TBP complexes. Mol. Cell. 14, 479-489 (2004).

57. Poorey, K. et al. RNA synthesis precision is regulated by preinitiation complex

turnover. Genome Res. 20, 1679-1688 (2010).

58. Huisinga, K. L. & Pugh, B. F. A genome-wide housekeeping role for TFIID and
a highly regulated stress-related role for SAGA in Saccharomyces cerevisiae.
Mol. Cell. 13, 573-585 (2004).

59. Huang, S. Non-genetic heterogeneity of cells in development: more than just
noise. Development 136, 3853-3862 (2009).

60. Yean, D. & Gralla, J. Transcription reinitiation rate: a special role for the TATA

box. Mol. Cell. Biol. 17, 3809-3816 (1997).

. Yudkovsky, N., Ranish, J. A. & Hahn, S. A transcription reinitiation
intermediate that is stabilized by activator. Nature 408, 225-229 (2000).

62. Zawel, L., Kumar, K. P. & Reinberg, D. Recycling of the general transcription

factors during RNA polymerase II transcription. Genes Dev. 9, 1479-1490 (1995).

63. Akhtar, W. & Veenstra, G. J. TBP-related factors: a paradigm of diversity in
transcription initiation. Cell Biosci. 1, 23 (2011).

64. Spedale, G., Timmers, H. T. & Pijnappel, W. W. ATAC-king the complexity of
SAGA during evolution. Genes Dev. 26, 527-541 (2012).

65. van Werven, F. J. et al. Cooperative action of NC2 and Motlp to regulate
TATA-binding protein function across the genome. Genes Dev. 22, 2359-2369
(2008).

66. Cukuroglu, E., Gursoy, A. & Keskin, O. HotRegion: a database of predicted hot

spot clusters. Nucleic Acids Res. 40, D829-D833 (2012).

. Goldstein, A. L. & McCusker, J. H. Three new dominant drug resistance
cassettes for gene disruption in Saccharomyces cerevisiae. Yeast 15, 1541-1553
(1999).

68. Cohen, Y. & Schuldiner, M. Advanced methods for high-throughput
microscopy screening of genetically modified yeast libraries. Methods Mol. Biol.
781, 127-159 (2011).

69. Hornung, G. et al. Noise-mean relationship in mutated promoters. Genome Res.
22, 2409-2417 (2012).

5

—

5

f=)}

6

—

6

~

Acknowledgements

We thank R. Weatheritt, S. Balaji, H. Harbrecht, T. Flock, K. Kruse, S. Chavali, R. Peer,
A. Sente, J. Bdhler, D. Rhodes, M. Kayikci and N. S. Latysheva for their comments on this
work. We acknowledge M. Schuldiner for support with generation of the yeast strains.
This work was supported by the Medical Research Council (MC_U105185859; M.M.B.,
G.C, N.S.D.G. and C.N.J.R), the AFR scholarship from the Luxembourg National
Research Fund (CN.J.R), the Gates Cambridge Scholarship and the Knox Trinity
studentship (G.C.) and the Simons Foundation Junior Fellow award (M.B.). M.M.B. is
also a Lister Institute Research Prize Fellow.

Author contributions

C.NJ.R. collected data, wrote scripts and performed all the analysis. G.C. helped
C.N.J.R. with the data analysis and they co-wrote scripts for the stochastic simulations
and the processing of the flow cytometry data. N.S.D.G. contributed to the experimental
results in collecting flow cytometry data using the knockout strains generated by M.B.
C.N.J.R. and M.M.B. designed the project, analysed the results and wrote the manuscript.
All authors read and provided their comments on the draft. M.M.B. supervised the
project.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

| 7:10417 | DOI: 10.1038/ncomms10417 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10417

ARTICLE

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ravarani, C. N. J. et al. Affinity and competition for
TBP are molecular determinants of gene expression noise. Nat. Commun. 7:10417
doi: 10.1038/ncomms10417 (2016).

This work is licensed under a Creative Commons Attribution 4.0

B International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

NATURE COMMUNICATIONS | 7:10417 | DOI: 10.1038/ncomms10417 | www.nature.com/naturecommunications 13


http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Figure™1Framework for investigating how gene expression noise arises from the mechanistic details of the interaction of TBP with its partner proteins and their influence on PIC formation.(a) In a population of genetically identical cells (isogenic populat
	Results
	Functional TBP-binding sites are accessible at a promoter
	TBS type is linked with cofactor binding preference
	Cofactor binding preference is linked to noise

	Figure™2Comparison and classification of TBS sequences and the relationship between TBS type, co-activator binding preference and gene expression noise.(a) Comparison of promoter classification using the computationally inferred TATA-box containing promot
	TBP displays distinct preference for TBS sequences
	TBS flexibility may determine TBP binding preference

	Figure™3TBP binding affinity and intrinsic DNA flexibility of TBS sequences.(a) The protein binding microarray (PBM) signal intensity is plotted for the different TBS type sequences (dark green for TATA-boxes and light green for TATA-like sequences) and a
	TBP binding affinity drives co-factor assembly
	TBP in TFIID is inaccessible by Mot1p
	Mot1p can compete with SAGA for TBP
	Mot1p binding at promoters with distinct TBS types

	Figure™4Properties of the interface and interactions between TBP and its partner proteins.(a) Characterization of the interaction interface of TBP in complex with distinct PIC-influencing factors. TBP (grey) is shown from the same orientation as it intera
	TBP residence times are longer at TATA-like promoters
	Rapid TBP recycling by Mot1p leads to higher noise

	Figure™5Box plots of the distributions highlighting the relationship between TBS, TBP interacting proteins, TBP turnover and gene expression noise.(a) Mot1p occupancy at promoters with different TBS types and different co-activator regulation classes. (b)
	Simulations to explore possible noise regimes

	Figure™6Stochastic simulations highlighting how TBP affinity for a TBS, competition between Mot1p and SAGA and their residence times influence noise.(a) The possible TBP assemblies at the promoter (microstates) leading to transcriptional output (On state)
	Figure™7Deletion of SAGA impacts noise in the way predicted by the model.(a) The experimental pipeline used in this study. (b) The genes were selected based on SAGA and TFIID occupancy for both TBS types (TATA-box containing, dark green and TATA-like sequ
	Experimental validation

	Figure™8Molecular and mechanistic model for how the TBS in a promoter can lead to different TBP assemblies in a population of cells and thereby lead to noise in gene expression levels.(a) The TBS within a geneCloseCurlyQuotes promoter in a cell population
	Discussion
	Methods
	Genome-wide data set on gene expression noise
	TBS classification
	Occupancy of TBP interaction partners in promoter regions
	Gene classification based on co-activators in promoters
	Intrinsic TBP binding preference from PBM experiments
	Promoter DNA shape
	Interface properties of TBP-containing complexes
	Turnover as a measure of dynamics of TBP at the promoter
	Testing for statistical significance
	Visualization of distributions
	Markov chain modelling of promoter states and noise
	Deletion of Spt3 and generation of the GFP tagged strains
	Protocol for flow cytometry

	RaserJ. M.OCloseCurlyQuoteSheaE. K.Control of stochasticity in eukaryotic gene expressionScience304181118142004RaserJ. M.OCloseCurlyQuoteSheaE. K.Noise in gene expression: origins, consequences, and controlScience309201020132005BalazsiG.van OudenaardenA.C
	We thank R. Weatheritt, S. Balaji, H. Harbrecht, T. Flock, K. Kruse, S. Chavali, R. Peer, A. Sente, J. Bähler, D. Rhodes, M. Kayikci and N. S. Latysheva for their comments on this work. We acknowledge M. Schuldiner for support with generation of the yeast
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




