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ABSTRACT

Recent super-resolution microscopy studies in E. coli demonstrate that the cytoplasm
has highly variable local concentrations where macromolecular crowding plays a central role in
establishing membrane-less compartmentalization. This spatial inhomogeneity significantly
influences molecular transport and association processes central to gene expression. Yet, little
is known about how macromolecular crowding influences gene expression bursting — the
episodic process where mRNA and proteins are produced in bursts. Here, we simultaneously
measured mRNA and protein reporters in cell-free systems, showing that macromolecular
crowding decoupled the well-known relationship between fluctuations in the protein population
(noise) and mRNA population statistics. Crowded environments led to a 10-fold increase in
protein noise even though there were only modest changes in the mRNA population and
fluctuations. Instead, cell-like macromolecular crowding created an inhomogeneous spatial
distribution of MRNA (“spatial noise”) that led to large variability in the protein production burst
size. As a result, the mRNA spatial noise created large temporal fluctuations in the protein
population. These results highlight the interplay between macromolecular crowding, spatial
inhomogeneities, and the resulting dynamics of gene expression, and provide insights into using

these organizational principles in both cell-based and cell-free synthetic biology.
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INTRODUCTION

The intracellular environment is highly crowded by proteins and other macromolecules
which occupy a significant fraction of the cell (e.g. approximately 30% in E. coli)*®. In contrast to
the dilute environments often used to determine biochemical parameters, macromolecular
crowding affects the dynamics of molecular transport and interactions in ways that significantly
alter molecular association, ligand binding, and protein folding?. Likewise, macromolecular
crowding is known to differentially alter average transcription and translation rates*°. Yet, the
relationship between macromolecular crowding and gene expression bursting patterns remains

largely unexplored.

Gene expression bursting is an episodic process where mRNA and proteins are
produced in relatively short bursts separated by periods of no expression®®. Expression bursting
is often associated with molecular processes such as transcription factor binding kinetics®*,
supercoiling?, and transcriptional re-initiation*>**, that would seem likely to be influenced by
macromolecular crowding. In particular, crowding is likely to modulate burst dynamics (Fig. 1),
which are characterized by burst size (average number of mMRNA or protein molecules created
per burst) and burst frequency (number of bursts per unit time). Burst size and burst frequency
are modulated in response to numerous physical and chemical cues®® **, and macromolecular
crowding could affect expression bursting through inhibited diffusion, physical exclusion from
regions of space, and extended co-localization of interacting molecules (e.g. ribosome and

mRNA; Fig. 1).

The effect of exclusion and co-localization on bursting depends on the size of the
reacting molecules and the complexity of the reactions. Larger molecules are more readily
excluded than smaller molecules?, while co-localization of only a few large reacting molecules
occurs more readily than ones involving several large components. Accordingly, it seems likely
that transcriptional and translational bursting respond differently to changing levels of
macromolecular crowding. For example, in cell-free expression T7 transcription requires only
the co-localization of two large components (the polymerase and promoter), but translation
requires the co-localization of many large structural proteins, as well as the availability of
aminoacylated tRNAs in the proper amounts and sequence. Furthermore, ribosome mobility in
crowded environments is significant lower than that of the ~3x smaller polymerase® " '8, These

different effects of crowding are intertwined and, in some cases, lead to opposing behavior. As a



result, little is known about how the two components of expression bursting (transcription and

translation) are differentially modulated in response to macromolecular crowding.

Here we show how macromolecular crowding drives expression bursting patterns in cell-
free gene expression, and specifically, how crowding affects the transcriptional and translational
components of bursting in very different ways. These experiments feature the simultaneous
measurement of the intensity and fluctuations of fluorescent reporters of transcriptional and
translational events driven from the same promoter. Total expression (transcription and
translation taken together) burst size and burst frequency were modulated by crowding, but in
opposite directions — i.e. crowding increased burst size, but decreased burst frequency. The
transcriptional component of bursting was only mildly affected by crowding. In sharp contrast,
the translational component of bursting was very sensitive to changes in the crowding level,
responding to greater crowding with a large decrease in burst frequency, but a large increase in
burst size. These results are consistent with a crowded model consisting of spatially distinct
regions with widely varying populations of expression resources (e.g. ribosomes) that control
the burst size'®. Likewise, recent experimental results have demonstrated such subregions in E.
coli that direct the location and rates of transcription and translation?, and in eukaryotic cells
such subregions may be created through regulated phase transitions?*. The results here
suggest that such spatial features in cells may be responsible for controlling gene expression
burst patterns, which may play important roles in the sharing of global gene expression
resources®® and in making translation more variable than transcription?. These burst patterns
play a central role in setting the low noise limit in gene expression®?, and these noise constraints

have consequence for quick adaptation to stress and survival in uncertain environments®* 2°,

RESULTS AND DISCUSSION

In order to examine transcription and translation simultaneously, we inserted a sequence
coding for a stabilized aptamer, Spinach2?, into a plasmid coding for a fluorescent red protein,
mCherry (Fig. 2A). Fluorescence readings for both reporters were recorded over 12 hours (Fig.
2C) at crowding fractions ranging from 0-30 w/v% (Fig. 2D and Methods). These crowding
levels were selected to mimic cellular environments where the high total concentration of
macromolecules produces crowding in the 5% and 40% range?’ . For crowding fractions

between 0-20 w/v%, 48 experiments were performed over three separate experimental days



(Methods). Sixteen experiments were performed at 25 w/v% crowding and 32 experiments were
performed at 30 w/v% (Methods).

Expression bursting was investigated by extracting the noise behavior of the two
reporters from the expression trajectories (Fig. 2C) using a previously described method*® 283,
In agreement with previous reports *, the protein expression rate was strongly repressed by
macromolecular crowding, and was completely repressed at a crowding level of 30 w/v% (Fig.
3A). In contrast, mMRNA expression was only mildly responsive to crowding and displayed only
small decreases in expression level as the crowding fraction was increased. However, at the
highest crowding fraction studied (30%) there was a large decrease in the rate of mMRNA
synthesis, but synthesis continued to occur for a longer duration (Fig. 3A). There was a striking
difference in the noise behaviors of the mRNA and protein populations in response to crowding-
induced changes in expression. Although median mRNA noise magnitude was only mildly
sensitive to the size of the mRNA population (number of molecules), protein noise was
hypersensitive (i.e. increased faster than Poisson (1/population) scaling) to changes in the
protein population (Fig. 3B). This difference in noise behavior indicated that crowding resulted in

very different transcriptional and translational burst behaviors.

To determine how transcriptional and translational burst sizes varied with crowding, we
examined the Fano factors (Methods) of mMRNA and protein populations (Fig. 3C). We chose
Fano factor as one of our measures of expression burst behavior because Fano factor of the
MRNA population is proportional to the transcriptional burst size, while the Fano factor for the
protein population is proportional to the product of transcriptional and translation burst sizes
(SI). The transcriptional burst size was insensitive to changes in crowding fraction. There was
no statistically significant change in transcriptional burst size across all crowding fractions as
determined by one-way ANOVA (F(6,281) = 1.08, p = .38). In contrast, there was a statistically
significant change in protein Fano factor as determined by one-way ANOVA (F(5,250)=50.04,
p<.0001) as the Fano factor increased approximately three-fold as the crowding fraction
increased from 0 to 25% (Fig. 3C). The protein Fano factor could not be measured for the 30%

crowding fraction as no protein production was observed for this condition.

To determine how burst frequency varied with crowding, we examined 1/CV? of mRNA
and protein populations, which are proportional to the frequency of transcriptional and
translational bursts, respectively (SI; Fig. 3D). The transcriptional burst frequency had a
statistically significant change across all crowding fractions as determined by one-way ANOVA
(F(6,281)=4.1, p=0.0006), but most of this drop was observed between 0% and 5% crowding
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levels (Fig. 3D). In contrast, there was a sharp monotonic decrease in translation burst
frequency (Fig. 3D) and a statistically significant change in translational burst frequency as
determined by one-way ANOVA (F(5, 250)=84.07, p<.0001). The translational burst frequency
at a 30% crowding fraction was essentially O as no protein synthesis was observed under these

conditions.

Although crowding had only a small effect on the average transcriptional behavior, it did
lead to a higher propensity for “outlier” transcriptional behavior. At many crowding fractions —
and in particular, at the moderate crowding levels — the median and mean Fano Factors were
significantly different (Fig. 3C), indicating that the mean was being pulled up by a small number
of traces with very high Fano factors. These outliers were easily identified by inspection of the
noise traces, where they often exhibit extended periods of high expression (Fig. S1). A likely
explanation for these transcriptional outliers is repeated binding of RNAP and promoters that
have been entrapped together by crowding induced compartments. Although crowding
increases the mean time for an initial reaction, it also enhances the possibility for repeated
rebinding and may even increase some reaction rates®! . Such re-initiation events have been
shown to increase transcriptional burst size and noise®. These outliers were rare events in
these experiments, making it impossible to determine the actual likelihood of outlier behavior.
As a result, we focused our attention on the “bulk” behavior exhibited by the maijority of the

experimental runs.

An earlier study*® of the effects of crowding on expression noise provides a foundation
for the results reported here. The important advance reported here came from the simultaneous
observation of reporters of both transcriptional and total expression activity under the control of
the same promoter and within the same environment. This additional level of detail allowed the
unambiguous observation of the individual contributions of transcription and translation to

expression burst behavior.

Starting with the mRNA measurements, crowding levels of 25% or lower produced small
changes in transcriptional behavior. For all crowding levels, mMRNA synthesis occurred for at
least 200 minutes and the mRNA population increased at a nearly constant rate before a fairly
abrupt cessation of mMRNA synthesis (Figs. 3A and S2). The most noticeable effect was a drop
of about 35% in the final MRNA population as crowding increased from 0 to 25% (Fig. 3A). As
crowding increased from 25% to 30%, the rate of mRNA production dropped by more than 20%,
yet transcription remained active for at least 100 minutes longer (Fig. 3A). This behavior was

observed in conjunction with complete loss of translational activity. Previous studies have
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shown that the elongation rate of transcription by bacterial polymerases is highly correlated with
the rate of translation®, and our measurements similarly suggest that the T7 polymerase
elongation rate drops in the absence of translation. Furthermore, the absence of translation
reduced the energy demand of expression, likely leading to the extended duration of
transcription. These observations illustrate the importance of the simultaneous measurement of
both transcriptional and translational activity, as transcriptional behavior may change

substantially in the absence of translation.

Surprisingly, as crowding increased from 0 to 25%, protein noise changed by more than
10-fold with only a 35% change in the mRNA population and only small changes in mRNA noise
(Fig. 3B). This indicated that mMRNA population statistics played very little role in total expression
noise. As a possible explanation for the large changes in protein noise behavior, we explored
how crowding affected the mRNA spatial distribution. Hansen et al. reported evidence of the
formation of pockets of mMRNA in transcription-only experiments*®. To examine the spatial
distribution of mMRNA in a full expression experiment, we performed fluorescent microscopy
imaging of cell-free reactions in vesicles (Fig. S3) with and without added crowders (Fig. 4A-B).
The most striking effect of crowding was the emergence of distinct regions with very high mRNA
populations (Fig. 4A-B). These mRNA-rich regions created a high-end tail in the mRNA spatial
distribution that is most clearly visible in the log-scale distribution (Fig. 4B, inset). While this
change to the mRNA spatial distribution only modestly affected mRNA population and
fluctuation behavior, it led to significant changes in the protein expression behavior. Specifically,
increased crowding led to less frequent but more intense translational bursting (Fig. 3C-D).
Since there was no associated drop in the mRNA burst frequency, less frequent translational
bursting implies that much of the mRNA was translationally inactive at the higher crowding level.
At 30% crowding, all mRNA was translationally inactive. This finding is similar to results we
recently reported for gene expression under different levels of spatial confinement*®. In that
study, less confinement (bigger reaction chamber volume) resulted in a sub-population of

MRNA that was translationally inactive due to unequal sharing of translational resources.

We hypothesized that crowding leads to unequal sharing of translational resources by
parsing the mRNA into spatially distinct, translationally-favored and translationally-disfavored
sub-populations. To explore how crowding-induced spatial correlations of mRNA affected
expression, we developed a physically-motivated model where transcription and translation
occurred in compartmentalized regions of space (Fig. 4C). In this model, increased crowding

reduced the size of the compartmentalized regions and the transport of molecules to and from



the compartments®. The translational step was modeled by requiring the assembly of two
components (referred to generically as T1 and T2) for translation to occur (Fig. 4C). In this
model, higher crowding (smaller compartmentalized regions) led to reduced protein population
(Fig. 4D and E), higher protein CV? (lower burst frequency; Fig. 4E), and higher protein Fano

factor (higher protein burst size; Fig. 4F) much like the effects observed in the experiments.

These crowding induced effects in the model were primarily due to wide variability in the
size and timing of the translational bursts. Importantly, both increased translational burst size

and larger variability in the burst size lead to greater noise in the protein population, with? (SI)
— aé
FE, =B+ =2, (1)

where FE, is the Fano factor of the protein, and B and o7 are the mean and the variance of the
translational burst size, respectively. To study explicitly the effect of translational burst size
variability on protein noise, we constructed a simplified two-state expression model (SI) that
captured the variability of the translational burst size predicted by the model described above.
This two-state model is like the traditional two-state model of expression with one important
exception: the average translational burst size remained constant, but the variance of the burst
size increased as crowding increased (Fig. S4). Gillespie simulations of this model were
performed where the variance of the burst size varied over a 25X range, and demonstrate that
large variability in the translational burst size — not just changes in the mean burst size — can

generate the crowding-induced changes in protein noise behavior measured here (Fig. S4).

The results here demonstrate that spatially inhomogeneous distribution of molecular
populations plays an essential role in controlling expression bursting behavior in crowded cell-
free systems. Cell-like macromolecular crowding creates an inhomogeneous spatial distribution
of mMRNA. This spatial “noise” in turn controls expression burst behavior and becomes ingrained
in the temporal noise of the protein population. This spatial arrangement in cell-free systems is
similar to that found in E. coli. Recent superresolution microscopy of E. coli cells shows spatial
segregation of the nucleoid and the bulk of the ribosome population®. This spatial arrangement
in cells affects both transcription and translation, but similar to the results reported here, in
differing ways. RNA polymerase can explore the crowded inner nucleoid region, and low levels
of transcription can occur throughout the nucleoid®®. However, ~85% of the ribosome population
is excluded from the nucleoid region®. The most active region of expression bursting seems to
be concentrated at the interface between the nucleoid and ribosome-rich region where dense

clusters of transcribing RNAPs congregate®®. Intriguingly, dynamic reordering of the spatial
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organization appears to be a mechanism for expression rate regulation in cells®, and may be a

viable strategy in cell-free systems that make use of advanced nanofabricated platforms®’.

It is important to point out difference between the crowded environment in cells and
those reported here for the cell-free experiments. For prokaryotic cells such as E. coli, water
makes up approximately 50-70% of an E. coli cell, while the dry weight is ~55% protein, ~20%
RNA, ~10% Lipids, and ~15% of other molecules®®. Since a large fraction of the protein and
RNA is ribosomal®, ribosomes (~20 nm in diameter in prokaryotes) make a significant
contribution to cellular crowding. Most of the rest of the protein has a globular configuration with
radii in the 3-6 nm range*. Ficoll 70 (stokes radius of ~5.1 nm) and the cell free expression
media used here resemble the distribution of globular protein and ribosome crowders in cells.
Conversely, these cell-free experiments do not mimic extended structures like cytoskeletal
filaments or elongated proteins, nor larger structures like organelles or the bacterial nucleoid.
These extended structures in cells may affect expression bursting in important ways by allowing
for facilitated transport along filaments or by creating inhomogeneous crowding (e.g. very
crowded nucleoid region with less crowded ribosome rich areas®) that are not well
approximated by the experimental platform reported here. While eukaryotic cells have crowded
environments like that described for prokaryotic cells, they completely decouple transcription
and translation. The coupling of transcription and translation is likely to affect expression burst
behavior by modulating the rate of transcription (described above) and by affecting local
crowding around the promoter. Accordingly, the results presented here should be used
cautiously with regards to eukaryotic transcriptional burst dynamics where promoter structure
(e.g. TATA boxes) or nucleosome occupancy patterns play prominent roles in burst behavior*

not seen in prokaryotic cells.

The vast majority of synthetic biology efforts focus on gene circuit design that relies on
specific molecular mechanisms — e.g. transcriptional control with regulatory proteins — and
engineering principles of circuit and network design®?. But even very well characterized gene
circuit elements, like the lac promoter, may be more sensitive to location or local concentrations
than to specific molecular interactions*. Spatial effects on the regulation of gene expression
provide both significant challenges and opportunities for cell-free synthetic biology. Chief among
the challenges is a limited understanding of how the spatial distribution of molecular populations
may be used to design specific functionality. However, cell-free platforms provide the means to
vary spatial arrangements in intricate ways*’, and may be especially well-suited for developing a

deeper understanding of spatial synthetic biology.



METHODS

The Spinach2 sequence, which fluoresces after hybridizing with a fluorophore, DFHBI-
1T (Lucerna, Inc), was inserted 30 bp downstream of the mCherry stop codon and upstream of
the T7 terminator (Fig. 2A). This placement ensured that all fluorescing gene transcripts
contained a complete transcript of the mCherry protein (Fig 2B). The plasmid pRSET-b-
mCherry-Spinach2 was expressed in a scaled-up PURExpress (NEB) cell-free protein synthesis
reaction in the presence of DFHBI-1T. The reaction was divided into 15uL aliquots. For each
15uL reaction, fluorescence readings for Spinach2-DFHBI-1T and mCherry were performed in a
microplate reader (Perkin-Elmer, EnSpire Multimode Plate Reader) every 5 minutes for 12
hours to generate expression traces for Spinach2-DFHBI-1T and mCherry fluorescence (Fig.
2B). All fluorescence traces were zeroed after the first 5 time points in order to exclude initial
readings due to autofluorescence. Additionally, all traces were truncated after 72 timepoints,
after which all traces reached a maximum level (Fig. S5). This maximum level was indicative of
the end of expression due to resource limitation, and was not an equilibrium between synthesis

and decay?®® *,

To simulate cell-like macromolecular crowding, concentrated Ficoll-70 (Sigma-Aldrich)
was added to the cell-free reactions in order to create crowding fractions ranging from 0-30
w/v%. Ficoll-70 is a highly branched polymer that approximates a sphere with a Stokes radius of
~5.1 nm. This is of a comparable volumetric scale to a T7 polymerase, and much smaller than
an intact ribosome (Fig. 2D). Three experiments were run for each crowding fraction at 0, 5, 10,
15, and 20 w/v%. Each experiment was prepared by creating a “master mix” of cell-free
reagents and Ficoll-70 at a specific crowding fraction, then aliquoting the master mix into sixteen
15uL reaction volumes. This resulted in 48 reaction traces for each crowding fraction from 0-20
w/v%. Additional experiments were conducted for crowding fractions of 25 w/v% (16 reaction

traces) and 30 w/v% (32 reaction traces).

To visualize the spatial distributions of mMRNA and protein, microscopy was performed on
cell-free reactions in polydisperse vesicles ranging from approximately 5um to 30um in diameter
(Fig. 2E-F). PURExpress reactants with the pRSET-b-mCherry-Spinach2 plasmid and DFHBI-
1T were encapsulated in vesicles, following methods described in Nishimura et al, 2014*. The
vesicle microreactors containing cell-free reactants were allowed to express for 5 hours at room

temperature (Sl), and imaged using a confocal microscope (Zeiss LSM T-PMT). Vesicles were
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imaged in uncrowded conditions (0% w/v) and mildly crowded conditions (5%) in two different

experiments (Fig 2E-F).

Individual Spinach2-DFHBI-1T (mRNA) and mCherry (protein) traces for each
uncrowded reaction appeared similar to expression growth traces reported previously*® 2% 46,
where protein and mRNA populations increased in expression over time before reaching a
plateau upon resource limitation of the cell-free reaction (Fig. 2C)%* **. While mRNA-fluorophore
fluorescence began to build very quickly after the reaction was initiated, significant protein
fluorescence was not seen until ~25 minutes into the experiment (Fig. 3A), which is consistent
with an expected maturation time for the mCherry reporter®’. Normalized traces of mCherry
expression across crowding fractions showed very similar transient behaviors, indicating that

protein maturation time was not affected by increased crowding fraction (Fig. S6).

The noise in mRNA and protein populations was extracted from each mRNA and protein
trace. Briefly, the traces for each reporter within an experiment were averaged to create a
general trend for mRNA and protein populations, respectively (Fig. S7). This deterministic
transient component was subtracted from each trace, leaving noise signals describing the
stochastic fluctuations in mRNA and protein populations. The noise magnitude in each

molecular population was quantified using the square of the coefficient of variation (where

2

Ccv? = (;% where ale and (f1) were the variance of the fluorescent signal and the final

fluorescent level, respectively). For both molecular species, CV? was plotted versus its final
fluorescence level, which was used throughout the text as a measure of mMRNA and protein

populations.

One-way ANOVA analysis was performed across all crowding fractions (0-30%) for the
MRNA experiments (7 groups) and across crowding fractions between 0 and 25% for protein (6
groups). The 30% crowding fraction was not included in the protein analysis since no protein

was made for this condition. The significance threshold was set at p<.05.

SUPPORTING INFORMATION

The Supporting Information includes additional analysis and detailed experimental methods.
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FIGURE 1
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Figure 1: Gene expression happens in an episodic process characterized by a burst size
(average number of molecules synthesized during a burst) and a burst frequency (the average
rate of burst occurrence). Crowding affects molecular transport by making diffusion to some
reaction sites difficult (exclusion) and keeping nearby reactants co-localized. Exclusion seems
likely to lower burst frequency, while co-localization seems likely to increase burst size.
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FIGURE 2
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Figure 2: A) Gene layout for pPRSET-b-mCherry-Spinach2 used in cell-free experiments. B) The
RNA aptamer, Spinach2, folds and binds to a fluorophore (DFHBI-1T) which fluoresces at 495
nm. The mRNA upstream of the aptamer codes for the mCherry reporter protein that fluoresces
at 630 nm. (C) Fluorescence from both reporters was tracked over time for noise analysis. D)
Cell-free expression (PUREXxpress kit) was in microplate wells (15uL) in the presence of DFHBI-
1T was measured every 5 minutes for 6 hours. Different crowding levels were achieved by the
addition of Ficoll-70 to the cell-free reactions. (E) and (F) The spatial distribution of mRNA and
protein was visualized by confocal microscopy imaging of cell-free reaction in liposomes at (E)
0% and (F) 5% crowding fractions. In (E) both protein and mRNA are distributed evenly
throughout the volume of the liposome. In (F) protein is distributed throughout the volume of the
liposome, but MRNA exhibits a more inhomogeneous distribution.
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Figure 3: Expression time course (A) and CV2 vs. steady-state (SS) fluorescence (B) for mMRNA

and protein at crowding fractions ranging from 0 to 30 w/v%. The small data points in (B)

represent individual experiments, while the large data points are averages of all experiments at
the same crowding fraction. The black line represents the Poisson scaling trend (CV? o« %). ©

Mean (blue dots) and median (red square) burst sizes (Fano factor) vs. crowding fraction

extracted from mRNA and protein noise measurements. Error bars indicate standard error of the
mean. The means of some crowding fractions in the mMRNA measurements are pulled up by a

small number of high outlier values. The trend line for the mRNA data is a linear fit to the

medians. The trend lines shown for the protein graph show assumptions about the relationship
between the variance of the burst size and the crowding fraction (CF). The red line assumes a
linear relationship (62 « CF), and the blue line assumes an exponential relationship (62 « e¢F).
(D) Mean and median burst frequency (1/CV?) for mRNA and protein. The trend lines for both
MRNA and protein are linear fits to the medians.
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FIGURE 4
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Figure 4: (A) Distribution of mMRNA in vesicles expressing pRSET-b-mCherry-Spinach2 at 0%
(Top) and 5% (Bottom) crowding fractions. The blue and red boxes denote 1440 pixel regions of
interest (ROIs) that were analyzed to understand how crowding affected the spatial distribution
of MRNA. (B) Histogram of pixel intensities for the two ROIs from (A). The inset shows the two
histograms together using a log scale for the y-axis to illustrate the long tail distribution created
by crowding. (C) Schematic of physical gene expression model with low crowding (Top) and
high crowding (Bottom). The model simulates a crowding-controlled distribution of accessible
regions for gene expression. Two factors, T1 and T2, must be present in the region for
translation to occur. As crowding increases, the volume of the regions decreases and the
diffusion rate (indicated by the thickness of the black arrows) into and out of the region
decreases. D) Representative protein expression trajectories for low crowding (Top) and high
crowding (Bottom). The crowding level in the model is described by Ve, which represents the
fraction of volume outside the expression regions. High crowding level (Vnc =0.97, red)
trajectories are more variable than low crowding level trajectories (Vnc =0.10, blue). E) Noise
analysis of trajectories colored by Vnc. As Ve increases, protein abundance decreases while
CVZincreases. F) The Fano factor of protein expression increases as Vic increases, indicating
an increase in burst size.
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