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1. Analysis of psALEX-FAMS data for transcription assays:

In order to select FRET-only populations and reduce possible artifacts due to dye photophysics, we
implemented a dual-channel burst search (DCBS; selection of bursts which have photon emissions during
their donor excitation and acceptor excitation periods)(1) for further analysis. Each burst is identified only
when m(=10) consecutive photons are detected with a photon count rate that is F(=6) times higher than the
background (BG) rate(2, 3). Since the BG can vary during a measurement, we computed BG rates for 30-
seconds consecutive windows and applied these temporally-varying background rates to the burst search
within each time window(1). We also conducted an all-photon-burst search (APBS) in order to estimate
correction factors such as leakage, direct excitation, and gamma factor (y ~0.72). These corrections were
calculated according to Lee et. al.(4) and used for the burst selection following the initial DCBS selection.
In the second step, only bursts that met the following criteria were kept for further analysis:

1. nyp+@0/y)ny, 220
2. Nn,=>20
3. 02<5<0.385

Here N, or Ny, are the BG corrected number of photons collected from the donor or acceptor channel,

respectively, during the donor excitation period, and N,, is the BG corrected number of photons collected
from the acceptor channel during the acceptor excitation period).

The FRET efficiency (E) and the Stoichiometry (S) for each burst were tabulated in a 2D scatter plot
of E vs. S for all selected burst events. The sub-populations associated with the free sSDNA probe (high
FRET efficiency) and the hybridized probe (low FRET efficiency) were identified in the 2D E-S scatter
plot. 1D-FRET histograms were extracted from the 2D E-S scatter plot (as 1D projection on the E axis).
For quenched-kinetics transcription assays, 1D-FRET histograms of all time points were globally fitted to
a sum of two Gaussians with the shared mean FRET efficiencies and distribution widths throughout the set
of data measured on the same day as constraints to the fit.

2. Validation of in vitro single-round quenched transcription assay:

In order to validate the in vitro single-round quenched transcription assay, three important controls
were done: the first ensured that the probe hybridizes specifically to RNA transcripts produced by the
reaction (with no non-specific binding); the second ensured that the reaction is stopped immediately when
the quencher is added to the solution (fast/efficient quenching); and the last ensured that the hybridization
should not be affected by crowding conditions (no hybridization bias). Transcription reactions were
performed by adding NTPs to RPirc-2. The reactions were quenched at different time points by addition of
Guanidium Chloride (GdmCI) to a final concentration of 500 mM. At this high ionic strength, RNAP-
Promoter complexes are fully dissociated(5, 6). Quantification of number of transcripts per (quenched) time
points was done by ALEX-FAMS measurements on hybridized probes (to transcripts)(6-8). Since the
conformation of the donor (D) — acceptor (A) doubly-labeled probe changes from coiled-coil (when not
hybridized) to a stretched conformation (when hybridized), the ratio between the low FRET (hybridized)
sub-population to the sum of low FRET (hybridized) + high FRET (non-hybridized) sub-populations is
proportional to the number of transcripts in the solution.

Only a high FRET sub-population (for the probe) was observed for the reaction mixture with no RNAP
(Fig. S2A) or no NTPs (Fig. S2B), confirming that the probe binds to transcripts produced by the
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transcription reaction we initiated. Fig. S3 shows no hybridized sub-population when GdmCI and NTPs
are simultaneously added to the solution, suggesting full quenching of the reaction.

To rule out the possibility that addition of GdmCI does not fully quench the transcription reaction, but
instead just slows it down, we measured the number of transcripts at different time points after addition of
500 mM GdmCI. As shown in Fig. S3, the number of measured transcripts measured 3 hours after NTPs
and GdmCI addition (to RPyrc=2) is the same as measured after 1 hours. We conclude that 500 mM GdmcCl
works as a fast and efficient quencher that completely inhibits the transcription reaction(5, 6).

Since single round guenched kinetics assay is based on hybridization reactions, it is crucial to confirm
that hybridization efficiency is not affected by crowing conditions. Fig. S4 demonstrated that with our assay
scheme the hybridization efficiency is consistent regardless of crowding conditions.

3. Analysis of FCS measurements for estimation of microviscosities:

The obtained correlation curves were fitted to a 3D-Gaussian Triplet model (Eq.S1) using a Python
package Imfit (zenodo.org/record/11813) to extract tp, the resident time of the species in the focal volume
(Fig S11):

Y2
sy 1] 1 1
G(r)=(1-T-T-e~ )W (Eq. S1)

T T
1+— || 1+ —
T K-z,

where N is the average number of fluorescent species in the detection volume, T is the fraction of molecules
in dark state, ~ is the life time of molecules in the dark state, and K is the structural parameter of the

triplet
Gaussian detection volume profile.

Since 7, is inversely proportional to the diffusion coefficient and directly proportional to the friction

(i.e. viscosity) at the same temperature and the fixed detection volume, we used Eq.S2 to estimate
microviscosities of complexes under crowding conditions at a given temperature T (77(micro) ¢, oweer. act)-

. TD,Crowder
ﬂ(mlcrO)CrOWder P P — ﬂ(macrO) buffer at T (Eq. S2)

TD,buffer

where 77(MACr0) ¢ 7 i the macroviscosity for the buffer at a given temperature T, 7 D.Crowder and

Tp nuffer are the resident times of the sample species in the presence or absence (in buffer) of crowder,
respectively.

Stokes radius, Ry, of RPirc=2 (8.1 nm) was estimated by FCS measurements of RPrc=, (cross-
correlation curves of Green and Red emissions at Green laser excitation (532nm)), 20dT probe
(correlation curves of Red emissions at Red (639nm) excitation, cross-correlation curves of Green and
Red emissions at Green laser excitation) and Alexa 647 (correlation curves of Red emissions at Red
excitation) with Eq. S3, and diffusion coefficient, D, of Alexa 647 in water (3.25 = 0.1 * 101 m?sec™, at
298.15 K) obtained from ref(9)
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2
_ KT o D2 (Eq. S3)
671D 4z,

H

where @, is a radius of the x-y plane of a focal volume, Kg is the Boltzmann constant, and 7 is the
viscosity of the medium.

We found that it is challenging to measure microviscosities of RNAP-Promoter complexes in the
presence of PEG, especially at high concentrations, due to aggregation of complexes (Figs. 5, S7 and S8).
It has been reported that the difference between macroviscosity and microviscosity becomes significant
when the size of the crowder is similar to that of the probe molecule, and that this difference gets larger as
the size of the crowder increases(10). We confirmed that microviscosities of RPrc=2 complexes under
PEGB8000 (up to 5% w/v, average M.W. ~8 kDa) and Dextran10 (average M.W. ~10 kDa) are comparable
to their macroviscosities (Fig. S7A). We therefore assumed that microviscosities for crowding conditions
where the crowders are smaller than PEG 8000 are the same as their macroviscosities. For larger
crowders such as Ficoll 70 (average M.W. ~70 kDa) and Dextran 500 (average M.W. ~500 kDa), we used
microviscosity values estimated from FCS measurements since experimental results showed clear
differences (Fig. S7B).

4. Estimation of volume occupancies of the crowders:

Volume occupancies of crowding agents were calculated by the equation below using hydrodynamic
radii Ry obtained from Table S1.

_4z(R,)°N,C

h=—m

(Eq. S4)

where Na is Avogadro’s number, Mw the molecular weight and C is the concentration (w/v) of the
crowding agent.

The hydrodynamic radii of all crowders used for the calculating volume occupancies appear in Table
S1.

5. Rationale for unidirectional first-order kinetics as a model for transcription after open-bubble
formation:

Assuming that there is no significant pausing in elongation, the widely accepted kinetics model for
transcription by E.coli RNAP is depicted in Figure S9(11-13). In this study, the assumption is valid due to
(i) there is no known sequence for the promoter proximal pausing in the sequence of the template DNA,
and (ii) the size of the elongation region is too small (< 28bp, Fig. S1) to cause a stochastically paused or
arrested RNAP-DNA complex in elongation(14, 15).

Therefore, and as shown in Figure S9, promoter escape is the only rate-limiting step of the transcription
reaction after open-bubble formation. In addition, it is highly unfavorable for RNAP to return back to the
initiation stages once it is in the elongation stages. We therefore describe the transcription kinetics starting
from an RPrc=2 as a unidirectional first-order process as shown in Figure 2A.
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A high concentration of NTPs (at least 10° times higher concentration than RNAP-DNA complexes)
was used so that the NTP concentration would not be limiting and hence would not affect the first-order
kinetics approximation (i.e. Pseudo unimolecular Reaction).

The kinetic data obtained from the quenched-kinetics assays was therefore fitted to the unidirectional
first-order kinetics rate equation for the extraction of kinetic parameters.

[ Transcript,, l = Transcript,, L —[ Transcript,, ]OO e (Eq.s5)

where [TranscriptM ]t is the concentration of RNA transcripts produced by transcription during a given
time t in the reaction medium (M = Crowder (C), Buffer (B)).

6. Estimation of the transcription rate constant from a single time point (t=900 sec) measurement:

Starting from RPrc=2, the transcription reaction can be approximated to be a first-order unidirectional
reaction (Fig. 2A, Eq. S5):

[TranscriptM ]t = [TranscriptM L - [Transcript,vI L e K

[ Transcript,, l (Eqg. S5)

1 akt
[Trans;cript,\/llo_(1 ¢«

From transcription kinetics assays under crowding, we know that the same amount of RNA is
synthesized regardless of the crowder’s size and / or concentration (Fig. 2B):

| Transcript L = [TranscriptC ]Oo

Therefore,

[Transcriptc]t ) [Transcriptcl ) [TranscriptB]t [Transcriptcl

[ Transcript | ) | Transcripty | ) [ Transcripty | [TranscriptB]t =N,

T ipt
where :M and N, =
[TranscrlptB ]

[TranscriptC ] A

" [TranscriptB ] A

Eq. S5 could thus be re-written as:

[ Transcript,, l

—a N, =(1-e™
| Transcript,, | ( )

e k=1 N,
—kt=In(l-,N,)
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Since Kk o % according to Kramers theory,

1
—kt=—k,-—-t=Inl-a,N,)

U

where 77,, is the reaction medium’s viscosity (i.e. buffer or crowded condition) and k0 is a viscosity-
adjusted rate constant.

Therefore, K is given by:

k =—’7TM|n(1—atNt)

0

Single time-point measurements were done at 900 secs after addition of NTPs. Therefore, we plug-in
t = 900 in the above equation:

[Transcript B ]
k= —™ |n(1—aR), for a= _ %0 R_N, =
0 900 n( 2 ) OF 8= %00 [TranscriptB]OO 900 [TranscriptB]

3 [TranscriptC ]900

(Eq.S6)
900
where 77,, is the viscosity of the reaction medium (M), a is the ratio between transcription efficiency in

buffer at t=900 sec and transcription efficiency in buffer after reaching a steady-state (t=c0). a is

obtained from the fitted kinetic curve (red curve in Fig. 2B). R is the ratio of transcription efficiency in
the crowded medium at t=900 sec to that in buffer at the same time point, obtained from Figs. 3A and 3B.
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A /acCONS-GTG-20dA

TSS
+1

PRS ITS

Probe target sequence

1

NT 5'- AGGCTTGACACTTTATGCTTCGGCTCGTATAATGTGIGG [HATTGTGAGAGCG GATTAG [ARARAARAARARRAARAAAA| -3
ﬁTAACACTCTCGC CTAATC |TTTTTTTTTTTTITTTITTT -5

T 3'- TCCGAACTGTGAAATACGAAGCCGAGCATATTACACACC

B ssDNA probe

: TAMRA
@ :Alexa 647

|
5'-TTTTTTTTTTTTTTTTITTT-3"

Figure S1. The sequences of lacCONS-GTG-20dA template and ssDNA probe used in this study.

(A) Sequence of the non-template (top, NT) and template (bottom, T) strands of lacCONS-GTG-20dA

template. The promoter recognition sequence (PRS), the Initially Transcribed Sequence (ITS), and the

targeting regions are highlighted in pink, blue, and in red box respectively. The Transcription start site

(TSS) and the initiating nucleotide position (+1) are marked by the blue arrow.

Once RNAP finishes

transcribing the template strand into RNA, the RNA will contain 20 consecutive A’s (20dA). (B) This

20dA part of transcribed RNA is detected by the doubly labeled sSDNA probe.
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Figure S2. Controls for in vitro single-round quenched transcription assay. The high FRET sub-
population shifts toward a low FRET sub-population upon probe hybridization with RNA transcripts. (A)
no RNAP negative control; A solution containing ssDNA probe, promoter DNA, and NTPs was
incubated for 15 min at 37°C, then quenched by 500 mM GdmCI. (B) no NTP negative control; A
solution containing sSDNA probe, and RNAP-Promoter open complexes (RPirc=2) was incubated for 15
min at 37°C, then quenched by 500 mM GdmCIl. (C) Positive control; A solution containing SSDNA

probe, RPirc=2, and 100uM NTPs was incubated for 15 min at 37°C, then quenched by 500 mM GdmCl.
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Figure S3. 500 mM GdmCI acts as an efficient quencher for the in vitro single-round quenched

transcription assay (for various crowding environments). FRET histograms for transcription reactions

that were immediately quenched by 500 mM GdmCl followed by addition of NTPs (0 min incubation).

Transcription reactions quenched at 0 min in various crowding conditions were measured by ALEX-

FAMS 1 hour after quenching (left column), or 3 hours after quenching (right column).
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Figure S4. Hybridization of ssSDNA transcript mimic and fluorescence probe under various
crowding conditions. (A) The sequence of ssDNA as a transcript mimic used in the hybridization assays.
The sequence stems from the transcribing region of lacCONS-GTG-20dA template. (B) FRET
histograms for hybridization reactions of sSDNA transcript mimic and probe under various crowding
conditions. The reactions were initiated by adding 1.5X volumes of quencher/probe solution containing
1.25 M Guanidium Chloride (GdmCI) and 250 pM ssDNA probe to 1 volume of solution containing
ssDNA mimic and crowders. The assays showed no noticeable difference in hybridization efficiency

throughout all crowding conditions.
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Figure S5. Normalized transcription efficiencies (at a single time point, tincubaion= 900s) for different
crowders, as a function of viscosity. RNA- binding dye assay. Transcription efficiency values are
normalized to the reaction without crowders (buffer only). Error bars represent standard deviations of

triplicates from their mean values.
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Figure S6. RNAP-promote open complex (RPrc=2) is the major species in the reaction mixture used
for FCS measurements. Samples prepared for FCS analysis were first examined by usALEX-FAMS. E-
S histograms for (A) a solution containing dual-labeled lacCONS-GTG-20dA promoter DNA only (No
RNAP was added); (B) a solution containing dual-labeled lacCONS-GTG-20dA promoter DNA with
added RNAP. The major species is RPrc=2 (with E~0.6) (the reaction mixture contained RNAP, Promoter
DNA, and ApA(6, 16)); (C) 1D FRET histograms for (A) (promoter DNA only, top), and for (B) (RPirc=2
reaction mixture, bottom). RPrc=, reaction mixture was estimated to contain > 90% of the major species

by fitting with the sum (green) of two Gaussian curves (blue for free promoter DNA and red for RPrc=2)
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Figure S7. Microviscosities for RNAP-Promoter complexes under various crowding conditions

measured by FCS. (A) Microviscosities estimated for various concentrations of Dextran 10 and

PEG8000. At 7.5% PEG 8000, RPrc=2 mixture started to exhibit aggregation (see main text), leading to

large errors in microviscosity estimation; (B) Microviscosities estimated for large crowders (Dextran 500,

red and Ficoll 70, black). Estimated microviscosities (filled circle and square) are noticeably different

from their macroviscosities (open circle and square), especially at high concentrations. Error bars

represented standard deviations of triplicate measurements.
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Figure S8. Comparisons of photon emission rate trajectories for RPtc=; in 30% Dextran10 (top)
and 15% PEGB8000 (bottom) to the same in buffer. Although the macroviscosities for 30% Dextan10
and 15% PEGS8000 are similar, the photon emission rate trajectories (of RPirc=2) are significantly
different: For 15% PEGB8000 (bottom), a lower background (base) photon emission rate with frequent

large spikes is observed (as compared to the same in buffer). For 30% Dextran10 (top), the photon

emission rate is similar (but noisier) to the same in buffer.
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Figure S9. The widely accepted kinetic model for transcription E.coli. RNAP. According to the
model, the promoter escape is the only slow (i.e. rate limiting, highlighted in red) step after open complex

formation(11-13).
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without NTPs in transcription buffer (no NTP control). (B) 15min incubation of free 1nM RNAP
holoenzyme and free 1nM lacCONS-GTG-20dA template DNA with 100uM NTPs in transcription
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notable amount of RNA transcripts.
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dots) and their fitting curves (red line) with the model.
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Table S1. Hydrodynamic radii of crowding agents used in this study

Crowding agent Average I\zlgllricoul;ar Weight Hydrodynamic radius (A)
Ethylene Glycol 62.07 2.2
Glycerol 92.09 3.1
PEG 200 200 4.0
Sucrose 342.30 4.9
PEG 400 400 5.6
PEG 600 600 6.9
PEG 1000 1000 8.9
PEG 3350 3350 16.1
Dextran 5 5000 16.6
Dextran 10 10000 24.0
PEG 8000 8000 26.6
Ficoll 70 74000 55.0
Dextran 500 500000 165.0

Hydrodynamic radii of all crowders were obtained from references(17-21).
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