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Supplement: Materials and Methods

Labeled proteins and DNA. o' derivatives labeled with tetramethylrhodamine at residue 366, 396, 569,
or 596, and DNA fragments end-labelled with Cy5, were prepared as in S7 and S2. DNA fragments
internally labeled with Cy3B and/or Alexa647 were prepared essentially as in S7 and S2, but using
primers labeled internally on amino-dT residues [prepared using Cy3B NHS ester (GE Healthcare, Inc.)
and Alexa647 NHS-ester (Molecular Probes, Inc.); S3]. Control experiments established that labeled
proteins and DNA fragments were functional in open-complex formation and promoter escape.
Sequences of DNA fragments are shown in Fig. S1.

Transcription complexes. Reaction mixtures for preparation of transcription complexes contained (30
ul): 60 nM RNAP holoenzyme (Epicentre, Inc.), or 100 nM RNAP core (Epicentre, Inc.) and 80 nM
labeled ”° derivative, and 0 or 250 nM rifampicin in transcription buffer (TB; 50 mM Tris-HCI, pH 8,
100 mM KCI, 10 mM MgCl,, 1 mM dithiothreitol, 100 pg/ml bovine serum albumin, and 5% glycerol).
Samples were incubated 20 min at 30°C, 0.6 pl of 1 uM labeled DNA fragment was added, and samples
were further incubated 15 min at 37°C. Heparin-Sepharose (GE Healthcare, Inc.; 0.8 ul of 100 mg/ml
suspension) was added to disrupt non-specific RNAP-promoter complexes and to remove free RNAP
(S1), and, after 1 min at 37°C, samples were centrifuged, and 9.5 pl aliquots were transferred to tubes
containing 0.5 ul 10 mM ApA at 37°C (for RP,) or 0.5 ul 10 mM ApA, 0.5 mM UTP, and 0.5 mM GTP
at 37°C (for RP;. ;) at 37°C. [Experiments with RP, were performed in the presence of the initiating
dinucleotide, ApA. The initiating dinucleotide increases stability of complexes (54, S5) and reduces
dissociation of complexes during data collection (56, S7). Representative experiments with RP, in the
absence of the initiating dinucleotide yield equivalent results, but inferior signal-to-noise ratio (not
shown)].

Single-molecule fluorescence microscopy. Sample preparation, alternating-laser-excitation microscopy,
data acquisition, and data analysis were as in S6, §8. Transcription complexes were observed for 15-30
min at 37°C at a final concentration of 100 pM in buffer KG7 (40 mM HEPES-NaOH, pH 7, 100 mM
potassium glutamate, 10 mM MgCl,, 1 mM DTT, 100 pg/ml BSA, 5% glycerol, 1 mM
mercaptoethylamine) containing 0.5 mM ApA at 37°C (for RP,) or 0.5 mM ApA, 25 uM UTP, and 25
pM GTP at 37°C (for RP; ;) and, where indicated, also containing 1 nM rifampicin. Excitation
intensities were 150-300 uW for 514-nm excitation (D), and 50-80 uW for 638-nm excitation (Acxc)
(measured in the continuous-wave mode). Photons detected at the donor and acceptor emission channels
were assigned to 514-excitation or nm or 638-nm excitation based on arrival time, and were used to
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the primary spectral range for detecting fluorophore Y, resulting from excitation that primarily excites
fluorophore X). f Aex’: thresholds of 7-9 photons per 500 pus and 15-30 photons per burst were used to

identify acceptor-containing molecules of appreciable photon count (thus reducing the statistical noise
inherent in single-molecule measurements). Signal-to-background ratios for detection of single molecules
depended on the fluorophore used, the location of the fluorophore on the labeled biomolecule, and the
instrument alignment. In all cases, signal-to-background ratios for detection of single molecules were
>15:1. Typically, rates of fluorescence from detected single molecules were 30-400 KHz (photons/s) at
the donor-emission channel and 15-200 KHz at the acceptor-emission channel, and rates of background at
the respective wavelength ranges were <2 KHz and <1 KHz.

The apparent donor-acceptor stoichiometry parameter, S, was calculated as (56, S8):

S =(Fg +rEge ) [(Fon +rEgn + Bl )y

where v is a detection correction factor (8; 0.23-1.00 in this work, measured using the methods described
in §8).



The apparent donor-acceptor energy-transfer-efficiency parameter, £*, was calculated as (56, S8):
E*=Fyln [(Fyr + Fer ) @

E*-S histograms (Fig. 1B, right panel) permit identification of species. The parameter S permits
identification of molecules containing both donor and acceptor (S = 0.4-0.9; desired species), molecules
containing only a donor (S >0.9; undesired species, arising from the presence of free 6'° molecules and
buffer impurities), and molecules containing only an acceptor (S <0.4; undesired species, arising from the
dissociation of non-specific complexes upon heparin challenge during preparation of RP,; see Materials
and Methods, Transcription Complexes).

Values of £* for donor-acceptor species were constant within error during the period of data acquisition
(15-30 min).

In experiments showing changes in measured distances (Figs. 2A, 4A, S2, S3, S7, S8), E* distributions
are broader for RP; -; than for RP, (e.g., SD = 0.127 vs. SD = 0.093 in Fig. 2A). In part this reflects
higher statistical noise for £* distributions having mean £* closer to 0.5 (see §9). In part this also reflects
the presence in RPj <; of minor populations of complexes containing RNA products 2-6 nt in length as
well as the major population of complexes containing RNA products 7 nt in length (see S10).

Calculation of accurate energy-transfer efficiencies and corresponding distances. Apparent donor-
acceptor energy-transfer efficiencies, £*, were converted to absolute donor-acceptor energy-transfer
efficiencies, £, with precision of ~+0.01, as in S8 (Table S1). Distances were obtained as

R=R, I:(I/E) - 1]1/6 , using R, = 58-65, 58-65, and 68 A for, respectively, the TMR-CyS5,

TMR-Alexa647, and Cy3B-Alexa647 donor-acceptor pairs (determined for each complex using
procedures as in S8, S11; Table S1).
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Supplement: Supplemental Figure Legends

Fig. S1. DNA fragments.

Black boxes, transcription start site (with arrow), promoter -10 element, and promoter -35 element. Blue
legend, figure numbers for figures presenting results with the DNA fragment.

(A) DNA fragments used in experiments in main-text figures.

(B) DNA fragments used in experiments in supplemental figures.

Fig. S2. RNAP leading-edge moves relative to downstream DNA in initial transcription: additional
measurements.

Experiments documenting movement of the RNAP leading edge relative to downstream DNA
[tetramethylrhodamine as donor at ¢'° residue 366 or residue 396 (both located in oR2, the 6”° domain
responsible for recognition of the promoter -10 element); CyS5 as acceptor at DNA position +25, +20 or
+15]. Left: Structural model of RP,, (S/2) showing positions of donor (green circle) and acceptor (red
square). RNAP core is in gray; 6'° is in yellow; the DNA template and nontemplate strands are in red and
pink, respectively. Right: E* histograms for RP, and RP; ;. The vertical line and vertical dashed line
mark mean E* values for RP, and RP;. <7, respectively. Bottom: Predictions of the three models.

Fig. S3. RNAP leading-edge moves relative to downstream DNA in initial transcription: control
experiment.

Experiment documenting that addition of rifampicin (an inhibitor that prevents synthesis of RNA
products >2 nt in length; S73) prevents movement of RNAP leading-edge relative to downstream DNA
[tetramethylrhodamine as donor at 6™ residue 366 located in 6R2, the 6’ domain responsible for
recognition of the promoter -10 element); Cy5 as acceptor at DNA position +20]. E* histograms as in Fig
S2.

Fig. S4. RNAP trailing-edge does not move relative to upstream DNA in initial transcription:
additional measurements.

Experiment documenting absence of movement of the RNAP trailing edge relative to downstream DNA
[tetramethylrhodamine as donor at ¢'° residue 596 (located in R4, the ’° domain responsible for
recognition of the promoter -35 element); Cy5 as acceptor at DNA position -39]. Subpanels as in Fig. S2.

Fig. S5. RNAP trailing-edge does not move relative to upstream DNA in initial transcription:
control measurements.

Experiment documenting that our approach is able to detect a 5-bp increase in distance between the
RNAP trailing edge and upstream DNA. Left: E* histograms for RP, containing tetramethylrhodamine as
donor at ¢"° residue 569 (located in R4, the o’ domain responsible for recognition of the promoter -35
element) and CyS5 as acceptor at DNA position -39 (top) or position -44 (bottom). Right: E* histograms
for RP, containing tetramethylrhodamine as donor at ¢’° residue 596 (located in oR4, the ¢’ domain
responsible for recognition of the promoter -35 element) and Cy5 as acceptor at DNA position -39 (top)
or position -44 (bottom).

Fig. S6. Initial transcription does not involve inchworming: additional measurements.

(A) Experiment documenting absence of movement of the RNAP leading edge relative to -10/-35 spacer
DNA [tetramethylrhodamine as donor at ™ residue 396 (located in 6R2, the 6" domain responsible for
recognition of the promoter -10 element); Alexa647 as acceptor at DNA position -20]. Subpanels as in
Fig. S2.

(B) Experiment documenting absence of movement of the RNAP trailing edge relative to -10/-35 spacer
DNA [tetramethylrhodamine as donor at 6™ residue 596 (located in R4, the 6" domain responsible for



recognition of the promoter -35 element); Alexa647 as acceptor at DNA position -20]. Subpanels as in
Fig. S2.

Fig. S7. Initial transcription involves scrunching: additional measurement.

Experiment documenting contraction of DNA between positions -15 and +20 [Cy3B as donor at DNA
position -15; Alexa647 as acceptor at DNA position +20]. Subpanels as in Fig. S2. The additional,
low-E*, donor-acceptor species is free DNA [arising from dissociation of non-specific complexes upon
heparin challenge during preparation of RP, (see Materials and Methods: Transcription complexes);
detected because DNA contains both donor and acceptor in this experiment].

Fig. S8. Initial transcription involves scrunching: control experiment.

Experiment documenting that addition of rifampicin--an inhibitor that prevents synthesis of RNA
products >2 nt in length (S13)--prevents contraction of DNA between positions -15 and +15 [Cy3B as
donor at DNA position -15; Alexa647 as acceptor at DNA position +15]. E* histograms as in Fig. S2.
The additional, low-E*, donor-acceptor species is free DNA [arising from dissociation of non-specific
complexes during heparin challenge during preparation of RP, (see Materials and Methods: Transcription
complexes); detected because DNA contains both donor and acceptor in this experiment].



Supplement: Supplemental Table S1

Summary of observed energy-transfer efficiencies and corresponding distances’

RP, RPitc <7
donpr acceptor figure R, AR
location | location (A) (A)
E* | R E* | R
[mean(xSEM)] (A) | [mean(+SEM)] (A)
oo DNA* 2A 61 | 0.248(x0.002) | 0.29 | 71 | 0.321(x0.003) | 0.43 | 64 -7
% DNA™ 2B 65 | 0.663(+0.003) | 0.83 | 50 | 0.671(+x0.003) | 0.83 | 50 0
oo DNA® 3A 61 | 0.445(x0.006) | 0.45 | 63 | 0.451(+0.006) | 0.45 | 63 0
% DNA® 3B 65 | 0.571(x0.005) | 0.64 | 59 | 0.570(x0.005) | 0.64 | 59 0
DNA™ | DNA™ 4A 68 | 0.223(x0.001) | 0.34 | 76 | 0.256(+0.001) | 0.42 | 72 -4
oo DNA"™® S2 61 | 0.239(x0.002) | 0.13 | 83 | 0.276(x0.003) | 0.24 | 75 -8
o DNA" S2 58 | 0.185(x0.003) | 0.06 | 91 | 0.237(x0.002) | 0.17 | 75 | —16
o DNA*™ S2 58 | 0.494(+0.006) | 0.56 | 56 | 0.602(+0.007) | 0.68 | 51 -5
o DNA™ S4 64 | 0.935(+0.004) | 0.97 | 35 | 0.935(+0.004) | 0.97 | 35 0
% DNA™ S5 65 | 0.663(x0.003) | 0.83 | 50 | 0.671(+0.003) | 0.83 | 50 0
% DNA™ S5 65 | 0.380(x0.004) | 0.54 | 64
o DNA™ S5 64 | 0.935(x0.004) | 0.97 | 35 | 0.935(x0.004) | 0.97 | 35 0
o DNA™* S5 64 | 0.757(x0.004) | 0.88 | 46
o DNA S6 58 | 0.347(x0.006) | 0.23 | 71 | 0.336(x0.007) | 0.22 | 72 1
o DNA S6 64 | 0.579(+0.007) | 0.63 | 59 | 0.570(+0.006) | 0.62 | 59 0
DNA™ | DNA™ S7 68 | 0.165(x0.002) | 0.20 | 86 | 0.188(x0.002) | 0.27 | 80 -6

' Values of R, have precision of 1 A. Values of E have precision of £0.01. Values of R have precision of

~£1 A for 0.15 < E<0.97 and ~+1.5 A for 0.05 < E < 0.15. AR is defined as the difference between R in

RPjc <7 and R in RP,,




Figure S1

A 1acCONS(-39/+20)-(Cy5,+20) (Figs 2A, S1, S2)
A -E TTTATGCTTCGGCTC TGTG TTGTGAGCGGATAACAAT
TCCGAR AARATACGAAGCCGAGOATATTACACACCITAACACTCGCCTATTGTTA-CYS
lacCONS(-39/+25)-(Cy5,-39) (Figs 2B, 83, S4)
Cy5-Al -E TTTATGCTTCGGCTC TGT TTGTGAGCGGATAACAATTTCAC
TCCGAR AAATACGAAGCCGAGCATATTACACAC AACACTCGCCTATTGTTAAAGTG
lacCONS+2(-39/+25)-(Alexa647,-20) (Figs 3, S5)

AG4T
A -E TTTATGCTTCGGCTTGTGﬁT:GTGAGAGCGGLTMCMTTTC
TCCGAR AAATACGAAGCCGAGCATATTACACACCITAACACTCTCGCCTATTGTTAAAG
lacCONS+2(-39/+15)-(Cy3B,-15 / Alexa647,+15) (Figs 4A, S7)

rC}FSE
A lﬁ TTTATGCTTCGGCTC l' TGTG TTGTGAGAGCGGA
TCCGAR AAATACGAAGCCGAGCATATTACACACCMTAACACTCTCGCCT-AGAT

B |acCONS(-39/+25)-(Cy5,+25) (Fig S1)
AGGWCTTTATGCTTCGGCTC GTATAZR TGTG TTGTGAGCGGATAACAATTTCAC
TCC CTGTIGAAATACGAAGCCGA 'M ACACCITAACACTCGCCTATTGTTAAAGTG-CvyE
lacCONS(-39/+15)-(Cy5,+15) (Fig S1)
A TTTATGCTTCGGCTC t% TGTG TTGTGAGCGGATA
TCC AARATACGAAGCCGAGCR ACACACCITAACACTCGCCTAT-CyS
lacCONS(-44/+25)-(Cy5,-44) (Fig S4)

Cy5-ACCCCA -E TTTATGCTTCGGCTTGT TTGTGAGCGGATAACAATTTCAC
TGGGGTCCGAR ARATACGAAGCCGAGCATATTACACAC AARCACTCGCCTATTGTTAAAGTG
lacCONS+2(-39/+20)-(Cy3B.-15 / Alexa647,+20) (Fig 58)

Cy3B
AGG'ﬁGACACTTTATGCTTCGGCTC TGTGCRATTGTCAGAGCGGATAACA
TCCEAACTGTRAAATACGAAGCCGAGCRTATTACACACCITAACACTCTCGCCTTARACA-AGAT




Figure S2
distance between RNAP leading-edge and downstream DNA:
additional measurements
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Figure S3

distance between RNAP leading-edge and downstream DNA:

control experiment
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Figure S4

distance between RNAP trailing-edge and upstream DNA:

additional measurement
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Figure S5

distance between RNAP trailing-edge and upstream DNA:
control experiments
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Figure S6

A

distance between RNAP leading-edge and -10/-35 spacer DNA
additional measurement

% 80+ RPo
: E'= 35%
S 40] |\R =71A
£ |
S 0 . - - no change
° 8] | RPitc,<7 9
2 | E*= 34%
£ 401 | R=72A
2 |
c
0
00 02 04_.06 08 10

increased

NTP
subset -0+

. scrunchin

no change

]
-10
+1

-35

distance between RNAP trailing-edge and -10/-35 spacer DNA
additional measurement

% 8
o m
Innu
38
32

no change

number of molecules

oo 8 8 o
X
]
(4]
w0
b=

inchworming

no change
NTP
-35 10+

subset

. scrunchin

no change

g
-35 -10
L +1



Figure S7

distance between -10/-35 spacer DNA and downstream DNA:
additional measurement
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Figure S8

distance between -10/-35 spacer DNA and downstream DNA:

control experiment
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