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Supplemental files for Zhang et al.

Supplemental Figure Legends

Supplemental figure S1: Experimental system and in vitro single-molecule co-
localization algorithm. (A) Scheme: DNA templates were immobilized on the single-
molecule imaging surface. Arrow head depicts the transcription start site. Transcription
factors were incubated and the DNA binding of the fluorescently labeled molecules were
monitored in real-time. (B) Left: Scheme of surface passivation and surface
functionalization. Clean borosilicate glass substrates were spin-coated with a polystyrene
layer containing azide-terminated polystyrene, to which biotin groups were attached via
C12 and PEGS5000 linkers, using copper-dependent click chemistry (Presolski et al.,
2011). This permitted the immobilization of fluorescently labeled DNA molecules via
biotin-streptavidin interactions. Surface passivation was achieved by carrying out all
biochemical reactions in the presence of 0.05%~0.1% Tween 20. Right: Result of a
transcription assay comparing promoter-specific transcription initiation activity by our
reconstituted human Pol II system from surface immobilized DNA under our single-
molecule imaging conditions (“on surface”) and freely diffusing DNA under
conventional bulk biochemistry conditions (“in solution”). (C) Algorithm of statistical
co-localization analysis to identify single-molecule protein-DNA interactions with TBP-
super core promoter DNA interaction used as an example: (Step 1) Localization of DNA

molecules. DNA spots in every frame (raw image on the left, 4x4 um region of interest
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(ROI), false-colored in green) of the DNA mapping movie were identified, each fitted to
a 2D Gaussian pixel intensity distribution (Huang et al., 2010), to produce a dataset of (X,
y) points (green crosses) from cumulative frames. Clusters of (x,y) points were identified,
and the average (x, y) of each cluster determines the location of the respective DNA
(black downward triangles) (middle and right). 6 DNA molecules are shown out of a total
of 1230. (Step 2) Localization of TBP-surface interactions. TBP spots in every movie
frame (representative ROI on left) were identified, localized in (x,y), and clustered as
described for DNA, giving the (x,y) locations of TBP-surface interactions (downward
pointing triangles). Only clusters containing >5 (x,y) points were kept for co-localization
analysis. In this representative dataset, 11 TBP-surface interactions were identified in the
4000-frame movie (1600 s) and localized. (Step 3) Calculation of DNA-TBP
displacements. Left is a merged color image of the ROI generated from the false-colored
DNA and TBP images in Steps (1) and (2). Middle are locations of DNA molecules and
TBP-surface interactions during the entire movie. Right shows the location of DNA 1,
and the location of the most proximal identified TBP-surface interaction for DNA 1. The
displacement (Ax, Ay) was recorded for each DNA. (Step 4) Statistical identification of
DNA-TBP interactions. Left: DNA-TBP co-localization plot (Ax Ay) for the 6
representative DNA. In this plot, DNA molecules that localize within 40 nm from the
origin (0,0) are statistically most likely to have experienced a TBP interaction during the
entire movie. Right: DNA-TBP co-localization plot for all 1230 DNA (Ax Ay), showing a
non-random enrichment within ~40 nm from the origin (0,0), indicating that a significant

fraction of DNA molecules (35 % in this case, used in Figure 1B, right panel) interacted
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with an identifiable TBP molecule during the 4000-frame movie, to within the statistical

error determined by the localization uncertainty of 20-40 nm (Revyakin et al., 2012).

Supplemental figure S2: Fluorescent labeling of TFIID via a Tris-Ni-NTA
fluorophore conjugate. (A) Structure of Atto565-conjugated tris-nitrilotriacetic acid
compound coordinated with Ni** (Atto565-Tris-NTA) (top, X depicts ligands
coordinating the Ni®" cation) and the proposed binding target sequence within TFIID
(bottom, amino acid residues 1146-1171 of human TAF2, with the histidine residues in
red as potential Ni** ligands). (B) The Atto565-Tris-NTA compound recognizes a band
of human TFIID separated by SDS-PAGE, corresponding to TAF2 by molecular weight.
Left is a gel image with TFIID subunits detected by silver stainning. Right is the same
sample stained by 3 nM Atto565-Tris-NTA and scanned using 532 nm excitation. A total
of ~200 ng TFIID was loaded in each gel. Arrow head points to the position of TAF2.
(C) Atto565-Tris-NTA, used at a concentration of 1 UM, does not affect TFIID-directed
transcription. Shown is the transcription product detected by primer extension. (D) A
representative single-molecule fluorescence time trace of a 5 x 5 pixel (~1 x 1 pm) area
of imaging surface containing a single super core DNA template, obtained in the presence
of ~1 nM TFIID and 5 nM Atto565-Tris-NTA (top) and its movie montage (bottom)
indicating the DNA binding of the fluorescently labeled TFIID. The fluctuations in signal
are likely due to the intrinsically disordered (structurally dynamic) nature of the targeted
region within TAF2 (Zhang et al., 2015) and/or the structural flexibility of the compound

itself.
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Supplemental figure S3: Fluorescent labeling of TBP via the HaloTag. (A) Gel
images of JF549 and JF646-labeled Halo-TBP proteins stained by Coomassie (left) or
scanned using 532 nm excitation (middle, for JF549 fluorescence) and 633 nm excitation
(right, for JF646 fluorescence). Arrow depicts position of free dyes. (B) Transcriptional
activity of the HaloTag TBP fusion before (unlabeled) and after (labeled) labeling with
JF549. Specified amount of TBP protein was used together with other GTFs to
reconstitute transcription, and the RNA product was detected by primer extension. For
the tagged TBP (molecule weight of 73 kD), 3 ng in 27.5 ul (our standard transcription
reaction volume) leads to 1.5 nM final concentration. (C) Chemical structure of the two

fluorophore-conjugated Halo ligands used for labeling.

Supplemental figure S4: Fluorescent labeling of TFIIA via the SortaseTag. (A) Gel
images of TMR-labeled TFIIA stained by Coomassie (left) or scanned using 532 nm
excitation (right, for TMR fluorescence). Arrows depict the positions of TFIIA a-f fusion
and y subunits. The y was also labeled due to a glycine residue (introduced as a cloning
linker at position 2) exposure after bacterial removal of the first methionine residue,
which served as a label acceptor. (B) DNase | footprint assay monitoring the biochemical
activity of TFIIA. The gel images of DNA (1 nM) digested by DNase | are shown.
Highly purified TFIID alone (at ~ 1nM final concentration) failed to protect the TATA
box, due to the auto inhibition of its TBP subunit by TAF1. TFIIA can overcome this

inhibition. 1 nM DNA was used in all reactions. (C) Efficiency of co-localization
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between TFIIA alone (TMR labeled, 3 nM) and DNA templates under single-molecule
binding conditions. (D) Left is a representative single-molecule fluorescence time trace
monitoring simultaneously the binding of both TBP (JF646 labeled, 2 nM) and TFIIA
(TMR labeled, 3 nM) (top) and the corresponding movie montages (bottom). The
disappearance of fluorescent signal most likely reflects bleaching of the fluorophore,
instead of dissociation of the labeled protein. A TFIIA molecule with only one bleaching
step (presumably with only one fluorophore label) was selected for simplicity. Grey bar
depicts the period covered by the movie montages below. Right is the histogram of the

time delay between TBP binding and TFIIA binding.

Supplemental figure S5: Fluorescent labeling of TFIIB via the unnatural amino acid
strategy and the SortaseTag. (A-C) Gel images Alexa647 labeled TFIIB via a para-
azidyl phenylalanine (pAzF) (A), TMR and JF646-labeled TFIIB (B) or its N-terminal
deletion (A106) (C) via the SortaseTag. Coomassie staining and fluorescence scanning at
532 nm (for TMR) or 633 nm (for Alexa647 and JF646) are shown. “No label” contains
samples of the same protein construct before labeling. (D) Transcriptional controls testing
the biochemical activity of the labeled proteins. The N-terminal deletion (TMR-AN and
JF646-AN) are expected to be inactive in this assay. For the tagged TFIIB (molecule
weight of 37 kD for the unnatural-amino acid tagged, and 35 kD for the sortase tagged), 5
ng in 27.5 pl (our standard transcription reaction volume) leads to 5 nM final
concentration. (E-F) Gel mobility shift assay monitoring DNA binding activity of Alexa

647 (E) or TMR (F) labeled TFIIB, with Cy3 or Atto633 labeled DNA templates,
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respectively. TBP and TFIIA were used as indicated. Gels were scanned at 532 nm and
633 nm and presented in both channels. Arrow heads depicts positions of free probes and
the possible protein-DNA complexes. (G) Co-localization of full-length TFIIB alone
(left), or together with TFIID (right), with DNA templates under single-molecule binding
conditions. (H) A representative single-molecule fluorescence time trace monitoring the
promoter binding of TFIIB molecules labeled using two distinct fluorescent labels (4 nM

each) (Alexa647, red; TMR, green) in the presence of pre-bound TBP.

Supplemental figure S6: Transient-to-stable transition of TFIIB promoter binding
was also observed when TBP was used in place of TFIID. (A) Representative
fluorescence time traces of labeled TBP and TFIIB (used together, without any other
factor) binding to a super core promoter DNA is shown on the top. Bottom is a plot of
~1000 binding events with their corresponding TFIIB binding time indicated as bars
along y-axis. (B) is the same as (A) except for that TFIIF and Pol Il were also included in
the reaction. In this case, about 1/3 of the traces showed a standard transient-to-stable

transition in the TFIIB signal.

Supplemental figure S7: Single-molecule TFIIB-promoter binding controls with
individual factors omitted. (A) Summary of co-localization of TMR-labeled TFIIB with
super core or mutant DNA templates at the presence of other factors as specified. (B)
Comparison of TFIIB binding time with different combination of GTFs as specified.

Major figures have all TFIIB binding events from selected super core DNA template
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represented by bars (height depicts binding time) to highlight the long events. Inserts are
histograms of binding time of all events from the same set DNA molecules which are

overwhelmed by the transient events.

Supplemental figure S8: Live-cell single-molecule images and controls for TFIIB
dynamics. (A) Maximum projection of raw fluorescence intensity images of five
consecutive frames of the nucleus of a living cell, at both 50 ms (left column) and 1 s
(right column) acquisition times, recorded simultaneously for both FL TFIIB (top row)
and AN TFIIB (bottom row). All four images are 25 x 25 pum in size. (B) Histograms of
the fitted standard deviation of the point spread function for both FL (green) and AN
(magenta) TFIIB obtained at an acquisition time of 50 ms (left) or 1 s (right). (C)
Processed super-resolution images of FL (green) and AN (magenta) TFIIB obtained at
three different acquisition times as specified (movie was taken in the order of from left to
right), each for a total time of 100 s. All detected localizations are displayed according to
their localization full-width at half-maximum, with their total numbers (n) specified. The
mean and median localization errors were all between 30~40 nm. (D) Trajectories
detected at 100 ms acquisition time (254 FL and 158 AN TFIIB). See Figure 5B legend

for more details.
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Zhang_Fig S5 (continued)
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Zhang_Fig S5 (continued)
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Supplemental Methods: protein labeling

Human TFIID labeling was designed using a non-covalent binding of a histidine-
rich region within the C-terminus of the TAF2 subunit (amino acid residues 1146-1171,
sequence: HHHHHHHEHKKKKKKHKHKHKHKHKH) that is intrinsically disordered,
thus structurally accessible (Zhang et al., 2015), by an Atto565-conjugated tris-
nitrilotriacetic acid compound coordinated with Ni?* (Atto565-Tris-NTA, Figure S1A, a
gift from Piehler Jacob) (Strunk et al., 2009). Purified TFIID ~100 nM was mixed with
500 nM Atto565-Tris-NTA in a buffer (10% glycerol, 25 mM HEPES pH 7.9, 12.5 mM
MgCl,, 100 mM KCI1, 0.1 mM EDTA, 0.01 % NP40 and 1 mM DTT), incubated on ice for
3 h followed by room temperature for 3 min, then diluted 100 fold for single-molecule
imaging (final concentration of ~1 nM for TFIID and 5 nM for the Atto565-Tris-NTA).
With an multiple nitrilotriacetic acid moieties coordinated with Ni** on a circular
scaffold, Atto565-Tris-NTA has the potential to bind poly histidine stretches with sub
nanomolar affinity (Lata et al., 2005). Its specific recognition of the TAF2 subunit of the
TFIID complex was confirmed by staining an SDS-PAGE gel (overnight staining
followed by overnight de-staining in water, and scanned by Typhoon Trio+ imager (GE
Healthcare) (Figure S2B). The same Atto565-Tris-NTA (1 puM) was added to a standard
transcription assay and was found to have no effect on transcription activity (Figure
S2C). We had previously reported that a tin(IV) oxochloride derived metal cluster
targeting overlapping histidine-rich  region specifically arrests TFIID-directed
transcription initiation (Zhang et al., 2015). The structural flexibility of the Tris-NTA

compound might be the reason that prevents it from affecting TFIID function, despite the
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tight binding. This strategy of labeling can detect ~80-90% of the TFIID binding events
based on two color single-molecule experiments using Alexa647 labeled TFIIB in the
presence of TFIIA, and in which a TFIID binding event is expected to occur prior to
binding by TFIIB.

Recombinant human TBP, fused to a 6xHis tag followed by a HaloTag at the N-
terminus, was purified by the standard procedure using Ni-NTA resin, and further
cleaned up by a heparin column (loaded in 50 mM HEPES pH 7.9, 150 mM NaCl, 1 mM
DTT; washed with 20 mM HEPES pH 7.9, 150 mM KCI, 1 mM DTT, 0.5 mM EDTA
and 10% glycerol; and eluted with a KCI gradient from 150 mM to 1 M, with peak
fraction collected at ~ 0.3 M KCI). For labeling, ~ 10 uM purified protein was mixed with
30 uM Halo-JF549 or Halo-JF646 ligands (with 2% DMSO) and incubated at 23°C for
10 min. Free ligands were removed by Zeba Spin desalting columns (ThermoFisher).
Labeling efficiency was determined to be >80% by single-molecule experiments (in two-
color TBP and TFIIB binding assays, >80% of repetitive TFIIB binding was proceeded
by a TBP signal).

The sortase-mediated fluorescent labeling of TFIIA and TFIIB was as previously
described (with an N-terminal GST-SUMO-GGGG tag) with minor modifications (Ticau
et al., 2015). For TFIIA, the tag was inserted at the N-terminus of the a-p fusion subunit
in an ampicillin-resistant vector, co-expressed with a FLAG tagged y subunit (with a
sequence of MGSDYKDDDDKG added to the N-terminus: the FLAG tag is underscored,
the remaining amino acid residues are from a poly-cloning site) in a kanamycin-resistant

vector. When expressed in E. coli, the first methionine (M) gets removed by the host cell
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thus exposing a glycine (G) residue, making the y subunit a substrate for sortase (Figure
S3A). A GST fusion of TFIIA (complex of a-p fusion and the y subunit) was expressed
and purified from E. coli Rosetta cells, and digested by 0.5 pg/ml Ulpl (His-tagged, in-
house prepared) and mixed with 50% glutathione-crosslinked beads slurry in buffer (20
mM Tris-HCI pH 8.0 and 500 mM NacCl) for ~3-10 min at room temperature. Released
proteins were immediately further purified by a Superdex 200 10/300GL size-exclusion
column (GE Healthcare). The labeling reaction was carried out at room temperature for 1
hr with 5 uM TFIIA, 5 uM sortase (His-tagged, in-house preparation), 800 uM 5-
carboxytetramethylrhodamine conjugated LPETGG peptide (Innovagen SP-5364-1), 5
mM CaCl, and 5 mM MgCl,. The His-tagged sortase was removed by mixing with 1/10
volume of Ni-NTA agarose beads at 4C for 5 min. The reaction mixture was further
purified by Superdex 200 10/300GL column to remove free dyes in buffer (10% glycerol,
20 mM Tris HCI pH 8.0, 500 mM NaCl, and 1 mM DTT). Samples were taken during the
labeling reaction, separated by SDS-PAGE and scanned at 532 nm to monitor the
reaction. The o-f subunit (with an optimal GGGG sequence at the N-terminus) completed
the reaction within ~5 min, while the y subunit (with a non-optimal G residue) completed
the reaction in 30 min. This dual target situation led to a high labeling efficiency. To test
the labeling efficiency, TFIIA was incubated together with Alexa647 labeled TFIIB and
unlabeled TFIID for single-molecule promoter binding analysis. ~95% of the rapid,
repetitive TFIIB binding was found to be proceeded by a TFIIA binding signal,

suggesting that ~95% of the TFIIA molecules have at least one fluorophore.
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Sortase-mediate labeling of TFIIB (full-length or A1-106 mutant) was carried out
in the same way as TFIIA labeling, except that the Ulpl digestion and subsequent size-
exclusion chromatography was carried out in a different buffer (20 mM HEPES ph7.6,
300 mM KCl, 20 uM ZnCI2, 1 mM DTT, 10% glycerol). The concentration of TFIIB and
sortase were both 30 pM, and an in-house preparation of JF646-LPETGG peptide
conjugate was used. The reaction was diluted to 250 mM KCI with a matching buffer,
then loaded onto a 1 mL HiTrap Heparin HP column (GE Healthcare 17-0406-01) and
eluted with a salt gradient of 0.25-1 M KCI (peak elution at about 0.5~0.6 M). The
unreacted peptide ligand was in the flow-through fraction.

Full-length TFIIB was also labeled using unnatural amino acid mediated
conjugation (Kim et al., 2013). In brief, a sequence of MGS(pAzF)SHHHHHH
SSGLVPRGSH (pAzF stands for para-azidyl phenylalanine, the rest are linkers including
a thrombin cleavage site from the vector) was attached to the N-terminus of human TFIIB
and purified by Ni-NTA affinity resin (final buffer: 20 mM Tris-HC1 pH 7.9 at 4°, 10%
glycerol, 1 mM DTT, 0.2 mM EDTA, 0.5 mM PMSF, and 300 mM KC1). 18 uM protein
was mixed with 100 pM Click-IT® Alexa Fluor® 647 DIBO Alkyne (Invitrogen
C10408) and incubated at room temperature for 3 hours. This usually allows 50% of the
proteins to be labeled which will appear as a slightly upper shifted band when separated
by 12% SDS-PAGE gel. The reaction was passed through a PD10 desalting column by
gravity to remove the unreacted dye and exchanged into a low salt buffer (10% glycerol,
25 mM HEPES pH 7.9, 12.5 mM MgCl,, 200 mM KCI, 0.1 mM EDTA, and 1 mM

DTT). The peak fractions were collected and loaded onto a Poros® Heparin column
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(Applied Biosciences 4333413). A 0.2-1 M KClI salt gradient allows elution and moderate
separation of the labeled species (eluted at lower salt) from the unlabeled species. The

fraction used for single-molecule reaction contains ~90% labeled species.

JF646-LPETGG peptide conjugate synthesis

Commercial reagents were obtained from reputable suppliers and used as
received. All solvents were purchased in septum-sealed bottles stored under an inert
atmosphere. Reactions were monitored by thin layer chromatography (TLC) on pre-
coated TLC glass plates (silica gel 60 Fys4, 250 um thickness) or by LC/MS (4.6 mm X
150 mm 5 um CI18 column; 5 pL injection; 10-95% MeCN/H,O, linear gradient, with
constant 0.1% v/v TFA additive; 20 min run; 1 mL/min flow; ESI; positive ion mode; UV
detection at 650 nm). Mass spectrometry was performed by the High Resolution Mass
Spectrometry Facility at the University of lowa. NMR spectra were recorded on a 400
MHz spectrometer. 'H and "°C chemical shifts (8) were referenced to TMS or residual
solvent peaks. Data for 'H NMR spectra are reported as follows: chemical shift (5 ppm),
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m =

multiplet), coupling constant (Hz), integration.
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JFe46-NHS: 6-Carboxy-JFess (Grimm et al., 2015) (40 mg, 65.5 umol, TFA salt)
was combined with N,N'-disuccinimidyl carbonate (37 mg, 144 umol, 2.2 eq) in DMF
(2.5 mL). After adding triethylamine (55 pL, 393 pmol, 6 eq) and 4-
(dimethylamino)pyridine (0.8 mg, 6.55 umol, 0.1 eq), the reaction was stirred at room
temperature for 3 h. It was subsequently diluted with 10% w/v citric acid and extracted
with EtOAc (2x). The combined organic extracts were washed with brine, dried over
anhydrous MgSQ,, filtered, and concentrated in vacuo. Flash chromatography (0-50%
EtOAc/toluene, linear gradient) yielded 31 mg (80%) of the title compound as a yellow-
green solid. *H NMR (CDCls, 400 MHz) § 8.27 (dd, J = 8.0, 1.4 Hz, 1H), 8.07 (dd, J =
8.0, 0.7 Hz, 1H), 8.00 (dd, J = 1.3, 0.7 Hz, 1H), 6.74 (d, J = 8.7 Hz, 2H), 6.66 (d, J = 2.6
Hz, 2H), 6.30 (dd, J = 8.7, 2.7 Hz, 2H), 3.91 (t, J = 7.3 Hz, 8H), 2.89 (s, 4H), 2.37 (p, J =
7.2 Hz, 4H), 0.62 (s, 3H), 0.56 (s, 3H); *C NMR (CDCls, 101 MHz) & 169.4 (C), 169.0
(C), 161.1 (C), 155.5 (C), 151.2 (C), 136.5 (C), 131.7 (C), 131.6 (C), 130.7 (CH), 130.1
(C), 127.8 (CH), 126.8 (CH), 126.3 (CH), 115.8 (CH), 112.7 (CH), 92.4 (C), 52.3 (CH>),
25.8 (CH,), 17.0 (CH,), 0.3 (CHa3), -1.1 (CHs); HRMS (ESI) calcd for Ca3HsN3O6Si

[M+H]" 594.2055, found 594.2069.

JFeus-LPETGG: JFess-NHS (2.0 mg, 3.37 pmol) and Leu-Pro-Glu-Thr-Gly-Gly

(3.5 mg, 505 pmol, 1.5 eq) were combined in DMF (1 mL), and N,N-
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diisopropylethylamine (2.9 pL, 16.8 umol, 5 eq) was added. The reaction was stirred at
room temperature for 18 h. It was subsequently concentrated in vacuo and purified by
reverse phase HPLC (10-75% MeCN/H;0, linear gradient, with constant 0.1% v/v TFA
additive) to provide 2.9 mg (74%, TFA salt) of the title compound as a blue solid.
Analytical HPLC: tg = 11.1 min, >99% purity (4.6 mm x 150 mm 5 pum C18 column; 5
uL injection; 10-95% MeCN/H,0O, linear gradient, with constant 0.1% v/v TFA additive;
20 min run; 1 mL/min flow; ESI; positive ion mode; detection at 650 nm); MS (ESI)

calcd for CssHezNgO13Si [M+H]™ 1051.5, found 1051.3.
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