








Fig. S1. A single-molecule primer extension assay. (A) A schematic of the construction of single-molecule substrates from M13 phage genomes: the circular
ssDNA is linearized with a restriction enzyme and end-labeled using scaffold-mediated ligation. (B) A schematic of the generation of ssDNA containing a site-
specific lesion: an internal hairpin is cleaved with EcoRI, and a chemically synthesized, lesion-containing oligonucleotide is ligated with scaffolds to recircularize
the molecule. Excess primers and scaffolds are removed using T4 DNA polymerase and exonuclease I. (C) The differential extensions of ssDNA and dsDNA at
increasing flow rates. dsDNA was generated from the single-molecule substrate stock using ϕ29 DNA polymerase (New England Biolabs). The conversion factor
(3.9 bp nm−1) used to calculate DNA synthesis from bead displacement was determined by dividing the total substrate length, 7,249 bp, by the difference in the
extension of dsDNA and ssDNA at 0.015 mL min−1 (1,848 nm). (D) Annealing a 3′-dideoxy–terminated oligonucleotide onto the ssDNA substrate at the +3,000-bp
position blocks synthesis by T7 DNA polymerase exo− in 95% of trajectories (n = 91), confirming the conversion factor. The predicted location of the oligo-
nucleotide block is marked with a dotted red line, and the full length of the substrate is marked with a dotted black line. Example trajectories for (E) Pol III (5 nM)
and (F) Pol IV (30 nM). Initial time points are shifted for clarity; note different scales of axes.
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Fig. S2. Effects of polymerase concentration and the number of clefts on pausing. Pauses between polymerase synthesis events in single-molecule trajectories
are exponentially distributed, suggesting a single rate-limiting step, and inversely related with concentration; increasing Pol III from (A) 5 to (B) 12 and (C) 30 nM
or Pol IV from (D) 5 to (E) 15 and (F) 30 nM reduces these pause times. These data demonstrate that pauses observed during synthesis by Pol III or Pol IV alone
represent dissociation of a polymerase followed by the diffusion-limited recruitment of another from solution. Association times (pauses) of Pol III are shorter
because of a greater Ka for clamp binding measured in surface plasmon resonance experiments (1). Pauses observed in 30 nM Pol IV experiments with (G) the
single-cleft clamp, β+/βC, are not significantly different from pauses observed in experiments with the WT clamp, βWT. Observed pauses are, therefore, not caused
by switching between two Pol IV molecules potentially bound to the same β dimer; τ represents the exponential constant for fits to pause distributions. The first
bins of D–G are undersampled because of limits on the experimental resolution and therefore, were not used for fits.

1. Heltzel JM, Maul RW, Scouten Ponticelli SK, Sutton MD (2009) A model for DNA polymerase switching involving a single cleft and the rim of the sliding clamp. Proc Natl Acad Sci USA
106(31):12664–12669.
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Fig. S3. Effect of the number of clefts available on Pol IV processivity. The observed processivity of Pol IV is greater in experiments with (A) βWT than with (B)
β+/βC (P < 10−3), supporting structural data that two Pol IV molecules can bind a single β (1)—the apparent processivity is artificially increased by rapid, un-
resolvable switches between two polymerases bound to the clamp; λ represents the exponential constant for fits to processivity distributions. The first bins are
undersampled because of limits on the experimental resolution and therefore, were not used for fits.

1. Bunting KA, Roe SM, Pearl LH (2003) Structural basis for recruitment of translesion DNA polymerase Pol IV/DinB to the β-clamp. EMBO J 22(21):5883–5892.

Fig. S4. Effects of increasing concentrations of Pol IV on competition with Pol III. (A) Example trajectories at a low and high ratio of Pol IV to Pol III with
assignments. At high concentrations of Pol IV, individual pauses are no longer observable. (B) Distributions for the percent of synthesis completed by Pol III in
individual trajectories in the presence of low (30 nM Pol IV, average of 78% Pol III synthesis; n = 92 trajectories) and high (300 nM Pol IV, 22% Pol III synthesis;
n = 53) levels of Pol IV.
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Fig. S5. Distributive and processive synthesis on templates containing a site-specific N2-furfuryl-dG lesion. (A) A time course for distributive synthesis (in the
absence of β) by Pol III or Pol IV on an oligonucleotide template with an N2-furfuryl-dG (left side) or control dG (right side) base at the +3 position from the
primer terminus. The lesion is a strong block for Pol III but rapidly bypassed by Pol IV. Arrows denote the location of the labeled 10-mer primer and the fully
extended 20-mer product. Degradation of the primer by Pol III for the −dNTP control and on the lesion template is incomplete because of the short primer and
the large footprint of the Pol III core. (B) The percentage of trajectories that bypasses the lesion site in single-molecule experiments. Bypass is defined as
synthesis past the site plus 3σ of the noise (3,350 bp). Different conditions include lesion and control substrates, low and high dNTP concentrations, and with or
without Pol IV. (C) Successive steps of preparation of lesion-containing M13 ssDNA; each lane of the agarose gel contains 700 ng DNA or the equivalent amount
of the reaction unless otherwise specified. Lanes are numbered 1–10 from the left side: lane 1, 2-log ladder (5 μL; New England Biolabs); lane 2, M13mp18
ssDNA (New England Biolabs); lane 3, purified M13mp7L2 ssDNA; lane 4, after EcoRI digestion and subsequent purification; lane 5, after scaffold-mediated
ligation with lesion-containing insert; lane 6, after treatment with T4 DNA polymerase and exonuclease I; lane 7, purified N2-furfuryl-dG M13mp7L2. Treat-
ment of mock-ligated (using scaffolds but no insert) substrate shows that digestion of the hairpin is nearly complete: lane 8, M13mp7L2 after the mock li-
gation; lane 9, after treatment with T4 polymerase and exonuclease I; lane 10, the same but loading 10 times the amount as lane 9.
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Fig. S6. Reducing the Pol IV concentration from 30 to 15 nM results in a timescale of exchange with Pol III statistically indistinguishable from Fig. 4C, despite
the same dilution increasing the association time in experiments with Pol IV alone (Fig. S2 E and F). Exchange from (A) Pol III (5 nM) to Pol IV (15 nM) is more
rapid than pauses in experiments with 15 nM Pol IV (P < 10−5 vs. Fig. S2E); exchange from (B) Pol IV to Pol III remains rapid (P < 10−7 vs. Fig. 4A).

Fig. S7. Stoichiometry of Pol III and Pol IV on the clamp during rapid exchange. (A) Exchange from Pol IV (5 nM) to Pol III (30 nM) is diffusion-limited (NS vs.
Fig. 4B and P < 10−3 vs. Fig. 4D) in experiments with the single-cleft clamp, β+/βC, further showing that Pol III requires access to the free cleft to bind the clamp
during Pol IV synthesis. (B) The processivity of Pol IV events preceding exchange to Pol III is less than the processivity of Pol IV alone (30 nM) with β (P < 10−3 vs.
Fig. S3A) and not significantly different from Pol IV with β+/βC (Fig. S3B), showing that a single Pol IV, at low concentrations, binds the clamp during exchange
with Pol III.
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Fig. S8. Effects of Pol IV at low and high concentrations on Pol III stability. (A) Pol III processivity is modestly reduced by the absence of the e–β contact and
similarly reduced by the presence of Pol IV on the clamp, suggesting that Pol IV can compete with e for a cleft. The average Pol III processivity in the following
experiments (left to right): Pol III only (5 nM) in experiments with the WT clamp, βWT; Pol III only (5 nM) with the single-cleft clamp, β+/βC, which eliminates
binding by the weaker e exonuclease subunit clamp-binding motif; and Pol III (5 nM) events that precede Pol IV (30 nM) events with the WT cleft. A similar
reduction in Pol III processivity was previously observed in single-molecule leading strand experiments when the e clamp-binding motif was weakened (1). (B)
The average lifetime of Pol III on the clamp for individual synthesis events decreases with increasing concentrations of Pol IV. The lifetime for each event was
determined by dividing the processivity by the rate.

1. Jergic S, et al. (2013) A direct proofreader-clamp interaction stabilizes the Pol III replicase in the polymerization mode. EMBO J 32(9):1322–1333.
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Fig. S9. Pol III and Pol IV bound to β (yellow), with Pol IV positioned at the rim site to capture the Pol III α clamp-binding motif during a transient release from
its cleft. This model shows that concurrent binding of the two polymerases to the same protomer of β is consistent with structural data for Pol III and Pol IV and
their clamp-binding modes. SI Experimental Procedures has details of model construction.

Table S1. Oligonucleotides (Integrated DNA Technologies) used
to construct single-molecule substrates

Names Sequences (5′ to 3′)

mp18-SalI CTGCAGGTCGACTCTAGA

mp18-scaffold-1 GCGGGCAATATGTACCTCTAGAGGATCCCC

mp18-scaffold-2 ATGCCTGCAGGTCGAACTATGCGACTGGAC

mp7L2-AlwNI AGCGCAGTCTCTGAATTTAC

mp7L2-scaffold-1 GCGGGCAATATGTACTCTCTGAATTTACCG

mp7L2-scaffold-2 GAATGGAAAGCGCAGACTATGCGACTGGAC

M13-3′-dig GTACATATTGCCCGCAAAAAA-Dig

M13-5′-biotin BioTEG-GTCCAGTCGCATAGT
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