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Abstract

DNA polymerases catalyze DNA synthesis through a stepwise kinetic mechanism that begins with 

binding to DNA, followed by selection, binding, and incorporation of a nucleotide into an 

elongating primer. It is hypothesized that subtle active site adjustments in a polymerase to align 

reactive moieties limit the rate of correct nucleotide incorporation. DNA damage can impede this 

process for many DNA polymerases, causing replication fork stalling, genetic mutations, and 

potentially cell death. However, specialized Y-family DNA polymerases are structurally evolved to 

efficiently bypass DNA damage in vivo, albeit at the expense of replication fidelity. Dpo4, a model 

Y-family polymerase from Sulfolobus solfataricus, has been well-studied kinetically, structurally, 

and computationally, which yielded a mechanistic understanding of how the Y- family DNA 

polymerases achieve their unique catalytic properties. We previously employed a real-time Förster 

resonance energy transfer (FRET) technique to characterize the global conformational motions of 

Dpo4 during DNA binding as well as nucleotide binding and incorporation by monitoring changes 

in distance between sites on the polymerase and DNA, and even between domains of Dpo4. Here, 

we extend the utility of our FRET methodology to observe conformational transitions within 

individual domains of Dpo4 during DNA binding and nucleotide incorporation. The results of this 

novel, intradomain FRET approach unify findings from many studies to fully clarify the complex 

DNA binding mechanism of Dpo4. Furthermore, intradomain motions in the Finger domain during 

nucleotide binding and incorporation, for the first time, report on the rate-limiting step of a single-

nucleotide addition catalyzed by Dpo4.
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Since the initial identification of Y-family DNA polymerases,1 extensive effort has been 

spent to understand their precise role in DNA replication. In contrast to highfidelity, 

processive polymerases from A-, B-, and C-families, members of the Y-family exhibit low-

fidelity, distributive DNA synthesis on undamaged DNA.2 Though these are undesirable 

traits for a replicative DNA polymerase, they uniquely qualify the Y-family polymerases for 

the critical cellular responsibilities of immunoglobulin generation, somatic hypermutation, 

and translesion DNA synthesis (TLS).3 Perhaps the most striking role of the Y-family 

polymerases involves their abilities to bypass DNA damage during TLS, which would 

otherwise stall DNA synthesis by high-fidelity replicative DNA polymerases and lead to cell 

death. Much of what is currently known concerning the mechanism of DNA synthesis on 

undamaged and damaged DNA by the Y-family DNA polymerases comes from structural4–6 

and kinetic2,7–10 investigations of Dpo4, the model and lone Y-family DNA polymerase 

from Sulfolobus solfataricus.

Akin to other Y-family members, Dpo4 contains a structurally conserved polymerase core 

consisting of Finger, Palm, and Thumb domains arranged in a characteristic right-hand 

architecture, as well as a Little Finger (LF) domain that is joined to the polymerase core 

through a highly flexible peptide linker (Figure 1).4 Interestingly, there is some evidence to 

suggest that the LF domain and linker mediate the association of Dpo4 with DNA11 and that 

the LF domain determines the lesion bypass properties of Y-family polymerases.12 In 

contrast to many other polymerases, structural comparison of the binary (Dpo4•DNA) and 

ternary (Dpo4•DNA•dNTP) complexes of the enzyme reveals that Dpo4 does not exhibit the 

open to closed conformational transition of the Finger domain upon nucleotide binding 

thought to function as a fidelity checkpoint but rather exhibits a largely preformed active site 

lacking any major conformational adjustments.6 Nevertheless, ensemble13–17 and single-

molecule18,19 techniques have revealed Dpo4 to be dynamic, exhibiting rigid body domain 

movements as well as more local conformational motions throughout DNA association, 

nucleotide binding, and nucleotide incorporation steps of catalysis, and these motions were 

found to be altered by the presence of a lesion in the DNA template.14,19

Pre-steady-state kinetic characterization of the minimal kinetic mechanism of nucleotide 

insertion by Dpo4 suggests that a conformational change, likely consisting of subtle active 

site rearrangements to properly align divalent metal ions and carboxylate moieties as well as 

reactive groups of the primer and incoming nucleotide, is rate-limiting, rather than 

phosphodiester bond formation.7 Unfortunately, there is no explicit evidence of this 

conformational transition, leading to significant controversy.20 For A-, B-, and C-family and 

some X-family polymerases, it was thought that the closure of the Finger domain during 

nucleotide binding may signify the slowest step during single-nucleotide incorporation,21,22 
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but structural studies indicate that Dpo4 lacks such a change. Our previous, stopped-flow 

Förster resonance energy transfer (FRET) study 13 sought to capture the rate-limiting 

conformational change for Dpo4 but instead revealed global dynamic conformational events 

at several other stages during nucleotide binding and incorporation.

Here, we extended our stopped-flow FRET methodology to observe conformational motions 

that may exist within individual domains of Dpo4 during DNA and nucleotide binding and 

catalysis. By generating intradomain FRET constructs consisting of donor and acceptor 

fluorophores within each domain of Dpo4, we were able to gain significant insight into the 

DNA binding mechanism of Dpo4 and observe dynamic motions within each domain during 

nucleotide binding and insertion. The existence of slow conformational motions observed 

for the Finger domain was independent of phosphodiester bond formation, and the motions 

may be reporting on the elusive rate-limiting step for single-nucleotide incorporation.

MATERIALS AND METHODS

Preparation of Protein and DNA

FRET constructs were generated as previously described.15 Briefly, donor Trp residues were 

individually introduced into each domain of Dpo4. For each Trp-containing mutant, a 

corresponding Cys mutation was generated within the same domain for subsequent labeling 

with the acceptor fluorophore, 7-(diethylamino)-3-(4′-maleimidyl-(phenyl)-4-

methylcoumarin (CPM) (ThermoFisher Scientific). Notably, Dpo4 contains no native Trp 

residues, and the lone native Cys residue was mutated to Ser. All mutations were confirmed 

by DNA sequencing and are shown in Figure 1. Expression, purification, and fluorophore 

labeling were completed as previously described.15 Unreacted CPM dye was removed by 

two consecutive spins through Micro P-6 BioSpin columns (Bio-Rad). The protein 

concentration was determined using the Bradford assay (Bio-Rad) with wild-type assessed 

by measuring the concentration of CPM by UV/vis spectrophotometry using an extinction 

coefficient of 44800 M−1 cm−1 at 430 nm. For all CPM-labeled mutants, the ratio of dye 

concentration to protein concentration revealed a labeling efficiency of ≥90%.

DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT). A 21-mer 

primer (5′-CGAGCCGTCGCATCCTACCGC-3′) with either a normal, 3′-deoxy-

terminated end or a 3′-dideoxy-terminated end was annealed to a 30-mer template (5′-
GATGCTGCAGCGGTAGGATGCGACGGCTCG-3′) to generate the DNAOH or DNAH 

substrate, respectively. All synthetic DNA oligonucleotides were purified by denaturing 

polyacrylamide gel electrophoresis (PAGE) (17% polyacrylamide, 8 M urea), and the 

concentrations were determined by the UV absorbance at 260 nm. Alexa488-labeled 

DNAOH was generated as described previously13,14 through Alexa Fluor 488-NHS ester 

(Invitrogen) labeling of a 5-C6-amino-2′-deoxythymidine modification (T) on the ninth base 

from the primer 3′ terminus.
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Buffers

Unless otherwise specified, all reactions were performed in buffer R, containing 50 mM 

HEPES (pH 7.5 at 20 °C), 6 mM MgCl2, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, and 

10% glycerol.

Steady-State Fluorescence Spectroscopy Assays

All steady-state fluorescence spectra were recorded on a Fluoromax-4 fluorometer (Jobin 

Yvon Horiba) at 20 °C. The slit widths for the excitation and emission monochromators 

were each set to 5 nm. Fluorescence emission spectra of each CPM-labeled Dpo4 mutant 

(200 nM) in the absence or presence of either DNA (DNAOH, 300 nM) or DNA (300 nM) 

and the correct nucleotide (dTTP, 1 mM) were recorded upon Trp donor excitation at 290 

nm. Upon addition of DNA and dTTP, a 5 min incubation period was observed to allow for 

reaction equilibration. All reported spectra were corrected for dilution and for the intrinsic 

fluorescence of buffer components as well as of DNAOH and dTTP, when applicable.

Notably, while the distance between donor and acceptor probes can be calculated from the 

FRET efficiency, this requires consideration of many complex variables.23,24 Therefore, to 

simplify our data analysis, we have calculated (ratio) by dividing the acceptor fluorescence 

due to energy transfer from the excited donor fluorophore by the acceptor fluorescence due 

to direct excitation. Importantly, changes in (ratio)A observed with a change in experimental 

conditions are indicative of conformational change as (ratio)A is directly proportional to 

FRET efficiency.

Stopped-Flow FRET Assays

Stopped-flow fluorescence spectroscopy experiments were completed at 20 °C using an 

Applied Photophysics SX20 instrument with a dead time of ∼1 ms and monochromator slit 

widths set to 5 nm. Importantly, a temperature of 20 °C was maintained for all stopped-flow 

mixing experiments to be consistent with our previous studies and to permit observation of 

rapid fluorescent phases that may become too fast to be detected at elevated temperatures.
13–15 During excitation at 290 nm, reaction components (all reported component 

concentrations represent final concentrations after mixing) were rapidly mixed within the 20 

μL optical cell, and subsequent Trp or CPM fluorescence was recorded over time using a 

305 or 420 nm cutoff filter (Applied Photophysics Ltd.), respectively. The resulting 

fluorescence traces were fit by nonlinear regression using Pro-Data Viewer software 

(Applied Photophysics Ltd.) to either single-exponential (eq 1), double-exponential (eq 2), 

or triple-exponential (eq 3) equations (shown below) depending on the number of observed 

FRET phases.

F (t) = A × exp −kobst + constant (1)

F (t) = A1 × exp −k1t + A2 × exp −k2t + constant (2)
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F (t) = A1 × exp −k1t + A2 × exp −k2t
+ A3 × exp −k3t + constant (3)

where F(t) signifies the change in fluorescence over time (t); A, A1, A2, and A3 are the phase 

amplitudes; and kobs, k1, k2, and k3 are the corresponding phase rates. All reported rates and 

errors represent the average rates and corresponding standard deviations among multiple, 

replicate stopped-flow mixing experiments.

Stopped-Flow Anisotropy Assays

Following the manufacturer’s protocol, stopped-flow anisotropy measurements were 

performed using the Applied Photophysics SX20 instrument at 20 °C outfitted with a T-

format fluorescence polarization accessory (Applied Photophysics Ltd.) and monochromator 

slit widths set to 10 nm. For experiments monitoring the binding of wt Dpo4 (500 nM) to 

Alexa488-labeled DNAOH (500 nM), polarized excitation occurred at 499 nm, and 530 nm 

cutoff filters were placed in front of each detector. Kinetic parameters from anisotropy 

measurements were obtained by fitting the data to a single-exponential equation (eq 1).

Dpo4 Mutant Activity Assays

Enzymatic activities of Dpo4 mutants following CPM labeling were assessed at 20 °C using 

a burst kinetic assay, as described previously.19,25 For each CPM-labeled mutant and wt 

Dpo4, 60 nM 5′−32P-labeled DNAOH was preincubated in buffer R with 10 nM enzyme 

before being rapidly mixed with 100 μM dTTP using a rapid chemical-quench-flow 

apparatus (Kintek). Reactions were then quenched at increasing time intervals with the 

addition of 0.37 M EDTA. Products were then separated by denaturing PAGE (17% 

polyacrylamide, 8 M urea, 1× TBE running buffer) and quantitated by phosphorimaging 

(Typhoon Trio, GE Healthcare). Product formation was plotted against time and fit by 

nonlinear regression using KaleidaGraph (Synergy Software) to the burst equation:

[P](t) = A 1 − exp −kburstt + ksst (4)

where [P](t) signifies the change in product concentration over time (t), A is the burst phase 

amplitude, kburst is the single-turnover nucleotide incorporation rate constant, and kss is the 

steady-state rate constant.

RESULTS

Design of an Intradomain FRET System

To detect movements within the individual domains of Dpo4, we modified our previously 

described FRET system 13,15 in which a single, site-specifically engineered Trp residue 

serves as the donor fluorophore, and CPM, conjugated to a single, site-specifically 

engineered Cys residue, serves as the acceptor fluorophore (Figure 1 and Table 1). When 

selecting sites for acceptor labeling, we strove (1) to mutate only surface-exposed amino 

acid residues and (2) to optimize the distance to the Trp donor, based on the Trp–CPM 

Förster radius (R0) of 30 Å.26,27 We sought to keep the distance between donor and acceptor 

sites within the range of R0 ± 0.5R0 but had to compromise in several instances because of 
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distance constraints imposed by the individual domains (Table 1). In this study, we will refer 

to unlabeled Dpo4 constructs by their respective Trp and Cys mutations (e.g., Y274W-

E291C) and to CPM-labeled Dpo4 constructs in a similar manner but with a superscripted 

CPM (e.g., Y274W-E291CCPM). 32P-based pre-steady-state kinetic burst assays of wt Dpo4 

and each CPM-labeled construct were performed to verify enzymatic activity (Materials and 

Methods). We found that neither the single-turnover nucleotide incorporation rate constant 

(kburst, eq 4) nor the steady-state multiple-turnover rate constant (kss, eq 4) was appreciably 

affected by the mutations or labeling when compared to that of wt Dpo4 (Table 2). These 

results suggest that our labeling procedure did not impact the polymerase activity of Dpo4.

Dpo4 Intradomain Motion Observed by Steady-State Fluorescence

The Trp fluorescence of each Dpo4 construct prior to CPM labeling was investigated by 

steady-state i fluorescence (Figure 2). Interestingly, we observed that Trp s residues 

introduced into the Palm (Y118W) and Thumb (Y224W) domains displayed maximal 

fluorescence emission at 320 nm (Figure 2A) while Trp residues introduced into the; Finger 

(S22W) and LF (Y274W) domains displayed a red-shifted maximal fluorescence emission at 

354 nm, suggesting a higher degree of solvent exposure (Figure 2B).6,24,28 These results 

qualitatively agree with our expectations based on their locations on Dpo4 in the DNA-

bound state presented in Figure 1, compared to the apo state.6 The addition of 300 nM 

DNAOH (Materials and Methods) resulted in a 16–35% decrease in fluorescence for all Trp 

mutants studied. The subsequent addition of 1 mM dTTP resulted in an additional 34–49% 

decrease in the intensity of the fluorescence signal. Unfortunately, given that both DNA and 

nucleotide absorb at 290 nm, significant excitation light is likely being lost to inner filtering, 

thereby contributing to the decreases in the intensity of the fluorescent signal. However, we 

would anticipate that if the decreasing signals were due solely to inner filtering then a 

uniform reduction in the intensity of the signal would be observed for all mutants. Instead, 

we see signal attenuation to varying degrees among the tested Trp mutants, implying protein 

conformational dynamics upon the addition of DNA and nucleotide.

The emission of Dpo4 mutant Y274W-E291CCPM was recorded upon excitation at 290 nm 

and revealed a significant reduction in Trp emission (in Figure 2C, compare the blue trace 

with the black trace) with a concomitant increase in fluorescence at 472 nm, the emission 

maximum of CPM (Figure 2C, black trace). We calculated (ratio)A for select Dpo4 mutants 

(Figure 2D), Y274W-E291CCPM (solid bars) and S22W-V62CCPM (hashed bars), from the 

collected emission spectra of the apo state and following sequential additions of 300 nM 

DNAOH and 1 mM dTTP. As true FRET efficiency values depend on multiple complex 

parameters,23,24 we instead used (ratio)A, calculated as the acceptor fluorescence due to 

energy transfer divided by the acceptor fluorescence due to direct excitation, as a convenient 

indicator of the change in the distance between the donor and acceptor probes under varying 

experimental conditions (Materials and Methods). For Y274W-E291CCPM and S22W-

V62CCPM, the addition of DNAOH resulted in 32 and 17% increases in (ratio)A, respectively, 

indicating that the FRET probes moved closer together for binary complex formation 

(Dpo4•DNAOH). In contrast, the subsequent addition of 1 mM dTTP resulted in a significant 

decrease in (ratio)A for Y274W-E291CCPM (82%) and S22W-V62CCPM (76%). As dTTP 

strongly absorbs at 290 nm, the dramatic reductions in (ratio)A, as a result of concurrent 
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decreases in Trp and CPM fluorescence intensities, for both Dpo4 mutants likely stem from 

the inner filtering caused by the high concentration of dTTP (1 mM) needed to saturate 

nucleotide binding, rather than from nucleotide-dependent conformational dynamics. 

Despite the significant inner filtering, the difference in signal attenuation upon addition of 

dTTP may still indicate changes in distance between the donor and acceptor probes as inner 

filtering should attenuate the total fluorescence to the same degree for each mutant. Steady-

state fluorescence spectra for the other Dpo4 mutants were also recorded and produced 

results (data not shown) consistent with the expected distance changes determined from the 

crystal structures (Table 1). These experiments were repeated with the remaining CPM-

labeled Dpo4 mutants listed in Table 1, and the anticorrelated signal changes were observed 

for each to clearly report on the efficient energy transfer occurring from the Trp donor to the 

CPM acceptor (data not shown). Taken together, these results suggest that conformational 

dynamics within individual polymerase domains are taking place during substrate binding 

and catalysis.

Conformational Dynamics of Intradomain Little Finger Mutants during DNA Binding

To further study the DNA binding process of Dpo4, we monitored fluorescence changes 

upon rapidly mixing each of the intradomain FRET constructs with DNAOH in a stopped-

flow apparatus at 20 °C. Briefly, 100 nM CPM-labeled Dpo4 mutant was rapidly mixed with 

100 nM DNAOH in the stopped-flow apparatus, and the fluorescence emission of CPM upon 

excitation at 290 nm was monitored using a 420 nm cutoff filter. For several of the Dpo4 

mutants, including Y118W-K137CCPM, Y224W-K172CCPM, and Y224W-K212CCPM, time-

dependent decreases in fluorescence with low signal-to-noise ratios were observed upon 

mixing with DNAOH (Figure S1). This result suggests that the conformational movements 

upon DNA binding in the Palm and Thumb domains may not be sufficiently large in 

magnitude to cause a significant fluorescence signal change. However, experiments repeated 

with LF domain mutants Y274W-K329CCPM, Y274W-E291CCPM, and Y274W-R267CCPM, 

as well as Finger mutants S22W-K56CCPM and S22W-V62CCPM, demonstrated time-

dependent increases in CPM fluorescence with high signal-to-noise ratios upon mixing with 

DNAOH (Figure S2). To gain insight into the conformational changes observed for the LF 

domain mutants, we monitored the fluorescence response of Y274W-K329CCPM upon rapid 

mixing with varying concentrations of DNAOH (2–200 nM) (Figure 3). To ensure an 

adequate signal change while maintaining pseudo-first-order reaction conditions of excess 

polymerase, 100 nM Y274W-K329CCPM was used for lower concentrations of DNAOH (2–

20 nM) and 1 μM Y274W-K329CCPM was used for higher concentrations of DNAOH (50–

200 nM). Interestingly, we found that the observed rates of fluorescence change increased 

linearly with increasing concentrations of DNAOH (Figure 3A). By plotting the observed 

pseudo-first-order rate constants versus their corresponding DNA concentrations, we were 

able to extract the second-order, bimolecular association rate constant (kon) of 7.8 × 108 M−1 

s−1, which suggests that initial binary complex formation is nearly diffusion-limited (Figure 

3B).29 We performed similar, stopped-flow DNA titration experiments with LF domain 

mutant Y274W-E291CCPM and obtained comparable results (Figure S3A).

To study the reverse conformational change of the LF domain upon dissociation of the 

binary complex (Dpo4•DNAOH), we performed several trap assays (Figure 3C–E). A 
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preincubated solution of Y274W-K329CCPM (100 nM) and DNAOH (100 nM) was rapidly 

mixed with a 20-fold excess of wt Dpo4 (2 μM), which contains no native Trp residues, and 

the fluorescence of CPM was monitored upon excitation at 290 nm (Figure 3C). The 

resulting fluorescence decrease was fit to a double-exponential equation (Materials and 

Methods) to yield a fast phase rate of 4.5 ± 0.2 s−1 and a slow phase rate of 1.00 ± 0.09 s−1. 

As an alternative approach to measuring the reverse conformational change, the CPM 

fluorescence upon excitation at 290 nm was monitored for a preincubated solution of wt 

Dpo4 (100 nM) and DNAOH (100 nM) following rapid mixing with a 20-fold excess of 

Y274W-K329CCPM (2 μM). The resulting fluorescence trace exhibited multiexponential 

kinetic behavior, displaying an initial fast phase increase with a rate of 169 ± 20 s−1, 

followed by a second phase with a rate of 5 ± 1s−1 and a third, slow phase with a rate of 0.8 

± 0.4 s−1. The two slower phase rates are in agreement with the previous trap assay. While it 

is not well resolved, we suspect that the initial fast phase represents the population of 

DNAOH that remained unbound by wt Dpo4 following preincubation and was rapidly bound 

by the fluorescent Y274W-K329CCPM trap upon mixing. Given that Dpo4 binds to DNA 

with an equilibrium dissociation constant (KD) of ∼10 nM,7,10,19 we would estimate that 

∼70% of the DNAOH would be prebound by wt Dpo4, which would leave ∼30 nM unbound 

DNAOH. Consistently, the observed fast phase amplitude (42 ± 7%) suggests that ∼40 nM 

DNAOH remained unbound prior to mixing, and the corresponding fast rate (169 ± 20 s−1) 

was not accurately measured on the time scale of data acquisition, as we would expect for 

mixing with a high concentration of Y274W-K329CCPM (2 μM) (Figure 3B). As the 

association of Y274W-K329CCPM with DNAOH was limited by the dissociation of wt Dpo4, 

the remaining slow rates (5 ± 1 and 0.8 ± 0.4 s−1) describe the LF intradomain reverse 

conformational change upon binary complex dissociation and are consistent with the 

previous trap experiment (4.5 ± 0.2 and 1.00 ± 0.09 s−1, respectively). A trap experiment 

measuring the Trp emission upon excitation at 290 nm of Y274W-K329C (100 nM) 

preincubated with DNAOH followed by rapid mixing with a 20-fold excess of wt Dpo4 (2 

μM) also showed a biphasic increase in acceptor, CPM fluorescence with rates of 9 ± 2 and 

0.7 ± 0.3 s−1 (Figure 3E). This result agrees with the steady-state fluorescence data of Figure 

2B, where the addition of 300 nM DNAOH to apo-Y274W-K329C resulted in a 22% 

decrease in donor, Trp emission, as well as with the rates for the reverse conformational 

change upon DNA dissociation reported above (Figure 3C,D). Notably, similar trap 

experiments were conducted with another LF intradomain mutant, Y274W-E291CCPM, and 

yielded comparable results (Figure S3B,C).

Conformational Dynamics of Intradomain Finger Mutants during DNA Binding

To gain insight into the conformational changes observed for the Finger domain mutants 

(Figure S2), we monitored the fluorescence response of S22W-V62CCPM upon rapid mixing 

with varying concentrations of DNAOH (20–100 nM) (Figure 4A). Interestingly, as with LF 

domain mutant Y274W-K329CCPM (Figure 3), we observed fluorescence changes that were 

dependent on the concentration of DNAOH as indicated by a comparable linear increase in 

rates (25 ± 3, 55 ± 11, and 90 ± 10 s−1 for 20, 50, and 100 nM, respectively) (Figure 4A and 

inset). However, we also detected an additional, slower fluorescence phase that was 

independent of DNAOH concentration with an average rate of 1.5 ± 0.3 s−1 and an amplitude 

of 26 ± 2% (Figure 4A). This slower phase may represent a conformational change in the 
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Finger domain subsequent to DNA binding, or a population of Dpo4 molecules that must 

first undergo a change in conformation to allow for DNA binding. To distinguish between 

these two possibilities, we performed stopped-flow fluorescence anisotropy experiments 

(Materials and Methods). If a conformational change in the Finger domain were to occur 

subsequent to DNAOH binding, then no detectable change in fluorescence anisotropy should 

be observed as this likely small conformational adjustment would not be expected to 

appreciably perturb the tumbling of the large binary (Dpo4•DNA) complex. However, if 

instead a population of Dpo4 were to undergo a slow conformational adjustment before 

binding to DNA, we would observe a time-dependent change in anisotropy with a rate 

comparable to the slow phase of the previous FRET experiment (Figure 4A). Indeed, upon 

mixing of wt Dpo4 (500 nM) with Alexa488-labeled DNAOH (500 nM) and excitation at 

499 nm, we observed a time-dependent change in anisotropy with a rate of 1.2 ± 0.2 s−1 

(Figure 4B), indicating that a population of Dpo4 molecules was slowly associating with the 

DNA. Notably, at the reagent concentrations (500 nM Dpo4 and 500 nM DNAOH) used to 

achieve a sufficient anisotropy signal, the fast phase association was too rapid to be clearly 

detected. Control experiments in which Alexa488-labeled DNAOH was mixed with buffer 

showed a stable anisotropy signal over time (Figure S4A), indicating that the anisotropy 

changes shown in Figure 4B resulted from binding of Dpo4 to DNA. Furthermore, we 

attribute the lack of a readily apparent, slow fluorescence phase in the data collected for the 

LF domain mutants (Figure 3A and Figure S2) to poorer signal-to-noise ratios during data 

acquisition for those constructs. However, it is clear that at longer time scales, the DNA 

binding data for the LF domain constructs significantly deviate from a single-exponential fit 

(Figure S2A–C), thereby further substantiating the slower binding event.

To investigate the reverse conformational change of the Finger domain upon dissociation 

from DNA, we performed several trap assays as previously completed for LF domain mutant 

Y274W-K329CCPM. A preincubated solution of S22W-V62CCPM (100 nM) and DNAOH 

(100 nM) was rapidly mixed with a 20-fold excess of wt Dpo4 (2 μM), and the CPM 

fluorescence upon excitation at 290 nm was recorded (Figure 4C). Like Y274W-K329CCPM, 

S22W-V62CCPM dissociated with biphasic kinetics. The fast (5.1 ± 0.3 s−1) and slow (0.6 ± 

0.1 s−1) phase rates were close to those measured for Y274W-K329CCPM (4.5 ± 0.2 and 

1.00 ± 0.09 s−1, respectively). Furthermore, the results of another trap assay in which a 

preincubated solution of wt Dpo4 (100 nM) and DNAOH (100 nM) was rapidly mixed with 

S22W-V62CCPM (2, μM) and the CPM fluorescence upon excitation at 290 nm was 

monitored supported this result (Figure 4D). As with the LF domain mutant, the resulting 

fluorescence increase was best fit to a triple-exponential equation to yield an initial fast 

phase rate of 94 ± 8 s−1 (which is likely a result of S22W-V62CCPM rapidly associating with 

unbound DNAOH) and two other phase rates of 5 ± 1 and 0.5 ± 0.2 s−1, which were 

comparable to those acquired from Figure 4C. Moreover, the presence of a slow phase in the 

dissociation experiments necessitates a slow association step as observed above (Figure 4A), 

rather than equilibrium binding of Dpo4 (i.e., function of forward and reverse rate 

constants). Together with the results for the LF domain mutants, these data further illuminate 

the complex binding kinetics of Dpo4.
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Intradomain Conformational Dynamics during Correct Nucleotide Binding and 
Incorporation

To monitor the intradomain motions of Dpo4 during correct nucleotide incorporation, CPM 

fluorescence was recorded upon excitation at 290 nm following rapid mixing of 

preincubated solutions of CPM-labeled Dpo4 mutants (200 nM) and DNAOH (300 nM) with 

dTTP (1 mM) (Figure 5). Notably, we performed several control experiments to verify that 

fluorescence changes resulted from distance changes rather than photophysical artifacts such 

as changes in the environment of the Trp probe or inner filtering (Figure S4). Each domain 

of Dpo4 undertook conformational dynamics upon mixing with nucleotide, demonstrating 

that in addition to altering its global domain architecture, the polymerase also employs more 

subtle intradomain motions to achieve catalysis. Within the LF domain, Dpo4 mutants 

Y274W-K329CCPM (Figure 5A) and Y274W-E291CCPM (Figure 5B) displayed biphasic 

fluorescence changes during nucleotide insertion consisting of a rapid [16 ± 3 and 10 ± 2 s
−1, respectively (Table 3)] increase phase (P1) and a slow [0.46 ± 0.02 and 0.89 ± 0.04 s−1, 

respectively (Table 3)] decrease phase (P2). These data suggest that the donor and acceptor 

probes rapidly moved close to one another before slowly moving apart. In contrast, LF 

domain mutant Y274W-R267CCPM (Figure 5C) exhibited a single, rapid decrease phase (P1) 

[6 ± 1 s−1 (Table 3)], although with a much smaller amplitude, implying the fast separation 

of the FRET pair. In the Palm domain, Y118W-K137CCPM (Figure 5D) revealed a fast initial 

decrease phase (P1) subsequent to a slow increase phase (P2) upon nucleotide addition. 

Interestingly, Finger domain mutants S22W-V62CCPM (Figure 5E) and S22W-K56CCPM 

(Figure 5F) demonstrated domain motions similar to those of the Palm domain during 

nucleotide incorporation and displayed P1 and P2 rates comparable to those of other 

intradomain mutants (Table 3). However, the motion of P2, as observed through the Finger 

domain, was in the same direction as that of P1. Thus, while the majority of P2 phases occur 

in the opposite direction of their corresponding P1 phase, indicating a domain relaxation 

after catalysis, the intradomain motions of the Finger domain suggest additional gripping 

motions following P1. With the Thumb domain mutants Y224W-K172CCPM (Figure 5G) 

and Y224W-K212CCPM (Figure 5H), each displayed only a single, fast decrease in 

fluorescence (P1). Because of the tight distance constraints imposed by our intradomain 

analysis, Y274W-R267CCPM and both Thumb domain mutants were at the practical limit of 

our Trp-CPM FRET system with interprobe distances near or less than 0.5R0 (Table 1). 

Consequently, the signal-to-noise ratios for data collected with these mutants were less than 

ideal and could explain atypical results, including the loss of the P2 fluorescence phase, 

observed during nucleotide insertion within their respective domains.

To distinguish between intradomain motions induced by dNTP binding and those associated 

with the catalysis of nucleotide insertion, we repeated the experiments described above with 

DNA containing a dideoxy-terminated primer terminus [DNAh (Materials and Methods)]. 

Interestingly, when phosphodiester bond formation was prohibited, the P2 phase vanished 

(Figure 5, red traces) and the rates of P1 remained unchanged (Table 3) upon mixing with 

dTTP for the majority of Dpo4 mutants. Accordingly, P1 must represent a precatalytic 

conformational change induced by dNTP binding, while the P2 motions must be associated 

with chemistry or postchemistry events. Consistent with this assignment, the burst phase, 

single-turnover rates determined in Table 2 for the CPM-labeled Dpo4 mutants agree with 
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the observed rates for P2 at 20 °C (Table 3). However, as previously shown,13 the P2 phase 

cannot signify the rate-limiting step of nucleotide incorporation but rather signifies the 

reverse of the conformational changes that developed during nucleotide binding and 

insertion, including the rate-limiting fine active site adjustments, as well as the global 

domain conformational transitions. For several of the Dpo4 mutants, the P1 phase could not 

be well-resolved, likely resulting from the poor signal-to-noise ratios demonstrated by these 

mutants potentially made worse by reduced nucleotide binding affinities when using the 

dideoxy-terminated primer.30 Interestingly, the P2 phase for both intradomain Finger 

mutants (S22W-K56CCPM and S22W-V62CCPM) was still observed (Figure 5E,F), and the 

phase rates were virtually unaffected (Table 3). These results suggest the presence of 

additional domain motions following the fast conformational change (P1) despite the 

dideoxy-terminated primer. Consistently, an interdomain mutant (Y108W-S307CCPM) from 

an earlier study15 demonstrated a similar P2 phase that was independent of phosphodiester 

bond formation.

DISCUSSION

It is well-known that proteins are dynamic macromolecules that experience conformational 

fluctuations in solution despite static crystal structures that would often suggest otherwise.
31–37 In fact, the conformational dynamics of DNA polymerases have been extensively 

studied by us2,13–15,19,38,39 and others,40–44 through a variety of techniques and at each 

major step of the catalytic cycle to help clarify the enzymatic mechanism of DNA synthesis. 

Our FRET-based stopped-flow13–15 and single-molecule19 methodologies have allowed the 

measurement of the kinetic rates of the conformational changes between the distinct 

structural states (i.e., apo, binary, and ternary) of the model Y-family DNA polymerase, 

Dpo4.6 Although it is widely accepted that binding of dNTP to the binary complex of DNA 

polymerases prompts protein conformational changes that substantiate the induced-fit model 

of nucleotide incorporation and selectivity,20,45–48 the nature of how a polymerase 

specifically binds to its DNA substrate is less understood.

Usage of both Induced-Fit and Conformational Selection Mechanisms by DNA 
Polymerases When Binding to DNA

Given the inherent flexibility of macro molecules like polymerases, two mechanisms49–51 

exist to describe the binding of a DNA polymerase to DNA: (1) an induced-fit mechanism in 

which the DNA binds loosely to an inactive form of the polymerase before stimulating 

conformational changes to an active form and (2) a conformational selection mechanism in 

which the enzyme is in an equilibrium between inactive and active forms, the latter of which 

can bind DNA. Our previous stopped-flow FRET15 and computational11 analyses support a 

complex binding mechanism for binding of Dpo4 to DNA that includes aspects of both the 

induced-fit and conformational selection mechanisms. Such a combination of binding 

scenarios has been -suggested for several other biological interactions, as well.50–53 In 

general, the mechanism involves multiple, interconverting conformational states of an 

enzyme each with varying binding competency for the substrate, which may bind to the 

substrate prior to undergoing conformational adjustments that serve to realize the final 

enzyme•substrate complex. Therefore, while all forms of the enzyme may bind to the 
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substrate, more or fewer conformational adjustments may be necessary to reach the final 

competent binary complex, depending on the conformational state of the enzyme at the 

moment of initial substrate encounter. The data collected in this study further support 

merging of the two binding mechanisms for DNA binding by DNA polymerases.

Expanded DNA Binding Mechanism of Dpo4

In our previous study,15 a Trp donor in the Palm domain and a CPM acceptor in the LF 

domain (Y108W-K329CCPM) provided evidence that the conformational change between 

the apo and DNA-bound states of Dpo4 may occur even in the absence of DNA. These 

unique findings prompted a follow-up computational study to examine the binding of Dpo4 

to DNA.11 It was concluded that the DNA binding mechanism is complex, consisting of a 

Dpo4 conformational equilibrium among three states (Figure 6A) with different distributions 

of populations at each binding stage. While the Dpo4A and Dpo4B states refer to those 

conformations observed in the apo and binary crystal structures, respectively, the Dpo4I state 

represents an inevitable intermediate that must form during the transition from Dpo4A to 

Dpo4B. Accordingly, the complete binding process consists of four kinetically connected 

steps (steps 1–4 in Figure 6B) characterized by their similarity to the final bound state as 

well as distinct ratios of the Dpo4 conformers. The stopped-flow FRET results presented 

here provide experimental evidence to validate the computational model and link together 

previously conflicting reports concerning the DNA binding mechanism of Dpo4. Figure 6B 

depicts the proposed model for binding of Dpo4 to DNA. The initial bimolecular encounter 

of Dpo4 with DNA (step 1, Figure 6B) to form the encounter complex (EEnc•DNAn) is 

nearly diffusion limited (7.8 × 108 M−1 s−1) as estimated in panels A and B of Figure 3. 

Interestingly, we do not consider it a coincidence that this elusive binding step could be 

observed through only the LF (Figure 3) and Finger (Figure 4) intradomain FRET systems. 

It has been previously suggested that the LF domain and the 14-amino acid residue linker 

joining it to the polymerase core mediate initial binding to DNA through a “fly-casting” 

mechanism whereby the positively charged domain and linker facilitate the early capture of 

the DNA through increased flexibility and electrostatic interactions.11,19,54 Furthermore, it is 

known that a disordered loop in the Finger domain, observed in the apo structure of Dpo4, 

undergoes a transition to ordered upon DNA binding as shown in the Dpo4 binary complex 

structure,6 and that this transition is tightly coupled to the degree of DNA binding of the LF 

domain.11 It is likely that our intradomain FRET system in the Finger domain is sensitive to 

this transition, resulting in the observed increases in the level of FRET (Figure 4A). 

Moreover, the lack of appreciable signal changes in the other polymerase domains (Figure 

S1) upon rapid mixing with DNA supports this assertion. Remarkably, the aforementioned 

LF domain-facilitated DNA binding and the disordered to ordered transition may be a 

hallmark of the DNA binding mechanism of the Y-family polymerases.

Following the formation of the EEnc•DNAn complex (step 1, Figure 6B), the results of our 

earlier stopped-flow FRET study15 monitoring the motion between the LF and Palm 

domains support the inclusion of a succeeding conformational change (step 2, Figure 6B) to 

form an intermediate complex between Dpo4 and DNA (EIS•DNAn, Figure 6B). During step 

2, the LF domain undergoes a transition from its position in the apo state (Dpo4A, Figure 

6A), seen in the apo-Dpo4 crystal structure,6 to an intermediate position (Dpo4I, Figure 6A) 
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wherein the complete native contacts of the bound state (Dpo4B, Figure 6A) have not yet 

fully formed. This is then followed by the rate-limiting step (step 3, Figure 6B) of binding of 

Dpo4 to DNA as discovered in this study through the slow phase rate (1.5 ± 0.3 s−1) 

observed in experiments with the intradomain Finger mutant S22W-V62CCPM that was 

independent of DNA concentration (see Results and Figure 4A). We further validated the 

inclusion of step 3 (Figure 6B) with an experiment that recorded the time-dependent 

anisotropy of Alexa488-labeled DNAOH (500 nM) upon rapid mixing with wt Dpo4 (500 

nM). Consistently, a slow change in anisotropy was observed (Figure 4B) with a rate (1.2 ± 

0.2 s−1) that agreed well with the aforementioned slow phase rate from the experiments with 

the intradomain Finger mutant, indicating the formation of the E•DNAn* complex (step 3, 

Figure 6B). During step 3, the polymerase is undergoing the final transition from the 

intermediate conformation (Dpo4I, Figure 6A) to the bound-state conformation (Dpo4B, 

Figure 6A) observed in the binary crystal structure.6 The final DNA binding step (step 4, 

Figure 6B) involves the translocation of the polymerase by one base pair along the DNA 

(E•DNAn), to vacate the position of the primer–template junction base pair at the active site.
13,14 This rapid translocation event (>150 s−1) was demonstrated through the P0 fluorescence 

phase of our previous stopped-flow FRET analyses.13,14

A previous fluorescence study17 monitoring the emission of a Trp residue (T239W) in the 

LF domain of Dpo4 reported a rate of dissociation from DNA of ∼70 s−1. Although this 

dissociation rate is much faster than those determined by 32P-based kinetics7 (0.02 s−1), 

stopped-flow FRET15 (3.3 s−1), and single-molecule FRET18,19 (0.2–2.5 s−1), their 

particular fluorescence method used may have been reporting on a specific aspect of the 

DNA binding mechanism. We suggest that the Trp mutant was ideally suited to monitor the 

rapid dissociation (step 1, Figure 6B) of the EEnc•DNAn complex (Figure 6B) as the Trp 

probe was likely very sensitive to the changes in polarity that accompany DNA unbinding in 

the LF domain. Moreover, the stopped-flow FRET study15 monitoring the conformational 

motion between the LF and Palm domains could detect the reverse conformational change (5 

s−1, step 2, Figure 6B) of Dpo4 from the intermediate state (Dpo4A, Figure 6A) to the apo 

state (Dpo4A Figure 6A), and fast fluorescence phases observed in the dissociation 

experiments (Figures 3C,E and 4C) of this study likely report on this event, as well (4.5–9 s
−1). Interestingly, the fast dissociation rates measured by a single-molecule study19 of Dpo4 

also agree with this assignment (2.5 s−1). The reverse of step 3 is exemplified by the slow 

fluorescence phases (0.5–1 s−1) observed in the dissociation experiments of this study 

(Figures 3C–E and 4C,D) which likely represent the slow, reverse isomerization of Dpo4 to 

unbind the DNA. The slow rate of DNA dissociation (0.02 s−1) measured through the 32P-

based kinetic experiments7 must then report on the complete unbinding process from the 

fully competent bound state (E•DNAn). Taken together, our novel stopped-flow FRET 

findings and the results of previous studies7,11,13–15,17–19 have uniquely probed different 

facets of the complex Dpo4–DNA binding process and have collectively permitted the 

comprehensive elucidation of the complete DNA binding mechanism (Figure 6B).

Subtle Intradomain Motions Collectively Limit Single-Nucleotide Incorporation

For the majority of Dpo4 intradomain mutants, two distinct FRET phases could be observed 

during nucleotide binding and incorporation. Unfortunately, the distance constraints imposed 

Raper and Suo Page 13

Biochemistry. Author manuscript; available in PMC 2021 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by our intradomain investigation resulted in suboptimal separations between the FRET 

donor and acceptor probes for some of the mutants (Table 1), which led to poor signal-to-

noise ratios during certain experiments. As such, clear P1 and P2 phases could not be 

observed for all Dpo4 mutants (i.e., Y274W-R267CCPM and Y224W-K172CCPM) (Figure 5 

and Table 3), but this does not necessarily indicate that intradomain motions are not 

occurring during catalytic events, only that our FRET system is limited in scope.

Our investigation of the conformational motions of individual polymerase domains during 

nucleotide binding and incorporation is, to the best of our knowledge, the first of its kind. 

The intradomain FRET changes upon mixing preincubated Dpo4 and DNA with dNTP 

reveal that subtle motions within each polymerase core domain, as well as the LF domain, 

occur during nucleotide binding and incorporation (Figure 5 and Table 3). Experiments 

involving the LF intradomain mutants Y274W-K329CCPM, Y274W-E291CCPM, and 

Y274W-R267CCPM (Figure 5A–C) expand our earlier discovery15 of a rotational axis in the 

LF domain perpendicular to helices M and L. Here, we find that in addition to the putative 

rotation of the entire LF domain reported previously, α-helix L is also dynamic and likely 

bends to enhance the polymerase grip on the DNA. The Trp donor, Y274W, is located at the 

distal end of α S-helix L of the LF domain in the relative proximity (10.7 Å, Table 1) of the 

R267CCPM acceptor residue that is positioned in the middle of the helix (Figure 1). On the 

basis of the observed fluorescence changes, we suspect that during nucleotide insertion, the 

end of a-helix L containing the Y274W mutation bends toward the acceptor residues 

K329CCPM and E291CCPM, and consequently moves away from R267CCPM, in a manner 

that would seem to strengthen the polymerase–DNA interactions for subsequent nucleotide 

incorporation. Alternatively, the loops containing K329CCPM and E291CCPM may swing 

toward the DNA, which would lead to a similar FRET change. Comparison of multiple, 

ternary complex crystal structures of Dpo4 bound to undamaged DNA,4 or abasic site-

containing DNA,5 and dNTp5 reveals that the mobile LF domain likely allows proper DNA 

substrate alignment and orientation for catalysis. This observation has allowed for the idea 

that Dpo4 executes its role as a lesion bypass polymerase through an “induced-grip” 

approach wherein the LF domain modulates primer–template positioning within the active 

site to facilitate translesion synthesis.55 Our intradomain FRET system has thus provided a 

glimpse of the LF domain dynamics that are applied during nucleotide binding to enhance 

protein–DNA interactions for efficient catalysis on undamaged DNA. As previously shown 

for the global conformational motions of Dpo4,14 we expect that the intradomain motions 

shown here will be altered by a DNA lesion.

Apart from Y274W-R267CCPM and Y224W-K172CCPM, the remaining intradomain mutants 

displayed characteristic P1 and P2 transitions during correct nucleotide insertion, and the P2 

phase was not observed when using a dideoxy-terminated primer for all mutants (Figure 5 

and Table 3), except for those of the Finger domain, suggesting that slow intradomain 

motions occur following nucleotide incorporation as we rationalized previously.13 For the 

Finger intradomain mutants, the P2 transition occurred in the same direction as P1 and was 

independent of phosphodiester bond formation (Figure 5E,F). The reason is unclear, and we 

speculate that the observed slow intradomain motions in the Finger domain reflect subtle 

conformational transitions following the initial binding of the correct nucleotide that 

function to align active site residues around the replicating base pair.4,5 As expected, this 
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alignment occurs even when catalysis is prohibited by a chain-terminating primer (DNAH, 

Figure 5E,F, red trace). Interestingly, the rate of this conformational motion (∼0.3 s−1, Table 

3) is on the order of the rate-limiting step of single-nucleotide incorporation (kburst, Table 2) 

as measured by 32P-based kinetic assays.7,9,15 Furthermore, it is likely that the dynamic 

motions observed within each polymerase domain during nucleotide incorporation (P2) 

collectively contribute to active site rearrangements (step 7, Figure 6B), which we 

hypothesize to be the rate-determining step of single-nucleotide incorporation.13 In fact, 

subtle adjustments of loops and other secondary structural elements within each domain of 

Dpo4 between the binary and ternary complexes have been observed structurally,6 as well as 

distinct changes in rotamer configurations of amino acid side chains in the Palm (Y10) and 

Finger (Y48) domain that reside in the nucleotide binding pocket of Dpo4.

While the results presented here, and those of our previous stopped-flow FRET studies,13–15 

have provided significant insight into the solution-state behavior of Dpo4 during substrate 

binding and catalysis, higher-resolution, solution-state methodologies are necessary to fully 

evaluate the conformational changes that take place throughout the reaction pathway. 

Advancements in macromolecular nuclear magnetic resonance56 will permit the atomic-level 

inspection of Dpo4 motions at a multitude of time scales, and the assignments of the 

backbone nitrogen, carbon, and amide proton resonances of the polymerase core57 and LF 

domain58 will strongly inform these future investigations.

Taken together, the results presented here elucidate the complex DNA binding mechanism of 

a Y-family DNA polymerase that involves aspects of both induced-fit and conformational 

selection mechanisms. Furthermore, intradomain protein motions were observed throughout 

nucleotide binding and incorporation, some of which may kinetically limit the rate of correct 

nucleotide incorporation. Future investigations of the effects of proliferating cell nuclear 

antigen (PCNA) and DNA damage on the intradomain motions of Dpo4 are of particular 

intrigue.
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ABBREVIATIONS

Dpo4 DNA polymerase IV of S. solfataricus

FRET Förster resonance energy transfer

LF Little Finger
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CPM 7-(diethylamino)-3-(4′-maleimidylphenyl)-4-methylcoumarin

DNAOH normal primer–template DNA substrate

DNAH dideoxy-terminated primer–template DNA substrate; wt, wild type

wt wild type
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Figure 1. 
Locations of intradomain donor and acceptor FRET pairs mapped onto the X-ray crystal 

structure of DNA-bound Dpo4. The Finger, Palm, Thumb, and LF domains are colored blue, 

red, green, and purple, respectively. Each domain contains one, unique Trp donor residue 

(black stick models) and one or more sites for CPM acceptor attachment (yellow spheres). 

The DNA substrate is colored gray. For the sake of clarity, the right structure is rotated 180° 

relative to the left structure.
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Figure 2. 
Steady-state fluorescence of Trp-containing Dpo4 mutants and select CPM-labeled 

intradomain FRET constructs. Emission spectra for Dpo4 mutants (200 nM) were recorded 

at 20 °C with an excitation wavelength of 290 nm. (A) Emission spectra of mutants Y118W-

K137C (green) and Y224W-K172C (red) in the apo state (solid lines) and after sequential 

additions of 300 nM DNAOH (dashed lines) and 1 mM dTTP (dotted lines). (B) Emission 

spectra of mutants Y274W-E291C (green) and S22W-V62C (red) in the apo state (solid 

lines) and after sequential additions of differences in the maximal emission wavelengths 

among the various Trp mutants. (C) Emission spectra for CPM-labeled mutant Y274W-

E291CCPM in the apo state (black), and after sequential additions of 300 nM DNAOH (red) 

and 1 mM dTTP (green). The emission spectrum of Y274W-E291C before CPM labeling is 

colored blue. (D) Differences in (ratio)A for select CPM-labeled Dpo4 mutants in the apo 

state and following sequential additions of 300 nM DNAOH and 1 mM dTTP. Error bars 

represent the standard deviation calculated from three separate experiments.
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Figure 3. 
Conformational changes in the LF domain upon DNA binding. (A) Dpo4 LF domain mutant 

Y274W-K329CCPM (100 or 1000 nM) was rapidly mixed with varying concentrations of 

DNAOH (from 2 to 200 nM, from light blue to black traces, respectively), and the CPM 

fluorescence was monitored upon excitation at 290 nm. The black lines depict single-

exponential fits to the data. (B) The observed rate constants (kobs) extracted from panel A 

were plotted against the corresponding DNA concentrations. Errors bars represent the 

standard deviations calculated from multiple replicate experiments. The slope of the best-fit 

line to the data signifies the bimolecular association rate constant (kon) for binding of Dpo4 

to DNAOH (7.8 × 109 M−1 s−1). (C) CPM fluorescence ofY274W-K329CCPM (100 nM) 

preincubated with DNAOH (100 nM) upon excitation at 290 nm following rapid mixing with 

wt Dpo4 trap (2 μM). (D) CPM fluorescence of Y274W-K329CCPM (2 μM) upon excitation 

at 290 nm following rapid mixing with a preincubated solution of wt Dpo4 (100 nM) and 

DNAOH (100 nM). The inset features the fast time points to illustrate the multiexponential 

behavior of the data. (E) Trp fluorescence of Y274W-K329C (100 nM) preincubated with 

DNAOH (100 nM) upon excitation at 290 nm following rapid mixing with wt Dpo4 trap (2 

μM) The black lines depict double-exponential (C and E) or triple-exponential (D) fits to the 

data.
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Figure 4. 
Conformational changes in the Finger domain upon DNA binding. (A) Dpo4 Finger mutant 

S22W-V62CCPM (100 nM) was rapidly mixed with varying concentrations of DNAOH (from 

20 to 200 nM, from blue to gray traces, respectively), and the CPM fluorescence was 

monitored upon excitation at 290 nm. The black line depicts a double-exponential fit to the 

data, and the inset highlights the concentration dependence of the initial fast rate. (B) wt 

Dpo4 (500 nM) was rapidly mixed with Alexa488-labeled DNAOH (500 nM), and the 

change in fluorescence anisotropy was measured upon excitation at 499 nm. The black line 

depicts a single-exponential fit to the data. (C) CPM fluorescence of S22W-V62CCPM (100 

nM) preincubated with DNAOH (100 nM) upon excitation at 290 nm following rapid mixing 

with a 20-fold excess of wt Dpo4 (2 μM). The black line depicts a double-exponential fit to 

the data. (D) CPM fluorescence of S22W-V62CCPM (2 μM) was monitored upon excitation 

at 290 nM following rapid mixing with a preincubated solution of wt Dpo4 (100 nM) and 

DNAOH (100 nM). The black line depicts a triple-exponential fit to the data, and the inset 

features the fast time points to illustrate the multiexponential behavior of the data.
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Figure 5. 
Intradomain conformational dynamics during nucleotide binding and incorporation. (A–H) 

Changes in CPM fluorescence upon excitation at 290 nm following rapid mixing of a 

preincubated solution of an intradomain Dpo4 mutant (200 nM) and either DNAOH (300 

nM,black traces) or DNAH (300 nM, red traces) with dTTP (1 mM) at 20 °C.
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Figure 6. 
Complex DNA binding mechanism of Dpo4. (A) While in the unbound state, Dpo4 is able to 

interconvert among three conformational states (Dpo4A, Dpo4I, and Dpo4B), each with a 

different propensity for binding to DNA. Our intradomain analysis has permitted the 

assignment of forward and reverse rate constants to these transitions. (B) Eapo, EEnc, EIS, E, 

E′, and E″ represent different conformations of Dpo4 throughout the DNA binding and 

nucleotide binding and incorporation process. E•DNA* and E•DNA represent nonproductive 

and productive binary complexes, respectively, connected through a DNA translocation 

event. P1 and P2 signify the fluorescence phases observed via our FRET technique.
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Table 1.

Distances between Trp Donor Residues and Cys-Conjugated CPM Acceptor Fluorophores Projected from X-

ray Crystal Structures

distance
a
 (Å)

domain mutant apo
b

binary
c

ternary
d

Little Finger Y274W-R267CCPM 10.8 10.7 10.8

Y274W-E291CCPM 28.3 28.3 28.4

Y274W-K329CCPM 28.6 28.4 28.4

Thumb Y224W-K172CCPM 16.3 16.2 16.4

Y224W-K212CCPM 14.5 14.8 14.8

Palm Y118W-K137CCPM 26.6 26.1 25.8

Finger S22W-K56CCPM 22.0 20.9 21.1

S22W-V62CCPM 24.8 24.5 24.3

a
Estimated distances are calculated from crystal structures and do not account for the flexible linker utilized to attach the CPM fluorophore to the 

introduced Cys residues.

b
Distances calculated between the Cα atoms of residues in the apo structure of Dpo4 (PDB entry 2RDI).

c
Distances calculated between the Cα atoms of residues in the Dpo4·DNA binary complex structure (PDB entry 2RDJ).

d
Distances calculated between the Cα atoms of residues in the Dpo4·dideoxy-DNA·dATP ternary complex structure (PDB entry 2AGQ).
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Table 2.

Kinetic Parameters of wt Dpo4 and Each CPM-Labeled Dpo4 Mutant Measured Using the Pre-Steady-State 

Burst Assay at 20 °C

enzyme
kburst

a
 (s−1) kss

b
 (s−1)

wild-type Dpo4 0.5 ± 0.1 0.007 ± 0.001

Y274W-R267CCPM 0.6 ± 0.1 0.004 ± 0.001

Y274W-E291CCPM 0.6 ± 0.1 0.006 ± 0.001

Y274W-K329CCPM 0.4 ± 0.2 0.014 ± 0.003

Y224W-K172CCPM 0.30 ± 0.05 0.012 ± 0.001

Y224W-K212CCPM 0.3 ± 0.2 0.013 ± 0.003

Y118W-K137CCPM 0.5 ± 0.1 0.007 ± 0.002

S22W-K56CCPM 0.3 ± 0.1 0.007 ± 0.008

S22W-V62CCPM 0.3 ± 0.2 0.011 ± 0.002

a
Obtained from burst kinetic assays in which a preincubated solution of a Dpo4 mutant (10 nM) and 5′-32P-labeled DNAOH (60 nM) was rapidly 

mixed with dTTP (100 μM) and the reaction subsequently quenched at various time points with EDTA (0.37 M). The plot of product concentration 
vs time was fit to the burst equation [product] = A[1 – exp(-kburstt) + ksst], where A is the burst phase amplitude, kburst is the observed burst rate, 

and kss is the observed steady-state rate.

b
Percent of the active enzyme normalized to wild-type Dpo4 as calculated from the burst phase amplitude.
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Table 3.

Rates of Stopped-Flow FRET Changes for Dpo4 Intradomain Mutants

rate (s−1)

domain mutant phase with DNAOH with DNAH

Little Finger Y274W-R267CCPM P1 6 ± 1 –

P2 – –

Y274W-E291CCPM P1 10 ± 2 12 ± 2

P2 0.89 ± 0.04 –

Y274W-K329CCPM P1 16 ± 3 11 ± 2

P2 0.46 ± 0.02 –

Thumb Y224W-K172CCPM P1 14 ± 5 –

P2 0.17 ± 0.04 –

Y224W-K212CCPM P1 12 ± 1 14 ± 4

P2 0.131 ± 0.008 –

Palm Y118W-K137CCPM P1 9 ± 3 5 ± 2

P2 0.05 ± 0.02 –

Finger S22W-K56CCPM P1 14 ± 3 18 ± 4

P2 0.4 ± 0.2 0.3 ± 0.1

S22W-V62CCPM P1 17 ± 2 15 ± 4

P2 0.2 ± 0.1 0.2 ± 0.1
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