10790 Biochemistry2007,46, 10790-10803

Conformational Changes during Normal and Error-Prone Incorporation of
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ABSTRACT: Y-family polymerases are specialized to carry out DNA synthesis past sites of DNA damage.
Their active sites make fewer contacts to their substrates, consistent with the remarkably low fidelity of
these DNA polymerases when copying undamaged DNA. We have used DNA containing the fluorescent
reporter 2-aminopurine (2-AP) to study the reaction pathway of the Y-family polymerase Dbh. We detected

3 rapid noncovalent steps between binding of a correctly paired dNTP and the rate-limiting step for dANTP
incorporation. These early steps resemble those seen with high-fidelity DNA polymerases, such as Klenow
fragment, and include a step that may be related to the unstacking of tieéghbor of the templating

base that is seen in polymerase ternary complex crystal structures. A significant difference between Dbh
and high-fidelity polymerases is that Dbh generates no fluorescence changes subsequent to dNTP binding
if the primer lacks a ®H, suggesting that the looser active site of Y-family polymerases may enforce
reliance on the correct substrate structure in order to assemble the catalytic center. Dbh, like other bypass
polymerases of the DinB subgroup, generates single-base deletion errors at an extremely high frequency
by skipping over a template base that is part of a repetitive sequence. Using 2-AP as a reporter to study
the base-skipping process, we determined that Dbh uses a mechanism in which the templating base slips
back to pair with the primer terminus while the base that was originally paired with the primer terminus
becomes unpaired.

Y-family polymerases have low fidelity during synthesis the Po-DNA—dNTP ternary complexl6—20). This non-
on undamaged DNA and can bypass DNA lesions that covalent step is believed to enhance polymerase fidelity by
normally block replication by high-fidelity polymerases ( an “induced-fit” mechanism, in which the geometry of a
While these lesion-bypass polymerases share the commortorrect nascent base pair favors progression along the
“right-hand” arrangement of the fingers, palm, and thumb reaction pathway toward phosphoryl transfi6,(19, 21—
subdomains conserved throughout the polymerase super24). By contrast, structural comparisons of apoenzyme,
family, they also have unique structural features that allow binary and ternary complexes from bypass polymerases
their active sites to accommodate mismatched or damagedmply that the fingers subdomain is permanently in a
bases 2—13). Unlike high-fidelity polymerases, Y-family  conformation equivalent to the closed conformation of high
polymerases have minimal protein interactions with their fidelity DNA polymerases. This has led to the suggestion
DNA and dNTP substrates and therefore do not form a snug that the active site is “preformed” even in the absence of
binding pocket surrounding the nascent base pair. Addition- pNA or dNTP @—4, 7, 10). Comparison of binary and
ally, Y-family polymerases have a novel “little-finger"  ternary complex structures of the Y-family polymerase Dpo4
domain which functions in DNA binding and may also help reveals a different noncovalent change associated with dNTP
determine their lesion bypass specifici; 67, 14, 15). binding (L5). Unlike binary complexes in other polymerase
Structures of high-fidelity polymerases show a conforma- famjjies, the terminal base pair in the Dpo4 binary complex
tional change within the fingers _subdomain t_hat r_esults in (2AU0) is in the expected location of the nascent base pair
an “open” to “closed” transformation of the active site when (15) Before chemistry, the contacts between the little-finger
the Pot-DNA binary complex binds a correct dNTP, forming - qomain and the DNA slide by one nucleotide step so that
"This work was supported by NIH Grant GM-28550 the_ active site i_s available fo_r bin(_jing the nascent base pair.
*Send correspondence to this author: Departmenf of Molecular Th|§ Cor],formatlonal change is entirely distinct from that S‘?e”
Biophysics and Biochemistry, Yale University, Bass Center for in high-fidelity polymerases such as those from the A-family,
Molecular and Structural Biology, 266 Whitney Avenue; P.O. Box where ternary complex formation does not require the DNA
208114, New Haven, CT 06520-8114. Phone: (203) 432-8992 Fax: 1, yrangs|ocate, and a rotation of the O-helix within the fingers

(203) 432-3104. E-mail: catherine.joyce@yale.edu. . .
1 Abbreviations: dNTP, deoxynucleoside triphosphate; 2-AP, 2-ami- Subdomain forms a snug, solvent-excluded nascent base pair

nopurine; Dbh, DinB homologue @ulfolobus acidocaldariypo4, binding pocket prior to phosphoryl transfelr§( 19, 25).

DNA polymerase IV ofSulfolobus solfataricysPol 1V, E. coli DNA . . s e .
polymerase IV (DinB): Pol | (KF), Klenow fragment @&. coli DNA Given the differences in fidelity and structures of Y-family
polymerase I; pol, (DNA) polymerase. and high-fidelity DNA polymerases, we are interested in how
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their reaction pathways compare. Our model system is the
Dbh (DinB homologue) polymerase from the thermophilic
archaebacteriurBulfolobus acidocaldariys member of the
DinB branch of the Y-family. Previous work by us and others
has established the basic kinetic properties of Dbh and
explored its specificity and error-prone behavi@6{30).
Several apoenzyme structures of Dbh have been soBjed (
6), and the structures of complexes with bound substrates
can be inferred using cocrystal data from the close homo-
logue, Dpo4, fromSulfolobus solfataricus (210, 15). The
amino acid sequences of Dbh and Dpo4 are 54% identical
overall and 59% identical within the catalytic corg4).
Domain-swap experiments imply that any mechanistic dif-
ferences between these two polymerases are probably at
tributable to the little-finger domain and the linker region
which tethers the little-finger domain to the thumb, where
the homology between Dbh and Dpo4 is lowest)(

Two Y-family polymerases, Dpo4 and eukaryotic DNA
pol n, have been studied extensively by single-turnover
kinetics using rapid chemical quench metho@8% 32). In
both cases, the minimal reaction pathway derived from these
experiments resembles that of high-fidelity DNA poly-
merases such as Klenow fragment (Pol | (KF)) and T7 DNA
pol, where the ordered binding of DNA and dNTP is
followed by a rate-limiting noncovalent change (step 3)
preceding phosphoryl transfeB3, 34) (Scheme 1). The
phosphoryl transfer step is fast and followed by a slow
protein conformational change and release of pyrophosphate
DNA release from the binary complex is slow and most
likely rate-limiting after the first turnover.

I: 2AP(0) dTTP
5/ TCGCAGCCGTCAC
3’ AGCGTCGGCAGTGXCCCAAA

"

-10+1

1II: 2-AP(+1) dCTP
5" TCGCAGCCGTCAC)
3" AGCGTCGGCAGTGGXCCAAA

IIT: 2-AP(-1 dTTP or dCTP
5’ GCATTTTCTGCTCCCT)

3’ CGTAAAAGACGAGGGXAYCC, Y = G, III-G (deletion)
Y = C, III-C (control)

IV: 2-AP(-1) dGTP or dCTP
5’ GCATTTTCTGCTCCCT)

3" CGTAAAAGACGAGGGXCYCC, Y = G, IV-G (deletion)
Y =T, IV-T (control)

Ficure 1: Sequence of DNA substrates used in this study. For
each DNA sequence 2-AP substitution is indicated by an X. Our
numbering of the positions within the template strand is indicated
on substrate 1.

or more bases with an immediately adjacel® 26, 45,

46). During DNA synthesis, one of the repeated template
bases is skipped over, resulting in a single-base deletion error.
We have used the 2-AP fluorescent reporter to investigate
how the template strand DNA is accommodated at the active
site when a template base is skipped.

EXPERIMENTAL PROCEDURES

Materials. Purification of wild-type Dbh followed our
previously published procedurey( 27). Synthesis of DNA
oligonucleotides was carried out by the W. M. Keck
Biotechnology Resource Laboratory at Yale Medical School.

In our current study, we have used DNA labeled with the Annealed primer/template DNA substrates for chemical

fluorescent reporter 2-aminopurine (2-AP) to identify early
noncovalent changes that accompany ternary complex for-
mation and correct dNTP insertion by Dbh. The use of

guench and stopped-flow reactions were prepared as previ-
ously described26). The DNA sequences used in this study
are shown in Figure 1. Ultrapure dNTPs were purchased from

fluorescence to detect noncovalent steps that are not accesAmersham Pharmacia Biotech. dTMP was purchased from

sible by chemical quench experiments has been very
informative in studies of the reaction pathways of several
high-fidelity DNA polymerases35—42). 2-AP is a fluores-

Sigma-Aldrich.
Chemical Quench Measurementsl] kinetic measure-
ments were carried out at 22C under single-turnover

cent adenosine analogue which forms a correct base pair withconditions, based on our published metho2§, 7) with

thymine and does not distort the DNA heliX¥3). The
fluorescence of 2-AP is sensitive to changes in stacking with

the following modifications. Reactions were initiated by

mixing equal volumes of a dNTP and a DbBNA solution.

adjacent template bases or protein side chains and carThe dNTP solution contained extra MgCéquimolar with

therefore report on the immediate environment of the
substituted basetd).

Our fluorescence study of the Dbh reaction pathway
includes a reaction that is characteristic of Dbh, DpB4,
coli Pol IV (DinB), and other members of the DinB subgroup

the dNTP concentration, in addition to the 10 mM MgCl
already present in the Dbh reaction buffer. A typical reaction
contained final concentrations of 100 nM annealed primer/

template DNA, 2.5¢M Dbh, 5 mM DTT, 50 mM Hepes

(pH 8.5), 10 mM MgC}, and varied dNTP/MgGlconcentra-

of the Y-family. These DNA polymerases have particularly tions. A rapid quenchflow apparatus (KinTek Corp., Model

high error rates for deletion mutations at a characteristic
template sequence, consisting of a homonucleotide run of 2

RQF-3) was used for reactions that were too fast for manual
guenching.
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skipping reaction, we used 2-AP as the template base of the
terminal base pair (designated as thé position). The
majority of our experiments were carried out with '@©8BI-
containing primer, so as to allow primer extension to occur.
In some experiments we used §32dideoxy-terminated
primer to block catalysis, based on studies in other poly-
merase systems where this strategy has facilitated detection
of precatalytic conformational change36( 39, 41, 42).

o
w

o
o

(=]

Fluorescence (V)
o

.
=

0 002 004 006 008 01 Because of the weak dNTP binding by DI#t6(28), it was
Time (s) necessary to use very high concentrations of dNTP/MgCI
FiGure 2: Dissociation of DNA substrate | from the DbIDNA (up to 12 mM final) in order to examine the nucleotide

binary complex measured by stopped-flow fluorescence. The solid gependence of the observed fluorescence changes.

line shows the best fit of the data to a single exponential followed ) s .
by a linear phase, giving a DNA dissociation rate of 180 and We determined the binding affinity of Dbh for the 2-AP

a photobleaching rate of 0.0021s DNA substrates | and Il by measuring the rate of primer
extension as a function of Dbh concentration (Supporting
Stopped-Flow Fluorescence and AnalySsopped-flow  Information, Figure S1). The apparef{ values, reflecting

experiments were performed at 2€ using an Applied  the binding constant in the presence of the correct dNTP,
PhOtOphySiCS SX.18MV Spectroﬂuorometer_ To measure wWere 140 nM for substrate | and 66 nM for substrate Il (Table
dNTP incorporation by Dbh, one drive syringe contained Dbh 1). The fluorescence of substrates | and Il is at least 2-fold
bound to a 2-AP DNA substrate and the other contained greater when bound to Dbh than when unbound (data not
dNTP/MgC}, as described above. Rapid mixing of these two Sshown), and this provided the means to measure the rate of

solutions gave final concentrations of 200 nM DNAyBI DNA dissociation from the binary complex. A solution of
Dbh, 5 mM DTT, 50 mM Hepes (pH 8.5), 10 mM Mgl Dbh bound to the fluorescent DNA substrate | or Il was
and varied concentrations of dNTP/MgQD.5—12 mM), mixed with a solution containing a 20-fold excess of

as indicated in each figure. DNA dissociation from the Bbh ~ nonfluorescent DNA, and the resulting fluorescence decrease
DNA binary complex was measured by mixing a solution Was observed in the stopped-flow instrument (Figure 2),
of 260 nM Dbh and 400 nM of the 2-AP DNA substrate 9giving dissociation K.) rates of 150 s! for substrate | and
with a solution containing a 20-fold excess of unmodified 130 s* for substrate Il (Table 1).

primer/template DNA. The excitation wavelength used for ~ 2-AP at 0 Position with a Correct dTTKinetic analyses
2-AP was 313 nm, and fluorescence emission was detected?f the fluorescent changes accompanying nucleotide binding
with a 345 nm long-pass filter. Individual traces were and addition to DNA substrate |, terminated with '©BI,
acquired for at least 10 s using a logarithmic timebase, andrevealed 4 fluorescence transitions (Figure 3A and Table 1).
an average from at least 3 traces was taken for each dNTPWe have assigned the fluorescently detected changes as steps
concentration. Fluorescence traces were fitted to a doubleF1, F2, F3, etc. to distinguish them from the kinetically
or triple exponential equation using Kaleidagraph (Synergy assigned steps 1, 2, 3, etc. of the mechanism in Scheme 1.
Software, Reading, PA). An initial very rapid fluorescence decrease (step F1) was

Fluorescence Emission Spect&teady-state fluorescence observed within the instrumgnt dead-time, correspo_nding to
spectra were recorded at 2 using a Photon Technology & rate of>1000 s*. The amplltude of step F1 was estimated
International scanning spectrofluorometer. Samples of 2-Ap fOr €ach dTTP concentration by comparing the fluorescence
DNA (10 «M DNA, 10 mM MgCl,, 50 mM Hepes (pH 8.5)) immediately following the instrument dead-timeZ ms after
were excited at 310 nm, and emission spectra were collected"Xing) With the fluorescence at the same time point on the
from 320 to 460 nm. Emission spectra of DBBNA contr_ol trace in which thg binary complex Was_mlxed with
complexes were measured using solutions containjpyil ~ 'éaction buffer alone (Figure 3A). The amplitude had a
DNA, 5 «M Dbh, 10 mM MgCh, 5 mM DTT, 50 mM Hepes hyperbolic dependence on nucleotide concentration, similar
(pH 8.5), and, as required, 4 mM dNTP (indicated in Figure to the nucleotide concentration dependence of the rate of
5C). All emission spectra were corrected by subtraction of 91 TP addition in chemical quench measurements (Figure 3B
emission data from identical control solutions lacking the and Table 1). Thus, the amplitude indicates the fraction of

2-AP-containing DNA. Dbh—DNA converted to ternary complex at each dTTP
concentration, and the fluorescence change F1 results from
RESULTS the initial binding of dNTP to the binary complex or an

extremely rapid transition consequent on that initial binding

2-AP-Containing DNA Substrate8Ve used 2-AP as a  event. Following the fluorescence decrease of step F1 were
fluorescent reporter for identifying noncovalent changes 2 low amplitude fluorescence changes (see Supporting
during nucleotide binding and incorporation by Dbh. Figure Information, Figure S2); a decrease~at00 s (step F2)
1 shows the sequences of the 2-AP-containing DNA sub- was followed by a fluorescence increase~80 s (step
strates (+1V) used in this study. Based on studies in other F3). Steps F2 and F3 were difficult to quantitate accurately,
systems which have been informative about conformational especially at lower dTTP concentrations, and therefore we
transitions during the polymerase reactiddb{42), we did not evaluate their nucleotide concentration dependence.
positioned 2-AP either as the first unpaired base within the The final fluorescence change observed with substrate |
template overhang (designated as the templating base or Qvas a decrease (step F4) whose rate was close to the rate of
position) or as the base immediately & this position dTTP incorporation measured by chemical quench, suggest-
(designated as the-1 template base). To study the base- ing that they may report on the same process (Figure 3C
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Ficure 3: 2-AP at the templating (0) position. (A) Stopped-flow kinetics were carried out as described in Experimental Procedures, using

a 3'OH-terminated primer. Final dTTP concentrations (mM) in the reaction were 0.5 (red), 1 (orange), 2 (yellow), 4 (pale blue), 6 (green),

8 (dark blue), 10 (purple), 12 (magenta). The black trace was a control in which the second syringe contained reaction buffer without dTTP.
The data were plotted using a logarithmic time scale so as to show the early fluorescence changes, which were most pronounced at higher
dTTP concentrations (see Supporting Information, Figure S2 for an expanded view of 2 of these traces). (B) dTTP concentration dependence
of the amplitude of the fluorescence change that takes place within the instrument dead-time in panel A (step F1), and the rate of nucleotide
addition, determined by chemical quench (see Supporting Information, Figure S3 for rate plots). The fluorescence and chemical quench
data were fitted to hyperbolae, givirg, values of 2.2 mM and 4.3 mM, respectively. The correspon#ingalues listed in Table 1 are

the averages from at least 2 determinations. (C) Comparison of the rate of dTTP incorporation determined by chemical quench with the rate
of the final fluorescence decrease (step F4) shown in panel A. Fitting of the data to hyperbolic equatioks.gav@.51 st andKg app

= 2.3 mM for the fluorescence data (filled circles), dpg = 0.21 s andKy = 4.3 mM for the chemical quench data (filled triangles).

(D) The amplitude of step F4 from panel A as a function of dTTP concentration. As explained in the text, the data fitted a decreasing
hyperbola, givingKqapp = 2.3 mM, and approached a minimum amplitude<dd.1 V at high dTTP concentrations. (E) Stopped-flow
kinetics with a dideoxy-terminated primer. Final dTTP concentrations (mM) in the reaction were 1 (red), 2 (orange), 4 (yellow), 6 (green),

8 (blue), 10 (purple), 12 (magenta). The black trace was a control in which the second syringe contained reaction buffer without dTTP. (F)
dTTP concentration dependence of the amplitude of the fluorescence change that takes place within the instrument dead-time in panel E
(step F1), and the rate of nucleotide addition, determined by chemical quench. The fluorescence and chemical quench data were fitted to
hyperbolae, giving{y values of 2.5 mM and 4.3 mM, respectively.

and Table 1). If the F4 fluorescence decrease and theincreasing dTTP concentration; at low dTTP concentrations
chemical quench rate were reporting on distinct steps within the amplitude of step F4 was0.5 V, but, as the dTTP
the reaction pathway, we would expect the slower (chemical binding reached saturation, the amplitude decreased to
quench) reaction to show a lag in product formation that is <0.1 V (Figure 3D). At low dTTP concentrations, the initial
equal to the reciprocal of the rate for the faster (F4) reaction binding event does not convert 100% of the DIBNA
(47). On examining the early part of the chemical quench binary complex to the ternary complex and therefore the
reaction at 2 mM dTTP (data not shown), we did not detect amplitude of step F4 has an additional contribution from
a lag of the expected magnitude (5 s), and we therefore dNTP binding and conversion of binary to ternary complex.
conclude that the fluorescence signal from step F4 and theHowever, at high dTTP concentrations, essentially all the
chemical quench reaction are most probably rate-limited by Dbh—DNA binary complex is converted to ternary complex
the same process. The amplitude of step F4 decreased witlwithin the instrument dead-time, and the amplitude of F4
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Ficure 4. 2-AP at thet+1 position. (A) Stopped-flow kinetics were carried out as described in Experimental Procedures, using a 3'OH-
terminated primer. Final dCTP concentrations (mM) in the reaction were 0.5 (red), 1 (orange), 2 (yellow), 4 (green), 6 (dark blue), 8
(purple), 10 (magenta), 12 (pale blue). The black trace was a control in which the second syringe contained reaction buffer without dCTP.
The data were plotted using a logarithmic time scale so as to show the early fluorescence increase (step F1') which was detectable only at
low dCTP concentrations. (B) dCTP concentration dependence of the amplitude and rate of the large prechemistry fluorescence increase
(step F3) from panel A. Hyperbolic curve fits gave maximum values of 0.3 V (amplitude) and*4Bate) and a reasonable agreement
between the correspondii sppvalues of 0.34 mM and 0.98 mM. The values listed in Table 1 are the averages from at least 2 determinations.
(C) Comparison of the rate of dCTP incorporation determined by chemical quench (see Supporting Information, Figure S3 for rate plots)
with the rate of the final fluorescence decrease (step F4) from panel A. Fitting of the data to hyperbolic equatitns.ga®e76 s and

Kdapp= 1.0 mM for the fluorescence data (filled circles), aggd = 0.55 st andKq = 4.0 mM for the chemical quench data (filled
triangles). (D) The amplitude of step F4 from panel A as a function of dCTP concentration. The data were fitted to a hyperbola, giving a
maximum amplitude of 0.83 V ari€ ,p,0f 2.5 mM. (E) Stopped-flow kinetics with a dideoxy-terminated primer. Final dCTP concentrations

(mM) in the reaction were 0.5 (red), 1 (orange), 2 (yellow), 4 (green), 6 (dark blue), 8 (purple), 10 (magenta), 12 (pale blue). The black
trace was a control in which the second syringe contained reaction buffer without dCTP. (F) Stopped-flow kinetics for incorrect nucleotide
incorporation with an extendable primer at 6 mM dATP (red), dGTP (blue), or dTTP (purple) and the correct nucleotide dCTP (green).

results solely from fluorescence changes later in the reactionto the dTTP concentration dependence of the chemical
pathway. Consistent with this interpretation, the dTTP quench experiment (Figure 3F).
concentration dependence of the F4 amplitude was the The maximum amplitudes of the fluorescence changes
inverse of the concentration dependence of the F1 amplitude,occurring within the instrument dead-time (step F1) were
a decreasing hyperbola whose halfway point gaw gy ~0.6 V, and we believe that they are a valid reflection of a
of 1.8 mM, similar to theKy values derived from F1 and process within the reaction pathway based on the following
from the chemical quench incorporation rate (Table 1). controls. Duplicate measurements at the start and finish of a
In the absence of a’'®H at the primer terminus, we  stopped-flow experiment indicated that the amount of drift
observed only a rapid fluorescence decrease, presumably thén the lamp intensity or other instrument parameters was
equivalent of step F1, that occurs within the instrument dead- <0.2 V. Moreover, we eliminated systematic errors caused
time; none of the subsequent fluorescence changes seen withy lamp intensity drift by randomizing the sequence of dTTP
the 30H-terminated primer were observed (Figure 3E). The solutions used in measuring the concentration dependence
dTTP concentration dependence of the amplitude for the of fluorescence changes, rather than using the dTTP solutions
initial fluorescence quench with the nonextendable primer in ascending or descending order of concentration. We were
was similar to that observed with the extendable primer and concerned that the initial fluorescence decrease might be
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with reaction buffer alone (data not showjherefore, the
data suggest that the signal for step F1 results from a dTTP/
Mg?" dependent change that is “on pathway”.

2-AP at+1 Position with a Correct dCTKinetic studies
of dCTP addition to the 2-AR{1l) DNA substrate II,
terminated with a ®H, revealed at least 3 fluorescence
transitions of which the last 2 are most probably equivalent
to steps F3 and F4 that were observed with 2-AP at the O
position (Figure 4A and Table 1). Preceding these steps is a
very rapid fluorescence increase, much of which takes place
within the instrument dead-time. At low dCTP concentrations
this early process was seen as an increase, with a rate of
~500 s%, preceding a larger fluorescence increase, step F3,

which has a rate of-40 s! (see Supporting Information,
Figure S4). At dCTP concentrations above 6 mM the early
fluorescence increase is so rapid that it is complete within
the instrument dead-time (see Supporting Information, Figure
S5). Although it is difficult to determine with confidence
the rate and amplitude of this early step, it appears to be
intermediate in rate between the F1 and F2 transitions
observed with the O position 2-AP probe, and we have
assigned it as step F1t is followed by a step that appears

12 to be equivalent to F3, whose rate and amplitude have the
£ expected hyperbolic dependence on dCTP concentration
(Figure 4B).

The prechemistry fluorescence increases of stepamd
F3 are followed by a large amplitude fluorescence decrease

i o . _ (F4). The dCTP concentration dependence of the rate of step

Ficure 5: Base-skipping reaction observed using 2-AP fluores- . - g .
cence. (A) FIuoresggncge changes observed in ?he stopped-flow':4 ylelde_d kinetic parameters §|mllar to those Qetermlned
instrument with final concentrations of 2 mM dCTP (base-skipping) DY chemical quench for dCTP incorporation (Figure 4C);
or 2 mM dTTP (correct insertion) added to a binary complex of the amplitude of this step increased with increasing concen-
Dbh yvith substrgte I-G. The control trace corresponds to the trations of dCTP and fit to a hyperbola (Figure 4D). As with
addition of reaction buffer without nucleotide. (B) Stopped-flow - e experiments using substrate I, we inferred that the
fluorescenpe, as in A, using the cor]t(ol supstrate I11-C with final fl d d the ch ' I h i
concentrations of 2 mM dCTP (misinsertion) or 2 mM dTTP Huorescence decrease and the chemical-quench reaction are
(correct insertion). The sequence around the primer terminus of probably rate-limited by the same step based on the absence
each DNA substrate is shown above the relevant panel, and ourof a lag in product formation in the chemical quench reaction

interpretation of the arrangement of the template strand during the measured at 2 mM dCTP (data not shown). The endpoint of
base-skipping reaction is diagrammed adjacent to panel A. Table e )
2 lists the rates for the fluorescence changes and chemical quencrihe F4 fluorescence change is influenced by dCTP concen

nucleotide additions to substrates I1-G and I1I-C. (C) Fluorescence tration, being lowest at the highest nucleotide concentrations
emission spectra showing the effect of INTP addition to a complex (Figure 4A). We believe that this results from binding of
of Dbh bound to dideoxy-terminated substrate I1I-G. Before dNTP dCTP opposite 2-AP subsequent to the first dCTP incorpora-
addition, the emifzsion spectruré] of t23_binar¥ chorr;plllex \_Nasdrﬁgr(})jrded tion (see Discussion).
(race 1), races 25 corespond o acilon of e olwing dVIFSThe fluorescence changes described above were observed
(incorrect); 4, dCTP (complementary t¢1 base); 5, dTTP  only when the primer contained aCH and with addition
(complementary to 0 base). of the correct nucleotide. No fluorescence changes were
observed on dCTP addition when the primer was dideoxy-
caused by an inner-filter effect because of the high concen-terminated (Figure 4E), providing additional evidence that
trations of nucleotide used in our experiments. However, the step F1 is distinct from step F1. Moreover, with an
absorbance of our most concentrated dTTP solution (12 mM) extendable primer, the fluorescence changes described above
at the 2-AP excitation wavelength (313 nm) was .60 3, were absent on addition of any of the 3 incorrect nucleotides,
which is too low to cause an inner-filter effeetd). dATP, dGTP or dTTP (Figure 4F).

To evaluate the extent of other quenching effects contrib- Base-Skipping Reactio@bh makes single-base deletion
uted by the high concentrations of nucleotide, we monitored errors at a high frequency (up to 40%) when the template
the fluorescence changes that occur within the instrumentstrand contains a dinucleotide pyrimidine repeat immediately
dead-time when the binary complex was mixed with high 3 to a G (3-XXG-5', where one of the pyrimidines, X, is
concentrations of dTMP (8 or 12 mM) or with any of the 3 skipped over during DNA synthesis, resulting in a single-
incorrect nucleotides (12 mM dNTP/MY. The rationale
of this experiment was to use nucleotides that were unlikely 2 For addition of Mg" alone, the fluorescence change relative to
to bind the binary complex in a specific manner. On addition the buffer control was about half of that observed when the same final
of either dTMP (without added Mg) or an incorrect goncentratlon of dTTP{I\{Fg was added. However, the fluorescence

- . - ecrease seen on addition of Mgalone substantially overestimates
nucleotide, there was very little change in fluorescence

- el ' ¢ the quenching that results from the same concentration of nucleotide-
relative to a control consisting of the binary complex mixed bound Mg* (as shown by our data with incorrect dNTP/kYy

dCTP

=4
=

dTTP

2 4 6 8
Time (s)

Fluorescence (V)

o
[¥)

10

o

C
-ccTH
"’é‘ 4 —GGXAGCC

(III-G)

4

w
L

N
T
L

o

Fluorescence (c.p.s. x
-
.

350 385 420 455

Wavelength (nm)




10796 Biochemistry, Vol. 46, No. 38, 2007

DelLucia et al.

Table 1: Kinetic Parameters for DNA Substrates | and Il Determined by Stopped-Flow Fluorescence and Chemicd& Quench

° I

2-AP (0), 30H 2-AP (+1), 30H 2-AP (0), 3H
Step F1 Step F1
Kmax(s7%) >1000 >500 >1000
amplitudeyax (V) 0.56+ 0.2 ~(—0.3) 0.57+0.3
Kd app(MM) 25+04 3.7£1.0
Step F2
Kmax (57%) ~100
amplitude (V) 0.01-0.1
Step F3
kmax (S71) ~30 41+ 7
Kd app(MM) (from rate) 0.7% 0.2
amplitude (V) —(0.01t00.1) —(0.36+ 0.05)
Kd app(MM) (from amplitude) 0.42: 0.07
Step F4
Kmax (57%) 0.39+ 0.1 0.74+ 0.04
Kd app(MM) (from rate) 20+ 04 0.95+ 0.07
amplitude (V) <0.1 0.86+ 0.02
Kd app(MM) (from amplitude) 1.8:0.4 2.44+0.2
Chemical Quench
Kool (S74) 0.20+ 0.01 0.51+ 0.05
Kg (MM) 4.04+0.5 4.8+1.1
DNA Binding
Kd app(NM) 140+ 30 66
Kot (S7Y) 150+ 40 130+ 4

aFluorescence data were fitted to a triple exponential with substrate | and a double or triple exponential with substrate Il. See Supporting
Information Figures S2, S3, S4, and S5 for additional information and examples of the curve fitting and residuals of stopped-flow experiments and
rate plots from chemical quench reactioh3he first fluorescence change with substrate Il was intermediate in rate between steps F1 and F2 with
substrate |. It is assigned as step.FIThe dNTP dependence of the rates and amplitudes for steps F3 and F4 was fitted to hyperbolic plots, so we
report 2Kq app Values (derived from the rate and amplitude, respectively) for each of these%B#pgle determination. All other values are from
at least two determinations and are reported as e&D.

Table 2: Kinetic Parameters for the Base-Skipping Reaction

base-skipping/misinsertién correct insertion

dCTP dTTP
DNA fluorescence (39 chemical quench (3) fluorescence (3) chemical quench(s™)
-G (4.8+3) x 102 (1.940.1) x 102 0.73+0.2 0.66
- (1.5+13)x 104 1.34+0.3 0.98
V-G (2.2+0.3)x 1073 (1.94 0.004)x 103
IV-T (4.7+0.4)x 104

aFor each pair of substrates (e.g., IlI-G and IlI-C), the rates for the first substrate correspond to the base-skipping reaction, and the rates with
the second substrate correspond to the misinsertion reaction that would compete with the base-skippingriéiactiagiNTP/Md" concentrations
were 2 mM for substrate Il and 4 mM for substrate ASingle determinations. All other values are the average of at least two determinations and
are reported as meah SD.

base deletion)26). Our earlier demonstration that a purine- incorporation. Chemical quench experiments established that
containing template,'3\AG-5', could also undergo the base- the rate of dCTP addition (at 2 mM) to substrate I1I-G was
skipping reaction at a rate similar to that of the pyrimidine- 0.019 s? (data not shown) and that this rate corresponded
containing hotspot_ sequc_enczﬁl set the stage for using 2-AP_ to the base-skipping pathway, based on the requirement for
fluorescence to investigate h_ow 'Fhe te_mplat_e DNA is ihe templating G at thé-1 position (Table 2). When thel
accommodated at the Dbh active site durlng this protess. G was replacedyoa C in thecontrol substrate 11I-C, the
Substrqtg I-G (Figure 1) was d(_e$|gned with ZTAP at the rate of primer extension was 100-fold lower, corresponding
—1 position rather than the 0 position because, in the latter -~ ) _ '

to misincorporation of dCTP opposite A at the normal

situation, the base-skipping reaction could not compete with . - ;
the rapid misinsertion of dCTP opposite 2-AP. templating position. In the stopped-flow instrument, the base-

When dCTP is added to a complex of Dbh bound to Skipping reaction with substrate 1ll-G resulted in a large
substrate I1I-G, the G at thé-1 position templates dCTP  amplitude fluorescence increase whose rate resembled the

chemical quench rate (Figure 5A and Table 2). This large
3The fluorescent pyrimidine analogue pyrrolo-dC was unsuitable fluorescence increase was preceded by at least one rapid low

for this study because its fluorescence emission was not sufficiently amplitude change, which may be analogous to the rapid low

sensitive to the changes in stacking interactions likely to take place amplitude changes described earlier for the 0 &Ad2-AP

during the deletion reaction (our preliminary studies, and M. D. Barkley, )
personal communication). substrates. The large fluorescence increase was dependent
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on the presencef@ G at the+1 position, as shown by its
absence when using the control substrate IlI-C (Figure 5B),

and was therefore diagnostic for the base-skipping process.

For both substrates I1I-G and IlI-C, incorporation of dTTP
opposite A at the normal templating position resulted in a

fluorescence decrease whose rate was close to the corre-
sponding chemical quench rate (Figure 5 and Table 2). The

fluorescence changes observed for dTTP addition with 2-AP
at the—1 position were qualitatively very similar to those
described above for 2-AP at the 0 position (Figure 3A) and
included rapid low-amplitude fluorescence changes, but the
overall fluorescence change was lower, presumably on
account of the more stable stacking of 2-AP with the
neighboring bases when located at th& position.

When the primer strand of substrate 11I-G was dideoxy-
terminated, addition of dCTP in the stopped-flow instrument
resulted in a rapid fluorescence increase (data not shown)

This increase was dependent on complementarity between

the incoming dNTP and th¢1 template base (Figure 5C),
consistent with formation of the ternary complex correspond-
ing to the base skipping-reaction. As expected, addition of
dTTP, which is complementary to the A at the 0 position,
resulted in a fluorescence decrease.

Skipping over the templating base in substrate 111-G could
be accompanied by dislocation of either the 2-AP at-tlie
position or the A at the 0 position, and displacement of either

base could in principle decrease the base stacking of 2-AP

causing the observed fluorescence incredde {To distin-
guish between the fluorescence signals of an extrahtlical
2-AP and a 2-AP whos€ Beighbor has become extrahelical,
we examined the fluorescence emission spectra of a serie
of model substrates designed to place 2-AP within a variety
of DNA environments (Figure 6). The fluorescence emission
of 2-AP that lacked a base-pairing partner (Figure 6, trace
5) was about 19-fold greater than when its&ighbor lacked

a base-pairing partner (Figure 6, trace 2). Moreover, the
fluorescence of 2-AP adjacent to an extrahelical C (Figure
6, trace 2) was lower than the fluorescence of 2-AP at the
—1 position (Figure 6, trace 3), a model for the starting
substrate for the base-skipping reaction. Thus, if the 5
neighbor of 2-AP, the A at the 0 position of substrate 1I-G,

were to become extrahelical during the base-skipping reac-

tion, we would expect to observe a decrease in 2-AP
fluorescence. The fluorescence increase observed for th
base-skipping reaction, on addition of dCTP to substrate IlI-
G, is therefore most probably the result of the 2-AP at the
—1 position becoming unpaired while the A at the adjacent
(0) position slips back to base pair at the primer terminus.

Further confirmation of the fluorescence signal that results
when the neighbor of the 2-AP reporter becomes extrahelical
was provided by substrate V-G, in which the templating
base is not part of a repeat (Figure 1). We expect Dbh-
catalyzed addition of dCTP to the IV-G substrate to result
in dCTP incorporation opposite the G at thel position,
while the template C at the 0 position is skipped past and
becomes extrahelical but cannot isomerize so as to pair with
the primer terminus. Chemical quench data for IV-G and
the control substrate IV-T, which lacks thel G, showed

4 For brevity, we use the term “extrahelical” to describe the location .

of a base that lacks a base-pairing partner although, strictly speaking,
the location of the base is not known.
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A substrate 1
5'GCATTTTCTGCTCCCTGCGG
3/CGTAAAAGACGAGGGXCGCC

substrate 2

5'GCATTTTCTGCTCCCT-CGG

3 CGTAAAAGACGAGGGXVGCC
C

substrate 3

5'GCATTTTCTGCTCCCT

3/ CGTAAAAGACGAGGGXCGCC

substrate 4
3 *CGTAAAAGACGAGGGXCGCC

substrate 5
5’GCATTTTCTGCTCCC-GCGG
3/ CGTAAAAGACGAGGG, CGCC
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FIGURE 6: Fluorescence emission spectra of model 2-AP substrates.

%A) Sequences of model 2-AP-containing DNA substrates, where

X indicates 2-AP. (B) Emission spectra of the 2-AP-containing
DNAs shown in panel A, using an excitation wavelength of
310 nm. The numbered traces correspond to the DNA sequences
listed in panel A: 1, 2-AP in fully duplex DNA; 2, 2-AP whose 5'
neighbor lacks a base-pairing partner; 3, a templptener duplex

with 2-AP at the—1 position; 4, 2-AP in single-stranded DNA,; 5,
2-AP that lacks a base-pairing partner.

that the base-skipping pathway was preferred by about 4-fold
over misinsertion (Table 2). The base-skipping reaction with
IV-G was 10-fold slower than with 111-G, demonstrating the
effect of the dinucleotide repeat in IlI-G, and it was therefore
necessary to monitor the fluorescence signal from substrate

ejV—G over 1 h (using a fluorometer in time-based mode).

On addition of dCTP (to 4 mM) to the binary complex, we
observed only a very low amplitude decrease at a rate
essentially identical to that of the corresponding chemical
guench reaction (Table 2 and Supporting Information, Figure
S6). The absence of a fluorescence increase with substrate
IV-G confirms the result from the model oligonucleotide
experiments, where an extrahelical base adjacent to 2-AP
also did not result in a fluorescence increase.

DISCUSSION

Dbh Reaction PathwayVe have investigated the sequence
of events following addition of a correctly paired dNTP to
a Dbh—DNA binary complex, using 2-AP as a fluorescent
reporter. The 2-AP probes respond differently, depending
on whether they are located at the 0 or th& position on
the template strand, presumably reflecting distinct changes
in the environment of these bases at each step of the reaction.
The 0-position probe reported 3 noncovalent transitions
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/ step | \ ANTP
step 2

[EsDNAplpre ==—=== [E*DNA

nlpost ~———= EDNA*dNTP _-=-=-=

F1 Fl Fl',F2,F3 \
1: step 3
:: F4 (7)
step 4 v
additional steps =———2= [E*DNA41*PPj]¥ =———== [E-DNA,*dNTP}%
F4 (2)

FIGUrRe 7: Proposed reaction pathway for Dbh. Our fluorescently detected steps (F1, F2, etc.) are placed within the context of the minimal
DNA polymerase reaction pathway (steps 1, 2, etc.) from Scheme 1. For a detailed rationale of the placement of the fluorescence transitions
within the pathway, see the text. E is Dbh, DNi& the DNA primer/template and fENA] e and [EDNA ] post represent the DBRDNA

binary complex pre- or post-translocation, respectively. The supersargtdb designate conformationally distinct forms of theDRA-

dNTP ternary complex. Dotted arrows indicate areas of uncertainty, the first being a sequence of several noncovalent steps and the second
a hypothetical rate-limiting step 3. Because the F4 fluorescence change has the same rate as the rate-limiting step for ANTP incorporation
(either step 3 or step 4), its fluorescence signal is the sum of any fluorescence signal from the rate-limiting step and all subsequent rapid
fluorescently detectable steps.

before the chemical step. The first (F1), a fluorescence species, with the majority as the:-[ENAp. complex on
decrease associated with dNTP binding itself or a rapid account of its greater number of proteiBNA contacts. On
transition following dNTP binding, is complete within the addition of the correct dNTP, the equilibrium is displaced
dead-time of the stopped-flow instrument. It occurs with both in favor of the post-translocation configuration as a result
extendable and nonextendable (dideoxy-terminated) primersof dNTP binding (step 2) to theBNA post binary complex

and is the only fluorescence change detected with a nonex-with an available active site. In this scenario, the F1
tendable primer. The absence of a similar fluorescencefluorescence quench, associated with dNTP binding, would
change with a dideoxy primer when the fluorophore is at also report on movement of the DNA from theINA p to

the +1 position indicates that the F1 step is fluorescently the EDNA,qs: configuration. Because translocation of the
silent for the +1 probe. Instead, the-1 2-AP shows a  primer terminus causes a substantial change in the environ-
fluorescence transition, which we have called,Rhat is ment of the templating base, it could account for much of
almost as fast as F1, being completed within the dead-timethe large F1 fluorescence decrease.

at high dNTP concentrations but partially observable at lower The final fluorescence change, F4, is a decrease whose
concentrations. As far as one can judge from these rapidrate is the same as the rate-limiting step for ANTP incorpora-
fluorescence changes, steps' Kdetectable primarily, or  tion. The size of the signal is therefore the sum of any
exclusively, with 2-AP at thet1 template base) and F2 fluorescence changes associated with the rate-limiting step
(detectable primarily, or exclusively, with 2-AP at the 0 and rapid following steps. Indeed, the small F4 decrease
position) are distinct. Step F3, on the other hand, appears toreported by the 0 probe and the much larger F4 decrease
be detected by both reporters, with the larger signal coming reported by ther-1 probe need not necessarily originate from
from the +1 position. Thus, our current working model is the same step(s) of the reactioWe have included the rate-

that there are four fluorescence transitions (F1, F2, and limiting noncovalent change, step 3, that precedes phosphoryl
F3, Table 1) that precede the chemical step of dNTP transfer because there is good evidence for this step in the
incorporation. Y-family polymerases Dpo4 and yeast DNA pp(31, 32).

In Figure 7 we have modified the early steps of the For Dbh, however, it is unclear whether this step exists
minimal DNA polymerase reaction pathway of Scheme 1 because elemental effect measurements raise the possibility
so as to incorporate the fluorescence transitions we havethat phosphoryl transfer could be at least partially rate-
detected. This requires the insertion of at least 3 rapid stepslimiting in correct dNTP addition 26, 28). Therefore
(F1, F2, and F3) between dNTP binding and the rate-limiting contributions to the F4 signal may come from step 3 (if rate-
step for dNTP incorporation. These prechemistry steps limiting) and from steps following chemistry, whereas
probably represent processes that prepare the active site fophosphoryl transfer itself seems less likely to cause a
phosphoryl transfer by alignment of the metal ions, catalytic substantial change in the environment of either of our 2-AP
residues, and substrates involved in the chemical step. Wereporter positions.
have also expanded the DNA binding step of the minimal  Our kinetic data and those from another stua) (reveal
mechanism to include an equilibrium between pre- and post- substantial differences in the DNA binding properties of Dbh
translocated species that is inferred from the structure of aand its close homologue Dpo4. The DNA binding affinity
Dpo4 preinsertion binary complex (2AUO), in which the of Dbh is~10-fold weaker than that of Dpo4, and the rates
DNA primer terminus occupies the active site, blocking entry for DNA binding and dissociation are1000-fold faster for
of the incoming dNTP 15). If this complex represents the Dbh than for Dpo4 §2). These differences, which are
normal position of the primer terminus in binary complexes
of Y-family or DinB polymerases in solution, then delivery 5With substrate I, in which 2-AP is at thé-1 position, dCTP
of the templating base to the active site would require a DNA incorporation opposite the templating G is followed by translocation

translocation step. Step 1 of Figure 7 suggests a mechanisn@d binding of dCTP opposite the new templating base, 2-AP. This
’ accounts for the extremely large F4 fluorescence decrease seen with

for achieving this. Initially the DoR DNA binary complex  this 2-AP probe and the dependence of the reaction endpoint on dCTP
is an equilibrium mixture of pre- and post-translocation concentration.
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consistent with the lower processivity of Dbh, are probably
attributable to differences in the little-finger domains and
the associated linker regions of these two closely related
polymerasesi4).

Structural InterpretationThere are several Dpo4 cocrystal
structures that may correspond to steps along the kinetic
pathway and can therefore provide a context within which
to interpret the physical basis of the early fluorescence
changes observed in our stopped-flow experiments. The
structures (2ASE and 2ATL) solved by Rechkoblit et al.
are an appropriately matched pair of binary and ternary
complexes of Dpo4 for comparing the positions of the 0 and
+1 bases 15). In the binary complex (Figure 8A), the 0
base (red) is not stacked with any protein side chains or
adjacent template bases, and th& base (dark green) is
stacked with thet+2 base (pale green). Ternary complex
formation, and the associated translocation of the primer
terminus, results in the 0 base stacking with the primer-
terminal base pair and hydrogen bonding to the incoming
dCTP, while thet-1 base has no stacking interactions (Figure
8B). Movement of the templating base to a more stacked
environment on dNTP binding is consistent with the early
fluorescence quench (step F1) seen with the 0 position 2-AP
reporter. Moreover, the prechemistry fluorescence increases
(step F1 and F3) we observed with thel position 2-AP
reporter are consistent with the transition of th base to
a less stacked environment in the ternary complex. If these
assignments are correct, it implies that the movements of
these 2 template bases are sequential, not concerted. The
substantial differences in the interactions made by the 0 and ) . iy
+1 ter_nplate bases are consistent V\_/lth_the lack of correlation E'aGSUeRSEiﬁ'bﬁgp;pzfr:as?;r?;?%882'282%?&22 %r?ieﬁ%;t)%T%%teein is
N the|r ﬂuorescence S|gnals fOI‘ |nd|V|dUal StepS Of the shown as a gray Surfacel the dup|ex DNA, inc|uding the primer
reaction. By contrast, the fluorescence transitions of a 2-AP terminus, is shown in light blue, and the-81, and+2 nucleotides
probe at the—1 position parallel those seen with 2-AP at are shown in red, green, and light green respectively. Protein side
the O position, suggesting that the signals from the 0 and chains are colored to indicate proximity to the O aritinucleotides;

1 it t primaril th tual stacki those withn 4 A of the Onucleotide are magenta; those within 4 A
posiuons may report primarily on theé mutual stacking ¢ the +1 nucleotide are cyan; those withdt A of both nucleotides

of these 2 bases. are dark blue. (A) Dpo4 postinsertion binary complex (PDB entry
Comparison with Other Polymerase Famili€espite the 2ASL, ref 15). The templating (0) base is not stacked with the

: ) : primer terminus, and protein side chains Gly41, Pro60, Leu293,
many differences between the Y-family and other DNA and Arg331 are withi 4 A of the Onucleotide. Thet+1 base is

polymerase families, the fluorescence changes we havegiacked with thet-2 base (light green), and protein side chains
observed with Dbh are remarkably similar to those observed Pro60, Glu63, and Lys66 are withit A of the+1 nucleotide. (B)

with other DNA polymerase families. Using a' CH- Dpo4 ternary complex_ (PDB entry 2ATL,_r&6). The te_mplating _
terminated DNA substrate having 2-AP at the 0 position, (0) base is stacked with the primer terminus and paired opposite

. . . the incoming dCTP (orange). &aions are shown as green spheres.
our results with Dbh parallel those previously described for Protein side chains withi4 A of the Onucleotide are Val32, Ser34,

Pol I (KF), T4 DNA pol, and pols. In all cases, there was  Gly41, Ala42, Alad4, Gly58, Arg331, and Arg332. ThHel base

an initial rapid fluorescence decrease and a large amplitudeis rotated out from the helical axis and is not stacked with protein
fluorescence change that is rate-limited by chemical incor- side chains or adjacent template bases. Gly41, Pro60, and Arg331
poration, which presumably correspond to steps F1 and F4ﬁ1w§|evgﬁrer]s ﬁ\ éeogst:/];r:étrir::uﬁlneitqtilgee.aEk?tchasZDtEefg?)Zit?oa:wvse mgthe
respectively §6, 39, 41, 42). St'eps F2 and F3, observed with 0 and+1 bases are very similar for both molecules, but there are
Dbh, resemble the low amplitude fluorescence changes thatsome minor differences in the side chain interactions. This figure
precede the rate-limiting step in the Pol | (KF) reactiBg)( was generated with PyMOL (DeLano Scientific).

but were more easily characterized in the present study

because of the slower reaction rate of Dbh. similar to that seen in analogous experiments with Pol | (KF)

The dNTP-dependent fluorescence decrease (step F1) thalyg 14 DNA pol 86, 39). Therefore, in all cases it appears
takes place within the instrument dead-time with Dbh and a {4t tormation of the correct ternary complex results in

dideoxy-terminated primer having 2-AP at the O position is

shifting the templating base to a more stacked conformation.

The conclusion that a DbBtDNA—dNTP ternary complex
6Both Dpo4 binary complexes 2AUO (preinsertion) and 2ASL is formed with a dideoxy-terminated primer is consistent with

(postinsertion) represent a pre-translocated configuration; we use theiha presence of an incoming nucleotide in Dpo4 ternary

2ASL complex in our structural interpretation because it provides . L h

information on the positions of the nucleotides of the unpaired template COMPIeX structures which contain dideoxy-terminated DNA

strand. (2, 10, 15).
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A rapid, prechemistry fluorescence increase has been A dcTP
observed for several DNA polymerases when the 2-AP
reporter is at ther-1 position, and may therefore represent a :gggmcc > ZSS'XGCC > :gg'ig‘cc
common step in the reaction pathway. The F3 transition }(/ \){
observed with Dbh resembles changes observed with Pol |
(KF) (A-family) and polg (X-family) (39, 40). T4 and RB69 B dcTp
DNA pols (B-family) show a similar fluorescence increase
with 2-AP at the+1 position, but it is unclear whether this -CCT —CCT-C —cc-TC
increase occurs before chemistry because its rate is very -GGX, GCC —p -GGX, GCC —p —GGVAGCC
similar to the chemical quench rate and there is no subsequent A A X
fluorescence decreas#7( 38, 49). The structural correlations
are also preserved, in that ternary complexes from DNA C dcTp
polymerase families A, B, X, and Y all show a dislocation
of the +1 template base from the helical axi (6, 17, :ggimcc N :ggigGCC > :gg';ﬁgcc
20), supporting the idea that the increased fluorescence of \){

the+1 reporter is a consequence of its unstacked conforma-
tion in the ternary complex. = ; ) .
. base initially paired at the primer terminus. The sequence shown
The most notable difference between Dbh and other DNA ¢qresponds to substrate 111-G, where X is 2-AP. (A) Classical
polymerases, such as Pol I (KF) and ghlconcerns the  streisinger slippage mechanism where slippage of the template
effect of dideoxy-terminated DNA substrates. In Dbh, the 0 strand allows the 0 position base, A, to pair at the primer terminus,

position 2-AP reporter indicates that dNTP binding takes CaUSi“_!tJ %HAPSFO beﬁgme fut?]paired_. ClotrfeCtl 1CTF;inC0f?0t§_€|l_ti0n

- opposite the 5' neighbor of the original templating base stabilizes
placi bqt,t ur;lllke Pol | (KF) and pop (:;9, 40)(’1 m')th th misalignment of the template strand. (B) dNTP-stabilized misalign-
prechemistry fluorescence increase was observed wi €ment of dCTP opposite the1 base causes the 0 position base, A,

+1 2-AP reporter. This implies that the absence of@H to be skipped. Isomerization of the unpaired base from A to the
on the primer prevents subsequent steps on the pathway tdase initially paired with the primer terminus results in unstacking
the formation of an active catalytic center. The prime3 iosf ﬁ;ﬁf\,'vég)Sclprgfﬁgﬁegﬁﬁgn?pgfoiﬁg tti?ntﬁgqtglas“t?gn%a\smeﬁi?ﬁ
Is important because it is Ioce_lted atthe hea_trt of the catalytic produces 2 coyrrect base p%irs at the primer terinus and stabilizes
center and makes contact with the catalytic metal at the A ynstacking of 2-AP.
site. Why is the missing'®H more detrimental in some
polymerases than others? High-fidelity polymerases such asenhance fidelity by providing kinetic checkpoints which serve
Pol | (KF) and pols organize their active sites for phosphoryl as opportunities to reject mismatched substre2&sA3, 50,
transfer by creating a snug binding pocket that complements51). Therefore, while the details of DNA synthesis may differ
the geometry of the nascent base pair and also provides sideamong polymerase families, it appears that DNA polymerases
chain contacts with the important components of the chemical have a common strategy for discrimination against mispairs
reaction. Thus, the appropriate geometry can be achievedby perturbing the normal reaction pathway used in correct
even in the absence of some key contacts. By contrast, theDNA synthesis.
less constrained binding pocket in bypass polymerases may Mechanism of the Base-Skipping Reacti@ur results
cause the formation of a catalytically competent active site show that, when Dbh skips a single-base within a dinucle-
to be exquisitely sensitive to any changes in the natural otide run of A and 2-AP (substrate IlI-G), the base that
substrateX0). As pointed out by Vaisman et al., the positions should have templated the next (normal) addition slips back
of the metal ions in a Dpo4 ternary complex containing a to pair with the primer terminus while the base previously
deoxy-terminated primer terminus are compatible with the paired with the primer terminus is pushed out of the base-
requirements of the chemical reaction, whereas those in manypairing stack (Figure 5A). The involvement of the terminal
Dpo4 ternary complexes with dideoxy-terminated primers base pair is consistent with the effect of run length on the
are not (0). frequency of single-base deletion errors; Dbh deletes single
An important generalization that is emerging from fluo- pyrimidines within a dinucleotide run at a 10-fold higher
rescence studies of DNA polymerases is that the pathwayfrequency than with a noniterative sequence, and increasing
for misincorporation is probably distinct from the pathway the length of the homopolymeric run beyond a dinucleotide
for correct dNTP incorporation. In fluorescence studies of a does not substantially increase the deletion frequeR6y (
variety of DNA polymerases, including the present study of  Figure 9 shows 3 pathways for base skipping whose end
Dbh, the signals obtained with mispaired dNTPs were quite result is unstacking of the template base initially paired at
different from those resulting from correct dNTP addition the primer terminusy2). Pathway A is a classical Streisinger
(21, 36, 39, 40). For example, mispaired dNTPs abolish the slippage mechanism in which the primer terminus relocates
rapid fluorescence increase seen with the 2-AP reporter atso as to pair with the 0 position base and subsequent dNTP
the +1 position, suggesting that the misincorporation path- addition stabilizes the misaligned template. Pathway B is
way does not generate the unstacked conformation of theinitiated by dNTP incorporation opposite thereighbor of
+1 base, discussed above (Figure 4F, and38f<l0). The the normal (0 position) templating base; this first step has
fluorescence results are consistent with the idea that DNA been described as “active-site misalignment” or “dNTP-
polymerases may have alternative reaction pathways, cor-stabilized misalignment” and results in unstacking of the
responding to correct incorporation and several different skipped templating basé&3—55). If the dNTP-stabilized
subsets of misincorporations, and that the existence ofmisalignment process were followed by an isomerization
different pathways for correct and incorrect nucleotides may (second step of pathway B), it could lead to unstacking of

FIGURE 9: Base-skipping pathways that generate unstacking of the
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the base originally paired with the primer terminus. Pathway catalytically competentl(Q). By contrast, the Ab-2A complex
C, in which template misalignment occurs only after misin- of Dpo4 has the active-site metal ions in suitable positions
sertion, can be ruled out for Dbh because the misinsertionfor phosphoryl transfery( 10). The template strand in this
rates with our control substrates IlI-C and IV-T were slower complex has an unpaired abasic site stabilized by a correct
than the base-skipping reactions with the correspondingbase pair at the primer terminus, resembling the template
substrates IlI-G and IV-G (Table 2). arrangement predicted by our fluorescence data, although it
Because the rate of the fluorescence increase associatetfcks a template base at the unpaired position. Cocrystal
with the base-skipping reaction is similar to the rate of dCTP complexes have also been obtained of the human X-family
incorporation measured by chemical quench, we concludeDNA polymerase, Pok, with DNA duplexes designed to
that both phosphoryl transfer and the rearrangement thatform Streisinger-type deletion intermediates and products.
results in unstacking of the 2-AP base are probably rate- In these structures, the unpaired base is located as illustrated
limited by the same process. In pathway B, dNTP incorpora- in pathway A (Figure 9), and makes specific interactions
tion or an earlier step would be rate-limiting so that the With the polymerase5@). In the Dbh apoenzyme structure,
fluorescence increase, caused by the subsequent rapidilvian et al. have noted a “V-shaped groove” between the
isomerization of the template strand, would reflect this same fingers and little-finger domain that could similarly accom-
rate. If pathway A is written as a simple sequential modate template strand bulges).(
mechanism, as in Figure 9, the initiating event appears to In view of the likely involvement of the little-finger
be slippage of the primer terminus in response to the presencglomain in contacts to putative misaligned structures, it is
of the dNTP complementary to thel template base. Amore  important to note that this domain shows more sequence
plausible reaction pathway would have the binary complex divergence than the polymerase catalytic c@jé Yariations
as an equilibrium mixture with a small fraction having a Within this domain may play an important role in determining
misaligned (Streisinger-like) template. Binding of the dNTP  lesion bypass specificity throughout the Y-family, and, even
that is complementary to the templating base of the mis- within the DinB subgroup, they could result in subtle
aligned substrate will displace the equilibrium so that more differences in the interaction with intermediates in the base-
of the misaligned species will be formed, resulting in a Skipping pathway.
fluorescence increase at the same rate as dNTP addition. The
fluorescence increase observed on addition of dCTP to ACKNOWLEDGMENT

substrate 111-G with a dideoxy-terminated primer implies that  \we are grateful to Enrique De La Cruz and Anna M. Pyle
slippage of the primer terminus could occur prior to covalent for yse of their stopped-flow instruments and to Enrique De
addition of dCTP, arguing in favor of pathway A. La Cruz for he]pfu] discussions.

Mutational spectra fronk. coli Pol IV (DinB) and Dpo4
are very similar to that of Dbh, both in the high frequency SUPPORTING INFORMATION AVAILABLE
of single-base deletions and in their sequence specifi28y (

. SRR . The Kq app measurement for Dbh binding to substrate | is
45, 46). Despite this similarity, and in stark contrast to our dapp g

| ith Dbh. 2 f di £ 1h | shown in Figure S1. Examples of curve fitting and residuals
Lesu tskwlt . Dbh, 'AP up;e;czgce Strl]“' 1es o t € P?] V" tor stopped-flow experiments and rate plots from chemical
ase-skipping reaction (with 2-AP at the O position) have ¢,anch measurements with DNA substrates | and Il are

been interpreted as indicating that it occurs via a dNTP- shown in Figures S2, S3, S4, and S5. Figure S6 shows data
stabilized misali_g_nment mechanism (first step of Figure 98), on the formation of a ,sing,le-bé\se deletion product with DNA
where the O position base rather than itaéighbor becomes substrate V. This material is available free of charge via

extrahelical 45, 56).” Paradoxically, the fluorescence signal the Internet at http://pubs.acs.org.
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