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Normal Conformational Change Followed by Slow
Phosphodiester Bond Formation™
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The human DNA polymerase k homolog Sulfolobus solfatari-
cus DNA polymerase IV (Dpo4) produces “—1” frameshift dele-
tions while copying unmodified DNA and, more frequently,
when bypassing DNA adducts. As judged by steady-state kinet-
ics and mass spectrometry, bypass of purine template bases to
produce these deletions occurred rarely but with 10-fold higher
frequency than with pyrimidines. The DNA adduct 1,N>-
etheno-2'-deoxyguanosine, with a larger stacking surface than
canonical purines, showed the highest frequency of formation of
—1 frameshift deletions. Dpo4 T239W, a mutant we had previ-
ously shown to produce fluorescence changes attributed to con-
formational change following dNTP binding opposite cognate
bases (Beckman, J. W., Wang, Q., and Guengerich, F. P. (2008)
J. Biol. Chem. 283, 36711-36723), reported similar conforma-
tional changes when the incoming ANTP complemented the
base following a templating purine base or bulky adduct (i.e. the
“+1” base). However, in all mispairing cases, phosphodiester
bond formation was inefficient. The frequency of —1 frameshift
events and the associated conformational changes were not de-
pendent on the context of the remainder of the sequence. Col-
lectively, our results support a mechanism for —1 frameshift
deletions by Dpo4 that involves formation of active complexes
via a favorable conformational change that skips the templating
base, without causing slippage or flipping out of the base, to
incorporate a complementary residue opposite the +1 base, ina
mechanism previously termed “dNTP-stabilized incorpora-
tion.” The driving force is attributed to be the stacking potential
between the templating base and the incoming dNTP base.

The integrity of the genetic code is maintained by DNA po-
lymerases, but mutations do occur (1). Mutations can be advan-
tageous in enabling adaptation (e.g. in microbial populations or
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the immune system), but the loss of genetic integrity can lead to
many diseases, including cancer, atherosclerosis, and neurode-
generative diseases (1-3), as well as teratology and aging (4).

In the past decade, the number of recognized DNA polymer-
ases has expanded considerably. Of these, several have been
shown to be so-called translesion DNA polymerases, DNA po-
lymerases specializing in bypass of templating adducts that nor-
mally stall the more efficient and processive replicative DNA
polymerases (1, 5, 6). However, translesion DNA polymerases
have relatively low fidelity when copying undamaged DNA and
are prone to cause frameshift mutations, particularly deletions
that reduce the nucleotide count by 1 in newly formed DNA
strands, i.e. “—1” frameshifts. Frameshifts occur in the presence
of many DNA adducts and are the basis of one major type of
damage in the classic “Ames test” for bacterial genotoxicity, i.e.
Salmonella typhimurium TA1538 and TA98 (7). Frameshift
deletions also occur with unmodified DNA, particularly while
copying long runs of purines or pyrimidines (8). For example,
Solfataricus acidocaldarius DNA polymerase Dbh was found to
make —1 deletion frameshift mutations with a frequency up to
50% (9, 10), and human pol k was found to generate —1 deletion
frameshifts at a frequency of 2 X 102 (11, 12).

The model translesion DNA polymerase Sulfolobus solfatari-
cus DNA polymerase IV (Dpo4),* a homolog of human pol «,
has also been found to produce frameshifts (13-18). Dpo4
bypass of bulky templating adducts, e.g. an N*>-benzo[a]pyrene
diol epoxide-G adduct, 1,N*-€-G, M, G, and 1,N°-propano-2’-
deoxyguanosine, all produced —1 frameshifts at varying fre-
quencies and even +1 (and —1) frameshifts when Dpo4
bypassed a template AP site (14, 16 —18). Dpo4 can also produce
—1 frameshifts with unmodified DNA (19).

Three basic models have been proposed to explain how —1
deletion frameshifts occur (20) (Fig. 1). (i) The primer and tem-
plate DNA strands misalign prior to dNTP addition opposite
the following templating base, i.e. the “+1” base (the Streisinger
slippage model) (8), which requires a repetitive sequence (Fig.
1A). (ii) The incoming ANTP “skips” over the templating base
(often described as the formation of a “type II complex” (21) as

“The abbreviations used are: Dpo4, S. solfataricus P2 DNA polymerase IV;
AP, apurinic (site); 1,N*-e-G, 1,N*-etheno-2'-deoxyguanosine; LC, liquid
chromatography; MS/MS, mass spectrometry; (tandem); M,G, 3(2'-de-
oxyribosyl)pyrimido[1,2-a]purin-10(3H)-one; 8-oxoG, 7,8-dihydro-8-
oxo0-2'-deoxyguanosine.
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FIGURE 1. Three mechanisms for the formation of —1 deletion frame-
shifts. A, template slippage mechanism. The repeatable template base G is
slipped from the +1 site to the insertion site, prior to incorporation. B, type Il
complex (21) incorporation mechanism (also termed “dNTP-stabilized misin-
corporation” mechanism). dGTP incorporation occurs opposite the +1 C
(type Il complex) followed directly by phosphodiester bond formation. C, mis-
incorporation-misalignment mechanism. dGTP is first misincorporated oppo-
site A and extended, followed by repositioning opposite the next base (C).

well as a “dNTP-stabilized misalignment mechanism”) (Fig. 1B)
(22—24). (iii) The dNTP is first misincorporated and then mis-
aligns with a complementary template base (termed the “mis-
incorporation-misalignment mechanism”) (20, 25) (Fig. 1C).
Although much has been published on these mechanisms and
their roles in particular situations, the low frequency of DNA
polymerase-mediated frameshifts has made physical studies
difficult, aside from NMR studies with mispaired oligonucleo-
tides (in the absence of polymerases) and some x-ray structures
of DNA polymerases (see below).

To help establish which of these models, or an alternative
one, is utilized by Dpo4, we employed a Dpo4 mutant contain-
ing a single Trp, T239W, with which we recently reported
fluorescence changes attributed to conformational changes
associated with correct pairing (26). Dpo4 T239W produced
fluorescence changes upon binding of a complementary dNTP,
a rapid increase in fluorescence upon formation of an active
ternary complex followed by a slower decrease following phos-
phodiester bond formation, with the latter attributed to relax-
ation of the conformation. However, we also observed rapid
fluorescence increases that corresponded to noncomplemen-
tary dNTP binding but without fluorescence decreases (i.e.
phosphodiester bond formation was relatively inefficient). In
this study, we investigated these events associated with —1
frameshifts (because they only occurred when the incoming
dNTP complemented the +1 base) by examining the fluores-
cence changes of Dpo4 T239W and comparing the data with
quantitative analyses of product formation using steady-state
kinetics and LC/MS-MS. We observed that formation of —1
frameshift products was facilitated by the presence of a tem-
plating purine or an adduct with relatively high stacking poten-
tial (1,N?-e-G), and we conclude that such events involve a
rapid and favorable conformational change despite very slow
phosphodiester bond formation.
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TABLE 1

Oligodeoxynucleotides used in analyses

X indicates A, C, G, or T; X 4 indicates a terminal 2',3'-dideoxy-X (incapable of
phosphodiester bond formation); YYY indicates GGC, GGT, AAC, CAG, GAG,
GAC, TTC, GTC, TCG, CCT, GCT, GCA, G(0°*-MeG)C, G(8-0x0G)C, G(1,N*-¢-
G)C, G(1,N*-e-G)T, or G(AP)C. The primer terminal residue X of the 13-mer
primer was paired with the first (3") Yin the YYY sequence of the template strand.
For the LC-MS experiments, the 5'-most T of the primer was replaced with 2'-de-
oxyuridine (see Table 2).

13-mer 5'-GGGGGAAGGATTX-3'
13,44-mer 5'-GGGGGAAGGATTX 4-3'
18-mer 3’-CCCCCTTCCTAAYYYACT-5"

EXPERIMENTAL PROCEDURES

Materials—Unlabeled dNTPs were purchased from New
England Biolabs (Beverly, MA), and [y->*P]ATP (specific activ-
ity 3 X 10®> Ci mmol™ ") was from PerkinElmer Life Sciences.
Bio-Spin columns were obtained from Bio-Rad. The Dpo4 sin-
gle Trp mutant (Dpo4 T239W) was expressed in Escherichia
coli and purified to electrophoretic homogeneity as described
previously (14, 26), with the 80 °C heat step omitted in the case
of the mutant because of the possibility of decreased mutant
stability. Purified Dpo4 T239W was stored in small aliquots at
—80 °C in 50 mm Tris-HCl buffer (pH 7.7 measured at 22 °C)
containing 50 mm NaCl, 1 mwm dithiothreitol, and 50% glycerol
(v/v). All other reagents were of the highest quality commer-
cially available.

Oligonucleotides—Unmodified 13-mers (primers) and 18-
mers and adducted 18-mer (templates) oligonucleotides con-
taining O®-MeG, 8-0x0G, or a stabilized AP site (i.e. 3',5'-dis-
ubstituted tetrahydrofuran) (Table 1) were synthesized and
purified using high pressure liquid chromatography by Mid-
land Certified Reagent Co. (Midland, TX). For analysis of fluo-
rescence changes in the absence of phosphodiester bond for-
mation, the 3’ end of the primer strand was rendered incapable
of phosphoryl transfer by deletion of the 3'-OH group and is
termed “dd” in the text. The extinction coefficients for the oli-
gonucleotides were estimated by the Borer method (27).

The 5" end of each 13-mer primer was labeled with
[y->*P]ATP using T4 polynucleotide kinase at 37 °C for 30 min.
After removal of excess [y->**P]ATP using a Bio-Spin 6 column
(Bio-Rad), the labeled primer and (unmodified or modified)
template (molar ratio 1:1) were heated at 95 °C for 5 min and
then slowly cooled to room temperature to form the 13-mer/
18-mer duplexes, which were used for all steady-state and pre-
steady-state kinetic experiments.

Reaction Conditions for Dpo4 T239W Assays and Product
Analysis Methods—Unless stated otherwise, DNA polymeriza-
tion reactions with Dpo4 T239W were carried out in 50 mMm
Tris-HCl buffer (pH 7.5 at 25 °C) containing 50 mm NaCl, 5 mm
dithiothreitol, and 5% (v/v) glycerol) at 37 °C (26). Although
bovine serum albumin is often used in DNA polymerase assays,
it was not added here because it contains two Trp residues that
could interfere with the fluorescence of the Dpo4 mutant (26);
removal of albumin was previously found not have an effect on
the rate of DNA polymerization. All reactions were initiated by
mixing a ANTP/MgCl, solution (final MgCl, concentration of 5
mM) with preincubated enzyme/DNA mixtures. After the reac-
tion, 5-ul aliquots were quenched by the addition of EDTA/
formamide solution (50 ul of 20 mm EDTA in 95% formamide
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(v/v) with 0.5% bromphenol blue (w/v) and 0.05% xylene cyanol
(w/v)). Products were resolved using 20% polyacrylamide (w/v),
8 M urea denaturing gel electrophoresis and visualized and
quantitated by phosphorimaging analysis using a Bio-Rad
Molecular Imager FX instrument and Quantity One software.

Single ANTP Incorporation and Extension—Reactions were
initiated by mixing 200 nM Dpo4 T239W and 100 nm DNA
mixtures with 1 mm dNTP and 5 mm MgCl, complex at 37 °C.
Each 30 s an aliquot was quenched by the addition of EDTA (to
4 min). The zero time point value was determined without the
addition of ANTP. The products were visualized and quanti-
tated by phosphorimaging analysis using a Bio-Rad Molecular
Imager FX instrument and Quantity One software.

LC-MS/MS Analysis of Primer Extension Products—The
template base at the insertion position was varied to character-
ize all possible misincorporation and deletion products after
addition of only three dNTPs, in the absence of the ANTP that
would be correctly incorporated opposite the insertion base.
The primer was extended by incubating Dpo4 T239W (5 um),
DNA (10 uM), a mixture of three dNTPs (1 mm each, with the
normally pairing ANTP omitted), and MgCl, (5 mm) in Tris-
HCl buffer (pH 7.5, final volume 100 ul) at 37 °C for 12 h. In the
case of the modified G base used here (i.e. 1,N*-e-G), all four
dNTPs were added. Each reaction was terminated by extraction
of the remaining ANTPs using a Bio-Spin 6 chromatography
column, and concentrated Tris-HCI, dithiothreitol, and EDTA
solutions were added to restore the final concentrations to 50,
5, and 1 mwm, respectively. E. coli uracil DNA glycosylase (20
units, Sigma) was then added; the solution was incubated at
37 °C for 6 h to remove the uracil residues on the extended
primer and then heated at 95 °C for 1 hin the presence of 0.25 M
piperidine, followed by removal of the solvent by in vacuo cen-
trifugation (14). The dried sample was resuspended in 100 ul of
H,O for spectrometry analysis.

LC-MS/MS analysis was performed using an Acquity UPLC
system (Waters) connected to a Finnigan LTQ mass spectrom-
eter (Thermo Fisher Scientific, Waltham, MA) operating in the
electrospray ionization negative ion mode. An Acquity UPLC
BEH octadecylsilane (C,3) column (1.7 wm, 1.0 X 100 mm) was
used with the following LC conditions (all at 50 °C) with Buffer
A (10 mm NH,CH,CO,, plus 2% CH;CN (v/v)) and Buffer B (10
mM NH,CH;CO, plus 95% CH,CN (v/v)). The conditions used
were similar to those reported previously (14, 28, 29). The cal-
culations of the collision-induced dissociation fragmentations
of oligonucleotide sequences were done using a program linked
to the Mass Spectrometry Group (Medicinal Chemistry) of the
University of Utah.

Steady-state Kinetic Assays—Steady-state single-base incor-
poration experiments were performed by adding a single INTP
at various concentrations (12 concentrations for each assay) to
a preincubated Dpo4 T239W/primer-template duplex (molar
ratio of DNA polymerase to primer-template <10%). Primer
conversion to product was kept to <20% by adjusting the poly-
merase concentration and incorporation time (30). Graphs of
ks versus ANTP concentration were fit to a hyperbolic equa-
tion to yield k_,, and K, values using nonlinear regression in
GraphPad Prism version 3.0 (GraphPad, San Diego). The cor-
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responding errors were also obtained to indicate the goodness
of fit.

Stopped-flow Fluorescence Measurements—An OLIS RSM-
1000 spectrofluorimeter (On-line Instrument Systems, Bogart,
GA) with a4 X 4 mm observation cell was used in the measure-
ment of transient fluorescent assays. For optimal signal-to-
noise ratios for observing changes in Trp fluorescence,
3.16-mmislits (yielding 20 nm bandwidth) were employed along
with both 335-nm long pass (CVI Laser Corp., Albuquerque,
NM) and 355-nm bandpass filters (Newport, Irvine, CA)
attached to the sample photomultiplier tube in tandem. MgCl,
(5 mMm) was included in both syringes. In typical experiments,
one syringe contained Dpo4 T239W plus oligonucleotide com-
plex in 50 mM Tris-HCl buffer (pH 7.5 at 25 °C) containing 50
mM NaCl, 5 mm dithiothreitol, and 5% (v/v) glycerol, and the
second syringe contained various concentrations of the com-
plementary dNTP (either paired with the “0” or +1 templating
base) in the same Tris buffer (with 5 mm MgCl,). After rapid
mixing, the final concentration of Dpo4-oligonucleotide com-
plex was 1 uM. In all cases, standard assays were performed,
including all components except the reagent producing a
change (e.g. ANTP in the case of fluorescence changes versus
dNTP concentrations). The signal-to-noise ratio was decreased
somewhat due to an inner filter effect; this phenomenon was
least problematic in the situations where dATP was mixed with
oligonucleotides. The fluorescence plots presented here are
generally averages of eight individual shots.

Analysis of Stopped-flow Fluorescence Data—The rates of
conformational change at different dNTP concentrations can
be obtained by nonlinear regression fitting of the fluorescence
increase signal against time using Equation 1,

y = A('I — e*kobsf) (Eq 1)

where y is the fluorescence signal produced over time; A is the
amplitude of the signal; k. is the observed rate constant, and ¢
is time. The k_,, apparent values were then plotted against
dNTP concentrations (Equation 2) to obtain the ground state
dissociation constant of ANTP (K, 4yrp), maximal forward
conformational change rate (k;), and reverse conformational

change rate (k_,) (Fig. 2) (26),

Kops = ks[dNTP)/(Kygnrp + [ANTP]) + k_5 (Eq.2)

All nonlinear regression analyses used the OLIS RSM-1000
stopped-flow spectrofluorimeter software and GraphPad Prism
version 3.0. The corresponding errors were obtained to indicate
the goodness of fit.

RESULTS

Analysis of Full-length Primer Extension Products as a Func-
tion of Template Sequence—LC-MS/MS analysis of the full-
length extension products of primer was used to distinguish —1
deletion frameshifts from other miscoding events (Table 2). In
each case, the template base at the insertion position was dif-
ferent from any bases in the 5'-template sequence, and only
three dNTPs were added, excluding the ANTP that would cor-
rectly pair opposite the templating base (0 base). In this exper-
imental design, the DNA polymerase has to mispair or frame-
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FIGURE 2. General DNA polymerization mechanism. Note that the pyro-
phosphate release step precedes the relaxation of conformation in this
scheme (26). The rate constants shown are from Ref. 26.

shift because of the inability to proceed with normal base
pairing at the insertion site (Fig. 1) (if all four dNTPs are pres-
ent, the primer is prone to rapid incorporation and extension in
an accurate mode, not revealing potential products resulting
from slower misincorporations and frameshifts (29, 31, 32)).
For full-length extension bypass of 1,N*-e-G, dCTP was also
added because all four dNTPs were found to be incorporated
slowly opposite this lesion by wild-type Dpo4 (14). All possible
extension products were considered, including misincorpora-
tion products, —1 deletion frameshift products, products with
blunt-end additions, and partial extension products. Each
product in the oligonucleotide product mixtures could be
readily identified and quantified by LC-MS/MS (two examples
are shown in detail in supplemental Figs. S1-S5 and supple-
mental Tables S1-S9).

Collectively, when A or G was in the 0 templating position,
Dpo4 T239W bypass yielded 9 —12% of the — 1 frameshift prod-
ucts but only 0-2% when T or C was in the 0 templating posi-
tion. All other products were the result of other miscoding
events (misinsertion). Changing the template sequence to
include either repeated or nonrepeated template sequences had
little effect on the production of —1 deletion frameshifts. As
with wild-type Dpo4, Dpo4 T239W incorporated all four
dNTPs opposite a 0 templating 1,N*-e-G with significant per-
centages of —1 frameshifts (25-50%) (14). All —1 frameshift
products arose from complementary incorporation opposite
the +1 base.

Fluorescence Changes in Dpo4 T239W-Oligonucleotide Com-
plexes Observed following Mixing with dNTPs—Stopped-flow
mixing of dCTP opposite a (5')- C/(3")-GGC- pair (i.e. dCTP
positioned opposite a G and with a free 3'-OH to permit phos-
phodiester bond formation) showed a fast fluorescence
increase, followed by a slow relaxation phase (following rapid
phosphodiester bond formation), in agreement with our previ-
ous results (Fig. 34) (26). Mixing of dGTP with this primer-
template complex showed only the fluorescence increase with-
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TABLE 2

LC-MS/MS analysis of full-length extension products using Dpo4
T239W and partial ANTP mixtures

The reaction conditions are as follows: 5 um Dpo4, 10 uM DNA primer-template
complex, 1 mm dNTP (without the correct ANTP corresponding to the base at the
incorporation position), 5 mm MgCl,, 12-h incubation time; MS, charge —3; peak
area calculated from m/z limit, 0.5 atomic mass units. Sequences 5 -GGGG-
GAAGGAU... and 3'-CCCCCTTCCTA. .. are completed below (where under-
lined U indicates 2'-deoxyuridine).

Additional primer and Extension % Frameshift
o o
template sequence products products’
%
-TC TCCGCGA 91
-AGACGCT TC GCGAC 9 9
-TC TCCCGAC 89
-AGAGCTG TC CGACC 11 11
-TC TCTGTGA 64
-AGGCACT TCAGTGA 24
TC GTGA 12 12
TC TCATACT 18
-AGCATGA TCATACTA 3
TCCTACT 4
TCTTACT 68
TCTTACTT 3
TC TACT 2 2
-TA TACCTAC 53
-ATCGATG TACCTACC 5
TACCTACT 4
TAACTAC 15
TATCTAC 21
TA CTAC 2 2
-TC TCCGCGT 43
-AGTCGCA TCCGCGT G 4
TCGGCGT C 25
TCTGCG T 25
TCTGCG 2
TC GCGT 1 1
-TC TCCGTG 16
-AG(1,N%-e-G)CACT“ TCCGTGA 6
TCAGTC 22
TCAGTGA 10
TCGGTGA 21
TC GTGA 25 25
-TC TCCATGA 9
-AG(1,N*-e-G)TACT“ TCAATG 16
TCAATGA 6
TCGATGA 8
TCTATG 11
TC ATG 29
TC ATGA 21 50

“With the two templates containing 1,N*-€-G, all four INTPs were added.

out a detectable relaxation phase, suggesting a much slower
phosphodiester bond formation step, relaxation step, or both.
Additions of dNTPs to other (primer-) template sequences pro-
duced similar results (Fig. 3, B and C). These experiments gen-
erally included 5 mm Mg?"; if Mg®" was omitted (using EDTA
to trap residual metal ions), no fluorescence increases were
observed (Fig. 3A).

Addition of each of the four ANTPs toa (5')-C primer (3'-dd)
annealed to the templates (3')-GGC-, (3')-GGT- (0 templating
base in boldface), or a (5')-T primer (3'-dd) annealed to the
template (3')-AAC- (Fig. 4, A—C) produced two fluorescence
increases with each primer-template complex, one from bind-
ing of the ANTP complementary to the O templating base and
the other from binding of the ANTP complementary to the
following base (5 or +1 base). Because these template
sequences contained repeated sequences (either AA or GG),
the 0 template base could have slipped to the —1 position to
complement the 3'-primer base, thereby pulling the +1 base
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FIGURE 3. Fluorescence changes of Dpo4 T239W after addition of dNTPs to primer-template complexes. The relevant portions of the oligonucleotide
sequences (within the region of dNTP binding) and the dNTP are shown above the graphs. The reactions included 1.0 um Dpo4 T239W, 1.0 um 13-/18-mer
primer-template complex (Table 1), 0.5 mm dNTP, and 5 mm Mg? " at 37 °C. All assays contained Mg?" except for the two traces with EDTA (0.3 mw) (A).
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FIGURE 4. Fluorescence changes for Dpo4 T239W following mixing of each of four dNTPs opposite a 13/18-mer primer (3’-dideoxy terminated)-
template pair. The relevant portion of the DNA sequence within the region of dNTP binding is shown above each graph (see Table 1 for remainder). The final
concentrations of the Dpo4 T239W-oligonucleotide complex and dNTP were 1.0 and 0.5 mwm, respectively. dATP (black), dTTP (red), dCTP (blue), and dGTP

(purple).

into the 0 templating position (Fig. 14) (10, 26). The expecta-
tion was that fluorescence changes would be observed only if
the complementary base was in the 0 position (21). However,
adding dANTPs opposite nonrepeated template sequences gave
comparable results, with rapid fluorescence increases upon
addition of ANTPs complementary to 0 and +1 bases (Fig. 4, D
and E). Interestingly, a fluorescence change was observed only
upon binding of the ANTP complementary to a 0 templating
pyrimidine, regardless of whether repeating or nonrepeating
base template sequences were used (Fig. 4, F-)).

Several DNA adducts were included as 0 templates in these
fluorescence experiments (Fig. 4, K-0). Only the addition of
dGTP opposite a +1 C following O°-MeG produced a fluores-
cence increase (Fig. 4K). The fluorescence changes observed
upon addition of all four ANTPs opposite 8-0xoG are compa-
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rable with those observed opposite G (Fig. 4, A and L). Increased
fluorescence was observed upon complementary pairing with
the +1 C or T following 1,N*-e-G (Fig. 4, M and N), consonant
with a complex observed in crystal structures with wild-type
Dpo4 (14). dATP pairing opposite 1,N*-e-G also gave a fluores-
cence increase, in agreement with a previous finding that
dATP was relatively efficiently incorporated opposite this
lesion (as shown by LC-MS/MS analysis of full-length primer
extension products by wild-type Dpo4 (14)). Dpo4 T239W
gave comparable results (Table 2). None of the four dNTPs
produced a fluorescence increase when added opposite an
abasic site (Fig. 40).

dNTP Binding Affinity and Conformational Change Rates
Determined by Stopped-flow Fluorescence Measurements—In
the absence of phosphodiester bond formation (using 3'-dd
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FIGURE 5. Estimation of ground state dNTP binding affinity K, ,yrp and conformational change rate
constants (k; and k_;) (Fig. 2) by fitting the observed rates of fluorescence changes as a function of
dNTP concentration. See supplemental Fig. S6 for data traces. The relevant portion of each oligonucleo-
tide sequence and the dNTP are shown above each graph, and the calculated parameters are shown.
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terminated primer-templates), pre-
steady-state parameters were mea-
sured by adding varying con-
centrations of ANTPs opposite the 0
or +1 base (supplemental Fig. S6
and Fig. 5, A-G) by fitting plots of
the increased fluorescence signal
versus time to single exponential
equations (Equation 1). Plotting k.
versus [ANTP] to a hyperbola (Equa-
tion 2) yielded the ground state dis-
sociation constant, K, 4\ rp, and the
forward and reverse conformational
change rates (k; and k_,, respec-
tively, see Fig. 2) (Fig. 5) (26). Sur-
prisingly, these kinetic parameters
were similar whether the added
dNTP was complementary to the 0
or +1 base.

Steady-state Kinetic Analysis of
Incorporation/Extension by Dpo4
T239W with Individual dNTPs—
Incorporation of dNTPs comple-
mentary to a O templating base
always showed a burst phase (Fig. 6,
A-F), which was not quantified here
but has been described previously
with wild-type Dpo4 (32) and Dpo4
T239W (26). None of the miscoding
events, including those leading to
—1 frameshift mutations, showed a
detectable burst phase and thus are
produced inefficiently (k_,, =0.012
s~ 1). These slow rates were
reflected by a lack of a detectable
decrease in fluorescence following
phosphodiester bond formation in
these cases.

Steady-state kinetic analysis
(Table 3) yielded quantitative infor-
mation about the various miscoding
events, but these data cannot distin-
guish between misincorporation
opposite the 0 template base or
incorporation opposite the +1 base,
yielding a frameshift. These data
(Fig. 6) confirm that rapid, favorable
conformational changes related to
+1 complementary dNTP binding
did not lead to high efficiency phos-
phodiester bond formation.

DISCUSSION

Frameshift mutations are consid-
ered very deleterious, because add-
ing or subtracting a nucleotide
produces non-sense protein prod-
ucts. Translesion DNA polymerases
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FIGURE 6. Single dNTP primer incorporation/extension opposite 18-mer templates catalyzed by Dpo4 T239W. The reactions contained 200 nm Dpo4
T239W, 100 nm DNA, T mm dNTP, and 5 mm Mg? ™" at 37 °C for 4 min. The graph in each part shows product concentration plotted against reaction time.

appear to be prone to frameshift mutations (9-11, 19). The
reason for this behavior may be that these polymerases form
relatively few protein contacts with the incoming dNTP and
primer-template complex to help anchor the substrates at one
site, leading to formation of alternative active site configura-
tions that lead to different products. The ability to effectively
bind two template residues within the active site is also appar-
ently unique to Y family polymerases and probably contributes
to their propensity to generate frameshift mutations.

Crystal structures of Dpo4 often have purines or bulky
adducts as 0 template bases with the dNTP base bound via
hydrogen bonds with the +1 base. These structures were orig-
inally termed type II structures (21), as opposed to the typical
type I structures that simply have the incoming base paired with
the 0 templating base. Type II structures provide insight as to
how a —1 frameshift event occurs; the ANTP binds opposite the
+1 base, followed by phosphodiester bond formation, followed
by additional polymerization events to “seal” the bulge formed
by the excluded nucleotide. This simple set of events may at
first seem obvious when the templating 0 base is a DNA adduct,
which is often large in relation to natural bases and therefore
the incoming ANTP would need to find an alternative location
to bind. A change in the polymerase structure might be antici-
pated when comparing type I and type II pairing modes, but this
is not the case. Instead, the incoming dNTP binds in the same
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site and orientation relative to the polymerase. In type II com-
plexes, it is the primer terminus that is not translocated toward
the active site residues of Dpo4.

Other models used to explain the phenomenon of frameshift
mutations (Fig. 1) rely on placement of the +1 base to occupy
the 0 templating position, which allows for at least two fates of
the O base, either it is flipped out or it takes the place of the —1
base at the primer terminus via a “slippage” mechanism. How-
ever, regarding Dpo4, these latter models are largely unsup-
ported structurally.

Our results indicate that the stacking potential of the 0 tem-
plating base is a crucial factor facilitating formation of —1
frameshift mutations (Fig. 7, A-D). Bulky 0 templating adducts
are prone to —1 frameshifts. The LC-MS/MS results (Table 2)
indicate that 1,N*-e-G caused —1 frameshift deletions during
~25-50% of all adduct bypass events, a result similar to that
found with wild-type Dpo4 (14). Of the unmodified 0 templat-
ing bases, purines were ~10-fold more likely to cause —1
frameshift deletions than the relatively small pyrimidines
(Table 2), although these events were less frequent relative to
1,N?-€-G (9 —12% for purines and 0 —2% for pyrimidines). Dpo4
type Il crystal structures either contain a 0 templating purine or
DNA adduct at least the size of a purine, and in each case there
is stacking overlap between this base and the incoming base
(Fig. 7). Additionally, the fact that there has not been a reported
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TABLE 3

Dpo4 Polymerase Frameshift Mutations

Steady-state kinetic parameters for the single dNTP incorporation by Dpo4 T239W
The extent of conversion of primer to the product was kept to <20% by adjustment of the enzyme concentration and reaction time.

Primer-template” dNTP Keoe X10° K, antp keoo/K,, % 10° Misincorporation ratio
s 1 M p,M” st

5’-13-mer-C T 47 =1 48 + 4 980

3’-18-mer-GAC- A 4.2 *0.2 2000 * 180 2.1 21xX10°3
C 0.25 = 0.01 280 * 30 0.89 89x10°*
G 0.36 = 0.07 2600 = 800 0.14 1.4 X 107*

5'-13-mer-C T 33.6 3.1 36 =2 930

3’-18-mer-GAG- A 14 0.1 770 = 140 1.8 1.9x10°3
C 0.16 = 0.01 67 =7 2.4 2.6 X103
G 0.063 = 0.014 2600 = 800 0.024 2.9 X10°°

5'-13-mer-A G 120 =3 11=*1 11,000

3’'-18-mer-TCG- A 1.7 £0.2 2700 * 470 0.63 58X 10°°
C 12+1 480 = 90 25 23%x10°°
T 24*+02 430 = 100 5.6 51x107*

5'-13-mer-C G 150 = 20 78 £ 22 1900

3’-18-mer-GCA- A 1.3 +£0.1 700 = 150 1.9 1.0Xx 1072
C 0.11 = 0.01 2300 = 450 0.048 2.5X10°°
T 1.2 +0.11 860 = 190 1.4 7.4 X 107%

5’-13-mer-C C 346 £ 1.7 173 2000

3’-18-mer-GGC- A 0.25 = 0.01 270 = 20 0.93 4.7 X 107*
G 0.23 = 0.01 150 = 20 1.5 7.5x10°*
T 2.7 0.2 900 * 150 3.0 15X 1073

5'-13-mer-C A 26.1*+ 1.6 37%6 710

3'-18-mer-GTC- C 0.49 = 0.02 320 * 30 1.5 2.1X10°2
G 1.5+ 0.05 690 = 50 2.2 3.1x10°°
T 0.51 = 0.03 660 = 90 0.77 1.1Xx10°3

5'-13-mer-C C 22*0.1 216 =43 10

3'-18-mer-G(O°-MeG)C- A 0.44 = 0.02 113 =18 3.9 0.38
G 0.15 = 0.01 91 +8 1.6 0.16
T 2.6 +0.1 219 =27 12 1.2

“ See Table 1 for the rest of the oligonucleotide sequences.

type II structure containing a 0 templating natural pyrimidine
can arguably be considered evidence, by default, that the —1
frameshift mutation is unfavored by Dpo4 in these cases. Stack-
ing potential and not necessarily a larger relative stacking sur-
face may also lead to increased —1 frameshift mutations, as was
inferred by the recently solved type II crystal structure of a 0
templating hydrophobic thymidine isostere 2'-deoxy-2,4-dif-
luorotoluyl with an incoming dA:dGTP pair at the +1 position
(34). Overall, the data suggest that the energy supplied by the
increased stacking surface and/or stacking potential of the 0
template base and the accompanying hydrogen bonds formed
between the incoming base and +1 base combine to provide
sufficient stability to counter the large contortions of the active
site that occur when the ANTP is positioned opposite the +1
base.

The single Trp Dpo4 mutant T239W detects what we inter-
pret to be conformational changes specific for incorporation of
a complementary dNTP during formation of both type I and
type Il ternary complexes (26). Because of the proximity of Trp-
239 to the duplex, and its location within a flexible “linker”
region, Trp-239 is likely sensitive to the position of the DNA
duplex relative to nearby subdomains of Dpo4. We suggest that
the thumb (and possibly the little finger) domain is translocat-
ing the primer-template into an orientation that places the
3'-OH group in a position for phosphoryl transfer. Intuitively, if
this happens with a type II complex, then the conformations
sampled by the thumb/little finger domains will have to move
further out of a thermodynamically favored free energy well (i.e.
the thumb/little finger has to “stretch” further to facilitate
phosphodiester bond formation), and this may result in a
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slower rate of product formation (Table 3). However, we found
that in the cases when a type II complex forms, conformational
changes upon dNTP binding, as reported by the rapid increase
in fluorescence signal, were favorable, comparable with forma-
tion of type I complexes, even when accompanied by an
extremely slow rate of phosphodiester bond formation. This
result cannot be explained by a longer “stretching” of the
thumb/little fingers domains, because the higher energy cost
would likely result in an unfavorable forward conformational
change. A more reasonable assessment is that Dpo4 recognizes
acomplementary +1 template:dNTP pair as it would a comple-
mentary 0 template:dNTP pair and responds by making similar
movements (as long as the energy requirements are met, e.g. the
0 templating base stacks favorably with the incoming base, see
above).

The observation that Dpo4 exhibits favorable fluorescent
changes upon formation of ternary complexes that do not lead
to catalysis was unexpected. Tsai and Johnson (35) showed that
fluorescence changes within the fingers region of the replicative
bacteriophage pol T7 ™ report the binding and incorporation of
mispaired dNTPs, obviously events that cause relatively high
distortion within the active center, but the reported conforma-
tional changes upon binding of incorrect ANTPs were unfavor-
able relative to correct pairing events. However, pol T7" is a
high fidelity polymerase, and Dpo4 is not.

An important point is that the propensity of Dpo4 to form
type Il complexes does not appear to be dependent on sequence
context, aside from the purine selectivity. Mutational frequency
analysis of Dpo4 by Kokoska et al. (19) showed that a coding
sequence with a 0 templating C flanked by a +1 G (i.e. 3'-CG-)
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Type | complex
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FIGURE 7. H-bond and stacking interactions for type | and type Il complexes containing G, 8-0x0G, or
1,N?-€-G at the insertion position. The ternary type | complexes (Protein Data Bank code 2ATL (15)) and
type Il complexes containing G (1JXL (21)), 8-0xoG (2C22 (33)), or 1,N*-e-G (2bgr (14)) all form H-bonds
between the incoming d(d)NTP and the opposite template base. The type | complex shows stacking
interactions between ddADP and the primer terminus base A. Type Il complexes show stacking interac-
tions of d(d)NTP with the —1 unpaired template base (G, 8-0xoG, or 1,N*-€-G). The reaction distance
between the 3’-OH of the primer and the a-phosphorus atom of dNTP is shortened due to the tilted
configuration of the primer terminus and dNTP.

nucleotides. However, our results
indicate that a “hot spot” may indeed
be only 1 base, the identity of the 0
templating base determining the
reaction course. Some of the local
sequences in the lacZ template, per-
haps defined by several bases, may
discourage bypassing templates even
when the polymerase rapidly forms
type II complexes. Studies involving
more global changes in primer-tem-
plate context are required.

In summary, the biochemical
approaches used in this study pro-
vide strong evidence that the type II
complex structure often exhibited
in ternary crystal structures of Dpo4
with “O-position” templating adduct
or purine bases is the complex on
the pathway to produce —1 frame-
shift deletions by this DNA poly-
merase (Fig. 1B), and that a driving
force is base stacking between the
incoming ANTP base and the 0 tem-
plating base. Because type II com-
plex formation, as reported by
Dpo4 T239W fluorescence, did not
depend on sequence context, we
rule out the model of template slip-
page as a driving mechanism to
form these deletions (Fig. 14). This
conclusion is further supported by
the LC-MS/MS data. We are aware
that other DNA polymerases are
highly sensitive to sequence con-
text, e.g. family X and Y DNA poly-
merases make common frameshift
errors while copying repeated
sequences. We do not rule out the
“misincorporation-misalignment”
mechanism (Fig. 1C) or the possibil-
ity that 0 templating bases will “flip”
out with some other DNA adducts,
but because these scenarios are not
seen in ternary crystal structures
except with an AP site or a very
bulky lesion (13, 36), the type II
complex (Fig. 1B) remains our

gave the highest rate of formation of —1 frameshifts. Our fluo-
rescence and LC-MS/MS experiments show that sequences
having pyrimidines at the 0 position are the least likely to form
—1 frameshift deletions. The reason for the apparent discrep-
ancy is not obvious. Although the 3'-CG- sequence often led to
—1 frameshift deletions in the lacZ template sequence used in
the Kokoska et al. study (19), there were other relative “hot
spots” with completely unrelated sequences. In some locations,
the 3’-CG- sequence did not lead to —1 frameshift mutations,
suggesting that hot spots may best be defined by a larger number of
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favored model for unmodified DNA and several adducts.
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