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ABSTRACT: Y-Family DNA polymerase IV (Dpo4) fronsulfolobus solfataricuserves as a model system

for eukaryotic translesion polymerases, and three-dimensional structures of its complexes with native and
adducted DNA have been analyzed in considerable detail. Dpo4 lacks a proofreading exonuclease activity
common in replicative polymerases but uses pyrophosphorolysis to reduce the likelihood of incorporation
of an incorrect base. Mg is a cofactor for both the polymerase and pyrophosphorolysis activities. Despite
the fact that all crystal structures of Dpo4 have been obtained in the presenc& pfi@aconsequences

of replacing M@+ with Ca" for Dpo4 activity have not been investigated to date. We show here that
C&* (but not B&", Cc?™, Cl2*, Ni2™, or Zr"™) is a cofactor for Dpo4-catalyzed polymerization with

both native and 8-oxoG-containing DNA templates. Both dNTP and ddNTP are substrates of the polymerase
in the presence of either Mg or C&". Conversely, no pyrophosphorolysis occurs in the presence of
C&", although the positions of the two catalytic metal ions at the active site appear to be very similar in
mixed Mg?t/Ca&"- and C&"-form Dpo4 crystals.

DNA polymerases exhibit considerable sequence and most of them preferentially insert dA opposite 8-0xoG in-
structural diversity, but the catalytic cores in all of them share stead of dC (reviewed in reé). Conversely, DNA polymer-
three subdomains: palm, thumb, and fingel)s The palm aser is capable of bypassing 8-0xoG in a virtually error-
harbors conserved acidic residues that coordinate two divalentfree mannerX6, 17). We have recently analyzed primer ex-
metal ions required for catalysi®)( The fingers form tension by Dpo4 opposite 8-oxoG-containing templates and
interactions with the incoming nucleoside triphosphate, and found that the polymerase replicates the adduct with high
residues from the thumb contact the minor groove of the fidelity (19:1 dC:dA ratio) (8). Inspection of crystal struc-
DNA template-primer duplex. The so-called Y-class trans- tures of ternary complexes between Dpo4 and prifem-
lesion polymerases possess an additional little finger or PAD plate constructs with either dATP, dCTP, ddCTP, dGTP, or
domain @, 4) that is crucial for damage sensing and bypass ddGTP paired with 8-oxoG identified an arginine of the little
(5). finger (LF) domain at the origin of the strong preference for

Considerable progress has been made in recent years witldC over dA (8). Arg332 hydrogen bonds to the 8-oxygen at
regard to our understanding of how both replicative and the edge of the major groove with 8-oxoG adopting an anti
translesion DNA polymerases deal with damaged DMA ( conformation opposite (d)dCTP. When 8-0xoG flips to the
6). Much of the structural information gained for the latter syn conformation and pairs with dATP, no hydrogen bond
class stems from binary and ternary complexes with DNA exists between Arg332 and N3 of 8-oxoG. The structural
of the Dpo4 DNA polymerase frorBulfolobus solfataricus  data also provide a rationalization of the asymmetry in the
(7—11). Although Dpo4 has served as a model system for efficiency of incorporation that differs strongly with Dpo4,
eukaryotic polymerase, there is some evidence for distinct depending on whether the 8-oxoG adduct is the templating
mechanisms used by the two polymerases to bypass damagbase or the nucleoside triphosphate being incorporated.

(12) Moreover, recent structural data and biochemical Crysta|s grown with Dp047 the 18mer temp|ate Containing

evidence support the notion that individual translesion g.oxoG, the 13mer primer, and either dCTP or ddCTP in

polymerases appear to employ diverse mechanisms tothe presence of calcium acetate unexpectedly revealed

replicate damaged DNALB—15). primers with single nucleotide extensions and (d)dCTP paired
The 7,8-dihydro-8-oxodeoxyguanosine (8-0xoG) modifica- with 8-oxoG at the active sitel) (Figure 1). As with all

tion constitutes a challenge for replicative polymerases, andother DNA polymerases, Mg and Mr#+ are cofactors of

s od | by US. Public Health Service Grants ROL Dpo4 (19, 20). Dpo4 also relies on pyrophosphorolysis for
upported in part by U.S. Public Heal ervice Grants ; ; A ali inati
ES010375 and P30 ES000267, and PO1 ES05355. increasing the fidelity of replication20). Although all
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Ficure 1: Metal ion coordination and conformations of the nucleoside triphosphate and ptengulate duplex at the active sites of

Dpo4 in crystal structures of type | ternary complexes (left panels). Schematic diagrams of the detailed intermolecular contacts and metal
ion coordination modes in the individual Dpe®NA complexes (right panels). (A) Dpe4dATP (PDB entry 2C2D), (B) Dpo4dCTP

(PDB entry 2C2E), and (C) Dpe4ddCTP (PDB entry 2C2R) Ca-form complexes in which the NTP is paired to template 8-0xoG (80G)

(18). (D) Mixed Mg?t/Ca*-form complex with native DNA from re¥ (PDB entry 1JX4). The 8-0x0G, the d(d)NTP, and the 14th nucleotide

of the primer extended by polymerase (panels B and C only) are highlighted in light brod/nio@s, Mg ions (Mg present in panel

D only; however, the identity of the divalent ion cannot be taken for granted), and water molecules are spheres colored orange, green, and
red, respectively. Residues interacting with metal ions or with d(d)NTP are colored by atom type with carbon atoms colored green- Template
primer base pair hydrogen bonds are shown as thin dashed lines.

and 22), no data regarding the effects of €aon Dpo4 ization. Conversely, G4 is an inhibitor of the pyrophos-
activity have been published to our knowledge. The observa-phorolysis activity of Dpo4. The different roles played by
tion of extended primers in crystals of DpeBNA com- Mg?" and C&" are unlikely to be a consequence of changes
plexes obtained in the presence offChut in the absence in the positions of the two catalytic metal ions at the Dpo4
of Mg?* (18) prompted us to assay Dpo4 activity withZa active site but rather appear to be related to the preferred
Here we show that although &ais not the preferred divalent  modes of interactions of individual alkaline earth metal ions
metal ion, it acts as a cofactor of Dpo4-catalyzed polymer- with the primer-template duplex.
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MATERIALS AND METHODS

ReagentsDpo4 was expressed iBscherichia coliand
purified using heat denaturation, Ni-nitriloacetate chro-

matography, and ion-exchange chromatography as described

elsewhere18). All oligonucleotides used in this work were
synthesized by Midland Certified Reagent Co. (Midland, TX)
and purified by HPLC by the manufacturer, with analysis
by matrix-assisted laser desorption time-of-flight MS.

Calcium Concentration Effect in Primer Extension Assays

Using All Four dNTPsTo avoid activity due to trace metal
ion contaminations (i.e., Md) in the primer extension
reactions, double-distilled water and solutions of Tris buffer
and NaCl (8-10 mL each) were treated with 0.5 g of Chelex

100 ion-exchange resin (Bio-Rad Laboratories, Hercules,

CA) (23). The suspensions were gently stirred at room
temperature for 1 h, followed by centrifugation. The super-
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16 h, reactions were quenched with 1000f 20 mM EDTA

(pH 9.0) in 95% formamide (v/v). Aliquots (gL) were
separated by electrophoresis using denaturing gels as de-
scribed above.

Steady-State Kinetic Assays?P-labeled 13-mer primer,
annealed to either an unmodified or 8-oxoG template, was
extended in the presence of dCTP. Each reaction was initiated
by adding 2uL of a dCTP solution (0.51000uM) to a
preincubated EDNA complex [final concentrations of 50
mM Tris-HCI (pH 7.8), 100 nM DNA duplex, 50 nM Dpo4,

2 mM DTT, 100ug/mL BSA, 50 mM NacCl, 2% glycerol
(viv), and 5 mM Cad] at 37 °C, yielding a total reaction
volume of 10uL. After 15 min, reactions were quenched
with 100uL of 20 mM EDTA (pH 9.0) in 95% formamide
(v/v). Aliquots (3 uL) were separated by electrophoresis
using denaturing gels as described above.

natants were decanted and centrifuged before being used. Dpo4-Catalyzed Pyrophosphorolysié. DNA template

All the polymerization reaction mixtures were incubated in
Teflon film-lined Eppendorf tubes to prevent contaminations
from containers. Each reaction was initiated by adding 2
of a dNTP solution (final concentrations of 1 mM of each
dNTP and different concentrations of Mg@r CaC}) to a
preincubated BDNA complex [final concentrations of 50
mM Tris-HCI (pH 7.8), 1uM DNA duplex, 1.5uM Dpo4,
2mM DTT, 100ug/mL BSA, 50 mM NacCl, and 2% glycerol
(v/v)] at 37 °C, yielding a total reaction volume of 2.
After 0.5 h, reactions were quenched with 2000f 20 mM
EDTA (pH 9.0) in 95% formamide (v/v). Aliquots (8L)

were separated by electrophoresis using denaturing gel

containing 8.0 M urea and 16% acrylamide (w/v) [from a
19:1 acrylamide/bisacrylamide solution (w/w), AccuGel,
National Diagnostics, Atlanta, GA] with 80 mM Tris-borate
buffer (pH 7.8) containing 1 mM EDTA. The gel was

with a 14-mer primer (100 nM, C opposite unmodified G or
8-0x0G) was preincubated at room temperature for 5 min
with Dpo4 (150 nM) in a reaction mixture (&) containing

50 mM Tris (pH 7.8), 10 mM DTT, 20@&g/mL BSA, 2.5%
glycerol, and 5 mM MgGlor CaC} to allow the formation

of the polymeraseDNA binary complex. Pyrophosphoro-
lysis was then initiated by the addition of various concentra-
tions of PR without dNTPs. After 3 min at 60C, the
reactions were quenched with 100 of 20 mM EDTA (pH
9.0) in 95% formamide (v/v) and analyzed on a 16%
polyacrylamide-8 M urea sequencing gel. The primer
5degradation bands were visualized with a phosphorimaging
system as described above.

RESULTS

Active Site Properties of Dpo4 Based on Crystallographic

exposed to a phosphorimager screen (Imaging Screen K, Bio-pata Compared to those of other translesion polymerases,
Rad) overnight. The bands (representing extension of thethe structure and function of Dpo4 DNA polymerase from
primer) were visualized with a phosphorimaging system g_gojfataricusave been studied in particular detail. Crystal

(Molecular Imager FX, Bio-Rad) using the manufacturer’s

structures of ternary complexes have disclosed two different

Quantity One software, version 4.3.0. Concentration effects grrangements of the primetemplate duplex at the active

for other metal ions (B4, Co?*, CW#t, Mn?*, Ni?t, ST,
and Zr#t) were analyzed in an analogous fashion.

Single-Step Primer Extension Assays and Gel Electro-

phoresis. A 3?P-labeled primer, annealed to either an

site. In the type | form, only the replicating template base
and the incoming dNTP are accommodated at the active site,
whereas two template bases reside in the more open binding
pocket of type Il complexes7}. The reported crystallization

unmodified or 8-0xoG template, was extended in the conditions for Dpo4 complexes vary only minimally; typi-
presence of the individual dNTPs or ddNTPs. Each reaction cally, protein and DNA are annealed in the presence of either

was initiated by adding 2L of a dNTP or ddNTPs solution
(final concentrations of 1 mM for each dNTP and 10 mM
MgCl, or CaC}) to a preincubated IDNA complex (see
above for final concentrations) at 2%, yielding a total
reaction volume of L. After 2, 10, and 25 h (2, 5, and 10
min for Mg?*-bound dNTP), reactions were quenched with
500uL of 20 mM EDTA (pH 9.0) in 95% formamide (v/v).
Aliquots (3 uL) were separated by electrophoresis using
denaturing gels as described above.

Primer Extension Assays Using All Four dNTRs32P-

5 mM Mg?* or Ca&*, and this mixture is then combined with

a solution containing 100 mM calcium acetate for growing
crystals {). Two orthorhombic crystal forms have been
observed, one featuring a single Dpe@NA complex per
asymmetric unit (i.e., ref¥ and 18) and the other two
independent complex molecules (i.e., ref® and 20).
Crystals of binary Dpo4DNA complexes can also be grown
from magnesium acetate but diffract X-rays only poorly (our
unpublished data). In cases where crystals were grown using
both Mg" and C&" ions (in the annealing and reservoir

labeled 13-mer primer, annealed to either an unmodified or solutions, respectively), it is difficult to establish the nature
8-0x0G template, was extended in the presence of the fourof metal ions identified in the structure. Although divalent

dNTPs. Each reaction was initiated by addingl2 of a
dNTP solution (final concentrations of 1 mM for each dNTP
and 10 mM MgC} or CaC}) to a preincubated DNA
complex (see above for final concentrations) at 7,
yielding a total reaction volume of 14L. After 0.5, 1, and

ions at the active site were treated as 2Mgn some
structures, probably due to the regular octahedral coordina-
tion geometry typical for Mg (i.e., ref 20), it remains
possible that high concentrations of calcium acetate caused
displacement of Mg. Recently, diffraction data for Dpe4
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DNA complex crystals were collected at longer X-ray A
wavelengths to distinguish between ¥gnd C&" on the
basis of their different contributions to anomalous scattering
(24). This work demonstrated that all ions present at and
adjacent to the active sites of the complexes were By -
analogy, we can infer that the ions in the original type | aEnEhs
ternary complex with ddATP are also €47). These crystals 0055 5002052 5 10
were grown from 100 mM calcium acetate following in situ uM mM
extension of the 12-mer primer in the presence of 1 mM
ddATP and 5 mM magnesium chloride. B
Calcium is usually expected to inhibit extension of the Ca2+
primer during crystallization of polymeras®NA—dNTP
complexes, but in addition, 8,2 -dideoxynucleotide is often
used at the '3terminus of the primer to prevent polymeri-
zation (i.e., refs7 and 13). In recent crystal structures of - e ah e G S a -
type | complexes of Dpo4 with 18-mer template DNA
containing an 8-oxoG lesion, a 13-mer primef-@2oxy- 005 5 50 0205 2 5 10
nucleotide at the '3erminus), either dCTP or ddCTP, and

Ce" only (no Mg'"), we found that the primer had been Ficure 2: Effect of calcium concentration on the extension of a
extended by (d)dC and a further (d)d_CTP paired to template DNA prirﬁer by Dpo4 with all four dNTPs. Extension of tfeP-
8-0xoG (L8) (Figure 1B,C). Thus, neither €anor the use  |apeled 13-mer primer’855GG GGA AGG ATT C-3 opposite the
of a dideoxynucleoside triphosphate (nor both) appeared to18-mer template '3CCC CCT TCC TAA GGC ACT-5in the
have prevented extension of the primer. Analysis of primer presence of increasing concentrations (indicated) of (A}My
extension by Dpo4 opposite 8-0x0G with fMglemonstrated ~ (B) C&" was analyzed at 37C after 30 min. The longer primer
>95% incorporation of dCTP over dATP, contrary to the products that formed in the presence of 5 and 10 mM Mae
: ’ - . v e the result of blunt end extensions off the full-length product.
observations with this lesion for the majority of DNA
polymerases 18 and references cited therein). Consistent amounts of either Mi§ or C&" (Figure 2; see the figure
with the kinetic data in the presence of Mdhat show dATP legend for the sequence of the priméemplate construct).
to be a poorer substrate opposite 8-0xoG than d&F [ Teflon-coated containers rather than regular glassware and
Km values of 0.22+ 0.04 and 0.007% 0.0004 mint uM 1, plasticware were used for investigating metal ion effects.
respectively {8)], the crystal structure of the complex with  Double-distilled water was used for the enzymatic reactions,
dATP revealed an unextended primer and two nucleosideand buffer solutions were treated with Chelex 100 ion-
triphosphate molecules at the active site (Figure 1A). Crystal exchange resin. From the gel depicted in Figure 2A, it is
structures of type Il complexes with an unpaired 8-0xoG and apparent that Mg concentrations of either 0.5 or8M do
the 3-tC paired to either dGTP or ddGTP at the active sites not result in any polymerization activity. Trace amounts of
(Figure S1A,B of the Supporting Information) also contained Mg?" are indeed universal in CaBamples. The calculated
13-mer primers, indicating that €amay be unable to act  concentration of Mg in the 10 mM Cadl solution is 0.25
as a cofactor for lesion bypass involving frameshifts. uM on the basis of the information provided by the producer
In the Dpo4-dCTP and Dpo4ddCTP complexes with  on the label of the Cagtontainer. Since polymerase activity
single-nucleotide extensions, thiet8rminal hydroxyl group is observed at Ga concentrations well below 10 mM (Figure
of the primer is relatively far removed from thephosphate 2B), Mg?" contamination cannot be the cause of the activity.
of the (d)dCTP because of a sharp turn in the primer that Without the addition of a divalent metal cation, no extension
places the terminal (d)dC in the minor groove (Figure 1B,C). is observed (Figure 2). Therefore, traces of’Mpotentially
Because these complexes were annealed and crystallized ipresent in the enzyme following purification cannot be the
the presence of CGaonly, the identity of the electron density  reason for the extension seen with’CaMore importantly,
peaks assigned to divalent ions is not in question. Other thanthere is a clear concentration dependence of tl& &ativity
the fact that more than two metal ions are present at the(Figure 2B). The activity gradually increases when the
active sites of the complexes depicted in panetsCAFigure concentration of CH is increased with initial activity visible
1, the geometry of the binding pocket and the conformation at 0.2 mM Ca&". Therefore, these assays provide evidence
of the template strand differ only minimally from those seen that contradicts the contamination hypothesis. Similarly, we
in the structure of the ternary complex of Dpo4 with native tested polymerase activity in the presence of increasing
DNA (Figure 1D). Motivated by the crystallographic data, concentrations of B4, Co*t, Cl#", Mn?*, Ni2", SP*, and
we first analyzed the role of Caas a potential cofactor for ~ Zn?* (Figure S2). With the exception of Mh (20), none of
Dpo4-catalyzed DNA polymerization. these metal ions act as cofactors. However?Mmntamina-
Effect of Calcium Concentration on the Polymerase tion of CaC} cannot account for the polymerase activity seen
Activity. Because Cd is a common inhibitor of DNA  with Cat.
polymerases and to address the question of whether the Single-Nucleotide Extensions and Steady-State Kinetics.
primer extensions seen in the crystal structures of ternary Extension of a 13-mer primer opposite G in an 18-mer
Dpo4—DNA—(d)dCTP complexes were possibly due to trace template was assayed separately for all four dNTPs and
amounts of Mg" (from either Dpo4, buffer components, ddNTPs in the presence of €a using the corresponding
glassware, or plasticware), we assayed extensions of a 13-extensions with Mg as a reference (Figure 3; see the figure
mer primer in the presence of all four dNTPs and various legend for the sequence of the prim¢éemplate construct).

Mg2+ -

uh mM
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Ficure 3: Metal ion dependence of single-base extension of a DNA
primer by Dpo4. Extension of th&P-labeled 13-mer primer's
GGG GGA AGG ATT C-3 opposite G (bold) of the 18-mer
template 3CCC CCT TCC TAA G5C ACT-5 in the presence of
(A) Ca*" and dNTP, (B) Mg@" and dNTP, (C) C& and ddNTP,
and (D) Mg and ddNTP was analyzed at 26 with increasing
reaction times (2, 10, and 25 h; (B) 2, 5, and 10 min; c is control).

Table 1: Steady-State Kinetic Parameters for Single-Base Extension
Reactions by Dpo4 in the Presence of eithet'Gar Mg?"

18-mer template with a G-bound 8-0x0G-bound

13-mer primer substrate dCTP dCTP
kea C&T) (Min~?) 0.022+ 0.001  0.049t 0.001
kea(Mg?") (min-2)a 0.83+0.02 0.244 0.01
Km,act{C&") (MM) 0.54+ 0.1 0.54+ 0.1
Kmact{Mg?") (mM)a 6.5+ 0.9 1.1+ 0.02
Keal Km(C&™) (min~t mM~71) 0.04+0.01 0.09+ 0.01
Keal Km(Mg?t) (min~t mM~1)2 0.13+0.02 0.22+ 0.04

aFrom refl8.

As expected, only dC and ddC are inserted, the latter with
clearly diminished efficiency. The extent of insertion of
dCTP with C&" is comparable to that for insertion of ddCTP
with Mg?" (Figure 3A,D). Steady-state kinetic parameters
for C&"- and Mg*-dependent extensions by dCTP opposite

Biochemistry, Vol. 45, No. 19, 2006953
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Ficure 4: Metal ion dependence of extension of a DNA primer
by Dpo4 with all four INTPs. Extension of tiéP-labeled 13-mer
primer 3-GGG GGA AGG ATT C-3opposite the 18-mer template
3'-CCC CCT TCC TAA XC ACT-5 [X = G (A) or 8-0x0G (B)]

in the presence all four dNTPs and either?Car Mg?t was
analyzed at 37C with increasing reaction times (indicated). The
longer primer products that formed in the presence ofMare
the result of blunt end extensions of the full-length product.

the first time point (30 min) with Mg, only a small fraction

of the extended sequences is constituted by the 18-mer in
the presence of Ch even after 16 h. The results of the
extensions with the native DNA and 8-oxoG-containing
templates are qualitatively the same. As indicated by the

either G or 8-0x0G in the same sequence context are listedresults of the single-base extension assays befor&, i€a

in Table 1. From the data, it is apparent that Dpo4 activity
is considerably reduced with €aas a cofactor (ca. 40-fold
for kear and ca. 3-fold fork.o/Ky). Single-extension assays
conducted with a template containing 8-oxoG reveal that
dCTP is somewhat preferred over dATP with’?CéFigure
S3). Again, the efficiency is comparable to that in the
presence of M with ddNTPs, although ddC is clearly
preferred over ddA with Mg (Figure S3A,C). Thus, the
base selectivities observed with the two metal ions exhibit
similar trends, but the level of misincorporation (i.e., dT
opposite G or 8-oxoG; Figures 3 and S3) is clearly
diminished with Ca" due to the lower overall efficiency of
polymerization.

Full-Length Extension of a Primer in the Presence of All

Four dNTPs.Next we tested whether the 13-mer primer
could be extended to the full-length product using all four

not as good a cofactor as Ffgbut clearly not an inhibitor
of the Dpo4 polymerase activity as it allows formation of
the full-length product.

Metal lon Dependence of Pyrophosphoroly3ise ability
of Dpo4 to promote pyrophosphorolysis that reverses the
polymerization reaction was also tested in the presence of
Mg?" and C&*. Unlike related translesion polymerases, Dpo4
has robust pyrophosphorolysis activity in the presence of
pyrophosphate (PPand Mg" (20) (Figure 5). Pyrophos-
phorolysis may allow Dpo4 to increase the fidelity by stalling
mispaired primer extension. Interestingly, 2Cainhibits
pyrophosphorolysis as there is no shortening of the 14-mer
primer apparent in the assays conducted with both native
DNA and 8-oxoG-modified 18-mer templates (Figure 5).

DISCUSSION

nucleoside triphosphates. This assay was conducted with the Magnesium is generally believed to be the divalent metal
same 18-mer template sequences that were used in théon utilized by most polymerases for catalysis in vi&by
previous single-base extension experiments. As shown inDNA polymerases appear to be inhibited by?Galthough

Figure 4, the activity of Dpo4 is significantly reduced with
the C&" cofactor compared to that with Mg Whereas
synthesis of the full-length product is completed long before

reports of the precise nature of changes at the active sites of
DNA polymerases as a result of the presence of different
mono- or divalent metal ions are rargl( 22). C&* has a
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A Mg?* (Figure 3).
Mg?+ Ca* Do the crystallographic data provide insight with regard
to the differences in the catalytic efficiencies of Dpo4 with
- —— e —— either Mg@" or C&" as a cofactor? One complicating factor
- is the fact that there is probably no pure ¥gorm crystal
- structure of a Dpo4DNA complex available (Mg oc-
cupying both active site positions), as crystals for all
structures reported to date were grown either in the presence
of both metal ions [with an excess of €4i.e., refs7, 11,
and20)] or with Ca* alone (i.e., ref41and18). Structures
of mixed Mg*/Ca&*-form and C&"™-form complexes reveal
Mg?+ Ca?* virtually no changes in the location and coordination of the
two metal ions at the active sité1). The orientation of the
- prpp—p—— triphosphate moiety displays some variation (Figure 1A,B)
e - (11, 20); however, the location of metal ions appears to be
S . — unaffected by these conformational differences, and they are
unlikely to be the result of the particular divalent ion used
in the crystallizations. Thus, the DpedlATP and Dpo4
dCTP structures (panels A and B of Figure 1, respectively)
were both obtained in the presence of?Céut exhibit
FicuRe 5: Metal ion dependence of pyrophosphorolysis by Dpo4. different orientations of thg- andy-phosphate groups. By
Pyrophosphorolysis of théP-labeled 14-mer primer &GG GGA  comparison, dNTPs and ddNTPs bind differently at the Dpo4

AGG ATT CC-3 opposite the 18-mer template GCC CCT TCC . . . .
TAA GXC ACT-S'FEF;( = G (A) or 8-0x0G (%)] in the presence of active site with the 3hydroxyl group of the former engaging

either C&" or Mg?" and increasing amounts of Pgndicated) in a hydrogen bond to the main chain nitrogen of Tyr12 that
without dNTPs was analyzed at 6C. is absent with ddNTPsLQ) (Figure S1). Clearly, this slight

misalignment is the chief reason for the reduced activity of
larger ionic radius than Mg (0.90 and 0.65 A, respectively), Dpo4 with ddNTPs relative to dNTPs in the single-nucleotide
rendering the former less effective in polarizing the® extensions assayed with both®and Mg+ (Figures 3 and
bond for nucleophilic attack. Ga also differs from Mg* S3). The structure of a binary Dpo4 complex as a result of
in terms of its coordination chemistry. A search in the a single-nucleotide extension following annealing witha¥g
metallo-protein databas2@) reveals that a regular octahedral and crystallization with Cd reveals a shift of one of the
coordination mode of Mg is most common whereas the two divalent ions present at the active site compared with
C&* coordination mode is more variable, with frequent other structures20) (Figure 6). However, this shift is
occurrences of ions surrounded by four to eight ligands (dataunlikely to be relevant in explaining the different efficiencies
not shown). Further differences between the two ions concernseen with Mg" and C&" and is likely the result of a lack
hydration enthalpy£1921 and-1577 kJ/mol for M§" and of a nucleoside triphosphate whose place is taken by dG and
Cat, respectively 27)], resulting in facilitated inner-sphere PR instead. Even in this structure, it is unclear whether the
coordination of C&" to DNA (28), and the K, of a water shifted ion is actually Mg (Figure 6); there remains a

PPi(mM) 0 012505 2 8 ©0 012505 2 8

0012505 2 8 0012505 2 8

molecule coordinated to Mg (11.4) or C&" (12.8) @9, 30). possibility that both ions seen at the active site are actually
Detailed studies based on crystals of humanjsbaked in ca'.
various metal ions revealed that aand other ions One intriguing observation with respect to the structures

coordinate the triphosphate moiety of (d)dNTP in a manner of the C&"-form Dpo4—dCTP and—ddCTP complexes with
different from that of M@" and also promote a change in extended primers and the DpedATP complex is the
the side chain conformation of one of the three highly presence of a second nucleoside triphosphate (Figures 1 and
conserved active site carboxylate residues involved in metal6). Instead of a primertemplate duplex shifted into thel
ion binding @1). However, C&" is commonly used alone  position following replication and the following template
or in combination with a 23-dideoxynucleotide at the base paired to (d)dNTP, the crystals have trapped an
primer terminus to prevent polymerization under crystalliza- arrangement whereby the added nucleotide is looped out,
tion conditions (i.e., ref). thus allowing pairing of the next nucleotide substrate to
Our crystal structures of DpedDNA—(d)dCTP com- 8-0x0G. Although the conformation of the primer would
plexes with 8-0xoG in the template obtained undef'€a  obviously render impossible further extension, the in vitro
only conditions (Figure 1)1(8) and in vitro primer extensions  data in the presence of all four dNTPs demonstrate that the
assaying the dependence of Dpo4 polymerase activity on thefull-length product is still produced with Caas the cofactor
concentration of Mg or Ca&" (Figure 2) prove unambigu-  (Figure 4). The polymerization state trapped in the crystals,
ously that C&" promotes polymerization. In vitro single- although it may not be representative of an intermediate of
nucleotide and full-length primer extension analyses confirm the in vitro reaction with C# (11), sheds nevertheless light
that C&" is a cofactor of polymerase activity (Figures 3, 4, on potential differences in the manners in whichagnd
and S3). However, the kinetic data show that with both native C&" interact with the primertemplate duplex. The disrup-
and 8-oxoG-modified templates Dpo4 performs more poorly tion of the replicated base pair in the Latructures with
in the presence of Cathan in the presence of Mg(Table 8-0xoG-containing templates is the most obvious difference
1). The extent of product formation with the natural NTP from all other structures reported for Dpo4 complexes. In
substrates and €ais comparable to that with ddNTPs and addition, between one and three additional metal ions are
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A

Ficure 6: Comparison between the active sites i"Caand mixed Mg"/Ca&"-form Dpo4-DNA complexes. (A) Stereoview of a
superimposition of the Dpe4dATP ternary C& -form complex (PDB entry 2C2D)1@) and a binary Mg"/Ca&"-form complex (PDB

entry 2AGP) 0). The ternary complex features a dA'BFoxoG pair at the active site, and bonds ané'Gans are colored light blue. The
binary complex features a pG pair at the active site and is colored by atom with carbon atoms in green and divalent metal ions, either
Ca&*+ or Mg?™, depicted as green spheres. (B) Stereoview of a superimposition of the-@@d# (beige) and Dpe4ddCTP (blue) ternary
Ca*-form complexes (PDB entries 2C2E and 2C2R, respectivé)dnd the above binary Mg/Ca**-form complex (color code identical

to that in panel A).

present at and near the active site, undoubtedly helping toto revisit earlier conclusions based solely on structural data.
stabilize the increased number of negative charges due toA case in point is the new evidence for Watsd®rick and
the presence of a second nucleoside triphosphate moleculaot Hoogsteen pairing in the selection of nucleotides for
(Figures 1 and 6). insertion opposite the second residue of a thymidine dimer
Interestingly, crystal structures of a B-form DNA dodecam- (12, 31), contradicting earlier conclusions based on crystal
er obtained with either Mg or Ca&" also revealed melted  structures §).
terminal base pairs in the &aform and looped-out residues Calcium is an inhibitor of the pyrophosphorolysis activity
residing in the minor groove2@). Although the DNA of Dpo4 (Figure 5). The crystal structure of a mixed Vg
environments are quite different in the two cases, complexedC&"-form binary Dpo4-DNA complex obtained with a
with the polymerase here and packed against neighboringsingle extension of the primer revealed a trapped PP
DNA molecules in the DNA crystals, the comparison is molecule 20) (Figure 6). Conversely, our structures of
instructive in that it provides an indication of the structural ternary complexes with single extensions obtained in the
polymorphism produced solely as a result of switching from presence of Ca reveal an additional nucleotide instead.
one type of divalent ion to another. At the very least, the Although it remains difficult to ascertain the identity of
unique conformations of the DNA in the presence of'Ca divalent ions in crystals grown in the presence of both ions
at the Dpo4 active site observed in our complexes (Figure (vide supra), the structural data once more appear to support
1) point to divergent interactions with the primeiemplate different preferences with regard to the interactions of Mg
duplex as one of the reasons for the different polymerization and C&" with the primer-template duplex and phosphate
efficiencies elicited by Mg and C&". By comparison, there  groups of either nucleotide or P&t the Dpo4 active site.
are no actual data for Dpo4 that would support the notion The inhibitory effect of C& on the pyrophosphorolysis
that different coordination geometries or orientations of the activity may be related to different relative affinities for;PP
two catalytic metal ions at the active site are the main reasonand dNTP compared to that of Mgand therefore facilitated
for the different efficiencies seen with the two divalent metal removal of pyrophosphate. Thus, pyrophosphate is known
ions. The crystal structures of the DpedCTP and-ddCTP to form highly insoluble precipitates with €a whose
complexes with extended primers appear to be consistentsolubility is affected by a number of factors, including WMg
with 8-0x0G acting as a template twice. However, the results concentration and pH@), and can be dissolved by enzymes
of the full-length primer extensions do not support this view such as alkaline phosphatase whose pyrophosphatase activity
(Figure 4). Crystallographic data can be overinterpreted, anddepends on Mg (33). Under the conditions of the assay
further biochemical and kinetic data sometimes require one used here, there may simply not have been enough free PP
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available at the Dpo4 active site in the presence df Ga 13
promote reversal of polymerization. This conclusion is
supported by the observation that pyrophosphorolysis activity 14
is markedly reduced when the R#dncentration exceeds 2
mM in the assays with Mg as the divalent ion is then
depleted (Figure 5, left panel2Q).

In conclusion, we show preferential actions of divalent
metal cations in the same row of the periodic table in two
activities of an enzyme, even though these metals appear to 16
occupy the same sites in the enzyme. This difference has
implications for the interpretation of structural studies in the
context of enzyme function.

15
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