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ABSTRACT: X-ray crystallographic studies have shown that DNA binding by human polymeraseâ (pol â)
occurs primarily through two structurally and sequentially homologous helix-hairpin-helix (HhH) motifs,
one in the fingers subdomain and the other in the 8-kDa domain [Pelletier, H., Sawaya, M. R., Wolfle,
W., Wilson, S. H., & Kraut, J. (1996a)Biochemistry 35, 12742-12761]. In that DNA binding by each
HhH motif is facilitated by a metal ion, we set out to determine the identity of the metal ion that most
likely binds to the HhH motif in vivo. Crystal soaking experiments were performed on human polâ-DNA
cocrystals with Mg2+, Ca2+, Na+, and K+, the four most prevalent metal ions in the cell, and in each case
a data set was collected and the resulting structure was refined. Under the conditions tested, the HhH
motifs of polâ have an affinity for these biologically prevalent metal ions in the order Mg2+ < Ca2+ <
Na+ < K+, with K+ displaying the strongest binding. Crystals soaked in the presence of Tl+, a commonly
used spectroscopic probe for K+, were too X-ray-sensitive to establish the binding behavior of Tl+, but
soaking experiments with Ba2+ and Cs+ resulted in relatively stable crystals that gave evidence of metal
ion binding in both HhH motifs, confirming that larger monovalent and divalent metal ions are capable
of binding to the HhH metal sites. Although Mn2+, which has been categorized as a potent polymerase
mutagen, binds to the HhH motifs with a greater affinity than Mg2+, Mn2+ does not bind to the HhH
motifs in the presence of equimolar concentrations of Na+. These results suggest that in vivo, where
Mn2+ is present only in trace amounts, Mn2+ probably does not have a large effect on DNA binding and
may instead manifest a mutagenic effect on polâ primarily by distorting nucleotide binding or by directly
affecting the catalytic step [Pelletier, H., Sawaya, M. R., Wolfle, W., Wilson, S. H., & Kraut, J. (1996b)
Biochemistry 35, 12762-12777]. Crystal soaking experiments with 31-kDa apoenzyme crystals show
that, in the absence of DNA, the HhH motif in the fingers subdomain binds metal ions with either much
lower occupancy or not at all, indicating that metal ion binding is dependent on the presence of the DNA
substrate.

Metal ions such as Cd2+, Co2+, Ni2+, Cr3+, and Mn2+ have
been classified as mutagens, and potential carcinogens,
because they cause polymerases to make errors during DNA
replication in vitro (Sirover & Loeb, 1976; Snow & Xu,
1991; Snow et al., 1993). Although one explanation for these
observations is that mutagenic metal ions might bind to DNA
in a nonspecific manner and cause abnormal structural
distortions during DNA replication, the recent discovery, by
X-ray crystal structural analyses, of four distinct metal ion
binding sites in mammalian DNA polâ (Sawaya et al., 1994;
Pelletier et al., 1994, 1996a,b) has offered specific examples
of how a metal ion might manifest its mutagenic effect on a
polymerase. One metal ion, which is most likely a Mg2+

ion in vivo, coordinates oxygen atoms from highly conserved
carboxylate groups in the active site of polâ and has been

termed the catalytic metal ion; a second metal ion, which is
also thought to be a Mg2+ ion in vivo, is observed in polâ’s
active site only when accompanied by a nucleotide or
pyrophosphate and accordingly has been termed the nucle-
otide-binding metal ion; and finally, two other metal ion
binding sites, away from the active site, have recently been
discovered in two structurally and sequentially homologous
helix-hairpin-helix (HhH) DNA binding motifs-one in the
fingers subdomain and one in the 8-kDa domain (Pelletier
et al., 1996a). It appears that a given metal ion mutagen
can therefore alter polâ’s function in at least three different
ways: (i) by directly affecting catalysis, (ii) by distorting
nucleotide binding, or (iii) by distorting DNA binding.

Crystal soaking experiments have proven to be useful for
studying the relative effects that various metal ions have on
catalysis and nucleotide binding (i and ii above) in the active
site of pol â (Pelletier et al., 1996b). A typical soaking
experiment consists of the following steps: (i) equilibrating
a polâ-DNA cocrystal in a standard artificial mother liquor,
(ii) transferring the equilibrated crystal to a soaking solution
that is prepared by adding small amounts of concentrated
stock solutions of metal ions and nucleotides to the standard
artificial mother liquor, (iii) allowing the crystal to soak in
the metal ion-nucleotide solution for a set time, (iv)
collecting X-ray diffraction data on the crystal, and (v)
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analyzing the resulting structure to see if any differences can
be observed between the nucleotide-soaked and a non-
nucleotide-soaked crystal. With this technique relatively
small changes in the constitution of the soaking solution
resulted in crystallographically observable differences in
nucleotide binding and catalysis, allowing a structural basis
for metal ion mutagenicity and nucleotide selectivity in pol
â to be presented (Pelletier et al., 1996b).
In an attempt to extend our knowledge of the metal ion

binding behavior of polâ to include protein-DNA interac-
tions, the work presented here focuses on the DNA-binding
HhH motifs in the fingers subdomain and the 8-kDa domain
of pol â. Similar crystal soaking experiments as those
described above have been carried out on polâ-DNA
cocrystals with the exception that no nucleotides have been
included in the soaking solutions (only various metal ions
have been included), and a sodium-free artificial mother
liquor was utilized to allow access to the metal ion binding
site in the HhH motifs.1 These experiments were performed
to address such questions as the following: Do the DNA-
binding HhH motifs in the fingers subdomain and the 8-kDa
domain favor a specific metal ion? Do metal ions that are
classified as polymerase mutagens distort DNA binding in
the crystal structure? And finally, do metal ions bind to the
HhH motifs in the absence of DNA?
Attempts were made to answer the first question by taking

advantage of the fact that Na+ and Mg2+ possess relatively
low numbers of electrons (only 10 electrons each) and are
therefore difficult to detect crystallographically. Because of
this, it was possible to carry out competitive binding
experiments between relatively “invisible” metal ions (Na+

and Mg2+) and more easily detectable metal ions such as
K+ and Ca2+, which have greater numbers of electrons. As
an example, we observed strong electron density for a Ca2+

ion in both HhH motifs when polâ-DNA cocrystals were
soaked in CaCl2 alone or in an equimolar CaCl2-MgCl2
mixture, but only very weak electron density was observed
in the HhH metal ion sites when a polâ-DNA cocrystal
was soaked in an equimolar CaCl2-NaCl mixture. These
results suggest that whereas Mg2+ did not displace Ca2+ from
the HhH metal sites, Na+ did. With this technique a relative
order of metal ion affinities for the HhH motifs emerged
such that Mg2+ < Ca2+ < Na+ < K+, where K+ displayed
the strongest binding.
With regard to the second question, which addresses

distortions in DNA binding, although the resolution of the
crystal structures reported here (2.7-3.5 Å) precludes a
definitive analysis, only the larger metal ions tested (Cs+

and Ba2+) showed some evidence of distorting DNA binding
in the crystal structure. In that no obvious structural
distortions were observed when Mn2+ bound to the HhH
metal sites, and in that Na+ competes very well with Mn2+

for binding in the HhH motif, it is suggested that a potent

polymerase mutagen like Mn2+ probably does not have a
significant effect on DNA binding for polâ in vivo.
Finally, in answer to the third question, none of the metal

ions tested bound to HhH motif of the fingers subdomain
when pol â 31-kDa apoenzyme crystals (which lack the
8-kDa domain)2 were soaked in various metal ion solutions,
indicating that metal ion binding to the HhH motifs is
dependent on the presence of the DNA substrate. In light
of recent findings that the HhH motifs of polâ are also
present in at least two other DNA repair enzymes (Pelletier
et al., 1996a); the metal ion binding behavior of the HhH
motifs reported here may be applicable to many HhH-
containing proteins.

EXPERIMENTAL PROCEDURES

Crystallizations. The human DNA polâ-DNA cocrystals
utilized in our soaking experiments have 7 base pairs of
double-stranded DNA bound in the polâ binding channel
and are referred to as 7bp crystals (Pelletier et al., 1996a).
Protein-DNA sample preparations and crystallizations for
the 7bp crystals were performed as previously described
(Pelletier et al., 1996a,b). In fact, many of the crystals
utilized in the experiments reported here came from the same
batch of crystals that had been grown for the previous crystal
soaking experiments (Pelletier et al., 1996b). Despite being
over a year old, these crystals showed no noticeable
deterioration in diffraction quality. The crystals are ortho-
rhombic and belong to space groupP21212 (a ) 179.0,b )
57.5,c) 48.5 Å) with one polâ molecule in an asymmetric
unit. Crystals of recombinant 31-kDa polâ were grown as
previously described (Sawaya et al., 1994). These crystals
are orthorhombic and belong to space groupP21212 (a )
120.6,b) 63.5,c) 38.2 Å) with one 31-kDa molecule per
asymmetric unit.
Crystal Soaks and Data Collection. Crystal soaking

experiments were carried out as previously described (Pel-
letier et al., 1996b) with the exception that a sodium-free
artificial mother liquor (16% PEG 3350 and 100 mM
imidazole, pH 6.5) was utilized for the experiments reported
here. Metal ion soaking solutions were made by starting
with 1 mL of artificial mother liquor and then adding
microliter quantities of concentrated stock solutions (in
deionized and distilled H2O) of various metal ions, resulting
in the final concentrations listed under soaking conditions
(Table 1).3 Unless otherwise noted in Table 1, crystals were
soaked in the designated soaking solutions for 24-26 h
before data collection, and data collection typically lasted
about 25 h. X-ray diffraction data were collected on a
multiwire area detector (Hamlin et al., 1995) (San Diego
Multiwire Systems) with monochromatized CuKR radiation
(Rigaku RU200 rotating-anode X-ray generator), and inten-
sity observations for each data set were processed with a
local UCSD Data Collection Facility software package
(Howard et al., 1985).
Structure Determinations and Refinements. Previously

determined and refined human polâ-DNA and rat 31-kDa
1 A seemingly odd result that we noted in passing during the previous

soaking experiments was that, despite the relatively high concentrations
of the metal ions utilized (up to 5 mM), we never observed strong
metal ion binding in the HhH motifs of polâ (Pelletier et al., 1996b).
The results reported here offer an explanation for this observationswe
have discovered that Na+ ions, which are difficult to detect crystallo-
graphically, bind to the HhH motifs of polâ relatively strongly, and
because all previous crystal soaking experiments had been carried out
in the presence of 150 mM NaCl and/or 100 mM Na-MES buffer,
tightly bound Na+ ions most likely blocked the binding of other metal
ions in the HhH metal sites.

2 Although the 31-kDa protein lacks the N-terminal 8-kDa domain
and hence, one of the two HhH motifs of polâ, we nevertheless utilized
31-kDa apoenzyme crystals for the metal ion soaking experiments
reported here because the 31-kDa crystals diffract to much higher
resolutions than apoenzyme crystals of the full protein (Sawaya et al.,
1994). We are assuming that, in the absence of DNA, the metal ion
binding behavior of the HhH motif in the 8-kDa domain is similar to
that of the HhH motif in the fingers subdomain.
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apoenzyme crystal structures (Pelletier et al., 1996a; Sawaya
et al., 1994) were utilized as starting structures for the
“artificial mother liquor” data sets reported in Table 1. The
data set for the polâ-DNA cocrystal listed in Table 1 as
“native, natural mother liquor” is the same data set listed in
previous tables (Pelletier et al., 1996a,b). Difference Fourier
maps [Fo(metal) - Fo(native), Rc(native)] for the metal-soaked
crystals were calculated withFo(native)representing data from

the artificial mother liquor-soaked crystal (Table 1). Sub-
sequent refinement steps were carried out with the TNT
program package (Tronrud et al., 1987). All structures listed
in Table 1 have good geometry, with root-mean-square (rms)
deviations in bond lengths and bond angles less than or equal
to 0.020 Å and 3.0°, respectively.

RESULTS AND DISCUSSION

Na+ Ion Binding. Before metal ion soaking experiments
were carried out, an attempt was made to remove bound Na+

ions from the HhH motifs of polâ by soaking a native pol
â-DNA crystal in artificial mother liquor alone, with no
Na+ ions present (Table 1). The resulting structure still had
observable electron density in the metal sites of both HhH
motifs, and the density was interpreted to be either water

3 Although little evidence of metal ion binding was observed for
Tl+-soaked crystals (Table 1), this may be because we had to use such
low concentrations of the metal ion (0.5 mM) before a complete data
set could be collected. Higher TlCl concentrations resulted in cracked
crystals that either did not diffract at all or were too sensitive to X-rays
for a complete data set to be collected. A great effort went into trying
to determine the binding behavior of Tl+ because it is a useful
spectroscopic probe for K+ (Douglas et al., 1990).

Table 1: Data Collection and Refinement Statistics

MetalB-factorg (Å2)

soaking conditionsa
PDB
code

dmin
(Å) 〈I/σ〉b

completenessc

(%)
Rsymd

(%)
difference
density?e

FinalRf

(%) fingers 8-kDa

native, natural mother liquor 9ICJ 3.1 1.8 88 5.6 NA/NA 14.9 3h 75h

native, artificial mother liquor, pH 6.5 1ZQG 3.1 1.8 89 7.0 NA/NA 16.2 10h 51h

native, artificial mother liquor, pH 7.5i 1ZQH 3.1 1.8 90 6.2 NA/NA 22.9 1h 3h

150 mM CaCl2 1ZQD 3.5 1.9 73 7.8 yes/yes 14.4 14 66
15 mM CaCl2 (6 h) 1ZQC 3.2 1.8 89 6.8 yes/yes 17.3 23 93
15 mM NaCl, 15 mM CaCl2 (12 h) 1ZQO 3.2 1.8 90 7.2 no/no 15.9 13 32
15 mM CaCl2, 15 mM MgCl2 (12 h) 1ZQJ 3.3 1.9 74 7.4 yes/yes 20.6 19 42
150 mM KCl 1ZQI 2.7 1.8 89 5.5 yes/yes 17.9 16 65
150 mM KCl, pH 7.5 (3 days)i 1ZQA 2.7 1.8 87 5.7 yes/yes 17.9 15 60
75 mM KCl, 75 mM NaCl 1ZQP 2.8 1.9 83 5.5 yes/yes 16.6 31 61
75 mM KCl, 75 mM MgCl2 1ZQK 3.2 1.8 88 7.0 yes/yes 14.5 21 81
150 mM CsCl (3 days) 1ZQF 2.9 1.8 90 8.2 yes/yes 18.3 42 59
150 mM BaCl2 (2 days) 1ZQB 3.2 1.9 74 7.8 yes/yes 14.6 28 61
15 mM BaCl2, 15 mM NaCl (3 days) 1ZQN 3.0 1.8 89 7.6 yes/yes 17.7 53 56
15 mM MnCl2 (36 h) 1ZQM 3.2 1.8 70 7.2 yes/yes 14.9 26 99
15 mM NaCl, 15 mM MnCl2 1ZQQ 3.3 1.8 75 6.7 no/no 16.3 4 23
15 mM MnCl2, 15 mM MgCl2 (12 h) 1ZQL 3.3 1.9 88 8.3 yes/yes 15.9 68 100
saturated CrCl3 (2 days) 1ZQE 3.7 2.0 74 8.2 yes/no 17.1 30 j
15 mM NiCl2 (12 h) 1ZQR 3.7 1.8 70 9.3 no/no 17.3 61h j
0.5 mM TlCl (1 h) 1ZQS 3.3 1.8 73 8.5 no/no 16.5 1h,k 19h,k

31-kDa, artificial mother liquor 1ZQU 2.6 1.9 96 7.3 NA/NA 19.8 53l NA
31-kDa, 150 mM CaCl2 1ZQV 2.7 2.7 83 5.3 no/NA 24.9 36l NA
31-kDa, 150 mM CsCl 1ZQW 2.3 1.9 95 7.5 no/NA 19.7 33l NA
31-kDa, 150 mM KClm 1ZQX 2.5 2.1 92 7.4 no/NA 22.6 53l NA
31-kDa, 50 mM MgCl2m 1ZQY 2.3 2.0 92 6.6 no/NA 19.8 68l NA
31-kDa, 50 mM MnCl2m 1ZQZ 2.7 2.1 95 7.9 no/NA 20.2 75l NA
31-kDa, 5 mM MnCl2 (1 month)n 1NOM 3.0 1.9 97 6.4 no/NA 18.4 52l NA
a See Experimental Procedures for a description of how soaking solutions were prepared and how soaking experiments were carried out. Unless

otherwise indicated in parentheses, crystals were soaked for 1 day before data collection began. With the exception of the last six data sets, which
were obtained from rat polâ 31-kDa crystals that were grown as described (Sawaya et al., 1994), all data sets were obtained from human pol
â-DNA cocrystals in which the DNA is 7 base pairs long [termed 7bp (Pelletier et al., 1996a)].b Average ratio of observed intensity to background
in the highest resolution shell of reflections.c Incomplete data sets (less than 85%) were the result of X-ray-sensitive crystals that slowly died in
the X-ray beam before a complete data set could be collected.d Rsym ) ∑|Iobs - Iavg|/∑Iavg. eA yes in this column indicates that clear electron
density (>5σ) was observed in the HhH metal ion site inFo(metal)- Fo(native), Rc(native) difference Fourier maps, whereFo(native) represents data from
the native crystal soaked in artificial mother liquor. A yes or a no answer for each HhH metal site (for the fingers subdomain and the 8-kDa
domain, respectively) are given and are separated by a slant. NA means not applicable.f FinalR) ∑|Fobs- Fcalc|/∑Fobs, including all data between
20 Å and the maximum resolution. As a part of the TNT program package (Tronrud et al., 1987), a scaling function was applied during refinements
to compensate for a lack of solvent continuum in the model for the low-order reflections (Moews & Kretsinger, 1975).g In cases where two
different metal ions were present in the same soaking solution, the scattering factors for the first metal ion listed under soaking conditions were
utilized during refinement and their resultingB-factors are the ones listed.hWater molecules could have been modeled into electron density at the
HhH metal sites for these structures, but we chose to model Na+ ions in the metal sites instead because of geometry considerations, as described
in the text (Figure 1).i The artificial mother liquor differed slightly for these crystals such that imidazole, pH 7.5, was utilized as the buffer instead
of imidazole, pH 6.5.j No electron density was observed in these metal sites, which may be an artifact of the poor resolution of the data.k Although
no difference density was observed for the Tl+ ion, the low Na+ B-factors that resulted after refinement give some indication that Tl+ ions may have
bound at a very low occupancy (see footnote 3).l ThisB-factor is given for a water molecule that occupies the metal ion binding site in the absence
of DNA (Figure 1, bottom).mThe artificial mother liquor differed slightly for these crystals such that 100 mM Tris, pH 7.5 (sodium-free), was
utilized as the buffer instead of 100 mM imidazole, pH 6.5.n The artificial mother liquor for this crystal consisted of 15% PEG 1500, 50 mM NaCl,
75 mM Hepes, pH 7.5, and 0.1 mM DTT and was meant to mimic the Mn2+-soaking conditions reported by another group (Davies et al., 1994).
Results of the Mn2+-soaked 31-kDa crystal reported by Davies et al. differ from our results in that we only observe one Mn2+ bound in the polâ
active site (Pelletier et al., 1994, 1996; Sawaya et al., 1994; Pelletier, 1994), whereas they report seeing two Mn2+ ions bound in the polâ active
site (Davies et al., 1994). The data for the Mn-soaked crystal structure reported by Davies et al. have not been made available.
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molecules or tightly bound Na+ ions that had remained in
the metal sites despite the back-soaking efforts. As was
previously argued on the basis of geometry considerations
(Pelletier et al., 1996a), the short bond distances between
the entities that are bound in the HhH metal sites and the
protein carbonyl oxygen atoms indicate that the HhH metal
sites for this structure are most likely occupied by tightly
bound Na+ ions, and not water molecules (Figure 1, top).
Similar electron density corresponding to either a water

molecule or a Na+ ion was observed in the HhH metal site
of 31-kDa crystals soaked in artificial mother liquor alone,
but in this case, the electron density was attributed to a water
molecule because of the longer bond distances observed in
this structure (Table 1; Figure 1, middle). These results
indicate that the presence of only one additional oxygen
ligand donated from the DNA phosphate group is enough
to ensure strong metal ion binding in the HhH motifssa
conclusion that has been confirmed by soaking experiments

FIGURE 1: SETOR stereo diagrams (Evans, 1993) depicting differences in geometries for metal ion versus H2O binding in the HhH metal
sites of polâ. Although Na+ ions and water molecules are different to distinguish crystallographically, comparisons of the geometries
observed in (top) Na+ binding in the human DNA-pol â complex crystal, versus (middle) H2O-binding in the 31-kDa apoenzyme crystal,
show that the identity of the entity bound in the HhH metal site may be determined by geometry considerations alone. As shown by the
superposed structures in the bottom panel, the geometry of the Na+ ion in the top panel, which includes short coordinate bond distances and
a water ligand, was observed for all other metal ions tested (lighter shade) (Ba2+, Ca2+, Cr3+, Cs+, K+, and Mn2+) (Table 1). The position
of the water molecule in the 31-kDa apoenzyme crystal structure (darker shade) did not vary significantly among any of the 31-kDa
structures reported in Table 1, including those soaked in metal ion solutions. The lone water molecule toward the top of the metal site
represents the sixth ligand of a bound K+ ion from the K+-soaked crystal structure (Table 1). All bond distances are in angstroms.
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with other metal ions, as described below (Figure 1, bottom).
Although it now appears that all of the polâ-DNA
cocrystals utilized for the metal ion soaking experiments
reported here probably had some residual Na+ ions still
bound to their HhH motifs, we have nevertheless demon-
strated that, at relatively high concentrations, other metal ions
are able to displace the bound Na+ ions and bind in the HhH
metal sites (Table 1). There is therefore no indication that
residual Na+ ions had any significant effect on the outcome
of our results.
As was observed for all but the largest metal ions, metal

ions consistently bound less tightly to the HhH metal site in
the 8-kDa doamin than they did to the metal site in the fingers
subdomain (Table 1). This can be explained by comparing
the metal sites of the two HhH motifs, where it is evident
that the metal ion binding pocket in the 8-kDa domain is
slightly larger (Figure 2). Although this may represent a
real difference in metal ion binding geometries for the two
HhH motifs, it should be kept in mind that the protein-
DNA interactions observed in the 8-kDa domain derive from
intermolecular crystal packing contacts (Pelletier et al.,
1996a), and therefore the geometry of the metal site in the
8-kDa domain may be slightly distorted. All subsequent
metal sites depicted in the figures are from the HhH motif
of the fingers subdomain.
Metal Ion SelectiVity of the HhH Motifs. In the presence

of DNA, the hairpin region of the HhH motifs in polâ form
small pockets that resemble one of the two Ca2+ binding
sites in phospholipase A2 (Figure 3, top) (White et al., 1990),
with the only significant difference being that, in phospho-
lipase A2, negatively charged oxygen ligands are donated
from a carboxylate group rather than from a phosphate group.
It is therefore not too surprising that a CaCl2-soaked pol
â-DNA cocrystal revealed strong electron density corre-
sponding to bound Ca2+ ions in both HhH metal sites (Table
1; Figure 3, bottom). However, unlike the Ca2+ binding site
in phospholipase A2, the HhH metal sites of polâ do not
appear to be quite as selective for Ca2+ binding only. With
the exception of Ni2+, which was one of the smallest metal
ions tested, all other metal ions (Ba2+, Ca2+, Cr3+, Cs+, K+,
and Mn2+) showed some evidence of binding to the HhH
motifs, regardless of metal ion charge (Table 1; Figure 1,

bottom). Although the result from the Ni2+-soaked crystal
gave some early indication that the HhH metal site may be
selective for metal ion size, it nevertheless became apparent
after the initial soaking experiments that if the HhH motifs
of pol â preferred to bind a specific metal ion, the mode of
selectivity was relatively subtle.
Unlike the metal ions involved in catalysis and nucleotide

binding for polâ, which are thought to be Mg2+ ions in vivo
(Kornberg & Baker, 1992), it was not clear, even after
numerous crystal soaking experiments had been carried out
in the presence of Mn2+ (a good substitute for Mg2+), that
Mg2+ ions were utilized by the HhH motifs of polâ to
facilitate DNA binding as well as catalysis (Pelletier et al.,
1996b). It therefore became critical to establish the identity
of the metal ion that might bind to the HhH metal sites under
normal conditions in vivo, particularly if the mutagenic, and
potentially carcinogenic, effects of “nonnormal” metal ions
were to be studied. In our attempts to elucidate the subtleties
of metal ion selectivity for the HhH motifs, we purposely
narrowed our study, at least at first, to the four most prevalent
metal ions in the cellsCa2+, Mg2+, Na+, and K+, which are
listed here in order of increasing availability.4

As discussed above, Mg2+ and Na+ are difficult to detect
crystallographically because they each possess a relatively
small number of electrons, but this characteristic was turned
to our advantage in competitive-binding experiments. In a
typical competitive-binding experiment, a polâ-DNA
cocrystal was soaked in the presence of two different metal
ionssone that is only weakly visible crystallographically
(Na+ or Mg2+) and one that is easily detectable (Ca2+ or
K+). With this technique, the identity of the metal ion bound
in the HhH motifs could be established, depending on
whether or not significant electron density was observed in
the HhH metal sites of the soaked crystals. Perhaps the best
example is provided by competitive-binding experiments
with CaCl2. Strong electron density was observed in the

4 Due to difficulties in obtaining accurate measurements, in vivo
metal ion concentrations are only tentatively known, particularly within
the cell. However, the current opinion is that Ca2+, Mg2+, Na+, and
K+ are present in the cell in approximate concentrations of 1µM, 1
mM, 10 mM, and 100 mM, respectively (da Silva & Williams, 1991;
Heaton, 1993; Cowan, 1993).

FIGURE 2: Comparison of the HhH metal ion sites in the fingers subdomain and 8-kDa domain. Superposition of the HhH metal sites of
the fingers subdomain (lighter shade) versus the 8-kDa domain (darker shade) reveals that the 8-kDa domain binding site is slightly larger,
possibly due to crystal packing distortions. The averageB-factor for backbone atoms from lysine 60 to valine 65 of the 8-kDa domain is
30 Å2, and the averageB-factor for corresponding backbone atoms from threonine 101 to isoleucine 106 of the fingers subdomain is 15 Å2.
In that these averageB-factors do not vary significantly from one structure to the next, the relatively large metal ionB-factors for the HhH
motif of the 8-kDa domain, when compared with metal ionB-factors for the HhH motif of the fingers subdomain (Table 1), can safely be
attributed to weaker binding of the metal ion in the 8-kDa domain. This stereo diagram was prepared with SETOR (Evans, 1993).
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HhH metal sites of a polâ-DNA cocrystal that was soaked
in the presence of an equimolar mixture of CaCl2 and MgCl2,
indicating that Mg2+ did not displace bound Ca2+ to any
significant extent in the crystal structure. In contrast, there
was no electron density visible in either HhH metal site when
a polâ-DNA cocrystal was soaked in an equimolar mixture
of CaCl2 and NaCl, indicating that, unlike Mg2+, Na+ easily
displaces (or completely blocks) Ca2+ from the HhH metal
sites in the crystal structure. These results not only help to
establish an order of metal ion binding preference for the
HhH metal sites (where Mg2+ < Ca2+ < Na+), but results
from the NaCl-soaked crystal, in particular, also supplied
independent evidence that Na+ ions do, indeed, bind to the
HhH motifs [previous evidence for Na+ binding was
somewhat indirect in that it was based on geometry
considerations alone (Figure 1, top) (Pelletier et al., 1996a)].
Similar competitive-binding experiments with KCl showed

that neither Mg2+ ions nor Na+ ions were capable of
displacing tightly bound K+ ions from the HhH metal sites,
at least not to any significant extent (Table 1). These results
suggest that the HhH motifs have the highest affinity for
K+ so that, with regard to the most prevalent metal ions in
the cell, the final order of HhH metal ion binding preference
appears to be Mg2+ < Ca2+ < Na+ < K+. In that K+, with
an intracellular concentration of about 100 mM, is also the
most prevalent metal ion in the cell (da Silva & Williams,
1991), K+ is most likely the metal ion utilized by the HhH
motifs of polâ to facilitate DNA binding in vivo.

An interesting observation for the bound K+ ions in the
crystal structure is that, in contrast to the pentacoordinated
square pyramidal geometry observed with Na+ and Ca2+

[Figures 1 (top) and 3 (bottom)], the K+ ions in both HhH
motifs display hexacoordinated octahedral geometry, with
two oxygen ligands from the same DNA phosphate group
participating in positioning the K+ ion. The K+ ion directly
coordinates one phosphate oxygen while coordination to the
second phosphate oxygen atom is mediated by a water
molecule, forming an outer-sphere coordinate bond (Figure
4, top). Although the appearance of the second water
molecule (the sixth ligand) in the K+ structure could be the
result of higher resolution data for the KCl-soaked crystal
(Table 1),5 this water molecule was not observed in the Cs+

crystal structure, which was only slightly lower in resolution
(Figure 4B). The apparently more stable coordination
geometry observed for the K+ ion is in agreement with results
that K+ ions bind to the HhH motifs relatively strongly and
are most likely the metal ions utilized for DNA binding by
the HhH motifs of polâ in vivo.
Size and Valency Considerations in Metal Ion Binding

Affinities. In that Na+ and Ca2+ have comparable ionic radii
(0.97 and 0.99 Å for Na+ and Ca2+, respectively), results
from the CaCl2-NaCl soaking experiment suggest that the

5 With the exception of Tl+, it was common for crystals soaked in
the presence of monovalent metal ions (Na+, K+, or Cs+) to diffract
better and display greater stability than crystals soaked in the presence
of divalent or trivalent metal ions.

FIGURE 3: Comparison of the metal-binding sites of phospholipase A2 and the HhH motif of polâ. (Top) Geometry of the bound Ca2+

in the structure of phospholipase A2, according to PDB coordinate file 1POA (White et al., 1990) versus (bottom) geometry of the bound
Ca2+ from the refined structure of the Ca2+-soaked polâ-DNA cocrystal (PDB code 1ZQD) (Table 1). Electron density from theFo(Ca)
- Fo(native), Rc(native)difference Fourier map is superposed on the structure in the bottom panel and is contoured at 5σ. These stereo diagrams
were prepared with SETOR (Evans, 1993).
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valency of the metal ion is an important selectivity factor
for binding to the HhH motifs of polâ, with a monovalent
metal ion being preferred over a divalent metal ion of similar
size (Table 1). Then again, results from the KCl-NaCl
soaking experiment, where the larger K+ ion (ionic radius
) 1.33 Å) displayed tighter binding than the smaller Na+

ion, suggest that size also plays an important role in
selectivity for the HhH metal sites. In order to investigate
the relative contributions of size and valency in determining
metal ion selectivity in the HhH motifs, we soaked a pol
â-DNA cocrystal in equimolar concentrations of NaCl and
BaCl2 to see if Na+, which has the preferred valency but

incorrect size, could compete with Ba2+, which has the
preferred size (1.35 Å) but incorrect valency. Results show
that Na+ was not able to compete strongly with Ba2+ for
binding in the HhH motifs (Table 1; Figure 4, bottom),
indicating that the size of the metal ion is more important
than its charge for binding in the HhH metal site. The order
of metal ion preference for the HhH metal sites, with Ba2+

included, is therefore Mg2+ < Ca2+ < Na+ < Ba2+, K+,
making it even more apparent that the larger, more polariz-
able metal ions are favored by the HhH metal sites.
Although the order of metal ion preference outlined above

suggests that the larger metal ions bind more tightly in the

FIGURE 4: SETOR stereo diagrams (Evans, 1993) depicting results from K+-soaked, Cs+-soaked, and Ba2+-soaked crystals. (Top) K+
binding in the HhH metal site, showing clear octahedral geometry. K+ is the only metal ion, of those tested, that displayed this geometry,
as can be seen in Figure 1 (bottom). (Middle) Cs+ binding, showing similar geometry as seen with Na+ (Figure 1, top) and Ca2+ (Figure
3, bottom), except that the coordinate bond distances are slighter longer. (C) Ba2+ binding, showing strong coordination with both phosphate
oxygens of the DNA phosphate. Ba2+ was the only metal ion, of those tested, that directly coordinated both phosphate oxygens in this
manner.
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HhH metal site, there must be a limit to the size of the metal
ion that the HhH metal site can accommodate. Some
evidence for this is provided by metal ion soaking experi-
ments with Cs+, which is the largest metal ion that we tested
(ionic radius) 1.7 Å) (Figure 5). Unlike K+ and Ba2+,
which appear to have very stable binding geometries in the
HhH metal site (Figure 4, top and bottom panels), the
coordination geometry for Cs+ is similar to that observed
for a smaller metal ion like Ca2+, with the exception that
the bond distances are slightly longer [compare Figure 4
(middle) with Figure 3 (bottom)]. Therefore, in much the
same way that Na+ may be just a little too small to compete
well with K+ and Ba2+ for the HhH metal site, our results
suggest that Cs+ may be just a little too big. With this line
of reasoning it is inferred that the HhH motifs may have
similar binding affinities for Na+ and Cs+.
Comparisons with the Ca2+-Specific Binding Site in

Phospholipase A2. With a little more now known about the
metal ion selectivity patterns for the HhH motifs of polâ, it
may be possible to determine why the metal ion binding
pocket of the HhH motif prefers K+, while a seemingly very
similar metal ion binding pocket in phospholipase A2 prefers
Ca2+ (Figure 3) (White et al., 1990). One reason for the
difference in selectivity might be due to the fact that the
metal ion in the HhH metal site coordinates oxygen atoms
from a DNA phosphate group, whereas in phospholipase A2,
analogous oxygens are provided by a protein carboxylate
group. However, closer inspection of the binding geometries
in the two metal sites reveals a less obvious structural
difference that may contribute significantly to metal ion
selectivity. The best geometry for coordination to a carbonyl
oxygen occurs when the metal-oxygen bond is coplanar with
the trigonal carbonyl bound and is skewed at an angle of
120°. This is the case more nearly so with the three carbonyl
oxygen ligands of the Ca2+ ion in the phospholipase A2
structure than with the carbonyl oxygen ligands of the metal
ions in the HhHmetal site (Table 2). In fact, the coordination
geometry of the K+ ion in the HhH metal site is much like
that observed in many K+-binding antibiotics such as
valinomycin, enniatin B, nonactin, and monesin, where a
centrally located K+ ion in each structure forms numerous
noncoplanar coordinate bonds to carbonyl oxygen atoms
(Gale et al., 1981). These observations suggest that a larger,
more polarizable metal ion such as K+ may be better suited
for the unfavorable carbonyl coordination geometry of the
HhH metal site, whereas a smaller, “harder” metal ion like
Ca2+ may be better suited for the relatively more rigid
carbonyl coordination geometry of the phospholipase A2

metal site. A similar suggestion has already been made
concerning the contribution of carbonyl oxygen geometry
to selectivity in the Ca2+ site of phospholipase A2 (White et

al., 1990), except in that case, the focus was on substrate
specificity and not metal ion binding specificity.
Effects of Metal Ion Mutagens on DNA Binding. The

purpose of much of our previous crystal soaking experiments
was to study the relative effects that various metal ion
mutagens such as Mn2+ and Ni2+ have on nucleotide binding
and catalysis in the active site of polâ (Pelletier et al.,
1996b). In an attempt to extend these studies to include the
metal ion binding HhH motifs of polâ, competitive binding
experiments similar to those described above for Ca2+, K+,
and Ba2+ were carried out with Mn2+. Results from crystal
soaking experiments show that Mn2+ behaves much like Ca2+

in that Mg2+ does not compete well with Mn2+ for binding
in the HhH metal sites, but Na+ does (Table 1). This places
Mn2+ next to Ca2+ in the overall order of HhH metal ion
binding preference: Mg2+ < Ca2+, Mn2+ < Na+ < Ba2+,
K+. These results are in agreement with the observation that,
despite the relatively high (up to 5 mM) metal ion concentra-
tions in the soaking solutions, there was no evidence of strong
metal ion binding in any of the previous metal ion-
nucleotide-soaked crystals (Pelletier et al., 1996b) (see
footnote 1), thus giving an early indication that Na+ ions
compete well for binding in the HhH metal sites with all of
the potential metal ions mutagens tested, including Mn2+.
In a crystallographic experiment, K+ ions are difficult to

distinguish from transition metal ions such at Mn2+ because
they possess a comparable number of electrons (18 and 23
electrons for K+ and Mn2+, respectively). For this reason
K+-Mn2+ competitive binding experiments have not been
carried out with polâ-DNA cocrystals. However, perhaps
it is reasonable to assume, with results from Na+-K+

competitive binding experiments, that K+ ions probably block
the binding of potential metal ion mutagens to the HhH metal
sites even better than Na+ ions do. This brings into question
just how much of an effect a mutagen such as Mn2+ can
have on DNA binding for polâ in vivo, especially consider-
ing K+ ions are available in the cell at concentrations of about
100 mM, whereas Mn2+ is a trace element with free metal
ion concentrations probably on the order of 1 nM (Versieck
& Cornelis, 1989). Although it is evident that much more

FIGURE 5: Relative sizes of the metal ions utilized in our crystal
soaking experiments, in order of increasing ionic radii. Divalent
and trivalent metal ions are depicted in darker shades. Ionic radii,
in angstroms, were obtained from the CRC Handbook of Chemistry
and Physics (Lide, 1992). This illustration was prepared with
MOLSCRIPT (Kraulis, 1991).

Table 2: Geometries of Carbonyl Oxygen Ligands in the
Phospholipase A2 and Polâ Metal Sites

carbonyl
oxygensmetal
ion bonda

deviation from plane
of carbonyl group (Å)

angle between CdO bond
and Osmetal ion bond

CdO27sCa2+ 0.5 161°
CdO29sCa2+ 0.9 167°
CdO31sCa2+ 0.4 157°
CdO101sK+ 0.6 168°
CdO103sK+ 1.3 177°
CdO106sK+ 0.8 154°
CdO101sCa2+ 0.2 179°
CdO103sCa2+ 2.6 169°
CdO106sCa2+ 0.1 157°

aOxygen ligands from the backbone carbonyls of residues tyrosine
27, glycine 29, and glycine 31 of the Ca2+ binding site in phospholipase
A2 are designated with the superscripts 27, 29, and 31, respectively.
Oxygen ligands from the backbone carbonyls of residues threonine 101,
valine 103, and isoleucine 106 of the HhH metal site in the fingers
subdomain of polâ are designated with the superscripts 101, 103, and
106, respectively. Data were taken from coordinate files (1POA) of
phospholipase A2 (Figure 3, top) (White et al., 1990), and the coordinate
files (1ZQI and 1ZQC) of the K+-soaked and Ca2+-soaked crystal
structures reported here (Table 1) [Figures 3 (bottom) and 4 (top)].
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work will be required to elucidate the effect of Mn2+ ions
on polâ in vivo, two points are worth noting with regard to
the results of our experiments: (i) polâ solutions studies
that were carried out in a buffer containing 100 mM KCl
showed that Mn2+, at concentrations ranging as low as 0.5
mM, had a measurable effect on the DNA binding properties
of pol â (Wang et al., 1977; Wang & Korn, 1982). This
suggests that even very weakly bound Mn2+ ions might have
a tremendous effect on DNA binding, and such an effect is
probably not easily detected by crystallographic techniques,
where a sizable fraction of the 1014 molecules in a crystal
must bind the metal ion in question before it is even
observed. (ii) Crystallographic studies show that, in the
presence of 150 mM NaCl, Mn2+ still binds relatively
strongly to the catalytic site of polâ, as well as to the
nucleotide substrate (Pelletier et al., 1996b). These results
suggest that any mutagenic effect that Mn2+ might have on
pol â in vivo would most likely be caused by a distortion in
nucleotide binding or by a change in the catalytic step itself
(Pelletier et al., 1996b) and not by a distortion in DNA
binding.

The Magnetic Ball Bearing ModelVersus the Magnetic
Railing Model. Although the two HhH motifs in polâ are
structurally similar and bind DNA the same way, they appear
to perform vastly different functions (Pelletier et al., 1996a).
The HhH motif in the 8-kDa domain recognizes the 5′-PO4
end of a DNA gap (Prasad et al., 1994) and may be capable
of removing a 5′-deoxyribose phosphate intermediate prior
to the gap-filling step in base excision repair (BER) processes
(Matsumoto & Kim, 1995; Pelletier et al., 1996a). In
contrast, the HhH motif in the fingers subdomain helps to
position the primer strand of the DNA substrate in the
polymerase active site. It has been proposed that the metal
ion bound in the HhH motif of the fingers subdomain, in
particular, may act as a processivity factor by increasing the
affinity that pol â has for the DNA substrate (in a non-
sequence-specific manner) while, at the same time, facilitat-
ing movement of polâ along the DNA backbone, and two
different models for how a metal ion might do this were
presented (Pelletier et al., 1996a). In the “magnetic ball
bearing” model, the metal ion, which we now believe to be
a K+ ion in vivo, remains tightly bound to the carbonyl
oxygens in the HhH binding pocket and, in effect, rolls in
place as polâ moves along the DNA. According to this
model, metal ion coordinate bonds to DNA phosphate oxygen
atoms are made and broken with each DNA translocation
event. In contrast, in the “magnetic railing” model, metal
ions are more closely associated with the negatively charged
DNA phosphate oxygens than they are with the carbonyl
oxygens of the HhH binding pocket, and polâ glides along
the DNA backbone on a metal ion track, or railing, that is
formed by relatively tight associations between metal ions
and DNA phosphates. According to this model, metal ion
coordinate bonds are made and broken with the protein
carbonyl oxygens, and a new metal ion enters the HhH
binding pocket with each DNA translocation event. It should
be noted that both of our processivity models assume that
the translocation event, which is thought to be extremely
rapid (Johnson, 1993), is faster than the rate of metal ion
dissociation from the HhH metal site or from the DNA
phosphate group when these two entities are separated from
one another.

As described above, our failed attempt to back-soak Na+

ions completely out of the HhH metal sites provides strong
evidence that, in the presence of DNA substrate, the metal
ion has a very slow rate of exchange with water molecules
and remains tightly bound to the HhH metal pocket when a
DNA phosphate ligand is provided (Figure 1). The favoring
of one processivity model over another therefore depends
on which group of oxygen ligands (the ones from the protein
carbonyls or the ones from the DNA phosphates) have the
greatest affinity for metal ions during the translocation event,
when the HhH metal site and the DNA phosphate are briefly
separated from one another. In an attempt to address this
issue, crystal soaking experiments with 31-kDa apoenzyme
crystals (no DNA bound) were carried out to determine if
the HhH motifs have a high affinity for metal ions in the
absence of DNA2. Results from these soaking experiments
show that metal ions do not bind strongly to the HhH metal
sites in the absence of DNA (Figure 1, middle and bottom
panels; Table 1). Although these results appear to undermine
the magnetic ball bearing model because all metal ions,
including K+, seem to have very little affinity for the free-
standing cluster of carbonyl oxygen ligands in the HhH
binding pocket, there is also no indication that metal ions,
including K+, bind strongly to the free-standing DNA
phosphate groups in any of the crystal structures reported
here nor in any of the previously reported crystal structures
(Pelletier et al., 1996a,b)sa result that undermines the
magnetic railing model. It is therefore not possible with the
current crystallographic data to favor one model over another,
and the dynamics of metal ion mediated processive polym-
erization for polâ remains to be elucidated.
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