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Structural elucidation of the binding and inhibitory properties of
lanthanide (111) ions at the 3'-5" exonucleolytic active site of the

Klenow fragment

Chad A Brautigam*, Kathryn Aschheim! and Thomas A Steitz12

Background: Biochemical and biophysical experiments have shown that two
catalytically essential divalent metal ions (termed ‘A’ and ‘B’) bind to the

3'-5" exonuclease active site of the Klenow fragment (KF) of Escherichia coli
DNA polymerase |. X-ray crystallographic studies have established the normal
positions in the KF 3'-5' exonuclease (KF exo) active site of the two cations
and the single-stranded DNA substrate. Lanthanide (lll) luminescence studies
have demonstrated, however, that only a single europium (lll) ion (Eu3*) binds to
the KF exo active site. Furthermore, Eu3* does not support catalysis by KF exo
or several other two-metal-ion phosphoryl-transfer enzymes.

Results: A crystal structure of KF complexed with both Eu3* and substrate
single-stranded oligodeoxynucleotide shows that a lone Eu3* is bound near to
metal-ion site A. Comparison of this structure to a relevant native structure
reveals that the bound Eu3* causes a number of changes to the KF exo active
site. The scissile phosphate of the substrate is displaced from its normal
position by about 1 A when Eu3* is bound and the presence of Eu3* in the
active site precludes the binding of the essential metal ion B.

Conclusions: The substantial, lanthanide-induced differences in metal-ion and
substrate binding to KF exo account for the inhibition of this enzyme by Eu3+.
These changes also explain the inability of KF exo to bind more than one cation
in the presence of lanthanides. The mechanistic similarity between KF exo and
other two-metal-ion phosphoryl-transfer enzymes suggests that the principles of
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lanthanide (Ill) ion binding and inhibition ascertained from this study will

probably apply to most members of this class of enzymes.

Introduction

The 3'-5" exonuclease of the large fragment (Klenow frag-
ment, KF) of DNA polymerase I from Escherichia coli typi-
fies a class of enzymes that uses two divalent metal cations
as cofactors to catalyze the hydrolysis of a phosphodiester
bond. Numerous biochemical and X-ray crystallographic
experiments [1-5] have established that substrate single-
stranded DNA (ssDNA) binds to the active site of the
enzyme along with two divalent metal ions (termed ‘A’ and
‘B’), and that both metal ions are necessary for catalysis.
These cations are proposed to bind and orient an incoming
nucleophile and to stabilize both the pentacoordinated
transition state and the negative charge on the leaving
oxyanion [3,4] (Figure 1). A number of other phosphoryl-
transfer enzymes have been proposed to utilize a similar
mechanism [6], including DNA polymerases [7-10],
adenylyl cyclase [11,12], alkaline phosphatase [13], the
RNaseH domain of HIV-1 reverse transcriptase [14], inosi-
tol monophosphatase [15-17] and ribozymes [18]. The
active site of the 3'-5" exonuclease of KF (KF exo) permits
MgZ+, Mn?2*, Zn2+ and Co?* to bind to the active site and to
serve in the KF exo-catalyzed hydrolysis of DNA

[1-5,19-22]. Despite this flexibility, the lanthanide (III)
cation europium (Eu?*) acts as a competitive inhibitor with
respect to Mg?* in the KF exo reaction [23]. Several other
two-metal-ion phosphoryl-transfer enzymes, such as DNA
polymerases, are similarly inhibited by Eu’* [23]. Thus,
although solution studies show Eu®* can support phospho-
ryl transfer [24], it must interact with the active sites of
these enzymes in a manner that is incompatible with catal-
ysis. Lanthanide (ITT) (I.n3*) ions have long been used to
explore the structure, function and metal-binding proper-
ties of proteins [25-28]. The convenient and well-charac-
terized luminescence signal of Eu* makes it particularly
attractive for detecting metal-ion binding to proteins
[25,26]. In order to establish whether such cations might be
used as probes for metal-ion binding to two-metal-ion
phosphoryl-transfer enzymes, Ln3* luminescence studies
have been carried out [23]. Although other spectroscopic
analyses using smaller, divalent cations have shown that
two metal ions bind to the KF exo active site [20,21], lan-
thanide (III) luminescence studies indicate that only a
single Lin3* binds [23]. The binding of a lone Ln** might
explain the inability of KF exo to employ these cations as
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Figure 1

Base

Base

Asp501

Chemistry & Biology

The two-metal-ion mechanism of KF 3'-5' exonuclease. The
nucleophile (shown as OH- here) is activated by metal ion A and is
oriented for attack by this cation and protein sidechains. It attacks the
scissile phosphate, generating a pentacoordinated transition state.
This state is stabilized by both metal ions. Finally, electrons leave the
phosphate and become resident on the leaving oxygen atom. The
negative charge on this atom is stabilized by metal ion B. The closed
circles represent water molecules in contact with metal ion B.
Adapted from [5].

Table 1

cofactors [23] because structure—function studies of this
enzyme have demonstrated that two cations are necessary
for catalysis [1,2]. However, the spectroscopic experiments
that indicate that only a single Ln3* is binding were per-
formed in the absence of substrates, which have a profound
effect on metal-ion binding [1,4,5,29]. Therefore, the exact
mechanism by which lanthanides inhibit the exonucle-
olytic reaction is not fully established.

"T'o provide a structural basis for understanding the binding
and inhibitory behavior of Lin** ions with respect to KF
exo, we have solved three X-ray crystal structures of this
enzyme in the presence of a lanthanide (III) cation, Eu’+,
The first, a 2.2 A resolution structure of Eu* bound to the
KF exo active site in conjunction with substrate ssSDNA,
shows a single lanthanide cation bound near to the previ-
ously characterized metal-ion site A. Comparison of this
structure to a previously determined structure of KF exo
containing divalent cations and substrate [5] indicates that
significant rearrangements to the active site are induced by
Eu3* binding. The other two structures, those of the
KF-Eu3* and KF-Eu3*~dTMP (dTMP, deoxythymidine
monophosphate) complexes, reveal that a lone Eu’* occu-
pies this active site whether it is present alone or together
with dTMP, a product of the exonuclease reaction. These
results demonstrate that Eu3* inhibits the enzyme activity
of KF exo (and probably other two-metal-ion enzymes)

Summary of data collection and refinement.

Parameter Eu3+ alone Eus*—product Eud+—substrate
Pdb accession number N/A N/A 1QSL
Resolution range (A) 7-3.8 7-35 20-2.2
wavelength (A) 1.54 1.54 0.909
Number of reflections 46678 54346 343566
Number of unique reflections (F > 2 o) 5636 7257 40431
Completeness (%) 91.8 76.0 99.6
Average I/s 6.0 6.0 16.4
Reym* 0.146 0.143 0.074
Average /o (highest res. shell) 1.9 2.2 3.7
Ryym (highest res. shell) 0.452 0.299 0.345
Number of protein atoms 4754 4754 4754
Number of water molecules 0 0 191
Final R factor 0.2671 0.287 0.214
Final Ry, factor 0.264 0.296 0.254
Rms deviations
Bond lengths (A) N/A N/A 0.009
Bond angles (°) N/A N/A 1.6
Dihedrals (°) N/A N/A 234
Impropers (°) N/A N/A 13
o where T represents the mean intensity value for symmetry- (or Friedel-) equivalent reflections, and hkl denotes the
I—I|\.u irreducible set of reflections within the reciprocal-space asymmetric unit. TOnly rigid-body refinement was performed on

*R hkl these structures.

sym =
Y 2 T

hkl



Research Paper Lanthanide (ll) ions at the active site of Klenow fragment Brautigam etal. 903

Figure 2

The binding of Eu3* and substrate to KF exo.
(a) Stereo diagram of the electron density for
the substrate and Eu3*. Shown is a simulated-
annealing F—F_ omit map [40] in which the
3'-terminal dinucleotide and Eu3* had been
omitted from the calculation. The density,
contoured at 2.0 o, is superimposed on the
final refined positions of the omitted atoms.
Carbon atoms are shown in silver, nitrogens
are blue, phosphorus is mauve, and oxygens
are red. The Eu3* is shown as an orange
sphere. This figure and all others featuring
electron density were made using the program
O [38]. (b) The configuration of the KF exo
active site in the presence of Eu3* and
substrate. The color scheme for the atoms is
the same as in Figure 2a except that protein
carbons are green and the Eu3* is bronze. All
distances in this and all other figures are given
in angstroms. This figure was made in VMD
[41] and rendered using POV-Ray.

(c) Anomalous difference map for KF exo
bound to Eu3* and substrate. This 18 o peak is
observed when data from 10—4.0 A are used
to calculate an anomalous difference map. The
map, contoured at 5 g, is superimposed on the
refined Eu3*—substrate coordinates.

because binding of this cation both mispositions the sub-
strate and prohibits the binding of the catalytically essen-
tial metal ion B. They also show that the primary reason
that only a single metal ion binds to this active site in the
presence of Eu3* is that a carboxylate that normally ligates
both metal ions A and B interacts exclusively with Eu3+,
Finally, this report indicates that although Ln3* ions might
serve as probes for metal-ion binding to some two-metal-
ion phosphoryl-transfer enzymes, their size and charge
cause them to bind differently than the smaller, less
charged native divalent cations do.

Results

Eu3*—substrate complex and comparison to the native
complex

A crystal structure at 2.2 A resolution of KF complexed
with Eu’* and substrate ssDNA shows that only a single
Eu’* can bind concomitantly with ssDNA at the KF exo
active site under our crystallographic conditions
(Figure 2). This structure (hereafter referred to as the
‘Eu’*—substrate complex’) has been refined to an R factor
of 21.4% and an Ry . of 25.4% (Table 1). A previous
kinetic rate analysis has established that KF exo is essen-
tially inactive in the presence of Eu’* [23]. This allowed
us to soak both Eu3* and ssDNA into KF crystals at
pH 7.5 for one hour without the enzyme hydrolyzing the

substrate. The electron density associated with the sub-
strate and Eu’* is shown in Figure 2a. As in previous
experiments [5], only the three most 3' nucleotides of the
DNA are visible in electron-density maps. These
nucleotides bind to KF at its ssDNA binding site [3,4]
(Figure 2b). The lone Eu®* binds close to the previously
characterized metal-ion site A. We have confirmed the
identity of the cation using an anomalous difference elec-
tron-density map (Figure 2c). Given that Eu3* is the only
strong anomalous scatterer present in the crystal, this map
should betray the positions of all ordered Eu®* ions. The
only peak in this map is close to metal-ion site A. On the
basis of the sum of their ionic radii, the expected distance
between Eu’* and a liganding oxygen atom is 24A
(1.2+1.2 A). Using this criterion, the ion is well liganded
by one of the carboxylate oxygens of Asp355, the pro-S
oxygen of the scissile phosphate of the substrate, and a
water molecule (Figure 2b). Less ideal liganding interac-
tions are shown by the other carboxylate oxygen of Asp355
and carboxylate oxygens from Asp501 and Glu357. The
Eu’* ion is somewhat disordered (or poorly occupied),
refining to a B factor of about 60 A2. No cation is observed
at metal-ion site B. We have demonstrated that even a
small, divalent cation could not bind to the active site in
the presence of Eu’* by performing a two-step soaking
experiment. KF crystals were first soaked with Eu®+ and
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substrate, exactly as before (see below). Crystals so treated
were then transferred to a solution containing Eu3*, sub-
strate and 20 mM Mg2* and allowed to soak for one hour.
Previous crystallographic experiments [5,29] had estab-
lished that this is sufficient time for divalent metal ions to
bind to crystalline KF. After this soak, the crystals were
cryostabilized and flash cooled, and diffraction data were
subsequently collected. Difference electron-density maps
derived from these data show no binding of Mg+ at metal-
ion site B and no differences in the binding of Eu3* (data
not shown).

We have concluded that Eu’* and substrate ssDNA are
bound at the KF exo active site concomitantly using three
lines of evidence. First, both substrate and cation are
clearly visible in electron-density maps even after the rela-
tively short soaking time (1 h) used (Figure 2a). Second,
the pro-S oxygen of the substrate’s scissile phosphate
ideally ligates the Eu’* (distance =2.3 A). Finally,
although ssDNA can bind to crystalline KF with no metal
ions present using long soaks (1 week) or cocrystallization
[3], no DNA can be observed at the KF exo active site in
the absence of metal ions under our current (see below)
quick-soaking conditions (C.A.B. and T.A.S., unpublished
observations). The latter two facts illustrate that the cation
is directly influencing the binding of substrate and, there-
fore, both must be concurrently present in the active site.

Figure 3
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Superposition of the native and Eu3*—substrate structures. The native
complex is shown in purple and the Eu3*—substrate structure is
colored as in Figure 2b. The superposition was carried out by
superimposing the Ca atoms of both structures in the exonuclease
domain only using the program O [38]. The rmsd between the
superimposed Ca atoms is 0.256 A. This figure was made in VMD
[41] and rendered using POV-Ray.

These arguments effectively rule out the mutually exclu-
sive binding of substrate and metal ion to this active site
that has been observed with Zn?* and the S, diastercomer

of phosphorothioate DNA [5].

The arrangement of the substrate and metal ion in the
Eu’*—substrate complex differs substantially from that
observed in a KF structure containing substrate and diva-
lent cations [5]. Because this latter structure very nearly
approximates the Michaelis complex for KF exo, we shall
refer to it as the ‘native complex’. Superposition of the exo
domains of the two structures, which have been refined at
similar resolutions, indicates that the positions of the scis-
sile phosphates of the substrates differ by ~1.0 A
(Figure 3). As a consequence, a hydrogen bond observed
in the native complex between the y-OH of Tyr497 and
the pro-R oxygen of the scissile phosphate is not formed
in the Eu’*—substrate complex. Overall, the electron
density is poor for the substrate in the Eu3*—substrate
complex compared with that of the substrate of the native
complex. The average B factor of atoms in the terminal
dinucleotide in the Eud*—substrate complex is 53.1 A2,
whereas it is only 32.9 A? in the native complex. This
might indicate either more disorder or lower occupancy of
the DNA in the Eu3*—substrate complex. The Eu®* does
not bind at exactly metal-ion site A. In the superposition,
it is located 0.6 A from the position of metal ion A in the
native complex. Another major difference between the
two structures is that metal ion B is absent in the
Eu’*—substrate complex, whereas it is clearly present in
the native complex [5]. The binding of Eu’* to the
enzyme—substrate complex causes no large conformational
change in the protein; indeed, most sidechains are in
nearly identical positions in both complexes (Figure 3).

Other modes of Eu3* binding

Other crystallographic analyses of Eu* bound to KF exo
also reveal only a single cation bound at the active site. A
difference electron-density map calculated at 3.8 A resolu-
tion using diffraction data from KF crystals that were
soaked in a solution containing 3 mM Eu,(SO,);+8 H,O
shows a single peak (8.5 0) at the exonuclease active site
near the native position of metal ion A (Figure 4a).
Because of the modest resolution of this experiment, no
water molecules could be seen ligating Eu’*. Again, the
identity of the difference electron-density peak was con-
firmed using the calculation of an anomalous difference
electron-density map (Figure 4b), which shows a single
6 0 peak that coincides with the difference Fourier peak
(compare Figure 4a with Figure 4b). No other Eu’* peaks
are evident in these analyses. When KF crystals are
soaked in a solution containing Eu’* and dTMP, a product
of the exonuclease reaction, the cation binds to a different
site. An anomalous difference electron-density map calcu-
lated at 3.5 A resolution (Figure 5) shows that the single
binding site for Eu’* has shifted by approximately 3 A
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from those in Figures 2¢,4b. The peak in Figure 5 is close
to the native position of metal ion B. Again, the resolution
of this analysis is not sufficient to locate water ligands to
the Eu®*. The density for the dTMP in this map is weak,
even though it was included in the crystal soaking solution
at a high concentration (14 mM).

Discussion

The results presented in this study provide a structural
rationale for the observed inhibition [23] of KF exo by
Ln3*. Comparison of the Eu®*-substrate and native com-
plexes (Figure 3) shows that the position of the scissile
phosphate of the DNA in the Eu’*—substrate complex
differs from its position in the native complex [5] by
approximately one angstrom (Figure 3). The lone Eu’*
that binds near to metal-ion site A in this complex causes
this movement by virtue of its larger ionic radius (approxi-
mately 0.4 A larger than Mg2* or Zn?*) and its non-native
binding site (approximately 0.6 A away from metal-ion site
A). In a previous study on KF exo [5], it has been estab-
lished that a comparatively modest misplacement (0.6 A) of
the scissile phosphate from its native position inhibited the
initial velocity of the enzyme 15-100-fold. It is probable,
therefore, that the 1.0 A shift observed in the Eud*—sub-
strate complex is very deleterious to enzyme activity.
Another inhibitory feature of the Eu3*—substrate structure
is the prohibition of metal-ion B binding (Figures 2,3). The
absence of metal ion B from the KF exo active site elimi-
nates enzyme activity [1,2,29] and so exclusion of this
essential cation is undoubtedly a cause of the inhibition of
KF exo by Eu’*. The inhibition of KF exo by Eu3* is,
therefore, consistent with the two-metal-ion phosphoryl-
transfer mechanism [3,4], which ascribes essential roles to
both metal ions (Figure 1). In sum, Eu3* inhibits KF exo
by causing the misplacement of the substrate and by dis-
allowing the binding of an essential catalytic cation.

Our results also provide clues to the mechanism by which
L.n3* ions inhibit other two-metal-ion phosphoryl-transfer
enzymes. The 3'-5" exonuclease domain of T4 DNA
polymerase (T4 exo) is also inhibited by Eu3* [23].
Because there is a high degree of structural and func-
tional similarity between the active sites of KF exo and
T4 exo [30], the same mechanism of inhibition is proba-
bly applicable to both. The polymerase activities of both
KF and T4 DNA polymerase are destroyed by the pres-
ence of Eu’* [23]. Because DNA polymerases appear to
utilize a two-metal-ion mechanism that is analogous to
the 3'-5" exonucleases [7-10], the principles outlined
above for KF exo and T4 exo inhibition probably hold for
the polymerases as well.

The Eu’*—substrate structure demonstrates that a lone
cation can pre-empt a two-metal-ion binding site on an
enzyme. This is probably caused by two factors in the KF
exo system. First, the high positive charge on the Eu’+

Figure 4
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Eu3* alone binding to KF exo. Both electron-density maps are
superimposed on the rigid-body-refined coordinates obtained for KF.
The black circles represent the normal positions of metal ions A and B.
(a) Electron density for the Eus* ion. This F—F, difference electron-
density map, calculated using data from 7.0-3.8 A, shows the location
of a single Eu3* binding at the KF exo active site. This is an 8.5 o peak,
and the map is contoured at 5 0. (b) Anomalous difference density for
Eu3*. The anomalous difference density map was calculated using
data from 10—3.8 A. The contour level of the map is 4 ©.

might deter other cations from binding nearby (metal-ion
site A is only 4 A from metal-ion site B) [23]. Second, the
ligation environment around metal ion site B is severely
distorted. Asp355, which normally contributes ligands to
both metal ions A and B, is interacting exclusively with
Eu’* (Figures 2b,3). This is presumably because of the
high ligation number and charge of Eu’*. In addition, the
1.0A misplacement of the scissile phosphate, a vital com-
ponent of the ligation cage around metal ion B [1,4,5,29],
further perturbs this metal-ion site. The binding of lan-
thanide (III) ions to two other two-metal-ion binding sites,
those of thermolysin [31] and inositol monophosphatase
[15,32], has been investigated using crystallography. In
both cases, only a single Ln3* binds to these sites. The
causes of these phenomena are probably similar to those
discussed above for KF exo.
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It is probable that other large metal ions with a high ligation
number will affect the structure and biochemistry of KF
exo as Eu?* does. X-ray crystallographic experiments
(C.A.B. and 'T.A.S., unpublished observations) have
demonstrated that a lone Tb?* binds to this enzyme at the
same site that Eu3* does, and that it has the same effects on
substrate and metal-ion B binding. This suggests that lan-
thanide (III) ions in general bind to KF exo and inhibit the
enzyme comparably. Also, because L.n** ions are often used
as probes for Ca%* binding sites [25-28], the present study
might offer insight into binding and inhibitory behavior
[19] of Ca2+ with respect to KF exo. Unfortunately, we
were unable to explore this notion in the KF exo system
because the high sulphate concentration present in the
crystal stabilization medium (2.8 M) is not compatible with
the presence of greater than micromolar concentrations of
free Ca?* (for CaSO,, K,,=7.10 % 1075 [33]).

The rearrangements to the active site seen in the
Eu’*—substrate complex are in stark contrast to those
observed in a structure of KF exo complexed to the S
diastereomer of phosphorothioate DNA [5]. In this latter
structure, which was solved in the presence of divalent
metal ions, the pro-S oxygen of the substrate is replaced
by a larger sulfur atom. The result is that metal ions are
excluded from the active site, and the scissile phosphate is
shifted slightly away from its native position. With Eu3+
present in the KF exo active site, both the large cation and
the normal substrate are allowed to bind, albeit in non-
native locations. What can account for these disparate
reactions to larger atoms in the active site? A potential
solution to this apparent paradox is found in the tripositive
charge on the Eu3* and the hydrogen bond between the
y-OH of "T'yr497 and the pro-R oxygen of the scissile phos-
phate. In the case of the S| diastereomer complex, accom-
modation of the larger sulfur atom and metal ion A would
require the scissile phosphate to move away from Tyr497,
weakening or breaking the hydrogen bond. This would
destabilize the binding of the phosphorothioate substrate,
perhaps causing it to dissociate. Instead, the hydrogen
bond is kept and divalent cations do not occupy metal-ion
site A. It is possible that the absence of the hydrogen bond
does not have this effect in the Eu’*—substrate complex
because the loss of this interaction is compensated for by
the larger Coulombic attraction between the scissile phos-
phate and the tripositive cation. It appears, therefore, that
the mode of substrate binding observed in the Eu?*—sub-
strate complex is not solely caused by the position and size
of Eu’*; its tripositive charge also plays a role. The charge
on Eu3+ influences, therefore, both the exclusion of metal
ion B and the binding of substrate.

The results presented in this study provide structural
insight into the previously published lanthanide (III) lumi-
nescence studies [23], which indicate that a lone Eu3* binds
to the active site of KF exo. The X-ray crystallographic

Figure 5

Aspass

Chuvrastry & Plodigy

Eu3+ anomalous difference density in the presence of dTMP. The 6.5 o
Eus* peak is shifted from its previous location in Figures 4a,b. The
map, contoured at 5 o, was calculated using data from 10-3.5 A and
is superimposed on the rigid-body-refined coordinates obtained for the
KF-Eu3*-dTMP complex. Again, the circles show the normal positions
for metal ions A and B.

studies that we have undertaken also indicate that a single
Eu3* binds here (Figures 2-5). In the KF-Eu?* complex
(Figure 4), which has been spectroscopically investigated
[23], the cation binds in a position close to the previously
characterized metal-ion site A [3-5]. The spectroscopic
studies on this complex reveal two isomeric forms of Eu3*
binding to the KF exo active site, leading to the speculation
that this is caused by two carboxylates or a water and a car-
boxylate competing for inner-sphere ligation to the Eu’*
[23]. Although the modest resolution (3.8 /f\) of our
KF-Eu’* complex electron-density map does not allow us
to define the ligation cage of the cation, we can comment
on one aspect of the isomerism. It has been found that
mutation of Asp424 to alanine eliminates one of the isomers
[23]. Our results show clearly that Asp424 is not close
enough to Eu’* to be acting as an inner-sphere ligand.
Given this fact and the structure of the KF exo active site, it
is probable that the carboxylate moiety of Asp424 is hydro-
gen bonding to a water molecule that is in competition with
a different carboxylate ligand. The loss of the carboxylate of
Asp424 through mutation eliminates the hydrogen bonding
partner of this water, thereby reducing the ability of this
competing ligand to bind to the active site. This would
explain the loss of one of the isomers in the mutant
enzyme. The complex of KF, Eu’* and dTMP was also
studied spectroscopically [23]. Unfortunately, the addition
of dTMP complicated the spectrum beyond interpretation.
Our experiments using crystallography show that a single
Eu?t binds near to metal-ion site B in the presence of
dTMP (Figure 5). The reason for the change in metal-
binding behavior is not evident. It might be a consequence
of the differences in amount and distribution of charge
between dTMP (which has two negative charges on the
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phosphate) and substrate (one negative charge on the scis-
sile phosphate). Although the spectroscopic studies point to
the possibility of a second, weaker lanthanide-binding site
on KF [23], our data do not reveal such a site. This could be
because of the high-salt conditions of the crystal interfering
with metal-ion binding, or due to the possibility that the
high concentrations of lanthanides needed to observe such
a site caused the enzyme to precipitate in the spectroscopic
experiments, thus yielding a false binding signal [23]. On
the basis of our results and the lanthanide (III) lumines-
cence studies, it is evident that lanthanide (III) ions can be
useful probes for identifying two-metal-ion binding sites on
phosphoryl-transfer enzymes. As suggested by earlier
researchers [23], however, the large ionic radius and triposi-
tive charge of these cations can cause them to bind to such
sites in a non-native manner.

Significance

This study using X-ray crystallography on the 3'-5
exonuclease of Klenow fragment (KF) has provided the
structural basis for understanding the mechanism by
which lanthanides inhibit this enzyme. Comparison of
the structure of the complex of KF exo, substrate
ssDNA and Eu®* to that of a previously determined
native complex reveals that the lanathanide (I11) ion
(Ln3*) slows the enzyme activity of KF exo in two ways:
Eu3* causes the position of the scissile phosphate to be
incompatible with catalysis and Eu3* causes the essential
metal ion B to be barred from the active site. The latter is
consistent with the two-metal-ion mechanism of phos-
phoryl transfer. These results also establish how a single
Eu3* bound at the KF exo active site abolishes the
binding of metal ion B: the binding of Eu3* causes
numerous distortions to the KF exo active site that con-
spire to prevent metal ion B from binding. The principles
of the binding and inhibitory behavior of Ln3* elucidated
for KF exo will probably extend to other two-metal-ion
phosphoryl-transfer enzymes, for example DNA poly-
merases. Finally, when viewed in the light of previous
spectroscopic investigations, our results demonstrate
that Ln3* ions might be used to detect metal-ion binding
to two-metal-ion sites on phosphoryl-transfer enzymes,
but that the nature of Ln3* binding should not be inter-
preted as the native metal-ion binding state.

Materials and methods

Materials

KF was provided by Catherine Joyce. Eu,(SO,);*8 H,O was obtained
from Alfa Products. Th,(SO,);8 H,O was obtained from Aldrich
Chemical Company. All other chemicals, salts, and buffers were pur-
chased from Sigma Chemical Corporation. Oligodeoxynucleotides
were purchased from the Keck Biotechnology Center at Yale.

Methods

Crystal growth, storage, soaking and cryostabilization. Crystals
were obtained using previously established conditions [34]. They were
stored in a solution of 50 MM PIPES pH 7.0 and 2.8 M ammonium
sulfate. For the Eu3+-alone soak, crystals were transferred to a solution

of 50mM Tris pH7.5, 2.8M ammonium sulfate and 3.5mM
Eu,(S0O,);+8 H,O for 38 h. In addition to the above ingredients, the
dTMP soak contained 14 mM dTMP. This soak was carried out for
24 h. Finally, the Eu3*—substrate soaking solution contained 50 mM
Tris pH 7.5, 2.8 M ammonium sulfate, 3.5 mM Eu,(SO,)5*8 H,O, and
1 mM 8-mer single-stranded oligodeoxynucleotide (sequence 5'-GCT-
TACGC-3', purified as described in reference [5]). Crystals were
allowed to soak in this solution for 1 h. All crystals were subsequently
placed into a cryostabilization solution that consisted of 16% (w/v)
sucrose, 8% (w/v) xylitol, 4% (v/v) glycerol, 2.8 M ammonium sulfate,
50 mM PIPES pH 7.0, and 3 mM Eu,(SO,),;B H,O. After 5 min in this
solution, crystals were supported on a loop of nylon and plunged into
liquid propane. The liquid propane was frozen in liquid nitrogen and
crystals were stored in this manner until data collection.

Data collection, processing and refinement. Intensity data were
collected using an R-AXIS IV detector (Rigaku, Inc.) and a DIP-2000
detector (Molecular Structure, Inc.) at home X-ray sources, and an Area
Detector Systems Corporation charge-coupled device detector at
beamline Al at Cornell High Energy Synchrotron Source (CHESS).
Intensities were processed using the program DENZO [35] and
scaled and merged with SCALEPACK [35]. Crystals belong to the
space group P4, with approximate unit cell dimensions of
a=b=102A c=86A, a=p=y=90° A previously refined model of
KF (J. Jager and T.A.S., unpublished observations) was rigid-body
refined into the new data using X-PLOR [36], because there was sig-
nificant nonisomorphism between that model and the new data. After
this, o,-weighted [37] 2F —F, and F—F, electron-density maps were
calculated to locate Eu3* and product or substrate, if present. Electron-
density maps and molecular models were visualized using O [38]. The
only structure to be refined beyond this point was the Eu3*—substrate
complex. The low-resolution data were bulk-solvent corrected, and the
model was subjected to iterative rounds of water placement, positional
refinement, and individual B factor refinement in X-PLOR. The anom-
alous difference data for the Eu3* alone and Eu3*—substrate complexes
were not collected in the standard inverse-beam fashion. Instead, the
inherent redundancy in the data was used, and Fourier mates were
separated using SCALEPACK. All anomalous difference density maps
were calculated using the CCP4 suite of programs [39].

Accession numbers
The structure factors and coordinates of the Eu3*—substrate complex
have been deposited in the PDB with accession number 1QSL.
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