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ABSTRACT: Bacteriophage 4 exonuclease (dexo) is a ring-shaped homo-
trimer that resects double-stranded DNA ends in the 5'—3’ direction to
generate a long 3’-overhang that is a substrate for recombination. Aexo is a
member of the type II restriction endonuclease-like superfamily of proteins
that use a Mg**-dependent mechanism for nucleotide cleavage. A previous
structure of lexo in complex with DNA and Mg** was determined using a
nuclease defective K131A variant to trap a stable complex. This structure
revealed the detailed coordination of the two active site Mg®* ions but did not
show the interactions involving the side chain of the conserved active site Lys-
131 residue. Here, we have determined the crystal structure of wild-type (WT)
Jexo in complex with the same DNA substrate, but in the presence of Ca**
instead of Mg**. Surprisingly, there is only one Ca** bound in the active site,
near the position of Mg" in the structure with Mg**. The scissile phosphate is

displaced by 2.2 A relative to its position in the structure with Mg?*, and the network of interactions involving the attacking water
molecule is broken. Thus, the structure does not represent a catalytic configuration. However, the crystal structure does show
clear electron density for the side chain of Lys-131, which is held in place by interactions with GIn-157 and Glu-129. By
combining the K131A—Mg** and WT—Ca®* structures, we constructed a composite model to show the likely interactions of Lys-
131 during catalysis. The implications with regard to the catalytic mechanism are discussed.

B acteriophage A exonuclease (lexo; M, = 25.9 kDa; 226
amino acids) is an ATP-independent enzyme that binds to
double-stranded DNA (dsDNA) ends and processively digests
the 5'-strand into mononucleotides."” The reaction generates a
long 3'-overhang that is a substrate for recombination.’
Nuclease activity is metal-dependent, with a strong preference
for Mg?*, lower activity with Mn*", and no activity with Ca**>
The crystal structure of Aexo revealed a toroidal homotrimer
with a central funnel-shaped channel for tracking along the
DNA.* The channel is wide enough to allow dsDNA to enter at
one end but narrows at the other to allow passage of only
single-stranded DNA (ssDNA). This led to a model for
processivity in which the 3’-strand passes through the central
hole on the trimer as the enzyme tracks along the DNA
digesting the 5'-strand.*

The Aexo monomer has a core a/f fold that is conserved in
the “type II restriction endonuclease-like” (T2RE) superfamily
of proteins,S which includes several type II restriction
endonucleases®” and a number of endo- and exonucleases
involved in DNA repair,s_12 recombination,”>™** and RNA
processing.”*~>° Version 1.75 of the SCOP database® includes
33 distinct T2RE proteins for which crystal structures have
been determined. The core T2RE fold consists of a central five-
stranded mixed f-sheet with an a-helix packed on either side.
One of the a-helices is N-terminal, or “upstream” in the
sequence, and the other is C-terminal, or “downstream”. All of
these enzymes contain a conserved PD-(D/E)XK signature
motif (also called the DEK motif)*"** that is located on a pair
of antiparallel f-strands. The motif contains two acidic residues
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that bind the metal ions and a third residue, usually lysine, that
is also essential for catalysis. In addition, each of the two a-
helices contributes a residue that is important for the reaction.

For many nuclease enzymes, including some with different
folds, a common two-metal mechanism has been established,
which involves an Sy2 displacement by an attacking water,
inversion of configuration at the scissile phosphate, and
generation of a $'-phosphate and 3'-OH as products.**>°
The site A metal binds and activates the attacking water; the
site B metal binds a water that facilitates protonation of the
leaving group, and both metals stabilize the negative charge and
trigonal bipyramidal geometry of the transition state. Crystal
structures of several T2RE family enzymes have revealed the
expected two-metal geometry, with some variations, in the
context of substrate,”?>**™* product,”'***3** or inhib-
itor™ complexes, or in the absence of ligand.zo’B’26 However, in
other structures, there is only one metal bound,*** or there is
significant variation in the positions of the metals.">**™* As a
consequence, the precise roles of the metals and other active
site residues are still being debated,”****~5% and there remains
a need for detailed structural information for enzymes of this
family in the presence of different metals.

Recently, we determined two crystal structures of Aexo in
complex with DNA.** One structure of the wild-type (WT)
enzyme in the presence of Ca®" used a blunt-ended symmetric
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12 bp duplex with a 5'-OH at each end. This DNA bound to
the central channel of the trimer as predicted but did not insert
all the way into the active site, as the scissile phosphate was still
~10 A from the single active site Ca** ion. The second
structure used a K131A variant of the enzyme, which is
completely inactive, to trap a stable enzyme—DNA complex in
the presence of Mg®*. The DNA in this structure was a 12 bp
duplex with a two-nucleotide 5’-overhang on one end, which
was designed to insert fully into the active site cleft. In addition,
the 14-mer strand of the DNA was 5’-phosphorylated, because
Aexo requires a S-phosphate for full activity. This structure
revealed a complex that appears to be very close to a catalytic
configuration, with the scissile phosphate bridging two active
site Mg** ions, and the 5’-phosphate bound to a positively
charged pocket at the end of the active site cleft.

As this latter structure was determined at 1.88 A resolution,*
it revealed the detailed coordination geometry of the two active
site Mngr ions, including a water molecule bound to MgA that
was suitably positioned for nucleophilic attack on the scissile
phosphate. However, an important feature that was missing
from this structure was the side chain of the highly conserved
Lys-131 residue, because the K131A variant was used to trap
the complex. Although the precise role of the catalytic lysine is
unclear, on the basis of its position in related struc-
tures,”>”>¥** it is likely to bind and activate the attacking
water molecule, possibly as a catalytic base to remove a proton.

To study the reaction mechanism of Aexo in further detail,
we have determined the structure of the WT enzyme in
complex with the same DNA that was used for the structure of
the K131A variant with Mg®', but in the presence of Ca®'
instead of Mg*", to prevent digestion. The DNA is bound in a
very similar manner, but surprisingly, there is only one Ca*" ion
in the active site, instead of the two that were seen for Mg*".
Consequently, the network of interactions involved in catalysis,
including the attacking water molecule bound to MgA, is
broken. However, the structure does show clear electron
density for the position and interactions of the active site Lys-
131 residue, from which we have constructed a composite
model to assess the likely interactions of the lysine during
catalysis. The relevance of this model for understanding the
mechanism of the WT enzyme in the presence of Mg*', and for
interpreting structures of related enzymes with varying numbers
of metal ions, is discussed.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. lexo was expressed
and purified as described previously.** Briefly, the protein was
expressed in Escherichia coli BL21-Al cells from a pET14b
vector as an N-terminal six-His fusion with a site for thrombin
cleavage. The protein was purified by nickel affinity
chromatography (GE Healthcare), thrombin cleavage to
remove the six-His tag, a second nickel column to remove
uncleaved protein, and anion exchange on HiTrap QHP (GE
Healthcare). The final purified protein, which contains an extra
N-terminal Gly-Ser-His sequence, was dialyzed into 20 mM
Tris (pH 8.0) and 1 mM dithiothreitol (DTT), concentrated to
~20 mg/mL using a VivaSpin 20 device (Sartorius-Stedim
Biotechnology), and frozen at —80 °C in small aliquots.

Exonuclease Assays. A 2686 bp Pstl-linearized pUC19
dsDNA substrate (NEB) was 3’-end-labeled with **P. Each 50
uL labeling reaction mixture contained 1X TdT buffer, 0.25
mM CoCl,, 5.0 pmol of linear pUCI9 DNA, 20 pmol of
[@-*P]ddATP, and 10 units of terminal transferase (NEB).
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The reaction mixture was incubated at 37 °C for 30 min, and
the reaction was quenched by adding 10 yL of 0.2 M EDTA
(pH 8.0). The labeled DNA was separated from reaction
components by gel filtration on a G-25 MicroSpin column (GE
Healthcare). For the exonuclease reactions (50 uL), the **P 3'-
end-labeled dsDNA was incubated with dexo enzyme (0.05 or
0.5 nM trimer as indicated) at 37 °C in buffer containing 67
mM glycine-KOH (pH 9.4), 50 pg/mL bovine serum albumin,
and varying concentrations of MgCl, and CaCl,. Reactions
were initiated by the addition of Jlexo enzyme after
preincubation of all other reaction components. At the
indicated time points, a 10 uL aliquot of the reaction mixture
was removed, the reaction quenched by adding 1 uL of 0.25 M
EDTA and 2 pL of BlueJuice loading dyes (Invitrogen), and the
mixture analyzed by 0.8% agarose gel electrophoresis in TAE
buffer. Dried gels were exposed using a Storm phosphorimager
(GE Healthcare).

Crystallization and X-ray Data Collection. The DNA
used for crystallization was prepared as described previously.*’
Briefly, two oligonucleotides, $'-[PJAGCTACTGTACCGA-3’
and 5-TCGGTACAGTAG-3', were purchased in high-
performance liquid chromatography-purified form from In-
tegrated DNA Technologies, resuspended at 10 mM in ddH,O,
mixed in a 1:1 ratio, heated in a water bath to 90 °C, and slowly
cooled to room temperature to allow annealing. For
crystallization, 10 mg/mL purified lexo was mixed with a 1.2-
fold molar excess of DNA in the presence of S mM CaCl,, 20
mM Tris (pH 8.0), and 1 mM DTT. Crystals were grown by
hanging drop vapor diffusion using a reservoir solution
containing 23.4% PEG 3350, 0.3 M sodium acetate, and 0.1
M Tris (pH 9.5). Hanging drops were prepared by mixing 2 uL
of the protein—DNA complex with 2 uL of reservoir solution.
Crystals were gradually exchanged into a solution containing
mother liquor with the level of PEG 3350 increased to 28%,
mounted in nylon loops, and flash-frozen in liquid nitrogen. X-
ray diffraction data were collected at a wavelength of 0.9793 A
at LRL-CAT beamline 31-ID of the Advanced Photon Source
at Argonne National Laboratory (Argonne, IL). Diffraction data
were integrated and scaled using MOSFLM and SCALA of the
CCP4 suite.>* On the basis of mean I/ol and Rierge Criteria
(Table 1), the diffraction data were truncated at 2.38 A.
Although the data extended to this resolution with mean F/cF
values of >3.0 in all three reciprocal lattice directions, the data
were moderately anisotropic. The exponential scale factors were
—10.5 A? for a* and b* and 21.0 A* for c*, giving a spread of
31.5 A% as calculated using the UCLA Diffraction Anisotropy
server.”*

Structure Determination and Refinement. The crystal
structure was determined by molecular replacement using the
structure of the K131A variant of the Aexo trimer determined
previously in complex with DNA and Mg*" [Protein Data Bank
(PDB) entry 3SM4].** All atoms corresponding to solvent,
including water molecules, phosphate, and Mg2+ ions, were
excluded from the search model, so that it contained only
atoms for protein and DNA. Molecular replacement using the
MOLREDP function in CCP4>° and all of the diffraction data (to
2.38 A resolution) led to a clear solution corresponding to a
single trimer—DNA complex (contrast = 24.7) with initial R
and Rg,. values of 43.1 and 42.9%, respectively. Rigid body
refinement in REFMACS,* treating the entire trimer—DNA
complex as a single rigid body, reduced R and Ry, to 39.5 and
39.3%, respectively. An initial round of restrained refinement
without any NCS restraints reduced R and Rg,. to 27.2 and

dx.doi.org/10.1021/bi501155q | Biochemistry 2014, 53, 7415—7425



Biochemistry

Table 1. Data Collection and Refinement Statistics for the
WT-Ca®>*—14/12-mer Complex”

Data Collection
P6(5)
80.0, 80.0, 241.6
40.0-2.38 (2.38-2.51)

space group
cell dimensions [a, b, ¢ (A)]

resolution (A)

Rierge 0.187 (0.644)
mean I/cl 6.5 (32)
completeness (%) 99.9 (100.0)
redundancy 11.5 (11.6)
Refinement

resolution (A) 40.0-2.38
no. of reflections 33216
Rior/Rezee 0.235/0.319
no. of atoms

protein 5366

DNA 533

ligand/ion 13

water 236
B factor (A?)

protein 29.7

DNA 42.7

ligand/ion 47.7

water 26.3
root-mean-square deviation

bond lengths (A) 0.017

bond angles (deg) 1.75

“The structure was refined using data collected from a single crystal.
Numbers in parentheses are calculated for the highest-resolution shell
only.

33.8%, respectively. Inclusion of NCS restraints of varying
strengths led to an increase in R without a significant change in
Rgeey 50 NCS restraints were not included. After the initial
round of refinement, clear electron density was observed for a
single Ca®" ion in each of the three active sites, each of the
three Lys-131 side chains, two phosphate ions (in the two
active sites to which the DNA was not bound), and several
water molecules, all of which were added to the model using
COOT.*® Refinement of the model with all of these atoms
included led to R and R, values of 25.8 and 33.3%,
respectively. Additional rounds of refinement and model
building led to a final model comprised of three subunits of
Jexo, two strands of DNA (26 nucleotides), three Ca®" ions,
two phosphate ions, 236 water molecules, and final R and Rg,,
values of 23.5 and 31.9%, respectively. An anisotropy-corrected
data set was used for final stages of refinement.>* Although this
reduced the R and R, values by only 0.07 and 0.17%,
respectively, the electron density maps showed peaks for several
additional water molecules, which were added to the model.
Space group P6(S) has the potential for twinning, as was seen
for the structure of the K131A Aexo protein with DNA and
Mg2+,40 and the H-test indicated a small twinning fraction of
0.05 for this new crystal. However, use of the twin refinement
option in REFMACS did not significantly reduce R or Rg,,, and
was therefore not used. Data collection and refinement statistics
are listed in Table 1. Figures were generated using PyMOL.>’
The atomic coordinates and structure factors have been
deposited with the Protein Data Bank as entry 4WUZ.
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B RESULTS

Metal Dependence of Aexo Activity. It was previously
reported that dexo is most active in the presence of Mg>*, 30%
as active with Mn**, and inactive with Ca?*, Cd**, Co*', Cu*,
Fe?*, Ni**, or Zn>*> The optimal Mg®" concentration was
between 1.0 and 2.5 mM.? Here, we have monitored digestion
of a linear pUCI9 dsDNA substrate to re-examine the
dependence of lexo activity on Mg®" concentration, as well
as the activity in the presence of both Mg** and Ca®" (Figure
1). As reported previously,” we observed that the activity of

A 1.25mM  2.5mM 5mM 10mM 18mM  [Mg2*]
dsss 5 1015 5 1015 5 1015 5 10 15 5 10 15 (min)
- - —— ——— e ————

B 0.25x 0.5x 1x 2x [Ca?*]
dsss 5 1015 5 1015 5 10 15 5 10 15 (min)
- —— P N e e

Figure 1. Metal dependence of Jexo activity. The digestion of a ¥*P 3'-
end-labeled linear 2686 bp pUC19 dsDNA substrate (0.8 nM) was
monitored by agarose gel electrophoresis, as described in Experimental
Procedures. In each panel, the upper band shows the dsDNA substrate
while the lower band shows the ssDNA product released when the
opposing strand of the duplex is digested. Control reactions without
enzyme are shown at left for the dsDNA substrate (ds) and ssDNA
product (ss). The ssDNA control was prepared by heating half of the
normal amount of dsDNA for S min at 95 °C and immediately placing
it on ice. (A) Dependence of lexo activity on Mg>* concentration.
Notice that dexo activity is optimal at 1—2.5 mM Mg, while higher
concentrations of Mg** are inhibitory. (B) Dependence of Aexo
activity on Ca®", at the optimal Mg>" concentration of 2.5 mM. Notice
that the reaction is almost completely inhibited when Mg** and Ca**
are present in equal amounts (1X). For the reactions in panel A, the
concentration of dexo was 0.0S nM (16-fold excess of dsDNA
substrate), whereas for panel B, 10-fold higher concentrations of Aexo
were used (0.5 nM trimer), to determine the point at which the
inhibition by Ca** is complete.

JAexo is optimal at Mg>* concentrations ranging from 1.25 to 2.5
mM. dexo activity is significantly lower at 10 mM Mg*" and
dramatically lower at 18 mM Mg**. In the crystal structure of
Jexo determined at S mM Mg**, only two binding sites for
Mngr were observed, the two in the active site to which the
DNA was bound.*® For several restriction endonucleases,
inhibition of nuclease activity at higher than optimal
concentrations of Mg®* has been interpreted as evidence in
favor of a one-metal mechanism in which Mg®" bound to site A
is required for catalysis, while Mg** bound at site B is
inhibitory.>® Aexo is somewhat unique among T2RE enzymes in
that it digests one nucleotide after another along the DNA in a
highly processive reaction, instead of cleaving just once or twice
for each molecule of substrate. Thus, the inhibition seen at
Mg** concentrations of >10 mM for dexo could conceivably
involve noncatalytic steps of the reaction cycle, such as release
of mononucleotide product, or translocation along the DNA
substrate. For example, if release of one or both of the Mg**
ions is required for dissociation of the cleaved mononucleotide,
then higher than optimal concentrations of Mg** could
potentially slow the reaction by inhibiting product release.
We also determined the effect of varying concentrations of
Ca" on Jexo activity at the optimal Mg** concentration of 2.5
mM. These experiments were performed at 10-fold higher
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A

3’ OH-gatgacatggct-5’OH
5’P-agctactgtaccga-3'0OH

Figure 2. Structure of Aexo in complex with DNA and Ca”*. (A) Sequence of the DNA duplex used for crystallization. (B and C) Views of the dexo
trimer looking down the 3-fold axis and rotated by ~45° about the vertical axis, respectively. The Aexo trimer is shown with subunit A colored cyan,
subunit B colored green, and subunit C colored tan. The DNA is shown with the 14-mer strand colored yellow and the 12-mer strand colored
orange. The 5'-phosphorylated two-nucleotide overhang of the 14-mer strand is inserted into the active site of the green subunit. A single Ca>* ion,
shown as a magenta sphere, is bound to the active site of each subunit. The two subunits without DNA in the active site contain bound phosphate
ion, which is shown in CPK with red for oxygen and orange for phosphate.

concentrations of Aexo, but still with a slight excess of substrate
over enzyme, to determine the point at which inhibition of Aexo
activity is complete. As shown in Figure 1B, concentrations of
Ca’" as low as 1—2 times the concentration of Mg** completely
inhibited Aexo activity. This result is in contrast with the effect
of Ca** on several restriction enzymes, where higher
concentrations of Ca®** (10—30 mM) increased the rate of
cleavage.®® The enhancement of cleavage was explained by a
model in which high-affinity binding of Mg** to site A is
required for catalytic activity, while lower-affinity binding of
Ca** (but not Mg®*) to site B enhances the affinity for the
DNA substrate.”® For lexo, structural data presented
previously™® and below indicate that Ca** binds to only one
site on the protein (site A), both in the presence and in the
absence of DNA. The crystallographic data show that, at least in
the absence of DNA, Ca”* binds to site A with an affinity higher
than that of Mg®". This latter observation offers a possible
explanation for the nearly complete inhibition seen at an only
1—2-fold excess of Ca®* over Mg>".

X-ray Structure Determination. WT Aexo was crystallized
in complex with the 14/12-mer DNA diagrammed in Figure 2A
in the presence of S mM CaCl,. This is the same DNA that was
used to crystallize the K131A variant in the presence of 5 mM
MgCL,.** A previous structure determined in the presence of 5
mM CaCl, used a 12/12-mer DNA that bound to the central
channel of the trimer but did not insert fully into the active site.
All three types of crystals grow under similar conditions and
have the same space group and similar unit cell dimensions.
There are small but significant changes in the unit cell
dimensions, and molecular replacement was required to
determine the structure for this study. It is interesting to note
that the unit cell dimensions for the WT—Ca*'—14/12
structure reported here are much closer to those of the WT—
Ca**—12/12 structure (within 0.25%) than to those of the
K131A—Mg**—14/12 structure (within 2.4%). This suggests
that the unit cell differences are likely to be due to the metal ion
(Ca*" vs Mg*") or dexo version (WT vs K131A) as opposed to
the DNA (12/12-mer vs 14/12-mer). After molecular
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replacement and an initial round of refinement with the
DNA but no waters or solvent ions included in the model, the
resulting maps showed clear electron density for each of the
three Lys-131 side chains, three Ca** ions (one in each active
site), and two phosphate ions (Figures 2B,C and 3A). As
observed previously, the two phosphate ions bind in the two
empty active sites (the two to which the DNA is not bound), to
the same site as the terminal S’-phosphate of the DNA. This
observation re-emphasizes the point that phosphate must bind
very tightly to this site, because phosphate was not present
during the final anion exchange step of the purification, or in
the final dialysis buffer or crystallization mixture.

The Active Site Contains a Single Ca®* lon Bound to
Site A, with No Attacking Water Molecule. Surprisingly, in
the active site to which the DNA is bound, there is only one
Ca’" ion, instead of the two that were seen for Mg** (Figure
3A). The single Ca®* ion binds essentially at site A but is shifted
slightly, by 1.0 A toward site B (Figure 3C). There is clearly no
peak in the electron density for a Ca®" at site B. A few small
peaks in the general vicinity of site B have been modeled as
water molecules. The Ca®" at site A is coordinated with near-
octahedral geometry, by the pro-S, oxygen of the scissile
phosphate, the carboxylates of Asp-119 and Glu-129, the
carbonyl oxygen of Leu-130, and a water molecule. The sixth
coordination site, located behind the Ca* as seen in Figure 3A,
is presumably occupied by a water molecule, although a peak
for it was not seen in the electron density, presumably because
of the limited (2.38 A) resolution.

The coordination of the Ca** at site A is similar to what was
observed for Mg* in the structure with Mg** (Figure 3B),*
with one notable exception. While the relative positions of Asp-
119, Glu-129, and Leu-130 within the octahedral coordination
sphere are the same for Ca*" and Mg™, the positions of the
scissile phosphate and the attacking water molecule are
swapped in the structure with Ca?*. This is due to the 1.0 A
shift in the position of the Ca®* toward site B, combined with a
2.2 A movement of the scissile phosphate upward, away from
the active site (Figure 3C). The distance of 3.3 A between the
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Figure 3. Comparison of the active site interactions with Ca®* and Mg**. (A) Active site electron density for the structure with Ca?*. The blue cage
shows a 2F, — F. map calculated at 2.38 A resolution with phases from the final model and contoured at 2¢. The pink cage shows the F, — F, map
contoured at 3¢ with phases calculated before the Ca** and the Lys-131 side chain model were added. As shown by the dashed lines, the single Ca**
ion is coordinated by the scissile phosphate, the carboxylates of Asp-119 and Glu-129, the backbone carbonyl of Leu-130, and a water molecule. (B)
Active site of the K131A variant with DNA and Mg** (PDB entry 3SM4).** The two Mg?* ions are bridged by the scissile phosphate (labeled SP)
and the carboxylate of Asp-119. Dashed lines show the interactions of the metals and the liganding water molecules. (C) Overlay of the structures
with Ca®* (gray) and Mg** (green bonds for protein and yellow for DNA). Dashed lines are from the structure with Mg?*. Notice that the Ca*" is
close to Mg" but shifted by 1.0 A toward Mg®. Also notice the upward displacement of the scissile phosphate in the structure with Ca*".

scissile phosphate and the Ca*" is considerably longer than the
corresponding distances of 2.0 A seen for Mg**. The net result
is that there is no water molecule on the Ca** that is
appropriately positioned for in-line attack on the scissile
phosphate. Altogether, because of the absence of a metal at site
B, the 1.0 A shift in the position of the Ca®* at site A, and the
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2.2 A upward movement of the scissile phosphate, the network
of interactions seen in the structure with Mg2+ that was close to
a catalytic configuration is substantially broken in the structure
with Ca?".

Interactions of the Conserved Active Site Lysine
Residue, Lys-131. In the new structure, there is clear electron

dx.doi.org/10.1021/bi501155q | Biochemistry 2014, 53, 7415-7425
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GIn#57

GInf57

Figure 4. Composite model showing the likely position of the catalytic lysine (Lys-131) in the complex with DNA and Mg**. The composite model
contains the atoms from the K131A—DNA—Mg** structure (PDB entry 3SM4),*® but with the side chain of Lys-131 from the structure with DNA
and Ca?* determined here grafted on. Interactions of the metals, the liganding waters, and key active site residues are shown as dotted lines. The
scissile phosphate and the phosphates 5" and 3’ to it are labeled SP, 5’-P, and 3'-P, respectively. Notice that Lys-131 forms hydrogen bonds with Gln-
157, Glu-129, and the attacking water (W1). Also notice the approximate tetrahedral arrangement of the pro-R, atom of the 3’-phosphate, the amine
group of Lys-131, Mg", and the phosphorus atom of the scissile phosphate, around the attacking water molecule. The pro-S, oxygen of the scissile
phosphate bridges the two metal ions, while the pro-R, oxygen hydrogen bonds to Gln-157.

density for the side chain of Lys-131 (Figure 3A), which was
not seen in the structure with Mg?* due to the use of the
K131A variant. The side chain of Lys-131 extends into the
active site to form ion pairs with the pro-S, atom of the scissile
phosphate (2.9 A) and the OE2 atom of Glu-129 (2.9 A). It
also forms a hydrogen bond with the OEl atom of Gln-157
(2.8 A), a conserved residue from the downstream a-helix that
also hydrogen bonds to the scissile phosphate (Figure 3C). Lys-
131 also forms a long-range ion pair (3.9 A) with the pro-R,
atom of the neighboring 3’-phosphate. The network of
interactions involving Lys-131 is partially shielded from solvent
by the side chain of Tyr-154, another conserved residue from
the downstream a-helix, which closes over the active site and
forms a hydrogen bond with one of the phosphates.
Interestinglg, in the K131A—Mg®" structure determined
previously,4 the aromatic ring of Tyr-154 is shifted inward
by 2.0 A, apparently to fill the cavity left by the absence of the
Lys-131 side chain (Figure 3C).

A putative role of the active site lysine is to bind and
somehow activate the attacking water molecule. Thus, in
determining the structure of the WT enzyme with Ca®', we
were hoping to visualize this interaction. In the structure,
however, there is no water molecule bound to the Ca®" that
would correspond to the putative hydrolytic water seen in the
structure with Mg**. Thus, to assess the possible interactions of
Lys-131 that would occur in the presence of Mg2+, we have
constructed a composite model by grafting the side chain of
Lys-131 from the structure with Ca®* onto the structure with
Mg** (Figure 4). This model is likely to be reasonably accurate,
because the Ca and Cp atoms of Lys- and Ala-131 from the
two structures align within 029 A of one another. In the
composite model, the terminal amine of Lys-131 is indeed
positioned 2.7 A from the hydrolytic water molecule, which is
labeled “W1” in Figure 4. It also forms the same hydrogen
bonding interactions with Glu-129 and GIn-157 that are seen in
the structure with Ca** (Figure 3C).

The composite model suggests that Lys-131 is likely to be
farther from the scissile phosphate than one might expect from
the structure with Ca®": it is 2.9 A from the pro-S, atom of the
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scissile phosphate in the structure with Ca®>" and 3.5 A from the
pro-R, atom in the composite model. This difference is mainly
due to the 2.2 A shift in the position of the scissile phosphate in
the Ca®" structure. Lys-131 is ~4 A from the neighboring 3'-
phosphate in both structures. The implications of these
interactions with regard to the catalytic mechanism will be
discussed.

B DISCUSSION

Jexo is a member of a large superfamily of Mg**-dependent
nuclease enzymes that share a common core fold and a PD-(D/
E)XK active site signature motif. Members of this superfamily
catalyze endo- or exonucleolytic reactions on DNA or RNA
substrates. While the structures of considerably more than 30
proteins of this superfamily have been determined, relatively
few of them have been determined in the presence of the
nucleic acid substrate (or product) and the appropriate metal
ion,371013:242836749 3f thege, many structures reveal only one
metal ion instead of two at the active site,**** or metal—ligand
geometries that otherwise deviate from the canonical two-metal
mechanism originally groposed for the proofreading domain of
DNA polymerase L'**** The observed deviations could
reflect true differences in the catalytic mechanism, but given the
common evolutionary origin and conserved active site, it seems
more likely that the differences arise from the necessity of
altering the complex in some manner to prevent turnover.
Because of the lack of a firm consensus for the structure of the
ground state complex of these enzymes, there is still much
debate about the catalytic mechanism, in particular with regard
to the number and roles of the metal ions, the role of the
catalytic lysine, and the role of the 3’-phosphate.”**7338=60

Our previous structure of the K131A mutant of Aexo in
complex with DNA and Mg** revealed a two-metal active site
that appears to be very close to the canonical two-metal
geometry.”>**** 1t is one of the few structures of a PD-(D/
E)XK enzyme that has been determined in a ground state
complex with Mg®", as opposed to Ca** or Mn*'. This was
possible for Aexo because of the complete inactivity of the
K131A mutant. By several criteria, the K131A—Mg*" structure
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Figure S. Two models for the reaction mechanism of 4 exonuclease. In model 1 (top) the “empty” state shown at the left has Lys-131 in its
protonated (charged) state, which selects for binding of a hydroxide ion, as opposed to a water molecule, at the attacking position on Mg". In model
2 (bottom), the “empty” state has Lys-131 in its unprotonated (neutral) state, which provides an ideal binding site for a water molecule at the
attacking position on Mg?. In model 2, Lys-131 acts as a general base to deprotonate the attacking water, whereas in model 1, Lys-131 selects for
binding of a hydroxide. Both models show the pro-R, oxygen of the 3'-phosphate accepting a hydrogen bond from the attacking water or hydroxide,

to bind and orient it further.

appears to be as close to having the probable geometry of the
transition state as any structure of a member of this family.
These criteria include a short distance of 4.0 A between the two
Mg** ions, near-octahedral coordination geometry for the
metals, metal—ligand distances ranging from 2.2 to 2.4 A that
are ideal for Mg®*, a short distance of 3.2 A between the
attacking water and the phosphorus atom of the scissile
phosphate, and a nearly linear arrangement of the scissile
phosphorus atom with the attacking and leaving oxygen atoms
(the O—P—O angle is 171°). This structure thus appears to
provide a particularly good framework for analysis of the
catalytic mechanism. Structures with near-canonical two-metal
geometry have also been determined for MutH,? BamHI,36
BglI,37 Mval,*® and Benl.> Interestingly, the active sites of Aexo
and Bgll in particular are strikingly similar to one another,
despite the fact that the two proteins share only very limited
sequence similarity with one another.

A key feature that is missing from the K131A—Mg®* structure
is the interactions involving the catalytic lysine, which was
truncated to alanine to trap the complex. On the basis of
structures of related enzymes,** several possible roles for the
equivalent lysine have been suggested, including stabilization of
the excess negative charge on the scissile phosphate that builds
up in the transition state, activation of the attacking water by
orienting it via hydrogen bond formation, or more direct
activation of the attacking water by acting as a catalytic base to
abstract a proton.>*® To assess the catalytic role of Lys-131 of
Aexo, the goal of this study was to visualize the interactions of
Lys-131 in the context of a functional active site, by
determining the structure of the WT enzyme in complex
with DNA in the presence of Ca**. For most T2RE enzymes,
Ca’" can functionally replace Mg*" for substrate binding but
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does not facilitate cleavage. Structures of several T2RE enzymes
determined in the presence of nucleic acid substrate and Ca**
show two-site binding with the near-octahedral geometry
expected for Mg®", albeit with slightly longer coordination
distances, because of the larger atomic radius of Ca2+ 83673

Surprisingly, in the structure of lexo with DNA and Ca**
determined here, there is only one Ca?* in the active site,
instead of the two that were seen for Mg*", despite the fact that
the two complexes crystallize under nearly identical conditions
and with very similar unit cell dimensions. The single metal ion
binds very close to site A but is shifted by ~1 A toward site B,
possibly because of its larger atomic radius. Presumably, this
shift of the site A Ca®* toward site B is what prevents the
binding of the second Ca®" ion to site B. The Ca*" at site A is
coordinated by the same ligands as Mg" in the K131A—Mg>*
structure, but with one major difference. Because of a 2.2 A
upward movement of the scissile phosphate, the positions of
the water molecule and the pro-S, atom of the scissile
phosphate on the coordination sphere of the Ca’' are
interchanged. As a result, there is no water molecule bound
to the Ca®* that is suitably positioned for in-line attack on the
phosphate, and the network of interactions that is poised for
catalysis in the structure with Mg*" is broken. Interestingly,
similar modes of coordination of a single Ca®" in a noncatalytic
configuration have been observed for other T2RE enzymes,
such as DXO ribonuclease (PDB entry 4J7M)*® and EcoRI
(PDB entry 1QPS)."

Although the structure with Ca®* does not reveal the
interactions of the catalytic lysine with the hydrolytic water
molecule as we had intended, it does show clear electron
density for the Lys-131 side chain, which forms short hydrogen
bonds with the side chains of Gln-157 and Glu-129. The WT—
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Ca®" structure thus permits us to build a composite model by
grafting the atoms of the Lys-131 side chain from the WT—
Ca’" structure onto the K131A—Mg*" structure, as shown in
Figure 4. Because Lys-131 is relatively fixed in place by its
interactions with Gln-157 and Glu-129, the composite model is
likely to be close to the true ground state and is thus likely to
show the interactions of Lys-131 with the other groups in the
active site that are relevant to catalysis, such as the attacking
water and the scissile phosphate.

Examination of the composite model reveals several
interesting features. First and foremost, the terminal amine
group of Lys-131 is 2.7 A from the attacking water and could
thus form a stabilizing hydrogen bond with it. Second, in
addition to the interactions with GIn-157 and Glu-129, Lys-131
is within 3.5 A of the pro-S, atom of the scissile phosphate. This
distance is likely to be even shorter in the transition state, in
which the two metals are expected to move closer together.
Thus, Lys-131 could help to stabilize the excess negative charge
on the scissile phosphate in the transition state by direct ion
pair formation. Third, the geometry of the interacting groups
around the attacking water molecule, including Lys-131, Mg?,
the pro-S, oxygen of the 3’-phosphate, and the phosphorus
atom of the scissile phosphate, is approximately tetrahedral.
This geometry would be even closer to tetrahedral if the
attacking water were to move closer to the phosphorus, as
expected for the transition state. A similar tetrahedral
arrangement of the equivalent groups around the attacking
water has been seen in the structures of several other T2RE
enzymes,”>”>** and it thus appears to be a conserved feature
that is fundamental to catalysis.

Fourth, via examination of the network of hydrogen bonding
interactions in the active site, it appears that in the ground state,
either the attacking water or Lys-131 must be deprotonated. Of
the three potential hydrogen atoms on the terminal amine of
Lys-131, two must point toward lone pairs of electrons on the
oxygen atoms of GIn-157 and Glu-129, to donate hydrogen
bonds. The third hydrogen, if present, would point toward the
hydrolytic water molecule (Figure 4). The attacking water
would presumably have its two lone pairs facing Mg" and the
scissile phosphate, and one of its hydrogens facing the pro-R,
atom of the 3’-phosphate. The second hydrogen, if present,
would face the amine group of Lys-131. Thus, if the attacking
water and Lys-131 are to interact favorably, one of them must
be deprotonated.

Proposed Mechanism of Cleavage. On the basis of this
structural framework, we envision two possible models for the
chemical step of DNA cleavage by Aexo (Figure S). The two
models differ only in the way in which the hydroxide
nucleophile is generated in the initial stages of the reaction.
In the first model, the enzyme—DNA complex, with two Mg>*
ions bridging the scissile phosphate, and Lys-131 in its
protonated, positively charged state, presents an ideal and
selective binding site on Mg* for a negatively charged
hydroxide ion. Binding of the hydroxide over the water is
favored not only by the positive charges on Mg" and
protonated Lys-131 but also by the projection of a tetrahedral
pattern of interacting groups that favors the three lone pairs
and one hydrogen of the hydroxide. Binding of the water, with
two hydrogens, is excluded if Lys-131 is protonated. Once a
hydroxide ion is bound and oriented on Mg", it attacks the
scissile phosphate to form the pentacoordinate transition state,
which has a net charge of —2. The excess negative charge on
the phosphate is stabilized in part by the two metal ions, which
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symmetrically coordinate the pro-S, oxygen of the scissile
phosphate, the attacking water, and the O3’ leaving group, and
also in part by Lys-131 and GIn-157, which form an ion pair
with and donate a hydrogen bond to the pro-R, atom of the
scissile phosphate, respectively. On the downhill side of the
reaction, protonation of the O3’ leaving group could be
facilitated by one of the three water molecules bound to Mg".
Wat-3 (as labeled in Figure 4) is 3.4 A from the O3’ atom of
the scissile phosphate and is a likely candidate that could be
further activated by its interaction with Glu-85, a conserved
residue from the upstream a-helix that forms outer sphere
coordination to both metals via liganding water molecules.
Another candidate, Wat-4, is 3.1 A from the O3’ atom and
forms hydrogen bonds with Glu-129 (an Mg” ligand) and the
backbone carbonyl of Ser-117, the residue preceding the
proline of the PD-(D/E)XK motif.

Model 2 differs from model 1 only in the way in which the
attacking nucleophile is generated. In model 2, the enzyme—
DNA complex, with two Mg** ions bridging the scissile
phosphate, and Lys-131 in its neutral, unprotonated state,
forms a binding site for a water molecule at the attacking
position on Mg”. The water donates its two hydrogen atoms to
form hydrogen bonds with the lone pair on the Lys-131 amino
group and the pro-S, oxygen of the 3'- phosphate and projects
its two lone pairs toward Mg* and the phosphorus of the
scissile phosphate. Lys-131 acts as a catalytic base to abstract a
proton from the water molecule, to form the more nucleophilic
hydroxide, which is then poised to attack the scissile phosphate.
Lys-131, now in the positively charged, protonated state, is
poised to donate a hydrogen bond to and electrostatically
stabilize the negative charge on the pro-R, atom of the scissile
phosphate in the transition state.

Determination of which of these two models is more likely to
be correct depends on the pK, values of Lys-131 and of the
attacking water in the context of the active site. On the basis of
the intrinsic pK, values of 10.0 and 15.7 for the lysine and the
water molecule, respectively, the lysine would be ~1 million
times more likely to be deprotonated in solution at the optimal
pH of the reaction, which is 9.2—9.5." However, a water
molecule bound to a Mg®" ion would have its pK, reduced
significantly, to around 11.5. How is the pK, of the lysine likely
to be altered from its intrinsic value, based on its interactions in
the active site? In the composite model, Lys-131 is within 4 A
of at least four atoms bearing a full or partial negative charge,
including the pro-R, oxygen of the scissile phosphate (3.5 A),
OE2 of Glu-129 (2.8 A), OE1 of GIn-157 (2.8 A), and the pro-
R, oxygen of the 3'-phosphate (4.1 A). It is also within 2.7 A of
the hydrolytic water molecule (or hydroxide ion) and 4.0 A of
Mg”. Lys-131 is at least partially buried by interactions with the
phenyl rings of Tyr-154 and Phe-172, which would tend to
strengthen any electrostatic interactions. In summary, because
Lys-131 is partially buried and juxtaposed to significantly more
negative than positive charge, it is likely that its pK, would be
elevated relative to the intrinsic value of 10.0, but the extent is
difficult to determine. On the basis of this analysis, it appears
that the pK, values of Lys-131 and the attacking water are likely
to be similar, making it difficult to judge which of the two
models is more likely to be correct.

While the great majority of PD-(D/E)XK enzymes have a
lysine at the position corresponding to Lys-131 of Aexo, in a
few cases, most notably BamHI*® and BglIL,** the catalytic
lysine is replaced with glutamate and glutamine, respectively. As
discussed previously,***** while a glutamate could function as a
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catalytic base in a manner similar to that of a lysine, provided
that the local environment were to elevate its pK, from the
intrinsic value of 4.4, clearly a glutamine could not. The amide
of the glutamine side chain could however function as a
hydrogen bond donor, to help select for binding of a hydroxide
at Mg" instead of a water molecule, as proposed in model 1.
Thus, if a strictly conserved mechanism for the chemical step is
employed by all members of the PD-(D/E)XK superfamily, the
fact that the catalytic lysine can be replaced with a glutamine in
a related enzyme would tend to favor model 1.

For EcoRl, EcoRV, and other restriction endonucleases, the
neighboring 3’-phosphate of the DNA substrate itself has been
proposed to be the catalytic base that removes the proton from
the attacking water molecule.**® This suggestion was based
on structural considerations of EcoRI and EcoRV showing that a
water molecule bound to the 3’-phosphate would be in position
for in-line attack on the scissile phosphate,®® and on
experiments measuring the effects of methylphosphonate or
phorphothioate modifications to the 3’-phosphate on the rate
of cleavage.* %% As described above, in dexo the pro-R, atom
of the 3'-phosphate indeed forms a short hydrogen bond (2.5
A) with the attacking water (Figure 4). The other nonbridging
oxygen of the 3'-phosphate, pro-S,, accepts a hydrogen bond
(2.8 A) from the backbone amide of Cys-132, the residue that
follows the catalytic lysine. Similar interactions of the 3'-
phosphate with the attacking water and the equivalent

backbone amide have been seen in several other T2RE
8,37—39,45
enzymes.

As has been noted previously,* a key argument against the
3'-phosphate acting as a catalytic base to abstract a proton from
the attacking water is its low intrinsic pK, of 2.2. This
mechanism seems particularly unlikely for Aexo, for which the
optimal pH is 9.2—9.5,> which is within 0.5—0.8 unit of the
intrinsic pK, of 10.0 for lysine, but 7 full units from the intrinsic
pK, of the 3’-phosphate. Moreover, there do not appear to be
any negatively charged or apolar groups in contact with the 3'-
phosphate that would potentially increase its pK, to increase its
affinity for protons. In fact, the hydrogen bond formed by the
pro-S, atom of the 3’-phosphate with the backbone amide of
Cys-132 would tend to decrease the potential for the pro-R,
oxygen to accept a proton. Thus, for Aexo, it seems that if there
is a catalytic base, it is far more likely to be the amine group of
Lys-131 than the 3'-phosphate. We suggest that the 3'-
phosphate, together with the backbone amide of Cys-132, helps
to form a tight network of hydrogen bonds to bind and orient
the attacking water (or hydroxide ion) at the correct position
on Mg". If it is a water molecule that initially binds to Mg?,
then Lys-131, in its deprotonated state, is likely to act as the
catalytic base.

B CONCLUSIONS

We have determined the crystal structure of WT Aexo in
complex with DNA and Ca', to assess the interactions of the
catalytic lysine residue, Lys-131, which was truncated to alanine
in the previously determined structure with DNA and Mg*".
Surprisingly, Ca** binds to only one site on the enzyme (site
A), and in a noncatalytic configuration, with no attacking water
molecule. The structure is reminiscent of previous structures of
related enzymes, such as EcoRI, EcoRV, Pvull, Hincll, and DXO
ribonuclease, in which the metals are bound in sites that deviate
from the canonical two-metal mechanism. Given that the
previous structure of dexo with DNA and Mg*" revealed the
standard two-metal geometry, the new structure with Ca**
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provides more evidence in favor of the argument that the
noncanonical metal binding positions are likely to arise from
the need to alter the complex for crystallization, as opposed to
different catalytic mechanisms. Although the structure with
DNA and Ca** does not reveal a catalytic configuration, it does
show the position of the catalytic Lys-131 side chain, which
permits the construction of a composite model, to assess the
likely interactions of Lys-131 with the other groups in the active
site during catalysis. The structural data favor a mechanism in
which Lys-131 either helps to select for binding of a hydroxide
ion at Mg" for attack on the scissile phosphate or acts as a
catalytic base to deprotonate the attacking water.
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