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ABSTRACT Efficient cellular DNA replication requires
the activity of a 5'-3’ exonuclease. These enzymes are able to
hydrolyze DNA-DNA and RNA-DNA substrates exonucleolyti-
cally, and they are structure-specific endonucleases. The 5'-3’
exonucleases are conserved in organisms as diverse as bac-
teriophage and mammals. Crystal structures of three repre-
sentative enzymes identify two divalent-metal-binding sites
typically separated by 8—10 A. Site-directed mutagenesis was
used to investigate the roles of three lysine residues (K83,
K196, and K215) situated near two metal-binding sites in
bacteriophage T5 5'-3’ exonuclease. Neither K196 nor K215
was essential for either the exo- or the endonuclease activity,
but mutation of these residues increased the dissociation
constant for the substrate from 5 nM to 200 nM (K196A) and
50 nM (K215A). Biochemical analysis demonstrated that K83
is absolutely required for exonucleolytic activity on single-
stranded DNA but is not required for endonucleolytic cleavage
of flap structures. Structural analysis of this mutant by x-ray
crystallography showed no significant perturbations around
the metal-binding sites in the active site. The wild-type protein
has different pH optima for endonuclease and exonuclease
activities. Taken together, these results suggest that different
mechanisms for endo- and exonucleolytic hydrolysis are used
by this multifunctional enzyme.

Efficient lagging-strand synthesis in all cells requires the
participation of enzymes known as 5’-3" exonucleases. These
proteins remove ribonucleotide primers from the 5’ end of
Okazaki fragments prior to ligation with the 3’ end of the
upstream DNA fragment and are also involved in DNA repair
processes. Many 5'-3" exonucleases have been sequenced and
extensively characterized including human DNase IV, the
small fragments of Escherichia coli, Streptococcus pneumoniae,
and Thermus aquaticus DNA polymerases as well as those
encoded by bacteriophages T4 and TS (reviewed in refs. 1 and
2). Several of these enzymes are multifunctional, possessing
exonucleolytic activity on double-stranded DNA and
RNA-DNA duplexes (RNase H activity). They also possess
structure-specific endonuclease activity allowing them to
cleave bifurcations or flap structures containing a free 5’ end
(3-5). As these enzymes exhibit both endo- and exonuclease
activities on substrates with free 5’ ends, it has been suggested
(3) that they should be described as 5’ nucleases to accurately
reflect their properties.

Lundquist and Olivera (6) proposed a model to explain
nick-translation in which a nicked duplex undergoing strand-
displacement synthesis could be processed by DNA polymer-
ase I (Pol I). First, the 3’ end of the nick is extended by the
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polymerase activity of Pol I concomitant with displacement of
a short region corresponding to the 5'-terminated strand at the
nick site. The 5'-nuclease domain of Pol I then clips off the
short single-stranded flap, effectively moving the nick in the 5’
to 3’ direction. Such a process was elegantly elaborated by
Lyamichev and coworkers (3), who showed that prokaryotic 5’
nucleases are able to cleave in such an endonucleolytic manner
close to the single-strand/duplex junction in flap substrates.
Eukaryotic 5’ nucleases such as FEN1 have structure-specific
activity similar to that displayed by eubacterial 5'-3’ exonucle-
ases (3, 4, 7). This activity is thought to involve the enzyme
loading or threading on to the free 5" end of the flap substrate
and tracking to the duplex junction, where it then cleaves the
displaced strand (8). It has been suggested that the 5'-3’
exonucleolytic and 5" endonuclease activities of the 5’ nucle-
ases are manifestations of one and the same mechanism and
simply reflect the enzymatic processing of different substrate
conformations (1). However, the observation that T5 exonu-
clease is able to degrade single-stranded substrates such as
oligo(dC) and oligo(dT) in an exonucleolytic manner contra-
dicts this hypothesis (9).

Crystallographic studies on T5 exonuclease showed that the
enzyme contained a hole, suggesting that single-stranded (but
not duplex) DNA could pass through the protein and provided
the basis for a molecular model (10) for the deduced threading
of the substrate’s 5’ end through homologous enzymes (3, 8).
The structural (11) and sequence similarities present in this
group of enzymes have identified conserved amino acid resi-
dues that either form, or are in close proximity to, the binding
sites for two divalent metal ions in 7. aquaticus Pol I 5'-
nuclease domain, T4 RNase H, and T5 exonuclease crystal
structures (10, 12-14). As divalent metal ions are required for
catalysis, but are not essential for substrate binding (5, 15) it
is likely that the metal ions are located in the active site and
that at least one actively participates in the chemical cleavage
step. Indeed, a two metal ion mechanism analogous to that
seen in the 3'-5" exonuclease activity of the Klenow fragment
(16) has been proposed for the 5" nucleases (14).

Here we report the results of biochemical and mutagenesis
studies designed to investigate our model (10) of DNA binding
in the prototypic T5 5" nuclease. This model predicts that
certain lysine residues should be involved in DNA binding. We
have determined the dissociation constants for wild-type and
mutant enzymes and assessed the affect of mutations on both
endo- and exonucleolytic function. The results support our
model and also suggest that T5 exonuclease endo- and exo-
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nuclease activities are distinct and utilize different mechanisms
to effect substrate cleavage.

MATERIALS AND METHODS

Determination of Structure-Specific DNA-Cleavage Pro-
files. The pseudo-Y substrate was prepared by annealing the
5'-32P-end-labeled FLAP oligonucleotide d(GATGTCAAG-
CAGTCCTAACTTTGAGGCAGAGTCC), 3 nM, with the
BRIDGE oligonucleotide d(GGACTCTGCCTCAAGACG-
GTAGTCAACGTG), 100 nM, essentially as described (5). In
the pseudo-Y substrate residues 21-34 of FLAP are paired
with bases 1-14 of BRIDGE, generating a structure which
consists of this duplexed region and two single-stranded arms,
the 5" end of FLAP (nucleotides 1-20) and the 3’ end of
BRIDGE (nucleotides 15-30). Reaction mixtures also con-
tained 25 mM potassium glycinate (pH 9.3) and 100 mM KCl
and were heated to 80°C for 5 min and then left at room
temperature for 1 hr. Reaction mixtures were then diluted to
contain 4.5 nM unlabeled oligonucleotide and 150 pM labeled
oligonucleotide in 25 mM potassium glycinate, pH 9.3/100
mM KCI/10 mM MgCl,/5% (vol/vol) glycerol/1 mM DTT
containing acetylated BSA at 0.1 mg/ml. A flap structure was
prepared essentially as above by including the oligonucleotide
d(CACGTTGACTACCGTC) in the annealing reaction at 4.5
nM. This is complementary to the 3’ end of BRIDGE.

To study the affect of pH on the reactions, different buffers
were used: Mes at pH 5.5 and pH 6.0, Hepes at pH 7.0,
TrisHCl at pH 8.0, potassium glycinate at pH 9.3, and
butylamine at pH 11.3, all at a final concentration of 25 mM,
except the butylamine buffers, which were 50 mM. Reaction
mixtures contained 7.5 fmol of labeled substrate (pseudo-Y) in
a volume of 10 ul, and 2-ul aliquots of the mixture were
withdrawn and the reaction was stopped by addition to 18 ul
of formamide/EDTA stop mix. This was necessary due to the
deleterious affect of the low-pH buffers on the running of the
gel. An unbuffered solution was used to dilute enzyme to be
added to the reactions buffered by butylamine due to its low
buffering capacity. It was found that under these conditions the
butylamine could buffer the effect on pH of the added metal
ions. Control reaction mixtures, in which enzyme activity was
analyzed at a lower pH and compared with the activity that was
observed at pH 11.3, also contained enzyme diluted in an
unbuffered solution. Reaction products were separated on a 7
M urea/15% polyacrylamide gel, length 50 cm, run in 1X TBE
(Tris/borate/EDTA) at 50 W for 1.5 hr, and visualized on a
Bio-Rad Molecular Imager phosphoimager. Quantification of
the image was carried out by using Molecular Dynamics
software.

Site-Directed Mutagenesis. Oligonucleotide site-directed
mutagenesis was carried out on a bacteriophage M13 deriva-
tive carrying the T5 D15 exonuclease gene (9) as described
previously (5) in conjunction with the following oligonucleo-
tides; K83A 5'-d(CACGATTACCTGCATACTCTGG),
K196A 5'-d(TCCCATAATGGCCGCCAGGGAGATA-
AAC), K215A 5'-d(AATATTATATCCGCGTGCTGCTC-
CTATTCC), in which anticodon changes are underlined.
Dideoxynucleotide sequencing was used to determine that
only the desired sequence changes had been introduced.
Standard methods for cloning of mutated genes were used
(17). Mutated genes were subcloned into the expression vector
pJONEX4 as described for the wild-type exonuclease gene
(18).

Protein Expression, Purification, and Assays. Mutant pro-
teins were expressed and purified until free of any detectable
contaminating 3'-5' exonuclease or endonuclease activity as
described previously (5, 9, 18). Proteins were assayed for both
endonuclease and exonuclease activity. The amount of acid-
soluble nucleotide released from high molecular weight DNA
was determined with a standard spectrophotometric assay
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(19). Curves were plotted from the data obtained and esti-
mates of the initial velocity were calculated.

Electrophoretic Mobility-Shift Assay (EMSA). Pseudo-Y
substrates were diluted to contain 4.5 nM BRIDGE oligonu-
cleotide, 150 pM labeled FLAP oligonucleotide in 25 mM
potassium glycinate, pH 9.3/100 mM KCl/1 mM EDTA/5%
glycerol/1 mM DTT, containing acetylated BSA at 0.1 mg/ml
and TS5 exonuclease at the concentration stated (enzyme
diluted in 25 mM potassium glycinate/50% glycerol/1 mM
EDTA/1 mM DTT, containing acetylated BSA at 0.1 mg/ml).
The reaction mixtures (10 ul) were incubated on ice for 10 min
and analyzed on a nondenaturing 17% acrylamide gel, in 50
mM Tris-Bicine, pH 8.3/1 mM EDTA/1 mM DTT at 4°C for
2 hr at 15 V/cm. The gel was analyzed by using a Molecular
Imager (Bio-Rad) and Molecular Dynamics software.

Crystallization and Structure Determination. Crystals were
obtained as described (20), by first setting up drops and
equilibrating at 4°C, followed by seeding with native microc-
rystals at room temperature. Crystals of the K83A mutant
approximately 1.0 mm X 1.0 mm X 0.15 mm appeared after
about 2 weeks. After the crystals had been cryoprotected in
65% saturated ammonium sulfate/25 mM sodium citrate, pH
6.2/25% sucrose, they were flash frozen for data collection at
100 K on a Siemens area detector and the data were processed
with XDS (21). The space group of the K83A mutant was
determined to be P2,2,2;. The molecules were located by
molecular replacement with the native structure model (PDB
ID code lexn) by using AMORE (22) and XPLOR (Version 3.1,
Yale University, New Haven, CT) to verify the solution. Two
molecules were found in the asymmetric unit. The positions of
the two molecules were rigid body refined to give an initial R
factor of 46.6%. Portions of the main chain were restrained by
noncrystallographic symmetry (as for the native structure),
and several cycles of refinement followed by rebuilding with 0
were carried out (23). Data collection and refinement statistics
for K83A (PDB ID code 1xol) are shown in Table 1.

RESULTS

Differential pH Sensitivity of Nuclease Reaction. Analysis of
the hydrolysis products of a pseudo-Y substrate revealed that
endonucleolytic cleavage was enhanced at low pH, whereas
exonuclease activity was markedly inhibited. At pH 9.3 the
full-length FLAP oligonucleotide was rapidly converted to tri-
and pentanucleotides with concomitant production of the
endonucleolytically derived product (21- and 19-mers). Under
the conditions used in the assay most of the initial pseudo-Y
substrate was converted to smaller products after 10 min.
However, at low pH the rate of disappearance of the 34-mer

Table 1. Crystallographic data for the K83A mutant protein

Space group P212121

Cell dimensions, A a = 66.89, b = 76.81,
¢ = 120.10

Resolution range, A 25.0-2.5

Reflections (unique) 158,564 (21,915)
Completeness % 99.6
Rsym [(‘Iobs - IaVD/I]’ % . 8.2

Refinement resolution range, A 6.0-2.5
Protein atoms 4,404
Water molecules 316

Reflections (test set) 19,728 (1,941)

R factor (Riree), % 22.6 (30.9)
Average B factor, A2 25.4

rms deviation in bond lengths, A 0.006

rms deviation in bond angles, ° 1.35

rms deviation between molecules 0.284*

in asymmetric unit, A
*Residues 20-34, 42-83, and 104-290.
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The product distribution of T5 exonuclease reaction varies with pH. (4) Activity was assayed on the pseudo-Y substrate, with 10 mM

MgCl; cofactor. Lanes marked M show the result of reactions in mixtures that contained no enzyme, and lanes 1-6 contained 4 nM wild-type enzyme
in buffers at pH 5.5, 6.0, 7.0, 8.0, 9.3, and 11.3, respectively. The sizes (nucleotides) of the products are as indicated. (B) Time courses of wild-type
5'-3" exonuclease at pH extremes. Wild-type exonuclease, at a concentration of 0.8 nM, was incubated with the labeled pseudo-Y substrate at 37°C
for 2.5, 5, or 10 min at pH 5.5 (lanes 1-3) or pH 9.3 (lanes 4-6) in the presence of 10 mM MgCl,. The products of the reaction were separated
on a7 M urea/15% acrylamide gel. Untreated substrate, lane M, and substrates incubated at 37°C for 10 min at each pH in the absence of enzyme
(lanes 7 and 8) are shown. (C) Phosphoimager data from A showing the percentage of product plotted against pH for both exonucleolytic (a) and
endonucleolytic (m) cleavage. (D) Graphical representation of the time course at pH 5.5 and 9.3 from data obtained from B. Endonucleolytic product
is shown by dark bars, exonucleolytic product, by light bars. Differences between C and D in the absolute levels of exo- and endonuclease activity
reflect the concentration of the enzyme used. In C all of the original substrate has been degraded.

starting material was similar to that observed at higher pH, but
the major products were the endonucleolytically derived 19-
and 21-mers. Quantitative analysis of the phosphoimager data
showed that exonucleolytically derived product accounted for
5% of the products at completion at pH 5.5, whereas they made
up 80% of the products at pH 9.3. The relative contribution of
exonuclease and endonuclease activity at differing pH is
readily appreciated by inspection of Fig. 1.

Properties of Mutant Exonucleases. Purified protein carry-
ing the K215A mutation was found to retain a level of activity
close to that of the wild type (specific activity of 45 units and
55 units, respectively; 1 unit is 1 nmol of released nucleotides
per min per ug of protein in the standard spectrophotometric
assay at 37°C). The K196A protein showed 1/10 the specific
activity (4.5 units), and enzyme with the K83A mutation was
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F1G. 2. Exonuclease activities of wild-type and mutant exonucle-
ases. Exonucleolytic digestion of high molecular weight DNA was
assayed spectrophotometrically. Results of three separate assays were
plotted (except for K83A mutant; two assays), and fitted to a rectan-
gular hyperbolic function. The 2 values (goodness of fit) ranged from
0.91 (K83A) to 0.99 (K215A). Different amounts of enzyme were
added to each standard 600-ul assay: 1 ug of K196A, 0.8 ug of K215A,
0.5 pg of wild type, and 5 pg of K83A. Initial velocities for each
reaction were determined. The specific activities calculated were as
follows: wild type, 55 units; K215A, 45 units; K196A, 4.5 units; and
K83A, 0.3 unit.

found to be almost inactive in this exonuclease assay (0.3 unit,
Fig. 2).

The enzymes were assayed for their ability to cleave a
pseudo-Y structure substrate (Fig. 3). The wild type and
K215A mutant produced similar patterns of cleavage prod-
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F1G.3. Degradation of pseudo-Y substrate by T5 5'-3’ exonuclease
lysine mutants. (Left) Enzymes were incubated with the substrate at
37°C for 2.5, 5, 10, or 20 min in the presence of 10 mM MgCl,, and
reaction products were separated by denaturing PAGE. The concen-
tration of the K83A and K196A mutants (40 nM) was 10 times higher
in the reaction than that of the K215A mutant and the wild-type
enzyme (4 nM). A control reaction lacking enzyme was incubated for
20 min (lane 20). (Right) Wild-type enzyme (20 nM) was incubated
with pseudo-Y substrate (P), single-stranded oligonucleotide (S), or a
full flap structure (F). Reactions were sampled at 2 and 30 min (first
and last three lanes, respectively).
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uct—i.e., exonucleolytic cleavage of the single-stranded por-
tion of the substrate releasing 3-mers and 5-mers, and endo-
nucleolytic cleavage of the hinge region of the substrate,
releasing oligonucleotide 19 and 21 nucleotides long. The ratio
of endo- to exonucleolytic cleavage by the K215A mutant was
similar to that shown by the wild-type enzyme. The K196A
mutant was less efficient than the wild-type enzyme. Ten times
as much mutant as wild-type enzyme was required to effect a
similar extent of substrate degradation. Exo- and endonucleo-
lytic cleavage occurred, but the extent of 5'-3" exonucleolytic
cleavage was decreased compared with endonuclease cleavage.
The K83A mutant showed no evidence of exonucleolytic
cleavage. Only structure-specific endonucleolytic cleavage,
resulting in the production of 21- and 19-mers, was observed.
Wild-type enzyme released 3-mers and 5-mers exonucleolyti-
cally from single-stranded substrate (FLAP oligonucleotide
alone) in accordance with previously published results (9). The
products of flap structure cleavage (mimicking a strand-
displaced substrate) were similar to those obtained with pseu-
do-Y substrate.

Analysis of DNA-Binding Properties. Binding of nucleases
to pseudo-Y substrates was assayed by electrophoretic mobility
shift in the absence of divalent metal cofactor (Fig. 4). An
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Fi1G. 4. Substrate binding by the TS5 5'-3' exonuclease lysine
mutants. (4) Pseudo-Y substrate was incubated with the enzymes on
ice, and the enzyme-substrate complex was separated from the
unbound substrate by electrophoresis on a nondenaturing 17% acryl-
amide gel. The substrate concentration was constant in each experi-
ment, and the enzyme concentration was varied as shown. (B) Data
from the gel retardation experiments were plotted as percentage of
free substrate against the enzyme concentration on a logarithmic scale.
At least 30 values were plotted for each enzyme. The means of the
values were plotted (though all points were used in the data analysis).
Error bars represent maximum and minimum data values for each
protein concentration. The enzyme concentration required to bind
half the substrate was determined graphically. Dissociation constants
were 5, 48, 194, and 220 nM for the wild type, K215A, K196A, and
K83A, respectively.
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approximation to the dissociation constant (Ky) for the binding
reaction was calculated as the protein concentration at which
half the substrate remained unbound (24). Wild-type enzyme
had a K4 of approximately 5 nM in this assay. The dissociation
constants of all three lysine mutants were increased compared
with wild-type enzyme, with K215A having the least affect (K4
= 50 nM). The K196A and K83A substitutions greatly weak-
ened substrate binding (Kg4 ~ 200 nM).

Mutant Structure. The K83A protein crystallized under
conditions similar to those required for the native protein (20).
The mutant crystallized in a different space group from the
native protein, but the overall structural features of both
proteins are very similar. The exceptions lie mainly in regions
that are now found to be disordered in the mutant protein.
Whereas all residues in the native molecule between 19 and
290 were visible in the electron density map, the K83A mutant
has two disordered regions, residues 35-41 and 84-103 (Fig.
5). The electron density map of this region is shown in Fig. 54
and includes the top of the helical arch observed in the native
structure. Other regions that differ slightly include the 200-
223 finger and the region from 233 to 247. These regions were
found to be slightly flexible in the native crystals (11).

DISCUSSION

Phage T5 5'-3" exonuclease, the product of gene D15, is
required for efficient viral DNA replication and is a member
of a large group of homologous 5’-3" exonucleases (25). These
include the N-terminal domains of many eubacterial Pol I-like
proteins, other phage-encoded 5'-3" exonucleases, and flap
endonuclease I (FEN-1) (4). The prokaryotic enzymes share
primary sequence motifs that include acidic residues shown to
be involved in cofactor binding by recent crystal structures of
T4 RNase H (13), TS exonuclease (10), and Tag DNA poly-
merase (14). Mutagenesis studies have also implicated some of
these residues in cofactor binding (25-28). So far the mecha-
nism of the reactions catalyzed by this group of enzymes
remains to be fully established.

pH Profile. Previous studies on the enzyme had identified a
pH optimum of 9.3 (29) by using assays designed to detect
acid-soluble nucleotides and small polynucleotides (up to
10-mers or so) released from high molecular weight duplex
DNA substrates. However, it has since been shown that the 5’
nucleases also display structure-specific endonuclease activity
on pseudo-Y and strand-displaced (flap) substrates (3, 4, 10).
Processing of pseudo-Y substrates by TS5 exonuclease was pH
sensitive. The relative levels of endo- and exonucleolytic
cleavage varied markedly. High pH favored the exonuclease
reaction as previously reported, whereas the release of short
oligonucleotides (<6-mers) was inhibited at lower pH. How-
ever, the overall rate of substrate loss was similar at low pH.
Instead, the rate of endonucleolytic cleavage had increased,
with most product present in the form of 19- and 21-mers. The
time courses of the reactions at pH 5.5 and 9.3 were investi-
gated. Analysis of the data confirmed that the overall rates of
loss of starting material were similar at both pH extremes, but
that the profile of cleavage product distribution was different.
This finding suggests that the two activities might either
proceed by chemically distinct hydrolytic mechanisms or per-
haps have separate pH-sensitive binding sites. Conserved
residues in the active site include K83 and Y82. The counter-
part of the latter residue in T4 RNase H was mutated to
phenylalanine without significant loss of catalysis. Thus, the
role of the conserved tyrosine is obscure, but the phenolic
hydroxyl is not essential for catalytic activity (25).

Mutational Analysis. We reported the crystal structure of
native TS5 exonuclease (10) and proposed a physical model for
the substrate threading mechanisms put forward for homolo-
gous systems (3, 30). In this model, three lysine residues are
predicted to contact closely a bound DNA substrate. K83 lies
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F1G. 5. (A) Electron density map of the region around the mutated residue K83. The density for this residue is defined in a 2F, — F. map
contoured at 1o. The positions of the next few residues of the native molecule are colored in brown, and these residues are disordered. The next
residue is G84; this position is expected to show flexibility. The helical arch does not show evidence of order in the electron density map. The first
well defined residue in helix 5 is F104. The absence of density preceding this residue suggests that the helix is unwound and exists in an undefined
conformation. (B) A stereo view of the metal-binding site Mel as determined in the native molecule. The K83 side chain from the native molecule
is shown in black. The positions of the metal’s ligands are largely unchanged compared with the native (data not shown). The only amino group
in close proximity to Mel is that of K83 (distance between NH> and Mel = 4.2 A). (C) A Ca trace of the native (red) and K83A mutant structures
(yellow) superimposed. Disordered residues in the mutant include 35-41 and 84-103. The regions around the acidic residues composing the
metal-binding site are very similar. (D) A space-filling model of the protein, showing the three residues mutated in this study in red (top to bottom:
K83, K196, and K215) in relation to the proposed threading mechanism. DNA is shown as colored strands and the metal sites observed are shown

as purple spheres.

in the helical arch region and is perfectly conserved through-
out all the prokaryotic 5'-3" exonuclease sequences so far
determined (12). This residue is sited close to metal site I.
K196 is less well conserved and lies between the two metal ion
binding sites. K215 is more widely conserved than K196 but has
no obvious counterpart in the T4 and T7 exonucleases (12).
The K215A mutation had the least impact on either the pattern
of hydrolysis or substrate affinity. Both were reduced from
wild-type levels, but at high substrate concentrations K215A
retained nearly 80% of wild-type exonuclease activity. This
mutation caused a decrease in the ability of the protein to bind
a pseudo-Y substrate: the Ky increased approximately 10-fold
(from 5 nM to 50 nM). As the product spectrum was indis-
tinguishable from that obtained with wild-type protein, it
appears that this residue plays a substantial role in DNA
binding but is not involved in catalysis.

Replacement of either residue K83 or K196 with alanine had
more dramatic effects. Both the K196A and K83A mutations
showed similar, though greatly reduced, substrate affinity (K4
~ 200 nM). The K196A protein hydrolyzed substrate both
endo- and exonucleolytically, whereas the K83A protein had
lost the ability to function as an exonuclease. That K83A
retains endonuclease activity is further strong evidence that
endo- and exonuclease activities are separate and distinct
phenomena.

Structural Studies. The K83A protein was crystallized and
the structure was solved to determine whether a difference in
the structure compared with that of the wild-type protein had
caused the observed change in nucleolytic activities. The
structure of K83A was found to be very similar to wild-type
protein except that the helical arch visible in the latter was
disordered in the mutant protein. It is interesting to note that
this region is disordered in homologues of the TS 5’ nuclease—

i.e., T4 RNase H (13) and the 5'-nuclease domain of Tag DNA
polymerase (14). The helical arch was well defined in the native
crystal form (P43) of TS 5’ nuclease partly due to the crystal
contacts with neighboring molecules. In the mutant crystal
form the back of helix 4 of the arch can contact a symmetry-
related molecule, but the front of the arch is exposed to
solvent. We believe this disorder is an indicator of flexibility
inherent in this class of 5’ nucleases and may serve a functional
role (11).

The only other differences found in the mutant crystal
structure were residues 200-223 and 233-247. These are
remote from the active site and also differed between the two
molecules in the asymmetric unit of the native crystals. Thus
with the overall structure remaining the same as in the native
molecule and given that the metal-binding site remains intact,
we conclude that loss of exonuclease function in the mutant
protein is due to the loss of the K83 g-amino group.

Possible Roles of K83. The reduced binding affinity of K83A
and the minor structural perturbations observed in the crystal
structure suggest that this lysine residue is more important for
substrate binding than is K215. The increase in K4 for the K83A
mutant is similar to that observed for the K196A enzyme, yet
this protein did display detectable endo- and exonuclease
activities. It could be argued that the two nuclease activities do
not share a common substrate binding site and that K83 fulfills
an essential role only for substrate binding in the exonucleo-
lytic reaction. However, given the overall positive surface
potential in and around the active site (10), one would expect
to be able to detect some traces of K83A exonuclease activity,
as was observed with K196A. Even high concentrations (30-
fold higher than that used in Fig. 3) of K83A failed to show
exonucleolytic cleavage (data not shown). Thus, we suggest
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that K83 may play a role as a general base in exonucleolytic
cleavage.

The pH profile of the exonucleolytic reaction catalyzed by
the wild-type T5 enzyme suggests a decrease in activity below
pH 7.5. This behavior implies that a residue with a pK, of close
to 7 is important for this reaction. Histidine is the obvious
candidate residue in terms of a suitable pK,; however, no
histidine residues are conserved in the 5'-3" exonuclease
family. Furthermore, inspection of all three published 5’
nuclease crystal structures fails to identify a suitable candidate
histidine.

Could loss of exonuclease activity be explained by protona-
tion of a residue leading to reduction in substrate binding? The
possibility that the terminal phosphate group of the 5'-
phosphorylated substrates used in this study (pK, of approx-
imately 6.5) (31) are important for the reaction was consid-
ered. At low pH the di-anionic form would be protonated,
reducing the charge and thus the potential to interact with a
positively charged residue such as K83 or an arginine. Though
this model explains the fall-off in exonuclease activity at acidic
pH, it predicts that unphosphorylated oligonucleotides would
be less strongly bound than the phosphorylated counterpart.
This was not the case for TS5 exonuclease (data not shown) or
for the homologous T7 gene 6 5'-3" exonuclease, which also
shows no discrimination between 5’ phosphate or hydroxyl
groups (32). The acid-sensitive residue could be K83, given
that both low pH and replacement of K83 with alanine inhibit
wild-type exonucleolytic activity. With exonucleolytic activity
falling below pH 8, it could be that this lysine acts as a general
base in the deprotonated state. Though such a low pK, is
unusual for a lysine residue, it is not unknown; an essential
lysine residue in yeast glutathione reductase has a pK, of 7.3
(33), The distance between the &-N of K83 and metal site I is
4.2 A, and the distance between the e-N of K83 and metal site
IT is 8.2 A. Thus, we suggest the K83 amino group’s role is to
act as a proton acceptor in the mechanism as follows: in the
absence of substrate, the e-amino group of K83 is in close
proximity to the positive charge carried by metal site I and is
also influenced by the positively charged guanidinium group of
R86 (also a conserved residue). This micro-environment sur-
rounding K83 would tend to destabilize the protonated form,
thus lowering its pK,. Upon DNA binding, the phosphodiester
backbone would shield K83 from the influence of the metal
sites. K83 could then abstract a proton from water (or assist the
bound metal ion in so doing), generating a hydroxide ion to
effect cleavage. Upon or during release of substrate, the
protonated K83 would become reexposed to the destabilizing
micro-environment, allowing loss of a proton (transferred to
the leaving 3’-alkoxide ion), thus regenerating the catalyst.
Metal site I, in close proximity to K83, has been implicated as
having a catalytic function in T4 RNase H, whereas similar
alterations to metal site II failed to abolish activity in the latter
enzyme (25).

An alternative mechanism has been proposed (14), pro-
voked by the observation of two divalent-metal-binding sites
situated in the active site of the Taq 5’ nuclease. One metal ion
could promote formation of a hydroxide ion while the second
stabilizes the pentacoordinate transition state, as has been
shown for the 3’-5" exonuclease activity of Pol I (33). However,
this mechanism does not explain the apparent requirement of
K83 and is further undermined by the results of the T4 RNase
H and FEN-1 mutagenesis studies, which imply that only one
metal site is required for catalysis (25, 26) and one is involved
in substrate binding. Furthermore, the metal sites in TS5
exonuclease are too far apart to participate in the two-metal
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mechanism as postulated (8.1 A in T5 exonuclease versus 3.9
A in the 3'-5" exonuclease of Pol I). Although the exact
mechanism(s) of TS exonuclease-catalyzed hydrolysis remains
to be determined, this study provides strong evidence that
endo- and exonucleolytic hydrolyses proceed by distinctly
different mechanisms. Given the extensive similarities be-
tween known prokaryotic 5’ nucleases (11, 12), it is likely that
they employ mechanisms similar to those used by TS exonu-
clease.
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