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Prokaryotic 5 '-3' exonucleases share a common core
structure with gamma-delta resolvase
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ABSTRACT

The three dimensional crystal structure of T5
5'-3" exonuclease was compared with that of two other
members of the 5 '-3' exonuclease family: T4
ribonuclease H and the N-terminal domain of  Thermus
aquaticus DNA polymerase |. Though these structures
were largely similar, some regions of these enzymes
show evidence of significant molecular flexibility.
Previous sequence analysis had suggested the
existence of a helix-hairpin—helix motif in
T5 exonuclease, but a distinct, though related structure

is actually found to occur. The entire T5 exonuclease
structure was then compared with all the structures in

the complete Protein Data Bank and an unexpected
similarity with gamma-delta ( yd) resolvase was
observed. 5'-3' exonucleases and Vyd resolvase are
enzymes involved in carrying out quite different
manipulations on nucleic acids. They appear to be
unrelated at the primary sequence level, yet the fold of
the entire catalytic domain of  yo resolvase is contained
withinthat ofthe 5 '-3' exonuclease. Different large-scale
helical structures are used by both families to form DNA
binding sites.

INTRODUCTION

and subsequent religation events. The process liberates the original
transposon-carrying plasmid and the target plasmid complete with
inserted daughter transposd). (The 3-3' exonucleases such as
those encoded by bacteriophages T5 and T7, and the small
fragment of eubacterial DNA polymerase | homologues are
capable of structure-specific endonucleolytic cleavagg.(They
are also able to release nucleotides exonucleolytically from DNA
substrates containing freeénds. Bifurcations, or flap structures,
with displaced 5single stranded tails are cleaved close to the flap
junction. Thus, the resolvases act in a sequence-specific manner
requiring correctly oriented copies of their cogmassites in order
to function whereas T5 exonuclease requires only a'feraand
a divalent cofactor for catalysig,8,6).

The program PROTER)was used to compare the structure of
T5 exonuclease [PDB code 1EXM)](with the other structures
in the Protein Data Bani8,0). The search revealed the expected
similarities between T5 8’ exonuclease and the two other related
5'-3' exonucleases whose structures are kndaq:polymerase
5'-3' exonuclease domain [PDB code 1TAQ)){ and T4 RNase
H [PDB code 1TFR,1(1)] (Fig. 1). This search also detected a less
extensive but very significant similarity between the catalytic
domains of T5 exonuclease and thay®fesolvase [2RSL and
1GDT, (12,13)].

METHODS

Primary sequence alignments were performed using the GAP

yo resolvases and T5-3 exonuclease are enzymes involved in thgprogram (4). Three dimensional structure comparisons were
processing of nucleic acids. No significant amino acid similaritperformed using the PROTEP prografjwhich uses a maximal

has been reported for these enzymes and they fulfil very differeedmmon subgraph algorithmiH) to compare protein structures
primary roles, in site-specific recombination and replicationrepresented as linear helices and strands in three dimensions. The
respectively. Both types of enzyme bind to DNA and custructure of T5-exonuclease was compared with all unique protein

internucleotidic phosphodiester bonds

in transesterificatiostructures deposited in the May 1997 release of the Protein Data

reactions {,2). However, while T5 exonuclease simply hydrolysesBank (a subset of 4300 structure8)). Regions of helix and
the nucleic acid substratgd resolvase first forms a covalent strand in the compared structures were assigned using the
protein—-DNA adduct via a phosphoserine intermediate which slgorithm of Kabsch and Sandég). The position and direction
then attacked by an incomingt8/droxyl group leading finally to  of each helix or strand was represented by a vector in three

strand exchange.

dimensions (the nodes of the graph) and the distances aoddbrs

Resolvases bind a cointegrate, a compound plasmid carryiaggles between them calculated (the edges of the graph) and
directly repeated copies of a transposon, and catalyse both cleavatgged in a database as a labelled graph.
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Figure 1. The family of 3-3' exonucleases. Schematics (24)a)fT5 exonuclease (4)b) the ribonuclease H from bacteriophage T4 (11) enthé exonuclease
domain ofTagpolymerase (10). The similar catalytic domains can be seen to the right hand side arftshedte (green)d) The T5 exonuclease structure colour
coded according to regions which show flexibility. These regions have slightly different conformations in the asymméthie native crystal form of the nuclease.
The biggest differences from the largest region of the protein are observed in the helical arch (residues 71-90, colunsith pefaller differences seen in the
finger contacting the arch (residues 200-212, coloured pink) and in the region under the finger (residues 233-250, goloLinedlgribility in the molecule
observed in these regions is discussed in the text.

RESULTS deviation from perfect symmetry was first manifested by the
c . f5.3 | iruct observation that 2-fold averaged maps were substantially
omparison of 5-3- exonuciease structures degraded when a single non-crystallographic symmetry operator

The three-dimensional structures of the thre& Bxonucleases was used in the averaging process. By allowing independent
are shown in Figurd. They show good agreement in their operators in the averaging process a substantial improvement in
N-terminal catalytic domains (143 cora @oms from T4 RNase the maps was observed. The regions that appear to be somewha
H superimpose on T5 exonuclease with an RMSD of 1.64 Andependent are in four parts of the molecule, and include the
110 core @ atoms fromTaq superimpose with an RMSD of following residues. In region 1: 21-69; 92-198; 214-231;
1.55 A). The only significant differences between these structur@s3-288; region 2: 71-90; region 3: 200-212; and region 4:
are in disordered regions not clearly determined in the X-ray33—250. This is shown in Figutel as a colour coded ribbon
structures and in a small region located toward the C-terminqﬁagram for the four regions. The main part of the molecule
This region is poorly conserved at the sequence I&8l ( consisting of th@-sheet and the surrounding helices contains the
Sequence comparisons showed that the TZamenzymes were reqion which is structurally similar tg5 resolvase. The three
20% identical and 48% similar, the T5 dratjsequences showed er regions of T5 exonuclease which do show conformational
26% identity and 54% similarity and comparison of the TS angapijity are the helical arch, which shows the greatest
T4 enzyme sequences showed their degree of similarity to la%viation, the “finger’ which touches the arch (residues 200-212)

0 o .
45% (23% identical). and the region at the base of the finger consisting of residues
Molecular flexibilit 233-250. These regions seem to move in tandem, and are

oleculartie y dependent on the position of the helical arch. The arch shows the

The T5 exonuclease structut® ¢ontained two molecules in the greatest deviation, followed by the finger region, and the 233—-250
asymmetric unit with near crystallographic symmetry. Thigegion shows the smallest deviation.



4226 Nucleic Acids Research, 1997, Vol. 25, No. 21

Table 1.Most significant hits found in the PROTEP search for T5 exonuclease, in decreasing order of significance

Protein name Brookhaven ID codes Maximum clique size  RMSD (A) Comments

T5 5-3' exonuclease 1EXN 25 0.0 Self

T4 RNaseH 1TFR 18 3.1 Exceedingly similar

TagDNA polymerase 1TAQ,1TAU 14 45 Very similar

Y0 resolvase 2RSL, 1GDT 9 3.3 Entire fold of calytic domain of GDR present
Biotin carboxylase 1BNC 9 5.3 Poor helix overlap

Aconitase 1ACQO 8 3.2 Part of N terminal domain of aconitase
Hhal methyltransferase S5MHT 8 3.3 Good overlap, DNA binding protein
Aldehyde dehydrogenase 1AD3 8 3.8 Increasingly poor overlaps
Glucose-fructose oxidoreductase 10FG 8 3.8

Glycogen phosphorylase 1ABB 8 4.0

Malate dehydrogenase 1BMD 8 4.1

UDP-galactose 4-epimerase 1UDP 8 4.3

GlycineN-methyltransferase 1XVA 8 4.5

This order is based primarily on clique size, and secondarily on RMS superposition. The clique size represents the lergefstequmebtially ordered secondary
structure elements that can be superposed between the search protein and the hit protein by the algorithm after diestetialhitst(7). The RMSD is the root
mean square difference between pseudo atoms representing the helix and strand vectors used in the sesych (not C

aSimilarity with a representative member of a group of essentially identical sequences.

Absence of predicted helix—hairpin—helix domain A

Homologous regions of T5 exonuclease @&agPol located near
the C-termini of the nucleases were predicted to adopt a
helix—hairpin—helix structure by Ponting and co-workets).( D201
However, as can be seen in FigRréhis does not appear to be the
case in the crystal structure reported for 3 ®xonuclease. This
structure does show some similarity with the HhH motif except that
in place of a hairpin a small loop (residues 200-211) has been
incorporated. The end of the loop contains one of the conserved
aspartate residues (D204) known to be involved in cofactor
binding. This region overlaps completely with the finger region -
referred to above. No clearly analogous structure could be \ E190
identified in theTaq Pol structure.

Similarities between 5-3' exonucleases angd resolvase

The results of the structural similarity search are shown in Table Blexn 189 . 224
Though elements of similarity between the structure of VEQFISLKAIMGDLGDNIRGVEGIGAKRGYNIIREF
T5 exonuclease and other (non-homologous) proteins were noted, it HHHHHHEHHHHbbbbbbbbt t t HHHHHHEHEHHEHH
was found to most closely resemble the catalytic domaiyd of
resolvase. The arrangemenfestrands in this domain is related to  1taq 176 * ok 211
that of the Rossmann fold, and at a somewhat lower level of PDQWADYRALTGDESDNLPGVKGIGEKTARKLLEEW
significance the search shows that this region of the structure also HHHHHHHHH ttttt HHHHHH
resembles certain dehydrogenases and the DNA-binding

1tfr 185 * o 221

Hhal methyltransferase. It is therefore possible that this resemblance
may reflect a shared convergent elaboration of a common topology
and may not be indicative of a divergent evolutionary relationship.
However, theyd resolvase similarity involves the entire catalytic
domain ofyd resolvase, whilst the other non-exonuclease hits are n@jgure 2. () Superposition of the helix-hairpin-helix motif from polymerase
only at a lower level of significance as measured by number of (PDB code 1BPE, residues T93-E117 shown in red) with amino acids

secondary structure elements superposed but also involve only pd{:@O—EZZS of T5 exonuclease (yellow). Positions of two conserved aspartates
of those enzymes’ respective domains. (D201 andI D204) obseLved to hblnd metal ions in the crystal struct_urehof
h ition of the conserved core redions o 5 exonuclease (4) ares owB) The observed secondary structure seen inthe
The superpositi - g hree 5-3' exonucleases is shown below each sequence. H, hel@aitrand;
T5 exonuclease angb resolvase are shown (Figa) and the t, hairpin turn. The * denotes two of the conserved aspartate residues observed

entire structures of both molecules are shown schematicallt bind divalent cations.

AEIDCMTKILKGDKKDNVASVKVRSDFWFTRVEGER
HHHHHHHHH bbbb bbbtttt HHHH
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Figure 3. Comparisons of T5 exonuclease gddesolvase.d) Stereodiagram showing the superposition of the equivaterit@ns from the core domains of T5
exonuclease (yellow) an@ resolvase (blue). Equivalent elements (24,25,28))iT% exonuclease and)(yd resolvase. The equivalent helices and strands in our
study are represented as red coiled ribbons and green sequentially numbered arrows, respectively, the non-equivaienstpactaref are shown as a smoothed

Ca trace, the arch region is indicated in blue. The active site residues, shown in (b) as ball-and-stick models, are (cloctopideft) Asp201, Asp204, Asp131

and Asp26, Asp153 and Asp155, the silver spheres represent the &vimMnbound by T5 exonuclease observed in a difference electron density map. Active site
residues in (c) are (clockwise from leftmost residue) Asp67, Arg71, Ser10, GIn14, Arg8 and Arg68. Bound DNA is shg@vneisdivase structure and a flap DNA
molecule is modelled into the T5 exonuclease structure (4).

(Fig. 3b and c) with the equivalent regions shown in the sam@&-dimensional space is good: 58 &toms from the core regions
orientation. The topological relationship between the two folds isf the catalytic domains ofd resolvase and T5 exonuclease
clearly demonstrated in the topological diagram in Figurs  superimpose with an RMSD of 1.52 A.

can be seen, the entire fold of the catalytic domajd fsolvase, The position of the active site in both enzymes is located at the
consisting of five3-strands and foun-helices is present in the C terminal ends of the first two strands of fiisheet of the

T5 exonuclease catalytic domain, the latter being slightlgatalytic domain (Fig8b and c). In the exonucleases, highly
augmented by on@-strand and aw-helix. The agreement in conserved aspartate residues from strands 1, 2 and 3 form the two
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(a) T5 5'-3' exonuclease 10 amino acids replacing the proposed hairpin. As can be seen
from Figure2 the helices of the HhH domain do superimpose very
well on the helix—loop-helix observed in T5 exonuclease.

The differences betwedlagpolymerase, T4 RNase H and T5
exonuclease, and the high temperature factors observed in the
C-terminal region of the '88' exonuclease domain dfaq
polymerase may be viewed as corroborating evidence for innate
structural flexibility in the 53 exonuclease family. Alternative-
ly, this may reflect genuine structural differences in regions of low
sequence similarity within thé-8' exonuclease family.

The observation that the catalytic domains 68 5exonu-
cleases possess a high degree of structural similarity to that of
Y0 resolvase was totally unexpected. The structurally related unit
involves the catalytic, rather than the DNA-binding, domain of
Yo resolvase. The resolvases act in a sequence specific manner
while the 53 exonucleases show no sequence specificity per se,
thus, their major biochemical similarity lies in the ability to bind
DNA and in the transesterification reaction.

The B-3' exonucleases recognise certain DNA structures and
require only a free'®end. The resolvases demonstrate a high degree
of sequence specificity for their DNA-cleavage and rejoining
reactions. This sequence specificity resides in domain three, totally
Figure 4. Topological diagrams (27) ai T5 exonuclease anb)(yd resolvase. separa_lte from the .Catalytlc domain. T he SPeCIﬂCIty d_omaln_
Circles represent-helices and triangles represabistrands (apex down ~ COMPrises a three helix bundle arranged in a hellx—turn—_hel_o_( motif
indicates the strand is running down into the plane of the paper, i.e., viewed frorg13). This region ofyd resolvase does not show any significant
the N-terminus). Open circles and triangles indicate those secondary structurstructural similarity with the'83" exonucleases. The structure of the
elements that were found by the PROTEP search to superimpose i%? resolvase recognition domain in complex with a

3-dimensions, and shaded ones those that do not. The equivalent strands in . . .

B-sheets are numbered, and the equivalent helices lettered, according to th 9‘ bp_0|lgonUC|eOtlde shows that DNA ContaCFS the catalyt|c

order in the sequence. omain ofyd resolvasel(3). The structural comparisons reported
here raise the intriguing possibility that the catalytic domains of
5'-3' exonucleases ang resolvase may employ related DNA-

metal binding sites4). These include Asp26, Glu128, Asp131binding mechanisms. No structural information has yet t_)een
and Asp153 (metal site 1) and Asp153, Asp155, Asp201 arigported for a 53 exonuclease—DNA complex but a threading
Asp204 (metal site Il). The active siteydfresolvase, is less well model was proposed by the Suck laboratéjy(fig. 3b). _
defined but is known to include residue Ser10 which makes aln an analysis of the structure of yfiresolvase at 2.3 A, Rice
covalent bond with the DNA substrated), and there is good and Steitz observed that there were three slightly different
evidence for involvement of Arg8, GInl4, Asp67, Arg68 andronformations present in the crystal form they were studying
Arg71 (20,21). None of these residues overlap with thosd23). The major differences they observed were (i) in the twist of
conserved in the 8 exonucleases, but all are concentrated in théheB-sheet, (i) in the conformation of the loop betwBestrand

same general region of the superimposed structures. 2 anda-helix B and (iii) the angle at which helix A packs against
the rest of the protein. They concluded that the conformational
DISCUSSION flexibility of the molecule is likely to allowd resolvase to form

the synaptic complex (i.e., a multi-subunit complex) and to

The three representatives of tHe35exonuclease family which present DNA binding sites of different geometry for the catalysis
have been structurally characterised share a significant degreeobfecombination.
primary sequence similarity (20-26% identity) including all 10 The role of conformational flexibility in ‘83" exonuclease
absolutely conserved residues postulated as defining a prokarydtioction is still uncertain. There are two components to this
5-3' exonuclease motif sequencé7), There are differences flexibility. First the helical arch structure observed in the
between these three structures, most notably at the C-terminli§,nuclease was found to be disordered in the two other
where the sequence similarity is poorest. In the region describedsuclease structures, and second there was an inherent
a helical arch in the T5 exonucleaggthie equivalent regions in molecular flexibility observed in the T5 nuclease structure
the other two nucleases are disordered. One unresolved questidffrig. 1d). This may allow processing of diverse flap structures
the reason for this disorder in two of the three members of thisoduced during strand displacement synthesis. Since the duplex
family and whether it is functionally significant. sequence at the point of bifurcation would vary, the local DNA

In an analysis using pre-release structural data relatiiggto structure would also vary. To allow binding and cleavage
Pol, Ponting and co-workers1q) proposed that it and irrespective of nucleotide sequence a degree of flexibility in the
T5 exonuclease should contain the HhH motif described originalijuclease molecule may be required.
by Thayeret al (22). This motif is implicated in DNA binding. It is clear that in both nuclease and resolvase structures the
However, the HhH domain was not present in the three crysigtalytic sites are positioned in the structurally conserved core
structures examined. T5 exonuclease does contain a relatedions. The reaction mechanisms of the exonucleases and the
structure, similar to the HhH domain, but with a short loop ofesolvases are quite different. The resolvase mechanism requires
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