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Abstract. To date all attempts to derive a phyletic re-
lationship among restriction endonucleases (ENases)
from multiple sequence alignments have been limited by
extreme divergence of these enzymes. Based on the ap-
proach of Johnson et al. (1990), I report for the first time
the evolutionary tree of the ENase-like protein superfam-
ily inferred from quantitative comparison of atomic co-
ordinates of structurally characterized enzymes. The
results presented are in harmony with previous compari-
sons obtained by crystallographic analyses. It is shown
that l-exonuclease initially diverged from the common
ancestor and then two “endonucleolytic” families
branched out, separating “blunt end cutters” from “58
four-base overhang cutters.” These data may contribute
to a better understanding of ENases and encourage the
use of structure-based methods for inference of phyloge-
netic relationship among extremely divergent proteins. In
addition, the comparison of three-dimensional structures
of ENase-like domains provides a platform for further
clustering analyses of sequence similarities among dif-
ferent branches of this large protein family, rational
choice of homology modeling templates, and targets for
protein engineering.
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Introduction

Restriction endonucleases (ENases) are a large and di-
verse family of enzymes which, in the presence of Mg2+,
recognize short DNA sequences (typically 4–8 bp long)
and cleave the target in both strands, leaving 58-
phosphate and 38-hydroxyl groups (reviewed by Bickle
and Kruger 1993). Based on cofactor requirements, site
specificity, and enzymatic mechanism, they have been
classified into five types: I, II (with a subclass IIs), III,
IV, and BcgI-like (Pingoud and Jeltsch 1997). ENases
are considered to be a part of “xenophobic” restriction-
modification (RM) systems, ubiquitous among Bacteria
and Archaea and serving to protect the cell against in-
vading DNA (Jeltsch and Pingoud 1996).

Type-II ENases are intensely studied enzymes from a
structure–function perspective. Because of their high
specificity of cleavage at DNA recognition sites, they not
only are among the most often used enzymes in genetic
engineering, but also serve as model systems for analyz-
ing protein–DNA interactions (Pingoud and Jeltsch
1997). More than 2500 type-II ENases have been iso-
lated (Roberts and Macelis 1999) and crystal structures
of the EcoRI (Kim et al. 1990),EcoRV (Winkler et al.
1993),BamHI (Newman et al. 1994),PvuII (Cheng et al.
1995),Cfr10I (Bozic et al. 1996), andBglI (Newman et
al. 1998) ENases have been obtained. Comparisons of
these structures revealed a common structural core (a
five-stranded mixedb-sheet flanked bya-helices) and a
very weakly conserved catalytic sequence motif,
PDX10–30(D/E)XK—evidence of an extremely distant
common ancestor (Venclovas et al. 1994; Aggarwal
1995).
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Recent structural and mutational analysis ofCfr10I
has suggested that sequence similarities between ENases
have eroded by way of divergent evolution to such a
degree that spatial side-chain conservation plays the
dominant role and the linear position of conserved active
site residues is less important (Bozic et al. 1996; Skir-
gaila et al. 1998). Many ENases also exhibit variations in
the three-dimensional arrangement of structural elements
flanking the common core (Pingoud and Jeltsch 1997).
This precludes straightforward use of ENase amino acid
sequences in phylogenetic inference but also implies that
ENases not possessing the “(D/E)XK” motif also might
exhibit similar active-site architecture (Skirgaila et al.
1998). For many type II ENases, for which only the
primary sequence is available, secondary structure pre-
dictions and threading results suggest that this is indeed
the case, however, several enzymes seem to possess a
different three-dimensional fold (J. Bujnicki and L.
Rychlewski, manuscript in preparation).

The latest X-ray crystallography results of type IIs
ENaseFokI (Wah et al. 1997), mismatch repair ENase
MutH (Ban and Yang 1998), and bacteriophagel exo-
nuclease (l-exo) (Kovall and Matthews 1998) provided
strong evidence that, despite differences in function and
overall fold, the catalytic domains of these enzymes
share a similar core and presumably also the catalytic
mechanism with type II ENases.

To date all attempts to infer a general sequence–
structure–specificity relationship between ENases and
their homologues have been restricted by the extreme
divergence between sequences of the enzymes distin-
guished by their target specificity (Jeltsch et al. 1995).
Guided by structural and biochemical studies, a common
reaction mechanism of phosphodiester bond cleavage
has been suggested (Jeltsch et al. 1992; Horton et al.
1998). Clustering analysis based on similarities of both
amino acid sequences and target DNA specificities indi-
cated that the majority of strongly diverged ENases share
a common ancestor (Jeltsch et al. 1995). Nonetheless,
study of molecular phylogeny of ENases has been lim-
ited, and despite some success in evolutionary analysis of
sparse groups of closely related enzymes (predominantly
isoschizomers: ENases with identical recognition and
cleavage specificity), the general relationships within the
superfamily are still unclear (Kroger et al. 1984; Withers
et al. 1992; Siksnys et al. 1995; Jeltsch et al. 1995). It has
even been concluded that, on the basis of sequence com-
parisons alone, an evolutionary relationship of the
ENases cannot be derived (Jeltsch et al. 1995).

To investigate the phylogeny of ENases and to com-
pare evolutionary relationships with the present-day dis-
tribution of functional features among these enzymes
(e.g., specificity), another approach was necessary. The
elegant pioneering work by Johnson et al. (1990) dem-
onstrated that the quantitative measure of dissimilarity of
the three-dimensional position of the main-chain atoms

of homologous proteins generally can be applied to infer
evolutionary trees, showing a linear relationship between
the structure- and the sequence-based distance scores.
The authors concluded that in cases where protein se-
quence comparisons are statistically insignificant or un-
reliable, the evolutionary relationship can still be inferred
from more informative calculations of fractions of
equivalent, superimposable residues, and root mean
square (RMS; the square root of the average square Eu-
clidean distances over all equivalent pairs ofa-carbon
positions) distances betweena-carbons of aligned ho-
mologous structures. Recently, variants of this method
have been successfully applied to infer the evolutionary
history of other families of remotely related proteins,
AdoMet-dependent methyltransferases (Bujnicki 1999)
and periplasmic binding proteins (Fukami-Kobayashi et
al. 1999).

Materials and Methods

Alignment of Structures and Sequences

All enzymes exhibiting restriction ENase-like fold analyzed in this
study are listed in Table 1. The structures were obtained from the
Protein Data Bank (PDB) (Bernstein et al. 1977), except for that of
BglI, kindly provided by Dr. Simon Phillips. The atomic coordinates of
proteins were superimposed using an automated protein structure align-
ment server at http://cape6.scripps.edu/baohong/3Dcomp/ (Zhang and
Ding 1993) and a fixed cutoff rate to define equivalenta-carbon po-
sitions. For the final calculations a 3.5-Å cutoff rate was used, however,
all structure-based alignments remained virtually identical for a range
of values as wide as 3.0–3.8 Å, while only the fraction ofa-carbon
pairs below the cutoff varied (data not shown). All pairwise superim-
positions showed absolute agreement with results obtained from the
DALI server, using a different structure superposition algorithm with a
floating RMS cutoff rate (Holm and Sander 1997), and therefore less
feasible for calculation of distance scores (see below). All other ma-
nipulations with the structures including extraction of amino acid se-
quences and structure-based multiple sequence alignments were done
using SwissPDBViewer (Guex and Peitsch 1997).

Distance Measure

The pairwise distance scores (listed in Table 2) were calculated ac-
cording to the method of Johnson et al. (1990), with detailed method-
ology provided therein. Briefly, the distance scores (D) were based on
the RMS and the PFTE (pairwise fractional topological equivalence:
the number of pairs of equivalenta-carbon atoms used for calculation
of the RMS value divided by the total number ofa-carbons in the
smaller of two compared structures). The RMS distances were con-
verted to a similarity measure, SRMS, scaled between 0 and 1.0:

SRMS4 (1 − RMS)/cutoff rate (1)

Originally, the topological equivalence measure was introduced to
facilitate discrimination between the pairs of protein folds that are
strongly diverged, but cognate in their entirety, and the pairs that have
common substructures, but dissimilar peripheral elements (Johnson et
al. 1990). The distance score (D) was calculated as a weighted function
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of the fractional topological equivalence (PFTE) and the scaled RMS
distance (SRMS):

D 4 ln{PFTE[(1 − PFTE) + (1 − SRMS)]/2
+ SRMS(PFTE + SRMS)/2} (2)

Following Johnson et al. (1990), the inverse weights were intro-
duced to moderate the influence of the PFTE at small distances, where
the RMS distance provides a better estimation of similarity, and to
reduce the contribution of the RMS at larger distances, where it is
calculated based on smaller subsets of atoms.

Molecular Phylogeny

The structure-based phylogenetic tree of the ENase-like superfamily
was inferred using the FITCH program from the PHYLIP package
(Felsenstein 1993) based on the method of Fitch and Margoliash
(1967). The distances listed in Table 2 were used. The validity of the
presented phylogram was also tested using the neighbor-joining ap-
proach (Saitou and Nei 1987) for the same data set or narrowed by the
jackknife method. Alternative coordinate sets from the PDB were also
used and calculations were done for cutoff rates between 3.0 and 3.8 Å.

The multiple sequence alignment derived from structure superpo-

sition (available from the author upon request) served to infer “con-
ventional” trees using a variety of substitution models and methods
from the PHYLIP package (Felsenstein 1993). Branch stability was
evaluated using the bootstrap test with 1000 replications.

For both structure- and sequence-based tree inference the data input
order was randomized, and the “global rearrangements” option was
applied, where only possible.

The tree was drawn using the TreeView program (Page 1996).

Results and Discussion

Nine structures of restriction ENases and proteins re-
ported to possess similar three-dimensional folds and
catalytic mechanisms (Table 1) were aligned based on
the three-dimensional position of theira-carbon atoms.
Results obtained from two pairwise superposition meth-
ods (Zhang and Ding 1993; Holm and Sander 1997) run
with different parameters showed absolute agreement.
All conserved active-site residues andb-strands of the
structural core were perfectly matched, judged from at-
tempts to improve the three-dimensional alignment by a

Table 1. Protein structures compared in this study

PDB
code

Resolution
(Å)

Description of the
functional unit

DNA recognition and cleavage pattern
(only 58 strand is shown) Reference

leri 2.7 EcoRI type II ENase, dimer G↓AATTCa Kim et al. (1990)
lrva 2.0 EcoRI type II ENase, dimer GAT↓ATCa Winkler et al. (1993)
lbhm 2.2 BamHI type II ENase, dimer G↓GATCCa Newman et al. (1994)
lpvi 2.8 PvuII type II ENase, dimer CAG↓CTGa Cheng et al. (1995)
lcfr 2.15 Cfr10I type II ENase, dimer R↓CCGGYa (R 4 A or G, Y 4 T or C) Bozic et al. (1996)
lfok (aa 391–568) 2.8 FokI type IIs ENase, bipartite

protein; catalytic domains
dimerize during cleavage

GGATG(N)9
↓NNNN; recognizes a specific

sequence and cleaves DNA nonspecifically
at 9 bp away on the 58 strand and 13 bp
away on the 38 strand

Wah et al. (1997)

lazo 1.7 MutH repair ENase, monomer↓GATC; cleaves one strand Ban and Yang (1998)
lavq 2.4 Phagel exonuclease, trimer Binds to a free end of dsDNA and degrades

one strand in the 58-to-38 direction
Kovall and Matthews (1998)

NAb 2.2 Bg/I type II ENase, dimer GCCNNNN↓NGGCa Newman et al. (1998)

a ↓ indicates the site of phosphodiester bond cleavage. All type II ENases cut their palindromic target identically in both strands.
b Not available.

Table 2. Structural distance matrixa

ENase a-C EcoRI EcoRV BamHI PvuII Cfr10I FokI MutH l-Exo BglI

EcoRI 261 * 2.05/61 2.02/72 2.27/50 2.00/88 2.32/75 2.08/39 2.47/60 2.23/64
EcoRV 244 1.1888 * 2.14/71 2.18/67 2.42/76 2.46/68 2.41/90 2.00/68 2.21/116
BamHI 208 0.9791 1.0255 * 2.41/48 1.95/81 2.10/67 2.24/41 2.20/51 2.50/70
PvuII 156 1.1059 0.8955 1.1749 * 2.84/62 2.63/72 2.16/75 1.74/61 1.87/62
Cfr10I 283 0.9884 1.1693 0.8875 1.0899 * 1.93/88 2.04/48 2.03/65 2.27/79
FokI 178 0.9431 1.0407 0.9530 0.9521 0.7491 * 2.38/45 1.92/63 2.10/75
MutH 212 1.3889 0.9599 1.4168 0.8244 1.2455 1.3017 * 2.09/48 2.06/69
l-Exo 226 1.2962 1.0571 1.2583 0.8186 1.0952 0.9334 1.2660 * 2.14/65
BglI 298 1.2694 0.8432 1.1371 0.8511 1.1975 0.8853 1.0296 1.1339 *

a The total number ofa-carbon atoms in each structure is indicated. The cells above the diagonal show the RMS and the number of equivalent
a-carbon atom pairs for the compared protein structures. The cells below the diagonal (in boldface) show the structure-based distances (D) calculated
according to formula (2). A 3.5-Å cutoff value was used; the SRMS and the PFTE values were calculated based on the RMS and the number of
equivalenta-C atoms divided by the total number ofa-C atoms in the smaller structure, respectively, as indicated.
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semiautomatic option of SwissPDB Viewer (Guex and
Peitsch 1997).

To infer the phylogenetic tree of the ENase-like su-
perfamily based on aligned protein structures (Fig. 1),
the distance matrix method of Fitch and Margoliash
(1967) was applied. Calculations were based on distance
values [introduced by formula (2)], reflecting the scaled
RMS and PFTE distances between compared structures,
as described by Johnson et al. (1990). Neighbor-joining
analysis (Saitou and Nei 1987) of the same data set or
narrowing of it by the jack knife method yielded identi-
cal subtopologies. The validity of the presented phylo-
gram was also tested using alternative coordinate sets
from the PDB and changing the cutoff rate between 3.0
and 3.8 Å. All topologies obtained were identical, with
negligible differences in branch lengths (data not
shown).

I also attempted to infer an evolutionary tree from a
structure alignment-based multiple sequence alignment
using a variety of methods with different parameters to
enable comparison of “conventional” and structure-
based phylograms. However, none of the algorithms
could produce even moderately robust trees and all the
sequence-based trees obtained differed markedly in
terms of both topology and branch lengths (data not
shown). This implies the suitability of the structure-
based approach in the study of molecular evolution of
extremely diverged protein families like ENases and re-
lated enzymes.

Figure 1 shows the tree, which exhibits that the blunt
end-generating ENasesPvuII and EcoRV (with their
close homologues MutH andBglI ENases) and those
leaving 58 four-base overhangs form two separate clades.
It confirms previous reports of the highest degree of
divergence between these two classes of type II ENases
(Winkler et al. 1993; Newman et al. 1994; Bozic et al.
1996). But the phylogenetic analysis reveals many
more details. The mismatch repair ENase MutH must
have diverged after the radiation of the two main lin-
eages. Apparently, the most parsimonious hypothesis

would be that MutH repair functions evolved from a
restriction-like enzyme, rather than that the restriction
function appeared independently in both main branches
of the ENase tree. Furthermore, evidence for branching
out theFokI catalytic domain [which alone confers vir-
tually no sequence specificity (Bitinaite et al. 1998)] at
the bottom of the other branch suggests that the “58 four-
base overhand cutters” could have diverged from a non-
specific ancestor. It is possible that theFokI lineage (e.g.,
type IIs ENases) retained the dimerization and DNA-
binding mode but lost its sequence specificity after the
fusion of a catalytic domain with a separate target rec-
ognizing domain. Although the data presented do not
support the hypothesis of its direct relatedness to the
“ancient ENase,” it appears that the nonspecificFokI
cleavage domain is evolutionary older than other en-
zymes of its branch. It is reasonable thatCfr10I, exhib-
iting “relaxed” sequence specificity (Bozic et al. 1996),
diverged from an evolutionary intermediate between
FokI and the highly specificBamHI and EcoRI. It is
worth emphasizing that inherently nonspecific cleavage
domains of type I and type III RM systems, whose DNA-
binding domains are not homologous to that ofFokI,
displayed a much higher degree of similarity with the
homologues ofFokI than with theEcoRV- and PvuII-
related enzymes, as assessed by threading methods, used
for quantitative evaluation of sequence/structure compat-
ibility (J.M. Bujnicki and L. Rychlewski, to be pub-
lished).

It is probable that thel-exo (and related proteins, for
which, however, structural data are unavailable)
branched out prior to the divergence of “endonucleo-
lytic” subfamilies. Such speciation must have been more
ancient than the burst of endonucleases presently com-
prising mainly prokaryotic RM systems, spread widely
by lateral gene transfer (Jeltsch and Pingoud 1996). It
would be interesting to determine whether any eukary-
otic proteins also possess domains related to the ENase-
like superfamily and, if this is the case, whether they
originate from the Cenancestor or have been acquired by
horizontal transfer. The answer to these questions
coupled with similar studies on modification methylases
would help to explain the origin of RM systems and their
basic biological role. Large-scale structure prediction,
three-dimensional threading, and homology modeling
experiments aimed at solving that problem have been
initiated recently (J.M. Bujnicki and L. Rychlewski, un-
published data).

It is tempting to speculate that the quantitative esti-
mation of the possible relatedness between homologous
proteins should correlate with the relatedness of the cor-
responding recognition sequences. However, with the
data currently available it appears that most dramatic
changes in the cleavage pattern are achieved not by
variations in the sequence and structure of a monomer
but, rather, by alterations in the mode of dimerization

Fig. 1. The structure-based phylogenetic tree of the ENase-like fold
superfamily inferred using the Fitch and Margoliash (1967) method.
Restriction ENases are shown initalics. The scalebelow the tree in-
dicates 0.1D (the distance measure).
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and topology of the respective protein–DNA complexes
(Bozic et al. 1996; Newman et al. 1998). Therefore, the
similarity between target sequences cannot be considered
as a measure of evolutionary distance between ENases.
This demonstrates the superiority of the approach pre-
sented above over the combined geno/phenotypic meth-
odology of Jeltsch et al. (1995) in quantitative analysis of
relatedness among ENases. The topology of the tree and
branching pattern is fully confirmed by functional and
structural considerations reported for each structure at
the time of its determination. Hence, the results pre-
sented here allow for integration of the most important
aspects of incomplete comparative studies published to
date.

A major challenge for future research is to predict the
details of new ENase–DNA complexes by means of
structure prediction and homology modeling. Such in-
sights may provide a crucial key to the elusive goal of
engineering the specificity of restriction enzymes. How-
ever, ENases still remain beyond the reach of conven-
tional tertiary structure prediction methods because of
the general lack of success in sequence similarity data-
base searches. The evolutionary tree presented is impor-
tant not only for the classification of ENases or choice of
possible modeling templates, but also as a guide for
large-scale mutagenesis experiments, including construc-
tion of hybrid proteins with novel specificities. Further
structural characterization of additional nucleases should
provide necessary validation of the presented evolution-
ary model. The anticipated structure solution of type I
and type III ENases may contribute significantly to our
understanding of the sequence–structure–function rela-
tionship and the evolution of DNA sequence specificity
in the phylogenetic history of the ENase catalytic do-
main.
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