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ABSTRACT

Restriction endonucleases (REases) are DNA-
cleaving enzymes that have become indispensable
tools in molecular biology. Type II REases are
highly divergent in sequence despite their common
structural core, function and, in some cases, com-
mon specificities towards DNA sequences. This
makes it difficult to identify and classify them
functionally based on sequence, and has ham-
pered the efforts of specificity-engineering. Here,
we define novel REase sequence motifs, which
extend beyond the PD-(D/E)XK hallinark, and
incorporate secondary structure information. The
automated search using these motifs is carried
out with a newly developed fast regular expres-
sion matching algorithm that accommodates long
patterns with optional secondary structure con-
straints. Using this new tool, named Scan2S,
motifs derived from REases with specificity
towards GATC- and CGGG-containing DNA
sequences successfully identify REases of the same
specificity. Notably, some of these sequences are
not identified by standard sequence detection
tools. The new motifs highlight potential specific-
ity-determining positions that do not fully overlap
for the GATC- and the CCGG-recognizing REases
and are candidates for specificity re-engineering.
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INTRODUCTION

Restriction endonucleases (REases) are components of restriction
modification systems that protect bacteria and archaea against invad-
ing foreign DNA. Bacteria initially resist infections by new viruses
because REases within the cell destroy foreign DNA molecules by
hydrolyzing the ester bonds of the sugar-phosphate backbone at a
particular recognition sequence. Bacterial DNA is protected from
cleavage by REases by methylation (by the corresponding bacterial
methylase) of the same sequence.

The restriction-modification (R-M) systems have been classified
into Types I through IV, depending on the number and organization
of their functional subunits (restriction, modification, and specific-
ity).1 The Type II REases are the most common among the bio-
chemically characterized REases. Type II REases recognize specific
unmethylated DNA sequences and cleave at invariant positions, at or
close to the recognition sequence to produce 5'-phosphates and 3'-
hydroxyls.1=3 The specificity of Type II REases has made them indis-
pensable tools in recombinant DNA technologies.3’4

A PD-(D/E)XK motif, identified in most of the characterized Type
II REases, was shown to be conserved in many enzymes involved in
DNA recombination and repair,5>6 which are now known as the PD-
(D/E)XK superfamily. The detection of Type II REase subfamilies
that are specific for a particular DNA sequence is challenging
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because of their low sequence identity (15% and below),
despite their common function. Furthermore, altering the
specificities of these restriction enzymes, for example, by
single-site and cassette mutagenesis using insights from
known structures, has often been unsuccessful (see Town-
son et al.”). It is our goal here to develop protein motifs
that can detect Type II REases of a particular specifi-
city, and to highlight potential specificity-determining
residues.

We first probe the performance of several commonly
used techniques to detect Type II REases that recognize
particular DNA sequences. As the recall, or sensitivity,
([true positives]/([true positives + false negatives]) of
these methods is very low, we present a new complemen-
tary bioinformatics approach, Scan28.8 Scan stands for
sequence scanning for detection of motifs (regular
expression patterns), and 2§ indicates that the motifs may
include secondary (2) structure (S) information. Imple-
mented in several tools (see for example Refs. 9-12), regu-
lar expression patterns are often scanned against sequences
of unknown function for homology detection and func-
tion prediction.13 However, to the best of our knowledge,
Scan2$ is the first regular expression-scanning algorithm
that enables the straightforward use of secondary structure
constraints in protein patterns. The Scan2S program uses
the Java 5.0 regex (regular expression) package. It is fast
and supports long and flexible query motifs combined
with inclusion of secondary structure constraints.

The new approach described here consists of the fol-
lowing steps: (1) Derivation of the query motif that is
identified from positions in the sequence alignment that
conserve biochemical function, residue identity, physico-
chemical property of the residues, or secondary structure.
(2) Prediction of the secondary structure for the set of
sequences that are being queried using established predic-
tion methods.14 (3) The Scan2$ step, which carries out
the search for the motifs derived in step 1 in the datasets
prepared in step 2.

In illustrating the application of Scan2S, we show that
the use of Scan2S with motifs derived from REases with
specificity towards GATC- or CCGG-containing DNA
sequences can successfully identify REases of the corre-
sponding specificities in the dataset of all Type II
REases.> The performance of the method in terms of
precision, or positive predictive value (PPV), and recall
(sensitivity), is similar to that of BLASTP (basic local
alignment search tool for protein sequences) searchl®
and better than of additional methods that we have
tested as described. Notably, the sets of REases retrieved
by the different methods do not overlap fully, and
Scan2S provides true positives not found by the other
methods. The useful motifs highlight potential specific-
ity-determining positions that can serve as candidates for
specificity re-engineering. Interestingly, these sites do not
completely coincide for the GATC- and the CCGG-recog-
nizing REases.
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METHODS

Motif derivation
Sequence alignments

Structure-based sequence alignments were obtained
from the “align structures” option of the TCoffee server
http://igs-server.cnrs-mrs.fr/ Tcoffee/tcoffee_cgi/index.cgi.1®
The GATC-specific REases sequence alignment was
obtained by aligning the structures of BamHI (2BAM,
G " GATCC recognition sequence, where " indicates the
cleavage site), BstYI (1VRR, R”“GATCY) and Bglll
(1DFM, A" GATCT) from the Protein Data Bank.l” The
CCGG-specific REases sequence alignment was obtained
by aligning the X-ray structures for Mspl (1SA3,
C”CGG), Nael (1IAW, GCC"GGC) Cfr10I1(1CFR,
R”CCGGY), Bse634l (1KNV, R"CCGGY), and Ngo-
MIV (1FIU, G”CCGGC). The alignment of all eight
structures was used to identify corresponding positions
in these two families.

GATC-specific motif generation

Positions known to be involved in catalysis and all
fully conserved positions in the structure-based sequence
alignment (except G178) were included in this motif.
Position 178 (BamHI numbering) was not included,
because even allowing [P,G] in this position resulted in a
motif that matched only the three original sequences.
Amino acids are grouped into six physicochemical
classes, following Mirny and Shakhnovich.18:19 The
classes are: aliphatic [AVLIMC], aromatic [HWYF], polar
[NQST], negatively charged [ED], positively charged
[KR], and special conformation [GP]. At conserved posi-
tions, all amino acid residues with a similar physico-
chemical property as the residues seen in the alignment
are allowed in the motif. Catalytic sites and sites within
5 A of the DNA are exempt from the “relaxation” treat-
ment, that is, only the residues found in the original
alignment are allowed at these sites. Some of the con-
served sites lie in conserved secondary structure elements
identifiable in the 3D-structures that were used in the
original alignment [secondary structure was assigned by
DSSP20]. This information is included in the motif defi-
nition in the form of secondary structure constraints.
The GATC-specific motif contains four secondary struc-
ture constraints: one for each sequence-conserved site
where the secondary structure is identical in all of the
aligned structures. For example, the constraint at the sec-
ond site in the motif (site 28 in BamHI numbering) is
“not Extended,” which means that this site may not be
found in an Extended strand element, because it was not
found in a strand in any of the structures in the original
alignment. “Extended” stands for a site in an Extended
strand, “Helix” for a site in a Helix, and “not Helix” for
sites never on a Helix.
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Table |
GATC Motif Summary
BamHI no. Occurrence Allowed AA Secondary constraints
14 EEE DE
28 EEE DE Not extended
58 VWV V (contact)
61 KN KN (putative Helix
catalytic)
68 LLL AVLIMC
74 WwWw WFYH
84 KKK RK
94 DDD D (catalytic)
97 KKK RK
m EEE E (catalytic) Extended
113 EQ ENQ (catalytic)
136 1 AVLIMC
160 EEE DE Not extended
173 PPP PG
178 GGG not included

“Occurrence” indicates the residues present at that site (numbered using BamHI)
in the three available PDB structures for GATC-specific REases. “Allowed AA”
indicates the amino acids residues allowed in each site. “Secondary constraints”
indicates the allowed secondary structure element at that position.

The Scan2S GATC motif is summarized in Table I. The
conserved and the catalytic sites are indicated in BamHI
numbering. Only residues that occurred in the structure-
based alignment are allowed for the catalytic sites 94 and
111, the putative catalytic site 61 and the DNA-contact-
ing (V58) site. E, N, and Q were allowed at catalytic site
113, while the whole physicochemical class is allowed in
the rest of the conserved sites. “Secondary constraints”
were derived based on the secondary elements of the
conserved sites in the three structures.

CCGG-specific motif derivation

The motif derivation is similar to that for GATC,
except that the sites are considered conserved if the phys-
icochemical class (rather than the individual residue) is
fully conserved in the five aligned sequences. Structures
1FIU, 1SA3, and 1IAW were used in the analysis of pro-
tein/DNA contacts (the structures of Bse6341 and CFR10I
have not yet been solved in complex with DNA). The
resulting motif is summarized in Table II

The REase database

Type II REase sequences were downloaded from the
REBASE database.3 This set of sequences is referred to as
REset. There are 1357 REases in the set, 729 of them
with known specificities towards DNA sequences. 111
REases in this set recognize GATC-containing DNA
sequences and 45 recognize CCGG-containing DNA
sequences (referred to as GATC and CCGG REases,
respectively). Secondary structure predictions for the
REset sequences were obtained using PSIPRED,14 a two-
stage neural network for prediction of protein secondary

structure based on the position specific scoring matri-
ces generated by PSI-BLAST (Position specific iterative
BLAST). PSIPRED is evaluated as one of the best sec-
ondary structure prediction methods and has ~78%
precision.21

Regular expression match

We have developed Scan2S, a regular expression-based
motif-scanning algorithm.8 Scan2$ is designed to find a
motif in a protein sequence while also satisfying second-
ary structure constraints (e.g., a certain residue of the
motif sequence must be located on a particular secondary
structure element). Each element of a Scan2S motif con-
tains the residue(s) allowed at that position, followed by
the secondary structure constraint expected at that posi-
tion. Motifs can be constructed by using all the conven-
tions recognized by the Java 5.0 regex package (details
are given in http://java.sun.com/j2se/1.5.0/docs/api/java/
util/regex/package-summary.html). In Scan2S syntax, the
following nomenclature is used: each position in the
motif is followed by its secondary structure constraint,
for example, [FY]H means that phenylalanine or tyrosine
must be located in a helix. If there are multiple residues
allowed at a position, those residues are bracketed. Simi-
larly, if there is more than one character required to
describe the secondary structure constraint, the secondary
structure constraint for that position is also bracketed.
One can also use the “not” operator to indicate that a
residue may not be found in a certain secondary struc-
ture element, for example, P[ " H] means that the proline
in this motif must not lie on a helix. Where there are no
secondary structure constraints, this is indicated by a pe-
riod, for example, [ILV]. means that the residue at that
position can be an isoleucine, leucine, or valine, and that
there is no secondary structure constraint imposed.

Table 11
CCGG Motif Summary
Mspl BamH]I Secondary
numbering numbering Occurrence Allowed AA constraints
31 57 GGGGG G (contact) Not extended
35 61 EEEEE E (putative Not extended
catalytic)
38 64 ILIIC AVLIMC
99 94 DDDDD D (catalytic) Not helix
102 97 v AVLIMC
116 110 LVLVI AVLIMC Not helix
17 m SNGD SNGD (catalytic) Not helix
118 112 ICVLC AVLIMC Not helix
119 113 KKKKK K (catalytic) Not helix
121 115 SSTST ST (contact)
205 140 ILAAV AVLIMC Not helix

“Occurrence” indicates the residues present at that site (based on Mspl number-
ing) in the five available PDB structures for CCGG-specific REases. “Allowed AA”
indicates the amino acids residues allowed in each site. “Secondary constraints”
indicates the constraint on the allowed secondary structure element.
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Since the motif contains sequence and structure con-
straints, the protein datasets that are being queried must
be constructed in the same way, that is, both the
sequence and structure information are taken as input.
The sequence and structure information for each protein
in REset is combined, such that each residue is followed
by the secondary structure predicted for that site.

The Scan2S program is available for download at
http://physiology.med.cornell.edu/go/scan2s.

Other methods
Sequence similarity detection

BLASTP1S was used against the REBASE sequences,
fvia  http://tools.neb.com/~vincze/blast/index.php  (with
the default cutoffs). This is the only method tested here
that does not utilize the structure-based sequence align-
ment information.

The PSI-BLAST22 implementation in the MPI tool-
kit23 http://toolkit.tuebingen.mpg.de/psi_blast was app-
lied to the alignments of GATC and CCGG REases versus
the nonredundant bacterial dataset. Only restriction en-
donuclease hits were counted in order to compare to the
other results that were obtained for REset.

HHPred24 http://toolkit.tuebingen.mpg.de/hhpred builds
a profile hidden markov model (HMM) from a query
sequence and compares it with a database of HMMs repre-
senting annotated protein families. We ran HHpred using
the structure-based alignments as queries against the PfamA
dataset. Again, only REase hits were recorded to compare
with the other methods.

MAGIIC-PRO2 http://biominer.bime.ntu.edu.tw/mag-
iicpro/ and PRATTZ26 http://expasy.org/tools/pratt/, were
used for automated motif derivation from the structure-
based multiple sequence alignments of the GATC and the
CCGG REases. The resulting motifs were translated into
Scan2S syntax and scanned against REset.

Prediction of specificity-determining residues

SDPpred27 http://math.genebee.msu.ru/~psn/index.htm
predicts residues that determine differences in functional
specificity of homologous proteins by searching for sites that
are well conserved within specificity groups but differ
between them. The SDPpred predictions for a structure-based
alignment of the three GATC-recognizing and five CCGG-
recognizing REases were compared to our own Scan2S-based
predictions of specificity determining residues.

RESULTS

Type II REases typically exhibit a pairwise identity
below 15% and belong to the “midnight zone” of
sequence similarity where homology can be detected only
via structural information.28 Preliminary testing with
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several automated sequence alignment methods (such as
those described in Refs. 16,29-32) confirmed that only
structure-based methods provide reliable multiple struc-
ture alignments, as assessed by alignment of biochemi-
cally known catalytic sites. We studied the 111 Type II
REases that recognize GATC-containing DNA sequences
(referred to as GATC REases) and the 45 Type II REases
that recognize CCGG-containing DNA  sequences
(referred to as CCGG REases), the only two groups for
which at least three protein structures were solved (see
Niv et al.33 for a recent survey and analysis of Type II
REase structures).

Detection of REases with commonly
used methods and with Scan2S

We have used several established methods to detect
GATC- and CCGG-recognizing REases in REset (the
curated set of Type II REases in REBASE3), as described
in Materials and Methods section. The number of true
positives (REases hits with the correct specificity) and of
false positives (REase hits with a known but different
specificity) found in the REset dataset are shown in
Table III and described later. Table III also reports preci-
sion (defined as [true positives/(true positives + false
positives)]), and recall (defined as [true positives/(true
positives + false negatives)]).

A BLASTP search using sequences of the three GATC
REases of known structure as queries retrieved a total of
nine Type II REases, all of them having recognition
sequences that include GATC. Using the CCGG REases
of known structure as queries, BLASTP retrieved a total
of 14 CCGG REases, two Type II REases of unknown
specificity, and one REase of a different specificity.

Using the GATC multiple sequence alignment query
with PSI-BLAST22 against the nonredundant bacterial
genome dataset retrieved the three original GATC
sequences, and two additional GATC REases, that were
also found by BLASTP. The CCGG multiple sequence
alignment query retrieved the five original sequences and
four additional CCGG sequences, all of which were
found by BLASTP.

A state-of-the-art HMM method HHpred24 scanned
against the PfamA database retrieved only the original
Type II REases used in the construction of each of the
alignments.

The best ranking motifs identified by the automated
motif derivation method PRATT20 for the GATC and
CCGG REases were translated to Scan2$ syntax (without
adding secondary structure constraints), and scanned
against REset. The PRATT-derived GATC motifs matched
only the three original sequences from which they were
derived. The PRATT-derived CCGG motif matched four
of the Type II REases from which it was derived, and two
additional CCGG-recognizing REases.
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Table 11l
Methods Comparison

TP not found by

Recall (%) Precision (%) TP FP FN Unknown specificity BLASTP PRATT
Scan2S-GATC 13 100 14 0 97 2 10 12
BLASTP-GATC 9 100 9 0 102 0 0 6
PRATT-GATC 3 100 3 0 108 0 0 0
MAGIIC-PRO N/A N/A N/A N/A N/A N/A N/A N/A
PSI-BLAST (MPI) 5 100 5 0 106 0 0 2
HHPred versus pfamA 2 100 2 0 109 0 0 0
Scan2S-CCGG 31 88 14 2 31 1 6 10
BLASTP-CCGG 31 93 14 1 31 2 0 8
PRATT-CCGG 20 100 6 0 24 0 0 0
MAGIIC-PRO N/A N/A N/A N/A N/A N/A N/A N/A
PSI-BLAST (MPI) 20 100 8 0 22 0 0 2
HHPred versus pfamA 7 100 3 0 42 0 0 0

A comparison of the numbers of true positive (TP), false positive (FP), and false negative (FN) matches found by using Scan2S and alternative methods.

MAGIIC-PRO automated motif derivation method2>
detected no motifs in the GATC or CCGG structure-
based sequence alignments using default parameters.

The Scan2S GATC and CCGG motifs were derived
from the GATC and CCGG structure-based multiple
sequence alignments, respectively, as described in
Materials and Methods section and discussed further
in the next sections. The Scan2S GATC motif, which
combines sequence and structural data, retrieves 16
sequences from REset, 14 of which are GATC REases
and two of which (BjaORF865P and EsaNPORF65P)
have unknown recognition sequences. Because the
motif is specific (100% precision, 13% recall), we sus-
pect these may be as-yet-unidentified GATC REases.
Ten of the Scan2S GATC motif true positive hits were
not found by BLASTP, the best performing of the com-
monly used methods we have tested, and 12 were not
found by the PRATT motif, the best automatically
found motif we obtained (Table III).

The Scan2S CCGG motif retrieves 17 REases, 16 of
which have known recognition sequences, and 14 of
those are CCGG-containing sequences (recall 31%, preci-
sion 88%). Six of the true positives found by the Scan2S
CCGG motif were not found by BLASTP and 10 were
not found by PRATT.

The results described earlier indicate that the Type II
REases present a significant challenge for all sequence
analysis techniques that we have tested, as indicated by
the low recall (3-31%). Scan2S performs better than all
of the other methods except BLASTP in terms of a com-
bination of significant recall and high precision. Impor-
tantly, because the hits obtained by BLASTP and by
Scan2S overlap only partially, Scan2S provides a nontri-
vial addition to the bioinformatics toolbox. Furthermore,
the positions participating in the motifs may be impor-
tant for understanding the function of these proteins.

We, therefore, proceed to describe in detail the positions
that constitute the Scan2S GATC and CCGG motifs.

Scan2S GATC-specific motif

The structure-based multiple sequence alignment of
GATC-recognizing (as well as of CCGG-recognizing)
REases is shown in Figure 1.

The pairwise identity of GATC REases included in the
multiple sequence alignment is 15% and below, and out
of the four positions of the PD-(D/E)XK pattern, two are
not conserved even in this small set of three REases act-
ing on similar substrates: amino acid residues I, I, T pop-
ulate the Proline site of the PD-(D/E)XK pattern (I93 in
BamHI) and residues E or Q populate the Lysine site of
the pattern (E113 in BamHI). Instead, other sites are
conserved (highlighted in light cyan in Fig. 1). The con-
served sites were mapped onto the experimental struc-
tures of the GATC-recognizing REases with their cognate
DNA substrates (see Materials and Methods section), to
identify residues likely to be involved in DNA recogni-
tion. These can be classified into two groups as described
below using BamHI numbering and shown in Fig-
ure 2(A). The first group includes a conserved spatial
cluster of residues that do not contact DNA, consisting
of E28 (E22 in 1DFM, E26 in 1VRR), L68 (L61 in
1IDFM, L68 in 1VRR), W74 (W66 in 1DFM, W73 in
1VRR), and K97 (K87 in 1DFM, K122 in 1VRR). The
second group includes three sites within 5 A of the DNA
strand that are not part of the catalytic triad (94,111,113
in BamHI numbering). These are positions V58, K61,
and K84 [not shown in Fig. 2(A)]. V58 in 2BAM and the
corresponding V51 in 1DFM, V58 in 1VRR, are within
5 A of the A6 and T7 nucleotides. These nucleotides are
part of the GATC-containing recognition site, identifying
V58 site as a potential novel specificity determinant. K61

PROTEINS B35
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2BAMA M EVEKE F I T DEAKELTI[ I Q QA YN E VK T [l0]
1IDFMA M -KIDI T D Y NHADETIT RN N P QL WK E I E E [I0]
GATC IVRRA M RIVEV Y S H L NGLEY[M4UL PHT WE E I Q E [I2]
BamHI # 14 28
secondary structure
[CCGG REases alignment for this regions is not shown]
2BAMA S KTFT I N N T E K NCNG P I K EL CYTL L
1DFMA - ASDQ A S K V S LIFDP V GTN QY I KD E L
GATC  1VRRA K ESKEK T K Q G LYS P V A N E A K E K L
BamHI # 58 61 68
ICFR R LGGK I S D G S F NKCNG D WYE WL I GI R A
IKNVA K GLATI P T S G AF SNTR G T WFE VM I AI Q S
CoGG ITAWA R WNFDQ L H K T EKTHMG T L V E INULHRE F
IFIUA L HSET V S E R L P GQTS G N AF E AI C SE F V
1SA3B - QLPHT Q H G VT SDRL G K LY E KY I LD I F
Mspl # 31 35 38
secondary structure
2BAMA [5] - - WY R E K P LPRILIKLE K K KGG PI DV Y@Kl E
IDFMA 2l KHWK N N I p 1] -KRFD F L GTDIDFOG K -
GATC  yRra 2l KGWK E 8 T NP2 GKEA L K 8§ QT D vV K -
BamHI # 74 84 94 97
1CFR [10] F I VV K M P N A25ILNNV N L I T S NP D F s 1 1
1KNVA 1 yLiI 1K M 114 N V[2TKQQV R L I T S NP D L L 1 1
CCGG UAWA B----- - D - - - ---- - - -GPFETDVYE I -
1FIUA [14] WN V K Q G S R[AALG S D YT I TP D 11 V T
ISA3B 3717 V.S S S D D L - - GRTII G GS P KT D AT I R
Mspl # 99 102
secondary structure _
2BAMA MM KRVGM E F E T GNTIS-[6E I - - DL A I 1 M
GATC 1DFMA - RDTL V E V @ F S NYPFI([77 D I D4 KV A I 1 1 T
1VRRA - DRV A 1 E Vv Q F KYSF[[I17 K I - - DV G V E 1
BamHI # 111 113 136
ICFR M]IKSFL § V K TTTFRPDR]W TTIMIRYTYAA A
IKNVA M]JLVAGY G L K T S LRPD[2]W NPPB FKYVYG A S
CCGG  j1awa - AGVQV D C K F S MSQ-106 - - -@B81GHTICTL V
1FIUA B5]LHAS I S C K WT IRSDI[3 R NRMEPHTIVV V T
ISA3B B RLVPL N I K HS SKKKI[]K 8 EM4HP DLL I R
Mspl # 116 117 118 119 121 205
secondary structure | |
2BAMA I KQL A Y Y L T D RVTNF EIJUIIQ@ P F1 F I G
GATC 1DFMA K GHMF P A S N 8§ - SLY Y E 6V P I R L VG
1VRRA P MK EL § K E M S G1 SY Y EJI5]v P LV L I G
BamHI # 160 173 178
1CFR T S TGN A D v 1 G - - LKTV A 13l AV D- E I F
1KNVA S EPVS K A D D D - -ALQT A IJ4A V D- D 1 F
CCGG 1TAWA I WA SD Q Q C A WTAGLV K V [471A Q Q - D DF
1FIUA A EPTP S - - R I 8§ STAL G T[4 Q I L - Q S L
1SA3B F QVIDR - - E Y VDVTI K NIJ4R K P - G F G
Mspl #
secondary structure
Figure 1

Structure-based sequence alignment of GATC and CCGG REases. The catalytic residues [including the putative catalytic site 61 (Niv et al., unpublished results)] are
shown in bold italics. Positions with fully conserved residues in the GATC REases are highlighted in light cyan and indicated in BamHI numbering. Positions with
Pphysicochemical properties conserved in the CCGG REases are highlighted in light green and indicated in Mspl numbering. Conserved regions with predominantly helical
(extended strand) secondary structure are indicated by a light (dark) gray stretch.
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Figure 2

Conserved patches. (A) The protein monomer (chain A in 2BAM.pdb) is shown
in ribbon representation colored by secondary structure. The backbone of the
DNA strand (chain D in 2BAM.pdb) and the GATC nucleotide bases are
shown. The catalytic residues 94, 111, 113 in van der Waals representation are
colored grey. The conserved spatial cluster residues (28, 68, 74, and 97) are
colored green. The novel GATC-family conserved residues within 5 A from the
DNA strand (58 and 61) are colored blue. (B) The protein monomer (chain A
1SA3.pdb) is shown in ribbon representation. The hydrophobic cluster (sites 102,
116, 205) is colored green. The catalytic residues 99, 117, and 119 are colored
gray. The novel CCGG-family conserved residues within 5 A from the DNA
strand (sites 31, 35, and 121) are colored blue, The figure was prepared using
VMD (Visual Molecular Dynamics) software.

is a new putative catalytic position (Niv et al, unpub-
lished results). K84 is within 5 A of the A2 and T3 nucle-
otides, upstream of the recognition sequence in 2BAM,
but the corresponding K74 and K109 residues (in 1DEM
and 1VRR, respectively) do not interact directly with the
DNA. This site is therefore less likely to be a specificity
determinant.

The importance of each component in motif deriva-
tion was probed as follows: (1) Allow only for the residue

that occurs in the original alignment in the conserved
sites. In this case, the motif recalls only the three original
sequences (3% recall, 100% precision); exclusion of the
secondary constraints results in matching one additional
GATC sequence (4% recall, 100% precision). (2) Exclude
the secondary structure constraints. In this case the preci-
sion drops to 60%, (recall is 14%).

Scan2S CCGG-specific motif

The CCGG motif includes the catalytic residues (Mspl
numbering used): D99, N117, and K119 as well as the
putative catalytic E35 (K61 in BamHI, Niv ef al., unpub-
lished results) and sites populated by residues of one
physicochemical class only [highlighted in light green in
Fig. 1 and shown as spheres in Fig. 2(B)].

In the CCGG-recognizing subgroup of REases, the PD-
(D/E)XK motif is not strongly conserved, as the P site
(98 in Mspl numbering) is occupied by either T or P and
the D/E site (117 in Mspl numbering) is occupied by N,
D, S, or G. Using experimental structures, the sites can
be classified into the following two groups. The first
group includes conserved residues distant from the DNA
strand: 1102, L116, and 1205. These constitute a hydro-
phobic cluster [see Fig. 2(B)]. The second group includes
conserved residues within 5 A from the DNA that are
not part of the catalytic triad (99, 117, and 119): G31
(57 in BamHI numbering), E35 (putative catalytic (Niv
et al., unpublished results) corresponding to K61 in
BamHI numbering), S121 (115 in BamHI numbering)
and 1118 [112 in BamHI numbering, not shown in Fig.
2(B)]. The sidechains of 1118 in 1SA3 and the corre-
sponding residues in 1IAW and 1FIU point away from
the DNA strand, suggesting that this site is less likely to
be involved in recognition than sites 31 and 121.

The importance of each component in motif deriva-
tion was probed as follows: (1) Basing the motif only on
the sites with identical residues in all five CCGG REases
(sites 31, 35 [putative catalytic], 99 and 119 [catalytic] in
Mspl numbering) without secondary structure con-
straints results in a promiscuous motif that finds 961
matches in REset, 828 of known specificity, of which 36
are CCGG-specific REases (recall of 80%, but a very low
precision of 4%). Adding the secondary structure con-
straints at the fully conserved positions included in this
motif does not change the recall and precision levels
significantly. (2) Using the same motif as described in
Table II, but allowing only residues that occur in the
alignment, results in 10 hits, all of them true positive
(100% precision, but only 22% recall). (3) Excluding the
secondary structure constraints from the motif described
in Table II results in 54% precision and 50% recall.

Our results indicate that secondary structure con-
straints are important for motif specificity, in agreement
with our analysis of secondary structure augmented
PROSITE motifs,8 while the relaxation of the motif to
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include residues of conserved physicochemical property
is important for better recall.

Notably, the DNA-contacting conserved sites do not
fully coincide for the GATC and the CCGG REases. The
conserved structural cluster in CCGG REases (1102,
L116, and 1205 in MSPI numbering, corresponding to
K97, M110, and 1140 in BamHI numbering) is also dif-
ferent from the conserved structural cluster in GATC
REases (E28, L68, W74, and K97 in BamHI number-
ing): only the K97 site participates in both clusters [see
Figs. 1 and 2].

To compare our proposed specificity determinants
with other predictions, we used the SDPpred server.2”
SDPpred predicts residues that determine differences in
the functional specificity of homologous proteins by
searching for sites that are well conserved within specific-
ity groups but differ between them. This approach, there-
fore, implies that the sites of specificity-determining resi-
dues are identical for different specificities. The struc-
ture-based sequence alignment for the three GATC-
recognizing REases and the five CCGG recognizing
REases (derived using TCoffeel®) was subjected to the
SDPpred algorithm.27 The resulting SDP predictions are
G31, E35, 1102, and K119 in Mspl numbering, corre-
sponding to V57, K61, K97, and E113 in BamHI number-
ing. Thus Scan2S has found unique potential specificity
determining sites (V58 for GATC-recognizing and S121
for CCGG-recognizing REases) and also a unique struc-
tural cluster for each group in addition to the SDP pre-
dictions. We conclude, therefore, that subfamily-specific
positions may be an important mechanism for achieving
specificity in protein—protein interactions, as recently dis-
cussed by Pirovano et al3> This concept augments the
more established notion of “persistent” positions that are
conserved across super-families and folds.27>36,37

DISCUSSION

Motivated by the important role of Type II REases in
molecular biology, we set out to analyze the sequence/
structure/function relations of these proteins. Type II
REases are highly divergent in their sequences despite
having a common structural core and function and in
some cases common DNA specificity. It is important to
note that the analysis of the Type II REase subfamilies
presented here is complicated by the fact that the multi-
ple sequence alignments were limited to the small num-
ber of members that have experimental 3D structures,
too few to allow a rigorous statistical analysis. We have,
therefore, addressed some of the biological questions and
computational challenges by deriving subfamily-specific
motifs and highlighting potential specificity determi-
nants. The general applicability of the Scan2S method,
and the trade-off between precision and recall upon
refining protein patterns using secondary structure con-
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straints was recently shown for PROSITE motifs8 and is
currently being evaluated further for additional sequence-
dissimilar protein families.

Here we have focused on two groups of such enzymes,
namely the CCGG-recognizing and the GATC-recogniz-
ing Type II REases, and identified sites that have con-
served physicochemical properties, some of which reside
in well-defined secondary structure elements. We have
used our novel regular expression matching method,
Scan2S, which enables the search of sequence databases
using long flexible motifs with optional secondary struc-
ture constraints, to detect REases of GATC and CCGG
specificities.

The role of motif components
in the sequence search

Physicochemical properties

It has been shown that conservation is higher on the
level of physicochemical properties than on the level of
individual amino acids.1938-40  Coarse-grained, or
reduced, alphabet approaches that represent the physico-
chemical properties of amino acids have been applied to
pattern recognition, generation of consensus sequences
from multiple alignments, protein folding, and protein
structure prediction.4! Different approaches to grouping
amino acids according to their physicochemical proper-
ties exist in the literature.1939:42,43 Here, we used the
physicochemical classes of Mirny and Shakhnovich,!9
though coarse graining using parameters from Kidera
et al.4* leads to qualitatively similar results (not shown).
The physicochemical classes of amino acids were used to
identify conserved sites in the CCGG multiple sequence
alignment and to relax both the GATC and the CCGG
motifs by allowing all amino acids of the dominant phys-
icochemical property at the conserved sites. A related
idea has been explored for refining protein prenylation
motifs by penalizing deviations from physical property
requirements on the sequence,45 and for derivation of
motifs for low sequence similarity DNase-1 related endo-
nucleases. 40 Importantly, we find that relaxation of
motifs using physicochemical properties is crucial for
improving the motifs recall. However, these properties
were not sufficient for obtaining a high specificity motif,
and the structural component was utilized as well.

Structural information

Experimental structural information was used in three
ways in this study of sequence-dissimilar enzymes: (a)
First, it was used to obtain structure-based sequence
alignments using the 3D-TCoffee serverl®; (b) Second,
the structures were used to identify conserved secondary
structure elements which were then included as con-
straints in the motifs. The inclusion of secondary struc-
ture information has been shown to improve similarity
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detection by sequence profiles and HMM methods. 4750
To the best of our knowledge, Scan2§ is the first imple-
mentation of secondary structure information for refin-
ing protein motif and has already been shown to
improve the precision of PROSITE motifs$; (c) Lastly, in
order to identify potential specificity determinants for
DNA binding, structures of REase/DNA complexes were
used to identify sites that are found at the interaction
interface, to restrict the allowed residues at these sites.

Applicability of the method

Structures have been shown to be more conserved
than sequences.” 1-53 The commonalities obtained using
structural data can shed light on members of the protein
families for which no structural information exists yet
and can highlight putative functional sites. The approach
described in this article is suitable for analysis of func-
tionally related, sequence-dissimilar proteins for which
several structural representatives are obtained. The main
drawback of the application as described here is the labo-
riousness in the motif derivation stage. We are currently
exploring ways to automate the procedure.

CONCLUSIONS

We have derived novel motifs and have used Scan2$S
(motif scan with optional secondary structure con-
straints) for detection of GATC- and CCGG-recognizing
Type II REases. The specific implementation of Scan2$
and other bioinformatics methods reveal that detection
of sequence similarity in subfamilies of Type II REases
presents a formidable challenge for all the methods
tested, as indicated by the low (3-31%) recall levels.
Notably, the sets of REases retrieved by the different
methods do not overlap fully, and Scan2S provides true
positives not found by the other methods. Thus, Scan2S
constitutes a novel approach for searches against REset
that is complementary to BLASTP. The Scan2$ program is
available for download at http://physiology.med.cornell.
edu/go/scan2s. The predictive capabilities of the motifs
implemented in Scan2S suggest that the matches to
REases of heretofore unknown specificity may have the
same specificity as those from which the motif was
derived. The motifs highlight potential specificity-deter-
mining positions. These positions, which do not coincide
fully for the GATC and the CCGG families, offer promis-
ing candidates for re-engineering specificity in this bio-
technologically important class of DNA processing
enzymes.
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