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I .  INTRODUCTION 

DNA restriction endonucleases and modification methylases are strain-specific 
enzymes responsible for the host-specific barriers to interstrain transfer of DNA that 
have been identified in numerous prokaryotic cell types. Foreign DNA entering a 
bacterial cell is subject to rapid endonucleolytic hydrolysis if it is devoid of the 
modification characteristic of the particular bacterial strain. The strain specific 
modification enzyme catalyzes methyl transfer from S-adenosyl-L-methionine (AdoMet) 
to a specific DNA sequence which is characteristic of the particular host specificity 
system. Thus, cellular DNA is rendered resistant to attack by the endogenous restriction 
enzyme by virtue of being methylated at DNA sites that are also recognized by the 
endonuclease. 

Subsequent to the isolation in 1968 of restriction endonucleases responsible for host 
specificities of Escherichia coli strains K and B,"' over 200 restriction activities have been 
identified upon in vitro analysis of gram negative and gram positive  organism^."^ 
Elucidation of enzyme structural features as well as cofactor requirements for restriction 
cleavage indicated that these enzyme systems could be classified into three types.596 The 
class designated Type I is typified by the Eco B and Eco K enzymes which are responsible 
for the host specificities of E. coli strains B and K, respectively.1 In these enzyme systems 
both restriction and modification activities appear to reside in a large (M, 500,000 to 
600,000) multifunctional complex comprised of three distinct polypeptide chains, with 
the activity of the complex being directed by the state of modification of the host speci- 
ficity site (reviews 6 ,8 ) .  In vitro restriction by Type I enzymes is dependent on the 
presence of ATP, AdoMet and a divalent cation, and although interaction with the 
particular host specificity sequence is necessary, DNA cleavage occurs thousands of 
nucleotides away. In contrast, methyl transfer by the Type I enzyme complex is to the 
recognition site and requires only AdoMet, with ATP and Mg" being only stimulatory. 

The more recently characterized Type 111 restriction and modification enzymes6 
appear to be somewhat simpler than their Type I counterparts. As in the case of Type I 
enzymes, Type I11 restriction and modification activities may both reside in a large 
multifunctional complex which is composed of two distinct polypeptide chains. Like the 
more complex systems, DNA cleavage by Type 111 enzymes requires ATP and Mg", but 

t Restriction and modification systems are designated according to the nomenclature suggested by Smith 
and Nathans.' Each restriction-modification system is designated by a three letter prefix indicating 
genus and species of the organism from which the enzymes have been obtained. Enzyme systems 
of differing specificity obtained from the same organism are differentiated by roman numerals following 
the prefix. For a recent listing of known restriction and modification enzymes see R o b e r t ~ . ~  
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in contrast to Type I restriction, AdoMet is not required, and DNAcleavage occurs near 
Type 111 host specificity sites. However, like Type I enzymes, methyl transfer by Type I11 
complexes requires an AdoMet cofactor, with ATP and Mg” being stimulatory. 

The simplest class of restriction and modification enzymes, and the subject of this 
review, has been designated Type 11. Although numerous Type I1 systems of distinct 
sequence spe~ificities”~ (Table 1) have been identified, all bear features in common with 
the Hind I1 system initially identified by Smith and his  colleague^.^-'^ Thus, all are 
comprised of proteins which are relatively small relative to their Type I or Type 111 
counterparts, and cofactor requirements are simple. In vitro restriction requires only 
Mg” and unmodified DNA, while methyl transfer is dependent only on the presence of 
AdoMet. Moreover, DNA cleavage by Type I1 endonucleases bears a simple relationship 
to the recognition sequence, and for those systems examined in detail, endonuclease and 
methyltransferase activities have been found to reside in distinct (and separable) 
polypeptide chains. 

The relative structural and catalytic simplicity of Type I1 enzymes, as well as the 
opportunity they afford for comparison of distinct polypeptides which recognize a 
common sequence, has rendered them attractive for study of mechanisms of sequence- 
specific protein-DNA interaction. Although it is the intention of this article to review 
literature bearing on DNA site recognition by Type 11 enzymes, it must be stated at the 
outset that the molecular mechanisms responsible for highly accurate and efficient DNA 
sequence recognition are not yet understood in the case of any protein. Nevertheless, 
recent progress in the study of several types of sequence-specific systems, only one class of 
which will be considered in this review, suggests that cautious optimism might be 
appropriate with respect to future advances in this area. 

Two problems, which to some extent are related, are apparent upon consideration of 
specific DNA sequence recognition by proteins. First, one wishes to  understand factors 
which account for the extreme specificity characteristic of this type of interaction. A 
minimal understanding of this facet of the problem requires knowledge of thermody- 
namic parameters characteristic of interaction of the protein with specific and 
nonspecific DNA sequences, as well as information on the nature of protein-DNA 
contacts governing interaction of a protein with these two classes of sites. The second 
problem is due to the fact that recognition sites of biological significance are embedded in 
a large background of nonspecific DNA. Despite the occurrence of recognition sites in 
such an environment, sequence-specific proteins typically locate their sites with apparent 
rates which approach or apparently exceed that expected for diffusion-limited 
association of uncharged macromolecules (k = 10’ M’ s-I) suggesting the involvement 
of electrostatic or limited dimension diffusion mechanisms in specific site l ~ c a t i o n . ~ ~ - ~ ~  
An understanding of the mechanisms of site location requires elucidation of pathways 
utilized in location of specific sequences as well as parameters governing kinetic selection 
of the preferred path. In view of these problems, the following discussion will consider 
available information on enzyme and substrate structures, reaction mechanisms, and 
factors affecting specificity which may bear on these points. 

11. STRUCTURES OF TYPE I1 RESTRICTION AND 
MODIFICATION ENZYMES 

Some 200 site-specific endonucleases have been classified as Type I1 restriction 
Although the utility of these endonucleases as reagents has rendered this 

practice useful, this classification is misleading in the sense that only a few of these 
enzymes have been implicated in restriction in vivo. Furthermore, enzymes within this 
class may differ significantly with respect to  modes of DNA-protein interaction. Indeed, 
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Table 1 
PROPERTIES OF SELECTED TYPE I1 DNA RESTRICTION AND 

MODIFICATION SYSTEMS 

Microorganism Specificity Enzyme M: Recognition sequenceb Ref. 

(22,000) 2 

1 R 
(22i~O)d 5r-G G-A-T-& 

B. amyloliquefaciens H Bam HI 3°C-$-T-A-G 1G M N.D. 
13-16 

B. coldolyricus 17 

B. globigii 

22, 23 8. globigii 

24, 25 

26-28 

29-32 

E. coli 33, 34 

35-37 

35-37 

.I 

D. pneumoniae 
5’GA’T-C 
3’-C-T1$-G Dpn l d  R -20,000 

5’4 - A-T-C 
D. pneumoniae Dpn l I d  -70’000 3‘-C-T-A-G 

38-46 

47-48 

30, 49, 50 

51, 52 

I *  N.D. 5 ’ 4 4  C-C R 

M N.D. H .  aegyprius Hae 111 3’-C-$ p - G  

* I  N‘D‘ 5‘-G-C-G C R 

M N.D. * H .  haemolyricus Hho I 3’-CIG-C-G 
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Table 1 (continued) 
PROPERTIES OF SELECTED TYPE I1 DNA RESTRICTION AND 

MODIFICATION SYSTEMS 

Microorganism 

H. haemolyticus 

H. influenzae Rd 

H. influenroe Rd 

Specificity 

Hha I1 

Hind I1 

Hind 111 

H. parahaemolyticus Hph I 

H. parainfluenrae Hpa I 

H. parainfluenzae 

Moraxella 
nonliquefaciens 

Moraxella sp. 

Staphylococcus 
aureus 3A 

Hpa 11‘ 

Mno I 

Msp I 

Sau 3A 

Enzyme M,‘ Recognition sequenceb Ref. 

R 

M 

R 

M 

R 

M 

R 

R 

M 

R 

M 

R 

R 

R 

53, 54 

9-12 

11,  12, 55 

1 5’-c C-G-G 
’? 3’-G-G-C1C 

1 
5’ G-A-T-C ? 3’-C-T-A-G+ 

57-60 

50.57-61 

62 

63, 64 

65 

’ In those cases where the enzyme has been isolated in pure form, stable aggregation states of the monomer 
are indicated. Approximate native M, values, determined by gel filtration or sucrose gradient sedimentation, 
are shown for those enzymes which have been only partially purified. N.D.-not determined. 
Arrows indicate points of cleavage by the restriction endonuclease while bases methylated by the modifica- 
tion enzyme are indicated by asterisks. In all cases cleavage generates 5’-phosphoryl and 3’-hydroxyl termini, 
and modification yields N-6 methyladenine or 5-methylcytosine. In those cases where the particular base 
modified has been identified, both strands of the recognition site are shown as being modified. However, 
methylation of both DNA strands has been established only for Eco R1,’9 Eco R11~8dam,” Hpa 1;” and Hpa 
11,6’ methyltransferases. In several cases sites of cleavage or methylation within the recognition site have not 
yet been determined. 

‘ As mentioned in the text, although the E. colidam methylase resembles other Type 11 modification enzymes, 
it does not appear to function in restriction-modification. 

‘ Dpn I and Dpn I1 both recognize the sequence d(G-A-T-C). However, Dpn I is novel in that it cleaves within 
the sequence only if the adenines on both DNA strands are modified. In contrast, Dpn 11 only attacks sites 
devoid of the adenine m~dification.”-~’ 

evidence in support of 
this view was not provided. Moreover, this finding has not been substantiated by several other 
l a b o r a t o r i e ~ . ~ ~ ’ ~ ~  
Two DNA methylases of Hpa I 1  specificity, which differ in molecular weight, have been identified. Since 
preliminary peptide mapping suggests that the two species are related, the smaller may have been derived 
from the larger.” 

‘ Although there has been a claim that isolated Eco RI endonuclease is a 
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such differences are already apparent among the few Type I1 enzymes to  be considered 
here, those which have been isolated in pure form or examined with respect to features of 
mechanism (Table 1). For this reason, those differences which may be of significance in 
the context of the sequence recognition question will be emphasized in this and following 
sections. 

As summarized in Table 1, each Type I1 endonuclease that has been isolated in 
homogeneous form exhibits a single molecular weight species upon denaturation and 
reduction. This suggests that each is comprised of a single type of polypeptide chain, and 
as discussed below, this has been confirmed in the case of Eco RI endonuclease. 
These enzymes fall into several classes based on oligomeric states of the native proteins. 
The majority of Type I 1  endonucleases exist in solution as oligomers of their constituent 
subunit, and in the case of several enzymes, more than one aggregation state has been 
observed. There are, however, exceptions to this generality, the most notable being Bgl 1 
and Bsp I endonucleases. In these cases, only the monomer has been identified.1872’ Since 
it is reasonable to assume that modes of DNA-protein interaction to some extent reflect 
biologically active aggregation state(s) of the protein in question, it has been suggested 
that these two structural classes of Type I1 endonucleases may differ with respect to 
mechanism.’* However, attempts to assign biological activity to  particular oligomeric 
states have been reported only in the case of the Eco RI enzyme, which exists in solution 
as an equilibrium mixture of dimers and t e t r a r n e r ~ . ~ ~ ” ~  In this system, the tetramer to 
dimer transition is governed by an equilibrium dissociation constant of approximately 

M, and it has been found that the dimer remains the stable form at catalytic 
concentrations (lo-’’ M ) .  This finding together with kinetic behavior of this 
endonuclease (below) indicates that the dimer possesses biological activity and interacts 
directly with the Eco RI sequence. 

Structural analysis of Type I1 modification enzymes is still at an  early stage. Although 
a number of such activities have been identified4 (Table 1). only four have been isolated in 
pure form: Eco RI,42 Hpa I,6o Hpa and dam.34 While the latter enzyme, 
which is responsible for the majority of N-6-methyladenine in E. coli DNA,71 does not 
appear to be involved in restriction-modification, it will be considered here because of its 
structural and mechanistic similarities to  the former three enzymes. Each of these methyl- 
transferases is comprised of a singIe polypeptide chain (MI of 30,000 to 40,000), and in all 
four cases the stable form in solution is the monomer. Moreover, and as will bediscussed 
below, kinetic studies indicate that the functional form of all of these enzymes is in fact 
the monomer. Thus, in the Eco RI system, and perhaps in Hpa I and Hpa I1 systems as 
well, the restriction endonuclease interacts with the recognition sequence as a dimer while 
the modification enzyme is functional as a monomer.t This observation led to the 
suggestion that, at  least in the case of the Eco RI system, the endonuclease and methylase 
may differ significantly with respect to  protein-nucleic acid interactions involved in 
specific site re~ognition.~’ This possibility might appear surprising in view of the 
complementary nature of the Eco RI enzymes as components of a restriction- 
modification system. Indeed, it has been established that continued presence of an active 
Eco R1 methylase is necessary to maintain cell viability in the presence of the 
endon~clease.’~ This functional complementarity of two proteins which recognize the 
same DNA sequence led Boyer et al.73 to propose that the two Eco RI enzymes might 
have a common evolutionary origin. In this view the two proteins would share substantial 

t Although Hpa 1 and Hpa 11 methylases have been shown to function a s  the monomer60*6’ and only 
dimeric forms of the corresponding endonucleases have been observed, the possibility of dissociation 
of restriction enzyme dimers at dilute concentrations has not been assessed. 
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homology within DNA binding site regions as well as common features of polynucleotide 
interactions. 

The recent determination of primary structures of the Eco RI enzymes has permitted 
direct assessment of structural similarities between the two proteins at the amino acid 
sequence level. The genes for these enzymes have been localized to a 2200 base pair 
segment of DNA, the sequence of which has been determined in two l ab~ra to r i e s .~~-~’  
These determinations, together with partial amino and carboxyl terminal sequence 
analysis of the isolated enzymes,74 have permitted assignment of structural genes within 
this DNA segment, as well as evaluation of the extent to  which each polypeptide is 
processed subsequent to biosynthesis. As summarized in Figure 1, the Eco RI 
endonuclease gene encodes a 277 residue polypeptide (Mr = 31,063), and processing 
appears limited to removal of the NH2 -terminal formylMet. The methylase gene specifies 
a 326 residue protein (Mr = 38,048), but in this case terminal formylMet-Ala is removed. 

Comparison of endonuclease and methylase amino acid and gene sequences for 
homologies has led to identification of a single limited and imperfect DNA sequence 
homology which is unlikely on the basis of chance.44 However, the general lack of 
homology between the two polypeptides, and their corresponding genes, has led to the 
conclusion that the two proteins are of different evolutionary origin.4414S While the 
absence of amino acid sequence homology between Eco RI enzymes does not exclude 
existence of common features at  higher levels of structure, the circular dichroism spectra 
of the two proteins indicate extensive differences at the level of secondary s t r~cture:~ and 
secondary structures predicted for the two proteins by the probabalistic method of Chou 
and F a ~ m a n ’ ~  are markedly Thus, the dissimilar structures of Eco R1 
restriction and modification enzymes at  primary, secondary, and quaternary levels are 
consistent with the view that the two proteins may interact with DNA in different ways. 
Additional evidence in support of this idea will be considered below. 

Since each Eco RI enzyme must discriminate two G . C and four A - T pairs, the 
possible occurrence of amino acid sequence homologies within each enzyme has also 
been The endonuclease contains a single homology which is statistically 
unlikely, the overlapping tandem repeat Ile-Met-Phe-Glu-Ile-Met-Phe-Asp-Ile. Simi- 
larly, the methylase contains a 4-fold repeat of Leu-Ile-Lys. This tripeptide repeat occurs 
at defined intervals with 21 residues separating both the first two and last two 
occurrences, and additional homologous residues are evident in regions adjacent to Leu- 
Ile-Lys sequences.44 Although organization of these improbable repeats within Eco RI 
polypeptides suggests that they might be of importance in endonuclease or methylase 
structure and function, this possibility will remain a matter of speculation until the 
significance of such regions is assessed by chemical or genetic alteration. 

It is noteworthy that availability of primary sequences of Eco RI enzymes should 
facilitate crystallographic analyses of these proteins. Although crystallization of Eco RI 
methylase has not been reported, crystals of the endonuclease suitable for high resolution 
structure analysis have been obtained. Rosenberg et al.76 have obtained high quality 
crystals of the endonuclease and have reported results of preliminary X-ray diffraction 
analysis. The enzyme crystallizes in space group C2 with unit cell parameters of 
a = 209 A, b = 129 A, c = 50 A and /3 = 98.4’. The crystals appear to contain four 
endonuclease monomers (Mr = 31,000) per asymmetric unit which is consistent with the 
proclivity of the enzyme to associate into tetramer at high protein concentrations. 

An apparently identical crystalline form has been also obtained by Young, et al.77 
utilizing different crystallization conditions. In addition, this group has also successfully 
crystallized a complex between the endonuclease and the Eco RI recognition sequence 
hexanucleotide d(pGpApApTpTpC). The crystalline complex diffracts t o  a nominal 
resolution of 2.8 A and is of space group P4212 with a = b = 183.2 A, c = 49.7 A ,  and 
a = /3 = y = 90’. The unit cell contains four endonuclease monomers plus two duplex 
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Tag I 

roc I 

Htnf I 

Avo I 
Hmf I 

Hind llI 

FIGURE 1. Organization of structural gene se- 
quences for Eco R1 restriction and modification 
en~yrnes .~"~'  

DNA fragments in an asymmetric unit. As discussed below, this stoichiometry of one 
endonuclease dimer per duplex recognition sequence is consistent with the mode of 
interaction of the enzyme with DNA in solution. It is also interesting to  note that unit 
cells of both the enzyme and the complex crystals have a c axial length of SOA. Younget 
al.77 have pointed out that this together with the space group symmetry suggests that the 
endonuclease tetramer and the complex tetramer have 50 A as one of their dimensions. 

It is apparent that the rapid acquisition of structural information on Eco RI enzymes 
will facilitate understanding of DNA-protein interactions in this system. In particular, 
elucidation of crystal structures of the endonuclease and the endonuclease-DNA 
complex should provide substantial insight into molecular contacts involved in DNA 
sequence recognition in this system, as well as protein conformational transitions that 
might occur during this process. 

Lastly, it should be pointed out that although structural analyses of Type I1 restriction 
and modification enzymes has proceeded most rapidly in the case of the Eco RI system, 
detailed structural information on other systems is rapidly accumulating. Genes 
specifying the Hha I1 restriction and modification enzymes'' and the E. coli durn 
methyla~e'~ have also been cloned, and DNA sequence determinations are in 
progre~s.~~'' ' Consequently, the primary structures of these proteins will soon be 
available. It seems likely that similar information on other systems will be forthcoming as 
well. As is evident from inspection of only the partial list presented in Table 1, restriction- 
modification systems originating in different organisms may recognize sequences that are 
identical or which are substantially homologous. For example, more than 20 
endonuclease have been identified which recognize GATC, or a sequence in which GATC 
is the internal tetran~cleotide.~ Thus, comparison of polypeptide sequences of such 
enzymes should yield insight into evolution of related systems and perhaps into features 
of polypeptide structure important in specific interactions. 
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111. RECOGNITION SEQUENCES OF TYPE I1 RESTRICTION A N D  
MODIFICATION ENZYMES 

The recognition sequences of numerous Type I1 systems have been determined, and 
these have been re~iewed.”~ The specificities of selected systems are presented in Table 1. 
Type I1 recognition sites vary from four to six base pairs in length, corresponding to 
expected frequencies of occurrence in a random sequence of one per 256 base pairs to  one 
per 4096 base pairs, respectively. With few exceptions, these sequences exhibit twofold 
rotational symmetry, and sites of DNA strand scission or methylation are symmetrically 
disposed relative to the twofold axis (Table 1). Although the significance of the frequent 
occurrence of rotational symmetry in DNA sequences recognized by proteins is not 
known, several possible functions have been entertained: 

1. Perhaps the simplest possibility has been proposed by Kelly and Smith” who 
suggested that symmetry within the recognition sequence may correspond to 
symmetry within the protein. Thus, a protein comprised of one type of polypeptide 
chain could interact equivalently with both strands of the DNA helix. 
A related hypothesis has been proposed by Dickson et al.“ who noted that 
rotationally symmetric sequences could facilitate site recognition if the protein 
is capable of bidirectional diffusion along the DNA helix. As mentioned above, 
such unidimensional diffusion mechanisms have been suggested to play a role in 
the kinetic path by which specific DNA sequences are located by  protein^.^^-^^ 
As detailed below, such a mechanism appears to be operable in the case of 
Eco R1 endonuclease. 
It is possible that the conformation of DNA is to some extent sequence dependent 
(for reviews see References 82 and 83). A special case of this hypothesis is the 
suggestion that twofold symmetrical sequences may form special structures which 
would be easily recognizable along the DNA helix. Gierers4 and SobellSs have 
noted that twofold symmetrical sequences are at  least in principle capable of 
intrastrand base pairing to form cruciform structures protruding from the helix 
axis (Figure 2). Although such structures would in general be thermodynamically 
unstable due to the associated requirement for local helix disruption, their forma- 
tion could be energetically driven by superhelical free and once formed, 
they could be stabilized by interaction with a protein. 

2. 

3. 

An alternate model for special structure formation by twofold symmetrical sequences, 
and one which does not require disruption of base pairs, has recently been s ~ g g e s t e d . ~ ~ * * ~  
This model is based on the proposal by McGavin” o f a  hydrogen bonding scheme by 
which like Watson-Crick base pairs might interact and which could permit homologous 
duplex regions to assume a four-stranded configuration. Model building studies have led 
Strasiak and Klopotowskis9 to suggest that even short (four to six base pair) symmetrical 
recognition sequences may adopt a four-stranded “cage” structure by virtue of this 
secondary bonding scheme (Figure 2). A particularly interesting feature of the cage 
model is that methylation of the Cs of cytosine or the N6 of adenine (Table 1) would, in 
the case of many Type I1 recognition sequences, hinder tetrad formation as a 
consequence of steric effects or by precluding formation of the secondary hydrogen 
bonds.89 This model would thus imply recognition of a cage structure by the 
endonuclease, with protection against restriction by methylation being due at least in 
part to disruption of the four-stranded structure. Unfortunately, available information 
does not permit evaluation of this model. 

Although one or more of the above hypotheses may account for the frequent 
occurrence of rotational symmetry in DNA recognition sequences, it is clear that such 
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A 

C A - T  

T - A  

C-G 

FIGURE 2. Proposed special structures for symmetrical recognition sequences. (A) Hairpin structure for 
Eco R1 Arrows and asterisks indicate sites of cleavage and modification, respectively. (B) Cage 
s t r u c t ~ r e . ~ ~ ’ ~ ~  This structure is based on  the hydrogen bonding scheme proposed by McGavinw shown in 
panels (C) and (D) by which like base pairs might interact. Large arrows in panels (C) and (D) indicate base 
determinants which are subject to modification by Type 11 methyltransferases. 

symmetry is not a general requirement for site-specific DNA cleavage as evidenced by the 
class of enzymes typified by Hph ZS6 (Table 1). This endonuclease, and two similar 
enzymes, Hga 19’,92 and Mbo II?3,94 recognize five base pair sequences devoid of 
symmetry and cleave the DNA helix five to  ten nucleotides to  one side of their 
recognition sequences. 

Models invoking major conformational transitions in DNA recognition sequences as 
being important in sequence recognition by proteins, such as those cited above for 
twofold symmetrical sequences, have received substantial attention in the literature. At 
present, however, evidence implicating major rearrangements in helix structure as  being 
essential in such processes is generally lacking. In particular, the involvement of 
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cruciform structures appears to be excluded in the several systems that have been 
examined in detail. Although relatively long inverted repeat sequences may adopt 
cruciform structures at least transiently when present in negatively supertwisted 
DNA,86*87 involvement of such a structure has been excluded during recognition of the 
relatively long lac operator sequence.” In the case of the four to six base pair sequences 
recognized by Type 11 restriction and modification enzymes, the adoption of a cruciform 
conformation is expected to be highly unlikely on steric grounds, and occurrence of such 
structures has been ruled out during recognition by Eco RI endonuclease,4°, Eco RI 
methylasey6 and Hpa I1 endonuclease.62 

The preceding comments are not meant to exclude local fluctuations in DNA 
conformation as being important in sequence-specific interactions. Indeed, sequence 
dependent variation in helix stability and structure is well d o c ~ m e n t e d , ~ ~ ’ ~ ~  and the 
importance of such effects in protein-DNA interactions would not be surprising. On the 
other hand, it has been noted that adequate discrimination of the four base pairs can be 
achieved by simple interactions between protein side chains and DNA determinants 
exposed only in the major and minor grooves of the B- form 

At least a partial resolution of the DNAconformation question should be forthcoming 
with solution of crystal structures of protein-DNA complexes. As mentioned above, an 
Eco RI endonuclease-DNA complex has been ~rystallized.’~ Moreover, Dickerson and 
his colleagues99 have recently reported a partially refined crystal structure analysis of the 
self-complementary dodecamer d(CpGpCpGpApApTpTpCpGpCpG) which contains a 
centrally located Eco RI sequence. Although conclusions concerning deoxypentose 
pucker cannot be drawn at  the current stage of refinement, the oligonucleotide duplex is 
essentially a Watson-Crick B helix with an average rise of 3.4A per residueand 10.1 base 
pairs per turn.” Furthermore, no sequence-dependent variation in B helix geometry have 
been observed. While such variations may become apparent as refinement continues, 
they presumably would constitute rather small effects. Perhaps the most interesting 
departure of this structure from classical B helix geometry is a slight “propeller twist” of 
each base pair which serves to increase stacking interactions between neighboring base 
pairs. Since electric dichioism measurements indicate a propeller twist of base pairs for 
DNA in solution’OO’lO’ it is argued that the solid state structure is close to that which exists 
in sol~t ion.’~ It must be pointed out, however, that the helical repeat observed in the 
crystal is somewhat less than the 10.4rt 0.1 base pairs per turn determined by Wang”’ for 
a natural DNA segment in solution, although the significance of this difference is not yet 
clear. It thus seems evident that the next several years will see substantial progress in the 
structural analysis of oligodeoxyribonucleotides and complexes between such molecules 
and sequence-specific proteins. Advances in this area will certainly serve to clarify DNA 
conformational transitions which are associated with DNA sequence recognition by 
proteins and which persist in crystalline complexes. 

In the context of conformational variation of DNA structure it is appropriate to 
consider possible effects of site-specific DNA methylation on helix structure. As 
mentioned above, such an effect is implicit in the “cage” structure or tetrad model for 
Type I1 recognition sites as proposed by Strusiak and Klopotowski”, although it must 
be emphasized that no evidence is presently available for the involvement of a tetrad 
conformation in Type I1 recognition. Nevertheless, the potential may exist for 
conformational transition in the helix as a consequence of adenine or cytosine 
methylation. Engel and von Hippel”’ have demonstrated that base pairs between 
thymine and N-6-methyladenine are destabilized by 0.4 to 0.9 kcal/mol relative to A-T 
pairs, presumably as a consequence of rotation about the C6-N bond. It is also possible 
that transfer of a hydrophobic methyl group to the N6 of adenine could substantially alter 
major groove water structure in the vicinity of the modified base. Recent experiments, 
however, indicate that while a detectable DNA conformational transition is associated 
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with adenine methylation, its magnitude is extremely small, corresponding to an  
unwinding of the Watson-Crick helix by somewhat less than 1 O per methyl group at 23" 
in the absence of Mg" at an ionic strength of approximately 0.l.lo4 Although these 
particular experiments do  not necessarily bear on the cage structure hypothesis, they d o  
indicate that adenine methylation results in a minimal local alteration of helix 
parameters. 

Similar measurements on the magnitude of helix perturbation as a consequence of 
5-methylation of cytosine have not yet been performed. However, it has been recently 
found that poly d(G-mSC) undergoes the transition from right-handed B form to left- 
handed Z form at much lower cation concentrations than does poly d(G-C).13S For 
example, in 50 mMNaCl,5 mMTris-HC1 (pH8.0) the midpoint of the B to Z transition 
of poly d(G-C) occurs at 700 m M  Mg+' while in the case of poly d(G-msC) the transition 
occurs at  0.6 mM. Although the density of 5-methylcytosine in the copolymer is very 
high, this profound effect certainly occurs in the physiological range of Mg" 
concentration. 

IV. D N A  CLEAVAGE BY TYPE I1 ENDONUCLEASES 

Of the numerous Type I1 endonucleases known,4 the Eco RI enzyme has been 
examined in greatest detail with respect to mechanism of DNA cleavage. Therefore the 
following discussion will focus on this endonuclease, with information on other systems 
being cited as available. In vitro restriction by Type I1 endonucleases, which requires only 
Mg'+ ion and unmodified DNA, involves hydrolysis of two phosphodiester bonds 
(Table 1). Furthermore, the reaction mediated by the Eco RI enzyme is kinetically 
simple. Reaction velocities are first order with respect to  endonuclease concentration and 
kinetics are M i ~ h a e l i s - M e n t e n . ~ ~ ~ ~ ' ~ ' ~ ~  Since the stable form of the endonuclease at  
catalytic concentrations is the dimer,4'170 this simple kinetic behavior implies that an  
active enzyme-substrate complex results from interaction of an endonuclease dimer with 
the Eco RI sequence. At 37", Km's for the single Eco RI sites of plasmids ColE1 and 
pBR322 are 8 nMand 4 nM, respectively, and the turnover number in both cases is about 
four double-strand scissions per min per dimer.41$1061'45 At 15", the K ,  for the Eco RI site 
of SV40 DNA has been found to be 30 n M  with a turnover number of 1.5 
Comparable values can be calculated from the data of Berkner and FolkIo5 who 
examined the kinetics of cleavage of bacteriophage A DNA: at 37' the K m  for Eco RI sites 
is 10 n M  with a turnover number of 1.3 min-'. These surprisingly low values for the 
turnover number reflect inherently slow catalysis since, as detailed below, at  least 30 to 
50% of isolated endonuclease molecules are active in site-specific binding and DNA 
cleavage. 

The early studies of Smith and Wilcoxg demonstrated that DNA cleavage by Hind I1 
endonuclease proceeded without extensive accumulation of an intermediated incised in 
only one strand of the recognition sequence. Although this work did suggest the 
involvement of such an intermediate in the Hind I1 reaction, it was evident that the two 
single-strand events required for double-strand cleavage were coupled. More recently, 
the direct involvement of an intermediate species containing a single-strand scission in 
the recognition sequence has been demonstrated in the reaction catalyzed by Eco RI 
e n d o n u ~ l e a s e . ~ ' * ' ~ ~ - ' ~ ~  In particular, results of steady state and transient kinetic 
experiments are consistent with the mechanism for double strand cleavage shown in 
Figure 3.'" 

The path of the Eco RI endonuclease reaction is dependent on both the nature of the 
DNA substrate as well as reaction temperature, with effects of these parameters being 
manifest at  the level of the E-I1 intermediate. Under steady state conditions at  37O, 
double strand cleavage of ColEI, G4 RFI, and pBR322 substrates (covalently closed 
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k- I 

k-, &=k, E + I I  

k, ->40min-' at  30" 

k, = 14min-' 

k,,, = I min-' 

FIGURE 3. Proposed mechanism of DNA cleavage by Ero RI endonuclease, I ,  1 1 ,  and 
111 represent, respectively, an intact Eco R1 sequence; an intermediate species which has 
been subject to cleavage in only one DNA strand; and a site which has suffered double 
strand hydrolysis. Rate constants shown were determined at 30":' Other details are 
provided in the text. Adapted from Rubin. and Modrich.'D8 

duplex circular DNA molecules each of which contains a single Eco RI site) proceeds 
without detectable dissociation of the E. 11 intermediate.4'"06"o'~110 Under these 
conditions the form I1 intermediate has been shown to remain enzyme-bound, and the 
two single-strand events required for double-strand cleavage are coupled by virtue of this 
fact.4' These findings indicate that the Eco RI endonuclease can interact with both DNA 
strands during a single binding event under these conditions. Given that the Eco RI 
sequence is twofold symmetrical and that the active form of the endonuclease is a dimer 
of a single polypeptide chain, these results have been interpreted in terms of symmetry of 
the complex between endonuclease and the Eco RI sequences.* More recent evidence 
substantiating this view is cited below (Section VIII.) 

In contrast to the mechanism of cleavage of DNA substrates cited above, cleavage 
within Eco RI sites of SV40 or pMB9 DNA proceeds with significant dissociation of the 
form I1 intermediate from the enzyme s u r f a ~ e . ' ~ ~ - ' ~ ~  However, there are differences in the 
literature concerning the extent to which dissociation occurs. Ruben et al.lo7 observed a 
rapid conversion of 60% of form I SV40 molecules to form I1 prior to generation of form 
111 linear molecules, which appeared only after a lag of several minutes. These findings 
led to the conclusion that first and second single-strand scissions are mediated by 
different enzyme molecules. Similar conclusions have been subsequently drawn by 
Halford et al.'" for pMB9 DNA. In analogous experiments Rubin and Modrich"' also 
observed generation of free form I1 intermediate during cleavage of SV40 DNA. 
However, intermediate accumulation in these experiments was much more limited, and 
form 111 product appeared without a lag. These observations together with analysis of 
comparative kinetics of hydrolysis of form I SV40 and the free form 11 intermediate led to 
the conclusion that double-strand cleavage of this viral DNA proceeds with dissociation 
of the E.11 intermediate in only 25% of catalytic events. While the reason for this 
discrepancy is unclear, it is noteworthy that endonuclease preparations utilized in the 
several studies were isolated by three different procedures. Only in the latter study was a 
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well characterized enzyme p r e p a r a t i ~ n ~ ' , ~ ~ * ' ~ ' ' ~  utilized and single strand breaks within 
form I1 molecules localized to the Eco RI sequence by unambiguous criteria.7 

Although introduction of the two single-strand breaks within the recognition site by 
Eco RI endonuclease are typically coupled at 37", coupling is markedly reduced at lower 
reaction temperat~res .~ '  At O", extensive dissociation of the E I1 intermediate occurs, 
and form 11 molecules represent the major reaction product. This property can be 
employed to  introduce site-specific single strand breaks into duplex DNA. 

Kinetic analysis of a single turnover of Eco RI endonuclease with ColEl DNA has 
permitted quantitation of several first order rate constants relating intermediate species 
alluded to above (Figure 3). At 30" kz is in excess of 40 min-' while k3 has a value of 14 
min-', corresponding to  a half life of 3 s . ~ '  Since both rate constants are much greater 
than the turnover number of 0.7 min-l determined under identical conditions, it has been 
concluded that the rate limiting step in catalysis is k4, or release of endonuclease from 
its DNA product. Additional support for this conclusion has been provided by com- 
parison of the steady state rate of hydrolysis of form I DNA with that of the form I1 
intermediate species. Under conditions of near substrate saturation, both forms of the 
Eco RI sequence are attacked at  equivalent rates indicating that k3 or k4 is rate limiting. 
Thus, available evidence is consistent with the mechanism of Figure 3, with kq being rate 
limiting at physiological temperature. 

While occurrence of an unmodified Eco RI recognition sequence appears sufficient 
for double-strand scission, it is evident that efficiency of cleavage is dependent on addi- 
tional factors of DNA structure. In 1975, Thomas and Davis''' initially observed differ- 
ences in efficiency of double strand cleavage of the five Eco RI sites of bacteriophage 
A DNA. Similar results have been obtained with adenovirus DNA by Forsblum et a1."' 
who attributed differences in double strand cleavage efficiency to K, effects. In both 
studies, conditions known to stabilize DNA secondary structure were found to enhance 
differences in efficiency of double strand cleavage among multiple substrate sites. In this 
respect it is noteworthy that cleavage of the duplex form of d(pTpGpApApTpTpCpA) 
by the endonuclease at  15" is governed by the same V,,, as cleavage of SV40 DNA.40 
However, the K, for the oligonucleotide duplex is 200-fold greater than that for the viral 
molecule. All of these observations clearly indicate that interaction of the endonuclease 
with its recognition sequence is modulated by sequences external to the Eco R1 site. 
The substrate dependence of the Eco RI cleavage mechanism considered above has also 
been interpreted in terms of outside sequence effects'" although it is not clear that this 
phenomenon is related to differential efficiency of double-strand cleavage. Since Eco 
RI endonuclease interacts with about 10 base pairs (below), such phenomena may simply 
reflect nucleotide sequences flanking the Eco R I  sites in question. Indeed, it has been 
noted that the sequence-dependence of the mechanism of cleavage by Eco RI correlates 
with the extent to which purine-pyrimidine symmetry persists beyond the Eco RI site.'" 
However, factors other than nearest neighbor effects could certainly be involved. 

Unfortunately, features of mechanism analogous to those considered above have not 
been pursued in detail for other Type I1 endonucleases. However, evidence for involve- 
ment of a cleavage intermediate has been obtained in several systems. The two single- 
strand scissions required for double strand cleavage by Bum HI and Sul I endonucleases 
have been reported to  be coupled at 3 7 O . I o 9  As in the case of Eco RI, the cleavage inter- 
mediate has been found to dissociate from Bum HI endonuclease at low temperature.I6 

t It will become apparent to the reader that different preparations of Eco R1 endonuclease have been reported 
to differ not only at the level of subtle variation in mechanism, but in terms of absolute specificity 
as well. It is likely that these differences reflect alterations in enzyme structure which presumably occur 
during isolation. Availability of DNA sequences for ECO RI polypeptides'"'" has demonstrated that Eco RI 
enzymes isolated by at least one method have not been subject to  proteolysis during fractionation." 
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In contrast, cleavage intermediates have been found to dissociate from Hpa IIIo7 and 
Hind 111’09 enzymes at physiological temperature. 

Thus, although limited, current information suggests that an intermediate containing 
a scission in only one DNA strand is a common feature of DNA cleavage by Type I1 
endonucleases. It is evident that in such a mechanism interaction between endonuclease 
and intermediate is necessarily asymmetric. However, it is also possible that asymmetry 
may occur at the level of introduction of the first single-strand break. Indeed, strand 
preferences have been observed during cleavage of short DNA duplexes by Hpa 1162 and 
Msp 164 endonucleases. In both studies, cleavage of a nine base pair DNA duplex was 
monitored: 

5’ pGpApApCpCpGpGpApGpA 
3’ TpTpGpGpCpCpTpCpTp 

In the case of Hpa 11, the rate of cleavage within the lower pyrimidine-rich strand was 
found to be about three times that for cleavage of the upper strand.62 Msp I exhibited the 
opposite preference, cleaving the upper purine-rich strand about twice as rapidly as  the 
other.64 In contrast, both strands were attacked at an equal rate by Mno I endonuclease.6’ 
Since these three endonucleases all recognize the internal d (pCpCpGpG) sequence, the 
strand preferences of Hpa I1 and Msp I presumably reflect differential effects of nucleo- 
tides surrounding this sequence. These findings therefore suggest that these two endo- 
nucleases interact with nucleotides beyond the required tetranucleotide, but do so in 
different ways. They would also indicate that while proteins may interact equivalently 
with the d(pCpCpGpG) sequence within the two DNA strands, a certain degree of 
asymmetry may exist in protein-DNA complexes by virtue of interaction with outside 
nucleotides. This interpretation is similar to that cited above with respect to substrate 
dependence of the mechanism of Eco RI endonuclease. 

Since biological DNA molecules typically contain multiple recognition sites for a 
restriction endonuclease, it is possible that such enzymes might act in a processive 
fashion. To date, this possibility has been explored only in the case of the Eco RI enzyme. 
Cleavage of plasmid pVH153 DNA, which contains two Eco RI sites, has been found 
to proceed with extensive accumulation of a free intermediate which has suffered only 
one double strand ~ c i ~ ~ i o n . ~ ” ~  While this type of experiment is only qualitative, it is evi- 
dent that the endonuclease exhibits little, if any, processive behavior over the distances 
separating Eco RI sites in this plasmid (the shorter distance being 3500 base pairs, 7600 
the longer). Since these distances are on the order of the expected average distance 
between Eco RI sites in DNA, it would appear that processive behavior is not an impor- 
tant feature of the mechanism of this endonuclease. The mode of cleavage of A DNA by 
the enzyme has led to similar conclusions.”’ 

As discussed above, unmodified recognition sites are subject to Type I1 restriction 
while sites methylated on both DNA strands are resistant (Table 1). However, the 
interaction of an endonuclease with recognition sequences methylated on only one DNA 
strand is also of interest for several reasons. First, such sites are of biological interest 
since they will result from semiconservative DNA synthesis. Secondly, efficacy of hemi- 
methylated sites as substrates for an endonuclease provides insight into the mode of 
enzyme-DNA interaction in a given system. Type I1 endonucleases examined in this 
respect fall into two classes. Restriction endonucleases Eco R1:’ Dpn I,’14 and Dpn 11114 
have been shown to be inactive on hemi-methylated recognition sites. Hemi-methylated 
duplexes have also been shown to be resistant to double-strand cleavage in the case of 
the Eco RII system:8 but the possibility of single-strand cleavage has not been examined. 
In contrast, it has been found that recognition sites methylated on only one DNA strand 
are subject to single-strand scission within the unmodified strand inthe Bsp I system.2s 
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Similarly, a duplex d(pGpApTpC) site containing 5-methylcytosine in only one strand 
is subject to single-strand cleavage in the unmethylated strand by Sau 3A.'" In the case 
of this latter enzyme it is not known whether the cytosine methylation represents the 
natural modification. The basis for these distinct responses to  hemi-methylated sites 
is not yet known. However, it can be noted that Eco RI and Bsp I ,  which have been 
obtained in pure form, differ with respect to stable oligomeric states in solution (Table 1). 

V. METHYL TRANSFER BY TYPE I1 MODIFICATION ENZYMES 

Only four Type I1 methylases, Eco RI,42 dam,34 Hpa I@ and Hpa 11;' have been 
isolated in pure form. Each of these enzymes is kinetically simple. In each case the rate 
of methyl transfer is first order with respect to enzyme concentration and Michaelis- 
Menten behavior is obeyed with respect to both AdoMet and DNA substrates. Since 
the stable form of each enzyme is the monomer (Table l), these findings have led to  the 
conclusion that all three methyltransferases function as the m ~ n o m e r . ~ ~ * ~ ' @ , ~ ~  Like 
Type I1 endonucleases, Type I1 modification enzymes are also slow enzymes with turn- 
over numbers of 3 (Eco RI), 19 (dam), and 1 (Hpa I )  methyl transfers per minute per 
monomer at  370 .34,4A156 

In the case of Eco RI and dam enzymes, it has also been demonstrated that the mecha- 
nism of methyl transfer is consistent with the monomer being the functional form of 
these proteins. To determine whether one or two methyl groups are transferred to an 
unmodified site per DNA binding event, Rubin and M ~ d r i c h ~ ~  examined conversion of 
Eco RI sites to an endonuclease-resistant form as a function of average extent of 
methylation. In similar experiments, Herman34 monitored conversion of d (pGpApTpC) 
sequences to a form sensitive to Dpn I endonuclease as a function of extent of dam 
methylation. These studies indicated that both modification enzymes transfer a single 
methyl group to a recognition site per binding event, and in the case of the Eco RI 
enzyme, also demonstrated that kinetic parameters for methylation of a hemi-modified 
site are not more favorable than those for methyl transfer to the unmodified sequence.42 
In the case of the dam methylase, a slight preference for methyl transfer to  hemi- 
methylated sites was ~bserved . '~  These findings are in contrast to the reaction mediated 
by Type I modification enzymes in which a marked preference for half-modified sites 
has been demonstrated.Il6 

These four Type I1 methylases are novel in the sense that they represent the first 
examples of proteins which interact with twofold symmetrical DNA sequences in the 
monomeric state. In the absence of internal symmetry within the protein monomers, 
these findings would imply that complexes between such enzymes and their recognition 
sequences are necessarily asymmetric. For the Eco RI system this work, together with 
comparable studies with the endonuclease (above), has served to demonstrate that the 
two enzymes interact with their common recognition sequence in different ways.42 

VI. SPECIFICITY OF TYPE I1 RESTRICTION 
AND MODIFICATION ENZYMES 

Analysis of a variety of sequence-specific proteins has demonstrated that such pro- 
teins typically bind to DNA molecules lacking recognition sites, albeit with reduced 

In principle, the spectrum of such interactions may range from those which 
are truly nonspecific to those in which a significant portion of the interaction energy 
is dictated by the DNA sequence. The latter class is expected to include interactions with 
a hierarchy of DNA sites that are.to some extent homologous with the recognition 
sequence of the protein in question, (see, for example, Reference 117). In the case of 
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several Type 11 enzymes it has been possible to monitor a presumably related phenome- 
non, namely catalysis characterized by reduced sequence specificity in vitro. 

Because this phenomenon bears on the fidelity of Type I1 enzymes, it seems appro- 
priate to comment on this question first. The frequency with which Type I1 endonu- 
cleases cleave endogenous cellular DNA in vivo would appear to be very low. For exam- 
ple, it has been demonstrated that in vivo Eco RI restriction of bacteriophage A DNA 
destroys biological activity of the viral molecule with a probability of0.8-0.9 per Eco RI 
site pre~ent ."~*"~ If one assumes that double strand cleavage within the E. coli chromo- 
some (4 X lo6 base pairs) would confer lethality with a similar probability, it is evident 
that in vivo restriction cleavage errors would be quite rare.7 It must be noted, however, 
that the error rate of in vivo restriction may not solely reflect fidelity of sequence recog- 
nition by the restriction enzyme. It can be argued that the restriction endonuclease and 
chromosome are differentially compartmentalized within the cell, or alternatively, that 
secondary sites subject to low efficiency restriction are also subject to modification and 
thus rendered resistant to  the endogenous endonuclease. Indeed, some evidence for in 
vivo modification of secondary sites by Eco RI methylase has been obtained.I2' 

The analysis of in vitro fidelity of Type I1 enzymes is still at an early stage and has not 
yet been assessed in a systematic way in any system. It must be stated at  the outset, 
however, that caution must be exercised in attributing restriction or modification events 
at secondary sites to the same enzyme species that mediate activity at canonical sequences, 
particularly in those cases involving poorly characterized enzyme preparations. Since 
it is well known that proteins can be subject to chemical alteration during isolation, the 
spectre of chemically distinct enzymatic species in a purified preparation must be care- 
fully considered in fidelity experiments. This is not a trivial point since, as will be detailed 
below, evidence for such effects already exists in the case of DNA cleavage by the Eco RI 
endonuclease.'2'T'22 

Although double strand cleavage by Type I1 endonucleases exhibits a strict require- 
ment for established recognition sequences under optimal reaction conditions, two 
modes of DNA cleavage characterized by reduced specificity have been observed in 
vitro. Several laboratories have found that under optimal reaction conditions certain 
DNA sites can be subject to single but not double-strand cleavage by Type I1 endo- 
nu~ leases . ' ~ ' - ' ~~  Sequences "nicked" under these conditions are typically largely homolo- 
gous to the canonical recognition site, differing by one base pair. This phenomenon has 
been analyzed in greatest detail in the case of the Eco RI enzyme. Bishop121 initially 
reported that the sequence ~{~!+:~:i:~:~~ is subject to single strand cleavage by Eco RI, 
and suggested that occurrence of the sequence G-A-A-T-T is sufficient for cleavage 
within a DNA strand. However, subsequent studies'22 demonstrated that this reaction 
is mediated only by certain preparations of the endonuclease. Hence, the nicking activity, 
designated Eco RI", is distinct from the enzymatic species which catalyzes double strand 
cleavage within the canonicaI site. 

A second type of variation in the specificity of Type I1 enzymes has been observed 
under conditions of altered reaction environment. These effects, which generally involve 
"relaxation" of specificity, have been documented for number of endonucleases, includ- 
ing Eco RI,'25-'29 Bum and Hind I11.Iz6 This relaxation 
of specificity is typically observed under conditions of high endonuclease concentration 
and has been promoted by variation of pH and ionic ~ t r e n g t h , ' ~ ~ ~ ' ~ ' ~ ' ~ ~  replacement of 
Mg'2 by Mn+2,126-129 and supplementation of reactions with glycerol, dimethylsulfoxide, 
or other water-miscible organic ~ o l v e n t s . ' ~ ' ' ' ~ ~ ' ' ~ ~  The best studied endonuclease in this 

Bst 1;'Bsu 1," Hha 

t Although i t  should be possible to determine effects on cell viability of the presence of a restriction- 
modification system, such experiments have not been reported. 
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respect has been that of Eco R1 specificity, and only work with this enzyme will be 
considered here. 

Polisky et al.'25 initially demonstrated a reduction in specificity of highly purified Eco 
RI endonuclease under conditions of elevated pH and low ionic strength. Analysis of 
DNA termini generated by this activity (designated Eco RI*) suggested that cleavage 
was occurring within the tetranucleotide sequences d (X 1A-A-T-T-Y).'25 However, even 
under Eco RI* conditions DNA cleavage was observed to occur much more rapidly at  
the canonical Eco R1 sequence, with cleavage at alternate sites exhibiting a gradient of 
preference for nucleotide X: dG (0.59) > dA (0.26) > dT (0.14) S d C  (0.006). 

In related studies Hsu and Berg'26 and Tikchonenko et al.'27 demonstrated a similar 
reduction in specificity in the presence of Mnt2 ion or organic solvents (glycerol, dimeth- 
ylsulfoxide, dimethylacetamide, and dimethylformamide). It would appear that a similar 
set of DNA sites is subject to cleavage under the several conditions of reduced speci- 
f i~i ty , '~ ' , '~ '  and synergistic effects have been 0 b ~ e r v e d . I ~ ~  Although it is difficult to  
generate limit Eco RI* digests under conditions of low ionic strength and elevated pH, 
or at  moderate salt concentrations in the presence of Mnt2, near limit digests have been 
observed under the former conditions in the presence of Mnt2.'27 

More recently von Hippel and colleagues12' have exploited availability of the total 
DNA sequence of 4x174,"' which is devoid of Eco RI sites, to  assess sequences cleaved 
under Eco RI* conditions. In these experiments, Eco RI* sites within the duplex form 
of the DNA were localized by restriction mapping, and corresponding regions of the 
viral DNA sequence inspected for sequences homologous to the canonical Eco RI site. 
This analysis suggested that the most labile Eco RI* sites within this DNA are 
d(G-G-A-T-T-T), d(A-A-A-T-T-T), d (G-A-A-T-T-T), and d(G-A-A-T-T-A). However, 
observed restriction patterns of 4x174 DNA were not consistent with Eco RI* cleavage 
at all d (A-A-A-T-T-T) sequences,12' and d (G-G-A-T-T-T) sites, which were identified 
as the most labile sequences in the #X I74 molecule, appear refractory to cleavage in the 
case of SV40 DNA.'269128 Although these discrepancies may reflect the nature of flank- 
ing sequences, it is evident that elements of DNA sequence governing reduced specificity 
cleavage by Eco R1 endonuclease have been only partially defined. 

Relaxation of specificity of Type I1 endonucleases has generally been attributed to 
effects of altered reaction environment on the nature of complexes between substrate 
and a chemically authentic form of the endonuclease. This explanation is consistent 
with the presence of secondary cleavage activity in highly purified, and in several cases 
homogeneous endonuclease pr"arat i~ns , '~ ' ' '~~~'~ ' - ' '~  cofractionation of Eco RI and 
Eco RI* a ~ t i v i t i e s ' ~ ~ ' ' ' ~  and similar effects of Mnt2 ion, glycerol, and other solvents on 
several endonucleases of differing specificity. In this case the hierarchy of susceptibilities 
of secondary sites would be expected to bear on the mechanisms of sequence recognition 
by Type I1 enzymes, and in the case of the Eco RI endonuclease, a model for recognition 
based on specificity of Eco R1* cleavage has been proposed.I2' 

In contrast, Tikchonenko et al.I2' have suggested that Eco RI and Eco RI* activities 
may reflect distinct enzymatic species. They have reported that Eco RI and Eco RI* 
activities of purified preparations are differentially labile during prolonged storage; that 
Eco RI endonuclease isolated in the presence of nonionic detergents contains more Eco 
RI* activity than enzyme prepared in their absence; and that Eco RI* activity is abolished 
by parachloromercuribenzoate while Eco R1 activity is unaffected by this reagent. 
Although these observations do not prove that Eco R1 and Eco RI* cleavage reactions 
are mediated by distinct enzymatic species, it is apparent that the origin and nature of 
Eco RJ* activity have not yet been completely resolved. 

Reduction in specificity of methyl transfer by Eco RI modification enzyme has 
also been observed at  high enzyme concentrations or in the presence of g1y~erol."'*''~ 
Under these conditions methyl transfer occurs exclusively to adenine  residue^."^ 
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Since d(A-T), d(A-T), accepts methyl groups slowly under such conditions while 
d(A), . d(T), does not, i t  has been suggested that the minimal substrate requirement 

for the methylase is an A-T d ~ p 1 e x . I ~ ~  Furthermore, the fact that natural DNA methyl- 
ated under reduced specificity conditions is largely resistant to  Eco RI* cleavage 
indicates that an overlapping set of sites are recognized by reduced specificity forms 
of the two enzymes.1339134 Indeed, it has been proposed that reduced specificity modi- 
fication may function physiologically to protect noncanonical sites against Eco RI* 
cleavage in v ~ v o . ” ~  That in vivo modification of secondary sites may occur is suggested 
by the finding that DNA isolated from a strain bearing the Eco RI restriction- 
modification system is a poor acceptor for noncanonical methylation in vitro, as com- 
pared to DNA isolated from E. coli strains which do not carry this restriction- 
modification ~ys t em.”~  However, a comparative analysis of the sensitivity of such DNA 
preparations to in vitro Eco RI* cleavage has not been reported. 

The specificity of Type I1 enzymes with respect to polynucleotide conformation has 
also received substantial attention. Most of this work has dealt with activity of such 
enzymes on single-stranded as opposed to duplex DNA. It has been found in several 
laboratories that single-stranded circular DNAs isolated from virions of f l ,  M 13, and 
4x174 are subject to cleavage at reduced rates by some, but not all, Type 11 endo- 
n u ~ l e a s e s . ’ ~ ~ ~ ~ *  Moreover, the pattern of DNA fragments obtained from cleavage of the 
single-stranded molecules is the same as that obtained from restriction of the duplex 
forms. The mechanism of this single-strand cleavage reaction has been assessed only in 
the cases of Hue 111 and Hhu and Msp 164 endonucleases, with results of these two 
analyses leading to slightly different interpretations. 

Several lines of evidence led Blakesley et al?’ to conclude that cleavage of 4x174 
single-strands by Hue 111 or Hhu I does not involve cleavage of recognitions sequences 
in the single-stranded state, but rather occurs within regions of duplex helical structure 
which may be transiently stable or otherwise. Cleavage of single-strands by these two 
endonucleases was exquisitely sensitive to inhibition by low levels of actinomycin D 
and netropsin, both of which bind only to duplex DNA. Secondly, cleavage of single- 
stranded and duplex forms of 4x174 were differentially sensitive to the temperature. 
For example, Hue 111 hydrolysis of single-strands exhibited a much lower temperature 
optimum (47’) than did the reaction with duplex circles (72’). Moreover, near the 
respective temperature optima certain sites in the single-stranded substrate were ren- 
dered resistant to hydrolysis while all sites within the double helical substrate remained 
sensitive. These findings strongly suggest that Hue 111 and Hhu I sites within 6x174 
single strands are located within regions of secondary structure which are differentially 
~tab1e.I~’ 

In more recent experiments Yo0 and A g a r ~ a l ~ ~  analyzed cleavage of the comple- 
mentary oligonucleotides d(pGpApApCpCpGpGpApGpA) and d(pTpCpTpCpC- 
pGpGpTpT) by Msp I endonuclease. While the nine base pair duplex formed between 
the oligonucleotides was readily cleaved by the endonuclease, it was demonstrated that 
the individual oligonucleotides were also subject to cleavage at reduced rates by the 
enzyme. Since the self-complementarity of each oligonucleotide is limited to the 
d (pCpCpGpG) recognition sequence, the latter reaction presumably cannot reflect 
formation of stable duplex structures by individual ~trands.~~Furthermore,  examination 
of DNA sequences surrounding d(pCpCpGpG) recognition sites within the 4x174 
molecule’31 indicated that a six base pair duplex is the longest region of secondary 
structure involving an Msp I site that can be formed by intramolecular base pairing 
within the viral ~ingle-s t rand.~~ Hence, it is highly unlikely that Msp I cleavage of 
4 X  174 single-strands reflects preexisting regions of stable duplex structure. 

While these findings may indicate cleavage within single-stranded regions by Msp I ,  
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rates of cleavage of the individual oligonucleotide strands mentioned above were found 
to decrease markedly with increasing temperature in the range of 4 O  to 37O, suggesting 
a more complex mechanism.64 Based on these observations and the properties of other 
Type I1 endonucleases, Yo0 and A g a r ~ a l ~ ~  proposed the following model for Msp I 
action: a form of the endonuclease characterized by two-fold symmetry (postulated to 
be the dimer) is capable of interaction with d(pCpCpGpG) sequences in either the single- 
stranded or duplex conformation, with complexes involving duplex sites possessing 
elements of twofold symmetry. When the substrate is a single strand, it is proposed that 
two identical DNA - protein complexes interact to yield an  intermediate similar to that 
resulting from interaction of the enzyme with preformed duplex substrate. It is argued 
that in either case, enzyme-induced transient complexes so formed are rapidly con- 
verted to an equimolar complex of recognition sequence and enzyme subunit, with 
interactions among subunits and between subunits and recognition sequence occurring 
in a concerted manner to determine a rate of DNA cleavage. Thus, the distinction 
between this model and that of Blakesley et cited above is that the latter involves 
endonuclease recognition only within regions of preformed secondary structure. It 
should be emphasized that the model of Yo0 and A g a r ~ a l ~ ~  is based on the assumption 
that duplex Msp I sites could not have pre-existed in their experiments. Although the 
formation of stable regions of secondary structure was excluded in this work, the authors 
note that transient formation of duplex recognition sites, which could be subsequently 
stabilized by interaction with enzyme, was not ruled out. 

In the case of those endonucleases which are inactive on natural DNA in the “single- 
stranded” configuration, it could be argued that failure to observe cleavage reflects 
inhibition by the high levels of nonspecific single-strand sequences present. However, 
analysis of oligonucleotide cleavage by Eco RI and Hpa I1 endonucleases indicate that 
at least these enzymes cleave only the duplex form of their recognition sites. In the case 
of Eco RI, Greene et al.40 demonstrated cleavage of the self-complementary octanucleo- 
tide d(pTpGpApApTpTpCpA), but the dependence of rate of cleavage on oligonucleo- 
tide concentration was greater than first order. Since the duplex and single-stranded 
forms of the octanucleotide were in reversible equilibrium at reaction temperature, it 
was argued that the anomalous rate dependence reflected a requirement for duplex 
structure.’ Analysis of the kinetic data in terms of the equilibrium constant governing 
octanucleotide association was consistent with this view. Similarly, Baumstark 
et a1.62 have demonstrated that while the nine base pair duplex formed between 
d(pGpApApCpCpGpGpApGpA) and d(pTpCpTpCpCpGpGpTpT) is readily cleaved 
by Hpa 11, the individual single strands are not. It is interesting to note that,as discussed 
above, these oligonucleotides are those which were subject to  cleavage by Msp I in the 
“single-stranded”form. Thus, Hpa 11 and Msp I differ in this respect despite their com- 
mon recognition sequence. 

The requirement for a duplex recognition sequence in the Type I1 modification 
reaction has not been examined in detail. Hae 111, Hpa 11, and dam modification enzymes 
have been found to methylate denatured salmon sperm or T7 DNAs, albeit at rates 
somewhat less than that for duplex  substrate^.^^'^^ However, the possibility that methyl- 
ation of single-stranded DNA by these enzymes occurs within regions of secondary 
structure has not been explored. In contrast, Eco RI and Hpa I modification enzymes 

Perhaps the most intriguing observations in this 
respect have been made with the Hha I methylase.s2 This enzyme has been found to 
methylate a random copolymer of d(G, C),,, with the extent of methylation being con- 
sistent with the expected frequency occurrence of the tetranucleotide recognition 
sequence of this enzyme within the random polymer. While modification of this polymer 
could reflect secondary structure, the enzyme also catalyzes methyl transfer to random 

. do not methylate denatured 
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d(N-acetylG, C), and d(X, C)". Since these latter polymers were devoid of Watson-Crick 
secondary structure as judged by the absence of thermal melting transitions, these 
observations suggest that the Hha I enzyme can recognize and methylate a recognition 
site in the single-stranded conformation. However, both rate and extent of methyl 
transfer to denatured M. luteus DNA were found to be only 30% of those observed 
with the duplex form of this substrate.52 The reduced extent of methyl transfer by the 
Hha I enzyme to single-stranded natural DNA suggests that at least some sites are not 
subject to  modification in this form. 

The potential for cleavage of DNA RNA hybrid duplexes by Type I1 endonucleases 
has also been examined in one study.I4' In these experiments RNA - DNA hybrids 
prepared by reverse transcription were subjected to hydrolysis by a number of Type 11 
enzymes, with cleavage of the isotopically labeled DNA product being monitored. 
Several endonucleases, including Eco RI, Hue 111, Hha I ,  Hind 11, and Msp I, were found 
to cleave a substantial fraction of the labeled DNA, with the size of products being 
consistant with location of recognition sequences within the RNA template utilized for 
reverse transcription. Unfortunately, neither substrates nor products of endonuclease 
action were characterized with respect to DNA * RNA hybrid structure. It is possible 
that DNA duplexes represented a portion of the reverse transcription product, or 
alternatively that hydrolysis of the RNA component of RNA - DNA duplexes (by 
RNase contamination of restriction enzyme preparations) resulted in DNA single 
strands which could have been cleaved by several of the endonucleases tested. 

VII. TYPE I1 ENZYME-DNA INTERACTION: 
THERMODYMIC AND KINETIC PARAMETERS 

The analysis of structures and catalytic properties of Type I1 endonucleases and 
methyltransferases outlined above has provided a crude picture of the modes of inter- 
action of such proteins with their recognition sites. However, they have not indicated 
whether sequence-specificity is manifested at the level of DNA binding or catalysis. 
Furthermore, alternate methods are required to  delineate contacts between protein 
and polynucleotide which are important in establishing specificity. This section will 
consider thermodynamic and kinetic parameters which govern interaction of Type I1 
enzymes with DNA in the absence of catalysis. That which follows will summarize 
information available on DNA contacts which may be important in specific DNA- 
protein complexes. 

The binding of Type 11 enzymes to DNA has been monitored by several methods. In 
the absence of a divalent cation, conditions under which DNA cleavage does not occur, 
Eco RI endonuclease forms site specific complexes with DNA which are retained on 
nitrocellulose  membrane^.^^^^^^^*^^^^^^^ Such complexes are site-specific since their for- 
mation is markedly reduced if DNAs bear the Eco RI m o d i f i ~ a t i o n ~ ' ~ ~ ' ' ~ ~  or if the Eco 
RI recognition sequence has been selectively deleted from the The only 
other Type I1 endonuclease which has been examined using this assay is the Bgl I 
enzyme." While this enzyme forms nitrocellulose-retainable complexes with SV40 DNA 
in the absence of Mg+2, these complexes have not been shown to be site-specific. 

In the case of the Eco RI enzyme, specific binding as monitored by this method is 
hyperbolic and exhibits requisate criteria for an equilibrium process.8141v43i141~142 Further- 
more, the simple nature of specific binding observed during titration of DNA with 
increasing endonuclease indicates that oligomerization of enzyme is not required for 
specific complex formation. Since the stable form of the Eco RI enzyme is the dimer 
in the concentration range employed in these experiments (Section 11), these findings, 
like the kinetic studies cited above, demonstrate that the dimer interacts directly with 
the Eco RI sequence. 
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At 37" and ionic strengths of 0.07 to  0.15 M ,  the apparent equilibrium dissociation 
constant for specific complexes between Eco RI endonuclease and plasmid pBR322 
(one Eco RI site) is on the order of lo-" to  IO-" M.8p437'42 Moreover, binding curves 
obtained under conditions of invariant endonuclease concentration have demonstrated 
that a large fraction of isolated endonuclease (as the dimer) is active in site-specific 
binding.43 Since such complexes undergo rapid cleavage upon addition of Mg+2,41 this 
implies that a large fraction of purified Eco RI endonuclease is catalytically active. At 
22' and comparable ionic strengths, similar studies with derivatives of bacteriophage A 
DNA containing only one Eco RI site yielded apparent dissociation constants on the 
order of M.I4' It should be noted that these binding constants generally have been 
estimated assuming a simple two state model in which enzyme not involved in specific 
complex formation is presumed to be free in solution. However, the endonuclease also 
binds to DNA sites other than the Eco RI sequence (below). Since the effects of this type 
of interaction are neglected in the two state model, these dissociation constants should 
be regarded as only approximate. 

Analysis of salt dependence of specific binding as monitored by the nitrocellulose 
method has indicated that the apparent affinity of the endonuclease for DNA containing 
Eco RI sites increases with increasing ionic strength up to about 0.15 M and then 
decreases at higher salt c o n ~ e n t r a t i o n . ' ~ ~ " ~ ~  The increase in affinity with increasing ionic 
strength has led to the suggestion that electrostatic interactions are actually unfavorable 
in endonuclease-DNA binding, perhaps reflecting the presence of negative charges 
within the DNA binding site of the enzyrne.I4' However, several other interpretations 
of these findings are also plausible. For example, as mentioned above, dissociation 
constants have been estimated assuming a simple two state model which neglects non- 
specific interactions. It is possible that the increase in affinity with increased ionic 
strength is only apparent in that it may not reflect tighter binding to  a n  Eco RI site, but 
rather reduction in affinity for nonspecific sites within the DNA that compete with 
specific complex formation. 

The interaction of Eco RI endonuclease with nonspecific DNA has been examined 
by several techniques. Woodhead and Malcolm143 have demonstrated that nonspecific 
DNA sequences can protect Eco RI endonucleases against inactivation by methyl 
acetimidate. Utilizing this protection assay, equilibrium dissociation constants were 
estimated for several DNA species. At 20" in the absence of Mg" and an ionic strength 
of 0.2 M ,  this method yielded equilibrium dissociation constants of 1.2 p M  (4x174 
DNA), 0.7 p M  (SV40 DNA), 15 p M  (A DNA), 290 p M  (d(G-C),), and 300 p M  
(d(A-T),), with concentrations expressed in terms of base pair equivalents. Although 
both SV40 and A DNA contain Eco RI sequences, protection afforded by these molecules 
was largely due to interaction with other DNA sequences since endonuclease was present 
in large molar excess over recognition sites.143 

Interaction of Eco RI endonuclease with sequences other than the Eco RI site has also 
been monitored by the nitrocellulose membrane assay. Equilibrium competition experi- 
ments, in which specific complex formation with pBR322 was competed by a derivative 
of this plasmid lacking the Eco RI sequence at an ionic strength of 0.07 M ,  has also 
indicated a nonspecific dissociation constant in the p M  range96 which is similar to the 
values mentioned above obtained by the protection method under somewhat different 
conditions. 

Competitive inhibition of DNA cleavage has also demonstrated that ,520 RI endo- 
nuclease binds nonspecifically to a variety of polynucleotides in the presence of Mg , 
although enzyme affinity for nonspecific sites may be reduced slightly by this cation.I4I 
Other than natural DNA containing Eco RI sites, highest affinity inhibitors identified 
in these studies were several alternating DNA copolymers and tRNA. Hence, as in case 
of lac r e p r e ~ s o r , ' ~ ' ~ ~ ~  nonspecific interaction with polynucleotide is a characteristic of 
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Eco RI endonuclease. The possible significance of such interactions in the mechanism 
by which the enzyme locates its recognition sequence is considered below. 

The foregoing discussion implies that a substantial component of the specificity of 
Eco RI endonuclease can be attributed to its affinity for the Eco RI sequence relative 
to that for other DNA sites. As mentioned above, the affinity of the enzyme for Eco RI 
sites is on the order of lo4 to lo6 times greater than that for nonspecific sequences. In 
addition, methylation of the Eco RI site of pBR322 appears to  reduce the affinity of 
the endonuclease for the DNA to a level similar to that for the derivative plasmid from 
which the Eco R I  site has been deleted,43”42 Thus, not only is a substantial component 
of the specificity of the enzyme attributable to its high affinity for the Eco RI sequence, 
modification of the recognition site markedly reduces this affinity. 

In contrast to  the results outlined above, which imply that Eco R1 endonuclease 
displays increased affinity for its recognition site relative to other DNA sequences, 
analysis of oligonucleotide binding by the endonuclease have led Goppelt et al.14’ to  a 
different set of conclusions. This group examined binding of d(GpGpApApTpTpCpC), 
d(GpApApTpTpC), d (TpTpApCpApT) and d (TpApApApTpG) by monitoring reduc- 
tion in ellipticity of the C D  spectrum of the enzyme upon complex formation. Each 
oligomer was bound by these criteria, and in all cases the estimated equilibrium dis- 
sociation constant was about lo-’ M (lov6 M in nucleotide) at 5” in the absence of Mg”. 
On the other hand, half-maximum inhibition of cleavage of the Eco R1 octamer, 
d(pGpGpApApTpTpCpC), by d(GpApApTpTpC) required a 50-fold excess of the 
hexamer at 20” in  the presence of Mgt2. Based on these findings, Goppelt et al.145 con- 
cluded that specific binding is Mg+’-dependent. There are, however, several difficulties 
in interpretation of this data. First, use of the CD assay necessitated use of high (FM) 
concentrations of enzyme and oligonucleotides, concentrations comparable to disso- 
ciation constants determined by other methods for nonspecific interactions (above). 
Moreover, compelling evidence that binding of the Eco RI octamer in the absence of 
Mg” represented an equilibrium, rather than a stoichiometric reaction, was not pro- 
vided. Secondly, the Eco R1 octamer employed in cleavage experiments was phosphory- 
lated at the S’-terminus while that employed in the C D  experiments evidently was not.14’ 
As discussed below (Section VIII), this phosphate appears to be utilized as a contact by 
the endonuclease. Indeed, work with Hpa I endonuclease has demonstrated that a 
phosphorylated Hpa I octamer is a much better substrate than the unphosphorylated 
oligomer in this system. Hence, the comparison by these authors’45 of octamer and 
hexamer affinities by CD versus kinetic methods may be invalid. In view of these reserva- 
tions concerning evidence to the contrary, it seems safe to conclude that Eco RI endo- 
nuclease displays specificity for binding to  its recognition sequence both in the presence 
and absence of a divalent cation. Additional evidence supporting this view is presented 
below (Section VIII). 

The nature of nonspecific interactions between Eco RI endonuclease and DNA are 
not yet understood. Woodhead and Malcolm‘43 have suggested that nonspecific inter- 
actions between endonuclease and DNA primarily reflect binding to Eco RI* sequences. 
As yet, no evidence to support this contention is available. Indeed, it has been shown 
that nonspecific interactions are not affected by extensive methylation of the DNA by 
Eco RI modification enzyme under conditions of reduced specificity methyl 
which is known to protect at  least some secondary sites against Eco RI* ~leavage.’~’’”~ It 
could be argued, however, that in contrast to effects modification on binding of endo- 
nuclease to the canonical Eco RI sequence, methylation of Eco RIr  sites may not reduce 
their affinity for the endonuclease. 

In addition to their high thermodynamic stability, specific complexes between Eco R I  
endonuclease and DNA formed in the absence of Mg+* are also kinetically very stable. 
Specific complexes between the enzyme and plasmid pBR322 DNA dissociate with a first 
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order rate constant of 7 X sec-’ (at 37’ and ionic strength of 0.1) corresponding to  a 
half-life of 16 min.43”46 Surprisingly, the kinetic stability of such complexes has been 
found to be markedly dependent on the chain length of the DNA in which the Eco RI site 
is embedded. Jack146 has analyzed dissociation kinetics of specific complexes formed 
with eight linear DNA fragments ranging in size from 34 to 4362 base pairs, all of which 
were derived from pBR322 and contained the Eco RI site of this plasmid in a centrally 
located position. These experiments demonstrated an increase in the first order rate 
constant governing dissociation from a value of 8 X sec-’ (t% = 140 min) for the 34 
base pair molecule to 7 X sec-’ for the 4362 base pair full length linear duplex. 
Therefore, DNA sequences outside the Eco R1 site kinetically destabilize specific 
complexes. 

In contrast to the marked dependence of dissociation rate on DNA chain length, 
competition experiments demonstrated that the intrinsic equilibrium constant governing 
interaction of the endonuclease with the Eco RI sequence is independent of DNA chain 
length. The equilibrium ratio of specific complexes formed with long and short fragments 
was 1:l when the two DNAs were present at  equimolar concentrations in the same 
r e a ~ t i 0 n . l ~ ~  Furthermore, as predicted by microscopic reversibility the rate of specific 
complex formation was also enhanced by DNA chain length. Thus, in reactions 
containing equimolar long and short molecules, specific complex formation by the 
endonuclease favored the longer DNA chain during initial stages of the reaction, with an 
equilibrium ratio of 1: 1 achieved upon further i n c ~ b a t i 0 n . I ~ ~  The magnitude of the initial 
preference for long DNA molecules (ratio of longshort DNA molecules bound) in such 
reactions reflects the relative rate constants governing association of enzyme with the two 
sizes of DNA molecule. Analyses of seven different pairwise combinations of DNA 
fragments demonstrated that the initial preference for binding to the longer DNA was 
always identical to the ratio of first order rate constants governing dissociation of enzyme 
from the fragments in q ~ e s t j 0 n . l ~ ~  In other words, the ratio of association rate constants 
for two DNA fragments was always found to be equivalent to the ratio of their 
dissociation rate constants, a finding consistent with the observed lack of dependence of 
the equilibrium constant on DNA chain length. 

These findings imply that DNA sequences outside the recognition site are involved in 
the major kinetic path by which Eco RI endonuclease locates and leaves its recognition 
sequence, although it must be emphasized that to date such effects have been 
demonstrated only in the absence of Mg+2 ion. The simplest interpretation of association 
and dissociation rate enhancement by outside DNA sequences is that interaction of the 
endonuclease with nonspecific sites is involved in the major path by which the 
endonuclease locates and leaves it recognition sequence. Indeed, the results cited above 
are perfectly consistent with the theoretical treatments of Richter and Eigen6’ and 
Schranner and Richter69 for a unidimensional directed diffusion mechanism in which a 
sequence specific protein initially binds to nonspecific sites and then locates its 
recognition sequence by random diffusion along the DNA helix. In particular, results 
obtained with the Eco RI enzyme suggest that the average distance scanned by the 
random walk mechanism is about 1000 base pairs per DNA binding event under the 
experimental conditions employed. It is important to note that evidence for involvement 
of such a mechanism in specific site location by a protein is not limited to Eco RI 
endonuclease. von Hippel and colleagues14’ have examined the DNA chain length 
dependence of kinetics in the case of lac repressor and have drawn similar conclusions for 
this system. 

Despite the ability of Eco R1 endonuclease to form site-specific complexes in the 
absence of Mgt2, attempts to detect specific binding by Eco R I  methylase in the absence 
of AdoMet have not yet been s u ~ c e s s f u l . ’ ’ ~ ~ ~ ~ ~ ~  While titration of DNA with methylase 
can lead to retention of a large fraction of input DNA on nitrocellulose membranes, a 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



310 CRC Critical Reviews in Biochemistry 

large molar excess of methylase is required. Similarly, titration of a fixed concentration 
of methylase with DNA leads to retention of DNA-protein complexes on filters, but only 
at a level of 10 to  20% that expected based on input enzyme. Lastly, formation of filter- 
retained complexes in either case occurs with DNA containing unmodified or modified 
Eco RI sites, or with DNA devoid of the Eco RI These findings could 
reflect formation of nonspecific DNA-methylase complexes which are retained on 
nitrocellulose with low efficiency, or  perhaps less likely, the presence of a low level DNA 
binding contaminant in purified preparations of the enzyme. This failure to detect 
specific methylase-DNA complexes may be a consequence of assay procedures 
employed. For example, it is possible that specific complexes are not retained by 
nitrocellulose membranes. Alternatively, as in the case of Type I enzymes,698 site specific 
binding of the methylase may require the presence of AdoMet. This would imply an 
ordered addition of substrates during the methyl transfer reaction. Such a mechanism 
would be consistent with the ability of the methylase to transfer only one methyl group 
per DNA binding event (Section V). However, these possibilities remain unresolved at  
the present time. 

VIII. TYPE I1 ENZY ME-DNA INTERACTION: DNA DETERMINANTS 
IMPORTANT IN SPECIFIC RECOGNITION 

Two approaches have been utilized in attempts to define DNA contacts important in 
specific interactions between Type I1 enzymes and their recognition sequence. One 
approach has been to examine effects of base analog substitution within the recognition 
sequence on specific interactions. A number of analogs are available which form good 
Watson-Crick base pairs and which differ in simple ways from the common bases. 
Interaction of Type 11 enzymes with analog-substituted sites can be examined under 
catalytic, as well as noncatalytic, conditions in order to define DNA substituent effects on 
parameters governing specific recognition and catalysis. 

The alternate approach, which was developed by Gilbert and  colleague^,'^^ relies on 
partial chemical alkylation of DNA fragments and is related to the chemical method for 
DNA sequence analysis.123 In one variation, the alkylation protection method, an end- 
labeled DNA fragment is subjected to partial dimethylsulfate alkylation in the presence 
and absence of a DNA binding protein. Subsequent depurination and strand ~ leavage”~  
permit identification of those purines whose reactivities toward the reagent are altered by 
the bound protein. Since this reagent methylates the N7 of dG (major groove) and the N3 
of dA (minor groove),149 this procedure is used to infer presence of polypeptide in the 
vicinity of affected nitrogens. 

In the second variation, alkylation interference,”’ an end-labeled DNA fragment is 
partially alkylated prior to interaction with the protein. After addition of the protein, the 
DNA is separated (by filtration through a nitrocellulose membrane) into a fraction which 
is capable of binding to the protein and one which is not. Subsequent analysis permits 
identification of those nucleotides which, in the alkylated form, interfere with DNA- 
protein interaction. In addition to the use of dimethylsulfate, alkylation interference 
studies have also employed ethylnitrosourea, as an ethylating agent for backbone 
phosphates. ’ The alkylation interference technique, which can be seen to be 
analogous to base analog substitution, thus allows identification of 3-nitrogens of dA, 7- 
nitrogens of dG, and phosphates which may be utilized as contacts by the protein. 

Although covalent alteration of a nucleotide determinant utilized as a contact during 
sequence discrimination would be expected to interfere with recognition by a protein, the 
possibility of indirect effects must also be considered. Available information concerning 
dependence of DNA secondary structure on nucleotide sequence is incomplete, but in at 
least one model system, a major effect on helix conformation as a consequence of 
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Table 2 
POTENTIAL DNA CONTACTS WITHIN THE Eco RI 

SEQUENCE 

Methylase Endonuclense 
Base Position Groove contact contact Ref. 

N7 Major ? Yes I55 
2-NHz Minor Yes No 154 

G 

A N’ Minor ? No 155 

A 

T}b S-CH, Major Yes No 105 T 
C 5-H Major N o  No 105,152 

’ Positive assignment as a contact is subject to  the reservations cited in the text. 

6-NHz Major Yes Yes 39 
N’ Minor ? Yes 155 

Assignment of the S-CHJ of d T  residues as a methylase contact is based on analysis of 
PBS2 DNA which contains dU in place ofdT.”’ Since bothdT residuesare presumably 
substituted within Eco RI sites of this viral molecule, it is not clear whether the 5-CH3 
of one or both nucleotides is required. 

extensive 5-methylcytosine substitution has been documented.’35 The possibility of 
conformational effects has generally not been excluded in the analog and alkylation 
experiments discussed below. Similarly, indirect steric effects are also possi bfe in 
alkylation interference studies or in experiments employing analogs with bulky 
substituent groups not present on the four common bases. For example, modification of 
a dC or dA residue by Type I1 methylase (Table I) would interfere with interaction 
between the corresponding restriction enzyme and the base determinant methylated 
(6-NH2 of dA or C’ of dC). However, analysis of molecular models indicates that the 
presence of such methyl groups may also interfere sterically with protein bonding to 
other determinants of the base pair modified, with the potential for steric interference 
extending to interactions with adjacent base pairs as well. 

A. Eco RI Restriction-Modification Enzymes 
Kaplan and N i e r l i ~ h ’ ~ ~  and Berkner and Folk’05 have examined Eco RI cleavage and 

methylation of several bacteriophage DNAs which naturally contain analogs of dT and 
dC, with substituent variation at the 5-position of the pyrimidine ring. Since this position 
is exposed in the major groove of B-DNA, the simplest interpretation of substituent 
effects at this position is to define major groove contacts between protein and 
polynucleotide. Bacteriophage T4 DNA, which contains glucosylhydroxymethylcytosine 
in place of cytosine, is resistant to cleavage by Eco RI e n d o n u ~ l e a s e . ’ ~ ~ ~ ’ ~ ~  Since 
nonglucosylated T4 DNA is hydrolyzed by the enzyme,15* this resistance evidently 
reflects steric hinderance by the presence of glucosyl residues in the major groove. 
Furthermore, the fact that nonglucosylated DNA is a substrate for the enzyme implies 
that the presence of a hydroxymethyl substituent at the 5-position of dC does not block 
cleavage. However, since cleavage of the nonglucosylated substrate was only analyzed 
qualitatively, the possibility of some interference with recognition or  catalysis by this 
substituent cannot be excluded. Results obtained with this and other analog-containing 
substrates are summarized in Table 2. 

In related experiments Berkner and Folk’” demonstrated that virus PBS2 DNA is 
hydrolyzed at normal rates by the Eco RI enzyme. Since this DNA contains uracil in 
place of thymine, this finding implies that the 5-methyl of thymine is not required for 
recognition of hydrolysis by the enzyme. In contrast, DNA from bacteriophage 4e,  
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A A G A A T T C T C  

T T C T - T A A G A G  + +  
0.0 

FIGURE 4. Results of alkylation protection and alkyla- 
tion interference analysis on specific complexes between Eco 
RI endonuclease and the Eco R1 sequence of pBR322 
DNA.'55 0, .-purines protected against alkylation by Eco 
R1 endonuclease; +-purines, the methylation of which 
inter-fere with specific complex formation; A, A-phos- 
phates, the ethylation of which interfere with specific 
binding. Closed symbols indicate large effects while open 
symbols indicate weaker but nevertheless significant effects. 
Shown is only that region about the Eco R1 site over which 
alkylation effects were observed. 

which contains hydroxymethyluracil in place of thymine, was found to be an extremely 
poor substrate for Eco RI endonuclease."' This effect appears to reflect a block at the 
level of DNA cleavage rather than recognition since the K, for hydrolysis of t#Je DNA is 
similar to that for A DNA, with the defect being evident in the V,,,. In this respect it is 
noteworthy that bromouracil-containing A DNA has also been found to be subject to 
cleavage at reduced  rate^,''^ although the kinetic basis for this effect has not been 
determined. Thus, while the 5-methyl of thymine is not essential for recognition or 
catalysis by the endonuclease, its replacement by bromo or hydroxymethyl groups 
substantially reduces rates of DNA cleavage. Reduced activities with the latter 
substituents could be the consequence of a conformational transition in the substrate, or 
alternatively may be due to electronic or steric effects reflecting their increased polarity or 
size. 

In order to minimize the possibility of conformational perturbation of the DNA 
substrate in analog studies, Modrich and Rubinls4 selectively replaced the dG residues 
within the Eco RI site of Col El DNA with dI  without altering other dG residues in the 
molecule. This substitution, which results in loss of the 2-NHz of dG exposed in the minor 
groove of B-form DNA, was without effect on rates of cleavage by Eco RI endonuclease. 
Hence, this DNA functional group is not required for recognition or catalysis by the 
enzyme. 

Although the analog studies summarized above have not identified DNA determinants 
important in sequence recognition by Eco RI endonuclease, application of the alkylation 
protection and alkylation interference methods discussed above has suggested DNA 
contacts important in this process. l S s  Results of these studies are summarized in Figure 4 
and Table 2. It should be reiterated that application of these techniques is dependent on 
formation of stable and isolable complexes between protein and DNA. Hence, such 
experiments with Eco RI endonuclease have been performed in the absence of Mg+*. As 
shown in Figure 4, the N7 position (major groove) of the dG residue and the N3 position 
(minor groove) of the two dA residues within the Eca RI sequence were protected by the 
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endonuclease against dimethylsulfate alkylation. In the absence of substantial helix 
perturbation upon endonuclease binding, these results suggest the presence of 
polypeptide in both major and minor grooves in the vicinity of these purine nitrogens. 
Moreover, interaction in the minor groove outside the Eco RI site was suggested by weak 
protection of the N3 of a dA residue two base pairs 5’ to the recognition sequence. 

Complementary alkylation interference analyses demonstrated that methylation of the 
N7 of Eco RI site dG residue or the N 3  of dA adjacent to  the dyad axis resulted in a 
marked reduction in specific complex formation, suggesting that these purine nitrogens 
may be utilized as contacts by the endonuclea~e . ’~~ Although the 5’-penultimate dA in the 
Eco RI sequence was protected against chemical alkylation in the presence of the enzyme, 
methylation of this purine did not interfere with specific complex formation. Therefore, 
the N3 of this dA residue does not bond to the enzyme. In this context it is appropriate to 
note that methylation of the Eco RI sequence by the modification enzyme (Table 1) 
represents a natural example of methylation interference. Again, the simplest 
explanation for the resulting block to endonuclease recognition is that the 6-NH2 (major 
groove) of the central dA is an essential contact for the enzyme. Although indirect steric 
effects as consequence of the natural modification cannot be excluded, the possibility of 
a n  associated DNA conformational transition in this case is highly unlikely (Section 111). 

Ethylation interference studies have suggested that four phosphates in each DNA 
strand are important in specific DNA endonuclease c o m p l e ~ e s ’ ~ ~  (Figure 4). It is 
interesting that two of these four residues are 5’-external to the Eco RI sequence. If it is 
assumed that these phosphates are involved in ionic bonding to  the protein, this finding 
implies that a substantial fraction of the electrostatic component of bindipg energy is due 
to interaction with backbone phosphates outside the recognition site. The third 
phosphate, the alkylation of which markedly suppressed specificbinding, lies on the dyad 
axis of Eco RI sequence. The last of the four phosphates implicated in this study is the one 
involved in the phosphodiester bond which is hydrolyzed by the enzyme. Surprisingly, 
ethylation of this phosphate did not inhibit specific binding as severely as did alkylation 
of the other three. While the significance of this observation is not yet clear, it is likely that 
this phosphate is coordinated to Mgtz in the cleavage complex. Consequently,.the nature 
of interaction between polypeptide and this phosphate may well differ from the mode of 
bonding to other phosphate residues. 

A representation of the spacial distribution of endonuclease “contacts”a1ong the helix 
can be obtained by projecting the B DNA surface onto a cylinder and then unwrapping 
the cylindrical pr~jection’~’ (Figure 5). Inspection of this projection, or space filling 
models, illustrates several interesting features concerning the placement of DNA 
determinants implicated in specific recognition. For example, potential endonuclease 
contacts are accessible primarily from one side of the helix. Also particularly evident are 
potential contacts within the major groove between the points of cleavage of the two 
DNA strands. This representation also demonstrates the proximity (4 A) of 6-NHz 
substituents of dA residues modified by Eco RI methylase. 

Several lines of evidence considered above led to the suggestion that the Eco RI 
endonuclease dimer interacts with its recognition sequence to  yield a complex possessing 
elements of two-fold symmetry. The alkylation experiments summarized in Figs. 4 and 5 
confirm the presence of symmetry at the fine structure level and establish equivalence of 
interaction with the two strands of the six base pair Eco RI sequence. However, this work 
has also shown that the DNA binding site of the enzyme encompasses about 10 base 
pairs. As mentioned above, it is possible that interaction with nucleotides external to the 
recognition sequence may impose a certain degree of asymmetry on specific 
endonuclease-DNA complexes. 

Since specific complexes between Eco RI methylase and DNA have not been 
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- .  
- 0  

FIGURE 5. -  Potential contacts between Eco RI 
enzymes and their recognition sequence. The represen- 
tation shown is based on a cylindrical projection of the 
DNA surface which has been opened along a line 
parallel to the helix axis.'" Major and minor grooves 
are oriented diagonally. The helix repeat was assumed 
to be 10.5 base pairs per turn."' Points of endonuclease 
cleavage are indicated by arrows. Endonuclease con- 
racis -A- phosphates identified by virtue of ethyla- 
tion interference; O-N3 of dA residues within the Eco 
R1 site identified on  the basis of methylation inter- 
ference. 0-N3 of dA residues which are protected 
against dimethylsulfate alkylation by the endonuclease, 
but which do not interfere with specific binding when 
methylated. +-N' of dG residues, the alkylation of 
which interferes with binding. *--6-NH2 of dA 
residues which are methylated by Eco R1 modification 
enzyme. Meihybse - Contacts identified by base 
analog substitution are indicated by X's. These are not 
required by the endonuclease. Those in the minor 
groove correspond to the 2-NH2 of dG, those in the 
major groove of the 5-CH3 of dT. Although the 5-CH3 
of both dT residues in each strand are indicated, only 
one may be required (text). The 6-NHz of dA residues 
indicated by *. are sites of modification by the 
methylase and, hence, are clearly required by the 
enzyme. 

demonstrated under noncatalytic conditions, attempts to elucidate DNA c n :ts 
utilized by this enzyme have involved analysis of analog effects on kinetics of methyl 
transfer. The results of these studies, which are summarized in Table 2 and Figure 5 ,  are 
in marked contrast to those obtained with the endonuclease. Thus, bacteriophage T4 
DNA, which is resistant to cleavage by the endonuclease, was found to be an excellent 
substrate for the modification enzyme."' This surprising finding has demonstrated that 
the presence of the bulky glucosylhydroxymethyl moiety in the major groove does not 
interfere with interaction between this enzyme and its recognition site. The methylase 
also differs from the endonuclease on dU-containing PBS2 DNA, which in the case of the 
modification enzyme is an extremely poor sub~trate . '~ '  However, it has not been 
determined whether the uracil for thymine replacement in this DNA affects site-specific 
binding or subsequent catalysis. Nevertheless, this result suggests that the 5-CH of one 
or both dT residues within the Eco RI site has an important role in the methylase 
reaction. The substitution of dI within the Eco RI site of Col El DNA also had markedly 
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different effects on the two enzymes.lS4 In contrast to  results with the endonuclease, the 
dI-containing site was an extremely poor substrate for the modification enzyme, with the 
block being at  the level of sequence recognition. Since analog substitution in these 
experiments was extremely limited and since steric effects can be excluded, it seems likely 
that 2-NH2 of dG exposed in the minor groove is utilized as a contact by the methylase. 
The distribution of these potential methylase contacts on the B form structure is 
presented in Figure 5.  

Examination of Table 2 and Figure 5 illustrates the striking differences between the 
two Ec5 RI enzymes with respect to DNA substituent effects on recognition and/or  
catalysis, The single exception may be a common requirement for 6-NH2 groups of 
adenines adjacent to  the twofold axis. This lends further support to the conclusion cited 
above that the two proteins interact with their common recognition sequence in different 
ways, and in particular, suggests that the two proteins employ different mechanisms to 
discriminate a given base pair. 

B. Hpa I Restriction and Modification Enzymes 
The only other Type I1 system that has been examined in some detail with respect to 

DNA substituent effects is that of Hpa I specificity (Table 1). Utilizing homogeneous 
preparations of Hpa I enzymes, Dwyer-Hallquist and AgarwalIs6 have deter- 
mined steady state kinetic parameters governing cleavage and methyl transfer to 
d(GpGpTpTpApApCpC) and derivatives of this self-complementary octanucleotide 
containing base analog substitutions. 

The octanucleotide d(GpGpTpBUpApApCpC) was readily cleaved by Hpa 1 
endonuclease, but the K, and k,,, for this substrate were both reduced five-fold relative 
to the corresponding parameters for d(GpGpTpTpApApCpC). The parallel decrease in 
these parameters suggests that although the mechanism of cleavage of the BUdR- 
containing oligonucleotide may be similar to that of the control, some nonproductive 
interaction between the enzyme and the substrate analog may occur.'s6 In contrast, 
d(GpGpTpUpApApCpC) and d(Gp1pTpTpApApCpC) were not substrates for the 
endonuclease. While failure to cleave the dkontaining oligonucleotide may be at least 
partially due to reduced stability of the duplex form, the failure to utilize the dU- 
containing substrate analog implies a requirement for the 5-CH3 of the d T  residue 
adjacent to site of cleavage for recognition and/ or catalysis by this endonuclease.'56 

Berkner and FolkIS7 have also obtained evidence suggesting that the 5-CH3 of thymine 
is important in the Hpa I endonuclease reaction. This work demonstrated that initial 
rates of double strand cleavage of PBS2 DNA, which contains dU in place of dT, were 
ten-fold lower than for A DNA under comparable conditions. However, kinetics of 
double-strand cleavage of the dU containing substrate was anamolous, being biphasic 
with respect to time and enzyme concentration. Thus, at moderate enzyme concentra- 
tions, products arising as a consequence of double-strand cleavage were only observed 
after a lag of several hours, but their subsequent rate of appearance exceeded that of the A 
control. A similar phenomenon was observed with hydroxymethyluracil-containing 4 e  
DNA. These kinetics were attributed to introduction of single strand scissions during 
early stages of reaction followed by their conversion to double strand breaks during the 
second phase.Is7 Unfortunately this possibility was not directly addressed, rendering it 
difficult to compare the PBS2 and 4 e  results with those obtained in the oligonucleotide 
experiments mentioned above. It is, nevertheless, not easy to reconcile results of these 
two approaches, although it may be pertinent to note that experiments with analog- 
containing viral DNAs employed preparations of Hpa I which were only partially 
purified, and sequences subject to cleavage were not established. 

While analysis of phosphate contacts of Hpa I endonuclease is not yet complete, it has 
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Table 3 

ENDONUCLEASES’ 
CLEAVAGE OF BASE-SUBSTITUTED DNAs BY RESTRICTION 

Relative rate of DNA cleavageb 
Recognition 

Endonuclease sequence +e (HmdU) PBS2 (dU) T4 (ClcHmdC) A, P22(BUdR) 

BamH I 5 ’ 4  ‘G-A-T-C-C Poor Good Poor Fair 

Hpa I I  

Hind 111 5‘-A A-G-C-T-T Fair Poor Poor Fair 
Hind I1 

Hha I 5’-G-C-G‘C Good Fair‘ Inert - 
5’-C1C-G-G Good Poor‘ Inert Good 

Fair Poor Poor Good 1 5 ’ 4 - T - p ~  Pu-A-C 
1 

’ Adapted from Berkner and F01k.l~~ Results of these workers with Eco R1’” and Hpa enzymes are 
discussed in the text. 
Rates are relative to hydrolysis of A DNA at comparable enzyme and DNA concentrates. Relative rates are 
Good (50 to loo%), Fair (14 to 33%), and Poor (a 10%). The last column summarizes results with BUdR- 
substituted A or P22 DNAs. 
Reduced rates at least partially reflect a low density of cleavage sites. 

been found that d(pGpGpTpTpApApCpC) is hydrolyzed much more rapidly by the 
enzyme than d(GpGpTpTpApApCpC).’56 This implicates phosphate residues 5’- 
external to the recognition sequence in enzyme-DNA interaction, a finding identical to 
that cited above for the Eco RI endonuclease. 

In contrast to the behavior of Hpa I endonuclease with d(GpGpTpUpApApCpC) and 
d(GpGpTpBUpApApCpC), homogeneous Hpa I modification enzyme methvlated both 
analog-containing oligonucleotides with steady state kinetic parameters which were 
almost identical to those for thecontrol substrate d(GpGpTpTpApApCpC).Is6 However, 
like the endonuclease, the methyftransferase failed to utilize d(GpIpTpTpApApCpC), 
although, as in the case of the restriction enzyme, this may at  least partially reflect the 
reduced T,,, of the dI-containing 01igonucleotide.l~~ The differential response of Hpa I 
endonuclease and methylase to dU and BUdRcontaining oligonucleotides is reminiscent 
of analogous results with the Eco RI system (above). It would thus appear that in both 
systems, the restriction endonuclease and the modification methylase interact with their 
recognition sequence in different ways. 

C. Other Type I1 Endonucleases 
Only limited information is available on DNA determinants important in recognition 

or catalysis by other Type I1 restriction enzymes. Mann and Smith” have utilized a 
synthetic duplex oligonucleotide containing overlapping Hpa I1 and Hue I11 sites to 
examine the effects of abnormal methylation of the 5-position of dC on subsequent 
cleavage by the restriction endonuclease. For example, a portion of the oligonucleotide 
contained the sequence: 

5‘- CpCpGpGpCpC 
Hpa I1 

Hence, it was possible to assess effects of the Hpa I1 modification (Table 1) on Hue I11 
restriction, and vice versa. Although only qualitative, these experiments demonstrated 
that Hue I11 endonuclease will cleave 5’-GpGpCpC as opposed to the normally modified 
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site 5’-GpGpd C ,  which is resistant. Similarly Hpa I1 was found to  cleave S’-&CpGpG 
but not 5’-Cp E pGpG. These eqperiments are of interest for two reasons. First, they 
exclude endonuclease contacts with the 5-position of the dC residue which is not subject 
to modification in each system. Secondly, they render unlikely the possibility that 
resistance to restriction is a result of perturbation of DNA secondary structure which 
might occur (Section 111) as a consequence of modification of this base. 

Limited information on a number of systems has also been provided by Marchionni 
and R ~ u f a ’ ~ ~  and Berkner and Folk”’ who have analyzed patterns of cleavage of viral 
DNAs which naturally contain base analogs or which have been prepared in such a way 
as to contain a BUdR for d T  substitution. The results of these experiments, which are 
summarized in Table 111, are somewhat difficult to interpret for several reasons. Being 
primarily survey in nature, these studies did not attempt to attribute rate variations with 
substrate to changes in kinetic parameters. Secondly, with the exception of BUdR- 
substituted DNAs, the number of recognition sites within a n  analog-containing viral 
molecule is unknown in the absence of a positive result. Hence, reduced rates of cleavage 
relative to the h standard employed157 may reflect a density of recognition sites less than 
that expected on statistical gr0unds.t For example, reduced rates of cleavage of PBS2 
DNA (dU in place of dT) by Hha I and Hpa 11, which do  not contain d T  in their 
recognition sequences, were attributed to such an effect.lS7 However, the possibility that 
rate reductions were due to the presence of dU in outside sequences was not excluded. 
Indeed, BUdR substitution has been observed to reduce rates of cleavage by several 
endonucleases which recognize sequences lacking dT,’531’57 and effect which is clearly due 
to the presence of analog in external sequences. Because of these ambiguities, these 
studies will not be considered further here beyond noting that the differential response of 
the several enzymes to analog substitution (Table 111) is consistent with the view that 
discrimination of a given base pair can occur by different mechanisms. 

D. Other Type I1 Methylases 
Mann and Smith” have utilized the random copolymer d(G, C), and analogs of this 

polynucleotide as substrates for partially purified Hha I, Hpa 11, and Hue 111 
modification enzymes. While random d(G, C), was methylated by all three enzymes, the 
d(1, C), analog supported methylation by Hha I and Hpa I1 enzymes only at a low rate. In 
contrast, the rate of methyl transfer to d(1, C), by the Hae 111 enzyme was comparable to 
that observed with d(G, C)“. Although steady state kinetic parameters were not 
evaluated, these findings suggest that like the Eco RI enzyme, Hha I and Hpa I 
methylases require the 2-NH2 of dG while the Hae I11 enzyme evidently does not. The 
activity of these three methyltransferases were also examined with random d(N-acetylG, 
C), and d(X, C)n.53 While rates of methyl transfer to these copolymers by the Hha I 
enzyme were comparable to those observed with d(G, C),, these analog polymers were 
poor substrates for the Hpa I1 and Hae I11 activities. Since d(N-acetylG, C), and 
d(X, C), copolymers employed did not display thermal melting transitions, suggesting 
the absence of stable secondary s t r~c ture , ’~  it is not clear whether the reduced activity of 
the latter enzymes on such substrates is due to  perturbation of DNA secondary structure 
or to  alteration of a DNA contact. 

t This was not a problem with the Eco R1 studies employing PBSZconsidered earlier. Although the methylase 
was inert on PBS2 DNA, the number of Eco RI sites was readily monitored by virtue of sensitivity of the 
viral DNA to Eco RI cleavage.’Ds 
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CONCLUSION 

While substantial information is now available concerning modes of interaction of 
sequence-specific proteins with DNA, our understanding of the molecular mechanisms 
involved in this phenomenon is still at an early stage. Several problems are apparent from 
the enzymological point of view. A central theme that has emerged from the work 
reviewed here is that multiple mechanisms exist for discrimination of base pairs. Hence, 
elucidation of the set of protein-DNA bonding schemes that may be employed in 
sequence discrimination will require analysis of multiple systems. 

The mechanisms which allow Type I1 enzymes to discriminate their canonical 
sequence from the relatively high background of sites which differ from the canonical 
sequence at only one position remains unresolved. While this problem must be 
considered in the case of any sequence-specific protein, it can to some extent be 
circumvented in the case of those proteins which recognize single copy sequences by 
overspecification of the recognition site."' Thus, while a 12 base pair recognition site 
would be expected to comprise a statistically unique sequence within the E. coli 
chromosome, the binding site for the lac repressor appears to encompass about 17 base 
pairs (reviewed in Reference 11 7). 

It is evident from the work reviewed here, as well as from analysis of other systems, that 
although a large amount of information has been accumulated concerning potential 
DNA contacts utilized during sequence discrimination by proteins, little or no 
information is available on peptide determinants involved in their DNA binding sites. 
This aspect of the problem is certainly amenable to study in several systems. It could be 
argued that this information will be forthcoming with the crystallographic analysis of 
site-specific proteins and complexes between such proteins and recognition site 
oligonucleotides. It must be recalled, however, that such proteins also exhibit nonspecific 
modes of interaction with DNA. Hence, interpretation of co-crystal structures as 
representing bona fide site-specific complexes must rely on results of solution bio- 
chemistry for requisite criteria on which to base such conclusions. 
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