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The process of DNA recognition by the activated form of
the restriction endonuclease from E. coli K involves three
enzyme-DNA complexes which can be differentiated
experimentally. These are: an initial complex formed at a
nonspecific site;, a recognition complex involving the host
specificity site; and a cleavage complex dependent on the
presence of ATP.

THE restriction endonuclease from Escherichia coli K, EcoRK,
is a complex multifunctional protein which cleaves unmodified
DNA in the presence of S-adenosylmethionine (Ado-Met),
ATP and Mg?+ (ref. 1). A powerful ATPase activity appears
during the course of this restriction reaction® and the same
protein is also able to methylate unmodified DNA, rendering it
insensitive to its own restriction activity®.

The way in which the enzyme recognises the host specificity
sequence on the DNA, and the factors that determine whether
it will act as an endonuclease, or as a methylase, are two aspects
of the mechanism which go beyond the immediate area of
restriction and modification. The first of these, recognition of
nucleotide sequences, is common to most proteins that react
with nucleic acids. The second is that the interaction involved
in the recognition of the nucleotide sequence directs the protein
towards either of two opposed modes of action, restriction or
modification. In other words, a specific nuclcotide sequence may
not only be rccognised by a protein, but also act as a signal for
the mode of action of a multifunctional enzyme.

Fig. 1 Reaction mechanism of endonuclease FcoRK.
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In a certain perverse way, it is the very complexity of thj
protein and the reactions that it carries out that enables us tq
distinguish experimentally four major stages in the in viyy,
reaction (Fig. 1). These are: Enzyme activation: £coRK binds
Ado-Met rapidly, and in a slow second step, an allosteric
transition to an activated form (EcoRK*) takes place. DN4
recognition: EcoRK* interacts with DNA, first, at a nonspecific
site (initial complex), and then at the unmodified recognition
site (recognition complex). The recognition site is the host
specificity site on the DNA that confers susceptibility to a given
restriction and modification system (the sites for the K system
are called sK). Enzyme action: in the absence of methy! groups
at the recognition site, the DNA will be either cleaved or methy-
lated. Methylation occurs at the recognition site while DNA
scission takes place elsewhere. Loss of nuclease activity: the
enzyme is altered following DNA cleavage, and is unable to
cleave again. This phenomenon is probably related to the ap-
pearance of a vigorous and sustained ATP hydrolysis which
begins at the time of DNA cleavage, but continues long after
the DNA digest has reached its limit.

This paper deals with the process of DNA recognition. Eco-
RK* can form three distinct complexes with DNA in its restric-
tion mode. It first forms an injtial complex at a nonspecific
site which is transformed to a more stable recognition complex
if an unmodified host specificity site is present on the DNA.
Neither of these complexes can be trapped on membrane filters.
If ATP is added to the recognition complex, a rapid transition
to a third complex which can be trapped on filters, takes place.
This presumably occurs at the cleavage site.

Enzyme forms a specific complex with
unmodified DNA that is retained on filters

EcoRK has previously been shown to form a specific complex
with unmodified 1.0 DNA that can be stabilised with EDTA and
detected by binding to nitrocellulose filters, (A bacteriophage
grown on a non-modifying host is designated 2.0; phage
grown on a host that confers K-specific modification to the
DNA is calied .K.) The formation of this complex requires the
presence of Ado-Met, ATP and Mg?+ (ref. 4). No filter-binding
complex can be detected with modified A. K DNA or with DNA
that contains no recognition sites for the enzyme. Complex
formation reaches its maximum after 2 min at 30 °C, and then
decays at a rate consistent with its dissociation after DNA
cleavage. )

That this complex was not the result of binding to sK sit¢?
on the DNA was suggested by experiments with a purifie
restriction endonuclease from a mutant strain of E. coli K12 (ref.
5). This strain is unable to restrict, but can modify normaily-
As expected, the restriction enzyme purified from it €37
methylate (but cannot cleave) unmodified DNA in vitro. It doges
not form the filter binding complex. Therefore, EcoRK can
recognise and methylate A.0 DNA without forming a ﬁl,‘er
binding complex. The conclusion then is that the filter-bindin
complex must be associated with the cleavage reaction, and no
DNA recognition proper.
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£ "Activated enzyme is stabilised

by interaction with DNA .
JEco'RK*H forms two different types of complex with DNA: a
nonspecific initial complex and a specific recognition complex.
These two complexes can be readily differentiated by observing
the effect of 2.K, A.0 and mutant A DNAs on the stability of
FEcoRK*,

The-slow. allosteric activation to EcoRK* follows the rapid
binding of Ado-Met to EcoRKS. On dilution to remove free
Ado-Met, EcoRK* decays with 4 half life of 130s. The effect of
DNA on the stability of EcoRK* was determined by adding
E modified LK or AsK,%K,’.0 DNAs to the dilution buffer. The
latter DNA is from a A-®80 hybrid in which all of the sK sites
i have been eliminated?. Clearly both A.K and AsK,%sK 2.0 DNAs

stabilise EcoRK* (Fig. 2a) and thus interact with it, although
neither of them is a substrate for the enzyme. Similar stabilis-
(iation was observed with 1.0 and T4 DNAs. We define this kind
of interaction as initial complex formation. -

~To detect differences in the interaction between EcoRK* and
the various DNAs, the enzyme was activated in the presence of
%.0,A.K or AsK,%K,".0 DNAs and the stability of the complexes
# formed in these conditions was measured over a period of 60

in following dilution into prewarmed buffer (compared with
6 min in the previous experiment). Figure 2b shows that,
although all of the DNAs protect EcoRK* from decay, sub-
strate 1.0 DNA is more efficient than the others. The half life of
the activated enzyme goes from 130s for the enzyme alone to
6 min in the presence of the non-substrate A.K and AsK,°sK,°.0
DNAs and 22.5 min with substrate 2.0 DNA. This enables us
to'postulate an initial complex formed by EcoRK* with any
L' DNA,-and a more stable recognition complex formed with a
DNA that contains the unmodified sK sequence.

Recognition complex is a
precursor of the filter-binding complex

su.The complex formed by activating the enzyme in the presence
3 of A.0 DNA (that is, the recognition complex) does not bind to
nitrocellulose filters, but the addition of ATP converts it to the
filter-binding form. The rate at which this occurs seems to
-~ follow first-order kinetics with a half time for the reaction of 6.5s.
This is more than 10 times faster than the result obtained when
EcoRK* is added to A.0 *?P-DNA and ATP (Fig. 3a), also a
first-order reaction with a half time of about 80s. Given these
‘arpid binding kinetics, it cannot be ruled out that the recognition
to‘mplex is, in fact, formed at the cleavage site after interaction
with the sK site. Alsoin this figure are the kinetics of filter binding
complex formation when a standard assay was initiated by the
addition of non-activated enzyme, and when EcoRK* was
diluted into 1.0 32P-DNA, and ATP was added 2 min later. In
the latter case, no DNA binding was observed. Therefore, the
ate at which the recognition complex was formed could not be
measured directly.
" 'The rate of activation of the enzyme in the presence of un-
modified DNA is first or pseudo-first order (Fig. 3b) and is
aster than activation of the enzyme alone® (respective half
Ives of 365 as against 54s). Therefore, interaction of the enzyme
vith DNA displaces the equilibrium towards complex - form-
tion and prevents the decay of EcoRK*. o

The reaction of the recognition complex with ATP should be
tcond. order; therefore some subsequent rate-limiting change
L'the structure of the enzyme-DNA complex which generates
he;‘ﬁlter—binding form may explain the apparent first-order
Inetics. The recognition complex formed in the absence of ATP
”"/JS o} -~ . L b H ; N g ¢
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Fig.2 Effect of DNA on the stability of EcoRK*. a, Stability of
EcoRK* in presence or absence of DNA. b, Comparison of effect
of different DNAs. g, A.K and 1.0 **P-DNA were prepared as
described previouslyl. AsK,%sK,°.0 DNA was prepared from
phage after heat induction of 803 (h®attAsK,’cls;,5,5K %),
obtained from Dr N. Murray. EcoRK was purified to homo-
genceity after modifying the procedure published elsewhere!. All
reaction mixtures for this and subsequent experiments contained
6 mM MgCl,, 0.26 mM EDTA, 12 mM 2-mercaptoethanol and
100 mM either Tris-HCl or HEPES-OH, pH 8.0. Other additions
are detailed in Figure legends. An aliquot (70 pl) of reaction
mixture containing 0.13 nmol Ado~Met was mixed with 50 pl
(50 ug) of EcoRK, incubated for 5 min at 30 °C, chilled and
kept on ice. Aliquots (3 pl) were then diluted into 300 pl pre-
warmed reaction buffer containing either no DNA, 0.3 pg of
LK DNA, or 0.3 pg AsK,%K,2.0 DNA. After incubation for
varying periods, 5 pl of the mixture containing 80 nmol ATP
and 0.1 pg 2.0 **P-DNA (16,700 ¢.p.m.) were added and the
incubation continued for a further 2 min. The reaction was
terminated by the addition of 50 ul 0.5 M EDTA and filtered
through a nitrocellulose filter. The filters were washed, dried and
counted as described previously’. b, Three reaction mixtures of
100 pl containing 0.13 nmol Ado-Met each and either 2.4 ug
L0 P-DNA (380,000 c.p.m.), 2.2 ug ALK DNA or 24 ug
AsK %K ,2.0 DNA were prepared. They were incubated at 30 °C
for 2 min with 30 ul (6 pg) £coRK and then rapidly diluted with
11.5ml prewarmed reaction buffer. Aliguots (500 ul) were
removed at various intervals and mixed with either 20 ul ATP
mixture (incubation containing A.0 **P-DNA) or 20 pl ATP-
DNA mixture (the other two incubations). ATP mixture con-
taincd 0.2 nmol ATP per 2010 and ATP-DINA centained

’ 2P LNA per 20wl {1520
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Fig. 3 Kinetics of enzyme-DNA interactions. a, Kinetics of
DNA binding to filters after ATP addition. b, Kinetics of
enzyme activation' in presence of DNA. a, Standard reaction
kinetics were followed by adding: 9 ul EcoRK (1.8 pg) to a
prewarmed reaction mixture containing in 4.5 ml: 1.6 g
A.0 3*P-DNA (2.16 x 10°c.p.m)), 1.8 pmol ATP and 120 nmol
Ado-Met. Aliquots (250 pl) were removed into 25 ul 0.5 M
EDTA after different times of incubation at 30 °C and the
samples were then assayed on filters. FcoRK* was formed
by adding 18 pl EcoRK (3.6 pg) to 190 ul reaction mixture
containing 1 nmol Ado-Met and incubating for 3 min at 30 °C.
This was chilled in ice and 5 pl aliquots were added to 250 il
reaction mixture containing 0.09 pg A.0 32P-DNA (1.2 x 104
- c.p.m.) and 0.1 pmo! ATP. Incubation was carried out for
varying time intervals, the reaction was stopped with EDTA
and the samples were filtered. In a separate set of incubations,
5 pl of the same EcoRK* was added to 250 ul of a similar mix-
ture, but without ATP, the incubation continued for 3 min and
0.1 pmol ATP was then .added. After further incubation at
30 °C for varying time intervals, the reactions were terminated
with EDTA and filtered.. In the last set of reactions,  the
EcoRK*-1.0. DNA recognition complex was formed by
adding 9 pl (1.8 pg) EcoRK to 90 pi reaction mixture con-
taining 2.4 nmol Ado-Met and 1.6 ng 2.0 32P-DNA (2.16 x
10° c.p.m.) and incubating for 3 min at 30 °C. The mixture was
chilled in ice and 5 pl aliquots were added to 250 il reaction
mixture containing 0.1 umol ATP. The samples were incubated
for different time intervals at 30 °C, stopped with EDTA and
filtered. b, Reaction mixture. (60 pl) containing 2.75 g
A0 **P-DNA (22 x 10° c.p.m.), 0.13 nmol- Ado-Met and
=1 pl (0.2 ug) EcoRK was incubated at 30 °C, and at different
~times 3 pl-aliquots were removed .and mixed with 200 ul
prewarmed buffer containing 0.1 pmol ATP. Each sample was
- then incubated for.a further 2 min, 50 ul 0.5 M EDTA was
..added and the samples were filtered. and counted as before.
" @, ‘Standard reaction- kinetics; A, kinetics with EcoRK*:
£ X7 incubation - of EcoRK* with DNA in absence of ATP;
O, kinetics of filter binding with preformed recognition complex.
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> i iy rapid process and the activated (:nayn{e'
must interact with many diicrent DNA molecules during pro. -
tection by non-substratc DNA (compare the half life for Pro-
tection of 6.5 min with the rapid release detected above). . &

Recognition complex is insensitive to heparin
The polyanionic glycan, heparin, is an inhibitor of both théDNA ;
binding and cleavage reactions (R. Y., T. A. B., W.E.,and C; B, G
unpublished). This inhibition has been used to study the inter.
actions between the enzyme and substrate DNA' Table 1 s}iwa :
the results of one such series of experiments. The additionof . .

*H and **P—DNA (c.p.m. x 10-3)
Binding assay (c.p.m.x 1073)
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Fig. 4  EcoRK*-DNA complexes on glycerol gradients
a, Composite showing the positions of EcoRK* and A DNA
b, EcoRK*-L.0 DNA complex. ¢, EcoRK*-LK . DNA
complex. Four reaction mixtures of 100 pl containing: . ..
0.45 pg 2.0 3?P-DNA (63,000 c.p.m.). a, 6.7 nmol Ado-Met
and 5 pl (1 pg) EcoRK b, 0.45 pg 1.0 22P-DNA (63,000 c.p.m.)
6.7 nmol Ado-Met and 5 ul (1 pg) EcoRK; ¢, 0.57 1€
AK *H-DNA (132,000 c.p.m.), 6.7 nmo! Ado-Met and 5}
(1 ug) EcoRK. Al reactions were incubated at 30 °C fo
3 min, chilled in ice and layercd on 4 ml 10-30 ¢/ glycero
gradients containing 20 mM potassium phosphate, pH.7.0
5 mM 2-mercaptoethanol and 0.2 mM EDTA. These werg,
centrifuged at 55,000 r.p.m. for 100 min at 4 °C in an intel
national SB 405 rotor. Twenty fractions were collected frofl
each gradient and 50 ul aliquots were removed from’ eac
fraction from a, b and ¢ for counting. Aliquots (50 nl) of 2
and ¢ were assayed by the standard procedure except thal
Ado-Met was omitted from the incubation. Aliquots fror);
b were assayed similarly except that both Ado-Met" &
) additional 2.0 **P-DNA were omitted.
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Table 1 Inhibition by heparin of DNA binding to filters by EcoRK

A0 #2P-DNA
bound (c.p.m.)

First incubation Second incubation

% Maximum

Set |
1 Complete 6,563 100
5,569 84.8
2 Complete+ heparin e 80 1.2
70 1.1
3 Complete—enzyme — 46 0.7
55 0.8
Set 2
4 EcoRK-+Ado-Met LODNA+ATP 2,185 86
2,541 100
5 EcoRKH-Ado-Mect 1O DNA--ATP 46 1.8
+heparin 35 1.4
6 EcoRK -+ Ado-Met A0 DNA +- ATP-}-heparin 35 1.4
77 3.0
Set 3
7 EcoRK+Ado-Met--1.0 DNA ATP 1,682 87.9
1,913 100
8 EcoRK-Ado-Met+1.0 DNA ATP 36 1.9
- heparin 24 1.3
9 EcoRK+ Ado-Met+- 1.0 DNA ATP+-heparin 800 41.8
1,131 59.1

Set 1, Each reaction mixture of 250 pl contained 0.13 pg 2.0 **P-DNA (14,650 c.p.m.), 6.7 nmol Ado-Met and 0.1 pmol ATP. Sample 2
also contained 0.25 pg heparin. EcoRK (0.1 pg, 0.5 pl) was added to the samples indicated and incubation at 30 °C was carried out for 2 min.
The reaction was stopped by the addition of 50 ul 0.5 M EDTA and filtered.

Set 2, Each reaction mixture of 5 pl contains 27 pmol Ado-Met. In sample 5, 0.25 pg heparin was also present. EcoRK (0.5 pl, 0.15 pg)
was added, the samples were incubated at 30 °C for 3 min and diluted with 250 ul of a reaction mixture containing 0.1 pmol ATP and 0.13 ug
1.0 *2P-DNA (14,650 c.p.m.) per 250 ul or a similar mixture containing in addition 0.25 pg heparin. After a further 2 min incubation the
reaction was stopped with EDTA and the samples filtered.

Set 3, Procedure as for set 2 except that the A.0 *2P-DNA was incubated with the 5 pl enzyme activation mixture rather than added later

during the dilution step.

heparin to a standard reaction mixture abolishes the binding of
DNA to filters (Table 1, set 1). Heparin also inhibits the acti-
vated enzyme, both when it is added to the activation mixture,
and when it is added to a dilution buffer containing DNA and
ATP (Table 1, set 2). If, however, the enzyme is activated in the
presence of .0 DNA and then diluted into buffer containing
ATP and heparin, little inhibifion is observed (Table 1, set 3).
If heparin is added to a recognition complex, and ATP is added
later, the same lack of inhibition is observed. Therefore, once
the recognition complex has formed, the enzyme is no longer
sensitive to inhibition by heparin. Normal DNA cleavage is
observed when ATP and heparin are added to such a complex.

Both the initial and recognition complexes
can be isolated on glycerol gradients

Direct evidence for the various enzyme-DNA complexes was
obtained by glycerol gradient centrifugation. Sedimentation
through glycerol gradients readily resolves DNA from the free
enzyme (Fig. 4a, a composite of two different gradients). To
detect the recognition complex, EcoRK was incubated with
L0%2P.DNA, Ado-Met and Mg+ at 30 °C, chilled and sedi-
mented through a glycerol gradient. Aliquots from each fraction
Were counted to determine the position of the DNA and further
aliquots were assayed for the recognition complex (Fig. 46). To
detect the initial complex, the experiment was repeated with
ALK 'HDNA in place of .0 DNA, and the gradient was assayed
after addition of ATP and A.0 32P-DNA to an aliquot from each
fraction (Fig. 4¢). In both cases, the activated enzyme comigrated
\Vf'th the DNA. Surprisingly, a control incubation of ecnzyme
With 1.0 32P-DNA showed that the endonuclease was also bound
to the DNA in spite of the fact that it had not been activated
With Ado-Met (data not shown). This pﬁrm,maz uonlpkx how-
\'er does not seemn to be o 2u mtnr**md'”" 3 i(%t!'( tion

An enzyme mechanism

Steps 1 and 2 of the reaction mechanism (Fig. 1) have been
described in detail elsewhere®, and involve the fast binding of
Ado-Met by the enzyme followed by a slow transition to an
activated form.

Here, we are primarily concerned with the phenomenon of
DNA recognition which we show involves the sequential
formation of at least three different types of enzyme-DNA
complex. To understand this process, we must briefly describe
the relationship between the sites on the DNA for host specifi-
city, methylation and cleavage. The recognition sites are those
sites on the DNA that confer susceptibility to the endonucleo-
Iytic action of the enzyme. They are relatively few in number
for a given DINA and may be lost by mutation to yield a DNA
molecule that cannot be cleaved, in vitro or in vivo, by the
enzyme®. The methylation site scems to be a specific sequence
of bases at the rccognition site, since phage mutants that
have lost their recognition sites also lose (again, both in vivo
and in vitro) the ability to be methylated®!®. Furthermore,
Horiuchi et al. have isolated small, specific DNA fragments
from modified f1 DNA and found that of these fragments, only
the two that contain the genetically mapped sB sites were
methylated™. The situation concerning the cleavage sites is less
clear. The enzyme does not cleave the DNA at the recognition
sites and the number of possible cleavage sites is larger than the
number of recognition sites*®. Mapping studies with PM2 DNA
have shown that the ¥ cleavage sites are related to the readily
denaturable regions of the genome (R.Y., T.A:B., W.E, and
C.B., unpublished).

Thc interaction of FeoRX* with the host specificity site
presents one of the most interesting aspects of the reaction

nechanism because it is thvs interaction which will determine
whethar the enzyme will n 1 thylate or cleave the DNA. The site
can exict in ossible st fully  modiiis fthy

s modifi (,' tl > ather pot)
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restricting mode, the enzyme will procecd cloaveaye stic and
restrict the DNA. If it is modified on one strand, the enzyme
will be altered to its modifying form, and methylate the other
strand. If it is fully modified, the enzyme will not recognise it,
and will continue to scan other DNA molecules. The interactions
of the enzyme with heteroduplex DNA arc currently the object
of extensive study in our laboratory. Both the recognition and
cleavage complexes protect a small segment of DNA from
DNase digestion. Sequencing of these fragments is currently
in progress, and should clarify the Jocation on the DNA of the
recognition and cleavage complexes.

The restriction enzyme first breaks one strand followed some
time later by a break on the opposite strand®. At this point, it
no longer behaves as an enzyme, since having cleaved once, it
does not do so again. Simultaneously with IDNA cleavage, a
vigorous ATP hydrolysis occurs, which continues for a long
period of time? Both observations can be readily reconciled if
the restriction enzyme dissociated during cleavage to yield a
species that would remain bound to the DNA. This complex
would catalyse the ATP hydrolysis. Three observations lend
support to this view: detection of a stable protein-DNA
complex that hydrolyses ATPY; the lack of turnover (measured
by both DNA binding and cleavage); and the complementation
of a limit digest by either of two mutant restriction enzymes®
to give a new round of endonuclease activity.
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cq out 1noe much shimpler manner by other restiiction and
modification sysiems. Tt cannot be ruled out that the compl(:xi(y
may be rclated to its involvement in other reactions such g
DNA replication or recombination.
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letters to nature

Chemistry of the solar neutrino problem

ELECTRON neutrinos with energies of about 1-10 MeV are
generally presumed to be produced by thermonuclear reactions
in the Sun’s core. Since 1967 an experiment has been under way
on Earth to detect a subset of these neutrinos: argon atoms
from the reaction

Ve 4+ 7Cl— ¥Ar* + e~ ¢y

are chemically isolated, and the Auger electrons characterising
their electron-capture decay are counted.! A sizeable
discrepancy—the solar neutrino problem®®—has appeared.
The most recent observational results? imply an upper limit
(1o) of 1 SNU (= 1073 solar neutrino captures per target *'Cl
nucleus s ™), whereas the latest theoretical expectation based on
standard models® is 5.6 SNU.

Something is definitely awry in our understanding of solar
structure theory, nuclear physics, neutrino physics, or the
detection chemistry. A solution to the solar neutrino problem
has been extensively sought in the first three of these arcas®?
(see also refs 2 and 3), but these efforts have recently encountered
severe constraints® 2%, The last area—the chemistry of the
detection experiment—is one of the more neglected aspects of
the problem; here 1 shall attempt to rectify this imbalance.

In the solar neutrino experiment a tank of liquid tetrachloro-
ethylene (C,Cl,) provides the target *'Cl nuclei of cquation (1).
The number of 3Ar nuclei in the tank, N(r), is governed by the
equation

dN/ds = R -+ b — (N]1) )

where R and b are the respective production rates resulting
from solar neutrinos and background processes, and where 1
(+=50.6 d) is the electron-capture-decay lifetime of AL
For ¢ % 1, the solution to equation (2) asymptotically
approac‘hes the limiting value, N(o) == (R ++ b)t. The detector
parameters® yield Rt = 9.6 *"Ar nuclei per SNU; the cosmi9~
ray-induced background for the watershielded tank 15
cstimated!t to be b == 0.09 3"Ar nuclei d ~*. Therefore

N(w) = 9.6(SNU) - 4.5 ]

where (SNU) denotes the actual capture rate of solar neutrinos
in the tank of C,Cl,.

Standard theory?® implies that (SNU) ~ 5.6, so the anticipa_ted
steady-state population from equation (3) is N(=) = 58 STAT
nuclei, The experimenters are attempting to extract fewer than
100 *Ar atoms from 390,000 | of tetrachloroethylene, to qum"
them, and to determine the number produced by solar neutrin®
in comparison with that arising from background processe:
The complexity and marginal nature of the experiment lead mc-
to put forward the hypothesis that the solar neutrino proplcﬂ‘
is solely an artefact of the chemistry of the detection {echnigut
A direct corollary is that $7Ar nuclei are, in fact, being produce |
by solar neutrinos in the tank at the rate of 5.6 SNU, s0 ”“‘33
N(w) = 58 ¥Ar nuclei. The experimental upper limit of | ST“'_{
then implies that only a small fraction of the *’Ar in the tank ';
revealed in the output pulses of the Auger counter. (1 shall v
the loose terminology, ‘chemical trapping’, to indicate the fate
of the undetected *Ar nuclei.) o

Five experiments constrain this chemical hypothesis. Firsth?
Lknown volume of pure ¥Ar gas was dissolved in the tan




