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SUMMARY

Two mutant strains of Escherichia coli K, K-18 lacking
restriction activity (endonucleolytic cleavage of foreign DNA),
and the other, K-19 lacking both restriction and modification
activities (specific DNA methylation that protects against the
homologous restriction activity), complement in vivo to yield
a wild type phenotype. Although neither mutant extract
alone binds unmodified DNA, the wild type extract and the
mixture of mutant extracts do. Retention of the DNA-
enzyme complex on membrane filters was used as an assay to
purify the two mutant restriction enzymes. Both of these
sediment like the wild type enzyme. Complementation in
vitro by the two mutant enzymes could be demonstrated by
specific DNA binding, cleavage of the unmodified DNA, and
restriction-dependent ATP hydrolysis. All of these activities
are absent in the individual mutant endonucleases but present
in the wild type restriction endonuclease from E. coli K.
However, both mutant enzymes show an activity that hy-
drolyzes ATP which is different from that of the wild type en-
zyme since it does not require unmodified DNA, but is de-
pendent on the presence of S-adenosylmethionine.

Restriction endonucleases are enzymes that cleave double-
stranded DNA synthesized in other bacterial strains. They
arc involved in the phenomenon of host-controlled restriction
and modification in which the acceptance or destruction of an
entering DNA molecule is dependent on the restriction spec-
ificity of the host cell and on certain nonheritable characteristics
acquired by the DNA in the cell in which it was replicated.
This host-controlled modification appears to be due to specific
methylation at certain nucleotide sequences on the DNA which
renders it resistant to attack by the corresponding restriction
endonuclease from the same cell (1, 2).

The restriction enzymes from the related Escherichia coli
strains K and B! cleave foreign DNA in the presence of Ado-

* This project was supported by Grant 3.716.72 from the Swiss
National Foundation for Scientific Research.

1 The abbreviations used are: K and B, restriction and modifica-
tion specificities associated with E. coli K and E. coli B, respec-
tively; 1.0, phage \ grown on a nonmodifying strain; \.K phage A
grown on a K strain; Ado-Met, S-adenosylmethionine; TES,
N-tris (hydroxymethyl)methyl-2-aminoethanesulfonic acid; endo-

Met, ATP, and Mg?** (3-6). The K restriction enzyme gy,
possesses a specific methylase activity that transfers the methy)
groups from Ado-Met to unmodified A DNA in the absence of
ATP and Mg?*. The methylated DNA is protected against
degradation by the restriction activity of the same enzyme (7).
In addition, K- and B-specific restriction endonucleases als
have an ATPase activity associated with restriction (2, §, 9).

Mutants of E. coli K and B lacking restriction activity can
have two kinds of phenotype: defective only in restrietion (r—m*)
or defective in both restriction and modification (r'm™). One.
step and two-step r'm~ mutants can be obtained. Genetic
experiments with such mutants have led to a three-gene model
for restriction and modification in E. coli. In its simplest for.
mulation, one gene, hsdR, would be primarily responsible for
restriction; another one, AsdS, for the site specificity of the
recognition reaction; and a third one, hsd}/, for modification
(10, 11). The results of Hubacek and Glover suggest that hsd)f
is also required for restriction (12). An oligomeric protein com-
posed of the hsdR, hsdS, and hsd.M! gene products would therefore
have both restriction and modification activities, whereas oue
composed of the hsdS and hsd}! gene products would only have
modification activity. This model is in agreement with the
subunit structure of the purified enzymes (1, 6, 13). The restric.
tion endonuclease from E. coli K has a molecular weight ¢f
approximately 400,000 and is composed of subunits of three
different sizes with approximate molecular weights of 135,000,
62,000, and 52,000. This enzyme can recognize specific nuclee-
tide sequences and, depending on the cofactors and incubation
conditions, can proceed to cleave or methylate the unmodified
DNA (1).

The strains K-18 and K-19 have been shown to complemett
in vivo for restriction.? The present study was undertaken it
order to determine which subunits are responsible for nueleotide
sequence recognition, endonucleolytic activity, DNA methyls-
tion, and ATPase activity. In this paper, the purification and
properties of the defective restriction enzymes from the mutan_’
strains K-18 with a rx~mg* phenotype and a presumed hsdR X
genotype, and K-19 with a rg~my~ phenotype and presumes
hsdSx~ genotype are described. That K-19 has a hsdSx™ £,
type is indicated by complementation experiments with 8 \
carryingrgTmg*. We have made use of a number of biochemic®

nuclease R.K, restriction endonuclease from E. coli K}_e“dfm;
clease R.K-18, restriction endonuclease from K mutant K-l t,nh‘
endonuclease (endo) R.K-19, restriction enzyme from MY
strain K-19.

* W. Arber, unpublished results.
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reactions to demonstrate complementation in vitro by these two
;nutant restriction enzymes.

EXPERIMENTAL PROCEDURES

Materials
Bacleria and Bacteriophages—The wild type Escherichia coli K

ssed was the 1100 KLF1 endonuclease I-deficient strain from the .

collection of Dr. M. Meselson, Harvard University. Itis a partial
diploid carrying two copies of the K restriction and modification

nes. The E. coli strains K-18 and X-19 are the 802 and 803 of
Wood (14) and have the phenotype rx™mx* and rx™mx~, respec-
ively. The X stocks used were the wild type of Kaiser (15),Acl, a
(lear plaque-forming mutant, and AcI857susS7.

DNA Preparations—Stocks of modified [*H]thymine \.K phage
were prepared in radioactive medium by ultraviolet induction of
the lysogen C600 thy"TIRTSRAR(A) or by thermal induction of
w1485(P1) (AcI8575usS7) which carries both K and P1 restriction
snd modification markers. Unmodified X\.0 [*P]phage was pre-
pared in radioactive medium by thermal induction of 803 (A\cI857-
sus87) which is rkmg~. Phages were purified and DNA extracted
ss described earlier (3). Calf thymus DNA was purchased from
digma Chemical Co.

Other Malerials—Ado-Met, ATP, and other nucleotides were
obtained from Sigma. The commercial Ado-Met was further
purified by elution from Bio-Rex 70 with 4 N acetic acid. TES was
purchased from Calbiochem. Sephadex G-50 was obtained from
Pharmacia Chemicals, DEAE-cellulose DE52 and phosphocellu-
lose P11 from Whatman Biochemicals, and hydroxylapatite from
Clarkson Chemical Co. The nitrocellulose filters used in the
binding assay were Sartorius SM 11306 with a diameter of 25 mm.
The polyethyleneiminecellulose thin layer plates were Macherey-
Nagel Polygram CEL300PEI. [FH]JATP and [*H]Ado-Met were
from the Radiochemical Center, Amersham, United Kingdom.

Methods

Binding Assays for Restriction Activity—A routine assay for the
wild type enzyme making use of the binding of the DNA-enzyme
complex to nitrocellulose filters has been developed. In assays of
less purified fractions, an excess of calf thymus DN A was added to
suppress nonspecific DNA binding. The detailed procedure was
published earlier (16). To assay for a mutant restriction enzyme,
the sample (e.g. of endonuclease R.K-18) was incubated in the
standard binding reaction mixture in the presence of 10l (approxi-
mately 25 ug of protein) of the DEAE-fraction of the complement-
Ing activity (e.g. endonuclease R.K-19). To assay the fractions
from the glycerol gradients, the purified glycerol gradient fraction
of the complementing enzyme had to be used to eliminate nonspe-
cific DNA binding. No calf thymus DNA was present in the as-
says of this final step in the purification. Except for the addition
of the complementing enzyme, the conditions of the binding assay
were identical with those used with the wild type activity.

Af} enzyme unit is defined as the amount of protein that will
specifically bind 5% of the A.0 DNA in a reaction mixture contain-
Ing 6.4 x 108 phage equivalents of A.0 DNA and 125 ug of calf
thymus DNA during a 10-min incubation at 30°.

4\_'eulral Sucrose Sedimenlation—The specific endonucleolytic
activity was measured by sedimentation analysis in neutral su-
trose gradients (3).

ATPase 4 ssay—The ATPase activity of the wild type and mu-
‘(g;lt restriction enzymes was estimated as described previously

_1.)4\'.4 Methylase Assay—The DNA modification methylase ac-
‘vity associated with these restriction enzymes was measured ac-
tording to the method of Haberman et al. (7).
urification Procedure for Mutant Restriction Endonucleases—All
:’ells were grown to a density of 3 to 6 X 10® cells per ml in tryptone
roth supplemented with yeast extract. The cells were harvested
®nd stored at —80° until used.

Ifndonuclease R.K-18—Frozen K-18 cells, 102 gm, were suspended
' 570 m] of cold 0.01 M Tris (pH 7.4), 10~¢ M EDTA, 2 X 103 u
".‘ercﬁptoethanol, and 2 X 10~¢ M MgCl: (Buffer A). All opera-
1ons were performed at 4°. The cells were disrupted by using the
¥ho Laboratory mill, type KDL (Willy Bachofen Maschinen-
abrik, Basel, Switzerland). Cell suspension, 160 ml, and 255 ml
Ty glass beads (0.1 mm diameter) were loaded into the 300-ml
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batch container each time and run at 2,000 rpm for 3 min. Ninety
to ninety-five per cent of the cells were disrupted. The extract
was centrifuged at low speed and then at 30,000 rpm for 2 hours in
the International A-170 rotor.

The high speed supernatant was subjected to fractional precipi-
tation by the addition of solid ammonium sulfate taking cuts at
0t035% and 35 to 55% saturation. The material that precipitated
between 35 and 55%, saturation was dissolved in 100 ml of 0.02 M
potassium phosphate (pH 7.0), 10~ M EDTA and 2 X 10~? M mer-
captoethanol (Buffer B) and dialyzed overnight against Buffer B.
It was then applied to a column (2.5 X 45 cm) of DEAE-cellulose
DE52 (bed volume 150 ml) which had been equilibrated against
Buffer B. The column was washed with 300 ml of Buffer B and
eluted with a 1000-ml linear gradient of Buffer B running from
0.05 M to 0.3 M potassium phosphate. Fractions of 25 ml were
collected and aliquots were assayed. The activity was eluted at a
potassium phosphate concentration between 0.14 M and 0.16 M.

The pooled DEAE-fractions were dialyzed against Buffer B and
chromatographed on a column (2.5 X 10 ecm) (bed volume 40 ml) of
Whatman phosphocellulose P11 equilibrated against the same
buffer. The column was washed with 50 ml of Buffer B and eluted
with a 250-ml linear gradient of Buffer B running from 0.05 M to
0.3 M potassium phosphate. Fractions of 10 ml were collected, and
t-}}l]e activity emerged in the range 0.16 M to 0.22 M potassium phos-
phate.

The pooled phosphocellulose fractions were dialyzed and con-
centrated to 5 ml in an Amicon ultrafiltration cell No. 52 with a
PM-10 filter. It was layered in aliquots of 2.5 ml on 30 ml, 10 to
25%, glycerol gradients made up in 0.01 M potassium phosphate
(pH 7.5), 10~ M EDTA, and 5 X 10~% M dithiothreitol and centri-
fuged in an International SB-110 rotor at 25,000 rpm for 20 hours
at4°. Thirty fractions of 1 ml were collected and the activity was
found as a broad band sedimenting in Fractions 12 to 20.

Endonuclease R.K-19—Frozen K-19 cells, 120 g, were disrupted
in the Dyno mill, centrifuged at low and high speed, and frac-
tionated with ammonium sulfate in the same manner as described
for K-18 above.

The 35 to 559, ammonium sulfate fraction was chromatographed
on a column (2.5 X 19 cm) of DEAE-cellulose (bed volume 150 ml)
which had been equilibrated against Buffer B. The column was
washed with 200 m!l of Buffer B and eluted with a 600-ml linear
gradient of Buffer B running from 0.05 a to 0.3 M potassium phos-
phate. Fractions of 25 ml were collected and the activity came off
at a potassium phosphate concentration between 0.14 M and 0.17 M.

The DEAE-fraction was dialyzed against Buffer B, and applied
to a column (2.5 X 8.5 cm) of hydroxylapatite (bed volume 50 ml)
which had been equilibrated against the same buffer. The column
was washed with 50 ml of Buffer B and eluted with a 250-ml linear
gradient going from 0.05 M to 0.3 M potassium phosphate. Frac-
tions of 5 ml were collected, and the enzyme came off at a potas-
sium phosphate concentration between 0.07 M and 0.11 M.

The hydroxylapatite fraction was dialyzed and concentrated to
9 ml using the Amicon ultrafiltration cell with a PM-10 filter. The
concentrate was loaded in 3-ml portions on 30 ml of 10 to 25%
glycerol gradients and centrifuged at 25,000 rpm for 20 hours at 4°.
Thirty fractions of 1 ml were collected. The activity appeared in
Fractions 17 to 20.

For some experiments R.K-19 was further purified on 4% an-
alytical polyacrylamide gels (0.5 X 6 cm) run in Tris-barbiturate
buffer at pH 7.6. Electrophoresis was performed at 4° on the
glycerol gradient fraction containing 70 ug of protein and the gel
was sliced into 1-mm slices. Fractions of three slices each were
suspended in 0.25 ml of 0.01 M potassium phosphate buffer (pH 7.5),
10¢ M EDTA, 5 X 10~® m dithiothreitol, and 109, glycerol and
shaken overnight at 4°. The position of the enzyme was localized
by assaying an aliquot in the usual binding assay. The slices
containing the enzyme were macerated and centrifuged to remove
the gel particles and the supernatant used as the purified enzyme.

RESULTS

In Vitro Complementation with Crude Extracts—Comple-
mentation in vitro was studied with extracts of E. colv K-18
(r}(_mx+) and E. coly K-19 (rK"'mK"). The 35 to 55% am-
monium sulfate fractions of these mutants were prepared and
complementation shown with the binding assay. In this assay,




TaBLE I
DNA binding by crude extracts

Reaction mixtures with a volume of 0.25 ml contained 25 umoles
of TES (pH 8.0), 0.7 umole of EDTA, 1.6 umoles of MgCla, 3 umoles
of 2-mercaptoethanol, 0.1 umole of ATP, 0.02 umole of Ado-Met,
3.5 X 10° phage equivalents (4,000 cpm) of \.X [*H]DNA, 3 X 10°
phage equivalents (14,000 cpm) of X.0 [3?P]DNA, and 100 ug of
calf thymus DNA. Additions of enzyme extracts were as fol-
lows: 55 ug of K, 52.5 ug of K-18, and 43 ug of K-19. These were all
35% to 55% ammonium sulfate fractions. After incubation for 2
min at 30°, the reactions were terminated by the addition of 0.03
ml of 0.5M EDTA,pH8. The mixtures were then filtered through
nitrocellulose filters.

ATP and Ado-Met Complete reaction
omitted mixture
E. coli extract
MK A0 ALK 4.0
[BHIDNA% | [2P]) DNA® | [BHIDNA? | {?P]DNA°®

K (rx*mg*).......... 5.40 2.20 4.60 9.20
K-18 (rxmgt). ... ... 4.40 2.40 0.74 0.64
K-19 (rkmg™)....... 1.70 1.67 1.42 1.70
K-18 + K-19....... 1.20 1.40 1.20 6.80

s Expressed as per cent of input DNA bound to filters.

the enzyme is added to a reaction mixture containing differ-
entially labeled modified and unmodified X DNAs, Ado-Met,
ATP, and Mg?*. After a brief incubation it is passed through
a nitrocellulose filter, and restriction activity is detected as
specific binding of unmodified .0 DNA to the filter (17). These
complementation results were similar to those reported pre-
viously by Linn and Arber (4) from infectivity experiments
with extracts from rg~™mg* and rg~mp™ strains. In the ex-
periment summarized in Table I, 100 ug of calf thymus DNA
were added to each reaction mixture to suppress the nonspecific
binding of other proteins to the X DNAs. The extract from
E. coli K was able to bind twice as much unmodified .0 DNA
as \.K DNA. Although neither of the two mutant extracts
specifically bound unmodified N DNA, when combined they
bound 5 times more A\.0 DNA than A.K DNA. In both the
wild type extract and the complementing mixture of K-18 and
K-19 extracts, the specific binding was dependent on the pres-
ence of Ado-Met and ATP. However, these results should
only be considered qualitative since the presence of calf thymus
DNA also suppresses to a certain extent the specific binding of
the restriction enzyme to the unmodified A DNA. From our
unpublished results there is evidence that calf thymus DNA
may possess restriction sites for the E. coli K restriction endo-
nuclease. These results indicated that mixing together the
two mutant extracts produced an activity similar in properties
and requirements to that of the restriction endonuclease from
E. coli K.

Purification of Mutant Restriction Enzymes—By using partially
purified preparations of one mutant enzyme and the filter binding
assay, the complementing restriction enzyme could be purified.
The purified mutant enzyme could in its turn be used to purify
the other one. Unless otherwise indicated, the activity of a
mutant restriction endonuclease is operationally defined as its
ability to specifically bind unmodified A DNA in the presence
of an excess of the complementing enzyme. Table II gives a

summary of the two purifications, the details appear under
“Methods.”

The endonuclease R.K-18 purifies in a manner identical with
that of the wild type restriction enzyme and has been purified

TasLE II
Purification of mulant restriction enzymes

Endonuclease R.K-18 Endonuclease R K.{o

(rk"mk*) (rk™mg~)
Vol- [ Total |Specific] Vol- | Total |Spec
ume | protein |activity] ume | protein ac‘ieisli?t.

/ —
units, .
ml mg me ml mg u::;,/

High speed supernatant | 500 [5500 0.36{ 650 5330 0.1¢
Ammonium sulfate pre- | 100 13650 | 2.7 | 150 3000 | o3,

cipitation -
DEAE-fraction 125 | 350 5.25) 130 | 325 4.8
Phosphocellulose frac- 75 8.25} 33.3 8| 47.2 3:9

tion (concentrated)
Glycerol gradient frac- 10

0.17/916 15 5.25| 63.4
tion

TasrLe III
Complementation by mutant restriction enzymes in DNA binding

The complete reaction mixture contained in a 0.25 ml volume:
25 pmoles of TES (pH 8.0), 0.07 umole of EDTA, 1.6 umoles of
MgClz, 3 umoles of mercaptoethanol, 0.1 umole of ATP, 0.02
smole Ado-Met, and A. K [FH|DNA (2.22 X 10? (20,100 cpm) phage
equivalents) and X\.0 [*?P]DNA (1.97 X 10° (1,870 ¢pm) phage
equivalents) as indicated on the table. Endonuclease R.K (0.0
ug) or 0.25 ug of endonuclease R.K-18 or 3.5 ug of R.K-19 were
added. Components were omitted from the assay mixture as
indicated in the table. Incubation was done at 30° for 2 min and
0.03 ml of 0.5 M EDTA was then added. The samples were then
passed through nitrocellulose filters as described under ‘“Meth-
ods.”

Phage equivalents
of DNA retained
Components X 108
Enzyme added omitted from
complete reaction MK N
{*H]- | [#P)-
DNA DNA
Endo RK....................... None 3.0 |19.4
Endo RK-18..................... None 2.2 0.8
Endo RK-19..... ... ... ... .. .. None 1.1 0.4
Endo R.K-18 + Endo R.K-19. ... None 2.3 193
Endo R.K-18 + Endo R.K-19....| Ado-Met, 1.0 0.3
ATP, Mg?*
Endo R.K-18 + Endo R.K-19....| Ado-Met, 3.0 1.0
ATP
Endo R.K-18 + Endo R.K-19. ... Ado-Met 2.0 | 0.2
Endo R.K-18 + Endo R.K-19....| ATP 7.3 | 4.0
Endo R.K-18 + Endo R.K-19....] Mg 2.0 | 05

close to 2500-fold. On the other hand, the endonuclease R.K-19
does not bind to phosphocellulose, and only weakly to hydrosyl-
apatite, and in these respects is very different to the wild t¥P*
and K-18 proteins. This has resulted in its being purified only
400-fold and analysis on polyacrylamide gels shows the presen®
of a number of contaminating proteins. Both mutant restrictio?
endonucleases sediment similarly to the wild type enz.""‘e.m
glycerol gradients and thus are not enzyme fragments. The
glycerol gradient fractions were stored at —40° and were sta
for 6 months. Inall of the following experiments, the gly¢®
gradient fraction was used routinely unless otherwise indicatet:
DNA Binding—The ability of the purified enzymes t0 bin
unmodified DNA was measured in the experiment shown l;‘
Table III. The wild type enzyme specifically bound almos
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Fi6. 1. Complementation by mutant restriction enzymes in
endonuclease activity. The reaction mixtures were the same as
those described in Table I except that the input of A.K [*H]DNA
1wd A0 [?P]DNA was 2.4 X 10° (22,000 cpm) and 1.79 X 10° (1,700
cpm) phage equivalents, respectively. Enzyme additions were:

TaBLE IV
DN A modification methylase activity

The reaction mixtures contained in a volume of 0.15 ml: 15
umoles of TES (pH 8.0), 0.03 umole of EDTA, 1.5 umoles of mer-
eaptoethanol, 0.38 nmole of [methyl-*HJAdo-Met (13 Ci per
mmole), 4 X 1019 phage units of modified or 3.4 X 10!° phage units
of unmodified A\ DNA and approximately 0.3 ug of endonuclease
RK, 0.36 ug of endonuclease R.K-18 or 7 ug of the K-19 enzyme.
After incubation at 37° for 18 hours A [*?P]JDNA (1950 cpm) and
250 ug of calf thymus DN A were added, the DNA was precipitated
by addition of 1 m! ice-cold 109, trichloroacetic acid-0.01 M sodium
pyrophosphate-1 M NaCl. The samples were left in ice for 30
min before centrifuging at 6000 X g for 15 min. The supernatants
vere discarded and the pellets were dissolved in 0.4 ml 0.5 M
-\_H.OH with vigorous agitation. The solution was extensively
dialyzed against 0.01 M Tris (pH 8.0)-0.01 M NaCl-2 X 10~ M
EDTA and reprecipitated as described above. Each precipitate
¥8s collected on a glass fiber filter and washed with 10 ml of cold
trichloroacetic acid, sodium pyrophosphate, and NaCl followed
b 10 ml methanol. The filters were then counted in Aquasol.

. Methy!
Enzymes DNA substrate D%Xuxx):ol!):crule

EndoRK.......................... K <0.1
EndoRK.18... ... ... 2K <0.1
Mo RK-19. . . ..., 2K 0.6
ndo R K.18 + Endo R.K-19........ »K 0.3
MoRK. ... . 2.0 6.6
EndoRKas. ... 2.0 5.1
Mo RK-I9. .. ..., 2.0 0.7
2do R.K.18 + Endo R.K-19........ 2.0 4.8

Al of the unmodified \.0 DNA in a complete system, but no
fuch effect was observed with the endonucleases R.K-18 or
K-19 by themselves. However, when the two mutant endo-

MWeleases were mied together along with the DNAs and the

0.12 ug of endonuclease R.K or 0.36 g of endonuclease R.K-18 or
7 ug of endonuclease R.K-19. The incubation was carried out at
30° for 20 min and stopped by the addition of 0.03 ml 0.5 M EDTA,
pH 8.0. The samples were then subjected to sedimentation analy-
gis in neutral sucrose gradients.

cofactors and passed through a membrane filter, specific reten-
tion of almost all of the .0 DNA was observed. The cofactor
requirements for specific DNA binding by the complementing
mixture of endonucleases R.K-18 and R.K-19 was identical with
that of the wild type restriction enzyme (¢.e. Ado-Met, ATP,
and Mg?*). Asis the case with the wild type enzyme, a certain
amount of nonspecific binding was observed if ATP was omitted.

Restriction Endonuclease Activity—The wild type restriction
endonuclease readily cleaves unmodified A.0 DNA by making a
limited number of double-stranded scissions in the presence of
Ado-Met, ATP, and Mg?t. It has no effect on \.K DNA (3).

In the experiment shown on Fig. 1, the effect of the three en-
donucleases on the sedimentation rate of a mixture of \.K [?H]-
DNA and .0 [?P]DNA was determined on neutral sucrose gra-
dients. As was expected, the wild type endonuclease specifically
degraded unmodified \.0 DNA while neither of the two mutant
endonucleases had any effect on it. When the endonucleases
R.K-18 and R.K-19 were present together with all of the cofac-
tors, the unmodified \.0 DNA was specifically cleaved. In the
absence of either Ado-Met or ATP, no reaction was observed.
Both in its specific double-stranded cleavage of unmodified DNA
as well as in its requirements for Ado-Met and ATP in this re-
action, the combined mutant endonucleases resembled the wild
type enzyme.

DNA Modification Methylase Activity—It has been demon-
strated that the restriction endonuclease from E. coli K has a
DNA modification methylase activity which transfers an average
of 8 methyl groups from Ado-Met to unmodified A.0 DNA. In-
cubations carried out with larger amounts of enzyme can lead to
a maximum incorporation of 10 to 15 methyl groups per A mole-
cule. This reaction requires only Ado-Met, and the in witro
modified DNA is rendered resistant to cleavage by the same en-
zyme in the complete restriction system (7). The number of
methyl groups incorporated in vitro agrees well with the figure




4584

TaBLE V
ATPase activity of mutant restriction enzymes

The complete system contained in a reaction volume of 50 ul:
5 umoles of TES (pH 8.0), 3.5 nmoles of EDTA, 0.15 gmole of
mercaptoethanol, 0.3 umole of MgCl,, 1 nmole of ATP, 0.02 nmole
of PHJATP (Cs-2H, 18 Ci per mmole), I nmole of Ado-Met, 6 X 10¢
phage equivalents of unmodified X DNA or 5 X 10° phage equiva-
lents of modified DNA.", Endonuclease R.K (0.06 pug), 0.06 ug of
endonuclease R.K-18, or 0‘.03 ug of gel purified endonuclease
R.K-19 were added. In the incubations where endonucleases
R.K-18 and R.K-19 were dombined, the same amounts of each
enzyme were present. The samples were incubated at 37° for 1
hour, and then stopped by the addition of EDTA (pH 8.0) to
bring it to a final concentration of 0.04 m. ATP, ADP, and AMP
were added as internal markers and aliquots of the reaction mix-
tures were spotted on polyethyleneiminecellulose thin layer plates.
The chromatograms were developed at room temperature in 0.2
M NHHCO;. The marker nucleotides were detected by ultra-
violet light, and the sample strips were cut and counted in a liquid
scintillant.

Components omitted
Enzyme from cogﬂ:\l}igeacnon hyd“:;ligz ed
pmoles/hr
Experiment 1
Endo RK-18.... ................ None 42.5
Endo RK-18. .. ... ............ .. A0 DNA 44.0
Endo R.K-18................. ... Ado-Met <5.0
Endo R.K-18.............. ... .. Ado-Met and A.0 <5.0
DNA
Endo RK-19................. ... None 27.0
Endo RK-19.... ... ............ 2.0 DNA 45.0
Endo RK-19................. ... Ado-Met 10.0
Endo R.K-19.................... Ado-Met and A.0 11.0
DNA
Experiment 2
Endo RK. ..................... None 170
Endo RK-18................. ... None 39
Endo R.K-19.................. .. None 37
Endo R.K-18 4+ Endo R.K-19.... None 112
Endo R.K-18 + Endo R.K-19.... Ado-Met 18
Endo R.K-18 4+ Endo R.K-19.... 2.0 DNA 39
Endo R.K-18 + Endo R.K-19....| Ado-Met and A.0 13
DNA
Endo R.K-18 + Endo R.K-19...... 20 DNA plus 37
MK DNA

of five K restriction sites determined genetically by Murray el
al. (18).

The two mutant restriction enzymes were tested for DNA
methylase activity, and compared with that of the wild type en-
zyme. Table 1V shows that when modified A.K DNA was used
as the substrate, neither the wild type endonuclease nor the mu-
tant endonucleases nor the combined mutant endonucleases had
any activity. On the other hand, when unmodified X.0 DNA
was used as the methyl acceptor, 6.6 methyl groups were incor-
porated per phage genome in the presence of endonuclease R.K.
The enzyme from strain K-18 which possesses a functional mod-
ification system incorporated 5.1 methyl groups per DNA mole-
cule, while the enzyme from strain K-19 which is unable to either
restrict or modify showed a value of 0.7 methyl group per DNA
molecule. When both mutant enzymes were combined, the

value remained essentially the same as for either the wild type
or the endonuclease R.K-18 by itself. The results obtained fit
the expectations arising from the genetic data, i.e. the wild type

and r~m* strains should modify to the same extent, but nq com,
plementation should be observed with the K-18 and K-19 Strair
since the limiting element would be the subunit responsihje f(;
site recognition.

ATP Hydrolysis—An unusual feature of the K restrictigy €
donuclease is an ATPase activity that is associated with it. Ty,
activity requires unmodified DNA and the same cofactors a5 the
restriction reaction, cleaving the ATP to yield equimolar amoupy,
of ADP and inorganic phosphate. This ATPase has two curig,
properties: it continues to hydrolyze ATP for periods of up 102
hours, long after the nucleolytic reaction has gone to completig,
and the number of ATP molecules split is greatly in excess of t,
number of double-stranded breaks (approximately 10> ATP molei
cules per A genome with an average of 5 breaks per genome) (8),

In order to study the ATPase activity of the two mutant re.
striction endonucleases, it was necessary to purify the endony.
clease R.K-19 by polyacrylamide gel electrophoresis in order t,
remove a contaminating ATPase unrelated to restriction. FEy.
periment 1 of Table V shows the ATPase activities of the mutan
enzymes alone. R.K-18 shows an activity which is dependen
on Ado-Met only. Presence of unmodified DNA does not make
any difference. R.K-19 still contains a low residual contaminat.
ing ATPase activity even after further purification on polyacryl.
amide gels. In the complete reaction system more than a 2-fold
increase in this activity is observed. That this activity is Ado-
Met-dependent is further suggested by the observation that when
DXNA is removed from the reaction mixture a further increase in
the activity is obtained. Experiment 2 of Table V shows the
ATPase activity of the combined mutant endonucleases. Equiv-
alent DNA binding units of each enzyme were used in this ex-
periment. In the reactions with the combined endonucleases
R.K-18 and R.K-19, the same amount of each enzyme was added.
This results in an enzyme concentration double that of the in-
cubations with each enzyme alone. As was shown in the pre-
vious experiment each of the mutant enzymes had an ATPase
activity which was about one-fourth of that of the wild type en-
zyme and did not require DNA and is dependent on the presence
of Ado-Met. This makes it highly unlikely that the activities
in question are due simply to contamination. When the com-
bined mutant enzymes were assayed for ATPase, the value ob-
tained was dependent on the presence of unmodified DNA and
Ado-Met as is the case for the wild type activity.

Binding of Ado-Mel to Restriction Enzyme—No clear-cut rﬂk‘
has been found for Ado-Met in the restriction reaction and it ¥
not known whether it is consumed in the reaction or acts as 88
allosteric effector. We have looked at the fate of Ado-Met thﬂ
it was incubated with the various restriction endonucleases. Fig.
2 shows the results of experiments in which the wild type ""C_J&
nuclease or one of the mutant enzymes was incubated for 2 mm:
with [methyl-*H]Ado-Met and was then put through a Sephadex
G-50 column. Given the high molecular weight of the enzymes
they should emerge in the void volume while the Ado-Met Sho'“m
be included. Aliquots of the fractions from each columd “;‘
counted for radioactivity, and the samples in the void volu )
were assayed for DNA binding in the presence or absence 0 8
ditional Ado-Met. o ated

Fig. 24 shows the effect of incubation with heat-mactl(;‘w
and native endonuclease R.K. Only a small amount'of ra ;‘
tivity emerged in the void volume in the case of the 1x1a0§1fe
enzyme and no enzyme activity was observed. If n?.‘n
striction enzyme was used, a tritium peak was Obs?“'e '
void volume which coincided with the enzyme activity 8s mo\\"
ured in the presence of all cofactors, Ado-Met included.
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Fig. 2. Gel filtration of Ado-Met-enzyme complexes. The
reaction mixtures contained in a volume of 0.1 ml: 10 pmoles of
TES (pH 8.0), 0.03 umole of EDTA, 0.64 umole of MgCls, 1.2 umoles
of mercaptoethanol, and 0.435 nmole of [methyl-*H]Ado-Met (11.4
Ciper mmole). The amount of enzyme added to each sample was
37 kg of endonuclease R.K, 15 ug of endonuclease R.K-18, and 45
sg of endonuclease R.K-19. The samples were incubated at 30°
for2min and 0.01 m! 0.5 M EDTA (pH 8.0) was then added. Each

ever, if Ado-Met was omitted in the enzyme assays, 509, of the
ativity could still be detected indicating that the Ado-Met
bound to the enzyme appears to be sufficient to allow specific
binding to unmodified DNA without further addition of Ado-
Met. The enzyme complex carrying the tritium label was con-
tentrated, sodium dodecyl sulfate was added to a final concen-
tration of 0.49, and the sample was analyzed by thin layer
_‘hl’f)matography. All of the tritium was present as Ado-Met
tdicating that the methyl group of the Ado-Met was neither
tovalently bound to the enzyme nor had undergone any chemical
nge.
Similar experiments were done with the mutant enzymes.
€ results are shown in Fig. 2B. As mentioned previously,
the activity of the mutant restriction enzymes is measured in
terms of jts ability to bind specifically unmodified DNA in the
Presence of the complementing enzyme. With the endonuclease
K-18, a tritium peak emerged in the void volume along with
€ enzyme activity (measured with the complete assay system).
€ percentage of DNA binding was higher in the case of endo-
"“cyleasg R.K-18 because a lower concentration of unmodified
NA was present in the assays. If Ado-Met was omitted from
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sample was then applied to a Sephadex G-50 column (0.5 X 24 cm)
which had been equilibrated with 0.01 M Tris (pH 7.4), 1074 M
EDTA, and 2 X 1072 M mercaptoethanol (Buffer C) containing 10%
glycerol. The column was run with Buffer C at a flow rate of 12
ml per hour at 4° and fractions of 0.25 ml were collected. Aliquots
of 0.05 ml from the first 20 fractions were assayed for DN A binding
in the presence and absence of Ado-Met. Samples of 0.05 ml were
also counted for tritium in 3 ml of Aquasol.

the assay reaction, approximately 509 of the activity could
still be detected. This indicated that the mutant enzyme from
strain K-18 was able to bind Ado-Met and use it in conjunction
with the complementing endonuclease R.K-19 to bind unmodified
DNA.

In the case of endonuclease R.K-19, a tritium peak appeared
in the void volume along with the enzyme activity. If the Ado-
Met was omitted in the assays, no enzyme activity was detected.
It must be stressed however, that the Ado-Met binding observed
may very well be due to one of the contaminating proteins and
not to the mutant enzyme itself. What is clear is that even if
the mutant enzyme from K-19 does bind Ado-Met, it is unable
to use it in combination with the endonuclease R.K-18.

DISCUSSION

The wild type and mutant restriction enzymes of E. coli K
have been compared by studying a number of different reactions:
the specific binding and endonucleolytic cleavage of unmodified
A DNA, DNA methylation, and the hydrolysis of ATP during the
restriction reaction. The restriction endonuclease R.K-18 (from
the rx~mg* strain) purifies in a manner identical with that of
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the wild type enzyme. On the other hand, the enzyme from the
I mg~ strain K-19 which presumably lacks the site recognition
function is quite different insofar as it is unable to bind to phos-
phocellulose and is weakly bound to hydroxylapatite. All three
enzymes have the same size of approximately 12 S.

Neither of the two mutant endonucleases bound to unmodified
A0 DNA. This is unexpected since the endonuclease R.K-18
should have an intact recognition subunit. These results would
indicate that both the restriction and recognition subunits are
necessary for formation of the specific complex that is bound to
the nitrocellulose filters. At the same time, it suggests that the
specific binding seen with the wild type endonuclease is associated
with the cleavage reaction rather than with just recognition of
the host specificity sites on the DNA.

The endonuclease and methylase activities of the two mutant
enzymes are in accordance with the in mvo observations; neither
of the two can cleave unmodified DNA, and the endonuclease
R.K-18 but not the endonuclease R.K-19 can methylate un-
modified DNA.

The hydrolysis of ATP is an unexplained property of the
restriction endonuclease but it is known that it requires the
endonucleolytic reaction to take place. Two hypotheses have
been advanced to explain this ATPase: (a) ATP hydrolysis may
provide the activation energy for some conformational change
required for the specific recognition of unmodified DNA; or (b)
the cleavage of unmodified DNA yields an altered enzyme that
catalyzes the ATP hydrolysis. It is interesting to note that the
ATPase characteristic of the wild type enzyme is absent from
both mutant enzymes, neither of which can restrict. These
enzymes however do have an ATPase activity which is dependent
solely on the presence of Ado-Met.

Complementation in vitro can be readily demonstrated with
the mutant enzymes from strains K-18 and K-19. When both
proteins are present together, there is specific binding to un-

modified DNA, double-stranded scission of the DNA, and ATP
breakdown—all of these showing the same requirements as the
wild type enzyme. None of these results allow us to distinguish
between complementation in vitro due to subunit exchange be-
tween the two mutant proteins and a reaction consisting of at
least two steps each one catalyzed by one of the mutant enzymes.
Several experiments have been done in an effort to isolate wild
type enzyme by chromatography on phosphocellulose columns
of a mixture of endonucleases R.K-18 and R.K-19 that had been
incubated with or without cofactors under a variety of condi-
tions. No wild type activity was observed. Attempts to iso-
late a DNA intermediate after incubation with one of the mutant
enzymes and then incubating it with the complementing enzyme
have yielded ambiguous results. Further experiments are in

progress with these enzymes and those from other mutants to
elucidate this matter.

Finally, our experiments show that the wild type enzyme ;
able to bind Ado-Met. The Ado-Met-enzyme complex f, !
is active in the DNA binding reaction without the additioy
further Ado-Met. The same is true for endonuclease R K.y,
which also forms a complex with Ado-Met, and in combinatk,:
with endonuclease R.K-19 can bind to unmodified DX A Withoy
added Ado-Met. The endonuclease R.K-19 may or may r;
bind Ado-Met, but it is unable to use it for DNA binding, 1,
any case, the Ado-Met bound to endonuclease R.K-18 ig suﬁ;
cient to allow complementation with the K-19 enzyme to take
place. Whether the Ado-Met bound to the restriction enzyme
is then transferred to the unmodified DNA as one of the ste;;sgg
the restriction reaction or is only required as an allosteric effectcy
is one of the matters under study at the present time.
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