Volume 27, number 2

FEBS LETTERS

November 1972

SOME OBSERVATIONS ON THE COFACTOR REQUIREMENT FOR PARTIALLY
PURIFIED DNA LIGASE FROM ESCHERICHIA COLI

R.S. FELDBERG*, H. YOUNG, L.A.F. MORRICE and H.M. KEIR
Department of Biochemistry, University of Aberdeen, Marischal College, Aberdeen, AB9 148, U.K.

Received 16 September 1972

1. Introduction

Polynucleotide ligase (DNA ligase) catalyses the
synthesis of a phosphodiester bond by esterification
of the 5"-phosphoryl group to the 3"-hydroxyl group
of DNA chains which have been properly aligned in a
double helical structure, Although the DNA substrate
specificity is the same for all ligases studied, the cofac-
tor requirement for the reaction does vary depending
on the source of the enzyme. Escherichia coli ligase
specifically requires NAD" whereas the specificity of
T4 bacteriophage-induced and mammalian ligases is
for ATP [1].

In the course of investigating mammalian cell ligase
we decided to check a simple ligase assay system using
enzyme prepared from E, coli, This paper reports our
findings that partially purified ligase from E. coli C64t
catalysed the covalent closure of “Hershey” circles
[2] of A DNA only in the presence of ATP and that
NAD" was not required for the reaction. The require-
ment for ATP was lost during purification of the ligase,
and after the final stage of purification NAD" could be
shown to increase the amount of covalently closed
product. The possibilities of exceptionally high levels
of ligase-AMP in the bacterial cell, a protective effect
of ATP on the DNA substrate and a “modification™ of
the ligase during purification are discussed.

* Present address! Graduate Department of Biochemistry,
Brandeis University, Waltham, Mass, 02154, USA,

1 E. coli C64 (Hfr, met, endo I, T, R, A8, azideR) is an endo-
nuclease I strain and was a gift of Dr. R. Hayward, Depart-
ment of Molecular Biology, University of Edinburgh.
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2. Materials and methods

2.1. Preparation of ligase

Ligase was prepared from E. coli C64 grown to late
log phase at 30° in an orbital incubator using M9 me-
dium containing 0.2% casamino acids (Difco). The
cells were harvested by centrifugation, washed once
with 50 mM potassium phosphate, pH 7.6 and stored
at —20° until required. Ligase was extracted and
purified from the cells by the method of Olivera [3].

2.2. Preparation of bacteriophage \

Bacteriophage A was prepared by thermal induction
of E. coli W1485 (A clgs~S,Sull), This strain was a
kind gift from Dr. K. Murray, Department of Molecular
Biology, University of Edinburgh. Cells were incubated,
with shaking, at 30° in 150 ml amounts of 2.5% nutrient
broth (Oxoid No. 2) containing 0.1% yeast extract
(Oxoid) until the absorbance of the culture at 600 nm
was between 0.5 and 0.6. The culture was then heated
at 45° for 15 min, and uridine added to a final concen-
tration of 0.5 mg/ml followed by 200 ul of [6-> H]thym-
idine (1 mCi/ml; Amersham). After incubation for 60
min at 38°, 150 ul more of [6-*H]thymidine was added
to each 150 ml culture. Incubation was continued at
38° for 3 to 4 hr more before harvesting the cells by
centrifugation. Bacteriophage A S, is lysozyme nega-
tive, therefore the phage is still within the cell.

2.3. Purification of bacteriophage \

The cell pellet from approx. 600 ml of culture was
resuspended in 20 mi of 20 mM Tris-HCl, 5§ mM MgSO,,
pH 8.0 (bacteriophage buffer). Cells were lysed by
shaking with a few drops of chloroform and the host
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DNA and RNA digested at 37° by the addition of 50
pg/ml DN Aase (Deoxyribonuclease. 1, DN-100, Sigma)
and 50 ug/ml RNAase (Ribonuclease-A, Sigma), Bac-
terial debris was removed by centrifugation at 9,000
g (MSE 25) and 4° for 15 min, the supernatant re-cen-
trifuged at 45,000 g for 4 hr and the precipitate re-
suspended by overnight contact with bacteriophage
buffer.

The low and high speed centrifugation was repeat-
ed and the final high speed precipitate, resuspended
in 2 ml of bacteriophage buffer, was layered on top
of successive 5 ml layers of CsCl of density, 1.7, 1.6,
1.5 and 1.4, The phage were then centrifuged for 2
hr at 45,000 g and 20° in the Spinco SW 25.1 rotor.
The gradient was fractionated and the bacteriophage
fractions, located on the basis of their radioactivity,
were pooled and dialysed overnight at 4° against 3 1
of bacteriophage buffer.

2.4, Extraction of A\ DNA and preparation of Hershey
circles

An equal volume of redistilled phenol, saturated
with 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 was ad-
ded to the bacteriophage, previously made 5 mM
with EDTA, and the mixture swirled gently at 4° for
15 min. The layers were then separated by low speed
centrifugation, the aqueous phase re-extracted with
phenol and dialysed for 3 days at 4° against five 11
changes of 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.

Hershey circles were prepared by heating A DNA
(5 ug/ml) in 2 M NaCl, 3 mM EDTA, pH 7.6 at 78°
for 15 min followed by quick cooling in ice. The DNA
was then heated at 55° for 4 hr and allowed to cool
slowly to room temperature. Finally the DNA was
dialysed overnight at 4° against 2 1 of 10 mM Tris-HCI,
1 mM EDTA, pH 7.6. 60 to 70% conversion of linear
DNA to Hershey circle DNA was obtained as deter-
mined by centrifugation through 5—20% neutral suc-
rose gradients.

2.5. Assay of DNA ligase

Each ligase assay mixture (0.31 ml) contained:
Tris-HCl, pH 7.5 (50 mM); MgCl, (13 mM); dithio-
threitol (6 mM); E. coli tRNA (15 ug); Hershey circle
DNA (0.01 mM in terms of nucleotide); ATP (Sigma,
0.5 mM) or NAD* (Sigma, 0.03 mM); and enzyme.
After 20 min at 30° the incubation tubes were chilled
and the reaction stopped by the addition of 70 ul of
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10% sucrose containing 1.15 M NaOH, 0.31 M EDTA,
1.85 M NaCl. The reaction mixture was then layered
on a 4.4 ml 5—20% alkaline sucrose gradient (0.3 M
NaOH, 0.7 M NaCl, 0.001 M EDTA), and centrifuged
for 60 min at 36,000 rpm (106,000 g) and 12° in the
SW 50 rotor of the Spinco L2. The gradients were
fractionated by collecting 6-drop fractions directly
onto glass fibre filters (Whatman GF/C). The discs
were washed with 5% trichloroacetic acid, ethanol,
and counted in an Intertechnique liquid scintillation
counter using a toluene-based scintillator.

3. Results and discussion

Figs. 1 to 3 show the results of ligase assays, using
ATP, or NAD" or no cofactor, performed at different
stages of ligase purification. Fig. 1 clearly shows that
only ATP allows the formation of covalent circles
when enzyme purified by ammonium sulphate preci-
pitation is used. The radioactivity in a discrete peak
sedimenting approx. 3.8 times faster than the starting
material was taken to be the circular DNA product
[4]. The use of neutral sucrose gradients containing
actinomycin D, as described by Gellert [5] provided
further evidence of the covalent nature of our prod«
uct. Again, with the DEAE-cellulose fraction of the
enzyme (fig. 2), ATP is necessary for maximal activity,
20% conversion to covalent circles; while the amount
of conversion in the presence of NAD" (9.5%) is only
slightly greater than that in the absence of any co-
factor (8.5%). After the enzyme has been purified by
phosphocellulose column chromatography the same
amount of product is formed, irrespective of whether
ATP, NAD" or no cofactor is present (fig. 3). How-
ever, when this purified enzyme is stored and re-tested
a few days later it is clear (fig. 4) that although the
enzyme activity has decreased, NAD" now stimulates
the reaction. Since covalent closure also takes place
in the absence of the accepted cofactor (NAD") this
suggests that the ligase is being isolated in the “charged”
form, that is, as a ligase—AMP complex.

These data seem to indicate that the less highly
purified enzyme extracts contain some activity which
destroys the ability of the Hershey circle DNA to act
as substrate. ATP inhibits this activity and allows endo-
genous ligass—AMP to form a covalent circle. This hypo-
thesis was tested by pre-incubating Hershey circle DNA
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Figs. 1—4, The effect of cofactor on the conversion of A DNA to covalent circles as described in Materials and methods by the ex-
tracts indicated below. The direction of sedimentation is from right to left, (A—a—a) Assay containing ATP; (2 —a-—2) assay
containing NAD*; (e—e—@) assay-containing no cofactor. Fig, 1: 500 ug ammonium sulphate fraction, Fig, 2: 140 ug DEAE-

cellulose fraction, Fig. 3: 11 ug phosphocellulose fraction, Fig. 4: 11 ug phosphocellulose fraction stored 3 days at —20° before assay.
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with the ammonium sulphate fraction in the absen-
ce of ATP. On the subsequent addition of ATP

only 5% of the covalent product expected was ob-
tained, indicating that the Hershey circle DNA was
no longer acting as a substrate for the reaction.

After phosphocellulose chromatography the enzyme
activity which destroys the substrate activity of the
Hershey circle DNA has been removed and consequent-
lv enua_l activity is given by ATP, NAD" or no cofactor,
The loss of activity of the phosphocellulose fraction on
storage can be explained in terms of the multiple forms

of the ligase described by Zimmerman and Oshinsky [6].

The active ligase—AMP complex (Form III) is known
to give rise during storage to two other forms (1 and 1iI)
neither of which shows activity in the routine DNA
joinine nccay The low level of NAD* stimulated acti-

JOLLLE ass 2 41¢ 10 WOvel O 2 SVl a4

vity found after storage could be due to a small amount
of free ligase present in this highly purified fraction.
This ligase would have been masked in the earlier frac-
tions by the ligase—~AMP and not detected in the pres-

ence of NAD" alone since ATP is necessary to protect
the DNA substrate in these early fractions.

The abhove explanation is denendent on our hvnn—
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thesis that we are isolating the enzyme in the charged"
form. In support of this, ATP is not bound to the am-
monium sulphate enzyme fraction as would be expect-
ed if it were being used as cofactor in the reaction.

This was shown by incubating the ammonium suiphate
fraction with ATP (*H-labelled in the adenine moiety)

in the abhsence of DN A and separating the nrotein npsﬂ(
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from the ATP by Sephadex G-25 column chromato-
graphy. Although radioactivity was found associated
with the protein peak it was not acid precipitable, and
not therefore covalently bound to the protein. Using
standard procedures [7, 8] we have been unable to
discharge the ligase—AMP complex with either NMN
or with PPy, It is therefore possible that the ligase—
AMP complex which we obtain from E. coli C64 is
present in still another form (Form 1V), able to react
in the normal joining reaction, but unable to discharge
the AMP moiety upon exposure to NMN.

Our findings that we are isolating the enzyme main-
ly in the “charged” form is very unusual since by ex-
tracting the enzyme in the presence of EDTA, forma-
tion of ligase—AMP duringextraction is normally pre-
vented. The high ligase—AMP level might be due to the
strain being endonuclease I” which in turn could imply

that the number of “nicks’ in the DNA governs the
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overall level of charged enzyme within the cell. This
clearly may have some physiological significance,

The mechanism by which the Hershey circle DNA
is modified so as no longer to act as a substrate in the
ligase reaction is currently under investigation. Although
some protection was afforded by deoxyribonucleoside
triphosphates, inactivation by a phosphatase is unlikely
since the addition of 5 mM sodium fluoride (an inhibi-
tor of phosphatase activity) to a ligase assay, in the
absence of ATP, did not allow formation of covalent
product: sodium fluoride at this concentration did
not inhibit ligase activity. Similarly, glucose 6-phos-
phate did not protect the substrate, We favour the
idea that the Hershey circie DNA is inactivaied by
some “restriction’ activity present in the cell extract
(for example, see Meselson and Yuan {9].)

These results have been presented as a guxde to
workers who wish to set up an assay system for DNA
ligase. However, some of the findings may be peculiar
to the ligase reaction involving the covalent closure

TART BT A Tt

of A DNA since NAD aepenaence of partla.uy purmea

ligase has been demonstrated using other assay systems
Hﬂ 1 ﬂ It should also be noted that earlier workers

{4], using a similar assay system to the one reported
here, made passing reference to variable stimulation
of partially-purified ligase due to the addition of ATP
and deoxyribonucleoside triphosphates. These last
two observations support our view that the Hershey

circle DNA may be inactivated due to some form of
restriction activity,
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