Proc. Nat. Acad. Sci. USA
Vol. 71, No. 4, pp. 1549-1553, April 1974

Isolation and Function of the Gene 4 Initiator of Bacteriophage ¢+X 174,

A Highly Specific DNA Endonuclease

(cis-acting protein/DNA supercoils/replicative forms of DNA)

TIMOTHY J. HENRY* AND ROLF KNIPPERSt

Friedrich-Miescher-Laboratorium der Max-Planck-Gesellschaft, Tubingen, Germany

Communicated by Norton D. Zinder, October 31, 1973

ABSTRACT The gene A product of Escherichia coli
bacteriophage $X 174, necessary for initiation of ¢X DNA
synthesis, has been identified and purified to near homo-
geneity. The gene A4 protein is shown to be a highly specific
DNA endonuclease which breaks one phosphodiester bond
in the viral strand of either double-stranded, circular
¢X replicative form I (RFI), or in single-stranded, circular
¢X viral DNA; it is inactive against all other species of
DNA tested.

The circular single-stranded DNA of bacteriophage ¢X 174
is converted to a double-stranded form soon after its penetra-
tion into the host cell (1). This synthesis of the complementary
strand is catalyzed by host cell enzymes (1-3) and has teen
duplicated vn vitro (4-6). The circular duplex DNA (“replica-
tive form” DNA, “RF’”) is replicated semi-conservatively
(7) in vivo to produce a number of daughter RF molecules via a
rolling circle type of mechanism (8-10). These semi-conserva-
tive replication processes occur only if the product of the
viral gene A4 is active (11, 12) and if the host cell replication
machinery is intact. .

The n vivo function of the gene A product has been most
clearly delineated by Francke and Ray (13, 14). They showed
that the majority of the phage DNA molecules in wild-type
¢X 174-infected cells contain a phosphodiester cleavage (a
nick) at a specific site in the viral strand (RFII form of DNA),
whereas in gene A amber mutant infected cells, essentially all
¢X-RF molecules remain as intact supercoiled circles (RFI).
This result suggests either that (a) the gene A protein acts as
a site-specific endonuclease, (b) the gene A protein is needed to
activate such a cellular endonuclease, or (c) the A protein
protects a particular region of the RF molecule so that, even
though random nicks are made, only those in this region
escape DNA ligase action and survive.

In this paper we describe an isolation procedure for the
gene A protein. As suggested by the in vivo data, the purified
gene A protein has a DNA endonuclease activity which
specifically cleaves a phosphodiester bond in the viral strand
of pX-RF or in single-stranded, circular ¢X viral DNA. Of
the supercoiled DNA species tested, only X 174 was attacked
by this enzyme.

MATERIALS AND METHODS

Strains. Escherichia coli H514 (Endo I, her—, Arg=—, Thy )
(15) was obtained from Dr. H. Hoffmann-Berling. H514
was used for preparing ultraviolet-irradiated, ¢X-specific
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proteins ([1C]- or [*H]amino-acid labeled) as well as for
preparation of normal ¢X-infected cell extracts. The ¢X 174
amber mutant, am 3 (lysis~, gene E) was used as equivalent
to ¢X-wild type. Am 3, am 86 (gene A), and E. colt HF 4714,
the permissive host for $X amber mutants, were obtained
from Dr. R. L. Sinsheimer.

DN A Substrates. [*H]¢X-RFI was prepared from am-3-in-
fected H514 essentially as described in ref. 16 (lysozyme-Brij
lysis followed by isopycnic banding in propidium diiodide—
CsCl). When double-labeled ¢ X-RFI was made, [*H Jthymidine
(1 uCi/ml) and chloramphenicol (150 ug/ml) were added 5
min before infection with “C-labeled am-3 ¢X phage; these
cells were harvested for RFI purification at 15 min post in-
fection.

¢X 174-Spectfic Marker Proteins were prepared essentially
as described by Godson (17) or Gelfand and Hayashi (23).
The irradiated cells were incubated 15 min at 37° before
infection with ¢X am 3 (multiplicity of infection 10-20). At
the time of infection, a [1*C]Jalgal protein hydrolysate (Amer-
sham/Searle) was added to 0.2 uCi/ml (2 X 108 cells per ml).
After 50 min, an excess of unlabeled casamino acids was added
and incubation continued for 10 min. Labeled cells were
washed and stored at —20° prior to being mixed with un-
labeled, nonirradiated, pX-infected cells.

Purification of the A Protetn. We determined by double-
label experiments (sodium dodecyl sulfate gel electrophoresis
of ¢X gene A mutant extracts versus wild-type) that the
phage-specific protein of 56,000 daltons was the product of
¢X 174’s gene A. Several recent reports (17-20) agree with
this value for the molecular weight of the A protein in contrast
to the lower values reported earlier (21-23). When the proper
gene A mutant was used in double-label experiments, we did
see a second ratio peak indicative of the second product of this
gene (19, 47). In our gels, the small product migrated very
close to the major capsid protein and was impossible to
identify in singly labeled gels. We call the product of the
entire gene A the “A protein” and the smaller fragment the
“A’ protein” (usage opposite that in refs. 19 and 47).

E. colt H514 cells were grown to 2 X 10%/ml. infected with
¢X am 3 (multiplicity of infection = 10) at 37°, and grown
for 50 min. A liter of these cells was combined with an equal
amount of “C-labeled, ultraviolet-irradiated, ¢X am 3 in-
fected cells (11 X 10° cpm total). The combined cells, washed
and adjusted to 2 X 10%/ml in TE were made 100 ug/ml in
lysozyme. After 30 min at 0°, 1/10 volume of 5%, Brij was
added followed after 10 min by NaCl to 1 M. The clear,
viscous lysate was centrifuged at 100,000 X ¢ for 1 hr. Eighty
to 95% of the A protein was recovered in the high-speed
supernatant (Fig. 14 and B), whereas without the NaCl
addition the A protein was found in the sediment (compare
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Fie. 1. Sodium dodecyl sulfate—polyacrylamide gel assay for
A protein in various purified fractions. Panels A-D are densi-
tometer tracings of autoradiographs made after electrophoresis
of various fractions obtained during the purification of the gene
A protein. Electrophoretic migration was from left to right.
The arrow in each panel indicates the position of the A protein,
56,000 daltons. (4) Total extract; (B) 100,000 X g supernatant;
(C) pooled fractions 41-61 from DEAE-cellulose column; (D)
fraction 45 from the phosphocellulose column; D also contains
a sketch of the Coomassie blue stainable bands present in this gel.

ref. 20). The supernatant was dialyzed versus 50 mM Tris:
HCL, pH 7.5, 1 mM EDTA, 5 mM 2-mercaptoethanol, and
‘applied to a column of DEAE-cellulose equilibrated with the
same buffer. The A protein was quantitatively retained and
eluted off of the column as a distinet peak of radioactivity at
0.23 M NaCl (Fig. 24). At this point the A protein was 809,
radiochemically pure (Fig. 1C), though sodium dodecyl sulfate
gel electrophoresis showed many stainable bands. DEAE
column fractions 41-61 were pooled and dialyzed versus 0.04
M sodium phosphate, pH 6.0, 109, glycercl, 1 mM EDTA,
10 mM 2-mercaptoethanol, and applied to a phosphocellulose
column equlibrated with the same buffer. The column was
eluted with a linear NaCl gradient; the radioactive protein
eluted at about 0.7 M NaCl in a rather broad peak (Fig. 2B).

Gel electrophoresis of fraction 45 showed only five stainable
bands, the most abundant corresponding exactly in its Rp
value (56,000 daltons) to that of the single band seen in the
autoradiograph (Fig. 1D). From the intensity of the stained
band, we estimated a yield of approximately 130 ug per liter
of cells, corresponding to about 3000 molecules of A protein
per infected cell.

A final purification step was sedimentation of the phospho-
cellulose colymn peak fractions through a high salt, 5-20%,
sucrose gradient (109, in glycerol). There was exact correspon-
dence of radioactivity and endonuclease activity across these
gradients (data not shown), with the A protein sedimenting
~a3a molecule with a molecular weight of 70,000. High salt was
used wherever possible because it minimized the strong

tendency of the A protein to aggregate and to stick to both

plastic and glass tubes. When stored in 1 M NaCl, glycerol-
phosphate buffer at either 0° or —20°, the A protein’s enzy-
matic activity was stable for at least 6 months.

Endonuclease Assays. Radioactively labeled DNA (0.01-2
ug) was incubated at 37° with gene A protein (0.01-0.2 ug)
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Fie. 2. (A) DEAE-cellulose chromatography of ¢X 174
infected cell extract. (B) Phosphocellulose chromatography of
pooled fractions 41-61 from the DEAE column. Details in
Methods. Phage-specific marker proteins = !4C; nonradioactive
protein and nucleic acids = Ao and endonuclease activity A.
Endonuclease activity against ¢X-RF was measured by a filter
binding assay after heat denaturation as described in ref. 43.

in 0.1-0.2 ml of buffer to give final concentrations of 50 mM
Tris-HCI, pH 7.4, 10 mM MgCl;, 5 mM 2-mercaptoethanol,
and 0.5 mg/ml bovine serum albumin. The albumin had been
heated at 75° for 1 hr to destroy any deoxyribonuclease
activity. The endonuclease reaction with ¢X-RF required
Mg** and was not stimulated by the addition of 0.5 mM
ATP. The reaction was stopped by the addition of EDTA to
0.1 M. Samples were layered (without prior denaturation)
onto 5-209, alkaline sucrose gradients (1 M NaCl, 0.25 M
NaOH, 50 mM EDTA) and sedimented for 2 hr at 50,000
rpm in the SW-50.1 rotor to separate RFI from smaller prod-
ucts or for 7 hr to resolve circular and linear strands. Samples
were collected through the bottom of the tube into scintillation
vials and counted in a Triton—toluene scintillator fluid. The
activity of the enzyme was determined by comparing the
percentage of material sedimenting slower than denatured
RFI in the reaction mixture sample to that in a control
incubated in buffer without enzyme.

RESULTS

Endonuclease Activity of the A Protein. No enzyme assays
were carried out until the A protein was relatively pure.
When fractions 3747 from the phosphocellulose column
were assayed for endonuclease activity versus supercoiled
¢X 174 RFI (Fig. 2B, open triangles), it was clear that an
endonuclease activity was present whose activity closely
paralleled the amount of A protein. When these fractions were
tested for endonucleolytic activity against other supercoiled
DNA molecules, no activity was detected (Table 1). Parallel
controls with ¢X-RFI routinely gave an increase of 30609,
nicked RF. The colicin E1 supercoil (the gift of Dr. W.
Goebel) listed in Table 1 had been grown in the presence of
chloramphenicol and therefore contained ribonucleotides (24).
The lack of endonucleolytic activity against this molecule
thus shows that the A protein does not contain hybridase
(RNase H) activity. Authentic E. coli hybridase (25) nicked
approximately 25%, of this Col E1 sample. Substrate specific-
ity is convincingly demonstrated in the experiment shown
in Fig. 3; since selectivity between ¢X 174 and SV-40 super-
coils was maintained in both individual and mixed DNA
samples, the lack of endonuclease activity on SV-40 supercoils
cannot be due to some inhibitor in the SV-40 preparation or
to an imbalance in the substrate—enzyme ratio.

The A protein does possess endonucleolytic activity against
¢X single-stranded DNA and, to a lower degree, against
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Fic. 3. Specificity of the endonuclease activity of gene A
protein. Supercoiled, 3?P-labeled SV-40 DNA (1000 cpm, <0.2
ug) @ or *H-labeled $X-RFI (1000 cpm, < 0.2 pg) O was in-
cubated with (panels B,D,E) or without A endonuclease (panels
A,C) (0.05 ug of A per assay) in the assay buffer described in
Methods for 1 hr at 37°. The incubated mixtures were sedimented
on 5-209, alkaline sucrose gradients, collected, and counted
as described in Methods. In one assay (panel E), the substrate
was a mixture of $X-RFI and supercoiled SV-40. Sedimentation

was from right to left.

single-stranded M13 DNA (Table 1). In the reactions with
¢X-RFI and ¢X viral DNA no small degradation products
were ever seen. Thus the A protein does not have exonucleo-
lytic activity. [Nor was any exonuclease activity demonstra-
ble against 32P-labeled T7 DNA, [*H]RNA-fd DNA or
poly(dA) - [*H]poly(dT)]. :
The time-dependence of the endonucleolytic reaction
against ¢X RFI supercoils is shown in Fig. 4. Note that the

TaBLE 1. Nuclease activity of gene A protein on
various substrates

% Nicked
DNA Change with
substrate Control enzyme
f1 15 5
f1 30 -7
f1 30 6
SV-40 5 0
PM 2 20 4
Adv 38 -2
Adv 47 5
Col E1* 7 3
¢X RFI controls 5-15 30-60
¢X single strand 0 37
M13 single strand 21 15

The DNA supercoils (top 9 lines) or single-stranded DNA
(lines 10, 11) were incubated (Methods) with gene A endonuclease
for 1 hr at 37°. Incubated mixtures were sedimented through
alkaline sucrose gradients to separate denatured supercoils
from nicked molecules. The background of nicked RF (2nd
column) in the control sample (no enzyme) was subtracted from
that in the treated sample to give the values in the 3rd column.
¢X-RFI controls were run in parallel with each assay to con-
firm the activity of the enzyme.

* Grown in high levels of chloramphenicol; analyzed in a
neutral sucrose gradient. .
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Fic. 4. Time dependence of the endonucleolytic reaction.
A 2-ml sample of assay mixture containing 15,000 cpm (14 ng)
of $X-RFI was mixed with 20 ul (0.2 ug of A) of phosphocellulose
column fraction 45 at 0°, transferred to 37° and sampled at the
times noted. The 0.2-ml samples were added to 0.05 ml of 0.1 M
EDTA to stop the reaction and then analyzed on alkaline sucrose
gradients as described in Methods, except that these gradients
did not contain NaCl; under these conditions, denatured RFI
sediments at 34 S while the mixture of circular and linear strands
from RFII sediments at 15 S. Top panels show the individual
sucrose gradients for the times noted (min). The bottom panel
shows the percent nicked (i.e., the percent of material in the de-
natured RFII peak) as a function of time. At 30 min, an addi-
tional 10 ul of enzyme (E) was added to the remaining 1.0 ml.

reaction ceases before completion at low. enzyme levels.
Since controls show that active enzyme is still present in
assay mixtures incubated 1 hr at 37° in the absence of sub-
strate, it appears this cessation is due to -the failure of the
enzyme to be reused (the ratio of enzyme molecules to sub-
strate molecules in Fig. 4 is estimated at 1:1).

Although these kinetics are similar to those found for E. cold
B restriction endonuclease (26), gene A endonuclease does not
require S-adenosylmethionine and ATP like that enzyme.
Moreover, labeled ¢X-RF is prepared by growth in the same
host as that used to supply the enzyme extract, and thus
should be protected by modification from resident E. colt
restriction endonuclease. For this and other reasons, we feel
that it is very unlikely that the activity we measure is such a
contaminant. c

The DNA Products of the Endonucleolytic Cleavage. When
the reaction mixture of gene A protein treated ¢X-RFI was
sedimented on a neutral sucrose gradient (Fig. 5), it was
found that RFI (21S) had been converted to RFII (17S) with
no indication of RFIII (the double-stranded linear, 15S,
form). Thus the gene A endonuclease does not produce double
strand scissions. Alkaline sedimentation of the reaction prod-
ucts showed only the collapsed supercoil (53S) and single-
strands from the denatured RFII. There was no indication
of fragments smaller than unit length single strands.

Extended alkaline sedimentation of the reaction products
allows one to separate the linear and circular strands of
denatured RFII (27). And by starting with a $X-RFI which
is differentially labeled in its viral and complementary strands,
it is possible to tell whether the single nick occurs randomly
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Fic. 5. Neutral sucrose sedimentation analysis of the DNA
products of the endonuclease reaction. A sample of [3?P]¢X-RFI
was incubated with (panel B) or without (panel A) gene A
protein under the standard conditions described in Methods for
1 hr at 37°. The mixtures were then anslyzed on 5-209, sucrose
gradients containing 1 M NaCl, 50 mM Tris-HCl (pH 7.4),
10 mM EDTA. *H-Labeled ¢X viral DNA (268) was added as a
marker A; the arrow in panel B marks the expected position
(158) for RFIII, the double-stranded linear form. Sedimentation
was from right to left.

or in one particular strand of the RFI. The results of such an
experiment where viral strands were labeled with 14C and
complementary strands with ®H is shown in Fig. 6. It is clear
that the linear (nicked) strands (148) are exclusively of viral
strand origin while the circular strands (16S) are complemen-
tary strands. This specific nicking of the viral strand of ¢X-
RFI is exactly the result expected from the in vivo observa-
tions of Francke and Ray (13, 14).

DISCUSSION

The data presented show that one function associated with the
gene A protein of ¢X 174 is an endonucleolytic one which
specifically nicks the viral DNA strand of the ¢X-RF mole-
cule. The most simple raison d’étre for this nick is to initiate

DNA synthesis by providing a 3’ OH primer terminus. ¢X -

DNA synthesis could then proceed via a rolling-circle type of
mechanism to produce new RF molecules (8-10). Because of
the mechanism that we envision for A protein action (follow-
ing section), we feel that gene A protein functions not only to
initiate DNA synthesis, but also to cut off a unit length viral
strand after one round of replication has come close to com-
pletion. Thus we think gene A function is likely to be needed
throughout infection for DNA synthesis. The only published
experiments on this point (28) were equivocal. The analogous
gene of bacteriophage fd (M13 and f1), gene 2, is required for
single-stranded viral synthesis as well as for RF formation
(29, 30). In fact, the choice between viral or RF synthesis in
fl1 is determined entirely by the ratio of gene 2 to gene 6
protein (31).

Model for Enzymatic Action. Both ¢X single-stranded viral
and RFI DNA are nicked by the enzyme. Because the most
likely common element in both structures is the existence of a
hairpin region, we feel that the nicking reaction probably
occurs within the hairpin. That the gene A dependent nick
takes place within a self-complementary region of the viral
strand was strongly suggested by the work of Schekman and
Ray (35) and Francke and Ray (13). They showed that linear
viral strands obtained from the intracellular pool or from

Proc. Nat. Acad. Sci. USA 71 (1974)

204

| J
A | 4
15-L k | T00)
T =)
(@]
J
E e A E
O 104 b0
B g 3
-E \ P £
c : >
S
I 59 p20§"~
E
a
o

:TJ*_JJO

10 30 50

FRACTION No.

Fic. 6. Identification of the strand nicked by gene A endo-
nuclease. Double-labeled $X-RFI (4C, viral strand O; *H, com-
plementary strand ®) was used as the substrate for gene A
endonuclease. A sample of the reaction mixture analyzed on a
short alkaline gradient showed that 409, of the RFI had been
nicked. The remaining reaction mixture was sedimented through
a long alkaline sucrose gradient in order to separate circular
(16S) from linear (148, nicked) strands. Sedimentation was from
right to left.

denatured RFII were 109, as infectious as intact, circular
viral strands, whereas, linear strands generated by random
nicking are essentially noninfectious. The preferred explana-
tion is that the linear strands can circularize because of their
complementary ends. Physical evidence for the existence of a
hairpin structure comes from the demonstration of a partially
DNase-resistant fraction in the viral strand and the RF
(36, 37) and from electron microscopic visualization of a hair-
pin structure in the ¢X viral strand. Other evidence (38—40)
suggests that the nick (and therefore the hairpin) and the
origin of replication are actually within the A gene region.

The gene A catalyzed reaction might occur only when the
hairpin region is “flipped out” of the RF. This would be
dependent upon the amount of (superhelical) torsion in the
molecule since torsion within covalently closed DNA mole-
cules can be relieved either by the generation of superhelices or
melting out a portion of the double helix into single-stranded
regions which, if these regions are self-complementary, become
hairpins. If the nick site were situated within the “body”
of the hairpin, one would expect random nicking of both viral
and complementary strands of the RF. However, the unpaired
bases in the bend of the hairpin need not be identical in both
strands and could provide the necessary distinction between
viral and complementary strand.

This model would explain why small fragments of newly
synthesized viral strand are not found #n vive even though the
A gene endonuclease sensitive site is undoubtedly regenerated
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by new DNA synthesis, i.e., why gene A endonuclease does
not act prematurely. The original nick relaxes the RFI and
the A protein is, therefore, incapable of nicking until at or
near the end of one round of replication. We hypothesize
that the signal for the end of one round of replication is the
accumulation of superhelical torsion (in spite of the existence
of a single-stranded region in the replication complex) to the
point where the hairpin site in the gene A region flips out.
This hairpin site would be recognized and nicked by gene 4
endonuclease and thus yield the observed linear single strands
(35) and specifically gapped RFII (44). Perhaps host proteins
(rep 3 protein?) participate in the maintenance or generation
of superhelical torsion. Such an interplay between initiator
proteins and those necessary for the generation of superhelices
may also exist in polyoma-infected cells (41, 42). (See ref. 48 for
similar reflections.)

Comments on the cis-Action and Chloramphenicol Insen-
sitinity of the X Gene A Function. Gene A protein acts only
cis in vivo since gene A mutants cannot be rescued during
multiple infection with a complementing mutant (1, 11).
The large number of A protein molecules per cell found in our
experiments suggests that cis-action is not likely to be due to
compartmentalization. However, the highly hydrophobic,
membrane-bound nature of the A protein (ref. 20, our observa-
tions) makes the estimation of functionally active, intracel-
lular gene A endonuclease rather difficult. Dove has proposed
a general mechanism for cis-acting proteins. It is that such
proteins act only while they are nascent chains and are in-
active after release from the ribosome. The observation of
E. Linney and M. Hayashi (personal communication) that
A protein} production and transcription are tightly coupled
would seem to insure that A protein is synthesized in the
vicinity of the DNA that codes for it and, since the A endo-
nuclease sensitive site is probably within the A gene (38—40),
in the vicinity of its substrate. This mechanism ensures
efficient action of the A protein and explains how even a small
amount of escape synthesis in the presence of chloramphenicol
would be sufficient for the DNA initiation observed. Our
isolation of active enzyme does not vitiate this type of mech-
anism since, as mentioned above, the intracellular activity
of free A protein is difficult to assess.

Relationship to Other Initiator Proteins. The gene A protein
of X has been suggested to fit the classic definition of an
initiator protein as set forth in the replicon hypothesis of
Jacob et al. (32). That is, the presence of active A product
positively controls the initiation of DNA replication. The
¢X gene A protein may be similar to the gene A product of
bacteriophage P2 (33), to the O gene product of bacteriophage
), to SV-40 gene A (45), to polyoma gene ¢s a (46), and to some
protein rate-limiting for initiation in E. coli (34). Perhaps
these gene products are also species-specific endonucleases.
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