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A hypermodified base (Y-Thy) replaces 20% of the thymine (Thy) in mature
DNA of Bacillus subtilis phage SP10. Two noncomplementing hypermodification-
defective (hmd) mutants are described. At 30°C, hmd phage carried out a normal
program, but at temperatures of =37°C, the infection process was nonproductive.
When cells were infected at 37°C with hmd phage, DNA synthesis started at its
usual time (12 min), proceeded at about half the normal rate for 6 to 8 min, and
then stopped or declined manyfold. All, or nearly all, of the DNA made under
hmd conditions consisted of fully hypermodified parental DNA strands H-bonded
to unhypermodified nascent strands. The reduced levels of DNA synthesis
observed under hmd conditions were accompanied by weak expression of late
genes. A sucrose gradient analysis of SP10 hmd™ replicating DNA intermediates
was made. Two intermediates, called VF and F, were identified. VF consisted of
condensed DNA complexed to protein; VF also contained negatively supercoiled
domains covalently joined to relaxed regions. F was composed of linear concaten-
ates from which mature DNA was cleaved. None of those intermediates was
evident in cells infected at 37°C with hmd phage. Shiftup experiments were
performed wherein cells infected with hmd phage at 30°C were shifted to 37°C at a
time when replication was well under way. DNA synthesis stopped or declined
manyfold 10 min after shiftup. The hmd DNA made after shiftup was conserved as
a form sedimentationally equivalent to the F intermediate, but little mature DNA
was evident. It is proposed that Y-Thy is required for replication and DNA
maturation because certain key proteins involved with these processes interact
preferentially with hypermodified DNA.

Bacillus subtilis phage SP10 belongs to a
group of viruses in which thymine (Thy) in
mature DNA is partially replaced by a
hypermodified base (10, 37, 39). The hypermodi-
fied base in SP10 DNA (designated Y-Thy) has
not been completely characterized with respect
to chemical structure (37). Other members of
this group include B. subtilis phage SP15 and
Pseudomonas acidovorans phage @W-14, in
which Thy is replaced by 5-(4’,5’'-dihydroxypen-
tyDuracil (DHP-uracil) and a-putrescinylthy-
mine, respectively (4, 21). In the case of SP15,
DHP-uracil and Thy are assembled as free de-
oxynucleoside triphosphates that are subse-
quently inserted into the DNA polymer (36). In
the case of SP10 and @W-14, however, neither
Thy nor the respective hypermodified base is
assembled as a free mononucleotide but, rather,
each originates by post-replicational modifica-
tion of a common precursor base that is proba-
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bly 5-hydroxymethyl (HM) uracil (10, 27, 31, 37,
39). SP10 and @W-14 are the only known biolog-
ical systems in which Thy in DNA does not arise
g;) the deoxythymidylate synthetase reaction

Little is known about the biological relevance
of hypermodified bases in DNA. Recent studies
suggested that DHP-uracil plays no major role in
differential transcription of SP15 DNA (16) but
that normal levels of the hypermodified base are
required for proper DNA maturation, phage
assembly, or both (6, 36). These earlier studies
were confounded by the fact that no situation
could be defined in which SP15 DNA devoid of
DHP-uracil was made (6, 36).

This paper concerns the isolation and charac-
terization of hypermodification-defective (hmd)
mutants of phage SP10. The results of these
experiments suggest that Y-Thy is indispensable
to SP10 development. Specifically, Y-Thy
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seems to be required for proper replication of
the phage genome as well as cleavage of concat-
enates to unit-size DNA.

MATERIALS AND METHODS

Phage and bacteria. SP10 smd1 and SP10 hmd2 are
heat-sensitive mutants defective in hypermodification
(see below and reference 39). SP10 hmd* is the same
clear-plaque variant used in all previous studies (29,
30). B. subtilis W23 was the host in all experiments.

Mutagenesis. Cells infected with SP10 hmd™* at 30°C
were mutagenized with N-methyl-N'-nitro-N-nitroso-
guanidine as described by Kahan (20).

Screening for hmd mutants. Survivors of mutagene-
sis were plated at 30°C. Plaques were picked with
sterile toothpicks and scored for their ability to plate at
42°C. Lysates of heat-sensitive mutants were prepared
at 30°C and used to infect cells at 42°C in the presence
of 6-(p-hydroxyphenylazo)uracil, an inhibitor of bacte-
rial DNA polymerase III (5, 32) that has no remarkable
effect on SP10 development (29, 30). The cells were
labeled with [6-*H]uracil (10 wCi/ml) for 15 min. Cellu-
lar DNA was isolated (6) and acid hydrolyzed to a
mixture of purine bases and pyrimidine deoxynucleo-
sides (36). The digests were chromatographed in one
direction on unmodified cellulose thin layers (10),
using deoxythymidine (dThd) and Y-dThd as optical
markers. Spots corresponding to the optical markers
were eluted (10, 29), and the amount of label present
was determined. In those cases where no label was
recovered in the Y-dThd spot, a sample of [*H]DNA
was enzymatically degraded to mononucleotides (36,
39) that were fractionated by two-dimensional chroma-
tography on unmodified cellulose thin layers (7). Of
the 184 single-plaque isolates tested to date, only 2
generated DNA at 42°C which was totally devoid of Y-
dThd. The bases replacing Y-Thy in SP10 hmdl and
SP10 hmd2 DNAs, under nonpermissive conditions,
are 5-(hydroxymethyl-O-pyrophosphoryl)uracil and
HM-uracil, respectively (39).

Sucrose gradient centrifugational analysis of replicat-
ing DNA. Cultures were infected as described previ-
ously (29, 30). The labeled precursor, typically >°P; (10
wCi/ml), was introduced 12 min after infection. At the
desired times, 5-ml samples were removed and mixed
with 20 ml of ice-cold medium that contained 10 mM
KCN. The cells were harvested by centrifugation and
suspended into 2 ml of 10 mM Tris-hydrochloride (pH
7.9), 10 mM disodium EDTA (pH 7.9), 1 mM KCN,
and 1 mg of egg white lysozyme per ml. The cells were
incubated at 37°C for 20 min, and 0.1 ml of 11% (wt/
vol) sodium lauroyl sarcosine was added to complete
lysis.

A 100-pl portion of the extract was mixed with 100
ul of a solution containing marker [**CIDNA. Each
marker was present at 0.5 pg. The entire mixture was
layered onto a 5.8-ml linear sucrose gradient (5 to 25%
sucrose in 10 mM Tris-hydrochloride, pH 7.9-1 mM
disodium EDTA, pH 7.9-1 M NaCl-0.01% sarcosine).
All gradients were spun in an SW50.1 rotor at 15°C.
The exact conditions of centrifugation are given in the
appropriate figure captions. Fractions (100 pl) were
collected from the top with an ISCO density gradient
fractionator, using Fluorinert FC-48 as the chase solu-
tion. The fractions were individually precipitated (6),
and the amount of label in DNA was determined.
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Isolation of RNA. Unlabeled RNA was isolated from
2-liter cultures by the method of Bolle et al. (2) as
modified by Legault-Demare and Chambliss (22).
[PHIRNA was isolated from 50-ml cultures labeled
with [S-*H]uracil (5 pCi/ml).

Isolation of SP10 DNA strands. Strands of SP10
DNA were separated in CsCl on the basis of their
differential binding of polyuridylate-polyguanidylate
(16). The CsCl-purified strands were self-annealed and
passed through hydroxyapatite columns to separate
single strands from residual duplexes (19).

Other methods. DNA-RNA hybridization and hy-
bridization-competition were carried out as described
by Gillespie and Spiegelman (14). Enzyme assays and
definition of activity units are given elsewhere (29, 39).
Serum blocking power was determined by the method
of DeMars (8). Protein concentration was measured by
the method of Lowry et al. (26). The incorporation of
radioactive precursors into DNA was measured as
described by Lembach and Buchanan (23).

Materials. Radioactive materials were purchased
from New England Nuclear Corp. (Boston, Mass.),
except [6-*HJHM-deoxyuridine, which was synthe-
sized by the method of Alegria (1). Nitrosoguanidine
was purchased from Aldrich Chemical Co. (Milwau-
kee, Wis.). Enzymes were obtained from Boehringer-
Mannheim (Indianapolis, Ind.). Sucrose and Fluorin-
ert FC-48 were purchased from Schwarz/Mann
(Orangeburg, N.Y.) and Instrumentation Specialties
Co. (Lincoln, Neb.), respectively. All nonradioactive
materials were purchased from Sigma Chemical Co.
(St. Louis, Mo.).

RESULTS

Thermolability of hmd phage. Wild-type
(hmd*) phage produced high bursts at all tem-
peratures but, by this criterion, the infection
process was most efficient between 30 and 37°C
(Table 1). At temperatures of < 30°C, mutant
(hmd) phage gave bursts that were within 60% of
normal, but at higher temperatures the burst size
declined sharply (Table 1). For this paper, hmd*
and hmd phage were compared at 37°C since this
is the temperature at which most biochemical
studies with SP10 were performed (10, 29, 30,
39, 40).

TABLE 1. Burst size of SP10 hmd* and SP10 hmd
phages at various temperatures®

P Burst size
%8¢ 2¢°C 30°C 33C  37C 42°C
SP10 hmd* 31 87 89 83 63

SP10 hmdl 20 54
SP10 hmd2 21 58

12 =1 x10"* =<1 x10™*
12 =1x10"% =1 x107*

2 Cells were grown at 37°C to a density of ca. 2 X
108/ml. The cells were harvested by centrifugation and
resuspended into 0.95 volume of fresh medium equili-
brated to the indicated temperature. Ten minutes later,
the cells were infected by adding 0.05 volume of
medium that contained the phage (input multiplicity of
infection = 0.5 PFU/cell). The remainder of the proce-
dure was identical to the one used by Bott and Strauss
(3). All platings were done at 30°C.
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FIG. 1. Synthesis of SP10-coded proteins under Amd* and hmd conditions. Cultures (300 ml) were infected
with SP10 Amd* or SP10 hmd1 at 37°C. At the times specified in the graph, 25-ml samples were removed.
Extracts were prepared and assayed for deoxynucleoside triphosphatase (A), serum blocking power (B), and
lytic enzymes (C). Symbols: (O) SP10 hmd*; (@) SP10 hmd1.

Complementation of hmd mutations. When
cells were doubly infected with hmd1 and hmd?2,
the burst size was no greater than that obtained
when cells were infected with only one of the
mutants (data not shown). These data suggest
that Amd1 and hmd2 do not complement, which,
in turn, suggests that both mutations are in the
same gene.

Synthesis of phage-coded proteins. The condi-
tionally lethal nature of hmd mutations suggest-
ed that some important aspects of SP10 develop-
ment were aberrant in the absence of
hypermodification. To see if the defect involved
early or late functions, synthesis of SP10 pro-
teins was compared under hmd* and hmd condi-
tions. In this and all other experiments, only
data obtained with Amd1 phage will be presented
unless stated otherwise.

A typical early enzyme, deoxythymidine tri-
phosphate nucleotidohydrolase (29), was syn-
thesized normally under Amd conditions (Fig.
1A), whereas two late functions, structural pro-
teins responsible for serum blocking power (Fig.
1B) and lytic enzymes (Fig. 1C), were synthe-
sized poorly. Therefore, under the conditions
defined, the absence of hypermodification limit-
ed late gene expression.

Synthesis of phage-coded RNA. Since hyper-
modification is an event at the DNA polymer
level (39), it seemed reasonable to assume that
the low levels of late protein synthesis observed
under hmd conditions were due to poor tran-
scription of late genes. To confirm this, DNA-
RNA hybridization competition experiments
were done (29). For these experiments, parallel
cultures of B. subtilis W23 were infected under
hmd™* conditions. One culture was labeled with
[5-*H]uracil from 4 to 12 min postinfection (early

[PHIRNA), and the other was labeled from 12 to
20 min postinfection (late [*'HJRNA) (29). Unla-
beled competitor RNAs were isolated 12 and 20
min postinfection by hmd* and hmd phage.

Unlabeled 12-min RNAs isolated from cells
infected under hmd* and hmd conditions were
equivalent with respect to their ability to com-
pete against early [PHIRNA (Fig. 2A). By the
same token, hmd* and hmd 12-min [PHJRNAs
each competed against sequences that account-
ed for about 60% of the label in late [PHIRNA
(Fig. 2A). These data indicate that 12-min RNAs
present in hmd*- and hmd-infected cells were
equivalent. This conclusion is supported by the
observation that unlabeled Amd* and hmd 12-
min RNAs competed equally well against Amd 4-
to 12-min [*'H]RNAs (data not shown).

On the other hand, hmd* and hmd 20-min
RNAs displayed marked differences (Fig. 2B).
Specifically, sequences amounting to 30% of the
label in late [PHIRNA were either absent from
20-min hmd RNA or present in low concentra-
tions. This difference is better illustrated by a
““mixed competitor’’ experiment (2) in which
late [PHIRNA was incubated simultaneously
with a saturating concentration of Amd* 12-min
RNA and various concentrations of Amd* or
hmd 20-min RNA (Fig. 2C). Overall, these data
are consistent with the interpretation that genes
transcribed uniquely at times later than 12 min of
a normal SP10 program were weakly expressed
under hmd conditions.

Kinetics of DNA synthesis. In many phage
systems, expression of late genes is, in some
measure, dependent on DNA synthesis (15, 18).
Although the screening procedure showed that
some DNA synthesis took place under hmd
conditions, the possibility still existed that the
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FIG. 2. DNA-RNA hybridization competition between early and late SP10 RNAs made under hmd* and hmd
conditions. Early [PHJRNA was labeled from 4 until 12 min postinfection by hmd* phage; late PHIRNA was
labeled 12 to 20 min postinfection by hmd* phage (29). Unlabeled RNAs were isolated 12 or 20 min postinfection
by hmd* or hmd1 phage. Hybridization mixtures contained 1 pg of [PHJRNA and filters that contained 20 pg of
heat-denatured phage DNA. (A) Hybridization competition of early [PHJRNA. The specific activity of PHIRNA
was ca. 32,000 cpm/pg and, in the absence of unlabeled competition RNA, ca. 11% of the input was retained.
Unlabeled RNA was extracted 12 min postinfection by Amd* (O) or hmdl (@) phage. (B) Hybridization
competition of late [PHJRNA. The specific activity of [PHJRNA was 23,500 cpm/ug and, in the absence of
competitor, 33% of the input was retained by the filter. The unlabeled competitors were (O) hmd* 12-min RNA,
(O) hmd* 20-min RNA, and (®) Amd1 20-min RNA. (C) Mixed competition of late ’HJRNA. Late [’ HJRNA was
simultaneously competed by 1 mg of Aimd* 12-min RNA and the indicated amounts of either (O) unlabeled hmd*

20-min RNA or (@) unlabeled Amd1 20-min RNA.

apparently weak expression of SP10 late genes
observed under hmd conditions could reflect
some upset in the mechanism of DNA synthesis.

Kinetics of DNA synthesis was monitored by
the incorporation of [6-*H]uracil into acid-pre-
cipitable, alkali-labile material (23). By this cri-
terion, replication of the viral genome, under
hmd* conditions, was first evident 9 to 12 min
postinfection and continued for the duration of
the latent period (Fig. 3). During an hmd pro-
gram, DNA synthesis started at the normal time,
proceeded at about half the normal rate until 18
to 21 min, and then stopped or declined many-
fold (Fig. 3). The limited capacity for DNA
synthesis under hmd conditions could not be
attributed to a dearth of substrates inasmuch as
dATP, dGTP, dCTP, and HM-dUTP pools actu-
ally expanded during an hmd program (data not
shown). It is worth noting that depletion of
dTTP pools occurred normally under Amd con-
ditions (data not shown), which agrees with our
observations that many early functions were
expressed normally under these mutant condi-
tions (Fig. 1A and 2A).

Intermediates in SP10 replication. In the case
of SP01, several key intermediates in the replica-
tion cycle have been identified by sucrose gradi-
ent analysis (24, 25). Initially, parental DNA is
converted to a form that sediments through

neutral sucrose at ca. 300S; this is the so-called
VF (‘“‘very fast’’) form. Approximately 10 min
later, the VF form disappears and is replaced by
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FIG. 3. Incorporation [6-*H]uracil into SP10 hmd*
and SP10 hmd1 DNA. Cultures (12 ml) were infected
at 37°C (29). Various times postinfection, 500-ul sam-
ples were transferred to a fresh tube that contained 20
ul of [6*H]uracil (200 pCi/ml). The samples were
labeled for 3 min and frozen in an acetone-solid CO,
bath. At the end of the experiment, the samples were
thawed, and the amount of label in DNA was deter-
mined (25). Symbols: (O) SP10 hmd* ; (@) SP10 hmd1.
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FIG. 4. Sample neutral sucrose gradient profiles of
intermediates in SP10 hmd* DNA replication. A cul-
ture was infected with SP10 hmd* at 37°C. 3?P; (10
wCi/ml) was added at 12 min. At the times given
below, [*2P]IDNA was extracted as described in the
text. (A) [*2P]DNA extracted 18 min postinfection that
was sedimented at 11,000 rpm for 4.5 h. (B) [*?PIDNA
extracted 24 min after infection that was sedimented at
11,000 rpm for 4.5 h. (C) [*?PIDNA extracted 33 min
after infection that was sedimented at 11,000 rpm for
15 h. Arrows mark the position of SP10 or SP15 virion
[**CIDNA (ca. 2,000 cpm) used as marker.

the more slowly sedimenting F form composed
of linear concatenates that initially contain up to
20 phage equivalents of DNA. Mature DNA
(54S) appears roughly 5 min after the F form,
and as the amount of mature DNA increases, the
average size of the F form diminishes.

A similar sequence of events seems adequate
to explain the replicative cycle of SP10 hmd™*.
Figure 4 depicts sample gradient profiles. Figure
5 presents a detailed summary of the amount of
label in VF, F, and M (mature) forms of SP10
hmd* DNA. For these })articular experiments,
cells were labeled with 3°P; beginning at the 12th
min postinfection. At various times, extracts

J. VIROL.

were prepared and sedimented through sucrose
at a reduced speed to demonstrate the VF and F
forms or at a higher speed to resolve the F and M
forms. The internal markers were SP10 Amd*
virion [*CIDNA (80 megadaltons; 50S) and
SP15 virion [**C]DNA (250 megadaltons; about
100S).

Until 18 min, all [*HJDNA sedimented
through sucrose at a rate 2.5 to 3 times faster
than did the SP15 ["“C]DNA marker; this evi-
dently represented the VF form of SP10 hmd*
replicating DNA (see below). Unlike the situa-
tion with SP01 (24), the VF intermediate of SP10
replication usually remained evident until late in
the program. Between 18 and 21 min, a form
sedimenting in the vicinity of SP15 [*C]DNA
appeared in SP10 Amd*-infected cells which
presumably corresponded to the F intermediate.
The F intermediate reached its maximal level at
24 min and was maintained at approximately
that level for the duration of the infection pro-
cess. At 24 min, the F intermediate had a
nominal sedimentation coefficient of 105 to 120S
which corresponded to linear duplexes of mass
350 to 500 megadaltons (9). Experiments with
alkaline sucrose gradients (not shown) suggest-
ed, by comparison with other systems (11, 25),
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FIG. 5. Abundance of replicative intermediates
various times postinfection by SP10 hAmd*. Sucrose
gradient analyses were carried out as described in the
text. Duplicate 100-pl samples of extracted [*’PIDNA
were centrifuged at either 11,000 rpm for 4.5 h (VF and
F forms) or 11,000 rpm for 15 h (F and M forms). The
total amount of radioactivity recovered in a particular
form is recorded. Since the F form is defined in both
regimens used, the reported amount of label in this
intermediate is the average of two values. Symbols:
(O) VF; (@) F; (O) M.
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that the F intermediate was a linear multige-
nomic structure containing, at 24 min, between
four and six SP10 phage DNA equivalents. The
M form of SP10 hmd* DNA appeared between
24 and 27 min postinfection and, thereafter,
increased in level until it accounted for 60 to
70% of the [PHIDNA present at 51 min (i.e., 4
min before lysis).

A pulse-chase experiment was performed to
determine the precursor relationship between
VF, F, and M forms of SP10 DNA. Label, as [6-
3H]HM-deoxyuridine, was introduced at 12 min,
and incorporation was terminated at 17.5 min by
the addition of dThd (25). Initially, all radio-
activity was recovered in the VF intermediate
(data not shown). Between 18 and 24 min, label
appeared in the F intermediate at approximately
the same rate at which it was lost from the VF
intermediate. Label did not appear in the M form
until 24 to 27 min postinfection. These data are
consistent with the progression VF —» F — M.

Under hmd conditions, replication of the SP10
genome was limited to an interval of time when
VF was the only observable intermediate in
normally infected cells (Fig. 3 and 4). This
implies that, under Amd conditions, formation of
the VF intermediate should not take place. In-
deed, all PH]DNA made between 12 and 18 min
of an hmd program sedimented through sucrose
at 608, i.e., 20% faster than mature DNA (data
not shown). The fate of this intermediate has not
been studied.

Characterization of the VF and F intermedi-
ates. The VF form was stable in sarcosine,
which indicates that binding to the cell mem-
brane plays little, if any, role in maintaining the
structure of this intermediate (25). Similarly,
treatment of VF with RNase A had no obvious
effect on the sedimentation properties of this
intermediate (Fig. 6A). On the other hand, treat-
ment with pronase converted VF to a form that
sedimented at a rate characteristic of the F
intermediate (Fig. 6B); material produced by
pronase treatment of VF will be called F*. These
data indicate that VF represented a condensed
intermediate caused by complexing of DNA to
protein.

Novobiocin, an inhibitor of DNA gyrase (13),
immediately arrested SP10 DNA synthesis at all
times postinfection (data not shown). Evidently,
negatively supercoiled (underwound) regions
must be maintained for continuous replication
(13). Sedimentation coefficient of negatively su-
percoiled DNA varies with ethidium bromide
concentration in a characteristic fashion (35).
Low dye concentrations unwind the supercoils,
which results in a reduction in sedimentation
coefficient; higher dye concentrations introduce
positive supercoils with a corresponding in-
crease in sedimentation coefficient. Forms of
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DNA that cannot be negatively supercoiled (i.e.,
linear duplexes and open circles) also show
characteristic changes in sedimentation coeffi-
cient; in this case, the sedimentation coefficient
decreases approximately linearly with increas-
ing dye concentration.

To show that our system would give reliable
results, we compared the effect of ethidium
bromide concentration on the Escherichia coli
nucleoid (41) in its native, negatively super-
coiled form and its DNase I-relaxed form (Fig.
7A). For the native form, the characteristic
biphasic curve, indicative of negatively super-
coiled DNA, was readily obtained, whereas the
sedimentation coefficient of the relaxed form
decreased linearly across the range of dye con-
centrations tested.

The F and F* forms of SP10 hmd* DNA
responded to increasing dye concentrations as
relaxed forms (Fig. 7B). VF, on the other hand,
responded in a peculiar fashion (Fig. 7B). For
dye concentrations of <2 pg/ml, the sedimenta-
tion coefficient of VF decreased linearly in a
manner similar to that obtained for F and F*.
Higher dye concentrations, however, produced
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FIG. 6. Effect of pronase and RNase A on sedi-

mentation coefficient of the VF intermediate. Cells
infected at 37°C with SP10 Amd* received ?P; (10 uCi/
ml) at 12 min. DNA was extracted at 18 min. A 100-ul
portion of the extract was treated with either RNase A
(10 pg/ml) or pronase (10 pg/ml) at 37°C for 1 h and
then centrifuged at 11,000 rpm for 4.5 h. (A) RNase A;
(B) pronase. Symbols: (O) incubated without enzyme;
(@) incubated with enzyme. Arrows locate the posi-
tion of marker [1“C]DNA.
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FIG. 7. Effect of ethidium bromide on sedimentation behavior of replicative intermediates. Extracts of 3?P;-
labeled cells received the indicated concentration of dye and were sedimented in gradients containing an identical
concentration of dye. (A) E. coli nucleoid (41) in its native, negatively supercoiled form (O) or its DNase I-
relaxed form (@). (B) The F (A), F* (4), and VF (O) forms of SP10 hmd* replicating DNA. F* is generated by
pronase treatment of VF (see text). (C) DNase I-relaxed VF. Extracts were first treated with increasing
concentrations of DNase I in an ice-water bath for 10 min under conditions that limit nucleolytic damage to
single-strand breaks (41). Symbols: (O) no DNase I; (@) 0.5 ug of DNase I/ml; (B) 1 ng of DNase I/ml; (O) 2 pg

of DNase I/ml.

no further reduction in the sedimentation coeffi-
cient of VF. That is to say, at cohcentrations of
dye where positive supercoiling of restrained
DNA would be expected, VF underwent no
further reduction in sedimentation coefficient.
Such data could be interpreted to mean that
VF DNA contains underwound and restrained
regions that are covalently joined to relaxed
regions. High concentrations of dye introduced
positive supercoiling into the restrained regions
which compensated for the continued unwinding
of the relaxed regions. If so, introduction of
sufficient single-strand breaks into VF DNA
should relax the restrained regions, thereby re-
sulting in a structure whose sedimentation coef-
ficient declines linearly at dye concentrations of
>2 pg/ml. Controlled incubation of VF with
DNase I did, indeed, generate a form that re-
sponded to ethidium bromide concentration as a
fully relaxed structure (Fig. 7C). The amount of
DNase I treatment required to give a fully re-
laxed form of VF DNA did not affect the initial
sedimentation coefficient (data not presented).
Therefore, if we are correct in assuming that VF
DNA is a condensed, protein-complexed inter-
mediate, then supercoiling makes only a rhinor
contribution to the rapidly sedimenting nature of
this DNA. Similar conclusions have been
reached for the condensed form of T4 DNA (17).
Characterization of DNA made under kmd con-

ditions. The small amount of DNA made under
hmd conditions seems to be in a form that does
not occur in kmd™* infections (unpublished data
described above). Inasmuch as Amd1 and hmd2
DNAs replace Y-Thy with different bases (39), it
followed that DNA made under hmd conditions
would have a buoyant density in CsCl different
from that of hmd* DNA and that this density
differential could be used as a probe to explore
the relationship between parental and newly
replicated strands generated under hmd condi-
tions.

For these experiments, cells were infected at
37°C with hmd phage that contained [32P]DNA.
At 12 min, [6-*H]uracil was added. DNA was
extracted 20 min postinfection and banded in
CsCl gradients. In the case of hmd1, about 75%
of parental [*?P]DNA and all of the nascent
[PHIDNA were denser than the SP10 hmd*
marker [*C]JDNA (Fig. 8A). In the case of
hmd2, 65% of the parental [*P]DNA and all of
the nascent [*’H]DNA were recovered in a band
that was less dense than Amd* marker DNA
(Fig. 8B). These data are consistent with the
observation that the unique base in Amdl DNA
is more acidic than Y-Thy, whereas the one in
hmd2 DNA is neutral (39).

When newly replicated himd DNA was dena-
tured and rebanded in neutral CsCl, the parental
[>*PIDNA was recovered at the same density as
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FIG. 8. Isopycnic centrifugation of DNA extracted
from cells infected with SP10 Amdl or SP10 hmd2.
Bacteria were infected at 37°C with Amd phage that
contained [*>P]DNA. At 12 min, [6-*H]uracil (10 p.Ci/
ml) was added. DNA was extracted 18 min postinfec-
tion and banded in neutral CsCl density gradients (6).
(A) SP10 hmd1. (B) SP10 hmd2. Symbols: (O) parental
[**PIDNA; (O) newly replicated [’H]DNA; (®) mark-
er ["*C]DNASs run in a parallel tube.

denatured hmd* DNA, whereas the nascent
[*HIDNA was recovered in a separate band (Fig.
9). PHIDNA annealed to both H and L strands
of SP10 hmd* DNA (Table 2), suggesting that
newly replicated hmd DNA contained both com-
plementary strands. Thus, it appears that repli-
cation under Amd conditions generated hybrid
DNA molecules composed of a fully hypermodi-
fied parental strand H-bonded to a nascent un-
hypermodified strand. In other words, fully un-
hypermodified duplexes could not be generated
in vivo.

In ethidium bromide, material made under
hmd conditions behaved as if it were fully re-
laxed, and treatment with pronase had no effect
on its sedimentation coefficient (data not
shown). Therefore, it is not immediately obvious
why material made under hmd consistently sedi-
mented more rapidly than mature DNA. Many
possibilities exist, but none has been tested.
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Shiftup experiments. Strictly speaking, the re-
sults shown above indicate that hypermodifica-
tion is required for the first round of DNA
synthesis. However, is hypermodification con-
tinuously required for DNA synthesis? To ob-
tain some idea on this point, shiftup experiments
were performed. Cells were infected with hmd
phage at 30°C. Various times later, a sample was
removed and heat shocked at 50°C for 2 min to
rapidly destroy the thermolabile function. After
the heat shock, the sample was placed at 37°C
and 3?P; was added. Control experiments dem-
onstrated that heat shock had no effect on hmd*
infections (data not shown).

Only the results of a typical experiment are
shown here (Fig. 10). In this case, shiftup came
50 min postinfection at 30°C, which is roughly
equivalent to 36 min postinfection at 37°C. When
an hmd”* culture was shifted up in the manner
described, incorporation of 32P; continued for
about 21 min, at which time the culture lysed. In
the hmd culture, however, the apparent rate of
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FIG. 9. Isopycnic centrifugation of denatured
DNA extracted from cells infected with SP10 Amdl
and SP10 Amd2. This is the companion experiment to
the one reported in Fig. 8. Material with a density
different from hmd* native DNA was isolated from
pooled gradient fractions and denatured by dialysis
against distilled water followed by heating for 2 min in
a boiling water bath (39). The denatured DNA was
rebanded in neutral CsCl gradients. (A) SP10 hmdl1;
(B) SP10 hmd2. Symbols: (O) parental [*2P]DNA; (O)
newly replicated [*H]DNA; (®) denatured marker
[**CIDNAS run in a parallel tube.
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TABLE 2. Annealing of DNA made in vivo to the L and H strands of SP10 hmd* DNA?
S1 nuclease-resistant cpm
Unlabeled Input
Labeled DNA A Mock —
DNA cpm hybridized® Hybridized”
32p_Jabeled parental None 2,463 13 82
L strand 2,876 7 686
H strand 2,626 66 649
3H-labeled nascent None 1,251 18 47
L strand 1,338 41 305
H strand 1,119 27 381
32p_Jabeled L strand® None 2,476 41 93
L strand 2,509 73 176
H strand 2,818 81 1,572
32p_Jabeled H strand® None 2,011 45 87
L strand 2,256 53 1,703
H strand 2,256 58 201

@ Cells were infected, at 37°C, with SP10 hmd1 that contained [*?P]DNA and labeled with [6-*H]uracil (10 pCi/
ml) from 12 until 18 min postinfection. DNA was extracted and banded in neutral CsCl density gradients (Fig.
8A). All material that banded more heavily than marker SP10 hmd* DNA was collected and denatured by
dialysis against distilled water followed by heating in a boiling water bath for 2 min (36, 39). The denatured DNAs
were rebanded in neutral CsCl; material corresponding to parental [*2P]DNA and nascent [PH]DNA was
reisolated (Fig. 9). Hybridization was carried out in 200 mM NaCl-10 mM Tris-hydrochloride (pH 7.9). The
reaction mixtures contained <0.1 pg of labeled DNA and 25 pg of unlabeled DNA. The final volume was 200 pl.
The reaction mixtures were incubated at 67°C for 4 h. This is not enough time to give maximal hybridization to
unlabeled DNA, but self-annealing of the labeled DNA is negligible during this interval. The reaction mixtures
were diluted twofold with 60 uM ZnSO, and 250 ug of denatured calf thymus DNA per ml. The S1 nuclease of
Aspergillus oryzae (250 U) was added. The mixture was incubated at 50°C for 4 h, and the amount of precipitable
label was determined.

b Three hybridization mixtures were constructed. One was precipitated immediately and used to determine the
input label. The second was mock hybridized by incubation at 2°C for 4 h and was then incubated with S1
nuclease at S0°C. The third reaction mixture was hybridized at 67°C for 4 h and digested with S1 nuclease at 50°C.

¢ Prepared from SP10 hmd* [*?P]DNA.

DNA synthesis decreased rapidly and stopped
within 10 to 12 min of the shiftup. The hmd
culture lysed 30 min after the shiftup.

In a subsequent experiment, the shiftup was
performed as described above. After shiftup, the
cells were labeled with 3P, for 10 min. The DNA
was extracted and centrifuged through neutral
sucrose gradients. Approximately 50% of the
hmd* [*?PIDNA was recovered as the M form,
whereas the remainder sedimented as the F form
(Fig. 11A). In the case of hmd [**P]IDNA, no
more than 10% of the material sedimented as the
M form (Fig. 11B). When denatured and banded
in neutral CsCl gradients, the buoyant density of
hmd [*>P]IDNA made after the shiftup was be-
tween that of fully hypermodified strands and
unhypermodified strands (Fig. 12), implying
that, under these conditions, the unhypermodi-
fied DNA was covalently linked to hypermodi-
fied DNA made before shiftup. All in all, these
data are consistent with the interpretation that
concatenates containing unhypermodified DNA
are inefficiently cleaved to the M form.

Shiftdown experiments. Shiftdown experi-
ments were performed to see if restoration of the
thermolabile ~md functions permitted comple-
tion of the infection process. For the sake of

comparison, data are also shown for SP10 repd,
a heat-sensitive mutant defective in an as yet
undefined aspect of replication.

In the case of repd, shiftdown resulted in the
reestablishment of DNA synthesis (Fig. 13) and
production of viable phage (not shown); this
mutant could be incubated at 37°C for up to 42
min without affecting the subsequent production
of DNA and phage at 30°C in any major way. In
the case of hmd mutants, normal amounts of
DNA and progeny were generated at 30°C pro-
vided the shiftdown took place <12 min post-
infection at the nonpermissive temperature;
thereafter, the amount of DNA and progeny
generated at 30°C decreased sharply (Fig. 13 and
unpublished data). Under hmd conditions, a
shiftdown later than 18 min postinfection yielded
virtually no DNA synthesis or progeny produc-
tion at 30°C (Fig. 13 and unpublished data).

DISCUSSION

Even though it is a minor component of SP10
DNA (37, 39), Y-Thy is clearly essential for
intracellular development. At nonpermissive
temperatures, SP10 Amd1 and SP10 Amd?2 gener-
ate DNAs in which different intermediates accu-



VoL. 42, 1982

T T
80,000
60,000 - 4
z
O 40,000 \‘ _
\
\
\
\
\
\
\
20,000 \‘ J
[ ]
\
\
\
\\
of, & -»ﬁ-»—»a—l—v!:»‘-?&“»:-g-.-‘.g;._

o 10 20
Minutes after “'shift-up"

FIG. 10. Effect of a shiftup on DNA synthesis in
cells infected with SP10 Aimd* and SP10 hmd1. Bacte-
ria were infected at 30°C, which is a permissive
temperature for hmdl. At 50 min, the culture (5 ml)
was transferred to a water bath (50°C) and swirled
gently for 2 min. The culture was then placed at 37°C.
Periodically, 500-ul portions were pulse-labeled with
[6-*H]uracil as described in Fig. 3. Symbols: (O) SP10
hmd™*; (@) SP10 hmd1; (A) SP10 repd, a heat-sensitive
mutant that is defective in DNA synthesis at 37°C (see
text).

mulate in place of Y-Thy (39), yet both mutants
show basically the same properties with respect
to intracellular development (this paper and un-
published data). Therefore, intermediates in hy-
permodification cannot substitute for Y-Thy.

Under hmd conditions, replication of SP10
DNA stopped or declined manyfold after a few
minutes (Fig. 3). The principal, if not only,
product of SP10 DNA replication under hmd
conditions consisted of duplexes composed of
parental (hypermodified) strands H-bonded to
nascent (hmd) strands (Fig. 8 and 9). DNA-DNA
annealing experiments (not shown) indicate that
hmd duplexes can be formed quite readily in
vitro, so there is no reason to believe that any
intrinsic properties of hmd strands per se pre-
vent formation of such duplexes in vivo. Conse-
quently, it seems reasonable to propose, as a
working hypothesis, that the replicational ma-
chinery of SP10 cannot use an hmd strand as
template, so replication stops at the point where
these strands would have to serve as templates
to sustain DNA synthesis.

Shiftdown experiments indicated that the
thermolabile Amd function could not be rescued
later than 18 min postinfection (Fig. 13). Al-
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though it could be that inactivation of the ther-
molabile Amd function becomes irreversible at
18 min, another explanation seems equally val-
id. The time at which Amd functions become
unrescuable by shiftdown corresponds to the
time at which DNA synthesis stops at the non-
permissive temperature (Fig. 3), i.e., the time at
which Amd*-hmd hybrid duplexes are complet-
ed (Fig. 8 and 9). Such hybrid duplexes are
evidently inert as templates for DNA synthesis
(Fig. 3 and 10). At 37°C, hypermodification of
nascent SP10 zmd* DNA occurs no more than 8
to 10 s after polymerization (39). It could well be
that hypermodification can occur only within a
short time interval of DNA synthesis and that,
beyond this interval, hypermodification cannot
occur even if the hmd functions are restored. In
this context, it is worth noting that Amd*-hmd
hybrid duplexes cannot be rescued by superin-
fection with Amd* phage even though superin-
fecting phage develops normally (H. Witmer and
M. Franks, unpublished data).

Insofar as replication under Amd* conditions
was concerned (Fig. 4 and 5), SP10 showed
basically the same intermediates as SP01 (25).
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FIG. 11. Neutral sucrose gradient centrifugation of
DNA made after a shiftup. Cultures (5 ml) were
infected at 30°C with either SP10 Amd* or SP10 hmdl.
At 50 min, the cultures were shifted up to 37°C as
described in Fig. 12. **P; (10 nCi/ml) was added 1 min
after the culture was placed at 37°C. DNA was extract-
ed 10 min later and sedimented through neutral su-
crose gradients at 11,000 rpm for 15 h. Only the F aqd
M forms of DNA (see text) are resolved by this
procedure. (A) SP10 hAmd*; (B) SP10 hmdl. Arrows
locate the position of marker [**C]JDNAs.
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FIG. 12. Isopycnic centrifugation of denatured DNA made after a shiftup. Material that sedimented through
sucrose like the F intermediate (Fig. 11) was reisolated, denatured, and banded in neutral CsCl density gradients
(6, 39). Symbols: (O) [**PIDNA extracted from SP10 hmd1-infected cells; (®) denatured marker [*“C]DNAs.

Therefore, at the present time, it does not seem
necessary to assume that replication of hyper-
modified DNAs requires novel intermediates.
However, one point of interest should be noted.
Replication of the SP10 genome is novobiocin
sensitive, yet underwinding of SP10 DNA is
seemingly limited to relatively small domains in
the VF intermediate (Fig. 7B). Maintenance of
these underwound regions, which we assume to
be essential for replication, requires continuous
presence of proteins because F* DNA (Fig. 6B)
behaves as if it were fully relaxed (Fig. 7B).
When cells were infected under smd conditions,
SP10 DNA assumed nothing comparable to the
VF form (Witmer and Franks, our unpublished
data), so it is possible that some proteins re-
quired to generate and maintain the underwound
regions require a fully hypermodified DNA. We
are currently attempting to identify SP10-coded
DNA-binding proteins to see if any bind prefer-
entially to fully hypermodified DNAs. Consider-
ing the complex and reactive nature of the
substituents in hypermodified bases (37), they
would be ideally suited as target molecules for
DNA-protein interactions.

DHP-uracil, the hypermodified base in SP15
DNA (4), is required for proper DN A maturation
or phage assembly (6, 36). Evidence for this
conclusion stems from the fact that, under con-
ditions where only 5% of the replicating pool has
a normal DHP-uracil content, over 50% of the
DNA packaged into phage is normal with re-
spect to base composition (6, 36). A similar
conclusion seems to hold for Y-Thy in SP10
DNA inasmuch as little, if any, himd DNA made
after a shiftup matured (Fig. 11). Late protein
synthesis is essential for DN A maturation, since
chloramphenicol, added 12 min postinfection by
hmd™* phage, allows the VF and F intermediates
to accumulate but no mature DNA is generated
(data not given). At present, it is not known if

SP10 mature DNA is cut from the concatenates
before packaging, as is the case with SP01 (24),
or, as in the case of coliphages @X-174, T4, and
A (12, 33, 38), cleavage from the concatenate is
the final step of packaging. Either way, one or
more late proteins must interact with the F
intermediate to generate mature DNA and,
when the F intermediate contained unhyper-
modified regions (Fig. 12), this interaction was
inefficient (Fig. 11).
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FIG. 13. Restoration of thermolabile functions:
Shiftdown experiment. Parallel 12-ml cultures were
infected at 37°C with either SP10 Amd1 or SP10 repd
(see text). Various times postinfection, 1-ml samples
were transferred to a fresh tube and incubated, with
gentle agitation, at 20°C for 2 min. The samples were
placed at 30°C, and 32P; was added to a final concentra-
tion of 10 wCi/ml. The samples were incubated at 30°C
until all the SP10 repd-infected cultures lysed. The
amount of label in DNA was determined (23). SP10
hmd]l-infected cultures failed to lyse or lysed poorly if
shiftdown came later than 18 min after infection at
37°C. Symbols: (O) SP10 repd; (®) SP10 hmd1.
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Thus far, it is clear that Y-Thy is required for
replication as well as cleavage of mature DNA
from concatenates. In turn, it is proposed that
both defects arise through faulty interaction of
certain key proteins with unhypermodified
DNA. It is difficult to judge from the available
data if Y-Thy plays a role in differential tran-
scription of the SP10 genome. Although it is true
that SP10 late genes were weakly expressed
under hmd conditions (Fig. 2), this could just as
easily be attributed to the low levels of DNA
synthesis that occur under those conditions (Fig.
3), since late transcription of numerous phage
genomes is, to some extent, coupled to replica-
tion (15, 20). The importance of unusual bases in
differential gene expression varies somewhat
from system to system. In the case of coliphage
T4, late genes can be transcribed only from an
HM-cytosine-containing template (42). Indeed,
the alc gene product of phage T4 seems to
modify cellular RNA polymerase such that HM-
cytosine-containing DNA is a preferred template
(34). On the other hand, Thy can substitute for,
at least, 20% of the HM-uracil in ée¢ DNA
without affecting phage functions (28). Similarly,
Thy can replace up to 70% of the DHP-uracil in
SP15 DNA without affecting gene expression (6,
36). Thus, there is no a priori reason to believe
that Y-Thy would play a direct role in transcrip-
tion of the SP10 genome.
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