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The change of infectivity of phage DNAs after heat and alkali denaturation
(and renaturation) was measured. T7 phage DNA infectivity increased 4- to
20-fold after denaturation and decreased to the native level after renaturation.
Both the heavy and the light single strand of T7 phage DNA were about five
times as infective as native T7 DNA. T4 and P22 phage DNA infectivity
increased 4- to 20-fold after denaturation and increased another 10- to 20-fold
after renaturation. These data, combined with other authors' results on the
relative infectivity of various forms of 4X174 and lambda DNAs give the following
consistent pattern of relative infectivity. Covalently closed circular double-
stranded DNA, nicked circular double-stranded DNA, and double-stranded
DNA with cohesive ends are all equally infective and also most highly infectious
for Escherichia coli lysozyme-EDTA spheroplasts; linear or circular single-
stranded DNAs are about 15 to &o as infective; double-stranded DNAs are only ¼loo
as infective. Two exceptions to this pattern were noted: lambda phage DNA lost
more than 99% of its infectivity after alkaline denaturation; this infectivity could
be fully recovered after renaturation. This behavior can be explained by the
special role of the cohesive ends of the phage DNA. T5 phage DNA sometimes
showed a transient increase in infectivity at temperatures below the completion
of the hyperchromic shift; at higher temperatures, the infectivity was completely
destroyed. T5 DNA denatured in alkali lost more than 99.9% of its infectivity;
upon renaturation, infectivity was sometimes recovered. This behavior is
interpreted in terms of the model of T5 phage DNA structure proposed by Bujard
(1969). The results of the denaturation and renaturation experiments show
higher efficiencies of transfection for the following phage DNAs (free of
single-strand breaks): T4 renatured DNA at 10-3 instead of 10-I for native
DNA; renatured P22 DNA at 3 x 10-7 instead of 3 x 10-1 for native DNA; and
denatured T7 DNA at 3 x 10-6 instead of 3 x 10-7 for native DNA.

In a previous paper (4), it was shown that
seven native double-stranded phage DNAs effi-
ciently transfected Escherichia coli sphero-
plasts in the presence of protamine sulfate. In
this work, we examine the changes in the
infectivity of phage DNAs after denaturation
and renaturation. The results reveal a consist-
ent pattern of relative infectivities, show higher
efficiencies of transfection for some DNAs, and
lay the groundwork for investigating the infec-
tive properties of intracellular replicative DNA
intermediates, heteroduplex DNAs, etc.

MATERIALS AND METHODS
The strains used in this study have been described

previously (3, 4). The method for preparing sphero-
plasts was the procedure described in the following
paper (9).

The method for purifying phage (23), extraction of
DNA, and sedimentation analysis ofDNAs have been
described previously (4).

For many experiments, heat denaturation of phage
DNAs was performed in 0.01 M Tris-hydrochloride
buffer, pH 8.1, containing 1 mM EDTA. As shown in
the results, the highly acidic pH of Tris buffer at
elevated temperatures induces DNA inactivation (W.
F. Studier, personal communication). Thus other heat
denaturation experiments were performed in 5 mM
sodium phosphate buffer, pH 7.6, containing 1 mM
EDTA. After 4 min of heating at the desired tempera-
ture, the DNAs were quickly cooled on ice. Undue
shear forces during cooling were avoided (because of
the shear sensitivity of T4 phage DNA, cooling was
often too slow to avoid extensive renaturation). The
absorbance of the DNAs was measured at 260 and 280
nm, and the DNAs were then diluted with 0.01 M Tris
buffer, pH 8.1, and assayed for infectivity with E. coli
W3350 spheroplasts.

733



LAWHORNE ET AL.

Alkaline denaturation of phage DNAs was gener-

ally performed as described by Davis, Simon, and
Davidson (6). Highly purified phage stocks (contain-
ing 5 to 100 Ag of DNA equivalents per ml) no more

than 2 weeks old were used in all experiments. Since
T4 and P22 phage plaque formers survived the alka-
line treatment, the following modifications were intro-
duced: the NaOH concentration was increased to 0.4
N; the phage was added last without touching the tip
of the pipette to the glass tube; and the final dilution
of denatured DNA (in 0.01 M Tris buffer, pH 8.1) was

sometimes heated for 20 min at 55 C to destroy
residual phage plaque formers.

Renaturation of alkali-denatured DNAs was per-

formed in the presence of formamide (Matheson,
Coleman, and Bell; reagent grade) as described by
Davis et al. (6).
To separate the light (1) and heavy (r) strands of T7

phage DNA, the modified technique (16) of Summers
and Szybalski (21) was employed. Only lots of poly
U, G which had been tested for efficient strand
separation (Schwartz no. 6801; Miles batch no. 3)
were ordered from the manufacturer. 3H-thymidine-
labeled T7 phage was prepared by the method of
Yamamoto et al. (24) and used in all experiments; a

control tube of denatured T7 DNA without poly U, G
was also centrifuged in CsCl. After collecting 45
fractions from the bottom of the tubes and locating
the sharp radioactive peaks of r and strands as well
as the denatured T7 DNA peak in the control tube,
fractions were diluted 1,000-fold with 5 mM sodium
phosphate buffer, pH 7.6. These diluted fractions
were then assayed with E. coli W3350 spheroplasts.
Parallel samples were heated for 5 min at 95 C,
quickly chilled, and also assayed with spheroplasts.
This denaturation procedure, which removes poly
U, G from the separated strands, increased the infec-
tivity of the and r strand DNA five- to sevenfold
(Table 2). Attempts to remove poly U, G by incuba-
tion with 0.4 N NaOH for 4 h at 37 C resulted in a

1,000-fold decrease of infectivity.

RESULTS

Figure 1 shows the effect of heat denaturation
upon the infectivity of lambda phage DNA.
There is a sharp drop in infectivity between 76
and 78 C, where the hyperchromic shift also
occurs. Figure 2 shows the results of a similar
experiment with T7 phage DNA. Surprisingly,
the infectivity of the DNA increases 10-fold
during the hyperchromic shift. At higher tem-
peratures, the infectivity declines very slowly.
Similar results were obtained with infective P22
and T4 phage DNAs.

If the highly infective forms of heated T7, T4,
and P22 DNAs were a product of an inter-
molecular rearrangement, their formation
should be very sensitive to dilution before heat
denaturation. Figures 3a and 3b show the re-

sults obtained when P22 DNA was denatured at
concentrations differing by a factor of ten: the
relative increase of infectivity at the hyperchro-

TABLE 1. Transfection after denaturation and
renaturation of phage DNAsa

Number of infective centers for:
Phage
DNA Native DNA Denatured Renatured

NativeDNA DNA DNA

T7 168 998 142
T4 20 (6 plates) 119 (6 plates) 2,072 (6 plates)
P22 343 (6 plates) 299 x 10 5,405 x 20

(6 plates) (6 plates)
Lambda 89 0 132
T5 2,443 10 1,268

a A sample of highly purified phage (containing 5-100 ug of
DNA equivalents per ml) was extracted twice with phenol,
the aqueous phase was diluted at least 100-fold in 0.01 M Tris
buffer, pH 8.1, and transfection assays were performed to
determine native DNA infectivity. Another sample of phage
was added to 0.1 to 0.4 N NaOH in the presence of EDTA (6)
to release denatured DNA from the phage; after 10 min at
room temperature, a sample was diluted at least 100-fold in
0.01 M Tris buffer, followed by transfection assays to deter-
mine denatured DNA infectivity. The denatured DNA was
incubated with Tris-hydrochloride and formamide according
to Davis et al. (6) for at least 12 h to achieve renaturation.
This DNA was diluted at least 100-fold before transfection
assays. All transfection assays were performed at concentra-
tions below DNA saturation. Where plaque numbers are
multiplied by 10 or 20, this indicates a corrective dilution
factor. P22 DNA transfection assays were performed with
nonrestricting E. coli KF+ rK-mK;- spheroplasts (3). All
transfection assays were performed in triplicate, unless other-
wise noted.

mic shift was nearly the same in both experi-
ments. (As explained in the legend to Fig. 3, the
rather rapid decline of infectivity at higher
temperatures than 80 C is due to DNA degrada-
tion at the low pH of Tris buffer. This artifact
has no effect on the results of these experiments
since [i] the hyperchromic shift is complete
below 80 C, [ii] denaturation curves have been
performed in phosphate buffer with the same
results below 80 C, and [iii] the alkaline dena-
turation experiment [Table 1] independently
confirm the conclusions from the heat denatura-
tion experiments.) Thus the increased infectiv-
ity of the heated DNA is caused by some
intramolecular rearrangement.
Another experiment was performed to see if

the presence of protamine sulfate in the sphero-
plast suspension had any effect on the increased
infectivity after heating. The result (Fig. 4)
shows that the T7 phage DNA infectivity still
increased after denaturation even when prota-
mine sulfate was omitted from the spheroplast
assays.
Independent confirmation of the heat denatu-

ration data was obtained in alkaline denatura-
tion experiments. Table 1 shows that T7, T4,
and P22 DNA infectivity increased 10-fold after
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FIG. 1. Biological melting curve of bacteriophage

lambda DNA. Samples (4 ml) ofDNA at a concentra-
tion of 1.4 x 10" molecules/mI of 0.01 M Tris buffer
(pH 8.1), containing 1 mM EDTA, were heated for 4
min at the temperatures indicated on the abscissa and
then rapidly chilled on ice. After measuring the
absorbance of each sample at 260 and 280 nm, a
portion was diluted 10,000-fold in 0.01 M Tris buffer
(pH 8.1) and then triplicate assays for infectivity were
performed with spheroplasts of E. coli W3350 plus
protamine sulfate. The number of infective centers
counted on three plates is plotted on the ordinate. The
same results were obtained when theDNA was heated
in 5 mM phosphate buffer. Symbols: , infective
centers; -----, absorbance at 260 nm.

alkaline denaturation, as expected from the
results with heat denaturation.

Convincing evidence that the increased infec-
tivity of T7 DNA after denaturation is due to
single-stranded molecules is presented in Table
2. Here the relative infectivity of native, dena-
tured, and the separated 1 and r strands of T7
phage DNA are compared. Native T7 DNA
infectivity is inhibited somewhat by double-
stranded calf thymus DNA whereas single-
stranded fd DNA has no effect, as expected
from previous results (1, 19). Denatured T7
DNA is about 10 times as infective as native
DNA (Table 2), and its infectivity is inhibited
by single-stranded DNA but not by double-
stranded DNA (1, 19), indicating that the
infective molecule is single-stranded DNA. Pu-
rified T7 1-strand DNA is also 10 times as
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FIG. 2. Biological melting curve of bacteriophage
T7DNA. Samples ofDNA, at a concentration of 1.3 x
1011 molecules/ml of 5 mM Na,HPO4 (pH 7.8) buffer
containing 1 mM EDTA, were treated as indicated in
Fig. 1. After 100-fold dilution in Tris buffer, triplicate
assays were performed with spheroplasts. Symbols:

, infective centers; -----, absorbance at 260 nm.

infective as native DNA, and its infectivity is
selectively inhibited by single-stranded DNA;
however, this effect is only seen after the
1-strand DNA has been denatured again to
remove bound poly U, G (Table 2). Before
denaturation, 1-strand DNA infectivity is about
as high as native T7 DNA infectivity and its
infectivity is not inhibited by either double-
stranded or single-stranded DNA (Table 2).
Finally, r-strand DNA infectivity behaves much
like 1-strand infectivity (Table 2). However,
denatured r-strand infectivity is not as high as
denatured 1-strand infectivity. Since much
more poly U, G binds to T7 r-strand DNA than
to 1-strand DNA (21), we attribute the lower
infectivity of denatured r-strand DNA to an
incomplete removal of poly U, G.
When T5 phage DNA was subjected to heat

denaturation, the infectivity behaved in one of
two ways. In Fig. 5a an example is given of a
temporary rise in infectivity which occurs at the
beginning of the multi-step hyperchromic shift
(11) and is followed by a steep decline. In Fig.
5b, an example is given of the steep decline of
infectivity with the hyperchromic shift, which is
similar to the results observed with lambda
DNA (Fig. 1).

Another series of experiments was now per-
formed to check on the heat denaturation data
and to assess the infectivity of renatured DNAs
(Table 1): five different phage DNAs were
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a 0 b Table 1). Hotz and Mauser (10) previously
/\3000 found that Tl phage DNA infectivity increased

40- to 80-fold after both heat and alkaline
\ denaturation, similar to the data for T7 phage
\ -2500 DNA in this paper. Veldhuisen and Goldberg

i| \ (23) also found that T4 DNA transformation ac-
EfX tivity increased after heat denaturation. Both020 \ -2000 z the isolated heavy and light single strands of T7
018 X-x-x 0 DNA are conclusively identified as the infective

-016 /21 1500 structures (Table 2). After denaturation, T4
0013 U. and P22 DNA infectivity rose as much as that of

012 0/ \ - T7 DNA; therefore, we assume that the sepa-
010 00 rate strands of these molecules are also both

0 highly infective.
500 In the left column of Fig. 6, a simple model to

0 explain how single strands of T7, T4, or P22

25 ° phage DNA might lead to an infective center is
25 66 70 75 80 85 25 68 75 80 85 90

TEMPERATURE C 40
FIG. 3. a, Biological melting curve of bacterio- 0

phage P22 DNA. DNA samples at a concentration of
1.3 x 1011 molecules/ml in 0.01 M Tris buffer (pH

3-

8.1), containing 1 mMEDTA, were heated and chilled
as described in Fig. 1. Triplicate assays were per-
formed on 10-fold dilutions ofDNA using E. coli KF+
993 rK,mK- spheroplasts (3) and S. typhimurium SB
1330 rLT-mLT- indicator (3). The sharp decrease of 30
infective centers above 80 C is due to the low pH of
the Tris buffer at these temperatures. Symbols: ,
infective centers; -----, absorbance at 260 nm. b, The a

0

DNA of Fig. 3a was diluted 10-fold in 0.01 M Tris ) 25 0
buffer (pH 8.1) and then heated and chilled quickly. \0
Triplicate assays were performed with E. coli KF+ 993 zw
spheroplasts. The sharp decrease of infective centers u

20

above 80 C is due to the low pH of the Tris buffer at w 20
these temperatures.

denatured with alkali and then renatured in the L 15
presence of formamide. The results fall into

Z
\

three distinct patterns: T7 DNA infectivity |
increases 10-fold after denaturation and then 0
falls to the level of native DNA infectivity after 10 \
renaturation. In contrast, T4 and P22 DNA 0

infectivity increase after denaturation and then o
increase another 10- to 40-fold after renatura-
tion. Both lambda and T5 phage DNAs lose 5

infectivity after denaturation and regain the
native level of infectivity after renaturation. t
Despite the apparent complexity of these pat- o e_________________._._,_,_O
terns, a simple coherent scheme for these infec- 25 70 74 78 82 86 89
tivity changes has been developed (see Discus- TEMPERATURE *C
sion). FIG. 4. Biological melting curve of bacteriophage

T7 DNA using spheroplasts without protamine sul-
DISCUSSION fate. DNA samples at a concentration of 1.2 x 1010

The effect of both heat and alkaline denatu- molecules/ml of Tris buffer (pH 8.1), containing 1
ration*on infectivity of several different phage mM EDTA, were heated and then chilled. Triplicate

rNAtio onresinfectiviTyof4severalndiffer phage assays were performed on undiluted DNA with sphe-DNAs were similar: T7, T4, and P22 phage roplasts of E. coli W3350 without protamine sulfate.
DNA infectivity increased about 10-fold, The sharp decrease of infective centers above 80 C is
whereas the infectivity of both lambda and T5 due to the low pH of the Tris buffer at these
phage DNA declined at least 100-fold (Fig. 1-5, temperatures. Symbol: , infective centers.
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proposed: after entry of a single-stranded DNA
molecule into a spheroplast, primer-directed
replication by the host DNA polymerase regen-
erates the native phage DNA molecule; this
molecule then initiates the infective cycle. The
strongest support for this model comes from the
results of Table 1: the light strand of T7 phage

TABLE 2. Transfection by native, denatured, and
senarated T7 DNA strands

Average no.
Average no. of plaques
of plaques per plate

Average no.
per plate with 0.5ig

Type ofDNA of plaques with 0.5 gg of UV-irra-
per platea of calf thy- diated, sin-

mus DNA gle-stranded
added to fd phage
assays DNA added

to assays

Native 46 25 60
Denatured DNA 310(331) 323(321) 60(71)
from CsCl gra-
dient without
poly U, G

T7 l strand 371 (58) 369(73) 66(52)
T7 r strand 905(1) 73 (11) 6(7)

a All assay tubes contained 1.6 x 109 double-
stranded DNA equivalents (8.4 x 107 double-stranded
molecules gave 1 counts/min). Plaque numbers in
parentheses for denatured, 1, and r strand DNA
indicate values obtained before heat denaturation to
remove bound poly U, G.

DNA, which cannot be used as a template for
the synthesis of T7 RNA (21) is fully as infective
as the heavy strand of T7 phage DNA. The
model of Fig. 6 readily explains this result since
the complementary DNA strand is made to
allow T7 messenger synthesis to proceed.
Lambda phage DNA lost infectivity after

both heat and alkaline denaturation (Fig. 1,
Table 2). Since cohesive ends of lambda DNA
are essential for infection (13), their loss might
account for this result. In the second column of
Fig. 6, the same host-catalyzed DNA synthesis
of the complementary strand which is invoked
for T7, T4, and P22 DNAs above is shown to
lead to the masking of one cohesive end while
the other cohesive end is lost (since it is located
on the other single strand). The lack of infectiv-
ity of single-stranded lambda phage DNA in the
helper assay (7) also supports this model. Al-
though the loss of infectivity of single-stranded
lambda DNA in our assay precludes a study of
its biological properties, one great advantage of
this system is that it permits the study of the
infective properties of lambda heteroduplex
molecules without interference from nonhybri-
dized, contaminating single-stranded DNA.
The complex behavior of T5 phage DNA

infectivity after heat denaturation is more puz-
zling. One explanation for the transient rise of
infectivity sometimes seen before the hyper-
chromic shift (Fig. 5a) is that a small piece of
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FIG. 5. a, Biological melting curve of bacteriophage T5 DNA. DNA samples at a concentration of 7.3 x 1010
molecules/ml in 0.01 M Tris buffer (pH 8.1), containing 1 mM EDTA, were heated at various temperatures and
then chilled quickly. After measuring the absorbance at 260 nm, samples were diluted 200-fold in 0.01 M Tris
buffer and assayed with spheroplasts of E. coli W3350 in the presence of protamine sulfate. Similar results were
obtained when the DNA samples were heated in 5 mM phosphate buffer. Symbols: , infective centers found
on three plates; -----, absorbance at 260 nm. b, Another biological melting curve of bacteriophage T5 DNA.
DNA samples at a concentration of 1.3 x 109 molecules/ml were treated as described in the legend to Fig. 5a.
Undiluted DNA was assayed with spheroplasts. Symbol: , infective centers found on three plates.
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TABLE 3. Maximum infectivity of various forms of DNA for lysozyme-EDTA spheroplasts in the presence of
protamine sulfate0

Structure of DNA

DNA Covalent, Double-stranded Single- Linear. single- Linear, double-
double-stranded stranded circles DNA with stranded stranded DNA stranded DNA

circles cohesive ends circles

OX1I74 5 x 10-2 5 x 10-2 10- 2 Not infective
(4, 19) (4, 19) (4) (8)

Lambda 2 x 10- 4 10- 3b 10-3b 3 x 10- Not infective Not infective
(15) (15) (4, 15) (14) (7) (20)

T7 1.5 x 10 3 x 10 7
T4 10 3 a x 10-105- 5

(renatured) (denatured)
P22 3 x 10-' 1.5 x 10-5 3 x 10-9

(renatured) (denatured)

aInfectivity is defined as the number of infective centers obtained from one molecule of DNA. In the
parentheses pertinent reterences are listed.

'These data are supported by the results of Enquist, Skalka, and Benzinger (manuscript in preparation).
cData of Kiger, Young, and Sinsheimer (14). We assume that the infectivity of lambda single-stranded

circular DNA is not enhanced by protamine sulfate in the spheroplast assay system, although we have not
tested this assumption. Both single-stranded OX174 and fd phage DNA infectivity is not enhanced by
protamine sulfate (4).

T7, T P22 x1 T5

Nctive DNA
structure

Denatured

Single molecule
enters spheroplast

Primer directed
DNA replication
occurs in

spheroplast

DNA replication
completed

Infectivity ot
double-stranded
molecule

+

FIG. 6. Models for: the infectivity of single-stranded T4, P22, and T7 DNAs (column 1); for the loss of
infectivity of lambda (column 2) and T5 phage DNA (column 3) after denaturation. The structure of mature T5
phage DNA is depicted according to the model of Bujard (5).
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DNA on the multiply nicked strand is lost at
temperatures just below the melting point (5,
11); such a partially single-stranded DNA mole-
cule may be more infective than native T5
phage DNA.
The loss of infectivity of T5 phage DNA at

higher temperatures and in alkali (Table 2) may
be explained by reference to Fig. 6. A molecule
of single-stranded DNA entering a spheroplast
is converted into a native double helix by host
DNA polymerases; this molecule is devoid of
single-strand interruptions. If the nicks are
essential for infectivity, such a molecule should
not be infective. A direct test of this hypothesis
is to measure the effect of polynucleotide ligase,
which repairs all of the nicks of T5 phage DNA
(12), on the infectivity of T5 phage DNA.
The results of the DNA renaturation experi-

ments (Table 1) remain to be interpreted: T7
and lambda DNA infectivity returned to the
level of native phage DNA after renaturation,
suggesting that the original structure was regen-
erated. T5 phage DNA infectivity was also
recovered after renaturation (Table 1). How-
ever, this result is difficult to interpret oecause
of the many different DNA structures which
could be generated from the fragments pro-
duced after denaturation and because of the
large terminal redundancy of the DNA (18).

Surprisingly, renaturation of T4 and P22
phage DNA resulted in a further 10- to 20-fold
increase of infectivity of these molecules. Per-
haps a structural difference between T7 and
these two phage DNAs could account for their
different infectivity after renaturation. It is
known that T7 phage DNA has a unique DNA
sequence while both T4 (Thomas and MacHat-
tie, 1964) and P22 (17) have circularly permuted
DNA. Thus, renaturation of T7 DNA will regen-
erate the original native structure whereas P22
and T4 DNAs will renature to form double-
stranded structures with cohesive ends or cir-
cles. Perhaps such molecules are more highly
infective than even single-stranded T4 or P22
phage DNAs; this hypothesis is supported by
the data of Table 3 which combines the data
obtained in this paper with the maximum
efficiency of transfection observed for different
forms of lambda and 4 X174 DNAs. Several
consistent features emerge from this tabulation:
qualitatively, circular double-stranded DNA
and DNA with cohesive ends are more infective
than single-stranded DNAs, which in turn are
more infective than linear, double-stranded
DNAs. Quantitatively, the high and equivalent
efficiency for covalent and nicked double-
stranded circles (0X179, lambda) and for dou-
ble-stranded DNA with cohesive ends (lambda)
is striking. Renatured T4 DNA (which is either

circular or has cohesive ends) is just as efficient
(10-3) as lambda DNAs. With the exception of
single-stranded circular lambda DNA, all sin-
gle-stranded forms are 1/5 to !4o as infective as the
double-stranded circles or DNA with cohesive
ends. Linear, native, double-stranded DNAs
are about 'Yo as infective as the single-stranded
DNAs. This pattern might be very useful in
predicting the infectivity of various forms of
intracellular replicating DNA intermediates
which have not been tested in transfection
assays (such as T4, T7, P22).
The mechanism underlying the differential

infectivity of the different DNA structures com-
pared in Table 3 is still obscure. Either hypoth-
esis discussed in a previous paper (4), differen-
tial DNA uptake, or differential sensitivity to
intracellular nucleases could explain the re-
sults.

Nevertheless, a substantial increase of max-
imum transfection efficiency has been found for
several intact phage DNAs: using renatured T4
phage DNA increases the efficiency to 10-3
infective centers per DNA molecule compared
to the previously reported value (4) of 10-5 for
native DNA; using renatured P22 DNA in-
creases the efficiency from 3 x 10' to 3 x 10-7;
and using denatured T7 DNA increases the
efficiency from 3 x 10- 7 to 3 x 10-6. Where the
structure of the transfecting DNA is not impor-
tant, these increases in transfection efficiency
should be quite helpful.
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