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When DNA from bacteriophage T7 is irradiated with UV light, the efficiency
with which this DNA can be packaged in vitro to form viable phage particles is
reduced. A comparison between irradiated DNA packaged in vitro and irradi-
ated intact phage particles shows almost identical survival as a function of UV
dose when Escherichia coli wild type or polA or uvrA mutants are used as the
host. Although uvrA mutants perform less host cell reactivation, the polA
strains are identical with wild type in their ability to support the growth of
irradiated T7 phage or irradiated T7 DNA packaged in vitro into complete
phage. An examination of in vitro repair performed by extracts of T7-infected E.
coli suggests that T7 DNA polymerase may substitute for E. coli DNA polymer-
ase I in the resynthesis step of excision repair. Also tested was the ability of a
similar in vitro repair system that used extracts from uninfected cells to restore
biological activity of irradiated DNA. When T7 DNA damaged by UV irradia-
tion was treated with an endonuclease from Micrococcus luteus that is specific
for pyrimidine dimers and then was incubated with an extract of uninfected E.
coli capable ofremoving pyrimidine dimers and restoring the DNA ofits original
(whole genome size) molecular weight, this DNA showed a higher packaging
efficiency than untreated DNA, thus demonstrating that the in vitro repair
system partially restored the biological activity of UV-damaged DNA.

Living organisms maintain repair mecha-
nisms to correct damage caused to their DNA
by deleterious agents such as radiation or for-
eign chemicals. Although much of our knowl-
edge concerning repair processes is derived
from genetic investigations, more recent efforts
have focused on a biochemical approach with
purified enzymes thought to be important to
repair processes (8, 9, 11, 14) or with more
complete quasi-in vitro systems (24, 33). Also, it
has been possible to monitor steps in the exci-
sion repair process with in vitro systems using
crude extracts prepared from Escherichia coli
and exogenous substrates that contain a known
number of damaged sites (23, 32). With one of
these systems, UV-irradiated DNA from bacte-
riophage T7 was treated with a damage-specific
endonuclease from Micrococcus luteus to intro-
duce incisions at the site of pyrimidine dimers.
Subsequent incubation with an extract from E.
coli repaired the DNA, as indicated by a num-
ber of criteria, including removal of pyrimidine
dimers, UV-stimulated DNA synthesis, and
restoration ofthe DNA to its original molecular
weight. Although these biophysical measure-
ments suggest that this repair is complete, it
was of interest to determine whether DNA re-
paired in vitro carried the potential for forming
viable T7 phage.

Because DNA from bacteriophage T7 can
transfect E. coli with only low efficiency (1, 5,
21), it is difficult to test the biological activity of
T7 DNA by transfection. However, Kerr and
Sadowski (13) have described an in vitro system
capable of packaging T7 DNA. It was also
shown that, under conditions where recombina-
tion could occur between exogenous DNA and
endogenous DNA present in the extracts used
for packaging, it was possible to encapsulate
purified T7 DNA into phage heads with high
(5%) efficiency (31). We have modified this sys-
tem to encapsulate T7 DNA under conditions
such that the amount ofendogenous DNA pres-
ent was minimized, and an effort was made to
reduce recombination. This system, which is
dependent upon exogenous DNA, shows good
efficiency and a linear relationship between
DNA concentration and phage produced. The
system was used to measure the "survival" of
T7 DNA irradiated and then packaged in vitro.
We have also used this technique to measure
the ability of an in vitro repair system to re-
store the biological activity of damaged DNA.

MATERIALS AND METHODS
Bacterial strains and bacteriophage. The strains

of E. coli K-12 used in this study included W3110,
thy; D10, thy end polAl; DRi10 (a polA+ revertant
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of D110); HMS146, recB21; JG138, thy rha lacZ
polAl; TN207, thy uvrA, derived from W3110;
HMS83, polAI polB100 thy rha lacZ lys (3); HMS85,
polB100 thy lacZ Iys (3); and 011', thy sup+.

Bacteriophage T7 and amber mutants, thereof,
from F. W. Studier, were grown as described (34).
The amber mutations used in this study were: gene
3, am29; gene 4, am20; gene 5, am28; and gene 6,
am147. In the text, T7 mutants are designated by
subscript notation indicating gene only; e.g., T73,6
refers to the double amber mutant am29 and
am147.

Media and chemicals. L-broth, T-agar, and M9
media are described by Miller (26); L-broth was rou-

tinely supplemented with 10 1g of thymine per ml.
Low-salt T7 diluent consists of 20 mM Tris-hydro-
chloride (pH 7.5), 10 mM MgSO4, 10 ,ug ofgelatin per
ml, and 0.1 M NaCl (13).

Deoxyribonucleoside triphosphates were pur-
chased from Schwarz/Mann Bioresearch. Spermi-
dine was obtained from Sigma; bovine serum albu-
min (BSA) was purchased from Calbiochem.
DNA. Unlabeled and 3H-labeled T7 DNA were

prepared from wild-type T7, T74, or T75 phage grown
on strain 011' as described by Richardson (30). All
DNA concentrations are expressed as nucleotide
equivalents.

Enzymes. An endonuclease from M. luteus (4),
which specifically attacks pyrimidine dimers formed
after UV irradiation, was generously provided by
W. L. Carrier. Lysozyme was purchased from Calbi-
ochem.

Preparation of phage-infected cell extracts for
packaging. Extracts were prepared by a modifica-
tion of the method described by Kerr and Sadowski
(13). A 100-fold dilution of an overnight culture of
suppressor-free E. coli was made into L-broth, and
the cells were grown, with shaking, at 30°C to a
density of approximately 5 x 108/ml (absorbance at
590 nm = 1.0). The cells were then infected with
T73,5,6 at a multiplicity of infection of 3. (This multi-
plicity resulted in the killing of over 90% of the
cells.) Infection was allowed to proceed for 18.5 min,
at which time the culture was poured into a cold
flask, chilled, and then centrifuged at 0°C for 5 min
at 1,500 x g in a Sorvall GSA rotor. The pellet was
resuspended in low-salt T7 diluent (1/250 the origi-
nal cell culture volume) and stored in a polycarbon-
ate tube under liquid nitrogen. Cells could be stored
in this way for months with no apparent loss of
activity.

Immediately before use, the preparation ofphage-
infected cells was thawed rapidly at 30°C, incu-
bated at 30°C for 2 min in the presence of 0.02
volume of lysozyme solution (1 mg/ml in 15 mM
Tris-hydrochloride [pH 7.5]-7.5 mM MgSO4-0.25
mM EDTA), and chilled to 0°C on ice. The extract
was distributed in 0.020-ml portions into prechilled
tubes.

Reaction conditions for packaging of DNA. DNA
was diluted in 18mM Tris-hydrochloride (pH 7.5), 22
mM MgCl2, 9 mM spermidine, 10 mM 2-mercapto-
ethanol, 13 mg of BSA per ml, and 2% (wt/vol)
sucrose. Ten-microliter samples of this reaction
mixture, containing 1 pmol to 1 nmol of DNA per
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sample, were added to 20-II portions of packaging
extract and incubated at 30'C for 1 h. The reaction
was terminated by the addition of 50 volumes of cold
T7 diluent. After the appropriate dilutions were
made in T7 diluent, 0.1-ml samples were mixed with
0.3 ml of suppressor-free indicator bacteria and 2.5
ml of soft T-agar, plated on T-agar plates, and incu-
bated overnight at 30'C.

Preparation of cell extracts for repair of UV ra-
diation-damaged DNA. The preparation of extracts
from T7-infected bacteria and from uninfected bac-
teria has been previously described (12, 23, 36).
UV irradiation. DNA was irradiated in deep-well

microscope slides with constant stirring at room
temperature. DNA to be used in packaging reac-
tions was irradiated in 135-1l quantities at a con-
centration of 0.1 mM. DNA to be used in the experi-
ments on repair of UV-damaged DNA was irradi-
ated, 50 to 100 t.l at a time, at a concentration of 0.5
mM. A pair of germicidal lamps with an incident
dose rate of 1.04 J/m2 per s provided the UV source.

Reaction conditions for in vitro repair of UV
radiation-damaged DNA. DNA (7.4 nmol) damaged
by 0 to 25 J of UV radiation per m2 was incubated at
30'C for 15 min, first in the presence of M. luteus
endonuclease and then with extracts of uninfected
HMS146, T73,6-infected D110, or T73,5,6 -infected
D110 under assay conditons previously described
(23). The molecular weight ofthe repaired DNA was
examined by alkaline sucrose gradient analysis (22)
or, in some experiments, this DNA was added to
packaging extracts to test for biological activity.
Before addition to the packaging extract, the reac-
tion mixtures were diluted 10-fold in a dilution
buffer to give 22 mM MgCl2, 10 mM 2-mercaptoetha-
nol, 9 mM spermidine, 18 mM Tris-hydrochloride
(pH 7.5), 13 mg of BSA per ml, and 2% sucrose (final
concentrations); 10-,u portions of this diluted reac-
tion mixture were added to 20-,ul samples of packag-
ing extract. For gradient analysis, reactions were
terminated by addition of EDTA to a concentration
of 50 mM, and the samples were chilled before layer-
ing onto 5 to 20% alkaline sucrose gradients.

Other methods. Zone sedimentation in alkaline
sucrose and determination of radioactivity have pre-
viously been described (22).

RESULTS
Characterization of in vitro packaging sys-

tem. The in vitro system for encapsulating ex-
ogenous T7 DNA described by Sadowski and co-
workers (13, 31) has been used to study in vitro
recombination (31). However, the large amount
ofunirradiated endogenous DNA present in the
extracts used in this packaging system, to-
gether with the possibility of in vitro recombi-
nation events, could complicate measurements
of the efficiency with which irradiated DNA is
packaged. In an effort to reduce the level of
endogenous DNA present in the extracts used
for packaging as well as the amount of molecu-
lar recombination, we attempted to perform in
vitro packaging of wild-type T7 DNA using ex-
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tracts ofsuppressor-free E. coli infected with T7
that carried amber mutations in genes 3, 5, and
6, three genes important in in vivo DNA repli-
cation and recombination (7, 15, 16, 27, 28, 32,
34). Previous studies (31) have shown that the
products of genes 5 and 6 are also important for
in vitro recombination. Use of this phage to-
gether with suppressor-free indicator bacteria
reduced to zero the number of plaques found on
control plates without exogenous DNA. To esti-
mate the optimum conditions for packaging,
relative efficiency was measured as a function
of concentrations of magnesium, spermidine,
and BSA. The results of these experiments are
shown in Table 1. Magnesium was essential to
in vitro packaging, and both BSA and spermi-
dine improved the efficiency. Once standard
conditions were adopted (as indicated in Mate-
rials and Methods), the reproducibility of the
system was tested by comparing results ob-
tained with extracts prepared under identical

TABLz 1. Effect ofBSA, Mg2+, and spermidine
concentrations on packaging efficiency

Concn Relative efficiency"

BSA (mg/ml)c
0 1.0
3.2 12.3
6.5 12.3
13 16.9
19.5 6.5
26 1.4

Mg2+ (mM)d
0 1.0
11 9.2
22 53.0
44 31.0

Spermidine (mM)e
0 1.0
0.9 1.4
9.0 1.6

18.0 0.6
27.0 0.3
a Extracts from T73,5,6-infected W3110 were used

to package T7 DNA present at 0.1 nmol in each
reaction mixture. The amounts of added BSA, Mg2+
and spermidine-HCl in the dilution buffer were var-
ied in each case from zero to the indicated concentra-
tion, with the other two ingredients held at the
values shown in the footnotes. The number ofphage
produced was determined using strain W3110 as an
indicator.

b The number of plaques produced at the indi-
cated concentration relative to the phage produced
with none of that ingredient added.

" At Mg2+ = 22 mM, spermidine = 9 mM.
d At BSA = 13 mg/ml, spermidine = 0.
' At BSA = 13 mg/ml, Mg2+ = 22 mM.

conditions and by comparing several assays
performed with a single extract. Results from
140 assays derived from 29 extract preparations
gave an average efficiency of 3 x 10-4 plaques
per T7 genome equivalent; the standard devia-
tion of these measurements was ±2 x 10-4. We
encountered approximately the same variabil-
ity between extracts as between assays using
the same extract. At the lowest dilution tested,
no plaques were found on the controls without
exogenous DNA or without extract, indicating
a background value at least four orders of mag-
nitude less than the efficiencies found with
complete reactions.
The effect of variation in DNA concentration

was also measured under the standard condi-
tions. In these experiments, extracts prepared
from strain W3110 infected with T73,5,6 were
used to package wild-type T7 DNA varying in
concentration from 1 pmol to 1 nmol/reaction,
and the infectivity was determined with strain
W3110 as indicator bacteria. As seen from the
450 slope of the straight line in Fig. 1, the
number of plaques found was directly propor-
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FIG. 1. In vitro encapsulation of T7 DNA as a
function ofDNA concentration. Wild-type T7 DNA
was diluted in 10 mM Tris-hydrochloride (pH 7.5)
and then incubated with extracts prepared from
strain W3110 infected with T73A56 before dilution and
plating (in duplicate) on strain W3110. The number
of infective centers produced was compared with the
amount ofDNA added to the reaction mixture. Aver-
age values are shown from two experiments with five
separate determinations at each DNA concentration.
Error bars reflect standard deviations.
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tional to the DNA concentration over a range of
three orders ofmagnitude. Similar results were
obtained with strains D110 and TN207 (data
not shown).
Although in vitro recombination due to T7

gene products was expected to be low under the
conditions described here, it was of interest to
measure the level of molecular recombination
directly. To do this, DNA was purified from T7
with amber mutations in gene 4 or 5. Extracts
were prepared from strain W3110 infected with
T73,5,, and used to package these DNA prepara-
tions. Measurement of packaging efficiency by
use of a suppressor-free indicator strain showed
that the DNA with an amber mutation in gene
5 was expressed with an efficiency over four
orders ofmagnitude lower than that found with
wild-type DNA (Table 2). The DNA with an
amber mutation in gene 4 was expressed about
100 times more efficiently than the DNA with a
mutation in gene 5, possibly due to recombina-
tion with the endogenous DNA, which contains
a wild-type copy of gene 4 (31). However, the
mutant gene 4 DNA was expressed at about 1/
300 the efficiency of wild-type DNA.

Effect of UV irradiation. To compare the
effect ofUV irradiation of intact T7 phage with
irradiation of T7 DNA subsequently encapsu-
lated into phage heads, three strains of E. coli
were used. These included a wild type (strain
W3110), a mutant deficient in the DNA syn-
thetic activity of DNA polymerase I (strain
D110), and a repair-deficient mutant (strain
TN207) reported to lack an endonuclease re-
sponsible for incision at the sites of pyrimidine
dimers (2, 32). First, the effects of UV irradia-
tion in vivo were measured. Figure 2A shows

TABLE 2. Efficiencies ofpackaging mutant DNAsa
Efficiency

T7 DNA PF
DNA (nmol) U % Relative to

wild type
WT 0.03 6.74 x 104 2.65 x 10-2 1.00
WT 0.10 1.73 x 10' 2.31 x 10- 2 1.00

4- 0.10 4.84 x 102 6.46 x 10-5 2.65 x 10-3
4- 0.30 2.34 x 103 1.04 x 10-4 4.28 x 10-3
4- 0.50 4.80 x 103 1.28 x 10-4 6.27 x 10-3

5- 0.60 3.00 x 101 8.00 x 10-7 3.29 x 10-5

DNA extracted from T7 wild type (WT), T74, or T7, was
diluted in 10 mM Tris-hydrochloride (pH 7.5); the amounts
ofDNA shown were packaged using identical reaction mix-
tures and an extract prepared from strain W3110 in-
fected with T77,3,,. The resulting phage were plated using
strain W3110 as an indicator to give the indicated value of
PFU. The ratio of wild type to T74 phage in the preparation
used for the T74 DNA was 6 x 106. This ratio for the 7,5
DNA was 4 x 10-5.

that wild-type T7 phage show significantly
lower survival (host cell reactivation) when
plated on the excision-deficient host strain
TN207 compared with wild-type strain W3110.
The discontinuity in the survival curve at 7 J/
m2 has been observed by others (6, 20) and has
also been seen with bacteriophage T1 (10), but
its explanation is obscure. The polAl strain
was identical to the wild type in its ability to
support the growth of UV-irradiated T7. This
result does not agree with an earlier report by
other workers (20). However, this experiment
was repeated several times with strains D110
(polAl), JG138 (polAl), HMS83 (polAl
polB100), and HMS85 (polB100), and in no
case have we measured any difference in host
cell reactivation when comparing wild-type
strains with mutants deficient in DNA polym-
erase I or II. Figure 2B shows a similar experi-
ment, except that in this case the T7 DNA was
irradiated before being packaged into phage
heads. The effects of this in vitro UV irradia-
tion mimic the in vivo situation almost per-
fectly (including the discontinuity seen with a
wild-type host). Thus, the in vitro packaging
assay described here allows a sensitive and effi-
cient determination of damage remaining in
purified irradiated DNA, and the biological
consequences of the damage closely parallel the
in vivo situation. The data in Fig. 2 do not
determine whether the packaging extract or
the indicator strain is defective in UV repair.
However, an experiment was performed in
which unirradiated and irradiated DNA was
packaged by extracts of both strains W3110
(wild type) and TN207 (uvrA), and the result-
ing phage was plated using each strain as an
indicator. The results (Table 3) show that in all
cases the UV sensitivity depended upon the
indicator strain rather than the strain used to
prepare the packaging extract. These data fa-
vor the argument that irradiated DNA is pack-
aged into phage heads, but that these show
reduced survival upon infection of a repair-defi-
cient host.
One interesting aspect of the data in Fig. 2 is

the lack of involvement of DNA polymerase I.
Since the uvrA mutant, blocked in the first step
of excision repair (2, 8), is clearly deficient in
host cell reactivation, it appears that the exci-
sion repair pathway must contribute to the
ability ofbacteriophage T7 to survivie UV dam-
age. Yet DNA polymerase I or II, either of
which might be responsible for the resynthesis
step (25, 35), does not seem to be involved. In
addition to the possibility that residual DNA
polymerase levels (17) in the bacterial mutants
used here might suffice for the resynthesis step

J. VIROL.
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FIG. 2. Comparison of survival of UV-irradiated T7 phage and T7 DNA packaged in vitro. (A) Suspen-
sions ofT7 phage diluted to 5 X 108 PFU/ml in low-salt T7 diluent were irradiated at room temperature, 1.0
ml at a time, in 7-cm-diameter watch glasses with constant stirring at an incident dose rate of 1.04 J/m2per s.

Phage were diluted in L-broth and plated on the indicated strain: (0) strain W3110 (wild type); (-) strain
D10 (polAl); (A) strain TN207 (uvrA). (B) T7 DNA at 0.1 mM was irradiated with UV at the doses shown.
The DNA was packaged in vitro by use of extracts prepared from T73,5-infected cultures of the indicated
strain. The resulting phage were plated on the same strain used to prepare the extracts for packaging. The
number of phage resulting from irradiated DNA was compared with the unirradiated control to give the
percent survival. Average values for several determinations are shown. Error bars indicate standard devia-
tions; points without error bars had standard deviations smaller than the symbol. Symbols are the same as in
(A).

of excision repair, it was possible that E. coli
DNA polymerase II (18) or T7 DNA polymer-
ase (7) might be involved. An in vitro experi-
ment was performed to test the involvement of
T7 DNA polymerase in DNA repair. Strains
D11O and DR110 were each infected with T736
or T73,5,6 and extracts were prepared (12). T7
DNA was UV irradiated and treated with a UV
damage-specific endonuclease from M. luteus.
The incised DNA was incubated with extracts
from the phage-infected cells under conditions
similar to those described for extracts prepared
from uninfected E. coli (23), and the reaction
mixtures were subjected to zone sedimentation
on alkaline sucrose gradients. The addition of
the damage-specific endonuclease was neces-
sary since earlier studies (23, 32) had indicated
that extracts of the type used here are essen-
tially unable to incise UV-irradiated DNA. It
was found (Fig. 3A), as expected, that extracts
prepared from DR110 (polAW) infected with
T73,6 or T73,5,6 could restore incised DNA to the
same molecular weight as the unirradiated con-
trol. Extracts prepared from D110 (polAl) in-

TALz 3. Effect ofindicator bacteria on UV survival
ofDNA packaged in vitroa

Extract Indicator Survival (%)
W3110 W3110 4.2
W3110 TN207 0.66

TN207 W3110 3.2
TN207 TN207 0-53

a DNA, either unirradiated or irradiated with 20
J of UV per in, was packaged in vitro at the stan-
dard assay conditions described in the text, and
packaging extracts were prepared from T73,5,6-
infected strain W3110 (wild type) or TN207 (uvrA).
The resulting phage were plated using both W3110
and TN207 as indicator bacteria. The percent sur-
vival represents a comparison of irradiated and un-
irradiated DNA packaged with the indicated extract
and plated on the indicated plating bacteria.

fected with T73.&s could not increase the molecu-
lar weight of incised DNA (Fig. 3B). However, a
partial restoration of UV-damaged DNA was
seen when extracts prepared from D110 in-
fected with ?73,6 were used. Thus, gene 5 mu-
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FIG. 3. Repair of UV-damaged DNA in vitro. 3H-
labeled T7 DNA was irradiated with 25 J/m2 and
then incubated for 15 min at 30TC with a damage-
specific endonuclease from M. luteus to produce sin-
gle-strand breaks at the sites of pyrimidine dimers
(4, 23). Portions ofthis DNA were incubated at 30TC
for 15 min in 100-pi reaction mixtures containing 3
nmol of incised DNA, 30 mM Tris-hydrochloride
(pH 7.5), 25 mM MgCl2, 80 pM each of the four
deoxyribonucleoside triphosphates, 0.25 mM NAD,
12 mM 2-mercaptoethanol, and 40 4u ofgently lysed
extracts prepared from strain DR110 or D110 (polA)
that had been infected with T73,6 or T73,5,6 as previ-
ously described (12, 23). After the addition of50 mM
EDTA (final concentration), the reaction mixture
and appropriate controls were sedimented through
alkaline sucrose gradients in a Spinco SW56 rotor at
49,000 rpm for 120 min at 20TC. Profiles of acid-
insoluble radioactivity recovered from these gra-
dients are shown. (A) Results from strain DR1ZO;
(B) results from strain D110. Symbols: (0) unirra-
diated control; (A) irradiated and treated with UV-
endonuclease only; (0) reincubated with extract from
T736g-infected cells; (A) reincubated with T73,5,4-in-
fected cells.

tants, which have reduced levels of T7 DNA
polymerase (7), are unable to perform in vitro
DNA repair when E. coli DNA polymerase I
levels are also low.
Resurrection of UV-damaged DNA. Strain

D110 was used to measure the efficiency of

packaging DNA repaired in vitro. DNA from
wild-type T7 was irradiated with incident doses
of UV from 0 to 20 J/m2. Half of each sample
was retained as an untreated control. The re-
mainder was incubated first with a damage-
specific endonuclease from M. luteus and then
with an extract prepared from uninfected strain
HMS146 (recB21), as previously described (23).
An extract prepared from strain D110 infected
with T73,5,6 was used to package the DNA in
vitro, and infectivity was measured with strain
D110 as indicator bacteria. Figure 4 shows the
results of this experiment. It is apparent that
removal of pyrimidine dimers and restoration
of the DNA to its original molecular weight by
in vitro repair (23) also results in a significant
increase in the ability of this damaged DNA to
be packaged into viable phage particles.

DISCUSSION
Restoration of biological activity is a de-

manding test for the fidelity of any in vitro
DNA repair or DNA replication system. A diffi-
culty in testing product T7 DNA from these
systems arises from the poor infectivity of lin-
ear duplex T7 DNA in transfection assays (1, 5,
18). Therefore, to determine the extent to which
UV-irradiated DNA could be correctly repaired
in vitro, an in vitro packaging system (13, 31)

100-
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FIG. 4. Repair of UV radiation-damaged DNA.
T7 DNA was irradiated with the indicated doses of
UV, and a portion was retained as an untreated
control. The remainder was treated with a damage-
specific endonuclease from M. luteus and then with a
gently lysed extract from uninfected strain HMS146,
as described in the legend to Fig. 3. The reaction
mixtures were diluted with cold T7 diluent, 0.01 ml
(containing 0.03 nmol of DNA) was packaged in
vitro by the use ofextracts prepared from D110 (polA)
infected with T73,5,6,, and the resulting phage were
plated on strain D110. Comparison of the number of
phage produced by the irradiated and unirradiated
DNA gave percent survival as shown in the figure.
Symbols: (-) repaired DNA; (0) untreated control.
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was used to monitor the biological activity of
the damaged DNA. It was reported that exoge-
nous DNA could be packaged most efficiently
by extracts of T7-infected E. coli when molecu-
lar recombination occurred between exogenous
DNA and the endogenous DNA present in the
extracts (31). However, it was conceivable that
recombination between endogenous DNA and
the 5% or less of the exogenous DNA that is
eventually expressed as phage particles might
mask UV damage. In effect, a type of multiplic-
ity reactivation (19) might occur in vitro. Also,
it would be convenient to work with a packag-
ing system that was strictly dependent upon
exogenous DNA. It was found that by using T7
phage with DNA replication and recombination
arrested by amber mutations in genes 3, 5, and
6, extracts ofphage-infected, suppressor-free E.
coli could be used to package exogenous wild-
type T7 DNA into phage particles that could be
expressed on suppressor-free indicator bacteria.
The efficiency with which one genome equiva-
lent ofDNA could be made into a viable phage
particle with these extracts was 0.03%, a value
lower than that previously reported (31) but
higher than the efficiencies found with trans-
fection systems (5). The number of plaques pro-
duced was linear with DNA concentration up to
1 nmol of DNA per 0.03-ml reaction mixture
(Fig. 1); no plaques were produced in the ab-
sence of exogenous DNA. A comparison of
DNAs with amber mutations that could or
could not be complemented by endogenous
DNA suggested a low level of in vitro recombi-
nation. Since the experiment shown in Table 2
involved a double crossover between closely
linked genes, this level of recombination may
be significant. Thus, in spite of the multiple
deficiencies in T7 genes important in recombi-
nation, our results do not rule out the possibil-
ity that recombination (perhaps due to the host
enzymes) may play a role in in vitro packaging
(31). The data in Fig. 2 indicate good agreement
between the in vivo and in vitro survival of
phage or DNA irradiated with doses of UV
sufficient to introduce up to 15 pyrimidine di-
mers per T7 genome (23). This suggests that in
vitro recombination does not reactivate the
damaged DNA to any great extent and that in
vitro packaging is an effective means of deter-
mining the amount ofdamage present in exoge-
nous DNA.
The results shown in Fig. 2 indicate that

wild-type levels of DNA polymerase I are not
essential for host cell reactivation of UV-irradi-
ated wild-type T7 phage. Figure 3 shows that
extracts prepared from T73 6-infected strain
DR110 or D110 can restore T7 DNA irradiated
with low doses ofUV and incised at each dimer

site by a damage-specific endonuclease to about
the same single-strand molecular weight as
unirradiated DNA. However, similar extracts
prepared from a polA mutant infected with
T7,,5,6 are unable to restore damaged DNA in
vitro. The partial restoration of incised DNA
performed in vitro by an extract from a T73,6-
infected polA strain (Fig. 3B) does not guaran-
tee that the gene 5 product can catalyze DNA
repair in a biological sense. However, the in
vitro repair deficiency associated with the gene
5 mutation offers a convenient explanation for
the results obtained with the polA mutant in
the experiment shown in Fig. 2 and invites
speculation that the T7 DNA polymerase may
be able to substitute for E. coli DNA polymer-
ase I in executing repair resynthesis, perhaps
in coordination with the remaining 5',3'-exonu-
clease ofDNA polymerase I still present in this
polA mutant (17). Also, our result offers assur-
ance that there is little or no in vitro repair of
incised DNA by extracts with reduced levels of
both E. coli DNA polymerase I and T7 DNA
polymerase.
An objective of the present study was to de-

termine how accurately DNA could be repaired
in vitro by incubation of UV-irradiated DNA,
first with a damage-specific endonuclease from
M. luteus to introduce incisions at the site of
pyrimidine dimers and then with gently lysed
extracts from uninfected E. coli to excise the
dimers, resynthesize the damaged region, and
restore the DNA to intact genome size by liga-
tion. It had previously been shown by biophysi-
cal and biochemical criteria that DNA repair
by this in vitro process was nearly complete,
and that this repair was accompanied by repair
resynthesis due to DNA polymerase I (23).
However, restoration of biological activity
could be accomplished only if all the damage
was recognized by the M. luteus enzyme and if
the resynthesis step was completed with high
fidelity. To test this, irradiated T7 DNA was
repaired in vitro and then encapsulated into
phage particles. An extract from strain D110
infected with ?73,5,6 was chosen to package the
DNA in order to eliminate the possibility that
some repair resynthesis might occur during
packaging. Figure 4 shows that exposure of
UV-irradiated DNA to the in vitro repair sys-
tem increases the biological activity ofthe dam-
aged DNA. The relative number of plaques pro-
duced by repaired DNA subjected to an incident
dose of 20 J/m2 corresponds to a dose of 4 J/m2 in
the untreated control, indicating removal of
about 80% of the damage. It is not clear
whether the remaining damage is due to the
failure of the M. luteus endonuclease to recog-
nize certain types ofdamage (29) or if a fraction
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of single-strand breaks remains in the DNA
after in vitro repair. Also, it is possible that in
vitro reinsertion of incorrect bases during re-
pair resynthesis might produce a small fraction
of intact T7 genomes that cannot be expressed
on a suppressor-free host.

ACKNOWLEDGMENTS
This research was supported by the Energy Research and

Development Administration under contract with the Un-
ion Carbide Corporation.

LITERATURE CITED
1. Benzinger, R., I. Kleber, and W. D. Henner. 1973.

Transfection ofEscherichia coli spheroplasts. III. Fa-
cilitation of transfection and stabilization of sphero-
plasts by different basic polymers. J. Virol. 12:741-
747.

2. Braun, A., and L. Grossman. 1974. An endonuclease
from Escherichia coli that acts preferentially on UV-
irradiated DNA and is absent from the uvrA and
uvrB mutants. Proc. Natl. Acad. Sci. U.S.A. 71:1838-
1842.

3. Campbell, J. L., L. Soll, and C. C. Richardson. 1972.
Isolation and characterization of a mutant of Esche-
richia coli deficient in DNA polymerase II. Proc.
Natl. Acad. Sci. U.S.A. 69:2090-2094.

4. Carrier, W. L., and R. B. Setlow. 1970. Endonuclease
from Micrococcus luteus which has activity toward
ultraviolet-irradiated deoxyribonucleic acid: purifica-
tion and properties. J. Bacteriol. 102:178-186.

5. Ehrlich, S. D., V. Sgaramella, and J. Lederberg. 1976.
Transfection ofrestrictionlessEscherichia coli by bac-
teriophage T7 DNA: effect of in vitro erosion of DNA
by x exonuclease. J. Mol. Biol. 105:603-609.

6. Ellison, S. A., R. R. Feiner, and R. F. Hill. 1960. A host
effect on bacteriophage survival after ultraviolet irra-
diation. Virology 11:294-296.

7. Grippe, P., and C. C. Richardson. 1971. Deoxyribonu-
cleic acid polymerase of bacteriophage T7. J. Biol.
Chem. 246:6867-6873.

8. Grossman, L., A. Braun, R. Feldberg, and I. Mahler.
1975. Enzymatic repair of DNA. Annu. Rev. Bio-
chem. 44:19-43.

9. Hamilton, L., I. Mahler, and L. Grossman. 1974. Enzy-
matic repair of deoxyribonucleic acid, the biochemi-
cal and biological repair properties of a deoxyribonu-
cleic acid polymerase from Micrococcus luteus. Bio-
chemistry 13:1886-1896.

10. Harm, W. 1974. Dark recovery of UV-irradiated phage
T1. II. Interpretation of the survival kinetics ob-
tained under conditions of host cell reactivation. Mu-
tat. Res. 25:3-14.

11. Heijneker, H. L. 1975. Physiochemical and biological
study of excision-repair of UV-irradiated 4X174 RF
DNA in vitro. Nucleic Acids Res. 2:2147-2161.

12. Hinkle, D. C., and C. C. Richardson. 1974. Bacterio-
phage T7 deoxyribonucleic acid replication in vitro.
Requirements for deoxyribonucleic acid synthesis
and characterization of the product. J. Biol. Chem.
249:2974-2984.

13. Kerr, C., and P. D. Sadowski. 1974. Packaging and
maturation ofDNA ofbacteriophage T7 in vitro. Proc.
Natl. Acad. Sci. U.S.A. 71:3545-3549.

14. Laipis, P. J., and A. T. Ganesan. 1972. In vitro repair of
X-irradiated DNA extracted from Bacillus subtilis
deficient in polymerase I. Proc. Natl. Acad. Sci.
U.S.A. 69:3211-3214.

15. Lee, M., and R. C. Miller. 1974. T7 exonuclease (gene 6)
is necessary for molecular recombination of bacterio-
phage T7. J. Virol. 14:1040-1048.

J. VIROL.

16. Lee, M., R. C. Miller, D. Scraba, and V. Paetkau. 1976.
The essential role of bacteriophage T7 endonuclease
(gene 3) in molecular recombination. J. Mol. Biol.
104:883-888.

17. Lehman, I. R., and J. R. Chien. 1973. Persistence of
deoxyribonucleic acid polymerase I and its 5'-3' exo-
nuclease activity in polA mutants ofEscherichia coli
K12. J. Biol. Chem. 248:7717-7723.

18. Livingston, D. M., D. C. Hinkle, and C. C. Richardson.
1975. Deoxyribonucleic acid polymerase III of Esche-
richia coli. Purification and properties. J. Biol.
Chem. 250:461-469.

19. Luria, S. E. 1947. Reactivation of irradiated bacterio-
phage by transfer of self-reproducing units. Proc.
Natl. Acad. Sci. U.S.A. 33:253-264.

20. McKee, R. A., and M. G. R. Hart. 1975. Effects of the
Escherichia coli K12 recA56, uvrB and polA muta-
tions on UV reactivation in bacteriophage T7. Mutat.
Res. 28:305-308.

21. Mandel, M., and A. Higa. 1970. Calcium-dependent
bacteriophage DNA infection. J. Mol. Biol. 53:159-
162.

22. Masker, W. E. 1976. The ATP dependence of the inci-
sion and resynthesis steps of excision repair.
Biochim. Biophys. Acta 442:162-173.

23. Masker, W. E. 1977. Deoxyribonucleic acid repair in
vitro by extracts of Escherichia coli. J. Bacteriol.
129:1415-1423.

24. Masker, W. E., and P. C. Hanawalt. 1973. Ultraviolet-
stimulated DNA synthesis in toluenized Escherichia
coli deficient in DNA polymerase I. Proc. Natl. Acad.
Sci. U.S.A. 70:129-133.

25. Masker, W., P. Hanawalt, and H. Shizuya. 1973. Role
ofDNA polymerase II in repair replication in Esche-
richia coli. Nature (London) New Biol. 244:242-243.

26. Miller, J. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

27. Miller, R. C., M. Lee, D. G. Scraba, and V. Paetkau.
1976. The role of bacteriophage T7 exonuclease (gene
6) in genetic recombination and production of con-
catemers. J. Mol. Biol. 101:223-234.

28. Powling, A., and R. Knippers. 1974. Some functions
involved in bacteriophage T7 genetic recombination.
Mol. Gen. Genet. 134:173-180.

29. Riazudolin, S., and L. Grossman. 1977. Micrococcus
luteus correndonucleases: I. Resolution and purifica-
tion oftwo endonucleases specific for DNA containing
pyrimidine dimers. J. Biol. Chem., in press.

30. Richardson, C. C. 1966. The 5'-terminal nucleotides of
T7 bacteriophage deoxyribonucleic acid. J. Mol. Biol.
15:49-61.

31. Sadowski, P. D., and D. Vetter. 1976. Genetic recombi-
nation of bacteriophage T7 DNA in vitro. Proc. Natl.
Acad. Sci. U.S.A. 73:692-696.

32. Seeberg, E., J. Nissen-Meyer, and P. Strike. 1976. Inci-
sion of ultraviolet-irradiated DNA by extracts of E.
coli requires three different gene products. Nature
(London) 263:524-525.

33. Seeberg, E., and P. Strike. 1976. Excision repair of
ultraviolet-irradiated deoxyribonucleic acid in plas-
molyzed cells of Escherichia coli. J. Bacteriol.
125:787-795.

34. Studier, F. W. 1972. Bacteriophage T7. Science 176:367-
376.

35. Tait, R. C., A. L. Harris, and D. W. Smith. 1974. DNA
repair in Escherichia coli mutants deficient in DNA
polymerase I, II, and/or III. Proc. Natl. Acad. Sci.
U.S.A. 71:675-679.

36. Wickner, W., D. Brutlag, R. Schekman, and A. Korn-
berg. 1972. RNA synthesis initiates in vitro conver-
sion of M13 DNA to its replicative form. Proc. Natl.
Acad. Sci. U.S.A. 69:965-969.


