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ABSTRACT 
Genes uvsW, uvsX and uvsY are dispensable for T 4  growth but are implicated in recombination and 

in the repair of damaged DNA. We found that large-plaque mutants arose efficiently from small- 
plaque uvsX and uvsY mutants at 42" and were pseudorevertants containing a new mutation in uusW. 
Using reconstructed double mutants, we confirmed that a mutation in uvsW partially increases the 
burst size and UV resistance of uvsX and uvsY mutants. At  41 the uvsW mutation completely restores 
the arrest in DNA synthesis caused by mutations in genes uvsX, uvsY and 46 ,  but at 30" it only 
partially restores DNA synthesis in a gene 46 mutant and does not restore DNA synthesis in uvsX and 
uvsY mutants. Restored DNA synthesis at 41 O was paralleled by the overproduction of single-stranded 
DNA and gene 32 protein. Based on these findings, we propose that the uvsW gene regulates the 
production of single-stranded DNA and we discuss the phenotype of uvsW mutants and their 
suppression of some uvsX and uvsY phenotypes. Infection of restrictive cells with am uvsW mutants 
revealed a defect in the synthesis of a protein of molecular weight 53,000 daltons, suggesting that 
this protein is the uvsW gene product. 

ACTERIOPHAGE T 4  genes uvsW, uvsX and 
uvsY are implicated in the processes of genetic 
recombination and in the repair of DNA dam- 

ages (HAMLETT and BERGER 1975; CUNNINGHAM and 
BERGER 1977). From pathway analysis of DNA repair, 
all of these genes are associated with a set of genes 
involved in recombinational repair (HAMLETT and 
BERGER 1975) and their mutations commonly reduce 
ssDNA of longer than unit length whose production 
depends on DNA recombination (HAMLETT and BER- 
GER 1975; CUNNINGHAM and BERGER 1977). Muta- 
tions in genes uvsX and uvsY are phenotypically simi- 
lar: genetic recombination and resistance to UV irra- 
diation decrease to similar extents (HAMLETT and 
BERGER 1975; DEWEY and FRANKEL 1975; CUN- 
NINGHAM and BERGER 1977), DNA synthesis is ar- 
rested late in the infection (DEWEY and FRANKEL 
1975; CUNNINGHAM and BERGER 1977) and the le- 
thality of gene 49 (endonuclease) mutants is sup- 
pressed (DEWEY and FRANKEL 1975; CUNNINGHAM 
and BERGER 1977; CONKLING and DRAKE 1984a; 
YONESAKI, MIYAZAKI and MINAGAWA 1984). 

Wu, YEH and EBISUZAKI (1 984) showed by genetic 
crosses that dar mutations, which were discovered as 
suppressors of gene 59 mutations (WU and YEH 1975), 
and uvsW mutations, which were found as UV-sensi- 
tive, minute-plaque variants (HAMLETT and BERGER 
1975), are in the same gene. The phenotype of uvsW 
mutants differs from that of uvsX and uvsY mutants. 
UV resistance and genetic recombination are less re- 
duced by uvsW mutations than by uvsX and uvsY 
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mutations (HAMLETT and BERGER 1975; CUN- 
NINGHAM and BERGER 1977; see also Table 2). Only 
the uvsW mutants are sensitive to hydroxyurea (HU) 
(HAMLETT and BERGER 1975; Wu and YEH 1975), 
they synthesize DNA continuously (HAMLETT and 
BERGER 1975; Wu and YEH 1975), and they over- 
produce gp32 (KRISCH and VAN HOUWE 1976; WU 
and YEH 1978a). They suppress the arrested DNA 
synthesis caused by mutations in genes 46 and 47 
(which determine an exonuclease activity) (CUN- 
NINGHAM and BERGER 1977) and in gene 59 (Wu and 
YEH 1975; CUNNINGHAM and BERGER 1977), but have 
been reported not to suppress arrested DNA synthesis 
caused by mutations in uvsX and uvsY (CUNNINGHAM 
and BERGER 1977). The lethality of gene 49 mutations 
is not suppressed by uvsW mutations (CONKLING and 
DRAKE 1984a). 

In this paper, we show that mutations in uvsW are 
intergenic suppressors of mutations in uvsX and uvsY 
and discuss the mechanism of suppression and the 
phenotype of uvsW mutants. 

MATERIALS AND METHODS 

Bacteria and phages: E. coli B40sul (sui+) was the per- 
missive host and BB (sa-) and BE (su-) were nonpermissive 
hosts for am mutants. ED8689 (su- hsdR- trp-) was used as 
a carrier of plasmids. Mutant phages used were a m H l 1  (gene 
23), amN134 (gene 3 3 ) ,  amN88 (gene 44) ,  amNI30 (gene 
46) ,  amBL292 (gene 55), amEl120 (gene 62) and m22 (gene 
uvsw). amxb (gene uvsx) and amyd (gene uusr) were de- 
scribed previously (YONESAKI, MIYAZAKI and MINACAWA 
1984). The  additional uvsW mutations amwa3, amwcl,  
amwd2 and tswl were isolated in this study. 
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Plasmids: pHTL8 is a chimeric plasmid, carrying a 1 1.6- 
kb T 4  DNA insertion in pBR322 at  a Sal1 site, on which 
nine known T 4  genes (including uvsY and uvsW) are located 
(TAKAHASHI and SAITO 1982). T h e  insert has several sites 
for PstI and Hind111 (Figure 1). With either restriction 
enzyme, we subcloned T 4  DNA fragments (pBSK1 and 
pBSK6) or  deleted DNA fragments (pHTL8-H1, pHTL8- 
H3, pHTL8-P2 and pHTL8-P3) in pBR322 (Figure 1). 

Assay for HU sensitivity: Addition of 0.2 ml of 100 mg/ 
ml HU and a few drops of a log-phase culture of indicator 
bacteria was made to 2.5 ml of melted PG (MINAGAWA and 
RYO 1978) soft agar and poured on 20 to 25 ml PG hard 
agar in a 9-cm dish. T h e  phage (ca. 108/ml) to be assayed 
was transferred to the plate by a platinum loop or printed 
by a sterile nailhead as described in the next section and the 
plate was incubated at 37". Our  bacterial strains could not 
grow at 30" on the HU-containing plate but did grow well 
at 37" and 42". 

Assays for UV sensitivity: Phage suspensions were irra- 
diated under a Toshiba 15 W germicidal lamp at  a dose rate 
of 0.8 J m-' sec-'. 

As a routine assay for isolating UV-sensitive clones, a 
plaque was sampled with a toothpick, suspended in one drop 
of M9 in the hole of a microtitration tray, and transferred 
to appropriate plates before and after UV irradiation for 
2.5 min. 

To confirm the UV sensitivity, w e  used the semiquanti- 
tative method of MINAGAWA, YONESAKI and FUJISAWA 
(1 983). Two drops of each phage suspension (ca. 1 O"/ml) 
were put in seven adjacent holes of a microtitration tray, 
which was then covered with another tray lapped by alumi- 
num foil. Every 40 sec, the top tray was moved to uncover 
an additional hole, so that suspensions received 240, 200, 
160, 120, 80, 40 and 0 sec of UV irradiation. Irradiated 
suspensions were transferred onto agar plates, which had 
been seeded with appropriate host cells, using nailheads 
which had been set into a plastic plate so as to fit the holes 
on the tray. After incubation, the wild type produced a lysed 
area even after 240 sec of irradiation, while uvsW- did not 
produce lysis after more than 200 sec and uvsX- and uvsY- 
did not produce lysis after mpre than 120 sec. 

To get survival curves, a 5-ml phage suspension (ca. lo8/ 
ml) in a Petri plate was irradiated for appropriate periods. 

Marker-rescue assay: Mutated genes were identified by 
tests scoring UV sensitivity which was measured semiquan- 
titatively by printing phage suspensions on plates which 
contained BB cells and UV-killed amxb, amyd, m22  or amwcl 
(2 X 1 0* particles/plate). UV-killed phages were prepared 
by irradiating 5 ml of phage suspensions (ca. 2 X 109/ml) in 
a Petri plate for 2.5 min. We also screened for the uvsW 
gene by scoring the HU sensitivity of the mutants. Phage 
suspensions (ca. 108/ml) were transferred to HU plates with 
a platinum loop; the plates had been seeded with ED8689 
cells transformed by a plasmid carrying the whole or an 
appropriate fragment of the uvsW gene. 

Measuring DNA synthesis: BB cells were grown to a 
density of 5 X 10s/ml in M9A (MINAGAWA and RYO 1978) 
at  37". They were spun down and resuspended in the same 
volume of fresh M9A. After incubation for 10 min at  the 
desired temperature, they were infected with phage at  a 
multiplicity of infection (m.0.i.) of five. Five min after infec- 
tion, 0.1 volume of a mixture containing deoxyadenosine (2 
mg/ml), thymidine (50 pg/ml) and ['Hlthymidine (40 pCi/ 
ml) was added. At times, 20-pl aliquots were removed and 
blotted on filter paper discs (Toyo No. 2). T h e  discs were 
rinsed in ice-cold 10% trichloroacetic acid (TCA), then in 
acetone, and dried. Their radioactivities were counted by a 
Packard liquid scintillation counter. 

Measuring ssDNA with S1 nuclease: T o  avoid the com- 

plexity of encapsidation of T 4  DNA, the mutation amHl I 
in gene 23 (major head protein) was included in the genetic 
background. Infected BB cells were labeled as above except 
that the final ['Hlthymidine was at 10 ECi/ml. At 40 min 
after infection, 100 yl of culture were removed and quickly 
cooled in ice water. T h e  infected cells were spun down, 
resuspended in 20 pI of a mixture of 20 mM Tris-HCI (pH 
7.4), 2 mM EDTA and 200 pg/ml egg white lysozyme, and 
incubated for 30 sec at 37 O .  Two pl of 10% SDS were added 
to the suspension which was further incubated for 30 min 
to completely lyse the cells. T h e  lysate was diluted 25-fold 
with distilled water and two 135-pl aliquots were prepared. 
Both received 15 pI of S1 buffer (2 M NaCl, 0.5 M sodium 
acetate at pH 4.4 and 0.5 mM ZnS04) and one received 1 
pl of S1 nuclease ( lo6 units/ml). After incubating at 30" for 
30 min, 140-pl samples were applied to filter paper discs, 
which were washed with 10% TCA, then with acetone, and 
dried. Radioactivities were measured and S 1 -sensitive frac- 
tions were expressed as the fraction (difference of radioac- 
tivity between mock incubated and S1 -treated)/(radioactiv- 
ity of mock incubated). 

Electrophoresis of T4 proteins and measurement of 
gp32: BB cells were grown to a density of 5 X 108/ml in 
M9A, collected and resuspended in 0.5 volume of M9. After 
20 min incubation at the desired temperature, the cells were 
infected at a m.0.i. of five. T 4  proteins were labeled with L- 
[3H]leucine (5 pCi/ml) for appropriate periods, electropho- 
resed through SDS-10% polyacrylamide gel and detected 
by fluorography as described previously (YONESAKI et al. 
1985). To estimate gp32 synthesis, infected cells were la- 
beled at  two infection periods; the first was when the total 
synthetic rate of the wild-type was maximum, and the second 
was when this rate was reduced. Gp32 bands on X-ray films 
were quantitated by tracing with a Toyo digital densitorol 
(model DMU-33C) at 620 nm, and relative intensities were 
expressed by normalizing the value to that of the wild type 
at  the first period at  the same temperature. 

Chemicals: Chemicals were purchased from the following 
sources: ~- [~H]leuc ine  (specific activity, 64 Ci/mmol) and 
['Hlthymidine (specific activity, 4 1 Ci/mmol) from Amer- 
sham; hydroxyurea from Nakarai Kagaku; deoxyadenine 
and thymidine from Sigma; S1 nuclease from Riken; restric- 
tion enzymes PstI and Hind111 from Takara Shuzo. 

RESULTS 

Isolation of new UVSW gene mutations: Though 
genes uvsXand uvsY are dispensable for phage growth, 
the efficiency of plating and plaque size of their am 
mutants on restrictive cells are reduced as the incu- 
bation temperature rises. We found that large (but 
smaller than wild-type) plaques arose from amxb and 
amyd at a frequency of lov4 on plates incubated at 
42". We isolated 15 such spontaneous mutants from 
amxb and examined their genotypes by semiquantita- 
tive complementation and recombination assays. 
When they were UV-irradiated and spotted on plates 
containing BB cells and UV-killed amxb, amyd or m22, 
they made lysis zones on amyd but neither on amxb 
nor m22 plates, suggesting that all were pseudorever- 
tants that carried a new mutation in uvsW which 
partially suppressed the uvsX mutation. By the same 
method, uvsW mutations were also obtained as partial 
suppressors of amyd. To isolate the uvsW mutants, the 
pseudorevertants were backcrossed against wild type. 
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FIGURE 1.-Mapping the uusW mutations. A, Physical and ge- 
netic map of cloned T4 DNA fragments. Identified genes are 
indicated at the top. The restriction sites are: H = HindIII, P = 
Pstl, S = Slal. Numbers between two restriction enzyme sites 
represent their distances in Kb. Solid bars below the restriction map 
indicate the DNA fragment which was inserted in the vector 
pBR322. B, Marker rescue of uusW mutants. Mutant phages were 
spotted on HU plates seeded with ED8689 cells transformed by the 
indicated plasmid. +, rescued; -, not rescued. 

Thus, we obtained the conditional mutations amwa?, 
amwcl,  amwd2 and t swl .  All were HU-sensitive under 
restrictive conditions and all am mutants were UV- 
sensitive but the ts mutant was not, even at 42 O .  These 
sensitivities were reduced to the wild-type level under 
permissive conditions. 

Localization of the uvsW mutation sites: Sites of 
the mutations were estimated by marker rescue with 
cloned intact or partially deleted uvsW. The plasmid 
pHTL8 has a T 4  DNA fragment insert which harbors 
uvsW (TAKAHASHI and SAITO 1982) and has several 
sites sensitive to the restriction enzymes PstI and 
HindIII. We prepared plasmids carrying T 4  DNA 
fragments which were subcloned or deleted using 
these enzymes as illustrated in Figure lA, and trans- 
formed ED8689 cells with them. Mutant phages were 
then spotted on HU plates seeded with these trans- 
formed cells and the plates were incubated at 37". 
Since the whole UUSY gene resides on pBSK3 (YONE- 
SAKI et al. 1985), the marker-rescue data shown in 
Figue 1B indicate that all uvsW mutations are to the 
left of uvsY, m22 and tswl being located proximal to 
uvsY, amwa? and amwd2 in the middle, and amwcl 
distal to uvsY. 

Protein defective in uvsW mutant infection: Phage 
proteins were pulse-labeled with L-[ SH]leucine for 5 
min at various periods after infection with wild-type, 
single or double am mutants. They were electropho- 
resed through SDS-10% polyacrylamide gels and de- 
tected by fluorography. A protein band, marked W 
in Figure 2 (M,  = 53,000), was found in infection with 

wild type but was not detected in cells infected with 
amwa? under restrictive conditions. The W band was 
also undetectable with other two am mutants, amwcl 
and amwd2 (data not shown), suggesting that this 
protein is gpuvsW. Upon wild-type infection, band W 
was not detected by labeling between 3 and 8 min but 
appeared between 9 and 14 min and faded thereafter, 
though its production continued for at least the fol- 
lowing 5 min (Figure 2). The protein was not synthe- 
sized upon infection with mutants defective in the 
expression of late genes (BOLLE et al. 1968; PULITZER 
and GEIDUSCHEK 1970; KASSAVATIS et al. 1983), 
namely amNI34 amBL292 (33- 55-: synthesis of late 
mRNA) (Figure 2A) and amN88 amEl120 ( 4 4 -  62-: 
DNA replication) (Figure 2B), but was normally syn- 
thesized with a mutant defective in a specific late gene, 
amHl I (major head protein) (Figure 2C). These char- 
acteristics suggest that the W-band protein is a specific 
late gene product, but its pattern of synthesis is unu- 
sual because late-protein synthesis is reported to con- 
tinue until cell lysis (HOSODA and LEVINTHAL 1968; 
O'FARRELL and GOLD 1973). 

Suppression of uvsX and uvsY mutations: To con- 
firm the suppression of uvsX and uvsY defects by 
mutations in uvsW, we reconstructed double mutants 
by recombination and compared the burst sizes of the 
single and double mutants. Table 1 shows that burst 
sizes of uvsW mutants were higher than those of uvsX 
and uusY mutants, while those of the double mutants 
were intermediate, irrespective of the multiplicity of 
infection. Thus, uvsW- suppresses the burst sizes of 
uvsX- and uusY- and the suppression is partial under 
these conditions. 

Partial suppression of UV sensitivity was also ob- 
served. Table 2 summarizes surviving fractions of am 
mutants after 30 sec of irradiation. As described pre- 
viously, the uvsW am mutants were more sensitive 
than the wild type but not as sensitive as uvsX and 
uvsY mutants. Surviving fractions of amwcl amxb, 
amwcl amyd and amwa? amyd were a little but signifi- 
cantly (P = 0.05) higher than those of amxb and amyd 
at 37 " and 42 " . The surviving fraction of amwa? amxb 
did not differ significantly from that of amxb at 37" 
but did differ at 42". The UV sensitivity of tswl was 
indistinguishable from that of the wild type at 30" 
and 42" (Figure 3), a result similar to what WU and 
YEH (1975) obtained with a dar  mutant. tswl did not 
affect the UV sensitivity of amxb and amyd at 30", but 
partially suppressed that of amxb at 42". We could 
not obtain reliable survival curves with amyd at 42" 
because the plaques were tiny and their numbers often 
variable. However, the similar survival curves of tswl 
amxb and tswl amyd at 42" suggest that tswl also 
suppresses the UV sensitivity of uvsY-. 

CUNNINGHAM and BERCER (1 977) found that m22 
partially suppresses the arrested DNA synthesis of 4 6 -  
4 7 -  at 30" but does not affect that of UVSX- or uvsY-. 
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FIGURE 2.-Electrophoresis of wild-type and UVSW proteins. BB cells were grown to 5 X 10'/ml in M9A. spun down, washed once with 
M9. muspended in M9 at lO*/ml, and shaken for 10 min at 37' before infection. They were infected at a m.0.i. of 5 with the wild type or 
various am mutants as indicated in the upper part of  the figum. Phage proteins were labeled with ~-['H]leucine (5  pCi/ml) for 5 min at  
various times as indicated above the figure. Labeled proteins were electrophoresed through S D S l O I  polyacrylamide gel and detected by 
fluorography as described in MATERIALS AND METHODS. Some identified T 4  proteins a re  indicated in the margins. W denotes a band which 
is suggested to be gpuvsW (see text). T h e  molecular weights of gp23 (M. = 56.000) and gp23* (M, = 48.700) (PARKER cf al. 1984) were used 
to estimate the molecular weight of the W protein. 

We measured the incorporation of ['Hlthymidine into 
the acid-insoluble fraction of BB cells infected with 
various mutants at 30" and 41". At both tempera- 
tures, the DNA synthesis of 46-, uusX- and uusY- 
ceased by or before 20 min after infection (Figure 4), 
but the DNA synthesis of amwcl and tswl proceeded 
continuously and moreover slightly exceeded that of 
the wild type (Figures 4 and 5) ,  as MELAMEDE and 
WALLACE ( 1  980) had also observed using m22. At 30" 
amwcl did not alter the pattern of DNA synthesis by 
uusX- and uusY-, whereas it partially restored DNA 
synthesis by 46-. leading to continuous synthesis at a 
rate lower than that of the wild type  (Figure 4A). 
Thus, we confirmed the 30" results of CUNNINGHAM 
and BERGER ( 1977). Furthermore, we found that s u p  
pression was complete at 41 " not only for 46- but 
also for uusX-and u u s r  (Figure 4B). The  same results 
were obtained with amwa3 (data not shown). Similarly, 

DNA synthesis by m22 amyd was arrested at 30" but 
was completely restored at 41 " (data not shown). 
Although DNA synthesis by uusW-uusX' and uusW- 
u u s r  was well arrested at 30". it cannot be ruled out  
that DNA synthesis by uusX- and u u s r  is slightly 
suppressed by uusW- at 30", since a little more DNA 
was always synthesized at the plateau level (e.g.. Figure 
4A). As expected, tswl did not restore the DNA 
synthesis by 46-, uusX- and u u s r  at 30" but s u p  
pressed them at 41 O ,  though less efficiently than did 
am mutants of uusW (Figure 5) .  Since m22 restored 
the arrested DNA synthesis by 59- at 30" (CUN- 
NINGHAM and BERGER, 1977). uusW mutations s u p  
press the DNA synthesis caused by defects in all known 
DNA-arrest genes at an appropriate temperature. 

Overproduction of gp32 and -DNA by msW 
mutations: Figure 2 also shows that, in cells infected 
with am uusW mutants, gp32 is synthesized continu- 
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TABLE 1 

Suppression of burst size by UVSW mutations 

Tempera- Mode of Ratio to 
Phage ture infection Burst size wild type 

Wild-type 
amwa? 
amwcl 
amxb 
amyd 
amwa3 amxb 
amwa3 amyd 
amwcl amxb 
amwcl amyd 

37" Single 168 
127 
116 
27.2 
19.4 
42.5 
70.0 
51.7 
55.1 

1 .oo 
0.76 
0.69 
0.16 
0.12 
0.25 
0.42 
0.31 
0.33 

Wild-type 37" Multiple 193 1 .oo 

amyd 17.6 0.09 

amwcl 121 0.62 
amxb 19.7 0.10 

amwcl amxb 81.4 0.42 
amwcl amyd 88.2 0.46 

Wild-type 41" Multiple 104 1 .oo 

amyd 11.3 0.11 

tsw 1 89.5 0.86 
amxb 13.7 0.13 

tswl amxb 37.8 0.36' 
tswl amyd 37.5 0.36 

BB cells were grown to 5 X 10' cells/ml in M9A and infected 
with phages at a m.0.i. of O.l.(single infection) or 5 (multiple 
infection) at the indicated temperature. Unabsorbed phage was 
removed by adding antLT4 serum (final k = 2) from 3 to 8 min and 
the culture was diluted 104-fold. Infective centers were counted 
with B40sul as indicator immediately afwr the dilution and total 
progeny phages were counted after lysis with chloroform after 1 hr 
of shaking. The burst size was (total progeny phages)/(infective 
center), and means of at least three independent experiments are 
shown. 

TABLE 2 

UV sensitivity of mutant phages 

Tempera- No. o f  ex- Fraction of survivors 
Mutation ture periments (X 103) 

Wild-type 
amwa3 
amwcl 
amwd2 
amxb 
amyd 
amwa3 amxb 
amwa3 amyd 
amwcl amxb 
amwcl amyd 
amwa? 
amxb 
amwa3 amxb 

37 a 

37" 
37" 
37" 
37" 
37" 
37" 
37 = 
37" 
37" 
42" 
42 
42 

5 
9 
7 
3 
5 
4 
5 
4 
5 
4 
5 
5 
5 

18.00 (3.81) 
4.42 (1.68) 
8.64 (2.42) 
6.18 (0.30) 
0.58 (0.25) 
0.53 (0.31) 
0.66 (0.25) 
1.75 (0.25) 
1.84 (0.86) 
1.75 (0.75) 
9.17 (2.36) 
0.91 (0.42) 
2.26 (1.15) 

Phage suspensions (ca. lO'/ml) were irradiated by UV for 30 
sec, plated on BE after appropriate dilution and incubated at 37" 
or 42". Means of independent experiments and sample standard 
deviations are shown in parentheses. 

ously, whereas gp32 synthesis by the wild type reached 
a maximum and started to decline at 14 min after 
infection. Overproduction of gp32 was also prominent 
when cells were infected with the am UUSW mutations 
amwcl and amwd2 and with tswl at 41 O (data not 

UV (sec) 

FIGURE 3.-Effects of tswl on UV sensitivity. Phage was irradi- 
ated as described in MATERIALS AND METHODS, plated directly on 
BB after appropriate dilutions, and incubated at 30" (A) or 42" 
(B). Symbols: 0, wild type; 0, tswl; A, amxb; 0, amyd; A, tswl amxb; 
W, tswl amyd. 
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FIGURE 4.-Effects of amwcl on DNA synthesis. T 4  DNA syn- 
thesis was measured as described in MATERIALS AND METHODS. 
Symbols: 0, wild type; 0, amwcl; A, amxb; 0, amyd; V, amN130 
(gene 46); A, amwcl amxb; W, amwcl amyd; 7,  amwcl amN130. A, 
DNA synthesis at 30"; B, DNA synthesis at 41 '. 
shown), consistent with the previous observations with 
m22 (KRISCH and VAN HOUWE 1976) and dar l  (Wu 
and YEH 1978a). We compared the synthesis patterns 
of gp32 by measuring relative rates of synthesis at 
earlier and later periods, where the wild-type synthesis 
is maximum and reduced, respectively. Figure 6A 
shows that, at 30° ,  the rate of gp32 synthesis is well 
maintained by uvsW- at the later period, as observed 
previously (KRISCH and VAN HOUWE 1976; Wu and 
YEH!978a), but that it was strongly reduced in the 
wild type and in other mutants, including the double 
mutants UUSW- UUSX- ,  uvsW- UUSY- and UUSW- 46-. 
At 41 the high production of gp32 at the later period 
continued with mutations in UUSW and with the above 
double mutants (although synthesis by UUSW-46- was 
a little lower) but the protein was overproduced nei- 
ther by the other single mutants nor by the wild type 
(Figure 6B). The overproduction of gp32 at the 
higher temperature seems to correlate with the sup- 
pression of arrested DNA synthesis. Since the intra- 
cellular concentration of gp32 was surmised to be 
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min  

FIGURE 5.-Effects of tswI on DNA synthesis. DNA synthesis 
was measured as described in MATERIALS AND METHODS. Symbols: 
0, wild type; 0, tswl; A, tswl amxb; ., tswl amyd; V, tswl amN130 
(gene 46). A, DNA synthesis at 30"; B, DNA synthesis at 41 ". 

bwild-type 

d l  30 
"130 

I I 

12-18 36-42 15-26 45-56 

min after infection 
FIGURE B.--Synthesis of gp32. BB cells were grown in M9 at  

37" to  5 X 10*/ml. They were centrifuged, washed once with M9,  
and resuspended in 0.5 volume of M9. After shaking for 20 min at  
30" or 41 O they were infected with various phages at a m.0.i. of 
five and then labeled with ~-['H]leucine at earlier and later periods 
(where the synthesis of gp32 of wild type was maximum and 
decreased, respectively) as indicated in the figure. 'H-labeled pro- 
teins were electrophoresed and detected by fluorography. Intensi- 
ties of gp32 bands were traced by a densitometer and normalized 
to that of the wild type at  the earlier period. Symbols: 0, wild type; 
a, amwa3; A, amxb; 0, amyd; V, amNI30 (gene 46); A, amwa3 amxb; ., amwa3 amyd; V, amwa3 amNl3O. A, gp32 synthesis at 30"; B, 
gp32 synthesis at 4 1 '. 

closely related to ssDNA (KRISCH, BOLLE and EPSTEIN 
1974; GOLD, O'FARRELL and RUSSEL 1976; LEMAIRE, 
GOLD and YARUS 1978), we directly determined 
ssDNA in infected cells at 41 O using single strand 
specific S1 nuclease. In order to block packaging of 
vegetative DNA into phage heads, we included the 
mutation amHl1 in gene 23 (major head protein). 
Unexpectedly, the addition of 2?- to 46-, uvsX- or 
UVSY- slightly released the arrest of DNA synthesis at 

TABLE 3 

Determination of ssDNA by S1 nuclease 

Total 'H- 
incorpora- 
tion c m SI-sensi- 

x ldfi x tive frac- 
10' cells) tion (%) Mutations Gene defects 

23 - amHl I 1.3 11.2 
uvsw-23- amwcl amHl I 1.5 24.7 
uvsx-23- amxb amHl I 0.64 7.9 

46-23- amNI30 amHl I 0.45 1.9 
uusW-UVSX-23- amwcl amxb a m H l l  1.3 16.4 

uvsw-46-23- amwcl amNI30 amHl I 1.4 10.2 

uvsy-23- amyd amHl I 0.46 7.9 

UVSW-UVSY-23- amwcl amyd amHl I 1.4 18.0 

T 4  DNA was labeled with ['Hlthymidine between 5 and 40 min 
after infection at 41 '. Cells were lysed by lysozyme and SDS at 40 
min and their DNA was digested with single-strand-specific S1 
nuclease. Enzyme-sensitive fractions were calculated by measuring 
radioactivities in acid-insoluble fractions. 

4 1 O ,  although DNA synthesis by these double mutants 
was well arrested at 30". Synthesis at 41 O continued 
at 0.3-0.5 of the control (23-) rate (data not shown). 
Table 3 shows first that UVSW- DNA had a high 
content of ssDNA and second that the addition of 
UVSW- to UVSX- ,  uvsY- or 46- increased the fraction 
of ssDNA two- to fivefold. If we consider that DNA 
synthesis with these single mutants (in the 23- back- 
ground) was low, then four to 15 times more ssDNA 
was present in cells infected with the double mutant. 
Third, the ssDNA fraction was the smallest with a 46- 
mutation (defective in exonuclease activity) and the 
ssDNA fraction of UVSW- 46- was the lowest among 
the double mutants. Finally, compared with Figure 
6B, gp32 production correlates with amounts of 
ssDNA but not with total DNA, consistent with the 
results of previous investigators (KRISCH, BOLLE and 
EPSTEIN 1974; GOLD, O'FARRELL and RUSSEL 1976) 
who assumed that ssDNA enhances the synthesis of 
gp32 by reducing free gp32. Thereby, Figure 6 indi- 
cates that UVSW may slightly increase ssDNA in the 
double-mutant infections at 30" but not as much as 
at 41". Since appreciable ssDNA was formed by 
UVSW- 46- at 41 O ,  some residual activity of the gene 
46 exonuclease in the mutant infection may be high 
at the high temperature or, alternatively, exonucle- 
ase(s) different from that controlled by gene 46 also 
may contribute to ssDNA formation at this tempera- 
ture. From these results we suggest that, unless 
gpuvsW is multifunctional, it primarily controls intra- 
cellular ssDNA by counteracting the gene 46-con- 
trolled exonuclease (and the unidentified exonucleo- 
lytic enzyme(s)). This controlling function might be 
catalytic because gpuvsW is likely to be synthesized in 
a limited quantity. 

DISCUSSION 

HAMLETT and BERGER (1975) reported that the 
product of UVSW participates in the same repair pro- 
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cess as do those of uvsX and uvsY and that none of 
these functions is involved in excision repair. Re- 
cently, gpuvsX has been isolated and purified, and 
found to be directly implicated in strand exchange. 
Purified gpuvsX has a ssDNA-dependent ATPase ac- 
tivity and catalyzes reactions in strand exchange: pair- 
ing of complementary single strands, single-strand 
assimilation into a homologous superhelical duplex, 
and single-strand displacement (YONESAKI et al. 1985; 
YONESAKI and MINACAWA 1985; FORMOSA and AL- 
BERTS 1986). The assimilation reaction depends on a 
gpuvsX-ssDNA complex and is stimulated by gp32, 
and the strand displacement reaction depends on gp32 
(which may not be absolutely required) (YONESAKI 
and MINAGAWA 1985). Although the function of pu- 
rified gpuvsY is not yet clear (YONESAKI et al. 1985), 
we have recent indications that uvsY cloned in a plas- 
mid acts synergistically with cloned uvsX to enhance 
recombination of lambda phage and E. coli, though 
single cloned uvsY has no effect on recombination 
regardless of the allelic state of the host recA gene (T. 
MINACAWA and T .  YONESAKI, unpublished results). 
HAMLETT and BERCER (1 975) suggested from epistasis 
tests that uvsY works in the recombination pathway as 
if its function requires uvsX but not uvsW. These 
results are consistent with our results showing that 
uvsW controls the formation of ssDNA and gp32 and 
indirectly contributes to strand exchange. 

T 4  DNA replication initiates in two different modes 
(MOSIG 1983). One set of origins uses RNA primers 
synthesized by the host RNA polymerase but these 
origins lose their competence after the polymerase is 
modified by T 4  products (“primary replication”). The 
other replication mode depends on recombination 
and starts from 3’-strand ends of recombination in- 
termediates (“secondary replication”). Accordingly, 
with recombination-deficient mutations such as uvsX-, 
uvsY- and 46-, DNA replication terminates after the 
host RNA polymerase is modified but should be re- 
stored if an additional mutation evokes recombination 
and initiates secondary replication. Such a mutation 
might also lead to the production of duplex DNA of 
longer than unit length, which is essential for head 
formation (BLACK and SHOWE 1983). The present 
experiments clearly demonstrate that the addition of 
uvsW- altered DNA synthesis from the arrested to the 
continuous state with a concomitant increase in burst 
size (Table 1) and UV resistance (Table 2 and Figure 
3), implying that the mutation restores recombination- 
dependent replication and DNA repair and thus that 
uvsW- is a recombination-proficient mutation. A sim- 
ple explanation would be that uvsW controls recom- 
bination negatively; it would counteract exonucle- 
ase(s), including the gene 46 nuclease, thus reducing 
ssDNA, gp32 and recombination; and uvsW mutations 
would bypass the uvsX-uvsY pathway at the high tem- 

perature which controls recombination positively. In 
the absence of uvsX or uvsY, uvsW--promoted recom- 
bination did not appreciably restore arrested DNA 
synthesis at 30” but did so strongly at 41 O (Figure 4), 
in good correlation with the formation of ssDNA and 
gp32. However, uvsW mutations restored the 46- 
DNA synthesis, though partially, even at 3 0 ° ,  sug- 
gesting the primary importance of uvsX and uvsY for 
in vivo T 4  recombination. 

T 4  recombination genes do not function in a simple, 
discrete pathway (HAMLETT and BERCER 1975). We 
have shown previously that gp32 promotes in vitro 
strand exchange in a concerted manner with gpuvsX 
(YONESAKI et al. 1985; YONESAKI and MINAGAWA, 
1985). The above results suggest that there may be 
another pathway of strand pairing in which gp32 
works independently of gpuvsX and gpuvsY when 
abundant ssDNA and gp32 accumulate, even though 
gp32-catalyzed strand pairing in vitro was very weak 
compared with gpuvsX-catalyzed pairing (YONESAKI 
and MINAGAWA 1985). The existence of such a path- 
way is further suggested by the fact that gp32 accel- 
erates the pairing of complementary ssDNA (ALBERTS 
and FREY 1970). 

The above conclusion may at first appear inconsist- 
ent with the fact that uvsW- mutations increases UV 
sensitivity and reduce recombination (HAMLETT and 
BERGER 1975). However, we can easily explain this 
discrepancy by considering the structure of uvsW- 
DNA. Wu and YEH (1974, 197813) reported that 
uvsW- DNA and uvsW- 59- DNA sediments un- 
usually rapidly at 800s through neutral sucrose gra- 
dients, whereas 59- DNA sediments slowly. These 
rapidly sedimenting DNAs are mainly composed of 
ssDNA molecules shorter than T 4  unit length and less 
packageable in capsids (HAMLETT and BERGER 1975; 
WU and YEH 1978b). These properties of uvsW- DNA 
resemble those of 49- DNA which is the compact 
assembly of highly branched strands and which sedi- 
ments rapidly at 2000s (KEMPER and JANZ 1976; 
MINAGAWA et al. 1983). ssDNA inhibits gene 49 en- 
donuclease (MINAGAWA and RYO 1978; NISHIMOTO, 
TAKAYAMA and MINAGAWA 1979) which resolves re- 
combination intermediates to linear duplexes (NISHI- 
MOTO, TAKAYAMA and MINACAWA 19’19; MIZUUCHI 
et al. 1982). We presume that abundant ssDNA in- 
duced by uvsW- increases strand pairing on the one 
hand but reduces the nuclease activity on the other 
hand, resulting in the formation of highly branched 
recombination intermediates. Since branched strands 
may interfere with DNA packaging (KEMPER and 
BROWN 1976; MINAGAWA and RYO 1978) and an 
uninterrupted duplex seems to be required for T 4  
DNA packaging (ZACHARY and BLACK 1981), 
branched strands in uvsW--infected cells would be less 
competent for head formation at maturation, result- 
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ing in selective packaging preferring less-branched 
DNA. An analogous situation was reported previously 
with 49- recombinant DNA: the frequency of recom- 
binant progeny of a gene49 ts mutant was low after 
incubation at high temperature, but increased rapidly 
after the temperature was shifted down, even when 
DNA replication was blocked (MIYAZAKI, RYO and 
MINAGAWA, 1983). Selective packaging would also 
account for the observation that suppression by uvsW 
was only partial when it was measured as burst size 
(Table 1) or UV sensitivity (Table 2 and Figure 3). 

The present investigation suggests that uvsW codes 
for a protein of molecular weight 53 kD (Figure 2). 
The 53-kD protein seems to be a late protein, since it 
was not synthesized by mutations blocking late mRNA 
synthesis (3?- 55-) or DNA synthesis ( 4 4 -  62-) (which 
also blocks late protein synthesis) (BOLLE et al. 1968; 
PULITZER and GEIDUSCHEK 1970; KASSAVATIS et al. 
1983). Mutations in 33 and 55 also lead to the over- 
production of gp32 (KRISCH, BOLLE and EPSTEIN 
1974). GOLD, O'FARRELL and RUSSEL (1976) exam- 
ined the effect of mutations in the late genes, 20, 21, 
22,23 or 49 on the overproduction of gp32 but found 
no effect, and proposed the existence of a late protein 
which controls the in vivo synthesis of gp32. In addi- 
tion, DNA synthesis in 55--infected cells exceeds that 
in wild-type infections (e.g., CUNNINGHAM and BERGER 
1977) as well as in uvsW- infections. These results are 
compatible with the idea that a part of the 55- phe- 
notype derives from nonexpression of a specific late 
gene, uvsW. On the other hand, CONKLING and DRAKE 
(1 984b) suggest, from a comparison of thermal rescue 
patterns of wild-type and m3? infections; that uvsW 
starts to express its function within 5 min after infec- 
tion. Further studies are clearly necessary to identify 
the gene product and determine its pattern of expres- 
sion. 
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