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ABSTRACT 
Many antitumor agents and antibiotics  affect  cells by interacting with  type I1 topoisomerases,  stabilizing 

a covalent enzyme-DNA complex. A pathway  of recombination can apparently repair this DNA damage. 
In  this  study,  transposon  mutagenesis was used to identify  possible components of the repair pathway 
in bacteriophage T4.  Substantial  increases in sensitivity to the antitumor agent mAMSA [4‘-(9-acridinyl- 
amino)methanesulfon-manisidide] were found with transposon insertion mutations that inactivate any 
of  six T4encoded proteins: UvsY  (DNA synaptase  accessory protein), UvsW (unknown function), Rnh 
(RNase H and 5’ to 3’ DNA exonuclease), a-gt  (a-glucosyl transferase), gp47.1 (uncharacterized), and 
NrdB ( p  subunit of ribonucleotide reductase). The role of the nth gene in drug sensitivity  was further 
characterized. First, an in-frame m h  deletion mutation was constructed and analyzed,  providing  evidence 
that the absence of Rnh protein causes  hypersensitivity  to mAMSA. Second, the mAMSA  sensitivity  of 
the rnltdeletion mutant was  shown to require a drug-sensitive  T4  topoisomerase. Third, analysis  of 
double mutants suggested that uusWand nth mutations impair a common step in the recombinational 
repair pathway for mAMSA-induced damage. Finally, the rnkdeletion mutant was found to  be  hypersensi- 
tive to U V ,  implicating  Rnh in recombinational repair of UV-induced damage. 

T YPE I1 topoisomerases serve  many important func- 
tions, relieving topological constraints during rep- 

lication and transcription, separating intertwined repli- 
cation products, and participating in recombination 
reactions (reviewed in HSIEH 1990; WANG et al. 1990; 
WANG 1991).  These enzymes are also important in che- 
motherapy. Antibacterial quinolones (e.g., nalidixic 
acid) and  antitumor agents including  the aminoacri- 
dines [ e.g.,  4‘-(9-acridinylamino)methanesulfon-mani- 
sidide (mAMSA) 1, anthracyclines, ellipticines, and epi- 
podophyllotoxins, all act on type I1 topoisomerases 
(reviewed in LIU 1989; REECE and MAXWELL 1991; CHEN 
and LIU 1994). Each  of these inhibitors stabilize the 
cleavage complex, which is an  intermediate in the  nor- 
mal topoisomerase reaction cycle consisting of the topo- 
isomerase covalently attached to the cleaved DNA via 
phosphotyrosine bonds. 

Several studies indicate that  the cytotoxicity  of  topo- 
isomerase inhibitors is caused by stabilization of the 
cleavage complex rather  than simple inhibition of en- 
zyme  activity.  First, nalidixic acid sensitivity (gyrA+) is 
dominant over resistance (gyrAR) in Escherichia coli 
(WE and WOOD 1969).  Second,  the  complete absence 
of T4 topoisomerase confers drug resistance to a  T4 
infection (NEECE et al. 1996).  Third, overexpression of 
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type 11 topoisomerase in yeast increases drug potency 
(NITISS et al. 1992), presumably by increasing the 
amount of  cleavage complex. Fourth,  for  compounds 
within the same drug family,  cytotoxicity in mammalian 
cells is directly related to cleavage complex production 
(see GLISSON and ROSS 1987; LIU 1989). Finally, one or 
more recombinational pathways of DNA repair provide 
some protection against topoisomerase inhibitors, ar- 
guing  that cytotoxicity  involves a form of DNA damage. 
For example, mutations in the E. coli recA or recBCgenes 
cause  hypersensitivity to the  quinolones (MCDANIEL et 
al. 1978). Likewise,  in both yeast and Chinese hamster 
ovary (CHO) cells, mutations that block double-strand 
break repair also  cause  hypersensitivity to topoisomer- 
ase inhibitors (NITISS and WANG 1988; ENG et al. 1989; 
JEGGO et al. 1989). Based on these and  other  data, it 
seems likely that recombinational repair of the cleavage 
complex is related to double-strand break repair.  It is 
not clear whether  the cleavage complex itself or some 
unknown derivative thereof is the actual substrate for 
recombinational repair. However, for convenience we 
will refer to “repair of the cleavage complex” as encom- 
passing either possibility throughout this communica- 
tion. 

Bacteriophage T4 encodes  a type I1 topoisomerase 
with three subunits, gp52, gp39, and gp60 (LIU et al. 
1979; STETLER et al. 1979). The T4 topoisomerase re- 
sembles eukaryotic type I1 topoisomerases both with 
respect to enzymatic  activities and sensitivities to several 
antitumor agents, including mAMSA (KFWJZER and 
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JONGENEEL 1983; NELSON et al. 1984; HUFF and KREUZER 
1990). As in the E. coli, yeast, and CHO cell  systems, 
the DNA damage from the T4 topoisomerase cleavage 
complex appears to be subjected to a recombinational 
repair pathway during phage infections. Recombina- 
tion was found to increase after mMSA treatment,  and 
mutations in the recombination genes uvsX, uvsY, 46 
and 59 each caused increased sensitivity to mAMSA 
(NEECE et al. 1996). Because T4 replication and recom- 
bination proteins have been well characterized (KARAM 
1994), the T4 system should be ideal for elucidating 
the detailed molecular pathway used to repair the DNA 
damage caused by topoisomerase inhibitors. 

In this study, we attempt to identify additional com- 
ponents of the  repair pathway by identifjmg transposon 
insertion mutants of T4 with increased sensitivity to m 
AMSA. The roles of the phage mzh and uvsWgenes in 
recombinational repair  are  further investigated, lead- 
ing to the observation of  several common phenotypes 
caused by mutational inactivation of these two genes. 

MATERIALS  AND METHODS 

Materials and media: Restriction enzymes, T4 DNA ligase, 
polynucleotide kinase, and DNA polymerases were purchased 
from commercial sources. Radioactively labeled  nucleotides 
were purchased from Amersham, and oligonucleotides were 
synthesized by National Biosciences and by the Duke Univer- 
sity Botany Department. L broth  contained NaCl (10 g/liter), 
Bacto-Tryptone (10  g/liter),  and yeast extract (5  @iter). L 
plates contained  the same ingredients,  along with  Bacto-Agar 
(13.5 g/liter)  and  chloramphenicol  (25  mg/liter)  and/or am- 
picillin (40 mg/liter).  The EHA plates used for growing and 
titering T4  phage  contained Bacto-Tryptone (13  g/liter), 
Bacto-Agar (10  g/liter), NaCl (8 g/liter), sodium  citrate (2 
g/liter),  and glucose (1.3 g/liter). 

Strains: E. coli ED8689  (hsdR) is a  nonsuppressing  strain 
that  does  not restrict the growth of cytosine-containing T4 
dC, and ED8689dam carries dam-l3:Tn9 (WOODWORTH and 
KREUZER 1992). E. coli BE and  the closely related BE-BS (KREu- 
ZER and SELICK 1994) are nonsuppressing  B strains originally 
from the collection of B. ALBERTS (University of California, 
San Francisco). E. coli MCSl (KREUZER et al. 1988)  contains 
supD and can be made  competent for plasmid transformation, 
and E. coli CR63 (EDGAR et al. 1964) also contains supD. E. 
coli BLZl(DE3) is the B  strain BL21 (F- ompT rj mi)  con- 
taining the DE3 A prophage (STUDIER et al. 1990). DE3 carries 
the  phage 21 immunity  region, the l ad  gene,  and  the  gene 
for  the  T7 RNA polymerase under  the  control of the lacUV5 
promoter.  The pLysE and pLysS plasmids used in this strain 
are pACYC184 derivatives that express T7 lysozyme from  the 
tet promoter (STUDIER et al. 1990). 

T4  dC (SNUSTAD et al. 1983) has the genotype 42 (amC87) 
56 (amE51) [ denB-dI] A (NB5060) alc (W7) ; this strain  proba- 
bly also contains an uncharacterized denA mutation.  T4 strain 
K10 (SELICK et al. 1988) has the genotype ?8 (amB262) 51 
(amS29) denA (nd28) [denBrZZIA (rIIPT8). T4 strain CD17 is 
a derivative of T4  dC with a  deletion of the  gene  Zkontaining 
EcoRI fragment  (ENGMAN  and KREUZER 1993).  T4  dC uvsYAl 
was created by a phage cross between T4 dC and T4D uvsYAl 
(formerly called T4+D-608) (YAP and KREUZER 1991) at a  ratio 
of one T4D uusYAl to 10 T4 dC. T4 strains carrying the 39 
An or 52-AR mutation were described by HUFF et al. (1989, 
1990), T4D uvsWA1  was described by DERR and KREUZER 
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FIGURE 1.-Plasmid pDWHT1. Important  elements  and re- 

striction sites of the -9-kb plasmid are  depicted. 8, the mini- 
mal I and 0 elements recognized by the Tn5 transposase; ., 
genes; -, the expected 6.54kb  Tn5-24H transposon; ---, 
the  portion of the plasmid that would not  be  part of the 
transposon. 

(1990),  and T4D uusXaml1 was obtained from J. DRAKE (Na- 
tional  Institute of Environmental Health Sciences, Research 
Triangle  Park, NC). Various double  mutants were generated 
by genetic crosses. 

Transposon mutagenesis: The original T4 transposon 
(Tn5-24)  carries T4  gene 24, an essential gene  deleted in the 
transposon  recipient phage CD17; transposon  insert  phage 
acquire the ability to grow in hosts that  do  not supply gp24 in 
trans (WOODWORTH and KREUZER 1992).  T4 CD17 has amber 
mutations  in  genes 42 and 56, which encode enzymes neces- 
sary for hydroxymethylation of cytosine residues (every cyto- 
sine residue of normal  T4 DNA  is hydroxymethylated, and  the 
hydroxymethyl groups  are  further modified by glucosylation) . 
Transposition is conducted  under nonsuppressing  conditions 
with unmodified T4 DNA to permit Tn5 transposase action 
(see WOODWORTH and KREUZER 1992).  A mutated transposase 
gene was substituted into  the original T4 transposon plasmid 
to  create a  transposon (Tn5-24H) with a higher transposition 
frequency. Briefly, a Tn5 transposase gene with two altered 
codons was cloned  from pRZ7018  EK345 (WIEGAND and RE- 
ZNIKOFF 1992) into  the  Tn5-%containing plasmid p E 2 1  
(WOODWORTH and KREUZER 1992) to create plasmid 
pDWHTl  (Figure 1). 

E. coli ED8689dam cells containing pDWHTl were grown 
to  an OD56O of 0.5 (-4 X 10' cells/mL) and infected with the 
transposon recipient  phage CD17 at a multiplicity of infection 
(MOI) of three plaque-forming  units (pfu) /cell. Transposi- 
tion from the plasmid into  the  phage could only occur  during 
this single infective cycle, and  the measured transposition 
frequency was 3.9 X gp24independent pfu per total 
pfu. A second-round infection was conducted to rescue any 
mutants  unable to grow  with unmodified cytosine residues 
(see RESULTS). Phage from  the transposon mutagenesis were 
used to infect MCSl cells at an MOI of 5  pfu/cell. Because 
MCSl carries supD, this infection converted the DNA of the 
amber  mutant  phage  from unmodified to modified, complet- 
ing  the rescue of phage mutants  that  cannot survive  with 
unmodified DNA.  At the high MOI  of both  the first- and 
second-round  infections, any function missing from a  transpo- 
son insertion mutant should have been provided in trans by 
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other phage infecting the same  cell. The progeny of the sec- 
ond-round infection were plated on MCSl  cells  to  isolate 
individual  transposon mutants, which  were then analyzed for 
growth phenotype on lawns  of E. coli CR63 (supD) on plates 
with or without mAMSA (10 pg/mL). 

The transposon  in mutants of interest was located by geno- 
mic sequencing using oligonucleotide primers that hybridize 
inside each of the mini-ISSOelements  in  pDWHT1.  Sequences 
were compared to the recently completed T4 genomic se- 
quence (KUTTER et al. 1994). 

Gradient  plates: Drug gradient plates  were  used  to  test hy- 
persensitivity  phenotypes. EHA agar (25 mL) with the indi- 
cated concentration of drug (mAMSA or HU) was poured 
into 100 X 100 mm square petri plates with one edge resting 
on a pencil.  After the agar  solidified, the plates  were  placed 
flat on  a table and 25  mL EHA agar with no drug was added. 
Cells  were grown to a density of 8 X 10s/mL and 0.5  mL  was 
plated (in 5 mL top agar) to produce a lawn of bacterial  cells. 
Three-microliter aliquots of phage ( lo5 pfu/mL) were spotted 
across the gradient and the plates were incubated overnight 
at 37"  in the dark. The phage dilutions were titered to  confirm 
that approximately the same number of phage were plated 
in each experiment. 

Construction of the mh deletion: A deletion of  bases 10- 
777 of the rnh gene (rr~hA10-777) was first constructed in a 
plasmid  (pDWR1) and then placed in the T4 genome using 
the insertion/substitution system (SELICK et al. 1988; KREUZER 
and SELICK 1994). We designed two single-stranded  oligonu- 
cleotides that, when annealed, contained 50 bp of  DNA from 
each side of the portion of nth to  be deleted and XhoI and 
EcoRI sticky ends. To create pDWR1, the double-stranded oli- 
gonucleotide was ligated  to the insertion/substitution vector 
pBSPLO+ that had been digested with  XhoI and EcoRI. Bacte- 
riophage T4 K10 were  grown on MCSl  cells  carrying  pDWRl 
to allow integration of the plasmid into the phage genome 
through homologous recombination, followed by  loss  of the 
suppressor-carrying  plasmid. Segregant phage carrying the 
rnhAlO-777deletion were identified by Pad digestion of  DNA 
isolated  from the phage and confirmed by sequencing the 
DNA near mh in the genome. The deletion was introduced 
into  a wild-type (T4D) phage background by crossing  T4 K10 
mhA10777with T4D. 

Construction of pDWR23: A plasmid was designed with the 
m h  gene under  the control of the T7 lacUV5 promoter, but 
the sequence of a portion of the nth gene was altered so 
that the DNA was nonhomologous to the wild-type gene yet 
encoded the same amino acids.  This was accomplished by 
removing an ApoI fragment from the 3' end of the gene in 
plasmid pVC2001 (HOLLINGSWORTH and N o s w  1991) and 
replacing it with an oligonucleotide containing the new DNA 
sequence to create plasmid pDWR23. The substituted se- 
quence within pDWR23 begins at the underlined ApoI site  in 
Figure 4 and contains the additional sequence 5"GCTGAGG 
GAATTG3' (ApoI site underlined) following the termination 
codon. In designing the new  mh gene, codon preferences of 
both E. coli and T4 were taken into account to favor efficient 
translation (KONIGSBERG and GODSON 1983;  SELICK et al. 
1993). 
UV inactivation curves: UV sensitivity  was tested according 

to the guidelines described by DRAKE (1994). Phage  were 
diluted to -5 X lo* pfu/mL in phage resuspension  buffer 
(20 mM  Tris-HCI pH  7.6,  100 mM  NaC1, 10 mM  MgC12). A 
3-mL aliquot was placed  in a glass  watchglass and exposed  to 
LJV light from a 15-watt germicidal lightbulb (GE GlST8) 
through a  1 X 4-cm slit  39  cm  high  with constant mixing 
during exposure. Samples  (100 pL) were taken at  the indi- 
cated times of exposure and immediately diluted IO-fold in 

L broth. Phage were plated on BE-BS cells under subdued 
light and incubated in the dark to  prevent photoreactivation. 

RESULTS 

TransPoson mutagenesis: Transposon  mutagenesis 
was employed  in  this  study  to  generate mAMSA-hyper- 
sensitive T4 mutants. The  T4  transposon (derived  from 
Tn5)  carries  T4  gene 24, an essential gene  that is de- 
leted  in  the  transposon  recipient  phage (WOODWORTH 
and JSREUZER 1992).  Transposon  insert  phage  can  be 
readily  selected by virtue  of  their ability to grow in hosts 
that do not supply  gp24 in trans. The original  transposi- 
tion system was limited by a very low frequency of trans- 
position,  therefore we developed a second-generation 
transposon with a higher  transposition  frequency  (see 

The DNA of wild-type T4 is heavily modified, with 
glucosylated  hydroxymethylcytosine in  place  of every 
cytosine. The  transposon  recipient  phage is a  derivative 
of strain T4  dC, a multiple-mutant  phage  that  produces 
DNA with unmodified cytosine  residues in  nonsup- 
pressing  hosts but glucosylated  hydroxymethylcytosine 
in hosts  with an  amber  suppressor ( SNUSTAD et al. 1983). 
The  reason  for using  this  genetic  background is that 
transposition  can  be  conducted  in a nonsuppressing 
host  in  which  the  T4 DNA is not  modified  (to  permit 
Tn5 transposase  action), and yet the  phenotype  of 
transposon  insertion  mutants  can  be  tested  in a s u p  
pressing  host  in which the  phage DNA is fully modified 
( i e . ,  as  in wild-type T4). However, the use  of the  T4  dC 
genetic  background raises  a potential  problem with the 
isolation  of mAMSA-hypersensitive mutants.  Unpub- 
lished  data  cited by TAKAHA~HI et al. (1985)  suggest  that 
UVSY is required  for  growth of T4  dC  under  nonsup- 
pressing  conditions (Le., with unmodified DNA). If this 
is true  for UVSU, it  might also be true  for  other recombi- 
nation  genes  in  the pathway of  interest. We verified the 
unpublished  data  cited above: a T4  dC uusYAl phage 
is unable  to  grow  unless  the E. coli host  has an  amber 
suppressor.  Therefore,  many  of  the  mutants  of  interest 
for this  study might  be  unable  to  propagate with un- 
modified DNA. To circumvent  this  problem, we devel- 
oped a  strategy that  rescued newly induced  mutants 
that  cannot  propagate with unmodified DNA (see MATE- 
RIALS AND METHODS), and  the  mutants were always 
grown  subsequently  in  hosts with an  amber suppressor. 

mAMSA-hypersensitive  mutants: A  total  of 1211 
transposon  insertion  mutants  were  tested  for  their abil- 
ity to  grow on lawns of E. coli with and without mAMSA 
(10 yg/mL).  During several rounds  of  screening  to 
verify their  phenotypes,  14  mutants  consistently dis- 
played hypersensitivity (many  mutants  that grew  poorly 
without  drug  or  that showed  only  modest levels of hy- 
persensitivity  were eliminated).  The  location of the 
transposon  insertion  in  each  of  the  14  strains was deter- 
mined by sequencing  phage DNA using  a primer  from 

MATERIALS AND METHODS). 
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FIGURE 2.-Map locations of transposons causing mAMSA 
hypersensitivity. The genes and transcription units in the vi- 
cinity of the transposon insertions are shown (KUTTER et al. 
1994). Labeled rectangles identify genes and  open reading 
frames by name, and V represent transposon insertions. Lines 
above the genes represent transcription units, with tick marks 
showing the location of promoters. Arrowheads represent  the 
direction of transcription. E, M, and  L indicate early, middle, 
and late promoters, respectively. (A) Map from position 
112.044 to 116.415 kb (all maps left to right; all genome 
coordinates based on  the  map of KUITER et al. 1994). Transpo- 
son insertions into uvsW are DWH700 (112.760 kb), N U 6  
(112.821 kb), DWH307 (113.482 kb), SBG9 (113.806 kb), 
and DWH277 (114.002 kb). Insertions into uvsY are SBA5 
(115.159 kb) and DWH598 (115.225 kb). (B) Map from posi- 
tion 146.946 to 150.700 kb. Transposon insertions into mh 
are DWH284 (149.970 kb) and DWH162 (150.054 kb). (C) 
Map from position 34.982 to 38.678 kb. SBE6 is in 47.1 
(36.522 kb).  The insertions into cy-@ are DWH282 (36.657 
kb), DWH525 (36.721 kb), and SBAl (37.219 kb). (D) Map 
from position 133.332 to 140.412 kb. The insertion into  the 
nrdB intron is DWH143 (138.958 kb).  The nrdB gene is  also 
transcribed by readthrough of a termination site from an early 
promoter not shown  in this figure; the resulting transcript 
includes frd.3,  frd. 2, frd. 1, frd,  td,  nrdA. 2, nrdA. 1, nrdA,  nrdB. 2, 
nrdB.1,  nrdB, and denA (TSENG et al. 1990). Transposon posi- 
tions are indicated by the position of the ninth base  of the 
9-bp duplicated target sequence, moving along the  genome 
in a clockwise direction, regardless of the orientation of the 
transposon. 

just inside the transposon and comparing to the known 
T4 genomic sequence (KUTTER et al. 1994). Each of the 
14 mutations mapped to a different location within one 
of  six T4 genes or open  reading frames (OFWs): uvsW, 
uvsU, mh, 47.1, a-gt, and the nrdB intron (Figure 2). 
The isolation of uvsY insertion mutants validated the 
screen because uvspmutant phage were  previously 
shown to be hypersensitive to m-AMSA (NEECE et al. 
1996). 

Petri plates containing  a  concentration  gradient of 
m-AMSA [or hydroxyurea (HU)] were used throughout 
this work to evaluate drug sensitivity phenotypes. These 
gradient plates provided a very reproducible measure 
of drug sensitivity. Furthermore,  for mutants tested by 
both methods,  the results of gradient plates correlated 
very  well  with measurements of burst sizes  in  single- 
round infections at varying drug doses (compare  data 
in this communication to burst-size data in NEECE et 
al. 1996). A representative transposon insertion mutant 
from each of the six genes was compared to controls 
T4 dC and T4 dC uvsYAI by plating equal numbers of 
phage in six spots across the  gradient plate and observ- 
ing plaque formation as the m-AMSA concentration in- 
creased (Figure 3, left). All  six transposon insertion 
mutants, along with the uvsYAI control, displayed a 
strong mAMSA hypersensitive phenotype. The hyper- 
sensitive mutants were inhibited even at  the lowest m- 
AMSA concentration  at  the  right edge of the plate [by 
comparison to plates without m-AMSA (data  not shown; 
also compare to growth on the HU plates in Figure 3,  
right) 3 .  

Because uvsW mutants were found to  be  hypersensi- 
tive to mAMSA in this screen and uvsW mutants were 
previously  shown to be hypersensitive to HU (HAMLETT 
and BERGER 1975),  the transposon insertion mutants 
were  also tested for HU  sensitivity using HU gradient 
plates. Insertions in uvswcaused  a high degree of HU 
sensitivity (as expected), insertions in m h  and  the nrdB 
intron caused a modest level  of  HU  sensitivity, and in- 
sertions in uvsU, a-gt and 47.1 caused no  apparent hy- 
persensitivity to HU (Figure 3,  right). 

Test of polarity of the mh mutation: We decided to 
focus on the m h  gene because RNase H proteins are 
predicted to play critical roles in DNA metabolism; the 
5' to 3' DNA exonuclease activity  of T4 Rnh (HOLLINGS 
WORTH and NOSSAL 1991) further suggests a possible 
direct role in DNA repair. We first  asked whether the 
lack of Rnh protein confers m-AMSA hypersensitivity on 
the phage or whether  the hypersensitivity is due to a 
polar effect of the transposon on a downstream gene 
such as 59 (mutations of which cause hypersensitivity 
to mAMSA). Polarity is a key issue here because the 
transposon inserts in m h  could interfere with transcrip- 
tion of gene 59 or 32 from the upstream early promoter 
(see Figure 2) .  

The T4 insertion substitution system (SELICK et al. 
1988) was used to delete most of the m h  gene without 
removing the middle-mode promoter  near  the 3' end 
of  the  gene (see MATERIALS AND METHODS and Figure 
2) .  The  deletion was designed to maintain the same 
reading frame as the original gene in  case of transla- 
tional coupling with downstream genes (Figure 4).  The 
deletion ( m h A  10-777) conferred m-AMSA sensitivity, 
although  the deletion mutant was not as  sensitive as a 
uvsY deletion mutant (Figure 5, top). We next asked 
whether the  deletion could be complemented by Rnh 
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expression from a plasmid  in the infected host. The rnh 
gene  had previously been cloned downstream of a T7 
promoter on plasmid  pVC2001 (HOLLINGSWORTH and 
NOSSAI. 1991). In E. coli BL21(DE3)  cells  (with pLysS 
or pLysE),  plasmid  pVC2001  relieved the mAMSA sensi- 
tivity of the mh deletion mutant even without isopropyl 

+A10-777 

1085 

FIGURE 3.-mAMSA and HU gradient 
plates of  mAMSA hypersensitive mutants. 
Equal numbers (-300 pfu) of different mu- 
tant strains were plated in each spot on a 
lawn  of E. coli CR63 on plates containing  a 
gradient of  mAMSA (left plates:  25 pg/mL 
in bottom layer of agar) or HU (right plates: 
0.75 mg/mL in bottom layer). The transpo- 
son insertion mutants shown are as follows: 
SBA5 (uvsy), DWH277 (uvsW), DWH162 
(rnh), DWH282 (a-gt), SBE6 ( 4 7 . 4 ,  and 
DWH143 (nrdB intron). 

thiogalactoside induction  (data not shown). The dele- 
tion was also complemented in cells (E. coli MCSl) with- 
out  T7 RNA polymerase,  presumably due to expression 
of the plasmid rnh gene from a promoter for E. coli 
RNA polymerase (see STUDIER et al. 1990). 

Because there was some homology  between the nzh 

+A352-847 , DWB162 , 
AA... 345 GAAAGC 6 4 5  ~ Z E A A ~ T G A A C G A  

M D L  K A   V E G E R  

661 ACTCCTTCAATGAAAACTTCAATCGTTGAAGCTATTGCTAATGACCGTGAGCAAGCTAAG 
T P S M K T S I V E A I A N D R E Q A K  

V L L T E S E Y N R Y K E N L V L I D F  7 DwH2 84 A10-777 
7 2 1 GTGCTTCT~~GAATATAATCGTTAT~GAAAGABBBTTII~AGTTCTAATTGA TTT 

................. 

781 GATTATATTCCTGATAATATTGCTTCAAACATTGTGAATTGTGAATTACTATAATTCATAT~TTA 
D Y I P D N I A S N I V N Y Y N S Y K L  .. C..C . .  C..A..C..C..C..G..T..T..C..A..C..T..C..C..T..C...C.T 

841  CCACCGC TGGCAAAATTTATTCATATTTTGT~GCGGGTCTTTCT~~TAACTAAT 
P P R G K I Y S Y F V K A G L S K L T N  7 
. .  G..T..C..T.....C..C..T..C..C..G.....T..CT.A..A...C.T..C,.C 

A352-847 

901 AGCATTAATGAATTTTGA 
S I N E F *  
TCA..C..C .. G..C... 

FIGURE 4.--Sequences  of the native and newly designed T4 rnh genes with locations of deletion  and transposon insertion 
mutations indicated. The DNA and  amino acid sequences of portions of the  T4 rnh gene  are shown (KUITER et al. 1994). The 
boxed regions represent the nine bases duplicated by insertion of the transposon in strains DWH162 (645-653 bp)  and DWH284 
(729-737 bp).  The underlined portion of the sequence is the ApoI site where we began the insertion of the oligonucleotide to 
alter  the DNA sequence of the rnh gene without altering the protein sequence. The nucleotides that have been altered to create 
pDWR23 are indicated below the  protein  sequence, with dots indicating unchanged bases.  Vertical lines represent  the start and 
end of two rnh deletions: rnhAlO-777 (this work) and rnhA352-847 [constructed by N. NOSSAL (National Institutes of Health, 
Bethesda); the latter mutant is also  hypersensitive to mAMSA (data  not shown)]. 
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FIGUKE: 5.-m-AMSA scnsitiyity of an rnh deletion mutant 
and  complementation by Rnh. Equal numbers ("300 pfu)  of 
T4D,  T4D UUSY, and  T4D mhA10-777 were  plated across a 
gradient of mAMSA on  either a lawn of MCSl containing the 
vector plasmid pVexll  (top) or MCSl containing pDWR23, 
the Rnhexpressing plasmid (bottom).  The bottom layer of 
agar contained mAMSA at 25  pg/mL.  The right column indi- 
cates  the phage strain genotype for uu5Y and rnh (wild type, 
+, or deleted, -). 

gene  on  the plasmid and  the  genome of the  deletion 
mutant, the reversal of the  mutant  phenotype  could 
have been  the result of homologous  recombination to 
replace the  deleted DNA rather  than  a  true comple- 
mentation of Rnh function.  Therefore,  a new plasmid 
(pDWR23) was created by altering the sequence of the 
3' end of the rnh gene so that  the DNA sequence was 
different  but would translate to the same amino acids 
(Figure 4; see MATERIALS AND METHODS for discussion of 
codon  choices). In E. coli MCSl  cells carrying plasmid 
pDWR23, the T4D rnhA10-777 mutant was almost as 
resistant to mAMSA as  wild-type T4 (Figure 5, bottom). 
Interestingly, expression of Rnh not only reduced  the 
sensitivity  of the rnh mutant,  but also increased the sen- 
sitivity  of  wild-type T4  and of the UVSY mutant (Figure 
5, bottom).  The ability  of the nonhomologous plasmid 
to improve growth  of the rnh mutant in the presence 
of mAMSA proves that polarity does not cause the m 
AMSA hypersensitivity of T4D rnhAlf3777. Instead, the 
Rnh protein itself must be  important for phage growth 
in the  presence of mAMSA. 

Dependence  on  the T4 topoisomerase: We next 
tested whether  the mAMSA hypersensitivity caused by 
lack of Rnh protein  depends on  the  T4 topoisomerase. 
mAMSA-resistance mutations in genes 52  and  39 (en- 
code two subunits of the  T4 topoisomerase) were intro- 
duced  into  the rnhA10-777 phage. Single- and double- 
mutant  phage were analyzed on  gradient plates with a 
high concentration of  mAMSA (85 pg/mL in the bot- 

K 
F L  0 %  

w t +  

wt- 

39 + 

39 - 
52 + 

52 - 
FIGURE 6.--Effect ol'mutations i n  topoisomerase genes  on 

mAMSA sensitivityof rnh mutants. The right column indicates 
whether  the  topoisomerase  protein was wild  type (wt), 39AK 
(39, or 52-AK (52) and whether  the rnh gene was wild type 
(+) or deleted (-). Equal numbers of phage (-300 pfu) 
were plated on a lawn of BL21 (DE3) pLysE pVexll  on a 
gradient  plate with  mAMSA  at 85 pg/mL in the  bottom layer 
of agar. 

tom layer) (Figure 6) .  The double  mutants were  clearly 
more resistant to mAMSA than  the rnh single mutant, 
demonstrating  that  the  T4 topoisomerase is necessary 
for  the hypersensitivity of the m h  mutant. Neither m 
AMSAR mutant was completely resistant to the  drug in 
either  the nthf or rnh-mutant background. The 52-AR 
single mutant strain appeared less resistant to drug than 
the 39AR single mutant, and  the 52-An rnh double mu- 
tant  appeared correspondingly less resistant than the 
39AR rnh double  mutant (Figure 6). 

Relationships  between uvsX, uvsW, and mh The 
UvsXY recombination repair pathway is  likely responsi- 
ble for  repair of DNA damage resulting from mAMSA- 
induced topoisomerase cleavage complexes because 
mutations in three  genes  defining this pathway  (uvsX, 
uvsY and uvsw) cause hypersensitivity  to mAMSA (see 
above). The rnh mutations might be affecting this repair 
pathway or, alternatively, could be affecting a second 
pathway that also repairs damage resulting from cleav- 
age complexes. To distinguish between these two possi- 
bilities, the relationships between the mh, uvsW, and 
UVSX genes were examined by comparing  the pheno- 
types  of double  and single mutants. 

Equal numbers of plaque-forming units were spotted 
across gradient plates containing mAMSA (10 pg/mL 
in bottom layer; Figure 7). Among the single mutants, 
the uvsXumll mutant was most  sensitive, the uvsWAI 
phage was somewhat less  sensitive, and  the rnhA10-777 
mutant was the least sensitive of the  three. The rnh 
uvsXand uvsWuvsXdouble mutants both showed drug 
sensitivity similar to that of the uvsxsingle mutant, indi- 
cating that  the rnh and UVSW mutations each impair 
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FIGI:KI;. 7.-mA%lS.A sensitivity of n 7 h ,  I ~ Z J S X ,  and uvsWsin- 
gle and  double mutants. Equal numbers of rnh, zcusX, and 
uvsW single and  double  mutant  phage ("500 pfu) were 
plated on a lawn of BL21 (DE3) pLysE pVexl1 on a gradient 
plate with mAMSA at 10 pg/mI. in the bottom layer of agar. 
The  right  column indicates whether rnh was wild type (+) or 
A10-777(-),whetheruzaXwaswildtype (+)oramllX2(-), 
and  whether uvsWwas wild type (+) or A1 (-). 

the UvsXY repair pathway. A possible  caveat about  the 
interpretation of  this result is that it relies on  the 
plaque-forming behavior at  the low end of the  gradient 
plate (because of the intrinsic sensitivity  of the uvsX 
single mutant), where the effective concentration of m 
AMSA  may be biologically insignificant. However, the 
rnh uvsWdouble mutant was clearly more sensitive than 
either single-mutant parent,  arguing  that these two mu- 
tations affect different pathways or that each inhibits 
a  common  step of the same pathway, and, moreover, 
providing reassurance about  the validity  of the double- 
mutant  experiments involving uvsX. 
UV sensitivity of nJ1 phage: The UvsXY recombina- 

tion repair pathway was first defined  on  the basis of W 
damage repair, and uvsWmutations are known to affect 
repair of UV damage by this  pathway (see BERNSTEIN 
1981; KREUZER and DRAKE 1994). We therefore asked 
whether  the rnh mutation also inhibits the  repair of W 
damage. 

The UV sensitivities  of wild type, rnh, uvsX,  uvsW, and 

.. " - " 1 

Time (min) 

FIGURE 8.-W sensitivity of mh, uvsW and uusX mutants. 
Phage at  an initial titer of -5 X 10" pfu/mL were exposed 
to UV light as described in MATTERIAIS AND METHOI)~,  and 
surviving phage were measured by plating on a nonsup 
pressing host. Survival values were normalized to the surviving 
pfu/mL  at 2 min. The decreases in survival from 0 to 2 min 
(not shown in these curves to avoid small shoulders in some 
of the  mutants) were as follows: wild type, 3.33-fold; rnh, 5.53- 

fold; uvsX mh, 11.7-fold; and uusX, 16.9-fold. The genotypes 
of each  phage  are indicated at  the right. 

fold; UVSW, 5.49-fold; UUSW mh, 9.54fold; UVSW UUSX, 15.6- 

each double  mutant were compared by performing W 
inactivation  curves on free phage. Some of the phage 
strains exhibited a slight shoulder  during  the first 2 min 
of  inactivation and some began  to  show a plateau (pre- 
sumably due to multiplicity  reactivation on the plate) 
after 6 min. An accurate assessment of W sensitivity  is 
obtained by ignoring shoulders and plateaus (DWE 
1994; KREUZER and DRAKE 1994), therefore we normal- 
ized  survival  of the various strains at 2 min and plotted 
the inactivation  curves  only out to 6 min (Figure 8). The 
W sensitivities  of the  mutant phage, expressed  as the 
ratio of lethal hits in the  mutant divided by lethal hits 
in the wild  type (knmnt/hrrild ,ypr, or k,/L) during this 
4min inactivation,  were  as  follows: n h ,  1.5; uvsW, 1.6; 
rnh uvsW, 1.8; uvsX uvsW, 2.1; n h  uvsX, 2.1; uvsX, 2.2. 

DISCUSSION 

Several antitumor  and antibacterial  agents kill cells 
by trapping  the type I1 topoisomerase in a covalent 
complex with cleaved DNA. To better  understand re- 
pair of the DNA damage caused by these  agents, we 
have attempted to define  additional  components of 
the  repair pathway through  a  genetic  screen of bacte- 
riophage T4. Mutations in four  genes (uvsX, uvsY, 46, 
59) that  encode  components of the UvsXY recombina- 
tion repair pathway had previously been observed to 
cause hypersensitivity to mAMSA (NEECE PI nl. 1996). 
In this study, transposon  mutagenesis identified 14 T4 
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mutants hypersensitive to m-AMSA, and these muta- 
tions mapped to six genes (uvsY, uvsW, rnh, a-gt, 47.1, 
and  the nrdB intron).  Thus, a total of nine  gene  prod- 
ucts have  now been implicated as having a possible 
role in repair of  mAMSA-induced DNA damage. We 
cannot  be  sure  that all nine  are involved in repair of 
the cleavage complex, because hypersensitivity could 
be caused by some other mechanism. For example, 
a-gt encodes  a glucosyltransferase that  adds glucosyl 
groups  to  the hydroxymethylcytosine residues of T4 
DNA (CARLSON et aZ. 1994),  and the specificity  of T4 
topoisomerase DNA cleavage is dramatically altered 
upon glucosylation of the DNA substrate (KREUZER 
and ALBERTS 1984).  Therefore,  mutational inactiva- 
tion of a-gt might  increase m-AMSA sensitivity by alter- 
ing  the characteristics of topoisomerase cleavage  com- 
plexes in some important way (e.g. ,  increasing  their 
number  and/or stability). 

We are  not certain that  the screen for mAMSA hyper- 
sensitive mutants has saturated the  genome. Nonethe- 
less,  most of the relevant genes were probably identified 
because multiple inserts were isolated in four of the six 
genes. One limitation of transposon mutagenesis is that 
mutations in essential genes, or upstream of essential 
genes, cannot generally be detected. This may explain 
why  we did not obtain insertion mutations in 46, 47, 
59, and UUSX (the first three  are nearly essential, and 
uusX is upstream of essential genes 40 and 41) .  

Mutations in gene 46 and in the upstream OW 47.1 
cause hypersensitivity to mAMSA (NEECE et al. 1996; 
this work). The gp46/47 complex has been proposed 
to be  a  membrane-bound DNA exonuclease involved 
in both recombination and host DNA breakdown 
(MICKELSON and WIBERG 1981).  The  role of gp46/47 
in repair of  mAMSA-induced  cleavage complexes could 
involve the  generation of recombinogenic single- 
stranded 3’ overhangs at the DNA break, although  the 
covalently attached topoisomerase (on the 5’ ends) 
would need to be removed by a currently unknown 
mechanism. OW 47.1 is upstream and in the same 
operon as gene 47 (see Figure 2 ) ,  therefore  the  drug 
sensitivity  of the 47.1 mutant could be  a polar effect of 
the transposon on gene 47. Consistent with this expla- 
nation,  a nearly complete deletion of 47.1 was con- 
structed and  found  not to cause  hypersensitivity to m 
AMSA (M. CICERO and K. KREUZER, unpublished  data). 

The mAMSA hypersensitivity caused by mutations in 
uusX and uvsY provides the strongest evidence that re- 
combination is involved  in the  repair of  mAMSA-in- 
duced topoisomerase cleavage complexes (or some de- 
rivative thereof).  These two proteins, along with gp32, 
are  important for phage recombination in vivo and cata- 
lyze well-studied strand-exchange reactions in vitro (KO- 
DADEK et al. 1989; HARRIS and GRIFFITH  1989; YONESAKI 
and MINAGAWA 1989). 

The nrdB gene  encodes  the small subunit of the T 4  
encoded  ribonucleotide reductase, which is important 

(though  not essential) for deoxyribonucleotide synthe- 
sis (YEH and TESSMAN  19’72). The transposon within the 
intron of  nrdB would  likely reduce or prevent splicing 
and thus diminish nrdB gene expression. We do  not 
understand  the basis  of the  drug hypersensitivity of the 
nrdBmutant. Perhaps a subtle defect in deoxyribonucle- 
otide synthesis  blocks an  important replication step in 
recombinational repair without blocking overall phage 
DNA replication. A second possibility,  raised by the 
finding of  allele-specific suppression between nrdB and 
the topoisomerase subunit  gene 39 (WIRAK et al. 1988), 
is that  interaction between the two proteins modulates 
the mAMSA sensitivity  of the T4 topoisomerase. 

We focused our attention on the T4 mh gene.  The 
ntAMSA sensitivity caused by the transposon insertions 
into mh could have been caused by the absence of  Rnh 
protein  or by a polar effect on a downstream gene (e.g. ,  
59). We demonstrated  that  the Rnh protein itself is 
important by showing that expression of Rnh from a 
plasmid  substantially  relieves the mAMSA hypersensitiv- 
ity of an m h  deletion  mutant (Figure 5). 

Either of two mAMSAR mutations in the T4 topoisom- 
erase conferred drug resistance upon  the mh deletion 
mutant (Figure 6) ,  and therefore  the T4 topoisomerase 
plays an  important role in the hypersensitivity of the 
rnh mutant. Neither drug-resistance mutation provided 
complete resistance in either  the m h f -  or mh-mutant 
background. Previous  in vitro experiments showed that 
mAMSA induces cleavage complexes at  a  reduced level 
with the drug-resistant topoisomerases (HUFF et al. 
1989, 1990). We therefore believe that the two drug- 
resistance mutations do not completely eliminate for- 
mation of drug-induced cleavage complexes in vivo, and 
that rnh mutations interfere with repair of the residual 
cleavage complexes formed by the  mutant phages. 

The m h  deletion did not appear to further increase 
the mAMSA hypersensitivity of a  uvsxmutant, consistent 
with the hypothesis that mutations in mh and uvsXaffect 
the same repair pathway.  Similarly, a uvsW uvsXdouble 
mutant appeared about as  sensitive  to mAMSA as a uvsX 
single mutant, suggesting that uvsWmutations  also  affect 
this  pathway. In contrast, the uvsW m h  double mutant 
was more sensitive  to mAMSA than either single mutant. 
The simplest explanation for these data is that mh and 
uvsWmutations affect a common step in the UvsXY re- 
combinational repair pathway, at least  with respect to nt  
AMSA-induced  DNA damage (see below). 

The UvsXY repair pathway  has been analyzed  most 
extensively for UV-induced DNA damage (see BERN- 
STEIN 1981; KREUZER and  DRAKE  1994),  therefore we 
extended our analysis of rnh and uvsWwith UV inactiva- 
tion experiments. The W sensitivities of uvsWand uvsX 
mutants  had previously been analyzed by several groups 
(SYMONDS et al. 1973; HAMLETT and BERGER 1975; CON- 
KLING and DRAKE 1984),  and  our conclusions are in 
agreement with the past studies. Thus,  the  uvsxmutant 
was  very sensitive (&/h = 2.3),  the uvsWsingle mutant 
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was intermediate in sensitivity (&/& = 1.6), and the 
uusXuusWdouble mutant was similar to  the uvsxsingle 
mutant (&/& = 2.1 for the  double  mutant).  These 
results support  the  prior assignment of uvsXand uvsW 
to the same pathway  of UV damage repair, because the 
double  mutant was no more sensitive than  the most 
sensitive single mutant  (the predicted &/& for  the 
double  mutant is  3.7  if uvsXand uvswmutations affect 
separate pathways). Turning to the possible role of mh 
in UV sensitivity, the m h  single mutant was clearly  sensi- 
tive to UV, inactivating at  a  rate very similar to the uvsW 
single mutant (&/& = 1.5 for the m h  single mutant). 
Further  support  for this conclusion was provided by the 
finding that survival  of the  irradiated m h  mutant phage 
could be increased (though  not to wild-type  levels) by 
expression of the Rnh protein in  trans (data  not  shown). 
The double m h  uvsXmutant was approximately as  sensi- 
tive  as the  uvsxsingle  mutant (&/& = 2.1 for the m h  
uvsxdouble mutant), consistent with the  interpretation 
that  the mh gene is important in the UvsXY pathway of 
UV damage  repair  (predicted &/& = 3.5 for separate 
pathways).  From the results presented above  with m 
AMSA,  we expected  that  the m h  uvsW double  mutant 
would be more W sensitive than  either single mutant. 
Although this appeared  to  be  true,  the increase in sensi- 
tivity  was small (&/h,,. = 1.8, compared to 1.5 and 1.6 
for  the single mutants).  The double m h  uvsW mutant 
was not as  sensitive  as  any  of the  uvsxmutants,  arguing 
that inactivation of both m h  and uvsWdoes not com- 
pletely abolish recombinational repair of UV damage 
by the UvsXY pathway. 

The phenotypes caused by mh and uusW mutations 
are similar. Deletions of either  gene cause hypersensitiv- 
ity to mAMSA and UV light, but the defects are not as 
severe as those of a  uvsxmutant.  In  addition, mutations 
that inactivate mh and uvsWeach increase sensitivity to 
HU (Figure 3; note  that uvsYand uvsxmutants  do  not 
share this phenotype).  These results are consistent with 
the possibility that Rnh and UvsW catalyze a  common 
activity. 

Despite its importance in T4 DNA metabolism, UvsW 
remains poorly understood. The finding  that UvsW in- 
hibits origin-dependent replication, perhaps by destroy- 
ing  a stable RNA-DNA hybrid, led to  the proposal that 
UvsW has RNaseH  activity (DERR and KREUZER 1990; 
KREUZER and MORRICAL 1994).  A closely related possi- 
bility  is that UvsW  is an RNA-DNA helicase, like  helicase 
I1 of E. coli  ATSON SON 1989).  In  either case, because 
UvsW protein is only produced at late times  in infection, 
destruction of  RNA-DNA hybrids at  the origins could 
explain the  shut off of origin replication as the infection 
proceeds. The pleiotropic phenotypes of a  uuswrnutant 
(e.g., sensitivity to UV,  mAMSA, and HU, as  well  as 
reduced  recombination) might then be secondary con- 
sequences, either of the persistence of RNA-DNA  hy- 
brids or of the  altered  mode  of DNA replication. 

Why do mh mutations cause hypersensitivity to m 

AMSA? The T4 Rnh protein has both RNase H and 
DNA exonuclease activities in  vitro (HOLLINGSWORTH 
and NOSSAL 1991). One model for hypersensitivity is 
that  the exonuclease activity  is directly involved in re- 
pair of the cleavage complex, activating the  broken 
DNA for recombination. A second model is that elimi- 
nation of the RNase H activity indirectly blocks the re- 
pair pathway, for example, by saturating some compo- 
nent of the  repair system. Persistent RNA-DNA hybrids 
may induce relatively large amounts of a type  of  DNA 
damage that  needs to be  repaired, as has been pre- 
viously suggested for mhA mutants of E. coli (KOGOMA 
et ul. 1993). This second model can also be  applied to 
UvsW if, as argued above, UvsW  is an RNase H or an 
RNA-DNA helicase. Future work should distinguish be- 
tween these (and perhaps other) models and clarify the 
functional relationship between Rnh and UvsW. The 
identification of several T4 genes apparently involved 
in repair of topoisomerase cleavage complexes, and 
perhaps  other forms of double-strand breaks, should 
help in deciphering  the molecular mechanism of this 
important  repair reaction. 
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