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ABSTRACT 
Phage T4 gene 49, encoding recombination  endonuclease VII, specifies, by initiation from an AUG 

and an internal GUG codon, two in-frame  overlapping  peptides (of 18 and 12 kD). The gene is 
transcribed early and late, albeit from different promoters. The sequence  predicts that in long  early 
transcripts, initiated far upstream of the coding sequence, the Shine-Dalgarno  sequence  of the first 
ribosome binding site can  be sequestered in a hairpin and/or cleaved. These processes  might reduce 
initiation from the first AUG and facilitate  initiation of the 12-kD peptide from the internal GUG. 
The potential of this hairpin to participate in Y structures or cruciforms  suggests possible autoregu- 
lation. Shorter, more stable  late transcripts initiated  from a late promoter immediately  upstream of 
the first ribosome binding site cannot form this hairpin. More  efficient translation of the longer 18- 
kD gene 49 peptide from these  late transcripts accounts for  the strong dependence of endonuclease 
VI1  activity on late gene expression. An ORF downstream from gene 49 can  be translated from a 
motAdependent transcript that starts inside gene 49 as  well as from the gene 49 transcripts. Its 
initiation  codon  overlaps the stop codon of gene 49, suggesting  some  coupling of translation. The 
deduced protein resembles, among others, the RexA protein of phage X. Possible  implications for T4 
recombination and for the interference of X lysogens  with T4 gene 49 and rZZ mutants are discussed. 

H OMOLOGOUS  recombination  generates 
branched  intermediates whose heteroduplex 

regions (HOLLIDAY 1964; WHITEHOUSE 1963) are de- 
rived from  different  parental  DNA molecules by 
strand  exchange  and  branch  migration.  Cleavage of 
the branched  intermediates  at  four-way “H” junctions 
or at  simpler,  three-way “Y” junctions is a  critical step 
in  resolving the  intermediates  (for reviews see STAHL 
1979; DRESSLER and POTTER 1982; WHITEHOUSE 
1982).  Endonuclease  VI1  (endo  VII),  the  product of 
gene 49 of phage  T4, is the first  enzyme  shown to 
catalyze  cleavage of these  intermediates (MINACAWA 
and RYO  1978; KEMPER and GARABETT 198 1 ; JENSCH 
and KEMPER 1986)  and of cruciforms (MIZUUCHI et 
al. 1982; KEMPER et al. 1984). This  enzyme also 
excises large heteroduplex  loops in  vivo and in vitro 
(MOSIG and POWELL 1985 and  unpublished  results; 
KLEFF and KEMPER 1988).  Regulation of its  synthesis 
is of  considerable  interest for recombination  in  gen- 
eral,  and  for T4 specifically, because  recombination 
is essential for T 4  DNA  replication and  growth  (for 
review see MOSIC 1987). 

Endo VI1  has been  characterized  as a late  protein 
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because  it is required for packaging of DNA (KEMPER 
and BROWN 1976)  and because its activity is greatly 
reduced  in  gene 55 mutants (KEMPER and GARABETT 
1981) which are defective  in the sigma factor for T4 
late  transcription (EPSTEIN  et al. 1964; GEIDUSCHEK, 
ELLIOTT and KASSAVETIS 1983; RABUSSAY 1983; KAS- 
SAVETIS and GEIDUSCHEK 1984). On  the  other  hand, 
the phenotype of gene 49 mutants, especially the 
timing of temperature sensitivity of a ts mutant, the 
poor growth of this ts mutant  at  an  otherwise permis- 
sive temperature  in X lysogens, and  the poor growth 
of 49-rII double  mutants  in  nonlysogens (MOSIG, 
SHAW and GARCIA 1984; G. MOSIC, unpublished  data) 
suggested to us that  gene 49 might  also  have  some 
function  early  after  infection. 

We show here that  gene 49 is transcribed  both  early 
and late. It  encodes  two  peptides of different sizes in 
the same  reading  frame. Our results  also  suggest  a 
ready  explanation  for the effects of X lysogens and  the 
strong  enhancement of endo VI1  activity by late  gene 
expression. 

A preliminary  account of this  work was reported at 
the Cold  Spring  Harbor  Meeting  on  Molecular  Ge- 
netics  of  Bacteria and Phages,  1986. 

MATERIALS AND METHODS 

Phage: T4 wild-type and gene 49 mutants amE727 and 
tsC9, purified from secondary  mutations and the motA mu- 
tant sip1 (HOMYK, RODRIGUEZ and WEIL 1976; HALL and 
SNYDER 1981), have  been  maintained  in  this laboratory 
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(MOSIG, SHAW  and GARCIA  1984). The 35--55- double 
mutant (amN134-amBL292) was constructed  and described 
by LUDER and MOSIG (1982). The dC-DNA-producing 
strains GT7 (56--42--denB--alc-) (WILSON et al. 1979)  and 
JW800 (56--42--denA--denB--alc-) (CLARK, WEVER and 
WIBERC 1980) were kindly supplied by G. WILSON and J. 
WIBERG, respectively. Although  both strains  were thought 
to contain the same gene  56  mutation, we found in appro- 
priate crossses that  GT7 carries  amC153 and  JW800  carries 
amE51. Phage T 7  wild type and a gene 3 amber  mutant 
were kindly supplied by R. WEISBERG. 

Bacteria: Escherichia coli CR63 (supD) and BsuZ (supD) or 
S/6 (sup'), B (sup") (from  our collection) and  TB-1 (sup') 
from BRL were used as permissive or restrictive hosts, 
respectively, for  routine  plating of T 4   o r   T 7  phage.  UT48 1 
(r-m-, met-, thy-A(pro lac) supD:TnlO/F' traD36 proA+B+ 
lacP lacZAA415), permissive for am mutants (a gift from  C. 
LARK)  and  TB-1 (sup') (purchased  from BRL),  restrictive 
for am mutants,  transformed with T 4  insert-bearing plas- 
mids or M 13 derivatives,  were used as hosts in marker rescue 
and complementation tests, respectively. E.  coli M5219 
[Sm', am lacZ, am trpA (X 620252,  cZ857, W l ) ]  (REMAUT, 
STANSSENS and FIERS 198  1) was a gift from E. REMAUT and 
W. FIERS. Phage  and bacteria were grown and assayed by 
standard  procedures (ADAMS 1959; MOSIG, BERQUIST and 
BOCK 1977). T 4  phage containing dC-DNA  were  grown in 
E.  coli B834 galU sup' (RUNNELS  and  SNYDER  1978). The 
m c -  (RNase111 defective) strain AB1 05, originally isolated 
by P. H. HOFSCHNEIDER, was obtained  from DAVID SCHLES- 

Cloning vectors: M 13mp  19 (MESSING and VIEIRA 1982) 
was obtained  from BRL. Riboprobe Gemini  vectors pGEM 1 
through pGEM3  were  purchased from Promega Biotech. 
The  expression  vector pPLc2833 (REMAUT, STANSSENS and 
FIERS 1981) was kindly supplied by  E. REMAUT and W. 
FIERS. 

Media: Media are described in ADAMS (1959), GRUIDL 
and MOSIG 1986)  or MANIATIS, FRITSCH and SAMBROOK 
1982). All plasmid-bearing  bacteria  were  grown in the pres- 
ence of 50  or  100  rg/ml ampicillin. 

Chemicals and enzymes: Sequencing primers were sin- 
gle-stranded "SP6 Promoter"  primer or "T? Promoter" 
primer,  from  Promega Biotech, or custom-synthesized oli- 
gonucleotides purchased  from  the  Vanderbilt University 
Toxicology Center. Reverse  transcriptase from avian mye- 
loblastosis virus  (AMV) was purchased  from Life Sciences; 
deoxynucleoside  triphosphates (dNTP)  and dideoxynucleo- 
side  triphosphates (ddNTP) were from Pharmacia.  Sequenc- 
ing reactions  were carried  out using ['*P]dCTP (-800 Ci/ 
mmol) from Amersham or  [cu-thi~-'~S]dCTP (-1000 Ci/ 
mmol) from New England  Nuclear. DNA sequencing gels 
contained 8 M urea  and  4%  or  6% acrylamide-bis in 1X 
TBE  buffer  (pH 8.3) (1 2 1.1 g ultra  pure  Tris base, 6 1.8 g 
boric acid and 7.44  g  disodium EDTA.2H20  per  1000 ml 
H20).  They were fixed in 5% methanol and 5% acetic  acid 
and  dried  prior to autoradiography using KODAK XAR5 
film. 

Preparation of DNA. Large-scale and small-scale plasmid 
preparations were done by standard  procedures (MANIATIS, 
FRITSCH and SAMBROOK 1982). T o  obtain replicative form 
(RF) DNA of M13 mp19, infected cells were grown in 2X 
Y T  medium for 7 hr  at 37 " with high aeration  and processed 
as in plasmid preparations. T 4  dC-DNA was extracted with 
SDS and  phenol  from  phage  GT7  or  JW800 particles  puri- 
fied through a CsCl step  gradient. 

Recombinant DNA procedures, restriction enzyme di- 
gests and purification of DNA fragments were  as  described 
(MANIATIS, FRITSCH and SAMBROOK 1982; MACDONALD and 
MOSIG 1984a,b). 

SINGER. 

Construction of clones: Most clones shown in Figure  1, 
as well as  smaller  subclones used for sequencing,  were  ob- 
tained by isolating a 1004-bp RsaZ fragment (identified by 
hybridization with XbaI-10 T 4  DNA) from a  total T 4  dC- 
DNA RsaI digest and inserting it into  the SmaI site of pCEM 
vectors. Most subclones  were constructed  after  cutting this 
cloned  insert with the restriction enzymes shown in Figure 
1. The clones labeled "del" were constructed by  Bal 31 
digestion of this cloned  RsaI fragment. T h e   T 4  segments 
inserted  into pGEM vectors are called pAn (where n stands 
for  the  numbers shown in Figure 2). The  same T 4  segments, 
when inserted  downstream from  the XpL promoter of 
pPLc2833,  are called pLAn. pGl  13,  pMT3  and  pA70 were 
subcloned from  an XbaI-10 fragment originally cloned in 
M13  mp19.  PC113 contains  a RsaI-PstI fragment,  pMT3 
contains  a RsaI-RsaI fragment  and pA7O contains  an Xbal- 
RsaI fragment indicated in Figure 1, inserted into  the SmaI 
site of pGEM vectors. 

Marker rescue: Since both  gene  49  mutants  are leaky and 
accumulate pseudorevertants (CONKLING and  DRAKE  1984), 
spot tests proved  to be unreliable. E. coli UT481 with 
plasmids bearing  different T 4  inserts  were  grown at  30" 
with high aeration  to 1 to 3 X lo8 cells/ml in  LB. Cells 
carrying  M13 clones were grown in 2X Y T  medium at  37" 
to  the same density. The cells (0.1 ml) were then infected 
with T 4  gene-49 mutants  at a multiplicity of  infection of 5 
and  incubated  at  30" (amE727) or  25" (tsC9). After 40-90 
min the cells were lysed by addition of chloroform.  Appro- 
priate dilutions of amE727 lysates were plated on E. coli 
CR63  (34")  for total progeny  and  on E. coli S/6  (45")  for 
wild-type recombinants. Lysates of tsC9 were  plated on  S/6 
at  25"  for total  progeny and  at  45"  for wild-type recombi- 
nants, because most pseudorevertants do  not grow at  45". 
All clones negative for  marker rescue gave proportions of 
wild-type progeny below 3 X Clones positive for 
marker rescue gave 1 0-100-fold higher  proportions. 

Complementation assays: E. coli TB-1 (sup'), bearin 
plasmids with or without T 4  inserts,  were  grown to 1 X 10 
cells/ml in HB  or LB medium  containing 50  rg/ml ampicil- 
lin and  concentrated 10-fold by centrifugation. T 4  amE727 
or tsC9 were plated on these  bacteria at  42" (to exclude 
pseudorevertants) and,  for comparison, on  the permissive 
host,  CR63,  at  34".  T7am3 was plated at  34"  and  at  37". 
The mutants plate on bacteria containing  complementing 
inserts (filled boxes in Figure 1) under otherwise nonper- 
missive conditions with similar efficiencies and plaque sizes 
as under permissive conditions (with or without insert-bear- 
ing plasmids). Since the gene-49 mutants  are leaky, we also 
measured burst sizes after infection, at  42", of TB-I con- 
taining  various T4-insert-bearing plasmids in one-step 
growth  experiments (MOSIG,  BERQUIST and BOCK 1977). 
The average burst size of amE727 under such complement- 
ing  conditions was approximately one-third (50-70) of the 
wild-type burst size (180-210).  In contrast,  the  burst sizes 
of the gene-49 mutants in hosts carrying plasmids without 
inserts or with inserts containing only part of the  gene 49 
coding  region (open boxes in Figure 1) were  between three 
and five. 

DNA sequencing: Since cloning, in M 13 derivatives, of 
XbaI restriction fragments  10  and  16  and  subfragments 
derived from  them resulted in frequent  spontaneous dele- 
tions of both insert and vector  sequences, all sequencing was 
carried  out using the modified chain-termination  (dideoxy) 
technique of SANGER,  NICKLEN and COULSON (1977)  on 
double-stranded templates  (CHEN and SEEBURG 1985) with 
reverse  transcriptase.  DNA  sequences were determined  at 
least twice from  both  strands, exactly as  described by 
THOMPSON and MOSIG (1987), directly from various T 4  
inserts cloned in pGEM plasmids, as indicated in Figure 1. 

8 
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Sequences  were  analyzed with the DNA Inspector I1 Pro- 
gram  from Textco Co.  on a Macintosh computer.  Critical 
sequences (e.g. ,  the  overlap of  gene 49 and  ORF  49.-1)  and 
sequences  spanning  the  gene 49 mutants  were  also deter- 
mined by primer  extension  sequencing on RNA templates 
as described by MCPHEETERS et al. (1 986), except  that the 
RNA was isolated  and  purified  through CsCl centrifugation 
as described (MACDONALD and MOSIG 1984b). 

Analysis of RNA synthesized in vivo by  Northern  blot 
analysis: RNA made in vivo was isolated  from  infected  and 
uninfected E.  coli B as described (MACWNALD and MOSIG 
1984b), denatured by glyoxalation  and  separated by electro- 
phoresis (MANIATIS, FRITSCH and SAMBROOK 1982). DNA 
size standards,  generated  from  restriction  digests of 
pBR322,  were  glyoxalated  and  size-fractionated in parallel 
with the RNA samples. The nucleic  acids  were  blotted  to 
Biodyne  nylon  membrane  (Pall Ultrafine  Filtration  Corp.). 
The blots  were probed with strand-specific RNA probes 
synthesized in vitro as described  below.  Hybridization  con- 
ditions  and  autoradiography were  as  previously  described 
(MACDONALD and MOSIG 1984b)  except  that  the  post-hy- 
bridization washes  were done  at 65" in 15 mM NaCI, 1.5 
mM sodium  citrate  and  0.1 % SDS. 
S1 nuclease  mapping of the gene49 transcript  ends: 

Hybridizations,  subsequent S1  nuclease  digestions  and  gel 
analyses  of the  protected  fragments were done as described 
by GRUIDL and MOSIG (1 986). 
In vitro preparation of strand-specific RNA  probes for 

hybridization: pCEM derivatives  containing the desired T 4  
insert were  linearized with appropriate  restriction  enzymes, 
extracted with phenol,  precipitated with ethanol  and tran- 
scribed with T 7  or SP6 RNA polymerase (MELTON et al. 
1984) as described by the vendor. 

Protein  analysis: Plasmid  bearing  cells  were  grown at 
25" in M9  medium (ADAMS 1959)  to 3-5 X 10s/ml.  They 
were  shifted  to 42 " and, 5 min later, 'H-  labeled  amino  acid 
mixtue (5 pCi/ml) (ICN) was added. After 30 min at 42" or 
37", the cells  were  harvested by centrifugation  and  resus- 
pended in lysis buffer. The proteins  were  electrophoretically 
separated in denaturing  polyacrylamide  gels  and  autoradi- 
ographed (LAEMMLI 1970). 

RESULTS 

Identification of gene 49: Gene  49 maps (MOSIG 
1983b)  between the early  genes nrdC (thioredoxin, 
LEMASTER 1986)  and 55 (sigma factor  for late T4 
transcription, GEIDUSCHEK, ELLIOTT and KASSAVETIS 
1983). Maxker rescue  experiments (see MATERIALS 
AND METHODS) map  gene  49  to  an XbaI-10 fragment 
cloned  into M 13  mp19,  to a  RsaI  fragment  (pA2) 
nested in XbaZ-10, and,  more precisely, the  gene-49 
mutations tsC9 to a  76-nucleotide  TaqI-PstI fragment 
and amE727 to  a  137-nucleotide Hinfl fragment (Fig- 
ure 1). 

The DNA  sequence  (Figure 2) predicts at least two 
ORFs (facing in the leftward  direction in Figure  1). 
No  ORF of significant length is found in the opposite 
direction. The marker rescue  results and  sequence 
changes in the two mutants show the first ORF  to be 
the  coding sequence  of  gene 49:  the  glutamine  codon 
CAG is changed at position 583  to a  termination 
codon  UAG in amE727 (Figure 3) and a glycine codon 
GCA is changed  at position 295  to AGA (arginine)  in 
tsC9 (data  not shown). 

Transcription: To distinguish between  early, mid- 
dle  and late  transcripts we compared  RNA isolated at 
different times after wild-type or gene  49  mutant 
infections with RNA  from  a motA mutant, sip1 (HO- 
MYK, RODRIGUEZ and WEIL 1976),  deficient in middle- 
mode  transcription (BRODY, RABUSSAY and  HALL 
1983),  and  from a 33--55- double  mutant which is 
defective in late  transcription and  continues early and 
middle-mode  transcription at late times (GEIDUSCHEK, 
ELLIOTT and KASSAVETIS 1983).  Numerous  experi- 
ments (most of  them  not  shown)  demonstrate  that 
gene  49  transcription and  the processing of these 
transcripts is unusually complex.  For  reasons of sim- 
plicity we show here only a few of the many results 
that established the  transcript  pattern shown in Figure 
1. All other results (not shown) are completely  con- 
sistent with these assignments. Also to facilitate  ori- 
entation within the  sequence, we show in Figure 4 
some possible secondary  structures  of the RNA  near 
the  landmarks described below. 

All gene  49  transcripts are synthesized in vivo in the 
counterclockwise (leftward)  direction  of the  standard 
T 4  map.  No  transcripts  were  detected with probes 
specific to  the opposite strand  (data  not shown). Over- 
lapping  gene  49  transcripts are initiated at  different 
times after infection  from  different promoters  (Figure 
1). These transcripts terminate  at (or are digested up 
to)  different positions, either  at t ,  downstream  of  gene 
49, or farther  downstream  from  the  sequenced  re- 
gion. The early primary  transcripts  from which endo 
VI1 is presumably poorly translated are apparently 
unstable and subject to site-specific cleavages (Figures 
1 and 5 through 8) and  to subsequent  degradation. 

Early  transcripts: These  are initiated  upstream  of 
the sequenced  region. Northern blots of early RNA 
(examples probed with pA22- and pA16-derived la- 
beled  strands are shown in Figure 5, A and B, respec- 
tively, lanes 1, 2 and 4) show a whole size range of 
prereplicative RNAs. The longest early RNA, approx- 
imately 2300 nucleotides,  traverses the  entire se- 
quenced  RsaI  fragment (see S1 protections,  Figure 8 
below). Other RNA species have  a 3' end  at  or  near t 
(position 757). Either  they  were  prematurely  termi- 
nated or they were degraded in the 3' to 5' direction 
up to  the potential  hairpin  (Figure 4B). 

Although  the early transcripts are processed and 
degraded,  degradation is not entirely random. Weak 
bands  appear  over  the diffuse  background  of  random 
degradation  products  both in the  Northern blots (Fig- 
ure 5) and in S1 protection  experiments  (Figure 8, 
below). 

Consistent with the lengths of these  RNA species, 
primer extension analyses of early or 33--55- double 
mutant  RNA with primers  102  and  135  (marked in 
Figure 2) (data not shown) reveal  several 5' ends 
upstream of the  region  sequenced by us. The main 
extension product of primer "1 02," of approximately 
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FIGURE ].-A map of the T4 gene 49 region. The central solid line shows the restriction sites used  in cloning and sequencing, the 
positions of the late and motA-dependent promoters (arrows), and  an  internal 3' R N A  end, f .  The class I splice site (position 1 140) of SHUR 
ef af. (1 988) is labeled with an asterisk. The coding regions for  the 18-kD and  the 12-kD gene-49 proteins and for ORF 49.-1 are marked as 
differently shaded rectangles below the restriction map. ORF 49.-1 corresponds to  ORF 55.13 of TOMASCHEWSKI and RUCER ( 1  987) and  to 
part of sunY (SHUR et af. 1988). We have called it ORF 49.-1 because RNA splicing downstream of this ORF  (SHUR et af. 1988; G.  Mosrc, 
unpublished) makes the numbers of proteins encoded between genes 55 and 49 uncertain (see also Figure 9). Numbers refer to positions in 
the sequence shown in Figure 2. Positions 3 through 1006 bracket the Rsal fragment cloned in pA2. The upper portion shows the major 
primary and processed transcripts identified in this work. The RNaseIII-independent cleavage site is marked by an arrow  and  the RNaselII- 
dependent cleavage sites are marked with hands. The lower part of the figure shows major clones used for sequencing, to generate 
hybridimion probes, and in the complementation studies. Clones pA2, pA70, pA60. pA67, p49del11  and  p49del12 (shaded rectangles) 
complement gene 49 mutations. The  other clones fail to complement. Construction and nomenclature of the clones is described in MATERIALS 

AND METHODS. 

440 bases, maps a 5' transcript end immediately 
downstream  from the postulated (early) promoter  for 
pin (SKORUPSKI et al. 1988). Within the sequence 
shown in Figure  2, primer extensions  from  primers 
103 (Figure  6A, lanes 1 and 3, and Figure  6B), 134 
(Figure 7) and  135  (data  not shown) map  major 5' 
RNA ends  at  or  near positions 127  to  129  and posi- 
tions 442  and/or  575 (arrows or hands, respectively, 
in Figure 1). There is no obvious consensus sequence 
for early or middle T 4  promoters  upstream of position 
127,  but position 129  corresponds exactly to the pre- 
ferred cleavage site UUJAU  found by CANNISTRARO, 
SURRARAO  and KENNELL 1986) in E.  coli RNA. We 
therefore consider it likely to be  a cleavage site. There 
is also no consensus promoter sequence  upstream of 
5' ends  near position 442. Since these  ends are greatly 
reduced in T 4  RNA isolated from  RNaseIII-deficient 
cells (compare  Figure  6B, lanes 1 and 2), they are also 
likely cleavage ends.  Overexposure of the  autoradi- 
ograms reveals many additional  bands of varying in- 
tensities, consistent with the extensive  degradation 
also evident in Figures 5 and 8. 

In complete  agreement with these assignments, 
summarized in Figures 1 and  2,  the prereplicative 
transcripts, when hybridized to pA2-derived single- 
stranded  probes,  protect  fragments of the expected 
lengths  (Figure 8, lane 3) from S1 digestion. Again, 
the longest (1 004-base) protected  fragment is the  one 
expected  from unprocessed early transcripts. 

S1 protection of a 498-base probe,  derived  from  a 
RsaI-Hue111 fragment  (Figure 8, lanes 5 and 6),  con- 
firms that, in addition to  the RNA traversing the 
entire  probe  and some  random  degradation  products, 
there is one major 3' end in both  prereplicative and 
late  RNA, at  or near position 757. 

GOTT, SHUR  and BELFORT (1986) have found, by 
labeling with [aJ2P]GTP, a self-splicing group I intron 
which they believed to map in the T 4  thioredoxin 
gene. Comparison of their results with ours (G. Mosrc 
and D. POWELL, unpublished results) indicated, how- 
ever,  that  the 5' splice site of this intron maps down- 
stream of gene 49;  it is now mapped at position 1 140 
in Figure  2  (SHUH et al. 1988). Under conditions which 
label the  group I splice site characterized by GOTT, 
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FIGURE 2.-A, The DNA sequence of gene 49 and of ORF 49.- 
1. The sequence was determined repeatedly from both strands, 
from the clones shown  in Figure 1 and from additional subclones. 
Critical  bases, around position 600 and in several other segments, 
were confirmed by sequencing from mRNA (Figure  3 and data not 
shown). The sequence agrees with that  reported by TOMASCHEWSKI 
and RUGER (1987) after our sequence was communicated to them. 
The indicated ends of deletions, discussed  in the  text, were con- 
firmed by sequencing across the novel junctions. Major direct 
repeats (DR) and inverted repeats (IR) (in addition to those shown 
in Figure 4). promoters, 5' and 3' ends of transcripts and translation 
start sites, mentioned in the text, are also marked. Synthetic oligo- 
nucleotides, 102 , 103 , 134 and  135 , used for primer 
extensions and sequencing are marked with dots. B, The individual 
sequenced segments. Sequence numbers  refer to positions in A. 

SHUB and BELFORT (1986), neither in vivo RNA hy- 
brid selected  with  pA67  DNA nor RNA synthesized 
in vitro from pA67 DNA are labeled  with GTP (data 
not shown), indicating that  there is no additional 
group I intron in gene 49. 
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FIGURE 3.-DNA sequence obtained from in vivo mRNA tem- 
plates, by in vifro extension from primer 103 (see Figure 2). showing 
the position of the om mutation E727 and  the gene-49 stop codon. 
Panel 1, late C9 RNA; panel 2, late E727 RNA; panel 3, early 
E727+ 33--55- RNA. The sequence obtained from wild-type  RNA 
or from late 33--55- RNA (not shown) is indistinguishable from 
the E727+ sequences shown here. The  gap  at position 548 (arrow- 
head) indicates the 5' end of the mofAdependent transcripts dis- 
cussed  in the text. I t  is seen as a  stop in all  lanes  in longer exposures 
(not shown). 

Late transcripts. T w o  major, more stable gene 49 
transcripts appear late after infection (Figure 5A, 
lanes 3, 5 and  6, open triangles) and only under 33+- 
55+ conditions (compare Figure 5A, lanes 3 and 4). 
Primer extensions  with primers 103 (Figure 6A, lane 
2), 134 (Figure 7, lane 3) and 135 (data not shown) 
reveal a major late 5' end  at or near position 113, 
downstream  from a late promoter (Figure 1 and 
underlined in Figure 4A1). These late RNAs are more 
stable than the early  RNAs,  similar to late gene-32 
RNA (BELIN et al. 1987). We consider it unlikely that 
the late transcripts are processed from the longer 
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FIGURE 4.-Some predicted secondary structures in gene 49 RNA. Numbers correspond to those of the DNA sequence in Figure 2. To 
facilitate comparisons with Figure 2, U’s are shown as T’s. A, 1-4  Possible alternative pairings around a stem-loop that would sequester the 
SHINE-DALGARNO sequence of the first ribosome binding site and that might be important in generating the cleavages at positions 127 to 
129. In  A 1 ,  the late promoter is underlined and the 5’ end of the late transcript (which cannot form the hairpin) is indicated. B, Two possible 
hairpins that precede  a  strong 3’ end of early, middle and late transcripts. The position of this 3‘ end is labeled “t” (for  terminator) in Figures 
1 and 2. From the results shown  in Figure 8, we consider it likely that formation of the hairpin also stops random degradation of longer 
transcripts in the 3’ to 5’ direction (SCHMIDT and APIRION 1983; KING, SIRDESKMUKH and SCHLESSINGER 1986). Note that hairpin (a) is also 
part of structure A3. C, A possible stem-loop structure encompassing the  RNaseIII-dependent cleavage site at position 442. No similar 
structure has been found  surrounding nucleotides 570-575. 

prereplicative  transcripts, since they are  not  found in 
33--55- mutants  either early or late, and since exten- 
sions from  primer  102  (not shown) do not  detect late 
(33+-55+-dependent)  transcripts  upstream of the se- 
quenced  region. 

As expected,  the two late  transcriptions are  not 
detected on northern blots with pAl6-derived probes 
(Figure 5B), because pA 16 maps upstream of position 
1 13 (compare  Figure 1). Like some of the early RNA 
species, the  shorter of the two late  transcripts has its 
3’  end  at or near position 757,  at t, i.e., after palin- 
drome b in Figure 4B. The S 1  protection of the  1004- 
nucleotide  Rsal  fragment with late  RNA  (Figure 8, 
lane 4) shows the expected 895  and  644 nucleotide 
fragments.  In  addition, the 630-nucleotide  fragment 
suggests that  the 5’  end of the early RNA cleaved at 
position 127 is stable and/or  that  the late  RNA can 
also be cleaved at  the same or adjacent positions. 
Protection of the 498-nucleotide RsaI-Hue111 RNA by 
late T 4  RNA (Figure 8, lane 6) confirms these assign- 
ments. 

Both late transcripts  contain the  entire coding se- 
quence of gene  49. Since they begin at position 1 13, 
they cannot fold into any of the  putative complex 
structures shown in Figure 4A, 1 through 4. 

Middle  transcripts. There is a  sequence inside gene 
49 (boxed  Pmotin  Figure 2) that resembles the  consen- 
sus sequence for motA-dependent promoters  (BRODY, 
RABUSSAY and  HALL  1983; GUILD et al. 1988).  Primer 
extensions and sequencing  from  primer 103  detected 
a  major 5’ RNA  end  downstream of this sequence at 
position 548 (Figures 3 and  6).  This 5’ end is absent 
in motA- infections (compare  Figure  6C, lanes 1 and 
2 with 3 and 5), strongly suggesting that transcripts 
are initiated from P,,,. Possibly, some 5 ‘  ends  could 
be also derived by cleavage from  the  larger early 
transcripts, but  none of these are greatly  reduced in 
motA- infections (data  not shown). The 5’ ends  at 
position 548  are unstable, i.e., they are barely detect- 
able at late times (Figures  6A,  lane 2; 6C, lane 4;  and 
7, lane  4), when early and middle  mode  transcription 
has ceased due  to phage-evoked changes in RNA 
polymerase (RABUSSAY 1983). This is in contrast to 
the UVSY transcript  ends, which are also motA-depend- 
ent  but  are stable  (GRUIDL  and MOSIG 1986). 

Proteins: The  gene49 product has not  been  de- 
tectable as a  protein  band in denaturing polyacryl- 
amide gels, presumably because it is present in T4- 
infected cells  in  very low amounts (KEMPER and  GAR- 
ABETT 198 1). Therefore, we looked for gene-49 prod- 
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FIGURE 5.-Northern blots of unlabeled in  vivo RNA isolated 

from infected cells. "Early" RNA was isolated 10, "late'' RNA 30 
min after infection of E. coli B at 30". The RNA blots were then 
probed with s2P-labeled "antisense" RNA synthesized with T 7  RNA 
polymerase in vitro, in  panel A from pA22, in panel B from pA16. 
Lane 1 ,  wild-type early RNA. Lane 2, 33--55- early RNA. Lane 3, 
wild-type late RNA. Lane 4, 33--55- late RNA. Lane 5. E727 late 
RNA. Lane 6, C9 late RNA. Panel B is overexposed to show that 
the two late transcripts (open triangles) which start at position 1 13, 
ie., downstream of  pA16, are not  recognized by this probe.  DNA 
sizes (leftmost lane) were estimated from DNA size standards run 
in parallel. 

ucts in appropriate plasmid-bearing cells.  If protein 
synthesis starts at  the first AUG  codon (position 133 
in Figure 2) preceded by a  SHINE-DALGARNO (1 974) 
sequence,  gene  49 is predicted to  code  for  a  peptide 
of 157  amino acids, or 18.1 kD, referred  to as the 18- 
kD peptide. This first ribosome binding site is, how- 
ever,  part of a  palindrome which could fold, in gene 
49  transcripts initiated from  vector  promoters as well 
as in the  long early gene  49  transcripts, in several 
possible  ways (Figure 4A). Such folding is likely to 
inhibit or reduce  translation  initiation,  as shown in 
other similar situations (ISERENTANT and FIERS 1980; 
MACDONALD, KUTTER and MOSIG 1984; MCPHEETERS 
et al. 1986). Analogous to restarts  after premature 
termination due  to nonsense  mutations,  an  internal 
GUG  codon at position 289 could  initiate  a smaller 
peptide of 105 residues in the same reading  frame 
(Figures  1 and 2), referred  to as the 12-kD peptide 
below. 

Figure 9 shows that plasmid constructs  containing 
the  entire 49  coding and complementing  sequence, 
inserted  downstream  from the same vector promoter, 
produce  the two expected  peptides  (arrowheads) of 
approximately 18  and  12 kD. In  addition,  a 20-kD 
peptide (dot), predicted  from the downstream ORF 
49.-1 (Figures 1 and  2), can be seen. Relative propor- 

tions of the two gene-49 peptides vary  in different 
clones and  under  different growth  conditions, consist- 
ent with the idea that initiation from  the first AUG 
would override initiation from  the  internal  GUG site 
(GOLD et al. 1981; STORMO 1986;  compare lanes 1 
and 3 in Figure 5). The ratio of 18-kD to 12-kD 
peptides is higher at 37 " than at  25 " (data  not shown), 
consistent with estimated stabilities of the secondary 
structures  (Figure 4A). At 42"  both peptides are 
rapidly degraded  (data  not shown), precluding  a  more 
quantitative analysis of hairpin  formation and initia- 
tion from the first AUG. 

In  addition, initiation from  the first AUG is prob- 
ably enhanced by components  encoded  downstream 
of gene 49. Transcripts  from  pLA2  and  pLA70  both 
contain identical (vector and  T4) sequences upstream 
of gene  49,  but  different  downstream sequences. They 
produce  diffcrent  proportions of the two peptides 
(compare lanes 1 and 3 of Figure 8). This aspect will 
be considered further in the Discussion. 

Complementation: T o  eliminate the possibility that 
fusion with a  downstream  sequence (e.g., by RNA 
splicing or ribosomal frameshifting) is required  for 
endo VI1 function, we deleted various segments from 
the cloned T 4  RsaI fragment by cutting with restric- 
tion enzymes or by  Ba131 digestion (Figure l), con- 
firmed the deletion end points by sequencing and 
tested the resulting clones for  complementation of 
gene  49  mutants  and  for synthesis of expected  pro- 
teins. 

T h e   T 4  inserts in pA60,  pA67,  pA70  and pA2 
(shaded in Figure 1) complement  both gene-49 mu- 
tants at temperatures between 25"  and 45" and,  at 
temperatures between 30"  and  40" only, a  phage T 7  
gene-3  amber  mutant which is defective in the equiv- 
alent T 7  enzyme,  endonuclease I (DEMASSY et al. 
1984; DEMASSY, WEISBERG and STUDIER 1987; 
DICKIE, MCFADDEN and MORGAN 1987). Since the 
pA60  insert can code  for  both the 18-kD and  the 12- 
kD peptides  but  contains few additional sequences, it 
defines  gene 49. 

Plasmids p49-dell1  and p49-de112 (Figure 1, dele- 
tion end points  indicated in Figure  2), which cannot 
synthesize the 18-kDa peptide  but can program  the 
GUG-initiated 12-kD peptide, only partially comple- 
ment  both T 4  gene-49  mutants.  (They do not com- 
plement the T 7  gene-3  mutant.) We have excluded 
the possibility that this is false complementation due 
to  marker  rescue, because plasmid pG 1 13,  from which 
the wild-type allele of amE727 is rescued as well as 
from p49-dell l , does  not  complement. This aspect is 
further discussed below. 

DISCUSSION 

Complementation,  marker  rescue and sequencing 
of two gene-49  mutations establish that  gene  49  (endo 
VII) corresponds to  the first of two ORFs  that we 
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FIGURE 6.-Extensions from primer 103 (starting  at position 640) to map 5' ends in gene 49 transcripts. (Sequences determined by 

extensions from the same primer are shown  in Figure 3.) M, size markers (in nucleotides). As indicated in the lower diagram, all 5' transcript 
ends expected from the  promoters and RNA cleavage sites mentioned in the text and in Figure 1 can be seen: 92-nucleotide products are 
expected for the  5' starts of the motA-dependent transcript, 65-70- and 198-nucleotide products for the  RNaselIIdependent cleavage sites 
at positions 570-575 and 442 respectively, 51 3-nucleotide products (arrows) for  the RNaseIlI-independent cleavage site at position 127, and 
527-nucleotide products (arrowheads) for the 5' starts of the late transcript. The extension product  corresponding to  the early pin promoter 
remains close to  the well. The ratio of the 65-70- and 198-nucleotide extension products corresponding to  the RNase IIIdependent cleavages 
varies with time after infection. This variation is still under investigation. A,  Extension products from early wild-type  RNA (lane I ) ,  late wild- 
type RNA (lane 2) and late 33--55- RNA (lane 3). Since a 5' end (revealed by a 92-nucleotide extension product) maps downstream from a 
consensus mot box (BRODY, RABUSSAY and  HALL 1983; see Figure 2) and is not found in T4 motA- infections (C, lanes 1 and 2), it is probably 
the start of a middle transcript. The 527-nucleotide extension products (arrowheads) corresponding to the late promoter are seen  only  in 
late 33+-55+ RNA (lane 2; see also C, lane 4).  In contrast, the putative cleavage site preceding the first AUG at position 127 exists in early 
RNA and is enhanced in 33--55- mutants which continue to synthesize prereplicative RNA. Extension products from primer 134 and 135 
(not shown) confirm these early and late 5' ends. B, Comparison of extension products from late 33--55- RNA isolated after infection of 
RNaseIIIdeficient (lane 1) or RNase 111-proficient (lane 2) bacteria. The cleavage site at position 127 (513-base extension product) is 
unaffected. The  5' start of the motA transcript appears elevated in RNaseIII- hosts, probably because degradation farther downstream 
(positions 570-575) is reduced (C and data  not shown). Many additional minor bands, also reduced in this host, are probably due  to  further, 
nonrandom  degradation (CANNISTRARO,  SURBARAO  and KENNELL 1986). C, Extension products from early motA- (lane l), late motA- (lane 
2), early C9 motA+ (lane 3), late C9 motA+ (lane 4) and early 33--55- motA+ (lane 5) RNA. Early  wild-type motA+ RNA from the same 
experiment  (not shown) gave the same pattern as lane 5. Compare also panel A, lane 1. 
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FIGURE 7.-Extensions from primer 134 (starting at position 336) to map 5' ends in gene49 transcripts. Lane 1 ,  early wild-type RNA; 
lane 2, early 33--55- RNA; lane 3, late wild-type RNA; lane 4, late 33--55- RNA.  As expected, the 223 nucleotide-extension product 
predicted for late RNA (arrowhead) is seen only in lane 3.  (The band above it, while enhanced in late RNA, is also present in the  three  other 
lanes.) The 207-209-nucleotide  extension products predicted for  cleaved transcripts (arrow) are seen in  all lanes. The data suggest that 
during infection, cleavages shift from position 129 to 127 of the DNA sequence of Figure 2. Positions on the gel and corresponding lengths 
of size standards are marked. The right panel shows a diagram of the primer extensions. 

have sequenced between 45  and  46 kb  on  the  standard 
T 4  map  (Figures  1 and 2). We notice that this gene is 
flanked by direct  and  inverted  repeats  (Figure  2), 
which could suggest a transpositional origin. 

Deletion analyses together with complementation 
studies establish that  gene 49 specifies at least two in- 
frame  overlapping  peptides of 18  and  12 kD, respec- 
tively. Since the  apparent molecular mass  of native 
endo VI1  is estimated to be between 40 and  46 kD 
(KEMPER and GARABETT 1981; B. KEMPER, personal 
communication), the enzyme must be  multimeric and 
might exist in different forms. The complementation 
results suggested the possibility that  the 12-kD protein 
has endo VI1 activity. However, in collaboration with 
RUTH EHRING and BORRIS KEMPER (University of 
Koln) we have recently synthesized these  products in 
vitro in a  coupled transcription-translation system and 
tested them  for endo VI1 activity as  defined by cleav- 
age of very fast sedimenting T 4  DNA (KEMPER and 
GARABETT  1981). The results, to be reported in a 
forthcoming  paper, show that DNA from pLA6O (as 
well as  pLA70 and pLA2) can program  functional 
endo VI1 activity, but  that DNA from  p49dell I ,  which 
can only program  the 12-kD peptide,  does  not. These 
findings imply that  the 12-kD protein  alone  does  not 
suffice for endo VI1 activity and/or  that  the 12-kD 
product may have a yet unknown additional  function. 
One  intriguing possibility is that  the 12-kD protein 
can bind to cruciforms  without cleaving them. Such 
an activity has been isolated recently from rat liver 
nuclei (BIANCHI 1988). 

Gene 49 is transcribed  both early (prereplicative) 
and late (postreplicative), in the same (counterclock- 
wise) direction,  albeit  from  different  promoters. 
Long, early transcripts, initiated in T 4  upstream of 
gene pin (SKORUPSKI et al. 1988) or, in  plasmid clones, 
from upstream vector  promoters, are apparently in- 
efficient templates for  endo  VII, whose activity is 
greatly reduced in gene-55  mutants (KEMPER and 
GARABETT 198 1) and shows little accumulation in 
overexpression vectors  (Figure  9), even when the  tran- 
scripts were grossly overproduced  (data  not shown). 
We speculate that  the long  transcripts can fold into 
several alternative  structures (some shown in Figure 
4A) which can sequester,  perhaps with the help of 
proteins, the first SHINE-DALGARNO sequence (ISER- 
ENTANT and FIERS 1980).  Translation of two other 
"late" T 4  genes (soc = small outer capsid protein  and 
e = lysozyme)  which are transcribed early and late, 
albeit from  different  promoters, is inhibited in the 
early messages by a similar mechanism (MACDONALD, 
KUTTER and MOSIG 1984; MCPHEETERS et al. 1986). 

In  addition,  and  perhaps  related  to  the  poor trans- 
lation, these early transcripts are unstable (Figures  5 
through 8). They  are susceptible to cleavages at or 
near positions 442  and  575, probably by RNaseIII 
acting directly or indirectly. Position 442 can exist in 
a  double-stranded structure (Figure  4C),  often  formed 
at RNaseIII cleavage sites. As  in many other prokar- 
yotic transcripts (SCHMIDT and APIRION 1983; KING, 
SIRDESKMUKH and SCHLFSSINGER 1986; CANNIS- 
TRARO,  SUBBARAO and KENNELL 1986; KENNELL 
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FIGURE 8.-Protection against S1 nuclease digestion of s2P-labeled antisense RNA, synthesized in vitro, by T4 RNA isolated from infected 
cells. The diagrams at the bottom show the positions of start, termination and cleavage  sites in the sequence (thin numbers) and the expected 
sizes (bold numbers) of protected  fragments seen in lanes 3  through 6. Lane 1, the 1036-nucleotide probe  (the 1004-nucleotide Rsal fragment 
+ 32 vector nucleotides); lane 2 ,  the same probe  after S1 digestion; lane 3,  probe fragments protected from S1 digestion by early wild-type 
RNA. Lane 4, fragments protected by late wild-type RNA. The 893- and 644-nucleotide fragments are expected and found only in late 
RNA. The top band in lane 3, the fully protected  probe, is slightly smaller than the probe before hybridization in lane 1, since  only 1004 
bases correspond to T 4  DNA. Lane 5. fragments from a 498-base RNA probe  corresponding to a Rsal-Hue111 fragment (positions 1006 to 
508) protected from S1 digestion by early T4 RNA; lane 6, fragments from the same probe  protected by late T 4  RNA. The weak band 
corresponding to  209 bases from a motA-dependent transcript is  visible only in longer exposures, consistent with the instability of these 
transcripts. M, size markers. 

1986; PORTIER et al. 1987),  RNaseIII-dependent 
cleavages could facilitate subsequent  degradation in 
the 3' or 5' direction by unknown nucleases. 

In  addition,  there are RNase III-independent cleav- 
ages between the  SHINE-DALCARNO  sequence  and  the 
first AUG codon at or near positions 127 to 129. One 
of these  corresponds  to  the  preferred UUJAU cleav- 
age site in E. coli lac transcripts  found by CANNIS- 

TRARO, SUBBARAO and KENNELL (1986). These  au- 
thors have presented  a statistical argument why such 
cleavages occur  frequently  near ribosome binding 
sites. Phage-encoded nuclease(s) or other proteins 
might  be responsible for  the  apparent 2-nucleotide 
shift of the cleavage site at later times (Figure 7). 

We consider the additional possibility that  these 
cleavages might also be  related to  the putative com- 
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FIGURE 9.-Autoradiograms of SDS-urea 18% polyacrylamide 
gels (NASH et al. 1987) of proteins synthesized in M5219  cells. Size 
standards in kD (M) were stained with Coomassie blue. Lane 1 ,  30 
min after induction at 42"  of  pLA70; lane 2,  pLA70  grown at 27" 
(uninduced); lane 3,  pLA2  30 min after induction at 42". (In  pLA2, 
a part of ORF 49.-1 is fused with vector sequences to give  a peptide 
of similar size but less stability as compared with the  20-kD peptide 
of pLA70.) Lane 4, 30 min after induction of pPLc2833 without 
T 4  inserts. Differences in larger proteins, due to different sequences 
downstream from gene 49 or to different temperatures, are pres- 
ently under investigation. 

plex folding patterns  drawn in Figure 4A. The stem- 
loop that  sequesters the ribosome  binding site might 
become part of a Y-like structure (Figure  4A, 2) or, 
alternatively, a  cruciform  (Figure  4A, 3) by pairing 
with the small stem-loop (a),  preceding the putative 
termination stem-loop (b), shown in Figure 4B.  If 
endo VI1 (or the 12-kDa protein)  binds to RNA, as it 
does to DNA, and facilitates their cleavage, it might 
autoregulate  translation of the 18-kD peptide. Sec- 
ondary RNA structures may also act as ribozymes 
(CECH and BASS 1986), facilitating the extensive cleav- 
age  and  degradation  that we find. These possibilities 
are being further investigated. 

In  contrast,  the  late  transcripts whose 5' ends  are 
at position 113  cannot form the critical hairpin (Fig- 
ure 4A) and  are,  therefore,  free  to initiate the 18-kD 

peptide. These late transcripts are  more stable than 
the early ones, perhaps, in part, because they are more 
efficiently translated. In addition,  a  T4-encoded fac- 
tor may protect  them  from  degradation, as has been 
postulated  for  late  gene 32 transcripts (BELIN et al. 
1987). 

The relative proportions of the two gene49 pep- 
tides made from different clones (Figure 9,  compare 
lanes 1  and  3;  and  data  not shown) are consistent with 
current ideas that initiation from the internal  GUG 
site is more  frequent when initiation from sequences 
further upstream is inhibited  (ISERENTANT and FIERS 
1980; GOLD et al. 198 1 ; STORMO 1986). Our  prelim- 
inary results also suggest that  regulation of translation 
at  the first gene49 ribosome  binding site may involve 
other components in addition to  the palindrome men- 
tioned  before.  Transcripts  from  pLA2 and pLA70 
both contain the same upstream sequences, but 
pLA70  produces  more of the 18-kD protein  than 
pLA2 or pLA6O (which behaves like pLA2,  data  not 
shown). In  contrast to pLA2 and  pLA60,  pLA70 
contains  a  complete ORF 49.-1. If, as we proposed, 
one or both  products of gene  49 affect folding and/ 
or cleavage near  the first ribosome binding site, then 
interactions with ORF 49.-1 (discussed below) might 
alter this function. 

The late gene-49 promoter  TAATAAATA (Fig- 
ures  3 and 4A) upstream of the  5'  end of the  late 
transcripts  (Figures 6 and 7) deviates from  the consen- 
sus sequence TATAAATA previously considered to 
be  invariant (CHRISTENSEN and YOUNG 1983; E L L I O ~  
and GEIDUSCHEK 1984). Similar deviations have now 
been found in other late T 4  promoters, i . e . ,  in a  minor 
promoter upstream of gene e (MCPHEETERS et al. 
1986), in promoters  for  genes 16 and I7 (D. POWELL, 
J. FRANKLIN, F. ARISAKA and G. MOSIG, in prepara- 
tion), in a  postulated  promoter  for the lysis gene t 
(RIEDE 1987)  and in synthetic  promoters that function 
with late modified T 4  RNA polymerase in vitro (KAS- 
SAVETIS, ZENTNER and GEIDUSCHEK 1986). 

The distance between the  promoter  sequence  and 
the 5' end is larger  than in the late T 4  promoters 
described at first (CHRISTENSEN and YOUNG 1983). 
Possibly, a few nucleotides are cleaved in vivo from 
the late  transcript. Alternatively, the  5'  ends  are true 
start sites and  the distance between promoters  and 
transcript  starts is more variable in T 4  late  promoters 
than previously thought. 

We searched the Protein Identification Resource 
(PIR)  data bank with several programs ( D O O L I ~ L E  
1986),  expecting some similarity with T7 endonucle- 
ase I  (gp3), because T 7  gp3  and T 4  gp49  complement 
each other (DEMASSY et al. 1984  and our present 
results). Only the Fast P  program  (LIPMAN and PEAR- 
SON 1985)  found any similarity with T 7  endonuclease 
I (DUNN  and STUDIER 1981). 

This similarity is, however, limited to the  central 
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FIGURE 10.-Alignment of the deduced amino  acid  sequence of 
T4 endo VI1 (A) with  that of other proteins found with the "Fast 
P" program of LIPMAN and PEARSON (1985). B = complete T4 
thioredoxin; C = complete T4 endonuclease V; D = N-terminal 
segment of T7 endonuclease I. E = internal  segment of E. coli RecF 
protein. F = internal  segment of bovine endonuclease. The se- 
quences  are  aligned (colon = identity,  period = similarity)  only  with 
the endo VI1 sequence. 

segments  that give similar predicted hydropathicity 
profiles (not shown). Interestingly, there is also a  short 
span of similarity with bovine endonuclease in this 
region. In  the crystal structure of the  latter enzyme 
(OEFNER and SUCK 1986), this region  corresponds to 
an a-helix  underneath  the active site. 

The "Fast P" search also revealed intriguing simi- 
larities with other T 4  proteins. As shown in Figure 
10,  the N-terminal portion of endo VI1 resembles the 
T 4  thioredoxin (LEMASTER 1986)  and  the C-terminal 
portion resembles T 4  endonuclease  V (VALERIE et al. 
1986). The "thioredoxin  domain" might fold into  a 
metal-binding finger (MILLER, MCLACHLAN and KLUG 
1985; BERG 1986). Since thioredoxin of E.  coli serves 
in  assembly of T7 DNA polymerase (MODRICH and 
RICHARDSON 1975)  and of filamentous phages (FUL- 
FORD, RUSSEL and MODEL 1986), it is tempting  to 
speculate that this domain  might facilitate interactions 
of  endo VI1 with itself or other  proteins or membrane 
adhesion sites (LUNN  and PIGIET  1986). 

Additional similarities suggest that  the C-terminal 
"domain" is important in binding to DNA. It resem- 
bles a flexible region in the DNA binding cleft of E.  
coli DNA polymerase 1  (OLLIS et al. 1985), which, in 
turn, resembles a  segment of the DNA binding sub- 
unit of T 4  topoisomerase (HUANG  1986)  and a seg- 
ment of the E.  coli recombination RecF protein 
(BLANAR et al. 1984). It remains to be seen whether 
the  latter similarity gives a clue to  the unknown RecF 
function.  Another  segment of RecF protein resembles 
ORF 49.-1, discussed below. 

1" MKNGFYATYRSKNKGWKRSINLSVFLNSLLADNHHLOVGSNYLYIHKIDGKTFLFTKTN 

61" DKSLVOKINRSKASVEDIKNSLADDESLGFFSFLFVEGDTIGFA~TVFGPTTSDLTDFLI 

1 '  MTIEKEIEGLIHKTNKDLLNENANKDSRVFPTOFtDLMAGIVSKHIAK 

121" GKGMSLSSGERVQIEPLMRGTTKDDVMHMHFIGRTTVKVEA~FVFGDILKVLGATDIEG 
...... .. : . . I .  :.. . ... :. 

I 

48' NMVPSF--IMKAH-ESGIIHV-HDIDYSPALPFTNCCL---VDLKGMLENGFKLGNAQIE 

181" ELFDSLDI~IKPKFKRDIKKVAKDIIFNPSFQFSDISLRAKD~AGDILTEHYLSEKGHLS 
..:.. . ...... 

101' TPKSIGVATAIMAOITAQVASHQYGGTTFANVDKVLSPYV~TYAKHIEDAEKWQIAD~L 

241" AFLNKVTNAEIAEEMAYCYARMKSDILECFKRQVGKVKD 

161' NYAPSKTEKDVYDAFQAYELT 

.. :. ..:.. ... : .: . I :  ..:. . I . .  .: 

. I  . .... : .... 

FIGURE 1 1 .--Similarity of the deduced amino  acid sequence of 
ORF 49.-1 with the  phage X RexA protein, determined as  in Figure 
10. 

The termination  codon of gene 49 overlaps the 
initiation codon of a  downstream ORF, 49.-1. It is 
preceded by a  (poor) ribosome binding  site which 
might  be activated by coupling to translation of gp49. 
Similar coupling has been  observed or postulated in 
other transcription  units (OPPENHEIM and YANOFSKY 
1980;  GRAM et al. 1984;  GRAM  and RUCER 1985; 
BROIDA and ABELSON 1985;  VALERIE et al. 1986; 
MCGRAW, MINDICH and FRANCIONE  1986;  DUNN and 
STUDIER 1981 ; for review see STORMO 1986)  and in 
some cases  has been interpreted in terms of physiolog- 
ical interactions of the  corresponding  proteins. Since 
ORF 49.-1 might also be  translated  from  a motA- 
dependent  transcript  (Figure l), its expression might 
be  semi-independent of that of gene 49. RNA splicing 
near its termination  codon makes this ORF also part 
of a  larger  ORF, called sunY, with an  unknown func- 
tion (SHUB et al. 1988). 

The deduced  amino acid sequence of ORF 49.-1 
resembles, among  others,  the  phage X RexA protein 
(Figure  1 l), suggesting that  the two proteins  might 
have functional similarity. We find this noteworthy, 
because our previous results (MOSIG, SHAW and  GAR- 
CIA 1984) suggested that X lysogens interfere with T 4  
rZZ mutants  during  the  recombination-dependent 
mode of DNA replication and  that  the  interference 
involves gp49 (see Introduction),  and because the rZZ 
proteins  function in DNA replication (SINGER, SHINE- 
DLING and GOLD 1983). The X Rex proteins are 
through to  function in DNA replication and recom- 
bination of lambdoid  phages (TOOTHMAN and HER- 
SKOWITZ 1980). They  and  the X CZ repressor are  the 
only X-encoded proteins  expressed in the lysogenic 
state. The X rex genes  exhibit  a complex control 
(LANDSMANN, KROGER and HOBOM 1982)  that has 
some aspects in common with the control of the  gene 
49 region  described  here. They  are responsible (GUS- 
SIN and PETERSON 1972) for the classical  yet poorly 
understood  interference of X lysogens with growth of 
T 4  rlZ mutants  (BENZER  1957). 

We speculate that  the X RexA protein  might com- 
pete with the T 4  ORF 49.-1 (or sunY) product  and 
sequester  gp49 in a  nonproductive  complex, and  that 
this sequestering becomes limiting for growth of the 
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C9 mutant because endo VI1 is partially defective in 
this mutant  at permissive temperatures (KEMPER and 
GARABETT 1981 ; MOSIG, SHAW and GARCIA 1984). 
Since C9 also interacts with rZZ mutations and both 
corresponding  proteins are thought  to  be  part of a 
larger membrane-associated recombination-replica- 
tion complex (MOSIG 1983a; MOSIG et al. 1979; MO- 
SIG, SHAW and GARCIA 1984; MOSIG 1987), such 
competitive  abortive  interactions  could explain the 
complex phenotypes of these  mutations.  Competition 
of X RexA proteins with the putative T 4  analogue 
ORF 49.-1 (or gpsunY) could also explain the lethality 
of wild-type T 4  growth when the X Rex proteins are 
overexpressed (SHINEDLING, PARMA and GOLD 1987). 

Three  other observations  made during  the  course 
of  these  studies are relevant to this  working hypothesis 
for  the role of ORF 49.1-: (1)  induction of gene 49 in 
expression vectors is lethal to  the host cells only when 
a  complete ORF 49.-1 is present in the same clone; 
(2) clones in  which ORF 49.-1 is expressed are ex- 
tremely  unstable; and (3) on such strains, wild-type 
T 4  has an  RII plaque type. 

Since the  ORF 49.-1 protein also shows similarity 
with T 7  genes 5.5 and 5.7, which are required  for 
growth of T 7  in X lysogens, we consider the  more 
general implication that mutual exclusion of viruses 
(and  perhaps plasmids) can occur by competitive in- 
terference with recombination complexes (TOOTH- 
MAN and HERSKOWITZ 1980), which are probably of 
general  importance in the initiation  of DNA replica- 
tion in many systems (for review see MOSIG 1983a; 
MOSIG 1987).  Experiments are in progress to  define 
the function of ORF 49.-1 and  to test these more 
general implications. 

In any case, we consider  it likely that  the  complex 
interwoven  transcriptional and translational  controls 
of gene 49 and  ORF 49.-1 are important to achieve 
an optimal balance of DNA replication,  recombina- 
tion and packaging during  the development of this 
virus (MOSIG 1987; MOSIG and EISERLING 1988). 
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