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Transcription and messenger RNA processing upstream 
of bacteriophage T4 gene 32 
Agamemnon J. Carpousis, Elisabeth A. Mudd, and Henry M. Krisch 
Department of Molecular Biology, University of Geneva, 30, Quai Ernest-Ansermet, CH-1211 Geneva 4, Switzerland 

Summary. Bacteriophage T4 gene 32 lies at the 3' end of 
a complex transcription unit which includes genes 33, 59, 
and several open reading frames. In the course of an infec- 
tion, four major transcripts are synthesized from this unit: 
two overlapping polycistronic transcripts about 3800 and 
2800 nucleotides in length, and two monocistronic gene 32 
transcripts about 1150 and 1100 nucleotides in length. 
These transcripts are made at different times in infection 
and the polycistronic transcripts have segmental differences 
in stability. Messenger RNA processing yields a 1025 nucle- 
otide monocistronic gene 32 transcript, and a 135 nucleotide 
transcript containing part of the gene 59 coding sequence. 
Processing depends on Escherichia eoli encoded ribonucle- 
ase E. This pattern of transcription and processing leads 
to the synthesis of gene 32 mRNA throughout infection, 
whereas transcripts encoding the upstream genes are present 
only early in infection. The 3800 nucleotide polycistronic 
transcript initiates at a promoter that does not require T4 
encoded factors for activity. However, full-length synthesis 
of this transcript depends on the T4 mot  gene product. 
The region upstream of gene 32 also contains four E. coli- 
like promoters that are active on chimeric plasmids in unin- 
fected cells, but inactive in bacteriophage T4. The location 
of these cryptic T4 promoters is intriguing in that they lie 
near the 5' ends of open reading frame B, gene 59 and 
gene 32. They could play a role in phage development under 
particular conditions of growth or in bacterial hosts other 
than those examined here. 

Key words: Bacteriophage T4 transcription - Gene 32 - 
Messenger RNA processing - Ribonuclease E - Cryptic 
promoters 

Introduction 

Bacteriophage T4 gene 32 encodes a single-stranded DNA 
binding protein that is essential in DNA replication, recom- 
bination and repair (Alberts and Frey 1970; Mosig 1974; 
Alberts et al. 1975). Expression of this protein is autogen- 
ously regulated at the level of translation (Krisch et al. 
1974; Russel et al. 1976; Lemaire et al. 1978). Polycistronic 
as well as monocistronic transcripts encoding gene 32 have 

Abbreviations and symbols: am, amber mutation; gal, galactose 
operon; gp, gene product; lac, lactose operon; su, suppressor; t, 
transcription terminator; ts, temperature sensitive 
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been detected (Krisch etal. 1977; Young and Menard 
1981). Gene 32 monocistronic mRNA 5' ends have been 
mapped to - 7 1 ,  - 1 4 5  and - 2 0 5  relative to the gene 32 
translation initiation codon; and the polycistronic tran- 
scripts have been shown to initiate from further upstream 
(Belin etal. 1987). The 5' end at - 7 1  arises by RNase 
E dependent processing of the primary transcripts (Mudd 
et al. 1988). 

Gene 32 and 3 kb of upstream DNA have been se- 
quenced (Krisch and Allet 1982; Hahn et al. 1986). The 
upstream region encodes two essential genes (33 and 59) 
and three open reading frames (ORFs A, B and C). These 
genes and ORFs are transcribed in the same direction. Gene 
33 encodes a transcription factor required for late gene ex- 
pression (Bolle et al. 1968; Horvitz 1973; Williams et al. 
1989) and mutations in gene 59 lead to premature arrest 
of DNA replication (Wu et al. 1972). ORF A may encode 
gpdas, a suppressor of mutations in gene 46 or 47, and 
ORF B may encode a small peptide associated with RNA 
polymerase in T4 infected cells (Hahn et al. 1986; however, 
see Orsini and Brody 1988). Since the products of genes, 
33, 59 and 32 are required at about the time DNA replica- 
tion starts, the organization of this unit may reflect a need 
for coordinate expression of these genes early in infection. 
In this paper we characterize transcription and mRNA pro- 
cessing in the region upstream of gene 32. 

Materials and methods 

Materials. SP6 RNA polymerase, RQI DNase and placen- 
tal RNase inhibitor were from Promega Biotec or Boehr- 
inger Mannheim; AMV reverse transcriptase and T4 poly- 
nucleotide kinase from Genofit; pancreatic RNase from 
Calbiochem; proteinase K from Merck; y-[32p]ATP 
(3000Ci/mmol) and ~-[32p]UTP (400Ci/mmol) from 
Amersham International. 

DNA primers were made with an Applied Biosystems 
DNA synthesizer (Model 381A). The products were 
deprotected, desalted and used without further purification. 
The following primers were used in this study: -2813,  
TTCTTTGTAATCTTCATCCAA;  - 1932, CCTCAAAA- 
TTCATTAATGCTA;  -1286,  AAACTGATTTACCAT- 
CAATGT; + 21, AGTAGATTTACGTTTAAACAT.  The 
sequences are shown in the 5' to 3' orientation and the 
numbers indicate the position of the 5' end of the primer 
relative to the gene 32 initiation codon. 

The construction of the plasmid TAK64 has been de- 
scribed (pSP64-TAK: Belin et al. 1987). The remainder of 
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Table 1. Plasmid templates for complementary RNA probes and 
position of the T4 inserts relative to the gene 32 translation initia- 
tion codon 

Plasmid Vector Insert 

From (site) To (site) 

AC71 SP64 -2232 (RsaI) --1580 (HindIII) 
AC72 SP64 -2232 (RsaI) --1796 (EcoRI) 
AC53 SP65 -1580 (HindIII) -886 (TaqI) 
AC55 SP65 -1580 (HindIII) -1257 (NdeI) 
AC54 SP65 -886 (TaqI) -196 (RsaI) 
AC56 SP65 -886 (TaqI) -569 (MspI) 
TAK64 SP64 - 340 (MspI) + 3 (BamHI)" 
HAT64 SP64 +630 (TaqI) +994 (HindIII) 

See Fig. 5A for DNA restriction map of the region 
The BamHI site in TAK64 is from a synthetic linker inserted 

after the first codon in the gene 32 coding sequence (Belin et al. 
1987) 

the plasmids listed in Table 1 were constructed by subclon- 
ing DNA restriction fragments from the plasmids KSK12A 
or KSK239 (Krisch and Selzer 1981) into the SP64 or SP65 
riboprobe vectors (Melton et al. 1984). 

Bacteria and phage strains. The E. coli strain MCI061 (su , 
Casadaban et al. 1980) was used in most experiments. T4 
infections were performed as described previously (Belin 
et al. 1987). In one experiment, we used E. coli N3433 and 
N3431 (Goldblum and Apirion 1981) which are an isogenic 
pair of RNase E + and E -  (ts) strains. Infection of these 
strains were performed as described by Mudd et al. (1988). 
M9S medium containing 0.2% casamino acids was used 
throughout (Champe and Benzer 1962). Phage and bacterial 
growth was at 30°C except for infections of the RNase 
E strains at 43 ° C. T4D wild type and T4 mot- amGl were 
from the Geneva collection. 

General methods. Transformation, plasmid preparation, li- 
gations, restriction enzyme digests, 32p-end-labeling of 
DNA primers with T4 polynucleotide kinase and gel elec- 
trophoresis were performed essentially as described in Man- 
iatis et al. (1982). 

Isolation of total RNA from T4 infected cells, prepara- 
tion of 32p-labeled complementary RNA probes and pro- 
tection experiments were performed essentially as described 
by Belin et al. (1987). 

5' end mapping by primer extension. Synthetic DNA primers 
were labeled with T4 polynucleotide kinase and 7-[ 32p]ATP. 
Approximately 1 × 10 6 dpm of probe and 2 lag of RNA 
were suspended in 20 lal of 125 mM KC1, 12.5 mM TRIS. 
HC1, pH 7.2, 0.625 mM sodium EDTA then heated to 
95°C for 5 rain, quenched on ice and annealed at 30 ° C. 
The primers were extended at 42 ° C for 30 rain in a final 
reaction mixture (25 lal) containing 100 mM KC1, 50 mM 
TRIS.HC1, pH 8.3, 5 m M  MgC12, 2 m M  dithiothreitol, 
400 ~tM deoxynucleotide triphosphate (each), and 5 units 
of AMV reverse transcriptase. In RNA sequencing reac- 
tions, the final concentration of dideoxynucleotide triphos- 
phate was 200 taM. Carrier tRNA (5 lag) was added, then 
the reactions were extracted with CPI (chloroform:phenol: 
isoamyl alcohol; 24:25:1) and ethanol precipitated. The 
reactions were analyzed on 6% DNA sequencing gels. 

Northern blot analysis. RNA (2 lag) was glyoxylated and 
separated in 1% agarose gels (McMaster and Carmichael 
1977), then electroblotted to nylon membranes (Gene 
Screen, New England Nuclear) and crosslinked with ultravi- 
olet light (Khandjian 1986). The membranes were treated 
briefly at 65 ° C with 10 mM TRIS.HC1, pH 8.3, I mM so- 
dium EDTA, 10mM NaC1, 0.1% SDS to remove the 
glyoxal. After rinsing the blot thoroughly with water, the 
16 and 23 S rRNAs were visualized by staining with methy- 
lene blue to check the integrity of  the RNA preparations 
and the uniformity of the transfer. The blots were probed 
with 32p-end-labeled DNA primers using a modification 
of the procedure of Tiercy et al. (1988). Briefly, the mem- 
branes were prehydridized at 67 ° C for 2 h in 0.5 M NaC1, 
10 mM sodium phosphate, pH 7.2, 1 mM sodium EDTA, 
1% SDS, 5 x Denhardt's solution (Maniatis et al. 1982), 
100 lag/ml salmon sperm DNA (2.5 ml/30 cm2). The probe 
was suspended in a small volume of water, heated to 95 ° C, 
then added to the blot (3 × 10 6 dpm/2.5 ml). Hybridization 
was at 37 ° C overnight. The blots were washed twice with 
0.13 M NaC1, 3.3 mM sodium phosphate, p i t  7.2, 0.33 mM 
sodium EDTA, 1% SDS at 45 ° C, then twice in this buffer 
but without the SDS. 

Results 

Identification and characterization of  mRNA 5' ends' at 
-2020  and -2874,  and a 3' end at +950 

A series of complementary RNA (cRNA) probes were used 
to map polycistronic transcripts upstream of gene 32. Using 
the AC71 and AC72 cRNA probes (Table I), we detected 
an mRNA 5' end at about -2000,  as well as a transcript 
which initiated from further upstream (for a map of the 
region, see Fig. 5 A). Figure 1 A, lane 1, shows an autora- 
diogram in which total RNA isolated from T4 infected E. 
coli was hybridized to 32p-labeled AC71 cRNA, the hybrids 
digested with ribonuclease to degrade single stranded RNA 
and the protected cRNA fragments then separated by dena- 
turing polyacrylamide gel electrophoresis. Full-length pro- 
tected probe (marked with an asterisk) as well as a shorter 
440 nucleotide (nt) protected species were detected. Full- 
length protection is due to message that spans the entire 
length of the probe. In Fig. 1 A, lane 2, full-length protected 
probe as well as a shorter 230 nt species was detected using 
the AC72 probe. Taken together, these results indicate that 
there is a major mRNA 5' end at about -2000  and at 
least one additional transcript initiated from further up- 
stream. 

We synthesized a DNA primer to map precisely the 
mRNA 5' end at about -2000.  In Fig. 1 C, lane 4, a 32p_ 
end-labeled primer with a binding site at -1932  was hy- 
bridized to total RNA extracted from T4 infected E. coli, 
extended with reverse transcriptase and the products then 
separated by denaturing polyacrylamide gel electrophoresis. 
In separate reactions using dideoxynucleoside triphos- 
phates, the RNA sequence was determined. We mapped 
mRNA 5' ends to - 2020, - 2018, - 2014 and - 2013. This 
collection of ends will be referred to as the -2020  start 
site. 

In Fig. 1 C, lane 4, we also detected larger extension 
products. A major mRNA 5' end upstream of -2020  was 
mapped in Fig. 1 B. Lane 3 shows the products of a primer 
extension reaction using a DNA primer with a binding site 
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Fig. 1 A-C. Identification of mRNA 5' ends. A Complementary RNA (cRNA) protection of RNA extracted 6 min after infection 
with wild-type T4. Lane ~, ACT~ probe and lane 2, AC?2 probe. The asterisks indicate the position of full-length protected cRNA 
probe and the length of the shorter protected products is indicated in nucleotides. B, C Primer extension using the -28~3 and ~932 
probes, respectively. In B lane 1 is a control in which RNA was extracted immediately after infection with mot- T4; lane 2, RNA 
extracted ~0 rain after infection with mot- T4; lane 3, RNA extracted ~2 ~ n  after infection with wild-type T4. In C lane ~ is a control 
in which RNA was extracted from uninfected Escherichia coli harboring the plasmid pBR322; lane 2, RNA extracted from uninfected 
E. coli harboring the p]asmid KSK239 which contains the T4 HindIII  DNA fragment from 2503 to -1580 (Krisch and Selzer 
~981; see restriction map in Fig. hA); lane 3, RNA extracted 10min after infection with mot- T4; lane 4, RNA extracted 10rain 
after infection with wild-type T4. In B, C lanes C, U, A, and G are RNA sequencing reactions using dideoxynucleotide triphosphates 
(ddGTP, ddATP, ddTTP and ddCTP, respectively). Sequencing was per fo~ed using RNA extracted ]2 rain after infection (B) or 
~0min after infection (C). The sequences at the mRNA 5' ends are: 2874, AUCUCACUAAUUGAACGAGG;  2020, 
UAUAAAUUACCACCGCGUGGC;  2047, AAACAUUGUGAAUUAC;  and -20~7, AAAUUACCACCGCGUGGC. The 5' ends 
at 2874, -2020 and -2017 are heterogeneous. The underlined nuc]eotides indicate each end detected by primer extension. The 
DNA sequence of promoters just upstream of these 5' ends are: 2874 (immediate-early) GTTTACT-~3 bp-GGTATATAAT; 2020 
(mot-dependent) ATTGCTTCA-12 bp-TACTAT; --2047 (E. coil/cryptic) TTGATT-I6 bp-TAATAT; a n ~  2017 (E. coli/cryptic) 
TTGCTT-17 bp-TATAAT. The bases that match promoter consensus sequences are underlined (see McCture 1985; Guild et al. 1988; 
and Liebig and Rfiger 3989 for E. coli, T4 ~ol dependent and T4 immediate-early consensus sequences, respectively) 

at - 2813. Primer extension products corresponding to ends 
at - 2874, - 2 8 7 5  and - 2876 were detected ( -  2874 start 
site). The - 2 8 7 4  and - 2 0 2 0  start sites each lie at an appro- 
priate distance downstream of a D N A  sequence that has 

a good match to a consensus promoter sequence (see below 
and legend to Fig. 1). Thus it is likely that these ends corre- 
spond to primary transcripts. In Fig. 1 C, lane 4, several 
minor  primer extension products were detected between 
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--2874 and -2020.  Putative RNA 5' ends corresponding 
to these primer extension products would lie within ORF 
A and could be due to weak transcription initiation. How- 
ever, there are other possible explanations such as mRNA 
decay intermediates or reverse transcriptase pause products. 

Gene 32 expression depends on the T4 m o t  gene prod- 
uct, a positive activator of transcription (Mattson et al. 
1974, 1978; Uzan et al. 1985). Synthesis of the - 205 mono- 
cistronic gene 32 transcript as well as mRNA initiated from 
upstream is strongly activated by g p m o t  (Belin et al. 1987). 
When RNA extracted from E. coli infected with a T4 m o t -  
strain was analyzed by primer extension, strikingly different 
effects on the accumulation of the -2020 versus the -2874  
transcript were observed. -2020 transcription is signifi- 
cantly reduced in a m o t -  infection whereas -2874  tran- 
scription is unaffected (in Fig. 1 B compare lane 2, m o t -  
to lane 3, m o t  + and in Fig. 1 C compare lanes 3, m o t -  
to lane 4, mot+).  It is interesting to note that there are 
transcripts initiated upstream of -2874  in the m o t -  infec- 
tion (Fig. 1 B, lane 2) that are not present in the m o t  + infec- 
tion (lane 3). These transcripts which apparently arise from 
within gene 34 were not further characterized. 

We assayed the accumulation of the -2874  and -2020 
transcripts, and their dependence on the m o t  gene product, 
as a function of time after infection (data not shown). The 
- 2 8 7 4  transcripts begin to accumulate as early as 2.5 rain 
after infection whereas the - 2020 transcripts begin to accu- 
mulate between 2.5 and 5.0 min. By 10 rain, the level of 
the -2020  transcript in the m o t  + infection is about sixfold 
higher than in the m o t -  infection. Furthermore, -2874  
mRNA, but not - 2020 mRNA, was detected in RNA prep- 
arations from cells treated with chloramphenicol prior to 
infection (data not shown). Chloramphenicol, an inhibitor 
of protein synthesis, blocks the production of the m o t  gene 
product and thus the -2020 promoter cannot be activated. 

Based on DNA sequence data, Hahn et al. (1986) pre- 
dicted promoters that correspond to the - 2874 and - 2020 

start-sites (P2 and P4, respectively, in their numbering sys- 
tem). However, we failed to detect transcription initiation 
at four other potential immediate-early or m o t  dependent 
promoters (P2, P3, P5 and P6). Recent analyses ofT4 imme- 
diate-early and m o t  dependent promoters suggests that the 
DNA sequence requirements for each class of promoter 
may be more stringent than previously thought (Liebig and 
Riiger 1989; Guild et al. 1988). The limited number of in 
vivo transcripts which we have detected is consistent with 
these observations. 

A major rho-independent transcription terminator (taz) 
immediately 3' of gene 32 had been predicted by Krisch 
and Allet (1982) based on DNA sequence data. Efficient 
termination at this site (+950) has been demonstrated in 
vivo in uninfected cells harboring chimeric plasmids con- 
taining the cloned terminator, and in vitro in a simple sys- 
tem containing DNA, purified RNA polymerase and nucle- 
otide triphosphates (Belin et al. 1987). Efficient termination 
of transcription in T4 infected E. coli was detected using 
the HAT64 cRNA probe (data not shown). Strong termina- 
tion (greater than 95%) was observed throughout infection. 

Nor thern  blot  analysis  o f  transcripts  

We determined the size and abundance of the transcripts 
synthesized in an infection by probing Northern blots of 
total RNA isolated from T4-infected cells with a set of 
32P-end-labeled DNA primers that hybridize to different 
sequences within the unit. In Fig. 2, the Northern blots 
reveal 11 distinct transcripts. The lengths of the transcripts 
are listed in Table 2 and, where possible, the position of 
the transcript is indicated. B1 is a 3800 nt transcript that 
starts at the -2874  immediate-early promoter and ends 
at the gene 32 transcription terminator (H2); C1 is a 2800 nt 
transcript that starts at the m o t  dependent -2020  promoter 
and ends at ta2; and A3 is a mixture of transcripts ranging 
in size from 1150-1000 nt that start at the - 2 0 5  m o t  depen- 
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Fig. 2A-E. Northern blot analysis of 
mRNAs from the gene 32 
transcription unit. RNA extracted 
from wild-type T4 infected cells was 
used in A, B and C; RNA from mot -  
T4 infected cells was used in D and 
E. In each panel, RNA extracted 
from uninfected cells 0, 10 and 
20 min after infection was analyzed. 
A and D were probed with a 3zp_ 
labeled DNA primer which hybridizes 
to the 5' end of the gene 32 coding 
sequence (+21); B and E with a 
probe which hybridizes to the 5' end 
of the -2874 transcript (-2813) and 
C with a probe which hybridizes to 
the 5' end of the - 2020 transcript 
(-1932). In C, the asterisks indicate 
the positions of the Bz and B3 
transcripts which hybridize to the 
-1932 probe as well as the -2813 
probe. The autoradiograms in B--E 
were exposed about 4 times longer 
than the autoradiogram in A to 
permit visualization of the less 
abundant transcripts 
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Table 2. Transcripts detected by Northern blot analysis 

Transcript Probe Length Position b 
(nucleotides)" 

5'end 3'end 

A 1 +21 1800 N.D. N.D. 
A2 +21 1300 N.D. N.D. 
A3 +21 1150-1000 -205, +950 (t32) 

- 1 4 5 ,  - 71 
B1 -2813 3800 -2874 +950 (t32) 
B2 -2813 1600 -2874 -1205 
B3 -2813 1200 -2874 -1630 (tAB) 
C1 --1932 2800 -2020 +950 (t32) 
C2 -- 1932 1450 N.D. N.D. 
C3 - 1932 1050 N.D. N.D. 
C, -1932 820 -2020 -1205 
C5 -1932 480 -2020 -1630 (tAB) 

a Transcript lengths were determined from their electrophoretic 
mobility using the endogenous Escherichia coli 16 and 23 S ribo- 
somal RNA as size standards (about 1500 and 2900 nucleotides, 
respectively) 
b Where possible, a best estimate of the position of the transcripts 
was made. We could not unambiguously determine the position 
of all the transcripts detected in Fig. 2 (indicated by N.D., not 
determined). These transcripts could be intermediates in the decay 
of the larger polycistronic transcripts but we cannot exclude the 
possibility that they arise from minor transcription initiation or 
termination sites within the region 

dent promoter, the - 1 4 5  late promoter or the - 7 1  RNase 
E processing site and end at t32. Note that the autoradio- 
grams in Fig. 2 B-E were exposed about 4 times longer than 
the autoradiogram in Fig. 2A to permit visualization of 
less abundant transcripts. It is possible to estimate relative 
abundances of the various transcripts from the blot in 
Fig. 2A. The A3 gene 32 monocistronic mRNAs are the 
most abundant transcripts. The larger C, and B 1 transcripts 
which should hybridize to the +21 probe are much less 
abundant. This is not likely to be an artifact due to degrada- 
tion of the RNA preparation or to inefficient transfer of 
larger transcripts because the 16 and 23 S rRNAs were in- 
tact and efficiently transferred in these blots (see Materials 
and methods). The abundance of the A3 transcripts in 
Fig. 2A does not necessarily reflect large differences in the 
strength of the gene 32 proximal versus distal promoters. 
Quantitation of the peak levels of  mRNA 5' ends at -2874,  
-2020,  - 2 0 5  and - 1 4 5  using cRNA protection or primer 
extension suggests that the corresponding promoters are 
comparable in strength (data not shown). The mono- 
cistronic gene 32 transcripts are apparently more stable 
than the larger polycistronic transcripts and thus accumu- 
late to higher levels (unpublished results). 

In Fig. 2B, two transcripts shorter than B1 were de- 
tected using the -2813  DNA primer. Primer extension ex- 
periments showed that there are no major transcript 5' ends 
upstream of -2874  in a wild-type T4 infection (Fig. 1 B, 
lane 3). Thus the shorter products in Fig. 2B are likely 
to have 5' ends at -2874,  and the approximate position 
of their 3' ends can be estimated from the length of the 
transcripts. The 1200 nt B3 transcript would have a 3' end 
at about - 1674 and the 1600 nt B2 transcript would have 
a 3' end at about - 1274 (Table 2). These assignments are 
corroborated by the detection of Bz and B3 with the -1932  

probe (B2 and B3 are marked with asterisks in Fig. 2C). 
The B2 3' end probably coincides with a mRNA processing 
site mapped to -1205  (see below) and the B3 3' end with 
a weak terminator at -1630  (tAB). Hahn et al. (1986), based 
on DNA sequence data, noted a potential mRNA stem- 
loop structure in the 5' end of gene 33 (position 3400 in 
their numbering system) and suggested that it might play 
a role in transcription termination. Transcripts terminating 
at this site would encode ORFs A and B. In our experiments 
termination is relatively inefficient since longer poly- 
cistronic transcripts (BI and B2) are present. Messenger 
RNA 3' ends at tAB were detected in cRNA protection ex- 
periments employing a truncated version of the AC71 
probe. Quantitation indicated that 15%-30% of the tran- 
scripts terminated at this site (data not shown). 

The 3800 nt B1 immediate-early transcript arises from 
a promoter that does not require gpmot for activation. 
Thus, some gene 32 expression might be expected even in 
mutants that do not make active mot gene product. How- 
ever, there is very little gene 32 transcription in a m o t -  
infection (Belin et al. 1987). Figure 2D and E show blots 
of RNA isolated from E. coli infected with m o t -  T4. In 
Fig. 2D, the blot was probed with the +21 DNA primer 
which is specific for the 5' end of gene 32. Very little gene 
32 message is detected in the mot -  infection (compare 
Fig. 2A, D, and note that the autoradiogram in D was 
exposed about 4 times longer than A). In Fig. 2E, RNA 
from a m o t -  infection was probed with the -2813  DNA 
primer which binds to the 5' end of the ORF A transcripts. 
This autoradiogram shows that the 3800 nt B1 transcript 
is not detected in a mot infection and that the largest 
discrete transcript is B3 which corresponds to a message 
that initiates at -2874  and terminates at -1630  (tAB). The 
bulk of the messages detected in Fig. 2E are in two diffuse 
regions below the B3 transcript. In a m o t -  infection, a sig- 
nificant fraction of the -2874  transcripts elongate through 
ORF A to at least -1932.  In Fig. IC,  lane 3, extension 
with the -1932  primer yields a long product that corre- 
sponds to the -2874  transcript, cRNA protection using 
the AC72 probe which extends from -2232  to -1796  indi- 
cates that -2874  transcripts are not efficiently elongated 
through ORF B since full-length protection of the probe 
is greatly diminished in a m o t -  infection (data not shown). 
Our Northern blot data indicate that the bulk of the tran- 
scripts do not appear to terminate at discrete sites. This 
is not necessarily surprising because premature termination 
in mot -  infections is apparently mediated by rho (Brody 
et al. /983), and rho-dependent termination can occur at 
multiple sites spread over large regions (Platt 1986). 

Characterization o f  a processed 135 nt transcript derived 
f rom the polyeistronie transcripts 

In the course of characterizing transcripts upstream of gene 
32, a 135 nt RNA which accumulates late in infection was 
detected by cRNA protection. In Fig. 3A, lane 1, the AC53 
cRNA probe gives rise to full-length protected probe due 
to polycistronic transcripts that span the region, and to 
two protected fragments 370 and 135 nt long (the 370 nt 
species is described below). To determine the location of 
the 135 nt transcript we used two cRNAs derived from the 
5' and 3" halves of AC53 (lane 2, AC55; lane 3, AC53n). 
Protected species of about 80 nt and 55 nt were detected 
indicating that the 135 nt transcript spans the junction of 
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Fig. 3A and B. Identification of a 135 nucleotide transcript with 
a 5' end at -1340. A cRNA protection of T4 transcripts in the 
region from 1580 to -886  relative to the gene 32 initiation co- 
don. Lane 1, AC53 cRNA probe which spans the entire region; 
lane 2, AC55 probe which extends from 1580 to -1257; lane 
3, AC53n probe which extends from -1257 to -886  (AC53n syn- 
thesized from AC53 plasmid linearized with Ndel). The asterisks 
indicate the positions of full-length protected probe and the length 
of the shorter protected products is indicated in nucleotides. B 
Primer extension from a DNA oligonucleotide with a binding site 
near the 5' end of gene 59 ( 1286). Lane 1, control in which 
RNA was extracted immediately after infection with wild-type T4; 
lane 2, RNA extracted 24 rain after infection; lanes C, U, A, and 
G, RNA sequencing reactions using dideoxynucleotide triphos- 
phates (ddGTP, ddATP, ddTTP and ddCTP, respectively). Se- 
quencing was performed using RNA extracted 24 rain after infec- 
tion. The sequence at the -1340 5' end is AUUAAACUCCG- 
CAUGCC. The 5' ends are heterogeneous and the underlined nucle- 
otides indicate the ends detected by primer extension 

the AC55 and AC53n probes.  These results place the 5' 
end of  the 135 nt t ranscript  at the beginning of  the gene 
59 coding sequence. 

The exact 5' end of  the 135 nt t ranscript  was mapped  
by primer extension using the - 1 2 8 6  D N A  primer  which 
hybridizes downstream of  the 5' end of  the gene 59 coding 
sequence. In Fig. 3B, two prominent  pr imer  extension 
products  corresponding to 5' ends at - 1339 and - 1340 
were identified ( - 1 3 4 0  site). The 5' end lies immediately 
downst ream of  the gene 59 t ranslat ion init iat ion codon. 
Thus, the 135 nt t ranscript  contains neither the gene 59 
r ibosome binding site nor  an intact  init iat ion codon. The 

Fig. 4A and B. Processing at the -1340 site depends on RNase 
E. cRNA protection using the AC53 probe which extends from 
-J580 to -886. An isogenic pair of E. coli strains were infected 
at 43 ° C with T4D +. A RNase E + ; B RNase E- .  RNA was extract- 
ed 4, 8, 12, and 24 min after infection. The asterisk indicates the 
position of the fulI-length protected AC53 probe and the length 
of the shorter protected products is indicated in nucteotides 

3' end of  the 135 nt t ranscript  is at about  - 1 2 0 5 ,  based 
on its size. 

Since there is no apparent  p romoter  sequence immedi-  
ately upstream of  - 1 3 4 0 ,  we tested the possibil i ty that  the 
135 nt t ranscript  was a processed R N A  species. Messenger 
R N A  processing 71 bases upstream of  the gene 32 transla-  
t ion ini t iat ion codon depends on E. coli RNase  E (Mudd 
et al. 1988). Figure 4 shows the kinetics of  appearance of  
the 135 nt t ranscript  in T4 infections of  isogenic RNase  
E + or  RNase  E -  E. coli strains. In the RNase  E + infection 
(Fig. 4A),  full-length protect ion of the probe (marked by 
an asterisk) due to polycistronic transcripts is detected early 
in infection, and the 135 nt t ranscript  accumulates at later 
times. In the RNase  E -  infection (Fig. 4B) the polycistronic 
transcripts accumulate throughout  the infection, and pro-  
duct ion of  the 135 nt t ranscript  is dramat ical ly  reduced. 
These results indicate that  the 135 nt t ranscript  is processed 
from the polycistronic transcripts in an RNase  E dependent  
reaction. 

The c R N A  protect ion da ta  in Figs. 3, 4 reveal a 370 nt 
as well as a 135 nt protected species. Addi t ional  protect ion 
experiments using a series of  t runcated probes indicated 
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Fig. 5A and B. Major transcripts and mRNA processing sites. A Summary of major transcripts in the region. The 5" ends of the 
primary transcripts at -2874, -2020, -205 and -145 are shown by black circles. The majority of the primary transcripts stop 
at t32 (black horizontal arrows), but there is some weak termination at tAB (open horizontal arrows). The open vertical arrows show 
RNase E dependent mRNA processing sites at -1340 and -71,  and the black vertical arrow shows an mRNA processing site at 
-1205 that apparently does not depend on RNase E. The genes and open reading frames in the region, and a DNA restriction 
map of the region are shown below the transcripts. The positions of the initiation codons of the upstream genes and open reading 
frames are numbered in base pairs using the A in the gene 32 initiation codon as + 1. A selection of DNA restriction sites in the 
region are shown (i, Sinai; x ,  HindIII; o, RsaI; +, EcoRI; o, TaqI; zx, MspI; [], ClaI). B --71 and -1340 RNase E dependent 
processing sites. The sites of cleavage are indicated by the vertical arrows. The similarity of the sequences flanking the cut site (box) 
to a suggested RNase E recognition sequence (ACAGA/UAUUUG) is shown (Tomcsfiny and Apirion 1985). The sequences in the 
dashed boxes upstream of the -71  and -1340 cleavage sites have a better match to the proposed consensus sequence than the actual 
site downstream. The RNA stems 3' of the cleavage sites may play a role in RNaseE recognition (Mudd et al. 1988). Processing 
at the -1340 site yields a 135 nucleotide transcript which extends from -1340 to -1205. A predicted secondary structure of the 
135 nucleotide transcript is shown. There is direct evidence supporting the existence of the RNA stern-loop 3' of the -71  site (McPheeters 
et al. 1988) 

that the 370 nt protected species arises from transcripts that 
start upstream of  the AC53 probe and end at - 1205, the 
same site as the 3' end of  the 135 nt transcript (data not 
shown). The B2 and C4 transcripts detected by Northern 
blot analysis (Fig. 2) could have 3' ends at - 1205 (Table 2), 
and are probably the source of  the 370 nt protected species. 
Note that in Fig. 4B, the 370 nt protected species accumu- 
lates in the RNase E -  strain, suggesting that formation 
of  the 3' end at - 1 2 0 5  does not depend on RNase  E. 

Identification o f  T4 "crypt ic"  promoters 

Fusion of  the 5' end of  gene 32 to lacZ or other coding 
sequences leads to high-level protein synthesis in uninfected 
E. coli (Gorski et al. 1985). In an in vivo promoter  strength 
assay, a T4 D N A  restriction fragment extending from - 340 
to +21 had about  70% as much activity as the strong 
E. coli galK promoter,  c R N A  protection of  R N A  isolated 
from E. coli harboring a plasmid with a gene 32-1acZ fusion 
showed that the major  transcription start site was at - 4 5  
relative to the gene 32 initiation codon (Belin et al. 1987). 
As might be expected, the D N A  sequence just upstream 
of  - 4 5  is a good match to the E. coli promoter  consensus 
sequence. In addition, the - 4 5  promoter  has been shown 
to be active in a variety of  gram-negative bacteria harboring 
chimeric plasmids (Frey et al. 1988). However, the - 4 5  
promoter  is cryptic in bacteriophage T 4 : - 4 5  transcripts 
have never been detected even as early as 2 min after infec- 
tion (unpublished results). 

In Fig. 1 C, lane 2, primer extension analysis using R N A  
extracted from uninfected E. coli harboring the plasmid 
KSK239 (Krisch and Selzer 1981; see legend to Fig. I for 
details) reveals two transcription start sites: one with a dis- 
crete 5' end at - 2047 ,  and the other with a series of  ends 
mapping to -2017 ,  - 2016 ,  - 2 0 1 4  and - 2 0 1 3  ( - 2 0 1 7  

start site). These m R N A  5' ends were also detected by 
c R N A  protection (data not shown). A comparison of  lanes 
2 and 4 in Fig. 1 C, shows that the transcripts from the 
- 2 0 4 7  start site are not detected in T4 infected cells. This 
also appears to be the case for the - 2 0 1 7  start site which 
is distinct from the mot dependent - 2 0 2 0  start site. Inspec- 
tion of  the D N A  sequence in this region indicates that the 
- 2 0 1 7  and - 2 0 2 0  transcripts are likely to arise from sepa- 
rate promoters that overlap (see legend to Fig. 1). Thus, 
like the - 4 5  promoter,  the - 2047 and - 2 0 1 7  promoters 
are cryptic. Another  cryptic promoter  at - 1 4 2 7  was de- 
tected by c R N A  protection and mapped by primer exten- 
sion (data not shown). The existence of  four cryptic pro- 
moters within a relatively small portion of  the T4 genome 
(2.5%) indicates that these promoters may be widespread. 

Two possible explanations for the failure to detect tran- 
scripts from the cryptic promoters in a bacteriophage T4 
infection have been excluded. Briefly, neither the substitu- 
tion of  glucosylated hydroxymethylcytosine (glu-HMC) for 
cytosine in T4 D N A  nor the T4-directed ADP-ribosylation 
of  the host R N A  polymerase appears to be responsible for 
blocking transcription at the cryptic promoters (data not 
shown). We failed to detect - 4 5  transcripts in infections 
using T4 containing cytosine instead of  g lu-HMC or under 
conditions where the ADP-ribosylat ion (by the alt and mod 
gene products) was blocked (Mathews and Allen 1983; 
Snustad et al. 1983; Rabussay 1983 for reviews of  g lu-HMC 
and ADP-ribosylation in T4). 

Discussion 

Transcription and m R N A  processing in the gene 32 region 
is summarized in Fig. 5A. Four  primary transcripts are syn- 
thesized in the course o f  an infection. The - 2 8 7 4  transcript 
initiates at an immediate-early promoter,  the --2020 and 
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-205  transcripts at mot activated promoters and the -145  
transcript at a late promoter. A strong transcription termin- 
ator lies slightly downstream of the gene 32 coding sequence 
(t32), and a weak terminator lies downstream of ORF B 
(tAB). The primary transcripts are processed at -1340 and 
- 7 1  in an RNase E dependent reaction. The arrangement 
of overlapping immediate-early and mot dependent tran- 
scripts is similar to the pattern of transcription in the rII 
region of bacteriophage T4 (Brody et al. 1983). However, 
the presence of the -145  late transcript in a region that 
is transcribed early is unusual. The involvement of RNase 
E in mRNA processing is novel (Mudd et al. 1988). 

Gene 32 mRNA is synthesized throughout the infection. 
However, there is an additional level of regulation since 
gp32 synthesis is translationally self-regulated. In a wild- 
type T4 infection, the - 1 4 5  late promoter is fully active 
at a time when the gp32 synthetic rate begins decreasing. 
Late in infection gene 32 mRNA is translationally repressed 
by the high levels of free gp32 that accumulate in the cell 
(Krisch et al. 1974; Russel et al. 1976). It is interesting to 
note that this repression can be reversed under conditions 
that deplete the pool of free gp32 (Krisch and Van Houwe 
1976; Krisch et al. 1977; Lemaire et al. 1978). The pattern 
of gene 32 transcription can be viewed as a program that 
maintains a high level of mRNA which is available for 
translation in situations where the level of free gp32 is re- 
duced. This notion has been verified by the analysis of T4 
mutants in which the -205  mot dependent and -145  late 
promoters have been deleted. These mutants have signifi- 
cantly reduced capacity to make gp32 in situations where 
there is increased demand (unpublished results). 

The pattern of transcription, processing and mRNA de- 
cay of the upstream transcripts may have regulatory conse- 
quences. The genes and open reading frames upstream of 
gene 32 are not thought to be translationally regulated. 
Thus, their level of expression would depend on the steady 
state levels of the upstream transcripts. ORF A is strictly 
dependent on transcription from an immediate-early pro- 
moter whereas ORF B, gene 33, gene 59 and ORF C can 
be synthesized from immediate-early as well as mot depen- 
dent promoters. Thus it is likely that ORF A is expressed 
earlier than the downstream genes. Furthermore, it is possi- 
ble that RNase E dependent processing and subsequent 
decay could differentially affect the various upstream tran- 
scripts and play a role in determining the relative rates 
of synthesis of each gene product. It will be interesting 
to see if mRNA processing and decay of other bacterio- 
phage T4 transcripts is mediated by RNase E. 

Elongation o f  the - 2874 immediate-early transcript requires 
mot activity 

Surprisingly, synthesis of full-length -2874  immediate- 
early transcript is drastically inhibited in a mot -  infection. 
When E. coli is treated with chloramphenicol prior to infec- 
tion, T4 immediate-early transcription becomes sensitive to 
premature, rho-dependent transcription termination. How- 
ever, a few minutes after infection, T4 transcription be- 
comes refractory to chloramphenicol induced transcription 
termination. Expression of gpmot is essential for this anti- 
termination effect (Daegelen et al. 1982; Brody et al. 1983). 
It is not clear if gpmot acts directly or if it activates tran- 
scription of a gene (or genes) that suppresses premature 
termination. It is important to note that we detected prema- 

ture termination in a mot -  infection in the absence of chlor- 
amphenicol. At least in the case of the -2874  transcript, 
inhibition of translation by chloramphenicol is not required 
for premature termination, and mot dependent anti-termi- 
nation appears to play a role in the expression of the genes 
in this region. 

Messenger R N A  processing 

The primary transcripts shown in Fig. 5 A are processed. 
There are two RNase E dependent cleavage sites. In addi- 
tion, there is another site ( -1205)  which does not appear 
to depend on RNase E. Processing at these sites leads to 
the accumulation of gene 32 monocistronic mRNA (Mudd 
et al. 1988), and a 135 nt transcript that extends from 
-1340 to -1205. With the exception of the 135 nt tran- 
script, the regions of the polycistronic transcripts upstream 
of gene 32 decay after processing. Thus, the polycistronic 
transcripts exhibit segmental differences in stability with 
the processed 135 nt and gene 32 transcripts persisting late 
in infection. 

In Fig. 5 B, the -1340  RNase E dependent processing 
site and the predicted secondary structure for the 135 nt 
transcript is shown. The previously characterized - 7 1  site 
is shown for comparison (see Mudd et al. 1988 for discus- 
sion of features that may be important for RNase E recog- 
nition). The processed 135 nt transcript might fold into a 
relatively compact structure which could explain its appar- 
ent stability. A variety of processed short RNAs have been 
characterized in bacteria and their phages. These RNAs 
have diverse functions (for reviews see Inouye and Delihas 
1988; King et al. 1986). G u t  et al. (1986) have shown that 
a small phage-encoded RNA is required for in vitro packag- 
ing of bacteriophage (029 DNA. It is possible that the 135 nt 
RNA could play a role in the growth and/or assembly of 
bacteriophage T4. 

The decay of bacterial messages is thought to be me- 
diated by endonucleolytic cleavages followed by 3' to 5' 
exonucleolytic degradation (see King et al. 1986 for a re- 
view). RNase E cleavage at - 7 1  and -1340  could lead 
to rapid degradation of the upstream transcripts by 3' exo- 
nuclease. It has been suggested that mRNAs can be stabi- 
lized, in part, by RNA secondary structures that block deg- 
radation by 3' exonuclease (Newbury et al. 1987). Part of 
the resistance of the 135 nt and gene 32 transcripts to degra- 
dation may be due to double stranded RNA structures that 
protect their 3' ends. The 3' end of the gene 32 transcripts 
contains a potentially very stable stem-loop structure (from 
the rho-independent transcription termination site), and the 
-1205 end may be protected by the G-C rich RNA stem 
at the base of predicted structure for the 135 nt RNA 
(Fig. 5B). 

Cryp tic promoters 

Transcripts from T4 cryptic promoters are not detected in 
bacteriophage infections but these promoters are active on 
chimeric plasmids in uninfected E. coli. Modification of 
T4 DNA (glu-HMC) or ADP-ribosylation of host RNA 
polymerase does not appear to be responsible for silencing 
the cryptic promoters. T4 immediate-early promoters are 
transcribed by host RNA polymerase and work in the ab- 
sence of T4 encoded factors (Brody et al. 1983). Neverthe- 
less, Liebig and Rfiger (1989) have suggested that T4 imme- 
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diate-early promoters  may be a special class of  strong pro-  
moters with a consensus sequence that  differs from typical 
E. coli promoters .  In addit ion,  nearly all T4 immediate-  
early promoters  appear  to be imbedded in segments o f  
" c u r v e d "  D N A  and they have suggested that  this structural  
feature may  facilitate R N A  polymerase binding end tran- 
scription initiation. 

T4 immediate-ear ly  t ranscript ion is unusual  in that  the 
D N A  template  is apparent ly  relaxed early in infection (Sin- 
den and Pett i john 1982; Albr ight  and Geiduschek 1986). 
Torsional  stress can significantly affect t ranscript ion (San- 
zey 1979; Menzel and Gellert  1983). Promoters  that  appear  
to be " d e a d "  on linear templates can become strong on 
negatively supercoiled templates (Borowiec and Gra l la  
1987). The behavior  of  the cryptic promoters  could be ex- 
plained by postulat ing that  they are too weak on the relaxed 
T4 D N A  template  to compete with strong immediate-ear ly  
promoters .  

I t  is interesting to note that  the cryptic promoters  are 
located at posi t ions near  the 5' ends of  O R F  B ( - 2 0 4 7  
and - 2 0 1 7 ) ,  gene 59 ( - 1 4 2 6 )  and gene 32 ( - 4 5 ) .  I t  is 
possible that  these promoters  could play a role in T4 devel- 
opment  under  par t icular  condit ions of  growth or  in bacteri-  
al hosts other than those examined here. 
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