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ABSTRACT
The bacteriophage T4 lysozyme aene is transcribed at early and late times
after infection of E. coli, but the early mRNA is not translated. DNA
sequence analysis and mapping of the 5' ends of the lysozyme transcripts
produced at different times after T4 infection show that the early mRNA is
initiated some distance upstream from the aene. The early mRNA is not
translated because of a stable secondary structure which blocks the
translational initiation site. The stable RNA structure has been
demonstrated by nuclease protection in vivo. After DNA replication begins,
two late promoters are activated; thTe late transcripts are initiated at
sites such that the secondary structure can not form, and translation of the
late messages occurs.

INTRODUCTION
Bacteriophage T4 infection of E. coli is accompanied by a large variety of
mechanisms that lead to precise regulation of the output of specific genes

(1, 2, 3, 4, 5). Regulation of transcriptional initiation yields early,
middle, and late mRNAs. Among early and middle gene products are those
required for cessation of host macromolecular metabolism and for phage DNA
replication; late gene products include those found in the mature phage and
others that are required to lyse the cell (6). Superimposed upon global
regulation of transcriptional initiation are complex pertubations to
termination of transcription (2), as well as translational regulation of the
expression of a large subset of phage pre-replicative genes (4, 7, 8, 9).

Hybridization analyses of lysozyme transcription and measurements of
lysozyme activity in vivo have shown that a pre-replicative lysozyme
transcript, present at high concentrations, is not translated in vivo or in

vitro (10, 11, 12, 13, 14, 15). The data suggested that the early lysozyme
transcript was initiated upstream from lysozyme and that the late transcript
was initiated at or near the N-terminal end of the gene (14). The T4
lysozyme gene was recently sequenced (16). When we inspected the sequence

around the lysozyme initiation codon, a hypothesis was easily formed that
could explain the lack of translation of the early lysozyme transcript. The
published sequence predicts a very stable secondary structure in the mRNA
that would occlude ribosomal inspection of the Shine and Dalgarno domain

©IRLPressLimited,Oxford,England. 5813~~~~~~~~~~-

Nucleic Acids ResearchVolume 14 Number 14 1986

101 1 R L Press Limited, Oxford, England. 5813



Nucleic Acids Research

'A UA\
eP2 IA c

%\U U
-20 *\1A *U

,U 'A *-l0
C *G
U *G
U 'A
C * G
C *G
A * U

(AU *A
-30* A- U

A * U
ePI U *

IA .Ul

5@* U'A 0* 3'CCUCUUUUAAUU 'AU A UAUUUGAAA

Fiaure 1. Proposed secondary structure of earl 1 soz me mRNA
The stem and loop structure which is pri to form in early lysozyme
transcript(s) is shown. Dots indicate Watson-Crick base pairing. The
initiator AUG is boxed and the Shine and Dalgarno sequence is indicated by a
line next to the bases complementary to the 3' end of E. coli 16S rRNA. The
two sequences homologous to the conserved T4 late promoter sequence are
indicated by dashed lines and labeled ePl and eP2. The termination codon of
the upstream open reading frame is bracketed (see Figure 6). The calculated
delta-G for this hairpin is -13.0 kcal/mole (42).

(17) and of the initiation codon itself (Figure 1). In other systems
comparable mRNA secondary structures are thought to inhibit translational
initiation (18, 19, 20). Were late transcription to initiate close to the
Shine and Dalgarno domain (17), the late mRNA would be unable to form the
proposed inhibitory secondary structure. Evaluations of T4 late promoters
show the conserved "Juke Box" sequence TATAAATA positioned about five bases
upstream from the initiating base (21, 22); since the lysozyme gene has two
potential late promoters (eP1 and eP2, Figure 1) in appropriate locations,
we were encouraged to test the proposed regulatory model. The model is
similar to one of the models proposed by Gestland and Salser (11) to explain
their data on lysozyme expression. We chose to investigate this model by
using reverse transcriptase to map the 5' ends of the lysozyme transcripts
at early and late times after T4 infection.

MATERIALS AND METHODS
Enzymes
AMV reverse transcriptase was obtained from Life Sciences. Polynucleotide
kinase was obtained from New England Biolabs and [y32p]-ATP was obtained
from New England Nuclear.
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Bacteria and Bacteriophage
NapIV, NapIVstrR, and NapTVsupDstrR are described in Nelson et al. (23).
T4D+ and the gene 55 amber mutation BL292 were from the lab stock
colleection.
Nucleic acids
The synthetic oligonucleotide primers were made on an Applied Biosystems
model 380A DNA synthesizer. The synthetic primer, lysl, complementary to
nucleotides +92 to +115 of the T4 lysozyme sequence (16) was used in all
experiments except where noted. The synthetic oligonucleotide, lys2, is
complimentary to nucleotides -227 to -206 of the lysozyme sequence. The
synthetic ol igonucleotides were purified by preparative gel electrophoresis
and 5' end-labeled with T4 polynucleotide kinase according to
manufacturers instructions.

RNA from T4 infected cells was isolated using a method similar to one
described by Hagen and Young (24). Briefly, cells were grown in M9 + 2ug/ml
Bi at 300C to a density of 3 X 108 cells/ml. The phage were then added to
the cells at a multiplicity of 10. Aliquots of these infected cells (20 ml)
were taken at various times after infection and placed in centrifuge tubes
containing 10 grams of ice. Cells were pelleted by centrifugation at 10K rpm
for 15 minutes at 40C and resuspended in 0.45 ml ice-cold 0.15M NaCl
containing 0.001% gelatin. Then 0.05 ml SDS-extraction buffer (0.5M tris-Cl
pH 6.8, 0.02M EDTA, 10% SDS) was added and the mixture heated to 680C for
three minutes. Sodium acetate (pH 5.2) was added to a final concentration of
0.2M and the nucleic acids extracted four times with phenol:CHC13:isoamyl
alcohol (25:24:1). Two ether extractions were used to remove residual phenol
and the nucleic acids were precipitated with ethanol. The pellets were
resuspended in 1 mM EDTA and stored at -200C. Total nucleic acid
concentration (RNA + DNA) was estimated assuming 1 O.D.260 = 40 ug/ml.
Reverse transcription and RNA sequencing
Reverse transcription and RNA sequencing was done as described by Inoue
and Cech (25) with the following changes: i) crude unpurified RNAs (30ug
total nucleic acid per 10 ul annealing mix), rather than purified RNAs, were
used in the annealing mixtures, ii) the annealings were done at 600C for 3
minutes followed by immersion in a dry-ice/ethanol bath for 1 minute, iii)
ddNTP's were used at 200 uM (except where noted), and iv) the sequencing and
primer extension reactions were prewarmed to 480C for 2 minutes before
addition of reverse transcriptase. The sequencing and primer extension
reactions were then incubated at 480C for 30 minutes. Under these
conditions, hybridization of the end-labeled primer was to RNA. Double-
stranded T4 DNA, present in the crude RNA preparations does not serve as a
template for reverse transcriptase under the conditions used (data not
shown). For markers, dideoxy-sequencing reactions were done using nucleic
acids extracted at 6 minutes from T4D+-infected NapIV. In all experiments,
the 5' end-labeled primer was present in excess over the lysozyme
transcripts as shown by a linear signal increase with increasing template
concentration (data not shown).
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RESULTS
Primer extension reveals the expected late transcripts
We mapped the 5' ends of the lysozyme transcripts present at different times
after infection by primer extension with reverse transcriptase (Figure 2).
Lysozyme transcription can be detected by this method beginning between 2
and 4 minutes post-infection. At both early and late times after infection,
a transcript is present whose 5' end is at least 400 bp upstream from the
lysozyme initiation codon. In fact, the distance is probably greater; the
closest known early T4 promoter is over 3600 nucleotides upstream of
lysozyme (2, 26). Other data support this location of the early lysozyme
promoter (27). At late times after infection, we detect many shorter
transcripts whose 5' ends are located just downstream from the two
conserved late promoter sequences (Figure 2, lanes 10-30). In primer
extension reactions, a band does not always indicate the presence of a 5'
end; pausing and premature termination by AMV reverse transcriptase does
occur (28). We have obtained similar results by mapping the 5' ends of the
early and late lysozyme mRNAs using S1 nuclease (29). The bands at positions
U(-23), C(-22), and A(-20), and the bands located at positions G(-9), -G(-8)
and A(-7) (Figures 2 and 7) probably represent the products of initiation
from the two late T4 promoter sequences. The data of Christensen and Young
(21, 22) show that late transcripts are usually initiated about fives bases
downstream from the conserved TATAAATA sequence. The reverse transcriptase
stops corresponding to positions C(-13) and U(-11) are discussed below.
Quantification of the late transcripts by densitometry of a lighter exposure
(data not shown) shows that the transcripts initiated at ePl are more
abundant than transcripts initiated at eP2 (see below). The late lysozyme
transcripts initiating at ePl can be detected by approximately 10 minutes
post-infection, which agrees with the first appearance of other late T4
transcripts (1, 30). The long, early transcript is still present at late
times after infection, as was found by Kasai and Bautz (14).
In vivo structure mppi of the early transcript
The data in Figure 3a suggest that the proposed hairpin exists in vivo. The
primer extension reactions reveal cleavages of the early transcript
immediately adjacent to the base of the hairpin and opposite the bulge-loop;
no other cleavages are seen in the loop or base-paired regions of the
hairpin (Figure 3b). These bands probably reflect cleavages of the early
transcript by ribonucleases in vivo. It is interesting that no cleavages in
the hairpin loop which would generate translatable message are seen at early
times.
Initiation versus degradation of e lysozyme transcripts
Most of the bands seen only at late times probably arise from initiation at
the late promoter sequences and not from degradation of the early or late
transcripts. If transcriptional initiation is inhibited by rifampicin at
early times, the bands normally seen only at late times are much less
abundant (Figure 4, lanes a-d). The appearance of the bands seen at late
times is dependent on the product of gene 55 (data not shown), which is
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Figure 2. Time course of lysozyme transcription
Lanes 0 thro-ugh 30 are primer extension reactions using RNA harvested from
T4+-infected NapIV at 0, 2, 4, 6, 8, 10, 15, 20, 25 and 30 minutes post-
infection at 300C. Lanes T,G,C and A are primer extension reactions done
using 6 minute RNA in the presence of ddATP, ddCTP, ddGTP and ddTTP,
respectively; one may read the sequences directly.
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Figure 3. In vivo protection of the proposed hairpin
a) Primer extension reaction on RNA extracted from T4D+-infected NapIV at 5

minutes post-infection at 300C. Lane 0 is an incubation without any ddNTP.
b) Proposed secondary structure of the early lysozyme transcript. The
positions of the major and minor cleavages seen in (a) are indicated by long
and short arrows, respectively, placed 5' to last nucleotide present in
the template RNA.

required for transcriptional initiation at late T4 promoters (31, 3). These
results strongly suggest that most of the 5' ends arise directly from a

transcriptional initiation event.
If transcriptional initiation is inhibited at late times, the intensity

of all the late bands subsequently decreases (Figure 4, lanes e-h).
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Figure 4. Degradation of early and late lysozvme transcripts
The 5' end labeled primer was used'in2primer. extension reactions as
described in Experimental Procedures. Lanes a-d: RNA was extracted from
T4+-infected NapIV at 8 minutes post-infection at 300C (lane a), rifampicin
was then added immediately to the infected cells at a final concentration of
200 ug/ml, and samples were taken at 11 (lane b), 14 (lane c) and 17 minutes
(lane d). Lanes e-h: RNA was extracted from T4+-infected NapIV at 15 minutes
post-infection (lane e), rifampicin was then added immediately to the
infected cells and samples taken at 18 (lane f), 21 (lane g) and 24 minutes
( l ane h).
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Figure 5. Kinetics of late transcript deqjradation
A lighter exposure of the gel shon in Figure 4 (lanes e-h) was analyzed
densitometrically to follow the decgradation of the late lysozyme
transcripts. Rifampicin was added it 15 minutes post-infection.- Tracings of
the-thriee major groups of peaks were. cut-out. and weighed; ll(-2,3), C(-22),
A(-20) are represented by line B; C(-13), U(-11) by line A; G(-9), G(-8),
A(-7) by line C. For A(-7) the maximum peak height was measured and is
shown by line D. The lines shown were calculated by linear regression and
all values have been normalized to their calculated values at the time of
rifampic in addi t ion.

quantification of these l ate transcripts by, densitometry show that the
transcripts initiating from ePl have a half-life of over 5 minutes, while
those initiating from eP2 have a half-life of approximately 3 minutes
(F igure 5). The transcript i ni t iat ing at A(- 7), from eP2, i s part icu lar ly.
unstabl e, hav ing a hal f-l1ife of on ly 2 mi nutes. These d ifferences in hal f-
l ives may account total ly for the l eve ls of l ate transcripts seen in Figure
2, although late T4 promoters may have different strengths. (32). The
reverse transcriptase stops corresponding to C(-13) and U(-11) (Figure 2)
are probably not initiation sites, since they are inappropriately spaced
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Figure 6. Nucleotide sequence of the region upstream of the lysozyme {ej
gene

The nucleotide sequence of the region upstream from lysozyme was determined
by dideoxy-sequencing using the long, early transcript as template and
primers lysl and lys2, as described in Experimental Procedures; ddNTP's were
used at 100 uM. The sequence from -134 to +9 was previously published by
Owen et al. (16). The three late promoter sequences (labeled ePl, eP2, and
eP3) are underlined. The approximate 5' ends of the late transcripts found
in this study are labeled P1, P2 and P3.

with respect to the late promoter sequences. The RNAs whose 5' ends are
C(-13) and U(-11) are lost very slowly after rifampicin addition (Figure 5),
perhaps because they are generated from other transcripts. A late T4 gene
product might facilitate endonucleolytic attack in the hairpin of the early
transcript.
Sequencing upstream of lysozyme
We have used dideoxysequencing of the long, early lysozyme transcript to
extend the known sequence upstream of lysozyme to -373 (Figure 6). The
nucleotide sequence of the upstream region contains one open reading frame
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encoding at least 111 amino acids. Codon usage analysis of this open reading
frame indicates it is likely to code for a T4 protein (data not shown).
However, there are no known T4 genes for over 3800 nucleotides upstream from
lysozyme (26).

There is a minor, third late promoter (eP3) located at -245 (Figures 6
and 7). The transcript initiated at this promoter is sensitive to rifampicin
and is dependent on the gene 55 product (data not shown). The sequence of
this third late promoter includes TTTAAATA, differing by one nucleotide from
the late T4 promoter consensus sequence TATAAATA (21, 22).

DISCUSSION
We conclude that early lysozyme mRNA is translationally inactive due to the
presence of a specific secondary structure, and that the late lysozyme mRNAs
are translatable because the locations of the late promoters yield
transcripts that do not contain the inhibitory secondary structure. Our data
rationalize most of the data heretofore published for lysozyme transcription
and translation (10, 11, 12, 13, 14, 15). Our data strongly suggest that
the late RNAs arise from transcriptional initiation. The presumptive 5' ends
of the late messages are just downstream from DNA sequences known to serve
as late promoters for other T4 genes (21, 22, 28, 33) and their appearance
is dependent on the gene 55 product. Lysozyme expression under laboratory
conditions depends on the T4 gene 55 product (34) which directly
participates in initiation of late transcription (31, 3, 1). The early, but
not the late transcripts, are seen with RNA prepared from su- cells infected
with a gene 55 amber mutant.

The extent of translational inhibition by the secondary structure
(Figure 1) is considerable; Kasai and Bautz (14) showed that the late
lysozyme transcript is translated in vivo more than one hundred-fold more
efficiently than the early transcript. Recently, Perry et al. (35) cloned
the T4 lysozyme gene, along with about 100 bases of the upstream sequence,
under the control of the tr promoter. This construct expressed only low
levels of lysozyme. However, when the untranslated sequences immediately
upstream from lysozyme were removed, a higher level of lysozyme synthesis
was found. Although secondary structures are usually assumed to limit
translational initiation (36), in only a few cases have quantitative
measurements been made (18, 19). When the early upstream promoter(s) is
used to direct coupled lysozyme transcription and translation in vitro, the
long, early mRNA is translated (37, 38). The conditions of coupled cell-

7. stream
mLanes 0 thirough30 are primer extension reactions using RNA harvested from

T4+-infected NapIV at 0, 2, 4, 6, 8, 10, 15, 20, 25 and 30 minutes post-
infection at 300C. The 5' ends of the transcript initiated at the. minor
upstream late promoter are located at nucleotides A(-238) and G(-237).
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free expression (and the methods of making cell-free extracts) might
faci l itate nuc leol ytic attack in the loop of the hairpin. Such attack does
not activate early lysozyme mRNA that is added to a cell-free translation
system (11), perhaps because the early transcripts are cut 3' to the hairpin
more rapidly than at the hairpin. Coupled systems could present the hairpin
to hypothetical nucleases prior to the moment of transcription of the coding
portion of the gene.

T4 late promoters may be identified by the conserved sequence TATAAATA
positioned about five bases upstream of the initiating base (21, 22). Over
25% of the T4 genome has now been sequenced, and everywhere tested the
sequence TATAAATA is found associated with a late transcript (Stormo,
unpublished data); the consensus sequence is probably sufficient for gene
55-mediated transcription (33). The lysozyme gene is preceded by two such
sequences (Figure 1). The transcripts from eP2, which initiate within the
lysozyme Shine and Dalgarno domain, are less stable than those initiating
just upstream (Figure 5). Presumably these eP2 transcripts are translated
less well than transcripts from eP1; ribosomes and inactivating nucleases
may compete for the 5' ends of the late lysozyme mRNAs (39).

We would like to know why the lysozyme gene is transcribed at early
times. Early lysozyme transcription is not a means to achieve expression of
genes downstream, since the next gene, ipIII (16), is served by its own
early promoter (14, 27). The regulation of lysozyme translation by an mRNA
secondary structure is similar to the regulation of TnlO transposase
expression (40). TnlO transposase expression is tightly regulated;
translation of transposase from transcripts initiated in host sequences
outside of TnlO is prevented by the formation of a stable secondary
structure which sequesters the transposase initiation codon. A TnlO
promoter located in a position analogous to the locations of ePl and eP2 is
used to initiate transcripts which are unable to form the inhibitory
secondary structure. If expression of T4 lysozyme and the TnlO transposase
from promoters located far upstream is undesirable, we wonder why
transcriptional terminators, located immediately upstream from these genes
did not evolve first. In the case of TnlO, perhaps the structural elements
involved in transposition would be destroyed by such a transcriptional
terminator. In the case of T4 lysozyme, there may be conditions in which
lysozyme expression from the long early transcript is necessary for survival
of the phage. Interestingly, the T4 soc gene, which codes for a late, non-
essential, T4 capsid protein, is transcribed at both early and late times,
but is translated only at late times. The inhibition of early soc
translation, like that of lysozyme, can be explained by an occluding
secondary structure in the early, but not the late mRNA (41). Translation
of lysozyme and soc from the early transcripts may insure survival of the
phage under some conditions; if so, a mechanism must be found to activate
these mRNAs for translation. We are currently testing for such mechanisms.
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