Identification of new middle promoters upstream
genes nrdC and tk.3 of bacteriophage T4
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previously appreciated.

The consensus sequence of T4 middle promoters is defined by the MotA box (a/
t)(a/t)TGCTT(t/c)A centered at position —30 and the Escherichia coli 6’ consensus
sequence TAnnnT centered at —10. The results of primer extension sequencing of
RNA isolated from T4D motA* and T4D motA- infections demonstrate the presen-
ce of T4 middle promoters just upstream of the genes nrdC and tk.3. Both new
middle promoters have differences from the consensus MotA box, while their —10
regions match the 0™ consensus very well. Thus, our data support the recent idea
that there is more flexibility in the sequence requirements for MotA than was
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INTRODUCTION

Three different classes of genes, early, middle and
late, may be distinguished in the bacteriophage T4
genome according to their expression time. Tempo-
ral control of T4 gene expression is achieved mainly
at the stage of transcription initiation by sequential
activation of different classes of promoters.

The T4 middle promoters are characterized by
the standard E. coli 6™ consensus sequence TAnnnT
centered at —10, the MotA box consensus sequence
(a/t)(a/t)TGCTT(t/c)A centered at the position -30
and the spacing of 11-13 bp between them [1, 2].
The -10 region is highly conserved among all known
middle promoters, while the —30 sequence of some
middle promoters deviates from the MotA box con-
sensus sequence even at the most highly conserved
positions [3, 4]. T4-modified host RNA polymerase
(RNAP), transcription activator MotA, and co-acti-
vator AsiA are required for the transcription from
T4 middle promoters [5]. The T4 early gene pro-
duct MotA [6] is a DNA-binding protein that binds
specifically to the MotA box sequence of middle
promoter DNA and activates transcription [7]. AsiA
is also a product of the early T4 gene [8], which
binds tightly to the 0” subunit of RNAP [9]. The
AsiA-0™ complex together with MotA recruit the
host RNA polymerase to initiate from middle mode
promoters.

The bacteriophage T4 thioredoxin gene nrdC [10]
and gene tk.3 [11] lie in two genomic regions which
were known to contain only early and late genes
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but lack nearby middle promoters. Here we demonst-
rate the presence of T4 new middle promoters
P, tk.3 and P, nrdC. Furthermore, both middle pro-
moters contain the sequences which differ from the
consensus MotA box.

MATERIALS AND METHODS

Bacterial and bacteriophage strains. E. coli strains
B40 (supD, ser) and BE (sup’) were kindly provided
by Dr L. W. Black. Bacteriophage T4D wild-type
was a gift from Dr W. B. Wood. Phages T4D motA*
(33amN134-55amBL292-45amE10) and T4D motA-
(33amN134-55amBL292-45amE10-tsG1) were kind-
ly supplied by Dr N. Guild.

RNA isolation. E. coli BE (sup’) cells were grown
at 30 °C to a density of 3 x 10% cells/ml in LB
medium before the infection with bacteriophage T4
wild-type at a m.o.d. of 10. In the case of mutant
phages T4D motA* and T4D motA-, E. coli B® (sup?)
cells were grown at 42 °C. RNA was extracted es-
sentially as described [12].

Primer extension analysis. Two synthetic oligo-
nucleotides were used to prime reverse transcripta-
se: Pr. tk.3, a 24-mer, 5-GTTCCCTTTACCTATGCC
TGCACC, complementary to nucleotides 364-387 of
the gene tk.4 coding sequence; Pr. nrdC, a 27-mer,
5-GACGTTTTGCATTATCGCAATACACAC, com-
plementary to nucleotides 41-67 of the gene nrdC
coding sequence. The oligonucleotides were 5'-end
labeled by T4 polynucleotide kinase with [y-**P]ATP
(Amersham Biosciences) and separated from the la-
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beled nucleotides by precipitation with ethanol in
the presence of 2 M ammonium acetate. Primer ex-
tension and RNA sequencing were carried out es-
sentially as described by Uzan et al. [12].

RESULTS AND DISCUSSION

Figure 1A and B show the positions of bacte-
riophage T4 genes tk.3 and nrdC on the physical
map of T4. Almost all genes located in these ge-
nomic regions are expressed during the early pe-
riod of infection. Only four genes, rl.1, rl, rl.-1
and 49, are under control of the late promoters.
Surprisingly, no middle promoters have been shown
to be located in these gene clusters. However, de-
tailed analysis of the nucleotide sequences in these
genomic regions revealed two potential middle pro-
moters located just upstream of genes tk.3 and
nrdC.

In order to test the presence of these middle
promoters, we performed primer extension sequen-
cing of RNA extracted from T4D motA* and T4D
motA- infected cells. The hard stops corresponding
to the 5' ends of transcripts directed from the pu-
tative middle promoters were observed when the
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Fig. 1. Genes and promoters in two genomic regions
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motA* RNA templates were used in the sequencing
reactions. In the case of the middle promoter upst-
ream of gene tk.3, the 5' ends of the transcripts
indicated by reverse transcriptase stops (more inten-
sive bands at the same position in all four sequ-
encing lanes) start at nucleotides G and A (Fig. 2,
A) positioned 5-6 bp downstream the promoter —10
region (Fig. 1, C). The 5' ends of the transcripts
directed from the promoter upstream of the gene
nrdC start at nucleotides A and G (Fig. 3) posi-
tioned 5-6 bp downstream the —-10 sequence
TATTAT (Fig 1, C). In contrast, primer extension
sequencing of transcripts from motA- infections did
not reveal any 5' ends (Fig. 2, A and Fig. 3). Thus,
these results clearly indicate the presence of two
middle promoters, P tk.3 and P, nrdC.

To demonstrate the kinetics of mRNA synthesis
directed from the middle promoter P, tk.3, we per-
formed primer extension analysis of RNA extracted
from T4D-infected cells. Very week bands indicating
the 5' ends of transcripts directed from the promo-
ter P, tk.3 can be seen only two minutes after in-
fection, and the intensities of the bands increase
until six minutes after infection (Fig. 2, B). Thus,
primer extension analysis shows that the kinetics of
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of bacteriophage T4. The schematic outline represents the

genomic region between (A) 66 and 59 kb, and (B) 55 and 47 kb on the physical map of bacteriophage T4. Shown
are the positions of genes, as well as the positions of early (P.), late (P ), and two middle promoters (P,) revealed
in this study. (C) Sequences of T4 middle promoters were identified by primer extension analysis. The consensus
sequence of T4 middle promoters is given on the first line, matches between the promoters and this sequence are
shown in bold face type. Initiating nucleotides for the MotA-dependent transcripts are indicated by vertical arrows
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Fig. 2. Primer extension analysis of gene tk.3 mRNA using
RNA isolated from E. coli BE cells infected with T4D
wild-type or its mutants motA* (33~ 55 457) and motA~
(33- 55 45 tsGI). (A) Primer extension sequencing of
RNA isolated six minutes post infection from cells that
were infected at 42 °C with T4D motA* (33~ 55~ 457) and
T4D motA- (33~ 55~ 45 tsG1). The sequencing lanes are
labeled with the dideoxynucleotides used in the sequen-
cing reactions. The initiating nucleotides, G and A, are
noted. (B) Primer extension reactions on RNA isolated 1
to 15 minutes post infection from cells that were infected
with T4 wild-type at 30°C. The time (minutes) of post
infection that each RNA was isolated is noted at the top
of the figure
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Fig. 3. Primer extension sequencing of gene nrdC mRNA
using RNA isolated at six minutes post infection from E.
coli BE cells infected at 42 °C with T4D motA* (33~ 55
457) and T4D motA- (33~ 55 45 tsGI1). The sequencing
lanes are labeled with the dideoxynucleotides used in the

sequencing reactions. The initiating nucleotides, A and
G, are noted
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accumulation of the 5' ends of transcripts resulting
from initiation at the promoter P tk.3 is in agree-
ment with the kinetics of mRNA synthesis directed
from T4 middle promoters.

Earlier transcription studies revealed 24 middle
promoters on the T4 genome. Twwenty three of them
were listed in the review of Stitt & Hinton [2] and
one, for gene 31, was given by Nivinskas et al. [13].
Nineteen of these promoters carried the sequence
motif TGCTT in their MotA boxes. On the basis of
the sequences of these middle promoters it was sug-
gested that the MotA binding required the highly
conserved —30 region. However, recently Marshall
et al. [3] have revealed seven new T4 middle pro-
moters, of which only two contain the sequence mo-
tif TGCTT, while the other five contain differences
even in the highly conserved center motif. It was
proposed that an excellent match to the 0”°-10 con-
sensus sequence, rather than an excellent match to
the MotA box consensus sequence, is an invariant
feature of MotA-dependent promoters. Furthermo-
re, recently we have identified new T4 middle pro-
moters, P,,30 and P ,30.2 [4], which significantly dif-
fer from the -30 consensus sequence. Both new
middle promoters P, tk.3 and P nrdC revealed in
this study also differ from the consensus MotA box,
while their —10 region match the o7 consensus se-
quence very well. Promoter P, tk.3 contains the se-
quence CGCTT and promoter P,,nrdC contains the
sequence TGCTA in the highly conserved positions
of the -30 region. So, now we know 35 T4 middle
promoters, of which 14 deviate from the consensus
sequence deduced previously. The main deviations
reside in the MotA box sequence, while the -10
sequences match the host-like consensus very well.
Thus, our data corroborate the idea of Marshall et
al. [3] that MotA can tolerate changes at the most
highly conserved positions of the MotA box.
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T4 BAKTERIOFAGO NAUJU VIDURINIUJU
PROMOTORIU PRIES rnrdC IR tk.3 GENUS
NUSTATYMAS

Santrauka

T4 bakteriofago viduriniesiems promotoriams yra budin-
gos dvi konservatyvios sekos: —30 srityje esanti seka (a/
t)(a/t)TGCTT(t/c)A, kuria atpazista MotA baltymas, bei
—10 srityje iSsidésciusi TAnnnT seka, budinga E. coli o™
promotoriams. Du vidurinieji promotoriai prie§ nrdC ir
tk.3 genus buvo identifikuoti pradmens prailginimo meto-
du nustatant RNR, isskirty i§ T4D motA* bei T4D motA-
fagais infekuoty lgsteliy, nukleotidy sekas. Abiejy naujai
iSaiSkinty promotoriy MotA sekos skiriasi nuo tipiSkos
sekos, tuo tarpu -10 sritys iSlicka konservatyvios. Taigi
misy gauti rezultatai palaiko besiformuojancia nuomong,
kad galima didesn¢, nei anksCiau buvo manyta, jvairove
sekos, kurig atpazjsta MotA baltymas.



