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Bactertophage 4 controls the expression of its early genes in a temporal manner by a series
of transcription termination and antitermination events. This antitermination reguires the
AN protein as well as host proteins called Nus, and cis-acting sites called nui. Following
transeription of the nut site, N and Nus proteins bind to the nut RNA and modify the
transcription cornplex to a termination-resistant form. The nut site is a composite of at least
two components; one is the boxB hairpin structure which interacts with N. The other is
boxA, a nine-nucleotide sequence upstream of boxB. To understand more about the
formation of the antitermination complex, we have characterized the effect of point
mutations in and deletions of boxrd on antitermination. Point mutations in boxA were found
to either enhance or reduce N-mediated antitermination. Several boxA deletions, on the
other hand, had little effect on antitermination other than to eliminaie the requirement for
the NusB host protein. To explain these observations, we propose that at least two factors
compete to interact with bexrAd, NusB and an inhibitor of the antitermination reaction. In
addition, we propose that NusB is required to prevent the inhibitor from binding at boxA.
The results with various nusB and boxA mutations can be explained by this model of
competition between NusB and an inhibitor for boxrd RNA.
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1. Introduction

During bacteriophage 4 development, the
expression of most phage genes requires transcrip-
tion antitermination by the phage-encoded W pro-
tein, host proteins called Nus (N-utilization
substances), and eis-acting sequences called nut (N-
wlilization) sites (Friedman, 1988; Das, 1992,
Roberts, 1993). Although N and Nus proteins form
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a complex with one another at the nuf site, the
specific interactions and signals required remain
poorly defined.

The Nus factors have been identified primarily
through the isolation of recessive mutations that
cause a failure in idevelopment due to a defect in
N-dependent antitermination (see Friedman et al.,
1984). NusA, NusC, NusD, and NusG are com-
ponents associated with the normal RNA poly-
merase complex. NusC is the f-subunit of RNA
polymerase (Georgopoulos, 1971). NusA interacts
with the elongating RNA polymerase and enhances
pausing and modulates transcription termination
(Friedman ef aol., 1973; Greenblatt & Li, 1981,
Schmidt & Chamberlin, 1984). NusD is the tran-
scription termination factor Rho {Das et al., 1983),
and Nus( stimulates Rho-dependent transeription
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termination (Sullivan & Gottesman, 1992; Li et al.,
1993). Thus, both Rho and NusG also interact with
elongating RNA polymerase. The NusE and NusB
proteins are multifunctional, affecting transeription
and translation (Keppel et al., 1974; Friedman ef al.,
1976, 1981). NusK is ribosomal protein S10
(Friedman et al., 1981), and NusB appears to affect
the rate of translation elongation (Shiba et al., 1986;
Taura et al., 1992). It is noteworthy that the NusB
and 810 proteins, which affect both transcription
and translation, bind to each other {Mason ef af.,
1992q4).

The Nus proteins are essential for Hscherichia colt
growth. Most wnus mutations that reduce
N-dependent trangeription antitermination are not
null mutations, though null mutations do exist in
NusB. Nonsense or insertion mutants in nusB grow
poorly, if at all| at temperatures below 30°C
(Swindle ef ef., 1988; Taura et al., 1992). At tempera-
tures permissive for cell growth, the rusfS null
mutants fail to support 4 development (Swindle et
al., 1988). All known nus mutants are most defec-
tive in supporting A development at or above 42°C.
Although mutations in NusG that block 4 growth
have not been isolated, a suppressor mutation in
nus( can compensate for nus4 and nusk mutations
{Sullivan & Gottesman, 1992).

The sites nutL and nwtR, the signals for transcrip-
tion antitermination, are located in transcribed
regions bevond the p; and pp promoters, respec-
tively (Rosenherg et al., 1978; Salstrom & Szybalski,
1978). Summarized below are several observations
that lead to the conclusion that N and some of the
Nus proteins bind to these sites on the RNA tran-
seript, guiding them to form an antitermination
complex with the transcribing RNA polymerase.
RNA was first demonstrated to be important in the
assembly of the complex by the observation that
translation into or across the aulR region blocked
transcription antitermination by N (Olson et al.,
1984; Warren & Das, 1984; Zuber et al., 1987).
Similarly, the synthesis of large quantities of
mRNA from a plasmid containing the nutR site
specifically prevents Adevelopment by competing
for a protein required in the antitermination
complex (Friedman et af,, 1990). Indeed, in witro
studies show that the nut® sequence in the nascent
RNA transcript serves as the binding site for N and
Nus factors {Barik et al., 1987; Horwitz et af., 1987,
Whalen & Das, 1990; Nodwell & Greenblatt, 1991,
1993; 8, Chattopadhyay, J. Garcia-Mena, &. A. Das,
petsonal communication).

Components of the nutR and nutL sequences of A
include the boxB RNA segment, capable of forming
a stem-loop structure (Rosenbery et al., 1978; Steege
et al., 1987), and the nine-nuclectide doxd RNA
segment located upstream from the box B stem-loop
structure (Olson et al., 1982). N-dependent anti-
termination can be blocked by mutations in either
boxB (Salstrom & Szybalski, 1978; Doelling &
Franklin, 1989; Baron & Weisberg, 1992) or
boxA (Olson et al., 1984; Robledo e «al., 1990).
Interestingly, some boxd mutations, eg. boxAl,

improve transcription antitermination in nusA and
nusk mutant hosts (Friedman & Olson, 1983;
Schauer e al, 1987). Thus, point mutations,
depending on their location within baxAd, can either
inhibit or enhance N-dependent transcription anti-
termination. The spacing between boxA and box B is
seven and eight nucleotides for nutl, and nutk,
respectively, and the spacer sequences are not well
conserved. Deletion analyses suggest that part of
the spacer region must remain intact tor transerip-
tion antitermination {Pehtz ef al., 1985; Zuber et al.,
1987).

L.ambdoid phages that encode different N pro-
teins have similar boxA sequences, but differ from
each other in their box B sequences {Franklin, 1985).
The boxB sequences are specific for their cognate N
proteins {Lazinski el ai., 1989). The conservation of
boxA sequence among the lambdoid phage naut sites
(Friedman & Gottesman, 1983) and its presence in
rRNA operons (Olson et al., 1984; Sharrock ef ai.,
1985; Morgan, 1986; Berg et al., 1989: Squires ef al.,
1993) make it an ideal candidate for a site recog-
nized by host Nus proteins. Studies have suggested
that borA is a possible recognition site for NusB or
S10 {Friedman ef af., 1990; Nodwell & Greenblatt,
1993). We have undertaken an in wivo approach to
analyze the role of boxA in transcription anti-
termination by examining point mutations in bnxA
as well as deletions that encompass doxAd for their
effect on N-dependent transcription antitermina-
tion. Our results suggest that boxd interacts with at
least two competing factors; one of these is NusB
and the other is an unidentified host factor that
appears to inhibit the normal N-dependent
transcription antitermination reaction.

2. Materials and Methods
(a} Strains

Bacterial strains are described in Table 1. Plasmids
pKGI1805 (McKenney ef al.. 1981). and pMZ215 (Zuber et
al., 1987) were used to construct the pMZ245 plasmids
used in these experiments.

Phages Aimm™3*, Zimm*3* ning, limm*** Nam? Nem33
nind, iimm*tclts nusBI nind, icl60, P1Cmelr 1600, and
Muir are from the National [nstitutes of Health
Collection. Abio69 cI857 boxAS nind was provided by Dr
Max Gottesman.

{b) Strain constructions

In the following descriptions, Nus™ has a functional
definition referring to the phenotype of a strain that
permits plague formation at 42°C by iimm***nin hut not
Aimm*3* phage.

The origins of DC5356 and TAPIS are detailed in
another publication (Patterson et al., 1993). TAPG7 is a
nad” galK~ transductant with 4 immunity from a cross
hetween P1- DC556 and TAP66. TAP112 was constructed
by transducing TAP67 to Kan® using P1Cm grown on
TAPY98. The isogenic nus mutant straing described in
Table 1 were made by standard F] transduction, except
that TAP92 was constructed by a eyele of integration and
excision Admm*** cIts nusBS nin3 at the nusB gene on the
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Table 1
Bacterial strains
Strain lenotype Source
TAP66 his ilv rpsL nadd - Tnll T. Patterson
TAPGT his ilv rpsl golK(am} [Akil™ N7¢f857 (cro-bioAd jA] This work
TAaPoz TAP6T nusBi This work
TAPIS recDI803 : ATn1OALGALT [Akil™ N kan cI857 (cro- Patterson et al. (1993}
bicd JA)
TAP112 TAP67 N i kan This work
DOC556 galK(am) rpsL fikil N7Tel857 (cro-binA JA) Patterson et al. (1993)
DC1161 TAPG7 arg@ :: Tnb nusAl This work
DC1162 TAPGT nusk71 2hb511::Tnid This work
DC1163 TAPG67 nusDO26 (rhoti26) ilv* This work
bBCi1ss TAPGT nusdl This work
DCl166 TAP1)2 nusBs5 This work
DC1H7 TAP112 nusE7?1 zhb511 ::Tnl This work
DC1168 TAPI12 nusDO26 (rhof26) ilv* This work
PCIVTO TAP112 nusdl This work
DC1198 TAPS7 nusB 1810 zba-525 .. Tnid This work
199 TAPIIZ nusB: 1810 zba-525 - Tnlh This work
Q577 W3110 nusB 1 IS10 fssyB63) zba-525:: Tnlit Taura ef al. (1992)
Kas nusAl galK2 rpsl, D. Friedman
K450 nusB5 gal K2 rpsl D. Friedman
K457 argl? . Tnd nusAl galK? vpal D. Friedinan
K2016 zhbd11 : Tnll nuskE7! gal K2 rpsk D. Friedman
N5T his urgX 2 Inll rpsl nusDO26 (rho026) Das ¢t al. (1983)

K. coli chromosome (Ward et al.. 1983}, The excised,
4 cured derivatives were selected at 42°C on LB agar and
screened for the presence of the nusB3 mutation (Nus™).
Approximately 509, of the cared cells were nusBS.

(¢) Construction of pMZ245 derivatives with
eltered boxA regions

pM7Z245 and pMZ278 are described in Fig. 1. The boxd5
mutation was placed into pMZ245 from Abio69 cl857
boxAd nind DXNA (Robledo ef af., 1990). The hoxdd
change is present between an Awval site at 38,214 bp in the
4 chromosome and an Nsil site at 38,311 bp. This frag-
ment was cut from phage DNA and isolated from an
agarose gel. and then was nsed to replace the corre-
sponding Awal to Nsil fragment in pMZ245. The resulting
plasmid, pDLCI28, was shown to contain the borAds
change by sequence analysis,

Plasmid pMZ245 box AA37 was constructed by digesting
pMZ245 with Aval, treating with calf intestinal phospha-
tase, and purifying the linear DNA from an agarose gel.
A double-stranded oligonucleotide fragment was synthe-
sized with the appropriate complementary ends to be
ligated between dwval and Nail cleaved pMZ245; the
remaining nucleotides in the fragment are those corre-
sponding to 4 DNA sequence 38,219 to 38,207 inclusive
except that boxA and the 29 nucleotides upstream of box A
were deleted as shown in Fig. 2. The oligonutleotide frag-
ment was phosphorylated with palynucleotide kinase and
ligated with the Awval-digested, dephosphorylated
pMZ245 DNA. The ligase was inactivated and the
plasmid DNA digested with Nsil. After inactivating the
restriction enzyme, ligase was added again and a trans-
formant was isclated. The structure of the resulting
plasmid, pMZ245 hoxAA37, was verified by DNA
sequence analysis.

All other pMZ243 derivatives used here were made from
PTAP27, a derivative of pMZ245. pTADP27 was made by
the protocol used to make (pMZ245 box AA37, except that
the oligonucleotide used for the construction was changed

for the base sequence between Awal and VsiT indicated in
Fig. 2 (see AR28). This deletion joined 3 cytosine residues
to the left of bord with 3 guanesine residues in borB to
create a untque Smal site at the novel joint.

The GoxA substitution mutations shown in Fig. 2 were
made by creating a 28-bp double-strand oligonucleotide
carrving a mutation in boxA and ingerting it at the Smal

t—A— pMZ278
nutR tR1

pMZ245

galk

—f £
I e

Figure 1. Structure of pMZ240, pMZ245, and pMZ278.
pMZ240 was made by substituting a Pwull to HindIIE
fragment containing the pp.c promuoter from pFW)
(Warren & Das, 1984) for the EcoRI to HindIII fragment
of pRGIB0D (KeKenney of al.. 1981). The EcoRT site was
repaired to a blunt end with Klenow enzyme before
ligation. The resulting EcoR1-PwulI joint recreated an
EeoRI site. Tn short, the EcwRI (R) to Hpal (Hp)
fragment of pMZ240 replaces the fef gene segment of
pBR322 from EcoRI to Peull (P). pMZ245 contains the
tR1 segment of A inserted at the Smal gite (8) of pMZ240.
The AindIll site (H) in pMZ245 was used to generate the
deletion in pMZ278 that removes {81 (Zuber &f al.. 1087).
The Aval {A) and NsiT (N) sites used in making the box A
nutants of pMZ245 are indicated. Previous studies had
shown that galactokinase expression from pMZ240 is
completely dependent upon the lae promoter (Zuber ef al.,
1987). The ArfT gene segment and the galactokinase gene,
galK, are located beyond (R].

prMZ240
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% _Antitermination
Mutation boxA boxB nus+ pusAl nusBS
WT CCCGAGTAACAAAAAAACAACAGCATAAATAACCCCGCTCTTACACATTCCAGCCCTGAAAARGGGE 70 15 24
Al CCCGAGTAACAAAAARACAACAGCATAAATAACCCLALTCTTFCACATTCCAGCLCTGAAMAGEGE 24 26 25
AS CCCGAGTAACARAAARACAACAGCATARATAACCCLTCTCTTACACATTCCAGCCCTGAAMAGEGE 11 2 18
Als CCCGAGTAACAARMAACAACAGCATAARTAACCCCGCTATTACACATTCCAGCCCTGARAAAGGGE 2 0 NT
A6Y CCCGAGTAACAAAAAAACAACAGCATAAATAACCCA (GLECACATTCCAGCCCTGARARAGGEC 42 7 31
1) CCCGAGTAACAAAAAAACAACAGCATAAATAACCCCGCTCTTACACATTCCAGCCCYEAAAAAGGGE 75 15 26
AR28 CLCGAGTAACAAAARRACAACAGCATARATAACCC 666C 1 0 4
LA37 CCCGAG CACATTCCAGCCCTGAAARAGGGE 74 28 78
AA30 CCCGAGTAACAAA CACATTCCAGCCCTGAAAAAGGGE az 16 68
AA26 CCCGAGTAACAAAARAA CACATTCCAGCCCTGARAAAGGEE 65 12 49
A9 CCCGAGTAACAAARAARCAACAGCATAAATAACC CACATTCCAGCCCTGAAANAGGGC 32 5 22
4740 CCCGAGTAAC ATTCCAGCCCTGAAAAAGGGE 65 2 50
AALL CCCGAGTAACAAAAAAACAACAGCATAAATAACCE ATTCCAGCCCTGAAAAAGGEC 23 4 21
lo CCCGAGTAACARAAAAACAACAGCA CGCTCTTACACATTCCAGCCCTGARAAAGEGE a9 35 32

Figure 2. BoxA mutations and N-dependent transcription antitermination. The wild-type (WT) sequence of nutR is
shown with the location of boxA and boxB indicated by underlining the base. In all of the diagrams, sequences
downstream to the dval site (CCCGAG) of pMZ245 are shown. The TAA sequence 10 bp upstream of boxd is the stop
codon for the 4 cro gene. The name of the mutant allele is shown (R=nuiR, A=boxA, and A indicates deletion with the
number of bases missing). The mutational changes are indicated in the sequence. Deletions are indicated by the omission
of the deleted bases and substitution mutations are indicated by stippling of the changed bases. N-mediated
transcription antitermination values were determined as described in Table 2. Transcription termination efficiencies for
the deletion mutants tested here range between (-85 and 0-98 for N~ and nus® conditions except for boxA16 which had a
termination efficiency of ~0-80. As indieated in Materials and Methods, the relative termination efficiency of each
mutant is taken into account in determining the antitermination values. The isogenic nus strains used are described in
Tables | and 3. Because experiments with plasmids carrying box A4 substitutions and deletions were run separately, data
for the wild-type controls are shown twice.

site of pTAP27. The changes in the resultant plasmids
were confirmed by sequence analysis.

The box4 and ero deletions were made by inserting the
appropriate synthetic double-strand  oligonucleotide
between the Aval site (in cre) and the Smal site of
PTAP27. All resultant plasmids were sequenced from ¢R1
through the Aval site.

(d) Enzymes and other materials

All enzymes were purchased from New England Biolabs
except T4 ligase, which was purchased from Bethesda
Research Laboratories, and reverse transcriptase and calf
intestinal phosphatase, which were purchased from
Boehringer-Mannheim  Biochemicals.  Oligonucleotides
were purchased from Midland Certified Reagents,
Midland, Texas. ['*C}Galactose (58 mCi/mmol) is from
Amersham. Enzymes were used according to manufac-
turer’s recommendations, DNA sequencing from double-
strand templates utilizing reverse transcriptage or
Sequenase was performed according to our published
procedures (Takiff ef al., 1989).

(e) Galactokinase enzyme assays to measure lermination
and antitermination

Galactokinase enzyme assays were performed as
described (Adhya & Miller, 197%; McKenney et al., 1981).
Termination activities are calculated from the galacto-
kinase values measured at 42°C with pMZ2456 and
pMZ278 in strains lacking the phage A N protein. Plasmid
pMZ245 carries the {R1 terminator while plasmid pMZ278
lacks tR1.

N-dependent transcription antitermination activities
are expressed as percentage of terminated transcripts
which are antiterminated. To determine the transcription
antitermination frequency, it is necessary to subtract the
number of transcripts which escape termination in the ¥~
conditions, i.e. the N~ level of galactokinase through
pMZ245. This number is subtracted from the tota) tran-
scription initiation events for pMZ278 and from the N*
readthrough levels of pMZ245.

Termination frequency is determined in the N-defective
strains and is calculated according to the following
formula:

galK units from pMZ278 —galK units from pM7Z245
galK unitg from pMZ278
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Transcription antitermination feequency is caleulated
according to the following formula:

galK units from pMZ245 (N* strain)
—galK units from pMZ245 (N~ strain)

galK units from pMZ278 (N* strain)
—galK units from pMZ245 (N~ strain)

Although the results presented in Tables and Figures
represent data from a single experiment, similar results
were obtained from at least 3 independent experiments
with the variability in the data being less than 159,

(1) Competition assay

The method emploved was essentially that described by
Friedman et al. (1990). Briefly, a log phase culture of
K. coli strain K450, carrying the indicated plasmid, was
infected at a multiplicity of 0-1 with 4cJ60. The pKK223
3 plasmid derivatives have nutR regions either with
boxA* or box A5 cloned downstream of prae. Each of the
infected bacterial cultures was divided into 2 parts, 1 of
which was made 1 mM in isopropyl-§-p-Thiogalactoside
(IPTG) to induce maximal transcription of the cloned nut
site. The cultures were grown at 40°C and at the indicated
times portions were removed and lysed with chloroform.
The lysate wag assayed for its phage titer.

3. Results
(a) N-dependent transcriplion antitermination

Plasmid pMZ245 provides a system to quantify
transcription antitermination at the Rho-dependent
AtRI terminator. The starting vector, pMZ240,
contains the wild-type lac promoter directing tran-
seription of the structural gene for galactokinase,
galK (Fig. 1). A contiguous 400-base pair (bp) frag-
ment of phage 4 DNA, containing the distal end of
the cro gene, nutR, tR1, and the proximal part of the
el gene, was inserted between the promoter and
gulK reporter gene (Fig. 1}. To measure transcrip-
tion termination free of the effects of ribosomes
translating the RNA, we constructed the vector

guch that transcripts initiated at the lac promoter
do not contain rihogome binding sites upstream of
tRI {(Warren & Das, 1984; Zuber ef al., 1987}, To
measure galK expression from the lgc promoter
unimpeded by a terminator, and thus to determine
the value of 100%, read-through, we made pMZ278
a derivative of pMZ245 deleted for {R1 (Fig. 1}.
The efficiency of termination at t&#f under N~ or
N* conditions has been calculated from the
measurements of galactokinase expression from
pMZ245 and pMZ278 {Table 2). In the absence of
N protein, tRI termination reduces galactokinase
levels more than 25-fold {Table 2). In the presence
of N, the galactokinase level expressed from
pMZ245 approaches the level expressed from the
control plasmid pMZ278. When nutf is deleted from
pTAP27(nutRAZ8), termination at tR1 still occurs
but N-dependent transcription antitermination is
eliminated, demonstrating the central importance of
nut R in N-dependent antitermination (Table 2).

{b) The dispensability of boxA in N-dependent

transcription antitermination

In a previous study, we found that pMZ245-
derived plasmids, having nut regions from which all
of boxA and over 100 nucleotides upstream had been
deleted, maintained the ability to direct
N-dependent transecription antitermination at the
Rho-independent terminator ¢t (Zuber et al., 1987).
In the current study, we examine the role of box 4 in
N-mediated  transeription read-through  of
Rho-dependent terminator tRI employing altered
boxA sequences that include both nucleotide substi-
tutions as well as a set of nested deletions {Fig. 2).

To assess the role of boxd in our tester plasmid
system, we first determined that boxd mutations
(boxAl, boxAd and boxA16), known to alter N anti-
termination in the A genome (Friedman & Olson,
1983; Olson et al., 1984; Robledo ef al., 1990,

Table 2
N-dependent transcription antitermination
(ralactokinase unitst Percentagel
Plasmid tRI1§ nutR§ N Nt {T) {A)
pMZ278 A A 2594 2610 0 :
pM7Z245 + + 1963 96 74
pTAP27 + A 248 91 1

1 E. coli derivatives TAPGT (N*) and TAP112 (N ) with a defective AeF857 prophage. These strains
earry the indicated plasmid and were grown at 32°C to log phase and then shifted to 42°C for 60 min to

induce N expression before measuring galactokinase.

} Percentage transeription termination (T) and antitermination (A) are calculated from the
galactokinase units (see Materials and Methods for rationale):

2594 —102

Termination for pMZ245: ————— x 100 =969
ermination for p T o

Antitermination for pMZ245:

1963 — 102
L T X 100 =749
2610102 0 °

§ A + indicates {81 or nutR is intact: A, indicates tR7 or nutR is deleted. Plasmid pTAP27 contains

the deletion nutRAZS of Fig. 2.
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Table 3
Effects of nus mutations on transcription antilermination af tR1 when the nut
region has the box AA3T mutation

9, Antiterminationt

box4 ‘ nust nusAl nusBS nusDO26 nusk71
bord™* 76 16 25 27 16
boxAA3T 77 15 70 18 39

T Plasmids pMZ245 (boxA™*) and pZSZ37 (pMZ245boxAA37} were transformed into isogenic strains
that either express N (TAP67) or fail to express N (TAP112) and have nus alleles indicated (see
Table 1). Galactokinase levels were measured and transcription termination and antitermination
percentages were determined as in Table 2. Percent termination under N~ conditions for the boxA*
construct in nus™ was 969; in nusdt was 959;; in nusBS5 was 939 in nusD026 was 81%,; in nusE71
was 859%,. For the boxAA37 mutant, percent termination values were slightly reduced (less than 109,)
relative to box A" for each strain. As described in Materials and Methods and in Table 2, the differences

in termination levels are taken into account in determining percent antitermination.

N. Costantino, Z. Zhang, & D. Court, unpublished
results), have similar effects in the tester plasmid.
The boxdAl point mutation exhibits slightly
enhanced transcription antitermination levels over
the levels seen with boxA™ in both nus™ and nusA1
hosts, whereas, the boxAd and boxrd 16 mutations
greatly reduce antitermination in nus* (Fig. 2).
The deletions of boxd can be divided into two
functional classes. One class includes the shortest
deletions boxAAY and boxAAIl which, like the
box469 substitution (Fig.2), partially reduce
N-mediated transcription antitermination. The
gecond class, the longer deletions (A40, AA37, AA30,
AA28B), extend further upstream of bozd (Fig. 2).
Note that this second class allows levels of
N-dependent antitermination comparable to those
observed with the wild-type boxA sequence (Fig. 2).

(¢} Role of Nus factors in N-mediated
transcription antitermination

It appeared paradoxical that a nut region with
the boxA5 point mutation fails to support
N-mediated antitermination, while boxA deletions,
like box AA37, support the process. One explanation
for these findings could be that changes in boxA
associated sequences modify the host factor require-
ments for effective N action. We tested this hypo-
thesis using pMZ245 derivatives with the deletion
borAA37 or wild-typed boxA to compare
N-mediated antitermination in hosts with different
nws mutations. This analysis showed that
N-mediated transcription antitermination from
pMZ245 {(boxA*) is reduced as expected in hosts
with the nus mutations indicated in Table 3,
showing that wild-type NusA, NusB, NusD (Rho),
and NusE (810) all are required for effective anti-
termination at tRI when the nut region contains a
wild-type boxA sequence. The effects of nus
mutations are very different when the nut region in
pMZ245 has the boxAA37 deletion. N-mediated
transcription antitermination was significantly
reduced in hosts with either the nusd? or nusD026
mutations, less reduced 1n a host with the nusE71

mutation, and not significantly reduced in a host
with the nusB mutation. Thus, with a boxrAA37
deletion in nutR, wild-type NusA, Rho, and, to a
lesser extent, 810 are required, but surprisingly,
NusB is not required for effective antitermination.

It was possible that the boxA deletion lowered the
level of NusB required for antitermination, since
there is evidence that a residual level of functional
NusB is contained in nusB5 mutants, In fact, a
high-copy plasmid containing a nusBd mutant gene
compiements a nusBj mutant cell for 1 growth
(T. Patterson & D.Court, unpublished results).
Furthermore, the nusB5 mutant, unlike amber and
msertion mutants of rusB, grows at temperatures
below 30°C. Therefore, we re-examined the require-
ment of NusB for antitermination in a host with an
I510 insertion within the nusB gene (Taura et al.,
1992}, As with the nusBS mutant, the insertion
mutant prevented efficient_antitermination when a
wild-type nutR region was used (189, antitermina-
tion) but had little, if any, effect on N-mediated
antitermination when a boxd deletion was used
(739%, antitermination). Thus, deleting boxA
bypasses the requirement for NusB. .

These apparently contradictory observations led
us to extend our analysis of the role of boxd in
N-mediated transcription antitermination to
include a variety of boxd mutations (Fig. 2). Again,
the pMZ245 vector was employed and the role of
Nus factors was assessed using hosts with either the
nusAl or nusB5 mutations. If boxA is deleted from
the wut region, the level of transcription anti-
termination varies little in hosts with the nusBS
mutation from that seen in hosts that are wild type
at the nus loci (Fig. 2). In fact, pMZ245 variants
with deletions of boxA that retain full transcription
antitermination activity in a nus* host are as func-
tional in a nusBS5 host. Moreover, those derivatives
of pMZ245 with deletions of box4 that impose
significant reductions in N-mediated transecription
antitermination (e.g. boxAA$) exhibit no further
reduction in the nusB5 mutant host (Fig. 2).

In contrast to the above results, derivatives of
pMZ245 containing nut regions with long or short
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boxA deletions exhibit a further reduction in tran-
seription antitermination in the nusd mutant host
(Fig. 2). Similarly, a pMZ245 derivative containing
a nut region with the boxrds point mutation exhibits
a low level of antitermination in a nus™ host that is
lowered more in a nusA7 host (Fig. 2). Collectively,
these latter results suggest that NusA acts indepen-
dently of bozA, in confirmation of our previous
results (Zuber ef al,, 1987).

Deletion of 10 bases (A10) between cro and box A
(leaving boxd intact) causes a small but reproduc-
ible stimulation of N-mediated antitermination in
nus*™ (Pig. 2). As indicated, this antitermination is
dependent, upon hoth NusA and NusB.

{d) NusB competition with a transcription
antitermination {nhibitor

To explain our results, we suggest that the bord
region can inhibit antitermination, and this inhibi-
tion is counteracted by binding of NusB protein to
borA. The inhibition by boxAd may be direct or
mediated through another protein that binds box 4.
In either case, deletion of box4 would obviate the
requirement for NusB, By either model, the anti-
termination phenotype of base substitution
mutations in boxA would depend on whether they
alter the inhibitor function or prevent the action of
the NusB anti-inhibitor.

We tested the specific hypothesis that an inhibi-
tory factor can bind to boxd using a previously
developed in vive competition assay (Friedman et
al., 1990). The competition assay takes place in a
cell with two added components: (1} A plasmid with
a cloned nut region downstream of the inducible
Prac promoter to allow regulated transcription of
the nut region. (2) An infecting A to determine the
effectiveness of N-mediated antitermination as
meagsured by phage burst. If there is an inhibitory
factor in the cell that binds to the boxd region, the
model predicts that competition between NusB and
the putative inhibitory factor for boxd could regu-
late the outcome of N-mediated transcription anti-
termination and phage development. By using a
nusBs mutant to host the competition experiment,
we limit the functional levels of NusB in the cell and
restrict the burst of the infecting A, presumably
because the inhibitor competes effectively with the
limiting NusB for the 2 boxd sites, thereby
preventing N antitermination. We predict that
transcripts of the wild-type boxd sequence would
bind NusB preferentially. In the nusB5 mutant
host, this binding would further limit the level of
NusB. Transeripts of the mutant box A5 sequences,
on the other hand, would be expected to select and
hind the inhibitor instead of NusB.

The yields of 4 following infection of the nusBS
host in the competition assay (Fig. 3) are consistent
with the proposal that an inhibitor binds boxA and
binds the boxA5 mutant more avidiy. In the pre-
senice of the fully transcribed (induced with IPTG)
plasmid-based nut region with boxAd, there is
substantially greater phage production than in the
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Figure 3. Suppression of the rusBS mutation by
transcription of a plasmid-based nuf region with the
boxrA5 mutation. For experimental protocol see Materials
and Methods. The yield of A per infected bacterium
(carrying the nusBJ mutation) is shown at various times
after infection. Data are shown for 1 of 3 independent
experiments in which similar results were found.
Maximum phage yields from the same bacterium but
containing the vector plasmid pKK223-3 were ~20 per
cell with or without the addition of IPTG (kinetic data
not shown.)

non-induced control. In contrast, in the presence of
the fully transcribed wild-type box4 region, there is
reduced phage production relative to the uninduced
control. In the controls where transcription of the
nut regions is not induced (no ITPG), neither the
presence of wild-type nor the box.A5 mutant plasmid
suppresses the nysBd mutation; the phage bursts
are low and similar to those found in nusBd cells
without the plasmid (data not shown).

The increased A burst caused by transcription
(induced with IPTG) of the plasmid based nut
region containing boxzAS5 supports the idea that
there is titration of an inhibitory function. Likewise,
the decreased 4 burst caused by transcription of the
wild-type nut region (boxrA*) is consistent with its
RNA competing for the limited amount of NusB
activity in the nusB5 mutant cell. Neither of these
results is easily explained by the alternative model
in which boxA RNA directly inhibits the anti-
termination complex.

4, Discussion

Genetic and biochemical studies have shown that
N-mediated antitermination requires, in addition to
N protein, host Nus proteins and cis- acting sites
called nut. These studies show that N and Nus
proteins bind to the RNA transcript of nut and
modify RNA polymerase (Das, 1992; Roberts 1993).
The nut segment is composed of at least two com-
ponents: box B which interacis with N, and boxA, a
nine-nucleotide sequence upstream of boxR, which
interacts with host factors (Friedman & Gottesman,
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1983). We have analyzed several deletion and
substitution mutants of the nutR site for their effect
on franscription antitermination at the {RI termi-
nator. As expected, deletions of the nutR site
including hoxA and boxB eliminate antitermination
at tRI! completely. Interestingly other deletion
mutations that encompass box 4 alone are not defec-
tive for N-mediated transcription antitermination
at either the Rho-dependent terminator tR1 (Fig. 2)
or the Rho-independent terminator ¢t/ (Zuber et al.,
1987}. Thus, surprisingly, deletions that remove all
of the boxrAd sequence exert minimal effects on
N-mediated antitermination, whereas single base
substitution mutations, box A5 and boxAI6, severly
reduce antitermination (Olson ef al., 1984; Robledo
et al., 1990). Adding to the complexity, the boxA
deletions that fail to interfere with efficient
N-mediated antitermination nevertheless change
the requirements for host Nus factors. When the nut
region is intact, antitermination is significantly
reduced if the bacterium lacks any one of the func-
tional Nus proteins. Tf, however, the nui region
contains a deletion of the bord segment (e.g.
boxAA37), antitermination shows reduced depen-
dence on NusE and no dependence on NusB.
Antitermination observed in the nusB5 mutant is
not dependent upon residual NusB activity since a
similar level of boxA-independent antitermination is
also observed in a strain with an IS10 insertion
mutation in nusB. These results are consistent with
previous studies suggesting that boxA is the site at
which NusB interacts to carry out its role in
N-dependent. transcription antitermination
(Friedman e al., 1990), and they also suggest an
additional role for boxA.

Point mutations in boxd could be more defective
for antitermination than deletions if the boxz4 region
of A has the added potential to interfere with the
transceription antitermination process. The boxA
RNA itself may bind to and inhibit some com-
ponent of the transcription antitermination
complex. Alternatively, a host factor may bind to
boxA and inhibit the transcription antitermination
process. Considering the results of a competition
assay, we favor the latter explanation and propose
that the function of NusB protein, at least in part, is
to prevent this interference and allow transcription
antitermination. In the competition experiments,
transeription of a plasmid-bagsed nutR region
containing the bowrAd mutation suppressed the
defect in A development caused by the host nusBS
mutation. This suggests that the mutant boxAd)
ENA removes a frams-acting inhibitor allowing
more effective expression of phage functions.
Further, this would imply that the box45 RNA has
a relatively greater affinity for the inhibitor than
does the analogous wild-type nutR RNA and/or that
NusB does not compete effectively with the inhibi-
tor for binding the boxA5 mutant RNA (Fig. 4).
Accordingly, when A carries the box A5 mutation in
nutR , the inhibitor would be selectively bound
resulting in a failure of N-dependent transcription
antitermination of rightward transeription and poor

expression of functions essential for lytic growth
{Olson et af., 1984; Robledo et af., 1990; N.
Costantino, Z. Zhang & D.Court, unpublished
results). In an analogous manner, when the nut
region located on the plasmid used in the competi-
tion assay has the boxAS§ mutation, it would selec-
tively bind the inhibitory factor, lowering the
effective cellular concentration of this factor
thereby reducing the requirement for NusB. When
boxA is deleted, NusB would not bind nut RNA,
but, if the inhibitor also cannot bind, NusB is not
needed. The relative concentrations of inhibitor and
NusB in the cell should influence the function of N
and resultant phage development.

Surprisingly nut regions with short deletions
removing just boxd are quite defective for anti-
termination, while those with lenger deletions that
remove upstream sequences in addition to boxd, are
not defective. However, both nut regions with small
or large deletions are NusB-independent for their
N-mediated antitermination. Presumably the
inhibitor site remains at least partly functional in
the shorter deletions. The recognition site for the
inhibitor may only partially overlap that of NusB
(Fig. 4B}); it is also possible that there is more than
one type of inhibitor and site. The longer deletions
of boxA include the translation termination site for
the cro gene of 4 (Fig. 4); such a site is suspected (o
bind translation termination factors (Craigen &
Caskey, 1987). We find that a deletion of the ten
bases between cro and box4 had a small but repro-
ducible stimulatory effect on N-mediated anti-
termination that is NusB-dependent. Since NusB
has been previously implicated in translation
control (Taura et al., 1992), we speculate that other
translation factors may be able to compete with
NusB and regulate the activity of the N-mediated
transcription antitermination complex by binding
to this segment upstream of boxA.

We have demonstrated previously (Friedman et
al., 1990) that variants of the boxAd sequence, both
natural and mutant, observed in lambdoid phages
can be ranked in a hierarchical arder on the basig of
function. The functionally most effective boxA
sequence, borAd,,, is also the consensus sequence
derived by a comparison of the naturally occurring
boxA sequences. When boxd,,, (CGCTCTTTA) is
substituted for the natural sequence (CGCTCTTAC)
in the A nutR region, defects in A growth caused by
nus mutations are suppressed (Friedman ef af.,
1990). High-level transcription of the plasmid-based
nuf region containing boxA,, impedes A growth,
suggesting that boxrA,,, RNA competes for cell
factor(s) limiting to N-dependent transcription anti-
termination. Competition for A growth is reversed
by supplying excess NusB from a plasmid. Thus,
NusB appears to be the limiting component that is
titrated by boxd., BNA, either by interacting
directly with box A, or by interacting with another
factor bound to boxd,,. This interpretation is
supported by in vitro studies (Mason et al., 1992q;
Nodwell & Greenblatt, 1993) that shows NusB and
810 form a complex with each other and bind to the
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Figure 4. Mode! for NusB regulation at boxd. A, The sequence of the RN A segment from the ero gene of 4 through the
nut i signal is shown with a representation of how RNA polymerase (RNAP) and the Nus proteins might interact at the
nut site. The boxA sequence is enclosed in the open rectangle, and the boxB sequence is defined by the stem-loop, The
spacer sequence includes the 8 bases between boxd and boxB. The bases of the spacer and box A that appear in bold
indicate the minimal nutR sequence that is required for N-dependent transcription antitermination (Zuber ef al., 1987).
The underlined UAA sequence is the translation stop codon for the Adero gene. NusA, 810, and NusG are shown as
contacting RNA polymerase; connections between any 2 proteins indicate binding has been demonstrated (Greenblatt &
L4, 1981; Mason & Greenblatt, 1991, L ef al., 1992). NusB is placed above the hoxrd RN A to which it is presumed to bind,
and N is shown at the loop of box B to which it binds (Das, 1992). RNA beyvond the nui B region remains attached to the
transcribing RNA polymerase. B, The same RNA segment but containing the boxrA44 mutation (G—U change in bold
type face) is shown with the representation of how RNA polymerase and Nus proteins might interact when inhibitor
binds, preventing an antitermination complex. The 10 bases upstream of boxr4d are shaded to indicate a sequence that
with oz A may be involved in binding inhibitor protein(s). This complex will terminate at the nearby Rho-dependent ¢R7
terminator.

box 4., sequence found in the leader regions of rrn
operons. This RNA binding requires a mixture of
both NusB and $10; individually, neither binds.
Thus, in witro, Nodwell & Greenblatt (1993} could
not dermonstrate which component of the NusB-810
complex bound directly to boxA.,, nor could they
demonstrate binding to the wild-type boxA
sequence of 4 nuf. They determined that the fune-
tional hierarchy of boxd sites reflects an affinity for
the NusB-S10 complex; the most efficient site being

boxA_,,. Our results indicate that in vive it is NusB
that binds to the boxA portion of A nutR. This
binding presumably requires the NusB-S10
complex. We do not understand why binding to the
2 boxd RNA could not be demonstrated in witro
(Nodwell & Greenblatt, 1993) unless a component(s}
active ¢n wive wag missing in the in witro reactions,
or as suggested by Roberts (1993}, the boxd
sequence in A functions differently from doxA of the
rri. operons used by Nodwell & Greenblatt (1993).
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For example, the adjacent 1 boxB signal may alter
the boxd requirements.

According to the model proposed here, we suggest
that NusB-810 binds box4 and prevents inhibitor(s)
from binding. By binding to boxA, NusB may also
facilitate the entry of S10 into the antitermination
complex (Fig. 4A). In the absence of NusB (or with
the boxA5 mutant) inhibitor(s) bound at boxA
might prevent S10 from interacting with RNA poly-
merage to form a stable complex (Fig. 4B). The
boxA5 mutant that we postulate to bind the puta-
tive inhibitor, for example, is as defective (119,
antitermination in Fig. 2) as a nusE77 mutant
{169, antitermination in Table 3). It remains to be
determined how the requirement for S10 iz satisfied
in the boxAA37 deletion mutant. Note that in the
deletion mutant, nusf™* cells were some twofold
more active for antitermination than the nusE71
cells (Table 3). This suggests that S10 is still
required for full activity and therefore might enter
the antitermination complex by an alternative
pathway, i.e. one that is independent of hinding
with NusB to bexd. In this regard, in vitro experi-
ments by Mason & Greenblatt (1991) have indicated
that S10 may bind to RNA polymerase indepen-
dently of Nush.

The regulatory role for NusB and the box4A RNA
raises another question. Do NusB and boxd also
partake in the actual process of transcription anti-
termination by the N system, or do they only act in
a regulatory role by modulating the binding of the
inhibitory factor and bringing $S10 efficiently to the
antitermination complex?! N-dependent transerip-
tion antitermination in vitro can proceed with anly
N, NusA, and nut components present (Whalen et
al., 1988). This minimal system is able to function in
the absence of boxd; however, the efficiency of the
minimal system decreases significantly as the
distance between nut and the terminator is
increased (W. Whalen & A. Das, personal communi-
cation). It is postulated that other Nus proteins are
required to stabilize the N-NusA minimal complex
in order to maintain efficient transcription anti-
termination over long distances (Mason et al,
19926). In this regard, it is possible that in the
absence of borA and NusB, the in wivo efficiency of
transcription antitermination will be high only for
terminators, like tR7, near to nuf; distant termina-
tors may require NusB as part of the antiterminator
complex. We should note, however, that the
minimal NusB- and boxA-independent transerip-
tion antitermination observed here still requires the
other Nus factors for full antitermination at (R,
while the minimal system observed in vitro requires
only N and NusA (Whalen et al., 1988; Mason et al.,
19926). Thus, there may be reason to guestion
whether the in wvitro reaction fully mimics what
OCCUrS 7 Pive.
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