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STIMMARY

An in vitro assay has been developed for the activity of the N gene

product (pN) of bacteriophage tr, based on the N-dependent stimulation of

trp nRNA synthesis frorn the DNA ternplates of ).t:g transducing phages. Using

this assay system, we show (a) Ehat the stinulation of trp nRNA synthesis

by pN requires the nutl, seguence on the tr chromosome and (b) that pN can

participate in vitro in the formation of RNA polymerase complexes that

are competent for the transcription antitermination observed in our system.
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INTRODUCTION

Efficient transcription of the delayed-early genes in phage I is dependent

upon the antitermination activity of the phage gene N produet (pN). In the

absence of pN function, transcription from the g, and g* phage promoters

is terminated at sites, Sl and fur, through the action of the host-specified

rho factor (Roberts,1969)

The mechanism of the antitermination activity exerted by pN is not clearly

understood. Some evidence indicates that pN at some stage interacts with

RNA polymerase to effect antiterni-nation (Georgopoulos,L9TL; Gtrysen and Pironio,

L972; Epp and Pearson,1976; Baumann and Friedman, L976; Sternberg ,Lgl6). Salstrorn

andSzyba].ski(197B)havesuggestedthatthiSassociationmayprecedethe

initiation of transcription, or possibly occur during transcription, at the

nut site on the ). chromosome. tr'rom anal-yses of genetic hybrids formed in

crossesbeLweenre1atedbactriophageswithdiverseN-1ikegenefunctions(

Salstrom and Szybal-skir1978; Salstrom et al. ,L979), and from the genetic and

sequence analyses of nutl. phage mutants (Salstrom and Szybalski,L978; Rosenberg

et a1. ,Lg77) defective in the recognition of pN for antitermination, the

nurl. site is inferred to:""..i?e l-eft of the pL promoter.

Here we demonstrate in vitro that (a) pN stimulates trp mRNA synthesis

on trgrg DNA by overcoming transcription termination barriers within the

translocated trp operon segment, and (b) like in vivo, pN activity in this

assay depends on the integrity of the nutl, site of )..
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MATERIALS AND METHODS

a) Strains. Al■  bacteria, bacteriophages and p■ asmids emp■ oyed in this

study are listed in Table 1. The rifr mutant of E.coli Al9trpAEl was

spontaneously isolated and rnapped at the rpoB locus on the E.co1i chromosome

by P■ kc transduction.

b)ユ VitrO transcription system and RNA assay.  The reaction mixture

(0.42 ml) contained 40 mM Tris― HC■  (pH 7.8), 6 nMIβ―mercaptoethano■ , 50

mM KC■ 9 ■O mM MgC■2' 
°・2 mM each of ATP, GTP,CTP and [3H]…uTP (0.60 mCi/

vmo■e), ■ mM K211P° 4, 5 11g of phage DNA and various amounts of nuc■ eic acid―

free S―■00 proteino  ln the experimeits emp■ oy■ng purified二 .co■i RNA

polymerase, the reaction mixture (0.2 ■1)contained 40 mM TrisTHCl (pH 7.8),

6 1nM β―mercaptoethano■ , 50 mM KC■ , ■O mM MgC■2' 
°・2 mM each of ATP,GTP,CTP

and [3H]_uTP (1.2 mCi/11mO■ e), 5 ug of phage DNA and 3 ug of二 .co■i RNA

po■ymeraseo  After incubation, reactiOn mixture was treated with 5 11g of

pancreatic DNasett for 5 min at 30°  C and fo■■owed by the a`ditiOn Of o.1

ml of 5 % SDS.  The mixture was then quickly chi■ led to O °C.  The RNA was

etttracted with pheno■ , precipitated with ethano■  at …20° C and disso■ved

.         in 3 X SSC (■
 X SSC: 0。■5 M NaC■ -0。 0■5 M sodium citrate)COntaining ■ mM

EDTA.  The trp mRNA was assayed as described previous■ y (Ishii and lmaIIlotO

■976).  The N mRNA was dete.mined by DNA… RNA hybridization with l― strand

DNA of 製 56 and tth―■ P,ages.

C) Preparation Of nucleic acid… free S―■00 extracts. Ce■■s of A■9聾 El,

「 A■9響 lr・fr and A■9岬 ■(pYS5)were grOwn at 30°  C in L―broth to 4 x

l。
8 cells/ml.  The cu■

tures were quick■ y heated to 42・ C for 12 min and

then rapid■ y coo■ed to 37°  C for ■O min further incubationo  ln the case
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of phage infection, cultures of Algtr2.AEl were grown to 4 X 108 ce11s/nl

in L-broth (30' C) and infected at a multiplicity of 5. After a 15 min

(stationary) adsorption period at 30oC, the cultures were incubated

aerobically for l-0 nin at 30oC. The cultures \tere mixed with sufficient

crushed ice to lower the temperature below 4"C within a few seconds. The

cells were harvested by cent,rifugation, washed with buff.tl..06[10 mM

Tris-HCl(pH 7.8), 60 mM KCl, 10 nI,I MgClr, 6 d B-mercaptoethanoll and

then suspended in the same buffer. Cel1s were l-ysed by sonication and

the lysate was centrifuged for 3 hrs at 37,000 rpn i-o[fr" SW50.1 rotor of

the Beckman nodel L ultracentrifuge. The clear supernatant was removed

to yieJ-d the 5-100. The extract was adjust to 0.4 M KCl and loaded onto

a DEAE-cellul-ose colunn previously equilibrated with buff.tl..4[10 mM

Tris― HC■ (p■ 7.8), 0.4 M KCl, 10 mM MgC12' 6 mM β―mercaptoethano■ ].  The

column was washed with the same buffer, and fractions containing the

ye1-1ow color were pooled to yield the nucleic acid-free 5-100. After

addition of solid anrmonium sulfate (56.1 g/100 rnl of nucleic acid-free

S-L00), the resulting precipitate hras resolved in bufferlO.O6 and dial-yzed

against bufferl'.O.. After dialysis, the extract can be stored for up to
o v.vv

6 months at -70oC before pN activity is assayed.

d) preparation of phage DNA. Phage DNA's rrere prepared as described previously

(Ishii and Imamotorl978) and dissolved in a 10 mll Tris-HCl buffer

(pH 7.8) after dialysis against the sol-ution, and stored at 4oC. Isolated

).cI90, trbio255 and ),bio3h-l phage DNA strands were prepared by the poly

(u,G)/csct technique (Bdvre et a1.,1971).

e) The other naterials and methods used in the present experiment.s rrere

as described elswhere (Ishii and Inamoto, tglO>.
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RESULTS AND DISCUSS■ ON

In vitro transcription system responding to pN function. Quantitative

estimates of pN activity have been accomplished by using DNA-directed

transcription-translation systems to synthesize particular proteins. Two

such systems have been reported: in one, pN permits transcription originating

at the pR promoter to extend into gene R, resulting in the synthesis of

endolysin (Greenblatt,Lg72) ; and in the other, pN a11ows anthranilate

synthetase synthesis as a result of readthrough frour pO into trp on a ltrp

DNA template (Dottin and Pearson,1973). trIe have developed a transcriptional

assay for pN function in vitro based on the pN-dependent stimul-ation of

trp rnRNA synthesis from a ltrp DNA template, a reaction catabyzed by a

nucleic acid-free extract of soluble protein (5-100) frorn E.col-i. In the

),trp phages, the distal part of the trp oPeron (trp D,C,B,A) is fused to the

N operon such that transcription of the trp operon segment depends on the

p1 promoter (see Fig.1) and oecurs in the absence of translational activities.

Transcription initiating at the g1 pronoter of ).trg48 in the absence

of N function is frequently terminated at at least two sites inside the trP

operon segment (Nakamura et al.,1978a; Nakamura et al. '1978b). The first

such site is located in the trpD gene and the second site is in the trpc

gene (see Fig.1). However, termination of transctiption at these sites

in vivo appeares to be leaky, since some expression of the distal trp genes

is observed. In an in vitro transcription system employing purified E.coli

RNA polynerase, this background or "read-through" transcription of -4_ genes

CrB and A can be almost entirely eliminated (a) by deletion of the low level

p2trp promoter and (b) by the addition of a relatively high eoncentration

(3S ptTtot) of purified rho factor. In this system, the overall rate of trp

D mRNA synthesis was reduced by about 30 % of the level observed in the absence
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of rho factor (data not shown). Most of the trpD mRNA molecules produced in

the presence of rho factor were short, sedimenting as a symmetrical peak

of about 16 S (Fig.2a). Sediurentation of the RNA synthesized in the absenee

of rho factor, however, revealed the presence of an additional species of

trpD rnRNA of about 23 S (Fig.2b). This indicates the presence of at leasr

one site where ternination of transeription is facilitated by rho function

at or near the middle of trp C-D region of ),trp48A!2trp.

When the nucleic acid-free 5-1-00 extract of E.coli Al-9!rpAE1 was used

instead of purified RNA polymerase, the overall synthesis of trp rnRNA directed

by ltrp48Ap.--_ DNA roas severely depressed (Table la). In these conditions-zErp
the synthesis of N nRNA from the promoter-proximal portion of the N-!g-

operon proceeded at a virtually normal rate. The observed low-level of trp

nRNA synthesj.s is therefore presumed to result from premature termination

of g"-initiated transcription at the specific site near to the trp D-E

boundary, where rho factor (endogenousl-y suppJ-ied) could function"more

efficiently in the 5-100 extraet than in the purified system. The data

presented in Table Ia reveal-s a renarkable stimulation (about 40-fo1d) of

trp nRNA synthesis when the 5-100 extract was used derived from the thermo-

induced E.coli A19trp\E1 carrying pYS5, a col-El-type plasmid constructed

in vitro which carrles the EcoRl-generated _c]tr-N-g_l-g. segment of phage IqIB57

(ts) croarn6 DNA. The two-fold higher level of trpCBA nRNA relative to trp

D nRNA reflects coordinate synthesis of trp nRNA fron the whol-e region of the

translocated trp operon segment in ).trg48 (cf. Nakamura et al.,1978a). This

is consistent with antitermination exerted at otherwise termination sites

within the trp operon segment.

Several lines of evidence indicate that it is pN itself that is stinulating

●
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ovela■ l synthesis of trp ttA in the in vitro system.  First, the stimulatory

effect of trp mRNA synthesis on u8△ 22trp DNA was a■ so ObServed With the

nucleic acid― free S―■00 extract from λ or λc1857tof12 -infected A■ 9製 1

(Table 1). In these cases, 
'however, production of nRNA frorn the promoter-

distal trp genes was less than that seen with the extract from the strain

carrying pyS5. Second, sLimulation of trp rnRNA synthesis was barely detectable

in the 5-100 extracts of Al9trpAE1 ce1ls infected with ).Nam7am53cl857totL2

or wirh 4irm,21 (Table 1). Third, the 5-100 extract of lNts8-infected A19

trpAEl showed little or no stimulation of trp mRNA synthesis at the non-

permissive temperature (40o C), but at 3Oo C stimuLated trpCBA nRNA as well

as tr or ltof.l2 (see Table 1c). Therefore, we conclude that the observed

stimulation of trp rnRNA synthesis is due to the activity of pN rather than

some other tr-coded protein whose synthsis is dependent on pN.

Comparing the relative factors of stimul-ation of trpD and trpCBA nRNA

synthesis by the various pN-containing 5-1-00 extracts on the ltrpaSAgr*

DNA ternpl-ate, we further conclude that the pYS5 pLasmid carrying strain,

designed to over-produce pN after temperature induction of this strain,

indeed yields about 25 tirnes more pN activity than in the thermoinduced

trcl857croam6 lysogen (unpublished data). Thus, using the pN-containing

5-100 extract fron pYS5-carrying cells, we compared the effectiveness of the

IgrpaSAprtrp DNA template relative to several- other trtrg DNA tempLates (see

Fig. 1). The results presented in Table 2 reveal that the factor of the

stinulation caused by the pN-containing extract was greater on.templates

with fewer transcriptional termination si.gnals. The decreasj.ng order of

stimularion was : Irrp4SAp Ztrpr ftrg48, ),t:g60-3(which retains a sLrong !N-

sire (Nakamura er a1.,1978b), and lqlaltftich bares two sL sites and at least

-A
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one t..- site) (see Fig.l). We note that in the experiment of Tabl-e2, the
-l\

individual- reactions were carried out in 3-100 extracts of AlgtrpAEl- to which

a smaller ali-quote of the pN-containing 5-100 extract was added. The amount

of trp nRNA synthesized on ),grga8A!2arp DNA in the pN-free 5-100 extract

was nearly proportional to the anount of pN-containing extracf added (see

Fig. 4a). Further addition of the pN-containing extract (more than 1 ng/ml)

caused a decrease in the level- of trp mRNA synthesis. I Under these conditions,

Lhe initiation frequency at pL in ).!ry DNA was not markedly affected by the

addition of increasing amount of the pN-containing extract to the pN-free

extract, indicating an excess of RNA polymerase in the latter extract (cf.

N nRNA levels in Tabl-e la and unpublished data). l

Interaction of pN with RNA polymerase. Using the foregoing transcrip-

tion assay system, we (a) demonstrated the functional association of pN and

RNA polymerase in vitro, an int,eraction which could be catalyzed, by the nutl,

sequenees of tr, and (b) ascertained in vitro the effect of a nutt- mutation,

a defect in the leftward site of N utilization. In the experiments described

below, increasing amounts of the pN-containing 5-100 extract of thermoinduced
+

Al-9!:gtE1(rtE') carrying pYS5 were added to a constant amount of the pN-free

5-100 extract of Al9grgA,El(Iift), in the presence or absence of rifampicin,

and the stimulation of lpnRl.lA synthesis from the lglg4SAprtrp DNA template

was ascertained. Tirst, in a control experiment, RNA polymerase from Algtrp

AEl bearing the :!fr mutation was found to be quite resistant t,o rifampicin

over the entire range of the drug concentrations tested (Fig. 3a); this is

in contrast to the enzyme from the isogenic r-if* strain and its pYS5-carrying

derivative, whi-ch were found to be sensitive to very low levels of rifanpicin

(fig.3, b and c). I In the experiments shownin Fig.3, a relatively low

●
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concentration of the extracts (one fifth amount of the protein ernployed

for standard assay) was used to alleviate premature termination of transcrip-

tion. ] Evidence that pN and RNA polymerase interact in vitro was obtained

in the experiments represented in Fig.4, a and b. Synthesis of trp nRNA from

l1gp48Ap"--- DNA in an extract of A19gfgA,El r,!lr r"" progressively stimulated:ZETD

by inereail* 
"o,o,rnts 

of the pN-containing extract from the rj-f* strain

carrying pYS5. The amounts of trp rnRNA synthesized in the presence of

rifampicin at all concentrations of pN tested (up to a maximum stimulation
vat a ratio of 4pf trlt to rig+ mlA polymerase) was about 70 7" xhat producedn

in the absence of rifampicin (conpare Fig.4, a and b). These results suggest

that newly formed pN-rifr RNA polynerase complexes participate efficiently

in the transcription of the N-!5g operon of Ulp DNA. !'le favor the possibiLity

that pN forms its initial association with RNA polymerase (holoenzyme) in a

post-initiational event, perhaps at the nutl, site, to stimulate trpCtre mnNe

synthesis.

When the DNA from ltqg48Aprtrp phage carrying the nutl44 mutation ri/as

used as template, the stimulation of trp nRNA synthesis by the addition of

the pN-containing extract was barely detectable, both j-n the presence or

absence of rifampicin (Fig.4, d and c). As a control to assess the overall

capacity of the assay system to overcome transcription termination barriers

on the template DNA, we examined the pN-dependence of transcription directed

by the Ih promoter and norrnally controlled i.n vivo by the nutR site. The

transcripts arising from the po promoter can be specifical-ly assayed by using-a(
the r-strand of IcI90 DNA as a probe in DNA-RNA hybridization. Under the

conditions employing ).trp48A!2aro nutl44 DNA as a template, the addition of

the pN-eontaining extract stimJtated transcription originating at the !*
promoter. Stimulation was observed both in the presence and absence of

●
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rifampicin, in eontrast to the failure to stimulate transcription initiating

at the g, promoter (Fig.4, d and c). The stimulation of !*-direcEed transcrip-

tion was roughly linear, depending on the amount of pN-containing extract

^ added, and was as efficient as that seen with ).trg48A!"*-- DNA (cf. Fig.4,
a

a and b).

These results support a previous conclusion by Salstrom and Szybalski

(1978) that the n"tl- muEation specifically prevents the action of pN on

transcription from the g, promoter. Furthermore, since the cell-free system

used lacks ribosomes and other essential components for translation, N-mediated

antitemination does not require any contemPoraneous translation of the mBNA.

The in vitro transcripLion assay system is anticipated to be useful to

determine the details of the interaction of pN and RNA polymerase.
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Legends to Figures and Tables

Table 1. Bacteria, bacteriophages_and plasmids emPloyed in this study.

Figure 1. Simplified molecular maps of ).3g9. phages.

The genetifi』
『『:』fi菫二ili∫ダォing phages are based on the data reported

Previous■y(Nishimune,1973り、Frank・ in,■974; Jackson and Yanofsky11972),  The map of

phage λt=234 is ba,ed 9n the data of heteroduplex mapp■ ng obtained by Fiandt

and Szyba■ ski (perSOnal communication)。   熱― indiCates pN― senstttive transcriP―

tion termination sites within the trp operon, observed in the absence of pN

:unctiOn in λtr2.  Interpretation of (■ N~) iS in the text.  The dotted lines

■ndicate de■ eted portions of the genome.

Table 2. In vitro synthesis of g"-directed nRNA from λtr248△22trp DNA in

the presence or absence of functional pN'-.

The reaction mixture containing 5 Ug of lgg4SQr.ro nh"t" DNA and 500

Ug of nucleic acid-free 5-100 protein was ineubated for 40 rnin at the

temperature indicated. The oLher eou-ditions are as described in Materials

and Methods.

Table 3.   pN―dependent stimu■ ation of trp mRNA synthesis on variOus 崚

DNA templates.

150 118 0f nucleic acid… free S―■00 protein from A■ 9trpAE■ (pYS5)or

A■ 9ゼ rpAE■ were added to the reaction mixtures containing 670 118 0f nuc■ eic

ac■ d… free S-100 prote■ n from A■ 9trpAEl and 5 11g of temp■ate DNA from var■ ous

phages.  The levels of trpD mRNA and trpCBA mRNA synthesized in the reaction

mlxture c6ntaining 670 11g of S-100 protein from A19trpAEl was ■43 cPm and

89 cpm, respective■ y.  The other conditions are as descr■ bed in Mater■als

and Methods.

●
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Figure 2. Sedinentation profiles of trpD mRNA synthesized by purified

RNA polyrnerse in the presence or absence of rho factor.

The reaction mixture containing 5 Ug of ltrg4SAlrtrp phage DNA and 3

Ug of E.coli RNA polymerase was incubated for 30 nin *ro C in the presence
a

(a) or absence (b) of 7 pg of rho factor. The other conditions are as

described in }daterials and Methods.

Figure 3. Effect of rifanpicin on jLIt nRNA synthesis catalized by 5-100

exrracrs of e19trpr914lr, A19gry\E1r:t:l+ and A19!ry\E1r!f,(pYS5) .

The reaction mixture contained 130 Ug of nucleic acid-free 5-100 protein

from AlgrrpAElrifr (a), A19qrg\Elrif+ (b) or A19!r",AElrtL+(pys5) (c).

Rifaupicin was present at the concentrations indicated. O-Q trpD nRNA; H f

trpCBA nRNA.

Figure 4. pN-dependent synthesi.s of trp mRNA and tr rnRNA from the ),9:g
I

DNA tenplate carrying the 4gtl.' or nutl44 al-l-el-es.

The conditions employed were the same as described in Table 3 except

that the reaction mixture contained 670 Ug of nucleic acid-free 5-100 protein
o from A19rgg\Elrifr instead of that fron Al9rgglE1r.if+. (lr) Iggp.4SAprtrpgl+

DNA template, in the absence of rifampicin; (b) Ig5g48Apr.r#t+ DNA remplare,

in the presence of rifampicin (100 Ug/nl); (c) I!rya84pZ.rp4l44 DNA template,

in the absence of rifampicin; (d) ),ggg48Agrgpgl44 DNA renplare, in rhe

presence of rifanpicin (J_00 Ug/n1). Fo, rrpCBA nRNA; C-€,pR-promoted tr

nRNA. The other conditions are as described in Materials and Methods.
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Tab■e l.

Strain Relevant characteristics Source or reference

Bacteria E.coli K12

Al-glrpAEl RNasel-ArrdaE1 rif+ Gestel-and(1969)
o mgttpAEri.lt RNaser-AtrpAEl rifr This study

Bacteriophages

trrro48Ao^ trpADClSlNanTam53fed-clAt2 h^ Nakamura et al. (1978a)"- L4trp
trrro48Aol nurl44 trpADClSlNanTan53fed cIAt2 htrnutt44 Salstrom and Szybalski(1978)z *zETri-_
Itrp4B trp(D,C,B,A)+ Franklin(Lgl4)

rtrp60-3 trp(E,D,c,B,A)* Nishirnune (Lg73)

rrrp34 trp(c,B,A)* This study

λNts8

λ

λimm'■

.     φ
80trpED

φ89trpCBA

Plasmids

pYS■

pYS5

-*
ApK derivative of colEl
ISE{-SI-Q segment of
l,c!857croam6 cloned in pYSl

Oppenheim and oppenheim(1976)

Takeda et a■ .(■ 975)

Takeda Ot a■ .(1975)

Tomizawa

Sato and Matsushiro(■ 965)

Deeb et a■ .(1967)

This study

This study

λcroam6c1857         N十

λc工857tof■ 2          N+

λNam7a■ 53c工857tof■ 2  NN

Nts

Nλ

N2■

λbio256c1857         △(att… Cコ圧:57。 3-72.55%λ )              SZyba■ ski and Szyba■ski(■974)

λbio3h-1■■■5         △(att―N857。 3-73.5%λ )                 SZyba■ ski and SZ,b五 ■Ski(■974)

λc190

* ApR: ampicil-in resistant
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Tab■e 2.

Source of pN Temperature

of assay

Presence of
functional pUl

mRNA synthesis (cpm)

trpCBA trpD Ｎ

一

(a)

pYS5

none

30° C

30° C

十
　
　
一

2,342

61

1,260

■50

1,040

840

(b)

λc1857tof■ 2

λNam7am53c1857tof12

30° C

30° C

＋

　

　

一

686

41

482

76

(c)

λNts8

λNts8

λ

λ

30° C

40° C

30° C

40° C

467

30

494

450

318

■00

305

288

十

+

+

(d)

λ

λimm21

30° C

30° C

452

101

297

323
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Tab■e 3.

DNA template Presence

of PN

mRNA synthesis (cpm)

trpCBA trpD

(a) λtr260-3

２

　

８

８

　

７

７＋

　

一

984

85

(b) λtr248

＋

　

¨

991

■07

■,2■ 7

■■7

(c) trlp4SAPzrrp
＋
　
　
一

1,■ 04

48

■,461

76

(d) λtr234
＋

　

¨

289

38

3■ 8

71
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