
Proc. Nati. Acad. Sci. USA
Vol. 74, No. 12, pp. 5305-5309, December 1977
Biochemistry

Phage T4-modified RNA polymerase transcribes T4 late genes
in vitro

(asymmetric transcription/positive regulation/virus development/streptolydigin/cellophane)

DIETMAR RABUSSAY AND E. PETER GEIDUSCHEK
Department of Biology, University of California, San Diego, La Jolla, California 92093

Contributed by E. Peter Geiduschek, September 2, 1977

ABSTRACT Initiation of T4 late RNA synthesis has been
achieved in an in vitro system prepared from Escherichia coli
cells infected with wild-type or maturation-defective mutant
T4 phage. The system uses a cellophane membrane as a me-
chanical support for concentrated cell lysates and for added
streptolydigin-resistant RNA polymerases. Transcriptional ac-
tivity and selectivity of added RNA polymerases are tested while
endogenous RNA polymerase activity is inhibited by strepto-
lydigin. T4-modified RNA polymerase is required for substantial
stimulation of T4 late RNA synthesis.

The control of gene expression during the development of T4
and other phage is mainly exerted at the transcriptional level.
It is useful to oversimplify the transcription program in terms
of three main classes of T4 genes that are expressed at charac-
teristic times during the T4 infectious cycle: (i) transcription
of early genes, which starts within the first minute after in-
fection; (ii) middle (frequently called "quasi-late") transcription
which follows at about 2 min (at 300); and (iii) transcription of
the late genes, .which almost exclusively code for structural and
assembly proteins of the virus and starts about 9 min after in-
fection. Some, but not all, early and middle genes are also
transcribed later in the lytic cycle. Lates gene expression, in
vivo, depends on concurrent T4 DNA replication and on the
function of several low molecular weight T4-specific proteins
that bind to RNA polymerase. These T4 proteins are gene
products 33, 45, and 55 and two additional proteins with mo-
lecular weights of 15,000 and 10,000. The presence of hy-
droxymethylcytosine instead of cytosine in the T4 DNA tem-
plate is also normally necessary for synthesis of late proteins (for
review, see ref. 1).
Some of this regulatory complexity has been recognized for

many years (2-4), yet its biochemical analysis has been greatly
hampered by the lack of efficient in vitro systems. Purified
RNA polymerases from uninfected or T4-infected Escherichia
coli either transcribe T4 early genes (in the presence of a) or
transcribe intact T4 DNA very poorly (in the absence of a).
Even isolated vegetative T4 DNA does not permit transcription
of late genes with purified RNA polymerases. Crude systems
from T4-infected cells have been reported to synthesize late
RNA in vitro (5-8). Various properties of these systems, and
of another in vitro system using mature T4 DNA (9), have
discouraged their use for deeper analysis of the late transcription
process.
We have developed an in vitro system that yields a high

fraction of late transcripts, initiates late RNA chains, and is
active for at least an hour (ref. 10, and unpublished data). When
isolated from appropriate genetic backgrounds, the system can
also be used for in vitro complementation assays of purified
components. Here we describe the complementation of T4 late
transcription by added T4-modified RNA polymerase. These
experiments open the way to a functional analysis of the dif-
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ferent subunits of T4-modified RNA polymerase and of certain
aspects of DNA template "competence" (1).

MATERIALS AND METHODS

Solutions and Chemicals. Streptolydigin (stl) was a gift of
The Upjohn Co., Kalamazoo. Ribonucleoside and deoxyri-
bonucleoside triphosphates were from P-L Biochemicals;
[3H]UTP and [14C]thymidine were from Schwarz/Mann.

Bacterial and Phage Strains. E. coli BE (su-) was used as the
standard host strain. Streptolydigin-sensitive (stlS, e.g., strain
DPR 4) and streptolydigin-resistant (stlr; e.g., strain DPR 4-10)
mutants of E. coli BE were isolated essentially according to
Schleif (11) and their RNA polymerases were tested as described
(12). stl blocks RNA chain elongation (11).
The following T4 maturation-defective mutants were use&

am N134-am C18 (double mutant in gene 33, designated below
as 33-); am BL 292 (gene 55); and the triple mutant am
N134-am C18-am BL292. T4 am M41 (gene e, lysozyme),
which shows a completely normal development but does not
lyse the host cell, was used as "wild type."
RNA Polymerases. Holoenzyme was prepared from E. coli

DPR 4-10 (stIr) by a combination of described methods (13, 14).
It had a specific activity of 53.0 units/mg with calf thymus
DNA and a T4/calf thymus DNA specific activity ratio of 2.2.
[One unit of RNA polymerase is the quantity of enzyme that
incorporates 1 nmol of ATP into RNA in a standard assay (15)
in 1 min.] Core enzyme was prepared by the method of Berg
et al. (16). The enzyme had a specific activity of 6.2 (calf thy--
mus) units/mg and a T4/calf thymus DNA specific activity
ratio of 0.3. Only f., ,B', and a subunits could be seen on stained
10% polyacrylamide gels when 2 jig of enzyme was electro-
phoresed in a 5 X 0.8 mm channel. T4-modified RNA poly-
merase was isolated from log phase DPR 4-10 cells infected with
T4 e- (8 plaque forming units per cell; 15 min at 370), by es-
sentially the methods that had been applied to the holoenzyme.
The specific activity was 17.9 (calf thymus) units/mg and the
T4/calf thymus DNA specific activity ratio was 0.25. Only four
phage-coded subunits, fl, ,B', a, and a trace of a, were detected
on gel electrophoresis when 3 ,gg of enzyme was run in a 9 X
0.8 mm channel. All RNA polymerases were stored in TMA-

Abbreviations: stl, streptolydigin; stls, stl-sensitive; stir, stl-resistant; SSC,
standard saline-citrate (0.15 M NaCI/0.015 M Na citrate, pH 7); CM
RNA, chloramphenicol RNA, a RNA sample from E. coli infected with
T4 for 5 min (30°) in the presence of chloramphenicol. gp n, protein
coded by gene n; MD, designation of maturation (late transcription)-
defective mutants; T4 n-, T4 am mutant in gene n; c.e., cell equiva-
lents; r-transcription and r-transcript refer to the process and product
of RNA synthesis that uses the T4 DNA r strand as template; PA RNA,
a preannealed mixture of "early" and "late" RNA from T4-infected
E. coli.
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glycerol buffer (0.025 M Tris acetate, pH 7.4/5 mM Mg ace-
tate/10 mM ammonium chloride/i mM mercaptoethanol/50%
glycerol) at -200. These stocks also contain residual (NH4)2SO4
in the range of 0.1-0.2 M.

Preparation of the In Vitro System. The procedure is based
on the method of Schaller et al. (17). E. coli BE were grown in
25 ml of Penassay broth at 370 in a rotary shaker bath (gener-
ation time, 25 min) to OD65o = 0.15 (0.6 X 108 cells per ml),
infected with T4 e- (10 plaque forming units per cell), and
supplemented with [2-14C]thymidine (0.01 ,Ci/ml, 53 Ci/mol).
Survivors (usually less than 0.1%) were determined after 1 min.
At 18 min after infection, cells were rapidly chilled, centri-
fuged,-resuspended in 1 ml of TGNO buffer (per liter, 0.5 g of
NaCl, 8 g of KCI, 1.1 g of NH4Cl, 0.2 g of MgCl2, 12.2 g of
Tris-HCI, pH 7.4, 0.8 g of pyruvic acid, 0.16 mM Na2SO4, and
2 mM CaCI2), recentrifuged, and resuspended in 62 Asl of
TGNO buffer.
One microliter of lysozyme solution (Worthington Bio-

chemical Co., Freehold; 1 mg/ml in 0.1 M potassium 4-mor-
pholinopropanesulfonate, pH 6.5) was spread onto a cellophane
disc (Kalle Einmach Cellophan, W. Germany) on agar plate A
(at 50). [Agar plates A and B were as in ref. 17 except that Noble
agar (Difco) and 10mM MgCl2 were used. ] One microliter of
the cell suspension (approx. 1.5 to 3 X 107 cells) was applied per
disc and spread out. After 30 min at 50, 1 ,l of RNA polymerase
(or TMA-glycerol buffer) was applied and the disc was trans-
ferred to agar plate B. Plate B was kept closed at 50 for 30 min,
then air (at 50) was blown over the discs to evaporate all "ex-
cess" liquid (this was judged visually).

In Vitro RNA Synthesis. The cellophane discs were removed
from the agar plate (50) and placed on a 50-,ul drop of incor-
poration mixture (1 mM ATP/CTP and GTP at 65 ,uM each/
[5-3H]UTP (12 Ci/mol), and unlabeled UTP in varying pro-
portions at a total concentration of 65 ,M/dATP, dCTP, dGTP,
and dTTP at 20 MM each/1.25 mM uridine/170,uM thymi-
dine/50,SM dithiothreitol/2.5 mM phosphoenolpyruvate/100
,uM NAD+/20 mM K 4-morpholinopropanesulfonate, pH
7.4/100 mM KC1/5 mM MgCl2). Drops of incorporation mix-
ture were placed in a closed plastic petri dish kept on a ther-
mostated brass plate at 250. The temperature, measured in the
drops, was 230-240. Standard incorporation time was 30 min.
The reaction was stopped by transferring the disc into a tube
with 1.5 ml of stop solution (1% sodium dodecyl sulfate/0.05
M EDTA/10% saturated Na4P207/denatured salmon sperm
DNA at 17.5 ,ug/ml; pH 7.0). The sample was heated in boiling
water for 2 min, chilled, precipitated with 1.5 ml of 10%
C13CCOOH, filtered through a nitrocellulose membrane,
washed with 2.5% C13CCOOH and 70% ethanol, dried, and
assayed for radioactivity in a toluene-based scintillation liquid.
Radioactivity incorporated into RNA was normalized for 108
cell equivalents by using the internal standardization provided
by the [14C]thymidine incorporated into DNA. (The latter was
determined by precipitating a sample of the bacterial culture
of known optical density immediately after harvesting.) If the
in vitro synthesized RNA was to be characterized by hybrid-
ization experiments, [3H]UTP (10 Ci/mmol) was used and RNA
synthesis was stopped by placing the disc in 0.5 ml of 0.1 M
EDTA/0.25% sodium dodecyl sulfate (pH 7.3), boiling for 2
min, adding sodium acetate (pH 5.2) to 0.1 M, extracting with
water-saturated phenol at 700, and dialyzing against 0.1 X
standard saline-citrate (SSC; 0.15 MNaCl/0.015 MNa citrate,
pH 7)/I mM EDTA.

Analysis of RNA. Synthesis of late T4 RNA in vitro was
characterized by hybridization to the separated strands of T4
DNA (18) and by RNA-RNA duplex formation (19). Because

almost all early RNA is transcribed off the I strand, while the
overwhelming part of late RNA is transcribed from the r strand
of T4 DNA, hybridization of an RNA sample to the separated
T4 DNA strands, in excess, yields a measure of the ratio of early
to late transcripts, provided that the symmetry of transcription
is low. The percentage of RNA hybridized to the T4 DNA r
strand was calculated as: (cpm hybridized to r X 100)/(cpm
hybridized to 1 + cpm hybridized to r). The hybridization ef-
ficiency was always greater than 70%. The symmetry of in vivo
and in vitro RNA was assayed by RNA-RNA duplex formation
with an excess of unlabeled T4 in vivo RNA. Two unlabeled
RNA probes were used.
The simpler probe consisted of RNA extracted 5 min after

infection of E. coli BE at 30° with wild-type T4 phage in the
presence of chloramphenicol (CM RNA) at 100 Mug/ml. This
RNA contains no antimessage (19) and consequently serves as
a probe for detecting the in vitro synthesis of RNA that is
complementary to immediate early mRNA.
The more sensitive unlabeled RNA probe (PA RNA) was

prepared by annealing 6.4 mg of RNA extracted 5 min after
infection of E. coli BE with T4 e- phage at 300 (5 min in vivo
RNA) with 14.9 mg of 20 min in vivo RNA for 4 hr at 70° in 3.6
ml of 2 X SSC. The PA RNA probe sequesters in vivo anti-
message in RNA-RNA duplexes and is therefore suitable for
detecting in vitro synthesis of RNA that is complementary to
most (or all) T4 mRNA. RNA-RNA duplexing samples con-
tained 2.6 ng of in vitro [3H]RNA per ml, no added RNA, and
PA RNA or CM RNA at 590 or 925 tg/iml, respectively. An-
nealing and digestion of unduplexed RNA was as described in
the legend of figure 2 of ref. 19. Samples were precipitated with
C13CCOOH immediately after addition of Na4P207 and de-
natured salmon sperm carrier DNA. After filtration through
GF/C filters (Whatman) and washing with 2.5% C13CCOOH
and then with 70% ethanol, samples were dried, digested with
0.1 ml of H2O and 0.9 ml of NCS tissue solubilizer (Amer-
sham/Searle) for 30 min at 500, and assayed for radioactivity
in toluene-based scintillation fluid.

RESULTS
The conditions for complementation of true late transcription
in this in vitro system evolved from numerous experiments,
only some of which are presented here; a detailed description
of the system and its properties will be published elsewhere. The
goal of the experiments here was to characterize de novo RNA
synthesis initiated by various kinds of exogenous stlr RNA po-
lymerases while the endogenous RNA polymerase of the system
was inhibited by stl.
The determination of the optimal concentration of stl is

shown in Fig. 1. stl inhibited [3H]UTP incorporation by en-

dogenous (stls) RNA polymerase almost as completely as did
EDTA or withholding of three of the four ribonucleoside tri-
phosphates (data not shown). However, the stlr RNA poly-
merase also was considerably inhibited at higher stl concen-
trations. We chose a stl concentration (40 ,g/ml) at which the
endogenous stls RNA ploymerase was greatly inhibited (90-
95%) but the exogenous RNA polymerase still retained about
60% of its activity. Different concentrations of stl up to 200
,qg/ml did not affect the r/l ratio of endogenous T4 transcrip-
tion (data not shown).
To demonstrate complementation of late T4 transcription

in vitro, cellophane disc cell-free systems were prepared from
E. coli infected either with T4 wild type or with T4 matura-
tion-defective mutants (in genes 33 or 55). The latter permit
T4 DNA replication but are late transcription-defective. The
T4 wild type-derived system had a high level of endogenous
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FIG. 1. Inhibition of endogenous and exogenous RNA polymerase

activity by stl. The cell-free system was prepared from E. coli BE in-
fected with T4 am BL292 (gene 55). TMA-Glycerol (0) or 0.64 ,g of
stlr T4-modified RNA polymerase (0) was added to each disc. The
incorporation mixture contained the concentrations of stl shown; 1900
cpm corresponds to 1 pmol ofUMP incorporated into RNA. In vitro
reaction time was 30 min. Background (2200 cpm/108 cell equivalents
for the endogenous activity; 4900 cpm/108 in the presence of added
RNA polymerase) has not been subtracted. The average cell equiva-
lents per disc was 1.6 X 107.

transcription of T4 late genes and was relatively poorly stim-
ulated by exogenous T4-modified RNA polymerase (Table 1).
The stimulatory effect was much greater in systems derived
from cells infected with T4 MD mutants (Table 2). Most of the
experiments were therefore carried out with in vitro systems
from T4 maturation-defective mutant-infected cells.

Relative Rate of Late RNA Synthesis Varies with Amount
of Added RNA Polymerase. The degree of complemented late
transcription depended significantly on the amount of T4-
modified RNA polymerase applied to each disc (Fig. 2). RNA
synthesis in the presence of stl was almost entirely dependent
on exogenous stlr RNA polymerase. Two different in vitro
systems, derived from T4 e- and T4 55- infected cells, were
tested. Total and r-strand-specific RNA synthesis showed a
different response to the addition of RNA polymerase in the
two systems. The highest proportion of r-transcription was \
obtained with 0.3-1.5 Ag-that is, with limiting quantities of
RNA polymerase per disc. For the complementation experi-
ments that follow, 0.64 Ag of RNA polymerase was therefore
chosen as the standard amount. The average number of cell
equivalents per disc was 1.7 X 107 for the T4 55- system and
1.5 X 107 for the T4 e- system. If one assumes that there are
7000 , subunits in each E. coli cell (20), then 0.64 ,g per disc
represents an approximately 6-fold excess of exogenous over
endogenous RNA polymerase subunits.
Host Holo- and Core-RNA Polymerases Do Not Stimulate

T4 Late Transcription. The effect of various RNA polymerases
in these different cell-free systems is shown in Tables 1 and 2.
Each system was complemented with stlr RNA polymerases in
the absence and presence of stl. A sample of stls T4-modified
RNA polymerase (a gift of R. Mailhammer) was also tested.
Total and r-strand-specific RNA synthesis is given for each
combination. In all three systems, T4-modified RNA poly-
merase caused the greatest stimulation of r-transcription (Table
1, lines 1-4, column 5; Table 2, lines 1-4, columns 5 and 10).
This was true for both stIr and stls T4-modified enzymes. The
unmodified host core enzyme had lower total activity than the
T4-modified'enzyme (Tables 1 and 2, lines 3, 4, 9, and 10, col-
umn 3; Table 2, column 8) and generated a much lower pro-
portion of r-transcript. Thus, T4-modified enzyme provides
an 8- to 10-fold stimulation of r-transcription in the T4 55- and
33-, 55- systems relative to E. coli polymerase core (Table 2,
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FIG. 2. Total and r-strand specific transcription as a function
ofRNA polymerase concentration. Cell-free systems from T4 am M41
(gene e)- and T4 am BL292 (gene 55)-infected E. coli BE were pre-
pared. Various amounts of T4-modified RNA polymerase, in 1 ;d of
TMA-glycerol, were added to top of the discs. The incorporation
mixture contained stl at 40 ,g/ml. Solid lines and solid symbols rep-
resent the T4 e- system; broken lines and open symbols represent the
T4 55- system. O, E, Total RNA synthesis (cpm/108 cell equivalents);
0, 0, r-strand specific RNA synthesis (cpm/108 cell equivalents); A,
*, r-strand specific RNA synthesis (%); 375 cpm corresponds to 1
pmol of UMP incorporated into RNA. The symmetry of the various
RNA samples, measured as RNA-RNA duplexes formed with PA
RNA, varied between 5.0 and 7.5%. The endogenous RNA synthesis
activity of the T4 e- system was 43,500 cpm/108 cell equivalents (56%
r-transcript) in the absence and 2840 cpm/108 cell equivalents in the
presence of stl (40 ,ug/ml). For the T4 55- system the numbers were
11,000 (8% r-transcript) and 1400 cpm/108 cell equivalents, respec-
tively. There were, on the average, 1.5 and 1.7 X 107 cell equivalents
per disc in the T4 e- and T4 55- systems, respectively.

lines 1, 3, 7, and 9, columns 5 and 10; data in italics). In fact,
it is remarkable that the E. coli core enzyme generates so high
a proportion of i-transcript when added to a cell extract whose
T4 DNA is known to contain many breaks and gaps. This effect
is most likely due to an interaction of the exogenous E. coli core
enzyme-with the endogenous a protein. E. coli holoenzyme
greatly boosted i-transcription but had little effect on r-tran-
scription (Tables 1 and 2, lines 1, 2, 7, and 8). In each com-
plementation system, whether in the presence of absence of stl,
E. coli holoenzyme generated less than 3% r-transcript (line 7
minus line 1; line 8 minus line 2; columns 3 and 5 of Tables 1
and 2; columns 8 and 10 of Table 2). This value is significantly
above the background of the assay, which is determined by the
purity of the isolated DNA r strands and by the stringency of
the hybridization conditions. However, it is not significantly
above the level of r-transcription in conventional in vitro RNA
systhesis with mature or vegetative T4 DNA. The level of r-
transcription in vvo in the absence of functional T4 gene
products 33, 45, and 55 is also of the order of 2-4%, We have
therefore not pursued the analysis of this low level of r-tran-
scription by E. coli holoenzyme although it may ultimately
provide information that is relevant to the regulation of late
transcription. The relative stimulation of r-transcription in the

Biochemistry: Rabussay and Geiduschek
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Table 1. Complementation of cell-free system derived from T4 am M41 (gene e)-infected cells with different RNA polymerases and
properties of reference RNAs

1 2 3 4 5 6 7 8
Total Asymmetry,

Additions transcription, r transcription % RNA-RNA duplex with

RNA polymerase stU cpm/108 c.e.* % cpm/108 c.e.* No RNA CM RNA PA RNA

1. None + 1,860 50 930 1.6 6.7 5.9
2. None - 21,340 44 9,390 2.4 6.7 6.1
3. T4-mod. (stlr) + 13,480 35 4,720 1.5 5.1 6.4
4. T4-mod. (stlr) - 35,360 42 14,850 2.6 6.6 6.5
5. T4-mod. (stly) + 3,600 47 1,690 2.1 4.0 4.8
6. T4-mod. (stls) - 24,550 48 11,800 2.1 5.0 7.3
7. E. .coli holo (stlr) + 49,240 5 2,460 1.5 1.9 4.4
8. E. coli holo (stIr) - 103,680 9 9,330 0.2 0.6 4.3
9. E. coli core (stWr) + 8,900 20 1,780 0.8 2.1 8.1

10. E. coli core (stlr) - 28,330 38 10,770 2.8 3.0 7.4

11. In vivo RNA
(17-19 min,37°) - 64 1.0 3.0 3.0

12. Symmetric
in vitro RNA 48 - 2.0 14.0 35.0

The in vitro system was prepared from E. coli BE infected with T4 e-. TMA-glycerol, T4-modified RNA polymerases, E. coli holo-, or E.
coli core-RNA polymerases were added to the discs, as indicated (1 Al; 0.64 Ag of RNA polymerase). stl was present in the incorporation mixture,
where indicated, at 40,4g/ml. Total RNA synthesis was measured by incorporation of [3H]UTP; 380 cpm corresponds to 1 pmol of UMP incor-
porated into RNA. The average c.e./disc was 1.5 X 107. Symmetric in vitro RNA was synthesized with RNA polymerase II from Saccharomyces
cerevisiae, with heat-denatured T4 DNA as template.
* c.e., cell equivalents.

T4 wild-type system, which already has a high level of endog-
enous r-transcription, was low compared to the late transcrip-
tion-defective systems (compare lines 1-4, Tables 1 and 2). The
RNA product was, in all cases, largely asymmetric (compare
all other data concerning asymmetry with Table 1, lines 11 and
12).

DISCUSSION
It has been clear for some time that the regulatory genes of
phage T4 late transcription code for RNA polymerase-binding
proteins (21-24). Yet the lack of a suitable in vitro system has
hampered the molecular analysis of this positive transcriptional
regulation. As we show here, the cellophane disc system pro-
vides a way of demonstrating the T4 late gene-selective prop-
erties of T4-modified RNA polymerase. The properties of this
transcription system and comparisons with other systems will
be presented elsewhere. The pertinent properties of the in vitro
system in the context of this work are: (i) it retains the viral late
transcription characteristics of the phage T4-infected cells from
which it is prepared. r and l strand-specific T4 RNAs are syn-
thesized in the T4 wild type-derived endogenous system with
approximately equal rates; (ii) the in vitro rate is almost con-
stant for 50 min, and reinitiation of both early and late RNA
chains occurs; (iii) late transcription does not depend on con-
current T4 DNA replication in vitro but does depend on prior
T4 DNA replication in vivo; and (iv) the measured RNA syn-
thesis occurs in vitro rather than in unlysed cells.

Stimulation of early T4 transcription in this system is easily
achieved by adding various RNA polymerases or a protein.
However, as we have already emphasized, only the RNA
polymerase from T4-infected E. coli effectively stimulates T4
late transcription. The latter enzyme contains the T4-specific
subunits: gene product 33, gene product 55, and a 15,000 mo-
lecular weight subunit and a small amount of a 10,000 molec-
ular weight subunit (21, 25). The a subunits of the enzyme are
ADP-ribosylated. The T4-modified enzyme also transcribes the
T4 l strand when it is added to the cellophane disc system. We

have not yet analyzed the nature of these transcripts. Whether
they are mainly early or middle transcripts, whether different
1-transcripts are generated by different RNA polymerases, and
whether endogenous a is required for the i-transcription remain
to be determined.
The dependences of maximal total and maximal r-strand-

specific RNA syntheses on the amount of added RNA poly-
merase differ in the T4 e- and T4 55- derived cell-free systems.
The fraction of r-transcription declines with increasing amounts
of RNA polymerase in both systems, but the decay is more
marked in the T4 e- system. This suggests interesting possi-
bilities regarding the enzymology of late transcription. The
decline presumably reflects a lower availability of late tran-
scription units, relative to early ones, to a vast excess of exog-
enous RNA polymerase, particularly in the T4 wild-type case.
Our notions of "availability" of transcription units are not well
defined, but it is obvious that the obstruction to RNA chain
elongation by stl-inactivated, endogenous RNA polymerase
might limit "availability" of transcription units. If that were
the case, then the difference between complementation of
wild-type and 55- endogenous systems by T4-modified RNA
polymerase would imply that, in the late transcription-defective
cells, late transcription units are less obstructed by RNA poly-
merase. This would be most easily understood if gene product
55 either affected initiation, or if it affected attenuation of late
RNA chains, accompanied by RNA polymerase release, at
promoter-proximal sites. However, more complex models, in
which our findings would be mechanistically indecisive, cannot
yet be excluded.
The in vitro system that we have described here is interesting

for two reasons: first, it allows one to study the enzymology of
T4 late transcription and probably some aspects of DNA tem-
plate "competence"; second, it provides, as do in vitro systems
with bacteriophage SPOl-modified RNA polymerases (26, 27),
one of the first opportunities to study the ways in which the
concurrent transcription of different gene classes is regulated
by interchangeable sets of RNA polymerase subunits.

Proc. Natl. Acad. Sci. USA 74 (1977)
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Table 2. Complementation of cell-free systems derived from T4 am BL292 (gene 55) and T4 am C18-N134-BL292 (genes 33, 55)-infected
cells with different RNA polymerases
T4 55- system T4 33-, 55- system

1 2 3 4 5 6 7 8 9 10 11 12
% RNA-RNA % RNA-RNA

Total duplex Total duplex
trans- r trans- formation trans- r trans- formation

Additions cription, cription with cription cription with
RNA cpm/108 cpm/108 CM PA cpm/108 cpm/108 CM PA

polymerase stl c.e.* % c.e.* RNA RNA c.e.* % c.e.* RNA RNA
1. None + 1,310 13 170 5.3 4.1 3,210 13 417 2.4 2.1
2. - 14,200 6 850 3.4 4.0 23,090 5 1,150 2.3 3.9

3. T4 (Stlr)t + 31,470 38 11,960 5.4 6.3 26,520 38 10,080 3.3 5.5
4. - 50,500 32 16,160 4.6 5.4 39,680 24 9,520 2.6 4.4

5. T4 (stls)t + 1,700 4.0 3.1 2,740 22 600 4.4 3.3
6. - 27,100 33 9,000 4.1 7.9 26,190 23 6,000 2.8 4.3

7. Holo (stlr) + 68,080 2 1,360 1.3 3.8 66,060 2 1,320 0.5 3.1
8. - 128,000 2 2,560 1.4 3.8 137,650 2 2,750 0.5 3.1

9. Core (stlr)§ + 14,580 9 1,310 6.4 9.0 17,550 9 1,580 3.5 6.8
10. - 29,420 8 2,350 4.5 8.2 28,320 5 1,420 2.3 5.1

The in vitro systems were prepared from E. coli BE infected with T4 am BL292 (gene 55) or am C18-N134-BL292 (genes 33 and 55); 380 cpm
corresponds to 1 pmol of UMP incorporated. The average c.e./disc was 1.5 X 107. All other procedures were as described in the legend to Table
1. In the absence of added unlabeled in vivo RNA, the [3H]RNA synthesized in the 55- system gave 0.4-1.6% RNA-RNA duplexes; the RNA
synthesized in the 33-, 55- system gave 0.1-1.0% RNA-RNA duplexes.
* c.e., cell equivalents.
t T4-modified RNA polymerases.
t E. coli holo RNA polymerase.
§ E. coli core RNA polymerase.
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