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We have sequenced a 1,340-bp region of the bacteriophage T4 DNA spanning the comCa gene, a gene which
has been implicated in transcription antitermination. We show that comCav, identified unambiguously by
sequencing several missense and nonsense mutations within the gene, codes for an acidic polypeptide of 141
residues, with a predicted molecular weight of 16,680. We have identified its product on one- and
two-dimensional gel systems and found that it migrates abnormally as a protein with a molecular weight of
22,000. One of the missense mutations (comCa803) is a glycine-to-arginine change, and the resulting protein
exhibits a substantially faster electrophoretic mobility. The ComCa protein appears immediately after
infection. Its rate of synthesis is maximum around 2 to 3 min postinfection (at 37°C) and then starts to decrease
slowly. Some residual biosynthesis is still detectable during the late period of phage development.

The notion that termination and antitermination mecha-
nisms may be operating in bacteriophage T4 development
initially came from the observation of a strong polarity on
early transcription when infection is carried out in the
absence of translation. In vivo experiments that used inhib-
itors of protein synthesis, as well as in vitro studies, have
shown that this polarity is due to the action of the host
transcription terminator p (2). The question of whether
translation of phage RNA is required just to mask potential
rho-dependent termination sites and/or to allow the synthe-
sis of viral antitermination proteins could not be answered
on the basis of experiments that used inhibitors of protein
synthesis. Furthermore, analysis of this problem is compli-
cated by the fact that many genes, transcribed by elongation
of transcripts initiated at distal early promoters, are also
transcribed from proximal promoters (the middle promoters)
activated soon after infection (2, 10, 13, 24, 30, 45, 46).
Another set of experiments showing the involvement of p

in T4 development derives from the isolation of rho mutants
unable to support growth of T4 wild-type phage. They were
called tabC (5, 40, 41) or hdf (38). It has been suggested that
the altered p proteins made in these mutants are insensitive
to T4-induced antitermination factors (31, 38). Thus, these
mutations can be considered as producing a "super-rho"
phenotype. Further support for this view is provided by the
observation that one of these rho mutations (rhoO26; also
called nusDO26) (37, 38) was shown to impede the antiter-
mination activity of XN, specifically at rho-dependent termi-
nators (8).
Phage mutants able to grow on tabC/hdfrho host mutants

were isolated. These compensatory mutations, called comC
or goF, were mapped mainly in two places on the chromo-
some: upstream of gene 39, in a nonessential region of the T4
genome, and between genes 55 and e (5, 7, 17, 36, 38, 42).
The mutations located upstream of gene 39 define at least
one gene called comCat. Other compensatory mutations
were located in genes 45 (40) and 31 (36), that is, in genes
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involved in replication and in head assembly, respectively.
Infection of a super-rho strain (hdf/rhoO26) with wild-type
phage leads to an increased proportion of RNA ending at a
specific site within gene 40 and to a decrease in the uvsX-
40-41 polycistronic RNA (12). The presence of the goFl
mutation (located upstream of gene 39) in the infecting phage
reverses these effects to a wild-type pattern of synthesis.
One interpretation of these results is that a rho-dependent
termination site lies within gene 40 (with the rhoO26 protein
increasing termination) and that the gene comCa/goF en-
codes an antitermination function. Complete elimination of
the comCa gene product (in a nonsense or a total deletion
mutant of the gene) does not permit phage growth on
tabClhdfhosts (7, 38, 42). This observation suggests that the
phage compensatory mutations correspond to an improved
ability of the antitermination factors to antagonize p action.
As in phage X, antitermination in T4 (if it occurs) may recruit
host factors in addition to viral factors. This is suggested by
the finding that the hdf/rhoO26-induced restriction of T4
growth can be suppressed by an overproduction of the NusG
host protein (39).

In contrast to the situation that prevails with phage X,
elimination of one of these putative antitermination factors
by missense, nonsense, or deletion mutations does not affect
T4 phage growth on wild-type (rho') hosts (14, 38, 40).
Thus, despite the accumulation of evidence in favor of the
existence of termination and antitermination in T4 transcrip-
tion, their effective participation in normal phage develop-
ment has not been established convincingly. It is possible
that transcription antitermination is mediated by at least two
interchangeable factors and that both need to be eliminated
in order to affect T4 growth.
To get further insight into this problem, a molecular

analysis of the putative antiterminator proteins and their
corresponding genes has been undertaken. In this article, we
present the primary sequence of the comCa gene (and
surrounding regions). We have characterized its product on
one- and two-dimensional gels and have determined its
kinetics of biosynthesis.
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FIG. 1. Sequencing strategy for the comCa region. The ORFs are represented by open boxes. The filled box represents a hypothetical
ORF (see the text). Promoters are shown by right-angled arrows. The promoters are numbered by reference to the distance in kilobases from
the origin of the physical map to the transcription start site (21). The arrows below the DNA show the sequencing strategy. Sequences derived
from RNA are indicated by solid arrows with a thicker end representing the oligonucleotide primer used in the extension reactions. The
numbers indicate the different oligonucleotides. Sequences obtained from DNA fragments cloned in phage M13 are shown by dotted arrows.
The direct genomic sequencing technique was also used to sequence the regions indicated by thick solid arrows. With this technique, the first
20 nucleotides from the primer could not be read; the arrows show the location of the actual sequence read; the primers used are noted above
the arrows. Part of the sequence already published by Huang (15) is indicated by a solid bar. The gene 39 proximal ends of deletions
del(39,56)-3, del(39,56)-5, and del(39,56)-11, sequenced in this work, are represented above the DNA by solid lines. They are labeled A3, A5,
and All, respectively. The gene 39 proximal end of del(39,56)-1 deletion (Al), shown by a box in dotted lines, is adapted from the work of
Homyk and Weil (14).

MATERIAIS AND METHODS

Bacteria and bacteriophages. BE (sup'), an Escherichia coli
B strain, is our standard bacterium to grow phage T4.
CT3-tabC803, a derivative of the K-12 strain CT3 [F- lac
galEgalK(Am) trp(Am) ara(Am) tsx thy sup0] (41), contains
a mutation in the rho gene which makes the strain restrictive
for wild-type T4 growth (40). It has been used to control the
phenotype of the different T4 comCalgoF mutants (see
below).
Our wild-type bacteriophage T4 is T4D. T4comCa8O3,

T4comCaS5.6, and T4goFl contain mutations that allow the
phage to grow on tabC803, tabC5521, and hdf hosts, respec-
tively (5, 7, 38, 40). hdf mutations, like tabC, are mutations
in rho that strongly restrict growth of T4 wild-type (38).
T4comCa803amBS8 contains an additional amber mutation
within the same gene ([42] and this study). This phage does
not grow on a tabC strain. Phages del(39,56)-3, del(39,56)-5,
and del(39,56)-ll contain large deletions in a nonessential
region of the T4 genome located between genes 39 and 56
(14).
RNA sequencing. RNA extraction and sequencing were

performed under conditions similar to those described pre-
viously (47). RNAs were usually extracted after 3 to 4 min of
infection by T4. In some cases, RNA from a T4regB mutant
infection was used as a template in order to sequence
through major processing sites generated by the RegB endo-
nuclease (32, 47). Primer extension reactions using avian
myeloblastosis virus reverse transcriptase were carried out
in the presence of the dideoxyribonucleotides. The ratios of
deoxyribonucleotides to dideoxyribonucleotides were 2, 5,
or 10, according to the distance from the oligonucleotide that
we wanted to read.
DNA cloning and sequencing. Sequencing the RNA as

described above avoids the cloning of T4 fragments that may
contain lethal functions and therefore ensures that we are
producing a wild-type sequence. Nevertheless, because of
the strong secondary structures that RNA can adopt, some
parts of our gels were not well resolved. After we obtained a
first sequence of the comCa region on the RNA, any
ambiguities were resolved by sequencing DNA fragments of
the region (shown in Fig. 1) after their cloning into M13
phages mpl8 and mpl9 (49). Sequences were determined by
the chain termination method (33), with the T7 DNA poly-
merase (Sequenase from United States Biochemical Corp.).
The direct genomic DNA sequencing technique was also
used in some cases (see Fig. 1) (20).
Phage infection and protein labeling. Labeling experiments

were carried out essentially as described previously (46, 48).
Briefly, cells were grown in MOPS (morpholine propane-
sulfonic acid)-Tricine medium (25) supplemented with glu-
cose and all amino acids except methionine. When the cells
reached a density of 5 x 108 per ml, they were UV irradiated
(to stop host gene expression) and then infected with phages
at a multiplicity of infection of 7 to 10. Proteins were labeled
by the addition to the medium of L-[35S]methionine (>1,000
Ci/mmol; Amersham) at concentrations and for periods
specified in the legends of Fig. 3, 4, and 5.

Protein analysis. For one-dimensional electrophoresis, the
infected cells were centrifuged and resuspended in 1/20 the
original volume of sodium dodecyl sulfate (SDS)-EDTA
sample buffer (4) and then boiled for 3 min. The electropho-
resis was carried out on 15% polyacrylamide gels. The gel
was prepared as described previously (4), except that a
unique concentration of acrylamide was used instead of a
step gradient. For two-dimensional analyses, the nonequi-
librium pH gradient electrophoresis technique (27), followed
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by an SDS-polyacrylamide gel electrophoresis, was used.
The labeled infected cells were centrifuged and treated
according to the method of O'Farrell et al. (27). The first
dimension was a pH gradient electrophoresis on gels con-

taining Ampholines (pH 3.5 to 10). This was performed in
tubes (0.16-cm diameter and 7.5-cm length). The second
dimension was an SDS-EDTA-15% polyacrylamide electro-
phoresis, as described above. General conditions of electro-
phoresis and treatment of the gels were as described previ-
ously (27, 48).
Computer analyses. Computer analyses of the nucleic acid

and protein sequences were performed by using facilities
offered by the Base Informatique sur les S6quences d'Acides
Nucleiques pour les Chercheurs Europ6ens at the Centre
Inter-Universitaire d'Informatique a Orientation Biomedi-
cale, Paris, France (9).

Determination of the ability of a DNA sequence to code
for proteins was carried out by using two codon usage

matrices. One matrix was made up on the basis of the codon
frequency found in a subset of 34 prereplicative genes: agt,
alc, P3gt, cd, denV, dexA, frd, imm, ipl, ipIII, pseT, regA,
rpbA, rIT4, td, tk, uvsY, 1, 30, 32, 33, 42, 43, 44, 45, 46, 47,
49, 52, 55, 59, 62, 63, and 69. Altogether, they represent
9,169 codons. Similarly, a codon usage matrix for the late
genes was built from the sequences of 20 well-characterized
late genes: e, soc, 6, 7, 8, 10, 11,12, 16, 17, 20, 21, 23, 26, 27,
36, 37, 51, 67, and 68. They represent 7,429 codons. All the
sequences were extracted from the GenBank data base.

Nucleotide sequence accession number. The EMBLIGen-
Bank/DDBJ accession number for the primary nucleotide
sequence presented in this article is M89919.

RESULTS AND DISCUSSION

Sequence of the comCae region. Some of the mutations
which permit T4 growth on tabC/hdf hosts have been
mapped just upstream of gene 39 (7, 38, 40, 42). Preliminary
results of S1 mapping and primer extension analyses (10, 43,
44) indicate that gene 39 is transcribed from both early and
middle promoters and that the early promoter(s) maps ap-

proximately 1.5 kb upstream of gene 39. To avoid the
problems arising from the cloning of strong early promoters
(22, 45), we decided to sequence this region by walking on

the RNA, using a set of oligonucleotides as primers in a

series of extension reactions that used avian myeloblastosis
virus reverse transcriptase in the presence of dideoxyribo-
nucleotides. The first primer used (no. 19 in Fig. 1) was

complementary to a region toward the 5' end of the sequence

published by Huang for gene 39 (15). Putative promoter
regions were further sequenced at the level of the DNA by
the direct genomic sequencing technique (20). The sequenc-

ing strategy is summarized in Fig. 1. In Fig. 2, the sequence

obtained (nucleotides 1 to 1340) has been fused to the
beginning of the sequence published by Huang (15) for gene

39. Partial resequencing of Huang's sequence with oligonu-
cleotides 19 and 2 (see Fig. 1) allowed us to find two
differences: an insertion of an A at position 1408 and an A
instead of a G at position 1475 (Fig. 2).

Five and possibly six open reading frames (ORFs) can be
found in the direction of early transcription. One of them is
the comCa gene (see below). The locations of their start and
termination codons, the predicted molecular weights and
isoelectric points (pI) of the products encoded, and their
putative ribosomal binding sites are shown in Table 1. We
found that all these ORFs are located in a region presenting
a high probability of coding for proteins (see Materials and

Methods). In contrast, this probability is very weak when
the analysis is performed for the "late strand."
The ORF that starts at nucleotide 711 is prematurely

interrupted by a UGA stop codon (Fig. 2). Forty-two nucle-
otides farther on is a start site for another ORF (comCt.+ 1).
Both ORFs are preceded by good Shine-Dalgamo se-
quences; furthermore, the two ORFs are in phase, offering
the possibility of reading a larger ORF (comCa.+1') if the
UGA codon is suppressed. The same sequence was found in
our T4 wild-type phage and in two different T4 phages
carrying unrelated mutations. Therefore, we believe that the
presence of the UGA codon does not result from a mutation.
In Table 1, we show the properties of the comCa.+ 1'-
encoded polypeptide when the UGA codon is read as a
tryptophan (see also Fig. 1). Some examples of natural UGA
suppression have been described for E. coli and its phages
(1, 28). We do not know whether this is happening here.
We found no strong homology of the ORF-encoded poly-

peptides described in Table 1 with any of the polypeptides
contained in the National Biomedical Research Foundation
data base (release no. 31).

Identification and mapping of the transcription start points
in this region will be presented in detail in a following paper
(34). We found that P7.1 and P6.5 are early promoters, while
P5.3 is a motA-dependent (middle) promoter (10).

Identification of the comCax gene. The comCa gene was first
defined by mutations that allow T4 to grow on E. coli tabC
super-rho mutants. These mutations were mapped just up-
stream of gene 39 (5, 42) (see the introduction). Sequencing
of RNA made after infection of E. coli by comCa mutants
allowed us to identify unambiguously the comCa gene
among the six ORFs. The two mutations, comCa803 and
comCa55.6, isolated independently (5, 7, 40), correspond to
the same nucleotide change, resulting in a glycine-to-argi-
nine substitution at position 84 of the protein (Fig. 2). We
found that the goFl mutation (38), conferring the same
phenotype as the comCa mutations, also lies within comCa.
Here, the aspartic acid at position 25 is replaced by a
tyrosine. The amB58 amber mutation is thought to map in
the comCa cistron for the following reasons. The double
mutant amB58comCat8O3 was isolated as a phage that does
not grow on tabC supo strains but grows on tabC sup' and
tab' sup' strains. This phage does not complement wild-
type T4 growth on tabC supo bacteria. The frequency of
recombination between the two markers is very low (42).
Sequencing of the RNA made after infection by the double
mutant showed that amB58 interrupts the ComCa polypep-
tide after the 100th amino acid (Fig. 2).
A number of large deletions located in a nonessential

region of the T4 genome, between genes 56 and 39 (14), have
been used to map several loci upstream of gene 39. We have
sequenced three of the deletions. The del(39,56)-11 deletion
removes most of the region studied in this work; its right-
most end is located approximately 170 bp upstream of gene
39. The rightmost end of del(39,56)-5 is in the middle of
comCa, while that of del(39,56)-3 lies within comCa.+2
(Fig. 1 and 2). Genetic studies that used these three deleted
phages to map the different comCa andgoF mutations (7, 38,
42) are in full agreement with the physical map of the three
deletions.
The motC gene has been located in a region between the

gene 39 proximal ends of del(39,56)-3 and del(39,56)-5 (30).
Effects ofmotC deletions are subtle and were observed only
on transcription of the tRNA genes in combination with
motB deletion mutations (motB has been assigned to a region
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-P7.1
GAGAGTACTCCGTAGTTCCTCGTAGTGCAGTGGTAGCTATTTTGAATTAATAGTTTACAAACTCTTGGGACCAGAGTATAATGGTCCCGTGGALATAAA

M I I N I G E L A R V S D K S R S K A A G K L V E
101 ATCTTTTTAACAAGTGAGAGATAACTATGATTATTAATATTGGTGAATTAGCTCGTGTATCTGATAAATCCCGTTCTAAAGCAGfiGGAAAATTGGTCGA

comCo+2 M
V V S I Q L K H G V K D E D S E V K V R I I P K D G K S K P Q F G

201 AGTTGTAAGCATTCAGCTTAAGCATGGTGTTAAAGATGAAGATTCTGAAGTAAAAGTGCGTATCATTCCTAAAGATGGAAAGTCTAAACCCCAGTTTGGC

Y V R A K F L E S A F L K A V P A K G I E T I D T S H VGV D F K W
301 TATGTTCGTGCGAAATTTCTTGAGTCTGCGTTTTTAAAAGCTGTTCCTGCTAAAGGAATTGAAACGATTGATACTTCGCATGTAGGTGTAGACTTTAAGT

K L G Q A I K F I A P C E F N F I K D D G R V V Y T R A M C G Y I
401 GGAAACTCGGTCAGGCTATCAAGTTCATTGCTCCTTGTGAATTTAACTTTATTAAAGATGATGGAAGGGTTGTTTATACTCGCGCTATGTGTGGATACAT

501

601

701

T DG W V E D G V K L Y N V V F L G T Y K V I P E S W I K H Y S N
TACCGATCAATGGGTAGAAGATGGTGTTAAGTTGTACAACGTGGTATTTTTAGGAACATACAAAGTCATTCCTGAAAGTTGGATTAAACACTATAGCAAT

A L Y A "r*P6.5
GCTCTCTATGCATAAAGTTTAAATTTTTCATAAAACTATATACATCAGTTGAATGGTACTATATCAATATCAACTACTGATACAGAAAACAACTT
end of comCa+2

M E N S L K V L I L F * M K R K I
GGAGAATAAAATGGAAAATTCGCTAAAGGTGTTGATACTCTTCTGAAACGTATCGCTCCACTGTTCAATTAATGAGGAAATTGTAATGAAACGTAAAATT

comca+l' comca+l
V O N C T N D E F E D V L F D P N L V V V Q K E H T S K F T H L T S

801 GTTCAGAATTGCACTAATGATGAATTTGAAGATGTATTATTTGATCCAAATTTGGTAGTAGTTCAAAAGGAACATACTAGCAAGTTTACTCACTTGACTT

V Y V Y E K V G D K G P I Y G V F R E I T E D G T T Y W K E I Y
901 CTGTTTATGTGTATGAGAAAGTCGGTGATAAACAGCCAATTTATGGTGTATTTCGTGAAATTACTGAAGACGGCACAACTTACTGGAAGGAkAAMATTA

end of comCa+l
M A I K F E V N K W Y O F K N K Q A Q E N F I K D H T D N G I Y A R

10 01 ATGGCTATTAAATTTGAAGTTAATAAATGGTATCAATTTAAAAATAAACAAGCTCAAGAAAATTTTATTAAAGACCATACTGATAACGGAATCTATGCAC
comCac T=goFl
R L G M E P F K I L D A D Y L G R P T K I M T S I G V L K R C A G

110 1 GACGTTTAGGTATGGAGCCTTTTAAAATTTTAGATGCTGATTAZTTGGGCGTCCTACTAAAATTATGACATCCATAGGTGTACTCAAACGTTGTGCCGG
A5

G D I L D E N F I W L S T N E A G F F D E V E N P Y Q A V E E G E
12 01 CGGTGATATCCTTGACGAAAACTTTATCTGGCTCTCTACTAACGAAGCTGGGTTCTTTGATGAAGTGGAAAATCCATATCAGGCGGTTGAAGAGCAAGAG

,7comCo55-6=comCaO03
0 E E K E 0 E OI E D F T E F P V M K V T I E N N D Q A W S L YT M

130 1 CAGGAAGAGAAAGAGCAAGAACAAATAGAAGATTTCACAGAATTCCCAGTCATGAAAGTTACTATTGAAAATAATGATCAGGCGTGGTCTTTATATCAGA
T-amB58

L K A Y F K E M P L Y D Y K C Q S K D C A K E Y E K I K K I S
14 01 TGTTGAAAGCTTACTTTAAGGAATAATTATGCCGCTTTATGATTATAAATGTCAATCCAAAGACTGTGCAAAAGAATACGAAAAAATCAAGAAAATTTCT

end of comCa comCa-1
G R D T G V C P D C H R L A V R L V S A S

1501 GGAAGAGATACTGGTGTATGTCCTGATTGTCATCGGCTGGCTGTTCGGTTAGTTSCCGCTTCCTAAGCATGGGAATAATGGATTTTACGACTTGCTTAAA
end ot comC;a-1

M L I N A T K V L S
1601 GGGTAGTTATGAAATATATTAGTCGTTCAATTGCAGCATTAGTATTAGCAGTGTCTTTAATTAATAGTACTGATGCTGATTAATGCAACCAAAGTTTTGT

comCa-z
S S G F T N I E I T G Y N W F G C S E N D F O H T G F R A I G P T

1701 CTTCAAGTGGTTTTACTAATATTGAAATCACTGGATATAATTGGTTCGGTTGCTCTGAAAATGATTT5GCATACTGGATTTCGTGCTATTGGACCTAC
All

G O K V E G T V C S G L F F K D S T I R F K *

18 01 CGGGCAGAAAGTAGAAGGAACAGTATGTTCTGGGCTGTTCTTTAAGGATTCAACTATTCGTTTTAAATAAAAGG,CCTTCGGGCCTTTAGCTTTATGATTA
Ps. ___ M end of com(Ca-2

1901 CCGGAGTATAATATTCCCGAAACCAAACGAGGATAAGTGATG
gene 39

FIG. 2. Sequence of the comCa gene and surrounding regions. Translation of the ORFs is given in the one-letter code. For reasons of
clarity, translation of ORF comCa. +l' is given only to the UGA stop codon (see the text). The presumed Shine-Dalgarno sequences of the
ORFs are indicated by bars above the DNA sequence. Right-angled arrows show the transcription start sites found in this region. Sequences
showing dyad symmetry are indicated by convergent arrows below the sequence. The right-most ends of deletions del(39,56)-3, del(39,56)-5,
and del(39,56)-11 (labeled A3, A5, and All, respectively, in the figure) are indicated by brackets in the sequence. Nucleotide changes
corresponding to goFl, comCao8O3, comCa55.6, and comCaamB58 mutations are shown below the sequence.

upstream of del(39,56)-1 [see Fig. 1]). On the basis of the
genetic data, motC could be comCa. + 1 or comCa itself.
Can we learn something about the function of the ComCa

protein by analyzing the type of substitutions found in the
compensatory mutants? The two different mutations ana-
lyzed produce additional pairs of aromatic and basic residues
in the protein chain. The wild-type comCoa polypeptide
contains six examples of aromatic and basic amino acid pairs
(seven when a space of one residue is allowed between
them). Aromatic amino acids, when in close proximity to

basic residues, have been implicated in the interaction of
certain proteins with single-stranded nucleic acids (6, 18, 19,
29, 35). Hence, we suggest that ComCa is a single-stranded
nucleic acid-binding protein (RNA rather than DNA could
be its ligand). Thus, thegoFl or comCa803 mutation would
lead to a compensation of the host rho mutant effect by
increasing the number of protein-RNA interactions.

Identification of the comCa gene product. Identification of
the comCa gene product is an important prerequisite for in
vitro experiments aimed at studying its mechanism of action.

TABLE 1. Characteristics of ORFs found in the comCoa region

Termination Number of Predicted Theoretical
ORF Nucleotides Ribosomal bmndmg sitea cdncdn o tpcodon codons molwt pI

comCa.+2 127-612 ACAAGTQA4AGATAACTAM TAA 162 18,217 9.3
comCa.+1' 711-998 ACAACTT(LAfAATAAAAM TAA 96 11,378 5.3
comCa.+1 786-998 TTAMTGA(AAMTTGTAA TAA 71 8,464 5.5
comCa 1,001-1,423 TGGAADQAAATTTATTAAM TAA 141 16,681 4.7
comCac.-1 1,429-1,563 TACTTTAAG.GMTAATTA3 TAA 45 5,106 8.8
comCa.-2 1,673-1,867 TTTAATTAATAGTACTGA&I TAA 65 7,165 8.5

a Putative Shine-Dalgarno sequences and initiation codons are underlined.
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FIG. 3. Identification of the comCa gene product on one-dimen-
sional gel. Phage-infected E. coli BE cells were labeled 0.5 to 5 min
after infection at 370C with 60 pCi of [35S]methionine per ml of
culture. Pulse-labeling was stopped by the addition of cold L-methi-
onine to 400 Fg per ml and sodium azide to 2 mM. The samples were
then divided into two parts. One part, shown in this figure, was

treated as described in Materials and Methods for electrophoresis on
SDS-polyacrylamide gels. The other part was treated for electro-
phoresis on two-dimensional gels (see Fig. 4). The same volume of
phage-infected cells was loaded onto the gel from each infection.
This corresponded roughly to the loading of the same number of
counts in each slot. Electrophoresis was carried out on SDS-EDTA-
15% polyacrylamide gels. (A) Infections were carried out with the
following phages: T4+ (lane a), comCa803 (lane b), goFl (lane c},
comCca55.6 (lane d), and comCa8O3amB58 (lane e). Positions of the
comCa gene product in the wild type and in the comCa803 and
comCa55.6 mutants are indicated by arrows. (B) Two of the samples
used in panel A, corresponding to infection by T4' (lane a) and
comCa803 (lane b), were electrophoresed with the following molec-
ular weight markers (sizes given in thousands): bovin serum albumin
(67), alkaline phosphatase (43), trypsinogen (24), soybean trypsin
inhibitor (20.1), 3-lactoglobulin (18.4), myoglobin (17.2), lysozyme
(14.4), and cytochrome c (12.4), the positions of which are indicated
to the left of the gel.

Comparison of the proteins made after infection of E. coli BE
by T4 wild type and a phage containing a nonsense mutation
in comCa (comCa803amB58) on one-dimensional gels re-

veals a few differences, among which is the absence in the
infection with the amber mutant, of a band with an apparent
molecular weight of approximately 22,000 (Fig. 3A, lanes a
and e, and B, lane a). This result was unexpected since the
primary sequence of the gene (see above) predicts a molec-
ular weight of approximately 16,700. Moreover, analysis of
the proteins synthesized after comCa803 or comCa55.6

infection (the two mutations are identical; see above) shows,
in both cases, a shift of the 22,000 band to a position
corresponding to an apparent molecular weight of approxi-
mately 21,000 (Fig. 3A, lanes b and d, and B, lane b). After
infection by T4goFl, which contains a different mutation in
comCa, the position of the 22,000 band is unaffected (Fig.
3A, lane c). Besides the 22,000 protein band, several differ-
ences can be seen between the proteins synthesized by the
different mutant phages (Fig. 3A). Although all the mutations
have been isolated in nominally the same parental phage
(T4D), the phages come from different laboratories and have
evolved independently. We consider the observed differ-
ences to be the result of silent mutations that are not, a
priori, related to the phenomenon which we are studying.
To confirm the identification of ComCa, the proteins were

analyzed on two-dimensional gels by using the nonequilib-
rium pH gradient electrophoresis system developed by
O'Farrell et al. (27) in the first dimension, combined with
SDS-polyacrylamide gel electrophoresis in the second di-
mension. This technique gives a good resolution of the T4
early proteins, many of which are basic (3, 48). By using
different lengths of time of electrophoresis in the first dimen-
sion, it is possible to distinguish the acidic proteins, which
stop moving after a short time, from the more basic ones
which continue migrating as long as the tension is main-
tained. In Fig. 4A and B, the proteins synthesized after
wild-type and comCa803amB58 infections are compared. A
spot migrating as an acidic protein with an apparent molec-
ular weight of 22,000 is absent in the comCa amber infection.
Comparison of the phage proteins made in wild-type and
comCa8O3 infections (Fig. 4C and D) shows that the muta-
tion leads to a displacement of the spot in both dimensions:
it has shifted towards less-acidic pH and appears clearly as a
protein with a lower molecular weight. In a similar analysis,
the goFl polypeptide was found to migrate exactly as did the
wild-type protein (data not shown). These results identify
unambiguously this protein with an apparent molecular
weight of 22,000 as the comCa gene product.
We conclude from these studies that the comCa gene

product has an electrophoretic mobility on SDS-polyacryl-
amide gels lower than that predicted by its calculated mo-
lecular weight. This abnormal behavior may be correlated to
the rather acidic pl of the protein (calculated pI = 4.7).
Several acidic proteins, the v factors (11) and NusA protein
of E. coli (16), for example, have been shown to migrate
more slowly than expected from their primary sequences.
We have shown that in comCa803, an arginine replaces a
glycine at position 84 of the protein. This change adds a
positive charge, which is expected to increase the electro-
phoretic mobility on SDS-polyacrylamide gels. Neverthe-
less, this cannot be the only explanation for the observed
dramatic increase in mobility since in the goFl mutant, an
acidic amino acid, aspartic acid, is replaced by a tyrosine
without any change in the electrophoretic mobility of the
corresponding protein.

Kinetics of biosynthesis of the comCac gene product. Since
the ComCa protein can be resolved from the other T4
proteins on a one-dimensional 15% polyacrylamide gel, it is
easy to follow its kinetics of synthesis during phage devel-
opment. Figure 5 shows the result of an experiment involv-
ing pulse-labeling of the T4 proteins from the beginning of
infection to 20 min later at 37°C. The protein ComCa starts
to be synthesized immediately after infection. This result
was expected since the gene is preceded by two early
promoters (Fig. 2) (34). The rate of synthesis reaches a
maximum between 1 and 3 min after infection and decreases
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FIG. 4. Two-dimensional gel analysis Infection and labeling were performed as described in the legend to Fig. 3. Treatment of the infected
cells to be' analyzed on Ampholine-contamning gels was done as described previously (27, 48). In the first dimension, a pH gradient
ejectrophoresis, the four samples were run simnultaneously for 1 3/4 h at 500 V. The second dimension separates the proteins according to their
sizes. Tlwo cylindrical gels to be compared (A and B; C and D) were placed on top of the same slab SDS-EDTA-15% polyacrylamide gel, with
the acidic ends facing each other at the center of the slab. Thus, one protein distribution becomes the minror image of the other. Infection
with T4' (A and C), T4comCcc8OamB58 (B), and T4comCcc8O (D) is shown. The circles mark the positions of the wild-type comCa protein.
In p'anel A, the MotA and IpIll proteins are shown for reference (48). The arrows show the presumed ComCa amber fragment (panel B) and
the- positionr of the romCav poynpeptide_ madeit by the conmCcz803n muitant (pane-l D)
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FIG. 5. Kinetics of ComCa biosynthesis. T4'-infected E. coli BE cells were pulse-labeled at 37'C for 1 min with 25 ,uCi of [35S]methionine
per ml of culture. The times (minutes) of labeling are indicated at the bottom of the figure. Pulse-labelings were stopped as described in the
legend to Fig. 3. The same number of infected cells (5 x 107) was loaded onto the gel for each pulse-labeling. The lane labeled Am shows the
0.5- to 5-min labeled T4comCa803amB58-infected cell extract described in the legend to Fig. 3. Conditions of electrophoresis were the same
as those described in the legend to Fig. 3. Arrows indicate the positions of the ComCa and MotA polypeptides.

slowly thereafter; some ComCa synthesis is still detectable
at least 13 min postinfection. Thus, ComCax is an early
protein whose synthesis is prolonged past the prereplicative
period. Such kinetics might explain why ComCa appears as
an abundant protein with respect to the total T4 prereplica-
tive proteins (Fig. 3 and 4). Synthesis of other T4 early
proteins is inhibited soon after infection, with different
kinetics. This type of behavior is exemplified by the tran-
scription activator MotA whose synthesis is shut off much
more dramatically than that of ComCa (Fig. 5) (45, 47, 48).
Does the prolonged synthesis of ComCa mean that this

protein is required for a long period and/or that it acts
stoichiometrically rather than catalytically? If this protein
does act as an antitermination factor, then it might be
associated either with elongating RNA polymerase in com-
plexes of the kind described for bacteriophage X antitermi-
nation (23, 26) or directly with mRNA, thus competing with
p binding. If this protein is not made in excess, then
whatever its mode of action, newly synthesized antitermina-
tion factor could be titrated (or "trapped") by its nucleic
acid ligand or within transcription elongation complexes.
Any new wave of transcription would require more ComCa
protein. Since there is evidence that p acts throughout the T4
cycle (38, 40), it should not be surprising that antiterminator
synthesis is required until late in the cycle. Dominance/

recessivity tests support the notion that ComCa is limiting in
the antitermination process. Mixed infections of a super-rho
host (hdfl2.5) by T4 goFl and T4+ give a burst size of
intermediate value (0.8 phage per bacterium), compared with
the yield obtained by either phage separately (0.07 with T4+
and 12.3 with goFl) (38). Similar results were obtained with
the comCa55.6 allele (7). These results could mean that the
ComCa protein acts as an oligomer. Nevertheless, this
explanation does not hold when one considers the result of
the mixed infection with goFl and T4del(39,56)-12, a phage
which contains a large deletion encompassing the comCax
gene. Surprisingly, in this case, a burst size (1.9) similar to
that obtained in the goFl/wild type experiment was found
(38). One interpretation of these results is that the ComCa
protein is limiting with respect to the antitermination process
and that the altered antitermination factor produced by one
phage is not sufficient, in the presence of a tabC/hdf super-
rho, to overcome all the termination events.
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