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Overexpression, Purification, and Partial
Characterization of ADP-Ribosyltransferases
ModA and ModB of Bacteriophage T4
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There is increasing experimental evidence that ADP-ribosylation of host proteins is an important means to
regulate gene expression of bacteriophage T4. Surprisingly, this phage codes for three different ADP-ribosyl-
transferases, gene products Alt, ModA, and ModB, modifying partially overlapping sets of host proteins. While
gene product Alt already has been isolated as a recombinant protein and its action on host RNA polymerases
and transcription regulation have been studied, the nucleotide sequences of the two mod genes was published
only recently. Their mode of action in the course of the infection cycle and the consequences of the ADP-
ribosylations catalyzed by these enzymes remain to be investigated. Here we describe the cloning of the genes,
the overexpression, purification, and partial characterization of ADP-ribosyltransferases ModA and ModB. Both
proteins seem to act independently, and the ADP-ribosyl moieties are transferred to different sets of host proteins.
While gene product ModA, similarly to the Alt protein, acts also on the ¢-subunit of host RNA polymerase, the
ModB activity serves another set of proteins, one of which was identified as the S1 protein associated with the

30S subunit of the E. coli ribosomes.

ADP-ribosyltransferase
Protein purification

Lysogeny ModA
Transcription regulation

ModB Alt
Translation regulation

Overexpression Phage T4

SIMILAR to protein phosphorylation, mono-ADP-ri-
bosylation of proteins is an enzyme-catalyzed, post-
translational modification that may be reversed for
regulatory purposes by the action of corresponding
ADP-ribosylhydrolases. The transfer of the ADP-ri-
bose moiety from the substrate NAD’ to specific
amino acid residues of the target protein modulates
their activities. Mono-ADP-ribosyltransferases origi-
nally had been discovered as the pathogenic principle
of diphtheria, cholera, pertussis, and other bacterial
toxins (9,11,22). ADP-ribosyltransferases now are
known to exist in both procaryotic and eucaryotic
systems (13). Interestingly, at least part of the “bacte-
rial” toxins seem to be encoded as pathogenic factors
on the genomes of lysogenic phages incorporated into
the DNA of their host bacteria (39).

Bacteriophage T4 codes for three ADP-ribosyl-
transferases, the Alt, the ModA, and the ModB gene

products (GenBank accession numbers X15811 and
X98695, respectively). Antagonizing ADP-hydro-
lases have not been detected and might not exist. The
Alt protein is also a structural component of the
phage head and about 50 copies of this protein enter
the host cell in the process of infection together with
the phage DNA (10). The Alt polypeptide immedi-
ately ADP-ribosylates host RNA polymerase, pre-
sumably at only one of the two o-subunits (6,27).
One target of this reaction is amino acid ARG of
the o-subunit (25); however, other arginine residues
of the polypeptide as well as other RNA polymerase
subunits and proteins may also be ADP-ribosylated
by this enzyme (6,7,14). As a consequence of the
transfer of the ADP-ribosyl moiety to host RNA
polymerase by gene product Alt, the transcription
from T4 early promoters is enhanced (40): the Alt-
catalyzed ADP-ribosylation of host RNA polymerase
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leads to an accelerated expression of T4 “early” gene
products, thus supporting the phage’s program to gain
control over the infected host cell.

Later in the T4 infection cycle ADP-ribosylation
of both o-subunits is brought to completion by a sec-
ond, newly synthesized ADP-ribosyltransferase, the
23-kDa ModA gene product (29). In contrast to gene
product Alt, modifying several E. coli proteins (14),
ModA reacts more specifically towards the RNA
polymerase o-subunit. The biological effects of this
ADP-ribosylation on gene expression are not pre-
cisely known; however, the association of modified
RNA polymerase with phage-encoded proteins, and
linked to this process the recognition of middle-mode
and late promoters, may be a consequence of the
modification (23,24). Surprisingly, a double mutant
(alt’, modA™) did not show any significant effect in
phage burst or latent period under laboratory condi-
tions (10). In the course of experiments designed to
sequence T4 gene modA, a second reading frame,
modB, was detected (5,40), and threading experi-
ments predicted that both reading frames code for
ADP-ribosyltransferases (2,40). In this article we re-
port the cloning of genes modA and modB, and the
overexpression of their gene products. Both recombi-
nant proteins show ADP-ribosylation patterns differ-
ent from each other and from those of gene product
Alt, suggesting that the three ADP-ribosyltransferases
act as independent enzymes, and modifying overlap-
ping sets of host proteins. While Alt in vitro targets
all subunits of host RNA polymerase (14), ModA
transfers the ADP-ribosyl label preferentially to the
o-subunit of this enzyme; however, a 26- and a 70-
kDa polypeptide are also labeled. ModB transfers the
ADP-ribosyl moiety to unknown proteins with ap-
proximate molecular masses of 10, 19, 21, 30, 36,
and 70 kDa. We shall give evidence that the 70-kDa
protein modified by ModB is the S1 ribosomal pro-
tein of E. coli.

MATERIALS AND METHODS
Materials

DNA-dependent RNA polymerase, alkaline phos-
phatase, and nucleoside triphosphates were purchased
from Boehringer (Mannheim, Germany). [Adenylate-
“PINAD" was from Hartmann (Braunschweig, Ger-
many). Acrylamid, N,N’-bisacrylamid (Rotiphorese
40%, 29:1) for SDS gels came from Roth (Karlsruhe,
Germany) and Coomassie brilliant blue as well as an-
tibiotics from Serva (Heidelberg, Germany). T4 DNA
ligase, Taq polymerase, and all restriction enzymes
were purchased from Gibco-BRL (Gaithersburg,
MD). Minisart filters were obtained by Sartorius
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(Goettingen, Germany) and agarose from FMC
(Rockland, ME). Chromatography Talon™ resin
came from Clontech (Palo Alto, CA). Enzymatic
DNA manipulations were performed according to
Ausubel et al. (1).

Bacteria and Plasmids

T4dC DNA was prepared by growing T4 mutant
alc536 [42" (amC87), 56° (amES51), denB™ (amS19),
alc (unf39)] in E. coli B834 [gal” (U56), (met,
gal (U), su’)]. For the cloning experiments we used
plasmid vectors pET-11d and pET-16b, which were
grown in E. coli BL21 [F, ompT, hsdSg (I's m) gal
dcm] (Novagen, Madison, WI).

PCR Amplification of DNA

The following PCR protocol was used to amplify
the modA and modB genes from Xhol-hydrolyzed
T4dC DNA as a template (25 ng), with primer con-
centrations of 50 pmol. PCR was performed with 35
cycles and the following program: DNA denaturation
for 1 min at 95°C, primer annealing for 2 min at
52°C, DNA extension for 1 min at 72°C, and a final
extension for 10 min at 72°C. Samples of PCR-am-
plified DNAs were checked by gel electrophoresis in
TBE buffer, pH 8.0 (89 mM Tris-borate, 89 mM
boric acid, 2 mM EDTA-Na,). The gels were stained
with ethidium bromide (0.4 mg/l) and photographed
on a 312-nm UV light source.

The primers used for the amplification of modA
were TGAGGTAGTTCCATGGAATACTCA and TGG
TATAATGGATCCAAGTCCTTC for the cloning into
vector pET-11d, or TTGAATGAAGGATCCAGTA
ATGCA and TGGTATAATGGATCCAAGTCCTTC
for pET-16b. Correspondingly, for the amplification
of modB the primers were ACGGAGGCTACCATGG
TTATTAAT, and GCACCGATGGATCCATTGATT
TTA (pET-11d), or ACGGAGGCTCATATGATTAT
TAAT and GCACCGATGGATCCATTGATTTTA
(pET-16b). The restriction sites introduced with the
primer sequence (Ncol, BamHI, and Ndel, respec-
tively) are underlined.

Overexpression of the T4 ADP-Ribosyltranferases
ModA and ModB

Overexpression of the ModA and ModB proteins
was performed by cloning the PCR products of genes
modA and modB into the restriction sites Ncol-
BamHI of pET-11d. To obtain both proteins as His-
tagged polypeptides modA was cloned into the
BamHI-BamHI and modB into the Ndel-BamHI re-
striction sites of pET-16b. The ligation mixture was
transformed into E. coli BL21 by electroporation. For
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the overexpression, a single recombinant colony was
resuspended in 2 ml of LB medium [1% (w/v) Bacto
tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl]
supplemented with 0.2% of maltose and 200 pg/ml
of ampicillin. Cells were grown at 37°C to an ODsy
of 0.6-1.0. Bacteria then were centrifuged for 5 min
at 5000 x g, resuspended in 10 ml of fresh medium
(as above), and grown to the same OD;g. Cells again
were centrifuged and resuspended in 10 ml of fresh
medium and the culture was induced by the addition
of IPTG and MgSO, to final concentrations of 1 and
10 mM, respectively. In addition, the culture was in-
fected with 4 x 10° pfu/ml of ACES6, resulting in a
multiplicity of infection of 5-10. The culture was al-
lowed to grow for 3 h at 37°C. Cells were harvested
by centrifugation and kept at —20°C until further use.
Overexpression of the Mod proteins was monitored
on 13% SDS-polyacrylamide gels (17).

Purification of ADP-Ribosyltransferases ModA
and ModB

For the purification of the ModA and ModB pro-
teins the above procedure was scaled up to a volume
of 250 ml. After sonic oscillation of the cells and
centrifugation at 3000 x g the overexpressed proteins
were found in the pellet. It was concluded that most
of the recombinant proteins were tied down as inclu-
sion bodies. The inclusion bodies were resuspended
in 5 ml of a lysis buffer containing 50 mM NaH,PO,,
10 mM Tris-HCI, pH 8.0, 7 M guanidinium chloride.
Centrifugation for 15 min at 20,000 X g at room tem-
perature removed insoluble debris. The supernatant
then was filtered through Minisart filters (pore size
0.45 pm). The flow-through contained approximately
90 mg of protein in a total volume of 5 ml. The sam-
ple was applied to 2 ml of Talon™ resin equilibrated
with lysis buffer. The resin was treated according to
the batch/gravity flow procedure (for further details
see Talon™ user manual), poured onto a small col-
umn, and washed. The proteins bound were renatured
on the column by developing the column at room
temperature with 4 volumes of a buffer containing 6
M urea, 50 mM NaH,PO,, 10 mM Tris-HCI, pH 8.0,
followed by 4 volumes of the same buffer containing
3 M urea. In a final step, which was performed at
4°C, urea was entirely omitted from the last 5 vol-
umes of renaturation buffer. The proteins then were
eluted with 100 mM imidazole, 20 mM Tris-HCI, pH
8.0. Fractions of 500 ul were collected and the ModA
or ModB proteins were monitored on 13% SDS-poly-
acrylamide gels. Fractions containing ModA or
ModB were pooled and dialyzed against 50% glyc-
erol in TE buffer (10 mM Tris-HCI, pH 8.0, 0.5 mM
EDTA-Na,).

ADP-Ribosyltransferase Assay

The activities of the overexpressed transferases
were assayed by radioactive labeling of the proteins
in vitro, according to Rohrer et al. (27), followed by
gel electrophoresis and autoradiography. Because the
proteins of a cell lysate prepared from Mod-overex-
pressing cells might already be ADP-ribosylated with
residual cellular NAD", for testing we always added
an equal amount of cell lysate of cells not having
been in contact with the Mod genes. Hence, incuba-
tion mixtures contained, in a final volume of 0.1 ml,
35 pg of externally added RNA polymerase holoen-
zyme (optional), 30 pug E. coli crude cell lysate, 30
ug E. coli crude cell lysate of the overexpressing bac-
teria, or, alternatively, 4 ug of the purified ADP-ribo-
syltransferases, 1 pCi ["PINAD" (specific activity:
800 Ci/mmol) in transferase buffer [0.05 M Tris-ace-
tate, pH 7.5, 0.01 M Mg(OAc),, 22 mM NH/(C], 1
mM EDTA-Na,, 0.01 M 2-mercaptoethanol, 10%
glycerol]. The reaction mixture was incubated for 30
min at 15°C and the reaction was stopped by precipi-
tation with 10% trichloroacetic acid. To reduce resid-
ual radioactive NAD", the precipitate was centri-
fuged, the sediment was washed with 70% acetone/
water (v/v), dried, dissolved in 80 pl of electrophore-
sis sample buffer, and incubated at 95°C for 5 min.
Aliquots of 15 pl were applied per channel and sepa-
rated on a 13% SDS-polyacrylamide gel (17). Gels
were stained with Coomassie brilliant blue, dried, and
autoradiographed on Fuji-RX films, usually with ex-
posure times of 24 h.

Blotting of the ADP-Ribosylated Proteins

The plasmid pllmodB was transformed into E.
coli BL21 and transformed cells were grown as de-
scribed above. After induction and 3 h of continued
growth, cells were harvested and opened by sonic os-
cillation. An aliquot of the soluble fraction was sub-
mitted to an ADP-ribosyltransferase assay in the
presence of [?PINAD". To achieve an efficient sepa-
ration of the 70-kDa polypeptide from the bulk of
accompanying proteins the samples were separated
on 8% SDS-PAGE and blotted onto a PVDF mem-
brane (Immobilon™-P, Millipore, Bedford). This
membrane was stained with Coomassie brilliant blue
to monitor the protein transfer, air dried, and autora-
diographed. Comparison of the electrophoretical pat-
tern with the autoradiography shows a labeled protein
of approximately 70 kDa. The labeled protein was
excised from the membrane and directly subjected to
amino acid sequencing.

Amino Acid Sequencing

N-terminal protein sequence analysis was exe-
cuted with a 473A protein sequencer (Perkin Elmer,
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Applied Biosystems), according to Edman (4). The
phenylthiohydrated amino acids were identified by
HPLC on a Brewrilee™ column.

Isolation of 70S Ribosomes From E. coli BL2J Cells

The purification of the 70S ribosomes followed
the procedure of Jelenc (3).

Cloning and Overexpression of the SI Gene

For the amplification of the rspA gene we fol-
lowed the PCR protocol as outlined above, with the
following exceptions. The primers were annealed at
42°C; the primers 5-TGAAGATTAACCATGGCT
GAA-3' and 5-TCGGAATAAGAATTCCGAAGA
3' were derived from the rs/?A-flanking regions as
published (28). DNA isolated from E. coli BL21
served as template. The amplified rspA gene was
cloned into the Ncol and BamWI restriction sites (as
underlined in the primer sequences) of vector pBAD
(Invitrogen, Carlsbad, USA). The vector was trans-
formed into E. coli LMG194 and the cells were
grown to an OD3Dof 0.5. The expression of gpRspA
was induced by adding 0.2% of arabinose. The cul-
ture was kept for 4 h at 37°C prior to cell disruption
and the consecutive ADP-ribosylation test.

RESULTS

Cloning, Overexpression, and Purification of ModA
and ModB

Starting material for the cloning of the genes
modA and modB was T4 dCDNA as obtained by
growing T4 strain alc536 in E. coli B834. This T4
mutant replaces the 5-hydroxymethyl cytosine bases
usually found in T4 wild-type DNA by cytosine. T4
dCDNA is accessible to restriction enzyme digestion
while the T4 wild-type DNA is refractory to an attack
of most of these enzymes. To obtain smaller DNA
fragments and to isolate the restriction fragment car-
rying both genes, total T4 dCDNA was digested with
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nuclease Xhol, resulting in 17 DNA fragments (8).
Genes modA and modB reside on a 19.459-kbp Xhol
fragment in an approximately central position, be-
tween map positions 13.135 and 11.914 kbp on the
genomic map of bacteriophage T4 (16). The corre-
sponding fragment can be prepared from agarose
gels. The nucleotide sequence of this region revealed
that both genes are arranged in one transcription unit,
served by T4 early promoter P13.149 (designated
P12.8 in publications prior to the sequencing and ed-
iting of the total T4 sequence) (18). Their reading
frames are linked by an ATGA sequence, with the
start codon ATG of the downstream gene overlapping
the stop codon TGA of the upstream gene by one
base pair. For an overview of this genomic region see
Fig. 1

Both genes were amplified separately by PCR
with the corresponding Xhol restriction fragment as a
template. Restriction sites suitable to clone both frag-
ments in proper orientation into multiple cloning sites
of commercial expression vectors were introduced by
the synthesis of eight PCR primers, each of 24 nucle-
otides length, carrying the sequences of the particular
restriction sites (see Materials and Methods). For the
overexpression of the two Mod polypeptides we took
advantage of the T7 polymerase-based pET system
(35). The vectors pi ImodA, pi 1modB, plémodA,
and plémodB were transformed into E. coli BL21
and grown as described in Materials and Methods.
Expression was induced by infection with bacterio-
phage ?tCE6 carrying the gene for T7 RNA polymer-
ase. Concomitantly IPTG was added to open tran-
scription of the cloned mod genes. The synthesis of
gpModA (23 kDa), gpModB (24 kDa), gpHis-ModA
(26 kDa), and gpHis-ModB (27 kDa) was monitored
on SDS-polyacrylamide gels.

After cell disruption, soluble and insoluble por-
tions of the preparation were separated by centrifuga-
tion. Essential amounts of the overexpressed proteins
remained with the insoluble fraction of the cell de-
bris. It was concluded that the ModA and ModB pro-
teins aggregated in inclusion bodies. Separation of
the inclusion bodies by centrifugation at 3000 X g im-

PCR Primer PCR Primer PCR Primer
Nofel BanjH BamUI Nde\ £coR] 3arH
11 1
m od B (207 ag, 24.2 kDa) m odA (200aa 23.3kDa) i
33 kb 12->13 kb 11.913 kb J
P13.149 ATGA Pl1.815

FIG. 1. The arrangement of the reading frames modB and modA between the early promoters P13.149 and Pl 1.815. The positions in the
T4 genome and the sizes of the corresponding gene products are indicated. The positions of PCR primers for DNA amplification with

restriction sites introduced to facilitate cloning are also shown.
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FIG. 2. Solubility and prepurification of ModA. Polypeptides were separated on a 13% SDS-polyacrylamide gel and stained with Coomassie
brilliant blue. M: marker proteins; C: total protein fraction of a ModA-expressing culture; S: soluble and P: insoluble protein fractions of
this culture; PW: inclusion body wash; I: solubilized inclusion bodies; FT: column flow-through. For further information see text.

mediately resulted in preparations of the proteins that
were pure to about 90% (Fig. 2). Inclusion bodies
were dissolved in lysis buffer containing 7 M guanid-
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FIG. 3. Purified ModA, 1and 3 pg protein per lane, respectively,
separated on a 13% SDS-polyacrylamide gel. Proteins were de-
tected by silver staining.

inium chloride and the preparation was applied to a
Talon™ column. Affinity chromatography of the His-
Mod proteins and their renaturation (for details see
Materials and Methods) yielded preparations close to
100% pure as judged from silver-stained polyacryl-
amide gels (Fig. 3). Though hydrophobicity plots of
the two enzymes (data not shown) do not reveal ex-
tended hydrophobic or charged regions, ModA and
ModB are endowed with a remarkable tendency to
aggregate and precipitate at concentrations above 1
mg/ml.

Determination of the ADP-Ribosyltransferase
Activity of the Overexpressed Enzyme

The ADP-ribosyltransferase activity of the overex-
pressed and purified Mod proteins was determined
following the protocol outlined in Materials and
Methods. In these experiments no differences were
observed among the ribosylation reactions performed
by the untagged proteins or their His-tagged counter-
parts. Because the His-tagged proteins usually are
faster to purify, most of the experiments shown here
were executed with gpHis-ModA and gpHis-ModB.
The ADP-ribosylation products resulting from these
tests were analyzed by SDS-polyacrylamide gel elec-
trophoresis and subsequent autoradiography. As can
be seen from Fig. 4, the ribosylation patterns of His-
ModA and His-ModB are different. While His-ModA
ADP-ribosylates the a-subunit of the RNA polymer-
ase as well as a 26- and a 70-kDa protein, His-ModB
modifies proteins with apparent sizes of 10, 19, 21,
30, 36, and 70 kDa. ModA and ModB, like the Alt
enzyme (15), perform an autoribosylation reaction.
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FIG. 4. Autoradiograph of soluble E. coli proteins incubated in the presence of T4 ADP-ribosyltransferases ModA and ModB, respectively.
The crude cell extract was supplemented with 20 pg of RNAP. The in vitro labeling reaction followed the protocol as given in Materials
and Methods. The radioactive substrate was [3P]JNAD+ The reaction products were separated by electrophoresis on a 13% SDS-polyacryl-
amide gel and stained with Coomassie brilliant blue (A). (B) The autoradiograph of (A). As a molecular weight standard a 10-kDa ladder

was employed.

Protein Sequencing

As a first step to identify the target proteins of
ModA and ModB, other than the subunits of RNA
polymerase, we purified the 70-kDa protein, appar-

Position: 1 5 10 15

_ MTEIFAQLFE
target-sequences.

20

ently targeted by both proteins, but seemingly pre-
ferred by ModB (Fig. 4). Taking advantage of the
transfer reaction as catalyzed by ModB, the E. coli
proteins sensitive to ADP-ribosylation by this en-
zyme were radioactively labeled, as described in Ma-

MTESFLQLFEESLKEIETRPG?!

Sl sequence: mtesfaql feeslkeietrpgsivrgvwaidkdwlvdaglksesaipaegqfknaqge

LEIQVGDEVDVALDAVEDGFGETLLSREKAKRHEAWI
TLEKAYEDAETVTGVINGKVKGGFTVELDGIRAFLPG
SLVDVRPVRDTLHLEGKELEFKVIKLDQKRNNVWSR
RAVIESENSAERDQLLENLQEGMEVKGIVKNLTDYGA
FVDLGGVDGLLHITDMAWKRVKHPSEIVNVGDEITVK
VLKFDRERTRVSLGLKQLGEDPWVAITAKRYPEGTKLT
GRVTNLTDYGCFVEIEEGVEGLVHVSEMDWTNKNIHP
SKWNVGDWEVMVLDIDEERRRISLGLKQCKANPWQ
QFAETHNKGDRVEGKIKSITDFGIFIGLDGGIDGLVH
LSDISWNVAGEEAVREYKKGDE ITAAWLQVDAERERI
SLGVKQLAEDPFNNWVALNKKGAIVTGKVTAVDAKGA
TVELADGVEGYLRASEASRDRVEDATLVLSVGDEVEA
KFTGVDRKNRAISLSVRAKDEADEKDATATVNKQEDA
NFSNNAMAEAFKAAKGE

FIG. 5. The amino acid sequences of two independent isolates of the ADP-ribosylated 70-kDa protein, aligned with the sequence of the E.

coli ribosomal protein SI.
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FIG. 6. ADP-ribosylation of purified 70S ribosomes and of the
overexpressed Sl protein. The in vitro labeling reaction with
[3PINAD+as a substrate followed the protocol given in Material
and Methods. After ADP-ribosylation the products were seperated
by 13% SDS-PAGE and stained with Coomassie brilliant blue. The
band representing the Sl protein is marked by an arrow. M: 10-
kDa protein ladder; la: purified 70S ribosomes; Ib: autoradiogra-
phy of la; 2a: E. coli crude extract with the overexpressed Sl
protein; 2b: autoradiography of 2a.

terials and Methods. The proteins were separated on
an 8% SDS-polyacrylamide gel and blotted onto a
PVDF membrane. The membrane was autoradio-
graphed, the labeled 70-kDa protein excised and sub-
mitted to NH2terminal amino acid sequencing. The
comparison of these sequences with the E. coli data-
base is shown in Fig. 5. The only homology found
was that to the ribosomal protein SI of E. coli. To
further substantiate this finding we isolated the 70S
ribosome fraction of E. coli BL21 cells. The purified
ribosomes were also subjected to ADP-ribosylation
by ModB and the incubation mixture then was sepa-
rated on a 13% SDS-polyacrylamide gel; the gel was
dried and the proteins autoradiographed (Fig. 6).
Again, we found a 70-kDa protein carrying the ADP-
ribosyl label. Control experiments in which ModB
was omitted from the reaction mix did not show the
70-kDa band radioactively labeled. It is well docu-
mented that the actual molecular weight of the SI
protein is 61.159 kDa, while the apparent molecular
weight as determined on polyacrylamide gels is 70
kDa (12). In a second approach we overexpressed the
Sl protein (gpRspA) as outlined in Materials and
Methods, and again found this protein labeled in a
cell-free extract by the transfer reaction as catalyzed
by ModB (Fig. 6).

DISCUSSION

In this article we describe the cloning and the
overexpression of phage T4 genes modA and modB,
as well as the purification and partial characterization
of their gene products, ADP-ribosyltransferases ModA
and ModB. Gene modA already had been linked to
T4 transcription regulation by biochemical and ge-
netic studies (7,27,32), and it had been shown that
this gene product ADP-ribosylates the a-subunit of
E. coli RNA polymerase. However, the isolation of
the protein from phage-infected E. coli cells had been
difficult and the limited yield of active enzyme then
did not allow extended biochemical experimentation.

Gene modB even escaped attention until recently,
when it was discovered in the course of sequencing
experiments targeting gene modA (5,40). Both read-
ing frames reside next to each other on the T4 ge-
nome, in the same transcription unit, overlapping by
one base pair, and they code for polypeptides of very
similar Mr. This bicistronic transcription unit is con-
trolled by the strong T4 early promoter P13.149 (N.
Sommer et al., in preparation), possibly reflecting the
importance of these two gene products to the T4 rep-
lication cycle. Surprisingly, threading experiments
predicted secondary structures for both gene products
to fit the structural characteristics of ADP-ribosyl-
transferases, and amino acids constituting putative
active sites were found to be conserved in both poly-
peptides (2,40). With the aim of confirming the re-
sults of the threading experiments and of gaining
knowledge on the ribosylation characteristics of these
enzymes, we isolated both as recombinant proteins.

Initial attempts to clone the mod genes into a num-
ber of vectors, like pBluescript (30), pT7-5 (38), or
pGEX-3X (33), were without success. However, the
tightly controlled pET expression vectors proved to
be useful for the cloning and overproducing the ADP-
ribosyltransferases. The difficulties encountered in
cloning the mod genes into expression vectors other
than pET are most probably due to their toxicity for
the host cells: few copies of both gene products as
synthesized (e.g., by the leakiness of a vector system)
might prevent E. coli from growing. Moreover, trans-
formed lysogenic strains, recommended for efficient
expression of the genes cloned on the vectors [e.g., E.
coli BL21 (DE3) or BL21 (DE3) pLysS] lyse rather
quickly and produce phage progeny. Therefore, ADP-
ribosylation catalyzed by either one of these proteins
may interfere with lysogeny in these bacterial strains.

For a fast and one-step purification of the Mod
gene products, His-tags were linked to the amino-ter-
mini, allowing to purify the enzymes by metal ion
affinity chromatography close to 100%. All recombi-
nant enzymes, his-tagged or not, showed transferase
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activity with radiolabeled NAD' as a substrate. In
crude extracts of transformed and induced E. coli
cells, the ModA protein modified only two polypep-
tides (i.e., the o-subunit of the RNA polymerase and
a 70-kDa protein), while ModB catalyzed the ADP-
ribosylation of at least six different polypeptide
chains. Upon exposure of the corresponding ADP-
ribosylated proteins for more than 1 week, a number
of additional fainter bands appear on the autoradio-
graphs, and several polypeptides then seem to comi-
grate in the ModA and ModB channels. Whether
these bands represent specific ADP-ribosylations of
minor proteins, with relevance to the T4 replication
cycle, or whether they reflect proteins labeled with
less specificity, remains to be investigated. ADP ribo-
syltransferases have already been reported to react
rather unspecifically (19,21,34). However, the ModA
and ModB proteins are good examples to show that
preferences exist. This preference for certain target
proteins may possibly be linked with the tendency of
these enzymes to aggregate: for example, small clus-
ters of hydrophobic and/or charged amino acid side
chains might direct the enzymes to corresponding
contact sites at specific target proteins from where
“docked” enzyme molecules react with the arginine
residue in reach. This mechanism would also give
clues as to the preference for Arg”” on the carboxy-
terminus of the o-subunit of RNA polymerase, to the
autoribosylation reaction, and to a partially unspecific
reaction of these enzymes.

Polyacrylamide gels, separating the E. coli pro-
teins that had been ADP-ribosylated by ModA or
ModB, show a 70-kDa polypeptide comigrating on
both gels. Because ModB exhibits a preference to re-
act with this protein we have recovered the protein
after labeling and submitted it to amino-terminal se-
quencing. Comparison of the amino acid sequence
obtained to those deposited in the EMBL database
(BlastP 2.0) revealed a high homology with the
amino-terminal sequence of the S1 protein (Fig. 5).
The ribosomal protein S1 is the largest out of the E.
coli ribosomal 30S subunit proteins. It is composed
of 557 amino acid residues, has an M, of 61.159 kDa,
and migrates as a 70-kDa protein on SDS-polyacryl-
amide gels (28). The S1 protein plays an essential
role in the binding of mRNA to ribosomes (37). It
had been reported to have a two-domain structure,
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with one domain identified to be responsible for the
binding to the ribosome and the other for mRNA
binding. The S1 protein also proved to be essential
for initiation of the translation and for the Qf repli-
case function (36). Ribosylation of the S1 protein by
phage T4 gene products may interfere with the trans-
lation of E. coli mRNA or, alternatively, as a conse-
quence of a T4-specific mRNA recognition by the
ribosylated S1 protein, may enhance the translation of
T4 mRNA. Areas of high sequence homologies, as re-
ported for T4 early promoters between positions —10
and +1 and further downstream (8), might be a basis
for a modified mRNA recognition scheme and specific
interactions. Though modifications of E. coli ribo-
somal proteins after T4 infection to date have not been
documented, the ADP-ribosylation of the E. coli S1
protein may be a first hint towards a general mecha-
nism affecting T4-specific translation or its regulation
(20). Global effects on the E. coli translation apparatus
as a consequence of phage infection already had been
observed with phage T7, where gene product 0.7, a
protein kinase, phosphorylates among others the ribo-
somal protein S1, supporting viral reproduction under
suboptimal growth conditions (26).

While Skorko and Kur (31) only found the o-sub-
unit of RNA polymerase as well as a 20-kDa protein
modified by the action of Mod (these authors might
have been unable to separate ModA and ModB), the
recombinant enzymes ADP-ribosylate a larger num-
ber of proteins in vitro. At present it is not known
whether these ADP-ribosylations are of relevance to
the T4 replication cycle, or whether these ribosyl-
ations occur mainly at random (e.g., at arginine resi-
dues easily accessible to the ModA and ModB pro-
teins). The high toxicity of the Mod proteins directed
towards E. coli seems to underline the significance of
these reactions. The recombinant Mod proteins in the
future will be valuable tools to investigate the intri-
cate interactions of phage and host proteins to regu-
late and optimize the phage T4 replication cycle.
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