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There is increasing experimental evidence that ADP-ribosylation of host proteins is
an important means of regulating the gene expression of bacteriophage T4. Phage
T4 codes for three ADP-ribosyltransferases, ModA being one of them. The mode
of action of the ADP-ribosylation catalyzed by ModA remains to be investigated. A
mutational analysis of ModA showed that ADP-ribosyltransferase activity of this
protein is not limited by two known amino acids. Four other amino acids have a
potential role in protein function, allowing ADP-ribosylate a number of E. coli pro-
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INTRODUCTION

Mono-ADP-ribosyltransferases originally had been
discovered as the pathogenic principle of diphthe-
ria, cholera, pertussis and other bacterial toxins. A
part of bacterial toxins seem to be encoded as pat-
hogenic factors on the genomes of lysogenic phages
incorporated into DNA of their host bacteria [1].

The phage T4 gene modA was cloned, sequenced
and the amino acid sequence of the gene product,
ADP-ribosyltransferase ModA, was deduced [2, 3]. The
reading frame codes for a polypeptide with a molecular
mass of 23.3 kDa [2]. Synthesized in the early T4 in-
fection cycle, ModA ADP-ribosy-

sents a glutamic residue at position 165 which should
play a similar pivotal role for catalysis.

Here we present a mutational analysis of ModA
of bacteriophage T4 and demonstrate that the basic
rules that are true of the entire family of ADP-
ribosyltransferases are valid for the ModA protein.

MATERIALS AND METHODS

Site-directed mutagenesis of modA gene. PCR-based
site-directed mutagenesis experiments were carried out
according to QuickChange™ Site-directed Mutagene-

Table. Synthetic oligonucleotide primers for ModA direct mutagenesis

Primer sequences

lates the RNA polymerase o su-
bunit [4, 5]. Recent in vitro stud-
ies have shown that ModA addi- i
tionally ADP-ribosylates 70 kDa
. . R72A
protein and performs autoribosy- R72A-rev
lation reaction [3]. S109A
Comparison with other ADP- | §109A-rev

ribosyltransferases [6, 7] showed |Q116A
that ModA belongs to this enzy- | Q116A-rev
me family and can be threaded |FI27A
into the catalytic domains of |F127A-ev
ADP-ribosylating bacterial toxins NS

. . . N128A-rev
displaying the expected catalytic F129A
residues [2, 3, 8] (Fig. 1). It was | g129Arey
assumed that Arg72 located in |E163A
the Trp-Arg motif of the T4 |E163A-rev
ModA amino acid sequence |Ql164A
should be equivalent to active si- | Q164A-rev
te Arg residue of bacterial toxins. E165A
The Glu-GIn-Glu motif repre- E165A-rev

5’-CGATAAACCTCTTTGGGCAGGTGTTCCAGC
5-GCTGGAACACCTGCCCAAAGAGGTTTATCG
5-GCTCTACATTTTGCTGCTGGTTTAGAGTATAACAC
5’-GTGTTATACTCTAAACCAGCAGCAAAATGTAGAGC
5’-GAGTATAACACAGCAGTTATTTTTGAATTC
5’-GAATTCAAAAATAACTGCTGTGTTATACTC
5-CAAAGCTCCTATGGTAGCCAATTTCCAGGAGTATGC
5’-GCATACTCCTGGAAATTGGCTACCATAGGAGCTTTG
5-CAAAGCTCCTATGGTATTCGCTTTCCAGGAGTATGC
5-GCATACTCCTGGAAAGCGAATACCATAGGAGCTTTG
5’-CCTATGGTATTCAATGCCCAGGAGTATGCTATAAAAGC
5’-GCTTTTATAGCATACTCCTGGGCATTGAATACCATAGG
5’-GTTTCAGATGCACAAGAAGTAATG
5-CATTACTTCTTGTGCATCTGAAAC
5-GTTTCAGATGAAGCAGAAGTAATG
5-CATTACTTCTGCTTCATCTGAAAC
5-GTTTCAGATGAACAAGCAGTAATGATACCAGC
5’-GCTGGTATCATTACTGCTTGTTCATCTGAAAC
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sis Kit (Stratagene). The plasmid vector pET16/modA,
carrying modA gene [3], was used as a template. Us-
ing pairs of mutagenic primers (Table), modA gene
mutants with mutated triplets for conserved amino
acids were obtained. Transformation, isolation of DNA
[9] and sequencing [10] of modA genes with muta-
tions were carried out through standard procedures.

ADP-ribosyltransferase-activity assay of overex-
pressed and purified ModA proteins. Overexpression
and purification of wild type and mutated ModA po-
lypeptides were carried out according to Tiemann et
al. [3]. The activities of overexpressed and partially
purified wild type and mutated ModA ADP-ribosyl-
trasferases were assayed by radioactive labeling of the
proteins in vitro according to Rohrer et al. [5] and
Tiemann et al. [3] followed by gel electrophoresis and
autoradiography.

RESULTS AND DISCUSSION

With the aim of confirming the threading experi-
ments and of gaining knowledge on ribosylation cha-
racteristics of this enzyme, nine putative active site
amino acids were substituted by Ala (Fig. 1). The
ADP-ribosyltransferase activity of overexpressed and
partially purified mutated ModA polypeptides was
determined following the protocol outlined in Ma-
terials and Methods.

As expected, ADP-ribosyltransferase activity tests
showed that wild-type (wt) ModA ADP-ribosylates
70 kDa protein, RNA polymerase a subunit (36.5 kDa)
and performs autoribosylation reaction [3]. Figure 2
shows that ModA also ADP-ribosylates [l16 kDa not
yet identified protein.

An analysis of the activities of mutated ModA po-
lypeptides showed the following results. Region (31 of
ModA ADP-ribosyltransferase is characterized by an
essential amino acid Arg located in the Trp-Arg motif
(Fig. 1). Substitution of Arg72 leads to a loss of ADP-
ribosylation of RNAP a subunit and 16 kDa protein
as well as autoribosylation reaction (Fig. 2). This is
consistent with the observations that substitution of
active site residue Arg may affect ADP-ribosyltransfe-
rase activity: ADP-ribosyltransferases transfer ADP-
ribose moiety from the substrate NAD* to an acceptor
amino acid of a target protein. NAD* in an active site
is bound with a nicotinamide ring anchored by the
active site residue Arg [6, 7]. Thus, substitution of
Arg72 eliminates interaction of NAD" in the active
site, resulting in a loss of enzymatic activity. Mutated
ModA-R72A modifies only 70 kDa protein (Fig. 2).

ModA lacks the 32 region consensus common to
ADP-ribosyltransferases: region 32 of ModA deviates
strongly from the Ser-Thr-Ser motif which is suggested
to bind either to NAD™* ribose or phosphate of AMP
moiety [11] (Fig. 1). ModA has only the first Ser at

B2 a2
Toxa_Pseae GYVE] TFLEAAQSIVEGGVRARSOD. . .. oo i ittt e i LDAIWRG]YI PALAYGYAQDPQEPDA. ..
Dtx_Corbe . .NF TKPGYVDSIQKGIQKPKSGTQGNYD. . ..o v i i i i i i i i e e DDWKG KYDAAGYSVPNENPL. . .
Elap_Ecoli ..GDO RADSRPPDETKRSGGLMPRGHNEY FDRGTQMNINLYDHARGTQTGEFVRYDDGY[VS! LRSAHLAGQOBSILSG. ...
Chta_Vibch .. DD RADSRPPDETIKQSGGLMPRGQSEYFDRGTQMNINLYDHARGTQTGFVRHDDGYMST ILRSAHLVGQIILSG. ...
Tox1_Borpe DPPA| DSRPPEDVEFQONGETAWGNND. . . ... ... .. NVLDHLTGRSCQVGSSNSAF] RRYTEVYLEHRMQEAVEA
ModA_Bpt4 PNDK] PAETKQVLNQGIDIITFDKVVSASY ... ... ..o, DKNIALHE] NINTOQVIFEFRAP. .. ....
116
Toxa Pseae <. ... RGRIRN.|GALLRVYVPRSLDAITQ WPLAERTVV.IPSA......
Dtx_Corbe . ......... SGKA .[GGVVKVTYPGESRVVLSL WEQAKALSV.ELEINFE. ..
Elap_Ecoli . ........... YSTYYIYVIATA.|. PNMENVNDVLGVYS GGI.PYSQIYGWYRVN. ...
Chta_Vibch . ........... HSTIYYIYVIATA.|. PNMFNVNDVLGAYS GGI.PYSQIYGWYRVH. ...
Tox1_Borpe ERAGRGTG. . . .HFIGYIYEVRAD.|. NNFYGAASSYFEYVDTYGDNAGRILAGALATY|QS RRI.PPENIRRVTRVYHNGI
ModA Bptd ... ... ... VFNFQEYAI&ALRCKEYNPNFKFP IAGSVEFRIADRYEYKKCSTYT
127I 129
128

Fig. 1. The alignment of the catalytic domains of bacterial toxins according to threading programs. The ADP-
ribosylating enzymes are characterized by three conserved regions, identified by boxes (1, B2/a2 and (5. Boxes
Bl and B5 indicate essential Arg and Glu and their respective consensus patterns arom-Arg (arom — aromatic)
and Glu/GIn-X-Glu. Box P2 contains Ser-Thr-Ser motif. The B2 is usually followed by an o2 helix. Homology
analysis revealed an additional box (33 characterized by arom-X-arom motif. Consensus patterns are included in
the shaded area. Numbers below indicate positions of amino acids of T4 ModA to be substituted by Ala.
Toxa_pseae — exotoxin A of Pseudomonas aeruginosa; Dtx_Corbe — diphtheria toxin of Corynebacterium diphteriae;
Elap_Ecoli - heat-labile enterotoxin A of E. coli; Chta_Vibch — cholera enterotoxin of Vibrio cholerae; ToxI_Bor-
pe — pertussis toxin of Bordetella pertussis; ModA_Bpt4 - ModA protein of phage T4 [2]
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Fig. 2. Autoradiograph of soluble E. coli proteins incubated in the presence of T4 ADP-ribosyltransferase ModA. The
crude cell extracts were supplemented with externally added RNAP. In vitro labeling reaction followed the protocol
as given in Materials and Methods. The radioactive substrate was [0-*P]NAD* (Amersham Bioscience). The reaction
products were separated by electrophoresis on a 13 % SDS-PAGE and stained with Coomassie Brilliant Blue (A). B
— the autoradiograph of A. Lanes: M - Rainbow™ ["“C] methylated protein molecular weight markers; K — control,

E. coli C41 (DE3) cell lysate

position 109. Nevertheless, the stretch of amino acids
forms a (3 strand followed by an a helix. Substitution
of Ser109 located in B strand affects protein activity.
This result is in agreement with the data obtained by
others [11]. The first serine from the Ser-Thr-Ser motif
is critical for ADP-ribosylating toxin activity. Mutated
ModA-S109A is able to ADP-ribosylate only 70 kDa
protein, while substitution of GIn116 (ModA-Q116A)
located in the following o helix does not change pro-
tein activity: mutated polypeptide ADP-ribosylates the
same target proteins as does wt ModA (Fig. 2). It can
be speculated that Ser109 is necessary for catalytic
activity while GIn116 is not.

In ModA sequence, the (33 strand forming part has
a arom-X-arom (Phe-Asn-Phe) motif at positions from
127 to 129 (Fig. 1). Two flanking residues are aroma-
tic and possibly located on the same side of strand (3.
Phe127 and Phel29 might form a hydrophobic core
favoring the binding of NAD" in the active site. Sub-
stitution of flanking amino acids (ModA-F127A and
ModA-F129A) leads to a loss of autoribosylation re-
action and other target proteins, except 70 kDa pro-
tein (Fig. 2). In this case the complementarity prin-
ciple of enzyme and NAD* binding might be disrupted.
Substitution of the middle-standing Asn128 (ModA-
N128A) does not change protein activity. The latter
residue might form a spacer region between flanking
amino acids keeping them at an appropriate distance.
It might be that the Phe-Asn-Phe motif of ModA
compensates the lack of B2 region consensus. Similar
arom-X-arom motifs (Tyr-Ile-Tyr) are also found in
three other ADP-ribosylating toxins [7] (Fig. 1).

The motif centered in a key glutamic residue is Glu-
GIn-Glu at positions from 163 to 165 in strand 5. The

latter is the second known active site amino acid
Glu165. Glu is the first residue available for interaction
with the substrate when this approaches bound NAD*
[6, 7]. Two flanking amino acids of this motif have car-
boxyl groups separated by an amino group. A double
negative charge may accelerate “pushing ” of the nega-
tively charged ADP-ribose moiety out of the active si-
te, thus favoring its approach and binding to an accep-
tor residue. The Glu (Glul65 of ModA) is the only one
strictly conserved amino acid in all toxins; it cannot to-
lerate even substitution of a compatible amino acid [6].
The activity test shows that both Glu at positions 163
and 165 seem to be important for protein function.
ModA mutants harboring these substitutions no longer
ADP-ribosylate subunit a nor 16 kDa protein, neither
do they perform autoribosylation reaction. Substitutions
of flanking amino acid Glu165 (ModA-E165A) might
eliminate interaction with the acceptor residue, while
the mechanism of action of Glu163 (ModA-E163A) is
not known. The data obtained are consistent with the
results obtained by others, showing the both flanking
Glu in Glu/GIn-X-Glu motif to be critical for catalysis
[11]. Substitution of Gln164 (ModA-Q164A) does not
change protein activity (Fig. 2).

Thus, the ADP-ribosyltransferase activity test of
mutated ModA polypeptides shows that Arg72 and
Glul65, and Ser109 and Glul63 are necessary for
ModA ADP-ribosyltransferase activity. Our results
indicate that there are two additional amino acids
with a potential role in protein function: substitu-
tion of Phel27 and Phel29 affect protein activity.
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BAKTERIOFAGO T4 ADF-RIBOZILTRANSFERAZES
MODA MUTACINE ANALIZE

Santrauka

Pastaraisiais metais buvo sukaupta nemazai eksperimenti-
niy duomeny apie lastelés-Seimininkés baltymy ADF-ri-
bozilinimo svarba reguliuojant bakteriofago T4 geny eks-
presija. Bakteriofagas T4 koduoja ModA ADF-riboziltrans-
feraze, apie kurios vykdoma ADF-ribozilinimo reakcijos
pobudj Ziniy néra daug. Todel buvo atlikta ModA muta-
cin¢ analizé: devynios amino riigStys, esancios tam tikras
konservatyvias antrines struktiiras formuojanciose srityse,
buvo pakeistos j Ala. Eksperimentiskai buvo patvirtinta,
kad ModA ADF-ribozilinimo funkcijai yra biitinos dvi Zi-
nomos aktyviojo centro amino rugstys, bei nustatyta, kad
ADPF-ribozilitransferaziniam aktyvumui yra svarbios dar ke-
turios papildomos amino ragstys.



