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ABSTRACT The enzymatic ADP-ribosyltransferase activ-
ity associated with the S1 subunit of pertussis toxin is consid-
ered to be responsible for its biological effects. Although
pertussis toxin has no significant homology to other ADP-
ribosylating toxins such as diphtheria toxin and Pseudomonas
aeruginosa exotoxin A, the results presented in this paper show
that, as for diphtheria toxin and exotoxin A, tryptophan and
glutamic acid residues are essential for the enzymatic activities
of pertussis toxin. Moreover, a structural motif can be iden-
tified around the critical glutamic acid residue. Chemical
modification or site-directed deletion or replacement of Trp-26
abolishes ADP-ribosyltransferase and the associated NAD
glycohydrolase activities. Both enzymatic activities are also
abolished when Glu-129 is deleted or replaced by aspartic acid.
Mutations at the Glu-106 position do not significantly reduce
the enzymatic activities of the S1 subunit. The mutations do not
affect the ability of the different S1 forms to be recognized by
a variety of monoclonal antibodies, including neutralizing
antibodies. Pertussis toxin containing a deletion or replacement
of Trp-26, Glu-129, or both in the S1 subunit should thus be
devoid of toxic activities without losing its reactivity with
protective antibodies and, therefore, could be safely included in
new generation vaccines against whooping cough.

Of the various virulence factors synthesized by Bordetella
pertussis, the causative agent of whooping cough, pertussis
toxin (PTX), plays a major role in the pathogenesis of the
disease (1). In addition, PTX also protects mice against lethal
challenge with virulent B. pertussis (2, 3) and constitutes an
important component in the new acellular pertussis vaccines
(4). On the other hand, active toxin is thought to be associated
with the harmful side effects of the current pertussis vaccines
o).

The toxin is a hexameric protein composed of five different
subunits, designated S1-S5 according to their decreasing
molecular mass (6). The holotoxin is structured in an A-B
model, similar to many other bacterial toxins, including
cholera toxin (CTX), Escherichia coli heat labile toxin
(LTX), diphtheria toxin (DTX), Pseudomonas aeruginosa
exotoxin A (ETX), and many others. The A moiety (S1)
contains an ADP-ribosyltransferase activity (7), and the B
moiety (S2-S5) contains the target-cell receptor binding sites
(8). After binding of PTX to the target cell, the S1 subunit is
internalized into the cell, where, upon reduction, it catalyzes
the transfer of the ADP-ribose moiety from NAD to the «
subunit of different signal-transducing GTP-binding proteins.
Depending on the target cell, these GTP-binding proteins may
be the inhibitory adenylate cyclase regulatory protein G;, the
retinal signal transducing protein transducin (G,), the G,
protein with unknown function, or other GTP-binding regu-
latory proteins (9-11).
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These biochemical modifications result in the numerous
toxic activities of PTX, including lymphocytosis, histamine
sensitization, potentiation of anaphylaxis, islet activation,
and many others (12). The same biochemical mechanisms
likely underlie various harmful side effects of the current
pertussis vaccines that are probably caused by incomplete or
reversible inactivation of the toxin in whole-cell or acellular
vaccines. Abolishing through genetic engineering the ability
of either the B-oligomer to bind to the target-cell receptors or
the A-protomer to carry out the ADP-ribosyltransferase
activity might greatly diminish the toxicity of PTX without
hampering its immunoprotectivity.

The entire PTX gene has recently been cloned (13, 14) and
sequenced (14, 15). To identify potential targets for chemical
or genetic manipulation, the primary sequence of the PTX S1
subunit was compared to the amino acid sequences of other
bacterial ADP-ribosylating toxins. Except for the A subunits
of CTX and LTX, no significant homology could be found
(14, 15). The catalytically important residues of these two
toxins are not yet known however. DTX and ETX are the
best studied toxins with respect to the definition of their
catalytic site. In both cases, a glutamic acid residue (Glu-148
in DTX and Glu-553 in ETX) was shown to be located in the
nicotinamide subsite (16-19). In DTX, a tryptophan residue,
located 5 amino acid residues downstream from the glutamic
acid, is also thought to interact with the nicotinamide moiety
of NAD (18, 20). The tryptophan residue is conserved 5
amino acid residues downstream of Glu-553 in ETX (18). No
such structure could be found in the PTX amino acid
sequence. In this report, chemical modification and site-
directed mutagenesis were used to show that, nevertheless,
a tryptophan residue (Trp-26) and a glutamic acid residue
(Glu-129) in S1 are essential amino acid residues for the
enzymatic activities of PTX. Furthermore, deletion or sub-
stitution of these residues did not abolish the ability of S1 to
be recognized by neutralizing antibodies.

MATERIALS AND METHODS

Chemical Modification of Tryptophan Residues. Purified
PTX, S1 subunit or recombinant S1 (rS1d), was incubated
with a 1000-fold molar excess of 2-hydroxy-5-nitrobenzyl
bromide (HNBB) dissolved in dry acetone. The reaction was
performed in a 0.1 M sodium acetate buffer (pH 4.0) con-
taining 2 M urea at 25°C for 2 hr. The solution was then
dialyzed against 0.1 M sodium phosphate (pH 4.0) for 15 hr
at 4°C. In parallel, PTX, S1 or rS1d, was treated the same
way, except that HNBB was omitted in the reaction mixture.

Abbreviations: PTX, pertussis toxin; CTX, cholera toxin; DTX,
diphtheria toxin; ETX, Pseudomonas aeruginosa exotoxin A; LTX,
Escherichia coli heat labile toxin; HNBB, 2-hydroxy-5-nitrobenzyl
bromide; G;, inhibitory guanine nucleotide-binding regulatory pro-
tein; rS1d, recombinant S1 subunit of PTX.
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Recombinant DNA Technology. Standard recombinant
DNA techniques were used as described by Maniatis et al.
(21). The recombinant ¢RIT20001 was obtained by isolating
the 560-base-pair (bp) Sau3A fragment containing the coding
information for rS1d from pPTX42 (13) and inserting it into
the BamHI site of M13mp18 (22). The mutant phages were
obtained by site-directed mutagenesis of ¢RIT20001, using
the oligonucleotide-directed in vitro mutagenesis system
(Amersham) under conditions described by the supplier. The
oligonucleotides had the sequences CGTTGTTTCCCGC-
CGTGAAT (¢RIT20002), CGTTGTTTCCGGTCGCCGTG-
AAT (¢RIT20008), TGTCGACGTAGAAGTACGAG
(¢RIT20006), TGTCGACGTAATCGAAGTACG
(¢RIT20007), GTGCCAGATAGCTCTGGTAG
(¢RIT20010), and GTGCCAGATAGTCGCTCTGGTAG
(¢RIT20011). The DNA sequences were determined by the
dideoxynucleotide chain-termination method (23). After mu-
tagenesis, E. coli TG1 cells (Amersham) were infected with
the phages and grown to 0.3 OD at 37°C in LB medium.
Isopropyl B-D-thiogalactopyranoside was added to a final
concentration of 1 mM and incubation continued for 4 hr.
Cells were then harvested and analyzed for expression of the
different rS1d genes (24).

Other Analytical Procedures. ADP-ribosyltransferase and
NAD glycohydrolase activities were assayed as described
(24). Purification of PTX and S1 was carried out as described
(25), and rS1d was purified as described (C.L., W. Cieplak,
C.C., and J. M. Keith, unpublished data). Western blot
analyses using monoclonal antibodies were performed as
described (24).

RESULTS

Chemical Modification of Trp-26 in the S1 Subunit. To
investigate the importance of tryptophan residues for enzy-
matic activities of PTX, the tryptophan-modifying chemical
reagent HNBB was used. HNBB-treated and untreated
toxins were then analyzed for their ability to catalyze the
ADP-ribosyltransfer to the 41-kDa G; protein in Chinese
hamster ovary cell membranes. As shown in Fig. 14, un-
treated toxin and toxin treated with the solvent alone ex-
pressed ADP-ribosyltransferase activity. When PTX was
treated with HNBB, the ADP-ribosyltransferase activity was
much reduced. When the experiment was performed with
purified S1 subunit instead of holotoxin, the activity was

A
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F1G.2. Western blot analysis of partially purified rS1d, PTX, and
cell extracts from E. coli infected with recombinant M13 phages.
Partially purified rS1d (1 ug, lane 1), PTX (2 ug, lane 2), and total cell
lysates of E. coli infected with M13mp18 (lane 3), ¢RIT20001 (lane
4), RIT20002 (lane 5), RIT20008 (lane 6), ¢RIT20006 (lane 7),
@RIT20007 (lane 8), ¢RIT20010 (lane 9), and ¢RIT20011 (lane 10)
were subjected to SDS/polyacrylamide gel electrophoresis and
immunoblotting and were incubated with anti-S1 monoclonal anti-
body B2F8. After derepression of the lac promoter for 4 hr cells were
harvested and resuspended into 1/10th vol of phosphate-buffered
saline; 1/20th vol of 3x Laemmli buffer (29) was added prior to
loading onto the gel. The horizontal lines to the left of lane 1 represent
the molecular mass markers (43, 25.7, and 14.3 kDa; Bethesda
Research Laboratories).

essentially abolished after treatment with HNBB (data not
shown), indicating that the chemical reaction affected an
enzymatically important residue in the S1 subunit.

Recent reports have described the synthesis in E. coli of
individual PTX subunits, including the enzymatically active
S1 subunit (24, 26-28). Of the two tryptophan residues in S1,
only one (Trp-26) still remains in an enzymatically active
truncated version of the S1 subunit synthesized in E. coli,
designated rS1d (24). Both the specific activity of rS1d and its
K., for NAD were very similar to those of the B. pertussis S1
subunit, indicating that all the regions important for enzy-
matic activity are contained in the truncated rS1d form (C.L.,
W. Cieplak, C.C., and J. M. Keith, unpublished data).

B
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Fic. 1. ADP-ribosyltransferase and NAD glycohydrolase activities of HNBB-treated PTX and rS1d. (4) ADP-ribosyltransferase activity of
PTX and rS1d. PTX (1 ug, lanes 1, 3, and 5; 0.5 ug, lanes 2, 4, and 6) and rS1d (0.2 ug, lanes 7, 9, and 11; 0.1 ug, lanes 8, 10, and 12) were
assayed for their ADP-ribosyltransferase activity after no treatment (lanes 1, 2, 7, and 8), treatment with 5% acetone (lanes 3, 4, 9, and 10),
or treatment with HNBB dissolved in acetone (lane 5, 6, 11, and 12). (B) NAD glycohydrolase activity of rS1d. rS1d (0.5 ug and 1 ug) was treated
with acetone (mmemm), HNBB dissolved in acetone (emmm), or left untreated (efme®) prior to NAD glycohydrolase reaction for 45 min.
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FiG. 3. NAD glycohydrolase and ADP-ribosyltransferase activities of PTX, rS1d, and cell extracts of E. coli infected with recombinant
phages. NAD glycohydrolase (A) and ADP-ribosyltransferase activities (B) were measured by using 0.5 ug of partially purified rS1d (lane 1),
2 ug of PTX (lane 2), 25 ul of cell extracts of E. coli infected with M13mp18 (lane 3), RIT20001 (lane 4), pRIT20002 (lané 5), ¢RIT20008 (lane
6), pRIT20006 (lane 7), pRIT20007 (lane 8), ¢RIT20010 (lane 9), and RIT20011 (lane 10). The cell extracts were prepared as described in the
legend of Fig. 2, except that after harvesting the cells were resuspended in 1/50th vol of 25 mM Tris-HCI, pH 7.5/25 mM NaCl, lysed in a French

pressure cell, and fractionated by centrifugation (24).

Studies on the structure-function relationship of S1 by
protein chemical modification and recombinant DNA tech-
niques can thus be greatly facilitated by using the rS1d
synthesized in E. coli.

Purified rS1d was therefore also subjected to the HNBB
treatment and assayed for its ADP-ribosyltransferase and the
associated NAD glycohydrolase activities. As shown in Fig.
1A, untreated rS1d as well as rS1d treated with the solvent
alone were again able to catalyze the ADP-ribosyl transfer to
the membrane-bound G; protein, whereas HNBB-treated
rS1d contained no detectable activity. When the NAD
glycohydrolase activity was measured in a concentration-
dependent fashion, only marginal activity could be detected
after HNBB treatment of rS1d, and the activity was reduced
to =5% when 1 ug of rS1d was assayed (Fig. 1B).

Expression of the rS1d Gene by Using the M13mp18 Vector.
To facilitate structure-function relationship studies using
site-directed mutagenesis, the coding region for rS1d was first
subcloned into M13mp18 such that E. coli cells infected with
the recombinant phage (¢RIT20001) synthesized a protein
identical to rS1d upon derepression of the lacZ promoter. As
shown in Fig. 2 ¢RIT20001-infected E. coli cells synthesized
a protein that reacted on Western blots with anti-S1 mono-
clonal antibody B2F8 (30) and comigrated with purified rS1d
at =22 kDa. E. coli cells infected with M13mp18 did not
contain such a protein. After lysis of the E. coli cells and
centrifugation, the supernatant fractions were assayed for the
presence of Sl-specific NAD glycohydrolase and ADP-
ribosyltransferase activities. In the NAD glycohydrolase
assay, 0.5 ug of partially purified rS1d and 2 ug of PTX
catalyzed the release of, respectively, 825 and 750 pmol of
nicotinamide from NAD after 3 hr of reaction. Supernatant
fractions of M13mpl8-infected E. coli cells contained no
significant NAD glycohydrolase activity, whereas 25 ul of
supernatant fractions of E. coli cells infected with ¢RIT20001
catalyzed the release of 190 pmol of nicotinamide under the
same conditions (Fig. 34). When purified rS1d, PTX, and the
supernatant fraction of RIT20001-infected E. coli cells were
assayed for their ADP-ribosyltransferase activity, specific
labeling of the 41-kDa G; protein was detected. No labeling
of this protein was seen when the supernatant fraction of E.
coli cells infected with M13mp18 was assayed (Fig. 3B).

Site-Specific Deletion and Substitution of Trp-26. Single-
stranded DNA of phage ¢RIT20001 was purified and sub-

jected to oligonucleotide-driven site-directed mutagenesis to
specifically delete the codon TGG encoding Trp-26 of the
rS1d gene. The resulting phages were screened by differential
hybridization with the mutagenic oligonucleotide. The accu-
racy of the mutagenesis was then verified by DNA sequenc-
ing of the complete insert.® One candidate (@RIT20002)
containing the correct mutation was plaque purified and
further analyzed for its ability to express the mutated rS1d
gene. After induction, E. coli cells infected with ¢RIT20002
were able to synthesize a mutated rS1d form that reacted with
monoclonal antibody B2F8 on Western blots (Fig. 2). This
rS1d mutant form was designated PTX-rS1d-W26A according
to the nomenclature of Knowles (31). When extracts of
¢RIT20002-infected cells were analyzed for their ability to
catalyze NAD glycohydrolysis, the activity level was found
to be similar to that of extracts of M13mpl8-infected cells
(Fig. 3A). Similarly, no G;-ADP-ribosyltransferase activity
could be detected in extracts of ¢RIT20002-infected cells
(Fig. 3B).

In DTX, substitution of Trp-153 by threonine was found to
abolish enzymatic activity (18). Therefore, the same tryp-
tophan to threonine substitution was performed at amino acid
position 26 in rS1d. E. coli cells infected with the resulting
mutant phage ¢RIT20008 were found to synthesize a B2F8-
reactive mutant form of rS1d, designated PTX-rS1d-W26T
(Fig. 2). When supernatant fractions of ¢RIT20008-infected
cells were assayed for enzymatic activities, no significant
NAD glycohydrolase (Fig. 34) or ADP-ribosyltransferase
(Fig. 3B) activities could be detected. ,

The combination of site-directed mutagenesis and chemi-
cal modification thus revealed that, as for the A subunit of
DTX, tryptophan appears to be an important residue for the
NAD glycohydrolase and ADP-ribosyltransferase activities
of PTX.

Site-Specific Deletion and Substitution of Glu-106 and Glu-
129. Since in DTX and ETX, in addition to a tryptophan
residue, a glutamic acid residue located 5 residues upstream

§It was necessary to sequence the complete rS1d coding regions of
all generated mutants, since at low frequency random mutations can
be generated in addition to the site-directed mutation. In
¢RIT20002, such a random mutation did indeed occur. This muta-
tion was fortunately silent and changed the codon AAT to AAC at
the Asn-31 position.
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also plays an important role in enzymatic activities (16-19),
it was of interest to investigate whether any of the glutamic
acid residues may also play a role in enzymatic activities of
the PTX S1 subunit. The rS1d subunit contains 12 glutamic
acid residues, none of which is found in close proximity to
Trp-26 in the primary structure of the protein. However, two
glutamic acid residues (Glu-106 and Glu-129) are located in an
environment that shows some, albeit very limited, homology
over a short distance with the A subunits of DTX and ETX
around Glu-148 and Glu-553, respectively (Fig. 4). We
therefore deleted Glu-106 to yield PTX-rS1d-E106A encoded
by @RIT20006 and substituted aspartic acid for Glu-106, to
yield PTX-rS1d-E106D encoded by ¢RIT20007. Neither the
deletion of Glu-106 nor its replacement by aspartic acid had
a significant effect on the NAD glycohydrolase activity (Fig.
3A). The ADP-ribosyltransferase activities of both mutants
appeared to be slightly reduced as compared to the wild-type
activity (Fig. 3B). It is of course difficult to compare the
specific activities based on reactions performed with crude
cell extracts. Interestingly, however, a 4-amino acid insertion
2 residues downstream of Glu-106 in S1 has recently been
shown to reduce the ADP-ribosyltransferase activity of PTX.
The authors did not measure the NAD glycohydrolase
activity of their mutant toxin (12). Since the Glu-106 mutation
did not affect NAD glycohydrolysis, it is tempting to spec-
ulate that the region around Glu-106 may be involved in the
recognition or binding of the acceptor substrate proteins.

We next performed the site-directed mutagenesis to spe-
cifically delete the Glu-129 residue and to replace it by
aspartic acid and obtained ¢RIT20010 and ¢RIT20011 en-
coding PTX-rS1d-E129A and PTX-rS1d-E129D, respectively
(Fig. 2). Cell extracts of E. coli infected with either mutant
phage expressed no detectable NAD glycohydrolase or
ADP-ribosyltransferase activities (Fig. 3), indicating that
Glu-129 in the S1 subunit of PTX plays an important role in
enzymatic activities.

Purification and Estimation of Specific Activities of the
Mutated rS1d Forms. Although the mutated rS1d forms were
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PTX06 Ser Ser Tyr Phe|Glu| Tyr Val Asp
_h Il | 1} 1 |

DTX.s Ser Ser Ser Val |Glu| Tyr lle Asn
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ETXss3 Gly Gly Arg Leu |Glu| Thr lle Leu

ETXss3 Gly Gly Arg Leu |Glu| Thr lle Leu

| " | 1

PTXi2¢ Thr Tyr Gin Ser |Glu| Tyr Leu Ala
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DTXy4g Ser Ser Ser Val |Glu| Tyr lle Asn

Fi1G. 4. Structure of rS1d. (A) Position of the enzymatically
important residues in rS1d. Horizontal line represents the length of
the primary sequence (residues 2-187 of S1) of rS1d. Open boxes
represent the two regions of S1 that share homology to CTX and
LTX. The positions of Trp-26, Cys-41, Glu-106, and Glu-129 are
indicated by the vertical lines with single letter codes and position
numbers. aa, Amino acid. (B) The two regions in the PTX S1 subunit
that share limited homology with the regions around Glu-148 of DTX
and Glu-553 of ETX. The lined up glutamic acid residues are shown
in boxes. Two vertical lines connect strictly homologous amino
acids. A single vertical line connects amino acids that share common
features (hydrophobicity or size). The PTX sequence is from refs. 14
and 15, the DTX sequence is from ref. 32, and the ETX sequence is
from ref. 33.
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Table 1. Specific NAD glycohydrolase activities of the rS1d
mutant forms

Specific Residual
rS1d form activity activity, %
rS1d 14.7 100
PTX-rS1d-W26A <0.05 <0.4
PTX-rS1d-W26T <0.05 <0.4
PTX-rS1d-E106A 15.6 106
PTX-rS1d-E106D 17.6 120
PTX-rS1d-E129A <0.05 <0.4
PTX-rS1d-E129D <0.05 <0.4

Specific activity is expressed as pmol of nicotinamide released per
ug of the rS1d polypeptide per min of reaction.

synthesized in E. coli at levels roughly similar to the wild-
type form in eRIT20001-infected cells, as judged by visual
inspection of the Western blot shown in Fig. 2, it was difficult
to directly compare the specific activities of the mutant forms
with the wild-type form because of the presence of a NAD
glycohydrolase inhibitor in crude E. coli cell extracts (W.
Cieplak and C.L., unpublished data). Therefore, the different
mutant subunit forms and the nonmutated rS1d were partially
purified by DEAE-cellulose chromatography. The concen-
tration of the purified polypeptides was estimated by com-
parative slot blot analysis using the B2F8 monoclonal anti-
body. From 10 to 500 ng of each rS1d form was then tested
in the NAD glycohydrolase assay and the specific activities
of the mutant forms were compared to the wild-type rS1d. As
shown in Table 1, PTX-rS1d-W26A, PTX-rS1d-W26T, PTX-
rS1d-E129A, and PTX-rS1d-E129D all expressed <0.05
pmol/min per ug of NAD glycohydrolase activity, reaching
the detection limit of the assay. When the specific activities
were compared to the nonmutated rS1d specific activity, the
four mutants were found to express <0.4% of the wild-type
activity. On the other hand, both PTX-rS1d-E106 and PTX-
rS1d-E106D expressed high NAD glycohydrolase activities
(15.6 and 17.6 pmol'min~l-ug™!, respectively), similar to the
nonmutated rS1d activity (106% and 120%, respectively).
Antigenicity of the Mutated rS1d Forms. PTX, the partially
purified rS1d, and the different mutant forms were then
analyzed for the presence of important epitopes. Polyclonal
anti-PTX antiserum, as well as over 20 different monoclonal
antibodies, including antibodies that neutralize PTX activi-
ties, reacted with the S1 subunit of PTX, rS1d, as well as all
mutated forms of rS1d. The epitopes for neutralizing mono-
clonal antibodies have recently been shown to be conforma-
tional epitopes (34), although the antibodies reacted with S1
on Western blots. The conservation of the conformational
epitopes of the rS1d mutant forms indicates that the three-
dimensional structure of rS1d is not grossly affected by the
different mutations and, thus, that Trp-26 and Glu-129 are
catalytically, rather than structurally, important residues.

DISCUSSION

Using chemical modification and site-directed mutagenesis
techniques, we have identified two amino acid residues,
Trp-26 and Glu-129, that are essential for the enzymatic
activities of PTX. The specific deletions or substitutions of
these residues did not profoundly alter the tertiary structure
of the S1 subunit, since all the mutants were recognized by
polyclonal and a number of monoclonal antibodies, some of
which are PTX neutralizing and known to recognize confor-
mational epitopes.

Since both NAD glycohydrolase and ADP-ribosyltrans-
ferase activities were affected by the mutations at either
position 26 or 129, we conclude that these alterations inter-
fere with binding of NAD and/or catalysis of the glycohy-
drolysis, rather than affecting only recognition of, or binding
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to, the acceptor substrate G; protein. Whether the mutations
of Trp-26 and Glu-129 have the same properties on the
full-length S1 subunit or the holotoxin is not known. Trp-26
lies between two regions that show strong amino acid
homology to the A subunits of CTX and LTX (see Fig. 44).
However, no tryptophan residue can be found between the
two boxes in CTX or LTX. Despite the evolutionary diver-
gence and the absence of significant amino acid sequence
homology between DTX, ETX, and PTX, it nevertheless
appears that the enzymatically important amino acid resi-
dues—i.e., tryptophan and glutamic acid—are identical in all
three toxins, suggesting a similar enzymatic mechanism of
these ADP-ribosylating toxins. Because of the covalent
attachment of the nicotinamide moiety via its number 6
carbon to the decarboxymethylated y-methylene carbon of
Glu-148 after photoaffinity labeling of the A subunit of DTX
with NAD (35), it was concluded that the carbon 6 atom of the
nicotinamide ring is in close proximity to the y-methylene
group of Glu-148 in the DTX-NAD complex. ETX is also
efficiently photolabeled at the Glu-553 position (18). On the
other hand, in DTX the nicotinamide ring also interacts with
Trp-153 (36), and chemical modification (20), as well as
replacement of that residue by threonine (18), abolished
enzymatic activity. Whereas in DTX and ETX the important
glutamic acid and tryptophan residues are separated by only
5 amino acid residues, the important residues are located in
distant positions on the primary structure of PTX. Protein
folding must therefore bring Trp-26 in close proximity to
Glu-129, such that both residues can interact with the
nicotinamide ring of NAD.

As exemplified by this study, to identify functionally
important residues, it may be more profitable to search
primary structures for motifs of similarity to other function-
ally related proteins, rather than to search for significant
stretches of homology between the proteins. Although no
significant homology was found between PTX, DTX, and
ETX (14, 15), a functional motif around the critical glutamic
acid residues could be identified (Fig. 4). Identification of
such motifs in conjunction with protein chemical and site-
directed mutagenesis techniques may generally be a useful
alternative to homology searches for the identification of
functionally important residues in enzymes.

Because of the dramatically reduced enzymatic activities
of the described PTX mutants and the conservation of their
conformational toxin-neutralizing epitopes, they have a good
potential to be developed as an essential compound of a safe
nontoxic pertussis vaccine. Alternatively, by introducing the
mutations into the B. pertussis genome through allelic ex-
change with the wild-type PTX operon, it may be possible to
obtain a genetically detoxified holotoxin suitable for vaccine
development. The methodology for such an allelic exchange
has already been proven successful (12). PTX, as well as
other antigens, such as the filamentous hemagglutinin, can
then be purified from these strains and used in a new
generation component vaccine, without the need for chem-
ical detoxification. As at least some of the side effects
associated with the current pertussis vaccines can be attrib-
uted to reversion of the chemically inactivated PTX, a
vaccine based on genetically inactivated toxin should be a
safer alternative.

Note Added in Proof. After this manuscript was submitted, Pizza et
al. (37) showed that a Glu-129 to Asp mutant form of full-length
recombinant S1 expressed <5% NAD glycohydrolase activity.

We thank Drs. J. M. Keith, J. G. Kenimer, and M. Francotte for
the monoclonal antibodies; E. Simoen for polyclonal antiserum; Dr.
B. Colau for synthesizing the oligonucleotides; Drs. J. J. Mekalanos

Proc. Natl. Acad. Sci. USA 86 (1989) 3079

and T. Cabezon for fruitful discussions; Drs. M. De Wilde, J. Cohen,
and N. Harford for critically reading the manuscript; D. Plainchamp
for excellent technical assistance; and H. Monnig and C. Van Roy for
preparing the manuscript. This work was supported by the Institut
pour I’Encouragement de la Recherche Scientifique dans I'Industrie
et I’ Agriculture (Convention 4726).

Weiss, A. A. & Hewlett, E. L. (1986) Annu. Rev. Microbiol. 40,

661-686.

Munoz, J. J., Arai, H. & Cole, R. L. (1981) Infect. Inmun. 32, 243—

250.

Sato, H. & Sato, Y. (1984) Infect. Immun. 46, 415-421.

Sato, Y., Kimura, M. & Fukumi, H. (1984) Lancet i, 122-126.

Cherry, J. D. (1984) Curr. Clin. Top. Infect. Dis. 7, 216-238.

Tamura, M., Nogimori, K., Murai, S., Yajima, M., Ito, K., Katada,

T., Ui, M. & Ishii, S. (1982) Biochemistry 21, 5516-5522.

Katada, T., Tamura, M. & Ui, M. (1983) Arch. Biochem. Biophys.

224, 290-298.

Tamura, M., Nogimori, K., Yajima, M., Ase, K. & Ui, M. (1983) J.

Biol. Chem. 258, 6756—6761.

Hsia, J. A., Moss, J., Hewlett, E. L. & Vaughan, M. (1984) J. Biol.

Chem. 259, 1089-1090.

Neer, E. J., Lok, J. M. & Wolf, L. G. (1984) J. Biol. Chem. 259,

14222-14229.

Watkins, P. A., Burns, D. L., Kanaho, Y., Liu, T. Y., Hewlett,

E. L. & Moss, J. (1985) J. Biol. Chem. 260, 13478-13482.

Black, W. J., Munoz, J. J., Peacock, M. G., Schad, P. A., Cowell,

J. L., Burchall, J. J., Lim, M., Kent, A., Steinman, L. & Falkow,

S. (1988) Science 240, 656—659.

13. Locht, C., Barstad, P. A., Coligan, J. E., Mayer, L., Munoz, J. J.,
Smith, S. G. & Keith, J. M. (1986) Nucleic Acids Res. 14, 3251-
3261.

14. Nicosia, A., Perugini, M., Franzini, C., Casagli, M. C., Borri,
M. G., Antoni, G., Almoni, M., Neri, P., Ratti, G. & Rappuoli, R.
(1986) Proc. Natl. Acad. Sci. USA 83, 4631-4635.

15. Locht, C. & Keith, J. M. (1986) Science 232, 1258-1264.

16. Carroll, S. F. & Collier, R. J. (1984) Proc. Natl. Acad. Sci. USA 81,
3307-3311.

17. Tweten, R. K., Barbieri, J. T. & Collier, R. J. (1985) J. Biol. Chem.
260, 10392-10394.

18. Carroll, S. F. & Collier, R. J. (1987) J. Biol. Chem. 262, 8707-8711.

19. Douglas, C. M.-& Collier, R. J. (1987) J. Bacteriol. 169, 4967-4971.

20. Michel, A. & Dirkx, J. (1977) Biochim. Biophys. Acta 491, 286-295.

21. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold

Spring Harbor, NY).

22. Messing, J. (1983) Methods Enzymol. 101, 20-78.

23. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad.
Sci. USA 74, 5463-5467.

24. Locht, C., Cieplak, W., Marchitto, K. S., Sato, H. & Keith, J. M.
(1987) Infect. Immun. 55, 2546-2553.

25. Capiau, C., Petre, J., Van Damme, J., Puype, M. & Vandekerck-
hove, J. (1986) FEBS Lett. 204, 336-340.

26. Nicosia, A., Bartoloni, A., Perugini, M. & Rappuoli, R. (1987)
Infect. Immun. 55, 963-967.

27. Barbieri, J. T., Rappuoli, R. & Collier, R. J. (1987) Infect. Immun.
55, 1321-1323.

28. Bumette, W. N., Mar, V. L., Cieplak, W., Morris, C. F., Kaljot,
K. T., Marchitto, K. S., Sachdev, R. K., Locht, C. & Keith, J. M.
(1988) Bio/Technology 6, 699-706.

29. Laemmli, U. K. (1970) Nature (London) 227, 680-695.

30. Marchitto, K. S.,Munoz,J. J. & Keith, J. M. (1987) Infect. Immun.
55, 1309-1313.

31. Knowles, J. R. (1987) Science 236, 1252-1258.

32. Kaczorek, M., Delpeyroux, F., Chenciner, N., Streeck, R. E.,
Murphy, J. R., Boquet, P. & Tiollais, P. (1983) Science 221,
855-858.

33. Gray, G. L., Smith, D. H., Baldridge, J. S., Harkins, R. N., Vasil,
M. L., Chen, E. Y. & Heyneker, H. L. (1984) Proc. Natl. Acad.
Sci. USA 81, 2645-2649.

34. Bartoloni, A., Pizza, M., Bigio, M., Nucci, D., Ashworth, L. A,
Irons, L. I., Robinson, A., Burns, D., Manclark, C., Sato, H. &
Rappuoli, R. (1988) Bio/Technology 6, 709-712.

35. Carroll, S. F., McCloskey, J. A., Crain, P. F., Oppenheimer, N. J.,
Marschner, T. M. & Collier, R. J. (1985) Proc. Natl. Acad. Sci.
USA 82, 7237-7241.

36. Kandel, J., Collier, R. J. & Chung, D. W. (1974) J. Biol. Chem. 249,
2088-2097.

37. Pizza, M., Bartoloni, A., Prugnola, A., Silvestri, S. & Rappuoli, R.

(1988) Proc. Natl. Acad. Sci. USA 85, 7521-7525.

=

o ® N ouaw N

-
S B S



