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Abstract Introduction

Escherichia coli heat-labile enterotoxins (LT) are responsible
in part for "traveler's diarrhea" and related diarrheal illnesses.
The family of LTs comprises two serogroups termed LT-I and
LT-II; each serogroup includes two or more antigenic variants.
The effects of LTs result from ADPribosylation of Go , a stimu-
latory component of adenylyl cyclase; the mechanism of action
is identical to that of cholera toxin (CT). The ADP-ribosyl-
transferase activity of CT is enhanced by 20-kD guanine nu-
cleotide-binding proteins, known as ADP-ribosylation factors
or ARFs. These proteins directly activate the CTA1 catalytic
unit and stimulate its ADPribosylation of G.", other proteins,
and simple guanidino compounds (e.g., agmatine). Because of
the similarities between CT and LTs, we investigated the ef-
fects of purified bovine brain ARFand a recombinant form of
bovine ARF synthesized in Escherichia coli on LT activity.
ARF enhanced the LT-I-, LT-IIa-, and LT-IIb-catalyzed
ADPribosylation of agmatine, as well as the auto-ADP ribosy-
lation of the toxin catalytic unit. Stimulation of ADP-ribosylag-
matine formation by LTs and CT in the presence of ARFwas
GTPdependent and enhanced by sodium dodecyl sulfate. With
agmatine as substrate, LT-IIa and LT-IIb exhibited < 1% the
activity of CTand LT-Ih. CTand LTs catalyzed ADP-ribosyl-
G,, formation in a reaction dependent on ARF, GTP, and di-
myristoyl phosphatidylcholine/cholate. With G.. as substrate,
the ADP-ribosyltransferase activities of the toxins were simi-
lar, although CTand LT-Ih appeared to be slightly more active
than LT-IIa and LT-IIb. Thus, LT-IIa and LT-IIb appear tO
differ somewhat from CT and LT-Ih in substrate specificity.
Responsiveness to stimulation by ARF, GTP, and phospho-
lipid/detergent as well as the specificity of ADP-ribosyltrans-
ferase activity are functions of LTs from serogroups LT-I and
LT-II that are shared with CT. (J. Clin. Invest. 1991. 87:1780-
1786.) Key words: adenosine diphosphate ribosylation factor .
cholera toxin * enterotoxins * quanine nucleotide-binding pro-
teins
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Choleragen (cholera toxin [CT])' and Escherichia coli heat-la-
bile enterotoxin (LT) are responsible in part for cholera and
"traveler's diarrhea," respectively (1-3). The abnormalities of
fluid and electrolyte flux are caused by toxin-catalyzed ADP
ribosylation of the stimulatory guanine nucleotide-binding
protein of the hormone-sensitive adenylyl cyclase system,
known as Gk, (4). This regulatory protein is normally active
when GTPis bound. Inactivation of Gs occurs when its intrin-
sic hydrolytic activity converts GTPto GDP(5); reactivation
requires exchange of GDPfor GTP, a process facilitated by
agonist-receptor complexes. ADPribosylation of G., enhances
its activity by inhibiting GTPhydrolysis, thereby prolonging
the lifetime of the active GSa-GTP species (6), and by promot-
ing release of GDP, which permits GTPbinding (7) as well as
the dissociation of Gs. from the inhibitory G, subunits (8). It is
ADP-ribosyl-Gsa-GTP that activates the cyclase catalytic unit
and thereby accelerates conversion of ATP to cyclic AMP(5).

CT is an oligomeric protein consisting of one A and five B
subunits; the B subunits of 11.6 kD are responsible for toxin
binding to the cell surface (9). The A subunit of 29 kD has
latent ADP-ribosyltransferase activity; activation requires spe-
cific proteolysis and reduction of a disulfide bond, resulting in
the formation of the 21 -kD Al, which is enzymatically active,
and A2 of 8 kD (9). The ADP-ribosyltransferase activity of CT
is enhanced by 20-kD membrane and soluble proteins, known
as ADP-ribosylation factors or ARFs (10-12). The ARFs are
guanine nucleotide-binding proteins (13) that are active in the
presence of GTPor its analogues and inactive when GDPis
bound (11-13). They interact directly with the Al catalytic
unit of toxin, enhancing its ability to catalyze the ADPribosy-
lation of G,",, proteins unrelated to the cyclase system, and
simple guanidino compounds such as arginine and agmatine
(14). The ARFs also enhance auto-ADP ribosylation of CTAI

1. Abbreviations used in this paper: ARF, ADP-ribosylation factor; sim-
ilarly, rARF 2, recombinant bovine ARF 2 expressed in E. coli; and
sARF I and sARF II, soluble 20-kD ARFs; CT, cholera toxin; CTA1,
the Al protein of CT; DMPC,dimyristoyl phosphatidylcholine; G., the
stimulatory guanine nucleotide-binding protein of the adenylyl cyclase
system; G.,, a subunit of G,; G,, the fly subunits of the Gprotein; LT,
E. coli heat-labile enterotoxin; LT-Ih, heat-labile enterotoxin sero-
group type I, encoded by plasmid from E. coli isolated from human;
LT-Ip, heat-labile enterotoxin serogroup type I, encoded by plasmid
from E. coli isolate from porcine; LT-IIa, E. coli heat-labile enterotoxin
serogroup type II, variant a; LT-Ilb, E. coli heat-labile enterotoxin sero-
group type II, variant b.

1780 Lee et al.



protein (1 1, 12). Guanine nucleotide binding by ARFand stim-
ulation of toxin-catalyzed reactions were both enhanced by
certain detergents (sodium dodecyl sulfate) and detergent/
phospholipids (cholate/dimyristoyl phosphatidylcholine)
(14, 15).

LTs of the LT-I serogroup are similar to choleragen in sub-
unit structure, immunological reactivity, enzymatic activity,
and nucleotide and deduced amino acid sequences (9). Re-
cently, the LT-II serogroup was defined, and two antigenic vari-
ants designated LT-IIa and LT-IIb were purified (16-19). Most
strains of LT-II-producing E. coli have been isolated from ani-
mals (20); the relevance of LT-II to human disease is unclear.
Nucleotide sequence analysis revealed that the genes encoding
the A subunits of all toxins in the LT-I and LT-II serogroups
are homologous (21, 22). The LT-I and LT-II subunit genes
represent different branches of the LT family tree; LT-IIa and
LT-IIb differ to a greater degree than do LT-Ih, LT-Ip, and CT
(19, 21, 22). Nevertheless, all members of this enterotoxin fam-
ily increase intracellular cyclic AMPand it has been shown that
CT, LT-Ih, and LT-IIa are ADP-ribosyltransferases (17, 23).
Because of the considerable differences in deduced amino acid
sequences of the Al fragments of these toxins, however, we
questioned whether the ARFregulatory site was conserved in
the LT family. Wedescribe here the conditions determined
necessary for expression of the NAD:Gs and NAD:agfnatine
ADP-ribosyltransferase activities of the LTs and the auto-ADP
ribosylation of the A I proteins as well as the effects of purified
ARFs, GTP, detergents, and phospholipids on these enzymatic
activities.

Methods

Materials. GTP, NAD, agmatine, thymidine, chicken albumin, and
dimyristoyl phosphatidylcholine (DMPC) were purchased from Sigma
Chemical Co., St. Louis, MO; sodium cholate from Calbiochem-Behr-
ing Corp., La Jolla, CA; dithiothreitol (DTT) from ICN Biomedicals,
Costa Mesa, CA; trypsin and soybean trypsin inhibitor from Worthing-
ton Biochemical Corp., Freehold, NJ; sodium dodecyl sulfate (SDS),
glycine, and AGI-X2 anion exchange resin from Bio-Rad Laborato-
ries, Richmond, CA; cholera toxin and cholera toxin A subunit from
List Biologicals, Campbell, CA; [adenylate-32Plnicotinamide adenine
dinucleotide (30 Ci/mmol) from Dupont NewEngland Nuclear, Bos-
ton, MA; nicotinamide [U-'4C]adenine dinucleotide (270-280 mCi/
mmol) from Amersham Corp., Arlington Heights, IL; urea, protein
standards on SDS-polyacrylamide gels, and Tris from Bethesda Re-
search Laboratories, Gaithersburg, MD). Standard proteins and their
sizes are: myosin (H-chain), 200 kD; phosphorylase b, 97 kD; bovine
albumin, 68 kD; ovalbumin, 43 kD; fl-lactoglobulin, 18.4 kD; lyso-
zyme, 14.3 kD; soybean trypsin inhibitor, 6.2 kD. AcA 54 was pur-
chased from IBF Biotechnics, Columbia, MD; Sephadex G-75 and pro-
tein standards (as substrates) from Pharmacia Fine Chemicals, Piscata-
way, NJ. Protein standards are: phosphorylase b, 94 kD; bovine serum
albumin, 67 kD; ovalbumin, 43 kD; carbonic anhydrase, 30 kD; soy-
bean trypsin inhibitor, 21.1 kD; and a-lactalbumin, 14.4 kD.

Purification ofE. coli toxins. LT-Ih was purified from sonic extracts
of E. coli HE22(pTD2) as previously described (17). LT-IIa and LT-IIb
were purified as described (17, 18).

Purification ofsolubleARF(sARF) and G,. sARFwas purified from
bovine cerebral cortex (12). G, was purified from rabbit liver mem-
branes by a modification of the procedure of Sternweis et al. (24).

Production and purification of recombinant bovine ARF2 protein.
A 1607-nucleotide EcoR I restriction fragment of bovine retinal clone
2B encompassing the ARF2 coding region (25) was subcloned into the
EcoRl1 site of the prokaryote expression vector pRC23 (26), which was

used to transform E. coli strain RRl bearing the plasmid pRK248cIts
(27). In this system, expression is under the control of the phage A PL
promoter and regulated by a temperature-sensitive phage A cI repres-
sor. Recombinant ARF2 (rARF 2) protein was produced by switching
the temperature of transformed bacteria at Awo = 0.5 from 320C to
420C for 2 h. The bacterial pellet from a 500-ml culture was suspended
in 2.5 ml of 50 mMTris-Cl, pH 8.1/63 mMEDTAcontaining lyso-
zyme, 1.5 mg/ml, and incubated for 20 min at 4VC. The cells were lysed
by addition of 50 mMTris-CI, pH 8.1/63 mMEDTA/0.5% cholate (2.5
ml) and incubated for 20 min. The lysate supernatant (- 5 ml) was
applied to a column (2 x 120 cm) of AcA 54 equilibrated and eluted
with 20 mMTris-Cl, pH 7.4/0.25 Msucrose/100 mMNaCI/l mM
EDTA/1 mMsodium azide/2 mMDTT/ I mMphenylmethylsulfonyl
fluoride/l mMbenzamidine. The peak fractions of rARF 2 protein,
identified by their ability to stimulate the ADP-ribosyltransferase activ-
ity of cholera toxin, were pooled, concentrated to 0.8 mg/ml, and
stored at -30°C. The protein was judged to be - 90% pure by SDS-
PAGE.

Activation of toxins. CT as purchased is proteolytically nicked.
Toxin (10 Ag) was activated by incubation (30 min, 37°C) in 100 Ml of
50 mMglycine, pH 8.0/20 mMDTT. Incubation of CTwith trypsin as
described for LT-Ih or LT-IIb resulted in decreased basal and ARF-
stimulated activity (data not shown). LT-Ih and LT-IIb were activated
as described for CTexcept that trypsin (2 ,g/10 Mgof LT-Ih; 20 ,ug/I0
Mgof LT-IIb) was present, and incubation (30 min for LT-Ih, 120 min
for LT-IIb) was terminated by addition of soybean trypsin inhibitor (4
and 40 Mg, respectively). Trypsin inhibited both basal and ARF-stimu-
lated activities of LT-IIa.

Assay-NAD:agmatine ADP-ribosyltransferase activity. Assays con-
taining 50 mMpotassium phosphate (pH 7.5), 10 mMMgCI2, 20 mM
DTT, 10 mMagmatine, 0.6 MuM [adenine-U-'4C]NAD (- 0.05 MCi)
and other additions as noted in figure legends were initiated with the
indicated amount of activated toxins. After incubation at 30°C for the
indicated time, duplicate samples were transferred to columns of AG1-
X2 (0.4 x 4.5 cm) which were washed five times with 1.0 ml of distilled
water as noted previously (28). Eluates containing [adenine-U-'4CJ-
ADP-ribosylagmatine were collected for radioassay. All assays were
performed in duplicate and experiments were replicated at least three
times.

Auto-ADP ribosylation of toxins andADPribosylation of G,. Assays
containing activated toxin, 50 mMpotassium phosphate (pH 7.5), 10
mMMgC12, 3 mMDTT, 20 mMthymidine, 10 MuMNAD, 1-3 uM
[32P]NAD (3 uCi), and other indicated additions (total vol = 0.1 ml)
were incubated at 30°C and terminated at the indicated time by addi-
tion of 25 Ml of ice-cold 50% trichloroacetic acid followed by 10 Mzl of 1%
bovine serum albumin. Afterprecipitation at 4°C overnight and centrif-
ugation (10,000 g, 45 min), protein pellets were dissolved in 60 mM
Tris/10% glycerol/5% 2-mercaptoethanol/3% SDS/0.006% bromo-
phenol blue (10 min, 65°C) and subjected to electrophoresis in 14%
SDS-polyacrylamide gels (29). Kodak X-Omat ARfilms were used for
autoradiography.

Results

The four heat-labile enterotoxins (CT, LT-Ih, LT-IIa, and LT-
Ilb) were compared with regard to their ability to catalyze the
ADPribosylation of agmatine and G., and auto-ADP ribosyla-
tion of the toxin catalytic unit, with and without GTP, sARF,
and/or detergent/phospholipid. Previous studies with sARF
and CT demonstrated that DMPC/cholate in the absence of
GTPdid not significantly enhance ADP ribosylation (12).
sARF and GTPdramatically increased toxin-catalyzed ADP
ribosylation of G. (Fig. 1). In the presence of sARF and GTP,
DMPC/cholate stimulated ADPribosylation of G,. by all four
toxins (Fig. 1). rARF 2 also stimulated ADPribosylation of G".
in the presence of GTP(Fig. 2). Optimal ADPribosylation of
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Figure 1. Effects of ARF, GTP,
and DMPC/cholate on ADP
ribosylation of G.< catalyzed by
CTand three LTs. CT (600 ,g/
ml), LT-Ih (600 Mg/ml), LT-IIa
(240 Mg/ml), and LT-Ilb (1.8
mg/ml) were incubated in 50
mMglycine, pH 8.0/100 mM
DTT/0.01% trypsin for 15 min
at 370C (total vol = 0.1 ml).
After addition of PMSF(10 ,d;
final concentration = 80 mM),
samples of toxins (CT, 3 ftg; LT-
Ih, 3 Aig; LT-IIa, 8.4 Mg; LT-IIb,
9 ,g) were incubated with puri-
fied G. (0.1 MIg) for assay of ADP
ribosylation of G.. as described
in Methods. Lane 1, buffer; Lane
2, 100MgMGTP; Lane 3, 1 mM
DMPC/0.06% cholate; Lane 4,
GTPplus DMPC/cholate with-
out or with sARF-I (1 Mg).

Gsa was dependent on trypsinization of LT-Ih (Fig. 3). CTused
in these studies was proteolyzed, giving rise to CTA1 and
CTA2; Mekalanos et al. (30) had shown previously that tryp-
sinization of CTA resulted in a significant increase in enzy-
matic activity. ADP ribosylation of Gs. was time dependent;
under limiting reaction conditions, similar rates of ADPribo-
sylation were observed with all four toxins (Fig. 4).

In the NAD:agmatine ADP-ribosyltransferase assay (Fig.
5), all four toxins responded to sARF and GTPwith increased
catalytic activity. Neither sARF nor GTPwas effective alone.
In all cases, the effect of sARF plus GTPwas enhanced by SDS
(Fig. 5). The activities of LT-IIa and LT-IIb, both basal and
with optimal sARF stimulation (in the presence of GTPand
SDS) were < 1% those of LT-Ih or CT. In the presence of
DMPC/cholate and rARF 2, conditions used to optimize the
ADPribosylation of G.", ADP-ribosylagmatine formation by
CT and LT-Ih was also much greater than that observed with
LT-IIa and LT-IIb (Fig. 6). The presence of trypsin and trypsin
inhibitor in the final assay was not responsible for the differ-
ences in activity.

Auto-ADP ribosylation of CTA1 and the Al fragments of
LT-IIa and LT-IIb in the presence of DMPC/cholate was de-
pendent on or stimulated by rARF 2. In the absence of ARF,
there was significant auto-ADP ribosylation of intact LT-Ih A
subunit, which was slightly stimulated by rARF 2 (Fig. 7). In
contrast, auto-ADP ribosylation of LT-Ih Al protein was de-
pendent to a much greater extent on rARF 2 (Fig. 3). rARF 2
appeared to-be both an activator of toxin and a toxin substrate
(Fig. 7). In the presence of rARF 2 both ADPribosylation of
exogenous proteins (protein standards) and auto-ADP ribosy-
lation of the toxin catalytic units were significantly greater by
CT and LT-Ih than by LT-IIa or LT-Ilb (Fig. 8). Auto-ADP
ribosylation of CTA1 was decreased by the addition of exoge-

nous protein substrates.
Under two sets of conditions, with DMPC/cholate or with

SDS, and with rARF 2 and sARF, the relative activities of the
toxins in the NAD:agmatine, NAD:protein, and NAD:Gsa
ADPribosylation assays were significantly different. In the
NAD:agmatine ADP ribosylation assay, under conditions
identical to those used for the ADPribosylation of Gsa, (except
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Figure 2. Effect of rARF 2 on ADPribosylation of Ge, catalyzed by
CTand three LTs in the presence of DMPC/cholate. Toxins (2 4g)
activated as described in Methods, were incubated for 4 h at 30'C
with additions to the assay of G, (0. gg), 100 MMGTP, 0.9 mM
DMPC/0.06% sodium cholate without or with rARF 2 (2 Mg). Tryp.
refers to incubations performed with trypsin/trypsin inhibitor. Expo-
sure time for autoradiogram was 6 h.

for the absence of Gs, and the addition of agmatine), CT and
LT-Ih exhibited significantly more activity than did LT-IIa or

LT-IIb.

Discussion

Initial studies of LT-I isolated from E. coli strains of either
human or porcine origin demonstrated significant structural,
functional, and immunological similarities to CT (2, 9, 31-34).
More recent studies by Holmes and co-workers revealed that
some E. coli strains produce enterotoxins (LT-IIa, LT-IIb) that
are antigenically distinct and differ significantly in amino acid
sequences from LT-I or CT, although they also cause elevation
of intracellular cyclic AMP(17, 19, 21, 22). Based on compari-
son of toxin nucleotide sequences, it was hypothesized that the
A subunits of all toxins in the LT family originated from a

commonancestral gene, with separate branches leading to the
LT-I and LT-II serogroups (21, 22). Comparison of deduced

68-

43-
GsoLT

29-

18-
rARF2 - - +

Tryp. - + -

Figure 3. Effect of trypsin activation
and rARF 2 on ADPribosylation of
GM, by LT-Ih. LT-Ih (0.75 pg), acti-
vated with or without trypsin as de-
scribed in Methods, was incubated
with G, (0.05 Mg) at 30'C for 3 min
without or with rARF 2 (0.75 ug) in
reaction buffer (see Methods) plus 0.9

+ mMDMPC/0.06% sodium cholate
+ and 0. mMGTP.

Toxin CT LT-lh LT-Ila LT-Ilb
Time 3 7.5 15 3 7.5 15 3 7.5 15 3 7.5 15
(min)

Figure 4. ADPribosylation of G,. by CT and three LTs in the pres-

ence of DMPC/cholate. Toxins (0.75 Ag, activated as described in
Methods) were incubated with rARF 2 (0.75 ug) at 30'C in reaction
buffer (see Methods) with 0. mMGTP, 0.9 mMDMPC/0.06%
sodium cholate, and G, (0. I gg) (total volume 100 ul). Reactions
containing CT, LT-Ih, LT-IIa, or LT-IIb as indicated were terminated
at 3, 7.5, or 15 min and assayed for [32P]ADP-ribosyl-G,. formation
as described in Methods. Positions of standard proteins are as shown.

amino acid sequences of toxin Al, A2, and B polypeptides
revealed that Al, in particular the amino terminus of Al, is
conserved to the greatest extent (21, 22).

Earlier data and present results establish that CT, LT-Ih,
LT-IIa, and LT-IIb all possess ADP-ribosyltransferase activity
and the capacity to use either proteins or simple guanidino
compounds as ADP-ribose acceptors (9, 23, 31, 35). Thus, the
catalytic site is conserved. CT and LT-Ih exhibited much
higher activities with agmatine as an ADP-ribose acceptor than
did LT-IIa or LT-IIb. With exogenous proteins as substrates
also, the activities of CT and LT-Ih were much higher than
LT-IIa and LT-IIb. The differences in activity were observed
both in SDS and DMPC/cholate. The latter conditions were

identical to those used to ADP-ribosylate G,~,; under these con-

ditions and with Ga as substrate, the activities of the toxins
appear to be much more similar although LT-IIa and LT-IIb
were still less active than CT or LT-Ih. These studies are com-

patible with the hypothesis that the toxins do differ, at least
quantitatively, in substrate specificity. In particular, LT-IIa
ahd LT-IIb are much less active towards model substrates (i.e.,
simple guanidino compounds) than CTor LT-Ih. The fact that
the toxins exhibit differences in catalytic activity may reflect
some differences in the structure of the active sites in the Al
fragments, perhaps effects of the A2 fragments, or differences
in susceptibilities to trypsin activation or inactivation. The fact
that some transferases that modify arginine residues in proteins
utilize simple guanidino compounds whereas others do not
most likely reflects differences in the catalytic subunits.

Earlier studies demonstrated enhancement of all CT-cata-
lyzed reactions by 20-kD guanine nucleotide-binding ARF
proteins in the presence of GTPand either SDSor DMPC/cho-
late (1 1, 12, 14, 15). As shown here, LT-Ih, LT-IIa, and LT-IIb
also respond to ARFplus GTPwith increases in their NAD:ag-
matine, NAD:Ga,, and NAD:A 1 ADP-ribosyltransferase activi-
ties. The fact that GTPwas necessary in each instance supports
the specificity of the ARFeffects. One of the major advantages
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Figure 5. Effects of GTP,
SDS, and sARF on ADP-ri-
bosylagmatine formation cat-

@ 0.4 _ ... alyzed by CTand three LTs.
1.5 7.5 15 CT (lI ug/ml) and LT-Ila (80
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E ' 0.3r [a | | _ [ | ^ |1cine, pH 8.0/20 mMDTT/
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8E02t|l10 E 1¢l 1 0 img/m (total volume 90 il).
-cESDS-0+SDS -2SD- +SDS LT-Ih (10 ,ug/mLi) and LT-Ib
CT(80lTg/m8) were treated iden-

tically except that 0.1I% tryp-
0.5 ~2.5 0.5 sin was present and soybean

trypsin inhibitor (100 Mg in
10 Ml) was added at the end
of the 10-mmn incubation.

Samples of toxins (CT, 1 Mg;
+,SDS + SDS + SDS ~~~~~~~~+SDS LT-Ih, 1 M~g; LT-Ila, 8 Mg;

CT IT Ih LTTIla LThIlb LT-Ilb, 8 Mg) were then as-
sayed for NAD:agmatine

ADP-ribosyltransferase activity in the presence of 0. 1 mMNADwith buffer (open bars), 100 MMGTP(double cross-hatched bars), sARF-II, 2
,Mg (cross-hatched bars), or GTPplus sARF-II (speckled bars) and 0.003% SDS (as indicated) for 4 h (CT and LT-Ih) or 16 h (LT-IIa and
LT-IIb) at 30C (total vol = 0. 3 ml). In the panels describing LT-Ila and LT-Ilb, I03 on the ordinate indicates that the activities were multiplied
by 103 to obtain values comparable to those noted with CT and LT-Ih. Data are means of values from four experiments. Standard errors (not
shown) were < 5%of mean values.

of studying the auto-ADP-ribosyltransferase and NAD:agma-
tine ADP-ribosyltransferase reactions is that modification of
these activities by ARF is likely to reflect directly its effects on
toxin rather than on G.. The data presented here provide

CT
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co ~~~~~~~~~CT/T
o o lilo

CO LT-Ih
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Ca 0.0 5

.0
m

20 40 60

Time (min)

Figure 6. ADP-ribosylagmatine formation catalyzed by CTand LT-Ih
in the presence of rARF 2. Toxins (0.75 Mg, activated as described in
Methods) and rARF 2 (0.75 Mug) plus 50 mMpotassium phosphate
(pH 7.5), 10 mMMgCl2, 3 mMDTT, 20 mMthymidine, 0.1 mM
GTP, 10MMNAD, 2 AM[adenine-U-'4C]NAD (0.05 MCi), 0.9 mM
DMPC/0.06% sodium cholate, and 10 mMagmatine (total vol 150
Ml) were incubated at 30'C for 3, 7.5, 15, 30, or 60 min before re-
moval of duplicate 50-Ml samples for separation of ADP-ribosylag-
matine. To determine whether differences in activity might reflect
the presence of trypsin and soybean trypsin inhibitor (TI), CT and
LT-IIa were activated as noted in Methods and where indicated (CT/
TI, LT-IIa/TI), trypsin (1.5 Mg) and TI (3 Mg) were added to the
activation mixture before removal of sample for assay.

strong evidence that the regulatory ARFsites and the catalytic
domains are conserved in all members of the LT toxin family,
consistent with the hypothesis that both sites are important for
toxin function.

In most cases, the ARF (plus GTP) effects were amplified
by detergents and/or phospholipids. The ARF- GTP-stimu-
lated NAD:agmatine ADP-ribosyltransferase activities of all
the toxins were enhanced by SDS. Auto-ADP ribosylation of
CT, LT-I, and LT-IIa, but not LT-IIb, was also stimulated by
SDS(data not shown). The ARF. GTP-dependent ADPribo-
sylation of G~,, was increased further by DMPC/cholate. Since
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Figure 7. Effect of rARF 2 on auto-ADP ribosylation of CTand LTs
in the presence of DMPC/cholate. Toxins activated and incubated
as in Fig. 2 except for the absence of G., and as indicated, with CT
(2 Mg); LT-Ih (2 Mg, not trypsin-activated); LT-Ih (2 Mg, trypsin-acti-
vated); LT-IIa (8 Mg); LT-IIb (16 Mg). Exposure time for experiments
with CT, LT-Ih, and LT-IIa was 24 h whereas that for LT-IIb, was
7 d. The exposure times for autoradiograms and toxin concentrations
differ from those used in the experiments described in Fig. 2.
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4.

defined. The amino acid sequence of the amino terminal re-
gion of the Al subunits exhibit some similarity to that of the
pertussis toxin SI subunit, which is also an ADP-ribosyltrans-
ferase and in which this region is critical for enzymatic activity
as shown by in vitro mutagenesis (49-5 1). A similar approach
may aid in identification of the domains of CT and the LTs
that are involved in catalytic activity and in activation by ARF.

4
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Figure 8. Auto-ADP ribosylation and ADP ribosylation of protein
standards by CTand LTs. Toxins were activated and incubated with
rARF 2 (2 jg) as in Fig. 2, except for omission of G(. Protein stan-
dards (5 ug of each protein) were added as additional substrates as
indicated (Std.). CT (4kgg), LT-Ih (4 gg), LT-IIa (122sg), and LT-IIb
(12 Atg) were present as noted in the figure.

DMPC/cholate appears to be necessary for the high affinity
binding of GTPby ARF (15), it is not clear whether it influ-
ences the interaction between ARF GTPand toxin. In the
presence of DMPC/cholate, LT-Ih A subunit exhibited consid-
erably more auto-ADP ribosylation activity than did the Al
fragment of LT-Ih. Furthermore, the auto-ADP ribosylation of
LT-Ih A subunit was only poorly responsive to the rARF 2
protein, whereas auto-ADP ribosylation of the LT-Ih Al frag-
ment was much more dependent on ARF. In the NAD:GSas-

say, the unnicked form was virtually inactive whereas the
nicked form was much more active and also responsive to re-

combinant ARF.
The B (or binding) subunits of the LT toxins are more di-

verse in amino acid sequence than are the A proteins (21,22),
consistent with observations that the toxins apparently bind to
different molecules on the cell surface (17). Ganglioside GM, is
the site of CTbinding (9, 36); LT-Ih is believed to use GM, as
well as glycoproteins (31, 37-42). LT-IIa and LT-IIb may also
bind to gangliosides, but their specificities differ from those of
CTand LT, in agreement with the differences in primary struc-
ture of the B subunits (17, 21, 22, 43-45). The several A2 pep-
tides differ considerably in amino acid sequence (19,21,22,44,
46). The A2 peptide is believed to be involved in association of
the Al protein with the B oligomer and in the case of CT, has
been proposed to play a role in the translocation of the Al
protein through the cell membrane (9, 47, 48). These putative
activities have not been quantified. Obviously, however, preser-
vation of A2 function is not necessarily inconsistent with con-
siderable diversity at the amino acid level.

In sum, the Al proteins of the LT family have highly con-
served amino acid sequences and share catalytic activity as well
as the ability to be stimulated by ARF GTP, although they
differ in specificities for Gs. and agmatine as substrates. The
domains of Al responsible for these activities remain to be
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