Volume 312, number !, 3-6 FEBS 11698
© 1992 Federation of European Biochemical Societies 00145793/92/$5.00

November 1992

Hypothesis

The second cholera toxin, Zot, and its plasmid-encoded and
phage-encoded homologues constitute a group of putative ATPases with
an altered purine NTP-binding motif
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National Center for Biotechnology Information, Nationat Library of Medicine, NIH, Bethesda, MD 20894, USA
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It is shown hat the second cholera toxin, Zot, ORF3 product of Pseudomonas plasmid pKB740, and ORF424 product of bacteriophage Pf1 are

a group of closely related proteins conlaining a modified version of the purine NTP-binding motif, with a drastic substitution of tyrosine for a

conserved glycine. They are distantly but reliably related to the product of gene I of filamentous bacteriophages which is a putative ATPase

containing the classical NTP-binding motif und is involved in b-acteriophage assembly and exit from the bacterial cell, Hydropathy analysis suggests

that the Zot and gene I product may have a similar transmembrane topology. It is hypothesized that Zot may possess ATPase activity and modify

the membrane structure of its target cells in an ATP-dependent fashion. Genes for Zot and the related protein of pK B740 are likely 1o have evolved
from gene I of a Pfl-like bacteriophage.

Zot protein; Second cholera toxin; NTP-binding motif; ATPase; Filamentous phage gpl

1. INTRODUCTION

It has been shown recently that in addition to the well
known cholera toxin, Vibrio cholerae encodes a second
toxin called Zot (zonula occludens toxin) that increases
the permeability of small intestinal mucosa by inducing
a modification of the structure of the intercellular tight
junction, or zonula occludens {1]. The sequence of the
zor gene has been determined, and no significant se-
quence similarity to other proteins has been reported

{21

A database search using the BLAST program [3] with

the Non-redundant Database (National Center for Bio-
technology Information, NIH) revealed that Zot is
closely related to the ORF3 product of pKB740, a 8.3
kilobase Pseudontonas plasmid bearing genes for the
enzymes of 2-aminobenzoate metabolism [4] and to the
ORF424 product of filamentous bacteriophage Pfl,
also from Pseudomonas [5). The probability of matching
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by chance alone for Zot and these proteins was
4.5% 107 and 1.6 x 107'%, respectively.

The position of ORF424 in the Pfl genome and the
previous mention of distant relationship between most
Pfl ORFs and gene products of filamentous single-
stranded DNA bacteriophages [5] led me to suspect that
its product might be related to the product of gene I
(gpD) of these phages. Gpl contains the Walker-type
purine NTP-binding pattern and is thought to be an
ATPase involved in phage assembly and exit from the
bacterial cell [6-8].

2. ALIGNMENT

The alignment of Zot with the two related proteins
revealed a sequence resembling the A motif of the NTP-
binding pattern, < hydrophobic region > [GA]xx(G)
xGK[TS], with the exception that Tyr is substituted for
the third Gly. Comparison of the sequences of these
proteins with those of gpl using the MACAW program
[9] detected three conserved regions (Fig. 1). Region 1
corresponds to the A motif of the NTP-binding pattern
that had the classical form in gpI and the modified form
in Zot and the related plasmid and phage proteins. Re-
gion 2 corresponds to the B motif of the NTP-binding
pattern; this motif conformed to the original consensus
[6] in all the aligned proteins.

Region 3 is specific for this set of proteins and inter-
estingly shows ihe highest level of conservation, partic-
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ularly between the proteins of the Zot group and gpl
proteins of filamentous coliphages (Fig. 1). The signa-
ture RxxxWD[ILVF]x[LF]xxx[DN][IL] was found to be
unique to these proteins upon search of the entire data-
base even when conservative substitutions of the hydro-
phobic amino acid residues were allowed.

The multiple alignment of the Zot-related proteins
with the phage gpl proteins (Fig. 1) generated by
OPTAL program [10] scored 9.9 standard deviations
over the random expectation indicating a definite
though distant relationship. These findings led me to
consider this set of proteins a specific family of putative
NTPases, with Zot, and the ORF3 and ORF424 prod-
ucts constituting a distinct subfamily.

3. A MODIFIED NUCLEOTIDE-BINDING
MOTIF

I predict that despite the drastic substitution of Tyr
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for a Gly residue conserved in a wide variety of NTP-
utilizing enzymes, Zot, and the products of ORF3 and
ORF424 have a functional NTP-binding site and may
possess NTPase activity. The most important feature of
the A motif is the existence of a hydrophebic S-strand
followed by a flexible Gly-rich loop that interacis with
the phosphates of the NTP substrate [6,11]. Inspection
of the sequences (Fig. 1) and secondary structure pre-
diction (not shown) suggested that these features are
probably retained by the counterpart of the A motif in
Zot and the related proteins. Moreover, analogous sub-
stitutions of Tyr or Phe for Gly have been observed in
two proteins that are known to possess ATPase activity
and belong to well-defined families of ATPases, namely
in the F plasmid partitioning protein SopA and the
bacteriophage T4 DNA repair protein UvsX (Fig. 1).
Site-directed mutagenesis or other direct analysis of the
putative unusual NTP-binding motif in these proteins
has not yet been reported. Nevertheless, statistically sig-

1(Aa)
T4 UvsX (54=71) GLLITAGPSKSEKENFGL
EB.coli SopA (108-125) |VIGVARHKGGVYKTSVSV
consensus RURUARCARCARKRTAXAY | AARAXXAUAXCRAUAANARARARAAXXRUXRURK
Pfl ORF424 (2-157) SIKIHEGPNGSYKTSGAI (QDDAVPALKDGRVIITNVRGFTLERAYQVFP=-DL
pKB740 ORF3 (2-158) SIKIHYGPNXSyKTACAL | ADDMIPAWKSGRVIVTNVRGVSAQRFAHVLNVDE
VaiCs 2ot (2=154) SIFIdHGAPGSyKTSGAL WLRLLPAIKSGRBIITNVRGLNLERIAKYLBMDV
% ® ® L * 213

12-2 gpl ({2-140) AVYVVTGKLGAGRTLVAV -SRIQRTLAKGGIVATHL—NLRLHHFPQVGRY--
Ike gpI (2-140) AVYVVTGKLGAGKTLVAV | -SRIQRTLAKGGIVATNL-NLKLHHFPQVGRY ==
M13 gpl (2=140) AVYFVIGKLGSGKTLVSV| ~GRIQDKIVAGCRIATNL-DLRLQNLEQVGRE ==
P£3 ORF301 (1-122) MITLITAVPGSCGKTLYAI | ~GLIEAALSEGRPVETN==rnan== wnalSGL==
Cflc gpl (7=121) SISLLTGLPGSGKSLRII| ~QAIRYILMDKGAHV = e mmemnmane—- VCNI =~
SpV1 gp2 (66~198) PLSVIIGKLGTGKTLLLT | ~¥LSQTMKLLTDEIYSN====nruan=a YPLE~=

2(B
consensus RAAAXXRKULAXXXXXAXX XA LR XXX RXAARXRRR 'UUB'\S’E:%T KRURRARRAAXRR
P£1l ORF424 PNTAEIINL-DLESLEDLE ~=--KMRTWFQWAPRGA | FLIFDET | QLLFPKEWRERDL
pKB740 ORF3 SEGGDVIHV=-DTSNQRGRL~-~=-RMATWFHWAPPGA | LVFVDER | QAIWPKAWTQKDL
V.Cu Zot SDIS=IEFI~DTDHPDGRL~-=-TMARFWHWARKDA | FLFIDEC | GRIWPPRLTATNL

H ] H kAL EL)
I2=2 gpl AKQCRVMRIADKPTLEDLEAIGRGNLESYD-ESKNG |LIVLDEC |GTH===wmm====
Ike gpl AKQCRVMRIADKPTLEDLES IGRGNLTYD=ESKNG |LLVLDEC | GTH==em=m====
M13 gpl AKTPRVLRIPDKPSISDLLAIGRGNDSYD=ENKNG | LLVLDEC |GliL==esa~anaa
P£3 ORF301 VED» e ==KFSNPHLLS D= == == APDDWRD-TPEGS | LVVYDEA | QQAHL===wac==
Cflc gpl DGI~=~=~SVPCTTPHAD====~= PHKWQD~-LPAGS | ILFVDEA |Q=ID======e==
Spvl gp2 DDKVRVLTFRNLDFID====mana= RTKFV=PPDDS | VILFDES |YLYID=e==aenu=

3
consensus RAURKRRARRRARBXRRXRRAXUARNK XK [REXXXXUIURRARRARURRRRR | 2ARK
P£f1 ORFA24 ERFDYPGUPEARHAADRPMGWLDAWIRH- | RHFNWDIVLTTPNISYIRDDIR|MTCE
PKB740 ORF3 QVLDYPGGSAQAEADDRPHCYSIAWEMH - [ RHWNWDFILTTPNINKLRDEYR | GCAD
V.c. Zot KALD---TPPDLVAEDRPESFEVAFDME- RHEGWDICLTTPNIAKVEHMIR EARE

s * 18 1t %

I2-2 gpl =«FNSRN-~- -WSDKSRQPVIDWFLHA RELGWDVIFIIQDISLMDKQAR EALA
Ike gpl ==FNSRN =HSDKSRQPVIDWCLHA |RRLGWDIIFIIQDISLMDKQAR | DALA
M13 apl =-=FNTRS ~WNDKERQPIIDWFLHA |RELGWDIIFLVQDLSIVDKQAR | SALA
P£3 ORP301 =-=YPSNA QRGPVTDE=-RLTAMETH | RETGHDLVFITQAPTFVHHHIR | RLVG
Cfle gpl ==FP==A- RRGGDPVE-TIKAMSTI | RHDGYRLVLATQQPNYLDTYLR | GLVG
8Spvl gp2 ~=GTSPH== DEKKVHSG=KIPWIVLA | RHFGNRALFTAQREGMIWNNIR | QLAS

Fig. 1. Amino acid sequence alignment of the proteins of the Zot group with putative NTPases encoded by gene [ of filamentous bacteriophages.
The alignment was generated by OPTAL program [10]. Motifs delineated by MACAW program are boxed. The ‘consensus’ line includes amino
acid residues that are conserved in at least eight of the ninealigned sequences. U indicates a hydrophobic residue (ILL,V,M,F,Y,W). Asterisks derote
residues that are conserved (identical or similar) in the sequences of the Zot-related proteins and in the six bacteriophage sequences, colons denote
residues that are conserved specifically in the Zot-related proteins and in the three coliphage sequences. The position of the aligned regions in the
respective proteins is indicated in parentheses. The Tyr (Phe) residue substituting for (he conserved Gly in the A motif is shown in lower case and
in bold typing. The sequence of ORF 3 of pK B740 contained an obvious frameshift separating the N-terminal 10 residues from the rest of the proein.
Reconslruction of the sequence has led 0 an uncertainty in one position within the A motif (designated by an X). Another frameshifi was found
in this sequence downstream from ihe region shown in the figure. For UvsX and SopA only short segmenis spanning the A motif are shown to
12-2, iKe and M13 are coliphages, Cflc is a Xanthomonas campestris bacteriophage, Pf1 and PI3
are Pseudomonas bacleriophages, and SpV1 is Spiroplasma virus IRBA2B; V.c., Vibrio cholerae. The sequences were from: [2] (Zot), [5] (Pf1), [14]
(pKB740), [17] (Cflc), and [18] (Sp¥1). The references for the sequences of gpl proteins of coliphages and Pf3 can be found in [6].

emphasize the substitution of Tyr(Phe) for Gly.
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Fig, 2. Comparison of the hydropathicily plots for Zot (A} and gpl of bacteriophuge 12-2 (B). The hydropathicity was calculated using the method

of Kyte and Doalittle with the window size of seven [19)]. The abscissa shows amino acid residue numbers and the ordinate shows hydropathicity

units, Hydrophobic regions are above and hydrophilic regions are below the dotted midpoint line, Bars denote transmembrane segments predicted
according to [20]. The computation was performed using the program SOAP in the PC/GENE package [21).

nificant alignments with the homologues containing the
classical motif leave little doubt about the authenticity
of the Tyr and Phe-containing motif ([6,12], and unpub-
lished observations).

4. ZOT IS A MEMBRANE PROTEIN

Gpl of filamentous bacteriophages is an integral
membrane protein [7]. Comparison of the hydropathy
plots for Zot and gpl revealed considerable similarity,
with one membrane-spanning segment located down-
stream from the putative NTPase domain being pre-
dicted for each protein (Fig. 2). Thus it is likely that Zot
is a membrane protein too, and that Zot and gpl have
similar transmembrane topology.

In addition to its participation in phage assembly, gpl
is involved in phage exit from the cell through induction
of so-called contact zones between the inner and outer
membranes [7]. When overexpressed, gpl kills the bacte-
rial cell through rapid loss of the membrane potential
[13]. It is tempting to draw an analogy between these
properties of gpl and the induction of modifications of
cellular membranes by Zot and to speculate that the
latter effect may be dependent on the ATPase activity
of Zot.

5. EVOLUTIONARY IMPLICATIONS

Finally, these observations led to interesting evolu-
tionary implications, Cur finding that thc ORF3 pred-
uct is related to gpl, along with the previously noted
similarity between ORFS5 product and gpll [14], makes

it tempting to speculate that pKB740 could evolve from
a filamentous bacteriophage, with the other phage genes
having been replaced by the genes encoding 2-amino-
benzoate metabolizing enzymes. Origin from gene 1 of
a Pfl-like bacteriophage is likely for zat gene too. This
and not the opposite direction of evolution is preferred
since, on the one hand, Zot and ORF3 are closely re-
lated to gpl of Pfl but only distantly related to gpl of
other bacteriophages, and on the other hand, it appears
most likely that all filamentous bacteriophages have a
common origin. The zor gene, together with the adja-
cent erx operon encoding the two subunits of the classi-
cal cholera toxin, belongs to a site-specific transposable
element [15]. It is interesting to speculate that this ele-
ment could have evolved from a filamertous bacterio-
phage via a plasmid intermediate resembling pKB740.
This scems particularly plausible as pKB740 as well as
the phage SpV1 are able to integrate into the bacterial
chromosome [15,16].
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