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Gram-negative bacteria possess a two-membrane envelope
with an outer lipopolysaccharide-containing membrane that
provides an effective barrier, protecting these organisms from
detergents, organic solvents, drugs, and other toxic substances
(24). However, the occurrence of an outer membrane poses
major problems for the secretion of macromolecules (28).
Consequently, gram-negative bacteria have evolved a tremen-
dous diversity of outer membrane systems designed for the
export of proteins, complex carbohydrates, nucleic acids, and
lipids (4, 37).

Among the well-characterized outer membrane protein se-
cretion systems are (i) the so-called two-partner secretion sys-
tems (transport classification [TC] 1.B.20) and (ii) the auto-
transporter systems (AT or AT-1; TC 1.B.12) (20, 30, 51).
Following export from the cytoplasm to the periplasm via the
general secretory (Sec) system, both AT and two-partner se-
cretion system translocation domains insert into the outer
membrane as B-barrel structures. They mediate export of vir-
ulence proteins or protein domains from the periplasm across
the outer membrane to the extracellular medium where the
exported protein or domain may either remain attached to the
outer membrane or can be released in a free state (51). The
exported proteins may serve as adhesins, hemolysins, pro-
teases, cytotoxins, or mediators of intracytoplasmic actin-pro-
moted bacterial motility (51).

Proteins of the autotransporter family possess C-terminal
domains of 250 to 300 amino acyl residues that fold and insert
into the outer membrane to give a B-barrel with 12 to 14
transmembrane B-strands (15, 16, 27, 29). This structure forms
a pore through which the N-terminal virulence factor is pre-
sumed to be exported (13, 32). There is still some controversy
as to the mechanism of protein transport (5, 6, 32, 44, 49). For
example, the possible involvement of energy in the transloca-
tion process has not yet been extensively studied, and the
relationship of these outer membrane translocators to mech-
anisms of antibiotic efflux and TonB-dependent influx, if any,
has not been pursued.

A second family of autotransporters called “trimeric auto-
transporters,” “oligomeric coiled-coil adhesins,” or “autotrans-
porters-2” (AT-2; TC 1.B.40) has recently been discovered (9,
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17, 19, 43, 52). Among the best-characterized members of this
family are the multifaceted Yersinia adhesin, YadA (2, 9, 19,
31, 36), the major adhesin of Haemophilus influenzae that al-
lows colonization of the nasopharynx, Hia (25), and the Hae-
mophilus “adhesin and penetration” protein, Hap (10, 11, 26,
48). These proteins define a novel family of autotransporter
virulence factors. They may be able to allow translocation of
their passenger domains across the outer membrane without
the assistance of accessory proteins, but this postulate is still in
contention.

A conserved C-terminal domain of about 70 amino acyl
residues is believed to form the trimeric B-barrel that presum-
ably allows the transport of the N-terminal “passenger” do-
main to the bacterial cell surface. These proteins form trimeric
lollypop-like structures anchored to the outer membrane by
their C-terminal autotransporter anchor domains (5, 6, 44). A
superficially similar structure has been established for the
outer membrane TolC protein of Escherichia coli, which has an
analogous B-barrel structure. In the case of TolC, however,
a-helical regions extend into the periplasm, a feature lacking in
AT-2 domains (18, 22, 23). According to some investigators,
the C-terminal 67- to 76-residue domains are both necessary
and sufficient for translocation of the N-terminal adhesin do-
mains (44). Each subunit AT-2 domain is believed to consist
of just four transmembrane antiparallel B-strands (reviewed
in reference 5). Deletion of this C-terminal domain abol-
ishes outer membrane insertion of YadA (45), while the
deletion of the linker region results in degradation of the
whole protein (36). These experimental results suggest but
do not establish that these C-terminal linker or outer mem-
brane insertion regions are directly responsible for export of
the passenger domain.

The few characterized protein members of the AT-2 family
serve as virulence factors in animal pathogens (36). They have
been termed invasins, immunoglobulin-binding proteins, se-
rum resistance proteins, and hemagglutinins, but all appear to
have adhesive properties. Because each of the few functionally
characterized “passenger” domains of this class of autotrans-
porters can function in adhesion, it is possible but not demon-
strated that they are all structurally related. The characteristic
feature that we will use for identification of family members,
however, is the presence of the small C-terminal domain that
is believed to form the outer membrane trimeric B-barrel pore.

In this minireview we present a bioinformatic analysis of the
AT-2 family. We identify recognizable sequenced members of
the AT-2 family and align the sequences of their autotrans-
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TABLE 1. Recognized proteins of the AT-2 family
Cl;rsgf;s(? d Organism Database description Srlési(g:;)gf Bacterial type© gi
Cluster 1a
Beel Burkholderia cepacia R18194 Autotransporter adhesin 977 B 46316503
Bce3 Burkholderia cepacia R18194 Autotransporter adhesin 1,010 B 46315938
Bcee4 Burkholderia cepacia R18194 Autotransporter adhesin 276 B 46322712
Bmal Burkholderia mallei ATCC 23344 Autotransporter adhesin 373 B 53717377
Rsol Ralstonia solanacearum Putative hemagglutinin-related protein 1,309 B 17549839
Cluster 1b
Dhal Desulfitobacterium hafniense Autotransporter adhesin 142 Clostridia 23115364
Xcal Xanthomonas campestris pv. pelargonii  Unknown 1,328 v 7542317
Xorl Xanthomonas oryzae pv. oryzae Outer membrane protein XadA 1,265 0 9864182
Cluster 1c
Hinl Haemophilus influenzae R2846 Autotransporter adhesin 158 v 42630309
Rspl Rhodobacter sphaeroides 2.4.1 Large exoproteins involved in heme 411 a 46192873
utilization or adhesion
Cluster 1d, Bful = Burkholderia fungorum 1.B400 Autotransporter adhesin 3,068 B 48784624
Cluster 2a
Bhel Bartonella henselae strain Houston-1 Surface protein/Bartonella adhesin 1,747 a 49237768
Bhe2 Bartonella henselae strain Houston-1 Surface protein 153 a 49237769
Bmel Brucella melitensis 16M Cell surface protein 365 a 17988155
Bqul Bartonella quintana strain Toulouse Surface protein/Bartonella adhesin 1,065 a 49239313
Bqu2 Bartonella quintana strain Toulouse Surface protein/Bartonella adhesin 949 a 49239314
Bqu3 Bartonella quintana VompA 950 a 51949816
Bqu4 Bartonella quintana VompC 970 a 51949818
Bsul Brucella suis 1330 Hypothetical protein BR1846 278 a 23502699
Bvil Bartonella vinsonii subsp. arupensis BrpB 1,760 a 52355211
Bvi2 Bartonella vinsonii subsp. arupensis BrpA 3,620 a 52355212
Bvi3 Bartonella vinsonii subsp. arupensis BrpC 1,420 a 52355210
Milol Mesorhizobium loti MAFF303099 Hypothetical protein mil2848 1,953 a 13472521
Smel Sinorhizobium meliloti 1021 Hypothetical protein SMc01708 1,291 a 15964211
Cluster 2b
Hdu2 Haemophilus ducreyi 35000HP Hypothetical protein HD1920 296 v 33152901
Hdu3 Haemophilus ducreyi Necessary for collagen adhesion protein 236 Y 45758814
Cluster 2c
Aacl Actinobacillus actinomycetemcomitans ~ Putative adhesin/invasin 295 Y 19568164
Eco4 Escherichia coli Immunoglobulin-binding protein EibF 459 v 16923467
EibA Prophage P-EibA Immunoglobulin-binding protein EibA 392 dsDNA virus 7532792
EibE Bacteriophage P-EibE Immunoglobulin-binding protein EibE 487 dsDNA virus 7523541
Hdul Haemophilus ducreyi 35000HP Serum resistance protein DrsA 257 Y 33151932
Mcal Moraxella catarrhalis Ubiquitous surface protein A2 686 0 18568377
Nmel Neisseria meningitidis Putative adhesin/invasin 405 B 21427129
Nme3 Neisseria meningitidis Putative adhesin/invasin 355 B 21427156
Yenl Yersinia enterocolitica Adhesin YadA 454 Y 1955604
Ypsl Yersinia pseudotuberculosis Adhesin YadA precursor 434 Y 141104
Cluster 2d, Pprl  Photobacterium profundum Hypothetical protein 288 Y 46917051
Cluster 3a, Hsol  Haemophilus somnus 129PT Autotransporter adhesin 452 v 23468079
Cluster 3b
Aac2 Actinobacillus actinomycetemcomitans ~ EmaA 1,965 Y 33578091
Apll Actinobacillus pleuropneumoniae Autotransporter adhesin 2,600 Y 46143665
serovar 1 strain 4074
Bcee2 Burkholderia cepacia R18194 Autotransporter adhesin 1,439 B 46313782
Bfu2 Burkholderia fungorum LB400 Autotransporter adhesin 770 B 48787852
Bma2 Burkholderia mallei ATCC 23344 Hemagglutinin family protein 831 B 53717118
Dha2 Desulfitobacterium hafniense DCB-2 Autotransporter adhesin 86 Clostridia 53684140
Ecol Escherichia coli O157:H7 EDL933 Putative adhesin 1,588 v 15804146
Hin2 Haemophilus influenzae Adhesin 1,096 Y 25359414
Hso2 Haemophilus somnus 2236 Autotransporter adhesin 2,419 Y 46156748
Hso3 Haemophilus somnus 2236 Autotransporter adhesin 2,390 Y 46156040
Hso4 Haemophilus somnus 129PT Autotransporter adhesin 611 Y 23467645
Hso5 Haemophilus somnus 2236 Autotransporter adhesin 3,391 Y 32030792
Hso6 Haemophilus somnus 2236 Autotransporter adhesin 1,550 Y 46156755
Hso7 Haemophilus somnus 2236 Autotransporter adhesin 3,674 Y 46156455
Nme2 Neisseria meningitidis Adhesin 591 B 15676883
Nme4 Neisseria meningitidis NhhA outer membrane protein 589 B 14578023
Pmul Pasteurella multocida subsp. multocida ~ Hsf 2,712 Y 15602579

strain Pm70

Continued on following page
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TABLE 1—Continued
Cl;rsgf;zjl d Organism Database description SrleZ;id(ggé)(gf Bacterial type© gi
Pmu2 Pasteurella multocida subsp. multocida ~ Hsf 1,299 v 15603435
strain Pm70
Reul Ralstonia eutropha JMP134 Autotransporter adhesin 465 B 53761962
Senl Salmonella enterica subsp. enterica Putative autotransporter 1,107 v 16762618
serovar Typhi strain CT18
Xfal Xylella fastidiosa 9a5c Surface protein 2,059 0 15838130
Xfa2 Xylella fastidiosa 9a5c Surface protein 1,190 v 15838575
Ypel Yersinia pestis CO92 Putative surface protein (partial) 658 v 16121208
Ype2 Yersinia pestis KIM Hypothetical protein y1847 144 v 22125740
Cluster 3c
Eco3 Escherichia coli IHP1-like 436 Y 29367636
Eco5 Escherichia coli O157:H7 EDL933 Hypothetical protein Z0639 338 v 15800223
Mca2 Moraxella catarrhalis Hemagglutinin 2,314 v 22000942
Cluster 3d
Eaml Erwinia amylovora Autoagglutinating adhesin 494 v 38638179
Eco2 Escherichia coli STEC autoagglutinating adhesin 516 0 16565696
Ype3 Yersinia pestis biovar Medievalis strain ~ Hypothetical protein HP1206 364 Y 45441033
91001
Yps2 Yersinia pseudotuberculosis 1P 32953 Hypothetical protein pYptb0018 416 v 51593960

“ The cluster refers to the clustering pattern in the phylogenetic tree shown in Fig. 2A.

b Size of protein is given in terms of amino acyl residues.

¢ Greek letters refer to the subcategory of the proteobacteria. dsSDNA, double-stranded DNA.

porter domains. The resultant multiple alignment is used to
identify conserved motifs, generate a phylogenetic tree for the
family, identify cluster-specific sequence characteristics, and
generate average hydropathy, amphipathicity, and similarity
plots that allow structural predictions. Essentially all of the
AT-2 proteins analyzed here derive from a-, B-, and y-pro-
teobacteria and their phage, although other more distantly
related members of the family are found in other gram-nega-
tive bacterial kingdoms (7). Our analyses reveal that phylogeny
of the AT-2 domains does not correlate with the size of the
N-terminal passenger domain. However, the passenger do-
mains consist of homologous repeat units that are common to
all members of the family. Phylogeny of the passenger domains
generally follows that of the AT-2 domains. To a considerable
degree, protein phylogeny follows the phylogeny of the source
organisms. Our results suggest that the genes encoding these
proteins have been subject to lateral transfer but that transfer
occurred primarily within closely related organisms. This con-
clusion is substantiated by their occurrence in phage genomes
(see below). We suggest that all members of the AT-2 family
serve a single unifying function in cell adhesion/macromolec-
ular recognition. This review provides the first detailed bioin-
formatic analysis of the AT-2 family.

ESTABLISHED PROTEIN MEMBERS OF THE
AT-2 FAMILY

Using the PSI-BLAST search tool (1) with YadA of Yersinia
enterocolitica as the query sequence and three iterations, about
140 above-threshold hits were retrieved from the NCBI data-
base. AT-2 family members were identified on the basis of
their C-terminal AT-2 domains. No homologues were identi-
fied that appeared to have the AT-2 domain anywhere other
than at their extreme C termini. Redundancies, very closely
related homologues, and hits that showed an insufficient de-
gree of sequence similarity with established members of the

family to establish homology (=9 standard deviations using the
GAP program [8]) were eliminated. This left 69 proteins upon
which the analyses reported below were based. These proteins
are presented in Table 1 while their aligned AT-2 domain
sequences are shown in Fig. 1, and the phylogenetic tree based
on this alignment is presented in Fig. 2A. The phylogenies of
the passenger domains are presented in Fig. 2B (see below).
The proteins listed in Table 1 are presented according to clus-
ter as shown in the tree presented in Fig. 2A.

As indicated in Table 1, the homologues exhibit tremendous
variation in overall protein size (86 to 3,674 amino acyl residues).
Even within a single cluster, the size variation is tremendous
(Tables 1 and 2). This degree of size variation was not observed in
previous studies of the AT family (51). However, this size varia-
tion is explained by the occurrence of repeat units of numbers that
do not correlate with protein phylogeny (see below).

With the exception of four homologues, all homologues were
from proteobacteria. Two close homologues are from a bacterio-
phage (p-EibE) and a prophage (p-EibA), both of E. coli. These
two proteins are annotated as immunoglobulin binding proteins.
The two small nonproteobacterial homologues (Dha2, 86 amino
acyl residues, and Dhal, 142 amino acyl residues) are reported to
be from Desulfitobacterium hafinense, which is a low GC-content
gram-positive bacterium with no outer membrane. These proteins
could not serve as autotransporters in this organism. Because the
genome of D. hafinense has not been completely sequenced and
is still being updated, it is possible that these sequences resulted
from DNA contamination.

SEVEN-RESIDUE REPEAT SEQUENCES IN THE
LINKER REGIONS OF AT-2 PROTEINS
AND OTHER PROTEINS

Several of the AT-2 proteins listed in Table 1 exhibit a
demonstrable 7-amino-acyl repeat element between the pas-
senger domains and the putative transmembrane regions of the
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Motif 1 Motif 2

[ 1 1
Nmel RLNGLDETVSDLREKETRQGLAEQAALSGLFQPYNVGRFNVTAAVGGYKSESAVAIGTGFR-FTENFARKAGVAVGTSSGSSAARYHVGVNYEW -~
Nme3 RIDSLDENVANLREKETRQGLAEQAALSGLFQPYNVGRFNVTAAVGGYKSESAVAIGTGFR-FTENFARKAGVAVGTSSGSSARYHVGVNYEW =~
hacl RIDRLDSRVNELDKEVENGLASQAALSGLFQPYNVGSLNLSAAVGGYKSKTALAVGSGYR-FNONVARKAGVAVSTNGGS-ATYNVGLNFEW-~
Eco4d RLDSQORQINENHEEMKRARAQSARLTGLFQPYSVGKFNATAAVGGYSDQQALAVGVGYR-FNEQTARKAGVAFSDG=~~-DASWNVGVNFEF -~
Eiba RLDSQORQINENHKEMKRAAAQSAALTGLFQPYSVGKFNASAAVGGYSDEQALAVGVGYR-FNEQTAARKAGVAFSDG~~~DASWNVGVNFEF -~

EibE RLNSQORQIRENHEEMKRAAAQSAALAGLFQPYSVGKFNATAALGGYSDKQAVAVGVGYR-FNEQTARKAGTIAASDG-~~DVSYNMGVNFEF -~
Mcal KVNAFDGRITALDSKVENGMAAQAALSGLFQPYSVGKFNATAALGGYGSKSAVAIGAGYR-VNPNLAFKAGAATNTSGNKKGSYNIGVNYEF -~

Ypsl KFSQLDNRLDKLDKRVDKGLASSAALNSLFQPYGVGKVNFTAGVGGYRSSQALAIGSGYR-VNESVALKAGVAYAGS--SNVMYNASFNIEW-~
Yenl KFRQLDNRLDELDTRVDKGLASSAALNSLFQPYGVGKVNFTAGVGGYRSSQALAIGSGYR-VNENVALKP-VWLIGS~~SDVMYNASFNIEW=-~
Hdul MMEQNTHNINKLSKELQTGLANQSALSMLVQPNGVGKTSVSAAVGGYRDKTALAIGVGSR-ITDRFTAKAGVAFNT YN-GGMSYGASVGYEF -~
Hdu2 I10QIDORILHQFRKEMHMNTANTAAMS SLNFGNGYG-VSVGAATGGHKGQYSLALGTAYTDY QTQVNVK IALPVKQPKPSNITYGVGFVYNFQ-
Hdu3 ILKQVNQKVHELRKETYMNTANTAAMS SLNFGNSQG-ISFGAATGGHKGOHSLALGPAYTDYQTQVNVK IALPVRQPKPSNITYGIGFVYNFQ-
Bhel KFEALNYSIENVRKEARQAAAIGLAVSNLRYNDTPGKLSVGFGSGLWRSQSAFAFGAGYTSESGSIRSNLSITTSGG-~-HWGIGAGFNMTL N~
Bvi3 KFEALNYNIENVRKEARRAAAIGLAVSNLRYNDTPGKLSVAFGSGLWRSQSAFAFGAGYTSEKGNIRSNLSVTSSGG---HWGIGAGLNMTLN-
Bqul KFEALNYGIEGARKEARQAAAIGLAVSNLRYNDTPGKLS INFGSGLWRSQGAFAFGAGYTSESGAIRSNLSVTSSGG==~HWGIGAGLGLTLN~
Bgu2 KFEALNYGIEGARKEARQAAAIGLAVSNLRYHDTPGALSVAFGSGLWRSQGAFAFGAGYASEDGKILSNGSITTSSG-~-HWGIGSGLGLTLN-
Bqu4d KFEALNYGIEGARKEARQAAAIGLAVSNLRYNDTPGKLS IAFGGGLWRSQGAFAFGAGYASEDGKILSNGSITTSSG-~~-HWGIGAGLSLKLKS
Bqu3 KFEALNYGIEGARKEARQAAAIGLAVSNLRYHDTPGALSVAFGSGLWRSQGAFAFGAGYASEDGKTLSSVSITTSGG-~-IWNISAGLSLKLKS
Bhe2 KFETLSYVVEDVRKAARQAVAMGLAVSNLRYYDIPGSLSLSFGTGIWRNQSAFAIGVGYTSEDGNIRSNLSITSADS = ~~HWDIGAGLRIKLN=-
Bvi2 KFETLSYVVEDVRKEARQAAAIGLAVSSLRYYDIPGSLSVSFGTGTWRSQSAIAFGAGYTSEDGNIRSNISVTSAGG-~--HWGVGAGVTLRLR~
Bvil KFNILSYDIKSVRKEARQAAAVGLAVSNLRYFDDPGSLSVSFGSGAWRGQOSAFALGAGYTSENGKIRSNISATSAGG---HWGVGGAITLKIK-
Smel RFAQLSGEIGQVRSEARQAAAIGLAAASLRFDNEPGKLSVALGGGFWRSEGALAFGAGYTSEDGRVRANLTGAAAGG-~-NVGVGAGLSITLN-
Mlol KLSQLNSDLGGIRDEARQAAAIGLAAASLRYDDRPGKLSVAAGGGFWRDSSALAFGAGYTSEDGRIRGNVSGTAAGG-~--HVGVGAGISFTLN=-
Bmel KFGKLNEDIVATRIEARQAAAIGLAAASLRYDDRPGKISAAIGGGFWRGEGAVALGLGHTSEDQRMRSNLSAATSGG~~~-NWSMGAGFSYTFN~
Bsul RVDGLOGQINSARKEARAGAANAAALSGLRYDNRPGKVS IATGVGGFKGSTALAAGIGYTSKNENARYNVSVAYNEA---GTSWNAGASFTLN-
Bce2 RIGQVYNSFNDLKKDMYGGVASAMAVAGLPQPTGAGRSMVSAATSNYHGQQGFAAGY SYVTESNRWVVKASVTGNTRSDFGAVVGAGY QF ===~
Dha2 GNQLMRNEIGRLDDKASAGVASAMAVAGLPQSYMPGKSMAATAASSFRGESGFAIGISTITEDGRYVYKISGNSNSKGDVGVTVGAGI V===
Bma2 ANQYTDQKVDHLRREMNGGVAAAMAVAGLPQPTAPGKSMVAIAGS TWQGQQGFALGVSTISENGKWLYKGSLTTSTRGGTGAVLGAGY QW=m==~

Bfu2 ANSYTDDQIRSARRDSYGGTASAMAMAGI.PQAVLPGHGMVAMAGGTYAGQOSAFAIGVSOLSETGKWVYKLOGTTDSRGOFGAS IGAGMHW =~~~
Reul AISNLSNRIDGAQRDANAGTASAMALAGLPQSVLPGKGMVALAGSTYSGQSALALGVSKLSDSGRWVFEGGVTSNTRRNVGATVGAGFHW ===~
Xfal AKQYTDGMVGNLRRETSGGVAAAIATANLPOQAYVQGRGMTSVGVSSYQGOSAIAVGVSAVSE SGHWVFEKFSGSANTRSHVGVGAGVGY QW=——=

Xfa2 AKQYTDGVVGSLRRDTDGGVAAAIATANLPOAYIPGRGMTSVGVSSYRGOSAIAVGVSSVSESGRWVFKFSGSANTRSQVGIGAGVGY QW= ——~
Senl EMGEMNSKIKGIENKEMSGGIASAMAMAGLPQAYAPGANMTS IAGGTFNGESAVAIGVSMVSESGGWVYKLOGTSNSQGDYSAATGAGF QW ——==
Ecol RMVEMDNEKLSKTESKLSGGIASAMAMTGLPOAYTPGASMAS IGGGTYNGESAVALGVSMVSANGRWVYKLOGSTNSQGEYSAATL.GAGIQW ===~
Ypel RYSELKQDLREQNSVLSAGIASAMSMASLTOPYTSGSSMTTIGAASYRGOSALSLGVSSISDSGRWVSKLOASSNTQGDFGIGVGVGYQW=——~
Ype2 RYSALKEDLKEKQDSTLSAGIAGAMAMASLTOQPYTPGASMATIGARSYRGOSALSVGVSSISDSGRWVSKLOQASSNTQGDMGVGVGVGYQW———~
Mca2 ATNELDHRIHONENKANAGI SSAMAMASMPOAYIPGRSMVTGGIATHNGQGAVAVGLSKLSDNGOQWVFKINGSADTQGHVGAAVGAGFHF =~~~
Nme2 VAQNLNNRIDNVDGNARAGIAQAIATAGLVQAYLPGKSMMAIGGGTYRGEAGYAIGYSSISDGGNWI IKGTASGNSRGHFGASASVGY QW -~~~
Hme 4 VAQNLNNRIDNVNGNARAGIAQATATAGLAQAYL.PGKSMMATGGGTYLGEAGYAIGY SSTISDTGNWVIKGTASGNSRGHFGTSASVGY QW ===
Hin2 QVNNLEGEKVNEVGKRADAGTASALAASQLPQASMSGEKSMVS IAGSSYQGOSGLAIGVSRISDNGEVI IRLSGTTNSQGRKTGVAAGVGY QW -~~~

Apll NVANIDNRVSELDERVRGIGANAARASSLPOVYIPGKSMVALAGGAYSGASAVAVGY SRASDNGKVILEVNGTANSAGHY SGGVGVGEYQW-~-~~
hac2 RIDNIDKRVKEMDKRRKAGTASALATAGLMOPHRDGQSALVAAVGRYQSETAVAVGY SRISDNGKYGVEVSFSTNSQGEVGGTAGAGYFW=—=—~

Hso2 KFNQLENRFDAFSKESRAGIAGSHAAAAT.PTISIPGKSVLSVSAGTYKGOSAVALGY SRVSDNGKVLLELHGNSNSVGDFGGGVGIGHAW ===~
Hso5 AVNRLDNVISTNNRTLOAGIAGANAAAARTL PTVTMPGEKSTIALSAGTYKGRNAVAIGY SRLSDNGEKITLELOGNSNSAGDFGGGVGVGWTW=~~~
Hsob RNNELRTQLNNTDRNLRAGIAGANAAAGLTSVSMPGKSMLATISAAGYGGENAMAIGY SRMSDNGKIMLKFQGNRNSQGKMAGSVSIGY QW ===
Hso7 QNNALRTQIHHADRRLRAGIAGANAAAAT.ASVSMPGKSMVAIAAAGHDGESALAIGY SRISDNGEKVMLELOGNSNSQGKVSGAVSVGYQW====
Hso4d KELNNLEHKFDMSNENLRAGIAGANAAAGLASVSMPGKSMILATSAAGYDGENAVAVGY SRMSDNGKVMLELOGNSNSRGKVGGSVSVEYQW====
Hso3 ELSNLNNKLDMSNEKELRAGIAGALATSGLPMSSVPGKSMFARSAGEYKGOSAVALGY SRVSDNGEKITLRLOGTRSSTGDVGGEVGVGY QW =~~~

Pmu2 NYNILNNRINKVDKDLRAGIAGANAAAGIL.PQAYIPGKSMVAVAAGTYKGONAIALGMSRISDNGKVI IKL. TGNTNSRGDFGASTIGAGYOW -~
Pmul ATNKLGDHINKVDEDLRAGIAGATAVAFLORPNEAGKSIVSLGVGSYRSESAIAVGYARNSDNNKISIKLGGGMNSRGDVNFGGSIGY QW ===
Hsol GLVNVNERVDTLDENTRKAGIASAVALGMLPQSTAPGKSLVSLGVGHHRGQSATAIGVSSMSSNGKWVVEGGMSYDTQRHATFGGSVGFFFN=-~~

Eco3 NFSSLEHEVEDNREEANAGIASAVAIASQPQVKTGDFMMVSAGAGTFNNESAVSVGAS-FNAGIHTVIKAGVSADTQSDFGAGVGVGYSF ===~
Eco5 HFSSLENEVDDNREEANAGTASAIATIASQPQVKTGDVMMVSAGAGTFNGESAVSVETS-FNAGTHTVLEKAGISADTQSDFGAGVGVGY SF ===
Eco2 QFRQLRDQINKNRERSDAGIAGAMAMTATPMID-GKQYSFGMAASNYRDEQAIAAGITFRTSEN-TVVRLNTSWDTQHGTGVATGMSIGW ===~
Eaml KFSELNDRVNRNESRANAGIAGAMAMSATPYLNNYVDNSFGMATSTFRGETAIASGYQRQINPY-VNVRLSSSWDTSNGVGVAAGVALGW==~~
Yps2 RVNDLSNEKVDRNYKRANAGIAGAMAQAATPOOFGYKYN-FGMALGNYRDGTAIAAGGSFQVERN-VVSKTAVSWDAEGGVGVSAGVSVGHW—===
Ype3 EYNQLSDEVNENFNETHNAGI SGAMAMSGIPQKFGYEKS-FGMATGAYRGOSALAVGGDWN INHK-TITRVNVSADTEGGVGVAAGFAFGIN-~~
Xcal DIEDRLRRONRRLDROGAMS SAMLNMSASVAGIAS~-QONRVGAGVGFONGESALSVGYQRAISPRATVTVGGALSGDDSSIGVGAGFGW == ===
Xorl

Dhal EVNDRFEDLDRRIRRNGAMSAAMSOMSANSAYAKPGRGRLAVGAGFODGESGLAIGYGRRINENVSVSIGAAFSGSESSGGVGFGVDL - ===~
Bce3 TAGQOLOQGINDTARKAYSGVAAATALTMIPDVDEDKVLSVGVGVGSYOGYSAVALGATAR-ITENIKMRAGASLGGSG-TAIGMGASMOW-~~~
Bmal RIGDLOQSITDTARDAYSGVAAATALTMIPDVDRDERVSIGVGGAVYKGHRAVALGGTAR-INENLKVRAGVAMSAGG=NAVGIGMSWOW ===~
Rsol QIGMVRQGISQVARGAYSGIAAATALTMIPDVDQGKSTIAIGIGSATYRKGYQAVALGASAR-TI SHNLEAKMGVGYSSEG-TTVGMGASYQW==—~
Becel RVGAIQQGVNDLARNAYSGIAIAGALAGMPOVDPGKVISVGAGFGNYGGY TAIAVGGSAR-IAQNTVIKLGVGTVNGSRMMVNGGIGHSW ===~
Bced AHADAAADPADRFDGAR-GIAATAGMASTIPHMDRDSSFAMGGGTATFQGRKAMAVGVQAR-ITENLRKATVNVGFAGSQ-RVVGAGMLY QWK -~~~
Bful AMGNMSNSINNVDRNAAKGIASASALN-IVIPYLPGRTTLNAGVANYRGYQSVGLGVSRWNEKGTINYNLGVSTSGGNSTIVRAGIGIVLGN -~
Rspl HDAVNVGQILNDGLREVSAGVAMSMAMAQL PAPLDGSNHSFGVAVGGFDGQEALALGGTATVNNNVTLRGALSHAGGRTGAGVGVGWSF == ===~
Pprl RODNFEKRLDEMDEEMDGVMAGTHAVTNARPFAGNGOTAMGVGTGFAGSAQAVAIGVSHNFODSAWSMSATTNVSTGSGVKTDVSGGVGAHYVE
Hinl LSLVGSYEKNAQAMAMGAVFKPAENVLLNVAGSFSGSEKIVGAGVSWKFGSKSKPAVSTQSAVNSAEVLOLROQEISAMOKELAELKKALRE -~~~

| PP A P s PP 1+ PO 1+ IR S 1 PP 1+ IS IRy | PUPIPIPAP - 1+ IS 1| P

FIG. 1. Multiple alignment of the sequences of 69 putative AT-2 domains. The alignment was generated using the CLUSTAL X program (46).
The positions of conserved motifs 1 and 2 are indicated above the alignment. The horizontal lines at the top left-hand side of the alignment indicate
the position of the 7-residue repeat sequences, present in several homologues as illustrated in Tables 3 and 5. Residue alignment position for the
AT-2 domains is indicated below the alignment. The boundaries selected between the AT-2 domains and the passenger domains were based on
a multiple alignment of the intact proteins which revealed the regions of universal conservation together with previously published results (see
introduction).



VoL. 188, 2006

AT-2 domains (i.e., in the linker regions). For many of these
homologues, two, three, or more repeat elements could be
identified at the N-terminal end of the AT-2 domain, often
extending into the part of the protein referred to as the pas-
senger domain (Fig. 1). In AT-2-like proteins retrieved in
BLAST searches, this 7-amino-acyl repeat occurred as many as
18 times. Twelve repeats are sufficient to create a domain the
length of the linker plus the AT-2 domain. An example of this
is the Apl2 protein of Actinobacillus pleuropneumonia with a
size of 195 amino acyl residues. The repeat elements, encom-
passing all but the last 12 residues of this protein, are presented
in Table 3, where 12 tandem repeat elements are shown. The
consensus for this repeat element is (D/E)(Q/N)(R/K)(F/1T)
(Q/D)(Q/K)(V/L), where the two most prevalent residues at
each position are indicated in parentheses. The presence of
this repeat sequence can be easily seen, for example, for Ypsl
and Yenl, both of which show extensive similarity to the con-
sensus sequence (Fig. 1). It is possible that the AT-2 domains
have evolved from a primordial gene like that encoding the Apl
protein, derived from an internally repeated 21-bp genetic
element. These repeat sequences of several AT-2 proteins oc-
cur in the linker regions connecting the passenger domains to
the AT-2 domains. Thus, AT-2 domains may have either
evolved from a sequence like that shown in Apl2, as illustrated
in Table 3, or they could have evolved independently of this
repeat sequence and become associated with it as a result of
gene fusion events.

PHYLOGENETIC CLUSTERING OF AT-2 DOMAINS
ACCORDING TO ORGANISMAL TYPE

All of the proteins in Table 1 exhibit sequence similarity in
their AT-2 domains. The phylogenetic tree for these domains,
shown in Fig. 2A, reveals clustering according to organismal
type (Table 1). Thus, cluster 1a contains only B-proteobacterial
proteins; cluster 2a contains only a-proteobacterial proteins;
and clusters 2b, 2d, and 3a contain only y-proteobacterial pro-
teins. Moreover, clusters 1b, 2c, and 3b contain only - and
y-proteobacterial proteins with the exception of the two E. coli
phage proteins and the two putative desulfitobacterial pro-
teins, Dhal and Dha?2. Finally, cluster 1c contains only a- and
y-proteobacterial proteins. Thus, to some extent, clustering
reflects the organismal type from which these proteins derive.
This observation suggests that horizontal transfer of genetic
material encoding AT-2 proteins has been restricted largely to
organisms within any one of the proteobacterial subdivisions
(see Conclusions and Perspectives).

AT-2 DOMAIN STRUCTURAL PREDICTIONS

The average hydropathy, amphipathicity, and similarity
plots, based on the Fig. 1 multiple alignment and obtained
using the AveHas program (53), are shown in Fig. 3. There are
five peaks of hydrophobicity (H1 to HS), and with the angle set
at 180°, as is appropriate for a B-strand, there are five peaks of
amphipathicity (Al to AS). The average similarity plot (Fig. 3,
dashed line) follows the average amphipathicity plot (dotted
line) more closely than it follows the average hydrophobicity
plot (solid line).

The first hydrophobic peak (H1) does not show amphipathic
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character, and the first amphipathic peak (Al) is not appre-
ciably hydrophobic. These regions may not form transmem-
brane B-strands. However, H2 overlaps and follows A2, H3
overlaps and follows A3, H4 overlaps and slightly follows A4,
and H5 overlaps and precedes HS. Established transmembrane
B-strands in outer membrane porins often show overlapping
but noncoincident peaks of hydrophobicity and amphipathicity
(54). There are four overlapping peaks of amphipathicity and
hydrophobicity that therefore serve as excellent candidates for
transmembrane, pore-forming B-strands. Each of these over-
lapping regions is about 7 to 10 amino acyl residues long, as
expected for a transmembrane B-strand. We therefore predict
that these four strands form a small transmembrane B-sheet.
This B-sheet presumably forms the homotrimeric pore through
which the passenger domain passes (see introduction).

CONSERVED MOTIFS

As shown in Fig. 3, the most conserved regions of the align-
ment coincide with hydrophobic peak H1 and amphipathic
peak A3. These include the two most conserved motifs among
AT-2 domains. These two consensus motifs were AGIASA
LALA (motif 1; alignment positions 18 to 27) and SAVAIGV
(motif 2; alignment positions 51 to 57). Although the majority
of the proteins exhibit these conserved residues, no residue
position is fully conserved, and the variation at any one posi-
tion is usually considerable. The best-conserved residue is G
which is conserved in all but one of the proteins (Hinl), where
a 'V can be found (Fig. 1 and Table 4). Examination of the data
in Table 4 reveals that at almost all conserved positions in
motif 1, exceptional nonconserved residues can be hydrophilic,
hydrophobic, or semipolar. Only at alignment position 21 is the
residue always semipolar. This fact suggests that there is not an
absolute requirement for residue type at most of the positions
in putative hydrophobic peak 1 (Fig. 3).

In contrast to conserved motif 1, conserved motif 2 has a
characteristic residue type at each position. Thus, at alignment
position 51, all residues are semipolar or hydrophilic. At posi-
tion 52, all residues are semipolar. At position 53, all residues
but one are hydrophobic. At position 54, all residues are semi-
polar, and at positions 55 to 57, no residue is strongly hydro-
philic. Motif 2, therefore, has the highest degree of conserva-
tion in terms of the residue types found at the various aligned
positions. This suggests that motif 1 in hydrophobic region H1
may have evolved to serve dissimilar functions within the dif-
fering AT-2 domains, while motif 2, in putative transmem-
brane B-strand 2, serves a single function, common to all family
members.

PHYLOGENY OF THE PASSENGER DOMAINS
OF AT-2 PROTEINS

The phylogenetic tree of the passenger domains (Fig. 2B)
was significantly different from that of the AT-2 domains (Fig.
2A). Cluster 1a, 1b, and 1d proteins in Fig. 2A can be found in
clusters 4 and 5 in Fig. 2B, while cluster 1c proteins are found
in clusters 4 and 9 in Fig. 2B (see Table S1 in the supplemental
material [http://biology.ucsd.edu/~msaier/supmat/AT2]).
Thus, cluster 1 proteins in Fig. 2A are found almost exclusively
in clusters 4 and 5 in Fig. 2B. Cluster 2 proteins in Fig. 2A are
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FIG. 2. Phylogenetic trees of the C-terminal autotransporter (AT-2) domains (A) and the N-terminal passenger domains (B) of the same
proteins. The clusters (1a to d, 2a to d, and 3a to d in A and 1 to 28 in B), analyzed for sequence conservation (see text), are indicated in the figure.
The trees are based on the CLUSTAL X-derived multiple alignments shown in Fig. 1. The trees were drawn with the TreeView program (55).

distributed between 10 clusters in Fig. 2B with no member in
clusters 4, 5, and 9. Further, cluster 3 proteins in Fig. 2A are
distributed between 16 clusters in Fig. 2B, but only 1 of these
16 clusters overlaps with the cluster 1 proteins of Fig. 2A, and
only 2 of the 16 clusters shown in Fig. 2B overlap with cluster
2 proteins of Fig. 2A. It is therefore clear that while the phy-
logenetic trees of the passenger domains reflect a greater de-
gree of sequence divergence than that of the AT-2 domains,
there is rough segregation of the passenger domains according
to the phylogenetic groupings of the AT-2 domains. Further,
whenever two proteins are phylogenetically closely related, the
phylogenetic positions of the passenger domains correlate well
with those of the AT-2 domains. Because of (i) the greater
variation in size, (ii) the presence of multiple repeat units, and
(iii) the greater sequence divergence of the passenger domains

relative to the AT-2 domains, the tree shown in Fig. 2A is
expected to show greater accuracy than the tree in Fig. 2B. We
therefore suggest that while shuffling of the passenger domains
relative to the AT-2 domains may have occurred throughout
evolution of these proteins, such shuffling was a relatively rare
event.

LARGE INTERNAL REPEAT SEQUENCES IN THE
PASSENGER DOMAINS OF AT-2 PROTEINS

Examination of the passenger domains revealed that these
consist primarily of large repeat units of about 70 residues
(60 to 80 residues for individual large repeat units). The
larger proteins contain greater numbers of repeat units than
the smaller proteins, and for each protein examined in de-
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FIG. 2—Continued.

tail, most of the passenger domains consist of these types of
repeat units. For example, 53 repeat units were identified in
the 3,068-residue protein Bful of Burkholderia fungorum.
These were multiply aligned as shown in Fig. 4. The align-
ment revealed that the best-conserved region is in the cen-
ters of these repeat units where the residue consensus motif
for a 10-residue sequence is (A/T/S)(N/A/S)(T/S/A)(D/V/L)
A(VT)(N/G)(G/L/V)(A/S/G)(Q/A) (Fig. 4, bolded residues
under the alignment).

Phylogenetic clustering of these repeat units is shown in Fig. 5.
It can be seen that these repeat units show striking clustering
patterns where some of the repeats are extremely similar in
sequence while others show relatively little sequence similarity
compared with the other repeats. For example, repeats 25 and
26 in the alignment are identical to each other, while repeat 27
differs from these two at only one position (a T for an S
substitution at their C termini). Further, repeat 28 differs from
these at only three positions near the N termini of these repeat
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TABLE 2. Organismal types and average sizes of the 12
phylogenetic clusters of the AT-2 family

J. BACTERIOL.

TABLE 3. The 7-residue repeat element comprising the C-terminal
region of the Apl2 protein from A. pleuropneumoniae (gi 32035081)*

Proteobacterial subcatego Avg size of Residue

Cluster represented o prote%ns + SD? Repeat no. position Repeat sequence
la B 789 = 445 1 100 E G K F F N 1
1b v (clostridia) 911 = 667 2 107 D K K F E Q V
1c o,y 285 =179 3 114 D L R F Q Q I
1d B 3,068 4 121 D Q R F Q Q V
2a <1 1,271 = 907 5 128 D O R F Q Q V
2b % 266 = 42 6 135 D Q R F Q Q V
2c B, v (E. coli phage) 422 = 118 7 142 E D K I H K L
2d % 288 8 149 D 1 R 1 G K V
3a v 452 9 156 E S R L D V V
3b B, v (clostridia) 1,468 = 992 10 163 E E K I D V L
3c v 1,029 = 1,113 11 170 N N K F D K L
3d % 448 = 70 12 177 D N K F D K M
“ Average size of the proteins in a cluster is given in terms of numbers of amino Consensus sequenceb D Q R F Q Q V

acyl residues. E N K I D K L

units. These four repeat units have the order in the Bful
protein of repeat units 27, 28, 29, and 26 (Fig. 4 and 5). Thus,
these four identical or extremely similar repeat units occur in
the protein in tandem. These elements undoubtedly arose by
very recent tandem duplication events.

Another example of similar, tandem repeat units can be seen
for repeats 49, 50, and 51 in the protein. Repeat units 33 and
34 in the alignment correspond to repeat units 50 and 51 in the
Bful protein, while repeat unit 32 in the alignment is repeat
unit 49 in the protein. They are thus adjacent to each other in
the protein. Repeats 33 and 34 in the alignment (Fig. 4) differ
from each other at 36 positions although they cluster loosely
together on the tree (Fig. 5). The adjacent branch 32 is further
from 33 and 34 but is nevertheless within the same major
cluster. These repeats probably arose by late duplication
events. Further, repeat units 25 to 32 probably arose as a result
of more recent duplication events. If so, repeats 30 and 31 may
also have arisen from the immediate precursor of 32, even
though they are distant from 32 in terms of their positions in
the protein (Fig. 4 and 5).

These two examples represent the only cases where the
closest homologues in the protein are adjacent to each other
on the tree. In all other cases, phylogenetically close homo-
logues are distant from each other in the protein. For example,
repeats 20 to 24 in the alignment shown in Fig. 4 are phyloge-
netically close (Fig. 5), but they represent repeats 32, 36, 25, 46,
and 9, respectively, in the protein. Assuming that these se-
quence-similar repeats arose recently, we must conclude that
they arose either by tandem duplications followed by shuffling
or by a copy process, possibly involving polymerase hopping
from one repeat unit in the DNA to another nontandem re-
peat. Such an event could have resulted from DNA looping
during replication or from an event involving RNA polymerase
and reverse transcriptase. Although the analysis shown in Fig.
5 suggests a mechanism of the latter type, we know of no
experimental evidence supporting such a postulate. The pro-
posed pathway for generation of all repeats in Bful (assuming
uniform rates of sequence divergence) is shown in Fig. S1 in
the supplemental material (http://biology.ucsd.edu/~msaier/sup
mat/AT2). Repeats 20 to 34 occur on one primary branch of
the phylogenetic tree (Fig. 5). The original precursor repeat

¢ This region, exhibiting 12 repeat units in Apl2, is about the same length as a
typical AT-2 domain. Corresponding repeat units can be detected in the N-
terminal regions of many AT-2 domains as revealed in Fig. 1 (horizontal lines at
top left of the figure; see legend). The numbers of the 12 C-terminal 7-residue
repeats in Apl2 are presented in column 1, while the residue position at the
beginning of each repeat is indicated in column 2.

> The two dominant residues at each position are presented in the consensus
sequences.

unit (p) first duplicated and then diverged to give the precur-
sors of repeats 33 and 34 (p33-34) and of repeats 20 to 32
(p20-32). The former primordial unit then duplicated a second
time to give repeats 33 and 34. The precursor of repeats 20 to
32 (p20-32) underwent up to eight successive duplication
events as follows:

24 23 20 21

+ + + +

p20-32—p20-24—p20-23—>p20-22—>p21-22—22

+
p25-32—p25-31—p25-29—p25-28 —p25-27—25-26—125
+ + + + + o+
32 30-31 29 28 27 26
N
30 + 31

REPEAT UNITS IDENTIFIED IN THE Yenl PROTEIN

To exemplify the occurrence of repeat units of differing
lengths in the AT-2 linker and passenger domains, we ana-
lyzed the 454-residue Yenl1 protein in detail. The C-terminal
75 residues in Yenl comprise the AT-2 domain. The linker
region of 21 residues consists of three 7-residue repeat units
(R;1 to R,3) (Table 5). The first 7-residue repeat unit (R,1,
beginning at position 365) is less similar in sequence to the
other two repeat units (R,2 and R,3 at positions 372 and
379, respectively) than these latter two sequences are to
each other (Table 5).

Upstream of the 7-residue repeats can be found at least six
14-residue repeats (R;,1-R,,6) (Table 5). These 14-residue
repeats could, of course, have arisen by sequence divergence of
a duplicated 7-residue repeat. The similarities of these consec-
utive 14-residue repeat sequences are apparent, but the de-
grees of identity observed for these repeats differ substantially.
Thus, repeats R,,3 and R,,4 are identical in all but one posi-
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FIG. 3. Average hydropathy, amphipathicity, and similarity plots for the AT-2 domains of the 69 AT-2 proteins included in this study. The plots
were generated with the AveHas program (53). H1 to HS, five peaks of hydrophobicity; Al to A5, five peaks of amphipathicity when the angle is
set at 180° as is appropriate for a B-strand. Hydropathy, heavy solid line; amphipathicity, light dotted line; similarity, thin dashed line.

tion (13 of 14 positions). Repeats R;,5 and R,,6, as well as
repeats R;,1 and R,,5, exhibit 7 of 14 identities (50% identity).
The other repeat unit comparisons reveal lower degrees of
identity but still enough to suggest homology.

Upstream of the 14-residue repeats are the apparent ~60
residue repeats (Table 5). Repeats Rg,2 and Rgy3 show the
greatest percent identity (16 out of 60, or 27% identity). Next,
Rgol and Rg,3 exhibit 8 out of 60 identities (13.5% identity),
while Ry,2 and Ry4 exhibit 7 out of 40 identities (18% iden-

TABLE 4. Residue composition of the two most conserved motifs
in proteins of the AT-2 family

MOtjf Res_l Que Amino acid residues and their frequency
no. position
1 18 A29 Q13 G9 R4 S4 K3 N2 M2 T1 V1
19 G46 A15 M3 N2 11 VI F1
20 125 A15 V9 T7 L6 S3 M2 G1 K1
21 A64 S4 P1
22 S17 G14 A12 111 N5 Q5 E2 M2 V1
23 A37 G12 S7 Q5 T4 M3 E1
24 L17 M15 A14 N7 I5 T4 S3 V2 G1 H1
25% A63 N2 S1Q1G1 V1
26 L19 M16 V14 A11 T6 12 Q1
27 A31 S25 T8 N3 G1 L1
2 51 S32 Q11 T7 G7 N4 A2 K2 Y1 H1 R1 E1
52 A58 G7 S4
53 V21 L21 F1219 Y2 M2 T1 K1
54 A61 S6 G1 P1
55 119 V19 L16 F9 A5 S1
56° G68 V1
57 V19 Y16 A14 TS5 G5 S4 I3 L1 M1

“The positions of these two motifs in the multiple alignment can be found
in Fig. 1.
® The two most highly conserved residues in each motif.

tity). All of the AT-2 protein passenger domains proved to be
homologous in the regions exhibiting the 60-residue repeat
units. They differed with respect to degrees of sequence simi-
larity and numbers of repeat units. However, the results ob-
tained explain why all of these proteins are homologous and
why proteins of very different sizes cluster together on the
phylogenetic tree (Fig. 2B).

CONCLUSIONS AND PERSPECTIVES

In this minireview, we summarize the available experimental
evidence and report bioinformatic analyses of the newly dis-
covered AT-2 proteins, believed to form trimeric structures in
the outer membranes of gram-negative bacteria. These trimers
are thought to form 12-B-strand transmembrane pores that
allow export of the N-terminal passenger domains from the
periplasm to the external milieu (see introduction). Our anal-
yses have led to several important evolutionary conclusions or
suggestions. (i) AT-2 domains are found in proteobacteria of
the «-, B-, and +y-subdivisions and their phage although se-
quence-divergent members of the family are found in other
gram-negative bacterial kingdoms (7). (i) Two homologues
found outside of these bacterial subkingdoms were from a low
GC-content gram-positive bacterium with an incompletely se-
quenced genome. We suggest that these two sequences re-
sulted from DNA contamination. (iii) Several paralogues can
be present in a single organism; for example, Haemophilus
somnus 2336 has five paralogues of similar AT-2 domain se-
quence, while Burkholderia cepacia R18194 has four AT-2 do-
main paralogues, three of which are similar in sequence. (iv)
AT-2 sequence similarity does not imply similarly sized pas-
senger domains, as phylogeny of the AT-2 domains does not
correlate well with protein size. (v) Although there is a poor
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Residue No. Repeat No. Repeat No.

{of lst residue)

(in_the protein)

(in the alignment)

1051 21 1
2651 48 2
251 6 3
451 10 4
2429 44 5
1151 23 6
1785 34 b |
1553 30 8
21¢ 5 9
301 7 10
631 13 11
2599 47 12
582 12 13
2317 42 14
151 4 15
1003 20 16
2241 53 17
791 16 18
2107 38 19
1669 32 20
1894 36 21
1260 25 22
2542 46 23
419 9 24
1378 27 25
1436 28 26
1496 29 27
1319 26 28
1728 33 29
110 22 30
2374 43 31
2701 19 32
2751 50 33
2814 51 34
241 19 35
2261 41 36
10 3 37
738 15 38
2054 37 39
2870 52 49
1201 24 41
1612 31 42
2481 45 43
1838 35 44
501 11 45
353 8 46
891 18 47
2217 40 48
841 17 49
2157 39 50
684 14 51
52 2 52

4 T 53
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PDGTIEEPSFAIGGQTYTOVG---SAINAAVSGGTANGVQYDTSARTKV-=-TLGGTGATTAVTLSNVA-~
GSNGNVTAAF SLOGETYNSVATTMDALNAR IATGSTDGVVY DT SAHNFL--TLGGVHATTPVTVANVA-~
QNVTHVANNVANVSGNLANVTNIVNNIVNNG IAGS PLVVTY DTSARDTV -~ TLGGTDHTAAVELTNVA-~
STEGSVTLRG=-=--ASGSTITNLEAGALT-ASSVDAVNGSQLYQTNANVA - -NVAGNLANVAGNVTYVINT
TTEGSITLEG===ASGTTITNVFEAGSLT -ANSTDAINGGQLY QTHANVA ~-NLAANVANT TGHNVTNTVNH
TTOGRISLEG=-==TGGTTITNVEAGALS - SASLDAVNGSQLY QTHANVA - -NVAGHNVANVTNVVNNITNG
TTLGRISLEG===TGGTTITNVRAGALT - SASLOAVNGGQL Y QTNANVA = =NVAGNLTNLTNVVNNITSG
TTLGEISLEG===TGGTTITNVEAGALS - 5STSLDAVNGSQLY QTHANVA - -NVAGNVANVAGNVANVAGH
SASTLITLEG---ASGTEITHNLTAGDISSIWSTDAVNGSQLY QTHONVT --NVANNVANVSGNLANVTNT
SARDTVTLGGTDHTAAVELTNVAPGDISSASSTDAVNGAQLYATNONVS -=ALASNVGDIVVNLYNRGAR
SSHNILTLGGVAASAPVALTHNVAAGRIV-5GSSDAVNGGQLYNVANSVA--AALGAGSTVNEDGTV SA--
STRGEVTLGGVGS SHPVTLANVAEGOVT-STSEQAINGSQLYGTANSVA--SALGGTS SVGSNGNVTA--
HRANAVSVGALNAE -~ -==-ROI INVARGTONTDAVNVAQMNTATANA - -~ SHSGGG-~SPDAVVY DS-~
DRANAVSVGSSRQ0======50T INVAAGTANTDAVNLGOMNAA IN== == = AVAGGG-=-SPNAVVYDT-~
SRNDAVSVGYLSADGTSQYTROIVNVTAGARGTDAVAVNQLNAAIA SV === S5GGGSGDLAPNAVTYDT-~
DRANAVSVGSS5500------NGT IYVARGTNGTDAVNVNQLSGVTSIT -~ -GGGAAVNPDGTIKRP-—=~
DRDNSVSVGSAGAE === ===ROITNVAAGTOGTDAVNLNQLN S AMGNM === SHNS TNNVDRNAARGIAS -~
-=-MRITHVANGINDTDAATVAQLSALOSFL---LOTTOQSSGVRSLLLGA-~
==MRITHVANGINDTDAATVAQLSALQSFL--~LOTTQ0S -GVESLLLGA-~
--GRANAVSVGAAG----SERQI INVANATN S TDAVNLOQLOAMGANY - - - NS SGVVTHAFVS Y DDTS—-
~=GRANAVSVGAAG====SERQI INVANATNSTDAVNLSQLOAMGANY = - ~NSSGVVTNSFVAYDDTS=~
--GRANAVSVGAVG----5ERQT INVANATNGT DAVNLOQLOAMGANY - - -HS SGVVTHSFVAYDDTS -~
==GRANAVSVGAVG=~--AERQI INVANATN S TDAVNLSQLOAMGANV -~ -NS SGVVIHAFVAYDDST-~
==NRANAVSVGAAG====TERQI INVANGTGATDAVNLOQLOAVAASI === 55 -GAVTGSFVAYDDST-~
==RGEVTLGGAGST====-FAVALTNVANGVANADAVIHAQLFAMGGTI »-~DS SGHVTNAFVAYDDTS-~
==FGEVTLGGAGST====FAVALTNVANGVANA DAVNMAQLFAMGGTI »==DSSGNVTHAFVAYDDTS -~
==KGRVTLGGAGS T====FKAVALTNVANGVANADAVNMAQLEAMGGTI = ==DS SGNVTNAFVAY DDTT=~
==EGEVTLGGSGFT====FAVTLTNVANGVANADAVNHAQLEAMGGTI - --DS SGNVITNAFVAYDDTS--
==FGEVTLGGSGST=--=-FAVSLTNVARGVASADAVIMGQLEQMGATV ===-DTSGHNVTNSFVAYDDTT=-~
==RTEVTLGGTGAT====TAVTLSNVANGVANNDAVNVTQLOAMGATI = ==GTSGVVTNSFVAY DDTT==
==HHSVTLGSAG= == === TPVEVSNVANGVANNDAVNVAQLTAMGGTI-~--NSSGVVTNSFVAYDDTT-~
==HNELTLGGVNAT = ===TFVTVANVARATS DDQAVHLAQLFARGLNV == =DTSGHVIHSFVAY DNTT-~
==RGTVIFNAGG=»====APTOQLENVAAGTDLTDAVNF GQMQSY VA -~ - - ~GGGETTHGVSYDDSL~~
==RGEVTLGGVGST=---TPVTLTNVAAGSAATDAVNY SQF SSLESQVNNLANGGAGS TTY VNINTPA--
THEMALGSFASATSAGSVVIGYNAFVNQARTNGHALGLNASVSAANGVAIGYNSTADRANAVSVGS S5~
LNSLAIGTEASATSAGSIATGYGAFLNPSATNSMALGLNS SVSARNAVATGYNAVADRANAVSVGSSE-~
TDARAIGTSSVASGPSSLAIGR == e eee == =NSSAYGANT SAIGTNSVALGAGSVASRNDAVSVGYLS -~
VEVVSSARARSASGSESVAIGGNAMAT-~-GSNSLAIGAGATARYNNSTAIGVHNATI TDAANTVSVGARG-~
VEIISQSNARQASGSEATAIGGNAMAT--GSSSLAIGAGATSKYDNSTAIGVNASTDAPNTVSVGARG-~-
NTPASGGTAAVASGSDSIAIGNGASAS --GSESIAIGRNTVTTGDNSVAMGAGASAPNANAVALGTNS-=
VINVVNNITHNGGGIFYFHANSTLADSSATGTNSVAIGGAASATAANSVALGANSVAGRANAVSVGAVG-~
VINVVHNI THGGGIKYFHANS TLADSSATGANSVAIGGAASATAANSVALGANSVAGRANAVSVGAAG-~
VINTVRNIVNGGGIKYFHANSTLADSSATGTDSVAIGGAANATAANSVALGANSVAGRANAVSVGAVG-~
LTNVVNNITSGGGIRYFNARSTLADSSATGTNSVAIGGAANASATNSVALGANSVAGRANAVSVGAAG-~
VINTVHNNIENGGGIFYFHANSSLADS SARGADAVAIGGARANASAVNSVALGANSVANRANAVSVGALN-~
VGDIVVNLYNRG=-ARYFHTNSSLADSSAIGTNAVAIGGAAIASADNSVALGANSVANRANAVSVGARG=~
NASTAVGTGAGVASVNSTAIGY SATIGANSANSLATIGYNSRAQATNSMALGSFASATSAGSVVIGY NA-~
DASTAVGTGAAVGSVNSTAIGY SASVGVNSANSLAIGYNSRAQALNSLAIGTEASATSAGSIAIGYGA-~
LLLGAAVPVTSY IAVSSNVTGGGSTSAS SOLNAMAIGPVARATGIGALAVGSGSAAGSNASTAVGT GA-~
SLLLGAVPVTNY IAVSONVTGGGSTSASNDLNAMAIGPLARASGVGALAVGAGS IAGSDASTAVGTGA=-
VARALGAGSTVNEDGTVSAPGYTISGSTYGNVGDALNALNTARAGDLV SAARYVEVVSSARAASASGSE-~-
GIYMVNDVNMSGNEISSLAPGDVSSKSTDAVNGSQVYQYTRYFRANSPSSDPSTDARAIGTSSVASGP--
GDTSGDGMSF SLNNAASTOGAWGFNSGQITARVTGY QDGHLELAAERGI YMVNDVIMSGNRISSLAPG-~

ANTDAVNHGAQ

TASV IGLSA

§SAaL v

FIG. 4. Multiple alignment of 53 repeat units in the passenger domain of Bful of B. fungorum LB400 (gi 48784624) of 3,068 amino acyl residues.
The average size of the repeat units is 63 = 4 residues. The position of the repeat is indicated by the residue number of the first residue in the
repeat unit (column 1). These repeats are numbered according to position in the protein (column 2) and according to position in the multiple
alignment (column 3).

correlation between position in the AT-2 domain tree and
protein size, there is a reasonably good correlation between
AT-2 protein domain phylogeny and the source organismal
type (with a few potential exceptions). (vi) Linker domains
appear to consist of 7-residue repeats. (vii) Adjacent to these
are 14-residue repeats that may have arisen by sequence di-
vergence of duplicated 7-residue repeats (8). Finally, most of
the passenger domains consist of ~60-residue repeats of vari-
able numbers.

Points iii to v above imply that the shuffling of AT-2 domains
relative to their passenger domains and/or the modification of
passenger domain size during recent evolution has occurred
repeatedly, even though horizontal transfer of these proteins
across bacterial phylogenetic groupings has been relatively
rare. It also appears that recent AT-2 domain-encoding gene
duplication events have given rise to most of the paralogues in

organisms such as H. somnus and B. cepacia. A recent increase
or decrease in the numbers of ~60-residue repeat units in the
passenger domains is largely responsible for the size variations
observed for close homologues.

Sequence analyses led to a very tentative but plausible sug-
gestion that AT-2 domains may have evolved from domains
that arose by repeated duplication of a genetic element of 21
nucleotides, encoding a 7-amino-acyl residue peptide. This
peptide had the probable sequence of (D/E)(Q/N)(R/K)(F/I)
(Q/D)(Q/K)(V/L). This is a strongly hydrophilic heptapeptide
with only two hydrophobic residue positions. This repeat unit
could be identified in the N-terminal “linker” regions of sev-
eral AT-2 domains. This hydrophilic “linker” connects the
AT-2 domain with the passenger domain. Surprisingly, it could
be found throughout most of the C-terminal regions of other
proteins that exhibit certain characteristics of AT-2 proteins
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FIG. 5. Phylogenetic tree of the 60-residue repeat units in the Bful protein of B. fungorum. The numbers of the repeats indicate the positions
in the multiple alignment shown in Fig. 4. The residue numbers in the protein of the first residue in each repeat unit (Fig. 4) is provided in small

print.

and that were retrieved with PSI-BLAST iterations (Table 3).
It is clear that if this repeated heptapeptide provided the basis
for formation of the AT-2 domain, extensive sequence diver-
gence had to have occurred in order to form the more hydro-
phobic, strongly amphipathic, B-structured AT-2 domains that
are thought to mediate pore formation.

We identified two particularly well-conserved sequence mo-
tifs in the AT-2 domain that must be of structural and func-
tional significance. One proved to be in the N-terminal region
of the AT-2 domain in a strongly hydrophobic region (Fig. 3,
peak H1), while the other was in a strongly amphipathic region
in putative transmembrane B-strand 2 (Fig. 3, peak A3). The
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TABLE 5. Repeat units of 7, 14, and 60 residues identified in the linker and passenger domains of Y. enterocolitica protein Yenl

J. BACTERIOL.

Repeat designation

Initial residue position

Sequence with similarity”

7-residue repeats

R;1 365 DHKFRQL
R;2 372 DNRLDKL
R;3 379 DTRVDKG
14-residue repeats
R4l 258 KSAETLENARKEAF
R,,2 273 QSKDVLNMAKAHSN
R,,3 288 VARTTLETAEEHAN
R4 303 VARTTLETAEEHAN
R,5 319 KSAEALASANV YAD
R,46 333 KSSHTLKTANS YTD
60-residue repeats
Rl 3 KDFKISVSAALISALFSSPYAFADDYNGIPNLTAVQISPNADPALGQEYPVRPPVPGAGG
Rgo2 63 LNCSAKGIHS-IATIGATAEAAKGAAVA-VGAGSIATGVN--SVAIGPLSKALGDSAVTYG
R03 120 IGARASTSDTGVAVGFNSKADAKNSVA-IGHS SHVAANHGYSIATIGDRSKTDRENSVSIG
Reo4 190 ESLNRQLTHLAAGTKDTDAVNVAQLKKEIEKTQENTNKKSAELLAKPNAYADNKSSSVLG

“ For each group of repeats, relative similarity is indicated as follows: boldface, identity; italics, close similarity; underlining, more distant similarity (see GAP program

(8]

former proved to be more hydrophobic than the latter. Most
interestingly, motif 1 exhibited AT-2 domain-specific residue-
type differences that were lacking in motif 2. Motif 2 exhibited
conservation in the different clusters typically characteristic of
the entire AT-2 family. Since only in motif 1 was there a
suggestion of residue (and hence functional) specialization and
since full residue conservation was not observed at any one
position, we suggest that the pores formed from AT-2 domains
are fairly flexible and nonspecific, accommodating a range of
passenger proteins. It is possible, however, that substrate pro-
tein selectivity is a function performed by motif 1.

The proposed mechanism of membrane transport by pro-
teins like YadA, Hia, and Hap is by no means established. The
notion that 12-stranded B-barrels form export portals is in
doubt. For example, in the crystal structure of the 12-stranded
B-barrel from the E. coli outer membrane phospholipase A2,
the ribbon diagram shows the existence of a pore formed by
the barrel, but the space-filling form indicates that this channel
is too small to permit export of a polypeptide in either o or B
form (21, 33, 41, 42). The limitations of biochemistry to phys-
iological theories are important to note in order to stimulate
discussion of the overall validity of the proposed translocation
model. A crucial point in this respect is the proposed multi-
meric structure of AT-2 C domains. The conclusion that AT-2
proteins are homotrimers should be evaluated carefully in view
of the potential inability of a 12-stranded B-barrel to transport
polypeptide strands. In this regard, however, it is also impor-
tant to note that transmembrane channels can be flexible,
opening and closing in response to conformational changes
that alter the angle of the polypeptide relative to the plane of
the membrane (35).

Outer membrane porins with 8 transmembrane B-strands
(TBSs) (OmpA of E. coli, TC 1.B.6 [12, 34]), 10 probable TBSs
(TP0453 of Treponema pallidum, TC 1.B.45 [14]), 12 TBSs (Tsx
of E. coli, TC 1.B.10 [50]; NalP of Neisseria meningitidis, TC
1.B.12 [32]; TolC of E. coli, TC 1.B.11 [23]), and 14 TBSs
(FadL of E. coli, TC 1.B.9 [47]) have been identified and have
been shown to have porin activities in spite of their small pore

sizes. Quite conceivably, pore activity is transient, being in-
duced by specific conditions such as substrate binding or re-
sponse to osmotic conditions (3, 35).

The analyses reported in this minireview make several pre-
dictions concerning the structures, functions, and evolutionary
origins of a novel family of autotransporter proteins. A four-
transmembrane strand B-sheet possibly serves as the pore-
forming element, and oligomerization is likely to be required
for function, as is the case for all well-characterized channel-
forming peptides (38-40). The functional significance of con-
served motifs 1 and 2 has not been investigated. The fact that
all passenger domains are homologous, consisting of large re-
peats of various numbers, suggests a unified general function in
adhesion/macromolecular recognition. Further studies will be
required to understand the structure-function relationships of
these interesting virulence-related proteins.
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ADDENDUM IN PROOF

After the completion of this work, the complete genome
sequence of D. hafniense Y51 has become available (H.
Nonaka et al., J. Bacteriol. 188:2262-2274, 2006). The two
sequences, Dha7 and Dha2, that we suspected to be contam-
inants are not in the completed sequence.
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