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We studied the evolutionary relationships between
y-carbonic anhydrase (y-CA) and a very diverse group
of proteins that share the sequence motif characteris-
tic of the left-handed parallel B-helix (LBH) fold. This
sequence motif is characterized by the imperfect tan-
dem repetition of short hexapeptide units, which makes
it difficult to obtain a reliable alignment based on
sequence information alone. To solve this problem, we
used a structural alignment of three members of the
group with known crystallographic structures as a
seed to obtain a reliable sequence alignment. Then, we
applied protein maximum-parsimony and maximum-
likelihood phylogenetic inference methods to this align-
ment. We found that y-CAbelongs to a diverse superfam-
ily of proteins that share the LBH domain. This
superfamily is composed mainly of acyltransferases.
The most remarkable feature of the phylogenetic tree
obtained is that its main branches group together
functionally related proteins, so that the coarse topol-
ogy can be rather easily explained in terms of func-
tional diversification. Regarding the main branch of
the tree containing y-CA, we found that, in addition to
the group of its closest relatives that had already been
studied, y-CAis closely related to the tetrahydrodipico-
linate N-succinyltransferases. ©2000Academic Press

INTRODUCTION

The enzyme +vy-carbonic anhydrase (y-CA) catalyzes
the reversible hydration of carbon dioxide. It belongs to
a functionally convergent group of carbonic anhy-
drases, composed of three unrelated members (a-, B-,
and y-carbonic anhydrases), present in animals, plants,
archaea, and eubacteria. It has been shown that the
v-CA from the methanogenic archaeon Methanosarcina
thermophila (Alber and Ferry, 1994) exhibits no signifi-
cant sequence similarity to a-CA and B-CA (Hewett-
Emmett and Tashian, 1996).

The functional form of vy-CA is a homotrimer with
three zinc-containing active sites located at the inter-
faces between two monomers. The monomer fold, shown
in Fig. 1a, is formed by a left-handed parallel B-helix
(LBH) topped by a short a-helix (Kisker et al., 1996).

The LBH fold exhibits a characteristic sequence pat-
tern that folds as a left-handed spiral around the
surface of an equilateral triangular prism. The LEH
sequence pattern is composed of the imperfect tandem
repetition of short hexapeptide units. Each helical
wound is composed of three hexapeptide units. Each
hexapeptide unit is a sequence motif termed hexapep-
tide repeat (Vuorio et al., 1994) or isoleucine patch (Dicker
and Seetharam, 1992). The annotation of the hexapeptide
repeat in the PROSITE database (Bairoch, 1993) is [LIV]-
[GAED]-X,-[STAV]-X, where X stands for any amino acid.
The hexapeptide repeat is characterized by an aliphatic
residue, usually Ile, Val, or Leu at the first position, that we
shall call i in what follows. A small residue (Ala, Ser, Cys,
Val, Thr, or Asn) is found at position i + 4. Another
well-conserved residue is glycine at positions i + 1.

The LBH sequence pattern has been found in a large
and diverse group of acyltransferases. Members of this
group are involved in a variety of enzymatic processes,
such as amino acid metabolism, cell wall biosynthesis
in microorganisms, and antibiotic neutralization
(Anderson and Raetz, 1987; Vuorio et al., 1991; Downie,
1989; Murray and Shaw, 1997). Although it is recog-
nized that y-CA has borderline similarities to some
members of this group of LBH-containing enzymes
(Hewett-Emmett and Tashian, 1996), the relationship
of y-CA with this group has not been studied in detail.

In this paper we examine the evolutionary relationships
of v-CA with the LBH acyltransferases. There are two
obstacles to overcome in performing such a study. First, it
is difficult to align sequences characterized by very short
sequence repetitions. Second, the genes studied are so
divergent that DNA-based phylogenetic inference is unreli-
able due to saturation effects. To surmount these obstacles,
we apply phylogenetic inference methods to a protein
sequence alignment based on a structural alignment of the
known structures of some members of the group studied.

MATERIALS AND METHODS

Similarity Searches

Preliminary sequence similarity searches were per-
formed using BLAST (Altschul et al., 1990), FASTA3
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FIG. 1. Plots of the left-handed parallel B-helix (LEH) domain of the three proteins of Table 1 used for the structural alignment. (a) 1THJ,
y-carbonic anhydrase from Methanosarcina thermophila (Kisker et al., 1996); (b) 1TDT, tetrahydrodipicolinate N-succinyltransferase from
Mycobacterium bovis (Beaman et al., 1997); (¢) 1LXA, UDP-N-acetylglucosamine acyltransferase from Escherichia coli (Raetz and Roderick,
1995); and (d) multiple structural alignment of the three LBH domains, obtained with STAMP. These plots were obtained using RASMOL
(Roger and Milner-White, 1995).
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(Pearson and Lipman, 1988), and the motif-searching
method PROBE (Neuwald et al., 1997). The resulting
high-score sequences were used to build a multiple
alignment using CLUSTAL W version 1.6 (Thompson et
al., 1994). With this alignment we built profiles (Grib-
skov et al., 1987) with PROFILEMAKE (Liithy et al.,
1994), using different substitution matrices and weight-
ing schemes (logarithmic and proportional to the dis-
tance). These profiles were used to search the Swiss
Protein database (Swiss-Prot) release 35 (Bairoch and
Boeckmann, 1992) with PROFILESEARCH using Z
score = 7 as a cutoff. The new high-score proteins were
incorporated into the initial alignment and the proce-
dure was iterated until no new sequences were ob-
tained. Similarity percentages were calculated using
the pairwise alignment option in the AMPS program
(Barton, 1990) and using PAM250, with gap penalty =
10 and with 100 randomizations of each sequence pair,
to evaluate the reliability of each alignment.

Sequence Alignment

From the sequences recovered from the similarity
searches, we selected those with known crystallo-
graphic structures. Then, we performed a structural
alignment with STAMP version 4.0 (Russell and Bar-
ton, 1992) using PAIRWISE and TREEWISE with the
SCAN option invoked.

We incorporated the rest of the sequences recovered
from the similarity searches into the structural align-
ment using the profile option in CLUSTAL W. The
alignment was adjusted manually using GENDOC
(Nicholas and Nicholas, 1997) to maximize the con-
served positions. Since the structural alignment was
used as a seed for the alignment process, the alignment
obtained will be called structure-based alignment to
differentiate it from the structural alignment and from
a standard alignment based on sequence information
alone. In this study, only the left-handed parallel
B-helix domains of each sequence were analyzed. There-
fore, the amino and carboxy termini were deleted to fit
the length to the structural alignment.

Phylogenetic Analysis

Saturation analysis. The structure-based align-
ment was converted into a DNA alignment with PUT-
GAPS (McInerney, 1997) and the corresponding DNA
sequences downloaded from the GenBank database
release 106 (Benson et al., 1998). Saturation was
studied graphically by plotting, for each sequence pair,
the percentage of transitions and transversions against
sequence divergence. Sequence divergence was esti-
mated using Kimura’s two-parameter distance (Kimura,
1980) and the maximum-likelihood method (Felsen-
stein, 1981), both of them employing the DNADIST
program from the PHYLIP package Version 3.57¢ (Fel-
senstein, 1993).
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Phylogenetic inference. Maximum-parsimony and
protein maximum-likelihood methods were used to
infer the phylogenetic relationships. To perform parsi-
mony analysis we used the PROTPARS program from
PHYLIP. The large size of our data set made an
exhaustive search impossible. Therefore, parsimony
trees were obtained using the JUMBLE option of
PHYLIP, with 10 replicates. Bootstrap resampling (1000
times) was carried out to quantify the relative support
of the branches of the inferred trees. A majority-rule
consensus tree was obtained using the CONSENSE
program included in PHYLIP.

The topology of the branch containing y-CA was
further explored by performing a maximum-likelihood
exhaustive search. We used PROTML, from MOLPHY
2.2 (Adachi and Hasegawa, 1994), with the JTT transi-
tion probability matrix (Jones et al., 1992) corrected for
the amino acid frequencies observed in the data set
studied. Estimated bootstrap confidence was calculated
by the resampling estimated log-likelihood (RELL)
method (Hasegawa and Kishino, 1994). The support at
each node was obtained using mol2con (perl script
provided by Arlin Stolzfus). We also calculated the
relative-likelihood support (RLS) using Treecons (Jer-
miin et al., 1997) with a class V weighting scheme and
an a value of 0.01.

RESULTS

Proteins can be referred to by their complete name,
Swiss-Prot ID codes, gene name, or activity. To make
the discussion as clear as possible, we found it conve-
nient to use a context-dependent designation. See Table
1 for further reference.

Similarity Searches

Starting with the sequence of M. thermophila v-CA
(CAH_METTE), the similarity searches recovered only
its closest relatives. These are FBP_PSEAE (see Gen-
Bank Accession No. M82832 and Swiss-Prot Accession
No. P40882) and Y304_METJA, improperly identified
as ferripyochelin-binding proteins; CAIE_ECOLI, be-
longing to the carnitine operon of Escherichia coli;
CCMM_SYNP7, a CO,-concentrating mechanism pro-
tein; and YRDA_ECOLI, a hypothetical protein of E.
coli. The relationship of most of these proteins with
v-CA has been already reported by other authors (Alber
and Ferry, 1994; Hewett-Emmett and Tashian, 1996).
The previous set of sequences was used to build a
sequence profile to start the iterative similarity search
already described. From these searches we recovered
the 58 sequences shown in Table 1. We note for further
reference that the minimal similarity between pairs of
sequences was 21%.

Sequence Alignment

Three proteins included in this set have known
three-dimensional structure: y-CA from M. thermo-
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TABLE 1
LBH Superfamily
Activity PDBID Swiss-Protein ID Gene Source Branch
UDP-N-acetylglucosamine acyltransferase 1LXA LPXA_BRUAB LpxA Brucella abortus Al
LPXA CHRVI LpxA Chromatium vinosum Al
LPXA_ECOLI LpxA Escherichia coli Al
LPXA_HAEIN LpxA Haemophilus influenzae Al
LPXA_PROMI LpxA Proteus mirabilis Al
LPXA_RICRI LpxA Rickettsia rickettsii Al
LPXA_SALTY LpxA Salmonella typhimurium Al
LPXA_YEREN LpxA Yersinia enterocolitica Al
UDP-3-O-(3-hydroxymyristoyl) glucosamine N-acyl- LPXD_ECOLI LpxD Escherichia coli A2
transferase LPXD_HAEIN LpxD Haemophilus influenzae A2
LPXD_RICRI LpxD Rickettsia rickettsi A2
LPXD_SALTY LpxD Salmonella typhimurium A2
LPXD_YEREN LpxD Yersinia enterocolitica A2
Chloramphenicol acetyltransferase CAT4_AGRTU Cat Agrobacterium tumefaciens B1
CAT4_ECOLI Cat Escherichia coli Bl
CAT4_ENTAE CatB4 Enterobacter aerogenes B1
CAT4_MORMO Cat Morganella morganii B1
Streptogramin A-acetyltransferase SATA_ENTFC SatA Enterococcus faecium B2
Virginiamycin A-acetyltransferase VATA_STAAU Vat Staphylococcus aureus B2
Probable macrolide acetyltransferase MATA_BACSH ErmG Bacillus sphaericus B2
Bifunctional: UDP-N-acetylglucosamine pyrophos- GLMU_ECOLI GlmU Escherichia coli C
phorylase and Glucosamine-1-phosphate acetyltrans- GLMU_HAEIN GlmU Haemophilus influenzae C
ferase GLMU_NEIGO GlmU Neisseria gonorrhoeae C
UDP-N-acetylglucosamine pyrophosphorylase GCAD_BACSU GcaD Bacillus subtilis C
Galactoside-O-acetyltransferase THGA_ECOLI LacA Escherichia coli D
THGA_LACLA LacA Lactococcus lactis D
Galactoside O-acetyltransferase (Putative) WBBJ_ECOLI Whbbd Escherichia coli D
YJV8_YEAST Yj1218w Saccharomyces cerevisiae D
Maltose O-acetyltransferase MAA_ECOLI MaA Escherichia coli D
YYAL_BACSU (¥) YyaL Bacillus subtilis D
Nod factors O-acetyl transferase NODL_RHILV NodL Rhizobium leguminosarum D
NODL_RHIME NodL Rhizobium meliloti D
Acetyltransferase (Putative) WCAB_ECOLI WcaB Escherichia coli D
Involged in biosynthesis of slime polysacharid colanic WCAF_ECOLI WeaF Escherichia coli D
aci
Acetyltransferase (Putative) YA39_SCHPO Spacl18b11.09¢ Schizosaccharomyces pombe D
Serine acetyltransferase CYSE_BACSU CysE Bacillus subtilis E
CYSE_BUCAP CysE Buchnera aphidicola E
CYSE_ECOLI CysE Escherichia coli E
CYSE_HAEIN CysE Haemophilus influenzae E
CYSE_HELPY CysE Helicobacter pylori E
CYSE_SALTY CysE Salmonella typhimurium E
CYSE_STAXY CysE Staphylococcus xylosus E
CYSE_SYNP7 CysE Synechococcus sp. (strain pcc 7942)  E
CYSE_SYNY3 CysE Synechocystis sp. (strain pcc 6803) E
SRPH_SYNP7 SrpH Synechococcus sp. (strain pcc 7942)  E
NIFP_AZOCH NifP Azotobacter chroococcum med 1 E
Carbonic anhydrase 1THJ CAH_METTE Cam Methanosarcina thermophila F1
CO2-concentrating mechanism protein CCMM_SYNP7 CemM Synechococcus sp. (strain pcc 7942) F1
Unknown Y304_METJA (*)  M;j0304 Methanococcus jannaschit F1
Unknown FBP_PSEAE Fbp Pseudomonas aeruginosa F1
Improperly called Ferrypiochelin binding protein
Unknown YRDA_ECOLI (*) YrdA Escherichia coli F1
Unknown CAIE_ECOLI CaiE Escherichia coli F1
Involved in Carnitine biosynthesis
Unknown TABB_PSESZ TabB Pseudomonas syringae F2
Involved in the biosynthesis of TAB toxine
Tetrahydrodipicolinate N-succinyltransferase 1TDT DAPD_ACTPL DapD Actinobacillus pleuropneumoniae F2
DAPD_ECOLI DapD Escherichia coli F2
DAPD_HAEIN DapD Haemophilus influenzae F2
DAPD_MYCBO DapD Mycobacterium bovis F2
Unknown CAPG_STAAU CapG Staphylococcus aureus —

Involved in biosynthesis of type 1 capsular polysaccha-
rides

Note. List of the 58 proteins recovered from the similarity searches. In the first column we show the activity found in the databases
Swiss-Prot, KEGG (Kanehisa, 1996), and/or WIT (Selkov et al., 1996). In the last column we show the main branch and/or subbranch of the
phylogenetic tree (Figs. 5 and 6) to which each protein belongs. * Hypothetical proteins.
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phila (Fig. 1a; Kisker et al., 1996), tetrahydrodipicolinate
N-succinyltransferase from Mycobacterium bovis (Fig. 1b;
Beaman et al., 1997), and UDP-N-acetylglucosamine acyl-
transferase from E. coli (Fig. 1c; Raetz and Roderick, 1995).
The STAMP structural alignment, shown in Fig. 1d, pro-
duced an alignment of 176 residues with a structural
similarity score (Sc) of 5.44 and a final root mean square
deviation of 0.85. The structural alignment included the
entire left-handed B-helix domain of y-CA and tetrahydro-
dipicolinate N-succinyltransferase (7 complete helical
coils for y-CA, 5 complete and 2 partial helical coils for
tetrahydrodipicolinate N-succinyltransferase) and al-
most the whole UDP-N-acetylglucosamine acyltransfer-
ase left-handed B-helix domain (9 of 10 helical coils). In
Fig. 2 we show the sequence alignment corresponding
to the structural alignment of Fig. 1d. It is noteworthy
that the main gaps observed correspond to loops in-
serted at the corners of the coils, such as those in
positions 69 to 83 and 99 to 108 in UDP-N-acetylglu-
cosamine acyltransferase, 166 to 175 and 210 to 224 in
tetrahydrodipicolinate N-succinyltransferase, and 60
to 64 and 81 to 105 in y-CA.

Attempts to perform a multiple alignment of the 58
sequences with CLUSTAL W, using sequence informa-
tion alone, produced results that depend strongly on
the order of the sequences in the input. Furthermore, in
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all cases the alignment of the three sequences with
known structures, described in the previous paragraph,
are wrong compared with the more reliable structural
alignment of Fig. 2. Therefore, to obtain a more reliable
alignment, we used the structural alignment of Fig. 2
as a seed to obtain the structure-based sequence align-
ment shown in Fig. 3.

Phylogenetic Analysis

The graphical DNA saturation analysis of Fig. 4
clearly shows saturation in transitions and transver-
sions. For this reason, phylogenetic inference proce-
dures were applied directly to the protein alignment of
Fig. 3. As a result of the maximum-parsimony analysis,
we found two equally parsimonious trees. In Fig. 5 we
show the corresponding consensus tree. We should note
that the two most-parsimonious trees differ only in the
topology of the serine acyltransferase family (Fig. 5,
branch E).

The most remarkable feature of the phylogenetic tree
is that functionally related proteins are clustered to-
gether, forming the main branches. This can be easily
seen in Table 1, where the proteins studied are grouped
by function and sorted by branch. Although a detailed
analysis of each main branch is beyond the scope of the

IRGT
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VHQF 117
-AAIG R%Pw 173
P
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FIG. 2. Sequence alignment resulting from the structural alignment of Fig. 1d. Columns i and i + 4 of the hexapeptide repeat units (see

text) are indicated explicitly with an i and *,

respectively. Numbers at the beginning and end of each sequence indicate the position of each

sequence in the complete protein. Conserved positions are shaded using GENDOC with 90, 75, and 50% conserved, using PAM250 as scoring
table. The Swiss-Protein ID is used to identify each sequence. See Table 1 for further reference.
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LPXA_BRUAB : -HYVTFSNNVMIGG G HHAFBCEGLAAVVSDL IPYGMAIGY
LPXA_CHRVI : -DHNVFANTATLAG D iS AGVIGY PQINPPYMLADCH
LPXA_ECOLI : -NRCILANNATLAG D MBCGCEGUAQIVPPYVIAQEN
LPXA_HAEIN : -INCILANNATLAG D AHVMBEGGEMY SODVPPYVMAQEN
LPXA_PROMI : -DRCIIANNGTLGG & SHVE SGVAQDVPPFVIAQEN
LPXA_RICRI : -MNVVFANYVSLAG- G EYEMBCGLSPUGADVIPFGLVSSK
LPXA_SALTY : -NRCILANNATLAG- D AHVMBCGCEGYAQDVPPYVIAQUN
LPXA_YEREN : -DRCILANNATLGG DHFAL CAHVMBGGCEGUAQDVPPFVIAQEN
LPXD_ECOLI : -DDTIIGNGVIIDN CENTARA RYCMBEGGASUINGHMEICDKVTVT
LPXD_HAEIN : -DATIIEDNVIIDN CTGTAfA RYCLBEGASVINGHMEICDKVTIT
LPXD_RICRI : -UDTIIKDLCRIDN CKGSIEV GKYCABGGOVGIAGHLNIGDGAQVA
LPXD_SALTY : -DDTVIGNGVIIDN CENTA GRYCHBGGASVINGHMEICDKVTYT
LPXD_YEREN : -[INTIIGNGVIIDN £ “RYCMECGASVINGHMEICDKVTIT
CAT4_AGRTU : -NDVWIGSEATIMP 5 EPYAINCGNPAKTIRKRFDDDSIAL
CAT4_ECOLI : -SDVWIGSEAMIMP 5 EPYIIMCGNPAKSIRKRFSEEEISM
CAT4_ENTAE : -NDVWIGSEAMVMP & EPYAIMCGNPAKKIKKRFTDEEISL
CAT4_MORMO : -NDVWIGSEAMIMP & PYAINCGGSPAKQIKKRFSDEEISL
SATA_ENTFC : -NDVWIGKDVVIMP & APYMLAGGNPANETKQRFDQDTINQ
VATA_STAAU : -NDVWIGRDVTIMP-- & APYS ICGNPLKFIRKRFSDGVIEE
MATA_BACSH : -NDVWIGQNVTIMP-- & PYSIYSGNPAKFIKKRFSDEKIEF
GLMU_BECOLI : ==---- HRVKIGTGC---------- & PFARBRPGAEL LEGAHVGNFVEMK
GLMU_HAEIN : ------ DRVKIGTGC-----=-=---~ & PFERERPGAELAAETHVGNFVEIK
GLMU_NEIGO : ------ DNVEIGANC---------~ : PYARMRPQARLADDVHVGNFVEIK
GCAD_BACSU : ------ EDTIIGPHT---------- G PFAHERPDEVIGNEVKIGNFVELK
THGA_ECOLI : ----- RKNGEMYSF---=========== & DN AGE IUTKDIPENVVAALY
THGA_LACLA : ----- RKRGAQYNK=-========nnmnn E RECKNSVECAGELYTKDI PDNVVAFGT
WBBJ_ECOLI : ------ MRTLESS=------—- SRR CNGVVEIGANSVY -RGLFRKYCHCGV
YJVB_YEAST : G KNEVIAAGE WY IRDI PENVVAAGN
MAA_ECOLI G D ASGAVUTKDVPDNVVVGEN
YYAI_BACSU : G GDNAVEASGEVYTKDVPANTVVGEN
NODL_RHILV : ISR SDHAVECAGEVUTROVPAGSTAMEN
NODL_RHIME : G DHAVNGAGEVY TROVPPGAKVMES
WCAB_ECOLI : & CNT AGSWV LDSVPONALVVGE
WCAF_ECOLI : ------ ASQHFTIN=-=====--cux ATPIVES DG ARSSVFKSLPANVVCREN
YA39_SCHPO : LVQLLKHLTTMKQN-------------- F1K] E CEGEVEGAGAVUTKDIPPNTLAVGS
CYSE_BACSU : i EGEKEGAGEVULHDOVPDFSTVVEI
CYSE_BUCAP : R QGVKNGAGE IVLKNIPPFVTVVGY
CYSE_ECOLI : R RGAKECGAGSVULQPYPPHTTAAGY
CYSE_HAEIN : ; KYAKBCGANSUVLNPYPEYATAAGY
CYSE_HELPY : £ CDDVKECANAVVLSDLPTGSTAVES
CYSE_SALTY : KESR ESGRGA X BOAGEVVLOPYPPHTTAAGY
CYSE_STAXY : e INANVNECGA LNSVPSYSTVVEI
CYSE_SYNPT : A ENVREGAGEVVLRDVPSDCTVVET
CYSE_SYNY3 : & DNVRECAGEVVLROVPADFTVVEV
SRPH_SYNP7 : 2 RGETHRG TRSVPAGSFISQA
NIFP_AZOCH : G ANA REGANEVIVODVPEGCTVVET
CAH_METTE : -DDTFIGMQAFV-FK-=--=--occooas SKES PDGRYJ PAGMVVTSOAEADKLPEVT
CCMM_SYNP7 : -DDCFVGFRSTV-FN--------------AR} A PPGRYNPSGALITTUQQADRLPEVR
FEP_PSEAE : -DYSLUGINAVILN--=--------nuu- GAKMGKYCIMS- -~ - - ANALS PEGKE] PDGEIMMGS PGKVVRELSEPQKKML
YRDA_ECOLI : -NRVLVGMGSILLD-----=-------- GAIERDVIG - - -~ - AGSLUPONKREESGYL YLGSPUKQIRPLSDEEKACL
CAIE_ECOLI : -RDALVGMNSVIMD-------------- GAVMGRESIIA- - - - - AMSFKAGFRGEKRQLIMGT PARAVRNVSDDELHWK
Y304_METJA : -DNVLUGMNATILN-------------- GAKMGENC TG - - - - - ANALSTONKEJPPNSLY LGVPGRV-VRELTEEEIKS
TABB_PSESZ : -SGAVIGMGVYL-GASTPIIDRASGEVRFGEUPANAUNI----- A= - et i NRADPKLPGVSLACAVI
DAPD_ACTPL : -[GCVISMGVFI-GQSTRIYDRETGEIHYGREUPAGSU ----- N At SGELPSKCGKYSLYCAVI
DAPD_ECOLI : -EGSVISMGVYI-GQSTRIYDRETGEIHYGRMPAGSU ----- Vommmm s SGNLPSKEGKYSLYCAVI
DAPD_HAEIN : -DGCVISMGVFI-GQSTKIYDRETGEIHYGRUPAGSU ----- Vommmmmm e SGELPSKCGKYSLYCAVI
DAPD_MYCBO : -EGSVISMGVYL-GQSTRIYDRETGEIHYGRUPAGSV ----- Vommmmmmmmmm e - SGNLPSKIGSYSLYCAVI
CAPG_STAAU : -NNVVVGAGSVUTK---------------- o eEvIfe- - - - - GNPAKKIKSIEAYETKJLENADYTKKLNYNEKKIYL

FIG. 3—Continued

present paper, we briefly describe each branch in the
following paragraphs.

Branch A. This is composed of the enzymes LPXA
and LPXD. Both are acyltransferases involved in the
biosynthesis of lipid A. LPXA is a UDP-N-acetylglu-
cosamine acyltransferase that catalyzes the first step.
LPXD, UDP-3-O-[3-hydroxymyristoyl] glucosamine
N-acyltransferase, catalyzes the third step (Vuorio et
al., 1991, 1994). LPXAs are grouped together into
subbranch A1l and LPXDs into subbranch A2.

Branch B. This is composed of hexapeptide xenobi-
otic acetyltransferases that use acetyl-CoA to acylate a
variety of compounds (Beaman et al., 1998a). This
branch is further divided into two clear subbranches:
B1 is composed of chloramphenicol acetyltransferases,
and B2 is composed of enzymes involved in the acetyla-
tion of other antibiotics. This branching pattern follows
the functional classification of hexapeptide xenobiotic

acetyltransferases in two different functional groups
(Beaman et al., 1998a; Murray and Shaw, 1997).
Branch C. This is composed of UDP-N-acetylglu-
cosamine pyrophosphorylases. This activity seems to
be unrelated to the activities of the rest of the proteins
studied. However, it should be noted that GLMU_
ECOLI, GLMU_HAEIN, and GLMU_NEIGO are bi-
functional, additionally showing glucosamine-1-phos-
phate acetyltransferase activity (see Table 1 and
Blattner et al., 1997). Note that the region considered
in this study, the LBH motif, is only part (about 170
amino acids in the carboxy-terminal region) of these
rather long sequences (more than 400 amino acids).
Branch D. 'This includes a diverse group of enzymes
that acetylate different types of sugars. Thus, we can
find galactoside O-acetyltransferases participating in
lactose biosynthesis (Hediger et al., 1985), the maltose
O-acetyltransferase (Blattner et al., 1997), the nodula-
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FIG. 4. For each pair of DNA sequences of Table 1, we plot the percentage of transitions (&) and transversions (+) at second codon
positions as a function of the corresponding distance. Note that for most sequence pairs transitions and transversions are saturated.

tion protein L involved in the O-acetylation of Nod
factors (Baev and Kondorosi, 1992), colanic acid biosyn-
thesis acetyltransferases (Stevenson et al., 1996), and
the putative galactoside O-acetyl transferase WBBJ
_ECOLI, probably involved in lipopolysaccharide biosyn-
thesis (Yao and Valvano, 1994).

Branch E. Thisis composed of serine acetyltransfer-
ases involved in cysteine biosynthesis. This is the only
branch that differs between the two most-parsimonious
trees. The two proteins that differ are NIFP_AZOCH
and SRPH_SYNP7.

Branch F. This is the branch of main interest,
containing y-CA(CAH_METTE). According to the maxi-
mum-parsimony tree (Fig. 5, branch F), v-CA and its
closest relative, CCMM_SYNP7, share a common ances-
tor with the tetrahydrodipicolinate N-succinyltransfer-
ases, in disagreement with results of previous studies
(Hewett-Emmett and Tashian, 1996). To obtain a more
reliable topology, we performed a maximum-likelihood
exhaustive search of branch F. In the tree obtained, shown
in Fig. 6, CAH_METTE, CCMM_SYNP7, FBP_PSEAE,
CAEI_ECOLI, YRDA_ECOLI, and Y304_METJA are clus-

tered into subbranch F1, in agreement with Hewett-
Emmett and Tashian (1996). This branch (F1) is clearly
separated from the branch of tetrahydrodipicolinate
N-succinyltransferases (F2).

DISCUSSION

We studied the evolutionary relationships between
v-CA and a very diverse group of proteins sharing the
LBH sequence motif. We found that sequence align-
ments based on sequence alone are unreliable. The
reason is, clearly, the nature of the sequences studied,
which consist of the repetition of a short hexapeptide
unit. To solve this problem we used a structural align-
ment of three members of the group with known
crystallographic structures as a seed to obtain a reli-
able alignment.

The protein group studied is composed of very diver-
gent sequences, which results in sequence similarities
as low as 21%. However, the extremely low probability
of the origin of hexapeptide repeated units by conver-
gent evolution (Doolittle, 1994) strongly suggests that
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LPXA_YEREN LPXA_ECOLI

LPXA_PROMI

LPXD_SALTY LPXA_HAEIN 94
91
LPXA_CHRVI 90 LPXA_SALTY
91
LPXD_YEREN 94
LPXA_BRUAB
81
LPXD_HAEIN LPXA_RICRI
LPXD_RICRI 100
MATA_BACSH
A1.,100 YRDA_ECOLI FBP_PSEAE
SATA_ENTFC A2,100 CAIE_ECOLI /
A F1, 55 A v
CAT4_MORMO 304_METJA
VATA_STAAU 61
91 90 TABB_PSESZ
DAPD_ECOLI
B1, 99 F Eo To0 91
99 50 , 60
CAT4_ENTAE B 100 100 DAPD_MYCBO
100
CAT4_ECOLI
CAT4_AGRTU B2, 100 coud_synpy  CAH-METTE BAPD_HAEIN
DAPD_ACTPL
CAPG_STAAU
100
80 99
GLMU_ECOLI
CYSE_BUCAP
/ C E o 09 i
CYSE_HAEIN
GCAD_BACSU 90
simu_kafin - GLMU-NEIGO D 100 CYSE_ECOLI
56 60
WCAF_ECOLI
NIFP_AZOGH CYSE_SALTY
WCAB_ECOL!
SAPH_SYNP7
61
NODL_RHIME
100
CYSE_STAXY
WBBJ_ECOULI
NODL_RHILY CYSE_BACGSU
98
96 CYSE_HELPY

MAA_ECCLI

YYAL_BACSU

CYSE_SYNP7

CYSE_SYNY3

YA39_SCHPO

THGA_LACLA
THGA_ECOLI

YJVB_YEAST

FIG.5. Maximum-parsimony consensus tree. Topology obtained with the 50%-consensus rule for the two equally parsimonious trees of the
sequences of Table 1. As a measure of node support, we indicate those bootstrap probabilities that are larger than 50%. Main branches and
subbranches are identified by capital letters near nodes, for easier reference. The tree was displayed using TREEVIEW (Page, 1996).

we are dealing with a group of homologous proteins.
Further support is obtained from the high structural
similarity. We found a Sc of 5.4, which almost always
suggests a functional and/or evolutionary relationship
(Russell and Barton, 1992).

The most remarkable feature of the structural align-
ment (Figs. 1d and 2) and the structure-based align-
ment (Fig. 3) is that despite the high degree of diver-
gence, key residues of the LBH sequence pattern are

highly conserved. From Fig. 3 we see that the aliphatic
positions i are the most conserved feature of the motif.
The glycines at positions i + 1 and the hydrophobic
residues at positions i + 4 are also well conserved. The
low degree of variation at these positions result from
structural constraints, in agreement with the observa-
tion that this pattern is the sequential determinant of
the LBH fold (Raetz, 1995; Kisker, 1994). On the other
hand, loops disobey the repeated hexapeptide rule and
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TABB_PSESZ

FBP_PSEAE

28/56 32/49

Y304_METJA

YRDA_ECOLI

F1
100/100
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DAPD_HAEIN

DAPD_ECOLI

DAPD_MYCBO

CAH_METTE

CCMM_SYNP7

CAIE_ECOL}

FIG. 6. Topology obtained from a maximum-likelihood exhaustive search of the sequences of the y-CA main branch F of Fig. 5. Node
support is indicated as RELL/RLS (see text). The tree was displayed using TREEVIEW (Page, 1996).

do not fold into the regular prism form. Loop and turn
residues are less restricted to variation, so that the
main differences between sequences are located in
these segments. These structurally unconstrained re-
gions hold most of the variation that led to the rather
high functional diversity of this protein superfamily.
Note, for example, that the histidines that participate
in the active site of y-CA (His 81, His 117, and His 122)
and the residues of tetrahydrodipicolinate N-succinyl-
transferases that bind their substrates, such as Glu
169 among others (Beaman et al., 1998b), are turn or
loop residues.

We found that the high degree of divergence of the
sequences studied results in the saturation of substitu-
tions at the DNA level, so that the DNA does not
contain enough phylogenetic signal to perform a mean-
ingful phylogenetic analysis. Therefore, we based our
evolutionary study on the protein alignment, since in
such cases the use of protein methods improves phylo-
genetic inference (Kocher et al., 1989).

The most remarkable feature of the phylogenetic tree
obtained is that its main branches group together
functionally related proteins (see Fig. 5 and Table 1),
suggesting that this coarse topology resulted from

functional diversification. Some of the main branches
could be quite easily explained in terms of gene duplica-
tion events followed by functional specialization. The
clearest example is branch A, in which enzymes are
clustered by function rather than by species (see Fig. 5,
branches A1 and A2). This pattern of duplication and/or
speciation events, followed by functional specialization,
can also be used to understand other main branches.
The branch containing y-CA is more complex. In the
first place, as we described in the previous section,
maximum parsimony gives a wrong topology (Fig. 5,
branch F), as judged by comparison with the more
reliable topology obtained by a maximum-likelihood
exhaustive search (Fig. 6) and with previous results
(Hewett-Emmett and Tashian, 1996). The subbranch
F1, composed of y-CA’s closest relatives (Fig. 6), has
been studied with some detail before (Hewett-Emmett
and Tashian, 1996). So far, very little is known about
the function of the other members of this subbranch, as
can be seen in Table 1. However, it is meaningful to note
that the histidines of the active site of y-CA, involved in
the binding of Zn2*, are conserved in all the members of
this subbranch. Therefore, the capacity to bind Zn2*
would have evolved before the divergence between
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v-CA and its closest relatives. The other subbranch of
the maximum-likelihood tree (Fig. 6, subbranch F2) is
composed mainly of tetrahydrodipicolinate N-succinyl-
transferases. The active sites of these enzymes (Bea-
man et al., 1998b) are clearly unrelated to those of
subbranch F1. Although the y-CA group (subbranch F1)
and the tetrahydrodipicolinate N-succinyltransferases
(subbranch F2) share a distant common ancestor, diver-
gence was high enough to produce these two function-
ally unrelated groups.

A note of caution is in order before concluding. Even
though we think that one can be quite confident in the
coarse features of the phylogenetic tree reported, one
should be much more careful when considering the
details of each branch. In particular, we should note
some troublesome aspects in the study of y-CA evolu-
tion, such as the fact that CCMM_SYNP7, its closest
relative, is a chimeric protein and the scarcity of
information about the biological activity of other rela-
tives. Further work is required to improve the evolution-
ary understanding of the relationship between y-CA
and its closest relatives.

In conclusion, we found that y-CA belongs to a
diverse superfamily of proteins that share the LH
domain and that are composed mainly of acyltransfer-
ases. The use of a structure-based protein alignment
allowed us to perform a rather detailed evolutionary
study. The coarse topology of the phylogenetic tree
obtained can be rather easily understood in terms of
functional diversification. Regarding the main branch
containing y-CA, we found that, in addition to the
group of closest relatives, y-CA is closely related to the
tetrahydrodipicolinate N-succinyltransferases.
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