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ABSTRACT

Sorting isozymes are encoded by single genes, but
the encoded proteins are distributed to multiple
subcellular compartments. We surveyed the predicted
protein sequences of several nucleic acid interacting
sorting isozymes from the eukaryotic taxonomic
domain and compared them with their homologs in
the archaeal and eubacterial domains. Here, we
summarize the data showing that the eukaryotic
sorting isozymes often possess sequences not
present in the archaeal and eubacterial counterparts
and that the additional sequences can act to target
the eukaryotic proteins to their appropriate subcellular
locations. Therefore, we have named these protein
domains ADEPTs (Additional Domains for Eukaryotic
Protein Targeting). Identification of additional
domains by phylogenetic comparisons should be
generally useful for locating candidate sequences
important for subcellular distribution of eukaryotic
proteins.

INTRODUCTION

Eukaryotes are typified by the possession of organdlles, generating
numerous subcellular locations separated from one another by
one or more membranes. Generally the different subcellular
compartments carry out unique biochemical reactions.
However, sometimes the same catalytic activity is found in
more than one subcellular compartment. There are three
different mechanisms used by eukaryatic cells to deliver the
same enzymatic activity to more than one subcellular location.
First, the same catalytic activity may be encoded by dissimilar
genes. For example, cognate mitochondrial and cytosolic
aminoacyl-tRNA synthetases can be quite distinct (1,2).
Second, a cataytic activity may be encoded by multiple Smilar
genes, each coding an isozymewith unique subcel lular distribution.

Theyeast genes, ADH1, ADH2 and ADH3, provide an example
of this type of mechanism (3). Finaly, a single gene may encode
two or more isozymes with different subcdlular digtributions.
These proteins are called ‘sorting isozymes and are involved in
many important metabolic processes (for areview see4,5).
Sorting isozymes must contain information necessary for
protein distribution to different compartments without compro-
mising catalytic activity. Cellular mechanismsthat achieve this
are varied. In some cases, alternative transcriptional initiation
generates mMRNAs that encode the catalytic portion with or
without signals for specific compartments. In other cases, the
same end is achieved by alternative trandational initiation or
aternative splicing. Finally post-translational modifications
can aso ater the targeting information without atering catalytic
activity (for a review see 4,5). In this report we focus on the
cis-acting signals responsible for sorting isozyme distribution.
Genome sequencing efforts have generated information for
several archaeal (six are complete and afew others are nearing
completion; TIGR, http://www.tigr.org/tdo/mdb/mdb.html ),
many eubacterial (19 are complete and many others are well
underway), many, many viral and severa eukaryotic nuclear as
well as over 100 mitochondrial and 11 chloroplast organellar
genomes [see Entrez Genomes at NCBI, http://www.nchi.nlm.
nih.gov/Entrez/Genome/org.html ). Indeed, the sequences of
two eukaryotic nuclear genomes are virtually complete (6,7). If
one assumes that sequences important to catalytic function will
be conserved, then comparisons of eukaryotic sorting isozymes
to their counterpart proteins in non-eukaryotic organisms might
reveal the regions of the proteins serving the sorting function.
To test this assumption we conducted phylogenetic comparisons
of five proteins. We chose genes that had been functionally
characterized by cell biology and molecular biology experi-
ments for their nuclear and mitochondrial targeting signals and
some for cytoplasmic retention/nuclear export signals. We
used three criteria to choose these proteins. (i) At least one
eukaryotic member of the family has been shown directly to be
a sorting isozyme and there is detailed information regarding
the cis-acting sequences involved in subcellular distribution
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Table 1. Accession numbers

Sequencing Sequencing
Organism Mod5p/miaA Trnip Hts1p/hisS Ccatp Ung1p Center Organism ModS5p/miaA Trm1p Hts1p/hisS Ceatp Ung1p Center
karyota Eukaryota
Homo sapiens 5050937 3478637 135123 4929563 137031 Lycopersicon esculentum AlB94949
4585744 1351156 1654005
Glycine max Al494650
Mus muscuius AAG15579 Al117630, 2501006 AAGB1124, 1845585
AI327315, ... AAT92073,... 1850876 Lupinus albus 2129851
Mesocricetus auratus 135124 Populus balsamifera Al187105
68566
Marchantia polymorpha C96535
Rattus norvegicus Al454944, Al111568, Al232085, AAB4B421
AI111720, ...  CO7003, ... H33016,... Porphyra purpurea
Chioroplast 1711633
Sus scrofe F14533 1276814
Fugu rubripes 2501006 Schizosaccharomyces <343 3393025 2956779 4539282 3650377 Sanger Centre
1524039 pombe 3378512 AU010141, ...
Danio rerio Al721892, Al476851, Saccharomyces cerevisiae 2507067 136242 2507433 135969 137043
Al722859, ... Al477310 809598 603409 575698
Drosophila melanogaster AAB16785  AI383843, ... Al294782, AC008311 BDGP Candida albicans Con4-3040  Contig3-3297 Contig3-3432  Con4-2960 Con4-3080 Stanford
AC005711  AAG96161, ... AAD41718,.. Contig3-3609
Bombyx mori AU001000, Kiuyveromyces lactis KLAJ9B88
AU004124
Neurospora crassa Al398659
Caenorhabditis elegans 532094 3881410 3879781 3877673 4090202 Sanger Centre
1438729 2507432 1523956 D34535 WASHU Emericella nidulans AAGB6143,
AADBB224, ..
Brugia malayi Al069551
Schistosoma mansoni Al395126,
Al395425
Flasmodium falciparum 4558578  ContigD_111 _ ContiglD_3 maldLSeB.qit ContigiD_187 TIGR Archaea
4176343  ContiglD_48465 4493846 ContiglD_1295 Sanger Centre
Methanobacterium 2622298 3334351 3913197 Genome Therapeutics
Cryptosporidium parvum AQ449959 AQO03656 AQ023716, thermoautotrophicum 2621293 2621662
AQ023717
Methanococcus jannaschii 2129142 2501004 3913201 TIGR
Toxoplasma gondii NB60350 1591660 2826366
Leishmania major A1034850, 4455654 Archaeoglobus fulgidus 2649794 3334353 3913198 TIGR
T93363 4493755 2648908 2648358
Trypanosoma brucei AQ646249 AAT20402, BO7332 TIGR Pyrococcus furiosus 3420231 MMB8-05691  MM8-01437 umsi
2A16.TP AQB37844
Pyrococcus woesei 141177
Trypanosoma cruzi AQ444770
Pyrococcus horikoshi 3258265 3915065 3256487 NITE
Dictyostelium discoideum AU073939, 1718028 3256679
C90314
Pyrococcus abyssi 5457816 5459095 5457536 Genoscope
Arabidopsis thaliana 3860256 H36264, RY0550 3287692
4220525 B61246, ... B67352 4914379 Aeropyrum pernix 5104445 5104319 5105481 NITE
AL092444, .
organellar 3659909 Suifolobus solfataricus €33_017
Brassica rapa AT000575 Sulfolobus shibatae 1174515 3913199
Oryza sativa AU030328, AQ575660, 3915070 AQ256147
AU030329, ... AQ290607, ... D16062
Triticum aestivum 4103152
4103154
Zea mays AIB70339 A1621885,
Al737263, ...

(Fig. 1). (ii) The cataytic functions are found in phylogenetically
digtinct organisms. (iii) The proteinsinteract with nucleic acids.
Five sorting isozymes that fit our criteria are: (i) Mod5p
catalyzing the modification of A,; to i%A5; on tRNA,; (ii) Trmlp
catalyzing the modification of Gz to m2Gz on tRNA;
(iii) Htslp the histidyl-tRNA synthetase; (iv) Ccalp catalyzing
the addition of C, C and A to the 3’ ends of tRNAs; and
(V) Unglp auracil-DNA glycosylase involved in DNA repair.
Searches of databases demonstrate that eukaryotic counter-
parts of these proteins have domains in the same places, that
archaeal/eubacterial counterparts do not. These comparisons,
coupled with previous functional characterization of the protein
domains, in a least one case led us to conclude that the additional
information can serve to direct the eukaryotic proteins to the
appropriate subcellular destination. We have named the
eukaryotic additions ADEPTSs (Additional Domains in Eukaryotes
for Protein Targeting). We speculate that identification of
‘additional domains by phylogenetic comparisons and
multiple sequence alignment will provide predictive information
to locate unknown sequences important for the cellular distri-

bution of eukaryotic proteins. Such anayses might also provide
information for characterizing novel protein targeting matifs.

METHODS AND EXPLANATION OF ALIGNMENTS

Protein sequences were compared employing several databases
(GenBank, EMBL, DDBJ, PDB, SWISS-PROT, PIR, PRF,
dbEST, dbSTS, GSS and HTGS) using the BLAST (8) server
a NCBI (http://www.ncbi.nim.nih.gov/BLAST/ ). Similar
proteins were identified, retrieved and used to search for
additional matches. The retrieved sequences were aigned
using either Clustal W or X (9,10). The aligned sequenceswere
adjusted manually and shaded based on the BLOSUM 62
scoring matrix (11) with some weighting based on physical
properties of the amino acids (12).

Table 1 lists the organisms and accession numbers of the
peptides used in the alignments. An expanded version of this
table (Table S1) is available as Supplementary Material at
NAR Online. When the prokaryotic peptides used in the align-
ments originate from an incomplete genomic sequence and do
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Sequencing Sequencing
Organism Mod5p/miaA Trm1p Hits1 thw§§ Ccalp Ungip Center Organism Mod5p/miaA Trm1p Hts1p/hisS Ccalp Ung1p Center
Eubacteria Eubacteria e
Escherichia coli 1790613 135122 115939 137035 UWisconsin Streptococcus agalactiae 5381195
95750 1788861 2507091 1788934
Streptococcus equisimilis 267058
Shigella flexneri 127087
2506034 Streptococcus mutans Contig862 Contig806 Contig853 Contig555 OUACGT
Contiga17
Salmonetia typhi Contig276 2896164 Contig312 Contig273 Sanger Centre
Contig312 Contig305 Contig300 WashU. GSC Streptococcus pneumoniae  sp_120 sp_117 sp_55 137041 TIGR
Yersinia pestis Contig686 Contig688 Contig 157 Contig699 Sanger Centre Streptococcus pyogenes Contigt14 Contig213 Contig108 Contig108 OUACGT
Contig706 Contig670 Contig683
Clostridium acetobutylicum ~ AEQ01437 AE001437 AE001437 Genome Therapeut
Haemophilus 1170952 1174513 1168822 1174879 TIGR
influenzae Rd 1573017 1573338 1172043 1572962 Clostridium difficite Contig1264 Contig1721.1  Contig1835 Contig1532 Sanger Centre
Actinobacillus Contig696 Contig500 Contig317 OUACGT Mycoplasma pneumoniae 2500999 2501519 Heidelberg
actinomycetemcomitans Contig717 Contig660 1673766 1674298
Pasteurella multocida Contig373 Contig546 Conds6 Con371 UMN CBC Mycoplasma genitalium 1351157 1351370 TIGR
Contig719 Contig462 Con232 1045706 1045775
Vibrio cholerae asm980 asma855 1752 asm910 TIGR Mycoplasma capricoium 530447
AF092488
Pseudomonas aeruginosa Contig51 Contig52 Contig54 Contigh4 PGP
Mycobacterium tuberculosis 2292961 2501000 1944582 3334402 Sanger Centre
Pseudomonas denitrificans 267238 1478232 1694855 TIGR
Pseudomonas putida 2353324 3650360 Mycobacterium leprae 1170953 1174514 886309 Contig543
467095 3136015 Contig1002 Sanger Centre
Shewanella putrefaciens 4269 4267 4323 4272 TIGR
4296 Mycobacterium avium 4926 5691 5845 5490 TIGR
1597
Aeromonas hydrophila 1168821
Mycobacterium bovis Contigb04 Contig743 Contigg56.0  Contig719.1 Sanger Centre
Francisella tularensis 3913200
var. novicida Streptomyces coelicolor 2995299 4808392 Sanger Centre
Neisseria gonorrhoeae Contig137 Contig212 Contig121 Contig131 QUACGT Chlamydophila pneumoniae 4377231 4376962 4377290 4377082 UC Berkeley
Contig209 Contig134 4377160
Neisseria meningitidis NM.seq NM.seq NM.seq NM.seq Sanger Centre Chlamydia trachoratis 3320229 3328982 3328838 3329052 UC Berkeley
4140480 3329159 TIGR
Bordetella pertussis Contig976 Contig419 Contig580 Contig173 Sanger Centre
Contig678 Contig946 Contig660 Borrelia burgdorferi 2688758 3915061 2688624 3334401 TIGR
2688030 2687922
Bordetella bronchiseptica Bb7d11.p1t, Bb10az.pit, Contig2246 Sanger Centre
Bb58h4.qg1c... Bb64eg.pic,... Treponema pallidum 3322935 3322940 3322888 TIGR
3322543
Thiobacillus ferrooxidans 2368 960 1017 TIGR
126 Aquifex aeolicus 2983550 2983391 2982856 2983086 Diversa Corporatio
2984364
Agrobacterium tumefaciens 585483
281675 Thermotoga maritima 4981038 4981634 4981238 TIGR
tm_155 tm_63
Rickettsia prowazekii 3861062 3860869 3860586 Uppsala University
Porphyromonas 1218 1203, 1209 1216 TIGR
Caulobacter crescentus gee_1937 gce_522 gce_471 TIGR gingivalis 1208 35
gee_2322 gce_306 gee_3231
Prevotella ruminicola 4204222
Zymomonas mobilis 4768874
Chlorobium tepidum get_24 gct_1 gct 24 TIGR
Helicobacter pylori 2314580 3024676 2313761 3024778 TIGR 254
4155928 4155714 4155144 4155886 ASTRA
Deinococcus radiodurans 8793 8899 8789 8862 TIGR
Campylobacter jejuni Ciseq Cjseq Ci.seq Ciseq Sanger Centre gdr_48 8832
Bacillus subtilis 2634117 3122900 1709578 731058 BSNR Thermus thermophilus 2829463
1146238 2636332
Thermus aquaticus 281493
Acidaminococcus fermentans 559391 281494
Staphylococcus aureus Contig1086 3915057 Contig1080 2217 QUACGT Synechocystis 2498562 2501002 1653244 KORI
2580436 4469 Contig 1000 TIGR PCC6803 1653199 1001546 1001282
Enterococcus faecalis gef_6326 gef_6287 gef_6253 TIGR
gef_6609

... Indicates additional entries are available in Table S1.

not have an official accession number, the tableislinked to the
relevant genome sequencing center. For each of the individual
alignments, not all organisms contain a peptide entry.

The dataare presented in two ways. Figures S1-S5 available as
Supplementary Material a8 NAR Online, show the actual
amino acid sequence alignment information. A score of >1
from the BLOSUM 62 matrix is designated as similar while a
score of O is considered a weak similarity. Amino acids are
grouped and colored as follows: aromatic amino acids phenyl-
aanine, tyrosine and tryptophan (FYW) are magenta; hydro-
phobic amino acids isoleucine, valine, leucine and methionine
(IVLM) are cyan; charged/polar amino acids aspartic acid,
glutamic acid, glutamine, lysine, arginine, asparagine and
histidine (DEQKRNH) are red; small amino acids glycine,

alanine, cysteine, serine and threonine (GACST) are green;
and proline (P) is blue. Three or more of a given amino acid
yields upper case and color is turned on when at least five of a
given amino acid or three of a given amino acid plus at least
three amino acids from the same group with a score >1 are
present. For the consensus lines 17-49% identity results in a
lower case letter, 50-74% identity results in an upper case
letter and 75—100% identity resultsin an upper case underlined
letter.

Figures 2-6 show schematic diagrams of the protein align-
ments based on the sequence alignments described above.
Blocks of similar color represent blocks of sequence similarity
and are not a representation of any structural information.
Different colored boxes represent uninterrupted regions of
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Figure 1. Location of information for subcellular distribution of sorting
isozymes. Known and presumed targeting signals are represented as colored
boxes. Magenta boxes represent known mitochondrial targeting information.
Teal boxes and blue boxes represent known and presumed (NLS?) nuclear
targeting information, respectively. Purple boxes may target Trm1p to a subnuclear
location and the green boxes in ModSp may be responsible for the predominantly
cytosolic distribution of this protein. CRD, cytoplasmic retention domain;
NES, nuclear export signal. The black lines represent the conserved regions of
each protein and are not to scale. The subcellular distributions of the various
forms of each protein are aso indicated. For Htslp, —/+ refers to locations
detected upon protein over-expression.

similarity (at least 35%) between the proteins from different
organisms. Black lines represent eukaryotic sequences not
generally smilar to each other. Gray lines represent prokaryotic
sequences not generally similar to each other or the eukaryotic
sequences. Not all the sequences depicted are complete and

ModSp

some of the eukaryotic peptides judged to be too incomplete
are not shown in the schematic diagrams. Eight eukaryotes
were selected to represent the domain Eukarya: Homo sapiens,
Mus musculus, Caenorhabditis eegans, Plasmodium falciparum,
Schizosaccharomyces pombe, Saccharomyces cerevisiae and
Candida albicans. Plants are usually represented as a
composite diagram due to the lack of complete sequenceinfor-
mation. An | to the right of the schematics designates incom-
plete information and a C designates complete cDNA or
genomic DNA sequence information. The lengths of the
polypeptide chains are indicated and where a composite schematic
is shown the lengths of the individual polypeptide chains are
separated by slashes. The eubacterial and archaeal schematics
are derived from consensus sequences and the number of
peptides used to generate the consensus is also indicated.
Where information is available concerning the site of intron—
exon junctions, the locations of introns are marked with an x.

RESULTS AND DISCUSSION

M od5p homologs and conservation of regionsfor
subcellular distribution

We previously reported an alignment of Mod5p/MiaA from
33 eubacteria and three eukaryotes (13). Our continued search
for Mod5p homologs has now uncovered Mod5p/MiaA in
45 eubacteria (see Table 1). Two eubacterial organisms do not
contain a miaA gene (Mycoplasma genitalium and Mycoplasma
pneumoniae) while one, Porphyromonas gingivalis, contains
two miaA genes. Seventeen eukaryotic homologs were identified
in fifteen organisms (H.sapiens, M.musculus, Drosophila
melanogaster, C.elegans, P.falciparum, Cryptosporidium
parvum, Leishmania major, Trypanosoma brucei, Arabidopsis
thaliana, Oryza sativa, Spombe, Scerevisiae, C.albicans,
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Figure 2. Schematic diagram of Mod5p alignment. Not all of the eukaryotic homologs are shown in this schematic. A sequence alignment of al identified Mod5p
homologs and the eubacterid MiaA proteinscan befoundin Figure S1. The eubacterial MiaA peptides (46) are represented as a consensus sequence. No similar proteins
wereidentified inthe archaeal domain. Regionsof uninterrupted sequence similarity (at |east 35%) are shown as crosshatched colored boxes. See M ethods for additional

explanations.



Kluyveromyces lactis and Neurospora crassa). Saccharomyces
cerevisiae and C.elegans have only one gene encoding this
protein. Only eight of the eukaryotic Mod5ps are shown in
Figure 2 and the 46 eubacteria MiaA homologs are represented in
Figure 2 as a consensus schematic. The entry for plants in
Figure 2 represents a composite of three A.thaliana homologs
and one homolog from rice. No homologs were identified in
archaea, consistent with the fact that iA has not been found on
tRNAs isolated from organisms in the archaea domain
(14,15).

By dternative trandational starts the Scerevisiae MOD5
gene encodestwo proteins, Mod5p-1 and ModSp-I1 (16), which
are differentidly partitioned between the cytoplasm, mitochondria
and nucleus (17). Mod5p-I is located in the mitochondrial and
cytosolic compartments whereas Mod5p-I1 is in the cytosol
and the nucleus. Amino acids 1-20 comprise a mitochondrial
targeting sequence (MTS) necessary for distribution of
Mod5p-1 to the mitochondria (17).

MTSs are usually located at the N-terminus, contain basic
and hydrophobic amino acids and are predicted to form
amphiphilic o-helices; however, there is no linear consensus
sequence for mitochondrial targeting information (18,19). To
assess whether other eukaryotes may utilize the same strategy as
that for Scerevisae, we investigated the N-terminal regions of
the other eukaryotic Mod5 proteins. Five of the eukaryotic
homologs (Scerevisiae, C.elegans, C.albicans, P.falciparumand
one of the homologs from A.thaliana) contain multiple ATGs
at the beginning of the coding region (Fig. 2), while for most of
the other eukaryotesthereisinsufficient information available to
predict whether or not multiple translation initiations giverise to
different isozymes. The amphiphilic nature of these N-termind
peptides was investigated by plotting them on a helical wheel
projection (not shown). In addition to Scerevisiae, the
C.elegans and C.albicans N-terminal regions resemble other
MTSs(18,19). Thus, we predict that the C.elegansand C.albicans
Mod5 proteins will also be sorted between the cytoplasm and
mitochondria. The N-terminal regions of the P.falciparum
homolog and the A.thaliana homolog with an N-terminal
extension (Fig. S1, Athaippt) do not resemble other MTSs. In
general, the eubacterial proteins do not have this N-terminal
extension bolstering the idea that this extra domain found in
the eukaryotic proteinsis used for targeting.

Arabidopsis thaliana has at least three genes predicted to
encode Mod5 proteins; therefore, different genes may well
provide the same catalytic activity to different compartments
for this organism. While additional information concerning
Acthaliana and other eukaryotic organisms will be required to
determine how mitochondrial/chloroplast/cytoplasmic/nucl ear
sorting may be achieved, it appears that for the Mod5p family
sometimes one gene codes a catalytic activity found in
multiple compartments whereas in other cases, two or more
genes may code the isozymes.

Nearly all of the eukaryotic Mod5 proteins possess ~50
amino acids at the C-terminus that are not present in the eubac-
terial MiaA proteins (Fig. 2). The Scerevisiae Mod5p nuclear
localization sequence (NLS) maps within this ‘additional
domain’ (amino acids 408-428; 13). In dl of the other eukaryotes
where sufficient sequence information is available (Fig. 2;
Spombe, C.albicans, C.elegans, rice and one of the A.thaliana
homologs), the C-terminal region is similar leading to the
prediction that they all contain aNLS and that a portion of the
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Mod5p pool in these organisms will also be located in the
nucleus. Only one of the three A.thaliana homologs contains
this NL S region while the others lack it (Fig. S1, not shown in
Fig. 2), again suggesting that multiple genes encode differently
located Mod5p in Athaliana.

Besides the N-terminal and C-terminal additional domains,
the eukaryotic Mod>5 proteins al so contain internal domains not
found in the eubacteria homologs (Fig. 2). These internal
additions overlap the region between amino acids 240 and 280
that were previoudly mapped to function in maintenance of the
yeast Mod5p cytosolic pool (13). As al the eukaryotic
sequences contain a similar region, we predict each of the
eukaryotic counterparts also has a cytosolic pool of this
protein.

A portion of the Scerevisiae Mod5p-11 resides in the nucleolus
(13). The information used for nucleolar location has not been
mapped. If, like the NLS and MTS, the nucleolus targeting/
retention information resides in motifs absent from the eubacteria
counterparts, then candidate locations for nucleolar targeting
are between amino acids 303 and 345 and/or 373 and 408.

Trm1p homologs and conservation of regions for
subcellular distribution

TRM1 genes are found in eukaryotes and archaea, but are
generally not present in eubacteria (Fig. 3). In addition to the
Trmlp homologs that have already been reported (20,21; six
from the archaeal domain, Aquifex aeolicus, Scerevisiae,
Spombe, C.elegans and human) our searches revealed three
additional archaeal homologs and incomplete sequences for
mouse, rat, zebrafish, D.melanogaster, P.falciparum,
C.parvum, T.brucei, A.thaliana, rice, Brassica, Zea mays and
C.albicans. There is only a single eubacteria organism,
A.aeolicus, that contains atrml gene and thisis likely aresult
of horizontal transfer (22-24). In agreement with our alignments,
previous studies of tRNA modification have failed to uncover
m2,G in eubacterial tRNAs (14,15,25).

Eukaryotic and archaeal Trml proteins have considerable
sequence similarity. However, like Mod5p, the eukaryotic
proteins contain extra sequence information at the N- and C-
termini and internally. The Scerevisiae TRM1 gene contains
ATG codonsat positions 1 and 17. Human Trm1p containstwo
ATGs within the first 37 codons while mouse Trm1p contains
three ATGswithin thefirst 32 codons. Of the eukaryotic genes
that have been sequenced at the N-terminus, only two, from
C.elegans and D.melanogaster do not have multiple ATGs
within the first 50 codons.

Some mitochondrial tRNAs of Scerevisiae are modified by
Trmlp and amino acids 1-48 of the Scerevisiae Trmlp are
sufficient to target this protein to mitochondria whereas amino
acids 1-16 are not sufficient (26). There are several reports of
m2,G in mitochondrial and chloroplast tRNAs (27), but unfor-
tunately the TRM1 genes have not been sequenced for the
organisms demonstrated to contain m2,G modified mitochondria
or chloroplast tRNAs. The N-terminus of the human Trmlp
contains no acidic amino acids (Fig. S2) and when projected
upon a helical whedl, it is predicted to have an amphiphilic
structure, characteristic of MTSs (19). Thus, the human gene
could encode a Trmlp that sorts to the mitochondria. The
rodent homologs are very similar to the human in this region
and the C.albicans Trm1p N-terminus containswhat appearsto
beavery good MTS. Asthe C.elegans genome containsonly a
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Figure 3. Schematic diagram of Trm1p alignment. A sequence alignment of all identified Trm1p homologs can be found in Figure S2. Nine archaea Trml
peptides were identified and are represented as a consensus sequence. One trm1 homolog was identified in the eubacterial domain. The schematic for plant in this
figure is a composite of A.thaliana, O.sativa and Brassica. Regions of uninterrupted sequence similarity are shown as crosshatched colored boxes. See Methods

for additional explanations.

single TRM1 gene, it islikely that this gene provides the mito-
chondrial pool of tRNA (guanine-26,N2-N2) methyltransferase,
if this modification occursin C.elegans mitochondria.

Saccharomyces cerevisiae Trmlp is also targeted to the
nucleus and an efficient NL S resides between amino acids 95
and 102 (28). All the other eukaryotic Trm1 proteins contain
extra sequence information in this same region (Fig. 3, black
region between 103 and 156 of human Trm1p). The C.elegans
(21) and D.melanogaster proteins contain basic amino acids
resembling the simple basic type of NLSin thisregion (see the
review in 29), perhaps indicating a functional role in nucleus
location. The corresponding extra sequences in human, mouse
and Spombe are not nearly as basic as the Scerevisiae Trm1p
sequence and neither a simple nor bipartite basic NLS motif
can be identified in this region. However, it has recently
become apparent that there are multiple nuclear import
receptors in eukaryotic cells that have substrate specificities
not yet delineated (seethereview in 30). If the ADEPT regions
of human, mouse and Spombe Trmlp are used to sort this
protein to the nucleus, as is the case in Scerevisiae, then
phylogenetic comparisons and sequence alignments may be a
useful means to delineate non-conventional NL S motifs.

The eukaryotic genes also predict a large C-terminal region
and a smaller region (between amino acids 346 and 367 in
Scerevisiae) not found in the archaeal proteins (Fig. 3). A zinc
finger is present in the eukaryctic proteins (amino acids 348-387
human Trm1p) that is present in only half of the prokaryotic
proteins. When present in prokaryotic proteins, the finger loop
is much smaller than that found in eukaryotic proteins. The
nuclear pool of Trmlp in Scerevisiae is located at the inner
surface of the nuclear membrane (28,31). If location at this
subnucl ear siteis achieved viaan ADEPT, then we predict that
the targeting information will map to either the large C-termind or

the smaller upstream eukaryotic additional sequences (Fig. 1,
purple boxes and Fig. 3).

Others (32) have reported results both consistent and incon-
sistent with our hypothesis. Deletion of the first 44 amino acids
of Scerevisiae Trmlp does not influence enzymatic activity,
which isin accord with previous work demonstrating that this
region contains targeting information (26) as well as our
prediction that this region of the other eukaryotic proteins will
supply targeting information. However, a deletion of just five
amino acids at the C-terminus of S.cerevisiae Trmlp causes a
significant reduction in activity (32). Thisresult isinconsistent
with our model in that all of the prokaryotic trm1 proteins lack
this region and thus it is not expected to influence enzymatic
activity. It is conceivable that an alteration in this region of the
eukaryotic proteins may effect the higher order structure of the
protein and interfere with activity.

Htslp homologs and conservation of regionsfor
subcellular distribution

HTSL encodes histidine-tRNA synthetase, which is known as
HisS in prokaryotes. Forty-five eubacterial and eight archaeal
homologs were identified and 30 eukaryotic homologs were
found. This enzyme is very similar in all three taxonomic
domains (Fig. 4). Signature sequences can be identified that
distinguish the eubacterial and archaeal proteins, and in some
regionsthe archaeal signatureis more similar to that of eukaryotes
than to that of eubacteria.

Six of the eukaryotic homologs contain multiple ATGs in
their 5° regions. However, the mgjority of the eukaryotic
sequences are incomplete in this region and therefore we are
unabl e to predict whether they encode proteinsthat differ at the
N-terminus. In humans there are two genes arranged head-to-
head that code for histidinetRNA synthetases (Fig. 4,
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Figure 4. Schematic diagram of Htslp alignment. A sequence alignment of al identified Htslp homologs can be found in Figure S3. Forty-five eubacterial and
eght archaeal HisS peptides were identified and are represented as consensus sequences. Additionally, a nuclear encoded organellar form of Htslp from A.thaliana and
achloroplast genome encoded Hts1p from P.purpurea are shown in this diagram. The schematic for plant in this figure is a composite of Athaliana, O.sativa, wheat
and corn. Regions of uninterrupted sequence similarity are shown as crosshatched colored boxes. See Methods for additional explanations.

HUmHARS and HumHO3). The proteins encoded by these two
genes are very similar (90%), except at the N-terminus where
the similarity is only 38%. The N-terminus of HUMHARS
(residues 1-17) is acidic whereas that of HumHO3 is not.
Therefore, these two genes could provide the non-mitochondrial
and mitochondrial forms of histidine-tRNA synthetase;
however, this has yet to be determined.

Like Mod5p and Trm1p, where sufficient sequenceinformation
is available, the eukaryotic synthetases contain extra N-terminal
information not present in the eubacterial or archaeal proteins.
This region is precisely where the mitochondrial targeting
sequence has been mapped for Scerevisiae (33). In the red
algae Porphyra purpurea, a gene for histidine-tRNA
synthetase is present in the chloroplast genome. It is very
similar to the eubacterial genes and does not code an extra N-
terminal region. A nuclear HTSL gene from A.thaliana that
codes the organellar (mitochondriadl and chloroplast)
synthetase has been reported (34). It ismore similar to archaeal
genes, however it does code extra N-terminal amino acids.

Both Xenopus oocytes (35) and Scerevisiae (36) amino-
acylate tRNAs inside the nucleus as well as in the cytosol.
Therefore, there must be nuclear pools of aminoacyl-tRNA
synthetases. If Hts1p indeed possesses information that directs
it to the nuclear interior, the targeting information could be
located inthe N-terminal region (Fig. S3, amino acids 20-53 of
HUmHARS). The additional segquences at this location in
eukaryotic proteins contain basic residues resembling conven-
tional NLS motifs (37). Fine mapping of the MTS in this

region has not been completed and it is not yet clear where the
MTS ends and where a putative NL S could begin. The MTS
and NLS signals could also overlap. The maority of the
eukaryotic sequences in this N-terminal region contain a
higher charge density than does the Scerevisiae sequence.
Alternatively, the information could reside in the additiona
information located between amino acids 343 and 366 (Scerevisae
numbering). The fungal counterparts are basic in this region
while proteins from other eukaryotes are not.

Eukaryotic aminoacyl-tRNA synthetases tend to be larger
than their prokaryotic counterparts and these extensions tend to
be at the N- or C-terminus (38-41). The prevailing hypothesis
is that these extensions are in part responsible for promoting
the assembly of tRNA synthetase complexes found in eukaryotes
(42). We and others (37) suggest that some portion of the extra
information found in eukaryotic tRNA synthetases may be
responsible for subcellular targeting.

Ccalp homologs and conservation of regionsfor subcellular
distribution

Organisms in al three domains contain ATP (CTP): tRNA
nucleotidyltransferase activity. However, the archaeal Cca
proteins differ extensively from the eubacterial and eukaryotic
Cca proteins (43). Nevertheless, all possess ‘nucleotidyltrans-
ferase’ motifs. Of the proteins we studied Ccalp is the least
well conserved between eubacteria and eukaryotes. Large
regions of sequence similarity, as found for the other proteins
in our analysis, are lacking in this family. Sixteen eukaryotic
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Figure 5. Schematic diagram of Ccalp alignment. A sequence alignment of all identified Ccalp homologs can be found in Figure S4. Eight archaeal Cca peptides
wereidentified and are represented as a consensus schematic. Sixty-five homologs were identified in the eubacterial domain. The eubacterial homologs fall into three
classes and a consensus schematic is presented for each class: Cca-14, Pap-32 and PcnB-16. The schematic for plant in this figure is a composite of A.thaliana,
O.sativa, lupine and G.max. Regions of uninterrupted sequence similarity are shown as crosshatched colored boxes. See Methods for additional explanations.

homologs were identified in the following organisms: Scerevisiae,
Spombe, C.albicans, human, mouse, rat, C.elegans, D.melano-
gaster, A.thaliana, Lupine, rice, Glycine max, L.major, Brugia
malayi and P.falciparum. Eight archaeal homologs and 65
eubacterial homologs were identified. The latter have been
grouped into three classes (Cca, Pap and PcnB) based on the
sequence alignments as well as previous nomenclature. A
consensus schematic is shown for each of these three classes of
eubacterial proteinsin Figure 5.

In Scerevisiae the CCAl gene encodes three proteins
(Ccalp-I, Ccalp-ll and Ccalp-Ill) that result from differential
trandation starts at three in-frame AUGs (44). Eight of the
eukaryotic genes have multiple ATGsin thisN-terminal region
(Fig. $4), suggesting that multiple forms of Ccalp could also
be produced by these genes.

Ccalp-| from Scerevisaeis located primarily in mitochondria
whereas Ccalp-1l and Ccalp-Ill arelocated both in the cytosol and
the nucleus (45). Like Mod5p, Trm1p and Htslp the N-terminus of
Scerevisiae Ccalp contains mitochondria targeting information.
For each of the other eukaryotes wherethereis sufficient infor-
mation, the eukaryotic Ccalp counterparts have an N-terminal
extension that is absent or different in the eubacterial and
archaeal proteins. Thisregion most likely directs the non-plant
Ccalp to mitochondria. Plant Ccalp should also be directed to
the chloroplast. As chloroplast targeting information also is
usually located at the N-terminus and resembles mitochondrial
targeting information (46; for areview see 47), it isdifficult to
predict the function of the plant N-terminal Ccalp extensions.

Also, since no plant genome has been completely sequenced there
could be different genes for mitochondrial and chloroplast CCA
activities.

The location of other targeting information for Ccalp is
unknown, but there are other regions that contain additions not
found in eubacteria (94-103; 109-114 Scerevisiae numbering).
There are also extensive regions of the proteins that are dissimilar
between eukaryotes and prokaryotes (Fig. 5) that could contain
nuclear targeting information.

Unglp homologs and conservation of regionsfor subcellular
distribution

Uracil-DNA glycosylase (UNG or UDG) is a DNA repair
enzyme. The ung gene is found in 33 eubacteria, but is not
present in archaea. Thus, either another gene product supplies
this function or this function is not required. Interestingly, of
the 19 complete eubacterial genomes, the ung gene is absent
from six (Rickettsia prowazekii, Clostridium acetobutylicum,
Treponema pallidum, A.aeolicus, Thermotoga maritima and
Synechocystis), again suggesting that this function may not be
required. Also of noteisthat within the genus Clostridium one
organism, Clostridium difficile, contains a ung gene while
C.acetobutylicum does not. UNG genes are also present in
some viruses and consensus sequences for the Ung protein
from 23 Herpes simplex viruses and five pox viruses are shown
in Figure Sb.

The human homolog of this enzyme is the most thoroughly
studied. BLAST searches revealed Ung homologs in 11 other
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Figure 6. Schematic diagram of Unglp alignment. A sequence alignment of all identified Unglp homologs can be found in Figure S5. Unglp was not identified
in the archaeal domain. Thirty-three homologs were identified in the eubacterial domain and a consensus schematic is presented for these homologs. The schematic
for plant in this figure is acomposite of poplar and tomato. Regions of uninterrupted sequence similarity are shown as crosshatched colored boxes. Alternatively spliced

exons are aso indicated. See Methods for additional explanations.

eukaryotes. The mouse homolog is very similar to the human
(90% similarity) and both sort this enzyme between the
nucleus and mitochondria via a mechanism that depends on
aternative splicing (48,49; Fig. 6). This mechanism may also
be used in C.elegans asthereisan extra‘exon’ upstream of the
UNG gene which could be used to supply additional targeting
information. However, this putative exon does not resemble
known MTS or NLS moatifs. Disregarding this putative exon
the C.elegans ORF contains four in-frame ATGs. Downstream
of AUG2 there is a sequence resembling aMTS, but we were
unabletoidentify aclassical simpleor bipartite-like NLSinthe
N-terminal region. In S.cerevisiae there are four methionines
within the first 50 amino acids and alternative transcription or
trang ation start sites could provide the sorting mechanism for
this enzyme; however, the available data (50; P.Burgers,
personal communication) indicate that Unglp is solely nuclear
and unlikely to sort to mitochondriain yeast.

Since Unglp should function within the nucleus of eukaryotes,
there should be information to target this enzyme to the
nucleus. Most of the eukaryotic and viral Ung proteins contain
extra N-terminal sequence information not found in the bacterial
counterparts. The human and mouse nuclear targeting information
resides within this region and Scerevisiae and P.falciparum
appear to contain conventional bipartite NLSs within this

region.

CONCLUSIONS

We surveyed five families of proteins containing at least one
confirmed sorting isozyme. Four of these protein families have
members that are highly conserved across taxonomic domains
and the eukaryotic proteins contain additional sequences not

found in the eubacterial or archaeal counterparts. Although the
fifth protein, Ccalp, fits the pattern established by the other
proteins in a limited sense, large portions of this protein are
dissimilar when compared across taxonomic domains.

Additional information can be located at the N- or C-termini
or it can be located internally. The location of additional
sequence information is conserved, but the sequences are not
necessarily similar. It has been proposed that intron locations
correspond to positions separating independent functional
domains of proteins (51,52). Although our data set is limited,
our analysis does not appear to support this view. In general,
ADEPTs do not correspond to genomic spliced regions.

We summarize the evidence that the additional sequences
can encode information to sort the isozymes to appropriate
subcellular locations (Fig. 1). The data lead us to propose the
ADEPT hypothesis that similarly located extrainformation in
other eukaryotic homologs will serve the same rolesin protein
subcellular distribution. We present this type of analysis as a
predictive tool. Our results suggest that phylogenetic
comparison/multiple sequence alignment will be a useful tool
for predicting the cell biological information content of protein
sequences. Future mechanistic tests of the sequences identified
here will be necessary to determine how accurate these
predictions are. However, datato date are quite consistent with
the ADEPT concept.

SUPPLEMENTARY MATERIAL

See Supplementary Material available at NAR Online. Update
to the published Supplementary Material will be available at
http://www.collmed.psu.edu/l abs/ahopper/DRS/ADEPTY
sortpaper.htm
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