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Abstract

Background: Protein fold recognition using sequence profile searches frequently allows
prediction of the structure and biochemical mechanisms of proteins with an important biological
function but unknown biochemical activity. Here we describe such predictions resulting from an
analysis of the 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenases, a class of enzymes that are
widespread in eukaryotes and bacteria and catalyze a variety of reactions typically involving the
oxidation of an organic substrate using a dioxygen molecule.

Results: We employ sequence profile analysis to show that the DNA repair protein AlkB, the
extracellular matrix protein leprecan, the disease-resistance-related protein EGL-9 and several
uncharacterized proteins define novel families of enzymes of the 20G-Fe(ll) oxygenase
superfamily. The identification of AIkB as a member of the 20G-Fe(ll) oxygenase superfamily
suggests that this protein catalyzes oxidative detoxification of alkylated bases. More distant
homologs of AlkB were detected in eukaryotes and in plant RNA viruses, leading to the hypothesis
that these proteins might be involved in RNA demethylation. The EGL-9 protein from
Caenorhabditis elegans is necessary for normal muscle function and its inactivation results in
resistance against paralysis induced by the Pseudomonas aeruginosa toxin. EGL-9 and leprecan are
predicted to be novel protein hydroxylases that might be involved in the generation of substrates
for protein glycosylation.
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Conclusions: Here, using sequence profile searches, we show that several previously undetected
protein families contain 20G-Fe(ll) oxygenase fold. This allows us to predict the catalytic activity for a
wide range of biologically important, but biochemically uncharacterized proteins from eukaryotes and
bacteria.

Background

2-Oxoglutarate (20G)- and Fe(II)-dependent dioxygenases
are widespread in eukaryotes and bacteria and catalyze a
variety of reactions typically involving the oxidation of an
organic substrate using a dioxygen molecule [1,2]. One well-
studied reaction catalyzed by such enzymes is the hydroxyla-
tion of proline and lysine sidechains in collagen and other
animal glycoproteins [3-5]. In plants, enzymes of this family

catalyze the formation of the plant hormone ethylene by
oxidative desaturation of 1-aminocyclopropane-1-carboxylate,
and catalyze the hydroxylation and desaturation steps in the
synthesis of other plant hormones, pigments and metabo-
lites such as gibberellins, anthocyanidins and flavones
[1,6,7]. In bacteria and fungi, several members of this family
participate in the desaturative cyclization and oxidative ring
expansion reactions in the biosynthesis of antibiotics such as
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penicillin and cephalosporin [8-10]. The details of the cat-
alytic mechanism of these enzymes have been revealed by
determination of the crystal structures of isopenicillin N syn-
thase (IPNS), deacetoxycephalosporin C synthase (DAOCS)
and clavaminic acid synthase (CAS) [8-11]. These structures
showed that the catalytic core of the proteins consists of a
double-stranded B-helix (DSBH) fold containing a HX[DE]
dyad (where X is any amino acid) and a conserved carboxy-
terminal histidine which together chelate a single iron atom.
The substrates are bound within a spacious cavity formed by
the interior of the DSBH (see the Structural Classification of
Proteins (SCOP) [12]).

We use sequence profile analysis [13,14] to show that the
DNA-repair protein AlkB, the extracellular matrix protein
leprecan and the disease-resistance-related protein EGL-9
define new families of the 20G-Fe(1I) dioxygenase super-
family. AIkB is widely represented in bacteria and eukary-
otes and has an important role in countering the toxic DNA
modifications caused by alkylating agents in both
Escherichia coli and Homo sapiens [15-17]. Despite consid-
erable effort, the precise biochemical mechanisms of its
action in DNA repair remain unknown. Recent studies have
shown that AIKB is required for specifically processing
lesions resulting from the alkylation of single-stranded (ss)
DNA [18]. Our findings predict an unusual role for this
enzyme in oxidative detoxification of DNA damage. The
EGL-9 protein from Caenorhabditis elegans is necessary for
normal muscle function, and its inactivation results in
strong resistance to paralysis induced by the Pseudomonas
aeruginosa toxin [19]. We predict that EGL-9 is a novel
hydroxylase that could elicit its action through the modifica-
tion of sidechains of intracellular proteins. Similarly, we

show that the animal extracellular matrix protein leprecan
[20] defines a hitherto unknown family of protein hydroxy-
lases that might be involved in the generation of substrates
for protein glycosylation.

Results and discussion

The 20G-Fe(ll) dioxygenase protein superfamily:
classification and functional prediction

The Non-redundant Protein Sequence Database (NCBI) [21]
was searched using the PSI-BLAST program [22] run to con-
vergence, with a profile-inclusion threshold of 0.01 and AlkB
protein sequences from various organisms as queries. In
addition to the AlkB orthologs, these searches retrieved from
the database, with statistically significant expectation (e)
values, several other more distant homologs of AlkB, includ-
ing uncharacterized eukaryotic proteins and fragments of
the polyproteins of plant RNA viruses from the carla-,
tricho- and potexvirus families. Examples of homologs
found include: Leishmania L3377.4, iteration 5, e-value =
8 x 107; Drosophila CG17807, iteration 3, e-value = 4 x 10,
papaya mosaic virus, iteration 3, e-value = 2 x 104. Further
iterations of the search using each of the detected proteins as
anew query resulted in the detection of several more eukary-
otic proteins, including EGL-9 and leprecan, several
uncharacterized bacterial proteins and prolyl and lysyl
hydroxylases. Finally, another iteration of database searches
initiated with the sequences of bacterial proteins, typified by
E. coli YbiX, resulted in the unification of these proteins with
plant dioxygenases such as leucoanthocyanidin oxidase and
gibberellin-20 oxidase. In this context, it should be noted
that the DNA-repair proteins typified by E. coli AlkB are
unrelated to the alkane omega-hydroxylase typified by the

Figure | (see pages 3 and 4)

Multiple sequence alignment of the 20G-Fe(ll) dioxygenase superfamily. Individual protein families are separated by blank
lines and a brief description of each family is given to the right of the alignment. The numbers at the ends of the alignment

indicate the position of the first and last of the aligned residues in the respective protein sequences. The consensus secondary
structure is shown above the alignment in uppercase letters. It was derived by taking those elements that are shared by the
predicted structures of individual families and the experimentally determined structures; H indicates o helix and E indicates
extended conformation (B strand). The lowercase letters represent extensions of the secondary structure elements that are
seen in some, but not all, members of the superfamily. The conserved amino-terminal extensions that are specific only to a
given family are separated from the rest of the alignment by vertical lines. The coloring of the alignment columns is according
to the 85% consensus that is shown underneath the alignment and includes the following categories of amino acid residues:
h, hydrophobic; |, aliphatic; a, aromatic (Y, F, W, H, L, I, V, M, A, all shaded yellow); s, small (S5, A, G, T, V, P, N, H, D, shaded
blue); b, big (K, R, E, Q, W, F, Y, L, M, |, shaded gray); +, positively charged (K, R, H; colored magenta). The (predicted)
catalytic residues are indicated by asterisks and with reverse red shading. The proteins are designated by the protein/gene
name, the species abbreviation and the gene identification (Gl) number. Protein abbreviations are: CAS, clavaminic acid
synthase; DAOCS, deacetoxycephalosporin C synthetase; EFE, ethylene-forming enzyme; FLAS, flavonol synthase; Ga200x,
giberellin 20-oxidase; IPNS, isopenicillin N synthase; LDOX, leucoanthocyanidin hydroxylase; Lep, leprecan; P4HA, prolyl-4-
hydroxylase; PLO, lysyl hydroxylase; SanF and SanC, enzymes involved in nikkomycin biosynthesis. The remaining names are
the standard names of the genes that encode the respective proteins. Species abbreviations: At, Arabidopsis thaliana;

Bb, Borrelia burgdorferi; Cc, Caulobacter crescentus; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis; Dm, Drosophila melanogaster;
Ec, Escherichia coli; Em, Emericella nidulans; Hs, Homo sapiens; Lc, Lysobacter lactamgenus; Le, Lycopersicon esculentum;

Mtu, Mycobacterium tuberculosis; Nc, Neurospora crassa; Pa, Pseudomonas aeruginosa; Pet, Petunia hybrida; Rr, Rattus rattus;

Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Sot, Solanum tuberosum; Scoe, Streptomyces coelicolor;

Scan, Streptomyces ansochromogenes; Scla, Streptomyces clavuligerus; Ssp, Synechocystis; Vc, Vibrio cholerae; ASPV, apple stem
pitting virus; ACLSV, apple chlorotic leaf spot virus; BSV, blueberry scorch virus; GLV, garlic latent virus; GVA, grapevine
virus A; PBCV, Paramecium bursaria chlorella virus; PMV, papaya mosaic virus; SHVX, shallot virus X.




Secondary Structure:
YBI X_Ec_3025022
PA4515_Pa_9950756
Ybi x_Bsep_5777381
XF0598_Xf 9105464

Lep_Rr_5805194

23 PQDVARFREQLEQAEVWDGRVTTGAQGAQVKNNQQVDT| RSTL YAAL QNEVL NAVNQHAL FFAAA-
11 AEEVSRI RAAL EQAEWADGKATAGYQSAKAKHNLQLPQ DHPLAREI GEAMLQRLWKHPL FVBAA-
11 PAEAAQ RARLEAADWDGKVTAGYQSAQVKHNRQLSE| QHPLAQEL GGLI LQRLAANNL FVBAA-
11 RTQATSMERLAAANWTDGRETVGPQGAQVKHNL QLPE| TSPLRQELGNEI LDALARSPLYFAAT- - - - - - - LPLRTLPPRENCYQ - - - - = <= - - - - ENHGYGREMVEGAV

497 SPHTPNEKFYGVTVLKALKLGQEGK- - VPLQS| AHWYNVTEKVRRVMESYF- - - - - - - - - - - - - RL- DTPLYFSYSHLVCRTAI E- ESQAERKDSSHPVIZVENCI
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AK025841_Hs_10438479 159 SPHTPNEKFYGVTVFKALKLGQEGK- - VPLQS| AHLYYNVTEKVRRI VESYF- - - RL- DTPLYFSYSHLVCRTAI E- EVQAERKDDSHPVEVANC!
FLJ10718_Hs_8922619 317 SPHTPNEKFEGATVLKALKSGYEGR- - VPLKS| ARLFYDI SEKARRI VESYF- - - =< === =< -- M_- NSTLYFSYTHMVCRTAL S- GQQDRRNDL SHPI FASNCL
Lep_Ci _9229924 216 SPHSEHEL FQAMIVYLAAKLAEKGK- - VPPQT| AALYYKLSEEARLQVKMYF- - - - - - - - - - - - - KL- TQEL YFDYTHLVCRTTVK- GKPVKRTDL SHPVESIENCL
AK025875_Hs_10438524 146 DLHSGAL SVGKHFVNL YRYFGDKI QNI FSEED| FRLYREVRQKVQLTI AEAF- - - - - - == - - - - - G SASSLHLTKPTFFSRI NST- EARTAH- DEYWHAZVIEKVT
EGL-9_Ce 5923812 418 FHI KDI RSDH YWYDGYDGR| AKDAATVRLLI SM DSVI QHFKKRI DHDI G- - - - - - GRSRAMLAI ¥P- - - < <<= < - - - GNGTRYVKEVENPY
AK025273_Hs_10437756 68 VSKRHLRGDQ TW GGNEEG] - - - CEAI SFLLSLI DRLVLYCGSRLGKYYV- - - - - KERSKAMVACYP- - GNGTGYVRIVENPN
CGl114_Dm 7296772 97 VRGDKI RGDKI KWGGNEPG - - - CSNVWYLTNQ DSVWYRVNTVKDNG LGNYHI RERTRAMVACYP- - GSGTHYVMIVENPQ
VCA0949_Vc_9658386 53 QRAADI RSDKI QALDLSM3Q PVQDYLERVEQ RCEVNRHFFLGL- - - - = - - - - - - FEYEGAHFAKYE- - - - - <= == === AGDFYLKELISFR
PA0310_Pa_9946156 85 VI REG RGDLTQAL EPGESE| ACDEYL GVVDSLRQALNASLFLGL- - - - =< - - - - - EDFEGCHFALYP- - - =< === == - - PGAYYQKEVERFR
P4HA_Hs_4505565 360 LSRATVHDPE- - TGKL TTAQYRVSKSAW.SGYENP) - - - - - VVSRI NVRI QDLTGLDV- - - STAEELGQVANYG - VGGGYEPEFEFAR
CG9728_Dm 7301967 798 NHRSTVNPLP- - GBQLKKSAFRVSKNAW.AYESHP) - - - - - TM/GM_RDLKDATGLDT- - - TFCEQLGQVANYG - VGGHYEPEVSFFR
CG1546_Dm 10726875 351 M/RSAVAGS- - - GGEGTVRDLRVSQQTW.DYKS- P| - - - - - VMNSVGRI | QFVSGFDM - - AGAEHVVANYG - VGGGYES YF-
P4HA_Ce_1709529 352 LARATVHDSV- - TGKLVTATYRI SKSAW.KEVEGD] - - - - - WETVNKRI GYMTNLEM - - ETAEELGIANYG - | GCHY|

P4HA_Dm 7301948 141 FRRATVQNSV- - TGALETANYRI SKSAW.KTQEDR| - - - - - VI ETVWQRTADMIGLDM - - DSAEELQVVNYG- - | GGHYE! IF FAR
CG9713_Dm 7301967 354 LKRATVYQAS- - SGRNEVWKTRTSKVAWFPDGYNP) - - - - - LTVRLNARI SDMIGFNL- - - YGSEM_GLM\WYG- - LGCHY| FFN
C14E2.4_Ce_1166595 116 MNEQKVVRDD- - GEI AYSTYRQANGTI TPAHSHAE] - - - - - AQSLMDTATQLL PVFDF- - - QYTEQ SaLSyl - - KGBHYAL FLT
Y43F8B. 4. b_Ce_3947627 347 FEEQLVVNDD- - GNDI VSKI RRANGTQVFHEDHPA - - - - - ARSI WDTAKNLLPNLNF- - - KTAEDI LALSYN- - PGGHY, YLL
T20B3. 7_Ce_7508029 39 LEI QKTS- DF- - GT'SI ETTHRRANGSF| PPEDSNV] - - - - - TVEI KMQAQKRI PGLNL- - - TVAEHFSALSYL- - PGGHYAVE YR YLD
0G9708_Dm 10726879 1134 LERAKVFRVE- - KGSDEI DPSRSADGAW.PHQNI D| PDDLEVLNRI GRRI EDMIGLNT- - - RSGSKMGFLKYG - FGEHFV YFN
PAHA_At 6437556 70 LQRSAVADND- - NGESQVSDVRTSSGTFI SKGKDP| - - - - - | VSG EDKLSTWIFLPK- - - ENGEDL QVLRYE- - |F YF-
P4AH_PBCV_9631654 76 LI KSEVGGATENDPI KL DPKSRNSEQTWEMPGEHE| VI DKI QKKTREFLNSKKHCI DK- - - YNFEDVGVARYK- PGQ«YY

B12F1. 100_Nc_9368561 314 YLPDAPI KED- - GSES- - - SI LAHNVYW VDQTFH| DALW ERVRPFI PTHDAGRKAR: - - = - = < = = - = - - G NRRFRVYRYV- - - - < =< = <= ==
PLOD_Ce_6093732 565 ERFCEEL| EEMEGFGRWSDGSNNDKRLAGGYENVPTRDI HVNQVGF| ER- QAL YFVDTYVRPVQEKTFI GYYHQ - - - - - - PVESNMVFYVRYK- - - - - - - - - - - PEEQPSL |
PLO_Dm 7294743 556 DAFCDDLVAI MEAHNGWSDGSNNDNRL EGGYEAVPTRDI HVKQVGL | ER- LYLKFLQVFVRPLQERAFTGYFHN- - PPRALMNFMVRYR- - PDEQPSLRPE SST
PLO2_Hs_6093730 573 EKACDELVEEMEHYGKWSGGKHHDSRI SGGYENVPTDDI HVKQVDL| EN- VALDFI REFI APVTLKVFAGYYT- - - KGFALLNFYVKYS- - PERQRSLRPEHIAST
PLOL_Hs_400205 563 EVACDELVEEMEHFGQUSLGNNKDNRI QGGYENVPTI DI HVNQI GF| ER- EWHKFLLEYI APMIEKLYPGYYT- - RAQFDLAFVVRYK- - PDEQPSLVPEHSAST
PLOB_Hs_6093731 574 EQVCDEL VAEMEHYGQWSGGRHEDSRLAGGYENVPTVDI HVKQVGY| ED- QALQLLRTYVGPMIESL FPGYHT- - - KARAVMNFYVRYR- - - PDEQPSLRPEHESST
MRC8. 21_At _9294077 177 PSFCEMMLAEI DNFERWGETKFRI MRPN- - - TMNKYGAVL DDFGL | DT- M.DKLMVEGFI RPI SKVFFSDVGGA- - TLDSHHGFVVEYG- - - KDRDVEL DSE
K9D7. 16_At _10178205 135 PDFFQKLLVEVENVRKW HEAKLM RKPN- - - NKSKYGVVLDDFGM DI - MKPLVEDFI FPI CKVFFPQVCGT- - MFDTQHGFVI ENC- - - EDRDAEL
AK023553_Hs_10435524 87 APFOQALLEELEHFEQSDVPKGRPN- - - - - - - TMNNYGVLLHEL GL| DEPLMTPLRERFLQPLMAL L YPDCGGG- - RLDSHRAFVVKYA- - PGQDLEL NAE
SPBOBBL. 08¢c_Sp_7491725 91 NMLKYLRQVRDA| LY- - - - SEEFRSHVQKI TGOGP- - - - - - - - - - - L SASKKDL SVNVYS- - - - - = - - - - - - - KecHL DAV -
Yer 049wp_Sc_731462 108 SRLPNLFKLRQ | LY- - - - SKQYRDFFGYVTKAGK- - - - - = - - - - - LSGSKTDVBINTYT- - - - - - - - - - - - - KGCHLL DEVI -
KI AAL612_Hs_10047299 115 RREPHI STLRKI | LF- - - - - EDFRSW.SDI SKI D- - - LESTI FDVBCAKYE- - TDALLGEDSEL -
CG18761_Dm 10726758 137 MPACRLLTNFLQ VL- - - - RKQVRPVLEKVTNLK- LD- - YVSASCSMYT- CCDYLLVE |_|_»
C17Gl0. 1_Ce_861277 104 | NPVENPAVFSF| RQ - FLYKEVKEWLQNVSGVE- - - - - - = - - - - - LTE- QVDCNGSCYA- - - - - = - == - - - - RTDSLLPL
sanC_Scan_7407127 77 DQURTLPANVQQ LVADVVSRPYREALSALTGVD- - - - - - = - - - - - LERCLVEARMTRYA- - - = - = - == - - - - RGOVIE
SanF_Scan_8389327 71 PVFPRLPGWIRD| LVEDLRGAEFTAW EKSTG E- - - -- LAGLGRS| CLYTHR- - NGDYL KP-
sl 1 0428_Ssp_1653558 203 MFLPI FAPFSEL| |1 ----- ERVKAI LPQLI SDLQ - | QPFQI DYVEAGLTAHN- - HGNYY| NG
sl 10191_Ssp_7469866 154 LFSQKI PALSAL| I R----- ERI KQKLPELLGQLN-- - - - - - - FSPFEVAEI ELGLTAEN- - - - =< == - =< - - DGCYYRI ENZAG
CAS_Scl a_322266 53 FNAEGSEDGHLLLRGL- - PVEADADLPTTP- - - - - - - - - - - SSTP| - - - - APEDRSLLTMEAM.GLVGRRLGLHTG- - YRELRSGTVYHDVYP- SPGAHHL - SSETSETLLEFETEMA-
| PNS_En_124825 104 CYLNPNFTPDHPRI QAKTPTHEVNVWPDETKHPG-

FLAS_Pet 421946 136 VEGKKGAMWDHLFHKI WPPSAVNYRYWPKNPPS- - - - - - YREANEE| YGKRVREVWDRI FKSLSLGLGLEGHEM EA- AGGDE! VYLLKINYYP- - PCPR- - - - - PDLALGVVAZ TENVG-

FQDFAEQ YYWDVFGLSSALLKGYALALGKEENFFARH FKPDDTLASWVLI RYPYLDPYP3KTAADGTKL! SFEg S-

]
LDOX_Pet _1730108 137 ACGQLEVEDYFFHCAFPEDKRDLSI WPKNPTD- - - YTPATSE| YAKQ RALATKI LTVLSI GLGLEEGRLEKEVGGVEDL LLQVKINYYP- - KCPQ- - TiVS-

Srg_At _479047 135 EDQKLDWADL FFHTVQPVEL RKPHLFPKLPLP- - - FRDTLEM YSSEVQSVAKI LI AKMARALEI KPEELEKL - FDDVDSVQSMRMNYYP- - PCPQ- - - - - PDQVI CLTPEISESV-

EFE_Le_398992 80 EVTDLDWESTFFLRHLPTS- - NI SQVPDLDEE: - YREVIVRD| FAKRLEKLAEEL L DL L CENLGLEKGYLKNAFYGSKGPNFGTKVSNYP- - PCPK- - - - - PDLI KCLRA:! G

Ga200x_Sot _10800976 156 LQGSSHWDQYFLKTM - - - - - GEDFSH-- - - - - - | GKFYQE| YCNAVBTLSSG MELLGESLGVSKNHFKQ- - - FFEENESI MRLNYYP- - TCQK- - PDLALCTGPCyPT-
PA0147_Pa_9945977 97 FKETFDVALHL PAEHPDVRAGKSFYGPNRHPDLP- - GAEALLEGH| Y- ADMLALARTVLRALAI ALG EEDFFDR- - - RFEQPVSVFRLI HYP- - PASA- - - RQSADQPCAGAS YG
PA4191_Pa_9950401 98 VKEGL YL GSELDAEHPEVRAGTPLHGANLFPEVP- - - GLRETLLE| YLDATTRVGHRLMEG ALGLGLEADYFAAR- - YTGDPLI LFRLFNYPSQPVPE- - - - GLDVQACVGE:!

| SP7_Sp_729862 181 FRESFYFGNDNLSKDRLLR- - - PFQGPNKWPSTAGS- SFRKALVK| YHDQVLAFANHVVSLLAESL EL SPDAFDE- - - FCSDPTTSI RLLRYP- - - - - - - - - - SSPNRLCVQES:!

SPCC1494. 01_Sc_7491815 81 FGEKLDVEHQSRGDLKESYDLAGFPDPKLENLCPFI AEHVDEFLQ FORHCYKLTLRLLDFFAI GFG PPDFFSK- - - SHSSEEDVLRLLKYSI - PEGV- - - ERREDDEDAGAS!

DACCS_Lyl _769809 89 CTNTGDYSDYAMVYSMS S- - - GNI FPTAH- - - - - - - - FERLWSD| YFDLYYG SRQAARAVLESMDVHLNTDI D- - - ALl DCDPVLRYRYFPDVPEDR- - - CAEQQPNRMAP::! LS—

RRPO_SHVX_548840 610 KGRLAAFYSRDGQGYSYTGYSH- - | KSQGW.- EGLDKLI EACGEKPT- - - - - - - - - - TYNQCLVQKYE- - - - - --- QGSRI i

POL_ASPV_487652 719 KGRGASFYSRDLKGYSYTGFSH- - | VSRGWP- AFLDKFLSDNKI PLN- - FYNQCLVQEYS- - TGHCLSM! DES =
POL_BSV_409711 708 KGRDAAWYSKEDREYKYNGGSH- - | LCRGWP- KW.QLWVQANGVDE- - - - - TYDCML.AQRYG - AQCKIGFZALNEE o
RRPO_PW_139137 554 TGRKAWFFSKDGKPYSYTGGSH- - | ASRGWP- NWLEKI LAAI El KEP- - LPEFNQCLVQCFK- - LQAAIPFE DEP o
POL_GLV_1154656 638 SNRDAAFYSKGSFSYNCNGGYH- - | TGQEWL.- GEFDSFLAI NGHDLE- - - - YENCVLFQKYD- - GGHCIGR! a
Pol _GVA 1405615 603 KGREVAFYSRHSKEYKYNGGSH- - | RSLGWD- EALNELTQELGLDD- - - - - SYDHCLIQRYT- - AGGST | o
RRPO_ACLSV_1710717 704 NRKAAYFCI DYPMVYFHDKI SY- - | PTFEAT- GEI KQ | MRARDKWG: - - - - - - - - - - - - ANFNSALTIQVYN- - DGCRLPLE! NEE a
T13L16.2_At_2708738 266 RGKGRETI QFGCCYNYAPDRAG- - | NPPG LQREEVDPLPHLFKVI | RKLI K- WHVLPPTCVPDSCI VNI ¥D- - EGDCIPP:I NHD ;
T19K4. 220_At _3036813 264 RGKGRVTI QFGCCYNYAPDKAG- - | NPPG LQRGDVDPMPSI FKV- - - - = - - - - oo oo - - 11 KSCl VNI YE- - EDDCIPP:I JNHD ]
At 2g48080_At _4249414 197 ETFVLFNKNTKGTKRELLQLGVP- | | FGNTTDEHSVEPI PTLVQSVI DHLLQWRL- | PEYKRPNGCVINFFDQ P- FCKRPPEVIE- - - g
AK000315. 1_Hs_7020317 111 APLRNKYFFGEGYTYGAQLQKRGP| GQERL YPPGDVDE! PEWHQLVI QKLVEHRVI P- - EGFVNSAVI NDYQ- PGCCIVS PI H g
CG17807_Dm 7291441 167 GSLKHRNVKHFGFEFLYGTNN- - - | VDPSKP- - - LEQSI PSACDI LWPRLNSFASTW DWSSPDQLTVNEYE- - - - - - - - - - - - - PGHCIPP 5
CG6144_Dm 7297712 26 LSH ERTPKPRWIQLLNRRLVNY- | GGVPHPNGM AEEI PEW.QTYVDK- - VNNLGVFESQNANHVLVNEYL- - - - - - - - - - - - - PGQCIL G’L

CG4036_Dm 7297561 93 DLDDLPWDI SQSGRRKQNFGPKTN| FKKRKLRLGSFAGFPRTTEYVQRRFED- - VPLLRGFQTI EQCSLEYEPS: KGASI DON
FLJ2001_Hs_38923019 91 LVDRDPVKL SQSGRRKQDYGPKVN| FRKQKLKTEGFCGLPSFSREVVRRMGL - - YPGLEGFRPVEQCNL DY CPE:-

C14B1. 10_Ce_6580210 188 QSLKHRAVVHFGHVFDYSTNS- - - | - ASEVK- - - EADPI PPVI NSLI DRLI S- - - DKYl TERPDQVTANVYE- - - - - - - - - - - - - SG—!CIP

SPAP8A3. 02c_Sp_7491301 62 VORNLI NNVPKELLSI YGSGKQ - | SHLYI PFPAHI NCLNDY! PSDFKQR- - - - - - LVKGQDAEAI | MOVYN- - - - - - - - - - - - - PGDCII

L3377.4_Lm 9989036 49 DASNLRKGYVDVYTRASDRI | LND| GRFQLPPLPPASFMPLLERLEQDN- - - VVPKSW.NNQTANLYE- - |I

MTCl 237. 14c_M u_2052134 58 RRQWDRVVDVPRLVSFHDLTI - - | EDPPHPQLARVRRRLNDI YGGELG --- EPFTTAGLCYYRD- - GSDSVA

Al kB_Cc_2055386 43 ALGSLGW SDARGYRYVDRHPE- - | TGRPWP- DMPPALLDLWIVLGD- - - - - - - - - - - PETPPDSCLVNLYA- - ----------- TGARMGL

ALKB_Ec_113638 63 NCGHLOAMTTHRQGYLYSPI DPQ- - | TNKPWPAVPQSFHNL CQRAATAAGY- - - - - - - - PDFQPDACLINRYA: - = - = == ==« = =

Al kB_Scoe_8894829 60 RQVCLGRHWYPYGYAATAVDGD- - | GAPVKPFPARL DGLARRAVTDAL GAEAV- - - - - APAPYDI ALINFYD- -

Al kB_At _4835778 173 LLRKLRWSTLGLQFDWSKRNYD- - | - - VSLPHNNI PDALCQLAKTHAAI - - - - AVPDGEEFRPEGAI VNYFG- -

Al kB_Sp_3080529 131 VHKKLRW/TLGEQYDWI TKEYP- - | DPSKSP- GFPKDLGDFVEKVVK- - - - - - ESTDFLHWKAEAAI VNFYS- - - - - - -------

Al kB_Hs_2134723 89 LLEKLRWTVGYHYNWDSKKYS- - | ADHYTP- - FPSDLGFLSEQVAAAC- - - - - - - GFEDFRAEAG LNYYR------------- LDSTLA EViYRSE

Consensus(85%: | hooa ..o

Figure | (continued on the next page)

Ps. oleovorans protein also named AlkB. Fortuitously, these
latter alkane hydroxylases are also oxygenases; however,
they are not 20G-Fe(II) dioxygenases but a distinct class of
di-iron enzymes [23]. On the basis of the results of database
searches with representative sequences, we delineated

several distinct families within the 20G-Fe(II) dioxygenase
fold and constructed individual alignments for each using
the ClustalW program [24]. Secondary structure was pre-
dicted for each family using the PHD [25] and PSI-PRED
[26] programs. Using the secondary structure elements
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from the experimentally determined structures of IPNS
(PDB:1ips), DAOCS (PDB:1dcs), CAS (PDB:1drt) and the
predicted secondary structures for individual families, the
conserved core of these elements was delineated (Figure 1).
A multiple alignment for the entire superfamily was
constructed by aligning the conserved sequence features
shared by all the individual families. The boundaries of the

secondary structure elements in the alignment were adjusted
using the secondary structure conservation as a guide.

The conserved portion of the 20G-Fe(II) dioxygenase super-
family proteins comprises the core DSBH domain seen in the
IPNS, DAOCS and CAS structures [8-10] and part of the
amino-terminal o helix that showed considerable variability



Figure 2

A structural model of the DSBH core of the 20G-Fe(ll)
dioxygenase superfamily. This is based on the Emericella
nidulans isopenicillin N synthase structure (PDB:lips). The
side chains of the amino acid residues implicated in catalysis
and in substrate binding are shown (see text) and the Fe(ll)
ion is indicated by a red circle.

in both length and sequence between individual families
(Figures 1,2). The DSBH region includes seven conserved
strands that are common to all these proteins and are
arranged in two sheets in a jelly-roll topology (Figures 2,3).
However, different families have specific inserts in various
positions between the conserved strands; some of these
inserts contain additional secondary structures and show sig-
nificant sequence conservation (Figures 1,3). For example,
the insert between the fifth and sixth strand in AIkB is pre-
dicted to contain an extra strand, whereas in the small-mole-
cule dioxygenase (IPNS/ethylene-forming enzyme (EFE))
family, the same region forms (or is predicted to form) a
short helix (Figures 1,3). The clavaminic acid synthase, an
outlier of this latter family, has its own characteristic inserts,
including a giant (approximately 70 amino acids) insert
between strands 4 and 5 [8], and some members of the AlkB
family have smaller inserts in the same position (Figure 1).
This reflects the relative resilience of the core DSBH to inser-
tions, and accounts for difficulties in unification of this
superfamily by sequence-based methods. The multiple align-
ment contains at least three characteristic conserved motifs
that center, respectively, at a HXD dyad near the amino ter-
minus, a histidine towards the carboxyl terminus, and an
arginine or lysine further downstream (Figure 1). The HXD

http://genomebiology.com/2001/2/3/research/0007.5

dyad is located in a flexible loop that follows the first con-
served strand and stacks with the sheet containing three of
the core strands (Figures 2,3). The second conserved histi-
dine is associated with the beginning of the sixth strand,
whereas the conserved basic residue (R or K) is in the begin-
ning of the seventh strand of the DSBH core (Figures 2,3).
The sixth position after the conserved basic residue is invari-
ably occupied by a bulky residue that is either arginine (in
AlkB) or phenylalanine or tryptophan in all other members
of this fold [8-10] (Figure 1).

The roles of all these conserved residues in catalysis are
apparent from the crystal structures of IPNS, clavaminic
acid synthase (CAS) and deacetoxycephalosporin C synthase
(DAOCS) [8-10]. The conserved HXD and the carboxy-
terminal histidine coordinate Fe(II) that is directly involved
in catalysis by these enzymes (Figure 2). The conserved basic
residue interacts with the carboxylate group of the acidic
substrate, while the bulky or aromatic residue located
carboxy-terminal to the basic one forms the base of the cleft
that holds this substrate molecule (Figure 2). Whereas most
of these enzymes necessarily use 2-OG as the acidic sub-
strate, IPNS does not bind 2-OG. Its place is occupied by its
single substrate, L-3-(a-aminoadipoyl)-L-cysteinyl-D-valine,
whose carboxyl sidechain interacts with the conserved basic
residue similarly to the OG-carboxylate in the other enzymes
of this superfamily [9,10].

The conservation of all the residues implicated in catalysis in
the biochemically uncharacterized proteins such as AlkB,
EGL-9, leprecan and YbiX suggests they all catalyze oxida-
tive reactions similar to those catalyzed by IPNS, DAOCS,
CAS and related enzymes such as protein lysyl/prolyl
hydroxylases, EFE and leucoanthocyanidin oxidases [1,2].
Using the available contextual information, we attempted to
predict possible substrates of these proteins. AIkB binds
ssDNA and is required for the processing of toxic DNA mod-
ifications caused by SN2 alkylating agents such as methyl-
methanesulfonate (MMS) specifically on ssDNA. On the
basis of the preferential specificity of AlkB-dependent repair
for ssDNA and for SN2 as opposed to SN1 alkylating agents,
it has been proposed that its targets include modified bases
such as Nt-methyladenine and N3-methylcytosine [18]. The
predicted 20G-Fe(II) dioxygenase activity of AlkB is proba-
bly involved in the detoxification of methylated bases in
ssDNA, possibly through hydroxylation of the methyl
groups, resulting in less toxic base derivatives. The hydroxy-
lation might be followed by a second oxidative step that
could remove the hydroxymethyl group, restoring the
normal base in DNA. These reactions are consistent with the
observation that, unlike AlkA, AIkB has no DNA glycosylase
activity [18]. The most intriguing finding made during our
analysis of the AIkB family is the existence of multiple
eukaryotic AIkB homologs, other than the actual orthologs,
especially in plants and their viruses. The specific action of
AlkB on ssDNA suggests that ssRNA could be the substrate

-
e
o
s
o
©
Q.
-
©
(7]
[]
0
2
fal
>




6 Genome Biology Vol2 No 3 Aravind and Koonin

Isopenicillin synthase

Prolyl-4-hydroxylase

Variable
insert
C C
o e
4// T
N
AlkB
N
C
o
4/1
Variable
region
Figure 3

Topological diagrams for three members of the 20G-Fe(ll) dioxygenase superfamily. The diagrams are based on the
experimentally determined structures for E. nidulans isopenicillin N synthase (PDB: lips) and structural models of prolyl-4-
hydroxylase and AlkB. The amino acid residues of the active site and the Fe(ll) ion are shown as in Figure 2.

for other members of this family. Given the presence of
RNA methylases that could modify RNA in a similar way as
the alkylating agents the function of the uncharacterized
AlkB-like proteins could be to reverse such modifications.
Such modifications might also be used in the host-mediated
inactivation of viral RNAs, and the AlkB homologs acquired
by some plant viruses could counter this host-defense
mechanism. The connection between nucleic acid methyla-
tion and the AlkB homologs described here is supported by
the domain architecture of a conserved pair of animal pro-
teins (C14B1.10 from C. elegans and CG17807 from
Drosophila) in which an amino-terminal AlkB-like domain
is fused to a carboxy-terminal predicted methyltransferase
domain. These proteins could potentially be involved in reg-
ulation of RNA stability or DNA repair via controlled
methylation/demethylation.

EGL-9 defines a new family within the 20G-Fe(II) dioxyge-
nase superfamily that is highly conserved in animals and is
also represented in the pathogenic proteobacteria such as

Ps. aeruginosa and Vibrio cholerae. In C. elegans, EGL-9 is
required for normal egg laying, whereas loss of its function
provides resistance to hypercontractile muscular paralysis
caused by Ps. aeruginosa [19]. The vertebrate homolog of
EGL-9 is specifically expressed in smooth muscles and is
likely to have a role in their function [27]. At its carboxyl
terminus, EGL-9 contains a MYND finger domain that is
probably involved in specific protein-protein interactions
[28]. The closest relatives of the EGL-9 family are the
proline hydroxylases with which they share a region of spe-
cific extended conservation amino terminal to the core
DSBH domain (Figure 1). This relationship, along with the
combination to the intracellular MYND domain and the lack
of signal peptides, suggests that the Egl-9 family proteins are
prolyl hydroxylases that modify intracellular proteins, unlike
the classic prolyl hydroxylases that have been implicated pri-
marily in the modification of collagens in the endoplasmic
lumen. The interesting aspect of the EGL-9 family is its pres-
ence in V. cholerae and Ps. aeruginosa (Figure 1), which
have apparently acquired these genes by horizontal transfer



from eukaryotes. The direct connection between this gene
acquisition and the action of the Ps. aeruginosa toxins on
animal muscles is unclear, but it seems possible that the bac-
terial EGL-9-like proteins modify host proteins in a manner
that favors the survival and spread of the pathogen. This
might be especially pertinent if the host downregulates the
endogenous ortholog in response to the infection.

Leprecan is a proteoglycan that is associated with the base-
ment membrane in chordates [20]. It and related proteins
contain an amino-terminal segment rich in leucine and
proline [20] and a carboxy-terminal globular part that
includes the 20G-Fe(II) oxygenase domain. More distant
relatives of the leprecan-like proteins include the T23K23.7
protein from Arabidopsis and a family of uncharacterized
proteobacterial proteins typified by YbiX (Figure 1). These
proteins are predicted to be previously unnoticed amino-
acid hydroxylases that catalyze modifications of intracellular
and extracellular proteins.

Evolutionary implications

Sequence conservation is high within individual families of
the 20G-Fe(II) dioxygenase superfamily, with specific
extensions typical of each family, but low between different
families (Figure 1). This observation, together with the
phyletic distribution of these proteins, provides some clues
to their evolutionary history. Members of this superfamily
could not be detected in the Archaea despite extensive
profile searches of the archaeal proteomes as well as transi-
tive searches seeded with many divergent sequences as start-
ing points. This suggests that, unlike bacteria and
eukaryotes, in which the superfamily is widely represented,
archaea do not encode bona fide members. A corollary of
this is that horizontal gene transfer between bacteria and
eukaryotes might have had a significant role in the evolution
of this superfamily. The DSBH fold that comprises the core
domain of the 20G-Fe(II) dioxygenases is also present in a
large number of proteins typified by the arabinose-binding
domain of the transcription regulator AraC, plant seed pro-
teins such as vicilin, and oxalate oxidase ([29]; see SCOP
[12]). Despite the lack of detectable sequence similarity to
20G-Fe(I1) dioxygenases, these proteins contain a conserved
HXH motif and a carboxy-terminal histidine that appear to
be equivalent to the metal-chelating HXD and carboxy-ter-
minal histidine of the latter (see above). Thus, these two
protein superfamilies could have evolved from a common
ancestor by acquiring distinct catalytic and ligand-binding
properties. The classic AraC-like DSBH proteins appear to
have a more universal distribution than the 20G-Fe(II)
dioxygenases, with diverse forms represented in archaea,
bacteria and eukaryotes. The 20G-Fe(II) dioxygenase super-
family is present in diverse bacteria that had probably
diverged before the diversification of the eukaryotes that
contain this superfamily. This, together with the phyletic dis-
tributution of the AraC and 20G-Fe(II) dioxygenase super-
families, leads us to speculate that the 20G-Fe(II)

http://genomebiology.com/2001/2/3/research/0007.7

dioxygenase superfamily evolved from the AraC-like super-
family in bacteria through drastic sequence divergence that
eliminated significant sequence similarity, followed by fixa-
tion of the modified active-site configuration.

In the case of the AIkB family, a single horizontal transfer event
probably resulted in their entry into the eukaryotic lineage,
which was followed by adaptation to new, RNA-related roles by
some paralogs. In the case of the small-molecule dioxygenase
(IPNS/EFE) family, a complex web of relationships can be
discerned. The EFE and the plant secondary metabolite
biosynthesis enzymes flavonol synthase, leucoanthocyanidin
hydroxylase and giberellin-20 oxidase show maximum
diversity in the plant lineage [1,6,7]. Their close homologs
are, however, also found in Pseudomonas, but not in other
well-studied proteobacterial lineages. Similarly, fungi
contain several enzymes involved in secondary metabolite
biosynthesis, such as IPNS and DAOCS, that are distinctly
related to their counterparts in actinomycetes. This patchy
phyletic distribution across kingdoms is suggestive of multi-
ple gene transfer events that have apparently led to the wide
dissemination of these proteins in bacteria and eukaryotes.
The close grouping of the ethylene-forming enzyme and its
Pseudomonas homologs [30] to the exclusion of other
members of this family in plants indicates a possible recent
acquisition of the gene in Pseudomonas from its plant hosts.
In Arabidopsis there is an expansion of small-molecule
dioxygenases (at least 75 members), whereas Ps. aeruginosa
has at least three recently duplicated members. This prolif-
eration of the small-molecule dioxygenases is consistent
with their possible role in the synthesis of secondary
metabolites in these organisms [1,6,7,30]. The amino-acid
hydroxylases show the greatest diversity in eukaryotes, and
are represented in a number of different forms in both
animals and plants. They were probably derived from small-
molecule hydroxylases early in eukaryotic evolution. In con-
trast, the predicted amino-acid hydroxylases of the EGL-9
family are seen sporadically, in single copies, in certain bac-
terial lineages such as V. cholerae and Ps. aeruginosa, sug-
gesting a secondary horizontal transfer from the eukaryotes
to bacteria.

Conclusions

Before this study, structure determination, biochemical
studies and sequence comparisons of 20G-Fe(II) dioxyge-
nases [1,9] had elucidated their structural fold, active-site
residues and reaction mechanism. Here, using sequence
profile searches, we show that many other protein families
contain the same constellation of active-site residues and are
predicted to adopt the same fold. This allows us to predict
the catalytic activity of a wide range of functionally impor-
tant, but biochemically uncharacterized, proteins from
eukaryotes and bacteria. In particular, we propose a specific
mechanism of action in DNA repair, and possibly in RNA
modification, for the AlkB protein and its homologs.
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Materials and methods

The Non-redundant Protein Sequence Database [21], the
Expressed Sequence Tags Database (NCBI) [31] and the
individual protein sequence databases of completely and
partially sequenced genomes [32] were searched using the
gapped version of the BLAST programs (BLASTPGP for pro-
teins and TBLASTNGP for translating searches of nucleotide
databases) [22]. Sequence profile searches were performed
using the PSI-BLAST program [22]; profiles were saved
using the —C option and retrieved using the —R option. Mul-
tiple alignments of amino acid sequences were generated
using a combination of PSI-BLAST, CLUSTALW [24] and
secondary structure predictions that were produced using
the PHD program [25] and the PSI-PRED program [26],
with multiple alignments of individual protein families used
as queries. The three-dimensional structure visualization,
alignment and modeling were carried out using the SWISS-
PDB-Viewer program [33].
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