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Abstract

Background: Uracil DNA glycosylases (UDGs) are major repair enzymes that protect DNA
from mutational damage caused by uracil incorporated as a result of a polymerase error or
deamination of cytosine. Four distinct families of UDGs have been identified, which show very
limited sequence similarity to each other, although two of them have been shown to possess the
same structural fold. The structural and evolutionary relationships between the rest of the UDGs
remain uncertain.

Results: Using sequence profile searches, multiple alignment analysis and protein structure
comparisons, we show here that all known UDGs possess the same fold and must have evolved
from a common ancestor. Although all UDGs catalyze essentially the same reaction, significant
changes in the configuration of the catalytic residues were detected within their common fold,
which probably results in differences in the biochemistry of these enzymes. The extreme sequence
divergence of the UDGs, which is unusual for enzymes with the same principal activity, is probably
due to the major role of the uracil-flipping caused by the conformational strain enacted by the
enzyme on uracil-containing DNA, as compared with the catalytic action of individual polar
residues. We predict two previously undetected families of UDGs and delineate a hypothetical
scenario for their evolution.
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Conclusions: UDGs form a single protein superfamily with a distinct structural fold and a common
evolutionary origin. Differences in the catalytic mechanism of the different families combined with the
construction of the catalytic pocket have, however, resulted in extreme sequence divergence of these
enzymes.

Background

Mutagenic uracil appears in DNA opposite to guanine as a
result of misincorporation or of deamination of cytosine.
Similarly, the deamination process generates thymine
opposite guanine in those organisms that undergo cytosine
methylation [1,2]. DNA is safeguarded from the conse-
quences of these events by the activity of uracil DNA glyco-
sylases (UDGs), which remove uracil (and sometimes

thymine) from the sugar backbone of DNA without break-
ing the phosphodiester bonds in the backbone. There are
different types of these enzymes in the three superkingdoms
of life. The best studied family of UDGs, typified by the
Escherichia coli Ung protein, is largely specific for uracil
and is present in a variety of bacteria, eukaryotes and large
eukaryotic DNA viruses [1,3,4]. The mismatch-specific
uracil DNA glycosylases (MUGs) have been identified in
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eukaryotes and several bacteria and, unlike the Ung-family
enzymes, are additionally active on G:T mismatches [5,6].
Comparison of the crystal structures of these two enzymes
has shown that they are structurally very similar, despite
the low sequence similarity [5]. Subsequently, two other
classes of UDGs have been characterized, one from ther-
mophilic archaea and several bacteria [7,8] (hereinafter
called AUDG) and the other from vertebrates (SMUG) [9].
The latter enzyme has a high specificity for uracil and for
single-stranded substrates. The single-strand-specific
UDGs (ssUDGs) are believed to be functionally similar to
the UNGs and MUGs because they possess motifs similar to
the catalytic motifs of the latter enzymes despite supposedly
lacking significant sequence similarity to them [9]. In con-
trast, the structural and evolutionary affinities of the
AUDGSs are uncertain [8]. Thus, considerable structural
diversity appears to exist among the UDGs, their generally
similar catalytic activities notwithstanding.

Here, using sequence profile searches, multiple alignment
analysis and structural comparisons, we unify all known
UDGs into a single protein superfamily and predict a
common a/f fold for them. We additionally detect several
new probable UDGs that are distinct from the already char-
acterized families, and explore the evolutionary scenarios
that could have resulted in the observed phyletic distribution
of these enzymes.

Results and discussion

Characterization of the UDG superfamily using
iterative database searches

An iterative PSI-BLAST search [10] (cut-off for inclusion of
sequences into the position-specific scoring matrix e<0.01)
initiated with the sequence of the TM 0511 protein, the proto-
type member of the AUDG family, retrieved, with statisti-
cally significant e values, not only its orthologs and highly
conserved paralogs from a variety of organisms, but also the
classical MUGs and the Drosophila ssUDG. In addition,
these searches resulted in the detection of uncharacterized
UDG homologs from the bacteria Deinococcus radiodurans,
Campylobacter jejuni and Neisseria meningitidis. The next
round of iterative searches initiated with the sequences of
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the newly detected UDG homologs resulted in the retrieval
of the Ung family of UDGs without any false positives. Thus,
by using multiple profile searches, it was possible to connect
all known UDGs, as well as several putative new ones
through statistically significant sequence similarity. Cluster-
ing of the proteins of the emerging UDG superfamily using
reciprocal retrieval in BLASTP searches as a criterion led to
the identification of six distinct families. These are: UNG
(orthologs of E. coli Ung); MUG (orthologs of E. coli Mug);
AUDG,; ssUDG; a previously undetected family that includes
members from the genus Neisseria, Mycobacterium leprae,
C. jejuni and Zymomonas mobilis (UDGX); and another
new family including members from D. radiodurans and
Rhodococcus erythropolis (DRUDG). Proteins from each of
these families were aligned separately, and the regions cor-
responding to conserved secondary-structure elements were
identified. The available three-dimensional structures of
Ung and Mug were superimposed, and the resulting struc-
tural alignment was used to combine the multiple align-
ments of all six UDG families (Figure 1). Comparison of the
multiple alignment with the available structures showed
conservation of the principal structural elements (Figure 1),
indicating that all proteins of the UDG superfamily adopt the
same o/f fold as Ung and Mug. This predicted structural
unity of the UDGs, along with the subtle but significant
sequence similarity, suggests a common evolutionary origin
for the entire superfamily.

The sequence conservation in the UDG superfamily is con-
centrated primarily in three motifs, with the two motifs
located near the amino and carboxyl termini corresponding
to the substrate-binding pocket (Figures 1,2). The ancestral
core fold of the UDG superfamily consists of a central parallel
four-strand B sheet with a 2-1-3-4 topology, which is associ-
ated with four helices; the substrate-binding pocket is formed
by the regions located after strand 1 and strand 4 (Figure 2).
The central conserved motif corresponds to a sharp turn
between strand 3 and the adjacent helix 3, which is one of
the most characteristic structural features of the UDG super-
family and is probably required to support the enzyme con-
formation needed to accommodate the DNA. In both
structurally characterized members of this superfamily (Udg
and Mug), a conserved aromatic residue located in the loop

Multiple alignment of the UDG superfamily. The secondary-structure elements of the core UDG fold are shown in color
above the multiple alignment. Some nonconserved elements in the MUG structure from E. coli are indicated in gray. The
coloring of the alignment positions is according to the 85% consensus that includes the following categories of amino acid
residues: h, hydrophobic, |, aliphatic, a, aromatic, shaded yellow (YFWLIVMA); s, small, individual letters colored green
(SAGTVPNHD); p, polar, colored purple (STQNEDRKH); u, tiny, shaded green (GAS); and b, big, shaded gray
(KREQWFYLMI). Af, Archaeoglobus fulgidus; Bb, Borrelia burgdorferi; Bs, Bacillus subtilis; Cj, Campylobacter jejuni; Ct, Chlamydia
trachomatis; Dm, Drosophila melanogaster; Dr, Deinococcus radiodurans; Ec, Escherichia coli; Hi, Haemophilus influenzae;

Hp, Helicobacter pylori; Hs, Homo sapiens; Mtu, Mycobacterium tuberculosis; Ph, Pyrococcus horikoshii; Rp, Rickettsia prowazekii;
Sc, Saccharomyces cerevisiae; Scoel, Streptomyces coelicolor; Sp, Schizosaccharomyces pombe; Ssp, Synechocystis sp.; Tp, Treponema
pallidum; Uu, Ureaplasma urealyticum; Yp, Yersinia pestis. The numbers at each end of each sequence are amino-acid positions
and indicate the extent of the domain in each protein. The numbers within the alignment indicate inserts that have not been
shown. The conserved motifs discussed in the text are designated I, Il and lll; the conserved aromatic (aliphatic) residue
involved in the stacking interaction with uracil is indicated by an asterisk.
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MOTIF-I *

€1 — € ——
UNG_Dr_6458396 68 RYTPLGEVKVLIL@ODPYHG-PNQAHGLSFSV 7 PSLRNIYKELTEDIP-----GFVAPK-----HGYLRSWAEQGVLLLNA-----VLTVRAGQANS--HQGKGWEHFTD----
UNG_Ec_137035 49 RFTELGDVKVVILEODPYHG-PGQAHGLAFSV 7
UNG_BS_731053 50 HYTSYDDVKVVIL@ODPYHG-PGQAQGLSFSV 7
UNG_Ct_8134774 55 QSTPFDQVRVVILEODPYHG-EGQAHGLSFSV 7
UNG_Bb_3334401 52 NSLPFKDIKVVIIBODPYHG-KNQANGLAFSV 7 PSLONIFKEIEKSL-- --ILTVEEGKPSS--HKAIGWEIFTD-
UNG_Hs_2392165 49 QMCDIKDVKVVILEODPYHG-PNQAHGLCFSV 7 PSLENIYKELSTDIED-- —-VLTVRAHQANS--HKERGWEQFTD-—--—
UNG_Sp_3650377 127 HHTPLHKTKVILLEODPYHN-IGQAHGLCFSV 7 PSLVNIYKAIKIDYPD- ~SLTVRAHQAAS--HSGKGWETFTS—-
UNG_EBV_137034 76 RFCDPSDIKVVILEODPYHG--GQANGLAFSV 7 PSLRNIYAELHRSLPE-----FSPPD-----HGCLDAWASQGVLLLNT-~-~-~--ILTVQKGKPGS--HADIGWAWFTD-
MSV208_MSV_4049793 45 KYFNPEHTNVVIL@YRPFSL---IQDGLAFSC PIENKLFINEIFSNY] RLDKI ECLAKQGVLLLNV NLTIGSNI. DIGWEYLTN-—-—~
MUG_EC_17 23895 3 EDILAPGLRVVFCEINPGLS--SAGTGFPFAH PA-NRFWKVIYQAGFTD--ROLKPQEAQ-—————=- HLLDYRCGVTK: LVDRPTVQAN 'VSKQELHAGG
MUG_Sm_1176113 1 MELLAPNLRVVFCEINPGLS--SAHQGYPFAN GS-NRFWKVIHQAGFTE--SQLAPEQWQ--
MUG_Dr_7471909 19 PDVLOPGLTLVLVETAPSGI--SARARAYYAN PE-NKFWRTLHAVGLTP--RQLVPQEYA--
MUG_COrd ? DRIPNSDLRLLIVEVNPGLW--TAAVNAPFAH PG-NRFWPSLDRAGIVT-PRF JEK-~--HLAHLGIGMTN--
UDG_Hs_4507423 125 PDILTFNLDIVII@INPGLM--AAYKGHHYPG PG-NHFWKCLFMSGLSE--VQLNHMDDH-~ -TLPGKYGIGFTN
UDG_Dm_7304305 780 PDHLCDNLDIVIV@INPGLF--AAYKGHHYAG PG-NHFWKCLYLAGLTQ--EQMSADEDH-~- -=-KLIKQGIGFTN- --MVARATKGSA---DLTRKEIKEGS----
UDG_Sp_3915093 143 PDYICENPYAIIVELNPGIT--SSLKGHAFAS PS-NRFWKMLNKSKLLE--GNAEFTYLNDK: DLPAHGLGITN: LCARPSSSGA---DLRKEEMODGA-~-~-~
cj 1254_Cj_6968687 10 EPFFDKDSKILILESFPSIK--SRQODGFYYQH  PR-NRFWPILETLFNAK----LENIT------EQQAFLRKKHIALWD------' VLOSCKIKNSD--DKTISYAKAND-—--—
ORF1_Zm_6580777 6 APVININSRLLILESLPGVA--SLEKAQYYGH --VIGTAKRQGSL--DSNIKEVSPNP-
UDGX_Pgi. ? PPIEDGHLEILILESLPGDE--SIRRGQYYAH ~VAHSAIRKGSA--DIQICDEEPND-
UDGX_Mav ? PPVVDERARTLILESFPSAQ--SLLTGQYYAN -VLHACRRAGSADSAIEPNSLVVND-
UDGX_Ccr ? PPVVDAKTCVLILESLPGDA--SLAAGQYYGH PR-NAFWRLMEGVIDAP -VIETARRPGSL--DAAIREPAAND-
UDGX_Mle ? PPVIGAGSRVLILEACPSAH--SLAKQQYYAN PE-NAFWSITNEFFGFE- -=VLYSCHCVGNTDSAIEPKRLAINN----
UDGX_HduC ? PAILPKSATVAMLETFPPTS-EKRCMEFHYPN FQ-NDMWRIMGLLFYKNLDHFRVDQEKRFDPVRIEAFLREKGIALCSS--
NMA0903_Nm_7379615 43 DSVLPPKAAVMMMETFPPKE-DKRAMQFHYPN FQ-NDMWRVYGLVFFNDAAHFQRLSEKAFDAEKIKAFLHERGIASCPT--
AF2277_Af_7451742 28 PGVGNEKAEIV [EAPGRD--EDLKGEPFVG AA-GKLLTEMLASI GLRREDVYIT! 'VLKCRPPNN]
PH1472_Ph_7430420 35 PGDGSYDTKIM [EAPGYW--EDQMGLPFVG KA-GKVLDELLKLI GLKRSEVYI IVKCRPPNNI
APE0427_Ape_7521017 18 PGEGPGEAGVMVVEEAPGRM--EDRLGRPFVG PA-GKLLDSLLELA GLSRGEVYIT! -VVKCRPP IEACL---—
TMO511_Tma_7451745 32 VGEGNLDTRIVF DKTGRPFVG RA-GMLLTELLRES IRREDVYICN: -VVKCR! TP DAACG-
aq_1693_Aae_7451743 36 PGDGNPYSLLVFVEEAPGEE--EDRQGKPFVG RA-GQLLNRLIEEVL REDVYIT! 'VCKCRPPQNR---KPTPIEMRACF-
SCD35.02_Scoe_7242712 43 FGAGKASARVMLVEEQPGDQ--EDRQGKPFVG PA-GHLLDRALAEA GLDPADAYVTNAVKHFKFTRAEPRKRRIHKAPTLRETAACG-
Zmllorf4_zm_5932364 36 CGEGSHTSPVIFVEEQPGDQ--EDLAGRPFVG PA-GQVFDEVMASI EEIYLTNAVKH--FKFWLKGERRIHQTPAPEEVDCCR-
DPOL_SPO1_93621 17 KGQGSKKARIIIV@ENPFDY--EYRKKKYMTG KA-GKLLKFGLAEVG IDPDEDVYYTS——===~ IVKYPTPENR---LPTPDEIKESM-~--~
DR1751_Dr_7471827 48 VSDGDPRAPLLI FVG OA-GOLLDRILAAA SLAREEAYLTN VTKCRAPNNR---TPLPLETATCT -~~~
TP0229_Tp_7521021 113 VGEGVADADVLVVEEAPGAE--EDRSGRPFVG RS-GKLLDAMLAAIG LSRQONCYT 'VVKCRPPRN] TPHETACCA-
RP845_Rp_7467866 93 FGDGNPQANIMLIBEAPGNT--EDLKGIPFCG ES-GNLLDNMLYATI ISRNNFYIT FWRPPANR---QPTLEEVDICR-
0RFX_ZI|I_4511934 95 FSEVKISPKLMVLSESPEAE--DMAQGQLFSG KA-GRLLHAMLDTL IKKQDIYFATMSP---IVEHIDYVKISSYAAGNSLTSHDY-
SC7H2.04c_Scoe_7479763 48 PGFGPPDARLLIVELAPAAH-GGNRTGRMFTG DRSGDVLYQALYDV-————— GLASQPTAVRVD---DGLELYGVRVTS—————— PVHCAPPAN--~--KPTPAERDTCR--~-—
RV1259_Mtu_6136484 120 PGWGSKRPRLLILELAPAAH-GANRTGRMFTG DRSGDQLYAALHRA GLVNSPVSVDAA DGLRANRIRIT. PVRCAPPGN----SPTPAERLTCS-
NMAO583_Nm_7379319 95 VPAASGITKLAVVELCPPIE--DAVYGQLFYG KA-GVLLDNILKAVG LDAAYVHKTC——=——-! WVKTAAVGNP---MPSEAAIETAT-
HP0650_Hp_7464325 46 IGLFNPTSKLTFITLTPMLD-----SQLNFLN NLKAAMLESIIQKVF NCPLKDCSILS LLKCDSNSLN:
cj 0963_Cj_6963400 53 MEPKIKNAKLLILDVFGQKS--ENESGILLNS KK-GEKLKHYIYQIL GLCDEDFYFSY LFKCFCNGKF
HI0220. 2_Hi_68317 13 48 LFSAPKTARINIVEOAPGLK--AEQSRLYWND KS-GDRLREWLGVDY === == — e e e e e e DYFYNSGIFAVLP--——-] MDFYYPGYGK----SGDLPPRQGF-
5111217_Ssp_7470025 39 LFGGNLGSQLCFFERDLGAD--EVRQGQPLIG AA-GRLVRKGFFEAWQ----GRVPRGQDD-——~—~ LOTVCORILLTN-——~=~ TVPYKPPENK----AYSVKVKERF---—
DPOLIIIA_Yp_7467326 981 PSIGIKPKIMVILDNANGND---GRTGYFMEN -GY-DDFKAKLLTAG DLRMGDLYVT VCKKVKDKEK---DYTKDEIGQFT-
DR0022_Dr_7471700 30 ILCLLEAPGPQAA( Is 4 'QLIADS RREQLLLWN. IVPWYVGDDHRIRGVKQGEIQEGA-
02_Rcoc_2190953 42 PDDGGDAARCLVLLESPGPK-TIRPGGTNMCS 4 DRTNPVLKSVFADA IDRVQCVKWN: IVPWAVLDDAGHPVSPTASVLGEA----
CGSZSS_DII\_7300236 79 RRYMDGPKKLV! PGPN-GMAQTGIPFGN 36 PSGVRLWELFLRLA OQTFSQQCFVHNF ~---CPLAFFGADGR-~--NITPSEIRGAYKNOQL
SSUDG_Hs_7657597 70 TRYCQGPKEVLF. PGPF-GMAQTGVPFGE 36 --GQPEVFFHHCFVHNL -CPLLFLAPSGR---NLTPAELPAKQREQL
consensus/85%  ......... lhhlu..P......... s..ass ..hh...... Secennanan b...s.....

MOTIF-II MOTIF-III
- ¢ > = =

UNG_Dr_6458396 ~AVIKAVNAKEER--VVFILWE-SYARKKKKLITG NHVVIESGHP] 229\
UNG_Ec_137035 -KVISLINQHREG--VVFLLWE-SHAQKKGAIIDK ORHHVLKAPHP] 211
UNG_BS_731058 -RIIDVLSERERP--VIFILWE-RHAQMKKERIDT HF ITESTHP] 211
UNG_Ct_8134774 ~AIVTKLIQNRTH--VIFVLWE-NAARQKCNLLFQTK QHAVLACPHP --FFGCCHFSKINYLLK 217
UNG_Bb_3334401 ~EVIKIISKNLKN--IVFMLWE-NLARSKKGLIDPTK HLILETSHPEPYSANNG FLGSNHFSSALDYLK 213 |UNG
UNG_Hs_2392165 —AVVSWLNONSNG--LVFLLWE-SYAQKKGSAIDR RHHVLOQTAHPEPLSVYRG— --FFGCRHFSKTNELLQ 211
UNG_Sp_3650377 —AVLQVALNRNRK-GLVILAWE-TPAAKRLOGLPL. KAHYVLRSVHPSPLSAHRG- FFECHHFKKTNEWLE 290
UNG_EBV_137034 -HVISLLSERLKA--CVFMLWE-AKAGDKASLINS KKHLVLTSQHPSPLAQNSTRKSAQQK-FLGNNHFVLANNFLR 244 -~
M5V208_M5V_4049793 ~DIIKKISINNDN--IVFILIB-SKMHDKCNIIHNI FIIKTSYPSYQTLYSENSKYNVIPFINSKCFIKANEYLK 218/ [¢]
MUG_Ec_1723895 -RKLIEKIEDYQP--QALAILE-KQAYEQGFSQRGAQ: DTLTI TOIWVLPNP --RVSLEKLVEAYRELD 160\ o
MUG_Sm_l 176113 —-EALQEKILRYQP--RALAILE-KOAFTTAFGVKNAP DTLTL 'TEVWVLPNP| 158 =
MUG_Dr_7471909 -DELRRKVEHYRP--RIVAFTE-KRGASETLGVPTGK~ 184 8
MUG_Cord —QRVIHLANALRP--RVVAVVE-ITAYRAGFQHRKAV-- ? |MUG o
UDG_Hs_4507423 -RILVOKLOKYQP--RIAVFN] ---TETLCYVMPSS] ~PRAQDKVHYYIKLKDL 295 -
UDG_Dm_7304305 -RILLEKLORFRP--KVAVFN| ~GTDTFIWVMPSS] --RAADKVPFYAALKKF 943 ]
UDG_Sp_3 915098 -RILYEKVKRYRP--QVGLFISGKGIWEEMYKMLTGKKLPKTFVFGWQPEKF - - -=GDANVFVGISS --DEKKQONLWNLFAEEV 314/ 3
Ccj 1254_Cj_6968687 ~LNLILSQTKI----QAIFTTE-QSAYRFF. -VKFHP RLEAIALPST] -FSFEQLLONYEIIKKFTK 160\ i)
ORF1_Zm_6580777 LGDLIGKLPNL- -KALAFQ -QKAAQLG IKELQK IGAKLPYYILPST] --VAYDVKKAAWIKLQEI 160 g
UDGX_Pgi IRSLIERNPRL----HTIAFN@-RKAEAMF HFP TLAIRCLLMPSTE ~GKTLDLLVKDWNRIFSL ? >
UDGX_Mav ~TRVYFNE-AKAAELY RRLATA VCFORLPSTBPAHV-————=———-] MAPGAKLAAWAVLRNS ? |UDGX
UDGX_Ccr -RLVAFNB-GTAGRLG GRLIGT: RVSTLALPSS] RTFAQKAAAWAALRDG ?
UDGX:Mle -TFVYFN]| YRLADHHLARLADP ~-INQHGSRHAARDQPA ?
UDGX_HduC ~KWLFTT] LSLLPEKSKLPKTNEWINYPYTTDRTLYLYRLPST] LSLAKKVEAYRQFFV ?
NMA0903_NI|\_7379615 —~RHICTT) AGRDLTLTRLPST] --LSLAKKAAAYRAFFE 222/
AF2277_Af_7451742 -DYLVRQLEAIRP--NVIVCLE-RFAAQFIFNLF-DLEFTT---ISRVKGKVYEVERWG-~- —-KKVKVIAIYHP --PQLREEYESDFKKIGE 186\
PH1472_Ph_7430420 -PYLDAQIDIIKP--KVIVTLE-RFSTAYIMKKY-GFNVEP---ISKIHGRVFEARTLF-~- --GKIYIVPMYHP] --PQLRRELEEDFKKLKS 193
APE042 7_Ape_75 21017 -PYLVEQISLIRP--RLVIAVE-RHAGRTLFRLA-GLRWPG---LARARGRVWRGRIGG-~-——===== VELLIAVTYHP) --PGLRGELERDFSGFIR 176
TMOSll_Tma_7451745 ~HFLLAQIEIINP--DVIVALE-ATALSFFVD---GKKVS: ITKV] PIDWL. KVIPTFHP| 186
aq_1693_Aae_7451743 ~PYLKKEIEIIQP--KVICCLE-ATAGEGIL —-PRIKVFLTYHP| 190
SCD35.02_Scoe 7242712 -~PWLAAELDRVEP--ELIVVL} 209
zml2orf4_Zm 5932364 ~YWLRQEWRLLKP--RLTIAL| 201
DPOL_SPO1_93621 -DYMWAEIEVIDP--DIIIPT] 167
DR1751_Dr_7471827 GLWLEPQLALLRP--RVVLSLY 210
TP0229_'1‘p_7521021 ~RFLHAHLTLHRP--CAILVLY 264
RP845_Rp_7467866 —~PFVEKHIALINP--KLLILV] 249 |AUDG
ORFX_ZII\_4511984 TLIAAQHISLIKP--RYLHLLE-DAPNRALLOMN --PLKAIAWKDLRVLKG 254
SC7H2. 04C_SCOe_7 479763 —~SWLVQELGLLRPTLRAVVVLE-AFGWQAALPAF - --RLTPEMLRDVLRTAA 229
RV1259_Mtu_ 6136484 -PWLNAEWRLVSDHIRAIVALG-GFAWQVALR-L-AGASG: 293
NMAO583_Nm_7379319 -VSVMQELDGCRA--PAVLFLE-OAFVNPERQ AMIET----LCGSRP: 237
HPOSSO_HP_7464325 FHLTWQLDNSASK---VIVVF@-EILPKRLLN---LSKE 'GRIV: 191
Cj 0963_C _6968400 ~PFFWNELKLIQP--AFLLCLE-EYTFKSLGFKDY HILKGEVF' 200
HI0220. 2_Hi_683 1713 —~AERWHPMILGNLPNIQLTILIB-QYAQKYYLP---ENKDN VINTVKNY! QFLPHFMPLVHPSPRNQLWVTK----NPWFEEQVIPELQILVK 208
s111217_Ssp_7470025 RPFVEQLLVFHWQG-KQIITLE-TEAFKWFAPYAPKGQLDEFFQGGDRYECSLDVLIKAKTAAGKGSQKIVRLMPLPHPEPLNKRY - - -----YGQFPTMLORRLTEIAF 225
DPOLIIIA Yp 7467326 ~DFMREEINLVRP--TYVLTCE-SRATSLFN PSDLVGRK-EYLP- --ELDVTVFYGFNPNILYFR LEAILAEVAE 1131/
DR0022_Dr_7471700 -DLLAELIELLPEL-AVVVTLE-RAAASGW-- TVTLNSWHPSGQALNGH- 186 \DRUDX
02_Rcoc_2190953 -=---GPYVGELMALLPKL-EVVFVLE-AKALDGY: ITASAPTR LLPVIAAPHP] NAHAP- 199/
CG52 85_Dm_7 300236 GDLCLHTLEEQLKLLQP--DVIVAVE-EYVHSALKRS--GYAK. 'VSVLRLPHPEPRSTN-======== NTNWPEKAQAFLEEHN 271\ssUD(
SSUDG_Hs_7657597 LGICDAALCRQVOLLGV--RLVVGVE-RLAEQRARRA--LAGL. 'VOQVEGLLHPEPRNPQ KERLNELG 263/

consensus/85%

cossscelecbececcceschhheiBGeeeBoPececcercsscorscssocsoscsssosscsscsscssssscscsscslhecePBUCeccctcccccosscsccsscsssshecans
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D in UNGs (general base);
not conserved in others

/ H in most (necessary for
* stabilization of reaction
intermediate); N/S in all
MUG+UDGXs
D in most UDGXs; H2 H3
Not conserved in [,
bacterial MUGs; J—
N in most others \ 1
(Uracil specificity) VO
S2 Sx
NH2 \
H4
HA1
E in several AUDGs and DRUDG:S; T
(Alternative general base?)
Not conserved in others COOH

Conserved aromatic residue;
necessary for uracil binding

Figure 2

The topology of the UDG superfamily core fold, with the conserved and unique features of different families. The core
secondary-structure elements of the UDG fold are colored as in Figure | and numbered according to their order in the
sequence. The elements observed only in the MUGs are shown in gray. The conserved motif | occurs after strand | and
motif |l occurs after strand 4 and forms the active-site pocket in the three-dimensional structure.

preceding the conserved helix 1 (Figures 1,2) mediates
binding of the attacked uracil from the DNA double helix via
stacking interactions [11]. This aromatic residue is replaced
by an aliphatic residue in a small subset of the UDGs, and the
loop may contain poorly conserved short helices in some of
the UDGs, such as Mug. This position is highly conserved in
the entire UDG superfamily (Figure 1), which suggests that a
similar mechanism of uracil binding is universal in the UDGs.

Catalytic mechanism

The experimental determination of a similar catalytic activ-
ity in diverse members of the UDG superfamily and the con-
servation of the substrate-binding site suggest a generally
conserved catalytic mechanism. However, several family-
specific features predict interesting differences in the cat-
alytic properties of the individual families. On the basis of
studies on Ung-family enzymes such as those from her-
pesviruses, it has been suggested that protonation of the O2
of the flipped-out uracil is carried out by the conserved his-
tidine in motif III, which acts as a general acid [3,12].

Studies on the E. coli Ung enzyme, however, have shown
that this conserved histidine does not act as a general acid,
but instead is neutral and acts as an electrophile [13,14]. On
this basis, it has been proposed that the electrophilic inter-
action stabilizes the developing enolate on the uracil O2 in
course of its excision [13,14]. This reaction is assisted by the
conserved aspartate in motif I that acts as a general base
and directs a water molecule for the nucleophilic attack
[3,12,13]. The MUGs and the new family of bacterial UDGs
(UDGX) identified here lack both the conserved electrophile
(histidine) and the general base (aspartate) (Figure 1),
which suggests that these are less efficient enzymes [5]. The
remaining UDG families typically contain the electrophilic
histidine, but not the general base aspartate in motif I
(Figure 1). A subset of the AUDGs and the newly identified
DRUDG family, however, contain a glutamate one position
upstream of the aspartate present in motif I of the UNGs
(Figure 1); this glutamate could act as an alternative
general base for this subset of UDGs. Additionally, the loop
formed by motif III also helps in clamping on the phosphate



backbone to allow recognition of the target nucleotide by
the active site [11]. The discrimination of uracil over cyto-
sine in enzymes of the UNG family depends on the
asparagine located near the end of the core strand 2
(Figures 1,2). An asparagine or aspartate is conserved in
the majority of the UDG superfamily enzymes in this posi-
tion, with the exception of some members of the MUG,
AUDG and UDGX families. Both E. coli Mug and its
human ortholog, TDG, have been shown to act on power-
fully mutagenic alkylated bases such as etheno-cytosine
[15]. Mutational replacement of asparagine by aspartate in
the human uracil DNA glycosylase (UNG) results in
its acquiring cytosine glycosylase activity [16]. This substi-
tution, which occurs naturally in several UDGX family
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proteins, along with other replacements of asparagine in
this position in different members of this superfamily
(Figure 1), is probably an adaptation for removal of muta-
genic alkylated bases such as etheno-cytosine.

Evolution

On the basis of the conservation of functionally important
residues in the UDG superfamily, a parsimonious, although
speculative, scheme for the evolution of these enzymes can
be proposed (Figure 3). The ancestral uracil DNA glycosy-
lase probably possessed the core fold with an asparagine at
the end of strand 2 and a histidine at the end strand 4 and
most closely resembed the AUDG and DRUDG families.
From this ancestral form, the high-activity forms such as the
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A hypothetical evolutionary scenario for the UDG superfamily. The different families are shown in different colors and
potential order and lineage of derivation is indicated on the standard phylogenetic model for the three domains of life.

The representation of the active-site pocket residues typical of that set is shown next to each class at the point of derivation.
The first position is the general base represented by an aspartate in the UNGs, the second position is the uracil/cytosine
discrimination site occurring after the core strand 2, and the third position is typically represented by a histidine that acts as
an electrophile. The X at a given position denotes lack of conservation. In some of the AUDGs and the DRUDGs, a
glutamate could function as alternative general base.
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UNG class could have evolved by acquiring the general base
in motif I. The acquisition of the glutamate in motif I of the
AUDGs and DRUDGs could represent independent evolu-
tion of the same type of high-activity enzyme. The lower-
activity forms, such as the MUGs and the UDGXs, could
have evolved by replacement of the ancestral electrophilic
histidine that stabilized the reaction intermediate by another
polar residue such as serine or asparagine. The localization
of the active site formed by long loops on the same side of
the UDG molecules probably resulted in relaxation of the
selective constraints on their sequences beyond the mainte-
nance of the general shape of the binding pocket. Moreover,
even the charged residues in the binding pocket are not
entirely constrained, because the enzyme mechanism seems
to depend more critically on the steric strain caused by base-
flipping than on the base or other residues that stabilize the
intermediate. These features of the UDGs probably con-
tributed to the evolution of a very high level of sequence
divergence, without a single residue conserved throughout
the superfamily, which is unusual for homologous enzymes
that catalyze essentially the same reaction.

The phyletic distribution of the UDGs shows partial comple-
mentarity between different families, which suggests that
they perform at least partially overlapping functions in differ-
ent organisms (Table 1). Each completely sequenced
genome, with the apparent exception of the archaea
Methanococcus jannaschii and Methanobacterium ther-
moautotrophicum, encodes at least one member of the UDG
superfamily, with a maximum of four members in the case of
the radioresistant bacterium D. radiodurans (Table 1). Each
of these families, with the exception of the ssUDGs, which so
far are limited to animals, shows a patchy spread over a wide
phylogenetic range, which suggests important roles for hori-
zontal gene transfer and lineage-specific gene loss in the evo-
lution of the UDGs. The presence of AUDG in at least one
bacteriophage and of UNGs in large eukaryotic DNA viruses
(Table 1) point to one possible type of vehicle for horizontal
dissemination of these enzymes. The phyletic distribution of
the UDGs suggests that the AUDGs could be the ancestral
form, possibly inherited from the last common ancestor of all
extant life forms. This seems to be compatible with the appar-
ent ancestral layout of the active center of these enzymes (see
above). The UNGs appear to be a primitive bacterial form,
whereas the MUG-UDGX group could have been derived at a
later stage of bacterial evolution. The separation between
UNGs and MUG-UDGX could have been driven by selection
for distinct functional niches, a uracil-specific enzyme in the
case of the former and a G:U/T mismatch repair enzyme in
the latter. The UDGX and MUG families show a closer rela-
tionship to each other than to other families of the superfam-
ily, suggesting a relatively recent divergence and a similar
mismatch repair function. The DRUDGs appear to be special-
ized derivatives that emerged within one bacterial lineage
followed by limited dispersal, at least in the currently
sampled bacterial taxa. Under this scenario, AUDGs have

Table |

Phyletic distributions of the six families of UNGs

UNG* AUDG* MUG

+ UDGX*

Species/family SsUDG* DRUDG*

Bacteria
Escherichia coli |
Haemophilus influenzae |
Neisseria meningitidis |
Rickettsia prowazekii
Campylobacter jejuni
Helicobacter pylori
Bacillus subtilis

I (MUG)
| (UDGX)

| (UDGX)

Mycoplasma genitalium
Mycoplasma pneumoniae
Ureaplasma urealyticum
Deinococcus radiodurans
Mycobacterium tuberculosis
Streptomyces coelicolor

I (MUG) I

—_ N - —

Synechocystis sp.

Chlamydia trachomatis |

Chlamydophila pneumoniae |

Treponema pallidum |

Borrelia burgdorferi | 1(d)t

Aquifex aeolicus |

Thermotoga maritima |
Archaea

Aeropyrum pernix |

Archaeoglobus fulgidus |

Pyrococcus horikoshii |

Methanobacterium

thermoautotrophicum
Methanococcus jannaschii

Eukaryota
Saccharomyces cerevisiae | Gk
Schizosaccharomyces pombel 1(MUG)

Caenorhabditis elegans |

Drosophila melanogaster ~ (?)$

Homo sapiens |

I (MUG) [
1 (MUG) [

Large DNA viruses
Poxviruses |
Herpesviruses |
Bacteriophages SPO | |

*The number of detected representatives of each family is indicated for
each species. Note that duplication is uncharacteristic of the UNGs.

1(d) indicates a possibly disrupted version in which the amino-terminal
conserved motifs are not detectable; ¥(r) indicates an apparent recent loss
in S. cerevisiae, as the gene is retained in the related yeast Candida albicans;
§(?) indicates the unusual lack of a detectable UNG in both the genome
and EST sequences.

been displaced in some of the bacteria, and possibly in the
ancestral eukaryotes, by the UNGs and MUGs.

The AUDGs are fused to two distinct DNA polymerases - a
DNA polymerase IIla subunit in Yersinia pestis and a poly-
merase of the A family (homolog of bacterial Pol I) in bacte-
riophage SPo1. This fusion is the cause of many erroneous



annotations of AUDG family members as ‘putative phage-
type DNA polymerases’ that are found in current sequence
databases. The fusion with the polymerases suggests that the
functioning of the AUDGs, and possibly other UDGs, could
be tightly coupled to that of the DNA replication apparatus.
This may be particularly important in the archaea, whose
polymerases stall at uridines in the template strand [17].
Given this possible function of AUDGS in replication and the
fundamental role of UDGs in repair, the apparent absence of
these enzymes in two archaeal methanogens is unexpected.
Although these archaeal genomes could encode extremely
divergent members of the UDG superfamily that escaped
detection even in the present detailed analysis, it seems
more likely that in these archaea the UDGs have been dis-
placed by unrelated enzymes of the a-helical MutY super-
family [18].

Eukaryotes encode UNG- and MUG-family enzymes that are
not found in archaea and are closely related to their bacterial
orthologs. This strongly suggests acquisition from bacterial
endosymbionts (including mitochondria), followed by dis-
placement of the UDG inherited from the common ancestor
with archaea (probably AUDG). The MUG-family enzymes
from animals have low-complexity segments on either side
of the DNA glycosylase domain. In the case of Drosophila
these are particularly expanded and are associated with two
minor groove DNA-binding motifs, the AT hooks [19]. This
motif is found in many chromosomal proteins and could
help in the translocation of the enzyme to specific sites in
chromatin, such as matrix attachment regions. Interestingly,
different eukaryotic lineages show notable differences in
their repertoires of UDGs, with only an UNG-family enzyme
so far detected in the nematode Caenorhabditis elegans. The
phylogenetic affinity of the ssUDGs, which have been
detected up to now only in coelomates, is hard to discern,
because they have evolved distinct structural features, such
as long inserts, that are not seen in the other members of the
UDG superfamily. The presence of a histidine in motif III
suggests that the ssUDGs could have evolved from a UNG-
like enzyme by rapid divergence. The evolutionary diver-
gence and the origin of acquisition of a distinct DNA
glycosylase may correlate with the need for an enzyme that
can meet the particular DNA repair needs of multicellular
animals, such as the repair of frequently transcribed DNA.

Conclusions

Using sequence profile searches, multiple alignment analysis
and protein structure comparisons, we have shown that all
known UDGs form a single protein superfamily with a dis-
tinct structural fold and a common evolutionary origin. The
extreme sequence divergence of different families of UDGs is
probably due to differences in their biochemistry, with only
the general shape of the protein molecule and the binding
pocket being essential for the DNA glycosylase reaction per
se. Although the UDG superfamily is nearly ubiquitous
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among cellular life forms, the individual families show
limited and distinct phyletic distributions. The emerging
evolutionary scenario for the UDGs involves multiple events
of lateral gene transfer and lineage-specific gene loss. In
addition, we predict two previously undetected families of
UDGs; the experimental investigation of their functions is
expected to broaden the current perspective on these critical
repair enzymes.

Materials and methods

The databases used in this study were the Non-redundant
Nucleotide and Protein and the Expressed Sequence Tags
(EST) databases (National Center for Biotechnology Infor-
mation) and the individual protein sequence databases of
completely and partially sequenced genomes [20]. Local
alignment searches were performed using the gapped
version of the BLAST programs (BLASTPGP for proteins and
TBLASTNGP for translating searches of nucleotide data-
bases) [10]. Sequence profile searches were performed using
the PSI-BLAST program [10] or using the HMMSEARCH
program, with input hidden Markov models generated from
multiple alignments using the HMMBUILD program [21].
The multiple alignments were generated using a combina-
tion of PSI-BLAST and CLUSTALW [22]. The statistically
significant motifs were detected using the Gibbs sampling
option of the MACAW program [23,24]. The three-dimen-
sional structure visualization, alignment and modeling were
carried out using the SWISS-PDB-Viewer program [25].
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