
Supplementary Information

The mesophilic archaeon Methanosarcina acetivorans counteracts uracil in 
DNA with multiple enzymes: EndoQ, ExoIII, and UDG

Miyako Shiraishi1, 4, 5 #*, Sonoko Ishino1, Matthew Heffernan4, Isaac Cann2, 3, 4, 5, 
and Yoshizumi Ishino1, 4, 5*

1Department of Bioscience and Biotechnology, Graduate School of Bioresource and 
Bioenvironmental Sciences, Kyushu University, 6-10-1 Hakozaki, Higashiku, Fukuoka 812-8581, 

Japan; 2Department of Animal Science, 3Department of Microbiology, 4Institute for Universal 
Biology, and 5Carl R. Woese Institute for Genomic Biology, University of Illinois at Urbana-

Champaign, Urbana, Illinois, USA

#Present address: Department of Materials Engineering Science, Graduate School of Engineering 
Science, Osaka University, 1-3 Machikaneyamacho, Toyonaka, Osaka 560-0043, Japan

*Correspondence to Miyako Shiraishi (m.shiraishi@chem.es.osaka-u.ac.jp) or Yoshizumi Ishino
(ishino@agr.kyushu-u.ac.jp)



Table of Contents

TableS1 S-1
Table S2 S-2
Table S3 S-3
Figure S1 S-4
Figure S2 S-5
Figure S3 S-6
Figure S4 S-7
Figure S5 S-8
Figure S6 S-9
Figure S7 S-10
Figure S8 S-11
Figure S9 S-12,13
Figure S10 S-14,15
Figure S11 S-16



Su
pp
le
m
en
ta
ry
Ta
bl
e
S1
.O
lig
on
uc
le
ot
id
es
us
ed
fo
rg
en
e
cl
on
in
g
an
d
RT
-P
CR
.

S-1

N
am

e
Se

qu
en

ce
 (5
′-3
′)

Ta
rg

et
 g

en
e 

(L
oc

us
 ta

g)
U

sa
ge

PC
R

 p
ro

du
ct

s 
(b

p)
M

A
_R

S1
07

90
-F

G
G

G
C

A
TA

TG
C

C
G

G
A

A
A

A
TT

A
TA

A
C

C
TT

A
M

A
_R

S1
07

90
-R

C
C

C
G

C
G

G
C

C
G

C
TC

A
A

A
C

C
TG

A
A

A
TT

C
G

A
G

TT
C

M
A

_R
S1

07
90

-E
39

A
TC

G
A

TG
TC

A
TC

TG
TG

TC
C

A
G

G
C

A
A

C
C

A
A

A
G

C
C

TC
C

C
C

G
G

A
A

A
A

M
A

_R
S0

33
80

-F
C

G
C

C
A

TA
TG

A
A

A
G

TC
A

A
TG

C
A

G
A

C
C

TC
C

A
TC

M
A

_R
S0

33
80

-R
C

G
C

G
C

G
G

C
C

G
C

TT
A

A
A

A
A

TC
G

A
A

A
A

G
G

G
A

TT
TC

TG
C

C
C

M
A

_R
S0

33
80

-D
19

2A
C

TT
A

C
C

TT
C

C
TT

A
C

A
A

A
C

TC
C

G
C

TG
C

C
C

A
TT

C
C

C
C

TT
A

C
A

C
C

A
A

C
M

A
_R

S1
17

60
-F

C
G

C
G

C
A

TA
TG

A
A

G
C

C
TG

TT
G

A
A

TA
C

G
TT

A
A

A
TG

M
A

_R
S1

17
60

-R
C

C
G

G
C

G
G

C
C

G
C

TT
A

C
TT

A
A

TT
A

A
C

TT
C

G
C

A
G

C
TT

C
M

A
_R

S1
87

45
-F

G
G

G
C

A
TA

TG
A

A
G

G
A

G
C

TA
G

A
A

A
TT

G
TG

G
C

M
A

_R
S1

87
45

-R
G

C
G

G
C

G
G

C
C

G
C

TT
A

C
TG

C
C

A
TA

G
A

TC
C

C
TG

TT
T

M
A

_R
S1

07
90

-R
T-

F
TG

G
G

A
A

TC
G

A
G

G
A

G
TT

TG
A

C
M

A
_R

S1
07

90
-R

T-
R

C
TG

A
G

A
G

G
C

TT
TT

C
C

G
TT

TG
M

A
_R

S0
33

80
-R

T-
F

C
A

G
C

G
A

TT
A

TG
C

A
G

A
C

A
G

G
A

M
A

_R
S0

33
80

-R
T-

R
A

TT
C

C
C

TT
G

C
C

A
G

TT
TG

TT
G

M
A

_R
S0

24
15

-R
T-

F
C

G
A

TT
TC

TG
G

A
G

G
C

TA
G

TC
G

M
A

_R
S0

24
15

-R
T-

R
G

G
C

TT
TA

A
A

C
A

C
G

TC
C

C
A

G
A

M
A

_R
S1

17
60

-R
T-

F
TC

C
TG

G
A

TC
A

C
G

G
G

TT
C

TA
C

M
A

_R
S1

17
60

-R
T-

R
A

C
C

G
TA

TC
TG

C
C

G
A

A
A

TC
A

C
M

A
_R

S1
87

45
-R

T-
F

A
G

A
A

G
G

C
C

A
A

A
A

G
C

A
A

G
TG

A
M

A
_R

S1
87

45
-R

T-
R

A
C

TC
C

C
C

G
TT

C
C

A
G

TT
TT

C
T

M
A

_R
S0

46
65

-R
T-

F
G

G
G

TC
TA

A
A

G
G

G
TC

C
G

TA
G

C
M

A
_R

S0
46

65
-R

T-
R

A
G

TA
TC

C
C

C
C

G
A

A
A

G
C

C
TA

A
M

A
_R

S1
74

60
-R

T-
F

C
TT

G
A

C
TT

C
G

TA
C

G
G

G
TG

G
T

M
A

_R
S1

74
60

-R
T-

R
TG

A
TC

G
G

G
C

C
TT

TC
TT

TA
TG

M
ac

U
D

G
li

ke
 (M

A
_R

S1
17

60
)

M
ac

U
D

G
 (M

A
_R

S1
87

45
)

G
en

e 
cl

on
in

g

M
ac

H
D

G
 (M

A
_R

S0
24

15
)

M
ac

U
D

G
li

ke
 (M

A
_R

S1
17

60
)

M
ac

Ex
oI

II
 (M

A
_R

S1
07

90
)

M
ac

En
do

Q
 (M

A
_R

S0
33

80
)

M
ac

Ex
oI

II
 (M

A
_R

S1
07

90
)

M
ac

En
do

Q
 (M

A
_R

S0
33

80
)

M
ac

16
Sr

D
N

A
 (M

A
_R

S0
46

65
)

M
ac

G
A

PD
H

 (M
A

_R
S1

74
60

)

R
T-

PC
R

10
1

98 11
8

76 14
3

80 14
8

M
ac

U
D

G
 (M

A
_R

S1
87

45
)



Su
pp
le
m
en
ta
ry
Ta
bl
e
S2
.O
lig
on
uc
le
ot
id
es
us
ed
fo
rp
ro
te
in
ac
tiv
ity
as
sa
ys

S-2

#
N

am
e

Se
qu

en
ce

 (5
′-3
′)

D
es

cr
ip

ti
on

1
23

N
C

G
A

A
C

TG
C

C
TG

G
A

A
TC

C
TG

A
C

G
A

D
N

A
 m

ar
ke

r
2

24
N

C
G

A
A

C
TG

C
C

TG
G

A
A

TC
C

TG
A

C
G

A
C

D
N

A
 m

ar
ke

r
3

24
N

-3
Ph

os
C

G
A

A
C

TG
C

C
TG

G
A

A
TC

C
TG

A
C

G
A

C
-P

ho
3′

-p
ho

sp
ha

te
 s

sD
N

A
4

32
N

C
G

A
A

C
TG

C
C

TG
G

A
A

TC
C

TG
A

C
G

A
C

A
TG

TA
G

C
G

5
45

N
C

G
A

A
C

TG
C

C
TG

G
A

A
TC

C
TG

A
C

G
A

C
A

TG
TA

G
C

G
A

A
C

G
A

TC
A

C
C

TC
A

ss
D

N
A

 (n
or

m
al

)
6

45
-U

24
 

C
G

A
A

C
TG

C
C

TG
G

A
A

TC
C

TG
A

C
G

A
[d
U]

A
TG

TA
G

C
G

A
A

C
G

A
TC

A
C

C
TC

A
dU

-s
sD

N
A

7
45

-I
25

 
C

G
A

A
C

TG
C

C
TG

G
A

A
TC

C
TG

A
C

G
A

C
[d
I]

TG
TA

G
C

G
A

A
C

G
A

TC
A

C
C

TC
A

dI
-s

sD
N

A
8

45
-A

P2
5 

C
G

A
A

C
TG

C
C

TG
G

A
A

TC
C

TG
A

C
G

A
C
[A
P]

TG
TA

G
C

G
A

A
C

G
A

TC
A

C
C

TC
A

A
P-

ss
D

N
A

9
45

-G
25

C
G

A
A

C
TG

C
C

TG
G

A
A

TC
C

TG
A

C
G

A
C
[G
]T

G
TA

G
C

G
A

A
C

G
A

TC
A

C
C

TC
A

10
45

-X
27

C
G

A
A

C
TG

C
C

TG
G

A
A

TC
C

TG
A

C
G

A
C

A
T[
X]

TA
G

C
G

A
A

C
G

A
TC

A
C

C
TC

A
dX

-s
sD

N
A

11
21

N
-5

Ph
os

5-
Ph

os
-A

TG
TA

G
C

G
A

A
C

G
A

TC
A

C
C

TC
A

12
32

R
C

G
C

TA
C

A
TG

TC
G

TC
A

G
G

A
TT

C
C

A
G

G
C

A
G

TT
C

G
13

45
R

TG
A

G
G

TG
A

TC
G

TT
C

G
C

TA
C

A
TG

TC
G

TC
A

G
G

A
TT

C
C

A
G

G
C

A
G

TT
C

G
C

om
pl

em
en

ta
ry

 o
li

go
 o

f 4
5N

 fo
r b

lu
nt

-e
nd

ed
 d

sD
N

A
14

45
R

-3
-o

ve
rh

an
g

G
A

TC
G

TT
C

G
C

TA
C

A
TG

TC
G

TC
A

G
G

A
TT

C
C

A
G

G
C

A
G

TT
C

G
C

TA
G

C
C

C
om

pl
em

en
ta

ry
 o

li
go

 o
f 4

5N
 fo

r 6
 n

t-
3′

-o
ve

rh
an

g 
ds

D
N

A



Su
pp
le
m
en
ta
ry
Ta
bl
e
S3
.P
re
pa
ra
tio
n
fo
rd
sD
NA
.

S-3

*T
he

 n
um

be
rs

 o
n 

th
e 

co
m

bi
na

tio
n 

co
lu

m
n 

co
rre

sp
on

d 
to

 th
os

e 
in

 S
up

pl
em

en
ta

ry
 ta

bl
e 

S2

N
am

e
C

om
bi

na
tio

n*
bl

un
t-e

nd
ed

 d
sD

N
A

 (n
or

m
al

) o
r d

A
/d

T
5 

+ 
13

bl
un

t-e
nd

ed
 d

U
-d

sD
N

A
 o

r d
U

/d
G

6 
+ 

13
bl

un
t-e

nd
ed

 d
I-

ds
D

N
A

 o
r d

I/d
T

7 
+ 

13
bl

un
t-e

nd
ed

 A
P-

ds
D

N
A

 o
r A

P/
dT

8 
+ 

13
bl

un
t-e

nd
ed

 G
/T

 m
is

m
ac

he
d 

D
N

A
 o

r d
G

/d
T

9 
+ 

13
bl

un
t-e

nd
ed

 X
-d

sD
N

A
 o

r d
X

/d
T

10
 +

 1
3

3′
-r

ec
es

se
d 

ds
D

N
A

4 
+ 

13
5′

-p
ro

tru
di

ng
 d

sD
N

A
4 

+ 
12

ni
ck

ed
 d

sD
N

A
2 

+ 
11

 +
 1

4
3′

-p
ho

sp
ha

te
 d

sD
N

A
3 

+ 
14

6 
nt

 3
′-o

ve
rh

an
g 

ds
D

N
A

 (n
or

m
al

)
5 

+ 
14

6 
nt

 3
′-o

ve
rh

an
g 

dU
-d

sD
N

A
6 

+ 
14

6 
nt

 3
′-o

ve
rh

an
g 

dI
-d

sD
N

A
7 

+ 
14

6 
nt

 3
′-o

ve
rh

an
g 

A
P-

ds
D

N
A

8 
+ 

14



Supplementary Figure S1. Amino acid sequence
alignment of ExoIII homologs. The 46 full-length
amino acid sequences of archaeal homologs were
aligned with human APE1, and E. coli Xth. The
sequences from E. coli, M. thermautotrophicus, and
H. sapiens are indicated with bold letters. MacExoIII
is indicated with red letters. Catalytic residues are
indicated with� at the top. The putative residues in
Mth212 contributing to the recognition of dU in DNA
are indicated with cyan letters and their positions are
indicated by asterisks at the bottom.� indicates the
mutated glutamic acid residue in this study (E39 in
MacExoIII).

 MacExoIII (MA2077)   ---------------------------------------------------------MPE NYNLISWNVNGLRAAMKK----GFLD--LLLEQKFDVICVQETKASPEKLPREVKNIPGY
       MTBMA_c06610   ----------------------------------------------------------MA EIKIISWNVNGLRAVYRK----GFLD--WFMDEKPDILCLQETKASPEQLPRRLRHVEGY
             MTH212   ----------------------------------------------------------MT VLKIISWNVNGLRAVHRK----GFLK--WFMEEKPDILCLQEIKAAPEQLPRKLRHVEGY
            MM_3148   ---------------------------------------------------------MPE HYNLISWNVNGLRAAVKK----GFLD--LLLEHRFDIVCVQETKVSQDKLPREVKNIQGY
             AF0580   ------------------------------------------------------------ MLKIATFNVNSIRSRLH-------IVIPWLKENKPDILCMQETKVENRKFPEADFHRIGY
          Mbur_2145   ------------------------------------------------------------ --------MNGLRSMLKK----GFVE--WMEATQPDILCLQETKATETQLPKELRHIHGY
            PTO0627   ------------------------------------------------------------ -MKILSWNVNGIRAAVKN----GILN--FINEENPDIVLLQEIKSGKNDLPEELHHMGY-
            MMP1012   ------------------------------------------------------------ -MKMLSWNVNGIRACLKN----GFMN--FLERESPDIMCIQETKVQSGQVQLGLDGYFQY
         Mbar_A3242   ---------------------------------------------------------MSG NYNLISWNVNGLRAVMKK----GFLE--LLLEQKFDIVCIQETKVSPDKLPREAKNIPGY
            SSO2290   ------------------------------------------------------------ -MKIVSWNINGLRSALKKNL------VNFLESNTFDIVMFQETRGD--IVPLDFIMMGY-
             ST1910   ------------------------------------------------------------ -MKIVSWNVNGLKAITRK----GALE----SVLNYDAILLQEIRSS--DLPLDLLMSGF-
            Ta1506m   -----------------------------------------------------------M LYKFLSWNVNGLRAAVKN----GAVS--VFKQDDYFGIALQETKADSTSVPEEMYHLGYY
            TVN0046   ---------------------------------------------------------MSE TKKFLSWNVNGLRAVIKS----GGLD--LIRNGDYFAIAMQETKVDVKSVPEEMYHLGYH
           MG2_0121   ------------------------------------------------------------ -MRFVSWNVNGIRAAIRKG-----ID-GYFDSLDADVWMLQEVRCLPEQLPKGWNWPDGY
           MCP_1129   ------------------------------------------------------------ -MRMLCWNVNGLRAVLKK----GFVD--WLRREDADIVCIQETKAAAEQMPPEVTGIPGY
          Mhun_0441   ----------------------------------------------------------MK TYTLYSWNVNGLRAISSKEVLPGVLFPGLPAHENIDILCIQETKADAHSLKPDITRIPDY
          Saci_0129   ------------------------------------------------------------ -MKILSWNVNGIKAILRK----GALQ---PVINDYDVIMLQEIRTN--EIPLDIALSGS-
  Faci_050500005205   ------------------------------------------------------------ -MKILSWNVNGIRAAVKN----GIIK--TLENENPDIILLQEAKADKMDIPEELHHTGY-
           RCIX1223   ----------------------------------------------------------MT ELEILSWNVNGLRAILKK----GFVD--FMQEKNPDILCLQETRASEEQLPPEIMTSWGY
          Cmaq_1739   ------------------------------------------------------------ ----MSWNVNGIRSISRK----GALR----VFNDFDIILLQEIRSS--DLPLDLLSMGF-
          Msed_1434   ------------------------------------------------------------ -MKILSWNVNGLKAILGK----GLLD--LVKKQEYDILMFQEVKSS--QLPIDFQLLPY-
        MmarC5_0582   ------------------------------------------------------------ -MKMLSWNVNGIRACLKN----GFMD--FLKRESPDVMCIQETKVQSGQVQLGLDGY---
         Mevan_0339   -----------------------------------------------------MIFEITY IMKMISWNVNGIRACLKN----GFMD--FLNSKNPEIICIQETKVQKGQVQLGLNGY---
           Msm_1479   -----------------------------------------------------------M SVKLVSWNVNGIRAASKKPE---FWD--WFNSTNADIINFQEVRATEDSIPEKLTDVAGF
        MmarC7_0254   ------------------------------------------------------------ -MKMISWNVNGIRACLKN----GFMD--FLERESPDIMCIQETKVQSGQVQLGLDGY---
          Aboo_0823   -----------------------------------------------------------M ELLLISWNVNGIRACVRN----GFLD--FLEKYKPDILALQEIKATEDNIPIEVRYYPDY
        MmarC6_1647   ------------------------------------------------------------ -MKMISWNVNGIRACLKN----GFMN--FLERESPDIMCIQETKVQSGQVQLGLDGY---
          Mvol_0356   ------------------------------------------------------------ -MKLISWNVNGIKAILQK----GFVD--FVKQENPDILCLQEIKTNS---PSQILDLSEY
          Mboo_0350   ----------------------------------------------------------ME KLKLISWNVDGLRARCKAGQ---FIK---LLQVDFDILCLQETKTPELDIPQEIRSDKKY
          Mboo_2415   ------------------------------------------------------------ MPTILSWNVNGLRGCYDRK---QFLP---VFRHNPEIVCVQETKAPGEKLPERVRNLYGY
          Mmah_0334   ------------------------------------------------------------ -----------MRAVAKK----GFLE--WLTSESPDILCLQETKARPSQLPPNIRRIDGY
          Vdis_1949   ------------------------------------------------------------ -MRIVSWNVNGLRSIMRK----GSLD-RLLSMGNYDVVLLQEIRSS-GDVPLTIMGLGY-
          Ferp_0776   ------------------------------------------------------------ MLKVCTYNVNSIRKRLHIVF---------PLMEKVDILCMQETKVEDRKFPEADFHLKGY
           mru_1115   ----------------------------------------------------------MS NLKIISWNVNGIRTRIKN------KDINPVLEKEPDIILFQETKASYEQMDKKFLNKNPY
           mru_1557   ----------------------------------------------------------MT KIRLISWNVNGIRAIHKK----GFLD--WFNEEKADIVNLQETKAKIEQLPKKLINVPGY
          Mpet_1338   ------------------------------------------------------------ -MKLVSWNVNGLRAVEKK----GFLD--FVNEYQPDILCVQETKAHEDQLSSSIRHPKGY
         MSWAN_0192   ----------------------------------------------------------MD KIRILSWNVNGIRAVHKK----GFGE--WFKTEQPDILCVQETKAVRKQVPRDIREFEGY
         Metbo_2449   ----------------------------------------------------------MD KIRILSWNVNGIRAVHKK----GFLD--WFNNEKPDILCIQETKAVRKQFPPDIRAVDGY
          SiRe_0100   ------------------------------------------------------------ -MKIVSWNVNGIRAALKK----NLID--FIENNMFEVIMFQETKGD--IVPLDFIMMGY-
          Ahos_1812   ------------------------------------------------------------ -MKIVTWNVNGLKAITRK----GSLD----EVLKYDVVMLQEIRTS--DLPLDLLFSGL-
          Ahos_2088   ------------------------------------------------------------ -MRLISWNVNGLKAIMSK----GFID--IIKSFNADILMFQEIKTD--VIPLDLQSLGY-
          VMUT_0363   ------------------------------------------------------------ -MRIVSWNINGLRSIMRK----SSLD-KLLSMDNYDMVLLQEIRSS-GDIPLTIIGLGY-
          MCON_0422   ----------------------------------------------------------MP SMRILSWNVNGLRAIYKK----GFVD--WLLKDRPDVLCLQEIKATEDQIPKELKGLPGY
          Mcup_0795   ------------------------------------------------------MNQLFL RLKILSWNVNSLKSAIAK----GLME--IIKSEEYDVLMFQEIKTN--QLPLDFQSLPY-
       APE1 (human)   MPKRGKKGAVAEDGDELRTEPEAKKSKTAAKKNDKEAAGEGPALYEDPPDQKTSPSAKPA TLKICSWNVDGLRAWIKK----KGLD--WVKEEAPDILCLQETKCSENKLPAELQELPGL
       Xth (E.coli)   ------------------------------------------------------------ -MKFVSFNINGLRARPHQ------LE-AIVEKHQPDVIGLQETKVHDDMFPLEEVAKLGY

                                         

 MacExoIII (MA2077)   --HNYFVSAERS-GYSGVGTFSKQKPFKVETGMG-IEEF-DREGRFLRVDYE----NFTL MNIYFP-NGKAS--QERLEYKMSFYDAFLDYANALKAEGKKLVICGDVNTAHREIDLARP
       MTBMA_c06610   --RSFFTPAERK-GYSGVAMYTRIPPKSIREGFG-VERF-DIEGRIQVADFD----DFLL YNIYFP-NGKMS--DERLKYKLEFYDAFLEDVNRERDAGRNTVICGDFNTAHREIDLARP
             MTH212   --RSFFTPAERK-GYSGVAMYTKVPPSSLREGFG-VERF-DTEGRIQIADFD----DFLL YNIYFP-NGKMS--EERLKYKLEFYDAFLEDVNRERDSGRNVIICGDFNTAHREIDLARP
            MM_3148   --YNYFVSAEQN-GYSGVGTFSKNKPIKLEKGMG-IEVF-DREGRFLRTDYE----DFVL LNIYFP-NGKAS--QERLGYKMAFYDAFLDYANALKSEGKKLVICGDVNTAHKEIDLARP
             AF0580   HVVFSG----SK-GRNGVAIASLEEPEDVSFGLDS--EP-KDEDRLIRAKIA---G-IDV INTYVPQGFKID--SEKYQYKLQWLERLYHYLQKTVDFRSFAVWCGDMNVAPEPIDVHSP
          Mbur_2145   --VPYFFSAERK-GYSGVGIYTKVPPVEVKYGLG-VPRF-DKEGRTLIVEFE----DFAL FNIYFP-NGKAS--DERLEYKMDFYNAFMEVADSMKDAGKNVIICGDVNTAHKEIDLARP
            PTO0627   --KIFINPAEKK-GYSGTMALSKVEPLDYSSGIG-IKDY-DSEGRVQILKYD----NFYI INTYFP-NSQHG--LTRLDYKIDFDNKFLEFCEKLRKE-KPLIITGDFNVAHEEIDIARP
            MMP1012   -----WNYAERK-GYSGTAIFTKIKPNNVILGMEN-SEH-NNEGRVITLEFD----EYYL VNVYTP-NSQRG--LTRLEYRQKWDEDFLSYIKTLETK-KPVVFCGDLNVAHKEIDLKNP
         Mbar_A3242   --YNYFVSAEKN-GYSGVGLFSKKKPLKLETGMGI-EKF-DKEGRFLRADFE----DFTL MNIYFP-NGKAS--LERLEYKMSFYEAFLDYANSLKAEGKRLVICGDVNTAHKELDLARP
            SSO2290   --EVISFPARRK-GYSGVMTLTKIKPIKVIKGLQI-KEF-DDEGRTVSLELK----DFYL INAYFPRAGDN---LERLDFKLKFNNGIENFLLKLREV-KPVILCGDFNIAHQSIDAAFS
             ST1910   --NIASFPAKKK-GYSGVMTLTREKPKSIIKGLNV-KEF-DEEGRTVTVELE----KFYL INAYFPRAGDG---LSRLDFKISFDNKIEEFMDQLRRT-KPVIICGDFNAVVERRDSSFW
            Ta1506m   ---LYNNPAKKK-GYSGTMSLVREKPIDVSYGFE------NEEGRILNLEFD----KFYF INVYFP-NAQHG--LTRLDMKLDFDEKFLEYSNELRKK-KPLIICGDFNVAHEEIDIARP
            TVN0046   ---VYNNPAKRK-GYSGTMTLSREKPIDVSYGFE------SEEGRILNLEFD----NFYF INAYFP-NSQHG--LTRLDLKLDFDKKFLGYANDLRKK-KPLIICGDFNVAHEEIDIARP
           MG2_0121   --EVNLHAAEKK-GYSGVATLSRNPTDSVATGKGGSIDLGDTEGRVIVTQHG----ELTC INTYLPSGSNK---EERQAFKEAWMEEWRDFLRPYLSQSTPVVVCGDLNIAHTEDDIWNP
           MCP_1129   -HFYSTSPLEKK-GYSGVALFTKEEPKSVSYGFG-IEKY-DIEGRTIIADYG----KFVL LSIYFP-NGKMS--QERLDYKMGFYDAFLDYVDKLKAEGRKVVVCGDVNTAHTELDIARP
          Mhun_0441   --FFYINPAERK-GYSGVAMYSRTEPESIELG-GLSPEF-DSEGRIITARFP----EFVL MNVYFPNGGASD---ERLAFKLRFYDAFLEKIKTMDAAGERIIFCGDVNTAHKPIDLARP
          Saci_0129   --NLFPFPSKKK-GYSGVLTISKIKPLSVIKGLG-INEF-DEEGRVLTIELD----DYFI INAYFPRAGDD---LNRLDYKIKFDLEIEKFMLELRKR-KPVILCGDLNVARDKIDSTFW
  Faci_050500005205   --KIYVNPADKK-GYSGTMAMAKQEPLSYTTGTGENNK--DVEGRIQTLEYD----NFYL INSYFP-NSQHG--LTRLDYKIQFNREILEYMDKLKAK-KPVIITGDFNVAHEEIDIARP
           RCIX1223   --HVYFASGEKK-GYSGVAILSKVKPLSVARGFG-IPEF-DREGRVLIADYG----AFVL LNIYFP-NGKAS--PERLAYKMRFYNAFLEYADRLKAQGRKIVVCGDVNTAHKEIDIARP
          Cmaq_1739   --NVYGFPAVRK-GYSGVLTLSRVEPINVIRGIG-VKDF-DDEGRVISIELP----DFYV INAYFPRAGDD---LSRLSFKLVFNRSIEKFTLELRMR-KPVIICGDFNAVYSRRDSSFW
          Msed_1434   --RSYLYPAKKK-GYSGTLTLTRIEPISAKYGIGD-EEF-DSEGRVIALEFQ----KVYV INVYFPNAGEE---LKRLDFKLRFNQRFHEFVKNL---GKPCVICGDFNVAHEEIDIARP
        MmarC5_0582   --FQYWNYAERK-GYSGTAVFTKIKPNEVIYGIKNSEH--NGEGRVITLKFD----EYYL VNVYTP-NSQRG--LTRLKYRQKWDQDFLNYVKTLENK-KPVIFCGDLNVAHKEIDLKNP
         Mevan_0339   --FEYWNYAEKK-GYSGTAIFTKIEPKSVKYGITNYKS--DKEGRVITLEFE----EYFL VNVYTP-NSQRG--LKRLECRQKWDKDFLNHLKTLEQK-KPVIFCGDLNVAHKEIDLKNP
           Msm_1479   --NSYFNEAEKK-GYSGVGTFSKIKPENVVRGLGV--EALDREGRVLRLEYS----DFTL FNIYFPNSGMN---AKRLDYKIDFCNALLDLLEDLKNQGQNLIITGDVNIAHNPIDVYNP
        MmarC7_0254   --FQYWNYAEKK-GYSGTAIFTKIKPNNVILGIKNTEH--DGEGRVLTLEFD----KYYL INVYTP-NSQRG--LTRLEYRQKWDQDFLNYIKTLENE-KPVIFCGDLNVAHKEIDLKNP
          Aboo_0823   --HKYWNPAKKK-GYAGTALFTKIEPLNIKFGIGEDKF--DSEGRVITAEYE----KFYL VNAYFP-NSQHG--LTRLDFKIEFDKLIHSYLNELRKK-KPVILCGDFNVAHKEIDLANP
        MmarC6_1647   --FQYWNYAERK-GYSGTAVFTKIKPNEVIYGIGNNEH--DGEGRVITLKFD----EYYL VNVYTP-NSQRG--LTRLEYRQKWDQDFLNYVKTLENK-KPVIFCGDLNVAHKEVDLKNP
          Mvol_0356   --KQYWNTASKK-GYSGTAIFTKQKPKNITYGM---DNFPDEEGRVITAEYD----NYYL VNVYTP-NSQRG--LTRLDYRMKWDTKFLEYLLSLNES-KPLIFCGDLNVAHKEIDLKNP
          Mboo_0350   --YSHFSEVQKG-SFAGVGILSKIECRQISDNFGGTKF--DKEGRILIAEYD----RFTL LNIYFPLGAGKPDTPDTLSHKLEFYDTLLGFVKELLSQKKNVIICGDFNIAHKDKDLVNA
          Mboo_2415   --HTFFSAVPAG-STAGVGLFTRHEPLSVQYGFGDPDF--DNKGRVLMADYG---R-FVL LNIAFPLGIKP---MGNLDNKLRFYDAFLLYIRSLCEQGRAVIVCGDFNVAHTDKDLYNP
          Mmah_0334   --YSYFSAAERK-GYSGVALYSKVQPQEVRYGFGINRF--DHEGRILIAFFD----HFVL FNIYFPNGNSSD---ERLQYKMDFYGAFLEYTQELRQEGYSVVVCGDLNTAHKAIDIARP
          Vdis_1949   --EAYPFPAERK-GYAGVMTLTKVKPISVIKGLGIKEF--DAEGRVITVEFN----EFYV VNAYFPRAGDD---LSRLGFKISFCGAIEKFLNELRSR-KPVIVCGDFNIARDRLDSSFW
          Ferp_0776   ----HVVFSGGK-ARNGVAIASKFEPDEYFSGIN------GEKDRVIAARFG----KLWV INVYAPQGQSIE--SEYYRYKLEFFKKLKEFLSEFVDFKGYYLLCGDMNVAPEDIDVHSP
           mru_1115   --DYYFLKGESA-RTGGLASFTNIVPKIIKRFFIKSQ---DAFHRACVLDFE----DFTL IHIYAPAGTGK---KANFNQKLDYFNSLLKYVEKNKD--KNLIIAGDFNIAHNDIDISNK
           mru_1557   --TSYFHSAERG-GYSGVATYTSIEPNEVINGMGIEKF--DIEGRLIRLDFD----DFTL LNIYYPNGGRD---EERLQYKLDFYDAFLDYANDLRDQGKNLVICGDLNTAHKEIDLARP
          Mpet_1338   --FSYFSSAERK-GYSGTALYSRFEPESISYGFGVPEL--DSEGRIIIAEYS----DFNL YDIYFP-NGKMS--KERLQFKMDFYEECLRHAVSDLDSGKNVIICGDVNTAHKEIDLARP
         MSWAN_0192   --HTYLSEADRK-GYSGVALYTRIKPEKVEYGFGIDKF--DLEGRTLIADYG----DFVL FNIYFP-NGKMS--PERLQYKMDFYDAFMEYADKLKDEGKNIVVCGDVNTAHKEIDLARP
         Metbo_2449   --QLYVSEASRK-GYSGTATYTSLKPEGVKYGFGVEKF--DTEGRTLITDYG----DFVL FNIYFP-NGKMS--KERLDYKMEFYDTFLEYADELKDQGKNIVVCGDVNTAHREIDLAHP
          SiRe_0100   --EVISFPAKRK-GYSGVMTLTKIKPINVIKGLQIKEF--DDEGRTVTLELK----DFYV INAYFPRAGDN---LERLDFKLKFNNEIENFVLKLRRA-KPVILCGDFNIAHQNIDGAFS
          Ahos_1812   --AIESFSAKKK-GYSGVMTLTRYKPINVIKGLNVEEF--DEEGRVLTLEFE----KLFL INSYFPRAGDE---LKRLDFKIKFDKTVEEFMMKLRER-KPVIICGDFNAVRDRKDSSFW
          Ahos_2088   --EIYVFPAKRK-GYSGTMTMTRIHPISVSYGLGKEEY--DSEGRVIILEYP----EYYV INTYFPNAGEG---LKRLDFKLSFNRDFEKFVISLK---KPCIICGDFNVAHQEIDIARP
          VMUT_0363   --EAYPFPAIRK-GYAGVMTLTKIHPISVIKGIGINEL--DSEGRIITVEFN----DFYV VNTYFPRAGDD---LSRLDFKLSFCGAIEKFLANLRSK-KPIIMCGDFNIARDKIDSSFW
          MCON_0422   --ISFFSPGARK-GRDGVALFTKIKTLSLEYSLGLPGF--DDEQRAIVADYG----DFLL FDVYFP-NGKAS--KERLSYKMRFYDLFLDLMDRLVAEGRDIVICGDVNTAHKEIDLARP
          Mcup_0795   --RAYINPSKQKRGYSGTLTLTRIEPISVTYGIGKEEF--DVEGRVISTEFK----SMFV INVYFPNAGEG---LKRLDFKLRFNRAFQEYVASL---GKPSVICGDFNVAHEEIDIARP
       APE1 (human)   -SHQYWSAPSDKEGYSGVGLLSRQCPLKVSYGIGDEEH--DQEGRVIVAEFD----SFVL VTAYVPNAGRG---LVRLEYRQRWDEAFRKFLKGLASR-KPLVLCGDLNVAHEEIDLRNP
       Xth (E.coli)   ---NVFYHGQK--GHYGVALLTKETPIAVRRGFPGDDE--EAQRRIIMAEIPSLLGNVTV INGYFPQGESRDHPI-KFPAKAQFYQNLQNYLETELKRDNPVLIMGDMNISPTDLDIGIG

 MacExoIII (MA2077)   KEN-----ETTSG-FLPEERAWMDKFFDA-GYLDTFRLFNS-EGGNYSWWSLRTR-ARER NVGWRLDYFFVSENLRDNVKAAPIY-----PE----ITGSDHCPVGLELEFQV-------
       MTBMA_c06610   KEN-----SNVSG-FLPVERAWIDKFIEN-GYVDTFRMFNN-ESGQYTWWSYRTR-ARER NVGWRLDYFFVNEEFAKNVKRSWIL-----SE----VMGSDHCPVGLEIEV---------
             MTH212   KEN-----SNVSG-FLPVERAWIDKFIEN-GYVDTFRMFNS-DPGQYTWWSYRTR-ARER NVGWRLDYFFVNEEFKGKVKRSWIL-----SD----VMGSDHCPIGLEIEL---------
            MM_3148   KQN-----EMISG-FLPEERAWMDKFLAA-GYLDSFRMFNP-EGGNYSWWSMRTG-ARSR NVGWRLDYVFVSENLRENVKSASIY-----PE----IMGSDHCPVGLELEF---------
             AF0580   DKL-----KNHVC-FHEDARRAYKKILEL-GFVDVLRKIHP-NERIYTFYDYRVKGAIER GLGWRVDAILATPPLAERCVDCYADIKPRLAE-----KPSDHLPLVAVFDV---------
          Mbur_2145   KQN-----ERSSG-FLPQEREWIDTFLGH-GYLDTLRMFEP-ESGNYTWWDMKTR-ARDR NVGWRIDYFFASVSLKDRIRSAYIL-----SD----VMGSDHCPIGIEVELGDSS-----
            PTO0627   KDN-----ENNAG-FTIQERNWMTEFLNH-GYIDTYRYFHK-EPGHYSWWSYRFN-ARAK NIGWRIDYFIVTDDFIKNVKDSIIL-----EN----VKGSDHAPLELLL-----------
            MMP1012   KTN-----VKNAG-FTPEERNGFDNIVNS-GFLDTFREFNN-EPDNYSWWSYRFN-ARAR NIGWRIDYFCISKSLRNNLKDAYIM-----PE----VMGSDHCPVGIIFE----------
         Mbar_A3242   KQN-----ETISG-FLPEERAWMDKFLAA-GYLDTFRMFNP-EGGNYSWWSMRTG-ARKR NVGWRLDYFFVSEKLRDNVKSAPIY-----SE----IMGSDHCPVGLELEF---------
            SSO2290   DP-------KIPGL-TPQERAWFTHLLSL-GFIDTFRYLHP-NVRKYSWWSYMGN-AREK NLGLRLDYCIVSEELKDSIKMADIL-----TD----VQGSDHAPIILELT----------
             ST1910   DEN-------EPGL-SPKEREWMNHILKK-GYIDAYRFINP-TKIEYSWRSYRF-----K WKAMRIDYCLVSEELKDKIRDCKILN----------VSGSDHYPILLEIEV---------
            Ta1506m   KDN-----ENNAG-FTKQERDWMTKFLDS-GYVDTYRIFMK-EGGHYSWWSYRFN-ARAK NIGWRIDYFVVSDDIRDRVKKAEIL-----ET----VTGSDHAPVTLEVDL---------
            TVN0046   KDN-----EHNAG-FTIEERTWMSQFLSS-GYVDTFRLFTT-DGGHYSWWSYRFN-AREK NIGWRIDYFVVSDDIKDKVKASRIL-----EN----VKGSDHAPVELEIDI---------
           MG2_0121   KGN-----AKSSG-FLPHEREWFTELLND-GWHDVFRQHVGEGEKIFSWWSNRGQ-ARIK DRGWRIDYFLLNDAAAERFESIRI-------ERQGGLDVSDHAPVILDLKD---------
           MCP_1129   KEN-----SKKSG-FLPMEREWMDKFEAH-GFIDTFRVFEK-AGGHYTYWDTFTK-ARER NVGWRIDYFYVSDNLKKNLKGAFIE-----PD----VMGSDHCPVGIDLKI---------
          Mhun_0441   KEN-----ELVSG-FLPIEREWIDRVIAA-GFYDSFRLFSD-EGNQYSWWDYKSR-ARTR NVGWRIDYFFVNTAAKPFITGAGIR-----ND----IMGSDHCPVTLTLEFP--------
          Saci_0129   DE-------KEPGL-TSEERGWINKILST-DFVDTYRFING-NKIEYSWRSYL-----EK WKAMRIDYCIVSSEIKDRIKDSKIIK----IE------GSDHYPVYLEIL----------
  Faci_050500005205   KGN-----EKNAG-FTIEERDSMTEILSH-GYVDTYRYFHK-EPGHYSWWSYRFN-AREK NIGWRIDYFLVSDNFIGKVEDSLIL-----EN----VTGSDHAPLELILKQ---------
           RCIX1223   REN-----SKISG-FLPVERAWMDKLIAH-GYVDTFRLFND-QPGQYTFWDTVTR-ARER NVGWRIDYFFVSENLKEQLKAAFIM-----TE----IMGSDHCPIGIRLDA---------
          Cmaq_1739   DDN-------HPGL-TPLERQWLSEFIGK-GFTDTFRLIHP-NEIKYSWRSY-----RDR GKAMRIDYCLVSSELTNRVVDADILD----TE------GSDHYPILLVIK----------
          Msed_1434   KDN-----VNHAG-FTPEERKWFHEFLAS-GFVDTFRIFVK-EGGHYSWWSYRFH-AREK NIGWRIDYCVVSKELEKHVKKAEIL-----EK----VMGSDHAPVTLELDI---------
        MmarC5_0582   KTN-----VKNAG-FTPEERKGFDNIVNS-GFLDTFREFNK-EPDNYSWWSYRFN-ARAR NIGWRIDYFCISESLRNNLKDAFIM-----SE----IMGSDHCPVGIIFD----------
         Mevan_0339   KQN-----IKNAG-FTKEERNGFDNLINS-GFLDTFRELNN-EPENYTWWSYRFN-AREK NIGWRIDYFCISKKLRERLKDAFIM-----SE----VLGSDHCPVGIIIE----------
           Msm_1479   ANC-----EGKSGY-LIEEREWLDDLLAS-GFVDTFRMFDD-SGDNFTWWSYRTR-ARDR NAGWRLDYFFVNEEFKNKVKSATIK-----ND----VFGSDHCPVTLELDL---------
        MmarC7_0254   KNN-----VKNAG-FTPEERIGFDNIVDS-GFIDTFREFNK-EPDNYSWWSYRFN-ARSK NIGWRIDYFCISKILRDNLKDAFIM-----SE----VMGSDHCPVGIIFE----------
          Aboo_0823   KQN-----VKNAG-FTPQERAWMDEFLQD-GYIDTFRMFTK-EGGHYTWWTYRFK-ARER NIGWRVDYFVVSEELKDKVKSSWIL-----SE----VYGSDHAPIAMVLDI---------
        MmarC6_1647   KTN-----VKNAG-FTPEERKGFDNIVNS-GFLDTFREFNK-EPDNYSWWSYRFN-ARAR NIGWRIDYFCISESLRGNLKDAFIM-----PE----IMGSDHCPVGIIFG----------
          Mvol_0356   KTN-----KKHAG-FTEEERMGFDKYVEN-NFVDTFRLFNK-ESDNYTWWSYMHN-ARAK NIGWRIDYFCTSNSIVNYVKKSVIL-----DK----IYGSDHCPIKLELDC---------
          Mboo_0350   KTT-----PLIVGI-YPEEREKLNELERL-GFVDAFRYKHP-NLVRYSRWPYQNN-SREL NLGWRLDYFFVSAGLKDSITESEMLYHPGESDSHPQIAGSDHCPITLELSM---------
          Mboo_2415   PKK-P---VRQVG-ISPDERGRIDQLIAL-GFTDTFRLFHA-GPGYYTRWPFQNN-SRER NFGWRIDYCFVSQALRPFVADATIL-----HEI----KGSDHCPVALELNLPETDMILPA
          Mmah_0334   KQN-----EKRSG-FLPVEREWIDKFLSH-GFLDTFRLFNE-EEGNYTWWDLKTR-ARDR NVGWRLDYFFVSADLKQGVKEAFIL-----SE----VTGSDHCPVGLELDS---------
          Vdis_1949   DE-------KHPGL-TPEERAWLSQLIKD-GFIDAFRELHP-NARVFTWRSY-----KER WRAMRIDYCMVSEELRGKVIKAEVL-----SD----VEGSDHVPVMIEISN---------
          Ferp_0776   DKL-----RNHVC-FHEDVKKAFKEIVQL-GFVDVLRKHHP-KERIYTFYDYRVRDAVKR GLGWRVDHILATEKLAEKSKDCYVL-----LEYRTTEKPSDHVPLVAEFEKV--------
           mru_1115   DT-------KVS--FTDEERSVLDKLESF-GFVDALRLFN--EEESFSYWKN-----KEE NDGARLDYFFVSESLKDKVKSSSIL-----VD----VEGSKHLPIELEIEI---------
           mru_1557   KQN-----EDVSG-FLPIEREWVSKFLDN-GYVDTFRMLHENEKEKYTWWSYRTR-ARER NVGWRLDYFFVNEEFKDNVRASYII-----SE----VMGSDHCPIALEIEI---------
          Mpet_1338   KEN-----SKVSG-FLEIERKWIDRLLDA-GFKDSFRMFTS-EGGYYSWWDLKSG-ARER NVGWRIDYFFVSDGISGRVKSASIL-----SQ----VEGSDHCPVELELKS---------
         MSWAN_0192   KEN-----EKISG-FLPEERAWIDEFLNH-GYVDTFREFNQ-EEGQYTWWSYRTR-ARDR NVGWRLDYFFVNEEFMNHIKSSFIL-----KD----VMGSDHCPVGIEVVLGD-------
         Metbo_2449   KEN-----SKISG-FLPEERAWIDKLLDH-GYVDTFREFNQ-EPEEYTWWSYRTR-ARER NVGWRLDYFFVNRDFMKNVSAAYIL-----PE----VMGSDHCPVGIDVIL---------
          SiRe_0100   DPT-------IPGL-TPQERSWFSHFLSL-GFIDTFRYLHP-NVRKYSWWSYMGK-AREK NLGLRLDYCIVSEELKDRIKMADIL-----ID----IQGSDHAPIILELT----------
          Ahos_1812   DE-------REPAL-TPQEREWLNHVINDLGFIDAYKLVNP-NKNEFTWRSYRF-----K WKAMRIDYCLVSSELKNEIKNCEVLK----IE------GSDHYPLLLELNIESP------
          Ahos_2088   KDN-----VNHAGF-TPQEREWFSHFLSL-GYVDTYRMFVK-EGGHYSWWSYRFH-AREK NIGWRIDYCVVSESLKGRVIKADIL-----EK----VMGSDHAPILLEIQ----------
          VMUT_0363   DE-------KHPGL-TLEERAWLNQFLKS-GYIDTFRELHP-NAKVYTWHSY-----REK WRAMRIDYCIVSKELMSKVRKAEIL-----TN----IEGSDHVPVMIEVST---------
          MCON_0422   KPN-----EKISGF-LPEERAWIDRLIEH-GFLDTFRLFHP-EGEKYSFWDMKTR-ARER NVGWRIDYFFVSLGMRDRVKSAFIL-----DD----VYGSDHCPVGIEIEL---------
          Mcup_0795   KDN-----VNHAGF-TPEERKWFHEFLLS-GFVDTFRLFVK-EPGHYSWWSYRFH-AREK NIGWRIDYCVVSKELESKVKKAEIL-----EK----VMGSDHAPVTVEISE---------
       APE1 (human)   KGNK-----KNAG-FTPQERQGFGELLQAVPLADSFRHLYPNTPYAYTFWTYMMN-ARSK NVGWRLDYFLLSHSLLPALCDSKIR-----SK----ALASDHCPITLYLAL---------
       Xth (E.coli)   EENRKRWLRTGKCSFLPEEREWMDRLMSW-GLVDTFRHANPQTADRFSWFDYRSK-GFDD NRGLRIDLLLASQPLAECCVETGIDY-----EIRSMEKPSDHAPVWATFRR---------

 MacExoIII (MA2077)   NVGWRLDYFFVSENLRDNVKAAPIY-----PE----ITGSDHCPVGLELEFQV------- -----
       MTBMA_c06610   NVGWRLDYFFVNEEFAKNVKRSWIL-----SE----VMGSDHCPVGLEIEV--------- -----
             MTH212   NVGWRLDYFFVNEEFKGKVKRSWIL-----SD----VMGSDHCPIGLEIEL--------- -----
            MM_3148   NVGWRLDYVFVSENLRENVKSASIY-----PE----IMGSDHCPVGLELEF--------- -----
             AF0580   GLGWRVDAILATPPLAERCVDCYADIKPRLAE-----KPSDHLPLVAVFDV--------- -----
          Mbur_2145   NVGWRIDYFFASVSLKDRIRSAYIL-----SD----VMGSDHCPIGIEVELGDSS----- -----
            PTO0627   NIGWRIDYFIVTDDFIKNVKDSIIL-----EN----VKGSDHAPLELLL----------- -----
            MMP1012   NIGWRIDYFCISKSLRNNLKDAYIM-----PE----VMGSDHCPVGIIFE---------- -----
         Mbar_A3242   NVGWRLDYFFVSEKLRDNVKSAPIY-----SE----IMGSDHCPVGLELEF--------- -----
            SSO2290   NLGLRLDYCIVSEELKDSIKMADIL-----TD----VQGSDHAPIILELT---------- -----
             ST1910   WKAMRIDYCLVSEELKDKIRDCKILN----------VSGSDHYPILLEIEV--------- -----
            Ta1506m   NIGWRIDYFVVSDDIRDRVKKAEIL-----ET----VTGSDHAPVTLEVDL--------- -----
            TVN0046   NIGWRIDYFVVSDDIKDKVKASRIL-----EN----VKGSDHAPVELEIDI--------- -----
           MG2_0121   DRGWRIDYFLLNDAAAERFESIRI-------ERQGGLDVSDHAPVILDLKD--------- -----
           MCP_1129   NVGWRIDYFYVSDNLKKNLKGAFIE-----PD----VMGSDHCPVGIDLKI--------- -----
          Mhun_0441   NVGWRIDYFFVNTAAKPFITGAGIR-----ND----IMGSDHCPVTLTLEFP-------- -----
          Saci_0129   WKAMRIDYCIVSSEIKDRIKDSKIIK----IE------GSDHYPVYLEIL---------- -----
  Faci_050500005205   NIGWRIDYFLVSDNFIGKVEDSLIL-----EN----VTGSDHAPLELILKQ--------- -----
           RCIX1223   NVGWRIDYFFVSENLKEQLKAAFIM-----TE----IMGSDHCPIGIRLDA--------- -----
          Cmaq_1739   GKAMRIDYCLVSSELTNRVVDADILD----TE------GSDHYPILLVIK---------- -----
          Msed_1434   NIGWRIDYCVVSKELEKHVKKAEIL-----EK----VMGSDHAPVTLELDI--------- -----
        MmarC5_0582   NIGWRIDYFCISESLRNNLKDAFIM-----SE----IMGSDHCPVGIIFD---------- -----
         Mevan_0339   NIGWRIDYFCISKKLRERLKDAFIM-----SE----VLGSDHCPVGIIIE---------- -----
           Msm_1479   NAGWRLDYFFVNEEFKNKVKSATIK-----ND----VFGSDHCPVTLELDL--------- -----
        MmarC7_0254   NIGWRIDYFCISKILRDNLKDAFIM-----SE----VMGSDHCPVGIIFE---------- -----
          Aboo_0823   NIGWRVDYFVVSEELKDKVKSSWIL-----SE----VYGSDHAPIAMVLDI--------- -----
        MmarC6_1647   NIGWRIDYFCISESLRGNLKDAFIM-----PE----IMGSDHCPVGIIFG---------- -----
          Mvol_0356   NIGWRIDYFCTSNSIVNYVKKSVIL-----DK----IYGSDHCPIKLELDC--------- -----
          Mboo_0350   NLGWRLDYFFVSAGLKDSITESEMLYHPGESDSHPQIAGSDHCPITLELSM--------- -----
          Mboo_2415   NFGWRIDYCFVSQALRPFVADATIL-----HEI----KGSDHCPVALELNLPETDMILPA PKAVS
          Mmah_0334   NVGWRLDYFFVSADLKQGVKEAFIL-----SE----VTGSDHCPVGLELDS--------- -----
          Vdis_1949   WRAMRIDYCMVSEELRGKVIKAEVL-----SD----VEGSDHVPVMIEISN--------- -----
          Ferp_0776   GLGWRVDHILATEKLAEKSKDCYVL-----LEYRTTEKPSDHVPLVAEFEKV-------- -----
           mru_1115   NDGARLDYFFVSESLKDKVKSSSIL-----VD----VEGSKHLPIELEIEI--------- -----
           mru_1557   NVGWRLDYFFVNEEFKDNVRASYII-----SE----VMGSDHCPIALEIEI--------- -----
          Mpet_1338   NVGWRIDYFFVSDGISGRVKSASIL-----SQ----VEGSDHCPVELELKS--------- -----
         MSWAN_0192   NVGWRLDYFFVNEEFMNHIKSSFIL-----KD----VMGSDHCPVGIEVVLGD------- -----
         Metbo_2449   NVGWRLDYFFVNRDFMKNVSAAYIL-----PE----VMGSDHCPVGIDVIL--------- -----
          SiRe_0100   NLGLRLDYCIVSEELKDRIKMADIL-----ID----IQGSDHAPIILELT---------- -----
          Ahos_1812   WKAMRIDYCLVSSELKNEIKNCEVLK----IE------GSDHYPLLLELNIESP------ -----
          Ahos_2088   NIGWRIDYCVVSESLKGRVIKADIL-----EK----VMGSDHAPILLEIQ---------- -----
          VMUT_0363   WRAMRIDYCIVSKELMSKVRKAEIL-----TN----IEGSDHVPVMIEVST--------- -----
          MCON_0422   NVGWRIDYFFVSLGMRDRVKSAFIL-----DD----VYGSDHCPVGIEIEL--------- -----
          Mcup_0795   NIGWRIDYCVVSKELESKVKKAEIL-----EK----VMGSDHAPVTVEISE--------- -----
       APE1 (human)   NVGWRLDYFLLSHSLLPALCDSKIR-----SK----ALASDHCPITLYLAL--------- -----
       Xth (E.coli)   NRGLRIDLLLASQPLAECCVETGIDY-----EIRSMEKPSDHAPVWATFRR--------- -----
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MacUDG_MA_RS18745 MKELEIVAAEEENCGNFEERVQKLVEAGYETVAREAIACTRCPLHKSATKRVIGKGSCNP
MacUDGlike_MA_RS11760                          MKPVEYVKCKAFPCSDINKGGYLVPAVEVNPEKVK
Sulfolobus solfataricus                          MDNLDLIADEVRKCQKCKLWKFRKNAVPGEGNSKA
Sulfolobus tokodaii                          MDSLEKIKEEVISCKKCKLWQFRTNAVPGEGYPKA
Pyrococcus furiosus                       MSKHELMKKLEEKILTCKKCPLWRLRTNPVPGYGNYDA
Archaeoglobus fulgidus                          MESLDDIVREIMSCRKCDLHKTKTNYVPGVGNEKA
Aeropyrum pernix                        MAGSRLRQLEEEVRRCTRCPLHATRTHAVPGEGPGEA
Pyrobaculum aerophilum                           MDLQKLHELIKNCDKCPLHKYRKNAVPGEGEMKL
Thermus thermophilus                           MTLELLQAQAQNCTACRLMEGRTRVVFGEGNPDA
Deinococcus radiodurans      MTGSLPPPRHPLHQAADPPDPAALLALEDRNRGCAACPLRVSASQVVVSDGDPRA
Thermotoga maritima                      MYTREELMEIVSERVKKCTACPLHLNRTNVVVGEGNLDT

                            :         *            *

MacUDG_MA_RS18745 KVMFIGEAPGKTED---ETGIPFNG----RAGKKLDKMVEYMG-LSEEDWFVANTVKCRP
MacUDGlike_MA_RS11760 VVMIAEAPPENPLDYFYASGEPFYLKTTLQAFNDAGIPVNSIQEILDHGFYLTTALKCAK
Sulfolobus solfataricus EIMFIGEAPGENED---IEGKPFVG----VAGKLLTRLINEILGLSREDVFITNLVKCRP
Sulfolobus tokodaii EIMFVGEAPGENED---KEGRPFVG----AAGKLLTQMIKEILGLERDQVFITNVVKCRP
Pyrococcus furiosus KIMFIGEAPGYWED---QKGLPFVG----KAGKVLDELLDGIG-LTREDVYITNVVKCRP
Archaeoglobus fulgidus EIVFVGEAPGRDED---LKGEPFVG----AAGKLLTEMLASIG-LRREDVYITNVLKCRP
Aeropyrum pernix GVMVVGEAPGRMED---RLGRPFVG----PAGKLLDSLLELAG-LSRGEVYITNVVKCRP
Pyrobaculum aerophilum GVMIVGEAPGASED---EAGRPFVG----AAGQLLTEALSRLG-VRRGDVFITNVVKCRP
Thermus thermophilus KLMIVGEGPGEEED---KTGRPFVG----KAGQLLNRILEAAG-IPREEVYITNIVKCRP
Deinococcus radiodurans PLLIVGEGPGAEED---RDGRPFVG----QAGQLLDRILAAAS-LAREEAYLTNVTKCRA
Thermotoga maritima RIVFVGEGPGEEED---KTGRPFVG----RAGMLLTELLRESG-IRREDVYICNVVKCRP

 ::.    *    *     * **       *       :     :     :: .  **

MacUDG_MA_RS18745 PENRRPKASEIECCK-PFLIAQITLLDPEIIILLGNTAEKAYCPERKLERGVPVEYEGR-
MacUDGlike_MA_RS11760 TR-YVISADTVKNCSLVLEKELSLFPNVEVYMLMGDVAIKAFNYISRRLTGKNTIRSGST
Sulfolobus solfataricus PNNRDPEEDEILACS-PYLTRQIESIRPHIIITLGRHSTSYLFKKMNMKMESIGKVRGKF
Sulfolobus tokodaii PNNRDPEEDEITACS-PYLDRQIDIIMPKIIVTLGRHSTKYIFSKMGENFSSITKVRGKS
Pyrococcus furiosus PNNRDPTEEEIKACS-PYLDQQIDIIKPKVIVTLGRHSTNYILKKFGFDLEPISKIHGKV
Archaeoglobus fulgidus PNNRDPTPEEVEKCG-DYLVRQLEAIRPNVIVCLGRFAAQFIFNLFDLEFTTISRVKGKV
Aeropyrum pernix PGNRDPREEEIEACL-PYLVEQISLIRPRLVIAVGRHAGRTLFRLAGLRWPGLARARGRV
Pyrobaculum aerophilum PNNRTPNREEVEACL-PYLIQQIGILKPRRIIALGLISAKALMELMGRRAEKLGDVKGKC
Thermus thermophilus PQNRAPLPDEAKICTDKWLLKQIELIAPQIIVPLGAVAAEFFLG----EKVSITKVRGKW
Deinococcus radiodurans PNNRTPLPLETATCTGLWLEPQLALLRPRVVLSLGNTATQFLLG----TPRGITRLRGQW
Thermotoga maritima PNNRTPTPEEQAACG-HFLLAQIEIINPDVIVALGATALSFFVDG---KKVSITKVRGNP
MacUDG_MA3593 PENRRPKASEIECCK-PFLIAQITLLDPEIIILLGNTAEKAYCPERKLERGVPVEYEGR-
MacUDGlike_MA2265 TR-YVISADTVKNCSLVLEKELSLFPNVEVYMLMGDVAIKAFNYISRRLTGKNTIRSGST

.            *                 : :*  :                   *

MacUDG_MA_RS18745 ------------MILKLYHPAALIYTASKIDVQKAFIDKNRDLWQ
MacUDGlike_MA_RS11760 YKIRKEQ---FFYNGKRVFPSYVQTGQNYLIEKSKRMMIAEDLAEAAKLIK
Sulfolobus solfataricus YTWNIYG--YKILVFPTYHPAAALYNPPIRKVLEEDFRKVKEALSS-KPITLDNFLYG--
Sulfolobus tokodaii YVWKYKE--KEIIVFPTYHPAAALYNPNLRKILEEDFKKIRELAITPKRYTIDYFLGGKN
Pyrococcus furiosus FKAKTLF--GTLYIFPTYHPAVALYRPQLKEELKQDFDILKSLLEKLGI
Archaeoglobus fulgidus YEVERWG--KKVKVIAIYHPAAVLYRPQLREEYESDFKKIGELCGKKQPTLFDYL
Aeropyrum pernix WRGRIGG--VELLIAVTYHPAAALYNPGLRGELERDFSGFIRRSVAEALSRGGGGGGAGL
Pyrobaculum aerophilum YQGRIAG--VQVELCITYHPAAVLRKPALRGEFQKDLAMFFG---------------GGL
Thermus thermophilus YEWHG------IKVFPMFHPAYLLRNPSRAPGSPKHLTWLDIQEVKRALDALPPKERRPV
Deinococcus radiodurans FTYRHPAWPQPALLMPLLHPAYLLRNPVRTPGGPKSLTWRDIREVAAVLRGEKEASPVQG
Thermotoga maritima IDWLGG-----KKVIPTFHPSYLLRNRSNE---LRRIVLEDIEKAKSFIKKEG

                  .*:               :

MacUDG_MA_RS18745
MacUDGlike_MA_RS11760
Sulfolobus solfataricus -SGDKGEKGNSNSGK
Sulfolobus tokodaii RSWDKREKSDSNSGK
Pyrococcus furiosus
Archaeoglobus fulgidus
Aeropyrum pernix DRWFSPDSRGPGEGAGGDVDS
Pyrobaculum aerophilum DRFLDPSK
Thermus thermophilus KAVSQEPLF
Deinococcus radiodurans QFPAAPDSLFSELE
Thermotoga maritima

Supplementary Figure S2. Amino acid sequence alignment of the characterized family-4
UDG proteins, MacUDG, and MacUDG-like (MA_RS18745 and MA_RS11760). Motif A:
GE(A/G)PG, Motif B: HPAAVL, Underlined peptides: (putative or characterized) PIP box/β-
clamp motif, ▼: Cysteine residues involved in Fe-S clusters. Accession numbers: Sulfolobus
solfataricus, WP_009991844.1; Sulfolobus tokodaii, WP_010980322.1; Pyrococcus furiosus,
WP_011012532.1; Archaeoglobus fulgidus, WP_010879766.1; Aeropyrum pernix, BAA79385.2;
Pyrobaculum aerophilum, AAL62921.1; Thermus thermophilus, WP_011228142.1; Deinococcus
radiodurans, WP_010888386.1; Thermotoga maritima, WP_004081422.1.
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Supplementary Figure S3. Quality check of MacEndoQ sample. MacEndoQ (200 nM and
500 nM) was incubated with 20 ng/µl of supercoiled pBlueScript II SK(+) dsDNA (lanes 2–4) and
pBlueScript II SK(+) ssDNA (lanes 6–8) at 37�C for 60 min in the reaction solution. Reaction
products were analyzed by 0.8% agarose gel electrophoresis, followed by ethidium bromide
staining. M, DNA marker (NEB, #3200).
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Supplementary Figure S4. Cleavage activity of MacEndoQ toward the opposite strand of a
single lesion-containing strand. MacEndoQ cleavage reaction were performed at 37°C for 60
min using the single lesion-containing strand labeled DNA (lanes 1, 2, 5, 6, 9, 10) or the
opposite (intact) strand labeled DNA (lanes 3, 4, 7, 8, 11, 12). For the detailed reaction
conditions and the termination step, see the methods section in the main text. Cleavage
products were separated by 8 M urea-12% PAGE.
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Supplementary Figure S5. Cleavage activity of MacExoIII toward the opposite strand of a
single lesion-containing strand. MacExoIII cleavage reaction were performed at 37°C for 10
min using the (single lesion-containing) top strand labeled, blunt ended DNA (lanes 1–3, 7–9) or
the bottom strand labeled, blunt ended DNA (lanes 4–6, 10–12). For the detailed reaction
conditions and the termination step, see the methods section in the main text. Cleavage
products were separated by 8 M urea-12% PAGE.
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Supplementary Figure S6. Electrophoretic mobility shift assay of MacExoIII with
normal/(AP/dU)-containing DNA. Various concentrations (0, 1, 5, and 10 nM) of MacExoIIIWT

were incubated with 5 nM 5′-Cy5-labeled 6-nt 3′-overhang dsDNA (normal: lanes 1–4; AP site:
lanes 5–8; dU: lanes 9–12), in reaction solution (50 mM Bis-Tris-HCl, pH 7.0, 1 mM DTT, 1 mM
MnCl2, 0.01% Tween 20; 20 µl) at 37°C for 10 min. After 5 μl of loading buffer (17% Ficoll, 10
mM Tris-HCl, pH 8.0 and 0.1% Orange G) was added, the samples were separated by 8%
PAGE in TBE buffer and visualized by an image analyzer, Typhoon Trio+ (GE Healthcare).
Assignments of the bands are shown on the left od the panel.
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Supplementary Figure S7. Endonuclease activities by MacExoIII and MacExoQ toward
MacUDG-catalyzed substrates. 5′-Cy5-labeled 6-nt 3′-overhanging, uracil-containing dsDNA
were incubated with (100 nM; lanes 2–7) or without (lanes 1, 8–12) MacUDG in the 20 µl of
reaction mixture (50 mM Tris-HCl, pH 8.0, 1 mM DTT, 0.1 μg/mL BSA) at 37°C for 10 min. After
adding 1 µl of 20 mM MnCl2 (lanes 1–5 and 8–10) or MgCl2 (6, 7, 11, and 12), the indicated
concentrations of MacExoIIIWT (lanes 4, 5, 9, 10) or MacEndoQWT (lanes 6, 7, 11, 12) (2 µl) were
added to the reaction mixture and further incubated for 10 min. The lane 2 sample were treated
with NaOH. For the details, see the methods section in the main text. Cleavage products were
separated by 8 M urea-12% PAGE.
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Supplementary Figure S8. Original gel images presented in Figure 2. Red dotted lines
indicate the presented area in the main figure.
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Supplementary Figure S9. Original gel images presented in Figure 3. Red dotted lines
indicate the presented area in the main figure.
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Supplementary Figure S9 (Continued). Original gel images presented in Figure 3. Red
dotted lines indicate the presented area in the main figure.
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Supplementary Figure S10. Original gel images presented in Figure 4. Red dotted lines
indicate the presented area in the main figure.
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Supplementary Figure S10 (Continued). Original gel images presented in Figure 4. Red
dotted lines indicate the presented area in the main figure.
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Supplementary Figure S11. Original gel images presented in Figure 5. Red dotted lines
indicate the presented area in the main figure.
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