
A
 
 
                    *        20         *        40         *        60         *        80       
At MNS3   : -MSKSLPYSVKDIH---------YDNAK-FRHRSPLKVFSQS-----LLTLSTKRNYASCSTGKFLILILFFGVACLMLM :  64 
Hs ERMNSI : MYPPPPPPPHRDFISVTLSFGESYDNSKSWRRRSCWRKWKQLSRLQRNMILFLLAFLLFCGLLFYINLADHWKALAFRLE :  80 
Sc MNS1   : --------------------------------------MKNS------VGISIATIVAIIAAIYYVPWYEHFERKSPGAG :  36 
                                                                                                  
                                                                                                  
                    *       100         *       120         *       140         *       160       
At MNS3   : SKS---PNESGLNEKGKVTFVGGLRLGG----------------LLRKPPRLPPRLSP----DEGQLRGSSTNGSTIS-- : 119 
Hs ERMNSI : EEQKMRPEIAGLKPANPPVLPAPQKADTDPENLPEISSQKTQRHIQRGPPHLQIRPPSQDLKDGTQEEATKRQEAPVDPR : 160 
Sc MNS1   : EMR----------------------------------------------------------------------------- :  39 
                                                                                                  
                                                                                                  
                    *       180         *       200         *       220         *       240       
At MNS3   : -NSDPK-------------------------------------------WAARQQSVKEAFDHAWSGYRKYAMGYDELMP : 155 
Hs ERMNSI : PEGDPQRAVISWRGAVIEPEQGTELPPRRAEVPTKPPLPPARTQGTPVHLNYRQKGVIDVFLHAWKGYRKFAWGHDELKP : 240 
Sc MNS1   : ------------------------------------------------------DRIESMFLESWRDYSKHGWGYDVYGP :  65 
                                                                                                  
                                                                                                  
                    *       260         *       280         *       300         *       320       
At MNS3   : ISQK---GVDGLGGLGATVVDALDTAMIMG---------LDNIVSEAGSWVETHLLERISQKGQVNLFETTIRVLGGLLS : 223 
Hs ERMNSI : VSRS---FSEWFG-LGLTLIDALDTMWILG---------LRKEFEEARKWVSKKL--HFEKDVDVNLFESTIRILGGLLS : 305 
Sc MNS1   : IEHTSHNMPRGNQPLGWIIVDSVDTLMLMYNSSTLYKSEFEAEIQRSEHWINDVL--DFDIDAEVNVFETTIRMLGGLLS : 143 
                                                                                                  
                                                                                                  
                    *       340         *       360         *       380         *       400       
At MNS3   : AYHLSGGEQGTVNMTHVGPKPVIYLNIAKDLADRLLSAFTSSPTPVPFCDVILHESTAHPAPG--GASSTAEVASVQLEF : 301 
Hs ERMNSI : AYHLSGDS--------------LFLRKAEDFGNRLMPAFR-TPSKIPYSDVNIGTGVAHPPRWT-SDSTVAEVTSIQLEF : 369 
Sc MNS1   : AYHLSDVLEVG--------NKTVYLNKAIDLGDRLALAFLSTQTGIPYSSINLHSGQAVKNHADGGASSTAEFTTLQMEF : 215 
                                                                                                  
                                                                                                  
                    *       420         *       440         *       460         *       480       
At MNS3   : NYLSSISGDPKYSTEAMKVLAHIK---TLP-KTEGLVPIYISPQTGDFVGENIR-LGSRGDSYYEYLIKVWLQQGAKLNS : 376 
Hs ERMNSI : RELSRLTGDKKFQEAVEKVTQHIH---GLSGKKDGLVPMFINTHSGLFTHLGVFTLGARADSYYEYLLKQWIQGGKQE-- : 444 
Sc MNS1   : KYLAYLTGNRTYWELVERVYEPLYKNNDLLNTYDGLVPIYTFPDTGKFGASTIR-FGSRGDSFYEYLLKQYLLTHETL-- : 292 
                                                                                                  
                                                                                                  
                    *       500         *       520         *       540         *       560       
At MNS3   : NFTYLHDMYIEAMKGVRHLLVQNSIPKGLVFVGELPYGSKGEFSPKMDHLVCFLPGTLALGATKGLTKEQALKE--NLLS : 454 
Hs ERMNSI : --TQLLEDYVEAIEGVRTHLLRHSEPSKLTFVGELAHG---RFSAKMDHLVCFLPGTLALGVYHGLP------------- : 506 
Sc MNS1   : ----YYDLYRKSMEGMKKHLLAQSKPSSLWYIGEREQGLHGQLSPKMDHLVCFMGGLLASGSTEGLSIHEARRRPFFSLS : 368 
                                                                                                  
                                                                                                  
                    *       580         *       600         *       620         *       640       
At MNS3   : FEDLENLKLAEDLAKTCFEMYEVTATGLAPEIAYFHTKDYTEDGLDGGNKSSMYANDIIIKPADRHNLLRPETVESLFVL : 534 
Hs ERMNSI : ---ASHMELAQELMETCYQMNRQMETGLSPEIVHFN--LYPQPGR----------RDVEVKPADRHNLLRPETVESLFYL : 571 
Sc MNS1   : LERKSDWDLAKGITDTCYQMYKQSSSGLAPEIVVFNDGNIKQDGWWRSS-----VGDFFVKPLDRHNLQRPETVESIMFM : 443 
                                                                                                  
                                                                                                  
                    *       660         *       680         *       700         *       720       
At MNS3   : YRITKDTKYRDQGWQIFEAFEKYTKVKSGG-----YTSLDDVTEVP-PHRRDKMETFFLGETLKYLYLLFGDD-SVIPLD : 607 
Hs ERMNSI : YRVTGDRKYQDWGWEILQSFSRFTRVPSGG-----YSSINNVQDPQKPEPRDKMESFFLGETLKYLFLLFSDDPNLLSLD : 646 
Sc MNS1   : YHLSHDHKYREWGAEIATSFFENTCVDCNDPKLRRFTSLSDCITLP-TKKSNNMESFWLAETLKYLYILFLDE---FDLT : 519 
                                                                                                  
                                                
                    *       740         *       
At MNS3   : KFVFNTEAHPLPIRRNT------------- : 624 
Hs ERMNSI : AYVFNTEAHPLPIWTPA------------- : 663 
Sc MNS1   : KVVFNTEAHPFPVLDEEILKSQSLTTGWSL : 549 
                                                
 

Supplemental Data. Liebminger et al. (2009). Class I �-mannosidases are required for N-glycan 
processing and root development in Arabidopsis thaliana. 



B
                                                                                                  
                    *        20         *        40         *        60         *        80       
Hs MNSIA  : MPVGGLLPLFSSPAGGVLGGGLGGGGGRKGSGPAALRLTEKFVLLLVFSAFITLCFGAIFFLPDSSKLLSGVLFHSSPAL :  80 
Hs MNSIB  : MTTPALLPLSGRRIP-----PLNLGPPSFPHHRATLRLSEKFILLLILSAFITLCFGAFFFLPDSSKHKR-FDLGLEDVL :  74 
Hs MNSIC  : --------MLMRKVP-----------GFVPASPWGLRLPQKFLFLLFLSGLVTLCFGALFLLPHSSRLKRLFLAPRTQQP :  61 
At MNS1   : ---------------------------------------------MARSRSISG-YGIWKYLNPAYYLRR----PRRLAL :  30 
At MNS2   : ---------------------------------------------MARNKLVSGSHGIWKYFNPAFYLRR----PRRLAL :  31 
                                                                                                  
                                                                                                  
                    *       100         *       120         *       140         *       160       
Hs MNSIA  : QPAADHKPGPGARAEDAAEGRARRREEGAPGDPEAALEDNLARIRENHERALREAKETLQKLPEEIQRDILLEKKKVAQD : 160 
Hs MNSIB  : IPHVDAGKG----AKNPGVFLIHGPDEHRHREEEERLRN---KIRADHEKALEEAKEKLRKSREEIRAEIQTEKNKVVQE : 147 
Hs MNSIC  : GLEVVAEIAGHAPAREQEPPPNPAPAAPAPGEDDPSSWAS----PRRRKGGLRRTRPTGPREEATAARGNSIPASRPGDE : 137 
At MNS1   : LFIVFVSVS------------------------------------------------MLVWDRINLAREHEVEVFKLNEE :  62 
At MNS2   : LIILFVSVS------------------------------------------------MVVWDRQSLSRDYQFEVSKLNEE :  63 
                                                                                                  
                                                                                                  
                    *       180         *       200         *       220         *       240       
Hs MNSIA  : QLRDKAPFRGLPPVDFVPPIGVESREPAD--AAIREKRAKIKEMMKHAWNNYKGYAWGLNELKPISKGGHSSSLFG-NIK : 237 
Hs MNSIB  : MKIKEN--KPLPPVPIPNLVGIRGGDPED--NDIREKREKIKEMMKHAWDNYRTYGWGHNELRPIARKGHSPNIFGSSQM : 223 
Hs MNSIC  : GVPFRFDFNAFRSRLRHPVLGTRADESQEPQSQVRAQREKIKEMMQFAWQSYKRYAMGKNELRPLTKDGYEGNMFG-GLS : 216 
At MNS1   : VSRLEQMLEELNGGVGNKPLKTLKDAPED--PVDKQRRQKVKEAMIHAWSSYEKYAWGKDELQPRTKDGTDS--FG--GL : 136 
At MNS2   : VLRLQQMLEEIKSVTEDVSVNSLKDVQED--PVDAQRMQRVKEAMVHAWSSYEKYAWGQDELQPQTKDGVDS--FG--GL : 137 
                                                                                                  
                                                                                                  
                    *       260         *       280         *       300         *       320       
Hs MNSIA  : GATIVDALDTLFIMEMKHEFEEAKSWVEENLDFNVNAEISVFEVNIRFVGGLLSAYYLSGEEIFRKKAVELGVKLLPAFH : 317 
Hs MNSIB  : GATIVDALDTLYIMGLHDEFLDGQRWIEDNLDFSVNSEVSVFEVNIRFIGGLLAAYYLSGEEIFKIKAVQLAEKLLPAFN : 303 
Hs MNSIC  : GATVIDSLDTLYLMELKEEFQEAKAWVGESFHLNVSGEASLFEVNIRYIGGLLSAFYLTGEEVFRIKAIRLGEKLLPAFN : 296 
At MNS1   : GATMVDSLDTLYIMGLDEQFQKAREWVASSLDFDKDYDASMFETTIRVVGGLLSAYDLSGDKMFLEKAKDIADRLLPAWN : 216 
At MNS2   : GATMIDALDTLYIMGLDEQFQKAREWVASSLDFDKDYAASMFETTIRVVGGLLSAYDLSGDKIFLEKAMDIADRLLPAWD : 217 
                                                                                                  
                                                                                                  
                    *       340         *       360         *       380         *       400       
Hs MNSIA  : TPSGIPWALLNMKSGIGRNWPWASGGSS-ILAEFGTLHLEFMHLSHLSGNPIFAEKVMNIRTVLNKLEKPQGLYPNYLNP : 396 
Hs MNSIB  : TPTGIPWAMVNLKSGVGRNWGWASAGSS-ILAEFGTLHMEFIHLSYLTGDLTYYKKVMHIRKLLQKMDRPNGLYPNYLNP : 382 
Hs MNSIC  : TPTGIPKGVVSFKSG---NWGWATAGSSSILAEFGSLHLEFLHLTELSGNQVFAEKVRNIRKVLRKIEKPFGLYPNFLSP : 373 
At MNS1   : TPTGIPYNIINLRNGNAHNPSWAAGGDS-ILADSGTEQLEFIALSQRTGDPKYQQKVEKVITELNKNFPADGLLPIYINP : 295 
At MNS2   : TQSGIPYNIINLKHGNAHNPTWAGG-DS-ILADSGTEQLEFIALSQRTGDPKYQQKVEKVISVLNKNFPADGLLPIYINP : 295 
                                                                                                  
                                                                                                  
                    *       420         *       440         *       460         *       480       
Hs MNSIA  : SSGQWGQHHVSVGGLGDSFYEYLLKAWLMSDKTDLEA--KKMYFDAVQAIETHLIRKSSSGLTYIAEWKGGLLEHKMGHL : 474 
Hs MNSIB  : RTGRWGQYHTSVGGLGDSFYEYLLKAWLMSDKTDHEA--RKMYDDAIEAIEKHLIKKSRGGLTFIGEWKNGHLEKKMGHL : 460 
Hs MNSIC  : VSGNWVQHHVSVGGLGDSFYEYLIKSWLMSGKTDMEA--KNMYYEALEAIETYLLNVSPGGLTYIAEWRGGILDHKMGHL : 451 
At MNS1   : DNANPSYSTTTFGAMGDSFYEYLLKVWVQGNKTSAVKPYRDMWEKSMKGLLSLVKKSTPSSFTYICEKNGNNLIDKMDEL : 375 
At MNS2   : DTANPSQSTITFGAMGDSFYEYLLKVWVFGNKTSAVKHYRDMWEKSMNGLLSLVKKSTPLSFTYICEKSGNSLIDKMDEL : 375 
                                                                                                  
                                                                                                  
                    *       500         *       520         *       540         *       560       
Hs MNSIA  : TCFAGGMFALGADAAP-EGMAQHYLELGAEIARTCHESYNRTFMKLGPEAFRFDGGVEAIATRQNEKYYILRPEVMETYM : 553 
Hs MNSIB  : ACFAGGMFALGADGSR-ADKAGHYLELGAEIARTCHESYDRTALKLGPESFKFDGAVEAVAVRQAEKYYILRPEVIETYW : 539 
Hs MNSIC  : ACFSGGMIALGAEDAK-EEKRAHYRELAAQITKTCHESYARSDTKLGPEAFWFNSGREAVATQLSESYYILRPEVVESYM : 530 
At MNS1   : ACFAPGMLALGASGYG-PDEEKKFLSLAGELAWTCYNFYQSTPTKLAGENYFFTAGQDMSVG---TSWNILRPETVESLF : 451 
At MNS2   : ACFAPGMLALGASGYSDPAEGKKFLTLAEELAWTCYNFYQSTPTKLAGENYFFNSGSDMSVG---TSWNILRPETVESLF : 452 
                                                                                                  
                                                                                                  
                    *       580         *       600         *       620         *       640       
Hs MNSIA  : YMWRLTHDPKYRKWAWEAVEALENHCRVNGGYSGLRDVYLLHESYDDVQQSFFLAETLKYLYLIFSDDDLLPLEHWIFNS : 633 
Hs MNSIB :  YLWRFTHDPRYRQWGWEAALAIEKYCRVNGGFSGVKDVYSSTPTHDDVQQSFFLAETLKYLYLLFSGDDLLPLDHWVFNT : 619 
Hs MNSIC  : YLWRQTHNPIYREWGWEVVLALEKYCRTEAGFSGIQDVYSSTPNHDNKQQSFFLAETLKYLYLLFSEDDLLSLEDWVFNT : 610 
At MNS1   : YLWRLTGNKTYQEWGWNIFQAFEKNSRVESGYVGLKDVN--TGAKDNKMQSFFLAETLKYLYLLFSPSSVISLDEWVFNT : 529 
At MNS2   : YLWRLTGNKTYQEWGWNIFEAFEKNSRIESGYVGLKDVN--TGVKDNKMQSFFLAETLKYLYLLFSPTTVIPLDEWVFNT : 530 
                                                                                                  
                                                            
                    *       660         *       680         
Hs MNSIA  : EAHLLPILPKDK-------------------KEVEIREE--- : 653 
Hs MNSIB  : EAHPLPVLHLAN-------------------TTLSGNPAVR- : 641 
Hs MNSIC  : EAHPLPVNHSDS-------------------SGRAWGRH--- : 630 
At MNS1   : EAHPLKIVARND-----------PRKPTIALRQRKFGHQINV : 560 
At MNS2   : EAHPLKIKSRNDQVNLKQSNKVLLRKPAFRIRQRHYGRITKK : 572 
                                                            

Supplemental Figure 1. Multiple sequence alignment of (A) At MNS3 with human (HsERMNSI) and 

yeast (ScMNS1) ER-MNSI proteins and (B) MNS1 and MNS2 with human Golgi-MNSIs (HsMNSIA-

C). The sequence alignments were performed with ClustalW 
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and were edited manually. Conserved amino acid 
residues are shaded black. Dashed lines represent gaps inserted for optimal alignment of the sequences. 
 
 



A

 
 
B 

Supplemental Figure 2. Expression of MNS1, MNS2 and MNS3 in Arabidopsis tissues. 

(A) Reverse transcriptase-(RT)-PCR (two independent repeats) was performed using RNA 

extracted from flowers (FL), siliques (SI), stems (ST), cauline leaves (CL), rosette leaves 

(RL) and roots (RO). Specific primers were used for MNS1 (32 cycles), MNS2 (34 cycles), 

MNS3 (34 cycles) and UBQ (35 cycles) as control. The expression of the three �-

mannosidase genes was detectable in all analyzed Arabidopsis organs, being consistent with a 

proposed constitutive expression of these genes. (B) Expression of promoter:�-glucuronidase 

(GUS) reporter constructs in Arabidopsis. The expression of MNS1prom:GUS and 

MNS2prom:GUS is almost indistinguishable, with high expression in pollen grains and shoot 

apical meristems of seedlings. MNS1prom:GUS expression was also detected in hypocotyls and 

in the upper region of the root in young seedlings. MNS3prom:GUS expression is detectable in 



stamens and in sepals and in newly emerging rosette leaves. Arrow heads indicate subtle 

differences in the expression pattern of MNS proteins. Scale bar = 3 mm. 



M1A

Supplemental Figure 3. MNS3-GFP is located in the Golgi apparatus of Arabidopsis 

cells. 

A. thaliana seedlings expressing (A) MNS1-CTS-GFP, (B) MNS3-CTS-GFP and (C) MNS3-

GFP were grown on MS medium plus 2% sucrose for four to seven days at 22°C. Seedlings 

were transferred onto microscope coverslips and were imaged on a Leica TCP SP2 confocal 

laser scanning microscope. GFP was imaged using a 488-nm argon laser line, and emission 

was recorded from 500 to 535 nm. A-C: MNS-GFP fusions are located in mobile punctate 

structures reminiscent of Golgi bodies. No ER labeling was observed. Scale bar = 5 μm. 

- -

A B C

- -

A B C

MNS1-CTS-GFP MNS3-CTS-GFP MNS3-GFP



Supplemental Figure 4. Recombinant MNS proteins are specifically inhibited by 

kifunensine and 1-deoxymannojirimycin. Activity assays with methyl-2-O-á-D-

mannopyranosyl-á-D-mannopyranoside as substrate were performed as described in Material 

and Methods. (A) Inhibition of MNS1-3 by kifunensine and (B) inhibition of MNS1-3 by 1-

deoxymannojirimycin (dMM) expressed as a percentage of control activity in the absence of 

inhibitor.  
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Supplemental Figure 5. EDTA affects á-mannosidase activity of recombinant MNS 

proteins. After incubation of MNS1-3 with 5 mM EDTA, methyl-2-O-á-D-mannopyranosyl-

á-D-mannopyranoside was added. Activity assays were performed as described in Material 

and Methods. Restoration of enzyme activity was observed after addition of divalent cations.  



  Elution position (Glc units) 

Man9                          

RP-HPLC

  5.33                          

Man8.1                          4.76

Man8.2                          6.40

Man8.4                          5.65

Man6.8                          6.18

Man6.10                        7.82

Man5.1                          7.25

Man6.1                          6.15

(1,2)

(1,6)

(1,3)

(1,3)(1,2)

(1,6)

(1,2)

(1,2)

Man GlcNAc8 2

Man GlcNAc5 2

Man GlcNAc6 2

Man GlcNAc9 2

Supplemental Figure 6. N-glycan structures relevant for this study. The elution positions 

of each oligosaccharide on RP-HPLC are taken from the literature (Tomiya et al., 1991, 

Neeser et al., 1985).  
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Supplemental Figure 7. The MNS product Man5-PA co-elutes with Man5.1. 

Incubation of the substrates Man8GlcNAc2-PA (A, C) and Man9GlcNAc2-PA (C, D) with 

high amounts of the recombinant enzymes MNS1-3 yielded Man5GlcNAc2-PA (A+B) when 

analyzed on NP-HPLC. No further trimming of mannoses to Man4GlcNAc2- or 

Man3GcNAc2-PA occurred. Man5GlcNAc2-PA peaks were collected and separated on RP-

HPLC (C+D). All Man5-PA products co-elute with the Man5.1 standard. As other Man5 

isomers were shown to have different elution times (Tomiya et al., 1991), this indicates that

Man5.1 is the only isomer generated by recombinant MNS proteins.  



Elution time (min)

 5 μg

 + swainsonine

+ dMM

 + kifunensine

15

M
a

n
5

M
a

n
6

M
a
n

7

20

n
M

a
8

25 3530

MNS3

 

 35 ng

 + swainsonine

+ dMM

 + kifunensine

15

5
a

n
M

n
M

a
6

M
7

a
n

20

M
n
8

a

25 3530

MNS2

 

10

 25 ng

 + swainsonine

+ dMM

 + kifunensine

15

5
M

a
n

a
M

n
6

n
7

M
a

20

M
a

n
8

25 3530

MNS1A

35

5
M

a
 

n

M
a

n
6

 

n
 

M
7

a a
n

 
M

8

252015

M
a

n
9

 

 80 ng

 + swainsonine

 + dMM

 + kifunensine

30

MNS3

M
5

a
n

 

6
M

n
a

 

n
a

M
 

7

M
n

8
a

 

252015 35

n
M

 
a

9

 40 ng

 + swainsonine

 + dMM

 + kifunensine

30

MNS2

35

M
a

n
 

5

a
n

6
M

 

M
a

7
n

  
M

a
n

8

252015

n
9
 

M
a

 30 ng

 + swainsonine

 + dMM

 + kifunensine

30

MNS1

10

c
e

F
lu

s
o
re

c
e
n

 I
n
te

n
s
it
y

Elution time (min)

B

 

Supplemental Figure 8. Recombinant MNS proteins are specifically inhibited by 

kifunensine and 1-deoxymannojirimycin. 

Activity assays with PA-labeled substrates (A) Man8GlcNAc2 and (B) Man9GlcNAc2 were 

performed in the presence of class I and class II á1,2-mannosidase inhibitors. Assays were 

performed under conditions where at least 30 percent substrate turnover took place. Briefly, 

after incubation of the enzymes with a certain amount of inhibitors for 15 min on ice, the 

samples were handled and analyzed as described in Methods. The class II á1,2-mannosidase 

inhibitor swainsonine (10 μM) did not affect the enzyme activity of MNS1-3. In contrast, 

hardly any substrate turnover was seen when the recombinant enzymes were pre-incubated 

with 1-deoxymannojirimycin (dMM, 100 μM) or kifunensine (1 μM). 
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Supplemental Figure 9. N-glycan spectra of leaves of single knockout plants. MALDI-

TOF-MS spectra of total N-glycans extracted from leaves of mns1, mns2 and mns3-2 single 

mutants. The N-glycan profile of mns3-1 is essentially the same as that of mns3-2. 
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Supplemental Figure 10. The Man8GlcNAc2 oligosaccheride isolated from glycoprotein 

extracts of mns1 mns2 double knockouts co-elutes with Man8.1. 

Leaf material of the double knockout was analyzed for total glycans as described previously 

(Strasser et al., 2004). The prominent Man8GlcNAc2 peak was isolated by normal-phase 

HPLC, PA-labeled and analyzed by reverse-phase HPLC. To characterize the isolated peak, 

two Man8GlcNAc2 isomers (Man8.1, Man8.2) were used as standards. Man8GlcNAc2 isolated 

from the double mutant co-elutes with the Man8.1-PA standard, the isomer lacking the 

terminal mannose from the b-branch. 



 

Supplemental Figure 11. The Man6GlcNAc2 oligosaccharide isolated from mns3-1 plants 

is an acceptor substrate for N-acetylglucosaminyltransferase I (GnTI). 

Man6GlcNAc2-PA isolated from mns3-1 plants (presumably Man6.10) was incubated with 

recombinant rabbit GnTI and UDP-GlcNAc (5 mM) in the presence of 20 mM MnCl2 in assay 

buffer (100 mM MES [pH 6.3], 1 mg/ml BSA, 1.25% Triton-100, 1.25 mM DTT, 6.25 μg/ml 

E-64, 6.25 μg/ml Leupeptin, 2.5 mM PMSF and 25 μM swainsonine) overnight at 37°C. The 

reaction was stopped by heating at 95°C for 5 min. The product was analyzed by normal-

phase HPLC (trace A) and the collected Man6Gn peak was incubated with recombinant 

Drosophila melanogaster Golgi á-mannosidase II (GMII) in 50 mM MES buffer (pH 6.0) and 

10 μM 2-acetamido-1,2-deoxynojirimycin for 1 h at 37°C. After heating at 95°C for 5 

minutes in the presence of 10 μM swainsonine, the sample was again analyzed by normal-

phase HPLC (trace B). Man6Gn was sensitive to Golgi á-mannosidase II. One mannose 

residue could be slowly removed resulting in an aberrant Man5Gn-product (Man5.4Gn). No 

further trimming to MGn occurred, as expected. Digestion of Man5GlcNAc2-PA (Man5.1) 

that was treated identically as described above revealed an almost complete removal of two 

mannose residues resulting in the formation of MGn (trace C). 
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Supplemental Figure 12. N-glycan spectra of leaves of double and triple knockouts 

(mns1 mns3-1, mns2 mns3-1, mns1 mns2 mns3-2) 

MALDI-TOF-MS spectra of total N-glycans extracted from leaves of different mutant lines. 

The N-glycans of mns1 mns3-1 and mns2 mns3-1 double mutants are identical to those of the 

mns3-1 single mutant (Figure 7A), while mns1 mns2 mns3-2 shows a predominance of 

Man9GlcNAc2 as found in mns1 mns2 mns3-1 (Figure 7A). 



Supplemental Figure 13. mns mutant seedlings are affected by high amounts of sucrose. 

After growth of wild-type (Col-0) and mns mutant seedlings on MS agar medium with 2% 

sucrose for five days at 22°C, seedlings were transferred to MS agar plates with 0% sucrose 

(A), with 2% sucrose (B) or with 4.5% sucrose (C) and were grown for another six days at 

22°C. On plates with 4.5% sucrose, mns1 mns2 and mns1 mns2 mns3-1 show a decrease in 

root length and an increase in radially swollen roots. The mns3-1 single mutant displays 

swollen root tips. Scale bar = 5 mm for all images. 

Col-
0

2
%

s
u

c
ro

s
e

-0 mns3-1

mns1
mns2 

mns1
mns2
mns3-1

2
%

s
u

c
r

s
e

C

B

A

0
%

s
u

c
ro

s
e

%
s

u
c

r
s

e
c
ro

s
e

4
.5

%
 s

u



m/z

0
1800

MMXF

Man9

Man8

GnGnXF

1000 1200 1600 2000 2200

mns3

Man6

Man7

1000 1400

Man5GnXF

1
2

1
2

.3

Man5

1
2

5
8

.3

4
2
0
.

1
0

1
5

3
6

.4

Man5XF

1
5

8
2

.4
1

6
1

8
.6 1

7
4

4
.5

1
7

3
9

.6

1
9

0
6

.6

100

100

1200
m/z

mns1 mns2 mns3-1

1000 1400 1600 1800 2000 2200

Man9

Man8

Man7

1
4

2
0

.0

1
5

8
2

.5

Man6

1
7

4
4

.5

0

1
9

0
6

.6

Man7

1000
m/z

mns1 mns2

Man8

Man9

1200 1400 1600 1800 2000 2200

100

0

Man6Man5

1
2

5
8

.2

1
4

2
0

.0

1
5

8
2

.4

1
9

0
6

.6

1
7

4
4

.5

R
e

la
ti
v
e
 I
n
te

n
s
it
iy

m/z

Col-0

1200

MMXF

GnMXF
MGnXF

Man9

GnGnXF

Man8

0
1000

Man7

1400 1600 1800 2000 2200

1
0

6
5

.9

1
2

1
2

.3

1
4

1
5

.3

1
5

8
2

.3
1

6
1

8
.4

1
7

4
4

.4

1
9

0
6

.5

100

 
ti

R
e
la

ti
v
e

In
te

n
s
i

y

Supplemental Figure 14. N-glycan spectra of roots of wild-type (Col-0), mns3-1, mns1 

mns2 and mns1 mns2 mns3-1 plants. 

Total N-glycans extracted from 500 mg roots of wild-type plants and the mns mutants were 

analyzed by MALDI-TOF-MS. N-glycan patterns are similar to those obtained from leaves in 

mns1 mns2 and mns1 mns2 mns3-1. An increase in Man9GlcNAc2 was found in roots of 

mns3-1, which was not present in leaves. 
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Supplemental Figure 15. Swainsonine has no effect on Col-0 wild-type and mns1 mns2 

mns3-1. 

Col-0 and mns1 mns2 mns3-1 were grown on MS medium plus 2% sucrose and 100 μM
 

swainsonine for seven days at 22°C. Seedlings do not show any obvious root phenotype when 

grown on agar plates containing the class II á-mannosidase inhibitor swainsonine. Scale bar = 

5 mm. 
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Supplemental Table 1. Pairwise BLAST alignment of amino acid sequences (see 

Supplemental Data Set 1). (http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi). 

Identity values (%) are shown. 
 At MNS1 At MNS2 At MNS3 At MNS4 At MNS5 
At MNS1 - 82 43 30 30 
At MNS2  - 43 30 29 
At MNS3   - 30 29 
At MNS4    - 48 
At MNS5     - 
Gm MNSI 75 73 42 34 32 
Hs ERMNSI 45 44 44 30 31 
Hs MNSIA 42 42 35 30 33 
Hs MNSIB 44 41 35 30 30 
Hs MNSIC 44 42 35 30 29 
Hs EDEM1 30 29 30 47 44 
Hs EDEM2 32 33 35 46 42 
Hs EDEM3 31 31 28 43 43 
Sc MNS1 38 36 40 27 28 
Sc HTM1 27 27 26 37 34 
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Supplemental Table 2. Predictions of subcellular localization, number of trans-

membrane domains (TMDs), signal anchor or peptide probability and calculation of 

molecular masses (MW) and isoelectric points (PI). 

  
 
Gene ID 

Putative 
subcellular 
localization
ab,c 

 
TMD 
predictiond,e

Signal 
anchor 
Probabilityf 

Signal 
peptide 
Probabilityf 

 
 
MWg 

 
 
PIh 

At MNS1 At1g51590 SP 1 0.989 0.010 63533.0 6.4 
At MNS2 At3g21160 SP 1 0.976 0.023 65137.0 6.4 
At MNS3 At1g30000 SP 1 0.993 0.000 69070.0 7.1 
At MNS4 At5g43710 SP 1 0.062 0.936 70096.0 4.6 
At MNS5 At1g27520 SP 0 0.421 0.578 65708.0 6.4 

 
The predictions and calculations were performed using the following programs: a) 
http://www.cbs.dtu.dk/services/TargetP/; (SP = secretory pathway); b) 
http://urgi.versailles.inra.fr/predotar/predotar.html; c) http://hc.ims.u-tokyo.ac.jp/iPSORT/; d) 
http://www.enzim.hu/hmmtop/; e) http://www.cbs.dtu.dk/services/TMHMM-2.0/; 
http://www.cbs.dtu.dk/services/SignalP/; f) http://www.arabidopsis.org/; g + h) 
http://www.arabidopsis.org/, calculated MW (g) and (h) PI. 
 

 
 
 
 
 



Supplemental Table 3. Primer sequences cited in Methods. Underlined regions represent 
restriction sites. 
 
Name Sequence (5´ - 3´) 
At1g51590_1F TGGGTGCAAGGGAACAAAACATC 
At1g51590_2R TTGAAAACCCACTCGTCTAATGAAATAAC 
At1g51590_3F CTGTTTTTGTTGAGTGGGTTGAGAAGAGA 
At1g51590_7R CAAATTCCATTTGAGCAGAAACTGTCT 
At1g51590_8R AGGATCCGGCATCCTTCAGAGTCTTCAAAG 
At1g51590_9F TTCTAGAGATGGCGAGAAGTAGATCGATTA 
At1g51590_10R TATAGGTACCTACCTAAACGTTAATCTGATGACCAA 
At1g51590_11F TATAGCGGCCGCCCGAGAACATGAGGTTGAAGTTT 
At1g51590_15R TCCATGGCTCTTCTCAACCCACTCAACAAA 
At1g51590_16F TGTCGACGTTGCTTTTCATCAATCTACCTAATGA 
At3g21160_1F GAGCGTCACTGAGGATGTGTCTGTCAA 
At3g21160_2R GTCTCAAACATACTGGCAGCATAATCCTT 
At3g21160_3F GGTTTCAATTTCTTCTTCTTCTCCTTTTTC 
At3g21160_4R AGCCCCTCCTACGAATCACACTG 
At3g21160_7R TGGATCCAACATCCTTCAAACTATTGACAG 
At3g21160_8F TTCTAGAGATGGCGAGGAATAAACTTGTAA 
At3g21160_9F TATAGCGGCCGCCCGAGACTACCAGTTTGAAGTTTC 
At3g21160_10R TATAGGTACCTTACTTCTTTGTTATCCGACCATAA 
At3g21160_12F TATATCTAGAATGTCGAAATCTCTACCATATTCAG 
At3g21160_13R TATAGGATCCTTACTTCTTTGTTATCCGACCAT 
At3g21160_14F TGTCGACAATTTTCAAAGAATCAAGATGGAGAGA 
At3g21160_15R TACATGTCAATTCCGACGATCAGATCTGATCTCG 
At1g30000_2R TAACTCCCCTACAAAGACCAGACCT 
 At1g30000_3F GGCTTCCACCTCGTTTATCACCT 
At1g30000_5F TTCTAGAATGTCGAAATCTCTACCATATTCAG 
At1g30000_6R TGGATCCTCTTAATTGTCCTTCGTCAGGTGA 
At1g30000_8F TATAGCGGCCGCCGGTCTTAATGAGAAAGGAAAGG 
At1g30000_9R TATAGGTACCTCAGGTGTTTCTTCTTATTGGT 
At1g30000_10R TGGATCCGGTGTTTCTTCTTATTGGTAA 
At1g30000_11R TATAGGATCCTCAGGTGTTTCTTCTTATTGGT 
At1g30000_12F TATATCTAGAATGTCGAAATCTCTACCATATTCAG 
At1g30000_14F TATAGTCGACTCTCTTACATTGGACGAGTACAAGGAGGA
At1g30000_15R TATACCATGGTCAGATCCCCCCGTTCTAATTGAAG 
LBa1 TGGTTCACGTAGTGGGCCATCG 
UBQ_5D AACCCTTGAGGTTGAATCATC 
UBQ_5U CTCCTTCTTTCTGGTAAACGT 
 
 
 



Supplemental Methods 

Promoter-GUS Fusions 

To generate the promoter GUS expression vector pPZP230-GUS the hygromycin expression 

cassette was amplified from pGreen0129 (Hellens et al., 2000) using primers nos-1/-2 and 

cloned into the KpnI and BamHI sites of the binary vector pPZP200 (Hajdukiewicz et al., 

1994). Subsequently an NcoI linker was inserted into the SalI and HindIII sites of pPZP230 

and the 2 kb uidA-gene fragment containing the CaMV terminator was removed from pSH4 

(Holtorf et al., 1995, kindly provided by Holger Bohlmann) and ligated into NcoI and HindIII 

sites. For promoter GUS fusions, genomic fragments comprising 1042 bp of 5´ flanking DNA 

of MNS1, 1621 bp of MNS2 or 873 bp of MNS3 were amplified from wild-type genomic 

DNA using primers At1g51590-16F/-15R, At3g21160-14F/-15R and At1g30000-14F/-15R 

and cloned into the SalI and NcoI sites of pPZP230-GUS. Col-0 plants were transformed by 

Agrobacterium tumefaciens (strain: UIA143) carrying the GUS expression constructs by the 

floral dip procedure. Transgenic plants were selected on MS medium containing 20 mg/l 

hygromycin. Plant material was stained for GUS activity in 0.5 mg/ml X-Gluc in 50 mM 

NaHPO4 (pH 7.0), 10 mM EDTA, 0.1% Triton X-100 for 18 h at 37°C. After clearing in three 

changes of 70% ethanol, the plant material was mounted in water. Imaging was done using a 

Leica MZ FLIII stereomicroscope (Leica, Wetzlar, Germany), equipped with a Leica DC 500 

digital camera. 
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