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Figure S1. Sequence similarity network of proteins containing the CobW/HypB/UreG, nucleotide-binding domain
(PF02492). (A) Nodes colored by taxonomy according to the color key. (B) Nodes colored by the presence of
IPR004400 or IPR004392 according to the color key.



1 10 20 30 40 50 60
Sczngl MSALRNIKFNEEEDGELPCLVTGEENNLQEILENVSYDGGNIVSDAKVERVNKQVENTSA|GAT
ZNG1_AT1G26520.1 .

ZNG1_Cre01.g052000_4532.1.p

MLKEEAEGVKMEDDDEEPPMAVQIHPDNV|SV
. .MGPEDDEEVPLALALEDTGPA[ERQ

03 Y= Y MEDEDECPEILVP
Crel6.g692901 4532.1 p PSPLFSERHAIGQYRNVSARAAAPEVAE
ZNG2Al_AT1G80480.1 = MATLSTLEIATTFLSFTAPRSSAAFNYRFSSAAVSVLSRPRATTVSVRTTPSFFYSP......... VVRRQRFSSVSASATQTEDSD%
ZNG2A2_AT1G15730.1 MATLLKLDIATTFLAFIVPRANTSLNHRFASARLS TATVSLRTKSSSFYSAALYSDSRRRFHSAVASDSSLAVVDDEDIFD

Cre05.9234652 4532.1.p
ZCP1l Creld.g630871 4532.1.p
WP_149444450.1_Mycolicibacterium

Switch | variable reqgion CxCC

70Q 0 1o 120 130 0
Sczngl DV ....EKKRIPY| a. [LkGAD|. SE|ETEKAMTIKNGSN . . . . S VOEWEL DL LEElS T KN
ZNG1_AT1G26520.1 GK[VHSSSDTV[SVGY| L. NGKHG|. EIGVERAMINEGEEGA . . . IVEEWVE[LANveer vLH
ZNG1_Cre01.g052000_4532.1.p EV[E.QDGERTTVPV| L. TANHG|. DVIGTE[SSFVQSQEGLQG . . TD|CEWVE[LT IM{E v K|S
Drznal IKEKPSGPTAOIPV ML GI\G Ky L. PEOMNI. VAL GISALEXSLAVISOAGE. . . . LYEEWLELRK s VKD
Crel6.g692901_4532.1.p .. .ADDRLPV|TVIHEFIAYSEETEHL NHHLSSREHG . KR IFIHEREEE - [I/DI DS SLVVINQVALEGG S G ADT[V|T TL/A RS LEEr VRG
ZNG2Al_AT1G80480.1 . PDNRIPATII@FSTLNHL .[TR D‘HG‘.ERIEVH . V‘DIDGSLVA\SKS I. . GAED!)VML‘NLEVR\G
ZNG2A2_AT1G15730.1 . PDNRIPATI Ihdelrifels[eFAThSAL NHEL . IT/G DHG|. KR IEAVEdEsbadel|. VDI DG SLVAAOTA . . GAEDIMMLN L VRIG
Cre05.q234652 4532.1.D . AKSKIP TV VENEIFAEA[FITISAVNHIL . [T/A NHGl. KK IRV ERFFIEE . VIGIDDALVME . . . . . SKEEIFEMNTEEVEET vRG
ZCP1 Crel4.g630871 4532.1.p . . . KRIPVITV IFIEIFAEsEFITEHAVNRFAL . [KIE KHG/LG K VENVE EFFIElE| . V/IGVDDGLLMN . . . . . AKEEILEMNNEIEIMEI VRG o
WP_149444450.1_Mycolicibacterium - . DRVPV|TV I[IEF e S[EFTEVNREL . [TE NEG)|. R R IAVHENEEEE . VIGIDDALVLD . . . . . AEEEFEMNIEEIEErVRG m
Walker B e
150 160 0 180 190 200 210 220 230 O
Sczngl TGVKAIEDMVER[SPG . . KIRvILLEESErEDEAPIAKMFWODEGLN[SsVvIR]cE IFVLECE sTL K C@D D I[s|ID 2] EGNLTIA )
ZNG1_AT1G26520.1 SLVQALEOQLV|Q . RKD . . RLINETLLEMTERIANHAPLASILWLDDOLES EVKLEICI VIV VIAKNLRFOMN . . ERRD|. . . . .|sssFlpEA
ZNG1_Cre01.g052000_4532.1.p DFLOALESLLE .RPGGRRFYILI WGP IATALWT DAELESRVINLEGVY AVNIDRIOWH . . [E[PRE|. . . .RGAVNEA
DrzZnal INGLRAIENLME . KRG . . RFBY/TLLE ADINGAVASMFWVDAELGISDVIVILBIGT vidv IBAK viciL oHMT . . EEKE!. . . .EGLIINEA GJ
Crel6 g692901 4532.1.p DLIKALNNLY[T.RRK . .DIEJHV I IEEYT] NFAPIIT|S[FYADPDL[P|SRVKLEJGVVEVVEALNI|SRHEFAD TKDADE|. . - -EKV.SEA (f)
ZNG2A1l_AT1G80480.1 DLVRMIGELVNTKEG . .KFEE"I’VITE ENEAPIIQTFYAEEEIFN\DFI‘:KL GVVLVEAKHARLHD. .EVKE,. . . .EGVVNEA
ZNG2A2_AT1G15730.1 DLVRMI/SEMVIOTKRG . . RFMHIVIRMTELIANIIAPIIOTFYAEDE IFNDVKLIGY VML VIAKHAR LH . .EVEKP. . . .EGYVNEA (U
Cre05.9234652_4532.1.p DLIRILNKLIK.RKG . .KFBEAILIENTELENEAPVIQTFFVDDD IKDACILLEAVLEVVBAKHVT OHMD . . EEKEP. . . .EGVVNEA
ZCP1_Creld.g630871_4532.1.p PLIKILRRLRK.RDR . .[DIELVLIEETELEDFAPVAQTFFVDDEVK[EAY|[RLEATLEVARAAHLLOHED . . EHKE|. . . .EGVENEA D_
WP_149444450.1_Mycolicibacterium DLIRILGALMR.RRD..RF QD APVA TFFVDDEIR\Q}R\HRﬁAIV VVIAAHVILDHMN . . [ETRP. . . .EGVENES
NKxD (9'

240 250 260 2709 280 290 300

Sczngl Hr FLEVESRT TR Y BT I|E H s P EMVK Ok ERVRIEXR]S IA|PMF FT|K Y S DT P IO NLLDIHAYD|S . . . VRI|SDILDSGSGNGTI. . . .
ZNG1_AT1G26520.1 FIN[ET AP T|T I M . . SQEE[S|DELEK[EIHS[T)YS LANV|IRIS|VRCQVDL|SNILNCIQAYDSTHVSRLESLLEANKSLTTTDL . . .
ZNG1_Cre01.g052000_4532.1.p QILIIVENYESS T v L L4 Ifr. V| . . DEEA[L|I R|S|EADIR[AINS GVINI[VRITSRAVVDLGLILNRNGYS|. . . . HKGELVLPPIAEADDEAEDSGHPR
Drzngl ARMIINLES]LIT T TEILV|. . HE T ELL K/LIR DIT VRIS|TMA LVIK|I/L EMTIOK SRIVD LIS EV LIDILH SIFDIT KDGERLITKKLOL VKT S QR L
Crel6.g692901_4532.1.p VERVRYESRLL IEFFTEJL V|. . TP KOL(S E[L|E GRLRAVE]A LAPFK T|S|QK SKVDVDYVI|GV|GGYD|L . . . SNVEKELNLTL . SGHHHHDHHHDHD)
ZNG2A1_AT1G80480.1 V‘HEIEYRII“:@WELV. 4GHAH‘L‘GS VORIKT FII§SMA‘QL4\‘\'R‘T\KYGN DLDYVLGIGGFDL...ERIESSVINEDDKGDHHDHDHDHHH D
ZNG2A2_AT1G15730.1 VIERIYENIRIT T TIIL V. . GEPELIA SVMORIKTITINS MAHMKRITK YGKVDLDYVLGIGGFEFDL . . . ERIESSVINEEEKEDREGHD . DHHHG
Cre05.q234652 4532.1.p VIORIIFXFEWSIKV L LIWATPIL VI. . SAE EIL/HRILIR ER T OHMISIK PIVIE[TIT EICIVR SNVDVIGRLLIGIINAFSIL . . . EKLLAMDPEFLETGEEHHHHHEHHG
ZCP1l Crel4.g630871 4532.1.p VIERVENFESV VL LFFIVEILV . . SAEQAEVITRRIRAIINS TAOLHAICVRSDVPLESLLGLIGAFS|L . . . ERVMAEEPDFLTSDGS . . . .
WP_149444450.1_Mycolicibacterium VE[VEVFEWIRML TRJLV|. . SEEQL/AAVENRLR/SINR GAGIVRTONAKVDLAQOVLDIGAFDL . . . QRVLTDDPAFLEQD. . . . .

Sczngl

ZNG1_AT1G26520.1
ZNG1_Cre01.9052000_4532.1.p
DrZngl
Crel6.9692901_4532.1.p
ZNG2Al_AT1G80480.1
ZNG2A2_AT1G15730.1
Cre05.9234652 4532.1.p
ZCP1l Creld.g630871 4532.1.p PR
WP_149444450.1 MycolicibaCteriUm . . . . . . . . . . o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

HDCAGADCSHESHKHEHGH
HDHDHHHHDGH

310 320 330
. H] DRMGTIMLTFRPLE\NEEEYNNKFIKQ
HPJSGVRTLCISEPQPINLDRKVR|L
HPpIN SV|SITI|SLRCEHPV[DLGRFK[S
LK SMLTITFEVPIGSVISEDLLNT
EEDRMSSVSFQFD‘G‘EM‘D‘LDKVNY

PGVISISV|IS I VCEIGSLIDILEKANM

PGVIGISVIS I VCEGDLDILERANM
HPID RIVITISVIG F E I DIGIEM/DM P K L NIM -
HPBIS SVIGISVIGL T L PIGRILIHMGRLNA P
HBJO SVIS[SVIGFLIDGDVDVERLNIS . . . . .

Sczngl ce
ZNG1_AT1G26520.1 e
ZNG1_Cre01.g052000_4532.1.p
DrzZngl
Crel6.g692901_4532.1.p
ZNG2A1l_AT1G80480.1
ZNG2A2_AT1G15730.1 PPN -
Cre05.0234652 4532.1.p PP . .GHKHKHHHDHK .
ZCP1l Creld.g630871 4532.1.p fe e e e .DHIO
WP_149444450.1_Mycolicibacterium . .DHO .

DH|

{DH
D H|
IDHT

340 350 380 390 400 410

Sczngl F L0 PLEAW K] TEHGLILTEGEN]P IERVIIFJClgRDTY]. . . . . . D[v FPGKY[.]. DGSNKECKIGLEGK YHE K[E[S
ZNG1_AT1G26520.1 l:;‘\EEI W DIK| SI\QNSDQ4;‘HF{L AYRDITY|. ... .. F\IVF\AHKVJSEEEN;‘TNKI FRACHK DEF\V
ZNG1_Cre01.g052000_4532.1.p V|D HLiAW DR/ ] GLLISV|TGSDK . KH|S|L@aMyYELY|. . . ... E|T MP|G|P]AWQ A GEAR|[VISRV)YLEX|R NJAR P|A[A
DrZngl [F Io ELMwWEK]. . RILISG I LISILO OKIOK . KVMLIMGMHELYIEL . . . . [EETP/E. |FWADOEPRLINRLVFEER NMDGE T
Crel6.g692901_4532.1.p SLGFLEAETR. . . AEDIYRMEGILALAGSEY . RFV[YFGEHEOQVE|. . . . . . [E|G V[P[DR|KW|L P G[E[PR/T|C KM|FEHEK YL P[ED
ZNG2A1l_AT1G80480.1 k:L\GTLMER.. . .SEDIY MﬁGLLSbETMEE.RF |F| GHDIF ...... Q\GSP\DRLWGREEERVNKIFKNNRE\E
ZNG2A2_AT1G15730.1 LGALMYOR. . . . SEDIYIIMINGILISVIODMDIE . RFVIFMGMHEIF|. . .[EIG SIPIDRILWR K DETRITINK INF kK NN REE
Cre05.a0234652 4532.1.p WLISKILMOERI. . . . GPDLYRISIAGILAITKG SDID . KIHVIFEIGFHMLLIOF S S S AEIG V|.IGRIPWR E GIEKRILIS K VFIFIEIK NifiN RIKIE |
ZCP1 Creld.q630871 4532.1.p WL/SRILEARER. . . GTIDLFRASEGLLISTAGTDID . RIYVIFRIGHEML MG F A S S ADG V. IGRIPWA P GIEIERVIS R LEFER NBDRIS|E

WP_149444450.1_Mycolicibacterium [WL(C E[LMA SK T GVDIFRSEGILALAGODR . (QYVFECMHMLE. . . . . . DIG T[EIG[RIPWIG E Q[E|SRITN R M F FER NIAD RE/A

420

Sczngl IEELLRK[TLE. . ........

ZNG1_AT1G26520.1
ZNG1_Cre01.g052000_4532.1.p
DrzZngl
Crel6.g692901_4532.1.p
ZNG2A1l_AT1G80480.1
ZNG2A2_AT1G15730.1
Cre05.0234652 4532.1.p
ZCP1l Creld.g630871 4532.1.p

LRSGLRDECR[P
KQSWAD[YVDSPK
LKKEFISAVISNKDSVE. . .
FREAFES|ICLIVKKEDKQPAPVA.
‘L‘HKGFKACL Tt e oo e
ILEMGFRACLIT . . .. .. ...
ILLEGLOSICLIAAPAAAPVAAEAK
ILEAGLRAICLILREGEVVERVEIGEEVEMGEGEKEGEEEVGKEEAME

CobW C domain

WP_149444450.1_Mycolicibacterium [LIOAAFRACLIVEA . . . ot v i i v ittt s et e e e e e e e e e e s

Figure S2. Multiple sequence alignment of ZNG1 and ZNG2 proteins. The full-length amino acid sequences of
ZNG1 proteins from Saccharomyces cerevisiae (Sc), Danio rerio (Dr), Arabidopsis thaliana, and Chlamydomonas
reinhardtii were aligned with ZNG2 proteins from A. thaliana and C. reinhardtii, two additional C. reinhardtii
homologs (please note that green algae, including C. reinhardtii, have a relatively large number of ZNG-like
proteins (not shown) that are from multiple evolutionarily distinct clades), and a similar ZNG-like protein from the
bacterium Mycolicibacterium sp. P9-22. Horizontal grey lines are used to delineate orthologous groups. Vertical
grey boxes delineate the GTPase domain from the CobW-C domain. Red column shading indicates 100%
conserved amino acids and bold letters with yellow column shading indicates similar residues. Black boxes are
used to highlight the histidine-rich stretches in the ZNG2 proteins, conserved GTPase moitifs, and the variable
region immediately upstream of the CxCC motif, which results in secondary structure differences between ZNG1
and ZNG2. Insertions unique to ScZng1 are highlighted with brown shading, and the predicted chloroplast-
targeting transit peptides for AtZNG2A1 and AtZNG2A2 are highlighted with green shading.
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Figure S3. Sequencing-verified location of T-DNA inserts for mutants used in this study. For SAIL_598 G04,
SALK_002480C, and SALK_037227C, the location of the T-DNA insert is misannotated in TAIR. The correct
locations are shown here. Details for the map7a mutants can be found in Ross et al., (2005).
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Figure S4. Analysis of ZNG71 mRNA. (A) Browser view of RNA-seq reads aligned to ZNG1 from either Columbia
(Col-0, top) or the zng1 mutant (bottom) from plants grown in either plus Zn (+Zn) or minus Zn (-Zn). In both growth
conditions, there are far fewer reads aligned to the first exon and at the junction between the first and second exon;
5' of the T-DNA insert (Figure S3). Black boxes are used to compare the aligned reads (grey pileup) for Col-0 vs.
zng1. The reads that are present at the 5' end of ZNG1 in the zng1 mutant are likely from the upstream gene
At1G26530 that has higher transcript abundance in the zng? mutant compared to Col-0 (>10-fold more in zng7 in
both growth conditions). As shown in panel C, At1G26530 overlaps with the first exon of ZNG1. (B) Image of an
agarose gel of PCR products from a cDNA preparation from Col-0 and the two zng7 mutants analyzed in this study,
SALK_203432C/S994 or SAIL_153_E10/S999. The RNA sample was not treated with DNAsel in order to amplify
both genomic DNA and cDNA. ZNG1 primers (CAGTTGGTGTGTCTGTTATCACTGGC and
TCAACCCATTCTTCAACAATGGCACC). PP2A3  (primers TGATGCAATCTCTCATTCCGATAG and
AGCATGGCCGTATCATGTTCT) was used to confirm that the absence of amplification product corresponding to
the expected cDNA product in the zng7 mutants is not due to poor cDNA generation. (C) Screenshot of the
Phytozome browser showing the ZNG1 gene model. The locations where primers anneal are shown with blue
rectangles, and arrows are used to show location of T-DNA inserts in the two mutants used in this study.
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Figure S5. Browser view of RNA-seq reads aligned to ZNG2A1 and ZNG2A2. (A) Alignment of RNA-seq reads to
the ZNG2A1 gene from either Columbia (Col-0, top) or the zng2a1 zng2a2 mutant (bottom) from plants grown in
either plus Zn (+Zn) or minus Zn (-Zn). In both growth conditions, there are far fewer reads after the third exon that
is the location of the T-DNA insert (Figure S3). (B) Alignment of RNA-seq reads to the ZNG2A2 gene from either
Columbia (Col-0, top) or the zng2a1 zng2a2 mutant (bottom) from plants grown in either plus Zn (+Zn) or minus
Zn (-Zn). In both growth conditions, there are far fewer reads after the fourth exon.
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Figure S6. Transcript abundance of sentinel genes for the Zn-deficiency (A), Cu-deficiency (B), and Fe-
deficiency (C) responses. (D) Transcript abundance for three genes previously found to be the most highly
induced during Mn deficiency and NRAMP1 a Mn transporter. Bar represent averages from three biological
replicates, and hatch marks represent individual replicates. "+Zn" refers to medium with supplemental Zn, and "-
Zn" refers to medium without supplemental Zn.
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Figure S7. Phylogenetic reconstruction of plant ZNG1 and ZNG2 protein subfamilies. (A) Maximum likelihood
phylogenetic tree of ZNG1 orthologs from selected plant genomes. Shading and labels are used to delineate
different taxonomic lineages. (B) Maximum likelihood phylogenetic tree of ZNG2 orthologs from selected plant
genomes. Green and grey shading are used to delineate different taxonomic lineages. Blue shading in used to
delineate the ZNG2A and ZNG2B clades, and dotted rectangles are used to the delineate the ZNG2A paralogous
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groups found in Brassicaceae, represented by ZNG2A1 and ZG2A2 of Arabidopsis thaliana.
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Figure S8. Impact of Zn differs with solidifying agent. (A) growth of A. thaliana lines (as indicated) on agarose-
solidified medium with added Zn (10DAS). The plate contains different seedlings from the plate shown in Figure 3.
(B) growth of A. thaliana lines (as indicated) on agarose-solidified medium without added Zn (10 DAS). The plates
contain different seedlings from the plate shown in Figure 3, and additional mutant alleles for zng?1 and map1a are
shown. (C) growth of the zng1 mutant (SALK_203432C) on Phytagel-solidified medium with or without added Zn
(as indicated) (30 DAS). (D) Average primary root length for each genotype and growth condition. Seedlings were
grown on Phytagel-solidified medium. An average of 9 seedlings is given; three plates with three plants for each

genotype per plate. Error bars represent the standard deviation. * indicates a P value < 0.05, calculated with a
Student's T-test.
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Figure S9. Aborted ovules in the siliques of map2a map2b zng1(+/-) plants. "+/-" is used to indicate that the zng1
allele is heterozygous for the T-DNA insertion. (A) siliques from the map2a map2b parent. (B) siliques from the
map2a map2b zng1(+/-) mutant; SALK_203432C was used as the father. (C) siliques from the map2a map2b
zng1(+/-) mutant; the zng7 mutant SAIL_153 E10 was used as the father. For (B) and (C), the image on the right
corresponds to the white box on the left.
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Figure S10. Predicted structures and comparisons of the A. thaliana ZNG proteins. (A) predicted structures of
AtZNG1, AtZNG2A1, and AtZNG2A2. The N-terminal extension found in AtZNG1 (and other ZNG1 proteins) and
the transit peptides of AtZNG2A1 and AtZNG2A2 are removed for simplicity. The major structural changes adjacent
tot he CxCC motif in the AtZNG2 proteins compared to AtZNG1 are highlighted with a grey box. (B) Comparison
of AtZNG1 (cyan) and AtZNG2A1 (gold). A grey box outlines the major structural differences that impact the
position of the CxCC residues. Red is used to highlight the CxCC residues in AtZNG1 and blue is used to highlight
the CxCC residues in AtZNG2A1. The N-terminal extension of AtZNG1 and transit peptide of AtZNG2A1 were
removed. (C) Comparison of AtZNG1 (cyan) and ScZNG1 (green). Inserts found in ScZNG1 are colored pink. The
N-terminal extensions were removed.



Figure S11. Predicted Alphafold complex structures. AtZNG2A1 in gold, with CxCC motif highlighted in red in
complex with (A) AtMAP1B (green), (B) AtMAP1C (purple), (C) AtMAP1D (orange). AtZNG2A2 in pink, with CxCC
motif highlighted in blue in complex with (D) AtMAP1B (green), (E) AtMAP1C (purple), (F) AtMAP1D. The transit
peptides and unstructured N-terminal regions are not shown for image clarity [regions not shown: AtZNG2A1
(1-80), AtZNG2A2 (1-85), AtMAP1B (1-40), AtMAP1C (1-65), AtMAP1D (1-53)].



