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Supplemental Figure 1 (below). The Product of the hbfdl cDNA Does Not Modify Carotenoid
3-Hydroxy-B-Rings, the Activity of an Erwinia herbicola CrtZ-type B-Ring 3-Hydroxylase
Enzyme (encoded by the crtZ gene in plasmid pAC-ZEAXipi) Impairs the Conversion of -
Carotene into Astaxanthin, and the Products of the A. aestivalis cbfd2 cDNA and the E.
herbicola crtZ Gene Together Convert B-Carotene into a Compound with a Retention Time,
Absorption Spectrum, and Molecular Mass Indicative of a Tetrahydroxy-Carotenoid, Probably
B,B-Carotene-3,4,3’,4’-Tetrol. Shown are HPLC elution profiles for extracts of E. coli wherein
cells contained the following plasmids: (A), pAC-ZEAXipi; (B), pAC-ZEAXipi and pCBFD2;
(C), pAC-ZEAXipi and pHBFD1Bad; (D), pAC-ZEAXipi and pCBFD1/HBFD1Bad. Panel (E)
displays absorption spectra (in the HPLC mobile phase) for the major peaks in (B) and (D) and
for a synthetic astaxanthin standard [peak in panel (E) of Figure 3 of the manuscript). Panel (F)
shows absorption spectra for selected peaks of panel (D). Numbers in parentheses below the
carotenoid names in panels (A), (B), (C) and (D) are HPLC retention times in minutes. Labels
for the absorption spectra in (E) and (F) refer to the HPLC retention times for the corresponding
peaks in (B) and (D), and, in the case of the synthetic astaxanthin standard, in panel (E) of Figure
3 of the manuscript. Absorption maxima are listed below these retention times, with peak
“shoulders” enclosed in parentheses. Spectra were recorded in the HPLC mobile phase just as the
individual pigments eluted from the HPLC column. Those peak identifications indicated with red
text and followed by question marks in panels (B) and (D) are speculative: they are consistent
with the absorption spectra, the HPLC retention times, and the known catalytic capabilities of the
carotenoid pathway enzymes that are present in the E. coli cells, but the requisite standards were
not available for comparison. The plasmid pAC-ZEAXipi (Cunningham and Gantt, 2007)

contains carotenoid pathway genes from E. herbicola that lead to the synthesis and accumulation
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of zeaxanthin (3,3’-dihydroxy-,B-carotene) in E. coli. Extracts for which the elution profiles are
shown in (C) and (D) were from cultures grown in liquid media containing arabinose (0.2%,
w/Vv) in order to induce production of the HBFD1 polypeptide. Note: because considerable
amounts of both zeaxanthin (j3,3-carotene-3,3’-diol) and isozeaxanthin (j3,3-carotene-4,4’-diol)
were present in extracts of E. coli cultures containing pAC-ZEAXipi and pCBFD2 [panel (B)], it
is not clear whether 3,4-dihydroxy-B-rings are made from 3-hydroxy-B-rings [with hydroxylation
of the number 4 carbon then catalyzed by the product of the cbfd2 (AdKeto2) cDNA] or from 4-
hydroxy-B-rings (with hydroxylation of the number 3 carbon then catalyzed by the CrtZ enzyme)

or via both of these routes.

Reference for Supplemental Figure 1:

Cunningham, F.X. Jr., and Gantt, E. (2007) A portfolio of plasmids for identification and
analysis of carotenoid pathway enzymes: Adonis aestivalis as a case study. Photosynth. Res.
92: 245-2509.
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Supplemental Figure 2 (below). Three SALK T-DNA Homozygous Lines with Insertions
Within or Immediately Upstream of the Coding Region of A. thaliana Gene At1g50450, Which
Encodes a Polypeptide Similar in Sequence to the Product of the A. aestivalis hbfdl and hbfd2
cDNAs, do not Differ from Wild-Type A. thaliana Plants in the Content and Composition of the
Carotenoids Within Their Leaves. Shown are HPLC elution profiles for extracts of young leaves
of: (A), the wild-type parent strain (Col-0; ABRC Stock number CS60000). (B), Salk_137455C
mutant [insertion in 3" of 6 exons of Atlg67080 (aba4)]. (C), Salk_019364C mutant [insertion
in the 3 of 11 exons of At5g57030 (lut2), which encodes a lycopene e-ring cyclase enzyme
(LCYe)] (D) Salk_060961C mutant (insertion in the 5 UTR of At1g50450, near to the initiation
codon). (E), Salk_150621C mutant (insertion in the 1* exon of At1g50450). (F), Salk_070593C
mutant (insertion in the 12" of 13 exons of At1g50450). (G), Absorption spectra, in HPLC
mobile phase, of selected peaks in panel (A). Absorption maxima for each pigment are in
parentheses. (H), Absorption spectra, in HPLC mobile phase, of selected peaks in panel (C).
Absorption maxima for each pigment are in parentheses. The absorption spectra displayed in
panels (G) and (H) support the identifications of the corresponding peaks in panels (A) and (C).
Elution profiles for the aba4 and lut2 mutants are shown here because they assist in the
identification of several of the carotenoid peaks in the elution profiles of the wild-type and
At1g50450 insertion mutants. The aba4 mutant [panel (B)] lacks neoxanthin, as reported earlier
for other mutants with insertions in gene At1g67080 (North et al., 2007). The lut2 mutant [panel
(©)], lacks carotenoids with e-rings (lutein and a-carotene) and has increased amounts, relative
to chlorophyll a, of most B-ring carotenoids including violaxanthin, antheraxanthin, zeaxanthin,
and B-carotene, as reported earlier for another lut2 mutant (Pogson et al., 1996). Extraction of
carotenoid pigments and HPLC analysis were generally as described in Norris et al., (1995), but
with some minor modifications. Young leaves from short day plants were collected near the end
of the dark period, briefly ground with a Teflon pestle in a 1.5 mL microfuge tube, and then
extracted first with absolute acetone and then with ethyl acetate. The extracts were transferred to
and combined in a second microfuge tube, water was then added, the tube was centrifuged
briefly, and the epiphase containing the chlorophyll and carotenoid pigments was collected and
evaporated under a stream of nitrogen. The pigments were then resolubilized in a small volume
of the initial HPLC mobile phase. The HPLC separation utilized a gradient of 4-50% mobile

phase B in A over the course of 35 min. The A. thaliana wild-type, as well as each of the
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mutants, was of the Col-0 ecotype. Seeds for the wild-type and mutant lines were obtained from
the ABRC at The Ohio State University. The SALK T-DNA Insertion Lines are described in
Alonso et al., (2003). Abbreviations: ABRC, Arabidopsis Biological Resource Center; UTR,

untranslated region.

References for Supplemental Figure 2:

Alonso, J.M., et al., (2003) Genome-wide insertional mutagenesis of Arabidopsis thaliana.
Science 301: 653-657.

Norris, S.R., Barrette, T.R., and DellaPenna, D. (1995) Genetic dissection of carotenoid
synthesis in Arabidopsis defines plastoquinone as an essential component of phytoene
desaturation. Plant Cell. 7: 2139-2149.

North, H.M., De Almeida, A., Boutin, J.P., Frey, A., To, A., Botran, L., Sotta, B., and
Marion-Poll, A. (2007) The Arabidopsis ABA-deficient mutant aba4 demonstrates that the
major route for stress-induced ABA accumulation is via neoxanthin isomers. Plant J. 50:
810-824.

Pogson, B., McDonald, K.A., Truong, M., Britton, G., and DellaPenna, D. (1996)
Arabidopsis carotenoid mutants demonstrate that lutein is not essential for photosynthesis in
higher plants. Plant Cell 8: 1627-1639.
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Supplemental Figure 3 (below). Alignment of Plant and Green Algal CHYDb-Type Carotenoid
B-Ring 3-Hydroxylase Enzymes and Polypeptides Encoded by the A. aestivalis cbfdl and cbfd2
cDNAs. The alignment was produced using MAFFT version 6 (Katoh and Toh, 2008; the server
at http://mafft.cbrc.jp/alignment/server/ was used). The E-INS-i strategy was employed with the

BLOSUMA45 scoring matrix, a gap opening penalty of 1.0 and an offset value of 0.1. The output
was manually adjusted to optimize the alignment. Residues are in white text on a black
background where all sequences have the same amino acid, in white text on a dark grey
background where 75% or more residues are identical, and in black text on a light grey
background where 50% or more of the sequences have the same amino acid. Three residues of
the A. aestivalis CBFD1 and CBFD2 polypeptides are highlighted in red where CHYDb
polypeptides have well-conserved proline residues adjacent to two of the conserved histidine
motifs that are believed to comprise part of the active site in enzymes of this family (the
membrane-associated fatty acid desaturase family; Shanklin et al., 1994). CBFD1 and CBFD2 do
not have prolines in these positions, and are therefore likely to have a somewhat different
geometry about the active site. The sequences used to construct this alignment were obtained
from the GenBank protein database (all full length amino acid sequences identified using a blastp
search on 2/18/2010), or they were generated by assembly and translation of overlapping
expressed sequence tags (ESTs) obtained via a tblastn search of the GenBank nucleotide
database and/or the database of ESTs. GenBank Accession Numbers: A. aestivalis CBFD2,
AY644758; A. aestivalis CBFD1 (partial), AY644757; B. rapa 1, AAS55552; B. rapa 2,
ACS45170; A. thaliana 1, NP_194300; A. thaliana 2, NP_200070; G. max 2, assembly of
FK002367 and CX702394; M. truncatula, assembly of EV258794 and AW774742; G. max 1,
ACU18541; P. trichocarpa 1, XP_002327604; P. trichocarpa 2, XP_002305933; R. communis
1, XP_002513654; C. unshiu, AAG10793; D. kaki, ACN86365; V. vinifera 2, assembly of
CB342437 and EC952475; I. nil, BAI47580; S. lycopersicum 1, CAB55626; C. annuum 1,
CAAT70427; C. arabica, ABA43903; S. lycopersicum 2, CAB55625; C. annuum 2, assembly of
GD111816 and GD133362; V. vinifera 1, AAM77007; G. lutea, BAE92729; A. aestivalis CHYDb,
ABI193208; D. carota 1, ABB52074; Z. mays 2, NP_001148085; S. bicolor 1, XP_002465958;
O. sativa japonica 1, ABF93742; O. sativa japonica 3, NP_001065155; E. oleifera, ABS76147;
Z. mays 3, NP_001105865; S. bicolor 2, XP_002446979; O. sativa japonica 2, NP_001053640;
Z. mays 1, NP_001105907; T. erecta, AAG10430; C. sativus 1, CAC95130; C. sativus 2,


http://mafft.cbrc.jp/alignment/server/
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AAT84408; N. pseudonarcissus, CAC06712; D. carota 2, ABB52075; R. communis 2,
XP_002509848; Oncidium Gower Ramsay, ACP27626; P. sitchensis 1, ABK24778; P.
sitchensis 2, ABK25382; P. taeda 1, assembly of DT638806 and DR021786; P. taeda 2,
assembly of DR013495 and DR167448; M. zofingiensis, ABS50237; H. pluvialis, AAD54243;
C. reinhardtii, XP_001698698.

Reference for Supplemental Figure 3:

Katoh, K., and Toh, H. (2008) Recent developments in the MAFFT multiple sequence
alignment program. Brief. Bioinform. 9: 286-298.

Shanklin, J., Whittle, E., and Fox, B.G. (1994) Eight histidine residues are catalytically
essential in a membrane-associated iron enzyme, stearoyl-CoA desaturase, and are conserved

in alkane hydroxylase and xylene monooxygenase. Biochemistry 33: 12787-12794.
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---------------------- TSLSJERHAVR——LVRANVAE—TQA———TPTTS———QM

——————————————————— RDITRPK

LHAQRCSLVRLRVAA-PQT---EEALG---TV
---LR--LQPVKVAD-P1V---ASETS---QV
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* 140
Adonis aestivalis CBFD2 . EELIE-————————- QTDSDIVHIKK
Adonis aestivalis CBFD1 : EELIE-——-—————- QTDSGI IHIKK
Brassica rapa 1 R TNVIDPELLALRL
Brassica rapa 2 : KTSSL----- DTNAIDAEYLALRL
Arabidopsis thaliana 1 : STSS------—- TNAIDAEYLALRL
Arabidopsis thaliana 2 - STTSS--———————- SEILMTSRLLK
Glycine max 2 I QVIPQAVSAGVAE
Medicago truncatula Rt 1VAQ
Glycine max 1 : PPSP-————————— PQQVLSQKL.
Populus trichocarpa 1 : PKDVN---——————- ENQISTPRV.
Populus trichocarpa 2 : PKDVN---——————-— KNQILTPRV
Ricinus communis 1 © NEKV-=————————— NYQILTPRV
Citrus unshiu . EEESG---——----—- TQISTAARV,
Diospyros kaki o TSGV-———————- ETDKRISAARVE
Vitis vinifera 2 : -ETV-mmmm = ASQISAARV
Ipomea nil : ERAl-—————————— EKQISASRL.
Solanum lycopersicum 1 : EDRIQ----- VEINEEKSLAASWL,
Capsicum annuum 1 : EVETN-————————- EEKSLAVRL.
Coffea arabica . EKAM-——————m——— AKRISDART
Solanum lycopersicum 2 o EKKI-——————m——— EEQILATRL.
Capsicum annuum 2 o EMKI--————————- EEQISATRL.
Vitis vinifera 1 S e e e e ESSNRAS
Gentiana lutea : RKQR---———-—- EKE 1 SASAEKLAQ
Adonis aestivalis CHYb - DEVFE----—————- QMNSASVRVAE
Daucus carota 1 : EVSR--—————- EEIEAGSCSVRVE
Zea mays 2 : DGGRG----—————————- DAAAAAA
Sorghum bicolor 1 : DRGDT----—————- EAEAARVAV,
Oryza sativa japonica 1 : ED———— e ARRAV
Oryza sativa japonica 3 : EDAV-—————mm——— VAVVEEDAVAR
Elaeis oleifera : DPAAE----—-—-- EEEARRILLDRT
Zea mays 3 : PETAL-————-- DEEARAAAARRV
Sorghum bicolor 2 : PETAL--——--- DEEARAAAARRI
Oryza sativa japonica 2 . PVPSL-———-—- EEEAAAAAARRI
Zea mays 1 : PVPAL-—————- DEEARAAAARRV
Tagetes erecta : NPGLD------- LNPAVMNRNRLVE
Crocus sativus 1 I EKSTAPSNR
Crocus sativus 2 e e KRMAPSNR
Narcissus pseudonarcissus : ERLK-------- KQEQLMISKSRTT
Daucus carota 2 : EKQl-——————- 1ESFTVAGGSRAE
Ricinus communis 2 : ENDVN--———————- KKQPLNSRVER
Oncidium Gower Ramsay : EEEVM--——————- KPTSIDSFSVVL
Picea sitchensis 1 : EDDDS------ TVTEFADSLSSRVDE
Picea sitchensis 2 : EDEDS------- VTEFADSLSSRVY/|=
Pinus taeda 1 : EDDVS------- ATKFADSLSSRVD|E
Pinus taeda 2 : DEPLQ--SKLASELMKRDENLRKVSG
Muriella zofingiensis : LEEVHDESHAASASSQIFELAVKTSI-———————- KRQQRNRQQL: GSHI L GA
Haematococcus pluvialis  : QAAGAGDEH——SADVALQQLDRAIAE --------- RRAFRKREQLS Qﬁ\%
Chlamydomonas reinhardtii : MEA---———-—- PQEKKLSEFELKRL/Z-—-——--—- RKQQRAQ IAATVLVLl
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Adonis aestivalis CBFD2 : : 172
Adonis aestivalis CBFD1 z : 169
Brassica rapa 1 : : 162
Brassica rapa 2 : : 168
Arabidopsis thaliana 1 : : 166
Arabidopsis thaliana 2 : - 164
Glycine max 2 : : 168
Medicago truncatula : : 161
Glycine max 1 : : 169
Populus trichocarpa 1 : 174
Populus trichocarpa 2 z - 174
Ricinus communis 1 : : 168
Citrus unshiu : 174
Diospyros kaki : : 177
Vitis vinifera 2 : : 167
Ipomea nil : 174
Solanum lycopersicum 1 : aEGAAVGME : 178
Capsicum annuum 1 : GAA[JGME - 180
Coffea arabica : : 175
Solanum lycopersicum 2 z - 174
Capsicum annuum 2 M 173
Vitis vinifera 1 : : 164
Gentiana lutea : : 186
Adonis aestivalis CHYb : - 170
Daucus carota 1 M : 170
Zea mays 2 z : 153
Sorghum bicolor 1 z 132
Oryza sativa japonica 1 : : 146
Oryza sativa japonica 3 : : 153
Elaeis oleifera : : 185
Zea mays 3 z - 176
Sorghum bicolor 2 z - 180
Oryza sativa japonica 2 : 177
Zea mays 1 z : 158
Tagetes erecta z - 173
Crocus sativus 1 : VPYRIEMAG TFALSVCAAVEMEFWARWAH A : 165
Crocus sativus 2 : PEMnGTFELSVG-G@EFWﬁRWﬁH 1 156
Narcissus pseudonarcissus : YYRFAWQMEGS : 169
Daucus carota 2 : VYlRFnWQME—— 1 170
Ricinus communis 2 : YYRF : 166
Oncidium Gower Ramsay HEVAZVAAVYYRER : 166
Picea sitchensis 1 : MAﬁAVYYRFaW PEGTFAL GA 201
Picea sitchensis 2 : PYTEMFGTFAL”VG : 194
Pinus taeda 1 : : 199
Pinus taeda 2 : : 176
Muriella zofingiensis : LHV THYKFSYH P- SESP GVF{ells DFQP-CG] : 166
Haematococcus pluvialis : FATHLEEA MH GHLGME Y E- SPLG - 159
Chlamydomonas reinhardtii : I. ALY YRFA WHFA E GMFGME DFEP- G : 154
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Adonis aestivalis CBFD2
Adonis aestivalis CBFD1
Brassica rapa 1
Brassica rapa 2
Arabidopsis thaliana 1
Arabidopsis thaliana 2
Glycine max 2

Medicago truncatula
Glycine max 1

Populus trichocarpa 1
Populus trichocarpa 2
Ricinus communis 1
Citrus unshiu

Diospyros kaki

Vitis vinifera 2

Ipomea nil

Solanum lycopersicum 1
Capsicum annuum 1
Coffea arabica

Solanum lycopersicum 2
Capsicum annuum 2

Vitis vinifera 1
Gentiana lutea :
Adonis aestivalis CHYb H
Daucus carota 1 :
Zea mays 2

Sorghum bicolor 1

Oryza sativa japonica 1
Oryza sativa japonica 3
Elaeis oleifera

Zea mays 3

Sorghum bicolor 2

Oryza sativa japonica 2
Zea mays 1

Tagetes erecta

Crocus sativus 1

Crocus sativus 2 :
Narcissus pseudonarcissus :
Daucus carota 2 :
Ricinus communis 2
Oncidium Gower Ramsay
Picea sitchensis 1
Picea sitchensis 2
Pinus taeda 1

Pinus taeda 2

Muriella zofingiensis
Haematococcus pluvialis
Chlamydomonas reinhardtii
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215
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Adonis aestivalis CBFD2
Adonis aestivalis CBFD1

Brassica rapa 1 : AAAHQ EHHIREKEDRGVPYGEFEGPKELEEVE
Brassica rapa 2 : AAAHOEHHUIP KRGV PY GEFECPKEEEEVE
Arabidopsis thaliana 1 : AAAHQ EHHIPKENGVPYGEFEGPKELEEVE
Arabidopsis thaliana 2 : AAAHOEHHIIY K ENGVPY GEFECPKENMEEVE
Glycine max 2 : AAAHQEHHSK FNGAPYGLFLGPKE -

Medicago truncatula
Glycine max 1

Populus trichocarpa 1
Populus trichocarpa 2
Ricinus communis 1

HQEHHSIEK ERGMPYGEFYGPKE
AAAHIUHHS K FNGVPYGLEFLGPREHEE
AAAHOLIHHS K FNGMPYGLF LGEKEIEE

288
285
277
283
281
279
283

: 276
: 284
- 289

Citrus unshiu : AAAHQEHHSIYK FRIGVPY GEFEGPKE EEEVE
Diospyros kaki : AAAHQEHHSIYKENGVPY G EFEGPKEVEEVE
Vitis vinifera 2 : AAAHOEHHS K ENGVPYGLFEGPKEYEEVE
Ipomea nil : AAAHQEHHEKFNGVPN GEFHGPKE LEE VSIS
Solanum lycopersicum 1 : AAAHQBHHSKERGVPYGLEFLEGPKELEE VI
Capsicum annuum 1 : AAAHQEHHSIYKEDGVPY GEFEGPKE LEEVE
Coffea arabica : AAAHQEHHE K ENGVPFGHFEGPKE LERVE
Solanum lycopersicum 2 : V AAAHSEHHS K FNGMPY GLFFGPKELEEVE
Capsicum annuum 2 : AAAHSIEHHSIEK NGV PY GEFEGPKEEEEVE
Vitis vinifera 1 : ASAHQEHHS K FNGVPYGLEFLGPIELEEVE
Gentiana lutea : AAAHLEHHSIYK ENGVPY GEFLHGPKELEEVE
Adonis aestivalis CHYb : AAAHRUIHHUEKFO,GVPY GEFHGPKE EEEVE
Daucus carota 1 : AAAHQ BHHYISKENGVPY GEF EGPKEVERVE
Zea mays 2 : AAAHQLIHHYIMK FOGVPY G EFHGPKE ENEVE
Sorghum bicolor 1 : AAAHQLIHHYIMK FOGVPY GEFHGPKE LNEVE
Oryza sativa japonica 1 : AAAHOURHIYK FIEGMPY GLEFECPKELEEVE

Oryza sativa japonica 3 : AAAHRUHHIRKESGVPY GLEFLEGPKELEEVE
Elaeis oleifera :

Zea mays 3

Sorghum bicolor 2

Oryza sativa japonica 2
Zea mays 1

Tagetes erecta

Crocus sativus 1

Crocus sativus 2 :
Narcissus pseudonarcissus :
Daucus carota 2 :
Ricinus communis 2
Oncidium Gower Ramsay
Picea sitchensis 1

Picea sitchensis 2

Pinus taeda 1

Pinus taeda 2

S=KEEGVPYGLEF
SI=KEOGVPYGLF

GPKELEEE|Es
GPKELEEEVE

M
M

289
283
289
292
282
289
293
295
290
289
288
279
301
285
285
269
247
261
268
300
291
295
292
273
288
280
273
284
285
282
281

- 316
- 309
- 314
- 291

Muriella zofingiensis G L1V Y MFLIHDGLVHIRFPVEP TAG PIYIGVA JAHSEHHSE YGGVPwGM Fe=Q -
Haematococcus pluvialis  : EAIRYEPERVERESTE R VAGLIEIMKRLT VAL EEISCNY GEAZWEM QEHEQHIP
Chlamydomonas reinhardtii : [§12\[§Fg|>EW{FREIEAES) PANLIEMKR IMVARI EETNNECEY HFEM Q Vg

281
275
270
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400 *
Adonis aestivalis CBFD2 H TTKRT--QPST---—---- - 309
Adonis aestivalis CBFD1 : TAKRT--QSST--—--——-- : 306
Brassica rapa 1 RIKLY--KKSSSS------ : 300
Brassica rapa 2 RIKLY--KKSSSS------ : 306
Arabidopsis thaliana 1 RIKSY--KKASGSGSSSSS : 310
Arabidopsis thaliana 2 RIKLY--NKGSSTS----- : 303
Glycine max 2 RIRSG--S——-———————- - 301
Medicago truncatula RTRSY--TGS----———-- : 296
Glycine max 1 RARSY--KIAREKS----- - 308
Populus trichocarpa 1 RTKSY--KEL----—---- - 309
Populus trichocarpa 2 RTKSS--KGL----——--- : 309
Ricinus communis 1 RKKSY--NGR----—---— : 303
Citrus unshiu RIKSY--NRVPK--——--- 311
Diospyros kaki RTRLS--KGS----—---~ : 312
Vitis vinifera 2 RARLS--NGPR-------- : 303
Ipomea nil RIKMS--STGR---—---— - 310
Solanum lycopersicum 1 RIKIS--KGLL---——--- : 314
Capsicum annuum 1 RIKSL--KRL---—————- : 315
Coffea arabica RIKLR--KGS-----—--- - 310
Solanum lycopersicum 2 RTRLS--KGS----—---- : 309
Capsicum annuum 2 RTRYI--KGS----———-- - 308
Vitis vinifera 1 RIKSS--DSS----—-—---- 299
Gentiana lutea RTKNN--QS----=———-- - 320
Adonis aestivalis CHYb RIKRM--NAL---———--- - 305
Daucus carota 1 RIKSS--ASRASRS----- : 309
Zea mays 2 RIRRR--EALDATQ----- : 293
Sorghum bicolor 1 RIRRR--EALDAIQ----- 271
Oryza sativa japonica 1 RIKRK--ETLDAIQ----- : 285
Oryza sativa japonica 3 RIKRK--EAMDAIR----- : 292
Elaeis oleifera RIKLY--NSNTDTSG---- : 325
Zea mays 3 IGRTl--———————————- - 308
Sorghum bicolor 2 IGRTI-———— = ——— : 312
Oryza sativa japonica 2 INRSL---—————————— : 309
Zea mays 1 : SSPVSEATDTEDAGE=KTHPVVCVVRTSVFMGQSVPNEF----- : 319
Tagetes erecta : RIKLY--NNTK--—————- : 309
Crocus sativus 1 RIKAY--NNSAEIKT---- - 305
Crocus sativus 2 : LIKAN--H--————————- 1 291
Narcissus pseudonarcissus : RIEIN--SRSLDVK----- - 308
Daucus carota 2 : RIKSS--N----——————- : 303
Ricinus communis 2 RIKAS--C-—————————- : 300
Oncidium Gower Ramsay GVKVF--SSSPNQS----- : 305
Picea sitchensis 1 KMKGQGLQKHQ--—--—-- - 339
Picea sitchensis 2 KKKGL--QKLQ-------~ - 330
Pinus taeda 1 KMKGL--QKH---=—=--~ - 334
Pinus taeda 2 : KTNNA--KQGSTQTVKTP- : 319
Muriella zofingiensis : CAGPER---——————————-DRLCAE--—---- LDS---KSS--—————-- : 299
Haematococcus pluvialis - BAASEV--————————————SRLVLE--———-- LDWS--KR---——————- : 293

Chlamydomonas reinhardtii : geK=38---———————————D§l MAD--———-- LEA---REAAAAKAAGSS : 297



Supplemental Data. Cunningham et al. Plant Cell. (2011). 10.1105/tpc.111.086827

Supplemental Figure 4 (below). Alignment of Polypeptides Encoded by the A. aestivalis hbfdl
and hbfd2 cDNAs and Related Polypeptides Encoded by cDNAs or Genes of Other Plants and
Green Algae. The polypeptides specified by hbfdl and hbfd2 lack 18-20 C-terminal amino acids
that are present in other plant and algal polypeptides. These amino acids are encoded by the C-
terminal exon of numerous plant genes (including A. thaliana, Medicago tuncatula, Oryza sativa,
Populus trichocarpa, Solanum tuberosum, Sorghum bicolor, Vitis vinifera, and Zea mays). Note:
the N terminal sequence of the HBFD2 polypeptide shown here may be incorrect. A comparison
of the nucleotide sequence of the cDNA that encodes HBFD2 (GenBank DQ902555) to those of
three A. aestivalis ESTs (GenBank FL511168, FL510828 and FL510514) indicates that the
cDNA should have an A residue inserted at position 57. The N terminal sequence would then
read MARVFLGLKPTLSTGSIvkettvgntlvspl, with those amino acid residues shown in
uppercase differing from the sequence shown in the alignment below. Alignment of the
sequences was achieved using MAFFT version 6 (Katoh and Toh, 2008; the server at

http://mafft.cbrc.jp/alignment/server/ was used). The G-INS-i strategy was used with the

BLOSUMA45 scoring matrix, a gap opening penalty of 1.2 and an offset value of 0.0. The output
was manually adjusted to optimize the alignment. Residues are in white text on a black
background where all of the sequences have the same amino acid, in white text on a dark grey
background where 75% or more are identical, and in black text on a light grey background where
50% or more of the sequences have the same amino acid. The sequences included in this
alignment were obtained from the GenBank protein database (all full length amino acid
sequences identified using a blastp search on 2/18/2010) or were generated by assembly and
translation of overlapping expressed sequence tags (ESTs) identified via a tblastn search of the
GenBank nucleotide database and/or the database of ESTs. GenBank Accession Numbers: O.
sativa japonica, EEE51627; P. edulis, FP093720; H. vulgare, BAJ94288; T. aestivum, assembly
of CD875809, CA736339, CJ710405 and CJ605231; S. bicolor, XP_002448957; Z. mays,
assembly of FL318867, EE185978 and EE185979; A. formosa, assembly of DT764577 and
DT768502; P. trichocarpa, XP_002314088; R. communis, XP_002513532; V. vinifera,
XP_002274681; N. advena (partial), EU348740; A. thaliana Atlg50450, NP_564570; S.
lycopersicum, AK320320; H. ciliaris, assembly of EL425048 and EL422091; A. annua,
assembly of EY107694 and EY(092239; T. officinale, assembly of DY819909 and DY 827598; A.
aestivalis HBFD1, ABK41044; A. aestivalis HBFD2, ABK41045; P. sitchensis, ABR17787; P.

16


http://mafft.cbrc.jp/alignment/server/

Supplemental Data. Cunningham et al. Plant Cell. (2011). 10.1105/tpc.111.086827

patens, assembly of BY985399 and XM _001781386; C. reinhardtii, XP_001701437; O.
lucimarinus, XP_001419501; O. tauri, XP_003081093; Micromonas sp. RCC299, translation of
bases 647766- 649118 of CP001332.

Reference for Supplemental Figure 4:
Katoh, K., and Toh, H. (2008) Recent developments in the MAFFT multiple sequence

alignment program. Brief. Bioinform. 9: 286-298.

Oryza sativa japonica
Phyllostachys edulis
Hordeum vulgare
Triticum aestivum
Sorghum bicolor

Zea mays

Aquilegia formosa
Populus trichocarpa
Ricinus communis
Vitis vinifera

Nuphar advena

Glycine max
Arabidopsis thaliana
Solanum lycopersicum
Helianthus ciliaris
Artemisia annua
Taraxacum officinale
Adonis aestivalis HBFD1
Adonis aestivalis HBFD2
Picea sitchensis
Physcomitrella patens

Chlamydomonas reinhardtii
Ostreococcus lucimarinus
Ostreococcus tauri
Micromonas sp. RCC299

Oryza sativa japonica
Phyllostachys edulis
Hordeum vulgare
Triticum aestivum
Sorghum bicolor

Zea mays

Aquilegia formosa
Populus trichocarpa
Ricinus communis
Vitis vinifera

Nuphar advena

Glycine max
Arabidopsis thaliana
Solanum lycopersicum
Helianthus ciliaris
Artemisia annua
Taraxacum officinale
Adonis aestivalis HBFD1
Adonis aestivalis HBFD2
Picea sitchensis
Physcomitrella patens

Chlamydomonas reinhardtii
Ostreococcus lucimarinus
Ostreococcus tauri
Micromonas sp. RCC299
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Supplemental Figure 5 (below). Alignment of Selected Members of the Extended Saccharopine
Dehydrogenase Family of Enzymes. The polypeptides included in this alignment were chosen so
that each clade of the maximum likelihood tree that was produced from this alignment (Figure 10
of the manuscript) included ten examples from a broad diversity of taxa. The alignment was
achieved using MAFFT version 6 (Katoh and Toh, 2008; http://mafft.cbrc.jp/alignment/server/).

The G-INS-i strategy was used with the BLOSUM30 scoring matrix, a gap opening penalty of
1.9 and an offset value of 0.1. The output was manually adjusted to optimize the alignment.
Residues are in white text on a black background where all 40 of the sequences have the same or
a similar amino acid (Blosum35 matrix), and in white text on a dark grey background where at
least 50% of the sequences have the same or a similar amino acid. Note: A number of the
polypeptides in this alignment are hypothetical ones, predicted by genome assembly programs.
These gene assemblies have not necessarily been confirmed by sequencing of the corresponding
cDNAs and some of them may not be entirely correct. GenBank Accession Numbers: HBFD
and related polypeptides (first 10 sequences): Adonis aestivalis HBFD1, ABK41045;
Arabidopsis thaliana At1g50450, NP_564570; Picea sitchensis, ABR17787; Selaginella
moellendorffii, XP_002960283; Chlamydomonas reinhardtii, XP_001701437; Ectocarpus
siliculosus, CBN76749; Phaeodactylum tricornutum CCAP 1055/1, XP_002184209; Nostoc
punctiforme PCC 73102, YP_001866432; Synechococcus sp. PCC 7002, YP_001734542;
Cyanothece sp. ATCC 51142, YP_001805691. Polypeptides of unknown function group 1
(sequences 11-20): Chlamydomonas reinhardtii, XP_001690673; Chlorella variabilis,
EFN50859; Salpingoeca sp. ATCC 50818, EGD79814; Thalassiosira pseudonana CCMP 1335,
XP_002291038; Phaeodactylum tricornutum CCAP 1055/1, XP_002177453; Synechocystis sp
PCC 6803, NP_441234; Ralstonia pickettii 12D, YP_002980505; Phytophthora infestans T30-4,
XP_002900027; Ectocarpus siliculosus, CBN75169; Aspergillus niger CBS 513.88,
XP_001402256. Polypeptides of unknown function group 2 (sequences 21-30): Arabidopsis
thaliana At5g39410, NP_568564; Picea sitchensis, ABR17362; Selaginella moellendorffii,
XP002962105; Chlorella variabilis, EFN54908; Ectocarpus siliculosus, CBJ33497;
Thalassiosira pseudonana CCMP 1335, XP_002290994; Salpingoeca sp. ATCC 50818,
EGD83292; Homo sapiens; NP_057086; Caenorhabditis elegans, NP_503576; Drosophila
melanogaster, NP_649517. Sacharopine dehydrogenases (SDH; sequences 31-40):
Arabidopsis thaliana At4g33150, AEE86184; Selaginella moellendorffii, XP_002973511 (amino
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acids 527-end); Phaeodactylum tricornutum CCAP 1055/1, XP_002179334 (amino acids 270-
end); Thalassiosira pseudonana CCMP1335, XP_002286419 (amino acids 566-end);
Phytophthora infestans T30-4, XP_002906594 (amino acids 576-end); Drosophila
melanogaster, AAR82744 (amino acids 520-end); Homo sapiens, AAF03526 (amino acids 477-
end); Saccharomyces cerevisiae S288c, NP_014448; Aspergillus niger CBS 513.88,
XP_001401890; Salpingoeca sp. ATCC 50818, EGD80106.

Reference for Supplemental Figure 5:

Katoh, K., and Toh, H. (2008) Recent developments in the MAFFT multiple sequence
alignment program. Brief. Bioinform. 9: 286-298.
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Salpingoeca SDH

. —-EAA-
. __EAQ-
. __EES-

--DEA-

--TSS-

--SES—

NCi GPYCLY———STP

PY4 15)Y/CDPYCTASA[
N)AYBNSDHRSIITSKA
KN\ I2)/SDHRCLYQK(E
NYVDVSDQRSITHKA

TRIYVDI SDw
E G HAB AL =THIWKE

Y TAS----)§%DDE
\UTAS----J4USKD

TAS----JESEE
VT --——)\YSPE
vT --——)4ENDE

TAS--——AITPA

RTKIDV|YTSE----\4|SPA

RTKKHV|YTTE----\4YSPA

KVKKHRYSTE----\AYSPK

148
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A. aestivalis HBFD1

A. thaliana Atl1g50450
P. sitchensis

S. moellendorffii

C. reinhardtii

E. siliculosis

P. tricornutum

N. punctiforme
Synechococcus PCC 7002
Cyanothece ATCC 51142

C. reinhardtii unknown 1 :

C. variabilis unknown 1
Salpingoeca unknown 1

Synechocystis unknown 1
R. pickettii unknown 1
P. infestans unknown 1

E. siliculosus unknown 1 :

T. pseudonana unknown 1

P. tricornutum unknown 1 :

A. niger unknown 1

A. thaliana At5g39410
P. sitchensis unknown 2

S. moellendorffii unk. 2 :

C. variabilis unknown 2

E. siliculosis unknown 2 :

T. pseudonana unknown 2
Salpingoeca unknown 2

H. sapiens unknown 2

C. elegans unknown 2

D. melanogaster unknown 2

A. thaliana At4g33150 SDH:

S. moellendorffii SDH
P. tricornutum SDH

T. pseudonana SDH

P. infestans SDH

D. melanogaster SDH
H. sapiens SDH

S. cerevisiae SDH

A. niger SDH
Salpingoeca SDH

192
195
209
197
217
233
221
152
144
151

176
171
172

- 169

: 169

179
175
243
246
169

179
173
173
167
175

- 190

169
177
169
167

186
179

154

168

- 176

171
166

: 163

* 260 * 280 * 300
: K-SEHEKAVAANYPALTTAETIFEE SNglA EMBYRSARDENT ——————————————- EPQ
: K-SLEAEL: IAANu TTAELY[EVSNYMAAE RSEDKG=-=====—=——=——= KPE
: K- TIHIKnVAAQ TTAEL|YHEVSNEMAAERYRL ARTSSSKETPS - ————————~ EPE
: K SLHNKAV ITTEHYEEVSN IMAAERYRLARESSAGS -~~~ ————————~ RPR
: KAAM KNK P SGELIY[HETSNYMAAHLEIS 1| ARAEYDDNWNYRTPAPGESV-EPK
: K ALN K SATIS, 216/ 1 DQEMAYEACEMLGGAS - == ———— === === ——— EVE :
: KTKL KnKESKTP 1 STECWleVSSEMAKQEEQKSMQAYPDVDQ-~—— === ===~ RDI
- [E-NESEQE INTGIFPGISNSMVRQGVEQFD ------------------- KPE
: K PLTQARE CNAE FPGISNSMVRLG“EQLD ------------------- EPH :
- [I-EQHSALKT INTEYY/F{€ 1 SNSMVRQGIEALD = === === === ——— e KAD
VQRHHETAKKKEVKITEHCCEYES I [FSPIIG TFMIIYEY CRDKLGC - = === === === ——— GVS :
HEER KRYRLNPCCEFpSTIZFBIEGAEL A IDHMRKQLGK ~ = == == = = = == == - QPA
EKHDAT KANKCR KHLREKHKC---———==—~~——~ GVD
QK EAInKQS RIANHCCEFRS 1[ZSPIIGVYY[EQQQSQRRWGE -~ ——— ==~~~ ———— PCI
DK EATHQRS R ZSPLIGVYFEQQHAMRQWGT == === === === ——— PVT
: TAK aAKT NCCEF=S 1[2SPY TTFLYADR I QKKFNS - === === ===~ ATS :
DKHHIE ERT[EAK PIEGTEMUYEYMKRTHGL -~ ———————————~ SPD
WESTNQRT KIYSLCEHDS 1 [zWIHTVRSESEKLHESCND -~~~ ===~~~ ——~ ELV :
QKS R KIEQEALQKEFKD=-==——===—————- DLT
: SE HETAKAN JWATYKRVREDLSC -~ === === === HTR
: EAN H@RHEET SACEFES I ZAEEGL IFNAKQWYSPSVP - - = == —— e - NQI
: EAAIJHQRE EET SACEYBSIEARNG FHSKQWKPPSVP -~ ———— ==~~~ ——— HSV :
RAK|JHEQ: DRESL SACEFBSVEAZFG FNTKQWQGSSKP--————==~————— NS
: ELLYN TnKQ CY[HASAVEFD'S PaDLGVAYTMSLFKPPARC -------------- TW
TLKFHEANEAK QYL ITHACAFBSVZADHGCHFAAKQFVSPAVC - — === mm == == —— SSV :
= [MISLDRKARSSEVLAISAAAFDC PAELE LAERELLKQHPG —————————————— AKC
: EYL|JDE nRQT T SACGFDSIPnDLGT FTUKQFTNGQIP-————————————— Ssv
: QLKNHEK Y{1|GSSEFDS 1[HABEGVI]Y TRNKMNGTL - === === === —————— TAV
: EAK)GQM KNNN Y 55 1 ZABFGVKLIKRYFDGHL ——— -~ - - - QRI
QLRYDQLE REK&YWSACFS 1 G\/MFUEKNFDGW ---------------- NSV
TSMLHEKAKSAEL]T) NDAHIKKGKVKSFTSYCGGLPSPAAA :
: MALLDSRNQ T DASHERGDKVRVFESYCGGLPSPEAA :
Do GRAKEA&Y 1 DD ILSRGGRVTVFASVCGGLPSPEAA
- TRALCSSHEE DDVHERGGE I TSFSSVCGGLPSPEVA :
KELDARLKK DEVKALSGKVMTFSSVCGGLPAPEAA
SGLHlEnKAK HEVQDKGAVVESFVSYCGGLPAPEHS :
KELEKSVED DKAKEVGATIESY ISYCGGLPAPEHS :
RELEPEIVK DEVHRAGGKLKSFLSYCGGLPAPEDS
MELD[EECKK SEVHAEGGK I TSFLSYCGGLPAPECS :

S[EDQARKD NE 1{e)n)zle 1 DHEYAKKI R IDEAHEEGSKVLEFTSYCGGLPAPEAS :

166
163
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A. aestivalis HBFD1

A. thaliana Atl1g50450
P. sitchensis

S. moellendorffii

C. reinhardtii

E. siliculosis

P. tricornutum

N. punctiforme
Synechococcus PCC 7002
Cyanothece ATCC 51142

C. reinhardtii unknown 1
C. variabilis unknown 1
Salpingoeca unknown 1
Synechocystis unknown 1
R. pickettii unknown 1
P. infestans unknown 1
E. siliculosus unknown 1
T. pseudonana unknown 1
P. tricornutum unknown 1
A. niger unknown 1

A. thaliana At5g39410

P. sitchensis unknown 2
S. moellendorffii unk. 2
C. variabilis unknown 2
E. siliculosis unknown 2
T. pseudonana unknown 2
Salpingoeca unknown 2

H. sapiens unknown 2

C. elegans unknown 2

D. melanogaster unknown 2:
A. thaliana At4g33150 SDH:

S. moellendorffii SDH
P. tricornutum SDH

T. pseudonana SDH

P. infestans SDH

D. melanogaster SDH
H. sapiens SDH

S. cerevisiae SDH

A. niger SDH
Salpingoeca SDH

* 320 * 340 * 360
R-LRFS\FTAG-SEGAE------- PLSLVTSHEE- — - - e e e e
K-LRFS){YTAG-{6GAE-—————- PULILATSFRE -~ e
R-LRFS){FTAG-S[EGAE-—————- PulLATSFIR-
E-LRFS){FTAG-SEGV[E------- PULLATSFRB- - — - e e e e
w LRYS)\{YTAG-EEGAE -~ -~~~ PLULILETSFME- — - - e e e e e

—IDFSAYTAG-{ENAE--————- TR ILEATAE -~
s VKFSFFTAG SGLeT\ — LVATFI}-——————— e
SYLVSG ——————— IMRTTFBG -~ == e
E[HY)GVAG-EEGAE-——-—-- ERLOTTFBG -~ - = — e e
SYIVAG ------- HAMRT TG~ ===
Q—AYSLVGPGR— Sg----——- GIMESGMNE]----- MNESVSELSELNSNHFTGEGA
K-VLNAVMGSK-GEVSE-~---—- G GMNA[}----SEMNSNPALKASARDVYSLV--
H-INSY I LAMK-GEVSE------- G MFNFF----- EQPNFAELRKEMGSPYELIPR
R-VKIGVKACQ-GEISE-~~--~~ G G INM]----QEAIADPSTRQALRNPY ILCFK
Q-VKERVKTLK-GEASE-————-- G LVNYA/----QEAAADPALRRELADPYALCPR
T-VD[EY| TEFK GEASE----——- G FAYY------ ETSTSKQLLASRNPFFLTDE
D- VRYY [EGASK-GEVSE------- G LDLIF---EQVWSGGKAI TSKLADPLLLT--
S--VECLNEMK-GDVS(g}-~----~ G YES[IDRG IWEFEWKS I LPSSTLDVYKRLPD
S-VTFWDEAV--GEAPE-————-- G LFSAY------ DGKSVKAPHADFDPFLRLMN
S-1TGDIHEIKSEEASE-————-- GUASYVLTFF————-- ENVPPSEMRK I STPFALAAA
E-AY[ESLESDK-KIAG------ NFGQJYEEAVLGY-------- ANAEKLKELRRSRPRRPR
D-SY[EALESDK-RIVG------ NIGYFQSAVLGY-------- ANVHDLQKLRRSRPRRAK
D-AY[ETLRSST- RMKG ------ NFAJFESAVLG||-------~- ASVGELQKLRKSRP IKSP
E-TANT IRGGP-EEFKE----- HYPYYESAVHGF————-——- ASAGELRKLRKEAEQ---
S-SFYUTLNVGP-EEYSE----- HATFEAAVHGF ————-—-~ GSAADLRKVRKEVQAKFP
A-GVEVIHTMQ- NVSGA ————— NATFHAAVDGF - - - -~ YAASSGELAASRKKVKESYP
E-SFEQIKSGE-AETKV----- HFALFESAVHGF -~ ----~-~- ASAGELRDLRRKKGKVTV
TIHSGP-EELS1-——-- HDGWKSAIYGF———————- GDQSNLRKLRNVSNLKP-
QLHFGP-EeYSF-———— SATSEQALLLGF-——————- NGAPDLGSLRHS IMPKKI
ETGIKE-GESGEGTAGLNYGUWESAVYGE-——————- AHSDELRG IRKQ1YPQR-
KFSW-NPAGA IRAGQNPAKYKENGD[I------ HVDGKNLYDSAARFRVPNLP
KFSW-NPTGA I KAGRNAATTYKHENKIH |-~~~ -~ RVPGERLFGAAVSFRIPQYP

KFSW-SPKGV 1QTSQSDARYRWEGQYE- - ———- QVHGSDLLAAAAPFLH-AWP
KFSW-SPMGVMKASQNAAVYRKDNQRY - - - ——- VIDGADLLASAEPFD--AWK
KFSW-SPRGVLTAALNAAQYRKDGKA |-~ ---- NVAGEDLLNRSERVN--FLP
KFSW-SPRGVLLNTLSAAKYLEQGQIAY------ EISGGGELMSSPRSLD-FLP
KFSW-EPVGVLMNVMQSAL]Y LLDGK WY~ - -——- NVAGG I SFLDAVTSMD-FFP
KFSW-SSRGVLLALRNSAKYWKDGK|JE------ TVSSEDLMATAKPYF--1YP
KFSW-SSRGVLLALRNAAKFYKDGQEF---—--~- SVAGPDLMATAKPYF--1YP
KFSW-SARGVLLAAGNSCKYFEHGKKY-~-~-~--~- EIEAPYVLSKGVRNIN-1YP

217
220
234
222
242
258
246
177
169
176

222
216
218
216
216
224
221
293
290
215

223
217
217
209
220
237
214
221
214
216
238
231
205
219
226
222
217
213
216
214
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A. aestivalis HBFD1

A. thaliana Atl1g50450
P. sitchensis

S. moellendorffii

C. reinhardtii

E. siliculosis

P. tricornutum

N. punctiforme
Synechococcus PCC 7002
Cyanothece ATCC 51142

C. reinhardtii unknown 1 :
C. variabilis unknown 1 :
Salpingoeca unknown 1 :
Synechocystis unknown 1 :
R. pickettii unknown 1 :
P. infestans unknown 1 :

E. siliculosus unknown 1
T. pseudonana unknown 1
P. tricornutum unknown 1
A. niger unknown 1

A. thaliana At5g39410 :
P. sitchensis unknown 2 :
S. moellendorffii unk. 2 :
C. variabilis unknown 2 :
E. siliculosis unknown 2 :
T. pseudonana unknown 2 :
Salpingoeca unknown 2 :
H. sapiens unknown 2 :
C. elegans unknown 2 :
D. melanogaster unknown 2:
A. thaliana At4g33150 SDH:
S. moellendorffii SDH :
P. tricornutum SDH :
T. pseudonana SDH :
P. infestans SDH :
D. melanogaster SDH :
H. sapiens SDH :
S. cerevisiae SDH :
A. niger SDH :
Salpingoeca SDH :

* 380 * 400 * 420
——————————— LGEEVVAYSEGEK“ELKPYTGKLNIDFGKGVGKRDV

----------- LGEEVTAYKQGEKKLRPYSGM I TVDZGKG IRKRD\YL
----------- LREEVIAYRKGEEFRAKPYSGVLDIDFGKGVGKRSV L
——————————— LSEQVLTYSKGKVVKLDPFSGERIVDFGKAVGKRSV S —
——————————— AGEDV IVYKDNKE\VLPP I SNRREVD[ZGPGVGRKGYYL - === ———————
----------- LCEKVLGFKDGNEHﬁHEPASGFKKVDFGQSIGEKTRGMCEPAAWLTS——
----------- LAEKALTVVNGRRKVVTPMETYSTVHFGPVVGDKEEAH———————————
——————————— LQYPFETWIDGKWQVIKPYSERELVEFPPPYGRSGVYW———————————
——————————— LGEPFLVFQGGTWQAKQPYSKPTIIDFPAPIGKTT“YW———————————
----------- 1QQPFEAWIDNRWQT IKPYTGRECLDZGKPYGKAHYW-——————————

ARE—————-—- GLPKGPDRPAGLLPRWLPAARTWAGP IMEGCNAKU‘Q HALMRDS--
----------- PEEAHGSDGEFWGVEWCPELGKYLAP MQVVNNRIAYHRENYLNKYD- -
——————————— DGRPSIRQPDANAVSYEEEVQRYTTP MAGVNSKLAYHRINYLIENHT -
----------- PDHRSDHPPSL IPY/QNDP I FSGWTAP[ZVMAG INTP LR NTLQNEV--
----------- GHGFTARQRSVRGAAFDADFNVWIAP MAAINER RENALSGNA--

nE==

KTIAEKQ————QAGLVAPNTSGIAEKYDTAMGFWHSL 1GGSVNQ. NYRHKNK——
——————————— ATPGFGKAADPGG GYDSLAKSWTASSVFASHDSAw GLEG----
GCESTFS----VSSDLPVTVSPCRNPATRFVNRWCGPFVMAA INMD ~v I SLSKHG--
GEKSEYVCRS-DGPTWIHKSKSPWDDTGAWFGRWTTP MAQVNG HALREQG--
PPP-====——- KDIPREPLWTRLLGIRSVRDLGILTTSPSGLADITTUHR STLPEF--

——————————— PTICGPPA-KGPT[® ENQKTIGLWALKL——PSADAVTTRRHLTT TEKPH
——————————— PQIPGPPARKAKL{IEHISSIGLWALKL--PSSDAAIRRIQTFEAEDPQ
R-—mmm LQIPGVPL- KRPAUHWEDAVNSWAVKI——PSSDAvaR LAT\YAENPD
RRSMQR EA--
PSQIP-———-- RVGARPVERGGPFYEQTPGIEAYCFKF--PGADS RS QNS[EAGRGE
EFQETMPPSRPKEWPKIPETPGLMPGHNEGLGLRTLK/E--VGADASA/ IRSEWRY[ERSR--
——————————— PVVGRKLKRPGMLPEWREDGHGYC I P[§--PGSDAS| AYRREQQY[EQAH--
——————————— VPLIGPKLKRRWP[JSYCRELKGYS I PF--MGSDVS'AYRRIIQRY[EYEN-~
D-mmmmm e HLLAPNKKRHFLWK 1 EEKGSEGWAMP——LGADszTRQYFDYVM——
——————————— LPRFYPFLKPRPL{YFRSTEVDKVCLP|g--PGSDRS|AUMREQRFHEYDQ--
AFALECF----PNRDSLVYGEHYG||ESEATTIFRGTLRYEGFSMIMATLSKLGFFDSEAN
AYALEVL----PNRDSLMYGDLYG|ISQEAAT IFRGTLRYEGFGQIMDTLGKLGYYNSDNH
KLGLECL----PNRDSLRYEHIYNUG-—--- GAKATLRYRGFSSCSYGL---=——————-
SLNLECI----PNRDSLVYGEKYG[IE-SAAT IFRGTLRYQGFSSLLHYLKNMGLEDNKG-
AFNIEQI----PNRNSLPYGDIYG|IP-EAHSLYRGTLRYGGCCQILYQLRKLGLFDMDP-
GFALEGF----PNRDSTKYGNLYG[EGRDVHTLLRGT IRYKGFSES IKPMQLLGL{|DPEPH
GLNLEGY----PNRDSTKYAE I YG[IS-SAHTLLRGTLRYKGYMKALNGFVKLGL{INREAL
GYAFVCY----PNRDSTLFKDLYH IP-EAETVIRGTLRYQGFPEFVKALVDMGMEKDDAN
GFAFVAY----PNRDSCPYRERYN[|P-EAQTVVRGTLRYQGFPEMIKJLVD I GFESDEGR
AFAFEGY----PNRDSTPYEERYN[P-ECLTILRGTLRYKGTPLLVQSLALVGFENDHPQ

255
258
272
260
280
305
284
215
207
214

272
263
265
263
263
278
266
347
347
265

269
264
264
227
272
293
259
266
260
261
294
287
245
273
280
278
272
268
271
269
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A. aestivalis HBFD1

A. thaliana Atl1g50450
P. sitchensis

S. moellendorffii

C. reinhardtii

E. siliculosis

P. tricornutum

N. punctiforme
Synechococcus PCC 7002
Cyanothece ATCC 51142

C. reinhardtii unknown 1
C. variabilis unknown 1
Salpingoeca unknown 1
Synechocystis unknown 1
R. pickettii unknown 1
P. infestans unknown 1
E.siliculosus unknown 1
T. pseudonana unknown 1
P. tricornutum unknown 1
A. niger unknown 1

A. thaliana At5g39410

P. sitchensis unknown 2

S. moellendorffii unk. 2
C. variabilis unknown 2

E. siliculosis unknown 2
T. pseudonana unknown 2

Salpingoeca unknown 2

H. sapiens unknown 2

C. elegans unknown 2

D. melanogaster unknown 2:

A. thaliana At4g33150 SDH
S. moellendorffii SDH

P. tricornutum SDH

T. pseudonana SDH

P. infestans SDH

D. melanogaster SDH

H. sapiens SDH

S. cerevisiae SDH

A. niger SDH

Salpingoeca SDH

* 440 * 460 480
—————————————————————————————— WNLPEVRIGHEIL GVPTVSARFGTAPFFW
------------------------------ LNLPEVRSTHEVL- GVPTVVARFGTAPFFW
------------------------------ LNLPEVGSTHEVL-G\/PTVSARFGTAPFFW
—————————————————————————————— INLPEVT HEIL- NuPNVTAKFGTAPFFW
—————————————————————————————— YNLPEVV GHKYM RVPDVSARFGTDPFIW
----------------- TSGRCRCERQGSAVVLVASF CNQVL-G{IPNISTYFGTSPEPW
------------------------------ LNLLET ADVL-R|IGNVQALFGTAPNFW
—————————————————————————————— FDMPETFJJLPKAFPS\KTV ITKFGSVPDFY
—————————————————————————————— FDVAETF“FAESF P ETVVTKFGSLPNFY
------------------------------ YDMPETTJLQETF- SuDSVITKFGSVPDFY

_____________ AAPLEYGKDFKFTEMIAAS—————GAVGAS—LVSAGTMVAGAVLGLA
_________________ GGSSTLRYQEAVAAK-----EWLAAK-SJQLGTLAVVGAMGQS
__________________ YGPEFRYREKNTVKGDGWGEWLSGW-LTTLGLGAFSVGAYFS
__________________ YGEGFQYEEGILTGPGI I-GWLAAQ-G|[JKWSLDLMALALAIG
__________________ YGNPFLYDEAV I TGAGLS-GRMKAM-TVAGLAAFMLGIVIK
__________________ YGDKFVYHERMAIG-----GLFMQL-LATFGTIVVSIMLYFG
—————————————————— YPETFRYKEVMGFKGLLK-GFLPAV-FSTIAFGIGGFLMVIP
___________________ NPTVTYREAAVQE-----SFMDAF-SWFGTVILGTLI INP
___________________ SKSLTYTEFAVTK--—---DFKTAF-VNHVGL I IVGSMMLNP
__________________ YGPRFYFRQFLRAR-----NAFTGI-LWHYAFLFAVTALLLP

GLPGINESPEQIQKREAFWSS IKPA-HFGVKITSK--SLFGIF-RYVTLGVSLGLLSKFS
GLPGVNENSDFAEKRKNFWSEVKPL-HYGVY IGYK--S§LLSVA-GT IFTGLNVLLLGSFG
GLPTASKHQEQSLRQ---WTDIKPV-LFGVYLSVK--ELWRVC-FALLTGFILYVLANFG
GQPAANVSVVFTLP--ERYYLT-LWQGFGSMFQFLAGKP

LVAG-GIFFAT IFGLLSKFK

QVL-STGKRITFGALLSNILNKDADNESEPLAGEEE 1SKR I IKLGHSKETAAKAAKT IVF
PLL-ASSTETTYAAVLEALILQLSTSYNGLCAEELARI1S----SDNLDVAKRVLSCIRF

——————————————— FCLRDQRGGSLNVEDFILACV--------ADNFDEAVAVLDTLIW
—————— TGAVSWYDALDDLRKQGGHADLRKFVLACA---—-----GGDRDLGLRAYNCLSW
—--—-SKPIPATWPDLLTQLGGFQGLRE-----===—==—=———————————— DAHGFLQW
ALLHPSGPDVTWRQLVIHLMGMSDSTIFYENL--=——=—————- KQKLTERIGDVDGIES
PAFRPEANPLTWKQLLCDLVGISPSSEHDVLKEAV-———————- LKKLGGDNTQLEAAEW
EIF---SKPIAWNEALKQYLGAKSTSKEDL IASIDSKAT----- WKDDEDRER ILSGFAW
EYL---NTPIAWKEATKQILGATSSAEKDLEWA I ASKJA----~ FANNDDRDR I I SGLRW
DYLQPTAPDMAWKDVLAKMLGCTND-EASLAKAAAERAG----- IRDHPEERRT ISAMKW

284
287
301
289
309
347
313
245
236
243

313
300
306
303
303
314
306
382
382
301

325
320
317
263
309
340
297
303
297
298

353
342
282
319
311
326
323
320
323
323
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A. aestivalis HBFD1 :
A. thaliana Atl1g50450 :
P. sitchensis :
S. moellendorffii :
C. reinhardtii :
E. siliculosis :
P. tricornutum :
N. punctiforme :
Synechococcus PCC 7002 :
Cyanothece ATCC 51142 :

C. reinhardtii unknown 1
C. variabilis unknown 1
Salpingoeca unknown 1
Synechocystis unknown 1
R. pickettii unknown 1
P. infestans unknown 1
E. siliculosus unknown 1
T. pseudonana unknown 1
P. tricornutum unknown 1
A. niger unknown 1

A. thaliana At5g39410

P. sitchensis unknown 2
S. moellendorffii unk. 2
C. variabilis unknown 2
E. siliculosis unknown 2
T. pseudonana unknown 2
Salpingoeca unknown 2

H. sapiens unknown 2

C. elegans unknown 2

D. melanogaster unknown 2:

A. thaliana At4g33150 SDH:
S. moellendorffii SDH
P. tricornutum SDH

T. pseudonana SDH

P. infestans SDH

D. melanogaster SDH
H. sapiens SDH

S. cerevisiae SDH

A. niger SDH
Salpingoeca SDH

* 500 * 520 * 540
NWAMYAMTTELEP-G I LRDRNK I GMLANFVYPSVQIFDG I ~ABECLA-~————————-——
NWGME[IMTK[ELIZS-EVLRDRTKVQQMVELFDPVVRAMDGF-AEERVS -~ === ————————
NWAMSAVVNHAZV-EFLKDRNKVQTLVQLSDPLVRAIDIF-SEELMS - ————————————
NWLMSQ 1 AG|l|---—EFLEDYSKVESFARLSDPAVRAIDVL-€GKVS--———————————
NWAMWETAREVER-SLLNDRNFVKEFAKLSDPFVRNVDK I - [EEAVA-————————————
NYLLKGMT-[8LZD-SIMGNRDLMQALAEFSEPLVRITDKL - TNA-—————
NELLG H A-KLEET-QLLENEDLMRKLEMFSLP 1 VRLVDAF - ASATNA-————————————
NHLT H[FZK-WLMQRRYM I EFLSHVSHSMTDVTNNF-SE1GVA-————————————
NQLTRAMT-[HLZE-SLRQHPRI I QELEK I GYGMTKLTDSF-TEVGVA- === === ===
NYATWIMAHGLIZE -KVLKSPKTVEFLAQVSHVMTDVSDRF-TETGVA-———— == === ———

PGQEP EDVQRNGFWTHDL —VAVTDE-————————————

PGEGP RETMMTGYFKNRV—\EWTKE - ———————————

PGEGPDEHTRETGKL RFE-YEVGDS-————————————

PGEEP] EEAQQQGFY RF-WEETAS-————————————
PGEEPYPAAQLAGRYD[ERL-FERTDQ--——--———--——
PGQEPSEESMLQGYFVAEA-AEYTDD-————————————
PGEEPEKELRDSGYFWINF-FASGRS - - ———————————
PGQEPSETVRKEGYLCYTG-YEVGAE-————————————
VGEEPSEMKNMEDKHYLCIFGEEIGIN-————————————

--------- GTEPLLEDSVNDFVEYRA-JJATADQ-~~——————===~

FERWEL K - -FgS-VFSLGWFQKKEPEEEEVESATFKIWF —[[ERGYS -~ - - - ——————-
RS|EALK--Y[EE- IFTLGLFKKTGP EEEVKSATFK TF— HGYS————— e —
RK[EELS--Y[zE-VFTGGVFSKTEPE] QEEIDNSSFS RGFK————m e
RS|EHLQ--Y[gR-LFTYGMFSHEEPS] ERQLSEASFQFTN— KGYS————— - ——
RNEHLN--NVG-AFSRGLFSHEEPLEDQMNETSFETF-[EAKGYSTPPTAAEPPATPA
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Supplemental Figure 6 (below). Absorption Spectra for Peaks in the HPLC Elution Profiles
Displayed in Figures 3A, 3D, 3E, and 5A of the Manuscript. Panels (A), (B), (C) and (D)
reproduce HPLC elution profiles of the manuscript figures. Shown are elution profiles for
extracts of E. coli cultures containing the following plasmids: (A), pAC-BETAIpi; (B), pAC-
BETAIpi and pCBFD1/HBFD1Bad; (D), pAC-CANTHipi. Panel (C) displays an HPLC elution
profile for a synthetic astaxanthin standard. Panels (E), (F), and (G) display absorption spectra
for peaks in the elution profiles of panels (A), (B), (C) and (D). Numbers in parentheses below
the carotenoid names in panels (A), (B), (C) and (D) are HPLC retention times in minutes.
Labels for the absorption spectra in (E), (F), and (G) refer to the HPLC retention times for the
corresponding peaks in (A), (B), (C) and (D). Absorption maxima are listed below these HPLC
retention times, with peak “shoulders” enclosed in parentheses. Spectra were recorded in HPLC
mobile phase just as the individual pigments were eluted from the HPLC column. Note: it can be
seen that the peak for the astaxanthin standard in (C) is noticeably broader than that for
astaxanthin in (B), despite a lower loading of pigment (ca. 1/3 the amount of that for the sample
analyzed in panel B). This is probably because the standard compound was a racemic mixture,
whereas astaxanthin produced through the action of the A. aestivalis enzymes in E. coli is most
likely a single isomer, (3S, 3’S)-astaxanthin, as was reported for astaxanthin extracted from the
flower petals of A. aestivalis (Kamata and Simpson, 1987) and A. annua (Renstrgm et al., 1981).

References for Supplemental Figure 6:

Kamata, T., and Simpson, K.L. (1987) Study of astaxanthin diester extracted from Adonis
aestivalis. Comp. Biochem. Physiol. B 86: 587-591.
Renstrgm, B., Berger, H., and Liaaen-Jensen, S. (1981) Esterified, optically pure (3S, 3’S)-

astaxanthin from flowers of Adonis annua. Biochem. Syst. Ecol. 9: 249-250.
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Supplemental Figure 7 (below). Absorption Spectra for Peaks in the HPLC Elution Profiles
Displayed in Figures 3B, 5B, and 5C of the Manuscript. Reproduced here, from figures in the
manuscript, are HPLC elution profiles for extracts of E. coli cultures wherein cells contained the
following plasmids: (A), pAC-BETA and pCBFD1; (B), pAC-CANTHipi and pCBFD2; (C),
pAC-CANTHipi and pHBFD1Bad. Absorption spectra for peaks in the elution profiles of (A),
(B) and (C) are shown in panels (D), (E) and (F), respectively. Numbers in parentheses below
the carotenoid names in panels (A), (B) and (C) are HPLC retention times in minutes. Labels for
the absorption spectra in (D), (E) and (F) refer to the HPLC retention times for the corresponding
peaks in (A), (B) and (C). Absorption maxima are listed below these retention times, with peak
“shoulders” enclosed in parentheses. Spectra were recorded in the HPLC mobile phase just as the
individual pigments eluted from the HPLC column. Those peak identifications indicated with red
text and followed by question marks in panels (B) and (C) are speculative: they are consistent
with the absorption spectra, the HPLC retention times, and the known catalytic capabilities of the
carotenoid pathway enzymes that are present in the E. coli cells, but the requisite standards were

not available for comparison.
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Supplemental Figure 8 (below). HPLC Elution Profiles, with Absorption Spectra of Selected
Peaks, for Two Pigment Extracts that Provided Data for the Time Course Studies Shown in
Figure 4 of the Manuscript. Panels (A) and (B) show HPLC elution profiles. Panels (C) and (D)
display absorption spectra for selected peaks in (A) and (B). Numbers in parentheses below the
carotenoid names in panels (A) and (B) are HPLC retention times in minutes. Labels for the
absorption spectra in (C) and (D) refer to the HPLC retention times for the corresponding peaks
in (A) and (B). Absorption maxima are listed below these retention times, with peak “shoulders”
enclosed in parentheses. Spectra were recorded in the HPLC mobile phase just as the individual
pigments eluted from the HPLC column. Samples were taken 45 min after the addition of
arabinose to induce production of the enzyme encoded by cbfd2. Note: a somewhat different
mobile phase gradient was used here (4 to 50% mobile phase B in mobile phase A over the
course of 35 min; other analyses employed a gradient of 10 to 50% A in B over 30 min) in order
to achieve a near baseline separation for all pigments of interest. The various intermediates and
end products can be seen to be well separated in the HPLC system employed. Notice that peaks
for carotenoids with 3-hydroxy-4-keto-p-rings [i.e. astaxanthin and adonirubin (3-hydroxy-§,B-

carotene-4,4’-dione)] tailed much more than did other peaks.
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Supplemental Table 1 (below) lists some of the many cDNAs that were selected in a color
complementation screen (see Figure 2B of the manuscript) of an A. aestivalis flower library in E.
coli that contained the plasmid pAC-BETA-CBFD1/2. With the exception of those containing
AdKC17 (hbfdl) and AdKC28 (hbfd2), plasmids containing the selected cDNAs had little effect,
if any, on the composition of the carotenoids that accumulated in E. coli containing plasmid
pAC-BETA-CBFD1/2, but rather increased the total amount of pigment, or perhaps only affected
the distribution of the pigment within the cell, so that the colonies that contained them appeared
a darker orange in color than the preponderance of colonies on agar plates.

Certain of the cDNAs in library plasmids recovered from the selected colonies encoded
enzymes of the isoprenoid pathway (isopentenyl diphosphate isomerase and 1-deoxy-D-
xylulose-5-phosphate synthase) that produces the substrates required for carotenoid biosynthesis.
Such cDNAs were expected, and are routinely selected in screens of plant cDNA libraries for
cDNAs that enhance carotenoid accumulation in E. coli (Cunningham and Gantt, 2007). Very
much unexpected were the many and various cDNAs that encoded polypeptides with no apparent
relevance to carotenoid biosynthesis. We conjecture that the products of these cDNAs either
affect the distribution of carotenoid pigments within the cell (thereby giving the appearance of
increased pigment content), or enhance the accumulation of carotenoids by somehow providing
or increasing the size of a “sink”. The enhancement (or apparent enhancement) of carotenoid
accumulation engendered by these cDNAs appears, in many cases, to be dependent on the
structure of the carotenoid molecule. Many of these same cDNAs were selected when screening
various other plant cDNA libraries in E. coli engineered to accumulate zeaxanthin, but they were
not selected when screens were carried out using E. coli engineered to accumulate the much less

polar carotenoids lycopene and p-carotene (F.X. Cunningham, Jr. and E. Gantt, unpublished).
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Supplemental Table 1. Adonis aestivalis cDNAs Selected in a Color Complementation
Screen® Carried out Using E. coli Containing the Plasmid pAC-BETA-CBFD1/2 as Host

cDNA GenBank Top blastx hit (% identity)" Relevance to Carotenoid
Accession carotenoids composition®
AdKC22 AF188060  A. aestivalis isopentenyl diphosphate isomerase 1 (100%) precursor supply unchanged
AdKC10 AF188061  A. aestivalis isopentenyl diphosphate isomerase 2 (100%)
AdBDY19 EF489295 Apis mellifera (honey bee) isopentenyl diphosphate isomerase (57%) “ “
AdKC13 EF489296 Ustilago maydis (corn smut fungus) isopentenyl diphosphate isomerase (76%)

AdDY7 EF043284 Chrysanthemum x morifolium deoxyxylulose 5-phosphate isomerase (85%) “ “
AdKC18 EU348732  Vitis vinifera serine/threonine kinase (94%) sink ? unchanged
AdKC24 EU348733 V. vinifera ribosomal protein S25 (89%) “ “
AdKC25 EU348734  Ricinis communis iron transport protein 2 (54%)

AdKC26 EU348735  Pistacia vera dehydrin (53%) “ “
AdKC30 EU348736  Arabidopsis thaliana unknown protein, mucin-related (65%)

AdKC31 EU348737 V. vinifera ADP-ribosylation factor-like protein (91%) “ “
AdKC32 EU348738 V. vinifera nuclear RNA binding protein (67%)

AdKC33 EU348739  Phaseolus vulgaris polyubiquitin (100%) “ “
AdKC14 AY644757 A aestivalis carotenoid B-ring 4-dehydrogenase CBFD1 (AdKetol; 100%) pathway enzyme unchanged
AdKC17 DQ902555  A.thaliana unknown protein, saccharopine dehydrogenase family (65%) pathway enzyme altered
AdKC28 DQ902556  A. thaliana unknown protein, saccharopine dehydrogenase family (66%) pathway enzyme altered

2 Colonies of a darker orange color than that exhibited by the preponderance of colonies on agar plates were selected in this screen.

® From a search of the GenBank protein database on March 15, 2010.

¢ Cultures inoculated with the selected colonies were harvested in early stationary phase, the pigments were extracted with absolute acetone,

and the acetone extracts were analyzed by reverse-phase TLC.
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Supplemental Table 2. HPLC Retention Times and Absorption Peaks for Known Carotenoids

Ret. Time Common Name Semi-Systematic Name Absorption Peaks®  Absorption

(min)? (nm) Spectrum
8.0-8.2 astaxanthin 3,3'-dihydroxy-p,B-carotene-4,4’- 478 Sup. Fig. 6F

dione
10.6-10.7 isozeaxanthin j,B-carotene-4,4’-diol (427), 454, 481 Sup. Fig. 7D
12.0-12.1  canthaxanthin B,p-carotene-4,4’-dione 476 Sup. Fig. 6G
13.2-13.3  zeaxanthin B,p-carotene-3,3’-diol (430), 455, 482 Sup. Fig. 1E
15.7 3’,4’-didehydro-  3’,4’-didehydro-p,B-caroten-4-ol 466, asymmetric peak  Sup. Fig. 7D
isocryptoxanthin

18.1-18.2 isocryptoxanthin  f3,p-caroten-4-ol (427), 454, 480 Sup. Fig. 7D
19.1 echinenone B,p-caroten-4-one 464 Sup. Fig. 6G
20.9-21.1 3,4,3’ 4’ -tetradehydro-B,B-carotene 477, asymmetric peak  Sup. Fig. 7D
23.4-23.6 3,4-didehydro-p,3-carotene 467, asymmetric peak  Sup. Fig. 7D
25.9-26.1  B-carotene B,p-carotene (429), 455, 482 Sup. Fig. 6E

 For HPLC with a mobile phase gradient of 10-50% B in A over the course of 30 min.
® In the HPLC mobile phase.
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