Table S1. Peak areas for xanthine alkaloids obtained from LC-MS analyses. A combination of
retention times and unique MS/MS fragmentation patterns allowed for positive identification of
each product. lonization efficiencies differ between the various xanthine alkaloids thereby
limiting direct quantitative comparisons of preferred product formation.

7X 3X TP
PcAncCS1 + 7X 2220
PcAncCS1 + X 57
PcAncCS1 + 3X 538
PcAncCS1 + NaOH
PcAncCS2 + X (total protein) 56
PcAncCS2+ 7X (total protein)® 422
PcAncCS2 + 3X (total protein) 483
PcAncCS2 + NaOH (total protein)
PcAncCS2 N314Y+ X 164
PcAncCS2 N314Y+ NaOH
PcAncCS2 T25S + 3X 526
PcAncCS2 T25S+ NaOH
PcCS2 + 3X (total protein)
PcCS2 + NaOH (total protein)
PcCS1 + X 129
PcCS1 + NaOH
CsAncCS + X 25
CsAncCS + 7X° 165
CsAncCS + NaOH
TcAncCS1 + 3X 870 88
TcAncCS1 + X 41
TcAncCS1 + 7X 2590
TcAncCS1 + NaOH
TcAncCS1 GHRC +3X (total protein)® 436
TcAncCS1 GHRC +X (total protein)® 115
TcAncCS1 GHRC +7X (total protein)® 283 48.7
TcAncCS1 GHRC +NaOH (total protein)® 54.3
TcAncCS2 + X 686
TcAncCS2 + 3X 470
TcAncCS2 + NaOH
TcAncCS2AEA + 3X (total protein) 76 869
TcAncCS2AEA + X (total protein) 382 219
TcAncCS2AEA + NaOH (total protein) 80 30
TcCS1 + X 71
TcCS1 + NaOH
TcCS2 + X 115
TcCS2 + 3X 498

TcCS2 + NaOH
pET15B + X (total protein)
pET15B + NaOH (total protein)

“Xanthine co-extracts with total cellular protein and it may therefore be detected in samples in which it
was not added. In some cases, levels are sufficiently high to detect its methylated products for those
enzymes that have high relative activity with it.

®*Sample not scanned for xanthine fragmentation
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Paullinia cupana PcCS1 (EC766748)
. Paullinia cupana PcCS2 (EC778019)
Paullinia cupana CS-like (EC774687)
WAXR-2040211-Litchi chinensis
VFFP-2043613-Acer negundo
FCCS-2008319-Boswellia sacra
YUOM-2035237-Rhus radicans
Citrus sinensis (1g18139m)
RJIM-2050710-Melia azederach

YUOM-2034112-Rhus radicans
BCAA-2069913-Kirkia wilmsii

—— 0.1 substitutions/per site

Theobroma cacao TcBTS (1EG042576)
‘ Theobroma cacao TcCS1 (1EG042578)
‘ Theobroma cacao TcCS2 (1EG042587)
ATFX-2037010-Muntingia calabura
WMUK-2093724-Schizolaena sp.
WMUK-2020889-Schizolaena sp.
PKMO-2017851-Cistus inflatus

0.1 substitutions/per site

Camellia sinensis TCS1 (AB031280)
+ ‘ Camellia sinensis TCS2 (AB031281)
’ Camellia japonica TCS (AB297541)
PIYM-2075822-Galax urceolata

ODDO-2102454-Ardisia humilis

PPPZ-2121866-Rhododendron

scopulorum

0.1 substitutions/per site

Sapindales

Malvales

Ericales

Figure S1. Phylogenetic relationships amongst 366 SABATH protein sequences (InL = -128066.67176).
Sequences were extracted from 11 complete genomes of land plants in addition to selected CS and
XMT transcriptome sequences from the OneKP database. Lineages with functionally characterized
sequences are labeled by enzyme name. Bootstrap support values are shown for selected nodes which
define major enzyme lineages. Enzymes from Camellia (CS) or Coffea (XMT) known to be involved in
caffeine biosynthesis are shown in green and purple, respectively. Sequences expressed in Paullinia
and Theobroma are orthologous to CS sequences from Camellia. Arrows point to expanded views of
the CS lineages to show recent duplication events within Paullinia, Theobroma and Camellia. Nodes for
which ancestral resurrected proteins were studied are labeled M-Q. Accession numbers for OneKP and
GenBank databases are shown before and after relevant sequences, respectively.
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Figure S2. Detailed CS phylogeny (InL =-19220.31407) used for ASR with accession
numbers for OneKP and GenBank sequences shown before or after species names,
respectively. Black squares represent branch support > 0.9 to show that the three clades

used for ASR were confidently estimated.



A. PcAncCS1 (average site posterior probability = 0.976)
MDVKEVLCMNKGEGESSYLLNSKFTKITAIKSIPTLKRAIESLFKEESPPFEHLLNVADLGCASGSTSNTIMSTIVQTVVNKCRELNHKIPEFQF

YLNDLPSNDFNTLFKGLSGFMGSGGEEFENTSCFVMGAPGSFHGRLFPLNTIHLVYSNYSVHWLSKVPDLRDEKGNPINKGKFYISKTSPSA
VREAYLAQFQKDFTLFLKSRAEEMVSNGRVVLVLHGRLSQDFSCEKELRLPWLILSQAISRLVSKGLIDEEKLDSFEVPYYTPSKQEVKEVVE
REGSYAVELMETFAIEIGDKDEGIWSDARGFVNNLRSFTETMISHHFGPQILDELYDEIHDLLLQDFATQCSIVVGLKRN
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Figure S3. Analyses of two ancestral enzyme variants for PcCAncCS1 (A) show similar relative substrate preferences (B). Average site
posterior probability is 0.976 for this estimated ancestral sequence (C). The profile shows that F123 had relatively low probability but
mutation to the alternative state did not change the enzymatic properties in terms of relative substrate preference.
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TcAncCS1 (average site posterior probability = 0.935)
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QMPEIQFYLNDLVGNDFNTLFKGLSVIQEKYKNVSCFAMGAPGSFHGRLFPRNSMHLVHSSYSVHWLSKVPKITNEEGLPLNKGKIYISK
TSPPAVREAYLSQFQEDFSSFLRSRSPELVPDGRMVLILHGRKSADPTTKESCYTWELLAEAISYLVSQGLIDEEKLDSFNVPYYTPSQEE
VRELVDKEGSFTIEFIDTIEMEIGGINIWSSPENRVKNLRSFTEPMISHQFGEEVMDKLYDKVEEILVEDCKQGKESTKTISIVVALKKKES
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Figure S4. Analyses of three ancestral enzyme variants for TcCAncCS1(A) show similar relative substrate preferences (B). Average site
posterior probability is 0.935 for this estimated ancestral sequence (C). The profile shows that Y88 and E333 had relatively low
probabilities but mutation to alternative states did not change the enzymatic properties in terms of substrate preference.



A. CsAncCS (average site posterior probability = 0.997)
MEEVKEALFMNRGEGESSYAQNSSFTQKVASMTMPVLENAVETLFSKDFHLLQALNAADLGCAAGPNTFTVISTIKRMMEKKCRELNC
QTLELQVYLNDLPGNDFNTLFKGLSSKVVVGNKCEEVSCYVMGVPGSFHGRLFPRNSLHLVHSSYSVHWLSQAPKGLTSREGLALNK
GKIYISKTSPPVVREAYLSQFHEDFTMFLNARSQEVVPNGCMVLILHGRQSSDPSNMESCFTWELLAIAIAELVSQGLIDEDKLDTFNVP
YYTPSLEEVKDIVEREGSFTIDHMEGFELDSPQMQENDKWVRGEKLAKAVRAFTEPIISNQFGHEIMDKLYDKFTHIVVSDLEAKIPKTT
SIILVLSKIVG
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Figure S5. Analyses of three ancestral enzyme variants for CsAncCS (A) show similar relative substrate preferences (B). Average site
posterior probability is 0.997 for this estimated ancestral sequence (C). The profile shows that N231 and N302 had relatively low
probabilities but mutation to alternative states did not change the enzymatic properties in terms of substrate preference.



PcAncCS2 (average site posterior probability = 0.986)
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DSFEVPYYTPSAQEVKELVEGEGSYAVELMETFTIRIGARNEGIWSDARGFGNNLRSITETMISHHFGPQILDELYDEIQDLPLQDF
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Figure S6. Analyses of two ancestral enzyme variants for PCAncCS2 (A) show similar relative substrate preferences (B). Average
site posterior probability is 0.986 for this estimated ancestral sequence (C). The profile shows that V116 has relatively low posterior
probability but mutation to an alternative state did not change the enzymatic properties in terms of substrate preference.



TcAncCS2 (average site posterior probability = 0.954)
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Figure S7. Analyses of two ancestral enzyme variants for TcCAncCS2 (A) show similar relative substrate preferences (B). Average
site posterior probability is 0.954 for this estimated ancestral sequence (C). The profile shows that M31 has relatively low posterior
probability but mutation to an alernative state did not change the enzymatic properties in terms of substrate preference.




TcAncCS1

TcAncCS2

TcCS1

TcCS2 VKDVLCMNNGVGENSYVKAEALTIKVMAITKPIVPKAVOSLETETDHSIPLO-VVNVADLGC
PcAncCS1 MD--—---- VKEVLCMNKGEGESSYLLNSKFTKITAIKSIPTLKRAIESLFKEE-SP-PFEHLLNVADLGC 62
PcAncCS2 MD------ VKDVLCMNKGEGESSYLLNSKFTNITAVKSIPTLKRAIESLFKEE-SP-PFEHLLNVADLGC 62
PcCsl MD------ LKDVLCMNTGEGESSYLLNSKFTNITAIKSIPTLKRAIESLFKEE-SP-PFEHLLNVADLGC 62
PcCS2 MD--—---- VKDVLCMNKGEGEGSYLLNSKVSIITAVKSIPTLKRAIESLFKEE-SP-PFEHLLNVADLGC 62
CsAncCS MELATAGEVKEALFMNRGEGESSYAQNSSFTQKVASMTMPVLENAVETLFSKD-FH-LLQ-ALNAADLGC 67
TCS1 MELATAGKVNEVLFMNRGEGESSYAQNSSFTQQVASMAQPALENAVETLFSRD-FH--LQO-ALNAADLGC 66
TCS2 MKE----- VKEALFMNKGEGESSYAQNSSFTQTVTSMTMPVLENAVETLFSKD-FH-LLQO-ALNAVDLGC 62
TcAncCS1l ASGPNTFTVMSTVIESIVDKCSELNY-QOMPEIQFYLNDLVGNDENTLFKGLS-----— VIQEKYRN----V 122
TcAncCS2 ALGPQPLEFMSTVIESIVEKCGELGC-EMPEIQFYLNDLVGNDENTLFKGLS----- VVQEKYKN----V 122
TcCS1 ALGPOPLESMSIVIESIVEK LGC-EMPEIQFHLNDLAGNDENTLFKGLS————— VVQEKYKN----V 124
TcCS2 AVGPQPLEFMSTVIESILKKCGEMGR-EMPEIQFFLNDLVGNDENTLEFKGLS———-—— VVQEKYKK----V 124
PcAncCS1 ASGSTSNTIMSTIVQTVVNKCRELNH-KIPEFQFYLNDLPSNDFNTLFKGLSGFMG-SGGEEFEN----T 126
PcAncCS2 ASGSTSNTIMSTVVQTVVNKCRELNH-KIPEFQFYLNDLPSNDFNTLFKGLSGEVG

PcCs1 ASGSTSNTIMPTIVQTVVNRCRELNH-KIPEFQFYLNDLPSNDENTLEKGLNGLVG

PcCS2 ASGLTSNTIMSTVVQTVVNKCRELNH-KIPEFQFYLNDLPSNDENTLFKGLSGFMG-S-C

CsAncCS AAGPNTETVISTIKRMMEKKCRELNCAQTLELQVYLNDLPGNDENTLEKGLSSKVDQVVGNKCEEG

TCS1 AAGPNTFAVISTIKRMMEKKCRELNC-QTLELQVYLNDLEGNDENTLEFKGLSSE---VIGNKCEE-

TCS2 AAGPTTFTVISTIKRMMEKKCRELNC-QTLELQVYLNDLPGNDENTLFKGLPSK---VVGNKCEE----V 124

TcAncCS1 SCFAMGAPGSFHGRLEPRNSMHLVHSSYSVHWLSKVPK-ITNEEGLPLNKGKIYISKTSPPAVREAYLSQ 191
TcAncCS2 SWFAMGAPGSFHGRLEPRNSMHLVHSCYSVHWLSKAPK-ITNEAGLPLNKGKIYMSKTSPPAVREAYLSQ 191

TcCsl1 SWEFAMGAPGSFHGRLFPRNSMHLVHSCY SVHWLSKAPK-ITSEAGLPLNKGKIYMSKTSPPAVREGYLSQ 193
TcCS2 SWFAMGAPGSFHGRLFPRNSMHLVYSCYSVHWLSEAPK-ITNEAGLPLNKGKIYMSKTSPPAVTKAYLSQ 193
PcAncCsl GAPGSFHGRLFPLNTIHLVYSNYSVHWLSKVPD-LRDEKGNPINKGKFYISKTSPSAVREAYLAQ 195
PcAncCS2 SCLVMGAPGSFHGRLFPLNTIHLVYSNYSVHWLSKVPD-LRDEKGNPINKGTEYISKTSPSAVREAYLAQ 195
PcCsl SCLVMGAPGSFHGRLFPLNTIHLVYSNYSVHWLSKVPD-LKDEKGNPINKGTFYISKTSPSGVREAYLAQ 195
PcCs2 SCLVMGAPGSFHGRLFPLNTIHLVYSNYSVHWLSKVPD-LRDE PINKGTFYLSKTSPSAVREAYLAQ 194
CsAncCS SCYVMGVPGSFHGRLFPRNSLHLVHSCYSVHWLTQAPKGLTSR! ALNKGKIYISKTSPPVVREAYLSQ 207
TCs1 PCYVMGVPGSFHGRLFPRNSLHLVHSSYSVHWLTQAPKGLTSREGLALNKGKIYISKTSPPVVREAYLSQ 198

TCS2 SCYVVGVPGSFHGRLFPRNSLHLVHSCYSVHWLTQAPKGLTSKEGLALNKGKIYISKTSPPVVREAYLSQ 194

TcAncCS1 FQEDFSSFLRSRSPELVPDGRMVLILHGRKSADPT-TKESCYTWELLAEAISYLVSQGLIDEEKLDSENV 260
TcAncCS2 FQEDFSSLLRFRSPELAPDGRMVLILNGRQSADPT-NKDTCYTWDLLAEALSYLVSQGLIDEEKLDSENV 260
TcCsl FEEDFSSVLRFRSPELAPDGRMVLILNGRQSADPT-EKDICYLWDLLAEALSYLVSEGLIDEEKLDSENV 262
TcCS2 FOEDFSSLLKFRSQELAPNGRVVLIFNGRQTADPT-NKDTCYTWDLLAEALSYLVSQGLVDEGKLDSENV 262
PcAncCS1l FOKDFTLELKSRAEEMVSNGRVVLVLHGRLSODFSCEKELRLPWLILSQAISRLVSKGLIDEEKLDSFEV 265
PcAncCS2 FQKDFTLFLKSRAEEMVSNGRVVLVLHGRLSQODFSCEKELOLPWLILSQAISRLVSKGLIDEEKLDSFEV 265

PcCs1 FOKDFTLFLKSRAEEMVSNGRVVLVLHGRLSODFSCEKELQLPWLILSKAISRLVSKCLIDEEKLDSFEV 265
PcCs2 FRODFTFFLKSRAEEMVSNGRVVLVLHGRLSODFSCEKELQLPWLILTQAISRLVSKGLIDEEKLDSFEV 264
CsAncCS FHEDFTMFLNARSQEVVPNGCMVLILHGRQSSDPS-DMESCFTWELLAIAIAELVSQGLIDEDKLDTENV 276
TCS1 FHEDFTMFLNARSQEVVPNGCMVLILRGROCSDPS-DMQOSCFTWELLAMAIAELVSQGLIDEDKLDTENI 267
TCS2 FHEDFTMFLNSRSQEVVPNGCMVLILRGRLSSDPS-DMGSCETWELLAVAIAELVSQGLIDEDKLDTENV 263
TcAncCS1 PYYTPSQEEVRELVDKEGSFTIEFIDTIEMEIG----GIN-IWSSPENRVKNLRSFTEPMISHQFGEEVM 325
TcAncCS2 PYYNPSQEEVKRLVDKEGSFTIEFIDTIELEIG GKN-IWSSPESRIKGHRCFTEPILSHQFGEEVM 325

TcCs1l PYYNPSQEEVERVIDKEGSFTTEFSDTVVLEIG GKN-AWSDPGLRIKGYRCFSEPILSHQFGEEVM 327
TcCSs2 PYYNPSQEEIKYLVDKEGSLTIEFIDTIELEIG----GPNGYWSSPESRIRGHRCFTEPLLSHQFGERLM 328
PcAncCS1l PYYTPSKQEVKEVVEREGSYAVELMETFAIEIG--DKDEG-IWSDARGFVNNLRSFTETMISHHFGPQIL 332
PcAncCS2 PYYTPSAQEVKELVEGEGSYAVELMETFTIRIG--ARNEG-IWSDARGFGNNLRSITETMISHHFGPQIL 332
PcCsl PYYTPSEQEVKELVEGEGSYAVELMETFTLKDG--ARNEG-IWSDARGFGNYLRSFTETMISHHFGPQIL 332

PcCs2 PYYAPSAQEVKELVEGEGSYAVELMETFTIRIG--VGDEG-IWSDARGFVNNLRSITETMISHHFGPQIL 331
CsAncCS PSYFPSLEEVKDIVERDGSFTIDHMEGFELDSPLOMQOEND-KWVRGEKFAKVVRAFTEPIISNQFGHEIM 345
TCS1 PSYFASLEEVKDIVERDGSFTIDHIEGFDLDSV-EMQEND-KWVRGEKFTKVVRAFTEPIISNQFGPEIM 335
TCS2 PSYFPSLEEVKDIVERNGSFTIDHMEGFELDSP-EMQEND-KWVRGEKFATVARAFTEPIISNQFGHEIM 331
TcAncCS1 DKLYDKVEEILVEDCKQGKESTKTI--SIVVALKKKES---- 361
TcAncCS2 DKLYDKAEEILVEDYKQGKEATKNI--SIVVVLKKKKN---- 361
TcCs1 DKLFDKAEEILAEDYKQGKEATKNI--SIVVVLKKKTNQTWT 367
TcCS2 DKLYDKATQILVEDYKHGKEATKNI--GIAVVLKKKKL---- 364
PcAncCS1 DELYDEIHDLLLODFA--TQC------ SIVVGLKRN-—----— 360
PcAncCS2 DELYDEIQDLPLODFA--TQC-—---- SFVVGLKRN-—-----— 360
PcCS1 DELYDEIHNLPLODFA--TQC-—--—-— SEVVGLKRN-—--—---— 360
PcCs2 DELYDGILDLPLODFA--TQC-—---- NEFVVGLKRN-—---—--— 359
CsAncCS DKLYDKFTHIVVSDLE--AKIPKTTYVSIILVLSKIVG---- 381
TCS1 DKLYDKFTHIVVSDLE--AKLPKTT--SIILVLSKIDG---- 369
TCS2 DKLYEKFTHIVVSDFE--AKIPKIT--SIILVLSKIVG---- 365

Figure S8. Alignments for resurrected ancestral proteins with their modern-day
descendant enzymes from each of the clades shown in Fig. 2C-E.
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