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Intein-Mediated Semisynthetic Enzyme Methods. The harvested cells
(3 L culture) were resuspended in a buffer containing 20 mM Tris-
HCI, 500 mM NaCl pH 8.5, 2 mM EDTA, 2 mM benzamidine,
1 mM PMSF and 0.1% Triton X-100. Cells were lysed by French
press and the clarified lysate was loaded onto chitin resin (3 mL)
preequilibrated with lysis buffer and washed to baseline with
the lysis buffer without Triton X-100 (equilibration buffer).
For the truncated core enzyme, the column was treated with
10 mL equilibration buffer containing 50 mM DTT. The semisyn-
thetic peptide-ligated proteins were produced by treating the
column-bound protein with 2 mL 2% (v/v) thiophenol in equili-
bration buffer followed immediately by 1 mL of 2 mM synthetic
peptide and 2% thiophenol in equilibration buffer. After incubat-
ing at 25 °C for 24 hr, Gsy2p was eluted with 20 mL equilibration
buffer and 10 mL equilibration buffer containing 50 mM maltose.
Gsy2p showed some specific binding with the chitin bead and
hence 50 mM maltose was included in the buffer to facilitate
more complete elution. Both elution pools were combined and
dialyzed against 20 mM Tris pH 8.0 and 1 mM 2-mercaptoetha-
nol. Typical protein yields from 3 L bacterial cultures were 3-5 mg
of peptide-ligated Gsy2p. The phosphopeptides and control
nonphosphopeptides were synthesized either by the Peptide
Synthesis Core facility of Indiana University or Antagene, Inc.
The fusion peptides require an N-terminal Cys residue. The
wild-type enzyme has a nonconserved Lys at position 642 and this
residue was exchanged for Cys in the designed fusion peptides
leaving the remainder of the peptide sequences unchanged.
The phosphorylated peptide sequences used are as follows (non-
phosphorylated controls are identical with the exception of the
phosphate attached to Thr668):

642-CKLKVARPLSVPGSPRDLRSNSTVYMT(POs)
PGDLGTLQ-676

642-CKLKVARPLSVPGSPRDLRSNSTVYMT(PO3)
PGDLGTLQEV NNADDYFSLGVN-690
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Phasing Methods. The program package SOLVE (1) located a
common set of four tantalum cluster sites in each of the two de-
rivatives and a lower occupancy fifth site in one of the datasets.
Together these derivatives provided phase information with a
mean FOM of 0.47 and a Z-score of 43.8. Density modification
in RESOLVE (2) improved these phases using the 4-fold aver-
aging matrix determined from the common four tantalum sites
and provided an electron density map to 5.5 A with a FOM of
0.74. This electron density map showed strong density for many
helical tubes and some of the beta-sheets. Phase extension from
5.5 A to 3.0 A was accomplished using the program DM as im-
plemented in the CCP4 suite. This phase extension protocol uti-
lized 300 steps from 6.0 A't0 3.0 A and the same 4-fold averaging
matrices utilized by RESOLVE. The resulting 3.0 A electron den-
sity map was marginally interpretable and lacked continuity.
However, the general relationship of the protein fold to the bac-
terial starch synthase enzymes could be identified. To improve the
map quality we used the phase combination approach implemen-
ted in the program PHENIX (3, 4) (maps_only subroutine) where
a partial model of the yeast Gsy2p monomer was generated by
docking elements of secondary structure from a poly alanine
model of Agrobacterium GS (PDB code 1RZU) into a single
subunit within the 3.0 A electron density map. The tetramer
was generated by applying the NCS relations to this partial mono-
mer structure. The phase information from this partial model and
the experimental phase information from SOLVE were combined
to improve the phase information to 3.0 A. Two iterations of
phase combination with increasingly larger partial models within
the program PHENIX produced phases that yielded a completely
interpretable 3.0 A electron density map, which was completely
retraced using the program COOT (5). A structure-based se-
quence alignment of the glycogen synthases assisted in assigning
sequence register to the initial poly-alanine model.
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Fig. S1. Ribbon diagram of the Gsy2p monomer. The secondary structural elements of the core Rossmann domains are represented in purple and cyan, the
linker sequences connecting the two domains are colored yellow and the unique eukaryotic insertions in green and blue. The UDP molecule is represented in
orange space filling models and the regions that contributed to glycogen acceptor binding are labeled. [Produced using Pymol (6) for Windows.]
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Fig. S2. Topology diagram of the Gsy2p monomer using the same color scheme as in Fig. S1. [Generated using TopDraw (7).]
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GYSZ_YEAST : --MSR---------------——-DLONHLLFETATEV--ANEVGGIYSVLREKAP ITVAQ -~ YKDHYHL IGPLNKA TYQNE VD ILDWKKP EAF SD EMRPVQHAL QTHES RGVHFVY GRWLIEGAPRVILFDIDSY @ 111
GYSZ_DANRE : MRLSRSLSITSLSGLPLFEEESLPVEDLLLFEVAWEV--TNRVGGIYTVIQTRKAKITVDE --WGENY FMMGPYY EHNFK TQVEKCE P PNQ - - -ATRAAMDSL INNGCQUHF GRVLIEGSPYVILFDIGAA : 123
GYSZ_HUMAN : MLRGRSLSVTSLGGLPQUWEVEELPVEELLLFEVAWEV--TNRVGGIYTVIQTRAKTTADE --WGENYFLIGPYF EHNMK TQVEQCEPVND - —AVRRAVDAMNKHGCQVHF GRWLIEGSPYVVLFDIGYS : 123
GYS1_HUMAN : MPLNRTLSMSSLPGLEDWED E-FD LENAVLF EVAWEV--ANKV GG IYT VL QTRAKVT GDE -~ WGDNY FLVGPYT EQGVRTQVELLEAPTP - = =-ALKRTLDEMNSKGCKVYF GRWLIEGGPLUVLLDVGAS : 122
GYS1_RABIT : MPLSRTLSVSSLPGLEDWED E-FD LENSVLF EVAWEV--ANKV GG IYT VL QTRAKVT GDE --WGDNY FLVGPYT EQGVRTQVELLEPPTP —— ————— -, -ALKRTLDSMNSKGCKVYF GRLIEGGPLUVLLDVGAS : 122
GYS1_YEAST : —--MAR---------------—--DLONHLLFEVATEV--TNREVGGIYSVLREKAPVT VAQ -~ YGDNY TL LGPLNRATYE SEVEKLDWEDE SIF PEEL LPT QR TLMSMRERGUNFUY GNWLIEGAPRVILFELDSY : 111
GYS_ATU : MNVLSVSSETYPLIKT GGLADVVGALPIAL EAHGY R---TRT LI PGY PAVKAAY -~ TDPVKCFEFTDLLGE------------KADLLEVQHE---RLDLLILDAPAY : 88
GYSZ_YEAST : -RGYSNEWKGDLWSLVGIPSPENDFETNDATLLGYTVAWFLGEVA-HLDS QHATVAHFHEL AGVAL PLCRKR-RIDVVTIFT THAT LLGRYL CASGSFD FYNCLESVDVDHEAGRFGIYHRYCIERAAAHSADY : 243
GYSZ_DANRE : -AWNLD RVKGDLWSACGIGLPYHD REAND SLILGSLVAWFFKELTDQLQDELNVYAHFHEWQAGTCLVL SRSR-NLPLATIFT THAT LLGRYL CAG~NAD FYNNLDKFD ID REAGERQIYHRY CLERAAVHCAHY : 255
GYSzZ_HUMAN : -AWNLD MVKGDLWEACSVGI PYHD REANDML IFGSL TAWFLKEVTDHADGKY-VVAQFHEWQAGICLILSRAR-KLPIATIFT THAT LLGRYL CAA-NID FYNHLDKFN IDKEAGERQIYHRY CMERASVHCAHY @ 254
GYS1_HUMAN : -AWALERVKGELUDTCNIGYPUYDREANDAVLFGFLTTWFLGEFLAQS EEKPHVVAHFHEWL AGVGLCLCRAR-RLPVATIFT THAT LLGRYL CAG-AVD FYNNLENFNVDKEAGERQIYHRY CMERAAAHCAHY @ 254
GYS1_RABIT : -AWALERVKGELUWDTCNIGVPUYDREANDAVLFGFLTTWFLGEFLAQNEEKPHVVAHFHEWLAGIGLCLCRAR-RLPVATIFT THAT LLGRYL CAG-AVD FYNNLENFNVDKEAGERQIYHRY CMERAAAHCAHY @ 254
GYS1_YEAST : -RHFLNEWKADLWSLVGIPSPEHDHETNDATILLGYVVVUWFLGEVS-KLDS SHATI GHFHEWL AGVAL PLCRRE-RIDVVTIFT THAT LLGRYL CAAGDVD FYNNLQYFDVD QEACGKRGIYHRY CIERAAAHTADY : 243
GYS_ATU : =YER---8GGP---YLGQTGKD YPDNWERFAALS LAAALRIGA- —- GVL PGUWRPDMVHAHD IQ AAMTPVYMRYAE TPEIPSLLT THNIAFQGQF GANI FEK---- LAL PAHAFGMEGIEYYNDVSFLEGGLQTATA : 209
GYS2_YEAST : FTTVSQITAFEAEHL-----------LKRKPDGILPNGLNVIKFQAF----- —~HEF QN LHALKKEKTINDF VRGHFHGCFDFD LDNT LY FFIAGRYE YKNEGADMF IEAL ARLNYRLEVS GSKKTVVAFIVM : 357
GYSZ_DANRE : FTTVSQITAVEADHM- ~LHRNPDUV TPNG LNV BKFS AM- - —~HEF QN LHSMNKSKI QEF VRGHFYGHLDFN L EKT LF FFIAGRYE FSNKGAD LF LESL SRLNYL LRVHKSDUTVUVFFIM : 369
GYSZ_HUMAN : FTTVSEITAIEALEHM- =LRKRKPDVV TPNG LNVEKFS V-~ —HEF QN LHAMYKART QDFVRGHFYGHLDFD LERT LFLFIAGRYEFSNKGAD IF LESLSRLNFLLRMHKSDITUVVVFFIM : 368
GYS1_HUMAN : FTTVSQITATEAQHL- ~LERKPDIVTPNG LNVKKFS AM- - ~HEF QNLHAQSKART QEFVRGHFYGHLDFNLDKT LY FFIAGRYEFSNKGADVF LEALARLNYLLRVNGSEQTVVAFFIM : 368
GYS1_RABIT : FTTVSQITATIEAQHL- ~LERKPDIVTPNG LNVKKFS AM- - ~HEF QN LHAQSKARI QEFVRGHFYGHLDFNLDKT LY FFIAGRYEFSNKGADVF LEALARLNYLLRUNGSEQTVVAFFIM : 368
GYS1_YEAST : FTTVSQITALEAEHL- =LRKRKPDGI LPNG LNVVEFQAV-- —~HEF QN LHALKKDKINDF VRGHFHGCFDFD LDNT VY FFIAGRYE YKNEGADMF IESLARLNYRLEVS GSKKTVVAFLIM : 357
GYS_ATU : LSTVEPSYAEEILTAEFRIGLEGVIGS RAHVLHGIVNG IDADVUN PATDHLIHDNYS AAN LKNRAINKKAVARHFRI -~~~ ----DDDGS PLF CV IS -RL TWQKGID LMAE AVDEIVSL —— —— ==~ GGRLVVLGA : 328
GYSZ_YEAST : PAKNNSFTVEALRGQAEVRALENTVHEVT TSIGKRIFDHATIRYPHNGLTTELPTD LGELLKS SDRVMLEPRILALRRPEGQLP PIVTHNMVDD ANDL ILNKI RQVQL FNSP 8D RVKIMIFHP EF LNANNPILGLDY : 492
GYSZ_DANRE : PAKTNNFNVESLKGQAVRRQLWDTAQSVKEKFGRELYESLLRG-=---=--= EIP-DMSKILDRDD FTIMKRAIYATQRH--SLPPUT THMMLDD STDP ILGNI RRIGL FNGRND EVKIVFHPEFLSSTSPLLPMDY : 494
GYSZ_HUMAN : PAKTNNFNVETLRGQAVRRQLWDVAHSVKEKFGRELYDALLRG- —~EIP-DLNDILDRDDLTIMKRAIFSTQRQ--SLPPUT THNMIDD STDPILSTIRRIGLFNNRTD FVKVILHPEFLSSTSPLLIMDY : 493
GYS1_HUMAN : PARTNNFNVETLRGQAVERKQLUDTANTVKEKFGRRLYESLLVG- =SLP-DMNRMLDKED FTMMKRATIFATQRQ--SFPPVC THNMLDD SSDPILT TIRRIGLFNSSAD REVKVIFHPEFLSSTSPLLPVDY : 493
GYSl:RABIT : PARTNNFNVETLKGQAVRKQLWDTANT VKEKFGRKLYESLLVG--—---~ SLP-DMNRKMLDKED FTMMERAIFATQRQ--SFPPVCTHMMLDD SSDPILT TIRRIGLFNSSAD EVKVIFHPEFLSSTSPLLPUDY : 493
GYS1_YEAST : PAKTNSFTVEALKSQATIVKS LENTVNEVTASIGKRIFEHTMEYPHNGLESELP TNLD ELLKS SERVL LKKRVLALREPY GE LP PUV THNMCDD ANDP ILNQI FHVRL FNDS D EVKVIFHP EF LNAMNPILGLDY : 492
GYS_ATU : GD VALEGAL LAAAS PHHG -~ EVGVATIGYNE-- --PLS : 359

GYSZ_YEAST : DEFVRGCHLGUFPSYYEPUGYTPAECTVMGY PSITTNVEGF GAYMEDL IETNQAR -
GYSZ_DANRE : EEFVRGCHLGVFPSYYEPWGYTPGECTVMGIPSVTTNLSGF GCFMEEHVSDP SE-

~DYGIYIVD RRFEAPDE SVEQLVD YMEE FUKKT RRQRINQ FNRTERL 5D LLDUKFMGLEYVRARQLALRRGYP : 619
=YGIYIVDRRFRSADESCNQLTQFMFSFCQRSRRQRITIQRNRTERL SD LLDURYLGRFYMHARHLALSRSFP : 619

GYSZ_HUMAN : EEFVRGCHLGVFPSYYEPWGYTPAECTVMGIPSVTTNLSGFGCFMQEHVADP TA- =YGIYIVD RRF RSPDD SCNQLTKF LYGFCKQS RRQRIIQRNRTERLSD LLDWRYLGRY YQHAFHLTLSRAFP : 618
GYS1_HUMAN : EEFVRGCHLGVFPSYYEPWGYTPAECTVMGIPSISTNLSGFGCFMEEHIADP SA-— ==YGIYILDRRFRSLDDSCSQLTSFLYSFCQQSRRORIIQRNRTERL ED LLDUKYLGRYYMSAFHMALSKAFP : 618
GYS1_PABIT : EEFVRGCHLGVFPSYYEPWGYTPAECTUMGIPSISTNLSCF GCFMEEHIADP SA-— —-=YGIYILDRRFRSLDDSCSQLTSFLYSFCQQSRRQRIIQRNRTERL EDLLDUKYLGRYYMSAFHMALAKAFP : 618
GYS1_YEAST : DEFVRGCHLGUFPEYYEPWGYTPAECTVMGYPSITTNVSGF GAYMEDLIETDQAK- -DYGIYIVD RRFKS PDESVEQLAD YMEE FUNKT RRQRINQ FNRTE RL ED LLDUKRMGLEYVKARQLGLRRAYP : 619
GYS_ATU : HLMQAGCDAITIPSRFEPCCLTQLYALRYCCIPVVART GGLAD TVI----DANHAALASKAAT--CVQF SP----VTLD GLKOATIRRTVRYYHD - -PKLWTQMOELGHKSD VS -EKSAGLYA-ALYSQLISKGH : 480
GYSZ_YEAST : DQFRELVGEELNDSNMDALAGGRK-LKVARPLEVPGEP RDL RSNS TVYMT PGD LGTLQEVN:- NADDY- FSLGVN: PAADDDDD----GPYADDS : 705
GYSZ_DANRE : EKFRPEH-------LNLTSTQG---FRYPRPSSVPPSPEASTH---—— STPHHED EEDDD TYDE EEEAE FD RLNTKAP--- —— —-- - FSVGADTD GKRTQ PV ENG-N : 701
GYSZ_HUMAN : —=---VELTSPPTTEGFKYP RPSEVPPSPSCS QA--——— SEPQSSDVEDEVE------DERYDEE EEAERDRLNTIKS P FSL SHVPHGKRKLHGEYR-N- : 703
GYS1_HUMAN : - SSPHQSEDE EDP RGP LEEDGERYDEDE EASKD RRNIRAPEWPRRASCTSSTSCEKR-NSVDTATSSS LS TPSEPLSPTSSLGEERN : 737
GYS1_RABIT : —----YEPHEADATQGYRYP RPASVPPSPSLEFH--——— SESPHQSEDEEEP FDGL PEEDGERYDEDE EAAKD RRNIRAPEWPRRASCT SSS GOSKRENSUDT -~ -SSLE TPSEPLSPASSLGEERN : 735
GYS1_YEAST : EQFRQLVGETISDANMNTLAGGRK-FKIARPLSVPGSPR-VRSNS TVYMT PGDLGTLQDAN- NADDY: FNLSTN- GAIDNDDDDNDTSAYYED-N : 708
GYS_ATU . 5 =

Fig. S3. Glycogen synthase sequence alignment. Structure-based sequence alignment of the Agrobacterium GS enzyme with the representative GS sequences
of the eukaryotes. Residues in red, blue, and green represent 100%, 80%, and 60% sequence conservation respectively. The multiple sequence alignment of GS
was generated using clustalW (8). The structure-based alignment of Agrobacterium and yeast monomers was generated using LSQ superpose in Coot (5). This
alignment was used as the basis to manually edit the multiple sequence alignment produced by clustalW using the program GeneDoc (9).

Glu509 Glu509

Fig. S4. Stereo diagram of the Gsy2p UDP binding pocket. Ribbon representation of the Gsy2p UDP binding pocket with the bound UDP and interacting
residues in ball and stick model. The map shown is the original 2Fo-Fc electron density map for the bound UDP prior to its inclusion in the model (contoured at 1
standard deviation of the map). The residues involved contacting the UDP molecule are labeled. The uridine ring is sandwiched between the aromatic side
chains of Phe480 and Tyr492, which is part of the 15-018 loop whose interactions across the subunit interfaces change upon glucose-6-phosphate binding. The
helical dipole of helix 19 and the side chains of Arg320 and Lys326 are positioned to stabilize the UDP leaving group. The proposed nucleophile (Glu509) (10) is
positioned near the p-phosphate of UDP to interact with the donor glucose moiety of UDP-glucose, while the proposed general base (Glu517) (10) is instead
positioned to form hydrogen bonds with both the 2’ and 3’ hydroxyls of the ribose moiety. [Produced using Pymol (6) for Windows.]
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Fig. S5. Comparison of the basal and activated state conformations. (A) Ribbon representation of the superposed A subunits from the basal (pale yellow) and
activated states (blue). The bound glucose-6-phosphate is displayed using green space filling atoms. (B) Ribbon representation of the superposed B subunits
from the basal (pale yellow) and activated states (blue). The bound glucose-6-phosphate is displayed using green space filling atoms. The alignments for both
panels A and B were generated by superposing the C-terminal Rossmann domain (residues 312-357 and 453-577) using the superpose program of the CCP4
suite (11). The arrows indicate the direction and extent of additional rotation required to superpose the respective N-terminal domains. [Produced using Pymol
(6) for Windows.]
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