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Figure S1: a, Overlay of the glycine betaine binding pocket of BetP (grey) and the periplasmic glycine betaine binding protein ProX" from E. coli
(yellow). Corresponding side chains are labeled with respect to their orientation in the Trp box. b, Sequence homology between BetP and ProX in
the 4-helix bundle TM3, TM4/TM8, TM9 of BetP. ¢, 23 aromatic side chains in the central 4-helix bundle TM3, TM4/TM8, TM9 line the substrate
pathway (light yellow). The assembly of aromatic residues in BCC transporters may be related to the broad spectrum of different osmolytes that
can be transported. Assuming that BCC transporters exhibit the same overall fold with a rather narrow substrate pathway, a general solution for
osmolyte transport would be to provide several aromatic boxes along the pathway. Clearly, such pathway composition creates surface properties
ensuring that a wide variety of osmolytes can be transported without interaction with the protein backbone.

www.nature.com/nature



doi: 10.1038/nature07819 SUPPLEMENTARY INFORMATION

C T™M1 T™M2 TM3i TM3e
— 1
69 7!? B(? 99 109 119 129 139 15'? 159
BetP SLNWSVIIVPALVIVLATVVWG[I|GFKD|SFTNFASSALSAVVDNLEAF|ILFGTVFVEFFIVVIAASKFGI[IRLERIDE Is AGMG|1 GLMEYG T TEPILTF YRNG
OpuD SVFWI[V[IA....ITAAAVLWGVIISPDSLONVSQSAQAF|(I|TDSFEYY|YLLVVSLFVGFCLFLIF S|P|IGK|I|K|L[KP[DEKi3AF/GL L SPYF A} SAGMGIIGLVIAYGAAMPIISHYATIS
ButA DIHPQVTIPATIILLLFIILLISIFS/QEANVVEDYILDAVTNYT[QFMILATAIFIGAGLFFAFSRYGK[I|V|I[EcN|D|AKIRSF|S RWGHYF A S AGMG|T G[L[VIgW S VAP|I SHLGEP
BetT PVVFY[TSAG...LILLFSLTT|I|LFRDFSALWIGRTLDWV|SKTF[EY[YLLAATLYIVFVVCIACSREF GSVKLIEP E(QSKIFAF|S L L SJAAN AIG|T|G|T DILM[F s VARIP[VTQYMQP
EctP PFIFS|ISVG...FIVVFVIAT/I[ALGEKARTTFSATIAGWLLENLEUMY|TGGVSLVF IFLMGIFAS[RY GRVK|LIED DD|D DEEHT L. T VYF C GlG[V|GIA V|L/MElW G V AP TNHAF NV
CaiT .IEPKVFFPPLIIVGILCWLTVRDLDAANVVINAVFSYVTNVWERYAFEWYMVVMLFGWFWLVFGP[YAKKR|L[Y. . NEPIRAF|STASIF SICT|ISAAVILIIWGS IIJI[YYYISTP
e T
TM4 HI T™5
oo ool
179 189 199 200 210 220 230 240 250 26(? 27(‘)

BetT ...PEGAGQTIEAARQAMVWTL[FEIYGLTGSMMALMGMALGYF|SYRYNLPLTIR.FALYJJIF[EKR . INGP I[&HS|VINIAAV|IGTIFGIATTLEIGVV|QLNYGL|SV|LFD|I[PDSMA

EctP P .MANEESMSEAAIVQAFAYTF|YEFGIHMYVI LPGLSLGYF|IYjKRKLPPRLS .EJVF SIJI L{eKH . IY|S|TP{EKL|IIVLA|I|VG|T|TF(G]

[ATR4SIF LS|VAFAYFFE[VRKMEVIRPSETLVI4LV[EEKHAKGLF{ET I|[VNF Y|LVA|LIF|A
* p

IAV|SV[ELG
IMG T|S L{e]L,

VLIQ INAGMNK|LWSTPQVS .
AITPILV|TECMQW|LFGI]PHTLQ

BetP ..VPGHDEHN. .[.VGVAMSTTMFEWYTLHPRAIMAIVGLAIAYSTFRVGRKQLLS .FAFVIJLI[EEKGAEGWLEKLIIMILAIIATVF|GTAC|SLELGALQIGAGLISAANI|IEDPSD
OpuD . .SPSGETETPQAFRDALRYTFFEAYGLHARATIPATIVALCIAYF|QFRKGAPGLIS.ETLS)YTLEDK . VN|GP I[EKA|TINC I AV|FATVV|GVST|SL[ELGAT|QING|GL|N Y|LIF G|I[PNAF I
ButA SPMFNVDPNSAGAVKTALTSSFFEAYGIHPRAIMAIVGLIGLAFF|S|YNKGLPLTIR.FLFY)HLI[ENK. I Y|GWW[EN LTI LS|VILATMT|GLATISLELGVSQVINAGLNYLFGISISPG
CaiT P..FGLEPNSTGAKELGLAYSLEEWIGP LP i 5|

*

TM6 T™M7 helix7 TM8
[ i f i 1 e ————
280 290 300 310 320 330 340 350 360 370

INMVILAAIFIALF IILLV|GP|I|VE IIL|SGF TQNLEEYYAANF IEMSFWTETET. . . STNWQG SURYLIYY WFENUY
S LINVALALG|LILFVILEMGDT|SF LLNALVLNVEDYVNRFMGMTLN . . SFAFDRP VEWMN NS TIYF PN
[ENW T\YFMWAW|

ButA IQIV.L[IIVITAFATT|S|VVL[ELD)EEVIQKILE
BetT AKAA.LIALSVIIATI|SVTS[EVDELETIRVLE]
EctP WVQLLIILIITAVACI|S|VAS[HLDEEE I KLLEN INIAMAVALMFF ILFT|GPTLTLLRFLVESF[EIYASWMPNLMFWTDSFQDNPG

BetP WTIVGI\/SVLTLAFIFSZ—\ISVG Q YILEINAN VLALiAIF FVVGPiVSILNLLPGSINYLSNFFQ AGRTAMSADGTAGE LGSIY

I i
OpuD VQLVALIIIVTVLFLLSAWSGLGKGiKYiSNTN VILAGLILMLIFMLVV|GP|I[VLIMNSFTDSI[EQOYIQNIVQMSFR.LTPNDPEKREWINSEYTINY PN

CaiT LDAI.I|TCWIILNAICVACIELOISEVR IAFDVIRS Y|L S|F LML GW VIF I V[S|GAISF IMN YF TDSV[EMLJLMY LPRMLE YTDP IAKG. . . [eYelw T\ F WA WK
* L
TM9 EH2 TM10
390 400 a10 420 430 440 450 460 470 480 490

BetP SIIREF|ILEVLLVIPAGVSTVWFSIFEGTAIVFEQNG. . .. . ESIWGDGAAEEQL|FIGLLHALIGGQIMGIIAMILLGTFF ISADSASTVMGTMSQHG. . . QLEANKWVTAA
OpuD REHEITIREF|LI[EVLVTPICILTFLWE|S IF[EVSAMDLQQKG. . . . . AFNVAKLSTETML[F|IGTLDHYLTMVTSILAL/ILIAV[FF I@SADSATFVILGMQTSYG. . . SLNPANSVKLS
ButA K@ASVKEFII[EVVLVPITIISAIFMSILEGTALYQQINGIN. .DLASVVNVDESLALF|SLSDSLIFLSSILSVVGI|I|LVTV[FF ISSDSGSLVIIDHLTSGG. . . KLDTPLAQRIF
BetT R@ATIRQFVLETLIIPFIFTLLWLSVFE@NSALYEIIHGG. .AAFAEEAMVHPERGF|Y|SLLAQY|4AFTFSASVAT|ITGLLFYVEMSADSGALVILGNFTSQLKDINSDAPGWLRVE
EctP REETVREF|IGEVLALPAIFGVVWE|S IF[§RAGIEVELSNPGFLTQPTVVEGDVPAALFNVLQEYJLTGIVSAFALV|IIVIFF I#S IDSAALVINDMFATGA . . . ENQTPTSYRVM
CaiT R[GITVRELCF[EMVMGLTASTWILWIVIL[SNTLLLIDKNIIN. IPNLIEQYGVARAI|IETWAALIYLSTATMWGFF|ILCF IAT VELJVINAICSY|TLAMSTCREVRDGEEPPLLVRIG

TMI11 TM12 C-term.

500 510 5209 530 540 550 560 570 580
BetP GVIATAAIGLT|LMLSGGDNALSN|LIGNVTIVAATIHFLFYVIGLMFALVKDLSNDVIYLEYREQQ
OpuD |UG|T{TQSAMAAV|LIAYSG(G|. . . LAALNTAITLAALIEFS IYTLLMIASLYQSTS .[]. . ..o oo KERR. . 5 @
ButA AL IEGAVAAV|LMIGG(G. . . LTALMTASIITGLIZF|TFYLLAMVY SLIYLGLRQEFLIERAVREKLRKVRNDHIITEVVQSNVEDKALVENV. . . ....AEKL
BetT SVAIGLLTLGMMMTN(G|. . . ISALGNTTVIIMGLIJFISFYIFFVMAGLYKS|LKVIEDYRRESANRDTAPRPLGLQDRLSWKKRLSRLMNYPGTRYTKQMMETVCYP
EctP |JAC|TIGAVAGS|LBTISP|SSGIATLEVV|T|IVAF)IF|F LIYOF VMMF S|LLKGMSEDAAAVRRVQTRQWEKTDTPEKLEEHSSQPAPGYDDEGN . . . . .. ..

CaiT SIILVGIIGIVILMALG(G. . .LKP[I[®TAI|IAGGCHLFFWYNIMVTLSEIKDAKQONWEKD . . . o i i it ittt e et e ettt et e et e e aean

Figure S2: Amino acid sequence alignment of C. glutamicum BetP with five transporters of the BCCT family: Na*/glycine betaine transporter OpuD
from B. subtilis, Na*/glycine betaine transporter ButA from Tetragenococcus halophila, H*/choline transporter BetT from E. coli, Na*/ectoine transporter
EctP from C. glutamicum, and carnitine/y-butyrobetaine antiporter CaiT from E. coli using ClustalW multiple sequence alignment displayed by ESPript
2.2 (http://espript.ibcp.fr/ESPript). Strictly conserved residues are displayed in red. a-helices of the BetP structure are shown as cylinders in top of the
BetP sequence. Residues potentially involved in coordinating sodium ions are marked with triangles shown in blue (Nal) or cyan (Na2). The conserved
G-x-G-x-G motif of sodium-coupled transporters in the BCCT family in TM3 is yellow. The magenta stars indicate residues involved in glycine betaine-
binding. Orange colored residues in TM8 and TM9 show additional substrate-binding sites, residues involved in trimer formation or regulatory
interactions are labeled with an orange circle.
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Figure S3: a, Transport activity determined from the initial slopes of ['*C]glycine betaine uptake time curves of BetP mutants.
Activity is expressed as percentage of WT control (100%) at optimal osmolarity. The expression levels of mutants were assessed by
immuno-blotting against the N-terminal StreplI tag and activity was normalized accordingly. b, Location of functionally important
residues in the BetP monomer.
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Figure S4: Potential sodium ion binding sites in BetP assigned via structural superposition with LeuT, . View from the cytoplasm with sodium ions in
magenta and black dotted lines indicate the coordination between the atoms of residues involved in Na* binding. The helices TM3i, TM3e, TM4, TM5,
TM7, TM8 and TM10 are displayed in light-grey. The sodium ions were not included in the refinement process.
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Figure S5: a, Glycine betaine uptake of BetPAN29 was measured in DHPF C. glutamicum cells (¥, maximal uptake rate 11 nmol glycine
betaine/min mg dry cells) and in E. coli polar lipid proteoliposomes (I, 268 nmol glycine betaine/min mg protein) in dependence on the
external osmolality adjusted with NaCl (cells) or proline (proteoliposomes) in the external buffer (25 mM KPi, pH 7,5; 100 mM NacCl).

BetP WT was measured as a control in DHPF C. glutamicum cells (®,100.8 nmol glycine betaine/min mg dry cells) and in E. coli polar lipid
proteoliposomes (O, 771 nmol glycine betaine/min mg protein). Uptake was started by adding 250 pM ['*C]-glycine betaine. Maximum
uptake at optimum conditions of external osmolality was taken as 100%. Inset: Micrograph of a freeze fractured proteoliposomes suspension
of BetPAN29 reconstituted into E. coli polar lipids at a lipid to protein ratio of 30 to 1 (mol/mol).

www.nature.com/nature 5



doi: 10.1038/nature07819 SUPPLEMENTARY INFORMATION

BCCT ------------ — TN T ------
BetP 57IA KEETIRLIERIDEAIRAYRTV SIII S I\A G YGTTWALTFYRNGVPGH. .D
OpuD 63LIFEP I[EK I KLIEKPDEKIBBAGLL SIYFE 2 IS A G YGAAMYTSHYAISSPSG. .E
ButA1oFAFRIRY[EKI TV I[EGNDAKIHAISRW F A L Spk\e WSVARITSHLGEPSPMEFNVD
BetT 2IACERFESVIKLEPEQSKINAYSLL S|YAR FARNET D FSVAIRYVTQYMQPPEGAG. .
Nss -----— .- -

GlyTlb 2s NLK .JHGNJIGNQIEFV|LITS Y| N e) |[VIWIAE Y LCYR [

GAT1 WDLPDIIDTIYKGRFDE LMS C Y| GLGNRFPp@ANIINGGGAF

LeuTAa MEVEKEEHQUATRLGLILAM N GLGNIRIRF PO LYNYNGGGAF U

S8SS --------

vSGLT 40 STEDY|FL iiPWWAVG LIBANISAEQFI MSGSGYSILAIASYEWMSAI .....
S

K
hSGLT 5¢ TVGGF|F LA[ERSMVWWP IGARLFIASNIGSGHF Ve LAGTGAAS[EIAIGGFEWNALV
NIS 43SAEDFFTGERRLAALPVGLELSEISFMSAVQVILIEVP SEAYRY[ELKFLWMCLGQLL
PutP 3 NFDDYILGERSLIGPFVTALEAG

-----

SDMSGWLLMELPGAVFLS[EISESWIAIGLTLGAWIN
NCS-1

Mhpl 8EARS PSNABMTRYAENSVGPFSLAATWWFAMATOVIATIF TAAOMTSS . FQV|UelV IVATIA
A

L

HyuP sQGRSLNESNAITRYAQENISVGPFSLAAIGFAMATOVIAIFIAAEQLTAS . FQV|USVIVATIA
S TWKAMNFASIGMGCIHNIPTYATVEGLIAIGLSPRISVLATIII
Y

CWSWENYLYFLADCFNINTWQI TGLOLGLNWL®CWL T{V|W

PucI 90QSN EDLVIELGQEK
Dal4 9 KESF RDLKIFVEEER

Figure S6: Sequence alignments of the first helix of the first repeat of different transporters of the BCCT, NSS, SSS and NCS-1 family by Clustal W multiple
sequence alignment displayed by ESPript 2.2 (http://espript.ibcp.fr/ESPript). Conserved glycines are indicated by orange triangles.
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Figure S7: Central cavity of the BetP trimer. Aromatic side chains of helix 7 and TM2 point into
unmodelled Fo-Fc density (shown in green at 1.80), representing bound lipid or detergent.

www.nature.com/nature 7



doi: 10.1038/nature07819 SUPPLEMENTARY INFORMATION

Figure S8: Electron density shown in blue at 1.30 after solvent flattening with SOLOMON?® in SHARP/autoSHARP®. The electron density represents
the initial map after SAD phasing, hence it is not averaged using the NCS nor corrected for anisotropy nor any negative B-factor is applied. The
anomalous difference map for the selenium sites is shown in red at 3.5¢. The arrow points towards the C-terminal domain making the crystal
contact to the adjacent trimer.
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Table 1 | Data collection, phasing and refinement statistics

SUPPLEMENTARY INFORMATION

Se-BetPAN29

Data collection

Space group

Cell dimensions
a, b, c (A)

a By

Wavelength
Resolution (A)

Rmerge

l/ol
Completeness (%)
Redundancy

Refinement .
Resolution (A)

No. reflections
Rwork/ Rfree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

P2,2,2,

118.09, 129.42, 182.94

90, 90, 90
Peak

0.9794

39.47 -3.35
(3.55-3.35)
99  (64.8)
23.2  (1.0)
90.7 (44.1)
189 (1.7)

39.47 - 3.35
(3.55-3.35)
37151 (2967)
25.68/26.49
(24.12/23.95)
11737
11353

384

64.34

0.002
0.34
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Table 2 | Structure comparison with DaliLite'®

SUPPLEMENTARY INFORMATION

Structure comparison RMSD
(A)
BetP repeat 1 BetP repeat 2 3.5
LeuT repeat 1 LeuT repeat 2 5.2
SGLT repeat 1 SGLT repeat 2 4.3
Mhpl repeat 1 Mhpl repeat 2 4.3
Scaffold
BetP scaffold LeuT scaffold 3.7
BetP scaffold SGLT scaffold 3.9
BetP scaffold Mhpl scaffold 3.8
LeuT scaffold SGLT scaffold 3.5
SGLT scaffold Mhpl scaffold 34
Mhpl scaffold LeuT scaffold 2.5
BetP TM10-TM12 LeuT TM8-TM10 3.1
BetP TM10-TM12 SGLT TM9-TM11 3.8
4-helix bundle
BetP 4-helix bundle LeuT 4-helix bundle 3.2
BetP 4-helix bundle SGLT 4-helix bundle 3.1
BetP 4-helix bundle Mhp1 4-helix bundle 34
LeuT 4-helix bundle SGLT 4-helix bundle 3.5
SGLT 4-helix bundle Mhp1 4-helix bundle 3.6
Mhp1 4-helix bundle LeuT 4-helix bundle 3.2
Scaffold comparison used for superposition in Fig.4
BetP TM6-7 TM11-12 | LeuT TM4-5 TM9-10 2.9
BetP TM6-7 TM11-12 | SGLT TM5-6 TM10-11 2.5
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