Supplementary Information
Supplementary Figures 1 — 10
Supplementary Tables I - IV
Materials and Methods

Supplementary References



PepTSo

Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo

Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo
Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo
Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo

Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo
Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo
Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo

Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

PepTSo
Hs_PEPT1
Dr_PEPT1
Gg_PEPT1
Hs_PEPT2
Dr_PEPT2

1 10

................................ MTTPVDAPKW}3R/QNP|Y
c et et e e e s e eeseeasaaseeess  MGMSKSHSFFG|Y)4LSHFF
....... e+teeeseeeseess.  MADKEGHKQKKERASCFG|Y|4V|S
........................ MAAKSKSKGRSVPNCFGY|4L|S
MNPFQKNESKETLFSPVSIEEVPPRPPSPPKKPSPTICGSNY LfEA
.............. MGKMKDKDVDAEKYEKAQRSPKLCGTN[Y}3V|SEIA

H2 H3
40 50 60 70 80 20 100
LMTALLLSIPEELRGAVAKDVFEIS|FVIGVIF FIYLLIEGWERNIREF FEA4Y NpSIL WAL IpPJCV(EHAFLAIFE. .
FITNF...... ISWDDNL|S TALI YEATIFVALCMLIT)AI|LEGALES:S)S WLEANF KiddV SIFI T VT I[QAVTSVSSIN
FKYF. . IGWDDDLISTTIYRIT)|FVALCNL T)4IM TE®: S SWLIEANF KpddV YR TIVPTI[QVIMAISAIH
FKYF. «LRWDDNF|S TIA|T YEITIZVALCPL|ITIHIL LEg: S WLIEINF KE@iV SR T VR4T I[QAVMAVSSIN
FLYF. .LHWNEDT|S T|S|T YRIAIFS SILCP4F )4 I|L Ap:N)SWLIEANF Ky T YIRS L VP4VLIEHVIKSLGALP
FMNY......LHWDKNLS TATIY}A}YSGL CPF TIELL LEpg: S SWLINF KUSiT YRR T VRIVI[GHVVKSVGAIP
L A
PTR2_1

H4 H5

110 120 130 140 150 160

............... HIS|VQIGF|Y T(eARF M@ UAeiS(eleh R @4T.AYS|SIyMeI ol aDQSNKSLAQK M FT) F
DLTDHNHDGTPDSLPVHVVLSLI[EAAAIMPSAC T clehR 94CAYSANYGEINRIEEGQEKQRNRF)FS|IT LARSYA
DITDANRDGKPDNKTLHISLSML{EAATIMPUAC T(clchR 94C\YAAIYGEINRIEDHQEKQR|STF)3S|T LS A
A
A
A

A

DMTDQNRDGNPDNIAVHIALSMTEIAT I @:SAcT(clehd 9:CAYS|ALIGEIIIJEEHQEKQR|SRFES|T LS
ILGGQ.+eveee. .VVHTVLSLIHASIMPSHT(cledd 94CAYARIAGEINIEEKHAEER|TRY)3S|V| LS
DVGDS ..o v v e vnn TVHIALSMVEIAGIAEP: YA T(cfen R 9CAYAAIFCIePIRIDEDNIDERRKF|YS|T MS

A [ (]

H6 PTR2_2

17(? 18(? 19(? 209 21(.) 229

FFASLISM4L
LLSTI|IT4M AVALIVI3VL{ES GMP{K K F K}40/G NI MGK[V/AK|CEIGFL:\

LLISTL|IT)4I VVIAL|I|VI3VI[EHRKMMMIME S)4K|GN|ILLQ|V|IN|CRGFLY
LISTIITIHI AV|SLIV|VIZ I AlS GMP{KKVQI30Q|GN|I MVR|V|C K|CEiG|F LY

L \4P|
LISTFITEMARGDVQCFG. ..EDCYALESHVIJGLIRUVIATLV|VIJAMESKINNKP PILEGN/IVAQV|FK|ChW,
VLISTIITIHIIARIGDVQICIFG. . . GDICYALLSYIVIJAAIRIVIALVIVIZI S[e]SGLE{KK S PIJEGNVLVR[VICK|CEIGF'

FVATVFRIWLERKRMIHMP)JEPKDPHGFLPV Rri
F

LNNRFRHRGKQ
IKNRFRHRSKE
ISNRFKNRSGD
ISNRWTNSKKS

300 310 320 330 0 0
DGVRS|VLRILVISFALVTPRASIH DQSWQA VKPQ|.|. . . WFEIFAMUGJALNPLISVMLL I)JFNNFV

SQIKMVTRVMFIY IPLPMAYAMFHINOGHRYTLYAT TS GKI|GA . LEI QD QI TVIA T T VIMV|{IFDAV

AQVEKMVVKVLF#Y I PLPMANAMFPINOGERT I[¥AT TIUDGNF|GG . FVIQIID O I VP IPATIVIMV|ZIMDSA

AQTKMVLKVLFAYIPLPMAYAMFDI0GHRYT LEYAT TIUDGDF|GIA . MQI QD QIS T VP I}AT I IMV)JV VDAV

MDV@AHTRKﬂFLYIPLPMF AL GHRET LI RFINRNL|GF . FVLQJED ORIV L, PLLVLIFIPLFHFV
\Y D

QEIKMVICRVLVISYTPLP MJRANAIRFPIO GEIRIT LIFATRIUNMD FIGIGGF I T KD OI{UIMLEALIMILVF IJ3 I FDMG

A (~190 AA’s in hPepT1)
Ho H10
100000000000000000000000000

360 370 380 390 400 410
PATERMGVKLTAIMRKMGA[ETIAITGLSWIV|

VIGTIQLMMDGG[SALSIFWRILPFALL
PLIAKCGFNFTSIKKMAVEMVILASMAFVVAAIVQVEIDKTNTVNMAL[Y]IPOMMFL|L
PLIIKLCRINF|TPARKMTV[EMVLAALAFVAAALLQLQIDETNRIHMAW[VIQMFLL

Al

Al

Al

PLIQKCKINF TP RRITV[EMFLAGLAFVAAALLQVQIDKTNTVHMA[W[IP|OF IL
RLVSKCGINF|SSIARKMAV[EMILACLAFAVAAAVEIKINEMNKMS IAW[LPONALV
PLVGLCRIKLTPMKKMATEMILAALAFCAATAVEVYVIKTNNIHIGWIPONVFE|L

HHHHE

Hg g <<
HHEEOEE

H11 EH1
100000000000

450 460 470 480 490
FUTLSVTV[ENL LANVSVKSP.TVT QIVQTGMSVTAFiFFF GFAILAATI

T
=
N

GULLTVAV[EYTIT IVAGAGQFSKQWAI. . o v v v v v ™ YILFAALLLVVCV|IFA
GULLTVAV[EYTIT IVAEAGSLPDOWAR . « o v v v v o v ™ YLLFAS[LLVAVSIIFA
GULLTVAV[ENI|T IVAGASKLSEQWAJY. . « v v v v v n ™ YVLFAALLFAVCIIIFA
AQLLTIAVENTIT VVAQFSGL .VQWARA. . . o o0 v vt FILFSCLLLVICLIFS
GULMTVAF[ENVT IVAEGAGM.EQWV|Y..........FLLFAALLVAVSIIFS

500 510
VFALYARSYOMODHYROAT . o v v v vt o o oo oo oo oooooccocccccscsssas

IMARFYTYINPAEIEAQFDEDEKKNRLEKSNPYFMSG ANSQKQOM
IMAYFYTYIDPNEIEAKFKELEPEDKKRKEMQMTAKDNMAYVHNENTNIKQTKI

VMAYF|YTYTDPNEVEAQLDEEEKKKQIKQDPDLHGKE. ... ... ... SEAVSQM
IMGYYYVPVKTEDMRGPADK..... HIPHIQGNMIKL. .. .0 ooo.o ETKKTKL
IMAYFYTYVDPDQLDKLFKE.EGDGGKVE...SSKKDELSLGE....IPKQTKM



Supplementary Figure 1 Sequence alignment and secondary structure of PepTj,.
Amino acid sequence alignment of S. oneidensis PepTs, (UniProt: QS8EKT7) with the
human PepT1 (B2CQT6) and PepT2 (Q16348), fish PepT1 (Q7SYE4) and PepT?2
(Q2F800) and chicken PepT1 (Q90WHS) transporter homologues using ClustalW
(www.ebi.ac uk/clustalw/) with manual adjustment in JalView ©". PepTs, is ~30 %
identical and ~45 % similar to human PepT1 and PepT2 as calculated using pairwise
alignment within the transmembrane regions in JalView. Identical residues are
highlighted in red. The a-helices in PepTy, are depicted as coils above the sequence,
colored blue to red respectively. The conserved PTR2 signature motifs are marked
with black horizontal bars. Residues lining the central cavity are highlighted by
triangles shown below the sequence and coloured according to type, Arg and Lys
(blue), Glu and Ser (red), Tyr (green), Trp, Phe and Ile (cyan). Residues forming the
intracellular gate are denoted by circles (green). Residue His61 is highlighted by a
square (magenta). The vertical black bar and open triangle at the end of helix H9
represents the location of the additional extracellular domain present in the
mammalian homologues but absent in prokaryotic peptide transporters.
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Supplementary Figure 2 Image taken of PepT,, from one of the coarse grained
bilayer self-assembly simulations. For clarity both the protein and lipids have been
converted back to an atomistic representation (Supplementary Materials and
Methods).
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Supplementary Figure 3 Competition assay for the uptake of g-Ala-Lys-AMCA
against a set of different length L-alanine peptides. Uptake of the fluorescent
peptide conjugate (-Ala-Lys-AMCA (50 uM) was measured in E. coli cells
harbouring the gene encoding PepT, before (control; filled bar) and after (open bars)
induction of expression with isopropyl-p-D-1-thiogalactopyranoside. Uptake was
measured in the absence or presence of the amino acid L-Alanine (Ala), the
corresponding di- (Ala,), tri- (Ala,) and tetra- (Ala,) peptides, each at a concentration
of 10 mM, and of carbonyl cyanide p-chlorophenylhydrazone (CCCP), at a
concentration of 10 uM. Results shown are means + SD (n = 6).



Supplementary Figure 4 Anomalous difference peaks for the Hg and Se atoms
overlaid on the structure of PepT,,. Anomalous difference peaks for the bound Hg
atoms calculated using MIR(AS), see supplementary text, are shown at 4 o (red).
Selenium peaks in the anomalous difference Fourier calculated using the Hg phases
are shown at 4 o (green).



Supplementary Figure 5 Stereo view of the final 2mFo-DFc electron density map
from refinement, contoured at 1 . Helix 2 from molecule B is shown.
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Supplementary Figure 6 Superposition of PepTg, onto the substrate bound
crystal structure of lactose permease, LacY. The coordinates for LacY (1PV7)
(grey) were superimposed onto the structure of PepTg, (blue) using secondary
structure matching algorithm in the CCP4 program Superpose. The bound TDG
substrate (magenta) in LacY is shown in sticks and the mFo-DFc difference density
(orange), contoured at 4 o, observed in the data from the PepTy, crystals is shown
overlaid.
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Supplementary Figure 7 Superposition of PepTy, and EmrD. The structure of
PepTy, (yellow) was superposed onto the coordinates of EmrD (2GFP) (grey) using
the secondary structure matching algorithm in the CCP4 program Superpose. The
extracellular and central cavities identified in PepTs, are highlighted. The conserved
aspartic acid, D316 (green), of PepTg, and glutamate, E227 (cyan), of EmrD are also
shown. For clarity, helix H2 containing the conserved histidine, His61 in PepT, has
been omitted.
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Supplementary Figure 8 Rotation of sub-bundle C1 between the occluded
conformation of PepT,, and inward open conformation of LacY. Superposed
transmembrane helices of PepTs, and LacY as viewed in the plane of the membrane.
The N-terminal six helices of LacY were superposed onto the equivalent helices in
PepTs, using LSQMAN &evvegtetal. 197 - The angle of rotation to bring the C-terminal
six helices of PepTs, onto LacY was then calculated. Helices comprising the C1 sub-
bundle are colored red, those from LacY cyan. The central and extracellular cavities
are highlighted and the modeled di-Alanine peptide is shown as a CPK model.
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Supplementary Figure 9 Water molecules within the extracellular and central
cavities in PepT,. A snapshot from one of the atomistic simulations shows how
water (light blue spheres) has penetrated the central binding cavity (yellow sticks).
Water also solvates His61 (red sticks) at the base of the periplasmic cavity.
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Supplementary Figure 10 The peptide binding site. Rotated stereo view of the
central cavity in the plane of the membrane. Residues are colored according to side
chain type, Arg and Lys (blue), Glu and Ser (red), Tyr (green) and Trp, Phe and Leu
(cyan) as in Figure 4.
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Supplementary Table I | Data collection and phasing statistics for Set 1.

Native MMC-1* HgAC
Beamline Diamond 102 ESRF ID23eh1 Diamond 103
Wavelength (A) 0.979 1.006 1.005
Space Group P3, P3, P3,
Resolution (A) 40-3.6 40 - 4.6 40 - 4.6
(3.73 - 3.60) (4.76 — 4.60) (4.76 — 4.60)

Cell dimensions

a,b,c(A) 159.4,1594 153.0 | 159.7,159.7 1539 | 159.7,159.7 153.9
No. Unique 47,021 21,989 23218
Reflections

Completeness (%) ° 93.8 90.3 96 .4
(88.7) (90.3) (95.7)

Redundancy ° 2.0 1.7 24
(1.8) (1.7) 2.2)

/o) ® 90 7.1 8.5
(1.1) (1.1) (1.68)

R erge (%) *° 8.9 9.3 94
(67.5) (82.4) (50.2)

R (%)

Isomorphous --- 0.816 0.737
Anomalous --- 0.981 0.968
Phasing Power °
Isomorphous --- 0.488 0.689
Anomalous --- 0476 0.578

* For details on derivatisation see Supplementary Materials & Methods.

®Values in parentheses refer to data in the highest resolution shell.
is high for some of the derivative data due to severe anisotropy

¢ The last shell R

merge

in the diffraction images.
dRcul]is:E \Fpyy = \Fp + Fyll 1 3 Fpyy — Fpl
¢ Phasing Power = rms (IFyl / (Fy + Fp) — (Fpy))
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Supplementary Table II | Data collection and phasing statistics for Set 2.

MMC-2* MMC-3* Se
Beamline ESRF ID23ehl ESRF ID23ehl ESRF ID29
Wavelength 1.005 1.005 0.978
(A)
Space Group P3, P3, P3,
Resolution (A) 40-4.0 40-4.5 40-5.0
(4.14-4.0) (4.66 — 4.50) (5.18-5.0)
Cell
dimensions 157.6,157.6, 158.1,158.1, 157.6,157.6,
a, b, c (A) 153.1 153.6 153.1
No. Unique 35,090 25,304 18,227
Reflections
Completeness 97.7 99.7 994
(%) ° (96.4) (99.6) (994)
Redundancy ° 3.2 33 3.3
(2.8) (3.0 (3.1
I/o(I) ° 8.8 7.7 7.5
(14) (1.0) (2.0)
R erge (%) bc.d 104 16.0 10.9
(76.1) (82.3) (50.0)
Reuis (%) ©
Isomorphous - 0916 0.726
Anomalous 0.976 0.987 0.928
Phasing Power
! --- 0.544 1.058
Isomorphous 0.379 0.525 0.574
Anomalous
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Supplementary Table I1I | Superimposition analysis between PepT,, and lacY.

Protein Average Ca Ca atom range Ca atom range
domain” | distances (A) PepT,, lacY (1PV7)
Overall 3.62 15-499 10-400
N 2.79 15-195 10-184
N-1 2.66 H1 15-42; HS (148-156 + H1 10-37; HS (138-146 +
158 174); H6 176-195 148-164); H6 165-184
N-2 295 H2 (49-62 + 70-78); H3 89- | H2 (41-54 + 63-71); H3 74-
103; H4 117-137 88; H4 116-136
C 4.39 299-499 219-400
C-1 472 H7 (299-309 + 310-317 + H7 (219-229 + 231-238 +
319-326); H11 (447-450 + | 240-247); H11 (351-354 +
451-466); H12 479-499 356-371); H12 380-400
C-2 4.09 H8 (336-352 + 353-358); H8 (260-276 + 278 -283);
HO9 375-397; H10 406-434 | H9 287-309; H10 313-341

* Calculations were made in O using atoms from chain B of PepTj, against atoms

from chain A of LacY (1PV7).
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Supplementary Table IV | Molprobity Summary Statistics.

Clashscore, all atoms: 1642 97" percentile*
All-Atom (N=37,3 A -999 A)
Contacts Clashscore is the number of serious steric overlaps (> 0.4 A) per
1000 atoms.
Poor rotamers (%) 16.35
Ramachandran 0.89
outliers (%)
Ramachandran 89.38
Protein favoured (%)
Geometry CP deviations 60
>0.25 A
MolProbity score** 3.20 82" percentile*
(N=342,325 A -3.87 A)
Residues with bad 0.00
bonds: (%)
Residues with bad 0.00
angles: (%)

* 100™ percentile is the best among structures of comparable resolution; 0" percentile
is the worst.

** MolProbity score is defined as the following: 0.42574*log(1+clashscore) +

0.32996*1og(1+max(0,pctRotOut-1)) + 0.24979*log(1+max(0,100-pctRamaFavored-
2))+0.5

16




MATERIALS AND METHODS

Amino acid sequence

The amino acid sequence of the PepTy, protein produced for this study. The second
and third amino acids were mutated from the original wild type sequence of MTTP
during cloning. The C-terminus has the following extension after cleavage of the
GFP during purification GSENLYFQ. These are highlighted as underlined residues in

the sequence below.

MNSPVDAPKWPRQIPYITASEACERFSFYGMRNILTPFLMTALLLSIPEELRGAV
AKDVFHSFVIGVYFFPLLGGWIADRFFGKYNTILWLSLIYCVGHAFLAIFEHSV
QGFYTGLFLIALGSGGIKPLVSSFMGDQFDQSNKSLAQKAFDMFYFTINFGSFF
ASLSMPLLLKNFGAAVAFGIPGVLMFVATVFFWLGRKRYIHMPPEPKDPHGFL

PVIRSALLTKVEGKGNIGLVLALIGGVSAAYALVNIPTLGIVAGLCCAMVLVMG
FVGAGASLQLERARKSHPDAAVDGVRSVLRILVLFALVTPFWSLFDQKASTWI
LQANDMVKPQWFEPAMMQALNPLLVMLLIPFENNFVLYPAIERMGVKLTALRK
MGAGIAITGLSWIVVGTIQLMMDGGSALSIFWQILPYALLTFGEVLVSATGLEF
AYSQAPKAMKGTIMSFWTLSVTVGNLWVLLANVSVKSPTVTEQIVQTGMSV

TAFQMFFFAGFAILAAIVFALYARSYQMQDHYRQATGSENLYFQ

17



Protein Expression and Purification

The gene encoding PepTg, (SO_0002, Uniprot identifier Q8EKT7) was
amplified from a previously constructed expression plasmid pMPSILO079A and
cloned into the pWaldo-GFPe plasmid ®<" ¢ ® D yging primer pairs 5’-
GGAATTCCTCGAGATGACTACACCTGTTGATG-3’ and 5’-
CGAGGAAGATCTTGTCGC TTGCCGATAATGATC-3’ encoding Xhol and Bglll
restriction sites, respectively. Expression of the PepT -GFP fusion was carried out in
E. coli C43 (DE3) cells Mo & Walker- 199 aq was measured using whole cell and in gel

fluorescence as described in Drew et ql. Prev et @l 2006

Large volume cultures were
carried out using batch fed bioreactor vessels. Escherichia coli C43 (DE3) cells
freshly transformed with the PepTs,-pWaldo-GFPe vector were used to inoculate a

starter culture consisting of 20 mL of MDG media ©"“@" 29

After overnight
culturing at 37 °C the starter culture was added to either a 5 or 15 L bioreactor
prepared with TB media in a 1/1000 dilution. Culturing and induction conditions
were as described above for the small volume cultures. Following addition of
isopropyl-pB-D-thiogalactopyranoside (IPTG) the aeration and impeller speeds were
set to the maximum allowed limits to support optimal biomass production. Harvested
cells were resuspended in phosphate buffered saline (PBS) and frozen at -80 °C.
Samples were thawed and the cells disrupted using a TS series continuous cell
disruptor (Constant Systems, UK) operating at 35 kpsi at 4 °C. Following removal of
cellular debris at 14,000 g, whole cell membranes were isolated using centrifugation
at 130,000 g for 2 hours at 4 °C. Membrane were resuspended in ice cold PBS and

flash frozen in 50 mL falcon tubes for storage. Protein purification was carried out

essentially as described in Drew et al. ®*" 2%  Briefly, thawed membranes were
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diluted to a final total protein concentration of 3-5 mg.ml"' in 1 x PBS, 10 mM
imidazole (pH 8.0), 150 mM NaCl, 10 % glycerol (wt/vol) and 1 % n-Dodecyl-p-D-
maltoside (DDM) (Anatrace, USA) to a final volume of 360 mL. Membranes were
solubilized for 1 hour at 4 °C with mild stirring and non-solubilized membranes were
removed by centrifugation at ~100,000 g for 45 minutes. Nickel-NTA Superflow
resin (Qiagen, DE) was then added to the sample, using a ratio of 1 mL of resin per
mg of GFP present. The resin was incubated with the solubilized membranes for 1
hour at 4 °C with mild stirring. The resin was then packed into a glass econo-column
(BioRad, USA) under gravity. The resin was washed with ~ 30 column volumes
(CVs) of wash buffer (1 x PBS, 30 mM imidazole (pH 8.0), 150 mM NaCl, 10 %
glycerol (wt/vol) and 0.1 % DDM). The resin was further washed with 10 CVs of 40
mM imidazole. The bound PepT -GFP fusion protein was the eluted using 250 mM
imidazole. Eluted protein was then combined with an equal amount of hexa histidine
tagged TEV protease and dialyzed overnight against 20 mM Tris-HCl, pH 7.50, 150
mM NaCl, and 0.03 % DDM at 4 °C. Following overnight dialysis and cleavage of
the fusion protein, the sample was recovered and subjected to reverse purification.
The sample was first filtered using a 0.22 um syringe filter (Millipore, USA) and then
passed through a 5 mL HisTrap column (GE Healthcare, USA) using a P-1 peristaltic
pump. Contaminants co-purifying with the PepTg, fusion from the first affinity
purification step were subsequently captured by the HisTrap resin, along with the
hexa histidine tagged TEV protease and octa histadine tagged GFP. Pure PepTsy,, as
judged by SDS-PAGE, was then collected in the flow through from the HisTrap
column. PepTg, was concentrated to a final volume of 500 uL and applied to a
Superdex 200 10/300 gel filtration column (GE Healthcare, USA), pre-equilibrated in

20 mM Tris-HCI, pH 7.50, 150 mM NaCl, and 0.03 % DDM using a flow rate of 0.4
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ml.min"'. Fractions containing the purified protein were pooled and concentrated to a

final volume of 12-15 mg.ml"' for crystallization.

Crystallisation

A number of potential crystal conditions were identified using the MemGold
crystallization screen Ne"sedet@-.2008 (Mplecular Dimensions, UK). Promising crystals
were observed in 33 % PEG 300, 0.05 M Glycine, pH 9.5, and 0.1 M NaCl
(MemGold condition 2.12) at 4 °C. Following optimization around this condition, the
best diffracting crystals were obtained in 30 % PEG 300, 0.1 M MES pH 6.50 and 0.1
M NaCl using the hanging drop vapor diffusion technique at 4 °C. To form drops, 1
mL of protein sample was mixed with an equal volume of reservoir solution
containing 26 % PEG 300, 0.1 M MES pH 6.50 and 0.1 M NaCl. Crystals appeared
after 2-3 days and could be harvested up to several weeks after. For cryoprotection
the crystals were transferred to a solution containing 36-40 % PEG 300, 0.1 M MES
pH 6.50, 0.1 M NaCl and 0.03% DDM, before being flash vitrified in liquid nitrogen.
The crystals always showed strong anisotropic diffraction, with the best crystals

diffracting between 3.6 - 3.8 A in the best direction.

Mercury derivatives

Mercury derivatives were prepared in two ways, either prior to crystallization

or through soaking of native crystals. Data sets MMC-1, HgAc, and MMC-3 were

obtained from crystals grown using protein pre-incubated with mercury compounds,

whilst data set MMC-2 was obtained through soaking a seleno-L-methionine

20



incorporated crystal. Modification of free cysteines prior to crystal growth was
carried out following the reverse purification step and prior to gel filtration. The
protein was incubated with a three times molar excess of either methyl mercury
acetate (MMC) or mercury acetate (HgAc) and incubated at 19 °C for one hour. The
sample was then applied to the Superdex 200 10/300 gel filtration column as
described for the native protein. For soaking, the native or seleno-L-methionine
crystals were transferred to a fresh drop containing 35 % PEG 300, 0.1 MES pH 6.50,
0.1 M NaCl and 0.03 % DDM with either 2 mM MMC or HgAc and soaked overnight

suspended over a well containing the same concentration of PEG 300.

Seleno-L-methionine incorporation

Incorporation of seleno-L-methionine was carried out using E. coli C43 (DE3)
cells. Overnight inoculum in MDG media was diluted into PASM-5052 media ®""

%% " Induction and culturing were performed as described for the native protein.

Data collection and phasing

Data were collected either on beamlines ID23ehl or ID29 at the European
Synchrotron Radiation Facility (ESRF) or on 102 and 103 at the Diamond Light
Source Ltd., UK. Data were processed and scaled using the HKL suite of programs
(Onwinowski & Minor. 199) Ry rther processing was carried out using programs from the CCP4
package (Supplementary Tables I and II) ““** "% The space group was determined

to be P3, with three molecules in the asymmetric unit. Two mercury sites were

initially located in each of the three molecules in the asymmetric unit. These were
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found manually using RSPS ®"e" 29 in derivative difference Patterson maps
calculated in FFT. The mercury positions were refined and initial phases calculated
using SHARP (@l Fortelle & Bricogne, 1997) * The regulting phases were used to locate a third
mercury site, giving 9 sites in total. Phases from the mercury sites were used to locate
the selenium sites in difference Fourier maps and these were added to the 9 mercury
sites to improve the phase information.

Over 30 datasets were collected during the structure determination from >
1000 crystals screened at the synchrotron. These datasets were grouped according to
isomorphism and anomalous signal strength, as judged by Xtriage “*™ 2% Each
set of isomorphous data was used to calculate phases in SHARP and the calculated
maps analyzed. This process resulted in two sets of non-isomorphous data that gave
good initial maps that showed clear solvent boundaries around the three molecules.
Setl contained the high-resolution native and two mercury derivative data sets,
MMC-1 and HgAc. Set2 contained two mercury derivative data sets, MMC-2, which
was a seleno-L-methionine incorporated crystal soaked overnight in 2 mM MMC and
MMC-3. Set2 also contained a separate seleno-L-methionine crystal collected at the
anomalous edge for selenium. The non-crystallographic symmetry present in the
packing of the crystal was used to improve the phase information. A rough mask was
calculated around one of the three molecules using Q (e & Kieldgard- 190 a4 the NCS
operators calculated and improved using programs from the RAVE U°res & Kieldgaard. 1997)
package. These were then used in DM "' to average over the three molecules
in the asymmetric unit. The two sets of phases were also combined using cross

crystal averaging in DMMmulti ©ove 19

. The resulting maps were then of sufficient
quality to see all 14 helices from each of the three molecules. The optimal solvent

content for density modification was found to be 79 %.
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Model building and refinement

An initial Ca model was built into the density from all three sources of phases
described above, from SHARP, DM and DMMulti, using O U & Kieldzard, 1997
Reflections for the R, calculation were selected in resolution shells using
SFTOOLS. The partial models were further cycled back into phase calculation in
SHARP to improve the initial solvent envelope used for the solvent flipping
procedure. This cycle was iterated many times until a reasonably complete model
could be built. The amino acid side chains were then built into the partial model
using the selenium and mercury sites to determine the correct register. The heavy
atom sites were broadly distributed within the primary structure allowing some
confidence in the assignment of the register at this resolution. The resulting map
allowed the model to be traced from residue 13 to 500, with two breaks, the first in
the cytoplasmic loop connecting the N- and C-terminal halves (Pro206 — Lys226) and
the second at the end of H8 (Leu359 — Thr371). Refinement of the model was carried
out in BUSTER ®USTERINT2% aoqingt the highest resolution dataset. Experimental
phase information was included in the form of Hendrickson-Lattman coefficients
throughout. Refinement was dramatically improved by anisotropic truncation of the

structure factors Smoneetal.2000

. The resolution along the A and B axes was truncated to
43 A, whilst the C axis was kept at 3.6 A. Refinement was carried out using strict
NCS restraints with the —autoncs_noprune flag. Inclusion of TLS parameterization
also improved the quality of the model and subsequent maps. Each molecule was

modeled as a single TLS group using the TLSbasic macro in BUSTER. To increase

the contribution of the high-resolution terms in the resulting 2mFo-DFc electron
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density maps, a B-factor sharpening term was introduced during map calculation in
FFT of between -50 and -80 A’. Model validation was carried out using the
Molprobity server <207 (Supplementary Table 4). The quality of the model
compares favorably with structures of a similar resolution in the Protein Data Bank.

Images were pl‘epal‘ed using PyMOl (The PyMOL Molecular Graphics System) and VMD (Humphrey et al,

1996)

In vivo [’H]-Glycylsarcosine transport assay.

Peptide transport was assayed using E. coli strain BL21-gold (DE3)
(Stratagene) cells harbouring the pTTQI18-RGSH6-UraA-derived ®men et . 2007
plasmid construct pMPSILO079A, which encodes PepTg, bearing a C-terminal
RGSH; tag. Bacteria were cultured at 37 °C in M9 minimal medium containing 0.2%
glycerol and 0.2% casamino acids until an Ay, of 0.8 had been reached, and then
incubated for a further 1 h with 0.2 mM isopropyl-p-D-thiogalactoside (IPTG) to
induce transporter expression. Cells were harvested by centrifugation and
resuspended in transport buffer (5 mM MES buffer, pH 6.6, containing 150 mM KClI
and 20 mM glycerol), to yield an A, of 2.75. Uptake of the radioactive dipeptide
[’H]-Glycylsarcosine (Gly-Sar) (Moravek Biochemicals Inc.) was then measured at
37 °C. In brief, samples of bacteria (75 ul) were mixed with 25 ul of transport buffer
containing the appropriate concentration of Gly-Sar. After an uptake period of 15 s,
employed to approximate initial velocities of transport, cells were filtered to terminate
(Henderson & Macpherson, 1986) i -

transport and washed twice with ice-cold transport buffer

estimation of the apparent V. and K, values for transport, uptake was measured over

max

a substrate concentration range of 10 uM to 5 mM. PepT,,-mediated transport was

calculated by subtraction of rates seen in induced cells harboring a control expression
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vector encoding the E. coli nucleoside transporter NupG. The resultant rates were
expressed per mg of PepT, protein, as measured by quantitative immunoblotting.
Data were fitted to the Michaelis-Menten equation using the non-linear curve-fitting
program KaleidaGraph (version 4.0, Synergy software) in order to estimate kinetic

parameters

In vivo B-Ala-Lys-AMCA competition transport assay.

Peptide transport was assayed using E. coli strain BL21-gold (DE3)
(Stratagene, USA) cells harboring the pTTQ18-RGSH6-UraA-derived (®emen et #2007
plasmid construct pMPSILO079A, which encodes PepTg, bearing a C-terminal
RGSH; tag. Bacteria were cultured at 37 °C in M9 minimal medium containing 0.2%
glycerol and 0.2% casamino acids until an Ay, of 0.6 had been reached, and then
incubated for a further 1 h with or without 0.5 mM IPTG to induce transporter
expression. Cells were harvested by centrifugation and resuspended in transport
buffer (5 mM MES buffer, pH 6.6, containing 150 mM KCI and 20 mM glycerol), to
yield an A, of 1.5. Uptake of the fluorescent dipeptide [-Ala-Lys-N.-7-amino-4-
methylcoumarin-3-acetic acid (3-Ala-Lys-AMCA; Biotrend, Cologne, Germany) was
then measured at 37 °C essentially as described by Weitz et al. V“'*2%7 Tn brief,
samples of bacteria (40 ul) were mixed with 50 ul of transport buffer with or without
competitive inhibitors plus 10 ul of 500 uM p-Ala-Lys-AMCA, yielding a final
substrate concentration of 50 uM. After 15 min, washing the cells twice with ice-cold
transport buffer terminated uptake. The cells were then lysed by incubation for 10 min
at 25 °C in 20 ul lysis buffer (50 mM HEPES buffer, pH 8.0, 5 mM MgCl,, 1% Triton
X-100, 10 U mI"" OmniCleave endonuclease (Epicentre Biotechnologies) and 0.1 mg

ml" lysozyme). The lysates were transferred to a 384-well plate and fluorescence
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measured in a Fluostar Optima plate reader (BMG labtech) using an excitation

wavelength of 340nm and an emission filter with a wavelength of 460 nm.

Molecular Dynamics

Plausible conformations of the missing loops in the structure were generated

7 (Sali & Blundell, 1993)

using Modeller 9v The structure was then converted to a coarse-

grained (CG) representation (Bond & Sansom, 2006; Marrink et al, 2004)

To maintain the tertiary
structure an elastic network model was applied to the protein Ca particles with a
distance cutoff of 7 A and a force constant of 10 kJ mol " A 2. The resulting CG
structure was placed in the center of a box containing water, counter ions and either
POPC or DPPC lipids as described by Scott et al. <" * 2% Coarse-grained
molecular dynamics was run for 0.2 us using GROMACS3.3.] (Ven Der Spoel et al. 2009
Electrostatic and van der Waals interactions were only calculated between atoms
separated by less than 12 A with a switching function applied to the latter after 9 A.
The temperature was maintained at 323 K using a Berendsen thermostat with a
coupling constant of 1.0 ps ®erendenetah 199 The pressure was also held at 1.0 bar by a
Berendsen barostat P« *- %9 thig was applied semi-isotropically with a coupling
constant of 40 ps and a compressibility of 1 x 10 ~ bar. The integration timestep was
20 fs. Ten simulations were run. The box and, therefore, the number of lipids were
different in each simulation. In all ten cases, the bilayer self-assembled and the
protein inserted into the bilayer as expected. The protein and lipids from the final

structure of each of these coarse-grained simulations were then converted to an

atomistic representation as described by Stansfeld et al. S 209 The psfgen,
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solvate and autoionize packages of VMDI1.8.6 were used to add hydrogens, waters
and neutralising chloride ions. Three atomistic simulation unit cells of slightly
different sizes were constructed in this way. In each, the lipid bilayer was made up of
POPC. Fully-atomistic molecular dynamics were then run for 50 ns using
NAMD?2.7b1 ®hilliesetal-2009 anq the CHARMM?27 forcefield with the CMAP correction
(Mackerell, 2009~ The lengths of all bonds in the protein and lipids or water that involve
hydrogen were restrained using the SHAKE kel 2009 anq SETTLE Meckerell: 2009
algorithms, respectively, permitting an integration timesteps of 2 fs. Electrostatic

forces were calculated by the PME method ®ckere!-2009

using a real-space cutoff of 12
A° . Van der Waals forces were cutoff at 12 A and a switching function was applied
from 10 A. The pressure was held at 1.0 bar using a Berendsen barostat Berendsenetal. 1959

with a coupling constant of 0.2 ps and a compressibility of 4.46 x 10 ~ bar . The

temperature was kept at 310 K using Langevin dynamics with a damping coefficient

1 (Humphrey et al, 1996; Kleywegt et al, 1997)

of 1 ps ~. Figures were prepared using VMD
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