Supporting Information

Smirnova et al. 10.1073/pnas.1306849110

~—  S§VYN

0.9

AQAHIOVIALWA-¥IDOOWYTES AWEDTIAT
AA1599YIS9II-9STOIAASIIATHOLSDT
dSTI99TTSOAI-USIOKOITNNALDDSYAT
HIZOMOSTALWT-¥IAVOTIINNATYOTYAR
{ZXOMOSTLIAY-YIAYDTIINNATYOTYAR
HEZJOMOSIVIHWV-VIIVDTdTRNATEOTEAR
ADATIOVIALAI-YISOOUYANSAANOTEIA
A0XILOISILATI-YWADIONSTRIXTOOTHIA
ATIOVIALAI-¥ISOOWYANS KAYOTHIA
LdXIWOVIVIATI-¥ITADNSTINATOOTHVI
»0>qmwcm LHI-¥ISOOH

zuAmpcm>>00H||OWQHOmU>I>A!4kam
AOMIADIIMIOTYOOADISTSHATVDOOSHHE

YNMSADSATVOT-¥IOA
THMSADSATIVOT-¥9DL JﬂtﬂhthOOuOO
AVIADOASSD----IIdDIONYAMIANONET
SAXTODATdSTASYOIOSHIDIDATATISSET
YOXAHOVWTASITISADIONNITIONWAILIYST
HOXTHOVALSTTIVYTONSIDIDITAALYST
LOAWEOAMYSTAASSTONSTINIDITITIYST
SAAWAOVTIASHIIWYTIONIIDIOATAIIESI
HOAWNOWA T I¥YSONYIDAOITAILYST
SAAWYOVIASHINASTONSIDIDITAALYSI
SHAHNOVIASHIIAWIONASOIOATRAILY S
OINM9941S93I-9STOI1ISIITAHIIYOT
LAIWOOIIVOOO-4OTOHHIOOTADDYSHNET
LAIWDOIAYOID-UDTOHHTOOTADODYSSHT
AAIWDOIAYODD-¥OTOHHIDOTADOYSINET
AATADDARYOD9-HOTITHIOOTIOONSIET
AAATODTILIOTO-HOIOWHASLIIAVOTINYT
NAJIDOARWYOD9-¥OTOTHIDOTIOOYSIHT
NATADDARYODI-4OTOTHTIOOTIOOYSIET
NATADOINYOD9-49TOTHIODTIOOYSIET
NATADSINYOD94-9TOTHTIOOTIOOYSIET
NATADOINYOD9-49TOTHIOOTIOOYSINET
NATADOIRYOD9-4OTOTHIOOTIODYSINT
NATADOIRYOO9-4OTOTHTIOOTIODYSLINT
HATAD9IRYO59-4OTITHTIOOTIODYSINT

S IXXIRH

2929
YYITONSTIATIAGYAADTSMTADAASYSAOY
HYIMAVYIVIAYYASIADVIMYTOATAESDOT
IATINAYATTIIdIASHYSTIXAVIDTTINSOOTL
OYITINSTYAAYAIYYADTSMTADIAQASHOY
OYIMEHSAVAATATYAADTSMTADIIAASHIOY
OYATEAHS IVAAYATISAADTSMTIASIIIISHOV
HYATANSTIVATIIAGYAADTSMTADAVUSVSXOY
SHATONVATAIIIASOAVLIOMTASSIOLE IOV
HYATHAAS TV IAGYAADTSMTADAYSYSAOW
NOJTHHSISATAIANIADIOMTISIOSASIOL
HHATANSTVATIAGYAADTSMTADANSYSAOY
dYETdETIMHIVATYNADAOMNTADINAISIOD
HYATANSIVATIIAGYAADTSMTADAUSYSAOY
dNAJIdTIIVHITYITAADISNTADATILOAGH
HYHIIdAAOWRVYSIDIADASNTIIOAAYNDLINE
HOTTHIVANAWATIAVAYITYAITIOVEYILAOY
d0TTHdRY TATHAIYAADTYMT IO I THESADT
HHTIHSHYWAWTASYAADAYMTHOITOESX9T
HYITISHANIWTAGYAADTYVMTIOIVOELADT
HAAATIIAYMTIIdIELIVHISTIVISYISAQANY
HNATAdVYIHHOYATIADISNTADIADNDISE
dITAMA IDIHHTYADNILTIIAIDIADLODOG
YNIIMdLOSHIIUNDIZOVIIVADIWATIONDd
HNIIYdYOIWITYNTTIIDOL, 1937319904
UNAITIVIIHISYNTIIOWIIARDIAYILODED
YNIIMASDIWIIY IZOVLIYIDA¥E1D3Dd
SYIIAIYAIHALIYNTIEDOLIAIDATALOOON
UNIITA¥IIHISYNTTIIOWLIARDIAYLODED
HHIMTLSIVTIAYYILYADTIMYMOIASIAD9T
OLITHISAIAVAIASAHNIASYADATLALOOK
OLITHASISAVITIASIHNIASYADATLIASOOX
OdITAISIIAVAIESIHNIASYADATLALOOK
TITIAHSLIAVOTASIHSTASOADATIILIONT
mmu>m2m:mdhmnmﬂu_ ILTOWTLHSYHT
SIIAYYTEASAHSTASOIDATILIOLT
SAJAVITASAHSTASOADITLIIIONT
SAJAYLITASAHSTASOADATILIONT
SIIAVITASAHSTASOADATILIONT
SIJAYLITASAHSTASOADITILIONT
SIIXVITASAHSTASOADATLLLIONT
SAIAYLTASAHSTASOADATLLLONT
SJAAVLTASAHSTASOADATLLLONT

MAXISH

6519

SITIDLTYSSIIIVISOMA
YIAIOATISSTYAOASOMHEISOS
OWIMOVIASWAYADILOVHEIADS
YATAOAALSOVIAVISOMT
YATAOAALSOVYIIVISOMTY

STSOAAINISOATHVNDR
TYSOIAIVISOMTHANDA
OTHOOIAAADTIANYSOITHANDA
LATAOLTIYSOIAIVASOMTHEANDR
LTIVOHYTNYVIIVSSOLOHAIDR
SATIOLTYSOIAIYISOMTH
533T9¥3IVOIVADISOMYY
NIAJOVATYAIVADISOMYY
SIVI9VOAATOTADISDA
FATYOTOAALOIIODISOMTH
FIAYOTAAAYTIIOISOMTHIDSA
FITIOTOAALTIIOISOMTHADSR
HITOSHITIVIISIDILOITHINOA
NITOOWIALNYYMOTSOMWESHOA
SATHOSTYYSSOADIVOIWIANDA
NITIOVHIVOTYMITIOAWEYNOR
SATIDLISYOTYMIAIOSANANDA
LIRTOYISYOTYMOADIOIWEVEDS
9411991

YIIXOAYTISLIDIDTSOMH
QIVIOATIASIOMODTSOINY
AQIVIDAIIWYTOMOTSO
QIVIOAIIHYTONDTS
AIMIDATIRYAOMOTSOMHEDTOA
AITIOSITSAVOMDANIMIHONDS
AIMIDIOTHYTOMOTSOMHEDTOA
AIDIDASTRYTOMOTSOMHNEOTOR
QIDIOASTHYTOMOTSOMHEDTOA
AIDTIOASTHYTIOMOT
AIDIOASTRYTOMNDT
AIDIOASTRYTOMOTSOMKY
AIDIOASTHYTOMDT d
AIDIDASTAYIONOTSOMWEDT9A

9o
ddHALAYITTSOTIMSITOVOTTAOINW-AH
AMASTIOMIAOVTIVE IS IAVIAM:
YHASIIOMIAOVIIVAIADTSHIIO
AYHAYdLIAINYADHLIVIOTOATTO
AHTYALTATNYADUIVAOIOATAD
YMHIYdLIAWNYASHIVIOIOATTIO

J9AYMAYTAdDLAAATTTAINTI
ddSAYAYITISOTIYYATOADTTT
THAOATIORINNITISIAONASATIOTILOL
INGOITORDINTITLIYTISNISAILY
LHAVAAYMANAYATHIVHTIVITA
SYADTMOMINAWADIHTIHAIVATID
LHADTMOMINAYADURIWAIVATIO
LEdOTMOMTINANADYHTHA IVATID
ILSYIFINTHNYATSLIATIVWTIIO
I¥ASIXOATADHOTYIIVNASIITO
THALTADITIDTIANVIIVIODATIO

TAASITOAAIDIIIVATSIOSIAL
THASTIOIIA03TISATSIONAIISD
TAASIADTAADIVIVSTSIOSIA
THASTAdORIADIVIVITSISOIA
THASTTOATADITISITSIVNAIIOLASHS
A¥ASTIOMIAOYTINYIdOAYHIADIT-OF
OUAYASOMIdYSTITAIdHNONTIOOD-0d
JHAYASOMIdYSTITAIAY. IT1900-9d
MUAYISOMIdYSTIIIAdYTONTTIOOD -O%
Jd¥AYANIMIAYSOITTIAYIDATIOSY -5
dSAVISOMTHIAITNITAA TAD

OMIdYSOITTIAAIOATT
OMIdYSDIATTIARYIOAT
OMIdYSOIITIANIONT

OMAdYSOIITIAYIONTIOSD-5d
OMAdYSOIITIAYIONTTO5D -84

S AXRH

xisH A

BOUBISBUILN] *d - PIISTIVD
sisuakay! ‘0 - 089ZTIVE
sisuabuodbua) *| - 629SZHVY
snopAjowseyesed A - BETTIOVE
BRIOUD “A- - OLPEEIVY
SPOYIUINA A - L69600WY
11023 - 6EFITVVE

143130 "H - 6SES6IVY
BJUAWA 'S - LZ0BIOWY
BZUBNYU! *H - EL6TZOVY
Lauxal ’s - ZB0FFNYY
SMUIISAN *) - DIPETHYY
“WnUNWIYdAY °s - STEZFOVY
1023 - 9352 - 0000Ed
Sljewue g - gI52 - 69697avD
SISUBPIBUO °S - 9809SNYY
esoujBniae °d - TL0S09VV
aebuuAs 'd - Z95550VY
epand *d - DSHLONVY
ewnuew °L - 60TIEAVY
wnyayeBau °g - dnid - 0Z06TWYY
ueRUIA Y - £86NUCD Alwouan
1102 °3 - gJey - Z5591d

B20}IX0 "N - A2e1 - L188Td
Ipunay "3 - A2 - pETLbd
22IR0P J - AlRPK - FSTETVVE
snsad A - A28 - 9ETISIWWY
1102 °3 - A3%7 - 0Z620d
sueInpoley ‘g - diiel - $66508vE
ssebouepw *Q - GETLET WN
aeiqueb 'Y - BO6ZIE WX
BIBJIlI3W 'Y - T60GE WX
SIPLOACIBIL *| - E£Z0TOVD
smonuadojibuong

0121 °Q - 69ZTLTEXE

snjeb ‘9 - £E81Z WX
SnoIBanIoU Y - 9PTLEZ WX
SNINSNW "y - T808LT WN
STUNe) 'g - LEZHTO WX

Wey D - £955+S WX
SUpOIBOs °d - 0BESTS WX
sualdes 'H - 09T0Z(14

1C

Ices are

jor facilitator superfamily permeases. Sequences of eukaryot|

ICes In ma

Conservation of Gly residues at the periplasmic ends of transmembrane hel
and prokaryotic sugar transporters similar to lactose permease (LacY) (42 sequences total) were aligned over the entire length (47)

Fig. S1.

only selected heli

'

presented. Conserved Gly residues located at the periplasmic ends of helices Il (Gly46), V (Gly159), VIII (Gly262), and Xl (Gly370) in LacY are indicated in red.
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Front view (helices V and VIl in front)
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Fig. S2. Location of conserved Gly residues at the periplasmic ends of transmembrane helices of LacY (Protein Data Bank ID code 2CFQ). Side view of the
backbone structure (A) is also shown at 90° rotation around an axis perpendicular to the membrane (B). Enlarged segments of interacting antiparallel
transmembrane helices are shown in blue (helix II, from S41 to L58), orange (helix XI, from K358 to 1376), green (helix V, from G147 to 1164), and yellow (helix
VIII from G254 to A273). Essential Gly residues are shown as spheres. Arrows indicate the directions of a-helical sequences.
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Fig. $3. Sugar binding to purified Gly—>Trp mutants. (A) Silver-stained SDS/PAGE of double-mutant G46W/G262W after purification on Talon resin (lane 1,
0.4 pg of purified protein; lane 2, molecular weight markers). (B) Side view of LacY structure (Protein Data Bank ID code 1PV7). Bound galactoside is shown as
black spheres. Amino acid residues involved in sugar (Trp151, Glu126, Arg144, Glu269) and H* binding (Asp240, Tyr236, Arg302, Lys319, His322, Glu325) are
shown as orange and green spheres, respectively, with N and O atoms colored blue and red. The Cax atom at position 154 is shown as a magenta sphere. (C)
Galactoside binding to six mutants containing indicated single or double Gly—Trp replacements. Trp—4-nitrophenyl-a-p-galactopyranoside (NPG) fluorescence
resonance energy transfer (FRET) was measured with each mutant in 50 mM NaPy/0.02% dodecyl-B-p-maltopyranoside (DDM) (pH 7.5) by displacement of
bound NPG (0.2 mM) with excess of f-p-galactosyl-1-thio-p-p-galactopyranoside (TDG, 12 mM). Trp emission spectra were recorded at excitation wavelength
295 nm with 0.5 pM protein mixed with NPG before and after addition of TDG (solid and broken lines, respectively). The relative increase in Trp fluorescence is
expressed as % of final fluorescence level at 360 nm and shown in each panel.
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Fig. S4. Alkylation of a Cys residue introduced in place of Asn245 in the periplasmic pathway of mutant G370W. The highly reactive/accessible native Cys148 in
the mutant was replaced with Met. Addition of 1 M BM (at 30 s) is indicated by an inverted arrow. Traces were recorded as a function of time at excitation and
emission wavelengths of 380 and 465 nm, respectively, with 0.5 pM of protein solubilized in DDM (A), reconstituted into proteoliposomes (B), or with the same
proteoliposomes dissolved in DDM (C). In each panel, trace 1 was recorded with no protein added, and traces 2 and 3 represent labeling of Cys245 in the
absence of sugar or after addition of 6 mM TDG, respectively. Labeling of a control protein with no introduced Cys (G370W LacY) is shown on left panel (traces
4 and 5 indicate labeling in the absence or presence of TDG, respectively).
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Fig. S5. Kinetics of sugar binding to G46W/G370W LacY. Stopped-flow data for mutant G46W/G370W (A) are compared with previous findings from similar
experiments (1) with WT (B) and C154G mutant (C). Rates of NPG binding estimated from stopped-flow experiments (as shown in Fig. 5 A and B) are plotted vs.
NPG concentration and fitted with a linear equation (as shown in Fig. 5C) for protein in DDM (@), reconstituted into proteoliposomes (PL; A), and for the same
proteoliposomes dissolved in DDM (5¥). Linear fits to the data are shown as black lines, with k,, values given near the lines. Kinetic parameters for NPG binding
to mutant G46W/G370W in DDM and in proteoliposomes (data in parenthesis) are: ko = 27 (54) s™', kon = 4.5 (11.3) uM~"s™", and Ky = 6.0 (4.8) pM. WT LacY
and C154G mutants reconstituted into proteoliposomes bind NPG at rates that are independent of NPG concentration (kops = 20 and 50 s7, respectively).

1. Smirnova |, Kasho V, Sugihara J, Kaback HR (2011) Opening the periplasmic cavity in lactose permease is the limiting step for sugar binding. Proc Nat/ Acad Sci USA 108(37):
15147-15151.
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Fig. $6. NPG binding to reconstituted LacY mutants with single G->W replacements. Stopped-flow traces of Trp fluorescence change (excitation and emission
wavelengths, 295 and 340 nm, respectively) were recorded after mixing of NPG (at final concentrations indicated), with each purified mutant (0.5 uM) re-
constituted into proteoliposomes. Sugar binding rates (kops) were estimated from single exponential fits (black lines) and plotted vs. NPG concen trations
(shown as triangles in Fig. 6).
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Fig. S7. Effect of pH on NPG dissociation rate (kofs) for mutant G46W/G262W. (A) Stopped-flow traces showing the increase in Trp fluorescence after
displacement of bound NPG by excess TDG (Trp—NPG FRET) at given pH values. Protein preincubated with NPG was mixed with TDG, and the fluorescence
change was recorded at excitation and emission wavelengths 295 and 340, respectively. Final concentrations were protein, 0.8-1.6 uM; NPG, 0.2-0.4 mM;
and TDG, 30-60 mM. Buffers (50 mM) containing 0.02% DDM were citrate/NaP; (pH 5.5-6.5); NaP; (pH 7.5-8.0); N-(1,1-dimethyl-2-hydroxyethyl)-3-amino-
2-hydroxypropanesulfonic acid/NaOH (pH 8.0-9.5); and 3-(cyclohexylamino)-1-propanesulfonic acid/NaOH (pH 9.5-11.0). Single exponential fits are shown
as solid black lines. Amplitudes of the fluorescence changes (expressed as percentage of final level) decreased from 54% at pH 5.5 to 20% at pH 11.0.
Displacement rates (koff) estimated from (A) are plotted as a function of pH (B) in comparison with previous data for WT LacY (green circles) and mutant
C154G (open circles) (1). Vertical axis are as follows (arrows): right axis, G46W/G262W, purple, and WT LacY, green; left axis, C154G, blue. The solid line
represents a sigmoidal fit (SigmaPlot 10.0) with an estimated pK, of ~10.5.
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1. Smirnova IN, Kasho VN, Sugihara J, Choe JY, Kaback HR (2009) Residues in the H™ translocation site define the pK, for sugar binding to LacY. Biochemistry 48(37):8852-8860.
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