Lactose permease LacY as a model
for membrane transport proteins
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Meta-genomic era of structure-function studies:
The active transport proteins taxa
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AuoAeiToupyiec TWV TPWTEIVWY HETAWOPAC cuvdéovTal
ouxva pe copapéc aoBeveiecg:

‘KuaTikn ivwon (CFTR, chloride carrier), 1989

‘Noéogoc¢ Darier (BuAakikn duokepatwon) (muscle Ca?* ATPase), 1999
ZuppopnTikn kapdiakn avemdpkeld (Na*/Ca?* antiporter; Na*/K* ATPase)
-PUBUION TN avOeKkTIKOTNTAC €vavTi wapudakwy (MDR1,2)

-Auvoamoppdéynon oakxdpwv (SGLT1, sodium-glucose carrier)
-2Zuyyevig umoBupeoeidiopndg (NIS, Na*-iodide symporter)
-KuaTivoupia (SLC3A1, SLC7A9, cystine & dibasic amino acid carriers)

2 Uvdpopo dpyng avramokpiong diavAou (AchR, acetylcholine-gated ion channel)
- ApuoTpo@ikn wAeupik okAnpuvon (EAATZ2, excitatory glutamate transporter)
-IdeoyuxavaykaoTikn diarapaxn (SERT, serotonin transporter / Prozac)




O1 ePI00OTEPEC TTPWTEIVEC HETAPOPAC TOU EXOUV HEAETNOEI
d1e€00IKA TpoEpXovTdl and PakTApia

‘Karavonon tnc Ploxnueiac, Hopiakng @uaioAoyiag Kai oikoAoyiag
TTaBoyovwy Kdil pgn PakTnpiwy, Kai 10IKWY HETAPOAIKWY TTPOCAPHOYWYV

*AvaAuon KUTTApIKWY HUNXaviojwy avayvwpiong Kai wpoocAnyncg
TWV peTa@epopevwy (BpeMTIKWY N TOEIKWY) UTTOOTPWHATWY

-AuvaTtoéTnreg £pappoyng yia oxedidoud avrigikpoPiakwy papUakwy
HEow KaATavonong Twv dAANAeTIOpdcewy HETAPOPEWY Kal TPOGOETWY TOUC

‘Karavonon tn¢ popiakng Ppaocnc opoAoywv peTagopéwv and OnAaocTika
Pdoei avaAUoswyv g€ UYNAR eUKpiveld Twy PAKTNPIAKWY OHOAGYWV




Transporter types



2voTiuara petagpopdc (transporters)

(5-15% TWV Yovidiwv oc 6Aa Ta yovidiwpara)

$opeic (carriers) AiauvAoi (channels)

Kévrpa déopeuonc Aiodoi péow TNnC pepppavng
«OuoioTnreg pe Evlupa» Xwpic opoioTnteg pe évlupa
AAAayéc diapoppwaonc EAeyxopevn diodoc Tou

UTOOTPWHATOC

Ma évav gopéa (carrier) umtdpxouv:

a) ouyKeKpipéveg Béoeic déopcuong avd aplBud popiwv UTTOGTPWHATOC
B) KIVNTIKA XapaKTNPIOTIKA Kopeopou Twy BEocwv dEaPeuong oc UYNAR
OUYKEVTPWON UTTOOTPWHATOC,

Y) HTTopoUv va umoAoyioBoulv V. kai K, (émtwg oTa évlupa).
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Amo moU mpoEpXETAl N EVEQYEIQ mouU XpEldleTal yia Tnv
EVEPYO HETAPOPA,

1. Ao Tnv udpoAuon ATP (kupiwcg) N AAAEC XNHUIKEC
avtidpaoceic: Tlpwroyevoug TUTOU

2. Anto nAekTpoxnHikéc diapaBuioeic 1ovtwyv (H* R Na*):
Acgutepoyevolc TUTOU

HAektpoxnuikn evépyeia = AiaPpaduion 16vrwv



2voTiuara petagpopdc (transporters)

(5-15% TWV Yovidiwv oc 6Aa Ta yovidiwpara)

$opeic (carriers) AiauvAoi (channels)

Evepyog perapopa

AN

deuTEPOYEVOUG TUTTOU -,
(secondary active) TPWTOYEVOUG TUTOU LETAPOpPEiC opddac
(primary active) (group translocators)

HAeKTpOXNUIKA ,
YdpoAuon tou ATP

d1aPpdduion 1OVTWY




2voTiuara petagpopdc (transporters)

(5-15% TWV Yovidiwv oc 6Aa Ta yovidiwpara)

$opeic (carriers) AiauvAoi (channels)

Evepyog perapopa

AN

deuTEPOYEVOUG TUTTOU -,
(secondary active) TPWTOYEVOUG TUTOU LETAPOpPEiC opddac
(primary active) (group translocators)

HAeKTpOXNUIKA ,
YdpoAuon tou ATP

d1aPpdduion 1OVTWY

— /

/

AVTIHETAPOPEIG '
(antiporters) MovopeTapopeic
(uniporters)

2. UUHETAPOPEIC
(symporters)



Oikoyéveieg petapopéwv — TCDB:

AiauAoi (channels) Popeic (carriers)

TC 1 o T
Aceutepoyevolc TUTOU TTpwTtoyevoUg TUTOU
TC 2 TC 3

Transport Protein Families

group
translocation

primary transporters

channels

evrepoPaxrripro E. coli



Popeic (carriers)

KO KUTTGPOU

rd

E€wTepl

EcwTepikd KUTTGpPOL
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Oéapeuong
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a Kévrpa
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TMwce oxnuaTtilovral / AsitoupyoUv Ta duvapik




To povTéAo TnC evaAAacodopevng wpooPpaong evoc
duvapikoU kévtpou déapeuonc (2OPEIX)
Alternating access

~ Cytoplasm

Faham et al., 2008

i

Widdas, 1952 Forrest et al., 2010



To povTéAo TnC evaAAacodpevng mpooPaonc £vog
duvapikoU kévtpou déapeuonc (BOPEIY)
Alternating access

Ao

°
fj external

internal

Ce —> CSe —2 CSeCe——2 CSc e CSic = CSi — Ci —= Cc —

o

L
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Free energy

C, popéac (carrier)

S, umooTtpwpa (substrate)

e, mpog Ta é§w (external facing)
i, mpo¢ Ta péoa (internal facing)
¢, kKAeloTo (closed)
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TMwe e€aoypaAiletal n e€c1dikeuon?

Kévrpo déopeuong (binding site)
ZuppeToxn poplakwyv @iAtpwv (selectivity
filters) mou wepiopiCouv TNV wpooPaon
oTo KEvTpo déopeuonc N Tnv £§0do amnod auTo
Forrest et al., 2010



O1 QUOKOAIEC LEAETNG Twv dlauEufpaviKWy mpWTEIVWY EVEQYOU LIETAPoPdC

Expression Host
(Cells/Vesicles)

=
926

Functional Studies

Tracer Uptake
Biochemical Assays
(In)direct Binding

Quick M, Javitch JA, PNAS 2007;104:3603-8
©2007 by National Academy of Sciences

Detergent Extraction/ Reconstituted Transporter
Purification (Proteoliposomes)

Substrate(s)

3

Indirect Binding

Direct Binding
(SPA)

Functional Studies

Tracer Uptake
Biochemical Assays
(In)direct Binding

Structural Studies
i.e. Crystallization




Meta-crystallographic era of transporters



Number of unique structures

FIGURE 1. Progress in determining membrane protein structures.
From the following article:
Biophysical dissection of membrane proteins
Stephen H. White
Nature 459, 344-346(21 May 2009)
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Only unique structures are included in the statistics. Proteins of the same type from different species are included, but structures of
mutagenized versions of proteins are excluded, as are proteins that differ only in terms of substrate bound or physiological state. a, The
number of structures reported each year since 1985. b, The bars represent the cumulative number (#) of structures plotted against the
number of years (y) since the first structure was reported. The solid curve is the best fit to the equation 7= exp(ay), where a= 0.23; the
reduced x2 of the fit is 0.6. Data are from a curated database of membrane proteins of known structure at
http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html.



http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html
http://www.nature.com/nature/journal/v459/n7245/full/nature08142.html

The structure images are not enough : they
need complementation with functional data



Lac permease
is the best studied paradigm
of an active transporter

for many reasons...



TTepueaon Aakrolng

LacY

Transport Protein Families
in E. coli K-12

group
translocation

primary transporters

channels
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TTepueaon Aakrolng
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79604
«AeUTepo dopikd yovidio» oTo omepovio TNG AakTolng

Loy I

log of the bacterial culture mass

Monod, 1941
Jacob & Monod, 1961

3 10 Osbudak, 2004
Santilldn, 2008




7965-7970
Mnxaviopdg Tng karaPoAikng karaotoAng (catabolite repression)

Lac permease Cell

7 membrane
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Activator
shutdown

RS

sy
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Glucose

Tropp B.E., Principles
of Molecular Biology-2014
Chapter 12:bacterial transcription
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«TTpwTtoc diapepuPpavikog HeTawopEac» wou anodeixOnke oTI AsiToupyei
Xphoigoroiwvrtac Tn diapaduion mpwroviwv

Lactose

PMS/Ascorbate ApH*
CCCP, FCCP AypH*
nigericin (H/K*) ApH
valinomycin (K*) AY

Mitcell, 1963 right-side-out (RSO)
Kaback, 1971 membrane vesicles
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TTeppeaon Aakrolng

HAekTpoxnuikn diaPpabuion mpwTroviwv

i

HAekTpoxnuikn diapaduion Aaktolng

Mropei va AciToupynoel kail avrioTpoya

right-side-out (RSO)
membrane vesicles



79804
«TTpwTroc diapeuPpavikoC HETAPOPEAC» OV UTEPEKPPATONKE,
aropovwoOnke oc kKaBapn Hopn Kal HEAETAONKE ot wpwTeoAimoowparia (PLs)

- — 66,200

e - 45,000

- — 31,000

Newman et al., 1981 Costello et al., 1984
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TTeppeaon Aakrolng
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Foster et al., 1983 Viitanen et al., 1984



79904
«TTpwTroc diapeuPpavikoc HeTawopEac» wou HEAETAONKE avaAuTika
wW¢ mPoC TIC oXEoeIC dopNC-AciToupyiac Tou pe petaAAaliyéveon
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Kaback et al., 2001 Time (minutes) Bibi & Kaback, 1990 Frillingos, 2013



79904
«TTpwTroc diapeuPpavikoc HeTaWopEAC» wou HEAETNONKE avaAuTika
W¢ mPoC TIC oXEOEIC dopNC-AciToupyiac Tou pHe peTaAAaiyéveon
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MeTaAAa€iyéveon KUOTEIVIKAGC odpwong: dUo emimeda avaAuong
(veveTikn Tporomoinon DNA - €181k XNHIKA Tpomomoinon mpwTeivng)

Frillingos et al., 1998



79904

MeTaAAa€iyéveon KUOTEIVIKNC odpwong
AvaAuon «mpooPacipoTnTac>» kKuoteivwy (SCAM)

d Optional
Optional
Cells b . | SDS-PAGE
spheroplasts LigandHThiol reagentsHWashingJ—[ [14C]NEMJ Purification drg; ) Exposure Scanning]
vesicles N

C—[Titration of Iigand] i [T4CINEM |—

N-aiBuAunAeipidio (NEM)
([}4€], autopadioypayia)

Frillingos & Kaback, 1996 Guan & Kaback, 2007
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MeTaAAa€iyéveon KUOTEIVIKNC odpwong
AvaAuon «mpooPaocipoTnrac>» kKuoteivwy (SCAM)

74 [,,T('j/ 3 &£ -y'ﬂt-"‘;.
"y M
g ™ J

KaOapiopoc oe HIKpA KAijaka
(ap1divn R opaipidia vikeAiov)

Frillingos & Kaback, 1996 Guan & Kaback, 2007
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MeTaAAa€iyéveon KUOTEIVIKNC odpwong
AvaAuon «mpooPacipoTnTac>» kKuoteivwy (SCAM)

b Blockade of alkylation of Cys against NEM with MTSES
? ?
Protein-SH + HyC-S-8-CH,CH,S04Na*|——+| Protein-5-S-CH,CH,S0;Na* + H,C-SH
o o
9
MTSES protein-SH Hstj.-ﬁ-Ei-GH‘.,.'CH?S'C}.{Na’r
O
a Alkylation with NEM
l Wash
CH * CH, Protein-S-5-CH,CH,S0, " Na*
* 3 .
r protein-SH
0 N, O l

Protein-SH + 0 N O | —
CH,
- Protein-S-S-CH,CH, S0, Na* * r
Protein—S - * O MNz0
protein-SH
[M4CINEM ﬁ

|

. r'I:JH3
‘Eppeon pérpnon TnG mpooPacigoTNTAC IS = SHCTEOs ™ o NG 20
oc aAAa avtidpaotipia (m.X. oTo UBPOWYIAO |
MTSES) an6 1o onpa Twv Béoewv Cys mou

napapévouv eAeUOepec Kal oTn ouvéxela avTidpouv pe [14CINEM

protein—S

Frillingos & Kaback, 1996 Guan & Kaback, 2007
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MeTaAAa€iyéveon KUOTEIVIKNC odpwong
AvaAuon «mpooPacipoTnTac>» kKuoteivwy (SCAM)

(1) L329C (2) Q60C (3) V315C (4) T45C
TDG - - - + - - - . - - - - - - - ks

MTSES - - + + - - + + — - - - — + +

Upperpanel (8 @D T EE T e

overoare () G EDED D D (YYY X 2 I 1
. | :
1 2 3 - 5 6 7 8 9 10 11 12 13 14 15 16

AvTidpaon pe MTSES : Meiwpévo onpa [14CJNEM otav éxel mponynOci ewwaon pe to MTSES
OuaAomoinon €vavti Tou ouvoAikoU wogoU Tng weppedong oto deiypa (loading)

Frillingos & Kaback, 1996 Guan & Kaback, 2007



AvaAuon «rpooPaocipoTnrac*» (SCAM) pue 1o pBopiCov TMRM
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0] N @)
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UV fluorescence

Nie et al., 2007
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79904

A second, chemical
“mutagenesis” on the
background of the
first, site-directed
genetic mutagenesis



Interpretations of alkylation-sensitive single-Cys mutants

NE.
Jj@g

l substrate

blndlng
residue

substrate

Conformation bottleneck
(substrate-induced change)

Steric hindrance
(incompatible with
substrate binding)

Frillingos (2012) Int. J. Bioch. Mol. Biol. 3, 250-272



Coupling codon changes (genetic) with further amino-acid
modifications (chemical) for structure-function analysis

O w e

Ala-scanning vs. Cys-scanning approaches

Cysteine; SH-modification reagents (Molecular Probes)

Probing the site microenvironment; conformation dynamics
Fluorescence; cross linking; hydrophobic/hydrophilic probes
Other side chains; carboxylic (carbodiimide), tryptophan (NBS)

Frillingos et al. (1998) FASEBJ. 12,1281-1299



Modification of a binding-site Glu to probe substrate binding
after CNBr-cleavage and mass spectrometry (ESI-MS)

E126 R144

12 15

17 13

-9

Peptide-9 : 899.7 Da (126 Da)

: 2D gel ) Separate peptides . .
/ Unmodified DiPC
- 5;5 1103
E m 1204 1495 100 899.7 100 899.7 1025.7
] 1367 =
2 £ 75 75
F ™ v K g
s
| T T [ | =
800 = 1000 = 1200 1400 - 50 50
z
< 25 25
0 ! " 0’ AW
20 30 40 20 30 40
Time (min)

Weinglass et al. (2003) EMBO J. 22, 1467-77



Using fluorescence spectroscopy and FRET to detect/probe
substrate binding and conformational alterations in a protein

V331C
MIANS

with substrate
(conformation shift)

Trplb1l

@, ‘ L excitation
{ -8 (295nm)

with substrate

NPGal
' —> .. (energy transfer
W78 L 7 \_due to binding)
: excitation ‘
o wists (330nm) \
w171 ' 3 : N '
‘ . % e
. \ \ \
350 450 550
NPGal : substrate analog acting as a Emission wavelength (nm)

FRET acceptor from the binding-site
Trp (W151) (exc. 295nm, em. 334nm,
with FRET shift to 500nm)

Smirnova et al. (2006) Biochemistry 45, 15279-87



Titration of substrate binding in LacY; mechanistic insights

Kd' }JM
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Kaback , 2015
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TTeppeaon Aaktolng

I nm wvv v Vil vl IX X X1 Xl
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‘Eva mpwTo HovTEAO opydavwong Twv diapeHPpavikwy d-eAikKwy
pe Ppaon weipapara diaouvdeong Cys-Cys (cross-linking)

Residue Number
BB RS H 848

-

Sorgen et al., 2002



20004
«TTpwTroc diapeuPpavikoc HeTaPopEAc» SEUTEPOYEVOUC TUTTOU
(lovro-e€apTwpevog) mou avaAlOnke pe kpuoTaAAoypawia

Vel 307 Ne 5633
Pages S45=-T16  §10

Science

l‘ ARERICAH ATTOCIATION PORL THE ADVANCEMENT OF SCIENCE

Abramson et al., 2003
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TTeppeaon Aaktolng

A
periplasm

Aopiko-pnxavioTiko povréAro yia >30% Twv pyeTagopéwy
deutepoyevouc TUmou (Umepoikoyéveia MFS)



Two domains



LacY

Ext

Int
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Evolutionary mix and match with MFS transporters

Madej, Adv. Biol. 2014



Evolutionary mix and match with MFS transporters
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Cytoplasm-facing Periplasm-facing Periplasm-facing
X-ray Repeat-swapped model Model on FucP

Radestock & Forrest, 2011
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™1 2 3 4 5 6 7 8 9 10 1112

Aopikd-pnxavioTikd povréAro yia >30% Twv HeTAPopEWY
deutepoyevoUc TUmTou (oikoyéveieg NSS, SSS, APC, BCCT, NCS1)

Forrest et al., 2008
Boudker & Vernon, 2010



Evolutionary scenario

Gene Xa Gene Xb

Inverse topology protein X

Dual-topology protein X Fused protein X

Organism 1 Organism 2 Organism 3



Science. 2007 Mar 2;315(5816):1282-4. Epub 2007 Jan 25._ Science wws

Comment in: Science. 2007 Mar 2;315(5816):1229-31.

Emulating membrane protein evolution by rational design.

Rapp M, Seppdld S, Granseth E, von Heijne G.
Center for Biomembrane Research, Department of Biochemistry and Biophysics, Stockholm University, SE-106 91 Stockholm, Sweden.

How do integral membrane proteins evolve in size and complexity? Using the small multidrug-resistance protein EmrE from Escherichia coli as a model,
we experimentally demonstrated that the evolution of membrane proteins composed of two homologous but oppositely oriented domains can occur in a
small number of steps: An original dual-topology protein evolves, through a gene-duplication event, to a heterodimer formed by two oppositely oriented
monomers. This simple evolutionary pathway can explain the frequent occurrence of membrane proteins with an internal pseudo-two-fold symmetry axis
in the plane of the membrane.

PMID: 17255477 [PubMed - indexed for MEDLINE]
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POSSIBLE PATHS FOR THE EVOLUTION OF TRANSMEMBRANE PROTEINS

Antiparallel (dual) topology

Gene duplication and fusion

(K+R) drift

Gene tusion

\
-

/
»

" Quasi-two-fold axis in the plane of the membrane

Parallel topology

Gene duplication and fusion
and (K+R} drift

]
|
)
'

l Quasi-two-fold axis perpendicular to the membrane

Plausible evolutionary paths. Membrane proteins with multiple homologous domains may have evolved through gene dupli-
cation, gene fusion, and drift events [bias to lysine (K) and arginine (R) residues in cytoplasmic regions of the protein]. The
resulting proteins have similar domains with either antiparallel topologies (bottom left), or parallel topology (bottom right).
Shaded cylinders depict additionally inserted transmembrane segments. Bold arrow indicates the evolutionary path simulated
by Rapp et al. (1); dashed arrows indicate hypothetical events.



".. . the involvement of repeated structural ele-

ments is clearly an elegant and appealing solution
to the problem of bringing the substrate into the
binding site from one side of the membrane and

allowing it to exit on the opposite side . . ."



Alternating access



79504
H 10éa Tn¢ «evaAAaoodpevne wpooPaonc» Tou KEVTpou d€opeuonc
Twv diapepppavikwy mpwreivwv evepyol petagpopdg (alternating access)

unoctpwpa (S)
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untoctpwpa (S)

Widdas, 1952
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O unxaviodog TnE evepyol HETAPOPAC:
To HovréAo «evaAAacoopevng wpoopaong>

Cytoplasm Cytoplasm

Periplasm Periplasm

Baa

Inward-facing Intermediate Outward-facing

Widdas, 1952
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«O diapepPpavikoc peTawopeac» wou €xel HeAeTnOcei die€odika
HE €va oUvoAo diaWopeTikKwy HeBodoAoyiwv and woAAd wedia

Site-directed alkylation (SCAM)

Cytoplasmic side

Periplasmic side

Oéoeic Twy omoiwv n mpoopacipéTnTa
avédverar He TN dEOHEUON UTOOTPWHATOC

Kaback et al., 2007

Cytoplasmic side
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Periplasmic side

Oéoeic Twy omoiwv N mpoopaocipdTnTa
peIwveTar e TN OECHEUON UTOOTPWHATOC

Nie et al., 2007
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«O diapepPpavikoc HeTaopeac» wou €xel HeAETNOeI die€odika
pHEe €va oUvoAo diaPopeTIKWY HeBodoAoyiwv amd woAAd wedia

Site-directed alkylation (SCAM)
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«O diapepPpavikoc peTawopeac» wou €xel HeAeTnOcei die€odika
HE €va oUvoAo diaWopeTikKwy HeBodoAoyiwv and woAAd wedia

Trp fluorescence quenching
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«O diapepPpavikoc HeTaopeac» wou €xel HeAETNOeI die€odika
pHEe €va oUvoAo diaPopeTIKWY HeBodoAoyiwv amd woAAd wedia

Site-directed spin labeling (SDSL)  Cytoplasmic pairs Periplasmic pairs
Double electron-electron resonance (DEER)

73C - 340C 105C - 310C
WT Glu WT "\ Glu
Meiwon Trwv amoordoewv oro * F— - N
KUTTaQpomAdoLIIKG dKpo j§ /—\ - /mﬂ

al
Auénon Twv amoordocwv oTo
TEPITAAOLIKO dKPO
Evoidueoec diapoppwocic
(occluded states)

Inward-facina Intermediate Outward-facina

Madej et al., 2012 Smirnova et al., 2011



x-ray crystallography (23.0 A resolution)
Homology modeling/Molecular Dynamics

Deng et al., 2014
Kumar et al., 2014

Inward-facing

LacY (2003)
LacY (2006)
LacY (2006)

LacY (2007)
LacY (2011)
GlpT (2003)

6LUT1 (2014)

Intermediate

LacY (2014)
EmrD (2006)
PepT (2011)
NarK (2013)
NarU (2013)

2003-2014: A compilation of MFS structures
(meppeaon AakTolng Kai opdAoyol HETAPOPEIC)

Outward-facing

FucP (2011)

Yrdpxel kouoTaAAoypagikn papTypia
yia evOIQUETES OIaLIOPPWOEIC

Chaptal et al., 2011
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«O diapepPpavikoc peTawopeac» wou €xel HeAeTnOcei die€odika
HE €va oUvoAo diaWopeTikKwy HeBodoAoyiwv and woAAd wedia

Site-directed cross-/linking
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Trp151— NP6 fluorescence resonance enerqy transtfer (FRET)

Binding measurements

Smirnova et al., 2006

FRET depends on distance

«O diapepPpavikoc HeTaopeac» wou €xel HeAETNOeI die€odika
pHEe €va oUvoAo diaPopeTIKWY HeBodoAoyiwv amd woAAd wedia
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Smirnova et al., 2011
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«O diapepPpavikoc peTawopeac» wou €xel HeAeTnOcei die€odika
HE €va oUvoAo diaWopeTikKwy HeBodoAoyiwv and woAAd wedia

Trp151— NP6 fluorescence resonance enerqy transtfer (FRET)

NPG : a substrate analog that
can act as a FRET acceptor
from Trp

Smirnova et al., 2006 Smirnova et al., 2011
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«O diapepPpavikoc peTawopeac» wou €xel HeAeTnOcei die€odika
HE €va oUvoAo diaWopeTikKwy HeBodoAoyiwv and woAAd wedia

Trp151— NP6 fluorescence resonance enerqy transtfer (FRET)
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«O diapepPpavikoc peTawopeac» wou €xel HeAeTnOcei die€odika
HE €va oUvoAo diaWopeTikKwy HeBodoAoyiwv and woAAd wedia

Trp151—NP6G fluorescence resonance enerqy transtfer (FRET)
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Smirnova et al., 2006

2Z1a mpwreoAimoowydria (kabuwg Kai
oTnv KUTTapIKkn peuPoavn), n Lacy
Bpiokerar oe diauoppwon KAsiaTh
meoC 10 mepinAaoua. [a Tn
Oéopevon umooTpwaros Ba mpénel
va nponynBei To dvoryua rou
mEPITAAOLIKOU TNC dKpou mou Ba
EMITPEYE! mpoaPacn Tou eEwyevous
UmrooTpuwlIaros oTo KEVTPO
déouevong (auro 1o apxiIKo avolyua
paiverar va eivar a apyn,
pUBLoKkaBopioTikr digpyaoia)

Smirnova et al., 2011
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«O diapepppavikog HeTapopeac» mou €xel HeAeTNOei die€odika
pe €va oUvoAo diapopeTikwy HeBodoAoyiwv and moAAa nedia

Madej et al., 2012 Smirnova et al., 2011



Binding site



The structure and mechanism of LacY

Abramson et al., Science 301, 610 (2003)



Science. 2003 Aug 1;301(5633):610-5._ Links -
Comment in: Science wuus

Science. 2003 Aug 1;301(5633):603-4. FREE WITH REGISTRATION
Structure and mechanism of the lactose permease of Escherichia coli.
Abramson J, Smirnova I, Kasho V, Verner G, Kaback HR, Iwata S.
Department of Biological Sciences, Imperial College London, London SW7 2AZ, UK.
Membrane transport proteins that transduce free energy stored in electrochemical ion gradients into a concentration gradient are a major class of membrane
proteins. We report the crystal structure at 3.5 angstroms of the Escherichia coli lactose permease, an intensively studied member of the major facilitator
superfamily of transporters. The molecule is composed of N- and C-terminal domains, each with six transmembrane helices, symmetrically positioned within the
permease. A large internal hydrophilic cavity open to the cytoplasmic side represents the inward-facing conformation of the transporter. The structure with a
bound lactose homolog, beta-D-galactopyranosyl-1-thio-beta-D-galactopyranoside, reveals the sugar-binding site in the cavity, and residues that play major
roles in substrate recognition and proton translocation are identified. We propose a possible mechanism for lactose/proton symport (co-transport) consistent
with both the structure and a large body of experimental data.
PMID: 12893935 [PubMed - indexed for MEDLINE]
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To kévrpo déopeuang 4 split permease

oxndarileTal avapesoa

ota dUo domains
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oxnuarti{eTar avageoa
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2003-2014: A compilation of MFS structures
(meppeaon AakTolng Kai opdAoyol HETAPOPEIC)

x-ray crystallography (23.0 A resolution)
Homology modeling/Molecular Dynamics

Intermediate

Outward-facing

Inward-facing

LacY (2003)
LacY (2006)
LacY (2006)
LacY (2007)

LacY (2011)
GlpT (2003)

6LUT1 (2014)

LacY (2014)
EmrD (2006)
PepT (2011)
NarK (2013)
NarU (2013)

FucP (2011)

Kumar et al., 2014



2003-2014: A compilation of MFS structures
(meppeaon AakTolng Kai opdAoyol HETAPOPEIC)

x-ray crystallography (23.0 A resolution)
Homology modeling/Molecular Dynamics

Inward-facing

LacY (2003) (1546 TDG Abramson et al., 2003
LacY (2006) C1546 _(pH 6.5) Mirza et al., 2006
LacY (2006) C1546 _(pH 5.6) Mirza et al., 2006
LacY (2007) wild-type — Guan et al., 2007

LacY (2011) Al22C MTS-Gal Chaptal et al., 2011



2003-2014: A compilation of MFS structures
(meppeaon AakTolng Kai opdAoyol HETAPOPEIC)

x-ray crystallography (23.0 A resolution)
Homology modeling/Molecular Dynamics

Inward-facing Intermediate

LacY (2003) (1546 TDG

LacY (2006) C€1546 _ (pH 6.5)
LacY (2006) C1546 _ (pH 5.6)
LacY (2007) wild-type —

LacY (2011) Al22C MTS-G6al

Abramson et al., 2003
Mirza et al., 2006

Mirza et al., 2006

Guan et al., 2007

Chaptal et al., 2011

LacY (2014) 6G46W/G262W TDG

Kumar et al., 2014;
Smirnova et al., 2103
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2014: The first almost-occluded/outward-facing
captured conformation in a LacY crystal structure

Kumar et al., 2014



H déopeuon umrooTpwparTog odnyei
o€ avampoodppoyn TnG
diapoppwonc Tou evepyou
kévtpou (induced fit)

A At:,.
27A _ 2’5!‘4 | Q\‘:;W
{ ""1 i m)_,:;z
\ ! ’ .
Periplasm
Abramson et al., 2003 Mirza et al., 2006
with substrate (TDG) No substrate

pH 6.5, pH 5.6

Mirza et al., 2006



H déopeuon umrooTpwparTog odnyei
o€ avampoodppoyn TnG

diapoppwonc Tou evepyou F
kévtpou (induced fit) \\\

\Glu269 His322

superimposition
of 3 structures

' R
Clu269 His322

Mirza et al., 2006



27A

To avevepyd peTaAAaypa Tng
LacY C154G cppavilel opixtn
diapoppwon Twv TM1 kai TMH
(6ly24-6Gly154) n onoia dev
emITpEmel TRV €vapén Twv
aAAaywv diapépypwonc mou Oa
odnyovoav otnv ££0do Tou
UTTOOTPWHATOC ATtd TO EVEPYO
KévTpo (Oev yiveTal HeTapopq)

Guan et al., 2007



AuTn egival Kal n paocikn diagopa
peTall Tou avevepyou
peTaAayparoc C1546 kai Tng
LacY aypiov TUmou (wild-type)
[ KouoTaAAixr doun, 2007]

Guan et al., 2007



OT1 n aAAayn diapdppwong
peTall Twv TM1 kai TM5
amoTeAEI €va apXiIKO yEYovog

A , ,
<o : dmapaiTnTo yid Thv HETAPopda
I | 7 urooTpwiartog £xel deIxOei Kal
_Tos Peo £ He AeiToupyika melpagara Cys-
MTS)-l - - - Cys cross-linking oe kuoTidia

8B Cc
E‘ | & ﬁt . "
g fXa cleavage site P

Eali. “i :

i 0

L=]

4 s L : h =
Time (min) Time (min) ég’ - ’ =1 - -
m control ® cross-linking agent - P 'J_" ‘
¥ Vector pT7-5 A cross-linking agent + TDG

Zhou et al., 2011



Still-open questions

wild-type permease crystals (Guan et al., 2007); C154G mutant
more specified input from site-directed technology (Kaback, 2011)
Remaining conformations; link structure with function?_

Resolution (3 Angstrom limit). Path of the proton?

Hown =

Mechanism model

Recognition-part (substrate binding interactions)
Conformation-part (protein turnover during the «catalytic» cycle)
Energetics-part (proton-driven symport)

Code: red, solved; purple, modeled; blue, unsolved



Binding site residues



“"before the structure”

Active site mapping (E269) - MS

Weinglass et al., EMBO J 22, 1467 (2003)

The substrate-binding site (D126, R144)

Venkatesan & Kaback, PNAS 95, 9802 (1998)

C148 is a component of the binding site

Wu & Kaback, Biochemistry 33, 12166 (1994)



H Cys-148 npoorareleral mAlpwg and aAkuAiwon ge gia oeipa SH-
avTidpaoTnpiwv mapoucia urooTpwpato¢ (Kai awd amevepyomoinon)

148C
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e
A
X )
-
B

Frillingos & Kaback, 1996

NEM
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(solvent)

MIANS
(fluorescent)

et al.
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Time (min)

Wu & Kaback, 1994



O ouvduaopog Tou Cys-148 pe pyetalAayég oTig Oéoeic Arg-144/Asp-126
odnyei o wAnpn anwAela TNG «aiobnonc>» Tou UTOOTPWHATOC
I. Acv decoucverar (Oev mpoorarcverar n Cys148)

148C E126A/ R144A/ R144K/ R144H/ E126R/ E126A/

148C 148C 148C 148C R144E/ R144A/
148C 148C
TDG - 4+ = + = + - o+ - + - % -+

R e e o D .Q” - -

CLENSR-BEEE op

A

Venkatesan & Kaback, 1998



O ouvduaopdog Tou Cys-148 pe perarhayég oTtig Oéoeig Arg-144/Asp-126
odnyei o wAnpn anwAela TNG «aiobnonc>» Tou UTOOTPWHATOC

II. Acv ouyPaivouv o1 avalevouevee alayéc diauoppwons

Fluorescence Intensity (a.u)

| V3i3iC

B

E126A/V331C

C

RI144A/V331C
1

By

D

RI44K/V331C
1

2

1

|

| I I

380 400 420 440 460

I

I

I I I

380 400 420 440 460

Wavelength (nm)

Venkatesan & Kaback, 1998



Lactose permease

Binding site

S
&
Q(e,
Native Cys residues

Cys148 (transmembrane a-helix V)

SH-modification reagents
(N-ethyl maleimide)
O O

H1—N§j + R°SH ——» F=:1—Nf;|\ .
SR
o o)

Maleimide Thiocether

Argl144 (helix V)
Glul26 (helix IV)
Ala122 (helix IV)

Trpl151 (helix V)

Effect of substrate / high-affinity ligand

c“‘é
o
CNBr - peptides
6lu269 (transmembrane a-helix VIII)

Mass Spec

[ )
o = A Molecular Weight ';..] T.'
RC-OH + EEE— R—C-0-C

M H=N

Effect of substrate / high-affinity ligand



http://emboj.oupjournals.org/content/vol22/issue7/images/large/cdg145f4.jpeg

full text article
in PubMed Central

EMBO J. 2003 Apr 1:22(7):1467-77._ B Links ENEE o FULL TEXT
HOLREAL

Elucidation of substrate binding interactions in a membrane transport protein by mass spectrometry.

Weinglass AB, Whitelegge JP, Hu Y, Verner GE, Faull KF, Kaback HR.

Department of Physiology, Molecular Biology Institute, University of California Los Angeles, Los Angeles, CA 90095-1662, USA.

Integration of biochemical and biophysical data on the lactose permease of Escherichia coli has culminated in a molecular model that predicts substrate-protein
proximities which include interaction of a hydroxyl group in the galactopyranosyl ring with Glu269. In order to test this hypothesis, we studied covalent
modification of carboxyl groups with carbodiimides using electrospray ionization mass spectrometry (ESI-MS) and demonstrate that substrate protects the
permease against carbodiimide reactivity. Further more, a significant proportion of the decrease in carbodiimide reactivity occurs specifically in a nanopeptide
containing Glu269. In contrast, carbodiimide reactivity of mutant Glu269-->Asp that exhibits lower affinity is unaffected by substrate. By monitoring the
ability of different substrate analogs to protect against carbodiimide modification of Glu269, it is suggested that the C-3 OH group of the galactopyranosyl
ring may play an important role in specificity, possibly by H-bonding with Glu269. The approach demonstrates that mass spectrometry can provide a powerful
means of analyzing ligand interactions with integral membrane proteins.

PMID: 12660154 [PubMed - indexed for MEDLINE]
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OuolomroAikiy TpoTroroinon Tou Glu-269 pe kapPodiipidio wapoucia NPEGal
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“after the structure”

Active site mapping (W151) - FRET

Smirnova et al., Biochemistry 45, 15279 (2006)

Structure with suicide substrate (A122) - MTS-Gal

Chaptal et al., PNAS 108, 9361 (2011)



AvTiOeTa pye Tnv Cys-148, n Ala-122Cys npoorarevetal and aAkuAiwon,
aAAd ox! pe 60Aa Ta urooTpwyara (dev mpooraTteleTal pe yaAakroln)
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AvTikaraotaon Tng Ala-122 pe gia oykwdn wAeupikn opada (Phe, Tyr)
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Arnevepyomnoinon Tng LacY péow egvoc urmootpwparoc (MTS-6Gal) mou
ouvdéeTal ouyxpovwg opolomoAika otnv Ala-122 (affinity inactivator)
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2uykpuoTtdAAwon Tng LacY (Ala-122Cys) pe 1o urndoTpwua MTS-6al
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Biochemistry. 2006 Dec 26:45(51):15279-87. Epub 2006 Nov 29

. N PR, http://pubs.acs.org|
Direct Sugar Binding to LacY Measured by Resonance Energy Transfer. ACS PUBLICATIONS
Smirnova IN, Kasho VN, Kaback HR. HIGH GUALITY. HIGH IMPACT
Department of Physiology and Microbioclogy, Immunology & Molecular Genetics, Molecular Biology Institute, University of California Los Angeles, Los
Angeles, California 90095-7327.

Trp151in the lactose permease of Escherichia coli (LacY) is an important component of the sugar-binding site and the only Trp residue out of six that is in
close proximity to the galactopyranoside in the structure (1IPV7). The short distance between Trp151 and the sugar is favorable for Forster resonance
energy transfer (FRET) to nitrophenyl or dansyl derivatives with the fluorophore at the anomeric position of galactose. Modeling of 4-nitrophenyl-alpha-d-
galactopyranoside (alpha-NPG) in the binding-site of LacY places the nitrophenyl moiety about 12 A away from Trp151, a distance commensurate with the
Forster distance for a Trp-nitrobenzoyl pair. We demonstrate here that alpha-NPG binding to LacY containing all six native Trp residues causes
galactopyranoside-specific FRET from Trpl51. Moreover, binding of alpha-NPG is sufficiently slow to resolve time-dependent fluorescence changes by
stopped-flow. The rate of change in Trp --> alpha-NPG FRET is linearly dependent upon sugar concentration, which allows estimation of kinetic parameters
for binding. Furthermore, 2-(4'-maleimidylanilino)naphthalene-6-sulfonic acid (WIANS) covalently attached to the cytoplasmic end of helix X is sensitive
to sugar binding, reflecting a ligand-induced conformational change. Stopped-flow kinetics of Trp --> alpha-NPG FRET and sugar-induced changes in
MIANS fluorescence in the same protein reveal a two-step process: a relatively rapid binding step detected by Trp151 --> alpha-NPG FRET followed by a
slower conformational change detected by a change in MIANS fluorescence.

PMID: 17176050 [PubMed - in process]
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W151—-a-NPG FRET data on binding specificity
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CONCLUSIONS



LacY is a “"prototype” for
many fransport proteins

..in structural features,
mechanistic implications,

& research strategies



Many secondary active transporters
can be threaded (modeled)
to the known structure of LacY

..and allow meaningful interpretation
of experimental data



Approaches used
in the research of LacY
are a guidance for

.. developing strategies
to study other, unrelated or
distantly-related transporters
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A chemiosmotic mechanism of symport
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nism of Symport

H. Ronald Kaback

Chemiosmotic Mecha-

Departments of Physiology and Microbiology, Immunology & Molecular Genetics, Molecular Biology Institute, University of California Los

Angeles, Los Angeles, California 90095.

Lactose permease (LacY) catalyzes the
coupled translocation of a galactoside and
an H+ across the membrane of Escherichia
coli (galactoside/H+ symport). Initial x-ray
structures reveal N- and C-terminal
domains, each with six largely irregular
transmembrane helices surrounding an
aqueous cavity open to the cytoplasm.
Recently, a structure with a narrow
periplasmic opening and an occluded,
galactoside was obtained, which confirms
many observations and indicates that
sugar binding involves induced-fit.
Residues involved in sugar and H+
transport become exposed reciprocally in
the inward- or outward-open
conformation allowing alternating access
from either side of the membrane. The
findings indicate: (i) The limiting step for
lactose/H+ symport in the absence of the
H+ electrochemical gradient (AfiH+) is
deprotonation, whereas in the presence of
AfH+, the limiting step is probably
opening of apo LacY on the other side of
the membrane. (ii) LacY must be
protonated to bind galactoside (pK for
binding is ~10.5). (iii) Galactoside binding
and dissociation--not A{iH+--are the driving
force for alternating access. (iv)
Galactoside binding involves induced fit
causing transition to an occluded
intermediate that undergoes alternating
access. (v) Galactoside dissociates,
releasing the energy of binding. (vi)
Arg302 comes into proximity with
protonated Glu325 causing deprotonation.
Accumulation of galactoside against a
concentration gradient does not involve a
change in KD on either side of the
membrane, but the pKa (the affinity for
H+) decreases markedly. Thus, transport is
driven chemiosmotically, but contrary to
expectation, A{iH+ acts kinetically to
control the rate of the process.

X-ray crystal structure | membrane
proteins | transport | conformational
change | MFS

The lactose permease of Escherichia coli
(LacY), a paradigm for the Major
Facilitator Superfamily (MFS),
specifically binds and catalyzes symport of
D-galactose and D-galactopyranosides
with an H*, but does not recognize the
analogous glucopyranosides, which differ
only in the orientation of the C4-OH of
the pyranosyl ring (reviewed in 1, 2).

Typical of many MFS members, LacY
couples the free energy released from
downhill translocation of H* in response
to an H* electrochemical gradient

(Afig +) to drive accumulation of
galactopyranosides against a
concentration gradient. Since coupling
between sugar and H translocation is
obligatory, in the absence of Afiy+, LacY
can also transduce the energy released
from the downhill transport of sugar to
drive uphill H* transport with the
generation of Aflp+, the polarity of which
depends upon the direction of the sugar
gradient. However, the mechanism by
which this chemiosmotic process occurs
remains obscure. This contribution aims
at clarifying the specific steps
underpinning the chemiosmotic
mechanism of lactose/H* symport.
Structural evidence for an occluded
intermediate. Initial x-ray structures of
LacY were obtained with a
conformationally restricted mutant
C154G (3, 4) and WT LacY (5), and they
are in an indistinguishable inward-facing
conformation (Fig. 1). At the same time, a
similar structure was determined for the
glycerol-3-phosphate permease (GlpT)
(6), which catalyzes
phosphate/glycerol-3-phosphate
exchange. The structures consist of two
6-helix bundles related by a quasi two-fold
symmetry axis perpendicular to the
membrane plane, linked by a long
cytoplasmic loop between helices VI and
VII. Furthermore, in each 6-helix bundle,
there are two 3-helix bundles with
inverted symmetry. The two 6-helix
bundles surround a deep hydrophilic
cavity tightly sealed on the periplasmic
face and open to the cytoplasmic side only
(an inward-open conformation). The
initial structures led to the so-called
“rocker-switch” model for transport in
which the two 6-helix bundles rotate
against each other around the middle of
the protein, thereby exposing the
substrate-binding site alternatively to
either side of the membrane (aka, the
alternating access model).

Although LacY contains 65-70%
unequivocally hydrophobic side chains
and crystal structures reflect only a single
lowest energy conformation, the entire
backbone appears to be accessible to
water (7-9). In addition, an abundance of
biochemical and spectroscopic data

demonstrates that galactoside binding
causes the molecule to open reciprocally
on either side of the membrane, thereby
providing almost unequivocal evidence for
an alternating-access model {see below}.
The first structure of LacY was obtained
with a density at the apex of the central
cavity, but because of limited resolution,
the identity of the bound sugar and/or
side-chain interactions were difficult to
specify with certainty. However,
biochemical and spectroscopic studies
show that LacY contains a single
galactoside-binding site and that the
residues-involved in sugar binding are
located at or near the apex of the central,
aqueous cavity in the approximate middle
of the molecule.

Among the conserved residues in LacY
and many other MFS members are two
Gly-Gly pairs between the N- and
C-terminal 6-helix bundles on the
periplasmic side of LacY at the ends of
helices IT and XI (Gly46 and Gly370,
respectively) and helices V and VIII
(Gly159 and Gly262, respectively) (10).
When Gly46 (helix 1) and Gly262 (helix
VIII) are replaced with bulky Trp residues
(Fig. 2), transport activity is abrogated
with little or no effect on galactoside
affinity, but markedly increased
accessibility of galactoside to the binding
site is observed indicating that the
G46W/G262W mutant is open on the
periplasmic side (11). Moreover,
site-directed alkylation and stopped-flow
binding kinetics indicate that the
G46W/G262W mutant is physically open
on the periplasmic side (an outward-open
conformation).

An x-ray structure of LacY mutant
G46W/G262W co-crystallized in the
presence of the relatively high-affinity,
symmetrical lactose analogue
B-D-galactopyranosyl-1-thio-B-D-
galactopyranoside (TDG) was determined
0 3.5-A resolution, and importantly,
crystals were not obtained in the absence
of a galactoside (12). Two molecules in the
asymmetric unit are adjacent to one
another, but in opposite-facing
orientations. Surprisingly, both molecules
are in an almost occluded conformation
with a narrow periplasmic opening and a
single molecule of TDG in the central
sugar-binding site. A space-filling view of
the molecule from the periplasmic side
(Fig. 3) reveals the bound TDG through
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Fig. 1.

Periplasmic view

an opening that is too narrow to allow
entrance or exit of the sugar (~3 A at the
narrowest point; Fig. 3B) (13). In contrast,
the cytoplasmic side of the molecule is
tightly sealed (Fig. 3C). The double-Trp
mutant is sufficiently open to bind
galactoside rapidly (11), but when binding
occurs and the mutant attempts to

transition into an occluded state, it cannot
do so completely because the bulky Trp
residues block complete closure. Thus, the
mutant binds galactoside, which initiates
transition into an intermediate occluded
state, which it cannot complete, and this
accounts for why the mutant is completely
unable to catalyze transport of any type

LacY ribbon presentation in an inward-open conformation with a
2-fold axis of symmetry (broken line). Left, N-terminal helix bundle, light
yellow; right, C-terminal helix bundle, tan. Cytoplasmic side at top. Blue
region, hydrophilic cavity. Gray shaded area, membrane.

Fig. 2.  Trp replacements in two pairs of
Gly-Gly residues that connect the N- and C-
terminal six-helix domains on the periplas-
mic side of LacY. The 12 transmembrane he-
lices that make up LacY are light yellow (N-
terminal bundle) and tan (C-terminal bun-
dle). Gly residues 159 and 370 in helices V
and XI, respectively, and Trp replacements
G46W (helix 1l) and G262W (helix VIII) are
indicated. The putative outward-open X-ray
structure is viewed from the side (A) or from
the periplasm (B). The crystal structure of
the almost occluded, narrow outward-open
conformer of LacY with Gly-Trp replace-
ments at positions 46 and 262 and bound
galactoside (dark gray) are viewed from the
side (C) or the periplasm (D), respectively.

across the membrane. Therefore, it is
apparent that the transport cycle includes
an occluded intermediate conformer.

A TDG molecule is clearly defined in the
almost occluded central cavity (Fig. 4)
that allows assignment of likely H-bond
interactions with the protein, although
interatomic distances are only estimates at



Fig. 3. :Surface renditions of LacY G46W/G262W molecule A. (A) View from the periplasmic side showing TDG (green and red spheres) just visible within the
molecule; Trp residues shown in blue. (B) Slab view. (C) View from the cytoplasmic side with the residues that form a zipper-like motif to seal that side.

3.5-A resolution. Specificity is directed
towards the galactopyranoside ring, and
a-galactosides bind with higher affinity
than the B-anomers (14-18). One
galactopyranosyl ring of TDG stacks
hydrophobically with Trp151 (helix V),
confirming biochemical (19) and
spectroscopic (20) findings. Glu269 (helix
VIII) is the acceptor of H bonds from the
C4-OH and C3-OH groups of the
galactopyranosyl ring, indicating that it is
probably the primary determinant for
specificity. Even conservative replacement
with an Asp abolishes binding and
inactivates lactose transport (21-23). The
n1 NHz of Argl144 (helix V) donates an H
bond to O5 in the ring and is also within
H-bond distance of the C6-OH. The n2
NH, group of Argl144 donates H bonds to

the C2’-OH of TDG and to Glu126 Og2.
Conservative replacement of Arg144 with
Lys, as well as neutral replacements,
virtually destroys binding and transport
(23, 24). Glu126 (helix IV) acts as an
H-bond acceptor from the C2'-OH of
TDG and is an H-bond acceptor from
then2 NH; of Argl44. Replacement with
Asp causes markedly diminished binding
affinity and little or no transport activity;
removal of the carboxyl group abolishes
binding and transport (23, 25, 26).
Remarkably, His322 (helix X), long
thought to be involved in H* transport by
implication, likely acts as an H-bond
donor/acceptor between the eNH of the
imidazole ring and the C3-OH of TDG,
and is stabilized by an H-bond
donor/acceptor between the SNH of the

Fig. 4. : Electron density map contoured at
1o (green mesh) of the sugar-binding site of
LacY G46W/G262W. The density is superim-
posed on the structure, which is shown as
sticks, with carbon atoms in gold, oxygen
atoms in red, and nitrogen atoms in blue.
Broken lines represent putative H bonds.

imidazole and the OH of Tyr236, which
was also thought to be involved in H*
transport (Fig. 5). All replacements for
His322 exhibit little or no binding and no
transport activity (23, 25, 26). Finally,
Asn272 (helix VIII) donates an H bond to
the C4-OH of TDG; Gln is the only
replacement tolerated by LacY with
respect to binding and transport (27).

In addition to the residues involved in
galactoside binding, Cys148 (helix V), well
known with respect to substrate
protection against alkylation (reviewed in
28), is close to bound TDG, but not
sufficiently close to interact directly (Fig.
5). Similarly, replacement of Ala122 (helix
IV) with bulky side chains, or alkylation of
A122C with bulky thiol reagents causes
LacY to become specific for the
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monosaccharide galactose, and
disaccharide binding and transport are
blocked (29). However Ala122 does not
make direct contact with TDG either.
Asp240 (helix VII) and Lys 319 (helix X)
interact relatively weakly (not shown), and
mutants with double-neutral
replacements (Cys or Ala) exhibit low but
significant ability to catalyze lactose
accumulation (30-32).

Although Glu325 (helix X) and Arg302
(helix IX) do not make direct contact with
bound galactoside, both are critically
involved in coupled H* translocation.
Neutral replacement of either residue
yields mutants that are defective in all
transport reactions that involve net H*

N

transport, but catalyze equilibrium
exchange and/or counterflow as well or
better than WT (1, 2).

Sugar binding involves induced fit. In the
structure of single-Cys122 LacY with
covalently bound MTS-Gal, a suicide
inactivator for this mutant (33), the
galactosyl moiety occupies the same
position in the protein as in the
double-Trp mutant (34). In addition, two
important ligands—Trp151 and
Glu269—interact with the
galactopyranosyl ring (Fig. 6A). However,
as opposed to the almost occluded,
open-outward conformation of the
double-Trp mutant, LacY with covalently
bound MTS-Gal in the binding site

Fig. 5. . Cytoplasmic view of the active site
in LacY. TDG is shown as green sticks, and
side chains forming H bonds with TDG are
in yellow. Broken lines represent likely H
bonds. Ala122 and Cys148, which are close
to TDG but do not make direct contact,
are shown in cyan. Glu325 and Arg302 are
purple. The green, felt-like area represents
the Van der Waals lining of the cavity. Note
the narrow opening on the periplasmic side.

Fig. 6.  Crystal structure of single-Cys122
LacY with covalently bound MTS-Gal. (A)
Side chains are shown as sticks; those in yel-
low (Glu269 and Trp151) make direct con-
tact with the galactopyranosyl ring of MTS-
Gal covalently bound to a Cys at position
122. Side chains in gray are not sufficiently
close to make contact with the galactopy-
ranosyl ring. Glu325 and Arg302 (in purple)
are involved in H* transport. The green, felt-
like area represents the Van der Waals lin-
ing of the cavity. Note that the periplasmic
side is closed. (B) Structure of single-Cys122
LacY with covalently bound MTS-Gal viewed
from the side. Helices are depicted as rods,
and MTS-Gal is shown as spheres colored by
atom type with carbon in green. The aque-
ous central cavity open to the cytoplasmic
side is colored light green.

exhibits an inward-open conformation
(Fig. 6B), indicating that the galactoside
must be fully liganded in order for LacY
to transition into the occluded state. In
view of this consideration and
observations indicating that the
alternating access mechanism of LacY is
driven by galactoside binding and
dissociation and not by Afin+ (1, 2,
35-37), it seems highly likely that sugar
binding involves induced fit. By this
means, the N- and C-terminal bundles
converge as given side chains from both
the N- and C-terminal helix bundles ligate
the galactoside. The energetic cost of
binding and the resultant conformational
change is regained upon sugar
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dissociation and provides the energy for a
further structural change that allows
deprotonation. With respect to induced-
fit, it is also notable that mutation of any
single binding-site residue causes a
marked decrease or complete loss of
affinity (23). In brief, the mechanism of
LacY resembles that of an enzyme, the
difference being that the protein rather
than the substrate forms the transition
state.

Seven independent lines of support for
the alternating access model. As
postulated, alternating access involves
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Fig. 7. :Effect of pH on the Kdapp for TDG binding to WT LacY (black) and
the E325A mutant (green).

Fig. 8.

reciprocal access of galactoside- and H*-
binding sites to either side of the
membrane. Over the past few years,
almost incontrovertible evidence for this
structural mechanism has accrued with
LacY (reviewed in 38, 39):

1. Since thiol crosslinking yields the
closest distance between Cys residues, it
was suggested that galactoside binding
induces closure of the cytoplasmic cavity
(3)-

2. Site-directed alkylation of Cys
replacements at every position in LacY
shows that Cys replacements on the

Kinetic scheme for galactoside/H* symport, exchange and coun-
terflow. Symport starts with protonation of LacY (step 1), which is required
for high-affinity binding of lactose. Sugar binding to protonated LacY (step
2) causes a conformational change to an occluded state (step 3), which
can relax to the inside where sugar dissociates first (step 5), followed by
deprotonation (step 6) and return of unloaded LacY via an apo occluded
intermediate (steps 7 and 8). Exchange or counterflow involves only steps
2-5 (gray shaded area).

periplasmic side exhibit increased
reactivity upon galactoside binding, while
those on the cytoplasmic side show
decreased reactivity (27, 40-44).

3. Single-molecule fluorescence energy
transfer (smFRET) studies indicate that
the periplasmic side opens and the
cytoplasmic cavity closes upon sugar
binding (45).

4. Double electron-electron resonance
(DEER) reveals that LacY exists in at
least 4 conformations even in the absence
of galactoside and that galactoside
binding induces a shift in the population



towards longer distances on the
periplasmic side and shorter distances on
the cytoplasmic side (46, 47).

5. Site-directed thiol cross-linking shows
that the periplasmic cavity must open and
close for transport to occur. Furthermore,
the periplasmic side opens upon
galactoside binding to approximately the
same extent as observed with DEER (48).
6. Trp151-p-nitrophenyl-a-D-
galactopyranoside (NPG) FRET exhibits
practically identical kinetics of galactoside
binding and displacement with LacY in
inward- and outward-facing
conformations (11, 49).

7. Utilization of Trp—bimane or His—=Trp
FRET to determine opening/closing of
periplasmic or cytoplasmic cavities
combined with Trp151-NPG FRET to
measure galactoside binding, both in real
time, shows that opening/closing are
reciprocal and that opening of the
periplasmic cavity controls closing of the
cytoplasmic cavity (50-53).

Mechanism of lactose/H* symport. The
affinity of WT LacY for galactosides
(Kp) varies with pH to yield a pK of ~10.5
(23, 50, 54). In addition, sugar binding to
purified LacY in detergent does not
induce a change in ambient pH under
conditions where binding or release of 1
H*/LacY can be determined (54).
Therefore, LacY is protonated over the
physiological range of pH (Fig. 7). These
observations and many others (see 1, 2)
provide evidence for a symmetrical
ordered kinetic mechanism in which
protonation precedes galactoside binding
on one side of the membrane, and follows
sugar dissociation on the other side (Fig.
8). Recent observations (see 55) also
suggest that a similar ordered mechanism
may be common to other members of the
MEFS as well. Importantly, as mentioned
above, mutants with neutral replacements
for Glu325 catalyze equilibrium exchange
and counterflow (the shaded reactions in
Fig. 8). but do not catalyze any reaction
involving net H transport (56, 57).
Dramatically, the titration observed in
Fig. 7 is abolished in mutant E325A and
mutants with other neutral replacements
for Glu325, which bind with high atfinity
up to pH 11 when LacY begins to
denature. This behavior is highly unusual
and suggests that Glu325 may be the sole
residue directly involved in H* binding
and transport [all 417 residues in LacY
have been mutated and tested for
transport activity (22)]. Thus, LacY
cannot sustain a negative charge on
Glu325 and bind galactoside

1. Guan L & Kaback HR (2006) Lessons from lactose
permease. Annu Rev Biophys Biomol Struct 35:67-91.
2. Madej MG, Kaback, H. R. (2014) The Life and Times
of Lac Permease: Crystals Ain't Enough, but They
Certainly do Help. Membrane transporter function:

simultaneously, and Glu325 must be
protonated to bind sugar.

But deprotonation is also critical for
turnover, but with an apparent pK of 10.5,
how does deprotonation occur? One
possibility is that the pK, of Glu325,
which is in a hydrophobic pocket, may
decrease by becoming more accessible to
water. However, evidence has been
presented indicating that Arg302 is
important in this capacity (58). Like
neutral replacements for Glu325, mutants
R302A and R302S are also specifically
defective in translocation reactions that
involve H" translocation--accumulation
of lactose against a concentration
gradient, as well as efflux—but they bind
ligand and catalyze equilibrium exchange.
Perhaps the positively charged guanidium
group at position 302 facilitates
deprotonation of Glu325. Although
Tyr236 lies between Arg302 and Glu325 in
the current structure (Fig. 5),
double-mutant R302C/E325C exhibits
excimer fluorescence when labeled with
pyrene maleimide (59) and
double-mutant R302H/E325H binds
Mn(II) with pM affinity (60). Therefore,
Arg302 and Glu325 may assume closer
proximity in another conformation of
LacY. Interestingly, a similar mechanism
has been suggested for H™ transport
through the F, portion of F1/Fo-ATPase
where an Arg residue in the @ subunit is
postulated to facilitate deprotonation of
an Asp residue in the ¢ subunit (reviewed
in 61, 62).

Since equilibrium exchange and
counterflow are unaffected by imposition
of Aflu+, it is apparent that the
conformational change resulting in
alternating accessibility of galactoside-
and H*-binding sites to either side of the
membrane is the result of sugar binding
and dissociation, and not Afiy+ (reviewed
in 1, 2). Moreover, lactose/H* symport
from a high to a low lactose concentration
in the absence of Afiu+ exhibits a primary
deuterium isotope effect that is not
observed for Afig+-driven lactose/H*
symport, equilibrium exchange or
counterflow (63, 64). Thus, it is likely that
the rate-limiting step for lactose/H*
symport in the absence of Aflu+ is
deprotonation (also see 65, 66), while in
the presence of Afly+, opening of apo
LacY on the other side of the membrane
and/or opening is probably rate limiting.
In other words, by changing the
rate-limiting step, Aflu+ causes more
rapid cycling.

to structure and beyond, eds Ziegler C & Kraemer R
(Springer Series in Biophysics: Transporters), Vol 17, pp
121-158.

3. Abramson J, et al. (2003) Structure and mechanism
of the lactose permease of Escherichia coli. Science

A mechanism for chemiosmotic
lactose/H™ symport. Taken as a whole, the
observations suggest the following
considerations regarding the mechanism
of chemiosmotic coupling in LacY: (i)
Symport in the absence or presence of
Afig+ is the same overall reaction. The
limiting step for lactose/H™ symport in the
absence of Afii+ is deprotonation (a
kinetic isotope effect is observed with
D,0). The limiting step in the presence of
a Aflp+ is probably the conformational
change associated with opening of the
cavity on the other side of the membrane.
(ii) LacY must be protonated (possibly
Glu325 specifically) to bind sugar (the pK
for binding is ~10.5 and abolished in
mutants with neutral replacements for
Glu325). (iii) Sugar binding and
dissociation--not Afip+--are the driving
force for alternating access. (iv) Sugar
binding involves induced fit causing
transition to an occluded intermediate
that undergoes alternating access. (v)
Sugar dissociates, releasing the energy of
binding. (vi) A conformational change
allows Arg302 to approximate protonated
Glu325, resulting in deprotonation. (vii)
Apo LacY opens on the other side of the
membrane, and the cycle is reinitiated.

Strikingly, accumulation of galactoside
against a concentration gradient does not
involve a change in Kp on either side of
the membrane, but the pK (the affinity for
H*) decreases markedly. Moreover, it is
apparent that Afly + does not have a direct
effect on the global structural change that
corresponds to alternating access. Thus,
transport is driven chemiosmotically, and
Afip+ acts kinetically to control the rate
of the process.
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The lactose permease of Escherichia coli (LacY), a highly dynamic
polytopic membrane protein, catalyzes stoichiometric galactoside/
H* symport by an alternating access mechanism and exhibits mul-
tiple conformations, the distribution of which is altered by sugar
binding. We have developed single-domain camelid nanobodies
(Nbs) against a LacY mutant in an outward (periplasmic)-open con-
formation to stabilize this state of the WT protein. Twelve puri-
fied Nbs inhibit lactose transport in right-side-out membrane
vesicles, indicating that the Nbs recognize epitopes on the peri-
plasmic side of LacY. Stopped-flow kinetics of sugar binding by WT
LacY in detergent micelles or reconstituted into proteoliposomes
reveals dramatic increases in galactoside-binding rates induced by
interaction with the Nbs. Thus, WT LacY in complex with the great
majority of the Nbs exhibits varied increases in access of sugar to
the binding site with an increase in assodation rate constants (ko)
of up to ~50-fold (reaching 10° M~"s~"). In contrast, with the
double-Trp mutant, which is already open on the periplasmic side,
the Nbs have little effect. The findings are clearly consistent with
stabilization of WT conformers with an open periplasmic cvity.
Remarkably, some Nbs drastically decrease the rate of dissociation
of bound sugar leading to increased affinity (greater than 200-fold
for lactose).

membrane transport proteins | fluorescence | major facilitator superfamily

ypical of many transport proteins, from organisms as widely

separated evolutionarily as Archaea and Homo sapiens, the
lactose permease of Escherichia coli (LacY), a paradigm for the
Major Facilitator Superfamily (1), catalyzes the coupled, stoi-
chiometric translocation of a galactopyranoside and an H”
(galactoside/H™ symport) across the cytoplasmic membrane
(reviewed in refs. 2 and 3). Although it is now generally accepted
that membrane transport proteins operate by an alternating ac-
cess mechanism, this has been documented almost exclusively for
Lac (reviewed in refs. 4 and 5). By this means, galactoside- and
H™-binding sites become alternatively accessible to either side of
the membrane as the result of reciprocal opening/closing of
cavities on the periplasmic and cytoplasmic sides of the mole-
cule. Lac is highly dynamic, and altemmates between different
conformations (6, 7).

Until recently, six X-ray structures of LacY have exhibited the
same inward-facing conformation with an aqueous cavity open to
the cytoplasmic side, a tightly sealed periplasmic side, and sugar-
and H™-binding sites in the middle of the molecule (8-11). Nu-
merous studies confirm that this conformation prevails in the
absence of sugar (12-16). Recently, however, the X-ray structure
of double-Trp mutant G46W/G262W with bound sugar reveals
a conformation with a narrowly open periplasmic pathway and
a tightly sealed cytoplasmic side (PDB ID code 40AA) (17),
thereby providing structural evidence that an intermediate oc-
cluded conformation occurs between the outward- and inward-
facing conformations in the transport cycle.

Rates of opening/closing of periplasmic and cytoplasmic cav-
ities have been determined in real time from changes in fluo-
rescence of Trp or attached fluorophores with LacY either in
detergent micelles or in reconstituted proteoliposomes (PLs)

(15, 18, 19). Sugar-binding rates with WT LacY in PLs measured
by Trpl51—4-nitrophenyl-a-p-galactopyranoside (NPG) FRET
are independent of sugar concentration, whereas the mutant
with an open periplasmic cavity is characterized by a linear
(,()n(.entmtlon dependence of sugar hndlng rates with kg, of ~10
' (18, 2%5’6\&[“(11 approximates diffusion controlled ac-
(,e\\ lo lhe binding site (21). Therefore, with WT LacY embed-
ded in PLs, the periplasmic side is sealed, and substrate binding
h imited by Upemng of the periplasmic cavity at a rate of 20-30
(19) This rate is very similar to the turnover number of WT
Ld(.Y in right-side-out (R50) membrane vesicles or recon-
stituted PLs (22) and is consistent with the notion that opening
of the periplasmic cavity may be a limiting step in the overall
transport mechanism.

To define and characterize partial reactions in the LacY
transport cycle, stable conformers would be particularly useful.
In this regard, remarkable progress has been made with G pro-
tein-coupled receptors through the use of camelid single-domain
nanobodies (Nbs), which stabilize specific conformers (23-27).
Advantages of Nbs include small size and a unique structure that
allows flexible antigen-binding loops to insert into clefts and
cavities. Here we report that Nbs prepared against the outward
(periplasmic)-open LacY mutant G46W/G262W effectively bind
to WT LacY and inactivate transport activity. However, the
sugar-binding site becomes much more accessible to galactosides
as a result of Nb binding, indicating stabilization of the open-
outward conformations of LacY, and providing the means for
detailed studies of galactoside binding to these conformers.
Remarkably, several Nbs significantly increase affinity for ga-
lactosides by slowing the sociation rate of the sugar while
maintaining a high association rate. It is also apparent that the
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Nbs have the potential for crystallizing LacY trapped as other-
wise unstable transient intermediates.

Results

Generation of Nbs. To generate Nbs that recognize and stabilize
outward-open conformations of LacY, llamas were immunized
(28) with LacY mutant G46W/G262W (20) reconstituted into
PLs as the antigen. In this mutant, double-Trp replacements for
Gly46 (helix IT) and Gly262 (helix VIII) were introduced on the
periplasmic side of LacY at positions where the two six-helix
bundles come into close contact. Introduction of bulky Trp res-
idues at these positions prevents closure of the periplasmic cavity
and completely abrogates all transport activity. The double-Trp
mutant reconstituted into PLs is oriented physiologically, with
the periplasmic side facing the external medium (20), as demon-
strated previously (18, 29). Thus, it is presumed that the llama’s
immune system is presented with an antigen that has an accessible
periplasmic surface of LacY with an open cavity. Selections were
performed on the LacY mutant to find those nancbodies that
would specifically recognize the outward-open conformation, as
well as on WT LacY. Procedures used for production, selection,
cloning, and purification of Nbs are provided in Methods.

Lactose Transport. Lactose/H™ symport catalyzed by WT LacY
was measured in RSO membrane vesicles preincubated with
each of 13 nanobodies, and the data are summarized in Table 1
and Fig. S1. Nb 9051 has no significant effect on the rate of
lactose transport, but Nb 9042, Nb 9035, and Nb 9034 inhibit by
60%, 80%, and 90%, respectively, and other nine Nbs block
lactose transport completely. Because it is well known that
vesicles prepared by osmotic lysis of spheroplasts have the same
orientation as the membrane in intact cells (for examples, see
refs. 30 and 31-34), the results demonstrate that inhibition of
transport by the Nbs is specifically a result of binding epitopes on
the periplasmic side of WT LacY.

Sugar Binding to Nb/lLacY Complexes. Sugar binding rates were
measured by Trpl51=NPG FRET with WT LacY or the double-
Trp mutant solubilized in n-dodecylf-D-maltopyranoside (DDM)

by using stopped-flow fluorimetry, which allows determination of
association and dissociation rate constants (k,, and k,g) of sugar
binding. WT LacY exhibits a ko Ufﬂ 2 |.|I'\"I_I ;! whereas ko for
the double-Ttp mutant is 5.7 pM ™" (wrnp:tre open circles in
Fig. 14 with open diamonds in Flg LB) indicating much higher
accessibility of the sugar-binding site in mutant G46W/G262W
with an open periplasmic cavity. None of Nbs tested abolish sugar
binding to LacY (Table 1). Two Nbs (9051 and 9035) practically
do not affect sugar binding (k, and kg values are similar to those
measured for WT LacY without Nbs). Interaction of Nb 9042 and
Nb 9034 with WT LacY results in sugar binding with rates in-
dependent of NPG concentration (k,, = 30 and 15 57!, re-
spectively), suggesting that these two nanobodies do not alter
galactoside binding. Rather, they may decrease conformational
flexibility of LacY in such a manner that sugar access to the
binding site is limited by a slow conformational change or slow
opening of the periplasmic cavity, which could explain partial
inhibition of transport.

Nine Nb /WT LacY complexes that completely block trans-
port, demonstrate a significant increase of NPG binding rates
(ko increases from 5- to 50-fold) (Fig. 14 and Table 1). Dra-
matic increases in NPG accessibility are observed for WT LacY
complexed with Nbs 9039, 9048, 9047, 9033, and 9065 to an
extent comparable to that of mutant G46WxG262W (Table 1)
(kon = 4.4, 6.8, 6.9, 7.5, and 9.3 pM~"s™", respectively). Several
Nbs exhibit a smaller effect on the rates Uf\l.lgd.l’ bmdmg by WT
LacY, with kon values of 1.0, 1.2, 3.5, and 3.5 pM~"s™" for Nbs
9036, 9055, 9063, and 9043, respectively (Fig. 14 dnd Table 1).
Notably, the double-Trp mutant in complex with Nbs 9036, 9063,
and 9043 is characterized by lower ko, values than observed
without Nbs, whereas all other Nbs have essentially no effect
(Fig. 1B and Table 1). Kinetic parameters measured by dis-
placement of bound NPG using a high concentration of p-n-
galactopyranosyl-1-thio-p-p-galactopyranoside (TDG) show that
the majority of the Nbs, which block transport, significantly in-
crease the affinity of WT LacY for NPG (K s decrease up to 10
times), whereas Kas are mostly unaltered with the double-Trp
mutant (Table 1, shaded columns). Surprisingly, similar effects of
Nb 9036 are observed with both WT LacY, and mutant G46W/

Table 1. Effect of Nbs on lactose transport and kinetics of sugar binding to LacY
WT LacY G46WIG262W LacY
. Displacement . Displacement

Lactose Binding Binding _
Nb transport (%) Kon (M7 ko (57 Ko (uM) koo MTTST) ko (5T K (M)
None 100 0.2 a 28 5.7 31 6.1
9051 100 0.2 48
9042 40 ND* a
9035 20 0.3 24
9034 10 ND* 38 60 8.6 34 5.7
9036 No 1.0 0.05 0.05" 0.3 0.02 0.07"
9055 No 1.2 52 35 4.1 63 18
9063 No 35 2.7 2.2 1.2 14 33
9043 No 3.0 8 4 2.2 4.8 32
9039 No 4.4 54 13 5.3 45 18
9048 No 6.8 13 28 4.4 1" 4.2
9047 No 6.9 32 5.2 5.8 31 38
9033 No 7.5 3N 38 5.3 29 5.2
2065 No 9.3 40 53 9.5 58 9.1

Rates of lactose transport were measured as described in Methods and Fig. 51. Rates of NPG binding were
measured as Trp151—NPG FRET by stopped-flow fluorimetry (Methods). Association rate constants (k.. were
measured as described in Figs. 1 and 2. Dissociation rate constants (k.g) and Ky values were measured in
displacement experiments (data in shaded columns), as shown in Fig. 52. Statistical SDs were within 10% for
each presented data point. Color coding is the same as in Figs. 1 and 2. Only those Nbs that completely block
transport in WT LacY were tested with the double-Trp mutant.

*Binding rates do not change with NPG concentration.

tk 4 values for Nb9036/Lacy complexes were calculated (kopfkan).
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Fig. 1. Effect of six Nbs on kinetics of sugar binding by WT LacY (4) or
mutant G46W/G262W (B) solubilized in DDM. Stopped-flow rates of NPG
binding (kax.) were measured by mixing Lacy with NPG in the absence or
presence of a given Nb. Stopped-flow traces of the decrease in Trp fluores-
cence were recorded and fitted with single-exponential equation for esti-
mation of the sugar-binding rate (k..) at each NPG concentration.
Concentration dependencies of k., for NPG binding to proteins without Nbs
are shown in black (open cdrcles, WT LacY; and open diamonds, double-Trp
mutant). Data obtained with different Mbs are shown in the same colors as in
Table 1. The slopes of the linear concentration dependencies of NPG binding
rates (kyw = kog + kon[NPG]) yielded the k., values presented in Table 1in the
columns labeled “Binding.” The arrows in A indicate the effect of each Nb on
the accessibility of the sugar-binding site relative to WT LacY with no Nb.

G262W where NPG binding affinity is increased by orders of
magnitude, which will be discussed in detail below.

Accessibility of the Sugar-Binding Site. Remarkable changes in
sugar-binding rates are induced by interaction of Nb 9065 with
WT LacY (Fig 24 and Table 1). As estimated from the linear
concentration dependen(.e of binding rates, k,, increases from
02093 pM~"-s™" (Fig. 2B), indicating free access to the sugar-
binding site. Moreuver. NPG binding rates are the same when
the LacY/Nb 9065 complex is formed in the absence or presence
of sugar (Fig. 2B, red triangles). WT LacY binding affinity for
NPG is significantly increased by interaction with Nb 90635
(Table 1). The Ky value measured in displacement experiments
decreases from 28 to 53 pM (Fig. 524, C, and E). Nb 9065 does
not markedly alter NPG-binding kinetics with the G46W/G262W
mutant (Fig. 2B, Table 1, and Fig. S2 B, D, and F).

Experiments with LacY solubilized in DDM do not s'peclfy
whether Nb binding stabilizes conformers with an open perl—
plasmic or cytoplasmic cavity. However, LacY reconstituted into
PLs is oriented with the periplasmic side facing out, as in the
native E. coli membrane (18, 20, 29). Therefore, a kinetic test
was designed that allows discrimination between accessibility
from the periplasmic or cytoplasmic sides of LacY by comparing
sugar-binding rates with LacY solubilized in DDM versus
reconstituted into PLs (Fig. S3). Mutants G46W/G262W or C154G
with an open periplasmic or cytoplasmic cavity, respectively, are
characterized bly rapid sugar binding in DDM (Fig. 53 4 and D)
(kon = 5 pM-"s7"). However, in PLs, sugar binding by mutant
G46W/G262W is rapid and demonstrates a sharp concentration
dependence of ku,, (with k,, = 14 pM~Ls7!), whereas mutant
C154G exhibits a relatively slow rate of sugar bmdmg that is in-
dependent of galactoside concentration (kg = 50 s~') (Fig. S3 B
and E). Thus, NPG has free access to the binding site from peri-
plasmic side in the double-Trp mutant, but limited access in mu-
tant C154G, where the rate of opening of the periplasmic cavity is
limiting. However, k,, determined by displacement with recon-
stituted mutant C154G in PLs (Fig. S3F) (ko = 14 pM~"- Ls7hy s
even higher than in DDM (k,, = 4.9 puM™'s™). Thus, when
the periplasmic cavity is open, the sugar binds with a diffusion-
controlled rate.

Binding of N'I’G by WT LacY in DDM is characterized by
kon = 0.2 |.|M ~! and consistent with reduced access to the
sugar bmdmg \lle (F]g S3G). NPG bmdmg by WT LacY
reconstituted into PLs is slow (kens = 21 s7'), and the rate is

independent of sugar concentration, thereby indicating that
binding is limited by opening of the periplasmic cavity (Fig.
S3H). However, in di\placement experiments with recon-
stituted WT Lac, opening of periplasmic (.d\-’ll?’ provides free
access to binding site with a ko of 10 pM (Fig. S3I), as
shown for mutant C154G.

Binding of Nb 9065 to reconstituted WT LacY dramatically
increases NPG binding rates, but no significant change is ob-
served with the reconstituted double-Trp mutant (Fig. 2C).
Linear fits of the data yield an estimated ko of ~20 pM™- ! for
both WT LacY and mutant G46W/G262ZW complexed mlh Nb
9065. Therefore, Nb 9065 binds to an epitope on reconstituted
WT protein that is exposed to the external milieu, provides free
access of NPG to the binding site, and blocks transport, thereby
demonstrating clearly that Nb 9065 stabilizes an outward-facing
conformer of WT LacY. Similar effects of Nb 9039 and 9047 on
reconstituted WT LacY and of Nbs 9043, 9047 and 9065 on
reconstituted mutant C154G are shown in Fig. 54,

Nb 9036 Induces High-Affinity Galactoside Binding. A striking effect of
Nb 9036 on sugar binding is observed with both WT LacY and the
double-Trp mutant. True kg values for NPG determined in dis-
placement experiments decrease in the presence Uf Nb 9036 by
about three orders-of-magnitude from 41 to 0.05 s~" and from 31
to 0.02 57! for the WT and mutant, respectively (Tdble 1). With
the WT LacY/Nb 9036 complex, NPG binding rates increase (Fig.
S54), demonstrating greater accessibility of the sugar-binding site
(ko increases fivefold) (Fig. L4 and Table 1). Displacement rates
are greatly decreased by Nb 9036 binding to WT LacY (Fig. S5B),
resulting in a >500-fold increase in NPG affinity. A similar effect
of Nb 9036 is observed with mutant G46 W/ G262W, although both
kon and kog values are decreased (Table 1). Therefore, it appears
that Nb 9036 binding stabilizes a specific outward-facing confor-
mation of LacY in which the periplasmic cavity is partially open,
but release of bound NPG is drastically hindered.

This effect of Nb 9036 allows characterization of the kinetic
properties of lactose binding, the physiological substrate of
LacY. The affinity of Lac’Y for lactose in the absence of Nbs is
extremely low with a K of ~10 mM (35, 36). The rate of lactose
displacement was measured by Trpl51-NPG FRET, where
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Fig. 2. Effect of Nb 9065 on accessibility of the sugar-binding site. NPG

binding rates were measured directly by stopped-flow as Trp151—NPG FRET
with WT LacY and G46W/G262W mutant in the absence of Nbs (black lines)
or after preincubation with Nb 9065 (red lines). (4) Stopped-flow traces of
Trp emission decreases were recorded with WT LacY in DDM after mixing
with given concentrations of NPG. (B) Concentration dependencies of
sugar binding rates measured in DDM with WT LacY (open circles and red
triangles) or mutant (open diameonds and red squares). WT LacY pre-
incubated with Nb 9065 in the absence or presence of sugar (red triangles
pointed down or up, respectively) exhibits the same NPG binding rates. Es-
timated k., values are presented in Table 1 in columns labeled “Binding.”
WT LacY/Nb 9065 complex in DDM sclution exhibits ~50-fold increase in ko
(from 0.20 = 0.01 t0 9.3 + 0.2 pM "5 "), (C) Concentration dependencies of
sugar binding rates measured with WT LacY (gray circles or red triangles)
and mutant (gray diamonds and red squares) reconstituted into PLs. The red
arrows indicate the change in concentration dependence of sugar binding
rates after Nb 9065 binding to WT LacY.



a saturating concentration of NPG (0.2 mM) was mixed with WT
LacY/Nb 9036 complex preincubated with given concentrations
of lactose (Fig. 34). The stopped-flow traces demonstrate that
NPG bindin;; occurs upon release of lactose at constant rate
(kops = LB s7). As estimated from the concentration dependence
of the amplitudes of the fluorescence change (Fig. 3B), the Ky
for lactose is 42 pM. The double-Trp mutant complexed with Nb
9036 yields a similar K of 49 pM (Fig. 3B), suggesting that Nb
9036 stabilizes similar conformers of both proteins.

Nbs Binding. Homology modeling of the 3D structures of each Nb
described reveals Trp residues in the variable loops containing
the complementarity determining regions (CDRs) that define
the binding affinity of the Nbs (Fig. 44). Therefore, interaction
of the Nbs with LacY was studied by site-directed Trp-induced
fluorescence quenching of bimane- or ATTO655-labeled LacY
(19, 37, 38). WT LacY with a Cys replacement on the peri-
plasmic side (I132C) labeled with bimane or ATTO655 exhibits
a decrease in the fluorescence emission of either flucrophore upon
addition of Nbs (Fig. 56). Time-courses of the fluorescence changes
recorded with bimane-labeled (Fig. 48) or ATTO655abeled (Fig.
4C) mutant [32C LacY demonstrate various extents of fluorescence
quenching after addition of Nbs 9036, 9055, and 9063, which likely
reflect different distances between the Trp residues in the Nbs and
the fluorophores in LacY when the Nb binds.

Stopped-flow mixing of various concentrations of Nb with 0.4 pM
bimane-labeled LacY (Fig S7) exhibits increased rates of binding
with increasing Nb concentration. No change in the amplitude of
the fluorescence decrease is observed even at lowest Nb concen-
trations (0.5-1 pM), which indicates that the affnity of Nbs for
LacY is high with K values at least in the nanomolar range. Linear
concentration dependencies of Nbs binding rates (Fig. 5) yield es-
timated ko, values that vary from 0.2 to 3.5 pM™ s~ and extremely
low ko values for all five Nbs. In addition, the binding rates of Nb
9036 to bimane-labeled I32C Lac are identical in the absence or
presence of 5 mM TDG (ko = 04 pM~"s™"), indicating that Nb
recognizes the same LacY conformer with or without bound sugar.

‘When the Cys replacement is introduced on the cytoplasmic side
of WT LacY (S401C), no significant Trp-induced fluorescence
quenching is observed with bimane- or ATTO6554abeled LacY
upon Nb binding (Fig. S8 A-C), although the effect of Nb 9036 on
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Fig. 3. Lactose binding affinity of WT LacY or mutant G46W/G262W com-
plexed with Nb 9036. LacY/Nb complexes solubilized in DDM were pre-
incubated with indicated concentrations of lactose and then mixed by
stopped-flow with a saturating concentration of NPG (0.2 mM) that binds
upon release of ligand and is an acceptor of FRET from Trp151. Binding of NPG
to sugar-free protein is fast with observed rate estimated as ~200 s, Thisrate
is much faster than the lactose dissociation rate, and only the displacement
rate for lactose (k.q) is measured. (A) Time traces of Trp fluorescence change
were recorded with the WT LacY/Mb 9036 complex and fitted with a single-
exponential equation (blue lines) that yield estimated rates of lactose disso-
ciation (ky = 1.8 = 0.2 s7") by displacement with NPG. (B) Affinity of lactose
binding was estimated from hyperbolic fits of the concentration dependence
of the fluorescence changes at each lactose concentration in the stopped-flow
traces for WT and mutant (triangles and squares, respectively). Ky values are
42 + 5 and 49 = 2 uM for the WT LacY and mutant complexes, respectively.
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Fig. 4. Nb binding to periplasmic Lacy 132C mutant labeled with fluorophores.
Structural models of LacY and Nb 9055 (A) are shown as rainbow colored
backbones (from blue to red) with highlighted Trp residues in the Nb (green
spheres) and introduced Cys32 on periplasmic side of LacY (gray spheres)
(PDE ID code 40A4). Time courses of fluorescence quenching were recorded
atexcitation/emission wavelengths of 380/465 nm or 660/677 nm for bimane
or ATTO6RS5, respectively. Addition of 0.6 pM Nb 9036, Nb 9055, or Nb 9063
t0 0.3 pM 132C LacY mutant labeled with bimane-maleimide (8) or ATTO655-
maleimide (C) is indicated by black arrows. The effects of the Nbs on the
emission spectra of fluerophere-labeled LacY are shown in Fig. S6.

NPG binding kinetics for bimane-abeled S401C LacY is readily
detected (Fig. S8D). In the bimane-labeled S401C LacY/Nb 9036
complex, both k,,, and k¢ values are altered to the same extent as
observed with WT LacY/Nb 9036. Thus, the Nbs bind to the peri-
plasmic side of LacY in DDM, and the method allows de-
termination of Nb binding kinetics with LacY.

Binding affinity of Nb 9036, Nb 9055, or Nb 9063 was
measured by steady-state titration of bimane- or ATTO655-
labeled I32C LacY at low protein concentration (20 nM). Esti-
mated Ky values for all three Nbs are around 1 nM and do not
depend on the structure of fluorophore attached to LacY
(Fig. §9). The presence of sugar practically does not change Nbs
binding affinity. Measured ko, (Fig. 5) and Kj values allow cal-
culation of ko as 1.2 % 107, 0.4 x 107, and 0.3 x 10~ s~ for
dissociation of Nbs 9063, 9055, and 9036, respectively.

Demonstration That Nb Binding Stabilizes a Conformer with an Open
Periplasmic Cavity. Trp-induced bimane unguenching allows direct
demonstration of opening of periplasmic cavity in LacY (19).
Thus, bimane-labeled mutant F29W/G262C exhibits unquenching
of bimane fluorescence after addition of sugar, indicating opening
of the periplasmic cavity and even greater unquenching is ob-
served after addition of Nb 9036 (Fig. 6.4). The increased extent of
bimane fluorescence unquenching caused by Nb binding com-
pared with effect of TDG is most likely explained by stabilization
of a specific outward-open conformation of LacY, whereas sugar
binding results in dynamic equilibrium of several LacY conformers
including those with an open periplasmic cavity (6). Furthermore,
the rates of unquenching measured with bimane-labeled F29W/
G262C at increasing concentrations of Nb 9036 exhibit a linear
dependence with k., = 0.4 pM~".s™" (Fig. 6B). This k,, value is
identical to that measured by direct binding studies with Nb 9036
by using Trp-induced quenching of bimane-labeled I32C LacY
(Fig. 5, pink circles), thereby demonstrating that binding of Nb
9036 stabilizes a conformer with an open periplasmic cavity.
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Fig. 5. Kinetics of Nbs binding to LacY. Rates of Nbs binding to bimane-labeled
mutant 132C LacY were measured by stopped-flow as quenching of bimane
fluorescence by Trp residues of the five Nbs indicated. Data were obtained with
0.4 uM LacY as described in Fig. 57. The linear dependencies of the observed
rates on Nb concentrations yield estimated k., values of 0.16 = 0.01, 043 =
0.01, 130 = 002, 2.7 = 0.1, and 3.5 + 0.2 yM~'s" for Nbs 9055, 9036, 9063,
9047, and 9034, respectively. Nb 9036 binding rates were measured in the
absence or presence of 5 mM TDG (open and closed pink circles, respectively).

Discussion

Nbs represent a unique type of single-domain antibodies with
flexible antigen-hinding loops containing CDR3, which is able to
insert into clefts and cavities of membrane proteins and stabilize
specific conformers (23-27). Therefore, Nbs were prepared against
LacY mutant G46W/G262W, which is in an outward-open con-
formation, anticipating that such Nbs would interact with epitopes
within the open lasmic cavity to stabilize outward-facing con-
formers of E ¥ As shown, 12 of the 13 Nbs characterized
inhibit—and 9 totally block—lactose transport catalyzed by WT
LacY in RSO membrane vesicles, indicating that they bind to
periplasmic epitopes. However, sugar binding is not abolished.
Rather, each of the nine Nbssignificantly increases the rate of sugar
binding with WT LacY solubilized in DDM, indicating that the
sugar-binding site in the middle of the LacY molecule becomes
much more accessible to the external medium in the presence of
the Nbs. Even more impressive, WT LacY and C154G mutant
reconstituted into PLs and then exposed to Nbs 9039, 9043, 9047,
and 9063 exhibit virtually unrestricted sugar binding rates with high
kon values corresponding to stabilization of conformers with an
open periplasmic cavity. It is ako remarkable that with few excep-
tions ( Nbs 9036, 9063, and 9043), the Nbs have little or no effect on
sugar-binding rates with the double-Trp mutant presumably be-
cause the mutant is already open on the periplasmic side.

Although Nb binding to WT LacY generally increases acces-
‘slbl'lly of thc binding site to NPG, the k,, values vary from 1 to
9 pM~ 157! for different WT LacY/Nb complexes. Thus, the Nbs
appear m recognize different epitopes and stabilize different
outward-open conformers of LacY that may represent natural
intermediates in the transport cycle.

Remarkably, three of the Nbs (9036, 9063, and 9043) signifi-
cantly decrease kog values measured for NPG with WT LacY/Nb
complexes, and dissociation of sugar is slowed nearly 1,000-fold
by Nb 9036 (Table 1), resulting in markedly increased affinity
for galactosides. Thus, the Ky value of the Nb 9036/WT LacY
complex for NPG decreases by »>500-fold. This huge increase in
affinity for galactoside allows determination of binding kinetics
for lactose, the natural substrate of LacY where affinity increases
>200-fold. Because Nb 9036 also decreases kg and k, values in
complex with the double-Trp mutant to near those observed for
WT LacY/Nb 9036 complex, it seems reasonable to suggest that
this Nb stabilizes a conformer that approximates an occluded
intermediate with fully liganded sugar.

A simple fluorescent method was developed for detection
of Nb binding to LacY by using site-directed Trp-induced
quenching of a fluorophore attached to the periplasmic side of
LacY. Quenching of the fluorophore introduced on the peri-
plasmic but not on cytoplasmic side of LacY also confirms that

the Nbs bind to epitopes on the periplasmic side of LacY.
Moreover, presteady-state kinetics of Nb binding to LacY were
measured by stopped-flow. The linear concentration depen-
dencies of binding rates reveal significant vandtlom in k, values
for five tested Nbs (from 0.2 to 3.5 pM~":s7') and exceedingly
low kg values. Multiple k,, values most Ilkcly correspond to
interaction of the Nbs with different epitopes on periplasmic side
of LacY that vary in complexity and structure. Binding affinities
measured by steady-state titration are very high (K values are around
1 nM for Nbs 9036, 9055, and 9063), which explains extremely slow
dl\wadlmn rates of the Nb\ Thus, calculated kg values range from
03 x 107 to 12 x 107 57!, which are similar to published data for
highly specific Nbs—a.nhgen interactions (25).

Recognition of different epitopes in WT LacY by the Nbs results
in stabilization of several conformational states of the symporter.
These states may represent natural functional intermediates in
overall transport cycle, as the Nbs do not interfere with sugar
binding and therefore with protonation, because effective sugar
binding requires the protonated form of LacY (39). Moreover,
in vivo-matured Nbs do not apparently induce nonnative con-
formations of antigens (28). Thus, Nbs developed against the
outward-open LacY mutant may be useful for crystallization of WT
LacY in different conformations without the use of mutagenesis.

Methods

Construction of mutants, purification of LacY, reconstitution into Pls, and
materials used in this study are described in §/ Methods. All animal vacci-
nation experiments were executed in strict accordance with good animal
practices, following the EU animal welfare legislation and after approval of
the local ethical committee (Ethical Committee for use of laboratory animals
of the Vrije Universiteit Brussel, VUB project 13-601-1). Every effort was
made to minimize suffering.

Generation of Nbs. Nbs were prepared against the G46W/G262W LacY mutant
using a previously published protocol (28). In brief, one llama (Lama glama)
received six weekly injections of 100 pg of purified GA6W/G262W LacY
reconstituted into PLs with lipid to protein ratio 5 (0.4 mg/mL LacY and 2 mg/mL

Bimane-labeled
_ FaowiG2s2C LacY
5

Bimane flucrescence, a.u.

o 100 200 300 o 5 10 15
Time, s Mb 8036, uM

Fig. 6. Stabilizing the open periplasmic cavity by binding of Nb 9036. Struc-
tural model of mutant F29W/G262C in inward-facing corformation with
a closed periplasmic cavity is shown on top with the backbone rainbow colored
(from blue to red) and highlighted Trp- and Cysreplacements (magenta and
yellow spheres, respectively) on the periplasmic side of the N- and Cterminal
six-helix bundles of LacY. (4) Ungquenching of flucrescence of bimane-labeled
F29W/G262C LacY (0.3 pM) after addition of 5 mM TDG followed by 056 pM
Nb 9036 (green line), or addition of 0.6 pM Nb 9036 followed by 5 mM TDG
(red line). Time courses were recorded as described in Fig. 48. (B) Rates of Nb
9036 binding were measured by stopped-flow as described in Fig. 5 by mixing
indicated concentrations of Nb 9036 with bimaneabeled F29W/G262C LacY.
Unquenching of bimane-labeled Cys262 in LacY results from separation of the
fluorophore from Trp29 when the periplasmic cavity opens. Linear concen-

tration dependence of the rates yields an estimated ko, =036 =001 yM 57"



phosphdlipids). The Nb-enceding ORFs were amplified from total lymphocyte
RMA and subcloned into the phage dsplay/expression vector pMESyd. After
one round of panning, cear enrichment was seen for the LacY double-Trp
mutant. Ninety-two individual colonies were randomly picked, and the Nbs were
produced as soluble His- and Capture Select C-tagged proteins (MW 12-15 kDa)
in the periplasm of E. coli. Testing for specific binding to both the G46WIG262W
mutant and WT LacY (with the fucose transporter as a negative control) resulted
in 31 families with the highest signals with mutant G46W/G262W mmpared
with WT LacY. All selections and sareenings were done in the absence of sugar.
Inducible periplasmic expression of Nbs in E. coli WK6 produces milligram
guantities of =95% pure nancbedy using immobilized metal ion affinity chro-
mategraphy (Talon resin) from the periplasmic extract of a 1-L bacterial aulture.
Purified nanobodies (2-10 mg/mL) in 100 mM potassium phosphate (KP;, pH 7.5)
were frozen in liquid nitrogen and stored at —80 °C before use.

Transport Measurements. RSO vesides for transport assay were prepared from
E. coli T184 harboring plasmid pT7-5 encoding WT LacY as described in S
Methods. The effect of the Nbs on lactose transport was measured after pre-
incubation of vesicles (0.5 mg of total membrane protein) with 80 pg of each
Nb (at ~5:1 molar ratio of Nb:LacY) in 100 mM KP/10 mM Mg50, (pH 7.2) for
20 min. Lactose transport was assayed with 0.4 mM ["*Cllactose (10 mCifmmol)
in the same buffer at room temperature (see 5/ Methods for details).

Fluorescence Measurements. Stopped-flow measurements were performed at
25 °C on a SFM-300 rapid kinetic system eguipped with a TG50/10 cuvette
(dead-time 1.2 ms), and MOS-450 spectroflucrimeter (Bio-Logic). NPG binding
was measured as Trp151—+NPG FRET at excitation 295 nm with emission in-
terference filters (Edmund Optics) at 340 nm. LacY/Nb complexes were formed
by preincubation of purified LacY (20-30 pM) with 12 molar excess of each Nb
in 50 mM NaPy0.02% DDM, pH 7.5 for 10 min at room temperature. Stopped-
flow traces were recorded at final concentration 0.5-0.8 pM of LacY after

Saier MH, Ir (2000) Families of transmembrane sugar fransport proteins. Mol Micro-
biol 35(4):699-710.

. Guan L, Kaback HR (2006) Lessons from lactose permease. Annu Rev Biophys Biomol
Struct 35:67-91.

Madej MG, Kaback HR (2014) The life and times of Lac permease: Crystals ain't
enough, but they certainly do help. Membrane Transporter Function: To Structure
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mixing with NPG. In displacement experiments LacYMNb complex was pre-
incubated with NPG and then mixed with 15 mM TDG in stopped-flow. Mea-
surements with purified protein in DDM were done in 50 mM NaPy/0.02% DDM
(pH 7.5). Experiments with PLs were carried out in 50 mM NaP; (pH 7.5). To
dissclve PLs, DDM was added to a final concentration of 03%, and after 10 min,
the samples were used in stopped-flow experiments. Typially, 10-30 traces were
recorded for each datapoint, averaged and fitted with an exponential equation
using the builtin Bio-Kine32 software package or by using Sigmaplot 10 (Systat
Software). Galculated SDs were within 10% for each presented datapoint. All
given cencentrations were final after mixing unless stated otherwise.

Rates of Nbs binding to LacY were measured as Trp-induced quenching
of bimanedabeled LacY. Stopped-flow traces were recorded at an excitation
wavelength of 380 nm with emission at 441-515 nm using cut-off filters
(Edmund Optics).

Steady-state fluorescence emission spectra were measured at room tem-
perature on aSPEX Fluorolog 3 spectroflucrometer (Edison) in 2.5 mL cuvette
(1 x 1 cm) as previously described (15) with excitation at 380 nm (for
bimane), and 650 nm ({for ATTOBS5). Time courses were recorded at exci-
tation/emission wavelengths 380/465 nm and 660/677 nm for bimane- and
ATTOB55-labeled protein, respectively.

Homology Modeling of Nb Structures. Modeling of the 3D structuresofthe Nbs
was carried out on SWISS-Model web-based server (40, 41) using the X-ray
structure of gelsolin nancbody (PDB ID code 2X1P) as a template, which has
~70% sequence identity with LacY-derived nanobodies.
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Abstract Lactose permease of Escherichia coli (LacY) is
highly dynamic, and sugar binding causes closing of a large
inward-facing cavity with opening of a wide outward-fac-
ing hydrophilic cavity. Therefore, lactose/H™ sympaort via
Lac very likely involves a global conformational change
that allows alternating access of single sugar- and
H'-binding sites to either side of the membrane. Here, in
honor of Stephan H. White's seventieth hirthday, we review
in camera the various biochemical/biophysical approaches
that provide experimental evidence for the altemating
access mechanism.
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Introduction

The lactose permease of Escherichia coli (LacY), which
catalyzes the coupled symport of a galactopyranoside and
an H', is a paradigm for the major facilitator superfamily
(MFS) of membrane transport proteins. LacY has been
solubilized, purified and reconstituted into proteoliposomes
in a fully functional state (reviewed in Viitanen et al.
1986). Furthermore, X-ray crystal structures of the con-
formationally restricted mutant Cysl1 54 —Gly have been
solved in an inward-facing conformation (Abramson et al.
2003; Mirza et al. 2006), and the crystal structure of wild-
type LacY exhibits the same conformation (Guan and
Kahack 2006; Guan et al. 2007). Both structures have 12
ransmembrane a-helices, most of which are shaped
irregularly. organized into two pseudosymmetrical six-
helix bundles swrrounding a large interior hydrophilic
cavity open to the cytoplasm only (Fig. 1). The sugar-
binding site and the residues involved in H' translocation
are at the approximate middle of the molecule at the apex
of the hydrophilic cavity and distributed so that the side
chains important for sugar recognition are predominantly
in the N-terminal helix bundle and the side chains that form
an H'-binding site are mainly in the C-terminal bundle
(Smirnova et al. 2009b). The periplasmic side of LacY is
tightly packed. and the sugar-binding site is inaccessible
from that side of the molecule. A similar structure has been
observed for the X-ray structure of GIpT, which has little or
no sequence homology with LacY and catalyzes exchange
of inorganic phosphate for glycerol-3-P across the mem-
brane (Huang et al. 2003).

Wild-type LacY is highly dynamic. H/D exchange of
backbone amide protons in wild-type LacY occurs at rapid
rate (ke Coutre et al. 1998; Patzlaff et al. 1998; Sayeed and
Baenziger 2009), and sugar binding by wild-type LacY is




Fig. 1 Overall structure of LacY. a Ribbon representation of LacY viewed parallel to the membrane. b Ribbon representation of LacY viewed
along the membrane normal from the cytoplasmic side. TDG is represented as black spheres

mostly entropic (Nie et al. 2006). inducing widespread
conformational changes (reviewed in Guan and Kaback
2006; Kaback 2005; Kaback et al. 2001). More specifically,
site-directed alkylation (reviewed in Kaback et al. 2007;
Nie et al. 2007, 2008; Nie and Kaback 2010), single mol-
ecule fluorescence resonance energy transfer (Majumdar
et al. 2007). double electron-electron resonance (Smirnova
et al. 2007), site-directed cross-linking (Zhou et al. 2008)
and Trp-quenching studies (Smirnova et al. 2009a) each
provide independent evidence that sugar binding increases
the open probability of a wide hydrophilic cleft on the
periplasmic side of LacY with closing of the cytoplasmic
cavity so that the sugar- and H'-binding sites become
altematively accessible to either side of the membrane (the
altemating access model). It has also been shown that the
periplasmic cleft must close, as well as open, for translo-
cation of sugar across the membrane to occur (Liu et al.
2010; Zhou et al. 2008, 2009).

Notably, in the conformationally restricted mutant
C154G LacY. sugar binding is enthalpic and the periplas-
mic cleft is paralyzed in an open conformation (Majumdar
et al. 2007; Nie et al. 2008; Smimova et al. 2007). How-
ever, all X-ray structures of LacY (C154G as well as wild-
type LacY) exhibit the same inward-facing conformation.
Therefore, it is likely that the crystallization process selects
a single conformer of Lac that is in the lowest free-energy
state.

A functional LacY molecule devoid of its eight native
Cys residues (C-less LacY) has been engineered by con-
structing a cassette lacY gene with unique restriction sites
about every 100 bp (van Iwaarden et al. 1991). Utilizing
this cassette lacY for Cys-scanning mutagenesis, a highly
useful library of molecules with a single-Cys residue at

virtually every position of LacY has been constructed
(Frillingos and Kaback 1996). Cys is average in bulk,
relatively hydrophobic and amenable to highly specific
modification. Therefore, Cys-scanning mutagenesis has
been used in combination with biochemical and biophysi-
cal techniques to reveal membrane topology. accessibility
of intramembrane positions to the aqueous or lipid phase of
the membrane and spatial proximity between transmem-
brane domains.

Here. the experimental approaches that provide a strong
case for the altemating access model are reviewed cursorily.

Site-Directed Alkylation

Site-directed alkylation (SDA) of sylfhydryl thiols by
radiolabeled N-ethylmaleimide (NEM) or fluorescent tet-
ramethylrhodamine-5-maleimide (TMRM), which are
membrane-permeant alkylating agents, has been used to
study the reactivity of single-Cys LacY mutants in the
C-less background in right-side-out (RSO) membrane ves-
icles. The approach provides important information about
the structure, function and dynamics of LacY (reviewed in
Guan and Kaback 2007). The reactivity/accessibility of Cys
residues depend on the surrounding environment and are
limited by close contacts between transmembrane helices
and/or the low dielectric of the environment. Ligand bind-
ing increases NEM reactivity of single-Cys replacements
located predominantly on the periplasmic side of LacY and
decreases reactivity of those located predominantly on the
cytoplasmic side (Guan and Kaback 2007). The pattern
suggests that during sugar transport a periplasmic pathway
opens with closing of the inward-facing cavity so that the




Fig. 2 Distribution of Cys replacements that exhibit changes in
reactivity with NEM in the presence of TDG. a Positions of Cys
replacements that exhibit a significant increase in reactivity with
NEM (gold spheres) superimposed on the backbone of LacY viewed
perpendicular to the plane of the membrane. TDG is shown as a CPK
model at the apex of the inward-facing cavity. b Pasitions of Cys

sugar-binding site is altematively accessible to either side of
the membrane (Fig. 2).

Most recently, the simple, more facile alkylation method
with TMRM (Nie et al. 2007, 2008, 2009) was utilized to
examine the effect of sugar binding on alkylation of single-
Cys LacY mutants either in RSO membrane vesicles or
with purified proteins in dodecyl-ff.p-maltopyranoside
(DDM) micelles (Nie and Kaback 2010). Experiments
were cammied out at 0°C, where thermal motion is restricted
(Venkatesan and Kaback 1998; Venkatesan et al. 2000a,
2000b), and linear rates of labeling were readily obtained
(Fig. 3). TMRM labeling is almost negligible, with LacY
containing each of five single-Cys residues at positions on
the periplasmic side of the sugar-binding site in RSO
membrane vesicles or with purified protein in DDM
micelles. Therefore, each of these single-Cys replacements
is unreactive and/or inaccessible to the alkylating agent.
The observations are consistent with the interpretation that
LacY inthe native bacterial membrane is in a conformation
similar to that of the X-ray crystal structures in the absence
of ligand. The periplasmic side is tightly closed, and an
open cavity is present facing the cytoplasm (the inward-
facing conformation) (Abramson et al. 2003; Guan et al.
2007; Mirza et al. 2006).

As postulated by the altemating access model, on the
cytoplasmic side of the sugar-binding site, eachof five single-
Cys replacement mutants labels at arapid rate in the absence
of sugar both in RSO membrane vesicles and with purified
protein in DDM. Moreover, the tight-binding lactose homo-
logue fi-D-galactopyranosyl 1-thio-f#.n-galactopyranoside

replacements that exhibit a significant decrease in reactivity with
NEM (blue spheres) superimposed on the hackbone of LacY viewed
perpendicular to the plane of the membrane. The cytoplasmic surface
is at the rop, and TDG is shown as a CPK model at the apex of the
inward-facing cavity (Color figure online)

(TDG) decreases the rate of TMRM labeling either in the
membrane or with purified protein in DDM (Fig. 3: Table 1).
The findings agree with a variety of other measurements (see
below) showing that sugar binding induces closing of the
cytoplasmic cavity and reduced reactivity/accessibility to
alkylating agents.

The average increase in periplasmic TMRM labeling
observed in the presence of TDG in RSO vesicles is
~10-fold, and the average cytoplasmic decrease in the
presence of TDG is very similar (approximately ninefold)
(Table 1). With purified single-Cys proteins in DDM, the
comparable averages are approximately sixfold and
approximately fivefold. Thus, the change in TMRM
labeling induced by sugar on opposite faces of LacY
appears to be about the same in RSO vesicles or with the
purified single-Cys mutants in DDM. Therefore, the data
provide further evidence not only that sugar binding
markedly increases the open probability on the periplasmic
side but that sugar binding also increases the probability of
closing on the inside, the implication being that opening
and closing may be reciprocal. However, reciprocity may
not be obligatory as evidence has been presented showing
that the periplasmic pathway is fixed in an open confor-
mation in the C154G mutant, while the cytoplasmic cavity
is able to close and open (Majumdar et al. 2007; Nie et al.
2008; Smirnova et al. 2007). It has also been demonstrated
(Liu et al. 2010) that replacement of Asp68 with Glu at the
cytoplasmic end of helix IT blocks sugar-induced opening
of the periplasmic cleft but has little or no effect on closing
of the cytoplasmic cavity.
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Fig. 3 TMRM labeling of cytoplasmic (tgp) or periplasmic (botrom)
single-Cys mutants in RSO membrane vesicles or as purified proteins
in DDM. Labeling of cytoplasmic single-Cys LacY mutants Q60C,
S67C. A279C, L329C and V331C or periplasmic single-Cys LacY
mutants Q31C, K42C, D44C, Q242C and N245C was performed with
40 uM TMRM (RSO membrane vesicles) or 4 yM TMRM (with
punfied proteins in DDM) for given times at (°C in the ahsence of

Although the sugar-induced changes in the global con-
formation of LacY are qualitatively similar in RSO mem-
brane vesicles and with the purified mutants in DDM, it is
notable that the magnitude of the effects is somewhat
smaller with the purified mutant proteins (Table 1). Thus,
the increases and decreases in TMRM labeling observed
with the purified proteins upon addition of TDG are on
average ~60% of those observed with RSO membrane
vesicles. However, this is not surprising since it is known
that a lipid bilayer (le Coutre et al. 1997) as well as its
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TDG (—TDG: blue diamond) or preincubated for 10 min with TDG
prior to addition of TMRM (4 TDG: pink square). Relative TMRM
labeling rates were calculated as described (Nie and Kaback 2010):
the data are plotted relative to the 20-s points in the absence (tap) or
presence (bortom) of TDG. For SDS/PAGE gels, upper gel displays
the results of TMRM labeling and botram is the silver-stained protein
sample (Color figure online)

composition (Bogdanov et al. 2002) are important con-
straints on the structure of LacY.

Single-Molecule Fluorescence (Forster) Resonance
Energy Transfer

Single-molecule fluorescence (Forster) resonance energy
transfer (sm-FRET) has also been used to test the alter-
nating access model with wild-type LacY and mutant




Table 1 TDG changes the rate of TMRM labeling of single-Cys mutants

LacY mutant Helix Fold change in TMRM Fold change in TMRM
labeling in RSO vesicles labeling in DDM

Periplasmic

P31C 1 13.6 8.9

K42C 1] 85 59

D44C 1 82 6.2

Q242C 1] 52 32

N245C v 149 6.9
Cytoplasmic

Q60C 1] =72 -38

S67C 1] —14.7 —83

A279C IX —13.1 -39

L329C X -26 3.0

V3iiic X 5.1 —4.3

Rates of TMRM labeling were obtained from the time courses shown in Fig. 3 as described (Nie and Kaback 2010). For each mutant, the ratio of
the estimated initial rate of TMRM labeling in the presence of TDG relative to that observed in the absence of TDG was calculated. Positive
numbers indicate an increase in the relative labeling mte due to addition of TDG (penplasmic) and negative numbers indicate a decrease in the
relative labeling mate due to addition of TDG (cytoplasmic)

Fig. 4 Ligand-induced effects
on the FRET distribution E* at
the cytoplasmic side of LacY
(R73C/S401C, helices Il and
XII) or at the periplasmic side of
LacY (1164C/S375C, helices V
and XI). Tgp LacY backbone
with donor (magenta) and
acceptor fluorophares on the
cytoplasmic or periplasmic side
as indicated. Bortom

a Frequency vs. E* histogr
carresponding to wild-type (a,
¢) and C154G mutant (b,

d) LacY. Measurements for
each construct were obtained in
the absence of sugar (gray) and
in the presence of 1 mM
(saturating) galactosidic sugar
concentration (red) or | mM
glucosidic sugar (blue) (Nie

et al. 2007). High E* indicates
high smFRET (i.e., closer
distance between the
fluorophores): low E* indicates
low smFRET (i.e., further
distance) (Color figure online)
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Fig. 5 Top Disulfide-linked
nitroxide chains are modeled on
the LacY X-ray structure (PDB
ID 1PV6, ruinbow-colored
nbbons from blue [helix [] to
red [helix XIIJ) with the cavity
open to the cytoplasmic side,
Nitroxides attached to the
hackbone of the protein are
shown as balls and sticks.
Interspin distances used for
measurements are shown as
dashed lines. Cytoplasmic pairs
are viewed from the side (a) and
from cytoplasm (b). Periplasmic
pairs are viewed from the side
(a) and from periplasm (c).
Structure of the nitroxide side
chain attached to the protein

with indicated dihedral angles
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C154G in collaboration with Devdoot Majumdar and
Shimon Weiss (Majumdar et al. 2007). Pairs of Cys res-
idues at the ends of two helices on the cytoplasmic or
periplasmic side of wild-type LacY and the mutant were
labeled with appropriate donor and acceptor fluorophores,
sm-FRET was determined in the absence and presence of
sugar and distance changes were calculated. With wild-
type LacY, binding of a galactopyranoside, but not a
glucopyranoside, results in a decrease in distance on the

W »n e

Inter-spin distance A

cytoplasmic side and an increase in distance and in dis-
tance distribution on the periplasmic side (Fig. 4). In
contrast, with the mutant, more pronounced decreases in
distance and in distance distribution are observed on the
cytoplasmic side but there is no change on the periplas-
mic side (Fig.4). The results are consistent with the
altemating access model and indicate that the transloca-
tion defect in the mutant is due to paralysis in the out-
ward-facing conformation.




Double Electron-Electron Resonance

Double electron-electron resonance (DEER), a site-direc-
ted spin labeling technique, was applied to measure in-
terhelical distance changes induced by sugar binding in
collaboration with Christian Altenbach and Wayne Hubbell
(Smirnova et al. 2007). Nitroxide-labeled paired-Cys
replacements were constructed at the ends of transmem-
brane helices on the cytoplasmic or periplasmic side of
LacY and in the conformationally restricted mutant C154G
(Fig. 5a-d). Distances were then determined in the pres-
ence of galactosidic or nongalactosidic sugars (Fig. Se, f).
Strikingly. specific binding causes conformational rear-
rangements on both sides of the molecule. On the cyto-
plasmic side, each of six nitroxide-labeled pairs exhibits
decreased interspin distances, ranging 4-21 A. Conversely,
on the periplasmic side, each of three spin-labeled pairs
shows increased distances, ranging 4-14 A. Thus, the
inward-facing cytoplasmic cavity closes and a cavity opens
on the tightly packed periplasmic side. In the C154G

mutant, sugar-induced closing is observed on the cyto-
plasmic face but little or no change occurs on periplasmic
side. DEER measurements in conjunction with molecular
modeling based on the X-ray structure provide strong
support for the alternative access model and suggest a
structure for the outward-facing conformation of LacY.

Site-Directed Cross-Linking

As discussed. the residues essential for sugar recognition
and H" translocation are located at the apex of the cavity
and are inaccessible from the outside. On the periplasmic
side, helices I/Il and VII from the N and C six-helix bun-
dles, respectively, participate in sealing the cavity from the
outside. Three paired double-Cys mutants—Iled40 — Cys/
Asn245 — Cys,  Thrd45 — Cys/Asn245 — Cys  and
Ne32 — Cys/Asn245 — Cys—Ilocated in the interface
between helices I/IT and VII on the periplasmic side of
LacY were constructed with tandem factor Xa protease

A B Cross-linkers Distance (approximate)
£ MTS.3.MTS "".E"W‘i“ SA
5 MTS-6-MTS ‘iWV\&- A
3 MTS-8-02-MTS ..-}.-‘N\».N‘-""-m A
£ MTS-11-03-MTS s -}.\N\ANW_:.\-« 15 A
£ MTS-14-04-MTS u-infvv*..fvv-s/\,--!n A
5 ml’-OS-MTSNI';,‘u’VV\NV\N\/\"i_\- 2t A
7.NDM E:--8_> 124
c D
HOC/N24SC D D ) a0 glzo
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\;‘5\—“ PITWO D 3 e
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Fig. 6 a Structure model of LacY (PDB ID 2V8 N). Residues [le32
thelix ), He40 (loop /1) and ThrS (helix II) are presented as dark
blue spheres, and residue N245 (helix VI is presented as a red
sphere. The N-terminal four helices (Ny) and the C-terminal helices
(Cy) are shown in blue and red. respectively, and separated by tandem
factor Xa protease sites (left side, green). as indicated by the red
arrow. b Homohifunctional cross-link For MTSr

& L i

4 8 12 16 20
Length of X-linker (A)

the approximate S-S distances between bridging sulfur atoms in the
chains are as given by the manufacturer. The distance for NDM is
from Green et al. (2001). Cross-linking (¢) and lactose transport
(d) with mutant [40C/N245C. All experiments were performed with
RSO vesicles. /, MTS-3-MTS: 2, MTS6-MTS: 3, MTS-8-02-MTS:
4. MTS-11-03-MTS: 5, MTS-14-04-MTS: 6, MTS-17-05-MTS: 7,
NDM (Color figure online)




sites between the two Cys replacements (Fig. 6a) (Zhou
et al. 2008). After quantitative cross-linking with flexible
homo-bifunctional reagents less than about 15 Ain length,
all three mutants lose the ability to catalyze lactose trans-
port (Fig. 6b-d). Strikingly, however. full or partial activ-
ity is observed when cross-linking is mediated by flexible
reagents greater than about 15 Ain length. Moreover, 17 A
is the minimum required for maximum activity, a distance
very similar to that obtained from DEER (Smirnova et al.
2007). The results provide further support for the argument
that transport via LacY involves opening and closing of a
large periplasmic cavity.

Trp Quenching

Since Trp fluorescence is quenched by certain amino acyl
side chains such as a protonated His or amino group, Trp

Cytoplasmic side

residues were placed on either side of LacY where they are
predicted to be in close proximity to the imidazole side
chains of His in either the inward- or outward-facing
conformation (Fig. 7. top) (Smirnova et al. 2009a). In the
inward-facing conformation, LacY is tightly packed on the
periplasmic side and Trp residues placed at position 245
(helix VIT) or 378 (helix XII) are in close contact with
His35 (helix T) or Lys42 (helix I). respectively. Sugar
binding leads to unguenching of Trp fluorescence in both
mutants, a finding clearly consistent with opening of the
periplasmic cavity (Fig. 7a). The pH dependence of
Trp245 unquenching exhibits a pKa of ~8, typical for a
His side chain interacting with an aromatic group. On the
cytoplasmic side, Phel40 (helix V) and Phe334 (helix X)
are located on opposite sides of a wide open hydrophilic
cavity. In precisely the opposite fashion from the peri-
plasmic side, mutant Pheld40) — Trp/Phe334 — His
exhibits sugar-induced Trp quenching (Fig. 7b). Again,

8{51“ F334 Cytoplasmic pair
F140W = F334H
HV - HX
Periplasmic pairs
N245W - H3§
HVIL- HI
F378W — K42
HXH - HIl
Periplasmic side
A Perplasmic pair S B Cyloplasmic pair
¥
, 1 | Nadsw TDG

g TDG pH 6.0 '
=
@

: 3 | Frdome
8 Faa4u
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pH 65
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Fig. 7 Top Pairs of amino acid residues selected for Trp substitutions change resulting from sugar binding. The LacY structure is presented

are shown on the backbone structure of LacY. The F140-F334 pair
(helices V and X) on the cytoplasmic side is shown as green spheres.
The H35-N245 (helices I and VII) and K42-F378 (helices ITand XII)
pairs on the periplasmic side are shown as cyan and pink spheres,
respectively. A side view of the overall structure in the inward-facing
conformation (PDB ID 2CHQ) is shown on the left, and the structure in
the outwand-facing conformation modeled (Smirnova et al. 2007) is
shown on the right. Transmembrane helices are rainbow-colored from
blue (helix I) to red (helix XII). Arow indicates the conformational

using Pymol0.97 (DeLano Scientific, San Carlos, CA). aTDG effecton
fluorescence of Trp introduced on the periplasmic side. Sequential
additions of 6 pl of buffer (apen arrow) and 6-pl aliquots of 1.8 M TDG
(black arrows) to the mutant W151Y/N245 W at pH 6.0 (rrace ) orat
pH 9.0 (trace 2) and to the control mutant WIS1Y at pH 6.0 (trace 3).
b TDG effect on Trp fluorescence of cytoplasmic pair F140 W-F334H
atpH 5.5 (rrace 1), pH 8.5 (trace 2) and pH 9.0 (frace 3). Additions of
20 pl of buffer (apen arrows) or 20 pl of 1.5 M TDG (black arrows)
were made into 2 ml of protein solutions (Color figure online)




quenching is pH-dependent with a pKa of ~ 8. The results
provide yet another strong, independent line of evidence for
the altemating access mechanism and demonstrate that the
methodology described provides a sensitive probe to measure
conformational changes in membrane transport proteins.
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This protocol describes a detailed method to study the static and dynamic features of membrane proteins, as well as solvent
accessibility, by utilizing the lactose permease of Escherichia coli (LacY) as a model. The method relies on the use of functional

single-Cys mutants, an affinity tag and a Phospholmager. The b permeant, radioactive thiol reagent N-[ethyl-1-1C] ethylmaleimide
([*CINEM) is used to detect site-directed alkylation of eng d single-Cys in situ. The solvent accessibility of the
Cys residues is also determined by blockage of [1*C]NEM labeling with b imp thiol reag such as

methanethiosulfonate ethylsulfonate (MTSES). The labeled proteins are purified by mini-scale affinity chromatography and analyzed
by gel electrophoresis. Gels are dried and exposed to a Phospholmager screen for 1-5 d, and incorporation of radioactivity is

visualized. Initial results can be obtained in 24 h.

INTRODUCTION
Chemical modification is a simple, useful approach to study
membrane protein structure and function. Among amino acids,
Cys is average in steric bulk, relatively hydrophobic and amenable
to highly specific modification. Cys-scanning mutagenesis takes
advantage of these unique features of Cys combined with site-
directed mutagenesis'”. In order to optimize the approach, it
may be necessary to construct a nonreactive or Cys-less mutant
without inactivating the protein. On a functional Cys-less back-
ground, by systematically mutating each residue to Cys, a library of
single Cys-mutant & generated, and the functional role of each
position can be assessed by testing activity. A further advantage
of the apprach is that it enables studies of modification by
Cys-specific reagents.

Site-directed sulfhydryl modification of single-Cys mutants
in situ with radioactive N-ethylmaleimide (NEM) has been parti-
cularly useful for studying both static and dynamic features of the
lactose permease of Escherichia coli (LacY ). In this protocol, LacY
is used as a prototype*®. Alkylation with NEM is a measure of the
reactivity and/or accessibility of a given Cys residue to this small,
relatively hydrophobic, membrane-permeant thiol-specific reagent.
Reactivity and/or accessibility are dependent primariy on the
environment in the vicinity of a given Cys side chain and limited
by close tertiary con between transmembrane helices and steric
constraints of the lipid bilayer. Any change
in reactivity of a Cys side chain upon sub-
strate binding is indicative of an alteration
in the local environment. Hence, determi-
nation of the reactivity of Cys replacement
mutants with N-[ethyl- 1-'4C]ethylmalei-
mide ([MC]NEM) is a convenient way to
assess the local environment of specific
positions within the tertiary structure of
the protein. Furthermore, in situ site-specific
reaction with methanethiosulfonate ethyl-
sulfonate (MTSES), a small hydrophilic,
membrane-impermeant thiol reagent®”,
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can be utilized to study the accessibility of Cys resdues to the
aqueous milieu. Cys-scanning mutagenesis and site-directed sulf-
hydryl modification systematically applied to LacY has provided
enormously valuable information with regard to structure, func-
tion and dynamics®*>%,

Here, we describe a simple, easy-to-handle protocol for measur-
ing the reactivity of single-Cys mutants with various thiol reagents.
Application allows (Figs. 1 and 2) (i) assessment of Cys reactivity
with NEM under various conditions (e.g., absence or presence of
ligand andfor an electrochemical proton gradient, temperature)
(Figs. 1a and 2a) and (ii) assessment of Cys reactivity with other
nonradioactive thiol reagents by measuring blockade of radioactive
NEM labding (Figs. 1b and 2b). Once Cys reacts with other thiol
reagents, it cannot react with ['*C]NEM. One such application
includes the use of impermeant MTSES®™ to study solvent
accessibility; (iii) another application is estimation of apparent
binding constants for a ligand by measuring ligand protection
against alkylation with [MCINEM!®! (Fig. 1c), which will not be
described here. In principle, NEM labeling and solvent accessibility
approaches can be applied to identify residues buried in the core of
a soluble protein by carrying out the analyses in the native or
denatured condition. Furthermore, it is also useful for identifying
positions located in the protein-protein interface of a protein

Figure 1 | Diagram for the application of N-ethylmaleimide (NEM) labeling. [ “C]NEM, N-[ethyl-1-
14C]ethylmaleimide; SDS-PAGE, SDS-polyacrylamide gel electrophoresis.
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a Alkylation with NEM b Blockads of alkylation of Cys against NEM with MTSES
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Figure 2 | Diagram for the strategy of testing solvent accessibility of Cys. (a) Chemical reaction of ) ’r.bng
the ! t N-eth (NEM) with Cys. (b) Detection of the reaction of the Protein§-5-GH.CH,S0 Ma® o N, 0
membrane-impermeant methanethiosulfonate ethylsulfonate (MTSES). When Cys residue partly reacts
with MTSES, the Cys will be detected by N-[ethyl-1-“Clethylmaleimide (['“CJNEM). prosin
complex by studying the effect of chemical modification on  purification kits. Here, we describe a protocol for purifying LacY

protein-protein interactions, solvent accessibility, as well as the
protection against the alkylation of Cys residues.

Limitations of this particular protocol indude requirement for
radioactive NEM, use of an affinity tag fused to the target protein
and a target protein containing only a single reactive Cys residue.
Several affinity tags can be used to purify the target protein,
examples being a His-tag on the target protein and metal affinity
chromatography or other commercially available tags and protein

containing a biotin acceptor domain at the C terminus by avidin
chromatography'>'%,

It is important that the membrane permeability of the thiol
reagent be tested in each system. In E. coli, NEM and MTSES are
demonstrated to be permeant and impermeant, respectively,
by analyzing labeling of cytoplasmic proteins®. It is also highly
noteworthy that alternative methods with fluorescent thiol reactive
reagents have been utilized'+16,

MATERIALS

REAGENTS

- [C|NEM, 1.3 GBq mmol™! (34.20 mCi mmol™) 0.5 ml Pentane {DuPont
NEN, Boston, MA) ! CAUTION Pentane is volatile and irritant. It is harmful by
inhalation, ingestion or skin al ! CAUTION All 1 that involve
the use of [*C]NEM mus be carried out following radiation safety guidelines.

» MTSES (Toronto Research Chemicals, Toronto, Ontario, Canada)

- Right-side out (RS0) membrane vesicles containing the target protan with
an affinity tag can be prepared as described previously!”%

= 100 mM potassium phosphate (KP;) or sodium phosphate (NaP;), (pH 7.5)

- 100 mM KP; (pH 7.5)/10 mM magnesium sulfate (MgSOy)

- 10% Dodecyl- fi-p-maltopyranoside (DDM; Anatrace, cat. no. D310A)
A CRITICAL Use NaP; because KP; will predpitate with SDS.

+1 M DTT (Sigma-Aldrich, cat. no. D0632)

= Immobilized monomeric avidin gel (Pierce, cat. no. 20228) A CRITICAL
Further treatment with biotin is required, as described in the product
information package from the supplier, Pierce.

= Column wash buffer (see REAGENT SETUP)

- Elution buffer (see REAGENT SETUP)

= Sample loading buffer [SDS—polyacrylamide gel electrophoresis (SDS-PAGE)]
EQUIPMENT

= 15-ml conical glass tube ! CAUTION Do not use plastic tubes with pentane,
as this solvent may dissolve certain plastics.

PROCEDURE
Preparation of [2*C]NEM solution ® TIMING 1-2 h
1| Add 0.5 mLH;0 to a 15-ml conical glass tube.

- 1.5-ml conical screw cap tube with O-ring (VWR Scientific Products,
cat. no. 20170-110)

= Argon gas

- Gel dryer (SpeedFel; Savant, cat. no. SG210D)

= Gel blot paper (Scheicher & Schuell, cat. no. BC 013)

- White light box

- Storage phosphor screen and exposure cassette (Molecular
Drynamics)

» Kodak intensifying screen cleaner (Kodak, cat. no. 1064930)

- EL Mylar (Fralock, cat. no. F430052404, 0005 inch, § x 10}

= Phospholmager

=80 °C Freezr

- 3-ml Syringe barrels

= DNA miniprep column

= Vacuum manifold (Promega, cat. no. A7231) (Fig. 3)

- Microfuge

- Eppendorf tube

= Vertical electrophoresis apparatus

REAGENT SETUP

Column wash buffer 50 mM NaP; (pH 74)/0.1 M NaCli0.02 % DDM
Elution buffer 5 mM Biotin in the column wash buffer give n above; adjust
to pH 75.

2| Tap the vial containing the [*“CINEM solution on the bench top to force the reagent to the bottom of the vial.

3| Place vial containing [**C]NEM on ice, in order to avoid pressure built-up, and file the top of the vial.

4| Ina hood, break glass manually wearing gloves and using a kimwipe.
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5| Immediately transfer the vial content to the 15-ml conical
tube into the 0.5 ml Hz0 (see Step 1) and mix on vortex
immediately to avoid evaporation. Mark the interface of the
two immiscible solvents.

6| Bubble the two-layer mixture gently with argon to evapo-
rate the upper pentane layer (on completion, only one phase
will be observed after mixing).

7| Aliquot the solution from Step 6 to a 1.5-ml conical screw
cap tube with an O-ring screw top.

B PAUSE POINT Store at —80°C until use. The NEM solution
should be stable for at least a few months.

Preparation of membrane vesicle suspension ® TIMING
20 min

8| Place 50 pl of RSO membrane vesicles at a concentration
of 20 mg protgin ml-! (apprmdmatgly 0.1 mg of the target Figure 3 | Illustration of mini-scale purification using a vacuum manifold.
protein) in 100 mM KP; (pH 7.5)/10 mM MgS0; in a 1.5-ml

Eppendorf tube. The protein concentration can be estimated by the measurement at 0Dgo0. To obtain an accurate measurement,
vesicles must be diluted to a lower concentration (less than 1.0 at 0Dgqp). An 0Dgpg of 1 corresponds to approximately 1 mg
protein ml-1.

Blockade of [14C]NEM labeling with MTSES @ T1MING

1-2 h (optional)

9| Add to the vesicle suspension MTSES to a final concentration of 0.2 mM, and incubate for 5 min in the absence or presence
of ligand, (see Figs. 1b and 2b). Stop reaction by dilution with 1.4 mlice-cold 100 mM KP; (pH 7.5)/10 mM MgS0, and
centrifuge to remove excess reagents.

10| Wash another two times with 1.4 mlice-cold 100 mM KP; (pH 7.5)/10 mM MgSO0; to remove the remaining MTSES
(Fig. 2b).
11| Resuspend vesicles in 50 pl of 100 mM KP; (pH 7.5)/10 mM MgSO0;.

12| For those samples to which a ligand had been added before the addition of MTSES (see Step 9), add the same concentration
of ligand back to the samples.

[14C]NEM labeling ® TIMING Approximately 30 min to 2h
13| To the Eppendorf tube, add 12 pl aqueous solution of [*4CJNEM from Step 7 to a final concentration of 0.5 mM, and start
the timer.

14| At the appropriate time, add 1 pl of 1.0 M DTT to quench the reaction, mix on vortex and immediately place on ice. Time
of labeling may vary with different membrane proteins or with different single-Cys mutants in the same protein. With LacY,
labeling for 10 min may represent a rate of reaction for most positions?>1%. When testing solvent accessibility (see Steps 9-12),
the incubation time for [14C]NEM labeling should be prolonged to 30-60 min.

Purification of biotinylated protein @ TIMING Approximately 30 min
15| Following reaction quenching with DTT, add 40 ul 100 mM KP; or NaP; (pH 7.5) to the suspension.

16| Add 25 pl 10% DDM to a final concentration of 2%.

A CRITICAL STEP Type of detergent and its concentration must be tested for each individual membrane protein. To obtain this
information, a wide range of detergents must be screened in order to find those that solubilize the target membrane protein and
maintain its stability in solution. This can be achieved by ultracentrifugation of the sample after addition of a given detergent and
carrying out a westemn blot on the supernatant.

17| Mix by flicking the tube several times. The sample should clear immediately.
18| Add 40 plimmobilized monomeric avidin gel and mix by flicking the tube several times.

19| Incubate on a rotating platform at room temperature ( ~20 °C) for 5 min or at 4 "C for 30 min.
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20| Place a Promega wizard column or any other DNA miniprep column on a vacuum manifold and prepare 3-ml syringe
barrels (Fig. 3).

21| Spin down the sample, resuspend avidin gel with pipette tips and apply the sample to the column.
22| Turn on manifold just long enough to drain fluid.

23| Rinse sample tube with column wash buffer, apply to column and turn on the manifold briefly to drain the mixture.
A CRITICAL STEP Column wash buffer must have the detergent to avoid the aggregation of protein.

24| Attach syringe barrel to column.

25| Wash column with 6 ml column wash buffer.

26| Turn off manifold as soon as buffer is depleted.

27| Remove syringe barrel.

28| Place the column to a 1.5-ml Eppendorf tube.

29| Add 50 pl of 5 mM biotin in column wash buffer to top of column.

30| Wait for 2 min.

31| Spin at 12,000 r.p.m. for 20 s. Discard the columns in radioactive trash bin.
32| Purified protein samples in the Eppendorf tube are ready for analysis.

Separation and analysis of [Y“CINEM-modified LacY ® TIMING 3-4 h

33| To the protein sample from Step 32 add 5 pl 10« SDS-PAGE sample loading buffer. Load two aliguots of 5 or 50 pl of the
resulting solution onto two different 12% SDS-PAGE gels without heating the samples. Load protein markers to each gel.

A CRITICAL STEP Do not heat sample; heating causes aggregation of hydrophobic membrane proteins.

34| Run electrophoresis of the two gels at 20 mA and stop electrophoresis before the blue bands reach bottom (approximately
1-2 h).

35| Use one gel for western blot to detect the loaded protein. This works as an intemal control.
36| Place the other gel onto gel blot paper, put onto Gel Dryer, covering gel with Saran wrap.
37| Dry gel at 80 °C for 1 h.

38| During this time, clean storage phosphor screen with Kodak intensifying screen cleaner and a soft cotton cloth. Erase the
storage phosphor screen by placing facedown onto a light box until use (expose for approximately 1 h).
¥ CAUTION Carefully treat the storage phosphor screen as glass.

39| Trim the gel blot paper around the gel and tape the gel down to an exposure cassette.
40| Cover gel with a sheet of EL Mylar.

41| Expose by placing the blank storage phosphor screen directly onto the exposure cassette, lock the cassette and be sure
that there is no exposure of the screen to light.

42| Label the exposure cassette with date, and store it flatly in a bench drawer at a room temperature.
B PAUSE POINT Exposure usually takes 1-5 d.

Scan with Phospholmager @ TIMING 1=5d

43| On the second day, scan the storage phosphor screen in Phospholmager. Density of the band at the position comesponding
to that of target protein represents [*“C]NEM-labeled protein. Save image as a ‘tiff’ file to be displayed through Adobe
Photoshop software. This is the day-1 result, which should provide useful information to adjust the exposure time to obtain a
high quality image. Intensity of the protein band is linear over a wide dynamic range. If the signal is weak, you need a longer
exposure by simply erasing the image and exposing it again as described next.

44| Repeat Steps 38, 41 and 42. On the fifth day or the days after it, scan the storage phosphor screen in PhosphoImager to
obtain a new image. If the image is still too weak, erase it and perform the exposure for a longer time.
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45| When finished, discard gel in radioactive trash bin.

46| Clean the storage phosphor screen as described in Step 38 so that it is ready for further use, and retumn the screen to the
exposure cassette.
? TROUBLESHOOTING

@ TIMING

Cast SDS-PAGE: 2 h

Steps 1-7, preparation of [**C]NEM solution: 1-2 h

Step 8, preparation of membrane vesicles suspension: 20 min

Steps 9-12, MTSES labeling: 1-2 h

Steps 13 and 14, [*“C]NEM labeling: approximately 30 min to 2h

Steps 15-32, purification of biotinylated protein: approximately 30 min
Steps 33-42, separation and analysis of [14C]-NEM-modified LacY: 3-4 h
Steps 43-46, exposure: 1-5 d or longer

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.

TABLE 1 | Troubleshooting table.

Problem Possible reason Solution
No protein band is present as probed with 1. Immobilized monomeric avidin gel was 1. Treat immaobilized monomeric avidin gel with
western blot and no radicactive band is not pretreated with biotin 3 mM biotin using a packed column; do not use
visible the batch method

2. Elution buffer did not contain biatin 2. Add biotin to elution buffer

3. Elution buffer did not contain the proper 3. Add detergent to elution buffer
concentration of detergent

4. The sample was heated before SDS-poly- 4. Make sure not to heat the sample before
acrylamide gel electrophoresis (SDS-PAGE) running SDS-PAGE

A weak protein band detected using the Low level of expression Increase level of membrane protein expression

PhosphoImager or expose the gel to the PhosphoImager for
longer

Problematic extraction of N-[ethyl-1- Pentane may react with certain plastic tubes  Use glass tubes

14¢ Jethylmaleimide from pentane

Partially exposed image of the labeled Cassette not closed completely ( partly Close the cassette tightly
protein band exposed to light)
Presence of superimposed images Failure to erase storage phosphor screen Clean well and expose the screen for Longer time

ANTICIPATED RESULTS

The reactivity of Cys residues with NEM as well as the effect of ligand can be easily visualized by comparing the density of
radioactive bands (Fig. 4a, upper panel). The total protein loaded, as visualized from western blot (Fig. 4a, lower panel) and
data collected from a positive and a negative control for protein labeling are needed for a correct interpretation of the results.
The following are examples for the interpretation of results as reported from studies on solvent accessibility of single-Cys
residues determined by blockade of NEM labeling with MTSES following the protocol described above (Fig. 4a). The position
studied is mapped in an x-ray crystal structure of LacY (Fig. 4b,c).

(1) L329( LacY*®. NEM labeling is nearly completely blocked by pretreatment with MTSES (compare lanes 1and 3), showing
that this Cys residue is highly accessible to solvent. The presence of the ligand B-o-galactopyranosyl 1-thio-fi-o-galactopyrano-
side (TDG) at a saturating concentration does not alter accessibility (compare lanes 1 and 3 to lanes 2 and 4). Consistently,
Lew?®? (helix X) is exposed to the hydrophilic cavity of LacY (Fig. 4b,c).

(2) Q60C LacY?. NEM labeling is blocked by MTSES (compare Lane 5 to lane 7), showing that Cys at pesition 60 is highly
accessible to solvent. In the presence of ligand, the side chain becomes less accessible to solvent, as shown by the decreased
effectiveness of MTSES as a blocking agent (compare lanes 7 and 8). GLn®? (helix II) is fully exposed to the hydrophilic cavity
(Fig. 4b,c).
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Figure 4 | Accessibility of single-Cys LacY mutants to methanethiosulfonate ethylsulfonate (MTSES) and effect of ligand. (a) Right-side out (RS0) membrane
wvesicles [approximately 1 mg proteinin 50 pl 100 mM KR (pH 7.5)/10 mM MqS0;] prepared from Escherichia coli T184 and transformed with plasmid encoding
the indicated single-Cys LacY were incubated without or with MTSES (0.2 mM final concentration) for 5 min at 25 °C in the absence or presence of fi-o-

galacto pyranasyl 1-thio-f-o- galact of ide (TOG), as indicated. Vesicles were washed two times with ice-cold buffer and resuspended in 50 pl of the

same buffer and TDG (10 mM final concentration) was added back to the samples initially treated with TDG. Samples were then treated with M- [ethyl-1-

Y Jethylmaleimide ([*“CINEM) (40 mG mmel™'; 0.5 mM final concentration) for 30 min at 25 °C. Reactions were quenched with DTT, and biotinylated LacY
was solubilized and purified as described in the protocol. Aliquots containing approximately 5 pg protein were separated by SDS/12% polyacrylamide gel
electrophoresis (PAGE). The gel was dried and exposed to a Phospholmager screen for 5-8 d. Incorporation of [ “CINEM {upper panel) was visualized and
quantitated by a Storm 860 PhosphoImager (Molecular Dynamics). A fraction of the protein (0.5 pg) eluted from avidin gel was analyzed by western

blotting with anti-(-terminal antibody (lower panel). (b) Mapping of the residues in the x-ray crystal structure of LacY (side view). (c) Cytoplasmic view.

Notably, Cys at positions 329 (native residue Leu) and 60 (native residue Gln) both are accessible to MTSES. Since these
positions are located on the cytoplasmic side of transmembrane helices and MTSES is membrane impermeant, the reactivity
observed may be due to conformational dynamics of LacY (i.e., exposure of positions lining the hydrophilic cavity).

(3) V315C Lac'?. Although the presence of ligand markedly increases NEM labeling (compare lanes 9 and 10), a Cys side
chain at position 315 is not accessible to MTSES (compare lanes 10 and 12), indicating lack of exposure to bulk solvent.
Val*1® (helix X) is located between helical X and VIL

(&) T45C LacY?. In the presence of ligand, an increase in NEM labeling is observed (compare lanes 13 and 14), and the side
chain is accessible to MTSES (compare lanes 14 and 16). Thr*® (helix II) is located between helical II, I and VIL
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