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ABSTRACT
Despite the ubiquitous role of ATP Binding Cassette (ABC) importers in nutrient uptake,

only the E. coli maltose and vitamin 8 ABC transporters have been structurally
characterized in multiple conformations relevant to the alternating access transport
mechanism. To complement our previous structure determination d.tkeli MetNI
methionine importepartnerin the inward facig conformation (Kadaba et abcience 321,
250253 2008, we have explored conditions stabilizing the outward facing conformation.
Using two variants, the Walker BI66Q mutation with ATP and EDTA to stabilize MetNI

in the ATRbound conformationand theN229A variant of the binding protein Met@
disrupt methionine bindings shown in this worka high affinity MetNIQ complex was
formed with a dissociation constant measured to be 27 nM. We then solved & 2.95
resolutioncrystal structure of the outwafédcing conformation of the MetNI transporter, in
complex with its binding protein, MetQ. The structure sheds light on how-tegulatory
domains regulate transport activity by rearrangement of a hydrogen bonding network
between their interfaces in twoffdrent conformationsStructure of the substrafeee
homologous MetQ fromN. meningitidesvas also resolved using thetblA mutation
(N238A). Superimposition of the substréteund, substratiree (homologous model) MetQ

and the binding protein MetQ in complex with its MetNI transporter (complexed MetQ)
reveals nexpected structural featuraisthecomplexed MetQ, indicatesdifferent substrate
delivery mechanism for the MetNI transporter. These structural insights, coupled with
thermodynamic binding constant amdvivo transport studies, support an unconventional

transport mechanism for tAgpe-| methionine ABC importer
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Key words:ABC transporter, methionine transporter, methidnimging protein, MetNl,

MetQ, L-methionine, transinhibition, outwdading conformation
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NOMENCLATURE
ABC ATP-Binding-Cassette
ADP Adenosine Diphosphate
AGS Adenosineg-phosphate
ATP Adenosine triphosphate
BN PAGE Blue-Native PolyAcryrilamide Gel Electrophoresis
EDTA (Ethylenedinitrilo)tetraacetic acid
GuHCI Guanidine HCI
ICP-MS Inductively Coupled Plasma Mass Spectrometry
Met Methionine
NBD Nucleotidebinding domain
SBP Substratebinding protein
SDS PAGE Sodium Dodecyl Sulfate
TCEP Tris(2-carboxyethyl)phosphine hydrochloride

TMD Transmembrane domain
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CHAPTER 1: INTRODUCTION
1.1.Introduction to ABC transporters and the E. coli methionine-ABC transporter

ATP-Binding-Cassette (ABC) transporters coose one of the largest protein
familiesandplay a variety of physiological rolesycluding thetransportof a diversity of
substratem all species from microls¢o humais '3, In microorganisms, ABC transporters
are crucial for nutrient uptakeéhe removal oftoxins, and antibiotic resistancé'. In
humars, many of the transporters are clinically relevant, such ascyséc fibrosis
transmembrane conductance regulator (CFhRhe development of cystic fibrosiand

themultidrug-resistance transporter;sgbycoprotein (Pgp)in cancer celburvival %45,

While studies on eukaryotic ABC transporters are still underwagny
fundamental pnciples of ABC transporterdiave beenderived from structal and
biochemical characterizationstbiir bacterialarchaeahomologs About5% of theE. coli
genome has been classifieceasodingABC transportergBlattner et al., 1997; Linton and
Higgins, 1998,Rees, Johnson, & Lewinson, 200Qur work focuses othe structural
characterization of a higaffinity methionineABC transport system froiascherichia coli
K-12. These proteins are highly conserved in bacteaizd are important for the infectivity
and survival of severddumanpathogens®(*; note: MetNI is misidentiéid in the first two

references).
1.2.Background

ABC transporters consist of four domains: two transmembrane domains (TMDs)
that form the translocation pathway, and two nucleabiteling domains (NBDs) that use

the energy from ATP binding and hydrolysis teef transport2612 ABC importers,



mostly found in prokaryotes, archaemd plants, require additional domaissich as
substratebinding domains located in the periplasm of Graggative bacteria or tethered

to the membrane in Grapuositive bacteria and archaea, to bind and deliver substrates to
their cognate transportgfdmes et al., 1992; Wilkinson and Verschueren, 2003; Berntsson

et al., 2010)

In generalthe ABC transportercycle utilizes amechanism called thalternating
access modéf that involves the interconversion of two distinct conformatiansnward
facing and outwarefacing conformationthat opens thdranslocation pathway to the

cytoplasm and periplasm, respectively.

Despite numerous biochemical and structural characterization reports on ABC
uptake system3418 only two nutrient uptake systems, the maltoséaks system,
MalFGKz, and the vitamin B uptake system, BtuCD, habeen studied extensivel§?°
These models were built on the structural determingatodrdifferent conformations of
MalFGK2 and BtuCD transporters during their transport cydfe¥22. Though both
transporters share the same overall alternating access model, structures of these
transporters in complex with their binding proteins hdemonstrated differences in the
details of theirtranspot mechanisms. For example, studies by Oldham and colleagues
highlight a unique préranslocation intermediate conformatiaiuring the maltose
transportcycle, where a liganded maltosending protein (MalE) first engages with an
inward facing conformationf MalFGKz ° (Fig 1.10. Works by Korkhov and colleagues
on the vitamirB12 trarsporter identified a twaytoplasmiegate system that ensures the

substrate specificits.
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Figure 1.1. Proposed mechanistic models of the Fypraltose transportebased on
structural works (a) from Dr. Jue Chenods

Duongb6s group.

In this work, we focus otthe structural characterizations of tEscherichiacoli
high-affinity methionine uptake syste(fadner, 1974)comprising the MetNI transporter
and its cognate bindiagrotein, MetQ(Gal et al., 2002; Méin et al., 2002) Like a typical
ABC transporter, the MetNI transporter consists of four polypeptides: two copies ofa trans
membrane subunit (Metl), and two copies of a nucledtidding subunit (MetNy324
Currently, only the inward facing conformation of taecolimethionineABC transporter
has been determined structuralf)Kadaba et al., 2008; Johnson et al., 2012)

Crystallographic structures of this transportetably revealed an additional domain at the

gr



C-termirus of the MetN subunit, termed the-@gulatory or C2 domait??4 This domain
is involved in trandnhibition 2%, whereby binding of tmethionine to this domain stabilizes
the inactive form ofthe MetN ATPasedomain andhe inwardfacing conformation of

MetNI (Kadaba et al., 2@) Johnson et al., 2012)
1.3.Statement of problems
Controversial proposed mechanistic models for Typ8C importers

Equilibrium studies(Bao & Duong, 2013)on the prototypic typel maltose
importer, MalFGK2, contradict the mechanistic models inferred from structural
information'®1°. Nanodisebased equilibrium studies on the maltose uptake system favor
a model in which the outwaifdicing-conformationof thetransportelis triggered by ATP
binding alone. This conformation theassembles with unliganded Mal® form a
MalFGKz-E complex to which maltose subsequently bin@sg 1.1b)(Bao & Duong,
2013). This observation is different from whatrdy crystallographers have reported for
the translocabn intermediate state mentioned abowdich suggested that the outward
facing conformation is triggered by the binding of liganded MalE to the inveandg

conformationt®.

Transinhibition, a distinct regulation feature, may indicate different mechanistic model for

the methionine transporter

Transinhibition, best characterized bgtudies on theE. coli MetNIl and
Methanosarcina acetivorandodBC transporters®2°30 has not been observed in either

the maltose or vitamiBi2 uptake systems. Therefore, current proposed mechanistic



models of the typé maltose transportesire inadequate tlully explainthe methionine

uptake system.

Little is known &out how the binding protein grasps its substrate and how the transporter

and its binding partner engage for substrate delivery

Although structures of individual proteins of the methionine transport system,
including the MetNI transporter and the MetQ bngprotein,have beersolved, little is
known about how the binding proteengages and delivers tebstrateto the MetNI

transporter.
1.4.Primary research questions

Thus far only thenward-facing (WF) conformation of MetNI has been solveal,
atrapped inhibited state(CY5 form) 824 To build a comprehensive mechanistic model
for theMetNIQ transport system, we sought to find answetsefollowing questions: (1)
How does the binding protein interact with its transporterH@y do the Gregulatory
domains regulatéhe transport of methionine? (3jow does the binding protein bind or
release its substrate? (What is the sequential order of interactions amorgNtetQ
binding protein, the MetNI transporter, ATé&nd methionine? And finally (5) what is the

mechanistic model for the MetNI methionine transporter?
1.5. Significance of study

The gructure of the methioninABC transporter in complex with its binding
protan would address key questiorssich ashow the transporter and its binding protein
work together to acquire methionine for bactesiaghow the transport is regulated by the

C-regulatory domains.



A solid mechanistic transport modean beproposed by cobining structual
findings withbiochemical and biophysical characterizations. This model can be applied to
the study obther amino acid transporters, Typkeomodimeric ABC importers, arather

transport systesruled by tranganhibition.

Understandindghe regulation of ABC transportemsould alsoaid in thedesignof

better antibioticandanticancer drugs.
1.6.Research Design
(1) How does the binding protein interact with its transporter?

We sought taleterminghe structure of the outwai#fecing confornation MetNI in
complex with its binding partner, MetQ. We would first identify conditions under which
the MetNI transporter forms a stable complex with the cognate periplasmic binding protein
MetQ. We developed a qualitative method to observe the associatithe MetNI
transporter to MetQ, using gel filtration and BN PAGE. Furthermore, in collaboration with
Dr. Qiwen Li, we measured the dissomatconstants of MetNI to MetQ ug) Microscale
Thermophorensisechniques. We then crystalldéhe MetNIQ conplex and solved the
structure of the complex to reveal the interaction between the MetNI transporter and its

MetQ binding protein.
(2) How does the @egulatory domains regulate transport of methionine?

To elucidate themechanism that underlies transpoegulation we sought to
characterize structural changes of theeGulatory domains in two conformational states,
IWF and OWF conformations, of the MetNI transportemnkthionine was soakedto

crystals of MetNI to see how it stabilizes the IWF confdroraof MetNI.



(3) How does the binding protein bind or release its substrate?

To elucidate how the binding protein MetQ binds methionine, we sought to
determine the crystal structure of MetQ in its substii@e form and compare it to the
substratdbourd MetQ structure. A cpurifying methionine was observed tine crystal
structures othe substratebinding protein, MetQ*'. We developed an approath use
alaninescanning mutagenesis to identify MetQ mutants that disrupt the binding of L
methionine. This mutant would be used as a subdtedorm of MetQ for crystallization

purposes.

(4) What is the sequential order of interactions among the MetQ lgpdotein, the MetNI

transporter, ATRPand methionine?

To address the question of the sequential interaction between the binding, protein
the transporterand thesubstrate, we sought to observe the binding &aBm(Kd) of the

binding protein to its dastrate and to its transporter.
(5) What is the mechanistic model for the MetNI methionine transporter?

To propose a mechanistic model for the MetNl methionine transporter, we
biochemically characterigefunctions of the MetNI methionine transporter by in vivo
transport assays. Wthen combina structural insightswith thermodynamic binding
constants determined from (4)loag with kinetic transport constants, to propose an

atomiclevel mechanistic modébr the MetNI methionine transporter.

1.7.0Qutline of thesis



In Chapter 2, | present the work on stabilizing the complex of MetNIQ in solution.
Preparation of the stable MetNIQ complex in soluti@sa key for determining its crystal

structure mentioned in apter 3.

In Chapter 3, | present the crystal structure of the MetNIQ complex in a catalytic
intermediate state. Combining structural information, enzyme kjnatid equilibrium

studies, | propose a mechanistic model for the methionine transporter.

In Chapter 4, | summarize our results, answadevantquestions raisety the

findings, and conclude with a discussion of the results
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CHAPTER 2

THE CONTRIBUTION OF METHIONINE TO THE STABILITY OF THE
ESCHERICHIA COLI METNIQ ABC TRANSPORTER - SUBSTRATE BINDING

PROTEIN COMPLEX

PublishedadNguy en, P. T, Li, Q. W., Kadaba, N. S.

contribution of methionine to the stability of thEéscherichia coliMetNIQ ABC

transportes ubstrate binding pr3669e0)nl2g3d.@plb)e x . 0
2.1. Intro duction

Many different transporters are encoded in the genomes of microorganisms to
accommodate the diversity of molecules they need to acquire from the environment. For
example, ~10% of th&. coli genome has been classified as participants in transport
processes, of which approximately half are AdiRding cassette (ABC) transportérs
ABC transporters consist of four domains: two transmembrane domaitidsTthat form
the translocation pathway, and two nuclectiieding domains (NBDs) that use the energy
from ATP binding and hydrolysis to fuel transport (reviewed(Ames et al., 1992;
Higgins, 1992; Holland et al., 2003; Locher, 2008; Oldham et al., 2008; Rees et al), 2009)
The transport mechanism utilizes an alternating access ri\dfitdlas, 1952; Jardetsky,
1966)that involves the interconversion of two distinct conformations during the transport
cycle, inward facing and outward facing, where the translocation pathway is open to the
cytoplasm and periplasm, respectively. ABC importers, mostly found in prokaryotes,
archaea and plants, require an additional component for transport, namely substrate
binding proteins (SBP), located in the periplasm of Gregative bacteria or tethered to

the membrane in Graqmositive bacteria and archaea, to bind and deliver substoatesr
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cognate transportéAmes et al., 1992; Wilkinson and Verschueren, 2003; Berntsson et al.,
2010) Structures of transporters in complex with their binding pro{éiedienstein et al.,
2007; Hvorup et al., 2007; Oldima et al., 2007; Korkhov et al., 2012jave been
instrumental in defiing basic features of the transport cycle, including the two best
structurally characterized ABC importers, the Type | maltose uptake system, MalFGK
(Oldham and Chen, 201apd the Type Il vitamin B uptake system, BtuC[Xorkhov et

al., 2014) Despite the common nucleotidependent engine driving translocation, binding
protein- transporter interactions can vary signifidgnreflecting mechanistic diversity

between various ABC importef(sewinson et al., 2010)

In this work, we focus on th&scherichia colihigh affinity methionine uptake
system(Kadner, 1974)comprising the MetNI transporter and its cognate bingirggein,
MetQ (Gal et al.,, 2002; Merlin et al., 2002Currently, only the inward facing
conformational state of MetNI has been solved crystallographi@éiigaba et al., 2008;
Johnson et al., 2012J o build a comprehensive model for MetNI tramgpwe sought to
identify conditions under which a stable transpeliding protein complex can form. A
challenge in working wittk. coliMetNI is that while methionine is the transported ligand,
it also functions as an allosteric effector inhibitingthmenine uptake at sufficiently high
intracellular concentrationgKadner, 1975) This phenomenon of transinhibition is
mediated by methionine functioning as a noncompetitive inhibitor of ATPase activity
(Yang and Rees, 201bYy binding to a cytoplasmic regulatory domain of the ABC subunit
MetN to stabilize MetNI in an inward facing conformation incapable of hydrolyzing ATP
(Kadaba et al., 2008; Johnson et al., 20B)rther complicating the analysis the

observation of a cpurifying methionine in crystal structures of methionine binding SBPs
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(Deka et al., 2004; Williams et al., 2004; Yang et al., 2009; Yu et al., 2Bitl)ding the

E. coliMetQ structurgKadaba, 2008)

Here we demonstrate that formation of a high affinity MetNIQ complex requires
an ATRbound state of MetNI and an unliganded form of MetQ. Preparatichi®
complex is facilitated by thelentification of mutations in MetQ that abolish methionine
binding. The effect of methionine on complex formation between-aféBilized MetNI
and MetQ is quantitated by titrating fluorescently labeled MetQ with varying
concentrations of MetNI. From theseeasurements, dissociation constants of 1100 = 300
and 27 =9 nM are found for methionibeund and methionine free MetQ, respectively,
establishing that liganftee MetQ can form a stable complex with the AGéund form of
MetNI. Our isolation of a stdd MetNIQ complex is an essential step towards the
crystallographic analysis of the outward facing conformation, a key intermediate in the

uptake of methionine by this transporter.
2.2. Results and discussion

To better understand the mechanism of the roathe transport system, we sought
to identify conditions under which the MetNI transporter forms a stable complex with the
cognate periplasmic binding protein MetQ. Previous studies demonstrated that wild type
MetNI and wild type MetQ interact weakly ingrabsence of nucleotide {& 7.4 x 1¢®
M) and a stable complex under these conditions could not be detected by gel filtration
chromatographyl.ewinsonet al., 2010)Based on studies of the maltose syst€men et
al., 2001) we hypothesized that the Mdttransporter binds MetQ with the highest affinity
in an ATRbound state. To maintain the AT@und state, an ATPase deficient form was

generated by substitution of Glu 166 in the Walker B motif of MetN with Gln (E166Q), in
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combination with the use of thehelator EDTA with ATP to remove the catalytically

essential Mg'. Mutation of the Walker B Glu is commonly used to inhibit hydrolysis, but

not binding,
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Figure 2.1. Detection of MetNIQ complex formation

a. Gel filtration for detection of complex formation. Reactions of E166Q MetNI (40 uM)

and MetQ at the indicated molar ratios in the presencé ofM ATP and 1 mM EDTA

were injected onto a size exclusion column. The higheseWate peak was analyzed by

BN PAGE.

b. BN PAGE of the highest peak from the schematic shown in A. Lane 1: E166Q MetNI

alone, lanes 2 and 3: wild type MetQ added to E1666NI at different ratios, 1:1.25 and
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1:6 (MetNI: MetQ), lane 4: N229A MetQ added to E166Q MetNI at 1:1.25 (MetNI: MetQ)

ratio.

ATPase assays show that the E166Q mutation results inf@ld2@eduction in
ATPase activity (data not shown). All subsequemptegiments in this study were conducted
using this mutant transporter, denoted E166Q MetNl, in the presence of saturating amounts

of ATP+EDTA (1 mM ATP and 1 mM EDTA) to mimic the ATlBound state.

We first tested for complex formation by incubating E166&xW with wild type
MetQ and saturating amounts of ATP+EDTA at different ratios of transporter to binding
protein. Mixtures of either 1:1.25 or 1:6 (MetNI: MetQ) were injected onto a gel filtration
column (Fig 2.1a), and the peak fraction was analyzedusy tative PAGE (BN PAGE
(Reisinger and Eichacker, 200@}ig 2.1b) to evaluate the exterftammplex formation.
Despite an excess of MetQ, incomplete complex formation was observed in both cases (Fig
2.1b., lanes 2 and 3), as established by the presence of two bands on BN PAGE, the upper
one corresponding to the MetNIQ complex and the lower tonfee transporter by

comparison to E166Q MetNI alone (Fig 2.1b., lane 1).

Wild type MetQ contains a epurifying methionine identified in the crystal
structures of MetQ homologs S. aureus lipopre®ei#®DB entry 1P9Williams et al.,
2004), T. pallidiumTp32 (PDB entry 1XS5Deka et al., 2004) E. coliMetQ (Kadaba,
2008) N. meningitidegPDB 3IR1,(Yang et al., 2009) V. vulnificus(PDB 3K2D,(Yu et
al.,2011) and unpublished structures with PDB entries 3TQW, 3UP9, 4EF1, 4GOT, 41B2,
4K3F, 4QHQ, 4QYM, and 4Q5T. The basic structure and binding site-foethionine
are illustrated in Fig. 2.2a f&. coliMetQ refined at 1.6 A resolution (PDB entry 4YAH

see Methods). An extensive hydrogen bond/salt bridge network between protein side
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chains and the methionine amino and carboxyl groups likely contributes to the tight binding
of ligand to MetQ (Fig 2.2b). Groups interacting with the carboxyl group ofioretie
include the side chains of Argl44, Asn202, and a buried water, while the amino group
interacts with the side chains of Glu42 and Thr204 and two buried waters (Fig 2.2b).
Significantly, the side chain of Asn229 forms two hydrogen bonds (one edabk)dmino

and carboxyl groups of the-tethionine (Fig 2.2b). The side chain of the bound L
methionine fits in a pocket surrounded by the aromatic side chains of Tyr69, Phe86, His88,
and Tyr91 (Fig 2.2b). Aromatic interactions with the methionine sidenche not
uncommon(Pal and Chakrabarti, 20Q1paricularly the interaction observed with the
ligand SD packed against the plane of His88 such that thR8Z6Gond is oriented towards

the NE2 atom of His88.
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Figure 2.2. The crystal structure of E. colnhethioninebound MetQ
a. Ribbon diagram ofdmethionne-bound E. coli MetQ.

b. The Lmethionine binding site in MetQ. The side chains of the interacting residues are
colored green, and the-inethionine substrate is colored grey. Hydrogen bonds between
the amino and carboxyl groups ofrhethionine and surtnding MetQ residues are

represented by yellow dashes.

To evaluate the contribution ofmethionine binding to MetQ to the stability of
the MetNIQ complex, it is necessary to prepare ligiiad MetQ. While methionine can
be removed from MetQ by an unfolding/refolding procéBeka et al., 2004)we
developed an alternative approach of using alasgamning mutagenesis to identify MetQ
mutants that disrupt the binding ofrhethionine. Residues in the MetQ binding pocket in
contact with methionine were mutated to alanine (Fig. 2.3), with the exception of ,Glu42

whichwas substituted with GIn (E42Q) since the E42A mutant aggregated.
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Figure 2.3. Screening for substrabénding-deficient MetQ mutants

Alaninescanning mutants dfletQ were analyzed for selenium content by-M® after
exchange of native substrate withsélenomethionine (see text). The horizontal and
vertical axes denote the MetQ mutations and fraction of MetQ bound by selenomethionine,

respectively. Error bars repsent the standard deviation of duplicate samples.

To test for Lmethionine binding, we unfolded MetQ in 6 M guanidH€l to
release any cpurified L-methioning(Deka et al., 2004)and then refolded the protein in
the presence of -kelenomethionine. Selenium content was measured by inductively
coupled plasma mass spectrometry d@@B), and the molar ratio of selenium to MetQ
was calculated (Fig. 2.3). Mutation of Glu#2GIn (E42Q) and Asn229 to Ala (N229A)
significantly decreased the binding affinity of MetQ to selenomethionine, while
substitutions at other residues had relatively little effect on selenomethionine binding. The

E42Q and N229A MetQ mutants, identified ithis screen as unable to bind
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selenomethionine (and presumably methionine), were then tested for complex formation
with E166Q MetNI in the presence of ATP+EDTA. The E42Q mutant was unable to form

a complex with its cognate transporter (data not shown)enMH229A MetQ was
incubatedwith E166Q MetNIin the presence AATP+EDTA, however, stoichiometric
complex formation was observed (Fig. 2.1b, lane 4). This result contrasthevithixture

of free and complexed species observed when E166Q MetNI is indulikewild type
liganded MetQ under comparable conditions (Fig. 2.1b, lanes 2 and 3). Based on these

results, the N229A MetQ variant was used in this study to mimic methineiedvietQ.

To quantify the binding affinity of E166Q MetNI for MetQ in eith@etbound or
unliganded state, we measured the dissociation constants for complex formation from
titration curves conducted with fluorescently labeled MetQ on a Monolith NT.115
Microscale Thermophoresis Instrument (NanoTemper Technologies GmbH). Wild type
and N229A MetQ were labeled with CyBaleimide and titrated with varying
concentrations of E166Q MetNI in the presence of ATP+EDTA. The fraction of MetQ in
complex with E166Q MetNIl was calculated from fluorescent intensity values (see
Methods). The affinityf L-methioninebound wild type MetQ for EL66Q MetNI was ~40
fold weaker than that for unliganded N229A MetQ to E166Q MetNI (Fig 2.4). The
calculated K of 1100 + 300 nM for wild type MetQ represents a lower limit for the affinity,
as saturating amount$ B166Q MetNI were prone to aggregation. Thefsr N229A
MetQ was determined to be 27 + 9 nM. This difference in affinity is qualitatively consistent

with our BN PAGE results (Fig 2.1b).

We have identified conditions promoting stable complex formatiomdest MetNI

and MetQ through the use of two mutations (the E166Q variant in the Walker B motif of
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MetN that reduces ATP hydrolysis, and the N229A variant of MetQ that disrupts
methionine binding) and the presence of ATP+EDTA to reduce the concentratiayt‘of M
critical for ATP hydrolysis. These conditions should stabilize the -A®&nd form of
MetNI, corresponding to the outward facing conformation of a Type | ABC transporter
(Oldham and Chen, 2011An unexpected feature of the MetNI system is that the use of
ligand free MetQ resulted in stable commplformation, in contrast to the maltose
transporter system where formation of a stable transp®B& complex required the
presence of the transported substi@éen et al., 2001; Oldham et al., 200If) the
absence of ATP, a "piteanslocation” species has also been crystallized with substrate
loaded SBP and an inward facing conformation of the transporter for the molybdate
(Hollenstein et al., 2007nd maltos€Oldham and Chen, 2011jansporters. While the
corresponding complex between liganded SBP and the methionine transporter is
substantially less stable {ik 7.5 x 1 M (Lewinson et al., 201Q)than the complex in

the presence of ATP measured in this work {K10% M), at the protein concentrations
(~10* M) used in crystallization trials, perhaps this state of the MetNIQ complex could

also be crystalted under appropriate conditions.
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Figure 2.4. Dissociation constants between MetNI and MetQ

The affinity of MetNI for MetQ was measured by titration curves using fluorescently
labeled MetQ in the presence or absence of bound methionine (wild typ@ @A N2tQ,
respectively). All experiments contained 1 mM ATP and 1 mM EDOdAnMof Cy3
labeled wild type MetQ was titrated with 1.95 VB2 uM nonlabeled E166Q MetNI
(closed squaresP9 nMof Cy3labeled N229A MetQ was titrated with 1.95 iiM pM
norlabeled MetNI E166Q (open circledhe dissociation constants calculated from these
data for wild type (methioninkound) and N229A (methionkfieee) MetQ binding to
E166Q MetNI ardkd = 1100+ 300 nM and 2'& 9 nM, respectivelyError bars represent

standard error from three independent measurements.

The role of transported ligand in complex formation is of great mechanistic interest.
For complex formation between MetNI and MetQ, the difference in dissociation constants
between unliganded (27 nM) afiganded (1100 nM) MetQ implies that the binding of
methionine to MetQ in complex with MetNI is ~40ld weaker than the binding of
methionine to MetQ alone. Energetically, this observation is consistent with a model where
the SBP must release ligand faarisport to occur. The detailed energetics will certainly
depend on the transporter and assay conditions; for example, while liganded maltose
binding protein has been reported to more efficiently stimulate ATP hydrolysis of maltose
transporter reconstitudeinto proteoliposome@®avidson et al., 1992)igandfree maltose
binding protein binds Bold more tightly than liganded binding protein to maltose
transporter in nanodiscs with AMPPNP4(k 80 nM and ~400 nM in the absence or
presence of maltose, respectivéBao and Duong, 2012)An additional complication

with the MetNI transporter is that methionine is both a transported ligand and an allosteric
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inhibitor of transport, anthese effects will need to be distinguished from the contributions
of the liganded state of MetQ to the observed kinetics. The development of a detailed
molecular transport mechanism will require analysis of conformational dynamics of the
type recently decribed for the GInPQ uptake systé@ouridis et al., 2015)rhe structural
analysis of stable forms of ABC transporters such as the MetNIQ complex detailed here

will provide crucial reference states for these futmexhanistic studies.
2.3. Materials and methods
2.3.1. Cloning, expression and purification of MetQ

The metNIQ operon was amplified frdgscherichia colK-12 genomic DNA and
cloned into a zero blunt pGR TOPO vector as described (lKadaba et al., 2008 he
metQ gene, lacking the stop codon, was subcloned using oligonucleotides that included
Ndel and Xhol restrictiorenzyme sites, and then ligated into the pET21b(+) vector with a
C-terminal 6xhistidine tag. The cloned plasmids were expressed separaielgohBL21
(DE3) gold cells (EMD) at 37 AC iciin.Ther r i f i
cells were induced at Gb»~4.0 with 0.4 mM IPTG for 2 hours, then harvested and stored

at-80 °C.

For purification of mature MetQ, periplasmic extract was prepared by resuspending
10 g of cell paste in 10 ml of 40% sucrose, 10 mM-R@ pH 7.5, and 1 mM EDTA, and
stirred for one hour at room temperature. The cells were then shocked by addition of 500
ml of ice-cold water. After stirring for 10 min, buffer components were added to a final
concentration of 25 mM Tris pH 7.5, 150 mM NaCl, 47dmM imidazole. The resulting
suspension was then centrifuged at 37,500 x g for 30 min to remove all cellular debris from

the periplasmic extract. MetQ was isolated from the periplasmic extract by immobilized
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metal ion affinity chromatography using a SMiNTA column (GE). The affinity column
was washed with 25 mM Tris pH 7.5, 150 mM NaCl, and 17 mM imidazole for 10 column
volumes. Protein was then eluted from the column using 25 mM Tris pH 7.5, 100 mM
NaCl, and 150 mM imidazole. Peak fractions were yiatl against 25 mM Tris pH 7.5

and 150 mM NacCl overnight, and then concentrated to 30 mg/ml using a 10kD MWCO

concentrator (Millipore).

The fulllength protein cloned for this work, including the signal sequence and-the C

terminal 6xhis tag, has the sequee:

1 MAFKFKTFAAVGALIG SLALVGCGQDEKDPNHIKVGVIVGAEQQVAEVAQKVAKDKYGLD

61 VELVTENDYVLPNEALSKGDIDANAFQHKPYLDQQLKDRGYKLVAVGNTFVYPIAGYSKK

1211KSLDELQDGSQVAVPNDPTNLGRSLLLLOQKVGLIKLKDGVGLLPTVLDVVENPKNLKIV

181ELEAPQLPRSLDDAQIALAVINTTYASQIGLTPAKDGIFVEDKESPYVNLIVTREDNKDA

241ENVKKFVQAYQSDEVYEAANKVENGGAVKGWLE HHHHHH

The cleaved signal sequence is highlighted in bold, so that the purified protein used
in this study consists of residues 17 to 279, of which resid@&¥3 (underlined) are

observed in the electron density.
2.3.2. Purification of MetNI

Purification of wild type and mutant E166Q MetNI was carried out as described
(Johnson et al., 2012¥ith the one modification that buffer containing 20 mM TAPS pH
8.5, 100 mM NaCl and 0.025% DDM (with varying amounts of imidazole) was used in all

purification steps (the origingkrotocol used 250 mM NaCl and different detergents).

2.3.3. MetQ crystallization and structure determination
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Crystallization conditions for MetQ were screened with varying concentrations of
protein from 15 mg/ml to 60 mg/ml. Crystals were obtained uaihgnging drop vapor
diffusionmethodat20C, by mi xing 1 €¢Il of protein to
24% PEG 4000, 4% PEG 400, 0.1 M sodium citrate pH 5.6, and 0.2 M ammonium acetate
at 30 mg/ml of protein, similar to the conditions origipaéscribeqdKadaba, 2008)nitial
thin needle crystals appeared within a week but crystals were not large enough for data
collection. Both microseeding and macroseeding were used to obtain larger crystals,
reaching a fial size 0.5 x 0.2 x 0.1 mhin a week. The best crystal was obtained by
macroseeding with a precipitant 20% PEG 4000, 3% PEG 400, 0.1 M sodium citrate pH
5.6, and 0.2 M ammonium acetate. Diffraction data to 1.6 A resolution were collected at
the Stanford $nchrotron Radiation Lightsource (SSRL) on beamlin€21Zhe data was
processed using xig®Vinter, 2010using XDS(Kabsch, 201Q)XSCALE, and AIMLESS
(Evans, 2006)with data collection and processing statistics listed in Table 1. Molecular
replacement was performed using PhdAdams et al.2010)from the previously solved
1.8 A resolution MetQ structuréKadaba, 2008}hat was in turn solved by molecular
replacement from PDB entry 1P9®illiams et al., 2004)a Gly-Met-binding protein. The
structure was refined with Phenix to 1.6 A resolution to a fRi&free of 0.154/0.183.
Coordinates and structure factors have been deposited in the Protein Data Bank of the

Research Collaboratory for Structural Bioinformatics, with ID 4YAH.
2.3.4. Screening of substratebinding deficient MetQ mutants

Individual residies located in the substrdisnding pocket of MetQ were
substituted with alanine by sithBrected mutagenesis using the Quickchange Mutagenesis

kit (Stratagene), with the exception of Glu42, which was substituted with glutamine to
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avoid aggregation. To aluate the binding ability of each mutant for substrate, L
methionine was exchanged withskelenomethionine, and the amount of selenium was

measured using inductively coupled plasma mass spectrometrMEIP

To exchange imethionine with Lselenomethioine, individual MetQ mutants
immobilized onto NWNTA columns were unfolded by washing with 12 column volumes
of denaturing buffer containing 6 M guanidirkl, 25 mM Tris pH 7.5, 150 mM NaCl at
the rate of 1.5 ml/min to remove bounenethionine. To refoldletQ, guanidineHCl was
slowly removed by flowing renaturation buffer (2 mMsklenomethionine, 25 mM Tris
pH 7.5, 150 mM NaCl) over the column at 1 ml/min for 90 min. The column was further
washed with 10 column volumes of renaturation buffer to enslwading of MetQ with
L-selenomethionine. This was followed by 12 column volumes of wash buffer (25 mM
Tris pH 7.5 and 150 mM NaCl) to remove unbounddlenomethionine. Finally, MetQ
was eluted in 25 mM Tris pH 7.5, 150 mM NacCl, and 150 mM imidazolerandver a
sizeexclusion column (Superdex 200 16/60, GE Healthcare) equilibrated in 25 mM Tris,
pH 7.5 and 150 mM NaCl. The monodisperse peak was collected and concentrated to 20

mg/ml using an Amicon 28D MWCO concentrator (Millipore).

The amount of bawd L-selenomethionine was measured by quantitation of the
selenium content of acidigested protein samples using KF5. A final concentration of
0.1 eM of protein was digested with 2% trace metal grade nitric acid (Fluka) & 70
overnight. Samples werentrifuged at 30,000 x g for 10 min using a bench top centrifuge
to remove particulate matter. The supernatant was then diluted to a final volume of 5 mlin
double distilled HO and measured for $ewith an HP 4500 ICRMS instrument. L

selenomethionin@owder stock (Anatrace) was used to prepare standards. Each sample
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was measured in duplicate in two independent experiments. Error bars represent standard
deviation. Data were processed and graphed using Microsoft Excel and Sigmaplot 11.0,

respectively.
2.3.5. Qualitative determination of complex formation

MetNI and MetQ concentrations were measured using a Nanodrop 2000
Spectrophotometer (Thermo Scientific), according to their calculated extinction
coefficients for a 1 mg msolution at 280 nm of 0.64nd 0.73, respectively. Complex
formation was assessed by mixing E166Q MetNI transporter and its cognate binding
protein, MetQ, at a molar ratio of 1:1.25 (MetNI: MetQ) in the presence of 1 mM ATP and
1 mM EDTA. The mixture, containing 4M MetNI, 50 M MetQ, 1 mM ATP, 1 mM
EDTA, 20 mM TAPS pH 8.5, 100 mM NaCl, 0.025% DDM, and 5 mM
mercaptoethanol, was incubated for 1 hour at room temperature and ultracentrifuged at
200,000 x g for 20 min to remove any aggregation. Samples were injected onto a Superdex
S200 10/300 sizing column (GE Healthcare) equilibrated with buffer containing 20 mM
TAPS pH 8.5, 100 mM NaCl, 0.5 mM ATP, 1 mM EDTA, 0.3% Cyhabnd 5 mMVb-
mercaptoethanoll he absorbance reading at 280 nm and the retention volume of the peak
were used tdollow complex formation. MetNIQ complex formation was verified by
analyzing the highest peak by BN PAG@Reisinger and Eichacker, 20068%ing 420%

Criterion gels (BieRad). Two independent experiments were conducted per condition.
2.3.6. Measurement of MetNIQ complex dissociation constant

TheE. coliMetQ sequence contains one cysteine resatiaenino acid position 23.

Purified wild type MetQ and N229A MetQ were labeled with @gdleimide (GE

Heal t hcare), according to the manufacturer
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pH 7.5, 150 mM NaCl, and 10 mM TCEP pH 7.5. Unreacted dyergarasved using a
Superdex 200 10/300 GL column (GE Healthcare) equilibrated with the aforementioned
buffer condition. The label to protein ratio was determined using a NanoDrop 2000
Spectrophotometer (Thermo Scientific) at 550 and 280 nm, and a labelitignef§ of

10% was calculated. Fluorescence measurements were performed on a Monolith NT.115
Instrument (NanoTemper Technologies GmbH) at 25 °C using standard capillaries.
Varying concentrations (ranging from 1.95 nM to 32 uM) of unlabeled E166Q MetNI in
ATP buffer (1 mM ATP, 1 mM EDTA, 20 mM TAPS pH 8.5, 100 mM NacCl, and 0.3 %
Cymal5) were titrated against a constant concentration of M&t@Q M ofwild type

MetQ or99 nM of N229A MetQ). Fluorescent intensity as a function of E166Q MetNI
concentration wa normalized to fraction bound by averaging the intensity values for the
lowest three concentrations of E166Q MetNI per experiment. This background intensity
was subtracted from all concentrations to yield corrected intensity values. The corrected
intensty values were then divided by the corrected intensity at the highest concentration
of E166Q MetNI to normalize intensity values to fraction bound values. Dissociation
constants for wild type MetQ or N229A MetQ binding to E166Q MetNI were calculated
usingthe Kq Fit function of the NanoTemper Analysis 1.5.41 software. Three independent
MST measurements per condition were conducted, and error bars represent standard error

of the mean.

Table 2.1. Data processing and refinement statistics

Data ProcessingStatistics MetQ

Space group C222

Unit cell dimensions (a, b, c) (A) 59.7, 87.4,112.9




Wavelength (A) 1.00
_ 24.51.60
Resolution (A3 .
(1.641 1.60)
Unique reflections 38,555
Redundancy 4.1
Completeness (%) 98.4 (96.1)
/s 11.5(1.11)
Rmerge 0.07(0.952)
Refinement Statistics PDB ID 4YAH
_ 24.57 1.60
Resolution (A3 )
(1.641 1.60)
R-work 0.154 (0.360)
R-free 0.183 (0.409)
Average B factor (A) 27.7
RMSD bond length (A) 0.008
RMSD bond angle ( °) 1.21
Ramachandran plot
. 98,2,0
(favored, allowedoutliers, %)

dNumbers in parentheses represent data in the highest resolution shell
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CHAPTER 3

AN UNCONVENTIONAL MECHANISTIC MODEL FOR THE ESCHERICHIA

COLI TYPE-I METHIONINE ABC TRANSPORTER

3.1. Introduction

A methionine transporter is a hightpnserved bacterial ABC importer that
consists of four typical subunits: two transmembrane subunits XMieat form a
translocation pathway, and two nucleotigiading subunits (MetN) that use the energy
from ATP binding and hydrolysis to fuel transpéit. An ABC importer requires an
additional component, a substrdi@ding protein (SBP), located in the periplasm of Gram
negative bacteria or tethered to thembrane in Grarpositive bacteria and archaea, to
deliver substrates to their cognate transporters. For the methionine transporter, the

methioninebinding protein, MetQ, serves as thebstratebinding proteirP:®

The transport mechanism of the methionine transporter is best described by the
alternating access modé, in which the transport cycle interconverts between an inward
facing conformation that opens the translocatiothyway to the cytoplasm, and an
outwardfacing conformation that opens it to the periplasm. Structures of transporters in
complex with their binding proteing!* have been instrumental in defining the basic
features of the transport cycle. The two best characterized ABC importers are the type |
(small transmembrane subunitsg Hielices per subunit) atose uptake system, MalFGK
and the type Il (large transmembrane subunits, 10 helices per subunit) viteraptdke

system, BtuCD. Structural studies on these importers have provided two renowned
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mechanistic models for the transport cycles of typelitgpe 11 ABC transporters, although
recently they have been challenged by biochemical and single molecule $tdélieso

and Duong® showed that the apo form of maltdsiading protein binds to nanodisc
incorporated maltose transporters with high affinity, and that this complex facilitates the
acquisition of maltose into the translocation pathway. In addition, single molecule studies
on proteoliposoméncorporated vitamikB12 transporters, Goudsmits et. al. also pointed
out that apo binding protein BtuF forms a stable complex with the BtuCBypinater at a
ground state in the absence of ATP and substfatubstrate is caught by the BtuCD

complexed BtuF, and then shuttled inside the translocation patfiway

Although the methionine transporter belongs to type | ABC transporter family,
previous works revealaghique features, which includg) the Gregulatory (C2) domains
17.18 and transinhibition regulation, in which binding of-imethionine to these domains
inhibit transport and ATPase activity-?°, (2) the low binding affinity of substrateound
(holo) MetQ for ATRfree MetNI(Kd ~ 104 M) (Lewinson, Lee, Locher, & Rees, 2010)
and ATRloaded MetNI (k ~ 1.1nM) 22, and (3) the high affinity of substratee (apo)

MetQ for ATRloaded MetNI (ki ~ 27 nM)?2,

Currently, only the IWF conformation ofMetNlI has been solved
crystallographically*’'8 To build a comprehensive model for MetNI transport, we have
solved a 2.95A resolution crystsiructure of the ATPB-bound MetNIQ complex in a
catalytic intermediate state. The structure sheds light on the mechanism of the methionine
transporter and its regulation by transibition. In addition, this structure also reveals

unexpected features tife binding protein MetQ in complexed form. Coupling structural
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and functional characterization of the MetNIl methionine transporter, we propose an

unconventional mechanistic model for typmethionine ABC transporter.
3.2. Results and Discussion

3.2.1. Overall architectures of the MetNIQ complex in the outwardfacing

conformation

We determined a 2.95A resolution crystal structure of the methixB@
transporter, MetNI, in complex with its substri@ding protein, MetQ (Fig3.1a).
Significant conformatinal changes of MetNI subunits are observed, relative to the
uncomplexed MetNI (Fig 3.1a). Superimposition of one Metl subunit of the OWF (shown
in pale green) to that of the IWF conformation (shown in gray) (PDB: 3TUI) reveals a
rotation of about Flalorg the rotation axis, shown in red (Fig 3.11). This rotation results
in a large movement of the opposite subunit in a shift of approximately 15A as a whole

rigid body, opening the translocation pathway toward the periplasm (Fig 3.1b).
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Metl
Top view )

2 Top view )

Figure 3.1.Structure of MetNIQ complex. (a) stdew representation of the MetNIQ.
MetQ subunit is colored state, Metl subunits pale green and salmon, and MetN subunits
tv_orange and wheat,-@gulatory (C2) domains are at thet€mini of MetN subunits.

a, ¢, d, caformational changes of the transmembrane Metl subunits (b), the nucleotide
binding MetN subunits (cand the C2 domains (d) between their outwiacing (OWF)
(colored as described in (a)) and inwafacing (IWF) conformation (colored in gray).

One subuit of Metl (pale green) or MetN (tv_orange) of the OWF conformation was
overlaid to that of the IWF conformation to highlight the differences in the relative
placement of the opposite subunit (b), (c). Superimposition of MetNIQ and MetNI reveals

the rotaton of the C2 domains (d).
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To visualize the movements of the nucleotideding domains of the MetN
subunits from the IWF to OWF conformation, the two halves of the transporter (MetN,
Metl) from the two conformations (PDBSCVL and 3TUI) were superimposeding the
transmembrane domain as a fixed domain. As a result, the NBD rotates gadahd&he
rotation axis, shown in magenta (Fig 3.11) relative to that in its IWF to adopt its new OWF
conformation. The distance between the two nuclediidding donains is reduced by
about 14A (Fig 3.1c), some of which allows dimerization of two NBDs in the presence of
ATPgS. At the C2 domains, unlike those of the maltose transporter, a twist with an angle
of 32 (Fig 3.1d) along the rotation axis, shown in yellow3t11) was observed between
this structure and the DM solubilized MetNI (PDB: 3TU3) This unique feature is
possibly involved in the trarghibition event. Our previous work showed that lxgdof
L-methionine to the C2 domains locked the NBDs into the inaeithg conformation®.
In this L-methioninebound, IWF/inhibited conformatioff, an L-methionine substrate
from one C2 domain forms hydrogen -Bheat,ds wi t
stabilizing the inwardacing conformation of the transporter (Fig 3.6a). In contrast, the
OWF configuration shows a regitioning of the C2 domains by a register shift of the
hydrogen bonding net wor k -fheets(A23DmM299 ihihe t wo i
IWF to A2991 M301 in the OWF) (Fig3.6c, d). This flexibility of the C2 domains results

in the dimerization of MetMubunits in the presence of ATP.
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Figure 3.2. Translocation pathways of different ABC importers at a glance. a, Surface slab
views of the outwarfhcing conformations of three ABC importers, including MetNIQ
(unpublished), MalFGK2 (PDB: 2R6Gand BtuCDF (PDB: 4FI3) reveal potential
substratebinding pockets (red box) with different sizes and shapes at the translocation
pathways. While Metl subunits form a small cavity, larger cavities are observed in the case
of maltose and vitamiB12 transprters. Only maltose (shown in ball and stick) was
structurally observed in the cavity. b, Potential different mechanisms of substrate delivery

were observed in the three ABC i mporters
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proposed for substrate handingtiveen the maltoseand vitaminB12-binding proteins

to their transporters, no Ascoop | oopd was

3.2.2. Unexpected features of MetQ in complex with MetNI indicate new substrate

delivery mechanism

Structures of the maltes(PDB: 2R6G)!! and vitaminB12 (PDB: 4FI3)1°
transporters revealed insertion | oops, aka
into the substrate cavities of the binding proteins that facilitate subbfxadoff (fig3.2b).

No such scoop loop was found in the MetNIQ complex (fig3.2b). This may indicate that

another substrate hatsodver mechanism is involved.

The crystal structure of the MetQ in complex with the MetNI transporter
(complexed MetQ), (reportichere) reveals a conformation distinct from the subsfrage
(apo) (reported here) and substiateind (holo) (PDB: 4Y AH) conformation (fig 3.3a, b).
Superimposition of the open (apo) to the complexed MetQ structure shoWsaaglé
hingetype rotatiorbetween two lobes of MetQ (fig3.3a, fig3.11). On the other hand-a 24
angle twist twofold axis (fig3.3b, fig3.11) was found in the complexed form compared to
the holo form of MetQ with an rmsd of 4.4 A. This distortion is larger than that of the
maltosebinding protein, MalE (rmsd=0.7 A) and of the vitarBifi2 binding protein, BtuF
(rmsd=1.0 A). We suspect that this distortion, together with the small size of the methionine
substrate, may allow methionine to access not only the MetQ binding cavitysbuhal

MetNIQ translocation pathway (fig 3.4).



Figure 3.3. An unexpected third conformation of MetQ in complex with MetNI. The crystal
structure of MetQ subunit in complex with MetNI (complexed MetQ) (colored state) shows
another distinct conformationifferent from the substratieee (apo) (colored raspberry)

and substratdoound forms (holo) (colored cyan). Superimposition of the apo and
compl exed Met Q s htoywse Ga rtoytpaitciad n fvhiPiwhgleea r ot a
a twist 22 was observed along a different axis in the superimposition of the complexed

versus holo MetQ (b).



