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smFRET WITH MEMBRANE PROTEINS

Cross Reference to Related Application

[0001] This invention claims priority to U.S. provisional application 61/334,483, filed
May 13, 2010, and U.S. provisional application 61/382,721, filed September 14, 2010, both of

which are incorporated herein in their entirety.

Government Funding

[0002] This invention was made with Government support under Grant Number
GMO079238, MH054137, DA17293, DA022413, DA023694, and DA12408 awarded by
National Institutes of Health. The United States Government has certain rights in the

invention.
Background
[0003] Imaging biological processes at the single-molecule scale using single-

molecule FRET (smFRET) techniques (Roy, et al., Nature Methods 5: 507-516 (2008))
enables the direct observation of the temporal and spatial dynamics intrinsic to biopolymers.
smFRET provides data that are inaccessible using other methods such as bulk experimental
studies and, importantly, bridges the technological gap between current techniques to obtain
static information about molecular architecture and the fundamentally dynamic nature of
biological processes. As this technology develops, it is likely that smFRET studies of the
dynamics of ligand-binding will be industrialized so that drug discovery and development

companies can capitalize on them.

[0004] smFRET studies have been carried out on many kinds of biopolymers —
nucleic acids and proteins, including intracellular and transmembrane proteins (Harms GS.,
Biophys J. 85: 1826-1838 (2003); Kaestner CN et al. Biophys J. 84:1651-1659 (2003);
Margittai, M. et al. Proc. Natl. Acad. Sci. U.S.A. 100(26): 15516-15521 ( 2003)); single
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proteins; and protein complexes such as the ribosome and F1-ATPase. Most studies have
been performed using surface-tethered molecules in a bath of biological, aqueous solutions.
More recently, and to only a limited extent, surface-tethered proteins have been investigated
that are sequestered in micelles, a strategy that promotes solubility of membrane proteins
outside of the lipid bilayer. More recently, an smFRET study was performed on a soluble
protein in a living cell Sakon JJ et al., Nat Methods. 7(3):203-5 (2010).

[0005] Few studies to date have been performed on the dynamics of ligand-dependent
conformational changes in biopolymers (Feldman MB, et al. Nat Chem Biol. 6(3):244.
(2010); Munro, J. B., et al. EMBO J. 29(4):770-781 (2010)). However, these studies have not
observed conformational, ligand-dependent dynamics of a membrane protein at the single-
molecule scale using FRET. For the previous two to three decades, membrane protein
dynamics have been inferred from electrophysiology voltage-clamp methods, where current
can be measured. However, this approach is an indirect method that only applies to proteins
that transport large fluxes of ions; little or no information is provided about the physical basis
of the conformational change (e.g. amplitudes of motion and/or elements undergoing
conformational changes). Harms GS., Biophys J. 85: 1826-1838 (2003) combines
electrophysiology measurements with fluorescence by showing a single fluorescently labeled
protein in the clamp. Single, fluorescently-labeled membrane protein fragments have also
been visualized in ways similar to that described in Kaestner CN et al. Biophys J. 8§4:1651—
1659 (2003); however, these studies used protein fragments instead of whole protein, and
measured only the presence or absence of fluorophores as opposed to protein conformational
dynamics. FRET as described in Majumdar, D. S. et al., Proc. Natl Acad. Sci. USA 104,
12640-12645 (2007) was performed using confocal imaging of freely diffusing molecules,
where conformational dynamics cannot be measured due to the fast time scale of diffusion

(microseconds) through the imaging volume.

[0006] smFRET studies are limited by many factors. One major limitation is the
tendency of the fluorophores to photobleach (lose fluorescence) in a matter of seconds due to
the high light intensity required for smFRET. Also, due to the rapid nature of many
biological processes, protein interactions and FRET energy transfer may occur in a fraction of

a second. Other factors limit the time scale as well. For example, capturing FRET where
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molecules are freely diffusing limits the time scale significantly because molecules will move
rapidly out of the field of view. Thus, time frames for sSmFRET studies are generally
measured on a scale of microseconds. Such limitations prevent extended study of many
protein dynamics, such as the dynamics of a transmembrane transporter protein moving back
and forth between an open conformation, allowing transportation across the plasma

membrane, and a closed conformation, blocking such transportation.

Summary

[0007] In one aspect, this disclosure is directed to a method of conducting dynamic
single-molecule fluorescence studies on a membrane protein. The method generally involves
obtaining a membrane protein which is labeled with fluorophore at one or more sites, and is
placed in a membrane protein carrier; immobilizing the membrane protein or the carrier onto
a solid surface; imaging the immobilized membrane protein to acquire fluorescence data over
a period of time; and correlating the fluorescence data with conformational changes in the

membrane protein.

[0008] In specific embodiments, the dynamic single-molecule fluorescence studies are
dynamic single-molecule fluorescence resonance energy transfer (smFRET) studies in which

a pair of fluorophores are utilized to assess conformational dynamics of a membrane protein.

[0009] In another aspect, this disclosure is directed to a method of screening for
compounds that affect the conformational dynamics of a membrane protein. Such method
generally involves conducting dynamic single-molecule fluorescence studies on the
membrane protein in the absence of a test compound and in the presence of a test compound,
respectively, and comparing the fluorescence data of said membrane protein in the absence of
said test compound with the fluorescence data of said membrane protein in the presence of
said test compound. Such comparison provides a basis for determining whether the test
compound affects the conformational dynamics or any function or activity of the membrane

protein.

[0010] In specific embodiments, the dynamic single-molecule fluorescence studies

performed for screening a compound are dynamic single-molecule fluorescence resonance
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energy transfer (smFRET) studies in which a pair of fluorophores are utilized to assess

conformational dynamics of a membrane protein.

[0011] In still another aspects, the disclosure is directed to mutant membrane proteins
made for affixing one or more fluorophores suitable for conducting dynamic single-molecule
fluorescence studies. Reagents and kits including, for example, a composition containing a
mutant membrane protein together with a membrane protein carrier, optionally immobilized

on a solid surface, are also disclosed.

Brief Description of Drawings

[0012] Figure 1: Single-molecule imaging of LeuT. (a) His-tagged, dye-labeled
LeuT-H7C/R86C was immobilized by biotin-NTA-Ni2+ to the streptavidin-treated surface.
(b) Representative fluorescence (Cy3 donor in green, Cy5 acceptor in red) and FRET (grey)
time traces from experiments in 200 mM KCI. (¢) FRET traces and histograms for
experiments performed in 0 mM NaCl (left), 200 mM NaCl (centre), and 200 mM NaCl with
20 uM leucine (right). Each two-dimensional histogram was summed over time, filtered to
remove fluorophore dark states (see Examples), and fit to the sum (red) of two Gaussian
distributions (blue) to estimate the mean value and relative occupancies of each FRET state.
(d) FRET traces and histograms are shown for experiments performed in 5 mM NaCl with no
substrate (left), 5 mM NaCl with 0.2 uM leucine (centre) and 5 mM NaCl with 20 uM leucine

(right). Scale on right indicates the relative population.

[0013] Figure 2: Effects of mutation and CMI on FRET histograms of LeuT-
H7C/R86C and LeuT-239C/480C. FRET histograms from single-molecule traces obtained
in the presence of 200 mM KC1 for LeuT-H7C/R86C (left) and LeuT-239C/H480C (right) are
shown in the context of the mutations RSA, Y268A or R30A, or the presence of 0.5 mM
CML. For clarity, fluorophore dark states have been computationally removed from all

histograms (see Examples).

[0014] Figure 3: Long single-molecule trajectories reveal FRET transitions.
Representative single-molecule traces from 160-ms images are shown for LeuT-H7C/R86C

(left), LeuT-H7C/R86C/Y268A (centre), and LeuT-H7C/R86C/RSA (right) in 200 mM KCl
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(a, e,i), 200 mM NaCl (b, f, j) or 200 mM NaCl and 20 uM leucine (c, g, k). Cy3 (donor) and
cy5 (acceptor) fluorescence are shown in green and red, respectively. FRET efficiency is
shown in blue. One-dimensional histograms (d, h, 1) represent the population data obtained in
the presence of 200 mM KCl (grey bars), 200 mM NacCl (blue line), or 200 mM NaCl and 20

uM leucine (red line).

[0015] Figure 4: smFRET imaging experiments performed with intracellularly
labeled LeuT-H7C-T515C in wild-type, the Y268A “intracellular gate’ mutant, and the
R30A “‘extracellular gate” mutant. Experiments were performed in the absence of Na+ (200

mM KCI) (bars) or in its presence (200 mM NaCl) (line).

[0016] Figure 5: Molecular dynamics data for the 7-515 and 7-504 pairs of
residues. Since 515 is located at the distal end of TM12, relatively far below the membrane
boundary, in the aqueous environment (panel a), the C-terminal segment in which it resides
exhibits high flexibility, much greater than that expected in the smFRET experiment where
this terminus is anchored and embedded in the surrounding detergent. Thus, the MD data for
the 7/515 pair exhibit relatively large fluctuations that exaggerate the actual motions observed
experimentally (panel b). However, the relevant motion of TM12 relative to NT-TM1 is
reliably described by the distance between 7 and position 504, which is located near the
membrane boundary. The 7/504 distance changes during the MD simulation shown in panel b
demonstrate a gradual evolution towards a stable increased distance, consistent with the

corresponding experimental measurements.

[0017] Figure 6: Effect of detergents on the intracellular conformation and ligand
sensitivity of LeuT. Dye-labeled LeuT-H7C/R86C was imaged in the presence of 0.4 mM
DDM or after exchanging with buffer containing n-octyl-p-D-glucoside (OG) or with 0.5 mM
CMI in 0.4 mM DDM. Experiments were performed in the absence of Na+ (black bars), in
200 mM NacCl (blue lines), or in the presence of 200 mM NaCl and 20 uM Leu (red lines).

[0018] Figure 7: Activity of intracellular gate mutants. (a) Ala transport and (b)
Leu binding activities were measured in wild-type (squares m), RSA (triangles A) and Y268A
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(inverted triangles V) LeuT. Error bars represent the standard deviation from three

independent experiments.

[0019] Figure 8: Substrate binding and transport activity for double-labeled
LeuT. Several double cysteine mutant LeuT samples were labeled with Cy3 and CyS5 (1:1
molar ratio) and purified in detergent. Binding activity was assessed by measuring of 3H-Leu
binding to LeuT using a scintillation proximity assay (SPA). Dye-labeled LeuT was
reconstituted into liposomes, and transport activity was assessed by measuring the rate of 3H-
Ala (1 uM) accumulation in proteoliposomes in 50 mM Tris/Mes (pH 8.5), 50 mM NaCl at

room temperature for 10 min. Errors are the standard deviation of three separate experiments.

[0020] Figure 9: Estimation of distances from FRET values. For each dye-labeled
sampled under each solution condition, FRET data were summed into histograms (bin
size=0.015) and fit to a sum of Gaussian distribution functions. The observed FRET values
are distorted by spectral bleed-through (also referred to as crosstalk) that arises from
imperfections in the spectral separation using dichrioic mirrors. As a result, some fraction (o)
of Cy3 emission appears as CyS5 intensity and some fraction () of Cy5 emission appears as
Cy3 intensity. To arrive at estimated distances for each FRET value the following correction

for bleed-through was applied to the uncorrected FRET values:

_ Eobs -
1-B-a’

where a=0.075 and f=0.155 were estimated from the fluorescence emission spectra of Cy3
and CyS5 and the transmission spectra of optical components in the light path. Corrected FRET
values were then used to calculate an average distance (R) between Cy3 and CyS in each
experiment (Examples). The inventors estimate the upper limit of the error in the distances to

be +5A.

[0021] Figure 10: Effect of Na* on LeuT dynamics. smFRET imaging of surface-
immobilized Cy3/CyS5-labeled LeuT (H7C/R86C) was performed in buffer containing various
concentrations of Na”. Experiments were performed with 160 ms time resolution, except for

30 and 50 mM Na", where the integration time was increased to 400 ms to reduce
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photobleaching and better estimate the long dwell times in these conditions. (a) H7C/R86C-
LeuT labeled with Cy3 and Cy5 (stars) was immobilized via a biotin acceptor peptide (BAP)
on a passivated glass surface and illuminated using total internal reflection. FRET traces
(>110 per condition) were collected with varying concentrations of Na+ (160-ms time
resolution for all, except 30-50 mM with 400ms). (b) The FRET data were filtered to remove
fluorophore dark states (see Methods) and summed into a histogram to compare occupancy in
specific FRET states. (¢) The FRET traces were idealized with a two state model. The fraction
of time spent in the lower-FRET open state (squares) and the high-FRET closed state (circles)
was calculated from the idealization. (d) Transition density plots were created by plotting the
average FRET value before (x-axis) and after (y-axis) each transition between distinct FRET
states. Transitions to dark states were computationally removed for clarity. (e) Average dwell
times in the open state (squares) and the closed state (circles) were estimated using maximum
likelihood fitting. (f) A representative single-molecule trajectory is shown (Cy3 intensity in
green, Cy5 intensity in red, FRET in blue, and idealized FRET in red) where imaging started
in the absence of Na* followed by solution exchange to 200 mM Na" at the 2 minute time

point.

[0022] Figure 11: Effect of leucine on LeuT dynamics. smFRET imaging of
surface-immobilized Cy3/Cy5-labeled LeuT (H7C/R86C) was performed at 160 ms time
resolution in buffer containing 2 mM NaCl and various concentrations of [.-leucine (L.eu). (a)
The FRET data were filtered to remove fluorophore dark states and summed into a histogram
to compare occupancy in specific FRET states. (b) The FRET traces were idealized with a
two state model. The fraction of time spent in the lower-FRET open state (squares) and the
high-FRET closed state (circles) was calculated from the idealization. (¢) Average dwell times
in the open state (squares) and the closed state (circles) were estimated using maximum
likelihood fitting. (d) Transition density plots were created by plotting the average FRET
value before (x-axis) and after (y-axis) each transition between distinct FRET states.
Transitions to dark states were computationally removed for clarity. (e) A representative
single-molecule trajectory is shown from an experiment where imaging started in 2 mM Na*

followed by solution exchange to 2 mM Na* and 250 uM Leu at the 2 minute time point.
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[0023] Figure 12: Effect of alanine on LeuT dynamics. smFRET imaging of
surface-immobilized Cy3/Cy5-labeled LeuT (H7C/R86C) was performed at 160 ms time
resolution in buffer containing 2 mM Na* and various concentrations of L-alanine (Ala). (a)
The FRET data were filtered to remove fluorophore dark states (see Examples) and summed
into a histogram to compare occupancy in specific FRET states. (b) The FRET traces were
idealized with a two state model. The fraction of time spent in the lower-FRET open state
(squares) and the high-FRET closed state (circles) was calculated from the idealization. (c¢)
Average dwell times in the open state (squares) and the closed state (circles) were estimated
using maximum likelihood fitting. (d) Transition density plots were created by plotting the
average FRET value before (x-axis) and after (y-axis) each transition between distinct FRET
states. Transitions to dark states were computationally removed for clarity. (e) A
representative single-molecule trajectory is shown from an experiment where imaging started
in 2 mM Na" followed by solution exchange to 2 mM Na* and 2 mM Ala at the 2 minute time

point.

[0024] Figure 13: Effect of transport inhibitors on LeuT dynamics. (a) Transition
density plots were created by plotting the average FRET value before (x-axis) and after (y-
axis) each transition between distinct FRET states. (b-c¢) The fold change in the rate of
transitioning from the open state to the closed state (open bars) and from the closed state to
the open state (filled bars) is shown for Cy3/Cy5-labeled LeuT (H7C/R86C) in 10 mM Na*
with 250 uM Ala alone or with 0.1 mM CMI, or 35 mM OG versus without Ala. (d) A
representative single-molecule trajectory is shown from an experiment where imaging started
in 10 mM Na" and 2 mM Ala and was exchanged to buffer including 10 mM Na*, 2 mM Ala,
and 0.1 mM CMI at the 2 minute time point.

[0025] Figure 14: Effect of S1 and S2 site mutations and of Li* on inward-open
and inward-closed dwell times. (a) Binding of *H-alanine in buffer containing 50 mM Na*
was measured for wild-type (W'T, squares), 1.400S (grey circles), and F253A (triangles)
LeuT. Binding measurements were also performed in buffer containing 150 mM Li" with
wild-type LeuT (black circle). (b) Alanine uptake was measured for LeuT-WT, F253A and
1.400s in buffer containing 100 mM NaCl as well as in buffer containing 150 mM Li". (¢-d)

The fold change in the rate of transitioning from the open state to the closed state (¢) and from
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the closed state to the open state (d) induced by 250 uM Ala is shown for WT, F253A, and
1.400S LeuT in 10 mM Na™ or for WT in 40 mM Li".

[0026] Figure 15: smFRET imaging of surface-immobilized Cy3/Cy5-labeled
H7C/R86C-LeuT was performed in buffer containing 250 uM alanine over a range of
NaCl concentrations. (a) FRET traces were idealized using a two-state, hidden Markov
model and the fraction of time spent in the low-FRET (squares) and high-FRET (circles)
states is shown. Error bars are the standard deviation of 1000 bootstrap samples. (b)
Maximum likelihood analysis was performed on the idealizations to estimate the average
lifetime of the open (squares) and closed (circles) states. Error bars are the standard deviation
of 100 bootstrap samples. (c) Transition density plots of each condition, (d) A representative
single-molecule trajectory is shown (Cy3 donor intensity in green, CyS acceptor intensity in
red, FRET in blue and idealization in red), where the experimental conditions started in 0 mM
NaCl and 2 mM Ala, followed by exchange to 2 mM NaCl and 2 mM Ala at the 2 minute

time point.

[0027] Figure 16: Fluorophore-labeled Tyt1 and Gltp, can be immobilized via
biotinylated liposomes and measured. Upper panel: Liposomes specifically immobilize at
the quartz surface via a biotin-streptavidin bridge: (a) no liposomes; (b) non-biotinylated
liposomes; (c) biotinylated liposomes. Lower panel: Individual Cy3 fluorophores,
encapsulated within liposomes can be counted and their lifetime measured; (d) Four Cy3
molecules within a single liposome; (e) photobleaching rates measured by field analysis with

and without oxygen scavenging.

[0028] Figure 17: smFRET data from donor- and acceptor-labeled Tytl and
Gltpp. (a), Tytl in detergent; (b), liposome-embedded Gltp,. Representative single-molecules
from each system are shown to illustrate time-dependent changes in SmFRET on the
millisecond time scale: Cy3 (green) and Cy5 (red). (c¢), FRET efficiencies (blue). Step-wise

loss of signal corresponds to the photobleaching of each single dye.

[0029] Figure 18: Alignment of NSS proteins. NSS proteins aligned according to
structural homology with LeuT (SEQ ID NO: 4; the last two amino acids of SEQ ID NO: 4,
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Gly-Thr, were part of the tag introduced into the native LeuT for crystallization). hDAT:
SLLC6A3 (human solute carrier family 6 (neurotransmitter transporter, dopamine) member 3),
aka DATI1 or DAT (SEQ ID NO: 5); hNET is SLC6A2 (solute carrier family 6
(neurotransmitter transporter, noradrenalin) member 2), aka NET1 aka NAT1 aka SLC6AS
located on chromosome 16q12 (SEQ ID NO: 6); rSERT is SLC6A4 (solute carrier family 6
(neurotransmitter transporter, serotonin), member 4), located on 17q11.2 (SEQ ID NO: 7).

Detailed Description

[0030] The inventors have, for the first time, successfully applied single-molecule
fluorescence resonance energy transfer (smFRET) techniques to study the dynamics of a
transmembrane protein and have overcome significant technical hurdles to do so. Without
limiting to any particular theory, it is believed that the success results from, for example, the
choice of sites on the membrane protein for labeling; the choice of solubilization, protein
carrier, and purification conditions; the surface-immobilization strategy where for example,
an epitope tag is linked to the C- or N-terminus of the membrane protein; the extension of
fluorophore lifetime and the dampening of fluorophore photophysics; the implementation of
computational strategies to sort the heterogeneous population of single-molecule FRET data;

or a combination thereof.

[0031] As demonstrated herein, the inventors were able to observe and quantify
ligand-dependent changes in conformational dynamics of a membrane protein at extended
imaging time scale using smFRET techniques, which could be masked by ensemble averaging

in bulk measurements or suppressed through crystallographic conditions.

[0032] Accordingly, this disclosure is directed to methods of conducting dynamic
single-molecule fluorescence studies on a membrane protein which permits observation and
quantification of conformational dynamics of a membrane protein. Also disclosed herein are
mutant membrane proteins in which one or more mutations have been introduced for affixing
a fluorophore, as well as compositions and reagents containing such mutant membrane
proteins for conducting dynamic single-molecule fluorescence studies. The methods and

compositions disclosed herein can be used in screening for compounds that enhance or reduce

10
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the activity of a membrane protein, useful for treating diseases associated with the

malfunction of the membrane protein or alterations in membrane protein conformation.

[0033] In the following description, reference is made to the accompanying drawings
that form a part hereof, and in which is shown by way of illustration specific embodiments
which may be practiced. These embodiments are described in detail to enable those skilled in
the art to practice the invention, and it is to be understood that other embodiments may be
utilized and that changes may be made without departing from the scope of the present
invention. The following description of example embodiments is, therefore, not to be taken in

a limited sense.
[0034] Definitions

[0035] A "membrane protein" is a protein molecule that is attached to, integral to, or
associated with the membrane of a cell or an organelle. More than half of all proteins interact
with membranes. The genus of membrane proteins may be broken into species based on
function of the membrane protein; for example, (i) structural proteins are attached to
microfilaments in the cytoskeleton which ensures stability of the cell; (ii) cell adhesion
molecules allow cells to identify each other and interact; (iii) membrane enzymes produce a
variety of substances essential for cell function; (iv) membrane receptor proteins serve as
connection between the cell's internal and external environments; (v) transport proteins play
an important role in the maintenance of concentrations of ions and come in two forms: carrier

proteins and channel proteins.

[0036] The genus of membrane proteins may also be grouped by the way the protein
is related to a membrane, for instance: (i) integral membrane proteins that are attached to the
membrane, including (a) transmembrane proteins that span the entire membrane and (b)
integral monotopic proteins that are attached to the membrane from only one side; and (ii)
peripheral membrane proteins that are attached either to the lipid bilayer or to integral
proteins by a combination of hydrophobic, electrostatic, and other non-covalent interactions;

and (iii) polypeptide toxins such as colicin A or alpha-hemolysin, and certain proteins

11
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involved in apoptosis, which are water-soluble but can aggregate and associate irreversibly

with the lipid bilayers.

[0037] Transmembrane proteins can be further classified into four main types based
on the position of the N- and C-terminal domains. Types I, 11, and III are single pass
molecules, while type IV are multiple pass molecules. Type I transmembrane proteins are
anchored to the lipid membrane with a stop-transfer anchor sequence and have their N-
terminal domains targeted to the ER lumen during synthesis (and the extracellular space, if
mature forms are located on plasmalemma). Type II and III are anchored with a signal-anchor
sequence, with type Il being targeted to the ER lumen with its C-terminal domain, while type
IIT have their N-terminal domains targeted to the ER lumen. Type IV is subdivided into IV-A,
with their N-terminal domains targeted to the cytosol and IV-B, with a N-terminal domain
targeted to the lumen. G protein-coupled receptors (GPCRs) are a particularly important
subtype of Type IV transmembrane proteins and can be grouped into 6 classes based on
sequence homology and functional similarity: Class A (or 1) (Rhodopsin-like); Class B (or 2)
(Secretin receptor family); Class C (or 3) (Metabotropic glutamate/pheromone); Class D (or
4) (Fungal mating pheromone receptors); Class E (or 5) (Cyclic AMP receptors); Class F (or
6) (Frizzled/Smoothened). The very large rhodopsin A group has been further subdivided
into 19 subgroups (A1-A19). More recently, an alternative classification system called

GRAFS (Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2, Secretin) has been proposed.

[0038] A "protein" is a compound made of naturally-occurring or artificial amino
acids arranged in a chain. The natural amino acids in a polymer are generally joined together
by the peptide bonds between the carboxyl and amino groups of adjacent amino acid residues.
The amino acids in a polypeptide chain are linked by peptide bonds. Once linked in the
protein chain, an individual amino acid is called a residue, and the linked series of carbon,
nitrogen, and oxygen atoms are known as the main chain or protein backbone. The end of the
protein with a free carboxyl group is known as the C-terminus or carboxy terminus, whereas
the end with a free amino group is known as the N-terminus or amino terminus. The word
"protein” also includes protein domains, protein fragments, peptides, and polypeptide.
"Protein" is generally used to refer to the complete biological molecule in a stable

conformation, whereas peptide is generally reserved for a short amino acid oligomer usually
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20-30 residues in length or less. Polypeptide can refer to any single linear chain of amino

acids, usually regardless of length, but often implies an absence of a defined conformation.

[0039] "Protein purification" means the process of removing a protein from a cell or
solution in which it was expressed and isolating it so that it can be studied. Many techniques
exist in the art for protein purification. Processes and reagents especially amenable for use
with membrane proteins include NABB-based techniques (Bannerjee S et al., J] Mol Biol.
2008 Apr 4;377(4):1067-81. Epub 2008 Feb 2. and Published PCT Application
WO02009097587); styrene maleic acid lipid particles (SMALPs) (Knowles TJ et al., ] Am
Chem Soc. 2009 Jun 10;131(22):7484-5); and nanodisks (see for example Borch J et al., Biol
Chem. 2009 Aug;390(8):805-14). Liposomes and micelles also may be used in a protein
purification process. Further, if cell-free or in vitro expression systems are employed, as are
known in the art, to express a membrane protein, they may be more readily purified and

incorporated into a vehicle for imaging. See examples section as well.

[0040] A "vehicle" or "protein carrier" is a carrier for a protein such as a membrane
protein, and may be reagents used in protein purification including detergents and lipids, or
nanoparticles such as NABBs and SMALPs. Other proteins, macromolecular complexes such
as ribosomes, or liposomes can also be used as carriers of a membrane protein. A cell can
also be used as a carrier of a membrane protein. The choice of membrane protein carrier,
such as the type of detergent used, and the conditions under which purification is conducted,

is made so as to not affect protein function.

[0041] "Immobilization" means attaching a vehicle or protein to an inert, insoluble
material. There are different ways in which one can immobilize, including but not limited to:
adsorption on glass, alginate beads or matrix; entrapment; imbedding in a matrix such as
agarose or polyacrylimide; and cross-linkage. Use of a spacer molecule like poly(ethylene
glycol) may help reduce the steric hindrance when a vehicle or protein is immobilized.
Common reagents used for immobilization include biotin-avidin pairings. Biotin can be
incorporated into lipids used in reconstitution or onto the protein using a noncovalent linkage
such as biotin-NTA interacting with a His epitope tag on the protein, or can be incorporated

covalently either through addition of a biotin acceptor sequence and treatment with biotin

13



WO 2011/143575 PCT/US2011/036459

ligase or by direct chemical modification with biotin through cysteine or lysine directed
reactions. Biotin can also be incorporated into a protein by reacting a non-natural amino acid
residue introduced in the protein with a biotin hydrazide, for example, as described by Wang
et al. (Proc. Natl. Acad. Sci. USA, 2003 Jan 7;100(1):56-61. Epub 2002 Dec 23). Tris-NTA
biotin (see, e.g., Cheng et al., Anal Chem. 2008 Apr 1;80(7):2564-73. Epub 2008 Feb 27) is
also well suited for protein immobilization for dynamic studies. Epitope tagging or click
chemistry can also be used for immobilization of the protein or protein carrier to a solid

support.

[0042] "Single-molecule fluorescence resonance energy transfer” (or "smFRET") is
the application of FRET techiques to study a single molecule with at least two fluorescent
labels, or the interaction of at least two molecules, each with a label. Fluorescence Resonance
Energy Transfer (FRET) is a non-radiative pathway by which a molecule in an electronic
excited state may relax back to the more stable ground state. The transfer of energy occurs
through space via dipole-dipole interaction: energy from the excited-state molecule (the donor
fluorophore) may transfer to a neighboring molecule (the acceptor fluorophore) given
significant degree of spectral overlap between donor emission and acceptor absorption,
properly oriented dipole moments of the interacting dye molecules, and the appropriate
distance between the two fluorophores. In smFRET the donor and receptor fluorophores are
on the same molecule, or are on different molecules that interact, bringing the two
fluorophores into proximity. The detection of FRET at the single-molecule scale enables the
direct measurement of conformational events and/or binding processes on biologically-

relevant time scales.

[0043] Dynamic smFRET refers to the use of smFRET techniques to interrogate
biological samples of interest over extended periods of time in order to quantify changes in
the amount of time that the sample spends in its various conformational states, i.e., the
sample's conformational dynamics. By measuring time-dependent conformational dynamics
in a biomolecule, insights into the physical parameters of motion are obtained that relate to
regulation and function. An extended period of time for smFRET studies can be a period
from 100 milliseconds, or 2-3 seconds, up to at least a minute or over several minutes,

depending on the conformational time dynamics of the protein under interrogation.
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[0044] A "fluorophore" is a component of a molecule which causes a molecule to be
fluorescent. It is a functional group in a molecule which will absorb energy of a specific
wavelength and re-emit energy at a specific wavelength. The amount and wavelength of the
emitted energy depend on both the fluorophore and the chemical environment of the
fluorophore. Fluorescein isothiocyanate (FITC), a reactive derivative of fluorescein, has been
one of the most common fluorophores chemically attached to other, non-fluorescent
molecules to create new fluorescent molecules for a variety of applications. Other common
fluorophores are derivatives of rhodamine (TRITC), coumarin, pyrene, and cyanine. Newer
generations of fluorophores such as maleimide derivative dyes, CF dyes, the FluoProbes dyes,
the DyLight Fluors, the Oyester dyes, the Atto dyes, the HilLyte Fluors, and the Alexa Fluors
are believed to perform better (more photostable, brighter, and/or less pH-sensitive) than other
standard dyes of comparable excitation and emission. In specific embodiments, fluorophores
from the cyanin family and alexa family are used in the method disclosed herein.
Fluorophores combined with one or more fluorophore-protective agents, such as TSQs (triplet
state quenchers), in particular Cyclooctatetraene, Trolox and NBA, which are particularly
useful for practicing the present invention, are described in International Application
PCT/US10/24824 (published as US 2010/096720), which is incorporated herein by reference
in its entirety. A protective agent, which may be a molecule or moiety, has the ability to alter
the photophysical properties of a fluorophore, particularly by altering the light state-dark state
(i.e., singlet-triplet) occupancy distribution or relaxation pathway of excited and relaxing
electrons. The protective agent may be attached adjacent to or directly to the fluorophore, or
it may be free in the solution surrounding the fluorophore. The ability of a molecule to
function as a protective agent is often evidenced by its ability to alter the blinking and/or

photobleaching characteristics of a fluorophore, thereby improving fluorescent quality.

[0045] One aspect of this disclosure pertains to a method of conducting dynamic

single-molecule fluorescence studies on a membrane protein.

[0046] The single-molecule fluorescence approach disclosed herein applies to any
membrane protein as defined herein above, i.e., including but not limited to integral
membrane proteins that attached to the membrane (such as transmembrane proteins and

integral monotopic proteins that are attached to the membrane from one side), peripheral
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membrane proteins that are temporarily attached to the lipid bilayer or to an integral
membrane protein, and proteins which are water-soluble but can aggregate and associate

irreversibly with the lipid bilayers.

[0047] In some embodiments, single-molecule fluorescence studies are conducted on
a transmembrane protein. Examples of transmembrane proteins include, but are not limited
to, neurotransmitter:sodium symporters (NSS), G-protein coupled receptors (GPCR), Tytl,
and excitatory amino acid transporters (EAAT (such as Gltph)).

[0048] In specific embodiments, single-molecule fluorescence studies are conducted
on an NSS protein. NSS proteins terminate neuronal signaling by recapturing
neurotransmitter released into the synapse. These secondary active transporters mediate the
accumulation of their substrates across the plasma membrane in a co-transport (symport)
mechanism driven by the Na* electrochemical gradient. NSS for the biogenic amines
dopamine, norepinephrine, and serotonin, are targeted by numerous drugs, including the

widely abused psychostimulants cocaine and amphetamine, as well as antidepressants.

[0049] The superfamily of proteins utilizing Na* co-transport (symport) mechanisms
includes the neurotransmitter:sodium symporters (NSS) and the excitatory amino acid
transporters (EAAT) sub-families. The substrates of EAAT proteins include biogenic amines
such as sugars, amino acids, and osmolytes. This NSS family of transporters includes the
dopamine transporter (DAT), the major molecular target responsible for both the rewarding
properties and abuse potential of cocaine and related psychostimulants. The homologous
neurotransmitter transporters for serotonin and norepinephrine, SERT and NET, are primary
targets of antidepressant drugs. Other family members that transport GABA and glycine are

targets for drugs in development to treat epilepsy and schizophrenia, respectively.

[0050] Genes encoding more than 200 putative NSS homologs have been identified in
prokaryotic genomes (Beuming, T. et al., Mol. Pharmacol. 70, 1630-1642 (2006)), including
LeuT, a prokaryotic NSS homolog from the thermophile Aquifex aeolicus. The crystal
structure of LeuT revealed an occluded conformation in which one leucine (L.eu) substrate

and two Na" are bound deep within the protein (Yamashita, A. et al., Nature 437, 215-223
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(2005)). The existence of two additional LeuT conformations, outward-facing and inward-
facing, has been proposed on the crystal structure (Yamashita, A. et al., Nature 437, 215-223
(2005)), in accordance with the alternating access model for transporters proposed earlier
(Jardetzky, O., Nature 211 (5052), 969 (1966)). As illustrated herein, the inventors have
conducted single-molecule fluorescent studies, including single-molecule FRET analysis, on
LeuT. These studies have elucidated informative sites for labeling and permitted observation
and quantification of conformational dynamics of LeuT at extended imaging time scales,
which reveal both structural and mechanistic insights previously difficult or impossible to

discern using other methods.

[0051] In other specific embodiments, single-molecule fluorescence studies are
conducted on a GPCR. Examples of GPCRs include the dopamine D2 receptor, adenosine

A2A receptor, metabotropic glutamate receptors, and betal and beta2 adrenergic receptors.

[0052] As disclosed herein, the present method of conducting dynamic single-
molecule fluorescence studies typically involves providing a membrane protein labeled with
one or more fluorophores, wherein the membrane protein is placed in a membrane protein
carrier, and immobilized directly or indirectly to a solid support. The immobilized membrane
protein is then imaged to acquire fluorescence data, which can then be analyzed to determine
membrane protein dynamic activity such as but not limited to protein conformational changes,

dimerization, ligand binding, and/ or interactions with other membrane or soluble proteins.

[0053] In some embodiments, the membrane protein is labeled with a single
fluorophore, and the fluorescence data (e.g., intensity, blinking) acquired from imaging the
immobilized membrane protein can reveal and correlate with conformational changes of the

membrane protein. Binding can be measured by co-localization of fluorescence.

[0054] When a fluorescent molecule is excited, such molecule can relax in one of
three ways: fluorescence, entering into the triple state (aka "quenching" or "blinking"), or heat
dissipation. Because the environment of the fluorophore can influence the choice of
relaxation, and because the conformational change of the membrane protein can affect the

environment of the fluorophore, the measurement of the fluorescence intensity or frequency
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of blinking from a singularly labeled membrane protein can reflect or correlate with the
conformation of the membrane protein. For example, when a membrane protein changes its
conformation such that the fluorophore is more exposed to water, the excited fluorescent
molecule is more likely to relax through heat dissipation hence weaker fluorescence emission.
Alternatively, a change in conformation, which may result in an interaction or increased
interaction of the fluorophore with other molecules in the environment (such as a micelle),

may cause more blinking in some instances, or less blinking in other instances.

[0055] In embodiments where the membrane protein is labeled with a single
fluorophore for studying conformational changes, flurophores which have relatively long
excited-state lifetimes are generally preferred. Such flurophores are typically environmentally
sensitive to quenching or heat dissipation relative to flurophores which have short excited-
state lifetimes. In this context, excited-state lifetimes of at least 0.5 nanoseconds are
considered to be sufficiently long for use in the present method. Flurophores that have
relatively long excited-state lifetimes include cy5, pyrene, coumarin, and many others known
in the art. On the other hand, an example of a fluorophore with a relatively short excited-state
lifetime is cy3.  In other embodiments, instead of labeling a membrane protein with a single
fluorophore, two fluorophores are used to label the membrane protein, with one being the
donor and the other one the acceptor. The fluorescence data acquired from imaging the
immobilized membrane protein, as a result of fluorescence resonance energy transfer (FRET)
from the donor to the acceptor, or as a result of co-localization of fluorescence, can reveal and

correlate with conformational changes of the membrane protein.

[0056] In one embodiment, a membrane protein and one or more other proteins such
as ligands, soluble proteins, or additional membrane proteins, are each labeled with a
fluorophore, and the fluorescence data acquired from imaging the proteins can reveal and
correlate with membrane protein oligomerization, ligand binding, and/ or interactions with

other proteins.

[0057] When a pair of fluorophores are utilized, in some embodiments, a single
molecule of a membrane protein is labeled with the pair of fluorophores, while in other

embodiments, two separate molecules or preparations of a membrane protein or alternatively,
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two different proteins (e.g., two different membrane proteins, or a membrane protein and a
soluble protein) which interact with each other (e.g., in a homo or hetero dimer) are labeled

with the donor and the acceptor fluorophores, respectively.

[0058] Fluorophores may be attached to a target protein by a number of means. For
example, epitope tags are introduced into a target protein by genetic engineering of the
epitope of interest into the protein, which allows labeling by covalent or other attachment of
the fluorophore to the protein following recombinant protein expression and purification. A
specific example is a fluorophore (e.g., Cy5) that binds non-covalently to a membrane protein
through a Nickel-NTA or tris NTA interaction via a His-6 tag. Examples of epitope tags
include FLLAG, snap, clip, halo, and his-tags. For additional epitope tags see, ie, Brizzard, B.,
BioTechniques 44:693-695(2008). Snap-tagging for FRET study of membrane protein
heteroassembly is detailed in Maurel, D., et al, Nat. Methods 5(6):561-567 (2008). The
fluorophore can also be incorporated by engineering fluorescent fusion proteins, such as green
fluorescent protein (GEP), into the protein of interest. For fluorophore labeling within a cell,
membrane permeant fluorophores can be used or a fluorophore can be injected into the cell
interior for studies of intracellular protein activities. Additional means of labeling include
expressed protein ligation, as described by e.g., Muralidharan and Muir in Nat Methods
3(6):429-38 (2006), and by Muir in Annu Rev Biochem72:249-89 (2003). Essentially, a
target protein is expressed with one half of the intein. A synthetic peptide, labeled with a
fluorophore, serves as the second half of the intein and will react and ligate to the first half of

the intein with the target protein.

[0059] Labeling can be also achieved through attachment, e.g., covalent linkage, of a
fluorophore to an amino acid which is present in the native protein, or alternatively an amino
acid which is introduced into the protein. Because selection of the amino acid position(s) for
labeling is important to the effectiveness of the single-molecule fluorescence studies, labeling
is often achieved through attachment of a fluorophore to an amino acid which is introduced

to a selected position in a membrane protein.

[0060] The introduced amino acid can be a natural amino acid or an unnatural amino

acid. A "natural amino acid" refers to an amino acid that is naturally incorporated into
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polypeptides in organisms. There are 22 natural amino acids, 20 of which are encoded by the
universal genetic code. A "non-natural amino acid" refers to an amino acid that is not
naturally incorporated into proteins by cellular machinary. Non-natural amino acids include
amino acids that are in proteins but are are formed by post-translational modification (e.g.,

hydroxyproline), as well as amino acids that are not found in natually occurring proteins.

[0061] The choice of amino acid being introduced for purposes of labeling may
depend on the fluorophore to be attached. For example, if a maleimimide dye is used, a
cysteine will be introduced for covalent attachment of the dye. If the membrane protein
includes one or more native cysteines, these may be used for labeling. Alternatively, the
cysteine residue(s) present in the native membrane protein can be substituted with other
suitable amino acids so as not to interfere with the labeling through an introduced cysteine at
a selected site. For attachment of other fluorophores, other amino acids mutations can be
introduced, including substitution mutations using an unnatural amino acid, using techniques
known in the art; see, e.g., Munro, J. B., et al. EMBO J. 29(4):770-781 (2010). Fluorophores
may also be attached using other chemistries, such as click chemistry (for review of click
applications for covalent attachment in biomolecules, see Nwe, K., et al., Cancer Biother.

Radiopharm. 24(3):289-302 (2009)).

[0062] An amino acid can be introduced into a selected position in a membrane
protein by well known mutagenesis techniques, resulting an insertion mutation or a
substitution mutation. Methods to mutate a native protein to introduce an unnatural amino

acid are also known in the art; see, e.g., Munro et al. (supra); Chin et al., Science 301: 964-

967, 2003).

[0063] The site(s) or position to which an amino acid is introduced for purposes of

fluorophore attachment is selected based on several considerations.

[0064] Generally speaking, the introduced mutation ideally does not substantially
affect the tertiary structure or function of the membrane protein such that the fluorescent data
observed reflects the conformational dynamics of the wild type protein without the mutation.

Therefore, the mutation site (the labeling site) is typically selected to be outside of an activity
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domain of the membrane protein, and in specific embodiments, distal to an activity domain of
the membrane protein. By "an activity domain" it is meant a domain that performs at least
one aspect of the functions or actions of the membraine protein, including, e.g., a ligand
binding domain, a catalytic domain, or the like. In other embodiments, mutations for labeling
are introduced within or near an activity domain; for example, His7 in LeuT which is near the

intracellular gate where the observed dynamics occur.

[0065] Sites that do not not substantially affect the tertiary structure or function of a
membrane protein can be found within sequences or segments of the protein that are not
conserved across homologous species or members of the family to which the membrane
protein belong; or alternatively, the sites can be amino acids that are not conserved across
homologous species or members of the family. As used herein, a "conserved amino acid
sequence” refers to a sequence which includes identical amino acids, or functionally or
structurally equivalent, though not necessarily identical, amino acids at analogous parts of
proteins across homologous species or members of a protein family. For a given part or
fragment of a protein family, the sequence identity or similarity should be at least 30% across
the full length of a given fragment to be considered conserved, with possible identities or
similarities of at least 40%, 50%, 60%, 70%, 80%. 90% or greater. A "conserved amino acid"
refers to an amino acid that is either identical or functionally or structurally equivalent at
analogous positions across homologous species or members of a protein family. Where an
identical amino acid or functionally or structurally equivalent amino acid is found in at least
50%, 60%, 70%, 80% or more of the members of a family, such amino acid can be considered

as highly conserved.

[0066] To illustrate, NSS family members have regions of high homology and regions
of low (or no) homology. Alignment of prokaryotic and eukaryotic NSS proteins (Beuming,
T. et al., Mol. Pharmacol. 70, 1630-1642 (2006)) finds that some transmembrane (TM)
domains show low conservation (for example, TM4/5 shows only 11% sequence identity
between LeuT and dopamine transporter) while amino acid residues surrounding substrate
binding sites show high conservation (for example, LeuT residue .25 shows 94%
conservation with all eukaryotic equivalent residues and 100% conservation with dopamine,

norepinephrine, and serotonin receptors; LeuT residue G26 shows 85% conservation with all
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eukaryotic proteins and is identical in the serotonin receptor but differs in norepinephrine and
dopamine receptors). Y268 in LeuT and Y335 in the dopamine receptor are considered
functionally or structurally homologous or equivalent residues; a mutation in either residue
interferes with transport capacity (Kniazeff, J. et al., J. Biol. Chem. 283, 17691-17701
(2008)). On the other hand, mutations in amino acids which show low conservation (such as
LeuT residues H7, R86, and H480, which show no homology to human NSS equivalent
residues, and LeuT residue K239, which is conserved with human norepiniphrine receptor but
not other equivalent human NSS residues) can be mutated without affecting protein function

(see Examples).

[0067] To maintain the tertiary structure and function of the membrane protein under
interrogation as much as possible, substitution mutations can be made at amino acids which
are similar in size and hydrophobicity to the amino acid being introduced for labeling. For
example, for making cysteine substitutions, amino acids such as serine, threonine, among
others, can be considered as target positions, wheareas proline may not be an ideal target

position due to its unique propensity to distort the polypeptide backbone.

[0068] Additional considerations are given in selecting a labeling site to optimize
smIPRET signals, including selecting sites having accessibility to solvent, facing the
intracellular or extracellular space rather than facing the lipid membrane bilayer, sites
associated with significant conformational changes between active and inactive states or
conformations of the membrane protein, and sites that provide efficient fluorophore coupling,
low nonspecific labeling, low anisotropy parameters, and that permit free spinning of

fluorophores.

[0069] In cases where a pair of fluorophores are utilized in labeling, the labeling sites
are selected such that the distance between the fluorophores depends on the conformation of
the membrane protein; therefore an increase or decrease in distance between the fluorophores

reflects a change in conformation of the membrane protein.

[0070] In some embodiments, a pair of fluorophores are attached to amino acid

positions that are separated from one another in the protein tertiary structure by a distance
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approximating the Rq for the donor fluorophore and acceptor fluorophore. The Forster
relationship defining the efficiency of FRET as a function of distance is unique for each dye
pair. For any pair of fluorophores, the distance between the pair wherein 50% energy transfer
is achieved is called the Ry (Ryero). The Rg for Cy3 and CyS5 is approximately 50 Angstroms;
that is, when Cy3 and CyS5 molecules are separated by 50 Angstroms, 50% of energy will be
transferred between donor and acceptor molecules. When a pair of fluorophores is closer than
the Ry for that pair, there will be greater than 50% energy transfer, which will be seen as an
increase in fluorescence (also called a high-FRET state). When a pair of fluorophores is
farther apart than the R for that pair, there will be a reduction in energy transfer and
fluorescence (also called a low-FRET state). By "approximating the Ro" it is meant that the
distance between the donor and acceptor is within 5-10% of deviation from the RO. If FRET
is centered at Ry, then small distance changes can be measured. For example, a 10% change
in FRET (e.g. 0.4 or 0.6) corresponds to about a 5-10 Angstrom change in distance (given low

anisotropy and free spinning of the fluorophore).

[0071] Given the above considerations for selecting labeling sites, and taking LeuT as
an example of a membrane protein, suitable labeling sites in accordance with this disclosure
include, for example, His 7 in the amino terminus, Arg 86 in 1.1, Arg 185 in I.2, Lys 271 in
IL3, Thr 515 at the cytoplasmic end of TM12, Lys 239 in EL.3, and His 480 in ELL6. Suitable
pairs of labeling sites including pairs of sites on the intracellular side of the transporter, or

pairs of sites on the extracellular surface of LeuT.

[0072] In specific embodiments, a pair of fluorophores are attached to a pair of
cysteine substitutions introduced on the intracellular side of the transporter, €.g., a pair of
cysteine substitutions at two of the sites: His 7 in the amino terminus, Arg 86 in IL.1, Arg 185
in IL2, Lys 271 in IL.3, and Thr 515 at the cytoplasmic end of TM12. In particular
embodiments, the pair of cysteine substitutions is selected from the group consisting of
H7C/R86C, H7C/T515C, R185C/K271C, R185C/T515C, R86C/K271C, and R86C/R185C.
In other specific embodiments, a pair of fluorophores are attached to a pair of cysteine

substitutions introduced on the extracellular surface of LeuT, e.g., K239C/H480C.
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[0073] Additional sites in LeuT which may be suitable for labeling include, for
example, amino acid residues 25, 29, 33, and 34 in TM1, amino acid residues 111 and 114 in
TM3, amino acid residues 136-150 in EL2, amino acid residues 243, 246, 249 and 253 in
TM6, amino acid residues 305, 307, 309, 311, 314, 315, 317, 320, 324, 325 and 333 in E1 4,
amino acid residues 397, 400, 404 and 405 in TM10, and amino acid residue 480 in EL6.

Labeling at these sites has also revealed dynamic changes in LeuT.

[0074] Similar mutations can be made to human NSS proteins targeted for study. For
example, the sequence of a human NSS protein can be aligned with the sequence of LeuT or
another member of the family for which suitable labeling sites have been determined, can be
used to identify the positions analogous to those in LeuT or the other family member that
have been shown as suitable for labeling and smFRET analysis. Alternatively, the three
dimentional structure of human NSS protein, if available, can be compared with the three
dimensional structure of LeuT or another member of the family to identify the analogous
amino acid positions suitable for labeling and smFRET analysis. Once the molecular model
of the target cognate protein is available on this basis, molecular dynamics simulations can be
performed with this model structure to identify yet other suitable labeling sites based on the
same criteria, thus taking into consideration any subtle changes produced by the differences in

sequence in structure between the template and the target.

[0075] In specific embodiments, a structure-based sequence alignment, which is
generated taking into consideration of both sequence information and available structural
information (e.g., three-dimentional structure), is used as the basis to identify sites analogous
to those which have been identified in LeuT. For example, a structure-based sequence
alignment of LeuT with NSS proteins hDAT (also referred to as SLC6A3), hNET (also
referred to as SLLC6A2 ), and rSERT (also referred to as SLC6A4) (Figure 18) has been
generated (see, e.g., Thijs Beuming et al., Molecular Pharmacology November 2006 vol. 70
no. 5 1630-1642) and provides information on structurally homologous regions and analogous
sites which should be useful in practicing the methods of the invention in other NSS proteins.
In this alignment, to illustrate, sites that are analogous to LeuT site H7 are the amino acids
that align with it, i.e., site T72 in hDAT, T68 in hNET, and T81 in rSER'T (each residue being

directly below H7 in Figure 18). As a practical matter, any residues within a few (e.g., 1, 2 or
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3) amino acid positions of an identified labeling site in LeuT or its analogous counterpart may
be useful for fluorophore labeling of the NSS protein. To further illustrate, any of hDAT
residues 68-74, hNET residues 66-72, and rSERT residues 79-83, being within a few residues
of the structurally homologous LeuT residue 7, may be appropriate to mutate for labeling
studies. Other suitable sites analogous to other labeling sites in LeuT disclosed herein above

can be determined based on the alignment in Figure 18.

[0076] In addition to mutations introduced for purposes of labeling, other mutations
can be introduced, including mutations which mimic those found in established diseases or
disorders, or mutations which result in a loss of function or gain of function. In the case of
LeuT, mutations in RS or Y268 disrupt substrate binding and protein function, as does the
Y335 mutation in the dopamine transporter (Kniazeff, J. et al., J. Biol. Chem. 283, 17691—
17701 (2008)). Gain of function and loss of function in human NSS proteins has been
implicated in a variety of neuroaffective disorders including Parkinson’s disease, depression,
psychiatric and personality disorders, anxiety, attention deficit/hyperactivity disorder, as well

as in sympathetic nervous system and cardiovascular dysregulation.

[0077] The membrane protein is typically first solubilized in a membrane protein
carrier such as a detergent, then purified, followed by labeling. Alternatively, the protein may
be first labeled and then loaded into a membrane protein carrier. A membrane protein carrier
is a carrier for a membrane protein, which may be reagents used in membrane protein
purification as defined hereinabove such as detergents and lipids, or structures composed of
lipids and/or detergents (for example, in the form of liposome or micelle), or nanoparticles
(such as NABBs and SMALPs) and nanodiscs. In a specific embodiment, micelles formed by
DDM are used as a carrier. A cell is also considered a protein carrier. When a cell is used as
a carrier, membrane proteins can be expressed in the cell with an extracellular tag, such as a
SNAP tag, and then treated with with a dye to label; and intracellular proteins can be
expressed in the cell as a fluorescent fusion protein or fused to a carrier, then can be labeled
by employing a membrane permeant dye or injecting a reactive dye into the cell interior.
Expression of a desired protein in a cell can be controlled by various know techniques,

including through the use of inducible promoters and crippled kozak sequences.

25



WO 2011/143575 PCT/US2011/036459

[0078] The membrane protein, together with its carrier, is then immobilized to a solid
plane or surface for single-molecule fluorescence studies. Suitable solid materials for use
herein include glass, alginate beads or matrix, among others. The protein itself may be
immobilized or attached to the solid suface, or alternatively, the vehicle carrying the protein
may be attached to the solid surface (hence the protein being indirectly immobilized). A cell
may be immobilized onto a glass surface, such as a glass slide, that has been treated with a
substance (for example, fibronectin) that facilitates attachment and immobilization of the cell

to the glass surface.

[0079] It has been determined by the inventors that spontaneous dissociation of the
membrane protein from the image plane can virtually be eliminated by immobilizing the
membrane protein or its carrier through strong affinity interactions such as a biotin—
streptavidin interaction, which attributes at least in part to an extended imaging time scale for
smIPRET studies disclosed herein. Another strong affinity interaction is Biotin-Tris-NTA,

where the Tris-NTA moiety binds to a His6 epitope in the membrane protein.

[0080] A biotin—streptavidin interaction can be created by passivating the solid

surface with streptavidin, and incorporating biotin into lipids used in reconstitution or onto the
membrane protein. Biotin can be incorporated into the membrane protein using a noncovalent
linkage such as biotin-NTA interacting with a His epitope tag on the protein, or can be
incorporated covalently either through addition of a biotin acceptor sequence and treatment
with biotin ligase or by direct chemical modification with biotin through cysteine or lysine
directed reactions. In a specific embodiment, a 15-amino-acid biotinylation domain
GLNDIFEAQKIEWHE (SEQ ID NO:1) (Beckett, D. et al., Protein Sci. 8, 921-929 (1999)) is

introduced, e.g., to the N-terminus or C-terminus of a membrane protein under investigation.

[0081] The density of surface immobilization can be controlled through dilution and
using a prism-based, wide-field configuration, to permit simultaneously imaging of low-
density arrays of specifically tethered, individual membrane protein molecules. When a cell
is used as a vehicle, density of protein expression on or in the cell is controlled by limiting

protein expression via, for example, inducible promoters.
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[0082] After the labeled membrane protein is immobilized, directly or indirectly, to a
solid surface, imaging is performed under conditions, e.g., the illumination intensity of the
laser, the exposure time, among other parameters, that support extended imaging time scale.
By "extended imaging time scale" it is meant a period of time sufficient to capture and
observe multiple or preferably all conformations of the membrane protein and transitions
between different conformations. In some embodiments, an extended imaging time covers at
least the dwell time of a specific conformation, and in particular embodiments, at least the
sum of the dwell times (or excited-state lifetimes) of multiple or all conformations. Given
that proteins differ in their conformational kinetics (some slow while other fast), the imaging
time period needed to capture multiple conformations vary depending on the protein, and can
be a period from 2-3 seconds up to at least a minute or over several minutes. Conditions that
support extended imaging time scales include reducing the laser illumination intensity to
minimize the photobleaching, and increasing the exposure time to maintain signal-to-noise
ratios adequate to detect FRET changes at a reduced laser intensity. Fluorophores with
extended lifetimes are also important to extended imaging times. In addition, inclusion of
oxygen scavenging methods and protective agents such as TSQs in solution, particularly a

TSQ such as Cyclooctatetraene, Trolox and/or NBA, is highly desirable.

[0083] Given the benefit of an extended observation period, it has been demonstrated
herein that individual LeuT-H7C/R86C molecules undergo multiple transitions between the
high- and low-FRET configurations in the absence of Na*. With the reduced illumination
intensity, the low-FRET state showed short-lived photophysical 'blinking' events that would
have been masked under intense illumination by rapid, Cy3-mediated photoresurrection.
Taking this into consideration, the average dwell time in high (r = 18 s) and low (t =25s)
FRET states can be determined, indicating that a full opening—closing cycle of LeuT requires

~60 s.

[0084] From the imaging experiments, fluorescence data are acquired over time,
which can include, for example, any of fluorescence intensity from one or more fluorphores,
FRET traces determined from instantaneous fluorescence intensities of the donor and the
acceptor fluorophores, the number of fluorophore blinking events for each FRET trace, and/or

the occurrence of photobleaching event.
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[0085] The collected data can be analyzed to determine the number of different
conformations present (based on different FRET states observed, for example), the
distribution among different conformations under a given condition, the dwell time for each
conformation, and the transition time from one conformation to another. That is, the collected
fluorescence data, acquired over an extended period of time, permits identification and
quantification of changes in the amount of time that the protein molecule spends in its various
conformational states, hence referred to herein as dynamic fluorescent studies. By measuring
time-dependent conformational dynamics in a biomolecule, insights into the physical

parameters of motion are obtained that relate to regulation and function.

[0086] The dynamic single-molecule fluorescence approach disclosed herein reveal
useful information about the interaction of membrane proteins and ligands. The methods
described herein can be used to test candidate compounds for effects on the conformation

dynamics of a membrane protein.

[0087] Accordingly, in another aspect, the disclosure is directed to a method of
screening for compounds that affect the activity of a membrane protein based on assessing the
effects of a test compound on the conformational dynamics of the protein using the single-
molecule fluorescence approach disclosed herein. The identified compounds are useful for
treatment of diseases and conditions associated with the activity or otherwise malfunction of

the membrane protein.

[0088] For example, dynamic smFRET studies can be conducted on a membrane
protein as described herein, in the presence and in the absence of a test compound,
respectively. FRET data can be collected and compared to determine whether the test
compound changes the conformational dynamics of the membrane protein, e.g., a change in
the FRET values, in the dwell time for one or more conformations, in the transition time from
one conformation to another, or a change in the distribution among different conformations.
A change observed indicates that the test compound affects the conformational dynamics of
the protein, which can be correlated with effects on the activity of the membrane protein. For
example, a specific conformation can be determined in smFRET studies to be associated with

a particular activity of the membrane protein (such as ligand binding or gate opening). For
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instance, in the cases of H7C/R86C LeuT, the high FRET state represents an inward-closed
conformation, and a low FRET state represents an inward-open conformation which creates
space for leucine to be released to the cytoplasm. Therefore, an increase in the relative
population of the specific conformation associated with a particular activity of the membrane
protein, as a result of the presence of a test compound, indicates that this test compound likely
enhances the indicated activity. A decrease in the relative population of the specific
conformation associated with a particular activity of the membrane protein, as a result of the
presence of a test compound, indicates that this test compound likely reduces the indicated
activity. This type of study can also be performed to test competitive binding of multiple
compounds. For instance, in the presence of Na+ and the LeuT substrate alanine, LeuT
intracellular conformation switches rapidly between open and closed states, consistent with
substrate transport activity. This can be seen in FRET studies as increased frequency of
transition between high and low FRET states. However, the LeuT inhibitor CMI, which binds
the S2/alanine binding site, inhibits these conformational dynamics, which stabilizes
conformation of LeuT in a open/high FRET state (Example 2). Thus, CMI competes with
alanine for binding to the S2 site. In a similar way, compounds can be screened for

competitive effects on conformational dynamics of a membrane protein.

[0089] In another example, a change in the absolute FRET value(s) of a specific
FRET state or conformation, as a result of the presence of a test compound, may indicate that
the test compound may have changed certain structural elements for that specific
conformation (e.g., the gate is wider, therefore the distance of the two fluorophores is greater),
which can also be correlated with effects on the activity of the membrane protein. As an
example, in LeuT, opening of the intracellular gate is required for substrate release into the
cytoplasm. Thus, a compound, like the LeuT inhibitor CMI, that reduces formation of the
lower-FRET state assigned to an open intracellular gate conformation, would be characterized
as a LeuT inhibitor. Similarly, if the extracellular gate must be open (or outward facing) to
bind ligand in the extracellular space, then a compound that prevents the formation of this

state would be an inhibitor of the protein.

[0090] The dynamic single-molecule fluorescence approach disclosed herein can also

be applied to compare a target protein with a variant form of the target protein. For example,
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a bacterial protein and its human homolog can be analyzed and compared in the presence or
absence of drugs for purposes of identifying new antibiotics. Proteins encoded by different
human alleles can also be studied and compared for the purpose of developing drugs that

target specific populations. Additionally, drug sensitive and drug resistant forms of a target

protein can also be studied and compared.

[0091] In a further aspect, this disclosure provides mutant membrane proteins which
contains one or more mutations for affixing one or more fluorophores. Mutant proteins which
contain additional mutation or mutations, introduced for purposes other than fluorophore
attachment, are also disclosed herein. Such mutations can result in a loss of function or gain
of function, or mimic those found in established diseases or disorders, can also be used in

dynamic single-molecule fluorescence studies.

[0092] Reagents or compositions containing a mutant membrane protein described

herein, either alone or loaded into a carrier, are also embodiments of the disclosure.

Examples

[0093] The present description is further illustrated by the following examples, which
should not be construed as limiting in any way. The contents of all cited references (including
literature references, issued patents, published patent applications as cited throughout this
application) are hereby expressly incorporated by reference. These examples could be readily

adapted to testing drugs and other therapies.
[0094] Example 1. Fluorescence studies with membrane proteins.

[0095] LeuT mutants were expressed in Escherichia coli, purified, and labeled on
targeted engineered cysteines with Cy3 and CyS maleimide. The inventors determined the
functional properties of the labeled constructs by measuring leucine binding using a
scintillation proximity assay, and measured alanine transport after reconstitution of the protein
into proteoliposomes. The inventors studied the fluorescence properties of labeled proteins to
establish specific and efficient labeling and to confirm that the observed FRET changes

probably arise from inter-dye distance rather than photophysical phenomena. The inventors

30



WO 2011/143575 PCT/US2011/036459

created various constructs, each with two cysteine residues strategically placed for labeling.
Purified, labeled protein was immobilized onto a passivated-glass surface with a streptavidin—

biotin linkage.

[0096] The inventors acquired fluorescence data using a prism-based TIR microscope.
The inventors calculated FRET efficiency and analysed fluorescence and FRET traces using
automated analysis software as described in US application No. 61/437,203, which is herein
incorporated by reference in its entirety. The inventors analyzed the single-molecule traces
for LeuT in the presence and absence of the substrates Na* and Leu, upon addition of the
transport inhibitors clomipramine and octylglucoside, and in response to mutations of the
extracellular vestibule and the network of intracellular residues that is proposed to stabilize
the inward closed state. The inventors carried out molecular dynamics simulations of the
protein immersed in an explicit membrane and solvated with water molecules, ions and

ligands, and ran long equilibrations (>500 ns) to assess conformational changes.
[0097] Preparation of labeling sites

[0098] The inventors removed an existing BamHI restriction site from the PET16b
plasmid by silent modification (ACG to ACA) at position 135. The inventors used the
Stratagene Quikchange mutagenesis kit to mutate the stop codon (TGA) to GGA. The
inventors then introduced the biotin Acceptor Peptide (AP) sequence GLNDIFEAQKIEWHE
(SEQ ID NO:1) (Beckett, D. et al., Protein Sci. 8, 921-929 (1999)) and a stop codon (TGA)
using Xhol and BamHI restriction sites and primers AP-F
(TCGAGGGGCTTAATGATATCTTTGAAGCTCAGAAAATTGAATGGCATGAGTGAG)
(SEQ ID NO:2) and AP-R
(GATCCTCACTCATGCCATTCAATTTTCTGAGCTTCAAAGATAT CATTAAGCCCC)
(SEQ ID NO:3).

[0099] The inventors co-transformed pBirAcm (AVIDITY LLC) and AP-tagged
PET16b into E. coli C41 (DE3). At OD600 = 0.5, The inventors added 10 mM D-biotin,
induced expression with 0.3 mM IPTG, and grew cells overnight at 20 °C.
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[00100] The inventors performed site-directed replacement of single residues by
cysteine using the Stratagene Quikchange mutagenesis kit. To confirm the fidelity of all

plasmids, the inventors used DNA sequencing (Agencourt Bioscience Corporation).

[00101] Site-directed replacement of single residues by cysteine was performed using
the Stratagene (La Jolla, CA) Quikchange™ mutagenesis kit. The fidelity of all plasmids was

confirmed by DNA sequencing (Agencourt Bioscience Corporation).

[00102] Creation of biotin acceptor peptide tagged PETO18G-AP: An existing BamHI
restriction site was removed from the PETO18G-AP plasmid through silent modification
(ACG to ACA) at amino acid position 135. The stop codon (TGA) was mutated to GGA
using the Stratagene (La Jolla, CA) Quikchange™ mutagenesis kit. The biotin Acceptor
Peptide (AP) sequence GLNDIFEAQKIEWHE (SEQ ID NO:1) and a stop codon (TGA) was
then introduced using Xhol and BamHI restriction sites using primers AP-F
(TCGAGGGGCTTAATGATATCTTTGAAGCTCAGAAAATTGAATGGCATGAGTGAG)
(SEQ ID NO:2) and AP-R
(GATCCTCACTCATGCCATTCAATTTTCTGAGCTTCAAAGATAT CATTAAGCCCC)
(SEQ ID NO:3).

[00103] Biotinylated protein expression: pBirAcm (AVIDITY LLC) and AP tagged
PETO18G-AP were co-transformed into E. coli C41 (DE3). At OD600=0.5, 0.05 mM D-
biotin was added, expression was induced with 0.3mM IPTG, and cells were grown overnight

at 20°C.
[00104] Protein expression and purification of LeuT via affinity chromatography

[00105] Wild-type and mutant LeuT were produced in E. coli C41(DE3) harbouring
pQO18 or pET16b and purified by immobilized metal (Ni2+) affinity chromatography using a
Ni2+ Sepharose 6 FastFlow column (GE Healthcare). The inventors prepared membrane
vesicles and purified LeuT variants as described (Quick, M. et al., Proc. Natl Acad. Sci. USA
104, 3603-3608 (2007)). For Cy3 or Cy5 labeled protein, after the protein was immobilized
on the Ni2+ Sepharose 6 FastFlow resin, the resin was washed with 5 column volumes of

Buffer A: 50mM Tris/Mes (pH 7.5), 150 mM NaCl, 1 mM TCEP, 20% Glycerol, 0.05% w/v
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(1 mM) n-dodecyl-B-d-maltopyranoside (DDM), and 50 mM imidazole. The inventors then
washed the resin with 5 column volumes of labeling buffer: 50 mM Mes (pH 6.0), 400 mM
NaCl, 200 pM lysine, 50 uM TCEP, 1 mM DDM. After the resin was resuspended in labeling
buffer, 200 uM Cy3 and 200 uM CyS maleimide (GE Healthcare) were added to the solution
and reacted for 1 h at 4 °C while rotating the column. To remove free Cy3 and CyS5, the
inventors reloaded the resin into the column and washed it with 5 column volumes of buffer
A. The protein was eluted in Buffer A with 300 mM imidazole and purified with HPLC-
mediated size-exclusion chromatography (Shodex Protein-KW803 column) in Buffer B: 50
mM Tris/Mes (pH 7.5), 150 mM NaCl, 1 mM TCEP, 1 mM DDM.

[0100] The inventors estimated the extent of the labeling from absorption spectra of labeled
protein by measuring peak maxima at 552 nm and 650 nm for Cy3 and CyS5, respectively,
using a Hitachi model 24 UV-VIS scanning spectrophotometer. The inventors determined
protein concentration using the amido black method (Schaffner, W. et al., Anal. Biochem. 56,
502-514 (1973)). Under the same conditions, control labeling experiments of wild-type LeuT,
which is devoid of cysteine, resulted in no significant incorporation of Cy3 or Cy5 dyes. Final

samples were flash frozen and stored at —80 °C before use.
[0101] Protein expression and purification of Zap1 via affinity chromatography

[0102] Zap] protein expression: PET28-Zap1-TEV (PET28-Zap1 vector was from Thomas P.
Sakmar. A PreScission cleavage site was replaced by TEV cutting site) was transformed to
BL21 (DE3). One clone was picked from the plate and cultured in 10ml LB containing
50ug/ml kanamycin overnight at 37°C. Then transfered to 11. LB containing Kanamycin, At
OD600 = 0.5, ImM IPTG was added. After culturing for 3-4 hours at 37°C, cells were
centrifuged at 7500 g for 10 min and the pellet was frozen at -80°C until you are free to purify
the protein. Cells from 1L culturing were resuspend in 18 ml 20 mM KPi, pH 7.5, 1 mM
PMSF. After Adding 0.2 g Triton X-100, cells were Sonicated in icy water until cells were
broken and then centrifuged at 30,000¢g for 30 min. The supernatant was incubated with Ni-
sepharose 6B for 1 h and loaded into column. Then the column was washed with 4 volume of
Buffer A (40 mM Tris/Mes, pH8.0, 0.3 M NaCl, 1% Triton X-100), 4 volume of Buffer B (40
mM Tris/Mes, pHS8.0, 0.3 M NaCl , 50 mM Cholate), 4 volume of Buffer C (40 mM
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Tris/Mes, pH8.0, 0.3 M Na(Cl) and 4 volume of Buffer D (40 mM Tris/Mes, pHS8.0, 0.3 M
Na(l, 50 mM Imidazole). Then the protein was eluted by buffer E (40 mM Tris/Mes, pHS.0,
0.3 M Na(l, 0.3 M Imidazole) and Dialysed with Buffer F (10 mM Tris/Mes, pH7.4, 0.1 M
NaCl) overnight. In order to remove the His Tag from Zap], purified Zap1 protein was diluted
with 50 mM tris/Mes, pH7.5, 100 mM NaCl, 1 mM DTT, 0.5 mM EDTA to 0.5 mg/ml. Then
purified TEV protease was added by 1:20 (mol : mol) to Zap]1 protein and incubated for 2
hours at room temperature. Then TEV treated Zap1 protein was dialyzed in cold room
overnight with 50 mM Tris/Mes, pH7.5, 100 mM NaCl. The remaining His tag Zap1 protein

was removed by Ni-sepharose 6B column.
[0103] Protein expression and purification via NABB

[0104] NABB particle preparation: E.coli total lipids (around 1ml 20mg/ml; Avanti polar
lipids Inc) were dried by argon and vacuum for 3h. Then 1 ml buffer containing 0.5% DDM,
100 mM NaCl, 50 mM Tris/Mes, pH7.5 was added and vortexed until soluble and filtered
through 0.22 uM Membrane. If particle will be immobilized by botin-lipids, 1% Biotin-Cap-
PE (Avanti polar lipids Inc) will be added to the E.coli total lipids. Zap1: LeuT: lipids (2:1:75
mol:mol:mol) were mixed and DDM concentration was kept at 0.5%. After rotating at 4°C for
30 min, the mixture (usually around 200 ul) was loaded to 1 ml Extracti-Gel D slurry
(PIERCE). Extracti-Gel D slurry was equilibrated by 150 mM Tris/Mes, pH 7.5) and
detergent was removed by adding three to four aliquots of 0.2 mL of detergent free buffer on

top and collecting the eluate in equal volumes.
[0105] Liposome preparation

[0106] Prepare liposome for single molecule recording: lipids were prepared as in NABB
particle preparation (10 mg/ml. liposome will be extruded through 0.1 pm membrane and the
size will be around 0.1 pum. By calculation, 10 mg/ml lipids will form liposome around 100
nM). Lipids were diluted with 0.1 M KPi, pH 6.5 to 5 mg/ml with 0.2% (W/V) DDM and
then LeuT was added to final concentration 10 nm. This ration will have around 80%
liposomes empty without protein on it. Bio-Beads at 60 mg/ml was added and rotated for 1

hour at room temperature two times. After adding the third time of Bio-Beads, the mixture
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was transferred to cold room and rotated overnight. The supernatant was centrifuged at 323 kg
for 45 min. Then re-suspend the pellet in 0.1 M KPi, pH 7.5 and frozen in liquid nitrogen.
Before using, thaw the liposome and extrude through 0.1 uM membrane to control the

liposome size.
[0107] Protein immobilization:

[0108] Microfluidic imaging chambers passivated with a mixture of PEG and biotin-PEG
were incubated with 0.8 uM streptavidin (Invitrogen) followed by 20 nM biotin-NTA
(Biotium) charged with NiCl2. Cy3/Cy5-labeled His10-LeuT molecules (2 nM) were surface
immobilized to surface-bound Ni2+. No significant surface immobilization was observed in
the absence of streptavidin. This method can be used to immobilize protein with His Tag in

detergent or in nanodisc.

[0109] If protein is biotinylated or the nanodisc/liposomes contain Biotin lipids, either can be

immobilized to the surface directly after streptavidin incubation.
[0110] Scintillation proximity-based binding studies

[0111] The inventors bound *H-leucine (140 Ci mmol-1; Moravek) to purified LeuT-variants
using the scintillation proximity assay (SPA) as described (Shi, L. et al., Mol. Cell 30, 667—
677 (2008); Quick, M. et al., Proc. Natl Acad. Sci. USA 104, 3603-3608 (2007)) with 25 ng
of purified protein per assay in buffer composed of 50 mM Tris, Mes (pH 8.0), 100 mM Nac(l,
I mM TCEP, 20% glycerol and 1 mM DDM .

[0112] Transport and binding in proteoliposomes

[0113] The inventors prepared liposomes using E. coli polar lipid extract and
phosphatidylcholine (Avanti) at a 3:1 (w/w) ratio, as described (Shi, L. et al., Mol. Cell 30,
667677 (2008)). The inventors reconstituted purified LeuT variants at a 1:150 (w/w) ratio in
preformed, Triton X-100-destabilized liposomes. The inventors measured the accumulation of
3H-Ala at 23 °C in assay buffer comprising 50 mM Tris/Mes (pH 8.5) and 50 mM NaCl. The
inventors assessed binding of 3H-Ala to LeuT proteoliposomes by dissipating the

electrochemical NaCl gradient with 25 pg ml-1 gramicidin for 5 min before the start of the
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reaction. Uptake reactions were stopped by quenching the samples with ice-cold assay buffer

followed by rapid filtration through GF/F filters (Advantec MES).
[0114] Steady-state fluorescence anisotropy measurements

[0115] The inventors carried out steady-state anisotropy measurements of Cy3-labeled LeuT
(10 nM) using a PT1 spectrofluorometer with excitation and emission wavelengths of 532 nm

and 560 nm, respectively.
[0116] Calculation of distances from FRET efficiencies

[0117] The inventors estimated distances between Cy3 and CyS5 in specific FRET states using

the following equation:

R=R,¢

where Ry is the distance at which 50% energy transfer is observed. The experimentally
determined Ry of 58.4 A was estimated according to the equation (Lakowicz, J. R. 3rd edn

(Springer, 2006)):

R, =0.2218/®  x*n*1(A)
where the refractive index of the experimental solution (1) was estimated to be 1.4 and the
orientation factor, «°, was assumed to be 2/3 given isotropic rotation on the millisecond
timescale . The spectral overlap integral J(A) = 8.5 x 13 M cm?® was calculated using the
normalized fluorescence emission spectrum of Cy3-7C-LeuT and the absorption spectrum of
Cy5-7C-LeuT collected using bulk fluorescence instrumentation (Photon Technologies). The

Cy3 and CyS5 extinction coefficients used in calculation (Mujumdar, R. B. et al., Bioconjug.

Chem. 4, 105-111 (1993)) were:

essocy) = 150,000 M em™ and essoicys) = 250,000 M em ™.
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[0118] The donor quantum yield of Cy3-7C-LeuT (@cy3 = 0.23) was estimated using the
comparative method (Williams, A. et al., Analyst (L.ond.) 108, 1067-1071 (1983)) using
Rhodamine 101 in ethanol as a standard (@gjo; = 1.0) (Karstens, T. et al., J. Phys. Chem. 84,
1871-1872 (1980)). The inventors collected the fluorescence emission spectra of both dyes
with excitation at 520 nm using constant illumination intensity and slit widths. The inventors

calculated the Cy3 quantum yield as follows:

F A n ?
cI)cy3 =@ 01 *L = ]* _— *L > ]
Frion Acy3 7] kim0

kS

where Feys and Fgriop are the integrated fluorescence emission spectra; Acys and Agjop are the
absorbances; and #cy3 = 1.4 and 5r101 = 1.36 are the refractive indices of the solutions used for
Cy3-LeuT (the buffer used for single-molecule experiments) and Rhodamine 101 (ethanol),

respectively.
[0119] Single-molecule FRET experiments

[0120] The inventors acquired fluorescence data using a prism-based TIR microscope, as
described (Munro, J. B. et al., Mol. Cell 25, 505-517 (2007)). All experiments were
performed in buffer containing 50 mM Tris/MES (pH 7.5), 10% glycerol, 0.02% w/v DDM, 5
mM 2-mercaptoethanol and 200 mM salt (KCI or Na(l, as specified). The inventors used an
oxygen scavenging environment (1 unit per ul glucose oxidase, 8 units per pl catalase, 0.1%
v/v glucose) containing 1 mM cyclooctatetraene in all experiments to minimize

photobleaching (Dave, R. et al., Biophys. J. 96, 2371-2381 (2009)).

[0121] The inventors incubated microfluidic imaging chambers passivated with a mixture of
PEG and biotin-PEG (Blanchard, S. C. et al. Proc. Natl Acad. Sci. USA 101, 12893-12898
(2004)) with 0.8 uM streptavidin (Invitrogen), followed by 20 nM biotin-NTA (Biotium)
charged with NiCl2. Cy3/Cy5-labeled His10-LeuT molecules (2 nM) were surface-
immobilized to surface-bound Ni2+. The inventors observed no significant surface

immobilization, measured as described below, in the absence of biotin-NTA.
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[0122] Cy3 fluorophores were excited by the evanescent wave generated by TIR of a single-
frequency light source (Ventus 532 nm, Laser Quanta). Photons emitted from Cy3 and Cy5
were collected using a 1.2 NA 60x water-immersion objective (Nikon), and optical treatments
were used to spatially separate Cy3 and CyS5 frequencies onto a cooled, back-thinned CCD
(Cascade 128, Photometrics). The inventors acquired fluorescence data using MetaMorph
software (Universal Imaging Corporation). The inventors corrected spectral bleed-through of
Cy3 intensity on the acceptor channel by subtracting 7.5% of donor signal from the acceptor.
FRET traces were calculated as: FRET = ICy5/(ICy3 + ICyS5), where ICy3 and ICyS5 are the
instantaneous Cy3 and Cy5 fluorescence intensities, respectively. Using an established
procedure (Roy, et al., Nature Methods 5: 507-516 (2008)), The inventors estimated the ratio
of donor and acceptor quantum yields and detection efficiencies (y) to be close to 1; therefore,

no correction was applied.
[0123] Analysis of smFRET traces

[0124] The inventors analyzed fluorescence and FRET traces using automated analysis, in
which traces were selected using algorithms implemented in MATLAB (MathWorks).
Algorithms for analyzing smFRET data are found in US 61/437,203, which is herein
incorporated by reference in its entirety. Properties were calculated for each trace, and
selected for further analysis if they met the following specific criteria: a single photobleaching
event, at least 8:1 signal-to-background noise ratio (SNR), <4 donor fluorophore blinking
events, a donor-to-acceptor Pearson’s correlation coefficient <0.5, and a lifetime of at least 15
frames showing FRET >0.15. The inventors detected photobleaching events in each trace as a
significant (=3 standard deviations of background noise) drop in the median-filtered (window
size of 9 frames) total fluorescence intensity (Irowl = Icys + Icys) without a return to the
previous average level. Events in which fluorescence intensity did return were marked as
blinking events. Signal-to-noise ratios are calculated as total intensity relative to the standard
deviation of background noise: Itoa/stdev(Icy3) + stdev(lcys). The inventors excluded data
points corresponding to donor fluorophore dark states from calculation of the correlation

coefficient.
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[0125] To simplify the presentation of FRET histograms, The inventors removed zero-FRET
states following idealization of the data to a two-state model (E=0.1 +0.1 and E=0.4+0.1)
using a segmental k-means algorithm (Qin, F., Biophys. J. 86, 1488—1501 (2004)). Error bars
in FRET histograms represent the standard deviation of 100 bootstrap samples of each set of

FRET traces examined.

[0126] The inventors estimated kinetic parameters for biotinylated H7C-R86C-LeuT samples
by manually selecting traces showing at least one transition between clearly distinct states
with anti-correlated changes in donor and acceptor fluorescence intensity in each transition.
The data were then idealized using a three-state model (E=0+0.1, E=0.49 £ 0.09, and E =
0.75 £ 0.07) with FRET parameters estimated by fitting SmFRET histograms obtained in the
absence of Na+ to Gaussian functions. Initial rates were set to 0.05 sfl, as estimated from
visual inspection of FRET traces. The inventors estimated average dwell times in each FRET

state using a maximum likelihood algorithm (Qin, F. et al., Biophys. J. 70, 264-280 (1996)).

[0127] The inventors initially performed smFRET experiments on N-terminally His-tagged,
Cy3/CyS5-labeled LeuT in 0.03% DDM, surface immobilized through a biotin-NTA
interaction in passivated, streptavidin-coated microfluidic chambers (Munro, J. B. et al., Mol.
Cell 25, 505-517 (2007); Roy, et al., Nature Methods 5: 507-516 (2008)) (Fig. 1). By
controlling the density of surface immobilization through dilution and using a prism-based,
wide-field configuration, the inventors could simultaneously image low-density arrays of

specifically tethered, individual LeuT molecules.

[0128] In these experiments the inventors used micelles formed by DDM as vehicles. One

can also use NABBs, SMALPs, liposomes, cells, or other vehicles known in the art.

[0129] The inventors used biotin—NTA to immobilize the molecule on which the inventors
were conducting smFRET studies. Other immobilization techniques known in the art can be
used, and the protein itself may be immobilized, or the vehicle carrying the protein may be

immobilized.

[0130] The inventors achieved oxygen scavenging and triplet state quenching conditions for

optimal fluorophore performance (low photophysical noise and reduced photobleaching)
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through screening (Dave, R. et al., Biophys. J. 96, 2371-2381 (2009)). Initial measurements
of H7C/R86C- and H7C/T515C-labeled LeuT molecules, performed at 40 ms time resolution
and high signal-to-noise ratio (~18:1 on average), showed that both systems, in the presence
of 200 mM K" and the nominal absence of Na", displayed two readily distinguished FRET
states (~0.51 and ~0.75; ~0.43 and ~0.73, respectively; Fig. 1b—d and Fig. 4). These
observations indicated that there might be two distinct LeuT conformations in the population,
differing by ~13 A in the distance between each fluorophore pair (Fig. 9; note that the short-
lived, zero-FRET state sampling events correspond to transient excursions of the Cy5

fluorophore to non-fluorescent dark states).

[0131] Consistent with the half-maximum effective concentration (ECso) of Na* for
stimulating binding and transport (~10 mM) (Shi, L. et al., Mol. Cell 30, 667-677 (2008)),
and a ligand-dependent transition between these states, the relative populations of low- and
high-FRET LeuT conformations depended on Na* concentration. Addition of saturating Na*
concentrations (200 mM) stabilized higher-FRET states in both systems (~0.77 and ~0.73, for
H7C/R86C and H7C/T515C, respectively: Fig. 1, Fig. 4 and Fig. 9), consistent with substrate-
bound LeuT crystal structures, in which the intracellular end of the transporter is compact
(Yamashita, A. et al., Nature 437, 215-223 (2005); Singh, S. K. et al., Channels (Austin) 2 (5)
(2008)). High-FRET state occupancy was saturated at 200 mM Na®. Under such conditions,
the inventors did not observe further changes in FRET upon addition of 20 uM leucine (Fig. 1
and Fig. 9). However, at 5 mM Na*, where both low- and high-FRET states remain populated,
leucine binding redistributed the two populations in a concentration-dependent fashion in
favour of higher-FRET configurations (Fig. le, f). The same results were obtained whether

LeuT molecules were immobilized by the N terminus or the carboxyl terminus.

[0132] These findings are consistent with spontaneous, ligand-modulated rearrangements in
specific elements of LeuT near the intracellular gating region. In the absence of ligands, a
low-FRET state would be achieved by an outward and/or downward movement of position 7
(at the N terminus of TM1) with respect to positions 86 (IL.1) and 515 (cytoplasmic end of
TM12). Correspondingly, a high-FRET state could be achieved spontaneously or upon ligand
binding by a reciprocal motion of TM1 with respect to II.1 and TM12, leading to an inward-

closed LeuT conformation. By contrast, the inventors observed no substrate-dependent
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changes for any of the other constructs labeled on the intracellular face of the protein,

indicating that these positions do not move substantially during intracellular gating.

[0133] The site of labeling at position 7 is adjacent to the highly conserved Trp 8 residue,
which is involved in a conserved interaction network among a residue triad that includes

Ile 187 (IL.2) and Tyr 268 (IL.3) at the intracellular face (Kniazeff, J. et al., J. Biol. Chem. 283,
17691-17701 (2008)). Tyr 268 also forms cation-n and ionic interactions with residues Arg 5
(at the N terminus) and Asp 369 (TMS), thereby bringing together N'T, IL.2 and 1.3 and
closing the transport pathway at the intracellular surface of LeuT. Mutation of the
homologous interaction network in the structurally related dopamine transporter and GABA
transporter has been inferred to promote inward-open conformations (Kniazeff, J. et al., J.
Biol. Chem. 283, 17691-17701 (2008); Bennett, E. R. et al., J. Biol. Chem. 275, 34106—
34113 (2000)).

[0134] To investigate further how the interaction network at the intracellular end of LeuT
contributes to the inward-open conformation, the inventors performed smFRET experiments
on H7C/R86C-labeled LeuT constructs in the background of the disruptive mutations RSA or
Y268A (Kniazeff, J. et al., J. Biol. Chem. 283, 17691-17701 (2008)). As anticipated, the
inventors found lower-FRET states for both mutant constructs in the absence of Na* (Fig. 2).
In both cases, the absolute values of the low-FRET states (~0.43 and ~0.44, respectively)
were significantly lower than observed for the wild-type background (~0.51; Fig. 9). These
observations indicate that the low-FRET state visited in the wild-type background in the
absence of Na" might represent a time-averaged population of low-FRET configurations that

change in the context of the R5SA and Y268 A mutations.

[0135] Both mutations also affected the FRET distributions observed for extracellularly
labeled LeuT (K239C/H480C), indicating that the ‘inward opening’ effects of these mutations
are coordinated with ‘outside closing’. The inventors also observed allosteric effects in
response to the mutation of Arg 30, which lines the S2 site (Shi, L. et al., Mol. Cell 30, 667-
677 (2008)) and participates in the formation of cation-n interactions within a proposed
extracellular ‘gating region’ (Yamashita, A. et al., Nature 437, 215-223 (2005)). In the R30A
mutant, H7C/R86C-labeled LeuT adopted a high-FRET configuration in the absence of Na*
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(~0.70), whereas the distance between extracellular pairs (K239C/H480C) was unchanged
(Fig. 2 and Fig. 9). These data, corroborated by evidence from the H7C/T515C construct (Fig.
4), show that mutations in putative intracellular and extracellular gate regions lead to long-
range effects on the conformation of LeuT. However, that the R30A mutation affected the
conformation of the intracellular network, while leaving the extracellular probes largely
unchanged, indicates that the transmission of signal throughout the molecule involves a
cascade of flexible interactions and local conformations rather than a single rigid body
rearrangement (Shi, L. et al., Mol. Cell 30, 667-677 (2008); Kniazeff, J. et al., J. Biol. Chem.
283, 17691-17701 (2008); Lockless, S. W. et al., Science 286, 295-299 (1999)).

[0136] Also consistent with an allosterically mediated modulation of the interaction network
in the intracellular side, the TCA inhibitor clomipramine (CMI) stabilized a high-FRET state
(~0.69) in wild-type H7C/R86C-labeled LeuT (Fig. 2). This FRET value, which is distinct
from that observed in the absence of CMI (~0.75), was unchanged in the presence of Na*
(Fig. 9), consistent with the molecular dynamics simulations of LeuT (>100 ns trajectory)
with either CMI or OG in the S2 site (and leucine in the S1 site) (Quick, M. et al., Proc. Natl
Acad. Sci. USA 106, 5563-5568 (2009)). These experiments showed that the intracellular
network adopted similar and slightly more open configurations when CMI or OG was present
in the S2 site, around 30 A away from residue 7 at the intracellular end of TM1. On the
extracellular side, CMI increased FRET between K239C/H480C-labels (from ~0.49 to ~0.53;
Fig. 4), consistent with a modest compaction of this region of LeuT when inhibitor was

bound.

[0137] smFRET dynamic study. To investigate directly whether the conformational
changes associated with intracellular gating could be tracked in individual LeuT molecules,
the inventors carried out smFRET experiments under conditions that supported extended
imaging. First, the inventors reduced the laser illumination intensity to minimize the
photobleaching that had previously limited the observation window (~3 s). Second, the
inventors increased the exposure time fourfold to 160 ms to maintain signal-to-noise ratios
adequate to detect FRET changes at reduced laser intensity. Finally, to eliminate the
spontaneous dissociation of LeuT from the image plane that resulted from the relatively low-

affinity His—NTA interaction (kog > 0.25 minfl), the inventors introduced a 15-amino-acid C-
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terminal biotinylation domain (Beckett, D. et al., Protein Sci. 8, 921-929 (1999)) into the
LeuT (H7C/R86C) construct to allow immobilization by a biotin—streptavidin linkage that is

much less prone to dissociation (ke < 0.25 hfl; data not shown).

[0138] Given the benefit of an extended observation period, the inventors could show that
individual LeuT-H7C/R86C molecules undergo multiple transitions between the high- and
low-FRET configurations in the absence of Na* (Fig. 3a), consistent with the direct detection
of isomerization of the intracellular network. With the reduced illumination intensity, the low-
FRET state showed short-lived photophysical ‘blinking” events that were probably masked
under intense illumination by rapid, Cy3-mediated photoresurrection (Dave, R. et al.,
Biophys. J. 96, 2371-2381 (2009)). Taking this into consideration, the inventors could
estimate the average dwell time in high (t = 18 s) and low (t = 25 s) FRET states, indicating
that a full opening—closing cycle required ~60 s. As anticipated from the results of shorter
experiments, the high FRET state was highly stabilized in the presence of high Na*
concentrations (>76 s, limited by photobleaching; Fig. 3b, c).

[0139] The inventors could also assess the unique behaviour of R5SA and Y268A LeuT
mutants in greater detail under long time-scale imaging conditions. In the absence of Na,
LeuT-Y268A mainly showed a single, broadened low-FRET state (Fig. 3e). Transitions to
higher-FRET states were rare, both with and without substrates. However, consistent with Na*
binding and partial/incomplete gate closure, the lower-FRET state value increased in the
presence of saturating Na* and Leu (Fig. 3f, g). In light of the markedly impaired transport
activity of LeuT-Y268A (Fig. 7), these data point towards a potential correlation between the
ability to achieve a properly closed intracellular interaction network and the efficiency of
transport. They also support our previous suggestion that the Y335A dopamine transporter
(homologous to LeuT Y268A) has low transport activity because it adopts an inward-open
conformation (Kniazeff, J. et al., J. Biol. Chem. 283, 17691-17701 (2008)). Note that in this
mutant, zinc, which is thought to help the transporter reach an outward-facing conformation,

markedly enhances transport (Kniazeff, J. et al., J. Biol. Chem. 283, 17691-17701 (2008)),

presumably by facilitating inward closure.
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[0140] LeuT-RSA showed transient, leucine-dependent isomerization to high-FRET
configurations for the 7/86 pair (~0.77), consistent with an inward closed conformation
(compare Fig. 31, k) and with the finding that its transport activity is much less impaired than
that of Y268A (Fig. 7). As for LeuT-Y268A, Na* alone only shifted the low-FRET state value
up slightly. With both substrates present, the lower-FRET state dwell time was similar to that
of the wild-type background (7 = 28 s), whereas the lifetime of the high-FRET state was
substantially reduced compared to the wild-type background (t =8 s versus t = 18 s,

respectively).
[0141] Molecular Dynamics

[0142] The inventors carried out simulations on the system prepared as described (Shi, L. et
al., Mol. Cell 30, 667-677 (2008)). Briefly, it consisted of more than 77,000 atoms, including
the explicit membrane model, solvating water molecules, and the various ions and ligands.
Each of the simulations was started from the end of the previously described SMD trajectory
in which the ligand in the S1 site was pulled towards the intracellular side and had reached 8—
10 A below the S1 binding site (Shi, L. et al., Mol. Cell 30, 667-677 (2008)). The molecular
dynamics simulations were carried out with the NAMD program under constant temperature
(310 K) and constant pressure (1 atm) (NPT) conditions. The equilibrations were long (150
ns), to achieve a suitable relaxation of the system. The inventors carried out two independent
runs for the system, for consistency and convergence check. The results of one run are
compared with those of a control run (Shi, L. et al., Mol. Cell 30, 667-677 (2008)) starting
from the crystal structure (PDB:2A65, in an inward-closed state), to illustrate the level of

stability and fluctuation of the system under the simulation conditions.

[0143] To interpret the distance changes identified with smFRET with respect to changes
occurring in the intracellular interaction network during the transition from an outward-open
to an inward-open conformation, and to investigate how they might pertain to the transport
mechanism, the inventors performed molecular dynamics simulations. Inward-open
conformations of LeuT generated by computationally ‘pulling’ the S1 site-bound substrate
intracellularly in the presence of S2 and the absence of Na? (Shi, L. et al., Mol. Cell 30, 667—
677 (2008)) were subjected to prolonged MD simulations (two parallel runs of 150 ns each),
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designed to examine the structural equilibration of LeuT after the simulated substrate
transport event. During the extended equilibration period, the inventors observed dissociation
of the Trp 8-Ile 187-Tyr 268 interaction network. This resulted in a relative downward and
outward movement of TM1 and the region containing the residue at position 7, and a
corresponding increase in the distance between positions 7 and 86 and position 7 and the
intracellular end of TM12 (Fig. 5). This rearrangement was associated with significant
conformational changes in the ILL.2-TMS region (including Ile 187), facilitated by changes in
the bend angle of the highly conserved proline kink in TMS. By contrast, the distance between
residues 86 and 185 was largely unchanged throughout the simulation as the bottom of TM4

maintained a relatively stable position.

[0144] The inventors therefore found that the conformational rearrangements in LeuT
observed during the simulated transport event leading to the inward-open conformation
agreed well with the estimated changes in distance deduced from the smFRET data. A recent
analysis of crystal structures sharing a LeuT-like fold prompted Gouaux and colleagues to
propose that coordinated rearrangements of TM1a and TM1b are associated with
conformational transitions in the protein (Shaffer, P. L. et al., Science 325, 1010-1014
(2009)). Both the simulation and the smFRET data are consistent with a movement of TM1a
and illuminate the function-related dynamic elements in these putative rearrangements.
Importantly, an outward movement of TM1a is essential to create space for leucine to be
released to the cytoplasm. Notably, a parallel molecular dynamics study of a structure
homology-based molecular model of the human transporter for dopamine, DAT, produced

very similar results (Shan, J, et al, PLLoS ONE 6, e16350 (2011)).
[0145] Photophysical transitions to zero-FRET in 160 ms FRET trajectories.

[0146] The smFRET traces obtained during low-power illumination of dye-labeled
H7C/R86C-LeuT undergo frequent, transient zero-FRET state excursions, often referred to as
photophysical “blinking” events (Fig. 3). Such events, frequently observed during single-
molecule fluorescence imaging, typically result from the intersystem crossing of the acceptor
fluorophore (Cy5) to non-fluorescent dark states (Dave, R. et al., Biophys. J. 96, 2371-2381

(2009)). Blinking events are characterized by having a strong laser power dependence on the
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observed rates entering and exiting dark states. Although the triplet state quenching strategies
employed greatly reduce the lifetimes of these states, under low-power illumination the rate of
return to the fluorescing state approaches the imaging timescale (160ms). Consequently, rapid
transitions to low and zero FRET states were assigned as Cy5 dark states. In line with the
statistical labeling strategy employed for the introduction of fluorophores into LeuT and the
environmentally sensitive nature of dye photophysics (Dave, R. et al., Biophys. J. 96, 2371—
2381 (2009)), blinking events of this nature were observed for only ~50% of the labeled
molecules, predominantly from the lower-FRET (<0.6) states. Several of the traces shown in
Fig. 3 have this blinking behavior, which serves as additional evidence of conformational

transitions between structurally distinct LeuT conformations.
[0147] Interpretation of changes in FRET efficiency.

[0148] Time-dependent fluctuations in FRET efficiency observed in experiments with LeuT
labeled at position H7C+R86C and H7C+T515C are interpreted as principally reporting on
changes in the distance between donor and acceptor dyes reflecting underlying changes in
LeuT structure. For such a FRET-distance relationship to hold, one or both fluorophores must
be freely rotating on the timescale of imaging (°=2/3) and fluorophore quantum yield must
remain relatively constant over the imaging period. Both x*and quantum yield impinge on the

FRET-distance relationship via the parameter Ry.

[0149] To test the possibility that the changes in FRET observed do not simply report on
changes in quantum yield, fluorescence quantum yields of Cy3 and Cy5 at position 7 and 86
in LeuT were measured under conditions where FRET changes in LeuT are observed (e.g. +/-
ligand as shown in (Fig. 1)). Consistent with the notion that quantum yield remains relatively
constant under conditions where substantial changes in FRET were observed, changes in
spectral shift were not observed and the fluorescence intensities of Cy3-labeled LeuT in the
absence and presence of saturating ligand concentrations (200 mM) and/or Leu (20 uM) were
indistinguishable within approximately 10% experimental error. Additionally, the measured
fluorescence lifetimes of Cy3-7C-LeuT and Cy5-7C-LeuT samples were independent of

ligand concentration.
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[0150] To test whether the observed fluctuations in FRET efficiency result from changes in
the extent of randomization of dye orientation during imaging, Cy3 anisotropy was measured
at multiple sites of labeling (Figure 8). The measured anisotropy values (r = ~0.22), while
indicative of somewhat restricted or slowed Cy3 motion when the dye is linked to LeuT, is
consistent with substantial randomization of orientation on the imaging time scale (40-
160ms), particularly given the dye’s relatively short fluorescence lifetime (<1.5 ns). Again, no
systematic changes in anisotropy were observed in the absence and presence of Na™ (200

mM) and/or Leu (20 pM).

[0151] Although changes in dye quantum yield and/or relative orientation could complicate
the FRET-distance relationship interpretation, fluctuations in these parameters are anticipated
to occur on the sub-millisecond timescale, substantially more rapid than the timescale of the
FRET changes observed (tens of seconds). The likelihood that significant contributions to the
measurement result from spurious changes in these parameters is reduced by the number of
internally consistent data obtained when examining distinct pairs of labeling sites, ligand-
binding and Leu'T mutations distal to the site of labeling. Therefore, the evidence supports the
interpretation that changes in FRET principally arise from changes in distance between the

dyes resulting from changes in LeuT structure.

[0152] In summary, molecular dynamics and smFRET data indicate that a movement of
TM1a is associated with intracellular gating in LeuT. This movement is regulated by substrate
and inhibitor binding, by mutations of the intracellular network that stabilizes an inward-
closed state, and by mutations of the S2 site, reflecting the allosteric nature of the transport
mechanism. Whereas FRET-based single-molecule studies using confocal imaging have
previously identified distinct conformational states in the H -coupled sugar transporter lactose
permease (Majumdar, D. S. et al., Proc. Natl Acad. Sci. USA 104, 12640-12645 (2007); Nie,
Y. etal., J. Mol. Biol. 379, 695-703 (2008)), the inventors have obtained minutes-long time-
scale FRET trajectories that have directly revealed relatively slow conformational switching

events in LeuT, which would be difficult or impossible to observe using other methods.

[0153] The extension of imaging times beyond the limit of freely-diffusing molecules using

the total internal reflection (TIR) approach, in combination with the surface-immobilization
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and triplet state quenching strategies, provide a powerful new way to explore the structural
and kinetic features of Na':substrate symport by LeuT. Extension of these single-molecule
imaging approaches to other membrane proteins, as well as to LeuT reconstituted into
proteoliposomes in which the inventors can control the Na* gradient, will provide further
mechanistic details on how the energy stored in ion gradients can be used to drive uphill

substrate accumulation by secondary active transporters.
[0154] Example 2. Substrate-modulated gating dynamics in a NSS homolog.
[0155] Protein expression and purification.

[0156] LeuT variants were expressed in E. coli C41(DE3) as described (Shi, L. et al., Mol.
Cell 30, 667-677 (2008)). For functional studies LeuT variants were expressed from pQO18
or derivatives thereof carrying the indicated mutations (Quick, M. et al., Proc. Natl Acad. Sci.
USA 106, 5563-5568 (2009)), whereas for single-molecule FRET studies biotin acceptor
peptide-tagged LeuT variants were expressed in pETO18G and its derivatives (Zhao, Y. et al.,
Nature 465 (7295), 188 (2010)). Protein was purified by immobilized metal (Ni2+) affinity
chromatography using a Ni** Sepharose 6 FastFlow column (GE Healthcare) (Zhao, Y. et al.,
Nature 465 (7295), 188 (2010)). For fluorescent labeling of LeuT, Cy3 maleimide and Cy35
maleimide (GE Healthcare) were added at an equimolar ratio for 1 hour while the protein was

bound to the Ni** resin. Free dye was removed prior to the elution of LeuT.

[0157] Scintillation proximity-based binding studies. Binding of *H-leucine or *H-alanine
(146 Ci/mmol and 49.4 Ci/mmol, respectively; Moravek) to purified LeuT-variants was
measured with the scintillation proximity assay (SPA) as described (Shi, L. et al., Mol. Cell
30, 667-677 (2008)) with 25 ng of purified protein per assay in buffer composed of 150 mM
Tris/Mes, pH 7.5/50 mM NaCl/1 mM TCEP/0.1 % n-dodecyl-p-D-maltopyranoside or 50 mM
Tris/Mes, pH 7.5/150 mM LiCl/1 mM TCEP/0.1 % n-dodecyl-B-D-maltopyranoside. To
determine the molar ratio of Leu (or Ala)-to LeuT binding samples were incubated with
increasing concentrations of radioligand and measured in the SPA cpm mode of the
MircoBeta™ counter (Perkin Elmer). The efficiency of detection was calculated with

standard curves of known concentrations of *H-Leu or *H-Ala. The standard curves were used
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to transform cpm into the amount of bound substrate (Shi, L. et al., Mol. Cell 30, 667-677
(2008)). The amount of LeuT in the SPA assays was determined (Schaffner, W. et al., Anal.
Biochem. 56, 502-514 (1973)). SPA-based binding studies using 2 uM [zzNa]Cl (1017
mCi/mg; Perkin Elmer) were performed in 200 Tris/Mes, pH 7.5/1 mM TCEP/0.1 % n-
dodecyl-B-D-maltopyranoside in the presence of ) — 50 mM NaCl (equimolar replacement of
Tris/Mes to obtain a total molarity of 200 mM) (Shi, L. et al., Mol. Cell 30, 667-677 (2008)).
All experiments were repeated at least in duplicate with triplicate determination of all
individual data points. Kinetic constants (shown * the SEM of the fit) were obtained by fitting

the data of independent experiments to global fitting in Prism or SigmaPlot.

[0158] Single-molecule FRET imaging experiments. Fluorescence experiments were
performed using a prism-based TIRF microscope as previously described (Zhao, Y. et al.,
Nature 465 (7295), 188 (2010); Munro, J. B. et al., Mol. Cell 25, 505-517 (2007)).
Microfluidic imaging chambers were passivated with a mixture of PEG and biotin-PEG and
incubated with 0.8 uM streptavidin (Invitrogen). Cy3/CyS5-labeled, biotinylated LeuT
molecules were surface immobilized through biotin-streptavidin interaction. Cy3 fluorophores
were excited by the evanescent wave generated by TIR of a single-frequency light source
(Ventus 532, Laser Quanta). Photons emitted from Cy3 and Cy5 were collected using a 1.2
N.A. 60x water-immersion objective (Nikon) and optical treatments were used to separate
Cy3 and Cy5 frequencies onto a cooled, back-thinned EMCCD camera (Cascade 512,
Photometrics). Fluorescence data were acquired using Metamorph (Universal Imaging

Corporation).

[0159] All experiments were performed in buffer containing 50 mM Tris/MES (pH 7.5), 10%
glycerol, 0.02% w/v DDM, 5 mM 2-mercaptoethanol and 200 mM salt (KC1 or NaCl, as
specified). The inventors used an oxygen scavenging environment (1 unit per ml glucose
oxidase, 8 units per ml catalase, 0.1% v/v glucose) containing 2 mM cyclooctatetraene in all

experiments to minimize photobleaching.

[0160] Analysis of single-molecule fluorescence data was performed using custom software
written in MATLAB (The MathWorks). A subset of the acquired traces were selected for

further analysis using the following criteria: 1) single-step donor photobleaching, 2) signal-to-
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background noise ratio (SNR) > 8, 3) < 4 donor blinking events, 4) non-zero FRET efficiency
for at least 60 seconds. Additional manual trace selection was performed to refine the data,
where each selected trace was required to have: 1) no large fluctuations in total fluorescence
intensity (Ip+I4) and 2) at least one transition between clearly defined FRET states with anti-
correlated transitions in donor/acceptor intensity or a single dwell in a clearly-defined FRET
state. Kinetic analysis was performed to idealize FRET traces and calculate average dwell
times using a three state model as previously described (Zhao, Y. et al., Nature 465 (7295),
188 (2010)). Error bars for transition rate estimates and FRET histograms were calculated as
the standard deviation of 100 bootstrap samples of the traces. Error bars for state occupancies

were calculated from 1,000 bootstrap samples of traces.

[0161] Experiments were performed on site-specifically labeled LeuT (H7C/R86C)
engineered to contain a 15 amino acid, C-terminal biotinylation domain (Beckett, D. et al.,
Protein Sci. 8, 921-929 (1999)). Direct biotinylation of LeuT facilitated extended periods of
surface immobilization and imaging within passivated, streptavidin-coated microfluidic
chambers (Munro, J. B. et al., Mol. Cell 25, 505-517 (2007); Roy, et al., Nature Methods 5:
507-516 (2008)). Direct observations of conformational processes within the intracellular
gate region of LeuT were made using a prism-based total internal reflection, wide field
imaging strategy. As described in Example 1, LeuT displays two readily-distinguished FRET
states (~0.51 and ~0.75) in the presence of 200 mM K" and the nominal absence of Na,
consistent with the existence of two distinct conformations of the intracellular gate that differ

by ~13 A in the distance separating the fluorophore pair.

[0162] The application of hidden Markov modeling (HMM) methods to analyze the Na*-
dependent changes in FRET revealed that the distribution of low- and high-FRET LeuT
conformations was altered by Na” with an ECsy of 10.9 mM, consistent with the ECs, for Na*-
dependent stimulation of substrate binding and transport (Shi, L. et al., Mol. Cell 30, 667-677
(2008)) (Figure 10a-b). Kinetic analysis revealed that Na*-induced changes in LeuT
conformation resulted primarily from the preferential stabilization of the inward-closed state
(by ~7-fold) (Figure 10c), which decreased the frequency of observed transitions (Figure
10d). Such effects were most clearly demonstrated by perfusing Na* during the direct imaging

of individual LeuT molecules (Figure 10e). Here, slow, spontaneous transitions between open
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and closed states, initially observed in 200 mM K" buffer, were dramatically decreased upon
exchange into Na*-containing buffer, leading to the preferential stabilization of the inward-

closed state.

[0163] Reasoning that substrate-induced intracellular gating might be observed best under
conditions more closely mimicking the cellular context in which intracellular Na*
concentrations are relatively low, the inventors performed experiments at Na* concentrations
sufficient for Leu binding but below the ECso of Na*. However, even at 2 mM Na™, Leu
shifted the population toward the closed intracellular gate conformation (Figure 11a-b)
through a ~3.5-fold stabilization of this state (Figure 11c), which resulted in a global decrease
in transition frequency (Figure 11d). These effects were recapitulated at the level of individual
molecules when LeuT in the presence of 2 mM Na* was exchanged into Leu-containing
buffer (Figure 11e). Thus, while unambiguously demonstrating binding of both Na* and Leu
to LeuT, these results corroborate our earlier finding that Leu binding has the net effect of
diminishing the likelihood of intracellular gate opening. One possible explanation for these
observations is that Leu’s high affinity for the transporter (Shi, L. et al., Mol. Cell 30, 667—
677 (2008)) makes it a poor substrate for transport, which in our measurements is manifested
in the greatly extended lifetime of the closed state. To test this hypothesis, intracellular gate
dynamics were quantitatively assessed in the presence of the more efficiently transported

substrate Ala.
[0164] *H-Ala transport in proteoliposomes.

[0165] Proteoliposomes were prepared as described (Shi, L. et al., Mol. Cell 30, 667-677
(2008)). The accumulation of SH-Ala (49.4 Ci mmol'l; Moravek) was measured at 23°C in
assay buffer comprised of 150/50 mM Tris/Mes (pH 8.5) and 50 mM NaCl/150 mM LiCl.
The reaction was quenched by the addition of ice-cold assay buffer without radiotracer and
the proteoliposomes were collected on GF75 glass fiber filters (Advantec) before the

determination of the accumulated cpm by liquid scintillation counting.

[0166] In stark contrast to Leu, under otherwise identical conditions, increasing Ala

concentrations did not shift the FRET distribution toward the closed state (Figure 12a-b), and
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a strong, Ala concentration-dependent enhancement of transition rates was observed. In 2 mM
Na®, Ala enhanced the transition rates between inward-open and inward-closed states by as
much as ~4-fold (Figure 12c-d). This result was directly confirmed at the scale of individual
molecules upon exchange into Ala-containing buffer (Figure 12¢). In accordance with such
effects requiring both Na® and Ala, the lifetimes of the inward-open or inward-closed states
were not significantly affected by Ala alone (in the nominal absence of Na®); at 250 uM Ala,
the transition frequency increased in a Na* concentration-dependent fashion (Figure 15).
Collectively, these data are consistent with Ala lowering the activation barrier between the
open and closed states (AAGY) by as much as ~3 kJ/mol (the equivalent of 1-2 hydrogen
bonds) under the conditions of the experiment. By contrast, the slowly transported substrate
Leu raised the energy barrier to motion by as much as ~4 kJ/mol, similar to the effect of Na*

(50 mM) alone.

[0167] Hypothesizing that the dynamics observed reflect Ala’s acceleration of opening-
closing cycles of the intracellular gate as required for the transport mechanism, the inventors
performed experiments in the presence of the transport inhibitor clomipramine (CMI). CMI, a
tricyclic antidepressant, binds in an extracellular vestibule above the Na* and S1 binding sites.
(Zhou, Z. et al., Science 317, 1390-1393 (2007); Zhou, Z. et al. Nature Struct. Mol. Biol. 16,
652-657 (2009); Singh, S. K. et al., Nature 448, 952-956 (2007)). Many of the residues
shown to interact with antidepressants are also part of the S2 binding site (Zhou, Z. et al.,
Science 317, 1390-1393 (2007); Singh, S. K. et al., Nature 448, 952-956 (2007)). As
substrate binding in the S2 site is thought to allosterically trigger intracellular release of Na*
and substrate from the S1 site (Shi, L. et al., Mol. Cell 30, 667-677 (2008)), a strong
prediction of this model is that CMI should block LeuT intracellular gating dynamics. Indeed,
in the presence of both Na™ (10 mM) and Ala (250 pM), where rapid intracellular gating
dynamics are observed, CMI essentially eliminated the occurrence of intracellular gate
opening, stabilizing LeuT in a high-FRET, inward-closed conformation (Figure 13a-c). This
observation is consistent with CMI competitively blocking substrate binding to the S2 site
(Shi, L. et al., Mol. Cell 30, 667-677 (2008)), thereby preventing Ala-induced opening and
closing of the intracellular gate and inhibiting transport. This result was again confirmed by

direct imaging of individual LeuT molecules in Na* and Ala-containing buffer upon addition
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of CMI (Figure 13d). Similarly, the detergent n-octyl-B-D-glucopyranoside (OG) also
inhibited intracellular gating dynamics (Figure 13a-c) consistent with its documented binding
to the S2 site (Quick, M. et al., Proc. Natl Acad. Sci. USA 106, 5563-5568 (2009); Singh, S.
et al., Channels (Austin) 2 (5) (2008)) where it also competes with substrate binding to disrupt
the Na"-coupled transport mechanism (Quick, M. et al., Proc. Natl Acad. Sci. USA 106,
5563-5568 (2009)).

[0168] To probe whether Ala binding to the S1 and/or S2 site(s) was responsible for lowering
the activation barrier for intracellular gating dynamics, smFRET experiments were repeated in
the background of either an F253A or 1.400S mutation. These mutations within the S1 and S2
sites, respectively disrupt substrate binding to LeuT, decreasing the stoichiometry of substrate
binding under saturating conditions from 2 to 1 (Figure 14a). Mutation of F253 blocks
substrate binding to the S1 site but not the S2 site and also abrogates transport (Figure 14a-b),
while having little or no effect on Na* binding. Despite evidence that Ala bound
stoichiometrically to the S2 site in the context of the F253A mutation (Figure 14a), Ala failed
to increase intracellular gating dynamics of the mutant protein (Figure 14c-d). These data
indicate that occupancy of the S1 site is required for the propagation of the allosteric signal
for the intracellular gating mechanism. Similarly, despite evidence of stoichiometric Ala
binding to the S1 site (Figure 14a), no increase in intracellular gating dynamics was observed
when the S2 site was disrupted by the [.400S mutation (Figure 14c-d). Consistent with the
notion that substrate occupancy in the S2 site is critical to the allosteric mechanism that
controls intracellular gate opening and the transport mechanism (Shi, L. et al., Mol. Cell 30,
667-677 (2008)), these data demonstrate that substrate binding to the S1 site alone is
insufficient to trigger intracellular gating dynamics. Thus, substrate binding at both S1 and S2

sites is necessary to trigger intracellular gating.

[0169] In order to probe whether Ala binding to the S1 and S2 sites is also sufficient to
promote intracellular gating and transport, experiments were performed in the presence of Li*
in place of Na". In the presence of saturating Li* concentrations (>150 mM) the inventors
found that Ala binds LeuT at a 2:1 stoichiometry consistent with both S1 and S2 site
occupancy (Figure 14a). However, in the presence of Li*, Ala failed to accelerate intracellular

gating dynamics and substrate transport was not observed (Figure 14b). Instead, the inward-
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closed conformation of LeuT was modestly stabilized (~2-fold reduction in the rate of gate
opening, Keiosed-open) (Figure 14d). These data demonstrate that Ala binding to the S1 and S2

sites in the presence of Li" is insufficient to lower the activation barrier to intracellular gating.

[0170] Molecular Dynamics. The Li-only simulation was performed on a system prepared
as described6. Briefly, the system consisting of over 77,000 atoms included the explicit
membrane model, solvating water molecules, and the various ions and ligands. Here, all the
Na" ions in the system were replaced with Li*. The parameters for Li" were from Noskov, S.
Y. etal., J. Mol. Biol. 377, 804-818 (2008), (Caplan, D. A., et al., Biophys. J. 95, 4613-4621
(2008)). All MD simulations were carried out with the NAMD program under constant
temperature (310 K) and constant pressure (1 atm) (NPT) conditions. Long equilibration runs
(720 ns) were performed to allow the system to transition to a new stable conformation. The
inward-closed and inward-open conformations are based on the simulations described in

Example 1.

[0171] Prompted by these experimental observations, computational studies were performed
to investigate how both Na* and Li* can support substrate binding to LeuT, but only Na™ leads
to substrate-induced dynamics of the intracellular gate and to transport. These studies also
served to identify local changes produced in the region of the ion binding sites and critical
elements in the allosteric pathway linking the substrate binding sites and the intracellular gate
region. Comparative analysis of two 720 ns molecular dynamics (MD) simulations of LeuT
performed with either Na® or Li" occupying the established Na™ binding sites in the absence
of amino acid substrate (Na-only ((Claxton, D. P. et al., Nat Struct Mol Biol 17 (7), 822
(2010)) and Li-only, respectively) revealed significant differences in two important regions of
LeuT. The first difference involves the extracellular segment of TM10 that contributes
residues to the S2 site (e.g., [.400). In the Li-only simulation, the backbone of residue G408
adopts a partially flipped configuration and the T409 side chain adopts an alternative rotamer
state compared to the Na-only simulation, leading to a modestly distorted helical turn in
TM10 in this key region of the extracellular vestibule. The second difference concerns
conformational changes in the conserved aromatic cluster at the extracellular side of the S1
binding site (Claxton, D. P. et al., Nat Struct Mol Biol 17 (7), 822 (2010)), in particular the

configurations of residues F252 and F253; in the presence of Li" these residues do not exhibit
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the same conformational changes as observed in the presence of Na* ((Claxton, D. P. et al.,
Nat Struct Mol Biol 17 (7), 822 (2010)). Thus, differences in the configuration of the G408-
T409 pair observed in the Li*-bound compared to Na*-bound forms of the transporter
appeared to propagate ion-specific effects through the cluster of aromatic residues linking
TM6 and TM10 at the heart of the S1 binding site where they may directly affect the transport

mechanism.

[0172] Although Li" in the Nal site maintained interactions with T254 and E290 as seen for
Na®, Li" appeared less stably bound than Na*. Consequently, the connections bridging E290,
TM1 and TM6 were lost, affecting neighboring packing interactions between residues F252
and 253 within the F252-F253-F259 triad in TM6 and V412-V413 within TM10. The
positions of these structural elements make them critical to the propagation of conformational
changes deeper into the TM bundle towards the intracellular end of the transporter. Notably,
this region includes residue E419, which was shown in the crystal structure of LeuT to
participate in an interaction network with E62 in TM2, as well as the backbone of the
unwound portion of TM6 (where F259 of the aromatic cluster is located), and two water
molecules (Sen N, et al., Neuropharmacology 49 (6), 780 (2005)). Reconfigurations in this
region of LeuT, including residue T418, upon simulated inward movement of the substrate
(Shi, L. et al., Mol. Cell 30, 667-677 (2008)) were previously shown to enable the penetration
of water from the intracellular side of LeuT as a result of an opening at IL.1 (Shi, L. et al.,

Mol. Cell 30, 667-677 (2008)).

[0173] Dissociation of ILL1 from interactions with R5 and D369 and destabilization of this
network of intracellular interactions is associated with the outward movement of TM1a,
which is essential for release of substrate to the inside. Due to the differential effects of Li*
and Na", Ala binding in both the S1 and S2 sites in the presence of Li* would not engender
the ordered series of local conformational rearrangements (expected in the presence of Na*)
that originate in the S2 site. These rearrangements are propagated through the Nal binding
site and enable water penetration from the cytoplasmic side of LeuT, and the movement of
TM1a. As a result of this difference between the effects of Na* and Li*, substrate-induced
acceleration of gating dynamics was not observed in the presence of Li*. The inventors note

that the residues found to participate in this signal propagation pathway correspond to
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residues that were shown in mutational studies of the cognate serotonin transporter (SERT) to
affect functional and allosteric properties in a manner consistent with the present findings
(e.g., cysteine substitutions of T503 or ES08, which correspond to F414 and E419 in LeuT
(Keller, P. C. et al., Biochemistry 43 (26), 8510 (2004)), and the mutation of the SERT TM10
sequence AS05 to I507 (corresponding in LeuT to G416 to T418), which disrupted the effects
of allosteric modulators in SERT (Zhong et al 2009; Neubauer, H. A. et al., Mol Pharmacol
69 (4), 1242 (2006)).

[0174] Na* binding, which stabilizes the inward-closed state, does not hasten gate closure but,
instead, slightly stabilizes the inward-open state as well, by raising the energy barrier to the
conformational transition. In contrast, Ala binding to LeuT shortens not only the inward-
closed but also the inward-open lifetime (Figure 12). Thus, bound Ala facilitates intracellular
gate closure and its opening by reducing the activation barrier for this conformational
transition through the type of propagation mechanism revealed by the simulations. The most
succinct description of such a molecular mechanism is that binding of S2 triggers opening of
the intracellular gate and release of S1 to the cytoplasm but then, in the absence of S1 and
bound Na*, S2 facilitates intracellular gate closure. It is possible that in the presence of
extracellular Na®, S2 would move to the S1 site with high efficiency due to the very high local

concentration, facilitating a subsequent transport cycle.

[0175] Collectively, the observations made here support the notion that the observed
movements of TM1a and its environment are associated with LeuT intracellular gating (Zhao,
Y. et al., Nature 465 (7295), 188 (2010)) in a manner that is directly linked to the Na*-driven
transport mechanism. Thus, results obtained with the slowly transported substrate, Leu, and
the relatively fast substrate, Ala, in the absence and presence of the transport inhibitor CMI,
directly correlate rates of intracellular gating with substrate transport. The role of substrate
binding at the S2 site in the process of allostery and molecular recognition is further
highlighted by the comparative effects of CMI and Ala binding to this site in the presence of
Na®. The former stabilizes a closed intracellular gate conformation while the later
substantially lowers the activation barrier to gate opening, thereby allowing the energy of the

Na* gradient to drive the transport mechanism.
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[0176] Example 3- Tytl and Gltpy

[0177] Protein expression and purification. Gltp, and single cysteine mutants of the gene
(Gltpp-V355C and Gltpy-G357C) was cloned into pPBAD24 and over-expressed in E. coli
ToplO® cells. Proteins were purified by metal chelating chromatography on Ni-NTA resin.
Protein purity and structural integrity were assessed by SDS PAGE analysis and by size
exclusion chromatography (SEC), respectively. Purification and analysis of L. lactis-
expressed Tytl (Quick, M., et al., J. Biol. Chem. 281, 26444 (2006)) was performed by

similar strategies.

[0178] Fluorescent labeling of the transporters. Mutant proteins containing one or more
cysteine residues were derivatized using maleimide-coupled Cy3 and Cy5 fluorophores (GE
Healthcare). The single native cysteine in Gltp,, and the two native cysteines in Tytl, were
removed by mutation to create cysteine-less transporters with normal expression and function
(Quick, M., et al., J. Biol. Chem. 281, 26444 (2006); Quick, M. et al., Proc. Natl Acad. Sci.
USA 106, 5563-5568 (2009)). For the preparation of donor and acceptor-labeled transporters,
proteins were labeled with a 1:1 mixture of Cy3 (GE) and Cy5 (GE) dyes. Proteins were
purified away from unreacted dye by Ni-NTA chromatography and analyzed by SDS PAGE.
Prior to smIFRET experiments, Cy3/C5 labeled proteins were also generally purified by size

exclusion chromatography.

[0179] Surface attachment of liposomes for single-molecule fluorophore detection.
Liposomes, ~100-400 nm in diameter, were prepared using a mixture of E. coli polar lipids
and egg lecithin, with or without the addition of Biotinyl-PE (Avanti Polar Lipids).
Proteoliposomes were loaded with dye-labeled material and/or the enzyme coupled reaction
components via freeze-thaw cycles, or other strategies, followed by extrusion through the
appropriately sized filters. Liposomes were attached to the microscope slide via a
biotin/streptavidin bridge (Figure 16¢). Importantly, liposomes alone do not have significant
background fluorescence. Discrete photobleaching steps, a signature of single fluorophores,
provided an accounting tool for determining how many dye molecules were trapped within
each surface-attached liposome (Figure 16d). Through such experiments the inventors

observed that liposome-embedded Tyt is a monomer. Surface-attached liposomes were
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stable over several minutes and oxygen scavenging methods and other specific protocols were

used to significantly extend the lifetime of dye molecules (Figure 16¢).

[0180] Observations of FRET in Cy3/Cy5-labeled transporters. Labeled proteins,
reconstituted into 100 nm biotinylated lipid vesicles at a ratio of approximately 1 protein per
vesicle, showed clear indications of dynamic FRET. For Gltp, and Tytl, at least three distinct

FRET levels were clearly identified in the ensemble of imaged molecules (Figure 17).
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WHAT IS CLAIMED IS:

1. A method of conducting dynamic single-molecule fluorescence studies on a
membrane protein comprising:
a) obtaining a membrane protein which is labeled with fluorophore at one or more sites,
and is placed in a membrane protein carrier;
b) immobilizing said membrane protein or said carrier onto a solid surface;
¢) imaging the immobilized membrane protein to acquire fluorescence data over a period
of time; and
d) correlating the fluorescence data with conformational changes in said membrane

protein.

2. The method of claim 1 wherein the dynamic single-molecule fluorescence studies are

dynamic single-molecule fluorescence resonance energy transfer (smFRET) studies.

3. The method of claim 2 wherein at least two mutations have been introduced into said

membrane protein to permit affixation of a donor fluorophore and an acceptor fluorophore.

4. The method of claim 3 wherein the two mutations are introduced into sites that
increase or decrease in distance from each other depending on the conformation of said

membrane protein.

5. The method of claim 4 wherein the two mutations are introduced into amino acid
positions that are separated from one another in the protein tertiary structure by a distance

approximating the Rq for the donor fluorophore and acceptor fluorophore.
6. The method of claim 3 wherein the two mutations are introduced into sites that show

low conservation between members of the family of proteins of which said membrane protein

is a member.
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7. The method of claim 3 wherein the mutations are introduced into sites that are outside
of the activity domains of said membrane protein and do not affect ligand binding or transport

activity of said membrane protein.

8. The method of claim 3 wherein at least one additional mutation is introduced to a site
within an activity domain of said membrane protein to generate a gain-of-function or loss-of-

function mutant protein.

9. The method of claim 3 wherein the mutations are cysteine substitutions.
10. The method of claim 9 wherein the fluorophores are maleimide dyes.
11. The method of claim 1 wherein said carrier is selected from the group consisting of:

detergents, lipids, nanoparticles, micelles, liposomes, and cells.

12. The method of claim 1 wherein said membrane protein is biotinylated and

immobilized by the biotin-streptavidin interaction to said solid surface.

13. The method of claim 2, wherein fluorescence data is acquired for an extended imaging
time period sufficient to observe multiple conformations of said membrane proteins and

transitions therebetween.

14. The method of claim 13, wherein the acquired data permits the identification of

distinct conformations.
15. The method of claim 14, wherein the acquired data permits determination of the FRET
value for each conformation, the dwell time for each conformation, the transition time from

one conformation to another, and the distribution among different conformations.

16. A mutant membrane protein comprising one or more mutations introduced for affixing

a fluorophore.
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17. The mutant membrane protein of claim 16 comprising two mutations for affixing a

donor fluorophore and an acceptor fluorophore.

18. The mutant membrane protein of claim 16 further comprising at least one additional

mutation which results in a gain of function or loss of function.

19. The mutant membrane protein of claim 16 wherein the protein is LeuT and the
mutations are selected from the group consisting of cysteine substitutions for His 7 in the N
terminus, Arg 86 in IL.1, Arg 185 in 112, Liys 271 in II.3 and Thr 515 at the cytoplasmic end
of TM12, Lys 239 in EL.3, and His 480 in EL6.

20. The mutant membrane protein of claim 18 wherein the protein is LeuT and the

mutation is a substitution at one or more of R5, 252, 259, or 1.400.

21. The mutant membrane protein of claim 16 wherein the protein is a neurotransmitter:

sodium symporter (NSS) or a G-protein coupled receptor (GPCR).

22. The mutant membrane protein of claim 21 wherein the protein is an NSS selected
from the group consisting of the dopamine transporter, the serotonin transporter, and the

norepinephrine transporter.

23. The mutant membrane protein of claim 19 wherein the mutations comprise cysteine
substitutions at residues homologous to the following LeuT residues: His 7 in the N terminus,
Arg 86 in ILL1, Arg 185 in IL.2, Lys 271 in IL.3 and Thr 515 at the cytoplasmic end of TM12,
Lys 239 in EL3, and His 480 in EL6.

24. A composition comprising the mutant membrane protein of claim 16 wherein said
membrane protein is labeled with a donor fluorophore and an acceptor fluorophore, and has

been incorporated into a membrane protein carrier.
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25. The composition of claim 24 wherein said membrane protein or said protein carrier is

immobilized onto a solid support.

26. A method of screening for compounds that affect the conformational dynamics of a
membrane protein, comprising:

a) conducting dynamic single-molecule fluorescence studies on said membrane protein
in the absence of a test compound according to the method of claim 1;

b) conducting dynamic single-molecule fluorescence studies on said membrane
protein in the presence of a test compound; and

¢) comparing the fluorescence data of said membrane protein in the absence of said
test compound with the fluorescence data of said membrane protein in the presence of said
test compound, thereby determining whether the test compound affects the conformational

dynamics of the membrane protein.

27. The method of claim 26, wherein said dynamic single-molecule fluorescence studies

are dynamic SmFRET studies.

28. The method of claim 27, wherein the FRET data acquired are used to identify the
available conformations of said membrane protein, and determine the FRET value for one or
more conformations, the dwell time for one or more conformations, the transition time from

one conformation to another, and the relative population of one or more conformations.

29. The method of claim 27, wherein the smFRET studies in a) were performed in the
presence of a substrate or ligand of said membrane protein, and the FRET data obtained from
identifies at least one specific conformation and its association with one activity of said

membrane protein.

30. The method of claim 29, wherein an increase in the relative population or dwell time
of said specific conformation among available conformations in the presence of the test
compound indicates that the test compound stimulates the activity of the membrane protein,

and a decrease in the relative population or dwell time of said specific conformation in the
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presence of the test compound indicates that the test compound inhibits the activity of the

membrane protein.
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