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BIOPHYSICS

Single-molecule transport kinetics of a glutamate
transporter homolog shows static disorder

Didar Ciftci'?, Gerard H. M. Huysmans’, Xiaoyu Wang', Changhao He', Daniel Terry'*,
Zhou Zhou', Gabriel Fitzgerald', Scott C. Blanchard'%*', Olga Boudker™>3"

Kinetic properties of membrane transporters are typically poorly defined because high-resolution functional
assays analogous to single-channel recordings are lacking. Here, we measure single-molecule transport kinetics of
a glutamate transporter homolog from Pyrococcus horikoshii, Gltpp, using fluorescently labeled periplasmic amino
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acid binding protein as a fluorescence resonance energy transfer-based sensor. We show that individual transporters
can function at rates varying by at least two orders of magnitude that persist for multiple turnovers. A gain-of-
function mutant shows increased population of the fast-acting transporters, leading to a 10-fold increase in the
mean transport rate. These findings, which are broadly consistent with earlier single-molecule measurements of
Gltp,, conformational dynamics, suggest that Gltpy, transport is defined by kinetically distinct populations that

exhibit long-lasting “molecular memory.”

INTRODUCTION
Secondary active transporters catalyze the uptake of solutes such as
nutrients, neurotransmitters, and drugs across lipid bilayers (I). Their
catalytic cycle begins with a transporter in a so-called outward-facing
state, where it binds a substrate from the extracellular solution, fol-
lowed by isomerization into an inward-facing state, the release of
the substrate into the cytoplasm, and the return of the empty trans-
porter into the outward-facing conformation (I). The rates of transport
vary widely between transporters and are likely regulated by the rates
of the conformational transitions. However, detailed kinetic studies
of transporters have been limited due to the lack of high-resolution
functional assays. Hence, a mechanistic understanding of transporters
lags behind the ion channels, for which patch clamp and other single-
channel electrophysiological recordings have provided a wealth of
information over the last several decades (2-4). Here, we implement
a single-transporter assay for a homolog of glutamate transporters, the
sodium/aspartate symporter Gltpy, (5), and establish parallels between
the timing of its conformational transitions and transport events.
Gltpy, is a well-studied model transporter, which operates by an
“elevator” mechanism (5-7), in which distinct transport domains
shuttle across the bilayer delivering the substrate L-aspartate (L-asp)
and three coupled sodium (Na*) ions from the extracellular to the
intracellular side (fig. S1A) (7, 8). Gltpy, is a homotrimer with three
peripherally located transport domains housed by a central scaffold
or trimerization domain (fig. S1B). Previous studies of the transport
domain dynamics conducted with single-molecule resolution showed
that the domains moved independently of each other as well as a
surprising degree of dynamic complexity (9-12). Specifically, only a
fraction of the transporters was dynamic at a given time, while others
remained largely quiescent (9-11). Infrequent transitions between
nondynamic and dynamic modes were also observed in the wild-
type (WT) transporter. Moreover, the observed transitions to quiescent
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periods were greatly reduced in a gain-of-function transport mutant
R276S/M395R (termed RSMR for brevity) (9, 13).

To detect individual transport events, we developed a fluorescence
resonance energy transfer (FRET)-based sensor using aspartate/
glutamate-binding periplasmic protein PEBla (14). Periplasmic
binding proteins have been used for FRET-based sensor design (15)
because they share a common “clamshell” architecture and binding
mechanism (15) where they transition from an open to a closed
conformation upon ligand binding (Fig. 1A). We encapsulated fluo-
rescently labeled PEB1a in proteoliposomes harboring single Gltpy,
transporters and recorded time-dependent FRET efficiency changes
reflecting transport activity using total internal reflection fluores-
cence (TIRF) (16, 17) microscopy with single-molecule resolution
(smFRET) similarly to a recently reported assay for a neutral amino
acid transporter (18). From these recordings, we extracted the timing
of the first transport event and the consecutive transport turnover
rates. Notably, individual Gltpy, transporters showed transport rates
ranging from a few to hundreds of seconds per cycle. The timing of
the transport events was consistent with the timing of the transport
domain dynamics (9, 10) in both WT Gltpy, and the RSMR mutant,
in which the latter showed an increased fraction of the fast-working
transporters. Both single-molecule conformational dynamics and
transport assays suggest that the transporters sample multiple
dynamic modes that persist for periods substantially longer than the
catalytic turnover times. This so-called static rate disorder is reminiscent
of phenomena previously observed in enzymes and channels (19-24).

RESULTS

Engineering of L.-asp sensor

We introduced two cysteine mutations, N73C and K149C, into a
cysteine-less version of PEB1a at positions where we expected a sub-
stantial decrease in interresidue distance upon L-asp binding (fig. S2A).
The double cysteine mutant of PEBla (ccPEB1a for brevity) showed
specific, high-efficiency labeling with LD555p and LD655 dyes, self-
healing fluorophores based on Cy3 and Cy5, respectively (fig. S2B)
(25). After extensive dialysis to remove bound ligands, fluorescently
labeled PEBla was immobilized in passivated quartz microfluidics
chambers and imaged using smFRET TIRF microscopy at a 10-s~'
frame rate. Individual molecules yielded smFRET trajectories with
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Fig. 1. smFRET sensor of L-asp based on PEB1a. (A) Clamshell L-asp binding mechanism of PEB1a and FRET-based detection. (B) Population contour plots of ccPEB1a
(top) and ccPEB1a-Y198F (bottom). Here and elsewhere, the numbers on the panels correspond to the number of molecules used to construct the plots; the scale bar for
this and other contour plots is to the right. (C) A single molecule recording of ccPEB1a. Shown are fluorescence emissions from LD555p (green) and LD655 (red) dyes (top)
and FRET efficiency (blue) with idealization (red) using a three-state model (bottom). At right, dwell times in the 0.87 FRET (bound) state of ccPEB1a are shown as a survival
plot (symbols) and fitted to an exponential decay function (solid line). (D) Binding isotherms of ccPEB1a (blue) and the mutants: A64F (green), D102L (magenta), Y198F
(orange), Y198F/A64F (AF/YF, purple), and R89L (red). Solid lines are fits to one-site binding equations. Data are means and SEs from three independent experiments.
Fitted K4 values are shown on the right. Binding was measured by smFRET (¥) or bulk fluorimetry (&). (E) Cartoon representation of ccPEB1a with the binding site expanded.

L-asp and mutated residues are shown as sticks.

constant efficiency of 0.65 + 0.05 in the absence of L-asp and
0.87 + 0.03 when 1 uM L-asp was added (Fig. 1B). At intermediate
L-asp concentrations, we observed transitions between discrete lower-
and higher-FRET efficiency states corresponding to binding and un-
binding events (Fig. 1C). Plotting mean FRET efficiency as a function
of L-asp concentration yielded a binding isotherm consistent with
79 + 20 nM dissociation constant, K4 (Fig. 1D). On the basis of the
dwell times of the high-FRET state at 1 nM r-asp, we estimated the
binding and unbinding rates to be ~0.13 x 10* s M™" and 1 57",
respectively (Fig. 1C). We further generated ccPEB1a variants with
reduced affinity for L-asp by mutating residues around the binding
site (Fig. 1, D and E). ccPEB1la-Y198F variant yielded smFRET tra-
jectories with constant efficiency of 0.63 + 0.01 in the absence of
L-asp and 0.86 + 0.01 when 100 uM L-asp was added. Notably, the Kq’s
measured by bulk fluorimetry and by smFRET for ccPEBla-Y198F
mutant agreed well, yielding Kq’s of 5.6 + 1 and 3.6 + 0.4 uM, re-
spectively, which we attribute to an increased dissociation rate. Con-
sistent with this idea, we did not detect discrete transitions between
the low- and high-FRET efficiency states in smFRET trajectories of
Y198F and other mutants obtained at L-asp concentrations near their
Ky values. Instead, we observed intermediate FRET values suggesting
that binding and unbinding events occurred at a time scale that was
faster than the imaging rate (Fig. 1B and fig. S2D).

Single-molecule transport assay

For transport assays, we used cysteine-less variants of Gltpy, and of
the RSMR mutant harboring a single cysteine mutation N378C on
the extracellular side of the transporter (termed WT and RSMR for
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brevity) (9, 10). Cys378 has been previously used to fluorescently
label and to surface immobilize Gltp, with high efficiency and speci-
ficity (9, 10). Gltpy, variants were reconstituted into 100-nm liposomes
at low protein-to-lipid ratio (PLR) of 1:1000 (w/w), corresponding
to ~5.4 trimers per 10° lipids, aiming to enrich for vesicle popula-
tions with no more than one transporter trimer. To establish the
reconstitution stoichiometry, we labeled WT Gltpy, with LD555p dye
before reconstitution, immobilized the proteoliposomes in smFRET
chambers via biotin-phosphatidylethanolamine (biotin-PE), and
counted the number of photobleaching events per vesicle. We
expect ~60% of liposomes to contain no transporters based on Pois-
son statistics. Of those that did contain a transporter, we found that
~70% had one trimer, while the remainder had two or more (fig. S3,
A and B). For transport measurements, we reconstituted the WT
and RSMR Gltpy, proteins derivatized with biotin-PEG;-maleimide
at the same PLR of 1:1000 into liposomes containing no biotin-PE.
We encapsulated LD555p/LD655-labeled ccPEB1a-Y198F mutant using
freeze/thaw cycles followed by extrusion and surface-immobilized
proteoliposomes via biotinylated transporters (Fig. 2A) (9). Photo-
bleaching experiments confirmed that nearly all vesicles containing sensors
had only one (fig. S3, C and D). Notably, our immobilization strategy
used for transport measurements selects for the liposomes containing
the transporters with their extracellular side facing vesicle exterior. Empty
liposomes or those containing the transporter in the opposite orientation are
washed away, except for a small fraction of those that attach nonspecifically.

Among the smFRET trajectories recorded for the proteolipo-
somes, 62 * 7% showed initial FRET efficiency between 0.4 and 0.7
with a mean value of 0.63 + 0.01, as expected for the ligand-free
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Fig. 2. Single molecule transport assay. (A) Cartoon representation of a proteoliposome, containing a single biotinylated Gltpy, transporter and an LD555p/LD655-labeled
ccPEB1a immobilized in smFRET imaging chamber via biotin-streptavidin bridge. A blue circle represents the transported sodium ions and L-asp. (B) Time-dependent
population contour plots of ccPEB1a-Y198F inside proteoliposomes containing the WT Gltpy, (top) and the RSMR mutant (bottom) in the presence of 1 uM -asp in the
external buffer either without (left) or with 200 mM NaCl (right). Black triangle marks the time of NaCl addition. (C) Mean FRET efficiency (purple and red, top) fitted
to multiexponential functions (black lines). Controls in the absence of NaCl are shown in gray. Corresponding number of the transported -asp molecules (bottom).
(D) Concentration-dependent initial transport rates measured using ccPEB1-A64F/Y198F sensor and fitted to Michaelis-Menten equation. Gltp, PLR are above the panels.
Representative population plots are shown below. Measurements are means and SE from three independent experiments. (E) Initial rate of the WT Gltpy, transport in the
absence (black) and presence of trifluoromethyl benzoyl amino phenyl methoxy-L-aspartic acid (TFB-TBOA) (gray). L-asp and TFB-TBOA concentrations were 0.1 and 10 uM,
respectively. Representative population plots are below. Measurements are means and SD from two independent experiments.

LD555p/LD655-labeled ccPEB1a-Y198F. The remaining trajectories
showed initial FRET efficiency values outside of the expected range,
suggesting that the sensors either already bound their substrates
during reconstitution or were denatured. Such traces were excluded
from further analysis. When 1 pM L-asp was added to the vesicles in
the absence of Na" gradient, nearly all showed stable 0.63 FRET ef-
ficiency (Fig. 2B), indicating that the sensors were properly encap-
sulated, and the liposomes were not leaky. When active transport
was initiated upon addition of 1 uM L-asp together with 200 mM
Nadl, vesicles containing the WT Gltpy, or the RSMR mutant showed
gradual increase in mean FRET efficiency, as L-asp was transported
into the lumen and bound to ccPEB1a-Y198F (Fig. 2, B and C). As
expected, proteoliposomes containing the RSMR variant exhibited
a more rapid change, with a majority reaching the substrate-bound
0.85 £ 0.01 FRET efficiency state within 10 s. In contrast, only ~40%
of the proteoliposomes containing WT Gltpy, reached or approached
0.85 FRET efficiency state before dye photobleaching that took place
with a characteristic time constant tpg of 212 + 3 s. However, when
the WT proteoliposomes were imaged 30 min after the onset of the
active transport, we observed a substantial increase in the popula-
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tion of substrate-bound sensors exhibiting high FRET efficiency
(fig. S4). These findings suggest that slow-responding WT Gltpy,
transporters are indeed functional but on a time scale that is slow
compared with our observation window. By averaging all trajectories
over the first 5 s, we estimated the mean initial rate for the WT and
the RSMR mutants to be 59 + 2 and 4.5 + 0.2 s per turnover per
transporter protomer, respectively. The rate we measured for WT
Gltpy, is two to three times faster than the rate measured in bulk ex-
periments (9, 13). In addition, the RSMR mutant shows a ~13-fold
increase in the uptake rate compared with the fivefold increase
measured in bulk (9, 13). These discrepancies are not unexpected,
as the suboptimal reconstitution efficiency, mixed transporter
orientation, and other factors may contribute to the lower measured
rates in bulk experiments.

The initial rates of the FRET efficiency increase were dependent
on L-asp concentration (Fig. 2D). Consistent with previous bulk mea-
surements (13), these data yielded Michaelis-Menten constants (Ky,) of
400 + 170 and 520 + 100 nM for the WT Gltp, and the RSMR
mutant, respectively. As expected, the initial rate decreased in the pres-
ence of a competitive transporter blocker, trifluoromethyl benzoyl
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amino phenyl methoxy-L-aspartic acid (TFB-TBOA) (Fig. 2E). Be-
cause of the slow uptake rates of WT Gltpp, we used higher PLRs
of 1:100 and 1:10 for Michaelis constant measurements and TFB-
TBOA inhibition, respectively. Under these conditions, vesicles con-
tain multiple transporters, and the obtained individual trajectories
were not used for further analysis.

Static disorder of the uptake rates
When we examined individual single-molecule trajectories obtained
from vesicles with PLR of 1:1000 (i.e., containing mostly single
transporters), we observed a common pattern: After the application
of the substrate, FRET efficiency was stable for a period of time fol-
lowed by an abrupt increase (fig. S5). Such a FRET efficiency jump
is, indeed, expected upon the uptake of the first L-asp (Fig. 3, A to C).
The time between application of the substrate and the FRET effi-
ciency jump, Ty, corresponds to the “first half cycle,” which involves
binding of L-asp to the outward-facing transporter, translocation of
the transport domain into the inward-facing state, release of L-asp,
and its binding to the sensor (Fig. 3, A to C, and fig. S1A). Notably,
the amplitude of the jump reflects the fraction of time that the
sensor spends bound to L-asp and, therefore, on the volume of the
vesicle and the sensor Ky (see below). In contrast, the half-cycle
time, Ty, is independent of the liposome size and is only deter-
mined by the rate of the transporter.

The Gltpy, trimer is composed of protomers that function sto-
chastically and independently of each other (10-12); therefore, any
one of the three can mediate the first uptake. We analyzed trajectories

originating from hundreds of WT Gltpy, proteoliposomes and found
that the uptake of the first L-asp occurred with vastly variable rates.
Fitting the cumulative distribution of tyc’s required at least three
exponentials, defining “fast,” “intermediate,” and “slow” transporters
with corresponding tyc’s of ~3, 35, and 350 s (Fig. 3D and Fig. S6A).
In addition, in about 60% of the vesicles, the sensors had photo-
bleached before the entry of the first L-asp. A fraction of these are
attached to the surface nonspecifically and carry no transporter,
while others contain either slow or nonfunctional transporters. No-
tably, if a proteoliposome shows slow uptake, then that means that
all three protomers of the Gltpy, trimer are slow. In contrast, one
fast-working protomer per trimer is enough for a proteoliposome
to show fast uptake. Taking into account that there are vesicles car-
rying multiple trimers, we estimate that less than 15% of the trans-
porter protomers work with fast or intermediate rates, while the
majority are slow. The RSMR mutant exhibited a much narrower
distribution of the first half-cycle times dominated by fast trans-
porters with tic of ~1 s and with a minor population of transporters
with tyc of ~30 s (Fig. 3D and fig. S6B). Collectively, the data
suggest that the faster uptake rates of the RSMR mutant observed in
the ensemble measurements (9, 13) are due to the elimination of
slow transporters and a substantial increase in the population of the
fast transporters.

The number of L-asp molecules that need to be transported to
fully saturate the sensor depends on the size of the vesicle and on
the sensor Ky. For example, ccPEB1a-Y198F is expected to be nearly
saturated after ~6 molecules are transported into a vesicle with 50-nm
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Fig. 3. Static disorder of the uptake rates. Cartoon representation of the measured time constants (A) and the expected stepwise FRET efficiency increases (B). A jump
of FRET efficiency occurs after the first half cycle, ¢, following addition of NaCl to the proteoliposomes (orange). Consequent increases occur after the completion of the
current cycle and the next half cycle, tro (purple). (C) A representative smFRET trajectory. t4c is determined manually as the delay before the first efficiency increase, and
the liposome radius is calculated from its magnitude (cyan). Consequent rise of FRET efficiency (purple) is fitted to a time-dependent binding equation (black line) to yield tro.
(D) Distribution of t4c's (top) and 110°s (bottom) for the WT (left) and the RSMR mutant (right). Gray bars correspond to ccPEB1a-Y198F molecules photobleaching before
transport occurs. Data are means and SE of at least three reconstitutions comprising at least 700 and 300 molecules for tyc and tro, respectively. Black lines are fits to the
tri-, bi-, and monoexponential functions for the WT, RSMR, and photobleaching, respectively. (E) Population contour plots of tyc and tro pairs. Scale bar is to the right.
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radius (Fig. 3C). In some trajectories, however, the initial jump re-
sulted in the maximal 0.85 FRET efficiency state, as would be ex-
pected for small liposomes with radius less than 25 nm, where one
molecule of L-asp achieves apparent concentration >25 uM, suffi-
cient to nearly saturate ccPEBla-Y198F. Nonetheless, in the majority
of proteoliposomes, the initial jump was smaller, and the trajectories
exhibited further increases in FRET efficiency, as consecutive L-asp
molecules were transported (Fig. 3, B and C and fig. S5). In such
cases, we infer that experimental shot noise and instrument noise
likely obscure individual transport events (fig. S5). On the basis of
the amplitude of the initial FRET efficiency jump, we estimated the
size of each individual vesicle. The apparent vesicle size distributions
obtained were similar to those observed by negative-stain electron
microscopy (fig. S7) and cryo-electron microscopy (26), except that
the larger size vesicles were underrepresented. This is partly because
negative staining method might distort liposomes (27) and partly
because in vesicles with a radius larger than 80 nm, the FRET effi-
ciency increases less than 10% of the maximum change after the
entry of the first L-asp. For such trajectories, accurate detection of
the first FRET efficiency jump is difficult, and they were not ana-
lyzed. In addition, larger vesicles are more likely to contain multiple
sensors and excluded during early stages of analysis.

For further analysis, we selected traces from vesicles with radii
between 25 and 80 nm that showed a gradual FRET efficiency in-
crease following initial jump and reached or approached 0.85 FRET
efficiency state. We fitted these individual FRET efficiency time courses
to a time-dependent mass action binding equation, in which r-asp
concentration increased linearly with a rate determined by the mean
turnover time, tro, of a given transporter (fig. S5). By analyzing
simulated data generated with a range of input transport rates, we
confirmed that our analysis procedure successfully recovered the
Thc and Tro. Substantial deviations were observed only at very slow
transport rates below 0.01 s, where dye lifetime was not long enough
to observe transport events (fig. S8).

Overall, the distributions of the turnover times, tro’s, covered
the same range as the distributions of the ti¢’s (Fig. 3D). Notably,
the tyc and o values for each individual transporter showed a nearly
one-to-one correlation (Fig. 3E). Similar tyc and tro values are con-
sistent with an earlier hypothesis (10) that the outward-to-inward
translocation of the substrate-bound WT transporter is rate limiting
to the cycle and that the return of the empty transporter into the
outward-facing state is comparatively fast (fig. S1). More notably,
the close correspondence between tyc and tro suggests that the
transporters that start out fast (short tc) continue to transport rapidly
(short trp), while those that start out slow continue to transport slowly.
Particularly for the WT Gltpy, distinct transport regimes that per-
sisted throughout the observation window were evident (Fig. 3E).

The observed kinetic heterogeneity might be due to differences
in posttranslational modifications between the transporters or to
differences between lipid compositions of the individual vesicles.
We think that neither of these possibilities is likely because proteins
expressed in Escherichia coli are rarely subject to posttranslational
modifications and the lipid mixture used to prepare the liposomes
does not contain cholesterol and therefore is unlikely to show phase
separation that could lead to intervesicle differences in lipid compo-
sition (28). In addition, the fractions of the slow and fast transporters
differ for the WT and the RSMR mutant, suggesting that differences
in liposome compositions are unlikely to be the reason for the ob-
served heterogeneity. Instead, we think that the heterogeneity re-
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flects long-lasting, distinct activity modes due to conformational
changes in the transporters that determine the transport rate and
which themselves are slow, persisting over multiple turnovers. If so,
we expect the transporters to switch occasionally from one mode to
another. Indeed, while a majority of traces with long tyc show long
Tro, ~1% shows short 7o, suggesting that these transporters have
switched from a slow to a fast transport mode (fig. S9). Notably, the
number of such traces is small, and the propensity to switch between
modes remains ambiguous. The existence of the slow and fast transport
modes is consistent with earlier smFRET studies of the conforma-
tional dynamics of the WT Gltpy,, which also revealed the existence
of nondynamic and dynamic periods (9, 10). Furthermore, the RSMR
mutant showed both a reduced propensity to sample nondynamic
states in smFRET dynamics experiments (9) and reduced slow and
intermediate transport modes in our single-molecule functional as-
says. It remains unknown what conformational differences underlie
the existence of dynamic, fast-working and nondynamic, slow-
working modes of the transporter. It is also not clear why the RSMR
mutations affect their prevalence (9, 13).

DISCUSSION
By using TIRF microscopy and the FRET-based r-asp sensor to es-
tablish a single-vesicle/single-transporter functional assay, we tracked
single and multiple turnovers in hundreds of individual Gltpy, trans-
porters simultaneously. We deconvoluted the timing of the transport
half cycles and full cycles for WT Gltpy, and the gain-of-function
RSMR mutant and observed broad distributions of transport rates
normally masked in bulk activity measurements. In WT Gltpy,, we
identified at least three kinetically distinct populations with rates
varying by orders of magnitude. The predominant turnover time for
WT Gltpy, was in the hundreds of seconds. Thus, in bulk measure-
ments, the observed substrate uptake is mostly due to a small frac-
tion of the fast transporters, and the apparent rates measured do not
necessarily correspond to any transporters present in the popula-
tion. The increased transport rate in the RSMR mutant is mostly
due to the shift in the populations in favor of the fast transporters.
The distributions of the transport times for the WT Gltpy, and the
RSMR mutant parallel the dwell time distributions in the outward-
facing state of the substrate-bound transporters obtained previously
in smFRET-based conformational dynamics studies (9, 10), suggesting
that distinct transport rates are a consequence of distinct conforma-
tional dynamics in individual transporter protomers during the obser-
vation windows. The kinetic distinction between fast, intermediate,
and slow transporters appears to persist over multiple transport cycles
with infrequent switching observed both in the transport assay and in
dynamics (9, 10). Such mode-switching, sometimes termed “molecular
memory” or static disorder of the reaction rates, has been previously
observed in enzymes (19-21), ion channels (22-24), protein folding
reactions (29-32), and other systems where single-molecule detec-
tion methods had been implemented. Typically, the structural basis
of the rate disorder is not known. However, in one case, distinct pro-
tein folding rates, persisting over multiple folding/unfolding events,
were attributed to a slow proline isomerization (32). While the struc-
tural underpinnings of the functional modes of Gltpy, are not known,
it is notable that the protein originates from a hyperthermophilic
archaeon and natively functions at ca. 100°C. It seems possible that
distinct low-enthalpy structural states are “frozen out” at ambient
temperatures and undergo very slow interconversions.
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The combination of a single-molecule approach probing confor-
mational transitions and a single-molecule functional assay provides
a powerful, and potentially generalizable, approach for accessing to
the relationship between dynamics and function of transporters.
Applying these approaches to a broader range of systems, and par-
ticularly to human glutamate transporters that play critical roles in
the glutamatergic neurotransmission, will likely bring unknown
insights into the dynamic basis of their activity and perhaps suggest
previously unidentified means of their pharmacological regulation.

MATERIALS AND METHODS

DNA manipulations, expression, purification,

and fluorescence labeling of PEB1a variants

Pebla gene with a C-terminal 6xHis tag was cloned into pet2la(+)
vector (GenScript) between Nde I and Bam HI sites. The single
cysteine residue in the periplasmic leader sequence, Cys18, was mu-
tated to serine. Cysteine-free construct is termed WT for brevity.
Cysteine mutations Asn73Cys and Lys149Cys were introduced for
labeling with donor and acceptor fluorophores. The sites were se-
lected on the basis of the comparison of the crystal structures of the
aspartate-bound PEB1a (33) (Protein Data Bank accession code 2V25)
and of the ligand-free homolog GInH [IWDN; (34)] (fig. S2A). While
the apo structure of PEB1a is not known, PEBla shares ~30% amino
acid identity with GInH, and we expect similar conformational changes
upon ligand binding. Protein structures were superimposed over the
larger domain (residues 1 to 100 and 196 to 233 in PEB1a), and suit-
able solvent-exposed residues were selected. The resulting PEBla-
N73C/K149C variant is termed ccPEBla for brevity. Additional
mutations to alter the affinity of PEBla for L-asp were introduced
using QuikChange (Agilent). The identities of all constructs were
confirmed by sequencing. E. coli T7 Express lysY cells (Macrogen)
were transformed with plasmids encoding PEB1a variants, and proteins
were expressed and purified as described previously (33). Briefly, cells were
grown in LB media with ampicillin (100 pg/ml) to OD (optical density)
of 1 and induced with 1 mM isopropyl-B-p-1-thiogalactopyranoside
(IPTG) for 3 hours at 37°C followed by 16 hours at 18°C. Cells were
harvested by centrifugation for 15 min at 3326g at 4°C and resus-
pended in buffer containing 10 mM tris-HCI, pH 8.0, 2 mM EDTA,
0.5 M sucrose, and lysozyme (100 pg/ml). After 30 min on ice, the
suspension was diluted 1:3 with deionized water and centrifuged for
30 min at 3578g at 4°C to pellet the debris. Supernatants were mixed
in batch with 5 ml of Ni-NTA (nitrilotriacetic acid) resin (QIAGEN)
in buffer containing 10 mM tris-HCI, pH 7.4, 200 mM NaCl, 1 mM
tris(2-carboxyethyl) phosphine (TCEP). The resin was washed with
the same buffer supplemented with 40 mM imidazole, and the PEBla
proteins were eluted with a 40-ml gradient from 40 to 250 mM im-
idazole. The eluted proteins were further purified by size exclusion
chromatography (SEC) in buffer containing 10 mM tris-HCI, pH 7.4,
and 200 mM NaCl using Superdex 200 10/300 GL column (GE
Healthcare). Purified ccPEB1a and affinity variants were labeled with
maleimide-activated LD555p and LD655 (25) dyes using 1:1:1 protein:
LD555p:LD655 molar ratio for 1 hour at 25°C. Excess dye was re-
moved by SEC in buffer containing 10 mM tris-HCI, pH 7.4, and
200 mM KCIl. Labeled proteins were dialyzed against 4000- to
16,000-fold excess buffer to remove bound r-asp. Labeling efficiency
was determined using NanoDrop 2000c (Thermo Fisher Scientific)
using extinction coefficients of 18,910, 150,000, and 250,000 M ™" cm™
for protein at 280 nm, LD555p at 550 nm, and LD655 at 650 nm.
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Typical labeling efficiency was 60% for LD555p and 100% for LD655.
Proteins were concentrated to 3 uM using 10-kDa cutoff concentrators
(EMD Millipore) and stored in liquid nitrogen until further use.

Labeling specificity was confirmed by incubating WT PEBla and
ccPEB1a with LD555p/LD655 dyes at 1:1:1 molar ratio for 5 to 80 min,
after which the reaction was quenched using 0.7 M 2-mercaptoethanol
(BME). Samples were analyzed by SDS-polyacrylamide gel electro-
phoresis and visualized using ChemiDoc-MP Imaging System (Bio-Rad).
For LD555p, the fluorescence was excited at 520 to 545 nm, and
emission was detected using a 500/50 band-pass filter. For LD655,
the fluorescence was excited at 625 to 650 nm, and emission was
detected using a 602/50 band-pass filter.

Bulk fluorometer measurements of L-asp binding

to ccPEB1a variants

FRET efficiency changes of LD555p/LD655-labeled ccPEB1a vari-
ants in response to L-asp binding were measured using a bulk PTI
QuantaMaster 400 fluorometer (Horiba). Protein was diluted to a
final concentration of 20 nM in 1.5 ml of buffer containing 50 mM
Hepes/tris, pH 7.4, and 200 mM KCI. Fluorescence was excited at
532 nm, and emission was recorded between 550 and 750 nm before
and after the addition of L-asp aliquots. To obtain L-asp binding iso-
therms, LD555p was excited at 532 nm and LD655 emission at
672 nm was measured continuously with 0.2-Hz rate. Samples were
incubated at 25°C with continuous stirring, L-asp aliquots were
added, and changes of LD655 fluorescence were recorded after 60 s
of equilibration. Raw fluorescence signal was corrected for dilution
and normalized to yield percent change. To obtain Ky, the data were
fitted in Prism (GraphPad) to the following equation

= %100
Y =a+blog(X)+X X+K) (1)

where X = [1-asp] and parameters a and b account for a gradual
decrease in the overall fluorescence observed over the duration of
the experiment, which might be due to fluorophore photobleaching.
For presentation purposes, the data were plotted as a fraction of the
bound protein.

Gltpy, purification and labeling

The Asn378Cys mutant of a cysteine-less variant of Gltp, and the
RSMR mutant with a C-terminal thrombin cleavage site and 8xHis
tag were expressed in E. coli and purified as described previously
(9). Briefly, crude cell membranes were homogenized in buffer
containing 50 mM Hepes/tris, pH 7.4, 200 mM NaCl, 1 mM L-asp,
and 1 mM TCEP and solubilized by the addition of 40 mM N-
dodecyl B-p-maltopyranoside (DDM) for 1 hour at 4°C. Following
centrifugation to remove insoluble material, the transporters were
purified by immobilized Ni-NTA chromatography in the same
buffer supplemented with 1 mM DDM and eluted in the presence of
250 mM imidazole. The His tag was cleaved by thrombin, and the
protein was further purified by SEC in 50 mM Hepes/tris, pH 7.4,
200 mM NaCl, 0.1 mM r-asp, and 1 mM DDM. Gltpy, was labeled
with maleimide-activated biotin-PEGy; (EZ-Link, Thermo Fisher
Scientific) in the presence of N-ethylmaleimide (NEM) at a molar
ratio of 1:2:4 (protein:biotin-PEG;;:NEM) for 1 hour at 25°C. Excess
reagents were removed by SEC. Protein samples were concentrated
to 10 mg/ml using 100-kDa cutoff concentrators and reconstituted
immediately.
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To determine the stoichiometry of Gltpy, per liposome, protein
was purified as described above and labeled with LD555p at a molar
ratio of 1:6 (protein:LD555p) for 1 hour at 25°C. Excess dye was re-
moved by SEC. Labeling efficiency was determined to be ~96% using
NanoDrop 2000c (Thermo Fisher Scientific) using extinction coeffi-
cients of 57,400 M™" cm™" at 280 nm and 150,000 M™" cm ™" at 550 nm
for protein and LD555p, respectively.

Gltpy, reconstitution into liposomes and PEB1a encapsulation
Labeled WT Gltp, and the RSMR mutant were reconstituted into
liposomes, as previously described (9). Briefly, liposomes were pre-
pared from 3:1 (w/w) mixture of E. coli polar lipid extract (Avanti
Polar Lipids Inc.) and egg phosphatidylcholine in buffer A containing
50 mM Hepes/tris, pH7.4, and 200 mM KCl by extrusion through
100-nm filters (Whatman Nuclepore) using syringe extruder (Avanti
Polar Lipids Inc.). Liposomes were destabilized by the addition of
Triton X-100 at 1:2 (w/w) detergent-to-lipid ratio. Gltp, was added
to destabilized liposomes at 1:1000 (w/w) PLR or at other PLRs, as
indicated in the text and figures and incubated at 25°C for 30 min.
Detergent was removed by six rounds of incubation with Bio-Beads
(Bio-Rad) at 80 mg/ml. Liposomes were loaded with buffer A by
three freeze/thaw cycles and concentrated to 25 mg/ml, ~100 pl.
PEBla variants were added to final concentrations of 0.6 uM and
encapsulated by two freeze-thaw cycles. To remove excess PEBla in
the external solution, the liposomes were centrifuged for 1 hour at
49,192¢ at 4°C and the supernatants were discarded. Liposomes
were suspended in 100 pl of buffer A and extruded through 100-nm
filters 10 times.

smFRET experiments

All experiments were performed using a home-built prism-based
TIRF microscope constructed around a Nikon Eclipse Ti inverted
microscope body (17). The samples were illuminated with a 532-nm
laser (Laser Quantum), and LD555p and LD655 fluorescence signals
were separated using a T635]pxr dichroic filter (Chroma) mounted
in a MultiCam apparatus (Cairn). Imaging data were acquired using
home-written acquisition software and scientific complementary
metal-oxide semiconductor (sCMOS) cameras (Hamamatsu). Before
the experiments, microfluidic imaging chambers were passivated with
biotin-PEG and coated with streptavidin, as previously described (9).
Briefly, after passivation, the microfluidic channel was incubated
with buffer A supplemented with 0.8 uM streptavidin (Invitrogen)
for 10 min and rinsed thoroughly.

To measure binding characteristics, LD555p/LD655-1abeled PEB1a
variants were immobilized by incubating the channel consecutively
with biotin-tris-NTA-Ni?* (35, 36) and 10 nM PEB1a with 6xHis
tag for 5 min each. Unbound reagents were washed away with 1 ml
of buffer A following each incubation. For transport assay measure-
ments, proteoliposomes were immobilized by incubating 10 nM
samples in buffer A in channels for 5 min followed by 1 ml of wash
to remove unbound vesicles. All buffers were supplemented with
oxygen-scavenging system composed of 2 mM protocatechuic acid
(PCA) and 50 nM protocatechuate-3,4-dioxygenase (PCD), as de-
scribed previously (37). Typically, the smFRET recordings were carried
out with 5- to 400-ms integration time using 500- to 20-mW laser
power. Fluorescence emission trajectories were extracted and selected
for further analysis using Spartan software (17). Only those trajec-
tories that lasted longer than 15 frames with a signal-to-noise ratio
larger than 8 were selected for further analysis. Fluorescence signals
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were corrected for spectral cross-talk. FRET efficiencies were calcu-
lated as EFRET = ILD655/(ILD555p + ILD655)- Trajectories corresponding
to multiple sensors as indicated by multiple LD555p and/or LD655
photobleaching events were discarded. We also discarded trajectories
that showed initial values of FRET efficiency either below 0.4 or
above 0.7, which correspond to sensors that are already bound to
their substrate and sensors that are denatured.

Characterization of L-asp binding to PEB1a using smFRET

To measure L-asp binding, LD555p/LD655-labeled ccPEB1A vari-
ants were imaged at 100-ms time resolution, 50-mW laser power in
buffer A supplemented with 0 to 100 uM L-asp. The mean FRET
efficiencies for all molecules were plotted as functions of L-asp con-
centrations and fitted to a single-site binding equation in Prism. For
presentation purposes, binding isotherms were plotted as fractions
of the bound protein. To determine L-asp binding and unbinding
rate constants, ko, and ko, respectively, smFRET trajectories were
idealized in Spartan using segmental k-means algorithm (38). A three-
state model was used with FRET efficiency states of 0.65, 0.87, and
0 corresponding to ligand-free, ligand-bound, and photobleached
states, respectively. The mean values of the ligand-free and ligand-
bound FRET efficiencies were based on the fits of population histograms
obtained in the absence of L-asp and in the presence of saturating 1 uM
L-asp, respectively. The unbinding k. rate was determined by fit-
ting the survival plots of the ~0.87 FRET efficiency state at 1 nM L-asp
to a single exponential decay function. The binding rate k,, was cal-
culated on the basis of the equation k,, = kof/ Kq and using estimated
K4 0f 79 nM.

Gltp, and PEB1a stoichiometry in liposomes

We estimated the expected number of the transporters per proteo-
liposomes as a function of PLR assuming uniform 100-nm-size ves-
icles and Poisson distribution, as described previously (39). Briefly,
the number of lipid molecules per vesicle L is

anr? + 4n(r — d)?

dnr +in(r-d) @)
where r is the radius of the liposomes, d is the bilayer thickness, and
s is the surface area of the lipid headgroups. The number of lipid
molecules in a given preparation, , is

L =

= Xx10°Na 3)
MW (lipid)

where X is the amount of lipids used to form liposomes in milligram,

N, is Avogadro’s constant, and MW (lipid) is the mean molecular

weight of the lipid mixture used for reconstitution. The number of

proteins used in reconstitution, P, is

_ Xx107°Npx PLR @
~ MW(protein)

If all proteins were successfully reconstituted, the average num-
ber of proteins per liposome, y, would be

w=Exl (5)

Proteins were reconstituted into liposomes prepared from E. coli
polar extract whose major components are PE (67%) and phospha-
tidylglycerol (PG) (23%). In our calculations, bilayer thickness, d,
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and surface area, s, are assumed to be 36 A and 60 A?, respectively,
based on values obtained in molecular dynamics simulations for
PE:PG bilayer (40). These values yield an estimate of ~100,000 lipids
per vesicle with 100-nm diameter. Using 731.5 Da as an average
molecular weight of lipids and 134,000 Da for the molecular weight
of Gltpy, trimer, we estimate that for 0.5 trimers per vesicle, there are
~5.4 trimers per 10° lipids.

The probability of observing a given number of transporters, A
per liposome is defined by Poisson distribution

A

_ U
PR = S @ ©

The PLR of 1:1000 used during reconstitution of Gltpy, is expected
to yield 61% empty liposomes. Of the 39% vesicles that contain
transporters, 77% are expected to have one, 19% to have two, and
4% to have more than two transporters. To empirically determine
the transporter number in liposomes, LD555p-labeled transporters
were reconstituted into liposomes as usual, except that the liposomes
were supplemented with 1% (w/w) biotin-PE (Avanti Polar Lipids
Inc.). Liposomes were then imaged by smFRET, and the number of
the photobleaching events per liposome was quantified. To quantify
the stoichiometry of PEBla encapsulation, the number of photo-
bleaching steps for LD555p and LD655 dyes in trajectories collected
for transport assay were counted. We used a PLR of 1:100 and 1:10
for K, and TFB-TBOA inhibition measurements of WT Gltpy, re-
spectively. On the basis of the calculations above, at a PLR of 1:100,
almost all of the vesicles are expected to have at least 1 transporter
with ~74% of them containing more than 3 transporters, whereas at
a PLR of 1:10, all of the vesicles contain at least 25 transporters.

smFRET-based transport assay

In all transport experiments, we used the ccPEB1a-Y198F L-asp sensor
unless otherwise stated. For each preparation of immobilized proteo-
liposomes, we first tested for vesicle leakage in buffer containing
50 mM Hepes/tris, pH 7.4, 200 mM KCl, and 1 uM L-asp. Approxi-
mately 4% of ccPEB1la molecules showed a FRET efficiency change,
suggesting that either they were not properly encapsulated or the
liposomes were leaky. Transport was initiated by replacing the buffer
with 50 mM Hepes/tris, pH7.4, 200 mM NaCl, and 1 pM L-Asp,
unless otherwise stated, approximately 3 s after the start of imaging
using a rapid perfusion system. Data were collected with time reso-
lutions of 400 and 200 ms for the WT Gltp}, and the RSMR mutant,
respectively, using corresponding laser powers of 20 and 50 mW,
measured immediately downstream of the laser head. Each individual
trajectory that showed initial FRET efficiency between 0.4 and 0.7
and stable mean total fluorescence intensity was analyzed manually
for the timing of the first transport event. Liposome size and transport
turnover rates were extracted from each trace using a MATLAB script
(see below). Histograms of tyc and tpo were fitted to exponential
distribution (41), and the histograms of the liposome sizes were
generated using Prism.

To measure K, values, WT Gltpy, and RSMR mutant were recon-
stituted at 1:100 and 1:1000 PLR, respectively, and the proteolipo-
somes were loaded with ccPEBla-Y198F/A64F, which has 21 uM
affinity for r-asp. The proteoliposomes were imaged as usual in the
presence of variable L-asp concentrations. The mean FRET efficiency
changes over the first 5 s after active transport initiation were fitted
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by linear regression to obtain initial uptake rates. Data were fitted to
Michaelis-Menten equation with a Hill coefficient of one.

To measure inhibition using TFB-TBOA, WT Gltpy, proteolipo-
somes were reconstituted at 1:10 PLR with encapsulated ccPEB1la-
Y198F/A64F and imaged at 200-ms time resolution. Active transport
was initiated by perfusion of 200 mM NaCl, 100 nM L-asp with or
without 30 s before incubation with 10 uM TFB-TBOA in 200 mM
NaCl. The mean FRET efficiency changes over the first 5 s after ac-
tive transport initiation were fitted by linear regression to obtain the
initial rates.

To measure nonspecific binding, biotinylated WT Gltpy, was re-
constituted at 1:1000 PLR and proteoliposomes were loaded with
LD555p/LD655-labeled ccPEB1a-Y198F. Sample was immobilized
on the surface of single molecule chambers with or without strepta-
vidin coating, using similar concentrations and volumes. Trajectories
from these datasets were selected using the same criteria. The number
of molecules in the datasets acquired in the absence of streptavidin
constituted ~26% of those that were acquired with streptavidin. Notably,
of these trajectories, only 15% showed FRET efficiency changes sug-
gestive of L-asp uptake.

Analysis of the transport smFRET trajectories

Each trajectory was analyzed to extract tyc and tro (see Static disorder of
the uptake rates in the Results section). ¢ was determined manually
from the delay between the addition of L-asp and NaCl and the first
abrupt increase in FRET efficiency. Because the exact time at which the
buffer replacement occurs within the imaging field is not known, we
used the time of the earliest jump in FRET efficiency (minimum ty¢)
observed for any trace in the dataset as an approximation. Tro was
determined from fitting the tail rise in each trace following the initial
FRET efficiency jump to a time-dependent binding equation, where
we considered r-asp flux into the liposomes with the rate determined
by tro. To enable such fits, it is essential to determine the apparent
concentration of L-asp as a function of the number of molecules enter-
ing the proteoliposome. For this, it is necessary to estimate the volume
of each proteoliposome, which varies substantially in the population.
Toward this end, we note that the magnitude of the FRET efficiency
increase upon uptake of the first molecule of L-asp is dependent on the
liposome size and the Kj of the encapsulated ccPEB1a sensor, which for
ccPEB1a-Y198F was 5.6 + 0.1 uM based on bulk fluorometer mea-
surements. Normalized FRET efficiency increase, J;, is defined as

] FRETjump - FRETunbound (7)
' FRETbound'FRETunbound

where FRET;,,p is determined by averaging the first two frames fol-
lowing the jump (Fig. 3). The value of J; reflects the fraction of the
time, Fp;, that PEBla spends bound to L-asp, which depends on
PEBla K4 for L-asp

(L) +[8r1+Ka) ~V([Lrl+[S11+Ko)* - 4[Lr][S1] )
2[81]

Fgi1 =1 =

(8)

where [Lt] is the total concentration of r-asp in the liposome and
[St] is the total concentration of ccPEBla. When the first L-asp en-
ters the liposome

o1 3x 1000
[Lt] = [S1] ANaTrS )

80of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

where 7 is the radius of the vesicle in meters. Equation (8) can be
simplified

(CILrl+K) V@ [L1l+Ko)® - 4[L1)” )

i =
2[Lt] (10)
Solving for [Lt]
Kd/i
L] = ——= (11)
TTa-n?
Therefore, r in meters can be calculated from the value of J;
_213000(1 - J;)?
"= \"@mNAK), (12)

Once the liposome size is determined, the tail rise of FRET effi-
ciency following the initial jump, J(f), corresponding to the fraction
of time that ccPEB1a is bound to L-asp can be fitted to the equation

(e} + ISt +Ka) ~V([Lr)(0) +[St]+K)* - 4[Lr] () [S1] )
2[87]

J(t) = Fy(t)=
(13)

where [L1](#) is the time-dependent concentration of L-asp deter-
mined by the transport rate, 1/tro
3000(1 +7)

[Lr](#) = N

(14)

where ¢ is time since the uptake of the first L-asp molecule. Trajecto-
ries with fits that had R* values below 0.2 indicating poor fits were
excluded from further analysis. These included trajectories corre-
sponding to liposomes with radii smaller than 25 nm where the sen-
sor was saturated upon the uptake of the first L-asp, trajectories with
high noise levels comparable to J;, and trajectories with tpg shorter
than 2xtro. For the WT Gltpy, trajectories with tpg shorter than
2x770, we used the length of tpg — tc/number of steps as an esti-
mate of the lower boundary of tr¢ in distributions of turnover time.
Distribution histograms of tyc and tro were fitted to an expo-
nential probability distribution function (PDF) (41) using the fol-
lowing equation
)

PDF(x)=1n(10) x 10% x ¢ (15)
where x = logo(f) and x0 is log;o(tc) or logio(tro). Cumulative
survival plots were fitted to the sums of exponentials.

To convert the mean FRET efficiency evolution <J(¢)> obtained
by averaging hundreds of individual smFRET traces to mean num-
ber of L-asp molecules transported into vesicles, we rearranged
Eq. (13)

J@)HLSr]) = J@) X[ Sr]) + Ka)

([L1)(1)) = e

(16)

Assuming that all liposomes are uniformly sized with radius
r = 50 nm, we obtain the mean number of molecules transported
per vesicle, <n(f)>, equivalent to the mean number of L-asp trans-
ported per Gltpy, trimer
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() = 5055 " Nal[L1l()) (17)

Simulating smFRET trajectories

Using Spartan, we simulated single-molecule FRET trajectories over
a range of transport rates (1/tc and 1/tro) to determine whether
our procedure of manually determining ty¢ and fitting tail rise of
the FRET trajectories to obtain tro yielded accurate transport rates.
A six-state model was used with FRET efficiency states correspond-
ing to the efficiencies of ccPEBla-Y198F in the presence of zero to
five molecules of L-asp in the vesicle. The efficiencies were calculated
using Eq. 13 after converting the number of molecules to concen-
tration using a liposome radius of 50 nm. Poisson shot noise was
added and signal-to-background noise ratio was adjusted to best
mimic the experimental data. Mean total photon count was set to
500 and integration time to 400 ms. The trajectories were truncated
at the end of 2000 frames. Donor and acceptor fluorophores were
set to photobleach exponentially with characteristic lifetimes, tpg, of
300 and 200 s, respectively. Eleven datasets each comprising 100 trajec-
tories were simulated with transport rates between 0.004 and 0.5 L-asp
molecules per second (with identical values set for ty¢c and tr0o).
Datasets and the extracted values of tyc and tro were analyzed ex-
actly as for experimental data. Correlation plots of the input and
output tyc and o values were generated in Prism.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/22/eaaz1949/DC1

View/request a protocol for this paper from Bio-protocol.
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