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Reading for this week:

Mitchell, P. (1979). Keilin's respiratory chain concept and its chemiosmotic 
consequences Science 206(4423), 1148-1159. https://dx.doi.org/10.1126/science.388618 
 
Skou, J. (1998). The Identification of the Sodium Pump Bioscience Reports 18(4), 
155-169. https://dx.doi.org/10.1023/a:1020196612909 

https://dx.doi.org/10.1126/science.388618%22%20%5Ct%20%22_blank
https://dx.doi.org/10.1023/a:1020196612909%22%20%5Ct%20%22_blank


Mechanisms of membrane transport

• How is the ionic concentration gradient set in the first place?
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• How do cells obtain key nutrients, or expel unwanted substances?



https://themedicalbiochemistrypage.org/biological-membranes-and-membrane-transport-processes/

Mechanisms of membrane transport



Passive diffusion
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JA = P(Aout-Ain); P = D/x
From Fick’s 1st law



Physical implications of the lipid bilayer

Glucose transporters manage the traffic of glucose across the cell's outer membrane. 
They act by alternating between two states. First, the transporter has an opening facing 
the outside of the cell, and it picks up a molecule of glucose. Then it shifts shape, and 
opens towards the inside, releasing glucose into the cell. Glucose transporters generally 
act passively: since glucose is rapidly phosphorylated by hexokinase, the concentration 
of free glucose in the cytoplasm is generally very low, and the higher concentration of 
glucose in the blood drives transport of glucose into the cell.

Passive transport/Facilitative diffusion

• How do cells eat?  How do they take up essential nutrients?

https://pdb101.rcsb.org/motm/50


JA = k3[RA]; v0 = kcat[ES]

Kd = [A][R]; KM = [E][S] 
          [RA]                [ES]

At t = 0, Ain = 0, A = Aout

Rtotal = [R] + [RA]; Etotal = [E] + [ES]

Kd = [A](Rtotal-[RA]) 
          [RA]                     

[RA] = Rtotal[A] 
             Kd + [A]                     

v0 = JA = k3 Rtotal[A] 
                    Kd + [A]  

Vmax = k3Rtotal

v0 = Vmax[A] 
           Kd + [A]  

JA = P(Aout-Ain); P = D/x

Initial flux (JA or v0):

Passive transport/Facilitative diffusion



Passive transport/Facilitative diffusion



Lee et al., 2015.  DOI: 10.1038/ncomms7112

e.g. semi-sweet sugar transporter

Passive transport/Facilitative diffusion

Occluded states 
distinguishes 

“transporter” from 
“channel” mechanism



Binding

https://www.malvernpanalytical.com/en/products/
technology/microcalorimetry/isothermal-titration-

calorimetry

(A) Simplified cartoon model of single cross-linked GltPh protomer in outward- (top) and 
inward-facing states (bottom). Trimerization scaffold domain is colored wheat; transport 
domain is blue with gating hairpins (HP1 and HP2) colored yellow and red, respectively. 
Substrate is represented as a blue box and ions are show as green filled circles. (B) Single 
GltPh protomers constrained in outward- (top) inward-facing (bottom) states. Trimerization 
scaffold domains are shown• in surface representation and interfacial regions of the 
transport domains are shown as ribbons, with the remainder of the transport domain 
omitted for clarity. Color scheme is as in (A). Bound substrate is shown as sticks and ions 
as spheres with Na+ colored green and cross-linking Hg2+ black. (C) Examples of ITC 
binding isotherms for outward- (top) and inward-facing (bottom) states. Integrated heats 
are shown with baseline-subtracted inverted power data in the insets. Solid lines through 
the data are fits to the independent binding site model with KD of 220 and 210 nM, 
respectively; n value of 0.8 for both; and ΔH of −16.4 and −17.8 kcal M−1, respectively.

doi:  [10.1016/j.ymeth.2015.01.012]

https://dx.doi.org/10.1016%2Fj.ymeth.2015.01.012


https://themedicalbiochemistrypage.org/biological-membranes-and-membrane-transport-processes/
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Major Facilitators

The GLUT family is part of a larger group of transporters, collectively termed the major facilitator superfamily. They share a similar mechanism, with two domains that rock back and forth to transport 
molecules across membranes. Many, however, link transport of two different molecules, harnessing a large concentration gradient of one to power transport of the other. For instance, the bacterial lactose 
permease LacY (PDB entry 1pv6) uses a hydrogen ion gradient to power the transport of lactose. Both molecules move in the same direction into the cell, so LacY is named a symporter. On the other hand, GlpT 
(PDB entry 1pw4) is an antiporter that uses a gradient of phosphate ions to pump glycerol-3-phosphate in the opposite direction.

Secondary active transport

https://pdb101.rcsb.org/motm/39
https://pdb101.rcsb.org/motm/39
http://www.rcsb.org/pdb/explore/explore.do?structureId=1pv6
http://www.rcsb.org/pdb/explore/explore.do?structureId=1pw4


Physical implications of the lipid bilayer

Active membrane transport without ATP:
the alternating-access hypothesis

outward
open

inward
open

Conformational transitions are spontaneous and reversible 
Preferred cycle directionality results from imbalance in electrochemical gradients

Mitchell, Nature ’57; Jardetsky, Nature ’66

Explains how uphill transport of one substrate can be powered by a 
transmembrane gradient in the electrochemical potential of another

antiportsymport

Secondary active transport

(From J. Faraldo-Gomez http://www.faraldolab.org/)



The DOs and DON’Ts of a symporter

outward
open

inward
open

outward
occluded

inward
occluded

closed

Symport mechanisms

(From J. Faraldo-Gomez http://www.faraldolab.org/)



https://www.biorxiv.org/content/10.1101/141937v1.full

Antiport mechanisms



CLC - antiport with minimal movement

Fig. 1. Kinetic model of the transport cycle. (A) Three known 
conformations in the transport cycle. Left show close-up views of the ion-
transport pathway of the E148Q mutant of EcCLC (Top), WT EcCLC 
(Middle), and WT CmCLC (Bottom), respectively. Selected residues are 
shown as sticks and Cl- as red spheres. Right panels show schematics of 
different ion transport pathway conformations corresponding to structures 
shown on the left.

Feng, L., Campbell, E.B., MacKinnon, R. (2012). Molecular mechanism 
of proton transport in ClC Cl-/H+ exchange transporters. PNAS, 109(29), 
11699-11704. doi:10.1073/pnas.1205764109.



Inverted topology repeats in transporters

https://doi.org/10.3389/fphar.2015.00183

Vergara-Jaque et al., 2015

https://doi.org/10.3389/fphar.2015.00183


Alternating-access mechanism: what we don’t know

The functional specificity of a transporter, 
i.e. its biological activity 

cannot be trivially inferred from
static structures or binding properties

High-affinity ligands often inhibit, 
are not transported

Same fold & function, different stoichiometry Same fold, different function

Secondary active transport

(From J. Faraldo-Gomez http://www.faraldolab.org/)
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the carbonyl group of A206 into its coordination sphere (Fig. 4g).  
However, with Sext empty, TM7ab forms a canonical A-helix  
(Fig. 4a,b,g), thereby creating an opening between TM3 and TM7, 
which in turn allows water molecules from the external solution to 
reach into Sext (Fig. 4e,h,i); i.e., the transporter is no longer occluded. 
Displacement of Na+ from SCa and Sint induces further changes (Fig. 4c). 
 The most noticeable change is an increased separation between TM7 
and TM2 (Fig. 4f), which had previously been brought together by 
concurrent backbone interactions with the Na+ ion at SCa (Fig. 4d,e). 
TM1 and TM6 also slide further toward the membrane center rela-
tive to the outward-occluded state (Fig. 4c). Together, these changes 
open a second aqueous channel leading directly into SCa and Sint (Fig. 
4f,h,i). The transporter thus becomes fully outward open.

To more rigorously characterize the influence of the ion-occupancy 
state on the conformational dynamics of the exchanger, we carried out 
a series of enhanced-sampling MD calculations designed to revers-
ibly simulate the transition between the outward-occluded and fully 
outward-open states and thus quantify the free-energy landscape 
encompassing these states (Online Methods). As above, we initially 
examined three occupancy states: with Na+ in Sext, SCa and Sint; with 
Na+ in only SCa and Sint; and without Na+.

These calculations demonstrate that the Na+-occupancy state of the 
transporter has a profound effect on its conformational free-energy 
landscape. When all Na+ sites are occupied, the global free-energy 
minimum corresponds to a conformation in which the ions are maxi-
mally coordinated by the protein (Fig. 5a,c); TM7ab is bent and packs 
closely with TM2 and TM3, and so the binding sites are occluded from 
the solvent (Fig. 5b). At a small energetic cost, however, the transporter 
can adopt a metastable ‘half-open’ conformation in which TM7ab 
is completely straight, and Sext is open to the exterior (Fig. 5a,b).  
The Na+ ion at Sext remains fully coordinated, but an ordered water 
molecule now mediates its interaction with the carbonyl group of 
A206, thus relieving the strain on the backbone hydrogen bond 
between F202 and A206 (Fig. 5c). This semiopen conformation is 
nearly identical to that found to be the most probable when Na+ 
occupies only SCa and Sint (two Na+ ions; Fig. 5a), thus demonstrat-
ing that binding (or release) of Na+ to Sext occurs in this metastable 
conformation. Interestingly, this doubly occupied state can also access 
conformations in which the second aqueous channel leading to SCa 
between TM7 and TM2 and over the gating helices TM1 and TM6, 
as mentioned above, also opens (Fig. 5b,c). Crucially, however, the 
free-energy landscape for this partially occupied state demonstrates 
that the occluded conformation is no longer energetically feasible 
(Fig. 5a). Displacement of the two remaining Na+ ions from SCa and 
Sint further reshapes the free-energy landscape of the transporter (no 
ions; Fig. 5a), which now can adopt only a fully open state featuring 
the two aqueous channels (Fig. 5b,c). The transition to the occluded 
state in this apo state is again energetically unfeasible.

From a mechanistic standpoint, the open and semiopen states are 
each compatible with two different Na+ occupancies, thus explain-
ing how sequential Na+ binding to energetically accessible confor-
mations (before those binding events) progressively reshapes the 
free-energy landscape of the transporter; by contrast, the occluded 

conformation is forbidden unless the Na+ occupancy is complete. 
This processivity is logical because three Na+ ions are involved but 
also implies that in the Ca2+-bound state, which includes a single ion, 
the transporter ought to be able to access all three conformations: 
the outward-open state, to allow release (or rebinding) of Ca2+; the 
occluded conformation, in transition to or from the inward-facing 
state; and therefore the semiopen intermediate between the outward-
open and occluded forms. By contrast, occupancy by H+, which, as 
previously mentioned, is not transported, might be compatible with a 
semiopen state as well as with the fully open conformation but should  
not be conducive to occlusion.

To assess this hypothesis, we carried out enhanced-sampling 
simulations for the Ca2+- and H+-bound states of outward-facing 
NCX_Mj, which were analogous to those described above for Na+ 
(details on how the structures of the Ca2+-bound state were predicted 
in Supplementary Note 2 and Supplementary Figs. 3 and 4). The 
calculated free-energy landscape for Ca2+-bound NCX_Mj confirms 
the hypothesis outlined above (one Ca2+ ion, Fig. 6a) and is consistent 
with NCX_Mj transporting a single Ca2+. The occluded, dehydrated 
conformation is one of the major energetic minima, but clearly the 
exchanger can also adopt the semiopen and open states required 
for Ca2+ release and Na+ entry, via either of the aqueous access  
channels that lead to Sext and SCa (Fig. 6b,c). By contrast, protona-
tion of E54 and E213 makes the occluded conformation energetically 
unfeasible, consistently with the fact that NCX_Mj does not transport 
protons; in this H+-bound state, however, the exchanger can adopt the 
semiopen conformation captured in the low pH, apo crystal structure 
(two H+ ions, Fig. 6a–c).
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Figure 7 Structural mechanism of extracellular forward ion exchange in 
NCX. The carbonyl groups of Ala47 (on TM2b) and Ala206 (on TM7b), 
and the side chains of Glu54 (on TM2c) and Glu213 (on TM7c) are 
highlighted. The green open cylinders represent the gating helices TM1 
and TM6. Asterisks mark the states determined in this study by X-ray 
crystallography. These states and their connectivity can also be deduced 
from the calculated free-energy landscapes, which also reveal a Ca2+-
loaded outward-facing occluded state and an unloaded, fully open state.
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We initially performed a series of exploratory MD simulations to 
examine which features of the NCX_Mj structure might depend on 
the ion-binding-site occupancy. Specifically, we first simulated the 
outward-occluded form, in the ion configuration that we previously 
predicted22 and now confirmed by the high-Na+ crystal structure 
described above (Fig. 1b). That is, Na+ ions occupy Sext, SCa and Sint, 
whereas D240 is protonated, and a water molecule occupies Smid. 
We then relocated the Na+ ion at Sext from the site to the bulk solu-
tion (Online Methods) and then allowed this system to evolve freely 

over time. We subsequently displaced the Na+ ions at SCa and Sint 
and carried out an analogous simulation. These initial simulations 
revealed noticeable changes in the transporter, which were consistent 
with those observed in the new crystal structures. The most notable 
change upon displacement of Na+ from Sext was the straightening of 
TM7ab (Fig. 4a). When three Na+ ions are bound, TM7ab primarily 
folds as two distinct, noncollinear A-helical fragments, owing to the 
loss of the backbone carbonyl-amide hydrogen bonds between F202 
and A206, and T203 and F207 (Fig. 4b). This distortion occludes Sext 

from the exterior (Fig. 4d,h,i) and appears to 
be induced by the Na+ ion itself, which pulls 
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Figure 5 Thermodynamic basis for the 
proposed mechanism of substrate control 
of the alternating-access transition of NCX. 
(a) Calculated conformational free-energy 
landscapes for outward-facing NCX_Mj, for two 
different Na+-occupancy states and for a state 
with no ions bound. The free energy is plotted as 
a function of two coordinates, each describing 
the degree of opening of the aqueous channels 
leading to the Sext and SCa sites, respectively. 
Contours correspond to 1 kcal/mol intervals. 
Black circles map the X-ray structures of NCX_
Mj obtained at high and low Na+ concentration, 
as well as that at low pH, reported in this study. 
(b) Density isosurfaces for water molecules 
within 12 Å of the ion-binding region (gray 
volumes), for each of the major conformational 
free-energy minima in each ion-occupancy 
state. Na+ ions are shown as green spheres. 
The two inverted-topology repeats in the 
transporter structure (transparent cartoons) are 
colored differently (TM1–5, orange; TM6–10, 
marine). (c) Close-up views of the ion-binding 
region in the same conformational free-energy 
minima. Key residues involved in Na+ and water 
coordination (W) are highlighted (sticks, black 
lines). The water-density maps in b are shown 
as a gray mesh. Notably, D240 is protonated, 
whereas E54 and E213 are ionized22.
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Figure 6 Thermodynamic basis for the  
proposed mechanism of substrate control  
of the alternating-access transition of NCX.  
(a) Calculated free-energy landscapes for 
outward-facing NCX_Mj, for the Ca2+ and  
the fully protonated state. The free energy  
is plotted as in Figure 5. For Ca2+, a map is 
shown in which a correction for the charge 
transfer between the ion and the protein is 
introduced alongside the uncorrected map 
(Supplementary Notes 3 and 4). Black circles 
map the crystal structures obtained at high 
Ca2+ concentration and at low pH (or high 
H+) reported in this study. (b) Water-density 
isosurfaces analogous to those in Figure 5 are 
shown for each of the major conformational  
free-energy minima in the free-energy maps.  
The Ca2+ ion is shown as a red sphere; the 
protein is shown as in Figure 5. (c) Close-up 
views of the ion-binding region in the same 
conformational free-energy minima. Key 
residues involved in Ca2+ and water coordination 
(W) are highlighted (sticks, black lines).  
The water-density maps in b are shown as  
a gray mesh.
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We initially performed a series of exploratory MD simulations to 
examine which features of the NCX_Mj structure might depend on 
the ion-binding-site occupancy. Specifically, we first simulated the 
outward-occluded form, in the ion configuration that we previously 
predicted22 and now confirmed by the high-Na+ crystal structure 
described above (Fig. 1b). That is, Na+ ions occupy Sext, SCa and Sint, 
whereas D240 is protonated, and a water molecule occupies Smid. 
We then relocated the Na+ ion at Sext from the site to the bulk solu-
tion (Online Methods) and then allowed this system to evolve freely 

over time. We subsequently displaced the Na+ ions at SCa and Sint 
and carried out an analogous simulation. These initial simulations 
revealed noticeable changes in the transporter, which were consistent 
with those observed in the new crystal structures. The most notable 
change upon displacement of Na+ from Sext was the straightening of 
TM7ab (Fig. 4a). When three Na+ ions are bound, TM7ab primarily 
folds as two distinct, noncollinear A-helical fragments, owing to the 
loss of the backbone carbonyl-amide hydrogen bonds between F202 
and A206, and T203 and F207 (Fig. 4b). This distortion occludes Sext 

from the exterior (Fig. 4d,h,i) and appears to 
be induced by the Na+ ion itself, which pulls 

Occluded X-ray structures
high Na+

X-ray structure
high H+

X-ray
structures
low Na+

Semiopen

Water

Occluded Semiopen Semiopen Open Open

Opening of Sext channel (Å), S1

Semiopen

Open

Open

987654987654987654

9

8

O
pe

ni
ng

 o
f S

C
a 

ch
an

ne
l (

Å
),

 S
2

7

6

5

9

8

7

6

5

9

8

7

6

5

F
ree energy (kcal/m

ol)

10

8

6

4

2

0

a

b

c

No ions3 ! Na 2 ! Na

Figure 5 Thermodynamic basis for the 
proposed mechanism of substrate control 
of the alternating-access transition of NCX. 
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landscapes for outward-facing NCX_Mj, for two 
different Na+-occupancy states and for a state 
with no ions bound. The free energy is plotted as 
a function of two coordinates, each describing 
the degree of opening of the aqueous channels 
leading to the Sext and SCa sites, respectively. 
Contours correspond to 1 kcal/mol intervals. 
Black circles map the X-ray structures of NCX_
Mj obtained at high and low Na+ concentration, 
as well as that at low pH, reported in this study. 
(b) Density isosurfaces for water molecules 
within 12 Å of the ion-binding region (gray 
volumes), for each of the major conformational 
free-energy minima in each ion-occupancy 
state. Na+ ions are shown as green spheres. 
The two inverted-topology repeats in the 
transporter structure (transparent cartoons) are 
colored differently (TM1–5, orange; TM6–10, 
marine). (c) Close-up views of the ion-binding 
region in the same conformational free-energy 
minima. Key residues involved in Na+ and water 
coordination (W) are highlighted (sticks, black 
lines). The water-density maps in b are shown 
as a gray mesh. Notably, D240 is protonated, 
whereas E54 and E213 are ionized22.
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proposed mechanism of substrate control  
of the alternating-access transition of NCX.  
(a) Calculated free-energy landscapes for 
outward-facing NCX_Mj, for the Ca2+ and  
the fully protonated state. The free energy  
is plotted as in Figure 5. For Ca2+, a map is 
shown in which a correction for the charge 
transfer between the ion and the protein is 
introduced alongside the uncorrected map 
(Supplementary Notes 3 and 4). Black circles 
map the crystal structures obtained at high 
Ca2+ concentration and at low pH (or high 
H+) reported in this study. (b) Water-density 
isosurfaces analogous to those in Figure 5 are 
shown for each of the major conformational  
free-energy minima in the free-energy maps.  
The Ca2+ ion is shown as a red sphere; the 
protein is shown as in Figure 5. (c) Close-up 
views of the ion-binding region in the same 
conformational free-energy minima. Key 
residues involved in Ca2+ and water coordination 
(W) are highlighted (sticks, black lines).  
The water-density maps in b are shown as  
a gray mesh.

The Na+/Ca2+ exchanger
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ABC transporters

Procko et al., 2009





Figure 1.
The molecular structure of Na+,K+-ATPase. The figure is based upon the crystal 
structure of the homologous Na+,K+-ATPase in the E2P2K conformation 
(Shinoda et al., 2009) and drawn by Flemming Cornelius (Aarhus University, 
Aarhus, Denmark). The Na+,K+ pump comprises an α and a β subunit, a 
glycoprotein that participates in the translocation of the molecule from the cell 
interior to its correct position in the lipid bilayer of the plasma membrane. A 
regulatory subunit (FXYD) is also shown. During each transport cycle of the 
Na+,K+ pump, one ATP molecule is bound to the cytoplasmic site of the α 
subunit; its hydrolysis provides energy for the active transport of Na+ and K+. 
The transmembrane domain consists of 10 transmembrane helices and contains 
the binding sites for three Na+ or two K+ ions, respectively, which pass 
sequentially through the same cavity in the molecule during each transport 
cycle.

P-type ATPases

http://jgp.rupress.org/content/142/4/327#ref-109


P-type ATPases



The chemiosmosis theory



ATP Synthases



Multi-drug transporters

Bacteria have developed many different types of multidrug 
resistance transporters to protect themselves from natural 
and therapeutic antibiotics. Some use the ATP-powered 

scissoring motion like Sav1866, which is similar to 
transporters that move other molecules, such as lipids and 

vitamins, across cell membranes. Some are simpler, such as 
EmrD from Escherichia coli (PDB entry 2gfp ) which forms 

a small membrane pump that is powered by the flow of 
hydrogen ions through the protein. Some are very much 
more complex. The AcrB transporter (PDB entry 1iwg ) 

pumps drugs out of the inner membrane of Escherichia coli 
and into a tube formed by TolC (PDB entry 1ek9 ), which 

directs the drugs all the way out through the outer membrane 
of the cell. The protein AcrA (PDB entry 2f1m ) is thought 

to form a ring that connects AcrB and TolC, linking the 
entire complex into a closed tube.

http://www.rcsb.org/pdb/explore/explore.do?structureId=2gfp
http://www.rcsb.org/pdb/explore/explore.do?structureId=1iwg
http://www.rcsb.org/pdb/explore/explore.do?structureId=1ek9
http://www.rcsb.org/pdb/explore/explore.do?structureId=2f1m


36Cl− flux through reconstituted EriC. Concentrative uptake of 36Cl− 
was followed as in materials and methods. (A) Time course of 
accumulation of 36Cl− in vesicles reconstituted with 4.5 μg EriC/mg 
lipid (•, mean ± SEM, n = 4) or without protein (▪, n = 1). 36Cl− 
release was measured after addition of valinomycin at 21 min (○, n 
= 1). (B) Protein concentration-dependent accumulation of 36Cl− into 
vesicles reconstituted with EriC (○, •) or KcsA (▪). Uptake was 
measured at 20 min (mean ± SEM, n = 3).

Maduke et al., 1999.  DOI: 10.1085/jgp.114.5.713

Radioactive concentrative uptake



Cl−-driven H+ pumping by Y445 mutants. Proton uptake against a pH gradient, driven by 
outwardly directed Cl− gradient was assayed in liposomes reconstituted with the indicated 
CLC-ec1 variants. Traces of external pH are shown. Uptake was initiated by Vln addition 
and reversed by FCCP.

The “Cl−-dump” experiment: raw traces. Liposomes reconstituted with CLC-ec1 at the 
indicated protein density (μg/mg) and loaded with 300 mM Cl− were suspended in 1 
mM Cl− medium, and external Cl− concentration was monitored. Efflux was initiated 
by addition of Vln + FCCP . After most of the transporting liposomes had dumped 
their Cl−, detergent was added to release Cl− from the entire population of liposomes. 
Released Cl− is shown normalized to the fully dumped value. Experimental time 
courses (black traces) are fit with exponentials (red) as described in Materials and 
methods.

Electrical measurement of transport



Reversal potential measurements of stoichiometry



Single-molecule observation of proton pumping reveals active and inactive states. (A) Typical 
examples of pH changes inside individual AHA2R reconstituted vesicles. ATP and Mg2+ (2 mM) were 
added to initiate proton pumping, and CCCP (5 μM) was added to collapse the pH gradients. Traces show 
−ΔpH defined as a difference between the initial and final pH. Images of each respective liposome at 
different time points are shown below each trace. At the right-hand side of the traces, we plotted 
histograms of pH plateaus numbered to indicate the number of active pumps per vesicle. The pH inside 
the majority of vesicles showed no changes indicating the absence of functional transporter molecules 
(top panel). For the majority of active vesicles, we observed intermittent H+ pumping, indicating the 
presence of single molecules (middle panels). The observation of two discrete steady-state pH plateaus in 
single-vesicle traces indicated the occasional presence of two active pumps per single vesicle (bottom 
panel). (B) Population histogram of pH plateaus for AHA2R-reconstituted vesicles (n = 3, where hereafter 
n is the number of independent experiments). (C and D) Same as in (A) and (B) but for full-length AHA2. 
For (D), n = 2. Labeling of AHA2 with Alexa Fluor 647 enabled counting on the same vesicles of both the 
number of labeled AHA2 proteins (E) and of the respective activity dynamics (C). (F) The histogram of 
active proteins per vesicle was calculated from step-bleaching analysis of the data in (E) that was 
corrected for labeling efficiency and the probability that a proton pump is active (12). The two 
independent methods for estimating the number of active molecules agreed that ~70% of vesicles 
containing a protein have one active proton pump.

(A) Illustration of AHA2 reconstituted vesicles tethered to a passivated glass surface and 
imaged on and individual basis with TIRF microscopy. Zoom: Extravesicular addition of both 
ATP and Mg2+ activated exclusively outward-facing AHA2 molecules, triggering H+ pumping 
in the vesicle lumen. We quantified changes in the vesicular H+ concentration by calibrating 
the response of the lipid-conjugated pH-sensitive fluorophore pHrodo. Valinomycin was 
always present to mediate K+/H+ exchange and prevent the buildup of a transmembrane 
electrical potential. (B) TIRF image of single vesicles tethered on a passivated glass slide. (C) 
Acidification kinetics of single vesicles upon addition of ATP and Mg2+. Red traces highlight 
three representative signals from single vesicles, showcasing the absence of transport activity, 
the continuous pumping of protons, and fluctuations in proton-transport activity. The black 
trace is the average of ≈600 single-vesicle traces. As expected, addition of the protonophore 
CCCP collapsed the proton gradient established by AHA2R.

Veshaguri et al., 2016. DOI: 10.1126/science.aad6429 

Single-vesicle imaging

http://science.sciencemag.org/content/351/6280/1469#ref-12


Shown are two GltPh protomers (top), labeled with the donor and acceptor fluorescent dyes, when both are in the outward-facing orientations (left), and when one of them 
is in an inward-facing orientation (right). The relative motions of the protomers are detected by smFRET (bottom). Such recordings reveal that protomers alternate 
between periods of rapid transitions and periods of quiescence, marked by black and red lines, respectively.

Single-molecule dynamics of transporters


