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INTRODUCTION

1. Introduction

1.1. Translocation through Membranes

A cell or an organelle can be neither wholly open nor wholly closed to its
surroundings. Its interior must be protected from certain toxic compounds, and yet
metabolites must be taken in and waste products removed. Because the cell must
contend with thousands of substances, it is not surprising that much of the complex
structure of the membranes is devoted to the regulation of transport. Here, three
main categories of transport across the membrane will be described: passive,

facilitated and active.

1.1.1. Passive Transport: Diffusion

For ions and other hydrophilic substances, the energy barrier of a pure membrane
results in an extremely slow diffusion rate. Only tiny non-polar molecules, like O, or

CO,, can move rapidly through the membrane by passive diffusion.

1.1.2. Facilitated Transport: Accelerated Diffusion

Two types of facilitated transport are utilized by the cells to increase the transport
rate of solutes: pore-facilitated transport and carrier-facilitated transport. In pore-
facilitated transport, the interior of the pore represents a hydrophilic environment that
is utilized to increase the transport rate of hydrophilic substances. Instead, in carrier-
facilitated transport the carrier effectively increases the solubility of the substrate in
the membrane: a carrier can diffuse to one surface of the membrane, pick up an ion,

and then diffuse to the other surface and release it.

1.1.3. Active Transport: Transport against a Concentration Gradient

In active transport, a substance can be transported against its concentration gradient.
To achieve that, the transport must be coupled with an energy source. Transporters
are fascinating molecular machines that couple the transport of a substance with an
energy source. Three main categories of systems, each with a distinct energy
source, are involved in active transport: primary active transporters, secondary active

transporters, and group translocators.



INTRODUCTION

Primary active transporters utilize a primary energy source, such as ATP hydrolysis,
photon absorption, or redox energy to translocate molecules across the membrane.
Secondary active transporters couple the translocation of molecules with a
secondary source of energy, e.g., an ion electrochemical gradient; these transporters
utilize the free energy released from the energetically downhill movement of a cation
(mainly H" or Na*) in response to an electrochemical ion gradient to catalyze the
transport of a substrate against its concentration gradient. Group translocation
systems transport and concomitantly phosphorylate their substrates during transport,

e.g., the glucose phosphotransferase system (PTS) of Escherichia coli.

1.2. The Relevant Role of the Transporters

Statistical analysis of all known genome sequences predicts that 20 to 30% of all
open reading frames encode integral membrane proteins (Wallin & von Heijne,
1998). Transporters are one group of integral membrane proteins allowing the uptake
of essential nutrients and ions and the excretion of deleterious substances and end
products of the metabolism. In the last years, transporters have gained enormous
interest, as many human diseases turned out to be associated to defects in transport.
For example, transporters play key roles in cystic fibrosis, resistance to antibiotics
and chemotherapeutic drugs, gastric ulcer, and glucose/galactose malabsorption.
Furthermore, they are also key players in neurobiology and they represent targets for

psycho-pharmaceutical drugs, like fluoxetine (Prozac).

1.3. lon-Gradient-Driven Permeases

The ion-gradient-driven permeases belong to the secondary active transporters.
They are able to catalyze solute/ion symport in both directions across the membrane
(influx and efflux) in response to a chemiosmotic ion gradient. In this thesis, two
important paradigms for ion-gradient coupled membrane transport proteins are
electrophysiologically investigated: The lactose permease (LacY) and the melibiose

permease (MelB), both from Escherichia coli.

In the transport classification system (Saier, 1999; Saier, 1998), transporters are
classified according on the mode of transport and energy coupling mechanism,
molecular phylogeny, and substrate specificity. According to this classification
system, LacY belongs to the major facilitator superfamily (MFS), which is one of the

two largest families of membrane transporters found on Earth. More precisely, LacY
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belongs to the oligosaccharide:H1 symporter (OHS) family, which is included in the
MFS (Saier, 2000). MelB, however, is not a member of the MFS but belongs to the
galactoside-pentose-hexuronide transport family (GPH). Mechanistically, while LacY
couples the transport of galactosides to H* (Guan & Kaback, 2006), MelB can use
either Na*, Li* or H" as coupling ions (Tsuchiya & Wilson, 1978; Wilson & Wilson,
1987). Indeed, it has been proposed that MelB may serve as an evolutionary link
between the proton-coupled transport that commonly occurs in primitive
microorganisms and sodium-coupled transport prevalent in animal cells (Yazyu et al.,
1984).

1.4. Why SSM-based Electrophysiology?

The study of the charge transport of bacterial secondary active transporters is one of
the most direct methods to get insight into the mechanism of these enzymes.
Standard electrophysiological studies (like two electrode voltage clamp or patch
clamp) require targeting of the plasma membrane of eukaryote cells. However,
except for a few rare exceptions, bacterial transporters do not target the plasma
membrane of eukaryote cells, and conversely, it is highly problematic to functionally
express eukaryotic membrane transport proteins in bacteria. The lactose permease
(LacY) from Escherichia coli is not an exception to this rule. Although the /acY gene
is expressed well in frog oocytes and other eukaryotic cells, LacY remains in the cis-
Golgi and the peri-nuclear membrane and does not target to the plasma membrane
to any extent whatsoever (J. Liu &, H. Ronald Kaback, personal communication). As
a result, LacY (as well as many other bacterial transporters) has been impervious to

all attempts at standard electrophysiological analysis.

Alternatively, black lipid membranes (BLM) could be wused to perform
electrophysiological studies of bacterial transporters. Due to the low turnover
numbers of the transporters, the electrical responses of 10* — 10’ transporters need
to be added to achieve a measurable electrical current. This can be achieved by
absorption of proteoliposomes or membrane vesicles containing the transporter of
interest to a BLM, which acts as capacitive electrode. The principle of the capacitive
electrode was described for the first time in 1974 (Drachev et al., 1974). Afterwards,
the kinetics of light-driven proton transport by bacteriorhodopsin (bR) were studied on
a BLM to which purple membrane fragments from Halobacterium halobium had been
attached (Bamberg et al., 1979; Fahr et al., 1981; Herrmann & Rayfield, 1978;
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Keszthelyi & Ormos, 1980). There, it was shown that a BLM is an appropriate model

system to characterize photobiological systems, like bR.

In addition, membrane fragments containing the Na*/K* ATPase from pig kidney were
electrophysiologically characterized in a BLM by utilizing photolabile ATP derivative
(“caged ATP”) (Fendler et al., 1985). In this case, synchronization was achieved by a
light-induced concentration jump of ATP from caged ATP. However, only a few
substrates are available as caged substances, like caged phosphate, caged GTP,
caged ATP, and caged Calcium (Adams & Tsien, 1993). In particular, there is no
caged Na®, melibiose, lactose, or lactulose. Furthermore, a caged substrate can act
as a competitive inhibitor (Fendler et al., 1993; Forbush, 1984; Nagel et al., 1987) or
the cage itself may present a problem (McCray et al., 1980; Seifert et al., 1993).

Despite those achievements with photobiological systems and caged substrates,
several difficulties exclude the electrophysiological characterization of the melibiose
permease (MelB) or the lactose permease (LacY) from Escherichia coli utilizing a
BLM as a capacitive electrode: (i) the turnover numbers of MelB and LacY are
approximately one order of magnitude smaller than the turnover of bR or Na'/K*
ATPase (MelB presents a turnover of ~ 4 s (Pourcher et al., 1990) while the
turnover of LacY during downhill lactose/H* symport is ~ 10 s (Viitanen et al.,
1984)); therefore, ~ 10° transporters have to be activated simultaneously to produce
a stationary current of 1 pA; (ii) there are no available caged forms for melibiose,
lactose, lactulose, or Na'; (iii) the mechanical stability of a BLM does not allow rapid
concentration jumps. These three points represent major difficulties in the
characterization of the electrogenic activity of MelB or LacY utilizing a BLM as

capacitive electrode.

To circumvent all these difficulties for the electrophysiological investigation of
bacterial secondary active transporters, like MelB or LacY, we make use of the solid-
supported membrane (SSM) based electrophysiology (Ganea & Fendler, 2009;
Schulz et al., 2008). The SSM used in this technique is a hybrid bilayer composed of
a painted lipid monolayer on a hydrophobic support, which consists on a gold surface
functionalized by an alkanethiol (Florin & Gaub, 1993; Seifert et al., 1993).
Reconstituted transporters can be readily absorbed to the SSM, forming a
capacitively coupled system. Importantly, mechanical perturbations, which usually
destroy a BLM, do not influence the life-time of a SSM. Indeed, the capacitive
electrode, composed by the SSM and proteoliposomes, is mechanically so stable
that solutions may be rapidly exchanged at its surface (Pintschovius & Fendler,

1999). Therefore, there is no need for caged substrates in order to perform a
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concentration jump. This property allows the electrophysiological characterization of
MelB or LacY on an SSM-electrode.
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2. Materials and Methods

2.1. Film-forming solutions of the SSM

For the electrophysiological characterization of MelB and LacY, the lipid film-forming
solution contains diphytanoyl-phosphatidylcholine 1.5% (w/v) in n-decane and 1:60
(w/w) octadecylamine. The specific interactions between ions and solid-supported
membranes (SSM) were investigated on a number of lipids in the absence of
octadecylamine. The different lipid film-forming solutions were: diphytanoyl-
phosphatidylcholine 1.5% (w/v) in n-decane, dioleoyl-phosphatidylglycerol 1.5% in n-
decane, dioleoyl-trimethylammonium-propane 1.5% in n-decane, and monoolein (1-

monooleoyl-rac-glycerol) 1.5% in n-decane or squalene.

2.2. Preparation of the Sensor Chips

The electrodes are prepared by a lithographic process on a 1-mm-thick 9 x 22 mm?
borofloat glass chip (Fraunhofer Institut Schicht und Oberflachentechnik,
Braunschweig, Germany). The 100 nm thick gold structure consists of a 1mm
diameter circular active area which is connected to a contact pad via a thin contact
strip. A convenient method for the preparation of self-assembled monolayers (SAMs)
consists on immersing the gold surface into a saturated solution of alkanethiol (Xu &
Li, 1995). Typically, the gold electrodes are incubated for a 6 hour period ina 1 mM
ethanolic octadecyl mercaptan solution. A second monolayer of lipid is attached to
the first hydrophobic one by a painting technique (Florin & Gaub, 1993; Seifert et al.,
1993). A small amount of the film-forming solution (see above) is spread over the
SAM of octadecanethiol (hydrophobic surface). The resulting hybrid bilayer
constitutes the SSM used for the SSM-based electrophysiology, and it will be also

referred as the sensor.

2.3. SSM Set-up

The sensor chip is mounted in a flow-through cuvette with an inner volume of 17 pL
(Figs. 1A &B). The cuvette is plugged to a flow system (Figs. 2A &B) composed by
pressurized solution containers and a system of valves. The whole flow system is

enclosed in a faraday cage. The valves are switched using home made valve drivers
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which are controlled via computer. The sensor chip is connected to a current
amplifier (Keithly Instruments Inc., model 427, amplification 10° — 10° V/A) and rinsed
with buffer to remove the excess of lipid. The reference electrode is an Ag/AgCI
electrode separated from the solution by a salt bridge (Figs. 1A & B and Figs. 2A &
B). The capacitance and conductance of the SSM are determined until they became
constant. Typical values are 300 — 500 nF/cm? for the specific capacitance and 50 —

100 nS/cm? for the specific conductance of the SSM. These values are in good

agreement with literature data obtained from symmetric BLM’s (Florin & Gaub, 1993;
Seifert et al., 1993).

Fig. 1. Flow-through cuvettes.

(A) Classical cuvette employed in the valve-controlled diverter geometry (Fig. 2A). (B) Fast solution
exchange cuvette utilized in the valve-less diverter flow geometry (Fig. 2B). Cuvette heads (h) and
bases (b) are made out of Plexiglas. Inlet (in) and outlet (out) bores have a diameter of 1 mm. In the
outlet pathway the reference electrode assembly (r) is placed. The cuvette volume is cylindrical and 0.75
mm deep with an internal volume of 17pl in both cases (net volume with O-ring mounted). The SSM is
formed on a gold coated glass slide (g) and has a diameter of 1 mm. Contact with the amplifier are

made through spring contact pins (c). When mounted the SSM is centered under the inlet bore.

2.4. Addition of the Protein Sample

MelB or LacY were reconstituted into proteoliposomes to a final protein concentration
of ~1 mg/ml (see section 2.6 for the reconstitution protocols). The samples were
stored in liquid nitrogen or in a freezer at -80 °C. Before use, the proteoliposomes
were thawed and briefly sonicated in a bath (three sonication cycles of 10 s with 20 s
cooling intervals on ice in between). Then, 30-40 ul of the proteoliposome
suspension were applied to the SSM using a standard pipette via the exit bore of the
cuvette with the reference electrode assembly removed. The proteoliposomes

containing either MelB or LacY were allowed to adsorb to the SSM for 1 h.
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2.5. Flow Protocol

Two types of solutions are needed for the electrophysiological characterization of the
transporter under investigation: activating solutions containing one of the substrates
of the transporter, and non-activating solutions containing none of the substrates (in
ion concentration jump experiments, the terms activating and non-activating solutions
are replaced by test and reference solutions, respectively). Activating and
nonactivating solutions are placed into solution containers of polyethylene (100 mM
bottles) and pressurized with compressed air at pressures between 0.1 — 1.0 bar.
Using the system of valves, solutions are exchanged at the surface of the SSM. A
typical solution exchange protocol consists of three phases (Figs. 2A & B) with
adjustable duration: 1) nonactivating solution, 2) activating solution and 3)
nonactivating solution. The valves are switched using home made valve drivers,
which are controlled via computer. Two different flow geometries have been studied
in this thesis: a valve-controlled (Fig. 2A) and valve-less (Fig. 2B) diverter geometry.
The diverter—SSM distance, i.e. the common pathway for activating and
nonactivating solutions between terminal valve V2 and SSM (Fig. 2A) or between
confluence point and the SSM (Fig. 2B) is critical for the concentration rise time (see
section 5). Unless otherwise specified, this pathway is a cylindrical tube of 1 mm
diameter made from Polyethylene (valve-controlled diverted geometry) or Plexiglas

(valve-less diverted geometry).
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Fig. 2. Flow configuration, valve timing, and flow protocol for the two employed diverter

geometries.

The current is measured with reference to an Ag/AgCl electrode (ag) and amplified by a
current/voltage converter (I/U). Valves are controlled and current is recorded by computer (PC).
After passing through the cuvette the solutions are directed to a waste container (wa). (A) Valve-
controlled diverter geometry. The two pressurized containers with nonactivating (NA) and activating (A)
solutions are connected to the cuvette (C) via 2-way isolation valves V1 and a 3-way isolation valve V- or
a 3x3-way isolation valve V. Opening of valves V; initiates flow of the nonactivating solution.
Subsequently, when V; is switched on, the activating solution is directed to the cuvette. (B) Valve-less
diverter geometry. The cuvette is equipped with a Y-shaped double inlet bore (see Fig. 1B). The two
pressurized containers are now connected to the cuvette via 2-way isolation valves V4 = V2. Opening of
valve V; initiates flow of the nonactivating solution. Subsequently, simultaneous opening of V. and

closing of V1 directs the activating solution into the cuvette.

2.6. Reconstitution of Transporters into Liposomes

Solubilization of transporters from the bacterial membrane requires the utilization of
detergents in a harsh process: the transporter is removed from the bacterial
membrane and incorporated into detergent micelles. Non-ionic detergents are
preferred for the solubilization process as they are considered mild and non-
denaturing. Other types of detergents (ionic, zwitterionic detergents or bile acid salts)
tend to denaturalize the proteins (Seddon et al., 2004) and are, therefore, generally

avoided.
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To explore the basic mechanisms of transport, it is desirable to achieve reconstitution
of the transporters into proteoliposomes, which provide and excellent membrane
model. One of the most widely utilized reconstitution approaches consists in adding
the transporter protein in detergent micelles to a mixture of lipids and detergents,
forming mixed micelles. Subsequent removal of the detergent triggers the micelle to
vesicle transition (review in (Ollivon et al., 2000; Seddon et al., 2004)). Two of the
most widely utilized techniques to achieve the micelle to vesicle transition are
detergent removal by adsorption onto polymeric materials (such as bio-beads) or
rapid dilution. In particular, bio-beads have been utilized to reconstitute MelB (Ganea
et al., 2001) into proteoliposomes, and rapid dilution to reconstitute LacY (Newman et
al., 1981; Viitanen et al., 1984). Both methods will be briefly described.

Detergent removal by bio-beads is based on the physical adsorption of detergents
onto the surface of the hydrophobic polymer beads (Holloway, 1973; Ueno et al.,
1984). To date, three bacterial secondary active transporters from Escherichia coli,
reconstituted by the bio-bead procedure, have been electrophysiologically
characterized by means of the SSM-based electrophysiology (review in (Ganea &
Fendler, 2009)): the melibiose permease MelB (Ganea et al., 2001); the Na’/ H*
antiporter (NhaA) (Zuber et al., 2005); and, the Na*/Proline transporter (PupP) (Zhou
et al., 2004). However, this approach was problematic in the reconstitution and
characterization of LacY: even the best reconstitutions contained only small amounts
of protein incorporated into the proteoliposomes (Fig. 3A), and no measurable
transient currents were observed. In addition, big protein aggregates appeared in

some of the freeze-fracture images (data-not-shown).

The transition between micelles to vesicles can also be achieved by rapid dilution of
the mixed micelles in detergent-free buffer (Jiskoot et al., 1986; Ollivon et al., 1988;
Schurtenberger et al., 1984). Due to its high critical micelle concentration,
octylglucoside (OG) is usually the detergent of choose (Garcia-Celma et al., 2009;
Jiskoot et al., 1986). However, LacY presents a higher stability in detergent micelles
of n-Dodecyl-3-D-maltoside (DDM) than in detergent micelles of OG. To circumvent
this difficulty, LacY was purified in DDM and incubated during 5 minutes with a
mixture of lipids and OG. Afterwards, rapid dilution was applied ensuring the
incorporation of functional active LacY into proteoliposomes. LacY proteoliposomes
were finally concentrated by ultracentrifugation and freeze-fracture images were
taken from the proteoliposomes reconstituted at lipid to protein rations
(LPR;weight/weight) of 10 (Fig. 3B) and 5 (Fig. 3C).
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Fig. 3. Freeze-fracture images of LacY proteoliposomes.

LacY was reconstituted at a lipid to protein ratio (LPR) of 10 (weight/weight) by means of the bio-beads
(A) and rapid dilution (B) procedures. In addition, LacY was reconstituted at LPR of 5 by means of the
rapid dilution procedure (C). The freeze-fracture micrographs of the reconstituted LacY proteoliposomes
are courtesy of Dr. Winfried Hasse. The purified LacY was provided by the laboratory of Prof. Dr. H.
Ronald Kaback.

Surprisingly, although random orientation of the reconstituted transporters into
proteoliposomes is expected a priori, the four reconstituted bacterial secondary
active transporters investigated with the SSM-based electrophysiology insert into the
liposomes in nearly perfect unidirectional orientation: MelB (Meyer-Lipp et al., 2006)
and PupP (Jung et al., 1998) are inside-out oriented (ISO) while NhaA (Zuber et al.,
2005) and LacY (Herzlinger et al., 1984) are right-side-out (RSO) oriented. This
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unidirectional orientation is critical for the analysis of the structure-function

relationships of the reconstituted transporters.
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ANALYSIS OF THE TRANSIENT CURRENTS

3. Analysis of the Transient Currents

3.1. The Measured Output Current does not directly correspond to the

Current generated by the Transporter.

Application of a substrate concentration jump to LacY or MelB proteoliposomes
immobilized on a SSM-electrode results in transient currents (see sections 5 and 6),
which are recorded through the measuring device (Fig. 4A). The measured output
current I(t) differs from the current generated by the immobilized transporters I+(t) due
to two effects: (i) the measuring device distorts I+(t); (ii) It+(t) depends on the time
course of the surface substrate concentration. To discuss these two effects
independently, a model current will be introduced Iuoge(t), Which represents the

current generated by the transporters after a step substrate concentration jump.

First, the effect of the measuring device will be discussed considering that the current
generated by the transporters is triggered by a step substrate concentration jump
Ivodel(t). The effect of the measuring device will be described as a system of
differential equations that converts the model current lyeqei(t) into the output current of
the circuit Igiuit(t). Please note that lgiuit(t) is defined as the response of the
measuring device to Iy.gel(t), Not the response to I+(t). Additionally, two limiting cases
will be considered for Iu.el(t). Second, the time course of the surface substrate
concentration will be introduced through the transfer function of the system f(t), which

relates I+(t) with Iy.qei(t) by means of a convolution operation.

3.2. The Measuring Device

The electrogenic activity of the transporter (LacY or MelB) gives rise to a current
which is directly proportional to the amount of transporters incorporated into
proteoliposomes Nt and the number of proteoliposomes immobilized on the SSM-
electrode Np. The current generated by the transporters after a step substrate
concentration jump Iu.ge(t) is coupled to the measuring device (Fig. 4A) via the

equivalent circuit (Fig. 4B), which distorts lyoegel(t) and converts it into Igircuit(t).

The equivalent circuit is composed of three membranes, each represented by a
certain conductivity G and capacitance C (Fig. 4B): the uncovered part of the SSM
(Gu and C,); the proteoliposome membrane (G, and C,); and the membrane between

the gold electrode and the interior of the proteoliposomes (G, and C.,). An external
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voltage could be applied through the voltage source (Vex). The uncovered parts of
the SSM would contribute, if any, to a certain stationary current. As the currents are
analyzed with respect of the base line, the equivalent circuit shown in Fig. 4B can be
reduced to Fig. 4C (Bamberg et al., 1979; Fendler et al., 1993; Herrmann & Rayfield,
1978).

An external voltage could be applied through the voltage source (Vex). To test the
effect of Vg, on the protein activity, LacY proteoliposomes were allowed to adsorb to
the SSM, and the transient currents triggered by 50 mM lactose concentration jumps
were investigated in the absence or presence of Vg, (Fig. 5). The only effect of the
external voltage was a small stationary current (not shown on the figure, ~30pA),
which can be corrected with the “Offset Nulling” of the amplifier or during data
analysis. Neither the magnitude nor the time constant of the transient currents
relative to the baseline were affected by the application of an external voltage (Fig.
5). Probably, the external voltage drops mainly in the membrane between the gold
electrode and the interior of the proteoliposome and not on the proteoliposome
membrane, which implies that G, << G,. Furthermore, this experiment also shows
one of the present limitations of the SSM-based electrophysiology: the lack of control

over the voltage on the proteoliposome membrane.
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Fig. 4. Measuring device and equivalent circuit.

(A) The solid-supported membrane (SSM) is composed of a self-assembled monolayer (SAM) of
octadecanethiol and a lipid monolayer of diphytanoyl-phosphatidylcholine (PC). The equivalent circuit
consists on three membranes, each represented by a certain conductivity G and capacitance C: the
uncovered part of the SSM (G, and C,); the proteoliposome membrane (G, and Cy); and the membrane
between the gold electrode and the interior of the proteoliposomes resulting from the adsorption of the
proteoliposomes on the surface of the SSM (G and Cr,). The external voltage source is represented by
Vext. The response of the measuring device to the current generated by the transporter after a step
substrate concentration jump is represented by Icicuit, and the voltage on the proteoliposome membrane
by Vp(t). (B) Equivalent circuit of the measuring device described in (A). (C) As the currents are
analyzed with respect to the base line, the equivalent circuit in (B) can be simplified to (C) (Bamberg et
al., 1979; Fendler et al., 1993; Herrmann & Rayfield, 1978).
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Fig. 5. Effect of the potential between the electrodes on the activity of LacY.

LacY proteoliposomes absorbed to a SSM were investigated at different external constant voltages Vex:.
The black trace was recorded in the absence of applied voltage (Vex = 0 mV), while the red trace was
obtained in the presence of voltage Vex = - 100 mV and was baseline corrected (~30pA). As shown in
the figure, the magnitude the kinetics of the transients are independent of the applied voltage, indicating

that the voltage Vex does not drop on the proteoliposome membrane.

The differential equations describing the circuit are (Bamberg et al., 1979; Fendler et
al., 1993; Herrmann & Rayfield, 1978):

dv 1
p
— = x| t) + kg xV
dt Cm+Cp Model (t) +Ko p Eq.1)
q.
1 | _de G v
_me Circuit(t)—_dt +_me p
G, +G
with kg = ———F (Eq. 2)
Cn+Cyp

The voltage on the proteoliposome membrane is represented by V,(t) and ko is the
reciprocal system time constant. As the current ly.qe(t) starts after activation of the
transporters, which takes place at t = 0, the system of differential equations can be
solved using the boundary condition V,(0) = 0. To better understand the effect of the
equivalent circuit, two limiting cases will be considered for the current generated by

the transporter after a step substrate concentration jump Iyoge(t):

3.2.1. Continuous Electrogenic Transport Activity

Here, we will consider that the current Ilyoge(t) is only due to the continuous
electrogenic transport activity of the transporter, and it depends linearly with respect
to V,(t). This limiting case was already considered in the interpretation of the
transient currents generated by bR when purple membrane fragments were
absorbed to a BLM (Bamberg et al., 1979; Herrmann & Rayfield, 1978). Here, the
current generated by the transporter after a step substrate concentration jump Iyoge(t)

is represented by:
Imoder () = Np X Np x I7o x 1=V (1) /V*) (Eq. 3)

The current generated per transporter lrg is the product of the charge translocated

per turnover and the turnover. V* is a constant which couples lyoge(t) and the
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potential on the proteoliposome membrane V(t) in a linear way. As derived in

(Bamberg et al., 1979), the response of the measuring device is represented by:

I cireuit ()= Npx Ny xlpg x[ﬂ+(a—ﬁ)x Exp(—tx k('))] (Eq. 4)

_ Cmimcp (Eq. 5)
'B:Gm+GS—TITON* (Eq.6)
o =Ko + Ny Xv*x(gr:wp) (Eq.7)

The reciprocal system time constant k, was defined in Eq. 2. As shown in Eq. 4,
lcircuit(t) is a transient current that decays with a reciprocal time constant k’;, which
depends on the current generated per transporter |, and the amount of transporters
incorporated into proteoliposomes Nt (Eq. 7). An increase in Nt results in transient
currents of higher magnitude and faster decay (Garcia-Celma et al., 2009; Zuber et
al., 2005). Furthermore, in this limiting case the measured peak current can be
approximated to 1(0) (Zuber et al., 2005), which is directly proportional to the turnover
(Eq. 4). Consequently, an increase in the turnover results in transients with higher
peak currents and faster decay towards the base line (Bamberg et al., 1979; Garcia-
Celma et al., 2009).

3.2.2. Initial Charge Displacements

In this limiting case, lwoge(t) is only due to initial charge displacements and no
continuous electrogenic transport activity takes place. This initial charge
displacement results from one or several electrogenic partial reactions. For simplicity,
we will consider that there is only one electrogenic partial reaction although this
formalism is easily generalized for an infinite number of electrogenic partial reactions
(Fendler et al., 1993). Due to the absence of continuous electrogenic transport, the
voltage generated by the electrogenic partial reaction in the proteoliposome
membrane can be approximated by zero. Under this assumption, Iyogei(t) and Igircuit(t)

are represented by (Borlinghaus et al., 1988; Fahr et al., 1981; Fendler et al., 1993):

I modet () = Ny x Ny x Ax Exp(—t xk) (Eq. 8)

I circuit ) = Np x Ny x Ax ar x[ag x Exp(—t xk)—ag x Exp(—tx kg )] (Eq. 9)
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_ k_Gm/cm

ay K (Eq. 10)
V)

aozm (Eq. 11)
k—ko

ko and a are defined in Eq. 2 and Eq. 5, respectively, and A is an amplitude. Here,
the time curse of Igicuit(t) is characterized by two exponentials with opposite
amplitudes. Importantly, the rate constant of the electrogenic reaction k is, in this

case, unaffected by the equivalent circuit (Fendler et al., 1993).

In general, a mixed situation between the two limiting cases is to be expected.
However, it will be shown in sections 5 and 6 that the equations derived above
represent a useful benchmark for the analysis of the electrogenic activity of the
investigated transporters. Furthermore, these equations allow us to identify the
properties that a SSM (and also a BLM) should fulfill to be utilized as capacitive
electrodes. As in both limiting cases the initial input current is proportional to a (Eq. 4
and Eq. 8), which has a value between zero (C,, = 0) and one (C,, >> C,,), a situation
where C,, >> C, is desirable. In addition, a low G, is required to reduce the
background noise current, which leads to masking of the signal. As shown by Florin
and Gaup (Florin & Gaub, 1993), a SSM presents high specific capacitance and low

specific conductance, allowing the use of the SSM as a capacitive electrode.

3.3. Analysis of the Charge Translocated in an lon Concentration Jump.

Prior to the investigation of a transporter, important information about the time course
of the substrate concentration rise time at the surface of the SSM can be obtained by
utilizing ion concentration jumps. Application of an ion concentration jump results in a
transient current that is integrated to obtain the displaced charge Q(t), which can be

fitted with a semi-empirical model function (see sections 4 and 5):

Q) =, L7 (Eq. 12)
(t—tg)"+7

The delay t; and the rise time t represent the time needed for the solution to flow

from the terminal valve to the SSM and the rise time of the translocated charge,

respectively. Qg represents the total charge displacement generated when ions with

different propensities to “bind” to the membrane are exchanged, and this parameter

is strongly dependent on the particular ion concentration jump (see section 4). As it
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will be discussed later, the time course of Q(t) reflects the time course of the
substrate surface concentration (see section 5). Therefore, the rise time t represents,
indeed, the rise time of the substrate surface concentration and the electrogenic

activity of the transporter starts at t = t,.

3.4. The Time Resolution.

In section 3.2, the current resulting from the electrogenic activity of the transporter
was estimated assuming a step substrate concentration jump. Experimentally,
however, the rise time of the substrate surface concentration (the rise time 1) differs
from zero, which limits the time resolution of the experiment. For a linear time-
invariant system, the limited time resolution of a measurement can be described by a
transfer function f(t) (Varju, 1977). In this case, the current generated by the
transporter I+(t) results from the convolution between Iyqei(t) and the transfer function

of the system f(t):

t
It (1) = [ £ (t=t) 1 yoger (1)t (Eq. 13)
t

The time needed for the solution to reach the SSM surface is represented as t;, and

f(t) corresponds in our case to the derivative of Eq. 12 (see also section 5).

As discussed in section 3.2, the electrogenic activity of the transporter may be due to
initial charge displacements and/or continuous electrogenic transport. Considering
that the electrogenic activity is only due to initial charge displacements (see section
3.2.2), the effect of the measuring device can be represented by a linear time-
independent operator. As the convolution also constitutes a linear time-independent
operation, these mathematical operators can be interchanged. In this case, therefore,
it is possible to calculate the measured output current I(t) from the convolution

between lgiit(t) and the transfer function f(t).

In case that some continuous electrogenic transport activity takes place, a certain
voltage will be built up in the proteoliposome membrane. However, as long as the
effect of this build-up potential on the rate constants of the electrogenic partial
reactions is negligible, it is still possible to recover these rate constants from the
measured output current I(t) through the convolution between Iciqit(t) and the transfer

function f(t).
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4. Specific Anion and Cation Binding to Lipid Membranes

4.1 Introduction

Lipid membranes represent the most important biological interface. They not only
contain the whole transport and sensory machinery of the cell but also are important
for a large number of mechanical tasks like cell adhesion, fusion, growth and
migration. Here, the ionic composition of the aqueous medium plays a significant role
essentially modulating the properties of the lipid membrane like the surface potential
(Eisenberg et al., 1979), the dipole potential (Clarke & Lupfert, 1999), the structure
and dynamics of the lipid molecules (Sachs et al., 2004; Zhao et al., 2007) or
intermembrane forces (Petrachet et al., 2006), the transition from micelles to vesicles
in surfactants (Renoncourt et al., 2007) and the swelling of vesicles (Claessens et al.,
2004). Furthermore, the ionic composition of the aqueous medium also affects the
critical micelle concentration of ionic and non-ionic surfactants (Kameyama et al.,
1997; Miyagishi et al., 2001), which may influence the process of reconstitution

membrane proteins into proteoliposomes.

A convenient model system for a biological membrane is a solid-supported lipid
membrane (SSM). SSMs have been extensively used as capacitive electrodes to
characterize electrophysiologically several transporters from eukaryotes or
prokaryotes either reconstituted into proteoliposomes or in native membranes
(reviewed in (Schulz et al., 2008)). Furthermore, the bare SSM, i.e., the
alkanethiol/lipid hybrid membrane, exhibit physical properties very similar to free-
standing lipid membranes (BLM) such as comparable lipid mobility, conductivity and
capacitance (Florin & Gaub, 1993; Seifert et al., 1993). The thickness determined
previously by surface plasmon spectroscopy of 4.1 nm (Florin & Gaub, 1993) agrees
within the experimental error with the dimensions expected for an octadecyl
mercaptan/diphytanoyl-phosphatidylcholine hybrid bilayer suggesting a conventional
bilayer-like order of the lipid layer. Taken together all experimental evidence available

argues for a lipid surface very similar to that of a free standing lipid membrane (BLM).

Here, the first systematic study about the interaction between ions (cations and
anions) and lipid membranes investigated on a SSM is presented. Transient currents
were observed via the supporting gold electrode when solutions of different ion
composition are exchanged at the surface of the SSM. The displaced charge,
obtained from the numerical integration of the transient currents, represent the

relaxation of the different ions in their respective equilibrium positions. lons are
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characterized relative to a reference ion, which was Na® for cations and CI for
anions. A positive charge displacement after a cation exchange or a negative charge
displacement after an anion exchange means that the average equilibrium position of
the ions is closer to the underlying electrode than that of Na* (for cations) or of CI" (for
anions) and/or that more ions reside in this position. This is frequently called ‘binding’
and we will use this term in the following, keeping in mind that it can be anything
between a diffuse accumulation in or very close to the lipid headgroup up to specific
binding at a well defined binding site (Leontidis, 2002). lons will be classified as
kosmotropic (water-structure maker) or chaotropic (water-structure breaker). These
expressions derive from the Jones-Dole viscosity B-coefficients (Jones & Dole, 1929)
and were first introduced by Frank and Evans in 1945 (Frank & Evans, 1945).
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4.2 Results

4.2.1. Transient Currents generated by lon Concentration Jumps

In the solution exchange process two solutions of different ionic composition were
applied to the surface, the test solution and the reference solution. The test solution
contained the salt of interest and the reference solution (unless otherwise specified)
contained NaCl. To generate pure cation concentration jumps a constant CI
concentration was used throughout the experiment, i.e. for a monovalent cation X the
test solution contained the same concentration of XCl as the reference solution NaCl.
For a divalent or trivalent cation the concentrations were 1/2 and 1/3 of the NaCl
concentration. For pure anion concentration jumps the Na® concentration was kept
constant using an equivalent procedure. This guaranteed that the observed effect
was only due to the anion or the cation to be investigated. A slightly different protocol
was used for uncompensated salt concentration jumps where the reference solution

contained only buffer.
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Fig. 6. Flow protocol and analysis of the translocated charge in an ion concentration jump.

As an example for the recorded transient currents the charge translocation after a BaCl, concentration
jump on a PC membrane is shown. The integrated signal (circles) with a fit according to Eq. 12 (red line)
is shown in the insert. All solutions were buffered in 10 mM Tris/Hepes at pH 7.0. The reference solution
contains 100 mM of NaCl while the test solution 50 mM BaCl,.
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Fig. 6 shows a typical transient current after an ion concentration jump. The example
in Fig. 6 represents a 50 mM Ba®" concentration jump (or more precisely a solution
exchange of 100 mM NaCl vs. 50 mM BaCl,) at an SSM formed from diphytanoyl-
phosphatidylcholine (PC). The recorded transient current is integrated and fitted

according to Eqg. 12. From the fitting, the total charge displacement Qq is obtained.

4.2.2. Dependence of the Translocated Charge on the Nature of the Applied

Cation or Anion.

100 mM salt concentration jumps of different cations and anions generated transient
currents that were strongly dependent on the nature of the applied ion (Fig. 7). In the
case of the cations the data show an approximately linear dependence on the
hydration energy forming three isolated patches for monovalent, divalent and trivalent
cations. The translocated charge yields the following series (for PC): La*" > Ca®* >
Mg? > Ba®*" > Sr** > Li* > Na* > K, Rb*, Cs*. The anions show the reverse behavior
with respect to the free energy of hydration. Here the following series for the
translocated charge is obtained (for PC): CIO, > SCN > 1> NO3 >Br > F > CI' =
S0.%. For monooleoyl-glycerol (Mono) the same general trend is obtained although

not all positions of the individual ions are conserved.

4.2.3. Interaction of the Different Cations and Anions with Different Lipid

Headgroups.

To test the influence of the chemical nature of the lipid headgroup we determined the
charge translocation using different lipids in the hybrid lipid bilayer on the solid-
support. Dioleoyl-trimethylammonium-propane (DOTAP) is a lipid with a positively
charged headgroup, diphytanoyl-phosphatidylcholine (PC) is zwitterionic,
monooleoyl-glycerol (Mono) is uncharged and dioleoyl-phosphatidylglycerol (DOPG)
carries a negative charge. All lipids were prepared in n-decane; Mono was also used
in squalene (Mono-squal) to assess the influence of the solvent. For a broader scan
of different surfaces two cations and two anions were chosen and were applied at a
concentration of 100 mM: the chaotropic ions K*, Br  and CIO,, and the kosmotropic
cation La*. As expected, cations generate a larger charge displacement at a
negative surface while anions do that at a positive one. The zwitterionic PC
represents an intermediate case and the uncharged Mono shows the least effect. It

is, however, interesting to note that cations as well as anions interact with significant
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efficiency with the lipid Mono although it does not have neither N(CH3);" nor PO,

groups. This observation rules out the possibility of specific binding to those groups

as a major cause of the interaction.
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Fig. 7. Charge displacements of different cations and anions on a PC and a Mono membrane.

The figure shows the charge translocated by different anions (open triangles) and cations (open
squares) on a diphytanoyl-phosphatidylcholine (PC) and a Monoolein (Mono) membrane. The open red

circle indicates the reference ion, which was Na® for cations and CI" for anions. lons are classified

according to their Gibbs free energies of hydration AGpyq.

4.2.4. Concentration Dependence of the Translocated Charge.

Since the translocated charge was strongly ion concentration dependent we
determined the saturation behavior for La**, Mg?, K*, ClIO,” and Br on a PC surface.
This allowed us to determine an apparent dissociation constant Kp®® for the
respective ion. The reference solution contained always NaCl at a concentration to
keep the CI" concentration constant in the cation concentration jumps and the Na*

concentration constant in the anion concentration jumps (see above). The data were
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analyzed using a hyperbolic function Qu=Q,"*“c/(c+Kp®") where c¢ is the ion

concentration.

4.2.5. Uncompensated Salt Concentration Jumps.

Here the test solution contained buffer plus the indicated salt and the reference
solution only buffer. The transient currents recorded in this case comprise
contributions from cation and anion. They are strongly dependent on the applied salt.
The currents were integrated to yield the translocated charge. From the studied salts,
NaSCN, NaClO,4 and Nal gave rise to negative charge displacements indicating that
the SCN", CIO, and I anions associate more tightly with the membrane than the
accompanying cation Na*. As for the chlorides always a positive charge displacement
is found increasing in the same order as in Fig. 7, K* < Na* < Li* < La*". Here the

cations array closer to the membrane than the anions.
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4.3. Discussion

4.3.1. Chaotropic Anions are attracted to the Lipid Interface.

If anions are classified according to their free energy of hydration AGy,4 (Marcus,
1991) a well defined series for the translocated charge is obtained where the anion
with the smallest -AGyq4 yields the largest negative charge translocation. This means
the most hydrophobic or the most chaotropic anion binds best to or at the lipid.
These results exactly fit the series obtained for the influence of anions on the dipole
potential of PC liposomes (Clarke & Lupfert, 1999). Clarke and Lupfert explain the
reduction of the dipole potential by binding of the chaotropic anion at the positive side
of the dipole deep in the lipid headgroup. This is in agreement with our results, which
show a large negative charge translocation upon binding of chaotropic anions like
ClOy.

4.3.2. Kosmotropic Cations are attracted to the Lipid Interface.

Interestingly, for cations the inverse series is obtained with respect to -AGy,q. We
found that the higher -AGyq is, the larger the translocated charge. This means the
most hydrophilic or the most kosmotropic cation binds best. Again, our results agree
with those obtained for the effect of cations on the lipid dipole potential (Clarke &
Lupfert, 1999) but also with an early study of the adsorption of cations to
phosphatidylserine liposomes (Eisenberg, 1979). In consequence, we find a more

attractive potential for kosmotropic than for chaotropic cations.

4.3.3. PC Membranes can be Anion or Cation Selective.

Up to now we have only ranked ion binding within the group of anions or cations. The
polarity of the charge displacements after uncompensated salt concentration jumps,
however, indicates whether cations or anions bind preferentially to the membrane.
These experiments show that a zwitterionic PC surface (no net charge) depending on
the specific ion pair can prefer the cation or the anion. In particular, the strongly
chaotropic anions (SCN™ and ClOy) have a higher affinity for the membrane than their
Na® counter ions, while for the chlorides NaCl and KCI the cations bind stronger. This
is unexpected because Hofmeister interactions are generally believed to be
dominated by anions (Collins & Washabaugh, 1985). Finally, the uncompensated salt

concentration jump experiments also rule out that the specific cation effects (Fig. 7)
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are brought about predominantly by extraction of tightly bound CI" from the surface

(yielding a positive charge displacement), rather than binding of the cations.

4.3.4. Headgroup Charges make a Difference.

The most abundant lipid in an average mammalian cell membrane is
phosphatidylcholine (45 — 55%), which comprises a negatively charged phosphate
(PO4) group and a positively charged ammonium (N(CHs);*) group. But also the
charged sites of many lipid membrane constituents are phosphate and ammonium
groups. Consequently, PC is a good prototype lipid for a study of the interaction of
ions with a biological membrane. To address the question how these groups
determine the interaction of ions with the SSM surface, a membrane composed of
the zwitterionic PC is compared to a membrane composed of a lipid with no charged
groups (Mono). Additionally, net charged lipids, like the positively charged DOTAP or

the negatively charged PG, were investigated.

From the experiments using lipids with different headgroups a clear tendency
emerges that cations preferentially bind to the negatively charged PG while anions
prefer the positively charged DOTAP headgroup. This is by itself not surprising and
the standard Gouy-Chapman electrostatic theory describes accumulation of positive
ions at negatively charged surfaces and vice versa. But we have to bear in mind that
the observed charge translocations represent the difference to the reference ions Na*
and CI'. In the Gouy-Chapman formalism all ions of identical valency yield the same
result and there should be no difference between ClIO, and CI" or between Na* and
K*. However, the effect of charged headgroups could be explained by the increased
local cation concentration at the DOPG surface and the increased local anion
concentration at the DOTAP surface predicted by the electrostatic interaction. It
cannot, however, explain the more efficient binding to zwitterionic PC as compared to
uncharged Mono, which is more prominent for the anions than for the cations (Fig. 7).
Taken together this seems to be suggestive of a mechanism different from pure

electrostatics which modifies ion binding at different lipid headgroups.

4.3.5. Interaction Mechanism of Anions and Cations with a Lipid Interface.

Different physicochemical parameters of the ions like the Gibbs free energy of
hydration chosen in this publication have been taken into account to rationalize the

ionic sequences. Unfortunately many of these parameters are correlated themselves
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(Kunz et al., 2004) so that these procedures are of little help to identify the
dominating forces acting between the interface and the ion. It has recently been
shown that dispersion forces have to be taken into account at physiological ion
concentrations where electrostatic interactions are screened (Kunz et al., 2004) and
may be responsible for Hofmeister effects (Bostrom et al., 2002). The relevant
parameter determining dispersion forces on ions is the ionic polarizability, which is
large for large chaotropic ions (Kunz et al., 2004; Leontidis, 2002) and would predict
preferential binding of both, chaotropic cations and anions, in disagreement with our

experimental results.

An ion binding mechanism according to the ‘principle of matching water affinities’ has
been proposed by Collins (Collins, 2004; Collins, 2006) which predicts binding of
chaotropic ions to chaotropic surface groups and kosmotropic ions to kosmotropic
surface groups. Since PO, is strongly kosmotropic (and the putative binding site for
cations) and N(CHs);* is chaotropic (and the putative binding site for anions) this
would explain our results on PC. But it cannot account for the fact that a lipid without
these residues (Mono) shows the same cation and anion binding series. And it
cannot explain either why for various phosphate compounds as well as other anionic
surfactants the reversed cation series is found (see. e.g. (Haverd & Warr, 2000) and
the literature cited herein). In contrast to these compounds, however, in the present
study the phosphate group is chemically linked to ammonium or glycerol groups or
consists only of a glycerol headgroup (Mono), and, therefore, the influence of the
phosphate group alone is not decisive. We believe, in agreement with the results of
Jungwirth and co-workers (Jungwirth & Tobias, 2001; Vrbka et al., 2004) that it is
necessary to precisely describe the role of the component that is present in larger
excess, namely water. To understand the specific ion effects, it is very probably not
sufficient to describe the water as a bulk or as hydration water. The geometry of the
water molecules around the ions and headgroups very probably makes the
difference. Advances in this direction come from recent molecular dynamics studies
of zwitterionic PC membranes (Bockmann et al., 2003; Pandit et al., 2003; Sachs et
al., 2004; Sachs & Woolf, 2003) and negatively (Mukhopadhyay et al., 2004; Zhao et
al., 2007) or positively (Gurtovenko et al., 2005) charged lipid membranes. For
example, simulation of PC membranes show that CI” binds slightly weaker than Na*
(Bockmann et al., 2003; Pandit et al., 2003) and that chaotropic anions bind better
than kosmotropic ones to the lipid headgroups (Sachs et al., 2004; Sachs & Woolf,

2003). Both results agree with our experiments.
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5. Rapid Activation of MelB

5.1. Introduction

For the analysis of dynamic properties of bacterial secondary active transporters time
resolved experiments are essential which probe the pre-steady-state of the system.
This requires a rapid perturbation of the initial state of the transporter. Such a
perturbation could be achieved, for example, by a concentration jump of an
enzymatic ligand or substrate. In the case of surface immobilized enzymes a rapid
solution exchange is difficult because of the unstirred layer at the surface (Barry &
Diamond, 1984). An additional complication arises from the fact that virtually no
technique is available that allows the rapid time resolved analysis of the surface
concentration of substrate molecules. However, quantitative temporal information
concerning the surface substrate concentration rise is a prerequisite for a proper
interpretation of the measured signals as well as for the optimization of the fluidic

system.

Here, the transient currents obtained after an ion concentration jump are used as a
real-time probe of the local ion concentration at the lipid surface. This makes ion
concentration jumps an interesting tool for the analysis of the time course of solution
exchange on the SSM surface and enables exploration of different fluidic
configurations. In particular, a novel flow geometry (valve-less diverted geometry)
based on the idea of Benjamin Durk (Dueck, 2006) was developed and applied to
reinvestigate a rapid electrogenic reaction induced by sugar binding to a bacterial
sugar transporter, the melibiose permease (MelB) from Escherichia coli. Sugar
binding to MelB in the presence of Na" is associated with a charge displacement
detected after application of a melibiose concentration jump to MelB proteoliposomes
immobilized to a SSM (Ganea et al., 2001; Meyer-Lipp et al., 2004). It was proposed
that sugar binding displaces charged amino acyl side chains or reorients electrical
dipoles, which may account for this electrogenic reaction. Indeed, sugar binding
triggers a conformational transition observed by tryptophan fluorescence
spectroscopy (Mus-Veteau & Leblanc, 1996; Mus-Veteau et al., 1995), suggesting an
electrogenic conformational transition (Meyer-Lipp et al., 2004). However, kinetic
information about both processes to strengthen this assignment was not available so
far. In particular, because of the limited time resolution of the SSM set-up used for
these experiments, only a lower limit of kK > 50 s could be assigned to the charge

displacement (Ganea et al., 2001; Meyer-Lipp et al., 2004). Here, this reaction is
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reanalyzed using the improved time resolution of the valve-less diverter configuration
(Fig. 2B) and an iterative least-squares deconvolution algorithm. These
developments allowed for the first time a direct kinetic comparison between
electrogenic partial reactions and time-resolved fluorescence changes monitored by
stopped-flow spectroscopy in MelB. The stopped-flow experiments were performed

by Michela Schliter and they can be found in (Garcia-Celma et al., 2008).
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5.2. Results

5.2.1. Calculation of Delay and Concentration Rise Time in an Analytical

Approximation.

The cuvette for rapid solution exchange represents a wall jet configuration. After
switching the valve, the fastest streamlines need a time t, to reach the surface of the
SSM. The delay time t, defines the starting point of the concentration jump.
Subsequently, the average concentration rises with a rise time t (see Eq. 12). We will
consider two limiting cases: Hagen—Poiseuille flow in a cylindrical tube and plug flow.
Hagen—Poiseuille flow has a parabolic velocity profile while in plug flow all fluid

elements have the same velocity.

For Hagen—Poiseuille flow in a cylindrical tube (flow rate Vv, length x, diameter R) the
time dependence of the average concentration can be calculated (Pintschovius &
Fendler, 1999) and is taken as the substrate concentration at the surface of the SSM
cs(t) :

Cs (t) = co(l—T:'—P t>7pp (Eq. 14)
2
TR X
Thp = 2 Eq. 15
HP =~ (Eq. 15)

Here cy is the concentration of an arbitrary substrate in the test solution and, tp the

substrate surface concentration rise time corresponding to a Hagen—Poiseuille flow.

Note that in Hagen—Poiseuille flow delay and concentration rise time are identical:
7R?X

fo(HP) = 7HP = (Eq. 16)

As for the ideal plug flow, the concentration rise time is zero (tpe = 0) and the delay is
given by:
7R?x

to(pr) = —; (Eq. 17)

Additionally, the flow needs to cover a characteristic distance called development
length L. to develop from an initial plug flow to the full Hagen—Poiseuille flow profile
(Al-Nassri & Unny, 1980; Raja et al., 2000; Washabaugh & Zahn, 1994). The
development length L. is given by LJ/2R = 0.06Re, where Re represents the

Reynolds number and R is the diameter. Under the flow conditions of our
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experiments, L, covers a range of 53 — 210 mm from the minimal (0.7 ml s™) to the
maximal flow rate (2.5 ml s™). Therefore, a fully developed Hagen—Poiseuille flow
profile is never obtained within the dimensions of our flow pathways, and a mixed

profile is to be expected.

5.2.2. Experimental Determination of the Concentration Rise Time.

To measure the rise time of the surface substrate concentration (rise time t) we took
advantage of the fact that a rapid cation or anion exchange at millimolar
concentrations generates a transient current at a solid-supported membrane (see
section 4). The solution exchange protocol used consisted of the sequential
application of a reference and a test solution containing buffer plus 100 mM NaCl and
buffer plus 100 mM NaClQ,, respectively. The rise time t is obtained from the fitting
of the translocated charge with Eq. 12.

Assuming that the interaction of the salts with the surface is rapid compared to the
solution exchange process, the displaced charge can be used as a relative measure
of the time dependence of the local ion concentration at the surface of the SSM. To
rule out that these dependencies are limited by the kinetics of ion/surface interaction,
we determined the rise time t at a given flow condition and geometry using different
concentrations and different ions. The same rise time t within the error limits was
determined using ClO, at concentrations from 1 to 100 mM and for 100 mM CIO,’, K*
and Br as well as 50 mM Mg?*. These results confirm that the measured rise time t is
not limited by the kinetics of ion/surface interaction and support the assumption that
the charge displacement can be used as a reliable probe for the time course of ion

surface concentration.

5.2.3. Influence of the Flow Rate and the Diverter—SSM Distance on the Delay tg

and the Concentration Rise Time t.

To identify the limiting factors for the concentration rise time at the surface of the
SSM, the rise time was experimentally determinated at several flow rates for three
different flow configurations (Fig. 8). These configurations mainly differ in the
diverter—SSM distance x, which represent the length of the pathway shared between
test and reference solutions. For the valve-controlled diverted geometries (x = 44 mm
and x = 33 mm), the experimental rise times are somewhat smaller than the

theoretical prediction of Eq. 15 (Hagen—Poiseuille). To reduce the distance x by one
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order of magnitude (x = 3.5 mm), a valve-less diverted geometry was used. This
allowed concentration rise times as low as 2 ms (Fig. 8). Here, however, the
experiment yielded significantly larger rise times than the theory based on Hagen—
Poiseuille flow. Probably, in this time range additional factors become limiting like the

valve opening time (< 1 ms) or the acceleration of the fluid (~2 ms).

As for the delay ty, its experimental value was always larger than the calculated delay
to for a Hagen—Poiseuille flow (Eq. 16) and coincides with the result expected for a
plug flow (Eq. 17). In addition, the pressure versus flow diagram was clearly non-

linear, in disagreement with the prediction from a Hagen—Poiseuille flow.
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Fig. 8. Concentration rise times for 3 different flow configurations.

The experimentally determined concentration rise time is plotted vs. the reciprocal of the flow rate for
three configurations: (i) valve-controlled diverter, Valve V2 = NR161T031, and x = 44 mm (black
squares); (ii) valve-controlled diverter, V2 = NR161T031, and x = 33 mm (red circles); (iii) valve-less
diverter, V1 = V2 = NR225T011, and x = 3.5 mm (green circles). Tube diameter for all 3 cases d = 1
mm. The concentration rise time t was determined as described in the text by application of a 100 mM
CI'/CIO4 solution exchange (both solutions were buffered in 50 mM Hepes/Tris at pH 7.0). For statistical
analysis, the rise times were determined for three different SSM-electrodes and the error bars represent
their standard error (SE). The solid lines are linear fits to the data points. The dashed lines are the

theoretical prediction assuming Hagen-Poiseuille flow (see text).
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5.2.4. Measurement and Analysis of Charge Translocation in MelB.

The electrogenic activity of MelB can be investigated by adsorbing proteoliposomes
to a SSM and applying a substrate concentration jump (Ganea et al., 2001). In the
presence Na®, sugar binding triggers a rapid electrogenic reaction. In previous
studies, the value of this rate constant was only estimated to be > 50 s’ due to
insufficient time resolution (Ganea et al., 2001; Meyer-Lipp et al., 2004; Meyer-Lipp
et al., 2006). This reaction has been re-analyzed using the improved time resolution

of the valve-less diverter configuration.

The transient currents recorded after a melibiose concentration jump in the presence
and absence of Na® are shown in Fig. 9. The dramatic Na® dependence of the
transient currents demonstrates that they are indeed associated with the enzymatic
activity of MelB. In agreement with previous studies, a rising phase followed by a bi-
exponential decay towards the base line was observed in both cases (Fig. 9). The
fast phase of the decay has been previously assigned to a rapid electrogenic
conformational transition triggered by sugar binding, while the slow phase has been
assigned to downhill melibiose/Na® or melibiose/H" symport under conditions of
capacitive coupling (Meyer-Lipp et al., 2004). With MelB, we are dealing with an
intermediate situation between the two limiting cases described in section 3.2. Here,
the response of the capacitive electrode to the current generated by MelB is

represented as a bi-exponential decay:
| ircuit (1) = AL EXp(= (t —tg) /71 )+ Ap x EXp[— (t—to) / 7, ] (Eq. 18)

The time constant 14 reflects a rapid electrogenic conformational transition triggered
by sugar binding, and the time constant 1, the charging of the proteoliposomes. A,

and A, are the amplitudes of the exponentials, and the current starts at t = t.

Additionally, the electrogenic response of MelB is affected by the time resolution of
the system, which can be described by a transfer function f(t) (Varju, 1977). In our
case, the transfer function reflects the time course of the substrate concentration rise

time at the SSM surface and it corresponds to the derivative of Eq. 12:

3xt®x 72
ft)="—+— (Eq. 19)
(t3 + 73)2
Note that the irrelevant parameters Qg and t, have been set to 1 and 0, respectively.
The value of the rise time 1 is determined experimentally from the fitting of the charge
translocated during a concentration jump of 100 mM NaClO, against 100 mM NaCl

with Eq. 12. For comparison, the transfer function corresponding to the
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measurements shown in Fig. 9 has been included in the figure. Clearly, the transfer

function decays more rapidly than the signal but is sufficiently slow to distort it.

Transfer Function

AMel(Na): t, = 5.5 ms; 1, = 225 ms
?::)_ /
u%j AMel: t, = 77 ms; 1, = 234 ms

/

—
20 ms

Fig. 9. Transient currents generated by MelB and the transfer function of the system.

The transient currents (average of 6 measurements) generated by the melibiose permease MelB after a
melibiose concentration jump in the presence (green) and absence (red) of Na* are shown in the figure.
The flow rate was set to 1.5 ml s™. The two time constants (t1 and 1) are obtained from the fitting of the
decay phase to a biexponential decaying function as described in (Ganea et al., 2001). In these fittings,
the rising phase was not considered. Solution composition, AMel(Na): 100 mM potassium phosphate at
pH 7.0, 100 mM KCI, 3 mM NaCl plus 20 mM glucose in the reference and 20 mM melibiose in the test
solutions: AMel: 100 mM potassium phosphate at pH 7.0, 100 mM KCI plus 20 mM glucose in the
reference and 20 mM melibiose in the test solutions. The black line represents the transfer function of

the SSM System at the conditions of the experiment.

For a melibiose concentration jump in the presence of sodium, the process of
charging of the proteoliposomes is considerable slower than the initial charge
translocation (1, >> t¢; Fig. 9). Therefore, we will consider that the effect of the
charging process on the rate constant of the electrogenic conformational transition is
negligible. Under this approximation, the measured output current I(t) can be

calculated from the convolution between the response of the equivalent circuit to the

35



RAPID ACTIVATION OF MELB

current generated by MelB after a step substrate concentration jump Iyt and the

transfer function of the system f(t) (see also section 3.4):

t
1(t) = [ f(t 1) gireuie ()t (Eq. 20)
t

Using an appropriate set of values for the parameters A4, A, 14, 12 and t, the output
current I(t) can now be numerically calculated by performing the convolution
operation shown in Eq. 20. In an iterative least-square deconvolution algorithm, the
calculated current is fitted to the measured current to determine the parameters A4,
Az, T4, 12 and to. The calculated output current and measured current for a typical
experiment are shown in Fig. 10. The resulting rate constant for the fast process (k; =
1/, = 263 + 28 s”) was determined from four different experiments (SSM-

electrodes).

AMel(Na): t, =4.0 ms; t, =225 ms

&

500 pA

A
20 ms

Fig. 10. The result of the iterative least-square deconvolution algorithm.

The transient current generated by MelB after a melibiose concentration jump in the presence of Na* is
represented in green. As a result of the iterative least-square deconvolution algorithm, the time
constants 11 and 1, are obtained, and they are given in the figure. The black trace corresponds to the

calculated current (see text). The experimental conditions are as in Fig. 9.

36



RAPID ACTIVATION OF MELB

5.3. Discussion

5.3.1. A New Method for the Experimental Determination of the Time Course of

Substrate Surface Concentrations.

In this study we have used the strong interaction of inorganic ions with the lipid
surface of an SSM (see section 4) to determine the time course of substrate surface
concentrations. Experiments using different salt concentrations and different ions
yield identical values and support the assumption that the measured rise times
represent the rise time of surface ion concentration. The dependence of the rise time
on the technical parameters of the flow system confirms this. The method presented
here has the great advantage that it is simple and can be performed on the same
sensor that is used for the immobilization of the protein. It, therefore, exactly matches
the flow conditions and sensor position used for the activation of the protein on the
SSM. This is relevant for time-critical measurements when the deconvolution

technique is required to account for the limited time resolution.

Can this approach for ions be generalized for arbitrary charged or uncharged
substrates? Charged compounds interact with charged surfaces. In particular they
form electric double layers depending on the surface charge. At physiological
concentrations (100 mM) a Gouy-Chapman double layer on a biological membrane
has a thickness of ~ 1 nm. A typical ion like K" diffuses 1 nm in 0.25 ns (using the
Einstein relationship t = <x*>/(2D) with <x*> = 10" m? and D = 210 m?s™") while the
solution exchange is in the millisecond time range. This demonstrates that on the
time scale of the solution exchange the double layer is in a rapid kinetic equilibrium
with the surface. Therefore, formation of the electrical double layer leads to a
modified ionic surface concentration but is not relevant for the time course of surface
concentration rise after a concentration jump. In conclusion, the time course of ion
surface concentration may be used in a generalized fashion to estimate the rise time

of the surface concentration for arbitrary small charged and uncharged substrates.

5.3.2. Rapid Solution Exchange at the SSM using a Wall Jet Geometry.

A simple theoretical model assuming laminar Hagen—Poiseuille flow in a cylindrical
tube and an ideal mixer at the end of the tube (Pintschovius & Fendler, 1999)
describes the flow conditions surprisingly well (Egs. 14 to 16). It correctly predicts the
linear dependence of the surface concentration rise time on the reciprocal flow rate

and even the absolute values are only slightly overestimated. This model, therefore,

37



RAPID ACTIVATION OF MELB

can serve as a guide for an improved cuvette design. However, two experimental
evidences indicate that the flow cannot be not fully described by a Hagen—Poiseuille
model: (i) the flow versus pressure diagram is clearly nonlinear; (ii) the delay times
are not in agreement with the predictions of the Hagen—Poiseuille flow model and
rather show a plug flow behavior (Eq. 17). Therefore, it seems clear that our flow
conditions represent a transit region from plug flow to Hagen—Poiseuille flow. This is
to be expected as a fully developed Hagen—Poiseuille flow profile is never obtained
within the dimensions of our flow pathways (see section 5.2.1). Importantly, the
experiments as well as the theoretical model clearly show that the most important
geometrical factor influencing the rise time t is the length of the common pathway for

test and reference solutions i.e., the diverter—SSM distance x.

Effective perfusion of the SSM surface relies on the application of high flow rates. On
the other hand, fast flow at the surface represents a risk of ablation for the
immobilized proteoliposomes because of fluid shear forces. However, this is
obviously not the case since proteoliposomes can be investigated on the SSM for
hours with only very little decrease in signal. It is concluded that an unstirred layer of
at least 200 nm (the dimensions of the proteoliposomes) does indeed exist but
represents no serious barrier for a millisecond substrate rise time at the SSM

surface.

5.3.3. The Rapid Electrogenic Conformational Transition in MelB

Sugar binding induces a rapid electrogenic reaction in MelB that can be correlated
with a conformational transition observed in intrinsic tryptophan fluorescence
spectroscopy (Meyer-Lipp et al., 2006; Mus-Veteau et al., 1995). For a kinetic
comparison, Michela Schliiter measured the time resolved tryptophan fluorescence in
a stopped-flow experiment. The same preparation of MelB proteoliposomes was
investigated with the improved cuvette for rapid solution exchange in combination
with an iterative least-squares deconvolution algorithm. The rate constants of the fast
phase obtained from the time-resolved electrical and fluorescence experiments agree
within the error limit. This agreement is a strong argument in favor of a common
molecular process behind the fluorescence change and the charge translocation. It
supports the previous proposition of a melibiose induced electrogenic conformational

transition and assigns a rate constant of k; ~ 250 s'toit.

38



ELECTROPHYSIOLOGICAL CHARACTERIZATION OF LACY

6. Electrophysiological Characterization of LacY

6.1. Introduction

The maijor facilitator superfamily (MFS) is a huge group of evolutionarily related
transport proteins. Family members are found in membranes from archaea to the
mammalian central nervous system, and they catalyze transport of a wide variety
solutes into or out of all cells. Thus, these membrane proteins play critical roles in the
physiology (eg. epithelial transport) and pathology (eg. glucose/galactose
malabsorption) of living organisms. In addition, they represent major drug targets.
One of the best-characterized members of the MFS is the lactose permease (LacY)
from Escherichia coli, structures of which have been solved recently at atomic
resolution (Abramson et al., 2003; Guan et al., 2007; Mirza et al., 2006). Because of
the wealth of biochemical and biophysical data available for LacY (reviewed in (Guan
& Kaback, 2006; Kaback et al., 2007; Majumdar et al., 2007; Smirnova et al., 2007;
Zhou et al., 2008)), it represents an ideal model system for the investigation of the

basic principles and molecular details of secondary active transport.

Although it has been known for many years that lactose/H" symport catalyzed by
LacY is an electrogenic reaction (Patel et al., 1982; West, 1970; West & Mitchell,
1972), and in spite of numerous efforts, LacY has so far resisted all attempts at
standard electrophysiological analysis. Despite the lacy gene is expressed well in
frog oocytes and other eukaryotic cells, LacY remains in the cis-Golgi and the peri-
nuclear membrane and does not target to the plasma membrane to any extent
whatsoever (J. Liu &, H. Ronald Kaback, unpublished information). Here, the first
successful electrophysiological study of LacY by using purified, reconstituted
proteoliposomes with solid-supported membrane (SSM)-based electrophysiology is

presented.
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6.2 Results

6.2.1. Downhill Sugar/H" Symport generates Transient Currents.

Proteoliposomes containing reconstituted LacY were immobilized on an SSM-coated
gold electrode (the sensor), and charge displacement induced by downhill sugar/H*
symport into the proteoliposomes was detected by capacitive coupling (Schulz et al.,
2008). Transport was initiated by a sugar concentration jump using rapid solution
exchange. When the sugar reaches the surface of the SSM, a transient current
starts abruptly. The time course of the signals is characterized by two distinct
phases: a rapid rise to a maximum followed by a much slower decay towards the
base line (Fig. 11). Because the decay is not exponential, it was quantified by the
decay time from peak to half-maximal current (14,). The maximal value of the peak
current is observed after a 50 mM concentration jump of lactose, and the peak
currents generated after 50 mM concentration jumps of lactulose and melibiose are
~65 % and ~50 %, respectively, of that recorded with lactose (Fig. 11). However,
addition of 50 mM sucrose (Fig. 11), a sugar that is not substrate of LacY, has no

effect.

Sugar binding and transport catalyzed by LacY are inactivated by alkylation of
Cys148 primarily (Bieseler et al., 1985; Trumble et al., 1984; van lwaarden et al.,
1993). Consistently, no electrical transient is observed after treatment with N-
ethylmaleimide (NEM).

6.2.2. Varying Lipid to Protein Ratios.

Electrogenic transport by a reconstituted protein leads to transient currents in the
capacitively coupled system (Bamberg et al., 1979; Schulz et al., 2008). With wild-
type LacY, downhill sugar/H* symport into the proteoliposomes generates an inside
positive potential, which acts to decelerate the downhill symport reaction catalyzed
by LacY, leading to transient currents. However, any conformational transition that
displaces charged amino acyl side chains or reorients electrical dipoles also
represents an electrogenic transition that may contribute to the transient nature of the
currents (see also section 3.2.2). Indeed, melibiose binding triggers an electrogenic
conformational transition in the melibiose permease (MelB) from Escherichia coli that
is @ major component of the transient currents observed (Ganea et al., 2001; Meyer-

Lipp et al., 2004). To discriminate between downhill sugar/H® symport and an
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electrogenic conformational transition, experiments were performed with

proteoliposomes reconstituted at different lipid to protein ratios (LPR; weight/weight).

As an increase in the LacY particle density clearly leads to a significantly faster
decay of the transient currents, the currents observed with wild-type LacY represent

mainly charging of the liposome membrane due to downhill sugar/H* symport activity.

1,0 -
<+—— 50 mM AlLactose
50 mM AlLactulose
I 50 mM AMelibiose

50 mM ASucrose

0,01 {f
1,5 | 2,0 | 2,5
Time (s)

Fig. 11. Transient currents obtained with wild-type LacY.

Transient currents obtained with wild-type LacY proteoliposomes after a 50 mM sugar concentration
jump at t = 1.5 s. The traces in black, red, green and violet correspond to concentration jumps of lactose
(50 mM; Alactose), lactulose (50 mM; ALactulose), melibiose (50 mM; AMelibiose), and sucrose (50
mM; ASucrose), respectively. The nonactivating solution and all activating solutions were prepared in
100 mM potassium phosphate at pH 7.6 plus 1 mM of DTT. All traces shown were recorded from one

sensor.

6.2.3. Effect of pH.

Rates of efflux from right-side-out membrane vesicles (Kaczorowski & Kaback, 1979)
or proteoliposomes reconstituted with purified LacY (Garcia et al., 1983; Viitanen et
al., 1983) showed that the turnover of LacY strongly depend on the pH. Indeed, the
shape and magnitude of the transients generated by downhill lactose/H* symport are

strongly dependent on pH. Considering that the transients correspond to downhill
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sugar/H* symport activity (see above), they can be approximated by Egs. 3 to 7 (see
section 3.2.1). Indeed, this limiting case predicts that an increase in the turnover
results in an increase of the peak current and a faster decay towards the base line,

as observed.

Peak currents were investigated at different pH values and lactose concentrations.
An increase in pH from 6.6 to 8.5 generates a 5-flod increase in the saturating peak
current. Indeed, rates of efflux (i.e., downhill lactose/H" symport in the opposite
direction) from right-side-out membrane vesicles (Kaczorowski & Kaback, 1979) or
proteoliposomes reconstituted with purified LacY (Garcia et al., 1983; Viitanen et al.,
1983) exhibit a similar dependence on pH. The half saturating concentration Kgs
increases only slightly with the pH. At pH 7.6, a Ky5 of 5.3 £ 0.5 mM is obtained,
which is close to that of 3.1 + 0.7 mM determined for downhill lactose/H" influx in

proteoliposomes reconstituted with purified LacY (Viitanen et al., 1984).

6.2.4. Transient Currents in Mutants.

In order to dissect the overall electrogenic response, mutants of LacY that bind
ligand, but do litle or no lactose/H" symport were utilized. Mutant E325A is
specifically defective in all steps involving H* release from LacY, but catalyzes
exchange and counterflow at least as well as wild-type (Carrasco et al., 1986;
Carrasco et al., 1989). Concentration jumps of 50 mM lactose, lactulose or melibiose
produce transient currents with virtually identical kinetics and negligible differences in
magnitude (Fig. 12A), which are abolished after treatment with NEM. However, the
transient currents are ~5-times smaller than those observed for lactose with wild-type
LacY and exhibit significantly faster decays followed by shallow negative phases.
The negative component represents discharge of the liposome membrane after a
rapid charge translocation (see also section 3.2.2). This phenomenon is common for
the capacitively coupled system (Schulz et al., 2008) and indicates absence of
significant steady-state charge transport across the liposome membrane (i.e.,

downhill sugar/H* symport activity).

Mutant C154G binds sugar as well as wild-type and exhibits extremely low, but
significant transport activities (Menick et al., 1987; Menick et al., 1985; Sahin-Toth &
Kaback, 2001; Smirnova & Kaback, 2003). Concentration jumps with 50 mM lactose,
lactulose or melibiose generate transient currents of comparable magnitude as
E325A LacY, which are also abolished by NEM treatment. In contrast to E325A, the

magnitude and kinetics of the peak currents recorded with C154G LacY depend on
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the sugar utilized (Fig. 12B). Concentration jumps of 50 mM lactose or lactulose
trigger transient currents that decay faster compared with the wild-type. Interestingly,
a 50 mM melibiose concentration jump, generates the largest peak current with a

significantly faster exponential decay followed by a small negative phase.

From the transient currents measured, the kinetics of the true transport currents
generated by the mutants can be reconstructed by using an iterative least-squares
deconvolution algorithm (see section 5). For E325A LacY, regardless of the sugar
used, the transient currents are indistinguishable from the transfer function, indicating
that charge translocation is too fast to be resolved by the measurements. In this
case, only a lower limit can be estimated for the rate constant of the process (k > 200
s™). For C154G LacY, the rate constants k for 50 mM concentration jumps of lactose
or lactulose are 53 + 5 s or 72 + 5 s, respectively. However, the k for a 50 mM

concentration jump of melibiose is too rapid for accurate measurement (k > 200 s™).

0,3+ 0,50+
<«— 50 mM Al actose «——— 50 mM aMelibiose

0,2 <" 50 mM alactulose
. 50 mM AMelibiose — 0254 50 mM alactulose
< <
=5 c
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/
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15 16 17 18 15 16 1.7 18
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Fig. 12. Transient currents obtained with LacY mutants.

The solution exchange protocol and composition of the solutions was the same as described in Fig. 11.
The base line is represented in blue. (A) E325A LacY was reconstituted into proteoliposomes and
activated with 50 mM concentration jumps of lactose (50 mM; ALactose), lactulose (50 mM; ALactulose)
or melibiose (50 mM; AMelibiose) at pH 7.6. All traces exhibit virtually identical kinetics and only small
differences in magnitude with an exponential decay towards the base line with a time constant of ~10
ms followed by a shallow negative phase. (B) Transient currents obtained with C154G LacY
proteoliposomes after 50 mM sugar concentration jumps at pH 7.6. The transient currents
corresponding to 50 mM ALactose or 50 mM AlLactulose decay mono-exponentially towards the base
line, with time constants of ~20 ms, while the transients observed with 50 mM AMelibiose exhibit the
largest peak current and a significantly faster exponential decay with a time constant of ~10 ms followed
by a small negative phase.
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6.3. Discussion

6.3.1. Wild-type LacY.

Reconstitution of LacY using the procedure described previously (Foster et al., 1982;
Garcia et al, 1983; Newman et al., 1981) results in proteoliposomes with
approximately 85% of the LacY molecules in the right-side-out orientation (i.e., with
the periplasmic side facing the exterior of the proteoliposome) (Herzlinger et al.,
1984). Therefore, application of a substrate concentration jump corresponds to
substrate transport in the physiological direction. All transported sugars trigger
positive transient currents, in agreement with the displacement of positive charge
(H") into the proteoliposomes, as a result of downhill sugar/H* symport. From all
sugars tested, lactose generates the largest transient current, consistent with it being
the most efficiently transported substrate. The currents depend on pH and substrate
concentration and are blocked by alkylation with NEM. All these observations
strongly support the contention that the transient currents reflect specifically the

electrogenic activity of LacY.

Interestingly, the decay of the current observed with MelB after application of a
melibiose concentration jump in the presence of Na* presents a marked biphasic
pattern. A fast phase due to an electrogenic conformational transition triggered by
melibiose binding is followed by a slow phase related to downhill melibiose/Na*
symport (Ganea et al., 2001; Meyer-Lipp et al., 2004). With wild-type LacY, at a
similar time resolution, a fast initial current decay is not observed. This is especially
apparent in the currents recorded at low transporter density which decay slowly with
a T2 = 260 £ 2 ms. Such a behavior can only be explained when the initial reactions,
if electrogenic, are slow or if charge translocation occurs late in the LacY reaction
cycle. Nevertheless, sugar binding occurs with a rate constant > 50 s ruling out a
slow initial step. Although this argument is strictly only valid for the mutants, the fact
that they are fully capable of sugar binding indicates that the same rate constants
apply also to the wild-type. Taken together, our data indicate that the major

electrogenic step in wild-type LacY occurs late in the reaction cycle.

6.3.2. LacY Mutants.
The transient currents of the mutant enzyme E325A and C154G LacY differ

drastically from the response of the wild-type. They are five to ten times smaller and

considerably faster than the transients observed with wild-type LacY. Smaller
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transient currents could be interpreted in terms of downhill sugar/H* symport with
reduced turnover in E325A and C154G LacY. However, this would not only lead to a
smaller current amplitude but also to a slower decay (see, for example, the transient
currents observed with wild-type LacY at pH 6.6 which are around five times smaller
in amplitude and, at the same time, decay five times slower than at pH 8.5). In
contrast, the transient currents observed with both mutants at pH 7.5 decay even
faster than the transients recorded with wild-type at maximal activity (pH 8.5). This
indicates that the currents observed with E325A and C154G LacY are not
determined by charging of the liposomes but rather represent electrogenic
conformational transitions. The charge translocated in this conformational transition
is around 20 times smaller than the charge translocated per turnover by the wild-
type. In other words, substrate binding to the mutants induces a charge displacement
corresponding to the transport of the equivalent of only ~ 6 % of an elementary

charge across the membrane.

Although smaller, these transient currents can be used to estimate binding rate
constants for the different sugars and mutants. They range between 50 and > 200 s™
and depend on the nature of substrate and mutant. Recent stopped-flow experiments
revealed that the binding of a-NPG (p-nitrophenyl a-D-galactopyranoside) to
C154G/V331C LacY in detergent micelles is a two step process: a binding step
followed by a slower conformational change with a rate constant of 238 s™ detected
with fluorescent-labeled protein (Smirnova et al., 2006). Obviously, sugar binding
triggers a conformational change with a rate constant similar to that observed in the
electrophysiological experiments which may be responsible for the charge
translocation observed. Unfortunately, a direct comparison of rate constants is not
possible because of the strong interaction of a-NPG with the membrane which

generates large electrical artefacts.

6.3.3. Electrogenic Steps in the LacY Reaction Cycle.

Combining the results obtained with wild-type LacY and the transport impaired
mutants, there is clear evidence for a major electrogenic step late in the reaction
cycle, and a rapid electrogenic reaction during or immediately after sugar binding
with a relatively low electrogenicity. It seems unlikely that the latter is a unique
property of the E325A and C154G mutants. Most probably this charge translocation

also takes place in the wild-type, but is completely masked by its 20-fold greater
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charge transport activity. This small charge translocation is only observed under

conditions where sugar/H* symport is blocked, as in the mutant proteins.

Based on previous observations on the kinetics of LacY (Kaczorowski & Kaback,
1979; Kaczorowski et al., 1979; Robertson et al., 1980; Viitanen et al., 1983) and on
our electrophysiological findings we propose that the main electrogenic step
corresponds to deprotonation of wild-type LacY in the inward-facing conformation
(Fig. 13). In this context, it is notable that: (i) structural, biochemical and biophysical
data strongly support the contention that wild-type and C154G LacY are
predominantly in an inward-facing conformation (Abramson et al., 2003; Guan et al.,
2007; Kaback et al., 2007; Majumdar et al., 2007; Smirnova et al., 2007; Zhou et al.,
2008); (ii) the rate of efflux from proteoliposomes reconstituted with purified LacY is
strongly influenced by the voltage across the membrane, whereas exchange is
completely voltage independent (Garcia et al., 1983); thus, the main electrogenic
step is related to protonation/deprotonation of LacY in either the inward- or outward-
facing conformations or the return of the empty carrier; (iii) the shape of the transient
currents indicates that the main electrogenic step in wild-type LacY occurs late in the
reaction cycle (see above). Considering these points, it is likely that the inward-facing
deprotonated transporter is the initial state, and that deprotonation corresponds to
the main electrogenic step of the transport cycle (Fig. 13). Following this argument,
the main electrogenic step would take place at the end of the transport cycle, in
agreement with the conclusions obtained from the analysis of the transient currents.
As downhill lactose/H™ symport is specifically inhibited 3- to-4-fold in deuterium oxide,
deprotonation is probably not only the main electrogenic step but is also rate limiting
(Viitanen et al., 1983).

With C154G LacY, all transport reactions, including equilibrium lactose exchange,
are almost abolished (van Iwaarden et al., 1993; van Iwaarden et al., 1991) indicating
that the substrate translocation step is blocked. In the absence of substrate this
mutant is in an inward-facing conformation and paralyzed in an open conformation on
the periplasmic side, but able to close on the cytoplasmic side upon lactose binding
(Majumdar et al., 2007; Nie et al., 2008; Smirnova et al., 2007; Zhou et al., 2008).
E325A LacY exhibits no active transport whatsoever; however, in contrast to C154G
LacY, mutant E325A catalyzes exchange and counterflow at least as well as wild-
type LacY, indicating that this mutant is permanently protonated, [i.e. H" dissociation
is blocked in E325A LacY but binding is normal (Carrasco et al., 1986; Carrasco et
al., 1989; Sahin-Toth & Kaback, 2001). In both mutants a rapid but weakly

electrogenic reaction with similar magnitude and kinetic properties is seen. This
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agrees with our notion that periplasmic H* binding is not responsible for the charge
translocation observed and that, the rapid initial charge displacement of minor
electrogenicity is associated with sugar binding. Possibly the rapid conformational
transition following sugar binding (Smirnova et al., 2006) leads to rearrangement of
charged residues within LacY (Mirza et al., 2006; Weinglass et al., 2004), which may

account for this phenomenon.

H* Lac

C..>=C_H >~ C_H Lac

00 / 00

I I
|| ||
00 | 4 06
C, = C,H == C,H Lac
H* Lac

Fig. 13. Transport cycle in LacY.

We propose that the cycle starts with LacY in the configuration Ci, (represented in blue) and that the
main electrogenic step in the transport cycle corresponds to cytoplasmic proton release (red arrows). In
addition, it is suggested that a rapid initial charge displacement of minor electrogenicity is associated
with sugar binding (green arrows).
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7. General Discussion and Perspectives

7.1. Applications and Technical Developments

7.1.1. SSM-Based Electrophysiology

Solid-supported membranes (SSMs) present comparable lipid mobilities,
conductivities, and capacitances than black lipid membranes (BLMs) (Florin & Gaub,
1993; Seifert et al., 1993). However, mechanical perturbations, which usually destroy
a BLM, do not influence the life-time of a SSM, which is mechanically so stable that
solutions may be rapidly exchanged at its surface (Pintschovius & Fendler, 1999).
Solid-supported membranes are the principal element of the SSM-based
electrophysiology (reviewed in (Ganea & Fendler, 2009; Schulz et al., 2008)). With
this electrophysiological technique, proteoliposomes, membrane vesicles, or
membrane fragments are adsorbed to an SSM and are activated using a rapid
substrate concentration jump. The SSM is then utilized as a capacitive electrode to
record the electrogenic response of the transporter. Except for a few rare exceptions,
bacterial transporters do not target the plasma membrane of eukaryotic cells, thereby
precluding application of standard electrophysiological technology (like two electrode
voltage clamp or patch clamp). In contrast, the SSM-based electrophysiology was
very successful in the characterization of this type of transporters (Ganea & Fendler,
2009). Indeed, two secondary active transporters (LacY and MelB) from Escherichia
coli have been electrophysiologically investigated in this dissertation (sections 5 and
6).

7.1.2. Improvements in the Time Resolution

The SSM-based electrophysiology can be utilized not only to measure the continuous
electrogenic transport activity of the transporter but also to investigate electrogenic
conformational transitions. However, for a proper interpretation of the measured
signals as well as for the optimization of the fluidic system, quantitative temporal
information concerning the surface substrate concentration rise is a prerequisite.
Interestingly, the time course of the transient currents generated after an ion
concentration jump is independent of the particular ion or concentration utilized.
These observations support the conclusion that the time course of the translocated
charge in an ion concentration jump corresponds to the time course of the substrate
concentration jump (see section 5). We have, therefore, utilized ion concentration

jumps to identify the critical parameters affecting the time resolution and the transfer

48



GENERAL DISCUSSION AND PERSPECTIVES

function of the system. To recover the rate constants of the underlying charge
translocations recorded after activation of the transporter, the transfer function was
utilized as an input for a least-square deconvolution algorithm. A novel cuvette
design in combination with the least-square deconvolution algorithm allowed the
investigation of the rate constant of sugar induced electrogenic conformational
transitions in MelB and LacY (sections 5 and 6). With MelB, the kinetics of a sugar
induced conformational transition was also measured using stopped-flow tryptophan
fluorescence spectroscopy. There, the relaxation time constant obtained for the

charge displacement agrees with that determined in the stopped-flow experiments.

7.1.3. Specific Interactions between lons and Lipid Membranes

The properties of lipid membranes, which represent the most important biological
interface between intracellular and extracellular compartments, are essentially
modulated by the ionic composition of the surrounding aqueous medium. In a new
application of the SSM-technique, the bare SSM has been utilized to investigate the
specific interactions between ions and lipid headgroups (section 4). This was
achieved by exchanging solutions of different ionic compositions at the surface of a
SSM through a flow system. This solution exchange resulted in charge translocations
that were interpreted in terms of binding of the ions to the lipid headgroups at the
SSM surface. We found that chaotropic anions and kosmotropic cations are attracted
to the membrane independent of the membrane composition. In particular, the same
behavior was found for lipid headgroups bearing no charge like monoolein. This
general trend is modulated by the electrostatic interaction of the ions with the lipid
headgroup charge. In our opinion, it is necessary to consider the geometry of the
water molecules around the ions and headgroups to understand these effects.
Indeed, our experimental results are in agreement with recent molecular dynamic
simulations of PC membranes (Bockmann et al., 2003; Pandit et al., 2003; Sachs et
al., 2004; Sachs & Woolf, 2003).

7.2. Electrophysiological Characterization of Bacterial Secondary Active

Transporters

7.2.1. Positioning the Major Electrogenic Step

In this dissertation, two bacterial secondary active transporters (MelB and LacY)
have been electrophysiologically investigated (sections 5 and 6). Their electrogenic
responses are, however, very different. Sugar binding to MelB in the presence of Na*

results in a fast electrogenic conformational transition that is a major component of
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the transient currents observed (Ganea et al., 2001; Meyer-Lipp et al., 2004). This
initial fast charge translocation indicates that the major electrogenic step in MelB
occurs at the beginning of the reaction cycle. In contrast, with wild-type LacY a fast
initial current decay is not observed. This was especially apparent in the currents
recorded at low transporter density which decay slowly with a 14, = 260 £ 2 ms. Such
a behavior can only be explained when the initial reactions, if electrogenic, are slow
or if charge translocation occurs late in the LacY reaction cycle. Nevertheless, sugar
binding occurs with a rate constant > 50 s ruling out a slow initial step (the rate
constant for the sugar induced electrogenic conformational transition in MelB was k =
263 + 28 s™). Although this argument is strictly only valid for the mutants, the fact that
they are fully capable of sugar binding indicates that the same rate constants apply
also to the wild-type. Taken together, our data indicate that the major electrogenic

step in wild-type LacY occurs late in the reaction cycle.

7.2.2. The Role of the Orientation

To date, four bacterial secondary active transporters from Escherichia coli have been
characterized by means of the SSM-based electrophysiology: the melibiose
permease MelB (Ganea et al., 2001); the Na*/ H" antiporter (NhaA) (Zuber et al.,
2005); the Na'/Proline transporter (PupP) (Zhou et al., 2004); and, the lactose
permease LacY (see section 6). Two of these transporters (MelB and PupP) are
inside-out (ISO) in the proteoliposome membrane and present the major electrogenic
step early in the reaction cycle. In contrast, LacY and NhaA are right-side out (RSO)
in the proteoliposome membrane and present the major electrogenic step late in the
reaction cycle. These observations seem to suggest that the orientation of the
transporter influences whether the major electrogenic step takes place early or late in

the cycle.

7.3. Perspectives

Combining previous observations on the kinetics of LacY (Garcia et al.,, 1983;
Kaczorowski & Kaback, 1979; Kaczorowski et al., 1979; Robertson et al., 1980) with
our electrophysiological characterization of this transporter, we propose that the
turnover involves at least two electrogenic reactions: (i) a minor reaction that occurs
upon sugar binding and is due to a conformational transition in LacY; and (ii) a major
reaction due to cytoplasmic release of H* during downhill sugar/H* symport, which is
the limiting step for this mode of transport. The proposed kinetic model could be

further investigated with the following experiments:
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First, electrogenic conformational transitions induced by sugar binding would be
monitored in mutations affecting residues involved in H* translocation and coupling,
like mutants in the following side chains: Glu-126, Arg-144, Glu-325, Glu-269, Arg-
302, and His-322 (Guan & Kaback, 2006; Sahin-Toth et al., 2000). To obtain the rate
constants of these electrogenic reactions, experiments would be performed at a

better time resolution.

Second, membrane vesicles containing overexpressed LacY can be obtained in a
right-side-out (RSO) (Kaback, 1971; Short et al., 1974) or inside-out (ISO) (Reenstra
et al., 1980) configuration, while reconstitution of LacY into proteoliposomes leads
preferentially to a RSO orientation (Herzlinger et al., 1984). Therefore, use of
membrane vesicles would provide an opportunity to study symport
electrophysiologically from both sides of the membrane. Furthermore, a proton
electrochemical gradient of either polarity can be generated in RSO or ISO vesicles,
respectively via the respiratory chain by using appropriate electron donors (Ramos et
al., 1976; Reenstra et al., 1980).

Third, although time-dependent fluorescence changes due to sugar binding to LacY
have been resolved recently by stopped-flow with p-nitrophenyl-a-D-
galactopyranoside (a-NPG) (Smirnova et al., 2008; Smirnova et al., 2006), a direct
comparison with electrophysiological data has not yet been possible. While the
electrophysiological experiments employ reconstituted LacY, purified LacY molecules
in detergent micelles have been utilized for the fluorescence experiments. Studies
with reconstituted, 2-(4’-maleimidylanilino)naphthalene-6-sulfonic acid (MIANS)-
labeled LacY (Smirnova et al., 2008) could be carried out by using stopped-flow in
order to directly compare time-resolved electrogenic events and fluorescence
changes. Electrogenic conformational transitions could be measured and the rate

constants determined, as shown for MelB (see section 5).

Fourth, time-resolved Fourier-transform infrared (trFTIR) difference spectroscopy
reveals that water molecules act as cofactors in vectorial H* transfer in
bacteriorhodopsin (bR) (Garczarek et al., 2005; Wolf et al., 2008). Therefore, it was
proposed that transient protonation of an important glutamate residue exposes the
protonated water cluster in bR to extracellular solvent, leading to H* release to the
bulk water (Garczarek et al., 2005; Wolf et al., 2008). Based on the behavior of
mutants defective in H* transport and coupling, it has been suggested (Guan &
Kaback, 2006) that water may also act as a cofactor during the sugar/H* symport
activity of LacY. More specifically, the side chains involved in H* transport do not

form a pathway through LacY, but form a network near the apex of the water-filled
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cavity and across from the sugar-binding site (Abramson et al., 2003). These side
chains may ligand to one or more structured water molecules that become transiently
protonated during turnover of LacY, thereby acting as cofactors in H* transport. In
any event, Glu325 is clearly involved in H" release from LacY during lactose/H"
symport (Guan & Kaback, 2006; Kaback et al., 2001; Sahin-Toth & Kaback, 2001).
Fourier-transform infrared experiments could be carried out at different pH values
with wild-type and E325A LacY to investigate the putative role of water molecules as

cofactors.

In summary, electrophysiological and spectroscopic techniques could be utilized to
further investigate structure-function relationships in LacY, with special emphasis on
SSM-based electrophysiology. This approach represents a novel means of probing

the mechanism of ion-gradient coupled active transport.
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9. Summaries

9.1. Summary

A solid-supported membrane (SSM) is an alkanethiol/lipid hybrid membrane with
comparable lipid mobility, conductivity, and capacitance than a black lipid membrane
(BLM) (Florin & Gaub, 1993; Seifert et al, 1993). However, mechanical
perturbations, which usually destroy a BLM, do not influence the life-time of a SSM,
which is mechanically so stable that solutions may be rapidly exchanged at its
surface (Pintschovius & Fendler, 1999). This key property has been utilized in this
thesis to characterize electrophysiologically two bacterial secondary active
transporters (MelB and LacY) (sections 5 and 6) as well as to investigate the specific
interactions between ions and lipid membranes (section 4). The main achievements

are summarized below:

9.1.1. Specific Interaction between lons and Lipid Headgroups

Since the pioneering studies by Frank Hofmeister and his group in Prague some 130
years ago, specific ion effects have been described in literature in thousand of
publications. In particular, the properties of lipid membranes, which represent the
most important biological interface between intracellular and extracellular
compartments, are essentially modulated by the ionic composition of the surrounding
aqueous medium. To investigate specific interactions between ions and lipid
membranes, solutions of different ionic composition were exchanged at the surface
of a SSM through a flow system. This solution exchange resulted in charge
translocations that were interpreted in terms of binding of the ions to the lipid
headgroups at the SSM surface. lons were classified relative to a reference ion,
which was sodium (for cations) and chloride (for anions). In agreement with previous
studies on the influence of ions on the dipole potential of diphytanoyl-
phosphatidylcholine (PC) liposomes (Clarke & Lupfert, 1999), we found that
chaotropic anions and kosmotropic cations are attracted to the PC membrane.
Interestingly, this trend was also observed for a lipid bearing no charge (like
monoolein). In experiments with positively charged lipids (DOTAP) and negatively
charged lipids (DOPG), we found that this general trend is modulated by the

electrostatic interaction of the ions with the lipid headgroup charge.
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The ‘principle of matching water affinities’ proposed by Collins (Collins, 2004; Collins,
2006) predicts binding of chaotropic ions to chaotropic surface groups (like the
ammonium group) and kosmotropic ions to kosmotropic surface groups (like the
phosphate group). Although this principle would explain our results with PC, it cannot
explain why a lipid without these headgroups exhibits the same trend or why for
various phosphate compounds as well as other anionic surfactants the reversed
cation series is found (Haverd & Warr, 2000). In our opinion, it is necessary to
consider the geometry of the water molecules around the ions and headgroups to
understand these effects. Indeed, our experimental results are in agreement with
recent molecular dynamic simulations of PC membranes where it was shown that CI’
binds slightly weaker than Na* (Bockmann et al., 2003; Pandit et al., 2003) and that
chaotropic anions bind better than kosmotropic ones to the lipid headgroups (Sachs
et al., 2004; Sachs & Woolf, 2003).

9.1.2. Time Resolved Experiments

Time resolved experiments are essential for the analysis of dynamic properties of
bacterial secondary active transporters. Such experiments require a rapid
perturbation of the initial state of the transporter, for example, with a rapid substrate
concentration jump. Therefore, quantitative temporal information concerning the
substrate concentration rise is a prerequisite for a proper interpretation of the
measured signals as well as for the optimization of the fluidic system. Interestingly,
the time course of the transient currents generated after an ion concentration jump is
independent of the particular ion or concentration utilized. These observations
support the conclusion that the time course of the translocated charge in an ion
concentration jump corresponds to the time course of the substrate concentration
jump. Indeed, the translocated charge depends on the flow rate of the experiments
and the technical parameters of the flow system. Therefore, ion concentration jumps
were utilized to identify and quantify the critical parameters affecting the time
resolution and the transfer function of the system. Under the flow conditions of the
experiment, it is expected that a fully developed Hagen — Poiseuille flow is never
obtained within the dimension of our flow pathways. Consistently, the experimental
data indicate that an intermediate situation between the plug flow and the Hagen —

Poiseuille flow regimes is observed.

Sugar binding in the presence of Na® to the melibiose permease (MelB) from

Escherichia coli, results in a fast electrogenic conformational transition (Ganea et al.,

63



SUMMARIES

2001; Meyer-Lipp et al., 2004). However, because of the limited time resolution of
theses experiments, only a lower limit of k > 50 s™ could be assigned to the charge
displacement. A novel cuvette design in combination with a least-square de-
convolution algorithm allowed the reinvestigation and accurate determination of this
electrogenic conformational transition. Furthermore, the rate constant obtained from
the electrical measurements is very similar to that obtained from a ligand-induced
conformational change measured by stopped-flow tryptophan fluorescence
spectroscopy. Both findings indicate that upon sugar binding MelB undergoes an

electrogenic conformational transition with a rate constant k of ~ 250 s™.

The lactose permease (LacY) from Escherichia coli was electrophysiologically
investigated with the same novel cuvette design utilized for MelB. With LacY, two
mutants (E325A and C154G) were utilized to investigate electrogenic conformational
transitions triggered by sugar binding (see section 9.1.3.). The least-square
deconvolution algorithm was again utilized to recover the rate constants (k) of these
conformational transitions. However, for E325A LacY, the electrogenic
conformational transitions are too fast to be resolved. For C154G LacY, the rate
constants of the electrogenic conformational transitions triggered by 50 mM

concentration jumps of lactose or lactulose are 53 +5s”" and 72 + 5s™, respectively.

9.1.3. Electrophysiological Characterization of LacY

One of the best-characterized secondary active transporters is the lactose permease
(LacY) from Escherichia coli. Because of the wealth of structural, biophysical, and
biochemical data available for LacY (reviewed in (Guan & Kaback, 2006; Kaback et
al., 2001), it represents an ideal model system for the investigation of the basic
principles and molecular details of secondary active transport. However, LacY (as
well as many other bacterial membrane transporters) do not target to the plasma
membrane in frog oocytes or other eukaryotic cells, thereby precluding application of
standard  electrophysiological  technology. Here, the first successful
electrophysiological study of LacY by using purified, reconstituted proteoliposomes
with SSM-based electrophysiology is presented. Downhill sugar/H" symport into
proteoliposomes reconstituted with purified wild-type LacY generates transient
currents measured by capacitive coupling with an SSM-electrode. The transient
currents observed depend on the sugar substrate utilized, and they are completely
blocked by alkylation of Cys148 with N-ethylmaleimide (NEM) (Bieseler et al., 1985;

Trumble et al., 1984; van lwaarden et al., 1993). Thus, the transients are specifically
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due to the electrogenic activity of LacY. The time course of the transients is
characterized by two distinct phases: a rapid rise to a maximum followed by a much

slower decay towards the base line.

Downhill sugar/H" symport into the proteoliposomes generates an inside positive
potential, which acts to decelerate the downhill symport reaction, leading to transient
currents. However, any conformational transition that displaces charged amino acyl
side chains or reorients electrical dipoles also represents an electrogenic process
that may contribute to the transient nature of the currents. To discriminate between
these two possibilities, experiments were performed with proteoliposomes
reconstituted at lipid to protein ratios (LPR) of 10 and 5. An electrogenic
conformational transition is expected to yield identical time constants for decay of the
transients at different particle densities. In contrast, charging of the liposomal
membrane by downhill sugar/H* symport should lead to decreasing time constants at
increasing protein densities. We found that an increase in the protein density results
in a significantly faster decay of the transients. Therefore, the transient currents
observed for wild-type LacY represent mainly charging of the liposome membrane

due to downhill sugar/H* symport.

The electrical transients observed with wild-type LacY are strongly dependent on
ambient pH: an overall increase in pH from 6.6 to 8.5 causes a five-fold increase in
the magnitude of the peak current, in agreement with rates of efflux from right-side-
out membrane vesicles (Kaczorowski & Kaback, 1979) or proteoliposomes
reconstituted with purified LacY (Garcia et al., 1983; Viitanen et al., 1983).
Furthermore, the half saturating concentration increases only slightly with the pH,
and its value is close to the value determined for downhill lactose/H" influx in

proteoliposomes reconstituted with purified LacY (Viitanen et al., 1984).

To dissect the overall electrogenic response, mutants of LacY that bind ligand, but do
little or no lactose/H" symport were utilized. Mutant E325A is specifically defective in
all steps involving H' release from LacY, but catalyzes exchange and counterflow at
least as well as wild-type (Carrasco et al., 1986; Carrasco et al., 1989). With E325A
LacY, concentration jumps with different galactopyranosides induce transient
currents with virtually identical kinetics and negligible differences in magnitude.
These transient currents are also abolished after treatment with NEM. However, the
transient currents are ~5-times smaller than those observed with wild-type LacY.
Mutant C154G binds sugar as well as wild-type but exhibits extremely low transport
activities (Menick et al., 1987; Menick et al., 1985; Sahin-Toth & Kaback, 2001;

Smirnova & Kaback, 2003). In contrast to mutant E325A, the magnitude and kinetics
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of the peak currents recorded with C154G LacY depend on the substrate utilized.
Nevertheless, the same amount of translocated charge is observed with both
mutants (only 6% of the total charge displacement observed with wild-type LacY).
Importantly, the time course of the transient currents is significantly faster with both
mutant proteins relative to the wild-type. Therefore, these transients are not
associated with residual symport activity, but to electrogenic conformational
transitions triggered by sugar binding. It is proposed that downhill substrate/H"
symport in LacY involves at least two electrogenic reactions: (i) a minor electrogenic
reaction that occurs upon sugar binding and is due to a conformational transition in
LacY; and (ii) a major electrogenic reaction probably due to cytoplasmic release of H”
during downhill sugar/H* symport, which is the limiting step for this mode of transport.

This interpretation is in agreement with wealth of biochemical and biophysical data.
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9.2. Zusammenfassung

Eine festkdrperunterstitzte Membran (SSM: solid-supported membrane) ist eine
Alkanthiol-/Lipid-Mischmembran mit einer vergleichbaren Lipidmobilitat, Leitfahigkeit
und elektrischen Kapazitat wie eine schwarze Lipidmembran (BLM: black lipid
membrane) (Florin & Gaub, 1993; Seifert et al., 1993). Jedoch beeinflussen
mechanische Stérungen, die normalerweise eine BLM zerstéren, die Lebensdauer
der SSM nicht, da diese mechanisch so stabil ist, dass Ldsungen auf ihrer
Oberflache schnell ausgetauscht werden kénnen (Pintschovius & Fendler, 1999).
Diese wichtige Eigenschaft wurde in dieser Doktorarbeit genutzt, um zwei bakterielle
sekundare aktive Transporter (MelB and LacY) elektrophysiologisch zu
charakterisieren (Sektionen 5 und 6) und die spezifischen Wechselwirkungen
zwischen lonen und Lipidmembranen zu untersuchen (Sektion 4). Die wichtigsten

Ergebnisse sind im Folgenden zusammengefasst:

9.2.1. Spezifischen Wechselwirkungen zwischen lonen und Lipidmembranen

Seit den ersten Studien von Frank Hofmeister und seiner Gruppe in Prag vor etwa
130 Jahren wurden spezifische loneneffekte in tausenden von Veroffentlichungen
beschrieben. Insbesondere werden die Eigenschaften von Lipidmembranen, die die
wichtigste biologische Schnittstelle zwischen dem Zellinneren und dem Zelldu3eren
darstellen, durch die ionische Zusammensetzung des umgebenden wassrigen
Mediums beeinflusst. Um die spezifischen Wechselwirkungen zwischen lonen und
Lipidmembranen zu untersuchen, wurden Ld&sungen mit verschiedenen ionischen
Zusammensetzungen durch ein Durchflusssystem auf der SSM-Oberflache
ausgetauscht. Dieser Losungsaustausch resultierte in Ladungsverschiebungen, die
hinsichtlich der Bindung der lonen an die Lipid-Kopfgruppen auf der SSM-Oberflache
interpretiert wurden. Die lonen wurden in Bezug auf ein Referenzion klassifiziert, und
zwar Natrium (fir Kationen) und Chlorid (fir Anionen). Wir werden im Folgenden die
Begriffe chaotropisch und kosmotropisch verwenden, die sich auf die
Wechselwirkung zwischen Wassermolekllen und lonen beziehen: kosmotropische
lonen sind ,Wasserstruktur-Macher” und chaotropische lonen sind ,Wasserstruktur-
Brecher®. Ubereinstimmend mit frilheren Studien (iber den Einfluss von lonen auf das
Dipolpotential von Phosphatidylcholin(PC)-Liposomen (Clarke & Lupfert, 1999),
fanden wir heraus, dass die chaotropischen Anionen und kosmotropischen Kationen
von der PC-Membran angezogen werden. Interessanterweise konnte dieser Trend
auch bei einem nicht geladenen Lipid (wie Monoolein) beobachtet werden. Bei

Experimenten mit positiv geladenen Lipiden (DOTAP) und negativ geladenen Lipiden
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(DOPG) fanden wir heraus, dass dieser generelle Trend durch elektrostatische
Wechselwirkungen der lonen mit Ladungen auf der Lipid-Kopfgruppe beeinflusst
wird.

Das von Collins vorgeschlagene Prinzip der ‘gleichen Wasseraffinitaten’ (‘the
principle of matching water affinities’) (Collins, 2004; Collins, 2006) sagt die Bindung
von chaotropischen lonen an chaotropische Lipidgruppen (wie die
Ammoniumgruppe) und kosmotropischen lonen an kosmotropische Lipidgruppen
(wie die Phosphatgruppe) voraus. Obwohl dieses Prinzip unsere Ergebnisse mit PC
erklaren wirde, kann es nicht erklaren, warum ein Lipid ohne diese Kopfgruppe den
gleichen Trend aufweist  oder  warum man bei verschiedenen
Phosphatzusammensetzungen und anderen Anionen-Tensiden die umgekehrte
Reihenfolge der Kationen vorfindet (Haverd & Warr, 2000). Wir sind der Meinung,
dass es notwendig ist, die Geometrie der Wassermolekile um die lonen und
Kopfgruppen herum zu bericksichtigen, um diese Effekte zu verstehen. Tatsachlich
stimmen unsere Versuchsergebnisse mit neuesten molekulardynamischen
Simulationen von PC-Membranen Uberein, die gezeigt haben, dass CI etwas
schwécher bindet als Na® (Bockmann et al., 2003; Pandit et al., 2003) und dass
chaotropische Anionen besser an Lipid-Kopfgruppen binden als kosmotropische
(Sachs et al., 2004; Sachs & Woolf, 2003).

9.2.2. Zeitaufgeldste Experimente

Zeitaufgeloste Experimente sind fundamental fur die Analyse der dynamischen
Eigenschaften von bakteriellen sekundaren aktiven Transportern. Solche
Experimente erfordern eine schnelle Stérung des Ausgangszustandes der
Transporter, z.B. durch einen schnellen Substratkonzentrationssprung. Deshalb sind
quantitative zeitliche Informationen, die den Anstieg der Substratkonzentration
betreffen, eine Voraussetzung flir eine genaue Interpretation der gemessenen
Signale und die Optimierung des Durchflusssystems. Interessanterweise ist der
Zeitverlauf von transienten Messstromen, die nach lonenkonzentrationsspriingen
auftreten, unabhangig vom speziellen lon oder der verwendeten Konzentration.
Diese Beobachtungen stitzen die Schlussfolgerung, dass der Zeitverlauf der
Ladungsverschiebung in einem lonenkonzentrationssprung dem Zeitverlauf eines
Substratkonzentrationssprungs entspricht. Tatsachlich hangt die
Ladungsverschiebung von der Durchflussrate der Experimente und den technischen
Parametern des Durchflusssystems ab. Deshalb wurden
lonenkonzentrationsspriinge verwendet, um die kritischen Parameter zu identifizieren

und zu quantifizieren, die die Zeitauflésung und die Transferfunktion des Systems
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beeinflussen. Unter den spezifischen Durchflussbedingungen des Experiments wird
erwartet, dass unter unseren Stromungsbedigungen nie eine voll entwickelte Hagen-
Poiseuille Strémung erreicht wird. Ubereinstimmend damit deuten die
experimentellen Daten darauf hin, dass ein Zwischenzustand zwischen einer idealen
“plug flow* und der Hagen-Poiseuille Strdmung beobachtet werden kann.

Die Zuckerbindung an die Melibiose Permease (MelB) von Escherichia coli in
Gegenwart von Na' resultiert in einer elektrogenen Konformationsanderung (Ganea
et al., 2001; Meyer-Lipp et al., 2004). Aufgrund der begrenzten Zeitaufldsung dieser
Experimente koénnte der Reaktionsgeschwindigkeitskonstante dieser
Konformationsanderung jedoch nur ein Wert von mindestens k > 50 s zugeordnet
werden. Ein neues Klvettendesign, in Verbindung mit einem
Dekonvolutionsalgorithmus nach der Methode der kleinsten Fehlerquadrate, erlaubte
die erneute Erforschung und akkurate Bestimmung dieser Konformationsanderung.
Desweiteren ist die Geschwindigkeitskonstante, die sich aus den elektrischen
Messungen ergeben hat, sehr &ahnlich derjenigen, die aus Messungen von
substratinduzierten Konformationsanderungen mit ,stopped-flow* Tryptophan-
Fluoreszenz-Spektroskopie resultiert. Beide Ergebnisse lassen darauf schlief3en,
dass MelB bei Zuckerbindung eine elektrogene Konformationsanderung mit einer
Reaktionsgeschwindigkeitskonstante von k ~ 250 s™' durchmacht.

Die Lactose Permease (LacY) von Escherichia coli wurde mit Hilfe des gleichen
neuen Kivettendesigns, das bereits bei MelB eingesetzt wurde, elektrophysiologisch
untersucht. Mit LacY wurden zwei Mutanten (E325A und C154G) verwendet, um eine
durch  Zuckerbindung ausgeldste, elektrogene Konformationsanderung zu
untersuchen (siehe Sektion 9.2.3.). Hierbei wurde erneut  der
Dekonvolutionsalgorithmus nach der Methode der kleinsten Fehlerquadrate
verwendet, um die Reaktionsgeschwindingkeitskonstante (k) dieser
Konformationsanderung herauszufinden. Jedoch ist fur E325A LacY die elektrogene
Konformationsanderung fur eine exakte Bestimmung zu schnell. Fiur C154G Lacy ist
die Reaktionsgeschwindingkeitskonstante (k) fur 50 mM Konzentrationssprung von

Laktose oder Laktulose 53 + 5 s beziehungsweise 72 + 5 s™.

9.2.3. Elektrophysiologische Untersuchung von LacY

Eine der am besten charakterisierten sekundaren aktiven Transporter ist die Lactose
Permease (LacY) von Escherichia coli. Dank einer Vielzahl an verfligbaren
strukturellen, biophysischen und biochemischen Daten fur LacY (Guan & Kaback,
2006; Kaback et al., 2001) stellt sie ein ideales Modellsystem zur Erforschung der

Grundprinzipien und der molekularen Details der sekundaren aktiven Transporter
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dar. Nichtsdestotrotz kann LacY (so wie auch viele andere bakterielle Membran-
Transporter) in die Plasma-Membran von Froscheizellen oder in andere
eukaryotische Zellen nicht exprimiert werden. Deshalb war bisher die
standardmalige elektrophysiologische Untersuchung von LacY nicht mdglich. Hier
wird die erste erfolgreiche elektrophysiologische Studie von LacY unter Einsatz
aufgereinigter, in Proteoliposomen rekonstituierter Proteine, mit SSM-basierter
Elektrophysiologie  gezeigt. Der ,bergab“  Zucker/Protonen-Symport in
Proteoliposomen, die mit dem aufgereinigten Wildtyp LacY rekonstituiert wurden,
generiert transiente Messstrome, die durch kapazitive Kopplung mit einer SSM-
Elektrode gemessen werden. Die beobachteten transienten Messstrome hangen von
den Zuckersubstraten ab und werden vollstandig durch die Alkylierung von Cystein
148 mit N-Athylmaleimid (NEM: N-Ethylmaleimide) blockiert (Bieseler et al., 1985;
Trumble et al., 1984; van Iwaarden et al., 1993). Nach Substratzugabe erhielt man
transiente Stréome aufgrund der elektrogenen Aktivitat von LacY. Der Zeitverlauf der
Transienten ist durch zwei verschiedene Phasen charakterisiert: ein schneller
Anstieg auf die Stromspitze, gefolgt von einem deutlich langsameren Abfall hin zur
Basislinie.

Der ,bergab®“ Zucker/Protonen-Symport in Proteoliposomen hinein generiert ein
inneres positives Potenzial, was eine verlangsamte ,bergab“ Symport-Reaktion
hervorruft, die zu transienten Messstromen flhrt. Jedoch stellt jede
Konformationsanderung, die geladene Aminosaureseitenketten verlagert oder
elektrische Dipole umorientiert, auch einen elektrogenen Prozess dar, der zu der
transienten Eigenschaft der Messstrome beitragen kann. Um zwischen diesen
beiden Moglichkeiten zu unterscheiden wurden Experimente mit Proteoliposomen,
die mit unterschiedlichen Lipid- zu Protein- Verhaltnissen von LPR 10 oder 5 (LPR:
Lipid to protein ratio) rekonstituiert wurden, durchgefihrt. Es wird erwartet, dass eine
elektrogene Konformationsanderung identische Zeitkonstanten fir den Abfall der
Transienten bei verschiedenen Partikeldichten ergibt. Dagegen sollte das Laden der
Liposommembran durch einen ,bergab“ Zucker/Protonen-Symport zu abnehmenden
Zeitkonstanten bei zunehmender Partikeldichte fihren. Wir haben herausgefunden,
dass eine Zunahme der Proteindichte in einem wesentlich schnelleren Abfall der
Transienten resultiert. Daher stellen die flir den Wildtyp LacY beobachteten
transienten Strome hauptsachlich eine Ladung der Liposommembran aufgrund des
.bergab“ Zucker/Protonen-Symports dar.

Die elektrischen Transienten, die beim Wildtyp LacY beobachtet wurden, hangen
stark vom pH-Wert ab: Ein gesamter Anstieg des pH-Werts von 6,6 auf 8,5

verursacht eine fiinffache Zunahme des Werts der Stromspitze, in Ubereinstimmung
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mit den Effluxraten von RSO (RSO: right-side-out) Membranvesikeln (Kaczorowski &
Kaback, 1979) oder Proteoliposomen, die mit aufgereinigter LacY rekonstituiert
wurden (Garcia et al., 1983; Viitanen et al., 1983). Aulierdem erhoht sich die
Halbsattigungskonzentration nur leicht bei steigendem pH-Wert. Ihr Wert ist ahnlich
wie derjenige, der beim ,bergab® Zucker/Protonen-Symport in LacY
Proteoliposomen, gemessen wurde (Viitanen et al., 1984).

Um die allgemeine elektrogene Reaktion zu analysieren wurden Mutanten von Lacy,
die Ligand binden, aber wenig oder keinen Lactose/Protonen-Transport machen,
verwendet. Die Mutante E325A weist einen Defekt bei allen Schritten, die die H*
Abgabe von LacY involvieren, auf. E325A LacY katalysiert ,exchange“ und
zcounterflow* mindestens genauso gut wie der Wildtyp (Carrasco et al., 1986;
Carrasco et al., 1989). Bei Verwendung von E325A LacY induzieren
Konzentrationsspriinge mit unterschiedlichen Galactopyranosiden transiente Strome
mit nahezu identischer Kinetik. Diese Stréme verschwinden nach Behandlung mit
NEM. Jedoch sind die transienten Strome flinfmal kleiner als diejenigen, die beim
Wildtyp LacY beobachtet wurden. Die Mutante C154G bindet Zucker genauso gut
wie der Wildtyp, aber zeigt extrem niedrige Transportaktivitaten (Menick et al., 1987,
Menick et al., 1985; Sahin-Toth & Kaback, 2001; Smirnova & Kaback, 2003). Im
Gegensatz zur Mutante E325A hangen die GroRe und die Kinetik der transienten
Strome, die bei C154G LacY erfasst wurden, vom verwendeten Substrat ab.
Nichtsdestotrotz kann man bei beiden Mutanten die gleiche Ladungsverschiebung
beobachten (nur 6% der gesamten Ladungsverschiebung, die beim Wildtyp LacY
beobachtet wurde). Wichtig ist, dass der Zeitverlauf der transienten Stréme
wesentlich schneller bei den beiden mutierten Proteinen im Vergleich zum Wildtyp
LacY ist. Deshalb entstehen die Transienten nicht aufgrund einer Rest-
Transportaktivitdt, sondern aufgrund einer elektrogenen Konformationsanderung,
ausgeldést durch  Zuckerbindung. Es wird vermutet, dass der ,bergab“
Zucker/Protonen-Symport bei LacY mindestens zwei elektrogene Reaktionen
involviert: (i) eine schwach elektrogene Reaktion, die aufgrund der Zuckerbindung
erfolgt und einer elektrogenen Konformationsénderung in LacY zuzuschreiben ist;
und (ii) eine stark elektrogene Reaktion, die vermutlich auf eine zytoplasmische
Abgabe von H* wahrend des ,bergab“ Zucker/Protonen-Symports zurlickzufiihren ist,
was den ratenlimitierenden Schritt fir diese Art von Transport darstellt. Diese
Interpretation stimmt Uberein mit einer Vielzahl an biochemischen und biophysischen

Daten.
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lon binding to a lipid membrane is studied by application of a rapid solution exchange on a solid supported
membrane. The resulting charge displacementis analyzed in terms of the affinity of the applied ions to the lipid surface.
We find that chaotropic anions and kosmotropic cations are attracted to the membrane independent of the membrane
composition. In particular, the same behavior is found for lipid headgroups bearing no charge, like monoolein. This
general trend is modulated by electrostatic interaction of the ions with the lipid headgroup charge. These results cannot
be explained with the current models of specific ion interactions.

their results on the airwater interface fairly predictive, but they
¢also take into account the influence of ion polarizability on the
water structure, which is probably the key point for the

Introduction
Many processes in surface science, colloid science, an

biophysics critically depend on the choice of the background salt
in away that goes beyond the description by the GeQllapman
mean-field theory. While this theory would predict the same
behavior for all ions of the same valency, “specific” effects for

understanding of Hofmeister effects.

Lipid membranes represent the most important biological
interface. They not only contain the whole transport and sensory

different ions of the same charge are found which in many casesmachinery of the cell, but also are important for a large number

follow a more or less well-defined sequence, the so-called
Hofmeister series (for reviews, see Cacage Colling). The

of mechanical tasks like cell adhesion, fusion, growth, and
migration. Here, the ionic composition of the aqueous medium

nature of the ionic interactions with the surfaces leading to these Plays a significant role, essentially modulating the properties of
Hofmeister phenomena is still under debate (for reviews, seethe lipid membrane like the surface potentfalthe dipole

KunzZ® or Leontidis). Many different concepts have been
introduced over the years to account for specific ion effects. To
mention only the most recent, ionic dispersion or van der Waals
forces acting on the ions at the interfaickor the concept of
matching water affiniti€s'°have been proposed. However, none

potential’* the structure and dynamics of the lipid mole-
cules>16 or intermembrane forcég, the transition from
micelles to vesicle$®and the swelling of vesiclé$ A convenient
model system for a biological membrane is a solid supported
lipid membrane (SSM). SSMs have found a broad application

of these theories led to a satisfactory explanation of the observed@s rugged carriers for membrane proteins. Imbedded or attached

effects on a broad scale, although the MD simulations by
Jungwirth and co-workets1?are most promising. Not only are
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binding to a lipid surface, applying an electrophysiological trimethylammonium propane 1.5%rirdecane (synthetic lipids from
detection technique. We have analyzed the charge translocatior\vanti Polar Lipids Inc., Pelham, USA), and monoolein 1.5% in
after the rapid exchange of various cations and anions on a lipid "-decane or squalene (1-oleagle-glycerol from Sigma-Aldrich,
surface of different composition and interpreted this in terms of St- Louis, USA) A'1 mM octadecyl mercaptan (gmercaptan,
binding of the ions in the lipid headgroup region. Aldrich, Steinheim, Germany) solution in ethanol was used for the

. - . . . incubation of the gold electrodes.
Using the painting technique employed in this study, defect- SSM Setup.The SSM was prepared by linking an alkanethiol

free bimolecular alkanethiol/lipid hybrid membranes may be (,ctadecyl mercaptan) monolayer to a gold electrode deposited on
formed from virtually every lipic?3 These films have been shown aglass support and covering it with a lipid monolayer. The alkanethiol
to exhibit physical properties very similar to free-standing lipid monolayer forms spontaneously when the freshly gold coated
membranes such as a comparable lipid mobility, conductivity, electrode is incubated f6 h in anethanolic 1 mM octadecyl
and capacitanc®&:?* The thickness determined previously by mercaptan solution. The lipid monolayer is deposited using a painting
surface p|asmon spectroscopy of 4.1 Zﬁnagrees within tech_nique where a small amount of the film-forming SO!UtiOﬂ is
experimental error with the dimensions expected for an octadecyl2Pplied to the electrode. The electrode is then mounted in a flow-
mercaptan/diphytanoyl phosphatidylcholine hybrid bilayer, sug- through cuvette with an inner volume of LL. The monolayer

- : . " . forms spontaneously when the SSM is rinsed with buffer in the
?estltr;]g a ch)Inventhnal bt"";‘yefc}"‘e order ﬂftgle lipid Iayefr. Talf.end cuvette. The planar membrane formed has an are@d& mn?. The
ogetner, all experimental evidence availablé argues for a lipld g4 glectrode is connected to an amplifier; the reference electrode

surface very similar to that of a free-standing lipid membrane. js 3 Ag/AgCl electrode separated from the solution by a salt bridge.
A solid supported membrane represents a model system forFor details of the setup, see refs 21 and 27.

alipid membrane with the additional benefit of being mechanically ~ Measuring Procedure.The experiments were carried out at room

so stable that solutions may be rapidly exchanged at its surface temperature (22C). After the formation of the SSM, its capacitance
When solutions of different ionic composition are exchanged, and conductance were determined until they became constant after
a charge displacement can be registered via the supporting gold® Waiting time of~90 min. Typical values were 36600 nF/cn
electrode that represents the relaxation of the different ions in for the capacitance and 5000 nS/cr for the conductance. A
their respective equilibrium positions. As a fist approximation, typical solution exchange protocol consists of three phases with a

electrodes detect charge movements within one Debve len th,sduration of 0.5 01 s each: (1) reference solution, (2) test solution,
9 y 9MSang (3) reference solution. The data recording and the solution

distance, which is-1 nm at 100 mM ionic strength. Thisis also  gychange were controlled via computer as described in ref 27.
roughly the dimension of the lipid headgroup. We can, therefore, Electrical signals are observed at the concentration jumps taking
state that the SSM technique registers charge displacements irplace at the beginning (on-signal) and at the end (off-signal) of
the immediate headgroup region. According to recent molecular phase 2. Only the on-signal will be used throughout our analysis.
dynamics studies, this is also where ions accumdkede. Analysis of the Currents. The transient currents after the
The charge displacements measured on the SSM have beefoncentration jump were numerically integrated to calculate the
used to obtain information about the relative distribution of cations displaced charg®(t) and fitted with an empirical model function

and anions. lons are characterized relative to a reference ion, (t - to)3
which was Na for cations and Clfor anions. A positive charge Q) =Q, o
displacement after a cation exchange or a negative charge t—t)° +7

displacement after an anion exchange means that the averaggne gelayt, and the rise time represent the time needed for the
equilibrium position of the ions is closer to the underlying sojution to flow from the terminal valve to the SSM and the rise time
electrode than that of Na(for cations) or of Ct (for anions) of the concentration at its surface, respectively. They had values of
and/or that more ions reside in this position. This is frequently ty ~ 54 ms after switching to the test solution ane: 10 ms.Qq
called “binding”, and we will use this term in the following, represents the total charge displacement generated when ions with
keeping in mind that it can be anything between a diffuse differentpropensiti_esto"bind”tothe membrane are exchanged. For
accumulation in or very close to the lipid headgroup up to specific the purposes of this paper, only the param@ewas relevant and
binding at a well-defined binding site. was evaluated.

Results

In the solution exchange process, two solutions of different
composition were applied to the surface, the test solution and the
reference solution, both of which were buffered with 10 mM
TRIS/Hepes at pH 7.0. The test solution contained the salt of
interest, and the reference solution contained NaCl, which was

(20) Naumann, R.; Schmidt, E. K.; Jonczyk, A.; Fendler, K.; Kadenbach, B.; used a§ an internal reference. Na.CI '.S a pOPUIar reference, since
Liebermann, T.; Offenhausser, A.; Knoll, W. The peptide-tethered lipid membrane Hofmeister effects often show a sign inversion atad CI .2
as a biomimetic system to incorporate cytochrome c oxidase in a functionally i i i
active form.Biosens. Bioelectrorl999 14 (7), 651-662. To genera.te pure cation concentration Jumps,_ a con_stant cl

(21) Pintschovius, J.; Fendler, K. Charge translocation by the/Ki&-ATPase concentration was used throughout the experiment, i.e., for a
investigated on solid supported membranes: Rapid solution exchange withanewmonovalent cation X, the test solution contained the same

technique Biophys. J.1999 76 (2), 814-826. ; ; f
(22) Ataka, K.; Richter, B.; Heberle, J. Orientational control of the physiological concentration of XCl as the reference solution NaCl. For a divalent

Materials and Methods

Chemicals.Activating and nonactivating solutions contained 10
mM Tris/Hepes pH 7.0 plus salt. The lipid film-forming solutions
were as follows: diphytanoyl phosphatidylcholine 1.5% (w/v) in
n-decane, dioleoyl phosphatidyl glycerol 1.5%decane, dioleoyl

reaction of cytochrome c oxidase tethered to a gold electtbdhys. ChenB or trivalent cation, the concentrations wétgand'/; of the NaCl

2006 110(18), 9339-9347. _ - , concentration. For pure anion concentration jumps, thé Na

3 1%3)3'225'2’75';‘{35(_3@‘ H. E. Painted supported lipid membraBezphys. concentration was kept constant using an equivalent procedure.
(24) Seifert, K.; Fendler, K.; Bamberg, E. Charge transport by ion translocating  This guaranteed that the observed effect was only due to the

membrane proteins on solid supported membraBasphys. J.1993 64 (2), anion or the cation to be investigated. A slightly different protocol

(25) Bockmann, R. A.; Hac, A.; Heimburg, T.; Grubmuller, H. Effect of sodium ~ Was used for the data shown in Figure 5 where uncompensated
chloride on a lipid bilayerBiophys. J22003 85 (3), 16471655.

(26) Sachs, J. N.; Woolf, T. B. Understanding the Hofmeister effect in (27) Zhou, A.; Wozniak, A.; Meyer-Lipp, K.; Nietschke, M.; Jung, H.; Fendler,
interactions between chaotropic anions and lipid bilayers: Molecular dynamics K. Charge translocation during cosubstrate binding in thé/deoline transporter
simulations.J. Am. Chem. So2003 125 (29), 8742-8743. of E. coli. J. Mol. Biol. 2004 343 (4), 931-942.
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6 e Interaction of the Different Cations and Anions with
Different Lipid Headgroups. To test the influence of the
chemical nature of the lipid headgroup, we determined the charge
translocation using different lipids in the hybrid lipid bilayer on
w0l the solid support. Dioleoyl trimethylammonium propane
2 o] (DOTAP) is a lipid with a positively charged headgroup,
% o5 oks ok ok ok oks ok diphytanoyl phosphatidylcholine (PC) is zwitterionic, monooleoyl
glycerol (Mono) is uncharged, and dioleoyl phosphatidyl glycerol
0 (DOPG) carries a negative charge. All lipids were prepared in
n-decane; Mono was also used in squalene (Mono-squal) to assess
the influence of the solvent. Bilayers formed from Mono in
squalene have been reported to contain very little soRfeint.
100 mM NaCl 50 mM BaCl, | 100 mM NaCl the case of PC, the phytanoyl instead of the oleoyl fatty acid
e T e — chains were used, because diphytanoyl PC is the standard lipid
o0i0 | ||[ia:2:| |04 | [ 06| [ |08 ||| 208 [ (422 |l 1:4 used in SSM applicatiorfd:2031
Time (s) To investigate the effect of functional sites in the headgroup,
Figure 1. Flow protocol and signal analysis. As an example for the we determined the complete anion and cation series for PC and
recorded transient currents, the charge translocation after @ BaCl for Mono (inn-decane). PC bears a negative phosphate (PO
concentration jump on a PC membrane is shown. The integrated;nq 4 positive trimethyl ammonium (N(GH*) group, which
signal with a fit according to the equation given in the text is shown Mono does not have. Interestingly, a nearly identical pattern is
in the inset. ) ) ’ . .
obtained for PC and Mono as shown in Figure 2. The only
differences observed are-&®0% lower binding for the extremely
chaotropic anions (Clg, SCN-, and ) and the extremely
kosmotropic cations (1%, C&+, and Mg). Also, F- and SQ%~
seem to bind somewhat better to the Mono than to the PC surface.
o Fora broader scan of different surfaces, two cations and two
anions were chosen and were applied at a concentration of 100
mM: the chaotropic ions K, Br-, and CIQ~, and the
kosmotropic cation L& . Reference ions were Nand CI as
described above. The translocated change in all cases is displayed
in Figure 3. As expected, cations generate a larger charge
displacement at a negative surface, while anions do that at a
positive one. The zwitterionic PC represents an intermediate
case, and the uncharged Mono shows the least effect. It is,
however, interesting to note that cations as well as anions interact
with at significant efficiency with the lipid Mono, although it has

F=9
Charge (pC)

Current (nA)

-2

salt concentration jumps were used and the reference solution
contained only buffer.

Figure 1 shows a typical transient current after an ion
concentration jump. The example in Figure 1 represents a 5
mM Ba2" concentration jump (or more precisely a solution
exchange of 100 mM NaCl vs 50 mM BafLat an SSM formed
from diphytanoyl phosphatidylcholine (PC). The current is
integrated, yielding the charge which, after a short delay, rises
rapidly with a time constant £ 10 ms to a maximal value. This
time constant represents the?B&oncentration rise time at the
surface of the SSM. The signal is fitted (see Figure 1) as described
in the Material and Methods section, yielding the total charge
displacemen®. In the following, we will analyz€), as a function
of different ions, ion concentrations, and composition of the

SSM. neither N(CH)s™ nor PQ~ groups. This rules out the possibility
Dependence of the Charge Translocation on the Nature of ~ ©f SPecific binding to those groups as a major cause of the
interaction.

the Applied Cation or Anion. 100 mM salt concentration jumps

of different cations and anions generated transient currents tha
were strongly dependent on the nature of the applied ion. In
Figure 2, the translocated charge is plotted for the different anions
and cations and for two different lipids, diphytanoyl phosphati-
dylcholine (PC) and monoolein (Mono). The ions are classified . . . S .
according to their respective free energies of hydratidtaCl reference ion N&in all considered lipid surfaces (see Figure 3).

was taken as a reference point and, therefore, shows Qp at If the surface concentration of Naand K is increased by
= 0. Positive values represent ions that create a movement ofélectrostatic interaction with the negative PG surface, a larger

positive charge to the membrane (or negative charge away fromtranslocated charge is expected (see concentration dependence

the membrane); negative values represent ions that create & gigure 4A)’. as is indeded obsefrv};ad. | d Cch
movement of negative charge to the membrane (or positive charge _. oncentration Dependence of the Trans ogate arge.
away from the membrane) when exchanged for NaCl Since the translocated charge was strongly ion concentration
. ; ; i 2+
In the case of the cations, the data show an approxima’relyOl‘ﬂoerlwlef‘t'We determined thefsatura;l_on ltluehaworﬁ)“r,Mg ;-
linear dependence on the hydration energy, forming three isolated » €104, and Br onaPC surface. This allowed us to determine

patches for monovalent, divalent, and trivalent cations. The an apparent d|ssoc_|at|on constzmiaP_Pfor the respective ion. .
translocated charge yields the following series (for PC)3*La The reference solution always contained NaCl at a concentration

> Ca' > Mg2+ > B&+ > SP* > Li* > Na* > K+, Rb*, Cs". to keep the Ct concentration constant in the cation concentration

The anions show the reverse behavior with respect to the freelYMPS a”‘?' the Na concebntratlonh constant in th; anlgn
energy of hydration. Here, the following series for the translocated concentration jumps (see above). The concentration dependence

: > > |- > - >
Ch?.l’ge I_S Obtal_ned (fOE PC): Clo> SCN™ > | NOs . (29) Dilger, J. P.; Benz, R. Optical and electrical properties of thin monoolein
Br~ > F~ > CI~ = SO;". For Mono, the same general trend is  jipid bilayers.J. Membr. Biol.1985 85 (2), 181-9.
obtained, although not all positions of the individual ions are _ (30) Kelety, B.; Diekert, K.; Tobien, J.; Watzke, N.; Dorner, W.; Obrdlik, P.;
conserved Fendler, K. Transporter assays using solid supported membranes: anovel screening
' platform for drug discoveryAssay Drug De. Technol.2006 4 (5), 575-82.

(31) Tadini-Buoninsegni, F.; Bartolommei, G.; Moncelli, M. R.; Guidelli, R.;

(28) Marcus, Y. Thermodynamics of solvation of ions. 5. Gibbs free energy Inesi, G. Pre-steady state electrogenic events oft@d2 exchange and transport
of hydration at 298.15 KJ. Chem. Soc., Faraday Trarnk991, 87, 2995-2999. by the Caz--ATPase.J. Biol. Chem2006 281, (49), 37726-37727.

¢ The effect of the charged headgroup is most pronounced for
the anions, CI@~ as well as Br. However, L&" also shows a
clear tendency for preferential binding, in this case to the negative
PG surface. The behavior ofs less drastic. Here, the observed
charge translocation is negative, meaningdnds less than the
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Figure 2. Charge displacements of different anions and cations on a PC (phosphatidylcholine) and a Mono (monoolein) membrane. The
open circle indicates the reference ions Na or Cl. lons are classified according to their Gibbs free energies of iy@kation

is shown in Figure 4. The data were analyzed using a hyperbolic As for the chlorides, a positive charge displacement is always
functionQo = Qu™&¢/(c + KpF) wherecis the ion concentration.  found increasing in the same order as in Figure 2, K Na*

The apparent dissociation const#®2°P and the saturation < LiT < La3". Here, the cations array closer to the membrane
value of the displaced chard@™ are compiled in Table 1.  than the anions. Furthermore, the charge translocated by La
Within the group of cations, binding affinity and displaced charge is two times higher than that by Naalthough the applied

increase drastically with ionic charge. Trivalenftdorinstance, ~ concentration was only;of thatof Na'. Last but not least, these
has an apparent dissociation constant ofil/8 In general, the uncompensated salt concentration jumps also show that, although

cations bind with a higher affinity than the anions. However, the cations bind to the membrane, the effect of changing between
largest value for the displaced charge is measured for the anionmonovalent anions is more pronounced than that of changing
ClO,4~. Br- showed an approximately linear dependence up to between monovalent cations (see Figure 2).

a concentration of 100 mM. Therefore, for this ion, only alower ~ To test whether a different saturation behavior of cations and
bound for the parametek2PP andQym* could be given. This anions (Table 1) could lead to a different sequence in uncom-
agrees with the very low affinjts M reported previously for Br pensated salt concentration jumps, we repeated the measurement
binding to lipids with PC headgroups. at 1 Mion concentrations (0.33 mM Lagll The same sequence

Uncompensated Salt Concentration JumpsHere, the test as at 100 mm c_oncentration was obt_ained. In particular, the sign
solution contained buffer plus the indicated salt and the reference®f the charge displacements of the different salts was not altered,
solution contained only buffer. The transient currents recorded indicating that also at high concentrations cations and anions
in this case comprise contributions from cation and anion. They have a comparable effect.
are strongly dependent on the applied salt. The currents were
integrated to yield the translocated charge and are shown in
Figure 5. The saturation values of these traces represent the total The most abundant lipid in an average mammalian cell
charge displacement(From the studied salts, NaSCN, Nag/O  membrane is phosphatidylcholine (455%), which comprises
and Nal gave rise to negative charge displacements indicatinga negatively charged phosphate ¢P¥group and a positively
that the SCN, ClO,~, and I” anions associate more tightly with  charged ammonium (N(Cf$™) group. In addition, the charged
the membrane than the accompanying catioh.Xon the other sites of the other lipid membrane constituents are exclusively
hand, Ct presented an affinity for the membrane lower than phosphate and ammonium groups. Consequently, PC is a good
Na'. Remarkably, although the translocated charge changes fromprototype lipid for a study of the interaction of ions with a
positive to negative, the sequence shown in Figure 2 is preservedbiological membrane. To address the question of how these groups

Discussion

81



10078 Langmuir, Vol. 23, No. 20, 2007 Garcia-Celma et al.

-600 - 1.2
-500 A 1.04
-400 cio, 0.8
% 1 | Br ]
o -300 £0.6+

& g

£ <]

=]
-200 E 0.44
-100 0.24
0 0.0
DOTAP PC Mono_dec Mono_squal DOPG 1E-3 0.01 0.1 1 10 100
headgroup concentration (mM)
1.2 1 o

180

wl S 1

140 K
120

100 =

1 e]

804 _ ]

60 : -

40 1

20 :

. | | | 19 B

' 00K~
PC

Q(pC)
binding

T T
-20 0 20 40 60 80 100
concentration (mM)

) ) ) Figure 4. Concentration dependence of the translocated charge of
Figure 3. Charge translocation of selected anions (upper panel) selected cations (A) and anions (B) on a PC membrane. The solid
and cations (lower panel) on different membranes: dioleoyl |ines are hyperbolic fits to the data. For each ion, 2 to 3 different
trimethylammonium propane (DOTAP), diphytanoyl phosphatidyl- samples were measured and normalized to the saturation value of
choline (PC), monoolein in decane (Mono_dec), monoolein in the hyperbolic fit. In the case of Bronly a linear dependence was
squalene (Mono_squal), and dioleoyl phosphatydylglycerol (DOPG). found, and for normalization, the value at 100 mM was used.

DOTAP Mono_dec Mono_squal DOPG

headgroup

determine the interaction of ions with the surface, we have Table 1. Apparent Dissociation ConstantsKp® and Displaced

. max i — 9_q.
compared the PC membrane with a membrane composed of a Carge Qo™ for D'ﬁere”;égnéigﬂr: 5(: Membrane (n = 2-3;
lipid with no charged groups (Mono).

In addition, lipid headgroups with a net charge, positively Ko Qo™
charged DOTAP and negatively charged PG, were investigated. ~ La*" 13+2uM 134+ 5pC
- : . Mg2* 0.34+ 0.06 mM 59+ 4 pC
Chaotropic Anions Are Attracted to the Lipid Interface. KT 6+ 1.2mM 77+ 1pC
Ifanions are clas_,sified apcording totheir free energy of_hydraﬁon clo, 274 6 mM 180+ 10 pC
AGnyq, awell-defined series for the translocated charge is obtained Br- > 100 mM <—17pC

where the anion with the smallestAGpyq yields the largest
negative charge translocation. This means the most hydrophobicmeasurements, with the cation with the higheaiGqyielding
or the most chaotropic anion binds bestto or in the lipid interface the largest charge translocation, which is positive in this case.
(the classifications chaotropic and kosmotropic are used here inThis means that the most hydrophilic or the most kosmotropic
the sense of water structure breaker and water structure makereation binds best. Again, our results agree with those obtained
respectively). These results exactly fit the series obtained for thefor the effect of cations on the lipid dipole potentfabut also
influence of anions on the dipole potential of PC liposorifes.  with an early study of the adsorption of cations to phosphati-
Clarke and Lpfert‘“explain the reduction of the dipole potential  dylserine liposome® In consequence, we find a more attractive
by binding of the chaotropic anion at the positive side of the potential for kosmotropic than for chaotropic cations. This agrees
dipole deep in the lipid headgroup. This is in agreement with our with recent MD simulations showing that sodium (kosmotropic)
results which show a large negative charge translocation uponpossesses a higher affinity than potassium (chaotropic) to a protein
binding of chaotropic anions like CIO. surface. There, however, carboxylic groups are proposed to be
Interpretation of these relative measurements in terms of mainly responsible for this effeét.
interaction forces requires an absolute reference point. Assuming = Since only monovalent anions were used, a comparison with
that the interaction of Clwith the surface is negligible (Clin only the monovalent cations seems appropriate. The overall
general has only a small Hofmeister eff¢cthe results indicate  tendency is the same, butitis evident that the effect of monovalent
that chaotropic anions like ClO experience a stronger attractive

potential at the lipid interface than kosmotropic anions like F (32) Vrbka, L.; Jungwirth, P.; Bauduin, P.; Touraud, D.; Kunz, W. Specific
: : . ion effects at protein surfaces: A molecular dynamics study of bovine pancreatic
Kosmotropic Cations Are Attracted to the Llpld Interface. trypsin inhibitor and horseradish peroxidase in selected salt solutiofhys.

Interestingly, for cations the inverse series is obtained in our Chem. B200§ 110 (13), 7036-7043.
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300 CI~ from the surface (yielding a positive charge displacement),
33 mM LaCl, rather than binding of the catlonsf. .
200 Headgroup Charges Make a DifferenceFrom the experi-
. 100 mM LiCl ments using Iipi(_i with diﬁerent hea_dgroups, a cle_ar tendency
Q emerges that cations preferentially bind to the negatively charged
> 1004 100 PG, while anions prefer the positively charged DOTAP head-
o mM NaCl Bt o
S group. This is by itself not surprising, and the standard Gouy
@ 100 mM KCI . ; . 2.
5  o0de T Chapman electrostatic theory describes accumulation of positive
32 ions at negatively charged surfaces, and vice versa. However,
ki 100 mM Nal we have to bear in mind that the observed charge translocations
S 1004 represent the difference to the reference ions Blad CI. In
& 100 mM NaSCN the Gouy-Chapman formalism, all ions of |d(_ent|cal valency
F 004 yield the same result, and there should be no difference between
100 mM NaClo ClO;~ and CI and between Naand K. However, the effect
N of charged headgroups could be explained by the increased local
-300 y T y T y 1 cation concentration atthe DOPG surface and the increased local
0.5 000 0.65 0.70 anion concentration at the DOTAP surface predicted by the
Time(s) electrostatic interaction. It can not, however, explain the more

Figure 5. Translocated charge after uncompensated concentrationefficient binding to zwitterionic PC as compared to uncharged
jumps of different salts on a PC membrane. The traces were obtainedviono, which is more prominent for the anions than for the cations
by integration of the measured transient currentst #t0.5 s, the (Figure 3). Taken together, this seems to be suggestive of a
buffer solution was exchanged for a solution containing the buffer mechanism different from pure electrostatics which modifies

plus the indicated salt. ion binding at different lipid headgroups.

cations is only 20% (PC) and 50% (Mono) of the anion effect. Interaction Mechanism of Anions and Cations with a Lipid
This is not surprising, because anion Hofmeister effects are INtérface. The question now arises: What kind of mechanism
generally larger than those of cations, very probably because ofleads to the characteristic series observed for cations and anions?

the bigger anion size and polarizabiltty. It is clear that the charg«_e translocgtion af_ter c_ation or an_io_n
Apparent dissociation constants and maximal displaced charge€*change represents atypical Hofmeister series with the surprising
(see Figure 4 and Table 1) show the same tendency as displaye@oPerty that the cation series is reversed with respect to the
by the data of Figure 2. The most kosmotropic cation and the @nion series. A S|m|lar behav!or has prey|ously been observed
most chaotropic anion bind best and displace more charge. TheWith electrochromic dyes, which are believed to report on the
largest charge displacement (180 pC) was measured for the ClO  diPole potential of the lipid headgroupThis rules out that the
anion at saturating conditions representing onlyelementary pecullgr behavior is specific for the SSM/gold electrode sandwich
charge per 1000 lipid molecules (using a membrane area of 0.gUsed in our study.
mn? and lipid molecular area of0.5 nn?).33 This is a small Moreover, the same characteristic behavior is observed for a
number of ions per lipid even if one takes into account that the variety of different lipid headgroups: zwitterionic, positively
charge displacement represents only the difference betwegn CIO charged, negatively charged, and uncharged. All show a
and CI average positions and may indicate that the charge preferential binding of the chaotropic anion and the kosmotropic
displacement is heavily shielded by the polar environment of the cation. Thisis true evenif only the monovalentions are considered.
lipid headgroup region. Itis, therefore, unlikely that the observed effectis specific binding
PC Membranes Can Be Anion or Cation SelectiveUp to to a binding site such as cation binding to the phosphate group
now, we have only ranked ion binding within the group of anions of phospholipids as suggested previously.
or cations. The polarity of charge displacement after uncom-  Different physicochemical parameters of the ions like the Gibbs
pensated salt concentration jumps (Figure 5), however, indicatesfree energy of hydration chosen in this publication have been
whether cations or anions bind preferentially to the membrane. taken into account to rationalize the ionic sequences. Unfortu-
Effects of similar magnitude are found for the group of monovalent nately, many of these parameters are correlated themsedoes,
ion pairs, but they can be of either positive or negative polarity that these procedures are of little help to identify the dominating
depending on the specific ion pair. Here, it has to be stressed thaforces acting between the interface and the ion. It has recently
for a comparison of cations and anions not only specific ion been shown that dispersion forces have to be taken into account
interactions but also electrostatic forces originating from surface at physiological ion concentrations where electrostatic interactions
and lipid dipole potential play a role. These experiments show are screenédand may be responsible for Hofmeister effetts.
that a zwitterionic PC surface (no net charge) depending on the The relevant parameter determining dispersion forces on ions is
specific ion pair can prefer the cation or the anion. In particular, the ionic polarizability, which is large for large chaotropic ibfs
considering the ion pairs NaSCN and NaglGhe strongly and would predict preferential binding of both chaotropic cations
chaotropic anions have a higher affinity for the membrane than and anions, in disagreement with our experimental results.
their counterions Na while for the chlorides NaCl and KCI, the An ion b|nd|ng mechanism according to the “princip|e of
cations bind more strongly. This is unexpected, because matching water affinities” has been proposed by Collimkich
Hofmeister interactions are generally believed to be dominated predicts binding of chaotropic ions to chaotropic surface groups
by anions? Finally, the uncompensated salt concentration jump and kosmotropic ions to kosmotropic surface groups. Singe PO
experiments also rule out that the specific cation effects (Figure js strongly kosmotropic (and the putative binding site for cations)
2) are broughtabout predominantly by extraction of tightly bound and N(CH);" is chaotropic (and the putative binding site for
(33) Ameida, P. F. F. Winchil. L. G.. vaz, L. Thompson, T. E. Lateral anions), this would explain our results on PC. However, it cannot
Diffusion in the ’Liduid Phases of iDiﬁﬂyriétoylp‘hogphatidylchoI’ine./CHoIesteroI account for the fact .that a “pld.W”hQUt.these re5|dues .(Mono)
Lipid Bilayers: A Free Volume AnalysisBiochemistryl992 31, 6739-6747. shows the same cation and anion binding series. And it cannot
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explain either why for various phosphate compounds as well as membrane$:2526.37and negativel}f-38 or positively?® charged
other anionic surfactants the reversed cation series is found (seelipid membranes. For example, simulation of PC membranes
e.g., ref 34 and the literature cited herein). In contrast to theseshow that Ct binds slightly weaker than N&*37 and that
compounds, however, in the present study the phosphate groughaotropic anions bind better than kosmotropic ones to the lipid
is chemically linked to ammonium or glycerol groups or consists headgroup$>26 Both results agree with our experiments.
only of a glycerol headgroup (Mono), and, therefore, the influence )
of the phosphate group alone is not decisive. We believe, in Conclusion
agreement with the results of Jungwirth and co-workét8that lon binding to an SSM as a model system for a biological
it is necessary to precisely describe the role of the componentmembrane has been studied, and the general characteristics have
thatis present in large excess, namely, water. To understand theyeen determined. Cations and anions both show specific binding
specific ion effects, it is very probably not sufficient to describe put in an oppositely directed Hofmeister series independent of
the water as a bulk or as hydration water. The geometry of the the composition of the lipid membrane. This may indicate that
water molecules around the ions and headgroups very probablyregarding the interaction with the lipid surface the free energy
makes the difference, just as this geometry explains why protonsef hydration or the classification of the ions in terms of
have a significant propensity to the aivater interface, a  chaotropicity or kosmotropicity plays a different role for anions
phenomenon that cannot be explained in a bulk m&déhat and cations. Different interactions may be operative for cations
there must be a specific hydration around glycerol headgroupsand anions, or specific interactions for a given ion/surface residue
was recently found for short-chain glycefland first attempts  pair may have to be taken into account as well as the detailed
to simulate choline were published also recefly. geometry of water molecules around these pairs. A unified
Considering all these points, we think that it would be an mechanistic model for ion binding to the lipid interface is not
over-interpretation to discuss the results in more detail. In the available at present. Further progress in understanding the
past, numerous results on specific ion effects were published, mechanistic origin of this unexpected experimental behavior is
and in each paper, a possible explanation was proposed. Howeverexpected from molecular modeling studies.
all these interpretations were pure speculations that were done
a posteriori. What we need now is a forward and predictive  Acknowledgment. The authors thank E. Bamberg for helpful
model, and we hope that the data presented here can serve as atiscussions and support of this work.
experimental reference for such calculations. Advances in that LA701188F
direction come from recent MD studies of zwitterionic PC
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Rapid Activation of the Melibiose Permease MelB Immobilized on a
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Rapid solution exchange on a solid-supported membrane (SSM) is investigated using fluidic structures and a
solid-supported membrane of 1 mm diameter in wall jet geometry. The flow is analyzed with a new technique based
on specific ion interactions with the surface combined with an electrical measurement. The critical parameters affecting
the time course of the solution exchange and the transfer function describing the time resolution of the SSM system
are determined. The experimental data indicate that solution transport represents an intermediate situation between
the plug flow and the Hagen—Poiseuille laminar flow regime. However, to a good approximation the rise of the surface
concentration can be described by Hagen—Poiseuille flow with ideal mixing at the surface of the SSM. Using an
improved cuvette design, solution exchange as fast as 2 ms was achieved at the surface of a solid-supported membrane.
As an application of the technique, the rate constant of a fast electrogenic reaction in the melibiose permease MelB,
a bacterial (Escherichia coli) sugar transporter, is determined. For comparison, the kinetics of a conformational
transition of the same transporter was measured using stopped-flow tryptophan fluorescence spectroscopy. The relaxation
time constant obtained for the charge displacement agrees with that determined in the stopped-flow experiments. This
demonstrates that upon sugar binding MelB undergoes an electrogenic conformational transition with a rate constant

8119

of k ~ 250 s

Introduction

Solid-supported membranes (SSM) represent model systems
for a lipid membrane with the additional benefit of being so
mechanically stable that solutions may be rapidly exchanged at
the surface. SSMs have found broad application as rugged carriers
for membrane proteins. Because these proteins are imbedded in
or attached to this membrane, their activity can be assessed by
a variety of methods such as fluorescence, Raman and IR
spectroscopy, electrochemistry, impedance analysis, and electrical
measurements.' ™ For the analysis of the dynamic properties of
these membrane proteins, time-resolved experiments that probe
the presteady state of the system are essential. This requires
rapid perturbation of the initial state, which in many cases is a
concentration jump of an enzymatic ligand or substrate. In the
case of surface-immobilized enzymes, rapid solution exchange
is difficult because of the unstirred layer at the surface.’
Furthermore, virtually no technique is available that allows for
the rapid time-resolved analysis of the surface concentration of
substrate molecules. However, quantitative temporal information
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concerning the surface substrate concentration rise is a prerequisite
for the proper interpretation of the measured signals as well as
for the optimization of the fluidic system.

It has been shown recently that the specific interaction of
inorganic ions with lipid membranes can be studied using the
SSM technique.'® When solutions of different ionic composition
are exchanged, charge displacement can be registered via the
supporting gold electrode. This translocated charge represents
the relaxation of the different ions in their respective equilibrium
positions. As a first approximation, the SSM technique registers
charge displacements in the immediate headgroup region.'’
Therefore, the measurement of these charge displacements can
be used as a real-time probe of the local ion concentration at the
lipid surface. This makes ion concentration jumps an interesting
tool for the analysis of the time course of solution exchange on
the SSM surface and enables the exploration of different fluidic
configurations. In our study, the relevant structural elements for
rapid surface concentration exchange were identified, and on the
basis of this information, a novel cuvette with a superior time
resolution was designed.

Electrophysiological analysis of bacterial transporters is
difficult because, except in a few rare cases, these transporters
cannot be investigated using standard electrophysiology. Time-
resolved electrophysiological characterization of eukaryotic
transporters is also difficult. Because the turnover of transporters
is low (<100 s~! in most cases), ~10* to 103 transporters are
required to generated a measurable signal. This can be obtained
only in a “giant patch” or a “whole cell” configuration, both of
which have an inherently low time resolutions in solution-
exchange experiments. Electrogenic transport proteins have
recently been shown to be readily measurable by adsorbing
proteoliposomes or membrane fragments containing the protein

(10) Garcia-Celma, J. J.; Hatahet, L.; Kunz, W.; Fendler, K. Langmuir 2007,
23, 10074-10080.
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Figure 1. Explosion view of the fast solution-exchange cuvette for
valveless diverter flow geometry. The cuvette head (h) and base (b) are
made out of Plexiglas. Inlet (in) and outlet (out) bores have a diameter
of 1 mm. The reference electrode assembly (r) is placed in the outlet
pathway. The cuvette volume is cylindrical and 0.75 mm deep with an
internal volume of 17 uL (net volume with O-ring mounted). The SSM
is formed on a gold-coated glass slide (g) and has a diameter of 1 mm.
It is connected to the contact pad via a 0.2-mm-wide contact strip.
Contact to the amplifier is made through a spring contact pin (c). When
mounted, the SSM is centered under the inlet bore.

of interest to an SSM."'"'® The charge translocation of these
transport proteins can be measured by rapidly supplying the
substrate and measuring the electrical current generated by the
transport process. Therefore, for bacterial as well as for eukaryotic
transport proteins, the SSM offers the unique opportunity to
perform electrophysiological studies with a high time resolution.

In this study, we investigate a rapid reaction induced by sugar
binding to a bacterial sugar transporter, the melibiose permease
(MelB). Sugar binding to MelB in the presence of Na' is
associated with a charge displacement that can be detected using
proteoliposomes adsorbed to an SSM and applying a melibiose
concentration jump.'” This electrogenic reaction was associated
with a conformational transition observed by tryptophan fluo-
rescence spectroscopy' ' suggesting an electrogenic confor-
mational transition.?® However, kinetic information about both
processes to strengthen this assignment is not yet available. In
particular, because of the limited time resolution of the SSM
setup used for these experiments, only a lower bound of k > 50
s~! could be assigned to the charge displacement.”® Here we
reanalyze this reaction using the improved time resolution of the
valveless diverter configuration (Figure 2B) and an iterative least-
squares deconvolution algorithm. In parallel, stopped-flow
spectroscopy is employed to obtain time-resolved information
about the conformational transition monitored by tryptophan
fluorescence. This allows for the first time a direct kinetic
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comparison of both processes and a determination of rate
constants.

Materials and Methods

Chemicals. The lipid-film-forming solution of 1.5% in n-decane
contained diphytanoyl phosphatidylcholine (PC, synthetic, Avanti
Polar Lipids Inc., Pelham, AL) and octadecylamine (60:1 wt/wt,
98%, Riedel-de-Haen AG, Seelze-Hannover, Germany). A 1 mM
octadecyl mercaptan (C;g-mercaptan, Aldrich, Steinheim, Germany)
solution in ethanol was used for the incubation of the gold electrodes.
The CI7/ClO4~ solution-exchange experiments were performed in
50 mM Hepes(Tris) pH 7.0 buffer, and the melibiose permease
measurements were performed in 100 mM KH,PO4(KOH) pH 7.0
(KP;) buffer.

SSM Setup. The electrodes were prepared by a lithographic
process on a 1-mm-thick 9 x 22 mm? borofloat glass chip (Fraunhofer
Institut Schicht and Oberflachentechnik, Braunschweig, Germany).
The 100-nm-thick gold structure consists of a -mm-diameter circular
active area that is connected to a contact pad via a thin contact strip
(Figure 1). The SSM is formed on the active area by linking an
alkanethiol (octadecyl mercaptan) monolayer to the gold electrode
by a6 hincubation in a 1 mM ethanolic octadecyl mercaptan solution.
The lipid monolayer is deposited using a painting technique where
asmall amount of the film -forming solution is applied to the electrode.
The glass chip with SSM is mounted in a flow-through cuvette with
an inner volume of 17 uL. The monolayer forms spontaneously
when the electrode is rinsed with buffer in the cuvette. The planar
membrane has an area of ~0.8 mm?2. The gold electrode is connected
to an amplifier, and the reference electrode is an Ag/AgCl electrode
separated from the solution by a salt bridge (Figure 2). Two different
flow geometries have been studied: valve-controlled (Figure 2A)
and valveless (Figure 2B) diverter geometries. The diverter—SSM
distance (i.e., the common pathway for test and reference solutions
between terminal valve V, and SSM (Figure 2A) or between
confluence point and SSM (Figure 2B)) is critical for the concentration
rise time. Unless otherwise specified, this pathway is a cylindrical
tube of 1-mm-diameter made from polyethylene (Figure 2A) or
Plexiglass (Figure 2B). For details of the setup, see also refs 7 and
21.

Measuring Procedure. The experiments were carried out at room
temperature (22 °C). After the formation of the SSM, its capacitance
and conductance were determined until they became constant after
a waiting time of ~90 min. Typical values were 300—500 nF/cm?
for the capacitance and 50—100 nS/cm? for the conductance. A
typical solution-exchange protocol consists of three phases (Figure
2) with a duration of 0.5 or 1 s each: (1) reference solution, (2) test
solution, and (3) reference solution. Solution flow is controlled via
valves V| and V, (different types of valves, NResearch, West
Caldwell, NJ). For fast switching, the valves were driven with a
voltage of 17 V, which is slightly larger than the specified value (12
V). For the valveless diverter configuration, the timing of V; and
V, was experimentally adjusted to synchronize the opening of V,
exactly with the closing of V. Electrical signals are observed at the
concentration jumps taking place at the beginning (on signal) and
at the end of phase 2 (off signal). Only the on signal (exchange from
reference to test solution) will be used throughout our analysis.

Determination of Delay and Rise Times. The transient currents
after a 100 mM NaCl/NaClOy solution exchange were numerically
integrated, and the translocated charge was fitted with an empirical
model function:'®

(t—1,)
(t—t1,y+7

The delay #, and the rise time 7 represent the time needed for the
test solution to reach the SSM after opening its pathway and the rise
time of the concentration at its surface, respectively. The charge Qy
corresponds to the total displaced charge during the solution exchange.
For the purposes of this article, only parameters 7, and T were relevant
and were evaluated. Before fitting, the time axis of the displaced

(=0, €))
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Figure 2. Flow configuration, valve timing, and flow protocol for the two employed diverter geometries. The current is measured with reference
to an Ag/AgCl electrode (ag) and amplified by a current/voltage converter (I/U). Valves are controlled and current is recorded by computer (PC).
After passing through the cuvette, the solutions are directed to a waste container (wa). (A) Valve-controlled diverter geometry. The two pressurized
containers with reference (R) and test (T) solutions are connected to the cuvette (sc) via a 2-way isolation valve V, and a 3-way isolation valve V,
or a 3 x 3-way isolation valve V,. Opening valve V| initiates the flow of R. Subsequently, when V; is switched on, T is directed to the cuvette.
(B) Valveless diverter geometry. The cuvette is equipped with a y-shaped double inlet bore (Figure 1). The two pressurized containers are now
connected to the cuvette via 2-way isolation valves V| = V,. Opening valve V| initiates the flow of R. Subsequently, simultaneously opening V>

and closing V; directs T into the cuvette.

charge was shifted by subtracting the fluid pathway switching time
(0.5 s) plus a valve-switching delay (7.5 ms for NR225T031, 3.5
ms for NR116TO11, or 15 ms for NR360T331) from the time values.

Measurement and Analysis of Rapid Charge Displacements
in MelB. His-tagged Cys-less MelB was prepared and reconstituted
as described.'” The SSM was formed as described above. Proteo-
liposomes containing MelB were allowed to adsorb to the SSM'”
for a period of ~90 min. Transient currents were generated by
activating the transporter by a melibiose concentration jump in the
presence or absence of Na™. The solution-exchange protocol consisted
of three phases of 0.5 s duration each, in which test and reference
solutions were applied to the SSM with adsorbed proteoliposomes
(Figure 2). The flow rate was set to 1.5 mL s~.

To determine the true relaxation times of the current generated
by MelB from the measured current, the limited time resolution of
the measurements had to be taken into account. Therefore, an iterative
least-squares deconvolution algorithm has been developed. The
convolution of the input function /,(¢) and the transfer function f(r)
describing the time resolution of the SSM system was numerically
calculated using the discrete fast Fourier transform algorithm
implemented in Mathematica 5.2. For this purpose, the Fourier
transform of /() is multiplied by the Fourier transform of I(#). Then,
the inverse Fourier transform of the product yields the output function
1(1).?

Stopped-Flow Fluorimetric Measurements of MelB. Stopped-
flow experiments were carried out using an SF-61DX2 stopped-
flow spectrofluorimeter (Hi-Tech Scientific Ltd., Salisbury, U.K.).
Intrinsic tryptophan fluorescence was monitored (Aex = 297 nm, Aep
> 320 nm) using a 100 W short arc mercury—Xe lamp. The
fluorescence was detected at right angles to the incident light beam
using a WG320 cutoff filter and an R928 multialkali side-on
photomultiplier. The dead time of the instrument was 1.7 4+ 0.2
ms?.

(22) Marko, H., Faltungssatz. In Methoden der Systemtheorie, Springer: Berlin
Heidelberg New York, 1977; pp 95—108.
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Results

Calculation of Delay and Concentration Rise Time in an
Analytical Approximation. The cuvette for rapid solution
exchange represents a wall jet configuration. After the valve is
switched, the fastest streamlines need a time f( to reach the surface
of the SSM. The delay time 7, defines the starting point of the
concentration jump. Subsequently, the average surface concen-
tration rises with a rise time 7. We consider two limiting cases:
Hagen—Poiseuille laminar flow in a cylindrical tube and plug
flow. Hagen—Poiseuille flow has a parabolic velocity profile,
whereas in plug flow all fluid elements have the same velocity.
For simplicity, it is assumed that an “ideal mixer” is placed at
the cuvette inlet, generating a uniform inflow of solution with
a concentration equal to the average concentration across the
cross section of the inlet.

For Hagen—Poiseuille laminar flow in a cylindrical tube (flow
rate V, length x, diameter R), the time dependence of the average
concentration can be calculated” and is taken as the substrate
concentration at the surface of the SSM, c¢(),

()= co(l - f)

with T = {7R%x}/{2V}.

Here ¢ is the concentration of an arbitrary substrate in the test
solution. Note that in Hagen—Poiseuille flow the delay and
concentration rise time are identical:

=7

(@)

. aRx
T=1y="—
2V
Because in plug flow all solution elements in the flow travel
at the same velocity, the delay is given by

3)

_ aR*x
thy=—:
Vv
whereas the concentration rise time in ideal plug flow is zero.

“)
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Figure 3. Transient currents generated after 100 mM CI~/ClO4~ solution
exchange for three different flow geometries. Solution composition:
50 mM Hepes/Tris pH 7.0, 100 mM NaCl in the reference solution and
100 mM NaClOy in the test solution. The currents were normalized to
equal translocated charge. At # = 0.5 s, the fluid pathway was switched
from reference to test solution. The flow rate was set to 1.6 mL s~ '
Black trace: valve-controlled diverter geometry with V; = 2-way isolation
valve NR225T011, V, = 3 x 3-way isolation valve NR360T331,
diverter—SSM distance x = 49 mm, tube diameter d = 1.6 mm. Red
trace: valve-controlled diverter geometry, V| = 2-way isolation valve
NR225TO11, V, = 3-way isolation valve NR161T031, x = 33 mm, d
= 1 mm. Green trace: valveless diverter geometry, V; = V, = 2-way
isolation valve NR225TO011, x = 3.5, d = 1 mm. (Inset) Integrated
current = translocated charge for the three different flow geometries.
The charge was fitted using the equation given in the Figure,and the
concentration rise time 7 was determined.

Experimentally, the concentration rises more steeply than
predicted by the hyperbolic dependence of Hagen—Poiseuille
flow. Indeed, the dependence could be well approximated by the
modified hyperbolic dependence of eq 1. Therefore, the experi-
ments seem to represent an intermediate situation between
Hagen—Poiseuille and plug flow, and the equations derived above
represent a useful benchmark for the analysis of the experimental
flow behavior.

Experimental Determination of Delay and Concentration
Rise Time. To measure the rise time of the substrate concentration,
we took advantage of the fact that a rapid cation or anion exchange
at millimolar concentrations generates a transient current at a
solid-supported lipid membrane.'® Assuming that the interaction
of the salts with the surface is rapid compared to the solution-
exchange process, the displaced charge can be used as a relative
measure of the time dependence of the local ion concentration
at the surface of the SSM.

The solution-exchange protocol used in these experiments
consisted of the sequential application of a reference and a test
solution as detailed in Materials and Methods. In a typical
experiment, the reference solution contained buffer plus
100 mM NaCl, and the test solution contained buffer plus 100
mM NaClOy. The strong interaction of the perchlorate anions
with the SSM created negative transient currents'® that were
analyzed for the determination of the concentration rise time.
ClO4~ was used because it creates large currents and because of
its low affinity compared to that of other ions.'® Very high affinity
ions such as La3" were observed to yield slightly reduced values
for the concentration rise time (data not shown).

Typical recorded currents for three different configurations at
the same flow rate are shown in Figure 3. At = 0.5 s, the fluid
pathway was switched from reference to test solution. As indicated
in the figure, these configurations differ mainly in the divert-
er—SSM distance x. The distance x represents the length of the
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pathway shared by the test and reference solutions. By varying
the length of the connecting tube between the terminal valve and
the cuvette, two different values (x = 49 and 33 mm) could be
implemented for the valve-controlled diverter geometry. An even
shorter distance was possible only in the valveless diverter
geometry (x = 3.5 mm). Note also that for the x = 49 mm
configuration the tube diameter was different (d = 1.6 mm) from
that of the other two cases (¢ = 1 mm). Furthermore, a 3 x
3-way isolation valve was used in position V,, allowing an
uninterrupted flow in both pathways. This corresponds to the
“classical” configuration employed in previous work.”'

The fast transients observed at r = 0.50 — 0.52 s are valve-
switching artifacts. Depending on x, the test solution reached the
SSM atr=0.52 — 0.54 s, creating transient currents of different
amplitudes (5 — 18 nA) and shapes. Because currents obtained
with different configurations cannot be directly compared with
respect to amplitude, the currents in Figure 3 are normalized to
equal displaced charge. Then the currents were numerically
integrated (Figure 3 inset) to obtain the displaced charge. Finally,
the fit with eq 1 yielded the concentration rise time 7 and the
delay time 7o (Materials and Methods).

As will be shown below, the rise time 7 clearly depends on
the flow conditions in a reasonable and systematic fashion. To
further rule out that these dependencies are limited by the kinetics
of ion/surface interaction, we determined 7 at a given flow
condition and geometry using different concentrations and
different ions. The same rise time within the error limits was
determined using C104~ at concentrations from 1 to 100 mM and
for 100 mM ClO,~, K*, and Br~ as well as 50 mM Mg>*
(Supporting Information). These results confirm that the measured
rise time 7 is not limited by the kinetics of ion/surface interaction
and support the assumption that the charge displacement can be
used as a reliable probe of the time course of the ion surface
concentration.

Influence of Technical Parameters of the Flow System on
the Rise Time. For rapid surface solution exchange, wall jet
geometry with an active surface of ~1 mm? was employed (Figure
1). To identify the limiting factors for the concentration rise time
at the surface of the SSM, the rise time was experimentally
determined under a number of different conditions. In particular,
the following technical parameters were varied: (1) the flow rate
of the solution; (2) the length, diameter, and material (Teflon,
Tygon) of the connecting tube; (3) the flow pathway design
(valve-controlled diverter, valveless diverter); and (4) the type
of electromagnetic valve.

The flow rate was varied by applying pressure to the solution
containers. At pressures of 0.2 to 1 bar, flow rates from ~0.7
to ~2.5 mL s~! were obtained. Interestingly, the pressure
versus flow diagram was clearly nonlinear, indicating non-
laminar flow conditions (Supporting Information). A concen-
tration jump was applied, and the delay and rise time were
measured. With increasing flow rate V, the delay 7 and the rise
time 7 of the integrated charge decreased. As predicted by eq 3,
the delay #p and the rise time 7 are both functions of the reciprocal
flow rate and are both plotted as such in Figure 4. In all cases,
linear graphs were obtained for 7, as well as for 7. The
experimentally determined delay was always larger than the
calculated delay f, for Hagen—Poiseuille flow (Figure 4A, dashed
lines labeled HP) and coincides with the result for plug flow
(dashed lines labeled PF). This, as well as the nonlinear flow
versus pressure diagram, indicates that the system is not in a
state of pure laminar flow.

Figure 4B is a compilation of the experimental results for the
surface concentration rise time 7 for different flow geometries.
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Figure 4. Flow properties using three different flow configurations:
(black) valve-controlled diverter, valve Vo, = NR161T031, x = 44 mm;
(red) valve-controlled diverter, Vo, = NR161T031, x = 33 mm; (green)
valveless diverter Vi = V, = NR225T011, x = 3.5 mm. Tube diameter
for all three cases d = 1 mm. (A) Delay ), was determined as described
in the text by application of 100 mM C17/ClO4~ solution exchange. For
the solution composition, see Figure 3. The delay is plotted vs the
reciprocal flow rate. The dashed lines are the theoretical predictions (see
text) assuming Hagen—Poiseuille flow (HP) or plug flow (PF). (B)
Concentration rise time at different flow rates. The solid lines are linear
fits to the data points. The dashed lines are the theoretical prediction
assuming Hagen—Poiseuille flow (see text).

When plotted versus the reciprocal flow rate, linear graphs were
obtained within the error limits. The influence of the diverter—SSM
distance x on the rise time was investigated by using different
tube lengths between the terminal valve and cuvette. A 25%
reduction of x yielded an ~25% reduction of the rise time, in
agreement with eq 3. For the valve-controlled diverter geometries,
the experimental rise times are somewhat smaller than the
theoretical prediction of eq 3, assuming Hagen—Poiseuille flow
and an ideal mixer at the cuvette entrance (dashed lines labeled
HP in Figure 4B).

In addition, the following parameters have been tested, and
these data are all available as Supporting Information. (1) A
larger diameter of the tube (1.6 mm) from terminal valve to the
cuvette was examined. In agreement with eq 3, the rise time
nearly doubled. (2) The effect of acceleration of the volume in
the fluid pathway was not found to be significant. This was studied
by comparing the “classical” configuration using a 3 x 3-way
isolation valve (see the description of Figure 3) characterized by
uninterrupted flow with a single 3-way valve as used in Figure
4. (3) It has been discussed that for certain tube materials a “slip”
condition is realized, leading to a plug flow profile. We have,
therefore, compared Teflon and Tygon tubes but observed no
difference in the rise time.
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Figure 5. Transient currents (average of six measurements) generated
by the melibiose permease MelB after a melibiose concentration jump
in the presence (green) and absence (red) of Na*. The flow rate was set
to 1.5 mL s™!. The two time constants representing the decay of the
current are given, but the rising phase was not considered. The solution
composition for AMel(Na) was 100 mM Kpi pH 7.0, 100 mM KCl, and
3 mM NaCl plus 20 mM glucose in the reference and 20 mM melibiose
in the test solutions. The solution composition for AMel was 100 mM
KP; pH 7.0 and 100 mM KCI plus 20 mM glucose in the reference and
20 mM melibiose in the test solutions. The black line represents the
transfer function of the SSM system under the conditions of the
experiment.

The experiments described above stress the importance of a
short diverter—SSM distance x. However, the construction
requirements of the cuvette and valve prevent a much shorter
distance than ~33 mm using the conventional flow pathway as
shown in Figure 2A. We have, therefore, used valveless diverter
geometry (Figures 1 and 2B) to reduce the distance by 1 order
of magnitude (x = 3.5 mm). Here, switching of the flow is
accomplished upstream of the diverter. Although this requires
proper timing of the flow protocol to prevent unwanted mixing
of reference and test solutions before the experiment is started,
the design allowed a considerable improvement in time resolution.
Concentration rise times as low as 2 ms could be obtained at the
surface of the SSM (Figure 4B). However, here the experiments
yielded significantly larger rise times than did the theory based
on Hagen—Poiseuille flow. This indicates that, in this time range,
additional factors become limiting, such as the valve opening
time (<1 ms) or the time for the acceleration of the fluid
(~2 ms).

Measurement and Analysis of Charge Translocation in
Melibiose Permease. Sugar binding to melibiose permease
(MelB) in the presence of Na' is associated with a rapid
electrogenic step. This reaction can be detected by the application
of a melibiose concentration jump to proteoliposomes im-
mobilized on an SSM.'” Here, we reanalyzed this reaction using
the improved time resolution of the valveless diverter config-
uration. Figure 5 shows the transient currents recorded after a
rapid solution exchange. A flow rate of 1.5 mL s~! was chosen,
corresponding to a rise time of the SSM surface concentration
of 4.0 ms (Figure 4B). Although higher flow rates are possible,
the mechanical artifacts produced by the valve prevented the
reliable measurement of the time course of the transient current
at flow rates above 1.6 mL s™!. (Note that the MelB-generated
currents are more than 10 times smaller than the currents used
for the determination of the rise time of the SSM surface
concentration in Figures 3 and 4.)

The melibiose concentration jump was performed in the
presence and absence of Na'. A rising phase followed by a
biexponentially decaying transient current was observed in both
cases (Figure 5). The fast phase of the decay has been previously
assigned to an electrogenic conformational transition, and the
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slow phase has been assigned to the stationary turnover of the
enzyme under conditions of capacitive coupling.”’ Here, only
the fast electrogenic conformational transition will be discussed.
In the absence of Na', its time constant was considerably slower.
This has been reported before'” and probably corresponds to
H*/melibiose cotransport. The dramatic Na* dependence of the
transient currents demonstrates that they are indeed associated
with the enzymatic activity of MelB.

For a linear system, the limited time resolution of a measure-
ment can be described by a transfer function f{r).>* The output
current /() is a convolution of the transfer function and the input
current /,(¢) (Which in our case is the current generated by MelB):

0= f; it =L dr 8

In the SSM measurement, the transfer function is determined
by the substrate concentration rise at the SSM surface. It is the
first derivative of the step function response of the system.>* As
outlined above, the step function response of the system can be
measured using the integrated charge generated by the anion
concentration jumps (Figure 3). The corresponding function is
eq 1; consequently, the transfer function is its derivative:

377

e +7)
(Note that the irrelevant parameters Qp and o have been set to
1 and 0, respectively.) Because the time constant 7 has been
determined for different flow rates and configurations, the transfer
function for a specific experiment may be calculated using eq
6. Finally, the output current can be obtained by solving the
convolution equation (eq 5). For comparison, the transfer function
for the measurement of Figure 5 has been included in the Figure.
Clearly, the transfer function decays more rapidly than the signal
but is sufficiently slow to distort it.

To obtain the current generated by MelB I,(7), the reverse
operation has to be performed. For this purpose, the current I(7)
is assumed to be biexponential:

fly= (6)

=1 =1

L(h=Ae & +Ae o (7

Using an appropriate set of values for parameters A, A, 74,
T2, and £y, the output current /(#) can now be numerically calculated
by performing the convolution defined by eqs 5—7 as described
in Materials and Methods. In an iterative least-squares algorithm,
the output current /(7) is fitted to the measured current to determine
the parameters A, Az, Ty, T2, and #p. The calculated output current
and measured current for a typical experiment are shown in
Figure 6A. The resulting time constants for the fast process 7
and the slow process 7, were determined from four different
experiments and are summarized in Table 1.

Stopped-Flow Fluorescence Measurements. The sugar-
induced electrogenic reaction can be correlated with a
conformational change observed in intrinsic tryptophan
fluorescence spectroscopy.'*'? For a kinetic comparison, we
have measured the time-resolved tryptophan fluorescence in a
stopped-flow experiment. A typical fluorescence recording
obtained after mixing a proteoliposomal suspension with a
melibiose-containing solution is shown in Figure 6B. The data
are an average of seven different traces recorded in one
experiment. They were fitted using a biexponential model
function. Four independent stopped-flow experiments were made

(23) Kane, D. J.; Fendler, K.; Grell, E.; Bamberg, E.; Taniguchi, K.; Froehlich,
J. P.; Clarke, R. J. Biochemistry 1997, 36, 13406—13420.

(24) Varju, D., Das Faltungsintergral. In Systemtheorie fiir Biologen und
Mediziner; Springer: Berlin, Heidelberg, NY, 1977; pp 40—44.
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Figure 6. (A) Transient current generated after a melibiose concentration
jump in the presence of Na® (green). Experimental conditions are the
same as in Figure 5. The trace in black corresponds to the final result
of the iterative deconvolution algorithm (see text). Time constants for
this specific experiment are given in the Figure. (B) Time-resolved
tryptophan fluorescence of MelB after mixing of the proteoliposomes
with a melibiose-containing solution in the presence of Na™ (green).
The data were fitted with a biexponential function (black). Time constants
for this specific experiment are given in the Figure. Two solutions were
mixed in a 1:1 ratio. Solution 1 consisted of 20 xg/mL proteoliposomes
preincubated with 5 mM NaCl, and 40 mM glucose, and 100 mM KP;
pH 7.0. Solution 2 consisted of 5 mM NaCl, and 40 mM melibiose, and
100 mM KP; pH 7.0.

Table 1. Comparison of the Time Constants for the Fast and the
Slow Components Determined from the Current Measurements
at the SSM and from Stopped-Flow Tryptophan Fluorescence

Measurements
current fluorescence
fast component 7; (ms) 3.8+04 42 +04
slow component 7, (ms) 219 + 12 90 £+ 17

and analyzed. The results for the time constants 7; and 7, are
included in the Table for comparison with the electrical
measurements. In particular, the time constants for the fast process
agree within the error limits.

It is interesting that a slow phase (7) is observed in the
fluorescence as well as in the electrical measurements. The
meaning of that phase is still unclear. As far as the electrical
measurements are concerned, this phase has been shown to be
related to transporter turnover.'” Whether its time course is
determined by transporter kinetics or by charging of the liposomes
is still open. These two possibilities are relevant for electrical
and fluorescence experiments because both were performed with
the same preparation of proteoliposomes.

Discussion

New Method for the Experimental Determination of the
Time Course of Substrate Surface Concentrations. In this
study, we have used the strong interaction of inorganic ions
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with the lipid surface of an SSM to determine the time course
of substrate surface concentrations. Experiments using different
salt concentrations and different ions (Supporting Information)
yield identical values and support the assumption that the
measured rise times represent the rise time of surface ion
concentration. The dependence of the rise time on the technical
parameters of the flow system confirms this. The method presented
here has the great advantage that it is simple and can be performed
on the same sensor that is used for the immobilization of the
protein. It, therefore, exactly matches the flow conditions and
sensor position used for the activation of the protein on the SSM.
This is relevant for time-critical measurements when the
deconvolution technique is required to account for the limited
rise time of the surface substrate concentration.

Can this approach for ions be generalized for arbitrary charged
or uncharged substrates? Charged compounds interact with
charged surfaces. As a result, they form electrical double layers
depending on the surface charge. At physiological concentration
(100 mM), a Gouy—Chapman double layer on a biological
membrane has a thickness of ~1 nm. A typical ion such as K*
diffuses 1 nm in 0.25 ns (using the Einstein relationship t =
2[A2D) with 2= 10" m?and D=2 x 10~°m?s~ ') whereas
the solution exchange is in the millisecond time range. This
demonstrates that on the time scale of the solution exchange the
double layer is in rapid kinetic equilibrium with the surface.
Therefore, the formation of the electrical double layer leads to
a modified ionic surface concentration but is not relevant to the
time course of the rise in surface concentration after a concentra-
tion jump. In conclusion, the time course of ion surface
concentration may be used in a generalized fashion to estimate
the rise time of the surface concentration for arbitrary small
charged and uncharged substrates.

Rapid Solution Exchange at the SSM Using Wall Jet
Geometry. Because the concentration rise time can be measured
using the technique described above, different flow configurations
aiming at optimal solution exchange at the SSM surface were
investigated. Indeed, the wall jet geometry allows rapid solution
exchange at the surface of an SSM. A simple theoretical model
assuming laminar Hagen—Poiseuille flow in a cylindrical tube
and an ideal mixer at the end of the tube describes the flow
conditions surprisingly well. It correctly predicts the linear
dependence of the rise time of the surface concentration on the
reciprocal flow rate, and even the absolute values are only slightly
overestimated. This model, therefore, can serve as a guide for
improved cuvette design.

A closer look at the experiments, however, reveals indications
for nonlaminar flow behavior. First, the flow versus pressure
diagram of the system is clearly nonlinear. Second, the delay
times are not in agreement with the predictions of the laminar
flow model but rather show plug flow behavior. Indeed, an analysis
of the Reynolds number (Re) shows that the onset of turbulence
is to be expected at high flow rates. Laminar flow in a cylindrical
tube is obtained for a Reynolds number of Re < 2000.% At the
maximal flow rate of 2.5 mL s~! used in our experiments, a
Reynolds number of Re = 2uR/v = 3200 is obtained (mean
velocity u = 3.2 m s, tube radius R = 0.5 mm, kinematic
viscosity of water v = 107° m? s~!), which is clearly above the
critical value. A second concept to be considered is the so-called
development length L.. Over this characteristic distance, the flow
develops in the tube from an initial plug flow to the full
Hagen—Poiseuille flow profile.?*® The development length is

(25) Jirka, G. H., Einfiithrung in die Hydromechanik; Universititsverlag
Karlsruhe: Karlsruhe, 2007.
(26) Al-Nassri, S. A.; Unny, T. Appl. Sci. Res. 1980, 36, 313-332.
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given by L./2R = 0.06Re and covers a range of 53-210 mm from
the minimal (0.7 mL s™') to the maximal flow rate (2.5 mL s~ 1)
of our experiments. Therefore, a fully developed Hagen—Poiseuille
flow profile is never obtained with the dimensions of our flow
pathways. All things considered, it seems clear that our flow
conditions represent a transit region from laminar to turbulent
and from plug flow to Hagen—Poiseuille flow. It is therefore not
surprising that the delay times show plug flow behavior and that
the concentration rise time is always somewhat shorter than the
prediction by the Hagen—Poiseuille law. Incidentally, this also
indicates the direction of further improvement of the time
resolution, namely, large Reynolds numbers.

The experiments as well as the theoretical model clearly show
that the most important geometrical factor influencing the rise
time at the surface is the length of the common pathway for test
and reference solutions (i.e., the distance between the terminal
valve or the diverter point and the SSM). On the basis of this
insight, a cuvette with improved performance has been designed,
allowing a time resolution as low as 2 ms at a pressure of 1 bar.
Further improvement could come from an increased flow rate
(higher pressure). However, pressure above 1 bar requires special
equipment and makes handling the setup difficult.

Effective perfusion of the SSM surface relies on the application
of high flow rates. On the other hand, fast flow at the surface
represents a risk of ablation for the immobilized proteoliposomes
because of fluid shear forces. However, this is obviously not the
case because proteoliposomes can be investigated on the SSM
for hours with only a very small decrease in signal. It is concluded
that an unstirred layer of at least 200 nm (the dimensions of the
proteoliposomes) does indeed exist but represents no serious
barrier for a millisecond substrate rise time at the SSM surface.

Rapid Electrogenic Reaction during Melibiose Transport
of the Melibiose Permease MelB. Transporters are fascinating
molecular machines that effectuate the rapid and selective
translocation of substrate molecules across the cell membrane.
This is in general a complex sequence of partial reactions taking
place on a millisecond to microsecond time scale. Techniques
for their analysis, therefore, require a time resolution of
milliseconds or faster. It is demonstrated above that substrate
application to surface-immobilized protein in a few milliseconds
is possible. Using the improved flow geometry and advanced
signal analysis, we have determined the rate constant of a partial
reaction in the transport cycle of a bacterial transporter, the
melibiose permease MelB from Escherichia coli.

MelB is a sugar cotransporter from E. coli that is driven
by the favorable Na™, Li*, or HT electrochemical gradient to
drive cell accumulation of galactosides.?® It has been shown
to perform an electrogenic reaction after substrate (melibiose)
application.?® This electrogenic process was associated with
a conformational transition observed by tryptophan fluores-
cence spectroscopy,'®'? suggesting an electrogenic conforma-
tional transition.”® However, rapid kinetic information about
the two processes to strengthen this assignment was not avail-
able.

We have reinvestigated the melibiose-induced fluorescence
change and charge translocation using instrumentation with sufficient
time resolution to determine the temporal behavior. For the
fluorescence measurement, standard stopped-flow equipment was

(27) Raja, L. L.; Kee, R. J.; Deutschmann, O.; Warnatz, J.; Schmidt, L. D.
Catal. Today 2000, 59, 47-60.

(28) Washabaugh, A. P.; Zahn, M. IEEE Trans. Dielectr. Electr. Insul. 1994,
1, 38-52.

(29) Leblanc, G.; Bassilana, M.; Pourcher, T. Na™, H" or Li*-Coupled Melibiose
Symport in E. coli. In Molecular Basis of Biomembrane Transport; Palmieri, F.,
Quagliariello, E., Ed.; Elsevier Science Publishers B. V.: Amsterdam, 1988; pp
53—62.
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employed whereas the electrical measurement was performed with
the improved cuvette for rapid solution exchange in combination
with an iterative least-squares deconvolution algorithm. The time
constants of the fast phases determined with both techniques agree
within the error limit (Table 1). This is a strong argument in favor
of a common molecular process behind the fluorescence change
and the charge translocation. It supports the previous proposition
of a melibiose-induced electrogenic conformational transition
and assigns a rate constant of k ~ 250 s™! to it.
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An assay technique for the electrical characterization of electrogenic transport proteins on solid sup-
ported membranes is presented. Membrane vesicles, proteoliposomes or membrane fragments contain-
ing the transporter are adsorbed to the solid supported membrane and are activated by providing a
substrate or a ligand via a rapid solution exchange. This technique opens up new possibilities where con-
ventional electrophysiology fails like transporters or ion channels from bacteria and from intracellular
compartments. Its rugged design and potential for automation make it suitable for drug screening.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Electrophysiology has evolved in the past from the simple
detection of neural activity of excitable tissues to a powerful
instrument for the investigation of transport processes on the
molecular level. This was possible by the continuous improvement
of the technology and the introduction of revolutionary concepts
like the patch clamp technique. All these methods of “standard”
electrophysiology have in common, that their principle tool is
the electrolyte filled micro-pipette electrode. In this review, we
introduce a technique that detects charge translocation via a solid
supported membrane electrode, which for a number of applica-
tions offers an advantage over the standard electrophysiological
approach.

Electrophysiological measurements based on solid supported
membranes (SSM)! have been used for the functional characteriza-
tion of ion pumps and transporters. In this technique, proteolipo-
somes, membrane vesicles, or membrane fragments are adsorbed
to an SSM and are activated using a rapid substrate concentration
jump. Then charge translocation is measured via capacitive coupling
of the supporting membrane. This method has the advantage of pro-

* Corresponding author. Fax: +49 069 6303 2222.

E-mail address: Klaus.Fendler@mpibp-frankfurt.mpg.de (K. Fendler).

1 Abbreviations used: SSM, solid supported membrane; NA, non-activating solution;
A, activating solution; R, resting solution; nAChR, nicotinic acetylcholine receptor;
ICs, half maximal inhibitory concentration; ECsp, half maximal effective concentra-
tion; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol-bis(2-aminoeth-
ylether)-N,N,N',N'-tetraacetic acid; NMG, N-methyl p-glucamine; CHO cells, Chinese
hamster ovary cells.
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viding an aqueous environment on both sides of the membrane for
the incorporated transport proteins.? In addition, adsorption of pro-
teoliposomes or membrane fragments allows a large number of
transporters to be immobilized on the electrode in a simple sponta-
neous process. In contrast, direct incorporation of the proteins into
the planar membrane is not very effective and requires complicated
reconstitution procedures (compare e.g. [1]).

SSM-based electrophysiology is extremely useful in cases where
conventional electrophysiology cannot be applied. Apart from a
few rare exceptions bacterial transporters cannot be investigated
using voltage clamp or patch clamp methods because of the small
size of bacteria and because they are difficult to express in mam-
malian cells or oocytes. On the other hand, SSM-based electrophys-
iology was very successful in this field [2-6]. But also
physiologically relevant mammalian transporters could be investi-
gated [7,8]. In this case SSM-based electrophysiology is attractive
for transporters from intracellular membranes and for screening
applications in drug discovery because of its robustness and its po-
tential for automation [9,10]. Furthermore, SSM-based electro-
physiology can be employed for the investigation of ion channels
[11].

Using standard electrophysiology, also time resolved character-
ization of transporters is challenging. Since the turnover of trans-

2 The exact adsorption geometry of the proteoliposomes, membrane vesicles and
membrane fragments is still unknown. Especially in the case of adsorbed membrane
fragments it is not immediately obvious that a sufficient aqueous space exists
between the fragments and the SSM. However, the kinetic data obtained so far with
different transporters and different preparations gave no indication for an obstruction
of substrate uptake or release at the SSM-oriented face of the adsorbed membranes.
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porters is low (<100 s~! in most cases) ~10%-10° transporters are
required to generate a measurable signal. This can only be obtained
in a ‘giant patch’ or a ‘whole cell’ configuration which have an
inherently low time resolution in a solution exchange experiment.
The complication can be overcome using photolytic substrate re-
lease from protected (“caged”) substrates (see e.g. [12-14]). How-
ever, only a limited number of substrates are available in caged
form. Here the rapid solution exchange at the SSM offers the un-
ique opportunity to perform electrophysiological studies with a
high time resolution using arbitrary substrates. Recently, it has
been demonstrated that transporter currents can be measured
with a time resolution of <4.5 ms [15].

2. Description of method
2.1. The instrument for SSM-based electrophysiology

2.1.1. SSM cuvette

The cuvette is made from Plexiglas (Fig. 1). After mounting of
the sensor chip with the gold electrode, the cuvette base plate
and the cuvette body are screwed together. Inlet and outlet bores
have a diameter of 1 mm. The cuvette volume is cylindrical and
0.75 mm deep with an internal volume of 17 pl (net volume with
O-ring mounted). When mounted, the circular active area of the

Fig. 1. Cuvette (upper panel) and sensor chip with gold electrode (lower panel).
Cuvette head (h) and base (b) are made out of Plexiglas. Inlet (in) and outlet (out)
bores have a diameter of 1 mm. The reference electrode assembly (r) is placed in the
outlet pathway. The cuvette volume is cylindrical and 0.75mm deep with an
internal volume of 17 pl (net volume with O-ring mounted). The SSM is formed on a
gold coated glass slide, the sensor chip (g), and has a diameter of 1 mm. It is
connected to the contact pad via a 0.2 mm wide contact strip. Contact to the
amplifier is made through a spring contact pin (c). When mounted the SSM is
centered under the inlet bore.

electrode (diameter 1 mm) which is covered by the SSM is cen-
tered under the inlet bore. In the outlet pathway the reference
electrode assembly is placed. The reference electrode is a Ag/AgCl
electrode which is separated from the main fluid pathway by an
acrylamide salt bridge saturated with 100 mM KCl. The gold elec-
trode is connected to the current amplifier (Stanford Research,
amplification 10° V/A), the reference electrode to the function gen-
erator or to ground (Fig. 2). For details of the set-up see also [3,7].

2.1.2. SSM set-up and flow protocol

The cuvette and the entire fluid pathway including solution
containers and valves are mounted in a faraday cage (Figs. 2 and
3). The solution containers (A, NA, R in Figs. 2 and 3) are standard
100 ml polyethylene bottles which are pressurized with com-
pressed nitrogen gas. Pressures of 0.2-1.0 bar were used in the
experiments. The valves are switched using home made valve driv-
ers which are controlled via computer. Solution flow is controlled
via the valves V; (NR225T011), V, (NR360T331) and V;
(NR225T031, all valves from NResearch, West Caldwell, USA). For
fast switching the valves are driven with a voltage of 17 V, which
is slightly larger than the specified value (12 V). Also the current
is recorded by computer. For both purposes an AD/DIO card PCI
6023E (National Instruments, Austin, TX, USA) and SURFE?R soft-
ware (lonGate Biosciences, Frankfurt/Main, Germany) is employed.

Two different solution exchange protocols are generally em-
ployed for the experiments: a single and a double solution ex-
change protocol. In the single solution exchange protocol
(Fig. 2A) two different solutions are sequentially conducted
through the cuvette: the non-activating solution (NA) followed
by the activating solution (A) containing the substrate of the trans-
porter immobilized on the SSM. This produces a substrate concen-
tration jump at the SSM initiating transport and concomitant
charge displacement. Finally the activating solution is again re-
placed by non-activating solution, so that before and in between
experiments, the SSM is incubated with non-activating solution.
Note that V, is a mechanically coupled 3 x 3-way valve. This de-
sign ensures that during the entire experiment both, activating
and non-activating solutions are in motion. Electrical signals are
observed at the concentration jumps taking place at the beginning
(on-signal) and at the end of phase A (off-signal) (Fig. 4). Usually,
only the on-signal (exchange from non-activating to activating
solution) is used for analysis.

The double solution exchange experiment (Fig. 2B) requires an
additional resting solution, which is conducted through the cuvette
after the NA/A/NA solution exchange. Thus, in between experi-
ments the SSM is incubated in resting solution allowing the estab-
lishment and/or maintenance of ion gradients. For example, for a
ligand gated ion channel, the resting solution is free of permeant
ions while the non-activating and the activating solutions contain
the permeant ions. In addition, the activating solution contains the
ligand. Therefore, in the first concentration jump, resting versus
non-activating solution, a concentration gradient of the permeant
ion is established. Subsequently, upon non-activating versus acti-
vating solution exchange, transport is activated by the ligand con-
centration jump. Note that in this solution exchange protocol the
SSM is incubated before and in between experiments with resting
solution to remove the permeant ion from the internal volume of
the proteoliposomes/membrane vesicles.

2.1.3. Commercial instruments

In the meantime commercial instruments for SSM-base electro-
physiology are available which are adapted to the requirements of
industrial drug screening. Initial developments focused on a single-
channel, semi-automated analysis system (SURFE?R One, lonGate
Biosciences, Frankfurt, Germany) with a closed flow cell compara-
ble to the laboratory set-up outlined above. A critical evaluation of
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Fig. 2. Flow configuration valve timing and flow protocol for the single solution exchange (A) and the double solution exchange (B) configuration. The entire fluid pathway is
mounted in a Faraday cage (dashed line). The current is measured with reference to an Ag/AgCl electrode (a) and amplified by a current/voltage converter (I/U). A function
generator (F) is used to measure the electrical properties of the SSM. Valves are controlled and current is recorded by computer (PC). After passing through the cuvette, the
solutions are directed to a waste container (w). The two pressurized containers with non-activating (NA) and activating (A) solutions are connected to the cuvette (c) via 2-
way isolation valves V; and a 3 x 3-way isolation valve V,. Opening of valves V; initiates flow of NA. Subsequently, when V, is switched on A is directed to the cuvette. For
double solution exchange an additional container for the resting solution (R) is added. Resting solution is directed through the cuvette after each experiment via valve Vs.

to /U

Fig. 3. Faraday cage containing valves and cuvette assembly in the single exchange
configuration. Labelling of the components as in Fig. 2.

the application of this instrument for drug screening can be found
in Ref. [10]. The demand for a higher throughput and lower reagent
consumption triggered the development of a product family of
fully automated SURFE’R Workstations. Unlike the semi-auto-
mated system, the Workstations operate in an open configuration
with 96-sensor plates in a standard microtiter plate format
(Fig. 5). A movable fluidic unit, the lonJet, collects solutions for
each measurement and injects them on the sensor surface in indi-
vidual wells of a 96-well plate, thus generating a rapid solution ex-
change. The SURFE?R Workstation 500 performs 400-600
measurements per day. Further parallelization of the technology
has been achieved recently (eight parallel channels, SURFE?R
Workstation 5000) and provides a significantly higher throughput.

2.2. Materials
2.2.1. Lipid solution for formation of the SSM

375 ul of a stock solution of diphytanoyl-phosphatidylcholine
(20 mg/ml in chloroform) together with 25 pl of octadecylamine
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(5 mg/ml in chloroform) is added to a small vial and the solvent
is removed by a gentle stream of nitrogen gas. Then 500 pul of n-
decane are added yielding a lipid solution of 15 mg/ml and 1:60
(w/w) octadecylamine.

2.2.2. Sensor chips

The sensor chips are prepared by a photolithographic lift-off
process on a 4 inch 1 mm thick borofloat glass substrate (Fraunho-
fer Institut fiir Schicht und Oberflichentechnik, Braunschweig,
Germany). The 100 nm thick gold structure on a 10 nm adhesive
layer consists of a 1 mm diameter circular active area which is con-
nected to a contact pad via a thin contact strip (Fig. 1). After cut-
ting, the glass chips (9 x 22 mm) carrying the electrode are
incubated for 6 h in an ethanolic solution of 1 mM octadecanethiol.
For long time storage the sensor chips are kept in nitrogen atmo-
sphere and shielded from light.

2.2.3. Protein preparations

A number of different electrogenic proteins have been tested on
the SSM. These proteins come in many different preparations:
purified and reconstituted into proteoliposomes, in membrane ves-
icles from native tissue, in enriched membrane fragments from na-
tive tissue, recombinantly expressed in bacteria and mammalian
cell lines. Table 1 summarizes the various preparations and pro-
teins. A short compendium of the most common preparations is gi-
ven below.

2.2.4. Membrane fragments and membrane vesicles

Recombinantly expressed protein can be studied in bacteria and
mammalian cell lines. Protein expressing bacterial strains are
grown to an appropriate ODggo (e.g. 1.0), collected by centrifuga-
tion and lysed by three passages through a French press in a DNA-
ase and protease-inhibitor containing buffer (see e.g. [16]). After
ultracentrifugation the resulting pellet contains the membrane
fraction with the target protein, which can be directly adsorbed
to the SSM. Membranes are frozen and stored at —80 °C. Mamma-
lian cells are mostly grown adherently, collected by trypsinization
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Fig. 4. Solution exchange protocols and transient currents during rapid solution
exchange on a SSM using the two flow configurations shown in Fig. 2. (A) NhaA Na*/
H*-exchanger from Helicobacter pylori reconstituted into proteoliposomes. The
negative transient current indicated by the arrow corresponds to the exchange
activity of NhaA initiated by a 100 mM Na* concentration jump. Buffer composition:
100 mM KPi pH 8.5 plus 300 mM KCl in the non-activating (NA) and 200 mM
KCI + 100 mM Nacl in the activating (A) solution. (B) Ligand gated cation channel,
nAChR, in membrane vesicles. The positive transient current indicated by the arrow
corresponds to the carbamylcholine induced Na* influx into the membrane vesicles.
Basic buffer in all solutions: 30 mM Tris(HCl), pH 7.5, 3 mM EDTA, 1 mM EGTA. In
addition, the different solutions contained: 100 mM NaCl in the non-activating
solution (NA), 100 mM NacCl, and 100 pM carbamylcholine in the activating solution
(A) and 100 mM NMGCI in the resting solution (R). Before the experiment the
membrane vesicles were filled with 100 mM NMGCI.

and centrifugation and subsequently disrupted in a Parr Bomb
(Parr Instruments Deutschland GmbH, Frankfurt/Main, Germany).
The membrane fraction is collected by ultracentrifugation and
the plasma membranes are isolated by density gradient centrifuga-
tion (sucrose-gradient: 9-45%, 3 h/100,000g). For long term stor-
age, membranes can be flash frozen in resting buffer with 10%
glycerol and stored at —80 °C for months. These membranes con-
tain membrane fragments and/or membrane vesicles with in gen-
eral unknown orientation (see Section 2.4.4).

2.2.5. Purified and reconstituted proteins

His-tagged proteins are purified from membrane vesicles by
Ni?*-NTA affinity chromatography as described elsewhere
[3,5,6,17]. The reconstitution process is performed in three parts:
liposomes are formed by extrusion from different lipids (we use

routinely total or polar Escherichia coli lipid extract) with a final
concentration of 10 mg/mL of lipid in the reconstitution buffer.
Detergent is added in order to destabilize or dissolve the lipo-
somes. Solubilized protein is added in a defined mass ratio to the
lipid content and incubated for at least 15 min. Removal of the
detergent is accomplished by the addition of polystyrene beads
(Bio-Beads, Bio-Rad, Miinchen, Germany). The amounts and inter-
vals of addition of the bio-beads are adjusted for every different
protein. Typically, incubation overnight and exchange of the bio-
beads afterwards is required to achieve a complete removal of
the detergent (for reconstitution procedures see e.g. [5,6,16,17]).

2.3. Measurement procedure

2.3.1. Mounting of the sensor chip

Before use, the stored sensor chips are regenerated by incuba-
tion for 1 hin a 1 mM octadecanethiol solution in ethanol. The lipid
monolayer is deposited using a painting technique where a small
amount (2 pl) of the lipid solution is applied to the electrode for
the formation of the SSM. Then the sensor chip is mounted into
the cuvette. The monolayer forms spontaneously when the elec-
trode is rinsed with buffer in the cuvette. The planar membrane
has an area of ~0.8 mm?.

The experiments were carried out at room temperature (22 °C).
After the formation of the SSM its capacitance and conductance
were determined until they became constant after a waiting time
of ~90 min. Typical values were 300-500 nF/cm? for the capaci-
tance and 50-100 nS/cm? for the conductance.

2.3.2. Addition of the protein sample

A proteoliposome suspension suitable for the SSM measure-
ment has a typical lipid concentration of ~10 mg/ml and a lipid
to protein ratio of ~5-10 (w/w). Membranes from native tissue
or from bacterial or mammalian cells were prepared at a total pro-
tein concentration of ~2-8 mg/ml. Care was taken that the buffer
osmolarity in the preparations was comparable to that of the mea-
surement buffers. The samples were stored in liquid nitrogen or in
a freezer at —80 °C. Before use, the proteoliposomes were thawed
and briefly sonicated in a bath (three sonication cycles of 10 s with
20 s cooling intervals on ice in between). The natural membranes
were diluted after thawing to a final protein concentration of 1-
2mg/ml and sonicated using a tip sonicator (UP50H, 50 W,
30 kHz, 1 mm sonotrode diameter, intensity 20%, cycle 0.5, Dr.
Hielscher, Teltow, Germany). Then, 30 pl of the suspension was ap-
plied to the SSM using a standard pipette via the exit bore of the
cuvette with the reference electrode assembly removed. The mem-
branes were allowed to adsorb to the SSM for 1 h. Finally, the SSM
was rinsed with non-activating buffer and was ready for the
measurement.

2.3.3. Signal recording

Signals are recorded using a specific solution exchange protocol
as discussed above. The solution flow rate is controlled by adjust-
ing the pressure on the solution containers. Typically the flow rate
was 0.5-2 ml/s. The solution exchange protocols for a representa-
tive single and double exchange experiment and the resulting tran-
sient currents are shown in Fig. 4. In Fig. 4A a transient current
generated by the NhaA Na*/H"-exchanger from Helicobacter pylori
is shown. Transport is initiated by addition of 100 mM Na* in the
activating solution (A). This protein transports 2 H* for 1 Na".
Therefore, upon Na* addition a negative transient current is ob-
served (indicated by an arrow at t ~ 0.5s) corresponding to the
transport of positive charge out of the liposomes. When Na™ is re-
moved (t=1.0s) a current in the opposite direction is observed
representing the inverse process. Only the current upon addition
of the substrate (Na*) is used for the analysis, because the closing
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Fig. 5. SSM sensors for the SURFE?R Workstation 500 are arranged in 12 columns and 8 rows to match the standard microtiter plate format (96 wells). The Ionjet unit is
mounted to an arm moving in X, Y, and Z axes, and it is connected to two syringe pumps. This allows generation of a rapid solution exchange on the electrodes of the
individual wells of the 96-well sensor plate. The SURFE?R Workstation 500. A plate holder on the work surface houses an eight channel current-to-voltage converter and holds
the sensor plate. Together with the movable arm, the IonJet unit carries out all liquid handling steps necessary for the measurements.

Table 1
Protein preparations measured on the SSM

Protein Reference Preparation Orientation
NaK-ATPase pig [7] Enriched membrane fragments from kidney Inside-out
Ca-ATPase rabbit [29] Sarcoplasmatic reticulum vesicles Rightside-out
Nicotinic acetylcholin receptor Torpedo californica [11] Enriched membrane vesicles from electric organ Rightside-out
MelB melibiose permease Escherichia coli [17] Proteoliposomes Inside-out
PutP Na/proline carrier Escherichia coli [3] Proteoliposomes Inside-out
NhaA Na/H-exchanger Escherichia coli [5] Proteoliposomes Rightside-out
Membrane vesicles Inside-out
Glt aspartate transporter® Pyrococcus horicoshii [6] Proteoliposomes Unknown
mEAACT glutamate transporter mouse Heterologous expression CHO cells Predominantly rightside-out
YdgR peptide transporter Escherichia coli [30] Proteoliposomes Rightside-out
hNCX1 Ca/H exchanger Homo sapiens [10] Heterologous expression CHO cells Unknown

2 This putative glutamate transporter [6] has been later identified as an aspartate transporter with low glutamate affinity [31].

behavior of the valves is not well defined and because the proteo-
liposome is charged when removal of the substrate occurs.

A double exchange experiment is shown in Fig. 4B. Typically,
double exchange experiments are applied when ion gradients are
required and transport is initiated by addition of a second sub-
strate or a ligand. The example shown in the figure is the nicotinic
acetylcholine receptor (nAChR) from Torpedo marmorata electric
organ. Here first a Na* gradient is established and then transport
is initiated by addition of the ligand carbamylcholine. The Na* gra-
dient is established when the Na* free resting solution (R), which is
in contact with the SSM before the experiment, is replaced by the
Na* containing non-activating solution (NA). The solution ex-
change produces the biphasic artifact at t ~ 0.5 s. Then the ligand
carbamylcholine is added and channel opening allows the inflow
of cations into the membrane vesicles creating a transient current
(indicated by the arrow). This transient current shows an ECsq for
carbamylcholine of 13 uM and is inhibited by the acetylcholine
receptor specific antagonist o-bungarotoxin with an ICsy of
~1nM [11].

2.3.4. Buffer preparation and solution exchange artifacts

Because of the strong interaction of the solutes with the SSM,
electrical artifacts are generated when solutions of different com-
position are exchanged. It is, therefore, of utmost importance to
keep non-activating and activating solutions as similar as possible.
Small differences in ionic concentration, pH and temperature may
generate transient currents easily of the magnitude of protein in-
duced signals. However, using a few simple guidelines, these arti-
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facts may be minimized. (1) Prepare the basic buffer for the
activating solution and non-activating solution in one batch and
adjust pH. Afterwards the buffer is divided into two volumes and
the activating compound is added. (2) Use an inert compensation
for the activating compound in the non-activating solution to keep
both solutions as similar as possible. For instance, if transport by
the Na*/H" exchanger NhaA is initiated with 100 mM NaCl in the
activating solution, use 100 mM KClI in the non-activating solution
as a compensation. (3) High background salt reduces artifacts. Tak-
ing the same example, NhaA, 200 mM of inert KCI in both solutions
will reduce a possible Na* artifact. Also 10-30 mM MgCl, in the
background can be helpful (For examples of buffer composition
see e.g. legend of Fig. 4). Test always for artifacts. Before the pro-
tein is added, the bare SSM can be used to test the solution ex-
change protocols you are going to use. This gives you an
impression of the magnitude and polarity of the expected artifacts
and of the quality of the prepared solutions. (4) Use preferentially
activating compounds which are well water soluble. Lipophilic and
amphiphilic compounds may generate large artifacts if used in
high concentrations.

2.4. Signal analysis and interpretation

2.4.1. The compound membrane and capacitive coupling

The adsorbed membrane fragments, membrane vesicles or prote-
oliposomes and the underlying planar membrane form a compound
membrane. This system and the respective current detection princi-
ple (called capacitive coupling) merits some special consideration.
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The electrical behavior of the compound membrane can be de-
scribed and analyzed by an equivalent circuit (Fig. 6) [18,19]. Note
that the equivalent circuit and consequently the electrical behavior
of the system is essentially the same whether membrane frag-
ments or membrane vesicles or liposomes are used (see Fig. 6).
The transporter incorporated in the adsorbed membrane is repre-
sented by a current source in the equivalent circuit. It is clear from
the equivalent circuit, that the charge displacement in the trans-
port protein is transmitted to the measuring circuit via the capac-
itance of the planar membrane. The equivalent circuit is
characterized by the so called system time constant which is deter-
mined by the components of the circuit:

_+ G

To =
" Gn+G,

In general, the conductance of the SSM Gy, can be neglected and G,
represents the leak conductance of the liposome or the adsorbed
membrane fragment. Values for 7o determined on black lipid mem-
branes and on SSMs are approximately 100-300 ms [7,18,20].

A qualitative understanding of the electrical signals measured by
capacitive coupling may be obtained from Fig. 6C showing the pump
current I(t) generated by the transporter and the current I(t) mea-
sured on the SSM. The two limiting cases are displayed in the figure.
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Fig. 6. Putative adsorption geometry of membrane vesicles/proteoliposomes (A)
and membrane fragments (B) on the SSM. The SSM consists of the gold layer, the
octadecane monolayer and the lipid monolayer on top. The equivalent circuit
describing the electrical properties of the compound membrane is included. G, and
G are the conductancies of the membrane fragment and of the SSM, G, and G, are
the respective capacitances. (C) Transmission of the pump current of the
transporter through the capacitively coupled system of the compound membrane.
I(t) is the pump current, I(t) is the current measured on the SSM.

(1) The pump current is a transient current with a time constant
much smaller than the system time constant. In this case an addi-
tional negative component of time constant 7o appears in the mea-
sured current but the time constant of Iy(t) is preserved and the
measured amplitude is approximately proportional to that of I(t)
[19]. (2) The pump current is a stationary current. In this case the
measured current is a transient decaying with a time constant
which is smaller than 7o and depends on the stationary current
[18]. Here the amplitude of I(t) is proportional to the stationary cur-
rent I,. Both cases were indeed experimentally observed: for exam-
ple a rapid charge displacement generated by the NaK-ATPase [7]
and stationary turnover of the NhaA Na*/H"-exchanger from E. coli
[5]. But also the mixed case was found for the melibiose permease,
MelB, from E. coli [21], where a rapid electrogenic conformational
transition is followed by stationary transport.

In conclusion, rapid pre-steady-state charge displacements as
well as stationary pump currents may be reliably monitored using
the capacitively coupled system of the SSM if the limitations and
specific properties of the equivalent circuit are kept in mind. A
complete reconstruction of the pump current may be obtained
by numerical processing the measured current on the basis of cir-
cuit analysis [19,20,22].

2.4.2. Charging of the vesicles

In general, the peak value of the measured transient current is
used to quantify the transport activity of the investigated protein.
Ideally, this current should be measured under short circuit condi-
tions. This is not necessarily the case in the capacitively coupled
system because the transport activity of the protein leads to charg-
ing of the membrane. However, the peak current is an initial cur-
rent amplitude recorded just when the substrate reaches the
binding site and transport starts. At this point the membrane has
not yet build up a significant voltage to affect the kinetic properties
of the enzyme. Experimental support for this conclusion comes
from a comparison of proteoliposomes with a lipid to protein ratio
of 500 and 10. Even at extremely high pump densities the kinetic
properties of the transporter were found to be unaltered [5]. There-
fore, the peak current recorded on the SSM is a reliable measure for
the short circuit kinetic properties of the transport protein.

2.4.3. Time resolution

The time resolution of the SSM system is limited by the solution
exchange at the surface of the SSM. Because of unstirred layers a
fast solution exchange is difficult. To measure the rise time of the
substrate concentration advantage is taken of the strong interac-
tion of ions with the lipid headgroups of the SSM [23]. The dis-
placed charge can be used as a relative measure of the time
dependence of the local ion concentration at the surface of the
SSM [23]. Here we have determined the concentration risetime
for the configuration shown in Fig. 2A by performing a 100 mM
NaCl/NaClO4 solution exchange at a flow rate of 1.6 ml/s (Fig. 7).
The generated transient current is numerically integrated and the
displaced charge is fitted using the empirical function shown in
the figure. In this configuration, the concentration rise time is
16 ms. Using a modified flow configuration and a higher flow rate
rise times as low as 2 ms may be obtained [15].

2.4.4. Orientation

An important parameter for the interpretation of the measured
transport activities is the orientation of the protein in the adsorbed
membrane vesicles, membrane fragments or proteoliposomes. In
proteoliposomes the protein may be incorporated at random. But
also native membranes may be randomly adsorbed to the surface
of the SSM. If both populations of transporters are then analyzed
on the SSM, the kinetic properties determined in the experiments
represent an average of the characteristics of both transport direc-
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Fig. 7. Normalized integrated current = translocated charge obtained by a NaCl/
NaClO4 concentration jump at a flow rate of 1.6 ml/s. The charge is fitted using the
equation given in the figure and the concentration rise time 7 is determined.

tions. An oriented adsorption or a side selective activation of the
proteins is, therefore, desired.

Oriented incorporation of proteins in proteoliposomes can be
achieved with special reconstitution procedures because some pro-
teins seem to have a natural tendency for unidirectional incorpora-
tion. Interestingly, rightside-out [5] as well as inside-out
orientation [17,24] in proteoliposomes has been found depending
on the protein and/or the reconstitution technique [25]. But also
natural membranes can be prepared to yield preferentially in-
side-out or rightside-out vesicles [26]. For some transport proteins
side selective activation is possible. For example cytochrome oxi-
dase is reduced by electron donors only from its extracellular side
[27] and NaK-ATPase binds ATP only at its intracellular side [28].
Therefore, even if randomly incorporated in proteoliposomes or
randomly adsorbed to the SSM, only one population of enzymes
is active in these preparations and can be selectively analyzed.

3. Concluding remarks

SSM-based electrophysiology has been proven to be a valuable
complement to the electrophysiological toolbox. In contrast to con-
ventional electrophysiology, the SSM technique avoids complica-
tions involved with the interaction of the transport protein with
intracellular components or, in the case of purified preparations,
other membrane proteins. Its particular value becomes apparent
when membrane proteins from bacteria and intracellular compart-
ments, like the sarcoplasmic reticulum or vesicles from parietal
cells, have to be studied. Because of their small size, these struc-
tures are in general not accessible for standard electrophysiology,
like the two electrode voltage clamp or patch clamp techniques.

The compound membrane is a well suited substrate for the inves-
tigated transport protein providing an aqueous space for the protein
on both sides of the membrane. A further advantage of adsorbing
membrane fragments or proteoliposomes to a planar membrane is
the much simpler and more effective procedure compared to direct
incorporation of the protein, leading to a superior signal to noise ra-
tio and time resolution of the electrical measurement.

SSM-based electrophysiology has been employed for a direct
measurement of charge movements of a variety of electrogenic
transporters. Using the high time resolution of the technique rate
constants of transport steps can be determined and electrogenic
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partial reactions can be identified. Besides its use in basic research,
the rugged SSM sensor combined with robotized instrumentation
contains potential for industrial applications. This is expected to
become a promising platform technology for drug screening and
development [9,10].
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Electrogenic events due to the activity of wild-type lactose per-
mease from Escherichia coli (LacY) were investigated with proteo-
liposomes containing purified LacY adsorbed on a solid-supported
membrane electrode. Downhill sugar/H* symport into the proteo-
liposomes generates transient currents. Studies at different lipid-
to-protein ratios and at different pH values, as well as inactivation
by N-ethylmaleimide, show that the currents are due specifically to
the activity of LacY. From analysis of the currents under different
conditions and comparison with biochemical data, it is suggested
that the predominant electrogenic event in downhill sugar/H*
symport is H* release. In contrast, LacY mutants Glu-325—Ala and
Cys-154— Gly, which bind ligand normally, but are severely defec-
tive with respect to lactose/H* symport, exhibit only a small
electrogenic event on addition of LacY-specific substrates, repre-
senting 6% of the total charge displacement of the wild-type. This
activity is due either to substrate binding per se or to a conforma-
tional transition after substrate binding, and is not due to sugar/H*
symport. We propose that turnover of LacY involves at least 2
electrogenic reactions: (/) a minor electrogenic step that occurs on
sugar binding and is due to a conformational transition in LacY; and
(ii) a major electrogenic step probably due to cytoplasmic release
of H* during downhill sugar/H* symport, which is the limiting step
for this mode of transport.

bioenergetics | membrane proteins | permease
solid-supported membrane | transport

econdary active transporters in the bacterial plasma mem-

brane are of fundamental importance for the cell. To name
only a few functions, they catalyze uptake of nutrients, export of
toxic compounds, translocation of macromolecules, regulation
of cell turgor, and creation of electrochemical ion gradients
important for the function of other membrane proteins. Bacte-
rial homologues of mammalian transporters have also become
important, because they can be conveniently obtained, purified
readily in large amounts, and used for crystallization and struc-
ture determination. One of the best-characterized systems is the
lactose permease from Escherichia coli (LacY), structures of
which have been solved recently at atomic resolution (1-3).
Because of the wealth of biochemical and biophysical data
available for LacY (4-8), it represents an ideal model system for
the investigation of the basic principles and molecular details of
secondary active transport.

Among the many methods for functional characterization,
electrophysiology is arguably the most universal, because it does
not require labeled substrate. Also, it is an extremely sensitive,
highly time-resolved technique that allows direct measurement
of charge movement. Although it has been known for many years
that lactose/H* symport catalyzed by LacY is an electrogenic
reaction (9-11), despite numerous efforts, LacY has so far
resisted all attempts at electrophysiological analysis. Although
the lacY gene is expressed well in frog oocytes and other
eukaryotic cells, LacY remains in the cis-Golgi and the perinu-
clear membrane, and does not target to the plasma membrane
to any extent whatsoever. In this report, we present the successful
electrophysiological study of LacY by using purified, reconsti-
tuted proteoliposomes with solid-supported membrane (SSM)
based electrophysiology (12).
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Results

Downhill Sugar/H* Symport Generates Transient Currents. Proteoli-
posomes containing reconstituted LacY were immobilized on an
SSM-coated gold electrode (the sensor), and charge displace-
ment induced by downhill sugar/H* symport into the proteoli-
posomes was detected by capacitive coupling (13). Transport was
initiated at 1.5 s by a sugar concentration jump using rapid
solution exchange (Fig. 1). Approximately 40 ms later, sugar
reaches the surface of the SSM, and a transient current starts
abruptly. The time course of the signals is characterized by 2
distinct phases: a rapid rise to a maximum followed by a much
slower decay toward the baseline. Because the decay is not
exponential, it was quantified by the decay time from peak to
half-maximal current, 7, which is ~50 ms for all LacY sub-
strates tested.

Because the amount of proteoliposomes adsorbed to an
individual sensor exhibits some variability, only current ampli-
tudes obtained from the same sensor are compared directly. As
shown, the maximal value of the peak current observed after a
50 mM concentration jump of lactose is 950 pA, and the peak
currents generated after 50 mM concentration jumps of lactulose
and melibiose are ~65% and ~50%, respectively, of that re-
corded with lactose. However, addition of 50 mM sucrose (Fig.
1), a sugar that is not a substrate of LacY, has no effect.

Sugar binding and transport catalyzed by LacY are inactivated
by alkylation of Cys-148 primarily (14-16). Consistently, no
electrical transient is observed after treatment with N-
ethylmaleimide (NEM; Fig. S1).

Varying Lipid-to-Protein Ratio (LPR). Electrogenic transport by a
reconstituted protein leads to transient currents in the capaci-
tively coupled system (13, 17). With wild-type LacY, downbhill
sugar/H* symport into the proteoliposomes generates an inside-
positive potential, which acts to decelerate the downhill symport
reaction catalyzed by LacY, leading to transient currents. How-
ever, any conformational transition that displaces charged amino
acyl side chains or reorients electrical dipoles also represents an
electrogenic transition that may contribute to the transient
nature of the currents. Indeed, it has been shown with the
melibiose permease from E. coli (MelB) that melibiose binding
triggers an electrogenic conformational transition that is a major
component of the transient currents observed (18, 19). To
discriminate between downhill sugar/H" symport and electro-
genic conformational transition, experiments were performed
with proteoliposomes reconstituted at different LPR (wt/wt). As
shown by freeze—fracture electron microscopy (Fig. S2.4 and B),
at LPRs of 10 or 5, liposomes with LacY particle densities of
~1,000 and ~4,500 particles per wm?, respectively, are observed.
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<—— 50 mM AlLactose

50 mM ALactulose

0.5 50 mM AMelibiose

| (nA)

50 mM ASucrose

20 25

Time (s)

Fig. 1. Transient currents obtained with wild-type LacY proteoliposomes
after a 50 mM sugar concentration jump at t = 1.5 s. The traces in black, red,
and green correspond to concentration jumps of lactose (50 mM; ALactose),
lactulose (50 mM; ALactulose), melibiose (50 mM; AMelibiose), and sucrose
(50 mM; ASucrose), respectively. The nonactivating solution (50 mM glucose)
and all activating solutions were prepared in 100 mM potassium phosphate at
pH 7.6 plus 1 mM DTT. All traces shown were recorded from 1 sensor.

An electrogenic conformational transition is expected to yield
identical time constants for decay of the transients at different
particle densities. In contrast, charging of the liposomal mem-
brane by downhill sugar/H* symport should lead to decreasing
decay time (lower 712) at increasing protein density (i.e., lower
LPR). As shown in Fig. 2, increased LacY particle density clearly
leads to significantly faster decay. Thus, the transient currents
observed for wild-type LacY represent mainly charging of the
liposome membrane due to downhill sugar/H™ symport activity.

Effect of pH. The shape and magnitude of the transients generated
by downhill lactose/H* symport strongly depends on pH (Fig. 3).
An overall increase in pH from 6.6 to 8.5 causes a 5-fold increase
in the magnitude of the peak current (Fig. 3; Table 1). The decay
time also depends on pH, because 7, decreases from ~103 to
46 to 27 ms, respectively, at pH 6.6, 7.6, and 8.5 (Fig. 3; Table 1).

1,04
10 mM ALactose (pH 7.6)

LPR = 5 (~ 4500 particle/um?)
0,54

I (nA)

LPR =10 (~ 1000 particle/um®)

2,0 2,5

Time (s)

1,5

Fig.2. Transientcurrentsobtained at 2 different LPR (10 and 5). The solution
exchange protocol and the nonactivating solution were as described in Fig. 1,
but the activating solution contained 40 mM glucose plus 10 mM lactose.
Therefore, the difference between the test and nonactivating solutions rep-
resentsa 10 mM lactose concentration jump (10 mM ALactose). Wild-type LacY
proteoliposomes reconstituted at a LPR of 10 (=1,000 particles per um?; Fig.
S2A) or at a LPR of 5 (=~4,500 particles per um? Fig. S2B) were activated with
a 10 mM lactose concentration jump. The decay phase of the transient currents
is decreased almost 5-fold from a 71/, = 53 = 2 ms at an LPR of 5 (black trace)
to a 712 = 260 = 2 ms at an LPR of 10 (gray trace).
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Fig.3. Effect of pH on the transient currents generated after 50 mM lactose
concentration jumps at different pH values. The traces were successively
recorded on the same sensor after equilibration was reached and are, there-
fore, directly comparable. To equilibrate the pH across the proteoliposome
membrane after changing the pH of the solutions, the immobilized proteo-
liposomes are incubated for ~20 min at the new pH. Subsequent lactose
concentration jumps produced constant currents indicating that the pH value
had indeed equilibrated. The nonactivating solution contained 50 mM glu-
cose and the activating solutions 50 mM lactose. Both solutions were prepared
in 100 mM potassium phosphate buffer at pH 8.5 (black trace), 7.6 (gray trace),
or 6.6 (light gray trace) plus 1 mM DTT. (Inset) Dependence of peak currents
on lactose concentration at 3 pH values. The nonactivating solution contained
50 mM glucose, the activating solutions a given concentration of x mM lactose
plus 50 — x mM glucose to maintain a constant sugar concentration. The
solutions were prepared in 100 mM potassium phosphate buffer at a given pH
value plus 1 mM DTT, and the pH was equilibrated across the proteoliposome
membrane. The peak currents recorded at pH 8.5 for each lactose concentra-
tion jump were fitted with a hyperbolic function, and all data obtained with
that sensor (every lactose concentration at the 3 pH values) were expressed as
fraction of maximum value at pH 8.5 (/geak). This normalization procedure
yields datasets that can be directly compared between sensors. For a statistical
analysis, the complete dataset was recorded on 3 different sensors, and the
averaged values and errors (SE) are shown. From the hyperbolic fits, apparent
Ko.5 values with SE were obtained at every pH (Table 1).

This trend is anticipated, because higher electrogenic activity of
the transporter leads to faster charging of the liposome mem-
brane and a concomitant faster current decay (i.e., lower 7y)2)
(17). Therefore, the effect of pH on the amplitude and time
dependence of the transient currents is consistent with the
proposed assignment of the peak currents to the symport activity
of LacY.

Proteoliposomes adsorbed to an SSM surface are stable for
hours without loss of activity, allowing investigation of the effect
of pH on the kinetics of the transient currents induced at
different lactose concentrations (Fig. 3 Inset; Table 1). An
increase in pH from 6.6 to 8.5 generates a 5-fold increase in the
saturating peak current (Fig. 3; Table 1). Indeed, rates of efflux
(i.e., downhill lactose/H" symport in the opposite direction)

Table 1. Kinetic parameters of the transient currents measured
for wild-type LacY

pH Efflux, % Peak current, % T2, MS Ko.5, mM
8.5 100 100 27 + 0.6 6.9 +0.7
7.6 35 55 46 = 2 5.3+ 0.5
6.6 6 19 103 =7 4.3 + 0.8

For comparison the effect of pH on the initial rates of ['4C]lactose efflux is
given (22). The peak currents and the time constants (71/2) refer to the transient
currents after 50 mM lactose concentration jumps. Conditions are as described
in Fig. 3.
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from right-side-out membrane vesicles (20), or proteoliposomes
reconstituted with purified LacY (21, 22), exhibit a similar
dependence on pH (Table 1). The half saturating concentration
increases only slightly with the pH (Fig. 3 Inset; Table 1). At pH
7.6, a Kps of 5.3 = 0.5 mM is obtained, which is close to that of
3.1 £ 0.7 mM determined for downbhill lactose/H™ influx in
proteoliposomes reconstituted with purified LacY (23).

Transient Currents in Mutants. To dissect the overall electrogenic
response, mutants of LacY that bind ligand but do little or no
lactose/H™ symport were used. Mutant E325A is specifically
defective in all steps involving H™ release from LacY but
catalyzes exchange and counterflow at least as well as wild-type
(24,25). E325A LacY was reconstituted into proteoliposomes at
an LPR of 5 and a particle density comparable with that of the
wild-type preparation (=~3,500 particles per wm? Fig. S34).
Concentration jumps of 50 mM lactose, lactulose, or melibiose
produce transient currents with virtually identical kinetics and
negligible differences in magnitude (Fig. 44), which are abol-
ished after treatment with NEM (Fig. S44). However, the
transient currents are ~5-times smaller than those observed for
lactose with wild-type LacY (Table 2), and exhibit mono-
exponential decays (7 =~ 10 ms) followed by a shallow negative
phase (7 =~ 300 ms). Notably, the nonexponential decay of the
wild-type is characterized by 71,5, whereas here the time constant
7 is used. The negative component represents discharge of the
liposome membrane after rapid charge translocation. This phe-
nomenon is common for the capacitively coupled system (13),
and indicates absence of significant steady-state charge transport
across the liposome membrane (i.e., downhill sugar/H* symport
activity).

Mutant C154G binds sugar as well as wild-type and exhibits
extremely low, but significant, transport activities (26-29). Pro-
teoliposomes were prepared at an LPR of 5 and a particle density
of ~3,500 particles per um? (Fig. S3B). Concentration jumps
with 50 mM lactose, lactulose, or melibiose generate transient
currents of comparable magnitude as E325A LacY (compare
Fig. 4 A4 and B), which are also abolished by NEM treatment (Fig.
S4B). In contrast to E325A, the magnitude and kinetics of the
peak currents recorded with C154G LacY depend on the sugar
used (Fig. 4B). Concentration jumps of 50 mM lactose or
lactulose trigger transient currents that decay mono-exponen-
tially, with time constants of ~20 ms. Interestingly, a 50 mM
melibiose concentration jump generates the largest peak current
with a significantly faster exponential decay (7~ 10 ms) followed
by a small negative phase.

From the transient currents measured, the kinetics of the true
transport currents generated by the mutants can be recon-
structed by using an iterative least-squares deconvolution algo-
rithm (Fig. S5 A4 and B). This operation requires a transfer
function for the specific measurements determined as described
(30). The transfer function is the derivative of the substrate
concentration rise at the surface of the SSM, and corresponds to
the time resolution of the measurement (15 ms) (13, 30).
However, significantly faster processes (k < 200 s™1; see Fig. S5)
can be resolved with a least-square deconvolution algorithm
(30). With this deconvolution procedure, the time constants for
the underlying charge displacement are determined. For E325A
LacY, regardless of the sugar used, the transient currents are
indistinguishable from the transfer function, indicating that
charge translocation is too fast to be resolved by the measure-
ments. In this case, we can only estimate a lower limit for the rate
constant (k) of the process as >200 s~! from the iterative
least-squares algorithm (Fig. S54). For C154G LacY, the rate
constants for 50 mM concentration jumps of lactose or lactulose
are 53 = 5s7lor 72 = 5 s, respectively, but the k for a 50 mM
concentration jump of melibiose is too rapid for accurate
measurement (k > 200 s™1).
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Fig. 4. Transient currents obtained with LacY mutants. The solution ex-

change protocol and composition of the solutions was the same as described
for Fig. 1. The baseline is represented in blue. (A) E325A LacY was reconsti-
tuted into liposomes, and activated with 50 mM concentration jumps of
lactose (50 mM; AlLactose), lactulose (50 mM; AlLactulose), or melibiose (50
mM; AMelibiose) at pH 7.6. All traces exhibit virtually identical kinetics and
only small differences in magnitude with an exponential decay toward the
baseline (7 =~ 10 ms) followed by a negative phase (r =~ 300 ms). (B) Transient
currents obtained with C154G LacY proteoliposomes after 50 mM sugar
concentration jumpsat pH 7.6. The transient currents corresponding to 50 mM
ALlactose or 50 mM AlLactulose decay mono-exponentially toward the base-
line, with time constants of ~20 ms, whereas the transients observed with 50
mM AMelibiose exhibit the largest peak current and a significantly faster
exponential decay (t = 10 ms) followed by a small negative phase.

Discussion

Wild-Type LacY. Reconstitution of LacY using the procedure
described previously (21, 31, 32) results in proteoliposomes with
~85% of the LacY molecules in the right-side-out orientation
(i.e., with the periplasmic side facing the exterior of the proteo-
liposomes) (33). Therefore, application of a substrate concen-
tration jump corresponds to substrate transport in the physio-
logical direction. All transported sugars trigger positive transient
currents, in agreement with the displacement of positive charge
(H") into the proteoliposomes, as a result of downhill sugar/H™*
symport. Of all sugars tested, lactose generates the largest
transient current, consistent with it being the most efficiently
transported substrate. The currents depend on pH and substrate
concentration, and are blocked by alkylation with NEM. Also,
good correlation is observed between kinetic parameters deter-
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Table 2. Characteristics of LacY wild-type and mutant
preparations

Wild-type C154G E325A
Characteristic LacY LacY LacY
Particles per um? ~4,500 ~3,500 ~3,500
Peak current, pA 960 + 190 102 = 67 211 =50
Q, pC 96 + 19 5+2 44 +04

The number of particles per um? was estimated from freeze-fracture
images (Fig. S2 and Fig. S3). The peak currents refer to the transients after 50
mM lactose concentration jumps at pH 7.6. Conditions are as described in Figs.
1 and 4. The total translocated charge (Q) is obtained from numerical inte-
gration of the currents. Charge translocation per turnover of the wild-type
was estimated by using the current of 960 pA and an estimated turnover rate
of 10s~.

mined in our electrophysiological measurements and the values
previously obtained from downhill sugar/H* symport in proteo-
liposomes (23). All these observations strongly support the
contention that the transient currents reflect specifically the
electrogenic activity of LacY.

Because the decay time constant of the currents strongly
depends on the number of transporters incorporated into the
proteoliposomes, and decreases at high transport activity, it is
concluded that this phase reflects charging of the liposomes as
a result of downhill lactose/H* symport. A comparable depen-
dence of the decay time constant on the electrogenic transport
activity of bacteriorhodopsin was described for purple mem-
brane adsorbed to a planar lipid bilayer (17). Likewise, increas-
ing the amount of reconstituted Na*/H* exchanger in proteo-
liposomes adsorbed to the SSM resulted in a faster decay of the
transient currents (34). In both cases the measured peak currents
have been attributed to the continuous transport activity of the
corresponding transporter, and the same applies to LacY.

It is interesting to compare the LacY currents with those
observed with MelB, at similar time resolutions. With MelB,
biphasic current patterns are observed decaying with time
constants of 7, ~ 17 ms and 7, ~ 380 ms (18). The fast phase 7
is due to an electrogenic conformational transition triggered by
melibiose binding, whereas the slow phase 7, is related to
downhill sugar/Na* symport activity of MelB. With LacY, a fast
initial current phase is not observed. This deficiency is especially
apparent in the current recorded at low transporter density,
which decays slowly with a 71, = 260 = 2 ms (Fig. 2). Such
behavior can only be explained if the initial electrogenic reac-
tions are slow or if charge translocation occurs late in the LacY
reaction cycle. As discussed below, sugar binding occurs with a
rate constant of >50 s, ruling out a slow initial step. Although
this argument is strictly valid for the mutants only, the fact that
the mutants are fully capable of sugar binding indicates that the
same rate constants apply also to the wild-type. Together, the
data indicate that the major electrogenic step in wild-type LacY
occurs late in the reaction cycle.

LacY Mutants. The transient currents of the mutants E325A and
C154G differ drastically from the response of the wild-type. They
are 5-10 times smaller (Table 2) and considerably faster than the
transients observed with wild-type LacY. Smaller transient
currents could be interpreted as residual downbhill sugar/H*
symport with reduced turnover in E325A and C154G. However,
this residual symport would lead not only to smaller current
amplitude, but also to slower decay (17). A good example for this
behavior is the transient currents observed with wild-type LacY
at pH 6.6, which are ~5 times smaller, and decay 5 times slower
than at pH 8.5 (Table 1; Fig. 3). In contrast, the transient currents
observed with both mutants at pH 7.5 decay even faster than the
transients observed with the wild-type at maximal activity (pH
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8.5). This observation indicates that the currents observed with
E325A and C154G LacY are not generated by sugar/H* sym-
port, but rather represent sugar binding induced electrogenic
conformational transitions.

A comparison between mutants and wild-type (Table 2) must
take into account the amount of reconstituted protein in the
membrane of the adsorbed proteoliposomes on the sensor.
Freeze fracture electron microscopy shows a comparable trans-
porter density for both mutants and the wild-type. The inte-
grated charge of C154G and E325A LacY of =5 pC (Table 2)
represents the charge translocated in a single turnover by all
transporters on the SSM electrode. By comparison, the trans-
located charge per turnover of wild-type LacY is much larger;
~96 pC (Table 2). By taking into account the somewhat different
particle density of wild-type and mutant proteoliposomes, it is
concluded that substrate binding to the mutants induces a charge
displacement corresponding to the transport of the equivalent of
only ~6% of an elementary charge across the membrane.

Although smaller, these transient currents can be used to esti-
mate binding rate constants for the different sugars and mutants.
They range between 50 and >200 s~!, and depend on the nature
of substrate and mutant. Recent stopped-flow experiments
reveal that the binding of p-nitrophenyl «,D-galactopyranoside
(a-NPG) to C154G/V331C LacY in detergent micelles is a 2-step
process: a binding step followed by a slower conformational
change with a rate constant of 238 s~! detected with fluorescent-
labeled protein (35). Clearly, sugar binding triggers a confor-
mational change with a rate constant similar to that observed in
the electrophysiological experiments, which may be responsible
for the charge translocation observed. Unfortunately, a direct
comparison of rate constants is not possible because of the
strong interaction of a-NPG with the membrane that generates
large electrical artifacts.

Electrogenic Steps in the LacY Reaction Cycle. Combining the results
obtained with wild-type LacY and the mutants, there is clear
evidence for a major electrogenic step late in the reaction cycle,
and a rapid electrogenic reaction during or immediately after
sugar binding with relatively low electrogenicity (6% of an
elementary charge). It seems unlikely that the latter is a unique
property of the E325A and C154G mutants. Most probably, this
electrogenic event also takes place in the wild-type, but is
completely masked by the 20-fold greater charge transport
activity of the wild-type, and is only observed under conditions
where sugar/H* symport is blocked, as in the mutant proteins.

Based on previous observations on the kinetics of LacY (20,
22, 36, 37), and on these electrophysiological findings, we
propose that the main electrogenic step corresponds to depro-
tonation of wild-type LacY in the inward-facing conformation.
In this context, it is notable that: (i) structural, biochemical, and
biophysical data strongly support the contention that wild-type
and C154G LacY are predominantly in an inward-facing con-
formation (1, 2, 5-8); (i) the rate of efflux from proteoliposomes
reconstituted with purified LacY is strongly influenced by the
voltage across the membrane, whereas exchange is completely
voltage independent (21); thus, the main electrogenic step is
related to protonation/deprotonation of LacY in either the
inward- or outward-facing conformations or the return of the
empty carrier; and (iii) the shape of the transient currents
indicates that the main electrogenic step in wild-type LacY
occurs late in the reaction cycle (see above). Considering these
points, it is likely that the inward-facing deprotonated trans-
porter is the initial state, and that deprotonation corresponds to
the main electrogenic step of the transport cycle. Following this
argument, the main electrogenic step would take place at the end
of the transport cycle, in agreement with the conclusions ob-
tained from the analysis of the transient currents. Because
downhill lactose/H™" symport is specifically inhibited 3- to 4-fold
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in deuterium oxide, deprotonation is probably not only the main
electrogenic step, but is also rate limiting (22).

With C154G Lacy, all transport reactions, including equilib-
rium lactose exchange, are almost abolished (16, 38), indicating
that the substrate translocation step is blocked. In the absence of
substrate, this mutant is in an inward-facing conformation, and
paralyzed in an open conformation on the periplasmic side, but
able to close on the cytoplasmic side on lactose binding (6-8, 39).
E325A LacY exhibits no active transport whatsoever; however,
in contrast to C154G LacY, mutant E325A catalyzes exchange
and counterflow at least as well as wild-type LacY, indicating
that this mutant is permanently protonated (i.e., H™ dissociation
is blocked in E325A LacY but binding is normal) (24, 25, 28). In
both mutants, a rapid but weakly electrogenic reaction with
similar magnitude and kinetic properties is seen, which agrees
with our notion that periplasmic H* binding is not responsible
for the charge translocation observed, and that the rapid initial
charge displacement of minor electrogenicity is associated with
sugar binding. Possibly, the rapid conformational transition after
sugar binding (35) leads to rearrangement of charged residues
within LacY (3, 40), which may account for this phenomenon.

Materials and Methods

Construction of Mutants and LacY Purification. Construction of mutants
and purification of the His-tagged proteins were carried out as described (7).
Purified proteins (10-15 mg/mL) in 50 mM NaPi/0.02% n-dodecyl-beta-p-
maltoside (pH 7.5) were frozen in liquid nitrogen and stored at —80 °C until use.

Reconstitution of Proteoliposomes. Reconstitution of purified wild-type or the
E325A and C154G mutants was carried out with E. coli phospholipids (Avanti
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Polar Lipids) by using dodecyl maltoside/octyl glucoside dilution, followed by
1 cycle of freeze-thaw/sonication (41, 42). Purified wild-type LacY and lipo-
somes were mixed at an LPR of 10 or 5 (wt/wt), as indicated. Mutant E325A or
C154G was reconstituted at an LPR of 5. Before use, the samples were thawed
on ice and gently sonicated for 2-5 s. Reconstitution was verified in all cases
by freeze—fracture electron microscopy.

SSM Measurements. SSM measurements were performed as described previ-
ously (18, 30, 43). Briefly, 40 uL of proteoliposomes at a protein concentration
of 1 mg/mL was allowed to adsorb for 1 h to an octadecanethiol/
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to 300-1,000 Hz.
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