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Transmembrane stretch M, from the bacterial K*-translo-
cating protein KtrB is unusually long. In its middle part, termed
M,,, it contains several small and polar amino acids. This
region is flanked by the two a-helices M,; and M,; and may
form a flexible gate at the cytoplasmic side of the membrane
controlling K™ translocation. In this study, we provide experi-
mental evidence for this notion by using continuous wave and
pulse EPR measurements of single and double spin-labeled cys-
teine variants of KtrB. Most of the spin-labeled residues in M,
were shown to be immobile, pointing to a compact structure.
However, the high polarity revealed for the microenvironment
of residue positions 317, 318, and 327 indicated the existence of
a water-accessible cavity. Upon the addition of K* ions, M,c,
residue Thr-318R1 (R1 indicates the bound spin label) moved
with respect to M, residue Asp-222R1 and M, residue Val-
331R1 but not with respect to M, residue Met-311R1. Based
on distances determined between spin-labeled residues of dou-
ble-labeled variants of KtrB in the presence and absence of K*
ions, structural models of the open and closed conformations
were developed.

Proteins of the superfamily of potassium transporters
(termed SKT proteins) occur in all organisms except most ani-
mals and are involved in the uptake of K* and in some cases
Na™ by the cells (1-3). They are of high importance because the
monovalent cations Na™ and K™ play a major role in pH homeo-
stasis and osmoregulation of the cells (4-7). SKT proteins
contain a 4-fold repeated M, PM, domain, in which M, and M,
represent transmembrane stretches and P represents a p-loop
that folds back from the external medium to the middle of the
membrane. They are believed to have evolved from simple
KcsA-like potassium channels by multiple gene duplications
and gene fusions (1, 8-10). The four domains M; P, M, to
M, pPpM, 1, are covalently linked via cytoplasmic loops to one
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subunit, which differs from the homotetrameric KcsA channel
composed of four identical M;PM, subunits. The four p-loops
are supposed to form together the narrowest part of the K*
permeation pathway and function asa K™ selectivity filter (1-3,
11). In most SKT proteins, one conserved glycine residue
within each p-loop is part of this filter (3, 12—15). Its composi-
tion is less complex than in potassium channels, where the filter
is formed by the well conserved sequence TVGYG from each
subunit (16). Sequence alignment studies have shown that
major parts of the four M;PM, domains of the different SKT
proteins are similar to those of KcsA (11). However, in partic-
ular their transmembrane stretches M, - and M, , are different.
These deviations in SKT proteins are thought to distinguish a
cation transporter from a cation channel by either hindering
the free diffusion of ions down their electrochemical gradient
or by enabling the active transport of ions against this gradient.
Positively charged residues in M,, of different SKT proteins
have been shown to be essential for cation transport activity
(17). Kato et al. (17) proposed that one or more salt bridges are
formed between these residues and negatively charged residues
in the pore region, which might reduce electrostatic repulsion
during cation permeation and stabilize the transporter struc-
ture. Less is known about the function of the deviating region
M, . With about 30 residues, it is unusually long, and in the
middle it contains a cluster of small and polar residues like
alanine, glycine, serine, and threonine. This feature is con-
served among the prokaryotic SKT protein families KtrB,
TrkH, and KdpA (1, 2, 11). Only these three families require for
activity at least one additional subunit, which leads to the
hypothesis that an interaction of the additional subunit with the
M, region might control the transporter activity (11).

KtrAB is a sodium-dependent bacterial K" -uptake system
with KtrB as the potassium-translocating subunit and KtrA as
the regulatory subunit (3, 12, 18 -21). KtrA is located on the
cytoplasmic site of the membrane and is a member of the KTN/
RCK protein family (4, 22). It is proposed to regulate K* trans-
port by binding of ATP (23, 24). It confers velocity, K* selectiv-
ity, and Na™ dependence to the transporter (3). The SKT
protein KtrB alone transports K™ slowly and independently of
sodium ions. In addition, it transports Na* with a relatively low
affinity (3). The structure of KtrB has been modeled according
to the crystal structure of KcsA (11). Most parts were compa-
rable with KcsA but especially the C termini of M, and M,,
deviated. Cross-linking studies support the notion that the
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external half of KtrB is similar to that of KcsA but also show that
its cytoplasmic half is different (25). A problem in the modeling
of KtrB was the structure of transmembrane stretch M,.
Durell and Guy (11) divided this region into three parts, M, to
M, 5. Although M, -, and M,, are likely to form «-helices,
M, -, with its above mentioned residues alanine, glycine, serine,
and threonine may form a random coil or B-turn structure. The
authors (11) proposed two possible models. In the first, M,;
and M, span the membrane as a-helices, and M, , forms a
flexible linker inside the cavity just below the selectivity filter. In
model 2, M,-; and M,, span the membrane, with the latter
in a coiled conformation, whereas according to its partial
amphipathic character, M,; lies on the inner surface of the
membrane. In both models, a salt bridge is proposed to be pres-
ent between a highly conserved lysine residue in M,, (residue
Lys-325 in VaKtrB)* and a not universally conserved aspartate
residue at the C terminus of M, (residue Asp-222 in VaKtrB).

In a recent mutation study, we showed the functional impor-
tance of the M, , region from VaKtrB for the transport mech-
anism (26). Point and deletion mutations led to an increased K*
transport velocity, whereas the affinity was mostly unaffected.
The presence of KtrA did not suppress this gain of function
effect. Deletions in M,, diminished the binding of KtrA to
KtrB, supporting the notion that this region is important for the
interaction of the translocating subunit KtrB with the regula-
tory subunit KtrA. PhoA fusion studies showed that M, -, pos-
sesses a flexible structure (26). Together, these results led us to
propose that region M, -, forms a flexible gate at the cytoplas-
mic side of KtrB controlling K™ translocation. In this study, we
present evidence in support of this notion. We investigated K™ -
dependent dynamic and structural properties of the M, region
of VaKtrB by electron paramagnetic resonance (EPR), using the
technique of site-directed spin labeling of single and double
cysteine VaKtrB variants. The data allowed us to test and reject
the two Durell and Guy (11) models. We propose two new mod-
els, one for the open state of KtrB in the presence of K™ ions and
one for its closed state in the absence of K. Both from EPR
measurements and from K" transport studies with VaKtrB
variants in which residues Asp-222 and Lys-325 were replaced,
we conclude that these two residues do not form a salt bridge.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Growth Conditions—The strain
and plasmids used in this study are listed in supplemen-
tal Table 1. Plasmids containing point mutations in VaktrB
codons were generated from plasmid pEL903-100 by PCR using
the QuikChange mutagenesis kit from Stratagene (La Jolla,
CA). Cells of Escherichia coli LB2003 (27) containing plasmid
pEL903-100 or its derivates were grown aerobically in medium
K3 or K30 (3, 28) with 0.2% glycerol as a carbon source. The
expression of ktrB was induced by the presence of 0.02% L-arab-
inose. The cells were harvested either in the late exponential
growth phase (for protein purification) or at an OD,,4 of 0.8
(for transport assays).

*The abbreviations used are: VaKtrB, KtrB from Vibrio alginolyticus; DDM, B-D-
dodecylmaltoside; cw, continuous wave; mT, millitesla(s); DEER, double
electron electron resonance.
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Overproduction, Purification, and Spin Labeling of KtrB-His,
Variants—Cells of strain LB2003 containing plasmid pEL903
or one of its derivates were fermented in 30 liters of K3 or K30
(29) medium at 37 °C in the presence of 0.2% glycerol (v/v) and
0.02% L-arabinose (w/v) up to an ODg,, of 1.0-1.5. The cells
were broken, and the protein was solubilized with 8-p-dodecyl-
maltoside (DDM) as described previously (26). The superna-
tant was incubated at a concentration of 150 mg of protein/ml
of packed Ni*"-NTA-agarose (Qiagen, Hilden, Germany) in
the presence of 10 mm imidazole in a 50-ml polypropylene col-
umn for 1 h. Subsequently, the agarose was washed with 30
volumes of buffer W, containing 200 mm NaCl, 20 mm Tris-Cl,
pH 8, 5 mm B-mercaptoethanol, 10% glycerol (w/v), 0.04%
DDM (w/v) plus 50 mm imidazole. To remove the 3-mercapto-
ethanol, the agarose was washed with 15 volumes of degassed
buffer W without B-mercaptoethanol plus 50 mM imidazole.
The spin label (1-oxyl-2,2,5,5-tetramethlpyrroline-3-methyl)-
methanethiosulfonate (TRC, Toronto, Canada), dissolved at a
concentration of 1 mM in the same buffer, was added to the
Ni>"-NTA bed in order to react overnight at 4 °C with the cys-
teine residues. Subsequently, free spin label was washed out
with 30 volumes of buffer W without B-mercaptoethanol plus
50 mm imidazole. His-tagged, spin-labeled protein was eluted
with 3 volumes of buffer W without 8-mercaptoethanol con-
taining 500 mM imidazole. The protein-containing samples
were pooled and concentrated in a spin concentrator (Amicon
Ultra-15, PLHK Ultracel-PL membrane, 100 kDa; Millipore,
Billerica, MA) to 0.5 ml. The concentrates were further purified
using size exclusion chromatography on a Superdex 200 10/300
column (flow rate 0.5 ml/min) in buffer W without 3-mercap-
toethanol. Small samples of the different fractions were diluted
with an equal volume of twice concentrated sample buffer, con-
taining 4% SDS (w/v), 12% glycerol (v/v), 50 mm Tris-Cl (pH
6,8), 2% B-mercaptoethanol (v/v), and 0.01% Serva Blue G
(w/v). The proteins in these samples were separated by SDS-
PAGE (29) and stained with Coomassie Brilliant Blue.

Reconstitution into Liposomes—For the reconstitution of
purified, spin-labeled proteins, liposomes were prepared from
acetone/ether-washed E. coli lipids (Avanti total lipid extract)
and egg yolk L-a-phosphatidylcholine (Sigma) in a ratio of 3:1
(w/w) (30). Unilamellar, small vesicles with relatively homoge-
nous size were prepared by suspending lipids at 20 mg/ml of 50
mM potassium-phosphate buffer, pH 7.0, and sonicating the
suspension under a stream of nitrogen until transparency with
a Branson 250 Sonifier II Cell Disruptor. The liposomes were
then subjected to three cycles of freezing in liquid nitrogen,
slow thawing at room temperature, and extrusion through a
400-nm polycarbonate filter (Avestin) (31). Subsequently, the
liposomes were diluted with buffer W without DDM and -
mercaptoethanol to 4 mg/ml and titrated with Triton X-100
(Sigma) to a value just below “detergent saturation” point, as
monitored by the turbidity of the suspension at 540 nm (32, 33).
The detergent-destabilized liposomes were mixed with puri-
fied, spin-labeled protein in a 1:30 ratio (w/w) and incubated for
30 min at room temperature under gentle agitation. In order to
remove the detergent, polystyrene beads (Biobeads SM2) were
added at a wet weight of 40 mg/ml, and the sample was incu-
bated for 15 min at room temperature. Fresh Biobeads SM2 (40
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mg/ml) were added four times with incubations at 4 °C of 15
min, 30 min, overnight, and 1 h, respectively. The beads were
removed, and the mixture was diluted at least 2.5-fold with the
appropriate buffer in order to decrease the glycerol concentra-
tion below 4%. After collecting the proteoliposomes by ultra-
centrifugation, they were washed twice with the same buffer.
Finally, the proteoliposomes were dissolved to 20 mg/ml and
three times frozen and thawed before further use. For EPR
measurements of single spin-labeled mutants, buffer W with-
out B-mercaptoethanol, glycerol, and DDM was used. In order
to determine distances between two spin-labeled residues by
EPR, the proteoliposomes were dissolved in buffer containing
200 mM triethanolamine Hepes, pH 7.5. After the EPR spec-
trum was taken, 0.1 mm KCI was added to the samples directly
before the second EPR measurement.

EPR Measurements—Room temperature continuous wave
(cw) EPR spectra at X-band were recorded using a Magnettech
Miniscope MS200 X-band (~9.4 GHz) spectrometer equipped
with a rectangular TE102 resonator. A sample volume of 10 ul
was loaded into glass capillaries with a 0.9-mm inner diameter.
The microwave power was set to 10 milliwatts, and the B-field
modulation amplitude was adjusted to 0.15 mT in order to
avoid saturation and to obtain high signal-to-noise ratio EPR
spectra.

For interspin distance determination in the range of 1-2
nm, low temperature cw EPR spectra at X-band (~9.4 GHz)
and 160 K were recorded using a homemade EPR spectro-
meter equipped with a super high sensitivity probe head
(Bruker). Temperature stabilization was achieved by a con-
tinuous flow helium cryostat (ESR 900, Oxford Instruments)
in combination with a temperature controller (ITC 503S,
Oxford Instruments). The microwave power was adjusted to
0.2 milliwatt, and the B-field modulation amplitude was
adjusted to 0.25 mT, whereas the magnetic field was measured
by a B-NM 12 B-field meter (Bruker). Sample volumes of
30-40 ul were loaded into EPR quartz capillaries for cw EPR
measurements and frozen in liquid nitrogen before insertion
into the resonator.

Pulse EPR experiments (DEER) were performed at X-band
(~9.4 GHz) and 50 K using a Bruker Elexsys 580 spectrometer
in order to determine interspin distances in the range of 2—6
nm. The spectrometer was equipped with a 3-mm split ring
resonator (ER 4118X-MS3, Bruker) and a continuous flow
helium cryostat (ESR900, Oxford Instruments) controlled by a
temperature controller (ITC 503S, Oxford Instruments). All
measurements were performed using the four-pulse DEER
sequence (34), 7/2(Vyps) - Ty = T(Uge) = ' = T (Vpump) — (11 +
T, — t') — m(y,,,) - T, — echo.

A two-step phase cycling (+{x), —(x)) was performed on
7/2(v,,s), whereas for all pulses at the observer frequency, the
(x) channels were applied. The dipolar evolution time is given
by ¢t =t — 7,, whereas time ¢’ is varied, and 7, and 7, are kept
constant. Data were analyzed only for £ > 0 with DeerAnalysis
2006 (35, 36). The resonator was overcoupled to Q ~100; the
pump frequency v,,,,, was set to the center of the resonator
dip, which coincided with the maximum of the nitroxide EPR
spectrum. The observer frequency v, was set to the low field
local maximum of the absorption spectrum, which resulted in a

28212 JOURNAL OF BIOLOGICAL CHEMISTRY

65 MHz offset. All experiments were realized with observer
pulse lengths of 16 ns for 7/2 and 32 ns for 7 pulses and a pump
pulse length of 12 ns. Deuterium modulation was averaged by
adding traces at eight different 7, values, starting at 7, , = 200
ns and incrementing by A7, = 8 ns. For all DEER measure-
ments, 30—40 ul of the sample solution was filled into EPR
quartz capillaries and frozen in liquid nitrogen before insertion
into the resonator.

Analysis of Dipolar Broadened cw EPR Spectra— Analysis of
dipolar broadened cw EPR spectra detected at low temperature
reveals the average interspin distance in the range of 1-2 nm.
For this purpose, simulated dipolar broadened EPR spectra
were fitted to the experimental ones using the program DipFit
(37), and best fit parameters for the interspin distance and dis-
tance distribution considering a Gaussian distribution of inter-
spin distances were determined. During the fitting procedure,
the g tensor values, the A,, and A, values of the hyperfine
tensor, and the Lorentzian and Gaussian line width parameters
were fixed. In detail, A, and A, were set to 0.52 and 0.45 mT,
respectively, and the g tensor values were set to g, = 2.0085,
8,, = 2.0063, g, = 2.0023. The A_, value of the hyperfine tensor
and the fraction of singly spin-labeled protein were variable.
The EPR spectra were convoluted with a field-independent line
shape function composed of a superposition of 28% Lorentzian
and 72% Gaussian of 0.50 and 0.41 mT widths, respectively. The
fraction of the singly spin-labeled component of the present
samples was determined to be in the range of 30 —50%.

Analysis of DEER Spectra—The analysis of the experimental
DEER spectra yields information about interspin distances and
distance distributions if the distances are in the range of 2—6
nm. Separation of the intermolecular background contribution
from the intramolecular contribution elucidates interspin dis-
tances within one nanoscopic object. The experimental echo
decay was background-corrected using a homogeneous three-
dimensional spin distribution followed by normalization of the
function. Interspin distances and distance distributions were
derived by fitting the background-corrected dipolar evolution
function using Tikhonov regularization as implemented in
DEERAnalysis2006 (35, 36).

Rotamer Library Analysis—Interspin distances and distance
distributions were simulated using a precalculated rotamer
library based on spin-labeled residues as described before (38).
The rotamer library comprises 98 rotamers of (1-oxyl-2,2,5,5-
tetramethlpyrroline-3-methyl)-methanethiosulfonate bound
to cysteine, which replace the individual native residues of
interest. The energy and thereby the population for each of the
rotamers was calculated in consideration of a Lennard-Jones
potential at 175 K, which is equivalent to the glass transition
temperature for a water-glycerol mixture. The glass transition
temperature most likely reflects the ensemble of spin label con-
formations obtained at 50 K. Finally, the populations for the
respective rotamer were then used as weights in the simulation
of the interspin distance and distance distribution.

86Rb Uptake into Proteoliposomes—The uptake of **Rb™ by
proteoliposomes was determined in principle as described (39,
40). Briefly, proteoliposomes preloaded with loading buffer
(400 mMm KCl, 10 mm Hepes, and 5 mm N-methyl-p-gluca-
mine, pH 7.6) were extruded through a 400-nm polycarbo-
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nate filter (Avestin) and diluted with the same buffer to 10
mg/ml. Subsequently, the extraproteosomal buffer was
exchanged against uptake buffer containing 400 mm sorbitol,
10 mm Hepes, and 5 mm N-methyl-p-glucamine, pH 7.6, by
spinning 80 ul of the proteoliposomes through a spin desalting
column preincubated with uptake buffer (Zeba Spin Desalting
Columns, molecular weight cut-off 7000, 0.5 ml; Pierce).
Directly afterward, 50 ul of the suspension were diluted with
150 pl of uptake buffer and preincubated for 5 min at room
temperature. Uptake was started by the addition of 2.3 uCi/ml
86Rb™ (PerkinElmer Life Sciences). Samples were taken at dif-
ferent time points by diluting 40 ul of the suspension with 2 ml
of an ice-cold 0.1 m LiCl solution and immediate filtering
through a 200-nm cellulose nitrate filter (Millipore). The filter
was washed twice with 2 ml of ice-cold 0.1 m LiCl and put into 3
ml of liquid scintillation fluid in a 5-ml counting vial. Radioac-
tivity was determined in a liquid scintillation counter. In paral-
lel, the proteoliposomes remaining after the external buffer
exchange step were used to determine the maximally possible
86Rb™ uptake (100% value). To this end, 16 pM valinomycin was
added to the suspension, and ®**Rb ™" uptake was determined as
described above. In addition, uptake experiments were per-
formed with equally treated liposomes without KtrB protein as
a negative control.

Other Methods—Protein concentrations were determined
according to Ref. 41 or by measuring the A4, and by using the
KtrB-specific molar extinction coefficient € calculated from its
amino acid composition. A cell suspension with an OD value
of 1.0 was taken to contain 0.3 mg, dry weight/ml (42). Deple-
tion of the cells from K* and net K* uptake by K*-depleted
LB2003 cells were carried out as described in (3). The kinetics of
K™ uptake were determined by the Eadie-Hofstee method (43).

RESULTS

Sample Preparation and Purification of KtrB-His, Variants
to Perform EPR Measurements—From our previous studies, we
concluded that region M,, with its small and polar amino
acids is involved in the K* transport process by forming a gate
inside the pore region of KtrB controlling the passage of K™
through the protein. In order to obtain more information about
the structure of the M,, region, we inserted single cysteine
residues into Cys-less VaKtrB-His,. These variants were over-
produced in an active form in E. coli LB2003 by growing the
cells at low K* concentrations (26). Subsequently, cw EPR
measurements on purified, spin-labeled, and reconstituted
KtrB variants were conducted. The activity of the unlabeled
variants was analyzed in whole cell transport experiments by
measuring net K™ uptake by K*-depleted LB2003 cells. Most
of these variants were analyzed in the previous study, where
several were found to be inactive or their overproduction
was strongly inhibited (i.e. KtrBgz;4cr KtrBgsiecr KtrBgsn; o
KtrBgz00cr KtrBgsascer and KtrBi,sc (26)). Other variants like
KtrB 5,50 KtrBissuc, and KtrBy 554 aggregated during over-
production or purification (data not shown). Thus, only a few
amino acid residues mutated to cysteines remained for the
analysis of region M, -, (i.e. S317C, T318C, T320C, K325C, and
$327C). In addition, we examined the following variants with
single cysteine exchanges: D222C (which forms presumably a
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FIGURE 1. Schematic representation of the regions M,g and M, with
spin-labeled positions. A schematic illustration of how the residues could
be located in the protein is depicted. Spin-labeled positions are highlighted
by the KtrB residue numbers within black ellipses.

salt bridge with residue Lys-325); Cys-90 (the natural single
residue in VaKtrB); T300C (presumably at the N terminus
of M,,); M211C (an M, residue); V331C, F339C, and L340C
(all M, residues); and R343C (presumably at the C terminus
of M,). Finally, we constructed double cysteine variants in
order to measure distances between the two spin-labeled resi-
dues (i.e. D222C/T318C, D222C/S327C, M311C/T318C, T318C/
V331C, and T327C/V331C). A schematic illustration of the
regions M,; and M, with the spin-labeled positions is repre-
sented in Fig. 1. The K™ uptake activity of most of these variants
was examined in E. coli LB2003 as described (3). The results
exhibited equal affinities and similar or slightly increased V, .
values compared with His-tagged KtrB or its Cys-less KtrB
derivative (26) (data not shown).

The SDS-PAGE of Fig. 24 documents exemplarily the solu-
bilization and purification of KtrB.;, 4. Proteins were solubi-
lized effectively from the cytoplasmic membrane with 1% (w/v)
of the detergent DDM (Fig. 24, lanes I and 2). From the Ni**-
NTA affinity chromatography with its washing and labeling
steps (Fig. 14, lane 4), a relatively pure KtrB,,_5;5r1-Hiss prep-
aration resulted (Fig. 24, lanes 5-7) (R1 indicates the bound
spin label). The protein was further purified by gel filtration on
a Superdex 200 10/300 column, which resulted in the separa-
tion of the KtrB variant protein from its degradation products
(Fig. 24, lanes 8 and 9, and Fig. 2B, numbers 8 and 9, respec-
tively). Subsequently, spin-labeled KtrB.y, 3;4r:-Hisg was
reconstituted in a 1:30 protein/lipid ratio into liposomes with
an efficiency of ~80% (Fig. 2C). The proteoliposomes were
washed and dissolved in the desired buffer.

Spin Labels Do Not Affect the Uptake Activity of KtrB Var-
iants—The influx of *Rb™" into K*-loaded proteoliposomes was
measured exemplarily for some mutants in an assay similar to
that described (39, 40) in order to show that spin-labeled,
reconstituted KtrB-His, variants were active in this system.
Reconstituted KtrB-His, served as positive control. The rela-
tively slow %°Rb* uptake observed for this construct was in
accordance with the findings of Albright et al. (25). Within 20
min, 25% of the maximum uptake was achieved (Fig. 3B). Fig.
3A shows time courses of normalized **Rb™ uptakes into some
KtrB variants containing proteoliposomes. Although the con-
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FIGURE 2. Purification and reconstitution of spin-labeled KtrBy,,,_3,sr:-Hise-
A, SDS-PAGE during solubilization and purification. Lane 1, membrane fraction;
lane 2, supernatant after solubilization of the membrane fraction; lane 3, flow-
through of the Ni**-NTA column after 1 h of binding the solubilisate to it; lane 4,
flow-through after spin label binding to the protein on the column and extensive
washing with buffer W with 50 mm imidazole without 3-mercaptoethanol; lanes
5-7, elution fractions E,~E; of the spin-labeled protein from the Ni**-NTA col-
umn with buffer W with 500 mm imidazole without B-mercaptoethanol; lane 8,
spin-labeled KtrBy,,_315r:-Hisg €luted at 12.5 ml via gel filtration in buffer W with-
out imidazole and B-mercaptoethanol; lane 9, degradation product of KtrB
separated via gel filtration at 17.5 ml. 10 ul of a sample were added per lane.
B, chromatogram giving A, against the volume (in ml) of the gelfiltration of the
spin-labeled KtrByy,,51gr1-Hise variant in buffer W without 3-mercaptoethanol on
a Superdex 200 column. Numbers 8 and 9 correspond to the fractions analyzed in
lanes 8and 9 of A, respectively. C, SDS-PAGE of the reconstitution of spin-labeled
KtrB variants. Lane 1, 5 ug of solubilized protein; lane 2, the theoretically equiva-
lent amount of KtrB after reconstitution in liposomes from E. coli phospholipids
and egg L-a-phosphatidylcholine.

trol liposomes were almost inactive (Fig. 34, diamonds), the
activity of KtrBg,, 357r1,val.331r1-CONtaining proteoliposomes
was similar to that of the WT-KtrB-containing liposomes
(Fig. 3A, triangles and circles, respectively). The activity of
KtrBpy, 318r1 Was a factor of 1.5 lower than that of wild type
(Fig. 3A, squares and circles, respectively) but was still signifi-
cantly higher than the activity of liposomes. As shown in Fig.
3B, influx through KtrBg,, 357z, and KtrByie, s11r1/The-s18r1
was also comparable with that of the WT-KtrB, whereas uptake
through KtrB 11, 315r1/var331r1 Was reduced by 50%. We con-
clude that the spin-labeled variants are active and that the pres-
ence of the label neither inhibits nor activates **Rb ™" uptake via
KtrB in proteoliposomes.

Analysis of Side Chain Mobility and Environmental Polarity
in the Membrane Region M ,~—In order to obtain information
about the orientation of single labeled cysteine residues, room
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FIGURE 3. 2*Rb* uptake by proteoliposomes containing spin-labeled
KtrB-His, variants. A, time dependence of normalized rubidium uptake of
WT-KtrB-containing proteoliposomes (®), KtrBs.,.557r1val-331r1-CONtaAINING
proteoliposomes (A), KtrByy,,.315r,-CONtaining proteoliposomes (M), and con-
trol liposomes without protein prepared according to the same procedure as
proteoliposomes (4 ). B, normalized rubidium uptake after 20 min by proteo-
liposomes containing spin-labeled KtrB variants. Error bars, S.D. values calcu-
lated from two independent measurements. Uptakes were normalized
against the uptake measured after the addition of 16 um valinomycin to the
same proteoliposome preparation. eLS, control liposomes.
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FIGURE 4. Continuous wave EPR spectra of single labeled reconstituted
KtrB variants at room and low temperature (160 K). A, low and center field
resonance peaks of EPR spectra of the spin-labeled variants recorded at room
temperature. In order to allow comparison of the line widths of the center
lines, AHpp, the value for Ser-317R1 is highlighted in gray. B, experimental EPR
spectra recorded at low temperature. The gray area corresponds to the 2A,
value of the hyperfine tensor for spin-labeled KtrB variant Ser-327R1.

temperature EPR spectra were recorded for the reconstituted
samples. The inverse central line width [AH,, '] is an indicator
for the structural environment of the spin label. The higher this
value, the higher is the mobility of the spin label side chain and
the less probable are secondary and tertiary interactions.
Almost all of the spectra (Fig. 44) are dominated by an immo-
bile component. Only residues Cys-90R1, Thr-300R1, and Arg-
343R1 exhibit spectra where the mobile component prevails.
The AH,, ! values plotted according to Refs. 44 and 45 show
(Fig. 5A) that the whole M, region is imbedded inside a com-
pact structure. The two-component spectrum revealed for Lys-
325R1, however, points to flexibility of the region because a
heterogeneous distribution of secondary or tertiary interac-
tions of this residue must have been present. Residues Thr-
300R1 and Arg-343R1 seem to come off of the membrane,
confirming that they are N- and C-terminal to the M, -trans-
membrane stretch, respectively.

Preparations with sufficient spin-labeled KtrB were frozen
and measured at 160 K to obtain the powder spectra of the
corresponding samples. The hyperfine splitting values, A_,
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FIGURE 5. Inverse central line width AH,,~" (A) and A_, values (B) of the
hyperfine tensor of single labeled reconstituted KtrB variants. These val-
ues are plotted versus the VaKtrB residue number. AH,, ' values were deter-
mined according to Mchaourab et al. (44) and Hubbel et al. (45). They demon-
strate the mobility and orientation of the spin-labeled residues. A,, values
give a measure of the polarity of the microenvironment of the labeled
residues.

derived from these spectra provide information about the
polarity of the microenvironment of these residues. As deter-
mined for transmembrane helix F of bacteriorhodopsin, an 4,
value of 3.7 mT indicates a high polarity as found in the aqueous
phase outside the membrane, whereas a value of 3.35 mT
argues for a low polarity corresponding to a location of the spin
label side chain close to the middle of a lipid bilayer (46).

The spectra detected for the spin-labeled KtrB variants are
shown in Fig. 4B, and a plot of the derived A_, values against
their position is shown in Fig. 5B. The A, values vary from 3.4
mT for residue Leu-340R1 to 3.61 mT for residue Val-327R1. In
the proposed two- and three-dimensional model of VaKtrB (see
Fig. 8, models 3 and 4), Val-327 is located in the middle of the
membrane, whereas Leu-340 is close to the cytoplasmic sur-
face. Because region M, is proposed to be part of the perme-
ation pathway, its polarity profile does not follow the profile of
a transmembrane helix as for helix F of bacteriorhodopsin. The
cavity of the protein should be filled with water, allowing higher
environmental polarities of residues orientated to the central
pore. From the detected A, values, we conclude that residues
Ser-317R1, Thr-318R1, and Val-327R1 are oriented to the cav-
ity and are accessible to water molecules, whereas residues Asp-
222R1, Thr-320R1, and Leu-340R1 sense a relative nonpolar
environment and are buried either within the protein or within
the membrane phospholipids. Residue Lys-343R1 displays an
intermediate value of 3.5 mT and appears to be located close to
the water-membrane interface. A schematic illustration of how
the residues could be located within the protein is shown in Fig.
1. Exemplary measurements of singly labeled variants in the
absence of both K™ and Na* by using triethanolamine Hepes,
pH 7.5, did not show remarkable changes in their mobilities or
their polarities (data not shown).
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FIGURE 6. Low temperature (160 K) cw EPR spectra of double labeled
reconstituted KtrB variants in the absence and in the presence of K*.
Comparison of the observed EPR spectra in the presence (solid black lines)
and in the absence of K* (dotted gray lines), respectively. The EPR spec-
trum of Met-311R1/Thr-318R1 is represented by a solid gray line in com-
parison with each double mutant to visualize dipolar broadening. All spectra
are spin-normalized.
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FIGURE 7. DEER analysis of the double mutant Met-311R1/Thr-318R1 in
the absence and in the presence of K*. Left, background-corrected dipolar
evolution data F(t) in the presence (black lines) and in the absence of K* (gray
lines), respectively. Tick marks are separated by 0.01. Right, distance distribu-
tions P(r) obtained by Tikhonov regularization (DeerAnalysis2006) (36). Dis-
tance distributions are normalized by amplitude.

Distances between Spin-labeled Double Cysteine Variants
Reveal a K" -dependent Motion of M 5, Residue Thr-318R1—In
order to reveal the structure and the movement of the subre-
gion M, ., upon the addition of potassium ions, interspin dis-
tances within double labeled variant molecules were obtained
by using cw and pulse EPR spectroscopy at 160 and 50 K,
respectively. For this purpose, low temperature experiments
were taken in the absence and in the presence of K* ions, as
depicted in Figs. 6 and 7. Mean distances of the experimentally
determined EPR spectra are given in Table 1. For double
mutant Asp-222R1/Thr-318R1, the interspin distance de-
creased from 1.8 + 0.1 to 1.4 = 0.1 nm upon the addition of K™,
The data for Thr-318R1/Val-331R1 revealed a mean distance of
1.5 = 0.1 nm, which shifted to 1.7 = 0.1 nm upon K™ activation.
The interspin distances between Asp-222R1 and Ser-327R1 in
the absence and presence of K* were above 1.8 nm, which is
equivalent to the upper limit for a precise determination of
interspin distances using cw EPR spectroscopy. Due to the poor
signal-to-noise ratio, a pulse EPR experiment could not be real-
ized, and therefore potential changes in the interspin distance
could not be resolved. In contrast, using pulse EPR spectros-
copy, the experimentally derived interspin distances for the
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TABLE 1
Experimental and calculated interspin distances

Experimental interspin distances in the absence and in the presence of potassium were derived using DEER Analysis2006 (36) and DipFit (37). Interspin distances of different
KtrB models were calculated using the rotamer library approach (38). Models 3 and 4 are based on model 1 (see Fig. 8), taking into account the distances of columns 2 and

3, respectively.

Experimental interspin

Calculated interspin distance r

distance r
-K* +K* Model 1 Model 2 Model 3 Model 4
nm nm
Asp-222R1/Thr-318R1 =1.8¢ 14 0.1 2.1 and 2.4 1.9 1.8 1.5
Asp-222R1/Ser-327R1 >1.8 >1.8 1.5 0.9 and 1.25 1.7 1.5and 2.0
Met-311R1/Thr-318R1 3.5+0.2 3.5%0.2 2.3 2.0 2.9 and 3.7 3.0
Thr-318R1/Val-331R1 1.5*+0.1 1.7 £0.2 2.4 and 2.9 2.9 3.2 1.7
Ser-327R1/Val-331R1 1.1*x01 1.1 01 0.8 1.8 1.0 0.6 and 1.0
“ The fraction of the singly spin-labeled component is in the range of 30 -50%.
Model 1 Model 3 about 0.3—1.2 nm from the data of
Top view Side view Detailed side view Table 1. For model 2, the distance

Top view

Side view

Detailed side view

between Asp-222R1 and Thr-318R1
agrees with the experimental data in
the absence of K™, but the other dis-
tances are off by 0.6 —1.5 nm. In view
of these discrepancies, we devel-

Model 2

Top view

Model 4

Side view Top view

Side view

oped two new models for the struc-
ture of KtrB, taking into account
both the polarity data of single resi-
dues (Figs. 4 and 5) and the interspin
distance data (Table 1). As in model
1, we assumed that region M,.,
forms a flexible loop inside the pro-

Detailed side view

FIGURE 8. Schematic representation of different KtrB models. Models 1 and 2 are taken from Ref. 11. In
model 1, M,¢, and M, span the membrane together,and M,, forms aloop inside the protein.In model 2, M, ¢,
and M,¢, span the membrane, and M,; lies as an a-helix on the cytoplasmic surface of the membrane. Models
3 (closed structure) and 4 (open structure) are based on model 1, taking into account the measured distances
between double spin-labeled residues in the presence and absence of K* ions, respectively (Table 1). Regions
M,¢, and M, are highlighted in green and blue, respectively, the linker region M,, in red, and two potassium
ions in purple. The top view is taken from the periplasm. In the side views, the top and bottom represent the
periplasm and cytoplasm, respectively. For the detailed side view of M,, residues 216 -244 of regions M, to

M, ¢ are removed.

KtrB variant Met-311R1/Thr-318R1 exhibited distance distri-
butions with one well defined peak centered at 3.5 = 0.2 nm
both in the presence and the absence of K*. The distance dis-
tributions in presence and absence of K* were also identical for
Ser-327R1/Val-331R1, exhibiting a mean distance of 1.1 * 0.1
nm. We conclude that the addition of K™ causes a movement of
M,, residue Thr-318R1 with respect to both membrane
stretch M, residue Asp-222R1 and M, residue Val-331R1
but not with respect to the unexpectedly remote M, residue
Met-311R1. Distance changes could not be detected between
residues Ser-327R1 and Val-331R1.

Rotamer Library Analysis for Different KitrB Models—In
order to compare the distance distributions obtained by cw and
pulse EPR spectroscopy with structural models of KtrB, we per-
formed a rotamer library analysis for positions Asp-222, Met-
311, Thr-318, Ser-327, and Val-331 based on the two structure
models from Durell and Guy (11) (Fig. 8, model 1 and 2, respec-
tively). Fig. 9 shows distance distributions derived from the
rotamer library analysis. The mean interspin distances ex-
pected on the basis of these two models are compared with the
experimental values in Table 1. It is evident that both models
are not well supported by the experimental data. For model 1,
the interspin distances between the chosen positions differ by
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tein. For molecular modeling, we
fixed the residual molecular struc-
ture of model 1 except for that of
M,c,. Using Yasara dynamics (47),
the flexible loop M, ., was adapted
in such a way that the modeled
interspin distances are in accord-
ance with the experimentally deter-
mined ones, resulting in two molec-
ular models that represent the closed state of KtrB in the
absence of K™ ions (Fig. 8, model 3) and the open state in pres-
ence of K™ ions (Fig. 8, model 4). In model 3, M,, spans and
thereby blocks the cavity and points toward helices M, and
M,s. With one exception, the modeled interspin distances
and the experimental data agree within the limits of 0.1-0.6
nm. The corresponding distance values for Thr-318R1/Val-
331R1 deviate by 1.7 £ 0.1 nm (Table 1). An additional dis-
placement of helix M,z would be required to allow a closer
approach of residues Thr-318 and Val-331. Model 4 represents
the structure with an open M,, gate based on the distance
values in the presence of K* ions. In this model, the region
M, is oriented alongside the cavity. The calculated distances
in this model for the double labeled variants reproduce the
obtained experimental data within 0.1-0.5 nm (Table 1). We
conclude that during the transport cycle, K* causes a down-
ward movement of the linker region M, -, alongside the cavity,
thereby opening its gate.

No Salt Bridge Is Formed between Residues Asp®** and Lys***—
Durell and Guy (11) proposed for both structural models of
KtrB the formation of a salt bridge between a lysine residue in
M, and an aspartate residue at the N terminus of M, corre-
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FIGURE 9. Simulated interspin distance distributions of different KtrB
models using the rotamer library approach (38). Residue numbers indi-
cate the spin label pair that contributes to the calculated distance distribu-
tion. See Table 1 for the measured distances. Models 1-4 are described under
“Results, rotamer library analysis for different Kto Bmodels” and in the legend
to Fig. 8.

sponding to the VaKtrB residues Lys-325 and Asp-222, respec-
tively. The large distance of more than 1.8 nm both in the pres-
ence and absence of K* between Asp-222R1 and Val-327R1,
which is located 2 residues C-terminal to Lys-325 (Table 1),
suggests that salt bridge formation between residues Lys-325
and Asp-222 is unlikely. In order to test the salt bridge hypoth-
esis, residues Asp-222 and Lys-325 were changed to neutral,
equally charged, or pairwise to oppositely charged amino acids,
and net K* uptake via these KtrB variants into LB2003 cells was
determined. A neutral amino acid at one of the two positions
would avoid the formation of the putative salt bridge and could
result in an increased transport activity. In contrast, an ex-
change of the charged amino acids against each other or the
replacement of one amino acid with an equally charged amino
acid should enable the formation of the salt bridge and would
not affect KtrB activity. As shown in Fig. 104, V.. values of the
single amino acid variants KtrBp,y,c, KtrBpsssi, KtrBrssses
KtrBysospy KtrBysysy, and KtrBys,s, were increased. Also,
the double mutant KtrBy,,,¢,«325c and the exchange mutant
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FIGURE 10. Kinetic parameters of K* uptake by cells containing KtrB vari-
ants with single or double amino acid changes in the putative salt bridge
residues Asp®*? and Lys>2°. Plasmid-containing cells of strain LB2003 were
grown and induced for ktrB expression with 0.02% L-arabinose as described
under “Experimental Procedures.” For the K* uptake experiment, K™-de-
pleted cells were suspended at 1 mg dry weight/ml of medium containing
200 mm NaHepes, pH 7.5, 0.2% glycerol, and 0.02% L-arabinose. The suspen-
sion was shaken at room temperature. After 10 min, KCl was added at follow-
ing concentrations: 0.5, 1, 2, and 5 mm. For each data point, a 1.0-ml sample
was taken from the suspension, and its cell K™ content was determined by
flame photometry. V., (A) and K,,, (B) were determined by the Eadie-Hofstee
method. Error bars, S.D.

KtrBpyssor/k3asp transported K™ significantly faster than did
WT-KtrB. However, variants KtrBy,,-x and especially
KtrBp,,,y showed transport activities similar to that of the wild
type. In addition, for variants KtrBp,,,c and KtrBpy,,,, the
affinity for potassium was decreased (Fig. 10B). Because on
the one hand the uptake velocity of the exchange variant
KtrBpys,51,/k3250 Was increased and on the other hand the muta-
tion from the negatively charged aspartate to the neutral aspar-
agine at position 222 had no effect, the presence of the salt
bridge between VaKtrB residues Asp-222 and Lys-325 can be
excluded.

DISCUSSION

In a recent publication (26), we have shown that subregion
M, of the potassium-translocating subunit KtrB is of a flexi-
ble nature. Point and deletion mutations in this region caused a
gain of function due to a 10-fold increase of V. for K* trans-
port. These findings led us to the hypothesis that M,, might
form a gate at the cytoplasmic side of KtrB controlling K™
translocation. However, we could not distinguish between the
two models proposed by Durell and Guy (11) (Fig. 8, models 1
and 2, respectively). In order to gain more information about
the structure and the dynamics of the M,, region, we per-
formed EPR measurements in the presence and absence of K™
ions. In these studies, we focused on residue Thr-318, because it
is the only M, ., residue for which a change to cysteine did not
affect the kinetics of K* transport (26). Depending on the pres-
ence or absence of K™, residue Thr-318R1 moved with respect
to residues in both regions, M, and M, 5, but not with respect
to residue Met-311R1 in helix M,¢,, confirming that region
M, is flexible and that it may move during the K transport
cycle. According to the interspin distance values obtained
(Table 1), we had to conclude that both models proposed by
Durell and Guy (11) have to be modified. These models are
based on the structure of the KcsA channel tetramer (9, 11).
Cross-linking studies of Albright et al. (25) have shown that the
cytoplasmic half of KtrB differs from that of KcsA in the chan-
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nel structure. They proposed several arrangements of the inner
helices, leading to an expansion of the cytoplasmic part of the
K™ permeation pathway in KtrB. In addition, the proposed salt
bridge (11) was foreclosed by both EPR data and transport stud-
ies with changes in the involved amino acids. This result was
not unexpected, because in contrast to the lysine residue (Lys-
325 in VaKtrB), its putative salt bridge partner (Asp-222 in
VaKtrB) is not conserved as a negative residue in all KtrB
proteins.

Nevertheless, the analysis of the mobility and especially of
the environmental polarity of single labeled residues as well as
the above mentioned K*-dependent movement of residue Thr-
318R1 argue in favor of the presence of a flexible linker inside
the cavity of the protein as proposed in the Durell and Guy
model 1 (11). The M, , region of KtrB appears to be encircled
by a compact structure because the spin label mobility is
restricted. The high polarities of the microenvironment of Ser-
317R1, Thr-318R1, and Ser-327R1 show that parts of M, , are
accessible for water. These data suggest that this linker lies in
the cavity of the potassium permeation pathway (cf. Figs. 1 and
5). Hence, we regarded model 1 as a starting point and modeled
structures for a closed and an open conformation of KtrB (Fig.
8, models 3 and 4, respectively). In model 3, which represents
the KtrB conformation in absence of K, M, blocks the cav-
ity. The interspin distances within this model agree reasonably
well with the experimental data with the exception of the dis-
tance for Thr-318R1/Val-331R1. A displacement of M, is
required to enable a closer approach of these two residues.
Model 4 represents the open conformation in the presence of
K*. M, is oriented alongside the cavity toward the cytoplasm,
and all modeled interspin distances agree with the experiment.
Based on our data, we cannot exclude additional rearrange-
ments in KtrB during the K™ transport cycle. In KcsA, the bun-
dle of M, helices moves considerably during the transition from
the closed to the open state of the channel (48, 49), and it may be
that such changes also occur in KtrB during the K* transport
cycle. Further site-directed spin labeling EPR experiments on
other parts of the proposed K'-permeation pathway will
unravel additional structural features of KtrB in the depend-
ence of K™ ions, thereby helping us to improve the existing KtrB
models.

This study provides experimental evidence that M,., may
form a gate for K™ permeation at the cytoplasmic side of KtrB
(26). This feature distinguishes KtrB from a K™ channel and is
supposed to be transporter-specific. Deletion of M, ., increases
both the V, . and the K, values for K transport via KtrB but
does not render KtrB into a K™ channel. We conclude that
either the deletion of the M, -, region did not remove the com-
plete gate or KtrB contains a second gate, presumably at the
periplasmic side of the membrane (26), as is proposed for all
transporters (50).

A M, ., sequence as in KtrB with its small and polar amino
acids is only present in SKT proteins, which require at least one
additional subunit for activity. Thus, Durell and Guy (1, 2) pro-
posed M, , to be of functional importance for the interaction
of the subunits. We have recently shown that parts of M, are
indeed involved in the binding of KtrB to the regulatory subunit
KtrA (26). This raised the question of whether KtrA affects the
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structure and function of this region. However, transport assays
combining gain of function mutants of KtrB with KtrA did
not show any influence of KtrA on the activity (26). In order
to further address this question, EPR measurements as pre-
sented here should be performed in the presence of KtrA.
The distances between the residues might change, indicating
a rearrangement of the structure. In light of the fact that KtrA
did not suppress the effects of the mutations, we propose that
KtrA changes the KtrB conformational equilibrium in favor of
the M,, gate in the open state. This would explain the
increased transport velocity of KtrAB compared with KtrB
alone described previously (26). Thereby, KtrA determines the
K™ -transport activity of the Ktr complex.
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