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ABSTRACT: In a subset of K channels, gating is regulated through the direct binding of ligands by large
cytoplasmic RCK domains. To further investigate the role of the RCK domain, we have begun the
biochemical characterization of a two-transmembrane segment, RCK domain-containing channel from
Methanococcus jannaschivljK2, by testing its general functional behavior and identifying purification
conditions. Standard detergent solubilization of recombinantly expressed MjK2 required the addition of
a high NaCl concentration to the extraction buffer for MjK2 solubilization. The cytoplasmic RCK domain
was identified as the region of MjK2 responsible for the dependence of solubilization on high salt
concentrations since expression of an MjK2 construct lacking the transmembrane domain, MjK2cd, also
required high salt concentrations for extraction fréscherichia colilipids, a necessary step in the
purification of both MjK2 and MjK2cd. MjK2 expression was able to weakly recover growth df K
uptake deficient LB2003 cells at 10 mM KCI, suggesting that the channel can condlimitkas a low

open probability. Purified MjK2 reconstituted in liposomes generated only limited upibake, blocked

by BaCh. MjK2cd exhibited direct binding to PC/PS lipid vesicles with a molar partition coefficiét (

of ~10° M1, which decreased with both an increase in the salt concentration and a decrease in the
anionic lipid ratio. Lipid blot assays revealed that MjK2cd binds most strongly to lipids of increasingly
negative charge. These results support the idea that the binding of the MjK2 RCK domain to membranes
takes place via an electrostatic interaction with anionic lipid surfaces.

Potassium channels are present in most cell types from asequence or as an accessory subunit of a numbertof K
wide range of organismsl). The great diversity of K channels and transporter8, ©). Bacterial genomes often
channels allows them to serve a variety of cellular functions. include many genes containing RCK/KTN domains, empha-
Effectors ranging from transmembrane voltage to membranesizing the importance of this domain family in prokaryotic
tension can selectively activate ion channels. Increasingly, physiology.
membrane-bound effectors are being shown to be important ¢ structure of th&scherichia coliK* channel’s RCK
in channel regulation. Inward rectifier'{Kir) channels rely
heavily on membrane-delimited pathways for control of
opening. Membrane-bound G-proteins and the signaling lipid
PIP;, both increase activity of certain Kir channe—5).
The cytoplasmic portion of some Kir channels has been
shown to bind PIRin the absence of the channel transmem-
brane domain &). In addition, the mutation of residues
involved in PIR binding has been implicated in the develop-
ment of genetic diseases such as Andersen’s and Bartter

syndromes 7). ) ) _in the KTN domain’s ligand-binding pocket, suggestive of
f‘t a molecular level, ion conduction through tetrameric s ability to bind nucleotidesl(l). Crystal complexes of KTN
K* channels revolves around a common core domain, but yomains have been observed with bound dinucleotides, but

channel regulation is controlled by an assortment of domainsy« Mthk RCK domain contains @abound to the activated
with a variety of structures. For bacteria, common regulatory complex @, 11). The pocket is thought to be versatile in

domains are the RCK (regulates conductance gfdtd the g, c1re; allowing it to incorporate specificity for man
closely related KTN (K transport, nucleotide binding) different iigands g P P y y

domain, which have both been found within the primary .
The structural and regulatory complexity of the RCK/KTN
domain and its importance in the ion channel field are just
T This research was supported by grants from the National Institutes now being realized. Interestingly, RCK-like domains are also
of Health and the McKnight endowment fund for neuroscience. . .' !
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domain (0) and then the subsequent structure of a complete
RCK domain-containing channel, MthR)( reveal a dimeric
' nature which may form a complicated octameric ring. Such
an octamer is derived from alternating RCK domains that
are linked to channels and cytoplasmic RCK domains that
are expressed at a second start methionine just after the
channel’s last transmembrane helix (Figure 1A,8) The
, RCK and KTN domains adopt the same basic fold except
Yor a conserved sequence of residues, GXGXXG, found only
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domain-anionic lipid interactions may also be a common
theme in the physiology of prokaryotic channels.

MATERIALS AND METHODS

Molecular Biology and Expressioihe orf Mj1357 was
amplified fromM. jannaschiigenomic DNA (American Type
Culture Collection, Manassas, VA) and cloned into pQE32
(between enzyme cut sites BamHI and HindlIIl) and pQE70
(between enzyme cut sites Sphl and BamHI) expression
vectors (Qiagen, Valencia, CA). The MjK2cd construct
(residues 106343) encoded the cytoplasmic RCK domain
and was cloned by PCR from the MjK2 channel clone into
pQE32 between Sphl and Sall. QuickChange mutagenesis
(Stratagene, La Jolla, CA) was used to create MjK2 site-
directed mutants. For expression tests, MjK2 and MjK2
(M99L) cloned into pQE70 were transformed into SG-13
B cells. Cells were grown and induced with 0.5 mM IPTG and

“DAS” TM-segment prediction for Mik2 grown for an additionig2 h before collection. The cell pellets
G*GD‘\ lysed with 3% SDSwere run on a 15% SDSPAGE gel.

ECL reagents (Amersham Biosciences) were used to visual-
5 g ize the gel immunoblotted with Penta-His Antibody (Qiagen).
U W\/U \,\_/\/\\ K* Uptake ComplementatiorCompetent LB2003 cells
with pREP4 (Qiagen) were transformed with the pQE70 or
SRS RCK Domain Perpheral PQE32 vector containing MVP, MjK2, MjK2 (M99L),
! 108 228 260 343 MjK2cd, or nothing A 1 mL aliquot of overnight culture

(ODggo = 3) grown in LB medium (Invitrogen, Carlsbhad,
CA) supplemented with 100 mM KCI, kanamycin, and

O 4 N W b o

“DAS" profile score

. <M Linkezr RCK-> ) ampicillin was centrifuged and washed twice in KML
MjK2 80 LIAEFIVEGKFEEFVRLKKMENKIKTLKDHYIICGYGRLGKV 121 . . .
MthK 93 RLLEFLIN---—-- REQMKLMGLIDVAKSRHVVICGWSESTLE 129 medium lacking K. The KML medium was formulated as
Kch 219 SIFGPLIRGG---FNKLVKGNNHTMHEKDHFIVCGHSILAIN 257 previously described]_@ with the combined K and Na

FiGURE 1: (A) Multimeric structure of MthK depicted as aoC concentration totaling 115 mM. Serial dilutions made in
tube with the transmembrane domain positioned in a bilayer. From KML media at 16, 1, 10%, 1%, and 106 were then plated
the tetramer, one heterodimeric subunit was removed and replaced, 5 uL aliquots onto KML agar media at fixed K

with a cartoon. The domains within MthK are labeled with letters : : . .
(T, transmembrane segments: K. Kselective pore; R, RCK concentrations. Plates were incubated at@1ntil colonies

domain: P, peripheral subdomain). MthK is composed of two formed ¢-3 dE_‘YS)- _ _ _
products expressed by the same gene: the entire gene product Salt Extraction Experiment#4jK2 cloned into pQE70 or

containing all domains (blue) and the cytoplasmic RCK domain, pQE32 was expressed as described above, while MjK2cd in
which is expressed from an internal start site (red). The N- and pQE32 was transformed into XL1-Blue cells before expres-

C-termini of each gene product are defined. (B) A “DAS” . Cell h ized usi F h I
transmembrane prediction for MjK2 shows the location of the two S!ON. L€IlIS Were homogenized using a French pressure cell,

predicted helices in green, which surround the GYGD signature and the membrane-containing fraction was collectedl 5
sequence for K channels. The relative location of protein domains of the insoluble fraction was incubated with 2@Q of

along the primary sequence of MjK2 is correlated with the DAS extraction buffer with varying NaCl concentrations [5 mM

plot. An alignment of the linker region between the transmembrane ; ;
domain and the RCK domain contains the second methionine st("alrtl\l":lgl:)o4 (pH 7). The extraction buffer for MjK2 also

sites for MjK2—2TM (GenBank entry 2493596), MthK2TM contained 6 mM dodecyl maltoside (DDM) (Anatrace,
(GenBank entry 21542150), aiid coliKch—6TM (GenBank entry ~ Maumee, OH). After centrifugation, the upper 100 of
400124). Also, the GXGXXG signature sequence for nucleotide buffer was collected and run on a 15% SBSAGE gel.

binding is located at the beginning of the RCK domain. Protein bands on the gels were detected using Coomassie
stain. Scanned gels were analyzed using Scion Image (Scion
Corp., Frederick, MD), and data were fit to sigmoidal curves.
Purification of MjK2 in pQE70 from cell membrane paste

tetramerization and Gaactivation ((2—14). Recently, three
putative archaeal K channels fromMethanococcus jan-
naschij MVP (Mj0139), MjK1 (Mj0138.1), and MjK2
(Mj1357), were identified and functionally characteriz&8,( — - -

1 Abbreviations: DDM, dodecyb-maltoside; OG, octyb-glucoside;

16). In th|§ p{_slper, We: focus our efforts on the blochemlcal Mega 9, nonanoyN-methylglucamide; C8E4-octyltetraoxyethylene;
Chara_Ctenzanon Of. MjK2, a tWO'traﬂsmembrane helix chan- poc, deoxycholate; SDS, lauryl sulfate; CHAPS, 3-[(3-cholamidopro-
nel with a C-terminal RCK domain, for future structural pyl)dimethylammonium]-1-propanesulfonate; IPTG, isopropyl thio-

analyses. MjK2 contains the conserved sequence for KTN galactoside; CMC, critical micellar concentration; PG, phosphatidyl-
domains (Figure 1B): however, we will refer to the cyto- 280k LPC, lysophosphatidylcholine; PC, phosphatidylcholine; PE,

. . ’ ! e . phosphatidylethanolamine; PS, phosphatidylserine; S1P, sphingosine
plasmic domain as an RCK domain in this paper due to phosphate; PI(3,4)P phosphatidylinositol 3,4-bisphosphate; PI(3,5)-
MjK2's high degree of similarity to MthK. Here, we show P., phosphatidylinositol 3,5-bisphosphate; PI(4&6)Bhosphatidyli-

an electrostatic interaction between the RCK domain and Nositol 4.5-bisphosphate; Pifphosphatidylinositol triphosphate; PA,

LT AT . P .. phosphatidic acid; LPA, lysophosphatidic acid; PI, phosphatidylinositol;
anionic lipids. Similar interactions existing in eukaryotic Kir - py(3)p, phosphatidylinositol 3-phosphate; PI(4)P, phosphatidylinositol
channel cytoplasmic domains suggest that channel regulatoryt-phosphate; PI(5)P, phosphatidylinositol 5-phosphate.
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Ficure 2: Functional complementation of LB2003 cells by different ion channel constructs. (A) Experiments with pQE70 vectors containing
MVP (lane 1, positive control), MjK2cd (lane 5, negative control), nothing (lane 6, negative control), MjK2 (lane 2), and MjK2 M99L
(lane 3) and MjK2 in pQE32 (lane 4) were conducted on KML plates with 10 mM KCI with or without IPTG or with 1 mM KCl and IPTG.
Serial dilutions in 5uL aliquots were spotted onto the plates. Plates were incubated for 3 days before being scanned. (B) Cell pellets

containing expressed MjK2 and MjK2 M99L with a C-terminal six-His tag were separated by-BRSE and immunoblotted with the

anti-His antibody.

was achieved with an initial wash with high-salt buffer [500
mM NacCl, 100 mM KCI, and 5 mM NgO, (pH 7)] and

fit to the plots of the lipid vesicle concentration, [L], against
the fraction of protein bound to the membrafigusing the

centrifuged to remove the excess RCK domain. The washedequationf, = K[L]/(1 + K[L]). The partition coefficient was

pellet was incubated in high-salt buffer containing 6 mM
DDM and centrifuged again to yield a solubilized fraction
containing MjK2. The C&" metal-chelate resin (Clontech,
Palo Alto, CA) was used to bind the C-terminal His-tagged
MjK2, which was eluted with 0.5 M imidazole in high-salt
buffer containing 1 mM DDM. The purified protein was run
on a Superdex-200 gel filtration column (Amersham Bio-
sciences) in high-salt phosphate buffer containing 1 mM
DDM.

Rb" Flux AssayPurified MjK2 or KcsA was reconstituted
into asolectin liposome&Rb" fluxes were performed using
the protocol previously described for KcsAg). Vesicles
containing®®Rb" were assessed using a scintillation counter.

Liposome Binding Assafinding experiments involved
mixing a small amount of protein with increasing concentra-

determined as the reciprocal of the apparent dissociation
constant,Ky. The effects of salt concentration on binding
were analyzed at a PC:PS ratio of 2:1 and a vesicle
concentration of 8 mM. Experiments on anionic lipid ratio
were carried out at 150 mM NaCl and at a vesicle
concentration of 8 mM. Sigmoidal curves were fit to plots
versus salt or anionic lipid concentration.

Lipid Specificity ScreenStrips of nitrocellulose spotted
with various lipids were either obtained from Echelon (Salt
Lake City, UT) or generated by spotting /8. of lipid in
chloroform onto a nitrocellulose strip. A protein overlay was
performed as described previousB0). The lipid strips were
incubated with MjK2cd, then with Penta-His antibody
(Qiagen), and finally with horseradish peroxidase-conjugated
anti-mouse antibody. ECL reagents (Amersham Biosciences)

tions of vesicles and centrifuging off the vesicles and any were used to detect spot intensities.

protein that bindsX9). Charged and neutral lipids obtained
from Avanti Polar Lipids (Alabaster, AL) were mixed and

RESULTS

dried at the desired ratios. To ensure that vesicles could be

easily centrifuged out of solution, they were formed with an

K* Channel Actiity of MJK2 E. coli cell strain LB2003

internal solution containing sucrose and extruded to a lacking the K" uptake systems, Kdp, Kup, and Trk, has

constant size of 0.&4m. The external solution was replaced
with a salt solution of the same osmolarity. MjK2cd was
extracted from lysed cell pellets using high-salt buffer and
centrifuged. The supernatant was poured over thé"Co
metal-chelate resin, and MjK2cd was isolated by elution
with 0.5 M imidazole in high-salt buffer. Circular dichroism

(CD) spectra of MjK2cd were obtained on an Aviv (Lake-
wood, NJ) 215-CD spectrometer. Purified MjK2cd was
labeled with the cysteine reactive fluorophore, 7-(diethyl-
amino)-3-(4-maleimidylphenyl)-4-methylcoumarin (CPM)

become a useful tool in assessing the ability of cloned
channels to function in ak&. coli cell membrane. LB2003
cells fail to grow at low potassium levels but are able to
grow normally when the growth medium is supplemented
with 100 mM KCI. The ability to grow at low potassium
levels can be recovered by the heterologous expression of
potassium channels that allow for the leak of potassium into
the cells. The voltage-gated potassium channel, MVP, is open
when expressed iB. coliand can recover growth on media
containing as little as 1 mM KCI and was able to serve as a

(Molecular Probes, Eugene, OR). CPM-labeled MjK2cd was positive control in our experiments (Figure 246 21). The
mixed with sucrose-loaded vesicles over a range of concen-pREP4 vector was introduced into the LB2003 strain to fully
trations and centrifuged. The fluorescence intensity of the suppress expression of any channel in the absence of IPTG,
unbound protein, which was measured with a Shimadzu and no growth was observed without the addition of IPTG
spectrofluorophotometer (RF-1501), was used to determine(22). The pQE70 vector alone and the soluble RCK domain
the fraction of protein bound to the membrane. Curves were (MjK2cd) served as the negative control.
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Ficure 3: Effect of an increase in the NaCl concentration on MjK2 in 6 mM dodecyl maltoside during solubilization. MjK2 in pQE32 was
extracted from the pelleted cell lysate by increasing the NaCl concentration of the solubilization buffer and visualized on a Coomassie-
stained gel. Both the MjK2 (two asterisks) (40 kDa) and the second gene product (one asterisk) (30 kDa) are extracted by an increase in
the NaCl concentration. The product of the intensity and the area of the bands at each NaCl concentration is related to the protein concentration
and was plotted to determine the relative efficiency of solubilization. A sigmoidal curve was used to fit both the®)jkd kDa) and

the second gene produd) (30 kDa).
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Expression of MjK2 in LB2003 cells did not allow growth
on media containing 1 mM KCI; however, it was able to
recover growth at 10 mM (Figure 2A, lane 2). Although the
ability of MjK2 to weakly rescue potassium uptake in
LB2003 cells suggests that MjK2 is creating a pathway for
some potassium to enter the cells, it does so at a fairly high
K* concentration, suggesting that the channel is functionally
closed or has a very low open probability. We note that MjK2
expressed with an N-terminal His tag instead of a C-terminal
tag is less able to recover LB2003 cells (Figure 2A, lane 4).

Similar to the MthK and Kch potassium channels, the
MjK2 gene is able to produce protein products from both
the primary methionine start site (40 kDa, M1) and an
internal start site just before the RCK domain (30 kDa, M99) Volume (ml)

(Figures 1B and 2B)9, 23). Using Western blot analysis, Ficure4: Gel filtration of purified MjK2 and MjK2cd. The metal
the 40 and 30 kDa gene products can be visualized with anti- affinity-purified protein was run on a Superdex-200 in a high-salt
His antibodies since both proteins contain the C-terminal buffer. Mjk2 eluted at 10.9 mL (A), while MjK2cd eluted at 14.8
histidine tag. A mutation of methionine 99 to leucine (M99L) mL (B).

removes the 30 kDa protein on the Western blot analysis. also increases in intensity at higher salt concentrations. The
The M99L mutant was also tested for the ability to rescue salt extraction plots are similar for either an N- or C-
the LB2003 cells, and no difference was found between the terminally tagged channel; however, Figure 3 shows an
MjK2 gene with or without the 30 kDa protein, suggesting N-terminally tagged channel to illustrate that the second open
that the second gene product is not necessary for maintainingreading frame lacking a His tag still requires high salt
a closed tetrameric channel (Figure 2A, lane 3). concentrations for extraction. Both (40 and 30 kDa) protein

Solubilization of MjK2 MjK2 was expressed itE. coli, bands were positively identified on a complementary Western
and attempts were made to solubilize MjK2 with a detergent blot and also using tandem mass spectrometry on an LCQ
screen consisting of the following detergents at 10 times their deca mass spectromet2d) (Thermoelectron, San Jose, CA).
respective CMCs: APO 8-12, C8E4, CHAPS, dodecyl Thus, to facilitate the purification of MjK2, the free RCK
maltoside (DDM), DOC, FOS-choline 8-16, LDAO, Lubrol, domain was first removed with a high-salt wash followed
Mega-9, octyl glucoside, Pluronic F-127 and P-85, SDS, by an extraction of MjK2 with DDM and high salt. Further
Triton, and Tween 20. All detergents, with the exception of purification of MjK2 was achieved by metal affinity chro-
SDS, were unable to extract a significant percentage of MjK2 matography, yielding a gel filtration peak at 10.9 mL, which
from a lysed cell membrane preparation using standard ionicis similar to the gel filtration behavior of MthK9j (Figure
conditions (PBS buffer at pH 7). High salt was tested as an 4A). The final yield of the MjK2 purification was~1—2
additive and was found to greatly enhance the ability of most mg/L of cells.
detergents to extract the channel. Coomassie gels show the Functional Analyisis of MjK2Attempts were made to
solubilization of an MjK2 lysed cell pellet after incubation characterize the function of purified MjK2 using a Rb
with 6 mM DDM and increasing amounts of NaCl (Figure concentrative flux assayl8, 25). Liposomes containing
3). It was also observed that a second protein band, reconstituted MjK2 were capable of very limited Riptake,
corresponding to the second RCK gene product (30 kDa), although this uptake was blocked by the addition of 10 mM
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30 ; (CD) spectroscopy was used to characterize the secondary
structure in solution. The CD spectra did not change for NaCl
25 concentrations between 0.1 and 0.5 M (Figure 7); however,

upon addition of 26 M urea, we found the expected
decrease in negative absorbance at 222 nm, suggesting
protein unfolding and the loss of secondary structure. The
secondary structure of MjK2cd using NPS@7) was
estimated to be 4649% o-helix and 13-23% S-sheet and

N
o
1 "

CPMx 10°
o
1 "

104 is comparable to the secondary structure calculated using
1 SELCONS for the MjK2cd CD spectra (56%-helix and
54 11% 3-sheet) 28, 29). Our CD spectra for MjK2cd support
1 roper folding under the conditions used in this study.
W Wi B brop 9 Hnet e monet Y
MiK2 KcsApH7 KcsApH5 Liposome Binding Purified MjK2cd was fluorescently

FiGURE 5: Rb" fluxes for Mjk2. The purified channel was |abeled and tested for its ability to bind to liposomes
reconstituted into asolectin liposomes, and the uptaRéRif+ was containing anionic lipids. The percentage of unbound MjK2cd
assessed. Rbfluxes (hatched bars) and 10 mM BaQilocked was measured under varying lipid concentrations, percents
fluxes (black bars) are plotted for MjK2, KcsA at pH 7 (closed),  of anjonic lipid, and NaCl concentrations. At increasing lipid
and KcsA at pH 5 (open). concentrations, a larger fraction of MjK2cd is bound to the
liposomes (Figure 8A). MjK2cd binds to 2:1 PC/PS vesicles
in 150 mM NacCl with a molar partition coefficienKg) of
19x 1M1 (K;=1.8x 10?* M~* at 150 mM NacCl and
4:1 PC/IPSK; = 3.8 x 10 Mt at 230 mM NaCl and 2:1
PC/PS;K; = 1.3 x 10 Mt at 230 mM NacCl and 4:1 PC/
PS). The apparent dissociation constar{)Lshifts to higher
lipid concentrations if the percent of anionic lipid is decreased
or the NaCl concentrations are increased (Figure 8B,C).
Therefore, electrostatic forces likely define the association
between MjK2cd and liposomes through ionic charge

BaCl, adding further support to the notion that MjK2 can
function as a K channel (Figure 5). MjK2 Rbfluxes were
comparable to those of KcsA at neutral pH, where the
channel is marginally open, and much smaller than those
expected from KcsA at pH 5.0. Thus, under the conditions
of these experiments, MjK2 likely populates a mostly closed
conformation.

Solubilization of MjK2cd To help determine the role of
the cytoplasmic domain of MjK2 in its solubilization
behavior, we made a construct, MjK2cd, which lacks the ' . ) . L9
predicted transmembrane domair@8)( (Figure 1). The interactions and can be shielded by an increased ionic

expression of MjK2cd produced a protein that fails to strength. Charge-dependent memb@mtein interactions
solubilize from theE. colimembrane at an ionic strength of are often a result of an electrostatic interaction between a

150 mM. Again, increasing the amount of NaCl improved basic region of a protein and a negatively charged membrane
the MjK2cd extraction from the lysed cell pellet, and only Surface.

NaCl concentrations above 300 mM were able to keep the Lipid Specificity ScreenDoes MjK2 binding to mem-
expressed protein in solution (Figure 6). The failure of buffers branes display some specificity for a particular lipid? Lipids
with increased solute levels (glucose or glycine) to keep blotted onto nitrocellulose can be incubated with proteins to
MjK2cd in solution excluded the possibility of an osmotic determine relative binding affinity. Proteins, which bind to
effect by NaCl. In addition, the possible effect of inclusion the lipid spots, are detected using antibodies. A variety of
bodies on the extraction was discounted since a similar NaCllipids on home and commercial lipid blot screens were tested
extraction curve for MjK2cd could be obtained after removal for their ability to bind MjK2cd (Figure 9). Blot results are
of low-speed debris (1000) from the lysed cell pellet.  not quantitative but do yield some information about the
MjK2cd was extracted from thE. colimembrane lysate with  protein’s relative affinity for various lipids. Little or no lipid
0.5 M NaCl. The elution volume for the peak of MjK2cd binding was observed for the neutral polar lipids (PC, PE,
from gel filtration was 14.8 mL (Figure 4B) with a final and SIP) and for the mainly neutral lipid mixes (asolectin
protein yield of~10—15 mg/L of cells. Circular dichroism  and polar lecithin). The major differences were observed for
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FiGUurRe 6: MjK2cd solubilization with NaCl. The cytoplasmic domain construct, MjK2cd (one asterisk) (30 kDa), was extracted from the
pelleted cell lysate by increasing the NaCl concentration of the solubilization buffer and visualized on a Coomassie-stained gel. An analysis
of MjK2cd gel bands is plotted.
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Ficure 7: Circular dichroism spectra of MjK2cd. Spectra of

MjK2cd were obtained in 10 mM phosphate (pH 7) and 0.5 M B 100 -

NaCl (<), 0.3 M NaCl (---), or 0.1 M NacCl {-). Spectra are
averages of three individual scans obtained at room temperature.

[Lipid](mM)

lipids with single negative charges as the binding strength
was in the order PA> PS> PG and PI, where PA had
moderate binding and PI did not bind. Binding affinity was
found to be strongest for PIPs and cardiolipin, which all
contain more than one net negative charge. Although the
interaction appears to be mainly electrostatic in nature, some
difference in lipids with a single net negative charge should
be noted. A specific activating lipid in the exotic membrane
of M. jannaschij composed of bipolar tetraether lipids,
cannot yet be ruled out.

Modeling of MjK2cd and Positely Charged Regions. 0 10 20 30 40 50
Alignments of MJK2 with MthK show that MJK2 is 29% %PS in PC
identical and 55% similar to MthK over 91% of the MJK2 C
sequence. Similar membrane binding studies on the RCK
domain of MthK suggest that it does not bind to anionic 0
lipids (Figure 8B,C). In addition, there seems to be no

% of Membrane-Bound Protein

£ g4
requirement for high ionic strength in purification conditions *8 7
for MthK (9). A sliding window plot of the residue charges %
for both MjK2 and MthK as well as for the average of 37 S 60+
aligned K" channels with a single RCK domain found in é 50
the TIGR-CMR database3() shows positive and negative b 0
charge differences along regions of the primary structure 8"
(Figure 10A). For MjK2, a higher positive charge density is é 30
found at the start of the RCK domain, @athelices C and E = 204 l
in the RCK domain, froma-helix | to g-sheet H in the o\g 0 1 l -
peripheral domain, and at the extreme C-terminus, and these : ’ ' '
are possible targets for electrostatic interactions with the 0 o w2 o w0

membrane surface. A homology model of the MjK2 C- NaGllmM
terminus dimer based on the MthK structure generated using [NaClj(mM)
Modeller @31) reveals the possible electrostatic surface FIGURE8: Binding of MjK2cd to liposomes. Purified MjK2cd was

potential for an octameric or tetrameric configuration (Figure |S23E% St 118 B eee, Cr . S Cles were centrifuged. and
10C,D). A second tetrameric MjK2 model baseq on the the supernatant of the unbound protein was measured for fluores-
conformational rearrangement of the RCK domains in the cence. The amount of bound MjK2cd was determined by subtracting

KTN model was also generated. the unbound measurement from the fluorescent value of the
supernatant in the absence of lipid. (A) The percentage of bound
DISCUSSION MjK2cd is plotted vs lipid concentration at 150 mM NacCl in 2:1

PC/PS vesicled€), at 150 mM NaCl in 4:1 PC/PS vesicldll)( at
Cytoplasmic domains of membrane proteins are increas-230 mM NaCl in 2:1 PC/PS vesicle®), and at 230 mM NaCl in
ingly found to interact with lipids32). Although membrane 4:1 PC/PS vesicle®). (B) At 8 mM lipid and 150 mM NacCl, the
protein interactions can be structural in nature, the proximity Pinding of Mjk2cd @) to mixed liposomes at varying PC:PS ratios

. . is plotted. (C) The fraction of MjK2cdm) bound is plotted at
of a membrane-tethered cytoplasmic domain to the two- increasing NaCl concentrations for 8 mM lipid and 2:1 PC/PS

dimensional lipid bilayer makes membrane-delimited signal- vesicles. In both panels B and C, data for MthKeg pinding at
ing highly efficient. Cytoplasmic domains from inward- 8 mM lipid and 150 mM NaCl in 2:1 PC/PS vesicles are plotted.
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: . SN for the second gene product to quickly associate with the
PG PE Y > .
. » SIp O Ea channel and facilitate rapid channel assembly or could be
asolectin . polar 'LPC an additional driving force for membrane insertion of an
" lecithin Pl(3,4}l’z'. assembled channel (Figure 10B).
4 Although we have been unable to identify activators of
cholesterol AT | . . PI
< @ croiotivin P[(3‘5)P*‘V. MjK2, our data show that MjK2 mediates a low level of K

Lpd nasel . i \PI(S)P cond_uctan_cef supporti_ng a functi_onally _closed channel.
: .PS I _ Previous findings for MjK2 are consistent with the low level

" PIP PI(4)P of rescue that we observe using LB2003 cell§, 21). A
o g Biank : . ' = similar level of rescue is also produced by KcsA expression,
as specific requirements for low pH levels3] keep KcsA
in a closed confirmation under the conditions defined by the
cytoplasm ofE. coli, which suggests that a closed channel
can leak enough potassium to rescue potassium uptake
deficient cells at moderate KClI level§q). MjK2 may also
A e lack the proper conditions . coli to promote channel
FIGURE9: Lipid specificity blots for Mjk2cd. A commercial (‘PIP- opening. When overexpressed, the native RCK-containing
gfgpsiiﬂi\g";gr']g?r?llsiﬁgghona%'gSC'vs{gﬁe;r:"ﬁ;hscﬂtsga'ggrggr{, U.I?a K*+ channel inE. coli, Kch, is also closed. Both Kch and
incheaged intensiges when MjKZ%d binds to the lipid spots. |\/|ngZCd MjK2 .genes express. a Seco_nd orf just befo_re t,he R_CK
binding was detected using anti-His antibodies. domain, but the function of this gene product is still being
debated. Our results with MjK2 M99L, as well as previous
rectifying K+ channels and TRPV1 channels as well as the results with Kch mutants 28), show that there is no
inactivating ball peptide from delayed rectifier Shaker-like difference in the ability of the channel with or without the
channels are regulated by and interact with,R6?33, 34). second gene product to weakly recover LB2003 cells,
In this paper, we show that solubilization of both MjK2 and suggesting that MjK2 remains functional and closed. The
MjK2cd is controlled by the concentration of salt in the structure of MthK, the only other Kchannel shown to have
extraction buffer. The cytoplasmic domain, properly folded the internal methionine start site, supports an integral role
as suggested by CD, is therefore responsible for the salt-for the RCK domain in gating functio®). Thus, the inability
dependent solubilization. of in vivo functional deletions of the second orf to affect
Basic proteins and peptides bind to phospholipid surfacesthe function of the channel does not rule out a physiological
by interacting electrostatically with anionic lipids. The molar role for the second gene product. The preference for the
partition coefficient of MjK2cd K1 ~ 10°* M~1) for 2:1 PC/ location of the His tag suggests that an N-terminal His tag
PS vesicles at 150 mM NacCl is on the same order of is either preventing the cytoplasmic domain from achieving
magnitude as those of basic peptides, pentalysine, and théghe proper conformation for opening or directly occluding
nonmyristylated N-terminus of Src{2L6), which electro-  the ion conduction pathway.
statically associate with vesicles under similar conditions  While we are still investigating the regulation of MjK2, it
(100 mM KCI) (35, 36). A decrease in the extent of vesicle may be possible that the lipid composition has an impact on
association at a lower percentage of negative lipid or a higherfunction. Further studies must be carried out to determine if
salt concentration is typical of electrostatic binding. Myri- anionic lipids have an effect on MjK2 function. The
stylated Src(216) requires both myristylatiorKq ~ 10 specificity of lipid—protein interactions is often noted in the
M~Y) and the N-terminal basic residugs; (~ 10° M) to case of activating lipids. Although MjK2cd interacts more
be securely attached to membranes witk;af ~10" M~ strongly with lipids with higher negative charges, there is
(35 37). The addition of membrane targeting groups little specificity beyond charge (Figure 939). Because of
multiplies the association constant so both oligomerization the nature of life at extreme temperatures and pressures, the
and attachment by a transmembrane domain would greatlylipids of archaea differ from eukaryotic lipids. They are
enhance the interaction of a single MjK2 cytoplasmic domain typically ether-linked isoprenoid acyl chains, often arranged
with negative lipids. The internal K concentration of  as a single bipolar phospholipid (sometimes with different
nonhalophilic archaea, likll. jannaschij is higher than in polar heads), forming a monolayer membrane. Therefore,
most bacteriaX0.5 M) (38), and at the high salt level present  specificity of anM. jannaschiiprotein for eukaryotic lipids
under native conditions, the electrostatic contribution of a should not be expected. Although some common eukaryotic
single MjK2 cytoplasmic domain would not be enough to headgroups, like phosphoethanolamine, are also fould in
stabilize its positioning at the membrane surface. The jannaschij headgroups contain a wide range of glycosyla-
predicted MjK2 structure suggests that both a forced proxim- tions @0). Identification of all M. jannaschii negatively
ity to the membrane and a multimeric structure of the channel charged lipids found at all growth conditions may be
could more tightly fasten the domain to the nearby lipids. necessary to find whether specific lipids are involved in
However, a transient interaction, only when internal salt membrane signaling pathways.
levels decrease, could have a significant effect on the location Clues to the nature of the electrostatic membrane interac-
of the cytoplasmic domain in relation to the membrane tion were revealed by an analysis of the MjK2 primary
surface and channel. Any forces exerted on the channel'ssequence. The final seven residues are all lysines except for
gate could influence function. By increasing the local the final residue, a leucine. Polylysine stretches in proteins
concentration of the basic proteins within a few angstroms have been shown to bind to phospholipid membranes
of the membrane, an electrostatic interaction could be a wayelectrostatically and may play a role in orienting the
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Ficure 10: Electrostatic insights into the membrane interaction of MjK2. (A) A window of seven amino acids was used to calculate a
charge index plot along the primary sequence of two-transmembrane segment RCK domain-containing channels. Regions of the MjK2
(blue) plot are indicated to highlight potentially important charge differences with MthK (red) and other two-transmembrane segment RCK
domain-containing K channels (average of 37, black). (B) The cartoon depicts the electrostatic interaction between the negatively charged
membranes and a possible arrangement of MjK2. (C) An octamer of the RCK domain from MjK2 was modeled on the basis of the octamer
of the RCK domains from the open MthK channel structure. The protein surface is viewed as the protein would face the lipid. The final
three residues of the transmembrane segments from MthK are shown in green to signify the membrane region that cannot be accessed by
the cytoplasmic domain. An electrostatic surface was generated mapping positive (blue) and negative (red) regions. (D) A tetrameric model
of the RCK domain from MjK2 was modeled on the basis of the dimer-of-dimers model presented for the Ktn oligomeric structure. For
both panels C and D, a small ribbon diagram is shown to illustrate the position of the dimers under the electrostatic surface map. Each
dimer contains a yellow and a gray monomeric subunit except one yellow subunit in each multimer has been colored to indicate the RCK

domain (blue), the peripheral domain (green), and the connecting helices (red).
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cytoplasmic domain on the membrang&l,(42). Although

six residues are probably not sufficient to allow binding of

MjK2cd to the membrane, the cytoplasmic domain has a high
percentage of basic residues overall (43 Arg and Lys, 18%)
which clearly should also contribute to membrane binding.

With the recently determined structure of MthK, a
structural model for MjK2 can be generated. Upon first
glance at the MthK structure, it is difficult to imagine how
the large octameric RCK domain would interact with a
membrane. A representation of an MjK2 octamer based on
the MthK crystal structure displays the electrostatic potential
of the surface facing the membrane (Figure 10C). In the
structure, the octamer is rather close to the location of a
membrane bilayer suggested by the final residues of the inner
transmembrane helix. The transmembrane segments only
cover a small area of the phospholipid headgroups accessible
to a membrane-docked octameric RCK domain. The pos-
sibility also exists that the RCK domain of MjK2 adopts a
slightly wider octameric conformation, allowing for greater
interaction with the membrane.

Though similar to that of RCK domains, a different
oligomeric structural arrangement has been proposed for the
Ktn domains {1). The Ktn domain from the K efflux
system, KefC, is thought to be a tetramer, formed as a dimer
of dimers. The tetrameric arrangement would exclude the
second gene product and only be composed of channel-
forming subunits. A surface map of the electrostatic potential
of a putative tetrameric arrangement is shown in Figure 10D.
Even though the tetramer is positioned closer to the base of
the channel domain, a significant area of lipid would still
be accessible to the cytoplasmic domains. However, a second
tetrameric model, based on movements that would align
hydrophobic pockets on the RCK domaili), positions the
tetramer more tightly under the channel and provides little

access to the membrane. The tetrameric model may represent16.

an alternate conformation of the cytoplasmic domain when
the second gene product is not available. Regardless of the
oligomeric state of the RCK domain in a functional channel,
MjK2’'s RCK domain’s electrostatic interaction with anionic
lipids appears to be important in its biochemistry and could
influence the cytoplasmic domain’s central role in ligand-
dependent gating.
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