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Assembly of ROMK1 (Kir 1.1a) Inward Rectifier K* Channel Subunits
Involves Multiple Interaction Sites
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St. Louis, Missouri 63110 USA

ABSTRACT The ROMK1 (Kir 1.1a) channel is formed by a tetrameric complex of subunits, each characterized by cytoplas-
mic N- and C-termini and a core region of two transmembrane helices flanking a pore-forming segment. To delineate the
general regions mediating the assembly of ROMK1 subunits we constructed epitope-tagged N-terminal, C-terminal, and
transmembrane segment deletion mutants. Nonfunctional subunits with N-terminal, core region, and C-terminal deletions had
dominant negative effects when coexpressed with wild-type ROMK1 subunits in Xenopus oocytes. In contrast, coexpression
of these nonfunctional subunits with Kv 2.1 (DRK1) did not suppress Kv 2.1 currents in control oocytes. Interactions between
epitope-tagged mutant and wild-type ROMK1 subunits were studied in parallel by immunoprecipitating [>*S]-labeled oocyte
membrane proteins. Complexes containing both wild-type and mutant subunits that retained H5, M2, and C-terminal regions
were coimmunoprecipitated to a greater extent than complexes consisting of wild-type and mutant subunits with core region
and/or C-terminal deletions. The present findings are consistent with the hypothesis that multiple interaction sites located in
the core region and cytoplasmic termini of ROMK1 subunits mediate homomultimeric assembly.

INTRODUCTION

Inwardly rectifying K" channels contribute to the stabiliza- (Krapivinsky et al., 1995); subunits from the same subfam-
tion of the resting membrane potential and the modulatiorily also form heteromultimeric neuronal channels (Lesage et
of cell excitability. Members of this family include classical al., 1995). Intersubfamily heteromultimers (e.qg., Kir 1.1/Kir
inward rectifiers, G-protein-gated muscarini¢ Khannels, 4.1) have also been reported (Glowatzki et al., 1995).
ATP-sensitive K Channe_ls, and _epithelial ATP-reguIated As with voltage-gated K (Kv) channels, heterologous
K™ channels that underlie physiologically important cur- eypression studies support a tetrameric structure for Kir
rents including ks, lkach: and kare, as well as K secre-  channels in which each subunit of the tetramer contributes

tory pathways in epithelial cells. These channels are chart—0 the formation of a central ion-conducting pore (Glo-

s cHeatan eSS o vl oo ondenpK ot al, 1995 Yang et l. 1995 Clement e al, 1597
P ' 9 P hyng and Nichols, 1997). Structurally, however, Kir chan-

block of the channel pore by intracellular Kfgand posi- o L
tively charged polyamines (Vandenberg, 1987; Matsuda etgel subunits display a distinct membrane topology. Hydrop-

al., 1987; Nichols et al., 1994; Stanfield et al., 1994; Lopatinathy and_ sequence ana}lyses predigt cytoplasmic N- and
et al., 1994 Ficker et al., 1994; Fakler et al., 1995). C-termini with a core region that consists of two transmem-
Reflecting the functional heterogeneity of inward rectifi- Prane segments, M1 and M2, flanking a pore-forming H5
ers, six subfamilies of inwardly rectifying potassium chan-Segment (Ho et al., 1993).
nel genes (Kir 1.0—Kir 6.0) have been identified that are A full understanding of Kir channel quaternary structure,
expressed in various cell types, including neurons, cardia@sseémbly, and mechanisms determining the specificity of
myocytes, pancreatig-cells, and renal epithelial cells Subunit multimerization requires knowledge of the regions
(Doupnik et al., 1995; Nichols and Lopatin, 1997; Ho, involved in subunit interactions. Domains with a role in Kir
1998). An additional level of structural diversity is gener- channel heteromultimerization and homomultimerization
ated by the coassembly of Kir channel subunits in a rehave been proposed based largely on the ability of chimeric
stricted manner either within a subfamily or between sub-subunits to associate with and alter wild-type channel ac-
families to give rise to functional heteromultimeric channelstivity. Fink et al. (1996) suggested that the Kir 2.3 N-
with distinct properties. For example, within the Kir 3.0 terminus functions as a requisite structural element in both
subfamily Kir 3.1 and Kir 3.4 coassemble to form G- homomultimeric and heteromultimeric (Kir 2.1/Kir 2.3) as-
protein-gated muscarinic K channels in cardiac atria sembly events and that the Kir 3.2 core region confers an
inactive channel phenotype on Kir 2.0/Kir 3.2 heteromulti-
meric channels. In the same context, Tucker et al. (1996a)
Received for publication 30 September 1997 and in final form 30 Decempgye identified the two putative transmembrane segments of
erdrl:j:.re rint requests to Dr. Kevin Ho, Washington Universit SchoolKir 3.4 as conferring an inhibitory interaction of this subunit
of Medicing, Renaql Division, éox 8126, ’660 Soutgh Euclid Avezue, St. on heteromultimers formed with Kir 4.1. _The M1 and M_2
Louis, MO 63110. Tel.: 314-362-4309; Fax: 314-362-8237; E-mail: S€gMents also have been shown to mediate the potentiated
kho@imgate.wustl.edu. currents in Kir 3.1/Kir 3.4 heteromultimeric channels (Kubo
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(1996) have implicated a distal C-terminal segment in ho-major capsid protein) epitopes into the N- and C-terminal ends of ROMK,
momultimeric subunit association and the M2 transmem?Jespectively, using rTth DNA polymerase, XL (Perkin-Elmer, Foster City,
CA). After PCR mutagenesis, restriction fragments containing epitope

brane segment and a prOX|maI C-terminal region in reStrICt-sequences were subcloned back into ROMK1-pSPUTK to generate the

ing heteromultimeric channel assembly. These data Squel%bged full-length constructs ROMK1-N-HA and ROMK1-C-T7. With
that a single common structural motif may not mediate KirRoMK1-N-HA as a PCR template, construction of the deletion mutants,
assembly, in contrast to the major role of the NAB domainAN1, AN2, AM1, AM2, AC1 andAC2, applied inverse PCR mutagenesis
in Kv channel assembly (Li et al., 1992; Shen et al., 1993,using otl::gonulcleotide prinf1ers that inlcorporated Eiiﬂddd or Xhd rlestridc-I
. . e tion endonuclease sites for recircularization. The more complex deletion
HOkanS et al".1994’ Xu.et a.l" 1995)..SpeC|f|(': I’(:)|ES for eachmutants.ANS, AN2C2, AM1H5M2, AN2M1, andAH5M2C2, were gen-
of these putative domains in subunit association and/or Rrated by combining restriction fragments derived from the above con-
determining the specificity of heteromultimeric subunit in- structs and by PCR mutagenesis. By using a cassette strategy to minimize
teractions are yet unresolved. secondary mutations, restriction endonuclease fragments containing the
In the present study we have examined the homomultimdeletion mutat!)o:ls fr((j)rg all(l constructs incorporating PCR-generated rﬁ-
o P gions were subcloned back into ROMK1-N-HA to generate mutants witl
e”zatl(,)n of ROMK1 (Klr l'la) (HO etal, 1993) C,hannel N-terminal HA epitope tags. The nucleotide sequences of all constructs
subunits heterologously expressed Xenopus laeviso- were verified by double-stranded sequencing using Sequenase 2.0 T7 DNA
cytes to delineate general regions that directly mediate Kipolymerase (USB Speciality Biochemicals, Cleveland, OH) or fluores-
channel assembly. Mutations in the Kir 1.1 geRKe&CNJID) cence-based cycle sequencing using AmpliTaq DNA polymerase, FS (Per-
result in the disorder, Bartter's syndrome (Simon et a|_’kin-EImer, Foste_r City, CA) and an ABI PRISM DNA sequencer (Perkin-
1996). ROMK1 N-terminal, C-terminal, and core region £Me": Foster City, CA).
deletion mutants were generated and coexpressed with wild-
type channel proteins. Parallel functional and biochemicaMetabolic labeling of Xenopus oocytes
assays demonstrated Sp?CIfIC aSSOCIatlon of mutants Wltci:hNAs encoding epitope-tagged full-length and deletion mutant constructs
full-length ROMK1 subunits in vivo. These data support aere microinjected into oocytes-05-30 ng cRNA per oocyte). After
model for homomultimerization in which adjacent channelinjection oocytes were incubated ferL2 h at 18°C in ND96 solution with
subunits of the ROMK 1 tetramer interact at multiple sites of2 mM C&*. Healthy oocytes were selected and labeled with 74 MBg/ml
association distributed within the cytoplasmic N-terminal, [**SImethionineff*Sjcysteine (Dupont New England Nuclear, Boston,

. - MA) in ND96 solution (-2 mM C&*, penicillin/streptomycin) for 12-14
C-terminal, and transmembrane core regions of each su at 18°C. After labeling, oocytes were transferred to homogenization

unit. A preliminary report of these findings has been pre-pffer [10 mM HEPES, 250 mM sucrose, and protease inhibitor cocktail
sented to the Biophysical Society (Koster et al., 1997).  (Boehringer-Mannheim, Indianapolis, IN) (pH 7.4)] and homogenized at
4°C. The homogenate was centrifuged three times (10 min, 0@ at
4°C to remove yolk granules and melanosomes. The resulting supernatant

MATERIALS AND METHODS was ultracentrifuged at 165,000 g for 45 min at 4°C to generate a total
. membrane fraction that was used for the immunoprecipitation assay de-
Electrophysiology scribed below.
Expression of ROMK1 mutant and wild-type channel
subunits in Xenopus oocytes Immunoprecipitation of ROMK1 mutant and

cRNA was transcribed in vitro using T7 or SP6 RNA polymerase (Ambion full-length channel subunits

qup., Austin, TX), and additiopal purification of C_RNAS was pe_rformeq Total membrane pellets from injected oocytes were washed with STE
using G-50 Sephadex RNA spin columns (Boehringer-Mannheim, Ind'a'buffer containilg 1 M NaCl, 50 mM Tris, 1 mM EDTA (pH 7.9) (10 min,

napolis, IN). Stage V-VXenopus laevisocytes were isolated by partial 15,000 g) followed by a second wash using buffer without NaCl at 4°C.
ovariectomy under tricaine anesthesia and defolliculated by treatment wit embranes were solubilized in buffer containing 1% Triton X-100, 1%
1 mg/ml type 1A collagenase (Sigma, St. Louis, MO) in ND96 solution [96 sodium deoxycholate, 0.5% SDS, 150 mM NaCl, 50 mM Tris, 1 mM

mM NaCl, 2 mM‘ KC.I’ .1 ml\g M.QHSL’ 5|mM Na-HEPES (pIH 7'?1 for l:' EDTA (pH 7.9) supplemented with protease inhibitor cocktail for 15 min
Oocytes were microinjected with50 nl CRNA (1-100 ngil) 24 h to 48 at 4°C and diluted in a stepwise fashion with STE buffers to a final

after defolliculation. Oocytes were maintained at 22°C in ND96 solution detergent concentration of 0.5% Triton X-100, 0.5% sodium deoxycholate
with 2 mM C&”, pe”ic”'?” (100 U/ml), and streptomycin (leg/mI)_ for and 0.05% SDS. After centrifugation (10 min', 15,080q), supernatants ’
1-2 d ays b?fore recording. Two-e_zl_ectrode voltage clamp recordings Werere transferred to new microcentrifuge tubes. To immunoprecipitate
obtained using an OC-725C amplifier (Warner Instruments, Hamden, CT)e itope-tagged channel subunits, two 20@iquots taken from the same

In any given batch of oocytes, uninjected oocytes never had conductanc% lubilized membrane protein preparation were incubated at 4°C with
>1 uS. Expressed currents were leak-subtracted using mean Cu"enlﬁther anti-T7 monoclonal antibody (0.qdy/ul) (Novagen, Madison, Wi)

recorded from three to six mock-injected oocytes. Data were recorded and. . 1A 12CA5 monoclonal antibody (0.02:g/ul) (Boehringer-
analyzed using a chart recorder, an Axon TL-1 A/D interface, and pCIama\A y
o

5.5 software (Axon Instruments, Foster City, CA). Currents were recorde
in KD98 solution [98 mM KCI, 1 mM MgClJ, 5 mM K-HEPES (pH 7.5)]
unless otherwise indicated.

annheim, Indianapolis, IN) followed by the addition of Protein G Sepha-
se (Pharmacia Biotech, Piscataway, NJ). Immunoprecipitates were pel-
leted (1 min, 15,00 g) and washed sequentially five times (5 min, 4°C)
with the following wash buffers: 1) 0.5% Triton X-100, 0.5% sodium
deoxycholate, 0.05% SDS in 150 mM NaCI-STE (pH 7.9) (3 washes); 2)
Mol lar biol 0.05% Triton X-100, 0.05% sodium deoxycholate, 0.005% SDS in 500
olecular biology mM NaCI-STE (pH 7.9) (1 wash); and 3) 0.05% Triton X-100, 0.05%
Construction of deletion mutants sodium deoxycholate, 0.005% SDS in STE buffer without NaCl (pH 7.9)
(1 wash). Immunoprecipitated proteins were eluted in SDS Laemmli sam-
Cassette-based mutagenesis techniques combining standard and invepde buffer with 5% B-mercaptoethanol and proteins were separated by
PCR were used to incorporate HA (influenza hemagglutinin 1) or T7 (T7 SDS-PAGE; 10% or 10—-20% gradient SDS-PAGE gels were used depend-
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ing on the mutant proteins resolved. Gels were incubated in fixative (10%nvolved in the homomultimeric assembly of ROMK1 chan-
acetic acid, 25% isopropanol) for 30 min at 25°C followed by an additionalna| syubunits (Fig. 1). Constructs encoding deletion mutant
15 min (25°C) in fluorographic reagent (Amersham, Arlington Heights, IL) . . .
before fluorography and full-length (wild-type) ROMKL1 proteins incorporated
N-terminal HA (influenza hemagglutinin I) or C-terminal
T7 (T7 major capsid protein) epitopes, respectively, to
provide the means to specifically isolate each subunit type.
When expressed alone Xenopusocytes, HA-tagged mu-
In order to compare the relative efficiency of coprecipitating mutant andtants with deletions involving the C-terminuA1, AC2),
wild-type subunits, we calculated.icip(Eq. 1) for each group of paired  N-terminus (AN2), transmembrane segment-containing
immunoprecipitations resulting from a given membrane protein preparag e region AMZ AM1H5M2) or a combination of these
tion. Relative quantities of mutant and full-length subunits in immunopre- . ! ' .
cipitates were determined by densitometry using SigmaGel software (SPS’éegmnS ANZCZ’ ANZM.]" AH5M2C2) did not gener_ate
Inc., Chicago, IL) following resolution of proteins by SDS-PAGE and functional channels (Fig. 2). However, a mutant with a
fluorography. Glycosylated and unglycosylated forms were quantitatecpartial deletion of the N-terminusAN1 (residues 3-38),
separately but the densitometric data were combined for the foIIowing‘NaS functional: currents were similar but Iarger in magni—
Iculations. nrel h iti f ipi i ’ . . .
calculations. R,,ecip relates the quantities of coprecipitated protein and tude when compared to those associated with wild-type

immunoprecipitated protein while adjusting for the number of methionine .
residues present in each: subunits [ROMK1= 55 = 0.4 pA (n = 10); AN1 =

Reoprecip= [C/MJ/[I/M,] (1) 12.1+ 1.2 pA (n = 9) (+50 mV)].

where | is the protein (with Mnumber of methionine residues) directly

immunoprecipitated by antibody and C is the protein (with Mdmber of

methionine residues) coprecipitated. Since the absolute amounts of mutahdactive mutant subunits function as dominant

and full-length subunit proteins present in membrane preparations coulghegative subunits when coexpressed with

not be determined before immunoprecipitations, we assumed that HAROMK1 in oocytes

tagged mutant and T7-tagged full-length subunit proteins were expressed

to different extents in coinjected oocytes resulting in an excess of on€fo demonstrate the involvement of general subunit regions
subunit type over the other. An approximation of coprecipitation efficiencyin homomultimerization, we coexpressed the nonfunctional

might then be obtained by selecting the higher of the two values for . L
Reoprecipd€termined from both anti-T7 and anti-HA immunoprecipitations mutants with fuII-Iength subunits IXenopusoocytes and

of each membrane protein preparation. The highgy,R;,value would ~ looked for current suppression (dominant negative effect).
correspond to the immunoprecipitation of the subunit type present in &Coexpression of mutant subunits with the very distantly
limiting quantity (as opposed to the subunit type in relative excess) resultya|ated voltage-gated K (KV) channel, Kv 2.1 (DRKl)

ing in a better estimate; in contrast, the lower of the twg,R;,values .
would be consistent with the immunoprecipitation of the subunit type in (Frech et al., 1989), was used in parallel groups of oocytes

relative excess resulting in an underestimate of coprecipitation efficiencyf’jls a antml for nonSpeC'f'.C effeCtS associated with the
For this reason, the higher of the twQ .., values generated for each expression of multiple proteins in oocytes and for nonspe-

Quantitation of immunoprecipitated mutant and
wild-type subunits

group of paired immunoprecipitations is given. cific protein-protein interactions. Current evidence supports
the notion that Kv and Kir channel subunits do not coas-
RESULTS semble with each other to form heteromultimeric channels

(Tytgat et al., 1996; Tinker et al., 1996). In comparison to
the currents recorded from oocytes expressing wild-type
subunits alone, the coexpression of mutant and wild-type
subunits resulted in significant suppression of ROMK1 cur-
We generated N-terminal, C-terminal, and core region derents (Figs. 3 and 4). This interaction between mutant and
letion mutants in order to delineate the general region(sjull-length ROMK1 subunits was specific: there was no

Expression of ROMK1 epitope-tagged deletion
mutant and wild-type subunits in
Xenopus oocytes

FIGURE 1 Epitope-tagged ROMK1 (Kirl.1a) dele-

tion mutant and wild-type subunitsAY Schematic of

the Kir 1.1a channel subunit illustrating the general
topology of Kir channel subunits. Residues delineating
deleted segments are indicateB) HA (influenza hem-
agglutinin) and T7 (T7 major capsid protein) epitopes
were respectively incorporated into the N- and C-ter-
mini of deletion mutant and wild-type ROMK1 con-
structs as shown using cassette-based PCR mutagene-
sis. Addition of either epitope tag did not significantly 44
alter ROMK1 channel function (data not shown). For
each deletion mutant construct residues corresponding ?T AHBM2C2 &
to deleted segmentsblack region¥ are indicated ANZMA e B

above. The expected size of each polypeptide was con- 339C 156-202

firmed by in vitro translating each construct using a AM2 e

rabbit reticulocyte lysate system (Promega, Madison, ROMKA-C-T7 T T7
WI) followed by SDS-PAGE (data not shown).
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FIGURE 2 Expression of ROMK1 and deletion mutant subunitXén
nopusoocytes. A) Representative whole-cell currents recorded fodea
nopus oocytes injected with equimolar amounts of cRNA encoding
ROMK1 or mutant channel proteins using two-electrode voltage clamp
Currents were elicited by test potentials betwee80 mV and+70 mV in
10-mV increments from a holding potential 650 mV. Bath solution
contained 98 mM KCI, 1 mM MgGCl 5 mM K-HEPES (pH 7.5).8) Mean
leak-subtracted currents at50 mV recorded from oocytes expressing
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FIGURE 3 N-terminal, C-terminal, and core region deletion mutants
function as dominant negative subunits when coexpressed with ROMK1 in
oocytes. Representative whole-cell currents recorded by two-electrode
voltage clamp from oocytes expressing ROMK1 subunits (R) alone or
coexpressing both wild-type and mutant subunits{Rutant); ROMK1.:
mutant cRNA ratio for coinjected oocytes was 1:1 or 1:3. To demonstrate
the specificity of the interaction between wild-type and mutant subunits,
each deletion construct was also coexpressed with voltage-gatetian-

nel Kv 2.1 (DRK1) subunits (D) in oocytes (from the same batch used for
ROMKT1 studies) and compared to oocytes expressing Kv 2.1 alone. The
amount of mutant cRNA coinjected with Kv 2.1 cRNA in these oocytes
was equivalent to that used in coinjection experiments with ROMK1.
Currents were recorded in KD98 solution and elicited by test potentials

potential of =50 mV.

between—80 mV and +70 mV in 10-mV increments from a holding

mutant subunits alone compared with ROMK1 currents in control oocyteslmmunoprecipitation of [®S]-labeled mutant and
wild-type subunits from oocytes

Bars indicate S.E.M.n(= 3-10 oocytes/group).

2.1 subunits (Table 1).

Mutant subunits with deletions of the N-terminusN2),
C-terminus AC1, AC2), or both AN2C2) reduced wild-
type channel activity. The mutant subunkN2 (residues
3-68), had the most marked inhibitory effect on ROMK1
currents. The reduction in currents associated with a mor
limited deletion of the N-terminusAN3 (residues 39-68),
was comparable (data not shown). Common to each of thes
subunit constructs is retention of the core region, M1-
H5-M2, therefore suggesting a role for this region in
homomultimerization.

Dominant negative effects were not limited only to mu-
tants possessing an intact core region, however. A mutat
with a complete deletion of the core regichM1H5M2,

In an effort to better understand the mechanism(s) underly-
ing these suppressive effects, we examined whether some or
significant difference in the magnitudes of Kv 2.1 currentsall of the dominant negative effects reflect the formation of
recorded from control oocytes expressing Kv 2.1 channelstable complexes consisting of mutant and wild-type sub-
alone and from control oocytes coexpressing mutant and Kunits. Xenopusoocytes coexpressing T7-tagged wild-type
ROMK1 (ROMK1-C-T7) and HA-tagged mutant subunits
(cCRNA molar ratio, 1:3) were metabolically labeled in
[*°S]methionine/f°S]cysteine-containing media. Oocyte

1.0

5

o
o

MNormalized Curn

0.0

D+R

was also able to suppress wild-type channel activity; the

finding is consistent with the presence of interaction Site(SfIGURE 4 Mean Iegk-subtracted currents from oocytes coexpressing
mutant subunits and either ROMK%60 mV, black barg or Kv 2.1 (+50

mV, white barg as shown in Fig. 3 were normalized to mean currents from
oocytes expressing ROMK1 (R) alone or Kv 2.1 (DRK1) (D) alone using
only the N-terminus and M1 transmembrane segment, prathe same batch of oocytes. Coexpression of ROMK1 and Kv 2. (®).
vides evidence for an interaction site(s) within these reNormalized, mean leak-subtracted currents from coinjected oocytes, R
mutant or D + mutant, were statistically compared to currents from
. . . ~ 7 oocytes expressing either ROMK1 or Kv 2.1 alone, respectively, using
AN2M1 suggests at least one additional site of interaction ifpaijredt-tests;P < 0.0005-0.05 4steris andP < 0.07 (ound sigi.

Bars indicate S.E.M.n(= 3-14 oocytes/group).

within the putative cytoplasmic N- and C-termini. Suppres-
sion of ROMK1 currents bAH5M2C2, which consists of

gions. Moreover, the reduction in wild-type currents by

the remaining half of the subunit (H5-M2-C-terminus).

ANZ2
filey]

AC2
AN2C2

AMTHSM2
AHEM2C2

ANZM1
AM2
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TABLE 1 Coexpression of deletion mutant subunits and wild-type ROMK1 or Kv 2.1 subunits in Xenopus oocytes
ROMK1 Kv 2.1
Mean Normalized ROMK1 vs. Mean Normalized Kv 2.1 vs. Kv
Oocyte Group Current= S.E. ) ROMK1 + Mutant Oocyte Group Current= S.E. ) 2.1 + Mutant
ROMK1 1.000=+ 0.129 (4) Kv 2.1 1.00G: 0.118 (6)
ROMK1 + AN2 0.092+ 0.014 (6) P < 0.0005 Kv 2.1+ AN2 0.777=+ 0.057 (10) NS
ROMK1 1.000=+ 0.086 (9) Kv 2.1 1.00@- 0.078 (8)
ROMK1 + AC1 0.398+ 0.022 (8) P < 0.0005 Kv 2.1+ AC1 1.051+ 0.144 (10) NS
ROMK1 1.000+ 0.079 (9) Kv 2.1 1.00@- 0.141 (11)
ROMK1 + AC2 0.708+ 0.061 (14) P < 0.05 Kv 2.1+ AC2 1.029+ 0.211 (12) NS
ROMK1 1.000=+ 0.102 (3) Kv 2.1 1.00G: 0.145 (9)
ROMK1 + AN2C2 0.459+ 0.076 (6) P < 0.005 Kv 2.1+ AN2C2 0.842+ 0.123 (6) NS
ROMK1 1.000+ 0.135 (13) Kv 2.1 1.00(- 0.110 (11)
ROMK1 + AM1H5M2 0.484+ 0.073 (11) P < 0.005 Kv 2.1+ AM1H5M2 0.894+ 0.096 (11) NS
ROMK1 1.000+ 0.083 (10) Kv 2.1 1.00@: 0.050 (10)
ROMK1 + AH5M2C2 0.423+ 0.087 (8) P < 0.0005 Kv 2.1+ AH5M2C2 0.864+ 0.064 (7) NS
ROMK1 1.000+ 0.117 (8) Kv 2.1 1.00G: 0.169 (7)
ROMK1 + AN2M1 0.700=+ 0.072 (6) NS* Kv 2.1+ AN2M1 1.093+ 0.081 (6) NS
ROMK1 1.000+ 0.174 (14) Kv 2.1 1.00@: 0.169 (9)
ROMK1 + AM2 0.443+ 0.107 (13) P < 0.05 Kv 2.1+ AM2 0.837+ 0.101 (9) NS

Mean leak-subtracted currents recorded fréenopusoocytes coinjected with ROMK1 and mutant cRNAs were normalized and compared to currents
recorded from oocytes expressing ROMK1 alone {&80 mV). Currents were also recorded from control oocytes (from the same oocyte batch)
coexpressing Kv 2.1 (DRK1) and mutant constructs; these were normalized and compared to currents recorded from oocytes expressing Kv 2.1 alone (at
+50 mV). Statistical analyses were performed with SigmaPlot software (SPSS Inc., Chicago, IL.) using unestedignificance was defined byPa

value < 0.05. NS, not significant.

* Note that forAN2M1, ROMK1 alone vs. ROMK1+ AN2M1, P < 0.07; in control oocytes, Kv 2.1 alone vs. Kv 241 AN2M1, P > 0.6.

membranes were isolated and detergent-solubilized (1%nti-HA) from a single representative experiment are shown
Triton X-100 + 1% sodium deoxycholate- 0.5% SDS), for the mutant, AN1 (Fig. 5). As controls, ROMK1-C-T7
and the resulting membrane proteins were immunoprecipiand mutant subunits were specifically immunoprecipitated
tated using monoclonal antibodies directed against the TBy anti-T7 (compardanes 5and6) and anti-HA (compare
epitope (ROMK1-C-T7 subunit) or HA epitope (mutant lanes 9and 10) monoclonal antibodies, respectively, from
subunit). oocytes expressing each subunit type alone and without the
Representative detergent-solubilizéeS]-labeled oocyte precipitation of endogenous oocyte proteins. No detectable
membrane proteindgnes 1-3, antibody specificity con- cross-reactivity was observed between anti-T7 antibody and
trols, and paired immunoprecipitations (both anti-T7 andHA-tagged subunits or between anti-HA antibody and T7-

Membrane Pellets Anti-T7 Anti-HA Anti-T7
— t T T . —
ROMK1-C-T7 - + + ROMK1-C-T7 = = + + - = 4+ 4+ ROMK1-C-T7 + +
ANA + - 4+ AN1 -+ -+ - 4+ = + DRKI -
97.4 » 97.4 »
69 » 46 = ! g ' . a 69 »
48 » 46 > - | 1
30 Bk s

FIGURE 5 Immunoprecipitation of mutant (N-terminal HA-tagged) and wild-type (ROMKZ1-C-T7) subunits express&hapusoocytes. Equal

aliquots of total detergent-solubilized®g]-labeled membrane proteins isolated from each group of oocytes were immunoprecipitated using anti-T7 and
anti-HA monoclonal antibodies (paired immunoprecipitations) and resolved by SDS-PAGE. Representative detergent-solubilized membgafierprotein
oocytes expressingN1, ROMK1-C-T7, or both (ROMK1:mutant cRNA ratio, 1:3) resolved by SDS-PAGE (10% gel) before immunoprecipitaties (

1-3). Solubilized total membrane proteins were immunoprecipitated using anti-T7 and anti-HA monoclonal antibodies, and immunoprecipitates were
resolved on a 10% SDS-PAGE gdhrfes 4—1). Anti-T7 antibody immunoprecipitated only ROMK1-C-T7 and ratl1l (lanes 5and6). Conversely,

anti-HA antibody immunoprecipitated onlfN1 and not ROMK1-C-T7 lanes 9and 10). However, bothAN1 and ROMK1-C-T7 subunits were
coimmunoprecipitated from oocytes coexpressing both subunit types using either amén€7 7( or anti-HA (ane 1) monoclonal antibodies
demonstrating the coassembly of these subunits. Endogenous oocyte proteins were not immunoprecipitated; in addition, no proteins were immunopre-
cipitated from mock-injected oocyteles 4and8). Migrating as doublets, glycosylated and unglycosylated forms of ROMK1-(hIEEK arrows on

right) and AN1 subunits {hite arrows on right were expressed in oocytes as previously shown for wild-type ROMK1 (Ho et al., 1993; Schwalbe et al.,
1995) and clearly resolved by 10% SDS-PAGE gel. Immunoprecipitation of membrane proteins from oocytes coexpressing Kv 2.1 (95.3 kDa predicted size)
and ROMK1-C-T7 subunits using anti-T7 antibody yielded only ROMK1-C-T7 subutatse(13; glycosylated and unglycosylated ROMK1-C-T7
subunits were observed to migrate closely on 10-20% gradient SDS-PAGE gels.
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tagged ROMK1. Immunoprecipitation of membrane pro- a2+ BB o AC2 . sl B
teins isolated from oocytes expressing both ROMK1-C-T7 — r 1 ' 1 —

- + - + - + -
+ -+ -+ -+

and Kv 2.1 channels using anti-T7 antibody resulted in onlyaniz +
the precipitation of ROMK1-C-T7 subunits. =
A stable, direct interaction between functiondl1 and 5 o ' o .‘_ 4
ROMK1-C-T7 subunits was demonstrated in oocytes coex 46 » ' g > 1 R
pressing the two subunit types. Both HA-tagged1 and ' sopl LB > . 30>
LB

AL

ROMK1-C-T7 subunits were coprecipitated when either 30>
anti-T7 or anti-HA monoclonal antibodies were used to -

specifically immunoprecipitate each subunit type, thus dem Lt Abegrs o B v
onstrating a physical interaction between the subulatet — r 1 r 1
7 and11). Paired immunoprecipitations were used in thesepntiz -+ - T t g

studies to demonstrate the identities of the proteins involve:
and the specificity of the interactions. Appearing as dou- . ' e

blets, glycosylated and unglycosylated formsAdf1 and bt ‘ 1 @ 1 w» '
ROMK1-C-T7 were present in the immunoprecipitates in 30 » u ME 30 >
agreement with previous reports for ROMK1 (Ho et al., | <

1993; Schwalbe et al., 1995) and GIRK1 (Kir 3.1) subunits o
(Dascal et al., 1995).

L b

FIGURE 6 Functionally inactive deletion mutants were coexpressed
with ROMK1-C-T7 in oocytes and immunoprecipitated with anti-T7 and
anti-HA monoclonal antibodies as in Fig. 5. Immunoprecipitates were

Mutant subunits retaining both core and C- resolved by SDS-PAGE as follows: 10% gal2; 10-20% gradient gel,

: : . . A AC1, AC2, AN2C2, AM1H5M2, AH5M2C2, AN2M1. Glycosylated and
termm.al regions coprecipitate with wild-type unglycosylated forms of ROMK1-C-Tblack arrows on rightand mutant
subunits to the greatest extent

subunits (hite arrow(s) on right) are indicated (in the latter case, if

In addition to the functionally activAN1 mutant. nonfunc- present). The ROMK1-C-T7 doublet, which is difficult to discern in some
y ’ 10-20% gradient gel lanes due to longer exposure times, was easily

tional mutant SUbunit.S that e).(h'b'tEd a dominant I"egat'.vl(';'/isualized in each of these cases by using shorter exposures (data not
effect on the expression of wild-type currents also specifi-shown). Faint, lower-molecular-weight bands visible in some lanes most
cally coprecipitated with ROMK1-C-T7, but with signifi- likely represent degradation products. Predicted sizes of subunit proteins:

cant differences in efficiency (Figs. 6 and 7). Paired immu-iOMKl-C-kT? 16-3 kDaAN1 il.& kDaAN2, 38.4 kEaAZL 35.4 :202;
noprecipitations resulted in the isolation of stable2C? 253 KD&AN2C2, 17.4 kDAAMIHSM2, 31.2 kDaiAN2ML, 32.

I .~ kDa; AH5M2C2, 15.7 kDa.
complexes consisting of ROMK1-C-T7 and mutant subunits 2 2

retaining the H5, M2, and C-terminal regionSN1, AN2,

AN2M1) from coinjected oocytes. In contrast, immunopre-

cipitations of complexes containing both ROMK1-C-T7 andlanes 1-3. Both glycosylated and unglycosylated forms of
mutant subunits with deletions involving the entire C-ter-the mutantsAN2, AC1, AC2, AN2C2, andAN2M1, were
minus AC2, AN2C2) and/or core regionAM1H5M2,  present in the immunoprecipitates and are consistent with
AH5M2C2, AM2, and AM1 (residues 69-114) (data not the single N-linked glycosylation site present in the M1-H5
shown for the latter two mutants)] were consistently of lowlinker (Asn-117). These biochemical data suggest that the
efficiency, yielding mainly the primary precipitated species.simultaneous presence of H5, M2, and C-terminal regions
The coprecipitation of ROMK1-C-T7 anfdC1 was of in-  confer a greater stability on ROMK1 subunit interactions
termediate efficiency; ROMK1-C-T7 was coprecipitated bythan do the N-terminus and core region.

AC1 (containing the distal C-terminal segment, 303—-391) to

a greater extent than hyC2 as shown by immunoprecipi-

tations using anti-HA antibody (Fig. 6). Quantitative com- DISCUSSION

parison of the relative efficiency of coprecipitating mutant The ROMK1 (Kir 1.1a) channel consists of a tetramer of
and ROMK1-C-T7 subunits was made by calculatingfour noncovalently associated subunits forming a central
Reoprecip (S€€ Materials and Methods) for each group ofK™-selective aqueous pore (Glowatzki et al., 1995; Yang et
paired immunoprecipitations shown in Figs. 5 and 6. Higheral., 1995). To begin to define the structural determinants
values reflect a greater efficiency of coprecipitatiadll  involved in the homomultimerization of these channels, a
1.11; AN2 0.63; AN2M1 0.89; AC1 0.37; AC2 0.02; series of deletion mutant subunits was constructed and
AN2C2 0.04;AM1H5M2 0.13; AH5M2C2 0.06. Interac- assayed for the ability to specifically associate with wild-
tions occurred between ROMKZ1-derived subunits and notype subunits irKenopusocytes using both functional and
with labeled endogenous membrane proteins, which repreésiochemical approaches. There has been relatively little
sented the vast majority of labeled proteins (note the SDSeharacterization of the molecular or subcellular mechanisms
PAGE separations of representative preparations of solubresponsible for the functional phenotypes (suppression or
lized membrane proteins before immunoprecipitation; Fig. 5activation) associated with the interaction of heterologously
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N

FIGURE 7 Quantitation of mutant and wild-type A150 Anti-T7 1P o Anti-HA IP

subunits in immunoprecipitates. ROMK1-C-T7 and RO aNt
mutant subunits, which were immunoprecipitated using
anti-T7 and anti-HA monoclonal antibodies and re-
solved by SDS-PAGE (Figs. 5 and 6), were quantitated 50 4
by densitometry. Representative densitometric traces @

are shown for paired immunoprecipitationsXi¥1 (A) 0 " 0
and AN2C2 (B) coexpressed with ROMK1-C-T7. For & A A A & A & 12
both full-length filled symbol$ and mutantg¢pen sym- MW (kDa) MW (kDa)

bolg) subunits, the corresponding positions of both AtiT7 IP Anti-HA P

glycosylated diamond$ and unglycosylatedirfverted 250 250
triangleg forms are indicated. Mutant subunits retain-  ,,, | R4 200 4 aN2C2 ©
ing both core and C-terminal regions coprecipitated
with wild-type subunits to a greater extent.Recip
was calculated for each group of paired immunopre-

cipitations as an alternative means of demonstrating the 50 aaca 50 - .~
relative efficiency of coprecipitating mutant and 0oL o

ROMK1-C-T7 subunits (see text). 69 & 3 143 69 46 3 14.3
MW (kDa) MW (kDay)

-
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expressed Kir channel subunits. Using a homotypic systerassembly domain would be consistent with the inhibitory
we have demonstrated that the oligomerization of ROMK1effects conferred by the incorporation of Kir 3.1, Kir 3.2, or
subunits involves multiple interaction sites distributed alongKir 3.4 core regions (specifically, transmembrane segments
the length of the Kir channel polypeptide, in contrast to theM1 and M2) into heteromultimeric channels that have been
central role of the N-terminal NAB assembly domain in reported by others (Fink et al., 1996; Tucker et al., 1996a).
voltage-gated K channels. Differences in the interactions Similarly, Kir 3.4/Kir 2.1 and Kir 3.1/Kir 4.1 chimeric
identified by dominant negative and immunoprecipitationconstructs have been used to demonstrate that the Kir 3.0
assays suggest that channel suppression may be mediateddnye region is necessary for the potentiation of currents
different mechanisms. observed with Kir 3.1/Kir 3.4 heteromultimers (Kubo and
Studies that have examined the assembly of Kir channelBzuka, 1996; Tucker et al., 1996b). By analogy, in voltage-
primarily through the analysis of chimeric subunit interac-gated K™ channels, Tu et al. (1996) have reported that in
tions have identified different regions involved in subunit addition to the N-terminal NAB domain (Li et al., 1992;
association. The N-terminus (Fink et al., 1996), the transShen et al., 1993; Hopkins et al., 1994; Xu et al., 1995) and
membrane segments, M1 and M2 (Tucker et al., 1996a,l51 transmembrane segment (Babila et al., 1994) which were
Kubo and lizuka, 1996), as well as M2 and C-terminal previously identified as determinants of Kv channel assem-
regions (Tinker et al., 1996) have been implicated in oli-bly, regions within the Kv 1.3 channel core region (trans-
gomerization as assembly domains, specificity domainsnembrane segments S1-S6) also facilitate intersubunit as-
(providing a recognition mechanism for discriminating be-sociation (Tu et al., 1996).
tween compatible and incompatible subunit interactions), or The dominant negative effect of the core-region mutant,
domains with both of these functions. We chose to investitAM1H5M2, on ROMK1 currents in oocytes coexpressing
gate the oligomerization of a single Kir subfamily member,mutant and wild-type subunits suggests that additional in-
ROMKZ1, in an attempt to separate the issue of subuniteraction sites exist in the N-terminus and/or C-terminus. In
compatibility (heteromultimerization) from the issue of sub- fact, we found that mutant subunits consisting either of the
unit association. The present study, which focuses on pureli-terminus and M1 transmembrane segmexii§M2C2)
homotypic interactions between ROMK1 subunit proteinsor the remaining half of ROMKZ1 inclusive of the H5-M2-
expressed ilXenopusoocytes, provides evidence that more C-terminus regions AN2M1) suppressed wild-type cur-
than one site contributes to intersubunit interactions. Irrents. Taken together, these results are consistent with an
agreement, Woodward et al. (1997) have recently showimteraction of N- and C-terminal domains with wild-type
that multiple determinants in Kir 3.1 play a role in the subunits. In agreement, subunit constructs corresponding to
assembly of G-protein-gated Kir channels. the Kir 3.1 N-terminus, N-terminus-M1 regions, and C-
Mutant subunits with deletions of the N- and/or C-termi- terminus have been reported to compete with full-length Kir
nus AN2, AN3, AC1, AC2, AN2C2), but which retain the 3.1 in coassembling with Kir 3.2 (Woodward et al., 1997).
core region, suppressed wild-type ROMK1 currents in coinfurthermore, a Kir 3.1 C-terminal peptide inhibited G-
jected oocytes. These data are consistent with an interactigerotein-gated K currents when coexpressed with wild-type
between the core region present in these mutants and wildubunits in oocytes (Dascal et al., 1995). Chimeric studies
type subunits. Similarly, a chimeric protein consisting of thehave also shown that N-terminal (Kir 2.3) (Fink et al., 1996)
Kir 3.1 core and Kir 2.1 N-terminal regions has been foundand C-terminal regions (Kir 1.0 and Kir 2.0) (Tinker et al.,
to associate with full-length Kir 3.1 and Kir 3.2 (Woodward 1996) can independently restrict the compatibility of het-
et al.,, 1997). Designation of the Kir core region as aneromultimeric subunit oligomerization.
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Coimmunoprecipitation of mutant and wild-type endoplasmic reticulum, and increased degradation of mul-
ROMK1 subunits is evidence for a specific and directtimeric complexes. While the first three mechanisms may
interaction. Paired immunoprecipitations (using anti-T7 andyield subunit complexes that can be isolated by immuno-
anti-HA monoclonal antibodies) were performed to confirm precipitation (Tu et al., 1996; Kennedy et al., 1996), dom-
the identity of each interacting protein and to demonstraténant negative effects resulting from the fourth mechanism
the specificity of the subunit interactions studied; two dif- have been associated with decreases in the detectable levels
ferent monoclonal antibodies directed against either thef the interacting subunits (Tucker et al., 1996a; Tinker et
T7-tagged full-length subunit or the HA-tagged mutant sub-a|., 1996). The suppression of Kir 4.1 (BIR 10) currents by
units yielded immunoprecipitates containing the same prothe coexpression of Kir 3.0 (Kir 3.1, Kir 3.2, Kir 3.4) in
tein species (ROMK1-C-T7 and mutant) from commongocytes results from the degradation of Kir 3.0/Kir 4.1
preparations of solubilized oocyte membrane proteins. N\eteromultimers; Kir 4.1 subunits were undetectable by
significant precipitation of endogenous oocyte proteins wasmmunoblot analysis (Tucker et al., 1996a). Similarly, the
detectable as assessed by paired immunoprecipitations @fyels of detectable interacting subunits resulting in Kir 2.1
membrane proteins from control oocytes expressing only.rrent suppression were reduced in HEK293 cells cotrans-
mutant subunits or ROMK1-C-T7 subunits. The specificity facted with Kir 2.1 and chimeric Kir 6.1/Kir 2.1 (Tinker et
of these immunoprecipitation experiments therefore comy 1996). The degradation of heteromultimeric complexes
plements the absence of a significant inhibitory effect of, \ivo may therefore contribute to the apparent weak

mutant sybgnits'on. Kv 2.1 currents in cgntrol oocyteg. coprecipitation of wild-type and mutant ROMK1 subunits
An intriguing finding was the observation that dominant i core region and C-terminal deletions.

negative effects did not directly correlate with the efficient o jqjetion analysis strategy to identify determinants of

isolation .Of .mutant/wild.-type subunit conjplex.es by Immu- gy njt assembly is potentially constrained by the topology
noprecipitation. The efficiency of Co_pr'eupltatmg ROMK1- of the expressed deletion mutants. A reduction in subunit
C-T7 and N-terminal mutants retaining H5, M2, and C- association could reflect improper folding, presentation, or

termltnalthreglf[)hnstzfllel, AINtZ ' AN2M|1) was S|g'nlf|cantflyl/c I sequestration of an interaction site rather than its absence. It
greater than that for 1solating complexes consisting ot Tufl-; notable, then, that ROMK1 deletion mutants that retain

length af‘d m&tfﬂgfﬂuzbum;,\\;.Vz't(h;zcger?im?qa a:nd(/orr the solitary N-linked glycosylation site at Asn-11&ZN1,
core region 4 ' ) deletions. Moreover, > "Ac1 AC2, AN2C2, AM2, AN2M1) migrate as dou-

AC1, which retains the distal C-terminal segment 303-39% "\ "'shs paGE gels consistent with both glycosylated
in addition to H5 and M2 segments, coprecipitated with : . . )
and unglycosylated forms in agreement with prior studies,

ROMKI-C-T7 to a greater extent than mutants with dele- " e in which the sequence has been deleted
tions of this segment\C2, AN2C2, AH5SM2C2). d

These biochemical results suggest that mutant subunit@MlHSMz’ AH5M.2C2) m.|grate. as solitary bands. Slnqe
retaining the H5, M2, and distal C-terminal regions form no other glycosylation motifs exist in the ROMK1 subunit,

complexes with wild-type subunits that are more stablethargchosylatlon of a mutant polypeptide topologically con-

subunits retaining only the N-terminus and/or core regionSI/ins the region containing Asn-117 to the endoplasmic

perhaps by exhibiting greater resistance to degradation iﬁatlculum lumen and the extracellular space. The observa-

vivo and/or to dissociation under the detergent/ionic condition that AMIH5M2 fractionates with membranes impli-

tions utilized in vitro. The strong dominant negative effectsC2tes membrane-anchoring sites in the cytoplasmic termini.
exhibited byAN2 andAN3 are consistent with this possi- 1€ Pinding of ROMK1 N- and C-terminal peptides to
bility. Deletions of the core regiom\M1H5M2), the distal Phospholipid membranes has been reported (Ben-Efraim
C-terminus AC2, AN2C2), or both AH5M2C2) might then and Shai, 1996). Recently, Schwalbe et al. (1997) have
be expected to result in a reduction in mutant/wild-typeProposed a novel Kir channel topology based on N-glyco-
subunit complexes isolated. This does not account, howsYylation sequon substitution mutations in ROMK1 in which
ever, for the small effect cAN2M1 despite its significant the putative cytoplasmic C-terminus contains two additional
coprecipitation with ROMK1-C-T7; the result could reflect membrane-associated segments.
a difference in the number &fN2M1 subunits required to N summary, studies of voltage-gated KKv) channel
render a channel complex nonfunctional. Although we canassembly have characterized an N-terminal domain, NAB,
not currently distinguish among the various possibilities, thewith @ major role in mediating Kv subunit interactions.
distinct results yielded by the functional and biochemicalBy comparison, recent studies of Kir channel assembly
approaches highlight likely differences in the stability of have provided independent evidence supporting the in-
these subunit interactions, assembly and membrane-trayolvement of different regions (transmembranersegts,
ficking of multimers, and efficiency of mutant subunits in cytoplasmic termini) in Kir heteromultimerization and ho-
knocking-out channel activity. momultimerization. The combined biochemical and electro-
Potential mechanisms for channel suppression by mutanthysiological analyses of ROMK1 (Kir 1.1a) subunit inter-
subunits include the formation of nonfunctional channels omlactions in the present study together with those of
channels with reduced activity, sequestration of nascen®-protein-gated Kir (Kir 3.0) channels (Woodward et al.,
wild-type monomers, retention of subunit complexes in thel997) suggest a common assembly pattern for Kir channel



Koster et al. ROMK1 (Kir 1.1a) Channel Assembly 1829

subunits involving not a single region but multiple interac- Krapivinsky, G., E. A. Gordon, K. Wickman, B. Velimirovic, L. Krapiv-

; ; ; ; ; imi insky, and D. E. Clapham. 1995. The G-protein-gated atriackannel
tion sites in the core region and cytoplasmic termini. Ikacnh IS @ heteromultimer of two inwardly rectifying Kchannel pro-

teins.Nature.374:135-141.
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