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Background: We examined FRET between Kir6.2 and SUR1 domains of K, channels, in various combinations.
Results: FRET was detected within and between Kir6.2 subunits and between Kir6.2 and split SUR1 N-terminal constructs.
Conclusion: Kir6.2 C termini are centrally located. SUR1 domains can self-associate and are close to Kir6.2 termini in the full

complex.

Significance: The results indicate domain architecture of this unique channel complex.

K,rp channels link cell metabolism to excitability in many
cells. They are formed as tetramers of Kir6.2 subunits, each asso-
ciated with a SUR1 subunit. We used mutant GFP-based FRET
to assess domain organization in channel complexes. Full-
length Kir6.2 subunits were linked to YFP or cyan fluorescent
protein (CFP) at N or C termini, and all such constructs, includ-
ing double-tagged YFP-Kir6.2-CFP (Y6.2C), formed functional
K, 1p channels. In intact COSm6 cells, background emission of
YEP excited by 430-nm light was ~6%, but the Y6.2C construct
expressed alone exhibited an apparent FRET efficiency of
~25%, confirmed by trypsin digestion, with or without SUR1
co-expression. Similar FRET efficiency was detected in mixtures
of CFP- and YFP-tagged full-length Kir6.2 subunits and trans-
membrane domain only constructs, when tagged at the C ter-
mini but not at the N termini. The FRET-reported Kir6.2
tetramer domain organization was qualitatively consistent with
Kir channel crystal structures: C termini and M2 domains are
centrally located relative to N termini and M1 domains, respec-
tively. Additional FRET analyses were performed on cells in
which tagged full-length Kir6.2 and tagged SUR1 constructs
were co-expressed. These analyses further revealed that 1)
NBD1 of SUR1 is closer to the C terminus of Kir6.2 than to the N
terminus; 2) the Kir6.2 cytoplasmic domain is not essential for
complexation with SUR1; and 3) the N-terminal half of SUR1
can complex with itself in the absence of either the C-terminal
half or Kir6.2.
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ATP-sensitive potassium (K,1p) channels couple cellular
metabolism to electrical activity in multiple cell types and are
formed by a unique combination of four inwardly rectifying
potassium channel (Kir6.2) subunits that generate the channel
pore, each associated with one sulfonylurea receptor (SUR1)*
subunit to form a higher order octamer (1-3). Extensive studies
have indicated that ATP can close the pore-forming Kir6.2
directly, whereas MgADP can bind to the nucleotide-binding
domains (NBDs) of SURI1 to activate the channel (4—8).

The crystal structures of prokaryotic and eukaryotic Kir
channels reveal a tetrameric arrangement of transmembrane
domains, each formed by two a-helices (9, 10). The transmem-
brane ion permeation pore is constituted by the pore loop,
which generates the selectivity filter, whereas the second trans-
membrane helix lines the inner cavity and generates the gate at
the bottom of the inner cavity (11). The N termini of Kir chan-
nels consist of a helix (termed the slide helix), which lies parallel
to the membrane surface and then extends outwards. The large
C termini generate a series of B-sheets that form a cytoplasmic
vestibule, which extends the permeation pathway into the cyto-
plasm (9, 10).

SURI1 is a member of the ATP-binding cassette (ABC) trans-
porter protein family. Structurally, the 17 transmembrane
regions of SUR1 can be grouped into three major transmem-
brane domains (TMDO, transmembrane regions 1-5; TMD1,
transmembrane regions 6-11; and TMD2, transmembrane
regions 12—17). TMDO and TMD1 are connected by a long
cytosolic loop (LO). TMDI1 and TMD2 are connected by a
nucleotide-binding domain (NBD1); a second NBD (NBD2) is
at the C terminus of TMD2 (4, 7, 8, 12). Low resolution three-
dimensional reconstruction of a K, 1, channel complex sug-
gested a compact architecture, with the central Kir6.2 tetramer
intimately surrounded by four SUR1 subunits (13). Crystal
structures of isolated NBDs of related ABC proteins indicate
that they form dimers (14), and an x-ray scattering study sug-

“The abbreviations used are: SUR, sulfonylurea receptor; CFP, cyan fluores-
cent protein; NBD, nucleotide-binding domain; ABC, ATP-binding cassette;
TM, transmembrane; TMD, TM domain; FP, fluorescent protein.
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gested that the NBDs of SUR2A can themselves form tetramers
of such dimers, with a maximum dimension of ~18 nm, rea-
sonably consistent with packing predicted by EM observations
(13, 15).

GEFP can be fused to K, 1, channel subunits without compro-
mising channel function; such subunits are visible in vivo within
the secretory pathway of transfected cells and form functional
K ,rp channels with characteristic properties (16 —19). GFP is a
238-amino acid protein shaped as a tightly packed cylinder 48 A
high and 24 A in diameter (20). These dimensions should not
dramatically change the structure of K .-, channels that incor-
porate GFP pairs, and in the present study, we have developed
CFP- and YFP-tagged K, channel constructs and applied
FRET to reveal domain orientation within the K, 1, channel
complex. We and others have previously found that it is possi-
ble to generate functional “split” SUR1 constructs in which two
“halves” of the protein can be generated at various positions and
co-expressed with Kir6.2 to generate functional K, 1., channels
(21-23), enabling us to tag SUR1 with CFP or YFP at positions
within the functional complex. Our results indicate that not
only full-length Kir6.2, but also the Kir6.2 transmembrane
domain alone and SUR1 N-terminal halves (nSUR1, including
TMDO0-LO-TMD1-NBD1) can all form complexes independent
of other subunits. The data also provide a first indication of the
location of SUR1 NBDs relative to the Kir6.2 channel.

EXPERIMENTAL PROCEDURES

Constructs and Nomenclature—Multiple Kir6.2 constructs
(derived from mouse Kir6.2) and SUR1 constructs (derived
from hamster SUR1) were generated, as detailed under
“Results.” nSURI1 includes TMDO-LO-TMD1-NBD1 (residues
Met-1 to Ala-1000), and cSUR1 includes TMD2-NBD2 (resi-
dues Cys-1001 to Lys-1580). The truncation point was previ-
ously found to best recapitulate full-length SUR1 function, in
terms of K, 1, channel expression and stimulation by magne-
sium nucleotides (23). All of the Kir6.2 constructs were
expressed in the pCMV6 vector, and all of the SUR1 constructs
were in the pECE expression vector.

Cell Transfection and Culture—COSm6 cells were tran-
siently transfected for fluorescence measurements, *°Rb™"
efflux measurements, and excised patch clamp recordings. The
cells were plated at a density of 0.5-2.5 X 10° cells/well (30-mm
6-well dishes) and cultured in DMEM plus 10 mm glucose, sup-
plemented with FCS (10%). 2 ug of total cDNA/well was trans-
fected into COSm6 cells using FuGENE 6 transfection reagent
following standard protocols (Roche Applied Science). The
cells were incubated for 24 h for fluorescence measurements or
transferred to coverslips for patch clamp recordings after an
additional 24— 48 h of incubation.

Macroscopic 86Rb™ Flux Experiments—The cells were incu-
bated for 1224 h in culture medium containing **RbCl (1 n.Ci/
ml) before measurements. For #*Rb™ efflux measurements, the
cells were incubated for 30 min at 25 °C in Ringer’s solution: 118
mM NaCl, 25 mm NaHCO,, 10 mm HEPES, 4.7 mm KCl, 2.5 mm
CaCl,, 1.2 mm KH,PO,, and 1.2 mm MgSO,, pH 7.4, with or
without metabolic inhibitors (2.5 ug/ml oligomycin plus 1 mm
2-deoxy-p-glucose). At selected time points, the solution was
aspirated and replaced with fresh solution; after completion of
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FIGURE 1. Constructs used in the present work and their corresponding
nomenclatures. Full-length and partial Kir6.2 and split SUR1 fusion con-
structs are shown as linear representations at the left (dashed segments are
deletions from the construct), with nomenclatures listed at the right. N', N
termini; C’, Ctermini; M1, transmembrane helix 1; M2, transmembrane helix 2;
SF, selectivity filter; TMDO, transmembrane domain zero; TMD1, transmem-
brane domain 1; TMD2, transmembrane domain 2; NBD1, nucleotide-binding
domain 1; NBD2 , nucleotide-binding domain 2.

the assay, the cells were lysed with 1% SDS and aspirated. The
86Rb* in the aspirated solution was counted in a liquid scintil-
lation analyzer (1600TR, Packard).

Electrophysiological Experiments—Patch clamp experiments
in the inside-out, excised patch configuration were performed
atroom temperature, in a perfusion chamber which allowed the
solution bathing the exposed (intracellular) surface of the
excised patch to be changed in less than 50 ms. Micropipettes
were pulled from thin-walled glass (WPI Inc., New Haven, CT)
on a horizontal puller (Sutter Instrument Co., Novato, CA).
Membrane patches were voltage-clamped with an Axopatch 1B
amplifier (Axon Inc., Foster City, CA). The data were filtered at
0.5-3 kHz, and signals were digitized at 22 kHz (Neurocorder;
Neurodata, New York, NY) and stored on video tape. Off-line
data analysis was performed using ClampFit (Axon Inc.) and
Microsoft Excel. The standard bath (intracellular) and pipette
(extracellular) solution (Kint) had the following composition:
140 mm KCl, 10 mm K-HEPES, 1 mm K-EGTA, pH 7.3, with
additions as described. Wherever possible, the data are pre-
sented as the means * S.E. Microsoft Solver was used to fit data
by a least square algorithm.
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FIGURE 2. Functional assay of CFP/YFP-tagged K,;p channels. A, 3Rb™ efflux from untransfected (mock) COSmé6 cells and cells expressing
SURT1 and Kir6.2 subunits. The graphs show percentages of 8Rb ™" released into the medium as a function of time in the presence of metabolic inhibitors, for
one representative experiment. B, representative currents recorded from inside-out membrane patches containing double-tagged Y6.2C co-expressed with
SURT1 at —50 mV. The patch was isolated at the arrow and exposed to differing [ATP] as indicated. C, steady-state dependence of membrane current (relative
to current in zero ATP) on [ATP] for wild type K rp channels and channels formed from Y6.2C + SURT subunits (as indicated). The data points represent the
means *+ S.E. (n = 3 patches). The fitted lines correspond to least squares fits of the Hill equation (relative current = 100/(1 + ([ATP1/K)"), where H = 1.3, and
K; = 12 um (wild type) and 314 um (Y6.2C + SUR1). D, representative currents recorded from inside-out membrane patches containing nSUR1Y and cSUR1C
co-expressed with Kir6.2 at —50 mV. The patch was exposed to differing [nucleotide] as indicated. In this and the following figures, cartoon representations of

different constructs are shown to aid interpretation.

Fluorescence Measurements—Transiently transfected COSm6
cells were collected from two 3-cm Petri dishes and resus-
pended in 3 ml of Kint. Fluorescence from intact cells or broken
cells (below) was measured in a stirred cuvette in a FluoroMax
fluorometer. CFP and YFP were excited at 430 and 480 nm,
respectively, and emission scans were performed. Excitation
and emission slit widths were 5 nm, and fluorescence data
points were acquired in 1-nm wavelength increments. For tryp-
sin treatment, the same amount of cells was mechanically dis-
rupted on ice in a ball-bearing homogenizer. Nuclei and organ-
elles were separated by centrifugation, and the cytoplasmic/
microsomal fraction was analyzed for fluorescence as above.
Trypsin was added to a final concentration of 0.1 mg/ml, and
the cell homogenate was incubated at room temperature. Spec-
troscopic scans were transferred to Microsoft Excel for analysis.
Specific FP-associated fluorescence was obtained by subtrac-
tion of non-FP fluorescence from the same volume of nontrans-
fected control cells (see Fig. 3, A and B). In FRET experiments,
YFP (525 nm) emission excited by optimal 480-nm excitation
was obtained directly from this subtracted spectrum. To obtain
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YFP (525 nm) emission excited by 430 nm, pure CFP spectrum
(obtained from Kir6.2-CFP-only expressing cells under identi-
cal experimental conditions) was scaled to provide an optimum
least squares fit to the FRET spectrum over the region 450 —500
nm and then subtracted from the whole trace (see Fig. 3C). The
apparent FRET efficiencies (E,,,) were then calculated as the
ratio of YFP (525 nm) emission excited by 430 nm to maximum
YFP emission excited by 480 nm (Equation 1),

FP
_ Fasos2s) — ngo(szs)

app — (Ea. 1)

F 480(525)

where Fj3 525, and Fg(s525) are the emission of transfected cells
at 525 nm, excited at 430 and 480 nm, respectively, Fi30 55, is
the emission of cells transfected with Kir6.2-CFP only.

FRET Measurements Using Spectral Imaging and Linear
Unmixing—Transiently transfected COSm6 cells were plated
on Petri dishes with bottom coverslips (MatTeK Corp.). Image-
based FRET examination was performed on a Zeiss LSM510
META NLO multiphoton imaging system. Pure CFP and YFP
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FIGURE 3. Calculation of apparent FRET efficiency for CFP/YFP-tagged
constructs. A, emission spectra of untransfected cells (dashed lines), 6.2C:6.2Y
(1:1) co-transfected cells (thin solid lines), excited at 430 (blue) or 480 nm (yel-
low), and specific FP-associated fluorescence obtained by subtraction of
non-FP fluorescence (thick solid lines). B, specific FP fluorescence of 6.2C (blue)
or 6.2Y (yellow) excited at 430 nm (dashed) or 480 nm (solid). 525-nm 6.2Y
fluorescence excited by 430 nm (E,,,) was ~6% of that excited by 480 nm.
C, specific FP fluorescence of co-expressed 6.2C:6.2Y (1:1) excited at 430 nm
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emission spectra were obtained from COSm6 cells transfected
with plasmids carrying only CFP (6.2C/nSUR1/cSUR1) or YFP
(6.2/nSUR1Y/cSUR1) fusion tags, respectively. DMEM was
replaced by 1X PBS immediately before imaging to reduce
background fluorescence. CEP and YFP emission spectra were
acquired with beam splitter HFT-KP650, with excitation wave-
lengths of 820 and 900 nm, respectively. For FRET examination,
COSm6 cells were excited by 800 nm, and the CFP emission
and sensitized YFP emission caused by FRET were separated by
spectral imaging and linear unmixing of the CFP and YFP spec-
tra (emission fingerprinting tool; Zeiss LSM software). Corre-
sponding YFP images were acquired on the same region using
488-nm laser excitation, beam splitter HFT488, and emission
filter LP505. All COSm6 cells transfected with different sets of
plasmids were imaged under identical conditions.

Tetrameric FRET Model—Because Kir6.2 subunits form
tetrameric channels, multiple fluorophores may be brought
within the FRET distance, and the observed FRET efficiency
will differ from that of a single donor-to-acceptor pair. We
addressed this issue using a mathematical model developed by
Cheng et al. (24) to describe the dependence of FRET on the
channel subunit stoichiometry. The model is based on the spe-
cific assumptions that 1) CFP/YFP-tagged subunits are all
located in tetramers; 2) tagged subunits co-assemble randomly
into tetramers according to a binomial distribution; 3) the
tetramer is 4-fold symmetric in cross-section; and 4) FRET cou-
pling between the possible pathways within the tetramer is
independent and additive.

The first three assumptions are reasonable given that YFP-
tagged versus CFP-tagged constructs are identical except for a
couple of fluorophore amino acids and that unassembled sub-
units are likely degraded, although we cannot formally exclude
the possibility that differential expression and subunit compo-
sitions may be present in different membrane compartments.
The fourth assumption is valid only under low excitation light
conditions, when the fraction of time that a fluorophore spends
in the excited state is low (24). Under our experimental condi-
tions, increasing excitation light intensity resulted in propor-
tional increase in fluorescence emission intensity (not shown),
suggesting that this condition is satisfied.

Based on the tetrameric FRET model, the apparent FRET
efficiency (E,,,) is the average of the FRET efficiencies from
different Kir6.2-C/YFP configurations and can be calculated
from the following equation,

E: ) 0(4 —n)Pe,, Ec,..'

24

n=

E

app —

(4 —n)Pc,. (Eq.2)
with parameters as defined in detail in Table 1. The FRET effi-
ciencies between single CFP and YFP FRET pair (E) fused at
adjacent Kir6.2 N or C termini can be determined by fitting
Equation 2 to the apparent FRET efficiencies obtained using

(blue) or 480 nm (yellow), scaled 6.2C fluorescence excited at 430 nm (see
text), and subtracted 6.2Y-specific emission. 525 nm 6.2Y fluorescence
excited by 430 nm (£,,,,) was ~22% of that excited by 480 nm.
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FIGURE 4. Kir6.2 constructs with YFP and CFP tagged at N and C termini exhibit FRET. A, apparent FRET efficiencies of singly YFP-tagged and CFP/YFP
double-tagged Kir6.2 constructs. These constructs were expressed in COSmé6 cells, and apparent FRET efficiencies were measured as the ratio of YFP emission
(525 nm) excited by 430 nm to maximum YFP emissions (525 nm) excited by 480-nm light. All of the data are presented as the means = S.E. with n = 6-10.
B, emission spectra (Ex = 430 nm) of COSm6 cell extracts expressing Y6.2C fusion constructs before and after 0.1 mg/ml trypsin digestion. The increase in donor
(CFP) emission and the decrease in acceptor (YFP) emission are marked by dashed arrows.

Equation 1 with varying ratios (r) of CFP/YFP containing sub-
units. Model fitting in Microsoft Excel was performed using the
minimum chi-squared method.

RESULTS

Fluorescent Protein-tagged Fusion Proteins Generate Func-
tional K, p Channels—The tagged constructs used in these
experiments are listed graphically in Fig. 1. All full-length
Kir6.2 channel constructs were shown to be functional by
86Rb™ flux or patch clamp. Example data only are shown in Fig.
2 for full-length Kir6.2 constructs, tagged at the N terminus
(C6.2) or C terminus (6.2C) with CFP, or tagged at each termi-
nus with CFP/YFP pairs (C6.2Y or Y6.2C) and co-expressed
with SURL in COSm6 cells. ®*Rb™ efflux from metabolically
inhibited cells (Fig. 24) indicates that functional K, 1, channels
were generated in each case, as shown previously for Kir6.2 with
GEFP at the N or C terminus (16, 17, 19). We systematically
examined the ATP sensitivity of channels formed from one
double fusion construct (Y6.2C) co-expressed with SUR1 using
patch clamp measurements on inside-out membrane patches
(Fig. 2B). Although channels were still sensitive to ATP, the
double fusion channels were ~30-fold less sensitive to inhibi-
tion by ATP than wild type (Fig. 2C). Similar shifts in ATP
sensitivity have been reported for similarly GFP-tagged Kir6.2
constructs (1, 3, 16). We have not examined the underlying
mechanism in detail, but this effect probably results from a
relative stabilization of the open channel (25).

Similarly, we examined the properties of channels formed
from FP-tagged “split” SUR1 constructs: nSUR1 tagged with
YFP (nSUR1Y) and cSURI1 tagged with CFP (cSUR1C), co-ex-
pressed with Kir6.2 (Fig. 2D). Again, **Rb™ efflux from meta-
bolically inhibited cells (data not shown) revealed that
functional K, channels are generated, and patch clamp
measurements on inside-out membrane patches (Fig. 2D) indi-
cate that Kir6.2 + split SUR1 channels are still sensitive both to
ATP and, importantly, to MgADP activation, indicating the
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TABLE 1
Kir6.2-FP fusion protein stoichiometry and tetrameric FRET model

Where r = ratio of CFP to YFP containing subunits in transfected Cosmé6 cells,
calculated as the ratio of emission at 475 nm (excited at 430 nm, F430(475)) to the
emission at 525 nm (excited at 480 nm, F480(525)); C,Y,_, is the specific configu-
ration of Kir6.2-CFP/Kir6.2YFP tetramers containing n CFP and 4-n YFP fluoro-
phores; R is the distance between CFP and YFP fused at ad)acent subunits of Kir6.2;
R, is the Forster distance of the CEP/YEP FRET pair, which is 30 A with an orien-
tation factor of 2/3; pC,Y,, , is the probability of Kir6.2-C/YFP mixtures forming
conﬁguratlons that contain n CFP and 4-n YFP; EY , s the effective FRET effi-
ciencies of Kir6.2-C/Kir6.2YFP tetramers containing n CFP and 4-n YEP, deter-
mined by the YFP sensitized emission.
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functional and structural intactness of NBDs in the split SUR1
(23).

Kir6.2 with YFP and CFP Tagged at N or C Termini Exhibits
FRET—Doubly tagged YFP-Kir6.2-CFP (Y6.2C) transfectants
illuminated with 430-nm light emit spectra with two prominent
peaks at 475- and 525-nm maxima, corresponding to CFP and
YFP emission peaks (see Fig. 4). The YFP emission of this con-
struct with 430-nm excitation is ~25% of the emission excited
by 480-nm illumination, and this “yellow” emission is not sig-
nificantly altered in co-expression with SUR1 (data not shown),
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FIGURE 5. Inter-Kir6.2 subunit FRET efficiencies. A and B, FRET efficiency between CFP and YFP fused at N- or C-terminal of full-length Kir6.2 or transmem-
brane domains. Apparent FRET efficiencies obtained with different measured CFP/YFP ratios were fitted with equations derived from tetrameric FRET model
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termini, but not N termini; C6.2/6.2Y, but not Y6.2/6.2Cindicates proximity of Cand N termini, but with clear anisotropy; only C-terminal CFP can transfer energy
to N-terminal YFP. C, FRET efficiencies of CFP/YFP tags at N or C termini of Kir6.2 subunits, calculated using the tetrameric FRET model described by Cheng et

al. (24). D, FRET efficiencies of CFP/YFP fused at N or C termini of truncated Kir6.2 transmembrane domain.

consistent with earlier reports of FRET with C6.2Y constructs
(17,19). The observed FRET in expressed Y6.2C subunits could
result from inter- or intrasubunit CFP-YFP interactions,
because the full-length construct can assemble into a tetramer
and form functional channels (Fig. 2). A series of control emis-
sion scans of Kir6.2 or isolated transmembrane domains and
cytoplasmic domains fused only to YFP (see Fig. 44), without
co-expression with SUR1, showed that the intensity of YFP
emission excited by 430-nm light does not exceed ~6% of the
YFP emission induced by 480 nm in each case (see Fig. 44). This
indicates that the major component of the yellow emission in
the double-tagged constructs is due to FRET. To further dem-
onstrate the FRET nature of the yellow peak in Y6.2C excited
with 430-nm light, we disrupted the YFP to CFP linkage by
trypsin treatment in the full-length Y6.2C construct (see Fig.
4B). Trypsin (0.1 mg/ml) is known to disrupt the functional
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coupling of Kir6.2 to SUR1, presumably by cleavage of K, 1p
cytoplasmic domains (26, 27). However, GFP is resistant to
trypsin at this concentration (28), and similarly, yellow emis-
sion of single YFP-tagged constructs was insensitive to short
(<30 min) exposure (data not shown). In the double-tagged
Y6.2C construct, the yellow peak decreased significantly, and
the cyan peak increased, after trypsin cleavage (see Fig. 4B),
even though the yellow emission with 480-nm excitation was
unaffected by trypsin treatment (not shown).

As discussed below, these experiments demonstrate the true
FRET nature of the 430-nm excited yellow emission in the dou-
ble-tagged constructs. Specific disruption of the FRET signal by
trypsin should ideally provide a means of quantifying the FRET
efficiency. However, it is not clear that in Fig. 4B, for instance,
the disruption of FRET by trypsin is complete, because there is
still a small yellow component when trypsinized spectra are
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compared with pure CFP emission spectra (see Fig. 4B). Fur-
thermore, it is difficult to control the trypsin action, because
prolonged exposure (>30 min) does cause gradual loss of the
fluorophore emission (not shown). In the following experi-
ments, as a practical means of quantifying the FRET signal, we
therefore routinely subtracted a pure 430-nm excited cyan
emission spectrum from the FRET construct emission spec-
trum, as shown in Fig. 3. The residual 525-nm emission excited
at 430 nm is then expressed as a fraction of the 525-nm emis-
sion when excited at 480 nm. In this way, apparent FRET signals
of less than 6% are dismissed as being caused by YFP emission
excited directly by 430-nm light, as in Figs. 3B and 44, and
signals above this level are considered to be due to true FRET.

Certain Combinations of Co-expressed CFP- and YFP-tagged
Kir6.2 Subunits Exhibit FRET—To examine energy transfer
between subunits, we tested four combinations of co-expressed
Kir6.2 subunits tagged with either CFP or YFP at either N or C
termini. In crystal structures of eukaryotic Kir2.2 and Kir3.2
(10,29, 30), the N termini are located at the outer surfaces of the
channel, beneath the membrane, whereas the C termini form
short a-helices projecting straight down into the cytoplasm.
When separate subunits are tagged at the same location, vari-
able numbers of donors (CFP) or acceptors (YFP) will be incor-
porated into any given Kir6.2 tetramer, and therefore multiple
energy transfer pathways will exist in the complex. We assumed
a FRET model based on fluorescence energy transfer rate the-
ory with the assumption that CFP and YFP containing Kir6.2
subunits were randomly assembled into tetramers (Table 1)
(24). Apparent FRET efficiencies for varying ratios of CFP- and
YFP-tagged constructs were well fit with the model (Fig. 5, A
and B), allowing FRET efficiency at a 1:1 fluorophore ratio to be
reliably estimated. The results indicate that N-terminally CFP/
YFP-tagged Kir6.2 (C6.2/Y6.2) exhibit no FRET, which may be
due to their relative remoteness from one another or unfavor-
able orientation (Fig. 5, A and C). In contrast, tetramers gener-
ated from subunits tagged with CFP/YFP fused at C termini
revealed marked FRET signals with FRET efficiencies of ~25%
(Fig. 5C).

Transmembrane pore-only cation channels, in which cyto-
plasmic and other domains have been removed, have been gen-
erated, and have been shown to be functional for other cation
channels (31, 32), although no pore-only Kir channels have
been reported. Truncated Kir6.2 constructs with only trans-
membrane domains present (6.2tm) are nonfunctional (data
not shown), but by CFP/YFP tagging these constructs, we can
show that they are expressed and form complexes with appar-
ent FRET efficiencies for combinations of N- and C-terminally
tagged CFP/YFP that are very well fitted with the tetrameric
FRET model (Fig. 5, A and D), indicating that these truncated
subunits still assemble as tetramers. Moreover, FRET signals
generated by such constructs show a qualitative pattern almost
identical to that obtained with the full-length constructs (Fig. 5,
compare C with D), with strong FRET between C-terminally
tagged subunits, but no FRET between N-terminally tagged
constructs. Interestingly, FRET between the N and C termini of
both full-length Kir6.2 and 6.2tm constructs was one-direc-
tional, i.e., FRET signals were only detected in proteins with
donor CFP at N termini and acceptor YFP at C termini (Fig. 5, C
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FIGURE 6. Apparent FRET efficiencies between tagged Kir6.2 and
SUR1subunits. Apparent FRET efficiency between nSUR1Y and different
tagged and untagged Kir6.2 subunits (top), between nSUR1C and nSUR1Y
with additional untagged subunits (center), between Kir6.2C and full-length
SURT1Y (below, from Ref. 40), and between nSUR1Y and cSUR1C (bottom). CFP-
and YFP-tagged DNA constructs were expressed at 1:1 ratio in each case. All of
the data are presented as the means = S.E. with n = 3-5, except for nNSUR1Y/
c¢SUR1TC mixtures (average of n = 2).

and D). This lack of reversibility may imply anisotropy of the
fluorophores, suggesting restriction of the N-terminally tagged
fluorophore mobility within the Kir6.2-SUR1 complex.

Domain Organization of the K, ;p-SUR1 Complex—We and
others have previously demonstrated that splitting of SURI at
the C termini of NBD1 does not abolish function (21-23) and
that channel complexes formed by split SUR1 and Kir6.2 can
still be activated by Mg-ADP (Fig. 2D). As with Kir6.2 con-
structs, YFP-only tagged nSUR1 (nSUR1Y) constructs again
gave apparent FRET efficiency of ~6% (Fig. 6). To examine
SUR1 domain assembly, we co-expressed nSUR1Y + c¢SUR1C
or nSURI1C + c¢SURLY constructs together with Kir6.2. Co-ex-
pression of nSUR1/cSURL FRET constructs together with
untagged Kir6.2 exhibited ~15% apparent FRET (Fig. 6), con-
sistent with NBD1 and NBD2 forming heterodimers in vivo (15,
33).

Both N- and C-terminally CFP-tagged Kir6.2 (6.2C) exhib-
ited significant FRET when co-expressed with nSUR1Y, with
higher apparent FRET efficiency for C-terminally tagged than
for N-terminally tagged C6.2, which suggests that the C termini
of Kir6.2 are relatively closer to NBD1 than the N termini (Fig.
6). FRET signals were also detected between nSUR1Y and
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C-terminally CFP-tagged Kir6.2 transmembrane domain
(6.2tmC), which implies that the cytoplasmic C terminus of
Kir6.2 is not necessary for Kir6.2-SUR1 complex formation
(Fig. 6). Finally, significant FRET between nSUR1IC + nSUR1Y
indicates that nSUR1, which includes only TMDO0-L0-TMD1-
NBD1, can form a complex with itself, in the presence or
absence of either Kir6.2 or cSURI (see Fig. 8).

A potential concern for the present studies is that even
though specific constructs might associate normally, differen-
tial subcellular location of expressed constructs may lead to
aberrantly low or no FRET signals. This could be particularly
problematical for co-expression of the dissimilar SUR1 and
Kir6.2 constructs. To assess this point, we have also examined
FRET between tagged Kir6.2/SUR1 constructs by cellular imag-
ing (Fig. 7). We have utilized the emission fingerprinting imag-
ing tool of the Zeiss LSM510 MET A NLO multiphoton imaging
system, which can perform spectral imaging and linear unmix-
ing simultaneously, thereby providing sensitized YFP emissions
caused by FRET. Fig. 7A shows measured emission spectra
from COSm6 cells transfected with only CFP (6.2C) or YFP
(nSURLY) constructs; these spectra are quite similar to these
from cuvette-based measurements (Fig. 3).

In cells that express plasmid sets with either CFP or YFP
fusion tags only, no sensitized YFP emissions were detected
when they were excited by 800-nm laser, which indicates no
leak through to the FRET channel under such excitation and
imaging configurations (Fig. 7B, middle panels). In contrast,
significant FRET signals were detected between CFP fused at N
or C termini of Kir6.2 and YFP fused at C termini of NBD1 of
SUR1. Moreover, FRET signals between 6.2C and nSUR1Y are
visibly stronger than between C6.2 and nSUR1Y, consistent
with our cuvette-based FRET measurements (Fig. 6). It is
apparent from the raw images that although both CFP and YFP
constructs show both membrane and intracellular distribu-
tions, both subunits are qualitatively co-localized and there are
no obvious differences between FRET signals arising from
intracellular membranes and plasma membranes, suggesting
that differential subcellular localization of specific constructs is
not a significant confounding issue in the cuvette-based
analyses.

DISCUSSION

K, rp Domain Organization—K,p channels are large
eukaryotic membrane protein complexes with molecular
masses close to 1 MDa, making them difficult targets for high
resolution crystal structures. In 2005, a low resolution EM
reconstruction provided an envelope architecture of functional

FIGURE 7. Construct localization and FRET signals in living cells. A, CFP and
YFP emission spectra acquired for fingerprinting imaging were obtained
from COSm6 cells transfected with constructs containing only CFP or YFP
fusion tags. B, FRET examination on living cells using fingerprinting imaging.
COSm6 cells transfected with different plasmid sets were excited by 800 nm,
and emission spectra from 441 to 602 nm were imaged pixel by pixel with a
beam splitter HFT-KP650. The fluorescence emission from CFP (marked as
CFP) and sensitized emission from YFP caused by FRET (marked as FRET) were
separated by linearly unmixing using standard CFP and YFP spectra obtained
in A.The YFP emission (marked as YFP) was imaged separately using a 488-nm
laser. The scale bars in the middle panels are 20 um. All of the cells were
imaged and displayed under identical configurations.
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FIGURE 8. Domain organization in the K,;, channel complex as reported by FRET. Domain organization in full-length Kir6.2 (left) and in transmembrane
domains (M1 and M2) of Kir6.2 (right) (A) and the full K,rp channel complex (B), viewed in plane of the membrane (center) or in cross-sections within the
membrane (right) or within the cytoplasmic domains (left). The thickness and direction of the green arrows indicates relative FRET intensities between domains

(see text). The dashed line indicates no FRET.

Kir6.2-SUR1 complexes, but the domain organization within
the complex is not determined at this low resolution (13). A
more recent x-ray scattering study suggested a dimeric
tetramer of NBD domains of SUR2A (15). However, without
Kir6 subunits, the implications for understanding structural
mechanisms of the K, rp channel complex are unclear. FRET is
a powerful tool for the resolution of static and dynamic struc-
tures of protein molecules. Theoretically, it can provide abso-
lute structural constraints if relevant parameters, particularly
the orientation factor of the fluorophores (k), are precisely
determined (34). We probed the domain organization of the
K ,1p channel complex by measuring FRET between CFP/YFP
fused at different termini of Kir6.2 and SUR1 subunits. For most
constructs, the fluorophores were linked to Kir6.2 or SUR1 sub-
units at N or C termini. Assuming a k value of % (i.e., freely
mobile fluorophores) for the C termini of Kir6.2, the predicted
interfluorophore distance is ~35 A, close to the predicted dis-
tance of 37 A, based on the crystal structure of chicken Kir2.2
(10). However, the large size of the fluorophores, as well as
unknown spatial orientation of the donor and acceptor dipoles,
precludes any serious attempt to calculate absolute physical
distances between fluorophores. Instead, the simple, and rea-
sonable, assumption that bigger FRET signals reflect shorter
distances between the fused fluorophores may allow the FRET
efficiencies measured here to be used to indicate relative prox-
imity of positions labeled with CFP/YFP.
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Domain Orientation of K 4 Channels in Intact Cells—Crys-
tal structures of eukaryotic Kir channels show that the core of
the cytoplasmic domain is formed by the C termini, which line
an extension of the pore, with the N termini extending to the
outer edges of the protein (10, 29, 30). CFP/YFP-tagged full-
length Kir6.2 constructs generated fully functional channels
(Fig. 2), indicating that the FP tagging does not disrupt the
channel organization significantly, nor does it prevent subunit-
subunit association. We initially validated our approach by
demonstrating large, trypsin-sensitive, FRET signals with dou-
ble-tagged full-length Kir6.2. Estimation of fluorophore prox-
imity by FRET intensity provides certain constraints on domain
orientation in the Kir6.2 channel tetramer and leads us to the
cartoon model of domain orientation shown in Fig. 8. Strong
FRET signals between Kir6.2 C termini are consistent with
the C-terminal domains being centrally located, lining the
extended cytoplasmic pore down the central axis, as is indeed
observed in Kir channel crystal structures, and as previously
shown for similar CFP/YFP-tagged Kir3 channel complexes
(35, 36). Reuveny and co-workers (35, 36) detected changes of
FRET associated with G-protein gating, although we did not
find any measurable changes in FRET signals for tagged con-
structs, in response to either diazoxide- or sulfonylurea-depen-
dent opening or closing, nor in broken cells in the presence or
absence of ATP (data not shown). Available crystal structures
of Kir and KirBac proteins suggest that the tetrameric cytoplas-
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mic domain structure is unlikely to change dramatically during
gating (11, 29, 30, 38). Using small molecule FRET probes on
purified KirBacl.1l proteins reconstituted into liposomes to
assess the gating associated conformational changes of
KirBacl.1 during PIP, gating, we have shown directly that sec-
ondary structures do undergo some motions, but they are
indeed very small (41), and it seems highly unlikely that such
changes will lead to measurable motions of large terminally
attached FP domains.

FRET observations on tagged transmembrane domain-only
constructs demonstrate essentially identical patterns of FRET
(Fig. 5), implying a maintained domain organization in the
truncated constructs, which is consistent with the idea that Kir
tetramerization is primarily driven by the transmembrane
regions rather than cytoplasmic domains (37). We detect no
FRET signal between the N termini of full-length Kir6.2, which
suggests that the N termini of Kir6.2 subunits may be relatively
far from each other. In this regard, it is striking that we do
observe FRET between the Kir6.2 N termini and nSUR1 (Fig. 6),
which implies that the Kir6.2 N termini must reside close
enough to NBD1, which itself is likely held in a NBD1-NBD2
heterodimer, reflected in significant FRET between tagged
nSURI and cSURI1 constructs (Fig. 6). Based on these FRET
measurements, we therefore propose that the NBD1 (and by
extension, the NBD1-NBD2 dimer) is located relatively close to
the N termini and even closer to the C termini of Kir6.2 sub-
units (Fig. 8B).

SURs have 17 transmembrane regions, consisting of two
six-TM ABC transporter protein domains and an additional
five-TM domain (TMDO) that is only present in a few ABC
transporter subfamilies (7, 12). So far, the only high resolution
structural templates for SURs are from their distant bacterial
ABC transporter relatives, such as Sav1866, which function as
homodimers (39). How the different structural domains of SUR
are arranged with respect to each other and to Kir subunits to
generate a coordinated functional complex is not known. Based
on the previous reports of Mikhailov et al. (13) and Park and
Terzic (15), together with our FRET observations, we propose a
structural model of the Kir6-SUR complex as in Fig. 8B. The key
features are: 1) the N-terminal domains of SURI is located
closer to the central axis than the C-terminal domains, such
that they are close enough to show FRET interactions with each
other, as well as with the C-terminal domains; and 2) the N
termini of Kir6.2 subunits interact with the SUR1 N-terminal
domains, as well as with Kir6.2 C termini. Such an intimate
arrangement could explain why NBD1, but not NBD2, is nec-
essary for stabilizing the K, 1, channel in active conformation
(23) and is consistent with the proposed model of Mikhailov et
al. (13), based on low resolution electron microscopic analysis.
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