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The effects of spermine on the accessibility of residues in the
M2 segment of Kir2.1 channels expressed in Xenopus
oocytes

Hsueh-Kai Chang, Shih-Hao Yeh and Ru-Chi Shieh

Institute of Biomedical Sciences, Academia Sinica, Taipei 11529, Taiwan, Republic of China

We examined the effects of spermine binding to aspartate at site 172 on the accessibility of internal
trimethylammonioethylmethane thiosulphonate (MTSET) to substituted cysteines within the pore
of a Kir2.1 channel. Spermine prevented MTSET modification in Q164C and G168C mutants,
indicating that sites 164 and 168 are located externally to the spermine binding site. The rates of
MTSET modification were significantly reduced by spermine in I176C mutants, indicating that site
176 is located internally to D172 and that the bound spermine hinders the reaction of MTSET with
cysteine at site 176. Spermidine, putrescine and Mg** also decreased MTSET modification at site
176. The order of effect is putrescine > spermidine = spermine = Mg**. To account for the
electrostatic and physical repulsion between MTSET and polyamines, possible locations of
polyamines in the pore are discussed. In D172C mutants, the spermine that bound to sites 224 and
299 completely inhibited channels at +40 mV, yet MTSET remained accessible to site 172. In
addition, in the D172C mutant, spermine did not affect the exit rate of Ba>* bound to the threonine
at the site 141. These results indicate that spermine bound at the cytoplasmic pore induces channel
closure at positions 141-172. The effects of spermine on the accessibility of amino acids in the pore
may shed light on the structural and functional relationships of the Kir2.1 channels during inward
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Inward rectifier K* channels (Kir) conduct inward
currents at potentials more negative than the reversal
potential of K", but permit much smaller currents at
potentials positive than the reversal potential (Hille,
2001). Under physiological conditions, the mechanism
underlying this inward rectification is the voltage (membrane
potential, V,,)-dependent blockade of outward K" currents
by both intracellular Mg** (Matsuda et al. 1987;
Vandenberg, 1987) and polyamines binding to the aspartate
at site 172 (D172; Lu & MacKinnon, 1994; Stanfield et al.
1994; Wible et al. 1994), the glutamate at site 224 (E224;
Taglialatela et al. 1995; Yang et al. 1995) and the glutamate
at site 299 (E299; Kubo & Murata, 2001). D172 has been
shown to provide a strong energetic contribution to
spermine and Mg** binding in the pore of the Kir2.1
channel (Lopatin et al. 1994; Stanfield et al. 1994; Wible et
al. 1994) and thus it is generally considered to be a binding
site, or to be located close to the binding site for these
internal blockers. However, it is unclear to what extent a
large molecule such as spermine occupies space within the
pore.

Kir channels are integral membrane proteins that consist of
two transmembrane segments (M1 and M2) flanking a
pore-forming loop (P), and N- and C-terminal cytoplasmic

domains (Fig. 1A). Recently, it has been shown that the M2
segment of a prokaryotic inward rectifier K* channel,
KirBacl.l1, is a helix, as determined by X-ray crystallography
(Kuo et al. 2003). Site-directed mutagenesis and cysteine
scanning studies, have also shown that the M2 segments of
several eukaryotic Kir channels are also helical (Choe et al.
1995; Minor et al. 1999; Loussouarn et al. 2000). However,
other studies show that the sequences in the M2 segment do
not have obvious periodicity corresponding to a helices or #
strands (Collins efal. 1997; Lu et al. 1999). Scanning cysteine
accessibility studies have revealed that several amino acids in
the M2 segment of the cloned Kir2.1 channel line the inner
pore of the channel. According to the secondary structure
(Kubo et al. 1993), the amino end of the M2 segment is
located externally to the carboxyl end. Yet, the relative
positions of the amino acids of the M2 segment during a
functional state remain unknown.

In this study we employed the spermine bound at D172 to
determine the relative positions of the pore-lining residues
of the M2 segment (Fig. 1B). We rationalized that if amino
acids are located externally to the spermine bound to
D172, then their accessibility to internally applied
trimethylammonioethylmethane thiosulphonate (MTSET)
will be abolished by spermine. On the other hand, for those
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amino acids positioned internally to the spermine bound to
D172 and located far enough from it, their accessibility to
MTSET will remain unaffected by spermine. In addition,
since spermine occupies a range of spaces and carries
charges ,the accessibility of MTSET to the amino acids
adjacent to the spermine binding site will be somewhat
reduced, through physical and/or electrostatic repulsion. In
addition to D172, spermine also induces inward
rectification through interaction with E224 and E299.
Therefore, we also examined the effects of spermine on the
accessibility of cysteine residues introduced in the channels
with a neutral residue (asparagine or cysteine) replacing the
aspartate at site 172. We provide evidence that the inward
rectification induced by the spermine bound to E224 and
E299 is not due to a direct occlusion of the cytoplasmic pore
in the Kir2.1 channel. Possible mechanisms underlying the
involvement of E224 and E299 in inward rectification are
discussed.

METHODS

Molecular biology and preparation of Xenopus oocytes

Site-directed mutations were generated in a methanethiosulphonate-
insensitive channel, IRK1J (C54V, C76V, C891, C101L, C149F and
C169V; Lu et al. 1999) using ‘Altered Sites I1: in vitro Mutagenesis
Systems’ (Promega, Madison, WI, USA). cRNA was obtained by
in vitro T7 transcription (mMessage mMachine, Ambion, Dallas,
TX, USA). Xenopus oocytes were isolated by partial ovariectomy
from frogs anaesthetized with 0.1% tricaine (3-aminobenzoic
acid ethyl ester). The incision was sutured and the animals were
monitored during the recovery period before being returned to
their tank. Following the last oocyte collection, frogs were
anaesthetized as described and sacrificed by decapitation. All
surgical and anaesthetic procedures were reviewed and approved
by institutional animal use committees. Oocytes were maintained
at 18°C in Barth’s solution containing (mm): NaCl (88), KCI (1),
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Figure 1. Schematic plot of aKir2.1 subunit

A, secondary structure of a Kir2.1 subunit. B, amino acid sequence
of the M2 segment of the Kir2.1 subunit. Asterisks mark the
residues that were mutated into cysteines and were accessible to
MTSET.
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NaHCO; (2.4), CaN,0O; (0.3), CaCl, (0.41), MgSO, (0.82) and
Hepes (15), pH 7.6, with gentamicin (20 g ml™"). Oocytes were
used 1-3 days after cRNA injection.

Electrophysiology

Currents were recorded at room temperature (23-25 °C) using the
giant patch-clamp technique (Hamill er al. 1981; Hilgemann,
1995) with an Axopatch 200A amplifier (Axon Instruments,
Foster City, CA, USA). The resistance of the electrode pipette
ranged from 0.15 to 0.25MQ when filled with the internal
solution. The internal and external solutions contained (mm):
KCI + KOH (100), EDTA (5) and Hepes (5), pH 7.4. In the Mg**
experiments, the internal solution contained (mm): KCI + KOH
(100), EDTA (5), MgCl, (6) and Hepes (5), pH7.4. In the Ba**
experiments the external solution contained (mm): KCI + KOH
(100), BaCl, (0.01) and Hepes (5), pH7.4. MTSET (Toronto
Research Chemicals, North York, Ontario, Canada) was stored at
—-20°C and dissolved immediately before application. The
rundown of channel activity was delayed by treating inside-out
patches with L-a-phosphatidylinositol-4,5-bisphosphate (Sigma,
St. Louis, MO, USA; Huang et al. 1998; Shieh et al. 1998).

The command V,, and data-acquisition functions were processed
using a Pentium-based personal computer, a DigiData board and
pCLAMP6 software (Axon Instruments). In MTSET-modification
experiments, currents were recorded with a 20 ms voltage pulse to
—140 mV from a holding potential of + 40 mV at 0.2-2 Hz. Using
such a protocol, the channels were held at +40 mV (to facilitate
the interaction of the channel with spermine) for 96-99.6 % of the
total recording time. In Ba**-recovery experiments, a two-pulse
protocol was elicited. The fraction of channel blocked by 10 um
Ba’" at —120 mV was tested by the first pulse, whereas the fraction
of channels that recovered from blockade after a given time
interval at V,, = +40 mV was recorded by the second pulse. Data
were sampled at 10 kHz and filtered at 2 kHz with an eight-pole,
low-pass filter (Frequency Devices, Rochester, NY, USA).
Capacitive currents were corrected using the capacitance
neutralization function of the Axopatch 200A amplifier. The
series resistance was about 0.3 MQ, as evaluated by the ratio of
input capacitance to the time constant of current relaxation in the
current transient generated by a voltage step (Marty & Neher,
1995). The voltage-clamp error was 6 mV at its maximum
(20nA x 0.3MQ) and was mostly less than 3 mV. This
uncompensated clamp error did not affect the conclusions of this
study.

Data analysis

In MTSET experiments, current amplitude was measured at the
end of the voltage step to —140 mV. The time courses of current
inhibition by MTSET followed a single-exponential decay, except
for the V169C mutant, for which the time course followed a
double-exponential decay. Time constants for MTSET modification
were obtained by fitting the time courses of current inhibition.
The apparent second-order rate constants for MTSET modification
were then calculated as the reciprocal of the respective time
constant divided by the concentration of MTSET. In Ba*
experiments, the instantaneous current measured at —120 mV
was obtained by fitting the inward current with an exponential
function and then extrapolating to the beginning of the pulse.

Results are presented as mean * S.E.M. Statistical significance was
assessed using Student’s independent ¢ test.
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Table 1. The rates of MTSET modification in various cysteine mutants (s' m™")

Q164C
Q164C (—40mV) Q164C/D172N G168C V169C 1171C D172C 1176C
Ctrl 221 + 46 (fast)
22.0+3.3 52+0.6 63.5+5.8 18.9+2.4 15.7 + 1.2 (slow) 55+0.5 424+6.0 1154+18
(n=12) (n=11) (n=7) (n=13) (n=28) (n=26) (n=>5) (n=13)
Spm n.d 7.7 £0.5* 55.6 £ 6.8 n.d 12.8 £ 1.1 3.0£0.5* 65.6 £4.9%  67.0 £5.3¢%*
(n=5) (n=5) (n=6) (n=4) (n=4) (n=06) (n=10) (n=3)
Fast indicates the fast component and slow denotes the slow component of MTSET modification with
two phases. Ctrl, experiment with control solution, Spm, experiment with spermine solution.
*P < 0.05 ***P <0.001, n.d. denotes not determined.
RESULTS at the holding potential, presumably due to the channel

The effects of spermine on MTSET modification of
substituted cysteines at the internal vestibule of
Kir2.1 channels

We first examined the effect of channel block by spermine
(1 M) on the rate of MTSET modification in cysteine
mutants. Membrane patches were held at +40 mV and
stepped to —140 mV for a very short period (20 ms) to
monitor channel activity. Using this protocol, the channels
were held at +40 mV (to facilitate the entry of spermine into
the pore) for > 96 % of the total recording time. Figure 2A
shows that in control conditions, MTSET (2 mMm)
progressively inhibited D172C mutants. Figure 2B shows
that 1 M spermine inhibited the outward current recorded

Figure 2. Effects of spermine on MTSET
modification in the D172C mutant

A and B, current traces in the absence and (solid
lines) and presence (dotted lines) of MTSET

(2 mm) mutant in the control (Ctrl) and 1 um
spermine (Spm), respectively. The number of
seconds below each dotted line indicates the time
after MTSET treatment. The time courses of
MTSET modification in the control and
spermine are shown in the lower panels. The
horizontal lines indicate the zero current levels.

| (nA)

closure effected by spermine binding to E224 and E299
(Yang et al. 1995; Kubo & Murata, 2001). However, MTSET
remained capable of irreversibly blocking the D172C
mutant. In addition, the rate of MTSET modification was
significantly faster as compared to the control (Table 1). The
effects of MTSET could not be reversed by washout of
MTSET, but was completely reversed by 50 mm
1,4-dithiothreitol, a reducing agent that breaks disulphide
bonds (data not shown; Lu et al. 1999). Furthermore,
MTSET could only slightly block the pseudo-wild-type
channel, IRK1J (Lu et al. 1999). These results suggest that
the inhibition of channel activity by MTSET is due to the
reaction of MTSET with the cysteine at site 172 (172C).
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Figure 3. Effects of spermine on MTSET modification in various cysteine mutants

A-G, the time courses of MTSET modification in the indicated cysteine mutants in the control and spermine
(1 uM). The horizontal lines indicate the time span of MTSET (2 mM) treatment.
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Figure 3 illustrates the representative time courses of MTSET
(2 mM) modification of the indicated cysteine mutants
exposed to the control and 1 uM spermine-added solutions.
In Q164C mutants, MTSET progressively inhibited channel
activity in the control (Fig. 3A). However, in the presence of
1 um spermine, MTSET could no longer inhibit the channel.
To further confirm that the effect of spermine on MTSET
modification in the Q164C mutant is attributed to channel
block, we next examined MTSET modification in the Q164C
mutant at —40 mV, where spermine does not block the
channel. Figure 3B shows the time course of MTSET
modification in the Q164C mutant at —40 mV. In the
control, the averaged modification rate at —40 mV was
slower than that at +40 mV (Table 1), suggesting that
MTSET modification is V,, dependent. In 1 xM spermine,
MTSET was still able to inhibit the Q164C mutant held at
—40mV. We also carried out experiments using the
Q164C/D172N mutant to verify that the effect of spermine is
associated with D172. Figure 3C illustrates that in both the
control and 1 uM spermine, MTSET progressively inhibited
the Q164C/D172N mutant. The rate of MTSET
modification in spermine appeared to be slightly slower than
that in the control solution (Table 1). These results suggest
that when spermine is bound to D172, MTSET can no longer
access the cysteine at site 164.

Figure 3D shows that spermine also prevented MTSET
from modifying G168C mutants. In V169C mutants, the
time course of MTSET modification was best fitted by two
rates in the control (Fig. 3E). The fast and slow component
made up 33 and 67 %, respectively, of the total modified
channel activities. In the presence of 1 uM spermine,
MTSET modification was described by one rate, which was
similar to the predominantly slow component in the
control. Figure 3F demonstrates that spermine decreased
both the rate and degree of MTSET modification in I171C
mutants. MTSET inhibited I176C mutants at a slower rate
in spermine than in the control (Fig. 3G).

Table 1 lists the averaged rates of MTSET modification in
various cysteine mutants in the control and with 1 um

Figure 4. Effects of spermine on MTSET
modification in the V169C/D172N mutant

Each panel illustrates the time course of MTSET
modification in the control (left panel) and in spermine
(right panel).
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spermine. The major findings are summarized as follows.
First, after the channels were blocked by spermine, MTSET
could no longer access the cysteines at positions 164 and
168, indicating that these sites are located externally to the
spermine bound to D172, as predicted by the secondary
structure. Second, in the presence of spermine, MTSET
could still block the V169C and 1171C mutants. Third, in
the D172C mutant, in which spermine can no longer bind
to the site at 172, internal spermine speeded up the rate of
MTSET modification. Fourth, spermine slowed down but
did not completely abolish MTSET modification in 1176C,
suggesting that the spermine bound within the pore
hinders the accessibility of cysteine at 176 (176C) to
MTSET.

The fast component of MTSET modification in
V169C mutantis related to D172

Figure 3E shows that after exposure to spermine, the fast
component of MTSET modification disappeared in the
V169C mutant. To determine whether D172 is involved in
the fast component of the modification, we next examined
MTSET modification in the V169C/D172N mutant. Figure 4
shows that regardless of whether spermine was present,
MTSET modification was described only by the slow rate.
The rate of MTSET modification increased twofold in
spermine as compared to the control (Table 2). When
spermine is bound to D172 (Fig. 3E) or when D172 is
replaced by an asparagine residue (Fig. 4), the fast
component of MTSET modification in V169C is abolished,
suggesting that the fast component of MTSET modification
is related to the positive charge at site 172. It is possible that
the fast component is due to MTSET binding to D172,
thereby blocking the channel in a reversible way (similar to
the action of polyamines). We next examined whether
MTSET modification could be washed out. We found that
MTSET modification could not be reversed by washout of
MTSET, but was reversed by 1,4-dithiothreitol (data not
shown), indicating that the block of channels is due to the
covalent modification of channels by MTSET. All other
cysteine mutants used in this study showed the same
reversibility.

V169C/D172N

Ctrl Spm
2 mM MTSET 2 mM MTSET

< 1=286s
= Wl
-3 L s L s -6 L L L s
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)
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Table 2. The rates of MTSET modification in various cysteine mutants (s m™")

V169C/D172N  1176C/D172N D172C/E224G/E299S  1176C/D172N/E224G /E299S
Ctrl 82+0.9 227423 50.5+ 8.2 23.6+1.5
(n=4) (n=3) (n=4) (n=7)
Spm 14.7 £ 1.4%* 33.8+3.9*% 62.6+ 8.3 24.142.9
(n=6) (n=5) (n=35) (n=35)

*P < 0.05, ** P< 0.005.

Spermine bound to D172 hinders the accessibility of
MTSET to 176C

Figure 3G shows that the rate of MTSET modification in
the I176C mutant is slower in spermine than in the control
solution, suggesting that the bound spermine interacts
with the accessibility of MTSET to 176C. To further
confirm this possibility we examined the rate of MTSET
modification in I1176C/D172N mutants. Figure 5
demonstrates that the rate of the MTSET modification was
increased in the presence of spermine. The average rate
was increased by 1.5-fold when the mutant was exposed to
spermine as compared to the control (Table 2). These
results suggest that the spermine bound to D172 does
indeed hinder MTSET modification at 176C. This
possibility is further explored in Fig. 7.

E224 and E299 are involved in the effects of spermine
accelerating MTSET modification

The results from mutants D172C (Fig. 2), V169C/D172N
(Fig.4) and 1176C/D172N (Fig. 5) share the following major
common feature. When the site at position 172 could no
longer bind to spermine, application of internal spermine
enhanced the rates of MTSET modification in these cysteine
mutants held at +40 mV. In addition to D172, spermine can
also bind to E224 and E299. Therefore, it is likely that E224
and E299 are involved in the accelerating effect of spermine
on MTSET modification. We next measured the rates of
MTSET modification in mutants D172C/E224G/E299S and
[176C/D172N/E224G/E299S. Figure 6 shows that outward
currents were recorded in mutants D172C/E224G/E299S
(Fig. 6A) and 1176C/D172N/E224G/E299S (Fig. 6B) in

1176C/D172N
Ctrl Spm
2 mM MTSET 2 mM MTSET
<
£
6 2b 4b 6‘0 Sb 160 0 2.0 4b 6‘0 Bb

Time (s) Time (s)

control solution and in spermine (1 gMm). MTSET (2 mm)
progressively inhibited the channel activities in both
mutants. The corresponding time course of MTSET
modification in the control and spermine are shown in the
lower panels of Fig. 6A and B. The rates of modification were
not statistically different (P > 0.3) between the control and
spermine in either mutants D172C/E224G/E299S or
1176C/D172N/E224G/E299S (Table 2). The results shown in
Figs 2, 4, 5 and 6 suggest that E224 and E299 are indeed
involved in the accelerating effect of spermine on MTSET
modification.

Effects of smaller pore blockers on MTSET
modificationat 176C

We showed that the accelerating effect of spermine involves
E224 and E299. To further justify that the spermine bound to
D172 interferes with MTSET modification at 176C, we
studied MTSET modification in I1176C/E224G/E299S
mutants. Figure 7A and B shows that spermine slowed down
the modification rate of MTSET (0.2mM) in the
1176C/E224G/E299S mutant as compared to the control
(Table 3). Since the affinity for spermine in the mutant
containing the mutation of E224G and E299S is much
reduced (Kubo & Murata, 2001), 1 mM spermine was used to
completely block the outward current (presumably by
binding to D172). Spermine (1 xM), which could no longer
block the outward current, did not significantly (P = 0.19)
change the rate of MTSET modification (Table 3). These
results suggest that the spermine bound to D172 slowed
down MTSET modification at 176C possibly via physical
and electrostatic interaction with MTSET.

Figure 5. Effects of spermine on MTSET
modification in the 1176C/D172N mutant

Each panel illustrates the time courses of MTSET
modification in the control (left panel) and in spermine
(right panel).
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| (NA)

Figure 6. Effects of spermine on MTSET
modification in the D172C/E224G/E299S
and 1176C/D172N/E224G/E299S mutants

A and B, current traces in the absence and (solid

lines) and presence (dotted lines) of MTSET

(2 mm) in the D172C/E224G/E299S and B
1176C/D172N/E224G/E299S mutants,

respectively, exposed to the control solution (left

panel) and spermine-added solution (right panel).

The corresponding time course of MTSET

modification is shown below the traces.
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Table 3. The effects of various blockers on the rates of MTSET modification (s™* Mm~") in the
1176C/E224G/E299S mutant

Spm Spm Spd Put Mg
Ctrl (1 M) (ImM) (ImMm) (I1mMm) (ImM)
714.5 £ 67.8 595.6 + 32.5 322.7 £20.4*%  281.1 £6.3*** 2204+ 15.6**% 307.9 £9.6**
(n=5) (n=4) (n=4) (n=4) (n=5) (n=4)

Spd, spermidine; Put, putrescine. * P < 0.05, ** P < 0.005, *** P < 0.001.

We next examined the effects of blockers of smaller size
and fewer charges on MTSET modification in the
1176C/E224G/E299S mutant. Figure 7C shows that 1 mm
spermidine decreased MTSET modification to a rate similar
to spermine. However, the rate of MTSET modification is
slower in putrescine (1 mM) than in spermine and
spermidine (Fig. 7D). Finally, 1 mm Mg** also decreased
MTSET modification (Fig. 7E). These results further
support the idea that electrostatic and physical inter-
actions between the blocker and MTSET in the pore are
involved in the reducing MTSET modification at 176C.

Probing the closure site during inward rectification
induced by spermine bound to E224 and E299

Figure 2B shows that spermine inhibited the D172C mutant
at +40 mV. In addition, Fig. 6A shows that spermine could
no longer inhibit the current at +40mV in the
D172C/E224G/E299S mutant. These results support the
hypothesis that E224 and E299 are involved in the inhibition
of the D172C mutant at +40 mV. However, 172C remained
accessible to MTSET when the mutants were inhibited by
spermine (Fig. 2). Taken together, these results suggest that
the closure of the D172C mutant induced by spermine has to
occur at a position more external than site 172. It may be that
the closure occurs at the narrow pore region. Ba** blocks the
Kir2.1 channel in the narrow pore (Alagem et al. 2001). If the
closure happens in the pore near the selectivity filter, Ba*
blockade may be affected by spermine. To test this

possibility, we next examined the effect of spermine on the
exit rate of Ba** bound in the D172C mutant.

Figure 8A shows the double-pulse protocol used to assess
the recovery from Ba’" blockade in the D172C mutant.
Figure 8B and C illustrates currents recorded in control
conditions and in 1 gM spermine, respectively. In the
control, outward currents were observed during recovery
at V, =+40 mV. On the other hand, the current at
+40 mV was instantaneously inhibited by 1 xM spermine.
Figure 8D shows the time courses of recovery. The
fractional recovery was calculated as I2/I1. I1 is the
instantaneous current of the first pulse minus the steady-
state current and 12, that of the second pulse minus the
steady-state current. The recovery time course followed a
monoexponential function. Since 10 uM external Ba®*
cannot block the D172C mutant at V,, 2 —20 mV (data
not shown), the Ba?" exit rate (k.;) can be calculated as the
reciprocal of the recovery time constant. The averaged kg
in the control (32.9 £ 2.7s™'; n=4) is not significantly
different from thatin 1 xM spermine (33.8 + 1.3s™;n =4,
P =0.76). In addition, the channel closure induced by
1 uM spermine at +40 mV did not require the exit of Ba®*
from the pore (see Fig 8C). These results suggest that the
channel closure induced by spermine binding to E224 and
E299 in the D172C mutant is unlikely to be due to an
occlusion at the narrow channel pore.

1176C/E224G/E299S
A B C Putrescine
Ctrl Spm (1mM) Spd (1mM) (L;mM) Mg (1mM)

0.2 mM MTSET 0.2 MM MTSET
- - @@ 0 —

I (nA)

0.2 mM MTSET
oy ———

0.2 mM MTSET 0.2 mM MTSET

1=226S
b a0 40 e B0 S0 20 40 60 80 0 20 40 60 80
Time (s) Time (s) Time (s) Time (s) Time (s)

Figure 7. Effects of polyamines and Mg** on MTSET modification in the 1176C/E224G/E299S

mutant

A-E, the time course of MTSET modification in the control solution and the indicated blocker.
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DISCUSSION

Relative positions of amino acids in the inner pore to
D172

In this study we determined the relative positions of the
pore-lining residues in the M2 segment of the Kir2.1
channel. We measured the accessibility of MTSET to
substituted cysteines in the presence of spermine bound to
D172. We found that under these conditions, MTSET can
no longer access the cysteines at positions 164 and 168,
indicating that these two sites are located external to D172.
MTSET is still effective in modifying the V169C and I1171C
mutants when spermine is bound to D172. However,
MTSET modification in the V169C mutant consists of two
components, suggesting that complicated processes are

T

A
0omy

-120 mV

0—

5nA

08}

0.6

04t

Recovery (I/1,)

02}

0.0 n L 1 L L 3
0 50 100 150 200 250 300
Time (ms)

Figure 8. Effects of spermine on the recovery from Ba*
block in the D172C mutant

A, the two-pulse voltage protocol. The time interval between the
two identical pulses was increased by 15 ms between sweeps
(starting with 10 ms) to assess recovery from the block induced by
10 uM extracellular Ba**. Band C, currents traces recorded in the
control and in spermine (1 xM), respectively. D, time courses of
recovery from Ba** block in the control (@) and 1 xM spermine
(O), respectively. Continuous lines are the fit of the data to a
monoexponential function.
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involved. In addition, the MTSET modification rate is very
slowin the I171C mutant, even in the control, and thus the
reaction may not be specific. At present we cannot
conclude that sites 169 and 171 are located internally to
D172. Different approaches are required to determine
further the relative positions of sites 169, 171 and 172. On
the other hand, the time course of MTSET modification in
the 1176C mutant is monoexponential and the rate of
modification is relatively high. Spermine slows down, but
does not prevent MTSET modification in this mutant.
These results suggest that site 176 is located internally to
D172 and that these two sites are close enough so that the
spermine bound to D172 interferes with the accessibility of
MTSET to 176C via physical and electrostatic interaction.

Estimating the binding positions of polyamines in
the pore

Spermine decreases the rate of MTSET modification in the
1176C and 1176C/E224G/E299S mutants but not in the
1176C/D172N/E224G/E299S mutant, suggesting that the
spermine bound to D172 hinders the accessibility of
MTSET to 176C. Spermidine, putrescine and Mg** also
obstruct the reaction between MTSET and 176C.
Although each spermine carries more charges than a Mg**
ion, the charges are more spread apart in the former
molecule. This may explain why Mg**, a smaller blocker of
fewer charges, produces a comparable effect in reducing
MTSET modification at 176C. Among the polyamines

Figure 9. Proposed interaction of polyamines with the
Kir2.1 channel

A, the molecular structures and dimensions of polyamines. Atom
Cis plotted in grey and atom N in blue. The dimensions of
polyamines were determined by ChemIDPlus
(http://chem.sis.nlm.nih.gov/chemidplus/). B, residues 49-98 of
one MthK subunit. The colour codes are: blue, A58 (T141); red F87
(D172); green, V91 (I176). The structure is taken from Protein
Data Bank (code 1lnq). A spermine molecule is fitted in the pore
cavity with the second amine aligned horizontally with F87 (D172).
Spd = spermidine, Put = putrescine
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tested, putrescine carries the fewest charges and is smallest
in size, yet it is most effective in slowing MTSET
modification at 176C. We suggest that the different effects
of various polyamines are attributable to their actual
binding positions. Figure 9A shows the molecular
structures and dimensions of spermine, spermidine and
putrescine. We speculate that all of the polyamines bind to
D172 at the second amine, with the first amine located
internally. It then appears that the first amine of putrescine
protrudes more internally than that of spermine and
spermidine, and thus it may assume a position that exerts a
stronger physical and electrostatic interaction, with
MTSET accessing 176C. The assumption is perhaps
reasonable. According to the structure of the MthK
channel (Jiang et al. 2002), which is the only K* channel
whose structure has been determined in the open
configuration, the space between A58 (T141 in Kir2.1) and
F87 (D172 in Kir2.1) is about 12 A in length. This space is
not long enough to fit an entire vertical spermine molecule
(Lopatin et al. 1995), which is about 16 A in length
(Fig. 9A). If the second amine of spermine binds to D172,
then the rest of spermine (about 11 A) may fit in and block
the channel pore in the deeper position (Fig. 9B). This may
also explain why spermine is much more efficient than
putrescine in blocking the channel. We only estimated the
distance between the backbones instead of side chains
because the residues of concern are not conserved between
the Kir2.1 and MthK channels. Exactly how polyamines
obstruct the accessibility of 176C to MTSET and how they
fit into the cavity to produce channel blockade require
further structural determination of the Kir2.1 channel.

Possible mechanisms for inward rectification

induced by spermine bound to E224 and E299

It has been demonstrated that E224 and E299 are involved
in spermine binding, which eventually inhibits channel
conductance (Yang et al. 1995; Kubo & Murata, 2001).
E224 and E299 are two amino acids that appear in the
cytoplasmic C terminal, which together with the N-
terminal may form a cytoplasmic pore. The structures of
the cytoplasmic pores in the Kir3.1 and KirBacl.1 channels
have been determined (Nishida & MacKinnon, 2002; Kuo
etal. 2003). These two studies have shown that the lining of
the cytoplasmic pore contains polar, negatively charged
residues alternated with hydrophobic amino acids.
Therefore, these amino acids form a good complementary
receptor for polyamines, which thus bind effectively to the
cytoplasmic pore. However, there is as yet no structural
evidence for a direct block of the cytoplasmic pore by
polyamines and Mg** binding. Although KirBacl.1
crystals have been grown in the presence of Mg, the
presence of Mg** in the cavity or cytoplasmic pore was not
established (Kuo et al. 2003). On the other hand,
functional studies suggest that the spermine bound to
E224 and E299 does not directly block the channel pore.
Instead, it has been suggested that these two sites are
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intermediate binding sites that enhance the entry and exit
of spermine to and from the final channel-blocking site
located deeper in the pore (Kubo & Murata, 2001; Xie et al.
2002). In this study, we provide further evidence for this
possibility. Figure 2 shows that spermine inhibits the
D172C mutant but does not prevent MTSET from
interacting with 172C, suggesting that the spermine bound
to E224 and E299 does not directly block the pore. Instead,
these results suggest that the channel closure induced by
spermine takes place at a location more external than site
172. We also tested whether channel closure could occur at
the narrow pore. Ba** is a permeable blocker in the Kir2.1
channel (Shieh et al. 1998). The innermost Ba** binding
site has been shown to be the threonine at the site 141
(T141) (Alagem et al. 2001), which is close to the Ba** site
in the KcsA channel determined by X-ray Crystallography
(Jiang & MacKinnon, 2000). We rationalize that if the
closure occurs at the narrow pore, the exit of Ba* bound in
the pore should be affected. Figure 8 shows that spermine
(1 um) had no effects on the exit rate of Ba’* blockade in
the pore of the D172C mutant. Taken together, these
results suggest that the channel closure initiated by the
spermine bound to E224 and E299 occurs between sites
141 and 172. The exact mechanism underlying the channel
inhibition induced by the spermine associated with E224
and E299 requires further investigation. It is possible that
E224 and E299 facilitate spermine binding to a site
between 141 and 172 in the absence of an aspartate at site
172. Based on the structure of the MthK channel (Jiang et
al. 2002), we estimated that the space between T141 and
D172 in Kir2.1 (12 A in length) would not be long enough
for fitting an entire vertical spermine molecule (Fig. 9A).
This argument is consistent with previous studies. It has
been shown that the serine at site 165 (S165) is located
between T141 and D172 and may form the narrowest part
of the Kir2.1 channel (Fujiwara & Kubo, 2002). S165 has
been shown to be accessible to small molecules including,
Rb*, Cs* and Mg** but not large molecules such as
spermine and MTSET, suggesting the space at S165 is very
narrow (Thompson et al. 2000; Fujiwara & Kubo, 2002).
Furthermore, it is difficult to envisage how the binding of
spermine between sites 141 and 172 enhances MTSET
modification in the D172C, V169C/D172N, and
1176C/D172N mutants.

Alternatively, the spermine bound to E224 and E299 may
induce channel closure through global changes of
conformation. The two possible mechanisms can be
distinguished by the voltage-dependence of spermine’s
binding affinity, which can be evaluated by zd (z is the
valence of spermine and § is the apparent electrical distance).
If the block of spermine occurs at a site more external than
D172 z6 is likely to be larger in the D172N mutant than in the
wild-type. In contrast, if channel closure is due to
conformational changes effected by spermine bound to E224
and E299, z6 may be smaller in the D172N mutant than in
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the wild-type. Since the value of zd is 4.5 £ 0.1 in the wild-
type and 3.2 £ 0.4 in the D172N mutant (Xie ef al. 2002), it
appears that the conformational change hypothesis may be
more likely. Figures 2, 4 and 5 show that spermine enhances
the rate of MTSET modification in the D172C,
V169C/D172N  and 1176C/D172N mutants. Further
neutralization of amino acids at positions 224 and 299
eliminates this effect of spermine (Fig. 6). In addition, Fig. 3C
demonstrates that spermine tends to decrease the rate of
MTSET modification in the Q164C/D172N mutant. These
results are consistent with the conformational changes
hypothesis. The binding of spermine to E224 and E299 may
induce conformational changes such that the accessibilities
of MTSET to the cysteines are altered.

Conclusions

In this study we employed the spermine bound to D172 to
determine the relative positions of some pore-lining
amino acids of the M2 segment in the Kir2.1 channel. The
effects of different polyamines on the MTSET modification
at 176C provide insights on the locations of polyamines in
the pore. Finally, the effects of E224 and E299 on MTSET
modification may shed light on the mechanisms underlying
the inward rectification induced by the spermine binding
to E224 and E299.
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