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Spermine and Spermidine as Gating Molecules
for Inward Rectifier K* Channels

Eckhard Ficker, Maurizio Taglialatela, Barbara A. Wible,
Charles M. Henley, Arthur M. Brown*

Inward rectifier K* channels pass prominent inward currents, while outward currents are
largely blocked. The inward rectification is due to block by intracellular Mg?+ and a
Mg?2*-independent process described as intrinsic gating. The rapid loss of gating upon
patch excision suggests that cytoplasmic factors participate in gating. “Intrinsic” gating
can be restored in excised patches by nanomolar concentrations of two naturally oc-
curring polyamines, spermine and spermidine. Spermine and spermidine may function as
physiological blockers of inward rectifier K+ channels and “intrinsic’’ gating may largely
reflect voltage-dependent block by these cations.

Gating of voltage-dependent ion channels
is generally thought to be an intrinsic prop-
erty of the channel protein (I). However,
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gating may be specifically modified by ac-
cessory proteins (B subunits) (2), small or-
ganic molecules (for example, adenosine
triphosphate) (3), or inorganic cations such
as Ca®* or Mg?* (4-6). The intrinsic gat-
ing of inward rectifier K* channels (IRKs)
(6, 7) is thought to contribute to inward
rectification by producing closure of chan-
nels at depolarized potentials, resulting in
negligible outward currents even in the ab-
sence of intracellular Mg?* (Mg?*). Con-
versely, reopening of channels at hyperpo-
larized potentials is thought to cause the
time-dependent onset of inward currents.

Two IRKs, IRK1 (8) and ROMKI1 (9), ex-



pressed heterologously in Xenopus oocytes,
differ in both rectification (10) and gating
(11) phenotypes. Currents from IRK1 ex-
hibit time dependence upon activation and
rectify strongly, whereas onset of the weakly
rectifying ROMK1 currents is virtually in-
stantaneous. A single negatively charged
residue (Asp!?? in IRK1) in putative trans-
membrane domain M, appears to be criti-
cally involved in time-dependent gating
(11, 12).

Cytoplasmic factors might also be in-
volved in the time dependence of IRK cur-
rents (6, 13). In cell-attached macropatches
from Xenopus oocytes, IRK1 inward cur-
rents activated with marked time depen-
dence and the rates were voltage-depen-
dent, becoming faster at more hyperpolar-
ized potentials (14). When patches were
excised in the inside-out configuration in
the absence of Mg?*, transient outward cur-
rents appeared at depolarized potentials
(Fig. 1A). The decay of the outward current
became progressively slower with time and
could not be restored upon patch exposure
to Mg?* (Fig. 1C). Likewise, time depen-
dence of inward currents disappeared (Fig.
1A, inset). However, time dependence was
recovered if the patch was brought near the
oocyte (Fig. 1B), suggesting that a particle
unrelated to Mg?* has been washed away.

Because the key gating determinant
(Asp!” in IRK1) is negatively charged
(11), we postulated that sm;\aﬂ,‘ positively
charged intracellular molecules might con-
trol or influence the gating of IRK1. There-
fore, we tested the three naturally occurring
polyamines (PAs)—spermine (SPM), sper-
midine (SPD), and putrescine (PUT)—for
their ability to restore time dependence to
IRK1 currents. The internal application of
all three PAs to excised, inside-out patches
resulted in a block of outward currents in
IRK1 (Fig. 1D). Only SPM and SPD, how-
ever, were able to produce time-dependent
block (Fig. 1E). SPM and SPD act as high-
affinity blockers, since only nanomolar con-
centrations were required to mimic the time
dependence of IRK1 currents. By contrast,
the block by PUT was time-independent
and required concentrations a 1000-fold
higher than for SPM and SPD (15).

Consistent with time-dependent block,
the current decay was faster with increasing
SPM and SPD concentrations (Fig. 1F).
The block was also voltage-dependent, be-
coming more marked at more depolarized
potentials. At the single channel level,
SPM and SPD shortened openings and
markedly prolonged closures (Fig. 1G),
thereby producing the observed decay in
the ensemble currents (Fig. 1E and 1F).

We tested the importance of the Asp
residue at position 172 (11, 12) for block by
SPM or SPD. Asp!? was critical for SPM
and SPD effects, since no detectable time-
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Table 1. PAs in Xenopus oocytes and in K*-Ringer solution—bathing oocytes. Total PA levels were
measured from single Xenopus oocytes according to established procedures (78, 79). Molar concentra-
tions were calculated assuming a volume of 1 l per oocyte (0 = 3, mean = SD). To estimate PA levels
outside oocytes, five groups of 10 oocytes each were incubated in 100 or 500 wl of K*-Ringer. After 15
min, the bathing solution was aspirated and frozen for analysis (0 = 8, mean *+ SD).

Xenopus oocyte Bathing solution

Poly-
amines Polyamines Polyamines Polyamines
(PM/p.g protein) (wM) (wM)
SPM 0.88 + 0.02 216.51 + 19.94 0.076 = 0.15
SPD 3.356 £ 0.19 824.53 + 85.73 0.34 *+0.28
PUT 3.53 + 0.31 869.42 + 85.89 135 +£1.29
Oocyte removed
from chamber ¢
Oocyte at <50 pm 5
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Fig. 1. Loss of IRK1 gating and restoration by SPM and SPD. (A) Unsubtracted cell-attached (c-a) and
inside-out (i-0) macropatch recordings from Xenopus oocytes injected with IRK1 complementary RNA.
The records were taken at the indicated times after patch excision. Holding potential, 0 mV; prepulse to
—30 mV; test pulse, +40 mV. The records were normalized at the steady-state current level at —30 mV.
The vertical scale bar was 3 nA for the i-o 90-s (90") trace, 1.41 nA for the c-a trace, 2.58 nA for the i-o
0" trace, 2.96 nA for the i-0 45" trace and 2.92 nA for the i-o0 120" trace. Inset, expanded scale (2-ms bar)
of time-dependent inward currents. (B) The time-dependent component is restored when the patch is
positioned within 50 pm of the oocyte. Holding potential, 0 mV; prepulse to —~30 mV, test pulses from
—80 mV to +60 mV in 20-mV steps. (C) Ensemble average of 16 to 48 single channel records, recorded
in control solution after exposure of i-o patch to 5.2 and 52 pM Mg2* and upon washout. Test potential:
+40 mV. As judged from the peak current, the patch contained five to eight channels. (D) Integrated
single channel outward currents from a multichannel (three to five IRK1 channels) patch in the i-o
configuration, exposed to the indicated concentrations of PAs for the indicated times. Traces were
recorded with 3-s intervals. Test potential, +40 mV; test pulse duration, 150 ms. (E and F) Ensemble
average of 16 to 48 single channel records from multichannel patches [20 to 25 channels in (E); 4 to 6 in
(F)] recorded in the i-o configuration in control solution and upon exposure to the indicated concentrations
of PAs. Test potential, +40 mV. (G) Single channels recorded in the i-o configuration in control solution
and upon exposure to 10 nM internal SPD. Test potential, +40 mV. Pre- and post-pulses, —80 mV.
Dashed lines indicate zero current.
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dependent block of IRK1 D172N was elic-
ited (Fig. 2, B and C). Moreover, higher
concentrations were required to produce
the time-independent block (Fig. 2, A and
D), with SPM and SPD block more affected
than block by PUT. The dissociation con-
stant (K;) values for SPM, SPD, and PUT
block at +40 mV were calculated from
averaged single channel currents: 7.5 * 1
nM (n=29),17.9 = 3.3 nM (n = 11), and
9800 = 2300 nM (n = 5), respectively, in
IRK1, while in D172N they were 258 (n =
2),446 = 172 (n = 3), and 26,700 * 6300
(n = 4), respectively. Single channel re-
cordings from DI172N showed that the
blocked state produced by SPM and SPD
had a much shorter lifetime than in IRK1
(compare Fig. 2E and Fig. 1G) and that
frequent reopenings resulted in sustained
ensemble currents (Fig. 2, B and C). PUT
showed even faster blocking rates that were
comparable in both wild-type and D172N
channels.

The key role of the Asp for the time-
dependent gating produced by SPM and
SPD was also tested in ROMKI1. This chan-
nel has an Asn at the corresponding resi-
due, rectifies weakly, and lacks time-depen-
dent activation (9, 11). Substitution with
an Asp (N171D) resulted in strong rectifi-
cation and prominent time dependence of
inward and outward macropatch currents
(11, 16), which were lost after excision
(Fig. 3A). As for IRK1, reconstitution of
time-dependent behavior could be achieved
by positioning the macropatch in close
proximity to the oocyte (Fig. 3B). Internal
application of SPD (1 and 3 uM) repro-
duced the time-dependent block induced by
approaching the oocyte (Fig. 3C). Single
channel currents showed that SPD short-
ened open times and increased closed times
(Fig. 3D), consistent with the slow open-
channel block observed in IRK1 channels.
By contrast, block of wild-type ROMKI1
channels required much higher SPM and
SPD concentrations and did not exhibit
any time dependence (Fig. 3, E and F). The
key role of the Asp is further emphasized by
the 10*-fold difference in K values for SPD
block between ROMKI and ROMKI
N171D. The values calculated from macro-
patch currents at +40 mV were 303.5 nM
for ROMK1 N171D (n = 29) and 2.16 mM
for ROMKI1 (n = 16). Just as with IRK1,
PUT was unable to confer rectification and
time-dependent activation to ROMKI1
N171D.

The specificity of SPM and SPD was
further confirmed by testing other small
positively charged molecules for their ef-
fects on ROMK1 N171D. We tested a va-
riety of diamines including 1,3-diaminopro-
pane, 1,6-diaminohexane, 1,7-diaminohep-
tane, and 1,8-diaminooctane, and they all
blocked ROMK1 N171D in a manner sim-
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Fig. 2. Loss of time-dependent block by SPM and SPD in IRK1 D172N mutant channels. (A) Integrated
single channel outward currents from a patch containing a single IRK1 D172N channel in the i-o
configuration, exposed to the indicated concentrations of PAs for the indicated times. Traces were
recorded with 3-s intervals. Test potential, +40 mV; Test pulse duration, 150 ms. (B and C) Averaged
IRK1 D172N single channel records (16 to 48 records) recorded in i-o configuration in control solution and
upon exposure to the indicated concentrations of PAs. Test potential, +40 mV. (D) Dose-response for
blockade by SPD in IRK1 and IRK1 D172N channels. The single channel current from 16 to 64 sweeps
for each SPD concentration was integrated (/) and the normalized values (/,.,,,) Were expressed as a
function of the intracellular SPD concentration. Solid lines are fits to the following binding isotherm: y =
max/(1 + X/Ky)", where X is the SPD concentrations and n the Hill coefficient. Fitted values for n were
between 0.8 and 1.2. In the displayed fits, n was fixed at 1. (E) Single channels recorded from IRK1
D172N channels expressed in Xenopus oocytes in the i-o configuration in control solution, after subse-
quent exposure to 100 nM SPD, 1 uM SPD, 100 nM SPM, 10 uM PUT, and upon washout. Test
potential, +40 mV; pre- and post-pulses, —80 mV. Dashed lines indicate zero current.

ilar to PUT but not SPM or SPD.

SPD s also responsible for the time de-
pendence of inward currents, illustrated for
ROMKI1 N171D (Fig. 4). Similar results
were obtained with SPM. Thus, the origin
of the time dependence of both inward and
outward currents is related; for inward cur-
rents, block by SPM/SPD is being relieved
while for outward currents it is being initi-
ated. After complete loss of time depen-
dence after patch excision in Mg?*-free
solution (Fig. 4B), 10 wM SPD reconstitut-
ed the time dependence of inward currents
displayed by N171D in the cell-attached
macropatch (Fig. 4, C and E). SPD also
strongly blocked the outward currents, pro-

SCIENCE ¢ VOL. 266 <

11 NOVEMBER 1994

ducing a transient relaxation. Simultaneous
addition of 0.5 mM free Mg?*, together
with 10 uM SPD, slowed the relaxation at
+40 mV (Fig. 4D). Similar to results de-
scribed for IRK1 channels, less influence
was exerted by Mg?* on the kinetics of
inward current activation in ROMKI1
N171D. These observations are compatible
with a competitive interaction between the
two cations and are consistent with the
eightfold increase in the affinity for Mg?*
in ROMK1 N171D (11, 16).

To test further the role of PAs as phys-
iological regulators of IRKs, we have mea-
sured total SPM, SPD, and PUT concentra-
tions in Xenopus oocytes (Table 1). These
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concentrations are compatible with a role
for PAs as IRK blockers. Furthermore, PAs
could be detected in the K*-Ringer solu-
tion—bathing Xenopus oocytes (Table 1)
and could account for the restoration of
time-dependent gating after positioning ex-

Fig. 4. Effect of Mg2* on SPD-induced blockade
of ROMK1 N171D channels. After recording from
a cell-attached macropatch showing time-depen-
dent inward and outward (see inset A; bars are
200 PA and 2 ms) currents (A), the patch was
excised in Mg?* -free solution and the time depen-
dence of the currents was lost (B). Subsequently,
the intracellular side of the patch was exposed to
10 uM SPD (C), 10 uM SPD plus 0.5 mM free
Mg?* (D), and again to 10 wM SPD (E). (F) Traces
recorded after SPD washout. In all panels, the
holding potential was O mV; depolarizing prepulse
to +40 mV; and test pulse from 0 mV to —45 mV
in —5-mV steps. Solid lines indicate zero current.

cised patches in close proximity to an oo-
cyte. The results are also consistent with
the observation that cells have specific
membrane systems for transporting PAs
(17).

The effects of SPM and SPD on IRK1,
IRK1 D172N, ROMKI, and ROMKI
N171D channels confirm that time-depen-
dent gating is due to interaction with the
Asp. However, the time-independent com-
ponent of SPM and SPD block was still
much stronger in IRK1 DI172N than in
wild-type ROMKI1, suggesting that addi-
tional sites might contribute to the block of
IRK1. These sites may be located in the
carboxyl terminus, which specifies molecu-
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lar determinants for Mg?* binding and K*
conduction in IRK1 (10).

It appears that the mechanism of inward
rectification involves a fast, voltage-depen-
dent, time-independent block by Mg* to-
gether with a slower, voltage- and time-
dependent block, probably exerted by SPM
and SPD. In IRK1 these processes seem to
be largely separable; block by Mg?* has
been localized mainly to the carboxyl ter-
minus (10), whereas time-dependent gating
is conferred by the Asp in the M, region
(11, 12). SPM and SPD may be the physi-
ological molecules responsible for time-de-
pendent “intrinsic” gating and the Asp in
M, may contribute to the receptor site for
SPM and SPD. It remains to be determined
whether the kinetics of IRK currents are
influenced by the physiological fluctuations
in SPM and SPD that occur during cell
growth and division (17).
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Bl TECHNICAL COMMENTS

Stellar Variability and Global Warming

Stellar observations (1, 2) suggest that the
sun is less variable in its total light output
than other stars of comparable magnetic
activity. In his report (3), Peter Foukal
offers an interpretation of this result in
terms of a model for solar variability. It
appears, however, that this model does not
account completely and correctly for the
stellar observations.

Foukal argues that the broadband vari-
ability of a star like the sun is explainable in
terms of two types of discrete magnetic
features on its surface, namely bright faculae
(in both active regions and the magnetic
network) and dark sunspots. A central fea-
ture of his interpretation of the stellar ob-
servations is the expectation that the vari-
ation in total light must be dominated by
the dark (spot) component when the aver-
age activity exceeds some level.

This model can, indeed, explain the
high amplitude brightness variability of
stars that are considerably younger than the
sun. Such stars have time-averaged magnet-
ic activity several times greater than that of
the present-day sun. Their total light output
also characteristically varies inversely with
their emission in the resonance lines of
ionized calcium (widely accepted as a proxy
for the bright faculae), a fact implying that
their net broadband variability is driven by
the dark (that is, spot) component, consis-
tent with Foukal’s expectation.

Stars similar in age to the sun, however,
have time-averaged magnetic activity com-
parable to that of the present-day sun (4).
They show calcium emission variations on
the time scale of the 11-year solar activity
cycle ranging from about one-half to twice
that of the corresponding solar variation.
Their broadband variability ranges from
0.1%, which is characteristic of the sun, to
values as much as ten times larger. The
broadband cyclic variation of the sun seems
to be a factor of 3 or 4 below what one
would expect for a star with this average
magnetic activity, despite the fact that the
amplitude of the sun’s calcium emission
variation appears to be fairly typical.

These stars, including the sun, character-
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istically share a property that clearly distin-
guishes them from younger stars: Their total
light output varies directly with their calci-
um emission, rather than inversely. In terms
of the two-component model, this means
that, regardless of its amplitude, the net
broadband variability of these stars is domi-
nated by the bright (facular) component.
Thus, Foukal’s argument that the dark (spot)
component is driving the net broadband
variability of some of these stars (the more
strongly varying, in particular) is not correct.
Accordingly, his interpretation does not ex-
plain, in a fundamental, qualitative way, the
behavior of those stars he is most concerned
with, namely, stars with average magnetic
activity comparable to that of the present
sun, but with broadband variability ampli-
tudes that are several times larger.

Furthermore, the behavior of some of
these solar analogs appears to pose quanti-
tative difficulties for the two-component
model of solar and stellar variability itself.
Consider, for example, the star HD 10476.
Its average magnetic activity is only 6%
greater than that of the sun. The decadal
variation of its calcium emission, however,
exceeds that from the sun by a factor of
almost two. If the proportionality between
calcium emission and the bright (facular)
component is similar for both the sun and
its stellar analogs (5), then the contribution
to HD 10476’s broadband variation from
the bright component must also be about
twice the corresponding solar value, or
0.4%. Photometric measurements show
that its net broadband variation, which re-
flects the contribution from the dark as well
as the bright component, is about 0.6%,
six times the solar value. In conjunction,
these two measured relations imply that
the “dark” component must make a posi-
tive contribution of 0.2% to the decadal
variation of this star, which is, of course,
contradictory.

In total, somewhat more than one-third
(5 of 13) of the observed sample of close
solar analogs pose similar difficulties. If we
include stars that are clearly less active than
the sun, the situation remains about the
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same: 8 of 21 stars in the augmented sample
are discordant. Perhaps solar-stellar vari-
ability does involve “other mechanisms
than modulation by photospheric magne-
tism...” (3, p. 239). For example, there
may be some large-scale phenomenon going
on that is not accounted for by a two-
component model that views variability as
the sum of contributions from small-scale
features alone (6).

In any case, it seems evident that such
problems in explaining the behavior of solar
analog stars must also cast doubt on conclu-
sions about the range of possible solar vari-
ability and the consequent implications for
studies of global warming. I disagree with
the suggestion that the observation of rela-
tively large amplitude variability among
sun-like stars is not particularly relevant to
“the explanation or prediction of Earth’s
climate anomalies in the immediate past or
future” (3, p. 238). Were the sun simply to
regress to the mean defined by its stellar
analogs, it would experience variations in
its total light output several times larger
than those measured during the past 15
years, without any accompanying change in
its average magnetic activity. Until we have
a consistent explanation for the observed
behavior of solar analog stars, it would seem
imprudent to dismiss the clues that stellar
observations are providing us about the
range of possible solar behavior.

Richard R. Radick

Air Force Phillips Laboratory,
Solar Research Branch,

Post Office Box 62,

Sunspot, NM 88349, USA
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