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abstract

 

The 

 

Drosophila

 

 Slowpoke calcium-dependent potassium channel (dSlo) binding protein Slob was
discovered by a yeast two-hybrid screen using the carboxy-terminal tail region of dSlo as bait. Slob binds to
and modulates the dSlo channel. We have found that there are several Slob proteins, resulting from multiple
translational start sites and alternative splicing, and have named them based on their molecular weights (in kD).
The larger variants, which are initiated at the first translational start site and are called Slob71 and Slob65, shift
the voltage dependence of dSlo activation, measured by the whole cell conductance–voltage relationship, to the
left (less depolarized voltages). Slob53 and Slob47, initiated at the third translational start site, also shift the dSlo
voltage dependence to the left. In contrast, Slob57 and Slob51, initiated at the second translational start site, shift
the conductance–voltage relationship of dSlo substantially to more depolarized voltages, cause an apparent dSlo
channel inactivation, and increase the deactivation rate of the channel. These results indicate that the amino-
terminal region of Slob plays a critical role in its modulation of dSlo.
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I N T R O D U C T I O N

 

The 

 

Drosophila

 

 Slowpoke channel (dSlo) is a large
conductance voltage-gated, calcium-dependent potas-
sium channel (Atkinson et al., 1991; Adelman et al.,
1992). dSlo has many tissue-specific splice variants with
different properties (Becker et al., 1995; Brenner et al.,
1996; Atkinson et al., 1998), and plays important roles
in neuronal excitability, neurotransmitter release, and
muscle contraction (Warbington et al., 1996; Atkinson
et al., 2000). Unlike most other potassium channels,
dSlo channels have a large carboxy-terminal tail region.
This domain participates in calcium binding (Bian et
al., 2001) and is the target of phosphorylation and
binding of other regulatory proteins that modulate
channel activity (Xia et al., 1998; Schopperle et al.,
1998; Wang et al., 1999).

The dSlo binding protein Slob from 

 

Drosophila me-
lanogaster

 

 was discovered by a yeast two-hybrid screen
using the carboxy-terminal tail region of dSlo as bait
(Schopperle et al., 1998). It binds to and modulates the
dSlo channel (Schopperle et al., 1998; Zhou et al.,
1999, 2003). Slob was originally described as a 511–
amino acid protein that contains a protein kinase–like
domain, and in vitro assays indicated that Slob exhibits

weak but regulatable protein kinase activity (Zeng et
al., 2004). Slob mRNA (McDonald and Rosbash, 2001;
Claridge-Chang et al., 2001; Ceriani et al., 2002; Lin et
al., 2002; Ueda et al., 2002) and protein (Jaramillo et
al., 2004) cycle in a circadian manner in vivo

 

,

 

 and may
participate directly or indirectly in circadian pathways
(Jaramillo et al., 2004).

Previous studies of the modulation of dSlo by Slob
used an epitope-tagged Slob construct, HA-Slob57, in
which an HA tag was fused to the amino-terminal region
of Slob. We reported that coexpression of dSlo with this
construct shifts the voltage dependence of dSlo activation
to less depolarized voltages (Zhou et al., 1999). Recently,
we have found that there are several Slob proteins,
resulting from alternative splicing and multiple transla-
tional start sites (unpublished data), and have named
them based on their molecular weights (in kD). We
have now studied the modulation of dSlo by each Slob
protein. The results indicate that Slob57 (the originally
characterized variant) and Slob51 shift the voltage
dependence of dSlo activation to more depolarized
voltages, cause an apparent inactivation of dSlo, and
make the channel close faster. This is in contrast to the
hyperpolarizing shift we originally reported with an
amino-terminal HA-tagged version of Slob57 (Zhou et
al., 1999). All other Slobs shift the conductance–voltage
relationship of dSlo to less depolarized voltages and
have no significant effect on dSlo kinetics. The differ-
ence between Slob57/51 and other Slobs (including
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HA-Slob57) is in their amino termini. Thus the amino-
terminal region of Slob57/51 appears to play a critical
role in modulating the voltage dependence and deacti-
vation kinetics of dSlo.

 

M A T E R I A L S  A N D  M E T H O D S

 

Constructs

 

All Slob cDNAs were subcloned into the pIRES2-EGFP vector
(CLONTECH Laboratories, Inc.) for mammalian expression and
electrophysiological studies. Site-directed mutagenesis was per-
formed using the QuikChange site-directed mutagenesis kit, fol-
lowing the manufacturer’s instructions (Stratagene). All Slob
constructs and site-directed mutations were confirmed by DNA
sequencing. The Slowpoke channel used in this study is the alter-
native splice variant A1C2E1G3 (Genbank/EMBL/DDBJ acces-
sion no. M96840), which was subcloned into the pRc/CMV vec-
tor (Invitrogen).

 

Cell Culture and Western Blot

 

Chinese hamster ovary (CHO) cells were maintained in 75-cm

 

2

 

culture dishes with Ham’s F-12 nutrient mixture (Invitrogen),
supplemented with 10% FBS (Invitrogen) and 100 U/ml penicil-
lin and streptomycin (Invitrogen). Plasmids were transfected
into CHO cells using Lipofectamine 2000 reagent, according to
the manufacturer’s specifications (Invitrogen).

Cells were harvested the second day after transfection. In
brief, after harvest and wash with PBS, cells were resuspended in
500 

 

�

 

l lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 50
mM NaF, 50 mM KCl, 1% CHAPS, 1 mM phenylmethylsulfonyl
fluoride, 2 mM DTT, 1 mg/ml each aprotinin, leupeptin, and
pepstatin A) with rotation at 4

 

�

 

C for 30 min. Lysates were centri-
fuged at 16,000 

 

g

 

 for 10 min, and the supernatants were used for
Western blot analysis of expression.

Cell lysates were loaded onto 4–15% gradient SDS polyacryl-
amide gels (Bio-Rad Laboratories, Inc.). Proteins were separated
by gel electrophoresis and transferred to nitrocellulose mem-
branes for Western blotting. Membranes were blocked in Tris-
HCl buffered saline with 0.1% Tween 20 (TBST) containing 5%
nonfat milk. Membranes were incubated with primary antibody
(Schopperle et al., 1998) for 1 h at room temperature. Following
washes with TBST, membranes were incubated with an appro-
priate secondary antibody (horseradish peroxidase–conjugated
donkey anti-rabbit antibody) at room temperature for 1 h. La-
beled proteins were detected using an enhanced chemilumines-
cence reagent according to the manufacturer’s specifications
(Amersham Biosciences).

 

Electrophysiology

 

CHO cells were transiently transfected with dSlo and different
Slob cDNAs in a 1:1 molar ratio using Lipofectamine as described
above. 1 d after transfection, whole cell currents were recorded
from cells exhibiting green fluorescence, using an Axiovert 25 in-
verted fluorescence microscope (Carl Zeiss MicroImaging, Inc.)
and an Axopatch 200A amplifier (Axon). Glass pipettes with 2–4
M

 

�

 

 resistance were pulled from thinwall glass (WPI) using a two-
stage vertical puller (Narishige). Both the bath and pipette solu-
tions contained (in mM) 100 KCl, 0.5 HEDTA, 2 MgCl

 

2

 

, and 10
HEPES, pH 7.2 (symmetrical conditions). The pipette solution
also contained different amounts of free Ca

 

2

 

�

 

 (4 

 

�

 

M, 20 

 

�

 

M, 40

 

�

 

M, or 110 

 

�

 

M). Total CaCl

 

2

 

 required to generate the desired
free Ca

 

2

 

�

 

 was calculated (WEBMAXC; http://www.stanford.edu/
~cpatton/webmaxcS.htm), and the appropriate amount of CaCl

 

2

 

from a 100 mM CaCl

 

2

 

 solution (Orion) was added to the pipette
solution. The final concentration of free Ca

 

2

 

�

 

 was measured with
a Fisher accumet calcium-sensitive electrode, and determined
against a standard curve of free Ca

 

2

 

�

 

 generated with the calcium-
sensitive electrode and calcium standards (WPI). Currents were
elicited by depolarizing test pulses to different voltages from a
holding potential of 

 

�

 

80 mV, followed by a hyperpolarizing step
to 

 

�

 

120 mV to measure tail currents. Currents were filtered at 2
kHz, digitized at 10 kHz with a Digidata 1322A digitizer (Axon),
and acquired with pCLAMP9 software (Axon). Peak tail currents
were normalized to the maximum peak tail current of the patch
and fitted with a Boltzmann function to generate the conduc-
tance–voltage curves. Data were analyzed and illustrated using
pCLAMP9, Origin, and GraphPad Prism 4.

 

R E S U L T S

 

Slob protein was discovered by a yeast two-hybrid
screen using the carboxy-terminal tail region of dSlo as
bait (Schopperle et al., 1998). The Slob variant that we
initially described contains 511 amino acid residues.
It binds to dSlo and modulates the channel activity
(Schopperle et al., 1998; Zhou et al., 1999).

Recently we found that at least four different 

 

slob

 

transcripts are present in the fly (unpublished data).
These transcripts can initiate translations at either
Met1 or Met124 and contain or exclude a spliceable
exon, exon 7 of the 

 

slob

 

 gene. Therefore, at least four
different Slob proteins can be produced (Fig. 1). We
named them based on their molecular weights. Slob71,
the largest variant, starts at Met1 and contains 634

Figure 1. Six Slob proteins from a single Slob
gene. There are at least four different transcripts of
the slob gene in vivo. These transcripts can initiate
translations at either Met1 (M1) or Met124 (M124),
and contain or exclude the spliceable exon 7 (green).
Therefore, at least four different Slob proteins can
be produced. We named them Slob71, Slob65,
Slob57, and Slob51 based on their molecular
weights. A third Met (M163) can be recognized by
the ribosome to translate two more Slobs: Slob53 and
Slob47. The epitope-tagged Slob used in our previous
study was Slob57, with an amino-terminal HA
epitope appended to Arg151 (R151). All Slobs con-
tain the dSlo binding region (brown). All amino acid
numbering is relative to the first Met (M1) in Slob71.
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amino acid residues, including exon 7 (Fig. 1, green),
which encodes the region from Ser197 to Thr252 (all
numbering throughout the text is relative to Met1, the
first amino acid residue in Slob71; Fig. 1). The Slob
that also starts at Met1, but excludes exon 7, is a 65-kD
protein called Slob65 (Fig. 1). The smaller Slob, which
initiates at Met124 and contains exon 7, is the Slob vari-
ant isolated in the yeast two-hybrid screen; it is now re-
named Slob57. Slob51 also starts at Met124, but ex-
cludes exon 7 (Fig. 1). Initially, an HA-tagged version
of Slob57 (HA-Slob57) was used in our electrophysio-
logical analysis (Zhou et al., 1999). The HA epitope was

appended to an arginine residue (Arg151) near the
amino terminus of Slob57 (Fig. 1).

To facilitate in vitro electrophysiological analysis of
Slobs, we subcloned the cDNAs of different Slobs into
the pIRES2-EGFP vector, which expresses GFP, in order
to express Slobs in CHO cells. To prevent multiple initi-
ations of translation, the atg (encoding Met124) in the
Slob71 and Slob65 constructs was mutated to ctg (en-
coding Leu). We first tested the heterologous expres-
sion of these Slob constructs in CHO cells using West-
ern blot with anti-Slob antibody that recognizes all
Slobs. To our surprise, we found multiple bands in
these Western blots (Fig. 2 A). For each Slob, in addi-
tion to the band with the expected molecular weight
(the top bands in lanes 1–4 of Fig. 2 A), there is an-
other major band with a lower molecular weight.

One possible explanation for these multiple bands is
Slob degradation. However, there are no smaller frag-
ments in the Western blot (Fig. 2 A), as might be ex-
pected with proteolytic degradation. A closer examina-
tion of the cDNA sequence of Slob reveals that around
Met163, the cDNA sequence is 

 

A

 

TTatgAAG. There is an
adenine (bold) at the 

 

�

 

3 position of this atg (encoding
Met163), which is critical for the ribosome to recog-
nize that particular atg and initiate translation (Kozak,
1991, 2002). Therefore, we suspected that the lower
bands are two smaller Slobs initiated at Met163 (Fig. 1).
To test this hypothesis, we mutated the atg (encoding
Met163) to ctg (encoding Leu) in our original con-
structs of Slob71, Slob65, Slob57, and Slob51. When
these constructs are expressed, only the top bands
with the expected molecular weights remain (compare
lanes 1–3 and 5 in Fig. 2 B with lanes 1–4 in Fig. 2 A).
Furthermore, when we mutated the atg (encoding
Met124) in the original constructs of Slob57 and
Slob51 to ctg (encoding Leu), but kept the atg of
Met163 intact, we saw two new bands on the Western
blot (Fig. 2 B, lanes 4 and 6), corresponding to the
lower bands in lanes 1–4 of Fig. 2 A. Therefore two ad-
ditional Slobs, Slob53 and Slob47, can be expressed in
this heterologous expression system. These two Slobs
lack the first 39 amino acid residues at the amino-termi-
nal region of Slob57 and Slob51 (Fig. 1). There is also
an unidentified band observed in all Slob-expressing
cells that migrates at an apparent molecular weight
slightly smaller than Slob47 (Fig. 2, A and B).

Previous studies indicated that Slob57 can coimmu-
noprecipitate with dSlo in a heterologous expression
system and in vivo (Schopperle et al., 1998; Zhou et al.,
1999). The dSlo binding region in Slob is from Asn314
to Glu356 (Zhou et al., 2003). Since all six Slobs con-
tain the dSlo binding region (Fig. 1), we predicted that
all of them can bind dSlo. As expected, anti-Slob anti-
body was able to coimmunoprecipitate dSlo when it was
coexpressed with any of the Slobs (unpublished data).

Figure 2. Heterologous expression of Slobs. (A) Different Slobs
were transiently transfected into CHO cells. On the second day,
proteins in cell lysates were separated by gel electrophoresis,
transferred onto nitrocellulose membranes, and blotted with
anti-Slob antibody. Lane 1, Slob71 construct with M124L mutation;
lane 2, Slob65 construct with M124L mutation; lane 3, Slob57
construct; lane 4, Slob51 construct; lane 5, pIRES2-EGFP vector
only. (B) Individual Slob variants can be expressed by mutating
one or more translational start sites (see Fig. 1). Lane 1, Slob71
construct with M124L and M163L mutations; lane 2, Slob65
construct with M124L and M163L mutations; lane 3, Slob57 con-
struct with M163L mutation; lane 4, Slob57 construct with M124L
mutation, which expresses only Slob53; lane 5, Slob51 construct
with M163L mutation; lane 6, Slob51 construct with M124L muta-
tion, which expresses only Slob47; lane 7, pIRES2-EGFP vector
only.
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We examined the effects of all the Slobs on dSlo
channel function by cotransfecting each with dSlo in
CHO cells, which exhibit very low levels of endogenous
potassium current (Fig. 3 A). In preliminary experi-
ments, we found that a high concentration of free Ca

 

2

 

�

 

is required to achieve full dSlo activation and tail cur-
rent saturation in the presence of Slob57. Therefore we
chose to study the modulatory effects of the different
Slobs in the presence of 110 

 

�

 

M free Ca

 

2

 

�

 

. Whole cell
outward currents were elicited by a 350-ms test pulse to
different voltages from a holding potential of 

 

�

 

80 mV,
followed by hyperpolarization to 

 

�

 

120 mV to measure
tail currents (Fig. 3 G). A comparison of the current
traces in the absence (Fig. 3 B) or presence (Fig. 3, C–F)
of various Slobs (Slob71, Slob65, Slob53, and Slob47)
indicates that there is no change in activation or deacti-
vation kinetics. However there is a small but significant
hyperpolarizing shift in the dSlo conductance–voltage
relationship in the presence of each of these Slob vari-
ants (Fig. 4 and Table I). Such shifts are reminiscent of

(although smaller than) those reported previously
with HA-tagged Slob57 (Zhou et al., 1999; unpublished
data).

The pattern of modulation is very different when
Slob57 or Slob51 is cotransfected with dSlo, as shown in
Fig. 5 (B and C). Coexpression with these Slobs causes
an apparent inactivation of the dSlo current during the

Figure 3. Modulation of dSlo by Slob71, Slob65,
Slob53, and Slob47. Whole cell currents evoked by
depolarizing voltage steps (G) with 110 �M free Ca2�,
in cells transfected with vector alone (A), dSlo alone
(B), or together with different Slobs as indicated (C–F).
Currents were elicited by a 350-ms test pulse to different
voltages from a holding potential of �80 mV, followed
by hyperpolarization to �120 mV to measure tail
currents.

 

T A B L E  I

 

Modulation of the dSlo Conductance–Voltage Relationship by Slob71, 65, 
53, and 47

 

Transfection condition V

 

1/2

 

 

 

�

 

 SEM (mV) Slope 

 

�

 

 SEM

dSlo 

 

�

 

 Vector (

 

n

 

 

 

�

 

 15) 16.2 

 

�

 

 0.7 21.9 

 

�

 

 0.6

dSlo 

 

�

 

 Slob71 (

 

n

 

 

 

�

 

 13) 7.3 

 

�

 

 0.7

 

a

 

24.1 

 

�

 

 0.6

dSlo 

 

�

 

 Slob 65 (

 

n

 

 

 

�

 

 14) 8.8 

 

�

 

 0.6

 

a

 

22.2 

 

�

 

 0.6

dSlo 

 

�

 

 Slob53 (

 

n

 

 

 

�

 

 15) 8.8 

 

�

 

 0.7

 

a

 

26.1 

 

�

 

 0.6

dSlo 

 

�

 

 Slob47 (

 

n

 

 

 

�

 

 10) 8.6 

 

�

 

 0.9

 

a

 

24.7 

 

�

 

 0.8

The V

 

1/2

 

 for dSlo activation and the slope of the conductance–voltage
relationships were obtained from the curves shown in Fig. 4.

 

a

 

Significantly different from dSlo 

 

�

 

 Vector (P 

 

�

 

 0.001; Student’s 

 

t

 

 test).



 

635

 

Zeng et al.

 

350-ms depolarizing pulse. Because this apparent inac-
tivation compromises our ability to measure the con-
ductance–voltage relationship from tail currents, we re-
peated this experiment using a shorter depolarizing
pulse, during which the channel does not have time to
inactivate. As shown in Fig. 5 (E and F), Slob57 and

Slob51 cause a decrease in current compared with dSlo
cotransfected with control vector (Fig. 5 D). The chan-
nel also appears to close faster in the presence of these
two Slobs, as indicated by the more rapid deactivation
of the tail currents. As shown in Fig. 6 and Table II,
Slob57 and Slob51 shift the conductance–voltage rela-
tionship of the channel substantially in the depolariz-
ing direction. In addition, there is a significant de-
crease in the slope of the conductance–voltage curve.
The V

 

1/2

 

 and the slope values for the conductance–volt-
age relationships are summarized for Slobs71, 65, 53,
and 47 in Table I, and for Slobs57 and 51 in Table II.

We fitted the current traces with standard exponen-
tial functions to obtain the activation and deactivation
time constants of dSlo when it is expressed with vector
alone or with one of the Slob variants. We found that
the time course of dSlo deactivation was very different
in the presence of Slob57 or Slob51 (Fig. 7). There
were no differences in deactivation time constants in

Figure 4. Conductance–voltage relationship for dSlo. The
conductance–voltage relationships for dSlo transfected alone or
together with Slob71, Slob65, Slob53, or Slob47 were measured
from tail currents with 110 �M free Ca2�, as shown in Fig. 3. The
conductance–voltage relationship was generated from peak tail
currents as described in materials and methods.

Figure 5. Modulation of dSlo by
Slob57 and Slob51. Whole cell cur-
rents, with 110 �M free Ca2�, were
evoked by either 350 ms (A–C) or
100 ms (D–F) depolarizing pulses,
followed by hyperpolarization to
�120 mV to measure tail currents.
dSlo was expressed either alone (A
and D) or together with either
Slob57 (B and E) or Slob51 (C
and F).

 

T A B L E  I I

 

Modulation of the dSlo Conductance–Voltage Relationship by Slob57 
and 51

 

Transfection condition V

 

1/2

 

 

 

�

 

 SEM (mV) Slope 

 

�

 

 SEM

dSlo 

 

�

 

 Vector (

 

n

 

 

 

�

 

 9) 14.9 

 

�

 

 1.1 24.1 

 

�

 

 1.0

dSlo 

 

�

 

 Slob57 (

 

n

 

 

 

�

 

 11) 75.8 

 

�

 

 1.0

 

a

 

36.6 

 

�

 

 0.9

 

a

 

dSlo 

 

�

 

 Slob51 (

 

n

 

 

 

�

 

 14) 78.6 

 

�

 

 0.9

 

a

 

38.9 

 

�

 

 0.8

 

a

 

The V

 

1/2

 

 for dSlo activation and the slope of the conductance–voltage
relationships were obtained from the curves shown in Fig. 6 (short pulse
protocol).

 

a

 

Significantly different from dSlo 

 

�

 

 Vector (P 

 

�

 

 0.001; Student’s 

 

t

 

 test).
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the presence of the other Slobs, and there were no dif-
ferences in activation time constants of dSlo in the
presence of any Slob (unpublished data). When dSlo is
expressed alone, the time constant of dSlo deactivation
can be well fitted using a single exponential function
with a mean 	 value of 8.4 ms. In contrast, when dSlo is
coexpressed with Slob57, two exponential functions are
required to fit the deactivation time course of dSlo.
These time constants are voltage independent. The
mean fast time constant 	f is 3.3 ms with a weight of
72%, while the mean slow time constant 	s is 26 ms and
contributes 28%. Both the 	f and the 	s are significantly
different (P � 0.001) from the single 	 of dSlo when it
is expressed alone. A similar result is seen when dSlo is
coexpressed with Slob51.

To determine whether the modulation by various
Slobs is influenced by the intracellular free Ca2� con-
centration, we examined the effect of Slob53 and
Slob71 in the presence of 40 or 20 �M free Ca2� (the
latter is the lowest Ca2� concentration at which we
could achieve tail current saturation in the voltage
range of our amplifier). As shown in Fig. 8, under these
conditions, neither Slob53 nor Slob71 produces the
small leftward shift in the conductance–voltage rela-
tionship that is seen at 110 �M free Ca2� (Fig. 4 and Ta-
ble I), suggesting that this modulatory response is cal-
cium dependent. Although the lack of tail current satu-
ration prevented us from measuring the effects of
Slob57 and Slob51 on the conductance–voltage rela-
tionship at these lower free Ca2� concentrations, we
did examine whether the apparent inactivation of dSlo
caused by Slob57 is Ca2� dependent. As shown in Fig. 9,

Slob57 causes a similar inactivation of the dSlo current
during a 350-ms depolarizing pulse, over a wide range
of free Ca2� concentrations.

D I S C U S S I O N

We have found a total of six Slob proteins, resulting
from alternative splicing and multiple translational start
sites from a single slob gene. At least four of these Slobs
are expressed in adult fly heads in vivo (unpublished
data), and it is conceivable that the other two may be ex-
pressed in other tissues and/or at other developmental
stages. All of these Slobs bind dSlo and modulate the
voltage dependence of the Slowpoke channel. Slob57
and Slob51 cause an apparent inactivation of dSlo, sig-
nificantly shift the voltage dependence of dSlo activa-
tion to more depolarized voltages, greatly decrease the
slope of the conductance–voltage relationship, and in-
crease the deactivation rate of the channel. In contrast,
all other Slobs, including the amino-terminal HA-
tagged HA-Slob57, do not cause this apparent inacti-
vation, do not change the deactivation rate of dSlo,
and shift the conductance–voltage relationship of dSlo
slightly, but significantly, to less depolarized voltages.

Although we have found independent mRNA tran-
scripts in fly heads coding for Slob71, Slob65, Slob57,

Figure 6. Short pulse conductance–voltage relationship for
dSlo. Same as Fig. 4, except the effects of Slob57 and Slob51 were
measured using the shorter pulse protocol in Fig. 5 (D–F).

Figure 7. Slob57 and Slob51 change the deactivation rate of
dSlo. Deactivating tail currents following a 100-ms test pulse to
�40 mV, with 110 �M free Ca2�, in the absence or presence of
Slob57 or Slob51, were normalized and superimposed. The deacti-
vation time constants for dSlo expressed alone, or together with
Slob57 or Slob51, were obtained by fitting the tail currents with
exponential functions. Both the current traces themselves and the
exponential fits to the data (smooth lines) are shown in the figure.
When dSlo is expressed without Slobs, in the voltage range from
�20 to �40 mV, the tail currents can be fitted with a single expo-
nential function with a mean, voltage-independent 	 of 8.4 � 0.5
ms. In the presence of Slob57 or Slob51, the tail currents can only
be fitted, in the voltage range from �20 to �180 mV, with two
voltage-independent exponential functions. Both the 	f and the
	s of dSlo in the presence of Slob57 or Slob51 are significantly
different (P � 0.001) from the 	 of dSlo expressed alone.
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and Slob51 using RT-PCR (unpublished data), we do
not yet have direct evidence for the existence of Slob53
and Slob47 in vivo. However, ribosomes can recognize
the atg of Met163 and initiate translation there, and
the efficiency for the ribosome to recognize this start
site appears to be high, as indicated by the following:
(a) an adenine at the �3 position of this atg site makes
this region a Kozak sequence-like region, which is effi-
ciently recognized by the ribosome to start translation
(Kozak, 1991, 2002); (b) in the Slob57 construct, when
the atg for Met163 is intact, the yield of Slob57 and
Slob53 is almost equal (Fig. 2 A); (c) in the same
Slob57 construct, when the start site (Met124) for
Slob57 is mutated, Slob53 can still be well expressed
(Fig. 2 B). Therefore, it seems likely that the atg of
Met163 is an independent start site of translation of slob
mRNA, and Slob53 and Slob47 are likely to exist in
vivo. The fact that the ribosome can translate both
Slob57 and Slob53 from a single slob mRNA is not an
isolated example, as many studies have shown that ribo-
somes can initiate translation at different start sites in a
single message (Stacey et al., 2000; Xiong et al., 2001;
Takeda et al., 2004; Wang and Rothnagel, 2004; Yang et
al., 2004). Since both Slob53 and Slob47 contain the
dSlo binding region (Zhou et al., 2003), it is not a sur-
prise that they both bind dSlo (unpublished data).

When Slob71 is coexpressed with dSlo, it slightly but
significantly shifts the voltage dependence of dSlo acti-
vation to less depolarized voltages at a high concentra-
tion of free Ca2�. The V1/2 is reduced by �9 mV, and
the slope of the conductance–voltage curve is un-

changed. However, at lower concentrations of free
Ca2�, Slob71 has little effect on dSlo, suggesting that
Slob71 activates dSlo in a Ca2�-dependent manner. We
have not yet explored the mechanism of the Ca2� de-
pendence of this modulatory phenomenon. Slob65,
Slob53, and Slob47 have a similar effect on the voltage
dependence of dSlo activation. HA-Slob57, the Slob
construct used in our earlier studies, has a similar but
larger effect on dSlo (Zhou et al., 1999). In contrast,
the untagged Slob57 and Slob51 modulate dSlo in an
entirely different way. Under our experimental condi-
tions, they cause an apparent inactivation of dSlo that is
Ca2� independent (Fig. 9), while dSlo expressed alone
or coexpressed with other Slobs does not inactivate
during a 350-ms depolarizing pulse. To circumvent this
apparent inactivation, a shorter test pulse was used to

Figure 8. Conductance–voltage relationship for dSlo with lower
concentrations of free Ca2�. Same as Fig. 4, except the effects of
Slob53 and Slob71 were measured with 20 �M (filled symbols) or
40 �M (open symbols) free Ca2�.

Figure 9. The apparent inactivation of dSlo caused by Slob57
is Ca2� independent. Whole cell currents, with (A) Ca2�-free
solution (no added Ca2�), (B) 4 �M free Ca2�, (C) 20 �M free
Ca2�, (D) 40 �M free Ca2�, were evoked by the same pulse
protocol as shown in Fig. 3 G. dSlo was expressed either alone or
together with Slob57 as indicated.
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study the effect of Slob57 and Slob51 on the voltage de-
pendence of dSlo activation; a similar procedure has
been used in other studies that involve channel inacti-
vation (Jerng et al., 1999; Xia et al., 2000). The conduc-
tance–voltage relationship of dSlo, when expressed
alone, is the same whether the short or long pulse is
used (Tables I and II). Studies using the short pulse
show that Slob57 and Slob51 significantly shift the con-
ductance–voltage relationship of dSlo to more depolar-
ized voltages, and greatly decrease the slope of the con-
ductance–voltage curve. Besides right shifting the con-
ductance–voltage relationship, Slob57 and Slob51 also
cause dSlo to close faster, as indicated from an exami-
nation of the deactivating tail currents (Fig. 7). The fit-
ting of the deactivation time constant requires two ex-
ponential functions, indicating that in the presence of
Slob57 or Slob51, dSlo needs two steps, a dominant fast
one and a minor slow one, to close. dSlo expressed
alone in CHO cells can close in a single step under our
experimental conditions, although dSlo expressed in
Xenopus oocytes needs two steps to close (DiChiara and
Reinhart, 1995). Since Slob57 and Slob51 produce very
similar effects, it seems that the spliceable region (from
Ser197 to Thr252) of Slob plays little role in this modu-
lation of dSlo.

The modulatory effects of Slob57 and Slob51 on dSlo
are totally different than those of other Slobs. The
difference in amino acid sequence between Slob57/
Slob51 and the other Slobs is at the amino-terminal re-
gion. Slob71/Slob65 have a 123-residue extension in
front of the amino terminus of Slob57/Slob51, whereas
Slob53/Slob47 lack the amino-terminal 39 amino acid
residues of Slob57/Slob51. In the case of HA-Slob57,
the 10-residue HA epitope was appended to Arg151,
the 28th amino acid residue of Slob57 (Fig. 1). The
correlation between the different amino termini and
the different modulatory effects indicates that the
amino-terminal 39-residue region of Slob57/Slob51
plays a critical role in the modulation of dSlo activity. It
must form part or all of the functional domain that
causes the apparent inactivation of dSlo, shifts the volt-
age dependence of dSlo to more depolarized voltages,
and makes dSlo close faster. When this 39-residue re-
gion is removed, the strong inhibitory effect of Slob on
dSlo is eliminated, and the remaining protein (i.e.,
Slob53 and Slob47) slightly activates dSlo. In the larger
Slobs, Slob71 and Slob65, the extra 123-residue region
that precedes this critical region may mask its effects,
such that the larger Slobs have the same minimal ef-
fects on dSlo as Slob53 and Slob47.

dSlo belongs to the large conductance, voltage-gated,
and calcium-dependent potassium (BK) channel fam-
ily. Although dSlo inactivation has not been reported
previously, some mammalian BK channels do exhibit
inactivation (Solaro and Lingle, 1992; Li et al., 1999;

Pyott et al., 2004). This trypsin-sensitive (Solaro and
Lingle, 1992) and Ca2�-dependent (Hicks and Mar-
rion, 1998; Ding and Lingle, 2002) inactivation is
caused by auxiliary 
2 or 
3 subunits (Wallner et al.,
1999; Xia et al., 1999, 2000; Uebele et al., 2000). The
amino-terminal residues 2–4 of the 
2 subunit may di-
rectly block the BK channel to cause inactivation (Xia
et al., 2003), and the amino-terminal 33 residues of the

3 subunit also play a critical role in causing BK inacti-
vation (Xia et al., 1999). Therefore, it seems possible
that Slob57 and Slob51 may function like these 
 sub-
units to cause dSlo inactivation, and this inactivation
depends on the amino-terminal 39-residue region of
these Slobs. Interestingly, the Slowpoke channel from
Periplaneta americana, which is �90% identical to dSlo,
does not inactivate when it is heterologously expressed,
but does so in native cells (Derst et al., 2003). Such in-
activation of dSlo by Slob may have important physio-
logical roles in native tissues.

It will be interesting to determine whether the vari-
ous Slobs bind to and modulate dSlo in a dynamic way,
particularly in view of the finding that Slob57 protein
cycles in a circadian manner in vivo (Jaramillo et al.,
2004). For example, if the amount of Slob57 cycles,
and different Slobs compete for dSlo within a cell, then
the activity of the dSlo channel in the cell may change
as a function of time of day. Further in vivo studies will
be required to investigate this intriguing possibility.

Slob57 is the major Slob expressed widely in flies
(Jaramillo et al., 2004). We show here that it strongly
inhibits dSlo activity. Studies of the downstream, physi-
ological in vivo effects of this inhibition are ongo-
ing. The amino-terminal 39-residue region of Slob57/
Slob51 plays a critical role in this regulation of dSlo.
Our data reveal that simply by masking or removing
this amino-terminal region, Slob can modulate dSlo in
very different ways. Thus alternative splicing and/or
choice of different translational start sites in Slob may
have profound effects on neuronal excitability in vivo.
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