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Bs subunit of integrin.® We found that platelet dense
granule secretion was regulated by the small guanosine
triphosphate (GTP)-binding protein Rab27.* Further-
more, we found a Rab27 effector protein, Muncl13-4.% A
defect in Munc13-4 has been reported to cause familial
hemophagocytic lymphohistiocytosis.® In collaboration
with the pediatric hematologist group, we characterized
3S Japanese patients wth hemophagocytic lymphohisti-
ocytosis and found that 30% of these cases were caused
by a defect in Munc13-4.°

Here, we summarize the results of Rab27-Munc13-4
axis in platelet granule secretion, presented in the Jap-
anese Geriatric Society Meeting (2005).

Granule secretion assay using
permeabilized platelets

Platelet dense granules contain adenosine diphosphate
(ADP) and serotonin that are self-agonists and function
in a positive feedback activation of platelets upon secre-
tion. The assay methods are described in detail else-
where.” Briefly, freshly obtained washed platelets were
incubated with [*H]serotonin to allow uptake into dense
granules. After washing the platelets, the platelet plasma
membrane was permeabilized with 0.6 pg/mL SLO.
Usually, the permeabilized platelets per assay contained
approximately 20 000 c.p.m. of [*H]serotonin. The per-
meabilized platelets were incubated with an adenosine
tri-phosphate (ATP) regeneration system and human
platelet cytosol at 4°C for 30 min, followed by further
incubation at 30°C for 2 min. Finally, the platelets were
stimulated with 20 pmol/LL Ca®* by addition of CaCl, at
30°C for 1 min, and the reaction was stopped with ice
cold stopping buffer. After removing the platelets by
centrifugation, aliquots of the supernatant containing
secreted [PH]serotonin were measured by a liquid scin-
tillation counter. The establishment of the assay enabled
us to investigate the mechanism of the secretion using
molecular biological and biochemical methods.

Small GTPase Rab27 regulates dense
granule secretion in platelets

Rab GTPases are localized to their specific organelles
and regulate several steps of vesicle transport including
vesicle formation, vesicle traffic along cytoskeletal tracks
and vesicle tethering to the target membrane (Fig. 1).°
Rab GTPases are geranylgeranylated at their C-termini,
and this post-translational modification is required for
their membrane association and exertion of their func-
tions. The guanosine diphosphate (GDP)-bound form
is an inactive form and the GTP-bound form is an active
form which interacts with its effector molecules to exert
the functions. Conversion from the GTP-bound form
into the GDP-bound form is mediated by intrinsic
GTPase activity, which is stimulated by GTPase activat-
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ing protein (GAP). Conversion of the GDP-bound form
into the GTP-bound form is mediated by GDP/GTP
exchange reaction, which is performed by the function
of GDP/GTP exchange factor (GEF). RabGTPases have
a unique negative regulator named Rab GDP dissocia-
tion inhibitor (GDI). RabGDI is a cytosolic protein,
which forms a complex with GDP-bound forms of
RabGTPases to inhibit the GDP/GTP exchange, and
extracts RabGTPases from the membrane into cytosol.

In Rab27A defective ashen mice, the bleeding time has
been shown to be prolonged presumably due to platelet
dysfunction caused by a lack of intact dense granules in
the platelets® However, one report has shown that
platelets of ashen mice are normal because Rab27B, a
homolog of Rab27A with 71% identity at amino acid
level, is also present in platelets and could substitute for
the defect of Rab27A. Further examination would be
required to conclude that Rab27A is involved in the bio-
genesis of the dense granules. On the other hand, it has
not been addressed whether Rab27 is involved in the
regulation of dense granule secretion in platelets once
the granules are normally generated. We investigated
whether Rab27 functions regulated the granule secre-
tion using the semi-intact assay system.*

Small GTPases produced in Escherichia coli are not
modified by the addition of prenyl groups at their C ter-
mini, which is essential for their correct localization and
function. Incubation of permeabilized platelets with
Rab27A and Rab27B purified from E. cli inhibited the
Ca*-induced dense granule secretion in a concentra-
tion-dependent manner. Incubation of permeabilized
platelets with other small GTPases such as Rab3B,
Rab4B, RabSA, or RaplB, a Ras family small GTPase
whose GTP-bound form has been shown to be in-
creased upon platelet activation, had no effect indicating
that the effect of Rab27 was specific. We prepared and
purified mutant Rab27A-T23N, which preferentially
binds GDP, and Rab27A-Q78L, which lacks GTPase
activity. Incubation of permeabilized platelets with
Rab27A-Q78L, but not Rab27A-T23N, inhibited the
secretion in a concentration-dependent manner. Inhi-
bition by unprenylated Rab27A-Q78L, wild type
Rab27A, and Rab27B could be due to sequestration of
putative Rab27 effector molecules from endogenous
membrane-associated GTP-Rab27 by forming non-
functional complexes with effector proteins (Fig. 2).
"I'hus, we concluded that Rab27 is involved in the reg-
ulation of dense core granule secretion in platelets.

Identification of a Rab27-effector
Munc13-4 and its functions

To elucidate the mechanism of Rab27, we attempted
to identify GTP-Rab27-binding proteins that might
mediate the function of Rab27 in the granule secretion
from platelet cytosol by affinity chromatography. We
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Mechanism of platelet activation

Rab Cyc];e: the regulatory mechanism of RabGTPase
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Figure 1 The Rab cycle. Rab GTPases are geranylgeranylated at their C-termini and bind to their correct organelle membrane.

The activity of a Rab protein is regulated by bound nucleotide, GTP or GDP. The GDP-bound form is an inactive form and the

GTP-bound form is an active form that interacts with its effector molecules to exert the functions. Conversion from the GTP-bound
form into GDP-bound form is mediated by intrinsic GTPase activity, which is stimulated by the GTPase activating protein (GAP).

Conversion of the GDP-bound form into the GTP-bound form is mediated by GDP/GTP exchange reaction, which is performed

by the function of GDP/GTP exchange factor (GEF). Rab GTPases have a unique negative regulator named Rab GDP dissociation

inhibitor (GDI). Rab GDI is a cytosolic protein, which forms a complex with GDP-bound forms of Rab GTPases to inhibit the GDP/
GTP exchange, and extracts Rab GTPases from the membrane into cytosol.

identified a 120 kDa protein as human Munc13-4 by
matrix-assisted laser desorption ionization time of flight
mass spectrometry (MALDI TOF MS) analysis.* Using
recombinant Rab27 and Munc13-4, we confirmed the
interaction was direct and GTP-dependent in vitro.*
Munc13-4 is a non-neuronal homolog of Munc13-1, a
presynaptic protein essential for neurotrasmitter release.
This structural similarity implies a critical role of
Munc13-4 in platelet granule secretion.

To date, several Rab27 effector molecules, including
synaptotagmin-like protein (Slp)-1-5 and Slp lacking
C2 domain (Slac2)-a—c¢, have been documented.” All of
these effectors interact with the GTP-bound form of
Rab27 through their N-terminal conserved region,
which is referred to as the Slp homology domain
(SHD).? In terms of the GTP-Rab27 binding domain,

© 2006 Japan Geriatrics Society

Munc13-4 lacking the SHD is a distinct type of Rab27
effector.

Conclusion

Investigation of the molecular mechanism in platelet
activation has been performed exclusively pharmaco-
logically. Establishment of the semi-intact granule
secretion and aggregation assays enabled us to examine
the mechanism with molecular biological and biochem-
ical methods. To c¢lucidate the molecular mechanism
would be to identify molecules involved in the regula-
tion and to connect them temporally and spatially. We
are going to continue this research project for better
understanding of thrombus formation and for identify-
ing potential targets for antiplatelet drugs.
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Figure 2 Functional model of GTP-Rab27/Munc13-4-mediated dense granule secretion in platelets. (A) GTP-bound active Rab27
interacts with its effector protein Munc13-4 to induce the granule secretion. (B) Addition of Rab27A, Rab27B or GTPase-deficient
mutant Rab27AQ78L purified from Escherichia coli, which lacked post-translational modification with geranylgeranyl moiety and was
unable to localize on the membrane of correct organelles, inhibited the secretion by sequestering its effector protein such as

Munc13-4.
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Abstract

Liddle’s syndrome {excessive absorption of sodium ions) and PHA-1 (pseudohypoaldosteronism type 1) with decreased sodium
absorption are caused by the mutations in the amiloride-sensitive epithelial sodium channel ENaC. Rab proteins are small GTPases
involved in vesicle transport, docking, and fusion. Earlier, we reported that Rab27a inhibits ENaC-mediated currents through pro-
tein-protein interaction in HT-29 cells. We hereby report that Rab27a-dependent inhibition is associated with the GTP/GDP status
as constitutively active or GTPase-deficient mutant Q78L inhibits amiloride-sensitive currents whereas GDP-locked inactive mutant
T23N showed no effect. In order to further explore the molecular mechanism of this regulation, we performed competitive assays with
two Rab27a-binding proteins: synaptotagmin-like protein (SLP-5) and Munc13-4 (a putative priming factor for exocytosis). Both pro-
teins eliminate negative modulation of Rab27a on ENaC function. The SLP-5 reversal of Rab27a effect was resiricted to C-terminal
C2A/C2B domains assigned for putative phospholipids-binding function while the Rab27a-binding SHD motif imparted higher inhibi-
tion. The ENaC-mediated currents remain unaffected by Rab27a though SLP-5 appears to strongly bind it. The immunoprecipitation
experiments suggest that in the presence of excessive Muncl3-4 and SLP-5 proteins, Rab27a interaction with ENaC is diminished.
Muncl13-4 and SLP-5 limit the Rab27a availability to ENaC, thus minimizing its effect on channel function. These observations decisive-
ly prove that Rab27a inhibits ENaC function through a complex mechanism that involves GTP/GDP status, and protein-protein inter-
actions involving Muncl13-4 and SLP-5 effector proteins.
© 2006 Elsevier Inc. All rights reserved.

Keywords: ENaC; Rab27a; Trafficking; Muncl3-4; SLP-5; GTP/GDP

Amiloride-sensitive channel (ENaC) is located in the
apical membrane in tight epithelia and is associated with
electrogenic sodium reabsorption. This channel performs
a rate-limiting step in sodium reabsorption and control of
its activity is crucial for the homeostasis of Na™ balance
and the maintenance of blood pressure {1.2]. Several ENaC
regulatory mechanisms are known to exist, one of which is
the recruitment of channel proteins to the cell surface from
intracellular storage sites, while the other is protein-protein
interaction [3-5].

* Corresponding author. Fax: +1 201 216 8240.
E-mail address: ssaxenag@stevens.edu (S.K. Saxena).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbre.2006.03.160

Rab GTPases are critical elements of regulated endocyto-
sis, exocytosis, and secretions [6,7]. The ability of Rab pro-
teins to switch between the GTP- and GDP-bound
conformations to inhabit active or inactive status [8.9] has
a profound effect on their ability to perform highly defined,
crucial, and specific responsibilities in the transport process
[10-12] Rab27a isexpressed in a variety of specialized secre-
tory cells, most of which undergo regulated exocytosis [13]
viz. histamine release from rat basophilic leukemia 2H3 cells
[14], melanosome [15.16], amylase [17], and regulated secre-
tions in cytotoxic T lymphocytes [18]. The significance of
Rab27a can be understood by the fact that the natural
mutations of the Rab27a gene in human Griscelli syndrome
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[19-21]and in ashen mice have been reported to cause partial
albinism and immunodeficiency which reflect the dysfunc-
tion of lysosome-related organelles [22]. Rab27a potentially
constitutes a novel pharmacological target for the glucose
competency in patients with diabetes mellitus [23].

Rab27a has been implicated in the regulation of differ-
ent types of membrane trafficking. The Rab27a function
depends largely on its GTP/GDP status and several newly
identified binding partners, which perform effector func-
tions in different cell types. These Rab27a-binding proteins
are {1) the synaptotagmin-like proteins (SLP) family with
tandem C2 Ca*"-binding motifs, (2) SLaC2 family without
any C2 motifs, and (3) Munc13-4, a putative priming factor
for exocytosis. All SLP members basically share an N-ter-
minal Rab27a-binding SLP-homology domain (SHD) and
C-terminal tandem C2 domains (C2A and C2B), the puta-
tive phospholipids-binding domains. Munci3-4, on the
other hand contains C2 motifs fanking inner C domains.

Initially, we reported that Rab27a inhibits ENaC activ-
ity in HT-29 cells [24,25] by protein—protein interaction
and by impairing the channel expression at the plasma
membrane. In this communication, we have characterized
the molecular events by which Rab27a regulates sodium
channel activity in HT-29 cells. In concurrence with our
initial studies, we are providing the indomitable evidence
to suggest that the regulatory mechanism involves effector
proteins Munci3-4 and synaptotagmin-like proteins (SLP-
5), both of which diminish ENaC-Rab27a interaction.
Both effectors revert the Rab27a-dependent inhibition by
reestablishing ENaC plasma membrane expression.

Materials and methods

Materials and reagents. Colonic epithelial HT-29 cells (HTB-38) were
purchased from American type culture collection (ATCC, Manassas, VA).
The ¢ and yENaC antibodies have been described [25). Lipofectamine was
purchased from Invitrogen Life Technologies (Carlsbad, CA). GST anti-
body was purchased from GE (formerly Amersham Biosciences, Piscata-
way, NI). Horseradish peroxidase-conjugated (HRP-conjugated)
secondary antibodies (anti-rabbit and anti-mouse) were from Pierce
Chemical Co. (Rockford, IL). Chariot® protein delivery system was
available from Active Motif, (Carlsbad, CA). Rab27a antibody and the
control and Rab27a-specific SIRNA were purchased from Santa Cruz
Biotechnology, (Santa Cruz, CA).

Cell line. HT-29 cells were cultured in McCoy’s 5a medium with
1.5 mM 1-glutamine and 10% fetal bovine serum in 5% CO; at 37°C. The
cells were grown on Falcon 12 or 24 well inserts for all the experiments and
maintained to determine the amiloride-sensitive ENaC-mediated currents.
The cells were transfected with Rab, SLP, or Muncl3-4 constructs using
Lipofectamine (Gibco-BRL-Invitrogen) according to the manufacturer’s
instructions. The expression of each construct was confirmed by Western
blot analysis for each set of reactions outlined in this communication.

Measurements of short circuit current (I.). ENaC-mediated currents
were recorded two-ways. The [ were recorded with EVOM™ epithelial
voltohmmeter using STX2 electrode (WPI, Sarasota, FL). Alternatively,
the confluent monolayer was mounted in a modified Ussing chamber
(Trans-24 miniperfusion chamber, Warner Instruments, Hamden, CT).
Apical and basolateral chambers were continuously bathed with medium
and 7, were measured with transepithelial voltage clamped at 0 mV with a
DVC-1000 dual voltage clamp. Voltage pulses (10 mV) were applied every
3 min to monitor the transepithelial resistance. After the initial measure-

ments, 10 pM amiloride was added, and ENaC currents were expressed as
the amiloride-sensitive component of the .. To eliminate CFTR-depen-
dent currents all measurements were made in the presence of 1 mM
diphenyl carboxylate (DPC).

Biotinvlation of cell-surface proteins. HT-29 cells were transfected with
Rab27a cDNA constructs using Lipofectamine as per the manufacturer’s
instructions (Invitrogen). Two days after transfection, the cells were
washed with PBS three times, and then incubated in 5 mL of cell imper-
meant Sulfo-NHS-SS-Biotin (Pierce Biotechnology Inc., Rockford, I1)
(0.5 mg/mL) at 4 °C for 30 min. After 30 min of incubation, the reaction
was stopped by quenching with Tris-buffered saline (TBS), the cells were
solubilized in RIPA buffer, and the lysate was centrifuged at 14,000 rpm
for 5min at 4 °C to collect the supernatant and its protein concentration
was determined. Then, equal amounts of the lysate from each sample were
mixed with 200 pL of streptavidin-agarose beads (5% slurry in PBS). The
samples were incubated overnight at 4 °C with gentle rocking, and cen-
trituged at 8000g for 2 min to collect the supernatant. The beads carrying
biotinylated proteins were washed with RIPA buffer five times. Finally, the
biotinylated proteins were eluted from the beads by the addition of SDS-
sample buffer. Equal volumes of the eluted proteins in sample buffer were
loaded on a gel. The samples were analyzed for ENaC expression by
Western blot analysis using an o or YENaC antibody. The blots were
raised using Enhanced Chemiluminescence (ECL) and the films were
developed using autoradiography.

Immunaoprecipitation experiments. Cell lysates in RIPA buffer (1% NP-
40 or Triton X-100, 1% sodium deoxycholate, 1 mM EDTA, 0.1% SDS,
0.15 mol NaCl, 0.01 M sodium phosphate (pH 7.2), 1% trasylol, a 1:100
dilution with 100 mg/mL leupeptin, and 100 mM phenylmethylsulfonyl
fluoride) were centrifuged to recover the supernatant at 14,000-rpm for
5min. The lysates were precleared by incubating with protein
A-Sepharose beads for 1 h at 4 °C. The supernatants were further incu-
bated with a specific antibody for 2 h at 4 °C and followed by incubation
with Sepharose beads (Sigma, St. Louis, MO) for 2h at 4°C. After
washing with RIPA buffer and centrifugation at 10,000g for 155, beads
were solubilized in SDS-sample buffer and run on SDS-PAGE. The
proteins were transferred to a PVDF membrane. The bound antibody was
detected by ECL and quantitated by phosphor-imaging under conditions
where there was a linear relationship between intensity and pixel number.
In some cases, membranes were stripped of bound antibodies and
re-probed with additional antibodies. Following the manufacturer’s
instructions, membranes were immersed in stripping buffer (62.5mM
Tris-HC! (pH 6.7), 2% SDS, and 100 mM B-mercaptoethanol) for 30 min
at 55°C, and washed extensively in Tris-buffered saline (0.1 M, pH 7.4;
0.05% Tween 20) at room temperature. Membranes were re-blocked in
milk-TBS and incubated with the desired antibody and raised for protein
detection using ECL as described above.

SiRNA studies. The control and Rab27a-specific SIRNA were used in
the study. The control SIRNA contained the sequence that does not
interfere in the expression of any known mRNA. The SiRNA effect was
confirmed by Western blot analysis of transfected cells. One hundred
nanomolars SIRNA (final conc.) was mixed with 20 pL of the transfection
medium reagent per well and incubated at room temperature. In another
vial, 1.2 uL of the transfection reagent was mixed with 20 uL transfection
medium and incubated. The contents of both vials were mixed and incu-
bated. After 20 min, the contents were mixed with 160 L. of the trans-
fection medium and this solution was laid on top of the cells in each well.
The cells growing on inserts in a 24-well plate (~50% confluent for this
experiment) were used for this experiment. The plate was incubated in
37 °C with 5% CO5 for 5-7 h, and then 200 pL of the culture medium with
double serum was added on top of the inserts. The ENaC-mediated
amiloride-sensitive currents were recorded 24 h post-SiRNA transfection
as described before.

Purification of SLP proteins. PGEX-SLP-C2A, C2B, and SHD pro-
teins were isolated for bacterial cultures expressing the respective cDNA.
The proteins were purified using glutathione beads (Amersham-Gluta-
thione Sepharose™ 4B). The beads were washed with phosphate-buffered
saline (0.15 M, pH 7.3), and then a 50% slurry of beads was incubated with
bacterial lysates (isolated by cell lysis) at 4 °C overnight. Following
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incubation, the beads were washed twice with PBS and once with RIPA
buffer. The SLP proteins were eluted from the beads by adding 100 pL
elution buffer (50 mM Tris, 10 mM glutathione, pH 8.0) to the beads,
incubating 10-15min at room temperature and then centrifuged at
5000 rpm for 5 min to collect the supernatant. The protein concentration
was determined by bicinchoninic acid (BCA) assay.

Introduction of proteins using Chariot™ delivery system. SLP proteins
were mixed in a complex with the Chariot® reagent (diluted in 70%
DMSO) at a ratio of 20 pg protein: 10 pL in 100 uL PBS for 30 min at RT.
The protein:Chariot®complexes were overlaid onto cultured cells in the
presence of fresh serum free medium and incubated at 37°C for 1 h fol-
lowed by incubation for 2 more hours in the presence of complete growth
medium.

Statistical analysis. A paired test or analysis of variance for multiple
comparisons was used for the statistical analysis. A p value of less than
0.05 was considered significant.

Results

This communication describes the basic mechanism by
which Rab27a inhibits amiloride-sensitive ENaC. The
study also addresses the role of GDP-locked (inactive)
and GTP-active Rab27a mutants. Additionally, this study
defines the molecular machinery involved in Rab27a regu-
lation of ENaC. The study signifies that Rab27a-binding
partners, Muncl3-4, and synaptotagmin-like proteins
(SLP-5), reverse the negative regulation of ENaC by
Rab27a by diminishing channel interaction with Rab27a,
by ultimately enhancing plasma membrane channel
expression.

Rab27a inhibits channel function by a GTP/GDP dependent
mechanism

The over-expression of the inactive (GDP-locked) form
of Rab27a (T23N) showed no inhibition of amiloride-sen-
sitive currents recorded otherwise with the wild-type
Rab27a. However, the constitutively, active isoform of
Rab27a, Q78L (GTP-locked) showed the inhibition
(Fig. 1). The smaller inhibition with this isoform possibly

Amiolride-sensitive Currents (uA)
N
)

suggests that the effect of Rab27a-dependent inhibition is
quite complex and revolves around the GTP/GDP
exchanges or its active or inactive status. It needs to be stat-
ed that Rab27a is expressed in HT-29 cells and therefore
the over-expressed Rab protein is competing with native
Rab27a for the available GTP/GDP pool in the cell under
a defined condition. The GTP status of each was confirmed
by GTP overlay assay (data not shown).

Muncl3-4 reverses Rab27a inhibition of amiloride-sensitive
currents

Several recent studies have provided the evidence to sug-
gest that Muncl3-4 is a highly specific-binding partner of
Rab27a. In order to specify the role of this protein in the
Rab27a-dependent effect on ENaC function, we co-trans-
fected HT-29 cells expressing Rab27a with Muncl3-4 and
recorded the amiloride-sensitive currents. As indicated in
Fig. 2, we recorded the net reversal of inhibition of amilo-
ride-sensitive currents observed otherwise with Rab27a
alone. The immunoprecipitation studies further suggested
that Rab27a weakly binds to ENaC in the presence of
Muncl13-4 suggesting that Rab27a inhibits ENaC activity
in HT-29 cells by protein-protein interactions.

Synaptotagmin-like proteins partially reverse ENaC
inhibition by Rab27a

Synaptotagmin-like proteins (SLP) have been character-
ized as specific-binding partners of Rab27a. These proteins
are characterized by the presence of C2A-, C2B-binding
motifs, and SHD domains. Upon transfection, the reversal
of amiloride-sensitive currents was noticed with constructs
carrying only C2A and C2B domains, while SHD motif
expression exhibited little more inhibition (Fig. 3). The
reversal of currents by C2A or C2B motifs, which are
involved in binding with phospholipids suggest the

Control Vector Rabé

[
Rab27a Rab27T23N  Rab27Q78L

Fig. 1. The monolayer of HT-29 cells grown on cell inserts were transiently transfected with Rab ¢cDNA using Lipofectamine and the amiloride-sensitive
currents were recorded two days later as described in the text. Data are means of three individual experiments. Asterisks represent the statistical

significance with a p value <0.03.
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Fig. 2. Muncl3-4 reverses Rab27a inhibition of amiloride-sensitive
currents. HT-29 cells were transfected with wild-type Rab27a and
Muncl3-4 ¢cDNA and the amiloride-sensitive currents were recorded
48 h later. The data are means of three individual experiments performed.
A significant change (p <0.05) from the control is denoted by two
asterisks while the values denoted by three asterisks in Muncl3-4 co-
injected cells define the significance against Rab27a (middle bar) inhibited
values.

necessity of the membrane for the attachment of the
complex in addition to the requirement of SHD for Rab27a
binding. The higher inhibition recorded with SHD domains
further illustrates the significance of membrane
attachment. These Rab27a-binding proteins (i.e., the
synaptotagmin-like protein (SLP) family with tandem C2
Ca?*-binding motifs, and Munc13-4, a putative priming
factor for exocytosis) provide a crucial understanding of
the molecular mechanism by which Rab27a regulates the
membrane trafficking of ENaC.

SLP and Muncl3-4 impair ENaC ability to interact with
Rab27a

In order to assess the mechanism by which synaptotag-
min-like proteins (SLP-5) and Muncl3-4 reverse the
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Fig. 4. SLP-5 and Munc3-4 reduce ENaC interaction with Rab27a. SLP-
5 and Muncl3-4 proteins were expressed in HT-29 cells transfected with
Rab27a by transfection and Chariot® delivery system, respectively. Cell
Iysates in RIPA buffer were centrifuged to recover the supernatant and the
lysates were incubated with protein A-Sepharose beads and Rab27a
antibody for 2 h at 4 °C. The beads were solubilized in SDS-sample buffer
and run on SDS-PAGE, transferred to a PVDF membrane. The blots
were probed with oENaC antibody and raised with ECL and the films
were developed using autoradiography.

regulated expression of ENaC at the cell surface, we
employed two techniques to address this issue. At first we
transfected cells with Rab27a and one of these proteins
and then immunoprecipitated the proteins with Rab27a
antibody, and then probed the immunoblots with aENaC
antibody. Our data suggest that in the presence of SLP-5
and Muncl3-4, the ENaC density is diminished in a long
way from the control suggesting that both these proteins
abolish the interaction between ENaC and Rab27a
(Fig. 4). Concomitantly, we observed intense interaction
of Rab27a with SLP and Munc!3-4. Second, we show that
these proteins revert the Rab27a effect by promoting the
ENaC exocytosis to the plasma membrane.

SLP and Muncl3-4 reestablish ENaC expression at the cell
surface

Our previous observations suggested that the intense
binding efficiency of SLP and Muncl3-4 with Rab27a
might promote the expression of ENaC at the cell surface
due to the limited availability of Rab27a to interact with
ENaC. Second, in continuation with our previous finding

x

ak

L aly

control Rab27a

Rab27a + SLP- Rab27a+ SLP- Rab27a + SLP-

C2A c2B SHD

Fig. 3. Rab771 -dependent inhibition is reversed by synaptotagmin-like protein (SLP). The purified SLP proteins were introduced into HT- 79 monolayers
using Chariot® delivery system. SLP-GST proteins, purified using glumthlone followed by dialysis, were mixed in a complex with the Chariot® reagent at a
ratio of 20 ug protein: 10 pL in 100 uL PBS and the protein: Chariot® complexes were overlaid onto cultured cells in serum free medium and incubated at
37 °C for 1 h followed by 2 more hours in presence of complete growth medium. The ENaC-mediated currents were recorded 48 h later. Data are means of
six individual wells under each condition. A significant change (p < 0.05) from the contro! values is denoted by three asterisks while values with two
asterisks denote a significant change from Rab27a (second bar) inhibited currents.
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Rab27a

T 1
Con SLP Munc

ENaC
Apical

Fig. 5. SLP-5and Muncl3-4 increase plasma membrane ENaC expression
in the presence of Rab27a. SLP-5 and Munc]3-4 proteins were expressed
in HT-29 cells transfected with Rab27a by transfection and Chariot®
delivery system, respectively. Two days later, the cells were washed with
PBS. and then incubated with cell impermeant Sulfo-NHS-SS-Biotin
(0.5 mg/mL) at 4 °C for 30 min. After 30 min of incubation, the reaction
was stopped by quenching, and the cells were solubilized in RIPA buffer.
The lysates were centrifuged to collect the supernatant. Equal amounts of
the lysate from each sample were mixed with 200 uL of streptavidin-
agarose beads and incubated overnight at 4°C. The beads carrying
biotinylated proteins were washed with RIPA buffer, eluted by the
addition of SDS-sample buffer, and analyzed by SDS-PAGE. The samples
were analyzed by Western blot analysis using the «ENaC antibody. The
blots were raised using enhanced chemiluminescence {ECL) and the films
were developed using autoradiography.

that the reduction in ENaC-mediated currents in the cells
over-expressed with Rab27a protein was due to reduced
ENaC at the cell surface, we biotinylated the cell-surface
proteins by employing cell impermeant Sulfo-NHS-SS-Bio-
tin and pulled down the complex with streptavidin-aga-
rose. In line with our hypothesis, we observed reduction
in the abundance of ENaC in the cells expressing Rab
27a (Fig. 5). However, in the presence of SLP and
Muncl3-4, the ENaC expression is increased at the cell sur-
face. These data further support that Rab27a modulates
ENaC transport to the cell surface by either retaining the
channel proteins intracellular or incapacitating its expres-
sion at the cell surface. SLP-5 and Muncl3-4 due to their
stronger affinity for Rab27a incapacitate the ENaC-
Rab27a interaction and therefore channel density at the
plasma membrane is increased resulting in the reversal of
amiloride-sensitive currents or ENaC inhibition.

Discussion

We had earlier described the ENaC regulation by
Rab27a, and provided several lines of evidence to suggest
that it is due to the physical interaction of channel proteins
with Rab27a, with the impairment of ENaC expression at
the plasma membrane resulting in reduced channel expres-
sion at apical membrane with the concommittant increase
in the cytosolic ENaC pool. This communication explores
the molecular mechanism associated with ENaC/Rab27a
interaction. Our data suggest that (1) Rab27a inhibits
ENaC activity due to its association with the channel
proteins through protein-protein interactions, which is
reflected in the decreased expression of the channel at the
cell surface, since Rab27a is primarily involved in lysosom-
al trafficking. (ii) Rab27a inhibition of channel activity
could be abolished in the presence of two active compo-
nents that are Rab27a-binding partners Muncl3-4 and syn-
aptotagmin-like proteins (SLP-5). These proteins, when

over-expressed, interact tightly with Rab27a and abort
the availability of Rab27a for ENaC interaction, and final-
ly (iii) both effectors reestablish ENaC presence at the plas-
ma membrane in spite of over-expressed Rab27a.

Folding, maturation, and trafficking of transmembrane
proteins from the ER to their ultimate destination, the
plasma membrane is a regulated translocation of transport
vesicles [26,27]. Subsequently, vesicular fusion with the tar-
get membrane results in increased channel density due to
the ability of multiple Rabs to control the regularized traf-
fic at the cell surface [6,28]. The trafficking and the assem-
bly of the ENaC channel is critical in understanding its
regulation. Under normalized physiologic conditions
native ENaC recycles from early endosomes back to the
cell surface {29], while the proteosomal degradation charac-
terizes its degradation route. The association of Rab27a
with ENaC translocation coupled with the lysosomal com-
partmentalization of this Rab isoform suggests an alternate
route for ENaC degradation.

In addition to its localization on secretory granules,
Rab27a is also predominantly expressed on lysosomes
[30-33]. Due to the varied nature of regulation being effect-
ed by Rab27a which has been implicated in the regulation
of different types of membrane trafficking, the most obvi-
ous question is how does the Rab27a protein regulate these
different types of membrane trafficking? Rab27a has sever-
al binding partners or effector proteins.

It has earlier been established that SLP-5 is a novel
Rab27a effector [34,35]. The isoform SLP-5 exceptionally
binds several Rabs including Rab3 and Rab27a in vitro,
but it preferentially interacts with Rab27 isoforms in living
cells [36,37]. Another Rab effector, Rabphilin previously
characterized as the Rab3 effector, is also believed to func-
tion as a Rab27a effector [22,38]. Results have indicated
that the SHD motifs of SLP function as a Rab27a-binding
domain [39]. Several pieces of evidence also point to the
involvement of the Rab27a and its effector complex with
the proteins that are essential for membrane transport
and fusion, such as syntaxinlA and Munci8-1, though
we could not detect the presence of these proteins in the
Rab27a pull-down complex [40]. Not surprisingly, the
SLP proteins possess the conserved N-terminal Rab27a-
binding domain and show Rab27a-binding activity in vitro
or when over-expressed in cell lines {41]. SLP appear to
interact with both Rab27a(T23N), a dominant negative
form that mimics the GDP-bound form, and
Rab27a(Q78L), a dominant active form that mimics the
GTP-bound form.

Unlike other members, Muncl3-4 lacks an N-mem-
brane-binding domain. Munc13-4 is hypothesized to con-
tain a novel Rab27a-binding domain. Rab27a-binding
protein Muncl3-4 has been purified from the platelet cyto-
solic fraction with GTP-Rab27a-immobilized beads [42].
Muncl3-4 is a direct partner of Rab27a, as it does not bind
to other GTPases [42]. The two proteins are highly
expressed in several tissues and cell lines where they colo-
calize on secretory lysosomes. More so, the Muncl3-4
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homology domains are essential for the localization of
Muncl3-4 in the secretory lysosomes [43]. We believe that
the Rab27a/Munc13-4 interaction is an essential regulator
of channel proteins with the plasma membrane in epithelial
cells as observed in mast cells, platelets, and histamine
release [14]. However, it appears that the Muncl3-4 effect
is independent of membrane involvement.

In conclusion, Rab27a physical interaction with ENaC
defines its effect on channel function. The negative regu-
lation of ENaC function is the consequence of depleted
appearance of channel at the plasma membrane. Given
the Rab27a association with exocytosis and lysosomal
trafficking [41,44,45), it is conceivable that Rab isoforms
are involved in inter-compartmental translocation and
the assembly of ENaC. The ability of Munci3-4 (a prim-
ing exocytosis factor) and SLP-3, to reverse the inhibito-
ry effect of Rab27a is due to the ability of these
over-expressed proteins to preferentially associate with
Rab27a, and depriving its ability to bind ENaC. We con-
firmed this possibility by utilizing immunoprecipitation
studies as a part of protein—protein interaction. The
increased surface expression of ENaC in Munci3-4 or
SLP cotransfected cells corroborate our previous conten-
tion that Rab27a is a major trafficking protein associated
with ENaC expression at the plasma membrane. More-
over, the results with the C2 domains of SLP in conjunc-
tion with the GTP/GDP current recordings open a
possibility that the vesicles with channel proteins are
docked at the plasma membrane as a readily releasable
pool as proposed recently for dense core vesicle exocyto-
sis [40]. We have further characterized the colocalization
of ENaC and Rab27a predominantly in three compart-
ments in the following order; plasma membrane<micro-
some<lysosome (data not shown), suggesting that
Rab27a diverts the ENaC complex away from the plas-
ma membrane. Although our studies did not address a
vital issue related to ENaC mutants of Liddle’s syn-
drome or PHA-1, which display impaired trafficking,
these studies are vital to explore the possibility of Rab
involvement in the regulated exocytosis of diseased
forms. It is likely that some sort of protein—protein inter-
action may provide a therapeutic approach to regulating
ENaC activity associated with Liddle’s syndrome.

The Rab?27a/effector system is reportedly involved in the
glucose-specific signals for the exocytosis of insulin gran-
ules in pancreatic beta cells [30]. It appears that Rab27 reg-
ulates various exocytotic pathways in addition to its
recently identified role in lysosome-related trafficking using
multiple organelle-specific effector proteins like SLaC2,
SLP, or Muncl3-4 [41]. Given the relative expression of
Rab27a in specialized cell types in the pathogenesis of Gris-
celli syndrome [32], where the Rab27a/Munci3-4 complex
is an essential regulator of secretory granule fusion with the
plasma membrane in cytotoxic T lymphocytes [43], it is
likely that Rab27a exhibits essentially similar credentials
in epithelial cell systems controlling the exocytosis of ion
channels.
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SUMMARY

Vesicular traffic during exocytosis is regulated
by Rab GTPase, Secdp in yeast, which is acti-
vated by a guanine nucleotide exchange factor
(GEF) called Sec2p. The GEF activity is localized
in the N-terminal 160 residues of Sec2p, which
lacks sequence similarity with any other GEFs
with known structures, and thereby the guanine
nucleotide exchange mechanism by Sec2p re-
mains unknown. Here, we report the crystal
structure of the Sec2p GEF domain at 3.0 Ares-
olution. The structure unexpectedly consists of
a homodimeric, parallel coiled coil that extends
over 180 A. Puli-down and guanine nucleotide
exchange analyses on a series of delefion and
point mutants of Sec2p unveiled the catalytic
residues for its GEF activity as well as the
Secdp binding site, thus presenting a nucleotide
exchange mechanism by a simple coiled coil.
The present functional analyses allow us 1o build
the Sec2p:Sec4p complex model, which ex-
plains the specificity for Rab GTPases by their
respective GEF proteins.

INTRODUCTION

In eukaryotic cells, various biological molecules are trans-
ported and secreted by secretory vesicles, which fuse with
the plasma membrane in 2 process called exocytosis. The
exocytotic events are regulated by interactions between
Ras-related small GTPases, such as Rho, Rab, and Ral,
and their respective effectors (Lipschuiz and Mostov,
2002). These small GTPases shuttle between the active
GTP-bound and inactive GDP-bound states, which differ
mainly in the conformations of two loop regions, called
“switch I” and "switch iI.” The downstream effectors of
the small GTPases discriminate the conformational dif-
ferences in the switch regions and specifically bind with
the GTP-bound form. Therefore, this conformational tran-

sition is essential for the small GTPase functions (Takai
etal., 2001).

In Saccharomyces cerevisiae, genes whose mutation
causes dysfunctional secretion have been genetically
identified as “sec.” Sec4p, the equivalent of the mamma-
lian Rab GTPase, regulates the transport of secretory ves-
icles (Guoetal., 1999). In a GTP-dependentfashion, Secdp
interacts with Sec15p, a component of the multiprotein
complex, Exocyst, which reportedly tethers the secretory
vesicle to a defined site of the plasma membrane: this
SecdpeSecibp interaction is essential for the Exocyst as-
sembly (TerBush et al.,, 1996). After membrane fusion,
Sec4p hydrolyzes its bound GTP to GDP and is released
into the cytoplasm, where it reassociates with a new secre-
tory vesicle to get ready for the next round of membrane
fusion. This Sec4p localization is controlled by two types
of functional regulators: a GTPase-activating protein (GAP)
accelerates the GTP hydrolysis activity of Secdp, while
a guanine nucleotide exchange factor (GEF) catalyzes
the GDP release from Sec4p to convertitinto the activated,
GTP-bound form. Sec2p (759 amino acids, Mw 105 kDa)
has been identified as the GEF for Secdp in yeast
(Walch-Solimena et al., 1997). Sec2p is divided into the
N-terminal (residues 1-160) and C-terminal (residues
161-759) regions. The N-terminal region bears the GEF ac-
tivity on Secdp (Ortiz et al., 2002), but it lacks sequence
similarity to any other GEFs with known structures. On
the other hand, the C-terminal region, which lacks con-
served structural motifs, does not affect the GEF activity
(Elkind et al., 2000; Ortiz et al.,, 2002), but binds with
Sec15p and another RabGTPase, Ypt32p, which recruits
Sec2p to the secretory vesicle (Medkova et al., 2006; Ortiz
et al., 2002). Thus, on the secretory vesicle, Sec2p acti-
vates Secdp, and the activated Secdp interacts with
Sec15p. Sec15p also interacts with the C-terminal region
of Sec2p to displace Ypt32p from Sec2p. Inarecent study,
Sec2p, Secdp, and Sec1bp were reported to directly
interact with each other, which is crucial for Sec2p localiza-
tion and polarized cellular growth (Medkova et al., 2006).

Mammalian orthologs of Secdp are Rab3A and Rab8:
Rab8 is involved in the transport of Rab8-specific vesicles
to the cell surface (Hattula and Peranen, 2000), while

Structure 15, 245-252, February 2007 ©2007 Elsevier Lid All rights reserved 245

— 849 —



Structure
Crystal Structure of the Sec2p GEF Domain

31 40 sg 60 70 80 50

v % voow voowy Voo RN ;
position - S e --ab cdefgabcdefgabodef gabedefgabode! gabedefgabo
Saccharomyces cerevisiae-Sec2p LEE INKSLKTIASQKAAIENYN. QLKEDYNTLXRELSDRDD. . BEVKRLREDIAKENE. . LRTKAMEEADK
Candida glabrata-unnamed LEXRL DAOIXINKQKHVMHE?E<TLKQKN.,.<KELSDGOQSFEEKIRALSAQLEEEKSKRLAREKEVDK
Ashbya gossypi-AFR670Wp LEEQOHAKKALARDKLVVKQCE. SARGEAQQLRSYLADRDT. . . . ELERQGEELEEARKARLAARILAVER
Kluyveromyces lactis-unnamed LEEQUILVAKKTISTQQONIANSYN ELKQELQSLKLQYETDKT . . KFKKQEE. .. ... . ICADA
Candida albicans-hypothetical LEETIIILELRKQVSA . LEKLKNEQLNQSUIKLKTILP KYIKLOQDDYRETLTKKKEA
Debaryomyces hansenii-unnamed LEEKULHEMHRDAGQ . . . . . . . LEQXLSKLGDIEBETKYRNRVVP KYEEIKKDHEKMKELKLTARA
Aspergiilus mdutans-hypothetical LoD AVTRQELEQVQEKARALESENEBQYHRDIELGALVKKAEVD. . . QLKASLAEEKAQRLLA
Aspargilius oryzae-unnamed LDDTILVATRQELEQAQTKIRTLESENEKYRRDICD F1KKADYVDYEILRLKAALADEKAQRALVY
Aspergilius fumigatus-Sec2p LDDN ATROELEQAQNRIKSLESENEKYRHDIEGAVLIKKADADREISQLKAALAEEKAQRAIVHEY
Coccidoides immitis-hypothetical LDDTIL ATRQELELSRERVLOLEEERKKHQEDISNCILIRHDKVESEXKHQLKKELEEERGRRMIV
Gibberella zeae-hypothetical LDD S LISARRHELDAARDRIRDLETONASQRENLAGE JAVRKETVEAEKKVHQAKIAVERQKRLDT
Chaetomum globosum-hypothetical 1. DDNL ATRVELERSRERIHQLEAKVEEQREMLAGIVHVRRKTVEAEKAKLVARAAEEKRARLDH

Schizosaccharomyces pombe-SPAC23C4 10 LODKYATEVHRHEALSERIRELE LEKSFDEELVK. .. .. .. . FHNLEEXLQLTETKCRHNA
Homo sapiens-RabinB EREFIQGATITEACDSSCIIF LSRLRSPBVLEVREKGYRRLKEELAKAQRELKLKDEE
Rattus norvegicus-GRAB .+ LDVSRLES . SSMEIREKGSEFLKEELYKAQKELRLKDEECHEHRLCKY

pasition
Saccharomyces cerevisiag-Sec2p
Candida glabrata-unnamed . . .l
Ashbya gossypi-AFRE70Wp . .
Kluyveromyces lactis-unnamed
Candida albicans-hypothetical . . 1L
Debaryomyces hansenil-unnamed . . .
Aspergiltus nidulans-hypothetical .
Aspergillus oryzae-unnamed . .
Aspergillus fumigatus-S8ec2p
Cocadiodes immitis-hypothetical
Gibberella zeae-hypothetical
Chastomum globosum-hypothetical .
Schizosaccharomyces pombe-SPAC23C4 10 . . v
Homo sapiens-Rabin8 RDQIL
Raitus norvegicus-GRAB RAQIL

A Predicted a-Helix

A Predicted B-Strand

130 140 150 160
N v P Y- CEV I
Prdefgaburdefgaboedefgat cat ode

. YAIEILNKRLTEQ
. .HDIEIQNSRLQET
CHVVEQHRARLQEQ!
NAVEILNSKLKEQLKE
. .HEFKIKNRKLYEE
. YHFKVENREKLNEE
. .EAVEKKNEQLRSQ
.EAVEKKNEQLRAQ
. EAVEKKREQLRAQ
KER . .EAVEKRNEQLQAQ:
KEEAKADHEVLQRKRDQLKSQ

NDLQED!L
IDNLQDQL

nghly Conserved Residue Invariant Residue

Figure 1. Primary Sequence Alignment of the GEF Domain of Sec2p

The residue numbers and the positions of the coiled-coil heptad repeat of Sec2p are indicated above the sequence alignment. The stutter and
stammer are highlighted as red characters. Residues involved in the dimerization of Sec2p are marked with green triangles. Predicted a-helical
and B-stranded regions are shown in cyan and yellow, respectively. The highly conserved residues are represented by red characters, while the
invariant residues are represented by white characters in a red background. Drawings were made with ESPript (http://espript.ibcp. fr/ESPript/

ESPript/index.php).

Rab3A is expressed only in neurons, where it regulates
neurotransmitter release (Takai et al.,, 1996, 2001). The
GEFs of Rab8 and Rab3A were identified as Rabin8
(Hattula et al., 2002) and GRAB (Luo et al., 2001), respec-
tively. These mammalian GEFs share the N-terminal region
of Sec2p, and have been predicted to have a shorter helical
region than that of Sec2p (Figure 1). On the other hand, the
C-terminal domain of Sec2p is not conserved in Rabin8
and GRAB, while the C-terminal domain of Rabin8 is
essential for its localization and for polarized cellular
growth (Hattula et al., 2002), as that of Sec2p, and shares
sequence homology with that of GRAB.

To elucidate the mechanism of the nuclectide exchange
reaction on Secdp by Sec2p, we determined the crystal
structure of the GEF domain of S. cerevisiae Sec2p at
3.0 A resolution. The structure unexpectedly folds into
a parallel dimeric coiled coil, which extends over 180 A
Biochemical analyses of Sec2p mutants, combined with
a docking analysis of Sec2p and Secdp, uncovered how
the simple coiled-coil structure achieves the GEF activity
for Rab GTPase.

RESULTS AND DISCUSSION

Sec2p GEF Domain
The N-terminal region of Sec2p (residues 1-160) report-
edly has full GEF activity with Sec4p (Ortiz et al., 2002).

On the other hand, deletion of the N-terminal 30 residues
abolished the GEF activity with Sec4p, while this deletion
did not affect the dimerization of Sec2p (Rahl et al,
2005). However, a sequence alignment among Sec2p
and its mammalian orthologs, Rabin8 and GRAB, revealed
low sequence conservation in the N-terminal 30 residues
of Sec2p, which suggests that residues 1-30 of Sec2p
are not necessary for the GEF activity. To assess this
possibility, we performed in vitro binding and GEF activity
assays using Sec2a1.160P. The resuits clearly showed that
Sec231-160p can bind to the nucleotide-free Secdp and
displays the full GEF activity, as Sec24_gop (Ortiz et al,,
2002; Walch-Solimena et al., 1997) (Figure 2).

Structure Determination

To determine the crystal structure of the Sec2p GEF
domain, we crystallized the recombinant Sec231_yg0p in
Escherichia coli. The details of the crystallization will be
published elsewhere. For phasing by anomalous dis-
persion with the selenium edge, we prepared selenome-
thionine-labeled Sec231_1g0p Crystals. However, the crys-
tals diffracted X-rays only to 4.0 A resolution and were
not suitable for the phase determination. To obtain better
crystals, we generated eight Sec2p mutants, by replacing
the intrinsic Met115 and by incorporating new Met resi-
dues, and analyzed the X-ray diffraction of these crystals.
Among the mutants, the triple mutant of Sec231-1e0p
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(Met115Leu, Lys121Met, and Thr142Met) diffracted
X-rays up to 3.0 A resolution. The crystal structure of this
mutant was solved by a single wavelength anomalous dis-
persion method and was refined to 3.0 A with 20 molecules
{molecules A to T) per asymmetric unit (Figure $1; see the
Supplemental Data available with this article online). Sev-
eral C-terminal residues were structurally disordered.
Even in molecules E and F, which are the most ordered in
the asymmetric unit, the C-terminal six residues are disor-
dered. While the triple mutation does reduce nucleotide
exchange to some degree, its activity is nevertheless
similar to that of wild-type (Figure 2). Thus, we concluded
here that the structure of this mutantis essentially identical
to that of the wild-type.

Figure 3. Crystai Structure of the GEF Domain of Sec2p

Figure 2. GEF Activity of Sec234_4g0P

{A) Pull-down assays of GST-Sec4p and Sec2p
(wild-type and the triple mutant [Met115Leu,
Lys121Met, and Thr142Met)).

== buffer (B) PHIGDP release from GST-Secdp, in the
o 1-160 absence or presence of 30 nMASec21_150p,
Sec2a..50P, and Sec2z,..ep triple mutant
31-160 All of the Sec2p mutants had GEF activity on
GST-Sec4p.
; mee=31-160
tnple
mutant
12

Time (min.)

The Sec2p GEF Domain Forms a Long x-Helical
Coiled Coil

As shown in Figure 3, Sec2p folds into a 180 A long helix
and apparently forms a homodimeric, parallel coiled-coil
structure, which is similar to that of tropomyosin, a cyto-
skeleton protein. Coiled coils generally have a heptad
repeat sequence labeled “a-g,” in which positions “a”
and “d” are hydrophobic amino acids, while positions
"b," e, "e,” "{," and “'g"” are hydrophilic ones. Positions
“a" and “d” symmetrically face the equivalent residues in
the opposite helix, thus forming the core of the coiled coil
in a “knobs-into-holes” fashion, while positions “b,” “¢,”
“e,” “f,” and “g” are exposed to the solvent (Lupas,
1996). Some heptad repeats in coiled coils lack three or

(A) Ribbon representation of the GEF domain of Sec2p. The side chains that form the core of the coiled coil are colored blue. Based on the heptad
repeat sequence and the interhelical distance, the coiled coil is divided into four regions.
(B) Stereo view of the ten coiled coils in the crystallographic asymmetric unit, which are superimposed on region Il. Region it is shown in red, and the

other regions are color coded for each coiled coil.

{C) Conserved residues, mapped on the Sec2p GEF domain. The orientation is the same as in the left panel of (A). The invariant residues are colored
red, while the highly conserved residues are yellow. The labels are colored according to those of the helices in (A).
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four residues, and these are referred to as a “stutter” and
a ‘'stammer,” respectively (Brown et al., 1996). The heptad
repeat sequence and the interhelical distance (.e., dis-
tance between the helical axes) characterize the coiled-
coil structure. Here, we divided Sec2p into four regions
of residues 31-51 (region I), 52-76 {region If), 77-107 (re-
gion i), and 108-150 (region V), based on the heptad
repeat sequence and the interhelical distance (Figure 3
and Figure S2), to clarify the structural properties of the
Sec2p coiled coil.

Region | does not form a coiled-coil structure, even
though it folds into an o helix (Figure 3). The interhelical dis-
tances between the N-terminal edges of the paired coiled
coil are 16.3 A (molecules S and T) and 22.8 A {molecules
C and D). Due to this lack of interhelical contact, the tem-
perature factors are quite high in the N-terminal edge
(Figure S2A).

Region Il (residues 52~76) contains a normal heptad re-
peat sequence, with average interhelical distances of 9.8 A
over ten asymmetric coiled-coil molecules (Figure S2A).
This value is nearly equal to that of the canonical coiled
coil, such as the GCN4 leucine zipper (~9.6 Aon average)
(O'Shea et al.,, 1991). In this region, the Leu55, Leu62,
Leu66, Val74, and Leu76 side chains contact the equiva-
lent residues in the opposite helix in a “knobs-into-holes”
manner to form the “core” of the coiled coil. The Cp atoms
of Tyr52, Tyr59, and Arg69 are also involved in the coiled-
coil core formation, while the side chains of these residues
protrude toward the solvent.

Region Il (residues 77-107) also contains the normal
heptad repeat, although there is a “stutter” before
Val101 (Figure 1). In this region, the average interhelical
distance is 12.6 A (Figure S2A), which is larger than that
of the canonical coiled coil. The Arg87 side chain is ori-
ented toward the opposite helix and thus props the
coiled-coil helices apartin this region. As aresult, the inter-
helical space expands in residues 88-107 (Figure 3 and
Figure S2A) so that the side chains of Ala90, Ala94, and
Val101 are oriented toward the inside of the coiled coil
without any interactions, in contrast to the typical rigid
coiled coil with a continuous interhelical core. Therefore,
Sec231.160p forms a more flexible and possibly functional
coiled coil, especially in region lll (Figure 3B).

Region 1V (residues 108~150) contains a stutter and
a stammer before Ala119 and Leu147, respectively, in
the heptad repeat sequence (Figure 1). Theinterhelical dis-
tance is 10.8 Aon average. The side chains of Ala112 and
Alat119 (position “a") and Leu108 and Leu115 (position
*d") do not correctly face their equivalent residues on the
opposite helix but are aligned in a staggered manner (Fig-
ure S3). The side chains of Leu108 and Leu115 prop apart

the Ala112 and Ala119 side chains. Although Met115 of
Sec2p is replaced by Leu115 in our present structure,
the wild-type structure should also have the staggered
contact in this portion, considering the similar Ala-medi-
ated staggers observed in rat and chicken a-tropomyosin
(Figure S3) (Brown et al., 2001, 2005). Residues 120-150
lack the staggered contact, although Asn130, Leui33,
Leu144, Leu147, and GIn150 of several coiled-coil mole-
cules asymmetrically contact their equivalent residues in
the opposite helix to form the coiled-coil core (data not
shown).

The coiled-coil structure of region | {residues 52-76) has
two-fold symmetry, whereas those of the other regions are
asymmetrical. The coiled-coil structure bends around
Ala94: one helix of the coiled coil {molecules B, C, E, H, I,
L, M, O, R, and S} bends sharply (13.8° on average, over
ten asymmetric coiled-coil molecules), whereas the oppo-
site helix {molecules A, D, F, G, J, K, N, P, Q, and T) bends
moderately (8.9° on average) (Figure S2B). The sharply
bent helix of residues 108-120 shifts toward the N-termi-
nus by about 2 A, relative to the opposite moderately
bent helix (Figure S3). The aforementioned Ala-mediated
stagger and asymmetric contacts are also observed in
tropomyosin (Figure S3) and myosin (Brown et al.,, 2001,
2005) and may contribute to the bending and the func-
tional flexibility of the coiled-coil structure, respectively
(Figure 3B, and Figures S2B and S3).

Sec4p Binding Site

To determine how the simple coiled coil of the Sec2p GEF
domain binds Secdp to achieve guanine nucleotide ex-
change activity, we generated deletion mutants of the
Sec2p GEF domain (Figures 4A and 4B) and performed
a pull-down binding assay with GST-Sec4p. Since
Sec2y_150p interacts with the nucleotide-free Secdp, but
not with the GTP-bound Sec4p (Walch-Solimena et al.,
1997), the GTP-bound Sec4dp was used as a control for
nonspecific binding. In addition, to assess the structural
integrity of these deletion mutants, we measured the circu-
lar-dichroism (CD) spectra of the mutants, which revealed
that the helical contents of Sec2g5_160p and Sec2ss_142p
are lower than those of the other deletion mutants (data
not shown). The results of the in vitro binding assays
showed that Sec2iigop, Sec2zi_1eoP, S€C288-160P,
Sec21-142p, and Sec254-142p can bind with the nucleo-
tide-free Secdp, but Sec2gg.1e0P, S€C24.124p, and
Sec2es-142p cannot (Figures 4A and 4B). The binding defi-
ciencies of Sec2q0-1g0p and Sec2gg_142p are ascribable to
the partially unstructured helices based on the CD spectra
analysis. Furthermore, these deletion mutants lack most
of the interhelical contact region i (see above), which

Figure 4. In Vitro Secdp Binding and GEF Activities of Sec2p Mutants
(A) Pull-down assays of GST-Secdp and truncated mutants of Sec2p. The bound Sec2p mutants are shown by asterisk.

(B) Simplified diagram of (A).

(C) Pull-down assays of GST-Sec4p and point mutants of Sec2+...epp.

(D) PHIGDP release from GST-Sec4p, in the absence or presence of 30 nM wild-type and eight-point mutants of Sec2:_,gop.
(E) A proposed docking model of GDP-Sec4p (cyan and salmon) and the GEF domain of Sec2p (yellow and green). The Rab5:Rabaptin5 complex
structure used to generate the present docking model is presented. The labels and color codes are the same as in Figure 3C.
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may result in the disassembly of the coiled-coil dimer.
Thus, we concluded that the Sec4p-binding region of
Sec2p is located within residues 68-142.

The GEF Active Site Is Formed Across the Dimeric
Coiled-Coil Helices
In this anticipated Sec4p binding region of Sec2p (residues
68-142), residues 100-112 are especially conserved
among the diverse Sec2p homolog proteins (Brondyk
et al., 1995; Hattula et al., 2002; Luo et al., 2001) (Figures
1 and 3C). To identify the Sec4p-binding and catalytic res-
idues of Sec2p, we substituted Ala for the conserved
residues that are not involved in the Sec2p dimerization
(Figure 1). All of the Sec2y.4g0p poOInt mutants were well
expressed in a soluble form and were testedin in vitro bind-
ing assays with GST-Secdp (Figure 4C). The pull-down
assays revealed that the E102A, T105A, 8107A, E111A,
and E127A Sec24_10p mutants bound GST-Sec4p as effi-
ciently as the wild-type. In contrast, the E100A mutant was
scarcely bound with Secdp, and the L104A and F109A
mutants completely lost their Sec4p-binding activities.
Furthermore, we analyzed the Secdp GEF activity of
these Sec2_1e0p Mutants by measuring the dissociation
of 3H-labeled GDP from purified GST-Secdp incubated
with the Sec2p mutants (Figure 4D). The E100A, L104A,
and F109A mutations abolished the GEF activity on
Secdp, while the E102A and T105A mutants showed
moderately reduced GEF activity. Therefore, mutation of
Glu102 and Thr105 decreased the Sec4dp affinity to some
extent, which might adversely affect the nucleotide ex-
change activity. On the other hand, $107Amutation seems
to have significantly increased exchange activity over wild-
type. In contrast, the mutations of the other residues
(E111A and E127A) had little effect on the GEF activity.
Glu100 and Leul104 are clustered with Glu102, Thr105,
and Phe109 in the opposite helix, forming a GEF active
site lying across the dimeric coiled-coil helices (Figures
3C and 4E). Consistently, the aforementioned deletion
analysis suggested that dimer stabilization should be
required for the GEF activity.

Docking of Sec2p and Secdp

Many GTPase-interacting proteins have a-helical motifs,
whereas most of the GTPase binding regions lack a parallel
coiled coil. To date, only one structure of a coiled coil inter-
acting with a Rab GTPase was reported for the complex
between Rab5 and Rabaptins effector (Zhu et al., 2004)
(Figure 4E). Therefore, we used this complex structure to
generate the Sec2p:Secdp docking model: residues 90—
119 of Sec2p were superposed onto residues 807-836
of Rabapting, while the crystal structure of GDP-bound
Secdp (Stroupe and Brunger, 2000) was in turn super-
imposed onto the Rab5 structure with the program CE
(Shindyalov and Bourne, 1998). In this docking model,
the presently identified Sec4p-binding and catalytic resi-
dues {Glu100, Glu102, Leu104, Thr105, and Phe109) ap-
proach the Secdp switch | and Il regions. Most GEF pro-
teins interact with the switch regions of their respective
small GTPases, which surround the bound guanine nucle-
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otide, and induce conformational changes mainly in the
switch | region to release GDP (Boriack-Sjodin et al.,
1998; Goldberg, 1998; ltzen et al., 2006; Worthylake et al,,
2000). This fact may validate our Sec2p:Secdp complex
model.

These GTPase-binding and catalytic residues are con-
served in the mammalian Rab GEFs, Rabin8, and GRAB
{Figure 1). Furthermore, the amino acid segment encom-
passing residues 99-120 of Sec2p, which mostly cover
the Secdp binding region, are completely identical be-
tween Rabin8 and GRAB (Figure 1). Despite the sequence
identity, the specificity for Rab GTPases differs between
Rabin8 and GRAB; Rabin8 exchanges GDP for GTP on
Rab8, but not on Rab3A (Hattula et al., 2002), while
GRAB exchanges nucleoside on Rab3A (Luo et al,
2001). This Rab GTPase specificity is ascribable to the
residue corresponding to Asn98 in Sec2p since Asn@8 is
the only residue close to Sec4p other than the residues
99-120 in the present docking model. In our docking
model, Asn98 approaches Phe82 in the switch Il region
of Secdp (Figure 4E). The Sec2p Asn98 is replaced by
Gly in Rabing, while by Glu in GRAB (Figure 1). Consis-
tently, only a difference in the switch 1l region between
Rab3A and Rab8 is the substitution of Phe (Rab8) for
Tyrg4 (Rab3A) (Figure S4), which promptly corresponds
to the Phe82 of Sec2p. Therefore, our docking model
may further account for the Rab GTPase specificity by
the respective GEF proteins. Clarification of the detailed
mechanism underlying the GTPase specificity awaits the
structural determination of the Sec2p:Secdp complex,
which is now under way.

Concluding Remarks

To our knowledge, the Sec2p GEF domain is the first to
reveal a parallel coiled-coil structure possessing GEF ac-
tivity on a small GTPase. This apparently simple structure
achieves the Secdp binding and the guanine nucleotide
exchange activity on this small GTPase. Based on the
present structural and functional analyses, we can specu-
late that the coiled-coil GEF domain of Sec2p emerged by
divergent evolution from an ancestral Rab GTPase effector
with a homodimeric, parallel coiled coil.

EXPERIMENTAL PROCEDURES

Structure Determination and Refinement

Site-directed mutations were generated by PCR. The selenomethio-
nine-labeled triple mutant Sec23:-1e0p (Met115Leu, Lys121Met, and
Thr142Met) was crystallized at 20°C by the hanging drop vapor diffu-
sion method against a reservoir solution containing 50 mM TriseCl
(pH 7.5), 10 mM MgCl,, and 3% isopropanol. For data collection, the
crystals were transferred to a cryostabilizing solution (50 mM TriseCl
[pH7.5], 10 mM MgCly, 3.5% isopropanol, and 35% glycerol}, andflash
frozen in a 100 K nitrogen stream. The diffraction data set was collected
at the beamline BL5A at the Photon Factory (Tsukuba, Japan). Data
were processed with the programs Denzo and Scalepack (Otwinowski
and Minor, 1997). The structure was solved by single-wavelength
anomalous dispersion. At first, the crystal apparently belonged to the
space group P2,2,2,, with unit cell dimensions a = 101.93 A b=
176.56 A, ¢ = 181.45 A. Ten of the 20 possible selenium sites were
identified by the program SnB (Weeks and Miller, 1899). Refinement
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Table 1. Data Collection, Phasing, and Refinement

Statistics

SeMet
Data Coliection
X-ray source PF BL5A
Wavelength (A) 0.97934

o

Resolution (A}

Unigue reflections

50.0-3.0 {3.11-3.00)
65,695

Total reflections 655,708
Completeness 99.3(98.2)
7410)] 202(2.2)
Rsym 0.080 (0.422)
Phasing Statistics
Number of sites 10
Phasing power

Anomalous {acenirics) 0.662
Reuttis

Anomalous (acentrics) 0.895
Mean overall figure of merit

Acentric 0.15577

Centric 0.02503

After density modification 0.796
Refinement Statistics
Number of atoms: protein, water 19,028, 262
Luzzati coordinate error (A) 0.39
Crossvalidated Luzzati coordinate  0.46

error (A)
Rmsd bond length (A) 0.010
Rmsd bond angle {°} 1.3
Rmsd dihedral angle (°) 19
Rmsd improper angle (°) 0.61

B factors: minimum, average,
maximurm (A%

3.1, 138.1, 202.1

Residues in core region (%) 89.4
Residues in additionally allowed 10.6
region {%6)
Residues in generously allowed 0.0
region (%)
Residues in disallowed region (%} 0.0
Ruorks Rires” 0.229, 0.285

27.5% of the total unique reflections were randomly selected

for the Rye calculation.

of the selenium sites and phase calculation were carried out with the
program SHARP (De La Fortelle and Bricogne, 1997). Subsequent
phase improvement by solvent flipping was carried out with the pro-
gram Solomon {Abrahams and Leslie, 1996). The atomic model was
built with the program O {Jones et al., 1991). The model was refined
up to 3.0 A resolution with the program CNS (Brunger et al., 1988)

againstthe data processed with P2,2,2,, but the Ry, value was notim-
proved, and the resultant 2F, — F. map became worse than the exper-
imental map. We therefore suspected pseudosymmetry and expanded
the data from the P2.:2.2. space group to P2,. This assisted the refine-
ment procedure, but the Ry value was still around 35%. Finally, we
suspected pseudomerohedral perfact twinning. The introduction of
the twinning parameter to the refinement markedly improved the Ry,
values and the electron density map. Data collection, phasing, and re-
finement statistics are shown in Table 1. All molecular graphics were
prepared with the program PyMOL (http://pymol.sourceforge.net/).

In Vitro Binding Assay

For the nucleotide-free Secdp, GST-Secdp, immobilized on glutathi-
one-Sepharose beads, was incubated with 10 mM EDTA, 50 mM
TriseCl {pH 7.2}, 100 mM NaCl, and 1 mM DTT for 90 min at room
temperature and then was incubated with the Sec2p mutants, in 50
mM TriseCl (pH 7.2), 100 mM NaCl, and 1 miv DTT. For the GTP-bound
Secdp, GST-Secdp, immobilized on glutathione-Sepharose beads,
was incubated with 1 mM GTP, 10 mM EDTA, 50 mM TriseCl (pH
7.2), 100 mM NaCl, and 1 mM DTT for 90 min at room tempaerature,
and the reaction was terminated by adding 10 mM MgCl,. The GTP-
bound GST-Secdp was then incubated with several Sec2p mutants,
in 1 mM GTP, 10 mM MgCi2, 50 mM TriseCl (pH 7.2), 100 mM NaCl,
and 1 mM DTT. The proteins bound to the beads were released by
boiling in SDS loading buffer, analyzed by SDS-PAGE, and stained
with Coomassie brilliant blue.

Mucleotide Exchange Assays

GST-Secdp (2 uM) was preioaded with [PHIGDP, by an incubation in 50
mM HEPES-KOH (pH 7.4), 100 mM NaCl, 5 mM MgCl,, 1 mM DTT, 10
mM EDTA, 10 oM GDP, and [*H]GDP for 15 min at 30°C. After the incu-
bation, 10 mM MgCl, and 2 mM GTP were added, and the solution was
placed on ice to stop the reaction. Reactions were initiated by the
addition of 10 4 of 30 nM purified Sec2p or control buffer (50 mM
HEPES-KOH {pH 7.4], 100 mM NaCl, 5 mM MgCl,, and 1 mM DTT) to
10 pl of PHIGDP preloaded GST-Secdp. To reduce the intrinsically
high GDP release from GST-Sec4p, the reactions were conducted at
16°C. The reactions were stopped by adding 800 i of ice-cold 50
mM HEPES-KOH {pH 7.4), 100 mM NaCl, 5 mM MgCl,, and 1 mM
DTT. The Sec4p-retained radioactivity was monitored by filter binding,
followed by scintillation counting.

Supplemental Data
Supplemental Data include figures and legends and are available at
http://Awww.structure.org/cgi/content/full/15/2/245/DC1/.
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J Appl Physiol 102: 1007-1013, 2007. First published November 22,
2006: doi:10.1152/japplphysiol.01034.2006.—35'-AMP-activated pro-
tein kinase (AMPK) has been implicated in glycogen metabolism in
skeletal muscle. However. the physiological relevance of increased
AMPK activity during exercise has not been fully clarified. This study
was performed to determine the direct effects of acute AMPK acti-
vation on muscle glycogen regulation. For this purpose, we used an
isolated rat muscle preparation and pharmacologically activated
AMPK with 5-aminoimidazole-4-carboxamide- 1-B-n-ribonucleoside
(AICAR). Tetanic contraction in vitro markedly activated the «;- and
ax-isoforms of AMPK, with a corresponding increase in the rate of
3-O-methylglucose uptake. Incubation with AICAR elicited similar
enhancement of AMPK activity and 3-O-methylglucose uptake in rat
epitrochlearis muscle. In contrast, whereas contraction stimulated
glycogen synthase (GS), AICAR treatment decreased GS activity.
Insulin-stimulated GS activity also decreased after AICAR treatment.
Whereas contraction activated glycogen phosphorylase (GP), AICAR
did not alter GP activity. The muscle glycogen content decreased in
response to contraction but was unchanged by AICAR. Lactate release
was markedly increased when muscles were stimulated with AICAR
in buffer containing glucose, indicating that the glucose taken up into
the muscle was catabolized via glycolysis. Our results suggest that
AMPK does not mediate contraction-stimulated glycogen synthesis or
glycogenolysis in skeletal muscle and also that acute AMPK activa-
tion leads to an increased glycolytic flux by antagonizing contraction-
stimulated glycogen synthesis.

contraction: glycogen synthase: glycogen phosphorylase; epitrochle-
aris muscle: glycolysis

EXERCISE PROFOUNDLY AFFECTS glycogen metabolism by stimu-
lating glycogenolysis during exercise, which is followed by the
resynthesis of glycogen after exercise. Intracellular glycogen
plays a major role as a fuel for acute muscle contraction, and
its concentration is dramatically reduced in response to a single
bout of exercise (6, 14, 25, 38). The facilitation of glycogen
resynthesis after exercise causes a marked accumulation of
glycogen, ie., the well-known phenomenon of glycogen su-
percompensation. Similar (o exercise, insulin causes strong
glucose uptake and glycogen synthesis. Therefore, the increase
in insulin sensitivity in skeletal muscle after exercise also plays
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an important role in glucose metabolism (11, 25, 36). In
contrast to the physiological relevance of muscle glycogen, the
signaling mechanisms leading to the regulation of glycogen
synthesis and glycogenolysis in contracting muscle have not
been fully clarified.

Several aspects of the contraction-evoked metabolic events
in skeletal muscle have been shown to be related to 5'-AMP-
activated protein kinase (AMPK), including GLUT4 translo-
cation and glucose transport (1, 4, 18, 19, 27, 31, 32), fatty acid
oxidation via the inactivation of acetyl-CoA carboxylase (23,
32,41, 43), GLUT4 expression (7, 21, 22, 32, 35, 44, 48), and
insulin sensitivity (12, 24, 32). AMPK, a heterotrimeric serine/
threonine protein kinase, consists of a catalytic a-subunit and
regulatory - and «y-subunits. Two distinct a-isoforms, oy and
an, are expressed in skeletal muscle (39), and both isoforms
can be activated in response to muscle contraction (40). AMPK
is allosterically activated in response to an elevation in AMP
concentration or in the AMP-to-ATP ratio. It is also activated
when phosphorylated by upstream kinases (42, 46). Therefore,
it has been hypothesized that AMPK acts as an intracellular
energy sensor that plays a key role in regulating cellular
metabolism in skeletal muscle (9, 13, 18, 19, 23, 37, 41, 43).

Recent studies of natural and manipulated mutations in
AMPK suggest that chronic changes in AMPK action have
substantial effects on glycogen metabolism in skeletal muscle.
The glycogen concentration in the gastrocnemius muscles of
mice that muscle-specifically express a dominant-negative ki-
nase-dead form of the a-isoform is about half that observed in
nontransgenic mice (31), although glycogen synthase (GS)
activity and glycogen phosphorylase (GP) activity are not
significantly different between the transgenic and nontrans-
genic animals under basal conditions or after contraction (30).
The AMPK R225Q mutation in the PRKAG3 gene, which
encodes the muscle-specific isoform of the +ys-subunit of
AMPK, leads to increased glycogen accumulation in Hamp-
shire pig skeletal muscle (29). The amount of glycogen in the
gastrocnemius muscle is twofold higher in the R225Q
PRKAG3 transgenic mouse than in the wild-type mouse but is
unaltered in the PRKAG3-null mouse (5). In contrast, another
mutation has been identified in the pig PRKAG3 gene (V2241)
that is associated with low muscle glycogen (10). It has also
been suggested that mutations in PRKAG2, the gene for the
Y2-subunit of AMPK, cause glycogen-associated vacuoles (o
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form in myocytes, leading to a glycogen storage disease of the
cardiac muscle (2).

The physiological relevance of the acute elevation of AMPK
activity during exercise to muscle glycogen regulation has not
been fully elucidated. Halse et al. (16) reported GS inactivation
in accordance with AMPK activation after 2 h of glucose
starvation in the medium in human myoblast cells in cuiture.
They also showed that stimulation by 5-aminoimidazole-4-
carboxamide-1-B-p-ribonucleoside (AICAR) or hydrogen per-
oxide caused AMPK activation and concurrent GS inactiva-
tion. Wojtaszewski et al. (45) demonstrated that the addition of
AICAR 1o the circulation medium resulted in increased
AMPK-a, activity and decreased GS activity in perfused rat
skeletal muscles. AICAR is taken up into muscle cells and
metabolized to form ZMP, a monophosphorylated derivative
that mimics the stimulatory effects of AMP on AMPK without
changing the concentration of AMP or ATP (17). In fact, GS
Ser” can be phosphorylated and inactivated by AMPK in vitro
(8) and in vivo (26). Wojtaszewski et al. also found significant
activation of ao-AMPK and inactivation of GS when muscle
glycogen was depleted by prolonged exercise and restricted
diet. In contrast, repeated activation of AMPK by the admin-
istration of AICAR for 5-28 days increased glycogen concen-
tration in rat skeletal muscles (7, 21, 44). Aschenbach et al. (3)
demonstrated acute activation of AMPK-«, in red and white
gastrocnemius muscles in normal rats after a single intraperi-
toneal dose of AICAR. However, GS activity was reduced only
in white gastrocnemius muscle, whereas GS activity con-
versely increased in red gastrocnemius muscle (3). They also
made the contradictory observation that in vitro incubation
with AICAR had no effect on GS activity in isolated rat
muscles (epitrochlearis or flexor digitorum brevis) (3).

Therefore, we undertook the present study to elucidate the
direct effects of acute AMPK activation, which is comparable
to activation in contracting muscle on glycogenolysis and
glycogen synthesis in mature skeletal muscle. For this purpose,
we used an isolated rat muscle preparation and pharmacolog-
ically manipulated muscle AMPK with AICAR stimulation,
which allowed us to activate AMPK-a; and -0 to a level
similar to that observed after tetanic contraction in skeletal
muscle. We demonstrate that activation of AMPK, in contrast
to muscle contraction, does not cause GS or GP activation, nor
does it cause a decrease in muscle glycogen. We propose that
AMPK activation per se antagonizes glycogen synthesis in
contracting muscle and facilitates the regeneration of ATP via
glycolysis.

MATERIALS AND METHODS

Materials. All radioactive materials ([y-?P]JATP. 3-O-methyl-
[PHglucose, ['*Clmannitol, ["*CJUDP-glucose, and [¥Clglucose
{-phosphate) were obtained from Perkin Elmer Japan (Yokohama,
Japan), human insulin (Humulin R) from Eli Lilly (Indianapolis, IN),
P81 filter paper from Whatman (Brentford, UK), and protein A-
Sepharose from GE Healthcare Bioscience (Little Chalfont, UK). All
other reagents were of analytic grade and were obtained from Sigma-
Aldrich (St. Louis, MO), unless otherwise stated.

Animals. Male Sprague-Dawley rats (120-130 g body wt; Japan
SLC, Hamamatsu, Japan) were housed in an animal facility main-
tained at 20°C with a 12:12-h light-dark cycle and allowed free access
to water and standard rodent chow. After an overnight fast, the rats
were randomly assigned to experimental groups. The Kyoto Univer-

AMPK AND GLYCOGEN REGULATION IN SKELETAL MUSCLE

sity Graduate School of Medicine Committee on Animal Research
approved all experimental procedures.

Muscle sample preparation. Animals were killed by cervical dis-
location. The epitrochlearis muscles were rapidly isolated and incu-
bated as previously described (19). with some modifications. Briefly.
the muscles were preincubated for 40 min in 6 ml of Krebs-Ringer
bicarbonate (KRB) buffer, pH 7.4, containing 2 mM sodium pyruvate
(KRB-P). For the dose-response and time-course changes in AICAR-
stimulated AMPK activity, muscles were incubated in the absence or
presence of AICAR (0.03, 0.125,0.5. 2, or 8 mM) for 40 min or in the
presence of 2 mM AICAR for 10, 30, 40, or 60 min, respectively. On
the basis of these experiments, we decided to stimulate muscles with
2 mM AICAR for 40 min in other experiments (see RusuLTs). For
insulin treatment, muscles were preincubated and then incubated in
the presence of | uM insulin for 40 min. For epinephrine treatment,
muscles were preincubated and then incubated in the presence of
3 pg/ml epinephrine for the last 15 min of the incubation period (total
40 min). Muscle contractions were induced by preincubation of
muscles and then incubation in KRB-P for 40 min, followed by
electrical stimulation during the last 10 min, as described previously
(19) (1/min train rate, 10-s train duration, 100-Hz pulse rate, 0.1-ms
pulse duration, 100 V). The buffers were continuously gassed with
05% 0,-5% CO5 and maintained at 37°C. The muscles were then used
for glucose uptake measurements (see Glucose uptake) or trimmed
and immediately frozen in liquid nitrogen for other assays. For the
measurement of lactate release, we used KRB containing 8 mM
glucose during preincubation and stimulation. AICAR treatment and
muscle contractions were performed as described above.

Isoform-specific AMPK activity. AMPK activity was determined as
described previously, with slight modifications (40). Frozen muscles
were homogenized in ice-cold lysis buffer (1:60, wt/vol) containing
20 mM HEPES (pH 7.4), 1% Triton X-100, 50 mM sodium chloride.
50 mM sodium fluoride, 5 mM sodium pyrophosphate, 2 mM dithio-
threitol, 4 mg/l leupeptin, 50 mg/l trypsin inhibitor, 0.1 mM benza-
midine. and 0.5 mM phenylmethylsulfonyl fluoride and then centri-
fuged at 14,000 g for 20 min at 4°C. The supernatants (200 pg of
protein) were immunoprecipitated with isoform-specific antibodies
directed against the a;- or ao-subunit of AMPK (40) and protein
A-Sepharose beads. The immune complex was washed extensively
with 240 mM HEPES (pH 7.0) and 480 mM sodium chioride. Kinase
activity was determined by the phosphorylation of the SAMS peptide
(40). The kinase reaction was carried out in 40 mM HEPES (pH 7.0),
0.1 mM SAMS. 0.2 mM AMP. 80 mM sodium chloride, 0.8 mM
dithiothreitol, 5 mM magnesium chloride, and 0.2 mM ATP (2 pCi of
[v-32P]JATP) for 20 min at 30°C. The reaction products were then
spotted onto P81 filter papers, which were extensively washed in [ %
phosphoric acid. and the radioactivity on the dried papers was quan-
tified with a liquid scintillation counter (Aloka, Tokyo, Japan).

Glucose uptake. We evaluated 3-O-methylglucose (3-MG) uptake
as an index of glucose uptake activity. 3-MG uptake was determined
as described previously (19), with modifications. After the incubation
period. muscles were incubated in KRB containing 1 mM 3-MG. 1.5
uCi/mi [*HI3-MG, 7 mM mannitol, and 0.3 pCi/ml ['*C]mannitol at
30°C for 10 min. The muscles were then trimmed and frozen in liquid
nitrogen. The muscles were processed by incubation in 1 M NaOH at
85°C for 10 min, and the digestates were neutralized with HCI. The
radioactivity in aliquots of the digestates was determined by liquid
scintillation counting of dual labels, and the extracellular and intra-
cellular spaces were calculated. The rate of 3-MG uptake was ex-
pressed as micromoles of 3-MG per milliliter of intracellular space per
hour.

GS activiry. GS activity was determined as described previously
(19), with modifications. Frozen muscles were homogenized in lysis
buffer (buffer A) containing 20 mM HEPES (pH 7.4), 1% Triton
X-100, 50 mM sodium chloride. 50 mM sodium fluoride. 5 mM
sodium pyrophosphate. 2 mM EGTA, 50 mM B-glycerophosphate.
4 mg/! leupeptin, 10 pg/ml aprotinin, 3 mM benzamidine, and 0.5 mM
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