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AMP-activated protein kinase (AMPK) is a master metabolic regulator for controlling cellular energy
homeostasis. Its homolog in yeast, SNF1, is activated in response to glucose depletion and other stresses.
The catalytic (a) subunit of AMPK/SNF1, Snf1 in yeast, contains a protein Ser/Thr kinase domain (KD), an
auto-inhibitory domain (AID), and a region that mediates interactions with the two regulatory (b and c)
subunits. Previous studies suggested that Snf1 contains an additional segment, a regulatory sequence (RS,
corresponding to residues 392–518), which may also have an important role in regulating the activity of
the enzyme. The crystal structure of the heterotrimer core of Saccharomyces cerevisiae SNF1 showed inter-
actions between a part of the RS (residues 460–498) and the c subunit Snf4. Here we report biochemical
and functional studies on the regulation of SNF1 by the RS. GST pulldown experiments demonstrate
strong and direct interactions between residues 450–500 of the RS and the heterotrimer core, and sin-
gle-site mutations in the RS–Snf4 interface can greatly reduce these interactions in vitro. On the other
hand, functional studies appear to show only small effects of the RS–Snf4 interactions on the activity
of SNF1 in vivo. This suggests that residues 450–500 may be constitutively associated with Snf4, and
the remaining segments of the RS, as well as the AID, may be involved in regulating SNF1 activity.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

AMP-activated protein kinase (AMPK) is a central player in cellu-
lar responses to low energy levels, and is an attractive drug discovery
target against type 2 diabetes, obesity and other human diseases [1–
4]. The Saccharomyces cerevisiae homolog of AMPK, known as Su-
crose Non-Fermenting 1 (SNF1) [1], has similar functions as the
higher eukaryotic AMPKs [5]. AMPK/SNF1 proteins are conserved,
heterotrimeric (abc) enzymes in most eukaryotes [1–4]. The a sub-
unit consists of an N-terminal protein Ser/Thr kinase domain (KD)
[6,7], followed by an auto-inhibitory domain (AID) [8–10] and a re-
gion for interactions with the other two subunits (Fig. 1A). Thea sub-
unit of SNF1, known as Snf1, also contains a regulatory sequence (RS)
just after the AID in the primary sequence (Fig. 1A, and see below)
[11]. The b subunit serves as the scaffold of the heterotrimer, with
a C-terminal ac interacting region [12,13] and, immediately N-ter-
minal to it, a glycogen binding domain (GBD) [14–16], now also
known as the carbohydrate binding module (CBM) [17,18]. The c
subunit contains four cystathionine b-synthase (CBS) motifs, each
tandem pair of which is called a Bateman domain [19,20]. Each Bat-
ll rights reserved.
eman domain is capable of binding two molecules of AMP or ATP
[21–23], allowing AMPK to sense cellular energy levels.

Crystal structures of the heterotrimer core (missing the KD-AID of
the a subunit and an N-terminal segment of the b subunit) of Schizo-
saccharomyces AMPK, S. cerevisiae SNF1, and mammalian AMPK have
been reported recently (Fig. 1B) [24–27]. The structures show overall
similarity for their equivalent regions, and demonstrate intimate
interactions at the heterotrimer interface (Fig. 1B). The structure of
S. cerevisiae SNF1 contains two additional regions, the CBM in the
Sip2 b subunit and part of the RS in the Snf1 subunit (Fig. 1B) [25].
The RS (residues 392–518 of Snf1) was originally identified from
yeast two-hybrid and biochemical assays, which indicated that this
region of Snf1 interacted with both Snf4 and the Snf1 KD [11]. Muta-
tion of Leu470 to Ser in the RS abolished interactions with Snf4 but
had no effect on interactions with the KD in two-hybrid assays
[11]. In the structure, residues 460–498 of the RS have tight interac-
tions with Snf4 (Fig. 1B), and Leu470 has a major contribution to this
interface (see below). Another study showed that deletion of resi-
dues 381–488 renders Snf1 independent of Snf4 for activation
[28], although this segment also contains a part of the AID.

The fact that the RS can interact with both Snf4 and Snf1 KD
lead to the model that it may help regulate SNF1 catalytic activity
[11,25]. Here we present biochemical data from GST pulldown
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Fig. 1. Structure of the S. cerevisiae SNF1 heterotrimer core. (A) Domain organizations of the a1 subunit of mammalian AMPK, and the Snf1 a subunit, the Sip2 b subunit, and
the Snf4 c subunit of S. cerevisiae SNF1. The protein kinase domain (KD) is in black, auto-inhibitory domain (AID) in blue, the regulatory sequence (RS) in red, and the
carbohydrate binding module (CBM) in cyan. (B) Overall structure of the heterotrimer core of S. cerevisiae SNF1 [25], colored as in panel A. The KD-AID of Snf1 is missing in
this structure. The structure figures were produced with PyMOL (www.pymol.org). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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experiments demonstrating strong, direct interactions between
residues 450–500 of the RS and Snf4 in vitro, in agreement with
the structural observations. On the other hand, the functional stud-
ies have so far only revealed small effects of these interactions on
the activity of SNF1 in vivo. This suggests that residues 450–500
may be constitutively associated with Snf4, and the remaining seg-
ments of the RS, as well as the AID, may be involved in regulating
SNF1 activity.

2. Materials and methods

2.1. Protein expression and purification

Residues 450–500 of Snf1 were sub-cloned into the pGEX5X-1
vector (GE Healthcare) and over-expressed in Escherichia coli
BL21-Gold (DE3) cells (Stratagene) at 20 �C. The GST-fusion pro-
tein, GST-RS, was purified by glutathione affinity and gel filtration
chromatography. The heterotrimer cores of SNF1, with or without
the CBM of Sip2, were co-expressed using a polycistronic expres-
sion system in the pET28a vector (Novagen) and purified by nickel
affinity and gel filtration chromatography [25]. Both heterotrimers
were concentrated to 10 mg/ml in a solution containing 50 mM
Tris (pH 8.5), 150 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol,
and stored at �80 �C.

2.2. GST pulldown assays

Forty-five micrograms of GST-RS fusion protein was incubated
with 20 ll glutathione beads for 1 h at 4 �C in a binding buffer con-
taining 50 mM Tris (pH 8.5), 150 mM NaCl, 5 mM DTT, and 5% (v/v)
glycerol. The heterotrimer core of SNF1 was added, and the mix-
ture was incubated for 3 h. The beads were centrifuged, resus-
pended with 1000 ll of the binding buffer to wash, centrifuged
again, and the supernatant removed. Bound protein was eluted
with the binding buffer supplemented with 20 mM reduced gluta-
thione. Samples were resolved by SDS–PAGE and the proteins visu-
alized using Coomassie blue or silver staining.
2.3. Expression of mutant Snf1 and Snf4 proteins in yeast

Centromeric plasmid pCE108 expressed Snf1 from its native
promoter [29]. Mutations were introduced into pCE108 by site-di-
rected mutagenesis [30] and confirmed by sequencing. Plasmids
expressing wild-type and mutant Snf4 from its native promoter
have been described previously [31]. Proteins were expressed in
S. cerevisiae strain MCY5713 (W303-1A snf1D10 snf4D::kanMX4).

2.4. Immunoblot analysis

Yeast cultures were grown to exponential phase (A600 of 0.7) in
selective synthetic complete (SC) medium containing 2% glucose.
Cells were harvested by rapid filtration and either frozen in liquid
nitrogen or resuspended in medium containing 0.05% glucose for
10 min, collected, and frozen. Cell extracts were prepared from
two or three independent cultures as described [32]. SNF1 was par-
tially purified on DEAE-Sepharose (GE Healthcare), separated by 8%
SDS–PAGE and analyzed by immunoblotting using anti-phospho-
Thr172-AMPK (Cell Signaling Technologies) and anti-polyHistidine
(Sigma) antibodies. ECL Plus (GE Healthcare) was used for
visualization.

3. Results and discussion

3.1. Analysis of the RS–Snf4 interface

Residues 460–498 of the RS show extensive interactions with
Snf4 in the structure of the S. cerevisiae SNF1 heterotrimer core
(Fig. 1B) [25], which are predominantly hydrophobic in nature,
but also include a small, anti-parallel b-sheet between residues
467–469 of RS and 270–275 (b4A) of Snf4 (Fig. 2A). This segment
of RS lies in a shallow groove on the surface of the heterotrimer
core (Fig. 2B), and approximately 1100 Å2 of its surface area is bur-
ied in the interface. A number of residues in this interface have
>50 Å2 surface area burial, including Thr466, Val467, Ile469,
Leu470, Ser473, Pro475, His478, Met482, and Ile493. Met482 of
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Fig. 2. The RS–Snf4 interface in S. cerevisiae SNF1. (A) Schematic drawing showing detailed interactions at the RS–Snf4 interface in the structure of the heterotrimer core of S.
cerevisiae SNF1 [25]. (B) The Snf1 RS is located in a shallow groove on the surface of the heterotrimer core, colored as in Fig. 1B. (C) Sequence alignment of the Snf1 RS among
fungal SNF1 enzymes, including S. cerevisiae (Sc), Candida albicans (Ca), Debaryomyces hansenii (Dh), Kluyveromyces lactis (Kl), and Pichia stiptis (Ps). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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the RS interacts with a methionine residue in Snf4, Met262, which
has 153 Å2 buried surface area in the interface (Fig. 2A). Other res-
idues in Snf4 that contribute significantly to the buried surface are
Ile233, Glu259, Arg263, Asp266, Val271, Tyr272, Thr273, and
Thr282.

To assess the biochemical and functional importance of the RS–
Snf4 interface, we created the V467R, L470S, and M482A mutants
in the RS, and the M262A mutant in Snf4. The L470S mutation
was identified earlier to disrupt Snf1–Snf4 interactions in yeast
two-hybrid assays [11]. As a control, we generated the E228K mu-
tant of Snf4. This residue is located on the surface of Snf4, far away
from the RS–Snf4 interface.

This segment of the RS (especially residues 465–482) is highly
conserved among many fungal species (Fig. 2C), with the exception
of S. pombe, which appears to support its potential functional
importance. On the other hand, metazoan AMPKs appear to be
missing most of this segment, suggesting that its function may
be restricted to lower eukaryotes.

3.2. Biochemical evidence for direct interactions between Snf1 RS and
heterotrimer core

To obtain experimental evidence for direct interactions be-
tween the Snf1 RS and Snf4 in the heterotrimer core, we expressed
residues 450–500 of Snf1 as a GST-fusion protein (GST-RS) and
examined by GST pulldown assays the interactions between it
and a heterotrimer core that is missing this segment of the RS
and the CBM of Sip2. The GST-RS showed strong interactions with
this heterotrimer core, as evidenced by visualization on a Coomas-
sie-stained SDS gel (Fig. 3A). As a control, GST alone showed no
interaction with the heterotrimer, even with a dose as high as
400 lg (Fig. 3A), demonstrating the specificity of the interactions.

We next examined the effects of single-site mutations in the
RS–Snf4 interface on their interactions. GST-RS proteins carrying
the V467R, L470S, or M482A mutation showed greatly reduced
affinity for the heterotrimer core (Fig. 3B). Similarly, the heterotri-
mer core carrying the M262A mutation in Snf4 also showed signif-
icantly reduced interaction with wild-type GST-RS (Fig. 3C). In
contrast, the control mutation in Snf4, E228K, had no effect on
the interaction with GST-RS (Fig. 3C).

The pulldown experiments described above used a Sip2 variant
that is missing its CBM. We repeated some of the pulldown assays
utilizing a heterotrimer core that includes the CBM and obtained
essentially the same results (data not shown). Therefore, the
CBM is unlikely to be involved in regulating RS–Snf4 interactions.
Overall, these results from the GST pulldown experiments are con-
sistent with the structural data on the SNF1 heterotrimer core
(Fig. 1B), and confirm that strong, direct interactions between the
RS and Snf4 also occur in solution.

We also attempted to demonstrate the direct interactions be-
tween the CBM and the heterotrimer core (Fig. 1B) by GST pull-
down experiments. The CBM of Sip2 was expressed and purified
as a GST-fusion protein, and its interactions with a heterotrimer
core lacking the CBM were examined. We were not able to observe
any binding between the two proteins by GST pulldown experi-
ments (data not shown). Based on the structural information, the
CBM–Snf4 interface is not as extensive as the RS–Snf4 interface,
with about 650 Å2 of the surface area of CBM buried here, suggest-
ing weaker interactions between the two proteins.

3.3. Evidence for only one strong binding site for Snf1 RS (residues
450–500) in the heterotrimer

As biochemical data suggest that the RS can interact with both
the Snf1 KD and Snf4 [11], it may be expected that there are two
binding sites for the RS in the SNF1 heterotrimer. Our structural
and GST pulldown data have identified the binding site in Snf4.
To examine whether there is a second binding site for the RS, pos-



Fig. 3. Biochemical evidence for direct interactions between Snf1 RS and Snf4. (A) GST pulldown experiments showing the interactions between wild-type GST-RS protein
and the heterotrimer core of SNF1 that is missing the RS. GST alone showed no interactions. (B) Single-site mutations in the Snf1 RS, V467R, L470S, or M482A, are able to
greatly reduce RS–Snf4 interactions. (C) A single-site mutation in Snf4, M262A, also disrupts RS binding. The control mutation, E228K, has no effect on the interactions. (D)
GST pulldown experiments showing only weak interactions between wild-type GST-RS protein and the heterotrimer core (with RS) or the entire heterotrimer of SNF1.

Fig. 4. Effect of RS mutations on Snf1 phosphorylation in vivo. Wild-type (WT) and
mutant Snf1 and Snf4 proteins, as indicated, were expressed in snf1D snf4D cells.
Cells were grown to mid-log phase in selective SC plus 2% (high, H) glucose, and an
aliquot was harvested by rapid filtration. Another aliquot was harvested, resus-
pended in SC plus 0.05% (low, L) glucose for 10 min, and harvested by rapid
filtration. Partially purified SNF1 was analyzed by immunoblotting with anti-
phospho-Thr172-AMPK antibody to detect phosphorylated Thr210 (pT210) of Snf1
and, on a separate blot, with anti-polyhistidine antibody to detect Snf1 protein.
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sibly in the KD, we performed GST pulldown experiments using
GST-RS protein (containing residues 450–500) and the entire
SNF1 heterotrimer. A heterotrimer core, missing the KD-AID but
containing the RS of Snf1, was used as the control.

As expected, weak interactions were observed in the pulldown
experiments using the heterotrimer core (with RS, Fig. 3D). Inter-
estingly, only weak interactions were observed in the pulldown
experiments using the entire heterotrimer also (Fig. 3D). This dem-
onstrates that there may be only one strong binding site for this
segment of the RS, residues 450–500, in the SNF1 heterotrimer,
and this binding site is located in Snf4. It could be possible that
binding to Snf1 KD is mediated by the C-terminal segment of RS,
residues 496–518, as suggested by earlier data [11]. We were how-
ever unable to express the entire RS as a GST-fusion protein to car-
ry out pulldown experiments.

3.4. Functional effects of mutations in the RS–Snf4 interface

To test the functional significance of the interactions between
the RS and Snf4 in vivo, we introduced mutations in this interface
into SNF1 and SNF4. The mutant proteins were expressed from
their native promoters on centromeric plasmids in snf1D snf4D S.
cerevisiae cells. Cultures were grown to exponential phase in med-
ium containing high (2%) glucose, an aliquot was collected, and
cells were then subjected to glucose depletion by shifting to med-
ium containing 0.05% glucose for 10 min. Cells were harvested by
rapid filtration to maintain the phosphorylation state of Snf1, and
extracts were prepared and assayed for SNF1 catalytic activity
and phosphorylation of Thr210. Cells expressing the V467R,
L470S, or M482A mutant of Snf1 and either wild-type Snf4 or the
M262A mutant showed no defect in glucose inhibition of SNF1 or
activation of SNF1 in response to glucose depletion (data not
shown). We then introduced all four mutations into the same cell,
involving a triple mutant (V467R/L470S/M482A) of Snf1, and still
observed no defect in regulation of phosphorylation or SNF1 activ-
ity under the condition tested (Fig. 4 and data not shown). Intro-
duction of a further mutation into Snf1, R479A, also failed to
produce a significant phenotype (Fig. 4).

In yeast, SNF1 activity is inhibited in high glucose conditions, and
is activated when the cells are shifted to low glucose. Snf4 is required
for this activation in response to glucose depletion [29,33,34]. How-
ever, deletion of C-terminal residues of Snf1, from 309 or 392 to the
C-terminus or residues 381–488, renders it independent of Snf4 for
activation. This suggests that Snf4 may counteract Snf1 auto-inhibi-
tion by its C-terminal segment [11,28,29], and it also implies that
there may be interactions between the two subunits, which were
shown by yeast two-hybrid assays [11]. While our structural and
biochemical data demonstrated direct and strong interactions
between residues 450–500 of RS and Snf4 (Fig. 3A) [11,25], the
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functional studies appear to suggest that disruption of this RS–Snf4
interface has only a small effect on SNF1 activity.

Overall, the experimental data suggest that the segment of RS
that we studied here, residues 450–500, may have constitutive
interactions with Snf4, and may not be involved in regulating the
activity of the SNF1 heterotrimer. At the same time, the functional
importance of the entire RS (residues 392–518) was demonstrated
by earlier studies [11]. Further experiments are needed to establish
the molecular mechanism by which this entire RS contributes to
the regulation of SNF1 activity.
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