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zyme activity. AMP has been found to stimulate hydroxymethMammalian AMP-activated
ylglutaryl-CoA reductase phosphorylation(3). While the physiProtein Kinase Shares Structural ological significance of hydroxymethylglutaryl-CoA reductase
byphosphorylation
remains equivocal, there is
and Functional Homology with regulation
strong evidence that liver acetyl-coA carboxylase, the ratelimiting enzyme in fatty acid synthesis, isregulated by phosthe Catalytic Domainof Yeast
the
phorylationinvolvingseveralproteinkinasesincluding
Snfl Protein Kinase*
AMP-activated proteinkinase (4-7) and a Mn2+-dependentpro(Received for publication, November 5, 1993)
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tein phosphatase (8). The AMP-activated protein kinase has
also been shown to phosphorylatethe hormone-sensitive lipase
(9), leading tothe concept that this enzyme playsa coordinating role i n lipid metabolism (1).In addition to allosteric control
to
by AMP, the AMP-activated proteinkinase is also thought be
regulated by phosphorylation by another protein kinase
(4). We
have observed that insulin treatment of Fao hepatoma cells
leads to the simultaneous inhibition
of the AMP-activated protein kinase and activation of acetyl-coA carboxylase (10).

The AMP-activated protein kinase is responsible for
EXPERIMENTALPROCEDURES
the regulation of fatty acid synthesis by phosphorylaPurification-The
AMP-activated protein kinase was purified from
tion of acetyl-coAcarboxylase. Itmay also regulate cholesterol synthesis via phosphorylation and inactivation porcine liver using a modification of the procedure reported for rat liver
of hormone-sensitive
lipase and hydroxymethylglutaryl- (11)using the same buffers. Liver (1 kg) was homogenizedin 4,000 ml
CoA reductase. We have purifiedthe "activated
pro- of buffer. A 2.5-7.0% (w/v) PEG' 6000 fraction was prepared and the
fraction batched onto 1,500 ml of DEAE-cellulose (Whatman)
tein kinase 14,000-fold from porcine liver. The 63-kDa resultant
and eluted with buffer containing 0.25 M NaCl (2,000 ml). The eluate
catalytic subunit co-purifieswith two proteins of40 and was chromatographedon 150 ml of Blue Sepharose (Pharmacia) and the
38 kDa that may function as subunits. Partial amino acid
AMP-activated protein kinase eluted with buffer containing 1 M NaCl.
sequenceof the 63-kDasubunitrevealeda
striking The enzyme fraction was concentrated and desalted by 10% (w/v) PEG
homology with the catalytic domain of
the yeast protein 6000 precipitation prior to chromatography by peptide substrate affinkinase transcriptionalregulator Snfl and its plant ity chromatography (12).2The peptide substrate affinity column was
X-100 and 0.5
homologs. The S n f l (72 kDa) and Snf4 (36 kDa) complexwashed with the same buffer containing 0.1% (v/v) Triton
was also purified and foundto phosphorylate the AMP- M NaCl and the AMP-activated protein kinase eluted with this buffer
activated protein kinase peptide substrate,HMRSAMS- containing 2 M NaCl and 30% (v/v)ethylene glycol.
Acetyl-coA carboxylase was
prepared from membrane-free yeast exGLHLVKRR-amide, butwas notactivated by AMP. Both
tracts using avidin affinity chromatographyand gel chromatographyon
Snfl/4 and the "activated
protein kinase phospho- Sepharose 6B. The purified acetyl-CoAcarboxylasemigrated as a single
rylate and inactivate yeast acetyl-coA carboxylase in band on SDS-PAGE (Fig. 1C). Acetyl-coA carboxylase wasassayed by
vitro. These results indicate that during evolution the the incorporation of [14ClHC0,into acid-stable products as described
catalytic domain sequences of the S n f l protein kinase (8). Purified acetyl-coA carboxylase (3.5 pmol,specific activity 9.1
subfamily have been exploited in the control ofmamma- pmol.rnin-'.mg-') was incubated with various concentrations of Snfll4
lian lipid metabolism andraise the possibilities that the kinase or AMP-activated protein kinase in buffer containing 50 mM
HEPES buffer, pH 7.5, 1 m~ dithiothreitol, 10 mM MgC12,2 mM sodium
AMP-activatedprotein kinase may haveothersubcitrate, 1 mg/ml bovineserum albumin in the presence or absence of 200
strates involved in regulatinggeneexpressionpathways, as well as Snfl homologs participatingin the con- 1.1~AMP. The reactions were initiated by adding 200 p~ ATP and at the
completion of the 60-min incubation at 30 "C, sodium [l4C1HCO3,acetrol of lipid metabolismin many eukaryotic organisms. tyl-coA, additional ATP, buffer, and bovine serum albumin were added
The AMP-activated protein kinase is thought to play a key
regulatory role in the synthesis of fatty acids and cholesterol
(reviewed in Ref. 1). It has been recognized for a number of
years that hydroxymethylglutaryl-CoAreductase is regulated
by protein phosphorylation ( 2 ) , leading to a reduction in en-
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to achievethe concentrations described under the acetyl-coA carboxylase assay conditions. For32Pradiolabeling, acetyl-coAcarboxylase (3.5
pmol) was phosphorylated in the same buffer in the absence of bovine
(1,000 cpm/pmol).
serum albumin with 0.2 m~ [Y-~~PIATP
The Snfl/4 complex was purified from
fresh compressedbakers' yeast
(Saccharomyces cereuisiae) following freezing in liquid nitrogen and
homogenizingwith 100 g of 0.2-mm glass beads in a Waring blender for
approximately 5 min. Liquid nitrogen was added during the homogenization at 1-min intervals. The dry, frozen yeast powder was extracted
for 3 min in 300 ml of 20m~ Tris.HC1 buffer, pH
8.0,2 M NaCl, 0.2% (v/v)
Tween 20, 10 mM 2-mercaptoethanol, 1 m~ EDTA, 1 m~ EGTA, 5 mM
sodium pyrophosphate, 50 mM NaF, 5 pg/ml soybean trypsin inhibitor,
0.1 mM phenylmethylsulfonylfluoride, and 1 mM benzamidine.The
homogenate was centrifuged at 17,700 x g for 20 min and the pellet
discarded. The supernatant was adjusted t o 7% (w/v) PEG 6000(using
28% (w/v) aqueous PEG) and stirred at 4 "C for 30 min. Following
centrifugation at 4,500 x g for 20 min,the pellet was dissolvedin 300 ml
The abbreviations used are: PEG, polyethylene glycol;PAGE, polyacrylamide gel electrophoresis.
D. Stapleton, K. I. Mitchelhill, G.Gao, C. House, B. Michell, F.
Katsis, L. A. Witters, and B. E. Kemp, manuscript in preparation.
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A

fie. 1. SDS-PAGE of the AMP-activated protein kinase Snfl and acetylCoA carboxylase. The gradient acrylamide gel ( 5 1 5 % (w/v))was stained with
AMpap~
Coomassie Blue. h
n
e A is 80 pg of purified
AMP-activated
protein kinase (pre63kDa+
parative scale),lane B is 3 pg of the SnW4
kinase, and lane C is 1 pg of the yeast
acetyl-coA carboxylase.
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of buffer A (20 nm HEPES buffer, pH 7.0,containing 0.01% (v/v)'heen
20, 10 m~ 2-mercaptoethanol containing 0.1 nm phenylmethylsulfonyl
fluoride and 1nm benzamidine) and the insoluble material removed by
centrifugation a t 4,500 x g for 20 min. The supernatant was chromatographed on 50 ml of DE-52-cellulose (Whatman) equilibrated with
buffer A. The resin was washed on a sintered glass funnel with 200 ml
of equilibration buffer and washed with 100 ml of buffer A containing
0.1 M NaCl, and then the enzyme activity was eluted with 200 ml of
buffer A containing 0.5 M NaCl. The eluate was adjusted to 5 m~ imidazole and stirred for 30 min with 20 ml of nickel-nitrilotriacetic acidagarose (Qagen)equilibrated with 20 nm HEPES buffer, pH7.0,lO m~
2-mercaptoethanol, 0.01%(v/v)Tween20,250
m~ NaCl, and 5 m~
imidazole. The resin was washed with 100 ml of the equilibration buffer
on a sintered glass funnel, transferred to a column, and washed with 50
ml of 20 n m HEPES buffer, pH 7.0,containing 10 nm 2-mercaptoethanol, 0.05% (v/v) Tween
20,0.05% (v/v)Triton X-100, 1M NaCl, and 25 m~
imidazole and then with 50 ml of 20 nm HEPES buffer, pH 7.0, containing 10nm 2-mercaptoethanol,0.5 M NaCl, and 50 m~ imidazole a t
1 ml/min. The enzyme activity was eluted a t 0.2 ml/min with 20 m~
HEPES buffer,pH7.0,
containing 10
2-mercaptoethanol, 0.01%
(v/v) Tween 20, 2 M NaCl, and 150 m~ imidazole; 1-ml fractions were
collected and assayed for peptide kinase activity. The active fractions
were pooled, made up to 30% (v/v)with ethylene glycol, and stored a t
-20 "C.
Protein Kinase Assays-The AMP-activated protein kinase was assayed as described previously (13) wing theSAMs peptide substrate,
HMRSAMSGLHLVKRR-amide. The enzyme was diluted in diluting
buffer (20 nm HEPES, pH 7.0, 0.1% (v/v) Triton X-100) prior to assay,
and the reactions were initiated by adding 10 pl of diluted enzyme to the
reaction mixture containing peptide substrate. The reactions were
stopped by withdrawing 30-pl aliquota and applying to P-81 papers as
previously described (14).
Protein Sequencing"The AMP-activated protein kinase was precipitated using 6% (w/v) trichloroacetic acid, and then theprecipitate was
washed with 20% (v/v) ethanol in ether, dried, and dissolved in SDS
sample buffer. Samples were subject to 12.5% (w/v) PAGE,stained with
Coomassie Blue,destained, and dried from 5% (v/v) glycerolin water.
Stained protein bands were either excised from the dried gels and
rehydrated in 500 pl of200 nm Tris.HC1 buffer, pH 8.5, 10% (v/v)
acetonitrile with 2 pg of modified trypsin (sequencing grade, Promega)
and incubated overnight with shaking a t 37 "C or the digestions were
done in a cartridge as described previously(15) and applied directly to
the reversed phase column. In the former case, the supernatant was
removed and the gel pieceswere washed sequentially with 500 pl of 6 M
guanidine hydrochloride, 500 pl of 5% (v/v)trifluoracetic acid (Pierce
Chemical Co.), and 500 pl of 6 M guanidine hydrochloride. Each wash
was achieved by sonication for30 min (samples floating in a sonicating
water bath), followed bycentrifugation and removal of the supernatant.
Supernatants were pooled, filtered through a 0 . 4 5 - p filter and chromatographed on a Hewlett Packard model 1090 liquid chromatograph
with monitoring at 214 and 280 nm and manual peak collection. Initial
chromatographywas performed ona Brownlee RP-300C, column (2.1 x
250 mm; Applied Biosystems) and selected peaks were re-chromatographed on a 2.1 x 30-mm Hypersil column ( 5 - p ODS CIS; Phenomenex). Bothchromatographies were developedwith a 040% Wv) acetonitrile (Mallinckrodt)gradient in 0.1% (v/v)trifluoracetic acid a t 100
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flmin. Purified peptides were subject to pulsed liquid phase protein
sequencing on an Applied Biosystems model 471AProtein Sequencer.

RESULTS
Porcine "activated
protein kinase was purified 14,000fold using three chromatography steps, including DEAE-cellulose ion-exchangechromatography, Blue Sepharose chromatography and peptide substrate affinity chromatography (12). The
yield of purified enzyme vaned in the
range 100-400 pg from 1
kg of porcine liver and hada specific activity of approximately
11 pmol.min".mg" using the SAMS-peptide substrate (13).
This specific activity is similar to the catalytic subunit of the
cAMP-dependent protein kinase with Kemptide as substrate
(15 pmol-min".mg') and is therefore unlikely to be due to a
minor component of the purified protein preparation. SDSPAGE of the purified enzyme preparation revealed that it contained three proteins of 63,40, and 38 kDa (Fig. lA). The 40and 38-kDa proteins were present in approximately equimolar
amounts to the 63-kDa protein based on visual comparison of
the Coomassie Blue staining and were present in the same
relative abundance in allpreparations. In our attempts to purify the rat liver "activated
protein kinase using the procedure previously reported (111, the purity and quantity of enzyme was insufficient to definitely recognize that the 38- and
40-kDa proteins were specifically associated with the 63-kDa
protein. Reinspection of the polyacrylamide gels reveals that
they were always present along with many other proteins. The
63-kDa porcineprotein was isolated by SDS-PAGE and partial
amino acid sequence analysis obtained using peptides derived
from tryptic and Asp-N protease digestions. The protein sequence obtained showed a striking homology to the yeast Snfl
protein kinase described previously (16) and planthomologs of
Snfl. The resultingpeptide sequences could bealigned over the
entire catalytic domain of Snfl (Fig. 2, Snfl(62-294)).Sequence
comparison with Snfl(47-325) revealed 66% identity and 75%
if conservative substitutions were included. In the core of the
catalytic domain the identity over 54 residues was 81%. Since
Snfl is 633 residues and migrates on SDS-PAGE with an apparent mass of 72kDa (Fig. 1B ) and theAMP-activatedprotein
kinase is 63 kDa, we expect it to have approximately 554 residues, closer in length to the planthomologs ofSnfl thatvary in
size from 502 (RKIN1 from rye grass; Ref. 17) to 512 ( h b i dopsis homolog; Ref. 18)or 513 residues (barley homolog; Ref.
19). Outside the catalytic core only two
peptide sequences could
be confidently aligned and additional peptide sequences totaling 120 residues could not be unequivocally aligned. For these
peptides a search of the protein sequence data bases revealed
there was no strong homology to other known mammalian pro-
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FIG.
2. Sequence comparison between Snfl kinase and pep
tides derived from the AMP-activated protein kinase 63-kDa
subunit. The 63-kDa fragment wasproteolyzed and the resultantpeptides purified and sequenced a s described under "Experimental Procedures." Where peptide sequences of independent peptide isolates were
determined two or three times, they areunderlined. The yield of phenylthiohydantoin-derivativesvaned from 10-40 pmol with repetitive sequencing yields of greater than 90%. Approximately half the peptides
were not readily aligned to the catalytic core and are presumed to be
part of the COOH-terminal sequence.

FIG.
3. Effect of phosphorylation on acetyl-coA carboxylase
activity.Panel A, acetyl-coA carboxylase was preincubated with either
100 ng of the AMP-activated protein kinase or175 ng of SnW4 kinase
in thepresence or absence ofAMP. Panel B , time course of inactivation
of acetyl-coA carboxylase by Snfl. Results shown are the average t
range for duplicate determinations, and the experiment has been repeated three times with similar results. The incorporation
of PPIphosphate into acetyl-coA carboxylase is shown in the autoradiograph
inset.

a 60-kDa protein band present in a placental scatter factor
preparation (i.e.hepatic growth factor) (21),had the sequence
IETYHNLLEGGQEDFE that aligns to Snfl(359-375) shown in
Fig. 2. Furthermore, a polymerase chain reaction fragment
generated during amplification of the Drosophila P-adrenergic
receptor kinase that hadpoor homology to the receptor kinase
family contained the sequence DLKPKNLLLDHNMHAKIADFGLSNMMLDGEFLR, which aligns to Snfl(177-209) (17) and
tein kinases. The sequence relationship between the 63-kDa may represent a part of the Drosophila homolog of Snfl.
catalytic domain of the AMP-activated protein kinase and Snfl The partialAMP-activated protein kinase sequence obtained
raised the questionof whether Snflwas able tophosphorylate encompassed the GXGXYG motif of the ATP-binding domain
and inactivate yeastacetyl-coA carboxylase. Since Snfl hasa and extended beyond the end of the catalytic domain to the
naturally occurring11-residue Hisrepeat, we purified the HEWFK sequence adjacent to the I a-helix in the CAMP-deSnfl/4 complex using nickel chelation chromatography. Fol- pendent protein kinase structure (22). We have not tried to
lowing purification, the Snfl preparationcontained two major model the Snfl protein kinase sequence or the AMP-activated
protein bands of 72 and 36 kDa, as well as a variable amount protein kinase sequence on the three-dimensional structure of
of a 50-kDa protein minor component (Fig. lB). The 72- and the CAMP-dependent protein kinase (23), but inspection of the
36-kDa proteins corresponded to the masses of Snfl (16) and sequence reveals that both protein kinases contain Glu resiSnf4 (20) reportedpreviously. The identities of Snfl and Snf4 dues corresponding to Glu-127 and Glu-170, involved in recogwere confirmed by Edman sequence analysis of tryptic pep- nition of Arg residues at theP-2 and P-3 positions, but do not
tides. Following tryptic digestion of the 72-kDa band, the pep- contain an acidic residue equivalentto Glu-230. These results
suggest the possibility that at least one basic residue in proxtide, NLGAEXAKPSEE, corresponding toresidues 527-539
(KNLGAEWAKPSEE) was obtained from two independent imity to the phosphorylation site may be important for subpreparations of Snfl. Two other peptides, LIMELAVNS and strate recognition. Furthermore, they do not contain an equivFLSPGAAGLIK, were sequenced from the 72-kDa band, corre- alent residueto Glu-203 and therefore would not be expected to
sponding to Snfl residues 622-630 and 274-284, respectively. recognize a more distal Arg in theP-6 position. Compared to the
The Snf4 tryptic peptides obtained were TSYDV (Snf4(3&34)) CAMP-dependent protein kinase, Snfl and the AMP-activated
and YILLGSN (Snf4(316-322)). Furthermore, both co-purified protein kinase havemore polar residuesin thebinding pockets
P-11 positions that are importantfor high
through thepeptide substrate affinity column designed for the for the the P+l and
AMP-activated protein kinase. Previously, Celenza et al. (20) affinity hydrophobic interactions between the CAMP-dependhad shown that Snfl and Snf4 areassociated on the basis of ent protein kinase and itsinhibitor peptide (24). These differco-immunoprecipitation experiments. Our results demonstrate ences are consistentwith the distinct substrate specificities of
that they both co-purify using at least three chromatography the AMP-activated protein kinase and the CAMP-dependent
methods and indicate that they
form a stable heteromeric com- protein kinase apparent from their protein and peptide subplex. The NH2 terminus of the AMP-activated protein kinase strate specificities (1).
We found that theporcine AMP-activated protein kinase 63was not identified from the partial peptide sequence, but it
seems unlikely to contain the His repeat sequence found in kDaprotein was autophosphorylated following SDS-PAGE,
Snfl (Fig. 21, since it wasnot retained on a nickel-nitrilotriace- transfer to nitrocellulose, and renaturation. Previously Snfl/4
was shown to autophosphorylated on the 72-kDa protein but
tic acid-agarose affinity column.
A search of the protein data bases suggests that fragments
of not the 36-kDa protein (251, and we confirmed this in theprethe AMP-activated protein kinase may have been fortuitously sent study. These results support the view that the 63-kDa
sequenced previously. A tryptic peptide fragment isolated from protein contains the catalytic domain of the AMP-dependent
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protein kinase and agree with the earlierobservations (11)that
the rat liver AMP-dependent protein kinase has a mass of 63
kDa. Comparisonof the Snflsequence with its planthomologs
indicates that the COOH-terminal domain is not as highly
conserved as thecatalytic core, with the presence of both substitutions and deletions. Peptides derived from the AMP-activated protein kinase falling outside the homologous catalytic
core did not align strongly to the COOH-terminal sequence of
Snfl.
The tryptic peptide maps of the 40- and 38-kDa proteins were
different from each other, as well as those of the 63-kDa protein
(data not shown), indicating that neither were fragments of the
63-kDa protein. The 40-kDa protein was more rapidly phosphorylated than was the 63-kDa kinase domain when the purified preparation of the AMP-activated protein kinase was
incubated with [Y-~~PIATP,
and the rateof phosphorylation was
No incorporation of 32Pwas
sensitive to the salt c~ncentration.~
observed forthe 38-kDa protein. The co-purification of the 38kDa protein with the AMP-activated protein kinase together
with the absence of phosphorylation on this protein raises the
possibility that itis analogous to Snf4 and forms a heteromeric
complex with the 63-kDa catalytic subunit of the AMP-activated protein kinase.
The purified AMP-activated protein kinase inhibited yeast
acetyl-coA carboxylase approximately %fold (Fig. 3 A ) as was
found earlier with less pure preparations (26), verifying that
the isolated porcine enzymewas indeed the counterpart of the
previously reported rat liver enzyme (11). The Snfl/4 kinase
also phosphorylated and inactivated yeast acetyl-coA carboxylase. Fig. 3A shows that both the AMP-activated protein kinase and Snfl/4 kinase inactivate yeast acetyl-coA carboxylase. In contrast to the AMP-activated protein kinase, Snfl/4
was not stimulated by AMP when either peptide substrate or
acetyl-coA carboxylase were used as substrate. Fig. 3B illustrates thetime-dependent phosphorylation and inactivation of
yeast acetyl-coA carboxylase by SnflM kinase complex. While
this is the only instance we know of where Snfll4 has been
shown to alter the function of a protein, it is not yet known
whether acetyl-coA carboxylase is regulated by Snfl/4 in vivo.
Our resultsshow that both the AMP-activated protein kinase
and SnflM kinase share similar specificities for both peptide
and protein substrates. The SAMS-peptidewas phosphorylated
V,,, of 4.9
by the Snfll4 kinase with a K,,,of 38 8 and a
* 0.6 pmol.min".mg" (mean of three independent determinaof 32
tions), compared to the AMP-activated protein kinase K,,,
and a V,, of 10.8 pmol.rnin-l*mg-' measured in thepres3 D. Stapleton, K. I. Mitchelhill, G. Gao, C. House, B. Michell,F.
Katsis, L. A. Witters, and B. E. Kemp, unpublished data.

Snfl Homolog
ence ofAMP. The V,, obtained with SnfU4 kinase is similar to
the AMP-activated protein kinase V,,
measured in the absence of AMP (approximately 5.2 * 0.4 pmol.min-'.mg').
Few natural substrates have been identified for Snfl kinase.
A 96-kDa protein, SIP1 (271,was identified as a putative substrate using the two-hybrid screening method of transcriptional activation with Snfl, but its function is not known. Previously, Snfl had been recognized for its important role in the
transcriptional control of invertase in adapting
yeast to growth
on non-glucose sugars. The sequence and functional relationships between Snfl and the AMP-activated protein kinase raise
a vista of questions concerning the possible roleof Snfl and its
plant homolog kinases in lipid metabolic regulation, as well as
the possibility that the AMP-activated protein kinase is involved in the control of transcription and translationof proteins
in mammalian cells.
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