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FIG. 2. B subunit requirements for Snfl two-hybrid interactions.
The herpes simplex virus capsid protein 22a forms homodimers and
was used as a positive control when paired with itself (11). 22a was
used as a negative control when paired with Snfl. Two-hybrid inter-
actions were assessed in yeast strains with the GALI-HIS3 reporter
gene on media supplemented with (+ His) or lacking (— His) histi-
dine. (A) The requirement for intact Snfl heterotrimers was assessed
by comparing two-hybrid interactions in strains containing (WT) or
lacking (AAA) all three genes for the B subunits. (B) Western blot
showing expression of the Gal4-Snfl fusion protein in strains with
(WT) and without (AAA) B subunits. Proteins expressed as fusions
with the Gal4 DNA binding domain (DB) or Gal4 activation domain
(AD) are indicated above each lane. (C) The B subunit requirement
for the Snfl-Regl and Snf1-Snf4 interactions was determined by trans-
forming a strain lacking all three B subunit genes with a low-copy-
number plasmid expressing a single B subunit or with empty vector, as
shown.

heterotrimer was needed for interaction of Snfl with Regl and
whether all three isoforms of Snfl interacted with Regl. The
same two-hybrid pairs were introduced into the triple mutant 3
subunit deletion reporter strain, and interactions were assessed
by growth in the absence of histidine (Fig. 2A). The herpesvi-
rus capsid protein 22a showed a strong self-interaction regard-
less of whether the B subunits were present (WT) or absent
(AAA). In contrast, the absence of the B subunits caused a
sharp reduction in growth for the Snfl-Regl pair and the
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Snf1-Snf4 pair. The Gal4-Snf1 fusion protein was expressed at
similar levels in cells with and without B subunits (Fig. 2B).
The finding that the Snfl-Regl and Snfl-Snf4 interactions
required the Snfl B subunits was not unexpected. Structural
studies of the Snfl heterotrimer (3) demonstrated the impor-
tant role of the B subunit in forming the interaction interface
between the a (Snfl) and -y (Snf4) subunits, and purification of
Snfl from cells lacking the § subunits showed no association of
the -y subunit (15). Furthermore, coimmunoprecipitation stud-
ies from our lab had previously noted that Regl did not asso-
ciate with Snfl in the absence of a B subunit (30). Thus, the
two-hybrid interactions in our reporter strain lacking the three
B subunits were able to confirm interaction results from inde-
pendent studies.

The Gal83 isoform of Snfl shows the strongest interaction
with Regl in the two-hybrid system. We next sought to deter-
mine whether Regl interacted with all three isoforms of Snfl.
The two-hybrid reporter strain lacking all three genes for the
Snfl B subunits was transformed with low-copy-number plas-
mids that expressed a single § subunit. Each two-hybrid pair
was analyzed for interaction with each of the 8 subunits or with
no B subunit (transformed with empty vector). The herpesvirus
capsid 22a self-interaction was independent of the  subunits
(Fig. 2C). Similarly, Snfl and 22a failed to interact, regardless
of whether a  subunit was present or not. Interestingly, the
Snfl-Regl interaction was reconstituted only when the Gal83
protein was present. Neither Sip1 nor Sip2 was able to support
Snfl-Regl interaction in the two-hybrid system, as measured
by growth on medium lacking histidine. Using the more sen-
sitive lacZ reporter system, Gal83 promoted the strongest in-
teraction between Snfl and Regl; however, Sip2 did provide
weak but detectable lacZ activity above the background (not
shown). The stronger interaction provided by Gal83 was not a
product of B subunit expression levels, since overexpression of
the Sip2 protein from a high-copy-number plasmid failed to
reconstitute the Snfl interaction with Regl on medium lacking
histidine (not shown). In contrast to the case with the Snfl-
Regl pair, any one of the § subunits was able to reconstitute
the interaction between Snfl and Snf4. Thus, all three of the 8
subunits were expressed, and all three were able to support the
two-hybrid reconstitution of the Gal4 transcription factor in
the cell nucleus. The ability of Snfl and Regl to interact in the
two-hybrid system was independent of Snfl kinase activity,
since a kinase-dead subunit, Snf1-K84R (lysine 84 changed to
arginine), was able to interact with Regl in a Gal83-dependent
manner (data not shown).

The Gal83 isoform of Snfl shows the strongest interaction
with Regl in a coimmunoprecipitation assay. Our two-hybrid
study suggested that Regl interacted preferentially with one of
the three Snfl isoforms. We were concerned that the interac-
tion in the two-hybrid system might be affected by a protein’s
ability to localize to the nucleus. Indeed, earlier studies from
the Carlson lab had shown that the Gal83 isoform of Snfl was
the only one to manifest significant nuclear localization (22).
Therefore, we sought an independent assay for Regl-Snfl
interaction that did not depend on nuclear localization. We
expressed epitope-tagged Snfl from its endogenous chromo-
somal locus and Reg1 from a low-copy-number plasmid in cells
that lacked the genes for Regl and all three  subunits. A
second low-copy-number plasmid was introduced that ex-

159nB AQ TTOZ ‘0E JoquiaAON Uo /610’ wse 29//:dny woiy papeojumoq



1632 ZHANG ET AL.

%‘b

& o o

HA-IP p—
V5 blot

Reg1-V5 — : :1

blot

Snf1-HA — |

blot
D
100
Reg1 Bound +
Reg1 Total
60
40
20 -
—— B

- Gal83 Sip1 Sip2

FIG. 3. Coimmunoprecipitation of Regl with the three Snfl iso-
forms. Protein extracts were prepared from cells expressing Regl pro-
tein tagged with the V5 epitope and Snfl tagged with the HA epitope.
Cells expressed a single or no 3 subunit, as indicated. (A) Snfl and
associated proteins were collected with HA beads, and bound Regl
was detected in an anti-V5 Western blot. (B and C) Total Regl and
Snfl expression was monitored by Western blotting. All samples were
analyzed in triplicate, and representative blots are shown. (D) The
mean amount of Regl bound relative to total Regl was plotted. Error
bars indicate 1 standard error. Statistical analysis using the Student ¢
test detected significant associations of Regl with all three isoforms of
Snfl compared to association in the absence of a  subunit (P < 0.01).

pressed a single B subunit or no B subunit. Extracts were
prepared in triplicate from cells shifted to low glucose, since
these conditions gave the strongest Regl-Snf1 interaction (46).
Snfl was collected by immunoprecipitation, and the abun-
dance of associated Regl was determined by quantitative
Western blotting (Fig. 3). The association of Regl with the
Gal83 isoform was readily apparent. The Sipl and Sip2 iso-
forms did interact weakly with Regl; this was more evident in
the statistical analysis of the Western signals than in the visual
examination of the Western blot. However, the interaction
between Regl and the Gal83 isoform was 15- and 8-fold stron-
ger than those observed with Sip1 and Sip2, respectively. Thus,
the large majority of the Regl interaction with the Snfl com-
plex is mediated by a single isoform.

Regl regulation of phosphorylation of Snfl isoforms does
not correlate with the strength of association. Since Regl
association with the Snfl complex is mediated largely by the
Gal83 isoform, we next sought to determine whether the ability
of Regl protein to associate with Snfl was a requirement for
its ability to regulate the phosphorylation status of Snfl. We
decided to compare the Gal83 and Sip2 isoforms because they
showed distinct differences in Regl association (Fig. 2 and 3),
while at the same time, these two 3 subunits are very similar in
size (417 and 415 amino acids, respectively) and primary se-
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FIG. 4. Regl promotes dephosphorylation of the Gal83 and Sip2
isoforms of Snfl. Three independent transformants of cells, with and
without Regl and expressing either Gal83 or Sip2 as the only B sub-
unit, were grown in high-glucose medium. Extracts were prepared, and
the level of Snfl phosphorylation was determined by quantitative
Western blotting. Representative blots are shown (top), and the mean
values are plotted below, with 1 standard error indicated. Differences
between samples with and without Regl were statistically significant
(%, P < 0.05; *%, P < 0.01).

+ Regl

quence (48% identical in a global alignment). Cells expressing
HA-tagged Snfl but lacking the genes for all three B subunits
were transformed with low-copy-number plasmids that ex-
pressed either Gal83 or Sip2. In addition, these cells either
lacked or expressed the Regl protein. Three independent
transformants for each combination were grown in high-glu-
cose medium, and the Snfl protein was analyzed by quantita-
tive Western blotting (Fig. 4). A representative blot is shown,
and the mean value for the relative phosphorylation of Snfl
T210 is plotted. Deletion of the REGI gene caused a statisti-
cally significant increase in Snfl phosphorylation in cells ex-
pressing either the Gal83 or Sip2 isoform. Therefore, the abil-
ity of Regl to promote Snfl dephosphorylation is not directly
related to the strength of its association with the Snfl complex.

Regl association with Snfl does not affect the kinetics of
dephosphorylation. Addition of glucose to glucose-starved
cells leads to rapid dephosphorylation of the Snfl complex
(36), within 1 min. We hypothesized that this rapid dephos-
phorylation of Snfl might require the preassociation of Regl
with the Snfl complex. To test this hypothesis, we examined
the kinetics of Snfl dephosphorylation in cells that expressed a
single isoform of the Snfl complex. Cells expressing the Gal83
isoform would have more Regl preassociated with the Snfl
complex than cells expressing only the Sip2 isoform. These
cells were grown in high glucose and then shifted to low glu-
cose for 30 min to allow for phosphorylation of the Snfl acti-
vation loop. Aliquots from high- and low-glucose cultures were
removed for analysis. Glucose was then added, and cells were
harvested 1, 3, and 5 min after glucose addition. Analysis of
total and phosphorylated Snfl by quantitative Western blotting
showed that both the Gal83 and Sip2 isoforms had dephos-
phorylated Snfl to its basal level 1 min after addition of glu-
cose (Fig. 5). Therefore, we did not detect any kinetic differ-
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FIG. 5. Snfl isoforms show similar rates of dephosphorylation.
Cells expressing a single B subunit, either Gal83 or Sip2, were grown
in high glucose (H) and then shifted to low glucose (L) for 30 min.
Glucose was then added back to the cultures and aliquots removed 1,
3, and 5 min after addition of glucose. Samples were analyzed for total
Snfl and for phosphorylated Snfl by Western blotting. The ratio of
phosphorylated Snfl to total Snfl is plotted below.

ence in the dephosphorylation of Snfl isoforms that differed in
their association with Regl.

Gal83 residues 1 to 150 mediate Regl association. In order
to identify the region of Gal83 that mediates interaction with
the Regl protein, we constructed a series of chimeric proteins
by combining the open reading frames of Gal83 and Sip2. All
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chimeras were tagged with 3 copies of the Flag epitope near
the N terminus. Positions of the fusions are detailed in Table
2. Plasmids expressing no B subunit, Gal83, Sip2, or chimeras
were introduced into the two-hybrid reporter strain lacking all
three gene for the B subunits. Two-hybrid interaction between
Snfl and Regl was assessed by growth in the absence of his-
tidine (Fig. 6A). Consistent with earlier results, cells lacking
any B subunit (vector) and cells expressing only Sip2 were
unable to support the two-hybrid interaction of Snfl and Regl.
Gal83 and chimeras that contained the first 150 residues of
Gal83 were able to promote the Snfl-Regl interaction. The
tagged wild type as well as all of the chimeric proteins was
expressed and detected by Western blotting of the N-terminal
Flag epitope (Fig. 6B). Quantitative Western blotting showed
that all proteins were expressed at levels comparable to (within
a 2-fold difference) that observed with Gal83. Therefore, the
first 150 residues of the Gal83 protein are both necessary and
sufficient for the interaction between Snfl and Regl.
N-terminal modification does not affect Snfl-Regl interac-
tion. In these studies, we used B subunits that contained N-
terminal Flag epitopes (Table 2). Since the region of Gal83
required for the Snfl-Regl interaction included the N termi-
nus, we were concerned that the presence of the N-terminal
tags affected the Snfl-Regl interactions. Therefore, we tested
the ability of untagged Sipl, Sip2, and Gal83 to promote in-
teraction of Snfl and Regl. Low-copy-number plasmids ex-
pressing untagged genomic clones of the three B subunit genes
were introduced into the two-hybrid reporter strain lacking all
three B subunit genes. Only Gal83 was able to promote an
interaction (Fig. 7A). Thus, the presence or absence of the

A Two Hybrid Pair: Snf1-Reg1 B
- Genotype: sip1A sip2A gal83A ' ,LDP‘ ,@Q “ ,Lb?‘ ,fog I
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FIG. 6. Gal83 residues necessary for Regl interaction map to the N terminus. (A) Two-hybrid analysis of the Regl-Snfl interaction was
conducted with a strain lacking all three B subunit genes. Wild-type Gal83, wild-type Sip2, or chimeras (plasmids are described in Table 2) were
introduced on low-copy-number plasmids, and the Snfl-Regl interaction was assessed using medium lacking histidine. Maps of the B subunit
chimeras are shown to the right, with Gal83 residues shaded and Sip2 residues in white. All constructs had 3 copies of the Flag epitope (F3) at
the N terminus. The positions of the glycogen-binding domain (GBD) and the alpha-gamma interaction domain (AG) are shown. (B) Western blot
of triple-Flag-tagged B subunits Gal83 and Sip2 and their chimeras (Flag-B). A control blot of actin is shown below.
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FIG. 7. Interaction of Snfl and Regl is independent of $ subunit
N-terminal modifications. Two-hybrid analysis of the Regl-Snfl inter-
action was conducted with a strain lacking all three B subunit genes.
The Snfl-Regl interaction was assessed using medium lacking histi-
dine. (A) Low-copy-number plasmids encoding no 3 subunit (vector)
or untagged wild-type Gal83, Sipl, or Sip2 were introduced. (B) Low-
copy-number plasmids encoding no 8 subunit or untagged Sip2, Sip2-
G2A, or Gal83 were introduced.

Flag tag had no effect on the ability of the individual B subunits
to promote the interaction of Snfl and Regl.

Earlier studies have reported that the Sip1 and Sip2 proteins
are myristoylated at their N termini (24, 28). While neither
study showed any direct physical evidence for myristoylated
Sipl or Sip2, both studies showed phenotypic changes when
the potential for myristoylation was blocked by changing the
glycine residue at position 2 into alanine. The Gal83 protein
lacks a glycine at position 2 and cannot be myristoylated. Since
the ability to promote Snfl-Regl interaction was inversely
correlated with the potential for myristoylation, we tested
whether the myristoylation of Sip2 affected its ability to pro-
mote the interaction of Snfl and Regl. Low-copy-number
plasmids expressing untagged Gal83, Sip2, or the Sip2-G2A
mutant were introduced into the two-hybrid strain and tested
for the ability to promote interaction of Snfl and Regl (Fig.
7B). Neither the Sip2 protein nor the Sip2-G2A protein was
able to promote the interaction of Snfl and Regl in the two-
hybrid assay. Therefore, the ability of Sip2 to be myristoylated
did not affect the interaction of Regl with Snfl.

Nuclear localization is not required for Snfl-Regl interac-
tion. The three B subunits of the Snfl kinase confer distinct
differences in the subcellular localization of the Snfl complex
(50). The Gal83 protein is the only B subunit that shows en-
riched nuclear localization in response to glucose limitation.
However, the control of the nuclear-cytoplasmic distribution of
the Gal83 isoform of the Snf1 kinase complex is not simple, as
it depends on both the activation state of the Snfl kinase and
the identity of the Snfl-activating kinase (23). Studies using
fragments of the Gal83 protein fused to GFP have identified a
nuclear export signal (NES) at residues 39 to 48 whose func-
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FIG. 8. Subcellular localization of B subunits. A yeast strain lacking
all three B subunit genes was transformed with low-copy-number plas-
mids expressing either Gal83, Gal83-yEGFP, Sip2-yEGFP, or Gal83-
Sip2-150-yEGFP, as indicated on the left. DIC and GFP fluorescence
images were collected. Representative cells are shown.

tion is dependent on the Crm1 export receptor (22). The iden-
tification of the Gal83 nuclear localization signal (NLS) has
been more difficult. A potential NLS at residues 155 to 158
affects the nuclear-cytoplasmic distribution of one Gal83 frag-
ment; however, a smaller fragment lacking this sequence also
shows nuclear localization (22). Thus, it is not certain whether
the NLS responsible for Gal83 nuclear localization is present
in Gal83 itself or in a distinct Gal§83-associated protein. Since
Gal83 is the only B subunit to show nuclear localization and the
N terminus of Gal83 (residues 1 to 90) is sufficient to promote
nuclear localization (50), we considered the possibility that
nuclear localization was required to promote Snfl-Regl inter-
action. To test this idea, we made fusions of selected (3 subunits
to yeast codon-optimized GFP (41). These proteins were ex-
pressed from low-copy-number plasmids via their endogenous
promoters, and their localization was assessed by fluorescence
microscopy. Cells were grown in medium containing a mixture
of glycerol and ethanol as the carbon source (conditions that
promote nuclear localization of the Gal83 protein) (22). We
collected images by differential interference contrast (DIC)
microscopy and fluorescence microscopy (Fig. 8). The Gal83
protein showed clear nuclear localization. In contrast, the Sip2
protein failed to show any enriched localization to the nucleus.
This pattern of localization for the Gal83 and Sip2 proteins has
been reported in earlier studies (50). We next tested the lo-
calization of the Gal83-Sip2-150 chimera. This § subunit chi-
mera is a functional B subunit and contains the minimal frag-
ment of Gal83 (residues 1 to 150) needed to promote the
two-hybrid interaction of Snfl and Regl. Examination of the
GFP fluorescence showed no evidence of nuclear enrichment
for the Gal83-Sip2-150-yEGFP protein. Western blot analysis
of the proteins showed equivalent expression of all yEGFP
constructs used in this experiment (not shown). Therefore, the
ability of a B subunit to promote the interaction of Snfl and
Regl is not linked to its ability to localize to the cell nucleus.

DISCUSSION

The mechanism by which the yeast PP1 phosphatase Glc7 is
targeted to different substrates is a subject of great interest.
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Glc7 functions in many important and diverse pathways, in-
cluding kinetochore function, endocytosis, bud site selection,
and glucose repression (7). Numerous Glc7 regulatory sub-
units have been identified, yet the mechanism by which they
direct Glc7 to different substrates is less clear. In this study, we
examined the mechanism by which a PP1 regulatory protein
directs the PP1 phosphatase to a specific substrate. Several
mechanisms have been proposed by which PP1 regulatory sub-
units direct the PP1 phosphatase to specific substrates. These
include control of subcellular localization, changes in regula-
tory subunit abundance and/or modification, allostery, and di-
rect substrate binding (9). Some of these mechanisms have
been documented for Glc7, the PP1 enzyme of yeast. For
instance, the subcellular localization of Glc7 is controlled by
the bound regulatory subunits. The regulatory subunit Gipl
directs PP1 to the bud neck (47), while the regulatory subunit
Sds22 directs PP1 to the cell nucleus (33). However, control of
localization is not likely to be the regulatory mechanism di-
recting Regl-Glc7 to the Snfl complex, since Regl is predom-
inantly cytoplasmic (12), while the substrates of interest, the
different isoforms of Snfl, show distinct localization patterns
(50). Similarly, Regl abundance does not change appreciably
in response to the carbon source (46, 49), so Regl abundance
is not likely to be the determining mechanism. Posttransla-
tional modification of Regl is a possible mechanism control-
ling substrate targeting. The Regl protein is heavily phosphor-
ylated (6, 39, 52), and it remains a distinct possibility that one
or more of its phosphorylation sites play an important role in
its ability to direct GIc7 to specific targets. The control of Glc7
through allostery cannot be ruled out, although there is no
evidence to support the idea that the binding of Regl to Glc7
changes PP1 catalytic activity.

Results from numerous studies support a direct substrate
interaction mechanism to explain the ability of Regl to direct
Glc7 to the Snfl protein. Like most PP1 regulatory subunits,
the Regl protein binds to the PP1 catalytic subunit via an
RVXF motif that is present in roughly the middle of the Regl
protein. Mutations in this sequence abrogate Regl’s ability to
bind PP1 (2, 12) and to promote inactivation of Snfl (46).
More importantly, the Regl protein can also bind to the sub-
strate Snfl, as detected in two-hybrid interaction studies and
coimmunoprecipitation experiments (39, 46). Indeed, Regl is
one of the major components of the affinity-purified Snfl com-
plex (14). However, not all of the experimental data support a
direct substrate interaction mechanism for Regl. We recently
reported that point mutations in the RVXF motif of Regl
interfered with its ability to bind both Glc7 and Snfl. Since
Regl binding to Glc7 and Snfl requires the same amino acids,
we infer that Snfl and Glc7 binding is likely to be mutually
exclusive. As such, a direct substrate binding mechanism be-
comes unlikely. Second, other substrates of the Glc7-Regl
phosphatase, such as Migl (36) and Hxk2 (2), show no evi-
dence for direct binding to Regl. Thus, some other mechanism
for directing GIc7 to substrates in the glucose repression path-
way is likely to be operative.

In this study, we examined the ability of the Regl protein to
interact with and direct the dephosphorylation of the three
different isoforms of Snfl. We found that the Regl protein
promoted the dephosphorylation of all three isoforms. How-
ever, the vast majority of Regl associated with only the Gal83
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isoform of Snfl. Therefore, the ability of Regl to promote Snfl
dephosphorylation is not directly related to its ability to inter-
act with the Snfl complex. In light of the data reported here
and earlier (2, 36, 46), we propose that the direct substrate
binding mechanism is not the means by which Regl directs
GIc7 to substrates in the glucose repression pathway.

If substrate binding is not required for Regl to promote
Snf1 dephosphorylation, what is the mechanism by which Regl
directs Glc7 to proteins in the glucose repression pathway?
Structural studies have noted that the PP1 active site lies at the
intersection of three surface grooves, and substrate selectivity
may involve extended interactions within and beyond one or
more of the surface grooves (5). Regulatory subunits may
specify substrates by blocking one or more of these surface
grooves while enhancing substrate docking in another groove.
Structural studies of PP1 bound to spinophilin, a neuronal PP1
regulatory subunit, showed that spinophilin blocks one sub-
strate binding groove, thereby restricting PP1 specificity (34).
Such a mechanism might also operate with the Regl protein.
Spinophilin and Regl show structural similarity. Both are rel-
atively large proteins (817 and 1,014 amino acids, respectively),
both have a centrally located RVXF motif that mediates bind-
ing to PP1, and both are known or predicted to be unstructured
proteins (34, 51). The data presented here suggest that what-
ever mechanism of substrate selection is used by Regl, the
ability to bind stably to substrates is not likely to be involved.
The ability of Regl to promote dephosphorylation of the Snfl
isoforms does not directly correlate with its ability to bind the
different isoforms. Furthermore, Regl directs Glc7 to dephos-
phorylate other substrates without direct binding (2, 36). Fur-
ther studies of Regl interaction with Glc7 will be needed to
determine whether the Regl protein specifies PP1 substrate
selectivity by blocking or enhancing substrate interaction with
the PP1 surface grooves.
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