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ABSTRACT: Multiple regulatory mechanisms control the activity of the protein serine/threonine phosphatase
2A catalytic subunit (PP2Ac), including post-translational modifications and its association with regulatory
subunits and interacting proteins. Alpha4 is a PP2Ac-interacting protein that is hypothesized to play a role in
PP2Ac ubiquitination via its interaction with the E3 ubiquitin ligaseMid1. In this report, we show that alpha4
serves as a necessary adaptor protein that provides a binding platform for both PP2Ac and Mid1. We also
identify a novel ubiquitin-interactingmotif (UIM) within alpha4 (amino acid residues 46-60) and analyze the
interaction between alpha4 and ubiquitin using NMR. Consistent with other UIM-containing proteins,
alpha4 is monoubiquitinated. Interestingly, deletion of the UIM within alpha4 enhances its association with
polyubiquitinated proteins. Lastly, we demonstrate that addition of wild-type alpha4 but not an alpha4 UIM
deletion mutant suppresses PP2Ac polyubiquitination. Thus, the polyubiquitination of PP2Ac is inhibited by
the UIMwithin alpha4. These findings reveal direct regulation of PP2Ac polyubiquitination by a novel UIM
within the adaptor protein alpha4.

Protein serine/threonine phosphatase 2A (PP2A)1 is an abun-
dant cellular enzyme with numerous substrates that modulate a
wide variety of cellular functions. Considering the multitude of
cellular processes under the control of PP2A, it is not surprising
that several different mechanisms for regulating phosphatase
activity exist. These regulatory mechanisms include association
with specific regulatory subunits and post-translational modifi-
cations of PP2Ac (i.e., phosphorylation, carboxymethylation,
and ubiquitination) (1-3). Both biochemical and structural
studies of PP2A have provided key mechanistic insights to
explicate regulation of the phosphatase holoenzyme composition
and activity via phosphorylation and carboxymethylation
(1, 2, 4, 5); however, little is known about PP2Ac ubiquitination
beyond the initial report demonstrating the polyubiquitination
and degradation of microtubule-associated PP2Ac (3). The E3
ubiquitin ligase responsible for targeting PP2Ac for proteasome
degradation is Mid1, a protein linked to the congenital disorder
Opitz syndrome (OS). Human fibroblasts derived from a fetus
with OS exhibit a loss of PP2Ac ubiquitination, increased levels

of microtubule-associated PP2Ac, and a concomitant decrease in
the level of phosphorylation of general microtubule-associated
proteins as compared to age-matched control fibroblasts (3).
Thus, it appears that deregulation of PP2Ac ubiquitination
culminates in the pathogenesis of OS.

Another key player in Mid1-dependent PP2Ac ubiquitination
is alpha4, a mostly R-helical protein purported to serve as a
scaffold for Mid1 and PP2Ac (3, 6-8). Alpha4 contains inde-
pendent binding sites for PP2Ac and Mid1 on its N- and
C-termini, respectively (3, 8, 9), yet its biochemical associations
withMid1 and PP2Ac have been primarily studied independently
of one another. Nevertheless, colocalization of alpha4 and
exogenous Mid1 at microtubule structures suggests that alpha4
plays an important role in PP2Ac ubiquitination (3, 8). Another
report suggested that alpha4 facilitates dephosphorylation of
Mid1 by PP2Ac, as an increased level of alpha4 expression caused
a reduction in the cellular levels of phosphorylated Mid1
protein (8). Indeed, it is reasonable to posit that alpha4 can
support cross-regulation of both Mid1 and PP2Ac: PP2Ac
regulates Mid1 activity via dephosphorylation, and conversely,
Mid1 regulates PP2Ac activity via ubiquitination. However, the
precise mechanism by which alpha4 modulates these processes
remains unclear.

Here, we report experimental evidence to verify the role of
alpha4 as an adaptor protein that facilitates formation of a
Mid1 3 alpha4 3PP2Ac ternary complex. Interestingly, we also
demonstrate that alpha4 interacts with ubiquitin and possesses
a ubiquitin-interacting motif (UIM). Finally, we show that wild-
type alpha4, but not an alpha4 UIM deletion mutant, suppresses
PP2Ac polyubiquitination. Together, these studies reveal that
alpha4 serves as an adaptor protein to directly regulate PP2Ac
ubiquitination via its UIM domain.
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MATERIALS AND METHODS

Antibodies. The mouse monoclonal PP2Ac antibody was
from BD Biosciences Pharmingen (San Diego, CA). Rabbit
polyclonal Flag antibody was from Sigma (St. Louis, MO), and
mouse monoclonal c-myc antibody (9B11) was from Cell Signal-
ing Technology, Inc. (Danvers, MA). The rabbit polyclonal
alpha4 antibody was from Bethyl Laboratories (Montgomery,
TX). The rat monoclonal HA antibody (3F10) was from Roche
Diagnostics Corp. (Indianapolis, IN).
Plasmid Constructs. The HA-ubiquitin plasmid was a gift

from H. Moses (Vanderbilt University, Nashville, TN), and the
myc-Mid1/pCMVtag3A plasmid was a gift from S. Schweiger
(University of Dundee, Dundee, U.K.). The HA3-PP2Ac/
pKHA3 plasmid was kindly provided by D. Brautigan (Univer-
sity of Virginia, Charlottesville, VA). Construction of the human
Flag-alpha4/pcDNA5TO expression vector was described pre-
viously (10). The 6xHis-alpha4(1-222)/pET28 plasmid was
generated by PCR amplification of human alpha4 amino acid
residues 1-222 using Flag-alpha4/pcDNA5TO as a template
with forward primer 50-GTA CGT ACG CAT ATG GCT GCT
GAG GAC GAG TTA-30 and reverse primer 50-GTG GTG
GGA TCC TTA GTC TCT TTC TCT CAG GAT CTT TAT
TTC CTG-30. The PCR product was subcloned into the pET28
plasmidusingNdeI andBamHI restriction sites. TheFlag-alpha4
mutants were generated using Flag-alpha4/pcDNA5TO as a
template and the QuikChange kit (Stratagene, La Jolla, CA)
with the following primers: Δ51-53 forward, 50-GGC TTG
GAC CTC CTT GAG GAA ATG TTA TCG CAG CTC
GAC-30; Δ51-53 reverse, 50-GTC GAG CTG CGA TAA
CAT TTC CTC AAG GAG GTC CAA GCC-30; Δ46-60
forward, 50-GTC CAG GAG AAG GTG TTC AAG GGC
TTC AGC CGA AAT GAA GAT TTG G-30; Δ46-60 reverse,
50-CCA AAT CTT CAT TTC GGC TGA AGC CCT TGA
ACA CCT TCT CCT GGA C-30; R155E/K158D forward, 50-
GGC ATC TCA AGA GCA GGC TGA TAT ACA GAG-30;
and R155E/K158D reverse, 50-GTATCTCTGTATATCAGC
CTGCTCTTGAGATG-30. Proper construction of all plasmids
was verified by automated sequencing (Vanderbilt University
DNA Core Facility).
Cell Culture andTransfection.HEK293 cells were grown at

37 �C in a humidified atmosphere with 5% CO2 in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 μg/
mL streptomycin. Cells were transfected using Fugene 6 (Roche)
according to the manufacturer’s directions.
Immunoprecipitations. Cells were lysed in IP buffer [20 mM

Tris-HCl (pH7.4), 150mMNaCl, 1% Igepal, 5 μg/mL aprotinin,
1 μg/mL pepstatin A, 1 mM PMSF, and 1 μg/mL leupeptin] and
centrifuged for 10min at 12000g. Clarified lysates were incubated
at 4 �C with 20 μL of a 50% slurry of anti-Flag M2 agarose
(Sigma), 15 μL of a 50% slurry of anti-Myc (clone 4A6) agarose
(Millipore, Billerica, MA), or 15 μL of a 50% slurry of anti-HA
agarose (Roche). After three washes in IP buffer, bound proteins
were eluted in SDS sample buffer and subjected to Western
analysis. For use in ubiquitination assays, Flag-alpha4was eluted
from the anti-Flag resin by incubation for 30min at 4 �Cwith 100
μg/mL Flag peptide in 50 μL of ubiquitination assay buffer
[50 mM HEPES (pH 8.0) and 0.5 mM DTT].
Protein Purification. N-Terminally His-tagged ubiquitin

was overexpressed in Escherichia coli strain BL21(DE3). The
bacteria were grown inminimalmediumwith 15NH4Cl as the sole

nitrogen source. The protein was purified by Ni affinity chro-
matography (Qiagen) followed by gel filtration chromatography
(Superdex-200, Amersham Pharmacia). Pure His-ubiquitin was
concentrated and dialyzed against 50 mM sodium phosphate
(pH 6.5). N-Terminally His-tagged human alpha4 (amino acid
residues 1-222) was overexpressed in E. coli strain BL21(DE3)
and purified by metal affinity chromatography (Talon resin,
Clontech) followed by gel filtration chromatography (Superdex-
200). N-Terminally His-tagged mouse alpha4 was purified in the
same manner as human alpha4.
NMR Titrations. The interaction between alpha4 and ubi-

quitin was observed by inspection of the signals in the 1H-15N
HSQC spectrum of ubiquitin for a series of varying alpha4:
ubiquitin ratios. Buffer-matched samples of 100 μM ubiquitin
alone and 100 μM ubiquitin with 1.9 mM alpha4 were sequen-
tially mixed to acquire spectra of samples at 0:1, 4:1, 7:1, 12:1,
15:1, and 19:1 alpha4:ubiquitin molar ratios. NMR experiments
were conducted on a Bruker Avance 500 MHz spectrometer at
25 �C. The samples contained 50 mM sodium phosphate (pH
6.5), 5% D2O, and 0.1% sodium azide. The data were analyzed
with Sparky (11) using previously reported assignments for
ubiquitin (12). For each titration point, a normalized peak height
was determined by comparison to the peak height observed for
ubiquitin alone. Resonances experiencing a signal loss with
addition of the alpha4 protein greater than 1.5 times the standard
deviation were identified as significantly perturbed.
PP2Ac Ubiquitination Assay. Ubiquitination assays

were performed using a ubiquitin-protein conjugation kit
(BostonBiochem, Cambridge, MA), which contains various
purified conjugation enzymes from rabbit reticulocyte fraction
II (13). Fraction A contains E1 and E2 enzymes, and fraction B
contains E3 ligases and deubiquitinating enzymes. The kit also
supplies ubiquitin protein and an ATP-containing energy solu-
tion. Ubiquitination assays were conducted using 16 μg (20 μL)
of combined fractions A andB, 34 μg of ubiquitin protein, 2.5 μL
of energy solution,∼50 ng of purified bovine PP2Ac (a gift from
G.Moorhead, University of Calgary, Calgary, AB), and∼200 ng
of immunopurified wild-type Flag-alpha4 or Flag-alpha4
Δ46-60 UIM mutant. Reaction mixtures were incubated at
37 �C for 4 h, quenched with 10 mM EDTA, and then subjected
to Western analysis or Flag immunoprecipitations and Western
analysis.
Western Analysis. SDS-solubilized protein samples were

subjected to SDS-PAGE (10% acrylamide gels) and trans-
ferred to 0.45 μm nylon-supported nitrocellulose membranes.
Membranes were blocked in Odyssey buffer (LI-COR, Lincoln,
NE). All primary antibodies were used at a dilution of 1:1000.
For detectionwith theOdyssey Infrared Imaging system, primary
antibodies and the appropriate secondary fluorophore-conju-
gated antibodies (1:20000 dilution) (Molecular Probes, Eugene,
OR, or Rockland Immunochemicals, Gilbertsville, PA) were
diluted in Odyssey blocking buffer. Bound antibodies were
visualized via the Odyssey Infrared Imaging System and Odyssey
software (LI-COR).

RESULTS AND DISCUSSION

Alpha4 Serves as an Adaptor Protein Linking Mid1 and
PP2Ac. It has been reported that alpha4 facilitates the ubiqui-
tination of PP2Ac via direct interactions with Mid1 and
PP2Ac (3). Since the Mid1- and PP2Ac-binding domains within
alpha4 are nonoverlapping, it is possible that a Mid1 3 alpha4 3
PP2Ac ternary complex exists in cells (3, 8). Although prior
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immunoprecipitation experiments have revealed that alpha4
associates with PP2Ac and Mid1 (8), it is unclear whether
this is representative of one complex (Mid1 3 alpha4 3PP2Ac) or
two distinct complexes (Mid1 3 alpha4 and alpha4 3PP2Ac). To
investigate whether alpha4 acts as a scaffold protein to promote
PP2Ac ubiquitination byMid1, we examined the protein compo-
sition of Mid1 immune complexes from lysates of HEK293 cells
lacking or coexpressing Flag-alpha4 and HA-PP2Ac. As shown
in Figure 1A, we were able to detect an interaction of Mid1 with
PP2Ac in myc-Mid1 immune complexes isolated from cells
coexpressing Flag-alpha4 and HA-PP2Ac; however, we were
unable to detect HA-PP2Ac in myc-Mid1 immune complexes
from lysates of cells lacking Flag-alpha4. The finding that PP2Ac
does not associate with Mid1 in the absence of coexpressed
alpha4 supports the conclusion that alpha4 is an adaptor protein
necessary for the formation of a Mid1 3 alpha4 3PP2Ac complex.
To determine if an association between alpha4 and PP2Ac is
necessary for their interaction with Mid1, we exploited an
alpha4 mutant protein lacking the PP2Ac binding determinants
(Flag-alpha4 R155E/K158D), which was characterized in a
previous report (7). Mid1, but not PP2Ac, co-immunoprecipi-
tated with Flag-alpha4 R155E/K158D (Figure 1B), indicating
that alpha4 can interact with Mid1 independently of PP2Ac.
Together, these data demonstrate that alpha4 serves as a
scaffolding protein to promote formation of a Mid1 3 alpha4 3
PP2Ac complex.
Alpha4 Contains a Ubiquitin-Interacting Motif (UIM)

and Directly Binds to Ubiquitin. Proteins that function as
adaptormolecules or scaffolds generally possess protein-protein
interaction motifs to support dynamic and low-affinity interac-
tions. Ubiquitin-binding domains have been uncovered in several
proteins [e.g., p62, TAB2, TAB3, etc. (14, 15)] that serve as
adaptors to link the ubiquitination machinery with its substrates.
Since alpha4 appears to function as an adaptor for the ubiqui-
tination machinery of PP2Ac, we analyzed its primary sequence
for potential ubiquitin-binding domains (e.g., CUE, GAT,
GLUE, NZF, PAZ, UBA, UEV, UIM, and VHS). A short
stretch of amino acids corresponding to residues 46-60 of alpha4
(LDLLEKAAEMLSQLD) was found to conform to the
consensus sequence of the ubiquitin-interacting motif (UIM)
(E-L--A---S--E) (Figure 2A). Consistent with the R-helical struc-
tures of other crystallized UIMs (16, 17), amino acid residues
46-60 of alpha4 lie within a predicted R-helix in the X-ray
structure of the yeast homologue (7). Furthermore, like all UIM
helices, this region of alpha4 is amphipathic in nature (Figure 2A).

A direct interaction of human alpha4 and ubiquitin was
suggested by the putative UIM found in alpha4 (Figure 2B).
Because UIM-Ub interactions usually exhibit weak binding
(∼1 mM affinity), the interaction between alpha4 and ubiquitin
was probed by NMR. This approach is extremely sensitive to
effects of binding and provides direct and unambiguous evidence
of interactions between two titrated molecules. In fact, several
studies of UIM-containing proteins have employed this metho-
dology to demonstrate binding to Ub (16, 18, 19). Titration of
human alpha4 into [15N]ubiquitin resulted in substantial effects
on the 1H-15NHSQCNMR spectrum, including small chemical
shift perturbations for some signals and progressive loss of signal
intensity as the titration proceeded (Figure 2C). The loss of signal
intensity is due to line broadening arising from formation of the
Ub 3 alpha4 complex. Changes in the spectrum throughout the
entire titration indicate that the binding is very weak, with a Kd

value substantially higher than 100 μM.

Six residues in ubiquitin were found to have significantly
greater signal loss than the average of all residues over the entire
titration series, thus indicating that these residues are specifically
affected by alpha4 binding. Three of these residues (L8, I44, and
V70) are located on thewell-characterized I44 ubiquitin interface,
which has been shown to be essential for function (20). The other
three significantly perturbed residues (I23, L56, and E64) are
located adjacent to the known interface. In addition to these
backbone amides, resonances arising from the side chain amides
of Q31, Q40, and Q49, which span the I44 interface, experience a
much larger decrease in intensity than other side chain amides.

FIGURE 1: Alpha4 is an adaptor protein linking Mid1 and PP2Ac.
(A) HEK293 cells were transfected with myc-Mid1, HA-PP2Ac,
Flag-alpha4, or the indicated combinations of these constructs.
Myc immune complexes (Myc IPs) were isolated from cell lysates
and analyzed by SDS-PAGE and immunoblotting using myc, Flag,
and HA antibodies to detect the epitope-tagged forms of Mid1,
alpha4, and PP2Ac, respectively. Aliquots of the cell lysates were
analyzed in the same manner. (B) HEK293 cells were cotransfected
with HA-ubiquitin and the indicated construct(s). Flag immune
complexes (Flag IPs) were isolated from cell lysates and analyzed
by SDS-PAGE and immunoblotting using myc, Flag, and PP2Ac
antibodies to detect the epitope-tagged forms ofMid1 and alpha4, as
well as endogenous PP2Ac. The data are representative of at least
three separate experiments.
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Small significant chemical shift perturbations were observed for
three residues (T9, K48, and L71) established as part of the I44
ubiquitin interface. We also noted a similar pattern of shifts and
intensity losswhen the titrationwas repeatedwithmurine alpha4,

confirming a direct interaction with alpha4 and the I44 face of
ubiquitin (data not shown). Thus, ubiquitin and alpha4 appear to
have weak binding similar to that observed for other UIMs
binding to the ubiquitin I44 interaction surface.
Alpha4 Is Targeted for Monoubiquitination. Several

UIM-containing proteins are themselves ubiquitinated, although
the functional relevance of this phenomenon is unclear (21-23).
To determine whether alpha4 is ubiquitinated, Flag-alpha4 and
HA-ubiquitin were cotransfected into HEK293 cells, and reci-
procal immunoprecipitations were performed using anti-Flag-
and anti-HA-agarose beads. An ∼50 kDa protein immunoreac-
tive with Flag and HA antibodies was detected in HA and Flag
immune complexes, respectively, from lysates of cells coexpres-
sing Flag-alpha4 and HA-ubiquitin (Figure 3); this protein is the
approximate size of monoubiquitinated Flag-alpha4. A 50 kDa
protein immunoreactive with the Flag antibody was also ob-
served in Flag immune complexes from lysates of cells expressing
Flag-alpha4 (Figure 3). Alpha4 did not appear to be polyubi-
quitinated under these experimental conditions as no high-
molecular weight proteins were detected on the immunoblot.
Moreover, treatment of cells with a proteasome inhibitor
(MG132) did not alter the levels of ubiquitinated Flag-alpha4
(data not shown). These data indicate that alpha4 is itself
monoubiquitinated, consistent with observations reported for
other UIM-containing proteins (23, 24).
Deletion of the UIM within Alpha4 Results in Enhanced

Binding of Ubiquitinated Proteins. To test whether alpha4
can bind ubiquitinated species in cells, HEK293 cells were
cotransfected with HA-ubiquitin and wild-type Flag-alpha4 or
Flag-alpha4 with a mutated UIM. Flag immune complexes were
isolated from the cell lysates and probed for polyubiquitinated
proteins by immunoblotting with an anti-HA antibody. As
shown in Figure 4, a high-molecular weight protein smear
indicative of polyubiquitinated proteins was detected in the
immune complexes of both alpha4 UIM mutants (Δ51-53 and

FIGURE 2: Alpha4 contains a ubiquitin-interacting motif (UIM) and
directly binds to ubiquitin. (A) Helical wheel representation of the
UIMwithin alpha4 (amino acids 46-59). Circles denote hydrophilic
residues, diamonds hydrophobic residues, triangles acidic residues,
and pentagons basic residues. Hydrophobic residues are colored
green; the level of green decreases in scale with hydrophobicity.
Hydrophilic residues are colored red; the level of red decreases in
scale with hydrophilicity. Charged residues are colored light blue. (B)
Schematic representation of the UIM (46-60), PP2Ac-binding
(98-202), and Mid1-binding (220-290) domains of alpha4. (C)
Binding of alpha4 to ubiquitin perturbs specific residues in the
ubiquitin I44-UIM interaction interface. Regions of the 1H-15N
HSQC spectra of Ub in the absence (black) and presence (red) of
12 molar equiv of alpha4 demonstrate the selective line broadening
and intensity loss observed upon formation of the Ub 3 alpha4 com-
plex. The NMR data are representative of two independent experi-
ments with five titration points each.

FIGURE 3: Alpha4 is targeted formonoubiquitination.HEK293 cells
were transfected with HA-ubiquitin, Flag-alpha4, or both HA-
ubiquitin and Flag-alpha4. Immunoprecipitations were performed
with the cell lysates using FlagM2 agarose (Flag IPs) or HA-agarose
beads (HA IPs). Bound proteins were analyzed by SDS-PAGE and
immunoblotting with HA and Flag antibodies. The asterisk denotes
themigrationofmonoubiquitinated alpha4. Lysateswere analyzed in
the same manner (bottom panel). The migration of SDS-PAGE
standards is shown on the left. The data are representative of at least
three separate experiments.
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Δ46-60), but not in the wild-type alpha4 immune complex. The
high-molecular weight proteins do not appear to be representa-
tive of polyubiquitinated forms of the alpha4 mutants, as these
proteins failed to be recognized with the Flag antibody (data not
shown). These findings indicate that partial and full deletions
of the UIM enhance the association of polyubiquitinated
proteins with alpha4.
The UIM within Alpha4 Regulates PP2Ac Ubiquitina-

tion. The UIM is located near the N-terminus of alpha4 at a site
distinct from the PP2Ac- andMid1-binding regions (Figure 2B).
Therefore, it is conceivable that alpha4 can interact with all three
proteins at one time, forming a quaternary complex with
ubiquitin, Mid1, and PP2Ac. Although the exact function of
this UIM remains unclear, it is possible that this motif (i) helps to
orient the ubiquitin molecule for attachment to PP2Ac, (ii) forms
an intramolecular contact with the ubiquitin moiety attached to
alpha4, and/or (iii) forms an intermolecular contact with the
ubiquitin moiety attached to PP2Ac. If the latter is the case, then
the UIM of alpha4 may function to “cap” the ubiquitin
chain formed on PP2Ac and prevent further covalent additions
of ubiquitin molecules. In the absence of the UIM, PP2Ac

FIGURE 4: Deletion of the UIM within alpha4 results in enhanced
binding to polyubiquitinated proteins. HEK293 cells were trans-
fected with HA-ubiquitin, wild-type Flag-alpha4 (WT), or a combi-
nation of the indicated Flag-alpha4 protein (WT, Δ51-53, and
Δ46-60) and HA-ubiquitin. Immunoprecipitations were performed
with the cell lysates using Flag M2 agarose beads (Flag IPs). Bound
proteins were analyzed by SDS-PAGE and immunoblotting using
HA and Flag antibodies. Aliquots of the cell lysates were analyzed in
the samemanner. The migration of SDS-PAGE standards is shown
on the left. The data are representative of at least three separate
experiments.

FIGURE 5: UIM within alpha4 that regulates PP2Ac ubiquitination.
(A) In vitro ubiquitination reactions were conducted using purified
PP2Ac as a substrate in the absence (-) or presence (þ) of Flag-
alpha4 or Flag-alpha4 UIM deletion mutant Δ46-60. Reaction
mixtures were analyzed by SDS-PAGE and immunoblotting with
antibodies recognizing PP2Ac (top panel) and alpha4 (bottom
panel). The ∼35 kDa protein detected in reaction mixtures lacking
purified PP2Ac (lane 2) represents PP2Ac present in the ubiquitin-
protein conjugation kit; the weak PP2Ac polyubiquitination signal
detected in this lane is defined as background PP2Ac ubiquitination.
(B) Immunoprecipitations were performed with ubiquitination reac-
tionmixtures frompanelAusingFlagM2agarose (Flag IPs), and the
mixtures were analyzed by SDS-PAGE and immunoblotting with
PP2Ac and alpha4 antibodies. The migration of SDS-PAGE stan-
dards is shown on the left. (C) Higher-intensity scan of the top
portion of the blot shown inpanel B. The data are representative of at
least three separate experiments.
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polyubiquitination would occur. To test this possibility, PP2Ac
ubiquitination assays were performed in the presence or absence
of purified wild-type alpha4 or the alpha4 UIM-deficient mutant
lacking amino acid residues 46-60. The inclusion of wild-type
alpha4 in the in vitro reaction mixture suppressed PP2Ac
ubiquitination, whereas the addition of equal amounts of the
alpha4UIMdeletionmutant did not affect PP2Acubiquitination
(Figure 5A). No appreciable PP2Ac ubiquitination was observed
in control reactionmixtures lacking either the E1 and E2 enzymes
(fraction A), the E3 ligases (fraction B), or the ATP-containing
energy solution (Figure S1 of the Supporting Information). We
next analyzed whether alpha4 could physically interact with
ubiquitinated PP2Ac species by immunopurifying alpha4 from
the ubiquitination assay mixture. As expected, both the wild type
and alpha4 UIM deletion mutant associated with unmodified
PP2Ac (Figure 5B). Interestingly, the alpha4 UIM deletion
mutant, but not wild-type alpha4, co-immunoprecipitated poly-
ubiquitinated PP2Ac species (Figure 5B,C). The increase in the
level of polyubiquitinated PP2Ac species associated with the
alpha4 UIM deletion mutant, as compared with wild-type
alpha4, supports the hypothesis that the UIM caps the ubiquitin
chain formed on PP2Ac and prevents further covalent additions
of ubiquitin molecules. In the absence of the UIM, PP2Ac
polyubiquitination occurs.

In summary, the data presented here demonstrate that alpha4
is a UIM-containing scaffold protein that modulates PP2Ac
polyubiquitination. During preparation of this paper, Kong and
colleagues reported that alpha4 prevents PP2Ac ubiquitination
and protects the phosphatase from proteasomal-mediated de-
gradation (25). Importantly, our results provide a mechanistic
explanation for the regulation of PP2Ac ubiquitination by
alpha4: the UIM in alpha4 caps associated monoubiquitinated
forms of PP2Ac and prevents polyubiquitination of PP2Ac.
While previous studies have suggested that UIMs may serve to
cap the ubiquitination of an associated protein (24), our results
provide direct evidence to support this hypothesis. Although
additional studies are warranted to explore whether the UIM of
alpha4 may form an intramolecular contact with the ubiquitin
moiety on alpha4 and/or influence the ubiquitin ligase activity of
Mid1, these studies provide novel insights into the role of alpha4
in the control of PP2Ac ubiquitination.

SUPPORTING INFORMATION AVAILABLE

PP2Ac ubiquitination in control in vitro ubiquitination reac-
tions lacking either the E1 and E2 enzymes (fraction A), the E3
ligases (fraction B), or the ATP-containing energy solution
(Figure S1). This material is available free of charge via the
Internet at http://pubs.acs.org.
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