
Structural and biochemical insights into the regulation of
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The small t antigen (ST) of DNA tumor virus SV40 facilitates cellular transformation by disrupting the functions of protein
phosphatase 2A (PP2A) through a poorly defined mechanism. The crystal structure of the core domain of SV40 ST bound to the
scaffolding subunit of human PP2A reveals that the ST core domain has a novel zinc-binding fold and interacts with the conserved
ridge of HEAT repeats 3–6, which overlaps with the binding site for the B¢ (also called PR61 or B56) regulatory subunit. ST has a
lower binding affinity than B¢ for the PP2A core enzyme. Consequently, ST does not efficiently displace B¢ from PP2A holo-
enzymes in vitro. Notably, ST inhibits PP2A phosphatase activity through its N-terminal J domain. These findings suggest that ST
may function mainly by inhibiting the phosphatase activity of the PP2A core enzyme, and to a lesser extent by modulating
assembly of the PP2A holoenzymes.

PP2A is a major protein serine/threonine phosphatase and is involved
in many essential aspects of cellular physiology1–3. PP2A exists in two
major forms in cells: the heterodimeric core enzyme and the hetero-
trimeric holoenzyme4. The PP2A core enzyme consists of a catalytic
subunit, or C subunit, and a scaffolding subunit, known as the A or
PR65 subunit. To gain full activity toward specific substrates and for
appropriate cellular localization, the PP2A core enzyme interacts with
a variable regulatory subunit to form a heterotrimeric holoenzyme. In
mammalian cells, the A and C subunits each have two isoforms, which
share high sequence similarity5–8. There are at least 16 regulatory
subunits, belonging to four subfamilies1,3,9: B (also called B55 or
PR55), B¢ (also called B56 or PR61), B¢¢ (also called PR72) and B¢¢¢
(also called Striatin, PR93 or PR110).

The virus-encoded tumor antigens of DNA tumor viruses SV40 and
polyomavirus are essential in cellular transformation10. In SV40, the
large T antigen (LT) inactivates p53 and Rb, two tumor-suppressor
proteins, whereas ST targets PP2A10,11. PP2A is the only protein
known to interact with ST in cells12,13. Interaction of PP2A with
ST results in stimulation of the MAP kinase pathway and induction
of cell proliferation14. Notably, ST seems to be required for
SV40-mediated cellular transformation and tumor formation15.
These observations underscore the significance of the interaction
between ST and PP2A.

ST of SV40 directly interacts with the A subunit of PP2A. The
results of mutagenesis of the A subunit have identified HEAT repeats
3–6 as the primary binding element for ST16,17. A single missense
mutation, R183E/A or M180A, in the fifth HEAT repeat of the A
subunit markedly compromises binding to ST18. Deletion analysis has

identified the C-terminal fragment of ST as necessary and sufficient for
binding to the A subunit of PP2A19.

How does ST interfere with the normal functions of PP2A? Early
experimental evidence favored a model in which ST binding results in
alteration of the phosphatase activity of PP2A20–23. More recent
studies seem to suggest that ST may function by displacing the
regulatory subunits from the PP2A holoenzymes, hence antagonizing
the normal functions of PP2A11,24. Supporting the latter model is the
finding that ST forms a stable complex only with the PP2A core
enzyme and not with the holoenzyme12,13. Subsequent investigations
have suggested that ST might displace the B subunits from the PP2A
holoenzyme14,21,25. Still more recently, suppression of the g isoform of
B¢ (B¢g) expression has been shown to inhibit PP2A activity, lowering
it to a level similar to that achieved by overexpression of ST26. This
observation was taken to imply that ST might displace the B¢g subunit
from the holoenzyme.

Despite these biochemical characterizations, how ST interferes
with the normal functions of PP2A remains enigmatic, in part
owing to a lack of quantitative and structural information. For
example, the binding affinity between the PP2A core enzyme and
ST has yet to be determined, and it is unclear whether ST binds the
PP2A core enzyme with a higher affinity than those of the regulatory
subunits. In addition, displacement of a regulatory subunit from the
PP2A holoenzyme by ST has yet to be demonstrated in vitro
using purified recombinant proteins. Last but not least, it is not yet
understood how ST specifically recognizes PP2A. Answers to these
questions are expected to reveal insights into the regulation of PP2A
function by ST.
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To elucidate the mechanisms by which ST inhibits the normal
functions of PP2A, we have determined the crystal structure of the
core domain of ST bound to the A subunit of PP2A and performed
associated biochemical analyses. Our results suggest that ST functions
as a switch to alter the phosphatase activity of PP2A. It does so in two
ways: by inhibiting the phosphatase activity of the PP2A core enzyme
through direct binding and, to a lesser extent, by modulating assembly
of the PP2A holoenzyme.

RESULTS
Characterization of ST binding to PP2A
Previous studies have shown that ST forms a stable complex with the
free A subunit or the PP2A core enzyme, but not with the C subunit,
indicating that the primary interactions between PP2A and ST occur
through the A subunit21. Full-length ST (residues 1–174) from SV40
was overexpressed in Escherichia coli and purified to homogeneity. As
previously reported, ST formed a stable complex with the A subunit of
PP2A (data not shown).

The N-terminal domain (residues 1–83) of ST shares sequence
homology with the J domain of DnaJ from E. coli (Fig. 1a). The
C-terminal region of ST is thought to coordinate two zinc atoms and
is responsible for interaction with the A subunit of PP2A19 (Fig. 1a).
To identify the structural core domain required for binding to PP2A,
we subjected full-length ST to limited proteolysis. This analysis
identified a 9-kDa core domain (residues 87–174) that is resistant to
cleavage by elastase. Using isothermal titration calorimetry (ITC), we
determined the Kd for binding between full-length ST and the A
subunit of PP2A to be approximately 2.14 ± 0.08 mM (Fig. 1b). In
contrast, the Kd for binding between the core domain of ST and the A
subunit was approximately 1.06 ± 0.09 mM (Fig. 1b). This analysis
shows that, compared with full-length ST, the core domain retains a
full-strength interaction with the A subunit of PP2A.

Structure of the A–ST complex
We crystallized the core domain of ST (residues 87–174) bound to the
a isoform of the A subunit of PP2A. The crystals belong to the space
group C2221 and contain two complexes per asymmetric unit.
The structure was determined at 3.3-Å resolution by molecular
replacement (Fig. 1c). The two PP2A A–ST complexes can be super-
imposed with an r.m.s. deviation of 1.77 Å over 521 aligned a carbon
atoms, and the structural features we wish to discuss are identical
between them. For simplicity, we limit our discussion to one such
complex between ST and the A subunit of PP2A.

The core domain of ST comprises four a-helices (a1–a4) and has a
compact, globular fold (Fig. 1c). The core domain of ST interacts with

the conserved ridge of HEAT repeats 3–6 in the A subunit of PP2A
(Fig. 1c). Compared with the free A subunit, binding by ST does not
induce appreciable conformational changes in HEAT repeats 1–10.
Notably, although HEAT repeats 11–15 are not involved in binding ST,
they have a different conformation from that of the free A subunit
(Fig. 1d). This structural difference is apparently a result of
crystal packing interactions and probably reflects the inherently
flexible nature of the HEAT repeats in the A subunit of PP2A, as
previously observed27–30.

Structural features of ST
The four a-helices in the core domain of ST are organized around two
zinc atoms, confirming an earlier prediction31. These two zinc atoms
are important in the structure and stabilize the overall fold of ST. In
contrast to the prediction that ST may contain a GAL4-like Zn2-Cys6

binuclear cluster31, the two zinc atoms are coordinated by seven
cysteine residues and one histidine residue, all located in the first
three helices and the intervening loops (Fig. 2a). The first zinc atom is
chelated by four cysteine residues, Cys103, Cys111, Cys113 and
Cys116, whereas the second zinc atom is coordinated by one histidine
and three cysteine residues: His122, Cys138, Cys140 and Cys143. All
zinc-binding residues are conserved in ST and middle T antigen (MT)
of polyomavirus (Fig. 2a). Notably, these two zinc-binding sites are
structurally similar in the region encompassing the second, third and
fourth zinc-coordinating cysteine residues, with an r.m.s. deviation of
0.56 Å over 13 aligned a carbon atoms (Fig. 2b).

To gain functional insights, we searched for structural homologs of
the ST core domain using Dali32. The search did not identify any
protein with noticeable homology. There were only six structures with
Z-scores (similarity score) greater than 2.0, and the closest hit (PDB
1XKG) had a Z-score of 2.8 and an r.m.s. deviation of 2.3 Å over 34 a
carbon atoms. Closer examination in O33 revealed that these six
structures are dissimilar to that of the core domain of ST. We
concluded that the structure of the ST core domain probably repre-
sents a novel zinc-binding fold.
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Figure 1 Structure of the scaffolding subunit of PP2A bound to SV40 ST.

(a) A core domain in ST is responsible for binding PP2A. There are two

conserved domains in ST of SV40 and ST and MT of polyomavirus: an N-

terminal J domain and a C-terminal zinc-binding domain. Limited proteolysis

identified the zinc-binding domain as a stable structural core. This core

domain is necessary and sufficient for binding to the A subunit of PP2A.

(b) ITC measurements showing that the core domain of ST binds the A subunit

of PP2A approximately two-fold more tightly than does full-length ST. Insets,

titration traces. Kd ± s.d. is shown. (c) Overall structure of A subunit of

PP2A (green) bound to core domain of SV40 ST (yellow). Conserved ridge of

A subunit is colored magenta. The two zinc atoms are in red. All structural

figures were prepared using MOLSCRIPT46. (d) Comparison of structures of

A subunit unbound (gray) or bound (green) to ST, showing conformational

variation in the C-terminal HEAT repeats. Because no protein is bound to the

HEAT repeats, this probably reflects the inherent conformational flexibility of
the A subunit.
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Recognition of PP2A by ST
Residues from helix a3 and the preceding loop between a2 and a3 of
ST recognize the conserved ridge of HEAT repeats 3–6 in the A subunit
of PP2A (Fig. 3a), through both hydrogen bonds and van der Waals
interactions. These interactions result in the burial of 1,050 Å2 of
exposed surface area.

Five hydrophobic residues in ST and seven residues in the A subunit
form a network of van der Waals interactions at the interface
(Fig. 3b,c). Pro132 and Val134, both located in the loop between a2
and a3 of ST, stack against the side chains of Glu100 (HEAT3), Trp140
(HEAT4), Phe141 (HEAT4) and Thr178 (HEAT5) (Fig. 3b). Met146,
Trp147 and Phe148, all located in helix a3 in the core domain of ST,
make van der Waals contacts to Phe141 (HEAT4), Pro179 (HEAT5),
Met180 (HEAT5), and Gln217 (HEAT6).
These interactions are buttressed by three
intermolecular hydrogen bonds. Arg183 in
the A subunit donates a pair of hydrogen
bonds to the backbone carbonyl oxygen
atoms of Met146 and Trp147 in ST, whereas
Ser219 makes a contact to the carbonyl oxy-
gen atom of Phe148 in ST (Fig. 3b,c).

The residues in SV40 ST that mediate
interactions with the A subunit of PP2A are
highly conserved in the ST and MT of poly-
omavirus (Fig. 2b). Of the five residues in
SV40 ST that interact with PP2A, Val134,
Trp147 and Phe148 are invariant, and
Pro132 and Met146 are replaced by residues
that can fulfill the same function at the inter-
face. Conversely, the residues in the a isoform
of the A subunit (Aa) that mediate interac-
tions with ST are also conserved in Ab
(Fig. 3c). This analysis indicates that the
interactions between SV40 ST and the

A subunit are most probably conserved in complexes between ST or
MT of polyomavirus and the A subunit.

Structural basis for published biochemical data
The structural observations provide a molecular rationale for a body
of published biochemical and mutagenesis results on the inter-
action between SV40 ST and PP2A16–19,34. For example, a single
missense mutation in the A subunit, such as M180A, R183A or
R183E, leads to complete abrogation of interaction with ST18. As
described above, Met180 and Arg183 are important in the inter-
face (Fig. 3b,c); mutation of these residues should destabilize the
interface. Another loss-of-interaction mutation is Asp139-Trp140-
Phe141-His139-Ala140-Ala141 in the A subunit18; two of the three
residues, Trp140 and Phe141, stabilize the interface through van der
Waals interactions (Fig. 3b,c). In addition, the mutation C103S in ST
results in loss of interaction with the A subunit34; Cys103 contributes
to the structural stability of ST by coordinating a zinc ion (Fig. 2b).

The structural observations also nicely explain the mutagenesis data
on the interactions between PP2A and ST or MT of polyomavirus35.
The missense mutation C142Y in ST or MT of polyomavirus results in
abrogation of interaction with PP2A35. Cys142 in ST and MT of
polyomavirus corresponds to Pro132 in ST of SV40 (Fig. 2a), which
makes van der Waals contacts to the side chains of Glu100, Trp140 and
Phe141 in the A subunit (Fig. 3b). Analysis of the interface indicates
that mutation of Cys142 to the much bulkier residue tyrosine would
lead to serious steric clash with the surrounding residues in the A
subunit. Another loss-of-interaction mutation in STor MTof polyoma-
virus is insertion of four amino acid residues, Ala-Leu-Glu-Gln, after
residue 144 (ref. 35). This insertion is located in the center of the
interface between ST and the A subunit and is predicted to disrupt the
interface. The mutation C111S in ST or MT of polyomavirus leads to
loss of interaction with the A subunit35; Cys111 in ST and MT of
polyomavirus corresponds to Cys103 in SV40 ST, which coordinates a
zinc ion (Fig. 2b).

J domain contributes to binding of PP2A core enzyme
ST has previously been reported to inhibit the serine/threonine
phosphatase activity of the PP2A core enzyme20,21. To gain insights
into how ST accomplishes this task, we built an atomic model in which
the core domain of ST is bound to the PP2A core enzyme (Fig. 4a).
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Figure 2 Structural features of the core domain of ST. (a) Sequence

alignment of ST from SV40 and ST and MT from polyomavirus. Yellow,

conserved residues; red, zinc-binding residues; blue squares and magenta

triangles, residues that interact with the A subunit of PP2A through

hydrogen bonds and van der Waals contacts, respectively; purple asterisks,
residues whose mutation abrogates interaction with the A subunit18,35.
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Figure 3 Recognition of the A subunit of PP2A by ST. (a) Close-up view of core domain of ST bound

to HEAT repeats 3–6 of the A subunit of PP2A, colored as in Figure 1. (b) Stereo view of ST-A

interactions. Orange sticks, side chains; red dotted lines, hydrogen bonds. (c) Almost all the interface

residues in the A subunit of PP2A map to the conserved ridge region of HEAT repeats 4–6.
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This model is likely to be accurate, because the binding site for ST in
the A subunit in our model does not overlap with that for the
C subunit in the known structure of the PP2A core enzyme (PDB
2IE3)27. Notably, in this model, the core domain of ST does not
appear to form any direct interaction with the C subunit (Fig. 4a).
Thus, inhibition of the PP2A serine/threonine phosphatase activity by
ST probably derives from sequences other than the core domain. In
particular, the N-terminal J domain of ST, which is a known protein-
protein interaction motif 36, represents an ideal candidate for mediat-
ing such a function (Fig. 4b).

We speculated that the J domain of ST might mediate direct
interaction with the C subunit of PP2A, leading to inhibition of its
serine/threonine phosphatase activity (Fig. 4b). This hypothesis pre-
dicts that, because of the additional interactions between the J domain
of ST and the C subunit of PP2A, full-length ST should bind the PP2A
core enzyme with a higher binding affinity than does the core domain
of ST. To test this, we measured the relevant binding affinities using
ITC. Indeed, full-length ST binds the PP2A core enzyme with a Kd of
0.37 ± 0.02 mM—an approximately three-fold higher affinity than that
of the core domain of ST (Kd ¼ 1.16 ± 0.11 mM) (Fig. 4c).

The notion that the J domain of ST
directly contributes to binding of the PP2A
core enzyme is further supported by compar-

ison of the binding affinities between ST and the PP2A core enzyme or
the A subunit. On one hand, the core domain of ST has nearly
identical binding affinities for the PP2A core enzyme and for the A
subunit alone (Fig. 1b and Fig. 4c, right charts), indicating that the
core domain of ST does not appreciably interact with the C subunit.
On the other hand, full-length ST binds the PP2A core enzyme 5.78-
fold more tightly than the A subunit alone (Fig. 1b and Fig. 4c, left
charts). The higher binding affinity for the PP2A core enzyme is not
attributable to conformational changes of the A subunit induced by
the presence of the C subunit27, because such changes are restricted to
HEAT repeats 11–15, away from where ST binds.

ST inhibits the phosphatase activity of PP2A
The conclusion that the J domain of ST directly contributes to binding
of the PP2A core enzyme prompted us to examine the regulation of
PP2A phosphatase activity by ST. First, we reconstituted two in vitro
phosphoserine-phosphothreonine (pSer-pThr) phosphatase assays for
the PP2A core enzyme, using phosphorylase a (Fig. 5a) and a pThr
peptide (Fig. 5b) as substrates. As previously reported, full-length ST
inhibited the phosphatase activity of the PP2A core enzyme in a
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Figure 4 The J domain of ST directly contributes to binding of the PP2A core enzyme. (a) Atomic model of the PP2A core enzyme bound to the core domain

of ST, based on two overlapping structures: the A subunit bound to ST (this study) and PP2A core enzyme (PDB 2IE3)27. (b) Model of the PP2A core
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Insets, titration traces. Kd ± s.d. is shown. This result, together with Figure 1b, suggests that the J domain may directly interact with the C subunit.
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concentration-dependent manner in both assays (Fig. 5a,b). The
inhibition required both the core domain (residues 87–174) and the
J domain (residues 1–83) of ST, because neither domain alone
inhibited the PP2A core enzyme (Fig. 5a,b). Notably, the concentra-
tion of full-length ST for half-maximal inhibition of PP2A (IC50) was
approximately 0.2 mM in the phosphorylase a assay (Fig. 5a) and
2 mM in the pThr peptide assay. One obvious difference between these
two assays is the size of the substrates: phosphorylase a is a phospho-
protein and is bulkier than the pThr peptide. We speculated that full-
length ST does not completely block the active site of the C subunit
but restricts its access, so that smaller substrates have an advantage
over larger ones.

The notion of restricted access to the active site of the C subunit is
supported by an additional assay, in which p-nitrophenylphosphate
(pNPP) was used as a substrate for PP2A37,38. Even at high micromolar
concentrations, full-length ST only slightly inhibited the phosphatase
activity of PP2A toward pNPP (Fig. 5c). Because pNPP mimics a
phosphotyrosine (pTyr) substrate, we also reconstituted a pTyr phos-
phatase assay using a pTyr peptide substrate as previously described27.
In contrast to the pNPP assay, full-length ST inhibited the pTyr
phosphatase activity of the PP2A core enzyme with an IC50 of approx-
imately 2 mM (Fig. 5c), similar to that for the pThr peptide (Fig. 5b).

Next, we investigated the mechanism by which ST inhibits the phos-
phatase activity of PP2A. Two different concentrations of full-length
ST, 5 and 10 mM, were used. In pilot experiments, we determined the
approximate Km values for the reactions; we used substrate concen-
trations around these Km values to facilitate the analysis. We deter-
mined the initial rates (V) of the pTyr phosphatase activity of PP2A
core enzyme at four substrate concentrations ([S]) in the absence or
presence (5 and 10 mM) of ST. We then plotted the inverse values of
initial rate (1/V) and substrate concentration (1/[S]) for each data
point to obtain the Lineweaver-Burk plot (Fig. 5d). Analysis of the
plot revealed that the data points in the absence or presence of ST
could be fitted with a straight line. The extensions of these three
straight lines intercept the 1/V axis at approximately the same point
(Fig. 5d), a property that is indicative of competitive inhibition in a
Michaelis-Menten enzyme reaction. This finding suggests that ST may
inhibit the phosphatase activity of the PP2A core enzyme by compet-

ing with substrate for access to the active site. From the Lineweaver-
Burk plot, we derived Km values of 2.4 mM for the pTyr peptide in the
absence of ST and 7.7 mM in the presence of 5 mM ST.

Mutually exclusive binding of ST and B¢ subunit
Previous structural investigations have revealed that the B¢ regulatory
subunit binds the conserved ridge of HEAT repeats 2–6 in the
A subunit28,29. Thus, the binding sites of B¢ and of ST exactly overlap
in the A subunit (Fig. 6a). The buried surface area at the A-B¢ interface
is 1,997 Å2, which is approximately twice that of the A-ST interface. In
addition, the B¢ subunit makes noticeably more interactions with the
C subunit28,29. This analysis suggests that formation of a PP2A
holoenzyme involving the B¢ subunit may exclude binding by ST.
Supporting this notion, the B¢ regulatory subunit interacts with the
PP2A core enzyme with a Kd of approximately 0.05 mM (ref. 28),
corresponding to seven-fold tighter binding than that of full-length ST.

We further investigated these binding interactions using a non-
denaturing PAGE assay (Fig. 6b). First, we demonstrated that full-
length ST formed a stable complex with the PP2A core enzyme
(Fig. 6b, upper gel). The ternary complex between the PP2A core
enzyme and ST migrated just behind the free PP2A core enzyme. Next,
we titrated increasing amounts of ST into a preassembled PP2A
holoenzyme involving splicing variant 1 of B¢g (B¢g1) (Fig. 6b, middle
gel). At an approximately 1:1 molar ratio of ST to holoenzyme, only a
very small fraction of the PP2A holoenzyme was converted to a
ternary complex between the PP2A core enzyme and ST (Fig. 6b,
middle gel, lane 3), indicating that ST does not efficiently compete
with B¢g1 for binding to the PP2A core enzyme. Even at a ten-fold
molar excess over the PP2A holoenzyme, ST did not dislodge the
majority of the B¢g1 subunit from the PP2A holoenzyme (Fig. 6b,
middle gel, lane 6). These experiments were done under conditions in
which there was no free B¢g1 subunit at the beginning of incubation.
In cells, the presence of free B¢ subunits, albeit at low concentrations, is
likely to further limit the ability of ST to displace B¢ from PP2A
holoenzymes. To confirm this result, we also used increasing amounts
of B¢g1 to challenge the preassembled A–C–ST complex (Fig. 6b,
bottom gel). At an approximately 1:1 molar ratio, B¢g1 displaced the
vast majority of ST from the A–C–ST complex.
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Figure 6 Binding of ST and of B¢ to the PP2A core enzyme are

mutually exclusive. (a) The binding site for ST in the A subunit of

PP2A overlaps with that for the B¢ regulatory subunit. ST was

modeled into a structure of the PP2A holoenzyme that includes B¢
(PDB 2NPP)28,29. (b) ST does not efficiently displace B¢ from a

PP2A holoenzyme that includes B¢. Shown are representative native

PAGE results. Left, the PP2A core enzyme (A-C dimer) forms a

heterotrimeric complex with ST. Middle, the PP2A holoenzyme that

includes the B¢ subunit can withstand an excess of ST: for example, in lane 5, the concentration of ST was five-fold higher than that of the PP2A

holoenzyme, yet only a small fraction of the B¢ subunit was displaced. Right, the B¢ subunit efficiently disrupts the A–C–ST complex in a concentration-

dependent manner. (c) ST does not efficiently disrupt PP2A holoenzymes that include the B (left) and B¢¢ (right) subunits. Shown are representative

nondenaturing PAGE results.
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Our observations strongly suggest that, unless present at a much
higher concentration than the B¢ regulatory subunit, ST is unlikely to
displace a substantial portion of B¢ from PP2A holoenzymes. This
conclusion may not be incompatible with the observation that
suppression of B¢g expression results in inhibition of PP2A activity
to a similar level as that achieved by overexpression of ST26. One way
to explain this observation is that the changes in PP2A activity owing
to suppression of B¢g expression are similar to those achieved by
overexpression of ST.

Given the contrast of our in vitro results with those implied by cell-
based studies on B¢, we also investigated whether ST could efficiently
displace the B and B¢¢ subunits from preassembled PP2A holoenzymes,
using nondenaturing gel-shift assays (Fig. 6c). To our surprise,
although ST was able to displace B (top gel) or B¢¢ (bottom gel)
from their respective holoenzymes, the displacement was inefficient
and required a marked excess of ST. One important caveat is that these
observations are entirely based on in vitro experiments using purified
recombinant proteins. The circumstances could be different in cells.
For example, the J domain of ST has been shown to stimulate the
ATPase activity of Hsc70 by four- to nine-fold39, and it has been
hypothesized that this activity could be harnessed to disassemble
multiprotein complexes in vivo39. Thus, ST might be able to cooperate
with cellular factors to disassemble PP2A holoenzymes in cells39. Such
a hypothesis might explain a large body of contrasting observations,
both in vivo and in vitro.

DISCUSSION
In this study, we report quantitative measurements of binding
affinities between ST and PP2A. To our surprise, ST binds the PP2A
core enzyme with a lower affinity than does the B¢ subunit. Supporting
this observation, ST did not efficiently displace B¢ from PP2A
holoenzymes, whereas B¢ readily disrupted a preassembled complex
between ST and the PP2A core enzyme. These in vitro results have

important implications for the interpretation of experimental obser-
vations derived from cell-based studies. So that we could propose a
meaningful model of PP2A regulation, we also measured the binding
affinity between the A and C subunits using ITC (Fig. 7a). The affinity
(5.3 ± 1.7 nM) is considerably lower than that estimated by another
study, in which the inhibition IC50 of myosin light-chain phosphatase
activity of the C subunit by the A subunit was taken to be the
dissociation constant40. This discrepancy is probably due to the
different methods used. Nonetheless, our result suggests that the
C subunit binds the A subunit of PP2A with a binding affinity that
is at least an order of magnitude greater than B¢ or ST.

This study, together with recent structural and biochemical inves-
tigation27–29, allows us to construct a molecular and quantitative
model showing how ST may interfere with the normal functions of
PP2A (Fig. 7b). In the absence of ST, cellular PP2A exists in two
distinct forms: a core enzyme of A-C heterodimer and holoenzymes
involving a number of variable regulatory subunits4. It is reasonable
to assume that the PP2A core enzyme and the PP2A holoenzyme,
each with a distinct substrate specificity and phosphatase activity,
are in equilibrium in cells. The presence of ST may modify PP2A
substrate specificity and phosphatase activity by at least two different
modes (Fig. 7b). In the first mode, binding of ST to the PP2A
core enzyme leads to the formation of a heterotrimeric PP2A–ST
complex, which results in inhibition of the phosphatase activity
of the PP2A core enzyme. In the second mode, binding of ST to the
PP2A core enzyme may shift the equilibrium from the holo-
enzyme toward the core enzyme, leading to additional changes of
substrate specificity and phosphatase activity. Owing to the greater
binding affinity of the PP2A core enzyme for the regulatory B¢ subunit
than for ST, we further speculate that the primary mode of PP2A
regulation by ST is through changes in substrate specificity and
phosphatase activity as a direct result of binding to the PP2A
core enzyme.
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Figure 7 A proposed mechanistic model of ST-mediated inhibition of PP2A. (a) The C subunit binds the A subunit with a dissociation constant of B5 nM,

as determined by ITC. Kd ± s.d. is shown. (b) Schematic diagram illustrating the mechanisms of ST-mediated inhibition of PP2A, based on structural and

biochemical information. All binding affinities shown were determined using ITC. In the absence of ST, there are two populations of PP2A: the core enzyme

and the holoenzymes involving various regulatory subunits, each with a distinct substrate specificity and phosphatase activity. ST disturbs the equilibrium by

forming a heterotrimeric complex with the PP2A core enzyme. This PP2A–ST complex has a different phosphatase activity and substrate specificity from the

PP2A core enzyme or holoenzyme. Although the structure of ST shown is that of the core domain, the binding affinities are those of full-length ST.
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Can ST directly displace the regulatory B¢ subunit from PP2A
holoenzymes? Our in vitro studies suggest it can, but perhaps only
inefficiently. The key determinants of ST’s action in intact cells are the
protein expression levels of ST, PP2A core enzyme and the various
regulatory subunits. Because ST and the regulatory subunits interact
with PP2A core enzyme in a mutually exclusive manner, particular
steady-state levels of each of the complexes will be reached, depending
upon the concentrations of ST and the regulatory subunits and their
Kd values. Overexpression of ST, or of any of the regulatory subunits,
would be expected to perturb this equilibrium.

In this study, we also provide evidence that ST may competitively
inhibit PP2A phosphatase activity (Fig. 5d). This data, in conjunction
with binding-affinity measurements (Fig. 1b and Fig. 4c), indicate
that ST may directly interact with the substrate-binding region of the
C subunit of PP2A. Our biochemical data further suggest that the
J domain may directly mediate this function. In the various PP2A
phosphatase assays, ST showed different IC50 values, and one explana-
tion for such differences may be the different sizes of the substrates. It
is important to note that the differences in IC50 values might also be
explained by the different substrate concentrations used (0.5 mM for
phosphorylase a, 200 mM for the pThr peptide and 10 mM for pNPP),
because a higher concentration of substrate will give rise to a higher
IC50 value. Supporting this notion, IC50 was 0.2 mM in the phosphor-
ylase a assay, 2 mM in the pThr peptide assay and not measurable
(410 mM) in the pNPP assay.

ST-mediated regulation of PP2A is likely to be a general feature of
other types of PP2A holoenzymes. It is possible that ST preferentially
disassembles some PP2A holoenzymes involving specific regulatory
subunits, and this process might be modulated by a large number of
other proteins that interact with PP2A. Finally, because the regulatory
subunits are implicated in cellular localization of PP2A holoenzymes,
ST-mediated disassembly of the PP2A holoenzymes may also cause a
change in the subcellular distribution of PP2A.

In a broader context, the regulation of PP2A by virtually every
interacting protein is probably effected by changes in phosphatase
activity and substrate specificity. This applies to the four classes of
variable regulatory subunits, as binding of the PP2A core enzyme by a
regulatory subunit invariably results in a change of substrate specificity
and phosphatase activity. PTPA provides another noteworthy example:
it selectively enhances the pTyr phosphatase activity and inhibits the
pSer-pThr phosphatase activity1,41. Whereas there are 518 kinases in
the human genome42, there are only a handful of serine/threonine
phosphatases, creating an apparent conundrum as to how the limited
number of phosphatases may cope with the specific actions of many
more kinases. The combinatorial approach of regulating substrate
specificity of PP2A by a variety of interacting proteins provides a
plausible solution to this problem.

METHOD
Protein preparation. All constructs and point mutations were generated using

a standard PCR-based cloning strategy. The human A (residues 9–591;

a isoform) and C (residues 1–309; a isoform) subunits of PP2A and the

regulatory subunits were expressed and purified as described27,28. Full-length

SV40 ST (1–174) was cloned into pGEX-2T vector (Amersham) and over-

expressed at room temperature in E. coli strain BL21(DE3) as an N-terminally

glutathione S-transferase (GST)-tagged protein. The soluble fraction of the

E. coli cell lysate was first purified using a glutathione (Qiagen) affinity column,

then cleaved on the column by thrombin and further purified by ion-exchange

(Source 15Q, Amersham) and size-exclusion (Superdex 200, Amersham)

chromatography. Purified full-length ST was digested by elastase, which gave

rise to a stable core domain of ST. N-terminal peptide sequencing and mass

spectroscopy revealed that the core domain contains residues 87–174. The core

domain was used to form a stable complex with the A subunit of PP2A or the

PP2A core enzyme. The a isoform of the B subunit was expressed in insect cells

and purified as a His6-tagged protein. Purified Ba was incubated with the PP2A

core enzyme to form a holoenzyme. The holoenzyme involving the B¢¢ subunit

(residues 165–529) was assembled as described27.

Crystallization and data collection. Crystals of the complex between the

A subunit and the core domain of ST were grown by hanging drop vapor

diffusion, by mixing the protein (B10 mg ml–1) with an equal volume of

reservoir solution containing 0.2 M MgCl2, 4.5% PEG 1,0000 (w/v) and 0.1 M

HEPES (pH 7.5). Crystals appeared overnight and grew to full size within 3–5 d.

The crystals belong to space group C2221, with a ¼ 137.70 Å, b ¼ 147.79 Å

and c ¼ 209.65 Å. There are two complexes per asymmetric unit. Crystals were

equilibrated in a cryoprotectant buffer containing reservoir buffer plus 25%

(v/v) glycerol and were flash-frozen in a cold nitrogen stream at –170 1C. The

native set was collected at National Synchrotron Light Source beamline

X-29 and processed using DENZO and SCALEPACK43.

Structure determination. The structure of human PP2A–ST complex was

determined using PHASER44 with the atomic coordinates of the PP2A A

subunit from the PP2A holoenzyme (PDB 2NPP). The structure of ST was built

into model-phased two-fold–averaged 2Fo – Fc and Fo – Fc electron density

maps. The model was built using O33 and refined using CNS45. There are two

molecules of PP2A–ST in each asymmetric unit. Noncrystallographic symmetry

restraints were used throughout the refinement. The final refined atomic model

contains amino acid residues 9–588 of the PP2A A subunit and residues 91–170

of ST (Table 1). Of these residues, 80.8% fall in the most favored region of the

Ramachandran plot, and 17.9% and 1.3% are in the additionally and

generously allowed regions, respectively.

Phosphatase assays. The phosphatase assays using pNPP and phosphorylase a

as substrates were done as described27. The phosphatase assay using pTyr

peptide (MCA-G-D-A-E-pT-A-A-K(DNP)-R, where MCA is the fluorescence

tag (7-methoxycoumarin-4-yl)acetyl and DNP is 2,4-dinitrophenol) was done

as described41. The concentrations of the PP2A core enzyme were 8 nM (for

pNPP and phosphorylase a assays) and 100 nM (for pTyr peptide assay). The

concentrations of the substrates were 10 mM (pNPP), 0.5 mM (phosphorylase a)

Table 1 Data collection and refinement statistics

ST bound to A subunit

Data collection

Space group C2221

Cell dimensions

a, b, c (Å) 137.70, 147.79, 209.65

Resolution (Å) 100.0–3.3 (3.42–3.3)

Rsym 0.104 (0.444)

I / sI 11.2 (3.6)

Completeness (%) 95.2 (95.6)

Redundancy 8.5 (8.3)

Refinement

Resolution (Å) 100.0–3.3

No. reflections 30,881

Rwork / Rfree 0.249 / 0.313

No. atoms

Protein 10,358

Ions 4

B-factors

Protein 72.2

Ions 42.7

R.m.s. deviations

Bond lengths (Å) 0.010

Bond angles (1) 1.50

X-ray diffraction data were collected on one crystal. Values in parentheses are for
highest-resolution shell.
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and 1 mM (pTyr peptide). Ser/Thr Phosphatase Assay Kit 1 (Upstate Biotech-

nology) was used to measure pThr phosphatase activity according to the

manufacturer’s protocol. Twenty microliters of each PP2A sample (containing

40 nM PP2A A-C dimer with or without ST) was added to 5 ml phosphopep-

tide substrate (K-R-pT-I-R-R, 200 mM final concentration). The reaction was

done at room temperature for 5 min and stopped by the addition of 100 ml

malachite green solution. The samples were kept at room temperature for

10 min to allow color development, and then the absorbance at 650 nm was

measured. PP2A alone was used as a blank.

Nondenaturing polyacrylamide gel electrophoresis. All assays were done as

described41.

Isothermal titration calorimetry. ITC was done as described28. To obtain a

direct binding affinity, 10–20 mM PP2A core enzyme or the A subunit was

titrated with 100–200 mM full-length ST, the ST core domain or the C subunit

of PP2A, using a VP-ITC microcalorimeter (MicroCal). All proteins were

prepared in a buffer containing 25 mM HEPES (pH 8.0) and 150 mM NaCl.

The data were fitted by Origin 7.0.

Accession codes. Protein Data Bank: Coordinates have been deposited with

accession code 2PKG.
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