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pathways and prevent uncontrolled growth (8, 9). This
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We recently identified the existence of a novel inter-
ction between heat shock transcription factor 2
HSF2) and the PR65/A subunit of protein phosphatase
A (PP2A) and showed that HSF2 is able to compete
ith the PP2A catalytic subunit for binding to PR65.
o elucidate the mechanistic basis of this competition
etween HSF2 and catalytic subunit at the molecular

evel we have sought to characterize sequences within
R65 that are important for interaction with HSF2.
he results identify the intra-repeat loop within HEAT
epeat 11 of PR65 as critical for interaction with HSF2.
nalysis of point mutants within this loop region of
R65 identify lysine 416 as a residue critical for inter-
ction with HSF2. Interestingly, this same lysine resi-
ue of PR65 is important for its binding to catalytic
ubunit. These results suggest that HSF2’s ability to
nterfere with catalytic subunit binding to PR65 is due
o competition between HSF2 and catalytic subunit
or at least one amino acid residue of PR65, lysine 416.
hese data support the hypothesis that HSF2 repre-
ents a new type of PP2A regulatory protein. © 2000

cademic Press

PP2A plays a critical role in regulating a number of
ellular processes including intermediary metabolism,
ignal transduction, and cell cycle progression by de-
hosphorylating and thereby modulating the activity
f proteins that control these processes (1–7). For ex-
mple, PP2A dephosphorylates and inactivates MEK1,
RK1, and ERK2 to down-regulate growth stimulatory
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nzyme is composed of a core heterodimer containing a
rotein called PR65 (also called A subunit) and the
atalytic subunit, which associate with a large number
f different B-subunits to form the mixed population of
P2A heterotrimers (holoenzyme) found in cells. The
R65 protein, whose structure has recently been
olved, contains 15 repeats of a structural domain
alled the HEAT motif which span the entire PR65
olypeptide (10). The B-subunits bind the N-terminal
egion of PR65 containing HEAT repeats 1–10 while
he catalytic subunit interacts with the C-terminal re-
ion of PR65 containing HEAT repeats 11–15 (11–14).
ssociation of these B-subunits regulates PP2A func-

ion, with the nature of the regulation dependent on
he identity of the B-subunit which is associated. For
xample, some B-subunits alter substrate preference of
he enzyme while others target the enzyme to specific
ellular locations (15–22).
We have recently described a novel interaction that

ccurs between heat shock transcription factor 2
HSF2) and the PR65 subunit of PP2A (23). We also
howed that HSF2 is able to block the interaction be-
ween PR65 and the catalytic subunit of PP2A. Initial
apping data suggested that this is due to competition

etween HSF2 and catalytic subunit for binding to the
ame region of the PR65 protein. Based on these re-
ults we hypothesize that HSF2 represents a new type
f PP2A-regulatory protein, distinguished from the
-type subunits by the ability to bind the C-terminal
egion of PR65 and block its interaction with catalytic
ubunit.
The goal of the experiments in this paper was to

efine the region of PR65 which is important for inter-
ction with HSF2, and to determine the molecular
asis for the competition between HSF2 and catalytic
ubunit for binding to PR65. The results reveal that
equences in PR65 between amino acids 205–419 are
mportant for interaction with HSF2. Near the
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he lysine residue at position 416 of PR65 as critical for
nteraction with HSF2. Interestingly, this same resi-
ue has previously been shown to be important for
atalytic subunit binding to PR65, which we have also
onfirmed in this study (14). Thus, these results iden-
ify lysine 416 of PR65 as important for the binding of
oth HSF2 and catalytic subunit, suggesting that the
bility of HSF2 to interfere with catalytic subunit bind-
ng to PR65 is due to competition between HSF2 and
atalytic subunit for at least one critical contact resi-
ue within PR65.

ATERIALS AND METHODS

Exonuclease III and site-directed mutagenesis. A series of
-terminal exonuclease III mutants of PR65 were made by cutting
ACT-PR65 (23) with AatII and XhoI restriction endonucleases, and
hen following the manufacturer’s instructions for the Stratagene
xoIII-Mung Bean Nuclease kit. Single amino acid mutants of PR65
ere made using the Stratagene Quikchange kit, employing the

ollowing mutagenic primers (bold indicates altered nucleotides,
nd only top strand (sense) primer is indicated). All of the
utations were confirmed by DNA sequencing: PR65 (E413A),

9 GTGGAGCTGGCTGCGGACGCCAAGTGG 39; PR65 (D414A),
9 GAGCTGGCTGAGGCGGCCAAGTGGCGG 39; PR65 (A415Y),
9 CTGGCTGAGGACTACAAGTGGCGGGTG 39; PR65 (K416A),
9 GCTGAGGACGCCGCGTGGCGGGTGCGG 39; PR65 (W417A),
9 GAGGACGCCAAGGCGCGGGTGCGGCTG 39; PR65 (R418A),
9 GACGCCAAGTGGGCGGTGCGGCTGGCC 39.

Yeast two-hybrid and b-galactosidase assay. The ability of pro-
eins to interact in the yeast two-hybrid system was tested by co-
ransfection of bait constructs (in pGBD) and target constructs (in
GAD) into yeast strain pJ69-4A, and then examining for growth on
lates lacking adenine, following established protocols (23, 24). For
nalysis of b-galactosidase activity in yeast harboring two-hybrid
onstructs, yeast extracts were incubated in 50 mM Na2HPO4/
aH2PO4 (pH 7.0), 10 mM KCl, 1 mM MgSO4, 50 mM
-mercaptoethanol. After addition of 1mg/ml of o-nitrophenyl-b-D-
alactoside (ONPG) substrate, samples were incubated at 30°C for 5
in and then the OD at 420 nm was measured.

Expression of recombinant proteins and GST-pull-down assay.
ull-length wild-type GST-PR65, 6 3 His-HSF2, and 6 3 His-
atalytic subunit were previously described (23). GST fusion proteins
f different PR65 point mutants were generated by subcloning the
ppropriate portion of the coding regions of the PR65 point mutants
made as described above) into pGEX2T. The different constructs
ere expressed in bacteria and then purified according to the man-
facturer’s instructions. For the in vitro binding assay, GST-PR65 or
ST-PR65 K416A mutant were bound to glutathione-agarose beads,

ncubated with 63 His-HSF2 or 63 His-catalytic subunit for 1 h at
°C in binding buffer (20 mM Tris (pH 7.4), 50 mM NaCl, 0.1% Triton
-100, 14 mM b-mercaptoethanol). After washing 43 with binding
uffer, bound HSF2 or catalytic subunit was analyzed by SDS–
AGE and Western blot using HSF2 and Ca antibodies (25; Upstate
iotechnology).

ESULTS

To dissect the sequences in PR65 important for
SF2 interaction, we made N-terminal deletion con-

tructs (Fig. 1A) and C-terminal exonuclease III dele-
ion constructs (Fig. 1B) and tested the ability of these
85
n the yeast two-hybrid assay. As shown in Fig. 1A, a
utant containing PR65 amino acids 205–589 is able

o interact with HSF2 in this assay, but a mutant
ontaining amino acids 327–589 is not, suggesting that
he N-terminal boundary of the sequences important
or HSF2 interaction exists somewhere between amino
cids 205 and 327. With regard to the C-terminal
oundary of these sequences, Fig. 1B shows that
-terminal exonuclease III truncation mutants of
R65 ending with amino acid 419 or later are able to

nteract with full-length HSF2 in the two-hybrid assay.
owever, further truncation of PR65 to amino acid 415

esults in a significant loss of interaction, which de-
reases further upon truncation to amino acid 413. The
R65 mutant ending at amino acid 408 is unable to

nteract with HSF2 in this assay. These results suggest
hat the C-terminal boundary of the sequences re-
uired for HSF2 interaction is near amino acids 415–
19 of PR65. As summarized in Fig. 1C, the results of
hese two experiments suggest that sequences in PR65
etween amino acids 205–419 are important for inter-
ction with HSF2.
The position of this C-terminal boundary within

R65 was particularly interesting with respect to our
ypotheses because this region contains a lysine resi-
ue (K416) previously shown to be important for PR65
nteraction with catalytic subunit (14). Based on this
esult, we hypothesized that the competition between
SF2 and catalytic subunit for binding to PR65 could
e due to the possibility that both of these proteins
equire one or more identical amino acid residues in
R65 for binding.
To test this hypothesis we used site-directed mu-

agenesis to make a number of single amino acid sub-
titutions in the region of PR65 near lysine 416 and
hen determined the effects of these mutations on in-
eraction with HSF2 in the two-hybrid assay. The mu-
ations made were all alanine substitutions except for
lanine 415, which was changed to tyrosine to deter-
ine the effect of substitution of a bulky side chain for

he small alanine side chain. The results of this exper-
ment, shown in Fig. 2, support our hypothesis by re-
ealing that mutation of lysine 416 of PR65 to alanine
esults in a 90% reduction in b-galactosidase activity
elative to wild-type PR65. Interestingly, while four of
he other mutants we made in this region of PR65
E413A, D414A, A415Y, and W417A) showed similar
-galactosidase activity with HSF2 as wild-type PR65,
he construct containing a mutation of arginine 418 to
lanine consistently exhibited at least a 40% increase
n b-galactosidase activity. Possible interpretations of
his result with respect to the HSF2:PR65 interaction
re presented in the Discussion.
We then compared the effect of these point muta-

ions in PR65 on its interaction with catalytic subunit
n the two hybrid assay. As shown in Fig. 3, the results
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onfirm the importance of lysine 416 of PR65 for inter-
ction with catalytic subunit. Mutation of this residue
o alanine results in an 80% reduction in b-galac-

FIG. 1. Analysis of interaction between HSF2 and PR65 N-termi
y yeast two-hybrid assay. PR65 mutant constructs were tested for ab
ith a plasmid containing full-length wild-type HSF2. (C) indicates

or interaction with HSF2.

FIG. 2. Analysis of effect of PR65 point mutants on interaction
ith HSF2. The indicated point mutants of PR65 were transformed

nto yeast with full-length HSF2 and then b-galactosidase activity
as measured in yeast extracts. Values are normalized to wild-type
R65 (51).
86
osidase relative to wild-type PR65. However, our re-
ults also identify two other amino acids in this region
f PR65 whose mutation alters interaction with cata-
ytic subunit. Mutations of aspartic acid 414 (D414A)
r alanine 415 (A415Y) reduce b-galactosidase activity
y 85 and 25%, respectively, relative to wild-type
R65.
The results of these PR65 point mutant analyses,
hich are summarized in Fig. 4, indicate that lysine
16 of PR65 is very important for the binding of both
SF2 and catalytic subunit. However, they also sug-

est that there are differences in how these two pro-
eins interact with PR65, as shown by the differential
ffects of mutations in other nearby residues on PR65
nteraction with HSF2 vs. catalytic subunit.

To obtain independent confirmation of these results
oncerning the importance of lysine 416 for interaction
ith both HSF2 and catalytic subunit, we also com-
ared the binding of HSF2 and catalytic subunit to
ild-type PR65 vs. mutant PR65 (K416A) using recom-
inant proteins in an in vitro binding assay. The re-
ults, shown in Fig. 5, support this finding by demon-
trating that GST-PR65 containing the K416A
utation exhibits reduced binding to both HSF2 and

atalytic subunit relative to wild-type GST-PR65.

truncation mutants (A) and C-terminal exonuclease III mutants (B)
y to confer growth of yeast on media lacking adenine in combination
ition of sequences in PR65 indicated by our results to be important
nal
ilit

pos
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uantitation of this experiment reveals that HSF2 and
atalytic subunit binding to the K416A mutant is de-
reased by 60 and 85%, respectively, compared to wild-
ype PR65.

ISCUSSION

One of the key findings of this study is that lysine
16 of PR65, which had previously been implicated as

FIG. 3. Analysis of effect of PR65 point mutants on interaction
ith catalytic subunit. The indicated point mutants of PR65 were

ransformed into yeast with full-length catalytic subunit and then
-galactosidase activity was measured in yeast extracts. Values are
ormalized to wild-type PR65 (51).

FIG. 4. Summary of analysis of PR65 amino acid residues im-
ortant for interaction with HSF2 or catalytic subunit. (A) shows the
utants that were tested and the results for each in the interaction

ssay relative to wild-type PR65, while the cartoon in (B) depicts the
agnitude and direction of the change (down and up arrows indicate

ecreased and increased interaction, respectively) only for those
utants which exhibited a difference relative to wild-type PR65.
87
mportant for catalytic subunit binding, is also critical
or interaction of this protein with HSF2 (14). This
esult provides an explanation, at the molecular level,
or the ability of HSF2 to compete with catalytic sub-
nit for binding to PR65 (23). It suggests that this
ompetition is more than just a matter of steric inter-
erence, and that these two proteins actually share at
east one critical contact residue in PR65.

Our results also suggest that although both HSF2
nd catalytic subunit appear to require lysine 416 of
R65 for interaction, there are differences in how these
wo proteins interface with PR65. This interpretation
s based on our finding that mutation of two residues
ear lysine 416, aspartic acid 414 and alanine 415,
ffects interaction of catalytic subunit but has no ap-
arent effect on HSF2 binding. Both of these residues
re exposed on the protein surface and thus are poten-
ially available for interaction. The mutation we made
t alanine 415 of PR65 is a substitution of a bulky
yrosine side chain for the relatively compact methyl
roup of alanine, and thus we hypothesize that this
utation may reduce catalytic subunit binding by in-

erjecting this large side chain into the interface be-
ween these two proteins, creating steric interference.

This same logic could also explain why HSF2 inter-
ction with PR65 actually increases when arginine 418
s mutated to alanine. We postulate that the relatively
arge, charged side chain of this arginine could be
nterfering with HSF2 binding due to either steric in-
erference or charge repulsion with some group in the
R65-binding interface of HSF2. This interference
ould be relieved by changing arginine 418 to the much
maller, uncharged side chain of alanine. Interest-
ngly, it has recently been shown that a mutation
hich changes this arginine residue to tryptophan

R418W) is found in a human melanoma cell line, sug-
esting this mutation could be tumorigenic (26). We
ypothesize that this could be mediated by effects of
his substitution to decrease interaction of PR65 with
atalytic subunit due to replacement of the polar argi-
ine side chain with the bulky, largely hydrophobic
ide chain of tryptophan, potentially leading to altered
P2A function and disregulated cell division.

FIG. 5. In vitro binding analysis of 6 3 His-HSF2 and 6 3
is-catalytic subunit with wild-type GST-PR65 vs. GST-PR65

K416A). GST-PR65 and GST-PR65 (K416A) were bound to gluta-
hione agarose and then incubated with purified 6 3 His-HSF2 or

3 His-catalytic subunit. After extensive washing, the amount of
SF2 or catalytic subunit bound was determined by Western blot
nalysis.
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ur data suggesting that aspartic acid 414 of PR65 is
mportant for interaction with catalytic subunit. This
spartic acid occupies a position that is conserved
mong most of the HEAT repeats of PR65 (27). The
rystal structure of PR65 reveals that in most of the
EAT repeats that have an aspartic acid at this posi-

ion the carboxyl-group in the side chain of this residue
s involved in a charge-charge interaction with con-
erved arginine residues (lysine in some repeats) in the
receding HEAT repeat (10). These inter-repeat inter-
ctions play an important role in stabilizing the PR65
tructure, explaining the conservation at these posi-
ions in PR65. However, what is interesting is that the
rystal structure of PR65 suggests that the aspartic
cid at position 414 in HEAT repeat 11, the one sug-
ested by our studies to be important for catalytic
ubunit binding, does not participate in this interac-
ion with the arginine residue of the preceding HEAT
epeat (arginine 381) (10). Measurement of the closest
istance between the carboxyl oxygen atoms and nitro-
en atoms in the side chains of these two residues
based on crystal structure coordinates) reveals that
hey are approximately 7 angstroms apart. This dis-
ance is beyond that typically expected for a strong
nteraction of this type. The corresponding aspartic
cid residues in HEAT repeats 5–10, as well as HEAT
epeat 12, do appear to form the interaction with argi-
ine or lysine residues in the preceding HEAT repeat.
ne interpretation of this data, which would be consis-

ent with the results of our mutation analysis, is that
spartic acid 414 does not participate in this inter-
epeat charge-charge interaction with arginine 381 be-
ause it is required for interaction with chemical
roups within the catalytic subunit. Indeed, this fea-
ure of aspartic acid 414 could serve to distinguish
EAT repeat 11 from many of the other HEAT repeats

f PR65, and thereby perhaps help target catalytic
ubunit binding to this region of the protein.
In summary, the data presented in this paper sug-

est the underlying mechanistic basis by which HSF2
ompetes with catalytic subunit for binding to PR65
nd support the hypothesis that HSF2 represents a
ew type of PP2A regulatory protein. Future studies
ill seek to further characterize the structure of the
SF2:PR65 interaction, and attempt to identify other
otential members of this class of regulatory protein.
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