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KLHY is a short amino-acid sequence of inhibitor-2. This sequence is highly conserved
with the protein phosphatase 1 (PP1)-binding consensus motif, RVXF. The role of this
segment in binding with PP1 is ambiguous. By using surface plasmon resonance we have
characterized its binding ability to PP1. Either site-directed mutagenesis or deletion of
KLHY did not significantly affect the dissociation constant between PP1 and inhibitor-2.
In comparison with DARPP-32, the deletion of KKIQF, a PP1-binding motif of DARPP-32,
resulted in a remarkable reduction in its affinity with PP1. Our results suggested that,
compared with the common RVXF motif, the KLHY sequence in intact inhibitor-2 binds

weakly to PP1.
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Inhibitor-1, DARPP-32 (dopamine and cAMP-regulated
phosphoprotein, M, 32,000) and other distinct binding sub-
units bind to the catalytic subunit of protein phosphatase
1 (PP1) through a conserved motif, RVXF, accounting for
their interactions with the enzyme in a mutually exclusive
manner (I-6). In DARPP-32 this motif is located at resi-
dues 7-11, KKIQF'. Potent inhibition of PP1 by DARPP-32
requires another contact region, ranging from residue 29 to
35, RRRRPTP, which must be pre-phosphorylated by
cAMP-dependent protein kinase (PKA). Either mutation
or deletion of KKIQF results in a remarkable reduction
in inhibition of PP1.

Inhibitor-2 is also a thermostable protein inhibitor of
PP1, and contains residues 144-147, KLHY, which are
highly conversed with the RVXF motif. The role of this
sequence in interaction with PP1 is ambiguous. Unlike
the other PP1-binding proteins, either mutation or deletion
of KLHY did not significantly reduce the potency in inhibi-
tion of PP1 (7). However, a peptide encompassing the resi-
dues 135-151 could antagonize the inhibitory potency of
inhibitor-2. Antagonization of inhibitor-2 by 12(131-155)
disappeared when both Leu-145 and Tyr-147 of the peptide
were replaced by Ala, suggesting that KLHY acts as a
second site of interaction, corresponding to the conserved
RVXF motif (8). To gain more insight into the role of the
KLHY sequence in association with PP1, we have applied
surface plasmon resonance to characterize its binding
ability to PP1. For comparison, the binding ability of the
PP1-binding motif of DARPP-32 was also characterized by
using surface plasmon resonance.
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MATERIALS AND METHODS

Materials—Tris, EDTA, HEPES, 2-mercaptoethanol and
ATP were obtained from Sigma. Iodoacetyl-LC-biotin and
TCEP-HCl were purchased from Pierce. The catalytic
subunit of PP1 was purified from rabbit skeletal muscle
as described (9). The recombinant PP1a was prepared as
described (10). The purified native and recombinant PP1s
were intact forms without C-terminal truncation, as judged
by SDS-PAGE (data not shown). The recombinant wild-
type and mutants of human inhibitor-2, 12[1-160] and
12[1-140], were prepared as described (7). The recombinant
rat DARPP-32 and D32A[6-11] were prepared as described
(7). Phosphorylation of DARPP-32 by PKA followed the
method as described (2).

Preparations of Biotin-Conjugated Inhibitor-2 and
Biotin-Conjugated DARPP-32—Human inhibitor-2 con-
tains a single cysteine at residue 85, and this was reacted
with iodoacetyl-LC-biotin (71). All reaction components
contained 0.45 M Tris-HCI buffer at pH 8.6, wild-type or
inhibitor-2 mutant (4 mg/ml), guanidine hydrochloride
(6 M), EDTA (0.2 mM), TCEP (10 mM), and iodoacetyl-
LC-biotin (4 mg/ml). The reaction was carried out at room
temperature for 20 min, followed by gel filtration on G-25,
developed with 0.2 M acetic acid, to remove the excess
reagents. The fractions containing the biotin-conjugated
inhibitor-2 (or biotin-conjugated inhibitor-2 mutant)
were pooled and lyophilized to powder. Biotin conjugation
on Cys-85 did not affect inhibitor-2 in inhibition of PP1
(data not shown). Rat DARPP-32 contains a single cystei-
nyl residue at position 72. Preparation of biotin-conjugated
DARPP-32 followed the method as mentioned above.

Surface Plasmon Resonance Analysis—Surface plasmon
resonance measurements were performed on a BIACORE
3000 (Pharmica, Sweden). All biotin-conjugated inhibitors,
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including wild-type, mutated inhibitor-2 and phospho-
DARPP-32 (or phospho-D32A[6-11]), were immobilized
onto a streptavidin-coated sensor chip in HBS-EP buffer
(10 mM HEPES, 150 mM NaCl, 3mM EDTA, 0.005%
polysorbate 20 at pH 7.4) at a concentration of 5 pM
with a flow-rate of 2 pl/min until the resonance unit
reached a steady state. The unbound protein was then
washed off by injecting 10 mM NaHCOj3; buffer at a flow-
rate of 30 ul/min until the curves reached a steady state.
For the dissociation constant (Kp) measurements, PP1 at
concentrations ranging from 2.5 to 60 nM was injected
through the channel at a flow rate of 30 pl/min for 150 s
to induce the binding, followed by injection of HBS-EP
buffer in the absence of PP1 with the same flow-rate for
480 s for dissociation. After each cycle, the remainder of
bound PP1 was removed by washing with 10 mM NaHCOj;
buffer at the flow-rate of 30 pl/min for 40 s. Association and
dissociation kinetic rate constants (k,, and k.4 and the
equilibrium dissociation constant, Kp, were calculated
using BIAevaluation 3.0 software (Pharmica, Sweden).
The fitting model for all curves used 1:1 binding with drift-
ing baseline. In order to fit the experimental data precisely,
the value of 32, representing the mean square of the signal
noise, for each fitting must be less than 5. The concentra-
tion of the native PP1, purified from rabbit muscles, was
estimated from the optic density of the enzyme on SDS-
PAGE by using bovine serum albumin as the standard. The
concentration of the recombinant PP1la was estimated by
UV spectrophotometry at 280 nm, at which the absorbance
of 1 mg/ml enzyme was equal to 1.0825 (10).

RESULTS AND DISCUSSION

Measurement of the Dissociation Constants for Binding
of PP1 to Inhibitor-2 and Its Mutant by Surface Plasmon
Resonance—If the K4 ILHY4; sequence of inhibitor-2
strongly binds to PP1, the interaction between this
sequence and PP1 should make a major contribution to
the binding affinity. Either site-directed mutagenesis or
deletion of this sequence would then result in a significant
decrease in binding affinity. In order to test this inference,
we measured the dissociation constants by surface plas-
mon resonance for PP1 in the presence of wild-type
inhibitor-2 and mutant I2[Y147A]. Biotin-conjugated
inhibitor-2 was immobilized on a streptavidin-coated sen-
sor chip. As the recombinant PP1 was injected to the immo-
bilized inhibitor-2, the resonance unit increased initially
and reached its equilibrium state as depicted in Fig. 1A.
Switching the injection to HBS-EP buffer in the absence of
PP1 resulted in the dissociation of PP1 from the complex,
leading to a decrease in the resonance unit. From these
dissociation curves at different concentrations, the k., and
ko rate constants were obtained. The equilibrium con-
stants (Kp) were calculated from the ratio of k,,/kqs. The
Kp values, averaged from six independent measurements,
for PP1 in dissociation with the wild-type I121is 1.8 + 1.6 nM,
a result very similar to that obtained from fluorescence
studies (12). Kp is highly correlated with ICs, value
(data not shown).

The curves for mutant 12[Y147A] binding to and disso-
ciating from the immobilized PP1 are somewhat different
from those of wild-type inhibitor-2 (Fig. 1B). The dissocia-
tion rate of I2[Y147A] is faster than that of wild-type,
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Fig. 1. Surface Plasmon Resonance analysis of binding of
recombinant PP1 to wild-type inhibitor-2 and to mutant
I12[Y147A]. The recombinant PP1 was used for injection. The
curves represent the concentrations of the injected PP1. From bot-
tom to top: 2.5, 5, 7.5, 15, 30 and 60 nM. The biotin-conjugated
proteins immobilized on the streptavidin-coated sensor chip are
the wild-type (A) and 12[Y147A] (B).The Ky, values are expressed
as mean * SD, n = 6 for the wild-type and n = 3 for I12[Y147A] and
obtained from an average of each experimental measurement of
Eonlkor. RU: Resonance unit.

Table 1. The association kinetic rate (k,,) and dissociation
kinetic rate (k,¢) for recombinant PP1 binding to and dis-
sociating from the immobilized inhibitor-2 and I12[Y147A].
Both k., and k¢ values were obtained from the fitting curves of the
experimental measurements in Fig. 1, A and B. The values are
expressed as mean + SD, n = 6 for the wild-type and n = 3 for
12[Y147Al.

Substrate Fon M1 s71) Foge (571
Wild-type I2 3.99 + 3.25 x 10° 3.48+0.69x 1073
12[Y147A] 7.20 + 0.94 x 106 1.19+0.05 x 1072

reflecting on the fact that more than 90% of 12[Y147A]
is dissociated from the immobilized PP1 at 620 s, but less
than 50% of wild-type is dissociated under the same con-
ditions (Fig. 1, A and B). Mutation of Tyr-147 to Ala also
resulted in a change in the %,, value. Table 1 shows the k&,
and k¢ values for the recombinant PP1 binding to and dis-
sociating from the immobilized inhibitor-2 and 12[Y147A].
The ko, values for wild-type inhibitor-2 and I12[Y147A] are
3.99 + 3.25 x 10% and 7.20 + 0.94 x 10° (M~! s71), respec-
tively, while the kg values are 3.48 +0.69 x 102 and 1.19 +
0.05 x 1072, respectively. Although replacement of Tyr-147
by Ala of inhibitor-2 resulted in increases of both %,, and
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ks, the dissociation constant (Kp) estimated from the ratio
of kon/kogr did not change significantly (Fig. 1, A and B).

To fully explore the role of KLHY in inhibition of PP1,
we also measured the Kp for truncated 12[1-160] and
12[1-140] with native PP1. Here, the reason for using
native PP1 is that a 40-amino-acid deletion from the
COOH terminus of inhibitor-2 could result in an increase
in the IC5q value by one order of magnitude in the inhibi-
tion assay for the recombinant PP1 (data not shown),
although the ICsq values obtained for the inhibition of
the native and the recombinant PP1 by the wild-type inhi-
bitor-2 are similar (data not shown). Table 2 shows the &,
and k¢ values for the native PP1 binding to and dissociat-
ing from the immobilized inhibitor-2, I2[1-160] and
12[1-140]. The Kp values, calculated from Table 2, for
the native PP1 binding to the immobilized wild-type 12,
12[1-160] and 12[1-140] are 3.6 £ 1.0, 8.4 + 3.3 and 9.4 +
2.4 nM, respectively, suggesting that deletion of 44 and 64
COOH-terminal amino acids had a slight effect on the
binding of inhibitor-2 to PP1 (Fig. 2, A, B and C). Previous
study had indicated that the sequence I;0KGI3 directly
binds to the enzyme. The ICs, value was obviously
increased by one order when Ile-13 of inhibitor-2 was
replaced by Ala (7). In our measurement, the Kp value
for the native PP1 binding to I2[I13A] was also increased
by almost one order, to 19.2 + 5.2 nM (Fig. 2D). This result
further supports the notion that the KLHY sequence in
intact I2 has a little effect on binding to PP1. However,
mutation at the PP1-binding site, I;(KGI;3, of inhibitor-2
results in a significant decrease in k., value, but no effect
on kg (Table 2).

Analysis of the Binding of PP1 to Phospho-DARPP-32 by
Surface Plasmon Resonance—In DARPP-32 the RVXF
motif is located at residues 7-11, KKIQF. The KLHY
sequence in I2 has been proposed to have the same role
as the KKIQF sequence in DARPP-32 (8). Thus, the beha-
vior of binding affinity with PP1 resulting from deletion of
the KKIQF sequence in DARPP-32 should be very similar
to that resulting from deletion of the KLHY sequence in I2.
This can be demonstrated by measuring the dissociation
constants for native PP1 binding to phospho-DARPP-32
with and without its KKIQF motif being deleted. The
biotin-labeled phospho-DARPP-32 was immobilized onto
a streptavidin-coated sensor chip. Continuously applying
the native PP1 (30 nM) to the immobilized phospho-
DARPP-32 resulted in an increase in the resonance unit
until the equilibrium stage was reached. At this point,
injection of HBS-EP buffer induced the dissociation and
resulted in a decrease in the resonance unit (Fig. 3). In
contrast, under the same conditions, the native PP1
weakly bound to the immobilized D32A[6-11], in which
the KKIQF motif had been deleted. Even when the
concentration of the injected enzyme was increased to
240 nM, the resonance unit remained at the background

Fig. 2. Surface Plasmon Resonance analysis of binding of
native PP1 to wild-type inhibitor-2, 12[1-160], 12[1-140]
and I2[I13A]. The native PP1 purified from rabbit skeletal
muscles was used for injection. The curves represent the concen-
trations of the injected PP1. From bottom to top: 2.5, 5, 7.5, 15, 30
and 60 nM. The biotin-conjugated proteins immobilized on the
streptavidin-coated sensor chip are the wild-type (A), 12[1-160]
(B), 12[1-140] (C), and 12[I13A] (D). The Kp values are expressed
as mean = SD, n = 3. RU: Resonance unit.
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Table 2. The association kinetic rate (k,,) and dissociation
kinetic rate (kq¢) for native PP1 binding and dissociating
from the immobilized inhibitor-2, 12[1-160], I12[1-140] and
I2[I113Al. Both k,, and k¢ values were obtained from the fitting
curves of the experimental measurementsin Fig. 2, A-D. The values
are expressed as mean + SD, n = 3.

Substrate Bon M1 s71) Bogr (D)

Wild-type I2 (3.0 £1.3)x 10° (1.2+£0.7)x 1073

12[1-160] (2.7+0.4)x 10° (2.3+1.0)x 1073

12[1-140] (1.2+0.2) x 10° (1.1£0.1)x 1073

12[113A] (7.5+1.4)x 10* (1.4+0.2)x 107
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Fig. 3. Surface Plasmon Resonance analysis of binding of
PP1 to phospho-DARPP-32 and phospho-D32A(6-11). The top
curve represents 30 nM PP1 purified from rabbit skeletal muscle
injected over the immobilized phospho-DARPP-32 sensor chip; the
bottom curve represents 240 nM PP1 injected over the immobilized
phospho-D32A(6-11) sensor chip.

level (Fig. 3). This result suggests that deletion of the
PP1-binding motifleads to a significant decrease in binding
affinity. Comparison of the dissociation constants between
DARPP-32 and 12 demonstrates that the KLHY motif in
intact I2 does not bind or only weakly binds to PP1.

Our previous studies have clearly indicated that mutat-
ing Phe-11 to Ala or deletion of the R¢gKKIQF;; sequence
from phospho-DARPP-32 caused a significant increase in
IC5¢ (7). The results from the present study demonstrate
that deletion of the RKKIQF sequence of DARPP-32
results in a significant reduction in the binding affinity
with PP1. Apparently, abolition of the RKKIQF-binding
results in a reduction of inhibitory potency. A similar result
for another PP1 regulatory protein, spinophilin, which
targets PP1 to dendritic spines, was also obtained (13).
The PP1-binding motif of spinophilin is located within resi-
dues 447-451, RKIHF. Replacement of Phe-451 by Ala or
deletion of the RKIHF sequence abrogated the ability of
spinophilin to associate with PP1. This evidence makes it
clear that the role of RVXF motif is the main association
site for all PP1-binding proteins to bind to the enzyme.
However, in the present study, the KLHY sequence of
inhibitor-2 does not show such a function. Dissociation
constant measurements have clearly demonstrated that
the sequence KLHY functions for weak binding, compared
with the common PP-binding motif, RVXF.
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