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Inhibitor 1 (I-1) is a protein inhibitor of protein phosphatase 1 (PP1),
a major eukaryotic SeryThr phosphatase. Nonphosphorylated I-1 is
inactive, whereas phosphorylated I-1 is a potent PP1 inhibitor. I-1
is phosphorylated in vivo on Thr35 and Ser67. Thr35 is phosphory-
lated by cAMP-dependent protein kinase (A kinase), and Thr35-
phosphorylated I-1 inhibits PP1. Until now the kinase that phos-
phorylates Ser67 had not been identified and the physiological role
of Ser67 phosphorylation was unknown. In this study we detected
a high level of kinase activity in brain extract when a glutathione
S-transferase (GST) fusion I-1 mutant containing an Ala substituted
for Thr35 [GST-I-1(T35A)] was used as the substrate. GST-I-1(T35A)
kinase and neuronal cdc2-like protein kinase (NCLK) in the brain
extract could not be separated from each other by a series of
sequential chromatographies. GST-I-1(T35A) kinase immunopre-
cipitated with anti-NCLK antibody from kinase-active column frac-
tions. Purified NCLK-phosphorylated GST-I-1(T35A) and I-1 (0.7
mole of phosphate per mole of I-1). HPLC phosphopeptide map-
ping, amino acid sequencing, and site-directed mutagenesis deter-
mined that NCLK phosphorylates Ser67 of I-1. NCLK-phosphory-
lated I-1 and I-1(T35A) inhibited PP1 with IC50 values '9.5 and 13.8
nM, respectively. When compared, A kinase-phosphorylated I-1
was only '1.2 times more inhibitory than NCLK-phosphorylated
I-1. Our data indicate that NCLK is a potential in vivo I-1 kinase and
that Thr35 and Ser67 phosphorylation independently activate I-1.

neuronal cdc2-like protein kinase u cAMP-dependent protein kinase

Protein phosphatase 1 (PP1) is a major eukaryotic SeryThr
phosphatase that regulates diverse cellular processes such as

glycogen metabolism, cell division, muscle contraction, signal
transduction, neural functions, and RNA processing (reviews in
refs. 1–5). PP1 is a 37-kDa catalytic subunit whose activity is
regulated by two types of regulatory subunits: targeting subunits
and inhibitory subunits. Targeting subunits confer substrate
specificity and localize PP1 to various subcellular compartments
(1–3). Inhibitory subunits suppress the catalytic activity of PP1
(4, 5). Inhibitor 1 (I-1), DARPP-32, and inhibitor 2 are heat-
stable PP1 inhibitory subunits. DARPP-32 is an I-1 homologue
found mainly in brain. I-1 and DARPP-32 require phosphory-
lation for the inhibitory activity, whereas inhibitor 2 inhibits PP1
without phosphorylation.

I-1 is an '19-kDa protein widely expressed in various mam-
malian tissues (4–7). It is phosphorylated on Thr35 and Ser67 in
vivo (6). Thr35 is phosphorylated by cAMP-dependent protein
kinase (A kinase), and this phosphorylation makes I-1 a PP1
inhibitor (6, 7). Until now an I-1 Ser67 kinase(s) was unidentified.
The physiological role of Ser67 phosphorylation was also un-
known. In this study, we used a glutathione S-transferase (GST)
fusion I-1 mutant containing Ala in place of Thr35, GST-I-
1(T35A), as the substrate and detected a high level of kinase
activity in brain extract. Herein we report the identity of I-1 Ser67

kinase and describe the role of Ser67 phosphorylation on I-1
activity.

Materials and Methods
I-1 cDNA Clones and Site-Specific I-1 Mutagenesis. pGEX-2T vectors
containing human I-1 and I-1(T35A) were gifts from Shirish

Shenolikar of Duke University. An I-1 mutant [I-1(S67A)]
containing Ala substituted for Ser67 was constructed by PCR-
based megaprimer mutagenesis (8). Two-step Pfu DNA poly-
merase-catalyzed PCR was carried out with human I-1 cDNA as
the template. In the first step, the forward primer, 59-
CTTCCGGAATTCATGGAGCAAGACAACAGCCCCCG-
39, containing an EcoRI site (italics) and the I-1 mutagenesis
reverse primer Ser67 3 Ala, 59-189CCGTTGCCGTGGCGC-
CATTGCCAAAG213-39 were used. PCR (30 cycles) was carried
out at 94°C for 30 sec, 55°C for 1 min, and 72°C for 40 sec, and
the PCR product was purified. In the second step, the above
purified PCR product was used as the forward primer and
59-GCGGCCGCCTCGAGTCAGACCGAGTTGGCTCCCT-
TGG-39 containing a XhoI site (italicized) was used as the
reverse primer. PCR (30 cycles) was performed at 94°C for 30
sec, 55°C for 1 min, and 72°C for 1.5 min. The final PCR product
was purified and subcloned into the EcoRIyXhoI sites of the
pGEX-6P-1 vector. The recombinant plasmid was transformed
into Escherichia coli DH10B first and then into BL21(DE3). The
mutagenesis was confirmed by DNA sequencing.

Proteins and Peptides. GST-I-1, GST-I-1(T35A), and GST-I-
1(S67A) were purified from E. coli lysates by using glutathione-
S-Sepharose affinity chromatography (7). The GST tag was
removed from the various I-1 constructs by using a thrombin
Cleancleave kit from Sigma and following the manufacturer’s
instructions. Neuronal cdc2-like kinase (NCLK) was purified
from fresh bovine brain (9). Phosphorylase kinase was purified
from rabbit skeletal muscle (10). PP1a was a gift from E. Y. C.
Lee (New York Medical College). The catalytic subunit of A
kinase, phosphorylase b, A kinase substrate kemptide (LR-
RASLG), and A kinase inhibitory peptide PKI (TTYADPIAS-
GRTGRRNAIHD) were from Sigma. The making of polyclonal
antibodies against cdk5 subunit of NCLK and the C terminus of
mitogen-activated protein (MAP) kinase (p43Erk1) and the syn-
thesis of the peptide substrate of NCLK (KTPKKAKKPKTP-
KKAKKL) have been described previously (10). Polyclonal
antibodies against casein kinase 1 and casein kinase 2 were gifts
from Louise Larose and Stephan Richards of McGill University.

Protein and Peptide Concentrations. GST-I-1 and I-1 concentra-
tions were determined by Bio-Rad protein assay using BSA as
the standard. Concentrations of I-1(T35A), I-1(S67A), NCLK-
phosphorylated I-1, NCLK-phosphorylated 1(T35A), A kinase-
phosphorylated I-1, and NCLKyA kinase-phosphorylated I-1
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were determined by Bio-Rad protein assay using I-1 as standard.
Concentrations of all GST-I-1 species were determined by
Bio-Rad protein assay using GST-I-1 as standard. NCLK con-
centration was based on its activity (9). Concentrations of A
kinase, phosphorylase b, kemptide, and A kinase inhibitory
peptide were based on dry weights. All other protein concen-
trations were determined by Bio-Rad protein assay using BSA as
the standard. Concentration of NCLK substrate peptide was
based on amino acid analysis.

Activity Assays. The GST-I-1(T35A) kinase assay was initiated at
30°C by adding 10 ml of the kinase solution to 30 ml of reaction
mixture containing the rest of the assay components. The final
concentrations of the various assay components were 25 mM
Hepes (pH 7.2), 50 mM b-glycerophosphate, 10 mM NaF, 1 mM
EDTA, 1 mM DTT, 10 mM MgCl2, 0.4 mM [g-32P]ATP, and 0.2
mgyml GST-I-1(T35A). After 30 min, 20 ml was withdrawn from
the reaction mixture, mixed with SDSyPAGE sample buffer, and
electrophoresed on SDSy10% polyacrylamide gels. The GST-I-
1(T35A) bands in the gel were sliced out and their radioactivities
were measured in a liquid scintillation counter. NCLK activity
was also assayed as above, using 50 mM peptide substrate (9).
After 30 min, 10 ml of 50% trichloroacetic acid was added to the
assay mixture, which was incubated at 4°C for 10 min and
centrifuged. Supernatant from the assay mixture was withdrawn
and analyzed by phosphocellulose strip assay (11). A kinase
activity was measured as above, using kemptide as the substrate.

To generate Fig. 3 and Table 3, phosphorylated I-1 was
prepared as above except the concentration of I-1 was 0.6 mgyml.
When used, the A kinase concentration was 25 mgyml. After 12 h
at 30°C, the reaction mixture was dialyzed against 50 mM
TriszHCl, pH 7.4y1 mM EDTAy1 mM DTT. NCLK-phosphor-
ylated I-1(T35A) was also prepared as above. NCLKyA kinase-
phosphorylated I-1 was prepared as above by phosphorylating
I-1 with NCLK, followed by A kinase, for 6 h each. NCLK-
phosphorylated I-1, NCLK-phosphorylated I-1(T35A), A ki-
nase-phosphorylated I-1, and NCLKyA kinase-phosphorylated
I-1 were prepared at the same time under identical conditions
and were dialyzed in the same vessel. The amounts of phosphate
in NCLK-phosphorylated I-1, NCLK-phosphorylated
I-1(T35A), A kinase-phosphorylated I-1, and NCLKyA kinase-
phosphorylated I-1 were 0.7, 0.5, 0.8, and 1.4 mole of phosphate
per mole of inhibitor protein, respectively. Similarly, the
amounts of phosphate in NCLK-phosphorylated GST-I-1,
NCLK-phosphorylated GST-I-1(T35A), and A kinase-
phosphorylated GST-I-1 were 0.5, 0.3, and 0.8 mole of phosphate
per mole of inhibitor protein, respectively.

PP1 activity was assayed as described (7) in a 30-ml reaction
mixture containing 50 mM TriszHCl (pH 7.4), 1 mM DTT, 0.5
mM MnCl2, 10 mM [32P]phosphorylase a, and 0.5 mgyml PP1.
The reaction was initiated by the addition of 1 ml of PP1 to 20
ml of assay mixture containing the rest of the assay components.
After 20 min at 30°C the reaction was terminated by adding 10
ml of 50% trichloroacetic acid to the assay mixture. The assay
mixture was then cooled on ice and centrifuged. A 20-ml aliquot
from the supernatant was spotted onto filter paper and placed in
a scintillation counter to determine the amount of released
[32P]Pi. [32P]Phosphorylase a used for PP1 assays was prepared
at 30°C for 30 min as described (10). [32P]Phosphorylase a was
dialyzed in 50 mM TriszHCl, pH 7.4y1 mM EDTAy1 mM DTT
and stored frozen at 280°C until used. Dephosphorylation of
phosphorylated I-1 by PP1 was monitored as above. The con-
centration of 32P-I-1 in the assay was 0.1 mgyml.

Phosphopeptide Purification and Peptide Sequencing. GST-I-1 (0.6
mg) was phosphorylated by NCLK for 12 h as above. Phosphor-
ylated GST-I-1 was desalted on a Sephadex G-25 column,
lyophilized, redissolved in 0.2 ml of 50 mM NH4HCO3 (pH 8.0)

containing 50 mgyml trypsin, and incubated at 37°C for 12 h. The
incubated sample was subjected to C18 reverse-phase HPLC (10).
Radioactive HPLC fractions were combined, concentrated to
'0.5 ml, and chromatographed through a Sephadex G-25 col-
umn equilibrated and eluted with 0.1% trif luoroacetic acid
(TFA). Fractions (0.5 ml each) were collected and those con-
taining radioactivity were combined, concentrated to 0.2 ml, and
reinjected into an HPLC column as described above. The column
was eluted with a 0–40% (volyvol) acetonitrile gradient in 0.1%
TFA in 60 min. Fractions containing radioactive peptide were
subjected to amino acid sequencing at the University of Victoria
Department of Biochemistry and Microbiology.

Partial Purification of GST-I-1(T35A) Kinase. All procedures were
carried out at 4°C. Fresh bovine brain ('1 kg) was homogenized
for 1 min in 2 liters of buffer A (20 mM Mops, pH 7.4y50 mM
b-glycerophosphatey10 mM NaFy1 mM EDTAy1 mM DTTy15
mM MgCl2) containing 1 mM PMSF, 1 mgyml leupeptin, 1
mgyml pepstatin, and 5 mgyml benzamidine. The homogenate
was centrifuged at 104 3 g for 30 min. The supernatant was then
centrifuged at 105 3 g for 40 min. The resulting clear supernatant
was loaded onto a DEAE-Sephacel (Sigma) column (2.5 3 45
cm) previously equilibrated with buffer A. The column was
eluted with 0.5 M NaCl in buffer A. The flow-through fraction
containing GST-I-1(T35A) kinase activity was loaded onto a
SP-Sepharose (Pharmacia) column (1 3 60 cm). The column was
washed with buffer A and eluted with 600 ml of a linear gradient
of 0–0.5 M NaCl in buffer A. Fractions containing kinase activity
were combined and loaded onto a hydroxylapatite column (1.5 3
25 cm) preequilibrated in buffer A. The column was washed with
buffer A and then eluted with a 250-ml linear gradient of
K2HPO4 (0–0.4 M) in buffer A. Effluent fractions containing
kinase activity were combined ('50 ml), concentrated to '5 ml,
and subjected to gel filtration chromatography on an FPLC
Superose 12 gel filtration column (Pharmacia; 2 3 70 cm, and
equilibrated and eluted in buffer A containing 200 mM NaCl).

Immunoprecipitation and Immunoblotting. The gel filtration frac-
tion containing kinase activity from Fig. 1C ('1 ml) was cleared
with 50 ml of staphylococcal protein A-agarose beads (Sigma)
and divided into halves (450 ml each). To each half, 50 ml of
either preimmune serum or anti-NCLK serum was added. Both
halves were shaken end-over-end at 4°C. After 1 h of shaking, 50
ml of protein A-agarose beads preequilibrated in buffer A was
added to each half, and shaking was continued for another hour.
Protein A-agarose beads were collected by centrifugation,
washed five times with ice-cold buffer A, and subjected to NCLK
activity assay as described above except the trichloroacetic acid
precipitation step was excluded. The assay mixture was centri-
fuged and the supernatant was spotted onto filter paper to
determine amount of radioactivity incorporated into the peptide
substrate. Western immunoblotting was carried out as described
previously (9).

Results
GST-I-1(T35A) Kinase in Brain Extract. We found a high level of
GST-I-1(T35A) kinase activity in bovine brain extract. This
activity was recovered in flow-through fractions when subjected
to DEAE-Sephacel chromatography (data not shown). When
the DEAE flow-through fraction was chromatographed through
an SP-Sepharose column, GST-I-1(T35A) kinase activity eluted
as a single symmetric peak, suggesting that there may be only one
GST-I-1(T35A) kinase in the brain extract (Fig. 1A). We set out
to determine the identity of this kinase.

To determine whether GST-I-1(T35A) kinase is one of the
MAP kinases, 20 ml from various fractions in Fig. 1 A was
immunoblotted, using polyclonal antibody against MAP kinase.
Our antibody that can detect nanograms of p43erk1 and p42erk1
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showed no immunoreactivity (data not shown). Similar immu-
noblot analyses using polyclonal antibodies against casein kinase
2 and casein kinase 1 determined that both these kinases were
absent from Fig. 1 A fractions (data not shown). Fig. 1 A fractions
also did not have any detectable kemptide kinase (A kinase)
activity (data not shown). On the basis of these observations we
concluded that MAP kinases p43erk1 and p43erk2, casein kinase
1, casein kinase 2, and A kinase were not present in various
column fractions in Fig. 1 A. These kinases most likely bound to
the DEAE column and were absent from DEAE flow-through
fractions used to generate Fig. 1 A. When 20 mM LiCl, a glycogen
synthase kinase 3 inhibitor (12), was included in the GST-I-
1(T35A) kinase assay mixture and various fractions in Fig. 1 A
were assayed, no effect was observed (data not shown). Similarly,
2 mM EGTA, a specific Ca21 chelator, also did not inhibit
GST-I-1(T35A) kinase activity in Fig. 1 A. These observations
indicated that GST-I-1(T35A) kinase in Fig. 1 could not be
glycogen synthase kinase 3 or any Ca21-dependent kinase (pro-
tein kinase C, calmodulin-dependent protein kinases, or phos-
phorylase kinase).

NCLK is a brain proline-directed protein kinase (9, 13).
Because there is a proline at the carboxyl side of I-1 Ser67 (7),

we assayed NCLK activity in various Fig. 1 A fractions. A robust
kinase activity that coeluted with GST-I-1(T35A) kinase was
detected (Fig. 1 A). To determine whether NCLK and GST-I-
1(T35A) kinase were identical or different, various fractions
containing kinase activity in Fig. 1 A were subjected to hydroxy-
lapatite and gel filtration chromatographies sequentially. As
shown in Fig. 1 B and C, NCLK and GST-I-1(T35A) kinase
activity coeluted from both columns. Using anti-NCLK anti-
body, we then immunoprecipitated NCLK from Fig. 1C peak
column fractions. The resulting immune complex was subjected
to NCLK activity assay. Anti-NCLK immune complex displayed
intense GST-I-1(T35A) kinase activity (data not shown).

Phosphorylation of I-1 by NCLK. Our preceding data indicated the
interesting possibilities that either NCLK is GST-I-1(T35A)
kinase or GST-I-1(T35A) kinase is physically bound to NCLK in
the brain extract. To discriminate between these possibilities, we
examined the phosphorylation of various I-1 species by purified
NCLK. As shown in Fig. 2A, NCLK phosphorylated GST-I-
1(T35A) and GST-I-1 but failed to phosphorylate GST-I-
1(S67A). A kinase, as expected, phosphorylated GST-I-1 and
GST-I-1(S67A) but did not phosphorylate GST-I-1(T35A). Fig.
2B shows the time course of GST-I-1 phosphorylation by NCLK.
In 4 h NCLK incorporated 0.5 mole of phosphate per mole of
GST-I-1. Since NCLK used in these experiments was purified
from the brain extract, we performed experiments to determine
that observed GST-I-1 phosphorylation was caused by the action
of NCLK and not by any contaminant kinase in our NCLK
preparations.

A kinase-inhibitory peptide PKI (50 mM) completely sup-
pressed the I-1 phosphorylation by A kinase but displayed no
effect on I-1 phosphorylation by NCLK (data not shown).
Similarly, GST-I-1 phosphorylation by NCLK was unaffected by
20 mM LiCl or 2 mM EGTA (data not shown). These observa-
tions indicated that GST-I-1 phosphorylation in Fig. 2B was not
caused by any contaminant A kinase, glycogen synthase kinase
3, or any Ca21-dependent kinases. Immunoblot analyses using
polyclonal antibodies against casein kinase 1, MAP kinase, and
casein kinase 2 failed to show any cross-reactivity with all of our
NCLK preparations. These results indicated that GST-I-1 phos-
phorylation by NCLK preparations was not caused by any
contaminant MAP kinases, casein kinase 1, or casein kinase 2.
Finally, we included olomoucine, a specific NCLK inhibitor (14),
in the phosphorylation mixture and monitored GST-I-1 phos-
phorylation. As shown in Fig. 2C, olomoucine completely sup-
pressed GST-I-1 phosphorylation. On the basis of these results
along with our observations that all of the NCLK preparations
used in this study phosphorylated GST-I-1 in a similar manner,
we concluded that NCLK indeed phosphorylates GST-I-1.

To further evaluate the phosphorylation of I-1 by NCLK,
various GST-I-1 species were treated with thrombin to remove
GST tags. The resulting I-1 species were phosphorylated by
NCLK and A kinase. As shown in Fig. 2D, NCLK phosphory-
lated I-1 and I-1(T35A) and did not phosphorylate I-1(S67A).
Similarly A kinase phosphorylated I-1(S67A) but failed to
phosphorylate I-1(T35A).

We compared GST-I-1 as the substrate of NCLK and A kinase
(Table 1). The Km values indicate that GST-I-1 binds to NCLK
better than to A kinase. However, the turnover rate (kcat) of A
kinase phosphorylation is '13 times higher than NCLK phos-
phorylation. Overall, kcatyKm values indicate that GST-I-1 is '2
times better substrate of A kinase than of NCLK.

Phosphorylation Site Determination. NCLK-phosphorylated GST-
I-1 was digested with trypsin and subjected to HPLC analysis.
Only one radioactive peak with retention time '32 min eluted
from the column (data not shown). Radioactive fractions were
pooled and the phosphopeptide was purified. One phosphopep-

Fig. 1. Coelution of GST-I-1(T35A) kinase and NCLK from various chromato-
graphic columns. Bovine brain extract was chromatographed through a DEAE-
Sephacel column. The flow-through fraction containing GST-I-1(T35A) kinase
activity was subjected to SP-Sepharose (A), hydroxylapatite (B), and Superose
12 gel filtration (C) chromatographies sequentially. Aliquots from indicated
fractions were withdrawn and assayed for GST-I-1(T35A) kinase and NCLK
activities. Gel filtration was carried out with the Pharmacia FPLC system at a
flow rate of 1 mlymin. The size of each fraction in A, B, and C was 5, 5, and 1
ml, respectively.
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tide was isolated. This purified phosphopeptide was subjected to
amino acid sequencing in a gas-phase amino acid sequencer
(Table 2). Ser, Thr, Leu, Ala, Met, Pro, and Arg were identified
as the first, second, third, fourth, fifth, seventh, and eighth
residues, respectively, of this peptide. The sixth residue could not
be identified. Since phenylthiohydantoin derivatives of phos-
phorylated amino acids are not identified by Edman degrada-
tion, the unidentified sixth residue must be a phosphorylated
amino acid. On the basis of these observations, inability of
NCLK to phosphorylate GST-I-1(S67A) and I-1(S67A) (Fig. 2

A and D), and the amino acid sequence of human I-1 (7), we
concluded that the phosphopeptide extends from residue 62 to
residue 69 and Ser67 is the phosphorylation site. To confirm that
NCLK phosphorylates I-1 on Ser67, GST-I-1 and I-1 were
phosphorylated by NCLK as above and digested with trypsin.
Both tryptic digests were subjected to HPLC phosphopeptide
mapping under identical conditions. Both maps looked identical
and each had only one radioactive peak with retention time '32
min (data not shown). These observations indicated that NCLK
phosphorylates I-1 on Ser67.

Effect of NCLK Phosphorylation on I-1 Function. Previous studies
have determined that I-1 inhibits PP1 only upon Thr35 phos-
phorylation by A kinase (4–7). Since we found that NCLK
phosphorylates I-1 on Ser67, we examined the effect of NCLK
phosphorylation on I-1 inhibitory activity. As shown in Fig. 3,
NCLK-phosphorylated I-1 and I-1(T35A) inhibited PP1 in a
dose-dependent manner. Table 3 compares the IC50 (concen-
tration required for half-maximal inhibition) values of various
I-1 species. A kinase-phosphorylated I-1 inhibited PP1 with IC50
value '7.5 nM. IC50 values for the inhibition of PP1 by NCLK-
phosphorylated I-1 and I-1(T35A) are '9.5 nM and '13.8 nM,
respectively. The NCLKyA kinase-phosphorylated I-1 inhibited
PP1 with IC50 value 4.8 nM. These data indicate that A kinase-
phosphorylated I-1 is '1.3 times more inhibitory than NCLK-
phosphorylated I-1 and NCLKyA kinase-phosphorylated I-1 is
'1.5 and '2 times more inhibitory than A kinase-phosphory-
lated I-1 and NCLK-phosphorylated I-1, respectively.

Dephosphorylation of NCLK-phosphorylated I-1 by PP1. Thr35-
phosphorylated I-1 is dephosphorylated by PP1 in the presence
of Mn21 (15). To examine dephosphorylation of Ser67-
phosphorylated I-1 by PP1, A kinase-phosphorylated and
NCLK-phosphorylated I-1 species were prepared. Dephosphor-
ylation of these species by PP1 was monitored. Both A kinase-
and NCLK-phosphorylated I-1 species were dephosphorylated
by PP1. A kinase-phosphorylated I-1 was dephosphorylated 3
times faster than NCLK-phosphorylated I-1 (data not shown).
These data indicate that PP1 dephosphorylates I-1 phosphory-
lated on both Thr35 and Ser67 in the presence of Mn21.

Discussion
Nonphosphorylated I-1 does not inhibit PP1. Upon Thr35 phos-
phorylation by A kinase, I-1 becomes a potent PP1 inhibitor (6,

Table 1. Kinetic parameters for phosphorylation of GST-I-1 by
NCLK and A kinase

Kinase Km, mM kcat, min21

kcat/Km,
min21zmM21

A kinase 8.1 6 0.8 318 6 23 39.2
NCLK 1.2 6 0.1 24 6 4.8 20.0

Fig. 2. Phosphorylation of I-1 and inhibition of phosphorylation by olo-
moucine. Phosphorylation was carried out with 400 unitsyml NCLK and 0.2
mgyml I-1 species. The concentration of A kinase, when used, was 25 mgyml.
After the indicated times, 20 ml was withdrawn from each mixture and
electrophoresed, and phosphorylation was analyzed by autoradiography of
gels. (A) Phosphorylation of GST-I-1, GST-I-1(T35A), and GST-I-1(S67A) by NCLK
and A kinase. The phosphorylation was carried out for 30 min. (B) Time course
of GST-I-1 phosphorylation by NCLK. Control lane, C, contained GST-I-1 alone
incubated with the rest of the assay components for 40 min. NCLK incubated
alone with the rest of the assay components did not show any radioactive
band with the size of GST-I-1 on the gel (data not shown). (C) Inhibition of
GST-I-1 phosphorylation by olomoucine. GST-I-1 phosphorylation by NCLK was
carried out for 30 min in the presence of olomoucine (Sigma) at the indicated
concentrations. (D) Phosphorylation of I-1, I-1(T35A), and I-1(S67A) by NCLK
and A kinase. Indicated I-1 species were phosphorylated by the indicated
kinase for 30 min.

Table 2. Sequence determination of 32P-labeled tryptic
phosphopeptide

Cycle Amino acid Yield, pmol

1 Ser 18.0
2 Thr 8.8
3 Leu 5.4
4 Ala 2.6
5 Met 1.7
6 Xaa
7 Pro 1.8
8 Arg 1.4
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7). Thr35 phosphorylation was suggested to be essential for I-1
inhibitory activity (3–7). However, we found that Ser67 phos-
phorylated I-1 by NCLK inhibits PP1, and NCLK-phosphory-
lated I-1(T35A) is an excellent PP1 inhibitor (Fig. 3). These
observations indicate that Ser67-phosphorylated I-1 inhibits PP1,

and I-1 is activated independently by phosphorylation on two
different sites, Thr35 and Ser67.

Aitken et al. (6) found that I-1 is phosphorylated in vivo on
Ser67 in addition to Thr35. These authors did not directly examine
the effect of Ser67 phosphorylation. However, on the basis of
their observation that among several cyanogen bromide-cleaved
I-1 peptides only CB1, which contained I-1 residues 2–66, was
fully active upon A kinase phosphorylation, they suggested
that Ser67 phosphorylation does not appear to regulate I-1
function (6).

In this study using bacterially expressed recombinant I-1, we
have determined that Ser67 phosphorylation activates I-1 in a
manner similar to Thr35 phosphorylation, contradicting the
suggestion of Aitken et al. (6). Consistent with our data, Huang
and Glinsmann (16), who originally described I-1, showed that
I-1 exists as phosphorylated active and nonphosphorylated
inactive forms and only the nonphosphorylated inactive form
requires A kinase phosphorylation to become active. Because
Aitken et al. determined that I-1 when isolated from tissues is
completely dephosphorylated on Thr35 (6) and '50% phosphor-
ylated on Ser67 (1, 6), the phosphorylated active form described
by Huang and Glinsmann (16) is likely to be Ser67-phosphory-
lated I-1. Furthermore, the observation of Aitken et al. (6) that
only CB1 peptide inhibits PP1 is not surprising and does not rule
out the possibility that Ser67 phosphorylation activates I-1. Now
it is well established that in addition to Thr35, the N-terminal
region of I-1 residues 8–12 containing the PP1 binding motif
RKIQF is essential for I-1 function (refs. 7 and 17; see below).
A cyanogen bromide cleavage of I-1 will yield several peptides
that will include so-called CB1 containing The35 and an octamer,
residues 67–74, containing Ser67. Only CB1 contains the RKIQF
sequence and therefore is likely to show PP1-inhibitory activity.

The PP1 active site consists of a catalytic cavity with a
substrate-binding acidic groove and a hydrophobic groove (17).
The phosphothreonineyserine of the substrate occupy the PP1
catalytic cleft. The basic and hydrophobic residues that flank the
phosphothreonineyserine of the substrate interact with the PP1
acidic and hydrophobic grooves (17). It was suggested that
Thr35-phosphorylated I-1 is an active site inhibitor and binds to
PP1 in a manner similar to a substrate blocking PP1–substrate
interaction (17). In this work we found that Ser67-phosphory-
lated I-1 also inhibits PP1. More studies will be required to
elucidate the biochemical mechanism of PP1 inhibition by
Ser67-phosphorylated I-1. However, I-1 contains four basic
residues, Arg69, Arg71, Lys72, and Lys73, located at the carboxyl
region of Ser67 (6, 7). Similarly, Ser67 is preceded by two
hydrophobic residues, Leu64 and Ala65. Ser67 has all of the
structural requirements to be a PP1 active site inhibitor upon
phosphorylation.

A proteolytic fragment containing I-1 residues 9–54 inhibited
PP1 (18). It was suggested that the inhibitory region lies within
the I-1 amino-terminal residues 9–54 (18). Studies using syn-
thetic peptides have determined that within this I-1 amino-
terminal region there are two PP1-interacting domains (7,
19–21). The first domain consists of residues 8–12 with sequence
RKIQF found in many PP1-binding proteins (3) that bind to PP1
on sites remote from the catalytic center (22). The second
domain, the Thr35 domain, occupies the PP1 catalytic center
upon phosphorylation of Thr35 and blocks substrate binding (17).
Both domains are suggested to be essential and to act in concert
for PP1 inhibition (7, 19–21).

We do not know the mechanism of PP1 inhibition by Ser67-
phosphorylated I-1. However, as discussed above, the amino acid
sequence (7) suggests that Ser67-phosphorylated Ser67 domain
may act as a PP1 active site inhibitor. Thus, the mechanisms of
PP1 inhibition by the Thr35 domain and by the Ser67 domain may
be similar. If so, like the Thr35 domain (7, 19–21), the Ser67

domain may also require a 8RKIQF12 domain for PP1 inhibition.

Fig. 3. PP1 inhibition by A kinase-phosphorylated I-1 and by NCLK-
phosphorylated I-1 and I-1(T35A). PP1 activity was assayed in the presence of
indicated concentrations of the indicated inhibitor. After 30 min, aliquots
were withdrawn and PP1 activity was analyzed. All of the assays were carried
out at the same time under identical conditions.

Table 3. Comparison of PP1 inhibitory activities of various I-1
species

Inhibitor IC50, nM

I-1 No inhibition
A kinase-phosphorylated I-1 7.5 6 0.49
NCLK-phosphorylated I-1 9.5 6 0.93
NCLK/A kinase-phosphorylated I-1 4.8 6 0.18
I-1(T35A) No inhibition
NCLK-phosphorylated I-1(T35A) 13.8 6 1.5
GST-I-1 No inhibition
A kinase-phosphorylated GST-I-1 55 6 4
NCLK-phosphorylated GST-I-1 74 6 7
GST-I-1(T35A) No inhibition
NCLK-phosphorylated GST-I-1(T35A) 149 6 12

PP1 activity in the presence of various concentrations of indicated I-1
species was monitored and plotted as in Fig. 3. IC50 (concentration of inhibitor
required for half-maximal inhibition) was determined from the plot. Values
are mean of three independent determinations.
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I-1 is activated by many cellular events that elevate cAMP (4,
23–25), and activation is thought to be through A kinase I-1
phosphorylation (1–4, 6, 7). In this study we found that NCLK
phosphorylation also activates I-1. Therefore, the intracellular
events that activate NCLK will also activate I-1. Thus, A kinase
is not the sole I-1 regulator. Recent findings suggest that there
are intracellular cAMP receptors other than A kinase, and these
receptors mediate cell signaling in response to cAMP (26, 27).
It will be of interest to find out whether NCLK participates in any
of these events that activate I-1. After all, the catalytic cdk5

subunit of NCLK is widely expressed in various tissues and cell
lines (28–30).
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