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The effect of PKA-phosphorylation on the structure of inhibitor-1

studied by NMR spectroscopy
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Inhibitor-1 is an acid- and heat-stable protein. It can be
turned into a potent inhibitor of protein phosphatase-1
(PP1) after phosphorylation at Thr35 by c-AMP-
dependent protein kinase (PKA). Although it has been
known that pre-phosphorylation is essential for inhibition
of PP1, the structure—function relationship of Thr-
phosphorylated inhibitor-1, such as whether or not
PKA-phosphorylation  pre-triggers  conformational
changes in inhibitor-1, remains unclear. In this study,
we performed structural characterization of Thr*-phos-
phoroylated inhibitor-1 by using multi-dimensional het-
ernuclear NMR spectroscospy. The result of structural
comparison between Thr? -phosphoroylated and non-
phosphorylated inhibitor-1 indicated that PKA-
phosphorylation has no significant effect on the global
conformation of free-state inhibitor-1. This finding may
support the inference that regulation of the interactions
between inhibitor-1 and PP1 through PKA-phosphory-
lation mainly depends on the phosphate group
instead of phosphorylation-induced conformational
change.

Keywords: Inhibitor-1/phosphorylation/protein
phosphatase-1/PKA/NMR.

Abbreviations: PP1, protein phosphatase-1; PKA,
cAMP-dependent protein kinase; DARPP-32, dopa-
mine and cAMP-regulated phosphoprotein, Mr.
32.000; NMR, nuclear magnetic resonance; CSI,
chemical shift index.

Protein phosphatase-1 (PP1) is one of the major serine/
threonine eukaryotic protein phosphatases. The

catalytic subunit of PP1 in cells is associated with dif-
ferent binding proteins to form a variety of holoen-
zymes. These binding proteins target the enzyme to
specific subcellular compartments in which PP1 regu-
lates the functions of its substrates, accounting for PP1
that can modulate the diverse cellular functions,
including carbohydrate metabolism, transcription,
muscle contraction, neuronal signaling, protein
synthesis, cardiac function and cell cycle (/—4). PP1
is specifically inhibited by three acid- and heat-stable
protein inhibitors, including inhibitor-1, DARPP-32
and inhibitor-2. PP1 is only inhibited by inhibitor-1
and DARPP-32 when both inhibitors are pre-
phosphorylated by c-AMP-dependent protein kinase
(PKA); by contrast, PP1 is inhibited by inhibitor-2
without  pre-phosphorylation.  Inhibitor-1  and
DARPP-32 share a remarkable identity in the sequence
of NH,-terminal region between residues 6 and 38 (5,
6). This region containing one consensus PP1-binding
motif and a PKA-phosphorylation site is required in
inhibition of PP1 (7—1/17). The PKA-phosphorylation
sites of inhibitor-1 and DARPP-32 are at Thr35 and
Thr34, respectively. In contrast, the C-terminal
sequences of inhibitor-1 and DARPP-32 are highly
distinct.

Previously, we have characterized the structures of
inhibitor-1 (/2), DARPP-32 (/3) and inhibitor-2 (14)
by using NMR spectroscopy. These PP1 protein inhib-
itors share a common structural feature. They all exhi-
bit a high propensity of random coiled structure. These
intrinsically unstructured proteins may contain more
flexible conformation and have an advantage to
achieve the long-range and complicated interactions
with PP1 (/5—17). This structural characteristic may
also explain why these PPl protein inhibitors are
stable to heat treatment and very sensitive to protease
digestion. From the biochemical point of view, the
inhibition of PPI by inhibitor-1 is regulated through
PKA-phosphorylation of inhibitor-1. From the
structural point of view, it may be regulated by
way of PKA-phosphorylation-induced conformational
changes in inhibitor-1. Moreover, the binding of Thr*>-
phosphorylated inhibitor-1 to PP1 may also induce
conformational changes. The relationship between
structure and function of Thr**-phosphorylated
inhibitor-1 remains unclear. In the present study, we
focused on the effect of PKA-phosphorylation on the
structure of intact inhibitor-1. To investigate this issue,
we prepared Thr*>-phosphorylated inhibitor-1 and
characterized its structure by nuclear magnetic reso-
nance (NMR). Our results suggest that
PKA-phosphorylation does not change the structure
of free-state inhibitor-1.
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Materials and methods

Proteins and reagents

SNH,CI and '*C-glucose were purchased from Cambridge Isotope
Laboratories. The recombinant stable isotope labeled inhibitor-1 and
Thr**-phosphorylated inhbitor-1 were prepared as described (12).

NMR Spectroscopy

Samples for NMR experiments contained 25 mM sodium phosphate
buffers, pH 6.0, 0.02% NaNj;, 0.5mM protein in 90% H,0/10%
D>0. DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid) was used as
internal chemical shift standard (/8). The final protein sample solu-
tions were transferred to Smm Shigemi NMR tubes (Shigemi Co.)
for recording NMR spectra. All NMR experiments were performed
at 293K on Bruker AVANCE-500 spectrometer equipped with a
5mm inverse triple resonance ('H/'*C/BB), Z-axis gradient probe
or AVANCE-600 sPectrometer equipped with a 5Smm inverse
triple resonance ("H/!*C/'°N), X YZ-axis gradient probe. All spectra
were processed using the program TopSpin and analyzed using
AURELIA (Bruker) on an SGI workstation. Linear prediction
was used in the indirectly detected dimensions to improve the digital
resolution. '"H Chemical shifts were referenced to the 'H frequency
of the methyl resonances of DSS at 0 ppm. The '*N and '3C chemical
shifts were indirectly referenced using the following consensus =
ratios of the zero-point frequencies: 0.101329118 for 'N/'H and
0.251449530 for '*C/'H (I8). Resonance assignments were accom-
plished by using the following heteronuclear 3D spectra: HNCO,
HN(CA)CO, HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH,
HBHA(CBCACO)NH, TOCSY-HSQC.

CD Spectroscopy

Circular dichroism spectra were recorded using a AVIV Circular
Dichroism spectrometer Model 410. All measurements were per-
formed in quartz cells with pathlength of 0.1 cm at protein concen-
tration of 95 uM. Data were collected in the wavelength from 190 to
260nm at 0.2nm increments. Each CD spectrum reported is the
average obtained from three repeated measurements of each
sample. All measurements were carried out at 25.0 = 0.1°C.

Results

Structural comparison of non-phosphorylated and
Thr*>-phosphorylated inhibitor-1 is a key step to elu-
cidate the effect of PKA-phosporylation on the
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structure of inhibitor-1. Therefore, we prepared non-
phosphorylated and Thr**-phosphorylated inhibitor-1
for structural studies using heteronuclear NMR spec-
troscopy. Figure 1A shows the SDS—PAGE of
non-phosphorylated and Thr*’-phosphorylated inhibi-
tor-1, and result indicates that the purity of both pro-
teins after three steps of purification is >95%
homogeneity. The purified proteins were further veri-
fied for the phosphorylation of inhibitor-1 using the
mass spectrometry. An overlay of the mass spectra of
non-phosphorylated (light gray) and Thr*>-phosphory-
lated (black) inhibitor-1 is presented in Fig. 1B. As
shown in Fig. 1B, the molecular weight difference
between the non-phosphorylated and Thr*>-phos-
phorylated inhibitor-1 is ~80 Da, indicating that a
PO; group is attached to the non-phosphorylated
inhibitor-1.

The purified proteins of both non-phosphorylated
and Thr*>-phosphorylated inhibitor-1 were used for
further structural characterization by applying
multi-dimensional heteronuclear NMR spectroscopy.
Figure 2A shows the two-dimensional "H-'"N-HSQC
spectrum  of  Thr*’-phosphorylated  inhibitor-1
obtained at 500 MHz NMR spectrometer. It can be
seen that ~100% of amide proton and '°N backbone
resonance was assigned for Thr*>-phosphorylated
inhibitor-1. There is little dispersion of the cross
peaks in the two-dimensional "H-""N-HSQC spectrum
of Thr*>-phosphorylated inhibitor-1. Except of the
amino acid at the C-terminus and phospho-Thr35 of
the protein, the dispersion of amide proton chemical
shift is ~0.7 ppm. The '°N chemical shifts of some res-
idues in Thr*>-phosphorylated inhibitor-1 are clustered
in a manner that is amino acid type specific. For exam-
ple, the >N chemical shifts of glycine residues are clus-
tered ~110ppm, and those of serine and threonine
residues are clustered in the range between 113 and
118 ppm. A similar observation has been obtained for
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Fig. 1 (A) SDS—PAGE of non-phosphorylated and Thr**-phosphorylated inhibitor-1. Molecular weight markers are phosphorylase b (97 kDa),
bovine serum albumin (76 kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (21.5kDa) and lysozyme (14.3 kDa).
(B) Overlay of mass spectra of non-phosphorylated (light gray) and Thr¥>-phosphorylated (black) '*N-enriched inhibitor-1. The calculated

mass of non-phosphorylated *N-enriched inhibitor-1 is 19 181.4 Da.
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Fig. 2 (A) Two-dimensional 'H-'>’N-HSQC spectrum of Thr*>-phosphorylated inhibitor-1 obtained at 500 MHz NMR spectrometer. The
assignments of the backbone amide proton and '’N cross peaks are shown in the figure. The expanded region indicated by arrow is for the
purpose of clarity. (B) Overlay of 2D "H-'>N-HSQC spectra of non-phosphorylated (black) and Thr**-phosphorylated (red) inhibitor-1.
Residues with significant chemical shift changes are labeled. Both spectra were collected under the same sample conditions. (C) The H*, C*, CP,
C’ secondary chemical shifts (Ad) and consensus chemical shift index (CSI) for residues 20—40 of non-phosphorylated (light gray) and
Thr*-phosphorylated (black) inhibitor-1. The secondary chemical shift was calculated by subtracting the chemical shift of each amino acid
residue in a random coil conformation (8,.) from the observed chemical shift (§,s). (D) Overlay of the CD spectra of non-phosphorylated

(black) and Thr**>-phosphorylated (red) inhibitor-1.

non-phosphorylated inhibitor-1 (/2), suggesting that
Thr*-phosphorylated inhibitor-1 may also adopt a
predominantly random coil conformation and the
phosporylation of inhibitor-1 at Thr35 by PKA is unli-
kely to induce any dramatic change of inhibitor-1 ter-
tiary folding.

Further comparison of two-dimensional 'H- 15N
HSQC spectra for non-phosphorylated and Thr®’
phosphorylated inhibitor-1 is shown in Fig. 2B. It is
apparent that the chemical shifts of backbone amide
protons and '°N resonances for most of residues of
inhibito-1 remain unchanged before and after phos-
phorylation by PKA. Result shows that most confor-
mations of inhibitor-1 backbone are not affected by
PKA-phosporylation. The most significant change of
chemical shift for the amide proton and '°N cross peak
was the Thr35 that shifts to the downfield as phos-
phorylated by PKA. Besides, a couple of residues
with significant chemical shift changes were readily
identified by comparison with the backbone amide
proton and '°N chemical shifts of non-phosphorylated
inhibitor-1 (/2). These residues are His20, Leu2l,
Glu24, Ala25, Ala26, Glu27, GIn28, Ile29, Arg30,
Arg31, Arg32, Arg33, Ala37, Thr38 and Leu39.

These residues with significant changes of chemical
shift are distributed mainly in the primary sequence
and a consecutive manner instead of a random
manner, suggesting that the chemical shift changes
of these residues may not solely result from the
electrostatic effect of the phosphate group. If the
PKA-phosphorylation induces conformational change
in this region, it could also result in chemical shift
changes of these residues.

To elucidate the effect of PKA-phosphorylation on
local conformation of inhibitor-1, analyses of the sec-
ondary chemical shifts and consensus chemical shift
index (CSI) (19, 20) of these residues were performed.
Figure 2C depicts the histograms of 'H* '3C* 3CP
and '’C’ secondary chemical shifts and consensus
CSI index for residues 20—40 of non-phosphorylated
and Thr*>-phosphorylated inhibitor-1. According to
the CSI index, the non-phosphorylated inhibitor-1
contains a short a-helix spanning residues 24—30 and
adopts a random coil conformation for the rest, which
is similar to those characterized in the previous study
(1/2). From the sign and magnitude of the secondary
chemical shifts, the structural features for residue
20—40 of Thr*’-phosphorylated inhibitor-1 are very
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similar to those of non-phosphorylated inhibitor-1,
indicating that the overall structural features of non-
phosphorylated and Thr*>-phosphorylated inhibitor-1
should be very similar. Similar to the non-
phosphorylated inhibitor-1, Thr*>-phosphorylated
inhibitor-1 also contains a shorter «-helix spanning
residues 25—29 according to the consensus CSI index.
The result of structural comparison suggests that the
effect of PKA-phosphorylation on the structural con-
formations of inhibitor-1 is insignificant. The possible
reason for the chemical shift changes for the residues
around phosphorylated Thr35 might be mainly due to
the through-space electrostatic effects of the phosphate
group. Moreover, the effect of phosphorylation on the
conformation of inhibitor-1 was also studied by circu-
lar dichroism spectroscopy. Figure 2D shows an over-
lay of the CD spectra of non-phosphorylated
inhibitor-1 and Thr¥-phosphorylated inhibitor-1.
These two spectra are almost identical suggesting
that the global conformation of inhibitor-1 is not influ-
enced by phosphorylation. This result may further sup-
port the inference drawn from the NMR studies.

Discussion

PP1 is an important Ser/Thr phosphatase that has
diverse biological functions. To process its diverse
roles and maintain the specificity, the activity of PP1
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is controlled by more than 100 inhibitors and targeting
proteins (21, 22). Among those inhibitor proteins,
DARPP-32, inhibitor-1 and inhibitor-2 are the most
well-studied inhibitor to PP1. Both inhibitor-1 and
DARPP-32 under the phosphorylated state can sup-
press the function of PP1, while inhibitor-2 can only
block the activity of PP1 under the non-phosphorylated
state. Although inhibitor-1, DARPP-32 and inhibitor-2
undergo the inhibition at different modes, they share a
common structural feature, being the class of intrinsically
unstructured proteins (IUPs).

In this study, we characterized the conformation of
inhibitor-1 at the non-phosphorylated and phosphory-
lated states using multi-dimensional heteronuclear
NMR techniques. Basically, both non-phosphorylated
and Thr¥-phosphorylated inhibitor-1 proteins adopt a
largely unstructured conformation when free in solu-
tion. For non-phosphosrylated inhibitor-1, a short
helical propensity at residues 24—30 is identified,
while a similar short helical propensity is also charac-
terized at residues 25—29 for Thr* -phosphorylated
inhibitor-1. Different from the KID domain of
CREB (23), the phosphorylation of Thr35 might
slightly reduce the population of helical conformation.
Overall there is no significant tertiary-folding change
while inhibitor-1 protein is phosphorylated by PKA
at Thr35.
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Although the comparison of tertiary folding
between non-phosphosrylated and Thr**-phosphory-
lated inhibitor-1 proteins shows no dramatic changes,
a local chemical shift change has been identified along
the phospho-Thr35 from residue 20 to 39. On the other
hand, the chemical shift for the major PP1 binding
motif, R¥ KIQF'?, shows no changes, indicating that
the phosphorylation of inhibitor-1 does not affect the
local conformation of PPl binding motif. Similar
observation has been reported for DARPP-32 NH,-
terminal domain [DARPP-32 (1-118)] (24), however,
whether or not the PKA-phosphorylation of intact
DARPP-32 affects the conformation of COOH-
terminal domain of DARPP-32 remains unclear. It
needs further investigation.

Phosphorylation of a protein may alter its function
or structure. Phosphorylation-induced conformational
change may be local to the phosphorylation site. It
may also accompany long-range allosteric change.
From the structural point of view, phosphorylation
that regulates protein function is often achieved by
way of phosphorylation-induced structural change. In
the case of inhibitor-1, no local conformational change
was observed and the global structure remained intrin-
sically disordered after the Thr*> of inhibitor-1 was
phosphorylated by PKA. According to the present
result, regulation of the interactions between inhibitor-1
and PPl through PKA-phosphorylation might
mainly depend on the phosphate group instead of
phosphorylation-induced structural change. However,
the crystal structure of PP1-inhibitor complex has been
solved recently (25). The structure of inhibitor-2 is lar-
gely unstructured in free solution and folds into an
ordered form while binding with PPlc. Therefore; we
cannot preclude the possibility that the binding of
Thr**-phosphorylated inhibitor-1 to PP1 may induce
conformational changes.

In conclusion, the present study, we have char-
acterized and compared the structure of non-
phosphosrylated and Thr*>-phosphorylated inhibitor-1
protein using NMR spectroscopy. Results indicate that
the conformations of non-phosphosrylated and
Thr**-phosphorylated inhibitor-1 show no significant
difference. Our result supports the hypothesis that
the interactions between inhibitor-1 and PP1 through
PKA-phosphorylation may depend on the phosphate
group instead of phosphorylation-induced conforma-
tional change.
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