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DARPP-32 is a potent inhibitor of protein phospha-
tase 1 when it is phosphorylated on Thr®* by cAMP-
dependent protein kinase. DARPP-32 is also phos-
phorylated on Ser® and Ser'°? by casein kinase II,
resulting in a facilitation of phosphorylation by cAMP-
dependent protein kinase. We have studied the confor-
mation of recombinant rat DARPP-32 by steady-state
and time-resolved fluorescence. The steady-state emis-
sion spectra and quenching of the intrinsic (Trp’%?) and
extrinsic fluorescence (acrylodan or lucifer yellow
linked to Cys’?) were consistent with a complete ex-
posure of these residues to the agueous environment.
The intrinsic fluorescence of DARPP-32 was resolved
into three decay components with lifetimes of 1, 3.4,
and 7 ns, with the intermediate lifetime component
giving the major contribution. The ratio between the
amplitudes associated with the short and long decay
constants was decreased upon denaturation. The rota-
tional behavior of DARPP-32 measured by anisotropy
decay revealed that Trp'®® is located in a highly flexible
peptide chain, whereas Cys’® is embedded in a more
rigid environment. Phosphorylation by cAMP-depend-
ent protein kinase did not alter any of the fluorescence
parameters, whereas only minor effects were associ-
ated with casein kinase II phosphorylation. These find-
ings indicate that DARPP-32 contains at least two
distinct domains and that phosphorylation has no dra-
matic effects on its conformation.

Like protein kinases, protein phosphatases play an impor-
tant role in signal transduction pathways, but the mechanisms
of their regulation are not as well characterized. Phosphoser-
ine/phosphothreonine phosphatases have been classified by
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Ingebritsen and Cohen (1983) into two types, 1 and 2, accord-
ing to their substrate preference and their inhibition by heat
stable inhibitors. Type 1 phosphatases preferentially dephos-
phorylate the B-subunit of phosphorylase kinase and are
inhibited by phosphoinhibitor-1 and inhibitor-2. Inhibitor-1
is a heat-stable protein which has a relatively wide tissue
distribution (Hemmings et al., 1992). Another phosphatase 1
inhibitor called DARPP-32! (dopamine- and cAMP-regulated
phosphoprotein with an apparent M, of 32,000 on SDS-
polyacrylamide gel electrophoresis) is expressed in some spe-
cific cell types, including neurons which possess the D1 type
of dopamine receptor (Hemmings et al, 1987). Inhibitor-1
and DARPP-32, which are encoded by distinct genes, have an
overall amino acid sequence identity of ~256% (Williams et
al., 1986). They are both phosphorylated by cAMP-dependent
protein kinase (PKA) on a threonine residue at position 34
in DARPP-32 and at position 35 in inhibitor-1 (Hemmings et
al., 1984d; Aitken et al., 1982). The amino acid sequences
surrounding these threonines are highly conserved between
the two proteins (Aitken et al., 1982; Williams et al., 1986).
When DARPP-32 or inhibitor-1 are phosphorylated by PKA,
they are very potent inhibitors of phosphatase 1 catalytic
subunit (PP1c, ICso < 1 nM), whereas the nonphosphorylated
forms are inactive (Hemmings et al., 1984a; Huang and Gins-
burg, 1976). In both inhibitor-1 and DARPP-32, the threonine
involved in PP1c inhibition is also phosphorylated by cGMP-
dependent protein kinase and is dephosphorylated by phos-
phatase 2A and phosphatase 2B (calcineurin), in vitro as well
as in intact cells (King et al., 1984; Halpain et al., 1990). Thus,
these two inhibitors provide a means by which extracellular
signals acting through cAMP, cGMP, or Ca** can modulate
the activity of protein phosphatase 1. The phosphatase inhi-
bition appears to be of a mixed mechanism, competitive and
noncompetitive, and is reproduced by a relatively short pep-
tide surrounding the phosphorylation site (from residue 9 to
38; see Hemmings et al., (1990)).

Efforts have been made to elucidate the biochemical differ-
ences between DARPP-32 and inhibitor-1 under the assump-
tion that the function of these two proteins may be comple-
mentary rather than redundant. Although the sequences of
the COOH-terminal halves of DARPP-32 and inhibitor-1 are
different, they are each highly conserved among various mam-
malian species, suggesting that they have an important role
(Aitken et al., 1982; Elbrecht et al., 1990; Williams et al., 1986;

! The abbreviations used are: DARPP-32, dopamine- and cAMP-
regulated phosphoprotein with apparent M, of 32,000; CKII, casein
kinase II; DAS, decay-associated spectra; PKA, cyclic AMP-depend-
ent protein kinase; PP1c, protein phosphatase 1 catalytic subunit.
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Kurihara et al., 1988; Ehrlich et al., 1990). The DARPP-32
sequence includes an unusual stretch of 18 acidic residues
starting at position 119 in the rat, which is not present in
inhibitor-1 (Ehrlich et al., 1990). In addition, casein kinase II
(CKII) phosphorylates DARPP-32 on Ser** and Ser'’?, both
in vitro and in vivo, but does not phosphorylate inhibitor-1
(Girault et al., 1989) (see Fig. 1). Phosphorylation of DARPP-
32 by CKII does not directly affect its ability to inhibit
phosphatase 1, but facilitates its phosphorylation by PKA
(Girault et al., 1989).

The present study was undertaken to determine whether
the marked changes in the functional properties of DARPP-
32 observed after phosphorylation by PKA and CKII are
associated with conformational changes of the protein in
solution. Using recombinant rat DARPP-32 expressed in
Escherichia coli and phosphorylated in vitro by purified PKA
or CKII, we have studied the steady-state and time-resolved
fluorescence of the single tryptophan residue (Trp*®®) present
in the COOH-terminal region and of fluorescent probes co-
valently linked to the single cysteine residue (Cys™) present
in the NH,-terminal region of the molecule. The results
obtained on the photophysical properties and the rotational
relaxation kinetics of DARPP-32 provide information on the
microenvironment of the tryptophan and cysteine residues
and give insights on the possible occurrence of long-range
conformational transitions in response to site-specific phos-
phorylation.

EXPERIMENTAL PROCEDURES

Materials

Rat DARPP-32 ¢cDNA in pGEM was provided by Dr. Michelle
Ehrlich (The Rockefeller University). pET-3a plasmid and HMS174
and BL21 (DE3) E. coli strains were a gift of Dr. William Studier
(Brookhaven National Laboratory). Lucifer yellow-iodoacetamide
and acrylodan were from Molecular Probes. PKA catalytic subunit
and CKII were purified from bovine heart (Kaczmarek et al., 1980)
and from calf thymus (Hathaway and Traugh, 1983), respectively.
DES52 was from Whatman, Dowex AG 1X8 from Bio-Rad, Sephadex
G-100 from Pharmacia LKB Biotechnology Inc., Aquapore Octyl
column from Applied Biosystems, Aquacid II from Calbiochem, and
[v-**P]ATP from Du Pont-New England Nuclear.

Production and Purification of Recombinant Rat DARPP-32

A rat DARPP-32 cDNA clone placed in a M13 phage was poly-
merase chain reaction-amplified using primers corresponding to the
5’ and 3’ ends of the coding sequence plus additional nucleotides
providing the appropriate restriction sites for inclusion in pET-3a, a

cAMP-kinase
cGMP-kinase

Casein kinase Il

2 <
Thr Ser Cys Ser Tp
NH, 45— 72 102 163 —JCOOH

FiG. 1. Structural model of DARPP-32. The primary struc-
ture of rat DARPP-32 (total length, 205 amino acids) is schematically
depicted with the locations of Thr* phosphorylated by cAMP-de-
pendent protein kinase and cGMP-dependent protein kinase and of
the two serine residues (Ser*® and Ser'”?) phosphorylated by casein
kinase II. The single tryptophan residue (Trp'®®) used in the intrinsic
fluorescence measurements and the single cysteine residue (Cys™)
used to conjugate DARPP-32 with thiol-reactive extrinsic fluoro-
phores are also shown. The hatched area corresponds to the minimal
sequence required for phosphatase inhibition (Hemmings et al., 1990).
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bacterial vector allowing expression of high levels of native (i.e.
nonfusion) recombinant proteins (Rosenberg et al., 1987). The am-
plified DNA was cut with Ndel and BamHI and inserted into pET-
3a expression vector, under the dependence of a 10 promoter for T7
polymerase (Rosenberg et al., 1987). The absence of cloning or poly-
merase chain reaction artifacts was verified by complete nucleotide
sequencing of the coding sequence of the DARPP-32 construct.

E. coli BL21 (DE3) were transformed with recombinant pET-3a
plasmids coding for DARPP-32. This lysogenic strain expresses T7
polymerase under control of a lac repressor, allowing the induction of
the recombinant protein by IPTG (Rosenberg et al., 1987). Bacteria
were grown in 20 | high-density cultures, in the presence of ampicillin,
at Pasteur Institute Fermentation Facility (Paris). After isopropyl-1-
thio-g3-D-galactopyranoside induction, bacteria were collected by cen-
trifugation, frozen in liquid nitrogen, and kept at —80 °C. Bacteria
(~600 g) were homogenized with an Ultraturrax in 2 liters of buffer
containing 50 mM Tris, pH 8, 5 mM EDTA, 0.1 mM phenylmethyl-
sulfonic acid, 15 mM 3-mercaptoethanol, and 0.5 g/liter lysozyme, at
4 °C. The homogenate was centrifuged at 25,000 X g for 45 min. The
pH of the supernatant was brought to 2 with H;SO, while the
temperature was maintained at 4 °C. After Ultraturrax homogeniza-
tion the acid insoluble material was eliminated by centrifugation at
16,000 X g for 30 min and the pH of the supernatant was neutralized
with NH;. The solution was then heated to 100 °C for 2 min, cooled
to room temperature on ice, and centrifuged at 16,000 % g for 30 min.
The soluble proteins were batch-adsorbed on 300 ml of DE52 anion-
exchange resin. After washing with 3 liters of 10 mM triethanolamine-
Cl, pH 7.5, 2 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl
fluoride, and 15 mM 3-mercaptoethanol, the resin was poured in a
column, and developed in the same buffer with a 1-liter gradient of
0-1 M NaCl. The peak fractions were dialyzed against 10 mM Hepes,
pH 7.4, 2 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl
fluoride, and 15 mM @-mercaptoethanol. At this stage, the purified
DARPP-32 was virtually devoid of other protein contaminants, but
contained 2 proteins of smaller size, which were immunoreactive with
anti-DARPP-32 antibodies, and which probably corresponded to
proteolytic fragments or to incomplete synthesis. Further purification
of DARPP-32 was achieved by gel filtration on a Sephadex G-100
column (94 X 1.6 cm) and by reverse-phase high performance liquid
chromatography on an Aquapore Octyl column (25 X 1 cm) eluted
with increasing concentrations of acetonitrile in water, in the pres-
ence of 0.1% trifluoroacetic acid. Fractions containing DARPP-32
were lyophilized in a Speedvac concentrator and resuspended in water
with 1 mM B-mercaptoethanol. The purity of the DARPP-32 prepa-
rations was analyzed by SDS-polyacrylamide gel electrophoresis
(Laemmli, 1970) followed by staining the gels with Coomassie Bril-
liant Blue. Protein concentration was determined by amino acid
composition and by a bicinchoninic acid-based method (Smith et al.,
1985) using bovine serum albumin as a standard. The latter method
underestimated the protein concentration by a factor of ~0.75 as
compared to amino acid composition. The properties of recombinant
rat DARPP-32 were identical to those of the protein purified from
rat brain: it had an apparent M, of ~34,000 on SDS-polyacrylamide
gel electrophoresis and an exclusion volume on gel filtration corre-
sponding to an apparent M, of ~55,000.> These values, which are
surprising for a protein whose predicted M, is ~22,000, are similar to
those observed for bovine DARPP-32 (Hemmings et al., 1984b), and
are attributable to the poor binding of SDS and to the elongated
shape of the molecule.

Phosphorylation of DARPP-32

Phosphorylation by PKA was carried out in a buffer containing 50
mM Hepes, pH 7.4, 1 mM EGTA, 10 mM magnesium acetate, 2 mM
ATP, and PKA catalytic subunit for 1 h at 30 °C. Phosphorylation
by CKII was carried out in a buffer containing 50 mM Tris-Cl, pH
7.4, 150 mM KCl, 20 mM magnesium acetate, 2 mM ATP, and CKII
for 3 h at 30 °C. Reactions were stopped by the addition of trichlo-
roacetic acid to a final concentration of 10% (w/v), and incubation
on ice for 15 min. Proteins were collected by centrifugation, resus-
pended in 10 mM Hepes, pH 7.4, 1 mM EDTA, and 1 mM §-
mercaptoethanol, and dialyzed extensively against the same buffer.
In some experiments reactions were stopped by the addition of acetic
acid to a final concentration of 30% (v/v), ATP was removed by
chromatography on a Dowex AG X8 column, and DARPP-32 was
further purified by high performance liquid chromatography on Aqua-

2 F. Desdouits and J.-A. Girault, unpublished observations.
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pore Octyl, as described above. A trace amount of [y-*P]JATP was
added to the reaction mixtures for determining the stoichiometry of
phosphorylation, which averaged 1 mol of phosphate/mol of protein
for PKA and was =2 for CKII. The kinetics of phosphorylation of
recombinant rat DARPP-32 and its phosphorylated sites, studied by
two-dimensional thermolytic phosphopeptide mapping, were identical
to those previously identified in rat DARPP-32 (Hemmings et al.,
1984c; Girault et al., 1989). Nonspecific phosphorylation at sites other
than the specific ones was less than 10%. Nonphosphorylated
DARPP-32 was subjected to the same precipitation and purification
steps as phosphorylated samples. In addition, recombinant DARPP-
32 phospzlorylated by PKA inhibited phosphatase 1 with an ICs,
~ 0.5 nM.

Conjugation of Thiol-specific Fluorophores to DARPP-32

DARPP-32 was dialyzed against 10 mM Hepes, pH 7.4, 1 mMm
EDTA, in the presence of 1 mM 3-mercaptoethanol and then in the
absence of $-mercaptoethanol and under nitrogen bubbling in order
to prevent oxidation of the sulfhydryl groups. DARPP-32 was then
incubated in the presence of a 10-fold molar excess of acrylodan
(Prendergast et al., 1983) or lucifer yellow/iodoacetamide (Haugland,
1992) for 12 h at 4 °C in the dark. The unconjugated fluorophore was
removed by sedimentation and by subjecting the soluble fraction to
extensive dialysis against 10 mM Hepes, pH 7.4, 1 mM EDTA, followed
by gel filtration on a Superfine G-25 Sephadex column (1.2 X 7 cm)
equilibrated in the same buffer. The incorporation of the thiol-specific
fluorescent probes into DARPP-32 was checked by illuminating the
unfixed gels with UV light. The fluorophore/protein molar ratios,
calculated according to the reported molar extinction coefficients for
the fluorophores and to the experimentally determined extinction
coefficient for rat DARPP-32 (E}i% = 3.50), ranged from 0.8 to 1.

Circular Dichroism

Circular dichroism spectra were recorded on a Jasco 500A spectro-
polarimeter equipped with a computer for data accumulation. Protein
samples (0.2 mg/ml) in 10 mM Hepes, pH 7.4, 1 mM EDTA were
measured in a 0.2-mm path length cell. Typically 4-8 spectra were
accumulated and averaged to achieve appropriate signal-to-noise
ratios. The fractional composition of the secondary structure of
DARPP-32 in terms of a-helix and random coil was evaluated as
described by Greenfield and Fassman (1969).

Fluorescence Spectroscopy Measurements

Technical steady-state fluorescence excitation and emission spec-
tra were obtained with Perkin-Elmer MPF-44A and LS-50 spectro-
photofluorometers using excitation and emission band widths of 5
nm each. The steady-state emission anisotropy was determined using
either a Polacoat dichroic polarizer (Ealing Electroptics, United King-
dom) or a linear polarizer Polaroid HNP’B (Polaroid Corp., Cam-
bridge, MA) installed in the excitation path and a Polaroid HNP'B
filter in the emission path. The relative intensities for the four
combinations of vertically (v) and horizontally (h) polarized beams
(Tvvs Lons Inny Inv) were recorded in the “ratio mode.”

Steady-state emission anisotropy was calculated as follows:

Gl — L

Gl + 2L, (Ba. 1

(r) =
where G = In/In is the grating correction factor introduced to
normalize for the different sensitivity of the system to detect the
horizontally and vertically polarized emission (Azumi and McGynn,
1962; Paoletti and LePecq, 1969).

Fluorescence quenching of DARPP-32 was carried out using acryl-
amide and potassium iodide as quenchers. Protein samples at increas-
ing concentrations of the quencher were prepared by adding small
aliquots from concentrated solutions (acrylamide, 8 M; KI, 4 M).
When required, corrections were introduced according to Parker
(1968). The steady-state fluorescence data were analyzed according
to the Stern-Volmer equation (Birks, 1970):

F/F =1+ K.[Q] = 7o/7

where F, and F are the fluorescence intensities measured in the
absence and the presence of the quencher, K,, is the Stern-Volmer
constant, and [Q] is the quencher concentration. K,, is related to the
bimolecular quenching constant (k,) and to the mean fluorescence
lifetime in the absence of quencher (7o) as follows:

(Eq. 2)
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Ko = kg 1o (Eq. 3)
where k, represents a measure of the accessibility of the fluorophore
to the external environment.

Nanosecond time-resolved fluorescence measurements were ob-
tained using a time-correlated single photon counting apparatus
(Ware, 1972, Yguerabide, 1972; O’Connor and Philips, 1984) equipped
with either a laser source (Model 2040/3500, Spectra-Physics, CA) or
with a thyratron-gated nitrogen flash lamp (model F199, Edinburgh
Instruments, United Kingdom) as exciting source and with the typical
NIM electronic modules (EG&G Ortec, TN). The decay of the total
fluorescence intensity was recorded under “magic angle” conditions
(Badea and Brand, 1979) and the wavelength-dependent time shift
of the photomultiplier (Wahl et al., 1974) was determined in a separate
experiment using melatonin as a standard. Experimental curves,
collected to resolve the spectra associated with the individual decay
constants (decay-associated spectra, DAS) (Knutson et al., 1982),
were obtained by stepping the emission monochromator in increments
of 5 nm between 300 and 450 nm.

The decay of the emission anisotropy of DARPP-32 and of lucifer
yellow-DARPP-32 was measured as previously described (Dale et al.,
1977), using a combination of two Polacoat dichroic polarizers parallel
(vv) and crossed (vh) with respect to the excitation and the emission
paths. A depolarizer DPU-15 (Optics for Research, NJ) placed in
front of the emission monochromator slit was used to eliminate for
“G-factor” corrections (G = 1.00). Decay curves for the polarized
components of the emitted fluorescence were separately coliected
within the same experimental time course by alternative collection of
equal timed curves for “lamp,” “I,” and “L.s,” the latter pair obtained
by automated rotation of a film polarizer.

Fluorescence Data Analysis

Fluorescence Intensity Decay—The decay data were analyzed by
the nonlinear least square method (Bevington, 1969; Knight and
Selinger, 1971; Grinvald and Steinberg, 1974), and decay curves
collected at multiple emission wavelengths were simultaneously ana-
lyzed according to the global procedure described by Knutson et al.
(1983). The experimental data were analyzed assuming that the
fluorescence decay follows a multiexponential law:

I(t) = = a;-e7Y™ (Eq. 4)

where the relative amplitudes, «;, and the decay constants, 7, are the
numerical parameters to be recovered. The best fit between the
theoretical curve and the data was evaluated from the plot of resid-
uals, the autocorrelation function of the residuals, and the reduced
Chi-square (x?) (Bevington, 1969). The DAS were obtained by the
global procedure (Beechem et al., 1985) and the fluorescence relative
intensities at the various wavelengths were expressed as «;-7; prod-
ucts.

Fluorescence Anisotropy Decay—The anisotropy decay can be de-
scribed by a sum of discrete exponential terms as follows (Wahl,
1969;Tao, 1969):

r(t) = = B;-et* (Eq. 5)

where the sum of the pre-exponential terms, 3, is the anisotropy in
the absence of rotation, r,, and the ¢, values are the rotational
correlation times. The parameters for the decay of anisotropy, r(t),
were recovered from the analysis of the experimental decays of the
polarization components, I,,(t), and, L(t), by either the sum and
difference approach of Dale et al. (1977) or the system analysis
approach introduced by Gilbert (1983). According to this method, the
fitting functions to obtain r(¢) are the following (Ameloot et al., 1984;
Cross and Fleming, 1984).

L.(t) = 1/3 s(t)-(1 + 2r(¢))
Lw(t) = 1/3 s(t)-(1 = r(8))

(Eq. 6)
(Eq.7)

Unless otherwise stated, all the fluorescence experiments were
carried out at 22 °C. The variability of the decay parameters was
evaluated by determining the joint confidence intervals (Johnson,
1983). All the steady-state and time-resolved fluorescence experi-
ments were run at least twice using different preparations of DARPP-
32 phosphorylated and/or labeled with extrinsic fluorescent probes.
The inter-experimental variability was less than 10%.
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RESULTS

Circular Dichroism—The substantial heat stability and the
peculiar hydrodynamic properties of DARPP-32 (Hemmings
et al., 1984b) suggest that it has an elongated shape and an
unfolded tertiary structure. Indeed, the CD spectrum of re-
combinant rat DARPP-32 (Fig. 2) indicates that very little
organization is present in the secondary structure of the
protein (less than 10% a-helix, as calculated by the method
of Greenfield and Fassman (1969)) and that most of the
protein structure consists of a random coil. The CD spectrum
of bovine DARPP-32 purified from brain as described by
Hemmings et al. (1984b) closely resembled that of recombi-
nant DARPP-32 (data not shown), suggesting that the expres-
sion of the protein in E. coli did not alter its molecular
structure.

Steady-state Fluorescence—The steady-state emission spec-
tra of intrinsic and extrinsic fluorescence of native and de-
natured DARPP-32 are presented in Fig. 3. Under native
conditions, the maximum of the tryptophan emission inten-
sity was centered at 352 nm, as expected for partially unfolded
proteins. When DARPP-32 was subjected to denaturation in
8 M urea, the tryptophan emission spectrum was not shifted
but its intensity was increased by approximately 15-20%,
probably due to the removal of a quenching mechanism pres-
ent in the native protein (Fig. 3, upper panel).

In agreement with the results of the intrinsic fluorescence,
the spectral distribution of the fluorescence of acrylodan and
lucifer yellow conjugated to DARPP-32 did not change appre-
ciably upon denaturation of the protein (Fig. 3, middle and
lower panels). In particular, the emission spectrum of
DARPP-32 conjugated to acrylodan, a reagent very sensitive
to solvent polarity (Prendergast et al., 1983), exhibited a Apmax
at 513 nm, very similar to that observed for the 3-mercapto-
ethanol adduct (Amax at 520 nm). This observation, together
with the absence of noticeable spectral changes upon dena-
turation (Ane: at 516 nm), demonstrates that the cysteine
residue in the NH;-terminal part of DARPP-32 is fully ex-
posed to the aqueous environment. Moreover, no detectable
spectral shifts of either the intrinsic or the extrinsic fluores-
cence were observed at various ionic strengths (0-250 mM
NaCl) or when DARPP-32 was phosphorylated by either PKA
or CKII (not shown).

To assess if peptide regions surrounding the tryptophan
and the cysteine residues (see Fig. 1) could be distinguished
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F1G. 2. Circular dichroic spectrum of DARPP-32. CD spec-
trum of recombinant nonphosphorylated rat DARPP-32 was obtained
at a protein concentration of 0.25 mg/ml in 10 mM Hepes, pH 7.4,
and 1 mM EDTA. Data are plotted as molar ellipticity, [0], versus
wavelength (nm).
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Fi1G. 3. Steady-state emission spectra of intrinsic and ex-
trinsic fluorescence of DARPP-32. Native DARPP-32 (0.2 mg/
ml, upper panel), DARPP-32 conjugated to acrylodan (0.1 mg/ml,
middle panel), and DARPP-32 conjugated to lucifer yellow (Ly) (0.1
mg/ml, lower panel) were dissolved in 10 mM Hepes, pH 7.4), 1 mM
EDTA in the absence (solid line) or presence of 8 M urea (dashed
line). Samples were excited at 295 (tryptophan), 391 (acrylodan), and
430 (lucifer yellow) nm and the relative fluorescence intensities are
reported in arbitrary units. Arrows indicate the position of the emis-
sion peaks of the fluorophores fully exposed to aqueous environment
(melatonin and the 2-mercaptoethanol adducts of acrylodan and
lucifer yellow for the upper, middle, and lower panels, respectively).

by different accessibility to small molecules, quenching meas-
urements of the intrinsic and the extrinsic fluorescence of
DARPP-32 were carried out. Acrylamide, a polar and un-
charged compound, and iodide, a negatively charged ion, were
used as quenchers. The Stern-Volmer plots obtained from
these experiments are shown in Fig. 4. The K,, values and the
corresponding quenching rate constants k&, relative to the two
fluorophores did not significantly change upon phosphoryla-
tion and were in the order of magnitude of the values reported
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Fi1G. 4. Stern-Volmer plots of DARPP-32 intrinsic and ex-
trinsic fluorescence quenching in various phosphorylation
states. In the upper and middle panels, the quenching data of the
intrinsic fluorescence of nonphosphorylated (O), PKA-phosphoryl-
ated (O), and CKII-phosphorylated (A) DARPP-32 using acrylamide
or potassium iodide are reported. Excitation and emission wave-
lengths of 295 and 350 nm were used, respectively. DARPP-32 (0.2
mg/ml) was dissolved in 10 mM Hepes, pH 7.4, 1 mM EDTA, in the
absence or presence of various concentrations of the guencher. The
data were fitted using linear regression according to Equation 2. The
points represent the means of three separate experiments. The bi-
molecular rate quenching constants (k) for the nonphosphorylated,
PKA-phosphorylated, and CKII-phosphorylated forms of DARPP-32
were: 1.35, 1.18, and 1.11 10° M~* s7! for the acrylamide quenching;
1.52, 1.51, and 1.45 10° M~! s7! for the KI quenching. In the lower
panel the quenching data of the extrinsic fluorescence of the different
forms of DARPP-32 conjugated with lucifer yellow (Ly) using KI, are
shown. The upward curvatures of the Stern-Volmer graphs are
suggestive of a mixed static and collisional quenching mechanism.
The filled circles are the data obtained by time-resolved measurements
at four increasing concentrations of KI. These data are plotted as,
{10)/{7), and were used to calculate the k, for the purely collisional
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TABLE 1
Steady-state fluorescence anisotropy of DARPP-32

The steady-state emission anisotropy was determined using linear
polarizer filters (Polaroid HNP’B) installed in the excitation and
emission paths. The relative intensities for the four combinations of
vertically and horizontally polarized beams were recorded in the ratio
mode and the steady-state emission anisotropy was calculated as
described under “Experimental Procedures” for both the intrinsic
fluorescence ({r)Trp) and the extrinsic fluorescence of lucifer yellow
(Ly)-conjugated DARPP-32 ({r)Ly). Excitation and emission wave-
length were 295 and 350 nm (tryptophan fluorescence) or 430 and
530 nm (lucifer yellow fluorescence), respectively. Steady-state emis-
sion anisotropy determined on acrylodan-labeled DARPP-32 yielded
values in the same range as those obtained with lucifer yellow
DARPP-32 (not shown). Data are means +S.E. of at least six different
measurements.

_ DARPP-32 (r)Trp (r)Ly
Nonphosphorylated 0.040 = 0.006  0.097 * 0.008
PKA phosphorylated 0.048 = 0.005 0.100 £ 0.007
CKII phosphorylated 0.054 + 0.006 0.094 + 0.008
Nonphosphorylated, 8 M urea  0.016 + 0.010  0.062 % 0.008

for proteins containing exposed fluorophores (Eftink and
Ghiron, 1976). Lucifer yellow was totally refractory to acryl-
amide quenching (not shown), and therefore no information
about accessibility could be obtained using this fluorophore-
quencher pair.

In order to investigate whether site-specific phosphoryla-
tion induces changes in DARPP-32 structure detectable by
steady-state techniques, measurements of the time-averaged
fluorescence anisotropy, (r), of Trp'®® and of lucifer yellow-
Cys™ were carried out (Table I). The relatively low values
found for the fluorescence anisotropy of Trp'® indicate that
the peptide chain surrounding this residue is characterized by
independent segmental motions which are little changed by
site-specific phosphorylation. The higher anisotropy values
obtained for the lucifer yellow emission suggest that the
cysteine residue resides in a region of the protein with rela-
tively constrained rotational flexibility. In view of previous
results (Hemmings et al., 1984b), these (r) values are com-
patible with the overall rotational movements of much of the
protein. The lack of a significant effect of site-specific phos-
phorylation also suggests that this DARPP-32 domain does
not undergo large structural changes. Urea (8 M) denaturation
of DARPP-32 substantially reduced the (r) values for both
fluorophores, suggesting that under denaturing conditions
DARPP-32 can be further unfolded.

Time-resolved Fluorescence—Time-resolved studies on the
intrinsic fluorescence of DARPP-32 were carried out under
various experimental conditions. Fig. 5 shows a typical fluo-
rescence decay curve of DARPP-32 which was fitted to a
mono- or multiexponential decay model. The statistical analy-
sis of the goodness of fit clearly demonstrated that, in spite
of the presence of a single tryptophan residue, the fluorescence
intensity decay was best described by the sum of three discrete
components with lifetimes of approximately 1, 3.4, and 7.3 ns
(Table II). The three lifetimes were not significantly affected
by ionic strength (not shown), or site-specific phosphoryla-
tion.

In order to uncover possible conformational changes of

quenching of lucifer yellow-labeled DARPP-32. The values for the
nonphosphorylated, PKA-phosphorylated, and CKII-phosphorylated
forms did not significantly differ (k,, 0.99 10° M~' s™'). The fluores-
cence decay of lucifer yellow-labeled DARPP-32, measured in the
absence of the quencher, was best described by a double exponential
function with the following decay parameters: a;, = 0.27, 7, = 3.05 ns,
a, = 0.73, 7, = 8.48 ns. No significant quenching of lucifer yellow
fluorescence was detected using acrylamide as a quencher.
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F1G. 5. Analysis of the fluores-
cence intensity decay of DARPP-
32. Fluorescence decay data were ob-
tained at 22 °C using an excitation wave-
length of 295 nm (band pass 4 nm) and
the fluorescence emission was observed
at 350 nm (band pass 10 nm). The pro-
tein concentration was 0.2 mg/ml in a
buffer containing 10 mM Hepes, pH 7.4,
and 1 mM EDTA. The calibration time
for each channel was 0.0862 ns. Photon
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counts are reported on the y axis in a
linear scale. The excitation lamp profile
is indicated as L. The solid noise-free
curves represent the theoretical param-
eters convolved with the lamp. In g, the
results of the analysis are shown for a
monoexponential decay function; in b,
the same decay data were analyzed as
three exponential components. The plot
of the weighted residuals (center graphs)
and autocorrelation of the weighted re-
siduals (upper right inset) are shown.
The fluorescence decay parameters were:
a =059, r = 3.08 ns, x> = 17.29 for a
monoexponential decay (a) and oy =
0.20, 7, = 1.28 ns, ap = 0.22, 7, = 341
ns, as = 0.02, 13 = 7.57 ns, x* = 1.01 for
the three fluorescence decay components
(b).
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TaABLE II
Time-resolved fluorescence intensity parameters of DARPP-32

The fluorescence intensity decay curves collected in the spectral
range between 310 and 450 nm were analyzed by the global procedure
and were used to produce the DAS presented in Fig. 6. 1%,, are the
relative intensity contributions of each decay component to the total
emission spectrum, and have been calculated as normalized areas
under the spectra (¥ «;-7;). The ratio between the relative intensities
associated with the short and the long lifetime (1%,/1%;) were 1.198,
1.220, 1.192, and 0.395 for nonphosphorylated, PKA phosphorylated,
CKII phosphorylated, and denatured DARPP-32, respectively. The
intensity-weighted lifetime, 7., has been calculated at 350 mm as,
(- 72)/¥(ai-7;) (Chen et al., 1991).

DARPP-32 i T, 73 (% 1%, % 1tm

ns ns

Nonphosphorylated 1.24 3.48 7.21 18.2 66.7 15.1 3.53
PKA phosphorylated 1.10 3.34 7.06 18.4 66.5 15.1 3.54

CKII phosphorylated 0.99 3.40 7.50 15.7 71.2 13.1 3.52
Nonphosphorylated, 8 M urea 0.62 3.26 7.05 10.3 63.8 25.9 3.76

DARPP-32 induced by ionic strength or site-specific phos-
phorylation during the excited state of tryptophan, nanosec-
ond time-resolved DAS (Privat et al., 1980; et al., 1981; Knut-
son et al., 1982; Neyroz et al., 1987) were obtained. The DAS
recovered from the nonphosphorylated, PKA-phosphorylated,
CKII-phosphorylated, and denatured forms of DARPP-32 are

0.25 autocorrelation

A L

o 50

-0.28 - . J
100 150 200 250
Channel n/2

100 200 300

Channel #

400 500

shown in Fig. 6. In all native forms of DARPP-32, the relative
intensity associated with the intermediate lifetime provided
the highest contribution to the total emission intensity (67%),
whereas the relative intensity associated with the short and
long lifetimes contributed to a much lesser extent (18 and
15%, respectively). In the nonphosphorylated DARPP-32
(Fig. 64), the spectral distributions of the intermediate and
long lifetime components were similar to the steady-state
emission spectrum, with a maximal emission intensity at 350
nm. On the other hand, the short lifetime component was
slightly blue-shifted with respect to the other components
and to the steady-state spectrum. No marked differences in
the DAS were observed by changing the ionic strength of the
medium (not shown) or after phosphorylation of DARPP-32
by PKA (Fig. 6B). Phosphorylation by CKII (Fig. 6C) did not
change the spectral distribution of the lifetime components
but slightly increased the relative contribution of the inter-
mediate lifetime with respect to the other two components
(see also Table II). Upon denaturation (Fig. 6D), the contri-
bution of the short decay component became negligible, with
a concomitant increase in the contribution of the long decay
component, resulting in an increase of the mean lifetime
(Table II). This observation is consistent with the fluores-
cence intensity changes observed in the steady-state emission
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FIG. 6. DAS of DARPP-32 in var- 04r

ious states of phosphorylation. The
fluorescence decay of nonphosphory-
lated DARPP-32 (panel A), DARPP-32 02} ¢
phosphorylated on Thr* by PKA (panel 1
B), DARPP-32 phosphorylated on Ser®
and Ser'” by CKII ( panel C), and non-
phosphorylated DARPP-32 in 8 M urea
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(panel D) were measured at 22 °C in a
buffer containing 10 mM Hepes, pH 7.4,
1 mM EDTA using an excitation wave-
length of 295 nm. The data, expressed as

relative intensity in each DAS, refer to 0.8
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Decay curves were collected every 5 nm
between 310 and 450 nm and the DAS
were obtained by the global analysis
method (see “Experimental Proce-
dures”). Global reduced x?> ranged be-
tween 1.10 and 1.34.
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spectrum recorded under denaturing conditions (see Fig. 3,
upper panel). Although a short decay component was required
to provide an adequate fit, it should be pointed out that the
profile of the short lifetime DAS of denatured DARPP-32 is
not a typical tryptophan distribution, in fact the largest area
under the curve is in the region of the Raman peak. Consid-
ering that samples of equal protein concentration were used
to obtain the DAS presented in Fig. 6, and thus comparable
Raman contributions should underlie each DAS, we used the
total area under the respective curves to calculate the inten-
sities presented in Table II. This could cause a small under-
estimate of the mean lifetime calculated for the denatured
DARPP-32.

The decay of both the intrinsic and the extrinsic emission
anisotropy of DARPP-32 was resolved. In both cases, the
fluorescence anisotropy decay was well described by a double
exponential function with correlation times of 0.3-0.4 and 2-
3 ns for tryptophan fluorescence and of 0.7-1.7 and 13-15 ns
for lucifer yellow-cysteine fluorescence (Table III). The fast
rotational movements resolved for the intrinsic emission an-
isotropy decay can be explained by the combination of inde-
pendent flexibility of the COOH-terminal peptide chain and
local mobility of the indole ring. On the other hand, the longer
correlation times recovered from the anisotropy decay of
lucifer yellow-labeled DARPP-32 indicate that the NH,-ter-
minal domain of the protein has limited rotational flexibility.
Under denaturing conditions, the anisotropy decay of tryp-
tophan fluorescence was best described by a single correlation
time of approximately 0.9 ns and no improvement in the
statistical parameters was obtained by fitting the data with
an additional decay component. This rapid depolarization is

375
WAVELENGTH (nm)

325 350 375 400 425 450
WAVELENGTH (nm)
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TaBLE III
Anisotropy decay parameters of DARPP-32

The decay of the emission anisotropy of DARPP-32 in various
phosphorylation states and after urea-induced denaturation were
measured at 22 °C as described under “Experimental Procedures.”
DARPP-32 was dissolved in a buffer containing 10 mM Hepes, pH
7.4, 1 mM EDTA at a concentration of 0.2 mg/ml. The experimental
anisotropy decay data were analyzed as a sum of exponential terms
(r(t) = ¥B:-e7%), where j, represent the prexponential coefficients
associated to each correlation time, ¢; and the time 0 anisotropy, r,,
is given by Y8..

Tryptophan fluorescence

DARPP-32 B [ B2 2 X
ns ns
Nonphosphorylated 0.06 210 0.08 0.46 0.10
PKA phosphorylated 0.07 320 0.10 036 1.02
CKII phosphorylated 006 270 0.20 028 1.37
Nonphosphorylated, 8 M urea .18 0.86 1.33
Lucifer yellow-cysteine fluorescence
DARPP-32 By & B2 23 x*
ns ns
Nonphosphorylated 0.11 1286 0.19 1.69 1.23
PKA phosphorylated 0.13 13.41 0.27 0.69 125
CKII phosphorylated 0.12 1504 0.19 098 1.07

typical for truly random coil structures. Phosphorylation of
DARPP-32 either by PKA or CKII had relatively minor effect,
inducing only a slight increase in the long correlation time of
either tryptophan or lucifer yellow regions. A relatively high
intrinsic variability was found in measuring the shortest
correlation times of both tryptophan and lucifer yellow-cys-
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teine anisotropy decays, and no conclusions can be drawn
from the changes in these components.

DISCUSSION

Protein phosphorylation is a reversible covalent modifica-
tion of paramount importance by which extracellular signals
can modulate intracellular events. Phosphorylation can mod-
ulate the functional properties by two major mechanisms: (i)
the incorporation of a negatively charged phosphate group in
a critical site of the molecule can modify its interactions with
other molecules by local effects (e.g. loss of hydrogen bonds,
steric hindrance, electrostatic interactions) without affecting
the protein as a whole; (ii) the incorporation of the phosphate
group can induce a conformational rearrangement involving
the whole protein or a large part of it, which in turn is
responsible for the change in the biological activity (Barford,
1991). In the present study, the intrinsic and extrinsic fluo-
rescence of purified recombinant rat DARPP-32 has been
characterized using steady-state and time-resolved tech-
niques, with the purpose of better understanding the structure
of the protein and the effects of microenvironment and site-
specific phosphorylation on its biophysical properties. While
steady-state fluorescence measurements can provide an inten-
sity and time-averaged description of the probe environment,
nanosecond time-resolved fluorescence spectroscopy is the
tool of choice to monitor relevant biological events occurring
in this time domain.

DARPP-32 is a cytosolic phosphoprotein that is highly
concentrated in neurons receiving dopaminergic innervation
and bearing D1 dopamine receptors (Hemmings et al., 1987).
The physiological properties of DARPP-32 have been mostly
studied in rat, whereas the biochemical investigations have
been carried out using bovine DARPP-32. To overcome this
problem, we have expressed rat DARPP-32 in bacteria and
used purified recombinant DARPP-32 for biochemical and
photophysical investigations. The properties of the recombi-
nant protein, including apparent M,, phosphorylation by PKA
and CKII, and inhibition of PP1c were indistinguishable from
those of natural rat DARPP-32 and very similar to those of
bovine DARPP-32.2 The quasi-identical properties of natural
and recombinant DARPP-32 are easily understandable since
DARPP-32 appears to undergo no post-translational modifi-
cation other than phosphorylation. In addition, its remarkable
heat and acid resistance can account for the substantial
preservation of biological activity and overall structure during
the purification procedure. Hydrodynamic studies have re-
vealed that DARPP-32, which has a low content of hydropho-
bic amino acids, exhibits an “unfolded” tertiary structure with
a very elongated shape (Hemmings et al., 1984b).

The CD data presented in this work revealed that DARPP-
32 contains very little secondary structure, in partial contrast
with the prediction based on the primary sequence (Williams
et al., 1986), but in substantial agreement with previous ob-
servations (Hemmings et al., 1984b). In addition, the high
accessibility of the intrinsic and extrinsic fluorophores to
acrylamide and KI implied that the single tryptophan and
cysteine residues, located in the NH;- and COOH-terminal
regions of the molecule, are completely exposed to the external
aqueous medium. However, the presence of marked changes
in both static and time-resolved intrinsic fluorescence param-
eters upon denaturation (see below) demonstrates that, under
native conditions, DARPP-32 possesses features which differ
from a completely unfolded protein. In fact, while the steady-
state emission spectra of the extrinsically labeled DARPP-32
show only minor shifts upon denaturation, the intrinsic fluo-
rescence exhibits a significant increase in intensity. From
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steady-state data such an effect can be generally assigned to
the release of a quenching mechanism present in the native
form. A characteristic charge distribution may be needed to
sustain the native structure of DARPP-32 and can be related
to its biological activity.

Nanosecond time-resolved dissection of the intrinsic fluo-
rescence decay provides more detailed information on protein
structure (Ross et al., 1981; Knutson et al., 1982; Beechem
and Brand, 1985). Three major decay constants were re-
covered from the analysis of the data of DARPP-32. The
relative intensity associated with the three lifetimes (1, 3.4,
and 7.3 ns) revealed the predominant contribution of the
intermediate lifetime (60-70%) with a ratio between the rel-
ative intensities associated with the short and the long life-
times of 1.2. The complex photophysics of tryptophan in
proteins has been related to a number of different mechanisms
including conformational heterogeneity (Szabo and Rayner,
1980; Petrich et al., 1983; Beechem and Brand, 1985). It is
worth noting that the three lifetimes we recovered for
DARPP-32 stringently reproduce a common result obtained
with several proteins and tryptophan compounds (Petrich et
al., 1983; Beechem and Brand, 1985; Benfenati et al., 1990;
Chen et al., 1991). Attempts have been made to correlate
lifetime components with the existence of rotamer popula-
tions (Szabo and Rayner, 1980), their distribution, and their
stability in the excited-state. Recently, Dahms et al. (1993)
have provided new evidence for this model; they showed that
in a protein crystal of erabutoxin b the proportion of each
decay time is dependent on the orientation of the crystal. In
general, for proteins in solution, multiexponential decays are
explained on the basis of the presence of conformers, each
with different fluorescence lifetimes. According to this rep-
resentation, our results show that, in the native condition, a
significant concentration of DARPP-32 exists in a confor-
mational state (conformer) where the indole ring is quenched.
Upon denaturation by 8 M urea, we found that the pre-
exponential term of the long lifetime, a3, increased in the
absence of significant changes in the associated decay con-
stant (Table II). This evidence confirms the possible release
of a static quenching which depletes, under native conditions,
the long lifetime conformer. This effect is clearly shown by
the comparison of the DAS of panels A-C with the DAS of
panel D in Fig. 6. The static quenching may result from
negative charges in the proximity of the tryptophan residue.
The primary sequence of rat DARPP-32 contains 3 glutamate
residues in the immediate vicinity of Trp!'®® (at positions 160,
164, and 171). It is tempting to assign the long lifetime
conformer to a conformation where glutamate residues can
form dark complexes with Trp'®,

Unlike denaturation, the parameters of DARPP-32 tran-
sient fluorescence were not significantly affected by either
salt concentrations or phosphorylation by PKA. Phosphoryl-
ation by CKII slightly increased the contribution of the inter-
mediate lifetime component with a simultaneous decrease in
the contribution of the long lifetime component. Since these
changes are opposite with respect to those observed upon
denaturation, they suggest that the CKII-phosphorylated
form of DARPP-32 assumes a more ordered structure. The
DAS report only on the local environment of tryptophan,
hence we cannot rule out significant conformational changes
in other domains. However, the absence of major changes on
the tryptophan photophysics demonstrates that the microen-
vironment of the single tryptophan residue in the COOH-
terminal region is little affected by post-translational modi-
fications of Thr**, Ser*’, and Ser'*? residues.

The steady-state and time-resolved anisotropy revealed the
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presence of a differential mobility/flexibility of the NH,- and
COOH-terminal parts of the molecule in the native state
(with the NH,-terminal region considerably more rigid than
the COOH-terminal region) and of an increased overall mo-
lecular motion upon denaturation. In fact, the long correlation
times recovered for lucifer yellow, with the different forms of
native DARPP-32, suggest the existence of a folded, rigid
environment, surrounding Cys™. Thus, we postulate the ex-
istence of two distinct protein domains which may play an
important role in modulating the interaction of DARPP-32
with PP1c. Phosphorylation by PKA or CKII did not grossly
alter the structural configuration of either the NH,- or the
COOH-terminal regions of DARPP-32.

Structural changes associated with phosphorylation have
been reported for several proteins, including glycogen phos-
phorylase (Sprang et al., 1988; Johnson, 1992) and synapsin I
(Benfenati et al., 1990). Phosphorylation of Ser’* of glycogen
phosphorylase affects the tertiary structure of the subunit
and the quaternary structure of the holoenzyme; phosphoryl-
ation of Ser®®® and Ser®® in the nerve terminal phosphoprotein
synapsin I induces a major conformational change of the
molecule which decreases its interactions with actin filaments
and with the membrane of synaptic vesicles (Valtorta et al.,
1992). On the other hand, in the case of isocitrate dehydro-
genase, phosphorylation of Ser'*® inhibits enzyme activity by
directly affecting the interaction of the substrate with the
active site in the absence of long-range conformational
changes (Hurley et al., 1990a, 1990b).

The lack of gross conformational change upon phosphoryl-
ation of DARPP-32 on Thr* by PKA contrasts with the
potent activation of the PPlc inhibitory activity. This con-
trast suggests that it is the incorporation of a negatively
charged phosphate group in a strongly positive region (with 4
arginines in a row) that has a direct effect on the interaction
of DARPP-32 with PP1c. Kinetic studies had suggested that
DARPP-32, as well as inhibitor 1, interact with PP1c at two
sites, one of which includes the phosphorylated threonine
which presumably blocks the phosphatase active site (Foulkes
et al., 1983; Hemmings et al., 1984a, 1990). Such a local effect
of Thr** phosphorylation is in perfect agreement with the
observation that short peptides encompassing the phosphoryl-
ated threonine (residues 9-38) inhibit PP1c efficiently (~20%
of the activity of the holoprotein) (Hemmings et al., 1990).

The interaction between DARPP-32 and PKA and its
modulation by CKII phosphorylation seem to be more com-
plex. Short peptides encompassing the PKA phosphorylation
site of DARPP-32 or inhibitor 1 display poor phosphorylation
kinetics as compared to the respective holoproteins (Hem-
mings et al., 1984c¢, 1990; Foulkes et al., 1983). The difference
between peptides and holoprotein is less pronounced in the
case of cGMP-dependent protein kinase which phosphoryl-
ates the same threonine as PKA (Hemmings et al., 1984c,
1990). Interestingly phosphorylation of DARPP-32 by CKII
improves its phosphorylation by PKA but not by ¢cGMP-
dependent protein kinase (Girault et al., 1989). It is notewor-
thy that time-resolved fluorescence measurements indicate
that phosphorylation by CKII has some influence on confor-
mation of the protein. It will be interesting to determine
whether the 12 residues that are conserved between inhibitor
1 and DARPP-32 and which are located between positions 75
and 117 play a role in the overall structural organization of
these proteins and their interactions with PKA.

In conclusion, the available data suggest that DARPP-32
has a partially unfolded tertiary structure which does not
undergo major conformational transitions after phosphoryla-
tion on specific sites by PKA or CKIIL In this respect, the
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mechanism of activation of the phosphatase inhibitory activ-
ity by PKA phosphorylation seems to resemble more that of
isocitrate dehydrogenase than those of either glycogen phos-
phorylase or synapsin I.
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