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ABSTRACT: Tyrosine hydroxylase (TH) catalyzes the first step in the biosynthesis of catecholamines.
Regulation of TH enzyme activity is controlled through the posttranslational modification of its regulatory
domain. The regulatory domain of TH can be phosphorylated at four serines (8, 19, 31, and 40) by a
variety of protein kinases. Phosphorylation of Ser19 does not by itself increase TH activity but induces its
binding to the 14-3-3 protein. That leads to the enhancement of TH activity with a still not fully understood
mechanism. The main goal of this work was to investigate whether the 14-3-3 protein binding affects the
conformation of the regulatory domain of human TH isoform 1 (TH1R). Site-directed mutagenesis was
used to generate five single-tryptophan mutants of TH1R with the Trp residue located at five different
positions within the domain (positions 14, 34, 73, 103, and 131). Time-resolved tryptophan fluorescence
measurements revealed that phosphorylation of Ser19 and Ser40 does not itself induce any significant
structural changes in regions surrounding inserted tryptophans. On the other hand, the interaction between
the 14-3-3 protein and phosphorylated TH1R decreases the solvent exposure of tryptophan residues at
positions 14 and 34 and induces distinct structural change in the vicinity of Trp73. The 14-3-3 protein
binding also reduces the sensitivity of phosphorylated TH1R to proteolysis by protecting its N-terminal
part (first 33 residues). Circular dichroism measurements showed that TH1R is an unstructured protein
with a low content of secondary structure and that neither phosphorylation nor the 14-3-3 protein binding
changes its secondary structure.

Tyrosine hydroxylase (TH,1 EC 1.14.16.2) catalyzes the
first step in the biosynthesis of catecholamines, and its
activity is controlled by multiple mechanisms, including
feedback inhibition by catecholamines, allosteric activation
by heparin, phospholipids, and RNA, and activation by
protein phosphorylation (1-3). The N-terminal regulatory

domain of TH consists of 160-190 amino acid residues (in
human isoforms) and can be removed without a significant
decrease in catalytic activity (4). The regulatory domain can
be phosphorylated at four serine residues, Ser8, Ser19, Ser31,
and Ser40, in vitro, in situ, and in vivo (Figure 1A) (2, 3,
5-7). Among these, the effects of Ser19 and Ser40 phospho-
rylation are the best characterized. Residue Ser40 can be
phosphorylated by a number of protein kinases, and its
phosphorylation by cyclic AMP-dependent protein kinase
(PKA) induces the most potent activation of TH (8-11). It
has been proposed that phosphorylation of Ser40 alters the
conformation of the regulatory domain and its interaction
with the catalytic domain. Phosphorylation of Ser40 is known
to increase the sensitivity to proteolysis in its surrounding,
while dopamine binding has the opposite effect, suggesting
that there is a link between the conformation of the regulatory
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domain and the enzyme activity (12). It has been proposed
that the hydroxyl group of Ser40 contributes to the stabiliza-
tion of the catecholamine-bound inhibited form of TH (8).
Phosphorylation of Ser40 probably induces a conformational
change of the regulatory domain, thus permitting easier
dissociation of catecholamine and activation of TH (11, 13-
15).

In contrast to phosphorylation at Ser40, the activation of
TH through the phosphorylation of Ser19 requires the
presence of regulatory 14-3-3 protein (16-19). The 14-3-3
proteins are involved in many biologically important pro-
cesses, such as cell cycle control, apoptosis, and oncogenesis
(20, 21). The main feature of 14-3-3 proteins is their ability
to bind to other proteins in a phosphorylation-dependent
manner. 14-3-3 proteins recognize a motif containing either
a phosphorylated serine (pS) or a phosphorylated threonine
(pT) residue, which is present in most known 14-3-3 binding
partners (22). Two optimal 14-3-3 binding motifs, RSXpSXP
and RXY/FXpSXP, have been identified using oriented
peptide library screening approaches (23, 24). The regulatory
domain of TH contains two similar sequences around
residues Ser19 and Ser40 (Figure 1B). Detailed analysis of
interactions between TH and different 14-3-3 protein iso-
forms confirmed that phosphorylation of Ser19 is required
for stable association of human TH isoform 1 with the bovine
14-3-3ú isoform (25). On the other hand, Kleppe at al. (25)
also showed that the yeast 14-3-3 protein isoform (BMH1)
can bind with high affinity to all four human TH isoforms
phosphorylated only at Ser40. The reason why yeast but not
mammalian 14-3-3 protein isoforms bind to TH phospho-
rylated only at Ser40 is unknown.

The role of 14-3-3 protein in the regulation of TH activity
is still unclear. While one study found that the 14-3-3 protein
binding to TH phosphorylated at Ser19 increasedVmax 3-fold
(26), other studies observed no 14-3-3 protein-dependent
enhancement of TH activity (27, 28). It has also been
suggested that 14-3-3 protein might protect the proteolytically
very sensitive phosphorylated regulatory domain of TH and/
or slow dephosphorylation of phosphorylated Ser19 and Ser40

(25, 26). The phosphorylation status of the regulatory domain
seems to be important for the overall stability of TH because
it has been shown that the multiphosphorylated form of TH
is more stable than the singly phosphorylated and unphos-
phorylated forms, regardless of phosphorylation sites (13,
26, 29). Since 14-3-3 proteins are known to modulate the
structure of their binding partners (30-32), it is reasonable
to speculate that the 14-3-3 protein changes the structure of
the phosphorylated regulatory domain of TH, thus making
it less sensitive to proteolysis and/or dephosphorylation.

The main goal of this work was to investigate whether
14-3-3ú protein binding affects the conformation of the
regulatory domain of human TH isoform 1 (denoted as
TH1R) phosphorylated at both Ser19 and Ser40. Site-directed
mutagenesis was used to generate five single-tryptophan
mutants with the tryptophan residue located at different
positions within the regulatory domain (positions 14, 34, 73,
103, and 131). Time-resolved tryptophan fluorescence in-
tensity decays revealed that phosphorylation of Ser19 and
Ser40 by itself does not induce significant conformational
changes in the regions surrounding inserted tryptophans. On
the other hand, the interaction between the 14-3-3 protein
and phosphorylated TH1R decreases the solvent exposure
of tryptophan residues at positions 14 and 34 and induces
distinct structural change in the vicinity of Trp73. The 14-
3-3ú protein binding also reduces the sensitivity of phos-
phorylated TH1R to proteolysis by protecting its N-terminal
part (first 33 residues). Circular dichroism measurements
showed that TH1R is an unstructured protein with a low
content of secondary structure and that neither phosphory-
lation nor 14-3-3 protein binding changes its secondary
structure.

MATERIALS AND METHODS

Expression, Purification, and Phosphorylation of TH1R.
The original plasmid containing cDNA of human TH1R
(Met1-Ser157 sequence subcloned in pET-23d) was a kind
gift of S. C. Daubner (Department of Biochemistry and

FIGURE 1: (A) Diagram of tyrosine hydroxylase primary structure. Relative positions of the phosphorylation sites and inserted tryptophans
within the regulatory domain are shown. (B) Amino acid sequence of human TH1R with the theoretical prediction of disordered regions.
Prediction was calculated using either loops/coils definitions (underlined with a solid line) or hot-loops definitions (underlined with a
dotted line) (44-46). Phenylalanine residues that were replaced with tryptophan residues are labeled with asterisks. Phosphorylation sites
Ser19 and Ser40 are indicated with a circled P.
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Biophysics, Texas A&M University, College Station, TX).
To introduce a His tag at the N-terminus of the polypeptide,
the cDNA encoding TH1R (Met1-Ser157) was ligated into
pET-15b (Novagen) using the NdeI and BamHI sites. The
entire coding region was checked by sequencing. Since
TH1R contains several cryptic thrombin cleavage sites, the
thrombin cleavage site of the pET-15b plasmid (sequence
SGLVPRGS) was mutated to a TEV cleavage site (sequence
ENLYFQGS) using the QuickChange kit (Stratagene). All
mutants of TH1R were generated using a similar approach,
and their sequences were checked by sequencing. TH1R was
expressed as six-His-tag fusion proteins by isopropyl 1-thio-
â-D-galactopyranoside induction for 12 h at 30°C and
purified from Escherichia coli BL21(DE3) cells using
Chelating-Sepharose Fast Flow (Amersham Biosciences)
according to the standard protocol. The six-His tag was
removed by incubation (1 h at 30°C) with TEV protease
(Invitrogen). Eluted protein was dialyzed against buffer [50
mM sodium citrate (pH 6.0), 2 mM EDTA, and 1 mM DTT]
and purified using cation exchange chromatography on a SP-
Sepharose column (Amersham Biosciences). The protein was
eluted using a linear gradient of NaCl (from 50 to 1000 mM).
Fractions containing TH1R were dialyzed against buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, and 10% (v/w) glycerol. The purified TH1R was then
phosphorylated by incubation with 60 units of PKA (Prome-
ga) per milligram of recombinant protein for 2 h at 30°C in
the presence of 20 mM magnesium chloride and 0.75 mM
ATP. After the phosphorylation, the TH1R was repurified
using cation-exchange chromatography as mentioned above.
Eluted proteins were finally dialyzed against buffer contain-
ing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, and
10% (w/v) glycerol. The completeness of the phosphorylation
reaction was checked using MALDI-TOF mass spectrometry.
Tryptophan mutants of TH1R were purified using the same
approach, but all buffers contained 0.01% (v/v) Tergitol NP-
40 (Sigma).

Expression and Purification of 14-3-3ú Protein. Both
human 14-3-3ú protein (WT) and its mutant version contain-
ing no tryptophan residues (mutations Trp59Phe and Trp228-
Phe, denoted as 14-3-3únoW) were prepared as described
previously (33).

Steady-State Fluorescence Measurements and Tryptophan
Fluorescence Quenching Experiments.All steady-state fluo-
rescence measurements were performed at 23°C on an ISS
PC1 Photon counting spectrofluorometer, using a 1 nmband-
pass on both the excitation and emission monochromators.
Proteins (4 µM TH1R and 10 µM 14-3-3únoW) were
dissolved in 20 mM Tris-HCl buffer (pH 7.5) containing 150
mM NaCl, 1 mM EDTA, 0.01% (v/v) Tergitol NP-40, 1 mM
2-mercaptoethanol, and 10% (w/v) glycerol. Stern-Volmer
plots were constructed by using the changes in fluorescence
intensity at 340 nm (with excitation at 295 nm). To take
into account both collisional and static quenching processes,
the Stern-Volmer plots were fitted to the following equation
(34):

where F0 is the fluorescence intensity in the absence of
acrylamide,F is the fluorescence intensity of the sample in

the presence of a concentration [Q] of acrylamide,KSV is
the Stern-Volmer constant, andV is the static quenching
constant. The Stern-Volmer constantKSV is equal toτmeankq,
wherekq is the bimolecular rate constant for quenching and
τmean is a mean fluorescence lifetime of the tryptophan in
the absence of a quencher. Corrections for the inner filter
effect were performed according to the following equation
(35):

whereFC is the corrected fluorescence intensity,F is the
measured fluorescence intensity, andAex andAem are sample
absorbances at the excitation and emission wavelength,
respectively.

Time-ResolVed Fluorescence Experiments.Fluorescence
experiments were measured on a time-correlated single-
photon counting instrument with a pulsed UV-LED excitation
(PicoQuant, PLS 295-10) and a cooled MCP-PMT (Hamamat-
su, R3809U-50) detector. Subnanosecond excitation pulses
with a repetition rate of 10 MHz and a half-width of 300 ps
were generated at 295 nm. The LED emission was cleaned
up by a custom-made bandpass filter. The fluorescence signal
was isolated by a monochromator at 355 nm with a slit width
of 15 nm. A color glass filter (Zeiss, UG1) placed in front
of the input slit enhanced suppression of scattered light. All
time-resolved emission data were acquired under the “magic
angle” conditions when the intensity decay is independent
of rotational diffusion of the chromophore. Therefore, it
provides unbiased information about lifetimes. The decays
were typically acquired in 512 channels with a time scale of
100 ps per channel, until a peak count of 105 was reached.
Samples were placed in a thermostatic holder, and all
experiments were performed at 22°C in buffer containing
20 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 0.01% (v/v) Tergitol NP-40, 1 mM 2-mercaptoet-
hanol, and 10% (w/v) glycerol. The concentration of TH1R
(single-tryptophan mutants) was 10µM, and the 14-3-3únoW
concentration was 20µM.

Fluorescence Data Analysis.Fluorescence was assumed
to decay multiexponentially according to the formula

whereτi andRi are fluorescence lifetimes and corresponding
amplitudes, respectively. The intensity decayI(t) was
analyzed by a maximum entropy method for oversampled
data (SVD-MEM) coded according to the method of Bryan
(36). Typically, we used 150 lifetimes in the range from 20
ps to 20 ns, equidistantly spaced on the logarithmic scale.
The program yielded a set of amplitudesRi representing a
lifetime distribution in the decay. The mean lifetime was
calculated as

where index i runs over all lifetime components andfi
represents an intensity fraction of the corresponding com-
ponent:

F0

F
) (1 + KSV[Q])eV[Q] (1)

FC ) F antilog[(Aex + Aem)/2] (2)

I(t) ) ∑
i

Rie
-t/τi (3)

τmean) ∑
i

fiτi (4)
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Mass Spectrometric Analysis.Samples were first separated
by 12% SDS-PAGE, and excised protein bands were
digested with trypsin endoprotease (Promega) directly in gel
(37). Resulting peptide mixtures were extracted with 30%
acetonitrile and 0.3% acetic acid and assessed with MALDI-
TOF mass spectrometer BIFLEX (Bruker-Franzen, Bremen,
Germany) equipped with a nitrogen laser (337 nm) and
gridless delayed extraction ion source. The ion acceleration
voltage was 19 kV, and the reflectron voltage was set to 20
kV. Positive charged spectra were calibrated internally using
the monoisotopic [M+ H]+ ions of tyrosine hydroxylase
regulatory domain peptides with known sequence. A satu-
rated solution ofR-cyano-4-hydroxycinnamic acid in a 50%
MeCN/0.3% acetic acid mixture was used as a MALDI
matrix. A sample (1µL) was loaded on the target, and the
droplet was allowed to dry at ambient temperature, overlaid
with 1 µL of matrix solution, and allowed to cocrystallize
at ambient temperature, too. To enrich phosphorylated
peptides from the peptide mixtures for postsource decay
(PSD) analysis, the previously described procedure was used
(38).

NatiVe TBE-PAGE Analysis of Binding of TH1R to the
14-3-3ú Protein. Phosphorylated TH1R (11.5µM) was
incubated with the 14-3-3ú protein (0-27.5 µM) in buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, and 2 mM DTT for 15 min at 0°C. The samples
were then subjected to a native 15% TBE-PAGE. The
binding of the dpTH1R to the 14-3-3ú protein was quantified
by a densitometric analysis of the resulting gel using ImageJ
version 1.33u (39). The fraction of bound TH1R (FB) was
calculated from the formula

where the parameterImax is the intensity of the TH1R-14-
3-3ú complex band at saturation,Iobs is the intensity of the
complex band for any 14-3-3ú protein concentration, and
Imin is the minimum observed intensity of the complex band.
FB was plotted against the 14-3-3ú protein concentration and
fitted using eq 7 to estimate an apparentKD for formation
of the TH1R-14-3-3ú complex (assuming 1:1 molar stoi-
chiometry of the complex)

whereKD is the equilibrium dissociation constant, [P1] is
the TH1R concentration, and [P2] is the 14-3-3ú protein
concentration. Nonlinear data fitting was performed using
Origin version 7.5 (Microcal Software Inc.).

RESULTS

Preparation of the Phosphorylated TH1R and Character-
ization of Its Interactions with 14-3-3ú Protein. It has been
suggested that the TH1R contains two potential 14-3-3
protein binding motifs around residues Ser19 and Ser40 (Figure
1A) (16-19, 25). First, we tested whether the human 14-
3-3ú protein binds to the human TH1R phosphorylated only
at Ser40 using native TBE-PAGE. These experiments,

however, revealed that TH1R phosphorylated only at Ser40

does not interact with 14-3-3ú protein. A similar negative
result was also obtained for TH1R phosphorylated at Ser40

and containing mutation Ser19Asp to mimic the negative
charge of phosphorylated Ser19 (data not shown).

Residue Ser19 is known to be phosphorylated by Ca2+/
calmodulin-dependent kinase II (CAM-K2), mitogen-acti-
vated protein kinase-activated protein kinase 2 (28, 40), or
p38 regulated/activated kinase (26). Although CAM-K2 is
commercially available, the preparation of milligram quanti-
ties of TH1R stoichiometrically phosphorylated at Ser19

turned out to be very difficult mainly due to the relatively
low activity of CAM-K2. To prepare a larger quantity of
the TH1R stoichiometrically phosphorylated at both Ser19

and Ser40 (denoted dpTH1R), residue Ala17 was mutated to
Arg, thus making residue Ser19 a substrate for PKA. This
protein was expressed, purified, and phosphorylated by PKA,
and the result of the phosphorylation reaction was determined
using MALDI-TOF mass spectrometry. Positive ion mass
spectra were measured in the reflection mode to check the
amino acid sequences of TH1R tryptic peptides. The
comparison of positive MALDI-TOF mass spectra of di-
gested unphosphorylated and phosphorylated samples clearly
demonstrates two phosphorylated peptides in the sample of
dpTH1R. The detected peaks in positive ion mass spectra
of dpTH1R correspond to the phosphorylated peptide
RVpS19ELDAK having a protonized mass ofm/z 997.5 (pS
denotes phosphorylated Ser residue), the peptide with the
sequence RQpS40LIEDAR (having a mass ofm/z 1167.5),
or the peptide with the sequence RQpS40LIEDARK having
a mass ofm/z 1295.5. No unphosphorylated moiety was
identified in positive or negative mass spectra of the dpTH1R
tryptic peptide map. On the other hand, the unphosphorylated
TH1R mass spectrum provided only unphosphorylated pep-
tides, and no peaks with the samem/z value as described
for dpTH1R were detected. These results indicate that PKA-
induced phosphorylation of Ser19 and Ser40 was stoichio-
metric. The identity and structure of both phosphorylated
peptides were further corroborated by analysis of their
positive PSD spectra after specific phosphopeptide enrich-
ment to authenticate Ser19 and Ser40 as phosphorylated amino
acids (data not shown).

A nondenaturing PAGE analysis was used to estimate an
apparent equilibrium dissociation constant of the dpTH1R-
14-3-3ú protein complex. Samples of dpTH1R were incu-
bated with different concentrations of 14-3-3ú protein, and
formation of the complex was monitored using native TBE-
PAGE (Figure 2). The formation of the dpTH1R-14-3-3ú
complex was quantified by densitometric analysis, and the
KD of ∼421( 75 nM was estimated by fitting the resulting
curve (assuming a 1:1 molar stoichiometry of the dpTH1R-
14-3-3ú complex). This binding affinity is comparable to that
reported for the interaction between full-length TH1 and 14-
3-3ú protein (100-400 nM) (25).

Binding of 14-3-3ú Protein Affects the Conformation of
the N-Terminal Part of TH1R. To investigate the effect of
14-3-3ú protein binding on the conformation of the TH1R,
we performed time-resolved tryptophan fluorescence inten-
sity measurements of single tryptophan residues inserted at
five different positions within the TH1R molecule (Trp14,
Trp31, Trp73, Trp103, and Trp131). The sequence of the TH1R
does not contain any tryptophan residue; thus, phenylalanines

fi ) Riτi/∑
i

Riτi (5)

FB ) (Iobs- Imin)/(Imax - Imin) (6)

FB ) [KD + [P1] + [P2] -

x(KD + [P1] + [P2])2 - 4[P1][P2]]/2[P1] (7)
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located at these positions were replaced with tryptophans.
Time-resolved fluorescence intensity decays were analyzed
using a singular-value decomposition maximum entropy
method as described previously (33). The intensity decays
of all five single-tryptophan TH1R mutants can be adequately
described by a lifetime distribution containing three lifetime
components. As an example, Figures 3 and 4 show the effect
of phosphorylation and binding of the 14-3-3únoW protein
on the fluorescence intensity decay and the fluorescence
lifetime distribution of the TH1R containing tryptophan at
position 34. The human 14-3-3únoW protein mutant missing
all Trp residues (mutations Trp59Phe and Trp228Phe) was used
in all TH1R tryptophan measurements. We have previously
shown that these two mutations have no effect on binding
properties of 14-3-3ú protein (33, 41). It can be noticed that
phosphorylation at Ser19 and Ser40 has no effect on the
fluorescence of Trp34, while 14-3-3únoW protein binding
causes a significant increase in mean excited-state lifetime
(Figures 3C,D and 4A,B). All mean excited-state lifetimes
(τmean) of both unphosphorylated and doubly phosphorylated
single-tryptophan TH1R mutants in the absence and presence
of 14-3-3únoW protein are listed in Table 1. It can be noticed
that phosphorylation of TH1R at Ser19 and Ser40 by itself
causes either no or only a small change in theτmeanvalues
of studied tryptophans, indicating limited phosphorylation-
induced structural changes in the vicinity of these residues.
On the other hand, the binding of the 14-3-3únoW protein
causes a significant increase inτmean values of tryptophans
at positions 14, 34, and 73. The increase in the mean
fluorescence lifetime was most prominent in the case of the
tryptophan residue located at position 73 (a 40% increase
from 3.0 to 4.2 ns). The observed increase in theτmeanvalues
of Trp14, Trp34, and Trp73 could reflect the 14-3-3únoW

protein-induced conformational change in the TH1R that
affects interactions of these tryptophans with their surround-
ings. However, the observed changes could also be caused
by a direct interaction of the 14-3-3únoW protein with these
residues, thus changing their contacts with the polar environ-
ment or altering quenching interactions in their vicinity.

To examine the possible effect of shielding, we studied
changes in the accessibility of all five tryptophan residues
upon binding of the 14-3-3únoW protein by acrylamide
quenching experiments in the absence and presence of the
14-3-3únoW protein. Results of the collisional quenching
(Stern-Volmer or KSV values) are listed in Table 2. The
contribution of the static quenching, represented by a constant
V in eq 1, in all cases was negligible (V was equal or very
close to zero). Bimolecular quenching constantskq, reflecting
the accessibility of the fluorophore to the quencher, were
then calculated from the ratio of the Stern-Volmer quench-
ing constantKSV and the mean fluorescence excited-state
lifetime τmean. Figure 5 shows examples of Stern-Volmer
plots for TH1R mutants containing Trp14, Trp34, and Trp73.
It is seen that for the TH1R mutants containing Trp14 and
Trp34 theKSV decreases upon binding of the 14-3-3ú protein.
For the Trp73 mutants, we observed an opposite effect. A
significant decrease in the bimolecular quenching constant
in the case of Trp14 and Trp34 (Table 2) clearly shows that
accessibility of these tryptophan residues to the acrylamide
significantly decreases in the TH1R-14-3-3únoW complex.
Importantly, the accessibility of Trp73 to the solvent remains
unaltered. Therefore, we can conclude that the observed
increase inτmeancannot be caused by a simple steric shielding
of Trp73 upon binding of the 14-3-3únoW protein. The
solvent exposure of tryptophan residues at positions 73, 103,
and 131 was found to remain practically unchanged in the
TH1R-14-3-3únoW complex. At room temperature, the
acrylamide bimolecular quenching constant of free Trp in
solution is∼5.9 × 109 M-1 s-1 (42). Comparison of this
value with values in Table 2 indicates that all Trp residues
are at least partially buried in the protein with rather restricted
solvent accessibilities. Changes inτmean caused by a direct
contact with 14-3-3únoW can therefore be excluded with
high probability. At this moment, we cannot determine with
certainty the extent to which the change inτmean and kq

observed in Trp14 and Trp34 mutants results from a confor-
mational change in the N-terminal region (the region of the
first 40 amino acid residues) and what could be a contribution
of the steric shielding caused by the 14-3-3únoW protein
binding. However, our results clearly indicate that the region
of TH1R around Trp73 undergoes a 14-3-3 protein binding-
induced structural change.

Circular Dichroism Measurements of TH1R.We then
asked whether the 14-3-3ú protein-induced conformational
change in the TH1R observed by fluorescence spectroscopy
could also be detected by circular dichroism. However, these
experiments revealed that neither phosphorylation nor 14-
3-3ú protein binding induces any significant CD spectral
change in the TH1R. The obtained far-UV CD spectra of
the human TH1R (data not shown) were similar to those
previously published for the regulatory domain of rat tyrosine
hydroxylase (4). Deconvolution of our CD spectra revealed
that the TH1R is an unstructured protein containing a large
amount of random coil structure. Three deconvolution
programs, including CONTIN/LL, SELCON3, and CDSSTR,

FIGURE 2: Nondenaturing TBE-PAGE analysis used to estimate
the apparent equilibrium dissociation constant of the dpTH1R-
14-3-3ú protein complex. Samples of the dpTH1R were incubated
with different concentrations of 14-3-3ú protein, and the binding
of dpTH1R to the 14-3-3ú protein was monitored using native
TBE-PAGE (A). Formation of the complex was quantified by
densitometric analysis, and theKD of ∼421 ( 75 nM for binding
of the dpTH1R to the 14-3-3ú protein was estimated by fitting the
resulting curve (B).
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were used to estimate secondary structure (43). All three
methods gave similar results, but CDSSTR gave the best fit
to the data. The average values for secondary structure
composition of unphosphorylated TH1R from CDSSTR
analysis were 30%â-sheet, 18%â-turn, 7% R-helix, and
45% unordered structure. This is in agreement with the
theoretical prediction of disordered regions in TH1R using
both loops/coils and hot-loops definitions (44-46) (Figure
1B).

Binding of 14-3-3ú Protein Protects the TH1R against
Proteolytic Degradation by Trypsin. It has been shown that
the regulatory domain of tyrosine hydroxylase is very
sensitive to proteolytic degradation mainly in the region
between residues 33 and 50 (12). One of the suggested
functions of the binding of 14-3-3 protein to TH is the
structural stabilization of the enzyme. Since our fluorescence
experiments revealed that the binding of 14-3-3ú protein
affects the conformation of the TH1R, we then asked whether

FIGURE 3: Excited-state lifetime distributions of TH1R containing Trp34. (A) Unphosphorylated TH1R. (B) Doubly phosphorylated dpTH1R.
(C) Unphosphorylated TH1R in the presence of the 14-3-3únoW protein. (D) Doubly phosphorylated dpTH1R in the presence of the
14-3-3únoW protein. The emission of tryptophan fluorescence was collected at 355 nm with excitation at 295 nm and room temperature.
The human 14-3-3únoW protein mutant contains no Trp residue (mutations Trp59Phe and Trp228Phe) (33, 41).

Table 1: Effect of Phosphorylation and Binding of the 14-3-3únoW Protein on Fluorescence Excited-State Lifetimes of Single-Tryptophan
Mutants of TH1R

mean fluorescence excited-state lifetimeτmean(ns)a

TH1R
mutation

unphoshorylated
TH1R

unphosphorylated
TH1R with

14-3-3únoW
phosphorylated

dpTH1R

phosphorylated
dpTH1R with
14-3-3únoW

Trp14 4.1 4.5 4.1 5.1
Trp34 4.0 4.0 3.7 4.8
Trp73 3.2 3.5 3.0 4.2
Trp103 4.2 4.5 4.5 4.8
Trp131 4.2 4.4 4.4 4.4

a The standard deviation is 0.05 ns.
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the 14-3-3ú protein is able to slow the proteolysis of the
TH1R. Figure 6A shows results of the limited proteolysis
of TH1R, dpTH1R, and 14-3-3ú protein by low levels of
trypsin (0.02%, w/w). It can be noticed that under conditions
used in this experiment both unphosphorylated and phos-
phorylated TH1R were very sensitive to proteolysis, and in
both cases, the cleavage resulted in the formation of a
fragment with an apparentMr of 15 000. The 14-3-3ú protein
was resistant to trypsin within the time course of this
experiment. Results of limited proteolysis of TH1R-14-3-
3ú complexes are presented in Figure 6B. The 14-3-3ú
protein binding significantly slowed the cleavage of the

phosphorylated dpTH1R compared to that of the dpTH1R
alone (compare panels A and B of Figure 6). MALDI-TOF
mass spectra were then used to identify the dominant
cleavage site which generates a fragment of the TH1R with
an apparentMr of 15 000. All these SDS-PAGE bands from
Figure 6 were further trypsinized, and positive ion mass
spectra of resulting peptide mixtures were measured in the
reflection mode to determine the amino acid sequences of
tryptic peptides. The comparison of positive MALDI-TOF
mass spectra with theoretical peptide maps resulted in a
sequence coverage from Phe34 to the C-terminal end (Ser157)
in all analyzed samples. This corresponds to a theoretical
mass of 13 655 Da of the intact protein after the partial
trypsin digest. The phosphorylation of Ser40 was detected in
the analyzed fragment of the doubly phoshorylated dpTH1R
similarly as shown above.

DISCUSSION

Tyrosine hydroxylase, and phenylalanine hydroxylase and
tryptophan hydroxylase, are metalloproteins that catalyze ring
hydroxylation of aromatic amino acids while using tetrahy-
drobiopterin as the reducing substrate (47, 48). All three
enzymes consist of three domains: N-terminal regulatory
domain, catalytic domain, and C-terminal tetramerization
segment. While catalytic domains of these enzymes are
homologous, the sequences of their regulatory domains differ
substantially. Regulation of TH enzyme activity is linked
with the posttranslational modification of its regulatory
domain (6-9, 11, 13, 49, 50). TH activation by phospho-
rylation of its regulatory domain is the main mechanism
responsible for the maintenance of catecholamine levels in
tissues after their secretion. The regulatory domain of TH
can be phosphorylated at four sites by a variety of protein
kinases. The consequences of the phosphorylation have been
extensively studied, and the best understood are the effects
of the phosphorylation of residue Ser40. Modification of this
serine by PKA relieves the enzyme from the feedback
inhibition by dopamine and DOPA (8, 9, 11, 15, 49). For
the other sites, the effect of phosphorylation has not yet been
fully established.

Phosphorylation of Ser19 by CaMKII or p38 regulated/
activated kinase does not by itself increase TH activity but
induces binding of the regulatory 14-3-3 protein (17, 18, 25,
26, 28, 51). The role of the 14-3-3 protein binding in the
regulation of TH activity is still not fully understood. It has
been shown that the interaction of 14-3-3 protein with TH
phosphorylated at Ser19 increases its activity and decreases
the rate of Ser19 and Ser40 dephosphorylation. However, the
mechanisms of these processes are unknown.

FIGURE 4: Fluorescence intensity decays of the TH1R containing
Trp34. (A) Comparison of fluorescence decays of the unphospho-
rylated TH1R and doubly phosphorylated dpTH1R. (B) Comparison
of fluorescence decays of the unphosphorylated TH1R and doubly
phosphorylated dpTH1R in the presence of the 14-3-3únoW protein.
The time scale is 100 ps/channel.

Table 2: Acrylamide Quenching Parameters for Single-Tryptophan Mutants of TH1R

sample KSV (M-1) τmean(ns) kq (×10-9 M-1 s-1) λmax
a (nm)

TH1R(Trp14) with 14-3-3únoW 7.37( 0.06 4.5 1.64( 0.01 348
dpTH1R(Trp14) with 14-3-3únoW 5.77( 0.39 5.1 1.13( 0.08 345
TH1R(Trp34) with 14-3-3únoW 6.88( 0.11 4.0 1.72( 0.03 346
dpTH1R(Trp34) with 14-3-3únoW 4.82( 0.91 4.8 1.00( 0.19 344
TH1R(Trp73) with 14-3-3únoW 4.56( 0.06 3.5 1.30( 0.02 340
dpTH1R(Trp73) with 14-3-3únoW 5.32( 0.03 4.2 1.27( 0.01 338
TH1R(Trp103) with 14-3-3únoW 4.44( 0.12 4.5 0.98( 0.03 349
dpTH1R(Trp103) with 14-3-3únoW 5.08( 0.15 4.8 1.05( 0.03 349
TH1R(Trp131) with 14-3-3únoW 5.30( 0.14 4.4 1.20( 0.03 350
dpTH1R(Trp131) with 14-3-3únoW 5.12( 0.17 4.4 1.16( 0.04 351

a Maxima of fluorescence emission spectra.
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In this work, we investigated whether the 14-3-3ú protein
binding affects the conformation of the regulatory domain
of human TH (isoform 1). To study conformational changes
of the TH1R, we prepared five mutants of the TH1R
containing a single tryptophan residue at different positions
within the domain (14, 34, 73, 103, and 131). To ensure the
stoichiometric phosphorylation of the TH1R at both Ser19

and Ser40, we mutated residue Ala17 to Arg to make Ser19,
along with Ser40, a target for PKA. MALDI-TOF mass
spectrometry measurements revealed that the TH1R Ala17-
Arg mutant is phosphorylated by PKA stoichiometrically at
both serine residues. Results of tryptophan fluorescence
measurements clearly indicate that the 14-3-3ú protein
directly interacts with the N-terminal half of the TH1R
(region of the first 80 amino acid residues) as documented
by an increase inτmean of tryptophans at positions 14, 34,
and 73 (Table 1 and Figures 3 and 4). The increase inτmean

indicates a significant change in quenching interactions in
the vicinity of tryptophan residues (35, 52). This could
originate from two different processes: (i) the 14-3-3únoW

protein-induced conformational change in the TH1R and (ii)
a direct interaction of the 14-3-3únoW protein with these
tryptophan residues that shields them from contacts with
polar solvent (52). To distinguish between these two
processes we studied changes in the accessibility of all five
tryptophan residues upon the 14-3-3únoW protein binding
by acrylamide quenching. These experiments revealed that
all studied Trp residues are at least partially buried in the
protein with rather restricted solvent accessibilities. The
accessibility of Trp14 and Trp34 to the acrylamide significantly
decreases in the dpTH1R-14-3-3únoW complex, while the
accessibility of the Trp73 to the solvent remains unaltered
(Table 2). Taken together, these results indicate that the
observed increase in theτmeanof Trp73 cannot be caused just
by simple steric shielding from contacts with polar solvent
but rather reflects the 14-3-3únoW protein-induced structural
change in the dpTH1R in the region surrounding Trp73. As
far as Trp14 and Trp34 mutants are concerned, we cannot
determine with certainty the extent to which the change in
τmeanandkq observed in Trp14 and Trp34 mutants results from
the conformational change in the dpTH1R and what could
be a contribution of the steric shielding from the solvent
caused by the 14-3-3únoW protein binding. The rest of the
regulatory domain (regions around Trp103 and Trp131) seems
to be unaffected by the binding of the 14-3-3únoW protein.
Phosphorylation of Ser19 and Ser40 by itself had no significant
effect on theτmeanvalues of all studied tryptophans, indicating
no or little structural change in the vicinity of these residues
(Table 1). However, it has been previously suggested that
phosphorylation at Ser19 and Ser40 induces a conformational
change in TH (12, 13, 29, 50, 53). Therefore, it seems that
this phosphorylation-induced conformational change affects

FIGURE 5: Stern-Volmer plots of collisional quenching of TH1R
mutants containing Trp14 (A), Trp34 (B), and Trp73 (C). The results
of data analysis are presented as the collisional quenching (Stern-
Volmer) constant (KSV) as listed in Table 2. The contribution of
the static quenching, represented by a constantV in eq 1, was in
all cases negligible (V was equal or very close to zero). The
bimolecular quenching constant was then calculated from the ratio
of the Stern-Volmer quenching constantKSV to the mean fluo-
rescence excited-state lifetimeτmean.

FIGURE 6: Limited proteolysis of the TH1R, dpTH1R, and 14-3-
3ú protein. (A) Limited proteolysis of the unphosphorylated TH1R,
doubly phosphorylated dpTH1R, and 14-3-3ú protein alone. The
concentration of trypsin was 0.02% (w/w). (B) Limited proteolysis
of TH1R-14-3-3ú and dpTH1R-14-3-3ú complexes. In the
presence of the 14-3-3ú protein, the cleavage of the phosphorylated
dpTH1R is significantly slowed compared to that of the dpTH1R
alone (compare panels A and B). Samples were incubated with
trypsin for 10, 20, or 30 min at room temperature in buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM
2-mercaptoethanol, and 10% (w/v) glycerol. The reaction was
stopped with phenylmethanesulfonyl fluoride, and samples were
resolved via 15% SDS-PAGE.

The 14-3-3 Protein Changes the Conformation of TH1R Biochemistry, Vol. 47, No. 6, 20081775



the regulatory domain in regions that are not in the vicinity
of tryptophan residues used in this study.

Circular dichroism measurements revealed that the struc-
tural changes induced by both phosphorylation and the 14-
3-3 protein do not affect the overall secondary structure of
the TH1R. Deconvolution of the measured CD spectra
suggests that the TH1R contains a large amount (∼45%) of
unstructured regions, in good agreement with the theoretical
prediction (Figure 1B). High disorder can explain the known
high sensitivity of the TH1R toward proteolytic degradation.
It has been shown that the region from residue 33 to 50 is
highly sensitive to mild trypsin digestion (12). We have
observed that binding of the 14-3-3ú protein decreases the
rate of tryptic degradation of the dpTH1R in this region
(Figure 6), suggesting that one of the roles of 14-3-3 protein
might be the protection of the regulatory domain against
proteolytic degradation. We may speculate that alteration of
the sensitivity of the dpTH1R to proteolysis could also be
the result of a 14-3-3 protein-induced conformational change
in the dpTH1R in the vicinity of trypsin cleavage sites. The
most prominent trypsin cleavage site of TH1R is located
between residues 33 and 34 as identified by MALDI-TOF
mass spectrometry. This is one of the regions affected by
the 14-3-3únoW protein binding as documented by changes
in τmean andkq of Trp34 (Tables 1 and 2 and Figure 3).

It has been shown that more that 90% of known 14-3-3
protein binding partners contain disordered regions (54).
Almost all 14-3-3 binding sites are located inside of these
disordered regions (54). Therefore, a hypothesis that 14-3-3
protein binding induces a disorder-to-order transition was
proposed. On the basis of our results, it is possible to
speculate that the regulatory domain of TH is an example
of such a disordered protein. The binding of 14-3-3 protein
to the TH1R alters its conformation, increases its stability,
and slows dephosphorylation of Ser40, thus helping to keep
TH in the activated state.

In conclusion, we have studied interaction of the doubly
phosphorylated TH1R with the 14-3-3ú protein. Site-directed
mutagenesis was used to generate five single-tryptophan
mutants with the Trp residue located at five different
positions within the regulatory domain (positions 14, 34, 73,
103, and 131). Time-resolved tryptophan fluorescence mea-
surements revealed that phosphorylation of Ser19 and Ser40

by itself does not induce any significant conformational
change in regions surrounding inserted tryptophans. On the
other hand, the interaction between the 14-3-3 protein and
the phosphorylated TH1R decreases the solvent exposure of
tryptophan residues at positions 14 and 34 and induces a
distinct structural change in the vicinity of Trp73. The 14-
3-3ú protein binding also reduces the sensitivity of the
dpTH1R to proteolysis by protecting its N-terminal part (first
33 residues). Circular dichroism measurements showed that
the regulatory domain of TH is an unstructured protein with
a low content of secondary structure and that neither
phosphorylation nor 14-3-3ú protein binding changes its
secondary structure.
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