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Summary  

Phosphorylated tyrosine hydroxylase (TH) can form complexes with 14-3-3 proteins, 

resulting in enzyme activation and stabilization. Although TH was among the first binding 

partners identified for these ubiquitous regulatory proteins, the binding stoichiometry and the 

activation mechanism remain unknown. To this end, we performed native mass spectrometry 

(native MS) analyses of human TH (non-phosphorylated or phosphorylated on Ser19 (TH-

pS19), Ser40 (TH-pS40) or Ser19 and 40 (TH-pS19pS40)) alone, and together with 14-3-3γ. 

Tetrameric TH-pS19 (224 kDa) bound 14-3-3γ (58.3 kDa) with high affinity (Kd = 3.2 nM), 

generating complexes containing either one (282.4 kDa) or two (340.8 kDa) dimers of 14-3-3. 

Electron microscopy also revealed one major population of an asymmetric complex, 

consistent with one TH tetramer and one 14-3-3 dimer, and a minor population of a 

symmetric complex of one TH tetramer with two 14-3-3 dimers. Lower phosphorylation 

stoichiometries (0.15-0.54 phosphate/monomer) produced moderate changes in binding 

kinetics, but native MS detected much less of the symmetric TH:14-3-3γ complex. 

Interestingly, dephosphorylation of [32P]-TH-pS19 was mono-exponential for low 

phosphorylation stoichiometries (0.18-0.52), and addition of phosphatase accelerated the 

dissociation of the TH-pS19:14-3-3γ complex 3-4 fold. All together this is consistent with a 

model where the pSer19 residues in the TH tetramer contribute differently in the association 

to 14-3-3γ. Complex formation between TH-pS40 and 14-3-3γ was not detected by native 

MS, and SPR showed that the interaction was very weak. Furthermore, TH-pS19pS40 

behaved similarly to TH-pS19 in terms of binding stoichiometry and affinity (Kd = 2.1 nM). 

However, we found that 14-3-3γ inhibited the phosphorylation rate of TH-pS19 by PKA (3.5-

fold) on Ser40. We therefore conclude that Ser40 does not significantly contribute to the 

binding of 14-3-3γ, but rather has a lowered accessibility in the TH:14-3-3γ complex. This 

adds to our understanding of the fine-tuned physiological regulation of TH, including 

hierarchical phosphorylation at multiple sites.  

 

 

Abbreviations: EGCG, epigallocatechin gallate; EM, electron microscopy; PKA, cAMP 

dependent protein kinase; PRAK, kinase p38-regulated/activated protein kinase; SAP, shrimp 

alkaline phosphatase; SPR, surface plasmon resonance; TH, tyrosine hydroxylase; TH-pS19, 

TH phosphorylated on Ser19; TH-pS40, TH phosphorylated at Ser40; TH-pS19pS40, TH 

phosphorylated at both Ser19 and Ser40.  
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INTRODUCTION 

 

Tyrosine hydroxylase (TH) is a tetrahydrobiopterin (BH4) dependent enzyme that catalyzes 

the conversion of L-tyrosine to L-DOPA. This is the rate limiting reaction in the synthesis of 

dopamine and other catecholamine neurotransmitters. For human TH (hTH), alternative 

splicing of transcripts mainly occurs at the N-terminal segment, adjacent to the regulatory 

domain, generating isoforms 1 to 4 (hTH1-hTH4) (1-3). Here we have studied hTH1, which is 

very similar to rat and mouse TH in length and sequence, is the major isoform in brain and 

peripheral tissues and is also the most studied human isoform in situ and in vitro. 

The synthesis of catecholamines is tightly controlled through the regulation of TH 

activity, localization and stability (3-5). TH protein abundance is subject to regulatory 

mechanisms at the transcriptional and translational levels (3, 6, 7). Other mechanisms include 

posttranslational modifications, notably phosphorylation at different N-terminal residues, as 

well as other short-term effects such as binding to 14-3-3 proteins, feedback inhibition by 

catecholamines and substrate inhibition (8-12). Phosphorylation of the enzyme occurs at 

different N-terminal Ser/Thr residues (Thr8, Ser19, Ser31 and Ser40) (see (13, 14) for reviews 

on the specific kinases involved and the main functional effects of phosphorylation at these 

sites). Little is known about the possible effects of phosphorylation at Ser/Thr8. However, it is 

well established that phosphorylation at Ser31 and Ser40 leads to an increase of TH activity 

for the purified protein and in catecholamine producing cells (15-17). In particular, strong 

activation is observed upon Ser40 phosphorylation as it increases the maximal activity of TH 

and its affinity for the cofactor BH4, while it decreases the binding affinity for inhibitory 

catecholamines by about 200-fold (18, 19). 

On the other hand, the regulatory functional role of Ser19-phosphorylation of TH is 

not yet clear. In vitro experiments using the highly Ser19-specific kinase p38-

regulated/activated protein kinase (PRAK) show no evidence of Ser19-phosphorylation 

induced activation of TH unless 14-3-3 proteins are also added (20). Other Ser19 directed 

kinases such as Ca2+/calmodulin dependent protein kinase II (CaM-KII) and Mitogen 

activated protein kinase activated protein kinase-2 (MAPKAP-K2) also phosphorylate TH on 

Ser40. For these less specific kinases, the activation observed is proportional to the 

phosphorylation stoichiometry at Ser40 (17). Similarly, cell experiments on potassium 

stimulated PC12 cells show overlapping temporal increase in TH activity with 

phosphorylation of Ser40, but not of Ser19 (21). Ser19 phosphorylation may directly exert 

only modest changes in TH activity, but it appears to modulate the phosphorylation rate of the 
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activity regulatory site Ser40 (20, 22). It has also been reported that Ser19 phosphorylation 

regulates the degradation of TH through the ubiquitin-proteasome pathway (23). Hence, much 

of the uncertainty regarding the functional importance of Ser19 phosphorylation of TH seems 

to reside on an unresolved understanding of how this phosphorylation regulates protein 

binding, in particular to 14-3-3 proteins (10, 24). 

 14-3-3 constitutes a family of ubiquitous proteins involved in many cellular functions 

mostly via subcellular sequestration and scaffolding of other proteins to which they bind in a 

serine/threonine-phosphorylation dependent manner (25-27). In humans there are seven 14-3-

3 isoforms (β, γ, ε, η, ζ, σ and τ/θ) with high sequence identity. Based on the specific 

localization of the different 14-3-3 isoforms (28-30), the regulation of TH function upon 14-3-

3 binding is also expected to modulate its subcellular distribution. Although all 14-3-3 

isoforms are soluble cytoplasmic proteins, 14-3-3γ and ε have been shown to have an 

increased propensity to interact peripherally with membranes, and could increase membrane 

binding of their cargo proteins (29-31). 

Recently, a combination of methods has provided structural information on the 

conformation adopted by peptides corresponding to residues 1–43 of hTH1 in its non-

phosphorylated (TH-(1-43)) and Ser19-phosphorylated (THp-(1-43)) states (32). This N-

terminal region of TH represents an extension to the regulatory ACT domain. The X-ray 

structure of 14-3-3γ complexed with THp-(1-43) only provided structural information on 

central residues around pSer19 but showed that each 14-3-3γ dimer binds two peptides, one in 

each adjacent subunit, and the bound peptides adopt a more extended conformation around 

pSer19 than when free in solution (32) (PDB 4J6S; Figure S1A, Supplemental information). 

However, this information cannot be extended to the structural understanding in terms of 

stoichiometry and architecture for the complex formed between Ser19-phosphorylated, full-

length TH (TH-pS19) and 14-3-3. So far, attempts to obtain the crystal structure of the 

complex have been unsuccessful and biophysical and conformational studies have only 

verified the high affinity binding of several 14-3-3 isoforms to TH-pS19 (33, 34). The dimeric 

14-3-3 proteins have two phosphopeptide concave binding grooves and for several target 

proteins the two sites must be occupied for high affinity binding to occur. However, in many 

cases one site contributes the most to binding (gatekeeper site) whereas another site, that can 

be more degenerate from the typical 14-3-3 recognition sequence, contributes to strengthen 

the binding further (26, 35, 36).  

Hence, a tetramer of TH-pS19 (phosphorylated in all four subunits) could in theory be 

able to form TH-pS19:14-3-3 complexes that might include one to four 14-3-3 dimers, and 
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this stoichiometry might, among other, depend on structural limitations. Furthermore, 

although Ser40 phosphorylated TH (TH-pS40) does not seem to bind to mammalian 14-3-3 

proteins, this issue is not totally clear since a direct association of TH-pS40 to the yeast 14-3-

3 proteins BMH1 and BMH2 has been reported (23). Thus, an even higher degree of 

variability of binding modes and stoichiometries might arise for TH phosphorylated at both 

Ser19 and Ser40 (TH-pS19pS40) in all four subunits. Studies revealing that the 

phosphorylation at Ser40 is stimulated upon phosphorylation at Ser19 (22, 37) suggest that a 

sequential phosphorylation might be followed by a conformational change in the N-terminal, 

allowing the binding of each phosphorylated site to adjacent 14-3-3 monomers in each dimer. 

Such binding of 14-3-3 to dissimilar sites in the same protein chain has been reported for 

several target proteins such as PKCε, Foxo4, Raf-1 (38-40) (see also (41) for review). 

Elucidating the structural details of the TH-pS19:14-3-3γ and TH-pS19S40:14-3-3γ 

complexes appears crucial to understand the regulatory effects of complex formation on 

catecholamine synthesis. In this work we have investigated the stoichiometry of the 

complexes. To give a satisfactory answer to this question full stoichiometry of 

phosphorylation is needed on Ser19 and Ser40, including the double phosphorylated TH, as 

achieved in this work. Furthermore, native mass spectrometry (native MS), with the 

gentleness of the electrospray ionization (ESI) technique that retains protein tertiary and 

quaternary structure (42, 43), represents a suitable method to solve the stoichiometry of this 

complex. We also have visualised complex formation by electron microscopy (EM) and 

performed additional analyses by surface plasmon resonance (SPR). Our results provide a 

frame to interpret both the available results on multisite phosphorylation in TH and, notably, 

the observations on stoichiometry and functional effects of Ser19 and Ser40 phosphorylation. 

 

EXPERIMENTAL PROCEDURES 

 

Protein expression and purification  

The construct (His)6-ZZ-hTH1 was prepared cloning the human TH1 gene in the pET-ZZ-1a 

vector (44) (Bezem et al., manuscript in preparation). The construct, which codes for a fusion 

protein, with a Tobacco etch virus protease (TeV)-cutting site between the N-terminal His-ZZ 

fusion partner and hTH1, was expressed in E. coli (BL21 Codon Plus(DE3), Stratagene, CA, 

US) in auto-induction media, 37 °C overnight (45). Bacteria were lysed by French press in 50 

mM sodium phosphate, pH 7.0, 300 mM NaCl, 0.5 mg/ml Lysozyme, 1 U/ml Benzonase, 
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Roche protease inhibitor cocktail, 10 mM benzamidine, 1 mM phenylmethyl-sulfonyl-fluoride 

(PMSF). The fusion protein was purified using TALON® metal affinity resin (Clontech, CA, 

US). The fusion tag was removed by proteolytic cleavage using TeV (1:25 (mg) TeV:TH) in 

15 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM DTT, 5 % glycerol, for 4 h on ice before 

centrifugation (13000 g, 10 min) and gel filtration (Superdex 200 HR10/30, GE Healthcare, 

UK) in the same buffer without DTT. The homogeneity of the preparation and verification of 

an intact N-terminal of TH was confirmed using SDS-PAGE and mass spectrometry. 

The 14-3-3γ was expressed in E. coli (BL21 Codon Plus (DE3), Stratagene, CA, US) 

using the pGEX-2T expression vector (kindly provided by Prof. A. Aitken, Edinburgh, 

Scotland, UK) by induction (1 mM IPTG) for 4 h, 30 °C. Bacteria were lysed by French press 

and GST-14-3-3 fusion proteins were purified on glutathione sepharose 4B (GE healthcare) as 

described previously (30). 

 

Protein phosphorylation and dephosphorylation 

For optimal phosphorylation of TH (2 mg/ml) by active PRAK (7.5 U/ml (Division of Signal 

Transduction Therapy, University of Dundee, Scotland, UK)) on Ser19 or by the catalytic 

subunit of PKA (100 nM, kindly provided by Prof. S.O. Døskeland, Univ. of Bergen (46)) on 

Ser40, a 50 mM Na-β-glycerophosphate buffer, pH 7.5, containing 5 % glycerol, 1 mM DTT, 

0.1 mM EGTA, 0.5 mM ATP, 5 mM MgCl2 was used. The phosphorylation was performed at 

25 °C, for 45 min (PRAK) or 25 min (PKA). To generate comparable samples of TH in 

different phosphorylation states we first performed +/- phosphorylation of Ser40 using PKA, 

with a control sample (without kinase) treated the same way. After 25 min the reaction was 

stopped by addition of the PKA inhibitor H-89 (5 µM, Sigma-Aldrich) and each of the two 

samples were split in two before performing (+/-) Ser19 phosphorylation, using PRAK. 

Finally, we obtained non-phosphorylated TH (control), Ser19 phosphorylated TH (TH-pS19), 

Ser40 phosphorylated TH (TH-pS40) and TH phosphorylated on both Ser19 and Ser40 (TH-

pS19pS40). We added 50 mM NaF after phosphorylation and the samples were gel filtrated 

on a Superdex 200 (HR 1.5/300) column equilibrated with 15 mM Hepes, pH 7.4, 150 mM 

NaCl. The stoichiometry of all phosphorylations was measured using [32P]-γ-ATP labelling of 

equivalent parallel samples, by spotting on phospho-cellulose paper (p81), washing in 75 mM 

ortho-phosphoric acid and scintillation counting. 

Phosphorylation of TH for dephosphorylation studies was performed at the following 

conditions: TH (2 mg/ml), PRAK (7 U/ml), 25 mM Hepes, pH 7.2, 130 mM KCl, 0.1 mM 
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EGTA, 0.1 mM ATP, 0.01 mCi [γ-32P]ATP (PerkinElmer), 5 mM MgCl2, 10 % glycerol, 1 

mM DTT, 25 °C. Aliquots were taken at different times (5-50 min) and mixed with the PRAK 

inhibitor epigallocatechin gallate (EGCG) (100 µM) before proceeding to dephosphorylation 

assays. TH (5 µM) was then preincubated for 10 min on ice with or without 14-3-3γ (7.5 µM) 

prior to five-fold dilution in dephosphorylation assay using shrimp alkaline phosphatase 

(SAP, 0.14 U/µl, Thermo Fisher Scientific, MA, US), 25 mM Hepes, pH 7.2, 130 mM KCl, 2 

mM MgCl2, 1 mM DTT, 15 or 25 °C. Aliquots were taken at different time points, spotted on 

phospho-cellulose paper, washed and counted to measure remaining labelled protein. 

For measurement of the rate of phosphorylation of TH in the presence or absence of 

14-3-3γ by PRAK or PKA we used the following conditions: TH (2.5 µM), PRAK (5 U/ml), 

PKA (1 nM catalytic subunit), 14-3-3γ (10 µM), 25 mM Hepes, pH 7.2, 130 mM KCl, 0.1 

mM EGTA, 0.1 mM ATP, 0.01 mCi [γ-32P]ATP (PerkinElmer), 5 mM MgCl2, 10 % glycerol, 

1 mM DTT, 0.5 mg/ml BSA, 0.1 mg/ml soya bean trypsin inhibitor, 25 °C. Peptide containing 

Ser19 (RRAVS19ELQDTK) was from Univ. of Dundee (UK) and the PKA substrate peptide, 

Kemptide from Sigma-Aldrich (St. Louis, MO). 

 

Mapping of the phosphorylation sites by mass spectrometry 

Label-free quantitative proteomics-type experiments were carried out to assess the 

phosphorylation level in samples TH, TH-pSer19, TH-pSer40 and TH-pSer19pSer40. The 

purified samples were diluted to a concentration of 0.2 µM with 5 M urea and subsequently 

subjected to reduction and alkylation using 45 mM dithiotreitol (DTT) (Sigma) and 100 mM 

iodoacetamide (Sigma). Digestion was performed incubating the samples overnight at 37 °C 

with trypsin at a 1:50 enzyme-protein ratio. Peptides were diluted with 10% formic acid and 

subjected to nanoLC−MS/MS analysis using an Orbitrap Q-Exactive instrument 

(ThermoFisher Scientific). Raw data were analyzed using Proteome Discoverer 1.3 

(ThermoFisher Scientific) and Ser phosphorylation was assessed in a label-free fashion based 

on peptide intensity.  

 

Surface plasmon resonance (SPR) measurements  

To measure the binding affinity for the interaction of TH and 14-3-3 we used a BIAcore 3000 

instrument (GE Healthcare). All measurements and procedures were performed using HBS-P 

buffer obtained from the manufacturer (10 mM Hepes, pH 7.4, 150 mM NaCl and 0.005% 

polysorbate 20) at 25 °C. 14-3-3γ was immobilized on a CM5 sensor chip (GE Healthcare) by 
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amine coupling in 10 mM acetic acid (pH 5.0) as described previously (30, 33). 

Immobilization of 600-1000 response units (RU) was obtained and different concentrations of 

TH (non-phosphorylated, TH-pS19, TH-pS40, and TH-pS19pS40) were injected (30 µl/min) 

after a stable baseline was observed. We also used immobilization of 14-3-3 using GST-

capture kit (GE Healthcare) where a monoclonal antibody against GST was immobilized 

using amine coupling as described by the manufacturer. GST-14-3-3γ was then immobilized 

by binding to the antibody (using GST as a control) and different forms and concentrations of 

TH were then injected. This procedure readily allowed regeneration of the chip. The 

sensorgrams were analyzed using the BIAevaluation software, version 3.2 (GE Healthcare 

Life Sciences) and the dissociation and association rate constants were obtained by fitting the 

data using a heterogeneous model (Eq. 1) for the dissociation phase (the first 220 sec) and by 

Langmuir association models for the association phase. The dissociation rate constant, 

representing the highest population of complexes (>80 %), was used to fit the association rate 

constants: 

Robs = R1e
−kd1( t − t0 ) + R2e

−kd 2( t − t0 )   (Eq. 1) 

where Robs is the observed response starting from time t0, R1 and R2 the response contributed 

by complex type 1 and type 2, characterized by the dissociation rate constants kd1 and kd2, 

respectively. 

 

Native electrophoresis and immunodetection 

Tetrameric TH and dimeric 14-3-3γ were mixed at a 1:3 subunit molar ratio (TH:14-3-3γ) by 

incubating 10 µM of purified TH (non-phosphorylated TH, TH-pS19 and TH-pS19pS40) with 

30 µM 14-3-3γ for 5 min at room temperature (RT). Samples were mixed with 4x loading 

buffer (0.2% bromophenol blue; 50% glycerol in 20 mM Na-Hepes, pH 7.0, 200 mM NaCl) 

and separated at 250 V for 90 min on a continuous gradient 4-16% NativePAGE pre-casted 

gel (LifeTechnologies) using as running buffer 50 mM BisTris, 50 mM Tricine, pH 7.5. Gels 

were stained with Coomassie 5% and distained with 10% methanol, 10% acetic acid, with 

gentle shaking until clear background. Alternatively, after electrophoretic separation, gels 

were incubated in 12 mM Tris, 96 mM glycine, pH 8.3, 0.1% SDS for 20 min at RT before 

transferring to a nitrocellulose membrane using the TurboBlot transfer system from Bio-Rad. 

Membranes were incubated with specific antibodies for rabbit-anti-TH (1:1000 

ThermoScientific), rabbit-anti-14-3-3γ (1:1000 Novus International), and with goat-anti-rabbit 
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(1:2000; Santa Cruz) as secondary antibody. Membranes were developed using ECL system 

and imaged using a ChemiDoc instrument (Bio-Rad). 

 

Native mass spectrometry 

Purified samples (14-3-3γ, non-phosphorylated TH, TH-pSer19 and TH-pSer19pSer40) were 

exchanged into 150 mM ammonium acetate, pH 7.5 or pH 6.1, using 10 kDa MWCO spin-

filter columns (Amicon Ultra-0.5 Centrifugal Filter Unit, Millipore). 2 µl of each sample were 

sprayed at a concentration of 5 µM on an ESI-TOF mass spectrometer (LCT, Waters, 

Manchester, UK). In particular, for the analysis of the complexes, TH (either non-

phosphorylated TH, TH-pS19 or TH-pS19pS40) and 14-3-3γ samples were prepared at both 

1:0.5 and 1:3 molar subunit mixing ratios. Gold-coated borosilicate capillaries, made in house 

for nano-electrospray (using a Sutter P-97 puller (Sutter instruments Co., Novato, CA, USA) 

and an Edwards Scancoat six sputter-coater (Edwards Laboratories, Milpitas, CA, USA)), 

were used to directly infuse the samples into the instrument. Source backing pressure was 

increased to 6.5 mbar. Mass calibration was performed using 25 mg/ml CsI. MassLynx V4.1 

(Waters, Manchester, UK) was used for data analysis and therefore for experimental mass 

determination. 

 

Electron microscopy  

The TH-pS19:14-3-3γ complex was formed by mixing TH-pS19 (5.9 µM) with 14-3-3γ (17.8 

µM) (1:3 TH-pS19:14-3-3γ molar ratio) in binding buffer (30 mM Hepes, pH 7.4, 200 mM 

NaCl, 2% glycerol) for 20 min at 25 °C. Complex purification was performed by GraFix (47) 

in a glycerol (10-30 %)/glutaraldehyde (0-0.15 %) gradient, respectively at 32.000 rpm SW 

55Ti rotor (Beckman Coulter), 16 h at 4 ºC. Mobility controls of individual proteins and 

complex without glutaraldehyde were also performed under the same conditions. Gradients 

were fractionated in 200 µl aliquots and analyzed by SDS-PAGE and Coomassie and silver 

stain. 

Aliquots of either TH-pS19 or the TH-pS19:14-3-3γ complex were applied to glow-

discharged carbon grids and stained with 2% (w/v) uranyl acetate. Micrographs were recorded 

in a JEOL JEM-1010 electron microscope, operated at 80 kV, with a TemCam F416 (TVIPS) 

camera at 52.000 nominal magnification to a final 2.97 Å pixel–1 resolution. Individual 

particles in each micrograph were selected automatically and extracted with XMIPP software 

package (48, 49). Image classification was performed using free-pattern maximum-likelihood 

procedures (50). Characteristic and homogenous particles of both specimens were selected 
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after the two-dimensional classification procedure and aligned for a final two-dimensional 

image using the same software package. 

 

RESULTS 

 

TH purification and phosphorylation  

The TH tetramer is structurally organized as a dimer of dimers (Figure S1B), an organization 

that may allow for a number of possible complexes between phosphorylated TH and 14-3-3. 

To minimize the possible interference of our results from inhomogeneity of the N-terminal 

structure we used a His-ZZ-fusion expression and purification strategy with a TeV cleavage 

site, that provided highly homogeneous TH preparation as judged by SDS-PAGE, peptide 

fingerprinting, N-terminal sequencing, size exclusion chromatography and dynamic light 

scattering (Bezem et al., manuscript in preparation). We have previously described the 

phosphorylation of TH by PRAK that has the highest selectivity for Ser19 among the 

currently known TH kinases (20). Using PRAK and/or PKA, we were able to obtain TH 

phosphorylated to full stoichiometry on Ser19 (TH-pS19), Ser40 (TH-pS40) and on both 

Ser19 and 40 (TH-pS19S40) as judged by 32P-incorporation. We verified the phosphorylation 

of Ser19 using peptide fingerprinting with quantitative mass spectrometry. From this analysis 

and the masses obtained using native mass spectrometry (native MS, see below) we conclude 

that our preparations of phosphorylated TH were primarily what we expected (Figs. S2-S4).  

 

Assessing the binding kinetics of 14-3-3γ with different phosphorylated forms of TH 

The dimeric 14-3-3 proteins can bind two phospho-Ser/Thr residues. For some target proteins 

this is necessary for optimal high affinity binding, but there can be an unequal contribution to 

the binding affinity between the two phosphorylation sites (39, 40). Thus, one site can be 

crucial for complex formation, whereas the second site, which can be more degenerate from 

the optimal 14-3-3 binding sequence, contributes by further increasing the binding affinity of 

the complex (38). As there is evidence for the involvement of Ser40 phosphorylation of TH in 

binding to yeast and some mammalian 14-3-3 proteins (33), we wanted to investigate whether 

the interaction between 14-3-3γ and TH was different for TH-pS19 compared to TH-

pS19pS40. For TH-pS19pS40, there are in fact four possible configurations of phospho-Ser 

recognition and binding to one 14-3-3 dimer (Fig. S1C, i-iv). 
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Using SPR, we measured the binding affinity of TH-pS19 and TH-pS19pS40 to 14-3-

3γ immobilized by amine coupling (Fig. 1A and B). We did not observe any binding to 14-3-

3γ using non-phosphorylated TH and very low binding for TH-pS40 (Fig. 1C). Injections of 

different concentrations of TH (1-100 nM) were performed for at least two different 

immobilizations and the resulting sensorgrams were analysed to obtain the dissociation and 

association rate constants (Table 1). As described previously, we consistently observed 

heterogeneity in the dissociation rate constant possibly arising from two different populations, 

where the larger population (83-92 %) had a slow dissociation rate constant (Table 1) and the 

remainder had a rate constant of 0.018 ± 0.004 s-1. Using the dissociation rate constant from 

the larger population, we estimated association rate constants (ka) and the resulting 

equilibrium dissociation constant (Kd) for the protein interactions (Table 1). Thus, we 

estimated Kd values of ∼3.2 nM and ∼2.1 nM for the interaction between 14-3-3γ and TH-

pS19 or TH-pS19pS40, respectively. The rate constants were also very similar for the two 

types of complexes, suggesting that these phospho-species of TH associate with similar 

strength and kinetics to 14-3-3γ. It therefore seemed unlikely that 14-3-3γ engaged in different 

modes of binding for TH phosphorylated on only Ser19 than for TH with both Ser19 and 40 

phosphorylated (Table 1). The phospho-Ser recognition configurations iii and iv (Fig. S1C) 

thus appear unlikely. 

 

Native PAGE and immunodetection 

In order to further investigate complex formation between the different forms of TH and 14-3-

3γ, we performed native PAGE. Native electrophoresis using gradient native gels and BisTris 

and Tricine running buffers gave the best resolution, although band positions in the gel could 

not be assigned to precise molecular weights. The proteins were transferred from the gels to 

nitrocellulose membranes and stained with Ponceau Red before specific immunodetection of 

TH or 14-3-3γ. TH, as well as its two phosphorylated forms, showed an intense upper band 

and a lower more diffuse band (Fig. 2) that could be associated to tetrameric TH and a minor 

dimeric form of the enzyme, respectively. The acidic 14-3-3γ ran closer to the front of the gel 

and displayed a double band pattern. The incubation of TH-pS19 or TH-pS19pS40 with 14-3-

3γ at a TH:14-3-3γ subunit ratio of 1:3 led to a similar upward shift of both bands of TH, and 

the lower band became sharper and more intense. The incubation of non-phosphorylated TH 

with 14-3-3γ did not render any band differences indicating that complex formation requires 

TH phosphorylation. 

 by guest on July 18, 2019
http://w

w
w

.m
cponline.org/

D
ow

nloaded from
 

http://www.mcponline.org/


 12

 

Elucidating the configuration of the TH:14-3-3 complex using native mass spectrometry 

Although native PAGE corroborated the formation of a stable complex between 14-3-3γ and 

both TH-pS19 and TH-pS19pS40, the exact stoichiometry of the complex could only be 

assessed by accurate determination of the masses of the complexes. To this end, we selected 

native MS as the method of choice for these measurements. 

To confirm the oligomeric state of both TH and 14-3-3γ, we first analysed the spectra 

of the isolated proteins. The native MS spectrum of 14-3-3γ indicates a very homogeneous 

preparation consisting mostly of dimers (2x 29.2 = 58.4 Da) (Fig. S3A), in agreement with 

earlier nanoelectrospray ionization MS analysis of this isoform (51). With regard to TH, 

native MS analysis confirmed the tetrameric oligomerization state for TH, TH-pS19, TH-

pS40 and TH-pS19pS40 (223.8-224.3 kDa) (Fig. S3, S4). The native mass spectrum of TH-

pS19 shows two clearly distinct charge-state envelopes. This difference in charge uptake 

suggests two different conformations for TH. Most probably, the highly charged conformation 

is caused by the partial unfolding of a small region of the protein. The same behaviour was 

observed for TH and TH-pS19pS40 and TH-pS40 (Fig. S3, S4). 

Mixing TH-pS19 with 14‐3‐3γ at a 1:3 ratio (TH-pS19:14-3-3, subunit ratios), induced 

the formation of a 340.8 kDa complex. This mass corresponds to the tetrameric TH-pS19 

bound to two dimers of 14‐3‐3γ (Fig. 3A). The formation of the complex (14-3-

3γ)2:(TH)4:(14-3-3γ)2 is observed also for TH-pSer19pSer40 (341.0 kDa). On the contrary, no 

complex could be observed when non-phosphorylated TH or TH-pS40 were mixed with 14-3-

3γ (Fig. S4). When the amount of 14-3-3γ was lowered, an additional charge-state distribution 

was detected corresponding to a (14-3-3γ)2:(TH-pS19)4 complex (282.7 kDa) (Fig. 3B), while 

no evidence was found of TH bound to a single subunit of 14-3-3γ. The observed masses and 

related stoichiometries of the investigated proteins and complexes are summarized in Table 2. 

The phospho-Ser19-TH:14-3-3γ complex was further analysed by tandem-MS 

experiments (MS/MS). Dissociation of the (14-3-3γ)2:(TH)4:(14-3-3γ)2 upon collision induced 

dissociation (CID) revealed that only a single monomer of 14-3-3γ falls off the complex 

stripping the majority of the charges, in line with what normally is observed in this type of 

experiments (Fig. S5) (52, 53). 

Finally, in order to investigate the complex formation under low stoichiometry of 

phosphorylation, TH was phosphorylated at Ser19 using PRAK kinase to 0.24, 0.38 and 0.54 

mol phosphate/TH subunit. Native MS spectra of these TH preparations with 14-3-3γ showed 
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much more prominent formation of the complex with only one 14-3-3γ dimer bound (Fig. S6). 

Only for the phosphorylation stoichiometry of 0.54 could a reasonable amount of the (14-3-

3γ)2:(TH)4:(14-3-3γ)2 complex be detected. Still, also at this phosphorylation stoichiometry, a 

considerable amount of TH was detected not bound to 14-3-3 (Fig. S6). Notably, if random 

Ser19 phosphorylation is assumed, a binomial distribution of Ser19-phosphorylated subunits 

in the TH tetramer predicts less completely unphosphorylated TH (4.5, 15, 33 % at 

stoichiometries of 0.54, 0.38 and 0.24, respectively).  

 

Electron microscopy 

The TH-pS19:14-3-3γ complex was further investigated using EM. First, aliquots of purified 

TH-pS19 were negatively stained and observed at the electron microscope. A total of 6347 

particles were selected and processed, and the classification procedure revealed a major 

population whose average image (Fig. 4A) showed a particle of approximate dimensions of 

115 Å length and 95 Å width, in agreement with the hydrodynamic diameter of TH (about 12 

nm) obtained by dynamic light scattering (data not shown). The size of the particle, together 

with the presence of four stain excluding masses, point to tetrameric TH-pS19 (represented in 

Fig. S1B). Another minor population represented a particle with approximate dimensions of 

85 Å length and 95 Å width (Fig. 4B), which we believe to be the orthogonal view of the 

major population.  

Subsequently, TH-pS19 was mixed with 14-3-3γ in a 1:3 molar ratio. The putative 

complex between the two proteins (TH-pS19:14-3-3γ) was purified by gel filtration and 

visualized by electron microscopy but only a complex consistent with (14-3-3γ)2:(TH-pS19)4 

(1:1 TH:14-3-3 oligomer stoichiometry) was found  (data not shown). Due to the presumably 

transient character of the (14-3-3γ)2:(TH)4:(14-3-3γ)2 complex (1:2 TH:14-3-3 oligomer 

stoichiometry) found by MS, we decided to carry out a GraFix purification (Fig. 4C; see also 

Fig. S7). An SDS-PAGE of the complex isolated by glycerol/glutaraldehyde gradient showed 

higher bands, presumably the TH-pS19:14-3-3γ complex, that were analyzed by electron 

microscopy. All fractions contained complexes with a 1:1 oligomer stoichiometry and only 

the last fractions (asterisk in Fig. 4C) revealed a lower percentage of complexes with an 

apparent 1:2 oligomer stoichiometry. A total of 12.396 particles were selected and processed 

as described in Materials and Methods. The classification procedure revealed a dominant 

population whose average image is shown in Fig. 4D. The image clearly shows two-stain 

excluding masses: a large one very similar to the one obtained for control TH-pS19 (Fig. 4B) 
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that can be therefore assigned to the tetrameric TH-pS19, and a smaller mass (pointed by the 

white arrow in Fig. 4D) located at one side of the larger one that we assign to a 14-3-3γ dimer. 

The classification procedures also found a small population (̴ 8%) of a particle with a third 

stain-excluding mass of a similar mass and in an opposite position to the previously assigned 

14-3-3γ dimer (Fig. 4E). We assigned this new particle to a TH-pS19:14-3-3γ symmetric 

complex (1:2 oligomer stoichiometry). 

 

The kinetics of complex formation between 14-3-3γ and TH-pS19 at different 

phosphorylation stoichiometries 

The majority of the interactions between 14-3-3γ and TH were so far in this work studied at 

high phosphorylation stoichiometry. However, at lower phosphorylation stoichiometries 

native MS detected little of the (14-3-3γ)2:(TH)4:(14-3-3γ)2 complex (Fig. S6), which may 

suggest a decreased binding affinity. Low degree of Ser19-phosphorylation may affect the 

binding strength of TH to the 14-3-3γ dimer as well as the protein complex composition (Fig. 

S1C, configurations i and ii, respectively). We expected that only one pSer19 in each tetramer 

would be available for binding to 14-3-3 at low phosphorylation stoichiometries of TH. We 

therefore performed SPR measurements of TH-pS19 with low phosphorylation stoichiometry 

(< 0.2, TH-pS19L), where the PRAK phosphorylation had been stopped by addition of the 

inhibitor epigallocatechin gallate (EGCG) prior to preparation of the sample to SPR. 

The dissociation rate of the TH-pS19:14-3-3 complexes for TH-pS19L was very 

similar to that observed for full stoichiometry (TH-pS19H, Table 1, Fig. 5A). This similarity 

was also observed for the smaller population of rapid dissociating complex, which had both 

similar size and rate constant as found for high phosphorylation levels (82-91%, 0.019 s-1). To 

fit the association rate constant we used the concentration of phosphorylated TH subunits, 

which assumes that the rate limiting step of complex formation is concentration dependent. 

We then obtained higher ka-value for TH-pS19L than for TH-pS19H, leading to lower apparent 

Kd value for the TH-pS19L:14-3-3γ complex (Table 1). The ratios of the ka values for TH-

pS19L and TH-pS19H corresponded roughly to the concentration ratio obtained when 

correcting for the phosphorylation stoichiometry. Similarly as noted by native MS at lower 

phosphorylation stoichiometries, a binomial distribution predicts only 48% of the TH 

tetramers to be completely non-phosphorylated and unable to bind 14-3-3 at 17% Ser19-

phosphorylation, whereas 39% of the tetramers would contain one phosphorylated subunit. 
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To corroborate these results we measured the kinetics of binding and dissociation of 

the complex at a range of phosphorylation stoichiometries (of TH-pS19, 0.15-0.54), using 

also GST-14-3-3 capture for immobilization, which also allowed more rapid regeneration of 

the chip. However, we observed only minor differences in the dissociation rate (4.5-5.1 ± 0.7 

10-4 s-1) using direct amine coupling of 14-3-3 and slightly higher, but also similar (6.3-6.9 ± 

0.3 10-4 s-1) using GST-14-3-3 capture. Using the latter immobilization procedure, we found a 

slight increase in complex formation as a function of increasing phosphorylation, which was 

more pronounced at injections of lower concentrations (< 25 nM). When fitting each injection 

separately, we also observed higher estimates of ka for injections of lower TH concentrations. 

However, there were little differences between the average ka values for the different 

phosphorylation stoichiometries (2.4, 1.8 and 1.2 ± 0.7 µM-1s-1 for stoichiometries of 0.15, 

0.24 and 0.38, respectively). All taken together, this could suggest that the kinetics of 

complex formation included multiple steps that showed stronger concentration dependence at 

lower TH-concentrations. 

As an alternative measure of the configuration of the complex formed between TH-

pS19 and 14-3-3γ, we performed dephosphorylation rate experiments of the TH-pS19:14-3-3γ 

complex (formed at a molar mixing ratio of 1.0:1.5), where TH was labelled on Ser19 using 

[32P]-γ-ATP. Using high levels of the non-specific phosphatase shrimp alkaline phosphatase 

(SAP) in the incubation buffer we performed dephosphorylation measurements as measures of 

temporal reorganizations and dissociation events of the TH-pS19:14-3-3γ complex. TH 

phosphorylation was stopped with EGCG at different times and the stoichiometry was 

measured prior to incubation with 14-3-3γ and dephosphorylation was monitored as 

remaining phosphorylated TH (%) at 15 or 25 °C. Insignificant changes in the 

phosphorylation stoichiometry were observed for incubations without added SAP, and in 

absence of 14-3-3γ we observed a highly efficient dephosphorylation rate of TH-pS19. The 

dephosphorylation measurements were fitted to exponential decay functions. Comparing the 

rate constants for decay of TH-pS19 at 25 °C, the stoichiometries of 0.18, 0.33, and 0.52 

showed only modest decrease in the rate of pSer19 decay by 2.7, 2.2 and 1.5 10-3 s-1, 

respectively (Fig. 5B). Similarly, at 15 °C we found little differences (0.028-0.045 min-1) 

between the dephosphorylation rate for TH with different phosphorylation stoichiometries 

(Fig. S8A). 

The dephosphorylation experiments did however estimate a more rapid dissociation of 

the TH-pS19:14-3-3γ complex than measured by SPR. We therefore performed SPR 
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experiment where SAP was injected just after formation of the TH-pS19:14-3-3γ complex to 

see if SAP affected the dissociation process. We found that injection of high levels of SAP 

increased the dissociation rate 3-4 fold (Fig. S8B). Taking this into consideration, the two 

methods now agreed on the dissociation rate of the complex. It also suggests that the protein 

complex may be dynamic or that allosteric interactions take place in the protein complex. 

 

 

 

The complex between 14-3-3γ and TH shows altered accessibility of Ser40 

The sequential order of structural rearrangements that occur during binding of 14-3-3 to 

phosphorylated TH is still unknown. When 14-3-3 proteins are present during 

phosphorylation, as is expected to be the situation in cells, the sequential phosphorylation of 

tetrameric TH may be affected by the binding of 14-3-3 proteins. As a measure of the 

geometry of the protein complex we wanted to test whether 14-3-3, when present during 

phosphorylation of Ser19, influences the rate or accessibility to the remaining Ser19 sites. We 

did not observe any significant effect of 14-3-3γ (10 µM subunit, 5 fold higher than the 

concentration of TH subunit) on the rate of TH phosphorylation with PRAK (not shown). 

Furthermore, the presence of 14-3-3γ at similar or higher concentrations did not affect the 

PRAK phosphorylation of Ser19 peptides of TH. 

In the absence of 14-3-3, phosphorylation of Ser19 has been shown to make TH a 

better substrate for PKA and CaM-KII, probably by increasing the accessibility to Ser40 by a 

conformational change (20, 22). Since Ser40 phosphorylation had only moderate effects on 

the binding affinity of TH-pS19 to 14-3-3, we questioned whether Ser40 would be equally 

accessible for phosphorylation in the TH-pS19:14-3-3 complex as in free TH. Therefore, we 

performed TH Ser40 phosphorylation experiments (with PKA) using TH previously 

phosphorylated to full stoichiometry on Ser19 (TH-pS19) in the presence and absence of 14-

3-3γ. An excess of 14-3-3γ (1:3 TH-pS19:14-3-3γ subunits) was used in these experiments to 

ensure that TH was fully bound to 14-3-3. Control experiments using a peptide substrate of 

PKA, kemptide, as well as non-phosphorylated TH, showed that the presence of 14-3-3γ did 

not by itself alter the activity of PKA, nor did 14-3-3γ have any effect on the rate of Ser40 

phosphorylation for non-phosphorylated TH. However, we found that the pre-incubation of 

14-3-3γ with TH-pS19 lowered the initial rate of Ser40 phosphorylation of TH by PKA of 
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about 3.5 fold (Fig. 5C), suggesting that there is steric interference of this site in the 14-3-

3γ:TH-pS19 complex. 

 

DISCUSSION 

 

The significance of TH regulation by 14-3-3 proteins still remains enigmatic after its 

discovery several decades ago. Knowledge about the underlying structural requirements for 

complex formation between both proteins can increase our understanding on the relevance of 

this protein complex in dopamine synthesizing cells. We therefore set out to investigate how 

TH phosphorylation stoichiometry and multiphosphorylation affected the complex formation 

and possible complex configurations. In particular, the use of native MS with its gentle 

ionization protocol and high mass accuracy could overcome the challenges of unequivocal 

protomer assignment. More than 300 phosphorylated partners of 14-3-3 have been identified 

so far (54). Nonetheless, this is to our knowledge the first report on the use of native-MS to 

study the complex between 14-3-3 and a target protein, and the first to microscopically 

visualize such a complex. 

 

Structural and kinetic considerations of the TH:14-3-3 protein complexes 

Previous structural investigations of 14-3-3 protein complexes have revealed that both 

symmetric and highly asymmetric complexes can form. Thus, the crystal structure of 14-3-3ζ 

with aromatic amino acid N-acetyl transferase (AANAT) revealed a symmetric protein 

complex of stoichiometry 1:1 where the phosphorylated N-terminals of AANAT extend into 

the 14-3-3 phospho-Ser/Thr recognition motif and where AANAT also interacts extensively 

with distant areas outside the 14-3-3 binding groove (55). In a more recent postulated 

complex structure between 14-3-3 and the regulator of G-protein signaling 3 (RGS3), a 

similarly extended structure was proposed for the sequence comprising the phosphorylation 

site, whereas extensive interactions were reported between RGS3 and 14-3-3 outside the 

binding groove of one of the 14-3-3 subunits (56, 57). Consistently, we also expect that 

regions of TH outside its phospho-sites at the N-terminal region have considerable 

contribution to the binding interface with 14-3-3 proteins. In fact, much lower affinities (Kd 

∼0.5 µM) are measured for binding of phospho-Ser19-TH peptides THp-(1-43) (30) than for 

the full-length protein, although a difference in entropy loss can explain some of this (Table 

1). Furthermore, we have previously shown that heparin, which activates TH through 

interaction with its N-terminal domain (residues 70-90) (58), competitively inhibits binding of 
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TH-pS19 to 14-3-3 (33). X-ray crystallography and molecular dynamics simulations have 

revealed the extended structure of the 14-3-3γ binding region, around pSer19 (32), similar to 

the 14-3-3 interacting phosphorylated regions in 14-3-3-bound AANAT (55) and RGS3 (56). 

However, it is difficult to elucidate interactions outside the Ser/Thr recognition motif of 14-3-

3 since the available crystal structure of the complex (Figure S1A) unfortunately does not 

comprise the complete regulatory N-terminal domain.  

The structure of truncated TH (59), and of the corresponding composite model of full-

length TH including the recent NMR structure of the regulatory domain ((60) and Fig. S1B) 

are symmetric, in agreement with the image obtained by EM for the full length enzyme (Fig. 

4A,B). The N-terminal regulatory domains of TH thus seem to place themselves two and two 

on opposite sides of the plane of four catalytic domains, preserving the symmetry in the 

structure, and Ser19-phosphorylation does not seem to alter the symmetry of this structure 

(Fig. 4A).  

With respect to the putative binding configurations that could occur between TH-

pS19pS40 and both binding sites in one dimer of 14-3-3, four likely complexes (as illustrated 

in Fig. S1C) were initially envisioned in this work. Results from SPR, showing that 

phosphorylation of Ser40 did not have a large impact on the binding affinity for 14-3-3γ, 

indicate that configurations iii and iv based on direct binding of pSer40 to the phospho-Ser 

recognition site of 14-3-3 appear unlikely. Furthermore, results from SPR analysis using TH-

pS19 with high and a range of low phosphorylation stoichiometries suggest that only one 

pSer19 residue, simultaneously and unrestrained, binds to the phospho-Ser recognition motifs 

of the same 14-3-3γ dimer (configuration i, Fig. S1C). MS experiments also support a certain 

asymmetry within the bound 14-3-3 dimer, since only a single monomer of 14-3-3 falls off 

the (14-3-3γ)2:(TH)4:(14-3-3γ)2 complex upon CID (Fig. S5). 

Still, PRAK may preferentially phosphorylate neighboring N-terminals of the TH 

tetramer, even at low stoichiometries. For this reason, we cannot exclude that binding of two 

phospho-Ser19 residues to the two phospho-Ser recognition motifs in the 14-3-3γ dimer 

(comprising mainly Arg57, Arg132 and Tyr133) predominates for all measurements. The 

observation that TH:14-3-3 complexes at moderate phosphorylation stoichiometries (Fig. S6) 

were dominated by the low molecular complex ((14-3-3γ)2:(TH)4) and showed higher 

amounts of uncomplexed TH than expected, could suggest that phosphorylation of Ser19 is 

not binomially distributed between the tetramers.  
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Another possibility is that binding of the two 14-3-3γ dimers occurs with different 

affinities. Using SPR where 14-3-3 is immobilized it is likely that only one type of interaction 

is measured. Still, for both types of immobilization we observed two populations where the 

minor population (< 20% for direct amine coupling, < 30% for GST-capture) had higher 

dissociation rate constant (∼20 fold). However, SPR experiments where 14-3-3γ was injected 

after TH:14-3-3 complex formation did not reveal any additional binding (data not shown). At 

the conditions used for native MS, the (14-3-3γ)2:(TH-pS19)4:(14-3-3γ)2 complex dominated, 

whereas the (14-3-3γ)2:(TH-pS19)4 complex was more abundant using EM. As the native MS 

experiments showed little formation of the (14-3-3γ)2:(TH)4:(14-3-3γ)2 complex at about 50% 

phosphorylation we are uncertain if the mono-exponential decay observed during 

dephosphorylation is relevant for the conditions where two 14-3-3 proteins bind. The 

accelerated dissociation of the complex by SAP as measured by SPR suggests a somewhat 

dynamic association between the two proteins where one of the pSer19 residues can become 

exposed and dephosphorylated. The ~4 fold increase in kd by SAP treatment could suggest 

that the remaining pSer19 residue contributes with a Kd of about 12 nM to the complex 

formation. However, it can also be a measure of the rate constant for restructuring (breathing) 

of the protein complex, that becomes rate-limiting compared to complex dissociation upon the 

first dephosphorylation. More detailed experiments are needed to provide definite answers to 

these questions. 

We did not pursue a more extensive model fitting to our SPR experiments, and the 

association rate constant was fitted assuming that the rate was dependent on the concentration 

of phosphorylated subunits. However, as Ser19 phosphorylation was necessary for binding of 

TH, it is likely that an initial step of complex formation involves phospho-Ser recognition 

similar to that of peptide binding to 14-3-3. For this initial step the rate would depend on the 

concentration of TH-pS19, which could be different for the various phospho-forms of the TH 

tetramer. Still, subsequent rearrangements of the proteins into a more stable complex may 

dampen the concentration dependence of the initial complex formation. Subsequent 

transitions that becomes rate limiting could explain why higher ka values were fitted for lower 

protein concentrations. 

 

The TH:14-3-3 complex in relation to observed in vivo TH phosphorylation levels 

The phosphorylation status of TH has been investigated in several cell types and brain regions 

both at resting and stimulated conditions. By using phospho-specific antibodies the 

phosphorylation stoichiometry of TH has been estimated on Ser19 and Ser40 (12-14). In 
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different brain regions of rat, Ser19 was found to be 10-35% phosphorylated, whereas Ser40 

was less phosphorylated (5-12%) (12). Also in isolated cells particularly Ser19 

phosphorylation has been observed to substantial levels (70%) (21), close to the 

phosphorylation stoichiometry used in most experiments here. Native MS experiments at low 

phosphorylation stoichiometries suggest that the complex (14-3-3γ)2:(TH)4, with only one 14-

3-3 dimer bound per TH tetramer, would be more abundant at conditions typically reported in 

cells and different brain regions. The high molecular weight complex (14-3-3γ)2:(TH)4:(14-3-

3γ)2 corresponding to two 14-3-3 dimers bound to the TH tetramer may only exist at 

conditions of high levels of stimulation and may be functionally related to such conditions. 

 

Control of TH phosphorylation by 14-3-3 binding 

We have previously reported that binding of 14-3-3 to phosphorylated TH inhibits 

dephosphorylation of the protein (33). For binding of 14-3-3 to TH-pS19 it is expected that 

this will delay dephosphorylation of the residues that are directly involved in binding. Based 

on the dephosphorylation experiments of 32P labelled TH-pS19, binding of 14-3-3 to a Ser19-

phosphorylated subunit seems to affect the dephosphorylation rate of pSer19 of the 

neighbouring N-terminal. Binding of 14-3-3 therefore seems to promote the same 

phosphorylation status of both TH subunits. As we did not observe a similar reduction in the 

phosphorylation rate, this should lead to a cooperative phosphorylation response of TH on 

Ser19 in the presence of 14-3-3 proteins. The physiological relevance of such cooperativity 

remains to be elucidated. In particular, as the functional role of 14-3-3 proteins on TH is still 

unresolved. 

 Phosphorylation of TH on Ser19, by either PRAK or CaM-KII, has been found to 

increase the rate of Ser40 phosphorylation by PKA 2-3 fold, referred to as hierarchical 

phosphorylation (20, 22). It was therefore surprising that binding of 14-3-3 proteins had an 

inhibitory effect on Ser40 phosphorylation. This would counteract the hierarchical 

phosphorylation observed in the absence of 14-3-3 proteins. The negative effect of 14-3-3 

binding therefore seems to even out the phosphorylation hierarchy between these two sites. 

Observations of the hierarchical phosphorylation in cells have been somewhat contradictory. 

In bovine adrenal chromaffin cells pathways that increase Ser19 phosphorylation were also 

found to synergistically increase Ser40 phosphorylation (37). However, in striatal slices such 

a relationship was not observed (61). Thus, the conditions for hierarchical phosphorylation 

between Ser19 and Ser40 in cells may therefore be more complicated and not only depend on 

phosphorylation itself. 
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The TH:14-3-3 complex and TH functionality 

The 14-3-3 proteins are generally considered as activators of TH, though this notion has been 

challenged (17, 21). Our results suggest that the functionality of the TH:14-3-3γ complexes is 

not confined to the regulation of TH activity only. There are several reasons for this. An 

optimal complex formation for the activation of TH would not inhibit Ser40 phosphorylation, 

which is the site that gives the strongest activation of the enzyme (5, 14). Also, a symmetric 

complex that allows a similar favourable conformational change in all four subunits, would be 

expected to be more optimal for activation. We therefore propose that the TH:14-3-3 

complexes described here are not only optimized for controlling TH activity. This is also in 

concordance with the moderate activation found for 14-3-3γ on TH-pS19 (30). We have 

previously described the membrane binding properties of 14-3-3γ and TH that may actively 

locate TH to different subcellular locations (30). Recently, the interaction of TH with 

components of the downstream biosynthesis pathway has been described (4), which together 

with other reported binding partners (62, 63), suggests that 14-3-3 proteins could also function 

to modulate the interaction of TH with other proteins. 

 In conclusion, based on the reported TH phosphorylation status on Ser19, we expect 

that the physiologically dominating TH:14-3-3 complex will consist of one 14-3-3 dimer 

bound to one TH tetramer. Interestingly, this is expected to leave the opposite face of TH 

unaffected by 14-3-3 in terms of interactions with other proteins. This should allow 

unrestricted and hierarchical phosphorylation of the N-terminal Ser40 residues situated at the 

side free of 14-3-3. Although Ser40 phosphorylation had little impact on the interaction with 

14-3-3γ at the conditions used here, we cannot exclude situations where this would be 

different, such as for other 14-3-3 and TH isoforms. These speculations have to be tested 

experimentally; however, it may suggest that the tetramer of TH operates in several modes, 

which may be controlled by its interaction with 14-3-3 proteins. 
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Table 1. Binding kinetics of the complex between 14-3-3 and phosphorylated TH. We 

measured the association- and dissociation rate constants for binding of two different 

phosphorylated forms of TH (TH-pS19 and TH-pS19pS40) to 14-3-3γ using SPR. TH was 

phosphorylated on Ser19 using PRAK and on both Ser19 and Ser40 using PRAK and PKA 

(See Experimental procedures for details). Two to four separate immobilizations of 14-3-3 

were used and different concentrations of TH were injected for each of them. Values of rate 

constants are shown ± SEM (n=4-7). The quality of model fitting is reflected in the average 

squared residual (ASR), which corresponded to R2 values > 0.99987. Other reported values 

are shown for comparison 

 
Phosphosite 

(TH-) 

14-3-3 

Isoform 

ka
1 

(105 M-1s-1) 

ASR 

of fit 

kd 

(10-3 s-1) 

ASR 

of fit 

Kd 

(nM) 

Ref. 

pS19 14-3-3γ 1.44 ± 0.38 1.74 0.46 ± 0.03 

 

0.286 3.2 ± 0.9 This 

work 

pS19pS40 14-3-3γ 1.59 ± 0.54 0.233 0.36 ± 0.06 

 

0.155 2.1 ± 0.6 This 

work 

pS192 14-3-3γ 7.8 ± 1.7 0.514 0.45 ± 0.04 0.047 0.57 ± 0.16 This 

work 

pS19pS403 14-3-3η 5.4 - 1.6 - 3.0 (24) 

pS19pS404 14-3-3ζ 0.2 - 0.26 - 10 (33) 

pS19pS404 BMH1 5.1 - 2.7/0.09 - 5/0.2 (33) 

pS19 14-3-3ζ  -  - 2.6 (20) 

pS19 BMH1  -  - 1.4 (20) 
1)Fitted with a Langmuir association model to binding curves of all experiments 
simultaneously using TH subunit concentration. SEM was estimated from values obtained by 
fitting each experiment. 2)TH-pS19 phosphorylated to a stoichiometry of 0.17. The ka values 
were fitted using concentration of phosphorylated TH subunits. 3) Phosphorylated in vitro with 
CaM-KII, which phosphorylates Ser19 and Ser40 in about 2:1 ratio. 4)Phosphorylated in vitro 
by MAPKAP-K2 which phosphorylates Ser19 and Ser40 in about 1:2 ratio. 
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Table 2. Overview of the results obtained by native MS.  
Observed masses and related stoichiometries of the single components and TH:14-3-3γ 
complexes (shaded) as determined by native MS. Expected masses and mass errors are also 
shown. 
 
Proteins Stoichiometry of the 

protein complex 
Measured 

mass (kDa) 
Expected 

mass (kDa) 
Error 
(%) 

14-3-3γ (14-3-3γ)2 58.3 58.3 0.0 

TH (TH)4 223.8 222.6 0.5 
TH-pS19 (TH-pS19)4 224.1 222.9 0.5 
TH-pS40 (TH-pS40)4 224.2 222.9 0.6 
TH-pS19pS40 (TH-pS19pS40)4 224.3 223.2 0.5 
TH & 14-3-3γ no complex detected between TH and 14-3-3γ 

TH-pS19 & 14-3-3γ (14-3-3γ)2:(TH-pS19)4:(14-3-3γ)2 

(14-3-3γ)2:(TH-pS19)4 

340.8 
282.7 

339.5 
281.2 

0.4 
0.5 

TH-pS40 & 14-3-3γ no complex detected between TH-pS40 and 14-3-3γ 

TH-pS19pS40 & 14-3-3γ (14-3-3γ)2:(TH-pS19p40)4:(14-3-3γ)2 341.0 339.8 0.4 
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Figure legends 

Figure 1. Binding of different phosphorylated forms of TH to 14-3-3γ by SPR. 14-3-3γ 

was immobilized by amine coupling as described in Experimental Procedures. TH-pS19 (A) 

and TH-pS19pS40 (B) were injected at different concentrations (10 nM (black, a), 25 nM 

(red, b), 50 nM (blue, c) and 100 nM (green, d)) and the association to 14-3-3γ monitored as 

response units (RU). (C) GST-14-3-3γ was immobilized to a CM5 chip (GE Healthcare) using 

a GST-immobilization kit (GE Healthcare) according to recommendations by the 

manufacturer. Sensorgrams were recorded at a flow rate of 30 µl/min and the figure compares 

injected (90 µl) non-phosphorylated TH (100 nM, black), TH phosphorylated on Ser40 (100 

nM, blue), and TH phosphorylated on Ser19 (100 nM, red).  

 

Figure 2. Native PAGE and immunodetection of 14-3-3γ, TH and its phosphorylated 

forms, alone and in complex.  TH (TH, TH-pS19 or TH-pS19pS40) and 14-3-3γ complexes, 

formed by incubation of TH:14-3-3 at a mixing ratio of 1:3, were separated by native PAGE 

and transferred to nitrocellulose membranes. Ponceau Red staining was used to visualize all 

protein forms and specific antibodies anti-TH and anti-14-3-3γ were used for TH and 14-3-3γ 

detection. 

Figure 3. Native MS of TH-pS19 in complex with 14-3-3γ. Native MS experiments 

performed on purified TH-pS19 and 14-3-3γ and on their complexes. (A) Overlay of native 

mass spectra of the 14-3-3γ dimer (blue trace), the TH-pS19 tetramer (orange trace) and the 

14-3-3γ)2:(TH)4:(14-3-3γ)2 complex (green trace) formed upon mixing TH-pS19 tetramer with 

14-3-3γ at a subunit mixing ratio 1:3. (B) Native mass spectrum of the TH-pS19 tetramer 

mixed with 14-3-3γ at a subunit mixing ratio 1:1. By lowering the amount of 14-3-3γ, both the 

(14-3-3γ)2:(TH)4 complex and the (14-3-3γ)2:(TH)4:(14-3-3γ)2 complex were detected together 

with the free 14-3-3γ dimer. 

 

Figure 4. Electron microscopy analysis of TH-pS19 and the TH-pS19:14-3-3 complexes. 

(A) Two-dimensional average image of TH-pS19 representing the largest population of 

particles. (B) Two-dimensional average image of a minority population of particles of TH-

pS19. (C) Glycerol gradients in the absence (left) or presence (right) of cross-linker. The 

asterisk points to the fraction used for the EM analysis of the TH-pS19:14-3-3 complexes. (D) 

Two-dimensional average image of the largest population of TH-pS19:14-3-3 complexes, 
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with one 14-3-3 dimer (signalled by the white arrow) bound to the TH-pS19. (E) Two-

dimensional average image of the minority population of TH-pS19:14-3-3 complexes, with 

presumably two 14-3-3 dimers bound in opposite sides of TH-pS19. 

 

Figure 5. Effect of 14-3-3γ on TH phosphorylation and dephosphorylation. Panel (A) 

shows binding of TH phosphorylated on Ser19 by PRAK to immobilized 14-3-3γ. TH was 

phosphorylated to a stoichiometry of 0.17 (red) or 1.0 (blue) before preparation for injections 

at subunit concentrations of 5, 25 and 50 nM. Sensorgrams were scaled for illustration of 

kinetics. In (B) TH was [32P]-labelled on Ser19 to different stoichiometries using PRAK, 

before incubation with the PRAK inhibitor EGCG and 14-3-3γ (7.5 µM, TH-pS19:14-3-3 

mixing ration 1:1.5). The complex was then diluted 1/10 in buffer containing high levels of 

shrimp alkaline phosphatase (SAP, 145 U/ml) and the temporal decay of 32P-Ser19 was 

monitored as described in Experimental Procedures. Controls without 14-3-3 and without 

SAP were also measured (dotted lines). Exponential decay functions were fitted to each curve 

and the corresponding rate constants were 0.089, 0.125, and 0.157 min-1 for TH-pS19 

phosphorylated to 51 % (), 33 % (�) and 18.5 % (�), respectively. Insignificant change in 

phosphorylation stoichiometry was observed in absence of SAP (horizontal dotted lines), and 

a high rate of dephosphorylation was measured in absence of 14-3-3γ (lower dotted lines). 

Panel (C) shows the phosphorylation of TH-pS19 (2.5 µM, pre-phosphorylated on Ser19 by 

PRAK) by PKA in the absence () or presence (�) of 14-3-3γ (10 µM). 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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