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Catecholamine Synthesis: A Hierarchy of Controls?
Peter R. Dunkley and Phillip W. Dickson

School of Biomedical Sciences, University of Newcastle, NSW 2308

The catecholamines dopamine, noradrenaline afic . N
adrenaline are neurotransmitters in the nervous systen T:-Ir'mslne
Noradrgnalme and adrenaline are also hormones in|th Tyrosine l
endocrine system. Overall these catecholamines contrpl
wide range of physiological functions, including moter Hydroxylase
coordination, blood pressure and carbohydrate L-DOPA
metabolism. The secretion of catecholamines fram Aramatic amino
neurones in the brain and from adrenal chromaffin cellq ir .
the adrenal medulla is induced by depolarisation. Thic ACId Decarboxylase l
leads to the opening of voltage-sensitive calciym .
channels. A rise in the level of calcium in the immedigte DDPETI'III'IE
vicinity of docked vesicles induces their fusion with the Do . Beta
plasma membrane and secretion of catecholamirjes pamine l
However, the level of catecholamines within the nerves Hydruxylase
and the adrenal gland is maintained at a constant lgve .
despite this catecholamine secretion. There must therefor Noradrenaline
be a mechanism to control catecholamine synthesis that i
closely linked to secretion. The entry of calcium into the Phenylethanolamine
cell has been implicated as one such control mechanism N Methyl Transferase

Tyrosine hydroxylase Adrenaline
Tyrosine hydroxylase (TH) is the rate-limiting enzyme |n
the synthesis of catecholamin®sy( 1). The activity of this
enzyme is regulated at the levels of transcription
translation, by feedback inhibition of catecholamines and|by
protein phosphorylation (1). In cells, an increase in J
phosphorylation increases the rate of catecholamine synthesis. o ] )
This regulatory mechanism occurs in parallel with secretion that Depolarisation of adrenal chromaffin cells increases the
leads to maintenance of catecholamine levels. There are ffvity of TH up to two-fold and this increase parallels the
phosphorylation sites on the N-terminal regulatory domain ¥PWwer phosphorylation of Ser40 and not the more rapid
TH; Ser8, Serl19, Ser31 and Ser40 (2). In this article we villfosphorylation of Ser19 (5). An increase in the frequency
focus on the phosphory'ation of Ser19 and Ser40. Much of ﬂ-féjepolarlsatlon f-urther increases the entry of Ca-|C|Um into
detail of these events is omitted due to space limitations. the cell ~and increases TH phosphorylation and

In resting cells the level of intracellular calcium is low. Thgatecholamine synthesis. A graded response of
stoichiometry of phosphorylation of TH under restin atecholamine synthesis therefore occurs depending on the

conditions depends on the cells studied. For PC12 cells, X?I of calcium that enters the cell. The phosphorylation of

: : 9 closely follows the levels of intracellular calcium. In
phaeochromocytoma cell line that secretes catecholamines
stoichiometry is only 0.05 and 0.03 for Serl9 and Serdg 2 hHaB(thCk ing Vl/gk_ade dfounld rt]hat t?f_e exltlent of
respectively (3). Most of the TH is therefore not phosphorylatét .OEF dorg ation of ser o mf adrenal ¢ ][omzla mhcg S was
On depolarisation, calcium that enters the cell via the voltage ? y mc;easmg_t e requgncy fo 3?8 anc m(;: ngrve
sensitive calcium channels, diffuses from the plasma membr HEg from 1HZ ors r_mnutes t0 10 Hz _or seconds ( )-
and leads to a rise in cytosolic calcium. This leads to a rapid These findings raise a number of important questions.
increase in the phosphorylation of TH. Ser19 phosphorylatiorf¥y should the phosphorylation of Ser19 on TH occur so
increased to a maximum within 15 seconds, while Sergpidly and to a greater extent than the phosphorylation of
approaches maximum phosphorylation by 4 minutes (4). Th&r40? Why is it that phosphorylation of Ser19 parallels the
stoichiometry of phosphorylation of Ser19 at its maximum ligvels of intracellular calcium, while the phosphorylation of
approximately four-fold higher than in resting cells, while th&ier40 parallels the increase in catecholamine synthesis?

mechanisms whereby the increase in cytoplasmic calcium le ~oval h f 2 phosph . q
to TH phosphorylatiorig. 2) have been established (4,5). The _“ovalent attachment of a phosphate group to a protein an
e subsequent change in activity of the target protein is a key

rise in intracellular calcium firstly increases the binding d SO . . : |
calcium to calmodulin and this in turn leads to activation gfechanism in the regulation of many biological pathways in all
karyotic cells. A number of protein kinases will catalyse a

calcium and calmodulin-stimulated protein kinase fuy i . ¥ K "
(CaMPKII). Ser19 on TH can be phosphorylated directly tgry specific reaction. However, many kinases are mult-

nd Fig- 1. Tyro_sine hydroxylas&_a is the rate-limiting enzyme in
the synthesis of catecholamines.

CaMPKII. The increase in calcium-calmodulin also leads nctional, that is they will phosphorylate a large number of

activation of adenylyl cyclase, which leads to an increase ﬁerent.substrates.This phosphorylation of substrates pr_oduces
cyclic-AMP and protein kinase A (PKA) activity. PKA & coordinated cellular response. On the other hand different

ignalling pathways can operate through the same

{)hheorz?:r%r)l/(lez;tg ?osgrrl?)gp?ﬁo-:yt'[}[)v‘r/loo?fsf%ﬁrg ;Ir?(;] asllel?go?athwaﬁ%ltifunctional kinases. As an example, CaMPKIl has been
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implicated in many neuronal processes, including developmérats phosphorylated glycogen synthase, four more GSK-3 sites

neuronal pathway formation, neurotransmitter secretion am@ sequentially phosphorylated and glycogen synthase is

neuronal plasticity. In each circumstance different substratesfarally inactivated (7). Many of the known examples of

important and yet the same signalling pathway is involved. Htwerarchical phosphorylation are extreme situations, which are

do the appropriate substrates get activated at the approptiaenost simple to detect.
time? Itis clear that the cell surface signals, the expression of thex more likely situation in biology would be if site 2 was

substrate and its location, as well as protein phosphatases gskbaphorylated slowly and site 1 simply increased the rate of
range of binding proteins all play important roles. Howevajite 2 phosphorylatiorF{g. 3). This increase in rate might be
most phosphoproteins are phosphorylated on more than onegéige difficult to detect and the consequences may be subtler. If
and it is possible that h|_erarch|cal pho_sph_orylanon of proteingyig biological outcome was dependent only on site 2 being
a fundamental mechanism of control in biological systems. phosphorylated and reaction B was slow, then phosphorylation
Hierarchical phosphorylation is defined as thef site 1 first would increase the rate of phosphorylation of site
phosphorylation of a protein at one site leading to an increa2eahd thereby increase the rate of the biological outcome being
rate of phosphorylation at another site on the same proteahieved. We think that this is what happens with TH.
(Fig. 3). Imagine that two signalling pathways are activated in There s increasing evidence that hierarchical
one cell and each pathway leads to the phosphorylation ¢isphorylation is important in controlling biological
specific one of two sites on the same substrate. If there wagizomes. Cell division relies on the properly timed activation
hierarchical phosphorylation, then the two sites would Bgq destruction of certain regulatory proteins. Netsi. have
phosphorylated independently and the rate of formation of #g@ently shown that the phosphorylation of the protein Sicl in
doubly phosphorylated substrate would be the same no mafi&{st requires the sequential phosphorylation of at least six sites
which site was phosphorylated first. However, if hierarchickfore it can be ubiquitinylated and moved to the proteasome
phosphorylation existed then the presence of phosphate onfgpgestruction (8). This then allows the movement of the cells
site rather than the other would matter. As seéign3, if site from G1 to S phase. The timing and sequence of the

1 were phosphorylated then the doubly phosphorylated protgisphorylation of all these sites acts as a molecular timer to
would be achieved more quickly than if site 2 werge|ay this fundamental transition.

phosphorylated, as hierarchical phosphorylation occurs for site . . .
2 and not for site 1. Hierarchical phosphorylation of tyrosine

An extreme example of hierarchical phosphorylation wouldydroxylase
be when the rate of phosphorylation of sité€action B in Depolarisation of catecholaminergic cells leads to the
Fig. 3) was so slow that it would only occur when sitel wagshosphorylation of Serl9 via one signalling pathway, followed by
already phosphorylated (reaction CHig. 3). An example of the phosphorylation of Ser40 via another pathway. We developed
such an extreme hierarchical phosphorylation system is #hkypothesis that the role of phosphorylation of Ser19 may be to
regulation of glycogen synthase. This enzyme requires Hiter the conformation of TH to allow more rapid phosphorylation
sequential phosphorylation by casein kinase Il and glycog&iSer40. If TH was the protein showrHig. 3then Ser19 would
synthase kinase (GSK-3) to inactivate the enzyme. Thisbis site 1 and Ser40 site 2. We therefore examined the effect of
achieved by the phosphorylation of glycogen synthase ®grl9 phosphorylation on Serd0 phosphorylation using cloned
casein kinase Il that changes the conformation of the enzyfie in vitro. In initial experiments we showed that Serl9
and forms the recognition sequence for GSK-3. Once GSK3osphorylation induced a significant conformational change in

4 )

Fig. 2. The phosphorylation
of tyrosine hydroxylase.
Depolarisation  of  cells
activates  voltage-sensitive
calcium channels (VSCC) to
allow the entry of
extracellular calcium. This
leads to the formation of
calcium-calmodulin
complexes that are able tp

Calcium

Calcium-Calmodulin ---...._____+

« /"

CaMPK 11 KA activate calcium and

* calmodulin stimulated protein

Sorle Serdi kinase Il (CaMPKIl), leading

to the phosphorylation of

HoM - I sammmm  [0ICH Serl9 on tyrosine
hydroxylase. Adenylyl

cyclase (AC) is also activatec
producing cyclic AMP, which
activates protein kinase A
(PKA) leading to the
phosphorylation of Ser40 or
tyrosine hydroxylase.

- J

Tyrosine Hydroxylase
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TH (9). Experiments to examine ™

direct effect of Serl9
phosphorylation on the rate of Ser.

phosphorylation were the E ;:.I

undertaken. Over the last couple A {_"
years we have been developin \
methodologies that utilise mas /

spectrometry  to investigate

phosphorylation of TH (10). These «:

methods allowed us to determine th Site 1| 1|
proportion of TH molecules that had

none, one or two phosphates presen
We then utilised this technology,

combined with the use of a mutarft '.b.."""---...h /
clone of TH in which Ser40 had beenh 13 I E;z |
replaced with Ala, to determine the
dependency of phosphorylation of
one site on the phosphorylation of the
other (9). We found that the rate gt
which Ser40 is phosphorylated if Fig. 3. Hierarchical phosphorylation of proteins.
Serl9 is already phosphorylatefl A dephosphorylated protein can be incubated with two protein kinases that lead to
(reaction C irFig. J) is at least three|  phosphorylation at either site 1 or site 2 (denoted by a circled P). If both kinases are jactive
times greater than the rate at whigh then undergoing reaction A or reaction B will randomly phosphorylate the substrate at
Ser40 is phosphorylated if Serl9 is either site 1 or site 2 first. Further incubation will lead to the singly phosphorylated protein
not phosphorylated (reaction B i undergoing reaction C or D next, leading to doubly phosphorylated protein. If no
Fig. 3. In addition we found that the] hierarchical phosphorylation exists, then the rate of reaction could equal the rate of refction
rate of Serl9 phosphorylatior) B, and the rate of reaction D would equal the rate of reaction A. However, if hierarchical

(reaction A in Fig. 3) was not | phosphorylation of site 2 occurs due to the prior phosphorylation of site 1, then the rate of
increased by prior phosphorylatiort reaction C will be increased above that of reaction B, as shown here.
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of Ser40 (reaction D iRig. 3). This )
provided the first evidence for
hierarchical phosphorylation of TH. Multiple levels of regulation act to control all biological
Others have since confirmed our results both qualitatively gfidcesses. A hierarchy of established controls exists over all
quantitatively using a different experimental approach (11).  biological processes. To date, most emphasis has been on the role
Depolarisation of cells leads to two signalling pathwayg receptors, the signalling pathways, binding proteins and protein
being activated with CaMPKII phosphorylating Ser19 and PKphosphatases. It is likely however that hierarchical phosphorylation
phosphorylating Serd4CFig. 2). Both of these pathways aregs a general biological control mechanism for proteins with
activated by calcium and calmodulin. This activation of bothultiple phosphorylation sites. The importance of hierarchical
pathways allows for the possibility of hierarchicaphosphorylation is that it provides the substrate with a measure of
phosphorylation, whereas if only the PKA pathway weontrol over its own activation. It also provides the substrate with a
activated then no hierarchical phosphorylation could occoremory of its recent history, regarding which signalling pathways
Furthermore, Serl9 is phosphorylated faster and to a greh@ye been activated and that was the order of their activation.
extent than is the case for Ser40. These conditions all fav%ferences

hierarchical phosphorylation of TH. 1. Kumer, S.C., and Vrana, K.E. (1996)Neurochem67, 443-462
Summary 2. Bobrovskaya, L., Odell, A., Leal, R.B., and Dunkley, P.R. (2001)

. . Neurochenv8, 490-498
De_polarlsatlon of ceI.Is Ieads.to the entry.of ca]uum and ﬂ;e Salvatore, M.F.. Waymire, J.C., and Haycock, J.W. (2GD1)
secretion of catecholamines. This same calcium signal also leads . ,.ochem79. 349-360
to an increase in the phosphorylation of TH and an increas iNyaycock, J.W. (1993yeurochem. Reds, 15-26
catecholamine synthesis. We recently found that the activitysof paycock, J.W., Lew, J.Y., Garcia-Espana, A., Lee, K.Y., Harada,
TH isolated from adrenal chromaffin cells was increased as a., Meller, E., and Goldstein, M. (1998) Neurochem71, 1670-
result of phosphorylation of Serl19 prior to the phosphorylation of 1675
Ser40 (unpublished data). This would suggest that there i6. aHaycock, J.W., and Wakade, A.R. (1992Neurochen&8, 57-64
functional significance for hierarchical phosphorylation if. Fiol, C.J., Mahrenholz, A.M., Wang, Y., Roeske, R.W., and Roach,
respect to TH activation. However, the details of this mechanism PJ. (1987)J. Biol. Chem262, 14042-14048
of hierarchical activation of TH still need to be determined. It hs Nash, P., Tang, X,, Orlicky, S., Chen, Q., Gertler, F.B., Mendenhall,
been known for over 10 years that TH was phosphorylated atM-D-, Sicheri, F., Pawson, T., and Tyers, M. (208t5ture 414,
multiple sites in cells. However, hierarchical phosphorylation 514-521
was not detected until recently. This is because the hierarch?caﬁev"aqua' L.R., Graham, M.E., Dunkley, PR, von Nagy-

phosphorylation was not an extreme example where the 4§flolb_ jlgé’u%'l" and Dickson, P.W. (2004) Biol. Chem.276,

phosphorylation of one site depended on the phosphory_latioq@_f raham, M.E., Dickson, P.W., Dunkley, P.R., and von Nagy-
a second site. Rather there was a three-fold increase in rate Gfejsopyki, E.I. (2000pnalyt. Biochem281, 98-104

phOSphorY|ati0n of one site by the prior phosphorylation ﬁ?i._ Toska, K., Kleppe, R., Armstrong, C.G., Morrice, N.A., Cohen, P.,
another site, an aspect of regulation that was not detected imind Haavik, J. (2002). Neurochem3, 775-783
earlier studies.
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