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ABSTRACT: The activity of tyrosine hydroxylase is regulated by reversible phosphorylation of serine residues in
an N-terminal regulatory domain and catecholamine inhibition at the active site. Catecholamines such as
dopamine bind very tightly to the resting enzyme; phosphorylation of Ser40 decreases the affinity for
catecholamines by 3 orders of magnitude. The effects of dopamine binding and phosphorylation of Ser40
on the kinetics of deuterium incorporation into peptide bonds were examined by mass spectrometry.
When dopamine is bound, three peptic peptides show significantly slower deuterium incorporation, 35-41
and 42-71 in the regulatory domain and 295-299 in the catalytic domain. In the phosphorylated enzyme,
peptide 295-299 shows more rapid incorporation of deuterium, while 35-41 and 42-71 can not be detected.
These results are consistent with tyrosine hydroxylase existing in two different conformations. In the
closed conformation, the regulatory domain lies across the active site loop containing residues 295-298;
this is stabilized when dopamine is bound in the active site. In the open conformation, the regulatory
domain has moved out of the active site, allowing substrate access; this conformation is favored by
phosphorylation of Ser40.

Tyrosine hydroxylase (TyrH)1 catalyzes the first and rate-
limiting step of catecholamine biosynthesis, the conversion of
tyrosine into dihydroxyphenylalanine, utilizing a tetrahydropter-
in as the source of electrons. The enzyme belongs to the small
family of aromatic amino acid hydroxylases, which also includes
phenylalanine hydroxylase (PheH) and tryptophan hydroxylase
(TrpH) (1). All three enzymes play critical physiological roles;
PheH is responsible for catabolism of excess phenylalanine in the
diet, while TrpH is the first and rate-limiting enzyme in serotonin
biosynthesis. The mammalian forms of these enzymes are
homotetramers (2-4) in which each monomer contains a reg-
ulatory domain of 100-150 amino acids at the N-terminus and a
larger catalytic domain of around 350 amino acids at the
C-terminus (5-9). The homologous (5) catalytic domains con-
tain all of the residues required for catalysis and for substrate
specificity (10), while the regulatory domains exhibit low levels of
sequence identity (5, 11). Structures have been determined for the
catalytic domains of all three enzymes (12-14), but the only
regulatory domain with an available structure is that of PheH
(15). While critical residues are missing from that structure, it
does show that the N-terminus of the regulatory domain extends
across the active site cavity in the catalytic domain.

In light of the similar reactions they catalyze and the structural
similarities of the catalytic domains, all three enzymes are
generally accepted to have the same enzymatic mechanism (16).
In contrast, their regulatory mechanisms are divergent (1). TyrH
is regulated by phosphorylation of serine residues in the regula-
tory domain (17, 18). There are four residues in the enzymewhich
are phosphorylated in vivo. Using the numbering for the rat
enzyme or the human isoform 1, these are Ser/Thr 8, Ser 19,
Ser31, and Ser 40 (19-21). The phosphorylation states of the
C-terminal three residues change in response to external mod-
ulators of catecholamine biosynthesis, while that of Ser8 appears
to depend on other properties of the cell (20-25). The reported
effects of phosphorylation on the catalytic activity of TyrH in the
absence of other ligands are quite small (26-29); indeed, a
mutant protein lacking the regulatory domain is fully active
(8), establishing that phosphorylation does not activate the
enzyme directly. Rather, phosphorylation appears to control
the enzyme activity by altering the interaction with other ligands.
Phosphorylation of Ser19 is reported to increase the affinity of
the enzyme for 14-3-3 proteins (30-32); the physiological role of
this interaction is not settled, although it may be to protect the
phosphorylated enzyme from phosphatases (33). Phosphoryla-
tion of either Ser19 or Ser31 is also reported to increase the rate of
phosphorylation of Ser40 by protein kinase A (PKA) (33-35)
and to increase the stability of the enzyme (33, 34, 36, 37). The
effects of phosphorylation of Ser40 are better understood. TyrH
contains a non-heme iron atom in the active site cleft that must be
ferrous for activity (38). The ferrous enzyme is readily oxidized to
the ferric form (39, 40), and catecholamines bind to the ferric
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enzyme with dissociation constants of ∼1 nM (41, 42). Phos-
phorylation of Ser40 activates TyrH by increasing the rate
constant for dissociation of catecholamines ∼500-fold (41-44).
This allows tetrahydrobiopterin to reduce the iron, reactivating
the enzyme (40).

The structural basis for the dramatic effect of phosphorylation
of Ser40 on catecholamine binding is not known. The structure of
the catalytic domain of PheH with dopamine bound shows the
expected bidentate interaction of the catechol oxygens with the
active site iron, while the amino moiety, required for an effect of
phosphorylation on catechol binding toTyrH (42), extends out of
the active site (46); a similar mode of binding is likely for TyrH.
The isolated catalytic domain of TyrH has a dissociation con-
stant for dopamine similar to that of phosphorylated TyrH,2

demonstrating that the regulatory domain is required for tight
binding of dopamine in the active site. Dopamine binding
protects residues 33-50 in the regulatory domain of TyrH from
trypsin cleavage, and Ser40 phosphorylation makes this region
more susceptible (45), suggesting that phosphorylation and
dopamine binding result in conformational changes that have
opposite effects on the accessibility of this region to solvent. TyrH
phosphorylated at Ser40 has a shorter retention time on gel
filtration chromatography compared to TyrH alone, and dopa-
mine-bound TyrH has a slightly longer retention time (34),
further demonstrating that these modes of regulation are asso-
ciated with opposing changes in the protein structure. These
results have led to amodel inwhich dopamine bound in the active
site of TyrH interacts with residues in the regulatory domain; this
interaction increases the affinity of the protein for the catecho-
lamine and holds the N-terminal region over the active site,
preventing substrate access (42). We describe here the use of
hydrogen/deuterium exchange monitored by mass spectrometry
to identify regions in TyrH affected by dopamine binding and
phosphorylation at Ser40.

EXPERIMENTAL PROCEDURES

Materials. Dopamine and ATP were from Sigma-Aldrich
Chemical Co. (Milwaukee, WI). Porcine stomach pepsin A was
fromWorthington Biochemical Co. (Lakewood,NJ). Deuterium
oxide (D2O, 99% D) was from Cambridge Isotope Laboratories
(Andover, MA). HPLC grade water was from Mallinckrodt
Chemical Inc. (St. Louis,MO), andHPLC grade acetonitrile was
from VWR-International (Darmstadt, Germany). Formic acid
was from Michrom Bioresources Inc. (Auburn, CA). All other
chemicals were of the highest purity commercially available.
Protein Purification. The catalytic domain of PKA from

beef heart was purified according to Flockhart et al. (47).
Rat TyrH was purified as previously described (8, 48).
The preparation of TyrH stoichiometrically phosphorylated at
Ser40 was performed as previously described (41) with minor
modifications. Approximately 10mL of TyrH (20 μM) in 50mM
Hepes, 200 mM KCl, and 10% glycerol (pH 7.3) was incubated
with 50 μM ATP, 6 mM MgSO4, 2 μg/mL PKA at 4 �C for 1 h.
An additional aliquot of ATP was then added to give a
concentration of 100 μM, followed by another 1 h incubation.
The degree of phosphorylation was monitored using a MonoQ
column as previously described (41). The phosphorylated TyrH
was purified using a Q-Sepharose column. To ensure that the
enzyme contained a stoichiometric amount of iron, an equimolar

amount of Fe(NH4)2(SO4)2 was added to purified TyrH or
phosphorylated TyrH, followed by Q-Sepharose chromatogra-
phy. The purified enzyme was stored in 10% glycerol, 200 mM
KCl, and 200mMHepes (pH 7.3) at a concentration of∼0.3mM
at -80 �C.

To obtain the TyrH-dopamine complex, dopamine was
added at a final concentration of 0.5 mM to 0.3 mM TyrH in
10%glycerol, 200mMKCl, and 200mMHepes (pH 7.3) at 4 �C.
The binding of dopamine to TyrH was monitored by following
the absorbance increase at 690 nm (41); the reactionwas complete
within 30 min.
Hydrogen/DeuteriumExchange andMass Spectrometry.

The exchange reaction was initiated by diluting 25 μL of
0.3 mM enzyme with 500 μL of D2O buffer (200 mM Hepes,
pD 7.7) at 25 �C. Over the time course of the experiment, 20 μL
aliquots were taken and quenched with 20 μL of 300 mMH3PO4

in H2O at 4 �C to lower the pH to 2.4. The quenched sample was
immediately frozen with liquid nitrogen and stored at -80 �C
for less than 24 h. Samples were thawed quickly, and pepsin
(15 mg/mL) was added to yield ratios of pepsin to TyrH (w/w) of
0.5, 1, or 2. The first 3 min of the pepsin digestion was performed
on ice and the last 2 min in the 20 μLHPLC injection loop, which
was submerged in ice. The resulting peptides were then injected
onto a Vydac C18 column (2.1 mm � 150 mm). Most of the
HPLC system was kept at 4 �C, including the injection loop, the
tubing, the C18 column, and the solvents. After a 3 min desalting
with 98% solvent A (0.3% formic acid in H2O, pH 2.4) and 2%
solvent B (0.3% formic acid in acetonitrile, pH* 2.4) at a flow rate
of 0.3 mL/min, a gradient of 10-60% solvent B over 9 min was
applied at a flow rate of 0.2mL/min. Themajority of the peptides
eluted at 15-50%acetonitrilewithin 6min. The outflow from the
HPLC column was injected directly into a Thermo Finnigan
LCQDECAXP ion-trapmass spectrometer. Singly, doubly, and
triply charged peptides, with m/z values of 400-2000, were
analyzed.

To identify peptides, an independent tandem mass spectro-
metry (MS/MS) experiment was performed using the same
digestion and elution conditions, except that H2O instead of
D2O was used in the dilution step. Peptide assignment was
performed using the program TurboSEQUEST (Thermo Finni-
gan, version 3.1).

To obtain fully deuterated peptides, 10 μL of 0.3 mM TyrH
was diluted with 200 μLof 200mMHepes buffer (pH 7.3) inH2O
and 210 μL of 300 mMH3PO4 in H2O at 4 �C. Pepsin was added
to give pepsin to protein ratios (w/w) of 1 or 2. After 5min on ice,
three 50 μL aliquots were taken out and loaded onto three 500 μL
Bio-Spin 6 columns to isolate the peptic peptides. To remove the
pepsin, the columns were centrifuged at 1000g for 30 s; the flow-
through was discarded. To collect the peptides, each column was
washedwith 300μLofD2O and centrifuged at 1000g for 60 s. The
washing was repeated twice, and all of the flow-through was
combined and lyophilized. The resulting peptides were resus-
pended in 20 μL of D2O and heated to 90 �C for 90 min. After
cooling, 5 μL of 500 mM phosphate buffer in D2O (pD 2.8) was
added. Twenty microliters of the peptides was loaded onto the
HPLC, and peptide separation and analysis were performed as
described above. Only 21 peptides were found that produced
good spectra, suggesting that there was peptide loss due to the
extra steps required to obtain fully deuterated peptides. The
back-exchange level of the 21 well-resolved peptides was ∼35%.
As a result, a value of 35%back-exchangewas used for the rest of
the peptides.2S. Wang and P. F. Fitzpatrick, unpublished observations.
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Six independent experiments were performed for each condi-
tion. Due to the availability of the peptides at different pepsin to
protein ratios (w/w), most peptides could be analyzed using data
from four different experiments; all peptides were analyzed in at
least two independent experiments with the same pepsin to
protein ratio (w/w). The results were well reproduced in inde-
pendent experiments. The results for individual peptides indi-
cated in figures, including standard deviations, were calculated
from experiments with the same pepsin to protein ratio.
Data Analysis. The .raw MS files were processed using the

Thermo Finnigan Xcalibur software. The spectra of individual
peptides were transferred to Excel, and centroid data were
identified using the program HX-Express (49); the program
MagTran (50) was also used to analyze the peptides showing
altered exchange and gave the same results as HX-Express. The
deuterium contents of individual peptides were calculated using
eq 1, whereMt is the measured mass of the peptide at time t,MH

is themeasuredmass of the nondeuterated peptide, andMD is the
measured mass of the completely deuterated peptide corrected
for back-exchange. The time courses for deuterium incorporation
of each peptide were fitted to eq 2, where N is the number of
exchangeable amide hydrogens over the time course of the
experiment, and A and B are the numbers of amide hydrogens
with exchange rate constants k1 and k2, respectively.

% D ¼ ðMt -MHÞ=ðMD -MHÞ � 100 ð1Þ

Y ¼ N -Ae-k lt -Be-k2t ð2Þ

RESULTS

Identification of Peptides. Electrospray mass spectrometry
of peptic peptides was used to analyze the extent of deuterium
incorporation from solvent into peptide bonds in TyrH under
different conditions. In preliminary experiments, the peptides
generated by pepsin cleavage of TyrHwere separated using a C18

reverse-phase HPLC column and identified by MS/MS analysis,
varying the ratio of pepsin to TyrH from 0.5 to 2 (mass/mass).
Slightly different mixtures of peptides were generated with the
different ratios of pepsin to TyrH. Combining the peptides
generated at ratios of pepsin to TyrH of 0.5, 1, and 2 allowed
reproducible detection of peptides covering∼70% of the protein
(Figure 1). Most of the residues which were not found in peptic

peptides bymass spectrometry are in three regions of the protein:
residues 1-27, 143-173, and 191-209. The remainder of the
protein is well covered.
Amide H/D Exchange Dynamics of the Native Enzyme.

As a probe for the dynamics of the peptide backbone of TyrH,
concentrated (0.3 mM) TyrH was mixed with 20 volumes of
bufferedD2O.Aliquots were removed at intervals from 7 s to 1 h,
and the exchange reaction was quenched by mixing the sample
with ice-cold 0.3 M H3PO4 to lower the pH to 2.4. The peptides
generated by treatment for 5 min with pepsin were separated
using a reverse-phase C18 columnwith a relatively short gradient,
allowing the peptides to be injected into the mass spectrometer
less than 10 min after the pepsin cleavage was complete. Figure 2
illustrates the three general exchange patterns that were observed
for TyrH peptides. The time courses of incorporation of deuter-
ium from solvent into all of the TyrH peptides which could be
reproducibly analyzed under all conditions are given in Support-
ing Information Figure S1. The most N-terminal peptides,
illustrated in Figure 2A by residues 28-34, exhibit complete
exchange after only 7 s, the earliest time point used here. This
suggests that the very N-terminus of the protein is highly
dynamic. A much larger group of peptides shows no exchange
even after 1 h incubation, consistent with their peptide bonds
forming very stable hydrogen bonds. This behavior is illustrated
in Figure 2B by peptide 349-354. Finally, the remainder of the
protein shows time-dependent exchange, consistent with EX2
behavior due to transient formation of exchange-competent
conformations (51). This behavior is illustrated in Figure 2C,
D by peptides 266-273 and 467-487. The exchange kinetics of
this group of peptides were typically well fit by eq 2, which
separates the exchangeable hydrogens into a rapidly exchanging
group (complete within 7 s) and two groups that exchange more
slowly.

Figure 3 illustrates the kinetics of exchange of different
peptides in the context of the structure of the catalytic domain;
as noted above, no structure is available for the regulatory
domain of TyrH. There is a central core around the active site
which shows little exchange over the 1 h time course of
the experiment: residues 226-259, 300-354, 364-377, and
387-393. The two histidines and one glutamate which act as
iron ligands are all included in these peptides. The three peptides
covering residues 28-71 of the regulatory domain exhibit
complete exchange in less than 7 s, illustrating that this portion
of the protein is highly mobile. This region contains two of the
phosphorylation sites, Ser31 and Ser40. The remainder of the

FIGURE 1: Peptic peptides (arrows) of TyrH used in the hydrogen-deuterium exchange mass spectrometry analyses.
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protein shows EX2 behavior with a range of rate constants.
However, all of the peptides in the tetramerization domain,
residues 455-498, show very similar kinetics of exchange, con-
sistent with a concerted motion associated with transient dis-
sociation of the individual subunits into dimers or monomers.

A similar analysis was carried with TyrH lacking the regula-
tory domain. Peptides covering almost 80% of this protein could
be detected in the mass spectrometer. While there were some
differences in the identities of the individual peptides from those
seen in the intact protein, the overall patterns of exchange were
very similar (results not shown).

Structural Changes upon Dopamine Binding and Phos-
phorylation. The deuterium exchange dynamics of TyrH with
dopamine bound or phosphorylated at Ser40 were examined to
gain insight into the structural changes accompanying regulation.

The peptides surrounding Ser40, 35-41 and 42-71, were not
detected in the phosphorylated protein. The reasons for this were
not pursued, but phosphorylated peptides are typically quite
difficult to detect by mass spectrometry, and phosphorylation of
Ser40 makes this region of the protein more susceptible to
proteolysis (45). With those exceptions, all of the peptides which
could reproducibly be detected in the native enzyme could also be
detected in the dopamine-bound and phosphorylated forms.
Three peptides (35-41, 42-71, 295-299) show dramatic
decreases in the rates of deuterium incorporationwhen dopamine
is bound (Figure 4). The first two fragments are on the regulatory
domain and show complete exchange within 7 s in the absence of
dopamine. Peptide 295-299 is part of a loop near the active site
opening in the catalytic domain (Figure 3). The altered exchange
behavior of peptide 295-299 was confirmed by the overlapping
peptide 295-301. The effect of phosphorylation on the exchange
kinetics of peptide 295-299 is the reverse of the effect of
dopamine, in that peptide 295-299 shows more rapid deuterium
incorporation upon Ser40 phosphorylation. Two other peptides
(133-142, 314-330) also show less deuterium incorporation
upon dopamine binding (Supporting Information Figure S1),
but the differences are small and may not be significant.

DISCUSSION

TyrHwas identified as a substrate for PKA over 3 decades ago
(52, 53), and subsequent studies showed that Ser40 was the site of
phosphorylation (19). The interplay between inhibition of the
enzyme by catecholamines and activation by phosphorylation of
Ser40was establishedmore recently (17, 18). In the presentmodel
for the effects of Ser40 phosphorylation on catecholamine
inhibition of TyrH, the region of the regulatory domain near
Ser40 interacts with the catecholamine chelated to the active site
iron, preventing its dissociation (42, 45). Phosphorylation dis-
rupts the interaction with the regulatory domain, decreasing the
affinity of the enzyme for catecholamines and allowing the

FIGURE 2: Representative time courses of deuterium incorporation into TyrH peptides. The curves were obtained by fitting the data to eq 2.

FIGURE 3: Extent of deuterium incorporation into peptides in the
catalytic domainofTyrHat various times.Residues are color-labeled
according to the deuterium content in the respective peptides. The
figure was constructed using PDB file 1TOH. The active site is
indicated as a sphere.
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inhibitor to dissociate from the active site. Despite significant
kinetic data regarding the interplay between phosphorylation
and catecholamine inhibition, there is a lack of structural
information regarding these regulatory events. The present
results provide significant insight into the structural changes
associated with regulation of TyrH.

Dopamine binding slows the H/D exchange of residues 35-71
in the regulatory domain and 295-299 in the catalytic domain. In
contrast, phosphorylation of Ser40 results in faster exchange of
residues 295-299. EX2 exchange kinetics such as those exhibited
by these peptides are generally attributed to an equilibrium
between a closed form of a protein which does not undergo
exchange of amide protons with solvent during the course of the
experiment and an open form which undergoes rapid exchange
(51). Consequently, an increased rate of exchange reflects a shift
in the equilibrium between the open and closed forms.Dopamine
binding has previously been reported to protect Arg38, Arg39,
and Arg49 from trypsin (45) and decrease the rate of phosphor-
ylation of Ser40 byPKA (18). All of these results can be explained
by TyrH exhibiting an equilibrium between open and closed
forms, with dopamine binding shifting the equilibrium toward
the closed form. In the closed conformation, the peptide bonds of
residues in the sequence 35-71 are protected from solvent and
thus do not undergo H/D exchange and are not accessible to
PKA or trypsin. Until now there has been a lack of evidence that
this closed conformation involves an interaction between the
regulatory and catalytic domains of TyrH. The observation that
dopamine binding inhibits the exchange with solvent of peptides
bonds on peptide 295-299 in the catalytic domain is consistent
with a direct interaction between this peptide and residues in the
regulatory domain.

Peptide 295-299 is at the opening of the active site in TyrH
(Figure 3). Residues 295-297 are part of a loop at the entrance of
the active site, while residues 298 and 299 are at the beginning of a

helix which extends into the protein. This is consistent with the
extent of exchange seen in peptide 295-299 (Figure 4), in that
about three amide bonds can exchange with solvent during the
experiment. The complete lack of exchange of peptide bonds in
peptide 300-305 (Supporting Information Figure S1) is also
consistent with the expected stability of backbone hydrogen
bonds in a helix. The most straightforward explanation for the
decreased exchange of peptide 295-299 in the presence of
dopamine is that the regulatory domain interacts directly with
residues in this segment of the protein in the closed conformation.
While the regulatory domain of TyrH is lacking from the
available structures, the interaction between the regulatory and
catalytic domains of the related protein PheH can provide a
model for the interactions in TyrH. Figure 5 shows the structure
of PheH, with the catalytic domain rendered in surface mode and
the regulatory domain in cartoon fashion for clarity. This
illustrates that the N-terminus of the regulatory domain of PheH
extends across the active site cleft. The catalytic domains of TyrH
and PheH are homologous, with essentially identical tertiary
structures. Residues 249-253 of PheH align with residues 295-
299 of TyrH. Figure 5 illustrates that the regulatory domain of
PheH lies directly over the loop containing these residues in
PheH. A similar arrangement in TyrHwould explain the effect of
dopamine on the H/D exchange kinetics of TyrH. Thus, the
present data are consistent with a model in which the regulatory
domain of TyrH lies across residues 295-299 of the catalytic
domain in the closed form, thereby covering the active site, and
with catecholamine binding stabilizing this conformation.

In the resting form of TyrH, residues 28-71 exchange fully
with solvent within 7 s (Figures 4 and S1). The rate constants for
exchange of the amides in unstructured peptides is ∼10 s-1 (54).
Thus, the complete exchange of residues 28-71 within 7 s
indicates a lack of significant secondary structure for this region
in the absence of dopamine. The presence of the regulatory

FIGURE 4: Time course of deuterium incorporation into peptides 35-41 (A), 42-72 (B), and 295-299 (C) for TyrH alone (triangles), with bound
dopamine (circles), or phosphorylated at Ser40 (diamonds).
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domain has little effect on the steady-state kinetic parameters of
TyrH in the absence of dopamine (8, 10), suggesting that the
regulatory domain does not hinder access to the active site cleft in
the absence of catecholamines and that the equilibrium between
the open and closed conformations lies toward the former in the
resting enzyme. The effect of phosphorylation on the exchange
kinetics of peptide 295-299 provides further support for a model
in which the regulatory domain interacts with this region of
the catalytic domain. Phosphorylation of Ser40 increases the
exchange of peptide 295-299, consistent with phosphorylation
shifting the equilibrium between the open and closed forms
further toward the open form. Peptides 35-41 and 42-71 are
not seen in the peptic digests of the phosphorylated enzyme. The
inability to detect these two peptides in the phosphorylated
enzyme can be attributed to phosphorylation of Ser40 hindering
cleavage at the peptide bond between residues 41 and 42 and the
difficulty of detecting phosphorylated peptides by mass spectro-
metry. A similar effect of phosphorylation on the sensitivity to
trypsin of the peptide bond between residues 38 and 39 has been
described previously (45).

The H/D exchange kinetics described here also provide insight
into the dynamics of TyrH in the absence of ligands. There are
four loops (177-193, 316-328, 421-429, and 290-297) at the
entrance of the active site. Previous studies have established
their importance for substrate specificity and catalytic activity
(55-58). All four loops show a relatively high percentage of
deuterium incorporation, suggesting that they are quite mobile.
In contrast, the helices which surround the active site and make
up the core of the protein show little exchange, consistentwith the
stability of the hydrogen bonds in R-helices. The tetramerization
domain of TyrH is composed of a long helix containing ∼26
amino acids and a two-strand β-sheet (Figure 3). All of the
peptides in this region exhibit time-dependent incorporation of
deuterium (Figure 2D) with similar kinetics (Supporting Infor-
mation Figure S1). The similar patterns for both the helix and the
β-sheet suggest that the deuterium incorporation into them is
concerted; this can be explained by transient dissociation of the
tetramer into dimers and/or monomers. To date, all descriptions
of the quaternary structure of intact TyrHhave found the enzyme

to be a homotetramer (59), although truncation of the enzyme
can generate dimers and monomers (60, 61). In contrast, PheH is
reported to be a mixture of tetrameric and dimeric forms (62).
The subunit interfaces in the two enzymes are similar, with the
C-terminal helix playing a critical role in maintaining the tetra-
meric structure. The present results suggest that TyrH exhibits an
equilibrium between tetramer and dimer similar to that of PheH
but that the equilibrium for the former lies far enough to the
tetramer to be difficult to detect by methods less sensitive than
H/D exchange.

In conclusion, we have found three peptides in TyrH showing
substantially altered H/D exchange upon dopamine binding or
phosphorylation. Two are in the regulatory domain surrounding
the phosphorylation site Ser40, and the other is in one of four
loops at the active site entrance. These data support a model in
which dopamine and phosphorylation have opposite effects on
the equilibriumbetween an open formof the enzyme and a closed
form in which the N-terminus of the regulatory domain interacts
with residues 295-298 in the catalytic domain.
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