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ABSTRACT

Tryptophan hydroxylase (TPH) catalyzes the reaction of L-Tryptophan into L-5-
hydroxytryptophan, which is the rate-limiting step in the biosynthesis of serotonin. In the
peripheral tissues, L-Trp hydroxylation is catalyzed by tryptophan hydroxylase isoform 1
(TPH1), while tryptophan hydroxylase isoform 2 (TPH2) catalyzes the reaction in the brain.
The homologous homo-tetrameric enzymes contain three domains: A regulatory (RD), a
catalytic (CD), and a tetramerization domain (TD). As a hormone and neurotransmitter,
serotonin influences a variety of body functions and behaviors e.g. liver function,
gastrointestinal motility, appetite, aggression, and attention, and consequently dysregulation
of the serotonin system is associated with several diseases. Therefore, to shed further light
on serotonin regulation and serotonin related diseases, a detailed understanding of TPH’s
regulation is important. In this project, the human TPH isoforms have been investigated in two
different studies.

The first study concerned a structural characterization of TPH2. L-Phe has previously been
shown to increase stability and induce dimerization of TPH2 variants containing the RD, which
has been connected to a potential binding site in the RD. In this study, the structure of an N-
terminally truncated variant of the isolated RD in complex with L-Phe was obtained using
nuclear magnetic resonance (NMR) spectroscopy. L-Phe was bound at the dimer interface in
two identical binding pockets, as also seen for a homologous enzyme, phenylalanine
hydroxylase. It was additionally observed using NMR spectroscopy that L-Phe was superior
to the natural substrate, L-Trp, as a ligand of the isolated RD. Cryo-electron microscopy was
used to study an N-terminally truncated variant of the complete tetrameric enzyme, which
resulted in a low-resolution structure of the variant with dimerized RDs. 2D class averages
additionally indicated that the RDs exist in a monomer-dimer equilibrium in tetrameric TPH2,
where RD monomers move randomly relative to the CDs.

Assessing the residues involved in L-Phe binding to the RD of TPH2, and comparing the
sequences of TPH1 and TPH2, showed that many residues from the binding pockets were
conserved in TPH1. The second study therefore concerned ligand binding to the RD of TPH1.
Size exclusion chromatography coupled to multi-angle light scattering was used to investigate
the oligomeric state of different TPH1 variants without the TD. The results showed that variants
containing the RD, formed dimers and that dimer formation was stabilized by the presence of
L-Phe, but not L-Trp. Additionally, NMR spectroscopy showed that the RD dimer of TPH1
bound L-Phe.






DANSK RESUME

Tryptophan hydroxylase katalyserer reaktionen fra L-tryptophan (L-Trp) til L-5-
hydroxytryptophan der er det hastighedsbestemmende trin i serotonin biosyntesen. | det
perifeere veaev bliver L-Trp hydroxyleret af tryptophan hydroxylase isoform 1 (TPH1), mens
tryptophan hydroxylase isoform 2 katalyserer den samme reaktion i hjernen (TPH2). De
homologe homo-tetrameriske enzymer bestar af tre domeener: Et regulatorisk, et katalytisk og
et tetrameriseringsdomaene. Som hormon og neurotransmitter pavirker serotonin en reekke
fysiologiske og mentale funktioner f.eks. leverfunktion, tarmfunktion, appetit, aggression og
opmeerksomhed. Forstyrrelser i serotoninbalancen er saledes forbundet med flere forskellige
sygdomme. En detaljeret forstaelse af TPHs regulering er derfor vigtig for at opna en starre
forstaelse af serotoninregulering og serotonin relaterede sygdomme. | dette projekt er de to
humane TPH isoformer blevet undersggt i to forskellige studier.

Det farste studie omhandlede en strukturel karakterisering af TPH2. Det er tidligere vist at L-
fenylalanin (L-Phe) gger stabiliteten af TPH2 varianter der inkluderer det regulatoriske
domaene og forskubber monomer-dimer ligeveegten af varianterne mod dimer, hvilket
indikerer eksistensen af en bindingslomme i det regulatoriske domaene. | dette studie blev
NMR (nuclear magnetic resonance) spektroskopi brugt til at bestemme strukturen af en N-
terminal trunkeret variant af det isolerede regulatoriske domaene af TPH2 i kompleks med L-
Phe. L-Phe var bundet i dimer greensefladen i to identiske bindingslommer, hvilket ogsa er
observeret for det homologe enzym, fenylalanin hydroxylase. Derudover viste NMR
spektroskopi, at L-Phe var en markant bedre ligand for det isolerede regulatoriske domaene
end det naturlige substrat L-Trp. Kryo-elektron mikroskopi blev brugt til at undersgge en N-
terminal trunkeret variant af det komplette tetrameriske enzym, hvilket resulterede i en struktur
i lav oplgsning af varianten med dimeriserede regulatoriske domaener. 2D klassificeringerne
indikerede desuden at de regulatoriske domaener eksisterer i en monomer-dimer ligevaegt i
TPH2 tetrameren, hvor regulatorisk domasne monomerer kan bevaege sig tilfeeldigt relativt til
de katalytiske domeener.

Ved at undersgge aminosyreresterne involveret i L-Phe binding i det regulatoriske domaene
af TPH2 og sammenligne sekvenserne af TPH1 og TPH2, blev det observeret at mange
aminosyrerester i bindingslommen var identiske i TPH1. Det andet studie omhandlede derfor
binding af ligander til det regulatoriske domaene af TPH1. Starrelseskromatografi koblet til
lysspredningsmalinger blev brugt til at undersgge oligomerisering af TPH1 varianter uden
tetrameriserings domeaenet. Resultaterne viste at varianter der inkluderede det regulatoriske
domaene var dimerer, og at dimerkonformationen blev stabiliseret af L-Phe men ikke L-Trp.
Derudover viste NMR spektroskopi at dimeren af det regulatoriske domaene af TPH1 kunne
binde L-Phe.
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INTRODUCTION AND OUTLINE OF THESIS

Serotonin is an important neurotransmitter and hormone implicated in a variety of diseases as
e.g. depression, bipolar disorder, irritable bowel syndrome, and carcinoid syndrome®=. The
first and rate-limiting step in the biosynthesis of serotonin is catalyzed by the enzymes
tryptophan hydroxylase 1 (TPH1) in the peripheral tissues and tryptophan hydroxylase 2
(TPH2) in the brain >°, and consequently the regulation of TPH1 and TPH2 are relevant for
serotonin regulation and serotonin related diseases. As TPH1 and TPH2 regulate each their
spatially separated serotonin system, differences in the structure-function relationships of the
two isoforms are additionally relevant for the possibility of therapeutic targeting of one isoform
over the other ’. However, TPH1 and TPH2 have proven difficult to characterize and structural
information on especially the regulatory domains of the two enzymes remain sparse.

This work focuses on a structural characterization of the regulatory domain of human TPH2
and investigates binding of a ligand (L-Phe and L-Trp) to the domain. Nuclear magnetic
resonance (NMR) spectroscopy and cryo-electron microscopy (cryo-EM) are used to shed
light on TPH2, complemented by additional methods.

Sequential identities are observed between the regulatory domains of TPH1 and TPH2 with
respect to the binding pocket of TPH2 determined in the first study. This leads to an
investigation of the regulatory domain of human TPH1 using size exclusion chromatography
coupled to multi-angle light scattering (SEC-MALS) and NMR spectroscopy.

Outline of thesis

The thesis contains seven chapters. Chapter 1 introduces the reader to the tryptophan
hydroxylase isoforms and the aromatic amino acid hydroxylase enzyme family and presents
the current knowledge on the enzymes relevant for this project. Chapter 2 concerns
purification of TPH focusing on the isolated regulatory domain variants of TPH1 and TPH2.
Chapter 3 provides a brief theoretical background on the main methods used in this project,
which includes NMR spectroscopy, small-angle X-ray scattering, SEC-MALS, and cryo-EM.
The most substantial part of the work conducted throughout this project is presented in
Chapter 4, which concerns a structural study of ligand binding to the regulatory domain of
human TPH2. This work is presented in the form of a manuscript (Under preparation). Chapter
5 investigates the oligomeric state of C-terminally truncated human TPH1 variants and ligand
binding to the regulatory domain using SEC-MALS and NMR spectroscopy. This work is also
presented in the form of a manuscript (Under preparation). Chapter 6 concludes on the project
and chapter 7 offers future perspectives.






1 TRYPTOPHAN HYDROXYLASE AND
THE AROMATIC AMINO ACID
HYDROXYLASES

Tryptophan hydroxylase (TPH) belongs to the family of aromatic amino acid hydroxylases
(AAAHS), which includes TPH, phenylalanine hydroxylase (PAH), and tyrosine hydroxylase
(TH) 5. This chapter will briefly introduce the importance of TPH and the AAAHs and discuss
the current knowledge on their structure and regulatory mechanisms relevant for this project
with emphasis on TPH.

1.1 THE AROMATIC AMINO ACID HYDROXYLASES

TPH, PAH, and TH catalyze the hydroxylation of their respective amino acids, using non-heme
Fe(ll), molecular oxygen (O2) and tetrahydrobiopterin (BH.) as co-factor and co-substrates °.
TPH (EC 1.14.16.4) catalyzes the hydroxylation of L-Tryptophan into L-5-hydroxytryptophan
(5-HTP). This reaction is the first and rate-limiting step in the two-step biosynthesis of
serotonin, an important hormone and neurotransmitter &° (Figure 1A). The second step is
decarboxylation of 5-HTP by aromatic amino acid decarboxylase °. BH, is in the reaction

AADC HO NH2
IIH '!H N
NH NH
2 Fe )] 2 H
0, BH4 4a-hydroxy-BH, H
L-Tryptophan L-5-hydroxytryptophan L-5-hydroxytryptamine

(Serotonin)

B

TPH2 -~
Serotonin synthesis
TH
Dopamine, norepinephrine,
. and epinephrine synthesis
PAH
L-Phe catabolism “ TPHA1
-- Serotonin and
melatonin synthesis

|

Figure 1 A) The two-step biosynthesis of serotonin (Figure made with ChemDraw 18.1). L-Trp is converted into
L-5-hydroxytryptophan by TPH requiring Fe(ll) as co-factor and Oz and BH4 as co-substrates. The second step
is decarboxylation by aromatic amino acid decarboxylase (AADC) to yield serotonin 5 B) Schematic
illustration of the tissues where the AAAHs are most abundant. PAH is mainly found in the liver 2, TH in the
brain and in the adrenal gland 530, TPH1 in the gut and in the pineal gland ¢, and TPH2 in the brain 8.



converted to 4a-hydroxy-BHa, which is subsequently regenerated back to BH4 in two steps .
Serotonin is additionally a pre-cursor for the hormone melatonin predominantly produced in
the pineal gland . There are two TPH isoforms, encoded by two different genes: TPH1,
expressed mainly in enterochromaffin cells in the gut and in the pineal gland, and TPH2,
expressed in the brain %° (Figure 1B). Importantly, the second TPH isoform was discovered in
2003 °, and earlier literature should therefore be read with attention to the source of TPH. As
serotonin cannot permeate the blood-brain-barrier (BBB), TPH1 and TPH2 regulate each their
spatially separated serotonin system . PAH (EC 1.14.16.1), located in the liver, is responsible
for L-Phe catabolism converting L-Phe into L-Tyr 2. TH converts L-Tyr into 3,4-
dihydroxyphenylalanine (L-Dopa), a precursor in the primary synthesis pathway of the
catecholamine neurotransmitters dopamine, norepinephrine, and epinephrine . TH is
expressed in the brain and in the adrenal gland, and alternative splicing of the single TH gene
leads to four very similar human isoforms only differing in the length of the N-terminal 41°,

1.1.1 Physiological aromatic amino acid levels

The amino acids L-Phe and L-Trp are not metabolized in the body and are therefore only
obtained through the diet, while L-Tyr is also synthesized by PAH 8. In healthy adults, plasma
L-Phe levels have been reported to ~35-85 uM and fluctuating less than 50% during the day
1617 pPlasma L-Tyr levels have been reported to ~50-80 uM and plasma L-Trp levels to ~55-
65 uM 18, In the brain, the levels of the aromatic amino acids depend on transport across the
BBB by the LAT1 transporter 1618 LAT1 transports the large neutral amino acids (LNAAs), L-
Tyr, L-Phe, L-Trp, L-Leu, L-lle, L-Met, L-His, and L-Thr, and is nearly saturated at physiological
LNAA levels, making LAT1 transport a competitive process for the LNAAs 1618, | -Phe binds
strongest to LAT1 of the LNAAs 18, In rats, a study reported brain L-Phe levels to ~13.4 ug/g
(80 umol/kg), L-Tyr levels to ~12 ug/g (70 ymol/kg), and L-Trp levels to ~3 ug/g (15 umol/kg)*®.

1.1.2 Serotonin related diseases and TPH as a therapeutic target

Serotonin is a neurotransmitter and hormone affecting a variety of body functions and
behavioral processes through interactions with serotonin receptors (5-HT receptors) 2°.
Central effects include among others aggression, appetite, memory, sexuality, and
attention?®?L, Irregular TPH2 function, affecting the central serotonin system, has been
connected to multiple neurological disorders, such as depression, schizophrenia, and bipolar
disorder 222, Peripheral serotonin affects among others liver function, hemostasis,
gastrointestinal motility, and vasoconstriction 2°. Consequently, dysfunction of the peripheral
serotonin system is related to diseases as e.g. ulcerative colitis and irritable bowel syndrome
3 and carcinoid syndrome “. The complexity of the serotonergic systems, makes it challenging
to design specific drugs for serotonin related diseases without unwanted side-effects. For
example, selective serotonin reuptake inhibitors are used as antidepressants (to increase
central serotonin levels), however, these are associated with a range of side-effects in the
peripheral system including e.g. cardiovascular problems, weight gain, and gastro intestinal
distress 2. A strategy to selectively target either the peripheral or central serotonin system is
isoform specific TPH targeting. Currently, one TPH21 inhibitor, telotristat ethyl, has FDA
approval for treatment of carcinoid syndrome 24. The inhibitor is not isoform specific, but as it
cannot permeate the BBB it only influences TPH1 and the peripheral serotonin levels 4. While
new compounds are being designed for TPH1 specific inhibition 2526, isoform specific targeting
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of TPH2 remains more challenging for at least two reasons: i) To target TPH2 the drug has to
pass the BBB. ii) In the central system, the therapeutic goal is most frequently an increased
serotonin level, as opposed to a decreased serotonin level in the peripheral system . Thus,
the goal is to develop TPH2 specific activators, which is currently greatly hindered by the
limited knowledge on TPH2 (and TPH1) regulation and structure-function relationship.
Therefore, improved knowledge on both TPH isoforms is important for the possibility of TPH2
directed drug targeting.

1.1.3 Physiological relevance of PAH and TH

Mutations in the PAH gene can lead to dysfunctional PAH variants resulting in reduced or
absent PAH activity and thus elevated L-Phe levels, a condition known as phenylketonuria
(PKU) ?’. In classical PKU, plasma L-Phe levels are increased to above 1200 uM 28, High L-
Phe levels are neurotoxic and left untreated it can lead to e.g. mental retardation, epilepsy,
and behavioral problems ?°. The catecholamine neurotransmitters and hormones dopamine,
norepinephrine, and epinephrine, the downstream products after conversion of L-Tyr to L-
Dopa by TH, influences brain functions e.g. attention, memory, and cognition 33!, and reduced
levels of dopamine are found in relation to Parkinson’s disease 2. Considering the importance
of L-Phe catabolism, catecholamine synthesis, and serotonin synthesis, it is natural that
extensive research has gone into mapping the structure-function relationships of the AAAHs
which are still not fully elucidated.

1.2 STRUCTURE OF THE AAAHS

The homologous AAAHS consist of three different domains: An N-terminal regulatory domain
(RD), a catalytic domain (CD), and a C-terminal tetramerization domain (TD, Figure 2A-B) 33~
%6 Of these domains, the CDs have the highest sequence identity and the RDs the lowest
(Figure 2A). Being dynamic multi-domain proteins, the structures of the AAAHs have proven
difficult to study. PAH is the best structurally characterized of the enzymes, with structures
available of both the full enzyme and multiple truncated variants 34342, A PAH monomer is
illustrated in Figure 2B, showing the fold of the individual domains. The AAAHs mainly present
as tetramers, formed through coiled-coil interactions of the TDs **-% (Figure 2C). PAH can
additionally form dimers “3, and the presence of an octameric species of TH has been reported
in one study #4. The conformation of the CDs and TDs are similar in the tetramers of PAH, TH,
and TPH2 343645 and though no tetrameric structure is available of TPH1 the high degree of
homology suggests a similar conformation. The positions of the RDs in the tetramers are found
to vary among the AAAHSs as illustrated in Figure 2D. In PAH, the RDs can be docked in
between two CDs as illustrated in Figure 2C or form RD dimers above and below the CD
tetramer 343841 (Figure 2D). The latter conformation is favored in the presence of L-Phe 2. In
the TH tetramer, the RDs form dimers 3646, The location of the RDs in the tetramers of TPH1
and TPH2 have not been fully determined yet. In the presence of L-Phe (0.6 mM to 9 mM),
SAXS data support a TPH2 tetramer model with dimerized RDs #’, but currently no data is
available on the RDs position in the absence of L-Phe or on the positions of the RDs in the
TPH1 tetramer. In the following sections, the structure and function of the CDs and RDs of the
AAAHSs will be presented in more detalil.
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Figure 2 Schematic sequence alignment of the human AAAH isoforms. The RD is colored in orange and the
CD and TD are colored in light grey. White spaces indicate gaps, dark grey indicates residues with strongly
similar properties, and black indicates identical residues. The alignment was performed with Clustal Omega
151 and the figure made with inspiration from 52, The full alignment is included in Appendix Al. B) Cartoon
illustration of a PAH monomer (PDB ID: 6N1K 38). The RD is colored in orange and the CD and TD in light
grey. C) Cartoon illustration of a PAH tetramer (PDB ID: 5DEN 2*). The RDs are colored in orange and the
CDs and TDs are colored in grey. A dark orange RD is from the same monomer as a dark grey CD. D)
Schematic illustration of the AAAH tetramers (adapted from Chapter 4). The CDs and TDs are colored in
grey, and the RDs are colored in orange. The structure of PAH with L-Phe has been confirmed by X-ray
crystallography 3438 and SAXS data supports the conformation with L-Phe 3841, The TH structure has been
determined by cryo-EM 36, The RDs are not illustrated for TPH1 as there is no structure available of the full-
length enzyme. * Additionally there is no structure available of the CD tetramer. The dimeric conformation of
the RDs in TPH2 (+L-Phe) is supported by SAXS data +’.



1.2.1 The catalytic domain

The CDs are as illustrated in Figure 2A the most similar of the domains among the AAAHS,
and their large degree of homology is also evident from both sequential and structural
alignments of the CDs (Figure 3). The CDs are mainly helical and form a cavity where the
active site is located 4°%8-%°, The isolated CDs of TPH1 and TPH2 are monomeric species and
are fully active without the RD and TD 553,

The iron-atom, positioned around 13 A from the protein surface, separates the cavity into two
binding pockets, one for BH4 and one for the amino acid substrate as illustrated in Figure 4A
based on structures of TPH1 4°%4, The iron atom is bound in a 2-histidine-1-carboxylate facial
triad (coordinated to two histidines and one glutamate) and is additionally coordinating to three
water molecules in a hexagonal complex, as illustrated in Figure 4B “°. Upon binding of both
BH.4 and amino acid substrate, it is suggested that Fe(ll) forms a bidentate coordination to
glutamate and excludes two water molecules, leaving space for O to bind .

The binding pocket of BH4 can be visualized from a structure of human TPH1 with BH4
analogue BH, bound “° (Figure 4C). Crystal structures of PAH have shown similar binding of
BH4 and BH, allowing extrapolation of the BH, binding pocket *’. In the TPH1 structure, BH>
is kept in close proximity of the iron by hydrogen bonding to two of the iron-coordinated water
molecules, and a water bridge to E273 (Figure 4C). BH; is additionally forming ionic
interactions with the backbone of G234 and L236, and is 1-stacking with Y235 and F241. All
of these residues are conserved in human TPH2, see Appendix A2.

The binding pocket of L-Trp was determined from a structure of chicken TPH1 (91% sequence
identity to human TPH1), revealing that L-Trp is surrounded by residues Y235, R257, T265,
P268, H272, F313, F318, S336, and 1366 and that L-Trp forms polar interactions with R257,
T265, S336, and 1366 >* (Figure 4D). All of these residues are conserved between human
TPH1, chicken TPH1 and human TPH2, see Appendix A2.

TH PAH | TPH1 | TPH2
TH 100% | 63% | 60% | 63%
PAH 100% | 65% | 65%
TPH1 100% | 81%
TPH2 100%

Figure 3 A) Structural alignment of the CDs of the four human AAAHs. PAH (PDB ID: 6HPO “8, green),
TPH2 (PDB ID: 4V06 *°, purple), TPH1 (PDB ID: IMLW “°, orange), TH (PDB ID: 2XSN 30, grey). The
iron atom located in the active site is shown as a red sphere. B) Sequence identities of the CDs of the
human AAAHs from alignment with clustal Omega 5. The following residues were included in the
alignment: TH isoform 3 residues 189-502, PAH residues 113—426, TPH1 residues 100-413,TPH2
residues 146-459. Only TH isoform 3 was included in the alignment as the CDs of the four human TH
isoforms are identical.



Figure 4 A) Surface representation of the CD of human TPH1 (PDB ID: 1MLW #°), with co-substrate analogue BH2
shown as a orange stick, Fe(lll) as a red sphere, and L-Trp (superimposed from the crystal structure of chicken
TPH1 (PDB ID: 3E2T %) shown as cyan stick. A zoom in on the active site cleft is shown to the right with a
transparent surface rendering. B) lllustration of the coordination sphere of iron in the crystal structure of human
TPH1 (PDB ID: 1IMLW #%). Fe(lll) is shown as a red sphere and water molecules as blue spheres. C) Location of
the BH4 binding pocket in the structure of human TPH1 (PDB ID: 1IMLW #9). Co-substrate analogue BHz2 is shown
as orange stick, Fe(lll) as a red sphere, and water molecules as blue spheres. D) Binding pocket of L-Trp in chicken
TPH1 (PDB ID: 3E2T 54) L-Trp is shown as a cyan stick and Fe(lll) as a red sphere. The indicated residue numbers
are those of the conserved residues in human TPH1, all differing by one integer. l.e. 1366 in human TPH1 is 1367
in chicken TPHL1.

1.2.1.1 Kinetic parameters and substrate specificity of TPH1 and TPH2

Despite a large degree of identity between the BH4 and L-Trp binding pockets of TPH1 and
TPH2, differences are observed in the kinetic parameters of the two isoforms (Summarized in
Table 1): km(BHa4) is found to be larger for TPH1 than for TPH2, while the Vmaxfor TPH1 has
been reported to be both larger and smaller than that of TPH2 515657 The isolated CD of
TPH1 is found to be substrate inhibited by L-Trp 5°¢, while substrate inhibition is generally not
observed for the isolated CD of TPH2 33515658 However, there are a few reports of substrate
inhibition of full-length TPH2 with large K; constants (420-970 uM) °°°. The difference in
substrate inhibition has been attributed to a loop lining the active site, as a study indicated that
the loop specifically in TPH1 closes upon L-Trp binding and blocks the entrance to the BH4
binding pocket °¢. Differences are also observed in the amino acid substrate specificity of
TPH1 and TPH2. Due to the high degree of homology in the CDs of the AAAHSs, they are not
fully specific towards their natural amino acid substrates. For MBP-tagged human TPH1 and
TPH2 variants, McKinney et al. found that TPH1 had a Kn (Trp) of 1012 uM and a Kn (Phe)
of 3418 uM with twice the catalytic efficiency with L-Trp as substrate compared to L-Phe %’
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For TPH2 they determined a Kn, (Trp) of 43+4 uM, a Kn(Phe) of 284138 uM, and four times
the catalytic efficiency with L-Trp as substrate compared to PAH *’. Thus indicating that TPH2
is more selective than TPH1 with respect to L-Trp >’. A similar degree of specificity for L-Trp
compared to L-Phe was observed by Moran et al. for the isolated CD of rabbit TPH1 %3, L-Tyr
has been reported as a poor substrate for TPH1, and thus likely also for TPH2, and is
converted at least 5000 times slower than L-Trp and L-Phe %3. The residue F313 (TPH1) in
the tryptophan binding pocket has been shown to be important for substrate specificity, and
mutation to tryptophan, the corresponding residue in PAH, increases the preference for L-Phe
as substrate . Mice lacking the ability to produce both TPH1 and TPH2, have been shown to
still have 10 % of the normal serotonin level in the blood, which has been attributed to the
residual ability of PAH to hydroxylate L-Trp 6.

Table 1 Kinetic parameters of TPH1 and TPH2 from a selected subset of studies. Only studies where both the
parameters of TPH1 and TPH2 were determined has been included, to enable easier comparison between the

isoforms.

Study TPH1 TPH2

Windahl et al., Km(Trp) 22.8+0.9 uyM 15+0.4 uM

isolated CDs of human Km(BHs) | 315237 uM 26.5+1.3 UM

TPH1 and TPH2 ! . .
Vimax(Trp) | 20111 uM/min 1511 pyM/min
Ki(Trp) 7217 M N/A

Tidemand et al., Km(Trp) 12.7+1.4 yM 13.1+1.3 yM

isolated CDs of human Km(BHs) | 285+15 uM 26.7+0.9 uM

TPHI and TPH2 kea(Trp) | 108+10 min 258+20 min'
K(Trp) | 165+18 uM N/A

McKinney et al., Km(Trp) 10.6x1.2 uM 43.4+3.6 uM

MBP-tagged full-length | K.\(BH,) | 273uM 12.8+1.1uM

human TPHL and TPH2™ 1\, 110y | 651426 202+8.9 nmol/min/mg
Km(Phe) | 34.4+7.8 uM 284+38 M
Vmax(Phe) | 1214+£107 nmol/min/mg | 316+22 nmol/min/mg

McKinney et al.,

full-length human TPH1 | Kn(Trp) | 22.8£3.9 yM 40.3£3.2 uM

and TPH2 5 Km(BHs) | 39+8uM 20.2+1.5uM
Vimax(Trp) | 646+43 nmol/min/mg 194+7.2 nmol/min/mg
KiTrp) | 38570 uM 970+328 pM




1.2.2 Theregulatory domain

The RD is the least studied domain of both TPH1 and TPH2, which is linked to low expression
levels and instability of TPH variants containing the domain %253, Currently, no structures are
available in the protein data bank of the RD of either TPH1 or TPH2. One crystal structure is
available of the isolated RD of human PAH (PDB ID: 5FII *°), while an NMR structure is
available of the isolated RD of rat TH (PDB ID: 2MDA %%). The RD of PAH and TH both consist
of an ordered core of around 80-90 residues, preceded by a mainly flexible N-terminal tail (N-
tail) of different lengths, of which the N-tail is the most divergent 34363964 (Figure 5).The RD
core of PAH is an ACT domain (Aspartate kinase, chorismate mutase, Tyr A domain), a
domain family originally identified by use of PSI-BLAST . ACT domains are characterized by
a ferrodoxin like fold (af- sandwhich), with BaBBaf topology, and the ability to bind a ligand
65, Multiple enzymes containing the ACT domain are involved in amino acid metabolism and
are regulated by their ACT domain ligand . This includes PAH, which is allosterically
regulated by L-Phe binding to the ACT dimer 3°%'. Another example is, E. Coli D-3-
Phosphoglycerate dehydrogenase which is involved in the synthesis of L-Ser, and is
allosterically inhibited by the amino acid binding to its ACT domain dimer ¢’. The symmetric
RD dimer of PAH forms an 8-stranded B-sheet and additionally forms two identical binding
pockets at the dimer interface, where L-Phe binds (Figure 6A) *°. In addition to the side-by-
side dimer association of the ACT domain as seen in PAH, ACT domains in other enzymes
are observed to form face-to-face ACT dimers %, ACT trimers ©, and tetramers ">’*. Though
the RD of TH forms a dimer and resembles the ACT domain, there are notable differences
(Figure 6B) . First, the topology is slightly different with a BRapBa fold %4, and secondly, the
RD of TH is found not be thermally stabilized by L-Tyr indicating that the domain does not bind
the amino acid *°. Therefore, the RD of TH is only reported as a “putative ACT domain” . The
sequential identities of the RD cores of TPH1 and TPH2 compared to PAH and TH provided
in Figure 5B, indicate that both TPH1 and TPH2 are mostly resembling PAH, and sequence
analysis has proposed that TPH1 and TPH2 contain the ACT domain 72, Importantly, the N-
tail of TPH2 is 46 residues longer than that of TPH1 which is expected to contain ~17 residues
(Figure 5A).

A N-tail Core B
’ ; ; Core

THisoform 2 | I 11T 1 (R L G e
TH isoform 4 [ MWW nem TH 100% | 28% | 23% 21%
TH isoform 3 l l”“l 'll l” "| o 0, 0

TH soform 1 RN PAH 100% | 41.6% | 36%
PAH { [ WY 0T TPH1 100% | 55%
TPH1 1[NNI DNMORIRNT DY D 99 TPH2 100%
TPH2 10 | A S HURMOINEY P M 145

Figure 5 A) Schematic sequence alignment of the RDs of the AAAH. White spaces indicate gaps, dark grey
indicates residues with strongly similar properties, and black indicates identical residues. The alignment was
performed with clustal Omega 51, B) Sequence identities among the core of the RDs of the AAAHSs, determined
from an alignment with clustal Omega 5. The following sequences were used: human TPH2 (residues 64-145),
human TPH1 (residues 18-99), human PAH (residues 35-112), human TH isoform 3 (residues 113-188). The TH
isoforms only differ in the length of the N-tail, and therefore only one TH isoform was used in the alignment of the
RD cores.
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B1 B2 al B3 B4 a2

Figure 6 A) Crystal structure of the RD core dimer of human PAH with L-Phe (PDB ID: 5FII 39),
The two L-Phe molecules (black sticks) are bound in identical binding pockets at the symmetric
RD dimer interface. The topology of the domain is illustrated below the structure. B) NMR
conformer of the RD core dimer of rat TH (PDB ID: 2MDA 5%). The topology of the domain is
illustrated below the structure.
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The oligomeric states of the isolated RDs are similar among the AAAHSs, while it varies if the
RDs have been observed to bind a ligand as mentioned for PAH and TH above. The isolated
RD of PAH has been reported to exist in a monomer-dimer equilibrium (with a Kg~46 pM),
while addition of L-Phe induces dimer formation %72 (Figure 7). The isolated RD of TH has
been reported to be dimeric at concentrations down to 5 uM 4. Additionally a study indicated
the presence of a monomer at lower protein concentrations, suggesting the existence of a
monomer-dimer equilibrium 4. Furthermore, the same study reported that truncating the first
64 residues of the TH N-tail resulted in a monomer 4. The isolated RD of TPH1 is reported to
be dimeric independent of L-Phe (investigated in the range of 2.7-35 yuM TPH1) ", Additionally
Patel et al. observed using DSF that L-Trp did not affect the stability of the RD of TPH1 *°. A
study on a truncated variant of TPH2 containing both the RD and CD, showed that the variant
exists in a monomer-dimer equilibrium with the monomeric species mainly being observed in
the protein concentration range of 2-10 uM 2. Addition of 3 mM L-Phe shifted this equilibrium
towards the dimeric form %2, Additionally, L-Phe and L-Trp (10 mM) were shown to increase
thermal stability of the variant with ~3 °C and ~6 °C, respectively, while D-Phe neither affected
the stability or induced dimerization of the variant °2. Additionally, dimerization and stabilization
by L-Phe and L-Trp were not observed for the isolated CD suggesting the presence of an RD
binding site in TPH2 %2, A hydrogen/deuterium exchange mass spectrometry study of the
TPH2 variant (combined RD and CD) reported decreased deuterium uptake values for the
majority of the peptides in the RD in the presence of L-Phe, supporting an RD binding site *.

PAH (RD) ' TH (RD)
[ ]
—»
<+ <+
L-Phe L
Monomer Dimer Dimer * Monomer Dimer *

TPH2 (RD-CD)

o TPH1(RD)
°
. - 4’ i
L-Phe
Monomer Dimer Dimer Dimer

Figure 7 Schematic illustration of the oligomeric states of the isolated RDs of PAH 3973 TH 6474 TPH1 75,
and the N-terminally truncated variant of TPH2 containing the RD and CD 52, * A crystal structure is
available of the RD dimer of PAH with L-Phe 3°, and an NMR structure is available of the RD dimer of TH
64, There are no structures available of the TPH1 and TPH2 variants in the protein data bank, and they
are therefore illustrated based on their expected conformations extrapolating from PAH and TH. SAXS
data on the TPH2 variant with L-Phe has indicated a flexible dimeric conformation “’. The structures of
the PAH RD monomer and dimer without L-Phe and the TH RD monomer have additionally not been
determined.
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1.3 REGULATORY MECHANISMS OF THE AAAH

While the regulatory mechanisms of TPH1 and TPH2 are not completely mapped, the
regulatory mechanisms of PAH and TH are better structurally characterized. Importantly, the
differences in the N-tail between the two enzymes and in their ability to bind an RD ligand are
reflected in the specific mechanisms regulating their activity, which will be briefly outlined in
the following.

1.3.1 Regulatory mechanism of PAH

PAH is known to be allosterically activated by L-Phe 7. However, earlier studies debated the
origin of the cooperative activation and the location of the allosteric L-Phe binding site. L-Phe
activation was previously proposed to result from cooperative binding in the active site "8, or
by binding in an allosteric site at the interface between the RD and CD %7, Currently,
substantial structural studies support that the location of the allosteric site(s) is at the interface
of two RD dimers 3839418 as in the structure in Figure 6A. In this model, the allosteric
activation by L-Phe is accompanied by large structural changes in the tetrameric enzyme #*
(Figure 8): In the absence of L-Phe, PAH is mostly populating a resting state (RS), where the
RDs are docked to the CD of an adjacent monomer %L, In this state, the N-tail of PAH (residues
20-25), lie across the opening to the active site hindering substrate access 34. To form the
allosteric binding site, it is suggested that the RDs undock from the CDs and dimerize with the
RD of a diagonal monomer, creating the dimer interface where 2 L-Phe molecules bind and
stabilize the active state (AS) 4%8°. A molecular dynamics simulation study on the RD PAH
dimer has indicated a conformational selection mechanism for L-Phe binding 8. Once the RDs
are dimerized, the N-tail no longer occlude the active site, facilitating substrate access.
Another study suggested that formation of the AS tetramer first requires the dissociation of the
RS PAH tetramer into a dimer, before re-association to form the AS 8. Removal of the N-
terminal 29 amino acids, results in a variant that is no longer allosterically activated by L-Phe,
supporting the role of the N-terminal in PAH regulation 8. Notably, a similar allosteric
mechanism involving large structural changes upon dimerization of the ACT domain has been
observed in DAH7PS, another enzyme of the ACT domain family ®. The AS-RS equilibrium
of PAH is additionally found to be affected by phosphorylation of Ser16 in the N-tail 8, a site
phosphorylated by cAMP-dependent protein kinase A (PKA) #. In agreement with crystal
structures of non-phosphorylated and phosphorylated PAH “°, the phosphorylation is

Resting State (RS) Active State (AS)

Figure 8 Allosteric mechanism of PAH as described by Meisburger et al. 1. In absence of L-
Phe, the RDs (orange) are mainly docked to the CDs (grey) allowing the N-tail to cover the
active site (red circle). Upon dimerization of the RDs the N-tail consequently move away from
the active site, resulting in an active state stabilized by L-Phe binding at the RD dimer interface
41, Made with inspiration from 4! and adapted from Chapter 4.
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proposed to cause very local structural effects in the N-tail, that weakens the interaction of the
N-tail with the CD, facilitating the conformational change of the RDs 84. Thus, phosphorylation
is suggested to increase the population of the active state in absence of L-Phe, thereby
lowering the amount of L-Phe needed to activate PAH 8. A cation-Pi interaction involving
residues Phe80 from the RD and Arg123 and Arg420 from the CD has been shown to be
important for formation of the RS, and mutations of Phe80 alters the equilibrium between RS,
AS, and the intermediate “undocked states” where the RDs are neither docked to the CDs or
forming dimers 8°, The study indicated that undocked states were equally active to the AS &0,

1.3.1.1 Regulatory mechanism of TH

TH is feedback-inhibited by catecholamines (dopamine, epinephrine, and norepinephrine)
which compete with binding of BH, in the active site ##’. This inhibition is correlated with
phosphorylation of the N-tail, which is longer compared to the N-tail of PAH, and therefore can
interact with the active site regardless of the dimerized RDs in TH %. In unphosphorylated
form, the N-tail interacts with the active site if a catecholamine is bound, strengthening the
inactive TH-catecholamine complex %87 (Figure 9). Upon phosphorylation of Ser40 (human
TH isoform 2 /TH type 1 notation), it is suggested that the affinity of the N-tail with the active
site decreases, thereby detaching the N-tail and lowering the Kq of the TH-catecholamine
complex and thus minimizing the inhibitory effect 368788 While studies agree on the lower
binding affinity of catecholamines upon Ser40 phosphorylation, the magnitude of the effect
has been described differently with reported decreases in binding affinity for dopamine of 10-
300 times that of unphosphorylated TH 878, Bueno-Carrasco et al. provided the full-length
structure of unphosphorylated human TH isoform 2 with and without dopamine bound,
revealing that a helical part of the N-tail (residues 39-58) forms interactions with both
dopamine and active site residues *. No density was observed for the N-tail without dopamine
bound indicating that the N-tail is flexible and not forming interactions with the CDs without a
catecholamine bound in the active site *¢. Besides phosphorylation at Ser40 by multiple
kinases including PKA or Ca?*/Calmodulin-dependent protein kinase Il (CaMKII) %°, TH isoform
2 is also phosphorylated at Ser31 %, and at Ser19 which has been found to increase the rate
of phosphorylation at Ser40 °1. Additionally, phosphorylation of Ser19 increases binding to 14-
3-3 protein 2. 14-3-3 proteins are a family of highly conserved proteins expressed in several
different tissues including the brain %. The proteins are around 30 kDa in size, are dimeric,

L
Phosphorylation .

 —
— e/

Dephosphorylation

v
Strongly bound dopamine Weakly bound dopamine

Figure 9 Schematic illustration of the effect of Ser40 phosphorylation in TH, as described by 3¢ and adapted from
Chapter 4. In unphosphorylated form, the N-tail is docked to the active site (red circle) when dopamine (black
circle) is bound. Upon phosphorylation of Ser40 (green oval), the tail is released and the affinity of dopamine with
TH decreases ¢,
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and are known to bind to many different, mainly phosphorylated, proteins %%, A crystal
structure is available of the N-terminal residues of TH (1-43) in complex with 14-3-3y .

1.3.2 Regulatory mechanisms of TPH1 and TPH2

Both TPH1 and TPH2 are known to be phosphorylated by PKA and CaMKIl %% TPH1 is
phosphorylated at Ser58 (located in the ACT domain) which has been suggested to increase
activity in presence of 14-3-3 proteins /. Additionally, PKA and CaMKIl has been shown to
phosphorylate TPH1 at Ser260 (located in the CD) %. TPH2 is phosphorylated at Serl9
(isoform specific site located in the N-tail) by PKA and CaMKIl, and at Ser104 (corresponding
to Ser58 in TPH1) by PKA 5799 Winge et al. found that phosphorylation at Ser104 likely
increases the rate of phosphorylation at Ser19 °. Ser19 phosphorylation is reported to have
modest effects on the catalytic turnover of TPH2, but greatly increases the binding of TPH2 to
14-3-3 proteins 6. 14-3-3 binding to TPH2 both increases activity and stability of the enzyme
% but whether the activity increase is due to structural effects, as in the case of TH and PAH,
or mainly a result of increased stability remains unclear. Truncation of the N-terminal 44
residues in TPH2 results in a variant with increased activity 1. Importantly, the limited
information available on the regulatory domains of TPH1 and TPH2 and their structure-
function relationships exposes the need for further studies to unravel regulation of the
enzymes.
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2 PURIFICATION OF HUMAN
TRYPTOPHAN HYDROXYLASE
VARIANTS

2.1 INTRODUCTION

As introduced in Chapter 1 the RDs of TPH1 and TPH2 are the least characterized of the
domains, which has been connected to low stability of the RDs. Protein characterization
requires sufficient amounts of pure protein and as such an efficient purification strategy is
required. The research group led by Assoc. Professor Hans E. M. Christensen, has previously
developed successful purification strategies for different TPH1 and TPH2 variants 51101-104,
One strategy, used in this project, relies on using MBP-tags and a two-step purification
procedure comprising an affinity chromatography (AC) step with on-column cleavage by MBP-
tagged human rhinovirus 3C protease (MBP-3CP) and a subsequent gel filtration (GF) step.
The method allows the use of high salt concentration in the buffers, which has been found to
increase stability of TPH variants containing the RD, and which is not possible when using
e.g. ion exchange chromatography %, Additionally, the MBP-tag has been found to increase
expression levels and solubility of full-length TPH1 and TPH2 5762, Including L-Phe in the
purification buffer has been found to increase the yield of TPH2 variants containing the RD *2.
The development of the procedure has been described in more detail elsewhere 47104,

In this chapter, the nomenclature and details of the studied TPH variants are presented, the
purification procedure is introduced, and the purifications of the isolated RDs of TPH2 and
TPH1 are outlined and discussed. As purification of TPH variants containing the CD have
been described in detail previously, it will not be presented in detail here, but examples of
chromatograms and SDS-PAGES of all the variants studied throughout the project are
provided in Appendix B. In total, more than 50 purifications were performed during the project.
Laboratory technician David F. Nielsen kindly assisted in part of the protein expressions and
in purifying TPH1-C and Master student Maja van Hees assisted in part of the TPH1-R and
TPH1-RC purifications.

2.2 NOMENCLATURE AND PROTEIN DETAILS

Throughout this dissertation, abbreviations will be used when referring to the different TPH
variants. All the studied variants in the project are human TPH, and the organism
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will therefore not be included in the notation. Variants with N-terminal truncations, will be noted
as “NAx-TPH” where x is the number of removed residues. In case of variants only containing
some of the domains, the included domains will be indicated after TPH with the letters “R”,
“C”, and “T”, referring to the RD, CD, and TD, respectively. E.g. TPH2-CT consists of the CD
and TD. When referring to the MBP-tagged protein (before cleavage) “MBP” will be added
before the TPH variant, e.g. MBP-TPH2. Upon cleavage of the tag by 3CP, 2 residues from
the recognition sequence (LEVLFQGP) are left on the N-terminal (GP). Details of the studied
TPH variants (included residues, molecular weight, exctinction coefficient, and abbreviations)
can be found in Table 2. Additionally, the full sequences of each variant are provided in
Appendix C. All variants in Table 2 have been used for experiments during the project,
however, not all variants are included in the results presented in this thesis.

Table 2 Protein details of the studied TPH variants and their abbreviation used in the project. €280 values were
estimated based on the protein sequence using ProtParam from the ExPASy server 105,

Abbreviation Domains Isoform N-terminal Residues Mw €280
iy g paj e
TPH2 RD+CD+TD  TPH2 GP 2-490 56080 53290
NA47-TPH2 RD+CD+TD  TPH2 GP 48-490 50940 46300
TPH2-CT CD+TD TPH2 GP 146-490 39691 40800
TPH2-R RD TPH2 GP 2-145 16407 12490
NA47-TPH2-R RD TPH2 GP 48-145 11267 5500
NA47-TPH2-RC RD+CD TPH2 GP 48-459 47434 44810
TPH1-R RD TPH1 GP 2-99 11623 O
TPH1-RC RD+CD TPH1 GPGS 2-413 47816 33350
TPH1-C CD TPH1 GP 100-413 36220 33350

2.3 EXPERIMENTAL PROCEDURES

2.3.1 Materials and equipment

Buffers and solutions were prepared using water from an 18.2 MQcm Sartorius Arium® Pro
VF Ultrapure Water system (Sartorius), and filtered through a 0.22 ym filter after preparation.
Purifications were performed using an Akta start (GE Healthcare) or Akta Explorer (GE
Healthcare) chromatographic system.
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2.3.2 Expression of MBP-tagged protein

An LB agar plate with 30 pg/mL kanamycin (30 Kan) was streaked with a frozen glycerol stock
of E. Coli BL21(DES3) cells containing the relevant expression plasmid (pET26 vector) and
incubated overnight at 37 °C. A single colony from the plate was added to 50 mL LB 30 Kan
and transferred to a 250 mL shaking flask. The preculture was incubated at 37 °C and 140
rpm shaking until an optical density at 600 nm (ODsqo) of 0.6-1.0. The cells were then pelleted
by centrifugation (3000 rpm, 10 min, 4 °C) and resuspended in 50 mL fresh LB 30 Kan. 650
mL LB 30 Kan in a 2 L shaking flask was then inoculated with 6.5 mL of the resuspended cells
and incubated at 30 °C and 140 rpm. For expression of MBP-3CP, isopropyl-B-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM at an ODeg 0f 0.5-
0.6, and the incubation continued at 30 °C for 16-18 h. For MBP-TPH variants, the temperature
was set to 20 °C and the shaking to 240 rpm at an ODsgo 0f 0.3. The incubation was continued
until an ODego Of 0.5-0.6 and expression was then induced with IPTG and the incubation
continued for 16-18h (20 °C, 240 rpm). In case the TPH variant contained the CD,
(NH.)2Fe(I)SO4 was added to a final concentration of 0.2 mM Fe(ll) at the time of IPTG
induction. The cells were harvested by centrifugation (4000 rpm, 15 min, 4 °C), re-suspended
in 25 mL purification buffer (Table 3), and transferred to a 50 mL falcontube. The cells were
pelleted (4000 rpm, 15 min, 4 °C), the supernatant discarded, and the cells stored at -80 °C
until purification.

2.3.3 Purification of TPH variants

Frozen cells from 650 mL culture were thawed and resuspended in specific binding buffer
(Table 3) and lysed by sonication (80% amplitude, 1 cycle, Labsonic P sonicator, Sartorius)
for 3x30 s on ice water with at least 1 min cooling in between. After centrifugation (2x20 min,
16000 g, 4 °C), the supernatant was recovered and filtered through a 0.45 ym syringe filter
(Whatman™). The sample was loaded onto a pre-equilibrated 16/11 Dextrin Sepharose affinity
column (GE Healthcare) with a flow rate of 5 mL/min. The flow through was eluted with 5-6
column volumes (CVs) of binding buffer, and 30 mL of MBP-3CP (diluted from a stock to 2.2
MM in binding buffer) was then loaded onto the column before the system was paused for 1 h
to ensure sufficient proteolytic cleavage. The TPH variant was then eluted with binding buffer,
and ~8 mL protein was collected. MBP, MBP-3CP, and residual MBP-TPH were eluted from
the column with elution buffer (binding buffer + 1 mM maltose). For variants containing the
CD, the protein concentration was measured as described in section 2.3.5 and the sample
incubated with 1.5x molar equivalent of (NH4)Fe(SOa4). for 15 min. The protein was then
filtered through a 0.45 pm syringe filter (PALL) and loaded onto to a pre-equilibrated HiLoad
26/600 Superdex 75 prep grade column (or Superdex 200 dependent on the variant, GE
Healthcare) with binding buffer and a flow rate of 2.6 mL/min. The protein was collected from
the peak eluting at the expected elution volume, which was verified by SDS-PAGE analysis.
The concentration was measured, and if needed the sample volume was reduced by
centrifugation (4000 g, 4 °C) using a Vivaspin Turbo centrifugal concentrator (Sartorius) with
either a 3, 10, or 30 kDa membrane dependent on the protein variant. The protein was frozen
in liquid N2 in relevant sized aliquots and stored at -80 °C.
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Table 3 The most frequently used buffers for purification of TPH variants in this project. Despite the previously
observed improve in yield when including L-Phe in TPH2 buffers, L-Phe was omitted from the buffer in most
cases to ensure it did not affect later experiments when studying the difference of TPH2 variants +/- L-Phe.

DTT: dithiothreitol.

TPH variant Binding buffer(s)

TPH2 20 mM HEPES, 300 mM (NH4)2SO4, pH 7.0 (Adjusted with NH4OH)

NA47-TPH2 20 mM HEPES, 300 mM (NH4)2SO4, pH 7.0 (Adjusted with NH4OH)

TPH2-CT 20 mM HEPES, 100 mM (NH4)2SO4, pH 7.0 (Adjusted with NH4OH)

TPH2-R 12 mM NazHPO4/8 mM NaH2POa4, 100 mM (NH4)2S04, pH 7.0 (Adjusted with
NH4OH)

NA47-TPH2-R 12 mM NazHPO4/8 mM NaH2POa4, 100 mM (NH4)2S04, pH 7.0 (Adjusted with

NA47-TPH2-RC

NH4OH)

12 mM NazHPO4/8 mM NaH2PO4, 100 mM (NH4)2S04, 10 mM L-Phe, pH 7.0
(Adjusted with NH4OH)

20 mM HEPES, 300 mM (NH4)2S04, pH 7.0 (Adjusted with NHsOH)

TPH1-R 20 mM Tris, 100 mM (NH4)2SOa4, 5 mM DTT, pH 8.0 (Adjusted with HCI)
TPH1-RC 20 mM Tris, 300 MM (NH4)2SO4, 5 mM DTT, pH 8.0 (Adjusted with HCI)
TPH1-C 20 mM Tris, 100 mM (NH4)2SO4, pH 8.0 (Adjusted with HCI)

2.3.4 Purification of MBP-3CP

For purification of MBP-3CP, the sample preparation was as described in section 2.3.3, except
that the binding buffer was 20 mM Tris, 70mM (NH,4)2S0O4, pH 8.0 and cells from 2x650 mL
cultures were used. The sample was loaded onto a pre-equilibrated Dextrin Sepharose affinity
column (GE Healthcare) with a flow rate of 5 mL/min. After removing unbound proteins with 5
CV binding buffer, MBP-3CP was eluted with elution buffer (binding buffer + 0.1 mM maltose).
The buffer was exchanged to storage buffer (50mM Tris, 50mM (NH4)2SO4, 1ImM DTT, 10mM
EDTA, 20v/v% glycerol, pH 8.0) by ultrafiltration (>500x dilution of the elution buffer) using a
200 mL Amicon stirred cell fitted with a PLGC NMWL 10 kDa membrane (EMD Millipore) and
pressurized with N». The protein was stored at -20 °C in fractions containing 80 nmol MBP-
3CP.

2.3.5 Protein concentration determination

Protein concentration was determined by UV absorbance at 280 nm using an ND-1000
NanoDrop Spectrophotometer (Saveen Werner). The extinction coefficients were estimated
using the online tool ProtParam from the ExPASy server 1%, For TPH1-R, with an €50 0f 0, the
concentration was determined using an Abbematt550 refractometer (Anton Paar) and
dn/dc=0.185 106:107,
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2.3.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Protein samples were diluted with water if needed to avoid overloading the lanes, and 15 pL
sample was mixed with 5 pL 4xLeammli sample buffer (Bio-Rad, with 10% V/V [-
mercaptoethanol added), and heated for 10 min at 80 °C prior to loading on either an AnyKd
or 7.5 % Mini-PROTEAN® TGX Stain-Free™ gel (Bio-Rad) dependent on the protein variant.
To estimate the molecular weight, Precision Plus Protein Standard (product no. 161-0363,
Bio-Rad) was used. The gels were run at 250 V, and visualized using a Gel Doc™ EZ System
(Bio-Rad) and Image Lab software (Bio-Rad). In case of TPH1-R, the gels were visualized by
staining with Coomassie Blue G-250, as the variant does not contain any Trp residues and is
thus undetectable using the Gel Doc™ EZ System.

2.3.7 Nano differential scanning fluoriometry (nanoDSF)

To investigate the stability of NA47-TPH2-R in different buffers, nanoDSF was used. A frozen
batch of purified NA47-TPH2-R was thawed on ice, filtered through a 0.22 um centrifuge tube
filter (Corning), and the concentration was determined as described in section 2.3.5. The
protein had been purified in either 12 mM Na:HPO./8 mM NaH2PO4, 100 mM (NH.)2SO4, pH
7.0 or 20 MM Hepes, 100 mM (NH4)2SO4, pH 7.0 depending on which buffer system was used
in the screen. When investigating the effect of different salts on the melting temperature, the
buffer was additionally exchanged to a “no salt buffer” after purification (20 mM Hepes, pH
7.0) to remove (NH4)2S0O4 using a Vivaspin Turbo centrifugal concentrator (Sartorius) with a 3
kDa membrane ensuring >500x dilution of the original buffer. To investigate the effect of pH
on the melting temperature, the protein was exchanged into a buffer containing the highest
and lowest tested pH value, e.g. 20 mM Hepes, 100 mM (NH4)2.SO4, pH 8.0 or pH 6.5, using
Vivaspin Turbo centrifugal concentrators (Sartorius) with a 3 kDa membrane. The intermediate
pH values were then obtained by mixing the pH 7.0 buffer (with protein) with a calculated
amount of the high or low pH value buffer (the resulting pH was measured on buffers mixed
from the calculated ratios). Each final sample contained 100 yM NA47-TPH2-R and was
loaded manually into standard grade capillaries (NanoTemper Technologies). The
experiments were performed with the Promotheus NT.48 (NanoTemper Technologies) with a
linear thermal ramp of 0.5 °C/min from 15 to 80 °C and using 30 % gain. The final melting
temperature was determined as the inflection point of the 350/330 nm intrinsic fluorescence
ratio analyzed using the software PR.ThermControl (NanoTemper Technologies).
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2.4 RESULTS

Chromatograms and SDS-PAGES of TPH2, NA47-TPH2, NA47-TPH2-RC, TPH2-CT, TPH1-
RC, and TPH1-C can be found in Appendix B. Purifications were performed according to the
method described in section 2.3.3

2.4.1 Purification of NA47-TPH2-R

An example from a purification of NA47-TPH2-R using 12 mM Na;HPO4/8 mM NaH;PO., 100
MM (NH4)2SO4, 10 mM L-Phe, pH 7.0 is shown in Figure 10. The purification profile of
purifications without L-Phe is very similar (Appendix B.6). The SDS-PAGE (Figure 10C) shows
that MBP-NA47-TPH2-R is well expressed (lane R) and that the protein is mainly soluble (low
amount of protein in lane P relative to S). Additionally, the flow through (FT) during affinity
chromatography only contains small amounts of MBP-NA47-TPH2-R indicating efficient
binding to the Dextrin Sepharose column. After cleaving off the MBP-tag with MBP-3CP, the
target peak (Tp) was collected, and as seen in the SDS-PAGE, the protein is already very
pure at this stage, as only a small amount of other proteins are visible. This was also evident
during the GF where only one main peak eluted containing pure NA47-TPH2-R. The “plateau”
region preceding the Gp peak (Figure 10B) likely contains the few impurities present in the Tp
(Figure 10C).

The oligomeric state of NA47-TPH2-R was found to be dimeric (discussed in Chapter 4).
TPH1-R is able to form intermolecular disulfide bonds between the single cysteine residue
(Cys66), resulting in a covalently bonded dimer ”°. Cys66 is conserved in TPH2 (Cys112), and
TPH2-R contains an additional cysteine residue at position 114. To ensure that the dimer
formation of NA47-TPH2-R was not a result of disulfide bonds, an SDS-PAGE of purified
NA47-TPH2-R (purified in 12 mM Na;HPO4/8 mM NaH;PO4, 100 mM (NH.)2SO4, pH 7.0) was
run with and without reduction agent (3-mercaptoethanol). In both cases, only one band was
visible on the gel (Figure 10D) at a size corresponding to a monomer, suggesting that NA47-
TPH2-R does not form dimers through disulfide bonds. Thus, reduction agents can be omitted
during purifications and experiments.
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Figure 10 Purification of NA47-TPH2-R in 12 mM NazHPO4/8 mM NaH2PQO4, 100 mM (NH4)2S0Oa4, 10 mM L-Phe, pH
7.0. A) Affinity chromatogram, B) GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample
preparation [R — lysate, S — Supernatant from centrifugation, P — pellet from centrifugation,]. From chromatographic
steps [Ft — flow through, Tp — target peak from AC step, Gp — target peak from GF step], Std — Precision Plus Protein
Standard. The sizes of the standard proteins are provided in kDa (in red). The number in parenthesis denotes the
dilution factor of the samples if relevant. Red coloring on the image marked by the Image Lab software indicates a
large amount of protein. Red dashed lines in the chromatograms indicate the collected NA47-TPH2-R fractions. D)
SDS-PAGE of purified NA47-TPH2-R (purified in 12 mM NazHPO4/8 mM NaHzPO4, 100 mM (NH4)2S04, pH 7.0.) with
(+) and without (%) adding B-mercaptoethanol to the samples.
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2.4.1.1 Buffer formulation of NA47-TPH2-R

A buffer screen was carried out using nanoDSF, in search for buffer conditions that could
increase the stability of NA47-TPH2-R. First, different salt types and salt concentrations were
screened using a “base buffer” with 20 mM HEPES at pH 7.0 (Figure 11). The salt stocks were
dissolved in the base buffer and pH adjusted if needed, to maintain the pH at 7.0. The results
showed that increasing concentrations of NaSO, and (NH4)2SO4, stabilizes NA47-TPH2-R.
NaCl and KCI did not show a significant effect on the stability, and increasing amounts of
NH4CI lowered the stability. Thus, it seems that using SO4> as anion compared to Cl-has a
stabilizing effect on NA47-TPH2-R. Na>SO4 resulted in slightly larger melting temperatures
than the equivalent amount of (NH4)2SO4. Though working with TPH1, Haahr similarly reported
a larger melting temperature for TPH1 in a Na>SO, buffer compared to an (NH4)2.SO, buffer
(using DSF) %3, However, Haahr also reported a decrease in yield (~50% less) when purifying
TPH1 in a Na;SO, buffer instead of an (NH4).SO4 buffer 1. Using (NH4)2SO4 in high
concentrations is a common tool to perform protein precipitation. Thus, the increase in melting
temperature at 900 mM (NH4).SO4 could be questionable. Haahr observed similar increases
in melting temperature for TPH1 using up to 1800 mM (NH4)>.SO4, but also reported a decrease
in yield from 16 to 7 mg/L culture when purifying in 900 mM (NH,).SO4instead of 300 mM 193,
Despite the incomplete understanding of the effect of high (NH4).S0O4 concentration on NA47-
TPH2-R, it was chosen to continue with (NH4)2S0O4 in the buffer, as (NH4).SO4 has been used
for studies of most TPH variants in the group 475256194 making it easier to compare results.
NA47-TPH2-R was mainly studied using NMR spectroscopy, and therefore it was chosen to
use only 100 mM (NH.).SO., as high salt concentrations can lower the sighal-to-noise ratio in
NMR spectra 1%, Next, the effect of pH in the range of 5.5-8.0 was investigated (Figure 11B),
using 20 mM buffer component in the presence of 100 mM (NH4)2SO4. NA47-TPH2-R was
found to be most stable at pH 6.5 and 7.0, while a pH<6.5 decreased the melting temperature.
Additionally, the results indicate that pH>7.0 slightly lowers the melting temperature. Using a
sodium phosphate buffer instead of HEPES, seems to yield a small increase in melting
temperature. It was chosen to maintain the pH at 7.0, to facilitate comparison to previous
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Figure 11 Melting temperatures of NA47-TPH2-R in different buffers determined by nanoDSF. A) In 20 mM
HEPES, pH 7.0, and different salt concentrations. B) In either 20 mM NazHPO4/NaH2PO4 or 20 mM HEPES and
100 mM (NH4)2SO04 at different pH values.
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studies of TPH2 variants, and as Dextrin Sepharose columns has a pH working range >7.0.
Additionally, it was chosen to use phosphate as the buffer system.

2.4.2 Purification of TPH2-R

As the first 47 residues of TPH2 are known to contain an isoform specific phosphorylation site,
insights into this part of the domain is important. Therefore, it was attempted to purify the entire
isolated RD, TPH2-R. However, the purification protocol did not prove to be successful for this
variant. As seen in Figure 12B, MBP-TPH2-R is soluble, and binds to the affinity column as
little protein elutes in the flow through. However, only two small peaks eluted after protease
cleavage (P1 and P2, Figure 12A). From the SDS-PAGE analysis both P1 and P2 was shown
to contain MBP-TPH2-R and MBP, but TPH2-R could not be observed. The presence of MBP
in P1, P2, and especially in the elution peak (E), indicates that MBP-TPH2-R has been
cleaved. Indeed, a faint band of TPH2-R is present in the elution peak (MBP-TPH2-R from the
elution peak cleaved by co-eluting MBP-3CP). However, the fairly strong band of MBP-TPH2-
R in the elution peak also indicates inefficient cleavage by MBP-3CP. It can be speculated
that the reason for the missing TPH2-R in P1 and P2, is that TPH2-R has very low solubility
without the MBP-tag in the chosen conditions, and therefore precipitates on the column. A
second purification was attempted (Appendix B.5) with L-Phe included in the buffer. Although
some TPH2-R was present in the target peak, it was not possible to separate the impurities
using GF, as TPH2-R co-eluted with MBP, resulting in around 50% purity. The purification
attempts illustrate the challenges involved in studying the full-length RD of TPH2.

2.4.3 Purification of TPH1-R

TPH1-R was purified in 20 mM Tris, 100 mM (NH4)2SO4,5 mM DTT, pH 8.0 (Figure 13). DTT
was included in the buffer due to the tendency of TPH1-R to form dimers through disulfide
bonds 7. The SDS-PAGE lane containing the pellet (P) and supernatant (S) from sample
preparation, shows that MBP-TPH1-R is mainly soluble. The target peak collected after
proteolytic cleavage contains almost pure TPH1-R, though a small amount of MBP-TPH1-R
and MBP is also present. The impurities were removed during the GF step, where the TPH1-
R protein peak (Gp) was easily identified as there was only absorption at 254 nm and not at
280.
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Figure 12 Purification of TPH2-R in 12 mM NazHPO4/8 mM NaH2PO4, 100 mM (NH4)2SO4, pH 7.0. A) Affinity
chromatogram and B) SDS-PAGE analysis. Abbreviations: From sample preparation [S — Supernatant from
centrifugation, P — pellet from centrifugation,]. From chromatographic steps [Ft — flow through, E — Elution
peak], Std — Precision Plus Protein Standard. The sizes of the standard proteins are provided in kDa (in red).
The number in parenthesis denotes the dilution factor of the samples if relevant. Red coloring on the image
marked by the Image Lab software indicates a large amount of protein. Red dashed lines indicate the
collected “P1” and “P2” fractions.
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chromatogram, B) GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample preparation
[P — pellet from centrifugation, S — Supernatant from centrifugation], from chromatographic steps [Ft — flow
through, Tp — target peak from AC step, E — elution peak, Gp — target peak from GF step], Std — Precision
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the chromatograms indicate the collected TPH1-R fractions. In the chromatograms the black curves show
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purification and SDS-PAGE analysis was performed by Master student Maja van Hees.
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2.4.4 Purification yields of TPH variants

The average purification yield of the different variants are illustrated in Figure 14. Only
purifications without L-Phe in the buffer were included in the calculations to enable comparison
between the variants. For TPH2, the destabilizing effect of the first 47 residues is observed,
as the yield greatly decreases for TPH2 compared to NA47-TPH2, and for TPH2-R (not
possible to purify under the conditions tested) relative to NA47-TPH2-R. The yields of TPH2,
NA47-TPH2, NA47-TPH2-RC, and TPH2-CT are similar to previous reported values 193104,
though Skawinska obtained a yield around 2x larger for NA47-TPH2-RC 4. For the TPH1
variants, the highest yield was obtained for TPH1-R, and the yields of TPH1-RC and TPH1-C
are slightly lower than previously reported values 14,
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Figure 14 Average purification yield (+1 SD) of A) TPH2 variants and B) TPH1 variants all purified without
any stabilizing ligands (e.g. L-Phe) in the buffer. TPH2-R was not possible to purify under the tested
conditions and thus no yield is reported.

2.5 DiscussioN

When studying ligand binding (e.g. L-Phe or L-Trp) to the RD of TPH variants also containing
the CD, it can be difficult to isolate if any observed effects of the binding are indeed a result of
binding to the RD, or a result of binding to the active site in the CD where both L-Trp and L-
Phe bind. The two isolated RD variants, NA47-TPH2-R and TPH1-R was successfully purified
in quantities sufficient for protein characterization studies using an already developed
procedure, which facilitated the study of ligand binding to the RDs, investigated in Chapter 4
and Chapter 5. Purification of TPH1-R has previously also been reported using a GST-tag 12
or a histidine-tag .

While the purification method was successful for NA47-truncated TPH2 variants, efficient
purifications strategies for full-length TPH2 and TPH2-R are still needed. That TPH2 could be
purified in small quantities (0.6 mg/L culture), while TPH2-R could not be purified, indicates
that the N-terminal tail might be stabilized to some extent by the presence of the CD. Though
in low yields, TPH2-RC has also been purified using the same purification method (0.8+0.2
mg/L culture) 14, supporting a possible stabilizing effect by the CD. The first 47 residues of
TPH2 contains a highly hydrophobic and expectedly disordered section (2-
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QPAMMMFSSKYWA-14), and it can be speculated that this region might be aggregation
prone in absence of stabilizing interactions. A possible modification to the purification of TPH2-
R could be to perform the proteolytic cleavage off-column, as has been done previously for
other TPH variants 1%, However, if the main issue is the solubility and stability of TPH2-R,
more stable conditions will need to be identified before successful purification can be
achieved.

2.6 CONCLUSION

Five TPH2 and three TPH1 variants have been purified using a previously developed method.
While it was possible to purify a truncated form of the isolated RD of TPH2 (NA47-TPH2-R), it
was not possible to purify the full-length RD (TPH2-R) with the conditions used here.

29






3 METHODS

3.1 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY

Solution NMR spectroscopy is a versatile technigue suitable for studying both small molecules
and biomolecules. In NMR spectroscopy, a sample is placed in an external magnetic field (Bo)
and exposed to specific radiofrequency pulses (i.e. an RF pulse sequence) to perturb the
magnetic moments of the nuclei (spins) from their equilibrium state (aligned with Bo) °°. The
free induction decay (FID) is recorded as the final step in the pulse sequence, and Fourier
transformed (FT) to yield the NMR spectrum 1°° (Figure 15). The resonance frequency of each
spin in the spectrum, or the chemical shift (8) usually expressed in ppm, depends among other
parameters on the type of nuclei and on the chemical environment surrounding the spin 109110,
Thus, structural changes are easily observed in NMR spectra. The RF pulse sequence
determines the type of spectra that is acquired, and numerous pulse sequences are available
for extracting specific information. The development of multi-dimensional NMR, protein
labelling-schemes, and non-uniformly sampled data greatly expanded the application of NMR
spectroscopy to study proteins %13 In multi-dimensional NMR spectroscopy, the
resonances of different spins are correlated through magnetization transfer via scalar
couplings (through bonds) or dipole interactions (through space) %114, Here, the use of NMR
spectroscopy to study protein-ligand (PL) interactions, protein dynamics, and protein structure,
being relevant for the work conducted in this project, will be briefly outlined.
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Figure 15 Schematic illustration of an NMR experiment. Proteins are typically N or 1>N/'3C labelled to enable
recording of multi-dimensional spectra. A spectrum specific pulse sequence is applied (solid black bars indicate
90° pulses and white bars 180° pulses), and the signal (FID) is measured at the end of the sequence. Using FT,
the FID is converted into the final spectrum. Here a 'H-1>N HSQC spectrum is simplistically illustrated, where
each peak represents a proton directly bonded to a **N nuclei.

3.1.1 Protein-ligand interactions
A distinctive feature of NMR spectroscopy is the ability to provide both quantitative and
structural information on PL complexes 1°. As the chemical environment of a given residue
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changes due to ligand binding, the peaks of affected spins will change in a spectrum. The
strength of a simple two-state PL interaction is usually described by the dissociation constant
(Kq), given by Eq. 1 118,

Ky= 0= (1)

Where [P]is the concentration of unbound protein, [L] is the concentration of unbound ligand,
[PL] is the concentration of the PL complex, and kot and ko, are the rate constants of
dissociation and association of the complex, respectively. Ko, kon and [L] determines the
exchange rate, kex (Eq. 2 115, for a two-state binding model):

kex = [L]freekon + kot (2)

The magnitude of the exchange rate relative to the chemical shift difference (in rad/s) between
the bound (PL) and the free state (P) (Aw=|we-we|), influences the appearance of NMR
spectra %17 In general, three exchange regimes or time scales are defined 5117: fast
exchange (Aw<<kKe), intermediate exchange (Aw=kex), and slow exchange (Aw>>Ke). In the
fast exchange regime, the location of a peak in a spectrum (6,,5) depends on the population
(p) of P and PL 16:

8obs = OpPp + SpLPpL (3)

Thus, in a titration the position of a peak from a given nuclei, will move gradually from the
unbound state until the bound state at full saturation, as illustrated in Figure 16. In the slow
exchange regime, the frequency of each state (P and PL) can be observed separately during
a titration, but the intensity of the peaks depends on the population of the states. In the
intermediate exchange regime, a gradual movement of the peak is observed, and at the same
time, the peak becomes broadened due to the exchange process, which in some cases result
in undetectable peaks *>117, The three exchange regimes apply to any equilibrium between

MU Aod A A

Fast exchange Intermediate Slow exchange

exchange /) .
©
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________________ PP pp =1
Figure 16 Schematic illustration of the chemical exchange regimes in NMR spectroscopy. The signal in one

dimension is illustrated on top of the 2D spectrum. In each case, the gradual change during a titration from
unbound state (prL=0) to bound state (prL=1) is illustrated. Figure made with inspiration from 16,
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different populations, e.g. conversion between a monomer and a dimer, or an open and closed
conformation of a loop **’. The exchange regime of a given PL interaction influences how Kg
can be reliably determined from NMR spectra. In the case of fast exchange, the change in
chemical shift can be plotted as a function of ligand concentration, and Eq. 4 can be fitted to
the data to yield Kq**®.

([Plo + [L]o + Ka) —+/([P1o + [Llo + K4)? — 4[P1o[L1o
2[P],

Abops = Abmax (4)

Where 46, is the observed change in chemical shift, 46,,,, is the change in chemical shift
at complete saturation, [P], is the protein concentration, and [L], is the ligand concentration.
In case of slow exchange, the intensities can be used to fit Kqinstead of the chemical shift
perturbations. However, it should be ensured that the peak width is constant throughout the
titration for reliable fitting . In more complex cases, where the peak width is not constant or
the chemical shift perturbations cannot be traced throughout the titration as often in the
intermediate exchange regime, titration data can be fitted using line-shape analysis *8. Line-
shape analysis can additionally be used to analyze more complex binding mechanisms than
the simple two-state model 8, For proteins, a *H->*N HSQC is typically used to observe
changes induced by possible binding partners and for protein observed titrations 1116, The
spectrum is a fairly simple 2D spectrum containing one peak per backbone amide and thus
per residue (except prolines), and ideally the changes of each residue in the spectrum can
therefore be observed. For a suitable signal-to-noise ratio, approximately 20-50 yM protein
should minimally be used **1' and consequently NMR spectroscopy cannot be used to
reliably determine the Kg of strong PL complexes (Kq smaller than ~10 pM) 6, but is still
valuable for gaining structural information. To gain site-specific information, the chemical shifts
need to be assigned, i.e. the nuclei giving rise to each peak need to be identified. The
assignment principle will be elaborated in section 3.1.3.

3.1.2 Protein dynamics

The ability to study site-specific protein dynamics is unique to NMR spectroscopy, which can
probe dynamics on time-scales ranging from ps-ns (e.g. local motion of the protein backbone
or side-chain rotation), ys-ms (e.g. catalysis, ligand binding, allostery), and ms-s (e.g.
unfolding events, large complex formation) *°. Local motions of the protein backbone on the
ps-ns time-scale are usually studied by measuring the **N longitudinal relaxation rate (R1), the
15N transverse relaxation rate (Rz), and the heteronuclear nuclear Overhauser effect (het-
NOE) *°. In short, relaxation is the process at which magnetization of a spin returns to its
equilibrium (aligned with Bg) after being perturbed by RF pulses. R; is the recovery rate of
magnetization aligned with Bo (usually termed z-magnetization), while Rz is the return of the
transverse magnetization (x,y-magnetization) to 0 1%, Both processes are driven by the unique
local magnetic fields that each spin experiences due to other spins that are close in space (the
dipole-dipole mechanism), and due to fluctuations in the local magnetic fields from variations
in the degree of shielding by electrons (chemical shift anisotropy) 19120, In the het-NOE
experiment, the effect of cross-relaxation between **N spins and the directly bonded proton is
investigated 1. Plotting R1, Rz, and het-NOE values versus the residue number provides quick
insight to the local flexibility of the backbone. The het-NOE value is close to 1 for residues with
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restricted internal motion, i.e. in a folded part of the protein, while less motional restricted
residues, i.e. in flexible parts of the protein, display lower het-NOE values ?°. Similarly, low
values of R./R; (relative to the average value at a given site) indicates flexibility, and locally
elevated R2/R; values can indicate local conformational exchange (e.g. loop movement) 114120,
Conformational dynamics on the ps-ms time-scale is often studied using Carr-Purcell-
Meiboom-Gill (CPMG) spin-echo experiments, and ms-s dynamics can be probed by zz-
exchange experiments 11°, The details of these experiments will not be discussed here.

3.1.3 Protein structure determination

Protein NMR structure determination ideally requires a stable sample (>1 week, since many
long spectra need to be recorded) at a high concentration to increase the signal-to-noise ratio.
For small proteins 200-300 uM can be sufficient '8, while larger proteins require higher
concentration due to their slower tumbling time resulting in increased line-broadening 11114,

The process of structure determination is schematically illustrated in Figure 17. First,
backbone chemical shifts need to be sequentially assigned. This requires recording and
analysis of different types of 3D triple resonance spectra, that correlates *H, **N, and *3C nuclei
111114 For the side chain assignment, HCCH-TOCSY experiments are typically used, which
links the resonances within each side-chain 42!, The assignment process becomes
increasingly difficult as the size of the protein increases as (i) larger molecules increase the
likelihood of spectral overlap and (ii) larger molecules tumble slower 4. For small proteins or
peptides, up to 50 residues, 2D spectra can be sufficient for assignment, while triple resonance
spectra are usually required for larger proteins up to 25-30 kDa 4. At higher molecular
weights, deuteration is usually required as well *4. The assignment completeness influences
the quality of the protein structure, as residues without any chemical shifts assigned are
“invisible” in the NMR spectra. Thus, experimental information cannot be extracted for these
residues.

After assignment, conformational restraints are collected and/or calculated. The minimum
restraints include backbone dihedral angle- and distance restraints. The dihedral angle
restraints (¢ and y) can be derived from chemical shift data based on an empirical relationship
using programs as TALOS-N (Torsion Angle Likeliness Obtained from Shift and Sequence
Similarity N) 22, Distance restraints are generated from a NOESY spectrum 2, which is
essential in protein NMR structure determination. In the experiment/pulse sequence,
magnetization is transferred via dipole-dipole interactions between two nuclei that are close in
space (<5-6 A) 118114 Thus, each cross-peak, or NOE, in the NOESY spectrum represents
two protons that are close in space. The volume (1) of the cross-peak is related to the distance
(0, V %, and used to determine an upper-distance limit (the distance restraint) between
two protons 14123 The two protons giving rise to each cross-peak are identified based on the
chemical shift assignment, increasing the importance of a high assignment completeness and
accuracy. The NOE assignment and distance restraint generation can be performed
automatically and simultaneously with the initial structure generation in an iterative process
114 In this project, the program CYANA 2, was used. In seven iterative cycles, CYANA first
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Figure 17 Schematic illustration of the NMR structure determination process. A) Assignment of chemical
shifts. Sequential backbone assignment: an HNCA spectrum is illustrated. In the 3D spectrum, the NH plane
of each residue (i, purple plane color) contains a peak from its own Cq atom (purple circle) and one peak from
the Cq atom of the preceding residue (i-1, orange circle), which is used to sequentially link the resonances.
An HCCH-TOCSY spectrum is typically used to assign side chain resonances. Each C-H plane of a side chain
13C-nuclei contains peaks from all other H-atoms in the side-chain. B) The assigned resonances are used to
generate dihedral angle restraints based on an empirical relationship. C) In the H-13C-HSQC-NOESY
spectrum the C-H plane of each 13C nuclei contains cross peaks (NOESs) to protons within 5 A. The volume
of the cross peak is related to the distance between the two protons. The NOEs can be automatically assigned
simultaneously within initial structure generation (D) in an iterative process to provide distance restraints. E)
The initial structures are refined through energy minimization which includes an energy term for the
experimentally derived conformational restraints.



assigns NOEs using the determined chemical shifts of the protein while allowing ambiguous
NOE assignments, and next calculates a structural bundle using a simulated annealing
algorithm 123, The structures generated in each cycle are used as input in the following cycle
to guide the NOE assignment. After the last cycle, a structure bundle is calculated using only
unambiguously assigned NOEs which are gathered as the final distance restraints.

The final distance restraints, the dihedral angle restraints, and the structure bundle are used
for input in the final step — structure refinement. In this step the structures are refined by energy
minimization. XPLOR-NIH, which is used in this project, uses a combination of simulated
annealing using molecular dynamics simulation and gradient minimization 124, The total energy
function that is minimized includes terms for experimental restraints, covalent interactions, and
non-bonded interactions 1?4125, The XPLOR-NIH FF (EEFx) non-bonded potential includes
terms for electrostatic interactions, Van der Waals Lennard-Jones interactions, and solvation
free energy, which are usually greatly simplified in the initial structure generation to save on
computational costs 2. The solvation free energy is in XPLOR-NIH calculated using an
implicit water model %, In addition to dihedral angle and distance restraints, other
experimental restraints can be included in the structure generation and/or energy refinement
process. For instance, additional NMR derived restraints could include residual dipolar
couplings and backbone relaxation data 124, Furthermore, information on symmetry, and data
from integrative experimental methods as SAXS/SANS and cryo-EM can also be incorporated
in the refinement process 24,

During validation of an NMR structure multiple parameters are considered, and the process
typically includes data-, knowledge based-, and model versus data validation 126127, Input data
can be validated by assessing assignment completeness and identifying statistically unlikely
chemical shifts. Additionally, the number of (long-range) NOEs provides an estimate of the
confidence in the determined protein fold. Knowledge based validation can include
identification of steric clashes, dihedral angle outliers (Ramachandran outliers), ideal bond
length- and angle deviations etc. The discrepancy between input conformational restraints and
the final conformations of the structure (e.g. comparing distance restraints to the distances in
the structure) is used to validate the consensus between the data and the calculated
structures. Additionally, the RMSD of the different structures in the NMR bundle is typically
reported as a measure of structure precision.
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3.2 SMALL-ANGLE X-RAY SCATTERING (SAXS)

SAXS is a low resolution structural technique useful for studying proteins in solution. In SAXS,
a sample is irradiated with a monochromatic X-ray beam (Figure 18). The scattering intensity
of the X-rays is measured at the detector as a function of the momentum transfer (q), which is
related to the scattering angle (20) and the wavelength of the X-rays by Eq. 5 28,
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Figure 18 Schematic illustration of a SAXS experiment. A sample is irradiated with X-rays of wavelength A, and
the intensity of the scattered X-rays are measured at the detector as a function of the scattering angle 26. The
data is radially averaged and the signal of a buffer sample is subtracted. The scattering curve is related to the
pair distribution function of the protein via Fourier transformation (FT). Made with inspiration from 129,

The measured data is then radially averaged to obtain a 1D scattering profile of the intensity
as a function of g (I(q)). SAXS is a contrast technique, and thus the signal of a buffer sample
is subtracted from the protein sample to yield the scattering curve of the protein 128, The
scattering curve can be Fourier transformed (using indirect Fourier transformation) to obtain
the pair distribution function, P(r) 1212°, The P(r) function describes the distribution of the
interatomic distances in the studied protein, and the maximum dimension of the protein (D,,4),
is found at P(r) = 0 **°. Additionally, the radius of gyration (R,), the forward scattering (1(0)),
the molecular weight (Mw), and the porod volume (), can be determined from the SAXS data
128 R, and 1(0) can be extracted by linear regression of the Guinier approximation, a Taylor

expansion of the low g-region of the scattering curve (Eg. 6) 1%.

2

RZ
1(@) = 10) exp (— o g) ©)

Once 1(0) is determined, the Mw can be calculated *%%. 1(0), R;, and the Mw can also be
derived from analysis of the P(r) function using software from e.g. the ATSAS package!*.
Analysis of the P(r) function additionally provides the parameters D,,,, and the porod volume
(V). Comparing the molecular parameters determined from the Guinier approximation and the
P(r) analysis can provide an indication of the internal consistency of the data, as the Guinier
analysis only evaluates the data at low g-values while the P(r) analysis includes the entire g-
range ?°. Besides the molecular parameters, information on the flexibility of the system can
be extracted from SAXS data by representing the data in a Kratky plot (g vs q%I(q)), where
the shape of the curve depends on the rigidness of the protein 128, From a given atomic
structure, a theoretical SAXS curve can be computed and thus compared to the experimental
data 1. This makes SAXS a strong technique in integrative structural biology. For example,
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it can be used to model proteins and protein complexes where the crystal structure of the
individual domains/proteins are already determined (rigid body modelling) %, to provide
additional restraints in NMR structure refinement 124132 or molecular dynamics simulations 3,
or to generate ensembles of flexible conformers 34, To perform reliable SAXS modelling, it is
important to consider if the sample is homogeneous and monodisperse, and whether
interparticle interactions are present 2°. (Pre-)coupling SAXS to size exclusion
chromatography can increase sample monodispersity, while measuring a protein
concentration series can reveal if inter-particle interactions are occurring *°°,

3.3 SIZE EXCLUSION CHROMATOGRAPHY COUPLED TO MULTI-ANGLE LIGHT

SCATTERING (SEC-MALYS)

While conventional SEC with UV detection only results in an estimate of the protein molecular
weight using protein standard calibration curves, coupling SEC to a MALS detector and either
a refractive index (RI) detector or a UV detector allows the absolute molecular weight to be
determined 3¢, Thus, uncertainties in the estimated molecular weight from SEC that can arise
due to unexpected interactions with the column material or differences in the shape of the
protein compared to the standard proteins are avoided. Additionally, Rl and MALS detection
enables the usage of buffer components that would otherwise interfere with conventional UV
detection, as L-Trp used in this project.

In MALS, the static light scattering of the sample is measured at different deflection angles
(06). The intensity of the scattered light (1(0)scqttereq) IS pProportional to the Mw and the
concentration (c) ':

I(g)scattered <M, -c (7)

As SAXS, MALS is a contrast based technique and the buffer signal at each deflection angle
(I(0)scattered sowent) 1S therefore subtracted. The scattering signal from the solute/protein is
expressed by the excess Rayleigh ratio (R(8)) described via the following equation *37:

R(e) = I(e)scattered B Ige)sc‘attered solvent ; (8)
0

Where (1) is the insident light intensity, r is the distance from the sample to the detector, and
V is the volume of the sample being illuminated. The Mw can be related to the Rayleigh ratio
using the following equation 37
K-c 1
R(®) M, P(6)

+ 2cA, 9

Where P(0) is a form factor, K is an optical constant, and A, is the second virial coefficient 137,
For dilute solutions, as often assumed in the case of SEC-MALS, the second virial coefficient
term in Eq. 9 can be neglected 18, Molecular weights can be calculated from SEC-MALS data
using a Debye plot ¥, which in this project was done using the software ASTRA (Wyatt). To
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obtain a reliable molecular weight, the preceding separation of sample proteins using SEC (or
other techniques e.g., ion exchange chromatography or asymmetric flow field-flow
fractionation) is important to ensure monodisperse samples as one otherwise obtains the
weight-averaged molar mass of the different proteins. Additionally, accurate determination of
the protein concentrations in the eluting fractions is required, which is usually achieved using
an RI detector coupled in parallel or in series to the MALS detector %,

3.4 SINGLE PARTICLE CRYO-ELECTRON MICROSCOPY (CRYO-EM)

Cryo-EM was performed in collaboration with Ph.D. Zhenwei Zhang (Max Planck Institute for
Multidisciplinary Sciences, Gottingen, Germany), and therefore only a brief conceptual
description of the method will be provided here.

Cryo-EM is a technigue that can be used to determine atomic resolution structures of (large)
biomolecules 3°14° The method is well suited to study e.g. membrane proteins, large
complexes, or dynamic proteins that are very difficult to crystallize and thus unsuitable for X-
ray crystallography and too large to study by NMR spectrsocsopy 4142, Although high-
resolution structures (~3 A) of proteins down to 52 kDa have been determined, cryo-EM is not
yet a routine method for high-resolution structure determination of proteins <200 kDa *3. In
cryo-EM, a protein sample is applied in a thin film onto a grid that is then flash frozen with
liquid ethane, thereby trapping the protein particles in their hydrated state in a thin layer of
vitreous ice 1#414° Currently, the most standard method to create the thin film is blotting,
illustrated in Figure 19A, though other methods are available *%°: First, the protein sample is
pipetted onto a grid, and excess liquid is wicked/blotted away with filter paper to create a thin
film of sample, after which the grid is plunged into liquid ethane. The process can be done
both manually or semi-automated. Finding the correct settings of blot time and blot force are
important for ensuring the optimal ice-thickness, which may vary from sample to sample 4.
The optimal ice-thickness is a balance between decreasing background noise (thinner ice)
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Figure 19 A) Simplistic illustration of “blotting” grid preparation in cryo-EM. 1: A sample drop is pipetted onto
the grid. 2: Excess liquid is blotted away with filter paper. 3: The grid is plunged into liquid ethane, trapping
the protein particles in hydrated states in the vitreous ice. B) Schematic illustration of a grid. Each square in
the grid contains holes in which the protein particles are frozen in different (ideally random) orientations. C)
Images of relevant holes in the grid (micrographs) are collected in the electron microscope. The 2D particle
projections are computationally selected and aligned into 2D averages, and used to generate a 3D
reconstruction of the protein.
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while avoiding e.g. protein denaturation %6147, The grid is imaged in an electron microscope,
and each micrograph (image) contains 2D projections of the protein (i.e. particles) in many
different, ideally random, orientations *° (Figure 19C). Images of particles in the same
orientation are computationally classified and aligned into 2D class averages to increase the
signal-to-noise ratio *°. The images are combined to generate a 3D reconstruction: A coulomb
potential energy map corresponding to the electron density map in X-ray crystallography 4.
As discussed by Weissenberger et al., factors such as e.g. protein aggregation, denaturation,
dynamics, and preferential orientation of the protein complex are currently large limitations in
routine high-resolution structure determination of proteins 46,
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4 TRYPTOPHAN HYDROXYLASE 2
(MANUSCRIPT 1)

This chapter concerns a structural study of human tryptophan hydroxylase 2. The study
investigates an N-terminally truncated variant of the isolated regulatory domain using NMR
spectroscopy, and an N-terminally truncated variant of the complete tetrameric enzyme using
cryo-EM, and focuses on ligand binding to the regulatory domain. The results are presented
in the form of a manuscript (under preparation).

NMR experiments were carried out at the Department of Biology, University of Copenhagen
in collaboration with Professor Birthe B. Kragelund and NMR manager Andreas Prestel. Cryo-
EM experiments were conducted at the Department of Structural Dynamics at the Max Planck
Institute for Multidisciplinary Sciences, Goéttingen, Germany in collaboration with Professor
Holger Stark and Ph.D. Zhenwei Zhang. The cryo-EM experiments were conducted and
analyzed by Zhenwei Zhang.

Supporting information is provided at the end of the chapter

In relation to the study, additional experiments have been conducted that are not included in
the manuscript. A selected set of these experiments are provided in the appendix, with the
hope that the results can be useful for future students. This includes *H-*N HSQC spectra of
NA47-TPH2-R in the presence of possible ligands (Appendix D) and kinetic experiments of
TPH2-CT, NA47-TPH2, and TPH2 in the presence of L-Phe (Appendix E).
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Abstract

Tryptophan hydroxylase 2 (TPH2) catalyzes the rate-limiting step in the biosynthesis of
serotonin in the brain. Consequently, regulation of TPH2 is relevant for serotonin related
diseases, yet, TPH2’s regulatory mechanism is poorly understood. Here, we use NMR
spectroscopy to determine the structure of a 47 N-terminally truncated variant of the regulatory
domain (RD) dimer of human TPH2 in complex with L-Phe, and show that L-Phe is the
preferred RD ligand compared to the natural substrate, L-Trp. Using cryo-EM we obtain a low-
resolution structure of a similarly truncated variant of the complete tetrameric enzyme with
dimerized RDs. The cryo-EM 2D class averages additionally indicate that the RDs are dynamic
in the tetramer and likely exist in a monomer-dimer equilibrium. Our results provide structural
information on the RD both as an isolated domain and in the TPH2 tetramer, which will
facilitate future elucidation of TPH2’s regulatory mechanism.
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Introduction

Tryptophan hydroxylase (TPH, EC 1.14.16.4) is a non-heme, iron-dependent enzyme that
catalyzes the first and rate-limiting step in the biosynthesis of the neurotransmitter and
peripheral hormone, serotonin. TPH hydroxylates L-Trp into 5-hydroxy-L-Trp (5-HTP) using
Fe(ll) as co-factor and molecular oxygen and tetrahydrobiopterin (BH.) as co-substrates. 5-
HTP is subsequently decarboxylated by aromatic amino acid decarboxylase to form
serotonin!. There are two isoforms of TPH, independently regulating each their respective
serotonin system 2 TPH1, mainly expressed in the gut and in the pineal gland, and TPH2,
mainly expressed in the brain 3. Irregular levels of serotonin in the peripheral system (TPH1
associated) are related to e.g. irritable bowel syndrome and ulcerative colitis diseases #, while
irregular levels of serotonin in the brain (TPH2 associated) have been connected to e.g.
schizophrenia ®> and major depression ¢, highlighting TPH as a relevant drug target.

TPH constitutes together with phenylalanine hydroxylase (PAH, EC 1.14.16.1) and tyrosine
hydroxylase (TH, EC 1.14.16.2) the family of aromatic amino acid hydroxylases (AAAH) 7. As
TPH, PAH and TH catalyze the hydroxylation of their respective amino acid, L-Phe and L-Tyr.
The AAAHSs form homo-tetramers with each monomer consisting of an N-terminal regulatory
domain (RD), a catalytic domain (CD), and a small tetramerization domain (TD, Figure 1A) &
11 Of these, the RDs are the most divergent with relatively low sequence identity among the
enzymes, while the CDs are very homologous 2. Between TPH1 and TPH2, the RDs are 48%
identical (Figure 1A), and TPH2 contains an additional 46 N-terminal residues (N-terminal tail)
in its RD associated with instability **4. The N-terminal tail contains an isoform specific
phosphorylation site (Ser1l9) known to activate the enzyme upon phosphorylation and
subsequent binding to 14-3-3 protein *°. The divergence between the RDs of TPH1 and TPH2
is promising in regards to selective targeting of one isoform over the other. However, to date
there is no detailed structure available of either the RD of TPH2 or TPH1 and their exact
regulatory mechanisms are yet to be determined. Therefore, insight into the RDs and their
function is crucially needed, to not only enable selective drug targeting, but also to further
elucidate how serotonin levels in the body are regulated.

Current knowledge on the RD of TPH2 is extrapolated from PAH as its structure-function
relationship is relatively well understood: PAH is allosterically activated by its substrate L-Phe,
which has been confirmed by multiple kinetic studies 4-%°. Structurally, the activation can be
described by an equilibrium between a resting state (RS) and an active state (AS) with L-Phe
bound ?°, as shown in Figure 1B. In the RS, the RDs are docked between two CDs, and
residues from the N-terminal tails hinders substrate access to the active site®?%2%, In the AS,
the RDs of two diagonally opposed monomers form a dimer with 2 L-Phe molecules bound at
the dimer interface 22, resulting in the N-terminal tails moving away from the catalytic sites
activating the enzyme 2°2, In solution, the isolated RD of PAH exists in an L-Phe affected
monomer-dimer equilibrium 2224, A similar equilibrium was observed by Tidemand et al., for
an N-terminally truncated TPH2 variant containing the RD and CD (NA47-TPH2-RC) **, and
differential scanning fluorimetry (DSF) showed that both L-Phe and L-Trp have a stabilizing
effect on the variant indicating the presence of an RD binding site 4. This is supported by a
hydrogen/deuterium exchange study of NA47-TPH2-RC which has pointed to the dimer
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interface as a location of binding similar to PAH (Skawinska et al., in preparation 2°). However,
kinetic studies have not reported substrate induced activation of TPH2 2627  indicating that
TPH2’s regulatory mechanism is different to PAH’s.

In this study, we structurally characterize the regulatory domain of human TPH2 and L-Phe
binding to the domain. Using solution nuclear magnetic resonance (NMR) spectroscopy, we
determine the structure of a 47 N-terminally truncated variant of the isolated RD (NA47-TPH2-
R) in complex with L-Phe, and we observe that L-Phe binds stronger to NA47-TPH2-R than
L-Trp. Furthermore, using cryo-electron microscopy (cryo-EM), we show that the RDs mainly
form dimers in tetrameric TPH2 in a structure similar to the AS of PAH and additionally observe
that the RDs are dynamic likely existing in a monomer-dimer equilibrium. Combined, these
results point to L-Phe as the preferred ligand of the isolated RD, and additionally provide a
structural scaffold that will be important for future studies of TPH2 regulation.

A RD (48%) CD (81%) TD (39%)
145/146 459/460

N -
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° o
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Figure 1 A) Domain alignment of human TPH2 and human TPH1 indicating the relative sizes of the regulatory domains
(RDs), the catalytic domains (CDs), and the tetramerization domains (TDs). The sequence identities are indicated
above and were determined using Clustal Omega %, and numbers (in black) indicate which residue positions define
the domain borders. Despite a low sequence identity, the TDs are expected to be structurally similar consisting of a
single a-helix, which in the tetramer forms a 4-a-helix bundle with the other TDs 7 B) lllustration of the activation of
PAH by binding of L-Phe, made with inspiration from 2°, L-Phe shifts the conformation from the resting state (RS) to
the active state (AS)?°. The RS and AS have been confirmed by multiple crystal structures °2%2'and small angle X-ray
scattering (SAXS) data?023,

44



Results

The isolated regulatory domain of TPH2 is a dimer and L-Phe increases its thermal
stability

To investigate if NA47-TPH2-R exists in a similar L-Phe-affected monomer-dimer equilibrium
as NA47-TPH2-RC, analytical size exclusion chromatography was run at various
concentrations of NA47-TPH2-R in the presence and absence of L-Phe (10 mM). L-Phe was
used as the ligand since the natural substrate L-Trp interferes with the absorption at 280 nm.
In the concentration range of 3-100 yM, NA47-TPH2-R eluted as a dimer for all protein loading
concentrations and independent of the addition of L-Phe (Figure 2A-B). This is similar to the
behavior of the isolated RD of TPH1, which also has been shown to exist as a dimer at protein
concentrations above 2.7 uM 28, Although L-Phe did not affect the oligomeric state of NA47-
TPH2-R, nanoDSF measurements showed that L-Phe had a stabilizing effect on the dimeric
complex with an increase in melting temperature (Tm) of up to 18 °C, consistent with the
presence of a binding site as previously proposed ** (Figure 2C). For the isolated RD of PAH
(PAH-R) a similar increase in melting temperature of ~20 °C has been observed in the
presence of 1 mM L-Phe %.
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Figure 2 SEC runs with A) low protein concentrations (3-15 uM) and B) high protein concentrations (50-700 uM) with
0 mM L-Phe (orange) and with 10 mM L-Phe (green). The dashed lines indicate the expected elution volume of a
monomer (Mono), dimer (Di), and trimer (Tri). C) The effect of L-Phe on Tm of NA47-TPH2-R determined by nanoDSF.
The mean of triplicate measurements (green circles) is shown with error bars representing the standard deviation.
The insert shows a zoom-in of the low L-Phe concentration range.
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Solution structure of NA47-TPH2-R in complex with L-Phe reveals a binding site similar
to the allosteric site of PAH

While free NA47-TPH2-R aggregated over time even at 4 °C, the presence of L-Phe in the
buffer increased T and caused the domain to be stable at room temperature, which facilitated
a detailed structural characterization. Here, we used solution NMR spectroscopy to obtain the
three-dimensional structure of the isolated RD of TPH2 in complex with L-Phe.

A 'H-*N HSQC spectrum of NA47-TPH2-R with L-Phe (Extended data figure 1A) showed 84
distinct backbone peaks out of the expected 96, confirming that the isolated RD forms
symmetric dimers like the RDs of both PAH and TH 222, Additionally, an aromatic *H-3C
HSQC spectrum of *C-labeled L-Phe and unlabeled NA47-TPH2-R, showed three peaks from
the free L-Phe and three peaks from bound L-Phe, confirming that there is only one type of
binding site (Extended data figure 1B). The quality of the L-Phe:NA47-TPH2-R NMR spectra
enabled assignment of the majority of resonances of the complex and allowed for structure
calculations. Inter- and intramolecular nuclear Overhauser effects (NOEs) were obtained from
semi-automated NOE assignment providing 2171 distance restraints for the structure
calculations (Extended data table 1). During the NOE assignment, P2 symmetry was imposed
on both the NA47-TPH2-R dimer and the two L-Phe ligands. A total of 100 structures were
calculated and refined with P2 symmetry imposed on the folded region, and the 20 lowest
energy structures selected to represent the L-Phe:NA47-TPH2-R structure (Extended data
table 1). The structure showed that the RD of TPH2 contains a folded core with Bappa topology
(B1: 65-71, al: 76-85, B2: 90-98, B3: 105-112, a2: 116-129) and disordered N- and C-terminal
tails (Figure 3A-B). The two monomers are arranged side-by-side forming an extended six
stranded [-sheet. Although two residues (Thrl34 and Leul35) show [B-strand propensity
based on their chemical shifts (Extended data figure 1C), a fourth B-strand is not fully formed
(Figure 3B-C). Backbone N relaxation rates of L-Phe:NA47-TPH2-R support a folded core
and flexible N- and C-terminal tails (Extended data figure 2). Additionally, modelling the N-
and C-terminal residues (46-60 and 136-145) using SAXS data resulted in a good fit (x*>=0.39,
extended data figure 3 and extended data table 2), increasing the confidence in the NMR
structure. The folded core confirms that the RD of TPH2 contains an ACT domain (aspartate
kinase, chorismate mutase, and TyrA domain), a domain found in several proteins involved in
amino acid metabolism including PAH and TH *°. The domain is characterized by BapRap
topology, and the ACT domain often has an allosteric function in its parent enzyme by ligand
binding to the domain . In some ACT domain enzymes ligand binding is observed to cause
large conformational changes as the binding of L-Phe to the RD of PAH, while more subtle
allosteric changes occur in other ACT domain enzymes 3031,

The two L-Phe ligands are bound at the dimer interface in hydrophobic pockets. Pocket 1 is
formed by the side chains of Leu70, Leu77, Ser96, Val106, and 1le108 from monomer 1 and
Phe84, Met91, and 1le94 from monomer 2 (Figure 3D). Additionally, the backbone atoms of
residues 71-76 (monomer 1) and residues 90-93 (monomer 2) are in close proximity to the
ligand, and the side chains of Asn72 and Asn90 are in positions to form hydrogen bonds to
the amine group of L-Phe. Due to symmetry, pocket 2 is constituted by identical residues but
from opposite monomers. The distance restraints for orienting L-Phe in the binding pockets
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were determined from a *3C/**N-filtered 3 C-NOESY-HSQC spectrum, which exclusively yields
NOESY cross peaks from *C-labeled protein to unlabeled L-Phe. Five residues (Leu77,
Met91, Ile94, Vall106, lle108) showed distinct cross peaks to the ligand (Extended data figure
4), establishing these residues as important parts of the L-Phe binding pockets. The binding
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Figure 3 A) Superimposition of the 20 lowest energy conformers of the calculated NMR ensemble showing all residues
(46-145) of monomer 1 (orange) and monomer 2 (purple). B) Superimposition of the 20 lowest energy conformers of
the calculated NMR ensemble showing only the folded core of monomer 1 (orange) and monomer 2 (purple). L-Phe
ligands are displayed as green sticks. C) Representative conformer of the calculated ensemble displayed as cartoon
with monomer 1 (orange), monomer 2 (purple), and L-Phe ligands (green sticks). D) zoom-in on the residues in the
binding pocket of the conformer in C. E) The void available in the binding pocket displayed as a grey blob (lllustrated
using PyMOL 2.3.3 (Schrédinger), standard settings). F) Overlay of the position of L-Phe in the 20 lowest energy
conformers. G) Superimposition of the conformer in C (orange/purple) with the crystal structure of human PAH-R (grey,
PDB: 5FIl). L-Phe bound in TPH2 (green sticks), L-Phe bound in PAH (grey sticks) H) sequence alignment between
residues 48-145 of human TPH2 and residues 19-112 of human PAH. The secondary structure elements of NA47-
TPH2-R are marked above the alignment. Residues involved in the binding of L-Phe in the dimer interface are marked
with orange (monomer 1) and purple (monomer 2). Residues that showed cross peaks in the filtered 3C-NOESY-
HSQC are highlighted in bold. * marks identical residues.
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pockets are small (164+41 A31) with only little excess space available to the ligands, resulting
in a tight fit (Figure 3E). The ligands are positioned very similarly in all 20 models, increasing
the confidence in their position (Figure 3F).

A comparison of the structure of NA47-TPH2-R to the crystal structure of PAH-R (PDB: 5FII)
showed a relatively high structural identity, including the position of the L-Phe ligands (Figure
3G). A sequence alignment of the two regulatory domains (Figure 3H) showed that they are
just 33% identical. However, the identical residues are clustered around the dimer interface
where the binding pockets are located, a feature which has likely conserved the ability of TPH2
to bind L-Phe. Indeed, mapping the binding sites from each structure onto the sequence
alignment showed that the binding pockets of L-Phe are located at almost the exact same
place in the two enzymes, though the residues involved in binding are not completely
conserved.

L-Phe binds stronger to the regulatory domain of TPH2 than L-Trp

To investigate the binding of both L-Phe and L-Trp to the RD of TPH2, *H-*N HSQC spectra
of NA47-TPH2-R were recorded in the presence and absence of either L-Phe or L-Trp. The
spectra show that the addition of 1 mM L-Phe causes large global changes to the spectrum,
while addition of 20 mM L-Trp only causes very small chemical shift perturbations (CSPSs)
(Figure 4A-B). The gradual movement of the peaks in the L-Trp spectra from 0 mM-3 mM-20
mM shows that L-Trp binds in fast exchange and indicates a Kq in the mM range. In contrast,
an NMR titration with L-Phe showed that L-Phe binds with slow exchange kinetics and that
the complex is saturated at a concentration of 1 mM L-Phe (Extended data figure 5A-B). This
shows that L-Phe binds stronger to the RD dimer than L-Trp, despite L-Trp being the natural
substrate of the enzyme. Due to the slow exchange kinetics, the assigned peaks from the L-
Phe:NA47-TPH2-R complex could not be traced through the titration, and the spectrum of free
NA47-TPH2-R was therefore assigned to enable calculation of CSPs and K4 determination by
2D NMR line-shape analysis. However, the aggregation propensity of free NA47-TPH2-R
limited the feasible experimental conditions both in relation to temperature and protein
concentration and thus resulted in low quality 3D spectra. Nonetheless, it was possible to
assign 75 out of 93 peaks and CSPs were calculated and mapped onto the NMR structure
(Figure 4C-F). For both L-Phe and L-Trp binding, almost all of the identified residues have
some CSP, but with vast differences in amplitudes, where L-Phe binding causes around ten
times larger CSPs than binding of L-Trp. It should be noted that the highest L-Trp
concentration used was 20 mM, and it is possible that the L-Trp:NA47-TPH2-R complex is still
not saturated. In both cases, the largest CSPs occur at the dimer interface where the binding
pockets are located. For L-Phe binding there are especially large CSPs around loop 1 and
loop 2 (L1 and L2), while L-Trp causes the largest CSPs around L2. It is possible that L-Trp is
too large to fit properly into the binding pockets or that particular chemical complementarity is
missing to anchor L-Trp in the pockets, giving rise to weaker binding and different CSP profile.
Despite the large differences in the *H-'®N HSQC spectra of free and L-Phe bound NA47-

1 The volume is calculated based on the 5 lowest energy structures using SiteMap (Schrédinger)
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TPH2-R, R: and R: backbone '°N relaxation rates and secondary structures based on
secondary chemical shifts of the free and bound form are all similar, indicating that the overall
size and shape of NA47-TPH2-R remains the same (Extended data figure 6).

The titration of NA47-TPH2-R with L-Phe, revealed peaks from two different states: The initial
peaks from the free NA47-TPH2-R dimer and the final peaks from the NA47-TPH2-R dimer
with two L-Phe molecules bound (Extended data figure 5B-C). Despite that a third state, the
NA47-TPH2-R dimer with only one L-Phe bound was expected to exist, its population was too
low to result in any observable peaks. Therefore, the titration data was fitted to a two state
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Figure 4 A) 'H-15N HSQC of NA47-TPH2-R in the presence and absence of L-Phe (1 mM) B) *H-!>N HSQC of
NA47-TPH2-R in the presence and absence of L-Trp (3 mM and 20 mM). Inserts show zoom-in of areas 1, 2, and
3. C) Chemical shift perturbations caused by L-Phe binding. D) Chemical shift perturbations caused by 20 mM L-
Trp binding. E) L-Phe perturbations mapped on the NA47-TPH2-R structure F) L-Trp perturbations mapped on the
NA47-TPH2-R structure.
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binding model using the 2D line-shape analysis program TITAN 32 (Extended data figure 5C).
The resulting Kq was 24.8+0.6 uM and ko 0.03+£0.05 s (see Table 1). As the exchange rate
is very slow, the K is at the limit of what can be reliably determined by line-shape analysis,
and the kot is therefore associated with a relatively large error. However, Ko is reliably small
and likely to be less than 1 s. To increase the confidence in the determined Kg, another
titration was performed, by varying the concentration of unlabeled protein at a fixed
concentration of 33C-labeled L-Phe. At low protein concentrations, the recorded aromatic *H-
13C HSQC spectra showed only three peaks arising from the free L-Phe. Only at the two
highest protein concentrations, three peaks from bound L-Phe started to appear. Therefore,
despite expected differences in Rz between bound and free L-Phe, a global fit was performed
to the decreasing intensities of the three free L-Phe peaks (Extended data figure 7). The Kg
was determined to 99+8 uM, which is larger than the one determined by line-shape analysis
(24.8+0.6 uM), but still within the same order of magnitude, supporting a Kq in the uM range.

Table 1 Calculated dissociation constants (Kq) of the L-Phe:NA47-TPH2-R complex

Ka (M) Koft (s72)
Protein observed titration (line-shape analysis) 24.8+0.6 0.03+0.05
Ligand observed titration (Intensity fit) 9948 NA

Cryo-EM images show dynamic regulatory domains in tetrameric TPH2

To address the structural behavior of the RD of TPH2 in a more native context, we next used
cryo-EM to investigate an N-terminally truncated TPH2 variant containing the RD, the CD, and
the TD (NA47-TPH2). Cryo-EM grids with this variant were set up both without L-Phe and, as
large amounts of free L-Phe lower the image contrast, with 50 yM L-Phe, thus not reaching
full saturation of the complex.

3D reconstruction of the NA47-TPH2 particles from the grids with L-Phe resulted in a
tetrameric structure, with the four CDs and TDs creating an x-shaped planar core, and RDs
from two diagonally opposed monomers forming dimers above and below the plane (Figure
5A). The dimeric conformation of the RDs is in agreement with a previous SAXS model of
NA47-TPH2 in the presence of L-Phe (Skawinska et al.,, in preparation 2°). While
reconstruction of just the CDs and TDs reached 3.9 A (Figure 5B and Extended data table 3),
the complete structure was limited at 8.9 A (ranging from 6-9 A of the CDs to 15-20 A of the
RDs). However, our NMR structure of the RD dimer and the crystal structure of the CD and
TD (PDB 4V06) could be well fitted into the density. The structure reveals a gap of ~10 A
between the RDs and CDs (Figure 5A, zoom in) likely causing a considerable degree of
flexibility between the domains that could have contributed to the relatively low resolution.
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Assessing the 2D class averages of side view images (Figure 5C), showed three different
particle types: The most abundant, P2, with RD density on both sides of the CDs, P1, with
density on one side, and PO, with no visible RD density. The missing RD density in P1 and PO
indicates that the RDs are dynamic, and likely move randomly relative to the CDs when they
are not dimerized. The dynamic behavior of the RDs is consistent with the monomer-dimer
equilibrium of NA47-TPH2-RC observed by Tidemand et al *. Comparing the 2D class
averages from the grids without L-Phe (Figure 5D) to the 2D classes with 50 uM L-Phe, did
not reveal any significant differences in the overall structure, (Figure 5C-D). The top view
images confirm that NA47-TPH2 is a tetrameric complex both with and without L-Phe, and the
side view images revealed the same three particle types (P2, P1, and PO) in similar
abundances. Thus, either L-Phe does not affect the RDs in tetrameric TPH2, or 50 uM L-Phe
is not enough to fully induce RD dimerization. In support of the latter, L-Phe induces
dimerization of NA47-TPH2-RC !4, and stabilizes both NA47-TPH2-RC * and NA47-TPH2-R
observed in this study. It is therefore likely that a higher L-Phe concentration would have an
effect on RD dimerization. We additionally set up grids with full-length TPH2, in an attempt to
get structural information on the N-terminal tail (residues 1-46). However, the 2D class
averages were of low quality, likely due to the aggregation propensity of full-length TPH2, and
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Figure 5 A) 3D reconstruction of NA47-TPH2 (Particle type P2) with 50 uM L-Phe. 8.9 A EM map resolution.
B) 3D reconstruction of the CDs and TDs of NA47-TPH2. 3.9 A EM map resolution. C) Top view 2D class and
side view 2D classes of the three different particle types of NA47-TPH2 with 50 uM L-Phe. D) Top view 2D
class and side view 2D classes of the three different particle types of NA47-TPH2 without L-Phe.
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thus it would not be possible to reach a resolution were the density of the tail could be clearly
identified. The 2D classes still showed similar particle types (Extended data figure 8) indicating
that the N-terminal tail does not strongly affect the conformation of the RDs in tetrameric TPH2.

Discussion

In this work, we observe that NA47-TPH2-R exists as a dimer independent of the presence of
L-Phe, whereas Tidemand et al. found that when the CD is included (NA47-TPH2-RC), the
enzyme is in an L-Phe affected monomer-dimer equilibrium 4. Combined, this indicates that
the presence of the CD weakens the RD dimer interface, highlighting the need for
supplementary studies of full-length TPH2 to fully elucidate L-Phe binding to the RD.
Nonetheless, the NMR structure of the L-Phe:NA47-TPH2-R complex presented in this study
is the first structure of the isolated RD of TPH2 and it reveals the exact location of the RD
binding sites, valuable for further characterization of the regulatory mechanism of TPH2. The
binding sites are very similar to the allosteric sites of PAH, possibly resulting in L-Phe binding
stronger to the NA47-TPH2-R dimer than the natural substrate L-Trp. While the Ky of the L-
Phe:NA47-TPH2-R complex is in the yM-range (25-100 uM), our NMR spectra indicate a Kq
of the L-Trp:NA47-TPH2-R complex in the mM-range. The Ky of L-Phe:PAH-R has been
determined to 8 uM 2* and 15 uM %, and thus L-Phe binds slightly weaker to NA47-TPH2-R
than to the isolated RD of PAH. The exact physiological levels of L-Phe in the brain of healthy
individuals is, to the best of our knowledge, not known. However, Waisbren et al. found that
elevated brain L-Phe levels of nine adults with early treated phenylketonuria (PKU, elevated
L-Phe levels caused by a deficiency of PAH) ranged from 76-185 uM 33, whereas elevated
brain L-Phe levels from 140-780 uM have been reported in other PKU patients **. Thus, the
Kq of L-Phe:NA47-TPH2-R reported in this study is within a physiological relevant range. Yet,
we acknowledge that the Ky for both L-Phe and L-Trp is likely different for full-length TPH2,
where the monomer-dimer equilibrium of the RD is shifted, as observed in the cryo-EM
images. Still, our results show that L-Phe is preferred to L-Trp as a ligand for the isolated RD
of TPH2.

Additionally, future elucidation of the regulatory mechanism of TPH2 will be facilitated by the
cryo-EM data reported here. Our data indicate that the RDs are dynamic in tetrameric TPH2,
likely existing in a monomer-dimer equilibrium as illustrated in Figure 6, where RDs either form
motionally restricted dimers or move randomly relative to the CDs as monomers in “undocked
states”. The term undocked states was used by Khan et al. and Arturo et al. to describe the
intermediate conformations between the RS and AS in PAH, where RD monomers are neither
interacting with the CDs or another RD 1735, Importantly, we do not observe any particles
resembling the RS of PAH, but find a large part of the particles with dimerized RDs even
without L-Phe in a conformation similar to the AS of PAH. Thus indicating that the
conformational landscape of TPH2 is different to that of PAH. For PAH and TH, the N-terminal
tail is creating an auto-inhibitory state by occluding the active site. While the N-tail of PAH is
displaced by dimerization of the RDs induced by L-Phe binding 2°, the N-tail of TH can reach
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Figure 6 Schematic illustration of the proposed conformational landscape of TPH2, investigated
using cryo-EM. The RDs (orange) can exist either as dynamic monomers randomly moving
relative to the CDs (grey), or form more motionally restricted dimers.

and cover the active site with the RDs dimerized, and the tail is instead displaced upon
phosphorylation of Ser40 . The N-tail of TPH2 is, similar to TH, longer than that of PAH. It is
thus possible that residues in the end of the tail can cover the active site in a state with
dimerized RDs, as also discussed by Zhang et al. 2. Although with low confidence, the Alpha-
fold 2 predicts residues 1-21 of TPH2 to cover the entrance to the active site (Extended data
figure 9) ¥, suggesting at least that this region has a propensity to interact with the CD. This
is consistent with activation by phosphorylation of Serl9 and 14-3-3 binding observed by
Winge et al. ¥, which could cause displacement of the N-tail. However, the binding of L-Phe
to the RD dimer of TPH2 raises the question if TPH2 is also allosterically affected by L-Phe
as PAH. Although we did not observe changes in the 2D classes of NA47-TPH2 in the
presence of 50 uM L-Phe, the binding of L-Phe stabilized the RD (Figure 2C), and L-Phe
affected the monomer-dimer equilibrium of TPH2-RC observed by Tidemand et al. 14, which
jointly indicates that increasing concentrations of L-Phe would induce RD dimerization in
tetrameric TPH2. L-Phe is already known to influence serotonin production to some extent, as
reduced serotonin levels have been reported in PKU patients and is associated with some of
the neurological symptoms of PKU *2°, The mechanism of serotonin depletion in relation to
PKU is not completely understood, but is hypothesized to be caused by either a lowered
transport of L-Trp into the brain or increased competitive inhibition of L-Phe in the active site
of TPH2 at elevated L-Phe levels 2%, both resulting in reduced L-Trp hydroxylation. Thus, L-
Phe binding to the RD could be an activation mechanism of TPH2, to keep a steady serotonin
production regardless of minor increases in the L-Phe level. Though using TPH2 with an N-
terminal MBP-tag expected to influence the N-tail, Ogawa et al. observed an inhibitory effect
of L-Phe on TPH2 activity “°, indicating that L-Phe alone does not activate TPH2. Yet L-Phe
RD binding could have a stabilizing effect, as also observed in this and in an earlier study 4,
potentially influencing e.g. phosphorylation of the RD and subsequent 14-3-3 binding.
However, with the current knowledge available on TPH2, a function of L-Phe binding to the
RD remains speculative. Future experiments mapping the effect of L-Phe on TPH2 kinetics
and phosphorylation will therefore be important to elucidate if there is a functional effect of
ligand binding to the RD. Nonetheless, the current study has shown L-Phe to be the preferred
ligand of the RD of TPH2 compared to L-Trp, and shown that L-Phe affects the thermal stability
of the RD dimer. Importantly, the study has provided detailed structural information on the RD
of TPH2, which will be valuable in the elucidation of TPH2- and consequently serotonin
regulation.
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Materials and Methods

Protein Expression

An LB agar plate with 30 uM/mL kanamycin sulfate (30 Kan) was streaked with a frozen stock
of an E. Coli BL21 (DE3) strain containing the relevant MBP-tagged TPH2 construct (either
MBP-NA47-TPH2-R, MBP-NA47-TPH2, or MBP-TPH2). The plate was incubated at 37 °C
overnight. A single colony from the plate was used to inoculate 50 mL LB 30 Kan media in a
250 mL shaking flask and was incubated at 37 °C and 140 rpm shaking for around 4 h until
the ODgoo Was 0.6-1.0. The cells were pelleted by centrifugation (1800 g, 4 °C, 10 min) and
resuspended in 50 mL fresh LB 30 Kan media. 650 mL LB 30 Kan media in a 2 L shaking flask
was then inoculated with 6.5 mL of the resuspended cells and incubated (30 °C, 140 rpm) for
around 3h until the ODeggo Was 0.3. At this point, the temperature was lowered to 20 °C, the
shaking set to 240 rpm, and the incubation continued for around 1.5 h until the ODggo Was 0.6.
Expression was induced by addition of isopropyl--D-thiogalactopyronoside (IPTG) to a final
concentration of 0.1 mM. If the catalytic domain was part of the construct (MBP-NA47-TPH2
or MBP-TPH2), 650 uL of a sterile filtered freshly prepared (NH4).Fe(SO.), solution was added
to a final Fe(ll) concentration of 0.2 mM. The culture was incubated for 16 h over-night (20 °C,
240 rpm) and cells harvested by centrifugation (4 °C, 3000 g, 15 min). The cells were
resuspended in 20 mL specific binding buffer (Table 2), transferred to a 50 mL falcon tube,
pelleted by centrifugation (4 °C, 3000 g, 15 min), and stored at -80 °C until purification. For
expression of ®N- and '°N/*3C-labeled MBP-NA47-TPH2-R for NMR experiments, the
procedure was essentially the same but with the following modifications: two pre-cultures (50
mL LB 30 Kan media) were prepared and at ODeoo 0.6-0.1, the cells were pelleted and
resuspended in 20 mL 30 Kan M9 minimal media (22 mM KH2PO4, 53 mM Na;HPO., 86 mM
NaCl, 1 mM MgSOQ,, 1:1000 V/V M2 trace element solution, 22 mM glucose, 19 mM NH.4CI).
If needed the glucose was °C labeled and the NH,Cl **N-labeled. The resuspended cells from
both pre-cultures were used to inoculate 650 mL 30 Kan M9 minimal media in a 2L shaking
flask and incubated as described above.

Protein purification

To purify the NA47-TPH2-R, frozen cells from a 650 mL culture containing MBP-NA47-TPH2-
R were thawed and re-suspended in 40 mL specific binding buffer (Table 2). The cells were
lysed while kept in ice-water using a Labsonic P sonicator (Sartorius), with 80% amplitude and
1 cycle for 3x30 s with 1 min cooling in-between. The sample was centrifuged (2x20 min, 4
°C, 16000 g), and the supernatant recovered and filtered through a 0.45 ym syringe filter
(Whatman™). The supernatant was loaded onto a Dextrin Sepharose affinity column (GE
Healthcare) pre-equilibrated with 5 CV of binding buffer, using an AKTA start chromatography
system (GE Healthcare). The flow rate was 5 mL/min, and the progress of the purification was
followed by UV absorbance at 280 nm. After loading the sample, un-bound proteins were
removed with 5-6 CV of binding buffer. Hereafter, 30 mL of 2.2 yM MBP-tagged 3C protease
(MBP-3CP, expressed and purified in-house, and diluted from a stock into binding buffer) was

54



loaded on the column, and the system was paused for 1 h to ensure sufficient cleavage,
leaving two additional residues from the linker on the N-terminal of the protein (Gly-Pro). After
cleavage, NA47-TPH2-R was eluted from the column using binding buffer and ~8 mL protein
collected. Elution buffer (binding buffer + 1 mM Maltose) was run through the column to elute
MBP-3CP and cleaved MBP. The collected 8 mL protein was filtered through a 0.45 ym
syringe filter (PALL), and loaded onto a HiLoad 26/600 Superdex 75 prep grade column (GE
Healthcare), pre-equilibrated with 2 CV of binding buffer and with a flow rate of 2.6 mL/min.
NA47-TPH2-R was collected from the peak eluting at the expected elution volume (confirmed
by SDS-PAGE). The protein was concentrated to the desired concentration using a Vivaspin
Turbo centrifugal concentrator (Sartorius) with a 3 kDa membrane by centrifugation at 4000
g and 4 °C. The protein was aliquoted, flash frozen in liquid N2, and stored at -80 °C until further
use.

To purify NA47-TPH2 and TPH2 for use in cryo-EM experiments, the following modifications
were done: The chromatographic system was an AKTA Pure (GE Healthcare) and a very
narrow fraction of the top of the affinity chromatography peak after protease cleavage was
collected. The concentration was measured on a NanoDrop One Microvolume
spectrophotometer (Thermo Scientific™) and 1.5x molar equivalent of (NH4)Fe(SO,). was
added from a freshly prepared stock solution and allowed to incubate for around 15 min before
filtering the sample through a 0.22 pm centrifuge tube filter (Corning). The protein was
immediately used to set up cryo-EM grids.

Table 2 Binding buffers used for purification of TPH2 variants

TPH2 variant Binding buffer

Std: 12 mM NazHPO4/8 mM NaH2PO4, 100 mM (NH4)2SO04, pH 7.0

(adjusted with NH4OH)
NA47-TPH2-R*

L-Phe: 12 mM NazHPO4/8 mM NaH2PO4, 100 mM (NH4)2SO4, 10 mM L-Phe pH
7.0 (adjusted with NH4OH)

NA47-TPH2 20 mM Hepes, 300 mM (NH4)2S0O4, pH 7.0 (adjusted with NH4OH)
TPH2

All buffers were filtered using a 1000 mL filter unit with a 0.2 um membrane (Fisher Scientific)
* NA47-TPH2-R was purified in standard buffer (std) except for protein purified for NMR structure
determination and SAXS experiments where the L-Phe buffer was used.

Sample preparation

If not stated otherwise, frozen samples of NA47-TPH2-R were prepared for experiments in the
following way: A frozen sample of the relevant variant was thawed on ice and filtered through
a 0.22 ym centrifuge tube filter (Corning). The protein concentration was determined as a
mean of triplicate measurements using an ND-1000 NanoDrop Spectrophotometer (Saveen
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Werner). The extinction coefficient of NA47-TPH2-R at 280 nm were estimated based on the
protein sequence using ProtParam from the ExPASYy server 1.

Analytical size exclusion chromatography (SEC)

The oligomeric state of NA47-TPH2-R was investigated by analytical size exclusion
chromatography using a Superdex 75 10/300 GL column (GE Healthcare) and an AKTA
Explorer chromatographic system (GE Healthcare). The expected elution volumes of a
monomer, dimer, and trimer were estimated based on a calibration curve constructed from the
column manual (Superdex 75 10/300 GL, GE Healthcare). The column had been pre-
equilibrated with 2 CV of running buffer (Std buffer or L-Phe buffer, Table 2). Samples of 500
ML with the desired protein concentrations were prepared by diluting NA47-TPH2-R with either
Std or L-Phe buffer. The samples were loaded using a 500 uL sample loop and eluted with
1.5 CV of running buffer at a flow rate of 0.8 mL/min.

Nano differential scanning fluorimetry (nanoDSF)

The influence of L-Phe on the thermal stability of NA47-TPH2-R was measured using
nanoDSF. 15 yL samples with a final concentration of 100 uM NA47-TPH2-R were prepared
by mixing the relevant volumes of NA47-TPH2-R, Std buffer (Table 2), and an L-Phe stock
solution (1 mM L-Phe for low concentrations/46 mM L-Phe for high concentrations in Std
buffer). The measurements were performed with a Promotheus NT.48 (NanoTemper
Technologies) using standard grade capillaries (NanoTemper Technologies) and run with a
constant temperature ramp of 0.5 °C/min from 20 °C to 95 °C. All measurements were run in
triplicates, and data analyzed with PR.Thermcontol software (NanoTemper Technologies).
The inflection point of the 350 nm/330 nm ratio was used to determine the T, of the individual
measurements. The final T, was calculated as a mean of the three measurements with
standard deviation using Matlab (Mathworks Inc).

Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectra were acquired on a Bruker Avance Il 600 MHz or 750 MHz spectrometer with
TCI cryo-probes. Spectra for structure determination, titrations, and backbone relaxation
parameters were referenced internally to DSS at O ppm in the *H dimension and by relative
gyromagnetic ratios in the *C and *N dimensions. All data sets were processed and phase
corrected manually with either Topspin 3.6 for 2D spectra or qMDD “? and NMRPipe *® for
non-uniformly sampled 3D spectra and pseudo 3D spectra. The buffer conditions of NMR
samples were 12 mM Na;HPO4/8 mM NaH;PO4, 100 mM (NH.)>SO4, pH 7.0 (adjusted with
NH4OH), 5% (v/v) DO (+125 uM DSS for referencing) unless specified otherwise. Secondary
structure propensities were calculated based on chemical shifts using Talos-N #4, and
secondary *C?% chemical shifts were calculated by use of random coil shifts estimated using
the online tool from Kjaergaard et al. 4°. Chemical shift perturbations were calculated using
the following equation:

A8y (ppm) = /(ASTH)? + (0.154 - AS'5N)?
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NMR assignment

Resonances of free and L-Phe bound NA47-TPH2-R were assigned manually using CcpNmr
analysis 2.4.2 46, Backbone and sidechain resonances of L-Phe bound NA47-TPH2-R were
assigned using following triple resonance spectra: BEST TROSY (BT)-HNCA, BT-HNCACB,
BT-HN(CO)CACB, BT-HNCO, BT-HN(CA)CO, HcCH-TOCSY, hCCH-TOCSY, *N-NOESY-
HSQC, and *C-NOESY-HSQC (all measured at 30 °C) and BT-HNCA (measured at 40 °C).
Additionally, three versions of amino acid specific *H-3C HSQC spectra were used in the
assignment process of the methyl resonances. The spectra were measured on one sample
(Al) containing 1.1 mM NA47-TPH2-R and 10 mM L-Phe. Chemical shifts for the L-Phe
ligands were obtained from a *H-3C HSQC spectrum and an aromatic *H-*C HSQC spectrum
on a sample (A2) containing 450 uM unlabeled NA47-TPH2-R and 2.6 mM 3C/**N-labeled L-
Phe. Backbone resonances of free NA47-TPH2-R were assigned using following triple
resonance spectra collected on multiple samples: BT-HNCA (25 °C), BT-HNCO (25 °C), BT-
HN(CO)CA (25 °C), BT-HNCACB (25 °C), HcCH-TOCSY (20 °C), hCCH-TOCSY (20 °C), BT-
HN(CA)CO (20 °C), BT-HNCACB (20 °C), *>N-NOESY-HSQC (20 °C), *C-NOESY-HSQC (20
°C). Additionally, an HNCA spectrum (20 °C) recorded using a gradient optimized CO
decoupling pulse (GOODCOP #'), and three HNCA spectra (20 °C) with different variations of
a beta/alpha decoupling pulse (BADCOP1, BADCOP2, BADCOP3 #’) were used in the
assignment process. Details on the samples used are provided in Table 3.

Table 3 NMR samples of free NA47-TPH2-R

NA47-TPH2-R
Sample concentration* Spectra
B1 1000 uM BT-HNCA (25 °C)
B2 200 pM BT-HNCO (25 °C), BT-HNCOCA (25 °C)
B3 275 uM BT-HNCACB (25 °C), HcCH-TOCSY (20 °C)
B4 250 uM hCCH-TOCSY (20 °C), BT-HN(CA)CO (20 °C)
B5 240 uM 13C-NOESY-HSQC (20 °C), 5N-NOESY-HSQC (20 °C)
B6 800 uM BT-HNCACB (20 °C), BADCOP1 (20 °C), BADCOP2

(20 °C), BADCOP3 (20 °C), GOODCOP (20 °C)

*The stated concentration is the initial concentration of the sample. Due to aggregation of the protein, the
concentration gradually decreased over time. 'H-15N HSQC spectra were recorded before and after each of the
3D spectra to ensure that the aggregation had not caused any structural changes in the remaining soluble
protein.
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NMR Structure calculations and refinements

Intra- and intermolecular (protein — protein) restraints for the structure calculations of NA47-
TPH2-R in complex with L-Phe were obtained from a ®*N-NOESY-HSQC spectrum and a *C-
NOESY-HSQC spectrum with 120 ms mixing time recorded on sample Al. Intermolecular
restraints (protein — ligand) were obtained from a *C/**N-filtered *C-NOESY-HSQC and a
3C/®®N -filtered ®N-NOESY-HSQC with 120 ms mixing time also recorded on sample Al. In
all cases, NOE peaks were picked manually. Backbone dihedral restraints were calculated
from the chemical shifts using TALOS-N %4, Using CYANA 3.98.5 %8, the NOESY spectra were
semi-automatically assigned and initial structures were calculated to generate distance
restraints. This process was done iteratively, and assignments and structures were evaluated
manually and recalculated with modified inputs in each iteration. To unambiguously assign the
peaks of the *C/**N-filtered **C-NOESY-HSQC spectrum and the **N-filtered **C/**N-NOESY-
HSQC spectrum to the L-Phe ligands, the chemical shifts in the indirect *H dimension of the
filtered NOESY spectra and the *H chemical shifts of the L-Phe ligands were shifted with +12
ppm. P2 symmetry were imposed on both the NA47-TPH2-R dimer and the two L-Phe ligands.
XPLOR-NIH v2.44 4°%0 was subsequently used to calculate and refine 100 structures with the
distance restraints generated from the initial structure calculations. The structures were
refined using an implicit water potential (EEFx ), and an energy term was added to restrain
the folded regions (residues 63-135) in P2 symmetry. The 20 lowest energy structures were
selected to represent the dimer structure of NA47-TPH2-R in complex with L-Phe.

NMR titrations and Kqy determination

For the titration of ®N-labeled NA47-TPH2-R with L-Phe, the concentration of NA47-TPH2-R
was kept constant at 200 uM and *H-°>N HSQC spectra of the following NA47-TPH2-R:L-Phe
molar ratios were recorded: 1:0, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.25, 1:1.5, 1:1.8, 1:2.3, 1:3.5,
1:5. For lineshape analysis, the spectra were processed using an exponential window function
with 4 Hz and 8 Hz line broadening in the *N and H dimensions, respectively. The data was
fitted to a 2-state binding model using the 2D lineshape analysis software TITAN 32, 21 peak
pairs were used for the analysis and the errors were determined by a bootstrap analysis
included in the TITAN software using 100 replicas.

For the titration of *C-labeled L-Phe with NA47-TPH2-R the concentration of L-Phe was kept
constant at 200 uM and aromatic *H-3C HSQC spectra of the following L-Phe:NA47-TPH2-R
molar ratios were recorded: 1:0, 1:0.075, 1:0.15, 1:0.225, 1:0.3, 1:0.375, 1:0.45, 1:0.5, 1:0.6,
1:0.75, 1:1, 1:2.65. The spectra were processed using a QSINE window function with 1 Hz
and 0.3 Hz line broadening in the *H and **C dimensions, respectively. Though differences in
R. between bound and free L-Phe is expected *2, the intensities of the three decreasing peaks
were extracted using CcpNmr analysis 2.4.2 % and fitted to the following equation using
Origin2019 (OriginLabs) with a shared Kq parameter for all three peaks.

([TPH2] + [Phe], + Ky) — \/([Phe]o + [TPH2] + K;)? — 4 - [Phe], - [TPH2]
Lops = Ifree - Imax,bound ’ 2. [Phe]
0

Where 1, is the intensity of a free L-Phe peak at a certain concentration of NA47-TPH2-R,
Irree IS the intensity of a free L-Phe peak at 0 yM NA47-TPH2-R, 1,4y bouna 1S the difference
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between I,.. and I,,; at complete saturation, [TPH2] is the concentration of NA47-TPH2-R,
[Phe], is the initial concentration of free L-Phe, and K, is the dissociation constant.

Backbone N relaxation parameters

Longitudinal (Ry) relaxation rates, transverse (Rz) relaxation rates, and steady state
heteronuclear *H-1°>N NOE relaxations were determined for L-Phe bound NA47-TPH2-R at 30
°C. Data sets were recorded on a sample containing 750 uM 3C/*®*N labeled NA47-TPH2-R
and 10 mM L-Phe on both a 600 MHz and a 750 MHz spectrometer. A single data set was
recorded for both the determination of R; and R» relaxation rates, while data sets for *H-°N
NOEs were recorded in triplicates on the 600 MHz spectrometer and duplicates on the 750
MHz spectrometer. To determine R; relaxation rates, the experimental delay times were: 0,
100, 200, 400, 600, 900, and 1300 ms and for R; relaxation rates the delay times were: O,
8.48, 16.96, 33.92, 50.88, 76.32, 101.76, and 135.68 ms. The intensity of the spectra as a
function of delay times were fitted to an exponential function using CcpNmr Analysis v2.5.1 “¢.
'H-®"N NOEs were calculated from the ratio of spectra with and without *H pre-saturation and
each data set was analyzed individually with CcpNmr Analysis 2.5.1 46, The final *H-'>N NOEs
and errors were calculated as a mean of the individually determined values with a standard
deviation using Matlab (Mathworks Inc.).

R: and R; relaxation rates were determined for both free NA47-TPH2-R (150 uM **N labeled
NA47-TPH2-R) and L-Phe bound NA47-TPH2-R (150 uM *°N labeled NA47-TPH2-R and 10
mM L-Phe) on a 750 MHz spectrometer at 20 °C. All data sets were recorded in duplicates.
To determine R; relaxation rates, the experimental delay times were: 0, 100, 200, 400, 600,
900, and 1300 ms and for R relaxation rates the delay times were: 0, 8.48, 16.96, 33.92,
50.88, 76.32, 101.76, and 135.68 ms. The peak intensity with respect to delay time was fitted
to an exponential function using CcpNmr Analysis 2.5.1 .

Small angle X-ray scattering (SAXS) data collection

Different concentrations of NA47-TPH2-R (1.3, 2.5, 5.9, 8.2, and 11.4 mg/mL) were prepared
by diluting the stock solution of NA47-TPH2-R with L-Phe buffer collected from the filtrate from
the concentration-step during the protein purification. Measurements (in batch mode) were
performed at the German Electron Synchrotron DESY at the P12 EMBL BioSAXS beamline
(Extended data table 2). Data processing and analysis were performed using the ATSAS
software package version 2.8.2 53, and final plots were made using Matlab (Mathworks Inc.).

SAXS modelling

10000 different conformations of the N-terminal (residues 46-60) and C-terminal (residues
136-145) of our NMR structure of L-Phe:NA47-TPH2-R were generated using RANCH >* with
the following parameters: The chain type was set to random coil, the symmetry type to mixture,
and the percentage of symmetric conformers to 50%. Subsequently, GAJOE °* was run on
the RANCH structure pool using default settings and fitting to the 11.4 mg/mL SAXS curve.
To estimate the volume fraction of each conformer, the output structures from GAJOE were
submitted to OLIGOMER ®° with a constant added as additional component and keeping the
remaining parameters as the default settings. In case the error on the volume fraction of a
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given conformer was larger than the estimated volume fraction, this conformer was taken out
of the ensemble from GAJOE, and OLIGOMER was re-run with the reduced set of conformers.

EM sample preparation and EM data acquisition

The L-Phe sample for cryo-EM (21 yM NA47-TPH2, 50 uM L-Phe, 20 mM Hepes, 300 mM
(NH4)2SO4, pH 7.0) was prepared by adding L-Phe from a stock solution to freshly purified
NA47-TPH2. To prepare the grids, 4 yL of sample were applied onto glow-discharged R2/2
QUANTIFOIL grids and excess sample was removed using an FEI Vitrobot loaded with pre-
wet filter paper with a blotting time of 6.5 s, a blotting force of 9, and at 100% humidity and 4
°C. The grid was subsequently flash-frozen by plunging into liquid ethane. Cryo-EM grids were
screened, and EM images from the grids with optimal ice thickness and patrticle distribution
were acquired at 300 kV on an FEI Titan Krios electron microscope (Thermo Fisher Scientific,
USA), equipped with a Falcon Il direct electron detector. Images were recorded via Thermo
Fischer EPU 2.1 in integration mode at 132,000x magnification, corresponding to a calibrated
pixel size of 1.06 A at the specimen level, using an exposure time of 1.02 s with 40 movie
frames and a total dose of 78 e~ per A2. The cryo-EM grids of NA47-TPH2 without L-Phe was
prepared essentially in the same way, except that the sample contained (18 uM NA47-TPH2,
20 mM Hepes, 300 mM (NH.).SO., pH 7.0). The EM images were acquired at 300kV on an
FEI Titan Krios electron microscope (Thermo Fisher Scientific, USA), equipped with a Cs
corrector and a Falcon Il direct electron detector. Images were recorded via Thermo Fischer
EPU 2.1 in integration mode at 153,750x magnification, corresponding to a calibrated pixel
size of 1.16 A at the specimen level, using an exposure time of 1.02 second with 40 movie
frames and a total dose of 60 e~ per A2, The cryo-EM grids of full-length TPH2 without L-Phe
(16 M TPH2, 20 mM Hepes, 300 mM (NH4)>.SO4, pH 7.0) was prepared in the same way and
recorded with the same settings as NA47-TPH2 without L-Phe.

Image processing

Frames were dose-weighted, aligned, and summed by MotionCor 2.0 %. The defocus values
were determined using Gctf °’. Summed micrographs were manually evaluated in the COW-
MicrographQualityChecker (http://www.cow-em.de). Micrographs with isotropic Thong rings
and a defocus range of 1.5 ym to 5 pym that showed clear particles were selected and
processed further.

For NA47-TPH2 with L-Phe, a total of 1639 summed micrographs were retained for
processing, from which about 1.6 million particles were picked using Gautomatch
(https:/imwvww2.mrc-Imb.cam.ac.uk/research/locally-developed-software/zhang-software/). The
picked particles were extracted with a box size of 160x160 pixels and binned to 80 x 80 pixels
(pixel size of 2.12 A) in RELION 3.1

(http://www2.mrc-Imb.cam.ac.uk/relion/index.php/Main_Page). Several rounds of reference-
free 2D classification were performed, and classes showing empty boxes, ice/ethane
contaminations, or uninterpretable features were removed, yielding 697,589 “good particles”.
A subset of 100,000 particles were used to generate an initial 3D map via the ab initio
reconstruction in cryoSPARC 8, without symmetry imposed (i.e. C1 symmetry). The ab initio
model from cryoSPARC was low-pass filtered to 30 A resolution and used as the starting
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reference for subsequent 3D classification in RELION 3.0. The 697,589 “good particles” from
2D classification were 3D classified into eight classes without any mask applied nor symmetry
imposed. The 3D classes showing clear density for both CDs and RDs were selected, yielding
310,165 particles. These particles were further classified into five classes without symmetry
or mask, and the one class containing 58,616 particles that shows clear RD densities on both
sides of the CDs was selected and further refined by Refine3D in RELION 3.1 into a map of
the entire NA47-TPH2 with an average resolution of 8.9 A (ranging from ~7 A of the CDs to
~15 A of the RDs), without symmetry imposed. To reconstruct a higher resolution map for the
CDs, the 697,589 “good particles” from 2D classification were 3D classified into 8 classes with
a mask applied around the CDs and TDs (hereafter referred to as the CD tetramer) without
symmetry imposed. The best classes showing clear CD density were selected and combined,
yielding 241,504 particles, which were further classified into eight classes with a mask applied
around the CD tetramer but without symmetry imposed. The best classes containing 197,917
particles were selected, re-extracted with a box size of 360x360 pixels (pixel size of 1.06 A)
and refined with a mask around the CD tetramer and D2 symmetry imposed, resulting ina 4.1
A map of the CD tetramer. After polishing, the resolution of the CD tetramer map was further
improved to 3.9 A (D2 symmetry imposed). For NA47-TPH2 without L-Phe, a total of 1149
summed micrographs were retained, from which 313,195 particles were extracted with a box
size of 210x210 pixels and binned to 70 x 70 pixels (pixel size of 3.48 A) in RELION 3.1
(http://www2.mrc-Imb.cam.ac.uk/relion/index.php/Main_Page). After two rounds of 2D
classification, the best 2D class averages showing clear features of TPH2 were selected,
containing 131,117 “good particles”. For Full-length TPH2, a total of 628 micrographs were
recorded, from which 147,940 particles extracted and subjected to 2D classification. However,
the 2D class averages did not show reasonable features of typical TPH2, likely due to the
aggregation of particles.

Model building and refinement

For the model of the CD tetramer, the crystal structure of the human TPH2 CD and TD (PDB:
4V06) was used as the template for model building. The crystal structure was rigid body
docked into the 3.9 A EM map of the NA47-TPH2 CD tetramer using Chimera v.1.13.1 . All
the side chains were truncated to poly-alanine and the carbon backbone was manually
adjusted into the EM density using Coot v. 0.8.9.2 % with secondary structure restrains. The
model was then refined in PHENIX °! via real-space refinement with secondary structure
restrains. For the model of the entire NA47-TPH2, the refined model of the CD tetramer and
the NMR solution structure of the RD dimer obtained in this study were rigid body docked into
the EM map of the entire NA47-TPH2 and combined without further adjustment or refinement.
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Extended data

Structural characterization of L-Phe binding to a potential allosteric site in
human tryptophan hydroxylase 2

Extended data figure 1: *H-*N HSQC spectrum of NA47-TPH2-R with 10 mM L-Phe, H-*C HSQC
spectrum of 13C-labelled L-Phe with NA47-TPH2-R, and secondary structure prediction based on
chemical shift values.

Extended data table 1: NMR structural constraints and refinement statistics

Extended data figure 2: R; and R, backbone relaxation rates and heteronuclear *H->N NOE relaxations
of NA47-TPH2-R with L-Phe.

Extended data figure 3: SAXS modelling fit, modelled SAXS conformers, and SAXS scattering curves.

Extended data table 2: Details on SAXS data collection, data analysis, and modelling.

Extended data figure 4: Panels of a **C/**N-filtered *C-NOESY-HSQC of NA47-TPH2-R with L-Phe

Extended data figure 5: Representative spectra from titration of NA47-TPH2-R with L-Phe, and TITAN
line-shape analysis.

Extended data figure 6: R; and R, backbone relaxation rates of NA47-TPH2-R with and without L-Phe.
Secondary structure propensity and secondary chemical shifts of NA47-TPH2-R with and without L-
Phe.

Extended data figure 7: Titration data from the titration of '°C,'®>N-labelled L-Phe with un-labelled
NA47-TPH2-R.

Extended data table 3: Cryo-EM structural statistics

Extended data figure 8: Cryo-EM 2D class averages of full-length TPH2

Extended data figure 9: AlphaFold prediction of full-length TPH2
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Extended data figure 1 A) *H->N HSQC spectrum of NA47-TPH2-R in the presence of 10 mM L-Phe. B) 'H-13C HSQC
spectrum of 3C-labelled L-Phe with NA47-TPH2-R (green) and free 13C-labelled L-Phe (orange). C) Secondary structure
prediction based on chemical shift values. Calculated using TALOS-N. Grey areas indicate residues where there is no

chemical shift information that allows for calculation of secondary structure propensity.
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Extended Data Table 1 NMR structural statistics,

PDB ID: xxxx

L-Phe:NA47-TPH2-R

NMR distance and dihedral constraints
Distance constraints (dimer)
Total NOE
Intra-residue
Inter-residue
Sequential (Ji—j| = 1)
Medium-range (1<|i —j| < 5)
Long-range (Ji—j| > 5)
Intermolecular (protein-protein)
Intermolecular (protein-ligand)

Total dihedral angle restraints (monomer)

¢
]

Structure statistics
Violations (mean and s.d.)
Distance constraints (A)
Dihedral angle constraints (°)
Max. dihedral angle violation (°)
Max. distance constraint violation (A)
Deviations from idealized geometry
Bond lengths (A)
Bond angles (°)
Impropers (°)
Average pairwise r.m.s. deviation** (A)
Protein (All heavy)
Protein (Backbone)
L-Phe ligands (All heavy)
Ramachandran statistics***
Favoured region
Allowed region
Outliers

2171
554
1617
541
348
728
118

68

108
54
54

0.043+0.003
0.53+0.07
6.17

0.635

0
2.29+0.01
2.436+0.006

1.3+0.2
0.5+0.1
1.2+0.6

99%
1%
0%

**Pairwise r.m.s. deviation was calculated among 20 refined structures
using residues 64-97 and 105-130 for the protein (protein core defined by
wwPDB server upon structure validation) and including both L-Phe ligands.
**Ramachandran statistics were obtained from the wwPDB structure
validation report 62, which included residues 64-97 and 105-130 in the

analysis.
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Extended data figure 2 Backbone °N relaxation parameters of NA47-TPH2-R with 10 mM L-Phe at 30 °C. A)
Longitudinal (R1) relaxation rates, B) Transverse (Rz) relaxation rates, C) heteronuclear *H->N NOE relaxations,

and D) R2/R1

70



— Data 11.4 mg/mL
weere GAJOE fit

X2 =0.39

-2
25
G
oo
o -3
-3.5
-4 1
0.1 0.2
-2
-3
G
a0 4l J |
o —— 1.3 mg/ml
5 = 2.5 mg/ml
B 5.9 mg/ml
= 8.2 mg/ml
6| | — 11.4 mg/ml

L 1 1

0.1 02 03

L 1

04 05 06

q[A1]

C termini

N termini

4
1210 : :
= 1.3 mg/ml
0.8+ | = 2.5 mg/ml
5.9 mg/ml
— 8.2 mg/ml
06r — 114 mg/ml

0.2 0.3
log q [A1]

0.4

Extended data figure 3 A) GAJOE % fit using a RANCH 5* structure pool of 10000 conformers of residues 46-60
and 136-145, to an 11.4 mg/mL SAXS curve of NA47-TPH2-R with L-Phe, resulting in a y? of 0.39. B) Overlay of
the four different N- and C-terminal RANCH conformers determined by GAJOE (resulting in the fit in A). C) SAXS
curves of NA47-TPH2-R in different protein concentrations in the presence of 10 mM L-Phe, showing that NA47-
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curves in A indicating a folded but flexible protein.
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Extended Data Table 2 SAXS data collection and processing details. The table was prepared according to the
guidelines from ®. C) Details on the samples and the data collection parameters, and the software used for data
analysis. D) Structural parameters of NA47-TPH2-R calculated based on the SAXS data. F) Details on the SAXS
modelling.

A) Sample details

NA47-TPH2-R
Organism Homo sapiens
Expression host E. Coli BL21
Source Expressed and purified in-house
Uniprot sequence ID Q8IWUY, reidues 48-145 + additional N-terminal Gly-Pro from MBP purification tag
Extinction coefficient (Azgo, Mcm™) 5500
Molecular mass M from chemical 11.266
composition (kDa)
Sample concentration range 1.3-11.4
(mg/mL)
Solvent composition 12 mM Na;HPO4/8 mM NaH,PO,4, 100 mM (NH,),SO4, 10 mM L-Phe pH 7.0

(adjusted with NH,OH)

B) SAXS data collection parameters

Instrument P12 BioSAXS beamline (PETRAIII)
Date Dec-2019

Detector Pilatusém

Wavelength (A) 1.23984

Beam size (mm?) At the detector: 0.2x0.12
Detector distance (m) 3.0

g-measurement range (nm-) 0.03-7.29

Absolute scaling method Comparison with scattering from pure H,O
Normalization To transmitted intensity by beam-stop counter
Monitoring for radiation damage Frame-by-frame comparison
Exposure time (s) 0.045

Number of frames 20

Sample configuration Quartz glass capillary

Sample temperature (°C) 2

C) Software employed for SAXS data reduction, analysis, and
interpretation

SAS data reduction Primusqt from Atsas 53

Calculation of € from sequence ProtParam from ExPaSy #

Atomic structure modelling EOM from Atsas **

Molecular graphics PyMOL 2.3.3 (Schrddinger)

D) Structural Parameters

Sample concentration (mg/mL) 1.3 2.5 5.6 8.2 11.4

Guinier Analysis

1(0)/c 0.015 0.015 0.015 0.015 0.015

Rg A 20.9+£0.5 20.9+0.3 20.7+0.3 20.8+0.1 20.6+0.1

g-range (A% 0.01470- 0.01221- 0.01526- 0.01277- 0.01498-
0.06234 0.06234 0.06234 0.06261 0.06261

Fidelity (%) 80 96 98 99 99

M from 1(0) (kDa) 21 21 21 21 21

P(r) analysis

1(0)/c 0.0151 0.01484 0.01470 0.01484 0.01462
+0.0001 +0.00005 +0.00004 +0.00003 +0.0003

Rg R) 21.2+0.2 21.1+0.1 20.85+0.07 20.99+0.05 20.77+0.05

rmex (A) 67.5 70.0 68.9 69.5 69.7

g-range (A% 0.01443- 0.01194- 0.01498- 0.01249- 0.01470-
0.39160 0.39326 0.39326 0.39326 0.43756

Quality estimate (%) 81 79 75 79 76

M from 1(0) (kDa) 21 21 20 21 20

Porod Volume (A3) 48380 50300 49440 51830 50780

F) Atomistic modelling
11.4 mg/mL NA47-TPH2-R

Method RANCH + GAJOE (Ensemble)
g-range for fitting (A™) 0.01-0.5

Symmetry P2

12 0.39

Constant adjustment to intensities 0.001
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Extended data figure 4 Panels of a 13C/'*N-filtered 13C-NOESY-HSQC of NA47-
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Extended data figure 5 A) *H-'SN HSQC spectra of NA47-TPH2-R with 0 mM L-Phe (orange) and 1 mM L-Phe
(green). B) zoom in of the area marked by a black square in A, showing selected spectra with different L-Phe
concentrations illustrating the slow exchange kinetics of the system. C) Side-by-side comparison from the titration
analysis with TITAN showing a selected region of experimental (left) and theoretical (right) *H-1>N HSQC spectra
of 200 uM NA47-TPH2-R with 0-1 mM L-Phe.
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Extended data figure 6 A-D Backbone °N relaxation parameters of free and L-Phe bound NA47-TPH2-R at 20 °C recorded
on a 750 MHz spectrometer. Longitudinal (R1) relaxation rates of A) L-Phe bound NA47-TPH2-R and B) Free NA47-TPH2-
R. Transverse (R2) relaxation rates of C) L-Phe bound NA47-TPH2-R and D) Free NA47-TPH2-R. Secondary structure
propensity calculated by TALOS-N of E) L-Phe bound NA47-TPH2-R and F) free NA47-TPH2-R. Secondary chemical
shifts of G) L-Phe bound NA47-TPH2-R and H) free NA47-TPH2-R
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Extended data figure 7 A) Titration data from the titration of 13C,1°N-labelled L-Phe with un-labeled NA47-TPH2-R.
The intensity decays of the 3 peaks (shown in B) are plotted as squares, circles, and triangles, respectively. The
fits are shown as solid lines. B) *H-*3C aromatic HSQC spectra of C-labeled L-Phe and different concentrations
of un-labeled NA47-TPH2-R.
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Extended Data Table 3 Cryo-EM structural statistics

Catalytic core of
NA47-TPH2
with 50 uM L-Phe
(EMD-XxXXX)

Complete map of NA47-TPH2
with 50 uM L-Phe
(EMD-XXXXX)

(PDB xxxx) (PDB xxxx)

Data collection and processing
Magnification 120,700 120,700
Voltage (kV) 300 300
Electron exposure (e /A?) 72 72
Defocus range (um) 1-4 1-4
Pixel size (A) 1.16 1.16
Symmetry imposed C1 C1
Initial particle images (no.) 1.6 million 1.6 million
Final particle images (no.) 197,917 58,616
Map resolution (A) 3.9 8.9

FSC threshold 0.143 0.143
Map resolution range (A)

Catalytic domain 3.9 6-9

Regulatory domain 15-20
Refinement
Initial model used (PDB code) 4V06 4V06
Model resolution (A) 4.8

FSC threshold 0.5
Model resolution range (A)
Map sharpening B factor (A2?) -250 -300
Model composition

Non-hydrogen atoms 6873

Protein residues 1362

Ligands 0
B factors (A2)

Protein -

Ligand
R.m.s. deviations

Bond lengths (A) 0.005

Bond angles (°) 1.17
Validation

MolProbity score 0.78

Clashscore 0.49

Poor rotamers (%) 0
Ramachandran plot

Favored (%) 97.42

Allowed (%) 2.58

Disallowed (%) 0
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Extended data figure 8 2D class averages from grids with full-
length TPH2.

Extended data figure 9 Structure prediction of full-length TPH2 from alphaFold
37, The catalytic domain is shown as a grey surface, residues 1-21 as orange
cartoon, and the rest of the regulatory domain as faded orange cartoon.
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5 TRYPTOPHAN HYDROXYLASE 1
(MANUSCRIPT II)

This chapter presents a study on human tryptophan hydroxylase 1. The study investigates the
influence of L-Phe and L-Trp on the oligomeric states of three different C-terminally truncated
TPH1 variants (The catalytic domain, the combined regulatory and catalytic domain, and the
regulatory domain), and additionally investigates ligand binding to the regulatory domain. The
results are presented in the form of an early stage manuscript that is currently under
preparation. The manuscript is intended to follow after publication of the manuscript presented
in Chapter 4, and references to the chapter are therefore included in the manuscript.

NMR experiments were carried out both at Copenhagen University and at the Technical
University of Denmark in collaboration with Professor Birthe B. Kragelund, NMR manager
Andreas Prestel, and Associate Professor Charlotte H. Gotfredsen. Maja van Hees is
acknowledged for preliminary experiments and for protein purifications conducted during her
MSc project.

Supporting information is provided at the end of the chapter
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Abstract

The enzyme tryptophan hydroxylase 1 (TPH1) catalyzes the rate-limiting step in the
biosynthesis of peripheral serotonin, an important hormone and neurotransmitter associated
with a variety of diseases. Here, three different variants of C-terminally truncated human TPH1
were investigated: The isolated catalytic domain (TPH1-C), the isolated regulatory domain
(TPH1-R), and both domains combined (TPH1-RC). The oligomeric states of the variants were
analyzed using size exclusion chromatography coupled to multi-angle light scattering in the
presence of two suspected regulatory domain (RD) ligands, L-Phe and L-Trp. TPH1-R and
TPH1-RC were found to be mainly dimeric at protein concentrations >25 yM, while the elution
profiles at lower protein concentrations indicated the presence of a monomer-dimer
equilibrium. L-Trp was not found to affect the oligomeric state of either TPH1-R or TPH1-RC,
while L-Phe affected the elution time of both variants indicating a stabilization of the dimer.
TPH1-C was found to be monomeric in agreement with previous studies and independent of
L-Phe and L-Trp, which is consistent with dimer formation occurring between RDs similar to
the second TPH isoform (TPH2). Nuclear magnetic resonance (NMR) spectroscopy of *N-
TPH1-R showed large chemical shift perturbations upon addition of L-Phe, confirming that L-
Phe can bind to the RD dimer of TPHL1.
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Introduction

The first and rate-limiting step in the two-step biosynthesis of the peripheral hormone and
neurotransmitter serotonin is catalyzed by the enzyme tryptophan hydroxylase (TPH, EC
1.14.16.4), which converts L-Trp into 5-hydroxy-L-Trp. There are two known isoforms of TPH,
TPH1 and TPH2, which are expressed mainly in enterochromaffin cells in the gut and in the
Raphe nuclei in the brain, respectively . As serotonin cannot pass the blood-brain barrier
(BBB), the two enzymes regulate each their independent serotonin system. Increased levels
of serotonin in the peripheral system is related to several diseases e.g. carcinoid syndrome
and inflammatory bowel disease 2, while decreased levels of serotonin in the brain is
associated with e.g. depression and schizophrenia °. The duality of the serotonergic system
enables selective therapeutic targeting of one system over the other, either by isoform specific
targeting of TPH, or by ensuring that the potential drug cannot pass the BBB 2. The latter is
however only an option when targeting TPH1, and isoform specific regulation of TPH1 and
TPH2 are thus important to characterize for drug development purposes, but also to gain an
increased understanding of serotonin regulation. TPH1 and TPH2 are very homologous. Both
enzymes are homo-tetramers and each monomer contains three domains: An N-terminal
regulatory domain (RD), a catalytic domain (CD), and a tetramerization domain (TD) 52, While
the CD of TPH1 and TPH2 are both sequentially and structurally homologous °, the biggest
differences between the two enzymes are found in the regulatory domain. The RD of TPH2
consists of an expectedly disordered N-terminal tail, and an ordered core (Unpublished data,
Chapter 4). The structure of the RD of TPH1 has not been determined, but sequential analysis
indicates that the overall architecture of the RD is similar to TPH2, although the N-terminal tail
of TPH1 is 46 residues shorter (Figure 1). The regulatory mechanisms of both TPH1 and TPH2
have not yet been fully mapped. Therefore, the enzymes are often compared to the two other
more thoroughly studied members of the aromatic amino acid hydroxylase (AAAH) family:
Phenylalanine hydroxylase (PAH, EC 1.14.16.1) and tyrosine hydroxylase (TH, 1.14.16.2),
which both have the same overall domain architecture and oligomeric state as TPH %1, PAH
is allosterically activated by formation of symmetric RD dimers induced by binding of two L-
Phe molecules at the dimer interface 124, Importantly, the RD dimer of TPH2 contains two
identical RD binding sites for L-Phe similar to PAH, but it is not known if there is a function of
L-Phe binding (Unpublished data, Chapter 4). An RD binding site for TPH2 was suggested by
Tidemand et al., as a TPH2 variant consisting of the RD and CD (TPH2-RC) existed in an L-
Phe affected monomer-dimer equilibrium analogous to the RD of PAH, and as L-Phe and L-
Trp thermally stabilized the variant . The isolated RD of TPH1 has differently been found to
exist as a dimer %, which is not thermally stabilized by L-Trp 3. This indicates that the RD of
TPH1 does not contain a binding site and consequently suggests that the RD binding sites of
TPH2 are isoform specific. However, assessing the sequences of TPH1 and TPH2 (Figure 1)
shows that the residues forming the L-Phe binding pockets in the RD of TPH2 are mostly
conserved in TPH1. Thus, it is possible that TPH1 contains similar L-Phe binding sites in its
RD. In this study, we use size exclusion chromatography coupled to multi-angle light scattering
(SEC-MALYS) to study the oligomeric states of three different C-terminally truncated human
TPH1 variants: TPH1-R (isolated RD), TPH1-C (isolated CD), and TPH1-RC (RD and CD
combined). We observe that TPH1-C is a monomer independent of L-Phe, while the SEC-
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MALS profiles of TPH1-RC and TPH1-R indicate a monomer-dimer equilibrium affected by L-
Phe. Additionally, using nuclear magnetic resonance (NMR) spectroscopy, we confirm that L-
Phe binds to TPH1-R, and observe that the binding site is specific towards L-Phe compared
to L-Trp. The findings indicate that the TPH1-R dimer contains similar RD binding sites as
TPH2-R.
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Figure 1 Sequence alignment between the RDs of human TPH1 and human TPH2 using Clustal
Omega?®. The secondary structure based on the structure of TPH2 is indicated at the bottom, while the
secondary structure of TPH1 estimated by Jpred4 2° js indicated at the top. The first two predicted -
strands are colored grey as their prediction had a very low score. * Marks identical residues in the
alignment. Purple coloring marks a phosphorylation site 2223, Green coloring on the TPH2 sequence
indicates residues forming the L-Phe binding pockets (Unpublished data, Chapter 4). There is no
structural information available on the first 46 residues of TPH2.
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Results & discussion

SEC-MALS reveal L-Phe dependent elution profiles of TPH1-RC and TPH1-R

SEC-MALS was used to investigate the oligomeric states of TPH1-RC, TPH1-R, and TPH1-C
at various protein concentrations and either without any ligand, with 10 mM L-Phe, or with 10
mM L-Trp. All the elution curves are provided in supplementary figure 1. In the absence of
ligand, the SEC elution volume of TPH1-RC was found to be protein concentration dependent
(Figure 2A-B). Only a single peak with tailing was observed at each concentration, which
gradually moved to larger elution volumes at lower protein concentrations. Calculating the
molecular weight based on the light scattering (LS) signhals at the top of each SEC peak
showed that the species were primarily dimeric at concentrations >25 uM (Figure 2C, TPH1-
RC MWiimer: 95.6 kDa). Additionally, calculating the molecular weight across the entire SEC
peak showed lower molecular weight values at higher elution volumes (Supplementary figure
2A), which in combination with the later elution times at lower protein concentrations (Figure
2B) indicated the presence of monomeric species. Thus, TPH1-RC was found to be in a
monomer-dimer equilibrium. This is in agreement with a study from Mockus et al., who found
that C-terminal truncations of rabbit TPH1 led to dimeric and monomeric species *’. The
gradual concentration dependent movement of the peak observed here, could be attributed to
a rapid exchange between monomers and dimers which prevented their separation on the
column as also observed for insulin and SecA 81°, It should be noted that the elution volume
and calculated molecular weight at higher TPH1-RC concentrations did not completely reach
a plateau ([TPH1-RC]>50 uM), and it is therefore possible that TPH1-RC can exist in higher
order oligomer species as well. The monomer-dimer equilibrium of TPH1-RC is similar to an
equivalent variant of TPH2 (NA47-TPH2-RC, the RD and CD of TPH2 without the first 47 N-
terminal residues) °. Different to TPH1-RC, NA47-TPH2-RC could be separated into
monomers and dimers on a gel filtration column *°, which could be due to slower exchange
between the monomers and dimers and consequently a stronger dimer interface of NA47-
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Figure 2 SEC-MALS analysis of TPH1-RC A) Elution profiles of TPH1-RC (LS signal) without any ligand. The
numbers next to the curves indicate the protein loading concentration in uM. B) Elution volumes (at peak
maximum) from SEC-MALS runs of TPH1-RC and C) the calculated molecular weight at peak maximum based
on the LS and dRI signals either without ligand (orange), with 10 mM L-Phe (green), or 10 mM L-Trp (purple).
The theoretically calculated molecular weights of a TPH1-RC monomer, dimer, and trimer are indicated by
dashed lines. The calculated molecular weight is shown only for the higher protein concentrations, as the signal-
to-noise ratio of the LS- and RI signal is too small at lower concentrations to yield reliable results.
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TPH2-RC. Adding L-Trp to the buffer did not affect the oligomeric state of TPH1-RC (Figure
2B-C), while adding L-Phe resulted in a decreased elution volume and a corresponding larger
molecular weight, easiest observed at lower TPH1-RC concentrations (Figure 2B).
Additionally, tailing of the eluting peaks was less pronounced when L-Phe was present
(Supplementary figure 2B), and both observations point to L-Phe stabilizing the dimer. With L-
Phe in the buffer, an additional small peak appeared in front of the main peak (Supplementary
figure 1E), with a calculated molecular weight of around 150 kDa, corresponding to a trimer of
TPH1-RC or an “impure” dimer of TPH1-RC and residual MBP-TPH1-RC from the purification
(Supplementary figure 3).

Removing the CD, led TPH1-R in the absence of ligand to elute in a more symmetric peak
than TPH1-RC (Figure 3A). Similar to TPH1-RC the molecular weight was calculated to be a
dimer at concentrations above 100 pM. (Figure 3C, TPH1-R MWimer: 23.2 kDa). The signal-
to-noise ratio of the LS and dRI signal at lower protein concentrations was too low to calculate
a reliable molecular weight in this range. The elution volume was stable for TPH1-R without
ligand and with L-Trp at higher tested concentrations, but increased slightly at lower
concentrations (10-25 pM), which could be attributed to the presence of a monomeric species.
Zhang et al. previously observed TPH1-R to be a stable dimer from 2.7-30 yM using analytical
ultracentrifugation, but did not see any indication of a monomeric species 6. However, they
worked with a variant where the only cysteine was mutated to a serine to avoid the formation
of di-sulfide bridges and used different buffer conditions, which both could influence the
behavior of the domain. In this work, we instead added 5 mM DTT to the buffers, to keep the
only cysteine reduced. In the presence of 10 mM L-Phe, TPH1-R eluted at a similar volume
for all tested concentrations (10-300 uM), consistent with L-Phe stabilizing the dimer. The
elution volumes with L-Phe were more stable for TPH1-R than those observed for TPH1-RC,
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Figure 3 SEC-MALS analysis of TPH1-R A) Elution profiles of TPH1-R (LS signal) without any ligand. The
numbers next to the curves indicate the protein loading concentration in uM. B) Elution volumes (at peak
maximum) from SEC-MALS runs of TPH1-R and C) the calculated molecular weight at peak maximum based
on the LS and RI signals either without ligand (orange), with 10 mM L-Phe (green), or 10 mM L-Trp (purple).
The theoretically calculated molecular weights of a TPH1-RC monomer, dimer, and trimer are indicated by
dashed lines. The calculated molecular weight is only shown for the higher protein concentrations, as the signal
to noise ratio of the LS- and RI signal is too small at lower concentrations to yield reliable results. The baseline
of the SEC-MALS run of 300 uM TPH1-R with L-Trp was not stable, and therefore no MW was calculated for
this concentration.
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indicating that the TPH1-R dimer interface is stabilized to a larger extent by L-Phe and further
suggesting the CD to impose restraints to dimer formation.

Alone, TPH1-C eluted as a monomer for all loading concentrations and independent on
addition of L-Trp or L-Phe (Figure 4, TPH1-C MWmonomer: 36.2 kDa) in agreement with a
previous study %, and consistent with the RD being responsible for dimerization, as also
observed for TPH2 1°,
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Figure 4 SEC-MALS analysis of TPH1-C A) Elution profiles of TPH1-C (LS signal) without any ligand. The
numbers next to the curves indicate the protein loading concentration in uM. B) Elution volumes (at peak
maximum) from SEC-MALS runs of TPH1-C and C) the calculated molecular weight at peak maximum based
on the LS and RI signals either without ligand (orange), with 10 mM L-Phe (green), or 10 mM L-Trp (purple).
The theoretically calculated molecular weights of a TPH1-C monomer and dimer are indicated by dashed
lines. The calculated molecular weight is only shown for the higher protein concentrations, as the signal-to-
noise ratio of the LS- and dRI signal is too small at lower concentrations to yield reliable results.

NMR analyses confirm L-Phe binding to TPH1-R

Ligand binding to TPH1-R was further investigated using solution NMR spectroscopy. *H-°N
HSQC spectra were recorded of 1®N-TPH1-R in the absence of ligand, and with either L-Phe,
L-Trp, or L-Tyr. The *H->N HSQC spectrum of ®N-TPH1-R alone (Figure 5A), showed 102
peaks out of the expected 97 peaks for a symmetric dimer, and the peaks were all very broad
and not well defined. This could be due to an exchange process in the intermediate-to-slow
time regime, and linked to TPH1-R monomer-dimer exchange in-line with the gradual elution
behavior observed in SEC. Though the spectra were not assigned, a temperature series (5-
35 °C) showed two peaks both likely to belong to the C-terminal residue, again indicating
exchange between two different conformations (Supplementary figure 4). Addition of 20 mM
L-Phe caused large global changes to the spectrum (Figure 5B) affecting both the chemical
shifts, the intensity of the peaks, and the number of peaks. The *H-1>N HSQC spectrum of **N-
TPH1-R with L-Phe yielded 61 well dispersed peaks, out of which most were much more
intense than the peaks in the spectrum without any ligand. The chemical shift perturbations
(CSPs) confirmed the binding of L-Phe to TPH1-R, and the fewer more intense peaks could
indicate a stabilization of the dimer leading to less exchange. Another possibility could be a
stabilization of the protein fold, however, as TPH1-R elutes at the same volume in SEC with
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and without L-Phe at higher concentrations, the overall size of the dimer stays the same. For
the RD of rat PAH, the *H-®N HSQC spectrum has been observed to change from 120 mainly
broad and weak peaks without L-Phe when the system is in a monomer-dimer equilibrium, to
fewer more intense peaks upon L-Phe binding where only a dimer is observed 2. Addition of
20 mM L-Trp to TPH1-R yielded only small changes to the spectrum (Figure 5C), and the
overall appearance remained the same. Thus, it is likely that L-Trp binds very weakly, or not
at all, to the TPH1-R dimer, in agreement with L-Trp not increasing the melting temperature of
TPH1-R as observed by Patel et al. 3. Addition of 1 mM L-Tyr due to the limited solubility of
the amino acid, did not cause any CSPs in the spectrum (Figure 5D). While intensity
differences were observed, it should be noted that the TPH1-R concentration was 150 uM with
L-Tyr, compared to 300 uM in the other spectra, hampering direct comparison. An NMR
titration of °>N-TPH1-R with L-Phe (up to 15000 uM L-Phe) showed that the complex is in slow-
to-intermediate exchange on the NMR time-scale, complicating a reliable determination of Kg.
Upon addition of L-Phe, the peaks from the unbound form gradually disappeared until a certain
concentration was reached, where peaks from the bound form started to appear. The spectra
mostly resembled the free form of TPH1-R at 400 uM L-Phe (Figure 6A), while peaks from
both the free state and the bound state were observed at 800 uM (Figure 6B). At 1500 uM the
spectrum mostly resembled the bound form (Figure 6C). To gain more information on the
behavior of the complex, and to get a rough idea of the K4 range, an additional NMR titration
was performed using *C-L-Phe. Here, the concentration of *C L-Phe was kept constant (150
uM) and TPH1-R was added in increasing concentrations. The recorded aromatic *H-3C
HSQC spectra of 1*C-L-Phe showed three peaks from free L-Phe, while weak peaks from the
bound state were visible only at the highest TPH1-R concentration (695 uM, Supplementary
figure 5). Although the line-broadening observed in our spectra as a result of the intermediate
exchange makes it impossible to determine a reliable Ky from a fit to the intensities, we
nonetheless made a global fit to the three decreasing L-Phe peaks and obtained a rough Kg
estimate of 590-850 uM (Supplementary figure 5). Combined with the changes in the protein
H-®"N HSQC spectrum of **N-TPH1-R from more “free-like” to more “bound-like” from 400-
800-1500 uM added L-Phe, it is probable that the Kq is in the high uM to low mM range, and
not smaller. Thus, the binding of L-Phe to TPH1-R is likely weaker than L-Phe binding to NA47-
TPH2-R which has a Kq in the lower uM range (~25-100 uM, Unpublished data, Chapter 4).

Although the data presented here provide evidence for L-Phe binding to the RD of TPH1, the
exact location of the binding site(s) has not been confirmed. However, the SEC-MALS data
show that the TPH1 variants containing the RDs (TPH1-R and TPH1-RC) form dimers both
affected by the presence of L-Phe, and considering the sequential analysis between TPH1
and TPH2 presented in the introduction, it is likely that L-Phe binding sites are located at a
similar RD dimer interface as in TPH2 and PAH. Additionally, the preference for L-Phe
compared to L-Trp, as also observed for NA47-TPH2-R (Unpublished data, Chapter 4),
supports similar binding sites. Consequently, the L-Phe binding sites in the RD dimer of TPH2
cannot be assumed to be isoform specific. Still, we do observe different properties of TPH1-R
and TPH1-RC compared to the equivalent variants of TPH2. The relatively larger Kqrange for
the L-Phe TPH1-R complex estimated here compared to that of NA47-TPH2-R indicates
different properties of the RD binding pocket(s) of TPH1-R and NA47-TPH2-R.
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Figure 5 NMR analyses of TPH1-R. *H-15N HSQC spectra of TPH1-R with A) 300 uM TPH1-R
and no ligand (Orange), B) 300 uM TPH1-R + 20 mM L-Phe (Green), C) 300 uM TPH1-R + 20
mM L-Trp (Purple), and D) 150 uM TPH1-R + 1 mM L-Tyr (Black). Only 1 mM was added due to

the limited solubility of L-Tyr.
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Figure 6 NMR titration of TPH1-R with L-Phe. *H-1>N HSQC spectra from a titration of N-labeled TPH1-R (400 uM)
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In line with this observation, the TPH1-RC variants were not separated into monomers and
dimers on the gel filtration column, as was the case for the equivalent variant of TPH2 (NA47-
TPH2-R) *°, indicating a more rapid equilibrium and a weaker dimer interface, which could
contribute to a weaker binding of L-Phe. These subtle differences will be important to further
characterize in order to determine the isoform specific properties of the RDs of TPH1 and
TPH2, which can additionally aid in the elucidation of isoform specific regulatory mechanisms
of the enzymes. Importantly, it is not yet known if the RD binding sites are physiologically
relevant in the regulation of either TPH1 or TPH2. The RD cores of TPH1 and TPH2 contain
a conserved phosphorylation site, while TPH2 has an isoform specific phosphorylation site in
its 46 residue longer N-tail important for 14-3-3 binding 222, In combination with the similar,
yet not identical properties of TPH1-R and NA47-TPH2-R and TPH1-RC and NA47-TPH2-RC,
this indicates that the differences in the N-tail are a main factor in isoform specific regulation
of TPH.

Conclusion

The current study show that the RD of TPH1 can bind L-Phe, and additionally show that L-
Phe affects dimerization of C-terminally truncated variants of TPH1 including the RD. This is
similar to the behavior of the RD of TPH2 reported in previous studies, though differences are
observed relating to the strength of L-Phe binding and the dimer interface. These subtle
differences will be important to unravel for a more complete understanding of the RDs of TPH.

Methods

Protein expression and purification

TPH1-R (residues 2-99), TPH1-RC (residues 2-413), and TPH1-C (residues 100-413) were
expressed with an N-terminal maltose binding protein (MBP)-tag essentially as described by
Tidemand et al. *5, using LB media with 30 ug/mL kanamycin sulfate (30 Kan). Upon induction
with isopropyl-B-D-thiogalactopyronoside, freshly prepared (NH4).Fe(SO4). was added to a
final concentration of 0.2 mM for TPH1-RC and TPH1-C. When expressing **N-labelled TPH1-
R, pre-cultures (50 mL) were grown in LB 30 Kan media, pelleted and resuspended in M9
minimal media (22 mM KH2PO4, 53 mM Na,HPO,4, 86 mM NaCl, 1 mM MgSO,, 1:1000 V/V
M2 trace element solution, 22 mM glucose, 11 mM **N-(NH,).SO4). M9 30 Kan media (650
mL) was then inoculated with the resuspended cells from two precultures. Purifications,
including cleaving of the MBP-tag, of all three variants were performed as described by
Tidemand et al. ** with the following modifications: The buffer conditions were for TPH1-R 20
mM Tris/HCI, 1200 mM (NH4).SO4, 5 mM DTT, pH 8.0, for TPH1-RC 20 mM Tris/HCI, 300 mM
(NH4)2S04, 5 mM DTT, pH 8.0, and for TPH1-C 20 mM Tris/HCI, 100 mM (NH.).S0O., pH 8.0.
Cleaving off the MBP-tag leaves an additional N-terminal “GP” residues on TPH1-R and
TPH1-C and “GPGS” on TPH1-RC. After purification, the protein was concentrated using
Vivaspin Turbo centrifugal concentrators (Sartorius) with either 3 kDa or 10 kDa cut-off
membranes. The protein was stored at -80 °C after flash freezing in liquid N..The purities of
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the variants were assessed by SDS-PAGE. The purity of TPH1-RC samples were estimated
to 90-95% purity, TPH1-C to 98% purity, while no impurities in the TPH1-R samples were
visible on the gel (Supplementary figure 3).

Sample preparation

Frozen protein samples (TPH1-R, TPH1-RC, or TPH1-C) were thawed slowly on ice, and
filtered through a 0.22 ym centrifuge tube filter (Corning). The protein concentration was
measured using an ND-1000 NanoDrop Spectrophotometer (Saveen Werner) and an
extinction coefficient estimated by ProtParam ?* based on the protein sequence (for TPH1-RC
and TPH1-C) or using an Abbemat 550 refractometer (Anton Paar) and dn/dc= 0.185 2526 (for
TPH1-R, since the sequence contains no tryptophans or tyrosines). Concentration
measurements were performed in triplicates and the average value used as the final protein
concentration.

Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS)

SEC-MALS was used to investigate the oligomeric state of TPH1-R, TPH1-RC, and TPH1-C.
The column was coupled to a DAWN Heleos-Il MALS detector (Wyatt), an 1260 Infinity Il
Multiple Wave Length Detector (Agilent Technologies), and an Optilab T-rex refractive index
detector (Wyatt). The flow was controlled using an Agilent 1260 Infinity || LC system (Agilent).
The column (Superdex 75 10/300 GL for TPH1-R and TPH1-C or Superdex 200 increase
10/300 for TPH1-RC, GE Healthcare) had been pre-equilibrated with at least three column
volumes (CV) of running buffer. The running buffer, which had been filtered through a 1000
mL filter unit with a 0.2 ym membrane (Fisher Scientific), was identical to the binding buffer
during purification, but with addition of 10 mM L-Phe or 10 mM L-Trp when relevant. Frozen
protein samples were prepared as described but filtered through a 0.1 uym centrifuge tube filter
(Millipore). Samples of the relevant concentrations were prepared by diluting the concentrated
protein sample with running buffer and kept at 10 °C until loading. 50 yL samples were loaded
using a 1260 Infinity Il autosampler (Agilent Technologies) and eluted at room temperature
with 1 CV running buffer at a flow rate of 0.4 mL/min. The data were analyzed using Astra
7.1.4 (Wyatt), using the dRI measurements and dn/dc=0.185 to determine the protein
concentration. Final plots were made in Matlab (Mathworks Inc.).

Nuclear magnetic resonance spectroscopy

1H-15N HSQC spectra of TPH1-R were measured at 35 °C (unless otherwise specified) on a
Bruker AVANCE 800 MHz spectrometer with a 5mm TCI cryoprobe. *H-®N HSQCs for the
protein observed titration of TPH1-R with L-Phe were measured at 35 °C on a Bruker Avance
Neo 800 MHz spectrometer equipped with a 5 mm CPTXO cryoprobe. Aromatic *H-*C HSQC
spectra for the L-Phe observed titration with TPH1-R were recorded on a Bruker Avance Il
HD 600 MHz spectrometer equipped with a 5 mm QCI cryoprobe. Topspin 3.6 was used for
processing, phase corrections, and referencing of spectra. For the titration spectra,
referencing was done internally to DSS at 0 ppm in the 'H dimension and by relative
gyromagnetic ratios in the 3C and **N dimensions. The buffer condition for the NMR samples
was 20 mM Tris/HCI, 100 mM (NH4).SO4, 5 mM DTT, pH 8.0, 5% D,O (+125 yM DSS for
titration samples). A titration of °>’N-TPH1-R with L-Phe at 35 °C was performed by maintaining
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a constant protein concentration (400 yM) and recording *H-'®N HSQC spectra with the
following L-Phe concentrations: 0, 100, 200, 400, 800, 1100, 1500, 2000, 3000, 5000, 15000
UM. For the titration of **C-labeled L-Phe with TPH1-R aromatic *H-*C HSQCs were recorded
on samples with 150 yM L-Phe and the following TPH1-R concentrations: 37.5, 75, 112.5,
150, 225, 300, 695 uM. The intensity of the decaying peaks were extracted with CcpNmr
Analysis 2.5.1 2" and fitted using Origin2019 (OriginLabs) to the following equation with a
shared Kq parameter %;

([TPH1] + [Phe], + Ky) — \/([Phe]o + [TPH1] + K;)? — 4 - [Phe], - [TPH1]
Lops = Ifree - Imax,bound ’ 2. [Phe]
0

Where 1, is the intensity of a free L-Phe peak at a certain concentration of TPH1-R, I, is
the intensity of a free L-Phe peak without TPH1-R, L. ouna IS the difference between I,
and I,,, at complete saturation, [TPH1] is the concentration of TPH1-R, [Phe], is the initial
concentration of free L-Phe, and K, is the dissociation constant.
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Supplementary figures and tables

Supplementary figure 1: SEC-MALS elution profiles of TPH1-RC, TPH1-R, and TPH1-RC
Supplementary figure 2: SEC-MALS elution profiles of TPH1-RC with molecular weight traces
Supplementary figure 3: SDS-PAGE analysis of protein used for SEC-MALS

Supplementary figure 4: *H-®N HSQC spectra of C-terminal peak at different temperatures

Supplementary figure 5: Titration of 33C- L-Phe with TPH1-R
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Supplementary figure 1 SEC-MALS elution profiles. A-C SEC-MALS elution profiles of TPH1-R
with A) no ligand B) L-Phe C) L-Trp. D-F SEC-MALS elution profiles of TPH1-RC with D) no ligand
E) L-Phe F) L-Trp. G-I SEC-MALS elution profiles of TPH1-C with G) no ligand H) L-Phe I) L-Trp.
The numbers next to the curves indicate the protein concentration (uM) of the loaded samples
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Supplementary figure 2 SEC-MALS elution profiles of TPH1-RC with A) no ligand and B) 10 mM
L-Phe. The calculated molecular weight is plotted on top of the curves and are colored according
to the equivalent elution curve.
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Supplementary figure 3 SDS-PAGES of the pooled fractions from purifications of TPH1-RC, TPH1-C, and
TPH1-R. The numbers (in black) indicate the molecular weight of the marker proteins. The numbers in
parenthesis (in red) indicates how many times the sample was diluted if relevant. The grey mesh on the
second TPH1-RC gels marks other samples from protein purification not relevant for these experiments.
TPH1-RC was estimated to 90-95% purity, TPH1-C 98% purity, and no impurities could be detected on the
gel for TPH1-R.
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decreasing intensities (Circles) of the three free L-Phe peaks. B) Aromatic 'H-13C HSQC
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6 CONCLUDING REMARKS

This project concerned the enzymes tryptophan hydroxylase 1 and tryptophan hydroxylase 2
that catalyze the rate-limiting step in the production of serotonin in the peripheral tissues and
in the brain, respectively. Despite the importance of TPH1 and TPH2 in relation to serotonin
related diseases, characterization of the regulatory domains and regulatory mechanisms of
the enzymes have remained sparse. In this project, structural biology technigques and
biophysical characterization methods have been used to gain an increased understanding of
the structure and behavior of the RDs of TPH1 and TPH2.

In the presence of L-Phe, a 47 N-terminally truncated variant of the isolated RD of TPH2
(NA47-TPH2-R) was well-behaved (less aggregation prone in protein concentrations up to at
least 1.1 mM / 12.4 mg/mL), enabling a detailed structural study using NMR spectroscopy.
Previous studies had pointed towards the RD dimer interface as the location of L-Phe binding
4752 and the NMR structure of the NA47-TPH2-R dimer determined in this study, confirmed
that L-Phe was bound in two identical pockets in the RD dimer interface. Furthermore, the
NMR spectroscopy experiments showed that the natural substrate of TPH2, L-Trp, was a poor
ligand of the RD compared to L-Phe. Cryo-EM was used to obtain structural information on
the RDs in tetrameric TPH2 (NA47-TPH2). The results showed that the RDs form dimers also
in the absence of L-Phe, and indicated that the RDs exist in a monomer-dimer equilibrium in
the tetramer.

Investigating C-terminally truncated TPH1 variants using SEC-MALS showed that variants
containing the RD (TPH1-R and TPH1-RC) mainly form dimers and indicated that the variants
exist in a monomer-dimer equilibrium at lower protein concentrations. Furthermore, the
presence of L-Phe was found to affect the elution volumes of TPH1-R and TPH1-RC, while L-
Trp had no effect. Binding of L-Phe to the TPH1-R dimer was additionally confirmed using
NMR spectroscopy, revealing that both TPH isoforms contain L-Phe binding site(s) in their
RD, though the exact location of the binding site in TPH1 was not determined.
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7 FUTURE PERSPECTIVES

In this study, the conformational landscape of the NA47-TPH2 tetramer has been further
elucidated, and detailed structural information of the NA47-TPH2-R dimer showed the location
of the L-Phe binding pockets. However, it is yet to be determined if ligand binding to the RD
dimer has any functional effect on TPH2, which will be important to elucidate in further studies.
This includes confirming whether L-Phe induces RD dimerization in NA47-TPH2 and full-
length TPH2, and investigating if L-Phe binding to the RD affects e.g. the stability, kinetics,
and phosphorylation of the enzyme. Additionally, due to the instability of the RD without L-
Phe, detailed structural information of the un-bound form of the RD is still missing. A detailed
structure of the RD without L-Phe would provide insights to the local structural effects of L-
Phe binding, which could be important in mediating a potential allosteric response.

A detailed structural characterization of the RD of TPH1, both in context of L-Phe binding to
the isolated domain and the RD position in the full-length enzyme, will be important to further
increase the understanding of the isoform specific properties of TPH1 and TPH2. Here, the
methods that have proven successful for the studies of TPH2 could be employed. Thus, the
location of the RD in full-length TPH1 could be investigated using cryo-EM, or alternatively
SAXS could be used to obtain a structural envelope of the TPH1 tetramer. NMR spectroscopy
could be used to study the isolated RD in presence of L-Phe in order to investigate the exact
location of RD binding site(s).

The most clear difference between TPH1 and TPH2 is the 46-residue longer N-tail of TPH2,
of which no structural information is available. The longer N-tail in TPH2 could allow it to reach
and cover the active site in the full-length enzyme with dimerized RDs, while the same would
not be possible in TPH1, as also discussed by Zhang et al. . Thus, structural information on
the first 46-residues in the N-tail of TPH2 is needed to elucidate isoform specific regulation of
TPH2. However, this remains hampered by the decreased stability of variants containing the
full N-tail, as also observed in Chapter 2 and Chapter 4. An alternative approach could be to
express the N-tail of TPH2 alone, and investigate its possible interactions with the other
domains. As the N-tail contains an isoform specific phosphorylation site, the effect of
phosphorylation on the interactions of the N-tail could additionally provide pieces to the puzzle
of TPH2 regulation. Structural effects of phosphorylation at the non-isoform specific site
Ser104 (in TPH2), could be studied using the NA47-TPH2-R variant and NMR spectroscopy,
to probe which residues that are affected by phosphorylation.
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LAALLSGV-~--------- RQVSEDVRSPAGPKVPWFPRKVSELDKCHHLVTKFDPDLDLD
LAALLSGV- - -=------- RQVSEDVRSPAGPKVPWFPRKVSELDKCHHLVTKFDPDLDLD
LTNIITKILRHDIG- - - - - ATVHELSRDKKKDTVPWFPRTIQELDRFANQILSYGAELDAD

LNDIFHLLKSHTNVLSVNLPDNFTLKEDGMETVPWFPKKISDLDHCANRVLMYGSELDAD
FNELIQLLKFQTT IVTLNPPENIWTEEEELEDVPWFPRKISELDKCSHRVLMYGSELDAD

* ok ok ok Kk - ok ok - ok ok *

HPGFSDQVYRQRRKL I AEIAFQYRHGDP
HPGFSDQVYRQRRKL I AEITAFQYRHGDP
HPGFSDQVYRQRRKL I AEIAFQYRHGDP
HPGFSDQVYRQRRKL I AEITAFQYRHGDP
HPGFKDPVYRARRKQFADIAYNYRHGQP
HPGFKDNVYRKRRKYFADLAMNYKHGDP
HPGFKDNVYRQRRKYFVDVAMGYKYGQP

* K K K * * Kk K * Kk . ok * oo koo ok

PRVEYTAEE | ATWKEVYTTLKGLYATHACGE
PRVEYTAEE | ATWKEVYTTLKGLYATHACGE
PRVEYTAEE | ATWKEVYTTLKGLYATHACGE
PRVEYTAEE | ATWKEVYTTLKGLYATHACGE
PRVEYMEEEKKTWGTVFKTLKSLYKTHACYE
PKVEFTEEE IKTWGTVFQELNKLYPTHACRE
PRVEYTEEETKTWGVVFRELSKLYPTHACRE

ko ok K .

* o o — — — —

* ok * * *: *‘ * * * k Kk * *
HLEAFALLERFSGYREDNIPQLEDVSRFLKERTGFQLRPVAGLLSARDFLASLAFRVFQC
HLEAFALLERFSGYREDNIPQLEDVSRFLKERTGFQLRPVAGLLSARDFLASLAFRVFQC
HLEAFALLERFSGYREDNIPQLEDVSRFLKERTGFQLRPVAGLLSARDFLASLAFRVFQC
HLEAFALLERFSGYREDNIPQLEDVSRFLKERTGFQLRPVAGLLSARDFLASLAFRVFQC
YNHIFPLLEKYCGFHEDNIPQLEDVSQFLQTCTGFRLRPVAGLLSSRDFLGGLAFRVFHC
YLKNLPLLSKYCGYREDNIPQLEDVSNFLKERTGFS IRPVAGYLSPRDFLSGLAFRVFHC

YLKNFPLLTKYCGYREDNVPQLEDVSMFLKERSGFTVRPVAGYLSPRDFLAGL/—\YRVFHC

* * - koo ok Kk K - Kk KX Kk k k Kk * * Kk - C ok K C ok ok ok ok ok * ok * ok Kk K * ko ok Kk Kk - Kk

TQYIRHASSPMHSPEPDCCHELLGHVPMLADRTFAQFSQD IGLASLGASDEE IEKLSTLY
TQYIRHASSPMHSPEPDCCHELLGHVPMLADRTFAQFSQD IGLASLGASDEE IEKLSTLY
TQYIRHASSPMHSPEPDCCHELLGHVPMLADRTFAQFSQD IGLASLGASDEEIEKLSTLY
TQYIRHASSPMHSPEPDCCHELLGHVPMLADRTFAQFSQD IGLASLGASDEEIEKLSTLY
TQYIRHGSKPMYTPEPD ICHELLGHVPLFSDRSFAQFSQEIGLASLGAPDEYIEKLATIY
TQYVRHSSDPFYTPEPDTCHELLGHVPLLAEPSFAQFSQEIGLASLGASEEAVQKLATCY
TQYIRHGSDPLYTPEPDTCHELLGHVPLLADPKFAQFSQEIGLASLGASDEDVQKLATCY

* Kk koo ok Kk * * ..k Kk ok Kk *ok ok K ok K X Kk ko« . k ok ok Kk ok Kk -k k k Kk Kk Kk Kk K P Cok k- ok *
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TH isoform 2 (P07101-3)
TH isoform 4 (P07101-4)
TH isoform 3 (P07101-1)
TH isoform 1 (P07101-2)
PAH (P00439-1)

TPH isoform 1 (P17752-1)
TPH isoform 2 (Q8IWU9-1)

TH isoform 2 (P07101-3)
TH isoform 4 (P07101-4)
TH isoform 3 (P07101-1)
TH isoform 1 (P07101-2)
PAH (P00439-1)

TPH isoform 1 (P17752-1)
TPH isoform 2 (Q8IWU9-1)

TH isoform 2 (P07101-3)
TH isoform 4 (P07101-4)
TH isoform 3 (P07101-1)
TH isoform 1 (P07101-2)
PAH (P00439-1)

TPH isoform 1 (P17752-1)
TPH isoform 2 (Q8IWU9-1)

WFTVEFGLCKQNGEVKAYGAGLLSSYGELLHCLSEEPEIRAFDPEAAAVQPYQDQTYQSV
WFTVEFGLCKQNGEVKAYGAGLLSSYGELLHCLSEEPEIRAFDPEAAAVQPYQDQTYQSYV
WFTVEFGLCKQNGEVKAYGAGLLSSYGELLHCLSEEPEIRAFDPEAAAVQPYQDQTYQSV
WFTVEFGLCKQNGEVKAYGAGLLSSYGELLHCLSEEPEIRAFDPEAAAVQPYQDQTYQSYV
WFTVEFGLCKQGDS IKAYGAGLLSSFGELQYCLSEKPKLLPLELEKTAIQNYTVTEFQPL
FFTVEFGLCKQDGQLRVFGAGLLSSISELKHALSGHAKVKPFDPKITCKQECLITTFQDV
FFTIEFGLCKQEGQLRAYGAGLLSSIGELKHALSDKACVKAFDPKTTCLQECLITTFQEA
ok k. . . . * .k

* ok ok ok ok Kk . Ck ok ok ok ok Kk k

.** '** .
YFVSESFSDAKDKLRSYASRIQRPFSVKFDPYTLAIDVLDSPQAVRRSLEGVQDELDTLA
YFVSESFSDAKDKLRSYASRIQRPFSVKFDPYTLAIDVLDSPQAVRRSLEGVQDELDTLA
YFVSESFSDAKDKLRSYASRIQRPFSVKFDPYTLAIDVLDSPQAVRRSLEGVQDELDTLA
YFVSESFSDAKDKLRSYASRIQRPFSVKFDPYTLAIDVLDSPQAVRRSLEGVQDELDTLA
YYVAESFNDAKEKVRNFAATIPRPFSVRYDPYTQRIEVLDNTQQLKILADSINSEIGILC
YFVSESFEDAKEKMREFTKTIKRPFGVKYNPYTRS IQILKDTKS I TSAMNELQHDLDVVS
YFVSESFEEAKEKMRDFAKS I TRPFSVYFNPYTQS IEILKDTRSIENVVQDLRSDLNTVC

*:*:***.:**:*:*.:: *‘k**.* :*** *::*..
HALSAIG- - - - - 0 497
HALSAIG- - - - - 0 501
HALSAIG- - - - - 0 528
HALSAIG- - - - - 0 524
SALQKIK=- - - - - 0 452

DALAKVSRKPS IO
DALNKMNQYLG IO

* * .

444
490
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a4
451
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ans

490
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a8

Figure 20 alignment of the human AAAHs performed with Clustal Omega 5%, The Uniprot sequence entry is noted in

parenthesis.

A2 ALIGNMENT OF THE CATALYTIC DOMAINS OF HUMAN TPH1, HUMAN TPH2

AND CHICKEN TPH1

human TPH2 -EELEDVPWFPRKISELDKCSHRVLMYGSELDADHPGFKDNVYRQRRKYFVDVAMGYKYG 204

human TPH1 -DGMETVPWFPKK ISDLDHCANRVLMYGSELDADHPGFKDNVYRKRRKYFADLAMNYKHG 158

chicken TPH1 DGDMEN IPWYPKK ISDLDKCANRVLMYGSDLDADHPGFKDNVYRKRRKYFADLAMNYKHG 159
:* :**:*:***:**:*::*******:**************:*****l*:**.**:*

human TPH2 QP IPRVEYTEEETKTWGVVFRELSKLYPTHACREYLKNFPLLTKYCGYREDNVPQLEDVS 264

human TPH1 DP IPKVEFTEEE IKTWGTVFQELNKLYPTHACREYLKNLPLLSKYCGYREDNIPQLEDVS 218

chicken TPH1 DPIPEIEFTEEEIKTWGTVYRELNKLYPTHACREYLKNLPLLTKYCGYREDNIPQLEDVS 219
SR KK ok sk Kk kK Kk kK sk kK ok Kk ok Kk ok Kk kK Kk Kk Kk sk ok koo Kk Kok ok Kk KKK K LK Kk koK K K

human TPH2 MFLKERSGFTVRPVAGYLSPRDFLAGLAYRVFHCTQYIRHGSDPLYTPEPDTCHELLGHV 324

human TPH1 NFLKERTGFSIRPVAGYLSPRDFLSGLAFRVFHCTQYVRHSSDPFYTPEPDTCHELLGHV 278

chicken TPH1 RFLKERTGFTIRPVAGYLSPRDFLAGLAFRVFHCTQYVRHSSDPLYTPEPDTCHELLGHV 279
*****:**::*************:***:********:**.***:***************

human TPH2 PLLADPKFAQFSQE IGLASLGASDEDVQKLATCYFFTIEFGLCKQEGQLRAYGAGLLSSI 384

human TPH1 PLLAEPSFAQFSQE IGLASLGASEEAVQKLATCYFFTVEFGLCKQDGQLRVFGAGLLSS 338

chicken TPH1 PLLAEPSFAQFSQE IGLASLGASDEAVQKLATCYFFTVEFGLCKQEGQLRVYGAGLLSS I 339
Kok Kk ok Kk Kk ok K Kk ok ok K Kk Kk Kk K K kK Kk ok Kk K Kk ok Kk Kk sk ok ok K Kk Kk Lok Kk ok sk Kk ok oK K Kk K

human TPH2 GELKHALSDKACVKAFDPKTTCLQECLI TTFQEAYFVSESFEEAKEKMRDFAKS ITRPFS 444

human TPH1 SELKHALSGHAKVKPFDPKITCKQECL|I TTFQDVYFVSESFEDAKEKMREFTKTIKRPFG 398

chicken TPH1 SELKHSLSGSAKVKPFDPKVTCKQECL|I TTFQEVYFVSESFEEAKEKMREFAKTIKRPFG 399

human TPH2
human TPH1
chicken TPH1

* ok Kk Kk - K Kk * * ok * ok ok K * * * ok K ok ok Kk Kk Kk K - kok ok ok k ok Kk Kk ok k Kk Kk Kk k Kk - Kk .k * Kk K

VYFNPYTQS IE I LKDO 459
VKYNPYTRS IQILKDDO 413
VKYNPYTQSVQILKDO 414

* Sk ok K K+ k- . K K K K

Figure 21 Sequential alignment of the catalytic domains of human TPH1 (residues 100-413), human TPH2
(residues 146-459), and chicken TPH1 (residues 100-414) determined by use of Clustal Omega . The CD of
chicken TPH1 was determined to be 91 % identical to the CD of human TPH1 and 83 % identical to the CD of
human TPH2. Residues involved in binding of L-Trp and BH: identified from structures of chicken TPH1 4° and

human TPH1 4

are highlighted in orange.
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B PURIFICATION OF TPH VARIANTS
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B1 PURIFICATION OF TPH2
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Figure 22 Purification of TPH2 in 20 mM HEPES, 300 mM (NH4)2SOa4, pH 7.0. A) Affinity
chromatogram, B) GF chromatogram, and C) SDS-PAGE. Abbreviations: From sample preparation
[R —lysate, S — Supernatant from centrifugation, P — pellet from centrifugation]. From chromatographic
steps [Tp — target peak from AC step, Gp — target peak from GF step] Std — Precision Plus Protein
Standard. The sizes of the standard proteins are provided in kDa (in red). The number in parenthesis
denotes the dilution factor of the sample if relevant. Red coloring on the image marked by the Image
Lab software indicates a large amount of protein. Red dashed lines in the chromatograms mark the
collected TPH2 fractions. G1, G2, and G3 marks three sampled fractions.
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B2 PURIFICATION OF NA47-TPH2
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Figure 23 Purification of NA47-TPH2 in 20 mM HEPES, 300 mM (NH4)2SOa4, pH 7.0. A) Affinity
chromatogram, B) GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample
preparation [S — Supernatant from centrifugation, P — pellet from centrifugation]. From
chromatographic steps [Ft — Flow through, Tp — target peak from AC step, E — Elution peak, Gp
— target peak from GF step] Std — Precision Plus Protein Standard. The sizes of the standard
proteins are provided in kDa (in red). The number in parenthesis denotes the dilution factor of
the samples if relevant. Red coloring on the image marked by the Image Lab software indicates
a large amount of protein. Red dashed lines in the chromatograms mark the collected NA47-
TPH2 fractions. G1 marks a sampled fraction.
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B3 PURIFICATION OF NA47-TPH2-RC
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Figure 24 Purification of NA47-TPH2-RC in 20 mM HEPES, 300 mM (NH4)2SOs4, pH 7.0. A) Affinity
chromatogram, B) GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample
preparation [S — Supernatant from centrifugation, P — pellet from centrifugation]. From chromatographic
steps [Ft — Flow through, Tp — target peak from AC step, E — Elution peak, Gp — target peak from GF step]
Std — Precision Plus Protein Standard. The sizes of the standard proteins are provided in kDa (in red). The
number in parenthesis denotes the dilution factor of the samples if relevant. Red coloring on the image
marked by the Image Lab software indicates a large amount of protein. Red dashed lines in the
chromatograms mark the collected NA47-TPH2-RC fractions.
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B4 PURIFICATION OF TPH2-CT
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Figure 25 Purification of TPH2-CT in 20 mM HEPES, 100 mM (NH4)2SO0a, pH 7.0. A) Affinity chromatogram, B) GF
chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample preparation [R — lysate, S — Supernatant
from centrifugation, P — pellet from centrifugation]. From chromatographic steps [Ft — Flow through, Tp — target peak
from AC step, E — Elution peak, Gp — target peak from GF step], Std — Precision Plus Protein Standard. The sizes of
the standard proteins are provided in kDa (in red). The number in parenthesis denotes the dilution factor of the samples
if relevant. Red dashed lines in the chromatograms mark the collected TPH2-CT fractions.
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B5 PURIFICATION OF TPH2-R
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Figure 26 Purification of TPH2-R in 20 mM HEPES, 300 mM (NH4)2S04, 3 mM L-Phe, pH 7.0. A) Affinity
chromatogram, B) GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample preparation
[R —lysate, S — Supernatant from centrifugation, P — pellet from centrifugation]. From chromatographic steps
[Ft — Flow through, Tp — target peak from AC step, Gp — peak from GF step], Std — Precision Plus Protein
Standard. The sizes of the standard proteins are provided in kDa. The number in parenthesis denotes the
dilution factor of the samples if relevant. Red coloring on the image marked by the Image Lab software
indicates a large amount of protein. Red dashed lines in the chromatograms mark the collected TPH2-R
fractions.
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B6 PURIFICATION OF NA47-TPH2-R
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Figure 27 purification of NA47-TPH2-R in 12 mM Na2HPO4/8 mM NaHz2PO4, 100 mM (NH4)2SO4 , pH 7.0.
A) Affinity chromatogram and B) GF chromatogram. Red dashed lines mark the collected NA47-TPH2-R
fractions.
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B7 PURIFCATION OF TPH1-C
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Figure 28 Purification of TPH1-C in 20 mM Tris, 100 mM (NH4)2SQO4, pH 8.0. A) Affinity
chromatogram, B) GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From
sample preparation [S — Supernatant from centrifugation, P — pellet from centrifugation]. From
chromatographic steps [Ft — Flow through, Tp — target peak from AC step, Gp — target peak
from GF step], Std — Precision Plus Protein Standard. The sizes of the standard proteins are
provided in kDa (in red). The number in parenthesis denotes the dilution factor of the samples
if relevant. Red coloring on the image marked by the Image Lab software indicates a large
amount of protein. The affinity chromatogram in A) is a bit noisy, as air was introduced on the
column during sample load. Red dashed lines in the chromatograms mark the collected
TPH1-C fractions. G1 marks a sampled fraction. The purification was performed by David F.
Nielsen.
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B8 PURIFICATION OF TPH1-RC
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Figure 29 Purification of TPH1-RC in 20 mM Tris, 300 mM (NH4)2SO4, 5 mM DTT, pH 8.0. A) Affinity chromatogram, B)
GF chromatogram, and C) SDS-PAGE analysis. Abbreviations: From sample preparation [R — lysate, S — Supernatant
from centrifugation, P — pellet from centrifugation]. From chromatographic steps [Ft — Flow through, Tp — target peak from
AC step, E —elution peak, Gp — target peak from GF step]. Std — Precision Plus Protein Standard. The sizes of the standard
proteins are provided in kDa (in red). The number in parenthesis denotes the dilution factor of the sample if relevant. Red
coloring on the image marked by the Image Lab software indicates a large amount of protein. Red dashed lines in the
chromatograms mark the collected TPH1-RC fractions. G1 and G2 mark two sampled fractions. Excluding the G1 fraction,
thus a more asymmetric fractioning, would lead to a higher purity.
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C SEQUENCES OF PROTEIN VARIANTS

All TPH sequences include the additional N-terminal “GP” residues from the affinity tag (“GPGS” for
TPH1-RC).

TPH2
GPQPAMMMFSSKYWARRGFSLDSAVPEEHQLLGSSTLNKPNSGKNDDKGNKGSSKREAA
TESGKTAVVFSLKNEVGGLVKALRLFQEKRVNMVHIESRKSRRRSSEVEIFVDCECGKTEF
NELIQLLKFQTTIVTLNPPENIWTEEEELEDVPWFPRKISELDKCSHRVLMYGSELDADHPGF
KDNVYRQRRKYFVDVAMGYKYGQPIPRVEYTEEETKTWGVVFRELSKLYPTHACREYLKN
FPLLTKYCGYREDNVPQLEDVSMFLKERSGFTVRPVAGYLSPRDFLAGLAYRVFHCTQYIR
HGSDPLYTPEPDTCHELLGHVPLLADPKFAQFSQEIGLASLGASDEDVQKLATCYFFTIEFG
LCKQEGQLRAYGAGLLSSIGELKHALSDKACVKAFDPKTTCLQECLITTFQEAYFVSESFEE
AKEKMRDFAKSITRPFSVYFNPYTQSIEILKDTRSIENVVQDLRSDLNTVCDALNKMNQYLGI

NA47-TPH2
GPGNKGSSKREAATESGKTAVVFSLKNEVGGLVKALRLFQEKRVNMVHIESRKSRRRSSE
VEIFVDCECGKTEFNELIQLLKFQTTIVTLNPPENIWTEEEELEDVPWFPRKISELDKCSHRVL
MYGSELDADHPGFKDNVYRQRRKYFVDVAMGYKYGQPIPRVEYTEEETKTWGVVFRELS
KLYPTHACREYLKNFPLLTKYCGYREDNVPQLEDVSMFLKERSGFTVRPVAGYLSPRDFLA
GLAYRVFHCTQYIRHGSDPLYTPEPDTCHELLGHVPLLADPKFAQFSQEIGLASLGASDEDV
QKLATCYFFTIEFGLCKQEGQLRAYGAGLLSSIGELKHALSDKACVKAFDPKTTCLQECLITT
FQEAYFVSESFEEAKEKMRDFAKSITRPFSVYFNPYTQSIEILKDTRSIENVVQDLRSDLNTV
CDALNKMNQYLGI

NA47-TPH2-RC
GPGNKGSSKREAATESGKTAVVFSLKNEVGGLVKALRLFQEKRVNMVHIESRKSRRRSSE
VEIFVDCECGKTEFNELIQLLKFQTTIVTLNPPENIWTEEEELEDVPWFPRKISELDKCSHRVL
MYGSELDADHPGFKDNVYRQRRKYFVDVAMGYKYGQPIPRVEYTEEETKTWGVVFRELS
KLYPTHACREYLKNFPLLTKYCGYREDNVPQLEDVSMFLKERSGFTVRPVAGYLSPRDFLA
GLAYRVFHCTQYIRHGSDPLYTPEPDTCHELLGHVPLLADPKFAQFSQEIGLASLGASDEDYV
QKLATCYFFTIEFGLCKQEGQLRAYGAGLLSSIGELKHALSDKACVKAFDPKTTCLQECLITT
FQEAYFVSESFEEAKEKMRDFAKSITRPFSVYFNPYTQSIEILKD

NA47-TPH2-R
GPGNKGSSKREAATESGKTAVVFSLKNEVGGLVKALRLFQEKRVNMVHIESRKSRRRSSE
VEIFVDCECGKTEFNELIQLLKFQTTIVTLNPPENIWTEE

TPH2-R
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GPQPAMMMFSSKYWARRGFSLDSAVPEEHQLLGSSTLNKPNSGKNDDKGNKGSSKREAA
TESGKTAVVFSLKNEVGGLVKALRLFQEKRVNMVHIESRKSRRRSSEVEIFVDCECGKTEF
NELIQLLKFQTTIVTLNPPENIWTEE

TPH2-CT
GPEELEDVPWFPRKISELDKCSHRVLMYGSELDADHPGFKDNVYRQRRKYFVDVAMGYKY
GQPIPRVEYTEEETKTWGVVFRELSKLYPTHACREYLKNFPLLTKYCGYREDNVPQLEDVS
MFLKERSGFTVRPVAGYLSPRDFLAGLAYRVFHCTQYIRHGSDPLYTPEPDTCHELLGHVP
LLADPKFAQFSQEIGLASLGASDEDVQKLATCYFFTIEFGLCKQEGQLRAYGAGLLSSIGELK
HALSDKACVKAFDPKTTCLQECLITTFQEAYFVSESFEEAKEKMRDFAKSITRPFSVYFNPY
TQSIEILKDTRSIENVVQDLRSDLNTVCDALNKMNQYLGI

TPH1-C
GPDGMETVPWFPKKISDLDHCANRVLMYGSELDADHPGFKDNVYRKRRKYFADLAMNYK
HGDPIPKVEFTEEEIKTWGTVFQELNKLYPTHACREYLKNLPLLSKYCGYREDNIPQLEDVS
NFLKERTGFSIRPVAGYLSPRDFLSGLAFRVFHCTQYVRHSSDPFYTPEPDTCHELLGHVPL
LAEPSFAQFSQEIGLASLGASEEAVQKLATCYFFTVEFGLCKQDGQLRVFGAGLLSSISELK
HALSGHAKVKPFDPKITCKQECLITTFQDVYFVSESFEDAKEKMREFTKTIKRPFGVKYNPY
TRSIQILKD

TPH1-RC
GPGSIEDNKENKDHSLERGRASLIFSLKNEVGGLIKALKIFQEKHVNLLHIESRKSKRRNSEF
EIFVDCDINREQLNDIFHLLKSHTNVLSVNLPDNFTLKEDGMETVPWFPKKISDLDHCANRVL
MYGSELDADHPGFKDNVYRKRRKYFADLAMNYKHGDPIPKVEFTEEEIKTWGTVFQELNKL
YPTHACREYLKNLPLLSKYCGYREDNIPQLEDVSNFLKERTGFSIRPVAGYLSPRDFLSGLA
FRVFHCTQYVRHSSDPFYTPEPDTCHELLGHVPLLAEPSFAQFSQEIGLASLGASEEAVQK
LATCYFFTVEFGLCKQDGQLRVFGAGLLSSISELKHALSGHAKVKPFDPKITCKQECLITTFQ
DVYFVSESFEDAKEKMREFTKTIKRPFGVKYNPYTRSIQILKD

TPH1-R
GPIEDNKENKDHSLERGRASLIFSLKNEVGGLIKALKIFQEKHVNLLHIESRKSKRRNSEFEIF
VDCDINREQLNDIFHLLKSHTNVLSVNLPDNFTLKE

MBP-3CP
MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIF
WAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLP
NPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVD
NAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVT
VLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSY
EEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNS
SSNNNNNNNNNNLGGIPGPEHEFLNALIRRNCHIITTDKGEFNLLGIYSNCAVVPTHAEPGD
VVDIDGRLVRVLKQQVLTDMNDVDTEVTVLWLDQNEKFRDIRRFIPEHQQDWHNIHLATNV
TKFPMLNVEVGHTVPYGEINLSGNATCRLYKYDYPTQPGQCGAVLANTGNIIGIHVGGNGR
VGYAAALLRKYFAEEQ
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IH->"N HSQC SPECTRA OF
NA47-TPH2-R

This appendix contains *H->N HSQC spectra of NA47-TPH2-R in presence of different
possible ligands: L-4-fluorophenylalanine, L-5-fluorotryptophan, L-5-hydroxytryptophan (5-
HTP), and L-Tyr. All spectra were recorded at 20 °C, processed with topspin 3.6.2 and
referenced to DSS. The protein concentration varies from sample to sample, hampering
comparison of the intensities.
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Figure 30 *H-1N HSQC spectra of NA47-TPH2-R in 12 mM Na2HPO4/8 mM NaH2PO4, 100 mM (NH4)2SOa, pH 7.0,
125 uM DSS, 5% D20O. Orange: Without ligand. Black: 5.6 mM L-4-fluorophenylalanine
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Figure 31 'H-5N HSQC spectra of NA47-TPH2-R in 12 mM Na2HPO4/8 mM NaH2POas, 100 mM (NH4)2S04, pH
7.0, 125 uM DSS, 5% D20. Orange: Without ligand. Black: 10 mM L-5-fluorotryptophan.
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Figure 32 'H-15N HSQC spectra of NA47-TPH2-R in 12 mM NazHPO4/8 mM NaH2PO4, 100 mM (NH4)2SO4, pH 7.0,
125 uM DSS, 5% D20. Orange: Without ligand. Black: 12 mM L-5-hydroxytryptophan.
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L-Tyr
1104 . .
1 . '... v
115 - s 93
g | e ba .o i '.o °
& - ) ® g 2 L 5 ° A
g 120_ s o s:‘ = @ A d
L o B o :° -: .
] = B c;. ™
125- v -
4 @ i ’ =
- e .
1304 ° =
10.0 9.0 8.0 7.0
H [ppm]

Figure 33 H-N HSQC spectra of NA47-TPH2-R in 12 mM NazHPO4/8 mM NaHzPOa, 100 mM (NH4)2S04, pH
7.0, 125 uM DSS, 5% D-0. Orange: Without ligand. Black: 1.5 mM L-Tyr.
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E A KINETIC STUDY OF HUMAN TPH2
VARIANTS

This appendix contains a short presentation of the results from kinetic experiments. A brief
introduction is provided, along with a description of the methodology. Following this the results
are presented.

Introduction

In Chapter 4, it was shown that L-Phe binds stronger than L-Trp to a truncated version of the
isolated RD of TPH2. However, it remains unknown if L-Phe binding to the RD has a
physiological function for TPH2. To investigate if L-Phe affects the kinetics of TPH2, a kinetic
study of different TPH2 variants was conducted. Three different tetrameric TPH2 variants were
investigated: TPH2-CT, NA47-TPH2, and TPH2. The purpose of the three variants was to
compare the effect of including either the truncated RD or the full RD in the TPH2 tetramer.
First, the substrate specificity of TPH2-CT and TPH2 with respect to L-Trp and L-Phe was
investigated. Next, kinetic parameters with L-Trp was determined for TPH2-CT, NA47-TPH2,
and TPH2 and finally, the rate of L-Trp hydroxylation in presence of increasing L-Phe
concentrations was investigated for all three variants.

Methods

Expression and purification
TPH2-CT, NA47-TPH2, and TPH2 were expressed and purified as described in Chapter 2.

Sample preparation

Batches of TPH2-CT, NA47-TPH2, and TPH2 were thawed slowly on ice and filtered through
a 0.22 ym spin filter (Corning). The concentration was determined by triplicate measurements
of the UV absorbance at 280 nm using an ND-1000 NanoDrop Spectrophotometer (Saveen
Werner) and theoretical extinction coefficients calculated using the ExPASYy server'® and the
protein sequence (Provided in appendix C).

Kinetic experiments using nuclear magnetic resonance (NMR) spectroscopy

1D proton NMR spectra were used to monitor the formation of 5-HTP and L-Tyr from
hydroxylation of L-Trp and L-Phe respectively. The spectra were recorded with 64 scans at 15
°C on a Bruker Avance Neo 800 MHz spectrometer equipped with a 5 mm CPTXO cryoprobe.
Processing was performed in Topspin 3.6.2.

The final 500 yL samples contained the following: Assay buffer (50 mM Hepes, 200 mM
(NH4)2S0., pH 7.0), 0.025 mg/mL Catalase, 25uM (NH.)2Fe(l)(SO4)2, 7 mM dithiothreitol
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(DTT), 0.1 uM TPH2, 300 puM BHa, [0 or 300 yM] L-Trp, [0 or 300 uyM] L-Phe, 5% V/V D:0.
The experiments were performed in the following way: Assay buffer, TPH2, DTT, L-Phe/L-Trp,
Catalase, (NH4)2Fe(I1)(SO4)., water for volume adjustment and D,O was mixed thoroughly in
an Eppendorf tube and transferred to a 5 mm NMR tube. An initial 1D proton spectrum was
measured before BH, was added to the NMR tube. After BH4 addition the sample was mixed
thoroughly before re-inserting the tube in the spectrometer. 6 min after addition of BH4, to allow
time to achieve the correct sample temperature and to perform shimming, 30 consecutive 1D
proton spectra were recorded to monitor the product formation.

Initial rate kinetic experiments using a continuous fluorescent assay
The initial rates of L-Trp hydroxylation were measured by monitoring the formation of 5-HTP

using a continuously fluorescent assay described by Moran et al. 1*¢. The measurements were
conducted in a semi-micro cell quartz cuvette (Hellma) using a Cary Eclipse fluorescence
spectrophotometer (Varian) at 15 °C maintained by a Heto HMT 200 thermostat (Holm&Halby)
and a Heto CBN 8-30 cooling bath (Holm&Halby). The excitation and emission wavelengths
were 300 nm and 330 nm, respectively. The final 1000 yL assay mixture contained the
following: Assay buffer (50 mM Hepes, 200 mM (NH4)2SO4, pH 7.0), 0.025 mg/mL Catalase,
25uM (NH4)2Fe(11)(SO4)2, 7 mM dithiothreitol (DTT), 0.8 uM TPH2, 300 uM BHa, [5-200 uM] L-
Trp, and [0-750 yM] L-Phe. The assay was conducted in the following way: Assay buffer, DTT,
(NHa4)2Fe(I)(SOa4)2, and MilliQ water for volume adjustment were added to the cuvette and
allowed to incubate for 5 min to achieve the correct temperature. Then, L-Trp, L-Phe,
Catalase, and TPH2 were added and the incubation continued for 2 min before the reaction
was initiated by addition of BH4. All measurements were performed at least in triplicates. The
initial rate was determined from linear regression of the first 0.06 min after addition of BH4. A
standard curve was used to convert the rate to a unit of yM 5-HTP/min. The standard curve
was constructed by measuring the fluorescence intensity of different 5-HTP concentrations
[0.5, 2, 5, 10, 20, 50,100 pM] in assay buffer with 300 uM BH4. The initial rates were fitted
simultaneously to the standard Michaelis-Menten equation and the Michaelis-Menten equation
with competitive inhibition using Origin (OriginLab) to determine Kn, Vmax, and Ki.
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Results

Investigating substrate specificity of TPH2-CT and TPH2

As described in Chapter 1 TPH2 is not fully specific towards hydroxylation of L-Trp but can
also hydroxylate L-Phe *’. To investigate the substrate specificity, kinetic experiments were
conducted using NMR spectroscopy, allowing us to follow the product formation of both 5-HTP
and L-Tyr simultaneously. The experiments were run with two different TPH2 variants, TPH2
and TPH2-CT, and 3 different combinations of substrates were used: 300 uM L-Trp, 300 uM
L-Phe, and 300 uM L-Trp + 300 uM L-Phe. TPH2 and TPH2-CT were both able to hydroxylate
L-Phe, as also observed by McKinney et al. ®” (Figure 34 and Figure 35). However, when both
L-Trp and L-Phe were present 5-HTP was the main product while only small amounts of L-Tyr
was formed (Figure 34 and Figure 35). Thus, when equal amounts of L-Phe and L-Trp are
present, it can be assumed that L-Trp will be the main substrate.

L-Tyr peaks 5-HTP peaks

300 puM L-Trp

300 uM L-Phe
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Figure 34 Kinetic experiments with TPH2 followed by NMR spectroscopy. 1D
proton spectra following the conversion of 300 uM L-Trp: (grey curve: 6 min
after BH4 addition, black curve: 87 min after BH4 addition). 300 uM L-Phe: (red
curve: 6 min after BH4 addition, dark red curve: 87 min after BH4 addition). 300
UM L-Trp + 300 uM L-Phe: (green curve: 6 min after BH4 addition, dark green
curve: 87 min after BHs addition). The dashed boxes indicate the peaks
belonging to L-Tyr (product of L-Phe hydroxylation) and 5-HTP (product of L-
Trp hydroxylation), respectively.
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Figure 35 Kinetic experiments with TPH2-CT followed by NMR spectroscopy.
1D proton spectra following the conversion of 300 uM L-Trp: (grey curve: 6 min
after BH4 addition, black curve: 87 min after BH4 addition). 300 uM L-Phe: (red
curve: 6 min after BH4 addition, dark red curve: 87 min after BHs addition). 300
UM L-Trp + 300 uM L-Phe: (green curve: 6 min after BH4 addition, dark green
curve: 87 min after BH4 addition). The dashed boxes indicate the peaks
belonging to L-Tyr (product of L-Phe hydroxylation) and 5-HTP (product of L-
Trp hydroxylation), respectively.
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Investigating the effect of L-Phe on the rate of L-Trp conversion

We next investigated if L-Phe binding to the RD affects the kinetics of TPH2. First, steady-
state Michaelis Menten kinetic constants were determined using the natural substrate, L-Trp,
for TPH2-CT, NA47-TPH2, and TPH2. While the Kn values of the three variants are very
similar (Table 4, 27+2 uyM for TPH2-CT, 254 uM for NA47-TPH2, and 263 uM for TPH2),
there is a significant difference in the Vmax values (2007 yM 5-HTP/min for TPH2-CT, 142+6
MM 5-HTP/min for NA47-TPH2, and 84+2 uM 5-HTP/min for TPH2). This shows that inclusion
of the RD has an inhibitory effect, which is in agreement with previous data on different TPH2
variants also showing smaller Vmax values when either the full RD or part of the RD is included
100,149 Next, to investigate the effect of L-Phe, the L-Trp concentration was kept constant at
100 pM, adding increasing concentrations of L-Phe (100-750 pM). We expect that L-Phe can
bind in two different places: In the active site as a competitive inhibitor/alternative substrate
(for TPH2-CT, NA47-TPH2, and TPH2) and in the RD dimer with un-known function (for NA47-
TPH2 and TPH2). For all three variants, it is observed that L-Phe has an inhibitory effect with
competitive Ki values between 200-400 uM (Table 4), showing that L-Phe binding to the RDs
does not activate TPH2 as observed in the regulatory mechanism of PAH. This is in-line with
a study from Ogawa et al., who also observed an inhibitory effect of L-Phe on L-Trp conversion
for MBP-tagged TPH2 1%,
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Table 4 Kinetic constants of TPH2-CT, NA47-TPH2, and TPH2. Km and Vmax are the Michaelis-Menten
constants of L-Trp and Ki is the competitive inhibition constant of L-Phe.

Variant Km [UM] Vmax [UM 5-HTP/min] Ki [uM]
TPH2-CT 2712 2007 300+50
NA47-TPH2 25+4 142+6 230+40
TPH2 26+3 84+2 390+60
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Figure 36 Kinetic data of the three TPH2 variants. A-C: initial rates of 5-HTP formation at different L-Trp concentrations
using A) TPH2-CT, B) NA47-TPH2, and C) TPH2. D-F: Initial rates of 5-HTP formation with 100 uM L-Trp and different
L-Phe concentrations using D) TPH2-CT, E) NA47-TPH2, and F) TPH2. The average initial rate at each condition is
shown as a square with error bars, and the fit is shown as a black line.
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