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We describe a two-dimensional thermal proteome profiling  
strategy that can be combined with an orthogonal chemo-
proteomics approach to enable comprehensive target profiling 
of the marketed histone deacetylase inhibitor panobinostat. The 
N-hydroxycinnamide moiety is identified as critical for potent 
and tetrahydrobiopterin-competitive inhibition of phenylala-
nine hydroxylase leading to increases in phenylalanine and 
decreases in tyrosine levels. These findings provide a rationale 
for adverse clinical observations and suggest repurposing of 
the drug for treatment of tyrosinemia. 

In drug discovery, comprehensive target identification is a key 
challenge for rationalizing a drug’s therapeutic and adverse effects1.  
A recently introduced proteomics technology termed thermal pro-
teome profiling (TPP) uses the cellular thermal shift assay2 and mul-
tiplexed quantitative MS to enable unbiased identification of drug 
targets in living cells2–5.

Here we combine TPP and affinity enrichment–based chemo-
proteomics6–8 to identify the protein targets of the marketed his-
tone deacetylase (HDAC) inhibitor panobinostat9 (1) (Farydak, 
Supplementary Results, Supplementary Fig. 1). Panobinostat 
has been approved by the US Food and Drug Administration for 
treatment of multiple myeloma10 and is currently in clinical tri-
als for other malignant diseases. Some side effects associated with 
panobinostat treatment11, such as hypothyroidism, seizures and 
tremors, have not been observed with other hydroxamate-based 
HDAC inhibitors, suggesting undescribed off-target activities 
(Supplementary Table 1).

To comprehensively detect dose-dependent effects of small-
molecule inhibitors on their targets with TPP, we devised a two-
dimensional strategy (2D-TPP) (Supplementary Fig. 1) that 
measures proteome-wide protein stability at 12 temperatures 
and 5 different compound concentrations in 6 multiplexed liquid  
chromatography–tandem MS (LC-MS/MS) analyses using tandem 
mass tags (TMT10)12. For the majority of proteins, this method 
enables sensitive detection of dose-dependent stabilization or  
destabilization close to their melting point (Tm).

To differentiate between direct targets of panobinostat and indi-
rect effects, we performed 2D-TPP in HepG2 human liver can-
cer cells and cell extracts13, identifying and quantifying 6,438 and 
5,203 proteins, respectively (Supplementary Data Sets 1 and 2 and 
Supplementary Fig. 2). In the cells, 23 proteins showed concentration- 
dependent changes in thermal stability, whereas 5 showed such 
changes in cell extracts. Four proteins were dose-dependently sta-
bilized in both the cellular and cell extract experiments, indicating 
that these proteins were direct targets of panobinostat (Fig. 1a, 
Supplementary Figs. 3 and 4 and Supplementary Tables 2 and 3). 

When cells were heated to 50 °C, close to the melting points of the 
primary panobinostat targets HDAC1 and HDAC2 (Supplementary 
Data Set 3), half-maximal stabilization was observed at 20 nM. 
At temperatures substantially above the melting point, higher 
compound concentrations were required for maximal stabiliza-
tion (Fig. 1a and Supplementary Fig. 4). Absolute and relative 
potencies determined at temperatures close to the melting points 
of HDAC1, HDAC2, HDAC6 and HDAC10 isoforms were in close 
agreement with a recent report measuring target engagement with 
recombinant constructs14.

Some proteins had altered abundances at all temperatures, 
suggesting a change in expression or extractability rather than in 
thermal stability. Increases in abundance of histones H4 and H2A  
(Fig. 1a and Supplementary Fig. 5) in panobinostat-treated 
samples can be explained as histone hyperacetylation caused by 
HDAC inhibition. Consequently, in the euchromatin state, DNA 
is wrapped less tightly around the histones, making them more 
readily extractable.

Aside from known HDAC targets, two other proteins— 
tetratricopeptide repeat domain 38 (TTC38) and phenylalanine 
hydroxylase (PAH)—showed increased thermal stability at low 
panobinostat concentrations, with −log10 half-maximal effective 
concentration (pEC50) values of 8.1 and 7.2, respectively, at the 
temperatures closest to the proteins’ melting points in the cellu-
lar experiment (Supplementary Fig. 4, Supplementary Table 2 
and Supplementary Data Set 3). Little is known about TTC38. A 
homolog of TTC38 in Streptomyces toyocaensis has been postulated  
to hydroxylate tyrosine at the β-carbon in biosynthesis of the gly-
copeptide antibiotic A47934 (ref. 15). Panobinostat was found to 
affect the thermal stability of TTC38 in cellular TPP experiments13,  
but whether TTC38 is a direct or indirect target of the drug 
remained unclear. We found stabilization of TTC38 in cell extracts 
and did not observe other specifically enriched panobinostat 
targets in coimmunoprecipitations (Supplementary Fig. 6 and 
Supplementary Data Set 4), suggesting that TTC38 is a direct target  
of panobinostat. PAH has not been identified as a panobinostat 
target in previous TPP work4,13.

TTC38 and PAH were not stabilized in dose-dependent TPP 
experiments with the structurally distinct marketed HDAC inhibi-
tor vorinostat (2), indicating that the hydroxamate warhead alone is 
not sufficient for potently binding these proteins (Supplementary 
Fig. 7 and Supplementary Data Set 5). Panobinostat also had  
a dose-dependent effect on the stability of the transmembrane 
proteins fatty acid desaturase (FADS1) and FADS2, which  
regulate desaturation of fatty acids (Fig. 1a). These proteins  
were identified only in the cellular TPP experiment, where the  
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mild detergent NP-40 was used for cell extraction, thus enabling 
thermal profiling of transmembrane proteins16.

Notably, the 2D-TPP strategy enabled more sensitive identifi-
cation of panobinostat targets than previously published methods 
(Supplementary Data Set 6 and Supplementary Fig. 8).

We proceeded with panobinostat target profiling using an 
orthogonal affinity enrichment–based chemoproteomics approach. 
In a previous dose-dependent competitive binding study with cell 
extracts using a vorinostat analog immobilized on Sepharose 
beads17, TTC38 and PAH were not identified as targets of panobin-
ostat. As vorinostat did not affect these proteins in TPP experi-
ments, we reasoned that immobilizing panobinostat should provide 
a more suitable capturing matrix for these proteins (Fig. 1b and 
Supplementary Fig. 9). Capturing and competitive binding of 
TTC38 and PAH in these experiments strongly depended on buffer  
compositions (Supplementary Data Set 7 and Supplementary 
Table 4) and was completely abrogated in the presence of detergents.  

Under detergent-free conditions, TTC38 and PAH were bound 
by panobinostat with apparent pKd (pKd

app) values of 6.1 and 7.3, 
respectively (Fig. 1b, Supplementary Fig. 10, Supplementary  
Data Set 7 and Supplementary Tables 2 and 4). Panobinostat affin-
ities for HDAC1 and HDAC2 agreed well with the pEC50 values 
measured by 2D-TPP in the cell-extract and cell-based experiments 
at the temperatures closest to the melting points (Supplementary 
Table 2), confirming that compound-dependent target stabilization 
determined at temperatures close to the melting point is a good 
measure for target potency in 2D-TPP experiments.

Loss-of-function mutations in the PAH gene lead to impaired 
phenylalanine metabolism and cause phenylketonuria, a mono-
genic disease leading to severe developmental deficiencies. Even 
mildly (3- to 5-fold) increased phenylalanine levels in plasma can 
cause cognitive deficits18. PAH inhibition can also lead to decreased 
tyrosine levels, which can cause symptoms mimicking hypothyroid-
ism19, a common panobinostat side effect20. To investigate whether 
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Figure 1 | Proteins showing changes in thermal stability in 2D-TPP experiments and analyzed in the chemoproteomics experiment with 
panobinostat. (a) Heat maps showing change in protein abundance for panobinostat at different concentrations (5, 1, 0.143 and 0.02 μm), calculated 
with respect to DmSo (negative control, left column in each plot) in a cell-based 2D-TPP experiment. Temperatures applied were 42, 44.1, 46.2, 
48.1, 50.4, 51.9, 54.0, 56.1, 58.2, 60.1, 62.4 and 63.9 °C. FC, fold change. (b) Top, structures of panobinostat and panobinostat immobilized on beads. 
bottom, dose-response curves for proteins in cell extracts after incubation with panobinostat and addition of panobinostat immobilized on beads for 
competition. Data represent average of 2 biological replicates (online methods).
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Figure 2 | Panobinostat inhibits Pah activity in a tetrahydrobiopterin-competitive manner and requires the N-hydroxycinnamide moiety.  
(a) enzymatic assay data showing inhibition of PAH and tyrosine hydroxylase (TYH) activity by panobinostat. For PAH inhibition, data represent the 
average of 2 replicates. For TYH inhibition, data represent a single experiment. (b,c) log2 ratios of intracellular levels of eight essential amino acids and 
tyrosine between panobinostat and vehicle treatment after 24 h in HepG2 (b) or SH-SY5Y (c) cells. Data are mean ± s.e.m. from 3 biological replicates. 
**P < 0.01, ***P < 0.001 for deviation of the observed ratio from 0 (t-test). essential amino acids were used for normalization (online methods). 
(d) left, dose-response curves for PAH in cell extracts incubated with belinostat (blue), panobinostat-amide (red) or tetrahydrobiopterin (black) at 
different concentrations after addition of bead-immobilized panobinostat. Data represent the average of 2 replicates measured in 2 biological replicates 
(online methods). right, structures of belinostat, panobinostat-amide and tetrahydrobiopterin.
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binding of panobinostat causes PAH inhibition, we performed 
enzymatic assays with PAH purified from rat liver. Panobinostat 
inhibited tyrosine synthesis with a half-maximal inhibitory con-
centration (IC50) value of 190 nM when the active enzyme was first 
incubated with the inhibitor for 5 min (Fig. 2a, Supplementary 
Fig. 11 and Supplementary Table 5), indicating time-dependent 
inhibition. Panobinostat did not affect activation of the enzyme 
by phenylalanine, suggesting binding to the active site rather than  
the allosteric phenylalanine-binding site. Tyrosine hydroxylase, 
which has a catalytic site very similar to that of PAH, yielded  
only weak inhibition (IC50 3.3 μM) (Fig. 2a). Next, we investigated 
whether PAH inhibition by panobinostat alters cellular phenyla-
lanine levels. In contrast to SH-SY5Y cells, which do not express  
PAH21 (Supplementary Data Set 8 and Supplementary Fig. 12), 
HepG2 cells showed significantly higher intracellular phenylala-
nine levels after incubation with 2 μM panobinostat (Fig. 2b,c, 
Supplementary Fig. 13 and Supplementary Data Sets 9 and 10). 
Increased phenylalanine levels were also observed in the medium 
of HepG2 cells but not of SH-SY5Y cells, suggesting reduced  
phenylalanine uptake upon PAH inhibition (Supplementary  
Figs. 14 and 15).

To investigate the mechanism by which panobinostat inhibits 
PAH, we performed additional pulldown experiments with the 
panobinostat matrix. When the phenylanine analog p-chlorophe-
nylalanine (3) was spiked into cell extracts at concentrations higher 
than 1.25 mM, more PAH was captured on the beads, consistent with 
the idea that the overall fraction of activated enzyme increased and 
was captured by immobilized panobinostat through binding to the 
active site (Supplementary Fig. 16 and Supplementary Table 6). The 
PAH cofactor tetrahydrobiopterin (4), which binds to the active site, 
showed dose-dependent competitive binding to PAH (pKd

app = 6.41)  
(Fig. 2d and Supplementary Data Set 11) but did not affect matrix 
binding of the other panobinostat targets. We hypothesized that 
chelation of Fe(II) in the catalytic domain of PAH by the hydroxamic 
acid group of panobinostat could contribute to active site binding. 
In line with this assumption, panobinostat-amide (5), in which 
the N-hydroxycinnamide moiety of panobinostat is replaced by 
a cinnamide, was inactive in the beads-based competition-bind-
ing assay (Fig. 2d and Supplementary Data Set 12). To further 
explore the structure affinity relationship of PAH inhibition, we 
compared chemoproteomics profiles of panobinostat with experi-
ments performed using the marketed HDAC inhibitor belinostat 
(6) as a competitor. Both inhibitors have the N-hydroxycinnamide 
warhead for chelation of Zn2+ in the active site of HDACs, but they 
are otherwise structurally distinct. Belinostat inhibited PAH bind-
ing to panobinostat beads (Kd

app = 0.086 μM), demonstrating that 
N-hydroxycinnamides are potent PAH inhibitors (Fig. 2d). Potent 
off-target binding was also observed for the oncoprotein lactoyl-
glutathione lyase GLO1 (ref. 22) and for glucosamine-6-phosphate 
deaminase 1 (Supplementary Table 2, Supplementary Fig. 17 and 
Supplementary Data Set 13).

Taken together, these results provide evidence for potent binding 
of panobinostat to the active site of PAH via its N-hydroxycinnamide 
moiety, which leads to increases in cellular phenylalanine and 
decreases in tyrosine levels. Tyrosine is essential for biosynthesis 
of thyroid hormones; thus, inhibition of PAH provides a rationale 
for the reduced thyroid hormone levels observed in hypothyroid 
animals. Given these findings, we suggest that it would be advis-
able to monitor phenylalanine and tyrosine levels in patients taking 
panobinostat who show symptoms of hypothyroidism and when 
the drug is administered to young children. Selective inhibitors of 
PAH might provide therapeutic opportunities for treatment of type 
1 tyrosinemia—an orphan disease caused by inborn deficiency of 
fumarylacetoacetate hydrolase, an enzyme in the tyrosine catabolic 
pathway. Diet supplementation with phenylalanine in conjunction 

with PAH inhibition could reduce hypophenylalaninemia and  
mitigate impaired neurocognitive development23.

In general, given the unexpected and high-potency off-targets 
identified for panobinostat and belinostat in this work, study of 
only the known HDAC targets may not be sufficient to explain 
the pleiotropic effects of HDAC inhibitors in different cellular and  
in vivo settings. 
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methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. ProteomicsDB: MS data have been deposited  
under accession code PRDB004255.
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oNliNe meThoDS
Reagents and cell culture. Reagents and medium were purchased from Sigma-
Aldrich unless otherwise noted. PBS was prepared using 137 mM NaCl, 2.7 
mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4 at pH 7.4 and supplemented 
with one tablet of EDTA-free protease inhibitors (Roche Diagnostics) per 25 
ml. HepG2 cells were grown in MEM containing 10% FCS supplemented with 
1 mM sodium pyruvate and 1% nonessential amino acids at a maximum of 80% 
confluence. SH-SY5Y cells were grown in DMEM/F-12 containing GlutaMAX 
and 10% FCS. Cells were harvested and centrifuged at 340 × g for 2 min at 
4 °C and resuspended in 50 ml PBS. After a second wash step, the cells were 
resuspended in 10 ml ice-cold PBS and centrifuged again at 340 × g for 2 min at 
4 °C. Washed pellets were either used directly or snap frozen in liquid nitrogen 
and stored at −80 °C until lysis. Both cell lines were checked for mycoplasma 
contamination and authenticated using the Promega kit MycoAlert.

Compound synthesis and characterization. Commercial compounds were 
obtained from Selleckchem, Santa Cruz Biotechnology, Sigma-Aldrich and 
Tocris. Panobinostat-amide was synthesized. Detailed information, including 
catalog numbers, for commercial compounds and analytical data are provided 
in the Supplementary Note.

2D-TPP experiments. In cells. Experiments were performed as described16. 
DMSO (vehicle) or panobinostat dissolved in DMSO at final concentrations 
of 5 μM, 1 μM, 0.143 μM or 0.02 μM was added to HepG2 cells (two plates 
for each concentration) and incubated for 90 min at 37 °C and 5% CO2. All 
following steps were done as described16 for the TPP temperature range (TR) 
experiment; the heat treatment was done with the following temperature 
range: 42.0–63.9 °C.

In cell extracts. Experiments were performed as described16. Cells were resus-
pended in ice-cold PBS. Following resuspension, cells were dounce homoge-
nized with 20 strokes before ultracentrifugation (20 min at 4 °C and 100,000 × g).  
Protein concentration was determined by Bradford assay (BioRad). 800 μl 
lysate (concentration 2 mg/ml) was distributed to 5 tubes and incubated with 
vehicle (DMSO) or panobinostat (5 μM, 1 μM, 0.143 μM or 0.02 μM) for 15 min  
at 25 °C, then 100 μl per well of each reaction was transferred to a 96-well 
PCR plate. Samples were heated in parallel for 3 min to the target temperature 
(range: 42.0–60.1 °C) then incubated for 3 min at room temperature. After 
centrifugation (100,000 × g, 20 min, 4 °C) 80 μl of supernatant was subjected 
to gel electrophoresis and sample preparation for MS analysis.

HepG2 TPP TR. DMSO (vehicle) was added to HepG2 cells (one plate for 
each replicate) and incubated for 90 min at 37 °C and 5% CO2, harvested by 
trypsinization and transferred to 50-ml conical centrifuge tubes. Cells were 
resuspended in PBS supplemented with vehicle and centrifuged for 5 min at 
300 × g. This step was repeated once and the cells were resuspended in 1.5 ml 
PBS, resulting in a final concentration of 107 cells/ml. 100 μl per well of the 
suspension was transferred to 96-well PCR plates. Following a centrifugation 
step at 325 × g for 2 min at 4 °C, 80 μl of the supernatant was removed. The 
cells were resuspended and heated in a PCR block for 3 min to the desired 
temperature (37.0–66.3 °C) then incubated for 3 min at room temperature. 
30 μl ice-cold PBS supplemented with 0.67% NP-40 and protease inhibitors 
was added to the samples. Cells were snap frozen in liquid nitrogen for 1 min, 
briefly thawed in a metal block at 25 °C, placed on ice and resuspended by 
pipetting. This freeze–thaw cycle was repeated once, followed by incubation 
with benzonase for 1 h at 4 °C. Samples were then centrifuged at 100,000 × g 
for 20 min at 4 °C. After centrifugation, 30 μl supernatant was transferred into 
a new tube. The supernatant was subjected to gel electrophoresis and sample 
preparation for MS analysis.

TPP TR profile ± 5 μM panobinostat. DMSO (vehicle) or 5 μM panobinostat 
was added to HepG2 cells and incubated for 90 min at 37 °C and 5% CO2. 
All other procedures were as described above, but cells were not snap frozen 
before benzonase incubation.

TPP compound-concentration range (CCR) experiment using vorinostat. 
Experiments were performed as described13. Cells were treated with nine  
different vorinostat concentrations and vehicle control (DMSO) for 90 min  

at 37 °C, 5% CO2. The following procedures were as described above;  
heat treatment was done at 56 °C for all samples.

Immunoprecipitation of TTC38. The enrichment of TTC38 was performed 
as described24. HepG2 cell extract (1 mg) was incubated with immobilized 
TTC38-specific antibody (10 μg, mouse, Abnova H00055020-B01P) as well 
as IgG control antibody (10 μg, Sigma-Aldrich, I8765). After 2 h incubation, 
beads were washed and enriched proteins eluted with 2× LDS sample buffer 
and subjected to gel electrophoresis and sample preparation for MS analysis.

Affinity-matrix based experiments. Cell extract preparation. Fresh or thawed 
cell pellets were resuspended in PBS supplemented with protease inhibi-
tors, 1 mM MgCl2 and benzonase (250 U/ml) and incubated for 1 h at 4 °C. 
Alternatively, cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 5% glycerol, 
1.5 mM MgCl2, 150 mM NaCl, 25 mM NaF, 1 mM Na3VO4) supplemented 
with 1% Nonidet P-40, protease inhibitors and benzonase (250 U/ml) and 
incubated for 1h at 4 °C. Lysates were centrifuged for 10 min at 20,000 × g 
at 4 °C, followed by ultracentrifugation for 1 h at 100,000 × g (4 °C). Protein 
concentration was determined by Bradford assay (Bio-Rad).

Determination of Kd
app. Experiments were performed as described25, with 

minor changes. The panobinostat-derived solid support was prepared analo-
gously to the procedure described17,26. Briefly, panobinostat was immobilized 
on NHS-activated Sepharose 4 Fast Flow beads (GE Healthcare) at a final 
concentration of 1 mM in DMSO, and the completion of the coupling reac-
tion was monitored by HPLC. Remaining N-hydroxysuccinimide groups on 
the matrix were blocked with ethanolamine, and the beads were washed with 
DMSO and isopropanol (twice each). Briefly, 0.25 mg cell extract (with 0.4% 
NP-40 or without detergent) was incubated with six concentrations of pan-
obinostat (dilution series) for 45 min at 4 °C. Beads were equilibrated in lysis 
buffer, and 1.75 μl beads were incubated with cell extract for 1 h at 4 °C then 
washed with lysis buffer. Bound proteins were eluted in LDS sample buffer 
supplemented with DTT before MS analysis samples were alkylated using 
iodoacetamide.

MS sample preparation and LC-MS/MS analysis. Gel lanes were cut into three 
slices covering the entire separation range (~2 cm) and subjected to in-gel 
digestion with either LysC (Wako Chemicals) for 2 h and trypsin (Promega) 
overnight or trypsin only for 4 h. Peptide samples were labeled with TMT10 
(Thermo Fisher Scientific) reagents. The labeling reaction was performed in 
40 mM triethylammonium bicarbonate, pH 8.53, at 22 °C and quenched with 
glycine. Labeled peptide extracts were combined, and samples from 2D-TPP, 
TPP CCR and TPP TR experiments were subjected to additional fractiona-
tion on an UltiMate 3000 (Dionex) by reversed-phase chromatography at pH  
12 on a 1-mm Xbridge column (Waters), and 24 or 34 fractions were collected. 
Depending on the analytical depth required, 8–17 fractions were analyzed by 
LC-MS. Samples were vacuum dried and resuspended in 0.05% TFA. 50% of 
the sample was injected in an UltiMate 3000 nanoRLSC (Dionex) coupled to a 
Q Exactive Orbitrap Mass Spectrometer operated with Tune 2.3 and Xcalibur 
3.0.63 (Thermo Fisher Scientific). Peptides were trapped on a 5 mm × 300 μm 
C18 column (Pepmap100, 5 μm, 300 Å, Thermo Fisher Scientific) in 0.05% 
TFA at 60 °C. Separation was performed on custom 50 cm × 100 μM (ID) 
reversed-phase columns (Reprosil) at 55 °C. Gradient elution was performed 
from 2% acetonitrile to 40% acetonitrile in 0.1% formic acid and 3.5% DMSO 
over 2 h. Mass spectrometers were operated with online injection and a data-
dependent top-10 acquisition protocol 24 using 70,000 resolution and an ion 
target set to 3 × 106. Higher energy collision dissociation (HCD) scans were 
performed with 35% NCE at 35,000 resolution at m/z 200 with an ion target 
setting of 2 × 105 to avoid coalescence.

Peptide and protein identification and quantification. Mascot 2.4 (Matrix 
Science) was used for protein identification, and a 10-p.p.m. mass tolerance for 
peptide precursors and 20-mDa (HCD) mass tolerance for fragment ions was 
selected. Carbamidomethylation of cysteine residues and TMT modification 
of lysine residues were selected as fixed modifications, and methionine oxida-
tion, N-terminal acetylation of proteins and TMT modification of peptide N 
termini were selected as variable modifications. The search database consisted 
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the fit of the sigmoidal dose-response curve had to be >0.8 (refs. 4,13). These 
criteria had to be fulfilled in both biological replicates. Proteins had to be 
identified by at least two unique peptides in both experiments. Proteins pass-
ing these requirements were considered as affected in their thermal stability 
in a dose-responsive manner with the calculated pEC50 values.

Analysis of 2D-TPP experiments. For each of the six TMT10 experiments, 
we used the two vehicle conditions at the two temperatures as the reference 
for fold-change calculations for the two sets of four compound concentra-
tions and vehicle condition at the respective temperatures. Proteins had to be 
identified by two unique peptides and quantified with reporter ions stemming 
from at least three distinct spectra. Before fitting sigmoidal dose-response 
curves for each temperature condition (with top and bottom fixed at 1 and 0, 
variable slope), the fivefold change values in each temperature condition were 
transformed to a range between 0 and 1 for stabilized proteins and 1 and 0 for 
destabilized proteins4,13. Proteins were required to be stabilized or destabilized 
by the compound treatment at the maximum concentration by at least 50% 
(untransformed fold changes) compared to the vehicle condition, and the R2 
of the fit of the sigmoidal dose-response curve had to be above 0.8 (refs. 4,13).  
These criteria had to be fulfilled in at least two adjacent temperature condi-
tions in which the proteins had to be identified by at least two unique peptides. 
The pEC50 that was measured at the temperature closest to the melting point 
of the protein was taken as the proxy for the compound potency. If no melting 
point data were available for the protein, the pEC50 measured at the lowest tem-
perature was used. Proteins that were either stabilized or destabilized across 
all temperature conditions after compound treatment were not considered 
for further analysis, as they were deemed to be affected in either expression 
or extractability, rather than thermal stability.

Metabolomics experiments. HepG2 and SH-SY5Y cells were cultured in 6-well 
plates as described above; all samples were generated in triplicate. Cells were 
treated with either vehicle (DMSO) or panobinostat (2 μM) for 4, 8 or 24 h 
hours. Samples of culture medium were taken from wells without cells as well 
as from vehicle- and panobinostat-treated cells after 8 and 24 h. Cell samples 
were taken by aspirating cell medium and adding lysis buffer (40% acetonitrile, 
40% methanol, 20% water). Cells were scraped, transferred to tubes, incubated 
for 10 min at 4 °C and subjected to centrifugation (15 min, 4 °C, 20,000 × g). 
Supernatant was snap frozen and shipped to Biomolecular Mass Spectrometry 
and Proteomics, Utrecht University, for analysis.

Metabolomics analysis. LC-MS analysis was performed on an Exactive mass 
spectrometer (Thermo Scientific) coupled to a Dionex UltiMate 3000 autosam-
pler and pump (Thermo Scientific). The MS operated in polarity-switching 
mode with spray voltages of 4.5 kV and −3.5 kV. Metabolites were separated 
using a Sequant ZIC-pHILIC column (2.1 × 150 mm, 5 μm, guard column  
2.1 × 20 mm, 5 μm; Merck) using a linear gradient of acetonitrile and eluent A  
(20 mM (NH4)2CO3, 0.1% NH4OH in ULC/MS-grade water (Biosolve)). Flow 
rate was set at 150 μl/min. Essential amino acids and tyrosine were identi-
fied and quantified using LCquan software (Thermo Scientific) on the basis 
of exact mass within 5 p.p.m. and further validated by concordance with  
retention times of amino acid standards.

Normalization procedure. We used essential amino acids for normalization of 
cell sample data as follows, with three replicates for each time point (4, 8 and 
24 h) and sample group: (i) peak intensities of each time point and compound 
for all essential amino acids and replicates were summed; (ii) the median of 
all replicates for each time point was calculated and (iii) sum peak intensity  
was divided by median for each data point resulting in a normalization factor 
for each data point to be applied on each individual amino acid peak-intensity 
measurement.

Inhibition of rat phenylalanine hydroxylase by panobinostat. Recombinant 
rat phenylalanine hydroxylase was purified from E. coli as described by 
Roberts et al.29. Recombinant rat tyrosine hydroxylase was purified from  
E. coli as described by Daubner et al.30. Tetrahydrobiopterin was purchased 
from Schircks Laboratories. All other major chemicals and media were  

of a customized version of the International Protein Index database combined 
with a decoy version of the database created using a script supplied by Matrix 
Science. The following criteria for protein identifications were used: (i) for 
single spectrum-to-sequence assignments, we required this assignment to be 
the best match with a minimum Mascot score of 31 and a 10× difference over 
the next best assignment (using these criteria, the decoy search results indi-
cated a <1% false discovery rate (FDR)); (ii) for multiple spectrum-to-sequence 
assignments and using the same parameters, the decoy search results indicate 
<0.1% FDR. Reporter ion intensities were extracted from the raw data and 
multiplied by ion accumulation times (measured in ms) to yield ion area, a 
measure proportional to the number of ions. Peptide spectrum matches were 
filtered according to the following criteria: mascot ion score >15, signal-to-
background of the precursor ion >4, and signal-to-interference >0.5 (ref. 27). 
Fold changes were corrected for isotope purity as described and adjusted for 
interference caused by coeluting nearly isobaric peaks as estimated by the 
signal-to-interference measure28. Protein quantification values were calculated 
from individual spectra matching to unique peptides using a sum-based boot-
strap algorithm; 95% confidence intervals were calculated for all protein fold 
changes that were quantified with >3 spectra. UniProt transmembrane domain 
annotation was used to classify proteins as membrane proteins by mapping 
the UniProt IDs on the IPI IDs.

Analysis of TPP TR experiments. TPP TR experiments were normalized and 
fitted with the following equation, as previously described4: 

f T
e a T b( ) (( / ) )= −

+
+− −

1
1

plateau plateau

where T is the temperature and a, b and ‘plateau’ are constants. The value of 
f(T) at the lowest temperature Tmin was set to 1. The melting point of a protein 
was defined as the temperature Tm at which half of the protein amount has 
been denatured, i.e., 

f T( ) .m = 0 5

for proteins whose curves met the following three requirements: (i) fitted 
curves for both vehicle and compound-treated conditions had an R2 of >0.8, 
(ii) the vehicle curve had a plateau of <0.3 and (iii) in each biological replicate, 
the steepest slope of the protein melting curve in the paired set of vehicle- and 
compound-treated conditions was below −0.06. In the visualization of data 
in Supplementary Figure 8, we additionally required that the melting points 
measured in both vehicle replicates differed by <1.5 °C for the same protein. To 
select proteins with significantly changed thermal stability after treatment in 
two biological replicates (two pairs of vehicle- and compound-treated experi-
ments), we used the following, previously described4, rules.

1.  The melting point difference between vehicle- and compound-treated 
conditions for a protein had a Benjamini–Hochberg corrected P value 
(calculated as previously described)4 of <0.05 in one biological replicate 
and <0.10 in the other.

2.  Both melting point differences were either positive or negative in the 
two biological replicates.

3.  The smallest absolute melting point difference of the protein in the two 
biological replicates was greater than the absolute melting point differ-
ence of that same protein between the two vehicle experiments.

Analysis of TPP CCR experiments. Calculation of pEC50 values from ther-
mal profiling experiments over a range of compound concentrations was 
performed as previously described4,13. The vehicle condition was used as the 
reference for fold-change calculations for the nine compound concentrations 
and vehicle condition. Prior to fitting a sigmoidal dose-response curve (top 
and bottom fixed at 1 and 0, variable slope), the tenfold change values were 
transformed to a range between 0 and 1 for stabilized proteins and 1 and 0 for 
destabilized proteins4,13. We required proteins to be stabilized or destabilized 
by the compound treatment at the maximum concentration by at least 50% 
(untransformed fold changes) compared to the vehicle condition and the R2 of 

np
g

©
 2

01
6 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



nature chemical biologydoi:10.1038/nchembio.2185

0.1% acetic acid. Tyrosine and DOPA were detected by fluorescence with the 
excitation wavelength set at 275 nm and the emission wavelength set at 303 
nm. A standard curve of 0–100 μM L-tyrosine or 0–25 μM L-DOPA was used 
to quantify the amount of tyrosine or DOPA produced.

The effect of panobinostat on the activity of phenylalanine hydroxylase was 
determined as a function of the concentration of panobinostat. Panobinostat 
was either incubated with the activated enzyme for 5 min or added at the start 
of the assays. Identical analyses were performed with tyrosine hydroxylase.

To test whether panobinostat binds to the inactive phenylalanine hydrox-
ylase enzyme, we added panobinostat to the preactivation mix at different  
concentrations, then added this mix to the incubation mix containing the same 
concentration of inhibitor and all other assay components.

purchased from Sigma-Aldrich or Thermo Fisher Scientific and were of the  
highest purity commercially available. Initial rate data were fit to the inhibition 
equation using the program KaleidaGraph (Synergy Software).

The assay for phenylalanine hydroxylase was based on the method of  
Zhang et al.31. Phenylalanine hydroxylase (1.25 μM) was incubated with 1 mM  
phenylalanine in 0.2 M HEPES, pH 7.0, at 25 °C for 3 min to activate the 
enzyme. 35 μL enzyme–phenylalanine mixture was then added to 205 μL 
assay mix containing 0–64 μM panobinostat, 4% dimethylsulfoxide, 60 μg/mL 
catalase, 1 mM dithiothreitol, 5 μM ferrous ammonium sulfate, and 80 mM 
HEPES, pH 7.0 (concentrations after mixing). Reactions were initiated by the 
addition of 10 μL 625 μM tetrahydrobiopterin (final concentration 25 μM). 
Duplicate reactions were quenched by adding 125 μL 2 M HCl after 30 or 60 s,  
and the rate of tyrosine formation was determined from each to verify that 
the reaction was linear over this time period. The assay for DOPA production 
by tyrosine hydroxylase was similar. Tyrosine hydroxylase (10 μL 1.25 μM) 
was added to 230 μL assay mix to yield 0–64 μM inhibitor, 25 μM tyrosine, 
4% dimethylsulfoxide, 60 μg mL−1 catalase, 1 mM dithiothreitol, 5 μM fer-
rous ammonium sulfate and 80 mM HEPES, pH 7.0. Assays were initiated by 
the addition of 10 μL 625 μM tetrahydrobiopterin and quenched with 2 M 
HCl after 30 and again after 60 s. For both enzymes, acid-quenched samples 
were centrifuged for 5 min at 10,000 × g to remove denatured protein. The 
supernatants were diluted tenfold with 0.1% acetic acid and injected onto a 
Gemini-NX C18 HPLC column (150 mm × 2.0 mm) with a mobile phase of 
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Biol. 1156, 279–291 (2014).
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