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Abstract

Human histone deacetylase 4 (HDAC4) is a key epigenetic regulator involved in

a number of important cellular processes. This makes HDAC4 a promising tar-

get for the treatment of several cancers and neurodegenerative diseases, in par-

ticular Huntington's disease. HDAC4 is highly regulated by phosphorylation

and oxidation, which determine its nuclear or cytosolic localization, and exerts

its function through multiple interactions with other proteins, forming multipro-

tein complexes of varying composition. The catalytic domain of HDAC4 is

known to interact with the SMRT/NCOR corepressor complex when the struc-

tural zinc-binding domain (sZBD) is intact and forms a closed conformation.

Crystal structures of the HDAC4 catalytic domain have been reported showing

an open conformation of HDAC4 when bound to certain ligands. Here, we

investigated the relevance of this HDAC4 conformation under physiological con-

ditions in solution. We show that proper zinc chelation in the sZBD is essential

for enzyme function. Loss of the structural zinc ion not only leads to a massive

decrease in enzyme activity, but it also has serious consequences for the overall

structural integrity and stability of the protein. However, the Zn2+ free HDAC4

structure in solution is incompatible with the open conformation. In solution,

the open conformation of HDAC4 was also not observed in the presence of a

variety of structurally divergent ligands. This suggests that the open conforma-

tion of HDAC4 cannot be induced in solution, and therefore cannot be exploited

for the development of HDAC4-specific inhibitors.
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1 | INTRODUCTION

To ensure survival, cells must adapt to changes in their
surrounding environment and within their cytosol. One
mechanism of adaptation involves posttranslational mod-
ifications such as phosphorylation, ubiquitination, and
deacetylation (Bradley, 2022). Histone deacetylases
(HDACs) are enzymes that catalyze the removal of acetyl
groups from lysine residues on histone proteins, a process
that plays a crucial role in gene expression and epigenetic
regulation. In the past three decades, HDACs have
emerged as promising drug targets for the treatment of
cancer and neurodegenerative diseases. Currently, there
are five approved drugs (Vorinostat [Zolinza®], Panobi-
nostat [Farydak®], Belinostat [Beleodaq®], Romidepsin
[Istodax®], and Tucidinostat [Epidaza®]) that target
HDACs (Bondarev et al., 2021; Ho et al., 2020). There are
a total of 18 known mammalian HDACs, which are cate-
gorized into four classes based on their homology and
gene sequence. Class II is further divided into two sub-
classes, IIa and IIb. Classes I, II, and IV are zinc-
dependent, while class III consists of NAD+-dependent
enzymes (Witt et al., 2009). Class IIa HDACs exhibit
unique features compared with to the other HDAC clas-
ses. They have a C-terminal deacetylation domain, a
sequence for nuclear export, as well as an N-terminal
myocyte enhancer factor 2 (MEF2) domain (Shen
et al., 2023). HDAC4, belonging to Class IIa, is one of the
largest isozymes in the HDAC family, with an approxi-
mate molecular weight of 120 kDa and a length ranging
from 972 to 1084 amino acids depending on splicing. It is
primarily expressed in the heart, brain, and skeletal mus-
cle, where it plays a key role in tissue growth and physio-
logical development (Asfaha et al., 2019; Wang, Qin, &
Zhao, 2014). Like all Class IIa HDACs, HDAC4 has a sec-
ond bound zinc ion in a highly flexible structural zinc
binding domain (sZBD; Bottomley et al., 2008) This zinc
ion connects two protein segments that otherwise would
distort the globular protein structure: One segment is a
17 amino acid loop (Lα1-α2) containing three zinc chelat-
ing residues (His665, Cys667, and His678). The other seg-
ment is a helix-turn-helix motif of 35 amino acids
(α6-α7-β3-β4) followed by a β-hairpin with a fourth zinc
chelating residue (Cys751). These residues are highly
conserved across all Class IIa HDACs and absent in other
HDACs (Bottomley et al., 2008). In vivo HDAC4 facili-
tates the active transport of HDAC3 between the nucleus
and the cytoplasm through a multiprotein complex
involving nuclear receptor corepressor (NCoR) and
silencing mediator for retinoid or thyroid hormone recep-
tors (SMRT; Fischle et al., 2001; Wang, Qin, &
Zhao, 2014). HDAC4 itself exhibits low to no enzymatic
activity for acetylated substrates, and there is no known
in vivo substrate (Ho et al., 2020). HDAC4 is implicated

in nephrological and neurodegenerative diseases, as well
as various cancer types, including breast cancer
(Clocchiatti et al., 2011; Mielcarek et al., 2015; Wang,
Liu, et al., 2014; Wang, Qin, & Zhao, 2014; Witt
et al., 2009). Furthermore, previous studies have demon-
strated that reducing the in vivo activity of HDAC4 in
animal models alleviates symptoms of Huntington's dis-
ease, offering a potential strategy for the treatment of this
currently incurable condition (Federspiel et al., 2019;
Mielcarek et al., 2013). In this study, we expressed the
C-terminal domain of human HDAC4, comprising of
amino acids Thr648 to Thr1057. This domain includes
both the catalytic domain and the sZBD.

Currently, 12 structures of HDAC4 and 5 structures
of the highly similar HDAC7 have been deposited in the
Protein Data Bank (PDB). In the case of HDAC4 (PDB-
ID: 4CBY) and HDAC7 (PDB-ID:3ZNS) superposition of
the catalytic domains (10 Å radius of the catalytic zinc
ion) revealed a root mean square deviation (RMSD)-value
of 0.293 Å. Most HDAC4 and HDAC7 structures repre-
sent the closed conformation in the presence or absence
of ligands. Only two structures (PDB-ID's 2VQM and
2VQJ), reported by Bottomley et al., display a crystal
structure in the so-called open conformation, where the
sZBD is flipped out of the globular protein structure,
resulting in a significant conformational rearrangement
of the catalytic domain (Mielcarek et al., 2013). The two
structures of the open conformation were solved in the
presence of TFG ligand (2,2,2-trifluoro-1-(5-[(3-phenyl-
5,6-dihydroimidazol[1,2-A]pyrazin-7(8H)-YL)carbonyl]
thiophen-2-YL)ethane-1,1-diol)(PDB-ID: 2VQJ) and its
hydroxamic acid analogue (PDB-ID: 2VQM) and they
have been refined at a resolution of 2.1 and 1.8 Å,
respectively.

According to this report, the open conformation was
induced to prevent clashes between the ligand and the
sZBD of HDAC4. Moreover, mechanistic considerations
of ligand binding to interconverting conformations of
HDAC4 have shown that even ligands with higher affin-
ity for the HDAC4's open conformation may eventually
bind to its closed conformation because of the energeti-
cally favored closed apo-conformation in equilibrium
(Schweipert et al., 2021). Bottomley et al. also demon-
strated a change in the zinc chelating residues between
the open and closed conformation. In the ligand-bound
open conformation, the chelators of the structural zinc
ion change to His665 and His678, whereas in the native
closed conformation, they are Cys669 and His675, respec-
tively. Additionally, the authors created a double mutant
variant (Cys669Ala/His675Ala) to disrupt the sZBD. The
authors performed immunoprecipitation and Western
Blotting experiments, which demonstrated that the vari-
ant, in comparison to HDAC4's wild type, failed to bind
the SMRT/NCoR repressor complex. These findings
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suggested that the closed conformation was the biologi-
cally relevant conformation, as a properly ordered sZBD
is crucial for the formation of multiprotein complexes.
However, the crystal structure of the double mutation
variant was not solved.

We hypothesized that if the open conformation would
be populated in solution, it could be exploited for design-
ing inhibitors that specifically target this unique confor-
mation as a viable strategy to solve the general isozyme
selectivity issue of HDAC inhibitors (Di Giorgio
et al., 2015; Yang et al., 2019). In this study, we aimed to
elucidate, whether the open conformation of HDAC4 can
be detected in solution under physiological conditions.
Therefore, we analyzed the open crystal structure of
HDAC4 and also conducted molecular docking of the
TFG ligand into the closed conformation of HDAC4 to
identify the particular amino acids causing proposed ste-
ric clashes that may result in the reported open confor-
mation. For measurements of apo-HDAC4 and HDAC4
in complex with the TFG ligand in solution, we employed
19F-NMR. Additionally, we utilized conformation-
sensitive ion mobility-mass spectrometry (IM-MS) to
investigate conformational changes in apo-HDAC4 and
HDAC4 bound to the TFG ligand, as well as various com-
mon HDAC ligands. Furthermore, we evaluated the
integrity of the double mutant variant through enzyme

activity, thermal stabilization, IM-MS, and circular
dichroism (CD)-spectroscopy.

2 | RESULTS AND DISCUSSION

2.1 | Crystal structures suggest two
different major conformations of HDAC4

Our comparison between the two HDAC4 conformations
was based on the x-ray structures of the open and closed
conformation (PDB-IDs 2VQJ and 4CBY, respectively).
We chose the 4CBY structure to represent the closed con-
formation instead of 2VQW (solved by Bottomley and
colleagues) because 4CBY provided a better resolution of
the HDAC4 wild-type structure, whereas 2VQW was a
gain-of-function variant (H976Y) with lower resolution
(Bottomley et al., 2008; Burli et al., 2013). When super-
posing the 4CBY and 2VQW crystal, it was evident that
both backbones were essentially identical (RMSD-value
of 0.3 Å). Upon superimposing the x-ray structures of the
open and closed conformations and plotting the RMSD
values against the respective residue numbers, two
regions stood out: residues 23–33 and residues 89–125.
These regions represent the central loop and helix in the
sZBD, respectively (Figure 1). Apart from these two

FIGURE 1 Superimposition root mean square deviation (RMSD) plot of the open and closed reported crystal structures of human

histone deacetylase 4 (HDAC4) and comparison between helix and loop regions of the structural zinc-binding domain (sZBD).

(a) Superposition RMSD plot of x-ray structures: open conformation (PDB-ID: 2VQJ) and closed conformation (PDB-ID: 4CBY), revealed

two regions with high structural diversity (loop region: dotted cycle; helix region: dashed cycle). Close up the differences in the (b) helix and

(c) loop region of the sZBD between the open (gray) and the closed (blue) conformation of HDAC4. Residues 150–380 were used for

superposition before RMSD calculation.
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regions, the remaining backbone conformations are very
similar, with RMSD values of �5 Å or less with regard to
their Cα atoms. In the NMR experiment described below,
we utilized the expected substantial conformational
changes in one of these regions to elucidate, whether the
open conformation exists in solution or if it is solely
observed in the reported crystal structures.

2.2 | Potential influence of crystal
packing effects on structures of the open
conformation of HDAC4

To convince ourselves that the open conformation of
HDAC4 was not a tracing error, we obtained the struc-
ture factor file of the HDAC4 open conformation crystal
(PDB-ID: 2VQJ) and used a newer, higher-resolution
template (PDB-ID: 5ZOO) for molecular replacement.
The search model was in the closed conformation. We
successfully traced a path that was mostly similar to
PDB-ID: 2VQJ (Figure S1), although there were slight dif-
ferences in the loop regions, some of which exhibited a
lack of electron density. However, crystal contacts
appeared to have an influence on backbone conforma-
tion. Upon comparing the packing, it appeared that both
loop1 (Lys664 to Ala679) and loop2 (Leu728 to Ser767),
adopted an open conformation in the reevaluated struc-
tural model and PDB-ID 2VQJ (Figure S2A). It is conceiv-
able that crystal packing may play a role, as the space
occupied by the loops (PDB-ID: 5ZOP) seemed to be

occupied by symmetry molecules (Figure S2B,C). Similar
trends were observed in other structures such as PDB-IDs
5A2S and 4CBY comparing both loop conformations.
Structures such as PDB-IDs 6FYZ and 4CBT showed a
disordered loop2, and the corresponding region lacked
electron density. In summary, it seems that loop2 exhibits
mobility. The opening of loop2 may also contribute to the
opening of loop1 by pushing it away and occupying its
position (Figure S2D). Thus, it seems possible that the
“open” conformation of HDAC4 was the result of crystal
packing.

2.3 | Ligands can adopt beneficial
binding poses in the closed conformation
of HDAC4

The observation that some inhibitors bound to the open
conformation of HDAC4 in crystal structures was attrib-
uted to possible steric interference of inhibitors with the
closed conformation. We performed flexible docking of
the TFG ligand (Scheme 1), which was crystallized in the
open conformation of HDAC4 (PDB-ID: 2VQJ), into
the binding pocket of the closed conformation of HDAC4
(PDB-ID: 4CBY) in order to look for possible steric
clashes between the ligand and HDAC4. Docking
resulted in a binding pose with strong metal binding by
the hydrated trifluoromethyl warhead and additional
conventional hydrogen bonds between the TFG ligand
and His802 as well as His803 (Figure 2). The hydrophobic

SCHEME 1 Ligands used in this study. For the TFG ligand the equilibrium between its trifluoromethyl and germinal diol moiety is

shown.
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central aromatic moiety of the docked TFG ligand was
sandwiched between opposite Phe812 and Phe871, which
define the narrow hydrophobic binding channel of the
closed conformation. The docking score of the TFG
ligand (�14.6) was even better than that for the cocrystal-
lized hydroxamate ligand (�12.0; Table S3). For compari-
son, the IC50-value for latter ligand against the catalytic
domain of HDAC4 was determined to be 20 nM (Burli
et al., 2013). We observed neither steric clashes, nor did
the ligand induce significant conformational changes in
order to efficiently bind to the active site pocket. The
docked and crystallized TFG ligands show very similar
Zn2+ binding, but differ in the distant phenyl-
imidazol-dihydropyrazine cap group. The cap groups in
both binding poses project into free solution, but in dif-
ferent directions. However, none of the binding poses
causes clashes with the closed conformation of HDAC4
(PDB-ID: 4CBY). Based on these docking results, there
was no obvious reason why HDAC4 should be forced to
open the closed conformation to enable binding of the
TFG ligand.

2.4 | Chelation of zinc ion in sZBD
determines the structural and functional
integrity of the entire HDAC4 enzyme

Bottomley et al. (2008) introduced an HDAC4 variant in
which two amino acid residues, which coordinate the
zinc ion in the sZBD of the wild-type protein, were
mutated (Cys669Ala and His675Ala). To elucidate the
structural function of these amino acids, we expressed
and purified a double exchange mutant variant and com-
pared its biochemical and biophysical attributes to those
of wild-type HDAC4. We discovered drastic differences in
enzyme yield, enzyme activity, thermal stabilization by
ligands, and structural composition between the two vari-
ants. The yields of the wild type and the variant were
11.4 and 0.3 mg/L, respectively, which implies a 38-fold
decrease in yield compared with the wild type
(Figure 3a). As mentioned earlier, HDAC4 displays mini-
mal enzymatic activity towards simple acetylated sub-
strates. However, it exhibits significant activity for
trifluoroacetylated substrates. Taking advantage of this,
we conducted an analysis of enzyme activity for both the
wild type and the double mutant variant, revealing signif-
icant differences between the two enzymes. The wild type
converted 5.95 ± 0.17 μM/h nM�1 substrate. In agree-
ment with Bottomley et al., we determined drastically
reduced enzymatic activity (0.020 ± 0.002 μM/h nM�1) of
the double mutant variant. This equaled an enzyme activ-
ity loss of about 300-fold (Figure 3b). This study con-
firmed the importance of the sZBD for substrate
recognition, as proposed by Bottomley et al. With a struc-
turally disturbed sZBD HDAC4 was essentially not able
to convert substrate. The melting point of the wild type
(54.6 ± 0.1�C) and the variant (53.5 ± 0.1�C) were simi-
lar, with a decrease in thermal stability by 1.1�C of the
double mutant variant. However, upon closer examina-
tion of the raw thermal stability data, we observed that
the double mutant variant displayed a 4.6-fold smaller
measurement window between the base and peak of the
melting curve (Figure 3c). Furthermore, the base of
the variant's melting curve was notably higher compared
with the wild type. A significantly higher baseline in the
assay strongly indicates that the protein's surface is more
hydrophobic (e.g., unfolded/denatured) compared with a
protein with a low baseline, as was observed in this case
(please refer to the Thermal Shift method in the experi-
mental section for further explanation). The similar melt-
ing points are interesting because typically, an unfolded
or denatured protein would exhibit lower thermal stabil-
ity, which was not observed here. The increased hydro-
phobicity is an indicator for overall protein unfolding,
perhaps attributed to a distorted or unfolded sZBD or as

FIGURE 2 Docking pose of TFG ligand within the binding

pocket of the closed conformation of Human histone deacetylase

4 (HDAC4; PDB-ID: 4CBY). HDAC4 in complex with cocrystallized

hydroxamic acid ligand is colored dark gray, the docked complex of

HDAC4 and TFG ligand is shown in green, and the superposed

complex with crystallized TFG-ligand (PDB-ID: 2VQJ) is orange

The catalytic zinc ion is colored magenta. The metal bonds between

the hydroxamate and the hydrated trifluoromethyl warhead of

bound ligands are shown as cyan lines. The trifluoromethyl

warhead of the TFG ligand is displayed in its geminal diol form as

present in solution (see Scheme 1).

SCHWEIPERT ET AL. 5 of 15



a consequence thereof. Furthermore, we observed a loss
of ligand binding to the double mutant variant, which is
another indicator for significant misfolding of the
enzyme. The TFG ligand and SATFMK stabilized
HDAC4 wild type by 9.45 ± 0.04 and 10.71 ± 0.05�C,
respectively. Contrary, the same ligands exhibited way
less stabilization regarding the Cys669Ala/His675Ala
double mutation variant, with values of 0.26 ± 0.05 and
0.39 ± 0.02�C (Figure 3d). The CD-spectra data of
HDAC4 wild type and the double mutant variant
revealed severe changes in secondary structure composi-
tion of the two enzymes. Based on the CD-spectra, the
wild-type HDAC4 displayed a characteristic pattern
indicative of a protein primarily composed of more heli-
ces than β-sheets (Greenfield, 2006). Conversely, the dou-
ble mutant variant exhibited less pronounced secondary
structures and seemed to be dominated by β-sheets
instead of helices (Figure 3e). Fitting the CD-spectra data

confirmed the initial assumption of significant shifts in
structural composition (Table 1). The drastic shift
in structural composition between the two enzymes was
apparently caused by the two mutations in the sZBD con-
sidering this is the only difference between these two pro-
teins. Moreover, IM-MS measurements of HDAC4 wild
type and the Cys669Ala/His675Ala double mutation vari-
ant revealed that the variant contained only one zinc ion
(Figure 3f). The lost zinc ion was most likely the one
located in the sZBD, because this region was disturbed by
the mutations and these residues coordinate the struc-
tural zinc ion in HDAC4's closed conformation. In addi-
tion, the missing zinc ion was unlikely to be the catalytic
zinc ion because we determined very low but significant
residual enzyme activity of this variant (Figure 3b). The
HDAC4 double mutant variant exhibited by far the smal-
lest collision cross section (CCS)-value in charge states
z = 10+, z = 11+, and z = 12+ compared with the wild

FIGURE 3 Biophysical and biochemical comparison between human histone deacetylase 4 (HDAC4) wild type and the Cys669Ala/

His675Ala variant with the double mutation located in the structural zinc-binding domain (sZBD). (a) Yield of recombinant protein

production. (b) Enzyme activity normed to respective HDAC4 concentrations. Enzyme activity assays were performed in triplicate; error bars

are displayed as standard deviation. (c) Thermal stability. (d) Thermal stabilization of HDAC4 wild type and the Cys669Ala/His675Ala

variant in the presence of SATFMK and TFG ligand. Thermal stability assays were performed in quadruples. Plotted are means without

error bars for the sake of better clarity. Figures including error bars are provided in Figure S5 and S6. (e) Circular dichroism (CD) spectra in

the range between 192 nm to 260 nm. CD-spectra are displayed as the means of 10 scans. (f) Ion mobility-mass spectrometry (IM-MS) data

of HDAC4 wild type, HDAC4 Cys669Ala/His675Ala variant with one missing zinc ion and HDAC4 Cys669Ala/His675Ala (apo) with two

missing zinc ions. Measurements were performed in triplicate; error bars are displayed as standard deviation. Black, gray, and purple arrows

indicate average collision cross section (CCS)-value increases as a function of charge z of the wild type, Cys669Ala/His675Ala variant, and

Cys669Ala/His675Ala variant (apo), respectively. 1D-MS spectra of the charge states are provided in Figure S16.
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type. This indicated that the protein became more com-
pact upon gas phase collapse and, at lower charge states,
adopted a smaller collision cross section (CCS) value than
the wild type, which is consistent with this variant hav-
ing larger segments without folded secondary structures
(Breuker & McLafferty, 2008). Furthermore, the signifi-
cant increase in CCS values of the HDAC4 double
mutant variant with increasing charge state demon-
strated that the intramolecular interactions of its second-
ary structures were considerably weaker overall
compared with the wild type. As a result, the variant was
less resistant to Coulomb repulsion, leading to more pro-
nounced unfolding and subsequently higher CCS values.
For further explanations, please refer to the respective
IM-MS method in the experimental section. However,
CCS values alone only represent the overall folding state
of the entire protein and do not provide any information
about the unfolding of individual domains. Nevertheless,
considering the difference compared with the wild type,
massive disruption and at least partial unfolding of the
double mutant variant can be expected. Additionally, at
higher charge states of z = 13+ and 14+, we measured
not only the HDAC4 double mutant variant with one
missing zinc ion but also the variant without any bound
zinc ions (Cys669Ala/His675Ala apo; Figure 3f). This
suggested that in this variant not only the sZBD was dis-
turbed, but the whole intrinsic stability was impaired to
the extent that, at higher charge states, even the catalytic
zinc ion cannot be securely bound. In comparison, the
wild type did not lose any of its zinc ions at higher charge
states, not even the structural zinc ion. This finding was
intriguing because one might expect, given that the che-
lators of the structural zinc ion change between the open
and closed conformations of HDAC4 (according to the
respective crystal structures), that the zinc ion in
the sZBD would be bound less tightly. This inconsistency
may also suggest that the structure observed in the crystal
of the open conformation does not accurately represent
the conformation in solution. However, it is known that
the metal ions in HDACs are not bound tightly to the

protein, which is normal for metalloenzymes (Mirts
et al., 2019). There have been reports of HDAC8's cata-
lytic zinc ion being exchanged with other metal ions,
such as cobalt or iron, which is not only the case in vitro
but also in vivo (Dowling et al., 2010; Gantt et al., 2006).
These findings indicate the double mutant variant is in a
highly disturbed conformational state.

In one of our previous works, we discussed the possi-
ble importance of the salt bridge formed by Glu764 and
Arg730, which is located in the sZBD. We demonstrated
that an HDAC4 Glu764Ala variant has impaired ligand
recognition, possible due to structural effects in the sZBD
(Schweipert et al., 2021). The applied methodologies in
this study, except for metal binding, do not provide
insights into the specific causes of the highly disturbed
conformational state of the double mutant variant. How-
ever, it appears plausible that the mentioned salt bridge
might also be impaired or even broken in a severely dis-
turbed sZBD. The findings in this study imply that the
double mutant variant is highly disrupted to the extent
that it impairs protein synthesis, behavior, and structural
composition, leading to the mentioned consequences.
Our data suggested that the results of the immunoprecip-
itation experiments revealing that HDAC4 was not able
to participate in its designated protein–protein interac-
tion by Bottomley et al. cannot be solely contributed to a
disturbed sZBD. The disturbance introduced by these
mutants was likely so severe that the protein was at least
partially unfolded to an extent that it lost most of its
structural features.

2.5 | Ligands bind exclusively to the
closed conformation of HDAC4 under
physiological conditions

Using IMPACT software, theoretical CCS values can be
calculated for the drift gas helium based on crystal struc-
tures (Marklund et al., 2015). The actual measurements
were performed using nitrogen as drift gas. We explain
the difference in drift gases (including a helium–nitrogen
regression) in the respective IM-MS method in the experi-
mental section. With x-ray structures representing the
closed (PDB-ID: 4CBY) and open (PDB-ID: 2VQJ) confor-
mation, theoretical CCS values were calculated using the
trajectory method and compared with actual measure-
ments (Figure 4). The measured CCS values at charge
state z = 10+ for apo HDAC4, HDAC4 in complex with
either the TFG ligand or BW164, and the simulated CCS
values based on the x-ray structure of HDAC4's closed
conformation were highly similar. These findings were
surprising because, based on the simulation results utiliz-
ing the x-ray structures, we expected a significant

TABLE 1 Structural composition of HDAC4 wild type and the

Cys669Ala/His675Ala double mutant variant derived from CD-

spectra data.

Wild type Cys669Ala/His675Ala

Helix/% 22.6 6.7

β-Sheets/% 17.7 31

Turns/% 14.1 15

Other/% 45.6 47.3

Abbreviations: CD, circular dichroism; HDAC4, human histone
deacetylase 4.
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increase in CCS values between ligand-free HDAC4 and
HDAC4 in complex with the TFG ligand (open confor-
mation). Consequently, we concluded that the x-ray
structure of the open conformation was unlikely to repre-
sent HDAC4 in complex with the TFG ligand in solution.
Additionally, there is a reported structure of an analogue
of ligand BW164 bound to HDAC4 in its closed confor-
mation (PDB-ID: 6FYZ), further emphasizing that both
apo-HDAC4 and the tested complexes predominantly
adopt the closed conformation.

In addition to the already discussed samples we also
tested various known HDAC inhibitors (Scheme 1) in
complex with HDAC4 to determine whether they induce
conformational changes. However, all samples exhibited
similar CCS values (Figure 5). While one could argue
that, on average, the complexes displayed slightly larger
CCS values compared with apo HDAC4, these differences
fall within the margin of error and are not statistically
significant, indicating that all measured complexes adopt
the closed conformation or minor variations thereof. Fur-
thermore, the complexes exhibited slow and steady
increases in CCS values with increasing charge state,
indicating the structural stability of the complexes. We
already discussed the contrasting behavior of low-
stability samples in the previous chapter. The findings
suggest that neither the TFG ligand nor any other tested
ligand induced a significant conformational change upon
binding to the enzyme. HDAC4 bound to the TFG ligand
showed a CCS-value of 3162 Å2 at a charge state of
z = 10+. This value is 9.2% smaller when compared with
the simulations with helium as the drift gas and 19%
smaller compared with simulations with nitrogen as the

drift gas. Moreover, the actually measured difference
between HDAC4 in complex with the TFG ligand and
apo HDAC4 was only 0.54%. This also provided compel-
ling evidence that the x-ray structure of HDAC4's open
conformation (PDB-ID: 2VQJ) is unlikely to represent its
actual conformation when bound to the TFG ligand in
solution under native conditions. For contextual refer-
ence, HDAC4 wild type in its closed conformation exhib-
ited 2.5% and 9.7% differences between the actual
measurements and simulated CCS-value using helium as
drift gas and the corrected simulated CCS values using
nitrogen-helium regression, respectively, which is a typi-
cal error between the simulation and the measured
values (Turzo et al., 2023). This, and the data from
Figure 4, suggests that the closed conformation in the
x-ray structure represents more closely the enzyme's
actual conformation.

Further validation was performed via NMR by observ-
ing the 19F chemical shift of a site-specific incorporated
4-trifluoromethylphenylalanine (tfmF) in the presence
and absence of the TFG ligand (Scheme 1). 19F NMR
coupled with amber codon suppression labeling is a pow-
erful tool to study proteins and is often used in conforma-
tional studies (Chen et al., 2013; Gronenborn, 2022).
Amber codon suppression enables a site-selective incor-
poration of a non-canonical amino acid (ncAA) contain-
ing a 19F nucleus, which exhibits high sensitivity and a
wide chemical shift range (Gronenborn, 2022; Kitevski-
LeBlanc & Prosser, 2012). The chemical shift is highly
responsive towards changes in the local conformational
and electronic environment and varies between probes
(Kitevski-LeBlanc & Prosser, 2012). Compared with other
CF3 probes the aryl-CF3 moiety seems to be most

FIGURE 4 Comparison between measured collision cross

section (CCS) values and simulations based on x-ray structures.

Colored bars indicate measured CCS values of free human histone

deacetylase 4 (HDAC4) and HDAC4 in complex with respective

ligands (z = 10+). Gray bars indicate CCS values calculated with

IMPACT software for the closed (PDB-ID: 4CBY) and open (PDB-

ID: 2VQJ) conformation of HDAC4 utilizing the trajectory method

(TJM). Black arrow and percentage indicate increase of simulated

CCS values between open and closed conformation. Simulated

values were computed using helium as drift gas.

FIGURE 5 Change of collision cross section (CCS) during ion

mobility-mass spectrometry measurements. Displayed are CCS

values of free human histone deacetylase 4 (HDAC4) wild type

(blue) and the wild type in complex with respective ligands. Black

arrows indicate average CCS-increase of HDAC4 and HDAC4 in

complex with different ligands with higher charge state.

Measurements were performed in triplicate; error bars displayed as

standard deviation.
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responsive towards changes in polarity (Ye et al., 2015).
In particular, tfmF has been shown to be highly sensitive
for subtle conformational changes induced by binding of
substrates, inhibitors or cofactors (Jackson et al., 2007; Ye
et al., 2015). Mass spectra of the two HDAC4 variants
(Figure S13), 2D mobilogram with drift time and mass-
to-charge ratio of HDAC4 wild type (Figure S14) as well
as the mobilogram of the CCS plots (Figure S15) are pro-
vided in Supplementary material S1.

To identify suitable mutation sites, crystal structures
of HDAC4 in the open (PDB-ID: 2VQJ) and closed (PDB-
ID: 4CBY) conformation were superposed and amino
acids located in the moving sZBD domain, experiencing a
significant change in the local environment, were
selected (Figure 6a). Out of the potential residues in the
sZBD domain (Ser671 to Ser674, Lys736, Lys737, and
Phe746), exhibiting transitions in the range of 14–23 Å,
Phe746 displayed significant changes in the local envi-
ronment. In the open conformation Phe746 is part of the
sZBD helix region, facing the solvent and having mostly
hydrophobic amino acids (Leu742, Val745, Val754,
Val756, Leu661, His766, and Trp762) and certain polar

amino acids (Arg748 and Asp757) in its 5 Å proximity
(Figure 6b). In the closed conformation Phe746 is located
in a loop region, pointing into a small pocket with aro-
matic (Trp762, Tyr814, and Tyr723) hydrophobic (Val754,
Val745, Val722, and Val756) and hydrophilic (Ser744)
amino acids in its 5 Å proximity (Figure 6c). On the basis
of this framework, we expected a strong difference in 19F
chemical shifts of tfm Phe746 in the open and closed con-
formation. To measure the chemical shift in the closed
conformation, experiments were performed without ligand
since the closed conformation is dominant in solution (see
previous chapter). To favor the open conformation, we
performed a second measurement in the presence of TFG
ligand, which should bind to the open conformation, thus
inducing a change in the local environment of Phe746,
thereby resulting in a difference in chemical shift. Addi-
tionally, NMR measurements of native HDAC4 and the
free ncAA were collected as reference. The binding of the
TFG ligand to HDAC4 in NMR buffer was confirmed via
thermal shift. The ligand induced a thermal stabilization
of 11.75 ± 0.03�C, indicating strong binding in the used
buffer system (Figure S7).

FIGURE 6 Potential mutation sites and changes in microenvironment. (a) Top view on superposed human histone deacetylase

4 (HDAC4) crystal structures in the open (gray, PDB-ID: 2VQJ) and closed (blue, PDB-ID: 4CBY) conformation with indicated amino acids

as potential mutation sites and their transition paths indicated as red dashed lines. According to the x-ray structures Phe746 shows a

transition of 20.4 Å between the respective Cα atoms in the open and closed conformation. (b,c) Change in microenvironment of a modeled

tfmPhe746 between the proposed open (b) and closed (c) conformation of HDAC4 with residues within 5 Å proximity. Nitrogen, oxygen, and

fluorine atoms are colored purple, red and green, respectively. Distances between the CF3 moiety and neighboring atoms of sidechains are

indicated in Figure S17. Images were created using the UCSF ChimeraX visualization software (version ChimeraX-1.4; Goddard et al., 2018).
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As anticipated, the 19F-NMR spectrum of unlabeled
HDAC4 did not show a protein-related signal but a small
signal at �75.25 ppm, which occurred in all samples and
was used as reference (Figure 7a). The free ncAA dis-
played a distinct and sharp signal at �61.9 ppm
(Figure 7b) and the incorporated ncAA exhibited a signal
at �62.3 ppm (Figure 7c), indicating successful incorpo-
ration. Measurement of labeled HDAC4 in the presence
of TFG ligand (Figure 7d) did not induce a shift in the
tfmPhe746 signal at �62.3.

The absence of difference in chemical shift upon
incubation with the TFG ligand indicates no significant
changes in the local environment of the tfmPhe746 label,
suggesting no conformational changes of HDAC4 and is
contrary to expected results based on the corresponding
crystal structures of apo HDAC4 and HDAC4 in complex
with the TFG ligand. This points to the unlikeness of the
TFG ligand to induce the open conformation and puts
the existence of the open conformation in solution into
question. As a result, the open conformation might not
be relevant to the biological function of the protein and is
more likely to be an artificial conformation state under
perhaps non-native conditions.

3 | CONCLUSIONS

Some crystal structures show an open conformation of
HDAC4 in complex with several ligands, in particular the
TFG ligand. This observation raised the possibility of
developing isozyme-specific inhibitors targeting this

specific conformation, in light of the fact that the highly
conserved binding pocket in the active site of the HDAC
protein family poses a major challenge. In this study, we
elucidate the potential importance of the open conforma-
tion under physiological conditions in solution. An
HDAC4 double mutant variant lacking zinc ion binding
in the sZBD showed a dramatic decrease in enzyme activ-
ity, in agreement with previous results. In addition, the
local mutations in the sZBD showed a dramatic effect on
the global structural integrity and stability of the protein,
resulting in a highly disordered structure of HDAC4 in
solution, which is clearly inconsistent with the reported
open conformation. The ratio of α-helices to β-sheets
changed significantly, and native IM-MS revealed a
highly disordered conformational state of HDAC4 with
larger segments lacking folded secondary structures, in
agreement with thermal stability measurements. This
further demonstrated that small changes in one region of
a protein can have dramatic effects on distant regions or,
as in our case, even on the global structure of HDAC4
protein. Native MS and NMR were used to elucidate the
effects of ligand binding on the conformation of HDAC4
in solution. None of the ligands, including the TFG
ligand, induced a conformational change comparable to
the open conformation in solution. In summary, the open
conformation of HDAC4 is not detectable in solution
using different complementary biophysical methods.
Therefore, we conclude this conformation does not seem
to be relevant in a biological context and cannot be used
for the development of isozyme-specific HDAC4
inhibitors.

FIGURE 7 Clipped spectra of four NMR experiments. (a) Spectrum of unlabeled protein, (b) free amino acid (tfmPhe), (c) labeled

protein, and (d) labeled protein in presence of the TFG ligand. Spectra were calibrated relative to the signal at �75.25 ppm. The full-recorded

spectra were free of any additional signals (Figure S8).
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4 | MATERIALS AND METHODS

4.1 | Mutagenesis and recombinant
protein production

All HDAC4 constructs were the C-terminal domain of
human HDAC4 (T648–T1057) and were produced in
Escherichia coli BL21(DE) using a pET14b vector system
containing the HDAC4 gene fused to a His6-SUMO tag.
For the HDAC4 wild type, overnight cultures in Lennox
LB media (20 g/L) and 100 μg/mL ampicillin were incu-
bated under shaking at 37�C. The next day flasks contain-
ing sterile auto-induction media (3.08 g/L KH2PO4,
3.10 g/L Na2HPO4, 0.44 g/L MgSO4, and 20 g/L Lennox
LB media), 4.6 g/L glycerol, 0.45 g/L glucose, 1.2 g/L lac-
tose, and 100 μg/mL ampicillin were inoculated with
overnight culture and incubated at 30�C overnight under
shaking. The next day cells were harvested by centrifuga-
tion (6–16 K centrifuge, Sigma, Osterode am Harz,
Germany) at 3000g (4�C) for 10 min and frozen (�20�C)
for storage. On the first day of protein purification the
frozen cell pellet was thawed and resuspended in IMAC
Buffer A (150 mM KCl, 50 mM TRIS–HCl, pH 8.0) and
3 μg/mL DNase I (AppliChem, Darmsadt, Germany),
5 mM dithiothreitol (AppliChem, Darmsadt, Germany)
and 0.1 mg/mL lysozyme (Roth, Karlsruhe,
Germany) were added. The cell suspension was cooled in
an ice bath and stirred during cell lysis via ultrasound
(Digital Sonofier C25, Branson, MO, USA). Subsequently,
cell debris were removed by centrifugation at 18,000g at
4�C for 30 min (6–16 K centrifuge, Sigma, Osterode am
Harz, Germany). The sample was filtered with a 0.45 μm
filter (Filtropur, Sarstedt, Nümbrecht, Germany), diluted
to 100 mL and 5 mM imidazole was added. The IMAC
column (5 mL cOmplete His-Tag Purification Resin,
Roche, Basel, Switzerland) was washed with 3 CV (col-
umn volume) water to remove the 20% ethanol for stor-
ing conditions and was equilibrated with 10 CV of
IMAC-Buffer A containing 5 mM imidazole. The column
was loaded with the sample and subsequently washed
with 5 CV IMAC-Buffer A containing 5 mM imidazole.
Elution was carried out IMAC Buffer A containing
75 mM of imidazole (step elution). Protein-containing
fractions were pooled, diluted to 50 mL and 6 μg/mL
SUMO protease and 5 mM dithiothreitol were added.
The sample was dialyzed at 4�C overnight against 2 L
IMAC-Buffer A containing 5 mM dithiothreitol to
remove imidazole using a dialysis tube (Membra-Cel
Dialysis Tubing (MWCO 3500 Da), Serva, Heidelberg,
Germany). The next day hydrophobic interaction chro-
matography (HIC) was performed to remove the
His6-SUMO tag. After washing the column (HiTrap Phe-
nyl HP, Cytiva, Freiburg, Germany) with 3 CV to remove

the 20% ethanol for storing conditions and was equili-
brated with 3 CV of HIC-Buffer B (50 mM TRIS–HCl,
pH 8.0) followed by 10 CV HIC-Buffer A (1 M
(NH4)2SO4, 50 mM TRIS–HCl, pH 8.0). After filtering the
sample with a 0.2 μm filter (Filtropur, Sarstedt,
Nümbrecht, Germany) and diluted with 50 mL of 2�
HIC-Buffer A, it was loaded onto the HIC column. Subse-
quently, the column was washed with 5 CV HIC-Buffer
A and the protein was eluted with HIC-Buffer B (step
elution). The protein-containing fractions were concen-
trated by ultrafiltration (Vivaspin 2, MWCO 30 kDa, Sar-
torius, Goettingen, Germany) at 8000 g and 4�C (3-30KS
centrifuge, Sigma, Osterode am Harz, Germany) to
ca. 2 mL, 5 mM dithiothreitol was added and the sample
was stored at 4�C. The next day, the final purification
step (size exclusion chromatography) was performed.
The SEC-column (HiLoad Superdex 16/600 75 pg col-
umn, Cytiva, Freiburg, Germany) was washed with 1.5
CV water to remove the 20% ethanol for storing condi-
tions and equilibrated with 3 CV SEC-Buffer (150 mM
KCl, 50 mM TRIS–HCl, 1 mM TCEP, 5% glycerol,
pH 8.0). Subsequently, SEC was performed and protein-
containing fractions were concentrated via ultracentrifu-
gation (see above), freezed in liquid nitrogen, and stored
at �80�C. All chromatography steps were performed
using an Äkta Pure chromatography system
(GE Healthcare Life Sciences, Freiburg, Germany). Flow
rates were 5 mL/min for IMAC and HIC and 1 mL/min
for SEC. All column CIP protocols were performed as
recommended by the respective manufacturer.

For the 15N labeled and ncAA incorporated HDAC4
samples the basic procedure was the same but
M9 minimal media instead of LB media and auto-
induction media was used for 15N labeling. The composi-
tion of the M9 minimal media is provided in Table S9.
After transferring the overnight culture in production
flasks the cultures were incubated at 30�C under shaking
and protein production was induced at an OD600 of 0.7
with 400 μM IPTG (Roth, Karlsruhe, Germany). For the
incorporation of the ncAA (tfmF) the pDule-tfmF A65V
S158A suppressor plasmid and the ncAA was purchased
from Addgene (85484) and BLDpharm (Kaiserslautern,
Germany), respectively. Cells were incubated in LB
media at 37�C up to an OD600 of 0.7. The ncAA was dis-
persed in sterile water, and a small amount of NaOH was
added to ensure complete dissolution. It was added to the
medium 45 min prior to induction with a final concentra-
tion of 1 mM. Induction was performed with 400 μM of
IPTG and 0.02% arabinose (Roth, Karlsruhe, Germany).
After induction, the cells were incubated at 30�C
overnight.

HDAC4 variants (Cys669Ala/His675Ala double
mutant and stop codon (TAG) mutant at position
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Phe764) were generated by splicing by overlap extension
polymerase chain reaction (PCR; Higuchi et al., 1988).
Sequences of respective primers are provided in
Table S10.

4.2 | Molecular docking

Preparation, visualization of structural data, and molecu-
lar docking were performed using MOE 2022.02 software
(Chemical Computing Group ULC, Canada). The crystal
structures of the closed (PDB-ID: 4CBY) and open confor-
mation of HDAC4 (PDB-ID: 2VQJ) were obtained from
RCSB Protein Data Bank. The structure files were loaded
into the program, water molecules were removed, and
the partial charges of all protein and ligand atoms were
calculated using the implemented Amber14 force field.
Subsequently, the protein was protonated using the
implemented Protonate-3D procedure for a temperature
of 300 K, pH 7, and 0.1 M salt. All atoms were computa-
tional titrated and allowed to flip during the calculation.
The Generalized Born/Volume Integral (GB/VI) formal-
ism was applied to calculate the electrostatics. The dielec-
tric constants used for the protein and the solvent were
2 and 80, respectively. To simulate the repulsive part of
the van der Waals energy, the 800R3 setting of the
Protonate-3D procedure was chosen, while using a cutoff
distance of 10 Å, above which van der Waals interactions
between two atoms would be ignored. Molecular docking
was performed using the Induced Fit protocol, which
includes the protein sidechains in the refinement stage.
The triangle matcher was chosen for placement of the
ligand in the binding site, and resulting binding poses
were ranked with the London dG scoring function. The
best 50 poses were passed to the refinement and energy
minimization in the pocket using the induced fit method
and then rescored with the GB/VI/WSA dG scoring func-
tion. The docking procedure was validated by redocking
of the cocrystallized ligand in the respective receptor pro-
tein. The resulting binding pose showed broad consis-
tency with an RMSD-value of 0.76 Å for the overall
hydroxamic acid ligand in the closed conformation of
HDAC4 (PDB-ID 4CBY). The position of the hydroxa-
mate warhead and adjacent atoms was even better
defined with an RMSD-value of 0.26 Å (Figure S4).

4.3 | HDAC4 activity assay

Enzyme activity tests were performed with 1 nM of
HDAC4 wild type and 10 nM of the double mutant
(Cys669Ala/His675Ala) and 20 μM Boc-Lys(Ffa)-7-Amino-
4-methylcoumarin (Bachem, Bubendorf, Switzerland) and

carried out in a black 96 well half area microtiter plate
(Greiner, Kremsmünster, Austria) for 1 h at 30�C in
Assay-Buffer (25 mM Tris–HCl, 75 mM KCl, 0.00001%
Pluronic, pH 8.0) under shaking. The reaction was termi-
nated by the addition of 1.7 μM SATFMK. To release the
7-amino-4-methyl-coumarin fluorophore (AMC) from the
deacetylated substrate, 0.4 mg/mL trypsin was added, fol-
lowed by another incubation step for 1 h at 30�C under
shaking. The assay is based on the work of Wegener et al.
(2003). Fluorescence intensity was measured in a PheraS-
tar Plus (BMG Labtech, Ortenberg, Germany) fluorescence
plate reader at 450 nm (Ex: 350 nm) and the blank (sub-
strate in assay buffer without HDAC4) was subtracted
from the signal. Subsequently, fluorescence intensity was
converted to turned over substrate using a calibration
curve. Finally, the turned over substrate was divided by
the respective HDAC4 concentration for fair enzyme activ-
ity comparison.

4.4 | Thermal shift assay

Assays for determining thermal stability and thermal sta-
bilization were performed in a Quant Studio 5 real-time
qPCR device (Thermo Fisher Scientific, Darmstadt,
Germany) with SYPRO orange (Sigma-Aldrich, Tauf-
kirchen, Germany) as fluorescence dye. The samples con-
tained 11 μM of protein and 10-fold SYPRO orange in
assay buffer. All samples were incubated for 1 h at 30�C
in the qPCR device to ensure chemical equilibrium.
Afterwards, the heat gradient was initiated (0.015�C/s)
and changes in fluorescence were measured in the qPCR
device's TAMRA channel (623 nm [Ex = 580 nm]) and
plotted against temperature. The increase in fluorescence
during the thermal stability assay is attributed to the fluo-
rescent dye, which increases its intensity upon binding to
hydrophobic regions of a protein. By increasing the sam-
ple temperature, the protein unfolds and its hydrophobic-
ity increases, which can be quantified by the increase in
fluorescence. In order to determine melting curves, the
first derivative of the fluorescence signal was calculated
and plotted against temperature, the point of infliction
indicated the melting point of the respective sample. Cal-
culations were performed in protein thermal shift soft-
ware (Thermo Fisher Scientific, Darmstadt, Germany).
Measurements were performed in quadruples (n = 4).

4.5 | CD spectroscopy

CD spectra were obtained using a Jasco J-1500 CD spec-
trometer (Jasco, Pfungstadt, Germany) with protein sam-
ple concentration of 5 μM in CD-Buffer (5 mM Tris–HCl,
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15 mM KCl, pH 8.0) at a temperature of 20�C in a quartz
cuvette with 1 mm path length. The measurements were
performed with a bandwidth of 4 nm and a scanning
speed of 50 nm/min. Each sample underwent 10 scans,
which were then averaged. According to the manufac-
turer, the voltage of the photomultiplier tube (PMT)
should not exceed 700 V for a reliable CD signal. This
was the case between 192 and 260 nm in our measure-
ments. For data processing, the buffer signal was sub-
tracted, the acquired data were baseline corrected
and transformed into mean residue molar ellipticity
(expressed in deg cm2 dmol�1) using CDToolX software
(https://cdtools.cryst.bbk.ac.uk/). The analysis and
evaluation of the CD data were conducted using the
online tools provided by BeStSel (https://bestsel.elte.hu/),
which employ algorithms developed by Micsonai
et al. (2015, 2018).

4.6 | 19F-NMR measurements

Measurements were performed on an AV 500 NMR spec-
trometer (Bruker, MA, USA), equipped with a broadband
probe and operating at 470.6 MHz for fluorine. Measure-
ments of the complex between fluorinated protein and
TFG ligand were conducted at 21�C in shigemi nmr
tubes; free fluorinated protein was measured at 25�C
Samples were prepared in stated concentrations using
labeled protein (200 μM), 500 μM TFG ligand in NMR
buffer (50 mM HEPES, 150 mM KCl, 1 mM TCEP,
pH 7.5) in D2O/H2O (250 μL).

4.7 | IM-MS simulations and
measurements

IM-MS is a technique for determining the CCS of ana-
lytes in the gas phase (Gabelica & Marklund, 2018). This
is not limited to small molecules but also includes native
proteins and unfolding observation (Ruotolo et al., 2007).

Using the crystal structures of HDAC4 wild type
(PDB-ID: 4CBY, closed conformation) and the crystal
structure of HDAC4 wild type with bound TFG ligand
(PDB-ID: 2VQJ, open conformation), theoretical CCS
values were calculated. For this purpose, we used
IMPACT software (Oxford University Innovation Lim-
ited, Oxford, Great Britain), which calculates a CCS-value
based on the crystal structure and the projection approxi-
mation (PA; Mack Jr., 1925) and finally a CCS-value by
the trajectory method (TJM) using a correlation
(Marklund et al., 2015). The ligands of the crystal struc-
tures were included in the calculation. Default settings
were used.

Note that the IMPACT software computes theoretical
CCS values using helium as drift gas, whereas the actual
measurements employed nitrogen as drift gas. Generally,
the use of nitrogen as a drift gas results in larger CCS
values in comparison to helium, due to nitrogen's polariz-
ability, which can lead to interactions with charges on
the protein's surface. Consequently, this interaction can
result in extended drift times and subsequently larger
CCS values. We used a regression analysis based on refer-
ence CCS values obtained with both helium and nitrogen
as drift gases. The charge states and literature CCS used
for the calibrants are listed in Table S11. A logarithmic
regression model was chosen for calibration (Ruotolo
et al., 2008). The regression values are listed in
Figure S12. The CCS-value for nitrogen as drift gas, cal-
culated using the TJM method, can be estimated to be
3910 Å2 for the open conformation of HDAC4. The esti-
mated CCS-value using helium as the drift gas was smal-
ler (3481 Å2). Therefore, we expected an even larger
increase (compared with Figure 4) in CCS values
between the two conformations.

During IM-MS measurements, proteins are in a bal-
ance between the Coulomb repulsion, which can cause
the protein to increase in size to the point of unfolding,
and intramolecular interactions, which keep the protein
in a compact conformation (Zhong et al., 2014). Thus,
with each additional charge, some increase in CCS values
can be expected as the Coulomb repulsion increases, but
proteins with pronounced secondary structures exhibit
more modest increases of CCS values (e.g., for HDAC4
and its complexes with different ligands) compared with
proteins with less defined or disturbed secondary struc-
tures (e.g., HDAC4 Cys669Ala/His675Ala variant). At
higher charge states this effect becomes more severe.

For the IM-MS measurements, water (LC–MS grade)
was purchased from Fisher Scientific, Hempton, USA.
The acetonitrile (LC–MS grade) and formic acid (p.a.)
were purchased from Merck, Darmstadt, Germany. For
the 200 mM ammonium acetate solution a 7.5 M ammo-
nium acetate stock solution from Merck, Darmstadt,
Germany, was diluted with water. Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) and dimethyl sulfoxide
(DMSO) were purchased from Carl Roth, Karlsruhe,
Germany. Horse holo-myoglobin and bovine serum albu-
min (BSA) for CCS calibration were purchased from
Merck, Darmstadt, Germany. The Synapt XS was cali-
brated with sodium iodide solution from Waters, Milford,
USA. For IM-MS measurement, the protein samples were
rebuffered with 500 μL Amicon Ultra Filter from Merck,
Darmstadt, Germany, with a 10 K cutoff at 14,000g for
15 min with 200 mM ammonia acetate and 0.5 mM
TCEP four times. Immediately prior to measurement,
additional rebuffering with 200 mM ammonium acetate

SCHWEIPERT ET AL. 13 of 15

https://cdtools.cryst.bbk.ac.uk/
https://bestsel.elte.hu/


was performed. The protein solution was then diluted
with 200 mM ammonium acetate to the final concentra-
tion of 20 μM. The ligands in DMSO were diluted with
200 mM ammonium acetate to a final concentration of
30 μM. The apo-HDAC4 WT contained 0.6 vol% DMSO
as a negative control. The samples were measured with
direct-infusion nanoESI at a Synapt XS with traveling
wave technology from Waters (Milford, USA; Pringle
et al., 2007). For this, 10 μL protein solution was loaded
in a self-pulled nanoESI capillary. A micropipette puller
Model P-97 from Sutter Instrument, Novato, USA, was
used to make the capillaries. The Capillary Voltage
was between 1.0 and 1.7 kV, Sampling Cone 30 V, Source
Offset 20 V, Source Temperature 30�C, Cone Gas Flow
100 L/h, and Purge Gas Flow 550 mL/h for the nanoESI
source. For mass recalibration, we performed an internal
calibration using the masses of the analytes with a first
order regression. For the IM-MS measurements, we used
helium at 180 mL/min as the cooling gas and nitrogen at
90 mL/min as the drift gas. For the traveling wave, differ-
ent wave velocities of 800, 900, and 1000 m/s were used.
The wave height was kept at 40 V, and the transfer cell
wave velocity and height were constant at 140 m/s and
4 V, respectively. The Trap DC bias voltage was 28 V.
The quadrupole with the RF generator of 300 kHz was
set to RF only, and the time-of-flight (TOF) was in resolu-
tion mode. The mass range was from 400 to 5000 m/z.
Before the measurements, the MS was mass calibrated
with sodium iodide to 5000 m/z. For CCS calibration, we
measured horse holo-myoglobin and BSA with the same
settings.
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