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Within the crowded and complex environment of the cell, a protein experiences

stabilizing excluded-volume effects and destabilizing quinary interactions with other

proteins. Which of these prevail, needs to be determined on a case-by-case basis.

PAPS synthases are dimeric and bifunctional enzymes, providing activated sulfate in

the form of 3′-phosphoadenosine-5′-phosphosulfate (PAPS) for sulfation reactions. The

human PAPS synthases PAPSS1 and PAPSS2 differ significantly in their protein stability

as PAPSS2 is a naturally fragile protein. PAPS synthases bind a series of nucleotide

ligands and some of them markedly stabilize these proteins. PAPS synthases are of

biomedical relevance as destabilizing point mutations give rise to several pathologies.

Genetic defects in PAPSS2 have been linked to bone and cartilage malformations as

well as a steroid sulfation defect. All this makes PAPS synthases ideal to study protein

unfolding, ligand binding, and the stabilizing and destabilizing factors in their cellular

environment. This review provides an overview on current concepts of protein folding and

stability and links this with our current understanding of the different disease mechanisms

of PAPSS2-related pathologies with perspectives for future research and application.

Keywords: sulfation pathways, PAPS synthase, quinary interaction, excluded volume effect, ligand stabilization,

enzyme storage complex

INTRODUCTION

Sulfation pathways are centered around enzymatic conversion of sulfate to the activated sulfate
donor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) and the transfer of the sulfuryl moiety
to biological acceptor molecules (Foster and Mueller, 2018). The enzymes in charge are PAPS
synthases (Mueller and Shafqat, 2013) and PAPS-dependent sulfotransferases (Coughtrie, 2016;
Hirschmann et al., 2017), respectively. Sulfation pathways also include the removal of sulfate
by sulfatases (Mueller et al., 2015) and the deactivation of the sulfation-byproduct 3′-phospho-
adenosine-5′-phosphate (PAP) by dedicated PAP phosphatases (Chan et al., 2016). Sulfation
impacts on many different acceptor molecules, such as carbohydrates, proteins, lipids, xenobiotics,
and steroids as well as other hormones (Mueller et al., 2015). Several proteins from this pathway
have been studied with regard to their stability; some of them giving rise to clinically observed
pathologies (Oostdijk et al., 2015).

An experimental categorization into thermostable and thermolabile sulfotransferases (Reiter
and Weinshilboum, 1982) was an early apprehension of the multiplicity of sulfation pathways
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we know of today. Unfolding was then monitored as loss-
of-activity measurements upon thermal increase. Midpoints of
unfolding of sulfation activity towards dopamine were 39.5◦C,
but 44◦C for a phenol-targeting sulfotransferase (Reiter and
Weinshilboum, 1982). Hence, thermostability was understood
as being folded and active at about physiological temperature.
This system was in use until more and more sulfotransferase
genes were cloned (Dubin et al., 2001). Later, sulfotransferase
proteins were purported to form dimers via an unusually small
protein interface (Petrotchenko et al., 2001; Weitzner et al.,
2009). Dimerization is thought to increase structural stability of
human sulfotransferase SULT1A1, both with regards to thermal
inactivation and chemically induced unfolding (Lu et al., 2009).

Only in 2012, the first biophysical study of sulfate-activating
PAPS synthase enzymes (van den Boom et al., 2012) identified
one of them, human PAPSS2, as a fragile protein specifically
stabilized by ligand binding (van den Boom et al., 2012;
Mueller and Shafqat, 2013). PAPS synthases are bifunctional
enzymes comprising a C-terminal ATP sulfurylase and an N-
terminal APS kinase domain (Mueller and Shafqat, 2013). Their
physiological substrates and products are sulfate, ATP, ADP,
pyrophosphate, PAPS, and the reaction intermediate adenosine-
5′-phosphosulfate (APS) (Strott, 2002). Out of these, ADP
and PAPS had moderately stabilizing effects, but APS shifted
unfolding transitions by more than 16◦C (van den Boom
et al., 2012). The relevance of this finding for intracellular
sulfation pathways is not yet clear as concentrations of the
intermediate APS are expected to change considerably within the
cell (Lansdon et al., 2004).

Various point mutations have been described for the PAPSS2
gene that lead to bone and cartilage malformations (Oostdijk
et al., 2015) as well as a steroid sulfation defect (Noordam et al.,
2009; Oostdijk et al., 2015). A subset of these mutations seems to
destabilize the PAPSS2 protein severely, inducing its intracellular
aggregation and triggering its ubiquitination and degradation via
the proteasome (Oostdijk et al., 2015). Interestingly, PAPSS2 is
involved in transient protein interactions with other sulfation
pathway proteins (Mueller et al., 2018) and these interactions
may stabilize or activate the PAPSS2 protein. This reviewwill look
at sulfation pathways, central to healthy human physiology from
a protein-stability/protein-folding perspective.

PAPS SYNTHASE PROTEINS DISPLAY
SUBSTRATE-SPECIFIC FOLDING
PROPERTIES

Understanding structure, function, and stability of proteins
as the cellular workforce to generate vital biomolecules has
been of great interest ever since (Bryngelson et al., 1995).
Protein folding becomes especially important due to the many
examples of malfunctioning proteins causally linked to severe
diseases, such as Huntington’s (McColgan and Tabrizi, 2018)
and Parkinson’s disease (Poewe et al., 2017). Many proteins
are functional on their own, but intermolecular interactions
such as dimer or multimer formation are common features
of proteins (Marsh and Teichmann, 2015). These quaternary

structures result from highly specific interactions encouraged
by complementary surface properties of the proteins involved.
They may represent the functional form of many proteins
(Dobson et al., 2004), regulate activity (Grum et al., 2010) or
be included in signal pathways (Heldin, 1995) and trafficking
between compartments (Knauer et al., 2005; Schröder et al.,
2012; Eggert et al., 2018). Compared to smooth interactions
such as multimer formation, intermolecular protein interactions
may also have a fuzzy nature. Interactions resulting in
these fuzzy complexes usually involve intrinsically disordered
regions that interact with each other to form for example
signalosomes or phase-separating ribonucleoprotein granules
(Wu and Fuxreiter, 2016; Alberti et al., 2019).

Within the complex environment of the living cell,
transient interactions with other biomolecules may occur
and these have been named quinary interactions (McConkey,
1982) as a continuation of primary, secondary, tertiary and
quaternary structure (Cohen and Pielak, 2017). However,
commonly biomolecules are probed in dilute buffer solutions
or in crystals by techniques such as NMR spectroscopy or
crystallography. Thus, protein functions relying on transient
protein interactions mostly remain unnoticed or are very hard to
study (Matena et al., 2013).

The different structural and interaction levels of proteins
create a multidimensional rugged energy landscape with
several small energetic minima representing different possible
conformations of the polypeptide chain (Bryngelson et al.,
1995). Even though the energy landscape in theory allows many
marginally stable conformations, protein folding and unfolding
of small single-domain proteins can often be described by a
two-state model (Figure 1A). The unfolded protein needs to
cross a transition state comprised of an ensemble of partially
folded structures in order to fold downhill into its native
conformation, by forming intramolecular interactions in a
cooperative manner (Bryngelson et al., 1995; Oliveberg and
Wolynes, 2005). This one-dimensional energy landscape model
allows to precisely determine rates of protein folding as a
folding “speed limit” (Kubelka et al., 2004). The influence of
intermolecular and intramolecular interactions as well as pH or
viscosity on folding and the ruggedness of the landscape are still
investigated extensively (Chung et al., 2015; Chung and Eaton,
2018). However, the simple model needs adjustments when
describing folding of large multi-domain proteins. Multi-domain
proteins may form stable and biologically relevant intermediates
representing distinct energy minima on the protein folding
energy landscape. This applies to proteins with independently
folding domains (Ferreiro et al., 2005) or those requiring specific
interactions with substrates or cofactors (Klein and Schwarz,
2012; van den Boom et al., 2012). The actual positioning on the
reaction coordinate and their stability compared to the unfolded
and folded state may differ according to the number of contacts
already formed in this structure. PAPS synthases with their two
independently folding domains are a good example for multi-
state folder.

The 140 kDa dimeric PAPS synthase proteins unfold
irreversibly thermally and chemically, when studied as
recombinant proteins in vitro (van den Boom et al., 2012).
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FIGURE 1 | A theoretical and an experimental perspective on protein folding.

(A) Schematic representation of the folding free energy landscape for a

multi-state (black) and two-state folder (red). Kinetic constants for folding and

unfolding (kf and ku ) are depicted with arrows highlighting the transitions

between unfolded (U), intermediate (I), and folded (F) states. (B) Thermal CD

unfolding data of PAPS synthase 2 adapted from van den Boom et al. (2012).

Experiments without (red) and with (black) the APS nucleotide at a 100 fold

excess of APS. Transitions observed fit the expected data for a two-state

folder with one transition and a three-state folder with two distinguishable

transitions. Multi-state behavior is only observed upon APS binding.

Their reaction intermediate, the nucleotide adenosine-5′-
phosphosulfate, has two effects on the unfolding thermographs
(Figure 1B). At low APS concentrations, equal to or slightly
higher than the protein, unfolding transitions shift remarkably
by about 5◦C. At higher APS concentrations, even the form of the
unfolding transition changed and a clear unfolding intermediate
is seen (van den Boom et al., 2012). The high-affinity effect can
be explained by forming a stable dead-end enzyme-ADP-APS
complex in the APS kinase domain (Mueller and Shafqat,
2013), further discussed below. The ADP for this complex
most likely is carried over through the purification process as
it is tightly enzyme-bound (Mueller and Shafqat, 2013). The
low-affinity effect is most likely due to stabilization of the ATP
sulfurylase domain (van den Boom et al., 2012). In summary,
this shows that PAPS synthase proteins display complex and
substrate-specific folding properties that could play a important
role in the regulation of sulfation pathways. It will be crucial

to study PAPS synthase stability in a cellular environment with
tightly regulated substrate concentrations and the crowded
environment described below.

PUSH AND PULL—CROWDED CELLS VS.
BUFFER SOLUTIONS

In comparison to dilute solution, the cellular environment is
crowded with up to 300 g/L of biopolymers (Zimmerman
and Trach, 1991; Ellis and Minton, 2003). Biomolecules in
such environments are influenced by a many of specific and
non-specific interactions. Metaphorically speaking, comparing
a biomolecule in dilute solution to the situation in the cell
is like comparing an elegant ballet dancer in an empty
dancing hall with a person in an overcrowded night-club.
Random interactions and collisions are rare in the first case,
but unavoidable in the second. Scientifically speaking, the
consequences of the random interactions and the collisions in
the cellular “night-club” are referred to as excluded-volume
effects (Minton, 1983) and quinary interactions (McConkey,
1982), respectively.

Within the concept of excluded-volume, macromolecules
primarily repel each other. High macromolecule concentrations
increase the occupied volume and decrease the volume accessible
for other macromolecules, hence, reducing the configurational
entropy of less compact conformations. With regards to proteins,
this favors compact protein conformations that normally are the
functional protein folds (Minton andWilf, 1981). Indeed, in vitro
experiments show that an artificially crowded environment
using large polymers such as PEG or Ficoll-70 stabilizes native
conformations (Alfano et al., 2017) and favors protein association
(Batra et al., 2009) and catalytic activity (Dhar et al., 2010; Paudel
et al., 2018). However, a physicochemical force driving proteins
into their most compact conformation will unavoidably also
affect aggregation-prone proteins and increase aggregation rates
in a crowded environment (Hatters et al., 2002; Gao et al., 2015).

The concept of quinary interactions describes the organization
of large biomolecules via weak and transient interactions
(McConkey, 1982). In contrast to repulsive interactions, transient
interactions depend on the chemical composition of the
biomolecule and the crowding agent (Minton, 2013). Since
crowding agents, used to mimic the cellular environment, differ
in their chemical properties, their effects on a target protein
studied in vitro may hence differ as well (Senske et al., 2014;
Feig et al., 2017; Majumdar et al., 2018). While some crowding
agents such as PEG directly interact with a protein, others such
as dextran rather affect the water network and the solvation of
the protein (Senske et al., 2014). This mechanism is comparable
to the thermodynamic stabilization of proteins by osmolytes
(Yancey et al., 1982; Senske et al., 2014, 2016). Recently, the effects
of quinary interactions on protein stability have been correlated
with protein surface properties – the increase in surface charge
is a key factor for the formation of quinary interactions (Gnutt
et al., 2019). These well-studied concepts show that in addition
to the intrinsic stability of the protein fold, weak and repulsive
interactions in a cellular environment need to be considered
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as well for a complete view on protein folding and stability.
Detailed effects of the cellular environment and how intracellular
crowding is mimicked in vitro were discussed here (Politou and
Temussi, 2015; Gnutt and Ebbinghaus, 2016).

Understanding how a protein folds and how it is stabilized,
when surrounded by hundreds of other macromolecules with
a myriad of unspecific interactions is a complex task. Several
approaches have been applied to disentangle the physicochemical
effects exerted on biomolecules inside the cell, ranging from
fluorescent crowding sensors (Boersma et al., 2015; Gnutt et al.,
2015) to case-studies in cell lysates (Martin and Hartl, 1997)
or whole cell simulations (Feig et al., 2017). Within living cells,
similar studies have been performed using an RNA hairpin (Gao
et al., 2016), the glycolytic PGK enzyme (Dhar et al., 2011; Wirth
et al., 2013), superoxide dismutase 1 (Gnutt et al., 2019), cell
volume changes (Wang et al., 2018), and intracellular osmolytes
(Sukenik et al., 2018). Very recently, the repertoire of in-cell
protein analysis has been expanded to live zebrafish (Feng et al.,
2019). It appears that the net-effect on thermal stability of a
specific protein or sensor inside cells cannot be generalized and
highly depends on the surface exposed. This complexity makes it
inevitable to use in-cell techniques to study proteins within their
native environment complemented with in vitro experiments.

An orthogonal method to study in-cell protein stability
represents mass-spectrometry of isotopically labeled cells. A
pioneering study in this regard reported thermal profiling of
the cellular proteome (Savitski et al., 2014). From this dataset,
we derived midpoints of unfolding T50 of 54.6 and 46.2◦C for
PAPSS1 and PAPSS2, respectively, and compared these to the T50

values of 45.8 and 39.8◦C for PAPSS1 and PAPSS2, measured
before (van den Boom et al., 2012), revealing a difference in
T50 of 8.3 and 5.8◦C for the two PAPS synthases. Even though
these numbers are from two studies using different methods, the
observed differences in T50 suggest that PAPS synthase protein
stability within cells may differ compared to previous in vitro
studies (van den Boom et al., 2012). Whether this is related to
intrinsic protein stability or protein interactions is a question
which remains to be answered.

HOLDING ON TO SOMETHING—HOW
LIGANDS, COFACTORS AND
SUBSTRATESAFFECTPROTEINSTABILITY

Functional proteins have not evolved to preserve a certain protein
fold, but rather to fulfill a certain biological function. Enzymes
have specific binding sites for strong and specific interactions
with their small-molecule substrates and products (Martínez
Cuesta et al., 2015). This specific binding relies on many
cooperatively acting interactions and may stabilize the protein,
making it more rigid. Indeed, many experiments studying
thermal or mechanical stability show strong stabilization
of proteins by binding their substrates or cofactors. This
includes, among others, adenylate kinases binding substrate
and inhibitory nucleotides (Mazal et al., 2018), PAPS synthases
binding their substrates or products ADP, APS, and PAPS
(van den Boom et al., 2012) as well as cohesins binding calcium

(Verdorfer and Gaub, 2018). But how do these newly formed
interactions contribute to the actual stability of the protein?

The Gibbs energy 1G is genuinely used to compare the
energetic differences between two states and in protein-ligand-
binding this refers to the bound and the unbound state of the
ligand. The Gibbs energy can further be split into contributions
of the enthalpy 1H describing the total energy of the system
observed and the temperature-dependent entropy 1S describing
the degrees of freedom or conformational states of similar energy.
The thermodynamic descriptions of protein-ligand binding focus
either on the ligand, especially in drug design (Claveria-Gimeno
et al., 2017), or how the energy landscape of protein folding and
stability is affected (Kabir et al., 2016; Hingorani et al., 2017). One
factor regarding ligand binding is the process of breaking existing
water networks in the unbound state in order for the ligand to
bind (Fox et al., 2017; Verteramo et al., 2019). Breakage and
reorganization of a strong water network displays an energetic
cost which ultimately reduces the affinity of drugs to their targets
(Fox et al., 2017). Thermodynamic analysis focusing mainly on
the binding effects on the protein itself include changes in protein
structure (Reyes et al., 2017) or stability (Kabir et al., 2016).
In some cases, binding of ligands may actually stabilize non-
native or intermediate conformations and therefore not always
leads to a stabilization of the protein target (Kabir et al., 2016).
However, stabilizing non-native interactions may be desirable in
drug design to reduce formation of, for example, toxic aggregates
(Vöpel et al., 2017; Perni et al., 2018).

PAPS synthases show consecutive binding and release of
sulfate, ATP, ADP, APS, and PAPS (Sekulic et al., 2007; Figure 2).
As all nucleotides involved are generated from ATP, it becomes
apparent that ATP availability fuels the cycle. Looking into crystal
structures and experimental data, ADP and APS appear to be
tightly bound to the protein (Harjes et al., 2005; Mueller and
Shafqat, 2013) and the structure of the protein is known to
be stabilized by these nucleotides (van den Boom et al., 2012).
The inhibitory or “dead-end” complex forms after the release
of the product PAPS, by re-binding of an APS nucleotide to
the ADP-kinase complex. This is a highly stabilized form of the
APS kinase (Sekulic et al., 2007; Mueller and Shafqat, 2013).
Considering thermal unfolding experiments in presence and
absence of APS described above (van den Boom et al., 2012),
one of the observed thermal unfolding transitions must be
caused by the formation of this inhibitory complex with APS
(Figure 1B). Due to the marked increase in stability by binding
ADP and especially APS, the formed complex may not only be
of inhibitory nature, but serves as a storage form in times of
ATP depletion.

Even though ATP is often thought to be a ubiquitously
available source of energy inside cells at up to two-digit
millimolar concentration, the levels of ATP are regulated by
different factors and may fluctuate significantly during the
lifetime of a cell (Beis and Newsholme, 1975; Ataullakhanov and
Vitvitsky, 2002; Bonora et al., 2012). However, in response to ATP
depletion resulting from stresses, kinases such as 5′-AMP protein
kinase become more active in order to rebalance the ATP/AMP-
ratio by phosphorylating substrates, regulating downstream gene
expression and ultimately the activity of ATP-generating systems
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(Hardie and Carling, 1997). DNA damage from irradiation and
oxidative stress caused by endogenous or environmental factors
are stresses that affect ATP levels temporarily (Budanov and
Karin, 2008). However, hyperosmotic shock (Dmitrieva et al.,
2011), resulting in an imperfect crowding adaptation (Gnutt
et al., 2017), as well as cellular starvation (Maddocks et al.,
2013) are known to cause DNA lesions as well. Further, as ATP

FIGURE 2 | The catalytic cycle of APS kinase. Schematic representation

including substrate binding and product release steps. An inhibitory or stable

storage complex is populated after PAPS release by binding of APS (lower left).

FIGURE 3 | Structural mapping of PAPSS2 point mutations. Known

disease-relevant mutations in PAPS synthase 2 isoform (red spheres) are

shown in a PAPS synthase structure (PDB: 1XNJ). The N-terminal APS kinase

is shown in gray, the C-terminal ATP-sulfurylase domain in black. Zoom,

disease relevant mutations in the APS kinase central beta-sheet (black). Amino

acid numbering reflects positions in PAPSS2. Table, solvent accessible

surface area (SASA) of sidechains derived from DSSP values. Values for amino

acids in the APS kinase domain have been derived from PDB structure 2AX4,

values for the ATP sulfurylase are from 1XNJ.

has been suggested to act as a hydrotrope helping to solubilize
proteins in the cellular environment, proteins may even become
prone to aggregation, if ATP is depleted for a longer period of
time (Patel et al., 2017). Considering changing ATP levels and
PAPS synthase stabilization via ligand binding, we propose that
the PAPSS2-ADP-APS complex within the APS kinase domain
represents a stable storage form not only of the enzyme, but also
for the APS nucleotide, of relevance in times in which ATP levels
are depleted.

INTRACELLULAR RECYCLING—
STABILITY AND DEGRADATION OF PAPS
SYNTHASES IN CELLS

Proteins within the cell are not only exposed to the
physicochemical forces described above, but also to enzymatic
post-translational modifications and some of these modifications
influence protein stability again. In Alzheimer’s disease, as an
example, the phosphorylated tau protein forms neurofibrillary
tangles and glycosylation defects have been observed in the
amyloid precursor protein (APP) and other proteins (Schedin-
Weiss et al., 2014). Ubiquitination is noteworthy here as it serves,
among other functions, to target proteins for active degradation
(Chaugule and Walden, 2016). A tetra-ubiquitin chain attached
to a lysine side chain of a target protein is sufficient for
recognition and degradation by the proteasome (Singh et al.,
2016). The attachment of ubiquitin is catalyzed by hundreds
of ubiquitin ligase-complexes (Chaugule and Walden, 2016).
Interestingly, this attachment depends on physicochemical
stability of the target protein as ubiquitination requires the
target peptide to be unfolded or intrinsically disordered (Prakash
et al., 2009); structured domains need to unfold partially before
ubiquitination can occur (Hagai et al., 2011) and conversely
ubiquitination destabilizes the protein fold (Hagai and Levy,
2010). Preliminary data for PAPS synthases indeed show
enhanced ubiquitination for PAPSS2 than for PAPSS1 upon
6 h treatment with the proteasome inhibitor MG-132 (data not
shown). Taken together, biophysical instability may translate
to biological instability involving active degradation by the
ubiquitin/proteasome machinery.

ONE PROTEIN, DIFFERENT MUTANTS AND
TWO MECHANISMS—UNDERSTANDING
PAPS SYNTHASE-RELATED DISEASES
AND APPLYING THIS KNOWLEDGE TO
DRUG DESIGN

Several neurodegenerative diseases present with aggregates
of certain proteins such as Aβ peptide in Alzheimer’s disease
(Masters et al., 2015), poly-Q repeats in Huntington’s disease
(McColgan and Tabrizi, 2018), and α-synuclein in Parkinson’s
disease (Poewe et al., 2017). Once disease progression was
linked to the cytotoxicity of the observed protein aggregates,
aggregation had been studied in detail and the actual toxic
oligomeric species identified (Knowles et al., 2014). Most
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recently, small molecules have been developed to alter
aggregation properties of the affected protein to treat the
according disease (Vöpel et al., 2017; Perni et al., 2018;
Limbocker et al., 2019).

While neurodegenerative diseases are well-studied, diseases
related to sulfation pathways remained underexplored with the
exception of heparin as an anti-coagulant (Tsai et al., 2017).
Furthermore, genetic defects in the gene for PAPS synthase 2
have been described with phenotypes of various forms of bone
and cartilage formation as well as androgen regulation and
polycystic ovary syndrome (Oostdijk et al., 2015). These PAPSS2
missense mutations include G78R (Kurima et al., 1998), T48R
(Noordam et al., 2009), C43Y, L76Q, V540D (Iida et al., 2013),
and G270D (Oostdijk et al., 2015). They are mapped on a
schematic representation of the PAPS synthase protein structure
(Figure 3), which shows that the APS kinase mutants are in close
spatial proximity.

Some of the mutations in PAPSS2 occurred homozygous such
as V540D (Iida et al., 2013; Oostdijk et al., 2015). However,
two studies describe clinical cases of compound heterozygous
mutations, where a missense mutation is observed in the genetic
background of a non-sense mutation (Noordam et al., 2009;
Oostdijk et al., 2015). Messenger RNAs of non-sense mutations
with their premature stop codon are substrates for non-sense-
mediated mRNA decay (Lloyd, 2018) and hence they are
regarded as null alleles. For three of the missense mutations,
G78R, T48R, and G270D, it is known that they are hypomorphic;
they are alleles with residual activity. For the G78R variant, very
little residual APS kinase activity was reported, but the ATP
sulfurylase activity remained similar to wild type (Kurima et al.,
1998), suggesting a folded and functioning ATP sulfurylase that
may act as a solubility anchor and prevent immediate aggregation
of the protein. For T48R and G270D, residual ability to support
SULT2A1-dependent DHEA sulfation was reported, however,
both mutated protein variants were also ubiquitinated and
degraded (Oostdijk et al., 2015), suggesting severely destabilized
protein folds.

These data suggest the existence of two different disease
mechanisms for the same PAPS synthase proteins. Residue
solvent accessibility extracted from DSSP values further
illustrates that G78R is more solvent exposed compared to the
buried amino acids (keeping in mind that glycine residues show
small solvent accessible surfaces in general due to the lack of a
side chain). For an understanding of PAPSS2-related pathologies,
it will be essential to investigate whether biophysical observation
can be correlated with disease progression.

Generally, once a protein’s molecular disease mechanisms is
classified as misfolding or aggregation, designing small molecule-
drugs is often the best way to recover that protein from its disease

states (Arosio et al., 2014; Vöpel et al., 2017; Chia et al., 2018).
This may be applicable to any other disease that compromises
the protein-folding homeostasis (Wood et al., 2018). However,
if the catalytic function of the protein is affected, this approach
appears not promising and cure is probably best to achieve by
supplementing patients with the lacking compounds that are no
longer synthesized by the affected protein. For defects in the
biosynthetic pathway of a cofactor, such supplementation can
involve a precursor of that cofactor (Edwards et al., 2015); for
PAPS synthase defects it may turn out to be a small subset of
sulfated biomolecules.

CONCLUSION AND OUTLOOK

Activated sulfate in form of PAPS is essential for driving
sulfation pathways inside cells. Even though a lack of PAPS
synthase activity results in severe disease states, biophysical
studies have only focused on measurements in buffered
solutions so far. These findings implicate that PAPS synthases
may be highly influenced by the cellular interior with
regard to ligand binding and protein ubiquitination and
degradation. At times, PAPS synthases form an inhibitory
complex with ADP and APS bound. This complex may be
reinterpreted as a storage form of the intrinsically instable
PAPSS2 protein and its substrate APS. In-cell studies are
required to determine the intracellular stability of PAPS
synthases. These findings shall provide further insight into
proposed molecular disease mechanisms and help to design
suitable drugs or treatment strategies of PAPS synthase-
related diseases.

AUTHOR CONTRIBUTIONS

SE and JWM defined the scope for this review. OB and JWM
collected material and wrote the paper. All authors read and
approved the final version of this review.

ACKNOWLEDGMENTS

Research in the area of this review was funded by the European
Commission (Marie Curie Fellowship SUPA-HD 625451, to
JWM), the Wellcome Trust (ISSF award, to JWM), the MRC
(Proximity-to-Discovery, to JWM), the DFG-funded Cluster of
Excellence RESOLV (EXC 1069, to SE), the Human Frontier
Science Program (Research Grant RGP0022/2017, to SE), and
the German-Israeli Foundation for Scientific Research and
Development (GIF grant 1410, to SE). OB was supported by
the Graduate School of Solvation Science (Ruhr University
Bochum, Germany).

REFERENCES

Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and challenges
in studying liquid-liquid phase separation and biomolecular condensates. Cell
176, 419–434. doi: 10.1016/j.cell.2018.12.035

Alfano, C., Sanfelice, D., Martin, S. R., Pastore, A., and Temussi, P. A. (2017).
An optimized strategy to measure protein stability highlights differences

between cold and hot unfolded states.Nat. Commun. 8:15428. doi: 10.1038/nco
mms15428

Arosio, P., Vendruscolo, M., Dobson, C. M., and Knowles, T. P. (2014). Chemical
kinetics for drug discovery to combat protein aggregation diseases. Trends
Pharmacol. Sci. 35, 127–135. doi: 10.1016/j.tips.2013.12.005

Ataullakhanov, F. I., and Vitvitsky, V. M. (2002).What determines the intracellular
ATP concentration. Biosci. Rep. 22, 501–511. doi: 10.1023/A:1022069718709

Frontiers in Molecular Biosciences | www.frontiersin.org 6 May 2019 | Volume 6 | Article 31

https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1038/ncomms15428
https://doi.org/10.1016/j.tips.2013.12.005
https://doi.org/10.1023/A:1022069718709
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Brylski et al. Understanding PAPS Synthase Folding

Batra, J., Xu, K., Qin, S., and Zhou, H. X. (2009). Effect of macromolecular
crowding on protein binding stability: modest stabilization and significant
biological consequences. Biophys. J. 97, 906–911. doi: 10.1016/j.bpj.2009.05.032

Beis, I., and Newsholme, E. A. (1975). The contents of adenine nucleotides,
phosphagens and some glycolytic intermediates in resting muscles from
vertebrates and invertebrates. Biochem. J. 152, 23–32.

Boersma, A. J., Zuhorn, I. S., and Poolman, B. (2015). A sensor for quantification
of macromolecular crowding in living cells. Nat. Methods 12, 227–9.
doi: 10.1038/nmeth.3257

Bonora, M., Patergnani, S., Rimessi, A., De Marchi, E., Suski, J. M., Bononi,
A., et al. (2012). ATP synthesis and storage. Purinergic Signal. 8, 343–357.
doi: 10.1007/s11302-012-9305-8

Bryngelson, J. D., Onuchic, J. N., Socci, N. D., and Wolynes, P. G. (1995). Funnels,
pathways, and the energy landscape of protein folding: a synthesis. Proteins 21,
167–195. doi: 10.1002/prot.340210302

Budanov, A. V., and Karin, M. (2008). p53 target genes sestrin1 and
sestrin2 connect genotoxic stress and mTOR signaling. Cell 134, 451–460.
doi: 10.1016/j.cell.2008.06.028

Chan, K. X., Mabbitt, P. D., Phua, S. Y., Mueller, J. W., Nisar, N., Gigolashvili,
T., et al. (2016). Sensing and signaling of oxidative stress in chloroplasts by
inactivation of the SAL1 phosphoadenosine phosphatase. Proc. Natl. Acad. Sci.
U.S.A. 113, E4567–E4576. doi: 10.1073/pnas.1604936113

Chaugule, V. K., and Walden, H. (2016). Specificity and disease in the ubiquitin
system. Biochem. Soc. Trans. 44, 212–227. doi: 10.1042/BST20150209

Chia, S., Habchi, J., Michaels, T. C. T., Cohen, S. I. A., Linse, S., Dobson, C. M.,
et al. (2018). SAR by kinetics for drug discovery in protein misfolding diseases.
Proc. Natl. Acad. Sci. U.S.A. 115, 10245–10250. doi: 10.1073/pnas.1807884115

Chung, H. S., and Eaton, W. A. (2018). Protein folding transition path
times from single molecule FRET. Curr. Opin. Struct. Biol. 48, 30–39.
doi: 10.1016/j.sbi.2017.10.007

Chung, H. S., Piana-Agostinetti, S., Shaw, D. E., and Eaton, W. A. (2015).
Structural origin of slow diffusion in protein folding. Science 349, 1504–1510.
doi: 10.1126/science.aab1369

Claveria-Gimeno, R., Vega, S., Abian, O., and Velazquez-Campoy, A. (2017). A
look at ligand binding thermodynamics in drug discovery. Expert Opin. Drug
Discov. 12, 363–377. doi: 10.1080/17460441.2017.1297418

Cohen, R. D., and Pielak, G. J. (2017). A cell is more than the sum of its
(dilute) parts: a brief history of quinary structure. Protein Sci. 26, 403–413.
doi: 10.1002/pro.3092

Coughtrie, M. W. H. (2016). Function and organization of the human
cytosolic sulfotransferase (SULT) family. Chem. Biol. Interact. 259(Pt A), 2–7.
doi: 10.1016/j.cbi.2016.05.005

Dhar, A., Girdhar, K., Singh, D., Gelman, H., Ebbinghaus, S., and Gruebele,
M. (2011). Protein stability and folding kinetics in the nucleus and
endoplasmic reticulum of eucaryotic cells. Biophys. J. 101, 421–430.
doi: 10.1016/j.bpj.2011.05.071

Dhar, A., Samiotakis, A., Ebbinghaus, S., Nienhaus, L., Homouz, D., Gruebele, M.,
et al. (2010). Structure, function, and folding of phosphoglycerate kinase are
strongly perturbed by macromolecular crowding. Proc. Natl. Acad. Sci. U.S.A.
107, 17586–17591. doi: 10.1073/pnas.1006760107

Dmitrieva, N. I., Cui, K., Kitchaev, D. A., Zhao, K., and Burg, M. B. (2011).
DNA double-strand breaks induced by high NaCl occur predominantly
in gene deserts. Proc. Natl. Acad. Sci. U.S.A. 108, 20796–20801.
doi: 10.1073/pnas.1114677108

Dobson, R. C., Valegård, K., and Gerrard, J. A. (2004). The crystal structure
of three site-directed mutants of Escherichia coli dihydrodipicolinate
synthase: further evidence for a catalytic triad. J. Mol. Biol. 338, 329–339.
doi: 10.1016/j.jmb.2004.02.060

Dubin, R. L., Hall, C. M., Pileri, C. L., Kudlacek, P. E., Li, X. Y., Yee, J.
A., et al. (2001). Thermostable (SULT1A1) and thermolabile (SULT1A3)
phenol sulfotransferases in human osteosarcoma and osteoblast cells. Bone 28,
617–624. doi: 10.1016/S8756-3282(01)00463-X

Edwards, M., Roeper, J., Allgood, C., Chin, R., Santamaria, J., Wong,
F., et al. (2015). Investigation of molybdenum cofactor deficiency
due to MOCS2 deficiency in a newborn baby. Meta Gene 3, 43–49.
doi: 10.1016/j.mgene.2014.12.003

Eggert, S., Gonzalez, A. C., Thomas, C., Schilling, S., Schwarz, S. M., Tischer, C.,
et al. (2018). Dimerization leads to changes in APP (amyloid precursor protein)

trafficking mediated by LRP1 and SorLA. Cell. Mol. Life Sci. 75, 301–322.
doi: 10.1007/s00018-017-2625-7

Ellis, R. J., and Minton, A. P. (2003). Cell biology: join the crowd. Nature 425,
27–28. doi: 10.1038/425027a

Feig, M., Yu, I., Wang, P. H., Nawrocki, G., and Sugita, Y. (2017). Crowding in
cellular environments at an atomistic level from computer simulations. J. Phys.
Chem. B 121, 8009–8025. doi: 10.1021/acs.jpcb.7b03570

Feng, R., Gruebele, M., and Davis, C. M. (2019). Quantifying protein
dynamics and stability in a living organism. Nat. Commun. 10:1179.
doi: 10.1038/s41467-019-09088-y

Ferreiro, D. U., Cho, S. S., Komives, E. A., and Wolynes, P. G. (2005). The energy
landscape of modular repeat proteins: topology determines folding mechanism
in the ankyrin family. J. Mol. Biol. 354, 679–692. doi: 10.1016/j.jmb.2005.09.078

Foster, P. A., and Mueller, J. W. (2018). SULFATION PATHWAYS: insights into
steroid sulfation and desulfation pathways. J. Mol. Endocrinol. 61, T271–T283.
doi: 10.1530/JME-18-0086

Fox, J. M., Kang, K., Sastry, M., Sherman, W., Sankaran, B., Zwart, P. H.,
et al. (2017). Water-restructuring mutations can reverse the thermodynamic
signature of ligand binding to human carbonic anhydrase. Angew. Chem. Int.

Ed Engl. 56, 3833–3837. doi: 10.1002/anie.201609409
Gao, M., Estel, K., Seeliger, J., Friedrich, R. P., Dogan, S., Wanker, E. E.,

et al. (2015). Modulation of human IAPP fibrillation: cosolutes, crowders
and chaperones. Phys. Chem. Chem. Phys. 17, 8338–8348. doi: 10.1039/c4c
p04682j

Gao, M., Gnutt, D., Orban, A., Appel, B., Righetti, F., Winter, R., et al. (2016). RNA
hairpin folding in the crowded cell. Angew. Chem. Int. Ed Engl. 55, 3224–3228.
doi: 10.1002/anie.201510847

Gnutt, D., Brylski, O., Edengeiser, E., Havenith, M., and Ebbinghaus, S.
(2017). Imperfect crowding adaptation of mammalian cells towards osmotic
stress and its modulation by osmolytes. Mol. Biosyst. 13, 2218–2221.
doi: 10.1039/c7mb00432j

Gnutt, D., and Ebbinghaus, S. (2016). The macromolecular crowding effect–from
in vitro into the cell. Biol. Chem. 397, 37–44. doi: 10.1515/hsz-2015-0161

Gnutt, D., Gao, M., Brylski, O., Heyden, M., and Ebbinghaus, S. (2015). Excluded-
volume effects in living cells. Angew. Chem. Int. Ed Engl. 54, 2548–2551.
doi: 10.1002/anie.201409847

Gnutt, D., Timr, S., Ahlers, J., König, B., Manderfeld, E., Heyden, M., et al. (2019).
Stability effect of quinary interactions reversed by single point mutations. J. Am.

Chem. Soc. 141, 4660–4669. doi: 10.1021/jacs.8b13025
Grum, D., van den Boom, J., Neumann, D., Matena, A., Link, N. M., and

Mueller, J. W. (2010). A heterodimer of human 3′-phospho-adenosine-5′-
phosphosulphate (PAPS) synthases is a new sulphate activating complex.
Biochem. Biophys. Res. Commun. 395, 420–425. doi: 10.1016/j.bbrc.2010.04.039

Hagai, T., Azia, A., Tóth-Petróczy, Á., and Levy, Y. (2011). Intrinsic
disorder in ubiquitination substrates. J. Mol. Biol. 412, 319–324.
doi: 10.1016/j.jmb.2011.07.024

Hagai, T., and Levy, Y. (2010). Ubiquitin not only serves as a tag but also assists
degradation by inducing protein unfolding. Proc. Natl. Acad. Sci. U.S.A. 107,
2001–2006. doi: 10.1073/pnas.0912335107

Hardie, D. G., and Carling, D. (1997). The AMP-activated protein kinase–fuel
gauge of the mammalian cell? Eur. J. Biochem. 246, 259–273.

Harjes, S., Bayer, P., and Scheidig, A. J. (2005). The crystal structure of human PAPS
synthetase 1 reveals asymmetry in substrate binding. J. Mol. Biol. 347, 623–635.
doi: 10.1016/j.jmb.2005.01.005

Hatters, D. M., Minton, A. P., and Howlett, G. J. (2002). Macromolecular crowding
accelerates amyloid formation by human apolipoprotein C-II. J. Biol. Chem.

277, 7824–7830. doi: 10.1074/jbc.M110429200
Heldin, C. H. (1995). Dimerization of cell surface receptors in signal transduction.

Cell 80, 213–223.
Hingorani, K. S., Metcalf, M. C., Deming, D. T., Garman, S. C., Powers, E. T.,

and Gierasch, L. M. (2017). Ligand-promoted protein folding by biased kinetic
partitioning. Nat. Chem. Biol. 13, 369–371. doi: 10.1038/nchembio.2303

Hirschmann, F., Krause, F., Baruch, P., Chizhov, I., Mueller, J. W., Manstein, D. J.,
et al. (2017). Structural and biochemical studies of sulphotransferase 18 from
Arabidopsis thaliana explain its substrate specificity and reaction mechanism.
Sci. Rep. 7:4160. doi: 10.1038/s41598-017-04539-2

Iida, A., Simsek-Kiper, P. Ö., Mizumoto, S., Hoshino, T., Elcioglu, N.,
Horemuzova, E., et al. (2013). Clinical and radiographic features of the

Frontiers in Molecular Biosciences | www.frontiersin.org 7 May 2019 | Volume 6 | Article 31

https://doi.org/10.1016/j.bpj.2009.05.032
https://doi.org/10.1038/nmeth.3257
https://doi.org/10.1007/s11302-012-9305-8
https://doi.org/10.1002/prot.340210302
https://doi.org/10.1016/j.cell.2008.06.028
https://doi.org/10.1073/pnas.1604936113
https://doi.org/10.1042/BST20150209
https://doi.org/10.1073/pnas.1807884115
https://doi.org/10.1016/j.sbi.2017.10.007
https://doi.org/10.1126/science.aab1369
https://doi.org/10.1080/17460441.2017.1297418
https://doi.org/10.1002/pro.3092
https://doi.org/10.1016/j.cbi.2016.05.005
https://doi.org/10.1016/j.bpj.2011.05.071
https://doi.org/10.1073/pnas.1006760107
https://doi.org/10.1073/pnas.1114677108
https://doi.org/10.1016/j.jmb.2004.02.060
https://doi.org/10.1016/S8756-3282(01)00463-X
https://doi.org/10.1016/j.mgene.2014.12.003
https://doi.org/10.1007/s00018-017-2625-7
https://doi.org/10.1038/425027a
https://doi.org/10.1021/acs.jpcb.7b03570
https://doi.org/10.1038/s41467-019-09088-y
https://doi.org/10.1016/j.jmb.2005.09.078
https://doi.org/10.1530/JME-18-0086
https://doi.org/10.1002/anie.201609409
https://doi.org/10.1039/c4cp04682j
https://doi.org/10.1002/anie.201510847
https://doi.org/10.1039/c7mb00432j
https://doi.org/10.1515/hsz-2015-0161
https://doi.org/10.1002/anie.201409847
https://doi.org/10.1021/jacs.8b13025
https://doi.org/10.1016/j.bbrc.2010.04.039
https://doi.org/10.1016/j.jmb.2011.07.024
https://doi.org/10.1073/pnas.0912335107
https://doi.org/10.1016/j.jmb.2005.01.005
https://doi.org/10.1074/jbc.M110429200
https://doi.org/10.1038/nchembio.2303
https://doi.org/10.1038/s41598-017-04539-2
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Brylski et al. Understanding PAPS Synthase Folding

autosomal recessive form of brachyolmia caused by PAPSS2 mutations. Hum.

Mutat. 34, 1381–1386. doi: 10.1002/humu.22377
Kabir, A., Honda, R. P., Kamatari, Y. O., Endo, S., Fukuoka, M., and

Kuwata, K. (2016). Effects of ligand binding on the stability of aldo-keto
reductases: implications for stabilizer or destabilizer chaperones. Protein Sci.

25, 2132–2141. doi: 10.1002/pro.3036
Klein, J. M., and Schwarz, G. (2012). Cofactor-dependent maturation of

mammalian sulfite oxidase links two mitochondrial import pathways. J. Cell
Sci. 125(Pt 20), 4876–4885. doi: 10.1242/jcs.110114

Knauer, S. K., Carra, G., and Stauber, R. H. (2005). Nuclear export is evolutionarily
conserved in CVC paired-like homeobox proteins and influences protein
stability, transcriptional activation, and extracellular secretion. Mol. Cell. Biol.

25, 2573–2582. doi: 10.1128/MCB.25.7.2573-2582.2005
Knowles, T. P., Vendruscolo, M., and Dobson, C. M. (2014). The amyloid state

and its association with protein misfolding diseases.Nat. Rev. Mol. Cell Biol. 15,
384–396. doi: 10.1038/nrm3810

Kubelka, J., Hofrichter, J., and Eaton, W. A. (2004). The protein folding ’speed
limit’. Curr. Opin. Struct. Biol. 14, 76–88. doi: 10.1016/j.sbi.2004.01.013

Kurima, K., Warman, M. L., Krishnan, S., Domowicz, M., Krueger, R. C. Jr.,
Deyrup, A., et al. (1998). A member of a family of sulfate-activating enzymes
causes murine brachymorphism. Proc. Natl. Acad. Sci. U.S.A. 95, 8681–8685.

Lansdon, E. B., Fisher, A. J., and Segel, I. H. (2004). Human 3’-
phosphoadenosine 5’-phosphosulfate synthetase (isoform 1, brain): kinetic
properties of the adenosine triphosphate sulfurylase and adenosine 5’-
phosphosulfate kinase domains. Biochemistry 43, 4356–4365. doi: 10.1021/bi0
49827m

Limbocker, R., Chia, S., Ruggeri, F. S., Perni, M., Cascella, R., Heller, G. T.,
et al. (2019). Trodusquemine enhances Abeta42 aggregation but suppresses its
toxicity by displacing oligomers from cell membranes. Nat. Commun. 10:225.
doi: 10.1038/s41467-018-07699-5

Lloyd, J. P. B. (2018). The evolution and diversity of the nonsense-mediatedmRNA
decay pathway. F1000Res 7:1299. doi: 10.12688/f1000research.15872.1

Lu, L. Y., Chiang, H. P., Chen, W. T., and Yang, Y. S. (2009). Dimerization is
responsible for the structural stability of human sulfotransferase 1A1. Drug
Metab. Dispos. 37, 1083–1088. doi: 10.1124/dmd.108.025395

Maddocks, O. D., Berkers, C. R., Mason, S. M., Zheng, L., Blyth, K., Gottlieb, E.,
et al. (2013). Serine starvation induces stress and p53-dependent metabolic
remodelling in cancer cells. Nature 493, 542–546. doi: 10.1038/nature11743

Majumdar, B. B., Ebbinghaus, S., and Heyden, M. (2018). Macromolecular
crowding effects in flexible polymer solutions. J. Theor. Comput. Chem.

17:1840006. doi: 10.1142/S0219633618400060
Marsh, J. A., and Teichmann, S. A. (2015). Structure, dynamics, assembly,

and evolution of protein complexes. Annu. Rev. Biochem. 84, 551–575.
doi: 10.1146/annurev-biochem-060614-034142

Martin, J., and Hartl, F. U. (1997). The effect of macromolecular crowding
on chaperonin-mediated protein folding. Proc. Natl. Acad. Sci. U.S.A. 94,
1107–1112.

Martínez Cuesta, S., Rahman, S. A., Furnham, N., and Thornton, J. M. (2015). The
classification and evolution of enzyme function. Biophys. J. 109, 1082–1086.
doi: 10.1016/j.bpj.2015.04.020

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., and
Cummings, J. L. (2015). Alzheimer’s disease. Nat Rev Dis Primers 1:15056.
doi: 10.1038/nrdp.2015.56

Matena, A., Sinnen, C., van den Boom, J., Wilms, C., Dybowski, J. N., Maltaner,
R., et al. (2013). Transient domain interactions enhance the affinity of the
mitotic regulator Pin1 toward phosphorylated peptide ligands. Structure 21,
1769–1777. doi: 10.1016/j.str.2013.07.016

Mazal, H., Aviram, H., Riven, I., and Haran, G. (2018). Effect of ligand binding
on a protein with a complex folding landscape. Phys. Chem. Chem. Phys. 20,
3054–3062. doi: 10.1039/c7cp03327c

McColgan, P., and Tabrizi, S. J. (2018). Huntington’s disease: a clinical review. Eur.
J. Neurol. 25, 24–34. doi: 10.1111/ene.13413

McConkey, E. H. (1982). Molecular evolution, intracellular organization, and the
quinary structure of proteins. Proc. Natl. Acad. Sci. U.S.A. 79, 3236–3240.

Minton, A. P. (1983). The effect of volume occupancy upon the thermodynamic
activity of proteins: some biochemical consequences. Mol. Cell. Biochem.

55, 119–140.

Minton, A. P. (2013). Quantitative assessment of the relative contributions of steric
repulsion and chemical interactions to macromolecular crowding. Biopolymers

99, 239–244. doi: 10.1002/bip.22163
Minton, A. P., and Wilf, J. (1981). Effect of macromolecular crowding

upon the structure and function of an enzyme: glyceraldehyde-3-phosphate
dehydrogenase. Biochemistry 20, 4821–4826.

Mueller, J. W., Gilligan, L. C., Idkowiak, J., Arlt, W., and Foster, P. A. (2015).
The regulation of steroid action by sulfation and desulfation. Endocr. Rev. 36,
526–563. doi: 10.1210/er.2015-1036

Mueller, J. W., Idkowiak, J., Gesteira, T. F., Vallet, C., Hardman, R., van den Boom,
J., et al. (2018). Human DHEA sulfation requires direct interaction between
PAPS synthase 2 and DHEA sulfotransferase SULT2A1. J. Biol. Chem. 293,
9724–9735. doi: 10.1074/jbc.RA118.002248

Mueller, J. W., and Shafqat, N. (2013). Adenosine-5’-phosphosulfate–a
multifaceted modulator of bifunctional 3’-phospho-adenosine-5’-
phosphosulfate synthases and related enzymes. FEBS J. 280, 3050–3057.
doi: 10.1111/febs.12252

Noordam, C., Dhir, V., McNelis, J. C., Schlereth, F., Hanley, N. A., Krone, N., et al.
(2009). Inactivating PAPSS2 mutations in a patient with premature pubarche.
N. Engl. J. Med. 360, 2310–2318. doi: 10.1056/NEJMoa0810489

Oliveberg, M., and Wolynes, P. G. (2005). The experimental survey
of protein-folding energy landscapes. Q. Rev. Biophys. 38, 245–288.
doi: 10.1017/S0033583506004185

Oostdijk, W., Idkowiak, J., Mueller, J. W., House, P. J., Taylor, A. E., O’Reilly,
M. W., et al. (2015). PAPSS2 deficiency causes androgen excess via impaired
DHEA sulfation–in vitro and in vivo studies in a family harboring two
novel PAPSS2 mutations. J. Clin. Endocrinol. Metab. 100, E672–E680.
doi: 10.1210/jc.2014-3556

Patel, A., Malinovska, L., Saha, S., Wang, J., Alberti, S., Krishnan, Y.,
et al. (2017). ATP as a biological hydrotrope. Science 356, 753–756.
doi: 10.1126/science.aaf6846

Paudel, B. P., Fiorini, E., Börner, R., Sigel, R. K. O., and Rueda, D. S.
(2018). Optimal molecular crowding accelerates group II intron folding
and maximizes catalysis. Proc. Natl. Acad. Sci. U.S.A. 115, 11917–11922.
doi: 10.1073/pnas.1806685115

Perni, M., Flagmeier, P., Limbocker, R., Cascella, R., Aprile, F. A., Galvagnion, C.,
et al. (2018). Multistep inhibition of alpha-synuclein aggregation and toxicity
in vitro and in vivo by trodusquemine. ACS Chem. Biol. 13, 2308–2319.
doi: 10.1021/acschembio.8b00466

Petrotchenko, E. V., Pedersen, L. C., Borchers, C. H., Tomer, K. B., and Negishi,
M. (2001). The dimerization motif of cytosolic sulfotransferases. FEBS Lett.

490, 39–43. doi: 10.1016/S0014-5793(01)02129-9
Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann,

J., et al. (2017). Parkinson disease. Nat Rev Dis Primers 3:17013.
doi: 10.1038/nrdp.2017.13

Politou, A., and Temussi, P. A. (2015). Revisiting a dogma: the effect of
volume exclusion in molecular crowding. Curr. Opin. Struct. Biol. 30, 1–6.
doi: 10.1016/j.sbi.2014.10.005

Prakash, S., Inobe, T., Hatch, A. J., and Matouschek, A. (2009). Substrate selection
by the proteasome during degradation of protein complexes. Nat. Chem. Biol.

5, 29–36. doi: 10.1038/nchembio.130
Reiter, C., and Weinshilboum, R. M. (1982). Acetaminophen and phenol:

substrates for both a thermostable and a thermolabile form of human platelet
phenol sulfotransferase. J. Pharmacol. Exp. Ther. 221, 43–51.

Reyes, A. C., Amyes, T. L., and Richard, J. P. (2017). Enzyme architecture:
erection of active Orotidine 5’-Monophosphate Decarboxylase by substrate-
induced conformational changes. J. Am. Chem. Soc. 139, 16048–16051.
doi: 10.1021/jacs.7b08897

Savitski, M. M., Reinhard, F. B., Franken, H., Werner, T., Savitski, M. F., Eberhard,
D., et al. (2014). Tracking cancer drugs in living cells by thermal profiling of the
proteome. Science 346:1255784. doi: 10.1126/science.1255784

Schedin-Weiss, S., Winblad, B., and Tjernberg, L. O. (2014). The role of protein
glycosylation in Alzheimer disease. FEBS J. 281, 46–62. doi: 10.1111/febs.12590

Schröder, E., Gebel, L., Eremeev, A. A., Morgner, J., Grum, D., Knauer, S.
K., et al. (2012). Human PAPS synthase isoforms are dynamically regulated
enzymes with access to nucleus and cytoplasm. PLoS ONE 7:e29559.
doi: 10.1371/journal.pone.0029559

Frontiers in Molecular Biosciences | www.frontiersin.org 8 May 2019 | Volume 6 | Article 31

https://doi.org/10.1002/humu.22377
https://doi.org/10.1002/pro.3036
https://doi.org/10.1242/jcs.110114
https://doi.org/10.1128/MCB.25.7.2573-2582.2005
https://doi.org/10.1038/nrm3810
https://doi.org/10.1016/j.sbi.2004.01.013
https://doi.org/10.1021/bi049827m
https://doi.org/10.1038/s41467-018-07699-5
https://doi.org/10.12688/f1000research.15872.1
https://doi.org/10.1124/dmd.108.025395
https://doi.org/10.1038/nature11743
https://doi.org/10.1142/S0219633618400060
https://doi.org/10.1146/annurev-biochem-060614-034142
https://doi.org/10.1016/j.bpj.2015.04.020
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1016/j.str.2013.07.016
https://doi.org/10.1039/c7cp03327c
https://doi.org/10.1111/ene.13413
https://doi.org/10.1002/bip.22163
https://doi.org/10.1210/er.2015-1036
https://doi.org/10.1074/jbc.RA118.002248
https://doi.org/10.1111/febs.12252
https://doi.org/10.1056/NEJMoa0810489
https://doi.org/10.1017/S0033583506004185
https://doi.org/10.1210/jc.2014-3556
https://doi.org/10.1126/science.aaf6846
https://doi.org/10.1073/pnas.1806685115
https://doi.org/10.1021/acschembio.8b00466
https://doi.org/10.1016/S0014-5793(01)02129-9
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/j.sbi.2014.10.005
https://doi.org/10.1038/nchembio.130
https://doi.org/10.1021/jacs.7b08897
https://doi.org/10.1126/science.1255784
https://doi.org/10.1111/febs.12590
https://doi.org/10.1371/journal.pone.0029559
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Brylski et al. Understanding PAPS Synthase Folding

Sekulic, N., Dietrich, K., Paarmann, I., Ort, S., Konrad, M., and Lavie, A. (2007).
Elucidation of the active conformation of the APS-kinase domain of human
PAPS synthetase 1. J. Mol. Biol. 367, 488–500. doi: 10.1016/j.jmb.2007.01.025

Senske, M., Constantinescu-Aruxandei, D., Havenith, M., Herrmann,
C., Weingärtner, H., and Ebbinghaus, S. (2016). The temperature
dependence of the Hofmeister series: thermodynamic fingerprints of
cosolute-protein interactions. Phys. Chem. Chem. Phys. 18, 29698–29708.
doi: 10.1039/c6cp05080h

Senske, M., Törk, L., Born, B., Havenith, M., Herrmann, C., and Ebbinghaus, S.
(2014). Protein stabilization by macromolecular crowding through enthalpy
rather than entropy. J. Am. Chem. Soc. 136, 9036–9041. doi: 10.1021/ja503205y

Singh, S. K., Sahu, I., Mali, S. M., Hemantha, H. P., Kleifeld, O., Glickman,
M. H., et al. (2016). Synthetic uncleavable ubiquitinated proteins dissect
proteasome deubiquitination and degradation, and highlight distinctive fate
of tetraubiquitin. J. Am. Chem. Soc. 138, 16004–16015. doi: 10.1021/jacs.
6b09611

Strott, C. A. (2002). Sulfonation and molecular action. Endocr. Rev. 23, 703–732.
doi: 10.1210/er.2001-0040

Sukenik, S., Salam, M., Wang, Y., and Gruebele, M. (2018). In-cell titration of
small solutes controls protein stability and aggregation. J. Am. Chem. Soc. 140,
10497–10503. doi: 10.1021/jacs.8b04809

Tsai, C. T., Zulueta, M. M. L., and Hung, S. C. (2017). Synthetic heparin and
heparan sulfate: probes in defining biological functions.Curr. Opin. Chem. Biol.

40, 152–159. doi: 10.1016/j.cbpa.2017.09.012
van den Boom, J., Heider, D., Martin, S. R., Pastore, A., and Mueller, J. W.

(2012). 3′-Phosphoadenosine 5’-phosphosulfate (PAPS) synthases, naturally
fragile enzymes specifically stabilized by nucleotide binding. J. Biol. Chem. 287,
17645–17655. doi: 10.1074/jbc.M111.325498

Verdorfer, T., and Gaub, H. E. (2018). Ligand binding stabilizes cellulosomal
cohesins as revealed by AFM-based single-molecule force spectroscopy. Sci.
Rep. 8:9634. doi: 10.1038/s41598-018-27085-x

Verteramo, M. L., Stenström, O., Ignjatović, M. M., Caldararu, O., Olsson, M.
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