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Background: Humans have two enzyme isoforms to produce the universal sulfate donor 3�-phosphoadenosine
5�-phosphosulfate (PAPS).
Results: The main difference between the two PAPS synthases is their stability, which is modulated by nucleotides.
Conclusion: Protein stability is a major contributing factor for PAPS availability.
Significance:Naturally occurring changes in APS concentrationsmay be sensed by the labile PAPS synthase 2 that might act as
a novel biosensor.

Activated sulfate in the form of 3�-phosphoadenosine
5�-phosphosulfate (PAPS) is needed for all sulfation reactions in
eukaryotes with implications for the build-up of extracellular
matrices, retroviral infection, protein modification, and steroid
metabolism. In metazoans, PAPS is produced by bifunctional
PAPS synthases (PAPSS). A major question in the field is why
two human protein isoforms, PAPSS1 and -S2, are required that
cannot complement for each other. We provide evidence that
these two proteins differ markedly in their stability as observed
by unfolding monitored by intrinsic tryptophan fluorescence as
well as circular dichroism spectroscopy. At 37 °C, the half-life
for unfolding of PAPSS2 is in the range of minutes, whereas
PAPSS1 remains structurally intact. In the presence of their nat-
ural ligand, the nucleotide adenosine 5�-phosphosulfate (APS),
PAPS synthase proteins are stabilized. Invertebrates only pos-
sess one PAPS synthase enzyme that we classified as PAPSS2-
type by sequence-based machine learning techniques. To test
this prediction,we cloned and expressed thePPS-1 protein from
the roundworm Caenorhabditis elegans and also subjected this
protein to thermal unfolding.With respect to thermal unfolding
and the stabilization by APS, PPS-1 behaved like the unstable
human PAPSS2 protein suggesting that the less stable protein is
evolutionarily older. Finally, APS binding more than doubled
the half-life for unfolding of PAPSS2 at physiological tempera-
tures and effectively prevented its aggregation on a time scale of
days. We propose that protein stability is a major contributing
factor for PAPS availability that has not as yet been considered.
Moreover, naturally occurring changes in APS concentrations
may be sensed by changes in the conformation of PAPSS2.

All eukaryotic sulfation reactions require the activated sul-
fate donor 3�-phosphoadenosine 5�-phosphosulfate (PAPS).3
This high-energy sulfate is essential for the build-up of extra-
cellular matrices as well as modification of many extracellular
proteins and low-molecular weight substances. The addition of
sulfate to biomolecules can be understood as a high-affinity,
low-capacity conjugation system (1). This means that the sup-
ply of the precursor PAPS becomes rate-limiting, and hence,
sulfation processes could be regulated in general by the avail-
ability of PAPS (2).
Entrez Gene (3) lists more than 55 current sulfotransferase

entries within the human genome; they are located in the cyto-
plasm (4), the nucleus (5), as well as the Golgi apparatus (6).
These diverse enzymes are fed by only two PAPS producing
enzymes in vertebrates, the bifunctional PAPS synthases
1 and 2. PAPS synthases consist of an N-terminal adenosine
5�-phosphosulfate (APS) kinase domain and a C-terminal ATP
sulfurylase domain connected by a short irregular linker (7).
These enzymes have recently come into the focus of biomedical
research. Lower animals seem to have only one PAPS synthase
gene and this single enzyme is essential at least for the worm
Caenorhabditis elegans (8). Recessively inherited defects in the
genes for human and mouse PAPS synthase 2 cause bone and
cartilage malformation (9, 10) and later articular cartilage
lesions of joints (11). PAPS synthases have also been implicated
in steroidmetabolism (12) and hepatitis B infection (13).More-
over, PAPSS1 has recently been reported to play an as yet unde-
fined role in retroviral infection (14). Overall, mutations in one
of the two PAPS synthase genes cause severe disease states.
Why then can one PAPS synthase isoform not complement

for the other? Several answers can be derived from existing
literature. The different cellular distribution of the two iso-
formsmay perhaps play a role (15), their slightly different enzy-
matic capabilities might be important (16), or both proteins
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may be needed to form heterodimers (17). We have addressed
these possibilities. First, subcellular localization of both pro-
teins is more intricately regulated than previously anticipated
with both protein isoformshaving access to both cytoplasmand
nucleus (18). Second, whereas a 10-fold higher overall activity
for PAPSS2 than PAPSS1 was reported when treating the two-
step enzymes as Michaelis-Menten enzymes (16), the differ-
ence in the rate-limitingAPS kinase reaction ismore subtle and
may even lead to amore active PAPSS1 (17). Third, the recently
discovered heterodimers have not yet revealed any synergistic
effects. They simply behave like an additive mixture of the
respective homodimers (17). Taken together, localization, spe-
cific activity, and the formation of heterodimers do not provide
an adequate explanation for why PAPS synthase isoforms can-
not substitute for one another.
We have nowmade the unexpected observation that the two

human isoforms of PAPS synthase differ in their protein stabil-
ity. PAPS synthases are large proteins and strictly dimeric.
Hence, they unfold irreversibly via at least one intermediate
state.Without addition of ligands, PAPSS2 was found to be less
stable under all conditions tested. During synthesis of PAPS
several nucleotides encounter these fragile enzymes. Hence, we
tested the influence ofAMP,ADP,ATP, sulfate, APS, andPAPS
on the unfolding behavior of PAPS synthases. Notably, the
nucleotide APS stabilized both PAPS synthases and this effect
was specific for this intermediate of PAPS synthesis. Moreover,
APS effectively prevented aggregation of PAPSS2. Finally, we
classified invertebrate PAPS synthases by machine learning as
the PAPSS2 type, and tested this prediction biochemically upon
cloning and expression of PPS-1, the sole PAPS synthase of
C. elegans. Strikingly, it behaved like human PAPSS2 in several
aspects. PAPS synthases undergo dramatic changes in their
behavior in the presence of physiological concentrations ofAPS
that are expected to change when the cell consumes the sulfate
donor PAPS. Hence, PAPS synthases may represent biochemi-
cal sensors for the sulfation requirements of a cell.

MATERIALS AND METHODS

Protein Expression—Expression constructs for human
PAPS synthases 1 (RefSeq: NM_005443) and 2A (RefSeq:
NM_004670) in a modified pET-41 vector with GST-His6
fusion tags and a recognition site for PreScission protease and a
deleted ApaI site within the LacI open reading frame have been
described previously (17). PPS-1 (RefSeq: NM_069456) was
amplified from C. elegans cDNA (kindly provided by Cristina
Hartmann-Fatu) using the following primers: 957F, 5�-CAC
ACA CGG GCC CCT CAC TCC ACG GGA TGA AAA CAA
CG-3� (ApaI) and 958R, 5�-CCA ACC AAG CTT ATT AGT
TTG AGT TTT GTA GTG ATT TGT AGT AGC C-3�
(HindIII). This fragmentwas thenApaI/HindIII ligated into the
modified pET-41 vector described previously (17) and fully
sequenced using the internal primers 961F, 5�-GCTCAAGGA
GAG TCA AAA TCT TCC-3� and 962R, 5�-TGT TCC AAA
TTG ACG ACA TAC ACG-3�, as well as standard primers.
Point mutants of human PAPS synthase 1 and 2A were
obtained by site-directed mutagenesis with DpnI digestion of
the parental DNA (QuikChange kit, Stratagene, Agilent Tech-
nologies, Waldbronn, Germany) using the primers listed in

supplemental Table S1. All constructs were verified by
sequencing and expressed as described previously (17) includ-
ing heterologous protein expression in Escherichia coli BL21/
Rosetta (DE3) cells, GSH-Sepharose purification, PreScission
cleavage, and gel filtration on Superdex 200.
Enzymatic Assays—After incubation of 5 �M PAPS synthase

for 3–12 min at temperatures between 37 and 50 °C, denatur-
ation was stopped by rapid cooling on ice and the remaining
kinase or sulfurylase activity was assayed as described previ-
ously (17, 19, 20). In short, the kinase activity wasmeasured in a
coupled spectrophotometric assay where production of ADP is
linked to the consumption of NADH via pyruvate kinase and
lactate dehydrogenase with the following conditions according
to STRENDA convention: 0.3 mM NADH, 0.8 mM P-enolpyru-
vate, 25 units of lactate dehydrogenase, 17.5 units of pyruvate
kinase (Sigma), 2.5mMATP, 1 unit of nuclease P1, 500 nMPAPS
synthase, 0.8 mM MgCl2, 20 mM Tris, pH 7.3, 100 mM KCl, 0.1
mM EDTA. Reactions were started by adding 15 �M APS into a
total volume of 1 ml at 25 °C.
Sulfurylase activity was measured in reverse direction

(toward ATP synthesis) by coupling the formation of ATP to
NADPH production via hexokinase and glucose-6-phosphate
dehydrogenase (Glc-6-P DH) as the following: 0.3 mMNADP�,
1 mM glucose, 0.5 mM pyrophosphate, 4 units of Glc-6-P DH,
3.5 units of hexokinase (Sigma), 70 nM PAPS synthase, 5 mM

MgCl2, 20 mM Tris, pH 7.3, 100 mM KCl, 0.1 mM EDTA. Reac-
tions were started by adding 150 �M APS into a total volume of
1 ml at 20 °C. NADH consumption or NADPH production was
monitored for 10 min at 340 nm in a Varian Cary 100 spectro-
photometer and the remaining enzyme activity was plotted
logarithmically versus incubation time at various temperatures
(supplemental Fig. S2) to obtain half-times of inactivation.
Fluorescence Spectroscopy—Unfolding transitions induced

by urea, guanidine hydrochloride, or temperature increase
were monitored by fluorescence spectroscopy in HEPES buffer
(20 mM HEPES, pH 7.3, 150 mM NaCl, 1 mM MgCl2, 0.5 mM

EDTA, and 1 mM DTT). For chemical unfolding, an increasing
concentration of detergent was added to a constant concentra-
tion of 250 nM PAPS synthase and allowed to equilibrate for 5
min. Subsequently, fluorescence emission intensities were
recorded at 334 and 376 nm with excitation at 280 nm in a
Varian Cary Eclipse fluorimeter (averaging time, 15 s; excita-
tion slit, 10 nm; emission slit, 5 nm). Similarly, thermal unfold-
ing of 500 nMPAPS synthasewas followed from25 to 75 °Cwith
a 0.1 °Cdata interval and a heating rate of 25 °C/h (average time,
8 s; excitation slit, 10 nm; emission slit, 10 nm).
The difference in fluorescence intensities was normalized

according to Equation 1 and then normalized between 0 and 1,

Dnorm �
I334 � I376

I334 � I376
(Eq. 1)

where I334 and I376 represent the fluorescence intensities at 334
and 376 nm, respectively.
CD Measurements—Far-UV CD measurements were re-

corded on a Jasco J-715 spectropolarimeter fitted with a cell
holder thermostatted by a PTC 348-WI Peltier unit. CD inten-
sities are presented as the CD absorption coefficient calculated
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on a mean residue weight basis (��MRW). All CD measure-
ments were made in 10 mMHEPES, pH 7.3, 50 mMNaCl, 1 mM

MgCl2, 0.5 mM EDTA, and 1 mM DTT. CD spectra were typi-
cally recordedwith 0.2-nm resolution and baseline corrected by
subtraction of the appropriate buffer spectrum using fused sil-
ica cuvettes with 1-mm path length (Hellma, Jena, Germany).
Data processing was achieved with software written in house.4
Thermal unfolding curves were obtained by monitoring the

ellipticity at 225 nm using 10-mm path length cuvettes. Ther-
mal unfolding of PAPS synthases was irreversible under our
conditions for the large anddimeric PAPS synthase proteins.As
expected for an irreversibly unfolding system, midpoints of
thermal transitionswere dependent on the heating rate for both
human PAPS synthases. Hence, identical heating rates of
25 °C/h were applied for all measurements.
Chemical unfoldingwas induced by addition of 500 nMPAPS

synthase to different concentrations of urea in 2-mm cuvettes.
Ellipticity at 225 nm was averaged for 60 s (data pitch, 5 s;
response time, 4 s; bandwidth, 1 nm) and the titration points
were normalized between 0 and 1.
For unfolding kinetics measurements, the ellipticity of 0.5

�M PAPS synthase was monitored at 225 nm with a response
time of 8 s using 10-mm cuvettes. Data points were fitted to
Equation 2,

S�t� � S0 � �P � S0� � �1 � ek � t� (Eq. 2)

where S(t) represents the ellipticity at time t, S0 the ellipticity at
the start of themeasurement, P the ellipticity of denatured pro-
tein, and k the rate constant of unfolding. Half-lives were cal-
culated as t0.5 � ln2/k and extrapolated to 37 °C using an expo-
nential decay fit. Activation energies were determined by a
linear regression of 1/K against 1/T, yielding the activation
energy in J/mol as slope.
PAPS Synthase Sequences—Orthologous PAPS synthase

sequences were downloaded from Ensembl (21). At the time of
analysis, this included 45 PAPSS1 and 47 PAPSS2 vertebrate
sequences. Moreover, six invertebrate sequences as well as
three PAPS synthase protein sequences from zebrafish were
obtained, but not included in the training data set. 60% of these
sequences contained more than 600 amino acids and were,
hence, regarded as full-length sequences. The remaining 37
sequences had an average length of 491 amino acids mostly
missing one or two exons. Related sequences from the guide
tree feature were then used to manually fill up the missing
exons. Sequence information for an alternatively spliced
PAPSS2B form could be obtained for 29 PAPSS2 sequences.
This additional exon of PAPSS2B comprised 5 amino acids on
average, was mostly hydrophobic, but did not display obvious
sequence conservation. Whether this insertion plays a func-
tional role analogous to a 5-amino acid insertion in some par-
vulin proteins (22) remains to be determined. This exon was
omitted from the 604 amino acids comprising the PAPS syn-
thase core sequence as was the variable N-terminal 10–20
amino acids. The final set of 101 PAPS synthase core sequences
was then used to estimate phylogeny by maximum-likelihood

using PhyML 3.0 (23) with 100 bootstraps as previously
described (24); including FigTree 1.3.1 for visualization.
Machine Learning—In our study we used a linear support

vector machine as well as a random forest (RF) to discriminate
PAPSS1 and PAPSS2 sequences. The models were trained
using 45 PAPSS1 and 47 PAPSS2 sequences. We used the R
packages kernlab and randomForest, respectively (25).
For pre-processing of the amino acid sequences, we used the

R package Interpol (26). The sequences were consecutively
encoded using all available descriptors in the Interpol package
and the resulting importance values of the RF classification
were averaged. As importance measurement we used the mean
decrease in Gini impurity (27).
Limited Proteolysis—To test for protein stability by an

orthologousmethod, 10�g of PAPS synthase protein was incu-
bated with varying concentrations of proteinase K (New Eng-
land Biolabs, Frankfurt am Main, Germany) in 20 �l of buffer
(20 mM HEPES, pH 7.3, 150 mM NaCl, 0.5 mM EDTA, 1 mM

MgCl2, 1 mM DTT). After incubation for 10 min at 20 °C, pro-
teolysis was stopped by addition of 5 mM phenylmethanesulfo-
nyl fluoride (Roth, Karlsruhe, Germany). Each sample was ana-
lyzed by 12.5% SDS-PAGE and Coomassie staining.
Aggregation Monitoring—PAPS synthase aggregation was

monitored in a Varian Cary Eclipse fluorimeter as described
previously (28). In short, 500 nM PAPS synthase was excited
with monochromatic light (280 nm) and the intensity of the
scattered light was measured also at 280 nm. Additionally, the
protein fluorescence signal was recorded at 340 nm and
the aggregation rate was calculated according to Equation 3,

Ragg � I280/I340 (Eq. 3)

where I280 and I340 represent the intensities of emitted light at
280 and 340nm, respectively. This ratio is displayed in all aggre-
gation diagrams. Half-times were calculated bymonoexponen-
tial fitting as described for CD traces.

RESULTS

PAPS Synthase Isoforms Differ Markedly in Their Stability—In
searching for differences between PAPS synthase isoforms, we
analyzed protein stability by chemically induced unfolding of
PAPSS1 and -S2 monitored by intrinsic tryptophan fluores-
cence. First, unfoldingwas induced by guanidine hydrochloride
(GdnHCl) (Fig. 1A). The twoproteins differedmarkedly in their
stability againstGdnHCl-induced unfolding. 0.5 M lessGdnHCl
was required to reach the midpoint of unfolding for PAPSS2
than for PAPSS1. Both curves lack a pronounced plateau for the
fully folded proteins at lowGdnHCl concentrations; this obser-
vation can be explained by a distinct salting-in effect of PAPS
synthases (supplemental Fig. S1, A and B). On the contrary,
urea-induced unfolding resulted in extended plateau phases for
both folded proteins, but again the midpoint of unfolding was
reached at 0.4 M lower urea concentrations for PAPSS2 than for
PAPSS1 (Fig. 1B). Urea-induced unfolding monitored by CD
confirmed the higher stability of the PAPSS1 isoform (supple-
mental Fig. S1C). These findings clearly indicate that PAPSS2 is
less stable than PAPSS1 against chemically induced unfolding.
Structural studies have shown that the kinase part of PAPSS1

behaved differently within the context of the full-length protein4 S. Martin, unpublished software.
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and as an isolated protein domain. In one case they were half-
loaded with nucleotides in an asymmetric conformation (7); in
another they showed nearly perfect C2 symmetry (29). Hence,
we wanted to investigate the two domains individually, but
within the context of full-length bifunctional PAPS synthases.
Therefore, we recorded residual enzymatic activity after ther-
mal inactivation for the APS kinase and ATP sulfurylase,
respectively. PAPS synthase proteins were incubated at differ-
ent temperatures and then assayed under standard conditions
using coupled enzymatic assays (supplemental Fig. S2). Half-
lives for the irreversible inactivation of the kinase and sulfu-

rylase activities were finally extrapolated to 37 °C (Fig. 1, C and
D). Both domains were less stable in PAPSS2 than in PAPSS1.
Most notably, half of the sulfurylase activity of PAPSS2 was
already gone after 8 min at 37 °C under our conditions. If
PAPSS2 is such an unstable protein, it might not be able to
function as a proper enzyme. But why then domutations in the
respective genes cause severe diseases? In other words, some-
thing needs to stabilize this fragile protein within the cell.
Stabilization of PAPS Synthase by Ligand Binding—There-

fore, we tested the substrates, intermediates, and products of
PAPS formation itself for their ability to stabilize the PAPS
synthase proteins. PAPS formation is schematically shown in
supplemental Fig. S3. A CD spectrum of PAPS synthase 1 indi-
cates a pronounced �-helical secondary structure (Fig. 2A) in
agreement with the known crystal structure of PAPSS1 code
1X6V containing 38% �-helix (7). PAPSS2 has a similar CD
spectrum, however, with more negative ellipticity at 208 nm
indicative of either a slightly different overall secondary struc-
ture or local unfolding (Fig. 2A). CD spectra of the two proteins
at elevated temperatures are in agreement with the latter (sup-
plemental Fig. S4,A andB). Thermal unfolding of both proteins
wasmonitored using the CD signal at 225 nm in the presence of
various ligands (Fig. 2, B andC). Sulfate and AMP had no effect
on the unfolding transition of PAPS synthases; ATP had a slight
stabilizing effect on PAPSS2 and moderate effects on PAPSS1
and -S2 stability were observed for ADP and PAPS.
The most prominent effect on PAPS synthase unfolding,

however, had the nucleotide APS, which is the intermediate of
overall PAPS formation (Fig. 2, D and E). 50 �M APS caused
changes in the overall form of the unfolding transitions as it
stabilized an unfolding intermediate bymore than 16 °C in both
PAPS synthases. From the analysis of several point mutants
described below, the stabilized transition was assigned to the
unfolding of the sulfurylase domain of bifunctional PAPS
synthases.
The distinct shapes of the unfolding transitions of the two

PAPS synthases in the presence of APS may arise from the
simultaneous versus consecutive unfolding of kinase and sulfu-
rylase domains in PAPSS1 and -S2, respectively. The kinase
domain of PAPSS1 was found to be more stable than that of
PAPSS2 as seen in the inactivation measurements described
above. Assuming this also translates into different thermody-
namic stability for the twodomains, PAPSS2 kinase unfolding is
complete when the APS-stabilized sulfurylase unfolds. In con-
trast, PAPSS1 kinase unfolding is coincident with unfolding of
the APS-stabilized PAPSS1 sulfurylase.
As APS had a significant influence on PAPS synthase stabil-

ity, thermal unfolding of 0.5 �M PAPSS1 protein was recorded
with increasing APS concentrations (Fig. 2F). At equimolar
concentrations, APS already had a remarkable effect on the
stability of PAPSS1, increasing the midpoint of the unfolding
transition by 4 °C. At higher APS concentrations, the shape of
the transition changed and an unfolding intermediate becomes
visible as described above. Similar changes to the shape of the
unfolding transitions were observed for PAPSS2 (supplemental
Fig. S4C). The stabilizing effect of APS was additionally con-
firmed by chemical denaturation (supplemental Fig. S4D). As
the affinity for any ligand is a temperature-dependent parame-

FIGURE 1. PAPS synthases differ in their protein stability. A and B, chemical
unfolding of human PAPS synthases by guanidine hydrochloride (GuaHCl)
and urea monitored by intrinsic tryptophan fluorescence. Irreversible unfold-
ing proceeds via at least one intermediate. Midpoints of unfolding were at
1.70 and 1.19 M GdnHCl, as well as 3.50 and 3.11 M urea for PAPS synthases 1
and 2 (P1 and P2), respectively. C and D, loss-of-activity measurements of APS
kinase and ATP sulfurylase domains, respectively. Proteins were incubated for
increasing times at elevated temperatures. Subsequently, residual activity
was measured under standard conditions. Error bars represent 95% confi-
dence intervals.
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ter, it was not possible to derive KD values for APS binding.
However, our measurements suggest two effects of APS on the
protein: one with high and one with moderate affinity.
Classifying Invertebrate PAPS Synthases—Human PAPS syn-

thase proteins differ significantly in their stability. Is it possible
to determine which of the two isoforms is evolutionarily older?
We collected all available vertebrate PAPS synthase protein
sequences as well as six sequences from invertebrates (see
“Materials and Methods” for details) and used these data to
compute a maximum-likelihood phylogenetic tree (Fig. 3A).
Within this tree, PAPSS1-type, PAPSS2-type, and the inverte-

brate sequences form three distinct groups separated by a boot-
strap value of 100. Moreover, the percentage of amino acid
identity (59.8 and 59.6% for human PAPSS1 and -S2, respec-
tively) was found to be nearly identical when directly compar-
ing the two human protein sequences with the sole PAPS syn-
thase PPS-1 of the roundworm C. elegans (Fig. 3B), indicating
that this was a nontrivial problem.
Still eager to address this question, the collected vertebrate

PAPS synthase protein sequences were used to train machine
learning models to discriminate between PAPSS1- and
PAPSS2-type proteins. A linear support vector machine and a
RF were able to distinguish clearly between these two classes.
PAPS synthases from the zebrafish Danio rerio were not
included in the training set, as this genome contained two
annotated PAPSS2 sequences. This is in agreement with one
additional round of genome duplication in the line of teleost
fish (30). Hence, the three zebrafish sequences could be used as
a test case. In agreement with their annotation as PAPSS1,
PAPSS2-A, and -S2-B, they were classified by RF as one
PAPSS1-type and two PAPSS2-type proteins. Class probability
is expressed as P2 � 0 and P1 � 1, and average scores for the
three PAPS synthase sequences from zebrafish were 0.94, 0.17,
and 0.12 for the sequences annotated as PAPSS1, -S2A, and
-S2B, respectively.
Next, six invertebrate PAPS synthase sequences including

the PPS-1 protein from C. elegans were subjected to machine
learning-based classification.Notably, theywere all classified as
PAPSS2-type proteins (Fig. 4A). To test this prediction bio-
chemically, we cloned and expressed the C. elegans PPS-1 pro-
tein. Its CD spectrummatches the spectrum of human PAPSS2
including the increased negative ellipticity at 208 nm (Fig. 4B).
Strikingly, PPS-1 had a midpoint of thermal unfolding similar
to human PAPSS2 (Fig. 4C). Accordingly, its half-life and acti-
vation energy for unfolding as well as its stabilization by APS
binding resembled the values of human PAPSS2 (supplemental
Fig. S5). These data suggest that the PAPS synthase isoform that
we found to be less stable is evolutionarily older.
Differences inAminoAcidContent of PAPSSynthase Isoforms—

The multiple sequence alignment of the 604 amino acid core
sequences from more than 90 PAPS synthases contained 144
invariant positions, 165 positionswith somehomology, and 295
positions without apparent conservation. Which of these dif-
ferences account for the above described difference in protein
stability? In addition to the support vector machine, we also
trained a RF on our dataset. RFs are not only able to classify the
data into PAPSS1- and -S2 types correctly, but also give posi-
tion-specific drop-in performance values (27). These are calcu-
lated by iterative sampling of all positions within the multiple
sequence alignment monitoring the performance of classifica-
tion. This allows one to select amino acids important for clas-
sification that are difficult to find manually (Fig. 5A). With this
approach, 23 positions showed drop-in performance values
greater than a cut-off value of 0.62%. Numbering in the two
human PAPS synthases differs by 10 amino acids due to the
varying length of their N termini. These 23 positions were then
mapped onto the crystal structure 1X6V of human PAPSS1
(Fig. 5B).

FIGURE 2. Thermal unfolding of PAPS synthases in the presence of several
ligands. A, far CD spectra of human PAPS synthases at 20 °C. Increased neg-
ative ellipticity of PAPSS2 (P2) at 208 nm may be attributed to partial unfold-
ing. B–E, thermal unfolding of PAPS synthases monitored by CD spectroscopy
at 225 nm in the presence of several ligands. 50 �M AMP, 100 �M ADP, 100 �M

ATP, 50 �M APS, 50 �M PAPS, or 2 mM sulfate were added to about 0.5 �M

recombinant protein (P1/P2 as indicated). F, thermal unfolding of PAPS syn-
thase 1 (P1) in the presence of increasing APS concentrations.
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One of the amino acid positions picked up by this approach
was Met-70 of PAPSS1, which is close to the ADP/ATP nucle-
otide binding site of the APS kinase domain. Another high-
lighted position in spatial proximity to Met-70 was Thr-85.
These two residues are replaced byPhe-60 andSer-75 in human
PAPSS2 (Fig. 5B).We swapped these two residues bymutagen-
esis and investigated their effect on protein stability by CD
spectroscopy. The two residues from PAPSS2 destabilized the
full-length PAPSS1 protein by 3.0 °C. On the contrary, substi-
tuting the residues of PAPSS1 also stabilized PAPSS2 by 1.5 °C
(Fig. 6A). Considering the moderate nature of these exchanges,
1.5 °C stabilization is a large effect. Other highlighted residues
that we targeted by mutagenesis did not result in comparable
changes in protein stability (supplemental Fig. S6). The effect of
the Met N Phe and Thr N Ser double mutants became even
more pronounced when looking at loss-in-activity measure-
ments at different temperatures. There, the two substituted res-
idues resulted in a complete reversal of inactivation behavior
for the APS kinases (Fig. 6B).

Looking at thermal unfolding in the presence of APS, mutat-
ing M70F and T85S in PAPSS1 resulted in a severely destabi-
lized protein (Fig. 6C). The unfolding transition at the lower
temperature nearly resembled that of the PAPSS2 protein. The
APS-stabilized second transition, however, overlaid with that
of the wild-type PAPSS1 protein. The effect of the appropriate
double mutant in PAPSS2 was again observed for the thermal
transition at around 50 °C that was slightly stabilized. TheAPS-
stabilized unfolding intermediate at high temperature over-
lapped with the PAPSS2 wild-type protein (Fig. 6C). Taken
together, the kinase mutations modified the first transition,

FIGURE 3. Relationship between the human PAPS synthases and their counterpart from C. elegans. A, un-rooted maximum likelihood phylogenetic tree of
vertebrate and invertebrate sequences for bifunctional PAPS synthases. The three groups of proteins, PAPSS1-type (black), PAPSS2-type (red), and invertebrate PAPS
synthases (blue) are clearly separated by a bootstrap of 100. PAPS synthases from man and worm are marked by arrows. B, amino acid identity between C. elegans PPS-1
and the two human PAPS synthase isoforms indicates that it is not possible to derive further phylogenetic relationships for these proteins.

FIGURE 4. Machine learning classifies invertebrate PAPS synthases as
PAPSS2 types. A, a support vector machine and a random forest were trained to
discriminate between PAPSS1- and -S2-type sequences using 45 PAPSS1 and 47
PAPSS2 sequences from vertebrates. The predicted classes for six invertebrate
sequences including C. elegans PPS-1 are shown for the random forest output. All
these proteins are clearly classified as PAPSS2-type by both machine learning
approaches. B, the CD spectrum of C. elegans PPS-1 resembles the one from
human PAPSS2 including increased negative ellipticity at 208 nm. C, the thermal
unfolding transition of C. elegans PPS-1 is shown. It is very similar to the one of
human PAPSS2.
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leaving the second unchanged. As the mutations introduced
into the kinase domain should have a direct effect only on that
domain, we assigned the first transition to the unfolding of the
kinase domain. The second APS-stabilized transition should
then correspond to unfolding of the sulfurylase domain.
A third important residue in close proximity to the ligand

binding site was Thr-29 within the 2OFX structure of the APS
kinase domain of PAPSS1 (29). This residue is positioned close

to the bound magnesium ion, but lies in an N-terminal part
from the other dimeric subunit (Fig. 7A). The swappingmutant
V19T in PAPSS2 destabilized the protein by 1.7 °C (Fig. 7B). In
the presence of APS, however, this effect is more than rescued
(Fig. 7C). The corresponding T29Vmutation in PAPSS1 fails to
stabilize the protein in the presence of APS (supplemental Fig.
7, A and B).

The molecular phenotype of the PAPSS2 V19T mutant was
also evident in limited proteolysis studies. V19T was more sus-
ceptible toward limited amounts of proteinaseK. As seen in Fig.
7,D and E, more than 5-fold proteinase K was needed to cleave
wild-type PAPSS2 than for the V19T mutant. Also here, APS
binding rescued this mutant, so that the same proteinase K
concentration was needed for wild-type and V19T mutant
digestion (Fig. 7, F and G). Notably, it was the full-length pro-
teins that were stabilized by APS in these experiments, indicat-
ing that this stabilization did not directly mirror the stabilizing
effect seen in CD. In this context, APS was not specific: ADP,
ATP, and PAPS protected PAPS synthase proteins to a similar
extent (data not shown). Nevertheless, a threonine at position
29/19 contributes to protein stability in the presence of APS, a
role that cannot be performed by valine.Within the abovemen-
tioned crystal structure 2OFX (29), Thr-29 contacts the OH
group of C2� of the ribose moiety of the bound PAPS cofactor
via one bridging water molecule. Nothing is yet known about
the spatial arrangement of Val-19 in PAPSS2, because this part
of the sequence is disordered in the only available PAPSS2 crys-
tal structure of 2AX4.
Tracing Mutants through Multiple Sequence Alignment of

PAPS Synthases—The three residue positions (Thr-29,Met-70,
and Thr-85 in PAPSS1) with large effects on protein stability
were looked at within the multiple sequence alignment of ver-

FIGURE 5. Sequence positions important for PAPSS1 and S2 discrimination. A, machine learning by random forest yields so called drop-in performance
values. They are obtained by leaving out iteratively every single position of the multiple sequence alignment. Average values for all used sequence descriptors
are plotted. B, 23 positions with the highest drop-in-performance values are mapped on PDB code 1XNJ. The amino acid pair Met-70/Phe-60 and Thr-85/Ser-75
being close together in space is specially highlighted (inset).

FIGURE 6. Characterization of the MetN Phe/ThrN Ser double mutants.
A, thermal unfolding transitions monitored by CD spectroscopy at 225 nm.
B, loss-of-activity measurement of the APS kinase activity of wild-type and
mutant proteins. C, thermal unfolding transitions in presence of 50 �M APS.
The legend applies to all three graphs.
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tebrate and invertebrate PAPS synthases (Table 1). Strikingly, a
Met-70/Thr-85 pair was found in all 46 PAPSS1-type and a
Phe-60/Ser-75 pair in all 49 PAPSS2-type vertebrate sequences.
Of note, the invertebrate sequences were more heterogeneous
at these two positions (Table 1). Val-19 in PAPSS2 is present in
46 sequences, but three species have isoleucine at this position.
Thr-29, probably indirectly involved in nucleotide binding, was
100% conserved in all PAPSS1-type sequences. Invertebrate
sequences havemostly either Val or Thr at this position (Table 1).

C. elegans PPS-1 contains a Thr residue at the N-terminal posi-
tion, but displays protein stability similar to that of human
PAPSS2. In agreement, themidpoint of unfolding of the protein
is increased by 9.3 °C in the presence of 50�MAPS. This closely
resembles the destabilized V19Tmutant of PAPSS2 where APS
causes a stabilization by 8.8 °C. Assuming the sulfurylase
domain is sufficiently stabilized by endogenous steady-state
concentrations of APS, the kinase domain becomes more
important for overall protein stability. Here, we have character-
ized three major sites that contribute to isoform stability by
swapping mutagenesis.
Several other positions were also highlighted by the random

forest. For all 23 positions mapped onto the crystal structure
1X6V of PAPSS1 in Fig. 5B, we generated sequence logos
including all PAPS synthases or subgroups thereof (supplemen-
tal Fig. S8). From the logo, one can again appreciate the exis-
tence of two PAPS synthase subfamilies. Mostly, invertebrate
PAPS sequences follow the sequencemotif of the PAPSS2 fam-
ily, however, with several exceptions. Hence, their classification
as PAPSS2-type sequences can be understood at the sequence
level. What this means from an evolutionary point of view is
discussed further below.

FIGURE 7. The V19T mutant of PAPSS2. A, highlighting Thr-29 within the crystal structure PDB code 2OFX of the kinase domain of human PAPSS1. This
position of this residue is occupied by valine in PAPSS2. It was also highlighted by random forest analysis. B, unfolding transition for the V19T mutant of PAPSS2.
The midpoint of unfolding is lowered from 39.8 to 38.2 °C. C, in presence of APS, however, unfolding is more than rescued. There, the midpoint of the unfolding
transition is even shifted to higher temperatures from 45.3 to 47.0 °C indicative of a specific role of threonine at this sequence position. D and E, proteolysis of
PAPSS2 by limiting amounts of proteinase K (PK). The amount of PK needed to cleave the full-length proteins differs more than 5-fold for wild-type and V19T
mutant proteins. F and G, addition of 50 �M APS stabilized the V19T mutant protein nearly to the wild-type level.

TABLE 1
Tracing the mutants through a multiple sequence alignment of PAPS
synthases

* Amino acid numbering is according to human PAPSSI.
** These species are horse (Equus caballus), lesser hedgehog tenrec (Echinops tel-
fairi), and hyrax (Procavia capensis).
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Stabilization of PAPSS2 Also Prevents Protein Aggregation—
Until now, the effect of APS was discussed in the context of
thermal unfolding. But also at physiological temperatures, the
behavior of PAPS synthases was modified by this nucleotide.
First, we investigated kinetics of unfolding at constant temper-
atures by CD spectroscopy (supplemental Fig. 9A). The half-
lives of PAPSS2 that were extracted from these traces were
clearly shorter than that of PAPSS1 (supplemental Fig. 9B).
However, in the presence of 50 �M APS, this value was at least
doubled for PAPS synthase 2 (from 12 to more than 27 min at
37 °C). Moreover, residual activity for both the kinase and sul-
furylase activity was increased when incubating PAPS syn-
thases with APS at elevated temperatures (data not shown).
Not only is protein stability important within the cell, much

more critical is whether the destabilized protein aggregates.We
knew from our experiments that PAPS synthases tend to aggre-
gate after prolonged measurement times. Such aggregation
needs to be prevented in vivo. Hence, we monitored formation
of soluble aggregates by a method described by Travé and co-
workers (28) using fluorescence signals at 340 and 280 nm
where the latter corresponds to a scattering signal.
Equimolar concentrations of APS already prevented 70% of

aggregation after 24 h at 37 °C (Fig. 8, A and B). Remarkably,
this effect was specific for APS. As a negative control, NADH
was tested, which had no effect on aggregation at all. The aggre-
gation phenomenon reported here was faster at higher concen-
trations (Fig. 8C), proving that the effect was due to self-asso-
ciation. The other nucleotides ADP, ATP, and PAPS only had
some effect at higher concentrations (Fig. 8, D–G). The aggre-
gates formed during these measurements could not be stained
with thioflavin (data not shown) indicating that no amyloid
fibers were formed.
APS has at least a dual effect on the stability of PAPS syn-

thases. First, it remarkably stabilized an unfolding intermediate
and, second, it effectively prevented the proteins’ aggregation.
Of note, the CD signal during thermal unfolding may have also
been changed due to formation of aggregates at higher temper-
atures. However, chemically induced unfolding (Fig. 1,A andB)
needs to have shown protein unfolding as aggregation does not
occur at increasing concentrations of chaotropic agents clearly
showing that the two isoforms of PAPS synthases differ greatly
in their stability.

DISCUSSION

Bifunctional PAPS synthases are responsible for the enzy-
matic activation of sulfate in all metazoans. These proteins
gained attention in biomedical research as mutations in the
respective genes caused by a variety of diseases in mouse and
man (9, 10, 12–14). The question why two human protein iso-
forms, PAPSS1 and -S2, exist, but are not able to complement
for each other has been around for more than a decade.

FIGURE 8. APS specifically modifies aggregation behavior of PAPSS2. A,
using the side scatter signal at 280 nm normalized by 340 nm fluorescence,
aggregation was monitored for PAPSS2 in the presence of varying concen-
trations of APS at 37 °C. Equimolar concentrations of APS effectively pre-
vented aggregation. The nucleotide cofactor NADH was used as negative
control and showed no effect. B, point measurements for the same reactions
after 24 h. Equimolar concentrations of APS reduced aggregation to 25%.

Error bars represent S.D. of triplicate measurements. C, concentration
dependence of the aggregation phenomenon. Aggregation of PAPSS2 was
analyzed at concentrations between 100 and 500 nM. Error bars represent S.D.
of duplicate measurements. D–G, at low nucleotide concentrations, preven-
tion of aggregation of PAPSS2 was specific for APS. The other nucleotides
tested (ADP, ATP, and PAPS) had less effect on preventing protein aggrega-
tion at concentrations up to 500 �M.
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Recently, we have reported that formation of heterodimers,
diverging specific activity, andmarkedly different cellular local-
ization, all previously assumed to account for different func-
tionality, were not sufficient to explain the above mentioned
observation (17, 18).
In the present study we describe for the first time PAPS syn-

thases as fragile enzymes. There was a remarkable difference in
stability for the two human isoforms, PAPS synthase 1 and 2.
PAPSS2 underwent unfolding and aggregation already at phys-
iological temperatures.
The intermediate of overall PAPS synthesis, the nucleotide

APS, stabilized PAPS synthase proteins significantly and effec-
tively suppressed the aggregation of PAPS synthase 2. This pro-
tein undergoes conformational changes in the presence of 5–50
�MAPS at physiological temperatures. These concentrations of
APS may readily occur within the cell during PAPS synthesis:
Lansdon et al. (19) have approximated a steady state APS con-
centration of 1.6 �M that can accumulate up to 60 �M under
conditions of sulfate excess. These steady state concentrations
of APS are exactly in the same range as those significantly sta-
bilizing the PAPSS2 protein. Hence, naturally occurring
changes inAPS concentrationsmay be sensed by changes in the
conformation of PAPSS2.
Interestingly, Kopriva and colleagues (31) have recently

reported increased transcript levels for genes of the glucosino-
late biosynthesis inArabidopsis, when bacterial APS kinase was
overexpressed. Glucosinolates are a major class of sulfated sec-
ondary metabolites in plants and their biosynthesis requires
PAPS as sulfate donor. From their findings they concluded that
PAPS or its derivatives may be involved in cellular signaling in
plants (31). One such derivative is PAP, the leftover of sulfation
reactions (also depicted in supplemental Fig. S3) has recently
been implicated in stress signaling in plants (32, 33). PAP also
needs to be removed from bacterial (34) and vertebrate (35)
cells due to its inhibition of 5�-3� RNA degradation (36). How-
ever, PAP did not have any effect on thermal unfolding behav-
iour of human PAPS synthases or the enzyme fromworm (sup-
plemental Fig. S10).
Nevertheless, we provide here biochemical evidence for a

specific effect ofAPSonPAPS synthase stability. Based on these
findings, one could assume a regulatory function that is exe-
cuted by PAPS synthase 2. The conformational transition of
this protein in the presence of physiological levels of APS may
be used by eukaryotic cells to sense their sulfation needs that
correspond to cellular demands for the active sulfate PAPS.
Upon usage of PAPS by any sulfotransferase, APS concentra-
tions are expected to drop and PAPS synthase 2 is then subject
to conformational changes. This would still be a paradox situ-
ation: when more PAPS is required and the levels of APS
decrease, exactly then PAPSS2 unfolds and can no longer func-
tion as a proper enzyme.Hence, additional cellular compounds,
initiating a signaling cascade that ultimately results in tran-
scriptional up-regulation of genes responsible for sulfate
uptake and/or activation may be postulated.
Such regulatory function for PAPSS2might also explain why

two genes for PAPS synthases can be found in nearly all verte-
brate genomes investigated. Whole genome duplication events
were at the advent of vertebrates. According toWolfe (37)most

of the duplicated gene copies were then lost again. However,
one reason for retaining both copies might be a subfunctional-
ization event (38). Invertebrate PAPS synthases would then
share the functions of PAPS production and engagement in
some regulation of overall PAPS synthesis that were later par-
celled out among the two vertebrate daughter genes.
In line with this assumption, the invertebrate PAPS synthase

PPS-1 from worm was classified by machine learning as a
PAPSS2-type enzyme and displayed stability most similar to
human PAPSS2. Additionally, the highest PAPSS2 expression
levels were reported in condensing and proliferating chondro-
cytes of mouse embryos (39). These cells have a high need for
sulfation due to beginning synthesis of the severely sulfated
extracellular matrix.

CONCLUSION

Stability of PAPS synthases may be a major contributing fac-
tor for the availability of the activated sulfate PAPS. The nucle-
otide APS, an intermediate of PAPS biosynthesis, exerts a
highly specific stabilizing effect on PAPS synthases. Thismech-
anism may be used by metazoans to measure their demand in
PAPS, reflecting their sulfation needs. Our study paves the way
to a functional understanding of different PAPS synthase iso-
forms. Finally, the combination of machine learning and bio-
chemical approaches may very well serve to address similar
questions for other pairs of enzyme isoforms.
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(2001) A strategy for optimizing the monodispersity of fusion proteins.
Application to purification of recombinant HPV E6 oncoprotein. Protein
Eng. 14, 297–305

29. 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

30. Meyer, A., and Van de Peer, Y. (2005) From 2R to 3R, evidence for a
fish-specific genome duplication (FSGD). Bioessays 27, 937–945

31. Mugford, S. G., Lee, B. R., Koprivova, A.,Matthewman, C., and Kopriva, S.
(2011) Control of sulfur partitioning between primary and secondary me-
tabolism. Plant J. 65, 96–105

32. Chen, H., Zhang, B., Hicks, L. M., and Xiong, L. (2011) A nucleotide
metabolite controls stress-responsive gene expression and plant develop-
ment. PLoS One 6, e26661

33. Estavillo, G. M., Crisp, P. A., Pornsiriwong, W., Wirtz, M., Collinge, D.,
Carrie, C., Giraud, E., Whelan, J., David, P., Javot, H., Brearley, C., Hell, R.,
Marin, E., and Pogson, B. J. (2011) Evidence for a SAL1-PAP chloroplast
retrograde pathway that functions in drought and high light signaling in
Arabidopsis. Plant Cell 23, 3992–4012

34. Mechold, U., Ogryzko, V., Ngo, S., and Danchin, A. (2006) Oligoribonu-
clease is a common downstream target of lithium-induced pAp accumu-
lation in Escherichia coli and human cells. Nucleic Acids Res. 34,
2364–2373

35. Frederick, J. P., Tafari, A. T.,Wu, S.M., Megosh, L. C., Chiou, S. T., Irving,
R. P., and York, J. D. (2008) A role for a lithium-inhibited Golgi nucleotid-
ase in skeletal development and sulfation.Proc. Natl. Acad. Sci. U.S.A. 105,
11605–11612

36. Todeschini, A. L., Condon, C., and Bénard, L. (2006) Sodium-induced
GCN4 expression controls the accumulation of the 5� to 3� RNA degra-
dation inhibitor, 3�-phosphoadenosine 5�-phosphate. J. Biol. Chem. 281,
3276–3282

37. Wolfe, K. H. (2001) Yesterday’s polyploids and the mystery of diploidiza-
tion. Nat. Rev. Genet. 2, 333–341

38. Conant, G. C., and Wolfe, K. H. (2008) Turning a hobby into a job. How
duplicated genes find new functions. Nat. Rev. Genet. 9, 938–950

39. Stelzer, C., Brimmer, A., Hermanns, P., Zabel, B., and Dietz, U. H. (2007)
Expression profile of PAPSS2 (3�-phosphoadenosine 5�-phosphosulfate
synthase 2) during cartilage formation and skeletal development in the
mouse embryo. Dev. Dyn. 236, 1313–1318

Fragile PAPS Synthases and APS Binding

MAY 18, 2012 • VOLUME 287 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 17655


