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Background: Adenosine 5'-phosphosulfate kinase (APSK) catalyzes the synthesis of phosphoadenosine 5'-phosphosulfate,
but how APSK coordinates binding of phosphonucleotides is unclear.

Results: Using calorimetry, crystallography, and mutagenesis, this study provides new insight on nucleotide binding in APSK.
Conclusion: The P-loop and a critical aspartate integrate dynamic structural and nucleotide recognition features.
Significance: These results suggest how structural changes guide the order of nucleotide addition for catalysis.

Adenosine 5’'-phosphosulfate kinase (APSK) catalyzes the
ATP-dependent synthesis of adenosine 3'-phosphate 5’-phos-
phosulfate (PAPS), which is an essential metabolite for sulfur
assimilation in prokaryotes and eukaryotes. Using APSK from
Arabidopsis thaliana, we examine the energetics of nucleotide
binary and ternary complex formation and probe active site fea-
tures that coordinate the order of ligand addition. Calorimetric
analysis shows that binding can occur first at either nucleotide
site, but that initial interaction at the ATP/ADP site was favored
and enhanced affinity for APS in the second site by 50-fold. The
thermodynamics of the two possible binding models (i.e. ATP
first versus APS first) differs and implies that active site struc-
tural changes guide the order of nucleotide addition. The ligand
binding analysis also supports an earlier suggestion of intermo-
lecular interactions in the dimeric APSK structure. Crystallo-
graphic, site-directed mutagenesis, and energetic analyses of
oxyanion recognition by the P-loop in the ATP/ADP binding
site and the role of Asp'3%, which bridges the ATP/ADP and
APS/PAPS binding sites, suggest how the ordered nucleotide
binding sequence and structural changes are dynamically coor-
dinated for catalysis.

All organisms acquire and assimilate sulfate and/or sulfide
for the synthesis of a wide array of metabolites (1-5). Chemical
activation of sulfate in organisms that assimilate sulfur from the
environment is carried out by ATP sulfurylase and yields aden-
osine 5'-phosphosulfate (APS)? (5). In prokaryotes, fungi, and
mammals, APS kinase (APSK; also known as adenylyl-sulfate
kinase; EC 2.7.1.25) catalyzes the ATP-dependent phosphory-
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lation of APS into PAPS, which is used for sulfur assimilation
and as a biosynthetic sulfate donor (1-5). In plants, the sulfur
assimilatory pathway branches after formation of APS into pri-
mary and secondary pathways. The reductive (i.e. primary)
route leads to the production of sulfur-containing amino
acids and peptides (2— 6). The second metabolic route begins
with APS kinase and synthesizes PAPS as a sulfate donor for
the sulfonation of brassinosteroids, peptide hormones, and
molecules critical for protection against herbivores, such as
glucosinolates (8 —10). Glucosinolate synthesis also requires
metabolites produced by the primary sulfur assimilatory
pathway (11-14). PAPS is also a precursor of 3’-phosphoad-
enosine 5'-phosphate, which is a critical metabolite for stress
gene regulation and plant development (15). Control of sulfate
flux between the primary (reductive) and secondary metabolic
routes in plants helps to maintain the synthesis of the metabo-
lites essential for plant growth and responses to different
stresses (11-19).

In Arabidopsis thaliana, APSK is necessary for plant growth
and directly connects the sulfur assimilation pathway to the
biosynthesis of sulfonated molecules (11-14), but the biochem-
ical regulation of this critical branch point enzyme in plant
metabolism is largely unexamined. Initial studies of APSK from
A. thaliana (AtAPSK) revealed severe substrate inhibition by
APS, as observed in the enzyme from fungi, bacteria, and mam-
mals (7,20 —23); this inhibition presumably results from forma-
tion of an E-ADP-APS dead-end complex (22, 24). Steady-state
kinetic studies of the Penicillium chrysogenum APSK are con-
sistent with a sequential ordered reaction mechanism in which
ATP binds first, followed by APS (20), although later studies of
the Escherichia coli APSK suggested that the order of ATP ver-
sus APS addition is random and varies with ligand concentra-
tions (21) (Fig. 1A4).

Crystal structures of APSK from Arabidopsis (Fig. 1B) and P.
chrysogenum, the APSK domain from human PAPS synthetase,
and the bifunctional ATP sulfurylase-APSK from Aquifex aeoli-
cus and Thiobacillus denitrificans (25—30) show that the overall
fold of APSK is highly conserved across a variety of organisms.
Two nucleotide-binding sites (i.e. ATP/ADP and APS/PAPS
sites) span the core a/B-purine nucleotide-binding domain and
are capped by a smaller a-helical “lid” domain, which is disor-
dered in the absence of ligands (26). The interface between the
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FIGURE 1. Overview of APSK nucleotide binding and structure. A, schematic of ordered and random nucleotide binding proposed for APSK from P.
chrysogenum and E. coli, respectively. B, structural overview of AtAPSK and nucleotide binding sites. The ribbon diagram of AtAPSK (24) shows the core
a/B-nucleotide binding domain (rose and blue in each monomer of the dimer) and the smaller active site capping domain (gray). APS (green) and ATP (yellow)
bound in their respective nucleotide binding sites are shown in each active site of the dimer. Residues of the P-loop are shown as a space-filling model (red). The

position of the N-terminal a-helix is indicated by the letter N.

ATP/ADP and APS/PAPS binding sites is spanned by a canon-
ical P-loop or Walker A motif (Ser**°-Thr''® in AtAPSK), as
observed in the structures of all nucleotide kinases (31, 32).
Kinetic studies of the P. chrysogenum APSK suggest that APS
binds tighter in the presence of ADP and magnesium compared
with the unliganded enzyme, which has also been proposed as
the basis for substrate inhibition (22); however, these studies
relied on enzymatic assays to infer details about the nucleotide
binding mechanism. Overall, steady-state kinetic studies and
multiple crystal structures of APSK from a variety of species
imply that dynamic features around the active site contribute to
nucleotide binding.

Using a combination of isothermal titration calorimetry
(ITC), x-ray crystallography, and kinetic analysis of point
mutants, we examine the formation of AtAPSK nucleotide
complexes and probe the role of active site features that
coordinate the order of ligand addition. Although energetic
analysis of complex formation showed that nucleotides can
bind to either the ATP/ADP or APS/PAPS site, initial bind-
ing at the ATP/ADP site was favored and enhanced affinity
for APS. Interestingly, the thermodynamics of each of the
possible binding orders differs, likely reflecting different
structural changes associated with nucleotide binding at
each site to communicate binding site occupancy. Crystallo-
graphic and energetic analysis of oxyanion recognition by
the P-loop and a critical aspartate residue that bridges the
two nucleotide binding sites of AtAPSK provides insight on
how an ordered sequence of binding events and structural
changes are coordinated for efficient catalysis.

EXPERIMENTAL PROCEDURES

Reagents—All chemicals and reagents were of analytical
grade and purchased from Sigma. The standard experimen-
tal buffer condition was 25 mm HEPES, pH 7.5, 200 mm KCl,
5% (v/v) glycerol, and either 1 mm Tris(2-carboxyethyl)phos-
phine or 5 mm -mercaptoethanol (BME), unless stated oth-
erwise. Either reducing agent prevented formation of inter-
monomer disulfide bonds (25), as judged by nonreducing
SDS-PAGE of samples taken before and after ITC titrations.

Protein Expression, Purification, and Site-directed Muta-
genesis—The pET-28a-AtAPSKA77 bacterial expression con-
struct, which encodes A. thaliana APSK isoform 1 lacking the
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plastid localization sequence (residues 1-77) and with an
N-terminal His, tag, was previously described (33). Protein
overexpression in E. coli BL21(DE3) and purification by nickel
affinity and gel-filtration chromatographies were described
previously (25), with some modifications. For cell lysis and
nickel affinity chromatography, all buffers were supplemented
with 5 mm BME. After affinity purification, the protein was
dialyzed into 25 mm HEPES, pH 7.5, 200 mm KCl, 5% glycerol,
and 5 mum dithiothreitol (DTT), then loaded onto a Superdex-
200 26/60 HiLoad FPLC size exclusion column equilibrated in
the same buffer. Calibration of the size exclusion column was
performed as described previously (34). Purified protein was
either flash frozen in liquid nitrogen and stored at —80 °C or
dialyzed against 25 mm HEPES, pH 7.5, 200 mm KCI, 5% glyc-
erol, and either 1 mm Tris(2-carboxyethyl)phosphine or 5 mm
BME for use in ITC experiments. Site-directed mutants of AtA-
PSK (G111A, G113A, D136N, and D136A) were generated
using the QuikChange PCR method (Agilent) with expression
and purification as above.

Calorimetric Measurements—ITC experiments were per-
formed using a VP-ITC calorimeter (Microcal, Inc.). AtAPSK
was dialyzed at 4 °C in 25 mm HEPES, pH 7.5, 200 mm KCl, 5%
glycerol, and either 1 mm Tris(2-carboxyethyl)phosphine or 5
mM BME. Stock solutions (100 mMm) of ATP, ATPvyS, AMP-
PNP, ADP, and APS were dissolved in NaOH to attain a pH of
7.5 and stored at —20 °C. Prior to ITC experiments, appropriate
dilutions were made with dialysis buffer. Protein and nucleotide
solutions were degassed at room temperature prior to use. For
each titration, 20 to 30 injections of 10 ul of nucleotide were
added into sample solutions containing protein (60 —100 um) in
the presence or absence of ligands and/or 5 mm Mg>". AtAPSK
complexed with AMP-PNP, ADP, or APS was formed by incu-
bating protein and 2 mm AMP-PNP, 500 um ADP, or 2 mm APS
overnight (4 °C) followed by a 4-h equilibration at 17 °C before
titrations. Data were analyzed using either a one-site (i.e. iden-
tical sites) binding model (Equation 1) or a two-site binding
model (Equation 2), as follows,

Q°" = Vy - Mi** - ((nKx)AH,)/1 + Kix) (Eq. 1)
Q' = Vy - M- ((KixAH, + (AH,

+ AH,) KKox®) /(1 + Kix + KiKx?))  (Eq.2)
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TABLE 1

Summary of crystallographic statistics for the AtAPSK-APS-SO2~
complex

Crystal

Space group C2 . )
Cell dimensions a=1209A,b=9235A,
¢=7318 A; B =113.5°

Data collection _
Wavelength (A)
Resolution range (A) (highest shell resolution)

0.979
33.9-1.95 (2.02-1.95)

Reflections (total/unique) 163,947/46,572
Completeness (highest shell) 95.5% (100.0%)
(I/ o) (highest shell) 38.5 (5.0)

R,.," (highest shell) 5.2% (15.1%)
Model and refinement

Ryl IRl 16.1/19.0

No. of protein atoms 4,738

No. of water molecules 435

No. of ligand atoms 9%

Root mean square deviation, bond lengths (A) 0.006

Root mean square deviation, bond angles (*) ~ 0.97

Average B-factor (A?), protein, waters, ligands 38.7, 46.5, 39.2

Stereochemistry, most favored, allowed, 96.7,3.1,0.2%
generously allowed

“ Ryym = 2|I,, = {I,)|/X1,, where (I,) is the average intensity over symmetry.

? Repyet = 2|F , — (F)|/2F,, where summation is over the data used for
refinement.

€ Riyee is defined the same as R, but was calculated using 5% of data excluded
from refinement.

where Q;°* is the total heat after the ith injection, Vj, is the
calorimetric cell volume, M;°" is the concentration of protein in
the cell after the ith injection, AH is the corresponding enthalpy
change to AtAPSK-nucleotide binding, n is the number of
nucleotide binding sites on the APSK dimer, and K is the equi-
librium binding constant. In the latter, k; and k, are the
observed binding constants for the first and second sites, AH,;
and AH, are the corresponding enthalpy changes upon nucle-
otide binding to each site,and p = 1 + k; X, + k;k,X. Fitting of
data were performed using Origin software.

Enzyme Assays—All steady-state kinetic analysis was per-
formed as previously described using an enzyme-coupled spec-
trophotometric assay (25).

Crystallography—Crystals of the AtAPSK-APS:SO2™ com-
plex were formed as follows. Crystals of AtAPSK in complex
with APS were first grown at 4 °C in hanging drops with a 1:1
ratio of protein (~10 mg ml™") and crystallization buffer (100
mwm HEPES, pH 7.25, 200 mm MgClL,, and 15-17.5% PEG-2000)
supplemented with 5 mm APS. For x-ray data collection, crys-
tals were transferred to a cryoprotectant solution of mother
liquor containing 20% glycerol and 10 mm SO; . Crystals were
frozen in liquid nitrogen after a 2-h incubation period. X-ray
diffraction data were collected at SBC beamline 19-ID of the
Advanced Photon Source, Argonne National Laboratory. The
HKL3000 software suite was used to integrate, merge, and scale
diffraction intensities (35). The structure of the AtAPSK-
APS:SO; ™ complex was solved by molecular replacement with
PHASER (36) using the previously determined AtAPSK struc-
ture (25) with ligands and water molecules removed as a search
model. The model was built in COOT (37) and refined using
PHENIX (38) until the R-factors converged to those reported
in Table 1. Coordinates and structure factors for the
AtAPSK-APS-SO?~ complex have been deposited in the Pro-
tein Data Bank (code 4FXP).
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RESULTS

Calorimetric Analysis of Nucleotide Binding to AtAPSK—To
compare nucleotide binding to AtAPSK, ITC experiments were
performed using ATP, the ATP analogues AMP-PNP and
ATP9S, ADP, and APS in the presence and absence of Mg>*
(Fig. 2, Table 2). All nucleotides showed exothermic binding.
Fitting of the ITC data to a one-site binding model failed to
adequately describe the observed results, whereas, satisfactory
fits were obtained using a two-site binding model with stoichi-
ometries consistent with the binding of two nucleotides per
AtAPSK dimer. In all cases, the K, value of the second site for
each nucleotide was 5- to 30-fold higher than the first site, sug-
gesting potential cross-talk between nucleotide binding sites in
the homodimer.

Titration of AtAPSK with ATP, AMP-PNP, and ATPvS
showed that the ATP binding site is sensitive to changes in the
phosphoanhydride chemical structure (Fig. 24, Table 2). Sub-
stitution of one of the y-phosphate oxygens with a sulfur in
ATP+S increased affinity 5-fold compared with ATP. In con-
trast, replacement of the oxygen linking the B- and <y-phos-
phates with a nitrogen (AMP-PNP) decreased affinity 15-fold.
As suggested by steady-state kinetic experiments (22), ADP
bound with a 7-fold tighter affinity than ATP (Fig. 2B, Table 2).
In the presence of Mg>*, AtAPSK hydrolyzed ATP and ATP~S,
which prevented accurate binding analysis with these ligands.
Addition of Mg®™" had little effect on binding of the first AMP-
PNP molecule, but modestly improved affinity for the second
molecule by 4-fold (Fig. 24, Table 2). An opposite effect was
observed with ADP and Mg**, which decreased ligand affinity
10-fold (Fig. 2B, Table 2). To determine whether this change
resulted from the ion or increased ionic strength, titrations of
AtAPSK with ADP at 0.5 m KCl and NaCl were performed and
did not alter the titration profile or the measured parameters,
which indicates that the observed decrease in affinity for ADP is
a Mg>*-specific effect. Binding of APS was weaker than ATP
and was insensitive to Mg " (Fig. 2C, Table 2), which is consist-
ent with the location of the ion in the ATP/ADP, not APS/
PAPS, binding site of AtAPSK (25).

Calorimetric Analysis of AtAPSK-Nucleotide Ternary Com-
plex Formation—Analysis of single nucleotide interaction with
AtAPSK showed that binding at either the ATP/ADP or APS/
PAPS site did not require ordered ligand addition. ITC experi-
ments were used to determine whether pre-formed complexes
of AtAPSK and either phosphonucleotide (AMP-PNP and
ADP) or APS affected the affinity for binding of APS or phos-
phonucleotides, respectively. First, we compared binding of
APS to pre-formed AMP-PNP and ADP complexes, which is
the binding order proposed for APSK from P. chrysogenum and
the upper path suggested for the E. coli enzyme (Fig. 1A).

Addition of APS to AtAPSK-AMP-PNP in the presence or
absence of Mg®" yielded similar K, values (Fig. 34, Table 3),
which were ~50-fold tighter than APS binding to the unligan-
ded enzyme (Table 2). APS binding to the AtAPSK-ADP com-
plex displayed less than 2-fold differences compared with APS
binding to the AtAPSK-AMP-PNP complex; however, the pres-
ence of Mg®™" altered the binding model with a 5-fold improve-
ment in K, for the first binding event and a 4-fold decrease in
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FIGURE 2. ITC analysis of nucleotide binding to AtAPSK. A, titration of AtAPSK with ATP (solid squares), ATP+S (open squares), AMP-PNP (closed circles), and
AMP-PNP + 5 mmMg?* (open circles). B, titration of AtAPSK with ADP (open squares) and ADP + 5 mmMg?" (solid squares). C, titration of AtAPSK with APS (open
squares) and APS + 5 mm Mg?" (solid squares). Representative experimental data for the ATP (A), ADP (B), and APS (C) titrations are plotted as heat signal (ucal
s~ ") versus time (min) in each upper panel. Each experiment consisted of 20 to 30 injections of 10 ul each of nucleotide into a solution containing AtAPSK dimer.
Each lower panel shows the integrated heat responses per injection. The solid line is the linear regression fit using a two-site binding model (see Table 2).

TABLE 2
Thermodynamic parameters of nucleotide binding to AtAPSK

All titrations were performed at 17 °C with resulting data fit to a two-site binding model as described under “Experimental Procedures.”

Ligand K, K, AH, AH,
M keal mol ™!
ATP 1.25 = 0.09 24.7 £ 6.9 —6.4 * 0.7 —5.0*07
ATPyS 0.26 = 0.05 79=*0.1 —122 * 04 —52%03
AMP-PNP 19.6 = 1.5 361 £ 45 —4.8 £ 05 —12* 06
AMP-PNP + 5 mm Mg>* 164+ 0.2 826 7.7 —6.0*0.1 —33*04
ADP 0.18 = 0.05 4.8 0.6 —16.5* 0.2 —94*01
ADP + 5 mm Mg>* 1.8 0.4 38.1 £4.2 —10.7 = 0.8 —6.2*+ 1.6
APS 66.7 = 10.5 325 *89 —56 *09 -1.9*07
APS + 5 mm Mg>* 80.4 = 5.2 460 = 99 —51*23 —22%*038

affinity for binding of at the second site (Fig. 3B, Table 3). These
results agree with previous kinetic experiments using the fungal
APSK, which found that Mg®" was required for ADP to
increase the affinity for APS (22). In the absence of Mg>*, APS
binding to either the AMP-PNP or ADP complex was best fit to
a one-site binding model, whereas, a two-site model best
described binding of APS in the presence of Mg>*. These
results provide strong evidence for unidirectional synergistic
binding, which would explain the obligate binding order of ATP
followed by APS suggested by earlier steady-state kinetic stud-
ies of APSK (24).

In the other possible binding sequence (i.e. APS first; Fig. 14),
the effect of forming the AtAPSK-APS complex on either AMP-
PNP or ADP binding was less than 6-fold different compared
with the unliganded enzyme titration (Fig. 3C, Table 3). Analy-
sis of the interaction between the AtAPSK-APS complex and
AMP-PNP required a two-site binding model. In contrast, the
isotherm resulting from ADP titration could be described by a
one-site binding model with a 2:1 stoichiometry of ligand to
dimer, suggesting that APS does not bind with significant affin-
ity to the ATP/ADP binding site. The affinity of AtAPSK for
AMP-PNP improved an order of magnitude in the presence of
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APS, whereas the affinity for ADP was not significantly
changed. The increased affinity for AMP-PNP, but not ADP,
may result from interactions formed between the y-phosphate
of AMP-PNP and active site residues.

Surprisingly, binding of AMP-PNP to the AtAPSK-APS com-
plex showed an endothermic interaction (Fig. 3C, Table 3),
which markedly contrasts with the exothermic binding dis-
played by nucleotides to either unliganded or liganded enzyme.
Although binding of nucleotides to AtAPSK can occur in either
order (Fig. 1A), the two possible routes leading to formation of
the AtAPSK-ATP-APS ternary complex are not thermodynam-
ically equal. This difference in binding energetics may reflect
structural and/or dynamic differences in the active site that
correspond to the order of ligand addition.

Calorimetric, Crystallographic, and Mutagenesis Analysis of
P-loop Recognition of Oxyanions—The above results, along
with crystal structures of APSK from a variety of sources (25—
30), suggests that the P-loop (Fig. 1B) plays a role in nucleotide
binding specificity at the ATP/ADP site of AtAPSK. We tested
the ability of the P-loop to discern ligands based on anhydride
size and charge density by using a series of oxyanions: SO},
PO3~,NO;, COj5,and ClO; . Titrations of AtAPSK with SO2~
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FIGURE 3. ITC analysis of nucleotide binding to AtAPSK-nucleotide complexes. A, titration of AtAPSK-AMP-PNP with APS (open squares) and APS + 5 mm
Mg?* (solid squares). B, titration of AtAPSK-ADP with APS (solid squares) and APS + 5 mm Mg?* (open squares). C, titration of AtAPSK-APS with AMP-PNP (open
squares) and ADP (solid squares). Representative experimental data for the APS (A and B) and AMP-PNP (C) titrations are plotted as heat signal (ucal s ") versus
time (min) in each upper panel. Each experiment consisted of 20 to 30 injections of 10 ul each of nucleotide into a solution containing AtAPSK dimer and either
0 or 5 mm Mg?". Each lower panel shows the integrated heat responses per injection. The solid line is the linear regression fit using either a one- or two-site
binding model (see Table 3).

TABLE 3
Thermodynamic parameters of nucleotide binding to AtAPSK-nucleotide complexes

All titrations were performed at 17 °C as described under “Experimental Procedures.” AtAPSK-nucleotide complexes were pre-formed either in the absence or presence of
5mm Mg>". ITC data were fit to either a one-site binding model (7 = number of sites) or a two-site binding model.

Pre-bound nucleotide Titrant K, K, AH, AH,
M keal mol ™!

AMP-PNP APS 1.50 = 0.10 » = 2.00 * 0.10 —33*0.1

AMP-PNP-Mg>* APS 1.50 = 0.60 3.60 £ 0.40 —44*+0.1 -23*0.1

ADP APS 330 £0.70 n = 1.93 + 0.05 —-72%0.1

ADP-Mg** APS 0.60 = 0.20 12.9 = 3.8 —31*04 —24*05

APS AMP-PNP 3.10 = 0.40 18.6 = 0.9 43 *0.6 3.0*X0.2

APS ADP 0.65 = 0.04 n = 2.00 * 0.10 —33*04

resulted in an exothermic heat change (Fig. 44), but weak bind- ~ Gly''?, Lys''*, and Ser''® and hydrogen bonds from the
ing did not allow for accurate curve fitting. No heat change was  hydroxyl group of Ser''* and amine of Lys''* (Fig. 5B). Com-
observed in titrations with other oxyanions (Fig. 44). To probe  pared with the AtAPSK-AMP-PNP-APS complex (Fig. 5, C and
the location of SO2~ binding, AtAPSK preincubated with 10 D), the position of the SO2~ corresponds to that of the 8-phos-
mm SO2~ was titrated with ATP, ADP, and APS. Preincubation  phate of AMP-PNP with a nearly identical set of interactions
abrogated binding of ATPyS and ADP (Fig. 4B). In contrast, formed in each structure.
pre-formation of the AtAPSK-SO; ™~ complex resulted in 10- to To further examine the role of the P-loop in AtAPSK, two
100-fold improvement in binding affinity for APS (Fig. 4C, site-directed mutants (G111A and G113A) were generated to
Table 4), analogous to the effect observed with formation of the  disrupt the ATP/ADP binding site. Each mutant protein was
AtAPSK-AMP-PNP and AtAPSK-ADP complexes. These catalytically inactive. ITC analysis of ATP+yS binding to the
results suggest that the sulfate-binding site is likely located G111A mutant showed a negligible enthalpy change, although
within the ATP/ADP site, which was confirmed by x-ray thebinding affinity for APS was comparable with binding to the
crystallography. unliganded wild-type enzyme (Fig. 4D, Table 4). Similar results
The 1.95-A resolution x-ray crystal structure of the were observed for the G113A mutant (Table 4). Each mutant
AtAPSK-APS-SO?~ complex was solved by molecular replace- also disrupted SO2~ binding, as there was no heat signature
ment (Table 1, Fig. 5). The overall structure is similar to that of ~ detected by ITC. These results underscore the importance of
the AtAPSK-AMP-PNP-APS complex (25) with the root mean the P-loop for ATP/ADP binding.
square deviation of Ca-atoms at 0.37 A% Clear electron density ~ Asp’*® as a Critical Determinant of APS Substrate Inhibition
for bound APS was observed in the active site with additional and Nucleotide Binding Order—The increased affinity of the
discontinuous density near the P-loop of the ATP/ADP binding  plant and fungal APSK (22) for APS, when in complex with
site (Fig. 54), which was modeled as SO . Multiple interac- ADP, support a model in which APS-dependent substrate inhi-
tions were formed between the SO~ and residues in the P-loop ~ bition results from formation of a dead-end complex. We
(Fig. 5B), including main chain contacts from Gly'"', Ser''?, examined the structure of AtAPSK (25) to identify residues
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FIGURE 4. ITC analysis of oxyanion binding to AtAPSK and nucleotide binding to the AtAPSK-SO2~ complex. A, titration of AtAPSK with SOZ~ (closed
squares), ClO; (open squares), and PO2 ™~ (closed circles). B, titration of AtAPSK (closed squares) and AtAPSK-SOZ~ (open squares) with ATP+S. C, titration of AtAPSK
(open squares) and AtAPSK-SO2 ™ (closed squares) with APS. D, titration of AtAPSK G111A with ATP+S (open squares) and APS (closed squares). Titrations of the
G113A mutant yielded similar results. Representative experimental data for the SO2~ (A), AtAPSK/ATP+S (B), AtAPSK-SO3 /APS (C), and G111A/APS (D)
titrations are plotted as heat signal (ucal s~ ') versus time (min) in each upper panel. Each experiment consisted of 20 to 30 injections of 10 ul each of nucleotide
oroxyanion into a solution containing protein. Each lower panel shows the integrated heat responses per injection. The solid lineiis the linear regression fit using
either a one- or two-site binding model (see Table 4).

[APS] / [APSKG111A dimer]

TABLE 4
Thermodynamic parameters of APS binding to the AtAPSK-SO2~ complex, G111A, and G113A proteins

Alltitrations were performed at 17 °C as described under “Experimental Procedures.” ITC data were fit to either a one-site binding model (# = number of sites) or a two-site
binding model.

Protein Titrant K, K, AH, AH,
M keal mol ™"
AtAPSK-SO;~ APS 3.78 £2.55n = 1.98 + 0.04 —8.0 £ 0.6
AtAPSK G111A APS 102.7 = 30.1 439.0 = 131.8 —6.4*22 —27*19
AtAPSK G113A APS 130.0 = 45.6 365.9 + 93.7 —91=*46 —54=*25

other species (25-30), the P-loop (Ser''°~Thr''®) is essential
for ATP/ADP binding and residues from the a3 helix provide
critical contacts with APS. In particular, Arg**' forms charge-
charge interactions with the phosphosulfate group of APS and
Asp™® provides a bidentate interaction with the hydroxyl
groups of the APS ribose and serves as a general base in the
reaction mechanism (25, 29). Asp*3® anchors an extensive net-
work of contacts with Ser''® in the P-loop, waters coordinated
to Mg>*, and the main chain nitrogen of Asp'®® in the 3 helix;
no other residue in the active site connects multiple structural
features.

To examine the role of Asp'®®, the D136N and D136A
mutants were generated, purified, and kinetically character-
ized. The AtAPSK D136N and D136A mutants displayed 9- and
18-fold reductions in catalytic efficiencies (k.,/K,,), respec-
tively, that primarily resulted from reduced turnover rates
(Table 5). The D136A mutant also abolished the effect of sub-
strate inhibition by APS, which prompted us to examine nucle-
otide binding in this protein. ITC analysis of nucleotide binding
to D136A showed that the mutation had little effect on ATP,

B Ser 112

OH

Gly 113

N ¥ \C/\/O’
De "
N/i/N
>

Lys 114 o) U
Ser115 NH,

FIGURE 5. Structure of the AtAPSK-APS-SO2~ complex. A, active site view
showing the |2F, — F,| omit map (1.5 o) for APS and SO3 . In addition, the
density for Ser''? and Lys''* in the P-loop are shown. B, schematic of interac-
tions made by P-loop residues and SO2~ in the AtAPSK-APS-SO2 ™ complex.
C, active site view of the AtAPSK-AMP-PNP-APS complex (25, PDB 3UIE) show-

ing positions of bound ligands. D, schematic of interactions made by P-loop

Ser 115

residues and the B-phosphate of AMP-PNP in the AtAPSK (25); the y-phos-
phate is not shown for clarity.

with the potential to mediate communication between the
ATP/ADP and APS/PAPS binding sites with the aim of using
mutagenesis to alter the effect of ADP on APS binding and to
reduce substrate inhibition. At the interface of the two nucle-
otide-binding sites in AtAPSK (Fig. 6) and the enzyme from
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ATPvS, AMP-PNP, and ADP binding either in the presence or
absence of Mg ", as all these ligands displayed exothermic heat
signatures and affinities comparable with wild-type protein
(Fig. 7A, Table 6). Although Asp'®® does not directly contact
APS, the D136A mutant displayed drastically reduced affinity
for APS compared with the wild-type enzyme (Fig. 7B).
Changes in enthalpy were observed upon titrating the D136A
mutant with APS, but the binding isotherms were essentially
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linear and precluded an accurate fitting to determine binding
affinity. In contrast to the addition of single nucleotides, prein-
cubation of the D136A mutant with either AMP-PNP or ADP
followed by addition of APS showed that the affinity for the
second ligand was comparable with that observed for wild-type
(Fig. 7C, Table 6). These results implicate Asp'>® as required for
AtAPSK to bind APS with significant affinity in the absence of
ADP or AMP-PNP, as this mutation specifically decreases the

FIGURE 6. Structural view of the AtAPSK active site. The positions of APS
(green) and AMP-PNP (yellow) are shown in relationship to residues from the
P-loop (Ser''®) and residues on or near the a3 helix (Asp'>®, Asp'3®, and
Arg'*") that interact with either APS or the water network (red spheres) that
coordinates the Mg " (green sphere) are shown. Asp'>¢is highlighted in red to
emphasize its location between the P-loop and a3 helix. The figure was gen-

erated using the AtAPSK-AMP-PNP-APS complex structure (25).

TABLE 5

Steady-state kinetic parameters of wild-type and mutant AtAPSK
Average values = S.E. (n = 3) are shown.

Nucleotide Binding in APS Kinase

affinity for APS in the absence of additional nucleotides without
affecting the energetics and affinity for binding in the ATP/
ADP site. The AtAPSK D136A mutant exhibits a strict binding
order due to the diminished affinity of the enzyme for APS, but
not ATP, and suggests that APS binding before ATP is inhibi-
tory to the wild-type enzyme.

DISCUSSION

Substrate inhibition by APS is a hallmark feature of APSK
from bacteria, fungi, plants, and mammals and has been exam-
ined using kinetic and structural approaches (7, 20-24, 30),
which suggest different models for nucleotide binding (Fig. 14).
To date, the thermodynamic basis for the order of ligand bind-
ing and how the ATP/ADP and APS/PAPS binding sites inter-
act remains unclear. The combined calorimetric, crystallo-
graphic, and kinetic analyses presented here reveal a highly
integrated system of dynamic structural and nucleotide recog-
nition features in APSK.

Calorimetric analysis of ligand binding to form AtAPSK
binary and ternary nucleotide complexes provides new insight
on the interaction between the ATP/ADP and APS/PAPS bind-
ing sites within the monomer and helps to define the molecular
basis for the proposed ordered sequential mechanism of bind-
ing. Steady-state kinetic analysis of APSK from P. chrysogenum

Protein Kot KArs KPS kol K,y
57! M M tsTlx 108
AtAPSK 272 * 39 0.48 = 0.41 375 %69 5.67
AtAPSK D136N 45.0 = 3.5 0.70 = 0.29 328 £7.7 0.64
AtAPSK D136A 29.0 £5.1 0.92 = 0.63 0.31
A Time (min) B Time (min) C Time (min)
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' ' v T T T T T T T T
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[APS] / [APSKD136A:ADP/AMPPNP dimer]

FIGURE 7. ITC analysis of nucleotide binding to AtAPSK D136A. A, titration of AtAPSK D136A with ADP (solid squares), ATPvS (open squares), ATP (closed
circles), and AMP-PNP (open circles). B, titration of AtAPSK D136A with APS (solid squares), APS + 5 mm Mg " (open squares), and AtAPSK with APS (open circles).
G, titration of AtAPSK D136A-ADP with APS (open squares), APS + 5 mmMg? " (solid squares), and AtAPSK D136A-AMP-PNP (open circles) with APS + 5 mmMg?".
Representative experimental data for the ADP (A) and APS (B and C) titrations are plotted as heat signal (ucal s ) versus time (min) in each upper panel. Each
experiment consisted of 20 to 30 injections of 10 ul each of nucleotide into a solution containing AtAPSK dimer. Each lower panel shows the integrated heat
responses per injection. The solid line is the linear regression fit using a two-site binding model (see Table 6).
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TABLE 6

Thermodynamic comparison of nucleotide binding to AtAPSK D136A and AtAPSK D136A-nucleotide complexes

All titrations were performed at 17 °C as described under “Experimental Procedures.” AtAPSK D136A-nucleotide complexes were pre-formed either in the absence or

presence of 5 mm Mg>*. ITC data were fit to either a one-site binding model (n = number of sites) or a two-site binding model.

Pre-bound nucleotide titrant K, K, AH, AH,
M keal mol™!

ATP 1.60 = 0.50 23.6 = 3.1 —9.0* 06 —42*0.8
ATPvS 0.80 = 0.50 109 £5.8 —11.6 £ 2.7 —86*14
AMP-PNP 369 = 6.2 48.0 = 10.4 —50*16 —22*09
ADP 0.17 = 0.02 3.40 = 1.10 —132 * 0.9 —6.3 *05
ADP + 5 mm Mg** 0.41 = 0.02 6.0=* 1.3 —128 £ 14 —9.7 %22

AMP-PNP APS 53 *0.5n7 =195 % 0.04 —27*0.1

AMP-PNP + 5 mm Mg>* APS 6.0 £ 0.3n =208 = 0.07 —23*01

ADP APS 4.0+ 057 =210=*0.10 —4.1*04

ADP + 5 mm Mg>* APS 1.80 = 0.20 11.1 = 0.9 —-35*04 —2.6*£05

and E. coli suggest alternative models for the order of ligand
addition (Fig. 14) (20, 21). As shown here, ATP, AMP-PNP,
ATPvS, ADP, and APS all bind to AtAPSK with APS binding
displaying the weakest affinity (Fig. 2, Table 2). Analysis of ter-
nary complex formation shows that ordered addition of AMP-
PNP enhances the affinity for APS by 50-fold (Fig. 3, Table 3). In
contrast, addition of AMP-PNP to the AtAPSK-APS complex
does not significantly change affinity. Moreover, the tighter
binding of ADP compared with ATP and its analogs to either
unliganded AtAPSK or the AtAPSK-APS complex confirms
that substrate inhibition results from facile formation of a dead-
end form of the enzyme (22, 24, 30).

Although binding of nucleotides to AtAPSK can occur in
either order, the two possible routes leading to formation of the
AtAPSK-ATP-APS ternary complex are not thermodynamically
equivalent. For example, addition of ATP first followed by APS
showed exothermic binding interactions (K, = 1.50 um; AH =
—3.3 kcal mol 5 AG = +7.73 kcal mol Y, —TAS = 11.0 kcal
mol '), whereas addition of APS followed by AMP-PNP was
endothermic (K, = 3.10 uM; AH = +4.3 kcal mol™'; AG =
+7.31 kcal mol™'; —TAS = 3.0 kcal mol™") (Fig. 3, Table 3).
The enthalpic changes are offset by concomitant entropic
changes that maintain binding affinity. This difference in the
binding energetics of the two reaction sequences likely reflects
structural changes in the active site that correspond to the
order of ligand addition, which are discussed below. Overall,
these results are consistent with a preferred order of ligand
binding in APSK, in which ATP binds first followed by APS, and
the proposed ordered sequential mechanism determined by
steady-state kinetics (20).

The ITC data presented here also supports a previous sug-
gestion of cross-talk between active sites within the APSK
homodimer based on crystallographic studies (25, 39). Single
nucleotide titrations of AtAPSK yielded binding isotherms best
fit by a two-site model in which the K, values for the second site
were 5—30-fold higher than the first site for each nucleotide
(Fig. 2, Table 2). Moreover, pre-ordering of the active site by
formation of a binary complex before nucleotide addition
either reduces or eliminates the effectiveness of potential com-
munication within the dimer (Fig. 3, Table 3). The lack of bind-
ing asymmetry for formation of the ternary complexes suggests
that preincubation with ligands occupies the binding site and
organizes the active sites in the dimer for a more symmetric
interaction with the second nucleotide. Although the molecu-
lar basis of this effect needs to be further examined, the N-ter-
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minal region of APSK has been implicated as a possible control
feature for this behavior. Earlier crystallographic studies of the
APSK domain from human PAPS synthetase revealed asymme-
try in substrate binding between monomers of the protein (30,
39). This led to the suggestion that nucleotide binding in one
active site alters the position of the N-terminal domain adjacent
to the monomer, which entwines the other monomer (Fig. 1B),
to provide a “coupling function” that communicates nucleotide
occupancy between active sites (30). A similar asymmetry was
observed in the disulfide linkages of the N-terminal domain of
the AtAPSK-AMP-PNP-APS complex (25). The dynamic
nature of structural features of APSK is also underscored by the
nucleotide binding analyses presented above and by the effects
of mutations in the P-loop and Asp'>® in the active site.

As in other ATP-dependent enzymes, the P-loop of APSK is
critical for enzymatic function (40, 41). Binding AMP-PNP,
ADP, or SO?™ in the ATP/ADP site results in increased affinity
of AtAPSK for APS (Tables 3 and 4). In multiple crystal struc-
tures, AMP-PNP and ADP interact with residues in the P-loop
(Fig. 5), which provides a driving force for nucleotide recogni-
tion as it forms nine hydrogen bonds with the B-phosphate
compared with two hydrogen bonds made between the rest of
the nucleotide and protein (23-30). Comparable interactions
are observed for SO3~ bound in the AtAPSK-APS-SO3~ com-
plex (Fig. 5). To examine the role of the P-loop in determining
binding order, nucleotide binding to two AtAPSK mutants
(G111A and G113A) was examined (Fig. 4D, Table 4). The
resultant isotherms from titrations with either ATPyS or ADP
could not be fit to obtain binding constants, but APS binding
was comparable that of the wild-type apoenzyme (Table 1).
Based on the energetic analysis of wild-type and mutant AtA-
PSK, interactions made between ATP and the P-loop help order
the active site and position the y-phosphate in proximity to
APS for catalysis.

This work also identifies Asp'®® as a critical determinant for
determining the order of nucleotide binding and for APS sub-
strate inhibition. The position of Asp'® in the AtAPSK active
site anchors an extensive set of interactions that connect the
P-loop and the a3-helix in the APS binding site (Fig. 6). Steady-
state kinetic characterization of the D136N and DI136A
mutants reveals a modest change in catalytic efficiency, but a
loss of substrate inhibition by APS in the D136A mutant (Table
5). Thus, kinetic analysis would suggest a minor role for this
residue; however, examination of nucleotide binding in the
D136A mutant by ITC reveals a critical role for guiding ligand
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FIGURE 8. Model for ligand binding to AtAPSK. The structure of AtAPSK is
shown as a schematic with the core domain of each monomer colored rose
and blue, respectively, and the lid domain colored white. The P-loop is shown
as a red loop with Asp'3® and the a3-helix in green. Ligands are indicated by
colored rectangles in each binding site as follows: ATP (yellow rectangle) and
APS (green rectangle). Thicker arrows indicate the preferred order of ligand
binding.

binding. Mutation of Asp*>® to an alanine drastically reduced

the K, for APS without altering binding at the ATP/ADP site
(Fig. 7, Table 6), even though this residue does not directly
contact APS. In contrast, the D136A mutant showed a slightly
decreased affinity for APS after formation of the AtAPSK-
D136A-AMP-PNP complex. This demonstrates that the D136A
mutation affects ligand addition to effectively allow only an
ordered sequential binding of ATP and then APS, not vice
versa. These results suggest a structural model for distinguish-
ing the order of nucleotide binding to APSK (Fig. 8).

Crystallographic studies of the unliganded and nucleotide
bound forms of APSK indicate that the mobile active site cap-
ping or lid domain binds to the P-loop and provides interac-
tions with APS to lock substrates into the active site (23, 26). It
is unclear what coordinates the movement of this domain with
nucleotide binding, but loop and ligand interactions likely alter
the flexibility of this loop. Based on the ITC analysis presented
here, binding of ATP-Mg>* to AtAPSK first pre-organizes the
active site for subsequent addition of APS (Fig. 8, top). ATP
binding establishes extensive interactions between the 3-phos-
phate and P-loop and places the y-phosphate in proximity to
the acceptor hydroxyl group of APS once bound, and helps
position Asp'®® to bridge Ser''® in the P-loop, the water mole-
cules coordinating the Mg>™" ion, and the a3 helix to bring
Asp'®® and Arg'*! into proximity for APS binding and phos-
phoryl-group transfer. These results imply highly intercon-
nected roles for the P-loop and Asp'® that allow for energeti-
cally efficient formation of the AtAPSK-ATP-APS ternary
complex and ensuing catalysis. In contrast, initial APS binding
is possible (Fig. 8, bottom), but alters movement of the lid
domain and P-loop for subsequent ATP binding, as suggested
by the thermodynamic differences associated with the AMP-
PNP binding to the AtAPSK-APS complex (Fig. 3C, Table 3).
Thus, APS binding first has an overall inhibitory effect on the
reaction sequence and changes the energetics that allow opti-
mal active site conformation. These studies of AtAPSK suggest
an important role for the dynamic motions of active site fea-
tures in response to ligand binding order. As recently shown for
adenylate kinase (42, 43), movement in localized structures can
preferentially create active site configurations that favor effi-
cient catalysis. A similar series of events can now be proposed
for the APSK reaction mechanism.
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