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ABSTRACT: Schizosaccharomyces pombe Aps1 is a nudix hydrolase that catalyzes the hydrolysis of both
diadenosine 50,50 00-P1,Pn-oligophosphates and diphosphoinositol polyphosphates in vitro. Nudix hydrolases
act upon a wide variety of substrates, despite having a common 23 amino acid catalytic motif; hence, the
residues responsible for substrate specificity are considered to reside outside the common catalytic nudix
motif. The specific residues involved in binding each substrate of S. pombe Aps1 are unknown. In this study,
we have conducted mutational and kinetic studies in combination with structural homology modeling and
NMR spectroscopic analyses to identify potential residues involved in binding each class of substrates. This
study demonstrates several major findings with regard to Aps1. First, the determination of the kinetic
parameters ofKm and kcat indicated that the initial 31 residues of Aps1 are not involved in substrate binding or
catalysis with respect to Ap6A. Second, NMR spectroscopic analyses revealed the secondary structure and
three dynamic backbone regions, one of which corresponds to a large insert in Aps1 as compared to other
putative fungal orthologues. Third, two structural models of Aps1Δ2-19, based on the crystal structures of
human DIPP1 and T. thermophilus Ndx1, were generated using homology modeling. The structural models
were in excellent agreement with the NMR-derived secondary structure of Aps1Δ2-19. Fourth, NMR
chemical shift mapping in conjunction with structural homologymodels indicated several residues outside the
catalytic nudix motif that are involved in specific binding of diphosphoinositol polyphosphate or diadenosine
oligophosphate ligands.

Schizosaccharomyces pombe Aps11 is a member of the nudix
motif protein family, which is composed of over 8000 putative
members (1). The nudix nomenclature was proposed on the basis
of the observation that nudix hydrolases generally hydrolyze a

nucleoside diphosphate linked to some moiety X (2). The
numerous such substrates have been recently reviewed (3). Nudix
hydrolases are characterized by the 23 amino acid sequence
motif GX5EX7REUXEEXGU, where X is any amino acid,
and U is a bulky hydrophobic amino acid I, L, or V (2). It has
been proposed that nudix hydrolases degrade potentially deleter-
ious nucleoside derivatives and regulate levels of metabolic
intermediates (2, 4). Recent observations that nudix hydrolases
participate in such diverse processes as decapping ofmRNA (5-7),
activation of a bacterial alcohol dehydrogenase (8), and gating
of a calcium-permeable channel (9) indicate that nudix hydro-
lases have broader functions, as noted by McLennan (3). In
addition, nudix hydrolases are now known to act upon a variety
of non-nucleotide substrates, e.g., diphosphoinositol polypho-
sphates (4, 10, 11), in addition to nucleoside diphosphate
derivatives.

Aps1 is composed of 210 amino acids and behaves as a
monomer in solution (12). It catalyzes the hydrolysis of both
diadenosine 50,50 0 0-P0,Pn-oligophosphates, ApnA (n=4-6), with
Ap6A and Ap5A being preferred over Ap4A in vitro, and dipho-
sphoinositol polyphosphates, diphosphoinositol pentakispho-
sphate (IP7), and bisdiphosphoinositol tetrakisphosphate (IP8)
in vitro (4). It is likely that these two classes of substrates compete
with each other kinetically since there is a common set of catalytic
residues in the Nudix motif (4, 13, 14). Studies by Safrany et al.
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demonstrated that diphosphoinositol polyphosphateswere better
substrates in vitro on the basis of the values of the specificity
constants for Ap6A, Ap5A, and IP7 (4). S. cerevisiae Ddp1 (4),
proteins of the H. sapiens DIPP family (reviewed in ref (3)), and
murineDIPP3 (15) are the only other enzymes shown to have this
particular dual substrate specificity.

Although Aps1 has affinity and activity toward both classes of
substrates in vitro, the in vivo substrate(s) and function(s) for the
enzyme remain to be definitively determined. Ingram et al. (13)
attempted to identify the in vivo substrate by disrupting and
overexpressing the aps1 gene in S. pombe. The intracellular
concentrations of IP7 and an isoform of IP7, [PP]2-InsP3,
significantly increased in the aps1-disrupted strain, but there
was no significant change in IP8 or Ap5A, while Ap6A was
undetectable (13). There were no detectable phenotypic changes
in growth rate, cell morphology, sporulation, or mating. On the
basis of these results, the authors concluded thatAps1 functioned
in vivo to degrade IP7 and the IP7 isoform. However, there was no
significant change in the intracellular concentrations of IP7, the
IP7 isoform, or IP8 in the aps1-overexpression strain, while the
concentration of Ap5A paradoxically increased (13), in spite of a
6-fold increase in Aps1 enzymatic activity (13). Additionally,
overexpression of Aps1 resulted in phenotypic changes, which
occurred predominately in cell morphology. The observed
changes were most consistent with proposed roles of dipho-
sphoinositol polyphosphates in protein trafficking necessary for
cell wall synthesis (13).

Site-directed mutagenesis and enzymatic assays of numerous
nudix hydrolases have shown that the nudix motif is the catalytic
site and that the presence of one or more divalent cations, for
example, Mg2+ or Mn2+, is required for catalysis (16). Specifi-
cally, site-directed mutagenesis of Aps1 (13) and human
DIPP1 (14) demonstrated the necessity of residues in the nudix
motif for hydrolysis of Ap6A and for the latter enzyme that the
same residues affected the hydrolysis of Ap6A, IP7, and IP8.
Nudix hydrolases catalyze the hydrolysis of a wide variety of
substrates, and it has been established that the residues required
for substrate specificity are distinct, relative to those of the
conserved catalytic nudix motif (14, 17). Mutagenesis of residues
in human DIPP1 distal to the nudix motif decreased the rate of
hydrolysis of Ap6A, IP7, and IP8 to different extents indicating
substrate-specific roles for the residues (14). Dunn et al. (17) and
Xu et al. (18) have identified subfamilies of nudix hydrolases
based on distinct conservations in sequences outside the nudix
motif. Determination of the structures of a variety of nudix
hydrolases has revealed differences in substrate binding and
mechanisms of catalysis. Although the enzymes function to
hydrolyze different substrates, all contain the structurally similar
loop-helix-loop nudixmotif and characteristicR/β/R structural
features of the nudix hydrolase superfamily (16).

To better understand the basis of dual substrate recognition by
Aps1 and gain knowledge about the structure of this unique
subfamily of nudix hydrolases, we used NMR spectroscopy to
determine the secondary structure, backbone dynamics, and
ligand binding properties of Aps1Δ2-19. We report that the
hydrolysis of Ap6A is independent of the first 31 residues of Aps1
on the basis of the determination of the values ofKm and kcat for
N-terminal truncated forms of the enzyme. Additionally, we
identified secondary structural elements that are consistent with
those of other nudix hydrolases and a large flexible loop, which
appears to be unique to Aps1. We also measured the binding-
dependent perturbations of backbone amide 1H and 15N reso-

nances of Aps1Δ2-19 and a catalytically deficient Aps1Δ2-19-
E93Q mutant in the presence and absence of Mg2+ to locate
residues involved in binding the two different classes of sub-
strates. The residues involved in binding were mapped on three-
dimensional structural models of Aps1Δ2-19, which were
generated using homology modeling (19).

MATERIALS AND METHODS

Materials. Ap6A and [3H]Ap6A were synthesized from either
ATP or [2,8-3H]ATP (Amersham/Pharmacia), respectively, (20),
purified by anion-exchange chromatography, and analyzed for
purity by HPLC (21). The following materials were purchased
from the indicated company: E. coli strain BL21 (DE3) (Nova-
gen); carboxymethyl-Sepharose and sulfopropyl-Sepharose re-
sins (Sigma); IP6 (phytic acid) and hydroxylapatite resin
(Calbiochem); and nickel-Sepharose HisTrap HP 5 mL column
(Pharmacia/GE). The compositions of the buffers were as
follows: sonication buffer, 50 mM sodium phosphate, pH 6.8,
10%glycerol, 1mMPMSF, and 0.5 μg/mL each of leupeptin and
pepstatin; buffer A, 50 mM sodium phosphate, pH 6.8, and 10%
glycerol; buffer B, 50 mM sodium phosphate, pH 8.0, and 10%
glycerol; buffer C, 50 mM Hepes, pH 6.5, 10% glycerol, 1 mM
PMSF, 1 mM EDTA, 0.2 mM IP6, and 0.5 mMDTT; buffer D,
10 mM sodium phosphate, pH 6.8, 10% glycerol, 0.2 mM IP6,
and 0.5mMDTT; buffer E, 50mMHepes, pH 6.8, 10%glycerol,
and 0.5 mMDTT; and buffer F, 100 mM sodium phosphate, pH
8.0, and 10% glycerol.
Cloning of His10-Tagged aps1, aps1Δ2-19, and

aps1Δ2-31. PCR primers for aps1FL, 50-ggagatatacatatgctt-
gaaaataacgg-30 and 50-cattatgcatcggatccttagttttc-30; aps1Δ2-19,
50-gtctacggcatatggtgaaccgctcaatgacttctcgtg-30 and 50-atccggatcct-
tagttttcctcttta-30; and aps1Δ2-31, 50-gtgaaggtcatatgaaaaatc-
gattc-30 and 50-atccggatccttagttttcctcttta-30 (Nde I and BamH I
sites are italicized and underlined, respectively) were used to
amplify the open reading frame of the aps1 gene from the
pSGAPS1 plasmid generated by Ingram et al. (12) from the
plasmid pSGA02 (22). The PCRproduct was digested withNde I
and BamH I, gel purified, and subcloned into a His10-tag
modified pET15b vector denoted as pET15b10H. The vector
was also digested and gel purified. The resulting amino-terminal
His10-tagged plasmids were denoted pET15b10Haps1FL,
pET15b10Haps1Δ2-19, and pET15b10Haps1Δ2-31. FL de-
notes full-length Aps1, Δ2-19 denotes Aps1 with residues 2-
19 deleted, andΔ2-31 denotes Aps1 with residues 2-31 deleted.
The target gene from each construct was sequenced at the
UTHSCSA DNA core facility.
Site-Directed Mutagenesis of Aps1Δ2-19. An E93Q

mutant of Aps1Δ2-19 was prepared using the QuickChange II
Site-Directed Mutagenesis Kit (Stratagene), according to the
manufacturer’s protocol. Two complementary mutagenic pri-
mers (50-cgtgaaggttgggaaCaGggcggactagtgggtc-30, for the sense
strand), with a two-base mismatch (capitalized) for Glu93, were
used to create the E93Q mutation from a modified pET15b
plasmid containing 10 histidine residues and the aps1Δ2-19 gene
insert. The resulting plasmid, denoted pet15b10Haps1Δ2-19-
E93Q, was sequenced at the UTHSCSA DNA core.
Expression and Purification. E. coli BL21 (DE3) cells were

transformed, according to the manufacturer’s protocol, with the
pET15b expression construct, and a single colony was used to
inoculate the LB medium containing 100 μg/mL ampicillin. The
culture was grown at 37 �C to an OD600 nm of 0.6. Subsequently,
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the cells were shifted to a room temperature shaker, induced with
1 mM IPTG, and grown overnight (16 h). The cells were pelleted
at 4 �C by centrifuging at 8950g for 15 min and frozen on dry ice.
Frozen cell pellets were thawed and resuspended using a volume
of sonication buffer that was three times the wet weight of the
cells. The cells were sonicated on ice, and the resulting cell extract
was centrifuged for 30min at 43000g. With the exception of wild-
type Aps1, which was dialyzed in buffer C, crude supernatant
fractions were dialyzed in buffer A with the addition of 1 mM
PMSF.

All chromatographic columns were equilibrated with appro-
priate buffer and constructed such that the protein did not exceed
4.5 mg/cm3 resin, and the flow rates did not exceed 1 mL/min.
Appropriate fractions were pooled on the basis of the 280 nm
absorbance elution profile and/or Ap6A hydrolase activity. The
dialyzed crude supernatant of wild-type Aps1 was applied to a
column of carboxymethyl-Sepharose resin equilibrated in buffer
C and eluted with a linear gradient of 50-200 mMNaCl. Pooled
fractions were concentrated under N2 pressure in anAmicon unit
at 4 �C with a PM-10 ultrafiltration membrane (Millipore) and
dialyzed in buffer D. The concentrated and dialyzed sample was
then applied to a column of hydroxylapatite resin equilibrated in
buffer D and eluted with a linear gradient of 100-250 mM
sodium phosphate in buffer D. Appropriate fractions were
pooled, concentrated, and dialyzed in buffer E as described
above. The resulting sample was applied to a column of
sulfopropyl-Sepharose resin equilibrated in buffer E and eluted
with a linear gradient of 250-500 mM NaCl. Appropriate
fractions were pooled, dialyzed in buffer F, and concentrated.
Stock solutions of 1 mg/mL protein with a final buffer concen-
tration of 50 mM sodium phosphate, pH 8.0, and 50% glycerol
were aliquoted and stored at -20 �C.

The crude supernatant fractions of His10-tagged full-length
and truncated forms of Aps1 were dialyzed in buffer A and
applied to a column of carboxymethyl-Sepharose resin equili-
brated in buffer A. Bound protein was eluted with a linear
gradient thatwas generally between 250 and 600mMNaCl.After
elution, the appropriate fractions were pooled, concentrated if
necessary, and dialyzed in buffer B. To prepare the dialyzed
samples for nickel-Sepharose affinity chromatography, sodium
chloride and imidazole were added to final concentrations of 100
mM and 10 mM, respectively, and the samples were filtered
through a 0.2 μm syringe filter. Each carboxymethyl-Sepharose
purified protein sample was subsequently purified on a nickel-
Sepharose 5 mL HisTrap column that was equilibrated in buffer
B with the addition of 0.1 M NaCl and 10 mM imidazole.
Generally, a linear gradient from 150 mM to 500 mM imidazole
in buffer B was used to elute the proteins at a flow rate of 0.6mL/
min. Appropriate fractions were pooled and concentrated. The
nickel-Sepharose column was stripped with 50 mM EDTA,
washed, and regenerated with 100 mM NiSO4 between each
purification.

Pooled column protein fractions and purified protein were
subjected to electrophoresis on polyacrylamide gels under dena-
tured protein conditions using the discontinuous buffer system
described by Laemmli (23) and modified by Studier (24).
Enzymatic Assays. The activity of full length and mutated

forms of Aps1 were assayed with Ap6A as substrate. During
purification, a coupled enzyme assay was used to determine
activity of the elution fractions as described by Ingram et al. (12).
The assay is based on the hydrolysis of Ap6A to major products
ADP and p4A,whereADP is a substrate for pyruvate kinase, and

the oxidation ofNADHby lactate dehydrogenase ismeasured by
the change in absorbance at 340 nm. The minor product, ATP,
generated by the symmetrical cleavage of Ap6A by Aps1 (12) is
not measured in the assay.

To determine the kinetic parameters for the different forms of
Aps1, [3H]Ap6A was incubated in the presence of 50 mMHepes,
pH 8.0, 1 mM MnCl2, and 50 μg/mL BSA, at 37 �C and in the
presence and absence of enzyme. Each assay was stopped with a
solution containing EDTA, and the residual substrate was
removed from the reaction products (12) by chromatography
on boronate resin (25). The collected reaction products were
placed in a scintillation counter for data collection. In prelimin-
ary experiments, the enzymatic activity was determined to be a
linear function of time and mass of protein under the assay
conditions described above. Substrate saturation assays were
conducted such that the substrate concentrations ranged from
about 10-fold below and above the value of theKm of the enzyme.
The assays for wild-type Aps1, His10-tagged Aps1FL, Aps1Δ2-
19, and Aps1Δ2-31 were conducted between 0.3 μMand 50 μM
[3H]Ap6A. Values for the kinetic parameters were calculated by
an arbitrary weighted, chi-squareminimization fitting of the data
to the Michaelis-Menten equation using Origin software (26).
The data were also fitted to the Eadie-Hoffstee plot using Excel
software to detect any deviation from the Michaelis-Menten
equation. The data were corrected when hydrolysis of the
substrate exceeded 10% using equations described by Lee and
Wilson (27). A two-tailed t-test assuming unequal variances was
used to determine if there was a statistically significant difference
among the kinetic parameters. A P-value of <0.05 was con-
sidered statistically significant.
Preparation of Isotopically Labeled His10-Tagged

Aps1Δ2-19 and Aps1Δ2-19-E93Q Samples. Uniformly
labeled 15N, 13C-15N, or 2H-13C-15N samples of His10-tagged
Aps1Δ2-19 andAps1Δ2-19-E93Q forNMRspectroscopywere
prepared by first growing a single colony of transformedE. coli in
LB or inM9 minimal media that contained 15NH4Cl (1 g/L) and
100 μg/mL ampicillin. The culture was grown at 37 �C to an
OD600 nm of 0.6. The cells were pelleted by centrifuging at 8950g
for 15 min, and media was discarded. The pelleted cells obtained
from the culture grown in LB were washed with 0.5 � M9 salts
solution, pelleted, and resuspended in M9 minimal media (28)
that contained either 15NH4Cl (1 g/L) or 15NH4Cl and [13C]-D-
glucose (3 g/L), or 15NH4Cl and [

13C]-D-glucose in the presence of
99.9%D2O. The cells were shifted to a room temperature shaker
and allowed to equilibrate in theM9minimal media for 1 h or for
1.5 h with minimal media containing D2O. After the cells were
equilibrated, 2.5 mL of 20% glucose or 13C-D-glucose, as appro-
priate, was added, and the cells were induced with 1 mM IPTG
and grown overnight (16 h) at room temperature. The cells were
pelleted at 4 �C by centrifuging at 8950g for 15min and frozen on
dry ice. Selectively labeled samples were prepared using media
containing unlabeled NH4Cl and unlabeled amino acids, except
for 15N-labeled lysine or 15N-labeled leucine (CIL, Woburn,
MA), at concentrations described by Davis et al. (29). Protein
samples were purified as described above, but were concentrated
with a 10,000 molecular weight cutoff centrifugal filter (Milli-
pore, Billerica, MA) and dialyzed in 25 mM sodium phosphate,
pH 6.4, and 0.02% azide by removing glycerol in a stepwise
fashion. The resulting protein concentrations ranged from
0.4 mM to 1.4 mM in different preparations.
NMRSpectroscopy.All NMR experiments were performed

at 27 �C on Bruker 600 or 700MHz spectrometers equipped with
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either cryogenically cooled (600MHz, 700MHz) or conventional
(700 MHz) 5 mm 1H probes equipped with a 13C and 15N
decoupler and pulsed field gradient coils. 1H-15N HSQC spectra
were recorded using a conventional 1H-15N HSQC pulse se-
quencewithwater flipback pulses (30). All spectrawere processed
using NMRPIPE (31) and analyzed using the program
NMRView (32) or NMRDraw (31).
Resonance Assignments. Backbone resonance assignments

of His10-tagged Aps1Δ2-19 were obtained by collecting and
analyzing data from a standard 3D C(CO)NH experiment as
applied to a protonated 13C-15N sample and TROSY-based
HNCA, HNCACB, HN(CO)CACB, HNCO, and HN(CA)CO
experiments as applied to a deuterated 13C-15N sample (33, 34).
Additionally, 1H-15N HSQC spectra of specifically 15N-labeled
lysine and 15N-labeled leucine preparations of His10-tagged
Aps1Δ2-19 were collected and analyzed. Resonances are labeled
according to the primary sequence of wild-type Aps1, and labels
-23 to 0 represent the His10-tag and linker sequence.
Secondary Structure of Aps1Δ2-19.NMR chemical shift

values were used to determine the secondary structure of
Aps1Δ2-19 by utilizing PECAN (protein energetic conforma-
tional analysis from NMR chemical shifts) software, which is
accessible via an interactive server (35). Both primary sequence
and assigned chemical shifts, specifically CR, Cβ, HN, N, and CO,
ofAps1Δ2-19were provided to PECAN,which chooses the best
three chemical shift values based on a given residue, to determine
a probability for the secondary structure (35).
Backbone 15N Relaxation Parameters. Backbone amide

15N T1,
15N T2, and

15N-{1H} NOE relaxation data sets of 15N-
labeledHis10-taggedAps1Δ2-19 were recorded in an interleaved
manner at 27 �C at a magnetic field strength of 14.1 T
(corresponding to 15N frequency of 60.81 MHz) using 1H-
detected pulse schemes as described (36). The T1 and T2 data
sets were colleted using 10 delay times, which varied between 16
and 3200 ms and 8-240 ms, respectively. The T1 and T2

relaxation times were obtained by fitting relative peak heights
as a function of T1 or T2 delay time to a two-parameter
exponential I(t)=Io exp(-R1,2 t), where R1 and R2 are equal to
1/T1 and 1/T2, respectively (37). The errors in individual T1 and
T2 measurements were estimated by Monte Carlo simula-
tions (38). NOE values were obtained by taking the ratio of peak
intensities from experiments performed with and without 1H
presaturation and by applying a correction to take into account
the incomplete recovery of both 15N and 1H magnetization (39).

The relaxation data mean values and standard deviations were
calculated to identify dynamic regions of the protein. R2/R1

values more than a standard deviation below the mean, which
indicate dynamic regions of the protein, were not included in the
calculation to determine the baseline mean (40).
Structural Modeling. NMR spectroscopy of Aps1Δ2-19

resulted in weak spectral data for some residues, which was likely
due to exchange broadening and, hence, was insufficient for
complete structure determination. Use of higher concentrations
of protein was not possible because of protein precipitation.
Therefore, we used structural homologymodeling to corroborate
and complement our NMR spectroscopic data to predict the
three-dimensional structure of Aps1. In particular, homology
modeling facilitated the identification of the position of residues
potentially involved in binding ligands. Homology modeling
based on known protein structures is widely used in conjunction
with new structural data on proteins to predict the structure of
the latter (41-43).

The primary sequence of Aps1 was obtained from the data-
bank at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). Residues 2-19 were removed
from the primary sequence of Aps1 in silico. The resulting
sequence, designated Aps1Δ2-19, was submitted to the HHpred
interactive server (19), which is one of the highest scoring servers
among those tested for the CASP7 (critical assessment of
techniques for protein structure prediction) experiments (44).
Subsequently, the server generated a list of templates and query-
template alignments by HMM (hidden Markov matrix) profil-
ing (45). We chose the human homologue DIPP1 (PDB ID:
2FVV) as the structural template because it scored the highest in
the query-template alignment and because of its overlapping dual
substrate specificity with Aps1 (4). In addition, we chose Ndx1
(PDB ID: 1VC8), an Ap6A hydrolase from T. thermophilus, as a
structural template since the structure of the enzyme-Ap5
complex had been determined. The percent identity and percent
conservative substitution for each template sequence alignment
to Aps1Δ2-19 were 28% and 57% for DIPP1, respectively, and
33% and 48% for Ndx1, respectively. The percents were calcu-
lated by dividing the number of identical pairs or the number of
conservative substitutions (including identical pairs) by aligned
positions (excluding gaps), which is most consistent with results
obtained from the HHpred server (19). The resulting query-
template alignments were individually provided to the MODEL-
LER component of the HHpred server, and structural models of
Aps1Δ2-19 were created on the basis of the satisfaction of
spatial restraints derived from either template. The quality of
each model was assessed by internal checks that include the
stereochemistry of eachmodel (e.g., bond angles, dihedral angles,
and nonbonded atom-atom distances) (46). If inconsistencies
were detected, MODELLER optimized the model until the
spatial restraints were best satisfied (46). The program Con-
tact (47) was used to determine the residues of DIPP1 and Ndx1
that are involved in binding IP6 orAp5, respectively.We assumed
a maximum distance of 5 Å in identifying potential residues
involved in binding.
Titrations of Aps1Δ2-19 and Aps1Δ2-19-E93Q. Both

Aps1Δ2-19 and Aps1Δ2-19-E93Q proteins were titrated with
increasing concentrations of MgCl2, Ap6A, or IP6, which were
buffered in 25 mM sodium phosphate, pH 6.4, and 5% D2O.
Titrations of Aps1Δ2-19 with Ap6A were carried out in the
presence of 1 mM EDTA, and all other titrations, with the
exception of MgCl2, were carried out in the presence of 15 mM
MgCl2. Increasing concentrations of ligand ranging from 0 to 60
mMMgCl2 over 17 steps, 0-1.17 mMAp6A over 12 steps, or 0-
3mMIP6 over 12 steps were added to 350 μL of 0.27mMprotein
solution, and a 1H-15N HSQC spectrum of the protein at each
ligand concentration was recorded.

The perturbations of backbone amide hydrogen and amide
nitrogen chemical shifts for assigned residues, which displayed
observable, nonoverlapped resonances (146 of 160 assigned
residues), were monitored as a function of increasing ligand
concentration, and the weighted average chemical shift change
was calculated using the following equation.

Δav ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔHN2 þ ðΔN2=25ÞÞ=2

q
ð1Þ

Using this equation, the maximum weighted average chemical
shift change, Δmax (ppm), was calculated on the basis of initial
and final concentration points and plotted as a function of
residue number. Chemical shift perturbations were considered
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significant if they exceeded 0.07 ppm, which is based on the
equation described by Hajduk et al. (48) and modified such that
the weighted average chemical shift perturbation is consid-
ered (49). Dissociation constants for each residue exhibiting a
significant chemical shift perturbation were determined by non-
linear least-squares fitting of the Δav values to the equation
described by Kingston et al.

Δobs ¼ δb -δf
2PT

½ðPT þ LT

þ KdÞ-
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPT þ LT þ KdÞ2 -4PTLT

q
� ð2Þ

where Δobs is the average observed chemical shift change, PT and
LT are the total concentrations of protein and ligand, respec-
tively, (δb - δf) is the total chemical shift difference between the
bound and the free state, and Kd is the equilibrium dissociation
constant (50). Origin software was used for nonlinear least-
squares fitting, and ( indicates parameter errors that are equal
to the square root of the covariance matrix diagonal values (26).
The effect of dilution was taken into account in the calculations.

RESULTS

Multiple Sequence Alignment of S. pombe Aps1 and
Orthologues. A multiple sequence alignment of S. pombe
Aps1 with S. cerevisiae Ddp1 and other putative fungal ortho-
logues was generated to explore areas of potential interest, i.e.,
conservations, insertions, or deletions (Figure 1A). On the basis
of the alignment, we constructed two N-terminal truncations.
The first removed residues 2-19, which lack conservation among
the orthologues and, in addition, removed an Asn-Gly dipeptide
(residues five and six) that has a propensity to undergo deamida-
tion, which results in isomeric protein forms (51). The second
removed residues 2-31, which include three conserved basic
residues, namely, arginine, that could potentially interact with the
negatively charged phosphates of the substrates. The sequence
alignment also revealed an apparent insertion in S. pombe Aps1
relative to Ddp1 and other putative fungal orthologues.
Purification of Wild-Type Aps1, His10-Tagged Aps1,

and Truncated Forms of Aps1. We purified wild-type Aps1
using sequential column chromatography with carboxymethyl-
Sepharose, hydroxylapatite and sulfopropyl-Sepharose resins.
TheHis10-tagged forms of Aps1, full-length,Δ2-19, andΔ2-31,
were purified by sequential column chromatography on carbox-
ymethyl-Sepharose and nickel-Sepharose resins. The proteins
behaved similar to one another during the purification process
with the exception of the 2-31 truncated form of Aps1, which
was less stable than the other forms of Aps1. For example, it
precipitated quite readily during concentration processes and
apparently lost enzymatic activity during storage at -80 �C.
Therefore, we stored all protein preparations used for kinetic
analysis in a buffered solution of 50 mM sodium phosphate, pH
8.0, and 50% glycerol at -20 �C to maintain stability. The
protein concentration was sufficiently high so that the glycerol
was diluted out for enzymatic assays.

Protein fractions were subjected to electrophoresis on 15%
polyacrylamide-SDS gels and stained with Coomassie blue to
monitor the purification process. The His10-tagged proteins have
an additional 24 amino acid residues, due to the N-terminal 10-
histidine residue tag and the linker, in comparison to wild-type
Aps1. These additional 24 residues, as well as the effect of the
deleted residues in the truncated forms of Aps1, were reflected in

the relative mobilities of the purified proteins on a SDS gel. The
four different purified forms ofAps1were estimated to be greater
than 95% homogeneous on the basis of the patterns on the SDS
gels (data not shown).
Kinetics. To ascertain if removal of residues 2-19 and

residues 20-31 from Aps1 affected the hydrolysis of Ap6A, the
Michaelis constant (Km), the catalytic constant (kcat), and the
specificity constant (kcat/Km) were determined for wild-type,
His10-tagged full-length, and the truncated forms of Aps1
(Table 1). Although it was unlikely that the His10-tag would
affect the kinetic properties ofAps1, we performed control assays
and compared wild-type and His10-tagged, full-length Aps1 to
determine if the tag significantly changed any of the kinetic
parameters. There were no significant differences in values of the
kinetic parameters for wild-type and the His10-tagged, full-length
forms of Aps1 (Table 1). Analyses of our results indicate that
there were no statistical differences in the values of the kinetic
parameters for Aps1Δ2-19 and Aps1Δ2-31 versus full-length
Aps1. We conclude that residues 2-31 of Aps1 do not signifi-
cantly affect the binding or hydrolysis of Ap6A.

The kinetic parameters we determined using the tritiatedAp6A
assay for wild-type Aps1 differ from the kinetic parameters
previously reported for Aps1 (12). The previous assay method
was based onHPLCanalysis of the reaction products. Relatively,
the values of Km, kcat, and, kcat/Km for Ap6A hydrolysis were
respectively 7-, 3-, and 2-fold higher than the corresponding
values in the present study (12). The difference in parameters is
likely due to the difference in methods since the tritiated assay is
more sensitive than the HPLC assay. It may also reflect a
difference in terms of sample preparation since the chromato-
graphic procedures have been modified since Aps1 was first
characterized (12).
NMR Assignments. We chose to determine the sequential

backbone resonance assignments for His10-tagged Aps1Δ2-19.
This truncated form ofAps1 lacks residues 2-19 and anAsn-Gly
dipeptide, residues 5 and 6, sequence that has a propensity to
undergo deamidation (51). In addition, Aps1Δ2-19 appeared to
have greater stability than Aps1Δ2-31 as indicated above. The
Aps1Δ2-19 sample was initially analyzed by recording a 1H-15N
heteronuclear single quantum coherence (HSQC) spectrum. The
HSQC revealed a combination of well-dispersed peaks, indicat-
ing a structurally ordered protein, as well as a number of
overlapping peaks in the random coil region, which is not
uncommon for a protein of this size (24,444 kDa, including the
His10-tag and linker) (Figure 2A). The sequential backbone
resonance assignments were determined using a suite of
TROSY-based three-dimensional triple resonance experiments
(see Materials and Methods) applied to samples of 13C-15N-
Aps1Δ2-19 deuterated to a level of about 70%. To aid in the
assignments and to identify residues initially difficult to identify
due to spectral overlap, selectively labeled 15N-lysine and 15N-
leucine samples were prepared, and subsequent HSQC spectra
were collected (Figure 2B,C). The selectively labeled samples also
confirmed the assignment of leucine and lysine residues pre-
viously assigned with the uniformly 15N-labeled protein sample.
A total of 183 residues are theoretically assignable. This number
excludes prolines and the non-native N-terminal His10-tag +
linker. One hundred sixty residues, (87%), including partial
assignments, have been assigned (Figure 2A). Unassigned resi-
dues were largely due to severe overlap or weak spectral data,
likely caused by either rapid amide exchange or exchange broad-
ening. One non-lysine residue, which is likely ametabolic product
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of lysine, was observed in the HSQC spectrum of the selectively
labeled lysine sample. A similar observation has previously been
reported in an unrelated study (52).

Secondary Structure of Aps1Δ2-19. The secondary struc-
ture of Aps1Δ2-19 was determined, on the basis of the analysis
of chemical shift data usingPECAN software (35) (Figure 3). The
secondary structure was composed of a total of seven β-strands
and five helices. The data indicated that the N-terminal region of
Aps1 was dominated by β-strands βA, βB, and βC, which
correspond to residues 42-50, 55-61, and 68-74, respectively.
These β-strands precede the nudix catalytic helix R1 and β-
strands βD and βE, which correspond to residues 82-94, 95-99,
and 103-106, respectively. A small helix (R10) encompassing
residues 121-126 correlates to a segment of an apparent insertion
in S. pombe Aps1 relative to other putative fungal orthologues
(Figure 1A). The C-terminal region of Aps1 was composed of
two β-strands regions βF and βG (residues 155-163 and 176-
182, respectively) and an intervening helixR2 (residues 170-174),
which precede the terminal helix segments R3 and R4 (residues
183-192 and 194-202, respectively). These secondary structure
features of Aps1 agree with known general architectures of nudix

FIGURE 1: (A) Multiple sequence alignment of S. pombe Aps1, S. cerevisiae Ddp1 and putative fungal orthologues generated using Clustal X
1.8 (66). Sequence alignment of Aps1Δ2-19 with (B) DIPP1 and (C) Ndx1, based on Hidden Markov Matrix profiling (45), generated by the
HHpred structural homology server (19). The numbering scheme is based onwild-type sequences of each protein. The region of the nudixmotif is
highlighted in gray. Notations: (+) conserved basic residues in the N-terminal region (residues 1-31) of Aps1; (*) indicates positions that have a
single, fully conserved residue; (:) indicates conserved substitutions; (.) indicates semiconserved substitutions.

Table 1: Kinetic Parameters for the Hydrolysis of Ap6A by Aps1 and the

Truncated Forms of Aps1a

sample Km (μM) kcat (s
-1) kcat/Km (M-1s-1) � 105

WT Aps1 2.84( 0.45 0.67( 0.15 2.37 ( 0.51

10HAps1FL 3.29 ( 0.88 0.69( 0.14 2.12( 0.24

10HAps1Δ2-19 2.22( 0.93 0.89( 0.13 4.67 ( 2.06

10HAps1Δ2-31 2.19( 0.84 0.46( 0.20 2.23( 0.78

aThe hydrolysis of [3H]Ap6A by Aps1 and the truncated forms of Aps1
was assayed as described in Materials and Methods. Sample abbreviations
are WT = wild-type Aps1; 10H = His10-tag + linker; FL = full length
Aps1; Δ2-19 = Aps1 with residues 2-19 deleted; Δ2-31 = Aps1 with
residues 2-31 deleted. Values are the means( the standard deviation (n=
4 assays) for each sample. The values exhibit no significant statistical
differences.
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hydrolases. For instance, the nudix motif box (residues 74-96)
exhibits secondary structure elements that define a loop-helix-
loop, which is a common structural characteristic for the nudix

hydrolase family (16). In addition, the general secondary struc-
ture features of Aps1 display a R/β/R motif, which is also a
defining characteristic of the nudix hydrolase family (16).

FIGURE 2: (A) Two-dimensional 1H-15N HSQC spectrum of 0.35 mM 2H-13C-15N -labeled Aps1Δ2-19. (B) 2D-HSQC of 1.4 mM 15N-lysine-
Aps1Δ2-19 displaying 19 of 19 lysine residues and an apparent non-lysine residue at 1H, 8.2 ppm, and 15N, 122 ppm, which is likely a metabolic
product of lysine. (C) 2D-HSQC of 1 mM 15N-leucine-Aps1Δ2-19 displaying 18 of the 18 leucine residues. All samples were buffered in 25 mM
sodium phosphate, pH 6.4, and 0.02% azide, and data were collected at 27 �C with a Bruker 600 or 700 MHz spectrometer. Peaks are labeled
according to resonance assignments and are numbered according to wild-type Aps1. Residues -23 to 0 represent the His10-tag and linker
sequence.
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Backbone Dynamics of Aps1Δ2-19. The relaxation para-
meters 15N R1 (1/T1),

15N R2 (1/T2), and
15N-{1H} NOE were

determined for Aps1Δ2-19 (Figure 4). The data indicated that
Aps1Δ2-19 contains three dynamic regions. These regions were
identified by values that deviate from the mean and standard
deviation values of 0.77( 0.11, 0.78( 0.09 s-1, and 32.7( 4.7 s-1

for NOE, R1, and R2, respectively. The mean values reflect an
average that does not include the dynamic residues, as described
inMaterials andMethods. The first region, which is upstream of
the nudixmotif, encompasses residues 62-68. In this region, only
residues, 64, 65, and 68, were associated with specific relaxation
data. Data for neighboring residues were unavailable due pri-
marily to complications in residue assignment (described above)
or spectral overlap, which prevented reliable volume measure-
ments of the assigned resonances. The second dynamic region
encompassed residues 121-155, which correspond to the Aps1
sequence insertion relative to characterized homologues,
S. cerevisiaeDdpI andH. sapiensDIPP1 (Figure 1B) (4), respec-
tively, and other putative fungal orthologues (Figure 1A). The
third region corresponds to C-terminus residues 208-210.
Together, the larger R1, smaller R2, and smaller NOE values,
relative to calculated averages, for regions encompassing residues
62-68, 121-155, and 208-210 indicated increased flexibility on
the picosecond to nanosecond time scale (53).
Homology Modeling of Aps1Δ2-19. The HHpred auto-

mated homology modeling server (19) was used to generate two
structural models of Aps1Δ2-19 to gain additional insight in the
structural architecture of Aps1Δ2-19 and to identify potential
residues involved in binding each class of substrate. One model

was generated based on the structure of the human homologue
DIPP1 (PDB ID: 2FVV), which was shown to exhibit dual
substrate specificity analogous toAps1 (Figure 5A) (4). The other
model, was generated on the basis of the structure of Ndx1 (PDB
ID: 1VC8), a bacterial nudix hydrolase from T. thermophilus,
which has been shown to hydrolyze Ap6A (Figure 5B) (54). The
models complement one another since each template structure
was determined in the presence of a ligand reflecting the substrate
specificity of Aps1, DIPP1 with IP6, and Ndx1 with Ap5. DIPP1
and Ndx1 have a sequence identity of 28% and 33% with
Aps1Δ2-19, respectively, and conservative substitutions of
57% and 48% with Aps1Δ2-19, respectively (Figure 1B,C).
On the basis of this sequence identity, each model is expected to
be relatively accurate (46). In terms of model reliability, the
stereochemistry of the final models were assessed with the
program PROCHECK (55) and were determined to have greater
than 98% of residues lie in the most favored or additionally
allowed regions of the Ramachandran plot (data not shown).

The overall structural models of Aps1Δ2-19 generated with
the MODELLER component of HHpred are in excellent agree-
ment with the secondary structure determined by PECAN
(Figure 5). It is evident from the models that specific features
of nudix hydrolases, i.e., the catalytic helix, R/β/R sandwich
motif, and two C-terminal helices, are present. However, one
striking feature in the structural models of Aps1Δ2-19 is the
large loops (loops L6 in Figure 5A,B). These loops stem from
residues that do not align with the DIPP1 or the Ndx1 sequence
and, therefore, could not be modeled on the basis of sequence
homology. Data from the relaxation experiments (Figure 4)
indicated that a majority of these residues exhibit dynamic
behavior in solution. However, within this region there is a
short R-helix as indicated by secondary structure determination
(Figure 3).

Residues involved in binding IP6 and Ap5, within 5 Å, were
identified in DIPP1 and Ndx1, respectively, by utilizing the
program Contact (47), which computes distances of atom-atom
contacts in protein structures. On the basis of these results, the
potential residues of Aps1Δ2-19, which were most likely in-
volved in binding IP6 or Ap5, were identified by the following
criteria: the HMMsequence alignment between Aps1Δ2-19 and
DIPP1 or Ndx1 (Figure 1B,C) and the proximity of the residues
to the respective ligands in the structural models of Aps1Δ2-19.
The results are shown in Table 2. Six residues, K64, G74, G75,
E93, D109, and K194, appear to be common in potentially
binding both classes of substrates.

1H-15NHSQCofAps1Δ2-19 and the E93QMutant.To
ascertain if the E93Qmutation affected any of the assigned amide
nitrogen and amide proton resonances of Aps1Δ2-19 (Figure 2),
a 1H-15N HSQC spectrum of Aps1Δ2-19-E93Q was overlaid
with a 1H-15NHSQC spectrum of Aps1Δ2-19 (data not shown).
The spectra indicated that residuesG46,V48, S61, V71, E80, L87,
E89, G90,W91, K129, and I162, most of which are located in the
nudix motif and near the site of catalysis (14, 16, 56, 57), were
significantly affected by the E93Qmutation (Figure 6A). Ninety-
three percent of the assigned backbone resonances of Aps1Δ2-
19 remained unshifted in the Aps1Δ2-19-E93Q mutant (0.07
ppm threshold, see Materials and Methods).
Titration of Aps1Δ2-19 with MgCl2. To investigate the

residues potentially involved in binding Mg2+, the perturbations
of amide nitrogen and amide hydrogen chemical shifts for
assigned residues of Aps1Δ2-19 were monitored as a function
of increasing concentrations of MgCl2. To identify residues

FIGURE 3: Secondary structure of Aps1Δ2-19 based on the analysis
of chemical shift data with the PECAN program (35). The abscissa
axis represents the residue number according to wild-type Aps1. The
ordinate axis represents the probability for a given residue to
participate in a helix (positive value) or in a β-strand (negative value).
Values near zero represent residues designated as random coil. The
sequence of Aps1 is labeled with the determined secondary structure
for Aps1Δ2-19, which is consistent with the structural models of
Aps1Δ2-19 (see Figure 5). R10 is an R-helix that was identified by
chemical shift analyses but was not present in the Aps1Δ2-19
structural model.
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exhibiting significant chemical shift perturbations, calculated
values of maximum weighted average chemical shift change,
Δmax, were plotted as a function of residue number (Figure 6B).
Subsequently, a dissociation constant, Kd

Mg2+, was determined
for each residue exhibiting a significant chemical shift perturba-
tion (seeMaterial andMethods) by plotting the weighted average
chemical shift change, Δav, as a function of ligand concentration.
Themajority of residues affected by theMgCl2 titration exhibited
nonspecific binding, as indicated by plots with a linear relation-
ship, or were determined to have an apparent value of Kd

Mg2+

that was greater than the final concentration of MgCl2, thus
resulting in an unreliable measure of Kd

Mg2+. Conversely,
residues E93 and G74 of Aps1Δ2-19 exhibited specific binding
ofMg2+ with dissociation constantKd

Mg2+values of 5.1(0.54 mM
and 26(3.6 mM, respectively. E93 of Aps1Δ2-19 is equivalent
in sequence to residues E70 and E57 of human DIPP1 and
E. coli MutT, respectively. These glutamate residues have been
shown to be essential for substrate catalysis and likely function as
metal ligands (10, 57). In addition, G74 of Aps1Δ2-19 is
equivalent to residue G38 in E. coli MutT, which was identified
as a potential metal ligand on the basis of Mn2+ binding
studies (57).

The E93Q mutant has 3� 10-4 times the hydrolase activity
toward Ap6A as compared to Aps1 (13). Although the activity of
Aps1-E93Q has not been tested with respect to the diphosphoi-
nositol polyphosphates, an equivalent E70Q mutant of the
human homologue DIPP1 exhibited negligible activity toward
diphosphoinositol polyphosphates (4), which suggests that Aps1-
E93Q also has negligible activity toward diphosphoinositol
polyphosphates. The E93Q mutation clearly effected Mg2+

binding (Figure 6C). This was evidenced by the lack of chemical
shift perturbations exhibiting specific binding.
Titration of Aps1Δ2-19 with IP6 and Ap6A. Residues of

Aps1Δ2-19 involved in binding IP6 andAp6Awere identified by
titrating the enzyme with increasing amounts of ligand in the
presence or absence of 15 mM MgCl2 and monitoring the
perturbation of the protein backbone amide nitrogen and amide
hydrogen chemical shifts for assigned residues. The dissociation
constant (Kd) was determined for each residue that exceeded the
weighted average chemical shift perturbation threshold
(Figure 6D,F) and that exhibited specific binding (Figure 7A
and Table 3). The residues exhibiting specific binding were
mapped on the surface of the Aps1Δ2-19 model generated with
either a structural template of human DIPP1, which includes a
bound IP6 ligand (Figure 8A, center), or with a structural
template of a bacterial Ap6A hydrolase, Ndx1, which includes
a boundAp5 ligand (Figure 8B, center). The residues predicted to
most likely bind IP6 or Ap5, which are listed in Table 2, were
mapped on the representative models of Aps1Δ2-19 in
Figure 8A and B (left), respectively.

On the basis of the location of the residues exhibiting specific
binding for IP6 in the structural model of Aps1Δ2-19,K32, R34,
G74, E93, and D109 appear to be the most consistent with
residues predicted to bind IP6 (Table 2 and Figure 8A, center).
The other residues anticipated to bind IP6 (Table 2) did not
exhibit significant chemical shift perturbations; therefore, the
values of Kd were not determined. No data were available for
residue R42 since this residue was not assigned. In addition to
identifying residues anticipated to bind IP6, other unexpected
residues were identified. These residues, M127, K147, and L148,

FIGURE 4: Backbone relaxation data for 1.4 mM 15N-labeled Aps1Δ2-19 prepared in 25 mM sodium phosphate, pH 6.4, and 0.02% azide and
collected at 27 �C with a Bruker 600 MHz 1H spectrometer. (A) 1H-15N NOE values, (B) longitudinal relaxation rates, R1, and (C) transverse
relaxation rates, R2. The larger R1, smaller R2, and smaller NOE values, relative to the corresponding mean value, for residues encompassing
regions 62-68, 121-155, and the C-terminus indicate increased flexibility on the picosecond to nanosecond time scale (53). The secondary
structure of Aps1Δ2-19 is shown above the panel with the NOE data.
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can conceivably orient themselves near the ligand upon binding
since they are located in the dynamic loop (L6) (Figure 8A,
center).

To determine the residues involved in binding the dinucleotide
substrate, Aps1Δ2-19 was titrated with increasing amounts
Ap6A in the presence of EDTA. The addition of EDTA

extensively limits the hydrolysis of Ap6A by chelating any free
metals necessary for hydrolysis (12). On the basis of the location
of the residues that exhibited specific binding on the Aps1Δ2-19
model (Figure 8B, center), residues K65, G74, and G75 are most
consistent with residues predicted (Table 2) to bind the Ap5
molecule based on the structural model (Figure 8B, left). The

FIGURE 5: Structural models of Aps1Δ2-19 with IP6 and Ap5 ligands. Structural models of Aps1Δ2-19 generated by the HHpred homology
modeling server using template structures of (A) the human homologue, DIPP1 (PDB ID: 2FVV), or (B) the Ap6A hydrolase, Ndx1 (PDB ID: 1
VC8). IP6 and Ap5 are shown in the presumed binding site by superposing the ligand-bound structures of DIPP1 andNdx1with the Aps1Δ2-19
structural model, respectively. Loop (L6) corresponds to residues that did not align to either template sequence. Loop (L1), helix (R2), and β-
strand (βC) are not present in themodel generated withNdx1. The color schemes on eachmodel reflect the determined secondary structure based
on chemical shift analyses with PECAN: red, helix; yellow, strand; and gray, coil. (C) Comparison of the NMR-derived secondary structure of
Aps1Δ2-19 (above the sequence) to the DSSP generated (67) secondary structures of the Aps1Δ2-19 structural models (below the sequence).
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other residues anticipated to bind Ap5 did not exhibit significant
chemical shift perturbations, and no data were available for
residues F107, R111, and S192 since they were not assigned.
Analysis of the titration data also revealed additional residues not
expected to bind Ap5. These residues were K121, L123, K124,
M127, and L148, which are located in the large dynamic loop
(L6) (Figure 8B, center). Representative binding curves for
residues that exhibited specific binding of Ap6A are shown in
Figure 7B.

Kinetic analysis of site-directed mutants of residues G51, G52,
and E70 in DIPP1, which are conserved as G74, G75, and E93,
respectively, in Aps1Δ2-19 revealed a negligible rate of hydro-
lysis for diphosphoinositol polyphosphates and diadenosine
oligophosphates (14). Kinetic analysis of a site-directed mutant
of residue E50 in Ndx1, which is conserved as E93 in Aps1Δ2-
19, revealed a negligible rate of hydrolysis of Ap6A (54). The
results of these two studies suggest a role for these residues in
catalysis and/or ligand binding with the latter being supported by
our study.
Titration of Aps1Δ2-19-E93Q with IP6 and Ap6A. To

ascertain the residues involved in binding IP6 and Ap6A in the
catalytically deficient Aps1Δ2-19-E93Q mutant, titrations were
performed in the presence of 15 mM MgCl2 to best simulate
enzymatic catalysis. Analysis of the data revealed that residues
K64, K65, G75, and K121 were among those identified to bind
IP6 (Figure 8A, right). These residues are themost consistent with
the residues predicted to bind IP6 (Figure 8A, left). Only two
residues, K121 and R176, of Aps1Δ2-19-E93Q, exhibited
specific binding for Ap6A (Table 3). On the basis of the location
of these residues in the structural model of Aps1Δ2-19, K121
could potentially be involved in binding since it resides in the
dynamic loop (Figure 8B, right). R176, however, is positioned
further away from the ligand, suggesting that it is indirectly
involved in binding. The fact that only two residues exhibit
specific binding for the E93Q mutant suggests that the mutation
has a greater effect on binding Ap6A as opposed to binding IP6.

The basis for this effect onAp6A binding is not known.However,
one possibility is that the perturbation of residues induced by the
E93Q mutation (Figure 6A) affected the conformation of the
protein such that the magnitude of the perturbations upon
binding Ap6A were not significant as compared to binding IP6.
Potentially, this could be attributed to the fact that Ap6A
stretches toward the site of mutation, while the position of IP6
is less intrusive at this site.

DISCUSSION

In this study, we determined the kinetic parameters ofKm, kcat,
and kcat/Km for the hydrolysis of Ap6A by two N-terminal
truncated forms of Aps1. The rationale for constructing the
Aps1Δ2-19 and Δ2-31 N-terminal truncations were stated in
the Results section. In addition, these parameters were deter-
mined for two full-length forms ofAps1, wild-type andAps1with
the His10-tag and linker, in order to establish a valid comparison
among the different forms of Aps1. The kinetic data (Table 1)
indicate that residues 2-31 of Aps1 do not participate signifi-
cantly in the binding and hydrolysis of Ap6A. Clearly, for Ap6A,
the residues responsible for substrate binding lie elsewhere in the
sequence, or the binding is dependent on more than just the
amino acids located between residues 2-31. Residues 2-31,
especially 20-31, may be structurally important on the basis of
our observation that Aps1Δ2-31 was more susceptible to
precipitation during purification than wild-type Aps1 and
Aps1Δ2-19. Aps1Δ2-19 was chosen for the subsequent struc-
tural studies for the reasons stated in the Results section (NMR
assignments).

On the basis of NMR spectroscopic analyses of Aps1Δ2-19,
we determined the secondary structure and the dynamic nature of
specific regions of the enzyme. The secondary structural features
(Figure 3) of a loop-helix-loop for the nudix motif box, a C-
terminal helix-turn-helix, and β-strands, which are presumably
sandwiched in between, describe the overall R/β/R motif for the
enzyme and agree with the common structural characteristic for
the nudix hydrolase family (16). Relaxation data indicated that
there are three flexible, dynamic regions inAps1: residues 62-68,
residues 121-155, and the C-terminal residues 208-210. Resi-
dues 62-68, which precede the nudix motif, constitute loop (L3)
in the structural model of Aps1Δ2-19 and appear to form a
portion of the binding pocket for the ligand (Figure 5A).
Residues 121-155 represent the majority of a large insert in
Aps1 relative toDIPP1 (Figure 1B) that behaves as a flexible loop
in solution. Structurally, the loop contains a small helix (R10,
residues 121-126) that was identified on the basis of chemical
shift data (Figure 3). The large flexible loop, 34 residues, in Aps1
is somewhat surprising given the similar enzymatic properties of
Aps1 and DIPP1 (4, 12). Interestingly, dynamic studies con-
ducted with anAp4A nudix hydrolase fromL. angustifolius (PDB
ID: 1JKN) indicate that it contains a dynamic loop similar in
position to loop (L6) in the Aps1Δ2-19 model (58). However,
the loop in L. angustifolius is 2.5 times shorter, contains a longer
helix, and, in addition, contains a flexible region that corresponds
to loop (L8) in the Aps1Δ2-19 model (Figure 5A). The function
of the large loop inAps1 is unknown. However, it is analogous in
position to a small loop in the human homologue DIPP1, in
which residues R89/H91 (Table 2) have been identified to bind
IP6. Similarly, Ndx1 has a small loop at this position, but the
residues identified to bind Ap5 (Y66/R74) appear to flank the
loop on either side. The ligand binding data suggest a potential

Table 2: Residues in DIPP1 and Ndx1 That Bind IP6 and Ap5, Respec-

tively, and the Corresponding Residues in Aps1Δ2-19 That Potentially

Bind IP6 and Ap5, Respectively

IP6 Ap5

DIPP1a Aps1Δ2-19b Ndx1c Aps1Δ2-19d

R10 R34 M23 K64

K18 R42 K30 K73

R41 K64 G31 G74

G51 G74 H32 G75

G52 G75 E46 E89

E70 E93 E50 E93

N86 D109 Y66 D109 (F107)

R89 P152 (R153) N68 R111

H91 A154 (R153) E90 E172

R115 R176 F110 S192 (R193)

K133 K194 P111 K194

E112 D195

a,cAmino acid residues inDIPP1 andNdx1 identified tomost likely bind
IP6 and Ap5, respectively, based on the program Contact assuming a
maximum distance of 5 Å (47). b,dAmino acid residues in Aps1Δ2-19 that
potentially bind IP6 and Ap5 based on the HMM sequence alignment of
Aps1Δ2-19 with DIPP1 or Ndx1 (Figure 1B,C) and the proximity of the
residues to the respective ligands in the structural models of Aps1Δ2-19
(Figure 5A,B). Amino acids in parentheses are adjacent residues that may
be involved in binding. Residues are numbered on the basis of the wild-type
sequence of each protein.
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FIGURE 6: Backbone amide hydrogen and amide nitrogen weighted average chemical shift differences of Aps1Δ2-19 and anAps1Δ2-19-E93Q
mutant upon binding of Mg2+, IP6, or Ap6A ligands. The maximum weighted average chemical shift difference, Δmax (left ordinate axis), was
calculated from chemical shift values obtained from 1H-15N HSQC spectra collected for initial (0 mM) and the indicated final concentration of
ligand and plotted as a function of residue number (abscissa axis). The value ofΔmax exhibiting the greatest magnitude was used to normalize the
data (right ordinate axis). (A)Chemical shift differences betweenAps1Δ2-19 andAps1Δ2-19-E93Q in the absence of ligands. (B)Chemical shift
differences for Aps1Δ2-19 at 0 and 30mMMgCl2, (D) 0 and 3mM IP6, and (F) 0-1.17mMAp6A. (C) Chemical shift differences for Aps1Δ2-
19-E93Q at 0 and 60 mM MgCl2, (E) 0 and 3 mM IP6, and (G) 0 and 1.17 mM Ap6A. The dashed line represents the threshold for significant
chemical shift perturbation.

FIGURE 7: Representative binding curves that exhibit specific binding of IP6 and Ap6A in the presence and absence of MgCl2, respectively, to
Aps1Δ2-19. (A)ResiduesK32,R34, andT39 ofAps1Δ2-19 that exhibit specific binding for IP6 in the presence ofMgCl2 and (B) residuesK121,
L123, K124, and M127 in Aps1Δ2-19 that exhibit specific binding of Ap6A in the absence of MgCl2. Weighted average chemical shift
perturbations (49) are plotted as a function of increasing ligand concentration.Dissociation constants were determined bynonlinear least-squares
fitting of the data to the equation described by Kingston et al. (50) with Origin software (26).
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role for this dynamic loop, whichwill be revisited in the latter part
of the discussion. This is the first report of backbone dynamics
for a nudix hydrolase exhibiting activity toward diadenosine
oligophosphate and diphosphoinositol polyphosphate sub-
strates.

We described structural models for Aps1Δ2-19 based on the
human homologue DIPP1 and Ndx1, a bacterial Ap6A nudix
hydrolase. Themodelswere generated using homologymodeling,
which is based on the idea that proteins with evolutionarily
related sequences have similar three-dimensional structures and
that structures diverge slower than sequences (59, 60). Analysis of
these models revealed several structural elements consistent with
the experimental NMR data including the determined secondary
structure and the large dynamic loop, which is unique toAps1, on
the basis of a comparison to known structures of other nudix
hydrolases (16). In addition, the model agrees well with the

general structure and structural characteristics observed for other
members of the nudix hydrolase family (58, 61, 62). Furthermore,
the residues of Aps1Δ2-19 presumed to bind IP6 and Ap5 were
identified on the basis of the HMM sequence alignment between
Aps1Δ2-19 and structural templates DIPP1 and Ndx1, which
contain bound ligands (Table 2).

The residues involved in binding IP6 and Ap6A were deter-
mined by utilizing NMR chemical shift mapping in combination
with structuralmodeling (63). The results demonstrate significant
chemical shift perturbations for residues in and around the site
predicted to bind IP6 and Ap5 (Figure 8A,B). There were some
residues, R153 and K194, that were predicted to contact the IP6
ligand but did not exhibit significant shift perturbations. Simi-
larly, residuesK64, E89, E93,D109,K194, andD195, whichwere
predicted to contact the Ap5 ligand, did not exhibit significant
chemical shift perturbations. This is most likely due to the fact
that the contacts with the ligand are made predominantly by the
terminal groups of residue side-chains, and hence, the perturba-
tions at the observed site, the backbone amide, are relatively
minor. Interestingly, some residues in the dynamic loopwere also
perturbed, which suggests that it may play a potential role in
binding the ligands. Perhaps loop residues facilitate ligand entry
and/or exit in Aps1, which may be less critical in DIPP1 on the
basis of the absence of the large loop. Another possibility is that
the loop functions to orient the diadenosine oligophosphate
substrate in the proper position for ultimately producing ADP
+ p4A as a major product of hydrolysis, rather than 2 ATP or
AMP + p5A, which are the major products of the bacterial and
human homologues, respectively (4, 12, 54). This is an area of
interest for further exploration since the loop is unique to Aps1
among known homologues.

One must consider the possibility that some of the observed
shift perturbations do not arise as a consequence of direct
contacts with the ligand but indirectly through a network of
interactions. The residues presented in Table 3 reflect both direct
and indirect binding of the respective ligands. Specifically,
residues K32, R34, K64, K65, G74, G75, E93, D109, and
K147 are likely to directly bind IP6 (Figure 8A; center, right),
and residuesK65, G74,G75, K121, andK124 (Figure 8B; center,
right) are likely to directly bind Ap6A since they likely stabilize
the ligand or ligand-Mg2+ complexes through electrostatic
interactions of their side-chain terminal groups or backbone
carbonyl groups. In addition, residues most likely involved
in indirect binding of the respective ligands are F35, N36,
G94, and L148 for IP6, and S61, W69, L123, and M127
for Ap6A (Table 3) since they are not in the immediate proximity
of the respective ligands, yet exhibit specific binding. Hence,
they likely stabilize the ligand through indirect interactions.
Though the majority of residues exhibiting chemical shift
perturbations agree with the residues predicted to bind IP6
or Ap5 (Figure 8A,B; left), there were other residues that we
were not able to identify a priori since the loop had no
complementary sequencewith the structural homologues.Never-
theless, we favor the idea that the residues identified in the loop
orient themselves to bind the ligands since the loop is dynamic,
and structural changes are not likely to be readily indirectly
transmitted.

In addition to the charged residues anticipated to directly bind
the respective ligands, residue F107 of Aps1Δ2-19 was antici-
pated to bind Ap5 (Table 2) via ring stacking with the Ap5
adenosine moiety, as suggested by the ring stacking observed for
residuesY66 and F110 in the structure ofNdx1 (PDB ID: 1VC8).

Table 3: Dissociation ConstantsaDetermined for Residues in Aps1Δ2-19

or the Aps1Δ2-19-E93Q Exhibiting Significantb Chemical Shift Perturba-

tions As a Function of Increasing Ligand Concentration

Aps1Δ2-19 Aps1Δ2-19-E93Q

Kd
IP6 (μM) Kd

Ap6A (μM) Kd
IP6 (μM) Kd

Ap6A (μM)

K32 172 ( 68

N33 56 ( 30

R34 191 ( 50 159 ( 44

F35 161 ( 61

N36 138 ( 49

T39 173 ( 59 112 ( 31

L43 208 ( 71

A44 106 ( 60 124 ( 34

V48 113 ( 47

A49 167 ( 85

S61 135 ( 45

K64 105 ( 40

K65 295 ( 48 88 ( 27

W69 218 ( 42

G74 278 ( 166 271 ( 45

G75 312 ( 48 110 ( 31

D79 112 ( 31

A85 152 ( 61

L87 79 ( 24

E93 176 ( 61

G94 107 ( 64

L96 202 ( 94

D109 114 ( 41

D114 139 ( 63

K121 298 ( 42 160 ( 38 364 ( 52

L123 223 ( 42

K124 249 ( 40

M127 218 ( 56 425 ( 40 154 ( 29

K147 80 ( 39 104 ( 34

L148 147 ( 58 458 ( 26 126 ( 34

C156 435 ( 57

E157 111 ( 33 130 ( 25

K175 164 ( 30

R176 510 ( 145 235 ( 34 57 ( 17

D195 108 ( 69 119 ( 43

A199 107 ( 65 105 ( 34

aThe dissociation constants were determined by nonlinear least-squares
fitting to the equation described by Kingston et al. (50). The parameter
error (() is equal to the square root of the covariance matrix diagonal
values calculated using Origin software (26). All titrations were conducted
in the presence of 15 mMMgCl2 except for Aps1Δ2-19 with Ap6A, which
was conducted in the presence of 1 mM EDTA. bPerturbations are
considered significant if the value of Δmax exceeds the 0.07 ppm threshold
(Materials and Methods).
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Conceivably, Y122 of Aps1Δ2-19, which is located in the
dynamic loop (L6), can be positioned such that it participates
in ring stacking to complement F107. However, no data were
available for F107 and Y122 in Aps1Δ2-19 since they were not
assigned. Nevertheless, site-directed mutagenesis studies of F84
inDIPP1, which is conserved as F107 in Aps1Δ2-19, indicate its
importance with regard to Ap6A hydrolysis, suggesting a role in
substrate binding (14).

Clearly, further mutational and functional analyses are re-
quired to identify the role of each individual residue and the
potential function of the large loop. If a mutated form of Aps1
can be generated such that it is specific for only one substrate, it
would be of interest to conduct in vivo overexpression studies to
confirm our previous hypothesis that Aps1 functions in vivo to
degrade diphosphoinositol polyphosphates.

Finally, we hypothesize that Ndx1 is able to hydrolyze dipho-
sphoinositol polyphosphates in addition to Ap6A for two rea-
sons. First, on a kinetic basis, S. pombeAps1, S. cerevisiaeDdp1,
proteins from the H. sapiens DIPP family, and murine DIPP3,
which catalyze the hydrolysis of Ap6A, also catalyze the hydro-
lysis of diphosphoinositol polyphosphates (4, 15, 64). In contrast,
the nudix hydrolases B. bacilliformis IalA and human Ap4A

hydrolase, which exhibit a marked preference for Ap4A as a
substrate, exhibit negligible hydrolysis of diphosphoinositol
polyphosphates (4). Second, on a structural basis, the volume
and flexibility of the substrate binding site for enzymes that
hydrolyze Ap6A is probably large enough to accommodate a
diphosphoinositol polyphosphate substrate. This is clearly true
for human DIPP1 on the basis of its known structure and dual-
substrate specificity (PDB ID: 2FVV) (4). The idea of a volumi-
nous and flexible binding site was previously discussed by Cart-
wright andMclennan (65) and is supported by the fact that Ap6A
can be hydrolyzed at different phosphate positions, resulting in
a possibility of different pairs of products such as p4A + ADP,
p5A +AMP, and ATP + ATP (4, 12, 65). In contrast, on the
basis of the known structure of human Ap4A hydrolase (62), it is
highly probable that its binding site is too small to accommodate
a diphosphoinositol polyphosphate, which is supported by the
kinetic data cited above. In light of these observations, we
hypothesize that, in general, enzymes that catalyze the hydrolysis
of Ap6A can also catalyze the hydrolysis of diphosphoinositol
polyphosphates, while enzymes that catalyze the hydrolysis of
Ap3A or Ap4A have little or no activity toward the dipho-
sphoinositol polyphosphates.

FIGURE 8: Residues involved in binding IP6 and Ap5 mapped on the structural models of Aps1Δ2-19. (A) Surface representation of a three-
dimensional structural model of Aps1Δ2-19 generated by the HHpred homology modeling server (19) using the IP6 ligand-bound human
homologueDIPP1 (PDB ID: 2FVV) as the structural template. Structuralmodels depict potential residues that bind the IP6 ligand (left), residues
exhibiting specific binding of IP6 for Aps1Δ2-19 (center) and Aps1Δ2-19-E93Q (right). The residues are colored gray and with a gradient
coloring scheme from gray to green that reflects the increasing magnitude of the chemical shift perturbation for each residue in the absence and
presence of saturating amounts of ligand, respectively. (B) Surface representation of a three-dimensional structural model of Aps1Δ2-19
generated by theHHpredhomologymodeling server (19) using theAp5 ligand-boundNdx1 (PDBID: 1VC8) as the structural template. Structural
models depict potential residues that bind the Ap5 ligand (left), residues exhibiting specific binding of Ap6A for Aps1Δ2-19 (center), and
Aps1Δ2-19-E93Q (right). The residues are colored gray and with a gradient coloring scheme from gray to blue that reflects the increasing
magnitude of the chemical shift perturbation for each residue in the absence and presence of saturating amounts of ligand, respectively. Residues
most consistent with those anticipated to bind the respective ligands are marked. The data sources for the colored residues are indicated in the
figure. The structural models were rendered using Chimera (68).
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