Biochemistry2004,43, 9185-9194 9185

Site-Directed Mutagenesis of Human Soluble Calcium-Activated Nucleotidase 1
(hSCAN-1): Identification of Residues Essential for Enzyme Activity and the
C&"-Induced Conformational Change

Mingyan Yang and Terence L. Kirley*

Department of Pharmacology and Cell Biophysics, College of Medicineydisity of Cincinnati, P.O. Box 670575,
Cincinnati, Ohio 45267-0575

Receied March 3, 2004; Rgsed Manuscript Receéd May 14, 2004

ABSTRACT. Human soluble calcium-activated nucleotidase 1 (hSCAN-1) is the human homologue of soluble
apyrases found in blood-sucking insects. This family of nucleotidases is unrelated in sequence to more
well-studied nucleotidases, and very little is known about the enzymatic mechanism. By multiple sequence
alignment, eight regions that are highly conserved in the hSCAN-1 family were identified and named. To
identify amino acids important for catalytic activity and enzyme specificity, seven point mutations were
constructed, expressed in bacteria, refolded, purified, and characterized. Substitution of glutamic acid
130 with tyrosine resulted in dramatically increased nucleotidase activities, while mutagenesis of aspartic
acid 151 to alanine and aspartic acid 84 to alanine completely abolished activity. Mutagenesis of arginine
133 and arginine 271 resulted in enzymes with very little nucleotidase activity. Mutagenesis of aspartic
acid 175 to alanine and glycine 122 to glutamic acid had smaller negative effects on enzyme activities.
Previously, our laboratory showed that calcium triggers a conformational change in hSCAN-1 necessary
for nucleotidase activity. Here we show that several mutants (D84A, R133A, and D151A) that lost most
of their activity were unable to undergo the conformational change induced?y#3ashown by Cibacron

blue binding, limited proteolysis, and tryptophan fluorescence. We conclude that aspartic acid residues
84 and 151, as well as arginine residue 133, are essential for tHeir@iced conformational change

that is necessary for enzyme activity. Aspartic acid 175 and glutamic acid 130 are important for determining
substrate specificity. In addition, we show tha#'Sunlike Mg?™ and other divalent cations, can substitute

for C&" to induce the conformational change necessary for enzyme activity. Howed/ecaBnot substitute

for Ca* to support nucleotide hydrolysis, presumably becausec@nnot substitute for Gain its second

role as a nucleotide cosubstrate. The ramifications of our results on the interpretation of a recently published
crystal structure are discussed. This information will facilitate future engineering of this enzyme designed
to enhance its ability to hydrolyze ADP and thus increase its potential for therapeutic use in the treatment
of pathological ischemic events triggered via activation of platelets by ADP.

Apyrases (EC 3.6.1.5) are nucleoside di- and triphosphatebeen recently describedJ). Although analogous to the
hydrolyzing enzymes that have been implicated in the eNTPDase apyrases with regard to their enzymatic prop-
maintenance of hemostasis and inhibition of platelet ag- erties, these enzymes, related to the blood-sucking insect anti-
gregation through the hydrolysis of extracellular adenosine coagulant enzymes, are not homologous to the eNTPDase
diphosphate {—7). These enzymes also play an important apyrase family of enzymes with regard to their amino acid
role in regulating neurotransmission mediated by activation sequences.
of purinergic receptors by nucleotide®) ( Nucleotidases modulate physiological and pathological

Recently, a human soluble apyrase related to the he-effects of released nucleotides, including ATP and ADP.
matophagous bed bugimex lectulariusapyrase has been Recently, a novel pharmaceutical strategy for treatment of
cloned @) and characterized (). Since its enzymatic activity ~ patients with heart and vascular diseases was proposed
is strictly dependent on calcium, it has been named humanutilizing exogenously added NTPDases for inhibition of
soluble calcium-activated nucleotidase 1 (hSCAN-This platelet reactivity §). hSCAN-1, a soluble mammalian
enzyme belongs to a family of enzymes that consist primarily nucleotidase, appears to be an attractive alternative candidate
of those apyrases cloned from a variety of hematophagousfor this therapeutic purpose. Therefore, identification of its
insects. {1, 12). The rat homologue of hSCAN-1 has also active site, as well as protein structural elements required
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for nucleotidase activity and specificity, is an important and base of sequences using the basic BLASTP search program
potentially therapeutically useful goal. available through the NCBI at http://www.ncbi.nim.nih.gov/

In this work, eight highly conserved regions of amino acid BLAST/. A multiple protein sequence alignment of hSCAN-
sequence were identified in the hSCAN-1 family of apyrases. 1, along with the sequences most closely related to it, was
Five mutants were constructed by changing residues in thoseperformed using the CLUSTALW program, and the resulting
highly conserved areas of the protein sequences. Twoaligned sequences were shaded using the BOXSHADE
additional mutants were designed using a different rationale, program. These programs are available through http://
targeting amino acids that are conserved in all the vertebratewww.ch.embnet.org/software/clustalw.html and  http://
sequences, while not conserved as the same amino acid imvwww.chembner.prgsoftware/box_form.html. The “PlotSimi-
the invertebrate sequences. The hypothesis tested is that biarity” computer program is part of Genetics Computer Group
mutating amino acids conserved in all the vertebrate se-(GCG) sequence analysis programs software suite (SeqWeb)
quences to amino acids occurring in the invertebrate se-at http://trinity.cchmc.org:9092/gcg-bin/seqweb.cgi.
guences, the substrate specificity of the human enzyme may Site-Directed Mutagenesis of hSCANThe mutagenesis
be made more similar to the invertebrate enzymes. This methodology was described previousli5( and used the
hypothesis and goal have direct therapeutic potential, sinceQuikChange site-directed mutagenesis kit as described
ADP released by activated platelets triggers blood clotting. (16). The sense oligonucleotides used for mutagenesis with
The invertebrate enzymes hydrolyze ADP efficiently, while the substitution sites bolded and underlined are as follows:
the vertebrate enzymes examined thus far do not. To haveD84A, 5-GTTATCGCAGACCTGECCACAGAGTCAA-
utility as an anticoagulant protein in humans, it is therefore GGGC-3; G122E, 5GACAAAGACCATGAGGTCCTG-
desirable to engineer a human protein that hydrolyzes ADP GAGTCCCAC-3; E130Y, 3-GTCCCACCTGGCGAT -
more efficiently. Thus, two of the goals of the current study AAGGGGAGAGGCATG-3; R133A, 3-GCGGAGAAG-
are to identify residues essential for activity and to identify GGGGCAGGCATGGAGCTATC-3; D151A, 5-CTCTA-
residues responsible for the enzymatic differences betweenCTCCGTGSCTGACCGGACGG-3 D175A, 53-CTGTC-
the invertebrate and vertebrate members of this family of CGACGGGGCTGGCACCGTGGAG-3 R271A, 8-CCT-
enzymes. GCCGCGGCCGCCAGCCAGG-3 The complementary

At the time this study was first submitted for publication, antisense oligonucleotides also necessary for the mutagenesis
there were are no systematic studies reporting amino acidsare not shown. The presence of the correct mutation and lack
residues that are important for the enzymatic activity of the of unwanted mutations were confirmed by automated DNA
hSCAN-1 class of nucleotidases. However, during the review sequencing.
process, a crystal structure for h\SCAN-1 was published (the Expression of hSCAN-1 Mutants in E. coli BL21 Bacterial
protein was termed “human apyrase/human platelet function Cells. The wild-type and mutant hSCAN-1 cDNA constructs
inhibitor” by those authorsi{)). Those authors reported a were used to transform an expression host, BL21 c&0} (
single C&" ion present in the crystal at the center of the and after induction of expression with IPTG, bacterial
B-propeller secondary structure dominating the 3-D structure inclusion bodies containing the hSCAN-1 proteins were
of this enzyme. We hypothesize that the divalent cation found purified as described previously @, 17).
in that crystal is a St ion bound to the site that induces the Refolding and Purification of hSCAN-1 Mutankdutant
conformational change necessary for enzyme activity, which proteins were purified as described for wild-type hSCAN-1
is detected both by changes in tryptophan fluorescence and10). Thus, the inclusion body proteins were denatured and
sensitivity to limited proteolysis. refolded, purified via their N-terminal hexahistidine tags,

thrombin-cleaved to remove the N-terminal tag, and further

MATERIALS AND METHODS purified by anion exchange chromatography to yield purified

Materials The QuickChange site-directed mutagenesis kit proteins.
andEscherichia colcompetent bacteria were purchased from  Cell-Free in Vitro hSCAN-1 ExpressioA small-scale
Stratagene. The DNA Core Facility at the University of expression of each hSCAN-1 mutant was carried out in a
Cincinnati produced the synthetic oligonucleotides and cell-free system using the ExpresswayTM in vitro system
sequenced all the cDNA constructs. Plasmid purification kits according to the manufacturer’s protocol. In shortz200f
and NiI=NTA agarose were purchased from Qiagen Nicd E. coli lysate, 25uL of reaction cocktail, and lug of
and Notl restriction endonucleases were obtained from hSCAN-1 mutant cDNA (in the pet28a expression vector)
Invitrogen. The bacterial expression vector pet28a and thewere combined and brought to a total reaction volume of 50
bacterial expression BL21 cells were purchased from Novagen.uL with DNase- and RNase-free water. The mixture was
Glycerol and dialysis tubing were from Fisher. B-PER incubated fo 2 h at 37°C with shaking. The calcium-
bacterial extraction reagent and Enhanced Chemiluminescengctivated GDPase activity of expressed wild-type and mutant
reagents were purchased from Pierce. The Expressway ihSCAN-1 was measured in the presence of 5 mM gacCl
vitro expression system was obtained from Invitrogen 20 mM MOPS buffer, pH 7.4. Expression was confirmed
Corporation. Cibacron blue gel matrix (Affi-gel blue gel) by Western blot analysis (using an affinity-purified anti-
and the pre-cast SDFAGE 4-15% gradient minigels were  carboxy-terminal antibody for hSCAN-B)).
obtained from Bio-Rad laboratories. Ampicillin, kanamycin, Protein Assay.Protein concentrations were determined
nucleotides, isopropy#-b-thiogalactopyranoside (IPTG), using the Bio-Rad G-250 dye binding technique according
glucose, DTT, and other reagents were from Sigma. Trypsin to the modifications of Stoscheck§), using bovine serum
was purchased from Boehringer Mannheim GmbH. albumin as the standard.

Computer Analyses of Sequenc&he amino acid se- Nucleotidase Assay$lucleotidase activities were deter-
guence of hSCAN-1 was compared to the nonredundant dataimined by measuring the amount of inorganic phosphaje (P
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released from nucleotide substrates in the presence of 5 mMdesignated them as “nucleotidase conserved region§’ 1

C&" at 37°C using a modification of the technique of Fiske
and Subbarow 19), as described previously2Q). The
enzyme assay was initiated by the addition of a final
concentration of 2.5 mM nucleotide. The units used for
enzyme activity aremol of Pi/((mg of proteinh). Prior to
assay, hSCAN-1 protein was diluted into 50 mM Tris-HCI,

(NCR1-8) (see Figures 1 and 2). The degree of amino acid
conservation in different regions of the sequence is shown
in a quantitative manner in Figure 2. Table 1 lists these 12
proteins, six of which are from vertebrate species and six of
which are from invertebrate species. Some of them are known
to be nucleotidases/apyrases by analysis of their protein

pH 6.8, containing 0.1% Tween 20. The Tween detergent products. Examination of the alignments and quantification
was included to minimize the adsorption to surfaces noted of sequence conservation revealed that certain conserved

for dilute protein solutions of hSCAN-1.

Cibacron Blue Binding AssayRSCAN-1 proteins in 50
mM Tris-HCI, 2 mM CaC} (pH 7.4) or 50 mM Tris-HCI, 2
mM EDTA (pH 7.4) were incubated at room temperature
on a rotator for 15 min with 4L of Cibacron blue gel
slurry (Affi-gel blue, BioRad). The Cibacron blue gel beads

sequence motifs may be important for the structure and
function of these proteins. Thus, amino acid residues present
in the NCRs are likely to be involved in functionally
important motifs, including the catalytic site(s), the?Ca
binding sites that modulate the enzymatic activity of these
apyrasesX0), and the regions important for the conforma-

containing bound proteins were then washed three times withtional changes accompanying Cabinding. In addition,
the respective buffers above. Bound proteins were eluted byregions where the invertebrate sequences are conserved but

boiling the Affi-gel blue gel slurry for 5 min in a reducing
SDS-PAGE sample buffer. SDSPAGE was performed on
4—15% acrylamide gradient gels as describ2t) (

Limited Proteolysis Assay®roteins at a final concentra-
tion of 0.1 mg/mL in 50 mM Tris-Cl, pH 7.4, were incubated
with 0.002 mg/mL trypsin (1:50 ratio of protease to
hSCAN-1 protein) in the presence of 5 mM Ca3 mM
MgCl,, or 2 mM EDTA for 10 min at 22°C, basically as
described earlier2R). An equal volume of reducing SBS

differ from the vertebrate sequences are likely to be critical
for determining the different nucleotide specificities of these
subgroups of apyrases. These species variations in nucleotide
specificity are very likely to be important for determining
the different biological functions of the vertebrate and
invertebrate members of this family of apyrases.

Of the seven point mutations made and characterized, five
were chosen from the NCR regions (D84A, D151A, D175A,
R133A, and R271A). Table 2 lists the conserved amino acids

PAGE sample buffer was added, and the samples werechosen for mutagenesis and shows these residues in the con-

immediately boiled for 5 min prior to SDSPAGE analysis.
Effect of Divalent Cations on Tryptophan Fluorescence.

The intensity of the intrinsic hSCAN-1 tryptophan fluores-

cence as a function of divalent cation concentration was

text of the surrounding hSCAN-1 protein sequence. Con-
sistent with their degree of conservation, our results indicate
that all five mutations made in these NCRs have substantial
effects on enzyme activities of hSCAN-1. All seven muta-

measured using a Hitachi F-2000 fluorescence spectropho-tions characterized in this present study are indicated by the

tometer. A 0.85:M (32 ug/mL) concentration of hSCAN-1
in 20 mM MOPS, pH 7.1, was excited at 295 nm, and

positions of filled circles in Figures 1 and 2.
Biochemical Characterization of Mutant hSCAN-1 Pro-

fluorescence emission was recorded at its maximum (340t€ins To characterize the bacterially expressed hSCAN-1

nm) before and after stepwise addition of divalent cations.

Effect of Dvalent Cations on Rates of Thermal Denatur-
ation. Purified hSCAN-1 protein at 0.0015 mg/mL was
preincubated at 37C in 20 mM MOPS/0.05% Tween 20
or in the same buffer containing 2 mM EDTA, 2 mM Cacl
or 2 mM SrC}. After preincubation for 0, 2, 16, 20, and 24
h at 37 °C under these conditions, the residual GDPase
activity was assayed in the presence of 5 mM'Ca

Effect of Dvalent Cations on hSCAN-1 Refoldirgmall
scale (1 mL) refolding of wild-type hSCAN-1 inclusion
bodies was performed by dilution of 0.05 mL of 0.06 mg/
mL guanidine-HCL denatured inclusion body proteir)(
into a solution containing 50 mM Tris-Cl, 250 mM Nacl,
5% glycerol, pH 8.0 (buffer A), to yield a final protein
concentration of g/mL. Refolding was allowed to proceed
for 3 days at £°C. To compare the effects of the presence
or absence of divalent cations on the refolding efficiency,
EDTA, MgCl,, CaC}, or SrChL was added to buffer A to a
final concentration of 2 mM in separate refolding samples.

RESULTS

Eight Highly Consered Regions Were Identified in the
Amino Acid Sequence of the hSCAN-1 Fanily multiple
sequence alignment and analysis using the “PlotSimilarity”
computer program, eight highly conserved regions were
found in the hSCAN-1 family of nucleotidases. We have

mutants and to compare them with wild-type hSCAN-1, we
analyzed nucleotidase activity of the refolded and purified
proteins using a variety of substrates (final nucleotide
concentrations of 2.5 mM), all in the presence of 5 mM
calcium ion. The relative GDPase and ADPase activities for
the mutant proteins are given in Figure 3. The results indicate
that the D84A and D151A mutants are very nearly devoid
of GDPase and ADPase activities, whereas the R133A and
R271A mutants display only 1.8% and 3% of wild-type
GDPase activity and 0.3% and 3.2% of wild-type ADPase
activity, respectively. Both GDPase and ADPase activities
were decreased to lesser extents in the G122E and D175A
mutants. The G122E mutant displayed 83% and 62% of wild-
type GDPase and ADPase activity, respectively. The D175A
mutant retained 48% and 27% of wild-type GDPase and
ADPase activity, respectively. Most interestingly, the E130Y
mutant has higher enzyme activity than that of the wild-
type, about 2-fold increased for GDPase and 5-fold increased
for ADPase. Therefore, we investigated this mutant further.
Figure 4 shows the nucleotide substrate profile of the E130Y
mutant compared to the wild-type hSCAN-1. Clearly, the
hydrolysis rates for all substrates are significantly increased
compared to the wild-type enzyme. A striking difference is
seen in the ADPase activity, where a 5-fold increase is
observed over the wild-type activity.

The nucleotidase profile of the partially active D175A
mutation was also measured, as shown in Figure 5. All the
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NP_650074 341 p

ARD09177 288

Ficure 1: Multiple sequence alignment of hSCAN-1 with related apyrases. The soluble human apyrase amino acid sequence (top line) was
aligned with the 11 most similar sequences in the NCBI protein database (See Table 1 for information concerning the proteins used in the
alignment) using the CLUSTALW alignment algorithm. Residues were shaded to indicate various levels of conservation using the BOXSHADE
program. Completely conserved amino acids are indicated by the darkest shading. Alignment gaps in the sequences are represented by a
dash ). Several regions of completely conserved acidic amino acids are evident and have been named using the nucleotidase conserved
region (NCR) nomenclature. The extreme N-terminal portions of some of the proteins are not shown, since there is very little homology

in this region. Thus, the sequence of the hSCAN-1 protein shown (top line) begins with the arginine residue presumed to be the cleavage
site releasing the soluble protein from the N-terminal signal pepfileThe positions of the seven point mutations described in this study

are indicated below the sequence alignments by filled circles.
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80
Ficure 2: PlotSimilarity computer analysis of hSCAN-1 and 11 1
highly homologous proteins. The 12 highly homologous protein 60'_
sequences belonging to the hSCAN-1 family (see Table 1) were 404
analyzed using default parameters of the “PlotSimilarity” program, 1
which is part of the Genetics Computer Group (GCG) sequence 20+
analysis suite of programs (SeqWeb). The dashed line indicates 0 1 S
the average amino acid similarity over the entire multiple sequence e — P ———
alignment. The highly conserved regions are labeled in the same wt DB4A DISIA RII3A R27IA DI75A G122E E130Y
manlner as ir|1 Figlélre 1. Note tmatﬁhe residue numlé)ers for ti;)e plootlted hSCAN-1 Protein
similarity values do not match the mutation residue numbers due . - :
to extended nonconserved amino terminal cytoplasmic sequence gg;E,\'?’l C\;/IgIP 25'3 ?Or{?eggreafﬁeacgr\ggﬁts &ft\llqvgd't-m ? arédGnE)uFEzng
of some of the family members used in the analysis. The positions liaht .b ues % ADP bl pk b ti 'tWI T)r’]p b S
of the seven point mutations described in this study are indicated (light gray bars) an ase (black bars) activities. The error bars
by filled circles. are the standard errors for three separate assays. The GDPase and

ADPase activities of all mutants are statistically different from the

wild-type activities (student T-tesp, < 0.05).

% Wild-Type Activity

Table 1: hSCAN-1 and Eleven Other Related Proteins

no. “o 500,000 I \Vild-Type
accession amino f‘n 400,000 ] (B E130Y
no. name (reference) species acids £ ]

AF328554  soluble calcium-activatedHomo sapiens 371 %‘ m,uuo-_

nucleotidase, £ 200,000

SCAN-1 = 1
CAC85468 putative apyrase Homo sapiens 261 5>, 100,000+
AAH41215 similar to C&"-dependent Xenopus laeis 400 - =

ER apyrase 2z
AAH20003 shapy-pending protein  Mus musculus 403 k> 20,000
BAC38139 unnamed protein productMus musculus 403 < ]
NP653355 apyrase Rattus noregicus 403 2
NP509283 apyrase C. elegans 355 LE 10,000 -
T15973 hypothetical protein C. elegans 296 8
XP321938 ENSANGP00000013982Anopheles gambiae 436 o 0
CAC35453 Ag9 protein Anopheles gambiae 392 7] A
NP650074 CG5276-PA Drosophila 219 ADP ATP GDP GTP IDP ITP CDP CTP UDP UTP
AAD09177 apyrase Cimex lectularius 364 Nucleotide

Ficure 4: Nucleotidase activity profile of wild-type hSCAN-1 and

- - - - - the E130Y mutant. Assays were done using a final concentration
Table 2: Location of hSCAN-1 Mutations Described in This Work  of 2 5 mM nucleotide in a buffer containing 5 mM CaCActivity

mutation sequence location  units are micromoles of Pi liberated per milligram of protein per
DBAA \ADLDTES NCRIb hour at 37°C. The break in thg-axis denotes a greater than 10-
G122E, E130Y HEVLESHLAEK fold change in scale. The error bars represent the standard error of

= = the meantrf = 3). All activities of the E130Y mutant are statistically
R133A, D151A GRGMELSDLIVFNGKLYSVDDRTG NCR2 . . P
D175A PWVILSDEGTVEKGEKAEW NCR3 different from the wild-type activity (student T-tegt,< 0.05).

R271A WFFLPARRASQERYSEKDDERKGAN NCR7 q 3-95). In additi " . v d rated
ases Lo— . In-aaaiuon, It was previous emonstrate
aThe amino acid residues mutated in this work (bolded and z 5 P Y

underlined) and the sequences of the surrounding regions of HSCAN-lthat hSCAN',l IS gtnctly dependent Up,on calcium fo,r activity
are shown. and that calcium induces a conformation charig®. (Figure

6 shows that in the presence of calcium, wild-type hSCAN-1
nucleotidase activities were decreased to various extents fomprotein binds efficiently to Cibacron blue, but in the absence
this mutant, with ITPase activity affected the least (78% of of Ca&*t (in EDTA), it binds to a much lesser extent. This
the wild-type activity). Most other nucleotidase activities effect of C&" was specific, since Mg did not promote the
were decreased to 285% of that of the wild-type, while  binding of the wild-type enzyme to the Cibacron blue matrix
the CDPase activity was reduced to 16% of the wild-type. (data not shown). The numbers shown below the hSCAN-1
Thus, the substitution of aspartic acid 175 with alanine not protein bands in Figure 6 represent the relative amounts of
only decreased enzymatic activity, but also changed the protein bound to the affinity matrix, normalized to the wild-
substrate specificity. type enzyme in the presence of Cqlane 3, assigned a
Conformational Analysis of Mutant€ibacron blue has  density of 100%). Untreated wild-type sample (second lane
been used as a nucleotide analogue for many enzymes anffom the left) was applied directly to the gel and serves as
has been shown to be useful for characterizing mutations ofan estimate of recovery. By densitometry, 80% of the starting
NTPDase3, a member of a different class of ecto-nucleoti- wild-type enzyme was recovered after elution from the beads
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® 10 - FIGURe 7: Limited tryptic digestion of wild-type and mutant
e h hSCAN-1. Limited proteolysis was performed at a 1:50 protease/

protein ratio for 10 min at 22C as described in Materials and
Methods. The lane labeled “wt - no trypsin” is undigested (control)
Nucleotide wild-type enzyme. The lane labeled “wt - boiled” represents wild-
FIGURES: Substrate preference of hNSCAN-1 mutant D175A. Assays type enzyme that was boiled for 5 min prior to the protease
were done using a final concentration of 2.5 mM nucleotide in a treatment, simulating susceptibility to trypsin of the unfolded,
buffer containing 5 mM CaGl Values plotted are the percent of ~denatured enzyme. After trypsin treatment, reducing SDS sample
the wild-type nucleotidase activities. The error bars represent the buffer was added to all samples, which were then immediately

ADP ATP GDP GTP IDP ITP CDP CTP UDP UTP

standard error of the mean & 3). boiled for 5 min prior to SDSPAGE analysis.
- «. & £ £ E. g Ca&* or EDTA for wild-type and mutant hSCAN-1 proteins
= L, BT A8 g e s 2 8 A R .
e3. ES B9 =ECEJRCRTa are shown in Figure 7. In the presence ofCahe wild-
£33 8 & 4 R R R R i type enzyme is resistant to limited trypsin proteolysis;
: £, 338828 kg 28R i i ild-
St s 225322 222z73¢8°¢8 however, in EDTA or in Mg", wild-type enzyme was
kD;;‘S B rapidly cleaved into several smaller fragments. In contrast,
3 - T s D Sl S the inactive mutations D84A, R133A, and D151A, in both
(100) 34 12 18 98 38 58 39 37 58 100 53 104 50 calcium and EDTA, show approximately the same pattern

FiGURe 6: Cibacron blue (Affi-gel blue) binding assay of wild-  Of digestion as the wild-type hSCAN-1 digested in EDTA.
type hSCAN-1 (wt) and mutants. Equal amounts of each sample This suggests that these mutants are all folded like the wild-
were incubated with the Cibacron blue gel in the buffer as described type enzyme, since the same residues are exposed for
in Materials and Methods. The “untreated wt” in lane 2 represents cleavage, leading to the same proteolytic pattern. However,
an identical amount of wild-type hSCAN-1 applied directly to the o0 three mutants are not stabilized toward proteolysis by

gel without incubation with the affinity beads. After the affinity + . : -
matrix beads were washed, bound proteins were eluted with-sDs C& ", unlike the wild-type enzyme. Control experiments

PAGE sample buffer and loaded onto the SEFAGE gel as using wild-type enzyme that was boiled prior to proteolysis
described in the methods. The numbers below the hSCAN-1 stainedwith trypsin (to denature and unfold the enzyme) resulted
protein bands are the relative amounts of protein bound to the j, very rapid degradation of hSCAN-1 into very small
gflgg%nagtr:g,;oarlg‘r\s?gﬁgg tg ég%glyg¥%%g%¥me in the presence fragment; (seen as a smear on th(_a gel belpw 6 kDa in lane
3), dissimilar to the pattern seen with the wild-type enzyme
digested in M@" or EDTA (see lanes 3, 4, and 6 in Figure
7). The G122E, D175A, and R271A mutants displayed a

E130Y mutant behaved like the wild-type enzyme in this decrgased protective effect.of calcium on proteolysis by
Cibacron blue assay (data not shown). In contrast, the D84A,'YPSin compared to the wild-type, whereas the E130Y
R133A, and D151A mutants bound poorly to the Cibacron mutant behaved like the wild-type enzyme in this assay.
blue nucleotide analogue affinity matrix in the presence of Response of Wild-Type and Mutant hSCAN-1 Tryptophan
calcium, which suggests an alteration in their nucleotide Fluorescence to Dialent CationsTo correlate the Cibacron
binding pockets or possibly a change in their overall blue and limited proteolysis results to earlier findings that
conformation. The G122E, D175A, and R271A mutants calcium-induced conformational changes in hSCAN-1 could
maintained the ability to bind to Cibacron blue in the be detected by increase in tryptophan fluorescence, we
presence of calcium, despite their decreased enzyme activitymeasured the fluorescence response to various divalent
Limited Tryptic Digestion Analysis of Wild-Type hSCAN-1 cations for wild-type and mutant hSCAN-1 proteins. The
and Mutants Limited proteolysis is a general method for Wild-type enzyme had an &gfor C&" of 61.04 6.6 uM,
detecting changes in conformational structure of proteins andWhile the G122E mutant had an B(®f 57 uM, and the
has been used to analyze mutations of the NTPDase clas&ighly active E130Y mutant had a statistically significantly
of ecto-nucleotidase®8, 24). Thus, all h\SCAN-1 mutations ~ 10wer EGyo of 28 + 1.7 uM. The other less active mutants
were subjected to limited trypsin proteolysis in the presence did not display the sigmoidal increase in tryptophan fluo-
and absence of @4 an ion known to induce a conforma- e€scence in the presence ofztaharacterlsn(; of the wild-
tional change accompanied by a change from an inactive totyP& enzyme, so E& values were not obtained for these
an active nucleotidase in wild-type hSCAN-I0f. Analysis ~ Mmutants.
of the mutants with decreased enzymatic activities revealed Both C&" and S#* can induce the conformational change
that they were also more susceptible to limited proteolysis. as measured by the sigmoidal increase in tryptophan
The susceptibilities to limited proteolysis in the presence of fluorescence (Figure 8). The wild-type enzyme has agEC

incubated with wild-type enzyme in the presence of'Ca
(compare lane 3 with lane 2 in Figure 6). The superactive
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FIGURE 8: SPT can substitute for G4 to induce a conformational Time at 37 C (hrs)

change in wild-type hSCAN-1. The intrinsic tryptophan fluores-
cence (excitation at 295 nm, emission at 340 nm) of wild-type
hSCAN-1 was measured as a function of calci®@ @r strontium

(O) ion concentration. The inset of the figure is an SEFAGE

gel analysis of a limited proteolysis experiment utilizing wild-type
hSCAN-1 digested in the absence or presence of divalent cations
indicated in the figure. This demonstrates that 2 mM'Ga SP™,
unlike Mg?* or EDTA, can protect hSCAN-1 from digestion by
trypsin.

Ficure 9: The effect of calcium, strontium, and EDTA on the rate
of thermal inactivation at 37C of hSCAN-1 Ca-GDPase activity.
Purified hSCAN-1 (0.0015 mg/mL) samples were preincubated in
20 mM MOPS containing 0.05% Tween 2H)( with the same
buffer also containing 2 mM EDTAL), or with the same buffer
containing 2 mM CaGl (®) or 2 mM SrC} (O). The error bars
represent the standard deviations for each determinatien ).
After the times indicated in the figure, the residual GDPase activity
was assayed in the presence of 5 mMCahe results demonstrate
the protective effect of Ga and St and suggest that there is no
61.0 + 6.6 uM for Ca&" and 50.5+ 15.2 uM for Sr?*. tightly bound, high-affinity divalent cation integral to the structure
Among the ions tested (€3 S+, Mg?*, Mn?", Ni?*, and of this protein, since EDTA does not destabilize the activity to
C?"), S’ was the only divalent cation besides?Cahat ~ thermal denaturation.
protected the protein from proteolysis by trypsin (see inset ) ) .
of Figure 8, data using some cations not shown). However, rgsults are not consistent with the presence of a tightly bound
unlike C&*, SP* was unable to support nucleotidase activity divalent cation integral to the structure of hSCAN-1.
effectively, since for the wild-type hSCAN-1, Sr-GDPase DISCUSSION
was only 1.5%+ 0.1% of the Ca-GDPase activity measured
under identical assay conditions. It is possible that this small The hSCAN-1 amino acid sequence contains no previously
amount of activity in the presence of*Siis due to a small  described or characterized nucleotide-binding amino acid
amount of C&" contamination in the buffers used. sequence motifs9j. However, multiple sequence alignment
Effect of the Presence and Absence ofdent Cations of hSCAN-1 with the 11 most homologous amino acid
on the Thermal Stability of h\SCAN-To measure the effect  sequences demonstrates that invariant amino acids are found
of added divalent cations on the thermal stability of the distributed throughout the amino acid sequence, often
enzyme, as well as to attempt to remove any divalent cationsclustered in several highly conserved regions of residues
that might be tightly bound to the protein after refolding and (Figures 1 and 2). We have named these regions of sequence
purification, the stability of enzyme activity was monitored conservation NCRs for nucleotidase conserved regions.
as a function of time at 37C (see Figure 9). In all samples, Although some of the proteins in this multiple sequence
residual GDPase activity was assayed in the presence of falignment have not been characterized, on the basis of the
mM C&". As can be seen, €aand S?' protect the enzyme  sequence similarities observed, they are all very likely to be
from thermal inactivation. It is also evident that EDTA does nucleotidases (apyrases).
not increase the rate of inactivation, suggesting the lack of By site-directed mutagenesis studies, arginine residues
atightly bound divalent cation that is integral to the structure have been identified as required for enzymatic activity in
of the protein. This was true even when using 20 mM EDTA the ecto-NTPDase family of apyrases, and acidic amino acid
instead of the 2 mM EDTA used in Figure 9 (data not residues such as aspartic acid and glutamic acid are thought
shown). These experiments were performed at elevatedto be involved in metal ion coordination or phosphate binding
temperature, since under all conditions tested the enzymein the active sites of the NTPDases, or bdlh, (20, 23). As
activity was stable for more than 1 week at room tempera- can be seen in Figure 1, several invariant regions of amino
ture. acids are found in the hSCAN-1 family of apyrases, and these
To further test the possibility that there could be a tightly regions include conserved aspartic acid residues (D151 and
bound divalent cation integral to the structure of the enzyme, D152 in NCR2) and glutamic acid residues (in NCR2 and
the protein was refolded from denatured bacterial inclusion NCR3). Due to their strong conservation, acidic nature, and
bodies by dilution into a refolding buffer (buffer A) to which  negative charge, these residues may be involved in the
was added either nothing, 2 mM EDTA, 2 mM<€a2 mM catalytic cycle, the divalent cation-binding site, or both.
Mg?*, or 2 mM SF*. After 3 days of refolding at 4C, all The E130Y mutation was designed and characterized due
samples had activities that were not statistically different from to the differences between the sequences of vertebrate and
each other (data not shown). Like the lack of increase in the invertebrate hSCAN-1 family members at this position. This
rate of thermal inactivation in the presence of EDTA, these residue is conserved as a glutamic acid residue in the
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vertebrate sequences but is a tyrosine residue in theor eliminated the ability to undergo the required conforma-
invertebrate bed bug enzyme. The bed bug apyrase has beetional change once Chais bound at this site. These two
characterized on the protein levédllj and likely functions possibilities cannot be distinguished by the methods reported
as an anticoagulant, efficiently hydrolyzing the ADP that is in this study or by the methods used in the previous work
normally used by its host to trigger platelet activation and (10), since all these techniques detectCainding indirectly
clotting. This insect enzyme thus allows blood feeding to by measuring either some conformational property of the
continue by inhibiting host blood clotting. We hypothesized enzyme or effects on nucleotidase activity. In fact, direct
that this residue at position 130 has an effect on the measurement of Ca binding to site(s) having &p in the
nucleotide specificity of these enzymes since, like most hundreds of micromolar range is experimentally problematic
invertebrate members of this apyrase family, the bed bug due to the high concentrations of Taand C&" indicators
enzyme hydrolyzes ADP much more efficiently than human needed.

hSCAN-1 (1). The large increase in enzyme activity Taken together, the data presented in Figures 6 and 7
observed for the E130Y mutant (Figure 4) is consistent with strongly suggest that mutations D84A, D151A, and R133A
this residue being important for nucleotide hydrolysis. The do not respond normally to calcium, indicating that these
ADPase activity for this mutant is 5 times higher than the mutated amino acids occur in regions that are important for
wild-type activity, and the ATPase activity is seven times either calcium binding or the conformational changes that
that of wild-type hSCAN-1 activity. This suggests that the occur as a result of Ga binding. Interestingly, the R271A
mutation of the human enzyme at this site will be a good mutation resulted in a loss of most of the enzyme activity,
starting point for future engineering of hSCAN-1 to be but this mutant can still respond to calcium in the Cibacron
used therapeutically as an antithrombotic agent. Related toblue binding and, to a lesser extent, in the limited trypsin
this potential use as a therapeutic anticoagulant protein, itdigestion assays. This suggests that this mutation does not
has been found that NTPDase apyrases such as CD3%ause a calcium binding or conformational change defect
(NTPDasel) inhibit platelet release and aggregation throughbut instead may indicate that this residue could be part of
metabolic depletion of ADP, a major agent responsible for the catalytic mechanism for hSCAN-1 nucleotide hydrolysis.
formation of the thrombus, and that CD39 reduces ischemia- It should be noted that, in the present study, hSCAN-1
induced norepinephrine release in the heart through theprotein solutions were diluted in buffers containing 0.1%

hydrolysis of ATP 26, 27).

Cibacron blue, a reactive triazine dye and putative nucle-

Tween 20, unlike our previous studyQ). During the course
of this work, we observed that the apparent hydrolysis rates

otide analogue, has been previously shown to bind to andof hSCAN-1 for substrates was increased42times when

inhibit the enzymatic activity of several ecto-apyraseg (

28, 29). Therefore, a Cibacron blue affinity matrix was used
to investigate whether the loss of enzymatic activities of
several hSCAN-1 mutations might be due to more delocal-

diluting with a buffer containing 0.1% Tween 20 compared
to the same buffer lacking a detergent. Thus, the specific
activities reported in this work for wild-type hSCAN-1 (e.g.,
greater than 110 00@mol/(mgh) for GDPase) are signifi-

ized changes in the nucleotide binding pocket, as opposedcantly higher than those we reported earlier (e.g., ap-

to changes in amino acids directly involved in the catalytic
mechanism. Efficient binding of Cibacron blue by wild-type
hSCAN-1 is dependent on &a(see Figure 6), suggesting
that the C&™-induced conformational chang&Q) is impor-
tant for efficient binding of this nucleotide analogue. As
shown in Figure 6, one mutant that lost activity bound very
poorly to the Cibacron blue affinity matrix (D84A), and the
R133A and D151A mutants having little nucleotidase activity
also displayed decreased ability to bind to Cibacron blue.

This suggests that there may be some delocalized confor-

proximately 30 006-40 000umol/(mg hr) for GDPase10)).
This is most likely due to the detergent’s ability to eliminate
the adsorptive loss of protein to the walls of the plastic and
glass tubes used when the hSCAN-1 solutions are diluted to
the low protein concentrations needed for the GDPase
nucleotidase assays. This explanation is consistent with the
finding that Tween 20 enhances another enzyme’s activity
by favoring the release of the enzyme from the walls of the
incubation vessel3().

During the review process for this work, a paper was

mational alterations in these mutants affecting the nucleotide published 14) describing a crystal structure of a protein that

binding/hydrolysis domain.
hSCAN-1 is a calcium binding protein with &atriggering

is essentially identical to the hSCAN-1 protein described in
this study. Those authors show that the basic structure is a

a conformational change, changing the enzyme from an five-bladeds-propeller structure surrounding a centrafCa

inactive form to an active nucleotidast(j. Several of the
mutants characterized in this study apparently lost activity
due to their failure to undergo a conformational change
induced by calcium. This is evidenced by the lack of'Ca
protection from proteolysis by trypsin (Figure 7), by the
reduced ability to bind efficiently to Cibacron blue in€a
(Figure 6), and by the lack of an increase in tryptophan
fluorescence as a function of €aconcentration that is
observed for the wild-type enzyme (Figure 8). In such
mutants (D84A, D151A, and R133A) there exists two

ion. Their structure is consistent with the secondary structure
determination of 44%3-sheet and 46% random coil as
previously determined by circular dichroism in our laboratory
(10). However, there are some inconsistencies between the
conclusions based on the crystal structure determination and
the current results. First, the crystals analyzed in the structure
paper (4) were grown in the presence of?Srand in the
absence of added €3 and a C&" ion was identified in the
center of the five-bladed-propeller structure. The binding

of C&" to such a centralized location in the structure could

possible explanations for the results obtained: either the easily be envisioned to result in the characteristic delocalized

mutations reduced or eliminated the ability to bind?Cat
the approximately 60uM affinity Ca?t site, which is
necessary for enzyme activit§@), or the mutations reduced

conformational changes that were previously described by
our laboratory that occur in response te#C@L0). However,
a Ca" binding site with an affinity of 6«M (as determined
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by UV difference absorbance and tryptophan fluorescenceas well as changes observed in the mutants with respect to
(see Figure 8 and reff0) would not be occupied under the tryptophan fluorescence and susceptibility to limited pro-
crystal growth conditions (on the basis of the affinity, bound teolysis, suggest that these three mutations (D84A, R133A,
C&" should dissociate in less than a second in the absenceand D151A) do not mediate their effects via modification
of added C#&). There is an alternative possibility that the of amino acids directly involved in the catalytic mechanism
hSCAN-1 protein could have an additional high-affinity but rather cause inactivation by not allowing the conforma-
binding site for C&" that would be integral to its structure. tional change induced by €athat is required for nucleoti-
There is precedence for such a high-affinity site in a protein dase activity. We hypothesize that there are at least two

that seems to be fairly homologous to hSCAN-1, the
diisopropylphosphatase (DFPase) enzymeadifyo vulgaris
(31, 32). Besides being also able to hydrolyze phosphates,
this enzyme is homologous to hSCAN-1 in structditthas

a high affinity “structural” C&" that was determined to reside
in the center of a similaf-propeller 3-D structure (a six-
bladeds-propeller structure3?2) for the DFPase, rather than
the five-bladegB-propeller structure determined for hNSCAN-1
(14)). Removal of this high-affinity, structural €a by
incubation with EDTA results in irreversible inhibition and
denaturation of the DFPas8&1). The DFPase also has an
additional lower-affinity C&" binding site needed for activa-
tion of phosphatase activity3l), analogous to what we
described previously for hSCAN-1LQ). However, in con-

functional roles/binding sites for €ain this enzyme, one
for maintaining an enzymatically competent conformation
of the protein and another for serving as a cosubstrate with
the nucleotide. Both are required for nucleotidase activity.
Sr* can substitute for Ca in the first functional role/binding
site (conformational role) but not in the second functional
role/binding site (cosubstrate role). Thereforé @itone does

not support enzyme activity. If 8r can replace Ca at the
conformational C& binding site but cannot substitute for
C&" as a cosubstrate with the nucleotide, this suggests
alternative interpretations for the role of the singlé'Ctaund

in the recently determined crystal structure. In addition, we
find that the amino acid residue at position 130 is very
important for enzyme activity and substrate specificity. The

trast to the DFPase, we have no evidence to suggest thdinding that this single point mutation increases nucleotidase

presence of a high-affinity “structural” €abinding site in
hSCAN-1. Arguing against the existence of such a high-
affinity site are the findings that extended treatment of
hSCAN-1 with EDTA does not result in an increased rate
of inactivation (see Figure 9) and that efficient refolding
occurs in the absence of divalent cations, both of which
would not be expected if such a high-affinity structurafCa
binding site existed in hSCAN-1. Thus, the simplest inter-
pretation of all the data suggests that thé'Gan identified

in the crystal structurel@) may be in fact a St ion and
that it occupies the approximately @1 “conformational”
C&" binding site necessary for enzyme activatior?{S=an
substitute for C& to induce the conformation change

activities substantially is both scientifically important and
of potentially therapeutic utility and suggests that this residue
is one of the crucial amino acids accounting for the different
enzymology observed for the vertebrate versus the inverte-
brate members of this enzyme family. Combination of this
mutation with those discussed by Dai et al. that increase the
ADPase activity of this enzyme dramaticallyj should lead

to designer versions of the hSCAN-1 enzyme having even
better enzymatic characteristics and potential for therapeutic
applications. These applications would include treatment of
ischemic events triggered via activation of platelets by ADP,
including myocardial infarctions and ischemic strokes.

associated with the increase in tryptophan fluorescence andACKNOWLEDGMENT

resistance to limited proteolysis (Figure 8)). However, given
our results that St cannot effectively replace €ato

support nucleotidase activity (the Sr-GDPase activity is only
1.5% of the Ca-GDPase activity), the enzyme whose crystal
structure was determined most likely did not have a Ca-
nucleotide substrate bound to it and thus was not in a fully
active state. This explains the absence of & Gan com-

plexed to the nucleotide analogue as a cosubstrate, as ,

demonstrated by the relatively large distance between the
nucleotide analogue and the single Caion found in the

crystal structure. These hypotheses and conclusions may also

explain the inability of the authors of the crystal structure
paper to identify amino acid residues close enough to carry
out the nucleophilic attack to hydrolyze the phosphate moiety
of the nucleotide-the cosubstrate C&aion is missing from

the structure, and therefore, the arrangement of amino acids ,

around the substrate would be slightly changed relative to
the actively hydrolyzing enzyme.

In summary, we show that several conserved residues in
the nucleotidase conserved regions (NCRs) are important for
hSCAN-1 to maintain normal nucleotidase activity and to
mediate substrate specificity. Amino acid residues D84,
R133, D151, and R271 were identified as essential for
hSCAN-1 enzymatic activity. The differential ability of three
of these mutations to bind to a Cibacron blue affinity matrix,

We thank Dr. Vasily Ivanenkov for preparing the wild-
type hSCAN-1 protein.
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