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ABSTRACT
Rat CD39, a membrane-bound ectonucleoside triphosphate
diphosphohydrolase that hydrolyzes extracellular nucleoside
tri- and diphosphates, is anchored to the membrane by two
transmembrane domains at the two ends of the molecule. The
transmembrane domains are important for enzymatic activity,
as mutants lacking one or both of these domains have a frac-
tion of the enzymatic activity of the wild-type CD39. We
investigated the interactions between the transmembrane
domains by using a strain of yeast that requires surface
expression of CD39 for growth. Random mutagenesis of
selected amino acid residues in the N-terminal transmem-
brane domain revealed that the presence of charged amino
acids at these positions prevents expression of functional
protein. Rescue of the growth of these mutants by comple-
mentary mutations on selected residues of the C-terminal
transmembrane domain indicates that there is contact between
particular faces of the transmembrane domains.

INTRODUCTION
Ectoapyrase activities are present in virtually all eukaryotic

cells, starting with protozoa [1]. The ectoapyrases of verte-

brates are called ectonucleoside triphosphate diphosphohy-
drolases (E-NTPDases). The active site of the E-NTPDases is
extracytoplasmic, either on the cell surface or in the lumen of
intracellular membrane compartments, and it catalyzes the
hydrolysis of phosphoanhydride bonds of nucleoside tri- and
diphosphates. The E-NTPDases are distinguishable from other
membrane-bound ATPases by their broad substrate specifi-
city, divalent cation (Ca2+ or Mg2+) requirements, and insens-
itivity to P- and V- type ATPase inhibitors (for review see
[2]). There are eight members of the E-NTPDase family, six
with two transmembrane domains [3]. NTPDases 1, 2, 3, and
8 are located in the plasma membrane, while NTPDase 4, also
known as UDPase [4] and LALP70 [5], is in the Golgi mem-
branes and lysosomal vacuoles; NTPDase 7 is present in
intracellular membranes [6]. NTPDase 5 has been shown to

be a secreted enzyme [7] and NTPDase 6 has been reported
to be partially membrane-bound to Golgi membranes, pre-
sumably through the uncleaved signal sequence [8]; both
have higher activity for nucleoside diphosphates than for nuc-
leoside triphosphates.
CD39, NTPDase 1, originally identified on the surface of B
lymphocytes, was the first vertebrate ectoapyrase identified
and cloned [9, 10]. Since CD39 is present principally on the
surface of endothelial cells and it converts ATP directly into
AMP without releasing ADP, its major function appears to be
the inhibition of ADP-induced platelet aggregation when ATP
is released in the circulatory system [11]. In fact, administra-
tion of a soluble form of CD39 reduces platelet aggrega-
tion [12].
CD39, a 511 amino acid polypeptide, is composed of two
transmembrane domains near the N- and C-terminal ends,
short cytoplasmic N- and C-terminal segments, and a large
extracellular domain containing the active site [9, 13]. The
extracellular domain contains five regions conserved in all
members of the ectoapyrase family: ACR1-5, where ACR is an
abbreviation of Apyrase Conserved Region. ACR1 and ACR4
are similar to the β- and γ- phosphate-binding domains of a
family of cytoplasmic ATPases including actin, hsp70, and
hexokinase [14]. The transmembrane domains affect the
nucleotidase activity of the enzyme [15]. Mutants of CD39
lacking one or both transmembrane domains have between
10% and 20% of the activity of wild-type CD39. Furthermore,
many detergents used to solubilize the protein, like Triton X-
100, C12E9, and octylglucoside, bring about a loss of 90% of
the enzymatic activity, whereas digitonin does not alter the
enzymatic activity. Importantly, CD39 is a monomer in the
first group of detergents and a dimer in digitonin solutions;
the soluble form of CD39 lacking both transmembrane
domains is also a monomer. These results suggested that
interactions between the transmembrane domains are
required to form the active form of CD39 and that the dimer
may be the active form of the enzyme. According to this
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hypothesis, there should be two types of transmembrane
domain interactions, intrasubunit and intersubunit. While
considerable evidence has supported the proposition that
intact transmembrane domains in a lipid environment are
required for native enzymatic activity and specificity [15, 16,
17], the relationship of dimers to activity is less evident.
CD39 mutants lacking either the N- or C-terminal transmem-
brane domain are still able to dimerize in digitonin solutions,
but have only 20% of the native CD39 enzymatic activity. In
solutions of dodecyl maltoside, cholate, and CHAPS, CD39 is
principally a dimer and has 10–20% of the wild-type CD39
enzymatic activity.
Furthermore, the properties of the transmembrane domains
of CD39 are unusual as they exhibit dynamic rotational
motions linked to the enzymatic activity [18–20]. These
motions are supported by the recent structural evidence
obtained by the group of Norbert Strater [21].
These results led us to study the interactions between the
transmembrane domains. The idea was that the examination
of the amino acid sequence of these domains should indicate
which surfaces of the transmembrane α-helices face the lipid
of the phospholipid bilayer and which face another trans-
membrane α-helix. We tested the predictions by determining
the effects on enzymatic activity of mutations of several
amino acid residues in the transmembrane domains of CD39
expressed in a yeast strain that requires active CD39 for
growth.

EXPERIMENTAL PROCEDURES
Strains, media and reagents

All DNA manipulations were performed using Escherichia coli
strains DH5α (supE44D lacU169 (80lacZDM15) hsdr17 recA1
endA1 gyrA96 thi-1 relA1) or GM 2198 (dam negative[22]).
The Saccharomyces cerevisiae strain YMR4 (MATα his3-11,15
leu2-3,112 ura3Δ5 canRes pho5,3::ura3Δ1), deficient in the
acid phosphatases PHO5 and PHO3 [23], was used for yeast
manipulations.
Standard rich medium was used for E. coli [24]. Standard rich
(YPD) and complete minimal uracil drop-out (DO-U) media
were used for yeast [25]. The composition of the DO-U
medium with 0.3 mM ATP was 0.9 g of DO-U powder, 5 g of
(NH4)2SO4, 1.02 g of MgSO4-7H2O, 0.1675 g of CaCl2, 0.1 g of
NaCl, 0.55 g of KCl, 12.1 g of Tris base, and 0.165 g of ATP
disodium salt (Sigma Aldrich) per liter of water; the pH was
titrated to 7.2 with HCl. Glucose (2%), vitamins, and trace
elements (DIFCO manual) were added after sterilization.

Creation of an acid phosphatase-negative strain of
S. cerevisiae

Two dominant drug-resistance cassettes, kanMX4-module
(pFA6a-kanMX4; [26]) and hphMX4-module (pAG32-hphMX4;
[27]), were used to knock out completely the PHO11 and
PHO12 genes, respectively, to create an acid phosphatase–
negative (APN) YMR4 yeast strain. The selectable drug

markers were polymerase chain reaction (PCR)-amplified
using the following primers: PHO11fwd (5′-ATGTTGAAGTCA
GCCGTTTATTCAATTTTACCGCTTCTTTGGTTAATGCACGTACGC
TGCAGGTCGAC-3′), in which the first 51 nucleotides are the
sense sequence of the PHO11 open reading frame (nucleo-
tides 1–51) followed by the 5′-sense sequence of the
kanMX4-module that is underlined; PHO11rev (5′-TAAAT
CGGTATTCATATTTAGTTTCTAAAATTACATAATCATATTATCTA
TCGATGAATTCGAGCTCG-3′), in which the first 50 nucleotides
are the antisense sequence of the PHO11 gene just down-
stream of the stop codon (nucleotides 1406–1455) followed
by the 5′-antisense sequence of the kanMX4 module that is
underlined; PHO12fwd (5′-ATGTTGAAGTCAGCCGTTTATTC
AATTTTAGCCGCTTCTTTGGTTAATGCCGGATCCCCGGGTTAATT
AA-3′) in which the first 50 nucleotides are the sense
sequence of the PHO12 open reading frame (nucleotides 1–50)
followed by the 5′-sense sequence of the hphMX4 module
that is underlined; PHO12rev (5′-TTTGGACTGTGTTTGTTGTT
CCAACTTGGTACTTCTCGCAAGCAAAAGTCCGATGAATTCXAGCT
CGTTT-3′) in which the first 50 nucleotides are the antisense
sequence of the PHO12 gene 62 nucleotides downstream of
the stop codon (nucleotides 1467–1516) followed by the
5′-antisense sequence of the hphMX4 module that is under-
lined. PCR products were transformed into S. cerevisiae
YMR4, using the lithium acetate method [28]. Before plating
transformants onto selective media, the cells were grown for
4 h in YPD at 30°C, to allow for expression of the transformed
drug resistance marker. Homologous integration of drug res-
istance cassettes was verified by PCR.

Acid phosphatase assay

Intact yeast cells were assayed for acid phosphatase activity
as described by [29] with the following modifications. Yeast
cells were grown in a liquid culture to an absorbance of 1; an
aliquot of 100 ml was centrifuged, the cells were washed once
with 1 ml of 0.1 M acetate buffer pH 3.8 and suspended in 60
ml of the acetate buffer. To this suspension, 60 ml of 11 mM
p-nitrophenyl phosphate (Sigma Aldrich) in 0.1 M acetate
buffer pH 3.8 was added and the reaction was allowed to
proceed for 10–30 min at 30°C. The reaction was stopped by
removing the cells by centrifugation followed by the addition
of 1.2 ml of 0.2 M NaOH. The absorbance was read at
401 nm. One unit of acid phosphatase activity was defined as
the amount of enzyme that catalyzes the liberation of 1 mmol
of p-nitrophenol per minute at 30°C.

Nucleotide phosphatase assay

Nucleotide phosphatase activity was assayed as described by
[30]. Yeast cells were washed twice with 50 mM Tris-HCl, pH
7.4, and suspended in the assay buffer containing 50 mM
Tris-HCl, pH 7.4, 1 mM NaN3, 1 mM EGTA, 1 mM Na3VO4, and
1 mM ATP with or without CaCl2. The surface activity was
assayed at room temperature for 30 min. The Ca2+-stimulated
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ATPase activity was determined by measuring the inorganic
phosphate released (31) and by subtracting values obtained
without CaCl2 from those with 5 mM CaCl2.

DNA constructions

To express CD39 in yeast, a BamHI-digested fragment of
pGZ131 [30] containing the entire CD39 gene was cloned into
the pVT101-U vector [32]. Constructions of carboxy-terminal
truncated (CT) and amino-terminal truncated (NT) CD39 plas-
mids are described before [15]. CT construct was digested
with EcoRI and NotI and NT with HindIII and XhoI. 5′ over-
hangs of the CT fragment were filled with Klenow fragment.
CT and NT fragments were cloned into the pVT101-U vector.
To introduce single mutations into CD39, the entire gene of
CD39 was cloned into a modified pYES2 [33]. The 5′ over-
hangs of the BamHI fragment containing the entire CD39 was
filled with Klenow fragment and cloned into the XhoI/HindIII
site of pYES2 first filled with Klenow fragment.
Single random mutations were introduced at the amino acids
G22, S24, and A34 of CD39 (the number refers to the number
in the protein sequence) using the primers G22mut, S24mut,
or A34mut, respectively, shown in Table 1. The antisense pri-
mer (5′-TTCCATTCTGAGCAAGCG-3′) contained an antisense
sequence of CD39, nucleotides 402–420. The template was

pYE2S-CD39. Nucleotide combinations NNS in primers
G22mut, S24mut, and A34mut, where N stands for any nucle-
otide and S for GMP and AMP, generate 32 different codons
which code for all 20 amino acids and one stop codon. The
PCR product was digested with BclI and SacII and the corre-
sponding fragment in pYES2-CD39 was replaced with the ran-
dom mutated G22, S24, or A34 PCR fragment. The resulting
mutant libraries of G22mut, S24mut, or A34mut were
digested with SmaI and XhoI to cut out the whole mutated
CD39 gene from pYES2-CD39 which was subcloned into the
PvuII/XhoI site of pVT101-U. The resulting plasmids of
G22mut, S24mut, or A34mut were transformed into APN S.
cerevisiae YMR4. Transformants were plated onto DO-U plates
and were grown for three days at 30°C. Colonies were replica-
plated onto 0.3 mM ATP-DO-U plates. After three days, the
growing colonies were streaked onto 0.3 mM ATP-DO-U plates
to verify the growth of mutants. Mutants were screened by
yeast colony PCR (see later in this part). Selected mutant plas-
mids were isolated from yeast colonies, amplified in E. coli
DH5α and retransformed into yeast to confirm the growth.
To generate the library of rescue mutants of CD39, the entire

CD39 gene was cloned into the BamHI/HindIII site of

pBluescript II vector. A primer CD39BstBI-mut, containing a
sense sequence of CD39 (nucleotides 1466–1513), an NcoI
and a BstBI restriction site (5′-TGGTCGCCATGGTCATCAC
AGGGCTGTTCATCTTTtcgAAGCCTTCGT-3′, the restriction sites
are underlined, at the BstBI site the lowercase letters
represent the changes from the original bases), and
pVT101rev primer (5′-GCAAGGTAGACAAGC-3′), containing an
antisense sequence of pVT101-U [32], was used in PCR to
introduce a BstBI restriction site into CD39. The template was
pVT101-CD39. The resulting PCR product was digested with
NcoI and BamHI, and the corresponding fragment in
pBluescript-CD39 was replaced with this NcoI/BamHI PCR
fragment.
The libraries of G22E or G22R rescue mutants were gener-

ated with pVT101fwd primer (5′-CTGCACAATATTTCAAGC-3′)
and an antisense primer M2I containing a BstBI site and an
antisense sequence encoding CD39 complementary to nucleo-
tides 1455–1511 in which L489, M492, and G496 were ran-
domly mutated (Table 1). The templates were pVT101-
CD39G22E or G22R. Rescue PCR products of S24E or
S24R mutants were generated with pVT101fwd primer
and an antisense primer M2II containing a BstBI site and
an antisense sequence of CD39 complementary to nucleotides
1449–1511 in which L487, A491, and T495 were randomly
mutated (Table 1). The templates were pVT101-CD39S24E
or S24R. PCR products were cloned into the BclI/BstBI site of
pBluescript-CD39. The libraries of G22E and G22R rescue
mutants were subcloned into the BamHI/HindIII site of
pVT101-U and rescue mutants were selected on 0.3 mM ATP-
DO-U plates as explained earlier in the experimental part.
The rescue libraries of G22E or G22R with a single amino

acid were generated with pVT101fwd primer and an

Table 1. PCR primers used to create CD39 mutations. Primer
sequence from 5′ to 3′

G22mut 5′-ATATTCTGATCATCCTTNNSTTCTCCTCTG -3′
S24mut 5′-ATATTCTGATCATCCTTGGTTTCNNSTCTGTCTTGG -3′
A34mut 5′-ATATTCTGATCATCCTTGGTTTCTCCTCTGTCTTGGCTGTGAT

AGCTTTGATTNNSGTGGGACTGA -3′
M2I 5′- GAAGGCTTCGAAAAGATGAACAGSNNTGTGATGACSNNG

GCGACSNNGACCAGGGAG -3′
M2II 5′- GAAGGCTTCGAAAAGATGAACAGCCCSNNGATGACCAT

SNNGACCAAGACSNNGGAGAAGAGA -3′
G496mut 5′- GAAGGCTTCGAAAAGATGAACAGSNNTGTGATGACC -3′
T495mut 5′- GAAGGCTTCGAAAAGATGAACAGCCCSNNGATGAC

CATG -3′
M492mut 5′- GAAGGCTTCGAAAAGATGAACAGCCCTGTGATGACSNNG

GCGACCAAG -3′
A491mut 5′-GAAGGCTTCGAAAAGATGAACAGCCCTGTGATGACCAT

SNNGACCAAGACC -3′
F498Emut 5′- GAAGGCTTCGAAAAGATCTCCAGCCCTGTG -3′
L497Emut 5′- GAAGGCTTCGAAAAGATGAACTCCCCTGTGATG -3′
T495Emut 5′- GAAGGCTTCGAAAAGATGAACAGCCCCTCGATGAC

CATG -3′
I494Emut 5′- GAAGGCTTCGAAAAGATGAACAGCCCTGTCTCGACCAT

GGCG -3′
V493Emut 5′- GAAGGCTTCGAAAAGATGAACAGCCCTGTGATCTCCATGG

CGACC -3′
M492Emut 5′- AGGCTTCGAAAAGATGAACAGCCCTGTGATGACCTCGGCG

ACCAA -3′
A491Emut 5′- GAAGGCTTCGAAAAGATGAACAGCCCTGTGATGACCATCT

CGACCAAGACC -3′

The BclI restriction sites are underlined and BstBI sites are double
underlined. Randomly mutated nucleotides are shown in bold and
underlined CTC codons show glutamic acid mutation.
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antisense primer G496mut or M492mut (Table 1) with
pVT101-CD39G22E or R as a template. Single rescue mutants
of S24E or R were generated with pVT101fwd primer and an
antisense primer T495mut or A491mut (Table 1) and with
pVT101-CD39S24E or R as a template. PCR products were
cloned into the BclI/BstBI site of pBluescript, subcloned into
the BamHI/HindIII site of pVT101-U, and selected on 0.3 mM
ATP plates as explained earlier. The specificity of G22R or
S24R rescue was tested with constructs which were created
using pVTfwd primer and an antisense primer F498E, L497E,
T495E, I494E, V493E, M492E, or A491E (Table 1) and
pVT101-CD39G22R or S24R mutant plasmids as templates.
PCR products were cloned into the BclI/BstBI site of
pBluescript and subcloned into the BamHI/HindIII site of
pVT101-U.
To introduce an HA tag into the C-terminal end of wtCD39,
G22R, or G22R,M492T,G496E, a primer CD39-tag, containing
an antisense sequence of CD39 (nucleotides 1515–1533),
BamHI restriction site, and HA tag (5′-GGTACCGGATCCTC
ACAGAGAAGCGTAGTCTGGGACGTCGTATGGGTATACTGCCTCT
TTCCAGAAA-3′, BamHI underlined), and pVT101fwd primer
were used with pVT101-CD39, G22R or G22R,M492T,G496E
as templates to amplify the entire gene. PCR products were
cloned into the BamHI/HindIII site of pVT101-U.

Yeast colony PCR

Yeast colonies were picked up with pipet tips and mixed into
45 ml of 0.25% SDS. A total of 50 ml of acid-washed glass
beads were added into tubes and samples were vortexed for
4 min. After vortexing, the samples were centrifuged for
3 min. Supernatants were diluted 25-fold with water and 2 ml
of the dilution was used for PCR.

Yeast crude membrane preparation

Cells were grown to A600 ∼ 2.0 in DO-U medium containing
2% glucose at 30°C. Yeast crude membranes were isolated as
described previously [34].

Immunoblots

Western blot analysis was done as described before [18].
Samples were resolved on a 7.5% SDS-polyacrylamide gel.
Nitrocellulose membranes were probed with anti-HA11 mono-
clonal antibody (Covance). Protein concentration was deter-
mined with the protein assay kit of Bio-Rad Laboratories
(Hercules).

RESULTS
Expression of wtCD39, ▵TM1CD39, and ▵TM2CD39
mutants in yeast

In order to use yeast growth as a measure of the expression
of active CD39, we constructed a strain of S. cerevisiae lacking
all four acid phosphatase genes and used a medium with ATP
as the only source of phosphate. Since nucleotides are unable
to enter the cell [35], the yeast strain would be able to grow
only if enzymatically active CD39 is present on the surface of
the cells. The acid phosphatase activity at pH 3.8 of the parent
YMR4 strain was 0.14 ± 0.006 unit/108 cells, whereas the
activity of the deletion strain was 0.001 ± 0.001 unit/108

cells indicating the absence of phosphatase activity on the
intact cells.
Growth of the APN S. cerevisiae strain on a solid DO-U
medium containing ATP as a phosphate source is shown in
Figure 1. It is evident that yeast transformed with a plasmid
containing wtCD39 grew more rapidly than the yeast contain-
ing the control vector. This result supported the view that

Figure 1. Growth of acid phosphatase-negative yeast strain on uracil-deficient medium supplemented with phosphate or ATP. The cells

of the yeast strain carrying pVT101-CD39 (CD39) or pVT101 (Cont.) were streaked on a synthetic minimal DO-U medium plate contain-

ing phosphate (A) or 0.3 mM ATP at pH 7.2 as phosphate source (B). A total of 10 μl of a cell culture OD650 = 0.1 was plated on both

plates. The plates were incubated at 30°C for 3 days.
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wtCD39 was expressed at the surface of yeast cells and thus
was able to hydrolyze ATP. Intact control cells had no meas-
urable ATPase activity at pH 7.4, 0.16 ± 0.17 nmole /m/108

cells, while the ATPase activity of cells expressing wtCD39
was 2.55 ± 0.63 nmole/m/108 cells. The slow growth of the
control strain was caused by the slow spontaneous hydrolysis
of ATP.

The growth of wtCD39 and the mutants lacking the N- or
C-terminal transmembrane domains (▵TM1CD39 and
▵TM2CD39) [15] was measured in a liquid ATP-DO-U
medium at pH 7.2. The medium was buffered to slow down
the decrease of pH caused by acid production during fer-
mentation so that the enzymatic activity of CD39 could oper-
ate near its pH optimum [36]. The growth curves shown in
Figure 2 indicate that wtCD39 grew faster than the
▵TM1CD39 and ▵TM2CD39 mutants. The growth rates
roughly followed the enzyme activity of CD39 and its
mutants. The activity of the ▵TM1CD39 and ▵TM2CD39
mutants was about 35% and 25%, respectively, of the activity
of the wtCD39 when measured three days after inoculation.
These results indicated that the yeast strain expressing CD39
could be used to assess the enzymatic activity of CD39 at the
surface of the cell.

Selection of functional TM1 and TM2 CD39 mutants

The aim of this research was to determine whether there are
protein–protein interactions between TM1 and TM2 of CD39
in order to understand how the transmembrane domains
affect the enzymatic activity of the nucleotidase.
We determined the helical hydrophobic moment of the trans-
membrane helices according to [37] and identified the faces
of the helices that are most hydrophobic and presumably are
exposed to lipid. These are shown in Figure 3 as a black vec-
tor on the helical wheel diagrams. We then calculated the
helix packing moments for the transmembrane domains
according to [38], in order to identify the faces of TM1 and

Figure 2. Growth of acid phosphatase-negative yeast strain in

liquid uracil-deficient medium containing ATP. Yeast carrying

pVT101-CD39 (■), pVT101-CD39CT (▲), pVT101-CD39NT (●), and

pVT101 (□) were grown in DO-U medium, pH 7.2 at 30°C con-

taining 0.3 mM ATP.

Figure 3. Helical wheel projections of TM1 and TM2 of CD39 using the program of Kael Fisher (http://kael.net/helical.htm). TM1, start-

ing at A34, and TM2, starting at L481, are shown going from the extracellular surface to the cytoplasmic surface of the plasma mem-

brane. The residues colored red have helix packing values larger than that of Gln (38). The black arrow indicates the direction of the

hydrophobic moment (37); the red arrows show residues with helix packing moments greater than that of Gln suggesting helical pack-

ing interfaces (38).
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TM2 that are likely to participate in helix interfaces. These
regions appear to be rich in small and weakly polar residues
[39]. The helix packing moments, shown in Figure 3 as red
vectors, indicates that two faces of TM1 and TM2 could parti-
cipate in contacts between helices. To investigate the possibil-
ities presented by the results in Figure 3, we randomly
mutated three residues of TM1, G22, and S24 at two potential
interhelical contact faces, and A34 on a lipid exposed face, to
see which substitutions were compatible with expression of
active CD39. Each mutant library was transformed into the
APN S. cerevisiae. About 50–60 growing colonies of each mut-
ant library (G22, S24, or A34) were sequenced to verify which
amino acid allowed a functional CD39. Also eight to nine
slowly growing yeast colonies of each mutant type were
sequenced to determine amino acid substitutions that do not
allow expression of active CD39. Table 2 shows the results of
these random mutations.
Three types of amino acid substitutions were found for all
three sites. The largest group comprises the substitutions
that allow production of functional CD39 and includes G, the
nonpolar amino acids (A, L, V, I, and M), S, T, C, F, and W.
A second group includes P, K, R, H, D, E, N, and Q that were
not permissive for production of functional CD39. The reason
that no colonies, even slow growing, with these mutations
were isolated at some sites, for instance, K and H at all three
sites, may be the consequence of insufficient sampling of
slow-growing colonies (only 25). The third group is Y that
allows growth at A34 but prevents production of active CD39
at G22 and S24.

Since the hypothesis was that G22 and S24 are likely to be at
helix contact sites, it was surprising that their replacement
with large amino acids like L, V, I, M, F, and W had no effect
on expression of active CD39; whereas the substitution of
these residues at A34 was compatible with the view that A34
faces the lipid environment. Interestingly, the G22Y and S24Y
mutants grew more slowly on an ATP plate than wtCD39 and
the A34Y mutant. Tyrosine differs from other aromatic amino
acids in that it has a polar hydroxyl group, which may inter-
fere with helix packing; in any event its occurrence at helix
interfaces is low [39].
All Pro-mutants of CD39 were inactive, a situation compatible
with the known disruption of the α-helix by the ring structure
of Pro. Although it was not unexpected that substitution of
G22, S24, and A34 with the charged amino acids K, R, H, D,
and E prevented expression of active CD39, it was not clear
why the polar N and Q were also deleterious for growth.
Table 2 also shows the expected and calculated fractional
appearances of the different amino acids. Ala, Ser, and Arg
have the highest expected fractional appearance because each
of them are represented by 3 of the 32 codons in the random
mixture. Gly, Leu, Val, Pro, and Thr are represented by 2 of
the 32 codons and the other amino acids have one codon in
the random mixture.
Since selection was based on the rate of growth of the colon-
ies on plates, it is possible that the explanation for the higher
frequency of appearance of some amino acids compared to
others, for instance, S24G compared to S24L, is a consequence
of different growth rates of these colonies. However, since the

Table 2. Amino acid substitutions at three amino acid positions in TM1 of CD39

Allowed changes Disallowed changes

Amino acid G22 S24 A34 G22 S24 A34

G (0.062) 16 (0.25) 11 (0.172) 5 (0.078)
A (0.094) 3 (0.047) 5 (0.109) 2 (0.032)
L (0.062) 10 (0.156) 4 (0.065) 13 (0.204)
V (0.062) 13 (0.204) 7 (0.14) 5 (0.078)
I (0.031) 3 (0.047) 6 (0.094)
M (0.031) 1 (0.016) 2 (0.032) 4 (0.062)
P (0.062) 1 (0.016) 1 (0.016) 1 (0.016)
S (0.094) 5 (0.078) 5 (0.078) 5 (0.078)
T (0.062) 2 (0.032) 4 (0.0625) 9 (0.14)
C (0.031) 1 (0.016) 6 (0.094)
F (0.031) 2 (0.032) 5 (0.047) 6 (0.094)
W (0.031) 3 (0.047) 4 (0.0625) 3 (0.047)
Y (0.031) 6 (0.094) 1 (0.016)
K (0.031)
R (0.094) 2 (0.032) 1 (0.016)
H (0.031)
D (0.031) 1 (0.016) 2 (0.032)
E (0.031) 4 (0.062) 3 (0.047) 3 (0.047)
N (0.031) 1 (0.016) 1 (0.016)
Q (0.031) 2 (0.032) 1 (0.016)
Altogether 64 64 73

The first column indicates amino acids and their expected fractional appearances in parentheses. Next three columns show amino acids changes
which gave active CD39 and their calculated fractional appearances based on the total number of amino acids at the mutated position. Last three
columns show amino acids which were detrimental for CD39 function
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sample size for each site was only twice the number of pos-
sible codons, the measured frequency of appearance of a
given amino acid at each site is not an accurate measure of
the actual frequency that would be obtained with a much lar-
ger sample size.
Random mutagenesis was also done at position A491 of TM2.
Mutants with substitutions of charged amino acids, Pro and
all the aromatic amino acids at this position, did not allow the
production of active CD39. Clearly, some helical positions are
more sensitive to the quality of the side chain.
We also investigated the effect of changes from a large side
chain to a small one on the properties of CD39. Mutations of
I33 and F485 to G decreased the expression of functional
CD39, indicating that these big amino acids cannot be
mutated to a small one without loss of activity.
We conclude that the regions of TM1 with large packing
moments can tolerate replacement with most other amino
acids except for those with charge.

Selection of TM2 mutants that rescue TM1 mutants that
are not viable

As indicated in Table 2, the substitution of charged amino
acids at G22 and S24 of CD39 does not allow the growth of
transformed yeast. Accordingly, we constructed four plasmids

with CD39 mutations (G22E, G22R, S24E, and S24R) in TM1
and verified that they do not confer viability on transformed
yeast strains. To investigate whether these mutated residues
interact with residues of TM2, we made random mutations of
residues of TM2 which on the basis of the information in
Figure 3 might interact with G22 and S24, to wit L489, M492,
and G496 of TM2 for G22 and L487, A491, and T495 of TM2
for S24. The helix net diagrams [40] shown in Figure 4 indic-
ate the rationale for the pairings. Table 3 shows the results of
these experiments; also included in the Table are the surface
ATPase activities of the yeast cells transformed with the vari-
ous mutated plasmids.
G22E was rescued by three types of mutants: G496 was a

positively charged amino acid and M492 was Ser or Leu;

G496 and/or M492 were/was Ser; and L489 was Pro while

G496 was Leu, Tyr, or Trp and M492 was A or L; the latter

result suggests that the effect of the Pro mutation on the

structure of the α-helix is important. G22R was rescued by a

positively charged residue at G496 and a polar residue at

M492, or by a Pro at L489 with a polar residue at either 492

or 496. The striking feature of the results is that all the muta-

tions that restored the functional expression of the G22E and

G22R CD39 mutants had a polar or a charged residue at

M492 or G496 or at both positions. The only exception was

the rescue of G22E by L489P, M492A, and G496L. With the

Figure 4. Helical net diagrams (40) of TM1 and TM2. The transmembrane domains are shown with the extracellular surface at the bot-

tom and the cytoplasmic surface at the top of the figure. The residues colored red have helix packing values larger than that of Gln

(38). The residues grouped by blue lines in TM1 and TM2 correspond to those in Figure 3 indicated by the red arrows suggesting helical

packing interfaces.
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exception of the latter case, a possible explanation of these

results is that the residues substituted at M492 and G496 are

capable of interacting with G22E by hydrogen bonding or salt

linkages. Interestingly, the M492S mutation was more effect-

ive than the G496H or R mutations in its rescue ability and

the ATPase activity of the Ser rescue mutants was about twice

the activity of G496H or R rescue mutants (Table 3). The

G22R mutation was rescued by the presence of Asp or Glu at
G496 and of Thr or Cys at M492, and by the presence of Pro
at L489 and Thr or Tyr at G496 or M492 (Table 3).
S24E was rescued with Thr or Ser at A491 and/or at T496.

The various combinations suggest that a polar residue at

A491 or T496 is necessary, since the A492T, T496V mutant is

viable. We conclude that in wtCD39, S24 interacts with T496.

The activity of the S24E mutant was about 15% of that of

wtCD39, while the rescue mutants had about 40–50% of

wtCD39 activity. No rescue mutations involving the presence
of charged amino acids were found. No mutations were found
that could rescue the S24R mutant.
In order to determine whether the mutations at M492, G496

and A491, T495 individually are able to rescue the G22E,

G22R and the S24E, S24R mutations, respectively, random

mutagenesis of M492 and G496 and of A491 andT495 was

done and colonies were selected for growth on ATP plates.

The results are shown in Table 4. The activity of the G22E

mutant was restored by substitution of Ser or Cys at M492
and by substitution of G496 by Ser, verifying the conclusion
that a polar residue has to be present at one of these sites.
Interestingly, no single positively charged amino acid substi-
tution of G496 could restore the activity of the G22E mutant,
although the results in Table 3 show that the combinations
L489A/M492L/G496H and L489L/M492L/G496R were able
to rescue the G22E mutant. On the other hand, the G22R

mutant was rescued by G496E, as well as by either Y or T at
M492. The S24E mutant was rescued by A491T or S, a result
supporting the view that a polar residue at this site is
required for rescue; no single mutants of T495 were found.
No rescue mutations at A491 and T495 were found for the
S24R mutant.
We conclude that the face of the TM1 helix containing G22

interacts with the face of TM2 containing M492 and G496,

while the face of TM1 with S24 interacts with the face of TM2

with A491 and T496.

Specificity of the interactions between G22 and G496

The hypothesis that the TM1 and TM2 transmembrane helices

interact at the faces containing G22 and G496 was explored

by asking whether the G22R mutation was rescued specific-

ally by substitution of G496 by Glu rather than by replace-

ment of any residue between A491 and F498 by Glu. Only the

G496E mutation was able to restore the activity of the G22R

mutant confirming that the interaction between G22R and

G496E is specific. None of these single-site mutations were

able to rescue the S24R mutant supporting the specificity of

the preceding result.

Table 3. The rescue of glutamic acid or arginine mutants in the TM1 with the mutations in the TM2 of CD39

Amino
acids in TM2

Enzyme
activity (% of WT) Amino acids in TM2 Enzyme activity (% of WT)

G22E L489 M492 G496 25–30 S24E L487 A491 T495 15–20

G22E rescue L S H
35–40

S24E rescue M T T

40–50
A S H L T S
A L H I T V
L L R L S S

L S L 70–80
L S S

P A L

45–50P L Y
P L W

G22R L489 M492 G496 15–20 S24R L487 A491 T495 10–15

G22R rescue L T E 25–40 S24R rescue No rescue mutants
G C D

P L T
P Y A

Table 4. The rescue of glutamic acid or arginine mutants in TM1
by single amino acid mutations of TM2

Amino acid

M492 G496 A491 T495

G22E rescue S or C S S24E rescue T or S no mutants
G22R rescue Y or T E S24R rescue no mutants no mutants
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Expression of wtCD39 and CD39 mutants in yeast

The expression of wtCD39, the G22R mutant, and the G22R-

M492T, G496E rescue mutant in yeast cells was examined by

the separation of crude yeast membranes by SDS-PAGE and

immunoblotting with anti-HA antibody (Figure 5). Samples

were also deglycosylated with glycopeptidase F to ensure
that glycosylation had taken place.
Cell membranes from yeast transformed with plasmids con-

taining CD39 cDNA had a band in the range between 56 and

64 kDa. The membranes with wtCD39 had the principal band
at 64 kDa (lane 5). Most of the CD39 protein in the mem-

branes from the G22R mutant, that is deficient in ATPase

activity, was in the 56 kDa region; however, a smear of protein

approached close to the 64 kDa region (lane 1). However, the

membranes of yeast expressing the G22R-M492T, G496E res-

cue mutant with twice the ATPase activity of the G22R mutant

had a well-defined band at 64 kDa (lane 3). None of these

bands were present in the yeast cells transformed with the
empty vector (lane7) supporting the view that the bands are

CD39 protein.
After deglycosylation of the membrane protein with glycopep-

tidase F, all three samples had bands around 56 kDa, which

corresponds roughly to the correct molecular mass of the

unglycosylated wtCD39 [41]. No 56 kDa protein band was

detected in the control. Clearly, all three proteins were glyco-
sylated; while wtCD39 was extensively processed, the mutant
proteins were in large part not glycosylated and retained in
the endoplasmic reticulum. Additional bands from 18 to 36
kDa were recognized in the samples of CD39 and the mutants

but not in the control sample. These bands are degradation
products which were formed during the isolation of cell
membranes.

DISCUSSION
We have constructed the yeast strain APN that requires the
presence of active CD39 at the cell surface to grow on media
with ATP as the only source of phosphate. The strain was
derived from YMR4, deficient in the PHO3 and PHO5 acid
phosphatase genes, by deletion of the PHO11 and PHO12 acid
phosphatase genes. The surface ATPase activity of APN was
0.16 ± 0.17 nmole /m/108 cells, whereas APN transformed
with a plasmid containing the cDNA for wtCD39 had a surface
ATPase activity of 2.55 ± 0.63 nmole/m/108 cells, comparable
to that of YMR4. In liquid media, the growth rate of APN was
negligible in the absence of transformation with the wtCD39
plasmid (Fig. 2). On agar plates, there was sufficient spontan-
eous hydrolysis of ATP that APN grew slowly but at an easily
distinguishable rate from that of the cells transformed with
the wtCD39 plasmid.
We used this yeast strain to investigate the effects of muta-
tions of residues in the transmembrane helical domains on
the surface expression of enzymatically active CD39. By ran-
dom mutagenesis, a library of mutants of a particular amino
acid was made and selected for expression of CD39 adequate
for growth on ATP plates.
The central question was whether interactions between the
transmembrane helices of CD39 could be identified. The
approach was based on the view that the surfaces of TM1
and TM2 defined by the hydrophobic moment would be likely
to be exposed to lipid [37], while the helix surfaces character-
ized by helix packing moments would be involved in interac-
tions between the transmembrane helical domains [39].
The three small amino acid residues of TM1 selected for
mutational analysis are located in the second, third and fifth
turns of the α-helix from the cytoplasmic border. The result
that all amino acids with a positive value on the hydrophobi-
city scale of [42] can substitute for A34 is compatible with
the possibility that this residue is at a non-interfacial position,
as is also suggested by the hydrophobic moment and by
the ability of Tyr, a residue with a high propensity for non-
interfacial localization, to substitute for A34. On the other
hand, the result that residues with a large hydrophobic
side chain can substitute for G22 and Ser24 appears to com-
promise the view that these amino acids are on interfacial
faces. The inability of Tyr to replace G22 and S24, however,
supports this view. We conclude that G22 and S24 are likely
to be on interfacial faces of TM1 and that the α-helices in
question are likely to be closer to one another at the extracel-
lular ends and farther apart at the cytoplasmic ends to account
for the ability of large nonpolar amino acids to occupy these
positions in a functional protein.
Previous results from this laboratory have suggested that the
transmembrane helices are highly mobile and that this mobil-
ity is a prerequisite for function [18–20]. We investigated this

Figure 5. Expression of wtCD39, and the G22R and G22R-LTE

(L489L, M492T, G496E) mutants in yeast. A total of 15 μg of

crude membrane proteins of samples pVT101-CD39G22R (lanes

1–2), pVT101-CD39 G22R-LTE (lines 3–4), pVT101-CD39 (lanes

5–6), and pVT101 (lanes 7–8) were treated (*) or not treated

with glycopeptidase F. The samples were subjected to 7.5%

SDS-PAGE and examined by immunoblotting with anti-HA11

monoclonal antibody.
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premise by rescue of the growth of yeast cells transformed
with a plasmid in which G22 of TM1 was mutated to charged
amino acids, a change that prevents expression of functional
CD39, and L489, M492, and G496 of TM2 were randomly
mutagenized. The result that the presence of charged or polar
amino acids at positions 492 and/or 496 rescued the G22
mutant suggested that this surface of TM2 is close to the sur-
face of TM1 with G22 so that hydrogen bonds or salt linkages
could form between the mutated amino acids. If helix mobility
is sufficient so that there is no stable contact between helix
faces, one would expect that the G22R mutant could be res-
cued by the presence of Glu at any position within a helical
turn of G496. In fact, only the G496E mutation was effective
in rescue, while all the other mutants from A491E to F498E
were not. This result suggests that there is a stable conforma-
tion of the transmembrane helices and that their rotational
mobility is a transient phenomenon.
Similarly, the mutation of S24 to Glu was rescued by polar
amino acids at A491 even when T495 was changed to Val,
indicating that the surface of TM1 with S24 interacts with the
surface of TM2 with A491 and T495.
While the experiments of [18] on crosslinking of Cys residues
placed in the transmembrane domains suggested considerable
helix mobility, they also found that the I33C and A34C

mutants in TM1, and the V483C and S480C mutants in TM2
were unable to crosslink under two conditions: low tem-
perature (4°C) and presence of substrate (ATP), suggesting
that the residues are on TM1–TM2 interacting faces and
not available for TM1–TM1′ and TM2–TM2′ interactions and
crosslinking.
The results presented here suggest that the face of TM1
including G22 contacts the face of TM2 containing G496 and
M492, and that the face of TM1 with S24 contacts the face of
TM2 with T495 and A491. Are these interactions between the
transmembrane helices intramolecular or intermolecular? We
cannot answer this question with these data. It is possible
that the two sets of helical interactions represent intramole-
cular and intermolecular interactions. However, a more likely
possibility is that both the G22 TM1–G496 TM2 surfaces and
the S24 TM1–T495 TM2 surfaces are involved in intramolecu-
lar interactions.
With regard to the latter point, the studies on the structures
of the NTPDase proteins by the Strater group [21, 43, 44]
have revealed that the molecule undergoes domain closure
movement of the extracellular domains on binding of sub-
strate involving a relative rotation of 15° and up to 21.8° of
the C-terminal domain (II) with respect to the N-terminal
domain (I) through an axis between the domains. As [21]

Figure 6. Helical wheel heptad projections (45) of TM1 and TM2 showing the arrangement of the amino acids on the surface of the

helix. TM1, starting with A34, and TM2, starting with L481, are shown from the extracellular surface to the cytoplasmic surface of the

membrane going into the plane of the page. The residues colored red have helix packing values larger than that of Gln (38). The sur-

faces of TM1 with G22 and S24 are proposed to interact with the surfaces of TM2 with G496/M492 and T495/A491, respectively. (A)

TM domain interactions in the open state and (B) TM domain interactions in the closed state. The arrows indicate the direction of rota-

tion of the TM domains through the stated angles in order for the TM domains to move from one stable interaction to the other.
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have suggested and we have proposed [18] from different
perspectives, the dynamic motions of the transmembrane
domains observed by us are likely to be coupled to the
motions of the two extracellular domains of the NTPDases
associated with substrate-binding described by [21, 43].
Accordingly, we suggest that the rotation of the transmem-
brane domains between the position allowing interaction
between the S24TM1 and T495, A491 TM2 surfaces to the
position for the interaction between the G22 TM1 and G496,
M492-TM2 surfaces, shown by the helical wheel heptad pro-
jections [45] in Figure 6, could provide the driving force for
or are the consequence of the approximately 20° rotation of
the C-terminal extracellular domain with respect to the N-ter-
minal domain. The observation that CD39 lacking the trans-
membrane domains has decreased hydrolytic activity [15]
suggests that the TM domains are involved in the enzymatic
activity and not passively responding to the movement of the
extracellular domains. For instance, the rotation of the TM
domains between the two stable interacting sites might allow
for capture of ATP in the open conformation and catalysis in
the closed conformation of the extracellular domains corre-
sponding to the S24 TM1 and T495, A491 TM2 and G22 TM1
and G496, M492 TM2 interactions, respectively.
One might wonder how cumulative rotation of approximately

270° of the transmembrane domains could result in only a

20° rotation of the extracellular domains. A likely possibility
is the compliance [46, 47] of the structures between and
including the extracellular domains and the transmembrane
domains that can yield elastically to the torque.
In any event, stable interactions between these surfaces of

the transmembrane domains could explain the inhibition by

ligand and low temperature of intermolecular disulfide cross-

linking between the A34C, I33C, V483C, and S480C mutants

observed by [18].
Examination of interactions between the transmembrane heli-

ces at regions close to the extracellular boundary will provide

more information about this question.
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