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ABSTRACT. CD39 can exist in at least two distinct functional states depending on the presence and intact
membrane integration of its two transmembrane helices. In native membranes, the transmembrane helices
undergo dynamic rotational motions that are required for enzymatic activity and are regulated by substrate
binding. In this study, we show that bilayer mechanical properties regulate conversion between the two
enzymatic functional states by modulating transmembrane helix dynamics. Alteration of membrane
properties by insertion of cone-shaped or inverse cone-shaped amphiphiles or by cholesterol removal
switches CD39 to the same enzymatic state that removal or solubilization of the transmembrane domains
does. The same membrane alterations increase the propensity of both transmembrane helices to rotate
within the packed structure, resulting in a structure with greater mobility but not an altered primary
conformation. Membrane alteration also abolishes the ability of the substrate to stabilize the helices in
their primary conformation, indicating a loss of coupling between substrate binding and transmembrane
helix dynamics. Removal of either transmembrane helix mimics the effect of membrane alteration on the
mobility and substrate sensitivity of the remaining helix, suggesting that the ends of the extracellular
domain have intrinsic flexibility. We suggest that a mechanical bilayer property, potentially elasticity,
regulates CD39 by altering the balance between the stability and flexibility of its transmembrane helices
and, in turn, of its active site.

Of the various enzymes that process nucleotides at the celllACRs) (2, 13), two of which are thought to constitute
surface and in the lumen of intracellular organelles, the phosphate binding loops on the basis of homology to the
ectonucleoside triphosphate diphosphohydrolases (eNTP-nucleotide binding domain of the actin/hsp70/hexokinase
Dases) have emerged as the major family that is responsible ATPase superfamilyl@, 14) and all of which are required
and specific for breaking the terminal phosphoanhydride for enzymatic activity {5—18). Like the enzymatic activity,
bonds of tri- and dinucleotided (2). As such, they have all five ACRs are located in the extracytoplasmic domain,
been shown or hypothesized to modulate many of the consistent with their putative identity as the active site.

signaling and biosynthetic processes in which extracytoplas- | jke most other ectoenzymesg), some eNTPDases are
mic nucleotides play a role, including vascular homeostasis, secreted into the extracytoplasmic space or anchored in the
cell size maintenance, neuronal signaling, immune function, jembrane by a single transmembrane he®).(However

and protein and lipid modification3{-8). Consistent with  geyeral family members exhibit a topology commonly
the variety of tasks they perform on and in the cell, different ,pserved among channels, transporters, and receptors but
family members exhibit different localizations and specifici- ,nysual for ectoenzymes: a large extracellular domain
ties: some reside on the plasma membrane and others ifgnked by two transmembrane helic€s-(L1, 20, 21). Why

the Golgi, lysosomes, or endoplasmic reticulum, while each he active site would be held down by transmembrane
has a characteristic hierarchy of preferences for di- versusgomains on both sides rather than by a single protein or lipid
trinucleotides as well as for different basds ¢-11). The  |ini was originally a mystery, but in recent years, it has
defining structural feature shared by all family members is pecome clear that the two transmembrane helices are
a setof five short sequences called apyrase conserved regiongricately linked to active site function rather than simply

: _ serving as anchorg?®). In particular, CD39 (eNTPDasel),
| TJ ht's ch’r:f' e supported by Grant HL08893 from the National 5 yj3sma membrane-bound apyrase, loses 90% of its activity
nstitutes of Health. . ' .
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1 Abbreviations: eNTPDase, ecto-nucleoside triphosphate diphos- - .
phohydrolase; ACR, apyrase-conserved region; TML, transmembrane©f the native and truncated forms has revealed that they differ

helix 1; TM2, transmembrane helix 2; AA, arachidonic acid; OA, oleic ot only in total activity but also in hydrolysis mechanisms,
acid; DOHA, docosahexaenoic acid; LPL, lysophospholipid; LPC, the role of a putative phosphate binding loop ACR1, substrate

Iysophosphatidylcholline; LPI, lysophosphatidylinositol; .LPG, lyso- specificity, and the presence or absence of release of
phosphatidylglycerol; LPE, lysophosphatidylethanolamine; CuP, copper . ’ - .
phenanthroline; CD, cyclodextrin; NT, N-terminally truncated CD39; intermediate ADP during ATP hydrolysi24—26). All of

CT, C-terminally truncated CD39. these enzymatic features line up one way when CD39 is in
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its native state and a different but consistent way regardless
of whether the native state is disrupted via removal of the
N-terminal, the C-terminal, or both transmembrane helices
or by detergent solubilization. Thus, native CD39 function
requires both transmembrane helices to be present and ir
the membrane, and the state of the transmembrane helice:
governs which of at least two distinct functional states the
active site occupies2f).

These studies established that several physiologically
important features of the enzyme depend on the transmem-
brane domains, but the fact that these insights were won byFIGURE 1: Organization of CD39 extracellular and transmembrane

wholesale removal of the transmembrane domains or Com_domalns. The shaded oval represents the extracellular domain. N-
. . ; and C-terminal helical strands represent transmembrane domains
plete extraction from the bilayer left open two major

. - TM1 and TM2, respectively. Black rectangles adjacent to TM1 and
questions. (1) What do the transmembrane domains do thatrm2 represent active site regions ACR1 and ACRS, respectively.
makes them so important? (2) Do they ever change organiza-The TM1 and TM2 residues examined in this study are highlighted
tion and regu'ate Switching between enzymatic states in V|vo’)W|th b.raCketS, and their relative pOSitionS around the helix are shown
Recently, using disulfide cross-linking of cysteines substi- " helical-wheel format.

tuted for TM1 and TM2 residues, we found that the
transmembrane helices interact strongly both within and
between subunits, in particular near the extracellular side of
the membrane, suggesting a potential role for specific intra-
and intermolecular helical interactiona8j. However, each
helix exhibits a high degree of rotational mobility within the
packed structure; significant cross-linking takes place be-
tween all faces of TM1 and TM2 within a molecule as well
as between all faces of TM1 and TMand of TM2 and
TM2' of different subunits. Specific primary interaction . .
surfaces were identified by differences in temperature the mem_brane regulate CD39 funp‘uon and, if so, what
dependence, supporting a distinct packing arrangement rathefanges in the transmembrane helices translate membrane

than complete randomness. Nevertheless, locking the heIiceé’rOpﬁ_rtiﬁ_f to _tk;]e actilve dsite. We finc:1 thalt a rangs of
in the primary or any other orientation results in an activity amphiphiles with unrelated structures that alter membrane

loss comparable to that induced by solubilization or by Curvature in opposite ways all convert CD39 to the same

complete removal of the transmembrane domains. Thesefunctlonal state that removal of the transmembrane helices

results indicate that specific helix interactions and orientation 40€S: In paraliel they, as well as cholesterol removal, increase

do matter but suggest that the ability of the helices to move the rotational mobility of both transmembrane helices. We
relative to each other is at least as important if not more suggest that a general mechanical bilayer property, potentially

important than their ability to stabilize one optimal arrange- €'asticity, regulates CD39 by altering the balance between
ment. Substrate binding in turn regulates mobility, further the stability and. mobility of |_ts transmembrane helices,
suggesting that a balance between stability and flexibility thereby modulating t'he qoupllng between transmembrane
of specific interactions underlies the functional relationship domains and the active site.
of the transmembrane domains vv_|th the active s_lte. EXPERIMENTAL PROCEDURES

Are any of these features subject to regulation by the
environment? Several lines of reasoning suggest that the DNA Construction Full-length CD39 forms containing
transmembrane helices might be primed to respond tosingle cysteine substitutions in TM1 or TM2 or paired
changes in the membrane and to translate them into changesysteine substitutions in TM1 and TM2 were constructed
in the enzymatic functional state. Energetically, altering previously as described in re?8. Figure 1 shows the
membrane physical properties may alter the bilayer deforma- positions of the cysteine-substituted residues in the context
tion energy for a given protein conformational chang®)y of the entire CD39 molecule as well as their organization in
if the energy difference between protein conformations is helical-wheel format. CD39 lacking TM1 (NT) and contain-
relatively low compared to the associated bilayer deformation ing single cysteine substitutions in TM2 was constructed by
energy, appropriate alteration of membrane properties canreplacing theSadl —Notl fragment from pcDNA3-NTmyc
be sufficient to allow the conformational change. For CD39, (described in reR3) with the Sadl —Notl fragment from the
the extracellular domain appears not to pose a barrier to TM2 cysteine-substituted versions of pcineo-CD39HA. This
whatever conformational change alters its function, since it procedure also replaced the C-terminal myc tag with an HA
achieves the altered state by default in the absence oftag. CD39 lacking TM1 (NT) and containing single cysteine
transmembrane domain®4). The mobility discussed above  substitutions in TM2 was constructed by PCR amplification
suggests that the transmembrane helices themselves are alssf TM1 and extracellular domain coding regions from
not optimized for strong associatiod), potentially leaving pclneo-CD39HA containing TM1 cysteine substitutions.
the membrane as a significant factor keeping the protein in T7EEV (Promega) was used as the forward primer, and the
its native state. Physiologically, extracellular ATP is a first- reverse primer annealed to the CD39 sequence encoding
line response to and normalizing agent for a wide range of MIPAEQP prior to TM2 (as in reR3) and contained the
alterations in membrane physical properties, such as thosecoding sequence for an HA tag followed byNat site. The

due to swelling, sheer stress, or inflammatory resporges (
5); as a primary modulator of cell surface ATP concentra-
tions, CD39 activity might be expected to be tailored to the
state of the membrane as well. A recent report provided direct
evidence that CD39 activity does indeed vary on the basis
of the cholesterol content of the membrad@)( although
whether this reflects a specific requirement for cholesterol
or a response to mechanical bilayer properties is unknown.
In this study, we ask whether mechanical properties of
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resulting fragment was digested witlthd and Notl and concentration of 20 mM, and membranes were collected by
inserted into pcineo. centrifugation in a Ti70.1 rotor at 40 000 rpm for 30 min at
Preparation of COS7 Cell Crude Membran&0DS7 cells 4 °C. The centrifugation step also served the purpose of
were transiently transfected with 8 of plasmid per 100  confirming that protein was not extracted from the membrane
mm dish using Lipofectamine (Invitrogen). Cells were during any of the amphiphile treatments. Membranes were
harvested 72 h after transfection, and crude membranes wereesuspended in 30L of nonreducing SDS loading buffer
prepared as described in r8L. Membranes were resus- containing 20 mMN-ethylmaleimide (NEM) and 20 mM
pended in 5QuL of Tris-HCI (pH 7.8) per 100 mm plate, EDTA and used immediately for SB$olyacrylamide gel
and aliquots were flash-frozen in liquid nitrogen and stored analysis.
at—80 °C. Western Blot AnalysiSamples resuspended as described
Nucleotidase Assayilucleotidase assays were carried out above were resolved on a 5.5% SB$lyacrylamide gel
in @ 200uL solution containing 50 mM Tris-HCI (pH 7.5),  as described in re83 and transferred to nitrocellulose at
1 mM EDTA, 1 mM HEDTA, 2 mM ATP or ADP, and 250 mA for 2.5 h. Nitrocellulose membranes were probed
MgCl, or CaC} to give the indicated concentrations of free with anti-HA11 monoclonal antibody (Covance) in 2% milk
Mg?* or C&* as calculated and described in 22 In most  in Tris-buffered saline and 0.1% Tween, followed by a
cases, MgGlwas used to be consistent with the fact that secondary anti-mouse horseradish peroxidase-conjugated
the cytoplasmic side of the membrane is not usually exposedantibody (Sigma) in 3% milk in Tris-buffered saline and
to high C&* concentrations and thus to avoid any potential 0.1% Tween. The protein was visualized by chemilumines-
nonphysiological interference of €a with amphiphile  cence (substrate from Pierce) and exposure to film, and the
insertion or distribution. Nevertheless, similar results were percent cross-linked was determined by quantitation of the
obtained with C& . Amphiphiles were diluted in assay buffer dimer band as a percent of the sum of monomer and dimer
from stock solutions as follows. An AA (Sigma) stock bands in a given sample.
solution was 300 mM in EtOH. OA (Sigma) was 200 mM
in EtOH. DOHA (Sigma) was 300 mM in EtOH. Stearic RESULTS
acid (Sigma) was 80 mM in EtOH. Arachidic acid (Sigma) i i _ )
was 150 mM in chloroform. All LPLs were 10 mM in @ Mechanical bllay_er p_roper_t|es can be_ alp_ared by direct
(LPC and LPI from Sigma and LPG and LPE from Avanti). pressure,_by reve_rsplg insertion qf_amphlphmc comp_ounds,
Triton X-100 was 10% in KO (solution from Pierce).  ©F by variations in lipid cor.npos_,ltlon.. CI?39 most likely
Cyclodextrin was 6% in kD. Membrane concentrations were €ncounters each of these situations in vivo; here we have
approximately Sug/mL. Reaction mixtures containing all employed a series of amphiphilic C(_)mpounds that have been
components except the nucleotide were preincubated for 108nown to mimic the effects of physical pressure and to alter
min at 37 °C, and reactions were started by addition of the b|Iay9r deformation energy for several types of mecha-
nucleotide, mixtures incubated for 20 min at 32, and nosensitive channel29, 34—37). Compounds were added
reactions stopped by addition of 3@Q of 10% SDS. The to |sola_ted native membranes to allow direct comparison of
phosphate concentration was determined by the colorimetricthe native ar_1d altered states an_d to prevent potential indirect
method 82). For the reversibility experiments, membranes €ffécts mediated by cytoplasmic components.
were preincubated for 10 min at 3T in reaction solutions Unsaturated Fatty Acids Rersibly Alter the Enzymatic
containing the indicated amphiphiles, 10 mg/mL BSA in Functional StateCis-unsaturated fatty acids are thought to
assay buffer was added to a final concentration of 0.5 mg/ alter bilayer properties by virtue of their inverse cone shape;
mL, solutions were preincubated for an additional 10 min at the combination of a wide hydrocarbon tail and a narrow
37 °C, and reactions were carried out as described above.headgroup alters the packing of the native lipids, introducing
Oxidative Cross-LinkingCysteine-substituted CD39 con- Negative spontaneous curvature as well as changes in
structs were cross-linked in crude membranes using coppermembrane tension and elasticity. As shown in Figure 2A,
phenanthroline (CuP) as the oxidizing agent. Copper phenan-2dding arachidonic acid (AA) to membranes from COS7 cells
throline was prepared by combining cupric sulfate and 1,- transfected with CD39 reduces the ATPase activity by
10-phenanthroline (Sigma) at a 1:3 molar ratio in water and approximately 80%, similar to the activity loss that occurs
used at a final concentration of 0.3 mM (expressed as thewhen the transmembrane domains are removed. Although
CW2* concentration) except where otherwise indicated. For the molar fraction of AA in the membrane is unknown, the
all constructs, time courses were initially carried out at 0.03, Ki of approximately 3uM is comparable to that observed
0.3, and 3 mM CuP to confirm that CuP concentration was for other proteins known to be sensitive to membrane
not the rate-limiting factor. Reactions were carried out in mechanical propertie84, 35). The same effect is observed
12 mM Tris-HCl at 37°C for 30 s or 1, 2, or 5 min, except for other unsaturated fatty acids with varying degrees of
for intramolecular cross-linking of A34C/V484C, which was unsaturation; oleic acid (OA), which has 18 carbons and one
cross-linked at 22C to obtain an observable rate. Reactions degree of unsaturation, and docosahexaenoic acid (DOHA),
were performed at the same membrane concentrations thatvhich has 22 carbons and six degrees of unsaturation, inhibit
were used for activity measurement; to facilitate using the ATPase activity to the same extent that AA does, which has
dilutions of membranes and amphiphiles as described above 20 carbons and four degrees of unsaturation. OA, the smallest
a 500uL reaction volume was used. Membranes were added and least unsaturated molecule in the series, has the highest
to buffer-containing amphiphiles, and reactions were started Ki of approximately M.
by addition of a 10& solution of CuP to prevent significant As shown in Figure 2B, the transmembrane domains are
changes in amphiphile concentrations. Reactions were stoppedequired for sensitivity to AA. The membrane-bound con-
by adding 20uL of 0.5 M EDTA for a final EDTA struct lacking TM1 (NT) is only slightly sensitive to AA up
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Ficure 2: ATPase activity in the presence of unsaturated fatty acids. (A) The ATPase activity of full-length CD39 was measured in
isolated membranes in the presence of the indicated concentrations of arachidon#)acigi¢ acid @), or docosahexaenoic acid),

(B) The ATPase activity in the presence of AM AA was measured for full-length CD39, singly truncated NT lacking TM1, singly
truncated CT lacking TM2, and soluble CD39 lacking TM1 and TM2. Activities are expressed as a fraction of the native full-length CD39
ATPase activity. (C) Full-length CD39 was exposed to 0 oD AA followed by direct measurement of ATPase activity (black bars)

or followed by treatment with BSA prior to activity measurement (gray bars). (D) The full-length CD39 activity was compared in the
presence of saturated fatty acids stearic and arachidic acid and their unsaturated counterparts OA and AA as well as DOHAud&ch at 20
(E) ATPase #) and ADPase®) activities in the presence of the indicated freé'Ceoncentrations were measured for full-length CD39-
H59G in intact membranes (panel 1), solubilized in 1% Triton X-100 (panel 2), and in the presenceMfAM (panel 3) and expressed

as a percent of maximal native wild-type CD39 ATPase activity.

to concentrations as high as 1M, similar to the minor inhibitors that are expected to inhibit via the extracellular
degree of inhibition observed upon detergent solubilization. domain, such as FSBA, trinitrophenol, and low concentra-
Both CT, the membrane-bound counterpart lacking TM2, and tions of SDS, have comparable effects on both native and
soluble CD39, lacking both TM1 and TM2, are completely truncated constructs (data not shown). These results suggest
insensitive to AA up to the same concentrations. The samethat low concentrations of unsaturated fatty acids mimic
results were obtained with DOHA and OA. In contrast, removal of the transmembrane helices or detergent solubi-
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lization, consistent with the idea that they inhibit via their spontaneous curvature. In Figure 3A, we show that addition
effects on the membrane. of lysophosphatidylcholine (LPC) to native membranes
To verify that unsaturated fatty acids act via a reversible reduces CD39 ATPase activity by 80%, similar to unsatur-
process rather than by destroying the membrane, we pre-ated fatty acids, solubilization, and truncation. TKeof
treated membranes with AA and either measured activity approximately 2uM is below the CMC and is comparable
directly or used bovine serum albumin (BSA) to extract AA to that observed for mechanosensitive chanrgds 35).
from membranes before measuring activity. Figure 2C shows As shown in Figure 3B, both transmembrane domains are
that pretreatment and activity measurement in the presenceaequired for sensitivity to LPC; as with unsaturated fatty acids
of AA produces the same inhibitory effect that has been and solubilization, NT is only slightly sensitive to LPC and
observed previously; however, pretreating with AA, adding CT and soluble CD39 are completely insensitive, suggesting
BSA, and measuring activity in the presence of both produce that LPC acts via the membrane. LPC inhibits activity in a
the same result that not adding AA does. The same resultreversible manner, as illustrated in Figure 3C; treating
was obtained with OA and DOHA. Unsaturated fatty acids membranes with LPC followed by extraction by BSA and
therefore appear to inhibit activity via reversible insertion measurement of activity in the presence of both reveals that
in the membrane, consistent with the conditions under which the inhibitory effect is completely reversible up taB8! LPC
they alter the membrane mechanical properties discussedand 90% reversible at 9 and 401 LPC, most likely due to
above. the fact that LPC approaches its CMC at the latter concentra-
As summarized in Figure 2D, unsaturation is required for tions. As with fatty acids, the shape of the molecule rather
inhibition of activity. The saturated counterparts of OA and than its specific identity correlates with its inhibitory
AA, stearic and arachidic acid, respectively, have no effect potential; as summarized in Figure 3D, LPLs with large
despite their expected ability to partition in the membrane. headgroups, lysophosphatidylinositol, lysophosphatidylcho-
The wide hydrocarbon chain and resulting inverse cone shapeine, and lysophosphatidylglycerol, all inhibit activity, while
therefore appear to underlie the effects of unsaturated fattylysophosphatidylethanolamine, which has a small headgroup
acids on the membrane and on CD39. and is not considered to be cone-shaped, has an only slight
Do unsaturated fatty acids convert CD39 to the same effect. Kinetic analysis of CD39-H59G in the presence of
altered functional state that solubilization or removal of the LPC produces results identical to those shown for AA in
transmembrane domains does? A key distinction betweenFigure 2E (data not shown), suggesting that LPC also
the two states is their difference in ATP and ADP hydrolysis converts CD39 to the same altered functional state that
mechanisms; in the native state, residue H59 in ACR1 is solubilization and truncation do.
critical to ATPase activity but less critical to ADPase activity, =~ The effect of LPLs is mimicked by sub-CMC concentra-
while in the solubilized state, both activities are independent tions of Triton X-100, an amphiphile that has no structural
of this residue. As a result, native CD39 with an H59G features in common with LPLs other than an overall cone
substitution is an ADPase but solubilized CD39-H59G has shape. As shown in Figure 4A, Triton X-100 inhibits CD39
equal ATPase and ADPase activities each comparable toATPase activity in a dose-dependent manner when added to
those of solubilized wild-type CD3924). We therefore native membranes; maximal inhibition comparable to that
compared the kinetic profiles of CD39-H59G in intact observed with LPLs is reached by 0.005%, below the CMC.
membranes, when solubilized in 1% Triton X-100, and in The comparison of effects on full-length, NT, CT, and
native membranes treated with AM AA. As illustrated in soluble CD39 in Figure 4B indicates that, as with solubili-
Figure 2E, AA mimics solubilization in its effect on the zation, unsaturated fatty acids, and LPLs, both transmem-
ATPase:ADPase ratio as well on total ATPase and ADPasebrane domains are required for sensitivity to nonsolubilizing
activities. Activities are expressed as the percent of wild- concentrations of Triton X-100. The same kinetic analysis
type CD39 ATPase activity in intact membranes, as deter- and results as described above for AA and LPC suggest that
mined previously for native and solubilized CD39-H59G; addition of Triton X-100 to native membranes also converts
like solubilization, AA decreases ADPase activity, increases CD39 to the previously characterized altered functional state
ATPase activity, and changes the ATPase:ADPase ratio from(data not shown).
1:6 to approximately 1:1. AA, like 1% Triton X-100, also Bilayer Alterations Increase Transmembrane Helix Mobil-
reduces the apparekt, for Ca* by ~1 order of magnitude. ity. The results given above reveal that the functional state
The identity of the kinetic profile to that of the solubilized of CD39 is altered in a transmembrane domain-dependent
state and its marked difference from the native state suggesimanner by a variety of structurally unrelated compounds that
that, rather than denaturing or otherwise incapacitating the have little in common other than their ability to insert into
enzyme, addition of AA to native membranes converts CD39 the membrane and alter its mechanical properties. Consistent
to the same mechanistic functional state that solubilization with the work of Papanikolaou et al3@), we found that
or truncation does. removal of cholesterol, an inverse cone-shaped molecule, by
Cone-Shaped Amphiphiles Mimic Unsaturated Fatty Acids cyclodextrin also reduces activity by approximately 80%.
In contrast to unsaturated fatty acids, lysophospholipids Together, these data point toward a common mechanism by
(LPLs) and Triton X-100 have narrow hydrocarbon tails and which alteration of membrane mechanical properties acts via
wide headgroups. As a result, their insertion into the the transmembrane helices to convert the active site to a
membrane at concentrations below their critical micelle different functional state.
concentrations (CMC) also alters packing of the native lipids; If so, the same membrane alterations would also be
like inverse cone-shaped molecules, they change variousexpected to change some structural or dynamic feature of
mechanical features of the membrane, including tension andthe transmembrane helices. We therefore used our previously
elasticity, but they induce positive rather than negative reported set of cysteine-substituted TM1, TM2, and FM1
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Ficure 3: ATPase activity in the presence of lysophospholipids. (A) The ATPase activity of full-length CD39 was measured in membranes
in the presence of the indicated concentrations of lysophosphatidylcholine (LPC). (B) The ATPase activity in the presesdd BC3

was measured for full-length CD39, NT, CT, and soluble CD39 and expressed as a fraction of the native full-length CD39 activity. (C)
Full-length CD39 was exposed to the indicated concentrations of LPC followed by direct measurement of ATPase activity (black bars) or
followed by treatment with BSA prior to activity measurement (gray bars). (D) The full-length CD39 ATPase activity was compared in the
presence of &M lysophospholipids with large (lysophosphatidylinositol, LPC, and lysophosphatidylglycerol) and small (lysophosphati-
dylethanolamine) headgroups and expressed as a fraction of the native CD39 activity.

A 1.04 B. 1.0 Rather than using temperature sensitivity to distinguish

_ 8'2 - 097 among helix interfaces as in our previous report, we used

£ o7] g 8:3: the cross-linking rate at 37C to monitor changes in cross-

‘i 0.6 = 0.6 linking propensity. As shown in Figure 5A, intermolecular

£ 05 £ 051 TM1-TM1" and TM2-TM2' cross-linking rates at a series

3 8:;' £ 8-‘3‘: of positions near the extracellular side of the membrane

T 02 0.2 correlate with the helical patterns previously identified by
g.; 0.1 temperature dependence. On TM1, positions L32, V35, and
0.000 0.002 0.004 0006 ° 7wt NT CT sol G36, which are insensitive to temperature, exhibit the fastest

o Triton cross-linking rates, the latter two with complete cross-linking

FiIGURE 4: ATPase activity in the presence of Triton X-100. (A) by 30 s, while L37, which is partially sensitive to temper-

The ATPase activity of full-length, membrane-bound CD39 was ature, exhibits an intermediate rate with cross-linking
measured in the presence of the indicated nonsolubilizing concen-complete by 2 min, and 133 and A34, both of which fail to
trations of Triton X-100. (B) The ATPase activity in the presence cross-link at 4°C, are the slowest, with cross-linking

of 0.005% Triton X-100 was measured for full-length CD39, NT, complete by 5 min. While generally slightly slower than
CT, and soluble CD39 and expressed as a fraction of the native - Tinki

full-length CD39 activity. those on TM1, relative cross-linking rates on TM2 also

reflect a helical pattern. L482, the position least sensitive to

TM2 constructs to examine how inter- and intramolecular ©€MPerature, is nearly completely cross-linked by 30 s; M483,
disulfide cross-linking patterns respond to the membraneapart'a”y temperature sensitive position, is intermediate, and

treatments described above. As described previo@shargd iigiloa\l/cgskmwﬁ neither of which cross-links af@, are
references cited therein), relative cross-linking rates reveal o . .

: . . . . To verify that the observed rates reflect cysteiagsteine
the relative proximity of different cysteine pairs and are

| d to determine helici dint i ‘ collisions rather than accessibility to the cross-linking
commonly used to determine helicity and interacting sur a“:esreagent, we compared cross-linking rates at a series of copper

. . . X e rbhenanthroline (CuP) concentrations. As shown in Figure
established as a means of detecting dynamic motions withingg ¢, position 133, the cross-linking rate plateaus between
a protein 88). While the method does not provide direct g 03 and 0.3 mM CuP: adding a 10-fold excess of CuP has
information about the rates and frequency of such motions, g fyrther effect on the rate. The maximal rate was reached
it has been established as a means of detecting qualitative,efore this point for all other positions as well, indicat-

differences in mobility for a given protein under different ing that the cross-linking rates measure helielix collis-
conditions 88, 39).
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Ficure 5: TM1 and TM2 cross-linking rates. (A) Full-length CD39 constructs containing single cysteine substitutions at the indicated
positions in TM1 or TM2 were cross-linked in isolated membranes by being exposed to 0.3 mM copper phenanthroline (CuP) for 30 s or
1, 2, or 5 min at 37C. Cross-linking efficiency is expressed as the percent dimerized. (B) Cross-linking rates for I33C were compared at
0.03 (#), 0.3 @), and 3 mM CuP 4) at 37°C.

ion rates, rather than helixeagent collision or reaction rather than shifting the helices to a different primary
rates. conformation.

To determine the effects of membrane properties on cross- Comparison of rates in the presence of OA and its
linking rates, we measured rates in the presence giN0 saturated counterpart stearic acid suggests a correlation
OA or 0.005% Triton X-100 or following cholesterol between the effects on enzymatic activity and cross-linking.
extraction by cyclodextrin as representatives of inverse cone-As shown in Figure 6C, despite its ability to insert into the
shaped amphiphiles, cone-shaped amphiphiles, and alteratiomembrane, stearic acid has no effect on the cross-linking
by removal rather than addition of a membrane component. rate at position 133, consistent with its lack of an effect on
As summarized in panels A and B of Figure 6, each of these activity. The correlation between effects on activity and on
treatments increased the cross-linking rate at every slowtransmembrane helix behavior is further supported by the
position such that all were completely cross-linked by 30 s. similar concentration dependence of the two effects. As
For both TM1 and TM2, comparison of the percent cross- summarized in Figure 6D, the dose dependence for the
linked at 30 s reveals the distinction between the primary increase in percent cross-linked at 30 s at position 133 is
interface and those of other orientations; OA, Triton X-100, nearly identical to the dose dependence for the loss of
and cyclodextrin each produce the same result of abolishingATPase activity; the correlation is observed for both OA and
this distinction. Although we cannot determine whether the Triton X-100. These results are consistent with a potential
rates become equal, the fact that the rate increase at the slowelationship between activity and the observed changes in
positions is not accompanied by a decrease at other positiongransmembrane helix interactions.
to the previously observed slow rates suggests that these We previously demonstrated that intermolecular cross-
treatments increase the time spent in the alternate orientationdinking at the slower positions is due to rotational mobility
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Ficure 6: TM1 and TM2 cross-linking efficiency in membranes  Triton X-100, OA, or cyclodextrin. For position 133, cross-

treated with Triton X-100, OA, or cyclodextrin. (A) The percent i 1inq i ; ;
cross-linking at 30 s was compared for the single TM1 cysteine- linking is complete by 5 min in native membranes in the

substituted contructs in native membranes (left) and in the presence2PSence of ATP but is almost completely abolished in the
of either 0.005% Triton X-100, 2@M OA, or 3% cyclodextrin ~ presence of ATP. As summarized in Figure 8, Triton X-100,

(right). The three treatments yielded identical results. (B) The OA, or removal of cholesterol counteracts the ability of ATP
percent cross-linking at 30 s was compared for TM2 positions as tg nhibit cross-linking and restores cross-linking to at or

described for panel A for TM1. (C) Cross-linking rates for 133C ; ;
were compared in intact membrand®) @nd in the presence of 20 near the level in the absence of ATP. As discussed below,

#M OA (®) or its saturated counterpart, stearic acid.((D) The the ability of membrane alterations to interfere with coupling
percent cross-linking at 30 s was determined at the indicated between active site and transmembrane helix dynamics may
concentrations of Triton X-100 (left) or OA (right) for I33C. have implications for the mechanism by which they regulate

enzymatic function.

within dimers rather than to collisions between dimers or Remaal of Either Helix Mimics the Effect of Membrane
formation of higher-order oligomer2®). If these results  Alteration on Another HelixTo gain further insight into the
apply to the modified membranes in these experiments, therelationship among helix mobility, helix interactions, and
increased cross-linking rates at the slower positions would membrane properties, we measured intermolecular cross-
be expected to result from an increase in the rotational linking rates for versions of CD39 lacking TM1 (NT) or TM2
mobility of each helix. To test directly for an increase in (CT). As shown in Figure 9, TMETM1' cross-linking rates
rotational mobility, we examined the rate of intramolecular in the CT construct lacking TM2 display none of the rate
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100 in the rotational mobility of both transmembrane helices;

20 bilayer alterations increase interhelical cross-linking rates
wn 80 such that the helical dependence of cross-linking rates
s 7° observed in native membranes is abolished on the observable
5 60 time scale. Bilayer alteration furthermore counteracts the
g 5 ability of ATP to restrict transmembrane helix mobility, thus
T 0 uncoupling transmembrane helix dynamics from substrate
® ¥ binding.

fg While a concomitant change in the monometigomer

o equilibrium is not excluded as an explanation for the change

in cross-linking rates, the change in intramolecular mobility
appears to predominate as demonstrated by an increase in
the intramolecular TM:+TM2 cross-linking rate, the lack

of cross-linked dimer formation by the double cysteine-
FiGURE 8. Regulation by substrate in intact and modified mem- Substituted construct, and the fact that removal of one
branes. The percent cross-linking at 5 min was determined for I33C transmembrane helix mimics the effects of bilayer alteration.
in intact membranes in the absence of ATP and in membranes leftThe possibility that the change in the cross-linking pattern
'c”t?lgt dg;ttrriﬁaﬁ]e‘tjh2"”:;3’5&5;@0; g'tr?]”MxA}r?jo' 2M OA, or 3% might result from local unwinding or other deviation from

4 P ' helicity at the ends of the transmembrane domains is also
not excluded. A change in lipid packing or interaction with
the various reagents might in theory promote such a change
if it changes the local hydrophobicity. Nevertheless, this
explanation is unlikely to account for the fact that removing
either transmembrane domain produces the same results

the positions achieve complete cross-linking, consistent with without manl_pulanon of the m_embrane or for the ability to
modulate this parameter with substrate or temperature

the previous report that a portion of NT remains monomeric without losing the overall helical cross-linking pattern. In

as measured by sucrose density gradient sedimentation, nQ | .. o7 > .

D -~ . addition, both transmembrane domains, including the regions
distinctions among positions are observed and maximal cross-_, . . . .
S - . . studied here, are predicted with more than 90% confidence
linking occurs by 30 s All positions are insensitive to ATP,

in contrast to the sensitivity of all but L482 in full-length to be helical, independent of membrane env_lronment. In any
; . case, the observed change in the cross-linking pattern is
CD39. Furthermore, neither Triton X-100 nor OA has any . . . ) o
. L inconsistent with a shift to any other equally rigid conforma-
effect on rates or the maximal degree of cross-linking for . . . i~
. . . tion and therefore suggests an increase in mobility whether
either CT or NT. Removing one helix therefore appears to

mimic the changes in cross-linking profiles induced by or ot the transmembrane domains remain heli@). (Thus,

alterations in membrane properties. These results support théhe most straightforward interpretation of our data is an

idea that helix interactions rather than diffusion in the | clca>c m_co_nformatlonal mopll|ty, most !lkely dom.”?a‘ed
) S by but not limited to a change in the rotational mobility of
membrane are the primary factor limiting intermolecular
L . e TM1 and TM2.
cross-linking rates in full-length CD39. In addition, they This stud ts that the critical structural differen
indicate that TM+TM2 interactions are responsible for b tWS itjh y s;u?/igeséls idantifiedc ngamZtiuﬁuunati n (Ias(taatce
limiting the rotational mobility of each helix; in the absence etween the previously identied enzy ¢ functiona es

of the other helix, each has significantly more freedom to is the Qegree of conformational mobility. Our original wo_rk
rotate despite its ’attachment to the extracellular domain established that the enzyme reverts to an alternate functional

state upon disruption of the transmembrane helices by any
DISCUSSION of a diverse set of truncation and solubilization approaches
(24). On the basis of these results, we proposed that the active
These experiments reveal that membrane mechanicalsite can exist in a relaxed or tense conformation and that
properties regulate the CD39 enzymatic functional state, thethe two transmembrane domains are required to maintain
rotational mobility of its transmembrane helices, and coupling the tense, or native, conformatiod1j. The subsequent
between transmembrane helix motions and substrate bindingdiscovery of a high degree of TM1 and TM2 rotational
A variety of amphiphilic compounds that alter bilayer mobility, of the ability of substrate to modulate mobility,
features such as tension, spontaneous curvature, and elasticitgnd of a reduction in activity upon locking the helices in
were all found to convert CD39 to the same functional state any single orientation suggested that dynamic motions, rather
that removal of transmembrane helices or detergent solubi-than simple stabilization of a tense conformation, might be
lization does, as indicated by identical kinetic profiles, the key to the requirement for transmembrane domags (
activities, substrate specificities, and hydrolysis mechanismsThe results presented here reconcile these two proposals by
with respect to residue H59 in ACR1. Both transmembrane suggesting that, for full-length, membrane-bound CD39, the
domains are required for sensitivity to these reagents; intense and relaxed states correspond to moderate and large
contrast, inhibitors that bind to the active site inhibit both degrees of transmembrane helix mobility. For the case of
full-length and truncated CD39. The latter result, in conjunc- interconversion between functional states by bilayer alter-
tion with the structural diversity of the amphiphiles, supports ation, mobility is the only transmembrane domain feature
the interpretation that these agents work via the membrane .we observe to be altered; both TM1 and TM2 remain present
The change in functional state is correlated with an increaseand in the membrane and do not appear to dissociate or to

variation observed at the corresponding positions in full
length CD39; instead, all positions cross-link completely by
30 s. The absence of TM2 furthermore renders all positions
insensitive to ATP. Similar results are observed for M2
TM2' cross-linking in the absence of TM1; while none of
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Ficure 9: Cross-linking of constructs lacking either TM1 or TM2. CT constructs lacking TM2 and containing single cysteine substitutions
at the indicated positions in TM1 and NT constructs lacking TM1 and containing single cysteine substitutions in TM2 were cross-linked
for the indicated times as described for full-length CD39 in the legend of Figure 4. Identical results were obtained in the presence of 5 mM
ATP or in the presence of 0.005% Triton X-100 or 281 OA.

convert to a different primary conformation. Conversion to the energy barriers among helix orientations such that thermal
the relaxed state via removal of TM1 or TM2 also increases energy is sufficient to overcome the stabilizing influence of
the rotational mobility of the remaining helix, suggesting that substrate binding. Alternatively, the mode of substrate
when not restrained by both the opposite helix and the binding itself may change in the relaxed state. A change in
membrane each helix is relatively unconstrained by the binding mode would be consistent with the documented
extracellular domain. Removing both TM1 and TM2 may change in the hydrolysis mechanism with respect to ACR1
thus achieve the same functional conversion by relieving the (24). Since ACR1 and ACR5 are adjacent to TM1 and TM2,
two remaining ends of the extracellular domain of restrictions and since we observe that both helices are required for the
on their own mobility. Thus, the native functional state substrate sensitivity of either TM1 or TM2, it might be of
appears to exist when the transmembrane domains and thénterest to compare the role of ACR5 in substrate binding
membrane itself work together to establish an optimal and hydrolysis in the tense and relaxed states.
balance between stability and mobility; the relaxed state Why a membrane-induced increase in mobility would
exists when either the transmembrane domains or thechange the enzymatic properties of CD39 is unknown. If,
membrane is altered to allow too much mobility, allowing as documented for P-glycoproteid2( 43), the active site
the intrinsic properties of the presumably more flexible and transmembrane domains undergo discrete coordinated
extracellular domain to dominate. motions during nucleotide hydrolysis, the observed loss of
The relaxed state is correlated not only with a change in coupling between CD39 substrate binding and helix stabi-
enzymatic properties but also with a loss of coupling between lization suggests that membrane alteration would also abolish
substrate binding and helix mobility. In the native state, the coordination between helices and the active site at other
transmembrane helices move relative to each other, but astages of nucleotide hydrolysis. Enzymatic behavior may also
substrate can reduce such motions; in contrast, when thebe directly related to the degree of active site mobility, as
enzyme is converted to the relaxed state via the alterationreported for other enzymes as well as for other proteins that
of membrane properties, a substrate can no longer stabilizerecognize a broad array of substrat4)( The native ability
the transmembrane helices. Previous experiments haveo hydrolyze ATP and ADP in succession without intermedi-
indicated that soluble CD39 has a substrate affinity even ate ADP release might potentially be particularly dependent
higher than that of native CD39 and that both havk,a on an appropriate balance between stability and flexibility.
well below the concentrations used herg7,(24, 25), The fact that structurally diverse amphiphiles and choles-
suggesting that the loss of coupling more likely reflects a terol removal all produce the same enzymatic and confor-
change in the relationship between binding site and trans-mational results suggests that the transmembrane domains
membrane domain dynamics than a lack of binding. One sense a mechanical property of the bilayer rather than the
potential explanation is that altering the membrane reducesdirect presence of a specific molecule. Each of the molecules
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alters several parameters such as fluidity, tension, curvaturethereby regulate nucleotidase activity, suggesting a potential
and elasticity; in general, these effects are difficult to role for the transmembrane helices in relaying information
separate, and thus, distinguishing exactly which parameterbetween the cytoplasm and the active site. Regulation of
a given protein senses is not always possible. Neverthelesstransmembrane helix mobility according to the state of the
our results in combination with previous studies suggest thatmembrane might thus regulate their ability to transport
CD39 is more sensitive to certain parameters than to others.nucleotides or signals across the membrane; in the latter case
The fact that cone-shaped and inverse cone-shaped moleculeis particular, our observation of uncoupling between substrate
have identical effects despite their opposite influences on binding and helix mobility suggests that coupling between
spontaneous curvature indicates that curvature is not theRan binding protein interaction and nucleotidase activity
primary determinant of CD39 behavior. Previously, fluidity might also be regulated by membrane properties. Regulation
has been proposed to regulate the related two-transmembranef the balance between the stability and mobility of the
domain family members, eNTPDase2 and48B){ however, transmembrane helices according to the physical state of the
the conformational changes we observe are intramolecular,membrane may therefore provide a mechanism for interde-
and fluidity has recently been somewhat discounted as anpendence among the active site, the bilayer, and the internal
explanation for changes in protein activity since it cannot state of the cell.

change the equilibrium among state$6) In addition,
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