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Abstract. Membrane-related processes in archaea, théevel. Such comparisons reveal that 25—-68% of the open
third and most-recently described domain of life, are inreading frames in archaeal genomes sequenced thus far
general only poorly understood. One obstacle to a funcfind no counterparts in either bacteria or eukaryotes (de-
tional understanding of archaeal membrane-associatgoending on the method of comparison), confirming that
activities corresponds to a lack of archaeal model memarchaea indeed represent a unique form of life on the
brane systems. In the following, characterization of in-planet [15, 17]. Thus, archaea clearly possess distinct
verted archaeal membrane vesicles, prepared from thend defining traits, in many cases related to the ability of
halophilic archaeorHaloferax volcanii,is presented. these microorganisms to survive excesses in temperature,
The inverted topology of the vesicles was revealed bysalinity and pH, to grow in sulfur-based environments or
defining the orientation of membrane-bound enzymedo metabolize single carbon sources [24].

that in intact cells normally face the cytoplasm or of Exposed to the outside world, the archaeal plasma
other protein markers, known to face the exterior me-membrane has to not only withstand the drastic condi-
dium in intact cells. Electron microscopy, protease pro-tions of the extreme habitats in which archaea thrive, yet
tection assays and lectin-binding experiments confirmeanust also assume a central role in a variety of prokary-
the sealed nature of the vesicles. Upon alkalinization obtic membrane-associated activities, including transport,
the external medium, the vesicles were able to generatsecretion, cell division and bioenenergetic-related pro-
ATP, reflecting the functional nature of the membranecesses. Understanding how these membrane-based func-
preparation. The availability of preparative scaletions are performed in archaea would help not only to
amounts of inverted archaeal membrane vesicles pradescribe strategies employed by these microorganisms in
vides a platform for the study of various membrane-overcoming the physical challenges of their environ-
related phenomena in archaea. ment, but could also shed new light on the mechanisms
involved in the processes themselves.

The ability of archaeal membranes to fulfill a variety
of normal cellular functions despite their extreme sur-
roundings can be partially related to the unique phospho-
lipids which make up these structures. Unlike the phos-
pholipids found in eukaryal and bacterial membranes, in
Introduction which fatty acyl groups are ester-bonded to #rel,2
carbons of a glycerol backbone, the distinctive phospho-
lipids of archaeal membranes are comprised of repeating
isoprenyl groups linked ten-2,3 glycerol carbons or to
other alcohols such as nonitol through an ether linkage
|[gr3]. Some thermoarchaeal species contain membrane-
spanning tetraetheric phospholipids, in which both ends
of C,g polyprenyl chains are ether-linked to glycerol or
- nonitol [6]. Studies involving archaeosomes, i.e., lipo-
Correspondence tal. Eichler; email:jeichler@bgumail bgu.ac.il somes prepared from archaeal phospholipids, have
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With the proliferating number of completed genome-
sequencing projects, it is now possible to compare rep
resentatives from each of the three domains of life, i.e.
eukarya, bacteria and archaea, at the gene and molecu
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shown that membranes containing these chemicall\PREPARATION OFIMV s

unigque structures are more rigid, proton and sodium ion _ _ _
impermeant, lipase resistant and better able to withstan@o prepare IMVs, cells (5 liter) were grown to mid-exponential phase
extremes of pH, temperature and salinity than m(_:‘m_and harvested by centrifugation (30 min, 8, 000 x g). The cells were

branes prepared from bacterial or eukaryal phospholi idreSUSpended in S0 ml of buffer A (1. #5NaCl, 50 m Tris-HCI, pH
prep yalp P P ?.2) to an OR,, of approximately 40 and ruptured with a French Press

[cf. 34, 41]. ) ) .. pressure cell (3 passes at 8, 000 psi each). Cell debris was removed by
Whereas much is known concerning archaeal lipids centrifugation (8, 000 x g, 20 min). The supernatant was then centri-

considerably less is known about archaeal membrangiged in a Beckman L7-80 ultracentrifuge (60-Ti rotor, 50, 000 rpm, 60

proteins. Membrane proteins involved in bioenergetic-min, 4°C). The resulting pellet was resuspended in 5 ml of buffer A

related processes, protein export and solute transpo?{‘d 1 ml aliquots were applied to each of four step gradients prepared

have been described in archaea, yet numerous questioff! %9 11, 1.2, 1.3, 1.4 and hbsucrose in buffer B ( NaCl, 50
. . . mm Tris-HCI, pH 7.2). Upon centrifugation (SW-28 rotor, 18, 000
regarding the function of these components remain un:

. o T . rpm, 40 hr, 4°C), four distinct, red-colored bands appeared. Each gra-
answered. In part, this is due to difficulties in isolating gient band was collected, diluted with 20 mi buffer B, centrifuged
functional archaeal membrane preparations of Knowneo-Ti rotor, 45, 000 rpm, 1 hr, 4°C) and the resulting pellets were
orientation. In the case oEscherichia coli,sealed resuspended in 0.5 ml buffer B, aliquoted and frozen in liquid N
plasma membrane vesicles have been widely employe@he aliquots were stored at —=70°C until assayed. The membrane frac-
for the biochemical dissection and in vitro reconstructionti"”s retained their enzymatic activities for up to 3 months under these
of a wide range of membrane-associated phenomen&!°'a9¢ conditions.

Depending on the mode of preparation, vesicles of dif-

fering topology have been obtained; sonication or use ofylenabioNE-DEPENDENT NADH

a French-press pressure cell leads to formation of mosthpeHyDROGENASEACTIVITY

inverted membrane vesicles (IMVs) [14]. Whereas

membrane vesicles possessing an orientation similar tilenadione-dependent NADH dehydrogenase activity was measured
that of intact cells, i.e., right-side out, have been obtainecssentially as described previously [12]. Varidds volcanii mem-
from a variety of archaea, reports of inverted archaeaPrane preparations (0.2 mg/mi) were suspended iniaCl, 0.5 mm

membrane preparations are more rare [2, 16, 36]. Failurgic> 05 ™ PIPES, pH 6.5. Menadione (0.5upwas added to the
prep ) ’ ’ gample and the reaction was initiated upon addition of NADH (0.5

to obtain IMVs from the vast majority of archaeal spe- 1,y op,,, was then determined at 10-sec intervals. In some cases,
cies in which vesicle preparation was attempted is genthe membranes were incubated with 0.01% (w/v) Triton X-100 (60
erally attributed to the presence of a proteinaceous surmin, RT) prior to addition of menadione and NADH.

face (S)-layer, a rigid structure often intimately associ-
ated with the plasma membrane [36]. Despite the

presence of a protein-based shell comprised of a singl'@‘TPASE ActvTy

glyCOprqtem species [25, 39], we report SUCC(:"SSfl"l\/ariousH.volcaniipreparations (0.16 mg/ml) were added to a mixture
preparation of large-scale amounts of IMVs from the containing 5 m ATP, 2m NaCl, 5 mv MgCl,, 50 mu Tris-HCI, pH
halophilic archaeorHaloferax volcanii.In the follow- 9.5 [16] and transferred to 40°C. At 15-min intervals, 0aliquots
ing, these vesicles are characterized in terms of memwere removed and combined with 80 Malachite green solution
brane orientation, sealing and functional behavior. [26]. After 5 min, 100l of 34% (w/v) citric acid was added. 30 min
later, the absorbance of the samples agQWas determined. In con-
trol experiments, either ATP or membrane-containing fractions were

Materials and Methods omitted.

ELECTRON MICROSCOPY
MATERIALS

H. volcanii preparations were processed and examined by electron
2,2'-Azinobis(3-ethylbenzthiazoline-sulfonic acid) (ABTS), ADP, microscopy essentially as described previously [37]. Aliquots of the
ATP, bovine serum albumin (BSA), carboxyl cyanide p-trifluoro- various preparations were fixed with an equal volume of 5% glutaral-
methoxy-phenylhydrazone (FCCP), horseradish peroxidase (HRP)dehyde in buffer C (21 NaCl, 0.01v CaCl,, 0.1m cacodylate, pH 7.1).
conjugated concanavalin A (ConA), luciferase, malachite green,After 1 hr on ice, the samples were washed in buffer C and returned to
menadione (2-methyl-1,4-naphthoquinone), 2-(N-morpholino)ethaneice for an additional hour. These steps were repeated two more times.
sulfonic acid (MES), NADH, perchloric acid, periodic acid, 1,4- The samples were then incubated with 1% osmium tetraoxide in buffer
piperazinediethanesulfonic acid (PIPES) and Schiff reagent were ob€ (overnight, 4°C). Following washes in buffer C (3 x 0.5 ml), the
tained from Sigma (St. Louis, MO). Firefly-luciferin was purchased fixed crude IMV and sucrose-gradient band preparations (but not the
from Biosynth AG (Staad, Switzerland). Proteinase K came fromintact cells) were embedded in 2% (w/v) agar in buffer C. The samples
Boehringer-Mannheim (Mannheim, Germany). Tryptone came fromwere then cut into small pieces, stained with 1% uranyl acetate, serially
US biochemicals (Cleveland, OH) while yeast extract came from Bec-dehydrated with 30-100% ethanol, transferred to propylene oxide and
ton Dickinson (Cockeysville, MD)Haloferax volcaniiDS2 was ob-  embedded in araldite. Thin sections were cut, collected on copper
tained from the American Tissue Culture Collection and grown aero-grids, stained with uranyl acetate (30 min) and lead citrate (2 min) and
bically at 40°C as previously described [31]. examined in a JEOL 100-B electron microscope.
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LECTIN-BINDING STUDIES band 1

The lectin-binding behaviour of intact cells or sucrose-gradient band 2
membranes was tested by adding HRP-conjugated Conpgifl) to
membranes (0.2 mg/ml) in 2 NaCl, 1 mg/ml BSA, 1 mu MnCl,, 1 band 2
mm CaCl, 50 mv Tris-HCI, pH 7.2 for 1 hr at room temperature.
Unbound lectin was then removed by applying the samples to a sucrose

gradient prepared with steps of 0.7 and ®9sucrose in buffer B 12
followed by centrifugation in a Beckman TLX Optima tabletop ultra-

centrifuge (TL 100.2 rotor, 73, 000 rpm, 30 min, 4°C). Pellets were 13
resuspended in 1 ml of ABTS solution (1.8unABTS, 44 nm citric band 3

acid, 28 nv Na,HPQ,) containing 6l DNase (1 mg/ml). HO, was

added to a final concentration of 0.003% (v/v) and the samples were 1.4
nutated at room temperature. After 1 hr, the absorbance of the samples

at OD,,,Wwas determined. In control experiments, eitherd &ucrose 15

was added during incubation with the lectin or HRP-conjugated ConApand 4
was omitted from the reaction.
Fig. 1. Schematic diagram of the crude IMV preparation following
centrifugation on sucrose density gradients. As described in Materials
ATP SYNTHESIS and Methods, an aliquot of the crude IMV preparation (16.0 mg/ml)
was applied to a gradient prepared from steps of 0.9 and 1..+1.5
The ATP synthesizing ability of the membranes was measured essersycrose in 21 NaCl, 50 ma Tris-HCI, pH 7.2 and subjected to ultra-
tially as described previously [38]. Membranes (40g) were trans-  centrifugation. The molar concentration of sucrose in each region of the
ferred into 700pl of a mixture containing (in m) 50 NADH, 20 gradient is shown on the right, while the positions of the different bands
MgCl,, 5 NaHPQ,, 5 ADP, 50 Tris-HCI, pH 9, and 1.75 M NaCl. gre shown on the left.
The reaction mixture was transferred to 40°C and at various intervals,
100wl aliquots were removed and transferred into an equal volume of
perchloric acid (0.5« final concentration). The samples were imme-
diately neutralized upon addition of 2Q0 of 1 m KOH, stored oniice  proach yielded far less consistent results than achieved

for 2Q min and subjected to centrifugation in a microfuge (6, 000 rpm, using the French pres:i@t show). The membrane
15 min, 4°C). The ATP concentration of the supernatant was deter-

mined by a luciferin/luciferase assay. Briefly, p0of the supernatant preparation obtained following cell disruption with the
were added to 500 of 2 mm EDTA, 5 mv MgSO,, 10 m K,SO,, French press, referred to as the crude IMV preparation,

100 mw Tris-acetate, pH 7.75. Luciferin and luciferase were then theoretically contains a mixture of intact cells, right-side
added and the luminescence of the reaction was measured in an LKBuUt vesicles, IMVs and membrane fragments. To sepa-

1250 luminometer (Uppsala, Sweden). rate the various membrane fractions contained within the
crude IMV preparation, centrifugation on sucrose density
OTHER METHODS gradients comprised of 0.9, 1.1, 1.2, 1.3, 1.4 andM..5

sucrose steps prepared in high salt-containing buffer was
Protein concentration was determined by Bradford reagent (BioRadperformed. Preliminary experiments addressed the be-
Hercules, CA), using BSA as a standard. SDS-PAGE was performecthavior of defined membrane preparations on such gradi-
using 15 or 7.5% gels. Immunoblotting was performed using antibod-gnts. Centrifugation of intact cells led to the appearance

ies raised againé&. colitrigger factor [19] oH. volcaniidihydrofolate . . .
reductase (DHFR). Antibody binding was detected using goat anti-mc a plnk film at the surface of the gradlems and a red

rabbit HRP-conjugated antibodies (BioRad) and an ECL kit (Amer- pellet _at the bottom of the gr_ad'emmﬁ ShOW')" Ce!lsl
sham, Buckingham, UK). Periodate-Schiff reagent (PAS) staining wasosmotically lysed by transfer into water yielded a similar
performed as described previously [9]. Spectroscopy was performegattern, in addition to the appearance of a red-pink band
using a Novaspec |l spectrophotometer (Pharmacia, Uppsula, Swedenn the lower third of the gradients. A more complex
ﬁ:;ns(gzmqe;y\)lvasdpfgr_o?éd|USI?3Na UMSA_X Mllr:gelllse Sf/"’?””er (‘\’/Vl"‘ pattern was obtained when the French press-disrupted
' y) and IPLab Gel software (Signal Analytics, Vienna, VI). o, qe |MV/ preparation was applied to the sucrose den-
sity gradients (Fig. 1). Following centrifugation, four
Results distinct bands were clearly discerned. Band 1 was found
at the surface of the gradients, band 2 collected at the
1.1-1.2w sucrose steps interface, band 3 appeared at the
SEPARATION OF H. VOLCANII MEMBRANE PREPARATIONS 1.3-1.4m sucrose steps interface, while band 4 consisted
ON SUCROSE STEP GRADIENTS of a small pellet at the base of the gradient tubes. Fol-
lowing collection and recentrifugation, pellets obtained
As a first step in the preparation &f. volcanii IMVs,  from each of the four sucrose gradient bands were re-
cells were grown to mid-exponential phase and disrupteduspended in sucrose-free, high salt-containing buffer
using a French press pressure cell. In earlier experiand tested for the presence of inverted, sealed and func-
ments, cells were ruptured by sonification, but this ap-tional membrane vesicles.
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Table 1. Menadione-dependent NADH dehydrogenase activity 400 —
—e— gradient band 1
Memb fi P ; 350 | —&— gradient band 2
embrane preparation Specific activity Per_c_ent < gradient band 3
activity® T 400
+0.01% (91 7]
Triton X-100° o 250-
Cells 0(5) 66+08(5) 0 % 200 -
Crude IMVs 27+05(5) 3.8+08() 71 £
Sucrose gradient band 1 0 (11) 3.4+0.5 (11) 0 § 150 +
Sucrose gradient band 2 2.2+0.2 (11) 2.4+0.2(11) 92 S 4004
Sucrose gradient band 3 0 (11) 1.8+0.2 (11) 0 g
Sucrose gradient band 4 0 (11) 2.9+0.5 (11) 0 S 504
2Values are expressed a©D,,/min/mg protein +sem (number of 04
repea{s)_ 0 10 20 30 40 50 60
b Values measured after 0.01% Triton X-100 pretreatment represent the time (min)

total enzyme activity in a sample.

°Values are expressed as percent of the activity determined after 0.01%ig. 2. Sucrose gradient band 2 membranes possess externally-

Triton X-100 pretreatment, taken as 100% in each case. oriented ATPase activity. Aliquots of sucrose gradient bands 1, 2 and
3 were assayed for ATPase activity by spectrophotometrically measur-
ing the amount of liberated orthophosphate. ATPase activities of su-

crose gradient band 1 (filled circles), sucrose gradient band 2 (empty
SUCROSE GRADIENT BAND 2 CONTAINS MEMBRANES OF circles), and sucrose gradient band 3 (filled squares) are shown. Each

INVERTED TOPOLOGY point represents the average of 6-9 experimergsn; following cor-
rections for the contribution of spontaneous ATP breakdown.

To address the topological orientation of the membrane

populations isolated from the four different regions of

the sucrose gradients, each sucrose gradient band wa$us, as judged by menadione-dependent NADH dehy-
assayed for the activity of membrane-associated endrogenase activity, membranes in sucrose gradient band
zymes that face the cytoplasm in intact cells, such ag display inverted topology. This assay further suggests
menadione-dependent NADH dehydrogenase or menthat separation of sucrose gradient band 2 membranes
brane-bound ATPase [21, 29]. In intact cells, menadi-from the crude IMVs results in a 1.3-fold enrichment of
one-dependent NADH dehydrogenase activity could nothe inverted membrane pool.

be detected unless cellular integrity was first compro-  Determination of membrane-associated ATPase ac-
mised by Triton X-100 so as to allow access of the sub-ivity was also used as a marker of membrane topology.
strate to the enzyme (Table 1). No enzyme activity wadn a variety of haloarchaea, includirdy volcanii, inter-
measured in samples treated with Triton X-100 in thenally-oriented membrane-bound ATPases have been de-
absence of substratadt show). Moreover, incubation scribed and extensively characterized in terms of kinet-
with a 10-fold higher concentration of detergent did notics, cofactor requirements and inhibitor sensitivities [4,
result in an increase in the level of activity, confirming 10, 22, 33]. The enzymatic hydrolysis of externally
that the Triton X-100 treatment effectively exposed in-added ATP can be measured colorimetrically in an assay
ternally-oriented active sites to substrate, yet did notwhich reflects the concentration of liberated orthophos-
modulate enzyme activitynpt showi. Higher Triton  phate [26]. In the case df. volcaniimembrane prepa-
X-100 concentrations interfered with the assay measurerations, negligible ATP hydrolysis was detected in reac-
ments. In contrast to results obtained using intact cellstions containing intact cells, whereas crude IMVs were
assaying crude IMVs revealed that 71% of the totalable to readily hydrolyze ATP, confirming that signifi-
menadione-dependent NADH dehydrogenase activitycant inversion of membrane topology had been achieved
was exposed to the medium, with the activity measuredn the crude IMV preparatiompt showi). Examination
following Triton X-100 pretreatment considered as of the ATPase activity of the different sucrose gradient
100%. When comparable amounts of membranes obbands revealed the presence of substantial ATP-
tained from the different sucrose gradient bands (as dedydrolyzing activity in sucrose gradient band 2 (Fig. 2).
termined by protein concentration) were tested for menaSucrose gradient band 1 membranes possessed less than
dione-dependent NADH dehydrogenase activity, no ac30% of that activity, while only negligible ATPase ac-
tivity could be detected in sucrose gradient bands 1, 3 otivity was detected in sucrose gradient band 3. In the
4 unless the membranes had been pretreated with deteabsence of either ATP or membranes, only minor
gent. In the case of sucrose gradient band 2, 92% of thehanges in orthophosphate levels could be detected (
total menadione-dependent NADH dehydrogenase activshowr). Thus, in agreement with results of the menadi-
ity could be detected prior to addition of detergent.one-dependent NADH dehydrogenase activity assay, the
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Fig. 3. Electron microscopic examination of differert volcaniimembrane preparation®)(Intact cells (magnification x140, 000B) Enlarged
cell border region. Black arrows show the S-layer, white arrows show the plasma membrane (magnification x228) 6Q@je (MV preparation
(magnification x31, 000).0¥) sucrose gradient band 2 (magnification x107, 000).

ATPase activity of sucrose gradient band 2 also supports the crude IMV preparation revealed the presence of
the assigned inverted topology of this membrane fracsealed membrane vesicles of differing sizes, as well as
tion. intact cells and various cellular fragments (FigC)3
Significantly more sealed and empty membrane vesicles
were observed in samples prepared from sucrose gradi-
BAND 2 MEMBRANES EXIST AS SEALED VESICLES ent band 2 (Fig. B). Examination of the border of these
vesicles revealed the presence of a double membrane
Since the active sites of normally cytoplasmic-facing en-structure, most likely consisting of the isolated plasma
zymes would be exposed to the external milieu in mem-membrane and the attached proteinaceous S-layer. The
brane preparations containing IMVs and/or membrangresence of the S-layer glycoprotein in sucrose gradient
fragments, a series of experiments were next undertakeffand 2 membranes was confirmed in SDS-PAGE experi-
to confirm the sealed nature of the membrane preparatioments éeebelow). Sealed vesicle formation was quan-
isolated in sucrose gradient band 2. titated by examining micrographs of cells, crude IMVs
The sealed nature of sucrose gradient band 2 memand sucrose gradient band 2 membranes and expressing
branes was first investigated by electron microscopythe proportion of cytoplasm-lacking, sealed membrane
Preliminary experiments involving intact cells were per-vesicles counted as a function of the total number of
formed to confirm that the protocol employed for sampleintact membrane-enclosed structures (Fig. 4). In the case
preparation did not compromide. volcanii membrane of intact cells, no cytoplasm-lacking vesicles were de-
integrity or ultrastructure. As shown in FigA3and tected. Examination of the crude IMV preparation re-
highlighted in Fig. B, the cytoplasm of intact cells dis- vealed that approximately 30% of the structures ap-
plays a defined bordemite arrows, Fig. 3B) sur-  peared as sealed and empty vesicles. When sucrose gra-
rounded by a narrow band of ‘periplasmic’ space en-dient band 2 was similarly examined, over 70% of the
closed by an intact and continuous S-layer cell bordestructures observed were in the form of empty, sealed
(black arrows, Fig. 3B), as previously reported [28]. vesicles, ranging from 0.15-0.35m in diameter. The
Electron microscopic examination of structures presenhon-sealed structures detected in the sucrose gradient
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100 experiments were performed on sucrose gradient band 3
. membranes, the opposite situation was observed, pre-
80 4 sumably due to the cell-like orientation of these mem-
branes ¢eeabove). As such, no menadione-dependent
NADH dehydrogenase activity was detected either be-
fore or after protease treatment in the absence of Triton
X-100, as expected. Upon disruption of membrane in-
401 tegrity by detergent treatment, all of the starting enzy-
. matic activity could be detected even afee4 hrincu-

20 bation with proteinase K, implying protection of the
enzyme from the proteolytic treatment (FigB)5 Sig-
nificant digestion of the S-layer glycoprotein was, how-

cells crude sucrose ever, detected in the intact sucrose gradient band 3 mem-

IMVs  gradient brane preparation. Within 4 hr of proteolysis, less than
band 2 20% of the starting S-layer glycoprotein content re-

Fig. 4. Quantitation of sealed-vesicle formation. The percentage ofmamed’ as qmermmed densitometrically (Fig).5In

sealed vesicles relative to the total number of membrane-enclose§ONtrol experiments, membranes from both sucrose gra-

structures is portrayed. Values shown represent the average percentagéent bands were incubated at 40°C for up to 4 hr in the
of sealed vesicles counted in the micrographs of a particular membranabsence of protease, during which time no losses in ei-
preparation + standard deviation, obtained from 2 experiments. Fother menadione-dependent NADH dehydrogenase activ-
intact cells, a total of 190 structures was examined. In the case of crudﬁy nor S-layer glycoprotein content were detected, re-

IMVs, a total of 350/1151 (30.4%) structures was in the form of empty, l h b f d IVii
sealed vesicles, while in sucrose gradient band 2, a total of 483/67¥€alING the absence of any endogenous proteolytic ac-

(71.6%) structures appeared as empty and sealed membrane vesiclddVity (not showi. _
The sealed nature of the membrane-vesicle prepara-

band 2 sample could correspond to vesicles that becam®" isolated in sucrose gradient band 2 was further

runtured during the fixation phase of EM sample prepa-SnoWn by addressing the binding of HRP-conjugated
rggoun. uring ation p ple prep ConA, via interaction of the lectin with the S-layer gly-

The sealed and inverted nature of the vesicles waSOProtein or other externally-oriented glycan-containing
also shown by determining the accessibility of cellular StrUCtures, such as glycolipids [42]. As the major glyco-
membrane markers to added protease. Rheolcanii  Sylated protein species H. volcanii, the S-layer glyco-
S-layer glycoprotein is found on the external face of theProtein has been previously shown to specifically inter-
plasma membrane, apparently linked to the membran8Ct With ConA [11]. Incubation of HRP-conjugated
via a stretch of hydrophobic amino-acid residues locatedOnA with intact cells and subsequent detection of lectin
near the C-terminus of the protein [39]. In vesicles ofPinding via colorimetric detection of the linked HRP
inverted topo'ogy, i_e_' IMVS, the S_|ayer g|ycoprotein aCt|V|ty reVeaIed the ab|||ty of ConA to b|nd to exter-
would face the vesicle interior and hence be inaccessiblgally-oriented glycan structures, as expected (Table 2).
to externally added protease. In contrast, menadionel he interaction of ConA with the cells was significantly
dependent NADH dehydrogenase would be exposed téeduced upon addition of excess glucose, due to compe-
the surrounding medium in IMVs, as discussed abovetition for lectin binding between the added sugar and cell
To confirm the sealed and inverted nature of a givenSUI’face glycan moieties. Since enzymatic activity could
membrane preparation, proteinase K was added and abe readily detected in these control experiments, it can be
cess of the protease to the S-layer glycoprotein and theoncluded that transient exposure of the HRP moiety to
menadione-dependent NADH dehydrogenase was detehigh salt conditions during incubation with the cells did
mined. When the membrane preparation from sucroseot lead to an irreversible loss of enzymatic activity.
gradient band 2 was examined following proteolysis of 4When the ability of the lectin to bind to sucrose gradient
hr, only 21% of the starting externally-oriented menadi-band 2 membrane vesicles was tested, less than 20% of
one-dependent NADH dehydrogenase activity remainedhe binding measured with intact cells was detected, sug-
(Fig. BA). A proportional drop in the starting total en- gesting that externally-oriented lectin binding targets
zyme activity, revealed following detergent-induced were largely inaccessible in the membrane vesicles. To
membrane dissolution, was also detected. In contrast toonfirm that the preparation of sucrose gradient band 2
the readily digested menadione-dependent NADH dehymembrane vesicles did not result in a loss of glyco-
drogenase activity in sucrose gradient band 2, 94% of theylated membrane-associated elements, the glycoprotein
S-layer glycoprotein in the same membrane preparatiogontents of the intact cells and sucrose gradient band 2
was protected from proteolytic digestion, as revealed bymembrane vesicles were examined by SDS-PAGE and
SDS-PAGE and densitometry (FigCh When similar  PAS staining and quantitated densitometrically. In both

60 -+

Percent sealed vesicles
L
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A B Fig. 5. Protease accessibility reveals the sealed
) m band 2 . m band 3 i
] O band 2 + Triton X-100 O band 3 + Triton X-100 nature of sucrose gradlen_t band 2 membranes.
Zz 004 Z 1007 Samples of sucrose gradient band 2 and band 3
m§ 80 m§ | (0.7 mg each) were incubated with 1 mg/ml
£ £3 80 proteinase K at 40°C. Aliquots were removed
g % 60 g g 60 immediately prior to protease addition £ 0) and
52 59 4 hr after the onset of proteolysis € 4) and
g g 401 g T 40 examined as follows: 10l portions of each
°5 S5 brane fraction were assayed for
5 S mem %
ol 204 o 207 menadione-dependent NADH dehydrogenase
g 0 : 2 o activity in either the presence or absence of 0.01%
“ 0 4 < 0 ' 4 ' Triton X-100, as described in the Materials and
Proteinase K treatment (h) Proteinase K treatment (n) ~ Methods section, except that the period of
incubation with the detergent was shortened to 15
min. In addition, aliquots of the sucrose gradient
C band 2 and band 3 membranes were removed at
o Siﬂgﬁ times t= 0 and t= 4, precipitated with 15%
1007 TCA and processed for SDS-PAGE. Following
- Coomassie staining, the level of the S-layer
E’%’ 80 glycoprotein in each sample was determined
S5 densitometrically. The levels of
» @ 607 .
5 S menadione-dependent NADH dehydrogenase
’g g 40 activity or S-layer glycoprotein present at a given
55 time point were expressed as a percentage of those
Oy 207 levels detected prior to protease treatment, taken
as 100%. £) Menadione-dependent NADH
0 0 ' 4 dehydrogenase activity of sucrose gradient band 2

membranes, measured prior to (black bars) and

following (white bars) incubation with 0.01%

Triton X-100. B) Menadione-dependent NADH dehydrogenase activity of sucrose gradient band 3 membranes, presete(Casitayer

glycoprotein levels in sucrose gradient band 2 (white bars) and band 3 (black bars) membranes. In each panel, each bar represents the average
of 3-5 experiments £EM.

Proteinase K treatment (h)

Table 2. Binding of HRP-conjugated ConA

: N0
Treatment Intact celfs Sucrose gradient @ @
band 2
Control 0.192 0.037
+0.3 ™ glucose 0.063 0.031
-HRP-conjugated ConA 0.026 0.008

2Values correspond to the average of QPreadings of duplicate
samples measured in one of five repeats of the experiment. a-DHFR

cases, similar levels of S-layer glycoprotein were de-Fig. 6. Sucrose gradient band 2 membrane vesicles are devoid of cy-
teCteC_l (ot showi. . . toplasm. Aliquots of intacH. volcaniicells and sucrose gradient band
Finally, to confirm that the sucrose gradient band 25 membranes containing equal amounts of protein@pwere sepa-
membrane vesicles were devoid of cytoplasm, aliquots ofated by SDS-PAGE, transferred to nitrocellulose and probed with
intact cells and sucrose gradient band 2 membranes comntibodies tcE. coli trigger factor Gpper pangl or H. volcanii DHFR
taining equal amounts of protein were probed in immu-(lower pane). Molecular weight markers are shown to the right of each
noblot experiments using antibodies raised against tw#2"e!:
cytoplasmic markers, DHFR and trigger factdt. vol-
canii DHFR has been previously cloned, sequenced and
purified [43]. In contrast, trigger factor, a protein shown pane). When immunoblotting was performed using an-
to be associated with nascent polypeptides.inoli[20],  tibodies raised to bacterial trigger factor, labelling of an
has not been reported in archaea. As expected, antapproximately 60 kDa protein in intact cells was ob-
DHFR recognized an approximately 23 kDa protein inserved (Fig. 6,upper panél. As with the anti-DHFR
intactH. volcaniicells. No such band was labelled in the antibodies, no labelling of sucrose gradient band 2 mem-
sucrose gradient band 2 membranes (Fig.lddyer  branes with the anti-trigger factor serum was observed.
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FCCP mechanistic understanding of a variety of bacterial and
c 97 eukaryotic membrane-related cellular processes. For
2 better characterization of such processes in archaea, the
g 44 most recently described yet least understood domain of
E life, the availability of pure, sealed membrane vesicle
QS 3 preparations of known orientation is required. With its
> relatively simple growth requirements, the haloarchaeon
%’ 5] H. volcanii has proven its applicability in various mo-
@ lecular biology and protein chemistry studies [5]. To ex-
E i tend the usefulness of this species to the study of archaeal
S membrane biology, the present report describes the
E large-scale preparation and characterization of IMVs

0 0 20 40 60 80 from H. volcanii.

time (sec) Relying on an experimental approach originally de-
signed for the preparation of IMVs frofa. coli[3, 8], a
Fig. 7. Sucrose gradient band 2 membranes are capable of synthesizirtgaloarchaeal membrane preparation was isolated fol-
ATP. The ability of sucrose gradient band 2 membranes (ig0to  |owed cell disruption with a French press pressure cell
synthesize ATP was revealed by the luciferin/luciferase assay, as deémd centrifugation on sucrose density step gradients.

scribed in the Materials and Methods section. After 60 sec of ATPTh tward i tiviti hich f
synthesis, 20Qum FCCP was added to the reactiarrpw). The data € outward exposure of enzyme activiies which tace

shown represent the average of duplicate samples from one of thref1€ Ccytoplasm in_ the intact Ce"_: pmteas? _p_rOteCtion as-
experiments + standard deviation. says, electron microscopy, lectin accessibility as well as

ATP-synthesizing ability support the conclusion that su-
crose gradient band 2 contains inverted, sealed and func-
Thus, the sucrose gradient band 2 membrane vesicles d@nal membrane vesicles. Based on enzymatic activities
not include cytoplasmic markers. and electron microscopy analysis, it appears that 70-90%
of the membranous structures in sucrose gradient band 2
are IMVs.

While sucrose gradient bands 1, 3 and 4 were not
characterized to the same degree as sucrose gradient
and 2, the topology of membranes in some of these

’;%actions can be inferred. As judged by enzyme topolo-

THE INVERTED MEMBRANE VESICLES IN SUCROSE
GRADIENT BAND 2 ARE FUNCTIONAL

To determine whether the inverted and sealed membra
vesicles contained in sucrose gradient band 2 were fun b . di bands 1. 3 and 4
tional in terms of membrane-related activity, the ability 9'€S: membranes in sucrose gradient bands 1, 3 an

of the IMVs to synthesize ATP was tested. IMVs equili- Maintain right-side topology. Based upon its behavior in
brated in pH 7.2 buffer were placed into a pH 9 envi- sucrose densﬁy gradlent centrlfugatlon,_sucrose gradient
ronment containing ADP and orthophosphate as well a9and 4 contains intact cells. Electron microscopy analy-
NADH, an electron donor. At 15-sec intervals, aliquots SiS Of sucrose gradient band 1 revealed the presence of
were removed and tested for the presence of ATP. A§MPty membrane vesicleadt showi. It seems, there-
revealed in Fig. 7, a linear increase in ATP levels wasfore, that sucrose gradient band 1 contains right side-out
detected over the course of the reaction. Addition of 200/esicles. However, due to the small amounts of sucrose
M FCCP' an uncoup|er of oxidative phosphory'ation gradient band 1 present in the sucrose density gradients,
previously shown to interfere with ATP synthesisiih ~ only limited characterization of the membranes of this
volcanii [38], led to a rapid drop in ATP levels (Fig. 7, fraction was possible.
arrow). When either ADP or orthophosphate were omit- Examination of the literature reveals earlier attempts
ted from the reaction, neglible levels of ATP were de-at preparing membrane vesicles frénvolcanii. In the
tected (ot show. These results reveal that the IMVs original report of the strain, it was shown that disruption
found in sucrose gradient band 2 are able to establish af the plasma membrane by osmotic lysis upon transfer
proton gradient across the membrane and then exploRf cells into water yielded small, sealed membrane
this proton gradient to drive a biologically relevant pro- vesicles [32]. Unfortunately, the topological orientation
cess, in this case, ATP synthesis. and preservation of membrane protein function in these
vesicles was not determined. More recently, the ability
of an H. volcanii membrane preparation to synthesize
Discussion ATP from ADP and orthophosphate upon alkalinization
of the medium was reported [38]. While these studies
The availability of membrane vesicle preparations of dif-reported a high degree of exposure of the inner face of
ferent topological orientation has greatly advancedthe membrane to the external medium, no effort to dif-
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ferentiate between membrane fragments and sealedbundation founded by the Israel Academy of Sciences and Humani-
vesicles was made, nor was separation of different€s:

vesicle populations attempted. The current study, there-
fore, represents the first complete protocol for the prepa-
ration of large quantities of sealed IMVs and subsequen
analysis of vesicles prepared according to this protocol. ;.
The presence of a crystalline S-layer apparently does
not interfere with the ability oH. volcanii membrane
fragments to reseal in an inverted manner. Previous at-2.
tempts at preparation of archaeal IMVs have met with
mixed success, apparently due to the presence of a pro-
tein-based surface layer. Indeed, preparation of IMVs
from Methanosarcina mazeone of the two archaeal
strains from which IMVs are currently available, in-
volves prior proteolytic digestion of surface structures [2,
30]. The S-layer glycoprotein has also been cited as the4.
agent responsible for the inability to obtain IMVs from
other archaeal strains, includingulfolobus acido-
caldarius[28, 36]. In contrast, the proteinaceous S-layer
did not prevent the formation of IMVs frorHalobacte- 5
rium halobium(salinarunj [16, 27]. Three-dimensional
reconstructions of the S-layers df volcanii, H. salina-
rum and Sulfolobusspecies reveal similar architecture, 6.
i.e., a hexagonal lattice comprised of dome-like units
separated from the underlying plasma membrane by’-
spacers to create a pseudo-periplasmic space [1, 7, 25,
35, 40]. The proposed pseudo-periplasmic space is
however, thought to be much wider in the caseSol-
folobusstrains as compared to the haloarchaeal strains.
Such differences could affect the relative ease of obtain-g.
ing IMVs from the haloarchaeal species. Furthermore,
while the H. salinarumand H. volcanii S-layer glyco-

8.

proteins are believed to be directly anchored into thelO:

plasma membrane [27, 39], additional proteins are pro-
posed to be responsible for the anchoring of the S-Iaye[
glycoprotein inSulfolobus[1, 18]. Although it is not
known how the presence of rigid S-layers affects ar-;,
chaeal membrane lipid behavior [13], the suggested dif-
ferences in haloarchaeal a8llfolobusS-layer glyco-
protein attachment could affect the ability of the mem-
branes to reseal in an inverted manner.

The availability of invertedH. volcanii membrane
vesicles will prove useful for structural, functional and
mechanistic analysis of archaeal membrane-bound en-
zyme activities. Such studies will further our under-

standing of membrane-linked processes in halophiles ins,

particular, and in archaea in general. The observation

that the S-layer glycoprotein is maintained and protectedsé.

from proteolysis in the IMVs suggests the usefulness of
such vesicles in studies in S-layer glycoprotein translo-
cation and glycosylation.
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