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Carboxyl Methyltransferase, in Synthetic Bolalipid Membrane Vesicles
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ABSTRACT. Three bipolar archaeal-type diglycerophosphocholine tetraether lipids (also known as bolalipids)
have been prepared to determine (1) the influence of molecular structure on the physical properties of
bolalipid membranes and (2) their impact on the functional reconstitution of Stel4p, a membrane-associated
isoprenylcysteine carboxyl methyltransferase fr@accharomyces cerisiae Three bolalipids were
synthesized: @BAS, G:BAS, and GyphytBAS. These bolalipid structures differ in that thegBAS
derivative has a shosan1 glyceryl diether GoH4o transmembrane alkyl chain and two ether-linlszeR
n-decyl chains, whereas thesBAS and G:phytBAS derivatives have a longenl diether GzHsa
membrane-spanning chain and two ether-linkee2 n-hexadecyl or phytanyl chains, respectively.
Differential scanning calorimetry and temperature-depen##@htNMR was used to determine the gel-
to-liquid crystalline phase transition temperatures of the bolalipidsB@&S Ty, > 85 °C; CsophytBAS Tr,

= 14°C; and GoBAS T, = 17 °C). The bolalipid lateral diffusion coefficients, determined by fluorescence
recovery after photobleaching at 26, were 1.5x 1078 and 1.8x 10°° cn¥/s for G,BAS and G
phytBAS, respectively. The mobility of @BAS could not be measured at this temperature. Stel4p activity
was monitored by atin vitro methyltransferase assay in reconstituted vesicle dispersions composed of
DMPC, GoBASIE. coli polar lipid, GoBAS/POPC, GphytBASE. coli polar lipid, and GphytBAS/
POPC. Stel4p activity was lost in vesicles composed of I® mol % GoBAS and G-100 mol %
C32BAS but retained in vesicles with-60 mol % GoBAS and G-100 mol % GphytBAS. Confocal
immunofluorescence microscopy confirmed the presence of Stel4p in 100 mgBASand 100 mol

% CsophytBAS vesicle dispersions, even though the lamellar liquid crystalline phase thickness of C
BAS is only 32 A. Because Stel4p activity was not affected by either the gel-to-liquid-crystal phase
transition temperature of the lipid or the temperature of the assay, the low activity observedli075

mol % GeBAS membranes can be attributed to hydrophobic mismatch between this bolalipid and the
hydrophobic surface of Stel4p.

Bolalipids, also called bolaamphiphiles, are a class of membrane chains that contain combinations of methyl
bipolar lipids found in the cell membranes of sotaehaea branching and cyclopentane rings to help maintain membrane
In many cases, these organisms can survive in extremefluidity across a wide range of environmental temperatures
environments because of the presence of isoprenoid-base@6—7). Studies of biogenic and synthetic variants of these
tetraether bolalipids in their membranés-6). The membrane-  unusual membrane materials demonstrate that bolalipid
spanning bipolar structural motif confers increased stability membranes are less permeable and more durable than
to these membranes by effectively cross-linking the apposedmembranes composed of monopolar lipids-13). This
leaflets of a bilayer membrane, thereby producing a mono- unique combination of properties has ignited interest in their
layer membrane that functionally mimics a conventional
membrane bilayer. This membrane stabilization strategy 1 apbreviations: AFC,N-acetylSfarnesylt-cysteine; “C-SAM,
blocks membrane failure via delamination in the physically S-adenosyk-[*/C-methyl] methionine; @BAS, 2,2-di-O-decyl-3,3-
and chemically challenging environments that are often glA%-(12",22g_'-g|%05ar:jyl)-ﬁl%*(gg—_ggﬁrog-zl,g—dtlphOSpPOCfll)Ogne{%Q

. . P , 2,2-di-O-hexadecyl-3,3di-O-(1",32"-dotriacontanyl)-bis+@ac-
preferred by this class_ of organisms. Archaeal bolalipid lycero)-1,1-diphosphocholine; GphytBAS, 2.2-di-O-(3.7,11,15-
structures are characterized by ether linkages to each glyceroletramethylhexadecyl)-3:8i-0-(1",32'-dotriacontanyl)-bisrac-glycero)-
backbone, phosphate or sugar polar headgroups, and transt,X-diphosphocholine; Chol, cholesterol; DDM, 1-dodegyb-
maltopyranoside; DMAN,N-dimethylformamide; DMPC, 1,2-dimyristoy!-
snglycero-3-phosphocholine; DSC, differential scanning calorimetry;
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o I % o Scheme 1: Topology Model of Stel4p, Adapted from Ref
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© is generally an aliphatic residue, and X can be one of many

CsophytBAS amino acids). Carboxyl methylation of CaaX sequences is

FiGurRe 1. Structures of the synthetic bolalipids used in this study: ©Ssential for the proper localization and transformation ability
C20BAS, C3:BAS, and GphytBAS. of oncogenic Ras proteins, thus making it an important target

for chemotherapeutic agent discovery. We used the 37 kD
use as nonpolymeric membrane stabilizing agents in ap-Hisigmyg-tagged variant of Stel4p as a model enzyme for
plications such as drug delivery and membrane-protein-basechuman Icmt in this study because (1) they are functional
biosensorsyg, 12, 14, 15). homologs {9) and (2) it has previously been successfully

Biosensor and drug delivery applications of bolalipids will purified and functionally reconstituted in vesicleskfcoli

require large quantities of material. Unfortunately, bolalipids polar lipids @0). A supported membrane sensor constructed
derived fromArchaeaare difficult to obtain in pure form  from human Icmt-containing bolalipids may be useful for
on even the 1 mg scale. We report three synthetic archaeascreening Icmt inhibitor candidates; therefore, reconstitution
bolalipid mimics that retain key structural motifs of naturally of functional Ste14p in bolalipid vesicles is an essential first
occurring bolalipids yet can be readily produced>a00 step toward the development of a sensor based on this
mg quantities: 2,2di-O-decyl-3,3-di-O-(1",20"-eicosanyl)- ~ enzyme. Unfortunately, to date, attempts at purifying and

bis-(rac-glycero)-1,1-diphosphocholine (&BASY), 2,2-di- functionally reconstituting human and other mammalian
O-hexadecyl-3,3di-O-(1",32'-dotriacontanyl)-bistac-glyc- lcmts have met with limited to no succesxl{-24).
ero)-1,1-diphosphocholine (£BAS), and 2,2di-O-(3,7,11,15- This contribution describes the characterization B8S,

tetramethylhexadecyl)-3;8li-O-(1",32'-dotriacontanyl)-bis- ~ C32BAS, and GzphytBAS by differential scanning calorim-
(rac-glycero)-1,1-diphosphocholine (§phytBAS) (Figure  etry (DSC), temperature-dependéfe NMR, and fluores-
1). Each of these bolalipid structures is acyclic, symmetric, cence recovery after photobleaching (FRAP). The impact of
contains glycerophosphocholine headgroups, and possessedgolalipid structure and membrane composition on Stel4p
either 20 or 32 carbon transmembrane chains to stabilize theactivity, monitored by ann vitro vapor diffusion methyl-
hydrophobic domains of integral membrane proteins. The transferase assag(@), was then determined using vesicles
hydrophobic chains at eadn2 position of the bolalipid  of differing lipid composition, gel-to-liquid-crystalline phase
glycerol backbone are bothalkyl or phytanyl, with lengths  transition temperatures, and lipid mobility. Confocal immu-
that are half that of the transmembrane chain. Methyl nofluorescence microscopy and protein assays were used to
branching was designed into thesghytBAS structure determine the extent and distribution of Stel4p in reconsti-
because it was expected that the phytanyl chains would lowertuted vesicle membranes. Our results show that Stel4p
the bolalipid gel-to-liquid-crystalline phase transition tem- activity is sensitive to hydrophobic mismatch between the
perature relative to £SBAS by disrupting the alkyl chain  bolalipid membrane and the hydrophobic surface of Ste14p;
packing within the membrane. however, it is not sensitive to the phase state of the host
In this article, the first successful reconstitution of an Mmembrane. These findings suggest thaipBytBAS is an
integral membrane protein in synthetic bolalipid vesicles and excellent candidate for a rugged host membrane material for
the correlation of its activity with the physical properties of Stel4p sensor production.
the membrane is demonstrated. The only prior reports of
integral membrane protein enzymes in bolalipid vesicles MATERIALS AND METHODS
described the use of the polar lipid extract from the  Materials. The synthesis of §BAS has been previously
thermophileS. acidocaldariuso functionally reconstitute  described 25, 26). CsphytBAS and G,BAS were synthe-
beef heart cytochrome-oxidase {6) and the leucine  sized as described below. POPC (1-palmitoyl-2-oleyl-
transporter olLactococcus lactig17). These studies, how-  glycero-3-phosphocholine), DMPC (1,2-dimyristct
ever, did not provide insight into the role of bolalipid glycero-3-phosphocholine), cholesterol (Ché).colipolar
structure and physical properties on the function of these lipid extract, and 1-oleoyl-2-[6-[(7-nitro-21,3-benzoxadia-
membrane proteins. zol-4-yl)amino]hexanoylkn-glycero-3-phosphocholine (NBD-
The isoprenylcysteine carboxyl methyltransferase (Icmt) OPPC) were purchased from Avanti Polar Lipids (Alabaster,
from Saccharomyces cerisiae, Steldp, was chosen for AL). Fluorescein-labeled antitycFITC mouse antibodies
functional reconstitution into bolalipid membranes. Stel4p were obtained from Invitrogen (Carlsbad, CAY-Acetyl-
is a 26 kDa integral membrane protein with six transmem- Sfarnesylt-cysteine (AFC) was provided by Dr. Richard
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Scheme 2: Synthesis Pathway fosahytBAS
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Gibbs (Purdue University)s-Adenosylt-[**C-methyl] me-
thionine (“C-SAM) was purchased from Amersham Bio-
sciences (Uppsala, Sweden). 1-Dodggyl-maltopyranoside
(DDM) was obtained from Anatrace, Inc. (Maumee, OH).
Triton X was obtained from Sigma (St. Louis, MO). HPLC-
grade chloroform (CHG)J, diethyl ether (E£), and methanol
(MeOH) were supplied by Mallinckrodt-Baker (Paris, KY).
All chemicals for the synthesis of:ebhytBAS and GBAS
were purchased from Aldrich except for 2-chloro-2-oxo-
1,3,2-dioxaphospholane (Fluka, Milwaukee, WI). Reaction

(CHy)gp ———
9

tography was performed with 23@00 mesh silica gel using
HPLC-grade eluents. Electrospray mass spectrometry (ESI
MS) was performed using a Waters ZQ spectrometer. Thin
layer chromatography was performed using Baker-flex IB-F
plates (J.T. Baker) and visualized using UY aldsorption,
KMnOy/heat, and/or b5QOy/heat.

Synthesis of €phytBAS.The synthesis route for &
phytBAS (Scheme 2) was adapted from a method described
for the preparation of EBAS (25, 26).

(E)-1-lodo-3,7,11,15-tetramethylhexadec-2-eb)eA flame-

solvents were reagent-grade and were dried by distillation dried flask was charged with PPf1.0557 g, 4.04 mmol)

from an appropriate desiccant underéfore use: tetrahy-
drofuran (THF) from sodium benzophenone ketyl and
dichloromethane (CKLCl,), toluene (PhCh), acetonitrile
(CH3CN), and triethylamine (BN) from Cahb. All reactions
were performed under dry Ar or\yjas. NMR spectra were
recorded on a Varian 300 MHz spectrometer usidgand

followed by 11 mL of CHCI, and imidazole (0.2776 g, 4.04
mmol). The solution was cooled to°C, I, crystals (1.0273

g, 4.04 mmol) were added slowly, and the mixture was stirred
at 25°C for 15 min under Ar. Phytol (1.0 g, 3.37 mmol) in

3 mL of CH,Cl, was then added and the mixture stirred at
25°C under Ar for an additional 2 h. Then, petroleum ether

13C solvent peaks as internal references. Column chroma-(200 mL) was added and the mixture filtered twice through
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a 1 inch pad of silica gel. After solvent removal, 0.874 g of
1 (63% yield) was obtained as a light-yellow oiH NMR
(300 MHz, CDC}): 0.88 (t, 12 H, CH); 0.99-1.41 (m, 19

H, CH+CH, aliphatic); 1.63 (s, 3 H, Cklvinylic); 1.98 (t,

2 H, CH; allylic); 3.94 (d, 2H, CHlI); 5.532 (t, 1 H, CH
vinylic). 13C NMR (75 MHz, CDC}): 4.10, 15.71, 19.71,

Febo-Ayala et al.

dropwise via syringe and the reaction stirred-at8 °C for
1 h under Ar before slowly warming to 2% and stirring
overnight. The reaction was then cooled to°G and
guenched with 60@&L of MeOH, and NaOH solution was
added to disperse the gel (10 mt.a5 N NaOH solution).
The aqueous phase was extracted withOE{3 x 50 mL),

19.77, 22.63, 22.73, 24.47, 24.80, 24.91, 27.98, 32.66, 32.80and the organic phases were combined, dried over MgSO
36.43, 37.29, 37.36, 37.44, 39.38, 39.88, 121.67, 142.88.filtered, evaporated, and the residue dried under vacuum to

ESF MS: m/iz(M + H) 461.

(E)-2-Phenyl-5-0-(3,7,11,15-tetramethylhexadec-2-enyl)-

1,3-dioxane 2). A flame-dried flask was charged with
2-phenyl-5-hydroxy-1,3-dioxane (0.322 g, 1.79 mmol) fol-
lowed by 4 mL of THF before cooling to 0C. NaH
dispersion (80% in oil, 0.1485 g, 4.95 mmol) was slowly
added and the mixture stirred at 26 for 1 h. Compound
1(0.874 g, 2.15 mmol) was dissolved in 3 mL of THF and
slowly added to the alkoxide solution afQ prior to heating
at reflux overnight under Ar. The unreacted NaH was
quenched at 0C with deionized HO. The aqueous phase
was extracted with BD (3 x 25 mL), and the organic phases
were combined, dried over MgSQJiltered, and the solvent

give 2.676 g of4 (89% vyield) as a colorless oitH NMR

(300 MHz, CDC#): 0.86 (t, 15 H, CH); 1.23 (m, 22 H,

CH + CH; aliphatic); 1.56 (m, 2 H, CHS to O); 2.34 (t, 1

H, OH), 3.63 (m, 7 H, CH-O + OCH,), 4.53 (s, 2 H, OCht

Ph), 7.29 (bs, 5H, phenyl}3C NMR (75 MHz, CDC}):

19.53, 19.62, 19.68, 22.55, 22.64, 24.27, 24.40, 24.71, 27.87,

29.74, 32.70, 37.00, 37.08, 37.21, 37.24, 37.27, 37.31, 37.37,

37.42, 39.29, 62.67, 68.58, 69.92, 73.40, 78.54, 127.51,

127.56, 128.28, 137.96. ESMS: m/z (M + H) 463.
17-Bromo-1-heptadecenB)( This precursor was prepared

as described by Peanasky et &7)( *H NMR (300 MHz,

CDClg): 1.25 (s, 24 H—CHy), 1.85 (g, 2 H,—CHy), 2.25

(g9, 2 H, allylic —CH), 3.40 (t, 2 H,—CHBr), 4.95 (dd, 2

removed by rotary evaporation. The crude mixture was H, vinyl CH,), 5.8 (m, 1 H, vinyl CH).13C NMR (75 MHz,
separated via column chromatography using gradient elu-CDCls): 28.4, 29.0, 29.2, 29.4, 29.7, 29.7, 29.8, 29.8, 29.9,

tion: 100% hexane to 1:1 hexane/&Hb. Fractions contain-

29.9, 33.1, 34.0, 34.2, 76.8, 77.2, 77.7, 114.3, 139.57ESI

ing the desired product were pooled, the solvent removed MS: m/z (M + H) 317/319.
by rotary evaporation, and the residue dried under vacuum 1-Benzyl-2-O-(3,7,11,15-tetramethylhexadecyl)-3-O-(16

to give 0.879 g (100% yield) o2 as a clear oillH NMR
(300 MHz, CDC}): 0.86 (t, 12 H, CH); 1.05-1.57 (m, 19
H, CH+CH; aliphatic); 1.65 (s, 3 H, Cklvinylic); 1.99 (m,

2 H, Ch allylic), 3.29 (s, 1 H, CH-0); 4.01 (dd, 2 H,
OCHy); 4.15 (dd, 2 H, OCHallylic), 4.31 (dd, 2 H, OCH),
5.39 (t, 1 H, CH vinylic), 5.53 (s, 1 H, OCHO acetal), 7.32
(dd, 3 H, phenyl), 7.51 (dd, 2 H, pheny§\C NMR (75 MHz,

heptadecenyl)-rac-glycerol6). A flame-dried flask was
charged with4 (2.676 g, 5.78 mmol) in 10 mL of THF and
cooled to °C. NaH (0.1457 g, 6.07 mmol) was added slowly
and stirred at 25C for 1 h under Ar. A solution o6 (5.68

g, 0.0179 mol) in 10 mL THF was slowly added at’G
and stirred at 25C for 2 days under Ar. Water (25 mL)
was added and the aqueous phase extracted with Btx

CDCl): 16.33, 19.62, 22.53, 22.62, 24.35, 24.69, 24.97, 50 mL). The organic phase was separated, dried over MigSO
27.85, 32.57, 32.67, 36.58, 37.18, 37.26, 37.32, 39.26, 39.80filtered, and evaporated on a rotary evaporator. The crude
64.92, 68.97, 69.16, 101.14, 120.66, 126.10, 127.97, 128.64 product was purified by column chromatography using

138.04, 140.29. ESIMS: m/z (M*) 458.

2-Phenyl-5-0-(3,7,11,15-tetramethylhexadecyloxy)-1,3-di-

oxane 8). A flask was charged witR (0.12 g, 0.262 mmol)
followed by 27 mL of a 9:1 EtOH/THF solution and
Wilkinson’s catalyst (Rh(PRRCI, 10 mg, 0.01 mmol). The
mixture was stirred under 1 atm of,kt 25°C overnight

gradient elution: 1:1 hexane/GEl; to 100% CHCI,. The
fractions containing the desired product were pooled, evapo-
rated, and the residue dried under vacuum to give 1.187 g
of 6 (29% yield).'H NMR (300 MHz, CDC}): 0.86 (t, 15

H, CHg); 1.21 (m, 46 H, CH-CH; aliphatic); 1.57 (m, 4 H,
CH; 5 to O); 2.03 (g, 2 H, CHallylic), 3.54 (m, 9 H, CH-O

and filtered through a 0.5 inch pad of alumina, followed by + OCH,), 4.55 (s, 2 H, OCKPh), 4.95 (dd, 2 H, Ckivinyl),
an ~100 mL EgO rinse. The solvent was removed on a 5.81 (m, 1 H, CH vinyl), 7.29 (bs, 5 H, phenyffC NMR
rotary evaporator and the crude product purified via column (75 MHz, CDCE): 19.74, 22.61, 22.71, 24.35, 24.47, 24.79,
chromatography using hexane/&Hb as the eluent. Fractions 26.12, 27.95, 28.94, 29.15, 29.50, 29.68, 29.78, 32.78, 33.81,
containing the product were pooled and the solvent removed37.38, 37.45, 39.35, 68.85, 70.26, 70.72, 71.64, 73.33, 77.92,
on a rotary evaporator to give 0.103 g 3{85% yield) as 114.06, 126.04, 127.47, 127.56, 127.67, 128.28, 139.20. ESI
a clear oil.*H NMR (300 MHz, CDC}): 0.854 (q, 15 H, MS: m/z (M + H) 699.
CHy); 1.04-1.59 (m, 22 H, CH-CH; aliphatic); 1.68-1.72 1,1-Di-O-benzyl-2,2di-O-(3,7,11,15-tetramethylhexade-
(m, 2 H, CH g to O); 3.25 (s, 1 H, CHO); 3.58 (m, 2H, cyl)-3,3-di-O-(1",32'-dotriacont-16'-enyl)-bis-(rac-glyc-
OCH,); 4.03+ 4.33 (dd, 4 H, OCH); 5.54 (s, 1 H, CH erol) (7). A flame-dried flask was charged with(1.927 g,
acetal); 7.34+ 7.51 (dd, 5 H, phenyl):*C NMR (75 MHz, 2.76 mmol) and 6 mL of CkCl,. Grubbs catalyst (Ru-
CDCl): 19.73, 22.60, 22.70, 24.33, 24.46, 24.77, 27.94, (CHPh)(PCy)sCl,, 0.2268 g, 0.276 mmol) in 5 mL of CH
29.89, 32.77, 36.70, 36.78, 37.26, 37.29, 37.42, 37.47, 39.33Cl, was slowly added before heating the mixture at reflux
67.23, 68.97, 69.05, 70.57, 101.29, 126.16, 128.11, 128.78,0vernight. After cooling the reaction mixture, the catalyst
138.14. ESt MS: m/z (M + H) 461. was quenched with 10 mL of 4@ and the aqueous phase
1-O-Benzyl-2-0-(3,7,11,15-tetramethylhexadecyl)-rac-glyc- extracted with CHCI, (3 x 10 mL). The organic phase was
erol (4). A flame-dried flask was charged with (2.98 g, then dried over MgS@ filtered, and the solvent evaporated
6.47 mmol) followed by 14 mL of CkCl, and then cooled  on a rotary evaporator. The crude product was purified via
to —78 °C. Diisobutylaluminum hydride (DIBAL-H, 7.12  column chromatography using gradient elution: 9:1 to 6:4
mL of a 1 M solution in CHCl,, 7.12 mmol) was added hexane/B. Fractions containing the desired product were
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Scheme 3: Synthesis Pathway fo5,BAS
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pooled, evaporated, and the residue dried under vacuum tc40:10 CHCYMeOH/H,O. Suspended silica particles were

give 1.177 g of7 (62% yield) as a light-brown oitH NMR

(300 MHz, CDC#): 0.86 (t, 30 H, CH), 1.25 (m, 92 H,
CH+CH; aliphatic), 1.57 (m, 8 H, CH to O), 1.96 (c, 4
H, CH, allylic), 3.52 (m, 18 H, CH-O + OCH,), 4.55 (s, 4
H, OCH,Ph), 5.37 (m, 2 H, CHKvinyl), 7.29 (bs, 10 H,
phenyl).*3C NMR (75 MHz, CDC}): 19.83, 19.91, 19.96,

removed from the fractions using a 0.22h PTFE filter,
the solvent evaporated, and the residue dried under vacuum
to give 0.1903 g 0B (81% vyield) as a waxtH NMR (300
MHz, CDCL/CD;0OD): 0.86 (t, 30 H, CH), 1.19 (m, 100
H, CH+CH, aliphatic), 1.53 (m, 8 H, CHp to O); 3.23 (s,
18 H, NMsey), 3.49 (m, 18 H, CH-O + OCH,), 3.90 (t, 4

22.84,22.93, 24.57, 24.70, 25.01, 26.35, 28.17, 29.40, 29.72H, CH;N), 4.25 (bs, 4 H, CKHOP). *C NMR (75 MHz,
29.76, 29.89, 29.92, 30.00, 32.82, 33.00, 33.31, 37.39, 37.50,CDCl/CDsOD): 21.16, 21.24, 24.12, 24.20, 26.04, 26.37,
37.62, 37.67,37.72, 39.58, 69.05, 70.52, 70.97, 71.85, 73.5527.67, 29.52, 31.28, 34.37, 38.84, 39.01, 40.94, 55.76, 60.52,
78.17,127.66, 127.75, 128.47, 130.06, 130.53, 138.64. ES| 66.69, 68.08, 70.43, 70.62, 72.17, 73.3% NMR (124

MS: m/z(M + Na') 1393.
2,2-Di-0-(3,7,11,15-tetramethylhexadecyl)-3-O-(1",-
32'-dotriacontanyl)-bis-(rac-glycerol)g). A flask was charged
with 7 (1.094 g, 0.798 mmol) followed by 25 mL of a 4:1

THF/EtOH solvent mixture and 20% Pd(OHdn carbon

catalyst (0.168 g, 0.234 mmol) and the mixture stirred under

MHz, CDCL/CD3;OD): single peak (unreferenced) confirms
the presence of a single phosphorus bonding motif"ESI
MS: m/z(M + H) 1522.
Synthesis of EBAS.The synthesis route for £BAS is
shown in Scheme 3.
1-0O-Benzyl-2-hexadecyloxy-3-O-(d&eptadecenoxy)-rac-

1 atm H at 25°C overnight. The catalyst was removed by glycerol (12). A flame-dried flask was charged with 95%
filtration through a 0.5 inch pad of Celite, followed by a NaH dispersion in oil (0.159 g, 6.6 mmol) followed by 30
~100 mL CHC} rinse. The solvent was removed by rotary mL of toluene and cooled to @. A solution of11 (1.51 g,

evaporation and the crude product purified by column 3.7 mmol) @5, 26) in toluene (30 mL) was added via syringe

chromatography using 3:1 hexanef&tas the eluent. Frac-

and the mixture stirred for 1 h. A solution 6f(2.1 g, 6.6

tions containing the desired product were pooled, evaporatedmmol) dissolved in 20 mL of toluene was added at°25
and the residue dried under vacuum to give 0.738 g (78% via syringe and the mixture heated at reflux overnight. Water

yield) of 8 as an ivory wax!H NMR (300 MHz, CDC}):
0.87 (t, 30 H, CH), 1.25 (m, 100 H, CH-CH, aliphatic),
1.57 (m, 8 H, CH g to 0), 2.22 (t, 2 H, OH), 3.57 (m, 18
H, CH-0 + OCH,). *3C NMR (75 MHz, CDC}): 19.97,

(50 mL) was added and the agueous phase extracted with
diethyl ether (3x 50 mL), dried over MgSQ filtered, and
evaporated on a rotary evaporator. The crude product was
purified by column chromatography using 10:1 hexan€JEt

22.85, 22.95, 24.58, 24.71, 25.03, 26.33, 28.20, 29.72, 29.86 as the eluent. The fractions collectedrat= 0.2 were pooled,
29.94, 33.03, 37.37, 37.52, 37.69, 39.60, 63.32, 68.86, 71.15evaporated, and the residue dried under vacuum to give 2.5

72.08, 78.51. ESIMS: m/z(M + H) 1192.
2,2-Di-0-(3,7,11,15-tetramethylhexadecyl)-3B-O-(1",-
32"-dotriacontanyl)-bis-(rac-glycero)-1,diphosphocho-
line (CsphytBAS9). A flame-dried flask was charged with

g of 12 (59% vyield) as a clear oitH NMR (300 MHz,
CDClg): 0.89 (t, 3 H,—CHj3), 1.26 (s, 50 H,—CH,), 1.57
(m, 4 H,—CH, 5 to O), 2.03 (c, 2 H, vinyl CH), 3.45 (m,
9 H, -OCH,), 4.56 (s, 2 H, -OCKPh), 4.95 (dd, 2 H, vinyl

8 (0.150 g, 0.125 mmol), followed by the addition of 0.25 CH,), 7.33 (m, 5 H,—C¢Hs). 13C NMR (75 MHz, CDC}):
mL of THF, 2-chloro-2-oxo-1,3,2-dioxaphospholane (0.15 14.3, 22.9, 22.9, 26.3, 26.4, 26.4, 29.2, 29.4, 29.6, 29.7, 29.9,

mL, 1.13 mmol), and EN (0.12 mL, 0.565 mmol). The
turbid mixture was diluted with 2 mL of THF and 1 mL of

30.3,31.8,32.2,34.1,70.5,70.8, 71.0, 71.2, 71.9, 73.6, 78.2,
114.3,127.7,127.8, 128.5, 138.7, 139.5. MasstM) 643

DMF. The reaction mixture was then transferred to a flame- by EI/CI.

dried pressure tube and 1 mL of Mecondensed into the
tube. The tube was then sealed and heated t6C7@ith

1,7'-Di-O-benzyl-2,2di-O-hexadecyl-3,3di-O-(16'-dot-
riacontenyl)-bis-(rac-glycerol) 3). This compound was

stirring for 2 days. The reaction vessel was then slowly prepared as described féfrom 12. The crude product was
cooled to 0°C, the pressure carefully released, and the purified via column chromatography using 7:2 hexane/diethyl
product mixture concentrated on a rotary evaporator. The ether. Fractions & = 0.3 were combined, evaporated, and
product was isolated by silica gel column chromatography the residue dried under vacuum to give 0.4007 §2§91%
using step gradient elution: 80:20:0, 0:100:0, 65:35:5, 60: yield). 'H NMR (300 MHz, CDC}): 0.89 (t, 6 H,—CH),
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1.26 (s, 25 H,—CHy), 1.57 (m, 8 H,—CH, A to 0), 1.97
(M, 4 H, vinyl CHp), 3.43 (m, 18 H, -OCH), 4.56 (s, 4 H,
-OCH,-Ph), 5.39 (m, 2 H, vinyl Ch), 7.33 (m, 10 H,
—CgHs). 3C NMR (75 MHz, CDCY): 14.1, 22.7, 23.6, 26.1,

Febo-Ayala et al.

regions in this plot was taken as tfig.

FRAP. Standard coverslips were cleaned with warm 7:1
Triton X100/H,O for 10 min, rinsed extensively with
deionized HO, dried under a stream of,Nand baked at

29.2,29.4,29.5,29.7,30.1, 31.9, 32.6, 70.3, 70.6, 70.7, 71.7,400 °C for 5 h. Vesicles of POPC, POPG#BAS (100 nm

73.3,77.9,127.5,127.6, 128.3, 130.3. Mass{Nia) 1279
by MALDI.
2,2-Di-O-hexadecyl-3,3di-O-(dotriacontyl)-bis-(rac-glyc-
erol) (14). This compound was prepared as describedBfor
starting from13. The crude product was purified via column
chromatography eluting with a gradient solvent system from
4:1 to 0:100 hexane/ED, followed by a column flush with
5:1 CHCK/MeOH to givel4 as a white solid (0.557 g, 90%
yield). 'H NMR (300 MHz, CDC}): 0.89 (t, 6 H,—CHy),
1.25 (s, 108 H~CHy), 1.56 (m, 8 H,—CH, 3 to O), 1.89
(bs, 2 H, -OH), 3.373.74 (m, 18 H, -OCH, -OCH). *C
NMR (75 MHz, CDC}): 14.1, 22.7, 26.1, 26.2, 29.2, 29.3,

nominal diameter), @BAS, and GyphytBAS (200 nm
nominal diameter) were prepared by extrusion as described
below, except that 18 & H,O was used instead of the
buffer, and the extrusions were done at €5 Total lipid
concentrations weremol/mL at lipid ratios of 99.5% lipid

+ 0.5% NBD-OPPC. The vesicle solutions were mixed with
300 mM NacCl (1:1 v/v) and transferred to a perfusion
chamber mounted on the coverslips. After approximately 1
min, the coverslips were dipped into a 18VH,0O bath

and a cover glass sandwich prepared. The sandwich was
quickly placed on a microscope holder with® pools on
both sides. A detailed description of this method for preparing

29.5,29.6, 29.7, 30.1, 31.9, 63.0, 70.4, 70.9, 71.8, 78.3. Masssupported lipid bilayers from vesicles has been reported

(M + Na) 1102 by MALDI.

2,2-Di-O-hexadecyl-3,3di-O-(dotriacontyl)-bis-(rac-glyc-
erol)-1,1-diphosphocholine (EBAS,15). This compound
was prepared as described fusing 14 as the precursor.
The crude yellow solid obtained was purified via silica gel
column chromatography using a step gradient elution with
80:20:0, 50:50:0, 0:100:0, 65:35:5, and 60:40:10 GHCI
MeOH/H,O. The fractions containing the product were
combined and extracted using the Blighyer method. The
organic phase was dried with Mg®Cconcentrated, and
further dried under vacuum to give 0.0581 g 15 (44%
yield); the remaining material was the starting dib4, H
NMR (300 MHz, CDCYCD;0OD): 0.89 (t, 6 H,—CHj), 1.28
(s, 108 H,—CHy), 1.57 (t, 8 H,—CH, 5 to O), 3.23 (s, 18
H, N(CHy)s), 3.45-3.52 (m, 6 H,—OCH,, —OCH), 3.58-
3.64 (m, 12 H—OCH,, —OCH), 3.91 (t, 4 H—CH,-NMe3),
4.29 (bs, 4 H—CH,-OP).13C NMR (75 MHz, CDC}/CDs-
OD): 24.4, 27.8, 31.1, 31.3, 31.4, 31.8, 33.6, 55.9, 72.4.
3P NMR (124 MHz, CDCJCDs0OD): one unreferenced
peak. Mass (Mt H) 1411 by MALDI.

DSC.Calorimetric experiments were performed on a TA
DSC-Q10 instrument using 1 mg lipid/4 mg®lin stainless

elsewhere 28, 29).

A Nikon TE200U fluorescence microscope coupled to a
silicon avalanche photodiode and a continuous wave argon
ion laser (488 nm emission, 25 mW) was used to both bleach
and excite the NBD-OPPC probg.{ = 460 nm ey = 534
nm). A neutral density filter was placed in the beam path to
reduce the laser intensity to 250 nW to avoid constant
photobleaching of the probe. A shutter in the beam path was
pulsed to enable detection of the initial fluorescence counts
for ~40 s. Upon removal of the filter from the beam path,
the shutter sends a single photobleaching laser pulse or
s (bleach radius= 13 um). The recovery of fluorescence
intensity in this photobleached area is then monitored as a
function of time. Diffusion coefficients of NBD-OPPC in
various membrane compositions were determined by mea-
suring the half-time to recovery using a modified Bessel
function as described by Soumpag6)( All of the data were
fit as a single exponential and compared to POPC as the
standard. Diffusion coefficients determined in this manner
are accurate tot15%. All FRAP measurements were
conducted at 25C.

Vesicle PreparationDry lipid (10 mg) was dissolved in

steel pans. All thermograms were run using a reference panl:1 CHCK/MeOH in a cryovial and a thin film produced

with H>O. Indium was used as a calibration standard.

from it by evaporating the solvent under a gentle stream of

Thermograms were collected in the heating mode using aAr. The solvent was further removed under a 1@®vacuum

scan rate of 2C/min. The temperatures scanned ranged from
—20 to 85°C. Three thermograms were collected and the

overnight. After the addition of 1 mL of 200 mM TRIS HCI
at pH 7.5, the solution was subjected to five cycles of freeze

average values for the transition temperature (determined af(liquid N, bath), thaw (water bath at 3% for 5 min), and

the transition peak) reported.

31P NMR Chemical Shift Anisotroplproton-decoupledtP
NMR spectra were acquired at temperatures frefnto 30
°C to determine the change in chemical shift anisotropy of
the 3P powder pattern line shape forsBhytBAS. The
sample was prepared by hydrating a dry film gfhytBAS
at a concentration of 20 mg/mL in ;0. Spectra were

vortex (30 s) to give a polydisperse MLV suspension as
described by DiMeglio et al.3@). This dispersion was
extruded twenty times at 25C through two stacked 100
nm pore track-etch filters to produce an almost transparent
solution. All samples were prepared similarly and were
analyzed immediately after preparation.

Purification of Stel4p from MembraneStel4p with 10

obtained using a Bruker DRX 500 spectrometer equipped histidine residues and 3 repeats of tingc epitope at the

with a 5 mmprobe. A period of 15 min was allowed for

N-terminus was expressed and purified as previously de-

temperature equilibration before spectral acquisition at eachscribed 20). The histidines were used to facilitate Stel4p
temperature studied. All spectra were acquired using the purification, and themyc epitopes were used for immuno-

following parameters: 1600 scans, relaxation delay of 1 s,

90° pulse duration of s, acquisition time of 0.2 s, and
200 Hz line broadening. The peak width at half the peak

detection. Briefly, Higgmyg-tagged Steldp was expressed
in S. cereisiag extracted from crude membranes using 1%
(w/v) 1-5-p-dodecylmaltopyranoside (DDM), and purified

height was measured for each spectrum and the results plottedising Talon metal affinity chromatography. The activity of
in ppm versus temperature. The intersection of the two linear the pure enzyme was measured using AFC as the model
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Table 1: Gel-to-Liquid-Crystalline Phase Transition Temperatures

assay (see below). Protein concentrations were determinedor Hydrated Bolalipids Determined by Differential Scanning

by an amido black protein assa92j.

Reconstitution of Ste14p in Mixed Lipid Vesiclesrified
Stel4p was reconstituted by rapid dilution in the presence
of lipid dispersions as previously describ@d); Briefly, ~1
ug of protein was added to 14L of a 10 mg/mL vesicle
solution, and a subsequent 20-fold rapid dilution was
performed by the addition of 200 mM Tris-HCI buffer at
pH 7.5 at 5°C.

Vapor Diffusion Methyltransferase Assay in Vitrdhe
assay was performed as described by Anderson e2@)L. (

Calorimetry
bolalipid Tm (°C)
CaphytBAS 14+ 0.1
Cy0BAS 17+ 0.3
Cs2BAS >85

catalyst in 85% yield. Reductive ring opening of the dioxane
ring with DIBAL-H (33) gave the 2-phytanyl-1-benzyéc-
glycerol diether 4) in 89% vyield. Alkylation of the primary
alcohol in4 with 5 (27) gave the corresponding benzyl-
protected glyceryl triethe8 in 29% yield. Dimerization of

The buffer, vesicle solution, protein, and assay reagents wereg via olefin metathesis using the first-generation Grubbs

temperature-equilibrated on ice prior to the addition gigl

of Steldp to 10uL of vesicle solution followed by the
addition of 200uM AFC. The samples were incubated on
ice for 5 min followed by rapid dilution with buffer and the
addition of 20uM [**C]-SAM to a final volume of 6QuL.

The reaction solution was incubated in a water bath at 30
°C and the reaction allowed to progress for 30 min. The
methyl transfer reaction was quenched by the addition of
50 uL of 1 M NaOH/1% SDS. The mixture (106L) was
then spotted on filter paper and placed in the neck of a
scintillation vial that contained 10 mL of BioSafe Il
scintillation cocktail. After 2.5 h, the filters were removed
and the NaOH-labile counts determined by liquid scintilla-
tion. The results are reported in pmol of methyl groups
transferred/mg protein/min of reaction.

Temperature-Dependent Methyltransferase Asséggor
diffusion methyltransferase assays were perforinedtro
at different temperatures to test the effect of the lipid phase
transition temperature on protein activity. Steldp was
reconstituted at 32C into E. coli polar lipid, DMPC, or
C,0BAS liposomes. Vapor diffusion methyltransferase ex-
periments were doni vitro as previously described with

catalyst 84) gave 7 in 62% yield. Simultaneous olefin
reduction and deprotection @fwas achieved using Pd(OH)
catalyzed hydrogenolysis. The phosphocholine headgroup
was installed in the final step using a 2-chloro-2-oxo-1,3,2-
dioxaphospholane esterification/trimethylamine ring opening
sequencedb, 36) to give the methyl-substituted bolalipid
CsphytBAS ©) in 81% vyield (2% overall yield).

The synthesis route for £BAS (Scheme 3) followed a
similar path. 2-Phenyl-5-hexadecyloxy-1,3-dioxant)(
prepared as described by Patwardhan and Thompg&gn (
26) in 79% vyield, was subjected to reductive ring opening
with DIBAL-H (33) to give 11in 84% yield. 17-Bromo-1-
heptadecene5f was used to alkylatedl in 59% yield.
Intermediatel 3 was obtained in 91% yield via dimerization
of 12 using Grubbs catalysBf). The simultaneous depro-
tection and reduction of this precursor gave the tetraether
bisglycerol intermediat&4 in 90% yield. Installation of the
phosphocholine headgroups as before producg®AS (15)
in 44% yield (14% overall yield).

Phase Transition Behéor of CsphytBAS and EBAS
Dispersions.The DSC data obtained for hydrateds,C
phytBAS, G¢BAS, and GBAS in sealed pans is sum-
marized in Table 1. EBAS was previously reported to have

the exception that the incubation temperature was changed® Tm vValue of 17°C as determined by DSC and temperature-

to 10°C, 16°C, 32°C, or 44°C as needed to probe Steldp
activity above and below the phase transition temperature
of the host membrane.

Confocal Immunofluorescence Microscofyel4p (1Q:L
of a 0.012ug/uL solution in 500 mM imidazole elution
buffer) was diluted to a final volume of 2Q4_ in 100 mM
Tris-HCI buffer at pH 7.5 containing unextruded vesicles (1
uL of a 10 ug/uL solution). The protein was stained by the
addition of an antimycmonoclonal mouse antibody followed
by the addition of a fluorescein isothiocyanate-conjugated
goat anti-mouse secondary antibody (@il of 1 uglulL
solution). Nile Blue was then added to stain the membrane,
and the samples were imaged atx6fhagnification.

RESULTS

SynthesisCsphytBAS was prepared as shown in Scheme
2 on the basis of the previously described synthesesgf C
BAS and G,BAS (24—26). Phytanyl iodide, prepared by
the iodination of phytol in the presence of triphenylphosphine
and imidazole, was coupled with 2-phenyl-5-hydroxy-1,3-
dioxane to produce eth&rin quantitative yield. The phytanyl
olefin was hydrogenated in the presence of Wilkinson’s

dependent Raman spectrosco@l)( DSC experiments
revealed that the gel-to-liquid-crystalline phase transition of
CsophytBAS was 14°C (Figure 2A) and was undetectable
up to 85°C for C3,BAS (data not shown). Changes in the
chemical shift anisotropy of £phytBAS, determined by
temperature-dependefiP NMR (Figure 2B), also indicated
that theT,, for this bolalipid was 1£C.

Lateral Diffusion Rates of £phytBAS Dispersion&Vork
by Thompson and co-worker87) has shown that the lateral
diffusion coefficients for POPC, $BAS/POPC, GBAS,
and 7:3 GoBAS/Chol on detergent cleaned and baked cover
glass are 8« 1078 crmé/s, 4x 1078 cni/s, 1.5x 1078 cn/s,
and 1.2x 107° cn/s, respectively. Our FRAP data for glass-
supported bolalipid membranes showed that the lateral
diffusion rate of pure gphytBAS (1.8x 10°° cn¥/s, Table
2) was an order of magnitude slower than that observed for
the unbranched shorter chain variangBAS (1.5 x 108
cn?/s, Table 2) and similar to that observed for 7:38AS/
Chol (1.2x 107° cn¥/s, Table 2).

Vapor Diffusion Methyltransferase Assays in Vitvapor
diffusion methyltransferase assays (Schemeimd)uvitro
demonstrated that when the molar ratio ofBAS was
increased irE. coli polar lipid membranes, Stel4p activity
was retained until the BAS content in the membrane
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FiGure 2: Phase transition behavior ogphytBAS. (A) DSC of
CsphytBAS dispersion (1 mg lipid/4L H,0) in sealed stainless
steel pans with a heating rate ofC/min. One out of three trials
is shown. The phase transition temperatufg € 14.3 °C) and
transition enthalpy €2.23 J/g) are displayed. (B) Temperature-
dependent proton-decouplé® NMR spectra of gphytBAS in
D,0. Top to bottom: 30, 25, 20, 15, 12, 10, 5,46 °C. The lipid
was hydrated (20 mg of lipid/1 mL of J®) and extruded through
200 nm track-etch membranes. Typically, 1600 scans were acquire
with a relaxation delay of 1 s, 9@ulse of 6us, and an acquisition

Febo-Ayala et al.

Table 2: Lateral Diffusion Coefficients of NBD-OPPC in Lipid
Membranes on Glass, Determined by FRAP

lipid D (cn¥/s)
POPC 8.04£2.2)x 108
C20BAS:POPC 3.640.3)x 108
Co0BAS 15@0.1)x 108
7:3 CBAS:chol 0.12 {£ 0.03)x 10°8
CaphytBAS 0.18 {£ 0.03)x 10°8

increased to 1:1 BAS/POPC. Further increases in thgC
BAS molar ratio, however, caused a drop in the methyl-
transferase activity to 16% and 4% of the pure POPC level
for 3:1 and 100:0 @BAS/POPC compositions, respectively.
When the same bolalipid composition variation experiment
was performed with ¢phytBAS in POPC, Stel4p activity
was retained at levels similar to or greater than that of pure
POPC dispersions regardless afihytBAS content in the
membrane. It should be noted that the slight difference in
Stel4p specific activity observed in both 100%BytBAS
dispersions (Figure 3A and B) is due to the different Stel4p
preparations used in these two series of experiments.
Nonetheless, all bolalipie. coli polar lipid data were
collected with a single Steldp preparation, whereas all
bolalipid/POPC data were collected with another Stel4
preparation to eliminate this difference as a variable within
a set of lipid mixtures.

To further probe the influences of lipid physical properties
on Steldp function, we monitored its methyltransferase
activity in lipids above and below their gel-to-liquid-
crystalline phase transition after reconstitution at a single
temperature (32C) (Table 3). For theE. coli polar lipid
(control), Stel4p activity remained essentially constant when
the assay temperature was maintained at 10, 16, 32, or 44
°C. The methyltransferase activity in DMPC was unchanged
below (16 °C) and above (32°C) its phase transition
temperatureT, = 23 °C), yielding activity levels that were
the same as the. coli polar lipid values within experimental
error. Dramatically different behavior was found fopsC
BAS, however. In this case, the methyltransferase activity
was only 5% of that observed for tle coli polar lipid above
(832 °C) and below (10C) the phase transition temperature
of Co0BAS (T = 17 °C).

Confocal immunofluorescence assays were performed to
determine whether Stel4p was actually incorporated within
the membrane dispersions where low methyltransferase

dactivity was observed (Figure 4). Fluorescence and phase

contrast images were collected on reconstituted vesicle

time of 0.2 s. The spectra were processed with a line broadeningsamples prepared as described above, except that mouse anti-

of 200 Hz.

exceeded 50 mol % (Figure 3A). At 3:1,BAS/E. coli
polar lipid, only 15% methyltransferase activity remained,
and only 3% activity remained in pure;BAS. A similar
variation of membrane composition usings@hytBAS
showed that Stel4p activity was retained in all molar ratios
tested such that pure;hytBAS vesicles possessed 80%
of the Steld4p methyltransferase activity found in Stel4p
vesicles reconstituted with puie. coli polar lipid extract.

myc primary antibodies and FITC-labeled goat anti-mouse
secondary antibodies were added to fluorescently labeled
Stel4p, and Nile Blue was added as a membrane-localizing
fluorophore. As the data in Figure 4 demonstrate, Stel4p
was present in all reconstituted vesicle compositions, includ-
ing those showing low methyltransferase activity (i.ex-C
BAS).

DISCUSSION

When POPC was used as the host membrane lipid instead The goal of this study was to determine the optimal host

of E. colipolar lipid, the Stel4p activity dropped to 47% of
its level in 100%E. coli polar lipid (Figure 3B). Stel4pactivity
gradually dropped as theBAS composition in POPC

membrane material in which to functionally reconstitute the
Icmt enzyme, Stel4p, for use in a stable supported membrane
sensor. The design rules for producing stable integral
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a 12000 Table 3: Specific Activity of Stel4p (pmol/min/mg) as a Function
10000 | - §~.~ of Lipid Type and Their Gel-to-Liquid-Crystalline Phase Transition
2= < Temperatures
2 £ 8000 E\'\-—5-\-.\- —— —
°E 3 specific activity,  specific activity,
ﬁ £ 6000 1 Tm belowTm aboveTn
Eg -g lipid (°C)  (assaytemp’C) (assaytemp?’C)
884000 E. colipolar lipid ~ 6-24 6240 (10)
2000 || O C20BAS E. colipolar lipid 6-24 6820 (30)
—=— C32-phyt o E. colipolar lipid 6-24 7140 (32)
0 : o E. colipolar lipid 6-24 6560 (44)
0:100 10:90 20:80 50:50 75:25 100:0 CooBAS 17 290 (10) 310 (32)
bolalipid:E. coli polar lipid DMPC 23 6450 (16) 6630 (32)
a Stel4p reconstitutions in all lipid types were all conducted at 32
b 12000 ——— °C; the methyltransferase reactions were subsequently incubated at the
10000 | T C20BAS temperatures indicated in parentheses for each lipid measured. The
—a— C32-phyt precision of the specific activity measurements-a8%. ° M. Esfahani
8000 { et al. (1971)Proc. Natl. Acad. Sci. U.S.A. £8180.

40007 g___k—s\/ in unpredictable ways by the phase behavior, physical

dimensions, and fluidity of the host membrane.

Specific Activity
(pmol/min/mg)
3
8

& .
2000 | ' An existing bolalipid, GiBAS, and two newly synthesized
0 o o bolalipids, G,BAS and G phytBAS (prepared in 14% and
0100 10:90 20:80 50:50 75:25 100:0 2% overall yield, respectively), were used to probe the

structure-activity relationship between bolalipid structure
and Stel4p function. DSC atP NMR data show that £z

Ficure 3. Steldp methyltransferase activity vs bolalifidtoli phytBAS and GoBAS form liquid crystalline membranes at
polar lipid composition (A) and bolalipid/POPC composition (B). or. i ;
Stel4p {1 ug) was added to 10L of vesicle dispersion followed 25 °C; however, . @BAS is in the gel phase_) at th'.s.
by 200uM AFC and rapid dilution by the addition of 20V [14C]- temperature and did not have an observable melting transition

SAM. The samples were then incubated for 30 min atG®efore over the temperature range studied {B5 °C). Methyl
quenching with 5Q:L of 1 M NaOH/1% SDS. The mixture was  pranching of thesn-2 chains in GphytBAS disrupts the alkyl

spotted on a filter paper and analyzed by the vapor diffusion assay i ; i ini i i
for 2.5 h as described in the Materials and Methods section. Specificghal.n packing of th!s bolalipid, there.by'lncreasmg membrane
uidity and lowering the gel-to-liquid-crystalline phase

activities were plotted as pmol of methyl groups transferred/mg of o i~ c
protein/min. transition temperature and the transition enthalpy relative to

C3:BAS. The observed phase transition temperaturesgf C
membrane-protein-containing membranes are not yet clear.phytBAS, T, = 14 °C, is in reasonable agreement with the
For example, some integral membrane protein enzymes suchvalue of 8°C reported by Kinoshita and co-workers, who
as C&"-ATPase do not retain their functional conformation also prepared this bolalipidib, 46). Differences in sample
in gel phase lipid bilayers3g). However, not all membrane  preparation methods, the presence of contaminants, or
proteins display higher activities in the liquid-crystalline different thermal history of the samples may account for the
phase membranes, particularly when the liquid crystalline lower temperature reported in the previous work. Theof
membrane phase is too thin to accommodate the entireC,)BAS has been previously reported to be°T7 (31, 37).
hydrophobic surface of the protein. This is the case with The absence of methyl branching iasBAS and the shorter
diacylglycerol kinase and Na K*-ATPase 89, 40), both membrane-spanning alkyl chain length,{G/s G;,) are
of which undergo activity enhancements when the host factors that compensate each other to produce a bolalipid
membrane thickens upon transition from the liquid crystalline with a modest phase transition temperature in this case. The
to gel phase. In some other cases, the proteins themselve3,, values measured for this bolalipid series are summarized
affect the transition temperature of the surrounding lipids to in Table 1.
relieve hydrophobic mismatch between the membrane and Lateral diffusion rates of the liquid-crystalline bolalipids,
the integral membrane proteidl). The function of bacte-  determined using the FRAP technique for supported mem-
riorhodopsin (bR)-containing membranes, however, is highly brane samples, are summarized in Table 2 along with
dependent on membrane fluidity. bR in polymerized synthetic the control lipid, POPC. The diffusion rate obtained for
bilayer membranes is inactivedZ, 43), whereas bR in  C,BAS was slower by a factor of 5 relative to POPC under
bilayers composed of naturally occurring lipids shows a the same conditions. When 30 mol % Chol was incorporated
strong dependence on the site and degree of acyl chaininto the GoBAS membrane, the observed lateral diffusion
unsaturation 44). Taken together, these studies show that rate decreased by an order of magnitude, giving a value
integral membrane protein activity can be strongly influenced similar to that obtained for the longer chainGhytBAS

bolalipid:POPC

Scheme 4: Vapor Diffusion Assay Reaction

R R R
SAM* SAH
RJ\/\S R\)\/\S NaOH R\)\/\S
, N ; i + *MeOH
O CH, - O CH, O CHy ;

)J\ J His-Ste14p )J\ B )J\ (volatile)

N”>Co, N~ >CO,Me* N~ Co,

H H H

AFC
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Nile _anti-myc__merge phase creased, thereby decreasing the net diffusion rate. Our

O\-: observed diffusion rate of 1.8 107° cn¥/s for GephytBAS
o).
SN

is in reasonable agreement with the reported value &f 7
10°° cn¥/s for a biogenic bolalipid extract (9:1 bolalipid/
monopolar lipid), determined at 3@ by 2D exchangé'P
NMR (47). A key finding from these experiments is that
the slower bolalipid lateral diffusion rates did not signifi-
cantly impact methyltransferase activity in the functional
reconstitution of Stel4p within bolalipid vesicles. Although

there is no literature on this subject as far as we know, we
el anticipated that a change in lipid lateral diffusion rate would
'&.-;, lead to changes in membrane microviscosity that would

ultimately impact Stel4p activity. Our data suggest that

Ficure 4. Confocal immunofluorescence microscopy of giant gie14p is not sensitive to these tvpes of membrane perturba-
vesicles ofE. colipolar lipid (top), GoBAS (middle row), and G- tions P P P

phytBAS (bottom row). Nile Blue was added to stain the mem- . )
branes (column a) and Stel4p was stained with mousarasi- Confocal immunofluorescence microscopy further shows
goat FITC-anti-mouse antibodies (column b). The images from a that the properties of the lipid do not alter the capacity for
and b were merged (column c); the phase contrast images appeaSte14p incorporation within the host membrane (i.e., Stel4p
in column d. Stel4p was reconstituted into unextruded vesicles for g incorporated within both gel and liquid crystalline phase
these experiments and imaged a6fagnification. . .
membranes as well as hydrophobically mismatched mem-
headgroup bolalipid translational branes). Consistent with this finding, protein assay results
diffusion motion confirmed the presence of Stel4p in the membrane, regard-

. less of lipid type. Because the hydrated membrane thick-
nesses for @BAS, C;;BAS, and G phytBAS are 32 A1),

—- 56 A, and 50 A, respectively, we conclude that the lower
levels of methytransferase activity observed iBBAS

headgroup vesicles is cau_s_ed by mismatch of the hydrophobiq domain
diffusion little or no of Ste14p (anticipated to be on the order of 40 A thick) and

.. . the ~28 A thick hydrophobic region of the GBAS
bolalipid translation membrane (Figure 6). This hydrophobic mismatch may lead
to misfolded and/or denatured Stel4p segments in the thinner
C,0BAS membranes, thereby accounting for the lower
methyltransferase activity observed.

E. coli polar lipid

. .. . CONCLUSIONS

Ficure 5: Conceptual diagram of the headgroup-coupled diffusion
of bolalipids, indicating the different outcomes of cooperative and  Hrycyna and co-worker20) have previously shown that
uncooperative headgroup motions at the opposing membwaier  sta14p can be reconstituted in vesicles with a variety of
interfaces. . L : -

different monopolar lipid types while retaining greater than
derivative. FRAP measurements were not possible with C  60% of the activity present iiic. coli polar lipid extract
BAS because itsJ was greater than 8%C. This bolalipid vesicles. We now report that a large amount of Steldp
produced glass-supported membranes where only punctatectivity was retained (65% or higher) in membranes com-
fluorescence was observed, indicative of fluorphore-rich posed of<50 mol % GoBAS; however, methyltransferase
domains that were phase separated from the gel phasectivity decreases rapidly at higher molar ratios edBAS.
bolalipid. We infer from these results that the reduced rates Stel4p activity levels were maintained across the fu100
of diffusion in bolalipid membranes, relative to those of mol % range of GphytBASE. coli polar lipid extract
monopolar lipids that form bilayer membranes, is caused by compositions. Surprisingly, gel phase lipids do not appear
the coupled diffusion of headgroups at opposing lipid-water to negatively affect methyltransferase activity on the basis
interfaces in the monolayer membranes formed by bolalipids of our findings that gel phase lipids (DMPC vesicles at 16
(Figure 5). An alternative explanation is based on the °C) and liquid crystalline phase lipids £{phytBAS and
consideration of lipid size. Because methyl branching DMPC vesicles at 25C and 32°C, respectively) yield
increases the lipid molecular area at the hpidater interface similar activities at membrane compositionsc50 mol %
relative to its unbranched counterpatb), the diffusion path bolalipid. The thickness of the hydrophobic region of the
length of these larger diameter molecules is effectivelyin- membrane, however, does appear to have a significant impact

CSZ Ph thAs Czo BAS

28A ¢

N-Hisomyc:

Ficure 6: lllustration of the hydrophobic mismatch and match betwegBA&S and G phytBAS bolalipids and Stel4p, respectively.
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