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ABSTRACT: - The microsomal triglyc‘eri‘de‘ transfer protein (MTP) is found in the lumen of microsomes isolated
from liver and intestine. This protein, which catalyzes the. transport of neutral lipids between miembranes,
. appears toplay an important role in the biogenesis of plasma very low density lipoproteins and chylorhicrons.
- Enzyme kinetic studies were used to investigate the mechanism of MTP-catalyzed lipid transport. ‘Initial ..
~ rates of [*Cltriolein and ["C}chelesteryi oleate transport from donor to aoceptor small unilamellar vesicles
* were determined. at varying donor and acceptor membrane’ concentranons Résults using two different -
' kxnetxc-apalyses demonstrated lipid transport was best described by ‘ping-pong bi-bi kinetics; indicating that
' MTP is& hpxd bmdn ing protem wh:ch shuules tng]yccnde and cholesteryl ester molecules between mcmbranes :

. lo exiract. pyrene-!abeled cholesteryl estér from: a ves:cle MTP—m )
harge -Bquilibrium gel filtration chromatography demonstrated -

were regulated by mé

- MTP has a- higher afflmty or neutrally ‘charged membranes” ‘than nega

’ractlons and ii ipid’ !ranSport .

charged ‘membranes.: fn - -

.- agresment with the membrane binding studies; MTP-mediated lipid ‘transfer was-inhibited. by i mcrcasmg'
” ‘tbe concentrat:on of ncgatwely charged phosphohpxd molecules in. donor mcmbrancs ' o

' The microsomal triglyceride transfer protcin (MTP)" .

(CE), and phosphandylcbolme (PC) “between . membranes o
{Wetterau & Zilversmit, 1984). MTPactmty is found within
the lumen of microsomes isolated from theliver and: mwstmal
‘mucosa. (Wetterau & Zilversmit, 1986). Punﬁed MTP from

bovine liver is a solublc heterodimer consxstmg of 88-'and

58-kDa subunits noncovalently ‘associated - (Wcttcrau &

Zilversmit, 1985 Wetterau etal.; 1990, l991a) “The 58-kDa
component ‘has.been’ xdennﬁed as thc multifunctional protein;
protein -disulfide isomerase (Wetterau €t.al, 1990) -The

dimeric structure’ ang. suh-ccllnlar locauon of MTP .make it

unique among lipid transfer protems “Most other mammalian

intracetlular lipid transfer. proteins have.been isolated from

the posumcrosomal supernatant (Cytosol) of various tissues
[reviewed in Hclmkamp (1986) and Rueckert (1990)} All
are monomeric proteins. with molécular masses in'the range
of 8-35 kDa.- MTP is aiso distinct from the monomeric 58—

74-kDa plasma cholesteryl ester transfer protein (CETP) (1hm -

etal., 1982a, Morton & Zilversmit, 1982; Albers et al., 1984
Hesler et al., 1987), which is a glycoprotein containing a 52-
kDa polypeptide backbone (Drayna et al., 1987). CETP, like
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} Abbreviations: MTP, microsomal transfer protein or microsomal
tnglyccndc transfer protein; TG, triglyceride; CE, cholesteryl ester; PC,
phosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; pyreae-CE,
cholesteryl 1-pyrenedecanocate; {ACC], concentration of acceptor vesicles;
[DON], concentration of donor vesicles; v, initial velocity; VLDL, very
low density lipoproteins; SUVY, small unilamellar vesicles; ER, endoplasmic
reticulum; CETP, cholesteryl ester transfer protein; apo B, apolapoprotem
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MTP catalyzes the transport of CE, 'I'G and PC

.The tissue distribution, mtraccl!ular locauon, and mtalync
actmty of MTP bave led to the hypothesis that it plays a role
in the synthesis of very low density lipoproteins (VLDL) and
cliylomicrons (Wettcrau et-al., 1986), - ~The recent finding
that MTP: was not- detectable in ‘subjects with: the.genetic
dtscase abetahpoprotcmemna supports this hypothesis (Wet-

terau etal., 1992). Severalreportshave suggmted that p]asma

VLDL are assembled by the sequential addition of lipid to
nascent pamcles (H:ggms & Hutson, 1984; Béstrom et al,,
1988; Janero & Lane, 1983). “Major unresolved issues
regarding the assembly of these Jipoproteins include how and
where the major structural protein apolipoprotein B (apo B)
initially becomes associated with lipid toforma soluble particle
and how ndscent VLDL particlés become enriched with
triglyceride. MTP may play an important role in either one
orbothof these processes. However, before we can understand
how MTP is involved in lipoprotein biogenesis, it isimportant
to clucidate the mechanism by which MTP trénsports lipids
between membranes. This will provide a framework for
understanding the molecular events mvolved in llpoprotem
assembly.

Protein-catalyzed lipid transport can occur via several
mechanisms. In a shuttle mechanism, the transfer protein

-binds to a donor membrane and extracts a lipid molecule(s).

The transfer protein containing the bound lipid then dissociates
from the membrane and diffuses to a second membrane where
it binds and deposits the lipid molecule(s). The cytosolic PC-
specific (van den Besselaar et al., 1975) and phosphatidyl-
inositol (Helmkamp et.al., 1976) transler proteins utilize this
mechanism. In a ternary complex mechanism, the transfer
protein binds two substrate membranes. simultancously,
forming a transient ternary complex which allows exchange
of lipid to occur. Kinetic modeling of CETP-mediated lipid
transport supports this mechanism (Ihm ‘et al,, 1982b),
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1980; Swenson ct al., 1988). The cytosolic noaspecific lipid
transfer protein appears to operate by yet another mechanism
(Nichols -& Pagano, -1983;.Gadella -& Wirtz, 1991). “This
protein penetrates the surface of the membrane and enhances
spontaneous polar lipid transfer by enabling lipid molecules
to exit'the memibrané more readily. Although this latter
mechanism may be reasonable for the transport of phospho-
lipids and polar sterols; if-is unlikely that such a mechanism
would be feasible for the transport of insoluble triglycerides
and cholesteryl] esters. The goal of this study is to determine
the mechamsm of MTP—catalyzed lipid transport

MATERIAIS AND METHODS

Malerfals Tnolcm cgg phosphandylcho]me, cholesteryl
olcatc cardiolipin, and fatty acid frec bovine serum albumin
(BSA) were purchased-from Sigma (St. Louis, MO). - Egg

phosphatidic acid, semisynthetic (Na* salt), was purchased .

from Matraya; Inc. (Pleasant Gap, PA). The {carboxyl-
“C}tnolem (114 mCi/mmol), loleate-1-*C]cholesteryl oleate
(52- mC:/mmol), and {2—pafnmay1—9 10-3H(N)]d1pa]m;'

New England Nuclcar (Hoffman ‘Estates, IL). Cholmlcryl )
-pyrcnedecanoate was purchased. from Moleculat- Probes -
(Eugcne, OR).- 'All hpads ‘Were stored under Nz gas i,
.chloroform: at -20.°C. -
Isolanon oj' MTP, MTP was punf' ed from bov €&, hycr as‘

ongmal]y descnbed (Wettcrau & Z:lversmxt, 1985) and
subscqncnuy modxﬁed (Wetterau ¢t al.,’ 1991b)." Purified

~MTP'was dxalyzed into 15 mM Tris, pH 7.4,40 mM NaCl,
1'mM ethylenednammetetraaoctate, and 0.02% N‘aN; buffer .

(hereafter referred to as assay buffer), assayed for. protein
with the Pierce BCA-reagent (Rockford, IL), and stored at
4 °C. BSA (1 mg/mL) was added to dilute MTP solutions
to stabilize the protein.

Preparation-of Donor and Acceptor Membranes. Donor
and acceptor PC vesicles.containing cither TG or CE were
prepared as follows. - In all kinetic studies, éxcept-otherwise
indicated, donor membranes contained cgg PC, 0.25 mol %
[**C)triolein or 0.25 mol % {“C}cbolwteryl oleate, and 5 mol
% cardiolipin to confer a nel fiegative charge, while acceptor

.membranes’ contained- egg. PC,. 2. trace -of [*H]dipaimi- .

toyiphosphatidylcholine ({3H}DPPC), and 0.25 mol % un-
labeled triolein or cholesteryl oleate. Unilamellar. phosphohp:d

- vesicles were prepared by bath sonication (Laboratory Supplies

Co. Inc., Hicksville, NY) under a nitrogen atmosphere at
room temperature. Following sonication, the heterogeneous

unilamellar vesicles were {ractionated by ultracentrifugation’

using a modification of the procedure described by Barenholz
et al. (1977) to obtain a homogeneous populanon of small
unilamellar vesicles (SUV).. Sonicated vesicles in 6 mL of
assay buffer were spun at 159000 for 2 h in a Beckman (Palo
Alto, CA) TiS0.3 rotor. The SUYV contained in the top 4 mL
of the centrifuge tube were removed by pipet. Typically, 45—
65% of the original lipid was recovered. in this fraction. The
bottom 2 mL and pellet, which contained large unilamellar
and multilamellar vesicles, mpccn'svcly, were discarded.

Purified vesicles were utilized in expenmems within 5 h of
preparation:

Aliquots of SUV were characterized by fractionation ona
Bio-Gel A15-M gel permeation column (fractionation range
40000 to 15 X 10%) (Bio-Rad, Richmond, CA) to ensure
purity of the vesicle preparation. SUV homogeneity was
confirmed by incorporating both {14C}trioleinand [’ H]DPPC

into vesicles and demonstrating that the 3H/'*C ratio across
the Rio-(iel A 15.M neak of the nurified vesicles was constant
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Lipid Transfer Assay. TG and CE transfer was measured
from donor to acceptor SUV in an assay similar to that
previously -described by Wetterau and Zilversmit.(1985).
Donor membranes, acceptor membranes, 100 ng (0.7 pmol)
of MTP, and 5 mg of BSA were adjusted to a total volume
of 0.5 mL of assay bulfer and incubatéd at 23 °C fot 30 and
60 min. Transfer reactions were tcrminated by addition of
0.5 mL of DEAE (Whatman DE-52) suspension (1:1 ratio of
DEAE:15 mM Tris, pH' 7.4), which binds the negatively
charged donor membranes. DEAE-bound donors were then

. pelleted by centrifugation at 15000g for 2 min. The ['¢C]-

triolein or ['*C]cholesteryl oleate in an aliquot of the
supernatant was measured by scmn!lauon counting. Ap-
pearance of “C-TG.or 4C -CE'in the supernatant represents
transfer of labeled neutral lipid from donor to acceptor
memibranes. Nonspecific lipid transfer (icss.than 1%) and
nonprecxpnatcd donormembranes (less than 2% as determined
in control experiments) were measured as lipid transfer in the
absence of MTP and subtracted from the total 14C-labeled
neutral lipidinthesu pcrnstam tocalculatetherate of protem-

stimulated hpxd ‘transfer. Bocausc {JH]DPPC transfer is
' .msxgmﬁcam rclauve t6 CTG or MC-CE transfer in this
,assay [CE and TG are transferred 30-50 times fastér than
-PC; see ‘Wetterat. and Zilversmit: { 1985)1,: [JH]DPPC was:
“ used as'an. mdncalor of: aweptor vesicle: recovery' in. the
. supernatant. The hxgh recovery of’ {3H]DPPC {ranged from

95% to 105%) conﬁrms that PC transfcr was insignificant. A

5% variation in acoeptor vesicle rccovery would havc minimal
-~ effects on the calculated transfer rate.

To catculate the total neutral- lipid transfer,. ﬁrst-order
‘xpe~*, where xo and x, equal the
fractionof labeled lipid in the donor membrané at times 0 and
L, rcspecuvcly, ktX, = mass lipid transfered, where Xo. equals
the initial mass of labeled lipid in the donor membrane) This
corrects for the dilution of radiolabeled lipid in the donor

SuV which results from the transfer of unlabeled lipid from

acceptor to donor SUV. The resuits were expressed as
velocitics, graphed in double-rec:proca! format (1-/v.versus
1/[DON]), and. curve. fmcd by litear regn:ssnon

Experzmenral Desxgn To evalnate the kmeuc mechamsm

for TG and CE transport, two-different experimental ap-
proaches were used. Both approaches account for acceptor

'membraneinhibition which was experimentally observed (for

example, see. _Figure 3, where TG- transfer decreases with
increased concentration of accepior vesicles). Donor mem-
brane inhibition which would result in a nonlinear. (concave
upward at low 1/{DON}} double-reciprical -plot was never
observed. Ping-pong bi-bi kinetics are diagnostic of a shuttle
mechanism, and random bi-bi kinetics are diagnostic of a
ternary complex mcchamsm for MTP-catalyzed lipid transport
(Figure 1).

(A Appraach 1. Initial velocity (v) measurcmcnls were
made at varying donor membrane concentrations ([DON])
(25-400 pmol/mL) expressed as picomoles of TG or CE per
milliliter, while acceptor membrane concentrations ([ACC])
were held constant. Experiments were then repeated atseveral
[ACC]) (4-1000 pmol/mL). The results were piotted as 1/v
versus 1/[DON] to generate a series of lines which can be
compared to the patterns predicted from the equations for.the
kinetic mechanisms: eq 1 for ping-pong bi-bi kinetics modified
for acceptor—acceptor membrane inhibition (Segel, 1975a)
and eq 2 for random bi-bi kinetics modified. for acceptor
membrane inhibition [derived from rapid eauilibrium as.
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ping pong bi bi

DON® . DON . ACC AcCC*

uln -:Iu v.lh. ‘-,]‘:.

Eﬁ E‘DON*<> E*DON E* E*ACC <> E-ACC* E

g ACC
E.ACC - -
random bl bi

E .+ DON* 4-, _E'DON*

A;"c o A;:
o 4‘“»'/

EACCACC "‘7A.CC*EACC "WN"" EDON‘ACC —">DON .
R ':ACC..

: FIGURB 1 Plng-pong bi-bi (shuttle) and random bn-bx (ternary
complex) mechanisms:” Inthe’ ping-pong bi-bi
“and K, ‘are steadi-state constants oqual -t k(3 k
and ks(ke + K1)/ ksths + ki) respectively, and K is the dissociation
constant for the MTP—ACC compiex: In the random bi-bi mechanism

, {bottom) Kp, Ka, Ko, aKa, and Kiare squal to| E}{ DO
[EI[ACC)/IE: ACC] [B:ACC][DON}/{E-DON-:ACC],[E:DONJ}-

" [AGC]/[B-DON-ACC]; and [E- ACC]{ACC)/[B ACC: ACC] re- -
spectwcly .Abbreviations:. E = enzyme, DON =idonor lmembrane.s.'

.ACC = aweptor mcmbrnnes, and = TG or CE.

sumptions as outhned in Segel (197Sb)}

pmg-pong bi-bi kmencs
1 [K,,(l + IACC]/K)
v [DON] v,

max

random bz—bn kinetics .
1 1 [aKD(1+ [ACC]/K +KA/[ACC])] +

v {DON}" o an'

In.both mechamsm‘s. at high fAcq), acceptor membranes
behave as competitive:inhibitors, and a series of nonparallel

xntersectmg lines result. The slopes of the mtersectmg lines .

increase with increasing JACCJina eountcrclockmse manner

(IACC]/K; term dominates slope). At low [ACC] (in the
absence of acceptor membrane inhibition), [ACC]/ K; becomes
insignificant, and this term does not influence the slope. In
this case, ping-pong bi-bi kinetics generates a series of parallel
lines, while random bi-bi kinetics generates a series of
intersecting lines with-the slopes of the lines decreasing with
increasing {ACC].

(B) Approach 2. In the second kinetic approach, [DON]
was set equal 10 [ACC}, and both substrates were varied
simultancouslyina 1;1 ratio. Initial velocities were measured
asa function of substrate concentration. Actualconcentrations
of DON and ACC ranged from 2 to 1200 pmol of TG or
CE/mL. Because [DON] is equal to {ACC], the donor term
can be substituted for the acceptor term, and eqs 1 and 2
reduce to eqs 3 and 4 for ping-pong bi-bi and random bi-bi

kinetice reansntivelv
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‘mechanisos (top), Ko~ -

ko) ks + k) ”;.-'mhsbmon ‘as. occuré

NJ/{EDON], -

o 1+ [ACC] (”

7 (’ {ACC] @

Atzel and Wetterau

ping-pong bi-bi kinetics

_1_ KD+KA) 1.( KD)
v [DON]( 7 A7 S 7 )

random bi-bi kinetics

aKDKA

-]_ 1 (foD-i-aK ) o
v {DONI\ Vux [DONJ?Y,,,
L{1+52)
7\ g) @

There are no variables in the intercept or slope term of eq 3
so a double-reciprocal plot ylelds a straight line. Equatlon 4
is different from eq: 3 in’ that the [DONJ? term-in the

. denominator causes the double~recrprocnl plot tobe pambohc

(concave up) at low [DON] {Rudolph & Fromin; 1979). When

. substrate concentrations bt;comc vcrylngh however, the term
. oontammg [DON]2 wul' i pptoach 2er0;. anv_l the double— .

rst: approach &K appears cnlyv
in the intercept terny in ith egs: 3 and 4 and thus does not :
mﬂuence the! shapc of the curve.

. Equilibrium Gel. menon Chromazagraphy To csnmatc

“the affinity of: MTP for substrates, equilibrium gel filtration

chromatography was performed. Donor and acceptor vesicles
were perpared and purified as'described-above.- A Sephacryl
S-300column (Pharmacm, Piscataway, NJ) (1 X:27 cm) was
ethbrated with assay buffer alone or assay buffer eomammg
250°pmol ‘of TG/mL .of substrate vmcles MTP (0.5 ugin
10 mg-of BSA) was loaded onto the column, and its clution
volume was meéasured in the absence or presence.of vesicles
in the elufion buf‘fcr The-elution positions for vesicles.and
MTP were determmed by.measuring. radidactivity-and lipid
transfer activity, respectively. A shift in the clution position
of MTPinthe presencc of vcsxcles is mdlcanvc of MTP binding
to vwc!cs S

The d:ssocxaunn constants (Ko) for MTP-vmcle complexes
were¢ cstimated from-the shift.in the elution position of MTP
using’ the’ relationship ‘Kp = [MTP}[VES}/[MTP-VES], .
where [MTP] equals the fraction of the elution time MTP is
free, [MTP-VES] equals the fraction.of theclutiontime MTP
is. bound to. vesicles, and [VES] .cquals the free vesicle
concentration. Under experimental conditions, thetotal vesicle
concentration-was-10 times that of MTP, assuming 3000 PC
molécules per vesicle (Huang -& Mason, 1978).. Therefore,-
free [VES] was not significantly different- from-total [VES]

. (250 pmol of TG/mL), and the latter value was used in. the

calculations.

Fluorescent Lipid Transfer Assay. PC vesicles containing
6 mol % cholesteryl 1-pyrenedecanocate were prepared by
sonication.as described above except thé vesicles were not
isolated - by centrifugation following sonication. At this
concentration in the membrane, pyrene-CE is self-quenched.
The fluorescence intensity of the vesicles (0.36 nmol of CE
in0.8 mL of assay buffer) was measured at 380 nm (excitation
340 nm) in a Perkin-Elmer luminescence spectrometer LS
S0B (Norwalk, CT). Excitationand emission'slit widths were
set to 2.5 nm, and the temperature was maintained at 23 °C,
MTP (0.47 nmol) in 100 L of assay buffer was added, and
the time-dependent change in fluorescence intensity was
measured. As a control, the change in fluorescence of the
vesicles in the absence of MTP was measurcd followmg the
additian of aceav huffer

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Mechanism of MTP-Catalyzed Lipid Transport

8

16 @sfer (pm;:l)
S

o} 00—

-10 S ——
0O 3 8 90 120

Time (min)

FIGURE 2: Bidirectional and unidirectional lipid transport Lipid
transport was investigated by measuring the apparent TG transfer

over time in the presence of 100 ng of MTP. Donor membranes (300 .

paiol of TG/mL) contained 0.25% “C-TG, whilc acceptor mem-

branes (360-pmot-of TG/mL) contained tither 0.25% !C-TG (open-

cxrclcs) or 00 TG, ( 120 nmol /0 mL phospha udytcholme) (sohd clrcleo)

RESUL’[S

Assay Condltiom Prehmmary cxpenmems were - per-
formed to establish conditions for measuring initial velocities.
At 23 °C, with 200 ng/ml or Jess MTP, Af.nglyoende transfer
was linear with time for 60 min:at all donor concentrations
used (data not shown) th more than' 400 ng}ml_ MTP

“or mcubahon umes Ionger‘ghan $0 min, transfer vérsus time
evia : i ity.; ;Generally, " this: cor ponded to
.gmter than 30% transfer; ~All:kinetic: expenmems were

performed at 23.°C.with 200 ng/mL (3. pmol/mL) MTP .

Under these condmons, 30% transfer was niot exceeded. .
‘Lipid transfér, proteins may promote the exchange (bldl-

" rectional” movement) ‘or ‘the net transfer (umdxrect:onal :

‘movement) of lipid molecules between membranes, - In our
transfer assays, the initial TG concentration was 0.25 mol %

in both donor (radxolabcled TG) and acceptor (unlabeled TG)

membranm Todetermine whether MTP.promoted exchange
or net transfer of TG, the unfabeled TG in acceptor vesicles
"was replaced with “C—TG and the appérent time-dependent
transfer of *C-TG was measured. If'*C-TG exchange occurs,
the “C-TG ineach vesicle population would remain constant,
rcgardless of. MTP—cala}yzed hpld transport. However, if net
transfer occurs, one vesicle popu!atxon would beoome ennched
in "%C-TG while the other would become dep!eted ‘When

radiolabeled TG wa mcorporated into both'dopor and-acceptor -
membranes, there was no timeé-dependent: change in the ¥*C-.

TG content in acceptor membranesas indicated by theabsence
of apparent TG transfer (Figure 2). This demonstrates that
MTP catalyzes "*C-TG excharnge under-these. expenmental
conditions. Identical results (data not shown) were obtained
with CE transport. -In subsequent analyses, first-order kinetics
were used (see Materials and Methods) to calculate the total
TG or CE transfer. This corrects for the dilution of labeled
lipid in the donor particles resulting from lipid exchange. When
TG was omitted from acceptor vesicles, unidirectional trans-
port of TG from donor to acceptor membranes was observed
(Figure 2).

- Mechanism of MTP-Mediated Lipid Transport. Two
different kinetic approaches were employed to determine the
mechanism  of MTP-catalyzed lipid transport. In the first
approach, the donor membrane concentration was varied while
the acceptor membrane concentration was held constant. This
was then repeated at varying acceptor membrane concen-
trations. In the second' approach, donor and acceptor
membrane concentrations were set equal to each other and
varied simultaneously ina 1:1 ratio. Each of these approaches
exhibits characteristic double-reciprocal plots that can be

utilized to diagnose the kinetic mechanism as outlined in
Adaravinle and Mathade
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FIGURE 3: Double-reciprocal plot—approach 1. Plot of. !;a versus

1/ lDON] atvarying acceptor membrane cancentrations. Data points.

are gn average of two initial velocity. measurcments. Aeceptor
concentations were 4 (solid triangles), 10-(solid squares), 22 (solid
ciréles), 90 (opencircles); 220 (open squares), and 436 (open lnangiﬁ)
pmol of TG/ mL Data pomts were fit 10 hnes by linear- regresslon

&

-

1 (pmo! TG)

po.ao’ S 010 020 oso 040 - -
mDON]{rrwaB)

FIGURE 4: Doublé-reciprocal plot-—approach 2. Plot of 1/v versus
1/IDON] when [DON] = [ACC]. TG transfer was measured as
a function of substrate concentration, Date points are an average
of two initial velocxty measurcments. Data poigls were fit to 2 line
by linear regression (r = 0. 997 y intercept = 0. 0050)

Results of approach 1 are shown.in- Figure 3. Aooepxor '

concentrations above 100.pmol of TG/mL result in a series
of .intersecting lmes with decreasing slopes with decreasing
[ACC]. Thisis d:agnostw of acceptor- membrane inhibition
for both the pmg-pong bi-bi and random bi-bi-mechanismis.

- The changé in 'slope-is-cavsed- by -compelitive inhibition by
-acceptor. membranes as [ACC] becomes significant. relative

toKi.. Atlow:[ACC], the double-reciprocal plot yields a series
of lines that appear parallel, with the | /vintercepts decreasing
with increasing [ACC]. These results are consistent with a
ping-pong mechanism; however, mechanism diagnosis using
this approach is difficult because of the limited range of [ACC]
which can -be used. At high {ACC] there is substrate
inhibition, and at low [ACC], itis difficultto obtain accurate
transfer rates. Similar results were found for cholesteryl ester
transfer (data not shown).

Results of kinetic analysis by approach 2, in which {DON]}

= [ACC] and both are varied simuitancously, are shown in
Figure 4. The double-reciprocal plot is a straight line which

-is diagnostic of ping-pong bi-bi kinetics {eq 3). Similarresults

were obtained in two additional experiments performed with
TG-and three experiments performed with CE (data not
shown).  Ineq 3, K; only influences the intercept, sc a straight
line results regardiess of substrate inhibition. Iflipid transport
occurred by a ternary complex mechanism, the data would
have fit a parabola (eq 4) significantly better than a straight
line (eq 3) (Mannervik, 1982). Thedata werefit tothe generic
equations 1/y = a+b(1/x)and 1/y = a+ b{1/x) + (1 /x)?
for a straight line and parabola, respectively. The parabolic

enhiutinn cave an eaunatinn with 2 neantiva cnaffiniant fae (1 £
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FiGure 5: MTP binding to donor and acceptor membranes. A
Sephacryi S-300column (§ X 27 cm).was equitibrated inassay buffer,
and the clution of MTP (0.5 ug). was measured in the absence or
presence of 250 pmo) of TG/mL of donor membranes (open circles)
" or.acceplor membranes., (solid circles) in-the-elution buffer. Fhe

clution peaks’of donor or acceptor-vesicles alone; MTP alonc. and
a BSA standurd are mdlcated by arrcws . '

B l/y
causing it to besimilar. to the stmght
-0:0049. +1 96(I/x), r.=0.997. For

esolunon of i/y=
;chamsm dmgnosts,

ihe simplérmodel (eq 3, pmg—pong bi-bi kinetics) was chésen .

“over the miore complex model since oné fit was notsngmﬁcantly
_ bctter ‘than.the other: (Mannemk 1982} Lo

< Affi mtyof MTP forDonarand AcceptorMembranes The

affinity.of MTP for. substrate vesicles, was- mvesttgated by

“equilibrium ‘gel filtration chromatography The elution’

position 6f MTP was measured on a Sephacryl S-300.column
equilibrated in assay buffer or assay buffer containing 250

pmol of TG/mL of donor or acceptor vesicles (Figure 5). The. -

" elution of MTP was shifted to earlier fractions in the presence
of cither dorior or: ‘accéptor vwcles,mdxcaung that MTP binds
‘tobothvesicles. The affinity of MTP fof acceptor membranes,
howevér, is higher than its affinity for donor membranes as
indicated by the- larger shift in the ¢lution position.of MTP
in-the presence of ‘acceptors: ‘The estimated dissociation
constants (sec Materials and- Methods) for MTP-donor and
MTP—acccptor vesxcle complexes are 1800. pmol of TG/mL
and 400 pmiol of TG/mL, respectively. - The higher affinity
for neutral acceptor.vesicles compared: to-negatively charged
donor vesicles agrees with the observed substrate inhibition
at high concentrations of ‘acceptors, wh:le no such ef{ecl was

- observed wuh donors. -
The ability of cardiolipin (a negauvely chargcd phospho-
lipid) to decrease the affinity of MTP for vesicles suggests
- that MTP-catalyzed, lipid transport may be regulated by

membrane charge. -To test this hypothesis, increasing con-’

centrationsof eard:ohpm were incorporated into donor vesicles,
" and the the effect upon TG transfer was determined. Figure
6'shows that as the content of cardiolipin in donor membranes
increases, the TG transfer rate decreases. Similarresults were
observed when phosphatidic acid replaced cardiolipin as the
negatively charged phospholipid (data not shown).

. Lipid Binding Properties of MTP, Protein-mediated lipid
transfer by a shuttle mechanism indicates that-the lipid
molecules are bound to the protein as they are.transported.
To investigate the lipid molecule binding properties of MTP,
a fluorescent assay was used to measure the time~-dependent
binding of neutral lipid to MTP. PC vesicles containing 6
mol % pyrene-CE were prepared by sonication. The fluo-
rescence of pyrene-CE at 380 nm is dependent upon its
concentration in the membrane (Wetterau et al., 1991b). At
6 mol %, it is self-quenched. Pyrene-CE binding to MTP will

be evident bhv an increase in fluorescence unon addition of

DOCKET

_ ARM

-00034 42, 33(:/::) - 1.15(1/:)1 Fe 0998 ’

Atzel and Wetterau

pmol TGvml
8

[ 10 20 - 30 40
Cardiofipin (mof%)

FIGURE6: Membrane charge regulates bpxd transfer. \fmclcs were
preparcd as described in Malerials and Methods except that they
were not fractionated by centnfugﬂuon Csnho!:pm content of the

dorior vesicles was varjed as shown *TG transfer in the presence of

200ng/mL MTP was m;asured at 23 °Cm assayt buffer. Spontancous
llptd lransfcr (abscnce of MTP) was less 1han z% of the mtal
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FIGURE 7: Time course ‘of pyrcne-CE binding to MTP. MTP 0.47
nmol (solid circles), or assay buffer (open circles) wasaddedwvsndcs
containing 0.36 nmol of pyrcne-CE, and the t:mc-dzpcndcm changc
in fluorescence was measured at 23-°C, Excitation and- emission
wavelengths were- 340 and 380 :nm, rcspectwdy The initial
ﬂnorescence mtensxty was 237. ) : e

MTP to pyren&CE vwcles. whxch md;cates that pyrene-CE

" isremoved fromiits self-quenched environment. Flgurc 7shows

that when MTP .is added to vesxc]es, -a rapid increase in

,ﬂuoraccnce is. observed Thus, MTP binds pyrcne»labelcd
v cholestcryl ester T

DISCUSSION )

Two independent kinctic approaches were used to dem-
onstrate that MTP-catalyzed lipid transport is best described
by ping-pong bi-bikinetics, which indicates that MTP shutties
lipid molecules between membranes. Substrate inhibition
comphcatcd the analysis.. In approach 1, at high concentra-
tions of acceptor vesicles, both ping-pong bi-bi and random
bi-bi mechanisnis exhibit increasing slopes with i increasing
{ACC] in a double-reciprocal plot. This occurs. because

- [ACC] is significant relative to Kj, thus affecting the slope

terms of eqs 1 and 2. To.diagnose the kinetic mechanism by
this approach, [ACC] nceds to be insignificant compared to
K. However, if [ACC] is too low, accurate transfer rates
cannot be determined. The first approach yielded a series of
lines which appeared parallel (Figure 3) at [ACC] < 100
pmol/mL, consistent with ping-pong bi-bi kinetics. In this
model, X; is the dissociation:constant of an acceptor~-MTP
complex. At [ACC] greater than 100 pmol/mL; [ACC] is
significant relative to K; and substrate inhibition is observed,
which is in agreement with the K; predicted from a direct
measure of the MTP-acceptor vesicle dissociation constant
{400 nmol/mL) by eauilibrium gel filtration .
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