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ABSTRACT. Apolipoprotein A-l (apoA-l), the major protein in high density lipoprotein (HDL) regulates
cholesterol homeostasis and is protective against atherosclerosis. An examination of the amino acid sequence
of apoA-I among 21 species shows a high conservation of positively and negatively charged residues
within helix 6, a domain responsible for regulating the rate of cholesterol esterification in plasma. These
observations prompted an investigation to determine if charged residues in helix 6 maintain a structural
conformation for proteirprotein interaction with lecithircholesterol acyltransferase (LCAT) the enzyme

for which apoA-l acts as a cofactor. Three apoA-I mutants were engineered; thé/firsd, negative
apoA-l, eliminated 3 of the 4 negatively charged residues in helix 6, no negative apoA-1 (NN apoA-I)
eliminated all four negative charges, while all negative (AN apoA-l) doubled the negative charge.
Reconstituted phospholipid-containing HDL (rHDL) of two discrete sizes and compositions were prepared
and tested. Results showed that LCAT activation was largely influenced by both rHDL particle size and
the net negative charge on helix 6. The 80 A diameter rHDL showed a 12-fold lower LCAT catalytic
efficiency when compared to 96 A diameter rHDL, apparently resulting from an increased protein
protein interaction, at the expense of lipigrotein association on the 80 A rHDL. When mutant apoproteins
were compared bound to the two different sized rHDL, a strong inverse correlatio0.85) was found
between LCAT catalytic efficiency and apoA-I helix 6 net negative charge. These results support the
concept that highly conserved negatively charged residues in apoA-I helix 6 interact directly and attenuate
LCAT activation, independent of the overall particle charge.

Numerous epidemiologic studies have demonstrated andiscs to spheres. The CE core of mature spherical HDL is
association between plasma apdAebncentrations and a  subsequently removed by liver SR-B1 receptéjsaflowing
reduced risk for coronary heart disease in human populationscholesterol to be eliminated from the body via bile excretion.
(reviewed in1). Despite this strong association, little is Another major role apoA-lI plays in protecting against
known about how the structure of apoA-I contributes to its cardiovascular disease involves its role in modulating inflam-
antiatherogenic properties. One hypothesis is that apoA-1 mation €). While apoA-I structure clearly plays a major role
HDL plays a central role in a process called reverse in each of these mechanisms, the lack of a detailed lipid-
cholesterol transport2¢-4). In this process, apoA-l first ~ bound apoA-I X-ray crystal structure hinders our understand-
organizes and solubilizes phospholipid and cholesterol orig-ing of its conformation at a proteirlipid interface ).
inating in the periphery, then it activates the enzyme LCAT  In 1997, Borhani et al. published an X-ray crystal structure
converting cholesterol to cholesterol ester (CE), thereby for lipid-free A43 apoA-I §) which challenged the prevailing
promoting the maturation of nascent HDL particles from models describing the conformation of apoA-I. This study

focused attention toward a new structure in which the
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;nggmgm of Pathology. Unique features of apoA-l include its 43 residue N-
I Degartmem of Internal Meé’i'cme. terminal globular domain, adjacent to a 200 residue region
1 Abbreviations: apoA-I, Apolipoprotein A-I; LCAT, lecithin containing eight 22-amino acid repeating units and two 11-

cholest_erol acyltransferase; HDL, high-density Iipoprote_in; rHDL, amino acid repeating units, all of which exhibit high
reconstituted HDL; POPC, plamitoyl-oleoyl-phosphatidylcholine; POPS, , halical amphipathic character. Of these 10 helical seg-
palmitoyl-oleoyl-phosphoserinéi; NN apoA-I, %/, no negative apoA- ! . . .

I; NN apoA-l, no negative apoA-I; AN apoA-l, all negative apoA-I; Ments, 7 are punctuated by proline residues and are important

WT, wild-type. in providing stability for apoproteinlipid interactions over
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the curved surface of a discoidal or spherical parti@@ (  fonyl fluoride were purchased from Sigma. Palmitoyl-oleoyl-
21). Like all apoproteins in the supergene family, each of phosphoserine (POPS) was purchased from Avanti Polar
the repeating units in apoA-I are highly amphipathic exhibit- Lipids. The mini-EDTA-free protease inhibitor tablets were
ing clear separation of their hydrophobic and hydrophilic purchased from Roche Molecular Biochem. Dithiobis-
faces when arranged on an Edmunson helical wheel.(succinimidylpropionate) (DSP) was purchased from Pierce.
However, unlike the other related apoproteins, apoA-lI Oligonucleotides were synthesized by International DNA
contains almost exclusively class Aelices 22, 23). The Technologies. Plasmid DNA was purified using the Wizard
class A helix is typified by the presence of two or more purification systems from Promega Inc. Deoxyribonuclease
positively charged arginine residues flanking the interface | (DNase ) was purchased from Worthington. The expression
between a highly conserved negatively charged face and thevector pTYB12,Escherichia colistrain ER2566, and chitin
hydrophobic face of the amphiphathic helix. Although most matrix were purchased from New England Biolabs. Restric-
of apoA-II's helices also contain positively charged residues tion enzymes, T4 DNA ligase, DH5competent cells, and
at the hydrophilie-hydrophobic interface, these residues tend isopropyl-b-thiogalactopyranoside were purchased from
to be lysines rather than arginines and are thus designatednvitrogen. Q-Sepharose Fast Flow matrix was purchased
class A helices. The extent of charge conservation in both from Amersham Biosciences. CholesteraB9%) was from
class A and A amphipathic helices is significant and has Nu-Chek Prep. Ultrafree-15 centrifugal units and Biomax
been hypothesized to play a role in stabilizing apoprotein 10K membranes were from Millipore Corporation. Sodium
helix—lipid interactions. In an attempt to explain the function cholate was from Calbiochem, and all other chemical
of the highly conserved positively and negatively charged reagents were purchased from Sigma unless otherwise noted.
residues, one theory suggests that arginine residues orient Mutagenesis of Human Apo AThe mutant/;NN was
toward the negatively charged phosphate groups associatedonstructed using the primetGGCCAGCAGAGATGCG-
with the phospholipid bilayer, stabilizing the apoprotein CAACCGCGCGCGCGCC3wvhich changed the human WT
lipid interactions 22). In other studies, a combination of apoA-I aspartic acids at positions 150 and 157 to asparagine
experimental evidence and computer modeling suggests thaand a glutamic acid at position 146 to a glutamine, where
positively charged arginines, specifically within helix 6, underlined bases denote the mutated codons; NN apoA-I was
directly contribute to the activation of LCATR4). Still other constructed using the polymerase chain reaction prirher 5
reports suggest that a balance between positively andTGCGTGCGCAGCGCGTTCACATGGGCGCGCGCGC-
negatively charged residues in apoA-I dictate the apoprotein's GGTTGCGCATCTGCTGGCCCAGTGGGCT ' 3which
overall conformation and thus its ability to activate LCAT changed glutamic acids at positions 146 and 147 in the
(25). In addition to these hypotheses, computer modeling WT apoA-I to glutamines and aspartic acids at positions 150
studies of lipid-bound apoA-P(, 26) suggest that positively  and 157 to asparagines, and AN apoA-l was constructed
and negatively charged amino acid side chains participateusing the primer MGCTCGTCGCTGTAGGGGTCCA-
in interhelical salt bridge formation conferring stability to GATGGTCGCGCAGGTCGTCCACATGGTCGCGCGC-
apoA-1 when bound to a phospholipid bilayer. In studies of GCG3 which changed alanines at positions 154, 158, and
other enzymes that catalyze reactions at a lipid interface, it 164 and the threonine at position 161 to aspartic acids. The
has been shown that charged amino acids directly interacts’ and 3 end-most primers used to complete the mutant
and promote catalysis through repulsive charge interactionsapoA-I cDNA were the same as described previou3l),(
(27, 28). These studies show that the catalytic activity for a and the cDNA was cloned into the pTYB12 vector.
number of lipases and esterases correlate with a highly Expression and Purification of Wild-Type and Mutant
negative active site potential, suggesting that as the lipaseApoA-I. ER2566E. coli cells were transformed with the
releases free fatty acid from a triglyceride substrate the appropriate mutant apoA-l1 cDNA, induced with isopropyl-
charged active site amino acids repel the newly formed fatty 5-p-thiogalactopyranoside grown at P& overnight. The
acid stimulating a another round of catalysis. Studies using expressed protein was purified from cell extracts as previ-
both the cholesterol ester transfer protein and the phospho-ously described31). After the final purification, lyophilized
lipid transfer protein show that a net negative charge strongly mutant apoA-| was taken up 6 M guanidine hydrochloride
favors the optimal interaction at the apoproteiipid and dialyzed against 10 mM ammonium bicarbonate, pH 7.4,
interface @9, 30) thereby facilitating the overall reaction. containing 3uM EDTA and 15uM sodium azide. The
The studies described in this report were designed to probeprotein purity and molecular weight were determined using
the role of the highly conserved negatively charge residuesa Quattro Il mass spectrometer as previously repordad (
found in apoA-I helix 6 and to elucidate their role in LCAT  32).
activation. Our results indicate that by increasing or decreas- Preparation of 96 A and 80 A rHDL ParticlesThe
ing the net negative helix 6 charge, the overall LCAT recombinant HDL containing/s NN, NN, and AN apoA-|
catalytic efficiency was significantly altered as a function were prepared using the sodium cholate dialysis met88d (
of area constraints imposed on the rHDL particle. These 34). The rHDL with an approximate diameter of 96 A were
results are highly suggestive of charged amino acids within prepared with POPC at a starting molar concentration of 80
apoA-l helix 6 attenuating the physiologically relevant POPC/5 cholesterol/1 apoA-l. After extensive dialysis to
activation domain of LCAT and thus the overall rate of remove the sodium cholate, the rHDL were purified by FPLC
cholesterol esterification. using three Superdex 200 HR 10/30 columns linked in
tandem and run at a flow rate of 0.5 mL/min in 0.9% NacCl,
EXPERIMENTAL PROCEDURES 1.5 mM sodium azide, and 0.3 mM EDTA at pH 7.4. Pooled
Dithiothreitol, aprotinin, leupeptin, pepstatin, plamitoyl- fractions corresponding to the eluted rHDL were concentrated
oleoyl-phosphatidylcholine (POPC), and phenylmethylsul- using Amicon Ultra-15 10 000 MWCO centrifugal filter
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devices and then assayed for phospholipids, cholesterol, andind the background was subtracted. Mean molar residue

protein content as describe8il{-33). The rHDL containing ellipticity (g) is reported as degrees &ndmol* and

the negatively charged phospholipid, POPS, were preparedcalculated from the equationg][= (gonsL 15)/(10c), where

in a manner similar to that described above except that theqes is the observed ellipticity at 222 nm in degrees, 115 is

starting molar ratio was 76 mol POPC/4 mol POPS and 5 the mean residue molecular weight of the protéiis the

mol cholesterol/1 mol apoA-I. Final molar content of POPS optical path length in centimeters, amdis the protein

in the rHDL was assayed as described previou38).( concentration in g/mL. The perceint-helix content was
POPC-containing rHDL with an approximate diameter of calculated from the formulay]222 = (—30 30G,) — 2340 as

80 A were prepared using the sodium cholate methods, previously described3@).

except that the starting molar ratio was 24 mol POPC/5 mol  |nterfacial Exclusion Pressure at Air/Water Interfadée
cholesterol/1 mol apoA-I. The purification of small rtHDL  interfacial exclusion pressure of recombinant apolipoproteins
required ultracentrifugation at 50 000 rpm for 18 h'in a Ti-  at the phospholipid/water interface was determined using a
70.1 rotor prior to FPLC purification to remove excess apoA- KSV 5000 Langmuir film balance (KSV Instruments, Hel-
. Cross-linking was carried out as previously descriti) ( sinki, Finland) as previously describe8Y 40). Dioleoyl-
on all tHDL preparations to determine the number of apoA-l phosphocholine monolayers were spread at the air/buffer
molecules per particle. interface at initial pressures o380 mN/m, and then WT
Particle Homogeneity Using-430% Nondenaturing Gra-  or mutant apoA-l was injected into the subphase to give a
dient Gel ElectrophoresisThe diameter of 96 and 80 A final concentration of 5@g/dL, which had been previously
POPC rHDL were determined using-80% nondenaturing  determined to yield saturating binding to the interface. The
gradient gel electrophoresis as previously descrittéd3?). increase in interfacial pressure was then monitored by a
Gels were run at 2800 V/hr to ensure that the particles hadwilhelmy plate until it reached a stable plateau. The
migrated to equilibrium then fixed and stained as described interfacial exclusion pressure was determined by extrapola-
previously. The rHDL particle size was determined by tion of the change in pressure versus the initial pressure.
comparison to protein standards of known Stokes’ diameter pgaiq AnalysisData are presented as the measD. Data
as described3p, 36). o . were analyzed using Student'test with the Statview 5.0.1
Surface Charge Determination Using 0.5% Agarose Gel program, and then individual differences between pairing of

ElectrophoresisThe rHDL surface charge was measured by groyps were found using Fisher's least significant posthoc
determining the relative electrophoretic mobility of wild-  {agt.

type and mutant apoA-I containing rHDL by separation on
a 0.5% agarose gel (Beckman Coulter, Paragon) as describe@RESULTS
(37). Briefly, 5 ug of rHDL protein was loaded per lane and
run for approximately 2.5 h at 100 V according to manu-  Positional Conseration of Negatie and Positie Charge
factures instructions. The gels were fixed for 5 min, dried Wwithin ApoA-I Helix 6.ApoA-I helices 6 and 7 have been
for 1 h at 80°C, then stained with Paragon Lipostain. Surface shown to be essential for LCAT/(41—44) activation and
charge for each rHDL was calculated as described previouslybelong to a group of amphipathiz-helices designated as
(37). class A. This distinct class of amphipathichelix is found
LCAT Reaction KineticsSThe LCAT reaction was moni-  exclusively in apoA-122, 23) and is distinguished from other
tored by following the conversion of radiolabeled cholesterol classes of amphipathic helices by possessing clearly delin-
to radiolabeled cholesterol ester using POPC rHDL contain- €ated negative and positively charged residues when arranged
ing either WT or mutant apoA-I or using POPC/POPS rHDL on a Edmunson helical wheel, as shown in Figure 1, panel
containing WT apoA-| as previously describ&1(33). The ~ A. For comparison, a diagram of the eight remaining apoA-|
complexes were assayed in triplicate using300 ug of helices was also constructed, as shown in Figure 1, panel B.
substrate cholesterol in a final concentration of 10 mM Tris, Examination of these two diagrams shows that while helices
pH 7.4, 140 mM NaCl, 0.25 mM EDTA, 0.15 mM sodium 6 and 7 show a high degree of positional side chain
azide, 0.6% fatty acid-free bovine serum albumin, 2 mM conservation with respect to both negatively and positively
B-mercaptoethanol, and 280 ng of recombinant His-tag charged residues, the other eight helices in apoA-I are not
LCAT (38). The reactions were carried out for-4020 min as highly conserved at these same positid#. (Instead,
at 37 °C, and the conversion ofti]cholesterol to {H]- apoA-I helices +5 and 8-10 appear to have positively and
cholesterol ester was determined after lipid extraction of the negatively charged residues interspersed randomly within the
incubation mixture followed by thin-layer chromatography. hydrophilic face of the helix with the exception of a single
The extent of cholesterol esterification was kept below 15% position, as indicated by a black arrow (Figure 1, panel B).
to maintain first-order kinetics. The fractional cholesterol These comparisons suggest that the positional side chain
esterification rate was expressed as nanomoles of cholesterofonservation of positively and negatively charged residues

ester formed per hour per milliliter of LCAT. Appare¥iax
and K, values were determined from Hare&/oolf plots
(31, 33) of rHDL cholesterol substrate concentration divided

by the cholesterol ester formation rate versus HDL choles-

terol substrate concentration.
Circular Dichroism SpectroscopyCircular dichroism

within helices 6 and 7 is greater than the conservation of
negatively charged residues observed in the other eight
helices within apoA-I.

On the basis of the above comparison of charged residue
placement and conservation, we constructed a series of
apoA-I mutants that differed in their overall helix 6 net

spectra were recorded with a Jasco J720 spectropolarimetenegative charge, based on the human wild-type (WT) helix

at 25°C using a 0.1 cm path length cell. Ellipticity was

6 sequence, shown in Figure 1C. The first mutant, termed

measured at 222 nm. Five scans were recorded and averaged;146Q, D150N, D157N apoA-I offy no negative apoA-I”
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Ficure 1: Edmunson helical wheel alignments of apoA-1 helix unitslD. (A) Shows the alignment and charge distribution comparing
helices 6 and 7 of apoA-I; (B) shows the comparison of all remaining heliegsdnd 8-10, arranged on an Edmunson helical wheel,

where residues are separated by approximately,3ith the lowest numbered residues starting on the inside progressing to the highest
numbered on the outside of the helix; (C) shows the helical wheel alignment for wild-type apoA-I helix 6; (D) shows the aligniient for

no negative apoA-13(4; NN apoA-1 = E146Q, D150N, D157N apoA-l); (E) shows no negative apoA-I helix 6 (NN apo=AH£146Q,

E147Q, D150N, D157N apoA-l), and (F) shows all negative apoA-I helix 6 (AN apeAA154D, A158D, T161D, A164D apoA-I).
Hydrophobic residues are colored yellow, positively charged residues are colored blue, and negatively charged residues are in red. The high
conservation of charged residues within helices 6 and 7 was not generally observed in the remaining apoA-I helices, except in a position
(black arrow) where negatively charged residues were found (panel B).

(3/s NN apoA-I), removes three of the four naturally occurring particles of approximately 96 A in diameter, while particles
negatively charged residues in helix 6, as shown in Figure prepared at a starting molar ratio of 24:5:1 yielded discs of

1D. The second mutant, E146Q, E147Q, D150N, D157N
apoA-1 or “no negative apoA-1” (NN apoA-I), removes all
four negatively charged residues in helix 6, thus giving an
overall net positive charge to the helix, shown in Figure 1E.
The third mutant, A154D, A158D, T161D, A164D or “all
negative apoA-1” or (AN apoA-I), places four new negatively
charged residues in addition to the four naturally occurring
negative charges bringing the total to eight negatively
charged residues within helix 6, shown in Figure 1F.
Changes in ApoA-lI Helix 6 Negag Charge Alters
Particle Diameter andx-Helical ContentTo test the ability

about 78-80 A in diameter, as shown in Figure 2, panels A
and B. Final molar compositions were performed on purified
POPC rHDL particles of both molecular diameters and are
listed in Table 1. These data show that b&tHNN and NN
apoA-I but not the AN rHDL contained 20% more POPC
per particle, regardless of particle diameter, than WT apoA-|
rHDL. An increase in phospholipid content is consistent with
the 2-4 A increase in molecular diameter &f NN and
NN apoA-I rHDL (Table 1). This modest but highly
reproducible size difference #f NN and NN apoA-I rHDL
particle diameter was confirmed when rHDL particles were

of these proteins to bind and organize phospholipids, POPCanalyzed by two-dimensional nondenaturing gel electro-

rHDL containing apoA-l were prepared with a starting molar
phospholipid/cholesterol/apoA-I ratio of 80:5:1 and yielded

phoresis methods (B. Asztalos, unpublished observations)
(45, 46).
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Ficure 2: Coomassie blue stained-80% nondenaturing poly-
acrylamide gradient gel of POPC rHDL. (A) The 96 A POPC rHDL
were prepared at a starting molar ratio of 80:5:1, phospholipid/
cholesterol/apoA-I, and (B) the 80 A POPC rHDL were prepared
at a starting molar ratio of 24:5:1, phospholipid/cholesterol/apoA-
I. (A and B) Lane 1, WT apoA-I rHDL; lane 2%/, NN apoA-I
rHDL; lane 3, NN apoA-I rHDL; and lane 4, AN apoA-I rHDL.

All 96 A POPC rHDL were purified by FPLC, while all 80 A rHDL
were purified by a combination of ultracentrifugation and FPLC
as described in Experimental Procedures. Calibrating high-molecular
weight standards corresponded to a Stokes’ diameter: thyroglobin
170 A; ferritin, 124 A; catalase, 98 A; lactate dehydrogenase, 86
A; serum albumin, 74 A.

Next, the o-helical content of each mutant rHDL was
evaluated to determine whether the addition or deletion of

Biochemistry, Vol. 44, No. 14, 2005413

Table 1: Recombinant HDL Composition and Particle Size

recombinant final final
HDL discoidal POPC/apo A-l cholesterol/apo A-Iparticle diameter
A

complexe’ molar ratio molar ratio
96 A rHDL®
WT apoA-I| 71+ 7¢ 57+ 1.¢¢ 96+ 3¢
3/4 NN apoA-I 87+ 6 4.9+ 1.3f 98+ 5
NN apoA-I| 924 & 4.8+ 0.7 100+ 2f
AN apoA-I| 68+ 3¢ 4.0+ 0.6 94+ 1¢
80 A rHDLY
WT apoA-I 34+ 30 6.7+ 1.2 81+ 29
3/, NN apoA-| 404 2h 8.7+2.9% 84+ 39
NN apoA-I 37+ 2" 59+ 1.4 85+ 30
AN apoA-| 34+ 49 58+ 1.8 79+ 29

a Final molar ratios on all rHDL were determined after purification
as described under Experimental Procedures with each molar composi-
tion and particle diameter representing the average-&& ihdividual
rHDL preparations. The rHDL diameters were determined b3@%
nondenaturing gradient gel electrophoresis. All preparations of rHDL
contained two molecules of apoprotein per patrticle, as determined by
cross-linking with dithiobis(succinimidylpropionate) as described under
Experimental Procedure$Wild-type apoA-I= WT apoA-I; 3/4 NN
or ¥, no negative apoA-= E146Q, D150N, D157N apoA-I; NN apo
A-l or no negative apoA-+ E146Q, E147Q, D150N, D157N apoA-I;
AN apoA-I or all negative apoA-+ A154D, A158D, T161D, A164D
apoA-I. ¢ The starting molar ratio for 96 A rHDL was 80:5:1 plamitoyl-
oleoyl-phosphatidylcholine (POPC)/cholesterol/apoAThe starting
molar ratio for 80 A rHDL was 24:5:1 POPC/cholesterol/apoA=1.All
values represent the meanSD. Values marked with different letters
were found to be statistically different pt< 0.05.

(no. 144-165) show that helix 6 is essential for the overall
protein conformation, stability, phospholipid binding9j,

and the disordered state of region no. £232. Thus, it is
possible that the removal of helix 6 negative charge on 96
A rHDL allows greater interaction with the lipid, while in
the restricted environment of the 80 A rHDL, removal of
the negative charge has no effect on secondary structure.
Conversely, the addition of helix 6 negative charge causes a
reduction in lipid-protein interaction on 96 A rHDL, with

the reduction ir-helicity becoming accentuated when AN

negative changes altered apoprotein secondary structure aapoA-| is confined to the restricted environment of the

shown in Table 2. Generally, any of the alterations in apoA-I
helix 6 charge resulted in &40% reduction ina-helical
content for the lipid-free proteins (data not shown). However,
in the lipid-bound state, the 96 A, NN apoA-1 and NN
apoA-l but not the 80 A counterpart demonstrated a
significant increase in-helical content suggesting that these
mutant proteins increased their interaction with phospholip-
ids, consistent with the larger rHDL diameter and lipid
content of the particles containing these mutant proteins
(Tables 1 and 2).

Overall, the increase in AN apoA-I rHDL helix 6 negative
charge was associated with a decrease-elical content
(Table 2). While the 96 A AN apoA-I rHDL only showed a
trend toward such a decrease, the 80 A AN apoA-I rHDL
had a statistically significant reduction éxhelical content,
consistent with the loss of lipidprotein interactions. It has
been shown that an increaseodirhelicity is a major driving
force in stabilizing apoA-I phospholipid interaction&ry. It
is believed that the N-terminal half of apoA-I is responsible
for most of theo-helical structure and the marginal stability
of lipid-free apoA-I1, while the C-terminus (no. 19@43) is
responsible for the large increaseodirhelical content when
apoA-I binds to lipid 48). Investigations of the central region

smaller (80 A) diameter rHDL.

Particle Diameter and Net Negat Charge Attenuate
LCAT Reactiity. Next, LCAT activation properties were
measured for mutant and WT apoA-I rHDL after particle
diameters and composition were measured. Table 2 shows
that the apparer, was relatively unchanged for both the
96 and 80 A particles. However, a large and highly
significant 13-fold reduction in th&,, was seen for 80 A
WT apoA-I rHDL when compared to 96 A WT apoA-|
rHDL. This trend was also seen for each of the 80 A mutant
apo A-l rHDL when compared to their 96 A rHDL
equivalent. Because th&, is believed to be a measure of
the enzyme’s overall binding affinity to the rHDL substrate,
this decrease in th&, has been attributed to changes in
lipid packing on the disc which occur as the apoprotein
adapts to the smaller diameter of the partidéd, 60—52).
Thus, theK, appeared to be greatly affected by the change
in particle diameter but not greatly affected by the alteration
in helix 6 charge.

Unlike the trend seen for thKp, the Vimax or maximum
reaction velocity was not significantly different between 96
and 80 A WT apoA-I rHDL B0). In fact, theVia.x was only
significantly reduced by alteration in the net helix 6 charge.
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Table 2: Reaction Kinetics of Recombinant HDL Particles with LGAT

net negative

recombinant apparent apparent apparent charge of 2
HDL a-helicity® Km Vimax VimadKm Apo-ls
substrate (%) (uM) (nmol/(h mL)) (nmol/(h mLuM)) per rHDLY

96 A rHDLe®

WT apoA-I 72+ 5 1.0+ 0.2 3016+ 195 3341+ 489 -20

3/4 NN apoA-I 93+ 59 0.6+ 0.1 1246+ 57 1986+ 183 —14

NN apoA-I 93+ 8¢ 1.44+0.8 1477+ 210 1372+ 479 -12

AN apoA-| 70+ 3 0.5+ 0.3 1374+ 344 3199+ 977 —28
80 A rHDLe

WT apoA-I 65+ 3" 13.0+ 7.9 32224301 288+ 169 -20

3/4 NN apoA-I 654 2" 12.1411.3 1670+ 14 1374+ 19 —14

NN apoA-I 644+ 16" 16.8+ 7.9 1883+ 77 123+ 50 —-12

AN apoA-| 59+ 5 9.3+7.3 549+ 281 78+ 46 —28

a Apparent kinetic parameters were determined from Haiégolf plots of reaction velocity and cholesterol concentration as described in
Experimental Procedures. All values represent the me&D of triplicate determinations on three or more independent rHDL preparations. All
preparations of rHDL contained two molecules of apoA-I per partfWT apoA-l1 = Wild-type apoA-I; 3/, NN or 3, no negative apoA-E=
E146Q, D150N, D157N apoA-I; NN apo A-l or no negative apoA-E146Q, E147Q, D150N, D157N apoA-I; AN apoA-I or all negative apoA-I
= Al154D, A158D, T161D, A164D apoA-E a-helicity was determined using a Jasco J720 spectropolarimeter to measure the ellipticity at 222 nm.
d Calculated from the net charge of 243 amino acids in full length apoA-I at pHeTHe 96 A and 80 A rHDL were prepared as described in
Table 1.7 Values marked with different letters were found to be statistically differept at0.05.

Table 2 shows that all but one mutant apoA-I rHDL showed helix 6 directly interacting with LCAT, the charge-induced
a 2-fold reduction inVya independent of whether the conformational changes on an 80 A rHDL does not allow
particles were 96 or 80 A. The exception, 80 A AN apoA-l proper “presentation” of the phospholipids’ substrate to the
rHDL, showed a 6-fold loweW . When compared to 80 A enzyme, thus reducing the catalytic activity.
WT apoA-I rHDL. This dramatic reduction in the AN apoA-I Helix 6 Negatie Charge and Surface Aeify. To address
rHDL reaction rate was seen only in the 80 A rHDL, readily whether apoA-I helix 6 net charge alters the lipid-binding
apparent from the kinetic curves, as shown in Figure 3.  properties of apoA-Il, we investigated the surface activity of
A combined mathematical representation of both\he each of the mutant proteins by measuring their exclusion
and Ky, conveys a relationship termed catalytic efficiency pressure at a phospholipid/water interface, also referred to
(VmadKm), Which represents the overall capacity of LCAT as the surface activity. Studies have shown that interactions
to generate cholesterol esters. In 96 A rHDL, the catalytic of apoA-l with a hydrophobic surface are mediated by its
efficiency was significantly reduced by a decrease in helix amphipathico-helices such that the interaction energy of a
6 negative charge and unchanged by the increase in helix 6given helix with the lipid interface is a function of its
negative charge. A similar trend was also seen in the 80 A amphipathicity $3). The mean hydrophobic moment which
rHDL, which showed a 2-fold reduction in catalytic ef- quantifies the amphipathicity of a given helical region can
ficiency when the helix 6 negative charge was decreased.approximate the surface activity of an apoprotéd, (65).
The exception to this trend was the 80 A AN apoA-I rHDL, Table 3 lists the calculated hydrophobicity and hydrophobic
which showed a 4-fold lower catalytic efficiency compared moment of helix 6 in WT and each of the mutant apoA-I's
to 80 A WT apoA-I rHDL (Table 2). This large decrease in and the exclusion pressure of each parent protein. The results
LCAT catalytic efficiency appears to have resulted entirely show that the surface activity for AN apoA-l was signifi-
from a reduction inVmax presumably due to the increase in cantly lower (30%) when compared to WT apoA-| presum-
helix 6 negative charge. ably due to changes in hydrophobicity and hydrophobic
To probe this relationship further, the LCAT catalytic moment of helix 6 (Table 3). These results suggest that by
efficiency (Table 2) was plotted against the net negative increasing the net helix 6 negative charge, AN apoA-l is
charge for each of the 96 A rHDL studied (Table 2) and is less able to penetrate the lipid monolayer and form stabilizing
shown in Figure 4, Panel A. These data show that a a-helical structures with the lipid interface. These findings
significant inverse correlatiom & —0.85) for the 96 A rHDL are consistent with the finding that AN apoA-I has less
exists, suggesting that the net helix 6 charge modulatesa-helical content on the 80 A discs since it appears to have
LCAT catalyzed cholesterol esterification. Figure 4B shows a compromised ability to engage in lipighrotein interactions
that a similar inverse relationship was also seen for 80 A when confined to the area of an 80 A rHDL.
rHDL, with the exception of AN apoA-I rHDL. The apparent Does Negatie Particle Charge or Negate Apoprotein
disconnection between AN apoA-lI rHDL's catalytic ef- Charge Alter LCAT Catalytic Actity? The LCAT kinetic
ficiency and the correlation with increased negative charge studies shown here indirectly suggest that helix 6 negative
suggests that the interaction between apoA-l helix 6 and charge interacts directly with the enzyme; however, it is also
LCAT is adversely affected by the combination of increased possible that negatively charged residues in helix 6 may cause
helix 6 negative charge and the altered conformation of the interfacial lipid effects as the enzyme binds to the rHDL
mutant protein on the smaller rHDL particles. These results particle. Therefore, to distinguish between these possibilities,
strongly suggest that LCAT directly interacts with helix 6 the rHDL phospholipids were enriched in negatively charged
and that, by increasing the negative charge, the optimal species, and the LCAT activation properties were assessed.
enzyme-protein interaction for activation is dramatically The rHDL were generated containing the negatively charged
reduced. Another possibility exists, however, that instead of phosphoserine (POPS) at molar ratios mimicking the in-
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Ficure 3: Kinetic analysis of LCAT catalyzed cholesterol esterification of POPC rHDL containing wild-type and mutant apoA-Il. (A)
shows the HanesWoolf plot for 96 A POPC rHDL containing WT (brown$/, NN (green), NN (blue), and AN apoA-I (purple). (B)
shows the HanesWoolf plot for 80 A POPC rHDL with colored symbols defined as in panel A. Hatwsolf plots were used to determine
the K, Vimax and catalytic efficiency\(madKm) (Table 2) describing the LCAT reaction, where thaxis is the substrate cholesterd] [
concentration expressed #M and they-axis is [§V] or the substrate concentration divided by the rate of cholesterol ester form¥jion (
expressed as nanomoles of cholesterol ester formed per hour per milliliter of LCAT. All rHDL were prepared and purified as described in
Figure 2. All values represent the meanSD of at least two separate experiments done in triplicate.

creased negative charge imparted to the rHDL by the apoA-I  Although the inclusion of a negatively charged phospho-
helix 6 AN mutation. Thus, rHDL were generated with an lipid did not alter the size or composition of the rHDL, the
initial molar ratio of 76:4:5:1, POPC/POPS/cholesterol/ overall net particle charge was affected, as shown by agarose
apoA-l (POPC/POPS rHDL). The addition of 4 mol of POPS  gel electrophoresis in Figure 6. When rHDL were separated
per 1 WT apoA-I molecule was chosen in order to add 8 phased on particle charge, POPC/POPS WT apoA-I rHDL
negative charges per rHDL particle, mimicking the charge mjigrated with a similar surface potential as POPC AN apoA-|
added to particles by 2 AN apoA-I molecules. In addition yp|. Figure 6 shows the migration of POPC WT apoA-|
to these rHDL, pure POPC rHDL Were also prepared using (Iane 1)’ POPC AN apoA-I rHDL (Iane 2)’ and POPC/POPS
WT and AN apoA-| at initial molar_ratlos of 80:5:1 _POPC/ WT apoA-I rHDL (lane 3), with a calculated surface potential
cholesterol/apoA-| for the generation of 96 A particles. corresponding to-8.2, —11.3, and-12.3 mV, respectively.
Table 4 shows the final molar compositions for each of oyerall, these results suggest that the net rHDL particle
the purified rHDL. These results suggest that POPC WT, charge in POPC AN apoA-l rHDL was similar to that

POPC AN, and POPC/POPS WT apoA-l rHDL particles  qninyted by the addition of the negatively charged POPS
were all similar in composition. Interestingly, the sizes of to the POPC WT apoA-l rHDLH6)

the rHDL were also very similar as determined by nonde-

naturing gradient gel electrophoresis, shown in Figure 5. We next measured the LCAT activation properties for the
These results suggest that the inclusion of POPS into thePOPC and POPC/POPS rHDL shown in Table 5. The kinetic
rHDL had little effect on the overall number of phospholipids constants, derived from Hane®Voolf plots, suggest that
molecules incorporated into the particles. POPC/POPS WT apoA-I rHDL activates LCAT in a manner
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Ficure 4: Relationship between LCAT catalytic efficiency and the net apoA-I rHDL charge. Theoretical net chargpdhito apoA-I
molecules on a single rHDL were tabulated (Table 2) and plotted against the catalytic effidieagh{) of the LCAT catalyzed cholesterol
esterification reaction (Table 2). (A) Shows the relationship for 96 A rHDL containing WT or mutant apoA-I. (B) Shows the relationship
for the 80 A rHDL containing WT or mutant apoA-1. The correlation coefficient is calculated for panel A using all four points, while for
panel B, it was calculated using only three points, excluding AN apoA-I rHDL. ApoA-Enegas calculated by tabulating the net charge

of individual amino acids at pH= 7.4.

Table 3: ApoA-I Helix 6 Hydrophobicity, Hydrophobic Moment, Table 4: Recombinant HDL Compositions and Particle Size
and Surface Activity final final final
helix 6 POPC/ POPS/ cholesterol/
identity of helix 6 hydrophobic  exclusion apo A-l apo A-l1  apo A-l particle
ApoA-| helix 6 hydrophobicity moment pressure recombinant HDL molar  molar molar diameter
mutatior? (kcal/mol) (kcal/mol) (mN/m) discoidal complexés ratio ratio ratio A
WT —0.285 0.383 2% 0.4 POPC WT apoAd 69+ 4 46+06 96+3
3/4 NN —0.279 0.373 ND POPC AN apoA- 70+1 45+0.3 94+3
NN —0.284 0.373 28 0.7 POPC/POPS WT apoAll 644+3 5+1 5.0+ 0.6 95+ 2

AN 0513 0.468 1908 a Final molar ratios on all rHDL were carried out after purification

aThe hydrophobicity and hydrophobic moments were calculated for as described under Experimental Procedures. Each of the rHDL was
apoA-I helix 6 for both WT or mutant forms of apoA-I. Exclusion  found to contain two molecules of apoprotein per particle, as determined
pressure was experimentally determined as described in Experimentalby cross-linking with dithio-bis(succinimidyl-propionate) described in
Procedures and represent the mea®D. ® WT apoA-l = wild-type Experimental Procedures. All values represent the me&D.  Wild-
apoA-I; 3/4 NN or %, no negative apoA-= E146Q, D150N, D157N type apoA-l= WT apoA-I; AN apoA-l or all negative apoA-E=
apoA-1; NN apo A-l or no negative apoA= E146Q, E147Q, D150N, A154D, A158D, T161D, A164D apoA-k The starting molar ratio for
D157N apoA-I; AN apoA-I or all negative apoA= A154D, A158D, WT and AN rHDL was 80:5:1 POPC/cholesterol/WT or AN apoA-I.
T161D, A164D apoA-I¢ Calculated from a consensus scale described 9 The starting molar ratio for POPC/POPS WT apoA-I rHDL was 76:
by Eisenberg et al. (53).The helical hydrophobic moment was  4:5:1 POPC/POPS/cholesterol/WT apoA-I.
calculated as described (54)Values with different letters were found
to be statistically different gp < 0.05. ND= not determined.

reaction velocity (Table 5) when compared to POPC WT or
more similar to POPC WT apoA-I, while POPC AN apoA-I POPC/POPS WT apoA-l rHDL. These results strongly
rHDL showed a 2-fold reduction in the apparent LCAT suggest that the interaction of LCAT with POPC AN apoA-I
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Table 5: Reaction Kinetics of Recombinant POPC/POPS rHDL Particles with BCAT

rHDL
surface apparent apparent apparent
recombinant HDL chargé Km Vinax Vimad Km a-helicity®
discoidal complexeés (mV) (uM) (nmol/(h mL)) (nmol/(h mLuM)) (%)
POPC WT apoA-I| —-8.2 1.0+ 0.7 3087+ 59 3087+ 414 724+ 5
POPC AN apoA-I| -11.3 0.6+ 0.2 1777+ 103 2906+ 958 70+ 3
POPC/POPS WT apoA-I —-12.3 0.8+ 0.29 2726+ 305 34074+ 897 77 £ 59h

a Apparent kinetic parameters were determined from Haiésolf plots of reaction velocity and cholesterol concentration as described under
Experimental Procedures. All values represent the me&D of duplicate determination8WT apoA-l = wild-type apoA-I; AN apoA-I or all
negative apoA-E= A154D, A158D, T161D, A164D apoA-ErHDL were prepared as described in Table! A4DL surface charge was measured
on 0.5% agarose gels as described in Experimental Procedaré®licity was determined by using a Jasco J720 at 222frihwalues with

different letters were statistically different from each othepat 0.05.
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Ficure 5: Coomassie blue stained-80% nondenaturing poly-
acrylamide gradient gel of POPC/POPS rHDL containing WT or
AN apoA-I. Lane 1, POPC WT apoA-I rHDL; lane 2, POPC AN
apoA-I rHDL; lane 3, POPC/POPS WT apoA-I rHDL. POPC rHDL
were prepared using a starting molar ratio of 80:5:1, POPC/
cholesterol/apoA-I, whereas the rHDL containing the charged

phospholipid POPS was prepared in a manner similar to that

®
‘e

©

Ficure 6: Agarose gel electrophoresis of POPC/POPS rHDL
containing WT or AN apoA-l. Agarose gel electrophoresis (5%)
was carried out as described in Experimental Procedures with
approximately 5ug of protein loaded in each lane. After drying,
the gel was stained with Sudan Black B as described in Experi-
mental Procedures. Lane 1 shows the migration of POPC WT
apoA-I rHDL, lane 2 shows the migration of POPC AN apoA-I
rHDL, and lane 3 shows the migration of POPC/POPS WT apoA-I
rHDL. All POPC rHDL were prepared using a starting molar ratio
of 80:5:1, POPC/cholesterol/apoA-I, whereas the rHDL containing
the mixture of POPC and charged phospholipid POPS was prepared
in a manner similar to that described above except that the starting
molar ratio was 76 mol POPC/4 mol POPS, with 5 mol cholesterol/1
mol apoA-I. All 96 A POPC rHDL were purified by FPLC.

The role of intrahelical salt bridges stabilizing apoA-I helix

described above except that the starting molar ratio was 76 molg seems consistent when one considers earlier studies

POPC/4 mol POPS, with 5 mol cholesterol/1 mol apoA-I. All tHDL
were purified by FPLC as described in Figure 2. The final molar
ratios of all the rHDL as shown in Table 5 were carried out as

showing that removal of helix 6 positively charged amino
acids dramatically impair LCAT catalytic efficiencyp4).

described in Experimental Procedures. Calibrating high-molecular Combined, these observations suggest that the role of the

weight standards corresponded to a Stokes’ diameter: thyroglobin,

170 A; ferritin, 124 A; catalase, 98 A; lactate dehydrogenase, 86
A; serum albumin, 74 A.

rHDL is specific for apoA-I helix 6 and not the overall rHDL
particle charge.

DISCUSSION

In the present study, we have shown that negatively
charged amino acids within apoA-I helix 6 directly modulate
the catalytic efficiency of the cholesterol esterifying enzyme

LCAT. These studies also emphasize the importance of the

net rHDL surface charge and its contribution to the overall
conformation of lipid-bound apoA-B56, 57). We found that
the removal of all four helix 6 negatively charged residues
(NN apoA-I) correlated with a decrease in LCAT catalytic
efficiency (Figure 3) and an increase in the apoprotein’s
o-helical content (Table 2). This observation may be
explained by the loss of intrahelical salt bridges which would
then allow helix 6 to relax or stretch from its normal
conformation. In this relaxed conformation, the NN apoA-I
would be expected to bind more lipid and, thus, form larger
diameter rHDL (Table 1) as was observed.

highly conserved negatively and positively charged amino
acids within helix 6 (Figure 1) relates to the formation of
intrahelical salt bridges which stabilize the 22-residue
o-helical segment. It is well-known that ion pairs of the type
i, + 3 andi, i + 4 increase the conformational stability of
solvent exposed-helices 68); however, providing experi-
mental evidence for the participation of specific residues in
salt bridge formation is difficult without X-ray crystal-
lography data. Despite slow progress in obtaining high-
resolution crystallography data from lipid-bound complexes
containing apoA-l, numerous investigations have relied upon
high evolutionary conservation in the prediction of functional
domains $9—62). Therefore, for apoA-I helix 6, the glutamic
acids at positions 146 and 157 shey®5% charge conserva-
tion across 21 different species for which apoA-I has been
sequenced (Peelman, F., and Rosseneu, M., personal com-
munication). While arginines at positions 149 and 160 show
100% charge conservation across the same 21 species, hone
of the other charged residues within helix 6 show this same
high degree of charge conservation as seen with residues at
positions 146, 149, 157, and 160. Given this high degree of
evolutionary conservation, it seems reasonable to hypothesize
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that glutamic acid at position 146 and arginine at position REFERENCES

149 may form salt bridges, as could glutamic acid 157 and
arginine 160 of the, i + 3 type. Thus, such a high degree
of positional conservation suggests that these residues do
play a crucial role in determining the structure and function
of lipid-bound A—I.

Additionally, in support of this idea, apoA-lI mutations
were made in which potential helix 6 salt-bridge pairs were
created and characterized4]. Three ion pair mutations,
apoA-l1 E146A+ R149A, apoA-l R149A+ D150A, and
apoA-l R153A+ D150A were expressed and used in the
formation of rHDL. The LCAT catalytic efficiency was
measured for each of the mutant apoA-1 containing rHDL,
and interestingly, only apoA-l E146A R149A reduced
LCAT catalytic efficiency to the same extent as that
measured when both of the highly conserved arginines (149
and 160) in helix 6 were removed4). It is also highly likely
that, in addition to potential intrahelical salt bridges, nega-
tively charged helix 6 residues form intermolecular salt
bridges which also function to stabilize the lipid-bound
conformation of apoA-I. Computer-modeling studi&s, 63)
have shown that helix 6 residue E147 likely forms an ion
pair with helix 4 residue K118 when folded in an extended
belt conformation.

Theoretically, the addition of helix 6 negatively charged
residues (AN apoA-l) could either stabilize or destabilize
the conformation of ther-helical segment by favoring the
formation of new or alternate salt bridges. Results from these
studies indicate that on the 96 A rHDL the effects of
additional negative charge were minimal, but on 80 A rHDL,
the effects were highly significant and multifold (Figure 4).
First, it has been shown that the surface charge density of
WT apoA-I containing rHDL becomes more negative as the
particle size decreaseS6) presumably caused by changes
in apoA-I conformation occurring as the apoprotein adapts
to a smaller diameter phospholipid disc. Thus, the combina-
tion of surface constraint and additional negative charge is
associated with a dramatic decreaseoihelical content,
decreased surface activity (Table 3), and greatly impaired
LCAT activation properties. Combined, these results suggest
that the repulsion between numerous negatively charged helix
6 side chains does not allow helix 6 to make sufficient contact
to form stable helix 6 LCAT interactions.

In summary, the studies described in this report delineate
the role of highly conserved negatively charged residues in
apoA-I helix 6 as they pertain to rHDL structure and function.
The number and placement of negatively and positively
charged residues within helix 6 has important implications
in the stability, surface activity, and LCAT activation
properties of apoA-l. The basis for this stabilization is likely
related to the formation of intra- and interhelical salt bridges
which likely play a critical role in the direct binding of apo
A-l with LCAT.
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