
Role of Buried Polar Residues in Helix Bundle Stability and Lipid Binding of
Apolipophorin III: Destabilization by Threonine 31†

Paul M. M. Weers,* Wazir E. Abdullahi, Jamie M. Cabrera, and Tzu-Chi Hsu

Department of Chemistry and Biochemistry, California State UniVersity at Long Beach, Long Beach, California 90840

ReceiVed March 18, 2005; ReVised Manuscript ReceiVed May 2, 2005

ABSTRACT: Apolipophorin III (apoLp-III) fromLocusta migratoriais a model exchangeable apolipoprotein
that plays a key role in neutral lipid transport. The protein is comprised of a bundle of five amphipathic
R-helices, with most hydrophobic residues buried in the protein interior. The low stability of apoLp-III is
thought to be crucial for lipid-induced helix bundle opening, to allow protein-lipid interactions. The
presence of polar residues in the hydrophobic protein interior may facilitate this role. To test this, two
buried polar residues, Thr-31 and Thr-144, were changed into alanine by site-directed mutagenesis.
Secondary structure analysis and GdnHCl- and temperature-induced denaturation studies indicated an
increase inR-helical content and protein stability for T31A apoLp-III compared to wild-type apoLp-III.
In contrast, T144A had a decreasedR-helical content and protein stability, while tryptophan fluorescence
indicated increased exposure of the hydrophobic interior to buffer. Two mutant proteins that had lysine
residues introduced in the hydrophobic core displayed a more pronounced decrease in secondary structure
and protein stability. Lipid binding studies using phospholipid vesicles showed that T31A apoLp-III was
able to transform phospholipid vesicles into discoidal particles but at a 3-fold reduced rate compared to
wild-type apoLp-III. In contrast, the less stable apoLp-III mutants displayed an increased ability to transform
phospholipid vesicles. These results demonstrate the inverse correlation between protein stability and the
ability to transform phospholipid vesicles into discoidal protein-lipid complexes and that Thr-31 is a key
determinant of the relatively low protein stability, thereby promoting apoLp-III to interact with lipid surfaces.

Lipoproteins are the vehicles for transport of hydrophobic
material in plasma. These large complexes of lipids and
proteins exchange lipids with various tissues. While structural
apolipoproteins comprise the protein part of lipoproteins,
additional exchangeable apolipoproteins can be found on the
particle surface, e.g., apolipoprotein (apo)1 E and A-I and
apolipophorin III (apoLp-III). Functions of exchangeable
apolipoproteins include maintenance of lipoprotein structural
integrity, receptor binding, and enzyme regulation (1-3).
Exchangeable apolipoproteins associate with lipoprotein
surfaces through amphipathicR-helices (4). A lipid-induced
conformational change facilitates interaction of the buried
nonpolar face of the amphipathic helix with the new lipid
environment, leading to a stable lipid-protein binding interac-
tion. ApoLp-III (∼164 residues,∼18 kDa) is a well-
characterized apolipoprotein found in some insects (5). It
has served well as a model exchangeable apolipoprotein to
gain insight into the apolipoprotein structure-function
relationship (6). NMR and X-ray structures of the protein in
the lipid-free state are available for two different apoLp-
IIIs, i.e., Locusta migratoriaand Manduca sexta(7-9).
Several studies led to important insight into the lipid-bound

conformation of apoLp-III, and recent pyrene fluorescence
and fluorescence resonance energy transfer measurements
led to a new model for the protein in a lipid-bound state
(10, 11). This model of lipid-bound apoLp-III is remarkably
similar to that of other models proposed for apoA-I and apoE
(12-17). ApoLp-III is highly soluble in buffer and present
as a monomer (18, 19). X-ray and NMR solution structures
revealed a protein comprised of a bundle of five amphipathic
R-helices with a simple up-and-down topology (7, 8). The
majority of hydrophobic residues are buried in the protein
interior while hydrophilic residues are located on the protein
surface. This molecular architecture ensures a high protein
solubility and bearing the propensity to switch to a lipid-
bound conformation. To engage in lipid interaction, the
hydrophobic face of the amphipathic helices become avail-
able by helix rearrangements, allowing direct lipid-protein
contacts. This helix bundle opening is reversible, as lipid
depletion leads to dissociation of apoLp-III from the lipo-
protein surface and recovery of the helix bundle structure
(20). Compared to other globular proteins, the stability of
M. sextaandL. migratoriaapoLp-III is noticeably low (∆G
2.0-2.5 kcal mol-1, midpoints of GdnHCl denaturation vary
between 0.3 and 0.6 M) (18, 19, 21, 22). It has been
suggested that low apolipoprotein stability mediates the lipid-
induced conformational change, allowing the formation of
a stable lipid-protein complex (8, 9). It was noticed that
the protein contains several hydrophilic residues buried in
the hydrophobic interior. These residues have been hypoth-
esized to play an important role in destabilizing the helix
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bundle structure of apoLp-III and promoting lipid-induced
helix rearrangements. Earlier studies also indicated an
important role for helix 1 and helix 5 in the initial lipid and
lipoprotein binding inL. migratoriaapoLp-III (23). We have
addressed the role of polar residues in the hydrophobic
interior by using site-directed mutagenesis to introduce
changes in the hydrophobic interior ofL. migratoriaapoLp-
III. Two threonine residues that reside in helix 1 and helix
5 were changed into alanine, and their effect on secondary
structure, protein stability, and lipid interaction was analyzed.
Conversely, positively charged side chains were introduced
in the hydrophobic face of helix 1 and helix 5 to cause
disturbances in the hydrophobic helix bundle interior. In the
present study we have found that Thr-31 plays an important
role in lowering helix bundle stability, thereby promoting
lipid binding interaction.

EXPERIMENTAL PROCEDURES

Protein Expression and Site-Directed Mutagenesis.ApoLp-
III was expressed in 1 LEscherichia coli BL21(DE3)
cultures as previously reported in detail (24). The purification
of the protein samples was verified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Novex Tris-
glycine 4-20% gradient gels; Invitrogen Co., Carlsbad, CA).
Site-directed mutagenesis was carried out by the Quick-
Change II site-directed mutagenesis kit according to the
manufacturer’s instructions (Stratagene, La Jolla, CA), using
25 ng of template DNA and 12-16 cycles. The following
primer pairs were employed (MWG Biotech, High Point,
NC): L17K, 5′-GGCGGTGCAGCAGAAGAACCACAC-
CATCGT-3′ and 5′-GACGATGGTGTGGTTCTTCTGCT-
GCACCGCC-3′; A140K, 5′-GCGCGCTGCAGGAGAAG-
GCCGAGAAGACCAAGG-3′ and 5′-CCTTGGTCTTCT-
CGGCCTTCTCCTGCAGCGCGC-3′; T31A, 5′-GCTGCAC-
GAGGCTCTGGGCCTGC-3′ and 5′-GCAGGCCCAGAGC-
CTCGTGCAGC-3′; T144A, 5′-CCGCCGAGAAGGCCAAG-
GAGGCAGC-3′ and 5′-GCTGCCTCCTTGGCCTTCTCGG-
CGG-3′. DNA sequence analysis of both strands was carried
out at the CSUPERB Microchemical Core Facility DNA Lab
at California State University, San Diego.

Circular Dichroism. ApoLp-III samples (0.2 mg/mL in
50 mM sodium phosphate, pH 7.4) were analyzed in a Jasco
810 spectropolarimeter, and scans were obtained between
185 and 260 nm (average of three scans). Denaturation
studies were performed in phosphate-buffered saline (PBS;
127 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2-
PO4, pH 7.4). ApoLp-III samples (0.4 mg/mL) were incu-
bated in the presence of GdnHCl for 16 h, and ellipticity
was measured at 222 nm. Temperature-induced denaturation
was carried out between 30 and 80°C, using an increase of
5 °C min-1, in a Jasco Peltier temperature control unit (model
4235). TheR-helical content was calculated using the self-
consistent method using Dicroprot version 2.6 (25). The free
energy of unfolding was calculated using the following
equation assuming a two-state mechanism according to Pace
(26):

KD was calculated from the fraction of denatured protein (fD)/
fraction of native protein (fN) obtained from the GdnHCl
denaturation curves expressed as percent maximal change,

assumingfN + fD ) 1. Extrapolation of∆GD versus GdnHCl
concentration yielded the free energy change of unfolding
in the absence of GdnHCl,∆GD

H2O.
Fluorescence. Fluorescence studies were carried out in a

Fluormax-2 fluorescence spectrometer. ApoLp-III tryptophan
residues were excited at 280 nm with emission monitored
between 290 and 450 nm (excitation/emission slit width 5
nm) using a protein concentration of 0.1 mg/mL PBS. The
wavelength of the tryptophan fluorescence emission maxi-
mum (λmax) was the average of three determinations ((1 nm).
Experiments with 8-anilinonaphthalene-1-sulfonate (ANS;
Sigma Co., St. Louis, MO) were carried out in PBS at 5.6
µM apoLp-III and 250 µM ANS concentration. ANS
fluorescence was measured in the absence and presence of
apoLp-III, and samples were excited at 395 nm with emission
monitored between 400 and 550 nm (excitation/emission slit
width 5 nm).

Phospholipid Vesicle Clearance.Dimyristoylphosphati-
dylcholine (DMPC; Avanti Polar Lipids, Birmingham, AL)
was dissolved in PBS, incubated for 2 min at 37°C, and
vigorously vortexed for 1 min. ApoLp-III and DMPC
dispersions were mixed at a protein:lipid weight ratio of 2:1
and incubated in a 1 mL cuvette in a Shimadzu 2401
spectrophotometer while a temperature of 23.9°C was
maintained using a Peltier temperature-controlled cuvette
holder (TCC-240A). Formation of lipid-protein complexes
was monitored spectrophotometrically at 325 nm for 15 min,
and first-order rate constants (k) were calculated from the
decrease in sample absorbance. In the absence of apoLp-III,
DMPC vesicle dispersions did not show a decrease in
absorbance during the 15 min incubation period.

Lipoprotein Binding. The ability of apoLp-III to bind to
spherical lipoproteins was studied using human LDL. Treat-
ment of LDL with phospholipase C promotes the formation
of diacylglycerol on the lipoprotein surface, thereby promot-
ing formation of LDL aggregates. ApoLp-III affords protec-
tion against aggregation via association with the lipoprotein
surface (27). LDL (50 µg of protein; Intracel, Frederick, MD)
was incubated with 160 milliunits of phospholipase C from
Bacillus cereus(Sigma Co., St. Louis, MO) in the absence
or presence of 50µg of T31A, T144A, T31A/T144A, L17K,
A140K, or wild-type apoLp-III in buffer (50 mM Tris-HCl,
150 mM NaCl, 2 mM CaCl2, pH 7.5). To monitor formation
of LDL aggregates, the absorbance was measured in a
Multiskan Ascent plate reader (Thermo Labsystems, Hels-
inki, Finland) at 340 nm at the times indicated. All measure-
ments were done in triplicate.

RESULTS

Design of Mutant Proteins.There are 22 buried or partially
buried hydrophilic residues present inL. migratoriaapoLp-
III that may cause the protein’s marginal stability (9). We
focused our study on residues located in helix 1 and helix 5
as both helices have been implied in initial lipid binding
interaction (23). Two hydrophilic residues were selected:
Thr-31 and Thr-144. Both residues are located between helix
1 and helix 5 and are considered to be buried as their
fractional solvent-accessible surface areas are 0.00 and 0.06,
respectively (9). The location of these residues in the helix
bundle interior is depicted in Figure 1. Both threonine
residues were thought to be key residues to partially

KD ) e-∆GD/RT
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destabilize the helix bundle protein. By site-directed mu-
tagenesis the threonine residues were mutated into alanine,
individually or together. Furthermore, two fully buried
hydrophobic residues were mutated into lysine residues. The
introduction of positive charges in the helix bundle interior
was intended to create disturbances in the helix bundle
interior to study their effect on protein structure and lipid
binding. The following mutant proteins were designed and
expressed inE. coli: T31A, T144A, T31A/T144A, L17K,
and A140K apoLp-III.

Circular Dichroism.The mutant proteins were analyzed
by circular dichroism for secondary structure content and
compared to wild-type apoLp-III. Circular dichroism scans
between 190 and 260 nm showed the two troughs at 208
and 222 nm, indicating that the mutant proteins were
R-helical. Nevertheless, differences between the various
spectra were observed (Figure 2). Secondary structure
calculations revealed a decrease inR-helical content and a
corresponding increase in turns and unordered structure for
all mutants except T31A apoLp-III. L17K and A140K
apoLp-III displayed a strong decrease inR-helical content,

and also T144A and T31A/T144A apoLp-III displayed a
reduction in helical content (values ranging from 41% to
73%; see Table 1). In contrast, the helical content for T31A
apoLp-III was considerably larger compared to wild-type
apoLp-III. This may indicate an important structural role of
Thr-31.

Fluorescence.To further probe for changes in protein
structure, intrinsic tryptophan fluorescence studies were
performed.L. migratoria apoLp-III bears two tryptophan
residues, Trp-115 and Trp-130, which are completely and
partially buried, respectively. These tryptophan residues have
been shown to be sensitive to environmental changes,
responding to exposure to buffer or lipid by increases or
decreases in their emission wavelength maximum (28, 29).
Analysis of the tryptophan emission spectra (not shown)
revealed thatλmax of T31A apoLp-III was essentially similar
to that of wild-type apoLp-III (Table 1). However, the other
mutations caused a considerable increase inλmax, indicative
of increased exposure to buffer. The increase was highest
for both mutants with lysine residues in the hydrophobic face
of their helices. The observed increase inλmax indicated that
these tryptophan residues became partially exposed to the
hydrophilic milieu, possibly a result of local disturbances in
the helix bundle structure caused by the amino acid substitu-
tions.

Secondly, ANS fluorescence was used to probe for
exposed hydrophobic surface as a result of the amino acid
substitutions. As demonstrated in previous studies (29), ANS
fluorescence intensity (excitation 395 nm) of mixtures of
wild-type apoLp-III in the presence of excess ANS was
relatively low, but with a pronounced shift from∼520 nm
to 487 nm. Fluorescence intensity emission was essentially
similar for T31A apoLp-III, in contrast with T144A and
T31A/T144A apoLp-III, which showed increased ANS
fluorescence intensity (Figure 3). Thus, tryptophan and ANS
fluorescence measurements indicate increased exposure to
buffer and increase in exposed hydrophobic pockets of
T144A and T31A/T144A apoLp-III. When lysine was
introduced in the nonpolar face of helix 1 or helix 5, ANS
fluorescence intensity did not change compared to wild-type
apoLp-III (Table 1). This may be explained by a low
secondary structure content of both L17K and A140K mutant
proteins, containing few exposed hydrophobic pockets in the
hydrophobic faces of theirR-helices.

FIGURE 1: High-resolution structures ofL. migratoria apoLp-III.
Panel A shows a side view of apoLp-III with Thr-31 and Thr-144
(orange) and Leu-17 and Ala-140 (green). Panel B is an end-on
view from the top of the protein, while panel C shows the location
of the mutated residues seen from the center of the protein. The
structure is based on the NMR solution structure, PDB code 1LS4
(9).

FIGURE 2: Secondary structure analysis of mutant apoLp-III. The
ellipticity of mutant apoLp-IIIs (0.2 mg/mL in 50 mM sodium
phosphate, pH 7.2) was measured by circular dichroism between
185 and 260 nm and compared to wild-type (WT) protein (solid
line).

Table 1: Biophysical Properties of Mutant ApoLp-IIIa

apoLp-III
∆GD

H2O

(kcal/mol)

Gdn-
HCl1/2

(M)
T1/2

(°C)
R-helix

(%)

Trp
λmax

(nm)
ANS

(487 nm)

WT 2.05 0.51 53 73 338 1.0
T31A 2.65 0.62 57 89 337 0.9
T144A 0.73 0.28 44 58 342 1.4
T31A/

T144A
0.99 0.37 46 67 341 1.8

L17K 0.69 0.20 37 48 344 1.1
A140K 0.36 0.16 38 41 347 1.0

a ∆GD
H2O is the free energy of unfolding in the absence of GdnHCl;

the midpoint of GdnHCl denaturation (GdnHCl1/2) and temperature
denaturation (T1/2) was obtained from molar ellipticity measurements
at 222 nm. The amount ofR-helix was calculated using the self-
consistent method (25). The tryptophan maximum emission wavelength
(λmax) was obtained from emission scans of apoLp-III samples excited
at 280 nm. ANS values are the ratios to wild-type apoLp-III (excitation
at 395 nm, emission intensity measured at 487 nm).
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GdnHCl and Temperature Denaturation.Protein stability
studies were carried out by circular dichroism. Protein
samples were denatured with increasing amounts of GdnHCl,
and the decrease in molar ellipticity was measured at 222
nm. The denaturation curves showed that T31A apoLp-III
had a significant increased resistance to GdnHCl-induced
denaturation (Figure 4), as indicated by the increase from
0.51 M (wild-type apoLp-III) to 0.62 M GdnHCl (T31A
apoLp-III). On the other hand, T144A and T31A/T144A
apoLp-III showed decreased resistance to GdnHCl denatur-
ation. The mutants with alanine or leucine to lysine substitu-
tions displayed a strong decrease in the midpoint of GdnHCl
denaturation. Temperature denaturation curves were obtained
between 30 and 80°C, showing a decrease in ellipticity (222
nm) above 35°C, until a temperature of 70°C was reached,
after which no further changes were observed (not shown).
Upon cooling the ellipticity was regained, indicating com-
plete reversal of the temperature-induced denaturation, in
good agreement with previous studies (18, 30). As depicted
in Table 1, T31A apoLp-III displayed the highest midpoint
of temperature denaturation (57°C), followed by wild-type
(53 °C), T31A/T144A (46°C), T144A (44°C), A140K (38
°C), and L17K (37°C). This decreasing order of resistance
to temperature denaturation is similar to that of GdnHCl-
induced denaturation. The free energy change of apoLp-III
unfolding was determined from the GdnHCl denaturation
curves (26). For wild-type apoLp-III, a∆GD

H2O of 2.1 kcal
mol-1 was calculated, while a value of 2.7 kcal mol-1 was
obtained for T31A apoLp-III. As expected, the other mutants

showed significantly reduced∆GD
H2O values, with both lysine

mutants showing the lowest free energy of unfolding.
Phospholipid Vesicle Clearance.To test the ability of the

apoLp-III mutants to interact with phospholipid vesicles, the
apolipoproteins were incubated in the presence of multila-
mellar DMPC vesicles near the gel-liquid-crystalline phase
transition temperature (23.9°C). At this temperature the large
phospholipid vesicles are transformed into small discoidal
particles, having a diameter of approximately 19 nm based
on electron microscopy measurements (29). Since vesicle
dispersions have a turbid appearance while solutions of small
discoidal lipoproteins are optically clear, the transformation
of vesicles into disks can be monitored by measurement of
the apparent absorbance at 325 nm. As shown in Figure 5,
incubation of wild-type apoLp-III with the DMPC vesicle
dispersion caused a rapid decrease in sample absorbance,
indicative of the formation of discoidal protein-lipid par-
ticles (solid line, first-order rate constantk ) 3.3 × 10-3

s-1). On the other hand, the ability of the more stable T31A
mutant to cause vesicle transformation was greatly hampered,
having a 3-fold reduced rate (k ) 1.2 × 10-3 s-1). While
wild-type apoLp-III completely transformed the vesicles into
disks during the incubation period, the T31A apoLp-III-
induced clearance was not complete as the sample remained
partially turbid (∼35% of maximum). The mutants that had
lower protein stability properties all displayed enhanced
transformation rates as indicated by their rate constants:
L17K, k ) 4.7 × 10-3 s-1; A140K, k ) 7.8 × 10-3 s-1;
T144A, k ) 4.3 × 10-3 s-1; T31A/T144A,k ) 2.8 × 10-3

s-1.
Lipoprotein Binding.Previous studies with apoLp-III have

shown substantial differences between liposome clearance
and lipoprotein binding (30, 31). In view of the large increase
in phospholipid vesicle transformation rates of both low
structure lysine mutants, an additional assay was used to test
if these mutant proteins retained their ability to bind to
spherical lipoprotein surfaces. This was carried out using
human LDL. When human LDL is treated with phospholi-
pase C, diacylglycerol appears on the lipoprotein surface.
These hydrophobic defects cause LDL to aggregate, as
evident by the increase in sample absorbance at 340 nm.
The presence of apoA-I, apoE, or apoLp-III in phospholipase

FIGURE 3: ANS fluorescence. ApoLp-III was mixed with an excess
of the hydrophobic dye ANS and excited at 395 nm, and emission
was monitored between 400 and 600 nm.

FIGURE 4: GdnHCl denaturation of mutant apoLp-III. ApoLp-III
was incubated with increasing amounts of GdnHCl and the
ellipticity measured at 222 nm: wild-type (closed circles), T31A
(open circles), T144A (open squares), T31A/T144A (closed squares),
L17K (open triangles), and A140K (closed triangles).

FIGURE 5: DMPC vesicle clearance. Multilamellar DMPC vesicles
were incubated in the presence of apoLp-III at the lipid transition
temperature using a protein to lipid mass ratio of 2:1. In the absence
of apoLp-III, the suspension remains turbid (not shown), while in
the presence of apoLp-III, the vesicles are rapidly transformed into
much smaller discoidal complexes, as indicated by the decrease in
sample absorbance (measured at 325 nm).

Apolipoprotein Helix Bundle Stability Biochemistry, Vol. 44, No. 24, 20058813



C treated LDL samples prevents LDL aggregation through
association of the apolipoproteins with the lipoprotein surface
as demonstrated earlier (27). This protective role of apoli-
poproteins has been used previously to assay apoLp-III
mutants for their ability to bind to the lipoprotein surface
(30, 32-33). This assay is especially valuable since the main
function of apoLp-III in vivo is to associate with diacylg-
lycerol-enriched lipoproteins (20). As shown in Figure 6,
the absorbance of LDL increased rapidly in the presence of
phospholipase C after an initial lag phase of 30 min,
indicative of LDL aggregate formation. In contrast, when
LDL was incubated simultaneously with wild-type, T31A,
T144A, or T31A/T144A apoLp-III, increase in sample
absorbance was prevented. This indicates that the apolipo-
proteins were able to bind to lipolyzed LDL, thereby
affording protection against phospholipase C induced ag-
gregation. Apparently, the threonine to alanine mutations did
not affect the ability to associate with a lipoprotein surface.
However, both L17K and A140K apoLp-III mutants were
not able to prevent LDL from aggregation, as indicated by
elevated absorbance levels after a 100 min incubation period.

DISCUSSION

ApoLp-III lipid binding is a complex process that involves
recognition of hydrophobic defects, superficial binding, and
helix rearrangement to form a stable lipid-protein complex.
Previous studies indicated that a six-residueR-helix located
between helix 3 and helix 4 inM. sextaapoLp-III plays a
crucial role in initial lipid binding, thereby acting as a
hydrophobic sensor (33). In L. migratoria apoLp-III, three
leucine residues present in loops were identified to function
in a similar role (30), while others suggested that a four-
residue minihelix (residing in the loop connecting helix 4
and helix 5) was responsible for this role (9).

In the present study, the role of hydrophilic residues in
the hydrophobic interior of the model exchangeable apoli-
poprotein apoLp-III was investigated. Structural examination
of the protein’s hydrophobic core led to the hypothesis that
hydrophilic residues in the interior play a role in the marginal
stability of apoLp-III as discussed by Wang and co-workers

(8, 9). It is hypothesized that the marginal stability of apoLp-
III promotes the reversible interaction with lipoproteins as
apoLp-III associates with or dissociates from lipoprotein
surfaces in response to lipid changes on the lipoprotein
surface. Such a marginal stability would facilitate helix
bundle opening and allows interaction of buried hydrophobic
residues with the lipid surface when helix-helix interactions
are replaced by helix-lipid interactions. To form a stable
lipid-protein complex, apoLp-III undergoes a large confor-
mational change. Experiments with model phospholipid
membranes have shown that the five-helix bundle protein
switches to a large elongatedR-helix, circumscribing the
discoidal bilayer. Two molecules of apoLp-III are oriented
side by side in an antiparallel orientation (10, 11). Similar
conformations have also been proposed for human apoE and
apoA-I in discoidal particles (12-17, 34). In addition,
conformational flexibility ensures that apoLp-III can associate
with discoidal lipoprotein particles with various sizes, and
alternative conformations on spherical lipoprotein surfaces
are likely.

In the present study, we have shown that Thr-31 is a key
residue that destabilizes apoLp-III. Interestingly, Thr-31
flanks Leu-32 and Leu-34, residues that have been implicated
in initiation of lipid binding (30). Substituting Thr-31 for
alanine caused an increase in protein stability as indicated
by a larger midpoint of GdnHCl and temperature denaturation
and the free energy of unfolding in the absence of GdnHCl
(∆GD

H2O). The effect of the mutations on lipid binding was
measured by interaction with standard phospholipid vesicles
made of DMPC. In support of our hypothesis about the role
of threonine in the helix bundle interior, it was observed that
T31A apoLp-III had a significantly reduced ability to
transform DMPC vesicles into discoidal structures compared
to the wild-type protein. This result is in good agreement
with previous studies indicating that the stability of apoli-
poproteins is inversely correlated with protein stability as
reported for apoE isoforms and their ability to clear liposome
dispersions (35-37). ApoE is comprised of two indepen-
dently folded domains (38, 39), of which the N-terminal
domain bears a striking similarity with apoLp-III (40).
Moreover, the more stable N-terminal domain of apoE has
a lower vesicle clearance capability compared to the less
stable C-terminal domain of apoE (36). Also, induction of a
loosely folded apolipoprotein favors lipid interaction. Such
a molten globule retains its secondary structure but has
limited tertiary contacts as indicated by increased ANS
binding and exposure of tryptophan, suggesting a partially
exposed hydrophobic interior. Evidence for a pH-induced
molten globule has been found for two different apoLp-IIIs
(M. sextaandL. migratoria) and the N-terminal domain of
apoE. The loosely folded helix bundles with increased
exposure of their hydrophobic interior were able to transform
phospholipid vesicles with rates of an order of magnitude
greater compared to the protein at neutral pH (29, 41-42).

While Thr-144 was another residue thought to function
in destabilizing the apoLp-III helix bundle, our study does
not support this. In contrast, substitution of Thr-144 by
alanine resulted in a decrease in protein stability as indicated
by a lower midpoint of GdnHCl and temperature denaturation
and∆GD

H2O. Also, T144A apoLp-III was able to transform
phospholipid vesicles at a faster rate. The double mutant
(T31A/T144A) displayed stability properties between wild-

FIGURE 6: LDL aggregation protection assay. Phospholipase C
treated LDL was incubated in the absence (closed diamonds) or
presence of various apoLp-III samples: wild-type (closed circles),
T31A (open circles), T144A (open squares), T31A/T144A (closed
squares), L17K (open triangles), and A140K (closed triangles). LDL
aggregation, caused by enzymatic removal of the phosphatidyl-
choline headgroup by phospholipase C, is apparent by the increase
in sample turbidity measured in a spectrophotometer at 340 nm (n
) 3, mean( SD).
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type and T144A apoLp-III. Thus, the T144A induced
instability was partly compensated by the T31A mutation.
In apoLp-III there are 22 (L. migratoria) or 27 (M. sexta)
polar or ionizable amino acid side chains in the core or helix
interface (8, 9). It is unlikely that each of these residues
induces a low protein stability, and we found no evidence
that Thr-144 was involved in this role.

As expected, substitution of Leu-17 and Ala-140 by lysine
residues resulted in major changes in protein structure and
stability, i.e., loss ofR-helical structure, increased exposure
of its hydrophobic interior to buffer, and less resistance to
GdnHCl- and temperature-induced denaturation. In contrast
to the enhanced interaction with phospholipid vesicles, the
ability of the lysine mutants to interact with lipoprotein
surfaces was strongly decreased, as they were not able to
afford protection against phospholipase C induced aggrega-
tion of human LDL. It is evident that the positive charge at
the hydrophobic face of the amphipathic helix not only
caused challenges for proper protein folding but also
hampered lipoprotein binding. Evidently, a properly folded
protein is necessary for lipoprotein binding but may not be
critical for phospholipid vesicle interaction as the lysine
mutants displayed 2-fold higher phospholipid vesicle trans-
formation rates compared to wild-type apoLp-III. This result
is similar to studies with truncated forms ofGalleria
mellonella apoLp-III in which complete helices were re-
moved.G. mellonellaapoLp-III is an apolipoprotein very
similar toM. sextaapoLp-III (43) and received considerable
interest for its role in innate immunity (44-46). Removal
of two helices resulted in a decrease in secondary structure
and hampered lipoprotein binding but increased its ability
to transform phospholipid vesicles into discoidal complexes
(22). A better accessibility of the phospholipid bilayer to
the hydrophobic interior of the less stable three-helix
truncated proteins may have promoted helix bundle opening
of the protein. Nevertheless, such major structural changes
were unfavorable for lipoprotein surface interaction, and the
lysine mutants of the present study are in good agreement
with this observation.

Using the detailed structural knowledge of apoLp-III, we
were able to design mutant proteins to test the stabil-
ity hypothesis of the role of hydrophilic residues located in
the protein core. Structural and functional characteriza-
tion of five mutant apoLp-IIIs strongly suggests that Thr-31
promotes helix bundle instability and lipid binding. This
study confirms the concept that the relatively low stability
of apolipoproteins is important for its ability to interact with
lipid surfaces through helix rearrangement. This study also
supports the thought that differences in helix bundle stability
can cause a major effect on apolipoprotein function, as seen
in the apoE2, apoE3, and apoE4 isoforms (35, 47). ApoLp-
III is well suited for such studies because of the availabil-
ity of X-ray and NMR solution structures ofL. migratoria
apoLp-III (7, 9) and the NMR solution structure ofM. sexta
apoLp-III (8). Therefore, structural studies of apoLp-III will
likely improve our understanding of apolipoprotein func-
tion.
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