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 Plasma concentrations of high density lipoprotein 
(HDL) are a protective lipoprotein inversely correlated 
with coronary artery disease (CAD) risk. Apolipoprotein 
A-I (apoA-I), as the main protein component of plasma 
HDL, represents the major functional domain of HDL, 
mediating the interaction of HDL with lecithin:cholesterol 
acyltransferase (LCAT) and ATP binding cassette protein 
A1 (ABCA1) (reviewed in Refs.  1 and 2 ). Furthermore, 
apoA-I must possess structural stability to maintain the 
structural integrity of HDL, as well as conformational fl ex-
ibility to accommodate the transformation from lipid-poor 
to lipid-rich HDL and VLDL-bound forms ( 3–6 ). A num-
ber of structural studies of lipid-free apoA-I have been 
published, uniformly demonstrating helix bundle archi-
tecture ( 2, 7, 8 ). A crystal structure of an N-terminal dele-
tion mutant of apoA-I ( � 1-43) assumed a long, drawn-out 
horseshoe shape, suggestive of a lipoprotein-bound struc-
ture. The limitation of this structure is that the protein was 
crystallized in the absence of lipid, leading to speculation 
whether this represents a de facto lipid-bound structure. 
Furthermore, the protein lacked the N-terminus, high-
lighting the higher lipid-binding affi nity of this region. An 
NMR solution structure of an N-terminal fragment of 
apoA-I ( 9 ) showed that apoA-I in lipid-mimetic solution 
contained two helices at the N-terminus (residues 8-32, 
residues 45-64) (  Fig. 1  ). Based on this information, Scott 
et al. designed  � 1-43 and  � 1-65 N-terminal deletion mu-
tants of apoA-I and analyzed them in a number of func-
tional studies ( 10 ). Both mutants had reduced LCAT 
activation function (50% and 70% reduction, respectively) 
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centile for age and sex ( 20 )]. We predicted that this 
mutation was nonfunctional, and the patient exhibited no 
signs of amyloidosis or CAD. In the current report, we 
have specifi cally addressed the effect of the S36A mutation 
on the structure and function of apoA-I. Our data suggests 
that S36 is necessary for normal apoA-I quaternary struc-
ture in the lipid-free state (self-association) and for func-
tion (LCAT activation) in a lipid-bound state. Thus, the 
S36A mutation does have a signifi cant effect on apoA-I 
function and may explain the decreased plasma HDL-C in 
the heterozygous patient. 

 MATERIALS AND METHODS 

 Study subject 
 The subject was a healthy 63-year-old male with a body mass 

index of 30.1 kg/m 2  presenting with a total cholesterol of 3.28 
mM (less than fi fth percentile), triglycerides, 0.85 mM (less than 
tenth percentile), LDL-C, 2.19 mM (less than fi fth percentile), 
and HDL-C, 0.70 mM (less than fi fth percentile) ( 20 ). The study 
was approved by the University of Ottawa Heart Institute Human 
Research Ethics Committee and written informed consent was 
obtained from the subject. 

 Bacterial expression of human apoA-I 
 Using a previously described bacterial expression system for 

apoA-I, S36A mutant and wild-type (WT) apoA-I were cloned and 
expressed in  E. coli  ( 21 ). For the mutant from the low plasma 
HDL-C patient, serine 36 was replaced with alanine. All proteins 
were readily produced by bacteria, and purifi ed proteins were 
soluble and stable in solution, suggesting an overall folded struc-
ture. Mass spectrometry confi rmed that the proteins produced 
were of the expected size (data not shown). 

 Secondary structure analysis and stability 
 The ellipticity of apoA-I was measured in a Jasco 810 polarim-

eter. Far UV scans were performed between 190 and 260 nm us-
ing a 0.2 mg/ml protein concentration in a 0.1 cm circular 
cuvette. Plots are the average of three scans (scan rate 20 nm/
min). The ellipticity was converted to molar ellipticity as de-
scribed in detail previously, and the helical content was estimated 
by the ellipticity at 222 nm ( 22 ). To determine the stability, 
apoA-I was incubated in guanidine-HCl for 16 h, and the elliptic-
ity was measured at 222 nm. 

 Phospholipid vesicle solubilization 
 Dimyristoylphosphatidylcholine (DMPC) was purchased from 

Avanti Polar Lipids, dissolved in chloroform/methanol (2:1; v:v), 
and dried. The lipid fi lm was rehydrated in buffer and vortexed 
for 1 min. Large unilamellar vesicles (LUV) were made by extru-
sion through a 200 nm fi lter in the Avanti mini extruder and 
used the same day to measure the rate of vesicle solubilization. 
In 1 ml of buffer kept at 24°C, 500 µg of LUVs and 100 µg of pro-
tein were mixed, and the change in light scatter was monitored 
for 30 min at 325 nm in a Shimadzu UV2401 PC spectropho-
tometer equipped with a TCC-240A Peltier unit. 

 Fluorescence studies 
 ApoA-I (25 µg) was incubated with 250 µM 8-anilinonaph-

thalene-1-sulfonate (ANS, Sigma-Aldrich) in 10 mM sodium 
phosphate, pH 7.2. ANS was excited at 395 nm, and the fl uores-
cence emission measured between 400 and 550 nm (excitation/

but had no impairment of the ability to promote choles-
terol effl ux. These fi ndings suggest that the fi rst helices 
(residues 8-64) may be important for LCAT activation. 
When these proteins were produced in the mouse by 
adenovirus infection,  � 1-43 behaved at a lower effi ciency 
compared to the wild-type. Therefore, deletion of the fi rst 
helix does not completely disrupt the structural integrity 
or the function of the  � 1-43 mutant but makes the pro-
tein less effi cient. The solution structure determined by 
Lagerstedt et al. ( 11 ) using electron paramagnetic reso-
nance (EPR) spectroscopy showed that the N-terminus (resi-
dues 1-65) is not part of the helix bundle but, rather, 
shorter helices broken by  � -structure or no structure 
( Fig. 1 ). This is supported in part by the observation of 
Beckstead et al. ( 12 ) who showed that deletion of the 
N- and C termini (residues 44-186) created a folded, sta-
ble, soluble protein. 

 Based on the NMR solution structure, the apoA-I 
N-terminus includes a proposed N-terminal G* helix (resi-
dues 8-32), a “linker region” (residues 33-44), and the class A 
helix (residues 45-64). The linker region is different from 
other unstructured regions in that it is longer and there-
fore not likely to form a turn in the helix bundle. We have 
shown that the fi rst G* helix is very important in lipid 
binding ( 10 ) and may act in concert with the C terminus 
to initiate binding to lipid surfaces, as both regions have 
high lipid-binding affi nity ( 8, 12–16 ). Others have shown 
in the so-called “solar fl are” and “double super helix” 
models that the N- and C-terminal helices, including the 
“linker region,” may interact in homodimers to stabilize 
the proteins in a lipid-bound state but not necessarily 
directly interact with lipids ( 17, 18 ). Therefore, this re-
gion may perform a role in allowing initiation of binding 
of the N-terminal helix for interaction with lipid or LCAT, 
in stabilizing a lipid-bound conformation, or in maintain-
ing stability of the helix bundle in the lipid-free state. Inter-
estingly, there have been very few reported mutations 
in this linker region: 34STOP (functional), A37T (variant-
nonfunctional), G39E (variant-nonfunctional) (taken from 
the Human Gene Mutation Database; www.hgmd.cf.ac.uk) 
( 19 ). We have recently identifi ed a novel heterozygous 
mutation (S36A) in a 63-year-old male with HDL defi -
ciency [HDL-C, 0.70 mM (27 mg/dl), less than fi fth per-

  Fig.   1.  Summary of the structures of apoA-I. The helix bound-
aries are based on the NMR solution structure (Okon et al. ( 9 )) and 
EPR analysis (Lagerstedt et al. ( 11 )) of the N-terminal region of 
apoA-I. apoA-I, apolipoprotein A-I; EPR, electron paramagnetic 
resonance.   
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with LCAT enzyme for 10 min at 37°C to determine the initial 
rate constants: apparent  K m   (app K m  ) and  V max, as previously de-
scribed ( 10, 33 ). In the second experiment, the time course of 
cholesteryl ester (CE) formed was followed over 60 min by incu-
bating rHDL particles at increasing concentrations with LCAT, 
as previously described ( 10, 33 ). For both sets of experiments, 
the values are the mean (± SD) of quadruplicate measurements. 
Statistical analysis was performed using Student’s  t -test. 

 RESULTS 

 Secondary structure analysis and stability 
 The structural properties of the S36A apoA-I mutant 

were characterized by circular dichroism (CD). As shown 
in the far UV scans in   Fig. 2  , the mutant was largely 
 � -helical, indicated by the distinct troughs at 208 and 222 
nm. Calculations based on the ellipticity showed that the 
helical content of the mutant protein was 54.1 ± 3.0%, 
which was lower than WT apoA-I (64.1 ± 4.2%), but it re-
tained its overall helical character. The protein was then 
analyzed for stability by measuring the resistance to guani-
dine-HCl-induced denaturation to examine if the single 
amino acid substitution led to perturbations of the protein 
fold. Increasing concentrations of the denaturant caused 
the protein to unfold, measured by the change in elliptic-
ity at 222 nm (  Fig. 3  ). WT apoA-I displayed a midpoint of 
denaturation ([Gdn-HCl] 1/2 ) of 0.82 ± 0.04 M, similar to 
previously reported values ( 34 ). In comparison, the S36A 
mutant displayed a signifi cantly lower [Gdn-HCl] 1/2  value 
centered on 0.56 ± 0.01 M guanidine-HCl. 

 Fluorescence studies 
 The observed decrease in protein stability provided a 

possibility that apoA-I helix packing was compromised as a 
result of the mutation, which could lead to the partial ex-
posure of the hydrophobic interior. Therefore, ANS was 
used to probe for exposed hydrophobic pockets, which 
form potential ANS binding sites. The fl uorescence inten-
sity of ANS increased 3-fold upon incubation with WT 
apoA-I, and the emission spectrum showed a strong blue-

emission slit width 5 nm) in a Perkin Elmer LS 55 fl uorescence 
spectrometer. Tryptophan fl uorescence was measured by exci-
tation of 25 µg apoA-I at 295 nm, monitoring the emission be-
tween 300 and 450 nm. 

 Lipoprotein binding and lipid effl ux 
 The effl ux assay was performed as previously described ( 20, 

21, 23 ). ApoA-I binding to low density lipoproteins (LDL) was 
carried out according to Liu et al. ( 24 ). LDL (50 µg protein) was 
incubated with 2 mU of phospholipase C (Sigma-Aldrich), and 
the absorbance was monitored at 340 nm in a microplate reader 
(Thermo Labsystems) for 60 min. Incubations were carried out 
in a 200 µl volume in a 96-well microplate in the absence or pres-
ence of various quantities of apoA-I (between 5 and 50 µg). 

 Electrophoresis analysis 
 Native polyacrylamide gel electrophoresis (PAGE) was carried 

out with 4-20% Tris-glycine precast gels (Invitrogen) in the ab-
sence of sodium dodecylsulfate (SDS). Gels were loaded with 30 
µg apoA-I in sample treatment buffer, run for 4 h, and stained 
with 0.5% (w/v) naphthol blue black (Sigma-Aldrich). Cross-
linking was carried out with dimethyl suberimidate (DMS) in 0.1 
M triethanolamine, pH 9.7 ( 25 ). ApoA-I (10 µg) was incubated 
for 2 h with DMS (5, 20, or 50 µg) in 25 µl, after which an equal 
volume of SDS loading buffer was added, heated for 5 min at 
95°C, and analyzed by 4-20% precast SDS-PAGE gels. 

 Two-dimensional gel electrophoresis 
 Serum from a pool of normolipidemic males and the S36A 

apoA-I patient were separated according to charge (agarose, hor-
izontal axis) and size (polyacrylamide gradient, 3% to 20% gel, 
vertical axis) as previously described ( 26, 27 ). ApoA-I was de-
tected with  125 I-labeled anti-apoA-I antibody. 

 Analytical ultracentrifugation 
 Sedimentation equilibrium experiments were conducted at 

22°C in a Beckman XL-I analytical ultracentrifuge using absor-
bance optics, as described by Laue and Stafford ( 28 ). Aliquots 
(110 µl) of the sample solution were loaded into six sector CFE 
sample cells, allowing three concentrations to be run simulta-
neously. Runs were performed at a minimum of three different 
speeds, and each speed was maintained until there was no signifi -
cant difference in r 2 /2 versus absorbance scans taken 2 h apart to 
ensure that equilibrium was achieved. Sedimentation equilib-
rium data were evaluated using the NONLIN program, which 
employs a nonlinear least-squares curve-fi tting algorithm de-
scribed by Johnson et al. ( 29 ). The program allows for analysis of 
both single and multiple data fi les and can be fi t to models con-
taining up to four associating species, depending upon which 
parameters are permitted to vary during the fi tting routine. The 
protein’s partial specifi c volume and the solvent density were es-
timated using the Sednterp program ( 28 ). 

 LCAT activity 
 LCAT activity was assayed in human plasma using the method 

of Stokke and Norum ( 30 ) modifi ed by Lacko et al. ( 31 ), as previ-
ously described ( 10 ). For the in vitro assays, LCAT was purifi ed 
according to Albers et al. ( 32 ), and the cholesterol esterifi cation 
studies were performed as described previously ( 10 ). The recon-
stituted lipoprotein particles (rHDL) used in these studies, pre-
pared as before ( 10, 33 ), were labeled with [1a,2a- 3 H] cholesterol 
(PerkinElmer Life Sciences) and with recombinant WT human 
apoA-I, recombinant S36A human apoA-I, or a 1:1 molar mixture 
of WT and S36A apoA-I. Two different types of experiments were 
performed. Different concentrations of particles were incubated 

  Fig.   2.  Far UV CD scan of apoA-I: wild-type apoA-I (closed cir-
cles), and S36A apoA-I (open circles). apoA-I, apolipoprotein A-I, 
CD, circular dichroism; UV, ultraviolet.   
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 Lipoprotein binding and lipid effl ux 
 The ability to bind to a lipoprotein surface was tested 

using a modifi ed LDL surface. Normally, apoA-I does not 
associate with LDL. However, when the lipoprotein parti-
cles are incubated in the presence of phospholipase-C, 
diacylglycerol appears on the lipoprotein surface result-
ing from hydrolysis of the phosphocholine headgroup of 
phosphatidylcholine, which is the main phospholipid on 
the LDL surface ( 24 ). These diacylglycerol-enriched LDL 
particles are unstable and quickly aggregate, a process that 
can be monitored by the increase in sample turbidity at 
340 nm. When phospholipase-C and LDL were incubated 
in the presence of WT apoA-I, the solution remained opti-
cally clear. This indicated that apoA-I associated with the 
lipoprotein surface, thereby preventing aggregation. As 
seen in   Fig. 6  , 50 µg of apoA-I, either WT or S36A, was suf-
fi cient to protect a similar amount of LDL from phospho-

shift, as shown earlier ( 7 ). The ANS emission spectrum in 
the presence of S36A apoA-I was very similar, and only a 
marginal increase in the intensity at the wavelength of 
maximum emission ( �  max ) was observed (  Fig. 4  ). 

 ApoA-I contains four tryptophan residues at positions 
8, 50, 72, and 118. To assess for apoA-I structural changes 
caused by the mutation, the relative exposure to buffer of 
the tryptophan residues was determined by measuring 
the maximum wavelength of emission ( �  max ). However, 
no differences were observed as both WT and S36A 
apoA-I displayed a  �  max  of tryptophan emission  � 341 nm. 
These results suggest that there was no major perturba-
tion in the environment surrounding these tryptophan 
residues. 

 Phospholipid vesicle solubilization 
 The ability of S36A mutant apoA-I to transform 

1, 2-dipalmitoyl-phosphatidylcholine (DPPC) vesicles 
into discoidal complexes (nanodisks) was not affected. In 
addition, the size of the newly formed nanodisks was 
similar to nanodisks prepared with WT protein (based 
on Native-PAGE, data not shown). The kinetics of the 
formation of DPPC nanodisks are diffi cult to analyze; in-
stead, vesicles of DMPC were employed. LUVs of DMPC 
(200 nm diameter, obtained by extrusion) were incu-
bated in the presence of apoA-I at 24°C, the DMPC 
gel-liquid crystalline transition temperature. At this 
temperature, the turbid vesicle suspension was rapidly 
solubilized, resulting in the appearance of the character-
istic small-sized nanodisks. This process was monitored 
spectrophotometrically at 325 nm, where the decrease 
in light scatter indicates the disappearance of LUVs. Ves-
icle solubilization is a rapid process; and a dispersion 
of 250  � g DMPC vesicles was completely converted by 
WT apoA-I into nanodisks in about 600 s, with a fi rst-
order rate constant  k  of 9.8 × 10  � 3  s  � 1  (  Fig. 5   ) . S36A apoA-I 
was able to induce nanodisk formation at a similar rate 
( k  = 8.3 × 10  � 3  s  � 1 ). 

  Fig.   3.  Resistance of apoA-I to guanidine-HCl induced denatur-
ation. The change in ellipticity was measured at 222 nm, and from 
the resulting plots the [Gdn-HCl] 1/2  was determined for WT apoA-I 
(closed circles), and S36A apoA-I (open circles). Error bars repre-
sent the standard deviation (n = 3). apoA-I, apolipoprotein A-I; 
WT, wild-type.   

  Fig.   4.  ANS fl uorescence. ANS fl uorescence alone (solid line) 
is signifi cantly enhanced by adding WT (dashed line) or S36A 
apoA-I (dotted line), accompanied by a blue-shift to 480 nm. ANS, 
8-anilinonaphthalene-1-sulfonate; apoA-I, apolipoprotein A-I.   

  Fig.   5.  DMPC vesicle solubilization. The apoA-I variants were 
able to transform a turbid dispersion of unilamellar vesicles into 
nanodisks, as evident by the rapid decrease in light scatter intensity 
of the sample (measured by the absorbance at 325 nm). Shown are 
wild-type apoA-I (closed circles) and S36A apoA-I (open circles). 
The light scatter intensity remained unchanged in the absence 
of protein (closed triangles). apoA-I, apolipoprotein A-I; DMPC, 
dimyristoylphosphatidylcholine.   
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a decrease in protein-protein interactions resulting in 
fewer oligomers. 

 ApoA-I was then crosslinked with DMS and analyzed by 
SDS-PAGE. This revealed that the majority of the S36A 
protein was in a monomeric state. However, WT apoA-I 
showed multiple cross-linked species of dimer, tetramer, 
and the appearance of a prominent band in the top por-
tion of the gel representing apoA-I octomers ( Fig. 7B ). 
These results support the idea that the N-terminus is in-
volved in the propensity to form oligomers and that the 
single mutation S36A was suffi cient to disrupt this. 

 To confi rm the oligomeric state of S36A apoA-I, sedi-
mentation equilibrium was performed. Sedimentation 
equilibrium data were obtained using a Beckman XL-I 
analytical ultracentrifuge equipped with absorbance op-
tics monitoring the absorbance at 280 nm. The runs were 
carried out at speeds ranging from 1.6 × 10 4  rpm to 2.0 × 
10 4  rpm and with loading protein concentrations from 0.6 
to 0.3 mg/ml. The combined data from nine data sets 
were analyzed using the nonlinear least-squares curve-
fi tting program NONLIN. The data obtained for WT 
and S36A apoA-I had a global molecular mass average of 
36,864 Da and 32,642 Da, respectively (  Fig. 8  ). The model-
ing of both systems showed evidence of monomer-tetramer 
with the monomer being predominant, more so in the case 
of the S36A apoA-I. As well, the calculated association con-
stant (Ka) values were 8.561 × 10 14  M  � 1 for WT apoA-I and 
6.119 × 10 14  M  � 1 for S36A apoA-I ( Fig. 8 ). The global mo-
lecular average results suggested that S36A apoA-I clearly 
had less aggregation than WT apoA-I. The lower level of 
aggregation in S36A apoA-I was also refl ected in the lower 
calculated Ka value. The molecular mass values obtained 
are in general agreement with the molecular mass of the 
S36A protein based on the amino acid sequence  ( 29,316.9 

lipase-C-induced aggregation. In an alternative approach, 
LDL and phospholipase-C were incubated in the presence 
of limited amounts of apoA-I. In this case, sample turbidity 
developed because only partial protection was provided 
and subtle differences between apolipoprotein variants 
may become evident. Nevertheless, similar absorbance 
values were obtained for both WT and S36A apoA-I at 
all protein concentrations tested, indicating a similar 
capacity to bind to the LDL surface ( Fig. 6 , inset). This 
fi nding showed that there was virtually no difference be-
tween mutant and WT apoA-I in the ability to bind to the 
lipolyzed LDL surface and prevent aggregation. 

 The ability of apoA-I to remove phospholipid and free 
cholesterol from the surface of cells (termed “lipid ef-
fl ux”) is dependent on the ATP-binding cassette trans-
porter A1 (ABCA1) and is an essential function of apoA-I. 
Lipid effl ux was measured for WT and S36A mutant apoA-I 
using standard protocols ( 20, 21, 23 ). Lipid effl ux was the 
same for the WT and S36A mutant apoA-I in both a time 
course assay and with increasing concentrations of apoA-I 
(data not shown). 

 ApoA-I oligomerization 
 Under lipid-free conditions, human apoA-I is known to 

self-associate ( 35 ), which is dependent on the lipid-bind-
ing regions of the N- and C terminus ( 8, 10, 14, 15, 36 ). To 
gain insight into the oligomerization state of S36A apoA-I, 
the proteins were analyzed by nondenaturing-PAGE. The 
gel showed that WT apoA-I was present as multiple bands, 
indicative of protein-protein interactions resulting in the 
formation of dimers and tetramers (  Fig. 7A  ). The migra-
tion pattern of an identical concentration of S36A apoA-I 
was distinctively different, showing a more homogeneous 
apoA-I population. This indicates that the mutation led to 

  Fig.   6.  PL-C assay. LDL and phospholipase-C were incubated in the 
presence of wild-type apoA-I (closed circles) and S36A apoA-I (open 
circles). Control incubations of LDL (closed triangles) and LDL + 
phospholipase-C (open triangles) are also shown. Inset: The absor-
bance of incubations of LDL + phospholipase-C with decreasing 
amounts of WT apoA-I (closed circles) or S36A apoA-I (open circles). 
apoA-I, apolipoprotein A-I; PL-C, phospholipase-C; WT, wild-type.   

  Fig.   7.  PAGE analysis. A: Non denaturing-PAGE of lipid-free 
apoA-I (in the absence of SDS). Lane 1: 30  � g of WT apoA-I; lane 
2: 30  � g S36A apoA-I. The arrow indicates the position of mono-
meric apoA-I. B: SDS-PAGE of apoA-I cross-linked with DMS. The 
molecular weight of the marker proteins (M) are shown on the left. 
Lane 1: 10  � g of apoA-I in the absence of cross-linker. Lane 2: 
apoA-I (10  � g) and 5  � g DMS, 20  � g DMS (lane 3), and 50  � g DMS 
(lane 4). WT apoA-I is shown in the left lanes, S36A apoA-I is shown 
in the right lanes. apoA-I, apolipoprotein A-I; DMS, dimethylsuber-
imidate; WT, wild-type.   
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The three rHDL particles were very similar in composition 
(  Table 1  ). First, rHDL containing WT apoA-I (or S36A 
apoA-I or a 1:1 molar mixture of WT and S36A apoA-I) was 
incubated with isolated LCAT for up to 60 min at 37°C. 
LCAT-generated CE was extracted, isolated by thin layer 
chromatography, and quantifi ed by scintillation counting. 
The fi rst-order rates of LCAT-generated CE were deter-
mined and found to be signifi cantly decreased for S36A 
apoA-I compared with WT apoA-I ( Fig. 9B ). Second, in-
creasing amounts of rHDL containing WT apoA-I, S36A 
apoA-I, or a 1:1 molar mixture of WT and S36A apoA-I (as 
above) were incubated with isolated LCAT enzyme for 10 
min at 37°C ( Fig. 9C ). Values obtained were used to gener-
ate a Lineweaver-Burk double-reciprocal plot to determine 
appK m  and V max  ( Fig. 9D ). Calculated V max  values were 
similar for all rHDLs, but appK m  values were signifi cantly 
different ( Table 1 ). The appK m  for the S36A rHDL was six 
times greater than the WT rHDL, demonstrating a lower 
effi ciency of S36A rHDL to activate the LCAT enzyme than 
WT rHDL. Interestingly, the mixed rHDL had a signifi -
cant but only moderate increase in appK m , suggesting that 
the mixed rHDL was less effi cient at activating LCAT but 
that the S36A apoA-I did not act in a dominant fashion 
inhibiting the WT apoA-I. These results suggest that LCAT 
activity was signifi cantly impaired in the S36A patient 
plasma and that the ability of S36A apoA-I to activate LCAT 
in in vitro assays was signifi cantly impaired. 

Da; recombinant proteins contain a prosequence) and 
provide evidence that S36A apoA-I is predominantly 
monomeric. 

 LCAT activation 
 To characterize the HDL in the plasma of the patient 

with the heterozygous mutation for S36A apoA-I, two-
dimensional nondenaturing gradient gel electrophoresis 
(2D-NDGGE) analysis was performed. Plasma lipoproteins 
were electrophoresed by 2D-NDGGE, transferred to nitro-
cellulose, and probed with  125 I-labeled anti-apoA-I-specifi c 
antibody, as previously described ( 26, 27 ). Plasma from 
S36A showed a distinct decrease in pre � - and  � 3-migrating 
HDL, but no decrease in other  � -migrating HDL, compared 
with pooled plasma from three healthy male donors (sup-
plementary Fig. I). The LCAT activity of the plasma col-
lected from the patient with the heterozygous mutation for 
S36A apoA-I was measured. Relative rates of CE generation 
were signifi cantly different between plasma from the S36A 
subject and a control subject (supplementary Fig. II). 

 To fully assess the extent of functionality, two separate 
in vitro LCAT assays were performed. Reconstituted lipo-
protein particles (rHDL) containing WT apoA-I (or S36A 
apoA-I or a 1:1 molar mixture of WT and S36A apoA-I) 
containing  3 H-cholesterol (1-palmitoyl, 2-oleoyl-phos-
phatidyl choline (POPC):free cholesterol:apoA-I; 160:20:2 
molar ratio) were generated and characterized (  Fig. 9A  ).

  Fig.   8.  Sedimentation-equilibrium analysis of wild-
type and mutant apoA-I. Wild-type apoA-I and S36A 
apoA-I were dissolved in 50 mM Tris (pH 7.0), 100 
mM sodium chloride, and then centrifuged at 16,000, 
18,000, and 20,000 rpm at 20°C (only the data col-
lected at 16,000 rpm are shown). The protein con-
centration was 0.60 mg/ml (circles), 0.40 mg/ml 
(squares), or 0.30 mg/ml (triangles) for wild-type 
apoA-I (A) and for S36A ApoA-I (B). The lower 
graphs illustrate plots of r 2 /2 versus absorbance. The 
symbols represent measured data points, and solid 
lines represent best-fi t curves to a monomer-tetramer 
model (A, B). The upper graphs illustrate the residu-
als from the fi tting. The random, nonsystematic dis-
tribution of the residuals indicates a good fi t of the 
data to the models. apoA-I, apolipoprotein A-I; WT, 
wild-type.   
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 The S36A mutation of apoA-I resulted in a small de-
crease in the apoA-I helical content ( Fig. 2 ). In contrast, a 
more pronounced effect was seen when the protein was 
analyzed for its stability, measured by its resistance to de-
naturation induced by guanidine-HCl. The [Gdn-HCl] 1/2  
was decreased from 0.82 M for WT apoA-I to 0.56 M for 
the S36A mutant ( Fig. 3 ). While the single point mutation 
at position 36 decreased the protein stability signifi cantly, 
ANS and Trp fl uorescence characteristics were essentially 
similar for WT and S36A apoA-I ( Fig. 4 ). Thus, the single 
amino acid change did not have a major effect on the over-
all helix packing, which should have resulted in a more 
pronounced change in the fl uorescence properties. In-
stead the mutation may have induced a more localized 
change in protein structure in the proximity of helix-1. 
Another group showed that removal of the N-terminal and 
C-terminal part, creating an apoA-I-(44-186) variant, re-
sulted in a decrease in [Gdn-HCl] 1/2  to values observed in 
our study ( 12 ). This report lends support to the idea that 
the N-terminal helix remains a “loosely attached” part of 
the helix bundle. It is plausible that the central helices 
of the apoA-I protein core are responsible for the basic 

 DISCUSSION 

 We have identifi ed a novel mutation in apoA-I (S36A) 
in a subject with isolated hypoalphalipoproteinemia ( 20 ). 
To complement our previous studies on the role and 
function of the N-terminus ( 10 ), we carried out structure 
function studies to determine whether this mutation was 
the cause of the subject’s low plasma HDL-C. Mutations 
in apoA-I have been implicated in amyloidosis disorders 
and HDL defi ciencies ( 11, 37–41 ). Systemic amyloidosis 
results in tissue concentrations of amyloid and many 
other proteins (including apoA-I), and it was found that 
certain mutations on apoA-I were the cause. Many muta-
tions in apoA-I have been reported to cause hypoalphali-
poproteinemia (Human Mutation Gene Database; www.
hgmd.cf.ac.uk). It has been suggested that mutations in 
apoA-I in the central domains may affect LCAT and that 
mutations at the N-terminus cause amyloidosis ( 19, 42 ). 
In this exceptional case, the S36A mutation found in the 
N-terminus affected LCAT activation, but there was no 
evidence from clinical investigation of amyloidosis in the 
study subject. 

  Fig.   9.  LCAT activation ability is signifi cantly reduced for S36A apoA-I. A: According to McManus et al. 
( 33 ), we prepared and isolated rHDL lipoprotein particles for the LCAT assay. Native polyacrylamide gradi-
ent gel electrophoresis was performed on the rHDL made from wild-type apoA-I (lane 1), S36A apoA-I (lane 
2) and a 1:1 molar ratio of wild-type and S36A apoA-I (lane 3). The High Molecular Weight Calibration Kit 
(GE Healthcare) was used as standards (indicated on the left). B: WT (closed squares) or S36A (inverted 
triangles) apoA-I or a 1:1 molar mixture of WT and S36A apoA-I (upright triangles) made into reconstituted 
lipoprotein particles (rHDL) containing  3 H-cholesterol was incubated with purifi ed LCAT for up to 60 min 
at 37°C to ensure fi rst order kinetics. LCAT-generated CE was determined over time and found to be signifi -
cantly decreased for the S36A rHDL and mixed rHDL compared with WT apoA-I. Values are the mean 
(± SD) of duplicate experiments with quadruplicate measurements at each data point. C: Increasing concentra-
tions of WT rHDL (closed squares), S36A rHDL (inverted triangles) and mixed rHDL (upright triangles) 
were incubated with purifi ed LCAT for 10 min to get initial rate constants. D: The double-reciprocal plot of 
the reciprocal initial velocities versus the reciprocal of the rHDL concentrations was used to calculate the 
appK m  and V max  for the LCAT activation activity of each of WT rHDL (closed squares), S36A (inverted tri-
angles), and mixed rHDL (upright triangles). apoA-I, apolipoprotein A-I; LCAT, lecithin:cholesterol acyl-
transferase; WT, wild-type.   
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protein stability. The N-terminal helix may be more fl exible, 
providing additional stability to the protein that results in 
a tighter packing of apoA-I or perhaps in a homodimer 
formation. We have shown earlier that chicken apoA-I was 
structurally and functionally analogous to human apoA-I 
( 43 ) but was monomeric ( 7, 44 ). In addition, the [Gdn-
HCl] 1/2  for chicken apoA-I was substantially lower (0.6 M) 
( 44 ). It is plausible that the added stability of WT human 
apoA-I is due to self-association. Therefore, in the experi-
ments described here, the stability of S36A apoA-I may have 
been decreased by a mutation that limited self-association. 
Nondenaturing PAGE analysis showed that lipid-free S36A 
apoA-I displayed a signifi cantly altered elec trophoretic mo-
bility compared with WT apoA-I ( Fig. 7 ). While WT apoA-I 
was present as a smear of higher molecular weight prod-
ucts, S36A apoA-I was visible as a more distinct, low mo-
lecular weight band. Cross-linking studies showed that the 
S36A mutant was predominantly present as a monomer, 
with some dimers at higher concentrations of crosslinker. 
On the other hand, WT apoA-I formed dimers, trimers, 
tetramers, and octamers, similar to what has been previ-
ously reported ( 34, 35 ). We note that our use of a higher 
ratio of crosslinker to protein may account for the lack of 
more dimers and trimers. In addition, sedimentation equi-
librium data showed that S36A apoA-I is predominantly 
monomeric, more so than WT apoA-I ( Fig. 8 ). However, 
S36A apoA-I is not entirely monomeric, as the C terminus 
is also responsible for self-association, and this region of 
the protein remains intact to mediate protein-protein and 
protein-lipid interactions. 

 Lipid-free human apoA-I self-associates, and this charac-
teristic has impeded many studies. Proteins that self-associ-
ate are poor substrates for crystallization and cannot be 
used in NMR studies. Much effort has been directed to-
ward generating a mammalian monomeric apoA-I to aid 
in structural studies. A study using site-directed mutagen-
esis at multiple sites created a monomeric mouse apoA-I 
for structural studies ( 45, 46 ). We have identifi ed a mutant 
of apoA-I that is largely monomeric and that may serve as 
a model protein for further structural studies; we have also 
described its limitations. 

 Functional studies of S36A apoA-I have identifi ed an im-
pairment in the LCAT activation activity. This result alone 
may explain the correlation between the S36A mutation 

 TABLE 1. Physical properties and LCAT kinetic data for reconstituted lipoprotein particles 

Reconstituted Lipoprotein  a  ApoA-I per Particle  a  POPC:FC:ApoA-I Ratio (n = 6)  a  appK m   b  V max   
b  

  � M  nmol CE/h/LCAT unit 

WT rHDL 2 87:10:1 1.17 ± 0.23 1.87 ± 0.08
±3 ± 0.4

Mixed rHDL 2 87:10:1 1.79 ± 0.12  c  1.75 ± 0.09
±6 ± 1.0

S36A rHDL 2 84:10:1 6.88 ± 0.23  c  2.19 ± 0.41
±4 ± 0.5

The reconstituted lipoprotein particles are WT apoA-I, S36A apoA-I, and 1:1 molar mixture of the two proteins. 
apoA-I, apolipoprotein A-I; LCAT, CE, cholesteryl ester; lecithin:cholesterol acyltransferase; WT, wild-type.

  a   All reconstituted lipoprotein particles were prepared and characterized according to McManus et al. ( 33 ).
  b   appK m  and V max  values were determined from Lineweaver-Burk plots.
  c   Differences that are statistically signifi cant ( P  < 0.05) were calculated by Student’s  t -test.

and low HDL-C found in the patient. Indeed, our data 
show that LCAT activity in the plasma from the S36A 
heterozygous apoA-I patient is signifi cantly less than in 
plasma from normolipidemic subjects (supplementary Fig. 
II). Time course and concentration curve studies of LCAT 
activity also show that S36A rHDL is signifi cantly impaired 
compared with WT apoA-I ( Fig. 9B, C ). The appK m  for the 
S36A rHDL was six times greater than the WT protein, 
demonstrating a weaker interaction between S36A rHDL 
with the LCAT enzyme than WT rHDL ( Fig. 9D ). Interest-
ingly, the mixed rHDL had a signifi cant, but only moder-
ate, increase in appK m , suggesting that the mixed rHDL 
were less effi cient at activating LCAT (as would be the case 
in plasma) but that the S36A apoA-I did not act in a strongly 
dominant fashion inhibiting the WT apoA-I. If this is the 
case, we cannot be certain that mixed populations of HDL 
in the plasma of the S36A heterozygous patient could lead 
to hypoalphalipoproteinemia. Therefore, we could not 
rule out another factor (e.g., S36A apoA-I protein stability) 
affecting HDL-C levels in plasma. The 2D-gel of the S36A 
patient plasma may support this contention (supplemen-
tary Fig. I). The patient plasma showed a profound 
decrease in poorly and lightly lipidated apoA-I species 
(pre � - and  � 3-migrating HDL) with normal or higher than 
normal  � 1- and  � 2-migrating species. A possible explana-
tion for this unexpected result is that the WT apoA-I pres-
ent in the plasma of this patient is effi ciently transformed 
into buoyant spherical HDL particles, whereas S36A apoA-I 
is poorly transformed into a buoyant, spherical HDL parti-
cle and removed from plasma. Lack of stability of poorly 
lipidated S36A apoA-I or lack of maturation of S36A con-
taining-HDL particles to large spherical HDL particles (by 
impairment of LCAT activity) would lead to enhanced re-
moval from plasma, suggesting that S36A apoA-I stability 
may indeed be a factor. It is our future plan to introduce 
S36A apoA-I into an apoA-I-defi cient mouse model (by 
adenovirus) to test the stability of S36A apoA-I directly. 

 Taking the LCAT data and the fact that a minor mutation 
in the fi rst N-terminal helix was suffi cient to render apoA-I 
predominantly monomeric, we propose the following 
model. We can speculate that S36A changes the structure of 
this region by breaking the amphipathicity of an  � -helix or 
introducing hydrophobicity, even though we have confl ict-
ing data on the structure of this region ( Fig. 1 ). Tanaka et al. 
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showed that introduction of the mutation Y18P into 
apoA-I resulted in an uncovering of an N-terminal lipid-
binding region ( 47 ). We speculate that this region normally 
contributes to self-association in the absence of lipid and to 
lipid binding in the presence of lipid and that the S36A mu-
tation reduces this capacity to self-associate and bind lipid 
by its preferential intramolecular binding (demonstrated 
by its predominant monomeric character). We hypothesize 
that the N-terminal lipid-binding region is involved in bind-
ing to and assembly of the lipoprotein substrate and may 
also act as an anchor along with the C terminus to allow 
freer movement of the central domain for the purposes of 
activating LCAT ( 1 ). The binding of the N-terminal helix to 
the lipoprotein substrate is necessary for LCAT activation, 
as we previously showed ( 10 ). However, deletion of the en-
tire helix may have promoted perturbations in the structure 
of apoA-I that may indirectly impair LCAT activation ability. 
Our present data confi rm these previous observations. How-
ever, lipoprotein binding and rHDL particle formation are 
unimpaired in S36A apoA-I. This could be due to the lack of 
sensitivity in our lipid-binding assays or to the fact that the C 
terminus and its lipid-binding properties remain intact. As 
an alternative, it has been shown that the N-terminus and 
the C terminus of homodimerized apoA-I on rHDL interact 
(residues 40 and 239 by intermolecular crosslinking) ( 1, 
17 ) and that this interaction is constructive to cooperatively 
anchor apoA-I to the surface of the substrate lipoprotein to 
allow the central domain of apoA-I to release from the sur-
face of the lipoprotein and interact with LCAT. If the inter-
action between the termini was impaired, then LCAT activity 
could also be impaired, especially in the context of a func-
tional homodimer on HDL. Considering the proximity of 
S36 to the proposed crosslinked residue 40, it is plausible 
that intermolecular interactions between homodimers may 
be altered. A S36A/S36A or S36A/WT apoA-I dimer on 
HDL may simply be not as effi cient at activating LCAT, a 
contention supported by our data ( Fig. 9C ). Future studies 
with mouse models may address these issues. These results 
stress the importance of the N-terminal helix in apoA-I for 
the structure and function of this critical plasma apolipo-
protein. Specifi cally, these results implicate a region around 
S36 in apoA-I self-association, independent of the intact C 
terminus. Furthermore, these results strongly suggest that 
the N-terminal region of human apoA-I is necessary for 
LCAT activation and mutation could potentially lead to a 
plasma HDL defi ciency.  
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