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ABSTRACT. To probe the secondary structure of the C-terminus (residues 24 of lipid-free human
apolipoprotein A-l (apoA-1) and its role in protein stability, recombinant wild-type and seven site-specific
mutants have been produced in C127 cells, purified, and studied by circular dichroism and fluorescence
spectroscopy. A double substitution (G185P, G186P) increases the protein stability without altering the
secondary structure, suggesting that G185 and G186 are located in a loop/disordered region. A triple
substitution (L222K, F225K, F229K) leads to a small increase inathweelical content and stability,
indicating that L222, F225, and F229 are not involved in stabilizing hydrophobic core contacts. The
C-terminal truncatiom\(209—243) does not change tlhehelical content but reduces the protein stability.
Truncation of a larger segmeit(185—243), does not affect the secondary structure or stability. In contrast,

an intermediate truncation\(198—243), leads to a significant reduction in thehelical content, stability,

and unfolding cooperativityThe internal 11-mer deletioA(187—197) has no significant effect on the
conformation or stability, whereas another internal 11-mer delefMh65—175), dramatically disrupts

and destabilizes the protein conformation, suggesting that the presence of residu&g3 &5crucial for

proper apoA-I folding. Overall, the findings suggest the presence of stable helical structure in the C-terminal
region 165-243 of lipid-free apoA-1 and the involvement of segment 2@43 in stabilizing interactions

in the molecule. The effect of the substitution (G185P, G186P) on the exposure of tryptophans located in
the N-terminal half suggests an apoA-| tertiary conformation with the C-terminus located close to the
N-terminus.

Human apolipoprotein A-I (apoA-f),a 243 amino acid  this protein @—15). Therefore, a detailed understanding of
polypeptide, is the major protein of high-density lipoprotein the conformation and stability of apoA-I, in both the lipid-
(HDL) that maintains the structural integrity of the lipopro- free and lipid-bound states, is necessary for a full under-
tein particle and plays a vital role in lipoprotein metabolism, standing of its functions.
reverse cholesterol transport, and protection against the The conformation of plasma apoA-I is driven by charac-
development of atherosclerosis<3). It is believed thatthe teristic 11/22-residue tandem repeats in the primary sequence
anti-atherogenic role of the protein is mediated through that are predicted to form amphiphathiehelices 9). Lipid
several apoA-| functions. Some of these functions, such ashinding increases tha-helical content of apoA-I by 18
activation of lecithin:cholesterol acyltransferase (LCA4) ( 30%, dependent on the amount and composition of bound
and cholesterol transfer among lipoproteid$, fequire a lipids (10, 13, 16, 1). Thus, in the course of HDL
lipid-bound state of the protein. Others, such as cubilin- metabolism, the conformation of apoA-I changes among the
mediated clearances) or promotion of cholesterol efflux  lipid-free and a variety of lipid-bound states. These confor-
from cells (7, 8), may be performed by either lipid-free or mational changes may involve foldirginfolding processes
lipid-bound apoA-I. The conformation of apoA-l has been of the proteina-helices facilitated by the absence of strong
shown to play a central role in regulating the functions of tertiary interactions in the apoA-I molecule in solutid (
18, 19. This conformational plasticity has hampered the

t This work was supported by Grants HL 48739 and PO1HL 26335 X-ray crystallographic analysis of apoA-I. The low-resolution
from the National Institutes of Health and by Grant BMH4-CT983699. X-ray crystal structure has been determined only for a
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Ficure 1: Secondary structure models of apoA-I. Cylinders represent helical structures. (A) A prediction made by Notle and A&Rjnson (
based on the apoA-I sequence and CD data for apoA-I/DMPC recombinant lipoproteins. “A” and “B” in the model indicate, respectively,
type “A” and type “B” 11-mer repeats; “A” repeats have most frequently Pro and Ala in positions 1 and 8, respectively; “B” repeats have
most frequently Ala and Glu in positions 1 and 8, respectively. The region-228 shown by the dotted line and assigned as helical in

the model 23) has been suggested to be a part of loop/disordered region2&2) according to our analysis of the (L222K, F225K,
F229K) mutation. Sites of mutations analyzed in the work are show#) point mutations, €>) C-terminal deletions, (shaded cylinders)
internal deletions]. (B) A model adapted from Roberts et2d) that was based on limited proteolysis data of lipid-free apoA-I. Based on
subsequent analytical ultracentrifugation data, this helical bundle conformation was proposed to be in dynamic equilibrium with an elongated
monomeric helical “hairpin” conformatiornlg).

lipoproteins, contains secondary structure assignments thatength apoA-I, a (+192) proteolytic fragment3), and a
are in almost exact agreement with the secondary structuretruncated recombinant form {1187) (19) is consistent with
determined from the crystal structure of truncated<243) some helicity in the C-terminus of lipid-free apoA-l. In
apoA-I (20). The only exception is the N-terminal segment addition, studies ofA(187—243) andA(190—-243) apoA-|
(44-59) that is helical in the crystal structure a{1-43) mutants suggest no effect of the C-terminus on the confor-
apoA-l. However, this two-dimensional model does not ation and stability of the lipid-free protein2§, 27.
predict a tertiary conformation. A four-helix bundle model However, the data of Pyle et aR&) on truncated forms of
for lipid-free apoA-I proposed by Roberts et &4 based apoA-I suggest an essential role of the segment {22)

on limited proteolysis data (Figure 18B) predicts a disordered in the secondary conformation of the lipid-free protein. Thus,

C-terminus (residues 1943 that is thought to become the secondary structure of the C-terminus of lipid-free apoA-|
more helical in the lipid-bound state of the protein. This four- : fy structur nus ot p! - ap
and its role in the maintenance of the protein integrity need

helix bundle is proposed to be in dynamic equilibrium with _

an elongated helical hairpin conformatiobd(. Spectro-  (© be elucidated more fully.

scopic, thermodynamic, and functional studies of the mutant  The focus of this study was to understand in detail the
forms of apoA-l 6, 11, 12, 19, 21, 2531) suggest that  secondary structure of the C-terminal portion of lipid-free
different portions of the molecule play specific roles in the apoA-| and to probe its role in the protein conformation and
protein structure, stability, and function. The N-terminus stability. We produced seven apoA-l mutant forms compris-
(residues +43) is suggested to be an important determinant ing multiple point substitutions and deletions in the (65

of the structure and stability of the lipid-free proteibd( 243) portion of the protein, and analyzed the conformation
21, 25. The region (88-98) is critical for proper folding of and) Etability of thz mutf,mts by gD and fluorescence

both the lipid-free and lipid-bound conformatiors?). The . .

C-terminalpportion of thepprotein (residues ]:nggffects spectroscopy. Point mutat|o_n s (G185P, G186P) an_d (L222K,
the rate of lipid binding 28, 29. The C-terminal half 225K, F229K) were designed to probe putative loop/
(residues 139243) is thought to form additional-helical disordered regions. Truncation$209-243), A(198-243),

structure in the lipid-bound state2®). The secondary and A(185-243) were used to probe the role of different
structure of the C-terminal portion of apoA-I in the lipid- C-terminal segments in the protein overall structure and
free state and its role in the overall protein stability remain stability. Deletions A(165-175) and A(187-197) were
unclear. Limited proteolysis data suggest a disordered designed to test our hypothesis that internal deletions of
structure for the C-terminus (residues 1a3) (19, 29, similar size may produce significantly different effects on
whereas the observation of similarhelical content in full- apoA-1 conformation and stability.
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MATERIALS AND METHODS

C127 cells were from the American Type Culture Col-

Gorshkova et al.

appropriate buffer (10 mM sodium phosphate, 0.02% HaN
pH 7.4, for CD experiments or PBS for fluorescence
measurements). Protein solutions were used in experiments

lection. Collagen-coated microspheres were purchased fromithin 2—3 weeks. Protein concentration was determined by

Cellex Biosciences, Inc. Tissue culture reagents, restriction

modified Lowry and BCA protein assays (Pierce, Rockford,

endonucleases, and other DNA modifying enzymes were ) “The protein concentration in samples used in CD
purchased from Life Technologies, Inc. All other reagents experiments was determined before and after the experi-

were of the highest quality available.

Plasmid Constructions; Protein Expression and Purifica-
tion; Sample PreparationConstruction and expression of
the (L222K, F225K, F229K) substitution and thg¢209—
243) andA(185-243) deletion mutants were performed as
described previously2Q). The (G185P, G186P) substitution
and theA(198—-243), A(165-175), andA(187—197) dele-
tion mutants were constructed in a similar manner. Briefly,

ments, and the values agreed within 10%.

Circular Dichroism SpectroscopZD measurements were
performed on an AVIV 62DS spectropolarimeter (AVIV
Associates, Inc.) equipped with a thermoelectric temperature
control and calibrated with-10-camphorsulfonic acid, in 2
and 1 mm path length quartz cuvettes. Protein concentrations
used (25-120 ug/mL) were much lower than the critical
concentration 0.3 mg/mL) at which plasma apoA-I self-

mutants were generated by two pairs of polymerase chaingssociates under the ionic strength and pH conditions used

reaction primers using pUCA¢t vector as template. The
pUCA-I\* contained aNotl site at the 5end in intron 3 and
an Xhd site in the 3 end of the human apoA-I gene. The

in our experiments 34). Consistent with the absence of
protein self-association, normalized CD spectra obtained at
several protein concentrations completely superimposed for

first set of primers included the universal primers containing each analyzed protein. Far-UV (25090 nm) CD spectra

the restriction sitedlotl (forward primer) and<hd (reverse
primer) flanking the apoA-I gene in the pUCA? vector.

were recorded wit a 1 nmbandwidth and 0.51 nm step
size, at a rate of 0.050.1 nm/s. A total of 46 scans were

The second set included SpeCifiC mUtageniC primers Contain'co”ected and averaged, and the buffer baselines were

ing the mutation of interest. Specifically, we used:- (&
AG GAG AAC CCC CCC GCC AGA CTG -3 and (8-
CAG TCT GGC GGG GGG GTT CTC CTT B for
generation of (G185P, G186P) apoA-I;(&CC AAG GCC
ACC TAA CAT CTG AGC ACG -3) and (8- CGT GCT
CAG ATG TTA GGT GGC CTT GGC -3 for A(198—
243) apoA-l; (3 GTG GAC GCG CTG CGC ACG CAT
CTG GCC GCG CGC CTT GAG GCT CTC AAG GAG
AAC -3") and (B- GTT CTC CTT GAG AGC CTC AAG
GCG CGC GGC CAG ATG CGT GCG CAG CGC GTC
CAC-3) for A(165-175) apoA-l; and (5 CTT GAG GCT
CTC AAG GAG AAC GGC GGC GAG CAT CTG AGC
ACG CTC AGC GAG AAG -3) and (8- CTT CTC GCT
GAG CGT GCT CAG ATG CTC GCC GCC GTT CTC
CTT GAG AGC CTC AAG -3) for A(187—197) apoA-I.
The DNA fragment containing the mutation of interest was
digested withNotl and Sal and cloned into corresponding
sites of the pBMT3X-Al vectorZ9). The sequences of the
variant apoA-l were verified by DNA sequencing.

subtracted. The spectra were normalized to the protein
concentration and expressed as mean residue ellipti@iy, [
using a mean residue weight of 115.3 for plasma and wild-
type (WT) apoA-l, 115.1 for (G185P, G186P), 115.2 for
(L222K, F225K, F229K), 115.0 foA(209-243), 117.0 for
A(198-243), 116.4 foiA(185-243), 114.2 foA(165-175),

and 114.7 forA(187—197) apoA-I mutants. The-helix
content was estimated from the mean residue ellipticity at
222 nm, [9222] (35)

Fluorescence Spectrosco@l fluorescence experiments
were carried out at 285C and a protein concentration of 0.06
mg/mL (at which, on the basis of our CD analysis, the
proteins are monomeric). Intrinsic Trp fluorescence spectra
were measured with a Hitachi F-4500 fluorescence spectro-
photometer using 5 nm excitation and 2.5 nm emission slit
widths, and a 295 nm excitation wavelength to avoid Tyr
fluorescence. The emission was scanned from 300 to 380
nm. The wavelength of maximum fluorescence (WMF) of
the Trp residues was determined from uncorrected spectra

Generation of stable mouse mammary tumor C127 cell after subtraction of the buffer baseline. In fluorescence

lines expressing apoA-I, large-scale growth of cells over-

producing the variant apoA-I forms, collection of the cell
media containing the apoA-I forms, and purification of the

guenching experiments, spectra of proteins were recorded
at increasing Kl concentrations (from 0 to 0.5 M), using 5
M KI stock solution containing 1 mM sodium thiosulfate

proteins by ion-exchange chromatography followed by gel (N,S;0s) to prevent 4~ formation. To keep the ionic strength

filtration were performed as described previousBO)(

constant upon the additions of KI, compensatory decreasing

Fractions containing greater than 95% pure apoA-l, as amounts of NaCl were added froa 5 Mstock solution 86).

assessed by SDFPAGE, were combined, dialyzed against

The integrated fluorescence intensities in the absence of the

0.05 M ammonium bicarbonate, lyophilized, and stored at quencher and at defined Kl concentratior, and F,

—20 °C. Plasma apoA-1 was purified from isolated human
plasma HDL as describe®3); the purified protein was

lyophilized and stored as described for the recombinant

proteins.

correspondingly, were fitted to the Sterkiolmer equation:

Fy(Fo— F) = 1/, + 1K JKI]

For spectroscopic experiments, protein stock solutions wheref, is the fraction of Trp residues accessible to the

were prepared by solubilizing the lyophilized proteins-at5
mg/mL in PBS (0.15 M NaCl, 10 mM sodium phosphate,
0.01% EDTA, and 0.02% Naf\ pH 7.4) containing 4 M

guanidine hydrochloride (GdnHCI). The protein was refolded

guencher an&, is the Sterr-Volmer constant that reflects
the relative exposure of the quenchable residues to the
guencher 36).

Thermal and Chemical Unfoldinghermal unfolding was

by subsequent dialysis against GdnHCI solutions of 2.5 and monitored by the protein ellipticity at 222 nm while heating

1.25 M in PBS, followed by extensive dialysis against the

the samples from 0 to 98C with a temperature step size
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0.5—-1°C. To verify the equilibrium character of the thermal -

transitions, the melting curves were recorded for identical . A
samples at different heating rates from 12 to°&ih, with _—

the time for recording a data point ranging from 60 to 99 s.
The melting curves obtained at several protein concentrations
completely superimposed, consistent with the absence of
protein self-association. The midpoint (melting temperature)
(Tm) and van't Hoff enthalpy AH,) of the transitions were
determined by a conventional van't Hoff analys8§)under
assumption of the two-state unfolding model, with baselines
that were obtained by linear extrapolation of the pre- and , , .
posttransitional regions. Briefly, in the transition region, at 200 220 240
each temperature, the apparent equilibrium constant was Wavelength, nm
determined aXe(T) = (O — Oud/(BOops — Ou), Where 3

OoudT) is the observed ellipticity an®g(T) and®y(T) are
baselines for the protein folded and unfolded states, respec-
tively. A plot of In Keq versus 1T was fitted by linear
regression, and the slope axihtercept provided\H, and

Tn values, respectively, according to the equation:

o 8 8

[©,,,1x10-3 deg cm?2 dmol-"!

8
;P
i
%
k1

3+

*
o (Bra
L)

In Keq= ASR— (AH,/R) x 1/T

[© 5,5 ]x10-3 deg cm?2 dmol™’

whereT is temperature in degrees kelvR= 1.98 cal/(mol
x K) is the universal gas constant, an&is the transition 50 250 )
entropy. Wavelength, nm

Chemical unfolding was monitored at 28 by the FIGURE 2: Far-UV CD spectra of plasma apoA-t), WT (x), and
ellipticity at 222 nm and by WMF, following incubation of  (a\'the point subsitution (G155P, G186m)(and (LI’zzzK,( F)'225K,
protein samples (0.06 mg/mL) with various concentrations F229K) (v) and (B) deletiorA(209-243) ), A(198-243) @),
of denaturant to allow proteins to reach equilibrium. Unfold- A(185-243) @), A(187-197) (%), andA(165-175) (©) mutants
ing of WT and plasma apoA-l1 was studied using both ©Of apoA-lat25°C in 10 mM sodium phosphate, 0.02% NalH
GdnHCI (0-2.5 M) and urea (65 M). The unfolding of
the mutant prOteinS was carried out either with GdnHCI or showed that the molecular We|ghts of mutant proteins

with urea. The reverSib“ity of the chemical Unf0|ding was estimated from the ge|s were in good agreement with those
verified by the CD measurements upon dilution of the protein predicted from the nature of the mutations (data are not
samples containing maximal denaturant concentrations withshown). One liter of culture media of C127 cells yielded
denaturant-free buffer. The free energy difference betweeng 5-3 mg of pure recombinant protein.

the native state and unfolded state of the protein in the Ear-uv CD Spectra.Figure 2 shows the far-UV CD
absence of denaturant (Conformational Stabililyﬁo", the Spectra of p|asma apoA_| and recombinant forms of apoA_
m|dp0|nt of denaturatio)1,, and them value, that reflects |. The Spectra| value at 222 nn@£22], and the Corresponding
the steepness of the denaturation curve in the transitiong-helical content are listed in Table 1. Spectra of the (G185P,
region, were determined using a linear extrapolation method G186P) substitution mutant and th¢209—243), A(185—
(38) under the aSSUmption of the two-state UnfOlding model. 243)’ andA(187_197) deletion mutants |arge|y Over|ap with
The linear eXtrapOlation method, in Comparison with the spectra of p|asrna apoA_| and WT/at 200 nm, Suggesting
denaturant binding model used in other studiks (L6, 17, similar a-helical content for these proteins. Spectral devia-
has been shown to provide similaGp° values for both urea-  tions at4 <200 nm are within the noise level in the CD
and GdnHCl-induced denaturatioBY, 40. The apparent  data that increases significantly at the short wavelengths. The
equilibrium constanKeqwas determined at each denaturant triple substitution (L222K, F225K, F229K) leads to a small
concentration in the transition region as described above (forpyt significant increase in the intensity of the characteristic
CD-monitored unfolding), or using WMF instead éf (for CD band at 222 nm (Figure 2A) that corresponds to4&/%
fluorescence-monitored unfolding). A plot of the Gibbs free ncrease in thex-helical content £10 additional helical
energy, AGp = —RTIn Keg whereT = 25°C = 298.15K,  resjdues) (Table 1). In contrast, the C-terminal truncation
versus denaturant concentration, [D], was fitted by linear A(198-243) and the internal deletioh(165—175) lead to
regression and, after extrapolation to zero denaturant con-jarge spectral changes, specifically to reduced ellipticity of
centration, providetAGp®, Dy, (WhenKeq = 1), andm the CD bands at-222 nm and below 200 nm (Figure 2B)
values, according to the equation: that corresponds to a reduction in thehelical content by
_ o 11% (~49 residues) forA(198—-243) and by 20% 54
AGp = AGp” — m[D] residues) forA(165-175) (Table 1).
RESULTS Fluorescence Quenchingfhe fraction of apoA-lI Trp
residues accessible to the quencherf}, and the Stern
The purity of plasma apoA-I and recombinant WT and Volmer constantKs,, that reflects a relative exposure of the
mutant forms of apoA-l was greater than 95%, as assessedjuenchable residues to the quencher, are shown in Table 1.
by SDS-PAGE and Western blotting. SBFAGE analysis Importantly, none of the mutations studied alter the total

=201
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Table 1: Conformational Characteristics of Plasma, WT, and Variant ABoA-I|

no. of residuées guenching by Ki

apoA-I —[©227] at 25°C a-helix® (%) in protein in heli® fa Key (MTY)
plasma 20556- 790 60 243 146 0.68 0.05 7.1+ 0.7
WT 19766+ 167 58 249 144 0.64 0.05 7.8+ 0.8
(G185P, G186P) 19266 500 57 249 142 0.5% 0.03* 8.7+ 1.6
(L222K, F225K, F229K) 21346 371** 62* 249 154 ¢-10) 0.72+ 0.1 7.1+ 1.0
A(209-243) 19141+ 379 57 214 {35) 122 (22)
A(198-243) 15187 597*** 47 203 (—46) 95 (—49) 0.71+ 0.07 11.3+1.8
A(185-243) 20050+ 403 59 190 £59) 112 (32) 0.72+ 0.1 75+ 1.1
A(187-197) 19318+ 139 57 238 £11) 136 (8) 0.60+ 0.02 10.2+ 1.5
A(165-175) 12397+ 659*** 3gxw* 238 (—11) 90 (-54) 0.48+ 0.06* 12.0+ 1.9

aValues are derived from-48 measurements using up to 4 independent preparations of each protein. Significance of differences from the value
for WT: *p < 0.05, **p < 0.01, ***p < 0.005. WMF values for all the proteins analyzed range from 334 to 336 nm (systematicc@rEonm)
and are not shown in this tableEstimated from the valueg],,;] at 25 °C according to 5); systematic error of the estimationds3%, statistical
error is within£1%. ¢ Values in parentheses show changes in the number of residues as compared ta&téfmined by multiplying the number
of residues in the protein by itg-helial content® Parameters of Trp fluorescence quenchiifig:fraction of Trp residues accessible tg Ky,
Stern-Volmer constant.

number of Trp residues in recombinant apoA-I, since all Trp
residues are located in the N-terminal region (positios
8, 50, 72, and 108, with positior3 in the propeptide) that
is not affected by the mutations. Similar values of the
guenching parameters for plasma apoA-l, WT, (L222K,
F225K, F229K),A(209-243), A(185-243), A(198—-243),
and A(187—197) mutants indicate similar exposure of Trp
in these proteins to the quencher. The double substitution
(G185P, G186P) leads to a small but significant reduction
in fa, suggesting masking of one or more Trp and/or a more
negatively charged environment of Trp in the mutant. The ‘ . . ,
internal deletioA(165—175) leads to a-25% reduction in 0 25 50 75 100
f, and to more than a 50% increaseKg, as compared to Temperature, “C
the values for WT, indicating substantial increase in exposure
of the accessible Trp residues. Such changes suggest that
the A(165—175) deletion disrupts the apoA-I conformation.
Thermal UnfoldingThe thermal unfolding curves moni-
tored by the ellipticity at 222 nm,@2,, ](T), and the
corresponding van't Hoff plots, lie(1/T), are shown in

o

\

2
- 1(G185P,
& G186P)

200 220 240
Wavelength, nm

N
=1

<]
[©xpX10°, deg o dmol”!
s
- P

20| st

[@222]x10'3, deg cm 2 dmol”

-1

2
degcm dmol
3

-3

Figures 3 and 4, respectively. The unfolding curves recorded c;’

at several different heating rates completely superimposed, S

indicating the equilibrium character of the thermal transitions. @"" 20l B
Furthermore, the ellipticity at 28C was completely restored =

after heating to 70C followed by immediate reequilibration 0 25 50 75 100
at 25°C, which confirms the reversibility of the thermal Temperature, °C

unfolding. Prolonged heating to higher temperatures followed ggure 3: Thermal unfolding of WT £) and (A) the point
by cooling to 25°C led to~10% reduction in P, at 25 substitution (G185P, G186PA) and (L222K, F225K, F229K)Y)
°C, similar to previous observations for plasma apoA8)( and (B) deletiom\(209-243) (), A(198-243) @), A(185-243)
apolipoprotein C-141), and other proteinst@). Since these (W), A(187-197) (8), and A(165-175) (O) mutants of apoA-l

. . . monitored by the ellipticity at 222 nm. The melting curve of plasma
irreversible changes above 7Q are relatively slow com- apoA-l largely overlapping with that of WT is not presented.

pared to the protein heat unfolding, they do not preclude |nset: Far-UV CD spectra of WT«{ and the (G185P, G186P)
equilibrium thermodynamic analysis of the unfolding transi- mutant @) at 80°C.

tions (18, 41, 42. Table 2 shows the values of the melting

temperatureT, and the effective enthalppH,, determined mutant. Comparison of the far-Uv CD spectra of WT and
by van't Hoff analysis. The melting curves for both point (G185P, G186P) apoA-I recorded at®D (Figure 3A, inset)
substitution mutants, (G185P, G186P) and (L222K, F225K, shows similar ellipticity at 195210 nm but significantly
F229K), are slightly shifted to higher temperatures compared different ellipticity at 215-230 nm, confirming the presence
to those for WT (Figure 3A), in accordance with a°G of more residual helical structure in the heatechfolded
increase in the melting temperatufg, for both mutants (G185P, G186P) mutant.

(Figure 4A, Table 2) that indicates a small but significant ~ The melting curves for thA(185-243) andA(187—197)
stabilizing effect of these mutations. At 7300 °C, the deletion mutants are close to that of WT (Figure 3B), and
ellipticity [ @2, of the (G185P, G186P) mutant is lower than van't Hoff analysis (Figure 4B) indicates similar values of
that of WT and other proteins (Figure 3A), suggesting more the melting temperaturé, and the effective enthalpixH,
residual helical structure in the heat-unfolded state of this for these proteins. In contrast, th€209—243),A(198—243),
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FIGURE 4: van't Hoff plots (InKeq versus 1T) of plasma apoA-|
(+), WT (%), and (A) the point substitution (G185P, G186R)) (
and (L222K, F225K, F229K)Y) and (B) deletionA(209—243)

(), A(198-243) @), A(185-243) @), A(187-197) ®), andA-

(165-175) ©) mutants of apoA-I.

andA(165-175) mutations lead, respectively, to a 3, 5, and
13°C decrease i, (Table 2), indicating the destabilizing
effect of these three deletions, with the most significant effect
being for theA(165—175) internal deletion. In addition, the
shapes of the melting curves for tidg198-243) andA-
(165-175) mutants suggest lower cooperativity of the
thermal transitions (Figure 3B). van't Hoff analysis (Figure
4B) indicates a 13 and 26 kcal/mol reduction in the effective
enthalpyAH, for the A(198—243) andA(165—175) mutants,
respectively, that is a significant reduction compared to the
AH, = 41 + 1 kcal/mol for WT.

Denaturant-Induced Unfoldingchemical unfolding curves

of the proteins monitored by CD and fluorescence spectros-

copy are shown in Figures 5 and 6, respectively. The
conformational stabilitAGp°, midpoint of denaturatio®,,
andmvalues derived from these data are shown in Table 2.
Dy, and m values are presented for GdnHCIl-induced
unfolding.AGp° values are presented for both GdnHCI- and
urea-induced unfoldingAGp° values determined from Gd-
nHCI- and urea-induced unfolding were identical.

The (G185P, G186P) mutation leads to a 0.4 kcal/mol
increase iIMGp° (Table 2) indicating a small but significant
stabilizing effect of the double Pro substitution. At GdnHCI
concentrations=2 M, the values of P27 and WMF for
(G185P, G186P) apoA-I are lower than those for WT
(Figures 5A and 6A), suggesting more residual helical
structure in the chemically unfolded state of this mutant,
similar to the thermally unfolded state of the same mutant.
The (L222K, F225K, F229K) mutation leads to a small but
statistically significant increase in the midpoint of the urea-
induced denaturation (24 0.1 vs 2.2+ 0.1 M for WT, p
< 0.05, not shown in Table 2), suggesting a small stabilizing
effect of the triple point mutation.

The unfolding curves and values &fGp°, m, and D;/,
for the A(185-243) andA(187—197) mutants are close to
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those of WT, suggesting that these two mutations do not
affect the protein chemical stability or unfolding cooperat-
ivity. The C-terminal truncatiom\ (209-243) leads to a 0.5
kcal/mol reduction iAGp° (Table 2) and a 0.5 M reduction

in the midpoint of the urea-induced denaturation. The larger
C-terminal truncationA(198—-243), leads to a 0.5 kcal/mol
reduction inAGp° and to a 0.2 M reduction iy, (Table

2). This indicates that C-terminal truncations through residues
209 or 198 destabilize apoA-I. The internal deleti®{i165—

175) leads to the largest changes in the denaturant-unfolding
curves of apoA-l (Figure 5C and 6B). The shape of the
denaturation curve for this mutant indicates low cooperat-
ivity. The very low a-helix content and the absence of a
plateau at low denaturant concentrations indicate that even
in the absence of denaturant the mutant is destabilized. This
is consistent with the large reductionsAGp° (1.4 + 0.1

vs 2.3+ 0.1 kcal/mol for WT), them value, and the midpoint

of denaturatiorD,/, (0.7 & 0.09 vs 1.1+ 0.06 M for WT).
These data indicate a large destabilizing effect of the internal
deletionA(165—-175) on the apoA-I secondary structure.

In all the experiments, all the parameters characterizing
the conformation and stability of WT do not differ signifi-
cantly from the corresponding parameters for plasma apoA-|
(Tables 1 and 2). This indicates that the six-residue propep-
tide in the recombinant proteins does not contribute signifi-
cantly to their secondary structure and stability.

DISCUSSION

In this study, we probed specific regions of the C-terminus
(residues 165243) of apoA-I, by deletion or substitution
mutations, to determine their role in the overall structure and
stability of the lipid-free protein. The results of the study
provide further understanding of the molecular details of
apoA-| secondary structure in solution and appear consistent
with the presence of stable helical structure in the C-terminus.

The double substitution of Pro for Gly185, Gly186 was
designed to test whether the mutated residues are located in
a helical or disordered/loop region. Pro substitutions in the
middle of protein a-helices are known to disrupt and
destabilize the protein secondary structués,(44. In
contrast, Pro substitutions in loop/disordered regions do not
disrupt the protein structure and may lead to entropic
stabilization by restricting the configurational entropy of the
unfolded state4b). In lipid-free apoA-I, the (G185P, G186P)
double substitution does not change tiadelical content
and leads to an increase in the protein stability. These results
strongly suggest a loop/disordered region location of G185
and G186 consistent with the predicted location of these
residues in the model of Nolte and Atkinso23) (Figure
1A) and inconsistent with the helix location of the residues
in the structure proposed by Roberts et al)((Figure 1B)

The presence of more residual helical structure in the
thermally or chemically unfolded state of the (G185P,
G186P) mutant (Figures 3A, 5A, 6A, and 3A inset) may
result from the restrictive effect of Pro on the unfolded
conformation of lipid-free apoA-l. Fluorescence analysis
shows that the (G185P, G186P) mutation leads to reduction
in the fraction of Trp residues accessible to the negatively
charged quencher. This effect of the double mutation located
in the C-terminal part of apoA-l on the exposure of Trp
residues located exclusively in the N-terminal half of the
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Table 2: Thermodynamic Parameters of Plasma, WT, and Variant ApoA-I

n* [kcal (mol of apoA-1)*

apoA-| TP (°C) AH,? (kcal/mol) AGp° ¢ (kcal/mol) (mol of GdnHCIy Y] Dy (M)
plasma 59 2 40+ 1.6 24+0.1 22+0.1 1.1+ 0.05
WT 58+1 41+1 23+0.1 2.1+ 0.15 1.1+ 0.06
(G185P, G186P) 6% 1* 44+ 3 2.7+ 0.1* 24+0.1 1.2+ 0.05
(L222K, F225K, F229K) 6 1* 44+ 1 25+0.1
A(209-243) 554 1* 45+ 2 1.8+ 0.2*
A(198-243) 53+ 1** 28 + 3%+ 1.8 £0.1* 2.0+£0.1 0.9+ 0.05*
A (185-243) 57+ 1 39+ 0.4 2.24+0.1 2.0+ 0.15 1.1+ 0.1
A(187-197) 56+ 2 43+ 2 2.3+0.2 2.3+0.3 1.0+ 0.07
A(165-175) 454 1x** 15 + 3*** 1.4 4+ 0.1%** 1.8 +£0.1* 0.74 0.09**

aValues are the average standard deviation from-310 experiments for24 independent preparations of each protein. Significance of differences
from the value for WT: P < 0.05, **p < 0.01, ***p < 0.005.P Melting temperatureT,) and effective enthalpyXH,) of thermal unfolding were
determined from van't Hoff analysis of the melting curves monitored by ellipticity at 222 @onformational stabilityAGp°, midpoint of chemical
denaturationD1,, and m values were determined by the linear extrapolation method from CD-monitored and, for most of the pfaigins
fluorescence-monitored unfolding curves and averaged. GdnHCI-induced unfolding was monitored by both CD and fluorescence; urea-induced
unfolding was monitored by CD onl\AGp° values were determined from both GdnHCI- and urea-induced unfolding for WT and plasma apoA-I,
from GdnHCl-induced unfolding for (G186P, G186R),198—243), A(185-243), A(187—197), andA(165—-175) apoA-l, and from urea-induced
unfolding for (L222K, F225K, F229K) anc(209-243) apoA-1.D1;, andm values in the table are shown for GdnHCI-induced unfolding; these
values are not presented for (L222K, F225K, F229K) afd09—243) apoA-I, since urea was used for unfolding of these two mutants.
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Ficure 5: Denaturant-induced unfolding monitored by ellipticity [GdnHCI], M
at 222 nm. (A) The (G185P, G186P) point substitutiar),((B) Ficure 6: GdnHCl-induced unfolding monitored by WMF using
the (L222K, F225K, F229K) point substitutiorr), (C) the deletion 295 nm excitation wavelength. (A) The (G185P, G186P) point
mutantsA(198-243) @), A(185-243) @), A(187-197) ®), and substitution &) and (B) the deletion mutants(198—243) @), A-
A(165-175) (), and (D) the deletion mutam(209—243) ). (185-243) @), A(187-197) ®), and A(165-175) ©). WT (x)
Panels A and C present GdnHCl-induced denaturation; panels Bis shown for comparison in each panel.
and D present urea-induced denaturation; &Y i§ shown for . . . .
comparison in each panel. lipid-free apoA-I. If the mutated residues were buried, as is
typical for large hydrophobic groups in globular proteins,
molecule suggests a tertiary structure of lipid-free apoA-l substitution of these residues to charged groups would be
in which the C-terminal region is close to the N-terminal strongly destabilizing47, 48. However, our CD analysis
region. Recent observations of Tricerri et al. on two cysteine shows a small increase in thehelical content and stability
mutants of apoA-I lead to a similar suggestion [unpublished resulting from the (L222K, F225K, F229K) mutation. This
data, reviewed in4g)]. suggests that L222, F225, and F229 are not involved in
The triple substitution of charged for large hydrophobic hydrophobic stabilizing interactions in lipid-free apoA-I and
groups, (L222K, F225K, F229K), was designed to probe the are probably solvent exposed. This agrees with the predicted
position of the mutated residues in the tertiary structure of positions for L222, F225, and F229 in a loop/disordered
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region (Figure 1A,B), with the exception of L222 that is mutants are consistent with the helical structure of segments
predicted to be located at the end of the long penultimate 231—-242, 209-219, and 187197, in agreement with the
helix in model A. However, Pro in position 220 of the apoA-l secondary structure predicted for region 43 by model
sequence is also consistent with the loop/disordered regionA (Figure 1). In the context of these two mutants, the
comprising the entire 11-mer “A” unit 22230 (including segment 198208 may have helical and/or disordered
L222) in the lipid-free protein. The crystal structure &f structure. However, our analysis A{198—243) truncation
(1—43) apoA-l also shows a loop encompassing this region seems inconsistent with the disordered structure of the
(20). The CD analysis shows that the (L222K, F225K, segment 198208.
F229K) mutation results in a10 residue increase in the As demonstrated by studies of large internal deletions of
number of helical residues, suggesting that the loop/ apoA-I (31) and a C-terminal truncation through residue 187
disordered region (residues 22230) may form a helix in (19, 27, deletions made through loop/disordered regions do
the mutant protein. Thus, our results on two substitution not result in major changes in the secondary structure of
mutants suggest the presence in the apoA-1 C-terminus ofapoA-I. TheA(198—-243) mutation has a significant disrupt-
two loop/disordered regions comprising residues G185, G186ing and destabilizing effect on apoA-I secondary structure,
and residues L222, F225, F229, respectively. suggesting that this truncation is made through a helical
To probe the secondary structure between these tworegion. Moreover, the helical structure of segment-12@3,
putative loop/disordered regions, we studied three C-terminaland thus, the whole segment 18719, in agreement with
truncations,A(209-243), A(198—-243), andA(185-243), model A (Figure 1), reasonably explains the experimental
and the 11-mer internal deletiof(187—197). TheA(209— data on thea-helical content and stability of thA(198—
243) truncation does not affect the proteirhelical content 243) mutant. From our CD analysis, the 46-residue deletion
and destabilizes the protein, suggesting that the segmentA(198-243) results in an~49-residue reduction in the
209-243 is involved in stabilizing interactions in native number of helical residues. In model A, this deletion removes
lipid-free apoA-l. The larger truncatiom\(185-243), and the 12-residue C-terminal helix and the helical structure
the internal deletioth(187—197) do not have any significant  between residues 198 and 219, leaving the single helical “B”
effect on the apoA-l overall conformation, stability, or repeat (residues 187197) that corresponds to the removal
unfolding cooperativity. The intermediate C-terminal trunca- of 34 helical residues. In contrast to reduction in the length
tion, A(198-243), surprisingly, leads to a large reduction of the putative extended helical region 18719 by a single
in the apoA-l a-helical content, stability, and unfolding 11-mer repeat, as in theé\(209-243) or A(187—197)
cooperativity. These results appear to be in agreement withmutations, significant truncation of this region to a single
the presence of stable helical structure in the C-terminus, asl1-mer unit in theA(198-243) mutation may result in
proposed in model A, rather than with a disordered C- destabilization of the remaining unit. Unfolding of this
terminus, as proposed in model B (Figure 1). remaining unit, 18#197, may account for loss of an
According to our CD analysis, the 35-residue deletien additional 11 helical residues that results in a 45-residue total
(209-243) results in a-22-residue reduction in the number reduction in the number of helical residues following the
of helical residues. This number is very close to the number A(198-243) truncation. This is similar to the observed
of deleted helical residues in the structure shown in Figure experimental value of-49 residues. Moreover, unfolding
1A: the mutation deletes the 12-residue C-terminal helix of the unit 187197 may alter intramolecular interactions,
(residues 231242) and the 11-mer “A” unit (residues 269 leading to the observed reduction in protein stability and
219) of the putative long penultimate helix, and thus removes unfolding cooperativity. In model B, the disordered structure
23 helical residues. The deleted segment-2280 has been  of the C-terminus implies, again, that some other segments
suggested to form a loop/disordered region, from our analysisof 49-residue total length unfold in the remaining helical
of the (L222K, F225K, F229K) mutation. The secondary structure following theA(198—243) deletion. Such a large
conformation of the truncated protein {208) remains reduction in the helical content of the remaining protein is
similar to native apoA-I, consistent with the data obtained. unlikely to result in no significant effect of th&(198—243)
In model B, no helical residues are deleted by &{&09— deletion on the tryptophan exposure observed in the fluo-
243) truncation, implying, in the context of our CD analysis, rescence quenching experiments. Thus, overall, our studies
an indirect effect of the mutation, namely, unfolding of a of the A(209-243),A(187—197), andA(198—243) deletions
~22-residue helical segment in the remaining helical struc- are consistent with the extended helical structure of the region
ture (region 8-189). However, in view of the molten 187-219.

globular-like state of lipid-free apoA-1 in which-helices The large, 59-residue C-terminal truncatio{185—243),

are only weakly stabilized by tertiary interactios 18, 19, does not affect apoA-i-helical content, tryptophan expo-
indirect effects of mutations seem less likely than local, direct sure, stability, and unfolding cooperativity. This is in a good
effects. agreement with data from the groups of Brouilette and Jonas

The internal deletiom\(187—197) results in a reduction  that have shown that C-terminal truncations through residues
in the number of helical residues by8 (Table 1) that is 187 (19, 27 and 190 25) have no significant effect on
similar to the number of deleted residues, 11. This suggestsapoA-I conformation and stability. Th®&(185—-243) deletion
a mostly helical structure of the deleted segment-1BY7 results in a loss 032 helical residues (Table 1). Assuming
that is consistent with model A. In model B that predicts the existence of the short C-terminal helix and the extended
mostly disordered structure for segment #8B7, our helical region 187219, in accordance with the analysis of
analysis, again, implies indirect effect of the mutation, such both point mutations and deletiods(209-243), A(187—
as unfolding of a helical segment in the remaining protein. 197), andA(198-243), and the predicted secondary structure
Thus, our studies of the\(209-243) and A(187—-197) (Figure 1A), theA(185—243) deletion removes both the short
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C-terminal helix and the entire extended helical region-187 the apoA-1 sequence and, therefore, reflects the propensity
219 that corresponds to 45 residues of helical structure. Theof the sequence to fold into a particular secondary structure.
~13-residue difference representing an increase in helicalHowever, the model was constrained by using the CD data
structure in the remaining protein may be explained by for lipid-bound apoA-l and should contain more helical
folding of an additional segment triggered by thé¢185— segments(s) compared to a secondary structure prediction
243) truncation. This relatively small folding (onhkr13 that would use CD data for the lipid-free protein for
residues) may be consistent with the observed fluorescenceguantitation. Indeed, model A predicts 168 helical residues
quenching parameters, stability, and unfolding cooperativity (23), compared to~146 helical residues determined from
that are unaffected by th&(185-243) truncation. Our  the CD analysis of lipid-free plasma apoA-l (Table 1).
experimental data do not provide any direct evidence on the Significantly, the~22-residue difference corresponds to the
location of a segment that may fold in the(185—243) number of residues in any of the predicted 22-residue tandem
mutant. One candidate for this folding may be the segmentrepeats that may form helices. This is consistent with a
44—60 that is folded in the crystal structure af{1—43) secondary structure of lipid-free apoA-I that differs from the
apoA-I (20); another candidate for this folding may be one predicted secondary structure of lipid-bound protein (Figure
of the central helices shown in Figure 1A, that may be 1A) by unfolding of one helical segment. Observations of
unfolded in native lipid-free apoA-I, as will be suggested Davidson et al. Z5) suggest that a segment in the portion
below. Additional experiments are required to test these 139-243 of apoA-I forms additionat-helical structure when

hypotheses. According to Rogers et dl9) the A(187— apoA-| binds lipids. One of the central 20-residue helices
243) truncation resulted in a loss of38 helical residues  predicted by model A (Figure 1) may be unfolded in the
that is similar to the~32-helical residue loss in thi(185— lipid-free state. Folding of this repeat (or a part of it) may

243) truncation analyzed in our study. Interpretation of these be triggered by the\(185-243) truncation. Our ongoing
data by Rogers et al19) in the context of model B accounts  studies on probing the structure of central regions of apoA-I
for the loss of the 38 helical residues solely by unfolding of may provide new information on potential segments that are
helices in the remaining protein. Again, such a large unfolded in the lipid-free state.
unfolding of helical structure in the region-886 (Figure Compared to the other mutations, the internal delefien
1B) is unlikely to result in no changes in fluorescence (165-175) reduces the apoAel-helical content, stability,
guenching parameters, stability, and unfolding cooperativity, and unfolding cooperativity, and alters tryptophan exposure
which is the case for both truncationg187—243) (19) and most dramatically. This 11-mer deletion leads to reduction
A(185-243) (Tables 1 and 2). in the number of helical residues by54, indicating
Our results on the internal deletiax(187—197) and the unfolding of at least 43 helical residues in the remaining
large C-terminal deletior\(185—243), that have no signifi-  protein. TheA(165-175) deletion corresponds to removing
cant effect on the overall apoA-I conformation and stability, a complete 11-mer “A” unit that comprises a part of helix 7
are consistent with the molten globule state of the protein in and the loop preceding it in model A (Figure 1). This deletion
solution, in accord with earlier studies of apoA9| (18, 19. results in the juxtaposition of two 11-mer “B” repeats
However, the significant alterations in the protein stability (residues 154164 and 176-186) and ultimately may lead
caused by theé\(198—243) deletion, as well as the effect of to juxtaposition of three 11-mer repeats, “A”, “B”, and "B”,
the (G185P, G186P) mutation on tryptophan exposure, comprising residues 145164 and 176-186. In the mutant,
suggest that some tertiary interactions do contribute to thethis 33-residue segment is connected by the loop comprising
structure and stability of lipid-free apoA-Il. The reduction in residues G185 and G186 to the extended helical region 187
protein stability observed for th®(209-243) mutation could 219 consisting of three other combined 11-mer repeats, “B”,
also result from the loss of stabilizing interactions that may “B”, and “A” (Figure 1A). Thus, theA(165-175) deletion
exist between the short C-terminal helix and the extended probably completely rearranges the central region between
helical region 187219 in lipid-free apoA-I. This suggestion residues 145 and 183 that, in turn, significantly alters
is consistent with the unaffected stability of thé187—197) intramolecular interactions precluding proper apoA-I folding.
andA(185—-243) mutants. ThA(187—197) mutant does not The studies of theé\(165—175) internal deletion indicate
remove the short C-terminal helix, and tiAg185—243) that the presence of segment 3855 is critical for proper
mutant removes both the short C-terminal helix and the entire apoA-I folding and demonstrate the importance of the correct
helical region 187219. Unaffected stability of thA(185— juxtaposition of helical segments in the central region for
243) mutant suggests no stabilizing interactions of the proper protein folding. Interestingly, a naturally occurring
extended helical region 1872219 and the short C-terminal  apoA-I mutation (P165R) that affects the critical (365675)
helix with the rest of the protein (residues-184). This is unit has been shown to cause a large reduction in the ability
consistent with a suggestion of Rogers et &b)( that the of apoA-I to promote cholesterol efflux and to activate LCAT
C-terminus of apoA-| (residues 18243) does not play a and is associated with low HDL-cholesterol level in het-
major role in apoA-| stability. However, the destabilizing erozygous carrierst9). One other 11-mer internal deletion
effects of the A(209-243) and A(198-243) deletions of apoA-1, A(88—98), has been shown recentBpj to reduce
unambiguously show that smaller constituents of the apoA-I dramatically the protein-helical content and stability. Thus,
C-terminus, fragments 19843 and 209-243, are important ~ two 11-mer internal deletion,(88—98) andA(165—-175),
for protein stability. preclude the proper apoA-l folding and destabilize the
Thus, overall, our experimental data on the mutations of protein, whereas the third ona(187—197), does not. This
the C-terminus 185243 appear consistent with the second- reflects the complexity and variety of interresidue and
ary structure predicted for this region by Nolte and Atkinson interfragment interactions that are critical for maintaining
(23) (Figure 1A). The predicted conformation was based on apoA-I integrity.
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Overall, the current study provides new insights into the
structure and stability of apoA-I in the lipid-free state that
are important for understanding the functions of this impor-
tant protein. Consistent with recent fluorescence studies of
mutant forms of apoA-I that suggest an organization of the
N-terminal half of lipid-free apoA-I into a bundle of helices
(50), and with our fluorescence quenching data for the
(G185P, G186P) mutant, apoA-I in solution may form a
bundle of helices, similar to that proposed by model B, but
with helical structure of the C-terminus, as proposed by
model A (Figure 1). Our ongoing studies designed to probe
the structure of the N-terminal and central parts of apoA-I
by mutation are expected to provide additional information
that will help to propose a more detailed model of lipid-free
apoA-I conformation.
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