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ABSTRACT: The tertiary structure of apolipoprotein (apo) A-l and the contributions of structural domains

to the properties of the protein molecule are not well defined. We used a series of engineered human and
mouse apoA-I molecules in a range of physidalochemical measurements to address this issue. Circular
dichroism measurements afhelix thermal unfolding and fluorescence spectroscopy measurements of
8-anilino-1-napthalenesulfonic acid binding indicate that removal of the C-terminal 54 amino acid residues
from human and mouse apoA-I has similar effects; the molecules are only slightly destabilized, and there
is a decrease in hydrophobic surface exposure. These results are consistent with both human and mouse
apoA-| adopting a two-domain tertiary structure, comprising an N-terminal antiparallel helix bundle domain
and a separate less ordered C-terminal domain. Mouse apoA-I is significantly less resistant than human
apoA-I to thermal and chemical denaturation; the midpoint of thermal unfolding of mouse apoA-I at
45°C is 15°C lower and the midpoint of guanidine hydrochloride denaturatim) occurs at 0.5 M as
compared to 1.0 M for human apoA-I. These differences reflect the overall greater stability of the helix
bundle formed by residues—189 in human apoA-l. Measurements of the heats of binding to egg
phosphatidylcholine (PC) small unilamellar vesicles and the kinetics of solubilization of dimyristoyl PC
multilamellar vesicles indicate that the more stable human helix bundle interacts poorly with lipids as
compared to the equivalent mouse N-terminal domain. The C-terminal domain of human apoA-I is much
more hydrophobic than that of mouse apoA-I; in the lipid-free state the human C-terminal domain (residues
190-243) is partiallyo-helical and undergoes cooperative unfoldibg,{ = 0.3 M) whereas the isolated
mouse C-terminal domain (residues ¥&40) is disordered in dilute solution. The human C-terminal
domain binds to lipid surfaces much more avidly than the equivalent mouse domain. Human and mouse
apoA-I have very different tertiary structure domain contributions for achieving functionality. It is clear
that the stability of the N-terminal helix bundle, and the hydrophobicity araklix content of the
C-terminal domain, are critical factors in determining the overall properties of the apoA-I molecule.

There is considerable interest in understanding the struc-disease 1). The protective functions of HDL and apoA-I
ture—function relationships of human apolipoprotein (apo) arise, at least in part, because of their participation in the
A-l because of the important anti-atherogenic properties that reverse transport of cholesterol from peripheral cells to the
the molecule displays. The latter properties are reflected in liver for excretion from the body2). The ability of the
the fact that apoA-I is the principal protein of high-density apoA-I molecule to bind to lipids and cell surface receptors
lipoprotein (HDLY) and elevated levels of plasma HDL are (3, 4) is central to its role in mediating this cholesterol
associated with a reduced incidence of coronary artery transport, and it is important to understand the structural basis

for these effects.
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C-terminal region spanning the remainder of the molecule. human apoA-I hybrid molecules were engineered using the
The links between the structural properties of these domainsStratagene “domain-swap” protocol where the domain to be
and the function of the apoA-I molecule remain to be swapped was first PCR-amplified, gel purified and then used
elucidated. Indeed, it is not known if the two-domain tertiary as the megaprimer in the subsequent QuickChange site-
structure is a general characteristic of apoA-I or is peculiar directed mutagenesis.

to the human apoA-I molecule. Alignment of the amino acid  The human and mouse apoA-I variants encoded by these
sequences of different species of apoA-I indicates that therecDNA inserts were expressed and purified according to
is a great deal of similarity with stretches of 22 residues previously published procedures, (17). Cleavage of the
separated by proline residues being a highly conservedthioredoxin fusion protein with thrombin leaves the target
feature 6). Thus, the repeating amphipathiehelix second-  apoA-I with two extra amino acids, Gly-Ser, at the amino
ary structure motif is a feature of many species of apoA-l terminus. The apoA-I preparations were at least 95% pure

(6), but it is not known if they form a N-terminal helix bundle

as assessed by SDS-PAGE and protein concentrations were

and separate C-terminal domain. For example, the mousedetermined by a Lowry procedure or absorbance at 280 nm.

apoA-l is known to exhibit different properties to human
apoA-I; despite 65% amino acid identit§)( mouse apoA-I
is less resistant to guanidine hydrochloride (GdnHCI)
denaturation 13, 14) and self-associates lesk3( 15) than

Spectroscopy.Far-UV CD spectra were obtained as
described before8( 18) to determine thex-helix contents
of the apoA-I variants. Near-UV CD spectra were obtained
by scanning over the wavelength range 2320 nm using

human apoA-l. It is not known if these variations are @ 5'1 c¢m cuvette. The parameters describing the reversible
consequence of different tertiary structures in human and thermal denaturation were obtained by monitoring the molar
mouse apoA-I. Furthermore, the lipid pmdmg properties of ellipticity at 222 nm over the temperature range-20 °C
human and mouse apoA-1 are different in that they form HDL (g Similarly, the parameters describing the reversible
part|cle_s of different sizes; the_ mouse protein forms a single cpemical denaturatiori) were determined by monitoring
population of larger HDL particles whereas human apoA-l the molar ellipticity at 222 nm after samples were incubated
forms two subpopulations, HBRland HDLs (15, 16). Thus, \jth given concentrations of GdnHCI overnight at@ (18).
understanding the differences in the structdinction 1o determine the influence of lipid binding on thehelix
relationships of human and mouse apoA-I will provide cqontent of apoA-I, the protein was incubated foh with
significant insights into how this protein mediates cholesterol gycess egg phosphatidylcholine (PC) small unilamellar
transport and exerts antiatherogenic effects. vesicles (SUV) before the CD spectrum was recor@. (

Here, we use physicabiochemical measurements on The fluorescence emission spectra from 300 to 400 nm

human and mouse apoA-I variants to establish tha}t, I|ke. the ¢ ihe tryptophan (Trp) residues in apoA-I samples treated
human protein, mouse apoA-l adopts a two-domain tertiary with increasing concentrations of GdnHCI were used to

structure in the lipid-free state. Examination of the separate ., jate the free energy and midpoint of denaturation, as

N- and C-terminal domains in human and mouse apoA-I described before8j. To monitor the exposure of Trp

?esidues, the quenching of the fluorescence emission spectra
by increasing concentrations of Kl was determined. To
monitor the exposure of hydrophobic surface, 8-anilino-1-
napthalenesulfonic acid (ANS) fluorescence spectra were
collected from 400 to 600 nm at an excitation wavelength
of 395 nm in the absence and presence of the apoA-I variants
and analyzed as described previousy. (

Lipid Interactions.Heats of binding of apoA-I to egg PC
SUV were measured by isothermal titration calorimef@) (
The abilities of the apoA-I variants to solubilize dimyristoyl
PC (DMPC) multilamellar vesicles (MLV) were compared
by monitoring the decrease in absorbance at 325 2t (
The 10 min timecourses were fitted to a monoexponential
decay equation. The 10 min decrease in absorbance was
measured as a function of apoA-I concentration to obtain
Km and Vmax values.

in the two proteins, and that the properties of apoA-I are
critically affected by the stability of the N-terminal helix
bundle and the hydrophobicity of the C-terminal domain.

EXPERIMENTAL PROCEDURES

ApoA-I Variants Murine apoA-1 cDNA (kindly provided
by Dr. Anantharamaiah) was modified (by introducing the
mutations Q225K/V226A) to the sequence presented in the
GenBank accession number NCBI NM_009692 that encodes
mouse apoA-I protein as defined in Swiss-Prot entry Q00623.
This cDNA was cloned into the pET32&) vector from
Novagen to express the wild-type (WT) mouse apoA-I|
protein as a His-tagged thioredoxin fusion proten 17).
ApoA-1 cDNA encoding mouse apoA-lI amino acids 186
was generated by PCR from intact murine apoA-I cDNA
and cloned into the pET32&] vector with primers 5
cgggatccgatgaaccgcagtcccaatgeéhd 3-ggaattctcacaagg-
tagggttgctcttg-3 A cDNA insert encoding mouse apoA-I
amino acids 187240 was engineered from the cloned Two-Domain Tertiary Structure in Human and Mouse
murine apoA-lI cDNA pET32af) plasmid using the Quick-  apoA-Il. In agreement with previous resuli8)( the data in
Change site-directed mutagenesis kit (Stratagene, CA) andTable 1 indicate that the recombinant WT human apoA-I is
the following primers: 5 ggtaccacgcggatccaacgagtaccacacc about 44%ua-helical in dilute solution. While ther-helical
-3 and B3-ggtgtggtactcgttggatccgegtggtacc'.-FBimilarly segments in the region spanning residue98 (22), and in
human apoA-I cDNA encoding amino acids 1943 was the C-terminal domain have been defin@8)( the identities
cloned from a pET32af) expression vector containing of all 108 a-helical residues are not known precisely.
human apoA-1 cDNA 8) using the following primers: '5 However, it is established that there are two tertiary structure
ggtaccacgcggatccgecgagtaccacgccaaggarRl 3- ccttg- domains in the human apoA-I molecule; residuesl&9
gcgtggtactcggeggatcegegtggtact Fuman/mouse and mouse/  form an N-terminal antiparallel helix bundle while residues

RESULTS
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Table 1: a-Helix Content and Thermal Denaturation Parameters of
Human and Mouse ApoA-| Variants

number of residues

a-helix? Tm® AH/¢
(%)  in protei® inhelix (°C) (kcal/ mol)

human WT 4444 245 108 60 33
human (+189) 51+ 2 191 97 56 49
human (196-243) 33+ 3 56 18 51 33
mouse WT 365 242 87 45 52
mouse (1186) 37+£3 188 70 41 39
mouse (187240) 14+1 56 8 - -

aMean 4+ SD from at least three independent experimehthe
numbers of amino acids include the Gly-Ser present at the amino
terminus in the engineered apoA-I molecule$he reproducibility in
midpoint temperaturéy is £1.5°C. ¢ Van't Hoff enthalpy: estimated
error is+0.5 kcal/mol.

0.0
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-5.04
-10.0-
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Ficure 1: Thermal unfolding of wild-type (WT) human and mouse
apoA-I and their N-terminal and C-terminal domains monitored
by the ellipticity at 222 nm. A. Human apoA-I. The N-terminal
domain encompasses residueslB9 and the C-terminal domain
spans the remaining residues $¥I%3. B. Mouse apoA-l. The
N-terminal domain encompasses residue486 and the C-terminal
domain spans the remaining residues -18%0.

190-243 form a separate, less ordered dom8&)nA high-
resolution crystal structure has defined this two domain
structure for the~ 80% a-helical apoA-I molecule in a
highly concentrated statd@). The effects of removing the
C-terminal domain on the properties of the human apoA-I
molecule provide evidence for the two-domain structure in
dilute solution. Thus, removal of 54 amino acids (residues
190-243) would be expected to cause a major disruption
of the apoA-I molecule if it were folded into a single domain.
However, the facts that the thermal denaturation is not
affected much (compare the results for human WT apoA-I
and apoA-l (+-189) in Figure 1A and Table 1), and that
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ANS binding, Table 2) is decreased rather than increased
by elimination of the C-terminal domain, are consistent with
the existence of a two-domain tertiary structure. This
conformation is similar to that adopted by apoE and is also
indicated by cross-linking and mass spectrometry studies of
human apoA-I in dilute solution9j.

Does mouse apoA-I (which is three amino acids shorter
than human apoA-I) also adopt a 2-domain tertiary structure
similar to that of human apoA-1? Under the same experi-
mental conditions, ther-helix content of mouse apoA-I is
36% as compared to 44% for human apoA-l (Table 1).
Furthermore, from the thermal denaturation curves in Figure
1 it is apparent that mouse apoA-I is less stable; the midpoint
of 45°C is 15 lower than that of human apoA-I (Table 1).
However, inspection of the thermal denaturation results
(Figure 1) and ANS fluorescence data (Table 2) reveals that
removal of the C-terminal region (residues +&#40) from
WT mouse apoA-l has qualitatively similar consequences
to those described above for removing residues—1213
from human apoA-I. Thus, it can be inferred that residues
1-186 in mouse apoA-I are involved in formation of a helix
bundle while residues 187240 are organized into a separate
domain.

The C-terminal domains in WT human and mouse apoA-I
exhibit strikingly different properties. The isolated human
apoA-1 (190-243) molecule is one-thirdx-helical and
undergoes cooperative thermal denaturation with,aof
51°C (cf. (24)) (Figure 1A and Table 1). In contrast, mouse
apoA-| (187-240) does not exhibit any cooperative unfold-
ing upon heating (Figure 1B), consistent with the molecule
being essentially in a random coil conformation in solution
(Table 1). Consistent with the mouse C-terminal domain
being much more disordered than the human counterpart,
human apoA-I (196243) induces a relative ANS fluores-
cence intensity of 1.1 as compared to a value of 0.3 for mouse
apoA-l (187 240) (Table 2). This factor presumably un-
derlies the elevated ANS fluorescence intensity observed with
WT human apoA-I relative to WT mouse apoA-I (Table 2).

N-Terminal Domain OrganizatiorThe fact that removal
of the C-terminal domain has opposite effects on the
cooperativity of thermal denaturation in human and mouse
apoA-| (see the Van't Hoff enthalpies in Table 1) suggests
that the cooperativity of helix packing in the human
N-terminal domain is decreased by interaction with the
C-terminal domain whereas the opposite effect occurs in
mouse apoA-l. We took advantage of the fact that all the
Trp residues are located in the N-terminal helix bundle
domain (positions 8, 50, 72, and 108 in human apoA-I and
positions 7, 49, 71, 80, and 107 in mouse apoA-I) by using
Trp fluorescence to compare the packing in this region of
the two proteins. The wavelengths of maximum fluorescence
are about 336 and 339 nm for WT human and mouse apoA-
I, respectively, indicative of a more polar environment for
the Trp residues in mouse apoA-I. Kl fluorescence quenching
experiments (data not shown) indicate that the Trp residues
are relatively more exposed to the aqueous phase in mouse
apoA-I than in human apoA-I. This result is consistent with
the observation that the amount of hydrophobic surface
exposure (as monitored by ANS binding, Table 2) is greater
in mouse apoA-l (3186) than in human apoA-| (1189).

The orientational ordering of the Trp residues was also

the degree of hydrophobic surface exposure (as reflected byexamined by obtaining the near-UV CD spectra shown in
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Table 2: Parameters of GdnHCI-Induced Denaturation and ANS Binding of ApoA-| Variants

molar ellipticity fluorescence intensity
AG®p (kcal/mol) m Duz (M) AG°p (kcal/mol) m D2 (M) ANS fluorescence
human WT 3.5:0.2 3.5+0.2 1.0£0.1 3.1+£0.3 2.94+0.2 1.064 0.04 1.0
human 1189 454+ 0.2 454+0.2 1.0+ 0.1 3.44+0.1 3.24+0.1 1.054+ 0.05 0.6
human 196-243 1.0+£0.1 3.7+£0.2 0.3+ 0.04 - - - 1.1
mouse WT 2.4-0.2 4.3+0.4 0.55+ 0.1 2.0+ 0.1 3.24+0.1 0.624-0.04 0.85
mouse 1186 1.7+ 0.2 3.44+0.3 0.5+ 0.1 1.9+ 0.1 3.3+ 0.1 0.584+ 0.04 0.7
mouse 187240 - - - - - - 0.3

aValues are relative to WT. Estimated error is withii®.1.
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FicurRe 2: Near-UV CD spectra of human and mouse apoA-l1 Figure 3: GdnHCl-induced denaturation of human and mouse
variants. The spectra (averaged over 16 accumulations) wereapoA-I monitored by Trp fluorescence. Human WI){ human
obtained at room temperature at a protein concentration of 0.3 mg/(1-189) @), mouse WT ©), mouse (+186) @).

mL: the spectrum for the buffer alone (10 mM sodium phosphate,

PH 7.4) was subtracted. denaturation occurring at 0.6 and 1.0 M GdnHCI, respectively

(Table 2) (cf. refdl3, 14). Removal of the C-terminal domain
from either human or mouse apoA-I does not significantly
alter the stability of the N-terminal helix bundle domain
(Figure 3 and Table 2). This lack of an effect on stability by
removal of the C-terminal domain suggests that the induced
d alterations in helix packing and hydrophobic residue exposure
in the helix bundle domain discussed above are less important
negative trough in the spectrum of WT mouse apoA-l, for helix bundle stability than other interactions such as inter-

indicating that the Trp residues are disordered in this case.elical salt—brldges.,. .

The spectra for mouse apoA-1€186) and the hybrid apoA-| The CD results in Figure 4 for WT human apoA-I show
molecule, mouse (1186) human (196243), are similar that _theq-hellx unfolding md_uced by_GdnHCI occurs with
(data not shown), indicating that, in all cases, the N-terminal @ midpoint of 1.0 M, consistent with the results of the
domain of mouse apoA-l is relatively disordered. This equivalent Trp fluorescence experiments (Table 2). The
conclusion is consistent with the increased hydrophobic @-helices in the isolated human C-terminal domain are
surface exposure observed with this domain (see above)relatively unstable and unfold with a midpoint of 0.3 M
Interestingly, the negative trough at 292 nm is also missing GdnHCI (Figure 4 and Table 2). Removal of thehelices

in the spectrum of the hybrid apoA-I human-(189) mouse in this domain from WT human apoA-I does not affect the

(187—240) (Figure 2); this result shows that the Trp residues Stability of the helices in the N-terminal domain (Figure 4);
are disordered in the human N-terminal domain in this this is consistent with the near-UV CD data in Figure 2

situation. It follows that while removal of the C-terminal Showing that this deletion does not affect the packing of the
domain from WT human apoA-l does not alter the Trp Trp residues in the N-terminal domain. Thehelices in WT
packing, substitution of the mouse C-terminal domain Mouse apoA-I unfold at a lower GdnHCI concentratiba
disorders the human N-terminal helix bundle to some extent. = 0-55 M) but in a similarly cooperative fashion (similar
Stabilities of N-Terminal Helix Bundle Domains in Human Value) as compared to human apoA-I (Table 2). This
and Mouse ApoA-IAs mentioned above, changes in Trp destabilization is not a consequence of the presence of the
fluorescence monitor alterations in packing in the N-terminal disordered and polar C-terminal domain in mouse apoA-|
helix bundle domain of apoA-I. Thus, the effects of increas- because the isolated mouse apoA-+{B6) domain unfolds
ing GAnHCI concentrations on Trp fluorescence (Figure 3) Similarly to WT mouse apoA-1 when exposed to GdnHCI
indicate that the helix bundle domain in both human and (Figure 4 and Table 2).
mouse apoA-I unfolds cooperatively. Mouse apoA-l is less  ApoA-I Binding to Stable Egg PC SUBoth WT human
stable than the human protein with the midpoints of and mouse apoA-I bind to egg PC SUV with large exother-

Figure 2. Consistent with a prior repoif)( the spectrum of
WT human apoA-l at room-temperature exhibits a pro-
nounced negative trough with a minimum at 292 nm,
indicating some orientational ordering of the Trp residues.
The trough is similar in the spectrum of human apoA-+(1
189), indicating that this ordering is maintained in the isolate
human N-terminal domain. In striking contrast, there is no
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Ficure 4: GdnHCl-induced denaturation of human and mouse
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Ficure 5: Isothermal titration calorimetry traces for binding of
human and mouse apoA-I to egg PC SUV. AmuI8 amount of
protein solution (0.8 mg/mL) was injected into SUV (PC concentra-

tion 15 mM) at 25°C.

mic heats of about-100 kcal/mol (Figure 5 and Table 3).
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Table 3: Parameters of Binding of ApoA-| Variants to Egg PC
SuUv

ITC parameters . .
increase in

AH2 half-time of o-helical residues
(—kcal/mol) decay (min) (amino acids)
human WT 92.6+ 5.3 0.55 61
human 1-189 39.2+ 238 0.81 23
human 196-243 18.1+ 1.6 0.18 11
mouse WT 107.4-4.3 0.31 68
mouse 1186 88.5+ 3.0 0.22 a7
mouse 187240 1.5+0.8 0.22 3

aMean+ SD from at least four measuremeritd.he halftimes of
heat decay were obtained by fitting the titration curves (Figure 5) to a
one-phase exponential decay modddetermined from increase in
apoA-| a-helix content on binding to SUV (cf. Figure 6).

30 30
% WT human apo A-l

human apo A-l (1-189) |

Molar ellipticity (mdeg cmzldmole)

F-20

30

304— L ' 1 1 : ) L L L L L R
200 210 220 230 240 250 200 210 220 230 240 250 260

Wavelength (nm)
FiGure 6: Far-UV CD spectra of human and mouse apoA-I in the
absence and presence of egg PC SUV. The protein concentration
was 25 or 5ug/mL. SUV were added at a PC/protein weight ratio
of 40—60/1, and the mixture was incubated for 1 h. Top: Human
apoA-l (WT) and (1-189) in the absence (a) or presence (b) of
SUV. Bottom: Mouse apoA-I (WT) and (1186) in the absence
(a) or presence (b) of SUV.

exothermic enthalpy chang@(Q, 25). The CD spectra in
Figure 6 indicate that there is a similar increasethelix
content (-60 residues, Table 3) when WT mouse apoA-I
binds to the SUV. Strikingly, despite the overall similarity
in the energetics of binding of WT human and mouse apoA-
I, the energetics of binding of the separate human and mouse
N- and C-terminal domains are very different. Thus, the
human N-terminal domain exhibits an enthalpy-&39 kcal/

mol (a reduction of 53 kcal/mol relative to WT apoA-I)
whereas the mouse N-terminal domain gives an enthalpy of
—88 kcal/ mol (a reduction of only 19 kcal/mol relative to
WT mouse apoA-l) (Table 3). As expected, the larger heat
for the mouse N-terminal domain is associated with a larger
increase in the number of helical residues upon lipid binding
(47 as compared to 23 residues for the human N-terminal
domain, Table 3). The situation is reversed for the C-terminal
domains with the heat being larger for the human protein;
the changes i-helix content upon lipid binding (Table 3)
are consistent with these observations.

The kinetics of interaction of human and mouse apoA-l,
and their domains are also different. Inspection of the
isothermal titration calorimetry curves (Figure 5) indicates
that for the mouse proteins containing the N-terminal helix

As reported before, when human apoA-I binds to SUV, there bundle domain, the heat decay is more rapid than for the

is an increase ino-helix content (Figure 6), and this

human counterparts. This conclusion is confirmed by the

conformational change gives rise to a large part of the halftime {.,) values obtained by fitting to a monoexponential
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Ficure 8: Native polyacrylamide gradient {86%) gel stained
with Coomassie Brilliant Blue comparing the sizes of discoidal
complexes with DMPC formed by human and mouse apoA-I tertiary
structure domains. The proteins at a ratio of 2.5/1 w/w DMPC/
apoA-l were incubated with DMPC SUV under temperature
0. . r . r r conditions (cycled three times between 10 and®@Y where WT
0 100 20 300 400 500 600 human apoA-I forms a homogeneous discoidal complex (hydro-
Time (s) dynamic diameter 11.0-+ 0.5 nm). Lane 1, standard proteins of

FIGURE 7: Solubilization of DMPC MLV by human and mouse  known hydrodynamic diameter. Lane 2, WT human apoA-I. Lane
apoA-1 and their N- and C-terminal domains. Representative 3, human N-terminal domain, residues-189. Lane 4, human
timecourses of the decrease in absorbance at 325 nm (recorded everg-terminal domain, residues 19@43. Lane 5, WT mouse apoA-
2s) when DMPC MLV (0.25 mg/mL) were incubated with 0.3 mg/ |. Lane 6, mouse N-terminal domain, residues1B6.
mL protein for 10 min at 24.@& 0.1°C. The measured absorbance

values (solid circles) were fitted to a monoexponential decay mouse apoA-I (Figure 7). This difference is reflected in both
equation (continuous lines). the Ky, and Vimax values listed in Table 4. These parameters
also indicate that the isolated mouse N-terminal domain
solubilizes DMPC MLV with higher affinity (loweKy,), and

at a higher rate (highe¥nay, than the isolated human
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Table 4: Kinetic Parameters for Solubilization of DMPC MLV by
Human and Mouse ApoA-I Domaifs

Vma\><b _ . . . _
apoA-| K (uM) (10 min decrease iAss) N term_mal doma_ln. The |solgt(_—:-d h_ur_nan ar_1d mouse aqu I
- T 1901 .60 001 C-terminal domains also exhibit strikingly different capabili-
uman . . . . H i ;
human (1-189) 6.0L 06 047+ 002 ties of golubll|;|ng DMPQ MLV. The mouse C-termmgl
human (196-243) 26403 0.54+ 0.02 doma!n is practically inactive yvheregs the human C-terminal
mouse WT 2.8-0.4 0.45+ 0.02 domain is extremely effective (Figure 7). Indeed, the
mouse (1186) 23+01 0.68+ 0.01 closeness of the concentration-dependence curves for human

mouse (187 240y - - WT apoA-I and its C-terminal domain (Table 4) indicates
@ Parameters obtained by fitting the clearance rates (Figure 7) that essentially all the lipid-solubilizing capability of WT
measured as a function of protein concentration to the Michaelis human apoA-I resides in the C-terminal domain.

Menten equatior MeanE SE from two to four independent experi- Besides the variations in the rates at which human and
ments each performed in triplicateResults did not fit Michaelis . - !
Menten equation. mouse apoA-l and their isolated tertiary structure domains
can solubilize DMPC MLV, these proteins also create
decay equation. Thij, is ~2 times shorter for WT mouse  different sizes of discoidal complexes with DMPC. Thus,
apoA-I than for WT human apoA-I, and 4 times shorter for under conditions where WT human apoA-I forms homoge-
the isolated N-terminal domains (Table 3). These results neous discoidal particles (hydrodynamic diametefll +
indicate that the rate of lipid binding is affected by the 0.5 nm), WT mouse apoA-|I forms two sizes of particles
stability of the helix bundle domain with the less stable (diameters=10 and 17 nm) (Figure 8). The gel depicted in
mouse domain bhinding more rapidly. The isolated human Figure 8 also demonstrates that the isolated N-terminal
and mouse C-terminal domains both bind rapidly and with domains of both human and mouse apoA-I form two sizes
similar shortt;, values (Table 3). of discoidal particles; the particles containing the mouse
Solubilization of DMPC MLV by ApoA-IAs is well- protein are consistently smaller (by about 1 nm). The
known, besides binding to the stable phospholipid bilayers discoidal particles formed by the isolated human C-terminal
in egg PC SUV, human apoA-I can bind to unstable DMPC domain migrate in the gel as a diffuse broad band (Figure
bilayers in MLV and at 24 rapidly solubilize them to form  8); the diameter of these particles is £11 nm, which is
discoidal HDL particlesZ1, 26, 27). The clearance curves similar to that of WT apoA-I/DMPC complexes (c29)).
in Figure 7 indicate that mouse apoA-I can solubilize DMPC In contrast, the isolated mouse apoA-lI C-terminal domain
MLV similarly to human apoA-l. Measurements of the cannot solubilize the DMPC MLV to create discoidal
clearance kinetics at different concentrations of WT human particles (Figure 7).
and mouse apoA-l show that both proteins exhibit similar  Effects of Exchanging the N- and C-Terminal Domains
Km values, but th&/max for WT human apoA-l is about one-  between Human and Mouse ApoA-6. confirm the influence
third higher (Table 4). As was observed with the interactions of domain properties on apoA-I structure and function, we
of the human and mouse proteins with egg PC SUV, the extended the studies of the N- and C-terminal domains of
human and mouse N- and C-terminal domains exhibit quite the human and mouse proteins by preparing some domain-
different lipid-binding characteristics, as reflected in their swap, hybrid molecules. As shown in Table 5, replacement
abilities to solubilize DMPC MLV. Thus, the isolated human of the C-terminal domain of human apoA-lI with the
N-terminal domain is much less effective than WT human equivalent mouse domain to create the hybrid apoA-I-H(1
apoA-1 in solubilizing DMPC MLV whereas the isolated 189)M(187 240) leads to no change irhelix content. The
mouse N-terminal domain is much more efficient than WT ANS fluorescence results indicate that there is decreased
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Table 5: Stabilities and Lipid-Binding Properties of N- and C-Terminal Domain-Swap Human (H) and Mouse (M) Hybrid ApoA-I Molecules

structure stability lipid interaction: DMPC clearafice
a-helix® ANS fluorescence Tm AG® Vmax
apoA-I (%) intensity (°Cy (kcal/ moly! Km (uM) (10 min decrease iAgs2s)
human WT 44+ 4 1.0 60 3.1+0.3 1.9+ 0.1 0.60+ 0.01
H (1-189) M (187-240) 45+ 2 0.8 54 2.3:0.1 5.3+ 0.5 0.70+ 0.04
mouse WT 36+ 5 0.85 45 2.0t0.1 2.8+ 04 0.45+ 0.02
M (1—-186) H (196-243) 39+ 2 1.6 50 2.4+01 1.7+ 0.3 0.62+ 0.04

aMean 4+ SD measured by CD at 5@g/mL. " Values are measured at »@ protein/mL and are ratios to WT apoA-l. Error is within 0.1.
¢ Midpoint of thermal denaturation measured by GBL(5 °C). 4 Free energy of denaturation by guanidine HCI as measured by Trp fluorescence.
¢ Kinetic parameters for solubilization of DMPC MLV (cf. Table 4). MeanSE.

hydrophobic surface exposure due to replacement of thewith the latter protein adopting a two-domain tertiary
hydrophobic human C-terminal domain with the more polar structure, analogous to that adopted by human apoA-I and
and disordered mouse C-terminal domain (Table 5). The apoE 8). In this model of WT mouse apoA-l tertiary
overall stability of this hybrid molecule is decreased relative structure, residues-1186 are involved in formation of an
to WT human apoA-l, as reflected by the’€6 decrease in  antiparallel helix bundle while residues 8240 are folded
the Ty, (from 6C° to 54 °C) of thermal unfolding of the  in a separate, disordered domain. Overall, the primary
o-helices. In agreement with this, GdnHCI denaturation as structures of human and mouse apoA-I are 65% identical,
monitored by Trp fluorescence indicates that the presencewith the N- and C-terminal domains being 70% and 46%
of the mouse C-terminal domain in the hybrid molecule identical, respectivelyd). Indeed, the most highly differenti-
destabilizes the human helix-bundle domain (Table 5). This ated parts of the human and mouse apoA-I molecules are
result is consistent with the near-UV CD results of Figure 2 the C-terminal 22-residue segments that have only 30%
where the same substitution is shown to induce a loss of sequence identity. The differences in amino acid sequence
Trp orientational ordering. Comparison of the properties of give rise to variations in polarity between human and mouse
apoA-1 H (1-189) M (187 240) with WT mouse apoA-I  apoA-l. The average hydropathic index per amino acid
provides insight into the effects of N-terminal domain residue 28) is —0.84 and—0.95 (a more negative value is
exchange. The structural and stability properties of this hybrid more polar) for WT human and mouse apoA-I, respectively.
generally reflect the greater stability of the human apoA-1 Interestingly, the hydropathies of the human and mouse
helix bundle. The DMPC solubilization results indicate that N-terminal helix bundle domains are similar but the mouse
introduction of the human helix bundle domain reduces the C-terminal domain has a much more negative hydropathic
affinity of the lipid interaction. Notably, substitution of the index (-0.72 vs —0.3 for human apoA-l (196243))
mouse C-terminal domain causes a similar increase in theindicating that it is much more polar. It is valuable to consider
K for DMPC MLV solubilization to that caused by deletion  how these variations in domain characteristics influence the
of the C-terminal domain from WT human apoA-I (Table behavior of the apoA-I molecule.
4). This decrease in the affinity of the interaction with lipid Influence of N- and C-Terminal Domain Characteristics
!s .consistent.with the.r_nodel in wh_ic.h th_e Q-terminal d.omain on ApoA-| StabilityWT human and mouse apoA-l have very
is important in the initial step of lipid bindings(23), with different overall stabilities as reflected in their susceptibilities
the hydrophobicity of this domain being critical. to thermal and GdnHCI denaturation (Figures 1, 3, and 4).
There are also striking alterations in properties of the The N-terminal helix bundle in human apoA-I is more stable
reverse hybrid, apoA-1 M (£186) H (196-243), created  than that in mouse apoA-l. The 1% higher melting
by replacing the C-terminal domain of mouse apoA-I with temperature (Table 1) reflects the overall greater stability
the human counterpart. This hybrid molecule is more stable (under conditions where there are both electrostatic and
than WT mouse apoA-I (Table 5), consistent with interaction hydrophobic contributions to the stabilization) of the helix
between the more hydrophobic human C-terminal domain pyndie formed by residues—1189 in human apoA-l. The
and the mouse N-tel’minal heIiX bundle Stab”lZlng the |a.tter fact that the free energy Of unfo'ding measured by GdnHC'
more than the equivalent domaidomain interaction in WT  denaturation (where electrostatic interactions between amino
mouse apoA-I. The relative ANS fluorescence of 1.6 for this 5cjds are shielded by the ionic denatur@8)Yis also greater
hybrid molecule is high relative to WT human apoA-I (Table  for the human helix bundle domain than for the equivalent
5). This result suggests that the human C-terminal domainmoyse domain (Table 2) is consistent with there being an
interacts differently (compared to the equivalent mouse jmportant hydrophobic contribution to this extra stabilization.

:jeggi‘?:n) tg'thrég,[ee:nﬁ udsr% I\:]—;%rignlgﬁif;\ggxeguggltjeredo'&nsalg),(_ Besides the very different polarities of the human and
9 9 yarop P ) mouse C-terminal domains mentioned above, results sum-

a hybrid apoA-I that exhibits a higher affinity solubilization 2ve different secondary structures and stabilities. Mouse
of DMPC MLV. apoA-| (187240) is dlsor.dered'ln dilute §0Iutlon whereas
human apoA-1 (196-243) is partiallya-helical and under-
DISCUSSION goes cooperative denaturation. Comparison of the numbers
of a-helical residues in the intact apoA-I molecules and their
The similar effects of deletion of the C-terminal domain separate N- and C-terminal domains (Table 1) suggests that
on the properties of human and mouse apoA-I are consistenthe difference in C-terminal domain secondary structure is
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maintained in the intact apoA-I molecules. Furthermore, since with the lipid surface. As mentioned earlier, the rate of helix
the sums of the numbers afhelical residues in the separate bundle opening varies inversely with its stability (cf. Table
N- and C-terminal domains are similar, within the experi- 3 and discussion thereof). The open helix bundle domain of
mental uncertainty, to the numbers of helical residues in the mouse apoA-I alone stabilizes two sizes of discoidal DMPC
intact human and mouse apoA-I molecules (Table 1), it particles that are different from the two populations formed
follows that interactions between the domains cause little or by WT mouse apoA-I (Figure 8); this indicates that, while
no change irx-helix content. Removal of the more organized the isolated mouse C-terminal domain cannot bind lipids,
and hydrophobic C-terminal domain in human apoA-I is the its presence in the intact apoA-I molecule modifies the lipid
reason for the bigger decrease in ANS binding compared tobinding behavior of the N-terminal helix bundle domain.
that seen when the equivalent deletion is made in mouse

apoA-l (Table 2). However, deletion of their respective SUMMARY AND CONCLUSIONS

C-terminal domains induces similar Changes in the overall Human and mouse apoA-| both adopt a two-domain
stability of the human and mouse N-terminal helix bundle tertiary structure that comprises an N-terminal helix bundle
domains; both isolated N-terminal domains exhibTLa/aIue domain and a separate C-terminal domain. Given the
that is 4°C lower than that of the parent apoA-I molecule phylogenetic separation between mouse and human, it is
(Table 1). This observation is consistent with the net reasonable to infer that apoA-I for all higher mammals adopt
energetiC contribution of interactions of the C-terminal with a two-domain tertiary structure. Human and mouse apoA-|
the N-terminal helix bundle domain to the stability of the have very different tertiary structure domain contributions
latter domain being similar in the human and mouse apoA-I for achieving functionality. Human apoA-I functions with a
molecules. Interestingly, relative to the effect of the polar rejatively stable N-terminal helix bundle domain and a
mouse C-terminal domain, interaction of the hydrophObiC par“a”y a-he”ca]’ hydrophobic C-terminal domain. Con-
human C-terminal domain leads to greater stabilization of versely, mouse apoA-I functions with an unstable N-terminal
the WT mouse apoA-I molecule (thg, for apoA-1 M(1~ helix bundle domain and a disordered, polar C-terminal
186)H(196-243) is 50 compared to 43C for WT mouse  domain. Changes in both tertiary structure domains have
apoA-I (Table 5)). The higher free energy of unfolding of occurred in the evolution of mouse and human apoA-I.

the N-terminal domain in the hybrid molecule (as monitored Regarding lipid binding, the isolated mouse helix bundle
by Trp fluorescence and GdnHCI denaturation) confirms that domain can function effectively whereas, in the case of

this stabilization effect includes the helix bundle domain.

Influence of N- and C-Terminal Domain Characteristics
on ApoA-I Lipid BindingRelative to the WT protein, human
apoA-I (1-189) does not bind well to lipids whereas human
apoA-l (190-243) binds effectively (Figures-57). These
results indicate that the stable N-terminal helix bundle in
human apoA-I interacts poorly with lipid surfaces in contrast
to the hydrophobic C-terminal domain that interacts with high
affinity. These results are consistent with a two-step mech-
anism for binding of human apoA-I to a phospholipid surface
(4, 8). In this model, initial binding occurs through hydro-
phobic amphipathico-helices in the C-terminal domain
accompanied by an increase dahelicity probably in the
region including residues 19220 3). In the second step
that is slower, the N-terminal helix bundle undergoes a
conformational opening thereby converting hydrophobic
helix—helix interactions to helixlipid interactions. In agree-
ment with the idea the hydrophobic C-terminal domain
controls the lipid binding of human apoA-I, the average
diameters of the discoidal particles created by solubilizing
DMPC are the same for the isolated C-terminal domain and
WT human apoA-l, whereas the isolated N-terminal domain
creates two populations of particles with different diameters
(Figure 8).

While the two-step model describes the binding of human
apoA-I to lipid surfaces well, it is not expected to apply to
mouse apoA-| because the C-terminal domain (residues 187
240) in the latter protein is disordered and much more polar
and does not bind effectively to lipids (Figures 5, 7).
However, the N-terminal helix bundle (residues1i86) that
is relatively unstable in mouse apoA-I binds well to lipids
(Figure 5-7). Thus, in WT mouse apoA-I the N-terminal
helix bundle domain is critical for lipid binding. In this case,
the unstable helix bundle can open, rapidly exposing the
nonpolar faces of the amphipathichelices for interaction

human apoA-l, the stability of the helix bundle precludes it
from interacting well with lipid surfaces so that the presence
of the hydrophobic C-terminal domain is required to initiate
lipid binding. Exchanging the N- and C-terminal domains
between human and mouse apoA-I gives hybrid molecules
with lipid-binding properties that support this assignment of
domain functions. The variations in domain contribution
probably underlie the differences in HDL binding selectivity
of human and mouse apoA-I. The stability of the N-terminal
helix bundle as well as the hydrophobicity awdhelix
content of the C-terminal domain are critical factors in
determining the overall properties of apoA-l molecules,
regardless of their species of origin.
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