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Abstract
The Iowa point mutation in apolipoprotein A-I (G26R; apoA-IIowa) leads to a systemic
amyloidosis condition and the Milano mutation (R173C; apoA-IMil) is associated with
hypoalphalipoproteinemia, a reduced plasma level of high density lipoprotein. To probe the
structural effects that lead to these outcomes, we used amide hydrogen-deuterium exchange
coupled with a fragment separation/mass spectrometry analysis (HX MS). The Iowa mutation
inserts an arginine residue into the non-polar face of an α-helix that spans residues 7–44 and
causes changes in structure and structural dynamics. This helix unfolds and other helices in the N-
terminal helix bundle domain are destabilized. The segment encompassing residues 116–158,
largely unstructured in wild type apoA-I, becomes helical. The helix spanning residues 81 to 115
is destabilized by 2 kcal/mol, increasing the small fraction of time it is transiently unfolded to 1%
or more, which allows proteolysis at residue 83 in vivo over time, releasing an amyloid-forming
peptide. The Milano mutation situated on the polar face of the helix spanning residues 147–178
destabilizes the helix bundle domain only moderately, but enough to allow cysteine-mediated
dimerization which leads to the altered functionality of this variant. These results show how the
HX MS approach can provide a powerful means for monitoring, in a non-perturbing way and at
close to amino acid resolution, the structural, dynamic, and energetic consequences of biologically
interesting point mutations.

Apolipoprotein A-I (apoA-I, 243-residues) is the principal protein component of high
density lipoprotein particles (HDL). ApoA-I guides HDL formation, maintains HDL
structure (1), and mediates its anti-atherogenic properties (2–4). In performing these
functions, apoA-I interacts with the ATP binding cassette transporter A1 (ABCA1) to
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promote efflux of phospholipid and cholesterol from macrophages in the periphery, binds
lecithin-cholesterol acyltransferase (LCAT) in plasma to convert cholesterol to cholesterol
ester, and interacts with scavenger receptor class B type1 (SR-BI) on the surface of
hepatocytes to mediate selective cholesterol uptake (5–7). Naturally occurring mutational
variants in the N-terminal helix bundle domain (residues 1–180) of human apoA-I (8–10)
affect functionality in ways that depend upon their position (11). Mutations between
residues 1–90 are associated with amyloid formation whereas mutations within the central
residues 140–170 are mostly associated with defective activation of LCAT. Few natural
mutations have been found within the disordered C-terminal domain (residues 180–243)
(11), probably because they have no physiological effect.

To investigate structure-function relationships, we earlier studied apoA-1 Milano (R173C;
apoA-IMil) and apoA-I Nichinan (ΔE235) as examples of N-terminal domain and C-terminal
domain mutations, respectively (12–15). The Milano mutation, the first reported natural
variant of human apoA-I (16), leads to hypoalphalipoproteinemia (17) due to impaired
LCAT activation (18). The Nichinan mutation is placed in the disordered region of the lipid-
free apoA-I molecule but it inhibits lipid-dependent α-helix formation (12, 19–20).

ApoA-I mutants have so far been characterized mostly in terms of global changes in protein
structure. One wants to understand the more local effects at high structural resolution and
how they lead to the observed effects on function. Detailed structural and dynamic
information cannot be readily obtained by crystallographic and NMR methods. We
investigated the ability of hydrogen-deuterium exchange - mass spectrometry analysis (HX
MS) to answer these questions using methods developed in our prior studies of wild-type
apoA-I (10, 21).

Protein amide hydrogens, one in every amino acid (except proline) in every protein
molecule exchange naturally with water hydrogens. HX rate and behavior are sensitive to
protein structure, structure change, dynamics, energetics, and functional behavior and
interactions, and this information is available at amino acid resolution to non-perturbing HX
measurements. The HX capability has been widely exploited in HX NMR studies but
routine NMR analysis is limited to relatively small, highly soluble proteins that are available
in quantity. Investigations of larger and biologically more interesting protein systems can be
achieved by a developing proteolytic fragmentation method followed by mass spectrometry
analysis (22–26). In this method, protein samples taken from an H-D exchange experiment
are proteolytically fragmented, the fragments are separated, and then subjected to MS
analysis to determine the quantity and position of carried D-label at a fragment-resolved
level. The comparison of high quality data for many overlapping fragments (27) can extend
resolution to near the amino acid level (10, 21).

In previous work we used HX MS methods to define the positions, stabilities, and dynamic
behavior of hydrogen-bonded structures in wild type lipid-free human apoA-IWT (10) and to
characterize changes when the protein is wrapped around the periphery of larger and smaller
discoidal HDL particles (21). The very slowly exchanging sites could be associated with α-
helices since their number agreed very closely with CD results. In the lipid-free protein, the
results located five helices at residues 7–44, 54–65, 70–78, 81–115 and 147–178, their
connecting loops, and an unstructured region between residues 180–243. This agrees with
known structure in other exchangeable apolipoproteins which display an N-terminal helical
bundle domain. Here we ask how the Iowa mutation at amino acid position 26 makes the
polypeptide chain labile to proteolysis at position 83 leading to release of an amyloidogenic
peptide. This mechanism probably underlies amyloid formation by other apoA-I variants
that contain mutations in the N-terminal region (11). We also examine how apoA-I structure
is affected by the Milano mutation because knowledge of the mode of action of the mutation
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should be important for developing potential uses of this variant in the treatment of
cardiovascular disease (28).

EXPERIMENTAL
Materials

Wild type (WT) human apolipoprotein A-I (apoA-IWT) (243 residues) was purified from
human plasma, as described before (29–30). Human apoA-I cDNA cloned into the
pET32a(+) vector from Novagen was used for expression of apoA-I as a His-tagged
thioredoxin fusion protein (8, 31). cDNA inserts encoding either the human apoA-I Iowa
G26R (apoA-IIowa) or Milano variant R173C (apoA-IMil) (14) were engineered from the
pET32a(+) plasmid using the QuikChange site-directed mutagenesis kit (Stratagene, CA).
The variants were expressed in E. coli strain BL21-DE3 and purified according to
previously published procedures (8, 31). Cleavage of the thioredoxin fusion protein with
thrombin leaves the target apoA-I with two extra amino acids, Gly-Ser, at the amino
terminus. For consistency in the numbering of peptides from WT and mutant forms, the two
residues preceding the normal apoA-I sequence are numbered −1 and −2. Preparations were
at least 95% pure as assessed by SDS-PAGE. Protein concentrations were determined by a
Lowry procedure (32) or absorbance at 280 nm (33).

Methods
Spectroscopy—Far-UV CD spectra to determine the α-helix contents from the molar
ellipticity at 222 nm (14) were obtained as described before (8, 34) using a Jasco 810
spectropolarimeter. GdmCl melting experiments used molar ellipticity at 222nm to calculate
the free energy of denaturation, as described before (14). 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 previously (8).

H-D Exchange and Mass Spectrometry Analysis—For HX experiments, lipid-free
protein samples in 6M GdmCl were dialyzed against 25 mM sodium phosphate buffer at
pH7.3. Freshly dialyzed stock solutions were adjusted to 0.5 mg/ml and used within 12 h of
dialysis. ApoA-IMil solutions contained 10 mM DTT to maintain the reduced monomeric
state. H to D exchange was initiated by diluting solutions to 0.5 μM protein concentration in
D2O buffer (pD 7.3, 5°C; 35-fold; final volume 500 μl). At appropriate time-points, the HX
reaction was quenched to pD 2.5 by adding 8 μl 99% formic acid, and 30 μl was injected
into an online fragmentation-separation system (maintained at 0°C) connected to an Orbitrap
mass spectrometer (10, 27). Between 0–3 min, the protein sample was cleaved into small
peptide fragments in an immobilized pepsin column, the peptide fragments were bound to a
C18 trap column (2.5 × 0.5 mm; Higgins Analytical), and washed with aqueous buffer.
Between 3–15 min, the fragments were eluted with a linear acetonitrile gradient (12–50%, 6
μl/min, 0.1% formic acid, pD 2.5, 0°C) and roughly separated on an analytical C18 HPLC
column (75 × 0.3 mm; Agilent Technologies). For MS/MS identification of the proteolytic
fragments, and as a zero-time control, a 100% protonated protein sample was injected into
the fragmentation separation system. A 100% deuterated sample was prepared by incubating
protein at 37°C for 5 h. The peptide fragments served as controls for correcting deuterium
back-exchange (15 ± 5%; (35)) that occurs during sample preparation.

Each of the many fragments in the many MS spectra were identified and analyzed for
carried D-label by the ExMS program (36). We used about 50 peptide fragments in this
work. Each HX run used 25 pmol (0.7 μg) of protein. More details on methods and data
analysis are in references (10, 21, 27, 36).

Chetty et al. Page 3

Biochemistry. Author manuscript; available in PMC 2013 November 06.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



RESULTS
Results for H to D exchange of lipid-free apoA-IWT and for Iowa and Milano mutants are in
Figs. 1 and 3. Each panel depicts the time-dependent exchange of deuterium into segments
in the native protein, measured on the corresponding peptide fragment obtained in HX MS
experiments, illustrated in Figs. 2 and 4. For comparison with measured HX curves, the
dashed lines in Figs. 1 and 3 indicate the HX curve that is expected for each peptide
fragment when the corresponding apoA-1 segment is solvent exposed and dynamically
disordered. We express this condition in terms of a protection factor, Pf, equal to 1. Under
the present conditions (pD 7.3, 5° C), an average unprotected amide HX rate is ~1 s−1. More
complete results for the 51 peptides measured are in Table S1 in Supplementary
Information.

Amide hydrogens that are protected by stable H-bonded structure can have Pf factors that
are larger than 1 by orders of magnitude (10, 21). This occurs because HX can only proceed
during the small fraction of time when the protecting H-bond is transiently separated in
some dynamic “opening” reaction and the hydrogen is brought into contact with solvent
(37–38). Opening can involve a local fluctuation of only one or a few residues, or it may
involve the cooperative unfolding of a larger segment. Some of the time-dependent HX
curves drawn through the measured data points in Figs. 1 and 3 describe a single (stretched)
exponential because exchange in apoA-I is often determined by a sizeable cooperative helix
unfolding that exposes a set of amides equally. Bi-exponential behavior occurs when the
peptide measured crosses a helix boundary and thus reports on sets of residues with very
different Pf.

Observable HX properties depend on the kinetic competition that ensues between chemical
exchange and reclosing from the transiently open condition. If chemical exchange is faster
than reclosing, exchange will occur on the first opening and the measured HX rate will equal
the structural opening rate. This is called the EX1 case (monomolecular exchange). When a
protein segment experiences pure EX1 exchange, peptide fragments that contain it will
display a characteristic bimodal HX MS spectrum (Figs. 2 and 4). As H to D exchange
progresses, the amplitude of the lighter isotopic envelope decreases and a higher mass
envelope concurrently increases, while both envelopes do not move on the mass axis. If
reclosing is faster than chemical exchange, opening and reclosing will occur many times
before a successful HX event and the exchange rate measured will proportion to the fraction
of time that structure is open, essentially the equilibrium constant for opening, Kop. This is
called the EX2 case (bimolecular exchange) because exchange then depends on the
bimolecular chemical HX rate catalyzed by OH− - ion. When protein residues experience
EX2 exchange in an HX MS experiment, peptide fragments that contain them will slide
continuously to higher mass as H to D exchange time increases (Figs. 2 and 4). In EX2
exchange, the structural stability against opening can be calculated as ΔGop = −RT ln Kop =
+RT ln Pf. When HX versus time is plotted on a log (time) scale as in Figs. 1 and 3, the Pf
factor can be read directly as the horizontal shift of the experimental HX curve compared to
the reference curve.

When both EX1 and EX2 exchange occur within a given peptide fragment, both the see saw
and the mass sliding behavior characteristic of EX1 and EX2 behavior will be seen, as in
Figs. 2 and 4. A further complication is that bimodal, or even multi-modal, envelopes may
reflect the presence of structural heterogeneity in which a given segment exists in different
conformations with different HX protection.

Chetty et al. Page 4

Biochemistry. Author manuscript; available in PMC 2013 November 06.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



ApoA-IIowa

Results obtained for lipid-free apoA-IWT (Figs. 1 and 3, Table S1) are fully consistent with
previous results (10, 21). Fig. 1 shows that peptides corresponding to the C-terminal domain
of apoA-I (residues 180–243) in both the wild type and Iowa proteins have essentially no
protection. The Pf values of ≤10 are consistent with the absence of protecting H-bonded
structure (10). HX In the well-structured N-terminal helical bundle is much slower and more
complex.

The G26R mutation of apoA-IIowa, in the structured N-terminal domain (1–180), can be
expected to have significant local effects and the HX MS results in Fig. 2 show that this is
indeed the case. The residues 17–46 peptide in apoA-IIowa which contains the mutation is
fully exchanged in 5 min whereas the same segment in the wild type protein requires ~6 h.
With both apoA-IWT and apoA-IIowa, a bimodal distribution is apparent with behavior that
reflects the presence of both EX1 and EX2 HX kinetics (21). In the isotopic envelopes of
apoA-IWT the time-dependent slide to higher mass indicates EX2 behavior. The appearance
of another envelope at heavier mass with increasing amplitude may indicate structural
heterogeneity with a second more slowly exchanging conformation in this molecular region.
Alternatively, the second envelope may result from EX1 behavior in which up to 20 residues
participate in a large scale unfolding, with opening halftime ~2 h and reclosing that is slower
than the chemical HX rate (<1 s). Similar behavior is seen for apoA-IIowa. If this represents
EX1 behavior, the unfolding rate is much faster, ~ 30 s, and it dominates the exchange
observed. In the alternative heterogeneous structure picture, the conformation that is more
protected in wild type (halftime perhaps 30 min) exchanges here with halftime ~1 min. A
more complex explanation in the heterogeneous structure view is that the slow and fast
conformations interchange on the HX time scale. In either case, the region spanning residues
17–46 in apoA-IIowa is much less stable and more dynamic, and spends more time exposed
to solvent exchange than in apoA-IWT.

The mass spectra in Fig. S1 show that isotopic envelopes for peptide fragments 114–126 and
127–158 in apoA-IIowa also exhibit bimodal distributions at HX times in the 30 s to 15 min
range. As for the segment 17–46 discussed above, the data are consistent with the presence
of both EX1 and EX2 HX behavior. In apoA-IWT, residues 114–126 have Pf = 10 (Table S1)
reflecting the disordered structure that spans the segment 116–146. Interestingly, the G26R
mutation induces slower exchange in 114–126. Similar behavior is exhibited by the segment
corresponding to residues 127–158 (Fig. S1). The slowing is accompanied by the
appearance of bimodal HX behavior in both peptides and is a consequence of helix
formation through residues 116–146.

Overall, it is apparent that the G26R mutation induces widespread structural reorganization
of residues in the central region of the apoA-I molecule, in addition to the local effects on
the helix spanning residues 7–44 in which the mutation resides. The destabilization and
partial unfolding is consistent with GdmCl denaturation results and an increase in
hydrophobic surface exposure indicated by enhanced ANS binding (Table 1) (39).

ApoA-IMil

Time-courses of deuterium incorporation into apoA-IWT and apoA-IMil fragments that span
the entire length of the apoA-I molecule are compared in Fig. 3 and detailed more
completely in Table S2. In contrast to the situation with apoA-IIowa, the HX of fragments
159–169, 170–174 and 175–180 which are located close to the position of the R173C
mutation is slow, indicating that the helix spanning this region (residues 147–178) in apoA-
IWT is maintained in apoA-IMil. More broadly HX kinetics throughout both proteins, and
therefore their helix stabilities, are similar (Table S2). In agreement, helix contents measured
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by CD are similar (Table 1). Thus the Milano protein appears relatively unperturbed by the
R173C mutation.

However, there is an interesting difference from wild type behavior in that in HX of apoA-
IMil several peptide fragments in the range spanning residues 17 to 158 (17–46, 51–71, 72–
103, 114–126 and 125–158), which do not include the mutant position (R173C), exhibit
bimodal HX kinetics (Fig. 3). Examples are in Fig. 4. About 10% of the amide hydrogens in
residues 17–46 are fully deuterated at the 0.5 min HX time-point indicating their Pf is < 10
(Table S2). Similar considerations apply to the segments containing residues 51–71 and 72–
103. Fragment 114–126 of apA-IMil also exhibits bimodal HX kinetics but in this case the
minor population of amide hydrogens has a somewhat higher Pf and requires 30 min to
achieve the fully deuterated state (Fig. 4). These protected amide hydrogens are not present
in peptide 114–126 of apoA-IWT.

DISCUSSION
The present study demonstrates the ability of the HX MS methodology to monitor at close to
amino acid resolution the structural consequences of point mutations in the apoA-I
molecule. The amphipathic α-helix is the key structural and functional unit of apoA-I (40)
and other exchangeable apolipoproteins, and knowledge of how mutations affect these
structures can provide insight into the molecular basis for observed functional consequences.

ApoA-IIowa

The protection factors measured for all the apoA-IWT and apoA-IIowa fragments identified in
the HX MS study of these proteins (Table S1) were used to construct the plot of helix
stabilization free energy against apoA-I sequence position in Fig. 5. The profile for apoA-
IWT agrees with prior results (10, 21). The helical segments are located in the N-terminal
region spanning residues 1–180 and have free energy of stabilization of 3 to 5 kcal/mol.
Major differences between the apoA-IWT and apoA-IIowa profiles occur in this region; the C-
terminal domain (residues 180–243) remains disordered in both. The G26R mutation
destabilizes the protein through the large region spanning residues 10–114 (Fig. 5). The
residue 7–44 helix in apoA-IWT adopts a Pf = 15 to 35 (Table S1) (ΔG = 1.5 to 2.0 kcal/
mol). Pf values in this range are consistent with the existence of either constrained random
coil (38) or marginally stable hydrogen-bonded structure that spends about 5% of the time
transiently unfolded.

The helical wheel diagram in Fig. 6A shows that R26 is located on the non-polar face of the
amphipathic α-helix, and probably at a helix-helix interface where it inhibits interaction
within the N-terminal helix bundle structure. Also electrostatic repulsion with K23 and R27
on the same side of the helix (Fig. 6A) may contribute to the observed helix destabilization.
These effects lead to the unfolding of the helix spanning residues 7–44. In agreement, an
EPR study of the effects of the G26R mutation on the structure of residues 27–56, which are
largely α-helical in apoA-IWT (41), found that residues 32–40 are in random coil in apoA-
IIowa while residues 41–56 are converted from α-helix to β-sheet. The formation of β-
structure may be favored by the apoA-I self-association that can occur at the higher
concentration used in the EPR experiments.

The disruption of the N-terminal helix bundle by the G26R mutation reflects extension of
the local effect of the point mutation on helix structure to a more global effect. This global
structural change includes a large destabilization (Fig. 5) of helix spanning residues 70–90,
which is probably close in 3D space to the helix containing position 26 (9). The Pf values in
Table S1 for fragment 72–91 indicate that the fraction of time this helix is unfolded is
increased by a factor of ~ 40 and the helix is unfolded about 1% of the time. The helix
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unfolding induced by the G26R mutation may not occur when apoA-IIowa is associated with
lipid. However, apoA-IIowa exhibits reduced lipid binding ability (41) so that its
concentration in the lipid-free state is enhanced relative to apoA-IWT. This factor together
with the longer existence of the segment spanning residues 72–91 as unfolded helix when in
the lipid-free state enhances proteolysis in the plasma compartment to yield the N-terminal
fragment encompassing residues 1–83 of apoA-IIowa. This fragment is able to form β-sheet-
mediated amyloid fibrils (41–42).

In contrast to the destabilization in the region of residues 10–114, the G26R mutation
induces an increase in helix content in the region spanning residues 115–158 (Fig. 5).
Residues 70–180 in apoA-IIowa form α-helix presumably folded into a helix bundle. The
average stability in this region is ~ 3.5 kcal/mol compared to an average of ~ 4.5 kcal/mol
for the helices in apoA-IWT (Fig. 5). This decrease is consistent with the observed difference
in free energy of denaturation (Table 1). The helix bundle disruption and reorganization in
apoA-IIowa leads to exposure of more hydrophobic surface, reflected by an increase in ANS
binding (Table 1). The HX data summarized in Fig. 2 and 5 indicate that the disordering of
the segment spanning residues 7–70 and the ordering of residues 116–146 leads to a net loss
of about 30 helical residues as a consequence of the G26R mutation. This agrees with the
12% decrease in α-helix content measured by CD (Table 1).

ApoA-IMil

The structural effects of the R173C mutation in apoA-IMil are quite different from those for
the G26R Iowa mutation. Major destabilization of individual helices does not occur. Fig. 7
shows that the distribution of helix stabilization free energy along the molecular length is
similar for apoA-IMil and apoA-IWT. The helical wheel diagram in Fig. 6B shows that C173
in apoA-IMil is located on the polar face of the amphipathic α-helix. The mutation does not
destabilize the helix that contains it (residues 147–178). However, the data register a global
perturbation of the helix bundle and a loss of overall stability (Table 1). This probably
occurs as a consequence of the loss of stabilizing salt bridges due to the replacement of the
basic arginine side chain with the acidic cysteine side chain at position 173 (14). The
decreased activation of LCAT by lipid-bound apoA-IMil (18) is also likely due to altered
charge distribution in this region. The major effects of the R173C mutation are probably a
consequence of cysteine-linked dimer formation in apoA-IMil which is known to affect the
interaction with lipid (14).

Summary and Conclusions
The HX MS method provides a powerful means of monitoring the structural consequences
of point mutations in apoA-I. Structure, stability, and changes therein can be determined at
close to amino acid resolution when sufficient overlapping peptide fragments are generated
for MS analysis. The method can be applied readily to other apolipoproteins that are difficult
to study by NMR and X-ray crystallography. Importantly, apolipoprotein variants in their
native state can be screened rapidly in a non-perturbing manner and without the need to
introduce chemical or mutational modifications. One simply measures the naturally
occurring HX process.

Helix locations determined for apoA-IWT, apoA-IIowa and apoA-IMil are compared in Fig. 8.
In the case of apoA-IIowa, HX MS shows that introduction of the G26R mutation into the
non-polar face of an amphipathic α-helix induces it to unfold, thereby destabilizing the helix
encompassing residue 83. This structural change promotes proteolysis at this location and
leads to incorporation of the released peptide into amyloid fibrils. A similar mechanism
probably underlies the formation of amyloid by other apoA-I variants with mutations in the
N-terminal region (11). Helix unfolding is not a major consequence of the apoA-IMil R173C
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mutation. The mutation substitutes an acidic cysteine residue for a basic arginine residue on
the polar face of an amphipathic α-helix; helix-helix interactions are perturbed leading to
destabilization of the apoA-IMil molecule. The major functional differences between apoA-
IMil and apoA-IWT seem to be due to the ability of the former to create cysteine-linked
dimers. This observation is relevant to the development of apoA-IMil-containing HDL
preparations that can be used to regress atherosclerotic plaques in individuals with
cardiovascular disease (28).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ABCA1 ATP binding cassette transporter A1

ANS 8-anilino-napthalenesulfonic acid

apo apolipoprotein

GdmCl guanidinium chloride

HDL high density lipoprotein

HX hydrogen-deuterium exchange

LCAT lecithin-cholesterol acyltransferase

MS mass spectrometry

Pf protection factor

SR-BI scavenger receptor class B type 1
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Figure 1.
HX analysis of lipid-free apoA-IWT (◆) and apoA-IIowa (○) at pD 7.3, 5°C. HX kinetics for
16 peptides covering the apoA-I sequence are shown out of a total of 51 listed in Table S1.
Each panel compares the measured H to D exchange time-course for the indicated peptide to
its reference curve (dotted line) computed for the case of a dynamically disordered random
coil with Pf = 1. Exposed but rigidly held segments tend to have Pf ~10 (37–38), as is seen
for the C-terminal 180 to 243 residues in both proteins and for some inter-helical segments
in the N-terminal domain. Mono-exponential HX behavior indicates a single cooperatively
unfolding segment of secondary structure. A bi-exponential fit indicates a peptide that spans
a helix terminus (21). Two time-courses (○, □) are shown for apoA-IIowa peptides between
residues 114 to 158 because the HX MS envelopes measured these peptides exhibit bimodal
HX behavior (see Fig. S1 for examples).
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Figure 2.
Mass spectra for peptide fragment 17–46 (charge state +5) and its increase in mass as a
function of H to D HX time (pD 7.3, 5°C). (a) For the apoA-IIowa peptide, the 0.5 min and 1
min spectra reveal two populations of amide hydrogens with fast and slow HX rates and
different degrees of incorporation of D. These mass spectra were fitted to a double Gaussian
distribution (by non-linear regression using IGOR Pro (Wavemetrics Inc.)) and integrated to
obtain peak intensities and the fraction of fast and slow states. (b) Comparison of the time-
course for monomodal (but bi-exponential) H-to-D exchange for fragment 17–46 in apoA-
IWT with the bimodal fast and slow HX states in apoA-IIowa. The data were fitted as in Fig.
1.
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Figure 3.
HX analysis of lipid-free apoA-IWT (◆) and apoA-IMil (○, fast HX state; □, slow HX state)
at pD 7.3, 5°C. See the legend to Fig. 1 for further explanation.
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Figure 4.
Mass spectral envelopes versus H to D HX time for two peptides in apoA-IWT and apoA-
IMil that exhibit bimodal HX kinetics (pD 7.3, 5°C). (a, b) Mass spectra at different times of
D incorporation of peptide 17–46. (c, d) Mass spectra of peptide 114–126. The bimodal
mass spectra were analyzed as described in the legend to Fig. 2.
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Figure 5.
Summary of the HX-derived secondary structure stabilities for lipid-free apoA-IWT and
apoA-IIowa. Detailed HX kinetic data (pD 7.3, 5°C) analyzed to obtain Pf values for 51
peptides are in Table S1. The corresponding free energies of stabilization are plotted as a
function of apoA-I sequence position. The profile for apoA-IWT (solid grey line) is from
data for peptide fragments obtained by proteolysis with pepsin; the results are consistent
with our prior findings where both pepsin and a fungal protease were used to obtain shorter
peptides, including some suggesting that residues 66–69 are disordered (10). For peptides
encompassing apoA-IIowa residues 114–158 with bimodal HX kinetics (Fig. S1), the free
energies of both states are included (solid black line, slow HX state; dashed black line, fast
HX state). The similar free energies of the fragment 17–46 fast and slow HX states (Fig. 2b)
are plotted as an average. The vertical arrows on the sequence position axis mark the
mutation site at residue 26 and the proteolytic site at residue 83.
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Figure 6.
Helical wheel projections of the α-helical regions within the apoA-I sequence that contain
the Iowa and Milano mutations. A. Residues 17–34 of apoA-IIowa with the mutated arginine
residue at position 26 (cross-hatching) on the nonpolar face of the amphipathic α-helix. B.
Residues 161–178 of apoA-IMil with the mutated cysteine residue at position 173 (cross-
hatching) on the polar face of the amphipathic α-helix. The helical wheels are drawn with
the Wheel program (43).
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Figure 7.
Summary of the HX-derived secondary structure stabilities for lipid-free apoA-IWT and
apoA-IMil. Detailed HX kinetic data (pD 7.3, 5°C) analyzed to obtain Pf values for each
peptide are in (Table S2). The corresponding free energies of stabilization are plotted as a
function of apoA-I sequence position (apoA-IWT, grey line; apoA-IMil slow and fast HX
states are shown with solid and dashed black lines, respectively).
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Figure 8.
Comparison of the HX-derived helix locations for lipid-free (a) apoA-IWT (b) apoA-IIowa
and (c) apoA-IMil. The cylinders represent α-helices and the lines indicate disordered
secondary structure. Residues 17–46 (gray line in b) and 115–158 (cross-hatched in b)
exhibit bimodal HX kinetics reflecting the existence of two states that undergo HX at
different rates – see text for more description. The secondary structure of the predominant
conformation of apoA-IMil is shown in (c). The positions of proline residues (P), whose
presence leads to some perturbation of α-helix organization, are marked.
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TABLE 1

Influence of Iowa and Milano mutations on apoA-I physical properties

Parameter Wild-type Iowa Milanoa

Change in α-helix content (%)b - −12 −2

Relative ANS binding 1.0 1.5 1.6

Free energy of denaturation (kcal/mol)c 3.5 ± 0.1 2.4 ± 0.1 2.4 ± 0.2

a
The data for the monomer (reduced) form are from ref. (14).

b
The α-helix content of wild-type apoA-I was 49 ± 5% and varied somewhat with sample history.

c
CD was employed to monitor the loss of α-helix content when apoA-I was exposed to increasing concentrations of GdmCl.
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