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Background: Apolipoproteins are lipid emulsifiers with links to additional protective roles.
Results: Small-angle x-ray scattering afforded structural information for full-length apoA-IV.
Conclusion: In the head-to-tail dimer, the N/C-terminal globular domainsmodulate the twist and curvature of a central helical
bundle.
Significance: The lipid affinity of apoA-IV is regulated by opening and closing a molecular clasp.

ApoA-IV is an amphipathic protein that can emulsify lipids
and has been linked to protective roles against cardiovascular
disease and obesity. We previously reported an x-ray crystal
structure of apoA-IV that was truncated at its N and C termini.
Here, we have extended this work by demonstrating that self-
associated states of apoA-IV are stable and can be structurally
studied using small-angle x-ray scattering. Both the full-length
monomeric and dimeric forms of apoA-IV were examined, with
the dimer showing an elongated rod core with two nodes at
opposing ends. The monomer is roughly half the length of the
dimer with a single node. Small-angle x-ray scattering visualiza-
tion of several deletion mutants revealed that removal of both
termini can have substantial conformational effects throughout
themolecule.Additionally, the F334Apointmutation,whichwe
previously showed increases apoA-IV lipid binding, also
exhibited large conformational effects on the entire dimer.
Merging this study’s low-resolution structural information
with the crystal structure provides insight on the conforma-
tion of apoA-IV as a monomer and as a dimer and further
defines that a clasp mechanism may control lipid binding
and, ultimately, protein function.

The A class apolipoproteins (apoA-I, apoA-II, apoA-IV, and
apoA-V) act as detergents that emulsify lipids to form or asso-
ciate with lipoprotein particles, particularly HDL. They are
considered exchangeable due to their ability to transition
between a lipid-free and lipid-bound state, allowing for move-
ment between particles in the plasma. These lipoprotein parti-
cles are the body’s main mechanism for transporting and deliv-
ering lipids. They have distinct functional roles, acting as

structural scaffolds and activators of lipoprotein-remodeling
factors and interacting with cell surface proteins that modulate
lipoprotein metabolism (1, 2).
Because of their importance in lipid biology, the structural

characterization of apolipoproteins has been a high priority.
Unfortunately, many apolipoproteins undergo rapid transi-
tions between a constellation of self-associated states (dimers,
trimers, tetramers, etc.), thus making them difficult to charac-
terize structurally (3). Although some success has been
obtained using site-directed mutagenesis to stabilize particular
oligomeric forms of apoA-I and apoE, this approach has the
drawback of potentially altering protein conformation along
with self-association state (4, 5).We recently demonstrated that
lipid-free human apoA-IV distributes predominantly between
monomers and dimers and that their interconversion is slow
enough that they can be isolated and studied individually (6).
Thus, we have focused on apoA-IV as a model to gain insight
into the structure and self-association of the exchangeable
apolipoproteins.
ApoA-IV is the largest member of the exchangeable apolipo-

protein family, with a molecular mass of 43 kDa. It is the third
most prominent protein found associated with HDL (3, 7). In
addition to HDL particle formation, apoA-IV has been shown
to have a variety of unique biological roles not shared by other
apolipoproteins; for example, in response to lipid absorption,
apoA-IV is highly expressed in the intestine and is associated
with apoB secretion (8, 9). Furthermore, apoA-IV functions as a
satiety signal (10, 11), an antioxidant (12), and an anti-inflam-
matory agent (13). Recently, apoA-IV has also been shown to
regulate insulin secretion, specifically during elevated glucose
levels (14). Intriguingly, there is an 8-fold increase of apoA-IV
in patients after Roux-en-Y gastric bypass surgery who showed
improvements in obesity-related comorbidities (15). Despite
such a diversity of protective functions, little is known about the
apoA-IV mechanism of action. ApoA-IV can exist in solution
(and serum) without lipid in self-associated forms, predomi-
nantly as a monomer or dimer (16), and the lipid-bound form
remains poorly characterized.
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Structurally, apoA-IV has a large hydrophobic core similar to
other strong lipid-binding proteins such as apoA-I and apoE3
(4–6).However, it is a relatively poor lipid binder (17). Previous
work from our laboratory strongly suggests that an interaction
between the N and C termini of apoA-IV holds the protein in a
conformation that binds lipids poorly (17–19). Disruption of
this “clasp” by introducing the point mutation F334A signifi-
cantly increased the lipid affinity of apoA-IV (19). Unfortu-
nately, our structure of N/C-terminally truncated apoA-IV did
not provide high-resolution structural details pertaining to the
clasp mechanism.
To understand the conformational states adopted by full-

length apoA-IV, we took advantage of its oligomeric stability
and performed small-angle x-ray scattering (SAXS).2 Although
of lower resolution than x-ray crystallography, SAXS allowedus
to visualize the molecular envelope of full-length apoA-IV,
along with truncation variants and the F334A point mutant.
Combining thiswith the partial x-ray structure, we defined how
the individual termini affect the global conformation of
apoA-IV and further supported the clasp mechanism.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Recombinant human
apoA-IVWT, apoA-IV64–335, apoA-IV1–335, apoA-IV63–376, and
apoA-IVF334A were produced and purified in Escherichia coli as
described previously (6). Size-exclusion chromatography (SEC)
using a HiLoad 16/60 Superdex 200 column (GE Healthcare)
was performed to isolated oligomeric species for the various
constructs. The isolated oligomeric species were concentrated
at 4 °C using Amicon Ultra-15 centrifuge filter units. To main-
tain oligomeric homogeneity, concentration was performed in
15-min intervals at low speed (1000 � g). At the end of each
interval, the concentrated sample wasmixedwith the total pool
of the less concentrated sample; this minimized the concentra-
tion gradient during centrifugation and prevented shifting
between oligomeric species. To confirm this, samples were
reanalyzed by SEC (Superdex 200 HR 10/300, Amersham Bio-
sciences) using 8–25% gradient native gels (PhastGel system,
GE Healthcare).
Sedimentation Velocity—Analytical ultracentrifugation ex-

periments were performed using a Beckman XL-I ultracentri-
fuge with absorbance optics and a four-hole rotor. Sedimenta-
tion velocity was performed in a two-channel carbon-filled
Epon centerpiece at 36,000 rpm and 10 °C with protein (0.15
mg/ml) that had been dialyzed into 20 mMNaPO4 (pH 7.4) and
100 mM NaF. Protein was monitored with UV absorbance at
230 nm, and data were analyzed using Sedfit (20).
SEC—Todetermine the apoA-IV dimer/monomer ratio over

time, a HiLoad 16/60 Superdex 200 column on an ÄKTA
Explorer equipped with a UV-900 detector and a P-960 sample
pump at 4 °Cwas used. The purified apoA-IVdimerwas diluted
to 0.15 mg/ml in 50 ml of PBS with a single cOmplete EDTA-
free protease inhibitor mixture tablet (catalog number
05056489001, RocheApplied Science), 1mM sodium azide, and
0.05 mM PMSF. The samples were incubated at 4 °C, and at

different time points, a sample was collected and examined
using a HiLoad 16/60 Superdex 200 gel filtration column. The
elution process was monitored at 215, 235, and 280 nm. Peak
integration was performed with the UV absorbance traces. The
percent dimerwas determined by dividing the area of the dimer
peak by the total area of both monomer and dimer peaks.
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)Clear-

ance Assay—Purified protein was tested for its ability to emul-
sify suspendedDMPC (Avanti Polar Lipids). The assay was per-
formed as described previously (18, 19).
SAXS—SAXS data were collected at beamline 12-ID-B at the

Advanced Photon Source at Argonne National Laboratory
(Table 1). The beamline was equippedwith a flow cell to reduce
radiation damage. A total of 120 �l of sample was loaded into
the flow cell and oscillated during data collection. Data were
collected at room temperature, with an exposure time of 0.5 s
and a total of 30 images taken for each sample. Small-angle
diffraction images were captured using a PILATUS 2M
detector.
Ab Initio Model Reconstruction—The data collected were

converted from two- to one-dimensional using the Irena pack-
age for IGOR software (21), and outliers within each set of 30
images were removed and averaged using PRIMUS (22). The
averaged data were subtracted from the appropriate buffer
blank also in PRIMUS. Subsequently, AutoRG and GNOM
were used to determine Rg, Dmax, and I(0) (Table 1). Indirect
transformation was performed with GNOM (23); ab initio
reconstructionwas completed usingGASBOR (24). Depending
on the data set, monomer (P1) or dimer (P2) symmetry was
used as a constraint in GASBOR. Ten ab initio reconstructions
for each construct of apoA-IV were performed and averaged
using the DAMAVER package (25). The apoA-IV64–335 crystal
structure was compared with the scattering data of both apoA-
IV64–335 and apoA-IVWT using CRYSOL (26).
DireX—Fitting of the crystal structure into the SAXS enve-

lope, which had additional curvature, was achieved by geome-
try-based conformational sampling performed by the program
DireX (27). An average weighted electron density map was first
created from the ab initio reconstruction. Conformational
sampling was dictated by the CONCOORD algorithm in 100
total steps (nsteps) withTirion enhancement. A dynamic elastic
network was used for further refinement and to prevent over-
fitting. The dynamic elastic network used a � value of 0.0
(den_gamma) and a � value of 0.2 (den_kappa). A total of 8000
restraints were chosen per iteration (den_no) with a dynamic

2 The abbreviations used are: SAXS, small-angle x-ray scattering; SEC, size-exclu-
sion chromatography; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine.

TABLE 1
Data collection

Data collection parameters
Instrument 12-ID-B
Monochromator type Side bounce
Wavelength (Å) 1.53
q range (Å�1) 0.009–0.250
Exposure time (s) 0.5
Temperature (K) 293

Software employed
Primary data reduction PRIMUS
Data processing GNOM
Ab initio analysis GASBOR
Validation and averaging DAMAVER
Structure refinement DireX
Computation of model intensities CRYSOL
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elastic network strength of 0.4 (den_strength). The structure
was not energy-minimized after DireX fitting.
RESULTS
Stability of ApoA-IV—Lipid-free human apoA-IV was origi-

nally documented to exist as a mixture of a monomer and
dimer, with a slow interconversion between the forms (16).We
recently showed that both dimeric and monomeric forms of
apoA-IV can be isolated by SEC (6). This is in sharp contrast to
other apolipoproteins, such as apoE (28) and apoA-I (29, 30),
indicating that apoA-IV oligomerization is uniquely stable.
SAXS analysis requires samples that remain molecularly

homogeneous for the entirety of the analysis.We first looked at
how well apoA-IV maintains the dimeric state at 4 °C. At this

temperature, the dimer did not dissociate, even after 600 h (Fig.
1A). As SAXS experiments are carried out at room tempera-
ture, the apoA-IV dimer was incubated at 20 °C, and samples
were collected and subjected to sedimentation velocity on days
1 and 3. At 20 °C, apoA-IV remained entirely dimeric during
the course of 3 days (Fig. 1, B andD). This indicated that, in the
time required to collect SAXS data (�5 min), dimeric apoA-IV
would maintain its oligomeric form. As a control to show that
apoA-IV can freely distribute, the same experiment was per-
formed at 37 °C. Dissociation of the dimer to themonomer was
readily observable on day 1 and to amuch greater extent on day
3 (Fig. 1,C andD). Thus, at 20 °C, SAXS analyses were justified.
Furthermore, the different truncations and mutations of

FIGURE 1. Quantifying the stability of the apoA-IV monomer and dimer. A, the apoA-IV dimer (0.15 mg/ml) was incubated at 4 °C, and samples were taken
at various time points and analyzed by SEC. B and C, sedimentation velocity (Sed Vel) was performed to determine the self-associated state with isolated apoA-IV
dimers incubated at 20 °C (B) or 37 °C (C) for 1 or 3 days. After fitting for the frictional ratio (f/f0), the c(s) distribution was transformed into a c(M) distribution of
the molecular masses. D, sedimentation velocity data (dots) and corresponding fits (lines). Shown are 8 of the 32 scans used for fitting and their residuals for the
sedimentation velocity experiments. E, native gel of apoA-IV and its variants. F, SEC traces of apoA-IV and variants. A retention volume of 12–14 ml is consistent
with dimeric size, and 14 –16 ml is consistent with a monomer based on molecular size standards.

FIGURE 2. Solution state of apoA-IV64 –335. A, scattering function and Guinier plot (inset) of dimeric apoA-IV64 –335 and simulated scattering function generated
with CRYSOL using the apoA-IV64 –335 crystal structure (Protein Data Bank code 3S84) and the DireX refined structure. B, pairwise distance distribution function
of apoA-IV64 –335. a.u., arbitrary units. C, three orthogonal views: top, averaged ab initio reconstructions of apoA-IV64 –335 (orange spheres); middle, superposition
of the apoA-IV64 –335 crystal structure envelope (green spheres) with the SAXS envelope (orange spheres); and bottom, ribbon and surface representation of the
apoA-IV64 –335 crystal structure. D, the crystal structure was refined using the SAXS envelope with the program DireX. The refined structure of apoA-IV64 –335 is
shown as a ribbon, and the ab initio reconstruction of apoA-IV64 –335 is shown as mesh.
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apoA-IV used in this study did not affect its oligomeric stability.
Each variant was isolated and maintained its self-associated
state as demonstrated by native gel electrophoresis (Fig. 1E).
Additionally, after the SAXS data collection, each sample was
analyzed by SEC, which showed that they still maintained their
oligomeric states (Fig. 1F).
DimericApoA-IV64–335—Because apolipoproteins undergo a

variety of molecular transitions, we first determined if the
observed crystal structure of the terminus-free core domain of
apoA-IV (apoA-IV64–335) provides a good model for the pro-
tein in solution. We expressed apoA-IV64–335 and isolated its
dimer (Fig. 1, E and F), which remained stably dimeric like the
full-length form. We collected SAXS data on apoA-IV64–335 in
solution at four concentrations ranging from 0.5 to 4 mg/ml
(Fig. 2A and Table 2). In all cases, the solution remained free of
significant aggregation or repulsion as determined by a linear
Guinier plot (Fig. 2A), and I(0) remained consistent over the
concentration range examined (Table 2). Although the overall
shape of the scattering profile was similar at all protein concen-
trations analyzed, the data obtained at 4 mg/ml yielded the
strongest signal-to-noise intensity and was therefore used
for subsequent analysis. The shape of the scattering and pair-
wise distance distribution function profiles indicated a rod-
like structure (Fig. 2B). The diameter of the maximal particle
size (Dmax) was determined to be 175 Å using GNOM (Fig. 2,
A and B).

From these data, a low-resolution envelope of the protein
was generated via ab initio reconstructions. Ten independent
reconstructions were performed and then averaged with
DAMAVER.Overall, the reconstructionswere in agreement, as

the mean normalized spatial discrepancy was only 1.49 � 0.91.
The envelope of apoA-IV64–335 reveals a linear elongated rod
with a slight curvature extending 170 Å in length and 20 Å in
width (Fig. 2C). These dimensions match exceptionally well
with our recent crystal structure of apoA-IV64–335, in which
residues 75–312 were resolved. (Residues 64–74 and 313–335
were present but were not resolved in the crystal structure.)
Additionally, when looking down the long axis, a right-handed
twist of�90° is observed, similar to the crystal structure.More-
over, the simulated scattering data from the crystal structure fit
the experimental scattering data well, with a � value of 1.16 as
determined by CRYSOL, and the experimental radius of gyra-
tion (Rg) is consistent with the crystal structure (Fig. 2A and
Table 2). These comparisons show that the SAXS and x-ray
crystallography data are highly consistent, further validating
the dimeric apoA-IV64–335 model.

Despite this close agreement, there is a rod curvature differ-
ence between the crystal structure and SAXS reconstruction
(Fig. 2C). The crystal structure is more linear, whereas the
SAXS reconstruction is more curved. When describing the
length of the protein as an arc segment, the central angle of
the crystal structure measures 44°, whereas the solution struc-
ture measures 70° (Fig. 3). This difference in curvature may be
attributed to crystallization (31), whereas SAXS is performed in
solution. Nevertheless, apoA-IV is still significantly less curved
than the recent crystal structure of apoA-I1–182 (4).

To better represent the solution state of apoA-IV64–335, we
refined the crystal structure against the SAXS envelop with the
program DireX (Fig. 2D). Success of the refinement was mea-
sured by the correlation coefficient, a numerical value compar-

TABLE 2
Parameters derived from data collection and scattering curves

Construct
Rg

(Guinier)
I(0)

(Guinier) Dmax Volume
DAMAVER

(NSD)a

Å cm�1 Å Å3

ApoA-IV64–335 dimer
4 mg/ml 48.73 � 1.41 0.074 � 0.002 175 1.19 � 105 1.49
2 mg/ml 49.37 � 4.53 0.035 � 0.003
1 mg/ml 44.74 � 8.16 0.016 � 0.003
0.5 mg/ml 43.17 � 17.80 0.007 � 0.002

ApoA-IVWT dimer
4 mg/ml 51.70 � 0.89 0.143 � 0.003 175 1.51 � 105 1.93
2 mg/ml 51.43 � 1.37 0.076 � 0.002
1 mg/ml 50.94 � 2.43 0.037 � 0.002
0.5 mg/ml 52.11 � 4.10 0.021 � 0.002

ApoA-IVWT monomer
4 mg/ml 40.04 � 1.49 0.081 � 0.002 90 8.81 � 104 1.40
2 mg/ml 40.06 � 2.52 0.040 � 0.002
1 mg/ml 41.34 � 4.22 0.022 � 0.002
0.5 mg/ml 44.78 � 7.04 0.012 � 0.002

ApoA-IV1–335 dimer
2 mg/ml 51.18 � 1.07 0.067 � 0.000 185 1.45 � 105 1.31
1 mg/ml 49.75 � 2.71 0.032 � 0.000
0.5 mg/ml 50.66 � 5.20 0.016 � 0.002

ApoA-IV62–376 dimer
2 mg/ml 54.23 � 1.12 0.051 � 0.001 180 1.33 � 105 2.29
1 mg/ml 51.29 � 3.32 0.026 � 0.002
0.5 mg/ml 51.05 � 6.20 0.013 � 0.002

ApoA-IVF334A dimer
2 mg/ml 52.26 � 2.17 0.037 � 0.002 195 1.62 � 105 2.49
1 mg/ml 53.23 � 4.23 0.020 � 0.002
0.5 mg/ml 59.17 � 6.58 0.013 � 0.002

CRYSOL apoA-IV64–335 structure (PDB code 3S84) 53.11 174 1.07 � 105
a NSD, normalized spatial discrepancy; PDB, Protein Data Bank.
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ing the electron density of the simulationmodel with the exper-
imental map (32). During the refinement, the correlation coef-
ficient increased from 0.84 to 0.98, indicating that DireX
generated a model that was a better fit to the envelope than the
crystal structure itself. A low-resolution comparison of the two
models indicates that the curvature is the result of a distortion
to the helical segments caused by a series of repeating proline
residues. In the crystal structure, these specific proline residues
align vertically from opposing chains and are thought to pro-
vide segmentation and the flexibility needed during lipid bind-
ing (6). In our previous description of the crystal structure, we
noted that the amount of distortion caused by the introduction
of a proline in a helix or kink angle was much lower than in
previously reported structures. After modeling with DireX, we
measured, as described previously (33), the same proline resi-
dues and found an increased average kink of 6° (Table 3). Con-

sequently, the kink angle of the solution structure of apoA-
IV64–335 dimer is more in line with the average proline kink
angle of 26° seen in other structures (6, 34).
Overall, the SAXS data of apoA-IV64–335 match exception-

ally well with the crystal structure and provided constraints to
better model the solution state. This also gave us confidence in
the implementation of SAXS to study apoA-IVWT and different
truncation constructs.
Dimeric ApoA-IVWT—We next performed a SAXS experi-

ment on the full-length apoA-IV dimer for comparison with
apoA-IV64–335 (Fig. 4 and Table 2). We first correlated the
simulated scattering data from the crystal structure of apoA-
IV64–335 with the scattering data from apoA-IVWT. Analysis
with the program CRYSOL resulted in a large � value of 3.99
(Fig. 4D) compared with the value of 1.16 for apoA-IV64–335.
This indicates that there are significant structural differences
between the two samples. Interestingly, although the pairwise
distance distribution function of the full-length apoA-IV dimer
again pointed to an elongated structure with a similar Dmax, it
depicted a bimodal distribution, indicating a deviation from a
purely rod-like structure (Fig. 4B). Aligning the full-length and
truncated envelopes shows significant differences in the ends of
the rods. Compared with apoA-IV64–335, the ends of the apoA-
IVWT rod are significantly more globular, with a substantial
increase (�27%) in the volume of the envelope (Fig. 4E and
Table 2). This is consistent with a 35% increase in themolecular
mass of the apoA-IVWT dimer (86.8 kDa) versus the apoA-
IV64–335 dimer (62.9 kDa). Moreover, aligning the envelopes of

FIGURE 3. Central arc measurements for the crystal structures of apoA-IV (Protein Data Bank code 3S84) and apoA-I (code 3R2P) and ab initio
reconstructions of apoA-IV64 –335, apoA-IV1–335, and apoA-IVWT.

TABLE 3
Proline kink angles

Proline Crystal structure DireX �

Chain A
Pro-117 21.5° 32.8° 11.3°
Pro-139 14.8° 16.3° 1.5°
Pro-161 16.2° 23.5° 7.3°
Pro-183 13.1° 16.3° 3.2°
Average 16.4° 22.2° 5.8°

Chain B
Pro-117 23.2° 36.0° 12.8°
Pro-139 10.3° 8.5° �1.8°
Pro-161 18.7° 30.6° 11.9°
Pro-183 10.4° 12.4° 2°
Average 15.7° 21.9° 6.2°
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apoA-IV64–335 and apoA-IVWT at just one end reveals addi-
tional density in the apoA-IVWT envelope. This density spa-
tially corresponds to the visible N- and C-terminal ends in the
crystal structure (Fig. 2C). This difference in the reconstruc-
tions strongly supports the possibility that the N and C termini
interact with each other at both ends of the rod.
In addition to the increase in mass identified at the ends of

the rod, we also observed a difference in the overall twist of the

molecule. More specifically, although both apoA-IVWT and
apoA-IV64–335 are slightly curved, with a similar central arc of
�70° (Fig. 3), there is a difference in the direction of the twist
(Fig. 4, C and D; see Fig. 8). Whereas apoA-IV64–335 has a left-
handed twist when looking down the long axis of the rod, apoA-
IVWT has a right-handed twist of �120°. This, along with the
curvature, creates a chiral mismatch between the two recon-
structions (Fig. 4, D and E; see Fig. 8). Although both apoA-

FIGURE 4. Solution state of apoA-IVWT and comparison with apoA-IV64 –335. A, scattering function and Guinier plot (inset) of dimeric apoA-IVWT and
apoA-IV64 –335. B, pairwise distance distribution function of apoA-IVWT and apoA-IV64 –335. a.u., arbitrary units. C, three orthogonal views of the averaged ab initio
reconstructions of apoA-IV64 –335 (top) and apoA-IVWT (bottom). D, alignment of apoA-IVWT and apoA-IV64 –335 reconstructions and comparison of apoA-IVWT

SAXS scattering function with the simulated scattering function of the apoA-IV64 –335 crystal structure generated with CRYSOL. E, superposition of one-half of
apoA-IVWT (mesh) and apoA-IV64 –335 (spheres) depicting additional density associated with apoA-IVWT.
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IV64–335 and apoA-IVWThave a rod-like core, there are distinc-
tions in volume at the termini and a reversal of the twist along
the long axis.
Monomeric ApoA-IV—Previously, we proposed a pocket-

knife model in which the extended helix, which is swapped in
the dimer, folds back into itself to form a four-helix bundle in
the monomer (6). The model predicts that the atomic contacts
are the same between the monomer and dimer. This was sup-
ported experimentally, as we previously observed no significant
difference in their cross-linking patterns, thermal stability, or
secondary structure (6).
To further evaluate our model, we utilized SAXS to deter-

mine a low-resolution structure of monomeric apoA-IVWT

(Fig. 5). Again, minimal aggregation was observed as deter-
mined by a linear Guinier analysis (Fig. 5A), and apoA-IVWT

remained monomeric during the experiment (Fig. 1, E and F).
The bell shape of the pairwise distance distribution profile indi-
cated a much more globular structure than the dimer, with a
Dmax significantly smaller than that of dimeric apoA-IVWT (Fig.
5B). The envelope generated after ab initio reconstruction
shows a compressed structure that was significantlymore glob-
ular than the rod-like dimer. In fact, the monomer reconstruc-

tion fitted exceptionally well into one-half of the dimer recon-
struction (Fig. 5C). The envelope of the apoA-IV monomer is
roughly half the length (88 Å) of the dimer, but with a similar
width (20 Å), which is roughly the width of a four-helix bundle
(Fig. 5C). Furthermore, the envelope comparison demonstrates
that the additional density observed in dimeric apoA-IVWT

compared with the truncated version is also apparent in the
monomer envelope (Fig. 5C). This indicates that the N and C
termini form an interaction similar to that observed in the
dimer, although the interactionwould be intramolecular. Addi-
tionally, this suggests that the clasp mechanism regulates lipid
binding in both themonomeric and dimeric forms. This finding
is further supported byDMPC clearance experiments, in which
the lipid binding rates of the isolatedmonomer and dimer were
indistinguishable (Fig. 5D). Overall, this is the first structural
information on the monomeric form of apoA-IVWT, and the
model is supported by its resemblance to exactly half of the
dimer.
Location and Significance of N and C Termini—To deter-

mine whether the additional volume on the ends of the rod
identified in the apoA-IVWTdimer is due to the terminimissing
from the crystal structure, we analyzed the SAXS envelopes of

FIGURE 5. SAXS of monomeric apoA-IV. A, scattering function and Guinier plot (inset). B, pairwise distance distribution function. a.u., arbitrary units.
C, averaged ab initio reconstruction of monomeric apoA-IV (spheres) and superimposed onto the apoA-IVWT dimer reconstruction (mesh). D and E, DMPC
clearance assay comparing isolated monomeric and dimeric forms of apoA-IV (D) and comparing the dimeric form of various mutants with apoA-IVWT (E).
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deletion variants with individual N- and C-terminal trunca-
tions. ApoA-IV1–335 was used to identify the additional volume
associated with the N terminus, whereas apoA-IV62–376 was
used for the C terminus. Each variant was expressed and puri-
fied as described above, and the dimer was isolated by SEC.
Similar to apoA-IVWT and apoA-IV64–335, the isolated dimers
were exceptionally stable (Fig. 1, E and F). ApoA-IV62–376,
which lacks residues involved in lipid binding, was shown to be
a poor lipid binder (Fig. 5E). Similarly, apoA-IV1–335 also bound
lipid poorly. This has been suggested to be a result of an intact
clasp, which is highly dependent on interaction of Phe-334with
the N terminus (Fig. 5E) (19). Consistent with previously pub-
lished results (19), we observed a similar slow lipid binding pro-
file in the DMPC clearance assay when using only the isolated
dimer compared with the mixture of monomers and dimers
(Fig. 5E).
SAXS data were collected on eachmutant, and a summary of

the structural statistics is presented inTable 2. Inspection of the
pairwise distance distribution revealed that each construct has
an extended rod structure thatmore resembles the profile from
apoA-IV64–335 than fromapoA-IVWT (Fig. 6C). However, there
are obvious differences in the profile of the two mutants that
result in distinct molecular envelopes (Fig. 6D). For apoA-
IV1–335, the ends of the molecule are less globular compared

with apoA-IVWT and with less volume (Fig. 7), suggesting that
the missing volume is a result of the C-terminal truncation.
Furthermore, comparing apoA-IV1–335 with apoA-IV64–335

shows additional volume that corresponds to the mass of the N
terminus (Table 2). The envelope of apoA-IV1–335 also shows a
similar curvature of the rod compared with apoA-IVWT and
apoA-IV64–335, with a central arc of 75° (Fig. 3). Interestingly,
apoA-IV1–335 exhibits a right-handed twist comparable with
that of apoA-IVWT (Fig. 8A). This suggests that the addition of
the N terminus reverses the left-handed twist of apoA-IV64–335

to a right-handed twist, as seen in apoA-IVWT.
This is in sharp contrast to the envelope of apoA-IV62–376,

which is significantly less ordered than the previously examined
constructs. This difference is also apparent upon examination
of the Kratky plot (Fig. 8B), which yields information about the
flexibility and folded state of the molecule (35). Folded and
ordered proteins have a bell-shaped profile, which is signifi-
cantly flattened for apoA-IV62–376 compared with other
apoA-IV constructs. Surprisingly, the central rod appears to be
kinked at four locations along the length of the core bundle rod
(Fig. 6D), thus making it difficult to determine the twist (Fig.
8A). In addition, the ends are less compact, again making it
difficult to define the location of the C terminus relative to
apoA-IVWT and the other variants (Fig. 7). Taken together,

FIGURE 6. Solution state of apoA-IV1–335 and apoA-IV62–376. A, schematic of the various truncation constructs used for SAXS experiments. B, scattering
function and Guinier plot (inset) of dimeric apoA-IV1–335 and apoA-IV62–376. C, pairwise distance distribution function of apoA-IV1–335 and apoA-IV62–376. a.u.,
arbitrary units. D, three orthogonal views of the averaged ab initio reconstruction of dimeric apoA-IV1–335 and apoA-IV62–376.
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these results imply that alterations to the termini, specifically
removing the N terminus, can have dramatic effects on the
structure of the core helical bundle.
Structure ofDimericApoA-IVF334A—Wehave shown that the

single amino acid mutation F334A could switch apoA-IV from
a poor lipid binder to an avid one, on par with the lipid binding
potency of apoA-I (Fig. 5E). Therefore, we analyzed dimeric
apoA-IVF334A by SAXS to investigate the impact of the F334A
mutation on the overall structure (Fig. 9 and Table 2). Again,
the purified apoA-IVF334A dimer was stable and exhibited
robust lipid binding, as shown in Fig. 5E.
Analysis by SAXS revealed that the pairwise distance distri-

bution profile of apoA-IVF334A indicated a structure that was
rod-like, but more similar to apoA-IVWT than apoA-IV64–335

(Fig. 9B). Although the bimodal distribution observed in apoA-
IVWT is less evident in apoA-IVF334A, the peak of the pairwise
distance distribution is more rounded like apoA-IVWT,
whereas in apoA-IV64–335, the pairwise distance distribution
exhibits a sharp peak.Althoughwe expected the envelope of the
single point mutation apoA-IVF334A to closely resemble that of
apoA-IVWT, ab initio reconstruction resulted in an average
envelope that displays a markedly segmented and less ordered
rod, similar to apoA-IV62–376 (Fig. 9, C and D). A more flexible
structure was also supported by a flattened Kratky plot (Fig.
8B). Furthermore, significant differences are observed at the
ends of the rods despite each occupying a comparable volume
(Fig. 9E). In apoA-IVF334A, the end globular domains point
away from the core bundle instead of looping back to interact,
as seen in apoA-IVWT. This indicates that a single amino acid
change can disrupt the ends of the molecule and also signifi-
cantly affect the global conformation of apoA-IV.

DISCUSSION

Recent structural studies have illuminated how apolipopro-
teins transition between monomers and dimers, revealing a
novel helix-swapping mechanism (4, 6). However, by necessity,
both structures were derived from truncated proteins, thus
raising questions about what effect the missing components
have on the overall structure and whether they are good struc-
tural models for apolipoproteins in solution. This is certainly
the case for apoA-I, which was solved in two completely differ-
ent configurations depending on the truncation and crystalli-
zation conditions (4, 36). To resolve these issues, we structur-
ally characterized the solution state of a full-length unmodified
apolipoprotein, apoA-IV, using SAXS. This information will be
important for understanding the mechanisms that occur as
apolipoproteins form HDL particles.
Wehave shown that SAXS is a convenientmethod for resolv-

ing the structures of multiple apoA-IV variants. However,
SAXS is a low-resolution, albeit solution-based technique.
Therefore, we first had to compare the crystal structure of
apoA-IV64–335 with its SAXS envelope to provide orientation
and bearing. This showed that the bundle architecture and
domain swapping described in the apoA-IV64–335 crystal struc-
ture also occur in solution and in the full-length protein. This is
important because the concentrations of protein required for
crystallographic studies have been suggested to drive domain-
swapping interactions (37). In this study, the rod-like structure
of apoA-IV was clearly evident at all concentrations examined,
supporting that domain swapping was not a crystallization
artifact.
From the comparisons of apoA-IV64–335 and apoA-IVWT, it

is clear that the N and C termini interact to form a globular
domain. Because the missing N and C termini are expected to
be highly helical (38), it is likely that this domain is a set of
helices forming a compact helical bundle (Fig. 10). This is con-
sistent with circular dichroism measurements (6) and also a
comparison with other apolipoproteins that have a core bundle
domain flanked by helical termini, such as the C terminus of
apoA-I and both N and C termini of apoE3 (4, 5). However, it
does not appear that the termini of apoA-I and apoE3 form
an additional domain that regulates lipid affinity. Further-
more, the molecular envelops of the monomeric and dimeric
forms show that the N and C termini interact in both molec-
ular states. Thus, a structural distinction of apolipoproteins
might be how the N and C termini interact with the core
bundle to regulate their function. For apoA-IV, our data sup-
port that the N and C termini have long-range conforma-
tional affects on the core helical bundle.
Previous biochemical experiments suggested that interac-

tion of the apoA-IV N and C termini hinders lipid binding (19).
Breaking this configuration through site-directed mutagenesis
increased the ability of apoA-IV to emulsify lipids. In this study,
our SAXS data support that the N and C termini interact not
only with each other but also with the core bundle. Disrupting
the clasp, as observed with the F334A mutation, alters the
structure of the terminal bundle, implying that significant con-
formational changes are occurring in this region. Furthermore,
the terminal bundle dissociates from the core. One possibility is

FIGURE 7. Comparison of N and C termini. Shown is the apoA-IVWT averaged
reconstruction with various truncation averaged reconstructions aligned at
one end for comparison of the N and C termini (N & C-term).
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that Phe-334 interacts directly with the bundle, and its muta-
tion leads to a dissociation of the two domains. Alternatively,
Phe-334 could be necessary for the termini to coalesce into a
globular structure. Our results show that the F334A mutation
not only disrupts the N/C-terminal interaction but also alters
how the N/C-terminal bundle interacts with the rod. Without
this interaction, the core bundle is not as stable and becomes
segmented. This implies that an increase in lipid bindingmight
be associatedwith amore fluid core bundle. A fluid core bundle
was also observed in the N-terminal truncation apoA-IV62–376,
but this form remains a poor lipid binder due to deletion of
important lipid binding determinants (18). Taken together,
these results fundamentally redefine the claspmechanism as an
interaction between the termini and themain bundle instead of
just the termini and provide a structural explanation for how

the N and C termini can impact lipid binding by altering the
overall bundle architecture.
Because apoA-IV exhibits a number of unique biological

functions that are not observed with other apolipoproteins, it is
intriguing to speculate that these are related to the clasp mech-
anism. One possibility is that certain biological activities of
apoA-IV require a lipid-free state, and therefore, a mechanism
is needed to prevent constitutive lipid binding. This could lead
to lipid-free functions of apoA-IV (Fig. 10). Disruption of the
clasp, possibly through protein or ligand interactions, could
convert apoA-IV into an avid lipid binder and facilitate lipid-
bound functions of apoA-IV (Fig. 10). Future work will need to
associate the functions of apoA-IV with its lipid state.
In summary, we have further defined the conformational

starting point of apoA-IV, before it transitions into an HDL, by

FIGURE 8. Conformational affects of N/C termini. A, comparison of the overall averaged envelopes of apoA-IV64 –335, apoA-IV1–335, and apoA-IV62–376 with
apoA-IVWT. The envelopes were superimposed by aligning the central helical bundle. N & C-term, N and C termini. B, Kratky plot for each set of SAXS data that
was used for ab initio reconstructions.
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providing the low-resolution envelops of solution-state
apoA-IV in its dimeric andmonomeric forms.Combining these
envelops with our previously published high-resolution crystal
structure has allowed us to better model the solution state of
full-length apoA-IV and to determine that the N and C termini
can form a globular domain that can interact and impact the
overall structure of the bundle. Future studies will be aimed at
developing detailed models that fit the molecular envelopes
determined here, validating these with additional biophysical

techniques, and then performing molecular dynamics studies
to determine their plausibility.
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FIGURE 9. Solution state of apoA-IVF334A. A, scattering function and Guinier plot (inset) of dimeric apoA-IVF334A and apoA-IVWT. B, pairwise distance distribu-
tion function of apoA-IVF334A and apoA-IVWT. The y ordinates are for apoA-IVF334A (left) and apoA-IVWT (right). a.u., arbitrary units. C, averaged ab initio recon-
structions of apoA-IVF334A. D and E, comparison of the overall structures (D) and terminal bundles (E) of apoA-IVF334A and apoA-IVWT.

FIGURE 10. Current model of apoA-IV structure and possible implications for its various functions. ApoA-IV exists predominantly as a monomer and
dimer, and both have low lipid affinity. Low lipid affinity is regulated through interactions with the N and C termini, which also interact with the main bundle.
Disrupting these interactions increases the lipid affinity of apoA-IV. It is possible that different functions of apoA-IV are associated with a lipid- or lipid-free state,
which is mediated through a clasp mechanism.
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