






plateau in the Porod-Debye plot (q4 versus q4�I(q)), whereas
there is a clear plateau in the q3 versus q3�I(q) plot (Fig. 8e). A
plateau in this plot is suggestive of intrinsic flexibility in the

protein (49, 50). This should not be mistaken for an unstruc-
tured protein because the q2 versus q2�I(q) plot displays a dis-
tinct decrease and not a plateau (Fig. 8e) (49, 50).
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For completeness, we also analyzed the MD model (non-
MDSA) with respect to the SAXS data (not shown). The simu-
lated model was in good agreement with the SAXS envelope
(� � 2.38) though not as strong as the starting model. The
AllosMod-FoXS analysis yielded an improved single best fit
model (� � 0.97). Again, the models were divergent in the N
and C termini (Fig. 8c), consistent with significant conforma-
tional flexibility in these regions.

Extrapolation of the Simulated Monomer Model to the Dimeric
Form—Based on the cross-linking data in Tables 1 and 2 and
our previous work, we reasoned that the structure of the glob-
ular domain was similar in the monomer and dimer. In the
monomer, this domain consists of the N and C termini from the
same molecule. In the dimer, there are two of these domains,
each composed of termini from different molecules. Therefore,
we generated a symmetry related full-length dimer with
swapped chains by superimposing the monomer MD results
onto the apoA-IV64 –335 crystal structure dimer. Unfortunately,
MD simulations of this model were not successful because of
significant instability at the crossover in the middle of the
model. Thus, we were unable to develop a consensus model and
corresponding contact plot. However, by simple extrapolation,
it is clear that the cross-links occurring between the N- and
C-regions in the monomer can also occur intermolecularly in
the dimer. An example is shown in Fig. 9. This conclusion also
applies to the single best fit models derived from the SAXS
analysis (not shown).

Functional Predictions from the Models—From the modeling
approaches described above, it is evident that the N/C-terminal
domains interact and likely fold back to interact with the helical
bundle. Further inspection of the bundle revealed that a phenyl-
alanine (Phe223) was positioned near hydrophobic residues
known to be involved in triggering the lipid affinity of apoA-IV
(24) (see “Discussion” for further details). Speculating that this

residue may comprise part of the clasp mechanism, we mutated
it to an alanine and then evaluated the effect on the ability of
apoA-IV to reorganize DMPC liposomes into lipoproteins. Fig.
10 shows that apoA-I cleared the lipid avidly as demonstrated
previously (51), whereas WT apoA-IV did so at a more moder-
ate rate (47). On the other hand, a mutant of apoA-IV (apoA-IV
F334A) in which the clasp interaction has been disrupted (24)
cleared the lipid nearly as efficiently as apoA-I. Interestingly,
apoA-IV(F223A) was significantly more effective than WT
apoA-IV and nearly as effective as apoA-IV(F334A), indicating
that this mutation may indeed affect the lipid binding clasp
interaction. We observed the same effect when Phe223 was
mutated to His (not shown). By contrast, other point mutations
in the region, such as Phe294, failed to exert significant effects on
lipid solubilization (Fig. 10).

DISCUSSION

The remarkable structural plasticity of apolipoproteins is
evident in the different forms they adopt. They can exist lipid-
free (or poor) in solution where they undergo a concentration-
dependent self-association that bears a remarkable similarity to
chemical detergents. Upon interaction with lipid, significant
structural rearrangements are induced to generate and stabilize
lipoprotein particles. These properties have made them noto-
riously difficult to study by traditional high resolution tech-
niques such as nuclear magnetic resonance and x-ray crystal-
lography. Although moderate success has been achieved with
truncated mutants, our structural understanding of these pro-
teins as they exist in lipoproteins and how they transition to this
state remains limited. This has required the clever integration
of a wide range of complementary structural techniques to
understand the structure of the full-length proteins.

FIGURE 8. AllosMod-FoXS modeling of the apoA-IV monomer using SAXS data. a, comparison of apoA-IV x-ray scattering profile (black line) to truncation
of the N/C termini from the single best fit model (cyan line), initial model (orange line), full-length single best fit (red line), and minimal ensemble search (MES,
green line) theoretical profiles determined by AllosMod-FoXS. Residuals are shown below with chi distribution values in parentheses. b, AllosMod-FoXS single
best fit molecular model shown in cartoon. c, C-� root mean square deviation (RMSD) values for each residue determined using SuperPose 1.0 (55) of the
molecular models derived from minimal ensemble search within the AllosMod-FoXS pipeline. Note that significant C-� deviations between models are within
the N/C termini (amino acids 1–96 and 312–376) and not the four-helical bundle (amino acids 97–376). d, superposition of the single best fit model onto the
GASBOR ab intio molecular envelope. e, flexibility plots of the experimental SAXS profile of the apoA-IV monomer. The graphics were generated using PyMOL.

FIGURE 9. Representative cross-link depicting an intra- versus intermo-
lecular contact between the N- and C-terminal residues in the monomer
versus dimer of apoA-IV. a, the monomeric non-MDSA simulated model for
full-length apoA-IV is shown in green. The �-carbons of Lys residues 59 and
330 are shown as red spheres and are connected in an intramolecular cross-
link as indicated in Table 2. b, the non-MDSA model was used to generate a
preliminary model of the dimeric form of full-length apoA-IV as shown with
molecule A in green and molecule B in teal. The same Lys residues are shown
participating in an intermolecular cross-link.

FIGURE 10. Ability of apoA-IV mutants to reorganize DMPC multilamellar
liposomes. DMPC liposomes were incubated with at a 1:2 mass ratio of lipid
to protein at 24.5 °C for the time indicated. The conversion of the light scat-
tering liposomes to nonscattering lipoproteins was monitored at 325 nm.
DMPC liposomes without added protein were included as a negative control,
and apoA-I was included as a positive control because of its avid ability to
clear lipid. The traces are representative from three separate experimental
runs.
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Power of Isotope-assisted Cross-linking for Determining Spa-
tial Constraints in Oligomeric Proteins—The recent crystal
structures of dimeric apoA-I (23) and apoA-IV (22) fragments
have highlighted the remarkable similarities in molecular con-
tacts among the various oligomeric states of apolipoproteins.
This may hint that their lipid-bound forms also exhibit similar
reciprocating contacts. Therefore, it is critical to develop struc-
tural techniques that can distinguish between intra- and inter-
molecular contacts, even if they occur between exactly the same
protein regions.

In earlier work, we proposed a crude way to estimate the
molecular span of cross-links called the “oligomer isolation
strategy.” This involved setting the cross-linking conditions so
that linked monomers and dimers could be separated by gel
filtration chromatography and independently analyzed by MS
(52). In theory, the dimeric species should contain all intra- and
intermolecular cross-links, whereas the monomeric species
have only intramolecular links. Those unique to the dimer were
interpreted to be intermolecular. This approach was adopted
by other laboratories (53, 54) as well. However, this concept
suffers from three limitations. First, it is not always possible to
completely separate monomers and dimers in the analysis,
resulting in uncertainty assigning molecular span (52). Second,
it is not possible to distinguish cross-link span in trimers or
higher, even if they can be individually isolated. Third, and most
importantly, the crystal structures of dimeric apoA-I (23) and
apoA-IV (22) show that the same cross-link can appear in both
the dimers and monomers but have different molecular spans
in each.

The dual isotope labeling approach reported here addresses
all these issues. Although we separated monomers and dimers
in this study, this is not a requirement. Contributions of mixed
systems should be interpretable by comparing the relative
intensities of the mixed isotope cross-links compared with the
pure 14N and 15N versions. A mixed system of equal monomer
and dimer should produce a pattern in which the 14N and 15N
peptide ion intensities are X and the mixed peptide ion inten-
sities are 0.5X. A similar argument can be made for evaluating
oligomers of higher order than dimer. For example, if all four
ion intensities are equal, then all three molecules in a trimer can
be interpreted as making intermolecular contacts. However, if
the mixed species are some fraction of the 14N and 15N species,
one of the molecules may be making different contacts than the
other two. Therefore, we anticipate that this technique will be
highly useful for studying the structure of oligomeric species of
other proteins such as apoA-I as well as the lipid-bound forms
of all apolipoproteins. However, because this technique
requires purified protein from two different sources, it is most
applicable to systems that can (re)assemble postproduction.

Structure of ApoA-IV—We made four major conclusions
from the current study. First, the cross-linking pattern from
soluble protein in buffer closely matched the predictions of the
apoA-IV65–335 crystal structure. This, combined with our pre-
vious SAXS work (26), is strong evidence that the crystal struc-
ture reflects soluble apoA-IV and the crystallization conditions
did not significantly perturb the structure. Second, because the
cross-linking was performed on full-length apoA-IV and the
crystal structure on a truncation mutant, the addition of the N

and C termini does not dramatically affect the structure of the
central helical bundle of the protein, again arguing for the rel-
evance of the crystal structure to full-length soluble apoA-IV.
Third, the molecular span information from the cross-links
strongly support our proposed structure for monomeric apoA-
IV. Finally, using the cross-linking/SAXS data and molecular
dynamics, we created two new models for monomeric apoA-
IV. In both, the hydrophobic components of each termini inter-
act to form a globular domain that appears to sit atop the four-
helix bundle.

The best test of a protein structural model is whether it can
be used as a basis for making functional predictions. Our pre-
vious work has provided significant evidence that sequences
near the N terminus (particularly residue 12) and C terminus
(residue 334 and possibly residue 335) interact to form a clasp
that prevents apoA-IV from unfolding in response to lipid (24,
25, 47). Unfortunately, these residues were not visible in the
apoA-IV65–335 crystal structure. Upon inspection of the new
full-length models in Figs. 7 and 8, we found that both residues
are in proximity in both models (�-carbons within 12.3 Å). Fur-
thermore, a phenylalanine (Phe223) was also clustered near
these hydrophobic clasp residues. This residue had previously
caught our attention because of its unusual exposure on the
surface of the four-helix bundle in the crystal structure. The
models suggested that Phe223 may comprise part of the clasp
mechanism, possibly acting to keep the globular domain asso-
ciated with the folded helical bundle. Consistent with this,
mutating Phe223 had similar stimulatory effects on apoA-IV
lipid binding as Phe334. However, manipulation of another phe-
nylalanine in the same general area failed to alter lipid binding.
This may indicate a three-way interaction between the N ter-
minus (residue 12), the C-terminal region (Phe334), and the heli-
cal bundle (Phe223) that plays a major role in regulating
apoA-IV lipid binding (Fig. 11). When the loosely folded glob-
ular domain interacts with lipid, there may be a conformational
cascade that results in its dissociation from the helical bundle,
allowing it to open and solubilize lipid bilayers more avidly.
Based on the similarity of the structures, this process should
occur similarly in the monomer or the dimer.

Another interesting issue relates to the impact of the globular
domain on the transition between monomer and dimer. The
degree to which the two termini are intertwined may be envi-
sioned to impact the kinetics of the interconversion. Our new
models indicate that the N and C termini are more or less inde-
pendently folded, although each may depend on the other for
stabilizing interactions. Thus, the dimer to monomer transition
may not require a complex conformational change in this
domain. This is supported by our previous studies showing that
both the WT apoA-IV and apoA-IV65–335 (lacking the N and C
termini) have similar dimer to monomer interconversion rates
(22). If the N and C termini interacted in a more integrated or
tight fashion, the transition should be slower when the termini
are present. However, we caution that the structural resolution
of these domains needs to be improved before more definitive
conclusions can be made.

As additional data become available, the quality of full-length
human apolipoprotein models is consistently improving. The
currently reported apoA-IV models are consistent with (i) our
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partial crystal structure, (ii) SAXS molecular shape data, and
(iii) upwards of 50 chemical cross-links. In addition, they are
consistent with secondary structure estimates made by circular
dichroism. Nevertheless, there remains some uncertainty in the
structure of the globular domain. This area is likely dynamic
enough that it may not exist in any one structure at a given time.
Indeed, this is consistent with our data showing that these
domains are the first to be digested under limited proteolysis
(30). Although crystallography and nuclear magnetic reso-
nance methods will continue to be pursued, the dynamic nature
of these apolipoproteins may preclude complete structural
visualization by these methods. Thus, it is important to con-
tinue to develop alternative methodologies, such as the isotope
assisted cross-linking technique, to meet this goal.
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