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Apolipoprotein A-IV (apoA-1V) is an abundant lipid-binding
protein in blood plasma. We previously reported that apoA-IV,
as an endogenous inhibitor, competitively binds platelet
oIlbP3 integrin from its N-terminal residues, reducing the
potential risk of thrombosis. This study aims to investigate how
the apoA-IVE™M and apoA-IVI3*S mutations affect the
structure and function of apoA-IV. These mutations are linked
to increased risk of cardiovascular diseases because of multiple
single-nucleotide polymorphisms in the C-terminal region of
apoA-IV. We postulate that the structural hindrance caused by
the C-terminal motifs may impede the binding of apoA-IV to
platelets at its N-terminal binding site. However, the mecha-
nistic impact of Q360H and T347S polymorphisms on this
intermolecular interaction and their potential contribution to
the development of cardiovascular disease have not been
adequately investigated. To address this, recombinant forms of
human apoA-IV¥Y, apoA-IVEH and apoA-IV™*S variants
were produced, and the structural stability, dimerization, and
molecular dynamics of the C terminus were examined utilizing
biophysical techniques, including fluorescence anisotropy,
fluorescence spectrophotometry, circular dichroism, and bio-
layer interferometry methods. Our results showed a decreased
fraction of ot-helix structure in apoA-IVE°™ and apoA-IV 3475
compared with the WT, and the inhibitory effect of dimerized
apoA-IV on platelet aggregation was reduced in apoA-IV¥¢H
and apoA-IV"?*’5 variants. Binding kinetics of examined apoA-
IV polymorphisms to platelet allbf3 suggest a potential
mechanism for increased risk of cardiovascular diseases in in-
with apoA-TV et apoA-IVT3478
polymorphisms.
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Apolipoprotein A-IV (apoA-1V) is a lipid-emulsifying protein
in plasma that can be interchanged with other apolipoproteins
(apoA-I, apoB, and apoE) (1, 2). Human apoA-1IV is primarily
synthesized in the intestine and plays important roles in lipid
metabolism, reverse cholesterol transport, glucose homeostasis
in plasma, and putative attenuation of thrombosis (2-7). ApoA-
IV is reported to exhibit multiple 22-mer amphipathic struc-
tures of a-helix bundles and as low as 5% glycosylation (8—10).
The gene encoding for human apoA-IV (apoA-IV-1 or apoA-
IV¥T) is reported to have seven single-nucleotide poly-
morphisms (11, 12). The second most abundant apoA-IV
polymorphism possesses an ACT to TCT variation at codon
347, which has an allele frequency of 0.22 to 0.25. This variant
encodes a serine to threonine substitution (apoA-IV-la or
apoA-IVT3*%) The third most common apoA-IV poly-
morphism with an allele frequency of 0.03 to 0.12 has a CAG to
CAT variation at codon 360, encoding a histidine for glutamine
replacement (apoA-IV-2 or apoA-IV*%) (12-14). While
previous research examining the impact of heterozygous
expression of apoA-IV polymorphisms found no significant
differences compared with apoA-IVYT (15), several epidemio-
logical studies have documented that individuals carrying ho-
mozygous apoA-IVT*S or apoA-IVEM allele have an
increased susceptibility to coronary heart disease, although the
mechanisms behind this correlation have not been adequately
explored (16-18).

Platelets, small anucleate cells in the blood, hold key func-
tions in thrombosis and hemostasis (19-21). They also actively
contribute to inflammation, immune responses, tumor
metastasis, and atherosclerosis (22-26). Integrins are a
conserved ubiquitous class of heterodimeric cell surface
adhesion proteins. The predominant integrin on platelets is
GPIIbllla (aIIbf3), which is essential for platelet aggregation
and important for platelet adhesion to the injured vessel wall
(19, 24, 27-29). Platelet activation leads to the formation of a
plug by crosslinking adjacent platelets through the interaction
of integrin ollbB3 and fibrinogen (Fg), which can recruit
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Apolipoprotein A-IV polymorphisms and thrombosis

additional platelets, coagulation factors, and enhance blood
coagulation (27-32). Classically, Fg has been identified as the
molecule that mediates platelet aggregation; however, our
earlier studies demonstrated that occlusive thrombi can still
occur without either or both Fg and von Willebrand factor,
suggesting the existence of yet unidentified molecules that
bind to aIlbP3 and contribute to platelet aggregation and
thrombosis (28, 33—35). Prior studies on apoA-IV have shown
that protein—protein interactions depend on a highly
conserved N-terminal region, and lipid binding depends on
key prolines (36, 37). In a recent study, we investigated the role
of apoA-IV¥T in platelet activity and thrombosis, two
important factors that contribute to heart attacks and strokes
(4, 7, 20). This study revealed that apoA-IV is a novel ligand of
alIbP3 via its highly conserved N-terminal region (E1-L38),
and negatively charged aspartic acid residues (D5, D13) were
potential allbB3-binding sites (4). Also, other structural
studies of apoA-IV showed the role of conserved proline res-
idues in shaping the structure and the lipid-binding function of
human apoA-IV. Our data demonstrated that apoA-IV is a
novel ligand of aIlbB3 via its highly conserved N-terminal
region (E1-L38), and the negatively charged aspartic acid res-
idues (D5, D13) were potential aIIbB3-binding sites, which are
critical for endogenous inhibition of thrombosis (4, 5).
Furthermore, apoA-IV was able to attenuate platelet aggre-
gation and activation in vitro and prevented thrombi in vivo.
Finally, we demonstrated that circadian rhythms in humans
were negatively correlated with platelet aggregation (4).

The present study aims to examine the impact of the three
most common apoA-IV variants, namely apoA-IV¥'™, apoA-
V38 and apoA-IVQ%OH, on the structural and functional
characteristics of this plasma protein and explored a hypothesis
that an alteration in the structure of apoA-IV variants affects
binding to platelet integrin a1IbB3. The work provides evidence
for why individuals with the apoA-IVY*" and apoA-1V'3*7
polymorphisms are more susceptible to cardiovascular diseases,
providing valuable insights for prevention. This work demon-
strates the value of performing comprehensive biochemical
studies to understand the role of apoA-IV polymorphisms in
cardiovascular disease, platelet-related diseases, and inflam-
mation as well as advancing therapies against these diseases.

Results

CD spectroscopy showed a change in helicity of apoA-IV
polymorphisms

Human apoA-IV polymorphism (WT, T347S, and Q360H)
proteins were expressed and purified as we described else-
where (4). A series of structural studies on these variants were
conducted utilizing circular dichroism (CD) spectroscopy to
determine the a-helical content of apoA-IV variants (Figs. 14
and S1). ApoA-IVVT, apoA-IVT*75, and apoA-TVEH poly-
morphisms exhibited two minima at 207 and 222 nm indica-
tive of a-helical protein structure (Fig. 1A). The average o-
helix contents (fractional helicity) of each variant were calcu-
lated and identified that apoA-IV'3*’* had (48 + 5)% o.-helix
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content, whereas apoA-IVY*™ and apoA-IV¥T contained
(63 = 5)% and (69 + 2)% o-helix content, respectively. These
differences in the o-helix content demonstrate significant
reduction in the mean fractional helicity of apoA-TIV'3*7®
polymorphism compared with that in apoA-IV¥ " and apoA-
IV jsoforms (Fig. 1B).

Protein folding stability studies revealed denaturation points
for apoA-1V isoforms

To test the thermal stability of apoA-IV polymorphisms, we
measured mean molar ellipticity, [@], at 222 nm in a tem-
perature range of 25 to 75 °C (Fig. 1C). Using first derivative
analyses of the obtained dichroic thermograms, we quantified
thermal denaturation points (T,,) for apoA-IV variants as
summarized in Table 1. Furthermore, molar ellipticity values
of apoA-IV isoforms at 222 nm were measured as a function of
guanidine chloride (GuHCI) at 25 °C to examine the chemical
stability of apoA-1V isoforms in vitro (Fig. 1D). We identified
that all three variants showed a biphasic denaturation plot in a
dose—response manner with WT demonstrating the most
pronounced biphasic denaturation curve. To compare the ef-
fect of chemical denaturation, we quantified ECs, values using
a biphasic nonlinear regression model (Table 1). The initial
transition signifies the disturbance of protein self-association
in the solution, whereas the subsequent transition occurs at
a greater concentration of GuHCI, indicating complete protein
unfolding. As listed in Table 1, apoA-IV'3*’® was quantified to
have the lowest chemical and thermal denaturation points
among the examined variants, and apoA-IV¥T showed the
highest chemical and thermal denaturation points.

Fluorescence anisotropy showed molecular dynamics
differences in apoA-IV

Molecular dynamics of C-terminal-labeled apoA-IV variants
were measured in vitro utilizing fluorescence anisotropy.
Specifically, the molecular tumbling of apoA-IV™3*’® and
apoA-IVEH polymorphisms was compared with that of
apoA-IV¥T in PBS at 37 °C (Fig. 1E). Our results showed
statistically significant difference among these three common
polymorphisms, with apoA-IV'®*”® polymorphism demon-
strating the lowest average normalized anisotropy values, while
apoA-IV¥T exhibited the highest average normalized anisot-
ropy value (Fig. 1E). The decreased fluorescence anisotropy
observed with apoA-IV™3*’5 and apoA-TV*°H suggests that
these two variants have a faster movement of the C-terminal
domain compared with apoA-IV¥T,

Dimerized apoA-IV polymorphisms exhibited inhibition of
platelet aggregation

The impact of dimerized apoA-IV on platelet function was
examined to test whether dimerized apoA-IV protein isoforms
(10), which exists in blood, can bridge adjacent platelets. Re-
combinant apoA-IV protein isoforms were chemically modi-
fied and linked using covalent spacers (10), and their effects on
ADP-induced human platelet aggregation were investigated.
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Figure 1. Protein folding and molecular tumbling anal¥ses of apoA IV polymorphisms. A, CD spectra for the average molar ellipticity versus wave-
length of apoA-IV'T (red), apoA-IVES™ (blue), and apoA-IV™3*7® (green) in PBS at 37 °C. B, displays a comparison of percentage o-helix content (fractional
helicity) of apoA-IV polymorphisms. C, shows the thermal stability analysis of apoA-IV proteins. Dotted lines signify T, points of 53.2, 50.8, and 47.6 °C for
apoA-IVWT (red), apoA-IV235°H (biue), and apoA-IV™*7* (green), respectively. D, shows protein folding stability analysis of apoA-IV proteins in PBS at 25 °C as a
function of guanidine chloride concentration. E, exhibits molecular tumbling examination using fluorescence anisotropy of fluorophore-labeled apoA-IvV
variants in PBS at 37 °C. Fluorescence anisotropy measures the rotational mobility of labeled C terminus with polarized light. Bar graph demonstrates that
apoA-IVEe%H tumbles faster than apoA-IV''T, and apoA-IV">*’* tumbles faster than apoA-IV2*¢°H and apoA-IVWT. Mean normalized fluorescence anisotropy
values are subtracted from an unconjugated fluorophore blank sample. Quantified values are listed in Table 1. *p < 0.05, **p < 0.01, N = 20. apoA-IV,

apolipoprotein A-IV.

Our findings revealed that the dimerized apoA-IV protein
isoforms exhibited a significantly greater inhibition of platelet
aggregation compared with the unmodified heterogenic
apoA-1V isoforms (Fig. 2, A and B). Upon analyzing the ag-
gregation findings among dimer apoA-IV variants, we
observed that the inhibitory effect was more pronounced in
apoA-IVYT dimer in comparison to the apoA-IV'3*"> and
apoA-IVEH variants. This trend was also observed with the
unmodified heterogenic apoA-IV isoforms (Fig. 2B). This is
the first to show that dimerized apoA-IV, which contains two
alIbP3-binding sites, is still inhibitory (but not bridging adja-
cent platelets) for platelet aggregation, demonstrating its
important physiological role in cardiovascular and other
platelet-related diseases.

Table 1

Quantified chemical and thermal denaturation data from CD

spectroscopy

ApoA-TV Chemical stability Thermal stability
variants First EC5o (M) Second EC;, (M) Tm (°C)

WwWT 0.34 + 0.01 1.3 £+ 0.01 53.2 + 091
Q360H 0.26 + 0.02 0.77 + 0.01 50.8 + 1.1
T347S 0.15 + 0.02 0.60 + 0.01 47.6 £ 1.0

ECsp values denote GuHCI concentration points at which unfolding occurred.
Data presented asmean + 1 SD, N = 3.

SASBMB

Binding affinity and kinetics studies showed direct binding of
apoA-1V to allb(33

To investigate and compare the binding affinities of apoA-
VYT, apoA-IVT3*5, and apoA-TV*°™ polymorphisms with
human platelet ligands and receptors, we developed immobi-
lized apoA-IV biosensor probes utilizing an interferometry
technique and characterized the kinetics parameters of apoA-
IV with activated human platelets at 37 °C using an average
weight of (1.6 £ 0.1) ng per activated platelets (38). We found
that apoA-IV¥T demonstrated the strongest association con-
stant (k,,), whereas apoA—IVT347S variant yielded the weakest
kon among examined three variants (Fig. 34 and Table 2). We
further tested binding kinetics of apoA-IV variants versus
activated oIIbB3, GPVI, Fg, fibronectin, individually and
examined dissociation constant (Ky) values in vitro (Figs. 3B
and S2). As presented in Table 2, our results showed that
apoA-IVY'T exhibited the highest binding affinity with acti-
vated oIIbP3, whereas the C-terminal mutations (apoA-
IVT3*75 and apoA-TV*M) displayed weaker binding affinities
compared with apoA-IV¥T (Fig. 3B). We found no detectable
binding signal for apoA-IV interacting with either soluble Fg
(Fig. S2A) and fibronectin (Fig. S2B) under the examined
in vitro conditions. In reverse binding models, immobilized
human serum albumin (HSA) and fibrinogen-like 1 protein
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Figure 2. ApoA-IV polymorphisms inhibit human platelet aggregation. ADP-induced human platelet aggregation in platelet-rich plasma with and
without the addition of 350 pg/ml (4 pM) apoA-IVWT (red), apoA-IVZH (blue), apoA-IV™*7> (green), and PBS control (gray) using light transmission
aggregometry. A, presents superimposed tracings of platelet aggregation in the presence of dimerized apoA-IV (dark colors). B, shows overlaid tracings of
platelet aggregation in the presence of undimerized homogenous apoA-IV (light colors). C, displays bar graphs for comparative statistical analyses of
acquired platelet aggregation results. Each bar represents mean + SD of maximum platelet aggregation. **p < 0.01, N = 6. apoA-1V, apolipoprotein A-IV.

(FGL1) were tested against (2.0 + 0.1) UM apoA-IV, and we did
not detect binding signals within the experimental conditions.
We examined the thermodynamics and dissociation parame-
ters of apoA-IVY'T, apoA-IVEH and apoA-TVT3*75 at 25 °C
utilizing isothermal titration calorimetry (ITC) and quantified
dimerization Ky values as presented in Table 3 (Fig. 4). The
control ITC titrations conducted on Fg with apoA-IV variants
did not yield any quantifiable heat of binding (Fig. S3).

Light scattering studies demonstrated multimeric
conformation of apoA-IV

Dynamic laser light scattering and multiangle light scat-
tering (MALS) techniques were utilized to study the self-
association of apoA-IV polymorphisms in vitro. Our results
showed a heterogenic mixture of apoA-IV multimers and
quantified hydrodynamic radii (R},) of 2.9, 2.7, and 3.4 nm for
apoA-IVVT, apoA-IVEH and apoA-IVT3*®, respectively, in
PBS (Fig. 5A). Our size-exclusion chromatography (SEC)-
MALS and nondenaturing PAGE analyses showed significant
difference in dimerization properties of apoA-IV variants. We
found that apoA-IV®°™ eluted a larger amount of monomer
conformation than dimer or trimer conformations (Fig. 5, B
and C). We also found that both apoA-IVY™ and apoA-1V'3*7

4 | Biol. Chem. (2025) 301(4) 108392

eluted larger amounts of dimer conformation than trimer or
monomer. We found that apoA-IV3*’% polymorphism eluted
the smallest amount of tetramer, or dimer of dimer, confor-
mation among three apoA-IV isoforms (Fig. 5C).

Fluorescence quenching studies defined conformational
change of apoA-IV

To study the structure unfolding mechanism of apoA-IV
polymorphisms through lipid binding in vitro, we measured
the intrinsic fluorescence emission of single tryptophan res-
idue (W12) on the N termini of apoA-IV variants in titrations
with 1,2-dimyristoyl-sun-glycero-3-phosphocholine (DMPC) at
37 °C. The intrinsic fluorescence emission of apoA-IV poly-
morphisms exhibited a dose-dependent rise with the addition
of phospholipid DMPC (Fig. 6A). Analyzing the acquired
fluorescence intensities and emission maxima, we found that
apoA-IVT**75 apoA-IVEH and apoA-IVVT isoforms yiel-
ded a modest shift of (8 + 3) nm in the emission spectra that
were comparable in all three apoA-IV variants, suggesting
conformational change in the folded structure of apoA-IV
(Fig. 6, B and C). To further investigate this conformational
change mechanism, we studied electron transfer properties of
W12 in apoA-IV variants using the intrinsic fluorescence of

SASBMB
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Figure 3. Direct binding affinity quantification of apoA-IV polymorphisms with purified human allbf3. A, displays BLI sensograms for 0.2 UM apoA-IV
polymorphisms as a function of activated human purified allbB3 concentration in activation buffer at 1000 rpm, 37 °C (B) shows BLI kinetics sensograms for
0.2 M apoA-IVT, (C) apoA-IVe35°", and (D) apoA-IV™*”* polymorphisms with solutions of gel-filtered platelets in an activation buffer (20 mM Tris, pH 7.4,
137 mM Nacl, 1 mM CaCl,, T mM MgCl,, 1 mM MnCl,, 30% [v/v] glycerol) at 1000 rpm, 37 °C (N = 3). Quantified binding affinity values are listed in Table 2.

apoA-1V, apolipoprotein A-IV; BLI, biolayer interferometry.

apoA-IV as a function of two different types of quenchers
(sodium iodide and acrylamide) in the absence and presence of
DMPC at 37 °C (Figs. 6D, and 7, A-C). To prevent the for-
mation of triiodide ion, we added 1 UM sodium thiosulfate in
sodium iodide solution and analyzed fluorescence titration
isotherms as a function of each quencher concentration and
quantified Stern—Volmer constants as summarized in Table 4.

FRET reveals spatial structure arrangement of apoA-IV

The spatial structure rearrangement and intramolecular
distance of apoA-IV multimers in WT, T347S, and Q360H
variants were measured utilizing two FRET techniques in vitro
at 37 °C. We found that apoA-IVE*™ and apoA-IVY" iso-
forms emitted higher Forster efficiencies in buffer compared
with that of apoA-IV™*’% (Fig. 7D), indicating close proximity
of the C and N termini. We identified that the electron transfer
efficiencies were increased immediately after DMPC was
added and then decreased and remained steady as apoA-IV

Table 2

Quantified direct binding affinity data for apoA-IV polymorphisms
and human platelets and allbB3 titrations using BLI

Platelets olIbB3
ApoA-1V variants K, (Platelets x 10° ml™") Ky (nM)
WwT 1.5 +0.3 52 +0.2
Q360H 3.7 + 0.6 82 +3
T347S 48 + 0.8 397 + 18

Data presented asmean + 1 SD, N = 3.

SASBMB

variants were mixed with DMPC at 37 °C and incubated for
30 min (Fig. 7D). We measured the intermolecular distance of
each apoA-IV variant and found that the distance between C
and N termini increases from (26 + 4) A in a homodimer
conformation to (127 + 14) A with the addition of phospho-
lipid DMPC, indicating that self-assembly structure of oligo-
meric apoA-IV was changed and rearranged, where C and N
termini are farther apart from each other (Fig. 7E).

Computational structure studies elucidate apoA-IV-allb33
binding interface

In silico computational structure modeling was used to
analyze the effect of C-terminal mutations of apoA-IV on the
structure alignment and binding interface residues with
integrin aIIbP3. While the overall topologies of apoA-IV var-
iants were comparable, we found that C-terminal (S336-S376)
helical domains of apoA-IV**°*™ and apoA-IV3*"% exhibited
helix—turn conformations whereas apoA-IVY" showed a
continuous o-helix structure (Fig. 8, A and B). Measuring the
distance between C-terminal domains from superimposed
structures, we calculated that apoA-IVE**™ and apoA-1VT3475
oriented 20 and 26 A away from apoA-IVVY, respectively
(Fig. 9A). Analyzing the binding interfaces of apoA-IV with the
available structure of the aIIbp3 headpiece, we computed that
41 amino acids of apoA-IV¥", including N-terminal D13,
interacted with allbB3 (Figs. 9B and 10A), while we found 33
and 27 residues for apoA-IVE°™ and apoA-IVT3*"5, respec-
tively, we did not observe direct contribution of D13 in

J. Biol. Chem. (2025) 301(4) 108392 5



Apolipoprotein A-IV polymorphisms and thrombosis

Table 3
Dissociation of apoA-IV variants in PBS using ITC methods

ApoA-1V variants Ky (uM) AH; (kcal mol™) -TAS; (kcal mol™) Kgp (nM) AH, (kcal mol™) -TAS, (kcal mol™)
wWT 0.63 + 0.13 2.7 £ 0.6 -11+1 54 + 17 -27 +3 21 £ 4
T347S 102 £ 51 -34+1 -28 + 1 — — —

Q360H No heat detected

Data presented asmean + 1 SD, N = 3.

apoA-IVEH and apoA-1V™*’® binding aIIbp3 (Fig. 10, A
and B), indicating apoA-IV variants exhibited distinct binding
sites on aIIbP3 headpiece.

Discussion

The impact on the structural stability and functional prop-
erties of the three most prevalent apoA-IV protein isoforms
were examined utilizing a series of structural and functional
assays. Binding kinetics characterizations showed that muta-
tions in the C-terminal region of apoA-IV, specifically apoA-
IV and apoA-IV™ polymorphisms, can affect the
structure of apoA-IV and alter the binding properties of apoA-
IV to platelet integrin allbB3. These findings explain our
previous observations, wherein N-terminal mutations of D5/
D13 abridged the inhibitory effects of apoA-IVV ' on platelet
aggregation (4, 5). In this study, we show that apoA-IVY " and
apoA-IVEH exhibit higher fractional helicity than that of
apoA-I\/T?’475 (Fig. 1A). The thermal and chemical stability
characterizations demonstrate a significant T}, decrease with
apoA-IVT*® and apoA-IV*™ polymorphisms compared
with that of apoA-IV¥T (Fig. 1 and Table 1). These results
agree with previous studies, where helix-promoting modifica-
tions of apoA-IV favored the higher oligomeric topology and
subsequently higher rates of phospholipid binding (37, 39, 40).

The a-helix bundle motif is a key property for lipid-binding
protein stability and amphipathic functionality in aqueous
environments such as plasma. When apolipoproteins bind to
lipids, they form a protective bundle that can be enthalpically
favorable to compensate for the unfavorable entropy (41). The
apoA-IV™**”® variant displays reduced T, values in contrast
with apoA-IVYT and apoA-IV®®™, indicating a less stable
protein structure. Thus, apoA-IV™*"* is more likely to interact
with the charged and hydrophobic phospholipids present in
the bloodstream (42).

The fluorescence anisotropy analysis of apoA-IV variants
demonstrates significant differences among the three poly-
morphisms. The molecular tumbling, the rotational move-
ment of molecules around their center of gravity in three
spatial axes, and fluorescence polarization and anisotropy
values are inversely correlated (43). High fluorescence
anisotropy values observed for apoA-IVY" signifies slower
C-terminal tumbling to that observed with apoA-TV***" and
apoA-IVT*S  polymorphisms. The order of tumbling
observed with the examined apoA-IV proteins examined
agrees with the order of stability yielded from the chemical
and thermal denaturation assays (Fig. 1, B—F).

We also studied the impact of apoA-IV on platelet function
and tested if dimerized apoA-IV, which physiologically exists
in blood, can crosslink platelets. Consistent with our earlier
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Figure 4. Isothermal titration calorimetry thermograms of apoA-IV polymorphisms. Comparative analysis of multimer dissociation parameters of (A)
apoA-IVWT, (B) apoA-IVEeH, and (C) apoA-IV™** in PBS (N = 3). apoA-IV, apolipoprotein A-IV.
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studies and other reports (4, 5, 44, 45), we show that chemi-
cally dimerized apoA-IVY" inhibited platelet aggregation
significantly more than dimerized apoA-IV** and dimer-
ized apoA-IV™3*’5, Our results suggest that dimerized apoA-
IV polymorphisms do not crosslink platelets and maintain
thrombosis-attenuating effect as previously described (4, 5).
The dimerization may be similar to plasma fibronectin
(dimerized with the same polypeptide), in which the two RGD-
olIbP3 binding sites are close to each other and insufficient to
bridge the adjacent platelets but rather may enhance its
inhibitory effect via enhancing the local avidity to block
platelet aIIbP3 integrin (34, 46). To the best of our knowledge,
this study is the first to present evidence suggesting that
dimerized apoA-IV in the blood does not promote, but
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inhibits, platelet aggregation, and the polymorphisms attenu-
ates this process.

In addition, immobilized apoA-IV biosensor probes were
developed to investigate and characterize the kinetics param-
eters of apoA-IV variants with activated human platelets. The
apoA-IV¥T variant shows the strongest binding affinity,
whereas apoA-IVT3*"® variant had the weakest binding affinity
(Table 2). These results agree with our platelet aggregation
results. The binding kinetics of apoA-IV variants with acti-
vated alIbP3 were tested. The observed binding affinity for
apoA-IVVT agrees with our previous published data (4, 5, 47).
The direct binding affinity of apoA-IV with GPVI, platelet
receptor for collagen and fibrin(ogen) interactions (48), was
examined as a control and demonstrated no significant binding
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Figure 6. Intrinsic fluorescence enhancement and quenching titrations demonstrating the conformational changes of examined apoA-IV poly-

morphisms. A, shows fluorescence emission increase and redshifted spectra of apoA-IVW'

(red), apoA-IVe3S°H (bjue), and apoA-IV**”* (green) as a function

of titrations with phospholipid (DMPC). B, exhibits fluorescence emission quenching and blueshifted spectra of apoA-IV polymorphisms unbound to DMPC
as a function of sodium iodide concentration. C, shows overlaid Stern-Volmer plots for fluorescence quenching analysis. D, displays fluorescence emission
quenching and blueshifted spectra of apoA-IV polymorphisms bound to DMPC as a function of sodium iodide concentration. Data acquired in 20 mM
Hepes, pH 7.4, 140 mM NaCl at 37 °C. apoA-IV, apolipoprotein A-IV; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine.

signals. The absence of binding affinities for apoA-IV variants
with soluble Fg, fibronectin, and GPVI signifies the binding
specificity and hence the importance of apoA-IV and allbB3
interactions. Our findings agree with previous studies on the
main atherogenic constituent of lipid-binding proteins that
substantiated the binding properties of lipoprotein(a) with
plasma Fg and fibronectin (49, 50). It is well documented that
the process of blood coagulation occurs on the surface of
phospholipids circulating in plasma (51-53). Existing litera-
ture indicates that phospholipids support plasma fibrin poly-
merization via adsorption of Fg onto phospholipid surfaces
(54), thus, we think apoA-IV may regulate fibrinolysis by sol-
ubilizing plasma phospholipids. The negatively charged
phospholipid bilayers provide a binding platform, where
coagulation factors interact and transform proenzyme into
active enzymes (30, 31, 55, 56).

We quantified the multimeric diffusion properties of apoA-
IV variants and show that apoA-IV™3*’% variant yields the

8 J Biol. Chem. (2025) 301(4) 108392

lowest fraction of tetramer conformation among the apoA-IV
variants tested. We attribute this to the increased hydrophobic
shielding and negative charge density to the C terminus of
apoA-IVE®H that can interfere with the domain-swapping
dimerization process (10, 40, 57). A large fraction of mono-
meric apoA-IVEH  distribution can also explain weak
platelet binding and small inhibition of platelet aggregation
than what we observed with apoA-IV¥™, We performed the
structure alignment of apoA-IVE*™ and apoA-IVT*** vari-
ants individually with apoA-IV¥' and identified that C-ter-
minal o-helix structure of apoA-IVE®H had a bent
conformation, where it folded closer to the core helical bundle
whereas C-terminal d-helix structure of apoA-IV'3*% was
found to be oriented away from the core helical bundle
(Fig. 10). These findings agree with our fluorescence anisot-
ropy analyses, where we detected higher molecular tumbling
for apoA-IV™3*"S and apoA-IVE®M variants than for apoA-
IV¥T, By comparing the predicted structures of apoA-IV
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DMPC. *p < 0.05, **p < 0.01, ***p < 0.001, N = 3. apoA-IV, apolipoprotein

polymorphisms, we were able to identify significant disrup-
tions in the binding interfaces of apoA-IV™*’5 and apoA-
IVH yariants with alIbB3 compared with that in apoA-
IV¥T_allbB3 binding interface. Our results demonstrate that
D5 and D13 residues in apoA-IV have key roles. The D5 res-
idue folds inward and interacts with R326 from the core helix,

Table 4

Stern-Volmer constants (Ksy) of apoA-IV polymorphisms quantified
from intrinsic fluorescence quenching titrations

Acrylamide (M™") Sodium iodide (M™")

ApoA-1V variants -DMPC -DMPC
WT 73+0.1 0.78 + 0.09
Q360H 6.4 +0.2 1.8 +0.1
T347S 139 £ 0.7 2.8 +0.3

Data presented asmean + 1 SD, N = 3.

SASBMB

A-IV; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine.

stabilizing the core bundle and exposing the binding interface.
D13 and other 40 residues of apoA-IVVT form a direct
interaction platform and shield GRGDSP binding site of Fg
and allbf3. ApoA-IVE*™ mutation yields in a binding
interface that is reduced to 33 residues, whereas apoA-IV3%7%
mutation results in a binding interface that is reduced to 27
residues. Neither apoA-IVL*M nor apoA-IV™*S binding
interface contained D5/D13 residues. The decrease in binding
interface residues obtained through our computational anal-
ysis is supported by our experimental binding affinity results.
We previously showed that the removal of the N terminus
(A1-38) from recombinant apoA-IV eliminated its ability to
inhibit platelet activity, whereas the deletion of the C terminus
(A336-376) actually increased this inhibitory effect (4). These
findings suggested to us that we further explore the molecular
tumbling associated with apoA-IV polymorphisms. Our results
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demonstrate that the steric hindrance resulting from the
tumbling of a loosely folded C terminus of apoA-IV may
disrupt the interaction between two apoA-IV molecules and
their binding sites, thereby explaining the enhanced inhibitory
function observed upon C-terminal deletion.

To conclude, we demonstrate significant fractional helicity
and structural stability reduction in apoA-IV™**’® compared
with apoA-IV¥T and apoA-IV*° jsoforms. Our molecular
dynamics analysis indicates that the C terminus of apoA-
IV tumbles slightly faster than apoA-IVY™T, and apoA-
IVT3*75 tumbles the fastest among examined three variants.
The observed trend supports our platelet aggregation,
binding affinity, and kinetics results for apoA-IV and alIbB3
utilizing our light transmission aggregometry and biolayer
interferometry (BLI) assays. We further elucidate apoA-IV—
olIbP3 binding interface and demonstrate a biomolecular
mechanism for variable functions observed in the most
common human apoA-IV polymorphisms: apoA-IVYT,
apoA-IVEH and apoA-IVT*S, Our structural analyses
provide valuable insights into the structural effects of
C-terminal mutations and their potential impact on the
function of apoA-IV, which is important for platelets, lipid
metabolism, and blood coagulation including fibrinolysis.

10 J. Biol Chem. (2025) 301(4) 108392

Notably, as platelets are versatile cells, our data should have
broad impact in platelet-related diseases, such as inflam-
mation and immune response, particularly the chronic pro-
cess of atherosclerosis.

Experimental procedures
Materials

All chemicals and reagents were obtained from Sigma-—
Aldrich and used as received unless otherwise stated. Buffer
solutions were prepared in distilled deionized water with a
measured resistivity >18.2 MQ c¢m (Milli-Q) at 25 °C and
filtered using 0.45 pm filters and sterilized using 0.11 to
0.22 pm filters. Purified human platelet integrin ollbB3
(Innovative Research), purified human plasma Fg, and purified
human plasma fibronectin were used as received without any
modifications. The protein concentrations were measured
using ultraviolet light absorbance at 205, 214, and 280 nm
using computed molar extinction coefficient values (Table S1)
as described (58). All procedures using human blood samples
were approved by the Research Ethics Board of St Michael’s
Hospital, Toronto, Canada.
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Protein expression and purification

Recombinant human apoA-IV¥Y, apoA-IVE®H  and
apoA-IVT3*’S proteins were individually expressed in Escher-
ichia coli BL21 (DE3). Full-length human apoA-IV variants
were subcloned into the pET30a E. coli expression plasmid
containing C-terminal 6x His tag and tobacco etch virus
protease cleavage. The proteins were expressed by 1 mM
isopropyl-B-p-1-thiogalactopyranoside induction (4, 8). Har-
vested cell pellets were lysed using an ultrasonic processor
(Sonics) and purified using SuperFlow nickel-nitrilotriacetic
acid (Ni-NTA; Invitrogen) columns followed by overnight
dialysis in 20 mM Tris buffer, pH 7.4, 137 mM NaCl for
binding analyses and separately in PBS (10 mM sodium
phosphate buffer, pH 7.4, 137 mM NaCl, and 2.7 mM KClI)
using (13 + 1) kDa molecular weight cutoff membranes
(Thermo Fisher) at 4 °C. The purification tag was then cleaved
using the tobacco etch virus protease overnight at 4 °C and
stopped with 0.1 mM phenylmethylsulfonyl fluoride for 2 h.

SASBMB

The cleaved tag was removed using the Ni-NTA columns,
collecting the eluent purified protein. Purity of proteins was
assessed with SDS-PAGE analysis and One-Step Blue (Bio-
tium) staining method. Electrophoretic mobility shift assays
were performed utilizing a nondenaturing PAGE technique at
25 °C as previously described (44, 59, 60).

Size-exclusion chromatography

The SEC experiments were carried out on an AKTA Pure
FPLC system utilizing a Superdex 200 Increase 10/300 col-
umn (GE Healthcare). The column was equilibrated with
two column volumes of PBS running buffer (pH 7.4) con-
taining 1 mM EDTA prior to each experiment unless
otherwise stated. To evaluate oligomeric redistribution of
apoA-IV variants, the physiological midrange concentration
(200 pg/ml) of purified recombinant apoA-IV proteins was
incubated at 37 °C in running buffer. At different time in-
tervals, 100 pl of each apoA-IV variant was injected onto the

J. Biol. Chem. (2025) 301(4) 108392 11
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column and experiments were run at a constant rate of
0.5 ml/min. The elution process was monitored by
measuring the absorbance of eluate at 280 nm. Experiments
were recorded and analyzed using the provided Unicorn
software package (37, 61). The molecular size of the apoA-IV
polymorphic multimers was assessed utilizing MALS with an
Infinity-II HPLC (Agilent) and miniDAWN TREOS and
OptiLab T-rEX refractive index detectors (Wyatt). The sys-
tem was equilibrated in the sample buffer for 18 h before the
first injection and calibrated using 2 mg/ml bovine serum
albumin standard. Purified recombinant apoA-IV samples
(50-100 pl) were injected on to the column and run at a
constant rate of 0.5 ml/min. ASTRA software (Wyatt) was
used to analyze the chromatograms and determine molecu-
lar masses (62).

12 J Biol Chem. (2025) 301(4) 108392

V3SOH (hiye), and
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Chemical modification of proteins

Recombinant human apoA-IV¥?, apoA-IVSH and
apoA-IVT**”S proteins with a C-terminal cysteine tag were
generated in the same manner as described previously and
conjugated with Alexa Fluor 488, or fluorescein isothiocyanate
(FITC) (Thermo Fisher) via a thiol-maleimide reaction. N-
terminal apoA-IV samples were conjugated with Alexa Fluor
555 (Thermo Fisher) via N-hydroxysuccinimide ester reactions
in 20 mM Hepes buffer, pH 7.4, 137 mM NaCl at 4 °C as
described (63-65). Unconjugated cysteine residues were
blocked with twofold concentration of N-ethylmaleimide. In
separate experiments, 20 UM apoA-IV variants were cross-
linked using 0.2 mM bis-sulfosuccinimidyl for 20 h at 4 °C,
quenched with 1 M Tris buffer pH 7.4, and buffer-exchanged
in 20 mM Hepes, pH 8.1, and 140 mM NaCl (10, 66).
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Dimerized apoA-IV proteins were purified using SEC as
described previously.

Platelet preparation and aggregation assays

Human blood samples were drawn from antecubital veins of
healthy volunteers after providing informed consent. Human
platelet-rich plasma and platelet-poor plasma were obtained by
centrifugation at 250g for 8 min and a double spin at 5000g for
10 min, respectively, at 25 °C. Gel-filtered platelets were pu-
rified from platelet-rich plasma using a Sepharose 2B chro-
matography column with 5 mM 1,4-piperazinediethanesulfonic
acid buffer, pH 7.0, 137 mM NaCl, 4 mM KCl, and 5.55 mM
glucose as we previously described. To maintain the molar
concentration of apoA-IV in agreement with our previously
published data (4), a concentration of 350 pg/ml (4 puM)
chemically dimerized as well as undimerized apoA-IV variants
was used. After an incubation of 5 min, with testing samples or
blank PBS (10 mM sodium phosphate, pH 7.4, 137 mM NaCl,
and 2.7 mM KCl) at 37 °C. Platelet aggregation was initiated by
addition of 5 uM ADP agonist, stirred at 1000 rpm, and
monitored in vitro for a minimum of 8 min using a light
transmission aggregometer (Chrono-Log) as we previously
described (4, 67).

BLI assays

Recombinant His-tagged human apoA-IV¥Y, apoA-
IVEH and apoA-IVT*”® protein isoforms (0.2 UM) were
separately immobilized onto hydrated Ni—-NTA biosensor
probes using an Octet RH16 interferometer (Sartorius) and
tilted-bottom microplates. The probes were quenched in Su-
perBlock (Thermo Fisher) and equilibrated in binding buffer
(20 mM Tris, pH 7.4, 137 mM NaCl, and 30% [v/v] glycerol)
containing aIIbP3 activation divalent salts (1 mM MgCl,,
1 mM CaCl,, and 1 mM MnCl,) at 37 °C, 1000 rpm. The
association (k,,) and dissociation (k.¢) rates were measured to
quantify the affinity parameters of apoA-IV variants with
alIbP3, GPVI-Fc, Fg, and fibronectin. The effect of the binding
buffer on the threshold of detection was optimized, and raw
data were subtracted from the corresponding blank buffer
samples. His-tagged recombinant HSA (Abcam) and His-
tagged recombinant FGL1 (Innovative Research) were used
as controls in a reverse binding model. HSA and Fg were
immobilized onto separate control probes, and binding signals
were monitored with His tag—free apoA-IVY T, apoA-TVH,
and apoA-IV"**”® proteins in solution as described previously.
The acquired data were fit to a global binding model and
analyzed to quantify the dissociation constant (Kj) using the
supplied Octet software package as we previously described
(47, 68, 69).

Platelet binding kinetics assays

Employing immobilized recombinant apoA-IVY", apoA-
IVH and apoA-IVT*"S biosensors and the described BLI
method, the binding kinetics parameters (k,, and ko) versus

activated human gel-filtered platelets were measured in
binding buffer (20 mM Tris, pH 7.4, 137 mM NacCl, 30% [v/v]
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glycerol) containing activation divalent salts (1 mM MgCl,,
1 mM CaCl,, and 1 mM MnCl,) at 37 °C, 1000 rpm. Gel-
filtered platelets were fixed by mixing platelets in a solution
of 2% (v/v) paraformaldehyde at 37 °C for 10 min and washed
three times between each step (5, 47).

ApoA-IV kinetics assays

The rate of lipid binding was determined using separate
mixtures of apoA-IV¥T, apoA-IVEH  apoA-IVT34¥7S pro-
teins, and DMPC as a function of time at 37 °C. ApoA-IV
protein solutions (0.2 mg/ml) were added to threefold con-
centration of DMPC suspensions in 20 mM Hepes buffer, pH
7.4, and 140 mM NaCl. Utilizing 96-well transparent plates
(Thermo Fisher) and a Synergy Neo2 (BioTek) microplate
reader, the absorbance values at 280 nm were monitored for
30 min (37, 70). The acquired data from triplicated experi-
ments were averaged and normalized to the initial absorbance
values and analyzed using the first-order decay model as we
described (47, 63).

CD spectroscopy

The secondary structures of (2.5 + 0.5) UM of purified re-
combinant human apoA-IV¥T, apoA-IVR**H and apoA-
IVT3*7S proteins were determined by acquiring CD spectra,
immediately after SEC elution, utilizing a Jasco J-1500 spec-
tropolarimeter and 1-mm path length quartz cuvettes in a
wavelength range from 195 to 250 nm at 1 nm/s acquisition
rate. The temperature was kept constant at 37 °C using a
Peltier controller (71). The a-helix content (fractional helicity)
was calculated from the delta epsilon (M cm™) values that
were deconvoluted from acquired CD spectra in a wavelength
range of 200 to 250 nm using BESTSEL software package
(58, 72, 73).

Fluorescence anisotropy assays

The molecular tumbling of apoA-IVYT, apoA-IVOH,
and apoA-IV'?*’® proteins conjugated with C-terminal Alexa
Fluor 488, or FITC, was separately examined by measuring
steady-state fluorescence anisotropy (r) of Alexa Fluor 488 in
PBS at 37 °C. The fluorescence anisotropy of conjugated
apoA-IV depends on the ratio of the polarized excitation and
emission light, and it is independent of the absolute emission
intensity magnitudes (63, 74). To ensure the ruggedness of
acquired polarization data, the fluorescence anisotropy ex-
periments were repeated utilizing a Synergy Neo2 fluorimeter
(BioTek). Using a pair of manual Cary Eclipse light polarizers,
the polarized excitation (492 nm) and emission (517 nm)
intensities at each titration point were measured, and the
fluorescence anisotropy (r) values were quantified as we
previously described (63, 69, 75).

Fluorescence quenching assays

The structural dynamics of apoA-IV variants was investi-
gated exploiting the conformational change of N-terminal
single tryptophan (W12) residue of apoA-IV polymorphisms
in the presence and absence of DMPC. Tryptophan residues of
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10 uM apoA-1V isoforms in 20 mM Hepes, pH 7.4, 140 mM
NaCl were excited at 295 nm at 37 °C. The intrinsic fluores-
cence emission spectra of apoA-IV variants were recorded
separately in a wavelength range of 300 to 500 nm in individual
titrations with 8 M acrylamide and 8 M sodium iodide con-
taining 1 PM Na,S,03. Equimolar concentrations of N-acetyl-
L-tryptophanamide in the stated experimental conditions were
used as control (40, 76). The maximum emission intensity
change (AF) and wavelength shifts (AA) were monitored in
triplicated experiments. The Stern—Volmer isotherms of the
obtained maximum intensities were analyzed as a function of
unbound to quenched apoA-IV (Fo/F) versus the total
quencher concentration. The Stern—Volmer constants (Kgy)
were quantified as previously described (75, 77-79).

FRET

Purified recombinant apoA-I , apoA-I and
apoA-IVT3*S  proteins were separately conjugated with
C-terminal Alexa Fluor 488 in one group (donor) and N-ter-
minal Alexa Fluor 555 in another group (acceptor) in 20 mM
HEPES buffer, pH 7.4, and 137 mM NaCl as described previ-
ously in the chemical modification section applying two FRET
techniques: (i) C termini of two apoA-IV batches were labeled
with a donor and an acceptor; (ii) C and N termini of two
apoA-IV batches were labeled with a donor and an acceptor,
respectively. Each sample was excited at 488 nm, and emission
spectra were recorded in a wavelength range of 500 to 600 nm.
The FRET efficiency (E) was calculated as E = I, / (Iq + 1),
where I, is equal to the integrated fluorescence intensity of
acceptor and I is the integrated fluorescence intensity of
donor mixed with the acceptor. The intramolecular distance
(R) between the C terminus of an apoA-IV molecule and N
terminus of its homodimer was measured as E = 1/[1 + (R/
R.)®], where R, is 70 A Férster constant for the employed
donor—acceptor fluorophores (79-81).

v V/Q360H,

Thermal and chemical denaturation assays

Utilizing CD spectroscopy, the thermal denaturation assays
were monitored from the change in molar ellipticity at 222 nm
([®]22) of apoA-IV variants (WT, Q360H, and T347S) over
the temperature range of 25 to 75 °C at an increasing rate of
5 °C/min. Dichroic thermograms were subtracted from the
corresponding PBS controls, averaged, and normalized. To
quantify the thermal denaturation points (7,), the first de-
rivative of thermograms was plotted as a function of temper-
ature (47, 82, 83). The thermal denaturation point of
unconjugated purified (20 + 1) uM apoA-IV variants in PBS
were examined vig intrinsic tryptophan excitation at 280 nm
(84). Emission intensities were detected at (325 + 0.1) nm as a
function of temperature increase at 1 °C/min using 2-mm path
length quartz cuvettes. The obtained emission intensities were
averaged and normalized. To quantify the thermal denatur-
ation points (7,,), the data were analyzed in a same manner as
described previously for the dichroic thermograms (82, 83).
The chemical denaturation assays of apoA-IV variants in PBS
were examined from [®],,, change as a function of GuHCI in
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a concentration range from 0 to 2 M at 20 °C as previously
described (39, 40, 47).

Dynamic light scattering

The Ry, of the apoA-IV polymorphic isotypes were assessed
through dynamic light scattering utilizing a DynaPro Plate
Reader IIT (Wyatt) (47, 85). Minimum volume of 20 pul from
purified recombinant apoA-IV variants, with a concentration
of (20 £+ 1) UM, was introduced into an opaque 384-well clear
bottom plate (Corning) and examined at a constant tempera-
ture of 25 °C for 5 s/scan. The polydispersity properties of
apoA-IV isotypes were determined by analyzing the accumu-
lation of 10 to 15 trials using the Dynamics software package
(47, 86, 87).

Isothermal titration calorimetry

Thermodynamics and binding parameters of apoA-IV var-
iants were examined utilizing a MicroCal Auto-iTC200 in-
strument at 25 °C in PBS as we previously described (47, 69,
88). All experiments comprised of an initial delay of 60 s, first
purge injection of 0.2 pl and subsequent 18 injections of 2 pl
titrant, spaced every 180 s between every injection. The first
point was removed from all datasets because of the difference
in injection volume. For dissociation experiments, 40 l of
each apoA-IV variant solution were titrated into sample cell
containing PBS. Fg titration experiments with apoA-IV¥ T,
apoA-IVEH and apoA-IVT*"S protein variants were indi-
vidually performed with 2 UM apoA-IV variant in the sample
cell and Fg (29 uM) as titrant. Fg titration experiments were
analyzed with subtraction of the heat of dilution of the titrant.
Acquired ITC data were analyzed using Origin 7.0 software
(OriginLab) provided with the instrument employing the
established methods (47, 75, 88, 89).

Computational modeling

Molecular models of full-length human apoA-IV¥™, apoA-
IVEH and apoA-IVT*”® polymorphisms were computed
utilizing a three-track neural network on Colab ProPlus as
previously described (47, 90, 91). The generated secondary
structure predictions with high confidence levels were refined
and sorted based on the assessed accuracy scores. The struc-
tures of apoA-IV variants were compared with available crystal
structure of dimeric apoA-IV¥' (Protein Data Bank code:
3S84) (10). The binding interfaces of apoA-IV variants with
integrin oIIbP3 headpiece (Protein Data Bank code: 3ZE2) (92)
were examined utilizing a hybrid algorithm of template-based
and ab initio—free model and analyzed in PyMol (Schrédinger)
(73, 75, 93-95).

Statistical analysis

Data are presented as mean + SD. Statistical significance was
assessed by unpaired two-tailed Student’s ¢ test, one-way
analysis of variance followed by Dunn’s test for multiple
paired comparisons using GraphPad 10 (Prism; GraphPad
Software, Inc). A p Value <0.05 was considered statistically
significant (47, 96).
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All data generated or analyzed during this study are
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