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ABSTRACT Association of platelet factor 4 (PF4) with heparin is a first step in formation of aggregates implicated in the devel-
opment of heparin-induced thrombocytopenia (HIT), a potentially fatal immune disorder affecting 1–5% of patients receiving
heparin. Despite being a critically important element in HIT etiology, relatively little is known about the specific molecular mech-
anism of PF4-heparin interactions. This work uses native mass spectrometry to investigate PF4 interactions with relatively short
heparin chains (up to decasaccharides). The protein is shown to be remarkably unstable at physiological ionic strength in the
absence of polyanions; only monomeric species are observed, and the extent of multiple charging of corresponding ions indi-
cates a partial loss of conformational integrity. The tetramer signal remains at or below the detection threshold in the mass
spectra until the solution’s ionic strength is elevated well above the physiological level, highlighting the destabilizing role played
by electrostatic interactions vis-à-vis quaternary structure of this high-pI protein. The tetramer assembly is dramatically facili-
tated by relatively short polyanions (synthetic heparin-mimetic pentasaccharide), with the majority of the protein molecules ex-
isting in the tetrameric state even at physiological ionic strength. Each tetramer accommodates up to six pentasaccharides, with
at least three such ligands required to guarantee the higher-order structure integrity. Similar results are obtained for PF4 asso-
ciation with longer and structurally heterogeneous heparin oligomers (decamers). These longer polyanions can also induce PF4
dimer assembly when bound to the protein in relatively low numbers, lending support to a model of PF4/heparin interaction in
which the latter wraps around the protein, making contacts with multiple subunits. Taken together, these results provide a more
nuanced picture of PF4-glycosaminoglycan interactions leading to complex formation. This work also advocates for a greater
utilization of native mass spectrometry in elucidating molecular mechanisms underlying HIT, as well as other physiological pro-
cesses driven by electrostatic interactions.
SIGNIFICANCE Platelet factor 4 (PF4)-heparin interactions remain a focal point of extensive research, with most studies
aiming at identifying the hallmarks of PF4-heparin antigenicity. This puts a premium on characterizing all relevant species
at the molecular level, which remains challenging because of the enormous structural diversity displayed by heparin and
PF4-heparin complexes. Application of native mass spectrometry to characterize PF4 interactions with heparin oligomers
provides a level of detail that was previously unattainable. It reveals a more nuanced picture of the interaction process, in
which even acquisition of the native quaternary structure critically depends on the presence of polyanions. In addition to
small PF4-polyanion complexes, mass spectrometry also reveals a range of transient species such as tetramers
composed of partially unfolded units and heparin-stabilized dimeric PF4.
INTRODUCTION

Platelet factor 4 (PF4) is a small, high-isoelectric point pro-
tein (pI ¼ 7.6) that was initially discovered as a prothrom-
botic factor in the blood of thrombocytopenic purpura
patients (1). In addition to its prominent role in hemostasis
and thrombosis (2), PF4 is intimately involved in a variety of
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other biological processes (3,4) via interactions with multi-
ple physiological partners. One interaction that gained
particular notoriety and remained a focal point of extensive
research efforts in the past several decades is association of
PF4 with a highly anionic glycosaminoglycan (GAG) hepa-
rin (5). This is a first step in the formation of antigenic ag-
gregates that may lead to development of heparin-induced
thrombocytopenia (HIT), a serious (and potentially fatal)
immune disorder that affects 1–5% of patients receiving
heparin as an anticoagulant (6). Despite PF4-heparin associ-
ation being an important aspect in the etiology of HIT,
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relatively little is known about the specific molecular mech-
anism of this interaction. Even before the crystal structures
of PF4 (showing the continuous ring of positive potential
encircling the PF4 tetramer (7,8)) became available, sugges-
tions were made that the heparin chain wraps around the
tetramer to maximize electrostatic contacts (mostly with
the lysine-rich C-termini of the constituent polypeptide
chains) (9), a conjecture that was mostly confirmed by
modeling the interaction using the coordinates of PF4 tetra-
meric structure (10). Later NMR studies expanded the reper-
toire of heparin-binding sites within PF4 to include several
arginine, lysine, and histidine residues located outside of the
C-terminal helix (11) and provided evidence that heparin
may play an important role in fine-tuning the protein confor-
mation and indeed control both PF4 folding and assembly of
its quaternary structure (12).

On the other hand, the recently published crystal structure
of PF4 complexed with a short synthetic heparin-mimetic
pentasaccharide suggested relatively limited contacts be-
tween the highly anionic pentasaccharide and the PF4
tetramer, placing the number of highly anionic pentasac-
charides bound to a single tetramer at two and finding
only minimal conformational changes within PF4 resulting
from this association (13). One of the two PF4-bound pen-
tasaccharides was actually ‘‘shared’’ with another (symme-
try-related) tetramer in the crystal structure, prompting a
suggestion that this bidentate interaction is relevant vis-à-
vis assembly of large immunogenic complexes. In a dra-
matic departure from the earlier models of PF4-heparin
interactions, which invoked wrapping of a GAG chain
around the tetramer (vide supra), the model emerging
from the crystallographic data is built on the assumption
that the initial PF4/heparin-binding event leads to the poly-
anion assuming a linear conformation, allowing it to asso-
ciate with a second PF4 tetramer and eventually leading to
formation of a large complex in which the proteins are teth-
ered to a semirigid linear heparin chain (13).

Although extrapolation of the structure obtained with a
short heparin-like oligosaccharide to longer GAG chains
bears obvious dangers, until recently, crystallography re-
mained the only technique capable of producing informa-
tion on any relevant PF4-GAG oligomer assembly at the
molecular level. Other biophysical techniques that have
been used extensively in the recent past to characterize
PF4-heparin complexes (reviewed in (14)) typically report
only a single physicochemical characteristic of the pro-
tein/polyanion complexes averaged across the entire
ensemble (e.g., average physical size) without providing
sufficient details at the molecular level. The only excep-
tions are transmission electron microscopy and atomic
force microscopy (AFM), which have been used to visu-
alize large PF4-heparin complexes as well as their associ-
ations with antibodies (15,16). However, the resolution
typically achieved in transmission electron microscopy
and AFM measurements is not sufficient to deduce struc-
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tural details of the substituents of the protein/polyanion
complexes.

One aspect that makes characterization of PF4-heparin
complexes (as well as heparin complexes with other pro-
teins) particularly challenging is the structural heterogeneity
of heparin (both intra- and interchain). One possible way of
eliminating this problem takes advantage of the availability
of highly homogeneous synthetic heparins (17). However,
reducing the enormous complexity of intact heparin to a sin-
gle structure raises the specter of inadvertent elimination of
a subset of glycosaminoglycan chains exhibiting unique
behavior toward the target protein. It is the heterogeneity
of heparin that, until recently, limited the applications of
native mass spectrometry (native MS; a potent biophysical
tool frequently used to characterize biopolymer complexes
(18)) in the field of protein-heparin interactions to small
and relatively homogeneous systems (19,20). Recent ad-
vances in native MS, particularly the introduction of native
LC/MS (21) and limited charge reduction in the gas phase
(22) resulted in a dramatic expansion of the reach of this
analytical technique in the field of highly heterogeneous
biopolymers. In this work, we use native MS to evaluate
PF4 interaction with relatively short heparin oligomers,
including a homogeneous synthetic pentasaccharide (pS)
and a structurally heterogeneous decasaccharide (dp10)
derived from heparin. The results of this study provide clear
evidence for the centrality of electrostatic interactions to
PF4-heparin interactions, showing that the protein does act
as a ‘‘heparin sponge’’ by readily accommodating up to
six pentasaccharides on a single tetramer (as opposed to
two pentasaccharides visualized by x-ray crystallography
(13)). Intriguingly, native MS indicates that at least three
short ligands are required for complete stabilization of the
tetrameric structure, whereas lower ligand loads compro-
mise either the quaternary structure of PF4 (causing its
dissociation to monomers) or its ternary structure (resulting
in partial unfolding of the polypeptide chains within the
tetrameric assembly). Similar results are obtained for PF4
association with dp10. At the same time, nativeMS provides
no evidence for bridging of PF4 tetramers by short oligohe-
parins. The study provides a more nuanced picture of
PF4-glycosaminoglycan interactions, in which even the
acquisition of the canonical quaternary structure by PF4 un-
der physiologically relevant conditions is reliant on the
availability of polyanionic segments (which are provided
in vivo by relevant proteoglycans: chondroitin sulfate in
the a-granules of platelets and heparan sulfate outside of
the PF4 storage sites (23,24)).
MATERIALS AND METHODS

Recombinant form of human PF4 was expressed using the previously pub-

lished protocol (25) and stored in 1.8 M NaCl. The molecular weight of the

polypeptide chain was measured by reversed-phase liquid chromatography/

MS (isotopic mass 7891.26 Da, compared with the 7891.22 Da calculated
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for the oxidized form of the recombinant protein). The synthetic heparin-

mimetic pentasaccharide with high affinity to antithrombin (fondaparinux)

was purchased from Sigma-Aldrich (St. Louis, MO). Heparin dp10 pro-

duced by partial depolymerization of heparin was acquired from Iduron

(Alderley Edge, UK). All other chemicals and solvents used in this work

were of analytical grade or higher.

PF4 samples for MS analysis were prepared by dialyzing into 150 mM

ammonium acetate (pH 6.9). Ionic strength was adjusted by adding addi-

tional ammonium acetate to the protein solution as needed. Native MSmea-

surements were carried out using a Synapt G2-Si (Waters, Milford, MA)

hybrid quadrupole/time-of-flight mass spectrometer equipped with an ion

mobility analyzer and a nanospray source. The following ion optics param-

eters were typically used to ensure stability of noncovalent complexes in the

gas phase: sampling cone voltage, 80 V; trap CE, 4 V; transfer CE, 0 V; and

trap DC bias, 3 V. Ion selection before collision-induced dissociation and

limited charge reduction was carried out by setting the quadrupole selection

parameters (LM resolution) at 4. To trigger limited charge reduction, the

trap wave height was set to 0.2 V, and the discharge current was optimized.

Molecular modeling of the full-length PF4 was carried out using Maestro

modeling suite (release 2019-2; Schrödinger, New York, NY). The crystal

structure of human PF4 (Protein Data Bank, PDB: 4R9Y (13)) was used

as a template; the missing N-terminal peptides EAEED were appended to

each monomer, followed by energy minimization of the engineered

tetramer using the OPLS3e force field. The energy-minimized tetramers

were subjected to a 6-ns molecular dynamics simulation at 300 K in explicit

water and in the presence of 150 mM NaCl ions (Desmond).
RESULTS AND DISCUSSION

Assessment of the higher-order structure of PF4 at a physi-
ological ionic strength (150 mM) and neutral pH (6.9) in the
absence of GAGs carried out with native MS revealed the
exclusively monomeric form of this protein (Fig. 1 A, bot-
tom trace). The absence of any detectable signal of the tetra-
meric form of this protein might seem surprising because
PF4 is frequently stated to have a stable tetrameric form at
a physiological pH and ionic strength (5,26) without explic-
itly mentioning the critical importance of endogenous
GAGs in stabilizing this form in vivo. However, the original
work by Barber et al. noted that PF4 was released from
platelets in the form of a complex with chondroitin sulfate
proteoglycans (23). Separation of PF4 from its proteoglycan
counterpart gave rise to a protein that could be readily dis-
BA
solved at an acidic pH but remained insoluble under physi-
ological conditions (27). All subsequent structural work
with PF4 (e.g., x-ray crystallography studies) was carried
out either under mildly acidic conditions or at an ionic
strength that significantly exceeded the physiologically rele-
vant levels (7,8). Elevation of the ionic strength of the PF4
solution gave rise to a progressively increasing ionic signal
for the tetrameric form of this protein, although even at the
highest ionic strength examined in these measurements (1.5
M), a prominent signal of the monomeric form of PF4 was
still detected (Fig. 1 A). Although the instability of PF4
tetrameric assembly in the absence of polyanions is not sur-
prising (given the highly localized cluster of positive
charges on the protein surface (Fig. 2) that is likely to result
in a significant repulsion among the monomeric components
of the assembly, whose destabilizing effect is mitigated
upon increasing the solution ionic strength because of a pro-
gressive decrease in Debye-H€uckel length (28)), the promi-
nence of PF4 monomers raises the question of whether these
species retain a compact conformation with a native-like
ternary structure.

Evaluation of the degree of compactness of monomeric
polypeptide chains was carried out by analyzing protein
ion charge state distributions in the mass spectra, a tech-
nique that is frequently used to assess the integrity of protein
conformation in solution (29). In contrast to the broad distri-
bution of charge states of PF4 polypeptide ions in the mass
spectrum acquired under strongly denaturing conditions
(inset in Fig. 1 A), charge distributions of PF4 monomer
ions at neutral pH remain narrow (displaying only three
charge states, þ4 through þ6) across the entire range of
ionic strength examined in this work. The average charge
density of these ions is also notably lower compared to those
representing the fully denatured protein, indicating at least
some degree of compactness. At the same time, it appears
that the monomeric PF4 fails to maintain the native-like
fold. Indeed, the gas-phase dissociation of the PF4 tetramers
(in 1.5 M ammonium acetate) triggered by mild collisional
activation proceeds through a classical asymmetric-charge-
FIGURE 1 (A) shows mass spectra of 0.2 mg/mL

aqueous solutions of PF4 acquired at pH 6.9 and

different ionic strengths (the numbers in the right

hand-side part of the panel indicate the

NH4CH3CO2 concentrations in each protein solu-

tion); the inset shows a mass spectrum of PF4 ac-

quired under denaturing conditions (3% formic

acid, 50% acetonitrile by volume). (B) shows mass

spectra of fragment ions produced by collision-

induced dissociation of the two representative pre-

cursor ions (labeled with triangles) near the dissoci-

ation threshold (red traces). The black trace in each

panel shows a reference mass spectrum of PF4 ac-

quired in 1.5 M NH4CH3CO2, from which the pre-

cursor ions were selected. To see this figure in

color, go online.
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FIGURE 2 A representative structure (two orthogonal views) of a PF4

tetramer composed of polypeptides with intact acidic N-termini. The struc-

ture is produced by molecular dynamics simulations (see the Experimental

section for more detail) and colored according to the electrostatic potential.

The semitransparent blue surface shows the þ6 kT/e isopotential surface.

The ball-and-stick model on the right represents the pentasaccharide struc-

ture (the same scale as the protein structure). To see this figure in color, go

online.
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partitioning mechanism (30–32), with the low-charge-den-
sity trimers and complementary higher-charge-density
monomers being the only dissociation products (Fig. 1 B).
The low-mass, high-charge fragments are known to undergo
the loss of the higher-order structure during their ejection
from the noncovalent complexes (30–32), and because the
extent of their multiple charging is very close to that ex-
hibited by the PF4 monomer ions at neutral pH (Fig. 1 A),
we conclude that the conformational integrity of PF4 mono-
mers in solution is compromised.

A close examination of the evolution of the charge state
distribution of the PF4 monomers as a function of the ionic
strength reveals a small but detectable (and consistent) shift
toward lower charge density at elevated ionic strength
(Fig. 1 A). It might be tempting to ascribe this phenomenon
to ‘‘tightening’’ of the monomer conformation in solution,
leading to a lower average change accumulated by the pro-
tein ions upon transfer from solution to the gas phase
because of a decrease of its solvent-accessible surface
area (33). However, charge-state distributions of protein
ions are known to be affected by the concentration of small
electrolytes present in solution, with the elevated electro-
lyte concentrations leading to a moderate decrease in the
extent of multiple charging of the protein ions without
any noticeable conformational changes in solution (34).
Although detection of small-scale conformational transi-
tions based on the subtle changes in the ionic charge state
distributions is possible (35), it requires that the electrolyte
composition of the protein solution be kept nearly constant
throughout the experiment. Obviously, this requirement
cannot be met when the solution ionic strength changes
10-fold in the course of the measurements (as is the case
in the studies reported in Fig. 1 A). Therefore, we conclude
that the observed small-scale shift of the charge state distri-
butions of PF4 monomer ions (the increase of the relative
abundance of the Mþ4 ion in particular) is likely to reflect
gas-phase processes in the ESI interface, rather than subtle
1374 Biophysical Journal 118, 1371–1379, October 6, 2020
conformational changes within the PF4 monomers in
solution.

Addition of a nearly stoichiometric amount of the pS to
the PF4 solution (on the PF4 monomer/pS molar ratio basis)
results in a dramatic transformation of the appearance of the
mass spectra acquired at the physiological ionic strength
(Fig. 3). The high m/z region of the mass spectrum
(>3000 u) becomes populated with abundant ionic signal.
Although the large number of peaks present in the mass
spectrum make the direct mass calculations challenging,
grouping of multiple peaks into charge ladders correspond-
ing to a single species can be readily made using limited
charge reduction of the ionic species in the gas phase (22).
Several examples of using the limited charge reduction for
grouping ionic peaks into charge ladders and calculating
masses of the corresponding species are shown in the inset
in Fig. 3 (see Supporting Material for the entire data set).
The majority of the ionic signals in the m/z range above
1700 u represent PF4 tetramers associated with pS polyan-
ions in stoichiometric ratios ranging from one to six (the
highest-abundance ions correspond to four and five polya-
nionic ligands bound to the protein tetramer, M4$pS4
and M4$pS5). The ligand load corresponding to the high-
est-abundance protein-polyanion complexes dramatically
exceeds binding stoichiometry deduced from the x-ray crys-
tallographic studies (in which only two pentasaccharides per
PF4 tetramer could be visualized (13)). This discrepancy
should not be surprising because the protein-glycosamino-
glycan associations are dominated by ionic interactions,
which frequently allow several binding modes (36,37).
The resulting structural heterogeneity is known to present
a significant challenge vis-à-vis crystallization of such com-
plexes and/or producing interpretable electron density maps
(36). On the other hand, native MS measurements are insen-
sitive to the ligand localization on the protein surface as long
as the assembly remains stable in the gas phase. Because
neither ionic interactions nor hydrogen bonds within the
protein-ligand complex are compromised in a solvent-free
environment in which MS measurements are carried out
(38), native MS provides reliable information on the stoichi-
ometry of protein-glycosaminoglycan associations.

Another truly remarkable feature that becomes apparent
upon close examination of the ionic signal corresponding
to all PF4 tetramer-pS complexes is the bimodal charge state
distribution of the ionic species with a low ligand load
(M4$pS and M4$pS2). At the same time, ions representing
complexes with higher ligand load (M4$pS3 through
M4$pS6) exhibit narrow charge state distributions (þ9
through þ11) with lower values of the average charge,
consistent with the notion of compact conformations. The
bimodal charge state distributions of the M4$pS and
M4$pS2 ions signal the existence of partially unfolded com-
plexes (represented by charge states þ12 through þ15
alongside the compact species (þ9 through þ11 charge
states)). This unique feature of the M4$pS and M4$pS2



FIGURE 4 Mass spectra of fragment ions generated upon collision-

induced dissociation of M4 � pS3
10þ (orange) and M4 � pS4

10þ (olive)

ions at different collisional energies as indicated on the graph. The gray

trace shows a reference mass spectrum (MS1) of the PF4-pS mixture,

from which the two precursor ions were selected. To see this figure in color,

go online.

FIGURE 3 A mass spectrum of an aqueous solu-

tion of a PF4-pS mixture (physiological pH and

ionic strength). The inset shows examples of ionic

peak grouping into charge ladders using limited

charge reduction (only two examples are shown to

avoid clutter: M4 � pS5, blue and M4 � pS4, green;

the black trace in the inset shows a corresponding

m/z region of the reference mass spectrum of the

PF4/pS mixture). To see this figure in color, go on-

line.
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ions indicates that the low number of short polyanionic li-
gands can promote association of the protein to the tetra-
meric form where at least some of the polypeptide chains
fail to maintain native conformation. Furthermore, lower
m/z range of the mass spectrum (<2000 u) reveals the pres-
ence of ionic signal representing PF4 monomers, including
M$pSþ5, in addition to the ligand-free monomer Mþ4 (Fig.
3). Thus, the entire complement of ionic species populating
the mass spectrum of the PF4-pentasaccharide mixture is
indicative of the pathway of the polyanion-assisted assem-
bly of PF4 tetramers: the initial binding of the anionic ligand
to the PF4 monomer (represented by the M$pSþ5 ions) re-
duces the electrostatic repulsion between the polycationic
polypeptides, allowing them to associate to tetramers even
at physiological ionic strength (i.e., 150 mM). However,
the higher-order structure of the resulting complexes in so-
lution (represented in the mass spectrum shown in Fig. 3 by
the higher-charge density M4$pS

zþ and M4$pS2
zþ ions, z ¼

12–15) is still significantly influenced by strong intramolec-
ular electrostatic repulsion, preventing the polypeptide ions
from maintaining highly compact (native) fold within such
complexes. These repulsive forces are further mitigated by
association with additional polyanionic ligands, giving rise
to compact complexes in which all constituent polypeptide
chains are natively folded (represented by M4$pSn

zþ ions,
where n ¼ 3–6 and z ¼ 9–11).

Native MS provides a unique way of evaluating the stabi-
lizing role of polyanions beyond mitigation of electrostatic
repulsion within the polycationic PF4 tetramer. Mass selec-
tion of PF4-pS complexes followed by their mild collisional
activation in the gas phase reveals a strong dependence of
the threshold collision energy (corresponding to the onset
of complex dissociation) on the number of pS ligands within
a set of ions having an identical total charge. This is illus-
trated in Fig. 4 using M4$pS3

10þ and M4$pS4
10þ ions as

two representative examples (see Supporting Material for
the entire data set). Dissociation of both ions gives rise to
identical fragments (high-charge-density monomers and
low-charge-density trimers, all of which appear to be ligand
free). This suggests that the dissociation of the complex ions
in the gas phase proceeds via shedding of the ligands, imme-
diately followed by dissociation of the PF4 tetramer via the
Biophysical Journal 118, 1371–1379, October 6, 2020 1375
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classical asymmetric-charge-partitioning route (ejection of
highly charged monomer). It appears that the two steps
are coupled because no signal was detected for a putative
ionic species generated by either complete or partial loss
of pS ligand(s) from the complex without compromising
the tetrameric structure of the protein. Importantly, dissoci-
ation of the complex with the higher ligand load is signifi-
cantly less effective (requiring both a higher threshold
collision energy and exhibiting a higher fraction of surviv-
ing precursor ions at any collision energy tested in our
work). Because both precursor ions were selected such
that they have identical total charge (z¼þ10), the markedly
increased stability of the ionic species representing com-
plexes with higher ligand load indicates that the stabilizing
action of pS extends beyond mere charge neutralization.

The complexity of the PF4-pS mass spectrum (Fig. 3)
arises because of the presence of protein-polyanion com-
plexes with different stoichiometries; however, most indi-
vidual peaks appear to be well resolved. Replacing the
structurally homogeneous synthetic pentasaccharide with
a heparin decamer, produced by partial depolymerization
of heparin (dp10), gives rise to a significantly more convo-
luted mass spectrum (Fig. 5) despite using identical sample
preparation routines and MS measurement methods. None
of the ionic peaks in this mass spectrum are resolved; the
significant overlap of ionic signals is not surprising given
the broad mass distribution of dp10 species covering a
mass range spanning from 2200 to 3100 Da, with the
most abundant ionic species populating the 2700–
3000 Da range (see Fig. S3). Although the extreme hetero-
geneity of the dp10 species (caused primarily by variation
in the levels of sulfation) does not allow any meaningful
FIGURE 5 A mass spectrum of an aqueous solution of a PF4-dp10

mixture (physiological pH and ionic strength). The inset shows examples

of ionic peak grouping into charge ladders using limited charge reduction

(the black trace in the inset shows a relevant m/z region of the reference

mass spectrum of the PF4/dp10 mixture). To see this figure in color, go

online.
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information to be extracted from the mass spectrum of
the PF4-dp10 mixture with nearly equimolar polypeptide
and polyanion concentrations, application of the limited
charge reduction in the gas phase allows all ionic signals
to be assigned (several examples are presented in the inset
in Fig. 5). As was the case with PF4-pS interaction, the
most abundant ionic signal in the PF4/dp10 mass spectrum
represents PF4 tetramers complexed to multiple polyanion
ligands (M4$dp10n

zþ ions, where n ¼ 2–4 and z ¼ 9–10).
The masses of these complexes are consistent with the
notion of highly sulfated oligoheparin molecules bound
to PF4 tetramers (the average sulfation level for such spe-
cies is estimated to be 14–16 per decasaccharide chain,
whereas the entire pool of dp10 species covers a signifi-
cantly wider range, from six to 17 sulfate groups per dec-
amer; see Fig. S3).

The range of the ligand load exhibited by the PF4-dp10
complexes is somewhat diminished compared to that of
the PF4-pS species (in which binding of up to six ligands
to a single protein tetramer was observed, see Fig. 3). Inter-
estingly, limited charge reduction measurements reveal a
presence of a minor species M4$dp105

11þ (its signal over-
laps in the conventional mass spectrum with that of the
abundant M4$dp103

10þ ion; see inset in Fig. 5). The average
sulfation level calculated for the dp10 species within the
M4$dp105 complex is relatively modest, corresponding to
only 10–12 sulfate groups per decasaccharide, indicating
that ligand overcrowding is regulated by electrostatic repul-
sion. Binding preferences of proteins toward heparin oligo-
mers with varying levels of sulfation are known to change
depending on the binding stoichiometry (39), and in fact,
oversulfation of synthetic heparin oligomers was shown to
be detrimental vis-à-vis their affinity toward PF4 (17).

Another peculiar feature of the PF4-dp10 mass spectrum
that was not observed for the PF4-pS system is the presence
of PF4 dimers having one or two polyanionic ligands asso-
ciated with them (M2$dp10k

zþ, k ¼ 1–2, z ¼ 6–8; see m/z
range 2500–3500 in Fig. 5). The ability of heparin decamers
to stabilize dimeric PF4 species is consistent with the earlier
models of PF4-heparin interaction (9,10), in which the hep-
arin chain ‘‘wraps around’’ the PF4 tetramer after the posi-
tive belt on its surface (somewhat reminiscent of the DNA
wrapping around histones within nucleosomes). Because
the decasaccharide length is not sufficient for encircling
the entire tetramer, a single dp10 molecule associated with
PF4 may not be able to stabilize the quaternary structure
beyond the dimer level; stabilization of the entire tetramer
requires involvement of a larger number of decameric poly-
anions (giving rise to M4 $ dp10m, m¼ 2–4), as shown sche-
matically in Fig. 6.

Although the wrapping mode of oligoheparin interactions
with PF4 supported by the MS data is in line with earlier
models of PF4-heparin association (9,10), it contradicts
the recently proposed model based on the crystal structure
of a PF4-pS complex (13). The latter assumes that the initial



FIGURE 6 Schematic representation of the in-

fluence of electrostatic interactions on the assembly

of PF4 tetramers. At the top, high charge density

within the lysine-rich C-terminus of the protein

(as well as polycationic loops connecting

b-strands) prevents the polypeptide chains from

not only assembling to tetrameric structures but

indeed maintaining stable ternary fold unless the

ionic strength of the solvent is elevated above the

physiological level to provide sufficient screening

of the charges. In the middle, association of short

polyanions (pS) with PF4 monomers at physiolog-

ical ionic strength results in partial screening of

positive charges, allowing the assembly process

to proceed forward. The excessive (uncompen-

sated) positive charge within the nascent tetramers

prevents some of the polypeptides within the

tetramer from acquiring a compact or native fold

until additional polyanionic species are bound to

the tetramer. At the bottom, association of longer

polyanions (dp10) with PF4 monomers leads to for-

mation of transient PF4 dimers, which proceed to

form tetrameric species. To see this figure in color,

go online.
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heparin association with a PF4 tetramer results in ‘‘lineari-
zation’’ of the local structure of the GAG chain, maximizing
its protein binding capacity. Recently, Whitelock et al. sug-
gested that the linear configuration of GAG chain associated
with a PF4 tetramer is likely to occur within the context of
PF4-proteoglycan (serglycin or perlecan) complexes in
which the close proximity of the GAG chains negatively af-
fects their flexibility (24). In contrast, heparin chains are
more flexible, which may allow them to maximize electro-
static contacts within the basic side chains on the PF4 sur-
face by wrapping around the tetramer (Fig. 6), although
the presence of a large number of heparin molecules within
the so-called ultralarge complexes (15) may diminish this
flexibility to minimize the unfavorable electrostatic
interactions.

Another important distinction of the results of our work
and the conclusions of the crystallographic study (13) re-
lates to bivalency of short heparin oligomers vis-à-vis
PF4 binding. The appearance of the PF4-pS crystal struc-
ture suggested that oligosaccharides as short as pS can
bridge two PF4 tetramers (13), a conclusion that clearly
contradicts the findings of this work. Indeed, native MS
provides no evidence for the existence of two or more
PF4 tetramers bridged by either pS or indeed dp10 chains
(which are twice as long as pS and exhibit a high level of
structural diversity because of the natural variation of the
sulfation patterns). Should this bridging occur in solution,
it would manifest itself in mass spectra via appearance of
protein-oligoheparin complexes containing multiple PF4
tetramers (similar to heparin oligomer-bridged chemokines
(39,40) or antithrombin (41)), none of which have been de-
tected in this work. Likewise, no PF4 bridging by pS had
been observed when AFM was used to visualize PF4 com-
plexes with heparin preparations of various sizes (16). We
also note that earlier examinations of the composition of
PF4/heparin precipitate provided an estimate of the poly-
saccharide weight fraction as �16%, consistent with the
notion of eight to 10 heparin disaccharide units per protein
tetramer (42). This heparin/protein ratio corresponds to
M4$pS4 and M4$(dp10)2 complexes, whose signals are
very prominent in the mass spectra of PF4/pS and PF4/
dp10 mixtures (Figs. 3 and 5). Although it might be
tempting to propose that accumulation of such species
could trigger formation of ultralarge complexes (following
the implications made in (13)), it remains to be seen
whether the small complexes studied in this work can be
indeed converted to immunogenic ultralarge complexes,
similar to the complexes formed by PF4 association with
intact unfractionated heparin.
CONCLUSIONS

Because of their importance in medicine, PF4-heparin in-
teractions remain a focal point of extensive research
work. Most studies aim at identifying the hallmarks of
PF4-heparin immunogenicity, which cannot be accom-
plished without the characterization of all relevant species
at the molecular level. The latter task remains challenging
because of the enormous structural diversity displayed by
heparin and its complexes with PF4. An impressive arsenal
of biophysical techniques that have been used to study
PF4-heparin interactions provide important insights on
various aspects of structure and behavior of PF4-heparin
complexes (14), although no single technique has proved
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capable of exhaustive structural characterization of these
elusive species. In recent years, MS has been gradually ex-
panding its foothold in the field of GAG biology (43,44),
including rapidly growing applications of MS to study pro-
tein binding to heparin and related polyanions (41,45,46).
Application of native MS to characterization of PF4 inter-
actions with relatively short (up to decasaccharide level)
heparin oligomers described in this work provides a level
of detail that was previously unattainable. Native MS pro-
vides strong evidence that even acquisition of the native
quaternary structure by PF4 in solution under physiological
conditions is impossible without assistance by polyanionic
GAGs. Although this fact is frequently overlooked in mod-
ern literature, the critical importance of endogenous GAGs
for PF4 assembly and storage has been previously demon-
strated in animal models in which the lack of serglycin (the
dominant platelet glycosaminoglycan) results in inability to
store a range of a-granule-associated proteins, including
PF4 (47). The dramatic facilitation of PF4 tetramer assem-
bly, even by a relatively short polyanion (pS), highlights
the importance of charge neutralization. Native MS reveals
a number of pS-stabilized PF4 tetramers displaying a range
of ligands accommodated on the protein surface. The
charge-state-distribution analysis of ionic species repre-
senting these complexes indicates that only relatively
high ligand load (at least three pS molecules per PF4
tetramer) guarantees structural integrity; a lower number
of pS molecules fail to lock the entire protein in its native
conformation. Longer and structurally heterogeneous hepa-
rin oligomers (decamers) are also very effective in stabiliz-
ing the tetrameric structure of PF4. When bound to the
protein in small numbers, these heparin oligomers also
give rise to PF4 dimers, lending support to the wrapping
model of heparin-protein interactions. Although all PF4-
heparin oligomer complexes characterized in this work
are small complexes (no bridging of PF4 tetramers was
observed), native MS will undoubtedly play an important
role in elucidating the structure of significantly larger
PF4-heparin systems, particularly those involved in etiol-
ogy of HIT (48).
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2020.04.012.
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Figure S1. Charge/mass assignment for high-m/z ions in the mass spectrum of PF4/pS mixture 
using limited charge reduction. 
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Figure S2. Mass spectra of fragment ions generated upon collision-induced dissociation of 
M4ꞏpSn

z+ ions at different collisional energies as indicated on the graph. The black trace shows a 
reference mass spectrum (MS1) of the PF4/pS mixture, from which the precursor ions were 
generated. 



 

 

Figure S3. Mass Spectrum of a 0.02 mg/mL aqueous solution of dp10 acquired in the positive 
ion mode. 
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