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Abstract

Identifying structural elements within heparin (as well as other glycosaminoglycan) chains that 

enable their interaction with a specific client protein remains a challenging task due to the high 

degree of both intra- and inter-chain heterogeneity exhibited by this polysaccharide. The new 

experimental approach explored in this work is based on the assumption that the heparin chain 

segments bound to the protein surface will be less prone to collision-induced dissociation (CID) in 

the gas phase compared to the chain regions that are not involved in binding. Facile removal of the 

unbound chain segments from the protein/heparin complex should allow the length and the 

number of sulfate groups within the protein-binding segment of the heparin chain to be determined 

by measuring the mass of the truncated heparin chain that remains bound to the protein. 

Conformational integrity of the heparin-binding interface on the protein surface in the course of 

CID is ensured by monitoring the evolution of collisional cross-section (CCS) of the protein/

heparin complexes as a function of collisional energy. A dramatic increase in CCS signals the 

occurrence of large-scale conformational changes within the protein and identifies the energy 

threshold, beyond which relevant information on the protein-binding segments of heparin chains is 

unlikely to be obtained. Testing this approach using a 1:1 complex formed by a recombinant form 

of an acidic fibroblast growth factor (FGF-1) and a synthetic pentasaccharide GlcNS,6S-GlcA-

GlcNS,3S,6S-IdoA2S-GlcNS,6S-Me as a model system indicated that a tri-saccharide fragment is 

the minimal-length FGF-binding segment. Extension of this approach to a decameric heparin 

chain (dp10) allowed meaningful binding data to be obtained for a 1:1 protein/dp10 complex, 

while the ions representing the higher stoichiometry complex (2:1) underwent dissociation via 

asymmetric charge partitioning without generating truncated heparin chains that remain bound to 

the protein.
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Introduction

Heparin is a highly sulfated linear polysaccharide (structure 1 in Scheme 1) that belongs to 

the glycosaminoglycan (GAG) family, and is arguably one of the most versatile 

biopolymers, capable of interacting with an astonishing number of proteins.1 While it is best 

known for its ability to control the blood coagulation cascade (the only area where it is used 

as a drug2–4), heparin’s well-documented affinity towards a range of other clinically relevant 

proteins implies a much broader spectrum of potential use in medicine.5–9 For example, 

heparin and heparin-like GAGs bind growth factors (GFs), proteins that trigger cell 

proliferation and differentiation via association with their receptors (GF receptors, GFRs) on 

the cell surface.10 In fact, the GF/GFR dependent signaling is facilitated by the involvement 

of heparan sulfates, a heparin-like GAG molecules that are ubiquitous in the extracellular 

matrix.11 This has stimulated significant interest in using heparin and related GAGs to build 

smart delivery systems for applications in regenerative medicine and tissue engineering.12 

However, rational and effective use of heparin in medicinal nanomaterials requires that the 

mechanism of its interaction with the relevant proteins be understood at the molecular level, 

a task that cannot be accomplished without identifying elements in heparin chains that allow 

them to recognize and associate with a specific client protein. In particular, the so-called 

sulfation code13–15 (distribution of O- and N-substituted sulfate groups across the 

polysaccharide chain) appears to be an important determinant of the heparin/protein 

interactions.

A common approach to identifying the protein recognition elements within heparin chains 

seeks to select high affinity binders from libraries of short oligosaccharides produced by 

either enzymatic or chemical degradation (depolymerization) of intact heparin. The affinity 

analysis is usually preceded by fractionation of the polysaccharide chains by size to produce 

fixed-length oligomers. Fractionation of such relatively short fixed-length oligoheparins with 

respect to their affinity towards a specific protein (which is typically used as an immobilized 

bait in the affinity column) yields subsets of oligosaccharides with substantially reduced 

heterogeneity. Structural analysis of these high-affinity fractions allows critical features of 

heparin enabling its association with the target protein to be identified.16 This strategy had 

led to several successes, most notably in identifying the heparin segment with a high affinity 

to antithrombin,17 eventually leading to design and introduction to medical practice of a 

short (pentasaccharide) synthetic analog with high anti-thrombotic activity.18 Similar 

approaches were used to identify binders to various GFs, and especially fibroblast GFs 

(FGFs), where the oligosaccharide libraries were constructed using heparin 

depolymerization followed by enzymatic treatment to diversify the sulfation patterns of 

oligoheparins.19–21
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An orthogonal approach to mapping FGF-binding segments within heparin (or its next-of-

kin heparan sulfate) chains introduced by Linhardt and co-workers took advantage of the 

protective effect of the GAG-bound FGF when the former was enzymatically degraded 

(lysed).22, 23 The top-down “sizing” of the heparin fragments that were spared complete 

degradation down to the disaccharide level due to the protective effect of the bound protein 

revealed tetramers as the shortest survivors,22 while surviving octa- and deca-saccharides 

exhibited notably higher FGF affinity.23 When measured as a function of the oligoheparin 

length, FGF-1 affinity does appear to increase monotonically (dp4 << dp6 << dp8 < dp10 < 

dp12 ≈ dp14 ≈ dp16 ≈ dp18) for oligosaccharide sets derived from either heparin or heparan 

sulfate.24 At the same time, the presence of a specific trisaccharide motif IdoUA(2-OSO3)

→GlcNSO3(6-OSO3)→IdoUA(2-OSO3) (structure 2 in Scheme 1) appears to be a 

requirement for high-affinity binding,21 explaining identification of tetramers as minimal-

length FGF-1 binders.22 Identification of the unique trisaccharide sequence also inspired 

development of another, more refined approach to identifying short high-affinity protein 

recognition elements that used tools of synthetic chemistry to design a small tetrasaccharide 

library using the trisaccharide motif as a template.25

The initial applications of the top-down approach to detection and characterization of FGF-

binding elements relied on relatively imprecise methods of polysaccharide identification, 

and could only provide information on the chain lengths for oligoheparins protected from 

enzymatic degradation. A recent reincarnation of this technique employed size exclusion 

chromatography with on-line detection by mass spectrometry (SEC/MS26) as a means of 

identification of heparin fragments that are protected from the lysis by the client protein 

(Niu, et al., submitted). The precision and accuracy offered by MS allow both the chain 

length and the level of sulfation/acetylation to be determined for each heparin oligomer. 

Thus, characterization of protein-binding elements within heparin chains is carried out in the 

gas phase, while the preceding step (removal of heparin segments outside of the protein-

binding element) takes place in solution. In this work we explore the feasibility of an 

alternative top-down scheme, where both steps (fragmentation of the heparin chain outside 

of the protein-binding segment and characterization of the latter) take place in the gas phase. 

This new approach is based on the assumption that the glycosidic linkages connecting 

saccharide units outside of the protein-bound segment will fragment very readily upon 

collisional activation of the protein-heparin complex due to the labile nature of the 

glycosidic bonds.27 In addition, sulfate shedding28 is expected to occur for those SO3
− groups 

that reside within the protein-bound segment, but are not directly involved in the binding 

(i.e., do not form salt bridges with the basic side chain groups on the protein surface).

If feasible, “outsourcing” GAG degradation to the gas phase may offer a significant 

advantage of either partial or complete elimination of the enzymatic fragmentation step in 

solution. In addition to streamlining the analytical protocol, this would also eliminate the 

issues related to heparanase specificity,29, 30 which inevitably introduces a bias into the 

oligoheparin lysis.31 Furthermore, lability of both unprotected sulfate groups and glycosidic 

bonds in the gas phase should allow one to use collisional activation as a universal substitute 

for both heparanases (chain depolymerization) and sulfatases32 (de-sulfation). At the same 

time, several potential pitfalls must be addressed, most important of which is a possibility 
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for the protein to lose its near-native structure in the gas phase as a result of collisional 

activation (the so-called “collision-induced unfolding” or CIU33). Occurrence of extensive 

CIU in the gas phase is likely to compromise the higher-order protein structure at or near the 

heparin-binding interface with concomitant alteration of the protein/GAG association and 

(possibly) complete dissociation of the complex. Amster and co-workers have recently 

shown that oligoheparin binding to FGF-1 increases the CIU threshold;34 however, it 

remains to be seen if this increase is sufficient to achieve effective cleavage of unbound 

segments of the heparin chain without causing catastrophic loss of the protein structure.

In this work we use complexes formed by FGF-1 and relatively short heparin 

oligosaccharides as model systems to assess the suitability of collisional activation as a 

means of identifying the protein-binding segments within the GAG chains. We demonstrate 

that collisional activation is very effective in removing sulfate groups that are not involved in 

protein binding (sulfate shedding), and that extensive cleavage if unprotected glycosidic 

bonds can be achieved prior to the onset of catastrophic CIU in 1:1 protein/GAG complexes. 

However, collisional activation of complexes with higher stoichiometry (FGF-1 dimer 

assembled on a single oligoheparin chain) leads to the complex dissociation proceeding via 

asymmetric charge partitioning and preventing reliable mapping of the protein-bound 

segments within the GAG chains.

Experimental

Materials.

The synthetic heparin-mimetic pentasaccharide (fondaparinux) was a generous gift from 

Prof. Robert Linhardt (Rensselaer Polytechnic Institute, Troy, NY). Heparin decamer 

produced by enzymatic depolymerization of intact heparin (dp10) was purchased from 

Iduron (Cheshire, UK). The PEG-stabilized recombinant form of acidic fibroblast growth 

factor (FGF-1) that was used in the majority of experimental work (exceptions are noted 

below) was a generous gift of Prof. Robert Linhardt (Rensselaer Polytechnic Institute, Troy, 

NY). Following the failure to remove the low molecular weight PEG-based stabilizers from 

the protein solution via ultrafiltration using the lowest available cutoff filters, a 

chromatography-based procedure was developed to prepare samples of FGF/heparin 

oligomer complexes for native MS analysis. Heparin decamer (dp10) was added to the 

original protein solution (containing PBS and glycerol) in 10-fold molar excess. The mixture 

was immediately run through a size exclusion column using 100 mM ammonium acetate at 

pH 7 as the mobile phase. All unbound FGF and bound FGF/heparin dp10 species were 

eluted in a single fraction. Pooling several such fractions from multiple LC runs was 

followed by ultrafiltration with a 5 kDa cutoff filters (Millipore, Burlington, MA) to increase 

the protein concentration. It is noteworthy that absent heparin oligomer, FGF alone failed to 

pass through the SEC column, most likely due to strong electrostatic interactions with the 

silica-based beads, while the addition of dp10 prior to injection prevented the protein loss. 

The FGF/pentasaccharide complex was prepared by adding fondaparinux to the SEC-

purified FGF/dp10 mixtures at at least 10-fold molar excess. A PEG-free form of FGF-1 

(GenScript, Piscataway, NJ) was used for generating CIU fingerprints of apoFGF and FGF/
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pentasaccharide complex. All other chemicals and solvents used in this work were of 

analytical grade or higher.

Methods.

Mass spectra of FGF/heparin oligomer solutions (5 μM in 100 mM ammonium acetate, pH 

7) were acquired with a Synapt G2Si (Waters, Milford, MA) hybrid quadrupole/time-of-

flight mass spectrometer equipped with a travelling wave ion mobility analyzer and a 

nanospray ion source. Capillary voltage was set to 1.2 V, and the sampling cone voltage was 

maintained at 20 V. The source temperature was set to 30 °C for all measurements. Gas-

phase dissociation of the FGF/heparin oligomer complexes was carried out by selecting the 

ions of interest in the quadrupole region followed by their collisional activation (using argon 

as the target gas) prior to ion introduction to the mobility analyzer. The magnitude of 

collisional activation was controlled by increasing the collisional voltage stepwise from 0 V 

to a maximum of 120 V with 10 V increments. Each spectrum was acquired for 2 to 5 

minutes to ensure adequate signal-to-noise ratio. The acquired data were used to construct 

the CIU fingerprint graphs34 for each precursor ion and to monitor the mass loss within the 

protein-GAG complexes as a function of collisional energy and the CCS value of the 

surviving precursor ion. The CCS values were calculated based on the measured drift times 

(determined at the apex of each peak in the ion-mobility spectra). Conversion of the drift 

time to CCS values was carried out using a calibration curve constructed with a series of 

proteins (cytochrome c, β-lactoglobulin, bovine serum albumin and alcohol dehydrogenase) 

in their native states; the calibration procedure closely followed the commonly accepted 

protocol.35 Both charge states and masses of the protein ions were considered in order to 

eliminate the effect of electric field on the drift times before plotting them against 

corresponding CCS values

Results and Discussion

Sulfate shedding from the protein/short oligoheparin complex in the gas phase.

Evaluation of the effectiveness of sulfate group shedding was carried out using a 1:1 

complex formed by FGF-1 and a synthetic pentasaccharide fondaparinux. The latter 

incorporates a trisaccharide element GlcA→GlcNS,3S,6S→IdoA2S, which bears 

significant resemblance to the specific trisaccharide motif IdoUA(2-OSO3)→GlcNSO3(6-

OSO3)→IdoUA(2-OSO3) required by high-affinity binding to FGF-121 (compare structures 

2 and 3 in Scheme 1). Therefore, one should expect a loss of up to five sulfate groups from 

the FGF-bound pentasaccharide in the gas phase should the protein/oligoheparin binding 

interface largely preserved in the gas phase (two sulfate groups from each of the terminal 

sugars and the 3-O sulfate from the GlcNS,3S,6S unit of fondaparinux). On the other hand, 

fission of the glycisidic bonds is expected to be relatively inefficient, as the FGF/

oligoheparin contacts typically extend beyond the core (high-affinity) trisaccharide unit, 

involving a total of 4–5 saccharides (with 5–6 monosaccharide units being ordered in the 

crystal structure of the complex36).

Consistent with the previous studies,34, 37 native ESI MS of FGF-1 reveals monomeric state 

of this protein, while addition of the pentasaccharide to the solution gives rise to abundant 

Zhao and Kaltashov Page 5

Analyst. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1:1 protein/heparin oligomer complex (Figure 1). The collisional cross section (CCS) value 

measured for the lowest charge state of the protein (+7) is 17.5 nm2. The protein/

pentasaccharide complex at charge state +7 is represented in the mobility spectrum with a 

single peak at a drift time of ca. 6.46 msec, from which its CCS can be calculated as 18.0 

nm2. This value is close to that of heparin-free FGF, suggesting that the entire 

pentasaccharide backbone is bound tightly to the protein surface, and no significant 

conformational changes occur within the protein as a result of this association.

Ion fragmentation becomes evident in the MS/MS spectrum of mass-selected FGF ions at 

charge state +7 in both heparin-free and pentasaccharide-bound forms at collisional 

activation as low as 70 V; however, there is a notable difference between the two sets of 

MS/MS data. While the precursor ion in the CID spectrum of the heparin-free FGF shows a 

gradual decrease of its relative abundance (due to formation of distinct fragment ions), the 

precursor ion in the CID spectrum of the FGF/pentasaccharide complex exhibits a gradual 

shift downward the m/z scale, followed by the appearance of an ion representing the 

heparin-free protein at the same charge state (Figure S2). A two-dimensional plot containing 

both drift times and m/z values allows both the fragmentation of the precursor ion and the 

conformational changes to be visualized simultaneously (Figure 2A). At low collision 

activation (4V) the precursor ions maintain a near-native conformation, with a CCS value of 

18.0 nm2 (highlighted in green in Figure 2A and 2B). A sub-population of precursor ions 

with altered conformation (an increase in CCS from 18.0 to 20.5 nm2) does not become 

visible until the collisional voltage is elevated to 50 V (highlighted in blue in Figures 2A and 

2B). More significant loss of conformational integrity (CCS increase to 25.9 nm2) is not 

evident in the mass spectra until the excitation potential is elevated to nearly 100 V 

(highlighted in red in Figures 2A and 2B). Importantly, the loss of conformational integrity 

within the FGF/pentasaccharide ions is closely mirrored by unfolding of the heparin-free 

protein in the gas phase, although the collisional energy thresholds for the latter are notably 

lower (see Figure S3 in the Supplementary Material section for more detail).

In addition to providing evidence of the protein conformation stabilization in the gas phase 

due to the heparin oligomer binding and identifying the range of collisional energies where 

fragmentation of the complex can be carried out without the catastrophic loss of the higher 

order structure, measuring the CCS values in the course of CID experiments allows various 

classes of fragment ions to be readily distinguished. For example, the fragment ions 

produced by dissociation of the heparin oligomer that still remains bound to the intact 

protein can be readily distinguished from fragments produced by fission of amide bonds 

within the protein (labeled in gray in Figure 2A) based on their mobility profiles even 

though their ionic signals overlap in the m/z space. This allows interference-free signal 

representing protein ions with partially degraded pentasaccharide ligand to be extracted from 

the MS/MS data sets in a conformer-specific fashion (Figure 2C–G).

Establishing the correlation between the precursor ion conformation and the observed mass 

losses in the CID mass spectra acquired at different collisional energies provides clear 

evidence that moderate sulfate shedding from the protein-bound pentasaccharide proceeds 

without any changes to the higher order structure of the precursor ion in the gas phase. 

Indeed, only the compact (near-native) and activated conformations of the FGF/
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pentasaccharide complex are populated in the gas phase at crapping voltages of 50 and 70 V, 

and a loss of three sulfate groups from the complex ion is observed, with the highest number 

of sulfates that can be eliminated from the complex under these conditions being five. 

Importantly, the drift time distributions of all these fragments mirror that of the precursor 

ion; and the green and blue traces in Figure 2C and D show the conformer-specific fragment 

ion spectra (for the compact and extended states, respectively). The number of sulfate groups 

that are retained preferentially under these relatively mild collisional activation conditions is 

five (see Figure 2D). The fragmentation pathways appear to be identical for these two 

conformers, indicating that the protein/GAG binding interface remains intact in the extended 

state of FGF, and the limited loss of the protein higher order structure (as reflected in the 

increased CCS value) occurs elsewhere, without having any detectable influence on the 

protein/heparin oligomer interaction.

Elevation of the collisional energy above 80V (560 eV if adjusted for the precursor ion 

charge) results in a complete elimination of the protein population with compact 

conformations; instead giving rise to conformations with a high degree of conformational 

disorder alongside the extended (partially folded) state. While the protein/pentasaccharide 

complex retaining three to five sulfate groups continues to generate the most abundant ionic 

signal for the fragment ions originating from the activate state of the ion, more extensive 

fragmentation is evident for ligands bound to the more extensively unfolded protein 

molecules (blue and red traces in Figure 2E). In fact, a complete loss of the pentasaccharide 

and/or its fragments from the complex is observed at collisional energy exceeding 95V (650 

eV) (Figure 2F). Some complexes do survive even under these conditions, but the extent of 

ligand fragmentation goes beyond sulfate shedding: the apparent dissociation of glycosidic 

bonds results in removal of two saccharide units from the heparin oligomer which still 

remains bound to the protein. The dissociation is nearly complete at 100V (700 eV), with the 

most abundant fragments derived from the FGF/pentasaccharide ions with a high degree of 

structural disorder representing a ligand-free protein (Figure 2G). Remarkably, even under 

these conditions the pentameric structure remains bound to the protein in a significant 

fraction of fragment ions derived from the partially folded precursor, although glycosidic 

bond cleavages become evident as well (blue trace in Figure 2F). These results are consistent 

with the notion of the protein/GAG binding interface remaining intact within the extended 

state of the protein, allowing gas phase fragmentation to be employed for identifying the 

protein-binding segments of heparin chains even under conditions when collisional 

activation results in partial (limited) loss of the protein higher order structure in the gas 

phase.

Protein ions at higher charge states have notably lower CIU energy thresholds (see Figure S3 

in the Supporting Information section), and the corresponding average CCS values are 

slightly higher (e.g., compare 18.3 ± 0.1 nm2, 20.2 ± 0.1 nm2 and 23.6 ± 0.1 nm2 measured 

for FGF ions at charge state +8 with 17.5 ± 0.1 nm2, 19.6 ± 0.1 nm2 and 22.6 ± 0.1 nm2 for 

+7. Average CCS values and uncertainty were generated based on multiple measurements at 

different collisional energies). The partially unfolded state of the FGF+8 ion can be detected 

alongside the compact conformation even at the lowest collisional energy (a feature not 

exhibited by FGF+7 ions until the value of collisional energy exceeded 100 eV (adjusted for 

the protein ion charge). The lower conformational stability of FGF+8 ions is also reflected by 
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the observation that complete unfolding of the protein ions in the gas phase is evident at 

collision energy as low as 100 eV. Lower stability of FGF ions at higher charge states was 

the reason the top-down characterization of the protein/heparin oligomer interaction was 

carried out with ions at the +7 charge state, despite their having lower fragmentation 

efficiency compared to ions at the +8 charge state.

Mass evolution of ions representing various gas-phase conformations of the protein/

pentasaccharide complexes is shown in Figure 3. The gradual mass loss due to the sulfate 

shedding from the partially unfolded conformation of the complex levels off after losing six 

(out of eight) sulfate groups, leaving only two of them intact. Intriguingly, the same number 

of sulfate groups remain following the truncation of the heparin chain down to a 

trisaccharide level. It might be tempting to speculate that the trisaccharide segment that 

remains bound to the protein when high collisional energy is applied is produced by 

removing the monosaccharide units from the reducing and non-reducing ends of 

fondaparinux, leaving the residue resembling the FGF-binding trisaccharide (Scheme 1). 

However, a more definitive conclusion vis-à-vis the feasibility of using the heparin chain 

truncation in the gas phase as a means of identifying the protein-binding GAG segments can 

only be drawn by using polysaccharide chains whose length significantly exceeds that of the 

“minimal binders.”

Polysaccharide chain truncation within the protein/oligoheparin complex in the gas phase.

Oligosaccharide chain length is one of the determinants of the FGF/heparin binding strength. 

While this dependence is monotonic, the affinity gains become incremental upon the chain 

reaching the level of an octamer24 (the high-affinity binding core segment had been 

recognized as a trimer,21 and the minimal-length binders produced by heparin 

depolymerization are tetramers24). Therefore, we used decameric heparin oligomers (dp10) 

to test the feasibility of chain truncation in the gas phase as a means of identifying minimal-

length protein binders. Incubation of FGF with dp10 exhibiting diverse sulfation patterns 

gave rise to protein/heparin complexes of both 1:1 and 2:1 stoichiometries as has been 

reported previously.37 However, the relatively broad mass distribution of the dp10 molecules 

(see Figure S1 in the Supplementary Material section) results in extensive peak overlaps, 

making the peak assignment a challenging task if based on m/z measurement alone (Figure 

4A). Complementing MS analysis with ion mobility measurements enables more confident 

identification of ionic species in the mass spectra (Figure 4B), but significant overlaps still 

remain, e.g. at m/z 2700, where signals of two different ionic species partially overlap: 1:1 

FGF/dp10 complex (charge state +7), and 2:1 FGF/dp10 complex (charge state +13).

Separation of ionic species with overlapping m/z distributions can be significantly enhanced 

by moderate collisional excitation of the entire ionic population due to the unique CIU 

behavior exhibited by each species. For example, relatively mild collisional activation 

(collisional voltage 50 V) of the entire ionic ensemble prior to ion mobility measurements 

results in separation of the ionic population at m/z 2700 into several distinct components, 

making it possible to group ions with different charge states representing the same solution-

phase species (Figure 4C). It appears that this differential effect of protein ion activation on 

different ionic species is correlated with the extent of multiple charging of various ions 
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within the unresolved ionic population (e.g., FGF·dp10 and FGF2dp10 complexes at charge 

states +7 and +13, respectively). Since collisional energy is proportional to the ionic charge, 

the higher charge-state ions would be expected to have lower CIU thresholds, enough to 

separate them from ions with lower number of charges. Indeed, the higher drift-time 

subpopulation of ions at m/z 2700, which becomes resolved following mild collisional 

activation is now clearly aligned (i.e., shares the same diagonal) with FGF2dp10 at charge 

states +12 (m/z 2900) and +11 (m/z 3200), and can be readily assigned as FGF2dp10 (charge 

state +13). The lower drift-time subpopulation, on the other hand, is aligned with FGF·dp10 

signals at charge states +8 (m/z 2400) and +6 (m/z 3150), and can be unambiguously 

assigned as a binary protein/heparin oligomer complex at a charge state +7 (Figure 4C).

Separation of the ionic signals of FGF·dp10 and FGF2dp10 complexes allows their behavior 

at higher collisional energies to be monitored independently and without any interferences. 

For example, application of a trap voltage of 80V to the FGF·dp10+7 ions isolated based on 

both m/z and drift time (Figure 4D) resulted in monotonically increasing mass losses from 

the precursor ion, consistent with truncation of parts of the dp10 chain (vide infra). A similar 

behavior was exhibited by the isolated FGF·dp10+8 ions subjected to further collisional 

activation. In contrast, collisional activation of the isolated FGF2dp10+13 ions do not 

proceed via incremental mass loss that would be indicative of the sulfate shedding or 

glycosidic bond cleavages within the segments of the GAG chain not involved in protein 

binding. Instead, the lowest-energy fragmentation channel in this case appeared to be 

dissociation of the non-covalent complex to its constituent parts proceeding via asymmetric 

charge partitioning38, 39 (Figure 4D).

Although the mechanism of the gas-phase fragmentation of a heparin oligomer-bridged FGF 

dimer rules out the use of CID as a means of mapping the protein-bound GAG segment(s), 

collisional activation can still be used to localize GAG segments involved in formation of 

binary FGF·dp10 complexes. Precursor ions at m/z 2350 and 2680 representing FGF·dp10+8 

and FGF·dp10+7, respectively, were isolated for the MS/MS work (see Figure S4 in 

Supporting Information). While progressive mass decrease consistent with the truncation of 

the GAG chain is observed for both +7 and +8 charge states of the binary complex, 

FGF·dp10+7 has significantly higher CIU thresholds (Figure S5), and was therefore selected 

for mapping the protein-bound GAG segments. Figure 5 shows the evolution of the mass of 

the FGF·dp10+7 ion as a function of applied collisional voltage. The mass spectra are more 

crowded compared to the datasets for the FGF/pentasaccharide complex, reflecting 

significant structural heterogeneity of dp10 making definitive mass assignments difficult. 

Nevertheless, the number of saccharide units involved in protein binding can be deduced 

from the m/z ranges populated by the fragment ions produced by truncation of “unengaged” 

heparin segments off the FGF·dp10 complexes in the gas phase (see Figure 5B). As the 

collision energy is gradually increased from the initial 490 eV to 630 eV, the distribution of 

fragment ions shifts noticeably along the m/z scale (with the apex moving from m/z 2680 to 

2540). This mass loss is consistent with extensive sulfate shedding and removal of no more 

than three monosaccharide units. Further increase of collisional energy (to 665 eV) gives 

rise to a heparin-free protein signal at charge state +6, while a significant proportion of 

proteins still retain heparin fragments. A significant decrease of the m/z values of these 

fragments indicates extensive cleavage of the glycosidic bonds through the polysaccharide 
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chain, truncating the latter down to the tetrasaccharide segment (which remains bound to the 

protein).

Partial unfolding of the protein complex is not evident until the applied collisional voltage 

reaches 90 V, at which point the GAG chain remaining bound to the protein is reduced down 

to a tetrasaccharide (Figure 5). At this level of collisional activation a new peak is observed 

at m/z 2664, representing the GAG-free polypeptide (charge state +6). Importantly, the drift-

time distribution of this charge-reduced product ion is consistent with a compact (native-

like) protein without any signs of gas-phase unfolding. It remains to be seen if this 

dissociation product is formed by removing the GAG chain form the compactly folded 

protein or the latter simply refolds in the gas phase following reduction of the number of 

charges (via charge stripping by the departing GAG segment). Another GAG-free intact 

polypeptide (FGF+7) remains undetected until the collisional voltage is raised above 100 V 

(Figure 5); its CCS is nearly the same as that of the FGF bound to truncated heparin 

oligomers. The delayed appearance of the FGF+7 fragment (compared to FGF+6) is 

consistent with the dissociation channel proceeding through charge separation in the gas 

phase being energetically favorable compared to the charge-neutral separation (due to the 

electrostatic repulsion acting to diminish the transition energy barrier in the fragment 

separation process). As far as the size of the shortest surviving GAG fragments that remain 

bound to FGF at collisional voltage of 100 V and above, the masses are consistent with a 

range of lengths of truncated chains (with the low-mass limit corresponding to highly 

sulfated trisaccharides, which represent the shortest surviving fragments – see Figure 5). 

This is in agreement with the results obtained with the FGF/fondaparinux complex (vide 
supra), and consistent with the notion of a high-affinity FGF/heparin interaction being 

dependent on the presence of a trisaccharide motif within the GAG chains.21 The significant 

heterogeneity of the dp10 fragments remaining bound to the protein even at the threshold of 

the GAG/polypeptide complex dissociation (i.e., at 105 V) is not surprising, as the FGF/

oligoheparin contacts are known to extend beyond the core trisaccharide unit, involving a 

total of 4–5 saccharides (with up to six monosaccharide units being ordered in the crystal 

structure of the complex36).

Conclusions

The potential of native mass spectrometry as a means of evaluating protein interactions with 

heparin and related GAGs has been recognized over a decade ago,40–42 although the 

majority of applications were limited until recently to identifying the binding partners and/or 

binding stoichiometry. The initial evaluation of a new top-down approach to mapping 

protein-binding segments within heparin chains presented in this work takes advantage of 

the lability of both sulfate groups and glycosidic bonds in the gas phase. Collisional 

activation of the protein/GAG complex results in effective shedding of sulfate groups and 

truncation of saccharide units that are not directly involved in protein binding prior to 

complete loss of the protein higher order structure in the gas phase and/or dissociation of the 

non-covalent complex. Intriguingly, the collisional activation process in CID is commonly 

assumed to proceed via rapid energy equilibration of the excitation energy across all 

vibrational degrees of freedom in the biomolecular ion. Such a scenario might be expected 

to result in fission of all glycosidic bonds with similar efficiency (regardless of whether they 
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connect the saccharide units within the protein-bound segment of the GAG chain or not). 

The fact that the preferred dissociation channels favor removal of the saccharide segments 

outside of the protein-bound segment may indicate that the cleavage of a covalent bond 

within the protein-bound segment of the GAG chain may not be sufficient for the ligand 

departure, as long as it remains to be bound to the protein surface via non-covalent bonds. 

This scenario would be reminiscent of gas-phase dissociation of folded proteins, where 

physical separation of two fragments may require significant collisional heating to disrupt 

the network of non-covalent bonds in addition to fission of the covalent bond connecting the 

two segments.43

Dissociation of 1:1 complexes formed by FGF-1 with both structurally homogeneous 

pentasaccharide (fondaparinux) and heterogeneous heparin oligomers (dp10) proceeds via 

incremental mass losses, revealing trisaccharides as the minimal-length heparin fragments 

that remain bound to the protein. At the same time, noticeable heterogeneity of the surviving 

complexes even at the thresholds of protein unfolding/complex dissociation is consistent 

with the protein/GAG binding extending beyond the core trisaccharide segment. Selecting 

the precursor ions at low charge states for CID measurements allows the protein unfolding 

threshold to be noticeably increased, providing an opportunity for the heparin segments 

outside of the protein-binding core to be eliminated more completely. Reduction of the ionic 

charge (e.g., via limited charge reduction in the gas phase44, 45) prior to collisional activation 

of the complex may prove useful in this regard as a means of achieving complete removal of 

heparin chain segments not participating in protein binding. In a stark contrast to the gradual 

mass loss by collisionally activated binary complexes, dissociation of the ternary complexes 

(FGF2dp10) proceeds via loss of the non-covalent structure following the classical 

asymmetric charge partitioning mechanism without any evidence of heparin fragments 

remaining bound to the polypeptide chain. While this prevents identification of the protein-

interacting heparin segments within such complexes, more work is needed in order to 

determine if this behavior is common to all heparin-bound multi-subunit proteins or unique 

to FGF-1 dimers assembled on relatively short heparin chains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Native MS of a 5 μM solution of FGF-1 (100 mM ammonium acetate) obtained from 

heparin-free solution (blue trace) and in the presence of 50 μM synthetic pentasaccharide, 

fondaparinux (red). The synthetic pentasaccharide is annotated on the graph as pS.
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Figure 2. 
The effect of collisional energy on population of fragment ions derived from dissociation of 

FGF/pentasaccharide complexes (charge state +7) and their gas-phase mobility represented 

by (A) two-dimensional IMS-MS plots, (B) extracted CIU profile of the precursor ion and 

(C-G) conformer-specific fragment ion spectra where the fragment ions are derived from 

compact, near-native (green), partially unfolded (blue) and fully unfolded (red) precursor 

ions at different activation energies. The three numbers in parentheses are used to designate 

composition of GAG fragments (the number of saccharide monomers in the chain, the 

number of sulfate groups and the number of acetyl groups) following the commonly 

accepted convention.46
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Figure 3. 
Mass evolution of FGF·pS complexes as a function of collisional energy plotted for three 

different precursor conformations: native (green), partially unfolded (blue) and fully 

unfolded (red). The boldness of line indicates the category of mass change: sulfate shedding 

(thin), saccharide unit(s) removal (normal) and complete ligand release (bold). Only the 

lowest-m/z edge of the ionic distributions is represented on plot. The shaded squares/circles 

represent the dominant features in the mass spectra (relative abundance ≥ 45%); the minor 

features are represented with the open squares/circles.
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Figure 4. 
Native MS/IMS characterization of SEC-purified FGF/dp10 complexes. A: a mass spectrum 

of the FGF/dp10 in 100 mM ammonium acetate; the charge states are labeled for the 

heparin-free protein (blue), as well as for 1:1 (cyan) and 2:1 (gray) FGF/dp10 complexes. B 
(left panel): a two-dimensional IMS/MS plot of for the mass spectrum shown in (A) showing 

significant overlap of ions representing FGF/dp10 complexes with different stoichiometries 

(cyan and gray ovals) in both m/z and drift time domains (left). B (right panel): modest pre-

IM collisional activation (10 V) allows the ions representing the two different FGF/dp10 

complexes to be completely separated. C: the pre-IM separated complexes can be activated 

independently post-IM, giving rise to distinct fragmentation patterns at collisional activation 

of 80 V.
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Figure 5. 
CCS (A) and m/z (B) evolution of ions representing the 1:1 FGF/dp10 complex (charge state 

+7) following collisional activation. The shaded boxes in panel B represent m/z ranges for 

FGF bound to truncated forms of the heparin oligomer of varying lengths.
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Scheme 1. 
Chemical structures of the repeat units of heparin (1); the FGF-1 binding trisaccharide of 

heparin (2) and the synthetic antithrombotic fondaparinux (3). The typical substitution 

patterns in 1 are as follows: R1, R3 = H or SO3‾; R2 = H, C(O)CH3 or SO3‾; and R4 = H 

(common) or SO3‾ (rare).
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