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Abstract

During extracellular matrix (ECM) assembly, fibronectin (FN) fibrils are irreversibly converted 

into a detergent-insoluble form which, through FN’s multi-domain structure, can interact with 

collagens, matricellular proteins, and growth factors to build a definitive matrix. FN also has 

heparin/heparan sulfate (HS) binding sites. Using HS-deficient CHO cells, we show that the 

addition of soluble heparin significantly increased the amount of FN matrix that these cells 

assemble. Sulfated HS glycosaminoglycan (GAG) mimetics similarly increased FN assembly and 

demonstrated a dependence on GAG sulfation. The length of the heparin chains also plays a role in 

assembly. Chains of sufficient length to bind to two FN molecules gave maximal stimulation of 

assembly whereas shorter heparin had less of an effect. Using a decellularized fibroblast matrix for 

proteolysis, detergent fractionation, and mass spectrometry, we found that the predominant domain 

within insoluble fibril fragments is FN’s major heparin-binding domain HepII (modules III12–14). 

Multiple HepII domains bind simultaneously to a single heparin chain in size exclusion 

chromatography analyses. We propose a model in which heparin/HS binding to the HepII domain 

connects multiple FNs together to facilitate the formation of protein interactions for insoluble 

fibril assembly.
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1. Introduction

The biophysical properties of the extracellular matrix (ECM) are essential for generating and 

maintaining the shape, rigidity, stability, and structure of all tissues. The proportions of 

fibrous glycoproteins, collagens, and polysaccharides that are cell-assembled into an ECM 

framework determine tissue properties and support tissue-specific cell activities [1, 2]. 

Fibronectin (FN) is a ubiquitous ECM protein and a main component of the ECM in most 

tissues. It is assembled into a fibrillar matrix in a cell-mediated process that requires cell 

contractility and FN-FN interactions. Initially fibrils are soluble in deoxycholate (DOC) 

detergent but over time nascent fibrils are irreversibly converted into a form that is insoluble 

in DOC [3–5]. This insoluble FN matrix serves an important role as a foundational matrix 

for other ECM proteins to build upon [6–8]. As such, FN’s multi-domain structure provides 

binding sites for deposition of other ECM proteins including collagens, matricellular 

proteins, proteoglycans/glycosaminoglycans (GAGs), and FN itself [3]. Its N-terminal FN-

binding domain is essential for fibril assembly [9], and its primary interaction site is in the 

first type III modules III1–2 [10, 11]. The N-terminal domain also interacts with other FN-

binding sites located throughout the molecule [10–14]. Two of these sites are in heparin 

binding domains, HepII (spanning modules III12–14) and HepIII (III4–6) which differ in their 

heparin binding properties [15]. Heparan sulfate (HS) on proteoglycans is abundant in the 

ECM and on the cell surface. In fact, the HepII domain has been implicated in modulating 

cell responses to FN through interactions with cell surface syndecan proteoglycans [16–19].

There is evidence that GAGs are involved in matrix assembly. Mutant Chinese hamster 

ovary (CHO) cells that lack HS GAGs do not assemble a FN matrix [20] and show a 

deficiency in cell contractility [21]. In contrast, FN assembly by BHK or HT1080 cells that 

produce HS can be reduced by adding excess heparin or GAGs to the cell culture [17, 20] 

suggesting that the level of HS determines whether it promotes or inhibits matrix assembly. 

Interactions involving the cytoplasmic domain of transmembrane syndecan-2 inside and its 

GAG chains outside have roles in matrix assembly [17, 18, 20]. Given the prevalence of HS 

binding sites on ECM proteins and evidence for syndecan-ECM interactions in assembly, it 

is surprising that we do not have a better understanding of the role of GAGs in 

fibrillogenesis.

To test the requirement for HS in FN assembly, we examined the matrix formed by 

CHO-677 cells, which do not synthesize HS [22]. CHO cells have been used extensively in 

matrix assembly studies to identify requirements for ECM proteins and domains, ECM 

receptors, and intracellular signaling [18, 20, 23–26]. Here we show that HS-deficient CHO 

cells require exogenous heparin or HS to stimulate the initiation of assembly of DOC-

soluble fibrils and to promote the conversion to the DOC-insoluble form. GAG sulfation 

levels and GAG length are key parameters in promoting fibril assembly. We propose that 

heparin/HS acts early in the assembly process to bring together FN molecules to promote 

interactions required for fibrillogenesis.
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2. Results

2.1 Heparin Addition is Required for FN Fibril Assembly by CHO-677 Cells

Mutant CHO-677 cells do not synthesize HS [22] due to significantly reduced expression of 

EXT1, a glycosyltransferase required for HS elongation [27]. Hamster FN was not detected 

in whole cell lysates or conditioned medium of CHO-677 or wild type CHO-K1 cells (data 

not shown). Matrix assembly was analyzed for confluent cell monolayers (Fig. S1) and 

neither cell line produced a significant amount of FN matrix in the absence of an exogenous 

supply of FN (Fig. 1A). Therefore, all subsequent experiments were performed in the 

presence of exogenous FN. While CHO-K1 cells assembled a dense FN matrix when the 

culture medium was supplemented with rat plasma FN, assembly by CHO-677 cells was 

significantly lower with a 0.7 ± 0.04 mean fluorescence intensity of the FN matrix compared 

to the wild type cells (p = 0.001) (Fig. 1A). To investigate the effect of heparin on matrix 

assembly, increasing concentrations of heparin were added along with FN. Heparin 

significantly increased the amount of FN matrix fibrils assembled by CHO-677 cells, with a 

1.3 ± 0.1-fold increase at 50 μg/ml heparin and 1.5 ± 0.1-fold increase with 100 μg/ml 

heparin compared to the no heparin condition for these cells (p < 0.05) (Fig. 1B). Higher 

magnification shows that the FN matrix assembled in response to heparin stimulation has the 

typical fibrillar organization of a fibroblast matrix (Fig. 1C). The matrix assembled by CHO-

K1 cells was more robust than that of CHO-677 cells and therefore, heparin did not have a 

significant effect on fibril formation or organization (Fig. 1B, C).

The amounts of DOC-insoluble FN matrix assembled by wild type and mutant cells without 

and with heparin were quantified. When increasing concentrations of heparin were added to 

the mutant cells, the amounts of DOC-insoluble FN matrix were not statistically different 

after 24 h with 50, 100, or 200 μg/ml heparin, but insoluble FN was decreased when 25 

μg/ml heparin or less was added (Fig. 2A). The 50 μg/ml heparin concentration was thus 

chosen for subsequent experiments. Heparin addition did not have an effect on insoluble FN 

levels in wild type CHO-K1 cells at either 12 or 24 h. Levels of DOC-insoluble material 

compared to 12h-no heparin samples differed by 0.9 ± 0.3 and 1.4 ± 0.4 for 12 h and 24 h 

heparin treatments, respectively (Fig. 2B left). Addition of heparin to CHO-677 cells had a 

significant effect on insoluble FN levels. Compared to 12 h-no heparin samples, heparin 

induced an average fold increase in DOC-insoluble FN of 2.7 ± 0.4 at 12 h and 3.8 ± 0.95 at 

24 h (Fig. 2B right). Heparin treatment for 24 h is able to rescue the assembly defect of 

CHO-677 cells since the addition of heparin yielded DOC-insoluble matrix levels equivalent 

to CHO-K1 cells at the same time. With time, there was a modest increase in insoluble FN 

without heparin (2.1 ± 0.6-fold at 24 h compared to 12 h) suggesting that the HS-deficiency 

slows rather than completely stops assembly. The effects of heparin addition were not due to 

changes in cell numbers or morphology since heparin had no effect on the cell growth rate 

and no overt differences in the cell shape of CHO-677 cells were detected (data not shown).

To determine how early in the assembly process heparin begins to act, we examined FN 

fibrils formed by CHO-677 cells starting at 1 h after FN was added alone or together with 

heparin. We compared fibril fluorescence intensities at each time point and found that 

significantly more fibrils were detected in the presence of heparin than in cultures without 
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added heparin. As early as 1 h there was already a 1.5 ± 0.1 mean fold increase in 

fluorescence intensity (p < 0.05) (Fig. 3A). The difference between plus and minus heparin 

conditions was significant throughout the time course and reached 1.9 ± 0.3-fold at 24 h (p < 

0.05) (Fig. 3A). There was also a gradual increase in FN fluorescence between 1 h and 24 h 

in the absence of heparin (1.6 ± 0.2-fold) to a level equivalent to 1–2 h with heparin 

addition. A comparison of mean fluorescence intensities for CHO-677 cells shows that 

heparin stimulates a continuous increase over 24 h while fluorescence intensities without 

heparin appear to plateau at 4 h (Fig. 3B). Thus, heparin has a significant stimulatory effect 

on FN fibril formation by cells that are deficient in HS production.

Wild type CHO-K1 cells are quite efficient at assembling FN fibrils and both DOC soluble 

and insoluble material and matrix fibrils are readily detectable 4 h after addition of FN (Fig. 

S2). This is not the case for CHO-677 cells whose deficiency limits the formation of DOC-

insoluble matrix such that FN is primarily DOC-soluble at 4 h (Fig. 4A). Heparin stimulated 

assembly of DOC-soluble FN fibrils detectable as early as 0.5 h, the earliest time tested. FN 

levels in the matrix were increased on average at least 3.1 ± 0.8-fold at 1 h and 3.9 ± 1.1-fold 

at 2 h (Fig. 4B). The significant increases in DOC-soluble FN fibrils within 1 h of heparin 

addition demonstrate a key role for heparin in the initial stages of assembly when DOC-

soluble fibrils are being formed.

2.2 Disaccharide Sulfation is Important for FN Matrix Insolubility

To determine the GAG specificity for stimulating matrix assembly, we used synthetic GAG-

mimetics that represent naturally occurring HS sulfation motifs [28, 29]. These GAG-

mimetics are synthesized by attaching disaccharides with varying degrees of sulfation to 

ligation sites along a soluble linear polymer of fixed length. The three GAG-mimetics used 

in the following experiments were: D2S6, D2A6, and D0A0. In the heparin mimetic D2S6, 

disaccharides were triple-sulfated whereas D2A6 resembled HS in having two sulfates per 

disaccharide, and D0A0 was unsulfated (Fig. S3A) [28, 29]. The main advantage of using 

synthetic GAG-mimetics is that, unlike natural HS or heparin, all of the GAGs in a mimetic 

have identical numbers of sulfates and sulfation patterns. The ligation efficiencies of 

unsulfated and double sulfated GAGs to the polymer were equivalent (~ 80%), but the 

higher negative charge of the triple sulfated GAGs resulted in a lower ligation efficiency (~ 

40%). To confirm the ability of the HS-mimetic D2A6 to bind to FN, a glutathione S-

transferase-III12–15+V (GST-HepII) fusion protein was incubated with the HS GAG-

mimetics attached to Streptavidin agarose beads and beads were immunostained with anti-

III12–15+V (anti-HepII) antiserum to visualize the binding. Quantification of the fluorescent 

signal revealed that the HepII domain bound to D2A6 significantly more than to D0A0 (Fig. 

S3B). To confirm that synthetic molecules function similarly to heparin, the effect of 

heparin-mimetic D2S6 and HS-mimetic D2A6 on assembly by CHO-677 cells was 

compared to heparin. D2S6 and D2A6, but not D0A0, promoted FN assembly at least as 

well as heparin as determined by quantitative imaging (Fig. 5A). Higher magnification 

images revealed a similar fibrillar organization to the matrix with either heparin or the GAG-

mimetics (Fig. 5A). Direct comparisons of DOC-insoluble FN levels showed a significant 

increase with heparin or D2S6 compared to no heparin addition (Fig. 5B). In addition, both 

D2S6 and D2A6 had significantly more insoluble FN compared to the unsulfated D0A0, 

Raitman et al. Page 4

Matrix Biol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with an average fold increase of 2.1 ± 0.3 for D2S6 and 4.2 ± 0.9 for D2A6 (Fig. 5B). The 

heparin-mimetic increased insoluble FN matrix similarly to heparin while the HS-mimetic 

had an even greater effect than heparin. It is possible that the HS-mimetic D2A6 was more 

effective than the heparin-mimetic D2S6 because it had a higher density of GAGs coupled to 

the polymer. Matrix levels with D0A0 were similar to no heparin conditions. These results 

show that GAG sulfation makes a significant contribution to the assembly process.

2.3 Characterization of Insoluble FN Matrix Fragments

To gain a better understanding of the FN domain interactions that form insoluble fibrils, we 

isolated FN matrices assembled by mouse NIH 3T3 fibroblasts since these cells assemble a 

dense, FN-rich matrix with a large amount of detergent-insoluble material. Cell cultures 

were decellularized to remove intracellular and transmembrane components according to our 

established procedure [4]. This decellularization does not interfere with the organization of 

the matrix fibrils [30]. Following decellularization, proteolysis with chymotrypsin in situ 

cleaved matrix fibrils into various sized fragments. These matrix fibril fragments were then 

subjected to a series of detergent solubilization and centrifugation steps to isolate three 

matrix fractions, the cleavage buffer soluble (CBS), the DOC-soluble (DS), and the DOC-

insoluble (DI) fractions. The progress of proteolysis over time was followed by 

immunoblotting with an antiserum raised against FN modules III1–6 (anti-III1–6) (Fig. 6A, 

left). At a short digestion time of 2h, fibril fragments ranged in size from 100 kDa down to 

less than 25 kDa (Fig. 6A, left). After 6h of digestion, the higher molecular weight 

fragments were lost and some of the lower molecular weight fragments, 50 kDa and smaller, 

increased in amount. The range of fragment sizes at each time point was similar between 

CBS, DS, and DI fractions, but relative levels of individual fragments varied among these 

fractions. In particular, there was a ~ 32 kDa band present in DS and DI but not in CBS 

fractions and that was also apparent in the DI fraction with an antiserum against full-length 

FN (R39) (Fig. 6A, middle *). Additional regions of FN present in fibril fragments were 

identified by immunoblotting samples with other FN domain specific antisera. Bands similar 

in size to anti-III1–6 bands (52 and 32 kDa) were detected with antiserum against HepII at 4 

h (Fig. 6A, right). There was an additional band detected with anti-HepII at ~28 kDa 

(between 25 and 32 kDa, marked by =) that was not apparent with anti-III1–6, but appeared 

to be detected with R39, suggesting that it contains HepII domain epitopes. No fragments 

were detected with the anti-N-terminal 70 kDa antiserum (Fig. 6A, right). While bands in DI 

samples were always less intense than in DS samples, the band patterns were similar 

indicating that the interactions in DOC-soluble fibrils are converted into an insoluble form.

To determine the specific region(s) of FN that are within the 28–32 kDa fragments unique to 

DOC fractions, gel slices containing the DOC-insoluble fragments from 6 h and 24 h 

digestions were submitted for mass spectrometric analyses. All domains of FN can be 

detected by mass spectrometry as indicated by the overall sequence coverage of identified 

peptides (data not shown; [31]). For each of the analyzed bands, the number of spectral 

counts (MS2 spectra from identified peptides) was tabulated (Fig. 6B). A greater number of 

spectral counts for a certain peptide is in part because there is more of that peptide present 

during elution allowing for it to be sampled multiple times. For the submitted gel band, the 

modules in which peptides were identified are shown in Fig. 6B, color-coded to show the 

Raitman et al. Page 5

Matrix Biol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



total number of spectra that were identified from all the peptides found in each of the 

modules. Very few spectral counts were identified in modules other than type IIIs. The 

majority of the spectra were derived from the III12–14 region (HepII), the main heparin-

binding domain in FN. Two other regions III4–5 and III8–10 were detected in the 6 h samples 

but dramatically less at 24 h (Fig. 6B). For the 6 h digested ~ 28 kDa band, 93% of all 

spectral counts came from the modules colored blue (Fig. 6B). For the 24 h digestion, 99% 

of the spectral counts in the ~ 28 kDa band came from the three domains. More specifically, 

55% and 88% of all spectral counts came from the HepII domain in the 6 h and 24 h 

digested samples, respectively, with the greatest number of spectral counts coming from 

module III13 containing the “cationic cradle” heparin-binding site [32] (Fig. 6B). These 

results show that the HepII domain of FN is more prevalent than other domains in insoluble 

matrix fragments.

2.4 Heparin Chain Length Affects Matrix Insolubility

The HepII domain was a prominent component of DOC-insoluble FN fibril fragments 

suggesting that this domain plays a central role in fibril assembly. Heparin could promote 

fibril formation by binding multiple FN molecules, bringing them into close proximity and 

thus facilitating the FN-FN interactions that link these molecules together. HS chains of 7–8 

disaccharides in length bound to the HepII domain of FN with a similar affinity as 

unfractionated heparin, whereas heparin chains smaller than 7 disaccharides bound with a 5–

10 fold lower affinity than unfractionated heparin [33, 34]. The unfractionated heparin used 

in our experiments has an average molecular weight of 18 kDa, which is 30–35 

disaccharides. Since this is 4–5 times longer than the minimum length for full binding to FN, 

each heparin could potentially bind 4–5 FN molecules on average.

To determine if the stimulatory effect of heparin requires a chain length that can bind to 

more than one FN molecule at the same time, we compared unfractionated heparin with 

heparins of defined length. We used heparin chains that were either 8 disaccharides (16 

saccharides; H016) or 15 disaccharides (30 saccharides; H030), which can bind to one or 

two FN HepII domains, respectively. We confirmed that H016 and H030 can bind to FN 

using a competition experiment. Heparin-agarose beads were incubated with a maltose 

binding protein (MBP)-HepII fusion protein [10] alone or together with excess 

unfractionated heparin, H016, or H030. All three heparins inhibited MBP-HepII binding to 

heparin-agarose, although 2–4-fold higher concentrations of H030 and H016 were needed to 

achieve the same inhibition as unfractionated heparin (Fig. S4), similar to the reported 

relative binding activities of shorter heparins.

To test the effect of heparin chain lengths on matrix insolubility, increasing concentrations of 

H016 or H030 were added to cells along with exogenous FN and the levels of insoluble FN 

were compared to the effects of unfractionated heparin. Addition of H030 increased 

insoluble FN levels to the same extent as 2.8 μM (50 μg/ml) heparin (Fig. 7B). Increasing 

the concentration of H030 did not further increase the formation of DOC-insoluble matrix. 

This was seen by immunofluorescent staining of the matrix fibrils as well, with a 

comparable matrix assembled by the cells when the highest H030 dose was added as when 

the unfractionated heparin was added (Fig. 7A). For H016, insoluble FN matrix reached 40–
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60% of the amount induced by heparin or H030, and FN fibril intensity was less than that of 

unfractionated heparin or H030 (Fig. 7A, B). However, H016 did have an effect on assembly 

yielding on average a 2-fold increase at its highest dose over the control with no heparin 

added. Therefore, a heparin chain length able to bind at least two FNs is needed for 

maximum effect on matrix insolubility.

2.5 Two or More HepII Domains Bind Simultaneously to a Single Heparin Chain

To test whether a single heparin chain can indeed bind to multiple FN molecules at the same 

time, we performed size exclusion chromatography with a recombinant MBP-HepII fusion 

protein plus or minus heparin. MBP-HepII alone eluted in fractions 15 – 18 with the peak at 

fraction 16 (Fig. 8A, yellow curve). With the addition of unfractionated heparin to MBP-

HepII, the monomer peak was dramatically reduced and the protein eluted significantly 

earlier, beginning near the void volume in fraction 9 and extending to fraction 13 with the 

peak in fractions 11–12 (Fig. 8A, gray curve). The average size of the unfractionated heparin 

is 18 kDa, insufficient to explain the large shift in the MBP-HepII peak. SDS-PAGE 

analyses confirmed the shift of MBP-HepII with heparin to an earlier elution time and also 

showed that MBP, which contaminates the MBP-HepII preparation, did not shift from 

fractions 20–22 in the presence of heparin (Fig. 8B). The shift of the MBP-HepII elution 

profile with heparin demonstrates that MBP-HepII and heparin formed a complex with two 

or more HepII domains linked together by heparin.

To determine the effect of heparin chain length on complex formation, size exclusion 

chromatography was performed in the presence of the shorter heparin chains, H030 and 

H016. MBP-HepII plus H030 heparin was largely shifted to an earlier elution time in 

fractions 11–14 with a small shoulder that overlaps with the monomeric MBP-HepII in 

fraction 15 (Fig. 8C, blue curve). This profile indicates that H030 heparin also forms a 

complex with more than one HepII but, because H030-HepII complexes do not elute as early 

as with unfractionated heparin, it appears that fewer proteins can bind per H030 chain.

On the other hand, MBP-HepII preincubated with H016 heparin showed only a slight shift in 

the elution profile to fractions 14–18 with the peak fraction at 15 (Fig. 8C, orange curve). 

The overlap between MBP-HepII plus and minus H016 suggests that binding of this shorter 

heparin does not induce the formation of protein complexes. Instead it seems likely that 

binding of ~4 kDa H016 induces a change in HepII conformation that is detected by a shift 

in the elution profile. The observed shifts in elution times are indicative of protein 

complexes linked by heparin and the differing elution times with different length heparins 

indicate that longer heparin chains bind two or more HepII domains.

3. Discussion

To determine whether heparin/HS makes a significant contribution to the ECM assembly 

process, we treated HS-deficient CHO-677 cells and found that heparin addition 

substantially stimulates FN fibril assembly. This stimulation began very soon after addition 

of heparin to the culture medium and higher levels of matrix were detected first as DOC-

soluble FN fibrils, which were converted into DOC-insoluble matrix over time. Results with 

heparin- or HS-mimetics showed the enhancement depends on GAG sulfation. We 
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developed a fractionation procedure using proteolysis of a decellularized fibroblast matrix 

and isolation of the detergent insoluble fibril fragments to identify FN domains that interact 

within insoluble matrix fibrils. This approach identified heparin-binding domains of FN, in 

particular the HepII domain, as the major components of the insoluble fraction. Heparin 

molecules and GAG-mimetics that were long enough to bind multiple FNs were the most 

effective in promoting assembly. Shorter heparin, able to bind a single FN, also stimulated 

assembly albeit not as effectively as heparins that can bind two or more FNs. Size exclusion 

chromatography data show that heparin chains of 30 or more saccharides form complexes 

with multiple HepII domains. We propose a model in which heparin/HS binding promotes 

FN-FN interactions and fibril conversion to insolubility by bringing multiple molecules into 

close proximity at the cell surface.

Our analyses of matrix fragments that are both resistant to prolonged proteolysis by 

chymotrypsin and insoluble in DOC detergent have shown a predominance of heparin-

binding domains from FN. The majority of peptides identified after digestion of the matrix 

for 24 h were in the III12–14 HepII domain. This domain has the highest affinity for heparin 

among the FN domains [15]. Heparin addition significantly increased FN fibrils and 

insoluble FN levels assembled by HS-deficient CHO-677 cells. However, using biotinylated 

heparin, we were not able to detect heparin within the assembled FN fibrils (unpublished 

observations). Others have reported that heparin acts transiently and is not retained in the 

ECM [35, 36]. Results with heparin- and HS-mimetics show a requirement for sufficient 

GAG sulfation in FN assembly, and also showed that HS GAGs can increase insoluble 

matrix. The effect of the HS-mimetic D2A6 was in fact greater than that of heparin or D2S6. 

This could result from differences between heparin and HS sulfation levels. It is also 

possible that the presence of more GAG disaccharides attached to the polymer in D2A6 than 

in D2S6 has an effect on assembly. The higher ligation efficiency of double-sulfated 

compared to triple-sulfated GAG disaccharides is due to the high negative charge on the 

heparin-mimetic D2S6, which prevents close packing along the polymer, resulting in 

approximately half as many GAG disaccharides bound (~ 130 vs. ~ 60).

The effects of heparin, the mimetics, and sulfation on assembly may be mimicking FN 

interactions with syndecan transmembrane proteoglycans. GAG sulfation and syndecan-2 

are required for FN assembly by fibrosarcoma cells [17]. Syndecan-4 binding to HepII 

enhances cell contractility and integrin signaling [16, 19, 21], both of which are involved in 

matrix assembly. In vivo evidence for an HS role in FN matrix organization is provided by 

conditional knockout in the mouse limb bud mesenchyme of EXT1, the HS synthesizing 

enzyme, which caused severe limb skeletal defects [37]. An expanded perichondrium layer 

with less densely packed FN matrix fibrils was observed suggesting that HS is needed for 

formation of a foundational FN matrix during normal tissue development. In our 

experiments in the absence of added heparin, CHO-677 cells gradually assembled a low 

level of exogenous FN that never reached the level of matrix observed in the presence of 

heparin. This suggests that the lack of HS in mutant cells may slow the assembly process 

and this would suggest that heparin/HS may act to increase the rate of FN polymerization. In 

this case, this GAG would not be absolutely necessary for assembly. We did not detect any 

effect of heparin on integrin-FN interactions using CHO-677 cells and the integrin domain 

of FN, III9–10, in suspension binding assays (IR, unpublished observations). CHO-677 cells 
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lack HS but produce higher levels of chondroitin sulfate than wild type cells [22]. 

Chondroitin sulfate also binds to the HepII domain, albeit not as strongly as heparin [38]. 

This increase in chondroitin sulfate suggests an alternative explanation for the slow 

assembly without heparin. Perhaps chondroitin sulfate can take the place of heparin, 

although not as effectively, to induce FN-FN interactions and fibril formation.

The HepII domain contains the major heparin-binding site in FN, the cationic cradle formed 

by two β-strands in III13 [32]. This domain has binding activity for the N-terminal assembly 

domain I1–5 of FN and protein fragments spanning III12–14 inhibit incorporation of 

exogenous FN into insoluble fibrils [12]. III12–14 also binds to III2–3 to form the compact 

conformation of FN in solution; deletion of III12–14 in full length FN generated a more open 

conformation by velocity sedimentation [39]. Binding of heparin and HS can induce 

conformational changes in FN [15], which expose new binding sites for growth factors [36, 

40] or cause matrix changes that affect cell differentiation [35, 41]. Conformational changes 

are also involved in FN matrix assembly [3, 42, 43] and our results suggest that cell-

produced HS may be critical for inducing some of these changes.

Based on our results, we suggest a model in which heparin/HS binding primarily at the 

HepII domain increases the rate of formation of FN-FN interactions. GAGs could act as a 

bridge between individual FN dimers to facilitate their interactions, but would not 

necessarily be constitutively incorporated into matrix fibrils. In our experiments with soluble 

heparin addition, this bridging effect would be independent of intracellular signaling by 

transmembrane proteoglycans. Our results with heparin chains of different lengths support 

this idea. H016 heparin at 8 disaccharides is the minimum length for optimal binding to 

HepII [33, 34] and stimulated assembly compared to no heparin. A heparin disaccharide is 

about 0.86 nm in length [34, 44] whereas a typical type III module is 3.6 nm across in the N-

to-C dimension [45]. Thus 8 disaccharides will cover ~ 6.9 nm, which is more than one but 

less than two type III modules. This length would be sufficient to span the ~ 6 nm extended 

heparin binding region described in the structure of the III13 cationic cradle plus putative 

heparin binding site (HBS)-2 in III14 [46]. H016 was not as effective as longer heparins. 

H030 heparin, which at ~ 13 nm is about twice the length of H016 and long enough to bind 

to two extended heparin binding regions simultaneously, increased insoluble FN to levels 

similar to that detected with unfractionated heparin. Size exclusion chromatography results 

further support this model. Both unfractionated heparin and H030 heparin formed complexes 

with HepII domains. Although the stoichiometry of HepII to heparin cannot be determined 

by this method, the relationship between the elution peaks shows that unfractionated heparin 

can bind more HepII domains than H030 heparin. H016 heparin induced only a small shift 

showing that it bound to the HepII domains but did not induce formation of protein 

complexes. Therefore, we suggest that heparin could be increasing fibril formation by 

binding at the HepII domains of two or more FNs simultaneously, bringing them together to 

increase the formation of FN-FN interactions, thus nucleating fibril formation by shortening 

the lag phase of polymerization. Independently of a bridging role, the stimulatory effect of 

heparin could include conformational changes induced by one-to-one heparin-FN binding. 

Such conformational changes would result in increased exposure of the various FN domains 

that are involved in the insoluble interactions, allowing these interactions to occur, which 

could explain the effect of the shorter H016 heparin on matrix assembly. Whatever the 
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mechanism, it is clear that GAGs play an important role in matrix assembly raising the 

possibility that phenotypes caused by mutations in genes for GAG attachment or synthesis 

enzymes may arise from defects in FN matrix.

4. Materials and Methods

4.1 Cell Culture

NIH 3T3 mouse fibroblasts (ATCC, Manassas, VA) were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Life Technologies, Grand Island, NY) with 10% bovine calf 

serum (Hyclone, Logan, UT) and antibiotic/antimycotic cocktail (Corning Life Sciences, 

Oneonta, NY). Wild-type CHO-K1 (ATCC) and mutant CHO-677 cells (a gift from Dr. 

Jeffrey Esko, UCSD) [22] were maintained in DMEM containing 10% FetalClone Serum 

(Hyclone) and antibiotic/antimycotic cocktail. All cell lines used were tested and found to be 

free of mycoplasma contamination.

4.2 Reagents

Fibronectin was purified from fresh frozen rat plasma by gelatin-Sepharose affinity 

chromatography [47]. Heparin sodium salt from porcine intestinal mucosa (Grade I-A, ≥180 

USP units/mg) (unfractionated heparin) was obtained from Sigma (St. Louis, MO). Different 

sized heparin GAG chains, H016 (average molecular weight 4650) and H030 (average 

molecular weight >9000), were obtained from Iduron (Galen Laboratory Supplies, 

Middletown, CT).

4.3 Preparation of Decellularized Matrices and Matrix Proteolysis

NIH 3T3 fibroblasts were plated at 6.3×106 cells/10-cm plate and grown for 10 days, 

changing media every 2–3 days. Plates were then decellularized to remove the cellular 

material and leave behind the fibrillar FN matrix as previously described [4]. For 

chymotryptic digestion, plates were washed with cleavage buffer (100 mM Tris-HCl, pH 7.8, 

10 mM CaCl2), and then 2 ml of cleavage buffer with 50 μg/ml α-chymotrypsin were added 

and proteolysis was allowed to proceed at 37°C for the indicated amounts of time. Matrix 

fragments were then scraped into tubes, the reaction stopped with 2 mM 

phenylmethylsulfonyl fluoride (PMSF), centrifuged at 14,000 rpm for 15 minutes at 4°C, 

and the supernatant collected as the cleavage buffer soluble (CBS) fraction. The resulting 

pellet was washed once with cleavage buffer followed by addition of DOC lysis buffer (2% 

DOC, 20 mM Tris-HCl, pH 8, 2 mM EDTA) with 2 mM PMSF at 25 μl/10-cm plate pellet 

and incubated at room temperature for 15 minutes with vortexing every 5 minutes. 

Following centrifugation at 14,000 rpm for 15 minutes, the supernatant was collected as the 

DOC-soluble (DS) fraction. The remaining pellet was solubilized by the addition of SDS 

lysis buffer (4% SDS, 20 mM Tris-HCl, pH 8, 2 mM EDTA) with 2 mM PMSF at 25 μl/10-

cm plate pellet and boiling for 5 minutes. This was followed by centrifugation, and the 

supernatant was transferred to a new tube as the DOC-insoluble (DI) fraction.

4.4 Mass Spectrometry

DOC-insoluble material from 6 h and 24 h digested matrices was separated by SDS-PAGE 

using 10 % polyacrylamide and stained with GelCode Blue (Pierce Chemical Co., Rockford, 
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IL). In parallel, an aliquot of the same material was immunoblotted with antiserum against 

the III1–6 modules of FN (R184) and alignment of the blot with the stained gel was used to 

select bands for excision. These were submitted for mass spectrometry.

Proteins in polyacrylamide gel slices were digested using trypsin as in [48]. Dried extracted 

peptides were reconstituted in 20 μl of 0.1% formic acid pH 3. Five μl were injected per run 

using an Easy-nLC 1000 UPLC system. Samples were loaded directly onto a 45 cm long 75 

μm inner diameter nano capillary column packed with 1.9 μm C18-AQ (Dr. Maisch, 

Germany) mated to metal emitter in-line with an Orbitrap Elite (Thermo Scientific, USA). 

The mass spectrometer was operated in data dependent mode with the 120,000 resolution 

MS1 scan (400–1800 m/z) in the Orbitrap followed by up to 20 MS/MS scans with CID 

fragmentation in the ion trap. Dynamic exclusion list was invoked to exclude previously 

sequenced peptides for 120 s if sequenced within the last 30 s.

Raw files were searched using MS-Amanda [49], Byonic [50], and Sequest HT algorithms 

[51] within the Proteome Discoverer 2.1 suite (Thermo Scientific, USA). 10 ppm MS1 and 

0.4 Da MS2 mass tolerances were specified. Caramidomethylation of cysteine was used as 

fixed modification, oxidation of methionine, deamidation of asparagine and conversion of 

glutamine to pyro-glutamate (at peptide N-termini) were specified as dynamic modifications. 

Chymotrypsin and trypsin double digestion with maximum of 2 missed cleavages were 

allowed against the Uniprot Mouse database.

Scaffold (version Scaffold_4.7.5, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 99.5% probability by the Scaffold Local 

FDR algorithm. Protein identifications were accepted if they could be established at greater 

than 99% probability and contained at least 2 identified peptides. Protein probabilities were 

assigned by the Protein Prophet algorithm [52]. Proteins that contained similar peptides and 

could not be differentiated based on MS/MS analysis alone were grouped to satisfy the 

principles of parsimony. Spectral counts are the total number of identified MS2 spectra 

derived from and matching the peptide sequences of interest.

4.5 Immunofluorescence Microscopy

Cells were seeded on glass coverslips in 24-well plates and 25 μg/ml exogenous rat plasma 

FN was added either alone or together with heparin or the specified GAG-mimetic for the 

indicated amounts of time. Upon assay completion, cells were washed with PBS, fixed in 

3.7% (w/v) formaldehyde (Sigma, St. Louis, MO) in PBS, and then stained with R457, an 

anti-FN antiserum against the N-terminal 70 kDa domain, diluted 1:100 as in [25]. Alexa-

fluor 488 or Alexa-fluor 568 conjugated goat anti-rabbit IgG secondary antibody 

(Invitrogen, Eugene, OR) was diluted 1:600 and DAPI (Sigma, St. Louis, MO) was diluted 

1:1000. Coverslips were mounted using ProLong Gold antifade reagent (Life Technologies, 

Grand Island, NY). In all experiments, cell densities were equivalent as determined by phase 

microscopy. Images were captured using a Nikon Eclipse Ti microscope equipped with a 

Hamamatsu C10600 ORCA-R2 digital camera. Total mean fluorescence measurements were 

performed using ImageJ by averaging 7 randomly selected fields of view from each 

coverslip in a given experiment. The fluorescence fold-change with heparin or a GAG-
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mimetic was calculated by normalizing to the no heparin condition, which was set to 1. The 

fold changes were averaged across 3 independent experiments, unless otherwise indicated, 

and are reported as the mean ± standard error.

4.6 Preparation of DOC-Soluble and DOC-Insoluble Fractions

CHO cells were seeded in a 24-well plate at 60,000 cells/well and grown for 2–3 days, at 

which point growth medium was replaced with fresh medium supplemented with exogenous 

rat plasma FN at 25 μg/ml and heparin or other reagents as needed and incubated for the 

indicated amounts of time. Cell lysates were separated into DOC-soluble and -insoluble 

fractions as previously described [53]. Total protein concentrations were measured in the 

DOC-soluble fraction using the BCA protein assay (Pierce Chemical Co., Rockford, IL). 

Protein concentrations in lysates of CHO-677 cells plus and minus heparin were equivalent 

within an experiment indicating that cells were of similar densities at collection. Equivalent 

amounts of the DOC-insoluble fractions were run proportionate to the soluble fraction 

concentrations.

4.7 Immunoblotting

Proteins were separated by SDS-PAGE on 6 or 10% polyacrylamide gels alongside Precision 

Plus Protein Standard (Bio-Rad, Hercules, CA) and then transferred to nitrocellulose 

membranes. Antibody incubations were performed as described [25]. Rabbit anti-FN 

polyclonal antisera were raised in house: R457 against the rat N-terminal 70 kDa domain 

[10]; R184 against an MBP fusion protein containing the rat FN III1–6 domain; and R39, 

against full-length rat plasma FN [25] (see Fig. 1C). Anti-III12–15+V (anti-HepII), which 

contains the HepII domain, was raised at the Pocono Rabbit Farm and Laboratory 

(Canadensis, PA) against a GST fusion protein containing this region of human FN and was 

validated by immunoblotting with the immunogen and with plasma FN and by 

immunofluorescence with mouse fibroblasts. Antiserum dilutions were: 1:2000 for R457, 

1:100 for R184, 1:500 for R39, and 1:1000 for anti-HepII. DOC-soluble samples were 

probed with an antibody against GAPDH at 1:2000 to confirm equal loading (14C10, Cell 

Signaling Technology, Danvers, MA). Secondary antibody was horseradish peroxidase-

conjugated goat anti-rabbit IgG diluted 1:10,000 (Pierce Chemical Co., Rockford, IL). Blots 

were developed using SuperSignal West Pico ECL reagents (Pierce Chemical Co., Rockford, 

IL). Densitometry was performed on scanned films using ImageJ and exposures yielding 

signals within the linear range were quantified. Immunoblots of lysates from 3 

independently performed experiments were analyzed and quantified signals were averaged 

across the 3 experiments.

4.8 Synthesis of Heparan Sulfate GAG-Mimetics

Unless otherwise stated, all chemicals and reagents were purchased from Sigma Aldrich, 

and used without further purification. GAG disaccharides were purchased from Dextra, UK. 

The synthesis and characterization of the GAG-mimetic glycopolymers has previously been 

described [29, 54]. Briefly, a Boc-protected N-methylaminooxy acrylamide precursor was 

subjected to RAFT polymerization using the chain initiator AIBN (2,2′-azobis(2-

methylpropionitrile) in the presence of an azide-terminated chain transfer agent to form the 

azide-functionalized glycopolymer precursor backbone (Mn = 43 kDa, ð = 1.15, n = 167). 
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Similarly, a biotin-containing chain transfer agent can be used to generate biotinylated 

polymers (vide infra, Mn = 51,600, ð = 1.21, n = 200). Following end-deprotection of the 

trithiocarbonate with butylamine to expose free thiol groups, the polymers were labeled with 

maleimide-functionalized AlexaFluor488 or TAMRA fluorophores. The removal of the side-

chain protecting Boc groups was achieved by treatment with TMS chloride and phenol in 

DCM. The resulting polymer was reacted with the desired GAG disaccharide (1.1 equiv. per 

reactive aminooxy sidechain) at 50 °C for 72 hours. Following purification by size-exclusion 

chromatography on spin columns (Sephadex G-50, Roche cat # 11814427001), the final 

GAG-mimetic glycopolymers were characterized by 1H NMR and UV-VIS spectroscopy to 

determine the efficiency of disaccharide ligation and to establish polymer concentrations, 

respectively. Polymers with 170 or 212 ligation sites were used for the preparations reported 

here. Average ligation efficiencies for D2A6, D0A0, and D2S6 were approximately 80%, 

81%, and 37%, respectively, which correspond to 136, 137, and 60 disaccharides per 

mimetic, respectively. The functionality of GAG-mimetics compared to heparin was 

determined using a growth factor signaling assay [29].

4.9 Size exclusion chromatography

A maltose binding protein-III12–15 fusion protein (MBP-HepII) was purified by amylose 

resin chromatography [10]. 1 μM MBP-HepII was preincubated for 1 h at room temperature 

with 10 μM of either unfractionated heparin, H030, or H016 heparin in 50 mM Tris-HCl, pH 

7.8, 50 mM NaCl at a final volume of 500 μl per sample. Size exclusion chromatography 

was performed using a 24 ml Superdex 200 Increase 10/300 GL column (GE Healthcare) 

equilibrated with the above buffer at 4 °C with a flow rate of 0.7 ml/min on an AKTA pure 

FPLC (GE Healthcare). The elution profile of the column was characterized with a standard 

curve of elution volume versus log molecular weight of gel filtration standards ranging in 

size from 1,350 to 670,000 D (Bio-Rad). Absorbance at 280 nm of MBP-HepII in the eluate 

was measured continuously and recorded as milli-absorbance units (mAU) per elution 

volume. 500 μl fractions were collected and proteins in fractions across the relevant elution 

volumes were analyzed by electrophoresis on 10% polyacrylamide-SDS gels followed by 

silver staining.

4.10 Statistical analysis

Results are reported as the mean ± standard error for a minimum of 3 independent samples, 

unless specified otherwise. Computed means were compared using a two-tailed Student’s t-

test, with p < 0.05 considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We show a requirement for soluble heparin/heparan sulfate and 

glycosaminoglycan sulfation in fibronectin fibrillogenesis.

• Mass spectrometry of matrix fibril fragments identified fibronectin’s HepII 

heparin-binding region as the predominant domain comprising insoluble 

regions of fibrils.

• Heparin chains of sufficient length to bind to at least two fibronectin heparin 

binding domains gave maximal stimulation of assembly suggesting a new role 

for heparin/heparan sulfate as a linker that brings fibronectin molecules 

together to facilitate insoluble fibril assembly.
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Figure 1. Heparin increases FN matrix in HS-deficient CHO cells
Wild-type CHO-K1 and HS-deficient CHO-677 cells were grown for 3 days and, except for 

the “No FN” samples, exogenous FN was added at 25 μg/ml for the last 24 h. Samples were 

fixed and immunostained for FN, matrix was visualized by fluorescence microscopy, and 

fluorescence intensities were quantified. (A) Cells were grown with (+FN) or without FN 

(No FN). The fold change in mean fluorescence intensities of +FN samples for CHO-677 

compared to CHO-K1 cells is shown in yellow (mean ± SE) (n=3, *p = 0.001). Scale bar = 

50 μm. (B) CHO-K1 and CHO-677 cells were supplemented with FN alone (left), or 

together with 50 μg/ml (middle) or 100 μg/ml (right) heparin for 24 h. The fold change from 

the no heparin condition (No Hep) is noted for the CHO-677 cells (mean ± SE, n=3, *p < 
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0.05). Scale bar = 50 μm. (C) Higher magnification images of CHO-K1 and CHO-677 cells 

in (B) with FN and with or without heparin addition. Scale bar = 20 μm.
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Figure 2. Increased DOC-insoluble FN matrix with heparin treatment
(A) DOC-insoluble material was isolated from CHO-677 cells 24 h after addition of 25 

μg/ml FN alone or together with increasing concentrations of heparin from 12.5 to 200 

μg/ml. Samples were separated on a 6% polyacrylamide-SDS gel followed by FN 

immunoblotting with R457 anti-70 kDa antiserum. The fold increase for each sample was 

calculated relative to no heparin. (B) DOC-insoluble material was isolated from CHO-K1 

and CHO-677 cells at 12 or 24 h after addition of 25 μg/ml FN alone or together with 50 

μg/ml heparin. The average fold change for each sample was calculated relative to no 

heparin at 12 h. The difference in DOC-insoluble FN between CHO-K1 cells and CHO-677 

cells at 12h with no heparin was 2.8 ± 0.9. The bar graphs below the blots represent the 

averages ± SE for each sample from 3 independent experiments and for each a representative 

blot is shown (n = 3, *p < 0.05).
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Figure 3. Heparin increases matrix at early stages of assembly
(A) CHO-677 cells were treated as in Figure 1 and analyzed at 1, 2, 4, 12, and 24 h after 

addition of FN and heparin followed by immunostaining for FN and fluorescence 

microscopy to visualize the matrix. Mean fluorescence fold change ± SE at each time point 

relative to No Hep at the same time is noted on the images. Scale bar indicates 50 μm. (n = 

3, *p < 0.05). (B) Plot indicates the mean fluorescence intensity ± SE as a function of time 

for the No Hep and + Hep conditions (n=3).

Raitman et al. Page 22

Matrix Biol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Increased DOC-soluble FN at early times of treatment
(A) Cells were treated as in Figure 1 legend. The DOC-soluble and insoluble matrix 

fractions of CHO-677 cells were immunoblotted after treatment for 4 h. An immunoblot of 

DOC-soluble material with anti-GAPDH antibodies was used as a loading control. (B) The 

DOC-soluble FN matrix fractions of CHO-677 cells were immunoblotted after 1 h or 2 h 

with FN plus or minus heparin. The mean fold change ± SE relative to no heparin at each 

time point, normalized to GAPDH, was calculated from 3 independent experiments. A 

representative blot is shown.
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Figure 5. Soluble heparin/HS GAG-mimetics increase matrix assembly by CHO-677 cells
(A) Cells were supplemented with 25 μg/ml FN alone, or together with 2.8 μM (50 μg/ml) 

heparin, or with 5 μM of D2S6, D2A6, or D0A0 for 24 h followed by immunostaining for 

FN and fluorescence microscopy to visualize the matrix. Mean FN fluorescence fold 

increase ± SE relative to the FN alone control is noted in yellow (n=2). Scale bar indicates 

50 μm. Higher magnification images are shown below for each. Scale bar indicates 20 μm. 

(B) DOC-insoluble matrix fractions from CHO-677 cells 24 h in the presence of 25 μg/ml 

FN without heparin, or in the presence of 2.8 μM heparin, 5 μM D2S6, D2A6, or D0A0 

were immunoblotted for FN. The average fold changes ± SE relative to 0 μM heparin or to 

D0A0 are noted below. Values are 3 ± 0.5 and 3.2 ± 0.9 for heparin and D2S6, respectively, 

and 2.1 ± 0.3 and 4.2 ± 0.9 for D2S6 and D2A6, respectively. All averages are n = 3, p < 

0.05. A representative blot is shown with intervening lanes within the same gel cropped.
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Figure 6. Identification of FN domains in DOC-insoluble matrix fibril fragments
(A) Decellularized matrices from NIH3T3 fibroblasts were subjected to 2 h or 6 h 

proteolysis with chymotrypsin followed by detergent solubilization. Cleavage buffer soluble 

(CBS), DOC-soluble (DS), and DOC-insoluble (DI) matrix fractions were separated by 

SDS-PAGE on a 10 % polyacrylamide gel. FN fragments were detected by immunoblotting 

2 h and 6 h digests with anti-III1–6 antiserum (R184). The sample in the FN DI lane was 

digested for 9 h and was immunoblotted with anti-full length rat FN antiserum (R39). DI 

samples after 4 h of digestion were immunoblotted with anti-(HepII) antiserum or anti-70 

kDa antiserum (R457, 1:250 dilution) to visualize FN specific fragments. Anti-HepII 

antibodies detected band(s) between 25 and 32 kDa, which are not apparent in the anti-III1–6 

blot. Asterisks denote the band at ~ 32 kDa and = marks the ~ 28 kDa band referred to in the 

text. (B) Fragments of about 28 kDa (between 25 and 32 kDa) from 6 h and 24 h digestions 

of decellularized matrix were submitted for mass spectrometry. Schematics of FN modules 

are colored-coded to indicate the total number of spectra from all the FN peptides identified 

in each of the modules. See color legend for ranges of total spectral counts. The majority of 

peptides were localized in the HepII domain (III12–14) but, at 6 h, fragments containing 

III4–5 and III8–10 were also detected.
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Figure 7. Stimulation of matrix assembly varies with heparin chain length
(A) CHO-677 cells were supplemented with FN alone (No Hep), or together with 2.8 μM 

unfractionated heparin (Hep), or with 11.2 μM of either H016 or H030 for the last 24 h of 

growth followed by immunostaining for FN and fluorescence microscopy to visualize the 

matrix. Scale bar indicates 50 μm. (B) DOC-insoluble matrix fractions of CHO-677 cells 

were isolated 24 h after addition of 25 μg/ml FN alone (0), or with the indicated μM 

concentrations of unfractionated heparin (Hep), H016, or H030. 2.8 μM heparin is 

equivalent to 50 μg/ml heparin. The mean fold change relative to unfractionated heparin is 

noted below. For three independent experiments, the average fold changes for H016 relative 

to Hep are 0.4 ± 0.1 for 2.8 μM, 0.4 ± 0.2 for 5.6 μM, and 0.6 ± 0.1 for 11.2 μM H016 (p < 

0.05). For H030, average fold changes are 1.2 ± 0.2 for 2.8 μM, and 1.1 ± 0.4 for 5.6 and 

11.2 μM H030. Representative blots are shown. For the right-hand blot, intervening lanes 

within the same gel were cropped.
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Figure 8. Heparin binds two or more HepII domains
(A) 1 μM MBP-HepII alone (yellow) or preincubated with 10 μM unfractionated heparin 

(Hep) (gray) for 1 h was subjected to size exclusion chromatography. The elution profiles 

show A280 (milli-absorbance units, mAU) for fractions from the void volume (fraction 9, 

which contains protein aggregates) to ~ 20 kDa (fraction 22). MW standards eluted in 

fractions 9 (670 kDa), 14 (158 kDa), 21 (44 kDa), and 23 (17 kDa). (B) Fractions from (A) 

were analyzed by SDS-PAGE using 10% polyacrylamide SDS gels and silver staining. 

Molecular mass standards are indicated on the left. * indicates MBP-HepII, ~ indicates MBP 

at 42 kDa, which contaminates the MBP-HepII preparation. (C) Size exclusion 

chromatographs for 1 μM MBP-HepII alone (yellow) or incubated for 1 hr with 10 μM H030 

(blue), H016 (orange), or unfractionated heparin (dotted gray). mAU is plotted versus 

fraction number. Elution profiles were confirmed by SDS-PAGE and silver staining (data not 

shown).
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