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Interaction of heparin with synthetic peptides 
corresponding to the C-terminal domain of intestinal 
mucins 
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Unlike most other mucins described to date, two intestinal mucins, rat MLP (rat Muc2) and human MUC2 have a 
C-terminal tail that is enriched in cationic amino acids. The distribution of charge in each case resembles that of 
several well known heparin binding proteins. Peptides designated E20-14 and F13-15, corresponding to the C- 
terminal 14 amino acids of the two mucins, were synthesized and shown to bind 3H-labelled heparin by a process 
that was saturable and mediated by strong electrostatic interactions, giving K d values of 10 -7 to 10 -8 M. Using 
turbidometric analyses and native gel electrophoresis, we observed that peptide-heparin mixtures formed 
polydisperse aggregates that dissociated with a progressive increase in the concentration of heparin. Under certain 
conditions heparin protected the peptide from proteolysis by trypsin. Both heparin and dextran sulfate, the latter a 
highly sulfated synthetic polysaccharide, were potent inhibitors of 3H-heparin binding to peptide E20-14, while less 
sulfated glycosaminoglycans were poorly- or non-inhibitory. Mucin in tissue dispersions and homogenates, or 
purified from rat intestine, did not bind to heparin, and failed to interact with an antibody specific for the peptide 
E20-14. Both mucin samples however, reacted with antibodies that recognize regions upstream of the C-terminal 14 
amino acids. Imn'tunofluorescent localization of E20-14 was confined to the basal perinuclear regions of goblet 
cells, whereas localization of an antibody to a flanking sequence on the N-terminal side of the C-tail, localized to 
mature mucin storage granules. These findings suggest that the heparin-binding C-tail of the mucin may be 
removed at an early stage of biosynthesis. Heparin-mucin complexes, if they form in vivo, are thus likely to be 
confined to the ER and/or Golgi compartments. 
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Introduction 

We have earlier reported the isolation and sequence of  a 
cDNA encoding the C-terminal 1121 amino acids of  a 
large rat intestinal mucin designated MLP (mucin-like 
peptide) [1, 2]. The alignment and distribution of  cysteine 
residues within the cysteine-rich 760 amino acid C- 
terminus of  MLP were found to be very similar to several 
other reported secretory mucins, and to the human blood- 
clotting protein, von Willebrand factor (vWF). This 
common structural mot i f  is assumed to be necessary for 
the proper folding of  the polypeptide chain to allow 
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intermolecular S-S bridges to mediate dimerization and 
polymerization. Overall amino acid sequence homology of 
the C-terminus of  MLP with vWF or with other mucins 
was not a prominent feature however, with the exception 
of  the human intestinal mucin MUC2, which shares 
approx 70% sequence identity with rat MLP over its C- 
terminal 730 amino acids [3]. Unlike vWF and most 
mucins, the extreme C-terminal end of  both rat MLP and 
human MUC2 consists of  a 14 amino acid segment that is 
enriched in positively charged residues. Since both mucins 
are expressed in normal intestinal goblet cells, it is 
possible that these positively charged domains could have 
a specialized function relevant to mucin biosynthesis or 
transport, or to one or more intestinal muein functions 
such as the protective barrier role of  secreted mucins, or 
epithelial growth and repair mechanisms. Presumably 
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these functions would entail an interaction of the 
positively charged mucin domains with anionic molecules 
encountered within the cell, at cell membranes or in the 
local environment. Candidates for such an interaction 
include negatively charged phospholipids, nucleic acids 
and proteoglycans. 

Binding to proteoglycans, particularly to heparin chains 
of heparan sulfate, is an attractive possibility, in part 
because heparan sulfate is particularly abundant in 
intestinal tissue [4]. In addition however, the clustering 
of the positively charged residues in the C-tail regions of 
MLP and MUC2 resembles the cationic clustering in 
peptides that have been shown to bind to heparin [5]. 

HS-proteoglycans are present in the extracellular 
matrix, basement membranes, intracellular and surface 
membranes of many cell types [4, 6, 7]. In one or more of 
these locations, HS-proteoglycans are involved in pro- 
cesses such as cell adhesion and migration, sequestration 
of growth factors, modulation of growth factor receptors, 
stabilization of the extracellular matrix, protection against 
proteolytic enzymes, modulation of the response to 
infection, inflammation and injury, and resistance to 
local metastatic spread of tumours [6,8-13]. Mucus 
glycoproteins are also adhesive molecules, are present in 
almost all epithelial linings, and are involved in some of 
the same processes [14]. In the case of gastrointestinal 
epithelial injury and repair, luminal mucins together with 
fibrin, fibronectin and cell debris (which includes 
proteoglycans), form a thick mucoid 'cap' in the region 
of the basement membrane, over denuded injured sites. 
The 'cap' is required for epithelial regeneration beneath 
it [15, 16], a process that may be accelerated by heparin 
[17]. The potential exists therefore for mucins to interact 
with HS proteoglycans in several locations and in both 
physiological and pathological processes. 

No investigations have been carried out to explore 
these possibilities. This is not surprising, given that both 
mucins and proteoglycans are adhesive, self-aggregating, 
polydisperse macromolecules. They are difficult to 
separate from each other, purify, quantitate and manip- 
ulate in the systematic way necessary for the demonstra- 
tion of specific interactions. As a first approach to 
discovering a potential functional interaction of the C- 
terminal domains of intestinal mucins with anionic 
macromolecules, we have examined the heparin binding 
properties of synthetic peptides corresponding to the 
cationic C-terminal domain of each of the two intestinal 
mucins, rat MLP (also called RMuc-2 [18]) and human 
MUC2. 

(Wilmington, DE), and the following reagents from Sigma 
Chemical Co. (St Louis, MO): heparin from porcine 
intestinal mucosa, heparan sulfate from bovine intestinal 
mucosa, keratan sulfate, dermatan sulfate from porcine 
skin, chondroitin sulfate C from shark cartilage, dextran 
sulfate, heparinase and heparitinase. Heparin Affi-gel 
beads (containing 1 + 0.2 mg heparin per ml gel) were 
purchased from Bio-Rad (Richmond, C A ) a n d  precast 
polyacrylamide gradient gels (10-20%) were purchased 
from Novex Experimental Technology (San Diego, CA). 
Yrypsin-TPCK (236 U mg-1) was obtained from Worthing- 
ton Chemicals, New Jersey. 

Synthetic peptides 
The following peptides were synthesized by Multiple 
Peptide Systems (San Diego, CA) and purified by reverse 
phase-HPLC using a Vydac C-18 column with a 5 to 60% 
acetonitrile gradient in water containing 0.1% or 0.05% 
trifluoroacetic acid: E20-14 (molecular weight (MW) 
1773), corresponding to the C-terminal sequence S R T 
R R S  S P R L L G R K o f r a t M L P ( 1 ) ;  G21-10(MW 
1507), corresponding to the sequence immediately adja- 
cent to the C-terminus, R M V S L D C P D G S K L S ;  
D139-19 (MW 1209), a further upstream sequence T G S 
T S S K P P T G S, that is based on residues 100-111 of 
rat MLP (2); and F13-15 (MW 1697), which corresponds 
to the C-terminal sequence S R R A R R S P R H L G S 
G of humun MUC2 [3]. Molecular weights and composi- 
tions of each peptide were confirmed by mass spectro- 
metry and amino acid analyses, respectively, as performed 
by Multiple Peptide Systems and the HSC/Pharamacia 
Biotechnology Service Centre (Toronto, Ontario). 

Peptide binding to heparin Affi-gel beads 
Routine assays involved gentle agitation at 22 ~ for 
15 rain, of mixtures of peptide (2/~g) and 25/~1 of heparin 
Affi-gel (containing 25/~g heparin) in a total volume of 
300 ~1 containing 0.01 M Na2HPO4-NaHzPO4 buffer, pH 
7.5, in 0.15 M NaC1 (PBS). The mixture was centrifuged 
briefly in an Eppendorf centrifuge and the pellet washed 
twice with 1 ml of PBS containing increasing concentra- 
tions of NaC1 (0.15-0.55M). The final pellet was 
resuspended in tricine SDS-PAGE sample buffer (Novex), 
boiled for 5 min to release the bound peptide, and the 
solution (20/,1) subjected to electrophoresis through 
polyacrylamide gradient gels (10-20%) in 0.1% SDS. 
Peptide bands were detected by Coomassie blue staining. 

Materials and methods 

Reagents 
3H-labelled heparin (0.57mCimg -1, average molecular 
weight 13 000) was purchased from New England Nuclear 

Electrophoresis on native gels 
Triplicate solutions were prepared, each containing 2/~g 
of peptide and heparin (0.4-30 ~g) in 4/~1 of 10 mM Tris 
HC1 buffer, pH 6.8, containing 0.15 M NaC1 (TBS). After 
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the addition of native PAGE sample buffer (Novex 
Pharmaceuticals), samples were electrophoresed on 4 -  
20% gradient polyacrylamide native gels (i.e. without 
SDS). One gel was stained with Coomassie blue (for 
protein), one with Alcian blue (to detect heparin), and one 
with sequentially added Alcian blue and silver (AB/S) 
[19]. For glycosaminoglycans and proteoglycans, the 
sequential stain is much more sensitive than either silver 
or Alcian blue alone (i.e. pg versus /xg detection), and is 
thus capable of detecting the entire range of diffuse bands 
that result from the extensive size heterogeneity char- 
acteristic of heparin. In addition, bands containing 
glycosaminoglycans and stained with AB/S change colour 
from blue-brown to brown-black when protein is present, a 
feature that makes this stain combination particularly 
valuable for the detection of complexes between peptides 
and heparin. Control samples contained peptide alone or 
heparin alone. Additional experiments were carried out 
using dextran sulfate, keratan sulfate, dermatan sulfate, 
chondroitin sulfate C or heparan sulfate instead of heparin. 
Separate experiments were also conducted in which 
mixtures of heparin and peptide were incubated briefly 
(10 min at 22 ~ with 7.5 ng of trypsin-TPCK (enzyme:- 
peptide ratio 1:267 by weight) prior to electrophoresis 
through native gels. 

Turbidity measurements 
Peptide E20-14 (final concentration 0.1mgm1-1) was 
mixed at room temperature with heparin (final concentra- 
tion 0.02-0.15 mgm1-1) in TBS, pH 7.4, to give a final 
volume of 400bd. At different time intervals (10- 
300 rain) the absorption at 450 nm was measured spectro- 
photometrically. Control samples contained heparin alone 
or peptide E20-14 alone. 

Solid phase assay of 3H-labelled heparin binding to 
immobilized peptides 

Peptide solutions (2/zg peptide in TBS, pH 7.5) were slot- 
blotted onto a PH 79 nitrocellulose membrane using the 
Minifold II Manifold apparatus of Schleicher and Schuell. 
Control samples consisted of buffer alone. Each slot blot 
was rinsed with TBS (50 ~1), the filter dried overnight at 
room temperature, and cut into strips. Strips were 
incubated for 2 h in TBS in a final volume of 10 ml 
containing 3H-labelled heparin (0.08-4 ~Cirnl -I) to give a 
concentration range of" 0.14-7/~gm1-1 (10-475 nM he- 
parin). For inhibition experiments, non-radioactive heparin 
or dextran sulfate (5-30~gm1-1) or other GAGs 
(30 p,g m1-1) were premixed with labelled heparin 
(2/xg ml-1) prior to incubations with immobilized peptide. 
The strips were subsequently washed four times (5 rain per 
wash) with TBS, immersed overnight in Ready Protein 
Scintillation cocktail (Beckman Canada, Mississauga, 

Ont), and counted in a Beckman LS-6000/C scintillation 
counter. Heparin binding data were analysed with the 
microcomputer-based EBDA/LIGAND program [20] as 
modified for microcomputers [21]. 

Mucin preparations 

Rat small intestinal mucin was purified by CsC1 density 
gradient centrifugation as described previously [22]. In 
addition, homogenate supernatant solutions (crude mucin) 
were prepared by homogenizing intestinal scrapings (1:100 
w/v) in 0.01 M phosphate buffer, pH 7.4, containing 
10raM EDTA, l mM PMSK 1 ~M leupeptin, 1 /a,M 
pepstatin, 0.2 mM TPCK, 0.2 mM TLCK and 5 mM NEM 
(final concentrations), or by simply dispersing scrapings in 
a mixture containing the same protease inhibitors and 6 M 
guanidine hydrochloride. Mixtures were then centrifuged 
at 30 000 • g for 30 min and the filtered supernatant used 
immediately for immunoassays or applied to heparin Affi- 
gel columns as described above for peptides. 

Antisera 

Polyclonal antisera were developed in rabbits against 
each of the peptides E20-14 and G21-10 (the region 
immediately adjacent to the E20-14 sequence), and the 
specificity of each confirmed by ELISA procedures as 
described earlier for other synthetic peptides of rat 
intestinal MLP [1]. A third antibody used in the present 
study was one recognizing the entire 118 kDa C-terminal 
glycopeptide of MLP and described in earlier publications 
[1, 22]. 

Immunofluorescent localization of peptides E20-14 and 
G21-10 

Antisera were adsorbed against goat liver powder prior to 
use in immunolocalization experiments. Frozen sections of 
rat small intestine were fixed in methanol, air dried and 
blocked with 4% normal goat serum in PBS containing 
0.1% Triton X-100 and 0.1% Tween-20. Sections were 
washed, incubated overnight at 4 ~ with immune serum 
or preimmune (control) rabbit serum (1:100 dilution v/v), 
washed thoroughly, and reincubated for 1 h at 22 ~ with 
fluorescein (FITC)-tagged goat antirabbit IgG (Vector 
Laboratories, Inc. Burlington, CA). In some experiments 
sections were pretreated for 1 h at 37~ with 
1 mU 100/z1-1 of heparinase or heparitinase, or with 
Target Unmasking Fluid (Pharmingen, San Diego, CA), 
prior to blocking and exposure to the E20-14 antiserum. In 
other experiments, sections were treated at 90 ~ with j3- 
mercaptoethanol immediately before the E20-14 antiserum 
was added. In selected experiments the antibodies for 
peptide E20-14 or G21-10 were premixed with peptide 
E20-14 or G21-10 (0.05-1 /~gm1-1) prior to incubation 
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Figure 1. Influence of ionic strength on the binding of mucin 
peptide E20-14 to heparin-agarose affinity beads. Samples of 
peptide E20-14 (2 beg) were incubated with heparin Affi-gel beads 
for 15 rain, centrifuged, and each pellet washed twice with PBS 
containing a different concentration of NaC1. The remaining bound 
peptides were released by SDS, subjected to SDS PAGE, and the 
peptide detected by coomassie blue staining. Lane 1, molecular 
weight standards (200, 116, 97, 66, 55, 36, 31, 21, 14, 6, 35 and 
2.5 kDa). Lane 2, peptide (2 beg) alone (i.e. no previous exposure 
to Affi-gel beads). Lanes 3-7 represent peptide samples which 
were bound to heparin Affi-gel and not removed by solutions 
containing 0.15, 0.25, 0.35, 0.45, and 0.55 M NaC1, respectively. 

with the sections. Sections were washed and examined 
under a Reichart-Jung Poyvar epifluorescence microscope. 

R e s u l t s  

Binding to Affi-gel heparin 

The synthetic peptide E20-14, corresponding to the C- 
terminal 14 amino acids of rat intestinal mucin MLP [1] 
contains six residues (five arginines and one lysine) 
bearing positively charged side chains. On 10-20% 
gradient polyacrylamide gels the peptide was detected at 
an Mr position of approximately 2 or 3 kDa (Fig. 1, lane 
2). After incubation of the peptide with an excess of  
heparin conjugated to Affi-gel beads, none of the peptide 
was removed from the beads by washing with 0.15 or 
0.25 M NaC1 (lanes 3, 4). Partial removal occurred with 
0.35 M NaC1 (lane 5), but the majority was only removed 
by a higher ionic strength (0.45 M NaC1 or more). Thus 
the E20-14 peptide binds to heparin and the interaction 
appears to be mediated by relatively strong electrostatic 
bonds. Peptide D139-1, which corresponds to a different 
region of MLP, is enriched in hydroxy amino acids, and 
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contains only one lysine residue. This peptide failed to 
bind to heparin Affi-gel beads (not presented). 

Electrophoresis on native gels 

Electrophoresis of E20-14 peptide-heparin mixtures on 4-  
20% gradient native gels was used to determine if the 
peptide and heparin formed complexes. Separation of  
compounds on native gels depends upon both size and 
charge-to-mass ratios [23, 24], and therefore cannot be 
used to give precise estimates of molecular weights. 
Positively charged molecules do not enter native gels, and 
in the case of negatively charged molecules, increased 
mobility usually correlates with decreasing molecular size. 
As expected, the positively charged peptide E20-14 did 
not enter the gel. Coomassie blue also failed to detect 
heparin, even though heparin did enter the gels and was 
detected by Alcian blue as a broad band of high mobility 
(labelled I in Fig. 2a, lane 7). However the more sensitive 
sequential AB/S staining procedure (Fig. 2b, lane 7) not 
only showed band I but also revealed a diffuse band of 
intermediate mobility (band II). These findings are 
consistent with the polydisperse nature of  commercial 
heparin (molecular weight range 4000-20000). In mix-  
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Figure 2. Detection of heparin-peptide E20-14 complexes in native 
gels. Peptide and heparin were mixed in TBS pH 6.8 and then 
electrophoresed through polyacrylamide native gels (4--20%). Lanes 
1-6 each contained 2 beg of peptide plus increasing heparin (0.4, 
0.5, 1, 5, 10, and 30txg, respectively). The molar ratios of 
peptide:heparin were calculated as 36.4, 29.7, 14.6, 2.93, 1.47, 
0.49, respectively, based upon the molecular weights of 1773 for 
E20-14 and 13 000 (average) for heparin. Lane 7 contained heparin 
alone (30 beg). Gels were stained with Alcian blue (a) or combined 
Alcian blue/silver (b). 
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tures containing a fixed amount of E20-14 peptide (2/xg) 
and increasing amounts of heparin (0.4-30p~g), the 
staining patterns indicated the formation of polydisperse 
complexes that were seen as brown-black bands after AB/ 
S staining (Fig. 2b). As the molar ratio of peptide:heparin 
decreased from 36.4 to 0.488 (lanes 1-6 respectively), a 
low mobility complex (band III) appeared first at the top 
of the gel, gradually entered the gel, broadened, increased 
in mobility, and then disappeared. At the same time the 
faster mobility bands I and II became broader and more 
intense. Confirmation that the peptide and heparin were 
both present in all three bands is provided in Fig. 3. AB/S 
staining was performed on mixtures containing the same 
range of.peptide and heparin concentrations as in Fig. 2, 
but was carried out before and after brief digestion 
(10 rain) with trypsin (E:S 1:267 w/w). Trypsin abolished 
the low mobility band III and also markedly decreased the 
intensity of bands I and II, indicating that the peptide was 
a prominent constituent of each complex. Therefore under 
conditions of a high molar excess of peptide, large 
aggregates (band III) of heparin and peptide were formed. 
As more heparin was added, the aggregates dissociated 
into smaller more negatively charged complexes (I and II). 
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Figure 3. The effect of trypsin on heparin-peptide E20-14 com- 
plexes. Duplicate samples containing peptide E20-14 and increas- 
ing concentrations of heparin were mixed and electrophoresed as 
described in Fig. 2. One group (lanes 1-6) was incubated for 
10rain without, and the other (lanes 8-13), with trypsin TCPK 
(E:S 1:267 by weight). The molar ratios of peptide:heparin in lanes 
1-6 and 8-13 were 36.4, 14.6, 7.3, 2.9, 1.5, and 0.49, respectively. 
Lane 7 contained 30/~g heparin alone. Gels were stained with 
combined Alcian blue/silver. 

An additional feature of the heparin:peptide association 
was noted in Fig. 3. Not only was the trypsin-sensitive 
peptide E20-14 present in all of the bands, some of the 
peptide was protected from trypsin degradation when it 
was mixed with 30 ~g of heparin. This is shown by the 
lighter staining of bands in lane 7 (heparin alone, 30 p~g) 
than in lane 13 (2 txg peptide plus 30 peg heparin). If 
trypsin had destroyed all or most of the peptide (which it 
did under conditions of low heparin, as in lane 10 for 
example), the staining intensities of the bands in lanes 7 
and 13 would have been the same (i.e. equivalent to 
heparin alone). Since this was not the case, heparin 
partially protected the C-terminal peptide from proteo- 
lysis. 

Qualitatively similar complex formation was detected 
by native gel electrophoresis of mixtures of E20-14 
peptide (2/xg) and heparan sulfate or dextran sulfate (not 
presented). In both of these cases however, the complexes 
remained mainly at the top of the gels (position III), with 
only a very faint smear at a lower position (equivalent to 
II), suggesting that the complexes were quite large. In the 
same experiment, no evidence was obtained to suggest 
that the less sulfated dermatan sulfate, keratan sulfate, or 
chondroitin sulfate formed complexes with peptide E20- 
14. 

Turbidity of heparin-peptide mixtures 
Some peptides that bind to heparin have been reported to 
undergo conformational changes indicative of o~-helix 
formation during the binding process, as revealed by 
circular dichrosim [25]. This technique could not be used 
in the present study because solutions containing heparin 
(0.5-1/xg/.el -1) and E20-14 (0.1/zg/x1-1) became turbid 
almost as soon as the two compounds were mixed. This 
suggested that insoluble aggregates were forming, a 
process that was examined in more detail by performing 
turbidometric studies. Neither E20-14 (100/xgml -l)  nor 
heparin (30-150/xgm1-1) alone caused an increase in 
turbidity (i.e. light absorption at 450 nm) over a period of 
300 mins of observation (Fig. 4). However, mixtures of the 
two components caused a dramatic concentration-depen- 
dent increase in turbidity as a function of time. In general, 
higher molar peptide:heparin ratios correlated with higher 
turbidity. The highest ratios (24:1 and 36:1) appeared to 
cause large but unstable aggregates, which dissociated 
after 20-30 rain of incubation. The highest increase in 
turbidity that remained stable with time was noted with a 
peptide:heparin molar ratio of 18:1. This is approximately 
the same ratio that earlier was noted to produce large 
aggregates (i.e. slow mobility band III) in native gels (Fig. 
2). 

Solid phase-binding assays 
Peptide E20-14, and the comparable C-terminal peptide 
F13-15 of the human mucin MUC2, were separately 
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Figure 4. Turbidity of peptide E20-14-heparin mixtures. Mixtures 
containing a fixed concentration of the peptide (0.1 mgm1-1) and 
varying concentrations of heparin (20-150/xg ml- l) were incubated 
at room temperature and light absorbance at 450 nm measured at 
specified times. The molar ratios of peptide:heparin are indicated 
beside each curve. Neither peptide alone nor heparin alone gave 
A450 readings >0.02 (lowest curve). 

immobilized on nitrocellulose membranes in a slot-blot 
manifold, and incubated with increasing concentrations of 
3H-heparin. Direct binding plots (Fig. 5a and 5b) show 
that each of the cationic peptides bound heparin in a 
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concentration-dependent fashion that reached a plateau at 
approximately 200 nM heparin. Linear Scatchard plots 
suggested that a single class of receptor sites for heparin 
exists on each of the peptides. F o r  E20-14, the Kd was 
7.4 • 10 -8 and the Bmax 1.26 • 10 -9 M. The comparable 
constants for F13-15 were 1.3 • 10 .7 and 1.29 • 10-9M 
respectively. The slightly lower affinity for F 13-15 may be 
a reflection of its lower positive charge (one less lysine) 
than E20-14. There was negligible binding of heparin to 
the serine and threonine-rich peptide D139-19 (not 
presented). Based on the average molecular weight of  
heparin of  13 000 and the measured molecular weights for 
E20-14 and F13-15 of 1773 and 1697 respectively, it was 
calculated from Bma x data [10] that the theoretical 
maximum binding to E20-14 corresponds to 90mol, 
(and for F 13-15, 91 tool), of peptide per mol of heparin. 

Inhibition of heparin binding to mucin peptides by other 
polysaccharides 
Solid phase binding assays were repeated with peptide 
E20-14 and 3H-heparin, except that non-labelled heparin 
or the synthetic polysaccharide, dextran sulfate, was pre- 
mixed with 3H-heparin before it was added to the 
incubation. Figure 6 shows that both unlabelled polyanions 
competed with 3H-labelled heparin binding. The IC50 (the 
concentration required for 50% inhibition) for heparin was 
1.54/xgm1-1 and for dextran sulfate it was 0.769/xgm1-1. 
The lower value for dextran sulfate is consistent with its 
higher sulfate content [9,26]. At a concentration of 
30/xgml -I, heparin caused 96%, and dextran sulfate 
caused 98% inhibition. Similar experiments with heparan 
sulfate (30/xgm1-1) caused 28% inhibition, but chondroi- 
tin sulfate, dermatan sulfate and keratan sulfate were 
without effect (not presented). Thus only the most richly 
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Figure 5. Solid phase assay of the binding of 3H-heparin to peptides E20-14 (of MLP) and F13-15 (of MUC2). Peptide solutions (2/xg 
peptide in 50/xl of TBS, pH 7.5) were slot-blotted onto nitrocellulose membranes and incubated with 3H-labelled heparin 10.8-538 riM). 
Control samples (lower curves) contained TBS instead of peptide. Binding data were analysed by Scatchard plots (inserts) using the EBDA/ 
LIGAND computer program. (A) Peptide E20-14: K d 7.4 • 10 .8 M; Bma • 1.26 • 10 -9 M (equivalent to 6.3 pmol of heparin per k~g 
peptide). (B) Peptide Fl3-15: Ka 1.3 • 10 .7 M; Bma x 1.29 • 10-9M (6.4 pmol of heparin per /xg peptide). Molar values are based on the 
average molecular weight of heparin of 13000. 
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Figure 6. Inhibition of 3H-labelled heparin binding to peptide E20- 
14 by non-labelled heparin and dextran sulfate. Binding assays 
were as described for Fig. 5 except that ~H-heparin (2/xgm1-1) 
was pre-mixed with increasing amounts of non-labelled compo- 
nents prior to adding to slot-blotted peptide (2 >g). The IC50 
values for dextran sulfate ( - O - )  and heparin ( 4 )  were 0.769 
and 1.538 ~g m1-1 respectively. 

sulfated polysaccharides were able to inhibit binding of 
heparin to the mucin peptide, and the inhibition varied in 
proportion to the degree of sulfation of the inhibitors 
[11, 26]. 

Intact mucin and heparin interaction 

When purified rat intestinal mucin (instead of peptide 
E20-14) was used in ELISAs with the antiserum to the 
E20-14 peptide, no specific immunoreactivity could be 
detected (not presented). It was considered possible that 
the cationic C-terminal domain had been proteolytically 
cleaved from the mucin during its purification from 
homogenates. Thus an effort was made to determine 
whether mncin present within initial epithelial homoge- 
nares or dispersions (and protected by a battery of 
proteinase inhibitors and/or guanidine HC1) could react 
with the antibody and/or bind to heparin. Homogenate 
supernatant samples reacted with the antibody that 
recognizes the large C-terminal 118 kDa glycopeptide of 
rat intestinal mucin [1], but they did not react with the 
antiserum to the peptide E20-14. Homogenate samples 
were applied to heparin Affi gel columns and eluted with 
a NaC1 step gradient as described earlier for the E20-14 
peptide. Eluted fractions were then subjected to SDS- 
PAGE and Western blotting. Neither the wash fraction nor 
the NaC1 gradient fractions reacted with the anti-E20-14 
antiserum. As judged by a positive reaction with the anti- 
118 kDa antiserum however, the rest of the mucin was in 
the wash fraction (data not presented). Thus the mucin in 
homogenate supernatants did not bind to heparin and did 
not appear to contain the cationic C-terminal epitope. 
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Immunofluorescent localization 

It was considered possible that the E20-14 domain of 
mucin in the homogenate or in purified mucin samples 
was present but was not accessible for reaction with its 
antibody. We therefore tested the reactivity of mucin in 
situ, by performing immunolocalization experiments on 
tissue sections. The E20-14 sequence was localized (Fig. 
7A) to the basal region of goblet cells in the perinuclear 
area below and above the nucleus and along the lateral 
margins of the base of the theca, where RER, Golgi and 
condensing vacuoles are concentrated. There was no signal 
over the apical granule mass, where mature mucin is 
stored in goblet cells. Assuming that the C-terminal 
domain of the mature mucin in granules might still be 
'buried' or covered by bound heparin (or other constitu- 
ents), sections were pretreated with heparinase, hepariti- 
nase, mercaptoethanol or Target Unmasking Fluid in a 
boiling water bath for 10 rain. However none of these 
treatments caused fluorescence to appear over the granule 
mass, and it was not possible to judge whether the bright 
signal over the RER and Golgi became any brighter after 
heparin-degrading enzymes were used. The experiment 
was therefore inconclusive with respect to demonstrating 
heparin binding to intracellular mucin, but did suggest that 
the extreme C-terminal 14 amino acids of the mucin might 
be present only in the basal region of goblet cells. 

Specificity of the antibody for the E20-14 epitope was 
confirmed by demonstrating that basal immunofluores- 
cence was abolished by preincubating the antibody with 
its peptide antigen (Fig. 7B). The peptide G21-10, which 
corresponds to the sequence immediately adjacent to the 
C-terminus of the mucin, gave no inhibition (not 
presented). 

Peptide G21-10 was localized to the mature granule 
mass of goblet cells and secreted mucin, and in some 
cells, fluorescence was also detected in the suprannclear 
area below the theca (Fig. 7C). Therefore, with mucin in 
its natural configuration in situ, the peptide region 
irm~aediately adjacent to the C-tail was accessible to its 
own antibody. Localization of this antibody was not 
inhibited by preincubation with the peptide E20-14 (not 
presented). 

Discussion 

Features of heparin-binding proteins 
In addition to several blood clotting factors, many other 
proteins have been shown to exhibit strong heparin- 
binding properties, including a variety of growth factors 
[27-40], enzymes [41-46] serine protease inhibitors 
[10,47-50], including mucus protease inhibitors [51], 
actin [52], antimicrobial peptides [53] and extracellular 
matrix components [25, 54-57]. It is through these inter- 
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actions that heparln and heparan sulfate proteoglycans 
influence a wide diversity of  cellular processes. 

Positively charged domains of  about 14-20 amino 
acids in heparin binding proteins are responsible for the 

Figure 7. Immunofluorescent localization of peptide E20-14 and 
peptide G21-10 to rat intestinal goblet cells. Sections of small 
intestine were fixed in methanol, incubated with the antibody to 
peptide E20-14 (A), or peptide G21-10 (C). (B) shows the results 
of preincubating the antibody to peptide E20-14 with peptide E20- 
14 (0.05/zg/xl-1). Localization in all cases was detected by a goat 
anti-rabbit IgG-FITC conjugate. 

electrostatic interactions that mediate binding to the 
sulfate residues of  long heparin chains. However the 
peptide domains possess more than simply an abundance 
of  cationic residues [56, 57]. The important prerequisite is 



Interaction o f  heparin with synthetic peptides 

a sequence in which alternating clusters of two or three 
adjacent positively charged residues (lysine or arginine) 
are separated by short stretches containing two to five 
uncharged residues [5, 38,49, 58-61]. The present study 
suggests that the unique C-terminal domains of rat MLP 
and human MUC2 mucins share this requirement. A 
somewhat similar sequence may also be present near the 
C-terminal end of the human lung mucin MUC5. The 
MUC2 peptide F15-13 has a sequence of XBBXBBXXB 
XXXXX, the relevant MUC5 sequence is XBBBBXXX 
XXBBXB, and the MLP peptide, E20-14, contains a 
palinch'omic-like sequence of XBXBBXXXBXXXBB 
(where B refers to an arginine or lysine residue and X 
to a non-charged amino acid). Another palindromic 
pattern XBBXXBBBXXBBX defines the consensus 
heparin binding sequence in the A1 domain of von 
Willebrand factor [58]. 

As is true of other heparin binding peptides, the mucin 
peptides in the present study exhibited a preference for 
the most highly sulfated polysaccharides (i.e. heparin, 
dextran sulfate (a synthetic GAG analogue), and to a 
lesser extent, heparan sulfate), and were inhibited from 
binding to heparin by concentrated NaC1 (0.4-0.5 M) or 
exogenously added heparin. As judged by the K a values 
of heparin for the peptides (10-7-10 .8 M), the affinity is 
comparable to that of heparin binding by vWF [58, 62], 
growth factors [28, 34, 63, 64], fibrinogen [65], antith- 
rombin III [66] and lipoprotein lipase [45]. 

Aggregate formation 

At high molar concentrations relative to heparin (>14:1) 
the mucin peptide caused turbidity and decreased electro- 
phoretic mobility of heparin, suggesting the formation of 
large heparin-peptide aggregates. A similar aggregation 
and partial charge neutralization of heparin occurs with 
mixtures of heparin and diamine salts [67]. In the case of 
E20-14 peptide, a molar ratio of approx. 18:1 (peptide:- 
heparin) was optimum for relatively stable aggregate 
formation, as judged from turbidity measurements and 
native gel electrophoresis. This suggests that the cationic 
peptide forms ionic bridges between sulfated polysacchar- 
ide chains of heparin. At higher ratios, the largest 
aggregates were unstable, presumably because an excess 
of positively charged peptide weakens the bridging 
function. At lower peptide:heparin ratios, the net charge 
of the mixture would become more negative, and sulfate 
repulsion between heparin chains probably accounts for 
dissociation of the large aggregates and a consequent 
lowering of solution turbidity. 

Functional considerations 

The physiological significance of the binding of mucin 
peptides to heparin is unknown at the present time. 
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Purified mucin and mucin within intestinal homogenates 
did not bind to heparin, and immunolocalization studies 
suggested that the E20-t4 sequence is not retained beyond 
the basal perinuclear region of goblet cells. Thus the 
cationic C-terminus of the mucin, which is a part of the 
expressed mucin peptide, may be cleaved during post- 
translational maturation before the mucin is packaged into 
mature granules. Mucin-heparin interactions, if they occur 
within goblet cells, would therefore be most likely in ER, 
Golgi or condensing vacuole compartments. Heparan 
sulfate proteoglycan is normally intercalated into mem- 
branes [7, 9] and heparin chains of the proteogtycan have 
been reported to have the capacity to anchor cationic 
proteins to membranes. This includes the tethering of 
positively charged histamine to heparan sulfate of mast 
cell granule membranes [68], carboxypeptidase to mast 
cell granule matrix [69], and lysozyme to leukocyte 
lysosomal granules [41]. Furttier research is needed to 
determine if the same anchorage mechanism could be 
operative for mucin molecules in ER vesicles or immature 
granules of goblet cells. 

References 

1. Xu G, Huan L J, Khatri IA, Wang D, Bennick A, Fahim REF, 
Forstner GG, Forstner JF (1992) J Biol Chem 267: 5401-7. 

2. Huan LJ, Xu G, Forstner G, Forstner J (1992) Bichim Biophys 
Acta 1132:79 82. 

3. Gum JR, Hicks JW, Toribara NW, Rothe E-M, Lagace RE, 
Kim YS (1992) J Biol Chem 267: 21375-83. 

4. Levy P, Picard J, Bruel A (1981) FEBS Lett 131: 275-6I. 
5. Cardin AD, Demeter DA, Weintraub HJR, Jackson RL (1991) 

Methods Enzymol 203: 556-83. 
6. Gallagher JT, Lyon M, Steward WP (i986) Biochem J 236: 

313-25. 
7. Yanagishita M, Hascall VC (1992) J Biol Chem 267: 9451-54. 
8. Lane DA, Adams L (1993) New Engl J Med 329: 129-30. 
9. Jackson RL, Busch SJ, Cardin AD (1991) Pathol Rev 71: 481. 

10. Pratt CW, Church FC (1993) Blood Coagulation and 
FibrinoIysis 4: 479-90. 

11. Bazzoni G, Nufiez AB, Mascellani G, Bianchini P, Dejana E, 
Del Maschio A (1992) J Lab CIin Med 121: 268-75. 

12. Webb MC, Ehrengruber MU, Clarke-Lewis I, Baggiolini M, 
Rot A (1993) Proc Natl Acad Sci USA 90: 7158-62. 

13. Okazaki K, Honda E, Kono Y (1994) Arch Virot 134: 413-19. 
14. Forstner JF, Forstner GG (1994) In Physiology of the 

Gastrointestinal Tract vol. 1 (Johnson LR, ed.) pp. New York: 
Raven Press. 
Bell AE, Sellers LA, Allen A, Ctmliffe WJ, Morris ER, Ross- 
Murphy SB (1985) Gastroenterology 88: 269-80. 
Waltace JL, Whittle BJR (1986) Scand J Gastroenterol 125 
Suppl: 79-85. 
Flint N, Cove FL, Evans GS (1994) J Cell Sci 107: 401-11. 
Dohrman AF, Gallup M, Steiger D J, Tsuda T, Kal H, Gum JR, 
Kim YS, Basbaum CB (1993) Molec Biol Cell 4:S: 191a. 
Moller HJ, Heineggrd D, Poulsen JH (1993) Analyt Biochem 

15. 

t6. 

17. 
18. 

19. 



90 Xu et al. 

209: 169-75. 
20. Munson PJ, Rodbard D (1980) Anal Biochem 107: 220-39. 
21. McPherson GA (ed.) (1985) EBDA, LIGAND, LOWRY. A 

collection o f  radioligand and binding analysis programs 
modified for microcomputers. Cambridge: Elsevier-Biosoft. 

22. Khatri IA, Forstner GG, Forstner JF (1993) Methods in 
Molecular Biology Hounsell EF (ed.) 14: 225-235. 

23. Bj6msson S (1993) Anal Biochem 210: 292-98. 
24. Lambin P, Herance N, Fine JM (1986) Electrophoresis 7: 342- 

44. 
25. Kouzi-Koliakos K, Koliakos GG, Tsilibary EC, Furcht LT, 

Charonis AS (1989) J Biol Chem 264: 17971-78. 
26. Longas MO, Breitweiser KO (1991) AnaIyt Biochem 192: i93- 

96. 
27. Abraham JA, Damn D, Bajardi A, Miller J, Klagsbrun M, 

Ezekowitz AB (1993) Biochem Biophys Res Commun 190: 
125 33. 

28. Mach H, Volkin DB, Burke C J, Middaugh CR, Linhardt RJ, 
Fromm JR, Lognathan D (1993) Biochemistry 32: 5480-89. 

29. Khachigian LM, Chesterman CN (1992) Pathology 24:280 
90. 

30. Ishihara M, Tyrrell D J, Stanbert GB, Brown S, Cousens LS, 
Stack RJ (1993) J Biol Chem 268: 4675-83. 

31. Volkin DB, Tsai PK, Dabora JM, Gress JO, Burke C J, 
Lindhardt RJ, Middaugh CR (1993) Arch Biochem Biophys 
300: 30-41. 

32. Tyrrell DJ, Ishihara M, Rao N, Home A, Kiefer MC, Stauber 
GB, Lain LH, Stack RJ (1993) J Biol Chem 268: 468~89. 

33. Marikovsky M, Breuing K, Liu PY, Eriksson E, Higashiyama 
S, Farber P, Abraham J, Klagsbmn M (1993) Proc Natl Acad 
Sci USA 90: 3889-93. 

34. Moscatelli D (1992) J Biol Chem 267: 25803-9. 
35. Tsutsui JI, Kadomatsu K, Matsubara S, Nakagawara A, 

Hamanoue M, Takao S, Shimazu H, Ohi Y, Maramatsu T 
(1993) Cancer Res 53: 1281-85. 

36. Katoh K-I, Takeshita S, Sato M, Ito T, Amann E (1992) DNA 
Cell Biol 11: 735-43. 

37. Powell PP, Klagsbrun M, Abraham JA, Jones RC (1993) Am J 
Pathol 143: 784-93. 

38. Thompson SA, Higashiyama S, Wood K, Pollitt NS, Damm D, 
McEnroe G, Garrick B, Ashton N, Lau K, Hancock N, 
Klagsbrun M, Abraham JA (1994) J Biol Chem 269: 2541-49. 

39. Maccarana M, Casu B, Lindahl U (1993) J Biol Chem 268: 
23898-905. 

40. Tessler S, Rockwell P, Hicklin D, Cohen T, Levi BZ, Witte L, 
Lemischka IR, Neufeld G (1994) J Biol Chem 269: 12456-61. 

41. Zou S, Magura CE, Hurley WL (1992) Comp Biochem Physiol 
103B: 889-95. 

42. Pejler G, Karlstr6m A (1993) J Biol Chem 268:11817 22. 
43. Sali A, Matsumoto R, McNeil HE Karplus M, Stevens RL 

(1993) J BioI Chem 268: 9023-34. 

44. Pejler G, Maccarana M (.1994) J Biol Chem 269: 14451-56. 
45. Hata A, Ridinger DN, Sutherland S, Emi M, Shuhna Z, Myers 

RL, Ren K, Cheng T, Inoue I, Wilson DE, Iverius P-H, 
Lalouel J-M (1993) J Biol Chem 268: 8447-57. 

46. Pejler G, S6derstr6m K, Karlstr6m A (1994) Biochem J 299: 
507 13. 

47. Ostergaard R Nordfang O, Petersen LC, Valentin S, Kristensen 
H (1993) Haemostasis 23: 107-11. 

48. Pratt CW, Church FC (1992) J Biol Chem 267: 8789-94. 
49. Westrup D, Ragg H (1994) Biochim Biophys Acta 1217: 93- 

96. 
50. Wu YI, Sheffield WE Blajcbman MA (1994) Blood Coagula- 

tion and FibrinoIysis 5: 83-95. 
51. Faller B, et aL (1992) Biochemistry 31: 8285-90, 
52. Rapraeger A, Jalkanen M, Bemfield M (1986) J Cell Biol 

103: 2683-96. 
53. James S, Gibbs BF, Toney K, Bennett HPJ (1994) Analyst 

Biochem 217: 84-90. 
54. Bober Barkalow FJ, Schwarzbauer JE (1991) J Biol Chem 266: 

7812-18. 
55. Kenagy RD, Nikkari ST, Welgus HG, Clowes AW (1994) 

J Clin Invest 93: 1987-93. 
56. Woods A, McCarthy JB, Furcht LT, Couchman JR (1993) 

Molec Biol Cell 4: 605-13. 
57. Charonis AS, Skubitz APN, Koliakos GG, Reger LA, Dege J, 

Vogel AM, Wohllmeter R, Furcht LT (1988) J Cell Biol 107: 
1253-60. 

58. Sobel M, Soler DF, Kermode JC, Harris RB (1992) J Biol 
Chem 267: 8857-62. 

59. Inouye S, Ling N, Shimasaki S (1992) Molec Cell Endocrinol 
90: 1-6. 

60. Murphy-Ullrich JE, Gurusiddappa S, Frazier WA, Hook M 
(1993) J Biol Chem 268: 26784-89. 

61. Ferran DS, Sobel M, Harris RB (1992) Biochemistry 31: 
5010-16. 

62. Rusnati M, Urbinati C, Presta M (1993) J Cell PhysioI 154: 
152-61. 

63. Blankaert V,, Hondermarck H, Baert JL, Boilly-Marer Y (1992) 
Comp Biochem Physiol 103B: 991-97. 

64. Wilson O, Jacobs AL, Stewart S, Carson DD (1990) J Cell 
Physiol 143: 60-67. 

65. Mohri H, Oh!~bo T (1993) Arch Bioehem Biophys 303: 27- 
31. 

66. Watton J, Longstaff C, Lane DA, Barrowcliffe TW (1993) 
Biochemistry 32: 7286-93. 

67. Zoppefi G, Caramazza I, Murakami Y, Ohno T (1992) Biochim 
Biophys Acta 1156: 92-98. 

68. Inase N, Schreck RE, Lazarus SC (1993) Am J Physiol 264: 
L387~0. 

69. Cole KR, Kumar S, Trong HL, Woodbury RG, Walsh KA, 
Neurath H (1991) Biochemistry 30: 648-55. 


