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ABSTRACT. The synthetic pentadecapeptide FN-C/H Il (KNNQKSEPLIGRKKT-)NHas the sequence

of the carboxy-terminal heparin-binding domain of module4ldf fibronectin. Interaction of FN-C/H I

with bovine lung heparin has been studiedbiand2Na NMR spectroscopy and by heparin affinity
chromatography. FN-C/H 1l binds to heparin from pE2 up to pD~10; at higher pD, the binding
decreases as the lysine side-chain ammonium groups are titratedoMaterions are displaced from the
counterion condensation volume that surrounds sodium heparinate by FN-C/H II, which provides direct
evidence that the binding involves electrostatic interactions. Raevplues for each of the five ammonium
groups of FN-C/H Il increase upon binding to heparin which, together with chemical shift data, indicates
that the binding involves both delocalized and direct electrostatic interactions between ammonium groups
of FN-C/H Il and carboxylate and/or sulfate groups of heparin. NMR data also provide evidence for the
direct interaction of the guanidinium group of the arginine side chain with anionic sites on heparin. The
affinity of heparin for FN-C/H Il and for 13 analogue peptides in which lysine and arginine residues were
systematically substituted with alanine increases as the number of basic residues increases. The relative
contribution of each lysine and arginine to the affinity of heparin for FN-C/H I 1 R K13 > K14 >

K! > K5 Nuclear Overhauser enhancement (NOE) data indicate that, while FN-C/H Il is largely
unstructured in aqueous solution, the bound peptide interconverts among overlapping, turn-like conforma-
tions over the E — T1% segment of the peptide. NOE data for the interaction of FN-C/H Il with a heparin-
derived hexasaccharide, together with the number of iWas displaced from heparin by FN-C/H Il as
determined by*Na NMR, indicates that the peptide binds to a hexasaccharide segment of heparin. Identical
NMR and heparin affinity chromatography results were obtained for the interaction of FN-C/H Il and its
pD-amino acid analogue peptide with heparin, which is of interest for the potential use of peptides as
therapeutic agents for diseases in which cell adhesion plays a critical role.

Cell adhesion plays a critical role in the development of example, synthetic peptides from the heparin-binding regions
many diseases, including arthritis) (metastatic cancel{ of fibronectin and laminin inhibit the experimental metastasis
4), and diseases caused by the invasion of cells by virusesof several metastatic tumor cell type @O0, 24, 25). The
and parasites3]. For example, in metastatic cancer, circulat- inhibition is correlated with inhibition of adhesion of
ing tumor cells attach by cell adhesion to exposed basementcirculating tumor cells to basement membrane within the
membrane of the precapillary venules of the target organ; pulmonary microcirculation by competitive binding of the
the attached cells then invade the vascular wall, enter thepeptides to cell surface receptoB2). However, knowledge
target organ, and form a secondary tumor cold)y). Cell of the interactions involved in the recognition and binding
adhesion is mediated by receptors on the cell surface andof peptides to cell adhesion sites is limite2i/{-31). Such
ligands of the extracellular matrix or the envelop coat of information is of interest for the design of peptides and
viruses R—4). Receptors include the glycosaminoglycan part peptidomimetics with selectivity and high affinity for cell
of proteoglycans, e.g., the heparan sulfate part of heparanadhesion sites.

sulfate proteoglycans?( 11-13), and ligands include the With the goal of characterizing in detail at the molecular
cell aghesmn_protems fibronectin, laminin, thrombospondin, |oyel the interactions involved in the binding of peptides by
and vitronectin {4—19). the heparan sulfate part of cell surface heparan sulfate

Interruption of the cell adhesion process by blocking proteoglycans, we have initiated studies of the binding of
adhesion sites with synthetic peptides has potential as asynthetic peptides, using heparin and heparin-derived oli-
therapeutic intervention in the development of diseases in ggsaccharides as models for cell surface heparan sulfate.
which cell adhesion plays a critical rolé, (18, 20—26). For Heparin and heparan sulfate are closely related glycosami-
noglycans 14, 27, 28, 32, 33). Both are highly negatively
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in the disaccharide repeat units. Heparin is largely made up
of repeating sequences of the trisulfated disaccharie®{
[IdoA(2S)]-(1—4)-[GIcNS(6S)]-(1], where IdoA(2S) rep-
resents 2-O-sulfated iduronic acid (the I ring) and GIcNS(6S)

CH,0S05
co ©
OH? 0 OH
o_
0S80y NHSO,
I Ring ARing

represents N-sulfated and 6-O-sulfated glucosamine (the A
ring).

Minor constituents, including the monosaccharigers-
glucuronic acid (GlcA) andN-acetylglucosamine (GIcNACc),
and monosaccharides which differ in the location and extent
of sulfation, are present in varying amounts, depending on
the origin of the heparir3d). The structure of heparan sulfate
is largely accounted for by the “block-wise” distribution of
“heparin-like” segments and segments of the repeating
disaccharidef-4)-GlcA-(1—4)-GlcNAc—(1—] (14, 35—37).
Evidence indicates that the heparin-like segments are in-
volved in heparan sulfate-peptide bindir8p{-37), and thus
heparin and heparin-derived oligosaccharides with defined
patterns of N- and O-sulfation are viable models for heparan
sulfate in peptide-heparan sulfate-binding studiet 27—

30, 35—39).

In the first phase of this research, we are studying the
binding of synthetic peptides which are known to have a
high affinity for heparin, including synthetic peptides based
on the heparin-binding regions of cell adhesion proteins. In
this paper, we report the results of a study of the interaction
of the synthetic pentadecapeptide FN-C/H 1l (KNNQKSEP-
LIGRKKT-NHy) with heparin. The sequence of FN-C/H I
corresponds to residues 1948960 in the carboxy-terminal
cell and heparin-binding domain of module}ibf the cell
adhesion protein fibronectir2g, 39). FN-C/H Il blocks the
adhesion of highly metastatic mouse melanoma céls (
22), promotes neural cell adhesioB9( 40), and suppresses
arthritis in rats by interrupting leukocyte adhesion and
recruitment ). FN-C/H Il blocks the adhesion of mouse
melanoma cells by binding to the heparan sulfate part of a
heparan sulfate proteoglycan receptor for fibronectin on the
cell surface 21, 22). The portion which mediates cell

Hari et al.

To elucidate the nature of the binding, the interaction of
heparin with analogue peptides in which the basic amino
acids and proline were systematically substituted by alanine
and with the analogue peptide constructed froramino
acids -FN-C/H 1) was also studied.

MATERIALS AND METHODS

Chemicals.FN-C/H Il was obtained as a lyophilized
powder from Coast Scientific, San Diego, CA, and by
synthesis as described below. DCI (35%), NaOD (40%), and
D,O (99.8%) were obtained from Isotec, and sodium
3-(trimethylsilyl)propionate-2,2,3,8; (TSP) was from Cam-
bridge Isotope Labs. Bovine lung heparin (sodium salt) (146
USP units/mg, 15 000 molecular weight) was obtained from
Sigma Chemical Co. The heparin was found to be 80%
heparin by comparison of the intensities of the -G
resonances of the A and | rings of heparin igDsolution
to the intensities of resonances from imidazole, alanine, and
EDTA, which were added as internal intensity standards. The
heparin was determined to be 18.2%Hrom the intensity
of the HOD resonance forAD solutions of intensity standard
without and with heparin present.

Peptide Synthesid=N-C/H I, 12 analogue peptides in
which lysine, arginine, and/or proline were systematically
substituted by alanine, and theamino acid anaolguasFN-
C/H Il and N-terminal-acetyb-FN-C/H Il were synthesized
using solid-phase peptide synthesis methodology on a
Millipore model 9050 Plus peptide synthesizer. Fmoc (9-
fluorenylmethoxycarbonyl)-protected amino acids, 1-hy-
droxy-7-azabenzotriazole (HOAt), 1-hydroxybenzotriazole
(HOBt), and 20% piperidine irN,N-dimethylformamide
solution were obtained from Millipore Corp. Fmoc-protected
p-amino acids were obtained from Nova Biochem. 5-[4
Fmoc-aminomethyl-35'-dimethoxyphenoxy] valeric acid-
poly(ethylene glycol)-polystyrene (PAL-PEG-PS) resin with
a loading capacity of 0.160.26 mmol/g was from Millipore
Corp, and N,N'-diisopropyl-carbodiimide (DIPCDI) was
obtained from Aldrich Chemical Co.

The Fmoc group was removed from the N-terminal amino
group of the resin-bound peptide chain with 20% piperidine
in DMF after each amino acid coupling. Incoming amino
acids were activated for coupling with HOAt or HOBt and
DIPCDI. To maximize coupling efficiency, double coupling
was used for amino acids known to be difficult to couple.

adhesion and heparan sulfate binding has been localized tdJnreacted N-terminal amino groups were capped by reaction
the carboxy-terminal segment LIGRKHK); however, the with acetic anhydride after each coupling cycle. Peptides
interactions involved in the binding of FN-C/H Il by heparan Wwere cleaved from the resin and side-chain protecting groups
sulfate have not been characterized. In this work, the removed using a cleavage cocktail which contained 88%
interaction of FN-C/H Il with heparin has been studied by trifluoroacetic acid (TFA), 5% phenol, 2% triisopropylsilane,

1H and%Na NMR and by heparin affinity chromatography. and 5% HO (42). After cleavage, the solution was filtered
through a glass frit of medium porosity, and the filtrate was

concentrated on a rotary evaporator. The concentrate was
then dissolved in a small volume of TFA, the peptide was
precipitated by addition of the TFA/peptide solution to
diethyl ether, and the precipitated peptide was purified by
reversed-phase HPLC using a Bio-Rad 2800 HPLC system,
equipped with either a Bio-Rad Hi-Pore or Vydac reversed-
phase C18 semi-prep column. The collected peptide was
: lyophilized to a white powder. The identify of each peptide
SV toial crrclation Specirastopy: NOESY. nidicar Overhauser sffect Was established by fast-atom bombardment mass spectrom-
spectroscopy; ROESY, rotating frame Overhauser effect spectroscopy.etry and by NMR, and its purity was determined by HPLC

! Abbrebviations: 1doA(2S), B-sulfo-a-L-iduronic acid; GIcNS-
(6S), 2-deoxy-2-sulfamido-&-sulfo-a-b-glucopyranose; GIcA,b-
glucuronic acid; GIcNAc, N-acetylglucosamine;AUA(2S), 4,5-
unsaturated-2-sulfo-uronic acid; A ring, GIcNS(6S); | ring, IdoA(2S);
NMR, nuclear magnetic resonancg; spin—lattice relaxation time;
Fmoc, 9-fluorenylmethoxycarbonyl; TFA, trifluoroacetic acid; FN-C/H
II, the peptide KNNQKSEPLIGRKKT-NK p-FN-C/H II, the analogue
of FN-C/H Il constructed fronp-amino acids; Hexal, the heparin-
derived hexasaccharid®UA(2S)-(1—4)-(GIcNS(6S))-(3>4)-(IdoA-
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and by capillary electrophoresis using a Bio-Rad BioFocus (solvent A) and 5 mM sodium phosphat M NaCl, pH
model 3000 instrument. The final peptide products contained 5.5 (solvent B). After injection of the sample, solvent A was
trifluoroacetate counterions and residual moisture; the peptidepassed through the column for 10 min at a flow rate of 2
content of each peptide product was determinettb}MR. mL/min. The NaCl concentration was then increased at a

NMR MeasurementdH NMR spectra were measured at rate of 33 mM/min with solvent B until the peptide was
500 MHz with Varian VXR-500S or Unity Inova 500 eluted. The N&concentration at which peptides were eluted
spectrometers. Spectra were measured at’@p unless from the column (the Naconcentration at peak maximum)
specified otherwise. Samples were contained in NMR tubeswas calculated using the elution time and the composition
obtained from Norell, Inc. or from Shigemi Co., Ltd. The of the two solvents and was also determined directly by
Shigemi tubes were used to improve elimination of the water conductivity measurements. The conductivity measurements
resonance by the presaturation method. One-dimensionalwere made on fractions collected at 1 min intervals with a
spectra were measured with the single pulse experiment.Bio-Rad model 2128 fraction collector.

Two-dimensional total correlation spectroscopy (TOCSY),  Hexasaccharide PreparatioriThe heparin-derived hex-
nuclear Overhauser effect spectroscopy (NOESY), and gsaccharideAUA(2S)-(1—4)-[GICNS(6S)]-(1+4)-[IdoA-
rotating frame Overhauser effect spectroscopy (ROESY) (25)]-(1—4)-[GIcNS(6S)]-(++4)-[IdoA(2S)]-(1—4)-[GIcNS-
spectra were measured with standard pulse seque#i@es ( (6S)] (Hexal) was prepared by depolymerization of bovine
47). Two-dimensional spectra were measured in the phase|yng heparin with heparinase | (Sigma Chemical CB0)(
sensitive mode by the hypercomplex method of States, One gram of heparin dissolved in 50 mL of solution
Habercorn and Rubed®). Typically, spectra were acquired  containing 0.1 M sodium acetate (pH 7.0), and 10 mM
using a spectral width of 5 kHz in both dimensions, 4096 calcium acetate was combined with 250 units of heparinase
data points were collected in the dimension, and 256 . After depolymerization, the reaction solution was concen-
512 increments were used in ttlejimenSion. NOESY and trated by |y0phi|izati0n, and then 0.2 g portions of the
ROESY spectra were measured using mixing times in the mixture of oligosaccharides were size fractionated by gel
50—400 ms range; TOCSY spectra were measured usingpermeation chromatography ugia 3 cmx 200 cm column
mixing times in the 106200 ms range. Data were processed packed with Bio-Rad Bio-Gel P6 resin and a 0.5 M ()H
with zero-filling to 4096 points in the; dimension, and  HCO; eluent. The separation was monitored by measuring
baseline correction was applied after the fits) Fourier  the absorbance at 232 nm. The hexasaccharide fraction was
transforms. desalted by lyophilization and then further separated accord-
*Na NMR spectra were measured at 52.9 MHz and 25 jng to charge by strong anion-exchange (SAX) chromatog-
°C with a Varian XL-200 spectrometer. Samples were raphy using the Bio-Rad 2800 HPLC system equipped with
contained in 5 mm NMR tubes®®Na spin-lattice (Ty) a 10 mm x 250 mm Spherisorb (3tm) SAX column
relaxation times were measured with the inversicecovery (Thomson Inst. Co.) and a linear gradient of 0.2 M NaCl
pulse sequence. Relaxation delays of at lea$t @@re used  (solvent A) to 1.4 M NaCl (solvent B) at pH 3.5 at a flow
in all relaxation time measurements, and spectra wererate of 1.5 mL/min (6-10% B in 10 min, then 16100% B
measured at 1620 different longitudinal relaxation periods  in 135 min). Each HPLC fraction was desalted on a Sephadex
in the inversion-recovery pulse sequencé, values were  G-10 column (3x 70 cm). The fraction corresponding to
obtained from a three-parametes, (A, and T;) fit of the Hexal was identified byH NMR, using chemical shifts
inversion-recovery data to the equation= (1 — Ae™"™). obtained for each of the carbon-bonded protons on each of
Sample PreparationtH NMR measurements were made  the six residues from 2D-TOCSY spectra. The resonances
on DO or 90% HO—-10% D,O solutions. A small amount  were assigned to specific IdoA(2S) and GIcNS(6S) monosac-
of TSP was added for a chemical shift reference. The pH charides of Hexal using interresidue NOEs obtained from
was measured directly in the NMR tube using an Ingold ROESY spectra. Assignment of the structure was confirmed

combination ultramicroelectrode. pD values reported fD by comparison of the chemical shifts and coupling constants
solutions were corrected for the deuterium isotope effect with to Jiterature values§1—53).

the equation pD= pHmeter reading™ 0.40 @9).
Solutions were prepared for tHéNa NMR studies by =~ RESULTS
dissolving weighed amounts of heparin, FN-C/H II, and NaCl
in D;0. The initial pD of the solution was adjusted to 12, ‘H NMR Studies of FN-CH #Heparin Binding. The
and the®®Na T; was determined. The pD of the solution was heparin used in this research has an average molecular mass
then lowered in increments of G- pD unit by addition of ~ 0f 15 kDa, which corresponds te25 disaccharide repeat
DCI to the NMR tube, and th&Na T; was remeasured. This  Units. To determine a suitable stoichiometry at which to study
procedure was repeated until a pD-e2 was reached. With  the binding of FN-C/H Il by heparirtH NMR spectra were
this procedure, the Naconcentration remained constant as Measured foa 5 mMsolution of FN-C/H Il plus heparin at
the pD of the solution was changed. heparin disaccharide repeat unit-to-peptide ratios ranging
Heparin aff|n|ty Chromatographﬁxperiments were per- from 0:1 to 5.2:1 at pH 5.5. As the ratio was ianeaSEd, the
formed on a Dionex 500 HPLC system equipped with a 'H NMR spectrum of the peptide changed, most notably in
Bioscale MT5 column (10« 64 mm) packed with Affi-gel the amide NH region, and then remained constant at ratios
heparin afﬂmty Chromatography support. Peptides were >4:1. Aratio 0f2.4:1 and a pH of 5.5 were used in most of
dissolved in low-salt buffer (5 mM sodium phosphate, pH the *H NMR studies.
5.5) to a concentration of 1 mM, and 2L of peptide H NMR spectra of FN-C/H I, heparin, and FN-C/H I
solution was injected onto the column. Peptides were elutedplus heparin were assigned by standard meth&ds55).
off the column using a linear gradient of low-salt buffer Resonances for the peptide backbone amide protons $7.8
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FiGUrRE 1: Amide region of 1D'H NMR spectra of (A) 5 mM FN-C/H Il in 90% kD/10% DO at pH 5.5 and 25C, (B) 5 mM FN-C/H

Il plus 0.8 mM heparin in 90% pD/10% DB,O at pH 5.5 and 25C, and (C) 2.46 mM FN-C/H Il plus 2.52 mM heparin hexasaccharide
in 75% H0/25% DO at pH 5.35 and 18C. The broad resonance-a¥.52 ppm in spectrum C is from the lysine ammonium protons, the
broad resonance at6.6 ppm is due to the arginine guanidinium protons. ¢ and t refer taithand trans protons of side chain and
C-terminal amide groups. The letters refer to the amino acids given in one letter code.

ppm) and the heparin anomeric protons (Al and 11 of the A backbone amide NH and the, & protons. The NH reso-
and | rings, 5-6 ppm) were used to access the individual nances (Figure 1B) are broadened, and some which are absent
amino acid spin systems of FN-C/H Il and the monosac- from the spectrum of the free peptide are observed in the
charide spin systems of heparin, respectively, with two- presence of heparin, including resonances for the backbone
dimensional NMR methods. Amide NH resonances were first amide NH proton of Ashand the NH proton of Ard?, and
assigned to amino acid spin systems using subspectrahe intensity of the resonance for the backbone amide NH
obtained from TOCSY spectra, and then sequence-specificof Asn® is increased. Single resonances were observed for
assignments were made using through-space dipolar con-each peptide NH proton, rather than resonances for free and
nectivities obtained from NOESY and ROESY spectra. bound peptide, which indicates that either the peptide is
Spectrum A in Figure 1 is the NH region of the 1B NMR essentially all in the bound form or, if a significant fraction
spectrum of 5 mM FN-C/H Il; spectrum B is for 5 mM FN- is free, exchange between free and bound forms is fast on
C/H 1l plus 0.8 mM heparin{20 mM heparin disaccharide the NMR time scale. However, the line shapes and chemical
repeat unit). Both spectra were measured at pH 5.5 in 90%shifts of the NH resonances are invariant at heparin disac-
H,0/10% D:O. Resonances for the Asn and GIn side chain charide repeat unit:peptide ratiagt:1, which indicates that
and the C-terminal amide protons (6.8.8 ppm) were essentially all the peptide is bound.
assigned using NOESY cross-peaks. The unassigned low- Binding of peptides by heparin is primarily electrostatic
intensity resonances in the 78.6 ppm region in Figure in nature (4). FN-C/H Il has six cationic groups which are
1A are for peptide, which has the cis conformation across potential sites of interaction with the anionic groups of
the GIU—Prd peptide bond, as indicated by chemical heparin. If a specific ammonium group interacts with an
exchange cross-peaks between these resonances and the maaionic site on heparin, the interaction will cause an increase
intense NH resonances for peptide, which has the transin its apparent Ka (56). pKa values were determined for
conformation in ROESY spectra measured at’65 the N-terminal ammonium group and for the ammonium
The chemical shifts of resonances for the peptide in group of each lysine side chain for both the free peptide and
solution with heparin are different, particularly those for the the peptide plus heparin using chemical shgD titration
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41 e Table 1: Apparent Acid Dissociation Constants of the Ammonium
. . Groups of FN-C/H 1
0
FN-C/H IIP FN-C/H Il + heparif
39 N-terminal NH* 7.86+ 0.03 8.98+ 0.06
b K? side-chain NH" 11.14+ 0.01 11.29+ 0.05
38 K5 side-chain NH* 10.95+ 0.01 11.30+ 0.05
] K13 side-chain NH" 10.96+ 0.02 11.25+ 0.06
3‘7_3 K14 side-chain NH* 11.09+ 0.02 11.31+ 0.06
aln D,O at 25°C.°210.2 mM FN-C/H 11.€10.5 mM FN-C/H II,
36 1.6 mM heparin.
£ ]
g 35 3.25 T T .
£ 3 ]
£ 34 ]
Z 3.24 .
8 34 i T T T T T 1 ]
€ ] ] CEL 1
g 1 5 ] o 3.23 b
o 307 Q K°CH, 1 £
4 L
] ] 9 322] ]
29 - - 8 ]
] g ]
28 ] . 5 3217 B
7 1 ] 3.20 .
26 ] E 319
] ] 6 7 8 9 10 1 12 13 14
- — pD
6 7 8 9 o1z 13 FiGURE 3: Chemical shift data for the (&, protons of R2 as a
pD function of pD. The solid points are for free 10.2 mM FN-C/H Il

. ) in D,0, the open circles are for 10.5 mM FN-C/H Il plus 1.6 mM
Ficure 2: Chemical shift data for the /81 proton of K and the heparin in RO, both at 25°C.
CEI_-|2 protons of K of FN-C/H Il as a fur_lction of pD. The_ solid
points are for free 10.2 mM FN-C/H Il in D, the open circles  nyplved in the binding of FN-C/H II by heparin. As the pD

are for 10.5 mM FN-C/H Il plus 1.6 mM heparin in,D, both at L .
25°C. The curves through the points are predicted by the parametersIS increased from 10 to 12, the resonance shifts back to the

obtained from the nonlinear least-squares fits to the data. chemical shift of free FN-C/H II. However, thekp of the
guanidinium side chain is-12.6, which suggests that this
curves for the LysC,H proton and the Lys Lys®, Lys!?, change in chemical shift is not due to titration of the

and Lys* C.H, protons. Chemical shift data were obtained guanidinium group. Rather, the chemical shifiD titration
for each lysine residue from 1D subspectra taken from two- behavior parallels that for the lysine.l; protons (Figure
dimensional TOCSY spectra. The subspectra were obtainec?B), Which suggests a decrease in the interaction of the
by taking traces through the,B—C.H, cross-peaks, which ~ guanidinium group with heparin when the lysine ammonium

are resolved for the four lysines because of small sequencegroups are titrated.
dependent differences in the chemical shifts of thejHC The chemical shifts of resonances for the carbon-bonded

protons b7). protons of heparin were also measured as a function of pD
using one-dimensional subspectra obtained by taking traces
through two-dimensional TOCSY spectra at the chemical
shifts of the resolved A1, 11, and 15 resonanéeghe
chemical shifts of the various heparin resonances were the
same over the pD range-@2 for free heparin and for 0.8
mM heparin in solution with 5 mM FN-C/H Il. To determine

if the conformations across the glycosidic bonds of heparin
change with peptide binding, NOESY spectra were measured
for 0.4 mM heparin in RO at pD 7.4 and for 1.7 mM heparin
plus 7.1 mM FN-C/H Il in BO at pD 6.4. The intensity of
the Al-14 cross-peak decreased in the presence of peptide
(data not shown), which suggests that the conformation

Representative chemical shifpD titration data obtained
from TOCSY subspectra measured as a function of pD for
free FN-C/H Il and for FN-C/H Il plus heparin are presented
in Figure 2 for the resonances for thgHCproton of Lys
and the CH, protons of Ly8. Both chemical shiftpD
titration curves are displaced to higher pD in the presence
of heparin, indicating that the N-terminal and Byam-
monium groups are involved in binding to heparin. Apparent
pKa values were determined for each of the five ammonium
groups of free FN-C/H 1l and of FN-C/H Il in solution with
heparin by fitting the chemical shifjpD data by nonlinear

least-squares methods to a monoprotic acid dISSOCIatlonaCI’OSS the [GICNS(6S)]-(24)-[doA(2S)] glycosidic bond
model 67). The results are reported in Table 1. S : .
i ) ) is slightly twisted compared to that of free heparin. However,

Chemical shift-pD data for the GH protons of Arg”of (e intensity of the 1+A4 NOE cross-peak is essentially
free FN-C/H Il and of FN-C/H Il plus heparin are plotted in
Figure 3. A.t IO\.N pD, the Chemlca! shift of the ARC,H. . 2 Drake et al. report that weak NH-NH(+1) NOEs were observed
resonance is displaced downfield in the presence of heparin,n 4 600 MHz!H NOESY spectrum of the LIGRKKT segment of FN-
which suggests that the guanidinium group of #iig also C/H Il at 5°C and pH 6 41).
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2 - o heparin (Figure 5). The spectra show that essentially all the
(ppm) NH resonances are absent from the spectrum of the free
8.04 - peptide at pH 7.60 due to fast exchange with solvent protons,
@ whereas most are observed at pH 7.65, and some are still
8.1 ‘ detected at pH 8.7 (spectrum not shown) in the presence of
| noei (& none € risacra heparin.
: - Competitve Binding of FN-C/H Il and N&a by Heparin.
8.21 Rzt g @ mzkis Because of its high negative charge density, heparin is a
] polyelectrolyte, with a fraction of its negative charge
8.3 neutralized by bound counteriors9-69). The?Na spin-
] lattice (Ty) relaxation time is less for Nabound in the
844  aune counterion condensation volume surrounding heparin than
] & for free Na (59, 69, 70). Displacement of bound Na
85 e counterions by FN-C/H Il (@ 1 ) was characterized using
e Peptid€” (ee) + MNA" poung = NN (oe) +
g i (M — NINA oung + PEPLAE” (0 (1)
8'7_“ T T T T T LR T T T T \i 23Na S H H H H
87 86 85 84 83 82 81 80 pin-lattice relaxation times.
F1(ppm) Inversion-recovery data for solutions which contained

FiURe 4: The NH-NH region of the NOESY spectrum of 5.1 mM ~ NaCl, NaCl plus heparin, and NaCl plus heparin and FN-
FN-C/H 1l plus 1.5 mM heparin in 90% #/10% DO at pH 5.5 C/H 1l could all be fit by single-exponential functions, which
and 15°C. A total of 2432 data points were collected at 12  indicates that exchange of Nd&etween its free and bound
increments using a mixing time of 400 ms. The data were processedfqrms is fast on the NMR time scal@(@). 2Na spin-lattice

by zero filling to 4K and apodization with shifted sine-bell functions : H :
in both directions. The NH-NH{+1) NOE cross-peaks are relaxation rates=1/T;) are plotted as a function of pD in

indicated, the NH-NH(i+2) cross-peaks listed in Table 2 are not  Figure 6 for solutions which contained (A) 68.8 mM NaCl,
visible at the vertical scale used to plot the spectrum. (B) 50.4 mM NacCl plus 0.11 mM heparin, and (C) 43.8 mM
NacCl, 0.13 mM heparin, and 4.6 mM FN-C/H II. The total
the same for both free heparin and heparin plus peptide,Na" concentration was the same within experimental error
which suggests no change in conformation across the [IdoA-in each experimenil; was also measured as a function of
(25)]-(1—4)-[GIcNS(6S)] glycosidic bond. pD for 80 mM NaCl plus 2.5 mM FN-C/H II; thé*Na T;
Conformational Properties of FN-C/H IIROESY and ~ Was independent of pD and similar in magnitude to that
NOESY spectra were measured for FN-C/H II, free in observed for NaCl alone.
solution and in solution with heparin. Conditions where  The relaxation rate for free Neg(curve A) is~21 s (Ty
NOESY cross-peaks are in the initial rate regime were ~ 48 ms) and independent of pD. The relaxation rate for
established by measuring a series of NOESY spectra for pHNa" in solution with heparin (curve B) is larger and is a
5.5 solutions containing 4 mM FN-C/H Il and 4 mM FN- function of pD due to both an increase in the number of
C/H Il pius 0.8 mM heparin as a function of mixing time bound N&a from 1.2 to 2.2/disaccharide repeat unit and a
(50, 75, 100, 150, 200, and 400 ms). A mixing time of 200 decrease in th& of bound Na from 11.5 to 3.7 ms upon
ms was then used for conformational studies. titration of the carboxylic acid groups). The relaxation
No backbone amide NH-NH NOEs were observed in either fates observed fot®Na in the heparin/FN-C/H 1l solution
NOESY or ROESY spectra of free FN-C/H2lHowever, ~ (Curve C) lies between those for freeNand for the sodium
in the presence of heparin, NH-NH@1) NOEs were heparinate solution, which |nd|cate_s dlsplacemen_t of bound
observed in NOESY spectra for the sequencés-N° and Na’ by PN-C/H Il. The observed spiriattice relaxation rate
L® — T15 as illustrated by the backbone amide NH-NH Rio (= 1/Two) is the population weighted average of the
region of the NOESY spectrum of 5 mM FN-C/H 11 plus relaxation rates of the free and bound forms of"Na
1.6 mM heparin in Figure 4. The breaks in the sequential _
NH-NH NOEs are at proline and where NOEs, if present, Rio = PRyt + PRy 2)
could not be detected because the chemical shifts of the

amide prot'ons. on adjacent residqes are similar. The NH- tractional populations of free and bound N&ubstitution
N.H NOEs in Figure 4 are summarized in Table 2, together of 1 = pr + pp into eq 2 gives the following equation for the
with other NOEs which were observed in the presence of .o ion of bound Na:

heparin. No intermolecular NOEs were observed between

the protons of FN-C/H Il and heparin. P, = (R — Ry)/(Ry, — Ryp) (3)
Temperature coefficients for the chemical shifts of the

backbone amide NH resonances (Table 3) are all smaller inUsing eq 3, the above values fbf andTp,, the concentration

the presence of heparin, which indicates increased protectionof the heparin disaccharide repeat unit, and the total sodium

of the amide protons from solven5g). Protection of the concentration, we calculate from the observed relaxation rates

amide protons from exchange with solvent protons is also in data set C in Figure 6 that FN-C/H Il has displaced on

indicated by 1D'H NMR spectra measured as a function of average 1.0 Naion/heparin disaccharide repeat unit at pD

pH for FN-C/H II, free in solution and in the presence of 2.3, where heparin is in the GB form and FN-C/H Il has

whereRy; andRy, andpr andp, are the relaxation rates and
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Table 2: Summary of NOE Connectivities for FN-C/H 1l in Solution with Hep&rin

d,(@,1)

dp(isi+1)
dn(iri+1)
dgy(isi+1)
do(i,i+2)

Ay (i,i+2)

Kl NZ N3 Q4 KS SG
I I | I I I

PP L° I G R K" K“ T NH
2
| I | I I I | I |

EEb® ° b

e d d

a5 mM FN-C/H 1l, 0.8 mM heparin, 90% #0/10% DO, pH 5.50. The thicker the line, the stronger the N®Bnobservable if present due to
overlap with other cross-peaksPro GH,. ¢ Resonances of the NH protons on adjacent residues are nearly coineigemGHo.

Table 3: Temperature Coefficients of the Chemical Shifts of the

Amide Proton Resonances of FN-C/H I

residue FN-C/H R FN-C/H Il + heparif
Asn? 6.35 5.67
GIn* 6.16 5.72
Lys® 6.98 5.17
Sef 6.68 5.66
Glu’ 6.80 5.79
Lel? 7.45 6.50
llet® 7.75 6.70
Gly*t 6.60 5.34
Argt? 6.18 5.22
Lyst® 7.46 5.70
Lys 6.50 5.39
Thr® 6.21 5.71

aValues in negative units of ppb/R.5 mM FN-C/H Il in 90% HO/
10% D,O at pH 5.5. The resonance for the ASWH proton was not
observed at pH 5.5.5 mM FN-C/H Il and 1.0 mM heparin in 90%

H,0/10% DO at pH 5.5.

= oma o

o MO

:TJW’LUL——

7.0

FIGURE 5: The NH region of 1D'H NMR spectra of 5 mM FN-
C/H Il at pH values of (A) 5.50, (B) 7.05, (C) 7.60 and of 5 mM
FN-C/H 11 plus 0.8 mM heparin at pH values of (D) 5.44, (E) 6.99,
and (F) 7.65. Both solutions were in 90%®10% D,O. Spectra
were measured at 2% with suppression of the 4@ resonance by

presaturation.

a net charge of-6 and 2.0 N& ions/disaccharide repeat unit
at pD 5.9, where heparin is in the @Oform and FN-C/H
Il has a net charge of5. At pD greater than 7, where first

T
ppm

T T T T T T T

9.0 8.0 7.0 ppm
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FiIGURE 6: 2Na relaxation rates as a function of pD for (A) 68.8
mM NacCl, (B) 0.11 mM heparin plus 50.4 mM NacCl (68 mM total
Na'), and (C) 4.6 mM FN-C/H II, 0.13 mM heparin and 43.8 mM
NaCl (66 mM total N&) at 25°C. The FN-C/H Il plus heparin
solution was slightly turbid over the pD range 4B7.

The competitive binding of FN-C/H Il and Ny heparin
was also studied by heparin affinity chromatography. It was
found that 0.313 M Na was required to elute 1 mM FN-
C/H 1l from the heparin affinity chromatography column at
pH 5.5 (Table 4). The Nlaconcentration required to elute
FN-C/H 1l from the heparin affinity column was also
determined as a function of pH over the pH range-4L.6.

As the pH was increased over this pH range, the" Na

concentration at which FN-C/H 1l was eluted decreased from
0.32to0 0.22 M, and the pH dependence of the requiretl Na
concentration paralleled the titration of the N-terminal

ammonium group (Figure 2).

Interaction of Analogue Peptides with Heparifio de-
termine the importance of individual basic residues on the
interaction of FN-C/H Il with heparin, the interaction of
heparin with the series of analogue peptides in Table 4 was

the N-terminal ammonium group and then the lysine side- studied. The relative affinities of heparin for FN-C/H Il and

chain ammonium groups of FN-C/H Il are titrated, tida

the analogue peptides were determined by heparin-affinity

relaxation rate increases, indicating a decrease in the numbethromatography. The Naconcentrations at which the
of Na* ions displaced by FN-C/H Il to 0.9, 0.5, and 0.1 at peptides were eluted from the heparin-affinity chromatog-
pD 8.85, 10.27, and 11.28, respectively.

raphy column are reported in Table 4.
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Table 4: Heparin Affinity Chromatography Data for FN-CH Il and for Analogues of FN-C/H Il

no. of NacCl
cationic concentration
peptide substitutio? sequence sites (M)e

FN-C/H Il KNNQKSEPLIGRKKT-NH;, 6 0.313
D-FN-C/H 1l D-KNNQKSEPLIGRKKT-NH,? 6 0.317
1 Ac, PSR Ac-KNNQKSERLIGRKKT-NH 6 0.289
2 Ac, P8A Ac-KNNQKSEALIGRKKT-NH, 5 0.200
3 Ac-FN-C/H Il Ac-KNNQKSEPLIGRRKT-NH 5 0.188
4 Ac-D-FN-C/H 11d Ac-D-KNNQKSEPLIGRKKT-NH, 5 0.191
5 Ac, K5A AcKNNQASEPLIGRKKT-NH, 4 0.144
6 Ac, K1A AC—ANNQ_KSEPLIGRKKT—NHZ 4 0.141
7 Ac, K14A Ac-KNNQKSEPLIGRKAT-NH 4 0.125
8 Ac, K13A Ac—KNNQKSEPLIGR’_ﬂ(T—NHg 4 0.122
9 Ac, R12A Ac-KNNQKSEPLIGAKKT-NH 4 0.110
10 Ac, K1A, K5A Ac-ANNQASEPLIGRKKT-NH, 3 0.100
11 Ac, K13A, K14A Ac-KNNQKSEPLIGRAAT-NH 3 0.053
12 Ac, R12A, K13A, K14A Ac-KNNQKSEPLIGAAAT-NH 2
13 Ac, K1A, K5A, P8A, K13A, K14A Ac-ANNQASEALIGRAAT-NH, 1

aK1A indicates substitution of Lydoy Ala, etc.? Peptides £13 are all acetylated at the N-terminal amino grou@alculated NaCl concentration
at the peak maximunt.All p-amino acids.

Interaction of each of the analogue peptides with heparin heparin was studied by heparin affinity chromatography and
was also studied by the samid NMR methods used to  'H NMR. The NaCl concentrations at which FN-C/H Il and
characterize the interaction of FN-C/H Il with heparin. The b-FN-C/H Il eluted from the heparin affinity chromatography
chemical shifts of analogue peptide resonances were differenttolumn were identical, as were those for thandL forms
in the presence of heparin, particularly those for the backboneof the N-acetyl analogue (Table 4). Also, thd NMR results
amide protons, indicating that all the analogue peptides for b-FN-C/H Il in solution with heparin, including chemical
interact with heparin, including analogues 12 and 13, which shifts and NH-NHi{;i+1) NOEs, are the same as those
contain only one or two basic amino acid residues. However, obtained for FN-C/H Il
the interaction of analogues 12 and 13 with heparin is weak,  Binding of FN-C/H Il by a Heparin-Deried Hexasac-
as indicated by the heparin affinity chromatography results. charide. As discussed in the following section, the results
Two-dimensional NOESY spectra were measured for eachfrom the23Na T, study of the displacement of Ny FN-
peptide, both free in solution and in solution with heparin, c/H || suggest that FN-C/H Il binds to a hexasaccharide
using a 200 ms mixing time and a temperature of'C>  segment of heparin. To determine if a hexasaccharide is of
Strong sequential NH-NH(+1) NOEs were observed for g fficient length to bind heparin, the binding of FN-C/H Il
all the analogue peptides in the presence of heparin (datépy the nonasulfated hexasaccharide Hexal was studied by
not shown). In some cases, NH-NIit{1) NOEs were also 14 NMR. Spectrum C in Figure 1 is the NH region of the
observed for the peptides free in solution; however, the same1p 14 NMR spectrum of a solution of 2.46 mM FN-C/H I
NH-NH(i,i+1) cross-peaks in the presence of heparin were pjys 2.52 mM Hexal in 75% #/25% DO at 15°C and

considerably more intense. For example, the NjHUH- pH 5.35. The pattern of resonances for the backbone amide
(19, NH(I*)-NH(G), and NH(G?)-NH(R™) NOEs for rotons is similar to that observed for FN-C/H Il in solution
peptld_e 9 were 11, 8, and 6 times as large in the presence ofyith heparin (spectrum B in Figure 1), but with the
heparin. resonances all shifted downfield due to the lower tempera-

The interaction of heparin with the P8A analogue was tyre. Also, as in spectrum B, the backbone amide NH
studied to determine the effect of proline, a helix breaker, yasonance for Agnand the NH resonance for Afg are
on the interaction_of FN-C/H II with heparin. The he_lical- observed in spectrum C, and most of the sequential NH-NH
wheel representation of FN-C/H Il shows that, in&helix,  cross-peaks and medium range cross-peaks observed for FN-
the side chains of its basic amino acids tend more or less toc/H || in the presence of heparin (Table 2) were also
be on one side of the helix, which would maximize opserved in NOESY spectra for the FN-C/H-Hexasac-
electrostatic interactions with the linear heparin polymer. charige solution (data not shown).
However, the rather modest increase in the affinity of heparin
for the P8A analogue as compared to analogue 3 in Table 4p|SCUSSION
suggests that, even after replacement of proline, there is little
tendency for the bound peptide to have a helical secondary Nature of the Interaction of FN-C/H Il with Heparin.
structure. Heparin is a polyelectrolyte, with a fraction of its negative

Interaction of D-FN-C/H Il with HeparinTo determine charge neutralized by bound counteriob8-69). According
if site-specific recognition plays a role in the interaction of to Manning’s counterion condensation theory of polyelec-
FN-C/H 1l with heparin or if the interaction is mediated trolyte solutions, a polyelectrolyte is considered to be a
solely by nonspecific Coulombic forces between the posi- uniform charged line of infinite length surrounded by a
tively charged side chains of FN-C/H Il and the negatively counterion condensation volumgl( 72). Counterions in the
charged groups on heparin, interaction of thamino acid condensation volume can interact with polyelectrolytes by
analogues of FN-C/H lI-FN-C/H Il) and the N-terminal-  delocalized, long-range electrostatic interactions and by direct
acetyl derivative of FN-C/H Il (A®-FN-C/H Il) with binding to ionic sites. ThéNa spin-lattice relaxation data
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in Figure 6, together with the heparin affinity chromatog- of both asparagine and glutamine are involved in binding
raphy results for FN-C/H 1l and the analogue peptides in (75).

Table 4, provide direct evidence that Naounterions are The!H NMR and heparin affinity chromatography results
diSplaCEd when FN-C/H Il interacts with heparin, i.e., the for the p-amino acid ana]ogues of EN-C/H Il and AEN-
binding of FN-C/H Il can be considered an ion exchange c/H |1 provide additional information about the nature of
process with bound FN-C/H Il serving as a counterion (eq the interaction of FN-C/H Il with heparin. The chemical shift
1). and NOE data for FN-C/H Il and-FN-C/H 1l in solution

The?Na relaxation data indicates displacement of 2.0 Na with heparin are identical, which indicates that heparin
ions/heparin disaccharide repeat unit by FN-C/H Il at pH induces the same secondary structure in both FN-C/H Il and
5.9. Assuming a one-for-one replacement of'Nans by its b-amino acid analogue. Also, the heparin affinity chro-
cationic centers of FN-C/H II, this suggests that FN-C/H Il matography results indicate that the affinity of heparin for
binds to a hexasaccharide segment of heparin. This isFN-C/H Il and itso-amino acid analogue is the same. Taken
consistent with the finding that there is no further change in together, these results provide evidence that the binding of
theH NMR spectrum of FN-C/H 1l at heparin disaccharide FN-C/H Il and its b-amino acid analogue by heparin is
repeat unit-to-FN-C/H Il ratios of4:1, and it is consistent  identical, which indicates that the binding interactions do
with the NMR results for FN-C/H 1l in solution with the  not involve site-specific recognition of FN-C/H Il by heparin,
hexasaccharide Hexal, which indicate that Hexal interactsat least not by stretches of heparin comprised of the fully
with FN-C/H Il and induces the same secondary structure sulfated disaccharide repeat units which dominate the
as the much larger heparin polymer. structure of bovine lung heparin.

Presumably, the five ammonium groups and the guani- Conformational Properties of FN-C/H [10Only NOEs
dinium group of FN-C/H 11 all contribute to its interaction  typical of “random coil” peptides were observed in two-
with heparin via delocalized electrostatic interactions. They dimensional NOESY and ROESY spectra of FN-C/H Il free
all are also involved in direct binding to anionic sites on in solution. Also, the temperature coefficients of the amide
heparin, as indicated by the increasdthp/alues for the chemical shifts for the free peptide are all consistent with a
ammonium groups in the presence of heparin (Table 1), thelargely unstructured peptide. NOE data clearly indicate,
chemical shifts of the resonances for thg¢Horoton of |_y§, however, that heparin induces FN-C/H 1l into measurable
the GH, protons of the four lysines, and theld; protons  populations of nonrandom conformations. The(@i+1),
of arginine of bound FN-C/H II, and observation of the dun(i,i+2), and @n(i,i+2) NOEs in Table 2 indicate at least
resonance for the [Nl proton of arginine in the presence of a threshold population of conformers in which the distance
heparin. The crystal structure of a tosylarginine methyl ester/ between these protons is relatively short, and the extended
sulfonated azo dye complex indicates that the guanidinium sequence of g(i,i+1) and dn(i,i+1) NOEs is consistent
group can interact directly with sulfonate groups by bridging With conformational averaging of the backbone dihedral
the two terminal nitrogens, or the N nitrogen and a  angles of amino acids in the sequence betweemthrdf3
terminal nitrogen, via hydrogen bonding to two oxygens of regions ofp,y) space §8). Also, the temperature dependence
the sulfonate group7@). Evidence has also been presented Of the chemical shifts of the backbone amide NH resonances,
for interaction of the guanidinium group of the peptide Which in the presence of heparin (Table 3) is intermediate
N-acetyl-glycyl-argininyl-glycine-amide with the uronic acid between that of free and hydrogen-bonded amide protons,
carboxylate group of a heparin-derived disaccharidi. ( indicates that heparin-bound FN-C/H Il is in an equilibrium

The Na concentration required for elution of FN-C/H I between conformations in which amide protons are prqtected
and the analogue peptides from the heparin affinity chro- O™ and exposed to solverg). However, interpretation

matography column is dependent on peptide charge. How-Of these_ results in terms of specific secondqry s.tru_ctures is
ever, there are small but significant differences inTN@ion not straightforward because the bound peptide is intercon-
verting among several conformational states and the NOEs

for analogue peptides of the same charge, which ir]dicatesreﬂect population weighted averages over those states. The
that the basic amino acids do not all contribute equally to . - '
quaty sequential @g(i,i+1) NOEs observed for the L&Thr!®

the affinity of heparin for FN-C/H II. The results for peptides segment. together with thé%-R'2 and GL-K 13 doy (i i+2)

5—9 indicate that the relative contributions of the lysine and NOES. indi h h lik f .
arginine residues to the affinity of heparin for FN-C/H Il S, Indicate that among these are turn-like conformations

decreases in the ordef®R> K13 > K14 > K! > K5, which over the Lef—Thr'® segment.
is consistent with the report that it is the carboxy-terminal
LIGRKKT segment of FN-C/H Il which mediates cell CONCLUSIONS

adhesion 41). The results of this study indicate that FN-C/H Il binds to
The observation of resonances for the exchangeable sidea hexasaccharide segment of heparin, that MNams are

chain amide protons of A8pAsr?, and Glrf in spectrum F displaced upon the binding of FN-C/H Il by heparin, and
in Figure 5 indicates these protons are protected from that the binding involves both delocalized and direct
exchange with solvent in the FN-C/Htheparin complex, electrostatic interactions between cationic groups on FN-C/H
which suggests that the side-chain amide groups of thell and anionic sites on heparin. The results also suggest that
asparagine and glutamine residues are also sites of interactiointeractions between side chain amide groups and sites on
with heparin. Precedent for the interaction of side-chain heparin are involved in the binding, but that the binding does
amide groups with heparin is provided by crystal structures not involve site-specific recognition of FN-C/H Il by heparin.

of complexes of heparin-derived oligosaccharides with basic However, the heparin used in this research was relatively
fibroblast growth factor, where the side chain amide groups homogeneous, with~85% consisting of the repeating
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trisulfated disaccharide—t4)-[IdoA(2S)]-(1—4)-[GIcNS-
(6S)]-(1—], and thus the results do not rule out the possibility
of site-specific recognition in the binding of FN-C/H Il to

unique, low-abundance oligosaccharide sequences in heparin.

Since L-amino acid peptides are readily hydrolyzed by

proteolytic enzymes, and thus are of limited use as thera-

peutic agents, the finding that the interaction of and
p-amino acid forms of FN-C/H Il with heparin is identical

is of interest with respect to the potential use of peptides as
therapeutic agents to interfere with the development of

diseases in which cell adhesion plays a critical role.

SUPPORTING INFORMATION AVAILABLE

Tables listing completéH NMR assignments for the free

FN-
and the heparin-derived hexasaccharide. This material is
available free of charge via the Internet at http://pubs.acs.org.

C/H 1l in aqueous solution and in solution with heparin
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