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ABSTRACT. The effect of heparin on the conformation and stability of triple-helical peptide models of the
collagen tail of asymmetric acetylcholinesterase expands our understanding of heparin interactions with
proteins and presents an opportunity for clarifying the nature of binding of ligands to collagen triple-helix
domains. Within the collagen tail of AChE, there are two consensus sequences for heparin binding of the
form BBXB, surrounded by additional basic residues. Circular dichroism studies were used to determine
the effect of the addition of increasing concentrations of heparin on triple-helical peptide models for the
heparin binding domains, including peptides in which the basic residues within and surrounding the
consensus sequence were replaced by alanine residues. The addition of heparin caused an increased triple-
helix content with saturation properties for the peptide modeling the C-terminal site, while precipitation,
with no increased helix content resulted from heparin addition to the peptide modeling the N-terminal
site. The results suggest that the two binding sites with a similar triple-helical conformation have distinctive
ways of interacting with heparin, which must relate to small differences in the consensus sequence (GRKGR
vs GKRGK) and in the surrounding basic residues. Addition of heparin increased the thermal stability of
all peptides containing the consensus sequence. Heparan sulfate produced conformational and stabilization
effects similar to those of heparin, while chondroitin sulfate led to a cloudy solution, loss of circular
dichroism signal, and a smaller increase in thermal stability. Thus, specificity in both the sequence of the
triple helix and the type of glycosaminoglycan is required for this interaction.

Asymmetric acetylcholinesterase (AChE, EC 3.14.7) (HSPGSs)8). Heparan sulfate (HS) is composed of repeating
catalyzes the hydrolysis of acetylcholine and is involved in dissacharide units with heterogeneous sulfation and is
the termination of signal release from nerve endings, therebyattached to a protein core to form HSPG. Evidence for the
regulating the transmission of neuromuscular signals and,interaction between the collagen tail and glycosaminoglycans
ultimately, muscle contractiori(2). The asymmetric form  (GAGs) of HSPGs was provided by experiments in which
of AChE is concentrated at vertebrate neuromuscular junc-HS was able to solubilize asymmetric AChE from neuro-
tions and contains a covalently attached collagen tail that is muscular tissueg; 9). Heparin, which has a similar sugar
responsible for the anchorage and specific localization of composition but a higher degree of sulfation than heparan
the catalytic tetramers to the synaptic basal lamBwa7]. sulfate, was also able to release AChE, while chondroitin
This integration is thought to be mediated by the interaction sulfate, which differs in disaccharide composition, did not
of the collagen tail with heparan sulfate proteoglycans (8, 9). This makes heparin a useful model for studying

HSPG-protein interactions. In this study, heparin was used
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The triple-helix conformation, as found in collagens, concentrations of heparin, HS, and CS. Heparin led to an
asymmetric AChE, and host defense proteins, consists ofincreased thermal stability for all peptides containing a
three supercoiled polyproline ll-like chains that are staggered consensus sequence. An increase in triple-helix content with
by one residue and stabilized by hydrogen bonding betweenincreasing heparin concentration was seen for the two
three chainsZ0—23). To allow for the close packing of the  peptides that showed a high capacity to displace AChE from
triple helix, every third residue near the center of the heparin, while the other peptides precipitated or showed no
supercoiled helix must be a glycine, generating a (&{y- change. Similar effects were seen for HS but not for CS.
Y), repeating sequence pattern. The solvent-accessible X and
Y positions are frequently occupied by Pro and Hyp residues, EXPERIMENTAL PROCEDURES
respectively 24), with Gly—Pro—Hyp being the most stable Peptide Synthesis and PurificatioReptides were synthe-
tnpe_pnde unit for the_tnple-hehx Conformatlorfz_!b—z_?)._ sized by SynPep Corp. (Dublin, CA) using Fast-Moc method
Within the collagen tail of AChE, the two heparin binding 5, N-(9-fluorenyl) methoxycarbonyl-RINK resin manually
consensus sequences, GRKGR and GKRGK, are both par{;sing solid-phase peptide synthesis procedures. The purity
of the Gly—X—Y repeating pattern. The geometric arrange- o the peptides was determined to be greater than 92% by
ment of the triple helix introduces three copies of the reverse-phase analytical HPLC on a C-18 column using a
consensus sequence into one molecule and exposes the basjgear gradient of CHCN (0.075% TFA) and kD (0.1%
amino acids in the X and Y positions for interaction with TFA) as the eluent. The identity of each peptide was
HS or heparin, while the Gly residues are shielded from -qnfirmed using laser desorption mass spectrometry per-
solvent €8). _ _ formed by the Protein and Carbohydrate Structure Facility

HSPG binding by the collagen tail of AChE is one gt the University of Michigan (Ann Arbor, MI). Peptides
example of a biologically important ligand interaction \yere dried in vacuo over,Ps for 48 h prior to weighing.
involving triple-helical domains. Other examples include the  cijrcular Dichroism Spectroscopy (CDED spectra were
binding of collagens to cell surface integrins, fibronectin, yecorded on an AVIV model 62DS spectropolarimeter
and matrix metalloproteinases, as well as hepa#h 80).  equipped with a five-position thermostated cell holder
In C1q and the mannose binding lectin, the triple-helix sites controlled by a Hewlett-Packard Peltier temperature control-
are critical for interactions with proteases and receptors, while |, Samples were transferred into quartz cells of path length
the collagen triple-helical region is the Iigand.binding site g1 cm, which had been equilibrated @) using pre-cooled
of the macrophage scavenger recep8i).(Studies on the et tips. Peptide solutions of approximately 1 mg/mL were
macrophage scavenger receptor and C1q suggest that triplegsed, with concentration determination by amino acid
helical binding interactions largely involve charged residues, analysis (CSIRO, Australia). Peptide solutions (monomer
and although they show selectivity, they do not exhibit the concentration~350 «M) were dissolved in 0.15 M NaCl,
same degree of specificity as seen for globular prot@&s (  ¢.01M sodium phosphate, pH 7.4, and equilibrated for more
35). Several studies suggest that flexibility in the triple-heliX tnan 48 h on ice and incubated overnight on ice with gentle
domain is important for recognition. Examples include the mixing in the absence or presence of increasing amounts of
presence of an imino acid poor region adjacent to the U”iqueheparin (Sigma) MW~ 6000 (10-8004M). Similar studies
matrix metalloproteinase cleavage site in fibril forming \yere carried out with heparan sulfate (Sigma) MW7'500
collagen§ 86, 37) ar_1d the location of desta}bm_zmg_G{y (10—800 uM), polydisperse heparan sulfate (Sigma), and
Gly—Y triplets flanklng a type Il collagen blnd|.ng site for  :hondroitin sulfate (Sigma) MW 60 000 (180 uM). For
a monoclonal antibody3g, 39). An understanding of the  cnondroitin sulfate experiments, a concentration range 10-
nature of the interaction between the collagen tail of AChE fg|q |ess than other GAGs was used since this GAG had a
and heparin may clarify the features and requirements of 1g_fg|d higher molecular weight.
rgcog_nition and specificity for Iiga_nd binding by triple-helix For wavelength scans, spectra were collected from 260
sites in collagen and other proteins. nm to approximately 200 nm with a step size of 0.5 nm and

A multiplicity of heparin binding strategies has been g pandwidth of 1.5 nm at €C, corrected for buffer baseline
reported in proteinsd0—42). Here, changes in conformation  and GAG contributions measured in the same cells. These
and thermal stability as a result of heparin binding are resylts were normalized to mean residue ellipticitie®) ([
extended to peptide models of the collagen-like triple-helix For thermal equilibrium melting, the wavelength at which
domain in the asymmetric form of AChE. Triple-helical ~measurements were recorded was kept constant at 225 nm,
peptides were designed to model the two AChE heparin- while the temperature was increased in increments of 0.3
binding sites, each containing one consensus sequence anec followed by a 2-min equilibration at each temperature.
the surrounding basic sequences. All peptides containing apata were collected for 10 s at each temperature.
consensus sequence have been shown to be capable of cajculation of Thermodynamic ParameterShe data
displacing asymmetric AChE from immobilized heparin and gptained from the equilibrium melting for the peptides were
thus are good models for studying the interaction of heparin fit to a two-state monomer to trimer transition model. The

with the collagen tail of AChE 43). However, peptide  melting curves were normalized to the fraction of fold&l (
models of the two binding sites differed in the degree of o triple-helical peptide with

displacement of asymmetric AChE from heparin-coated

plates, indicating nonequivalence of the two sites. To further F=1[60—6,MIO(T)— 6,(M)] 1)
clarify the nature of heparin binding, spectroscopic studies

were performed on peptides modeling each of the heparinwhere® is the observed ellipticity of the sample afdT)
binding domains and homologous peptides containing sub-and 6,,(T) are the ellipticities of the fully folded and fully
stitutions for the basic residues, in the presence of varying unfolded states, respectively, with a correction for their
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Table 1: Sequences of Peptides fr@imrpedoCollagen-Like Tail of AChE and Comparison of Their Biochemical and Biophysical Properties
upon Addition of Heparin

Peptide Peptide Sequence (01225nm? 101225nm® AB225mm  Tm (°O)° T(°C) ATy
-hep +hep -hep +hepb
Pl46 NHQ-POGBOG@OGVBGPBG(POGM-CONH2d 1970 1970 0 15.5 24.6 +9.1
p251 NH-POGROGKRGKTGLKGDIG(POG)4-CONHy 2000 2500 +500 9.8 15.8 +6.0
P146A NH2-POGROGIAAGAIOGVRGPRG(POG)4-CONH 2600 2500 -100 18.6 19.2 +0.6
P146B NH2-POGAOGRKGRIOGVAGPAG(POG)4-CONHy 2000 2500 +500 11.0 17.9 +6.9
P251/P146 NH2-POGROGKRGKIOGVRGPRG(POG)4-CONHy 2390 2285 -105 19.7 274 +1.7
(POG)10 NH2-POGPOGPOGPOGPOGPOG(POG)4-COOH 4700 4700 0 57.0 56.0 -1.0

aUnits for mean residue ellipticity are deg ¢mimoi~. » The mean residue ellipticity and thermal stability of peptides listed are for heparin
(6000 MW) added at 80@M. © Error for thermal transition temperaturesdi®%. ¢ Consensus sequence residues are boxed. Basic residues are in
bold; sites of basic residues surrounding consensus sequence are underlined.

triplets. Four repeats of PreHyp—Gly were added at the

N = ¢ C-terminal end, and one Prdlyp—Gly triplet at the
1 307 N-terminus, to promote the formation of a triple-helical
structure and provide increased stabiliB9,(46). Circular
ROGRKGRPGVRGP ROGKRGKTGLKGDI dichroism (CD) studies indicated that both P146 and P251
146 251 form stable triple helices and that P14B,(= 15.6 °C) is

FiGURE 1. Schematic representation of the 189 residue triple-helical more thermally stable than P25I,{= 9.8°C) (ref43; Table
domain (residues 118307) of the tail of asymmetric AChE. Within 1). All AChE model peptides have a lower mean residue

the collagen-like domain, two heparin binding domains are present. 7. .. . o )
The approximate location and sequences incorporated into peptides‘:""'pt'C'ty ([0]225 nm) @nd decreased thermal stability relative

are depicted with consensus sequences underlined. E(T)' tt?le ]r-T;OSt rigid triple-helical 30-mer peptide, (PQ§)
able 1).
temperature dependence by linear extrapolation of the pre- T4 examine the effect of basic residues within and
and post-transition regions of the thermal equilibrium curves. surrounding the consensus sequence on interaction with
The equilibrium constant for the transitions, assuming a two- heparin, peptides were designed, in which the three basic
state mechanism_in which a triple helix dissociates to three ragidues of the consensus sequence were replaced by alanine
unfolded chains, is (P146A) or the three basic residues surrounding the con-
) 3 ) 3 sensus sequence were replaced by alanine (P146B). Previous
K = [trimer]/[monomer]= c/c,” = F/3c(1 - F)" (2) CD studies demonstrated that peptide P146A has an increased
thermal stability relative to wild-type P146{ = 18.6°C),
wherec, = ¢, + 3¢y is the total concentration of the peptide, while P146B demonstrated a stability lower than that of P146
¢y is the concentration of folded peptidg,is the concentra- (T, = 11.0°C) (ref43; Table 1). These peptides differed in
tion of unfolded peptide, anfl is the fraction of the folded  their ability to displace whole enzyme asymmetric AChE
peptide as indicated abové4, 45. TheT, was determined  from heparin-coated plates. Au&/uL, the highest concen-
by curve fitting with the equation tration examined, the displacement af@ was 91% for
P251, 65% for P146, and 92% for P146B. The triple-helical
In K(T) = (AH°/RT)(TIT,, — 1) — In(0.75¢%)  (3) forms of peptides P146, P251, and P146B were far more
efficient than the monomeric forms in displacement, while
following from AG® = AH° — TAS® = —RTInK, where P146A displaced very little in both monomeric and trimeric
AG®, AH°, AS’, R T, andT,, are the standard free energy, forms (~15%) @43). (POG), had only a negligible effect.
enthalpy, entropy, gas constant, absolute temperature, and Efect of Heparin on the Conformation of AChE Collagen
melting temperature, respectivelly, was derived by fitting 4| Model PeptidesTo examine the binding of heparin to
the normalized equilibrium melting curves to eq 3 using & peptides P146 and P251, each was incubated with increasing
nonlinear least-squares algorithm. amounts of heparin ranging from 10 to 80®I, correspond-
RESULTS ing to molar ratios ranging from approximately 1:12 to 6:1
heparin/triple-helical peptide. The CD spectra were moni-
Peptide DesignThe 30-mer peptides designed to model tored as a function of increasing concentrations of heparin
the N- and C-terminal heparin binding sites were designatedto measure any peptide conformational change (Figure 2).
as P146 and P251, respectively, according to their N-terminal The CD signal for heparin is of very low magnitude and
residue in theTorpedocollagen-like tail sequence (rdf3; was subtracted to isolate changes in peptide conformation.
Figure 1; Table 1). Peptide P146 contains the consensusincubation of P146 with heparin causes an initial decrease
sequenc&RKGR together with three flanking triplets, which  in the characteristic 225 nm maximum, with the lowest value
are also rich in basic residues. Peptide P251 contains theoccurring at an estimated heparin/triple-helical peptide molar
consensus sequend8KRGK also with flanking basic  ratio of 1:2 (Figure 2 and Figure 3, panel A). This decrease
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] peptide was determined in the presence of B®Dheparin,
20004 ﬁ by monitoring the 225 nm maximum as a function of
temperature. Equilibrium unfolding curves showed sharp
1500 ;‘\\.' s OuM cooperative transitions that can be fitted to a two-state trimer
"o % * ;88 ﬁm to monomer model. In the presence of heparin, increased
= thermal stabilities were demonstrated for P146, P146B, and
“ P251, with the increase ranging from°6 (P251) to 9°C
-& (P146) (Figure 4; Table 1). Broadening of the thermal

transitions was also observed in the presence of heparin and
% could result from heterogeneity in binding or could reflect a
lower enthalpy of the transition when heparin is bound to

-

A

H the peptide. Addition of heparin did not affect the thermal

A stability of P146A, which does not contain the consensus
-1000 : S E— sequence (Figure 4, panel C), or (P@Z¥ata not shown),

210 220 230 240 250 260 indicating a requirement for the basic consensus sequence
Wavelength (nm) for interaction.

Ficure 2: Circular dichroism spectra of peptide P146 in the Peptides Modeling the Two Heparin Binding Domains

gg%?sgcgh%nsdpﬁgf: n(‘):_ igwe,\ﬁ):gr'ps,f ?%raa\{vair?rﬁicgggﬁn'grg'Ol emonstrate Interaction with Other GAGSExperiments
near 225 nm is characteristic of the triple-helical conformation. The identical to those described above were carried out with

spectra are normalized to mean residue ellipticitié§ (Only two heparan sulfate, a GAG with the same disaccharide unit as
heparin concentrations are shown for clarity, although seven heparin, but with decreased sulfation. Addition of heparan
concentrations were used in the experiments. P146 with no hep,slrlnsuh(‘,ﬂe (MW~ 7500) (1:12 to 6:1 HS/triple-helical peptide)

(W); P146 with 10QuM heparin ®); P146 with 80M (a). The . ielical pey
dynode voltages were monitored and were similar at 225 nm for {0 P146 and P251 resulted in changes in ellipticity and
samples that showed precipitation and those that did not. Slight thermal stability similar to those observed for heparin (Figure

variations in baseline between 250 and 260 nm as a result of 5, panels A and B; Table 2). When highly polydisperse
turbidity were corrected and did not influence the trend observed heparan sulfate was employed in these experiments, a
for the change in ellipticity upon titration with increasing heparin decrease in ellipticity and clouding of solution was observed

concentration. )
for the peptides (data not shown).

in ellipticity is concurrent with visual observation of a white Chondroitin sulfate, which has a different repeating
precipitate. Upon further addition of heparin, P146 was disaccharide unit and a different conformation from heparan
resolubilized and regained most of the initial magnitude of sulfate and heparin, was incubated with the AChE collagen-
[6]225 nm SUggesting that heparin had little effect on the triple- tail model peptides (1:100 to 1:4 heparin/triple-helical
helical conformation of the peptide at high heparin/peptide peptide) to determine the specificity of the interaction of
ratios (Figure 2 and Figure 3, panel A). Similar studies on peptides among different GAGs. Chondroitin sulfate did
heparin incubation with P146A, in which the consensus affect the ellipticity of all peptides but in a manner distinct
sequence basic residues are replaced by alanine, demonstratétbm that observed for heparin and heparan sulfate. In
no significant change ind] 225 nmfor the entire concentration  particular, a decrease in the 225 nm band was observed,
range of heparin studied (Figure 3, panel C; Table 1), but together with a clouding of the solution in all cases (Figure
slight precipitation was observed at low heparin concentra- 5, panels A and B; Table 2). The cloudiness contrasts with
tions (Figure 3, panel C). For peptide P146B, in which the solid white precipitate seen for P146 and P146A after
surrounding basic residues are replaced by alanties[m heparin addition. Small increases in thermal stability were
increased upon addition of heparin, exhibiting a maximum demonstrated for all peptides in the presence of chondroitin
value at an approximate molar ratio of 1:1 heparin/triple- sulfate, varying from £C (P251) to 7°C (P146) (Table 2).
helical peptide (Figure 3, panel D; Table 1), and the value These results suggest that the polyanionic chondroitin sulfate
remained constant as more heparin was added. This patteriis interacting with the basic model peptides, leading to a
of [0]225 nmincrease is consistent with an enhancement of small degree of stabilization but that its mode of interaction
the triple-helical conformation in the peptide as low amounts is distinct from that of heparin and heparan sulfate.
of heparin are added, reaching a maximum value. Interaction of a Chimeric Peptide with GAGA chimeric

The peptide modeling the C-terminal heparin binding site, peptide P251/P146 was designed in which the consensus
P251, demonstrated an increasefliy{s nmupon addition of  sequence of peptide P251 (GKRGK) has the surrounding
heparin until it reached a plateau at a maximal value (Figure sequence of peptide P146 (Table 1). Peptide P251/P146 was
3, panel B). Again, this suggests an increased content of tripleshown to be triple helical, with &]225 nm0f 2390 deg crh
helix upon binding of the peptide to heparin, reaching a final dmol-! and a thermal stability of 19.7C (Table 1), aTy,
value. The maximum ellipticity at 225 nm is reached at an higher than both P251 and P146. P251/P146 showed behavior
estimated molar ratio of 1:2 heparin/triple-helical peptide similar to P251 in the presence of heparin and heparan sulfate
(Figure 3, panel B). No precipitation was observed. A control but demonstrated a loss of ellipticity similar to P146 in the
peptide (POG) showed no significant increase in ellipticity  presence of chondroitin sulfate (Figure 5, panel C). The
and no precipitation upon incubation with increasing amounts thermal stability of P251/P146 was increased approximately
of heparin (Table 1). 5 °C in the presence of a high concentration of CS and

Effects of Thermal Stability of Model Peptides upon approximately 8C in the presence of heparin or HS (Table
Incubation with Heparin.The thermal stability of each  2).

1000

500

04

[6] (deg cm? dmol™)
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Ficure 3: Change in the mean residue ellipticities at 225 néj.6F nn for triple-helical AChE peptide models upon incubation with

increasing concentrations of heparin from 0 to 800. (A) P146; (B) P251; (C) P146A; (D) P146B. Fitting hyperbolic plots for P146B
and P251 for one-site binding suggests an estimated binding constant between 1@:&hldefarin concentration, assuming an approximate
homogeneous preparation of 6000 MW heparin.

DISCUSSION concentration in a triple helix are likely to promote the
binding of more than one polyanionic heparin molecule
through electrostatic interaction28). The two triple-helical
heparin binding domains within the AChE collagen tail differ
in their ability to displace AChE from immobilized heparin

Physiological properties of GAGs are largely mediated by
their interaction with proteins. Heparin binds to antithrombin
Il to inhibit blood coagulation 47), while heparan sulfate
In HSPG binds to extracellulgr matrix components (ECM) and allow an analysis of the specificity and nature of the
and is involved in the localization of proteins, such as heparin interaction with the collagen triple-helix motif
asymmetric AChE, to their site of actio®,(12, 48, 49). b . . ) 9 P ’
Protein sites that bind to heparin and HS consist of basic ~ The stable triple-helical peptide models of the two AChE
residues inc'uded im_he"ceS,ﬂ_sheetS, |00p5, or more Collagen tail b|nd|ng sites were observed to show distinctive
complex three-dimensional conformatio®®¢57). In sev- binding properties dependent on both the consensus sequence
eral proteins and in model peptides, heparin binding has beergnd the tripeptide sequences surrounding the consensus
observed to change thehelical or-sheet content and/or ~ sequence. In this peptide set, peptides P251, modeling the
to increase stability §8—63). The studies reported here C-terminal heparin binding site, and P146B, in which the
extend the understanding of GAG interactions to the collagen basic residues surrounding the N-terminal consensus se-
triple helix in asymmetric AChE. guence were replaced by alanine residues, were found to have

The recent work of Verrecchio et 353) emphasizes the the lowest thermal Stabl'lty and the hlghest displacement
necessity for multiple copies of a consensus sequence in clos€apacity, suggesting a stronger interaction with heparin. A
proximity for enhanced heparin binding. The triple-helix role for local triple-helix instability in the binding of heparin
structure innately provides such multiple consensus se-has been suggestetB]. The studies reported here show that
quences. Consistent with this concept is the observation thathese two peptides, P251 and P146B, both exhibit an increase
monomer peptide models of AChE heparin binding sites have in triple-helix content as increasing amounts of heparin were
a much weaker displacement of asymmetric AChE from added, reaching a maximum value. Heparin binding to the
heparin-coated plates than trime#S) The high axial rise  more flexible, less stable basic regions of these peptides could
and rather small radius of the triple helix result in a very reduce charge repulsion and lead to the higher triple-helix
high density of positive charge from the basic residues of content demonstrated by the increase .45 «m The
the three heparin-binding consensus sequen6és Re- observed increase in triple-helix content could be caused by
cently, modeling studies suggest that charge distribution anda reinforcement of the triple-helix parameters when there is
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Ficure 4: Thermal stability of AChE model peptides in the absemteand presenceX) of 800uM heparin for (A) P146; (B) P251; (C)

P146A; (D) P146B. Equilibrium thermal melting profiles monitored at 225 nm were normalized to fraction folded for peptides. In the
presence of heparin, an increased stability is observed for all peptides that contain a consensus sequence. P146A, in which the basic residues
of the consensus sequence are substituted by alanine, does not undergo a significant increase in melting temperature. Note the apparent
multiple transitions for P146 in the presence of heparin. A measure of the dynode voltage during the thermal melt of this sample demonstrated

a temperature-dependent aggregation of the peptide and/or pepéidarin complex, followed by a resolubilization at higher temperatures.

a parallel, in register, binding of heparin to the triple helix ing GAG concentration, more heparin becomes available to
(Figure 6, panel A). Such reinforcement could occur along interact with each peptide. This could lead to resolubilization.
a substantial distance, since the length of heparin moleculesReplacement of the consensus sequence basic residues of
in the 6000 MW preparation used is similar to that of the P146 with Ala residues (P146A) showed less precipitation
triple-helical peptides studied (Figure 6). Heparin helical and no significant change in the triple-helix content. As
molecules bound parallel and in register to collagen triple compared with P251 and P146B, peptides P146 and P146A
helices could provide repetitive electrostatic interactions have a higher stability and may have less flexibility in the
because of the close match between the axial supercoil repeatonsensus region. Both P146 and P146A peptides have a
of the collagen helix{8.7 A) and the axial translation of  distribution of three basic charges surrounding the consensus
the repeating disaccharide unit of heparin8(0—8.7 A) sequence of the N-terminal site. A staggered mode of
(Figure 6, panel A; re8). This reinforcement, including  interaction for P146 is possible as a result of flanking charged
the possibility of one heparin molecule binding to at least residues (Figure 6, panel C). This staggered mode of
two chains of the triple helix, could promote an increased interaction may not allow a reinforcement of triple-helical
triple-helix content or a more rigid triple-helix conformation content of the peptide but may promote precipitation since
(Figure 6, panel B). This mode of binding is reminiscent of one heparin molecule has the ability to bind more than one
the increased:--helix content seen for the addition of heparin peptide (Figure 6, panel C). The chimeric model peptide,
to model heparin binding peptideSY 63) and papain§?2). with the consensus sequence of P251 and the surrounding
In contrast, peptide P146, which models the N-terminal residues of P146, showed heparin and HS binding similar
binding site, shows initial precipitation at low heparin/peptide to that of P251 but CS interaction similar to that of P146.
ratios, followed by resolubilization and no significant effect Subtle changes in the triple-helix interaction with GAGs
on triple-helix content. This mode of binding is reminiscent appear to relate to the nature and distribution of the basic
of the aggregation observed in the binding of cardiotoxin residues and surrounding sequences in this uniform triple-
and heparin at high cardiotoxin/GAG ratio85]. At low helical conformationPrevious studies have indicated that
heparin concentrations, more than one peptide must bind onearginine was more effective than lysine in binding GAGs
heparin molecule, leading to the formation of a complex and (66), but it is interesting to note that the most arginine-rich
aggregation for the P14theparin interaction. With increas-  peptide, P146 (5 Arg, 1 Lys), has a lower displacement ability
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Ficure 5: Change in the mean residue ellipticities at 225 néj.¢f nn) for triple-helical AChE peptide models (A) P146, (B) P251, and
(C) P251/P146 upon incubation with increasing concentrations of heyen@ heparan sulfat®j from 0 to 800uM (top panels A-C)
and chondroitin sulfatea) from 0 to 80uM (bottom panels A-C).

Table 2: Binding of Peptides fromorpedoCollagen-Like Tail of AChE to Heparan Sulfate and Chondroitin Sulfate

Heparin? Heparan Sulfateb Chondroitin SulfateC
Peptide Peptide Sequence Al61225nm Ade Al61225nm AT Al®l225nm  ATm
P146 NH-POGROGRKGROGVRGPRG(POG)4-CONH¢ 0 +9.1 -1200 +10.5 -1500 +7.0
P251 NH2-POGROGKRGKTGLKGDIG(POG)4-CONH ~ +500 +6.0 +500 +5.4 -50 +4.0
P251/P146 NH3-POGROGKRGKIOGVRGPRG(POG)4-CONH2  -105 +7.7 -105 +7.7 -1500 +5.8

2 A[60]225 nmand ATy, upon addition of 80«M heparin (MW~ 6000).° A[6]225 nmand ATy, upon addition of 80Q«tM heparan sulfate (MW
7500).¢ A[6]225 nm @and AT, upon addition of 8Q«M chondroitin sulfate (MW- 60000). Units for mean residue ellipticity afg, are deg crh
dmol™* and°C, respectively? Error for thermal transition temperatures4f%. ¢ Consensus sequence residues are boxed. Basic residues are in
bold; sites of basic residues surrounding consensus sequence are underlined.

than the more lysine-rich P251 (2 Arg, 3 Lys). 60, 67, 68). The amount of increase in the melting temper-
Increased thermal stability was observed for all peptides ature does not show any correlation with the original thermal
in the presence of a high concentration of heparin, exceptstability of the collagen-like peptides or the modes of binding.
for (POG)o and P146A, which lacked the consensus The addition of heparan sulfate, which resembles heparin
sequence. This increase in thermal stability is expected forin its disaccharide repeating unit, but differs in sulfation,
binding between peptides and heparin and is similar to the showed similar conformational and stabilizing effects on the
increased thermal stability reported for heparin binding by AChE model peptides, while addition of chondroitin sulfate
a-helical model peptides, acidic FGF, and basic FG8, (  resulted in a loss of ellipticity, cloudiness, and a smaller
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collagen triple helix in GAG binding, a feature observed for

A B AT
W W other triple-helicat-ligand interactions36, 37, 39).
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