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Abstract

In the current study, the relationship between the structure of the RGD-containing human bone

sialoprotein (hBSP) peptide 278-293 and its attachment activity toward osteoblast-like (MC3T3)

cells was investigated. This goal was accomplished by examining the comparative cell attachment

activities of several truncated forms of peptide 278-293. Computer modeling of the various

peptides was also performed to assess the role of secondary structure in peptide bioactivity. The

elimination of the tyrosine-278 at the N-terminus resulted in a more dramatic loss of cell

attachment activity compared to the removal of either tyrosine-293 or the arg-ala-tyr (291-293)

tripeptide. Although the replacement of the RGD (arg-gly-asp) peptide moiety with peptide KAE

(lys-ala-glu) resulted in a dramatic loss of cell attachment activity, a peptide containing RGE (arg-

glyglu) in place of RGD retained 70-85 % of the parental peptide's attachment activity. These

results suggest that the N-terminal RGD-flanking region of hBSP peptide 278-293, in particular

the tyrosine-278 residue, represents a second cell attachment site that stabilizes the RGD-integrin

receptor complex. Computer modeling also suggested that a β-turn encompassing RGD or RGE in

some of the hBSP peptides may facilitate its binding to integrins by increasing the exposure of the

tripeptide. This knowledge may be useful in the future design of biomimetic peptides which are

more effective in promoting the attachment of osteogenic cells to implant surfaces in vivo.
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Titanium and titanium alloys have been employed in orthopedics and dental implants due to

their biocompatibility (1,2). However, implant loosening and failure is still a significant

problem with a sizeable percentage of hip arthroplasties. In fact, 25% of hip replacement

surgeries were revisions due to previous implant failure (3). Despite the reported long-term
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predictability of dental implants (4,5), failures do occur in 10% of cases within a 5-yr period

(6). The survival rates decrease to 71-83.5% over a 3.5-6 yr period for dental implants

placed in previously failed implant sites (7,8). Evidence suggests that the quality and

quantity of bone formation at the implant-skeletal interface are important to insure long-term

success (9). The biointegration of implant materials in an osteotomy site is largely

dependent on the activity of bone-forming cells (or their precursors) from the host tissues

(10). Implant surface modifications that increase surface coverage by bone have been shown

to increase implant-bone interface strength as well as stimulate the capacity (11) of attached

osteoblasts to differentiate and synthesize an extracellular matrix (12). Moreover,

osteoblasts have been shown to attach in vivo to dental implant surfaces within 24 h. of

insertion and produce a collagenous matrix (13). These findings suggest that the efficient

recruitment and attachment of osteoblasts to the implant surface will accelerate and

strengthen bone integration. Therefore, novel biomimetic materials should be designed to

support and enhance osteoblast attachment.

To prevent implant failure, a variety of methods have been explored, including the use of

extracellular matrix proteins (ECM) or bioactive attachment peptides from these proteins to

facilitate the attachment of osteogenic cells to the implant surface. Our laboratory has

studied the effects of ECM proteins such as fibronectin or human bone sialoprotein (hBSP)

or hBSP peptides, following their non-covalent adsorption to implant surfaces, on osteoblast

attachment and function (14-23). A key binding domain in ECM proteins for osteoblast

integrin receptors is the RGD tripeptide (24-26). RGD is present in a number of ECM

proteins, including fibronectin (27) and BSP (28-29). RGD-containing peptides have been

shown to promote early bone growth and matrix mineralization in vivo (30,31). Other

studies have shown that fibronectin added to implant materials is able to attach to bone cells

in vivo and promote bone formation around implant materials (32,33). Our laboratory has

also demonstrated a clear relationship between the capacity of fibronectin coated on implant

materials to increase osteoblast attachment, function and biomineralization in vitro (14-23)

and the stimulatory effects of fibronectin coatings on implant osseointegration in vivo (34).

Therefore, even though inflammatory and other cells are present at the implant-skeletal

interface immediately after placement (35), osteoblasts, which have been shown to rapidly

attach (within 24 h) to implant materials (13), are likely to enhance their osseointegration in

response to biomimetic RGD peptides or protein coatings.

A number of studies have shown that the spatial conformation of RGD peptides influences

their biological activities (36-38). Moreover, evidence suggests that peptide domains

exhibiting the more extended beta-sheet conformation, which are less subject to intrachain

binding than tighter alpha-helical structures, are involved in the RGD-dependent interactions

of cell attachment molecules (28,39) or fibronectin (40) with cell integrin receptors.

Differences in the conformation of BSP peptides have been predicted based on amino acid

composition (28,41). In order to assess the contribution of secondary structure to the optimal

design of attachment-promoting peptides, we have previously examined the osteogenic cell

attachment properties (16) of a number of RGD-containing hBSP peptides which, based on

their amino acid composition, may promote a beta-sheet conformation within the local

PRGD (pro-arg-gly-asp) domain. Consideration was given, in the peptide design, to the
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demonstrated effectiveness of glycine and serine residues as destabilizers of alpha-helical

peptide organization (42). The relative contributions of RGD and non-RGD domains to

peptide biological activity toward osteogenic cells was also examined. We previously

demonstrated that the BSP peptides P3 (residues 278-293) and P4 (278-302), each

containing RGD at positions 286-288, were equivalent in attachment potency and 1-2 orders

of magnitude greater in potency than peptide P2 (281-290). These findings suggested that

non-RGD regions 278-280 and 291-293 are important for cell attachment, whereas (since

BSP peptides 278-302 and 278-293 were equivalent in potency) the tyrosine-rich 294-302

region was not necessary for cell attachment (16).

In the current study, we have attempted to further elucidate the structure-activity relationship

of hBSP peptide 278-293 by comparing the attachment effects of structurally related

isoforms of this peptide that were progressively truncated in regions 278-280 and 291-293.

Also, to evaluate the previously postulated role of tyrosines in secondary cell attachment

sites outside the RGD domain (28), we have measured the bioactivities of a number of

peptide variants from which tyrosines flanking the RGD domain were omitted. Blocking

experiments with a soluble RGD peptide and anti-integrin antibodies, respectively, were

performed to assess the role of RGD in integrin binding and identify the major integrin

isoforms responsible for cell attachment to the hBSP peptides. In addition, the role of

tyrosine sulfation of hBSP peptides in cell attachment and the influence of peptide

secondary structure, predicted by computer modeling, on attachment activity were also

investigated.

Materials and Methods

Ten BSP peptides described in Figs. 1 and 2 were used for this study. The comparative

structures of six truncated forms of peptide hBSP peptide 278-293 used in this study,

including peptides 281-290 (P2), 281-293 (DB1), 278-290 (DB2), 279-293 (DB3), 278-292

(DB4) and 279-292 (DB5), are shown in Fig. 1A. The structures of three modified variants

of peptide 278-292, which included the replacement of aspartic acid with glutamic acid at

residue 288 (DB4-E), the replacement of arginine-glycine-aspartic acid at 286-288 with

lysine-alanine-glutamic acid (DB4-KAE) and the sulfation of tyrosines 278 and 290 (DB4-

sulfate), are shown in Figure 1B. The attachment effects of peptides 278-293 (P3) and

281-290 (P2) have been previously reported (16). Peptides were synthesized by SynPep

(Dublin, CA, USA) using FMOC chemistry to a purity of 90-95% based on high

performance liquid chromatography (HPLC) and amino acid analysis. Newborn calf serum

(NCS), fetal bovine serum FBS and cell culture media were obtained from Gibco

Laboratories (Grand Island, NY, USA). Rat anti-mouse αv (CD51) and α5β1 monoclonal

antibodies were obtained from Chemicon / Millipore (Billerica, MA, USA). RGD peptide,

bovine serum albumin (BSA ; Fraction V; essentially fatty acid-free) and p-nitrophenol-N-

acetyl-β-D-glucoseaminide were from Sigma (St. Louis, MO, USA). Tissue culture flasks (75

cm2), 96-well tissue culture plates and non-tissue culture treated plates were obtained from

Laboratory Disposable Products (North Haledon, NJ, USA).
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Computer modeling of hBSP peptides

The I-TASSER server for protein structure and function predictions was used to obtain high-

quality predictions of secondary structure of hBSP peptides from their amino acid sequences

(43,44). TM-align was used to estimate the accuracy of the top five full-length models

predicted by the I-TASSER server. TM-align is a computer algorithm for protein structure

alignment using dynamic programming and TM-score rotation matrix. The program

provides an averaged TM-score that compares the global structural similarity of the full-

length model created for the target sequence with that of each of the top ten protein

templates that were used to generate the model. The value of TM-score lies in (0,1). In

general, a comparison of TM-score < 0.2 indicates that there is no similarity between two

structures; a TM-score > 0.5 means the structures (the template and target sequence model)

share the same fold (43,44).

Cell culture

MC3T3-E1, an osteoblast-like cell line cloned from a mouse calvarium, was kindly provided

by Dr. M. Kumegawa, Josai Dental University (Sakado, Japan). MC3T3-E1 cells were

cultured in MEM (Modified Eagle's Medium) -α with 5% FBS and 5% NCS. MG63

(ATCC) human osteoblast-like cells were cultured in Modified Eagles Medium +

nonessential amino acids (MEM+ NEAA) with heat-inactivated 10% FBS as previously

described (17).

Precoating of 96-well plates with BSP peptides

To examine the effect of BSP peptides on cell attachment, 96-well non-tissue culture

polystyrene plates were coated with concentrations of peptide, washed, aftercoated with

BSA and washed as previously described (16). These plates were then employed for the cell

attachment and RGD-inhibition studies described below. Uncoated non-tissue culture

polystyrene plates served as a control for these studies.

Peptide-induced cell attachment

Cells were plated at 30,000 cells/well in serum-free growth medium for 2-h at 37oC in

peptide precoated 96-well non-tissue culture plates. After washing the plates three times

with PBS, cell attachment was quantified using an assay of hexosaminidase activity (45) as

previously described (16).

Inhibition of cell attachment by pre-saturation of integrin receptors with RGD or anti-
integrin antibodies

In order to determine whether or not RGD-binding integrin receptors played a role in the cell

attachment activities of the hBSP peptides studied, MC3T3 cells were exposed in

microcentrifuge tubes for 30 minutes to 1 – 500 μM of the tripeptide RGD or 1:500 to 1:25

dilutions of an anti-αv or anti-α5β1 integrin antibody in serum-free media with 0.1% BSA.

Both the anti-alpha V and anti-alpha-5, beta-1 monoclonal antibodies have been shown to

block their respective integrin receptors and the adhesion of cells mediated by these

receptors in the mouse, although cross-reactivity with other integrins was not tested

(Chemicon / Millipore, www.millipore.com). FBS was added to the tubes at 10% v/v and
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the cells were pelleted at 600 X g for 5 min., washed twice with serum-free media and plated

at a density of 30,000 cells/well in the peptide precoated 96-well non-tissue culture

polystyrene plate. After a 2-h incubation at 37°C, the plates were washed three times with

PBS, and cell attachment was quantified by measuring hexosaminidase activity (45) as

described above.

Measurements of peptide adsorption to 96-well plates

In order to measure their adsorption to polystyrene, 96-well nontissue culture plates were

coated with peptides and washed as described above. The amount of peptides in micrograms

which remain adsorbed was then quantified in the same 96-well plate by protein assay using

the Micro BCA Protein Assay Reagent kit (Pierce, Rockford, IL, USA) and measured at a

wavelength of 562 nm. Stock solutions of peptides at known concentrations were used as

standards.

Statistical analysis

All values are presented as mean ± SEM for all control and experimental (N= total number

of independent cultures). For any given experiment, individual data is expressed as %

control (control defined at 100%). Statistical comparisons were performed using a paired

Student t-test with the alpha level for each test set at 0.05.

Results

MC3T3 cells were plated on 96-well nontissue culture plates precoated overnight with the

indicated solution phase concentrations of hBSP peptides so that the comparative cell

attachment effects of several truncated forms of hBSP peptide 278-293 could be evaluated

(Fig. 2). The cell attachment activities of six truncated forms of hBSP peptide 278-293 (P3),

each containing the core sequence glu-asn-gly-glu-pro-arg-gly-asp-asn-tyr at positions

281-290 (Fig. 1), are shown in Fig. 2. Of this group, only peptides 279-293 (DB3), lacking

the N-terminal tyrosine, and 281-290 (P2), lacking both the tripeptide tyr-glu-ser (Y-E-S)

from the N-terminus and the tripeptide arg-ala-tyr (R-A-Y) from the C-terminus (Fig. 1),

failed to induce a statistically significant increase in MC3T3 cell attachment at any of the

coating phase concentrations tested (Fig. 2). The latter peptide has already been shown to be

comparatively inactive as a cell attachment stimulus among a structurally related group of

hBSP peptides including P3 (16).

hBSP peptides 278-290 (DB2), lacking residues arg-ala-tyr from the C-terminus (Fig. 1),

and 278-292 (DB4), lacking only the C-terminal tyrosine (Fig. 1), demonstrated the greatest

maximal stimulation of attachment of all of the truncated forms of the native peptide (P3)

tested (Fig. 2). DB4 and DB2 each demonstrated a stimulatory effect on cell attachment

compared to uncoated wells that was statistically significant (P < 0.001 and 0.007,

respectively) at every [peptide] coating concentration tested (Fig. 2). Peptide 278-292 (DB4)

was also the only member of this group of truncated hBSP peptides which appeared to

manifest a full retention of the parental peptide's integrin receptor affinity, with both

peptides demonstrating half-maximal effects at approximately 1 μM of peptide solution

phase concentration (Fig. 2). In contrast, peptides 281-293 (DB1) and 279-292 (DB5) only
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increased cell attachment maximally to 150-300 % of control levels even when tested at

solution phase concentrations as high as 50 – 200 μM (Fig. 2). The number of attached cells

measured in the presence of DB4 was found to be statistically greater (P < 0.04) than that

measured in the presence of DB1, DB3, DB5 or P2 at each corresponding solution phase

concentration tested (Fig. 2).

For each of the hBSP peptides tested, the number of attached cells was also plotted vs. the

adsorbed peptide's surface concentration measured by protein assay (Fig. 2B). Maximal

levels of 6 – 8 nmoles (9 to 12 μg) of peptide per cm2 were observed to adsorb to individual

wells in the nontissue culture plate. When compared over an equivalent range of surface

concentrations (Fig. 2B), the peptides demonstrated the same relative potencies for the

stimulation of cell attachment that was observed when cell attachment was plotted against

the [peptide] in the coating solution : P3 = DB4 > DB2 > DB1 > DB5 > DB3 = P2 (Fig. 2).

These findings indicate that the wide dissimilarities observed between these seven hBSP

peptides in their cell attachment potencies are not attributable to the modest differences

found in their adsorption to the polystyrene cultures plates (unpublished findings).

The effects of hBSP peptides on the attachment of cells from the MG63 human osteogenic

sarcoma line were also investigated. MG63 cells display many of the characteristics of

differentiated osteoblasts (46). When MG63 cell attachment to hBSP peptides was

measured, peptides P3 and P2 exhibited the same relative potencies (Fig. 3) that were

observed for MC3T3 cell attachment (Fig. 2) over an equivalent range of peptide coating

solution or surface concentrations. P3 promoted statistically significant increases in the

number of attached MG63 cells at every coating concentration compared to control or P2-

coated wells. However, there were no significant differences between the numbers of MGG3

and MC3T3 cells that attached to either peptide as a percentage of control cell attachment

(Fig. 3). The maximal percentage increases in the attachment of MG63 cells promoted by

peptides DB4, DB2, DB1 and DB3 over the range of surface concentrations shown for P3 in

Fig. 3 were 731 ± 100 %, 422 ± 41 %, 371 ± 21 % and 228 ± 14 % (mean ± S.E ; N = at

least 6). Therefore, the hBSP peptides manifested the same order of potency for the

stimulation of MG63 cell attachment : P3 = DB4 > DB2 > DB1 > DB3 = P2 that was

observed for MC3T3 cell attachment (Fig. 2).

Our laboratory has shown that the attachment of MC3T3-E1 cells to hBSP peptides,

including P3, was significantly inhibited by solution phase RGD in a concentration

dependent manner (16). Following the pre-incubation of cells with RGD in solution phase,

peptides DB1 and DB2 each manifested a similar sensitivity to the inhibitory effects of RGD

on MC3T3 cell attachment compared to P3 (Fig. 4A). All three peptides retained similar

residual MC3T3 cell attachment activities (10-20 % of control) at an RGD concentration of

500 μM (Fig. 4A). DB4 exhibited a sensitivity to RGD which mirrored that of the other

hBSP peptides, displaying 28 ± 10 % and 14 ± 9 %, respectively, of its cell attachment

activity when cells were preincubated with 1 or 500 μM RGD (mean ± S.E ; N = 5-6).

The pre-incubation of cells with an antibody to αvβ3 integrin was found to decrease the

number of cells that attached to a P3 coating (10 μM coating concentration), reducing cell

attachment by 45 ± 4 % (N = 5) at an antibody dilution of 1 : 25. When compared at the
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same dilution, the pre-incubation of cells with an antibody to α5β1 integrin was found to

decrease the number of cells that attached to a P3 coating by 29 ± 2 % (N = 12) (Fig. 4B).

When the attachment activity of DB4 was compared with that of a structural variant of the

peptide modified by the sulfation of tyrosines 278 and 290 (DB4-sulfate), no differences

were found between the parental and modified molecules in their potencies or maximal

effects (unpublished findings). DB4-sulfate demonstrated a stimulatory effect on cell

attachment compared to uncoated wells (0 μM DB4-sulfate) that was statistically significant

(P < 0.04) at every coating solution concentration tested. Furthermore, no statistically

significant differences were found between the number of attached cells measured in the

presence of DB4-sulfate and that measured in the presence of DB4 at each concentration

tested (unpublished findings).

The importance of the RGD region in cell attachment to the hBSP peptides was evaluated by

replacing the glutamic acid in the RGD sequence of DB4 with aspartic acid (changing RGD

to RGE) and comparing the modified peptide's cell attachment activity to that of the native

peptide. The modified peptide (DB4-E) appeared to retain the potency of the parental

molecule, promoting a concentration-dependent increase in MC3T3 cell attachment (Fig. 5).

DB4-E induced an increase in cell attachment compared to control that was statistically

significant (P < 0.001) at every concentration tested (Fig. 5). However, when compared over

an equivalent range of surface concentrations, the RGE variant manifested a loss of 15-30 %

of the cell attachment activity of DB4 (Fig. 5B). The lower relative potency observed for

DB4 when cell attachment was plotted against solution [peptide] is attributable to the

generally much lower levels of surface adsorption found for the native peptide compared to

its RGE variant at coating concentrations higher than 1 μM (Fig. 6). Notably, the levels of

cell attachment to DB4 progressively increased from 380 % of control at a 1 μM coating

solution to 540 %, 590 %, 670 % and 710 % at 10, 50, 100 and 200 μM (Fig. 2),

respectively. Therefore, it is unlikely that the adsorption of DB4 to the plastic became

saturated at 1 μM (Fig. 6) such that additional adsorption at higher coating concentrations

would reflect peptide-peptide interactions.

To determine if the attachment function of DB4 was entirely independent of the tripeptide

RGD sequence, the arg-gly-asp region was completely replaced with lys-ala-glu (changing

RGD to KAE) and the relative attachment activities of the native (DB4) and modified (DB4-

KAE) peptides were compared. In contrast to DB4-E, the KAE-containing peptide retained

little of the attachment efficacy of DB4 even when compared at the same surface

concentrations (Fig. 5B). DB4-KAE induced an increase in cell attachment compared to

control that was statistically significant (P < 0.003) at every concentration tested (Fig. 5).

However, at its peak effect, DB4-KAE only increased the number of attached cells to a

maximum of 235 ± 21 % of control (Fig. 5).

To assess the potential role of secondary structure in the cell attachment activities of the

hBSP peptides, the I-TASSER server was used to obtain high-quality predictions of

secondary structure of hBSP peptides from their amino acid sequences. I-TASSER-based

computer modeling indicated that all of the hBSP peptide primary structures which

contained the tyrosine-293 residue (P3, DB1 and DB3) favored an alpha-helix conformation
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from 287G to 292A (Fig. 7, Table 1). All of the peptide structures, including those of P2,

DB2, DB4, DB4-E, DB4-KAE and DB5, from which tyrosine-293 was omitted no longer

favored this particular alpha helix conformation (Fig. 7, Table 1). Notably, three of the

peptide structures (DB4, DB4-E and DB5) from which tyrosine-293 was omitted instead

favored a beta hairpin turn affecting at least two of the three residues present in the RGD or

RGE domains (Table 1). Each of the secondary structure models shown in Table 1 represent

one of the top 1-2 models of the 5 best models predicted by the I-TASSER server. TM-

scores for all of the predicted secondary structures shown in Table 1 (except that for DB4-E

and DB5) were at least 0.5.

Discussion

Our study has examined the role of amino acids, principally tyrosines, that flank the RGD

sequence (from 286 to 288) in the cell attachment activity of BSP peptide 278-293 (P3). Our

results show that the simple deletion of tyrosine-278 from peptide 278-293 to yield DB3

resulted in a substantial loss of cell attachment activity which was more dramatic than that

caused by the deletion of the entire tripeptide Y-E-S (peptide 278-280) to yield DB1. In

contrast, the elimination of tyrosine-293 from P3 or DB3 to yield DB4 or DB5, respectively,

resulted in little or no loss of cell attachment activity. Although the removal of the R-A-Y

tripeptide (291-293) from P3 to form DB2 caused a significant reduction in cell attachment

activity, this was much less than that produced by the deletion of tyrosine-278. These results

suggest that other binding sites in hBSP peptide P3 outside of the RGD domain participate

in cell attachment. Our findings also suggest a greater role for tyrosine-278 in the peptide's

cell attachment activity compared to either tyrosine 293 or the entire C-terminal R-A-Y. It

has been suggested that the sulfation of tyrosines in hBSP peptides may stabilize the

conformation of an integrin binding domain (43). However, we found that the sulfation of

tyrosines in DB4 had no effect on cell attachment activity, indicating that other factors are

involved in the effects of tyrosine-278 on cell attachment.

We found that hBSP peptides P3 and DB4 promoted a several-fold enhancement in the level

of MC3T3 osteoprogenitor cell attachment at a coating concentration as low as 1 μM (Fig.

2). In comparison, a recombinant hBSP peptide (258-317) containing tyrosine-rich stretches

in the N-terminal region and C-terminal regions flanking the RGD domain was found to

stimulate the attachment of MC3T3 cells at a concentration of 55 μM (28). In the latter

study, STUBBS et al. proposed a model in which a (tyrosine-rich) second attachment site

would bind integrins close to the RGD-binding pocket due to its proximity to the RGD

sequence. The authors further postulated that in inhibition experiments with a soluble

GRGDS peptide the displacement of the RGD in peptide 258E to 317Q from the integrin

receptor's RGD-binding pocket by the GRGDS peptide also destabilized the binding of the

tyrosine-rich second site to the integrin receptor (28). If this model were true, then the RGD

and non-RGD tyrosine-rich attachment sites may interact synergistically by coordinately

stabilizing the peptide-integrin receptor complex. A similar model, in which the RGD

tripeptide and a second synergy attachment site located at the N-terminus of hBSP peptide

P3 bind in a cooperative manner to integrin, may explain why tyrosine-278 is so central to

the cell attachment activity of this latter hBSP peptide.
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The integrin-binding capacity of the RGD sequence is highly influenced by its secondary

structure and conformation (47). Some amino acid residues have a strong beta-sheet or

alpha-helix forming capacity while others destabilize alpha helix structures (42). Therefore,

some of the differences in cell attachment observed between the various hBSP peptides

studied might be attributable to changes in secondary structure that result from the exclusion

or substitution of specific residues. Although most RGD-containing proteins lack a stable

conformation at the RGD site (48-49), short RGD peptides demonstrate the tendency to

form a β-turn in solution (50). Based on methods for predicting secondary structure (42), it

has been suggested that integrin-binding polypeptides such as fibronectin are likely to

interact with the receptor via a hydrophilic loop formed by a β-turn containing RGD (27).

The hydrophilic loop at the protein's surface would be more available for interactions with

the cell surface than regions of the protein with a more extended (as opposed to compact)

secondary structure (27). Notably, the elimination of the C-terminal tyrosine-293 from P3

yielded a primary structure (DB4) that favored a β-turn conformation in the RGD or in the

RGE domain of DB4-E. The finding that either DB4 and DB4-E retained much of the cell

attachment activity of the parental peptide (P3) suggests that this β-turn in RGD or RGE

may compensate for the loss of any contribution from the C-terminal tyrosine to integrin

binding. In DB4-E, the peptide-integrin complex could have been stabilized partly by the

effects of a β-turn on the exposure of the RGE tripeptide and partly by the binding of a

second attachment site (containing the tyrosine-278) close to the RGD-binding pocket (28),

as discussed above. The adsorption of the peptides to the surface most likely affects the

possible conformations that the peptides can or will acquire. However, limited peptide-

surface interactions may still permit significant flexibility in the RGD tripeptide and the

formation of a β turn in this domain that can influence the peptide's binding to cell receptors.

Notably, a tyrosine-rich hBSP peptide (258E to 317Q) in which RGD was replaced with

KAE was shown by Stubbs et al. (28) to retain attachment activity. Computer modeling

performed in the current study indicates that primary structure of this latter peptide does

favor a β-turn for the KAE tripeptide. In contrast, computer modeling and cell attachment

results suggests that the loss of a structure that favors a β-turn in the KAE variant of peptide

DB4 (Table 1) may have reduced the exposure of this latter tripeptide to the degree that it

can no longer participate in integrin binding. The results reported by Stubbs et al. (28)

together with our results with the KAE variant of DB4 further suggest that the tyrosine-

containing N-terminal domain in the latter peptide can function well to promote cell

attachment only in the presence of either an intact RGD or a β-turn at sequence 286-288.

Conversely, the very low cell attachment activity and predicted secondary structure (Table

1) of hBSP peptide P2 (281-290) suggests that the RGD domain functions poorly in the

absence of both a β-turn (that may be favored by the RGD tripeptide alone) and the N-

terminal tyrosine. Alternatively, peptide 281-290 may fold into a more compact structure

than that predicted by computer modeling, thereby completely shielding the RGD domain

and rendering it inaccessible to cell receptors.

Although MC3T3 cells express several integrins, including α2β1, α3β1, α4β1, α5β1, α6β1,

αvβ1 and αvβ3, blocking with inhibitory antibodies has demonstrated that α5β1 and αvβ3

integrins are the major integrin receptors in this cell line (51). A number of findings indicate

that BSP probably binds more effectively to αvβ3 integrin than to other integrins including
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α5β1 (52-57). In contrast, it has been shown that α5β1 integrins provide the dominant

mechanism of MC3T3 cell adhesion to fibronectin (51). We have found that an anti-αvβ3

integrin antibody blocked the attachment of MC3T3 cells to the hBSP peptide P3 (278-293)

by 45 % whereas an anti-α5β1 antibody only decreased MC3T3 cell attachment to the hBSP

peptide by 29 %. Therefore, findings in the current study that an antibody to αVβ3 integrin

decreased the number of attached cells more than an antibody directed against α5β1 integrin

suggests that the attachment of MC3T3 cells was primarily mediated by hBSP peptides, not

fibronectin produced in culture by the cells. Also, since each antibody inhibited cell

attachment to hBSP peptide P3 by only 20-40 %, integrins other than α5β1 and αVβ3 may

contribute to the total levels of attachment measured. Notably, since RGD was found to

block 80-90 % of the attachment of cells to the hBSP peptides examined in the current

study, nearly all of the cell binding to the peptides appears to be integrin-mediated.

It is possible that tyrosine-278 in hBSP peptide 278-292 binds to a different receptor than

the RGD domain. However, the close proximity of the two sites to one another and the

dramatic losses of cell attachment activity that were observed when attachment was blocked

by solution phase RGD, tyrosine-278 was eliminated or RGD was replaced by KAE all

strongly suggest that the RGD tripeptide and tyrosine-278 bind cooperatively to the same

receptor. A number of laboratories (30-33) have demonstrated the potential utility of

biomimetic protein and peptide coatings in promoting the osseointegration of implant

materials. The current study has demonstrated that the osteoblast cell attachment activity of

hBSP RGD-containing peptides may be significantly improved by including tyrosine

residues in the N-terminal region flanking the RGD domain that may act in synergy with the

tripeptide. This information can be exploited in the design of novel biomimetic peptide

coatings of implant materials with enhanced effects on osseointegration due to a greater

stimulation of osteoblast attachment, differentiation and biomineralization. Notably, since

we have shown that fibronectin binds rapidly and irreversibly to TiO2 (15), we would expect

that smaller peptides would at least remain adsorbed to implant surfaces long enough to

stimulate the attachment of osteoblasts, which has been shown to occur within 24 hours in

vivo (13). Also, we have shown that fibronectin coatings of a titanium alloy implant material

stimulate osteoblast attachment, function and biomineralization in vitro (14-23) and early

bone formation around the implant and enhanced implant-skeleton mechanical bonding

strength in vivo at 6 weeks following implantation (34). These findings suggest that if

stimulatory effects of hBSP peptide coatings on osteoblast activity and osteogenesis can be

produced in vivo they are likely to lead to longterm effects on implant stability.
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FIGURE 1.
Sequences of human BSP peptides (hBSP). The comparative sequences of BSP residues

278-293 (P3), 281-290 (P2), 281-293 (DB1), 278-290 (DB2), 279-293 (DB3), 278-292

(DB4) and 279-292 (DB5) are shown with the RGD core sequence (286-288) as a reference

point. The comparative sequences of two variants of hBSP peptide 278-292 modified within

the RGD sequence, including the replacement of aspartic acid with glutamic acid at residue

288 (DB4-E) and the replacement of arg-gly-asp at 286-288 with lys-ala-glu (DB4-KAE) ;

and a third peptide modified by the sulfation of tyrosines 278 and 290 (DB4-sulfate), are

also shown.
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FIGURE 2.
Relative potencies of hBSP peptides P3 and P2, DB1, DB2, DB3, DB4, DB5 for stimulating

the attachment of MC3T3 cells. (A) The number of attached cells measured in the wells of

nontissue culture plates coated with either peptide as described in Methods is expressed as a

percentage of the number of attached cells measured in control wells that were not coated

with peptide (control number of attached cells = 2411 ± 13 cells per well; mean ± SEM; N =

9). Data presented as mean ± SEM for control and for each coating concentration of peptide

were obtained from at least three independent cell cultures (N = at least 3). *P < 0.001

compared to control and P < 0.04 compared to DB1, DB3, DB5 or P2 at every peptide

coating concentration shown based on student's t test. **P < 0.001 or less compared to

control. ***P < 0.007 or less compared to control for every concentration tested. ****P <

0.02 or less compared to control for every concentration tested. *****P < 0.02 or less

compared to control for peptide coating concentrations (shown on X axis) 25 – 200 uM. (B)

For each hBSP peptide, the number of attached cells was also plotted vs. the adsorbed

peptide's surface concentration measured by protein assay.
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FIGURE 3.
Relative potencies of hBSP peptides P3 and P2 for stimulating the attachment of MC3T3

and MG63 cells. (A) The number of attached cells measured in the wells of nontissue

culture plates coated with either peptide as described in Methods is expressed as a

percentage of the number of attached cells measured in control wells that were not coated

with peptide. The data for attachment of MC3T3 cells to peptides was taken from Fig. 2. For

MG63 cells, control number of attached cells = 3624 ± 390 cells per well; mean ± SEM; N =

6. Data presented as mean ± SEM for each peptide coating concentration were obtained

from at least three independent cell cultures (N = at least 3). *P < 0.001 or less compared to

control and P < 0.04 compared to P2 at every peptide coating concentration shown based on

student's t test. **P < 0.001 or less compared to control and P < 0.05 compared to P2 at

every peptide coating concentration shown based on student's t test. (B) For each hBSP

peptide, the number of attached cells was also plotted vs. the adsorbed peptide's surface

concentration measured by protein assay.
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Figure 4.
Inhibitory effects of soluble RGD tripeptide or anti-integrin antibodies on MC3T3 cell

attachment to hBSP peptides. The effects of increasing concentrations of soluble (A) RGD

or (B) anti-integrin (αv or α5β1) antibodies, respectively, on the number of MC3T3 cells that

attached to (A) P3, DB1 and DB2 (25 μM coating concentration) or (B) peptide P3 (10 μM)

were measured. Cells were preincubated with a solution containing 0.1 – 500 μM of the

tripeptide RGD or 1:500 to 1:25 dilutions of an anti-αv or anti-α5β1 integrin antibody for 30

min. prior to addition of cells to the peptide-coated nontissue culture plates. The number of

cells that attached to peptide-coated plates measured at each [RGD] or antibody dilution is

expressed as a percentage of the control attached cell number (CONTROL) measured when

plates were coated with peptides but cells were not preincubated with RGD (0

MICROMOLAR [RGD]) or antibodies (0 ANTIBODY DILUTION). Data are presented as

mean ± SEM peptide (N = at least 3). *P < 0.01 or less for RGD concentrations of 100 and

500 μM compared to control (0 μM RGD) - DB1-coated plates. **P < 0.035 or less for RGD

concentrations of 100 and 500 μM compared to control (0 μM RGD) - DB2-coated plates.

***P < 0.05 or less for RGD concentrations of 10, 100 and 500 μM compared to control (0

μM RGD) - P3-coated plates. a,bP < 0.007 or 0.0001, respectively, or less for every dilution

of anti-αv or anti-α5β1 integrin antibodies compared to control (0 ANTIBODY DILUTION)

- P3-coated plates (based on student's t test).
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FIGURE 5.
Relative cell attachment potencies of DB4, DB4-E and DB4-KAE. (A) The number of

attached cells measured in the wells of nontissue culture plates coated with either peptide is

expressed as described under Figure 2 (control number of attached cells = 2803 ± 9 cells per

well; mean ± SEM; N = 15). Data presented as mean ± SEM for control and for each coating

concentration of peptide were obtained from at least three independent cell cultures (N = at

least 3). *P < 0.001 compared to control at every peptide coating concentration shown based

on student's t test. **P < 0.006 compared to control at every concentration shown and P <

0.05 compared to DB4-KAE-coated wells at 25 - 200 uM. ***P < 0.003 compared to control

at every peptide coating concentration (shown on X axis). (B) For each hBSP peptide, the

number of attached cells was also plotted vs. the adsorbed peptide's surface concentration

measured by protein assay.
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FIGURE 6.
Per cent adsorption of DB4, DB4-E and DB4-KAE to 96-well plates. 96-well nontissue

culture plates were coated with peptides and washed as described in Methods. The mean

amount of adsorbed peptides measured at coating solution concentrations of 1, 10, 25, 50

and 100 ±M is expressed as % of solution phase peptide in moles (peptides added in solution

phase of 200 ul/well) adsorbed to each well. If 100 % of the peptide molecules in a 100 ±M

peptide solution adsorbed to the well in a 96-well culture plate, this would correspond to a

peptide surface concentration of 70.8 nmoles / cm2. Data presented as mean ± SEM for

control and for each concentration (N = 3-4). *P < 0.04 for 10-50 Fig. μM DB4 compared to

DB4-E and DB4-KAE based on student's t test. **P < 0.05 for 100 μM DB4 compared to

DB4-E. and DB4-KAE.
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FIGURE 7.
Computer model-generated predictions of hBSP secondary structure. Secondary structures

predicted with the aid of the I-Tasser server are shown for peptides P3, P2 and DB4-KAE.

Regions of individual peptides predicted to contain an alpha helix secondary structure are

shown in red. For peptide models containing areas of alpha helix conformation (P3 and

DB3), the relative positions of polar and nonpolar residues outside of the alpha helix

structure are shown in blue and grey, respectively. The N-terminus is located on the left-

hand side of each of the four models shown.
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Table 1

Primary and secondary structures of hBSP peptides in relationship to cell adhesive activity. Amino acid

sequence structures favoring alpha helix and beta sheet secondary structures based on computer modeling are

shown in red and blue, respectively.
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