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Introduction

Strategies for chemically coupling natural or synthetic molecules to biological surfaces are
important tools for drug delivery, tissue repair, and fixation of tissue engineered scaffolds for
tissue regeneration[1]. Several methods are capable of attenuating, inhibiting or promoting
interactions between tissue surfaces as well as between the cells and extracellular matrix (ECM)
proteins that comprise them. Electrostatic interactions have been employed by Elbert et al. in
the form of poly-L-lysine-graft-(poly(ethylene glycol) polymers that chemisorb to proteins on
tissue surfaces, and this approach was explored as a strategy to minimize postsurgical adhesions
[2]. Winblade et al. employed phenylboronic acid modified polymers[3,4] to provide reversible
covalent crosslinks to cis-diols in sugar residues of glycoproteins and polysaccharides. Layer
by layer (LbL) assembly of polyelectrolytes has been used to apply polymer coatings onto
model biological surfaces[5], the surface of blood vessels[6] and pancreatic islets[7].

Specific functional groups found in ECM proteins have been exploited for covalent surface
modification strategies. For example, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) have been used extensively to couple macromolecules
containing carboxylic acids to protein amines[8] [°] [10]. Amine-reactive PEG diisocyanates
have been used to modify pancreatic islets in order to provide immunoprotection[9,11], to
create a barrier to platelet adhesion on damaged arteries[12,13], and on preclotted Dacron and
other model biological surfaces[14]. Aldehyde modified chondroitin sulfate, which also reacts
with tissue amines, has been used as a tissue adhesive in both the cornea[15,16] and cartilage
[17,18]. Photochemical oxidation of native tyrosine residues in collagen Il has been used to
improve the integration of photopolymerized hydrogels with cartilage[19].
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In contrast to chemical or photochemical approaches, we seek to develop a general strategy
for tissue surface modification that relies instead on biological enzyme mediated crosslinking
reactions. Transglutaminases (TG) are calcium-dependent enzymes that catalyze crosslinking
between lysine and glutamine residues to form e-(y-glutaminyl) lysine isopeptide bonds[20].
There is growing interest in the use of transglutaminase enzymes for tissue repair and
reconstruction. Calcium-independent microbial TG[21] has been used to develop gelatin
hydrogels for biomedical adhesives[22] as well as for in vitro expansion of cells[23]. Factor
XII1, the circulatory form of TG, has been used to form fibrin matrices for in vitro and in
vivo studies of neurite growth[24], angiogenesis[25,26], and cartilage regeneration[27-29].
The incorporation of bioactive peptides and proteins into these matrices was achieved by
including a Factor XII1 reactive peptide domain within the molecule[30-32]. Synthetic
polymers have also been modified with Factor XI1I substrate peptides, which were then
crosslinked by the enzyme into a hydrogel[33].

A transglutaminase enzyme found in many connective tissues and often referred to as tissue
transglutaminase (tTG) was used by Sperinde and Griffith to form hydrogels through
crosslinking of glutamine modified poly(ethylene glycol) (PEG) polymers and a lysine
containing polyaminoacid[34]. Hu et al. subsequently employed rationally designed peptide
substrates of tTG to modify PEG polymers to form an adhesive hydrogel[35,36], and tTG was
recently used to crosslink an elastin-like polymer (ELP) coacervate that contained lysine and
glutamine residues[37]. Finally, tTG has also been used to couple biomolecules to insoluble
peptide assemblies[38], and was used to enhance cell adhesion and spreading on collagen
matrices and synthetic polymers coated with fibronectin[39,40].

tTG has attractive features for enzymatic coupling of molecules to tissue surfaces because it
operates under mild physiologic conditions and has a number of known protein substrates found
in the ECM[41,42] and on cell surfaces[43]. In this paper, we explore the use of (tTG) enzyme
as a simple and biocompatible method for coupling synthetic molecules to tissue surfaces,
using cartilage as a model tissue. We chose cartilage for this initial study because it is known
to contain tTG[44,45] as well as several ECM substrates of tTG[46-49]. Furthermore,
Jurgensen et al. previously demonstrated the development of adhesive bonds between cartilage
surfaces brought into contact in the presence of tTG, suggesting that protein substrates of tTG
are exposed at tissue surfaces and available for reaction with soluble enzyme[50]. Short
synthetic peptides containing either lysine or glutamine residues[35] and conjugates of these
peptides with polymers were bound to cartilage surfaces through the action of tTG enzyme.
Several cartilage ECM components were identified as possible substrates for the reaction,
including collagen I, fibronectin, osteopontin and osteonectin. Given the existence of
macromolecular tTG substrates in many tissues, this facile approach to tissue surface
modification should be broadly applicable to a variety of tissues for localization of therapeutic
agents and for enhancing (or inhibiting) adhesion at tissue-tissue and tissue-device interfaces.

Materials and Methods

Materials

Rink amide resin was purchased from Anaspec, San Jose, CA. Fmoc-amino acids were
purchased from Peptides International, Louisville, KY. O-(N-Fmoc-3-aminopropyl)-O’-(N-
diglycolyl-3-aminopropyl)-diethyleneglycol (MW 558.6) (Fmoc-NH-(EO),-COOH) was
purchased from Novabiochem, San Diego, CA and Fmoc-NH-PEG-NHS (M,, = 3.4 kDa) was
purchased from Nektar Therapeutics, Inc, Huntsville, AL. Biotin, guinea pig liver tissue
transglutaminase (tTG), chondroitinase ABC, fibronectin, and peroxidase conjugated
ExtrAvidin were purchased from Sigma, St. Louis, MO. Adult bovine metacarpophalangeal
joints were purchased from a local slaughter house. Fluorescein and peroxidase conjugated
anti-biotin antibodies and the DAB substrate kit were purchased from Vector Labs,
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Methods

Burlingame, CA. Anti-Collagen Il and Texas Red conjugated donkey anti-rabbit antibodies
were purchased from Abcam, Cambridge, MA. Collagen Il was purchased from Chondrex,
Redmond, WA, osteonectin from Biodesign, Saco, ME, and osteopontin from R&D Systems,
Minneapolis, MN. ECL Plus western blotting detection reagents were purchased from GE
Healthcare Biosciences, Piscataway, NJ.

Synthesis of peptide conjugates—The molecules synthesized for use in this study and
their abbreviations are listed in Table 1. The peptide portions of the molecules were synthesized
on a Rink amide resin (1 g, 0.45 mmol/g) using standard Fmoc solid phase peptide synthesis.
Each coupling reaction was performed for 3 hours with a 10 min pre-activation of four
equivalents of Fmoc-amino acid: benzotriazole-1-yl-oxy-tris(dimethylamino)-
phosphoniumhexafluorophosphate (BOP): N-hydroxybenzotriazole (HOBY):
diisopropylethylamine (DIEA) (1:1:1:1) at room temperature. The Fmoc was removed by 20%
piperidine in N-methylpyrrolidinone (NMP) for 1 hour. After Fmoc removal from the final
amino acid, either Fmoc-NH-(EO),-COOH or Fmoc-NH-PEG-NHS was added. Fmoc-NH-
(EO),-COOH was treated as Fmoc-amino acid and used at 2 equivalents. The Fmoc-NH-PEG-
NHS was used at 2 equivalents and combined with DIEA (1:2) in dichloromethane (DCM),
added to the resin and reacted for 2 days. The unreacted peptide on the resin was acetylated
with the use of 4 equivalents of acetic anhydride. The Fmoc was then removed and biotin was
coupled using 4 equivalents by the previously described procedure for coupling Fmoc-amino
acids. At the completion of the reaction, the resin was washed with NMP, DCM, and methanol
(MeOH), two times each. The resin was dried under vacuum and then treated with 95%
trifluoroacetic acid (TFA), 2.5% water, and 2.5% triisopropylsilane for 3 hours. The crude
product was obtained by concentration of the TFA solution and addition of diethyl ether.
Purification was performed using semi-preparative RP-HPLC and the masses were confirmed
using MALDI-TOF MS analysis on a PE VVoyager DE-Pro MALDI-TOF Mass Spectrometer
(Perspective Biosystems, MA). The peptide-PEG conjugates were then frozen and lyophilized.

Cartilage isolation and preparation—*For the coupling of peptide conjugates to cartilage
sections, osteochondral plugs were extracted from adult bovine metacarpophalangeal joints
using a hole punch with a diameter of 0.793 cm. Samples were then frozen in tissue freezing
media and stored at —80 °C until use. Vertical sections (25 um), which included the articular
surface as well as a portion of the underlying bone, were cut using a cryostat (Microm HM505N,
Carl Zeiss) and the freezing media was removed with 3 washes of Tris buffered saline (TBS)
(50 mM Tris, 100 mM NacCl) at pH 7.4. For the penetration studies, four millimeter by two
millimeter rectangular samples of cartilage were excised from adult bovine
metacarpophalangeal joint to a depth of 200-250 microns from the articular surface. Samples
were frozen as described earlier for later use, at which time they were thawed and rinsed in
TBS.

Coupling of peptide conjugates to cartilage sections—A general scheme of the
covalent coupling of the peptide-PEG conjugates to cartilage is shown in Figure 1. Partial
depolymerization of glycosaminoglycans[51] in the tissue was accomplished by digesting with
chondroitinase ABC at 40 mU/mL in 50 mM Tris, 70 mM sodium acetate and 0.01% bovine
serum albumin (BSA) at pH 8 for 30 minutes at 37 °C. Samples were then rinsed 3 times with
TBS and blocked with 1% BSA in TBS for one hour at room temperature. The tTG reaction
conditions used were similar to a previously described method[45]. The cartilage sections were
incubated in 500 pL of 50 uM peptide or peptide-PEG conjugate, 0.5 U/mL tTG, 5 mM
CaCl,, 2.5 mM dithiothreitol and 100mM Tris, at pH 8.3 for 30 min at 37 °C. Control
experiments were performed in the absence of tTG. After completion of the tTG reaction, the
solution was removed and samples were rinsed 3 times with 1% BSA in TBS for 5 minutes
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each. The cartilage sections were then incubated with fluorescein conjugated anti-biotin
antibody at 10 pg/mL in 1% BSA in TBS for 2 hours at room temperature. Samples were rinsed
4 times with TBS for 5 minutes each, followed by blocking with 10% donkey serum for 1 hour
and incubation with rabbit anti-collagen 11 antibody in TBS containing 10% donkey serum for
1 hour. The samples were rinsed 3 times with 10% donkey serum in TBS and then incubated
with Texas Red conjugated donkey anti-rabbit antibody. Samples were rinsed again with TBS
and then imaged using a Leica epifluorescent microscope (Agx = 495 nm, Agn, = 520 for
fluorescein and Agyx = 596 NM, Ay, = 620 for Texas Red) and a SPOT RT digital camera
(Diagnostic Instruments, Sterling Heights, MI).

Image analysis—Images were analyzed using Metamorph image analysis software
(Molecular Devices, Sunnyvale, CA). Fluorescein fluorescence was measured at three
randomly selected areas of the middle zone on each cartilage section image and then averaged.
A similar procedure was utilized to determine Texas Red fluorescence. The fluorescein
fluorescence intensity was then normalized to the fluorescence of the Texas Red for each
cartilage section image in order to account for potential ECM differences between sections.
Finally, the average green fluorescence for each peptide-PEG conjugate was then normalized
by dividing by the red fluorescence.

Depth of peptide coupling in cartilage—Four millimeter by two millimeter rectangular
samples of cartilage were thawed and rinsed, after which the chondroitinase ABC digestion
and tTG reactions with the peptide and peptide-PEG conjugates were performed as stated
above. (See Figure S1 in supplemental information for schematic of this experimental method.)
After the tTG reaction, the cartilage was removed and rinsed 3 times with TBS for 5 minutes
each. The samples were then frozen in tissue freezing media followed by cutting using a
cryostat. Twenty micron thick vertical sections were collected from each cartilage piece, rinsed
in TBS, blocked with 1% BSA TBS containing 0.1% Tween (TBS-T), and incubated with
peroxidase conjugated anti-biotin antibody at 5 pg/mL in 1% BSA in TBS-T for 2 hours at
room temperature. Samples were rinsed 4 times with TBS and 4 times with distilled water.
Finally, the anti-biotin antibody was detected using a DAB kit which contains the peroxidase
substrate 3,3'-diaminobenzidine yielding a brown color. Samples were imaged using a Leica
microscope (brightfield) and a SPOT RT digital camera.

Adobe Photoshop (Adobe, Inc, San Jose, CA) was used to measure the depth to which the
peptide and peptide-PEG conjugates were detected. The depth of staining into the cartilage
along the cut surface perpendicular to the articular surface was measured at distances of 60,
120 and 180 microns from the articular surface for each sample. The average depth of staining
for each sample was calculated from these three measurements. For each peptide and peptide-
PEG conjugate, an overall mean depth of staining was determined from the measurements of
three samples.

Reaction of peptides with cartilage ECM proteins—Fibronectin, collagen I,
osteonectin, and osteopontin were separately combined at 0.1% (w/v) in 100 mM Tris and 5
mM CaCl, with 500 uM peptide-PEG conjugates and 0.05 U/mL tTG. The reaction was
allowed to proceed for 30 min at 37 °C and then stopped with the addition of iodoacetamide
(1 mM final concentration). Control experiments without transglutaminse were also performed.
The proteins were then separated using SDS-PAGE with either 7.5% fibronectin and collagen
I1) or 10% (osteonectin and osteopontin) gels, transferred to PVDF membranes which were
then blocked with 2% BSA in TBS with 0.1% Tween (TBS-T). The modified proteins were
probed with peroxidase conjugated ExtrAvidin. Detection of bound ExtrAvidin was
accomplished using ECL Plus Western Blotting Detection Reagents and imaged on a Storm
860 imager (GE Healthcare Biosciences, Piscataway, NJ). Band intensities were measured
using ImageQuant (GE Healthcare Biosciences). Statistical analysis was performed using one-
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way ANOVA and Tukey’s post-hoc test with 95% confidence intervals with SPSS (SPSS,
Chicago, IL). Reactions of B72Q and B72K with osteonectin and osteopontin were dialyzed
against 10 mM acetic acid and then analyzed by MALDI-TOF MS.

Results

Fluorescence evaluation of the peptide conjugates coupled to cartilage

In the presence of tTG enzyme, B2K, B2Q, B72K, and B72Q were enzymatically crosslinked
to the cartilage sections as evidenced by the images of the tissue sections stained with
fluorescein anti-biotin antibody (Figure 2a, d, g, and h). Fluorescence was detected in all
regions of the cartilage, from the articular surface to the calcified zone, although fluorescence
intensity was greatest near the lacunae. The B2K and B72K treated samples qualitatively
appeared to be more fluorescent than the B2Q and B72Q modified cartilage sections.

The catalytic role of tTG in coupling the peptide-PEG conjugates to cartilage was verified with
several controls. First, incubation of B2K and B2Q with the cartilage in the absence of tTG
resulted in no observed fluorescence (Figure 2b and e), indicating that tTG was required for
the coupling of the peptide-PEG conjugates to cartilage. Secondly, when cartilage sections
were incubated with B2N or B20 in the presence of tTG, no coupling was detected as evidenced
by the lack of fluorescence in panels 2c and f. While asparagine and ornithine are structurally
similar to glutamine and lysine, respectively, both are known to be poor substrates for tTG due
to their shorter side chains.[52-54] Finally, nonspecific binding of the biotin-PEG component
of B72K and B72Q to the cartilage can be ruled out as shown by the lack of fluorescence when
the cartilage sections were incubated with B72 and tTG (Figure 2i).

Texas Red staining of type Il collagen proved to be a useful internal reference for quantifying
bound peptide, as red fluorescence was detected in all regions of the cartilage (Figure 3a) and
was unaffected by the reaction with peptides and tTG enzyme as can be seen by the level of
red fluorescence from the treated samples as compared to that of the untreated samples (Figure
3b). This allowed the amount of peptide bound to the cartilage to be quantified by ratioing
green fluorescence from the fluorescein conjugated anti-biotin antibody to that of the red
fluorescence resulting from type 11 collagen staining. Although the average fluorescence
intensity from bound peptide was more intense for B2K and B72K samples as compared to
B2Q and B72Q samples (Figure 3c), the differences were not statistically significant. The
presence of a longer PEG linker did not significantly affect peptide coupling as the fluorescence
of B2K and B72K and B2Q and B72Q were similar.

Depth of peptide coupling

In a separate series of experiments, 2 mm by 4 mm by 200-250 um pieces of cartilage were
incubated with each peptide-PEG conjugate and tTG. At the completion of the reaction, the
cartilage pieces were frozen and sectioned and the coupled peptide conjugates were detected
with a perioxidase anti-biotin antibody. The bound antibody was detected with DAB reagent
which forms a brown precipitate in the presence of perioxidase[55]. A representative stained
section is shown in Figure 4b. The brown DAB staining was detected on the cut and articular
surfaces as indicated by the arrows in Figure 4b. The depth of peptide penetration and coupling
was measured along the cut edge at 60, 120, and 180 um from the articular surface as shown
in Figure S1 (supplementary information). No relationship was found between the thickness
of DAB staining and distance from the articular surface. The average depth of peptide coupling
for B2K was 13 um. BQ2, B72Q, and B72K were detected at an average depth of 9.8 um, 8.6
um, and 9.8 um, respectively (Figure 4c). Statistical analysis indicated that the observed
differences were not statistically significant. In the absence of tTG, no staining was observed
(Figure 4a). Finally, a control experiment in which undigested cartilage tissue was treated with

Biomaterials. Author manuscript; available in PMC 2008 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jones and Messersmith Page 6

tTG and B2K revealed staining to a depth of only 5.8 microns (data not shown), indicating that
digestion with chondroitinase was not required but did enhance the depth of tissue modification.

Reaction of peptide conjugates with cartilage ECM proteins

To identify components of the cartilage ECM that were reactive toward the peptide conjugates,
enzyme reactions were conducted in solution with fibronectin, collagen 11, osteonectin, and
osteopontin. Coupling of peptide conjugates to all proteins was observed as evidenced by
western blot analysis (Figure 5a). With the exception of osteopontin, the cartilage proteins
reacted more with lysine peptides (B2K and B72K) than with glutamine peptides (B2Q and
B72Q) as evidenced by the amount of loaded protein required to detect the biotinylated
conjugates. Preferential reactivity of the lysine peptides became evident when the band
intensity was normalized by the amount of protein loaded (Figure 5b—e). For fibronectin, type
I1 collagen, and osteonectin the normalized band intensity for B2K and B72K was statistically
greater than for B2Q or B72Q (p<0.05). As observed with the tissue staining experiments, no
differences were found between B2K and B72K and between B2Q and B72Q. For osteopontin,
B2Q demonstrated a significantly greater normalized band intensity than the B2K and B72K
(p<0.05). Control experiments without transglutaminase demonstrated that there were no non-
specific interactions between the peptides and the proteins. In addition, reactions of the proteins
with B2N, B20 and B72 in the presence of tTG did not demonstrate crosslinking on western
blot (data not shown).

The MALDI-TOF spectrum of osteonectin modified with B72K demonstrated that the majority
of the protein was modified with one PEG molecule although additional peaks corresponding
to protein modified with up to 4 PEGs were detected (Figure S9A). In contrast, when the
spectrum of B72Q coupled osteonectin was evaluated, the peak corresponding to unmodified
osteonectin was the most intense, indicating that a large portion of the protein had not been
modified (Figure S9B). There were also 3 additional peaks visualized, suggesting that
osteonectin had been modified with up to 3 molecules of B72Q. The MALDI-TOF mass spectra
of osteopontin revealed that majority of this protein was unmodified and that it had reacted
with up to two B72Q while only reacting with one B72K (Figure S10).

Discussion

tTG is widely distributed within many connective tissues and has been implicated in
organogenesis, tissue repair and in tissue stabilization[41,42]. Cartilage was chosen for our
studies in part because a prior study by Jurgensen et al. showed that cartilage tissue surfaces
adhered strongly to each other when incubated with tTG enzyme, suggesting a high level of
reactivity of cartilage ECM components as substrates for tTG[50]. Several components of the
cartilage ECM have been identified as substrates for tTG, including osteopontin[56,57],
collagen 11[45,47], collagen XI[58], fibrillin[59], fibronectin[60], and osteonectin[47,49].
Some other known ECM substrates of tTG found in other tissues include collagen 1,[39],
[61] collagen V[58], vitronectin[62,63], and laminin[64].

To demonstrate the general approach of tissue surface modification using tTG enzymes, we
soughtto design a simple and versatile molecular module consisting of a short synthetic peptide
substrate that could ultimately be conjugated to a therapeutic molecule such as a peptide,
protein, growth factor, drug or synthetic polymer. Specific requirements for tTG reactive
glutamine and lysine residues are not fully understood, although it is believed that the enzyme
has more stringent requirements for the glutamine (acyl donor) than for the lysine (amine donor)
[54]. 1t has been suggested that a leucine residue flanking the C-terminus of a glutamine
increases reactivity[53]. However, recent combinatorial library studies suggest that the amino
acid directly adjacent to the reactive glutamine is not as important as the amino acids 2-3
residues away on the C-terminus side[65,66]. Proline and phenylalanine as well as other
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nonpolar amino acids have been suggested to have favorable roles in those locations[67,68].
In contrast, tTG is considered more tolerant of lysine substrates, as it has been found to react
with a wide variety of primary amines as well as peptide bound lysines[42,54]. Nevertheless,
certain peptide features do influence lysine reactivity, such as the presence of a C-terminal
adjacent glycine[69] or an N-terminal hydrophobic residue juxtaposed to lysine[35,54]. The
specific lysine and glutamine peptides used here were rationally designed and identified as
good tTG substrates in our prior study.[35]

Our findings demonstrate that both FKG-NH, and GQQQLG-NH> are bound to cartilage
surfaces via tTG as demonstrated by tissue staining experiments. Conjugates of these peptides
with 3.4 kDa PEG were similarly active, suggesting that the presence of the polymer had little
effect on the ability of tTG to catalyze the coupling of the peptide to the tissue surface. Diffuse
staining over the cartilage matrix as well as more intense focal staining in the pericellular region
were observed (Figure 2). The intense staining in the pericellular regions could be explained
by tTG reactive noncollagenous proteins which are believed to mediate the interaction between
cells and the ECM and can be found predominantly in the areas surrounding the chondrocytes
[70]. It is known that some noncollagenous cartilage ECM proteins, such as fibronectin, react
well with tTG[41,48,71] and therefore it was anticipated that our peptides would react with the
proteins in this region. Intense staining at the articular surface could be due to the high
concentration of collagen there[72], although sample geometry and imaging considerations
prevent us from making that conclusion without further detailed experiments.

The peptide conjugates were bound to ECM to a depth of approximately 8-13 microns from
the cut tissue surface. The depth of tissue modification can be affected by many factors,
including the ability of the enzyme and peptide reactants to diffuse into the tissue before
reacting with ECM components. No difference was found for the depth of modification when
lysine (B2K) or glutamine (B2Q) peptides were coupled to a 3.4 kDa PEG (B72K and B72Q,
respectively), suggesting that the diffusion of the peptide components through the tissue is
unlikely to be a limiting factor. The masses of all peptide conjugates are well below that of
tTG (77 kDa)[73], making it more likely that diffusion of tTG to be a limiting factor. The
surface coupling reaction did not require pretreatment of the tissue with chondroitinase,
although the depth of tissue modification was greater when the tissue was partially digested.
Deeper tissue modification, if desired, may be achieved with a higher concentration of
chondroitinase, longer digestion times,[74] or through the use of a different enzyme such as
collagenase or hyaluronidase[75].

To correlate the observed tissue modification to specific matrix components of the tissue, we
also conducted tTG reactions in solution using selected cartilage ECM proteins and the
peptides. One of the major ECM components of cartilage is collagen 11, which can be found
throughout the cartilage matrix[72]. Collagen Il used in these studies was isolated by pepsin
digestion, which yields primarily the triple helical region of collagen 11[76]. Both lysine peptide
conjugates, B2K and B72K, were reactive toward collagen 11, suggesting that glutamine
residues in the triple helical region act as substrates for tTG. The B2Q and B72Q containing
peptides were less reactive toward collagen Il in solution, which could be due to loss of lysine
residues as a result of hydroxylation during collagen Il interchain crosslinking and
glycosylation[77].

B2K and B72K were significantly (p<0.05) more reactive than B2Q and B72Q with all proteins
except osteopontin. There are a few possible explanations for these results. First, FKG has a
significantly higher specificity (560 mM™ min~1) than GQQQLG (34.1 mM~ min1)[35],
indicating that the amine donor (FKG) is more reactive with the enzyme than the acyl donor
(GQQQLG). However, the reactivities of the glutamine and lysine residues in the ECM proteins
may also play important roles and could explain the higher reactivity of osteopontin toward
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the glutamine peptide conjugates (B2Q and B72Q). In addition, unlike our short peptide
constructs that are expected to have no secondary or tertiary structure, the existence of alpha
helices, beta sheets and higher order protein structures of proteins may shield some lysine and
glutamine residues from the enzyme. For example, it has been demonstrated that when
fibronectin is exposed to tTG and [14C]putrescine in solution 4 glutamines are reactive[60].
However, after partial digestion, as many as 8-9 glutamines were reactive toward tTG. Thus,
the total number of lysine and glutamine residues in an ECM protein may not always be a
reliable indicator of potential reactivity toward tTG.

Conclusion

In summary, our results demonstrate that synthetic peptide and peptide-polymer conjugates
can be enzymatically coupled to cartilage under mild conditions through the formation of
isopeptide bonds between the peptide and ECM proteins. Cartilage is only one example of a
tissue whose free surface is readily accessible through minimally invasive administration of
solutions containing tTG and synthetic molecules; others include the tissue surfaces of the oral
cavity, gastrointestinal and reproductive tracts, the surface of the eye, and tissue surfaces
exposed during invasive surgical procedures. The reactive cartilage ECM components
identified in this study can also be found in many other connective tissues, suggesting that this
strategy can be broadly applicable. We anticipate that this facile and versatile method for
modifying tissue surfaces can be employed with a wide range of therapeutic biomolecules,
growth factors and functional polymers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic overview of the experimental methods used for reaction of synthetic peptides with
cartilage tissue surfaces and for detection of tissue-bound peptide-PEG conjugates.
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Figure 2.

Representative images of fluorescent anti-biotin antibody stained cartilage sections after
reaction with peptide-PEG conjugates and tTG. a) B2K; b) B2K without tTG; ¢) B20; d) B2Q;
e) B2Q without tTG; f) B2N; g) B72K; h) B72Q; i) B72. Scale bar represents 25 um for all
images. The articular surface is located at the top of each image.
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Quantification of peptide-PEG coupled to cartilage. a) Typical Texas Red fluorescence image
of untreated cartilage (the articular surface is shown at the left). Scale bar represents 25 um.

b) Texas Red fluorescence intensity of cartilage sections treated with the peptide-PEG

conjugates and tTG. (c) Normalized fluorescein fluorescence intensity of the peptide-PEG

treated cartilage. Error bars in b and ¢ represent standard deviation.
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Figure 4.

Depth of peptide-PEG conjugation to cartilage as determined by DAB staining and image
analysis. a) Representative image of cartilage treated with B72K peptide but no tTG. b)
Representative image of cartilage treated with B2K peptide and tTG. Arrows indicate the region
of the cartilage tissue near the exposed surface that has been stained with DAB. c) Graph
comparing the thickness of tissue modified by the 4 peptide conjugates. Error bars represent
standard deviation. The scale bar in (b) indicates 50 um for both images.
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Figure 5.

Reactivity of peptide-PEG conjugates toward cartilage ECM proteins. a) Western blot analysis
of individual cartilage proteins, showing their reactivity with each peptide-PEG conjugate.
Lane 1 = B2K, Lane 2 = B72K, Lane 3 = B2Q, and Lane 4 = B72Q. b—e. Comparison of the
band intensity normalized by the amount of protein loaded. b) Fibronectin. c) Type Il collagen.
d) Osteonectin. e) Osteopontin. Bar labels are for each peptide-PEG conjugate as defined in
panel a. *, p <0.05 as compared to B2K or B72K. t, p <0.05 as compared to B2Q. Error bars
represent standard deviation.
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Structures, abbreviations and mass analyses for synthetic peptide conjugates used in this study.
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Structure of peptide—PEG Abbreviation Expected Mass (Da)* Observed Mass (Da)*
Biotin-(EQ),-FKG-NH, B2K 894.08 893.49
Biotin-(E0),-GQQQLG-NH, B2Q 1173.34 1172.57
Biotin-(EO),-FOG-NH, B20 880.05 879.50
Biotin-(EO),-GNNNLG-NH, B2N 1131.26 1131.95
Biotin-PEG-G-NH, B72 3600 3600
Biotin-PEG-FKG-NH, B72K 3800 3800
Biotin-PEG-GQQQLG-NH, B720 4100 4100

*
values shown for B72, B72K and B72Q are average mass values for polydisperse molecules.
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