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Collagen is an attractive marker for tissue remodeling in a variety of common disease processes. Here we
report the preparation of protein dendrimers as multivalent collagen targeting ligands by native chemical
ligation of the collagen binding protein CNA35 to cysteine-functionalized dendritic divalent (AB;) and
tetravalent (AB,) wedges. The binding of these multivalent protein constructs was studied on collagen-
immobilized chip surfaces as well as to native collagen in rat intestinal tissues. To understand the impor-
tance of target density we also created collagen-mimicking surfaces by immobilizing synthetic collagen
triple helical peptides at various densities on a chip surface. Multivalent display of a weak-binding var-
iant (CNA35-Y175K) resulted in a large increase in collagen affinity, effectively restoring the collagen

imaging capacities for the AB, system. In addition, dissociation of these multivalent CNA35 dendrimers
from collagen surfaces was found to be strongly attenuated.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding and controlling the affinity and specificity of bio-
molecular recognition processes are of key importance to many
areas of life sciences including targeted drug delivery, molecular
imaging, and diagnostics.!? Targeted nanoparticles such as quan-
tum dots, liposomes, micelles, dendrimers, peptide nanotubes,
etc. have gained wide popularity, both as drug delivery systems
and as sensitive probes for molecular imaging.>* A potentially use-
ful property of nanoparticle-based targeting is that their size allows
them to interact with complex biomolecular architectures using
multiple weak interactions.> Such multivalent interactions can
have profound effects on thermodynamic properties such as affinity
and specificity, but also strongly attenuate dissociation kinetics.®’
At present, most insight into these effects has been obtained using
well-defined model systems such as surfaces functionalized with
synthetic receptor molecules.®2~1° In contrast, few experimental
studies have addressed these questions for biomedically relevant
multivalent targets.!! This is particularly true for protein-function-
alized nanoparticles, where a lack of efficient and chemoselective
conjugation methods has hampered the synthesis of nanoparticles
with a defined valency of active protein ligands.!?-1¢

Because of their abundance, accessibility and repetitive struc-
ture, extracellular matrix (ECM) proteins provide attractive targets
for multivalent targeting. Collagen in particular is an important
marker for the many diseases that are characterized by remodeling
of the extracellular matrix. Examples of these include the process of
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angiogenesis in cancer, the formation of scar tissue following myo-
cardial infarction and the distinction between stable and vulnerable
plaques in atherosclerosis.!”2° Collagen, like many structural ECM
proteins, is characterized by a highly repetitive structure and a
complex 3D organization. Its primary sequence consists of a charac-
teristic Gly-X-Y repeat, where the X and Y positions are often occu-
pied by a proline (P) and hydroxyproline (0).19?!2 The presence of
a glycine residue at every third position allows the formation of a
characteristic right-handed triple helix, a structure common to all
26 different collagen families. Through a combination of self-
assembly and covalent cross-linking, these collagen triple helices
subsequently organize into a wide variety of complex 3D architec-
tures ranging from fibrils and fibers to networks. Given the repeti-
tive nature of the collagen sequence and its modular architecture, it
is not surprising that multivalency plays an important role in many
natural interactions of collagen.?3*

Two recent examples from our group illustrate the potential of
semi-synthetic multivalent ligands to target collagen with high
affinity and specificity. In one approach peptide phage display
was used to identify linear 7-mer peptides with a moderate affinity
for collagen type 1.2°> Multivalent display of this peptide on a penta-
valent dendritic ABs scaffold was shown to successfully mimic the
multivalent architecture of the peptides displayed on the original
phage, resulting in a 100-fold increase in collagen affinity. Another
demonstration of the potency of multivalent interactions was pro-
vided by a second study that used micelles and liposomes as multi-
valent scaffolds for the collagen binding protein CNA35.142> This
well-characterized collagen binding protein binds various types of
collagen with a K4 of 0.5 uM by wrapping around the collagen triple
helix?® and was shown to be a useful probe to monitor collagen
formation in tissue engineering and in atherosclerotic plaques.?”?8
Multivalent binding of CNA35-micelles was shown to dramatically
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decrease the dissociation rate of these micelles in surface plasmon
resonance binding (SPR) studies, being stable for more than 8 h un-
der conditions of continuous flow. Moreover, micelles and lipo-
somes functionalized with multiple copies of a so-called ‘non-
binding’ variant of CNA352° containing a Y175K point mutation in
the collagen binding site, showed a remarkable enhancement of
the binding affinity, effectively restoring the collagen imaging prop-
erties of fluorescently labeled micelles.

Liposomes and micelles are attractive molecular imaging nano-
particles because of their ease of synthesis and their ability to carry
large payloads,3° but their relatively large size may prevent pene-
tration in dense tissues such as the ECM. In addition, recent studies
have shown that protein-lipid exchange in these protein-function-
alized micelles is quite fast at 37 °C.3! Here we report the prepara-
tion of protein dendrimers as multivalent collagen targeting
ligands by coupling wt-CNA35 and CNA35-Y175K to cysteine-func-
tionalized dendritic divalent (AB,) and tetravalent (AB4) wedges. In
addition to providing more compact, well-defined multivalent li-
gands, the availability of these protein dendrimers allowed us to
investigate in more detail the critical design elements for effective
multivalent targeting of collagen. To better understand the impor-
tance of target density we not only studied the interaction of these
CNA35-dendrimers with native collagen, but also created collagen-
mimicking surfaces by immobilizing synthetic collagen triple heli-
cal peptides at various densities on a biosensor chip surface.

2. Results and discussion

2.1. Synthesis of multivalent dendritic wedges functionalized
with CNA35

The AB,-type of dendritic wedges used in this study were previ-
ously shown to provide a versatile platform for the synthesis of
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multivalent peptide ligands with control over valency (x), spacer
length and the presence of a bioorthogonal reactive functionality
(A) for further bioconjugation.>>*2 While efficient native chemical
ligation (NCL) between the cysteines present at the ends of the
PEG-arms was observed for a variety of peptide thioesters, func-
tionalization with recombinant protein domains had previously
not been shown. In fact, in a previous study we observed that na-
tive chemical ligation of GFP-MESNA to a 1st generation cysteine-
functionalized poly(propylene imine) (PPI) dendrimer resulted in a
mixture of 1, 2, 3, and 4-times ligated products.!> CNA35 and
CNA35-Y175K with C-terminal MESNA thioesters were obtained
using the IMPACT system as described before.?> To push the reac-
tion of CNA35-MESNA with the cysteine-functionalized wedges to
completion as much as possible, an eightfold molar excess of
CNA35-MESNA was incubated overnight with AB, and AB,4, respec-
tively (Scheme 1). In addition, the reaction was performed in the
presence of (4-carboxylmethyl) thiophenol (MPAA), an improved
catalyst for NCL reported by Johnson and Kent>* that was also used
successfully in the preparation of multivalent CNA35 micelles and
liposomes.

SDS-PAGE analysis of the ligation to the AB, wedge showed
efficient formation of the CNA35-dimer, as indicated by the pres-
ence of a band at 70 kDa (see Supplementary data, Fig. S1). Most
of the unreacted CNA35 could be removed using size exclusion
chromatography (SEC), although a small contamination of mono-
meric CNA35 remained present even after repeated chromatogra-
phy steps (Fig. 1A). Ligation reactions using the AB; wedge under
similar conditions yielded two ligation products, with bands at
apparent molecular weight of 200 kDa and 260 kDa (see Supple-
mentary data, Fig. S1). These bands were attributed to the three
and four times ligated species, respectively. Their branched struc-
ture causes the bands of (CNA35); and (CNA35), to appear at a
higher apparent molecular weight, a phenomenon that was ob-
served before for multivalent GFP constructs.’®> Although NCL to
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Scheme 1. Synthesis of divalent (A) and tetravalent (B) CNA35 dendrimers by native chemical ligation (NCL) of CNA35-MESNA to AB, and AB, cysteine-functionalized

dendritic wedges.
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Figure 1. SDS-PAGE (12%) analysis of purified multivalent dendrimers displaying
(A) wt CNA25 or (B) CNA35-Y175K.

the AB, wedge did not result in complete conversion, these results
nonetheless represent a clear improvement over the previously re-
ported synthesis of GFP dendrimers, which resulted in a distribu-
tion of 1, 2, 3, and 4-times ligated products. Unfortunately, the
relatively small difference in volume between (CNA35); and
(CNA35), prevented the separation of these species using size
exclusion chromatography. We therefore decided to continue our
studies using this mixture of trivalent and tetravalent CNA35 (de-
noted as (CNA35)3_4) and compare its collagen targeting properties
with those of monovalent CNA35 and divalent (CNA35), (Fig. 1).

2.2. Binding of multivalent CNA35 ligands to human collagen
type I studied using SPR

Because SPR allows direct real-time monitoring of protein bind-
ing to protein-functionalized surfaces, this technique is ideally sui-
ted to study the kinetics of multivalent interactions with complex
biomacromolecules such as collagen. Figure 2A shows the associa-
tion and dissociation of monovalent CNA35, (CNA35),, and
(CNA35)3_4 to an SPR chip surface functionalized with 1500 RU of
human collagen type I. All binding experiments were performed
at a concentration of 0.5 uM* CNA35 domain, which corresponds
to the apparent Kp of monovalent CNA35.3% Previous SPR studies
of CNA35 binding to collagen showed a complex binding behavior
and the presence of a variety of high and low affinity binding sites,
which were attributed to the heterogeneous nature of native colla-
gen.®37 The SPR trace for monovalent CNA35 also reveals at least
two different binding sites, which is most apparent in the dissocia-
tion curve that cannot be fit using a single exponential function con-
sistent with the presence of multiple kinetic phases. This
heterogeneity prevents the accurate determination of Ky-values,
but comparison of the SPR traces for the various CNA35 ligands still
provides useful qualitative insights. An increase in response level is
observed for the multivalent structures in comparison to CNA35-
MESNA, but a significant part of this increase can simply be attrib-

* Please note that this is the concentration of CNA35, not the concentration of the
complete molecule.
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Figure 2. SPR analysis of the binding of multivalent CNA35 ligands to human
collagen type 1. A CM5 chip was functionalized with human collagen type I
(1506 RU bound). Proteins were flown over the chip for 60 min at a protein
concentration of 0.5 uM followed by 60 min of dissociation using 10 mM HBS pH
7.4 containing 1 mg/mL bovine serum albumin (BSA). Duplicate traces are shown
for each experimental condition.

uted to the higher molecular weight of the multivalent constructs.
A more interesting difference is the clear decrease in dissociation
rate that is observed upon increasing the ligand valency, which is
a signature of multivalent interactions. In fact, most of (CNA35)3_4
stays associated with the collagen even after 8 h of continuously
flowing buffer over the chip surface (Fig. 3). This enhanced stability
was also observed previously for multivalent CNA35-micelles,?®
showing that this is an intrinsic property of multivalent CNA35 li-
gands that is independent of the nature of the multivalent scaffold.

A more pronounced effect of ligand valency was observed for the
constructs bearing the weakly-binding CNA35-Y175K mutant
(Fig. 2B). Here, a large increase in binding level was observed be-
tween the (CNA35-Y175K), and (CNA35-Y175K)3_4. These results
are consistent with previous results obtained for multivalent
CNA35-micelles, which showed a substantial increase in collagen
binding level between micelles displaying on average one and five
copies of CNA35-Y175K per micelle.?’ In fact, the results obtained
for the CNA35-dendrimers imply the presence of a ‘threshold’ of
at least 3 interactions that are necessary to ‘restore’ the collagen
binding affinity of CNA35-Y175K for native collagen. The lower level
of response units for (CNA35-Y175K)s_4, compared to (CNA35);_4
most likely reflects the limited number of binding sites on collagen
that allow these tri- or tetravalent interactions.
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Figure 3. SPR analysis of binding of (A) CNA35-MESNA and (B) (CNA35);_4-AB4 to
human collagen type I. A CM5 chip was functionalized with human collagen type I
(1506 RU bound). Proteins were flown over the chip at 25 °C for 60 min at a protein
concentration of 0.5uM followed by 8h of dissociation. 10 mM HBS pH 7.4
containing 1 mg/mL BSA was used as a running buffer. Duplicate traces are shown
for each experimental condition.

2.3. Multivalent binding to surfaces with a tunable density of
synthetic collagen peptides

Native collagen is a very complex biomolecular target that is
organized at different hierarchical levels (fibrils, fibers) and dis-
plays substantial heterogeneity due to, amongst other possibili-
ties, differences in cross linking.?! To better understand the
importance of target density we not only studied the interaction
of these CNA35-dendrimers with native collagen, but also synthe-
sized short synthetic collagen triple helical peptides for immobi-
lization on the SPR chip surfaces. The use of synthetic collagen
mimics provides a much more homogenous type of CNA35 bind-
ing site, and in addition presents an opportunity to tune the den-
sity of CNA35-binding sites and thus to study the role of target
valency on the binding properties of multivalent CNA35 ligands.
Various groups have reported template-assisted methods to stabi-
lize the formation of small collagen triple helices from short col-
lagen peptide repeats. For example, Feng et al. showed that the
melting temperature of (GPO)s increases from 18 °C to 70 °C after
coupling 3 copies of this peptide to Kemp’s triacid.>® Here, we
used a similar template-based approach to arrive at a collagen mi-
mic that is very stable and can be used as a soluble form of col-
lagen that provides a single CNA35 binding site for use in SPR
binding experiments.

A trivalent ABs3 dendritic wedge similar to the ones used in mul-
tivalent ligands synthesis was synthesized to serve as a scaffold for
the triple helix forming peptides (Scheme 2). Briefly, an orthogonal
protecting group strategy was used to introduce a glycine at the fo-
cal point of commercially available aminotriester (1). The addi-
tional spacing allowed efficient subsequent conjugation to
carboxymethyl groups present on the BlAcore chip. Polyethylene
glycol units functionalized with acid-labile tBoc-protected amino-
oxy groups (5) were coupled to the activated periphery of the den-
dron. After deprotection, three glyoxyl-functionalized peptides
containing five repeats of glycine (G), proline (P) and 4-hydroxy-
proline (O; (GPO)s) were coupled to the amino-oxy end groups
via oxime ligation (9). Formation of a collagen triple helix was con-
firmed by circular dichroism (CD) measurements in H,O, which
showed a small positive peak at 225 nm and a large negative peak
at 200 nm, both of which are characteristic for the triple helical
conformation. Temperature dependent CD measurements revealed
reversible melting of the triple helix at 55 °C, while no triple helix
formation was observed for the non-templated (GPO)s peptide at
RT (see Supplementary data, Fig. S2).

Binding of wt CNA35 to an SPR chip functionalized with ~50 RU
of the collagen mimic showed fast association and dissociation
kinetics consistent with a classical bimolecular interaction. Plot-
ting the steady-state levels of bound CNA35 as a function of
CNA35 concentration revealed a Ky of 2 uM, which is similar to
the (average) affinity of CNA35 to native collagen®>~37 (Fig. 4).
Next, SPR chips with three different levels of immobilization
(~5RU, ~200RU, ~900 RU) were obtained to test the influence
of surface density on multivalent interactions. Binding of monova-
lent CNA35-MESNA to the low density chip (5 RU) shows fast asso-
ciation and dissociation behavior. (CNA35), and (CNA35);_4 also
show fast association kinetics, but both multivalent ligands show
biphasic dissociation kinetics (Fig. 5). The fast component, which
we attribute to monovalent binding, dominates the dissociation
behavior of (CNA35), and is also the major component for
(CNA35)3_4. At higher immobilization levels, an increase in the rel-
ative contribution of the slow component in the dissociation kinet-
ics becomes apparent, indicating an increased match between the
multivalent ligands and their target. It may be surprising that even
at the low level of immobilization, some multivalent binding is ob-
served in case of (CNA35);_4. However, the 5 RU of immobilized
collagen mimic (5 pg/mm?) corresponds to a ‘concentration’ of
~9 uM collagen binding sites in the dextran layer covering the
SPR chip.

The remarkable difference in binding efficiency between diva-
lent and tri/tetravalent CNA35-Y175K that was observed for native
collagen type I, is also observed for these synthetic collagen-mim-
icking surfaces (Fig. 6). No binding was observed for both the
monovalent and divalent CNA35-Y175K ligands for any of the
three different densities, whereas (CNA35-Y175K)3_4 shows signif-
icant binding in all cases, in particular with the 200 and 900 RU
chips. The slow apparent association rate for (CNA35-Y175K)3_4
compared to (CNA35)3_4 may be explained by the fact that binding
of (CNA35-Y175K);_4 requires the formation of three simultaneous
interactions, whereas for binding of (CNA35)s_4 only a single inter-
action is sufficient. These observations thus further strengthen a
model in which at least three simultaneous interactions are re-
quired in order to get efficient binding of CNA35-Y175K variants
to collagen.

2.4. Imaging collagen in native tissue

To establish the performance of multivalent CNA35 dendrimers
in native tissue, we compared the collagen imaging properties of
monovalent wt CNA35 and CNA35-Y175K with their two multiva-
lent counterparts, (CNA35);_4 and (CNA35-Y175K);_4 using slices
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Scheme 2. Synthesis of a synthetic collagen mimic. (a) Fmoc-Gly-OH, 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate (HATU), DIPEA, DCM.
(b) HCOH. (c) 2,3,5,6-Tetrafluorophenol (TFP), pyridinium para-toluenesulfonate (PPTS), N,N'-dicyclohexylcarbodiimide (DCC), DCM. (d) DIPEA, DCM. (e) 20% piperidine in
DCM. (f) Trifluoroacetic acid (TFA), triisopropylsilane, H,0. (g) Glyoxyl-(GPO)s, 10 mM sodium phosphate buffer pH 6.5.

of rat intestinal tissue. The CNA35 proteins were labeled with Ore-
gon Green 488 succinimide yielding a degree of labeling of 2.6-2.9
per protein domain. This labeling procedure primarily affects ly-
sine residues at the protein’s C-terminus and was previously
shown to not interfere with collagen binding.>® Figure 7 shows
images obtained using confocal fluorescence microscopy of rat
intestinal tissue samples that were incubated with these probes
at a protein concentration of 0.5 uM.% The observed structures are
collagen fibers present in the basement membrane lining the intes-
tinal epithelial cells.2® Within them substructures can be distin-
guished, which we assign to capillaries in the intestinal villi.
Although somewhat higher fluorescence intensity was expected for
the multivalent construct, no significant difference in the intensity
or staining pattern was observed between monovalent CNA35 and
(CNA35)3_4. Tissue-to-tissue variation makes it difficult to reliably
distinguish relatively small differences in binding levels, however.
In addition, it could be that in native tissues binding of the multiva-
lent constructs is somewhat limited by their larger size compared to
monovalent CNA35. A marked difference between monovalent and
multivalent ligands was observed for the CNA35-Y175K variant.

8 Please note that this is the concentration of CNA35, not the concentration of the
complete molecule.

Whereas hardly any staining was observed for monovalent CNA35-
Y175K, again a remarkable ‘restoration’ of collagen targeting was ob-
served for the dendritic wedge presenting 3-4 copies of this weakly
binding CNA35 variant.

3. Conclusion

Semi-synthetic multivalent collagen binding proteins were
obtained by native chemical ligation of CNA35-thioesters and cys-
teine-functionalized AB, and AB, dendritic wedges. While ligation
of the latter did not go to completion, as far as we know these
protein dendrimers still represent the first examples of multiva-
lent targeting ligands based on covalent coupling of a recombi-
nant protein and a synthetic dendritic scaffold. Compared to the
previously reported micelles and liposomes, these protein dendri-
mers offer increased stability and smaller size. The multivalent
CNA35 dendrimers recapitulate many of the remarkable collagen
binding properties previously observed for CNA35 micelles,
including a strong attenuation of dissociation kinetics and the
ability to enhance the affinity of ‘non-binding’ collagen binding
protein (CNA35-Y175K). Binding studies using both native colla-
gen and surfaces functionalized with various densities of syn-
thetic collagen triple helical peptides revealed that this
‘restoration’ of collagen affinity required the presence of at least
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concentration. The solid line reflects the best fit using a 1:1 single site binding model yielding a Kp of 2 uM.
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and (C) ~900 RU immobilized. Duplicate traces are shown for each experimental condition.
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Figure 6. SPR analysis of binding of CNA35-Y175K-MESNA (black lines), (CNA35-Y175K), (red lines) and (CNA35-Y175K);_4 (blue lines) to the collagen mimic. Proteins were
flown over the chip at a protein concentration of 0.5 uM for 60 min, followed by 60 min of dissociation with (A) ~5 RU of collagen mimic immobilized, (B) ~200 RU of
collagen mimic immobilized and (C) ~900 RU immobilized. Duplicate traces are shown for each experimental condition.

three simultaneous interactions. The results obtained in this study but also provide a warning when interpreting the results of con-
illustrate the strength of using multiple weak interactions to in- trol experiments using nanoparticles functionalized with ‘non-
crease targeting to multivalent architectures such as collagen, binding’ targeting proteins.
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Figure 7. Confocal fluorescence microscopy image of rat intestinal tissue after overnight incubation with fluorescently labeled CNA35 (A), (CNA35)3_4 (B), CNA35-Y175K (C)
and (CNA35-Y175K);_4. (D). All experiments were done using 0.5 uM protein domains. Scale bar represents 50 pm.

4. Experimental section
4.1. General

Unless stated otherwise, all reagents and chemicals were com-
mercially obtained and used without any further purification. (4-
carboxylmethyl) thiophenol (MPAA), tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP) and human collagen type I from hu-
man placenta (C7774) were purchased from Sigma. Oregon Green
488 NHS ester (0-6147) was obtained from Invitrogen. UV-vis
spectra were recorded on a NanoDrop ND-1000 Spectrophotome-
ter (Thermo Scientific). Primers were purchased from MWG
(Ebersberg, Germany). For the synthesis of the collagen mimic,
'H and '>C NMR spectra were acquired on a Varian 400-MR spec-
trometer at 400 and 100 MHz, respectively, in deuterated solvents
containing 0.5% v/v TMS; chemical shifts are listed in ppm relative
to TMS as an internal standard. ESI-MS spectra were recorded on
an Applied Biosystems Single Quadrupole Electrospray lonization
Mass Spectrometer API-150EX in positive mode. MALDI-TOF mass
spectrometry has been performed using a PerSeptive Biosystems
Voyager DE PRO Spectrometer. Reversed phase HPLC was per-
formed on a Shimadzu LC-8A HPLC system by using a Vydac C18
column. A gradient of acetonitrile in water, both containing 0.1%
TFA was used to elute the compounds. Detection was performed
by an UV-detector (4 =214 nm). Peptide synthesis was performed
on a Prelude automated peptide synthesizer (Protein Technologies)
using standard Fmoc chemistry. All CD experiments were per-
formed on a Jasco J-815 CD spectrometer equipped with a Jasco

PTC-348 WI temperature controller. The spectra were obtained
using a 1.0 mm Quartz cuvet with a scanning speed of 50 nm/
min, a band width of 1 nm, and a response of 0.5 s. The tempera-
ture dependent spectra were obtained with a speed of 10 °C/h.

4.2. Protein expression and purification

CNA35, CNA35-MESNA, and CNA35-Y175K-MESNA were ob-
tained as described previously.?>323> The Y175K mutation was
introduced in pQE30-CNA35 using the QuickChange Site-directed
mutagenesis kit (Stratagene) using the primers: 5'-CGGGAACAAG
TAGTGTTTTCTATAAAAAAACGGGAGATATGCTACC-3' and 5'-GGTAG
CCATATCTCCCGTTTTTTTATAGAAAACACTACTTGTTCCCG-3' yield-
ing pQE30-CNA35-Y175K. The correct sequence of the gene was
confirmed by DNA sequencing (Baseclear). The expression plasmid
was transformed into Escherichia coli BI121 (DE3) cells and ex-
pressed as described previously.>®> The isolated proteins were di-
rectly applied to a column of 3 mL HisBind resin (Novagen)
charged with NiSO4. The column was washed with bind buffer
(20 mM Tris, 0.5 mM NaCl, 5 mM imidazole, pH 7.9) followed by
wash buffer (20 mM Tris, 0.5 mM NaCl, 15 mM imidazole, pH
7.9). Subsequently, the column was flushed with elution buffer
(20 mM Tris, 0.5 mM NaCl, 1 M imidazole, pH 7.9). Imidazole was
directly removed from the elution fraction and buffer was ex-
changed to HBS (10 mM Hepes, 135 mM NaCl, pH 7.4) by repeated
concentration and dilution using an Amicon Ultra-4 centrifugal
concentrator with a 10 kDa cut-off. The concentration of CNA35-
Y175K was determined by UV-vis using &gonm = 29,910 M~ cm ™.
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4.3. Preparation of multivalent CNA35 ligands

Both dendritic wedges AB, and AB, were synthesized as de-
scribed before.>® Native chemical ligation reactions were per-
formed in 20mM sodium phosphate, 500 mM NaCl, 50 mM
MPAA and 2 mM TCEP at a protein concentration of ~450 pM. A
four and eightfold molar excess CNA35 MESNA thioester was used
for reactions with AB, and ABy, respectively. The pH was adjusted
to ~6.2 with 1 M sodium phosphate, pH 9.2. After overnight incu-
bation at room temperature, the reaction mixture was buffer ex-
changed to HBS, pH 7.4 to remove MPAA and TCEP by repeated
concentration and dilution using an Amicon Ultra-4 centrifugal
concentrator with a 10 kDa cut-off. The reaction mixtures were
purified using a Superdex 75 size exclusion column (GE Health-
care) connected to an AKTA FPLC system (GE Healthcare) using
HBS as a running buffer at a flow rate of 0.8 mL/min.

4.4. Synthesis of the collagen mimic

4.4.1. Fmoc-Gly-(tBu)s (2)

Fmoc-Gly-OH (894 mg, 3.008 mmol) and DIPEA (1.213g,
9.385 mmol) were dissolved in DMF (20 mL) before the addition
of aminotriester (1) (1.000 g, 2.406 mmol). The mixture was cooled
to 0°C and HATU (1.189 g, 3.128 mmol) was subsequently added
as a solid. After stirring for 17 h at room temperature, the solvent
was evaporated under reduced pressure. DCM (100 mL) was added
and the mixture was washed with an aqueous saturated NaHCO;
solution (3 x 100 mL). After drying on MgSO,4 and concentration,
the crude product was purified by flash chromatography (DCM, fol-
lowed by DCM/MeOH; 98:2). The title compound was obtained as a
white solid (1.442 g, 72%). "H NMR (CDCls, 200 MHz): 6 7.69 (d, 2H,
J=6.6Hz); 7.53 (d, 2H, J = 6.6); 7.28 (m, 4H); 6.42 (s, 1H); 5.40 (br
s, 1H); 4.34 (d, 2H, J= 7.0 Hz); 4.16 (t, 1H, J= 6.6 Hz); 3.73 (d, 2H,
J=43Hz); 2.16 (t, 6H, J= 7.8 Hz); 1.91 (t, 6H, J=7.4 Hz); 1.37 (s,
27H). '3C NMR (CDCl;, 50 MHz): ¢ 172.7; 169.0; 156.9; 144.4;
141.2; 128.1; 127.6; 125.8; 120.6; 80.1; 66.2; 57.1; 47.1; 43.8;
29.5; 28.2. IR (cm™'): v 3297, 2976, 1721, 1655, 1525, 1366,
1314, 1230, 1145, 1100, 1044, 848, 785, 738. MALDITOF-MS: calcd
C39H54N,09Na*™: m/z 717.56; found m/z 717.56.

4.4.2. Fmoc-Gly-(OH); (3)

Fmoc-Gly-(tBu)s (2) (1.000 g, 1.504 mmol) was dissolved in for-
mic acid (10 mL) and stirred for 8 h. Evaporation of formic acid un-
der reduced pressure was followed by co-evaporation with toluene
(3 x 25 mL). After drying in vacuo, the product was obtained
(739 mg, 93%). 'H NMR (DMSO-ds, 400 MHz): & 7.89 (d, 2H,
J=7.7Hz); 7.71 (d,2H, J=7.3 Hz) 7.41 (t, 2H, J=7.1 Hz); 7.33 (t,
2H, J=7.3 Hz); 4.28 (d, 2H, J=6.2 Hz), 3.85 (s, 1H), 3.57 (d, 2H,
J=5.9Hz); 2.13 (t, 6H, J=7.9Hz); 1.83 (t, 6H, J=7.7 Hz). 13C
NMR (DMSO-dg, 50 MHz): § 174.5; 168.7; 156.6; 143.9; 141.8;
127.7; 127.1; 125.3; 120.2; 65.5; 56.4; 46.9; 43.5; 29.1; 28.0. IR
(cm™1): v 3333, 2955, 1731, 1698, 1639, 1533, 1451, 1312, 1258,
1171, 1136, 1083, 1049, 933, 759, 741. MALDI-TOF-MS: calcd
C,7H30N,00Na"™: m/z 549.18; found m/z 549.30.

4.4.3. Fmoc-Gly-(TFP); (4)

2,3,5,6-Tetrafluorophenol (90 mg, 0.597 mmol), DMAP (7 mg,
0.054 mmol) and Fmoc-Gly-(OH)3 (3) (95 mg, 0.181 mmol) were
dissolved in dry DCM (2 mL). Subsequently, 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (114 mg, 0.596 mmol)
in DCM (1 mL) was added. After stirring for 23 h at room temper-
ature, the reaction mixture was purified by flash chromatography
using a gradient of CHCl; to CHCl; containing 6% Et,0. Drying of
the product in vacuo resulted in the title compound as a white
foam (89 mg, 51%). 'H NMR (CDCls, 400 MHz): & 7.66 (d, 2H,
J=73Hz); 7.49 (d, 2H, J = 7.3 Hz); 7.30 (t, 2H, J = 7.3 Hz); 7.22 (d,

2H, J= 7.3 Hz); 6.96-6.87 (m, 3H); 6.20 (br s, 1H); 5.38 (br s, 1H);
438 (d, 2H J=6.2 Hz); 4.13 (t, 1H, J=7.0 Hz); 3.74 (s, 2H); 2.67
(t, 6H, J=7.5); 2.20 (t, 6H, J=7.7 Hz). '3C NMR (CDCl;, 50 MHz):
0 167.7; 147.0; 142.2; 139.9; 136.8; 126.4; 125.7; 123.6; 118.6;
101.9; 66.0; 56.2; 45.7; 44.2; 28.4; 26.3. IR (cm™'): v 3305, 3080,
2910, 1786, 1685, 1524, 1488, 1265, 1178, 1097, 957, 760. MAL-
DI-TOF-MS: calcd C45H3gF12N,00Na*: mjz 993.16; found mj/z
993.17.

4.4.4. tBoc-aminooxy-PEG-N3

tBoc-aminooxy-0Su (500 mg, 2.4 mmol) was dissolved in DCM
(5 mL). To this solution dry DIPEA (1.2 mL, 6.8 mmol) and NH,-
PEG-N3 (800 mg, 2.3 mmol) were added. After stirring for 22 h at
room temperature, the product was purified by a DOWEX MONOS-
PERE 55 A anion exchange column (in methanol). Evaporation of
the solvent and drying in vacuo resulted in the title compound as
a yellow oil (192 mg, 40%). 'H NMR (CDCls, 400 MHz): 5 7.91 (br
s, 1H); 7.75 (br s, 1H); 4.27 (s, 2H); 3.62-3.31 (m, 28H); 1.42 (s,
9H). '3C NMR (CDCls, 100 MHz):  168.7; 156.9; 82.0; 75.4; 70.1;
50.2; 38.5; 27.7. IR (cm™'): v 2871, 2102, 1660, 1251, 1099, 946,
850, 773. MALDI-TOF-MS: calcd C,1H41N5010H": m/z 546.27; found
m/z 546.26.

4.4.5. tBoc-aminooxy-PEG-NH, (5)

tBoc-aminooxy-PEG-N3 (303 mg, 0.579 mmol) was dissolved in
methanol (20 mL) under an inert atmosphere. Pd/C (10% Pd, 60 mg)
in methanol (10 mL) followed by H,. After stirring for 3 h at room
temperature the reaction mixture was filtered through a short plug
of Celite to remove the Pd/C. Evaporation under reduced pressure
yielded the product as a yellow oil (272 mg, 95%) '"H NMR (CDCls,
400 MHz): 6 7.74 (br s, 1H); 4.27 (s, 2H); 3.57-3.41 (m, 28H); 1.41
(s, 9H). *C NMR (CDCl3, 100 MHz): § 169.3; 157.6; 82.3; 70.6;
41.8; 39.0; 28.3. IR (cm™'): v 3301, 2871, 1725, 1667, 1548,
1458, 1368, 1350, 1285, 1253, 1110, 951, 851. MALDI-TOF-MS:
calcd Cp1H43N3010H™: m/z 498.30; found m/z 498.42.

4.4.6. Fmoc-Gly-(tBoc-aminooxy); (6)

DIPEA (64 mg, 0.515 mmol) and tBoc-aminooxy-PEG-NH, (5)
(85 mg, 0.170 mol) were dissolved in dry DCM (5 mL). After adding
Fmoc-Gly-(TFP)3 (4) (50 mg, 0.052 mmol) in DCM (2 mL), the mix-
ture was stirred for 5 h at room temperature. The reaction mixture
was diluted with DCM (13 mL), extracted with an aqueous satu-
rated NaHCOs solution (3 x 25 mL), filtered and dried overnight
in vacuo. This resulted in the title compound as a yellow oil
(90 mg, 88%). 'H NMR (CDCls, 400 MHz): 6 8.57 (br s, 3H); 7.88
(br's, 3H); 7.68 (d, 2H, J= 7.0 Hz); 7.55 (d, 2H, J= 7.3 Hz); 7.31 (d,
2H, J=7.0Hz); 7.25 (d, 2H, J=7.7 Hz); 6.75 (br s, 3H); 6.19 (br s,
1H); 4.36 (d, 2H, J=6.6 Hz); 4.27 (s, 6H); 4.16 (t, 1H, J=6.7 Hz);
3.72 (d, 2H, J=5.1Hz); 3.58-3.22 (m, 84H); 2.14 (t, 6H,
J=7.5Hz); 1.95 (d, 6H, J=7.3); 1.40 (s, 27H). '3C NMR (CDCls,
50 MHz): § 172.1; 168.3; 156.5; 143.3; 140.1; 127.7; 126.5;
124.2; 120.0; 106.8; 81.2; 69.4; 67.7; 56.9; 46.2; 43.9; 38.3;
37.9; 29.4; 28.7; 27.2. IR (cm™'): v 3301, 2871, 1721, 1650, 1546,
1452, 1368, 1349, 1280, 1251, 1101, 948, 849, 785, 739, 668. MAL-
DI-TOF-MS: calcd CgoHq53N11036Na™: m/z 1988.22; found m/z
1988.03.

4.4.7. NH,-(tBoc-aminooxy)s (7)

Fmoc-Gly-(tBoc-aminooxy)s (6) (420 mg, 0.229 mmol) was dis-
solved in 20% v/v piperidine in DCM (15 mL) and stirred for 2.5 h at
room temperature. The reaction mixture was diluted with DCM
(100 mL), washed with phosphate buffer containing 1 M NaCl pH
5.5 (5 x 100 mL), dried on MgSO,4 and filtered. After evaporation
of the solvent under reduced pressure, the product was obtained
as a yellow oil (385 mg, 95%). '"H NMR (CDCl3, 400 MHz): 6 4.33
(s, 6H); 3.76 (s, 2H); 3.69-3.39 (m, 84H); 2.25 (s, 6H); 2.03
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(s, 6H). 1.46 (s, 27H). 13C NMR (CDCl5, 50 MHz): 5 172.5: 168.3:
156.2; 81.2; 74.8 69.2; 53.8; 43.8; 38.6; 37.9; 29.2; 28.7; 27.1. IR
(cm™1): v 3283, 2870, 1723, 1649, 1549, 1505, 1452, 1368, 1349,
1279, 1251, 1099, 933, 783, 737. MALDI-TOF-MS: calcd
C75H143N11O34Na+: m/Z 1764.97; found m/Z 1764.87.

4.4.8. NH,-(aminooxy)s (8)

To a mixture of cooled TFA containing 2.5% v/v water and triiso-
propylsilane (30mL) was added NH,-(tBoc-aminooxy)s; (9)
(330 mg, 0.189 mmol). After stirring for 1 h at 0°C the solvents
where evaporated under reduced pressure. The resulting mixture
was dissolved in water (100 mL) and washed with diethyl ether
(4 x 100 mL). The solvent volume was reduced by freeze drying
and the resulting solution was purified by preparative RP-HPLC
using a gradient of 5-35% CH5CN in water (both containing 0.1%
TFA) over 60 min. Freeze drying resulted in a viscous, colorless
oil (90 mg, 33%). 'H NMR (methanol-d4, 400 MHz): 5 4.37 (s, 6H);
3.75 (s, 2H); 3.68-3.36 (m, 84H); 2.22 (s, 6H); 2.03 (s, 6H). ESI-
MS: calcd CgoH119N11028H": m/z 1443.66; found m/z 1443.6.

4.4.9. S-(GPO)s-NH,

Synthesis of the peptide Ser-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-
Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp was performed on an auto-
mated peptide synthesizer (Prelude, Protein technologies) follow-
ing the standard Fmoc peptide synthesis protocol on 50 pmol
scale. Each amino acid was allowed to couple two times 20 min.
The peptide was cleaved from the resin using a mixture of TFA/
H,O/TIS/EDT (v/v/v/v 50:1:1:1) (5.3 mL). After stirring for 2 h at
room temperature the mixture was filtered and cold diethyl ether
(50 mL) was added. The mixture was kept for 2 h at —30 °C. The
precipitate formed after centrifugation was dissolved in water
and lyophilized. Purification was performed using preparative
RP-HPLC using a gradient of 5-22% CHsCN in water (both contain-
ing 0.1% TFA) over 36 min. Freeze drying resulted in the pure pep-
tide (56%). ESI-MS: calcd Cg3Hg4N170.oH": m/z 1440.7; found m/z
1440.5.

4.4.10. Glyoxyl-(GPO)s-NH; (9)

S-(GPO)s-NH; (13 mg, 0.009 mmol) was dissolved in 0.01 M so-
dium phosphate buffer pH 7.0 (2mL) and NalO4 (2.9 mg,
0014 mmol) was added. The mixture was allowed to react at room
temperature for 15 min and was subsequently purified by prepara-
tive RP-HPLC using a gradient of 2-18% CH3CN in water (both con-
taining 0.1% TFA) over 41 min. This resulted in the title compound
with a yield of 78%. ESI-MS: calcd CgyHggN1602oH": m/z 1409.6;
found m/z 1409.2.

4.4.11. Collagen mimic, NH,-((GPO)s); (10)

NH,-(aminooxy); (8) (2.2 mg, 0.002 mmol) and glyoxyl-(GPO)s-
NH, (7.1 mg, 0.006 mmol) were dissolved in 0.01 M sodium phos-
phate buffer pH 7.0 (600 pL) and allowed to react overnight at
room temperature. Purification was performed by preparative
RP-HPLC using a gradient of 5-35% CH3CN in water (both contain-
ing 0.1% TFA) over 35 min. This resulted in the pure title compound
with a yleld of ~10%. ESI-MS: calcd Co46H377N59091: m/z 5616.97;
found m/z 5615.24.

4.5. SPR measurements

SPR measurements were performed on a BlAcore T100 (GE
Healthcare). Human collagen type I and the collagen mimic were
immobilized on CM5 chips using standard EDC/NHS protocols.
All binding experiments were performed at 25 °C at a flow rate
of 5 uL/min. The affinity measurement depicted in Figure 4C was
performed at a flow rate of 10 pL/min. Binding experiments with
human collagen type I were performed using HBS containing

1 mg/mL from bovine serum albumin (BSA) as a running buffer.
Binding experiments with the collagen mimic were performed
using HBS-EP (HBS containing 3 mM EDTA and 0.05% v/v Surfac-
tant P20) as a running buffer. To prevent hydrolysis of the C-termi-
nal thioester CNA35-MESNA was always stored at pH 6 and only
diluted to HBS buffer just before the binding experiment. Regener-
ation of the chips was performed using glycine-HCI (pH 1.5, 30 s).
After regeneration to remove all bound probe, the chip was reused
again to measure other probes under the same surface conditions.
Non-specific binding and buffer effects were taken into account by
subtracting the simultaneous response from a reference surface
only functionalized with ethanolamine.

4.6. Tissue experiments

Proteins were buffer exchanged to NaHCO; buffer (0.1 M, pH
8.5) and subsequently labeled with Oregon Green 488 (0G-488)
by adding a 10-fold molar excess of Oregon Green 488 succinimidyl
ester from a stock solution in DMF (20 mM) at a protein concentra-
tion of ~100 uM according to the protocol for amine-reactive dyes
(Molecular Probes, Invitrogen). After overnight incubation at room
temperature, unreacted dye molecules were removed and buffer
was exchanged to HBS by repeated concentration and dilution
using an Amicon Ultra-4 centrifugal filter tube with a 10 kDa cut-
off membrane. The concentration of protein and labeling efficiency
was determined by measuring the absorbance at 280 nm and
496 nm, respectively, using a NanoDrop ND-1000 spectrophotome-
ter (&280nm = 29,910 M~ cm ™, £496nm = 70,000 M~! cm~' and a cor-
rection factor for the 280 nm signal of 0.12).

Frozen sections of rat intestinal tissue on Starfrost microscope
slides were defrosted. OG-488 labeled (CNA35);4, (CNA35
(Y175K))3_4 and their monovalent analogues were diluted in HBS
containing 1 mg/mL BSA to a final protein concentration of
0.5 uM. The sections of rat intestinal tissue were incubated with
1.35 mL of the protein solutions overnight at room temperature
protected from light. After overnight incubation, the slides were
washed three times for 5 min in HBS. After washing, the sections
were mounted using FluorSave (VWR) and covered with a glass
coverslip. Images were obtained using an inverted Zeiss Axiovert
200 microscope coupled to an LSM 510 Meta (Carl Zeiss, Germany)
laser scanning microscope with a 20x objective. Excitation was per-
formed using an argon laser (488 nm).
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