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Collagen is a ubiquitous biomaterial that forms the support-
ing structures in skin, bone, tendons, cartilage, and blood
vessels. Numerous types of collagen have been identified, and
the tertiary structure of each shares the common structural
motif of the collagen triple helix (CTH).[1] The CTH motif is
composed of three chains, each of which adopts a left-handed
type-II polyproline helix, that come together to form a right-
handed superhelix.[2] Repeating units of GlyXaaYaa are
common within the different types of collagen, and a
tendency for X to be proline and Y to be hydroxyproline
(Hyp, O) has been observed.[3] Minimal peptide sequences
based on this idealized sequence have provided a wealth of
information concerning the structural and sequence require-
ments for triple-helix stability.[4] The ability to control triple-
helix formation fundamentally would be useful for a range of
collagen-based biomaterial applications, such as tissue engi-
neering and drug delivery.[5] Herein we disclose modifications
to collagen peptides that lead to the formation of triple helices
on demand through environmental control.

Our plan for the design of a pH-responsive CTH was to
include carboxylate moieties along the collagen peptide.[6]

Under neutral conditions, interstrand electrostatic repulsion
would disfavor triple-helix formation. However, when the
carboxylate groups are protonated under acidic conditions, a
stable triple helix should form, as long as steric repulsion from
the appended groups is not a factor. This design is comple-
mentary to the use of electrostatic interactions to promote the
stabilization of CTHs.[7] As we wished to minimize alteration
to the (POG)n helical structure, our design strategy was to
incorporate a carboxylate functionality within the Hyp
residue by O-alkylation[8] (to give a PE residue; Figure 1).
Molecular modeling of a CTH with the inclusion of PE

suggested that this nonnatural amino acid should be accom-
modated well with minimal interstrand steric interactions
(Figure 1a).

Five peptides, therefore, formed the basis of this study:
two control peptides containing seven repeating units of POG
or PEG (POG-7 and PEG-7, respectively), two host–guest
peptides containing one or three central PPEG units (PPEG-1
and PPEG-3, respectively), and PPEG-7, which contains seven
repeating units of PPEG (Figure 1b). The host–guest peptide

PPEG-1 would enable us to evaluate the destabilizing effect of
a single PE residue per strand on a CTH by comparison with
the results of previous host–guest studies.[4c,d] We envisioned
that the inclusion of increasing numbers of PE residues in
place of Hyp residues, as in PPEG-3 and PPEG-7, would
enable us to determine the degree of modification necessary
for environmental control.

A protected version of PE, Fmoc-PE(tBu)-OH, was
synthesized from N-(carbobenzyloxy)hydroxyproline
(Scheme 1). After benzyl protection of the carboxylic acid
to yield 2, a DMAP-promoted Michael addition to tert-butyl
propiolate gave compound 3. The treatment of 3 with
hydrogen over Pd/C led to the removal of the Cbz and

Figure 1. a) Model of PPEG-1 showing the incorporation of a single
carboxy-modified (pink) hydroxyproline residue, PE, into each strand of
a collagen triple helix. b) Structures of the peptides used in this study.

Scheme 1. Synthesis of the protected nonnatural amino acid: a) BnBr,
Cs2CO3, DMF; b) tert-butyl propiolate, DMAP, CH2Cl2; c) H2, Pd/C,
MeOH; d) Fmoc-Cl, Na2CO3, water/dioxane. Bn= benzyl, Cbz =carbo-
benzyloxy, DMAP= 4-dimethylaminopyridine, DMF= N,N-
dimethylformamide, Fmoc = 9-fluorenylmethoxycarbonyl.
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benzyl protecting groups and the simultaneous reduction of
the double bond. The resulting amine, compound 4, was
treated with 9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl)
to provide the desired compound Fmoc-PE(tBu)-OH (5). The
tripeptide Fmoc-Pro-PE(tBu)-Gly-OH was synthesized on the
2-chlorotrityl resin by using standard Fmoc-based solid-phase
chemistry (see the Supporting Information). Fmoc-Pro-Hyp-
Gly-OH was synthesized as previously reported.[9] Peptides
(Figure 1b) were synthesized by coupling units of Fmoc-Pro-
PE(tBu)-Gly-OH or Fmoc-Pro-Hyp-Gly-OH on the PAL–
PEG Rink amide resin (PAL = Peptide Amide Linker,
PEG = poly(ethylene glycol)), followed by cleavage with a
TFA cocktail (TFA = trifluoroacetic acid). These peptides
were purified to homogeneity by reversed-phase HPLC and
characterized by MALDI-TOF mass spectrometry.

Circular dichroism (CD) studies were performed to
investigate the conformation of the peptides at neutral (7.2)
and acidic (2.7) pH values. For these studies, solutions of the
peptides (400 mm) were incubated at 4 8C for 24 h to enable
complete folding. At both pH values, POG-7, PPEG-1, and
PPEG-3 displayed a polyproline type-II helical profile with a
maximum positive band at 225 nm, as is typically observed for
a CTH (see the Supporting Information, Figures S3 and
S4).[10] Thermal unfolding experiments were carried out with
these peptides at both pH values (Figure 2a,b). All three
peptides displayed cooperative thermal transitions, with
Tm values of approximately 37, 35, and 31 8C for POG-7,
PPEG-1, and PPEG-3, respectively (Table 1). The Tm value for
POG-7 is consistent with previously reported values for

triple-helical peptides with a heptameric repeat.[4e] Two
results are of particular significance: First, the presence of
the nonnatural amino acid PE within PPEG-1 and PPEG-3 had
only a slight effect on CTH stability relative to that of POG-7,
with a 28 decrease in Tm observed for the incorporation of
each PE unit. Furthermore, the stability of the PPEG-1 and
PPEG-3 triple helix was not influenced by the pH value, as the
same Tm value was observed at both pH values for each
peptide. We may conclude that the nonnatural amino acid, in
either protonation state, is accommodated well by the CTH
structure. This result is interesting, as the replacement of even
a single Hyp unit with a Glu residue in a CTH peptide has
been reported to cause a significant loss in thermal stability.[4d]

We may also conclude that the incorporation of one or three
PE residues per strand does not introduce a sufficient level of
electrostatic repulsion at a neutral pH value to create a pH
switch for CTH formation.

Figure 2. a) CD thermal-transition curves for POG-7 (* pH 7.2, &

pH 2.7) and PPEG-1 (~ pH 7.2, * pH 2.7). b) CD thermal-transition
curves for PPEG-3 (* pH 7.2, * pH 2.7). c) Rate of refolding of PPEG-3
(top: pH 2.7, bottom: pH 7.2) monitored at 225 nm after a rapid
transition from 90 to 4 8C according to previously reported refolding
studies.[11]

Table 1: Thermal-transition data derived from CD for collagen peptides
as a function of pH value.

Peptide Tm [8C]
pH 2.7 pH 7.2

POG-7 37 37
PPEG-1 35 35
PPEG-3 31 31
PPEG-7 17 no CTH
PEG-7 no CTH no CTH
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It was surprising that a stable triple helix formed at the
neutral pH value even after the replacement of three of the
seven Hyp residues with PE. Therefore, we investigated the
folding characteristics of PPEG-3 further with thermal
refolding studies at both pH values. Interestingly, the rate of
refolding of PPEG-3 was found to be pH-dependent: Whereas
refolding experiments performed at pH 2.7 demonstrated
80% assembly after 100 min, only 45% refolding was
observed at a pH value of 7.2 (Figure 2c). These results
indicate that the assembly of PPEG-3 into a triple helix is pH-
dependent, even though the thermal stability at both pH val-
ues is identical.

We next evaluated the structure of PPEG-7, which
contains seven PE residues, by CD. A polyproline type-II
helical conformation was also identified for this peptide at
neutral and acidic pH values (Figure 3a). By contrast, a
control peptide, PEG-7, which contains seven Glu residues in
place of Hyp, was found by CD not to adopt a polyproline
helix, even under acidic conditions[7c] (Figure 3a). This result
confirms the importance of the more rigid PE residue in our
design. Temperature-dependent CD studies with PPEG-7
indicated significantly different thermal melting profiles over
a range of pH values (Figure 3b). At pH values of 2.7 and 4.0,
PPEG-7 (400 mm) exhibited a cooperative thermal transition,
which indicates that the peptide forms a stable triple helix at
low temperature, with Tm values of 17 and 15 8C, respectively.
This trend was also observed at lower concentrations of
PPEG-7 (100 and 200 mm) at pH 2.7 (see the Supporting
Information, Figures S5 and S6). However, a linear decrease
in ellipticity was observed at pH 5.5 and 7.2 with increasing
temperature, an effect characteristic of the unfolding of a
single polypeptide chain.[4g] These data indicate that it is
difficult to form a stable triple helix at these pH values,
presumably as a result of interhelical electrostatic repulsion
between negatively charged carboxylate groups. We may
therefore conclude that PPEG-7 does indeed form a collagen
triple-helical structure at low pH values and low temper-
atures, and that the peptide adopts a monomeric, polyproli-
ne II helical conformation at pH values of 5.5 and higher.
These data for PPEG-7 confirm the existence of a pH switch
for collagen triple-helix formation.

The introduction of certain kosmotropic salts, such as
Na2SO4, has been shown to induce the formation of a coiled-
coil structure in peptides containing a number of Glu residues
under neutral conditions.[12] We therefore evaluated the effect
of Na2SO4 on the triple-helix formation and stability of PPEG-
7. We anticipated that the addition of the kosmotrope Na2SO4

(0.75m) might enable PPEG-7 to form a stable triple helix
under neutral conditions. PPEG-7 was found by CD to
undergo a cooperative thermal transition at pH 7.2 with a
Tm value of 33 8C, which suggests the formation of a stable
CTH (Figure 3c). By comparison, the addition of NaCl up to
a concentration 0.5m had no effect on the triple-helix stability
of PPEG-7 (see the Supporting Information, Figure S7).

In conclusion, we have engineered a pH-responsive CTH
peptide. The introduction of one or three units of a non-
natural amino acid, PE, into a collagen peptide had little effect
on triple-helix stability at acidic and neutral pH values,
although differential folding rates were observed. However,

the replacement of the Hyp residues within POG-7 with PE

resulted in the designed pH control. By elongating the PPEG-
7 sequence, it may be possible to obtain collagen triple helices
on demand at higher temperatures, and we are currently

Figure 3. a) CD spectra of PPEG-7 (* pH 7.2, ^ pH 2.7) and PEG-7 (~
pH 7.2, & pH 2.7) at 400 mm and 4 8C. b) CD thermal-transition curves
for PPEG-7 at various pH values (* pH 2.7, * pH 4.0, & pH 5.5, ~

pH 7.2). c) CD thermal-transition curves for PPEG-7 in the presence
(*) and absence (*) of Na2SO4 (0.75m) at pH 7.2.
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evaluating longer sequences and alternative designs for
environmental control.

Received: May 12, 2008
Published online: September 24, 2008

.Keywords: circular dichroism · collagen peptides ·
helical structures · peptide engineering · pH switches

[1] D. J. Prockop, K. I. Kivirikko, Annu. Rev. Biochem. 1995, 64,
403 – 434.

[2] a) G. N. Ramachandran, G. K. Ambady, Curr. Sci. 1954, 23, 349 –
350; b) A. Rich, F. H. Crick, J. Mol. Biol. 1961, 3, 483 – 506; c) J.
Bella, M. Eaton, B. Brodsky, H. M. Berman, Science 1994, 266,
75 – 81.

[3] P. P. Fietzek, K. Kuhn, Mol. Cell. Biochem. 1975, 8, 141 – 157.
[4] a) S. Sakakibara, K. Inouhe, K. Shudo, Y. Kishida, Y. Kobayashi,

D. J. Prockop, Biochim. Biophys. Acta Protein Struct. 1973, 303,
198 – 202; b) M. Goodman, M. Bhumralkar, E. A. Jefferson, J.
Kwak, E. Locardi, Biopolymers 1998, 47, 127 – 142; c) A. V.
Persikov, J. A. M. Ramshaw, B. Brodsky, Biopolymers 2000, 55,
436 – 450; d) A. V. Persikov, J. A. M. Ramshaw, A. Kirkpatrick,
B. Brodsky, Biochemistry 2000, 39, 14960 – 14967; e) L. E.
Bretscher, C. L. Jenkins, K. M. Taylor, M. L. DeRider, R. T.
Raines, J. Am. Chem. Soc. 2001, 123, 777 – 778; f) C. L. Jenkins
R. T. Raines, Nat. Prod. Rep. 2002, 19, 49 – 59; g) J. A. Hodges,
R. T. Raines, J. Am. Chem. Soc. 2003, 125, 9262 – 9263; h) A. V.

Persikov, J. A. M. Ramshaw, A. Kirkpatrick, B. Brodsky, J. Am.
Chem. Soc. 2003, 125, 11500 – 11501; i) C. L. Jenkins, A. I.
McCloskey, I. A. Guzei, E. S. Eberhardt, R. T. Raines, Biopo-
lymers 2005, 80, 1 – 8; j) A. V. Persikov, J. A. M. Ramshaw, A.
Kirkpatrick, B. Brodsky, Biochemistry 2005, 44, 1414 – 1422;
k) M. D. Shoulders, J. A. Hodges, R. T. Raines, J. Am. Chem.
Soc. 2006, 128, 8112 – 8113.

[5] a) J. A. Wekmeister, J. A. M. Ramshaw, Collagen Biomaterials,
Elsevier Science, Barking, 1992 ; b) C. H. Lee, A. Singla, Y. Lee,
Int. J. Pharm. 2001, 221, 1 – 22.

[6] a) N. E. Zhou, C. M. Kay, R. S. Hodges, J. Mol. Biol. 1994, 237,
500 – 512; b) P. P. Fietzek, K. Kuhn, Mol. Cell. Biochem. 1975, 8,
141 – 157.

[7] a) M. G. Venugopal, J. A. M. Ramshaw, E. Braswell, D. Zhu, B.
Brodsky, Biochemistry 1994, 33, 7948 – 7956; b) R. Babu, K. N.
Ganesh, J. Am. Chem. Soc. 2001, 123, 2079 – 2080; c) V. Gauba,
J. D. Hartgerink, J. Am. Chem. Soc. 2007, 129, 2683 – 2690.

[8] F. W. Kotch, I. A. Guzei, R. T. Raines, J. Am. Chem. Soc. 2008,
130, 2952 – 2953.

[9] J. Ottl, H. J. Musiol, L. Moroder, J. Pept. Sci. 1999, 5, 103 – 110.
[10] E. W. Ronish, S. Krimm, Biopolymers 1974, 13, 1635 – 1651.
[11] a) F. W. Kotch, R. T. Raines, Proc. Natl. Acad. Sci. USA 2006,

103, 3028 – 3033; b) S. Boudko, S. Frank, R. A. Kammerer, J.
Stetefeld, T. Schulthess, R. Wehr, A. Lustig, H. P. B�chinger, J.
Engel, J. Mol. Biol. 2002, 317, 459 – 470.

[12] I. Jelesarov, E. D�rr, D. R. Thomas, H. R. Bosshard, Biochem-
istry 1998, 37, 7539 – 7550.

Communications

8432 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 8429 –8432

http://dx.doi.org/10.1146/annurev.bi.64.070195.002155
http://dx.doi.org/10.1146/annurev.bi.64.070195.002155
http://dx.doi.org/10.1126/science.7695699
http://dx.doi.org/10.1126/science.7695699
http://dx.doi.org/10.1007/BF01792765
http://dx.doi.org/10.1002/(SICI)1097-0282(1998)47:2%3C127::AID-BIP2%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1097-0282(2000)55:6%3C436::AID-BIP1019%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1097-0282(2000)55:6%3C436::AID-BIP1019%3E3.0.CO;2-D
http://dx.doi.org/10.1021/bi001560d
http://dx.doi.org/10.1021/ja005542v
http://dx.doi.org/10.1021/ja035881z
http://dx.doi.org/10.1021/ja036673+
http://dx.doi.org/10.1021/ja036673+
http://dx.doi.org/10.1002/bip.20164
http://dx.doi.org/10.1002/bip.20164
http://dx.doi.org/10.1021/bi048216r
http://dx.doi.org/10.1021/ja061793d
http://dx.doi.org/10.1021/ja061793d
http://dx.doi.org/10.1016/S0378-5173(01)00691-3
http://dx.doi.org/10.1006/jmbi.1994.1250
http://dx.doi.org/10.1006/jmbi.1994.1250
http://dx.doi.org/10.1007/BF01792765
http://dx.doi.org/10.1007/BF01792765
http://dx.doi.org/10.1021/bi00191a023
http://dx.doi.org/10.1021/ja002165d
http://dx.doi.org/10.1021/ja0683640
http://dx.doi.org/10.1021/ja800225k
http://dx.doi.org/10.1021/ja800225k
http://dx.doi.org/10.1002/(SICI)1099-1387(199902)5:2%3C103::AID-PSC188%3E3.0.CO;2-N
http://dx.doi.org/10.1002/bip.1974.360130810
http://dx.doi.org/10.1073/pnas.0508783103
http://dx.doi.org/10.1073/pnas.0508783103
http://dx.doi.org/10.1006/jmbi.2002.5439
http://dx.doi.org/10.1021/bi972977v
http://dx.doi.org/10.1021/bi972977v
http://www.angewandte.org

