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Abstract

The process of self-assembly of the triple-helical peptide (Pro-Hyp-Gly)10 into higher order structure
resembles the nucleation-growth mechanism of collagen fibril formation in many features, but the irregular
morphology of the self-assembled peptide contrasts with the ordered fibers and networks formed by
collagen in vivo. The amino acid sequence in the central region of the (Pro-Hyp-Gly)10 peptide was
varied and found to affect the kinetics of self-assembly and nature of the higher order structure formed.
Single amino acid changes in the central triplet produced irregular higher order structures similar to
(Pro-Hyp-Gly)10, but the rate of self-association was markedly delayed by a single change in one Pro to Ala
or Leu. The introduction of a Hyp-rich hydrophobic sequence from type IV collagen resulted in a
more regular suprastructure of extended fibers that sometimes showed supercoiling and branching
features similar to those seen for type IV collagen in the basement membrane network. Several peptides,
where central Pro-Hyp sequences were replaced by charged residues or a nine-residue hydrophobic
region from type III collagen, lost the ability to self-associate under standard conditions. The inability to
self-assemble likely results from loss of imino acids, and lack of an appropriate distribution of hydrophobic/
electrostatic residues. The effect of replacement of a single Gly residue was also examined, as a model
for collagen diseases such as osteogenesis imperfecta and Alport syndrome. Unexpectedly, the Gly to
Ala replacement interfered with self-assembly of (Pro-Hyp-Gly)10, while the peptide with a Gly to Ser
substitution self-associated to form a fibrillar structure.
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Collagen molecules self-assemble into higher order
structures that provide mechanical support to the extra-
cellular matrix and mediate cell attachment and other

biological processes. The most abundant collagens, e.g.,
type I collagen, are found in fibrils with a periodicity
of D ¼ 670 Å, which arises from the axial staggering of
adjacent molecules and is related to the distribution of
charged and hydrophobic residues (Hulmes et al. 1973;
Hofmann et al. 1980). In addition to fibril forming
collagens, there are more than 20 types of nonfibrillar
collagens which form distinctive higher order structures
required for their specific role in the extracellular matrix
(Kielty and Grant 2002; Myllyharju and Kivirikko 2004).
For example, type IV collagen forms network-like struc-
tures in basement membranes, involving interactions of
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C-terminal globular domains as well as supercoiling and
branching of triple-helical regions (Yurchenco and Ruben
1987, 1988; Yurchenco and Schittny 1990). Supramolec-
ular organizations of other nonfibrillar collagens include
hexagonal networks of type VIII collagen in the sub-
endothelial layers, antiparallel arrays of type VII collagen
in anchoring fibrils attached to the basal lamina of the
skin, and microfibrils of type VI collagen in all con-
nective tissues (Engel et al. 1985; Burgeson 1993; Kielty
and Grant 2002; Baldock et al. 2003; Myllyharju and
Kivirikko 2004; Stephan et al. 2004). The general
principles that allow collagen molecules to form diverse
supramolecular structures are not well understood.

Underlying the diversity of supramolecular structures,
all collagens are defined by the presence of a triple-helix
domain. The molecular conformation of the collagen
triple helix consists of three polyproline II-like chains
supercoiled around a common axis (Ramachandran and
Kartha 1955; Rich and Crick 1961). Each polypeptide
chain has a unique repeating (Gly-X1-X2)n sequence,
reflecting the requirement for Gly as every third residue
to allow close packing and hydrogen bonding between the
three chains. A high content of the imino acids Pro and
Hyp stabilizes the triple helix by promoting a polyproline
II-like conformation in individual chains, while the
posttranslationally modified Hyp introduces additional
stability through stereo-electronic effects and participa-
tion in a hydration network (Bella et al. 1994; Jenkins and
Raines 2002). The indentities of the residues in the X1 and
X2 positions appear to promote sequence-dependent varia-
tions in local stability or conformation along the triple helix
(Kramer et al. 2001; Persikov et al. 2005). Features of the
basic triple-helix structure as well as sequence-dependent
interactions involving side chains are likely to determine
the self-assembly process and the molecular organization
of higher order structures.

The process of self-assembly of type I collagen into
D-periodic fibrils has been extensively studied (Kadler
et al. 1987, 1988; Prockop and Fertala 1998). Fibril for-
mation can occur in vitro, and it follows a nucleation–
propagation mechanism that increases with temperature.
The process is fastest at temperatures just below the Tm

value of collagen, leading to the suggestion that micro-
unfolding at temperatures close to the melting temper-
ature plays an important role (Kadler et al. 1988; Leikina
et al. 2002). Direct measurements of the forces respon-
sible for fibril stability indicate that hydration is a major
driving force of collagen self-assembly (Leikin et al.
1995, 1997). In vitro reconstitution of basement mem-
brane-like networks from type IV collagen (Yurchenco
and Ruben 1988), hexagonal networks from type VIII
collagen (Stephan et al. 2004), and anchoring fibrils from
type VII collagen (Chen et al. 2001) have been observed,
but these processes, kinetics, and macromolecular organ-

ization are much less defined than the formation of D-
periodic fibrils.

Collagen-like peptides with Gly as every third residue
and a high content of imino acids form stable triple
helices, and have proved amenable to systematic stability
studies, X-ray crystallography, and NMR characterization
(Baum and Brodsky 1999; Li et al. 2007). A recent report
from this laboratory showed that the triple-helical peptide
(Pro-Hyp-Gly)10 (abbreviated as [POG]10) assembles into
higher order structures in a process that resembles that of
collagen fibril formation (Kar et al. 2006). Self-assembly
of (POG)10 follows nucleation-growth kinetics, with lag,
growth, and plateau phases, and the rate of association
increases with temperature, being fastest at temperatures
close to the Tm of the peptide. The similarities between
the self-association of collagen and this simple peptide
were striking, including the effect of pH, sugars, temper-
ature, and concentration. However, the morphology of the
higher order structure generated from (POG)10 shows an
irregular aggregated structure, indicating a lack of spec-
ificity in self-association compared with the highly
ordered D-periodic fibrils of collagen.

Here, studies on the self-association of peptides are
extended to better clarify sequence dependence and spec-
ificity. Some residue changes in (POG)10 resulted in no
self-association. Several single amino acid substitutions
introduced into the (POG)10 peptide are found to affect
the kinetics but not the final morphology of the associated
structure. One sequence change, involving the introduc-
tion of a hydrophobic Hyp-rich sequence from type IV
collagen, dramatically affected the morphology but not
the kinetics of higher order structure formation. The
peptide with the type IV sequence formed a fibrous
structure of regular diameter, with supercoiling of the
fibers leading to branching in some cases. These results
suggest that small changes in amino acid sequence can
direct the kinetics and affect the morphology of the self-
assembled structure.

Results

Ability of triple helices to self-associate

The inherent ability of triple-helical peptides to self-
associate was investigated. Previous results showed that
incubation of the triple-helical peptide (POG)10 at 7 mg/
mL resulted in self-association and precipitation within
20 min, with the rate of association increasing with higher
temperature (Kar et al. 2006). It was also shown that (Pro-
Pro-Gly)10 did not undergo any aggregation even after in-
cubation for 1 wk at high concentrations (up to 14 mg/mL)
at 1°C–4°C below its Tm. Here, the potential of triple-helical
peptides to undergo self-assembly is extended to four
peptides homologous to (POG)10 that were previously found
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to form stable triple helices (Table 1). Each peptide chain
contains 10 tripeptide units, with 3–4 (Pro-Hyp-Gly) triplets
on the C terminus and 3–4 (Pro-Hyp-Gly) tripeptides on
the N terminus. The central amino acid sequences of these
peptides contain charged residues (GPKGEK, GQKGEK,
GPKGEKGEO) or a hydrophobic, imino acid poor se-
quence near the collagen cleavage site of type III collagen
(GITGARGLA; peptide T3–785); these peptides had a C-
terminal Tyr to allow concentration determination. Each
peptide was incubated at a concentration of 7 mg/mL at
temperatures 2°C–5°C below their Tm and monitored by the
absorbance at 313 nm to detect turbidity indicating aggre-
gation. None of these four triple-helical peptides showed
any indication of thermally induced self-assembly under
these conditions (Table 1).

In light of the inability of the above four peptides
to self-associate, a more systematic stepwise approach
was undertaken to vary sequences in (POG)10 to design
other self-associating triple-helical peptides. A peptide
was synthesized, where one Hyp residue in (POG)10 was
replaced by Ala (peptide O14A), and peptides were
designed to replace one Pro residue in (POG)10 by an
Ala residue (peptide P13A) or by a Leu residue, peptide
P13L (Table 2).

Circular dichroism spectroscopy studies show peptide
O14A forms a stable triple helix with Tm ¼ 52°C, a value
somewhat lower than (POG)10 (Tm ¼ 59°C) as expected
for the replacement of a Hyp by an Ala residue. An in-
crease in turbidity is observed as a function of incubation
time at 52°C, with a lag, growth, and plateau phase,
indicating a nucleation-growth self-assembly process. As
seen for (POG)10, the rate of self-assembly for peptide
O14A accelerates with increasing temperature and the
maximum rate is observed near its Tm ¼ 52°C (see Fig.
2A). At the optimum temperature, the kinetics are similar

to that observed for (POG)10, with a slightly longer lag
phase (;10 min longer) (Fig. 1B). The rates of self-
assembly for peptide O14A obtained at different temper-
atures fit a linear Arrhenius plot (see Supplemental
material) with an activation energy Ea ¼ 158 6 8 kJ/
mol, a value higher than the Ea observed for (POG)10

(137 6 10 kJ.mol�1). Differential scanning calorimetry at
a heating rate of 1°C/min shows two distinct transitions:
a large one at 59°C, and a small one at 75°C (Fig. 1C).
The first transition at 59°C represents the melting of triple
helices, and appears at a higher temperature than the CD
Tm value because of the higher DSC heating rate under
nonequilibrium conditions (Persikov et al. 2004b). Con-
sistent with the previous analysis of (POG)10 (Kar et al.
2006), the second DSC transition at 75°C coincides with a
loss of turbidity, and is therefore likely to represent the
melting of aggregated structures of O14A formed during
heating. The ;25°C difference between the molecular
unfolding and the aggregate melting is similar for pep-
tides O14A and (POG)10. The critical concentration of
polymerization was somewhat higher for peptide O14A
than seen for (POG)10 (Table 2).

CD studies indicate peptides P13A and P13L form
stable triple-helical structures with a somewhat lower
stability than (POG)10 (Tm ¼ 59°C for [POG]10; Tm ¼
52.5°C for P13A; Tm ¼ 50.3°C for P13L), as predicted for
the replacement of a Pro by and Ala or Leu residue. After
incubation of peptides P13A and P13L at 50°C and 51°C,
respectively, no increase in turbidity was observed ini-
tially (Fig. 1B), but a gradual increase was seen after
about 12 h. Self-association of both peptides included a very
long lag phase (;12 h) followed by a growth and plateau
phase (Supplemental material). Increasing the concentration
of P13L from 7 mg/mL to ;16 mg/mL resulted in faster
kinetics of the process of self-assembly, decreasing the lag

Table 1. List of collagen peptides that do not undergo self-assembly at 7 mg/mL in PBS at pH 7 and temperatures just
below their Tm value, with their sequence and thermal stability (Tm)

Peptide name Sequence Tm (°C)a

Incubation temperature
(°C) for examining

aggregation

PKGEKG POGPOGPOGPOGPKGEKGPOGPOGPOGPOGYb 41.8 41.0

QKGEKG POGPOGPOGPOGQKGEKGPOGPOGPOGPOGY 36.4 35.0

KGEKGE POGPOGPOGPOGPKGEKGEOGPOGPOGPOGY 43.5 42.0

T3–785 POGPOGPOGITGARGLAGPOGPOGPOGPOGY 26.8c 25.0

(PPG)10 PPGPPGPPGPPGPPGPPGPPGPPGPPGPPGd 28.0e 28.0

Gly ! Ala GPOGPOGPOGPOGPOAPOGPOGPOGPOGPOGY 26.5 25.0

Amino acid residues between the Pro-Hyp-Gly (POG) caps are represented as bold letters.
a The Tm values reported here were obtained from overnight melting experiments using CD at sample concentration of 1 mg/mL in PBS
buffer at pH 7 and conditions described in Persikov et al. (2004b).
b No aggregation was seen even at 20 mg/mL in PBS buffer at pH 7 incubating at 40°C for 1 wk.
c The value is obtained from the overnight melting experiments at a concentration of 7 mg/mL in PBS buffer at pH 7 using CD.
d No aggregation was seen at a higher concentration of 14 mg/mL in PBS buffer at pH 7, after 1 wk at 28°C.
e Persikov et al. 2004b.
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time from 12 h to 1.5 h (Fig. 1B, inset). Thus, substitution of
one Pro residue by either Ala or Leu significantly decreases
the rate of self-assembly compared with (POG)10 and
O14A, with the main effect appearing to be a delay of the
nucleation process in the lag phase. A DSC scan of the
peptide P13L (7 mg/mL) at a heating rate of 1°C/min shows
only one transition representing the melting of triple helix
at 58°C. The very slow kinetics for P13L self-association
means that aggregation would not occur at the DSC heating
rate, so a second higher transition is not observed. The
critical concentration of polymerization for peptide P13A
was twice as high as that seen for (POG)10, suggesting
the replacement of one Pro led to a decreased tendency for
aggregation.

Electron microscopy studies were carried out on rotary
shadowed specimens to visualize the higher order structures
formed. Both peptides O14A and P13L show a branched
irregular morphology very similar to the aggregated struc-
tures of (POG)10 (Fig. 2). Thus, modification of (POG)10 by
changing single residues in the X1 or X2 position did not
affect the nature of the higher order structures formed.

Self-association of the triple-helical peptides with a type
IV collagen sequence

To extend these studies, self-association was investigated
for a triple-helical peptide containing a hydrophobic,
Hyp-rich sequence from type IV collagen. A typical
Hyp-rich sequence in the a5 chain of human type IV
collagen (residue 491–499) (GPOGQOGLOGLOGPO)
was embedded in Gly-Pro-Hyp flanking sequences to form
peptide T4a5–491 (Table 2). CD studies indicate that pep-
tide T4a5–491 forms a stable triple helix (Tm ¼ 41.3°C),
and this stability is close to the one predicted from the effect

of replacing three Pro residues by Gln and two Leu residues
(Persikov et al. 2005). Monitoring the turbidity of this
peptide at 40°C indicates little initial change, but shows a
growth and plateau phase after ;24 h, suggesting a sub-
stantial delay in the lag phase (Fig. 3A, inset).

In order to more accurately measure concentration, a Tyr
was added to the C terminus of peptide T4a5–491 to
generate the sequence POGPOGPOGQOGLOGLOGPOG
POGPOGPOGY, which is denoted as peptide T4a5–491Y
(see Table 2). A peptide was also constructed in a modified
format with Gly at the N terminus and a Tyr at the C
terminus: GPOGPOGPOGQOGLOGLOGPOGPOGPOGP
OGY, denoted as peptide T4a5–491Y9. CD studies indicate
both peptides with Tyr form stable triple-helix structures
(Tm ¼ 44.5°C for T4a5–491Y9, Tm ¼ 41°C for T4a5–
491Y). Turbidity studies show that both Tyr-containing pep-
tides exhibit strong temperature-dependent self-assembly
with much faster kinetics than seen for T4a5–491 without
the Tyr residue (Fig. 3A). Precipitation occurs within an
hour of incubation, generating a typical turbidity curve with
a lag phase, growth phase, and plateau phase similar to that
of (POG)10. The rate of self-assembly is greatly enhanced
with increasing temperature, with an optimum near its Tm.
Association of peptide T4a5–491Y9 occurs at any temper-
ature above a critical temperature of 30°C at 7 mg/mL in
PBS, and the maximal rate of assembly is at 44°C (Tm ¼
44.5°C). The rates obtained from temperature-dependent
turbidity curves were used to calculate activation energy
from the Arrhenius plot, Ea ¼ 148 (610) kJ.mol�1 (see
Supplemental material). The values of critical concentration
for these T4 peptides were similar to those seen for (POG)10

(Table 2).
Thermal unfolding of T4a5–491Y9 by DSC (heating

at 1°C/min) under aggregating conditions shows two

Table 2. List of collagen peptides that show self-assembly at 7 mg/mL in PBS buffer at pH 7 with their sequences, melting temperatures
(Tm), and self-association time at its optimal incubation temperature

Peptide name Sequence
Tm

(°C)a
Self-association timeb

(incubation temp)
Ea

(kJ.mol�1)
Critical

concentrationc

(POG)10 POGPOGPOGPOGPOGPOGPOGPOGPOGPOG 59.0 20 min (58°C) 137 6 10 3mg/mL

O14A POGPOGPOGPOGPAGPOGPOGPOGPOGPOG 52.2 60 min (51°C) 158 6 8 4.2mg/mL

P13L POGPOGPOGPOGLOGPOGPOGPOGPOGPOG 50.3 12 h (50°C) ND ND

P13A POGPOGPOGPOGAOGPOGPOGPOGPOGPOG 52.0 10 h (51°C) ND 6.4 mg/mL

Gly ! Ser POGPOGPOGPOGPOSPOGPOGPOGPOGPOGY 26.0 16 h (25°C) ND ND

T4A5491 POGPOGPOGQOGLOGLOGPOGPOGPOGPOG 41.3 24 h (40°C) ND ND

T4A5491Y POGPOGPOGQOGLOGLOGPOGPOGPOGPOGY 41.0 30 min (40°C) ND 3.5mg/mL

T4A5491Y9 GPOGPOGPOGQOGLOGLOGPOGPOGPOGPOGY 44.5 20 min (44°C) 148 6 10 3.4mg/mL

Activation energies and the critical concentration of polymerization are given for selected peptides. Bold letters represent amino acids that differ from the
repeating terminal Pro-Hyp-Gly (POG) sequences.
a The Tm reported here were obtained from overnight melting experiments using CD at sample concentration of 1 mg/mL in PBS buffer at pH 7 (Persikov
et al. 2004b).
b Time taken to reach the plateau phase at the optimal incubation temperature which is just below the Tm value.
c Critical concentration was determined using CD spectroscopy to analyze the concentration of the supernatant of the aggregated samples after the plateau
phase is reached.
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distinct peaks (Fig. 3C). The large first transition at
49°C corresponds to triple-helix melting. The second
small transition at 87°C corresponds to a loss of turbidity
and is likely to reflect dissociation of aggregated struc-
tures formed during the DSC scan. The 38°C difference
between the triple helix unfolding and the aggregate dis-
sociation is greater than that seen for the other peptides,
suggesting there may be additional interactions stabiliz-
ing the higher order structure.

Electron microscopy of rotary shadowed specimens of
T4a5–491 peptides after self-association shows morphol-
ogy very different from the higher order structures

obtained for the peptides (POG)10, P13L, and O14A
(Fig. 4A). Two of the T4a5–491 peptides showed regular,
linear fibers with a diameter ;20 nm. The third peptide
T4a5–491Y9 showed fibers of similar diameter, that were
sometimes supercoiled around each other, producing a
branching appearance (Fig. 4C). Compared to the irregular
worm-like associated structures of (POG)10, P13L, and
O14A, the self-assembled structures of T4a5–491Y9 appear
to be regular, with a longer linear coherence length.

Effect of replacement of one Gly residue
on peptide self-association

The replacement of one Gly by Ala in (POG)10, changes
this peptide from a self-associating triple helix to a
nonassociating triple helix (c ¼ 7 mg/mL, at 30°C).
However, the substitution of one Gly in (POG)10 by Ser
did allow self-association. The self-association took more

Figure 1. (A) The temperature dependence of the self-assembly process

for peptide O14A (7 mg/mL, PBS, pH ¼ 7) monitored by turbidity

measurements (absorbance at 313 nm). (B) Turbidity curves showing

temperature induced self-assembly of collagen peptides (7 mg/mL, PBS,

pH ¼ 7): (1) (POG)10 at 58°C, (2) O14A at 52°C, (3) P13L at 51°C

(dashed line), and (4) P13A at 51°C. The inset shows turbidity (absorbance

at 313 nm) measured as a function of time at 51°C for the peptide P13L at

a higher concentration of ;16 mg/mL. (C) DSC profile of the thermal

unfolding of (POG)10 (s), O14A (j), and P13L (n).

Figure 2. Electron micrographs of the self-assembled structures formed

by the collagen peptides: (A) (Pro-Hyp-Gly)10, (B) O14A, and (C) P13L.

Each peptide (7 mg/mL, PBS, pH 7) was incubated at its optimum

temperature for aggregation. The sample was collected after the onset of

the plateau phase for microscopy.
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than 12 h, placing it in the category of slower associating
peptides. The Gly-Ser peptide (7 mg/mL) incubated at
25°C in PBS at pH 7 resulted in a less turbid solution than
seen for other aggregating peptides, with absorbance
increasing from 0.001 to 0.23 after ;16 h. Fiber-like
structures were formed, with uniform diameter. These
appear more rigid than the (POG)10 structure, but have
some indication of flexibility (Fig. 5).

Discussion

It was previously reported that the triple-helix peptide
(POG)10 undergoes a thermally induced self-assembly

process following a nucleation–propagation mechanism
similar to collagen (Kar et al. 2006), but the higher order
structure formed lacks the extended linear nature and
order seen in type I collagen fibers or type IV collagen
networks. This simple repeating peptide appears to con-
tain intrinsic information essential for triple-helical mol-
ecules to self-associate, but to lack critical interactions
needed for the specific intermolecular packing found in
in vivo supramolecular structures. We hypothesize that
self-association of the (POG)10 peptide involves the non-
specific interactions that promote lateral self-assembly
of triple-helical collagen molecules. Experimental data
suggest this nonspecific driving force for collagen
fibrillogenesis is dominated by hydrogen bonded hydra-
tion networks bridging adjacent molecules (Leikin et al.
1995, 1997; Kuznetsova et al. 1997).

The packing of collagen model peptides within crystals
provides some insight into the interactions between
collagen triple helices, since the crystal packing often
shows intermolecular distance and quasi-hexagonal pack-
ing reminiscent of the organization of collagen molecules
in native fibrils in rat tail tendon, skin, and other tissues
(Bella et al. 1994). Most intermolecular interactions
between adjacent triple-helix molecules in peptide crystal
structures are water mediated, while direct contacts are
seen between Hyp residues and between charge side
chains and backbone C¼O groups (Kramer et al. 2000;
Vitagliano et al. 2001). In contrast to simple repeating
peptides, it is likely that hydrophobic, electrostatic, and

Figure 3. (A) Turbidity curves showing self-assembly (7 mg/mL, PBS,

pH ¼ 7) of a set of triple-helical peptides with a type IV sequence,

differing only in their terminal residues: (1) T4a5–491Y at T ¼ 40°C, (2)

T4a5–491Y9 at T ¼ 44°C, (3) T4a5–491 at T ¼ 40°C. Inset is the turbidity

curve for the peptide T4a5–491, showing the slower kinetics of self-

assembly with a timescale of hours. (B) Turbidity curves showing the

temperature dependence of self-assembly for peptide T4a5–491Y (7 mg/

mL, PBS, pH ¼ 7). (C) DSC profiles of thermal unfolding of peptide

T4a5–491Y9 showing two distinct transitions.

Figure 4. Electron micrograph of the self-assembled structures formed by

the set of collagen peptides with a type IV sequence. (A) T4a5–491, (B)

T4a5–491Y, and (C) T4a5–491Y9. A magnified view of a portion of C is

shown in D, with small arrows indicating the branching and supercoiled

nature of the structure.
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hydrogen bonding interactions specify the axial relation-
ships between collagen molecules which lead to well-
defined supramolecular assemblies such as periodic
fibrils or networks (Hulmes et al. 1973; Hofmann et al.
1980; Leikin et al. 1995).

Amino acid sequences of the triple-helix peptides were
varied to clarify the nonspecific driving force for self-
assembly and to investigate the consequences of intro-
ducing hydrophobic and charged residues. Monitoring the
ability of the peptides reported here to self-associate by
turbidity indicate three types of triple-helical peptides:
those which self-assemble rapidly at 7 mg/mL (lag phase
of <60 min), those which self-associate slowly (lag phase
;12–24 h), and those which do not self-associate even
after 1 wk of incubation. Rapid self-association may
depend on having Pro residues in the X1 positions, since
replacement of GPO triplets by GAO, GLO, or GQOG
LOGLO led to slow association, while the replacement of
one Hyp in the X2 position by Ala (GPA) still led to rapid
kinetics. Unlike collagen, the activation energy for
aggregation (Ea ; 137 kJ/mol) of the peptide (POG)10

is of a similar magnitude to its unfolding activation
energy (Ea ; 135 kJ/mol), raising the possibility of a
major conformational change upon self-association of the
peptide. The values for the critical concentration of
polymerization were much higher for peptides than seen
for collagen (Kadler et al. 1988), and some sequence-
dependent variations were observed.

For the GQOGLOGLO peptides, the presence of Tyr at
the C-terminal of these type IV model peptides greatly
accelerated the nucleation process, changing them from a
slow to a fast self-association category. However, if a
peptide does not have the intrinsic potential to self-
associate, the presence of Tyr did not confer this ability
(Table 1). A recent publication reports fibril formation by
the peptide (POG)10 with a pentafluorophenylalanine on

the N terminus and a Phe on the C terminus, with the
suggestion that the terminal aromatic residues play a role
in formation of the supramolecular structure (Cejas et al.
2007). The effect of terminal aromatic residues on triple-
helix self-assembly could be related to the catalytic effect
of non-helical terminal telopeptides of type I collagen on
the kinetics of collagen fibril formation (Prockop and
Fertala 1998; Kuznetsova and Leikin 1999).

The morphology of the aggregated structures formed
by (POG)10, O14A, and P13L had an irregular appear-
ance, giving the appearance of some underlying elongated
structure which coils back on itself. A number of recent
reports on the self-association of collagen model peptides
with repeating Gly-Pro-Hyp sequences (Kishimoto et al.
2005; Kotch and Raines 2006) showed similar morphol-
ogy. A vertical polymer-like disorder is seen in the crystal
structure of (POG)10, due to the repetition of Pro-
Hyp-Gly units in the sequence (Nagarajan et al. 1999;
Berisio et al. 2000), and it may be that the same lack of
sequence discrimination leads to the irregular morphol-
ogy in these non-crystalline aggregated structures.

In contrast to (POG)10, O14A, and P13L, the T4a5–491
peptides with the sequence GPOGQOGLOGLOGPO gen-
erate more regular fibril structures of uniform diameter,
which appear extended and less flexible. In some cases,
two of these fibers supercoil around each other, in a
manner reminiscent of that seen for type IV collagen
basement membrane networks (Yurchenco and Ruben
1988), generating branching in the peptide supramolecu-
lar structures (Fig. 4C,D). Type IV collagen contains long
stretches of sequences with Hyp in every third position,
where the most frequent tripeptide sequences are Gly-
Pro-Hyp (10%) and Gly-Leu-Hyp (9%). The single
crystal structure for a triple-helical peptide containing a
Gly-Leu-Hyp-Gly-Leu-Hyp sequence was reported re-
cently (Okuyama et al. 2007). Hydrophobic interactions
are seen between adjacent triple helices near the Leu sites
and no polymer-type disorder is present. Similar hydro-
phobic interactions generated by the Gly-Leu-Hyp-
Gly-Leu-Hyp sequences in the T4a5–491 peptides could
specify axial relationships between collagen molecules
and lead to well-defined supramolecular assemblies. A
staggered arrangement of parallel or antiparallel triple-
helical molecules must be proposed in order to promote
elongation of the fibrillar structures formed from the
peptides, and some interaction must limit the fibril
diameter. The peptide results suggest the frequent Gly-
Leu-Hyp sequences in type IV collagen could play a role
in its network structure and could relate to the observed
supercoiling and branching. This hypothesis is consistent
with the computational analysis of Knupp and Squire
(2001) who suggested the distribution of hydrophobic
residues on the surface of the type VI collagen triple helix
is responsible for the supercoiling of these molecules.

Figure 5. Electron micrograph of the self-assembled structure formed by

the peptide (POG)10 with one Gly replaced by Ser. The peptide (7 mg/mL,

PBS, pH ¼ 7) undergoes aggregation resulting in a slightly turbid solution

when incubated at 25°C for 1 d.
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A recent publication by Rele et al. (2007) shows the
ability of a triple-helix peptide with positively charged
residues at the N-terminal end, and negatively charged
residues on the C-terminal end, flanking central Gly-Pro-
Hyp sequences, to self-associate to form periodic fibers,
resembling banded collagen fibrils. It appears that hydro-
phobic and electrostatic interactions may independently
or together have the ability to promote specific supra-
molecular structures in peptides. Although the results
reported here and in the study by Rele et al. (2007) show
that hydrophobic and electrostatic interactions can gen-
erate more specific self-association of triple-helical mol-
ecules to higher order structures, it was observed that
several peptides with a hydrophobic sequence from type
III collagen or short stretches of charged residues did not
undergo self-assembly (Table 1). These results indicate
the importance of the distribution of the charged residues
and/or hydrophobic residues and suggest the need for
multiple reinforcing interactions to attain higher order
assembly.

The effect of replacing one Gly by Ser and Ala in the
repeating (Gly-X1-X2)n sequence on self-association was
also studied here, to model the Gly mutations seen in
collagen diseases, such as osteogenesis imperfecta (OI)
(Byers and Cole 2002; Marini et al. 2007). Gly-Ser
mutations are the most frequent missense mutations
observed in OI, in contrast with Gly-Ala mutations,
which are underrepresented (Persikov et al. 2004a; Marini
et al. 2007). Despite the similar effects that Ala and Ser
substitutions have on triple-helix stability and hydrogen
bonding within triple-helical peptides (Beck et al.
2000; Bhate et al. 2002), the replacement of one Gly
residue in (POG)10 by Ala prevents self-assembly, while
the replacement of one Gly by Ser allows self-association
and the formation of fibrillar structures. The ability of Ser
to form additional hydrogen bonds through its side chain
may play a role in the self-association of the Gly-Ser pep-
tide, and could have implications for the participation of
OI collagens with Gly-Ser mutations in fibril formation.

The observations reported here suggest there may be wide
variations in the potential for different sequences along a
collagen chain to promote higher order structure and/or
specific supramolecular structures. An increased under-
standing of the relation between collagen sequence and its
ability to self-associate is key for understanding normal and
pathological self-association of collagens and will be im-
portant for the design of collagen based biomaterials.

Material and Methods

Peptides

The peptides (Pro-Hyp-Gly)10, and (Pro-Pro-Gly)10 were
obtained from Peptides International. The collagen model

peptides (see Tables 1 and 2) denoted as PKGEKG, QKGEKG,
KGEKGE, Gly! Ala, T3–785, O14A, P13L, P13A, T4a5–491,
T4a5–491Y, and T4a5–491Y9 were synthesized by Tufts Uni-
versity Core facility (Boston, Massachusetts). The peptide Gly !
Ser was obtained from Alta Biosciences. The peptides were
purified on a C-18 column using a reverse-phase HPLC system
(Shimadzu) and the purity was ensured by mass spectrometry
using MALDI-TOF (DE-PRO mass spectrometer). Concentrations
of the peptide solutions were measured by monitoring the
absorbance at 214 nm using the e214 ¼ 2200 cm�1�M�1 per
peptide bond. For peptides having Tyr residues, peptide concen-
tration was determined using an extinction coefficient of e280 nm
¼ 13,980 M �1cm1 (Gill and von Hippel 1989). Buffers used
included 20 mM PBS buffer (10 mM NaH2PO4, 10 mM Na2HPO4,
and 150 mM NaCl) for pH 7; acetate buffer (20 mM with 150 mM
NaCl) for pH 3.0.

Turbidity measurement

Turbidity curves monitoring the process of self-assembly were
obtained using the optical density at 313 nm as a function of
time on a Beckman DU 640 spectrophotometer with a Peltier
temperature controller. A peptide solution of 600 mL was kept in
a 2-mm cell sealed to avoid evaporation and then subjected to
the desired constant temperature. The activation energy for the
self-assembly process was calculated following the previously
reported method using the Arrhenius equation, k ¼ A � e�Ea/RT

(Kar et al. 2006). The turbidity curves obtained at different
temperatures were used to obtain the value of the rate constant,
k, from the slope, dA313/dt, of the linear growth phase of the
turbidity curves. The plot of ln(dA313/dt) versus 103 � 1/T (K�1)
resulted in a linear Arrhenius plot for the studied peptides, and
its slope was used in the calculation of activation energy.

Circular dichroism spectroscopy

Circular dichroism (CD) measurements were carried out using
an Aviv Model 62DS spectrophotometer (Aviv Biomedical,
Inc.). Prior to CD measurements each sample was incubated at
4°C for 2–3 d to allow the formation of triple helix. The
characteristic triple-helix CD maximum at 225 nm was used
to monitor thermal transitions, refolding curves, reversibility of
the process of aggregation, and measurements of critical con-
centration. For determining the critical concentration, peptide
samples at the end of the plateau phase of aggregation were
centrifuged and the supernatant analyzed by the mean residue
ellipticity at 225 nm in the CD spectrum to determine the
percentage of the peptide remaining in solution. Following
centrifugation, each supernatant was incubated at 4°C for 2 d
to allow complete formation of the native triple helix of all
peptides in solution prior to the CD measurement.

Rotary shadowing and electron microscopy

Electron microscopy was carried out on rotary shadowed
samples of the peptides to visualize the morphology of the
self-assembled higher order structures formed. A small aliquot
of the sample was placed on a 400-mesh copper grid following
the method as described earlier (Kar et al. 2006). Samples were
rotary shadow cast with tungsten using a JEOL (JEE-400)
vacuum evaporator and examined by transmission electron
microscopy (Phillips 420 TEM). Micrographs were taken at a
magnification ranging from 40,0003 to 80,0003.
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Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were
performed on a Nano-DSC II, Model 6100 scanning calorimeter
from Calorimetry Sciences Corp. All DSC profiles were
obtained at a scan rate of 1°C/min and each curve was baseline
subtracted before the data analysis. Prior to all measurements,
peptide solutions were dialyzed. DHcal was obtained by inte-
grating the excess heat capacity curve.

Electronic supplemental material

Arrhenius plots for peptides and the turbidity curve for the
slower self-association process for peptide P13L are available.
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