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ABSTRACT: The collagen model peptide T1-892 includes a C-terminal nucleation domain, (Gly-Pro-
Hyp)4, and an N-terminal (Gly-X-Y)6 sequence taken from type I collagen. In osteogenesis imperfecta
(OI) and other collagen diseases, single base mutations often convert one Gly to a larger residue, and
T1-892 homologues modeling such mutations were synthesized with Gly to Ala substitutions in either
the (Gly-Pro-Hyp)4 domain, Gly25Ala, or the (Gly-X-Y)6 domain, Gly10Ala. CD and NMR studies show
the Gly10Ala peptide forms a normal triple-helix at the C-terminal end and propagates from the C- to the
N-terminus until the Glyf Ala substitution is encountered. At this point, triple-helix folding is terminated
and cannot be reinitiated, leaving a nonhelical N-terminus. A decreased thermal stability is observed as
a result of the shorter length of the triple-helix. In contrast, introduction of the Gly to Ala replacement at
position 25, in the nucleation domain, shifts the monomer/trimer equilibrium toward the monomer form.
The increased monomer and lower trimer populations are reflected in the dramatic decrease in triple-
helix content and stability. Unlike the Ala replacement at position 10, the Ala substitution in the (Gly-
Pro-Hyp)4 region can still be incorporated into a triple-helix, but at a greatly decreased rate of folding,
since the original efficient nucleation site is no longer operative. The specific consequences of Gly to Ala
replacements in two distinctive sequences in this triple-helical peptide may help clarify the variability in
OI clinical severity resulting from mutations at different sites along type I collagen chains.

Mutations in members of the collagen family have been
implicated in an increasing number of hereditary connective
tissue diseases (1-8). Osteogenesis imperfecta (OI)1 results
from mutations in type I collagen, the major collagen in bone,
while some chondrodysplasias are caused by mutations in
type II collagen, the major cartilage collagen. Other collagen
diseases include Ehlers-Danlos Syndrome type IV (mutations
in type III collagen), Alport syndrome (type IV collagen),
Bethlem myopathy (type VI collagen), and dystrophic form
of epidermolysis bullosa (type VII collagen). Observed
defects include splicing errors, deletions, and nonsense
codons, but the most frequent mutations are single base
changes leading to the replacement of a required Gly residue
in the collagen triple-helix. There is evidence that such
collagen Gly substitutions fall in the class of human folding

diseases (6, 9-13). A better understanding of disease etiology
may come from characterization of the effect of Gly
replacements on the folding and conformation of the collagen
triple-helix.

The collagen triple-helix constitutes the major motif in
fibril-forming collagens (types I, II, III, V, XI), and also
occurs as a domain in at least 15 types of nonfibrillar
collagens and in noncollagenous proteins involved in host-
defense (14, 15). The molecular conformation of the collagen
helix consists of three extended polyproline II-like chains
supercoiled around a common axis (16-18). As a result of
its unique supercoiled conformation, there are strict con-
straints on the amino acid sequence. The close packing of
the three chains requires that every third residue in each chain
be a Gly, producing the characteristic (Gly-X-Y)n amino acid
sequence pattern. The three chains are staggered by one
residue with respect to each other and have interchain peptide
hydrogen bonds of the form NH (Gly)‚‚‚OC (X). The
extended polyproline II-like nature of the individual chains
is stabilized by a high content of sterically restricted imino
acids. Pro residues are incorporated into both X and Y
positions in the growing polypeptide chain, but only those
located in the Y position become posttranslationally modified
to hydroxyproline (Hyp). The triplet Gly-Pro-Hyp is the most
stabilizing tripeptide sequence and also the most frequent,
constituting 10% of all triplets. Both Pro and Hyp promote
triple-helix stability, but Hyp confers a greater stabilizing
effect (19-21). The mechanism of the additional stabilization
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by Hyp may relate to hydrogen bonding through a water
network, its preferential ring conformation, or inductive
effects (18, 22-24).

The folding of collagen is a multistep process, complicated
by its multimer nature, the need for correct register of the
repetitive Gly-X-Y sequence, and its high imino acid content.
Type I collagen purified from tendon or skin can refold to a
native triple-helix in vitro, but extensive time and critical
temperature control are needed to promote the correct
registration of the three chains (25, 26). In vivo, the
molecules are synthesized in a procollagen form, with N-
and C-terminal globular propeptides flanking the (Gly-X-
Y)n central domain (6, 27, 28). Three globular C-propeptides
self-associate and are responsible for chain selection and
trimerization. Tethering at the C-terminal end facilitates the
correct register of the three chains so that triple-helix
nucleation can proceed (29). A distinctive (Gly-Pro-Hyp)4
-Gly-Pro-Pro sequence found at the C-terminus of the triple-
helix domain of theR1 andR2 chains of type I collagen
and a related Hyp-rich terminal domain in type III collagen
are likely to be involved in the formation of a stable triple-
helix nucleus (6, 29). This repetitive sequence is unique in
that no more than two contiguous Gly-Pro-Hyp units are
found at any other site in the collagen chain. Following
nucleation, the triple-helix conformation is propagated in a
zipper-like mechanism from the C- to the N-terminus (11,
30, 31). In the unfolded equilibrium state, a significant
proportion of imino acids (∼10%) have cis peptide bonds,
and the propagation rate is limited by cis-trans isomerization
to form the native collagen triple-helix with all-trans peptide
bonds (30, 31).

Peptides with Gly as every third residue and a high content
of Pro and Hyp adopt stable triple-helices and can serve as
models for collagen (12, 13, 32, 33). Although the C-
propeptide-mediated mechanism of trimerization found in
collagen is absent, peptides of the form (Gly-X-Y)n can self-
associate to form triple-helices when the length and imino
acid content are sufficient. Peptide T1-892, a 30-mer,
contains a C-terminal (Gly-Pro-Hyp)4 sequence, modeling
the nucleation domain of type I collagen, and an N-terminal
sequence of residues 892-909 from theR1(I) chain of type
I collagen (GPAGPAGPVGPAGARGPA). Previous NMR
and CD studies have shown that peptide T1-892 adopts a
stable collagen-like triple-helical conformation which is rigid
along its full length (34, 35). Real time NMR studies have
shown that the Gly-Pro-Hyp-rich C-terminal domain initiates
folding in this peptide (36).

Single amino acid replacements in peptide T1-892 can
be used to model mutations found in type I collagen in OI
(34, 35). OI is characterized by fragile bones, with a wide
range of clinical phenotypes (1-3). The disease results from
mutations in either theR1(I) or the R2(I) chain of type I
collagen, the major collagen in bone (1, 2, 3, 37). In different
cases of OI, mutations of single base changes leading to a
substitution for one required Gly residue are found at sites
all along the triple-helix domain, including the (Gly-Pro-
Hyp)4 nucleation region at the C-terminus (38). There is
direct evidence of delayed folding for a number of OI
collagens (10), and indirect evidence of slower folding for
all OI mutations (3, 9, 11).

Here, model peptides are used to compare the effects of
Gly substitutions in the (Gly-Pro-Hyp)4 nucleation domain

with those in the propagation domain on stability, conforma-
tion, and folding. One peptide homologous to T1-892 was
synthesized with a Gly to Ala replacement at a site
corresponding to residue 901 in theR1(I) sequence, where
a Gly substitution was observed to result in a mild case of
OI (39). A second peptide homologous to T1-892 was
synthesized with a Gly to Ala replacement in the middle of
the (Gly-Pro-Hyp)4 nucleation domain. The Glyf Ala
replacement in the (Gly-Pro-Hyp)4 domain generates a much
greater decrease in stability and folding rate than the same
replacement in the propagation domain. A progressive
disruption of the triple-helix is seen for the peptide with the
propagation mutation, while a shift in the equilibrium of
trimer/monomer occurs for the nucleation mutation.

MATERIALS AND METHODS

Peptides.Peptides were synthesized by SynPep Corp
(Dublin, CA) and purified on a C-18 column by HPLC, and
their identity was confirmed by mass spectroscopy. The
sequences of the three peptides studied are shown below,
with positions of residues designated as 1-30:

For synthetic reasons, a Gly-Val sequence is included at
the C-terminus of each peptide, and the N- and C-termini
ends are blocked by acetylation and amidation, respectively,
to enhance stability.

Circular Dichroism Spectroscopy.Circular dichroism
spectra were recorded on an Aviv model 62DS spectropho-
tometer, using a Peltier thermoelectric temperature controller.
All peptides were dried in vacuo over P2O5 for at least 48 h
prior to weighing. Samples were dissolved in PBS (0.15 M
NaCl, 0.01 M sodium phosphate, pH 7.1) and studied in cells
of path length 0.1 cm. For wavelength scans, the signal was
collected from 260 to 210 nm at 0.5 nm intervals at 0°C.

For equilibrium melting experiments, samples were pre-
equilibrated in the cold for more than 48 h prior to analysis,
unless otherwise noted. The ellipticity at 225 nm was
monitored as a function of temperature over an 18 h period,
with an average heating rate of 0.15°C/min and 2 min
equilibration time. The fraction folded (F) was calculated
as

In this equation,θobservedis the observed ellipticity,θtrimer is
calculated from the best-fit equation for the trimer part of
the melting curve, andθmonomeris calculated from the best-
fit linear equation for the monomer part of the melting curve.
Based on previous sedimentation equilibrium studies on
similar peptides (40), the melting curves were fit to a two-
state trimer to monomer transition, and good fits were
obtained.

For CD folding experiments, samples were heated at 70
°C for 15 min, and then rapidly cooled in an ice/water bath
kept at 0 to-2 °C, prior to placement in the CD machine
equilibrated at the folding temperature. The ellipticity at 225
nm was monitored, with a time constant of 2 s and time

F ) (θobserved- θmonomer)/(θtrimer - θmonomer)
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interval of 30 s. The time prior to recording of the first
folding point is estimated to be 25 s. The folding data were
fit to first-, second-, and third-order rate equations:

where [Ao] is the initial monomeric peptide concentration
and [A], the concentration of monomer at any given timet,
is calculated as [A]) (1 - F)[Ao]. The correlation
coefficient and the residual plot were used to evaluate which
rate equation best fit the data. The refolding half-time,t1/2,
is the time it takes for the fraction folded,F, to reach 50%,
and is used as an empirical measure of folding rate.

NMR Spectroscopy. (A) NMR Experiments.All NMR
experiments were carried out on a Varian INOVA-600 MHz
spectrometer, using solutions of 9 mM in 10% D2O/90%
H2O. The pH was adjusted to a value of 2.5 by titration with
5 mM HCl. The three peptides described above were
synthesized with15N Gly and 15N Ala residues at specific
positions (see Figure 2). Heteronuclear single quantum
coherence spectroscopy (HSQC) spectra were recorded at 0
°C. All the pulse sequences employed enhanced sensitivity
pulsed field gradient techniques. The15N-{1H} NOE relax-
ation measurements were performed in the presence and
absence of1H saturation (41). Two-dimensional data sets
were processed on a Silicon Graphics workstation using
FELIX 97 (Molecular Simulation Inc.).

(B) Folding Experiments.The NMR folding experiments
were performed as previously described (36). The sample
was denatured outside of the NMR spectrometer by heating
for 15 min at 50°C and then immersed in an ice/water bath
at 0 °C for 15 s to quickly reduce the temperature to 0°C.
A series of 2D1H-15N HSQC spectra were acquired every 4
min at 0 °C. For each 2D1H-15N HSQC spectrum, 32 t1-
increments were acquired with 4 scans per increment, and
spectral widths were 6000 Hz (1H) and 2000 Hz (15N). The
dead time of the first spectrum was 60 s. Kinetics of folding
were monitored by measuring cross-peak volumes as a
function of time. The folding experiment was repeated 3
times, and average intensities were used in the analysis.
Normalization of monomer and trimer peaks was done as
described elsewhere (36). Scaled data were normalized
assuming that the initial intensity of monomer was equal to
1.

(C) CurVe Fitting Procedure.The programExcel(Micro-
soft Inc.) was used to fit the decay of the monomer intensity
to first-order rate constants.

RESULTS

Studies on the 30-mer peptide T1-892 have been previ-
ously reported (34-36). Here, two homologues of T1-892
with Gly f Ala substitutions at different locations are
compared with the native peptide. The positions of residues
in this peptide are designated as 1-30 (see Materials and
Methods). One peptide, designated T1-892[G10A], has the
Gly f Ala change at the 10th position in the peptide,
corresponding to site 901 in theR1(I) sequence. In a folding

context, this site is part of the propagation domain. The
second peptide, T1-892[G25A], has the Glyf Ala change
at the 25th position in the peptide, in the (GPO)4 nucleation
domain. Each peptide has15N residues incorporated at
specific positions for heteronuclear NMR studies.

Circular Dichroism Spectroscopy Studies of Peptide
Conformation, Stability, and Folding.Peptide T1-892 gives
a characteristic triple-helical CD maximum at 225 nm, with
mean residue ellipticity (MRE)) 3540 deg‚cm2‚dmol-1. The
thermal profile of T1-892 at 1 mg/mL (0.36 mM) shows a
sharp trimer to monomer transition, withTm ) 26.5°C. For
peptide T1-892[G10A], with a replacement of Gly at
position 10 by Ala, the mean residue ellipticity at 225 nm is
decreased to 2040 deg‚cm2‚dmol-1(Figure 1a; Table 1), and
the thermal stability is reduced to 16°C (Figure 1b). The
replacement of the Gly by Ala at position 25 leads to more
dramatic changes. After 48 h equilibration at 0°C, the CD
signal of peptide T1-892[G25A] at 225 nm is very low
(MRE ∼ 800 deg‚cm2‚dmol-1) compared with the two
homologous peptides. The melting temperature for T1-
892[G25A] is 6°C, considerably lower thanTm values for
the other peptides.

The folding profiles of peptides with Glyf Ala replace-
ments were compared with the parent peptide (Table 1,
Figure 1c). Previously reported studies on T1-892 indicated
slow folding rates, taking hours to reach completion (34, 36).
The CD folding rate depends strongly on concentration
(Table 1), but a pure first-, second-, or third-order reaction
is not consistent with the kinetics at all concentrations (data
not shown). The folding of T1-892 [G10A] is comparable
to that of T1-892 over the concentration range studied (1-5
mg/mL) (Table 1; Figure 1c). This contrasts with the much
slower folding seen for peptide T1-892[G25A]. Using the
time it takes to reach 0.5 fraction folded (t1/2) as an empirical
measure of the folding rate,t1/2 ) 221min for T1-
892[G25A] at 1 mg/mL compared witht1/2 ) 27 and 38 min
for the other two peptides (Table 1; Figure 1c). The very
slow folding rate of T1-892[G25A] fits third-order kinetics,
suggesting the concentration-dependent initial reaction in-
volving three chains is rate-limiting.

To investigate whether the low mean residue ellipticity
observed for T1-892[G25A] was a result of incomplete
folding, samples with higher concentrations were incubated
at 0°C for up to 2 months. Long incubation time at 0°C for
the 1 mg/mL solution led to an increased MRE at 225 nm,
going from 800 to 1300 deg‚cm2‚dmol-1 (data not shown).
Higher concentrations also increased the [θ225] value, going
to 1740 deg‚cm2‚dmol-1 at 2.5 mg/mL and 2120 deg‚cm2‚
dmol-1 at 5 mg/mL (Table 1). A trimer-monomer equilib-
rium is expected to show increases in MRE such as those
observed, since trimer formation will be driven by higher
concentration (42). Smaller increases in MRE were seen for
higher concentrations of the more stable T1-892 and T1-
892[G10A] peptides (Table 1).

Nuclear Magnetic Resonance Spectroscopy Studies of
Peptide Conformation, Stability, and Folding.Peptide T1-
892 was previously characterized by heteronuclear NMR,
with 15N-labeled residues at positions Ala6, Gly10, Gly13,
and Gly25 (c ) 9 mM; 25 mg/mL) (35, 36). Trimer peaks,
which disappear at temperatures higher thanTm and have
high NOE values, as well as monomer peaks, which have
low NOE values and are present at high and low tempera-

ln([A]/[A o]) ) -kt (first order)

1/[A] - 1/[Ao] ) 2kt (second order)

1/[A]2 - 1/[Ao]
2 ) 6kt (third order)
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tures, could be assigned for each residue. These results
support a rigid triple-helical conformation along the length
of trimeric peptide T1-892, which is in equilibrium with
some disordered monomer.

Introduction of a Gly to Ala replacement at position 10
results in a peptide whose trimer form is now only partially
triple-helical. In the HSQC spectrum of T1-892 [G10A],
the Gly25 residue shows trimer peaks with NOE values
expected for high rigidity, while no trimer peaks are observed
for Ala6 and Ala 10 (Figure 2). The Gly 13 residue has trimer
peaks, but with less dispersion and lower NOE values than
seen in T1-892. Thus, the NMR studies suggest that the
Gly to Ala replacement at position 10 results in a peptide
that is triple-helical C-terminal to the replacement site and
not helical at and N-terminal to the replacement site.

No partially triple-helical forms are observed by NMR for
peptide T1-892[G25A] (Figure 2). The Gly13 residue has
trimer peaks with NOE values similar to those seen in T1-
892, indicating its presence in triple-helical conformation.
The Ala25 residue also shows trimer, as well as monomer,
peaks. The presence of triple-helical peaks with large positive
NOE values for both Ala25 and Gly13 suggests that a certain
population of T1-892[G25A] is forming a rigid triple-helix
even at the Glyf Ala replacement site. However, in contrast
to the well-separated monomer and trimer peaks seen for
Gly25 in T1-892 and T1-892[G10A], little chemical shift
dispersion is seen for Ala25 monomer and trimer resonances.
A number of Ala25 peaks disappear at high temperature and
have the rigidity expected for a triple-helix, indicating they
arose from the triple-helical conformation. But a number of
peaks with similar chemical shifts remain at high temperature
and show smaller NOE values, suggesting some monomer-
like character.

NMR monitoring of specific residues at high concentra-
tions shows the effect of a Gly substitution at different
positions on the folding behavior (Figure 3). As reported
previously, NMR studies on peptide T1-892 show a fast
initial phase, where the monomer intensity of Gly25 drops
to 50-60% of its original value, followed by a slower first-
order cis-trans isomerization (36). The greater magnitude
of the fast phase seen for Gly25 compared with Gly13 and
Gly10 suggests nucleation at the C-terminus, followed by
propagation along the molecule. For T1-892 [G10A], the
Gly25 folding closely matches that observed for T1-892,
supporting the similarity of their nucleation step, while Gly13
is folding more slowly both in the initial fast phase and in

FIGURE 1: (a) Circular dichroism spectra of T1-892 (solid line),
T1-892[G10A] (dashed line), and T1-892[G25A] (dotted line)
at 0°C, showing the characteristic triple-helix maximum near 225
nm. (b) Thermal transitions of T1-892 (solid line), T1-892[G10A]
(dashed line), and T1-892[G25A] (dotted line), monitoringΘ225
as a function of temperature. (c) CD monitoring of folding at 0°C
(after quenching from 70°C) for T1-892 (solid line), T1-
892[G10A] (dashed line), and T1-892[G25A] (dotted line), show-
ing fraction folded (calculated fromΘ225 values) as a function of
time. All samples were 1 mg/mL in PBS.

Table 1: Concentration Dependence of the Mean Residue Ellipticity
at 225 nm and the Folding Rate, As Measured byt1/2, for Peptide
T1-892 and Its Homologues with Glyf Ala Substitutions at
Positions 10 and 25

peptide
concn

(mg/mL)
MRE225

(mdeg‚cm2‚dmol-1)
t1/2

(min)

T1-892 1.0 3540 27
2.5 3610 18
5.0 3750 15

T1-892[G10A] 1.0 2040 38
2.5 2220 17
5.0 2350 10

T1-892[G25A] 1.0 800 221
2.5 1740 89
5.0 2120 42
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the slower step. Ala6 and Ala10 do not fold at all. NMR
monitoring of the folding of T1-892[G25A] shows slower
folding of all residues. The fast phase of Ala25 only
constitutes 15% of the total intensity and is similar to the
value seen for the fast phase of Gly13. The failure of the
residue at position 25 to fold before more N-terminal residues
contrasts with the situation seen in T1-892 and T1-
892[G10A] and suggests a different folding mechanism.

The equilibrium states of the peptides can be inferred from
the end stage of the NMR folding experiments (Figure 3).
In T1-892, folding reaches an equilibrium with 90%:10%
trimer:monomer ratio for Gly25 and Gly13. The same 90%:
10% trimer:monomer ratio is seen for residue Gly25 in
peptide T1-892[G10A]. However, residue Gly13 in T1-
892[G10A] gives a different equilibrium value of 75%:25%
trimer:monomer, suggesting some opening and closing of
the trimer just C-terminal to the substitution site. Ala10 and
Ala6, located in the disrupted region at and N-terminal to
the substitution site, remain 100% monomer. For T1-
892[G25A], the equilibrium trimer:monomer ratio is∼50:
50 for Ala25 and∼60:40 for Gly13. The presence of an
Ala at position 25 has shifted the equilibrium toward a greater
amount of monomer than seen in the other peptides.

DISCUSSION

Conformation: Imino Acid Sequence Context Determines
Consequences of Glyf Ala Replacements.The comple-
mentarity of CD and NMR techniques allows definition of
the different consequences for a Gly to Ala substitution at
position 25 compared with position 10 in peptide T1-892.
CD studies show the G10A replacement leads to a loss of
about 50% of triple-helix content. NMR spectra of individual
residues indicate this decreased triple-helical content results
from a loss of helical conformation at and N-terminal to the
Ala10 replacement site. The nine-residue sequence N-
terminal to Ala10 is either insufficiently long or of a sequence
such that reinitiation of the helix does not occur in these
experiments after the C- to N-propagation is interrupted by
the break in the Gly-X-Y repeating pattern. In addition, the
residues just C-terminal to the substitution site, although still
triple-helical, show signs of increased mobility and unwind-
ing. The T1-892[G10A] molecules are also less stable than
T1-892 (Tm ) 16 °C compared with 26°C). Peptide T1-
892[G10A] has only 18-20 residues in a triple-helix
compared with 30 residues for T1-892, and previous studies
have shown stability is dependent on triple-helix length (43,
44). Thus, this loss of helix N-terminal to the Ala10 is

FIGURE 2: 1H-15N heteronuclear single quantum correlation spectrum (HSQC) of (a) T1-892, (b) T1-892 [G10A], and (c) T1-892[G25A].
All samples werec ) 9 mM in H2O/D2O ) 9:1, pH 2.5, 0°C. The sequences for the peptides are shown at the top with the15N-labeled
positions in boldface and the positions of the Gly-Ala substitution underlined. In the spectra, monomer and trimer peaks are denoted as M
and T, respectively, at each position. Heteronuclear15N-{1H} NOE experiments are shown below for labeled residues in peptides (d)
T1-892, (e) T1-892[G10A], and (f) T1-892[G25A], for individual trimer peaks (gray) and monomer peaks (black).
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consistent with the observed lower stability as well as its
reduced 225 nm ellipticity (Figure 4).

The presence of a Gly to Ala substitution at position 25
in the (Gly-Pro-Hyp)4 domain has consequences for the
triple-helix very different from the substitution at position
10. CD studies show only a small fraction of the T1-
892[G25A] peptide is in triple-helical form under standard
conditions (1 mg/mL, 48 h equilibration time), rising to
∼50% at high concentrations and long incubation times at
0 °C. NMR studies indicate that the low triple-helix content
in this case is not due to the formation of partially helical
molecules, but rather to the presence of more monomers in
equilibrium with less trimers under a given set of conditions.
The shift in the trimer-monomer equilibrium constant is
reflected in the lowTm value (∼6 °C) as well as the low
ellipticity of this peptide.

Surprisingly, the trimer population of T1-892[G25A]
maintains an ordered triple-helical conformation at the Ala25
site, despite the loss of Gly as every third residue and despite

its proximity to the C-terminus of the peptide. The ability
of repeating Gly-Pro-Hyp sequences to promote triple-helix
formation strongly enough to fold around an interruption has
been reported previously in the context of a (Gly-Pro-Hyp)8

host peptide (45) and a (Pro-Hyp-Gly)10 peptide (18, 40). A
high-resolution structure of the peptide (Pro-Hyp-Gly)4-Pro-
Hyp-Ala-(Pro-Hyp-Gly)5 shows a triple-helix with local
disruption of hydrogen bonding and untwisting at the Gly
f Ala replacement site (18), while NMR studies on this
peptide suggest the three Ala residues are nonequivalent and
are undergoing hydrogen exchange faster than seen for Gly
(46). Computational modeling of the effects of a Gly to Ala
substitution using molecular dynamics showed perturbations
consistent with those observed experimentally (47). Some
related disarrangement of the triple-helix may be present in
T1-892[G25A], but the lack of dispersion between the
trimer and monomer peaks for Ala25 contrasts with the
resolved Ala resonances in (Pro-Hyp-Gly)4-Pro-Hyp-Ala-
(Pro-Hyp-Gly)5 (47) and suggests some additional effect,
such as dynamic unfolding/folding from the nearby C-
terminus.

Folding: Gly f Ala Replacement in NucleationVs
Propagation Domain. Peptide T1-892 was designed with
(Gly-Pro-Hyp)4 at its C-terminus to explore the special role
of such sequences in folding. The unique (Gly-Pro-Hyp)4

sites found at the C-terminus ofR1 andR2 chains of type I
collagen have been suggested to act as an initiation site for
triple-helix folding because of the highly restricted nature

FIGURE 3: Real time folding kinetics of (a) T1-892, (b) T1-
892[G10A], and (c) T1-892[G25A], depicted by the time-
dependent change in intensity of the monomer peaks for Gly13
(O) and Gly25 (b) in (a) and (b) and for Ala25 (b) in (c).
Resonance intensities were measured as volume integrals of the
signals in the1H-15N HSQC spectra recorded every 4 min after
initiation of refolding by a rapid temperature quench from 50 to 0
°C. All curves represent the best fit of the second slow phase of
the biphasic folding kinetics, starting from the second time interval.
Folding is shown for the first 4000 s, and values obtained after
overnight at 0°C are considered to represent equilibrium values.

FIGURE 4: Schematic representation of the consequences of a Gly
to Ala substitution in peptide T1-892 at position 10 and position
25. The boxed region of T1-892 and T1-892[G10A] molecules
represents the (Gly-Pro-Hyp)4 nucleation domain, which is no longer
present in T1-892[G25A]. A major loss of triple-helix in each
molecule can be seen as a result of the Gly10Ala substitution
compared with the equilibrium shift seen with a Gly25Ala substitu-
tion.
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of adjacent imino acids (48). The magnitude and time course
of the fast folding phase seen in NMR studies of different
residues in T1-892 indicate folding starts at the C-terminus,
with helix formation of the entire (Gly-Pro-Hyp)4 domain
(36). Relative to T1-892, introduction of a Glyf Ala
substitution at position 10 “downstream” of the (Gly-Pro-
Hyp)4 domain has no influence on either the CD overall
folding rate or the NMR folding rate of Gly25, implying
nucleation is unaffected. However, the slower NMR folding
rate seen for Gly13 and the absence of any triple-helix
formation at Ala10 and Ala6 indicate the Gly10f Ala
substitution has an impact on propagation: C- to N-terminal
propagation is slowed and then arrested when Ala10 is
encountered. This is consistent with a two-step nucleation-
propagation mechanism, where (GPO)4 constitutes an isolated
nucleation domain that is unaffected by perturbations to the
subsequent propagation step.

CD studies show a Glyf Ala replacement at position 25
dramatically decreases the folding rate, while NMR gives
insights about the nature of the defective folding. In peptide
T1-892[G25A], the first point in the NMR folding curve,
which indicates the fast phase, is the same for Ala25 and
Gly13, in contrast to a greater magnitude of the fast phase
for Gly25 compared with Gly13 for peptides T1-892 and
T1-892[G10A]. This suggests that as a result of the
Gly25Ala substitution in the nucleation domain, helix
initiation is no longer occurring predominantly at the
C-terminal (Gly-Pro-Hyp)-rich site. The smaller magnitude
of the fast phase for both Ala25 and Gly13 (only∼15%)
supports a different and far less efficient mode of initiating
folding. The existence of alternate folding initiation pathways
not involving (Gly-Pro-Hyp)4 is also supported by the ability
of (Pro-Pro-Gly)10 and the cyanogen bromide peptide
R1CB-2 to form triple-helices, albeit with slow folding rates
(43, 49).

Comparison of Glyf Ala and Glyf Ser Replacements
at the Same Site. The clinical severity of OI depends on the
identity of the residues substituting for Gly at a given
substitution site in the collagen chain (3). For example,
replacement of Gly at position 883 of theR1(I) chain by
Asp results in a lethal case of OI, while replacement of the
same residue by Ser leads to a mild case of OI (38, 39). The
nature of the replacement amino acid was also shown to
affect stability in a series of simple model peptides of the
form (Gly-Pro-Hyp)3- Z-Pro-Hyp-(Gly-Pro-Hyp)4, where Z
) Gly, Ala, Ser, Cys, Arg, Val, Asp, and Glu (45). All Gly
substitutions were highly destabilizing, and, in the rank
ordering, Ala and Ser were the least destabilizing residues.

Comparison of peptide T1-892[G10A] with the previ-
ously reported T1-892[G10S] (34-36) provides an op-
portunity to investigate the precise effect of the identity of
the residue replacing Gly in the context of a known collagen
mutation site. The effects of Ala and Ser replacements of
Gly10 were very similar in terms of decreased stability (both
Tm ) 16-17 °C), folding kinetics, and termination of the
triple-helix at and N-terminal to position 10, with comparable
NMR chemical shifts and dynamics of homologous residues
along the chain. Thus, although Ala is smaller than Ser,
similar perturbations to conformation and folding were
observed in this collagen context.

Of the several hundred individual OI Gly substitutions
defined in the (Gly-X-Y)338 triple-helix domain of theR1

and R2 chains of type I collagen, Glyf Ser changes are
the most common and are found as lethal and nonlethal sites
all along bothR1 andR2 chains (38). In contrast, Glyf
Ala mutations are rarely found and are often lethal. The
peptide comparisons suggest differences in occurrence,
distribution, and clinical severity of Ala vs Ser OI mutations
are unlikely to be a result of differential effects on the triple-
helix features, but more probably reflect the frequency of
specific mutations at the DNA level, ascertainment problems
in diagnosing mild forms of OI, or different consequences
of Ser and Ala changes at the fibrillar level (3, 6).

Peptides as Models for Mutant Collagens.Different
mutations along theRl or R2 chains of type I collagen result
in variable OI clinical phenotypes, ranging from perinatal
lethal to a rather mild form with a high frequency of bone
fractures (3). Factors that have been suggested to affect
clinical phenotype include the chain in which the mutation
occurs; the identity of the residue replacing Gly; the location
of the mutation along the chain with respect to the C-
terminus; the sequence environment of the mutation site; and
the availability of potential renucleation sites immediately
N-terminal to the site (3, 6, 11, 13, 37, 45, 50). It has been
previously noted that mutations in imino acid rich domains
tend to have the most severe clinical phenotype (11). The
peptide models in this study illustrate the differing conse-
quences of having a Glyf Ala replacement in the extreme
imino acid rich (Gly-Pro-Hyp)4 sequence compared with an
R1(I) sequence having a high Gly-Pro-Ala content and no
Hyp. In peptide T1-892[G10A], the triple-helix could not
propagate through the substitution site, and may model the
temporary cessation in propagation that results in over-
modification of all OI collagens. However, when the Gly
substitution occurs in the (Gly-Pro-Hyp)4 domain, the triple-
helix is present at and around the substitution site, but normal
efficient nucleation is prevented and the trimer formation is
highly disfavored. The diverse effects seen for the replace-
ment of a Gly by an Ala in two distinctive regions of a
collagen-like peptide indicate the sequences surrounding the
substitution site affect multiple factors, including folding,
propensity for triple-helix formation, and the ability to
accommodate the larger replacement residue. It is likely that
these factors all contribute to the variability in clinical
severity seen for different OI mutation sites.
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