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ABSTRACT: To investigate a human folding disease, NMR studies were carried out on collagen-like peptides
to define the structural consequences of a single amino acid change found in patients with osteogenesis
imperfecta (OI), a disease characterized by fragile bones. One peptide included a normal collagen sequence,
while a second peptide included a Glyf Ser substitution as found in a nonlethal case of OI. Residue
specific internal dynamics and conformational studies indicate that the normal collagen-like sequence
forms a triple helix which is rigid along its entire length. The introduction of a Glyf Ser substitution
induces an asymmetric disruption of the uniform triple helix. While the C-terminal end of the peptide
retains the triple helix, the Ser substitution site and residues N-terminal to it exhibit the mobility of a
random chain. This equilibrium state indicates that a Gly substitution can terminate the C to N propagation
of the triple helix and suggests that renucleation is required for folding to continue. Defective folding
has been implicated in brittle bone disease, and these results begin to characterize the folding process in
OI collagens. OI collagen studies may also provide insights about defective protein folding, assembly,
and aggregation in other human diseases.

Recent elucidation of numerous mutations in collagen
which result in connective tissue disorders has stimulated
an interest in relating molecular features to pathology (1).
The most well-characterized collagen disease is osteogenesis
imperfecta (OI)1 or brittle bone disease, a genetic disorder
characterized by fragile bones. All forms of OI result from
mutations in type I collagen, the major structural protein in
bone (2). The type I collagen triple helix is a supercoiled
assembly of three extended polyproline II-like chains, and
is a heterotrimeric molecule composed of twoR1(I) chains
and oneR2(I) chain (3, 4). The close packing of the three
chains can only accommodate Gly as every third residue,
leading to the repetitive pattern (Gly-X-Y)n. In most cases
of OI, a single Gly in the Gly-X-Y repeating sequence is
replaced by another amino acid, such as Ser, Cys, Asp, or
Arg. The phenotype of OI shows extreme variation, ranging
from mild to lethal. Gly substitution sites resulting in OI
are found all along the triple-helix domain, with lethal
mutations more prevalent near the C-terminal portion of the
molecule (2, 5).

Characterization of mutant OI collagens has shown that
all have increased levels of post-translational modification
of lysine (2, 6). Post-translational modifications, such as
hydroxylation of lysine, can take place on the unfolded
polypeptide chain only, so the increased level of modification
suggests a delay of triple-helix folding. Protease digestion
experiments for monitoring the triple-helix content of a
number of OI collagens support such a delay in folding (7).
The mechanism by which a Gly substitution alters folding
is not known. Most OI collagens show a small decrease in
thermal stability which may result from conformational
changes, and a number of models have been proposed (4,
6). Molecular definition of the mutation site could provide
a basis for defining the relationship between the site of the
mutations, the decreased stability, the delayed folding, and
the severity of the clinical phenotype.

NMR investigations of conformation, dynamics, and
folding at specific sites within triple-helical peptides offer
an opportunity to define detailed molecular changes that
result from Gly f X mutations (8-11). A set of triple-
helix peptides was designed to model a specific OI mutation
in theRl(I) chain (12). One peptide contains the nativeRl-
(I) sequence, while a homologous peptide contains a Glyf
Ser substitution at site 901 that is known to result in a
nonlethal case of OI. These peptides were synthesized with
15N-enriched residues at specific sites to allow NMR
investigations of the dynamic and structural changes at the
mutation site, and at defined positions N- and C-terminal to
it. Major changes in dynamics and conformation resulted
from the Glyf Ser substitution, and the degree of disruption
increased from the C to N terminus of the peptide.
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MATERIALS AND METHODS

Sample Preparation. Peptides were purchased from
Synpep Corp. (Dublin, CA). The concentrations of the
peptide solutions used in all NMR experiments were 8 mM
with 10% D2O/90% H2O at pH 2.3.

NMR Spectroscopy.NMR experiments were performed
on a Varian Unity Plus 500 MHz spectrometer equipped with
a triple-resonance probe and pulsed field gradient. Two-
dimensional data sets were processed on a Silicon Graphics
workstation using the FELIX 2.05 software package (Bio-
sym, Inc., San Diego, CA). Heteronuclear single-quantum
coherence spectroscopy (HSQC) spectra were recorded at 5
°C using gradients for coherence pathway selection (13, 14).
HSQC-NOESY experiments were performed at 5°C with
two mixing times of 100 and 150 ms, and HSQC-TOCSY
experiments were performed with a 50 ms mixing time (9,
15, 16).

15N Relaxation. The pulse sequences used to determine
15N T1, T2, and heteronuclear NOE were described previously

(8, 17, 18). The spectral widths were 2 and 5 kHz in the
15N and1H dimensions, respectively. The time domain data
sets consisted of 2048 complex points in thet2 dimension
and 96 increments in thet1 dimension. Sixteen scans pert1
increment were used in theT1 andT2 relaxation experiment,
and 32 scans pert1 increment were used in the NOE
experiment. A recycle delay of 3 s was used in all relaxation
experiments. Nine relaxation delays (40, 120, 200, 300, 400,
500, 600, 800, and 1000 ms) were used in theT1 measure-
ment. Nine relaxation delays (8.8, 17.7, 26.5, 35.3, 44.1,
52.9, 70.6, 88.2, and 105.8 ms) were used in theT2

measurement. For the NOE measurement, spectra were
recorded in the presence and absence of1H saturation. All
the relaxation experiments were performed twice, and the
T1, T2, and NOE values were obtained on the basis of the
average of two data sets.

Hydrogen Exchange.The amide hydrogen exchange
experiments were carried out at 5°C and pH 2.3. The
samples were equilibrated in H2O at 4°C for 48 h to ensure
triple-helix formation. The dried sample was quickly dis-
solved in D2O to initiate the H to D exchange, whereupon
the HSQC spectra were acquired with 4 min intervals.

RESULTS

NMR Assignments of the15N-Labeled Residues in the
NatiVe and Glyf Ser Substituted Peptides.NMR studies
were carried out on two peptides, one (T1-892) containing
a Gly at residue 901 of theRl(I) chain, as found in normal
sequences, and the second peptide (T1-892[G901S]) includ-
ing Ser at position 901 as found in the OI mutated chain
(Figure 1). Peptides include 18 residues from the sequence
surrounding theRl(I) 901 site, together with four Gly-Pro-

FIGURE 1: Schematic representation of the collagen triple helix
showing the Glyf Ser substitution site at position 901. The
expanded box region shows the 18-residue collagen sequence
surrounding the position 901 substitution site. The peptide T1-
892 has the sequence shown in the box with a (GPO)4 sequence at
the C-terminal end to ensure stability. Homologous peptide T1-
892[G901S] has the same sequence as T1-892 except for the
substitution of a Gly to Ser at position 901.

FIGURE 2: HSQC spectra in 90% H2O/10% D2O at 5°C and pH 2.3 for (A) T1-892 and (B) T1-892[G901S]. The peaks corresponding
to the monomer or trimer state are denoted with a superscript M or T, respectively. The peptide sequence and the positions of the15N-
labeled amino acids are boxed. For T1-892, two peptides were synthesized with labeled positions at A6, and G10 for peptide 1 and A12,
G13, and G25 for peptide 2. The HSQC spectra of peptides 1 and 2 are overlaid to produce the spectrum shown in the figure. For T1-
892[G901S], two peptides were synthesized with labeled positions at A6, G13 for peptide 1 and G10, A12, G13, and G25 for peptide 2.
The spectrum shown in the figure is the superposition of the spectra of peptides 1 and 2.
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Hyp (Hyp is hydroxyproline or O) tripeptide units added to
the C terminus to promote triple-helix formation.15N-labeled
amino acids were incorporated into T1-892 and T1-892-
[G901S] so the conformation and dynamics of the native
and Gly f Ser substituted peptides could be studied at
specific positions along the peptide chain. Going from the
C- to N-terminal direction, the peptides are labeled (Figure
2) at five positions: in the very stable Gly-Pro-Hyp region
(Gly25), C-terminal to the substitution site (Gly13 and
Ala12), at the substitution site itself (Gly10 in T1-892 and
Ser10 in T1-892[G901S]), and N-terminal to the substitution
site (Ala6).

The 1H and 15N resonances of the triple-helical peptide
T1-892 are assigned using HSQC, HSQC-NOESY, and
HSQC-TOCSY experiments (9, 10). The NMR spectra of
T1-892 (Figure 2A) indicate that this peptide forms a
mixture of single-stranded and triple-helical molecules in
solution at low temperatures. The assignments of the
monomer signals are obtained by extrapolating from a high-
temperature spectrum that contains only monomer peaks back
to the low-temperature spectrum. Ala6, Ala12, Gly10,
Gly13, and Gly25 have more than one resonance assigned
to the monomer, and these are likely to be associated with
multiple conformations arising from Pro cis-trans isomer-
ization (19). The peaks that disappear at temperatures that
are higher than theTm (thermal melting temperature) are
derived from the trimer form. All labeled residues showed
trimer as well as monomer peaks, and a constant ratio of
trimer to monomer intensity, indicating that the entire peptide
is triple-helical.

The number of trimer peaks for a specifically labeled
residue depends on the amino acid sequence that surrounds
that residue (9). In the low-temperature spectrum, Gly10,
Ala12, and Gly13 have three peaks that are derived from
the trimer form. Three peaks arise because the nonequivalent
environment surrounding each residue gives rise to small
differences in chemical shifts for the residues on the three
different chains of the trimer. For Ala6 and Gly25, there is
only a single peak associated with the trimer form because
the repetitive GPO sequence that surrounds Gly25 and the
repeating GPA sequences around Ala6 result in a more
symmetric environment for these residues in the trimer. The
amide hydrogen exchange rates for the labeled residues in
T1-892 were determined from1H-15N HSQC experiments
at 5 °C, and the exchange rates and protection factors (20)
are listed in Table 1. In T1-892, all residues in the triple
helix are more protected than the residues of the monomer
chain, with the hydrogen exchange protection factors highest
for the Gly-Pro-Hyp region.

For the substituted peptide T1-892[G901S], the HSQC
spectrum (Figure 2B) shows both monomer and trimer peaks
for some, but not all, labeled residues, indicating that only
part of the peptide is in the triple-helical conformation at
low temperatures. Gly25 at the C-terminal end of the
substituted peptide has a chemical shift identical to that of
the equivalent residue in T1-892. When we moved toward
the N-terminal end, Gly13 and Ala12 in the substituted
peptide give rise to trimer peaks that have chemical shifts
that are closer to the monomer peak than the chemical shifts
of the trimer peaks of Gly13 and Ala12 in T1-892. The
monomer-to-trimer ratio increases at Ala12 and Gly13,
indicating that conformational exchange is occurring between
resonances in a trimer-like environment and monomer-like
environment. Strikingly, the substitution site, Ser10, has a
broad resonance with no well-defined trimer peak, and Ala6,
N-terminal to the substitution site, has sharp resonances at
the monomer position and no distinct trimer peak. From
the C- to N-terminal end, the chemical shifts of the
resonances arising from the trimer form of the mutant peptide
are becoming less well dispersed relative to one another and
are moving toward the monomer chemical shift. This trend
continues to the point where the trimer peaks of the mutant
peptide overlap with each other and with the monomer peaks,
at the mutation site and at the N-terminal end of the peptide.
In T1-892[G901S], the protection factors are all lower than
those in T1-892, and the variation from the C- to N-terminal
end is significantly larger than in T1-892. The amide
protons at the N-terminal end are exchanging at rates that
are similar to those expected for the monomer conformation.

Backbone Dynamics of the NatiVe and Substituted Pep-
tides. 15N T1, T2, and NOE relaxation experiments were
performed to investigate the backbone dynamics of T1-892
(Table 2). Relaxation experiments are interpreted in terms
of both the overall motion and the internal motions of the
protein on the picosecond to millisecond time scale. In T1-

Table 1: Hydrogen Exchange Parameters for T1-892 and
T1-892[G901S]

peptide residue kexch
a (min-1) Pb

T1-892 G10 5.0× 10-5 2.9× 102

G13 3.0× 10-5 1.6× 103

G25 4.0× 10-5 >3.8× 104

T1-892[G901S] S10 1.2× 10-2 1.7
G13 1.5× 10-2 2.8
G25 7.8× 10-4 >2.0× 103

a kexch is the average exchange rate for the trimer resonances of each
labeled residue.b P is defined byP ) kexch(monomer)/kexch(trimer).

Table 2: 15N Relaxation Parameters for the Labeled Residues in
T1-892 and T1-892[G901S]a

peptide residue R1 (s-1) R2 (s-1) NOE

T1-892 A6 1.55 (1.35) 15.57 (2.02) 0.53 (-1.02)
G10 1.66 (1.30) 15.40 (1.34) 0.62 (-0.48)

1.83 15.07 0.63
1.85 14.14 0.61

A12 1.53 (1.31) 14.94 (2.85) 0.70 (-0.51)
1.39 15.49 0.62
1.49 15.42 0.68

G13 1.64 (1.48) 15.48 (2.10) 0.71 (-0.39)
1.65 15.14 0.64
1.69 15.86 0.64

G25 1.65 (1.44) 14.66 (3.26) 0.65 (-0.37)
T1-892[G901S] A6b 1.37 1.39 -1.00

S10b 1.53 4.41 -0.24
A12c 1.54 (1.78) 6.29 (2.67) 0.07 (-0.26)

1.45 8.96 0.21
G13 1.48 (1.67) 7.91 (2.33) 0.15 (-0.30)

1.42 10.38 0.31
1.38 12.69 0.43

G25 1.39 (1.66) 15.34 (2.71) 0.60 (-0.17)
a Relaxation parameters are reported for each trimer resonance of a

specifically labeled residue. The values in parentheses are the relaxation
parameters for the single-chain conformation.b The trimer and monomer
peaks are overlapped.c Two trimer peaks are overlapped for A12.
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892, theR1 (1/T1) and R2 (1/T2) values of all five labeled
residues are similar in magnitude to one another with values
of approximately 1.5 and 15, respectively. The NOE values
are also similar to one another and close to the theoretical
maximum, suggesting that the contribution of the internal
motion to the relaxation process is negligible in T1-892.

To interpret theT1, T2, and NOE relaxation parameters in
terms of the overall motion of the protein, and the intramo-
lecular motions on the picosecond to millisecond time scale,
one approach is to calculate the spectral density functionJ(ω)
(21-23). The reduced spectral density mapping approach
allows the derivation of the values ofJ(ω) at three different
frequencies:ω ) 0, ωN, and 0.870ωH from the observed
experimental relaxation parametersT1, T2, and NOE (24, 25).
At the five labeled sites in peptide T1-892, the spectral
densityJ(0) values are similar to one another, and such a
similarity is observed atJ(ωN) andJ(0.870ωH) as well (Figure
3). The average value ofJ(0) in peptide T1-892 is 4.51×
10-9 s/rad.

The theoretical simulation of the spectral density function
in terms of specific motions requires a molecular shape, and
in the case of rodlike triple-helical peptides, an anisotropic
treatment is necessary (8). Hydrodynamic calculations
indicate that a 32-mer triple-helical peptide such as peptide

T1-892 can be accurately modeled by a cylinder with
dimensions of 12.6 Å (diameter), 85 Å (length), and 83°
(angle of a typical NH vector to the long principal axis).
Calculation of rotational diffusion coefficients, using this
cylinder model to account for the overall motion, resulted
in a J(0) of 4.8 × 10-9 s/rad (8, 26), assuming an order
parameter of 1.0.

The similarity of the theoretical and experimentalJ(0)
values (Figure 3) indicates that the overall motion of the
protein accounts entirely for the observed spectral density
values and that there is no significant contribution to the
relaxation from internal motions on the picosecond to
millisecond time scale. Since the theoretical calculation of
J(0) assumes that the order parameter is 1.0, the order
parameters of peptide T1-892 are likely to be in the range
of 0.9-1.0. In summary, these results indicate that the
dynamics of the five labeled residues are very similar to one
another and that the triple helix is rigid along the entire T1-
892 peptide.

Relaxation studies on the peptide with the Glyf Ser
substitution show that the patterns of theR2 and NOE values
are very different from that of T1-892 (Table 2). In contrast
to the relatively uniform values ofR2 and NOE across peptide
T1-892, the R2 and NOE values in T1-892[G901S]

FIGURE 3: Bar graph of the spectral density valuesJ(0), J(ωN), andJ(0.870ωH) vs 15N-labeled residues for T1-892 (A-C) and for T1-
892[G901S] (D-F). Values ofR1, R2, and NOE of the trimer (Table 2) are used to calculate the spectral density values.
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decrease substantially in a gradient manner in the C- to
N-terminal direction. Specifically, theR2 drops from 15.34
(Gly25) to 1.39 (Ala6), and the NOE drops from 0.6 (Gly25)
to -1.0 (Ala6). The NOE andR2 values obtained for Ala6
and Ser10 in the trimer form of the Glyf Ser substituted
peptide are very similar to the values of the monomer form.
In addition in T1-892[G901S], the three chains within the
trimer have differentR2 and NOE values as opposed to T1-
892 where the three chains within the trimer haveR2 and
NOE values essentially identical to one another.

The profiles of the spectral density functions in T1-892
and T1-892[G901S] are very different from one another.
In T1-892[G901S], there is a dramatic monotonic decline
in J(0) along with a monotonic increase inJ(0.870ωH) from
the C- to N-terminal end.J(0) varies dramatically from 4.6
× 10-9 s/rad at the C-terminal end to 0.02× 10-9 s/rad at
the N-terminal end. In addition, the one-residue stagger of
the triple helix can be seen by the similarity of the dynamic
properties of Gly13 in strand 2 and Ala12 in strand 1, and
the similarity of theJ(0) values of Gly13 in strand 3 and
Ala12 in strand 2. The trends along the peptide chain
indicate that internal mobility is making a significant
contribution to the relaxation processes of T1-892[G901S]
in a gradient manner from the C- to N-terminal end. At the
Gly to Ser substitution site, the spectral density function is
characteristic of extremely dynamic states. N-Terminal to
the substitution site, Ala6 appears to be even more flexible
than Ser10 with a spectral density function that is comparable
to that of the monomer in solution. C-Terminal to the
substitution site, at Ala12 and Gly13, the internal mobility
decreases, and as one approaches Gly25, the spectral density
values are very similar to those of T1-892, indicating that
the C-terminal end is rigid. A comparison of the relaxation
measurements of T1-892[G901S] and T1-892 suggests that
the internal dynamics at the C-terminal ends are similar to
one another whereas the dynamics of T1-892[G901S] at
the substitution site and N-terminal to it are more mobile
than those seen for rigid T1-892.

DISCUSSION

Observations on OI collagens suggest that basic properties
of the collagen triple helix, including conformation, stability,
and folding, may be affected by a Gly substitution. For the
first time, NMR studies on peptides modeling a collagen
disease have been used to define at a molecular level the
perturbation of the triple helix. The two peptides studied
provide a realistic context for the Gly substitution and contain
15N-enriched residues at five defined positions that allow the
changes to be monitored at individual sites.

CD spectroscopy showed that both peptide T1-892, with
a Gly at site 901, and T1-892[G901S], with the Ser at
position 901, formed triple helices at low temperatures (12).
However, the Glyf Ser substitution resulted in an apparent
50% loss in triple-helix content and a decreased thermal
stability. While CD spectroscopy monitors the global
features of the peptide backbone, NMR spectroscopy offers
the opportunity to focus on the properties of individual15N-
enriched residues at the substitution site and other specific
sites in the peptide. As described below, the image obtained
from NMR information explains the loss in triple-helix
content seen by CD spectroscopy, and is consistent with the
decreased stability.

The dynamic and conformational features of peptide T1-
892, which represents a typical collagen Gly-X-Y repeating
sequence, were probed by NMR. A picture of a rigid,
uniform triple helix emerges from the similarity, across all
five residues, of the trimer-to-monomer ratio and the15N
backbone dynamics (Figure 4). However, the observation
of a difference in hydrogen exchange rates at the different
sites suggests there must be some sequence dependence of
backbone mobility arising from a local “breathing” motion.
For example, repeating Gly-Pro-Hyp triplets appear to offer
a much greater protection against hydrogen exchange than
other triplets (8).

A disruption of the uniform triple helix is seen in T1-
892[G901S] as a result of the introduction of a Ser in place
of a Gly. The data indicate that a rigid triple helix is retained

FIGURE 4: Schematic representation of the conformation of T1-892 and T1-892[G901S]. The15N-labeled positions are denoted by the
black vertical lines.
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at the C-terminal Gly-Pro-Hyp rich region, which has a
rigidity similar to that of the triple helix seen for T1-892.
In contrast, a monomer-like state, with no indication of any
triple helix, is seen for the Ser10 substitution site and the
Ala6 position near the N terminus. Just C-terminal to the
substitution site, Ala12 and Gly13 are still in some triple-
helical form, as indicated by their trimer chemical shifts.
However, the decrease in the trimer-to-monomer ratio relative
to Gly25 suggests the trimer consists of interconverting states
in which Ala12 and Gly13 are sometimes in a triple-helical
form and sometimes in a monomer-like environment (Figure
4). In addition, the triple-helical form of Ala12 and Gly13
is far more mobile than the triple helix of the corresponding
residues in T1-892, as indicated by the15N backbone
dynamics. Thus, a dramatic change in conformation and
dynamics from the C to N terminus is present along the
peptide.

The simultaneous presence of triple helix at the C terminus
with an absence of triple helix at the N terminus in the T1-
892[G901S] trimer suggests a relationship between the NMR
observed equilibrium state and the C to N folding of the
collagen triple helix. The strong nucleating (Gly-Pro-Hyp)4

domain in peptides T1-892 and T1-892[G901S] was
designed to initiate triple-helix formation at the C terminus
so that propagation could take place from the C to N
terminus. This would serve as a good model for the
physiological folding of collagen which begins with chain
association of the globular C propeptides, and then folds from
the C to N terminus with a proposed zipper-like mechanism
(27). Direct NMR observations confirmed the C to N folding
direction for both peptides (unpublished). From the NMR
equilibrium data, it appears that the C- to N-terminal
propagation is interrupted and terminated at the Gly to Ser
substitution site. The studies on Ala12 and Gly13 suggest
that the folding is perturbed before the Ser substitution site
is reached. By preventing the completion of the folding
process, the Glyf Ser mutation appears to have trapped a
stage along the folding pathway.

Our data conclusively show that a Glyf Ser mutation in
a homotrimer peptide model of OI collagen stops triple-helix
propagation at the mutation site and N-terminal to it. This
is consistent with the observation of an increased post-
translational modification level N-terminal to mutation sites
in OI collagens (2). However, in collagens with a Gly to
Ser mutation site, full-length triple-helical molecules are
formed, indicating that folding does continue past the
substitution site (6, 7). If our homotrimer peptide model
can be applied to collagen, then renucleation must occur
N-terminal to the mutation site in OI collagen (28). The
ease of renucleation may be critical in determining the overall
rate of folding of full-length OI collagens, and the sequences
N-terminal to the substitution site may be a principal factor
in determining the severity of the disease. This work on
homotrimer model systems provides an impetus for improved
peptide design for better modeling of the heterotrimeric
nature of mutant OI collagen trimers and indicates the need
to investigate the length and sequence requirements for
renucleation. The observed asymmetric disruption of the
triple helix provides the first molecular description at a
collagen disease site and begins the process of defining
folding in OI collagens.

SUPPORTING INFORMATION AVAILABLE

Chemical shifts of the labeled residues in Figure 2 (Table
S1) and spectral density functions derived from15N relaxation
data in Table 2 (Table S2) (2 pages). Ordering information
is given on any current masthead page.
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