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ABSTRACT: Ostoegenesis imperfecta (OI) or “brittle bone” disease is associated with mutations in the
genes for type I collagen chains and produces variable phenotypes, ranging from lethal cases at birth to
mild cases with increased bone fractures. The most common OI mutations are single base substitutions
leading to replacement of Gly by another residue, breaking the typical (Gly-X-Y)n repeating sequence
pattern of the collagen triple-helix. Triple-helical peptides were designed to focus on residues 892-921
of theR1 chain of type I collagen, where two OI GlyfSer mutations are found in close proximity, a mild
mutation at site 901 and a lethal mutation at site 913. Peptides were designed to include amino acid
sequences around these mutation sites, and were synthesized with the normal sequence or with the GlyfSer
mutated sequence. The peptide including the normal sequence residues 892-909 with four Gly-Pro-Hyp
triplets at the C-terminus formed a stable triple-helix, and introduction of a Ser residue for Gly at the 901
mutation site led to a 50% loss of triple-helix content and a decrease in thermal stability, with little effect
on folding. A peptide including residues 904-921 again formed a stable triple-helix, but the introduction
of the GlyfSer substitution at site 913 led to a much greater decrease in thermal stability. These studies
demonstrate the impact of local sequences flanking the Gly substitution on structural consequences and
support the concept of variability and regional effects along the collagen molecule.

Collagens are triple-helix-containing structural proteins in
the extracellular matrix, and more than 19 different genetic
types of collagens have been defined (1-3). The most well
characterized and common are the five fibril-forming col-
lagens, which are found inD ) 67 nm periodic fibrils in
connective tissues (4). For instance, type I collagen, a
heterotrimer composed of twoRl(I) chains and oneR2(I)
chain, forms D-periodic fibrils in bone, providing the matrix
for mineralization. All collagen molecules include a domain
with a triple-helix conformation, consisting of three extended
polypeptide chains supercoiled about a common axis (5-
7). The close packing of the three chains generates the
requirement for Gly as every third residue, and a high content
of the imino acids proline (Pro) and hydroxyproline (Hyp)1

is necessary to stabilize the individual extended polyproline
II-like helices.
Type I collagen has a (Gly-X-Y)338 triple-helix domain,

with Gly-Pro-Hyp as the most frequent triplet unit. This
triple-helical domain is capable of self-association to form
fibrils and of binding to integrins, proteoglycans, matrix
metalloproteinases, and many other molecules (4, 8). Along
the uninterrupted triple-helix of type I collagen, there must
be recognizable variations to specify binding sites, as well

as regions which undergo local microunfolding (9) or form
cooperative folding units (10).

Mutations which interrupt the repeating (Gly-X-Y)n pattern
in the triple-helix of collagen have been associated with a
variety of hereditable connective tissue disorders (2, 11). The
most well characterized of these disorders is osteogenesis
imperfecta (OI), which is characterized by bone fragility and
is associated with defects in theRl or R2 chain of type I
collagen (12). The most common causes of OI are single
point mutations that result in the change of Gly to another
residue, most frequently Cys, Ser, Arg, and Asp. These
substitutions can occur at many different locations covering
the full range of theRl(I) andR2(I) chains and can result in
clinical severity that ranges from mild to lethal phenotypes
(12). Lethal OI mutations are usually located in the
C-terminal half of the chains, while nonlethal mutations
cluster near the N-terminus, an observation that relates to
the C- to N-terminal folding direction of the collagen triple-
helix (13). However, the severity of the phenotype resulting
from GlyfCys and GlyfSer substitutions shows exceptions
to this trend, in bothR1(I) andR2(I) chains (14-16).

Peptides with Gly as every third residue and a high imino
acid content will adopt a triple-helical conformation (17-
20) and provide an approach for elucidating sequence-
dependent variations in triple-helix features as well as
defining the impact of Gly mutations. In this work, peptides
were designed to focus on a local region of theRl(I) chain
encompassing the sites of a nonlethal GlyfSer substitution
at residue 901 (21) and the lethal GlyfSer substitution at
residue 913 (22). The stability and folding of homologous
peptides containing sequences around each of these two
mutation sites were compared.
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MATERIALS AND METHODS

Peptides. The peptides were synthesized by SynPep Corp.
(Dublin, CA) on an Fmoc-RINK amino resin (23) manually
using solid-phase peptide synthesis procedures. The side
chain protecting groups were tBu for Hyp, Ser, Thr, and Asp;
Pmc for Arg; Boc for Lys; and trityl for Gln. The identity
of each peptide was confirmed using electrospray ionization
mass spectroscopy. The purity of the peptides was greater
than 95% as judged by reversed-phase analytical HPLC using
a linear gradient of CH3CN (0.075% TFA) and H2O (0.1%
TFA) as eluent.
Circular Dichroism. Circular dichroism (CD) spectra were

recorded on an Aviv Model 62DS spectrometer. Cells of
path length 0.1 cm were used, and the temperature in the
cell was controlled using a Hewlett-Packard Peltier thermo-
electric temperature controller. Samples were prepared at a
concentration of 1 mg/mL, with peptides dried in vacuo over
P2O5 for 48 h prior to weighing. Peptide solutions in either
0.1 M acetic acid, pH 2.7, or 0.15 M NaCl, 0.01 M sodium
phosphate, pH 7.1 (PBS), were equilibrated at 4°C for more
than 48 h prior to analysis.
For wavelength scans, the signal was collected from 210

to 260 nm at 0.5 nm intervals at 2°C. For equilibrium
melting temperature transitions, the ellipticity at 225 nm was
monitored while the temperature in the cell was increased
at a rate of 0.15°C/min. The equilibration time at each point
was set to 2 min.
Calculation of Thermodynamic Parameters. The equi-

librium melting transitions were fit to a two-state monomer
to trimer transition. A two-state model is supported by
previous studies on peptides of similar design (24) and by
the good fit of the melting curve. The fraction folded (F)
was calculated using eq 1:

In this equation,F is the fraction folded,θobserved is the
observed ellipticity,θtrimer is calculated from the best fit
equation for the trimeric part of the melting curve, and
θmonomer is calculated from the best fit equation for the
monomeric part of the melting curve.
The van’t Hoff enthalpy (∆H) was determined by curve-

fitting with eq 2 (18, 24-26):

In this equation,K is the equilibrium constant between the
monomer and trimer (3Ma T); Tm is the melting temper-
ature in Kelvin where the peptide was 50% folded (F ) 0.5);
andc is the peptide concentration in moles.
Refolding Experiments. All the peptides were heated to

dissociate the trimers to monomers, and then cooled to 2°C
to initiate refolding. About 0.4 mL of sample in a small
glass tube was denatured in a 50°C water bath for 15 min.
The solution in the glass test tube was rapidly quenched in
an iced KCl salt solution (30% KCl and ice; temperature
between-5.8 and-6.7 °C) before being transferred into
the CD cell, which had been equilibrated at 2°C in the
instrument. The quenching time to reach 2°C was estimated
to be 5.5 s using a blank solution with a thermal probe, and
this time interval was used for quenching in the actual
experiment. The ellipticity at 225 nm was monitored
immediately afterward. The dead time associated with

sample transfer for each experiment was between 10 and 15
s. The data were collected every 3 s with an averaging time
of 1 s over 6 h, or were collected every 1 s with an averaging
time of 1 s over 30 min.
Calculation of Rate Constants. The base-line-corrected

ellipticities were plotted against the corrected times (taking
into account the dead time of each experiment). The fraction
folded (F) was calculated using eq 1. In this case,θtrimer

was the ellipticity of the equilibrated peptide solution at 2
°C, and theθmonomer was extrapolated to time zero using
polynomial curve fitting of the folding data.
The concentration of monomer at any given time, [A], was

calculated using eq 3, where [A]0 is the initial monomeric
peptide concentration:

The folding data were fit to first-order, second-order, and
third-order rate equations (eqs 4, 5, and 6 respectively):

The rate constant was calculated from the slope for the best
fit line. The correlation coefficient and the residual plot were
used to evaluate which rate equation best fit the data.

RESULTS

Effect of Gly Substitution at a Nonlethal OI Site:
Peptides 892 and 892A

Peptide Design.A set of two homologous peptides was
designed to investigate the effect of a Gly to Ser substitution
at site 901 of theR1 chain of type I collagen, where a
nonlethal OI mutation has been reported (21). Peptides
included 18 residues from the sequence surrounding the 901
site, together with 4 Gly-Pro-Hyp tripeptide units added to
the C-terminus to promote triple-helix formation. A C-
terminal Gly-Val was included to eliminate diketopiperazine
formation during peptide synthesis. Both ends of the peptide
were blocked, with acetylation of the N-terminus and
amidation of the C-terminus, to prevent end effects. This
design was previously shown to yield peptides with a stable
triple-helical conformation (19, 20, 27). One peptide in-
cludes Gly at residue 901, as found in the normal sequence,
while the second peptide includes Ser at position 901, as
found in the OI mutated chain. Each peptide is designated
by its N-terminal residue, using the residue number in the
R1(I) chain triple-helix sequence. Thus, the two peptides
studied are T1-892, with the normal sequence, and T1-
892A (G901S), which has the GlyfSer substitution (Figure
1).
Conformation and Stability.The CD spectrum of peptide

T1-892 showed characteristic triple-helical features at 2°C,
with a maximum near 225 nm (Figure 1, panel A). Increas-
ing temperature led to disappearance of this maximum, with
a sharp thermal transition atTm ) 27.5°C (pH 7) (Figure 1,
panel B). Previous reports indicate that this corresponds to
the trimerfmonomer transition (17, 24). Peptide T1-892A,
with the GlyfSer replacement at position 901, also had a

F ) (θobserved- θmonomer)/(θtrimer - θmonomer) (1)

ln K ) (∆H/RT)[(T/Tm) - 1] - ln (0.75c2) (2)

[A] ) (1- F)[A] 0 (3)

ln ([A]/[A] 0) ) -kt (4)

1/[A] - 1/[A]0 ) 2kt (5)

1/[A]2 - 1/[A]0
2 ) 6kt (6)
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characteristic triple-helical CD spectrum, but the magnitude
of the mean residue ellipticity at the 225 nm peak was
decreased from [θ]225 ) +2900 to [θ]225 ) +1200
deg‚cm2‚dmol-1. A sharp trimer to monomer thermal
transition was observed for peptide T1-892A, but there was
a substantial decrease in the thermal stability, dropping from
Tm ) 27.5°C (T1-892) toTm ) 15.8°C (T1-892A). These
results suggest a loss of triple-helix content and a reduced
thermal stability as a result of the Gly to Ser substitution.
Changing from pH 7 to pH 2 had no effect on either the
mean residue ellipticity at 225 nm or the thermal stability
for both peptides (Table 1). This is expected since there
are no ionizable side chains in these peptides and both ends
are blocked.

The van’t Hoff enthalpy was calculated for peptide T1-
892 from its equilibrium melting curve, assuming a two-
state trimer to monomer transition (Table 1). A similar
calculation for peptide T1-892A showed a less favorable
enthalpy value, which is likely to be a factor in its decreased
thermal stability.

Folding. The refolding of the triple-helix in peptide T1-
892 at 2°C following thermal denaturation was monitored
by measuring the ellipticity at 225 nm (Figure 2). The triple-
helix folds slowly, taking about 20 min to regain 50% of
the original ellipticity and 6 h to reach 90% of this value.
The initial folding data, within 30 min, were fit to first-,
second-, and third-order rate equations, and the second-order
equations was found to be the best fit in terms of correlation
coefficient and a residue plot (Table 1) (28). The folding
of peptide T1-892A was also studied, and again indicated
second-order kinetics, with a rate constant about 25% lower
than seen for T1-892 (Figure 2; Table 1).

Effect of Gly Substitution at a Lethal OI Site: Peptides
904 and 904A

Peptide Design.Using a similar peptide design strategy,
a set of two homologous peptides was synthesized to
investigate the effect of a Gly to Ser substitution at site 913
of theR1 chain of type I collagen, where a lethal OI mutation
has been reported (22). Peptide T1-904 has a Gly at residue
913, as found in the normal sequence, while peptide T1-
904A includes Ser at position 913, as found in the mutated
chain (Figure 3).
Conformation and Stability. A characteristic triple-helical

CD spectrum was observed for peptide T1-904 at pH 7,
and its melting temperature was 30.8°C with a sharp thermal
transition (Figure 3; Table 1). The CD spectrum of peptide

B

A

FIGURE 1: (A) CD spectra of peptide T1-892 (s) and peptide
T1-892A (- - -) at 2°C, pH 7. (B) Thermal equilibrium curves
for T1-892 (s) and T1-892A (- - -) as monitored by CD at 225
nm. The peptide sequences for the two peptides are shown. Both
peptides contain residues 892-909 of theR(I) chain of type I
collagen, and one has the GlyfSer substitution at position 901
(underlined residue).

Table 1: Melting Temperatures, Enthalpies, and Kinetic Parameters
for Peptides T1-892, T1-892A, T1-904, and T1-904A

Tmb (°C)
peptide pH 7 pH 2

∆H
(kcal/mol),

pH 7

second-order
rate constant at
2 °C (M-1 s-1)

T1-892 27.5 27.5 -150 0.76
T1-892A(G901S) 15.8 16.1 -114c 0.58
∆[(T1-892)-(T1-892A)]a 11.7 11.4 -36 0.18
T1-904 30.8 22.1 -173 0.28
T1-904A(G913S) 8.9 <2 ndd 0.31d

∆[(T1-904)-(T1-904A)]a 21.9 >20 - not significant

a The difference in values resulting from GlyfSer substitution.b Tm
values are obtained from the first derivative of thermal equilibrium
melting curves.c This value is an estimate since the calculated curve
for the two-state model did not fit the experimental data well at both
ends of the transition.d Peptide T1-904A is not completely trimeric
at 2°C. It was not possible to get a reasonable estimate of∆H without
the trimer portion of the curve. Based on the similar shapes between
the melting curves for T1-904A and T1-892A, the triple-helix content
at 2 °C can be estimated to be 80-90%. Using this assumption, the
kinetic rate was calculated from the folding curve.

FIGURE 2: Folding kinetics of peptides T1-892 (filled circles) and
T1-892A (open circles) at 2°C, pH 7, following heat denaturation.
The change in CD ellipticity was monitored at 225 nm.
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T1-904A, with the GlyfSer replacement at position 913,
also has a maximum at 225 nm, but its magnitude was
decreased from [θ]225 ) +2600 to+1000 deg‚cm2‚dmol-1.
As the temperature is increased, there is a sharp decrease in
ellipticity at 225 nm. It is clear from the curve, that even at
2 °C, the peptide is not fully associated as trimers. Even
though it is not a complete transition, the first derivative of
the transition is easily measured and indicates aTm of 8.9
°C for peptide T1-904A. Thus, the Gly to Ser substitution
at position 913 resulted in a loss of triple-helix content and
a dramatic decrease in thermal stability.
The effect of pH on the thermal stability of peptides T1-

904 and T1-904A was investigated. At pH 2, both peptides
showed a decreased stability compared with their values at
pH 7 (Table 1), suggesting a stabilizing effect of ionization
of the basic and acidic groups at neutral pH, possibly due to
ion pair formation.
Assuming a two-state model, the van’t Hoff enthalpy for

peptide T1-904 is calculated to be-173 kcal/mol (Table
1), but the low-temperature region of the transition did not
fit the two-state model well. It was not possible to calculate
the enthalpy for peptide T1-904A because its transition to
trimer was not complete even at 2°C.

Folding. The triple-helix folding of peptide T1-904 at
pH 7 was monitored, following thermal denaturation and
quenching to 2°C. The folding followed second order
kinetics (Table 1; Figure 4). Folding at pH 2 (rate constant
of 0.29 M-1 s-1) was indistinguishable from the results at
pH 7 (rate constant of 0.28 M-1 s-1). Folding studies were
also carried out for peptide T1-904A, even though the
thermal equilibrium measurements indicate that the peptide
reaches at most 80-90% triple-helix content at 2°C.
Analysis of the data for T1-904A indicated a second-order
rate constant with a value estimated to be similar to that seen
for T1-904 (Table 1).

DISCUSSION

Approaches to clarifying amino acid sequence dependent
properties of the collagen triple-helix include experimental
studies on a “host-guest” triple-helical peptide set (26),
proposal of a stability scale for different triplets (29, 30),
and stability, folding, and dynamic studies on peptides
incorporating collagen sequences (31-33). In the study
reported here, a comparison is made of two peptides, T1-
892 and T1-904, differing only in their N-terminal 18
residues, which are taken from adjacent and partially
overlapping regions of the collagenR1(I) chain (Figure 5).
Differences in the stability and folding of these peptides
appear to relate, in part, to the ionizable residues and imino
acid content in the distinctive 18-residue collagen sequence.
For example, at pH 2, peptide T1-892 has a higher melting
temperature than T1-904, consistent with the higher imino
acid content of T1-892. At pH 7, peptide T1-904 is more
stable than T1-892 (Table 1), and the substantial increase
in stability of peptide T1-904 on going from pH 2 to pH 7
is likely to relate to its high content of ionizable residues,
which stabilize the triple-helix, both individually (34) and
through potential ion pairs (19, 35, 36).

The folding of peptides T1-892 and T1-904 is best fit
by second-order kinetics, suggesting that nucleation is the
rate-limiting step in their folding (28). These peptides have
a (Gly-Pro-Hyp)4 sequence at the C-terminus, which can
promote nucleation and model the C-terminal nucleation of
collagen folding (28, 37, 38). Peptide T1-892 folds much
faster than T1-904 at pH 7, even though it is the less stable
peptide at neutral pH (Figure 4; Table 1). This is likely to

B

A

FIGURE 3: (A) CD spectra of peptide T1-904 (s) and peptide
T1-904A (- - -) at 2°C, pH 7. (B) Thermal equilibrium curves
for T1-904 (s) and T1-904A (- - -) as monitored by CD
spectroscopy at 225 nm. The peptide sequences for the two peptides
are shown. Both peptides contain residues 904-921 of theR(I)
chain of type I collagen, and one has the GlyfSer substitution at
position 913 (underlined residue).

FIGURE 4: Folding kinetics of peptide T1-892 (filled circles) and
peptide T1-904 (open circles) at 2°C, pH 7, as monitored by CD
spectroscopy at 225 nm. Both peptides were heat denatured,
followed by rapid cooling.
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relate to differences between T1-892 and T1-904 in the
Gly-X-Y units adjacent to the (Gly-Pro-Hyp)4 region that
may form part of the nucleation domain. It is possible that
the presence of a high density of charged residues adjacent
to the (Gly-Pro-Hyp)4 strong nucleation site in T1-904 slows
down association or nucleation of multiple chains.

Studies on OI collagens with Gly substitutions at different
sites along theRl(I) or R2(I) chains have indicated the
position-dependent nature of various structural, biological,
and clinical features (12, 30). Some features that differ
depending on the mutation site include: (1) the decrease in
collagen thermal stability, which most often is a few degrees,
but is 20°C in one case (39); (2) the time of delay in folding
(40); and (3) the degree of clinical severity, ranging from
lethal to mild (12). In addition, a kinking of the molecule
occurs when there is a GlyfCys substitution (41, 42), which
may also lead to abnormal fibril branching (43). The
nonequivalence of different mutation sites appears to be
strongly influenced by the nature of collagen triple-helix
folding, which is nucleated at the C-terminus followed by
propagation in a C- to N-terminal manner (13). However,
adherence to this general pattern appears to be modulated
for GlyfSer and GlyfCys mutations by localized sequence
features, resulting in more regional groupings of lethal and
nonlethal mutations (14-16).
Previously, studies on a simple (Gly-Pro-Hyp)10 peptide

with a single GlyfAla substitution indicated that in a very
stable environment, a Gly substitution leads to destabilization,
untwisting, and local disruption of direct intramolecular
hydrogen bonding (7, 24). The peptides T1-892 and T1-
904 provide more realistic collagen sequence environments
and allow comparison of the effect of the GlyfSer substitu-
tions in different local environments. One limitation of these
studies is the homotrimeric nature of these peptides, in
contrast to the heterotrimeric composition of type I collagen
and the heterozygous nature of the dominant OI mutations.
It is only recently that synthetic procedures to make
heterotrimers of reasonable purity are being developed (44,
45). However, conclusions based on studies of these

homotrimeric peptides offer insights that are valuable in
considering heterotrimers.
The introduction of GlyfSer substitutions in peptides T1-

892 and T1-904 resulted in very different effects on thermal
stability, demonstrating the nonequivalence of Gly sites in
different collagen sequence environments. The GlyfSer
substitution led to a 22°C drop in thermal stability in peptide
T1-904, and only a 11°C drop in stability in T1-892 (Table
1; Figure 5). This observation is consistent with the
hypothesis of Ba¨chinger et al. (30) that substitutions in stable
regions may be more disruptive than those in less stable
regions. Both peptides T1-892 and T1-904 showed a
decreased magnitude of their 225 nm CD maximum, sug-
gesting a 50% loss of triple-helix as a result of the
substitution. The large loss of triple-helix content resulting
from the Gly substitution in these peptides suggests renucle-
ation N-terminal to the substitution site is not occurring,
probably due to the short peptide length available. This
contrasts with OI collagens, which can apparently renucleate
and form full-length triple-helical molecules (12, 30). The
GlyfSer substitutions had relatively little effect on the
folding rates of the peptides (Table 1). This suggests that
the nucleation event including the (Gly-Pro-Hyp)4 domain
does not extend into the substitution site, which is consistent
with an experimentally estimated nucleation size of six
tripeptide units (42). In summary, these peptide studies
demonstrate that the introduction of a GlyfSer substitution
leads to a loss of triple-helix content and a decreased stability,
and that the degree of destabilization depends on the local
amino acid sequence surrounding the substitution site. These
results indicate that the sequence environment of a mutation
site has the potential to play a role in the degree of clinical
severity in OI and other collagen diseases.

ACKNOWLEDGMENT

We are grateful to Dr. John Ramshaw for pointing out
the region of study of the collagen chain and for his
contributions to peptide design and useful suggestions. We
also thank Jean Baum, Xaioyuan Liu, Naina Shah, and Joan
Marini and her laboratory for helpful discussions.

REFERENCES

1. Brown, J. C., and Timpl, R. (1995)Int. Arch. Allergy Immunol.
107, 484-490.

2. Prockop, D. J., and Kivirriko, K. I. (1995)Annu. ReV. Biochem.
64, 403-434.

3. Brodsky, B., and Shah, N. K. (1995)FASEB J. 9, 1537-1546.
4. Kadler, K. (1994)Protein Profile 1, 519-563.
5. Rich, A., and Crick, F. H. C. (1961)J. Mol. Biol. 3, 483-
506.

6. Ramachandran, G. N. (1967) inTreatise on Collagen(Ram-
achandran, G. N., Ed.) Vol. 1, pp 103-183, Academic Press,
New York.

7. Bella, J., Eaton, M., Brodsky, B., and Berman, H. M. (1994)
Science 266, 75-81.

8. Fields, G. B. (1995)Connect. Tissue Res. 31, 235-243.
9. Ryhänen, L., Zarogoza, E. J., and Uitto, J. (1983)Arch.
Biochem. Biophys. 223, 562-571.

10. Privalov, P. L. (1982)AdV. Protein Chem. 35, 1-103.
11. Kuivaniemi, H., Tromp, G., and Prockop, D. J. (1991)FASEB

J. 5, 2052-2060.
12. Byers, P. H. (1993) inConnectiVe Tissue and its Heritable

Disorders: Molecular, Genetic, and Medical Aspects(Royce,
P. M., and Steinmann., B., Eds.) pp 317-350, Wiley-Liss,
New York.

FIGURE 5: Triple-helix of type I collagen is represented at the top.
For illustration, several sites of OI GlyfSer mutations are indicated,
with lethal sites at the top and nonlethal sites on the bottom. The
region around mutations at residue 901 (nonlethal) and residue 913
(lethal) is expanded, showing the amino acid sequence 892-921
of theR1 of type I collagen (single-letter amino acid code, with O
designating hydroxyproline). The amino acid sequences incorpo-
rated in the peptides studied (residues 892-909 and residues 904-
921) are shown in the boxes below, to illustrate their relative
location in the chain. The decrease in thermal stability resulting
from the GlyfSer substitution in both peptides is indicated.

6934 Biochemistry, Vol. 36, No. 23, 1997 Yang et al.



13. Bonadio, J., and Byers, P. H. (1985)Nature (London) 316,
363-366.

14. Marini, J. C., Grange, D. K., Gottesman, G. S., Lewis, M. B.,
and Koeplin, D. A. (1989)J. Biol. Chem. 264, 11893-11904.

15. Marini, J. C., Lewis, M. B., Wang, Q., Chen, K. J., and
Orrison, B. M. (1993)J. Biol. Chem. 268, 2667-2673.

16. Wang, Q., Orrison, B. M., and Marini, J. C. (1993)J. Biol.
Chem. 268, 25162-25167.

17. Sakakibara, S., Inouye, K., Shudo, K., Kishida, Y., Kobayashi,
Y., and Prockop, D. J. (1973)Biochim. Biophys. Acta 303,
198-202.

18. Engel, J., Chen, H. T., Prockop, D. J., and Klump, H. (1977)
Biopolymers 16, 601-622.

19. Venugopal, M. C., Ramshaw, J. A. M., Braswell, E., Zhu, D.,
and Brodsky, B. (1994)Biochemistry 33, 7948-7956.

20. Glattauer, V., Werkmeister, J. A., Kirkpatrick, A., and Ram-
shaw, J. A. M. (1997)Biochem. J. 323, 45-49.

21. Mottes, M., Sangalli, A., Valli, M., Lira, M. G., Tenni, R.,
Buttitta, P., Pignatti, P. F., and Cetta, G. (1992)Hum. Genet.
89, 480-484.

22. Cohn, D. H., Wallis, G., Zhang, X., and Byers, P. H. (1990)
Matrix 10, 236.

23. Rink, H. (1987)Tetrahedron Lett. 28, 3787-3790.
24. Long, C. G., Braswell, E., Zhu, D., Apigo, J., Baum, J., and

Brodsky, B. (1993)Biochemistry 32, 11688-11695.
25. Marky, L. A., and Breslauer, K. J. (1987)Biopolymers 26,

1601-1620.
26. Shah, N. K., Ramshaw, J. A. M., Kirkpatrick, A., Shah, C.,

and Brodsky, B. (1996)Biochemistry 35, 10262-10268.
27. Shah, N. K., Sharma, M., Kirkpatrick, A., Ramshaw, J. A.

M., and Brodsky, B. (1997)Biochemistry(in press).
28. Liu, X., Siegel, D. L., Fan, P., Brodsky, B., and Baum, J.

(1996)Biochemistry 35, 4306-4313.
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