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ABSTRACT. Ostoegenesis imperfecta (Ol) or “brittle bone” disease is associated with mutations in the
genes for type | collagen chains and produces variable phenotypes, ranging from lethal cases at birth to
mild cases with increased bone fractures. The most common Ol mutations are single base substitutions
leading to replacement of Gly by another residue, breaking the typical (GlynXepeating sequence
pattern of the collagen triple-helix. Triple-helical peptides were designed to focus on residue32892

of theal chain of type | collagen, where two Ol GiSer 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 witte Gly
mutated sequence. The peptide including the normal sequence residue¥)89&ith 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 96921 again formed a stable triple-helix, but the introduction

of the Gly—Ser 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 as regions which undergo local microunfoldir®) or form
the extracellular matrix, and more than 19 different genetic cooperative folding units1().
types of collagens have been definde-8). The most well

characterized and common are the five fibril-forming col- . : . _ ,
lagens, which are found iB = 67 nm periodic fibrils in in the triple-helix of collagen have been associated with a

connective tissues4]. For instance, type | collagen, a variety of hereditable_ connective tissge disord_érSLQ). The _
heterotrimer composed of twel(l) chains and onex2(1) most well characterized of these disorders is osteogenesis
chain, forms D-periodic fibrils in bone, providing the matrix imperfecta (Ol), which is characterized by bone fragility and
for mineralization. All collagen molecules include a domain is associated with defects in tld or a2 chain of type |
with a triple-helix conformation, consisting of three extended collagen (2). The most common causes of Ol are single
polypeptide chains supercoiled about a common akis (  point mutations that result in the change of Gly to another
7). The close packing of the three chains generates theresidue, most frequently Cys, Ser, Arg, and Asp. These
requirement for Gly as every third residue, and a high content substitutions can occur at many different locations covering
of the imino acids proline (Pro) and hydroxyproline (Hyp)  the full range of thexl(l) and a:2(l) chains and can result in
is necessary to stabilize the individual extended polyproline clinical severity that ranges from mild to lethal phenotypes
II-like helices. (12). Lethal Ol mutations are usually located in the
Type | collagen has a (Gly-X-¥js triple-helix domain,  c_terminal half of the chains, while nonlethal mutations
with Gly-Pro-Hyp as the most frequent triplet unit. This ¢ ster near the N-terminus, an observation that relates to
triple-helical domain is capable of self-association o0 form e ¢_ 1 N-terminal folding direction of the collagen triple-
fibrils and of binding to integrins, proteoglycans, matrix helix (13). However, the severity of the phenotype resulting

metalloproteinases, and many other molecude$) Along N .
; e from Gly—Cys and Gly-Ser substitutions shows exceptions
the uninterrupted triple-helix of type | collagen, there mustI to this trend, in bothu1(l) anda2(l) chains (4—16).

be recognizable variations to specify binding sites, as wel
Peptides with Gly as every third residue and a high imino

t This work has been supported by NIH Grant AR19626. acid content will adopt a triple-helical conformatioh7¢
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1 Abbreviations: abbreviations used for standard amino acids follow defining the impact of Gly mutations. In this work, peptides
the rules of the IUPACIUB Commission of Biochemical Nomencla-  were designed to focus on a local region of tii@l) chain

ture [(1972)J. Biol. Chem 247, 977-983], and hydroxyproline is . . s
designated by Hyp (three-letter code) or O (one-letter code); Ol, encompassing the sites of a nonlethal S§er substitution

osteogenesis imperfecta; CD, circular dichroism; Bect-butyloxy- at residue 90121) and the lethal Gly-Ser substitution at

carbonyl; Fmoc, 9-fluorenylmethyloxycarbonyl; Fmoc-RINK amino  residue 913%2). The stability and folding of homologous
resin, 4-(2,4-dimethoxyphenyl-Fmoc-aminomethyl)phenoxy resin; PBS, eptides containina seauences around each of these two
phosphate-buffered saline; Pmc, 2,2,5,7,8-pentamethylchroman-6-suI-p p g9 q

fonyl; tBu, tert-butyl; HPLC, high-performance liquid chromatography. mutation sites were compared.
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MATERIALS AND METHODS sample transfer for each experiment was between 10 and 15

. . . s. The data were collected eyed s with an averaging time
Peptides The peptides were synthesized by SynPep Corp. of 15 over 6 h. or were coIIecéd eyet s with an a?/er?aging
(Dublin, CA) on an Fmoc-RINK amino resii28) manually time o 1 s ovér 30 min

“S"!g solid—phase peptide synthesis procedures. The side Calculation of Rate éonstantsThe base-line-corrected
chain protecting groups were tBu for Hyp, Ser, Thr, and Asp; ellipticities were plotted against the corrected times (taking

Efn;(;(f:?]r Ae\;rgt;i diov(\:/afl(s)rcla)r/\?i;rrir;% tl:'gri foerIchltr;bsT?: I?oenrilgzion into account the dead time of each experiment). The fraction
pep g pray folded () was calculated using eq 1. In this ca$gimer

mass spectroscopy. The purity of the peptides was greater S " . :
than 95% as judged by reversed-phase analytical HPLC using\:\gfl S thg e:}"‘g'c'ty of the eqU|I|bra|teddpepth e solution at 2
a linear gradient of CECN (0.075% TFA) and bD (0.1% , and theOmonomer Was extrapoiated to time zero using
TFA) as eluent ' ' polynomial curve fitting of the folding data.

. S . . . The concentration of monomer at any given time, [A], was

Circular D|chr0|sm Circular dichroism (CD) spectra were calculated using eq 3, where [A the initial monomeric

recorded on an Aviv Model 62DS spectrometer. Cells of eptide concentration:
path length 0.1 cm were used, and the temperature in theP€P '
cell was controlled using a Hewlett-Packard Peltier thermo-

. [Al =1 -F)Al,
electric temperature controller. Samples were prepared at a

®3)

concentration of 1 mg/mL, with peptides dried in vacuo over

P,Os for 48 h prior to weighing. Peptide solutions in either
0.1 M acetic acid, pH 2.7, or 0.15 M NacCl, 0.01 M sodium
phosphate, pH 7.1 (PBS), were equilibrated &€4or 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 . For equilibrium

melting temperature transitions, the ellipticity at 225 nm was
monitored while the temperature in the cell was increased

at a rate of 0.18C/min. The equilibration time at each point
was set to 2 min.

Calculation of Thermodynamic Parameter3he 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 desigd)(and by
the good fit of the melting curve. The fraction folded (F)
was calculated using eq 1:

1)

In this equation,F is the fraction folded,Oopsenvedis the
observed ellipticity,fyimer is calculated from the best fit
equation for the trimeric part of the melting curve, and
Omonomer IS Calculated from the best fit equation for the
monomeric part of the melting curve.

The van’t Hoff enthalpy AH) was determined by curve-
fitting with eq 2 (18, 24-26):

F= (eobserved_ Bmonome)/(etrimer - 9m0nome)

In K= (AH/RT[(T/T,) — 1] —In (0.75%) (2)

In this equationK is the equilibrium constant between the
monomer and trimer (3M= T); Ty, is the melting temper-
ature in Kelvin where the peptide was 50% fold€d= 0.5);
andc is the peptide concentration in moles.

Refolding ExperimentsAll the peptides were heated to
dissociate the trimers to monomers, and then cooled® 2
to initiate refolding. About 0.4 mL of sample in a small
glass tube was denatured in a 8D water bath for 15 min.

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

In ([AVIA] ) = —kt 4)
1/[A] — 1/[A], = 2kt (5)
1/[A]* — 1/[A]> = 6kt (6)

The rate constant was calculated from the slope for the best
fitline. 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 Ol 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 theal chain of type | collagen, where a
nonlethal Ol mutation has been reporte2ll)( 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 X9, 20, 2J. 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 Ol mutated chain. Each peptide is designated
by its N-terminal residue, using the residue number in the
o1(l) chain triple-helix sequence. Thus, the two peptides
studied are T1892, with the normal sequence, and-T1
892A (G901S), which has the GlySer substitution (Figure

The solution in the glass test tube was rapidly quenched in 1).

an iced KCI salt solution (30% KCI and ice; temperature

between—5.8 and—6.7 °C) before being transferred into
the CD cell, which had been equilibrated at’@ in the
instrument. The quenching time to reachwas estimated

Conformation and Stability.The CD spectrum of peptide
T1-892 showed characteristic triple-helical features &€ 2
with a maximum near 225 nm (Figure 1, panel A). Increas-
ing temperature led to disappearance of this maximum, with

to be 5.5 s using a blank solution with a thermal probe, and a sharp thermal transition @, = 27.5°C (pH 7) (Figure 1,
this time interval was used for quenching in the actual panel B). Previous reports indicate that this corresponds to

experiment. The ellipticity at 225 nm was monitored

the trimer~monomer transition1(7, 29. Peptide T1892A,

immediately afterward. The dead time associated with with the Gly—Ser replacement at position 901, also had a
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A 4 Table 1: Melting Temperatures, Enthalpies, and Kinetic Parameters
for Peptides T+892, T1-892A, T1-904, and T+904A

Tob (°C) AH second-order
_mt*> (kcal/mol), rate constant at
peptide pH7 pH2 pH7 2°C (M 1s7)
T1-892 27.5 275 —150 0.76
T1-892A(G901S) 158 16.1 -—-114 0.58
A[(T1-892)—(T1-892A)]F 11.7 114 -36  0.18
T1-904 30.8 221 -—-173 0.28
T1-904A(G913S) 89 <2 nd  0.3M
A[(T1-904)-(T1-904A) 21.9 >20 - not significant

2 The difference in values resulting from GhSer substitution® Ty,
values are obtained from the first derivative of thermal equilibrium
melting curves® This value is an estimate since the calculated curve
for the two-state model did not fit the experimental data well at both

210 220 230 240 250 260 ends of the transitiorf. Peptide T:904A is not completely trimeric
Wavelength (nm) at 2°C. It was not possible to get a reasonable estimatetbfvithout
the trimer portion of the curve. Based on the similar shapes between
B the melting curves for T£904A and T1-892A, the triple-helix content
at 2°C can be estimated to be 890%. Using this assumption, the
kinetic rate was calculated from the folding curve.
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Sequence
T1-892 Ac-GPAGPAGPVGPAGARGPA(GPO)4GV-NH;
T1-892A(G901S)  Ac-GPAGPAGPVSPAGARGPA(GPO)4GV-NH;
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FiGUrRe 2: Folding kinetics of peptides 4892 (filled circles) and
T1-892A (open circles) at 2C, pH 7, following heat denaturation.

Fraction Folded

[©1,,, x 10 (deg.cm’.dmol ")
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0 10 20 30 40 50 60 70 The change in CD ellipticity was monitored at 225 nm.
Temperature (°C)
FIGURE 1: (A) CD spectra of peptide 4892 (—) and peptide Folding. The refolding of the triple-helix in peptide F1

T1-892A (---) at 2°C, pH 7. (B) Thermal equilibrium curves 892 at 2°C following thermal denaturation was monitored
for T1-892 (—) and T1-892A (- - -) as monitored by CD at 225 by measuring the ellipticity at 225 nm (Figure 2). The triple-
Bg}%ﬁ %%F;tt'gi?‘ Srzgtjdeunecsessg%tgh%fw;lr?eele(?)tlgﬁgigri fsthy(:)véni Bothhelix folds slowly, taking about 20 min to regain 50% of
collagen, and one has the GhSer substitution at position 901 the o_rlg!nal eIII_ptICIty ani 6. h_to reach 90% of t.hls Va_llue.
(underlined residue). The initial folding data, within 30 min, were fit to first-,
second-, and third-order rate equations, and the second-order
characteristic triple-helical CD spectrum, but the magnitude eguations was found to be the best fit in terms of correlation
of the mean residue ellipticity at the 225 nm peak was coefficient and a residue plot (Table 1)gf. The folding
decreased from @25 = +2900 to Plos = +1200 of peptide TE892A was also studied, and again indicated
degcm?-dmoll. A sharp trimer to monomer thermal second-order kinetics, with a rate constant about 25% lower
transition was observed for peptide-F892A, but there was ~ than seen for T1892 (Figure 2; Table 1).
a substantial decrease in the thermal stability, dropping from - . .
T = 27.5°C (T1-892) toTn = 15.8°C (T1—892A). These Effect of Gly Substitution at a Lethal Ol Site: Peptides
results suggest a loss of triple-helix content and a reduced?04 and 904A

therma-l Stablllty as a result of the Gly to Ser SUb.StitUtion. Pep“de Design_Using a similar pep“de design strategy,
Changing from pH 7 to pH 2 had no effect on either the 3 set of two homologous peptides was synthesized to
mean residue ellipticity at 225 nm or the thermal stability jnvestigate the effect of a Gly to Ser substitution at site 913
for both peptides (Table 1). This is expected since there of the a1 chain of type | collagen, where a lethal Ol mutation
are no ionizable side chains in these peptides and both end$as been reporte@?). Peptide T+904 has a Gly at residue
are blocked. 913, as found in the normal sequence, while peptide T1
The van't Hoff enthalpy was calculated for peptideT1  904A includes Ser at position 913, as found in the mutated
892 from its equilibrium melting curve, assuming a two- chain (Figure 3).
state trimer to monomer transition (Table 1). A similar  Conformation and Stability A characteristic triple-helical
calculation for peptide T4892A showed a less favorable CD spectrum was observed for peptide-@04 at pH 7,
enthalpy value, which is likely to be a factor in its decreased and its melting temperature was 30@with a sharp thermal
thermal stability. transition (Figure 3; Table 1). The CD spectrum of peptide
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Ficure 3: (A) CD spectra of peptide T1904 (—) and peptide

T1-904A (---) at 2°C, pH 7. (B) Thermal equilibrium curves
for T1-904 () and T1+904A (---) as monitored by CD
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Ficure 4: Folding kinetics of peptide 71892 (filled circles) and
peptide TE904 (open circles) at 2C, pH 7, as monitored by CD
spectroscopy at 225 nm. Both peptides were heat denatured,
followed by rapid cooling.

Folding. The triple-helix folding of peptide T4904 at
pH 7 was monitored, following thermal denaturation and
guenching to 2°C. The folding followed second order
kinetics (Table 1; Figure 4). Folding at pH 2 (rate constant
of 0.29 M s71) was indistinguishable from the results at
pH 7 (rate constant of 0.28 M s™1). Folding studies were
also carried out for peptide F1904A, even though the
thermal equilibrium measurements indicate that the peptide
reaches at most 8M0% triple-helix content at 2C.
Analysis of the data for T1904A 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 s26)(

spectroscopy at 225 nm. The peptide sequences for the two peptideproposal of a stability scale for different triplet29, 30,

are shown. Both peptides contain residues-9821 of thea(l)
chain of type | collagen, and one has the Gfger substitution at
position 913 (underlined residue).

T1-904A, with the Gly—Ser replacement at position 913,

and stability, folding, and dynamic studies on peptides
incorporating collagen sequence31{33). In the study
reported here, a comparison is made of two peptides; T1
892 and T1904, differing only in their N-terminal 18

also has a maximum at 225 nm, but its magnitude was residues, which are taken from adjacent and partially

decreased fromf],25 = +2600 to+1000 degecn?-dmol.

overlapping regions of the collageri(l) chain (Figure 5).

As the temperature is increased, there is a sharp decrease iPifferences in the stability and folding of these peptides

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 indicatég,af 8.9
°C for peptide TE904A. 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 peptidesT1
904 and T1904A was investigated. At pH 2, both 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 ¥B92 has a higher melting
temperature than 74904, consistent with the higher imino
acid content of T£892. At pH 7, peptide T£904 is more
stable than T4892 (Table 1), and the substantial increase
in stability of peptide T+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 individually34) and

showed a decreased stability compared with their values atthrough potential ion pairsl@, 35, 36.

pH 7 (Table 1), suggesting a stabilizing effect of ionization

of the basic and acidic groups at neutral pH, possibly due to  The folding of peptides T+892 and T+904 is best fit

ion pair formation.

Assuming a two-state model, the van't Hoff enthalpy for
peptide T1904 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 FA904A because its transition to
trimer was not complete even at°C.

by second-order kinetics, suggesting that nucleation is the
rate-limiting step in their foldingZ8). These peptides have

a (Gly-Pro-Hyp) sequence at the C-terminus, which can
promote nucleation and model the C-terminal nucleation of
collagen folding 28, 37, 38. Peptide T892 folds much
faster than T4904 at pH 7, even though it is the less stable
peptide at neutral pH (Figure 4; Table 1). This is likely to
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Lt O 4 e homotrimeric peptides offer insights that are valuable in
N ade considering heterotrimers.
Noriethal Of A4 AL N7 The introduction of Gly-Ser substitutions in peptides F1

o

892 and T1904 resulted in very different effects on thermal
stability, demonstrating the nonequivalence of Gly sites in
different collagen sequence environments. The—&er
substitution led to a 22C drop in thermal stability in peptide
’GPAGPAGPVE;T:SE;ZPM T1-904, and only a 11C drop in stability in T+-892 (Table
rYR——— 1; Figure 5). This observation is consistent with the
hypothesis of Bahinger et al. 80) that substitutions in stable
+ aTmo22C reg@ons may be more disruptive than those in less stable
(cARGPAGPQEPRGDKGET] regions. Both p_eptldes 'H8_92 and T+904 sh_owed a
Lothal decreased magnitude of their 225 nm CD maximum, sug-
Ficure 5: Triple-helix of type | collagen is represented at the top. 9€Sting a 50% loss of triple-helix as a result of the
For illustration, several sites of Ol GlySer mutations are indicated, ~ substitution. The large loss of triple-helix content resulting
with lethal sites at the top and nonlethal sites on the bottom. The from the Gly substitution in these peptides suggests renucle-
region around mutations at residue 901 (nonlethal) and residue 913,tjon N-terminal to the substitution site is not occurring,

(lethal) is expanded, showing the amino acid sequence-822 . . .
of theal of type | collagen (single-letter amino acid code, with O probably due to the short peptide length available. This

designating hydroxyproline). The amino acid sequences incorpo- contrasts with Ol collagens, which can apparently renucleate
rated in the peptides studied (residues-8929 and residues 964 and form full-length triple-helical molecule4?, 3Q. The
|921)f ;:einS?ﬁgvghi‘:inth_?hl;oaﬁgr:aeslgwi/h tt% élrlrtllﬁatlrzttz btmgrr;ilattll\% Gly—Ser substitutions had relatively little effect on the
ocati . i i i

from the Gly—Ser substitution in both peptides is indicated. IﬁledIrTSch;eti%r?fet\r/]:n??ﬁ(gSzisngrglbeJe(Gll)y-Jrrg-sH;l;n%]rﬁ:i that
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
Femonstrate that the introduction of a Gter substitution
eads to a loss of triple-helix content and a decreased stability,

GPAGPAGPV[GPAGARGPAGPQGIPRGDKGET
892 93

901

GPAGPAGPVGPAGARGPA |

892

[GARGPAGPQGPRGDKGET

relate to differences between F892 and T1904 in the
Gly-X-Y units adjacent to the (Gly-Pro-Hypyegion that
may form part of the nucleation domain. It is possible that
the presence of a high density of charged residues adjacen

to the (Gly-Pro-Hypjstrong nucleation site in F1304 slows and that the degree of destabilization depends on the local

down association or nucleation of multiple chains. . . : o _
] ) T ) amino acid sequence surrounding the substitution site. These
Studies on Ol collagens with Gly substitutions at different yegyjts indicate that the sequence environment of a mutation

sites along theal(l) or a2(l) chains have indicated the gjte has the potential to play a role in the degree of clinical
position-dependent nature of various structural, biological, seyerity in OI and other collagen diseases.

and clinical features1@, 3Q. Some features that differ

depending on the mutation site include: (1) the decrease iINnACKNOWLEDGMENT
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