Destabilization of osteogenesis imperfecta
collagen-like model peptides correlates with
the identity of the residue replacing glycine
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Mutations resulting in replacement of one obligate Gly residue
within the repeating (Gly-Xaa-Yaa), triplet pattern of the collagen
type | triple helix are the major cause of osteogenesis imperfecta
(OI). Phenotypes of Ol involve fragile bones and range from mild
to perinatal lethal. In this study, host-guest triple-helical peptides
of the form acetyl-(Gly-Pro-Hyp)s-Zaa-Pro-Hyp-(Gly-Pro-Hyp)s-Gly-
Gly-amide are used to isolate the influence of the residue replacing
Gly on triple-helix stability, with Zaa = Gly, Ala, Arg, Asp, Glu, Cys,
Ser, or Val. Any substitution for Zaa = Gly (melting temperature,
Tm = 45°C) results in a dramatic destabilization of the triple helix.
For Ala and Ser, T, decreases to ~10°C, and for the Arg-, Val-, Glu-,
and Asp-containing peptides, T < 0°C. A Gly — Cys replacement
results in T, < 0°C under reducing conditions but shows a broad
transition (Tm ~ 19°C) in an oxidizing environment. Addition of
trimethylamine N-oxide increases T, by ~5°C per 1 M trimethyl-
amine N-oxide, resulting in stable triple-helix formation for all
peptides and allowing comparison of relative stabilities. The order
of disruption of different Gly replacements in these peptides can be
represented as Ala = Ser < CPO,eq < Arg < Val < Glu = Asp. The
rank of destabilization of substitutions for Gly in these Gly-Pro-
Hyp-rich homotrimeric peptides shows a significant correlation
with the severity of natural Ol mutations in the a1 chain of type |
collagen.

Osteogenesis imperfecta (OI) or “brittle bone disease” is
characterized by a general decrease in bone mass resulting
in multiple fractures, and its inheritance is in most cases auto-
somal dominant (for reviews, see refs. 1 and 2). The clinical
phenotype has been subdivided into four types (3) with type I as
the mildest and most common form characterized by prepubertal
fractures and slight growth retardation. Type III and IV OI
patients have recurrent fractures, progressive limb deformities,
and severe growth deficiencies. The most severe form, OI type
I1, is usually perinatal lethal. Infants have short limbs, crumpled
long bones, and multiple fractured ribs. In nearly all cases, OI is
caused by mutations in the genes COL1AI and COLIA2 coding
for the two chains a1(I) and a2(I) of procollagen type I.

Collagen type I is the major structural protein of the extra-
cellular matrix of bone, skin, and tendon (4). It consists of two
al and one &2 chains that are synthesized in the rough endo-
plasmic reticulum in a procollagen form with N- and C-terminal
extensions. The central region contains 338 repeating Gly-Xaa-
Yaa triplets, with proline as the residue most frequently incor-
porated into the Xaa and Yaa position. In the Yaa position, Pro
is generally enzymatically modified to 4-hydroxyproline (denot-
ed by O or Hyp throughout), making Gly-Pro-Hyp the most
common, as well as the most stabilizing, triplet in collagen (5).
The presence of Gly as every third residue is considered essential
to form the characteristic collagen triple helix. In this confor-
mation, three left-hand polyproline II-like helical chains are
wound around each other to form a tightly packed right-handed
superhelix. Only Gly residues can be accommodated without
distortion as every third residue near the center of this super-
coiled helix (6-8).

Although RNA splicing variations, gene deletions, inser-
tions, and duplications are observed, the majority of OI cases
are caused by single base exchanges resulting in a replacement
of Gly with another amino acid (1, 2, 9, 10). Hundreds of
distinct Gly substitution mutations have been observed in
different OI cases, occurring in either the a1(I) or a2(I) chain.
Seven different amino acids, whose codons differ from the
codon of Gly in one nucleotide, have been observed as
replacement residues at many sites along both chains. Some
substitutions lead to lethal cases, and others result in milder
forms; however, no simple correlation has been observed
relating clinical severity with the chain type, mutation site,
flanking sequences, or residue substituted for Gly.

Studies on OI fibroblasts have shown excess posttranslational
glycosylation and lysine hydroxylation N-terminal to the OI
collagen mutation site, reflecting delayed folding and the C- to
N-terminal directionality of collagen triple-helix propagation (1,
5, 11). Increased intracellular breakdown, reduced collagen
secretion, and compromised helix stability are also observed for
some OI collagens (1, 12-14). In a few cases of Gly — Cys or Gly
— Asp substitutions resulting in lethal OI, a pronounced kink
within the triple helix is observed and has been shown to
interfere with proper fibril formation (15-18).

Collagen-like peptides allow characterization of the effect of Gly
substitutions within a defined sequence environment in a homo-
geneous population of triple-helical molecules. The influence of
those residues replacing Gly in OI mutations is reported herein for
a host-guest peptide model. The host peptide consists of eight
Gly-Pro-Hyp triplets, a model of the most stable collagenous
environment (19). Near the center, one Gly residue is replaced with
Ala, Arg, Asp, Cys, Glu, Ser, or Val, and the effect on stability is
analyzed. As expected, the thermal stability was decreased drasti-
cally by a Gly substitution. The decrease in triple-helix stability
critically depends on the nature of the residue replacing Gly.
Comparison of the peptide results with the OI phenotype for
mutations in the al1(I) chain indicates that the most destabilizing
residues correlate with the most severe clinical symptoms, whereas
the less disruptive residues show more varied phenotypes.

Materials and Methods

Peptide Synthesis and Purification. Peptides were synthesized by
using fluorenylmethoxycarbonyl chemistry, purified, and iden-
tified by mass spectrometry as described (19-22).
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Sample Preparation. Lyophilized peptides were dried in vacuo
over P,0s for 2 days before weighing to prepare 10 mg/ml stock
solutions in water. At least 2 days before measurements, samples
were adjusted to 1 mg/ml in 150 mM NaCl/20 mM KH,PO,/
NaOH, pH 7.2 (PBS) by dilution with concentrated buffer
solutions and stored in an ice bath. For the Cys-containing
peptide, measurements were performed in the absence and
presence of 5 mM DTT, which was added to avoid disulfide bond
formation. The monomeric state of this peptide under reducing
conditions before and after melting experiments was confirmed
by mass spectroscopy, whereas monomers and dimers were
observed in the absence of DTT. Trimethylamine N-oxide
(TMAO; Sigma) concentrations were varied by addition of a 4.1
M stock solution in PBS.

CD Spectroscopy. CD spectra were recorded in 1-mm quartz
cuvettes on an Aviv 62DS spectropolarimeter equipped with a
five-cell thermostated cell holder and a temperature controller
(Aviv Associates, Lakewood, NJ). Samples were transferred into
temperature-adjusted cells with precooled pipette tips. Spectra
were collected from 260 to ~210 nm in 0.5-nm intervals at 0°C,
corrected for buffer baselines measured in the same cells, and
normalized to mean residue ellipticities [O]mrw With M, derived
from the sequences. Thermal transition curves were recorded at
225 nm starting at 0°C (and at —5°C for peptide DPO in 3.7 M
TMAO). The temperature was increased in 0.3°C intervals with
equilibration and measuring times of 90 and 20 s, respectively,
resulting in average heating rates of 4-5°C/h. Spectra recorded
6 to 10 h after finishing the melt, during which time the samples
were equilibrated at 0°C, showed a CD signal recovery of greater
than 90% at 225 nm.

Thermodynamic Analysis. Thermal transition curves were normal-
ized to the fraction of triple-helical peptide F with F = [© —
O0u(1)]/[On(T) — By(T)], where O, and O, represent ellipticities
of the fully folded and unfolded species, respectively, corrected
for their temperature dependence by linear extrapolation of the
low and high temperature baselines; O is the observed ellipticity;
and 7 is temperature. Assuming a two-state mechanism in which
three unfolded chains u combine to a triple-helical molecule n
results in an equilibrium constant K = ¢,/c,® = F/3 ¢o? (1 — F)?
where ¢y = ¢, + 3¢, is the total peptide concentration and F =
3cn/co the fraction of folded peptide (23). This assumption seems
justified, because a two-state transition was verified for related
peptides by analytical ultracentrifugation (24). With AG® = AH°
— TAS® = —RT In K, it follows that

lKT—AHO T In(0.75 ¢§ 1
n ( )_ RT Tm n( . CO)’ [ ]
where AGY, AH?, AS®, R, T, and Ty, are the standard free energy,
enthalpy, entropy, gas constant, absolute temperature, and
melting temperature, respectively. T, and AH? were derived by
fitting the normalized transition curves to Eq. 1 by using a
nonlinear least-squares algorithm.

Results
Peptide Design. Single base changes causing substitutions of Gly
within the Gly-Xaa-Yaa triplet are the most common type of
mutations within the type I collagen genes leading to OI.
Changes of one nucleotide within a Gly codon can result in
codons for Ala, Arg, Asp, Cys, Glu, Ser, Val, or Trp or for a
premature stop codon. All such mutations except Trp or a stop
codon have been found in different cases of OI, with Ser and Cys
replacements accounting for the most frequently observed mu-
tations (10).

To test for the influence of different replacement residues on
the stability of the collagen triple helix, a set of host—guest
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peptides was synthesized in which one Gly residue is substituted
by all of the replacement residues seen in OI cases. A set of
host—guest model peptides of the form acetyl-(Gly-Pro-Hyp)s-
Gly-Xaa-Yaa-(Gly-Pro-Hyp)-Gly-Gly-amide has been studied
extensively in our laboratory. This design embeds a guest triplet
Gly-Xaa-Yaa near the middle of a Gly-Pro-Hyp-rich environ-
ment and has an acetylated N terminus and amidated C terminus
to eliminate interactions between guest triplets and ionized ends
(25, 26). The host peptide acetyl-(Gly-Pro-Hyp)s-Gly-Gly-amide
has a Ty, = 45°C, and all of the more than 40 peptides with
different L-amino acids in the Xaa and Yaa positions studied
thus far formed stable triple helices with melting temperatures
in the 20—45°C range (19-22, 27). For this study, the Gly residue
in the guest triplet is replaced by another residue, Zaa, with Xaa
and Yaa being Pro and Hyp, respectively, yielding a guest triplet
Zaa-Pro-Hyp. For comparison, peptides with Ser in the Xaa and
Yaa position were included in this study. In the following
discussion, peptides are named by their guest triplet in single-
letter code, with O used to designate Hyp.

Peptide Conformation and Stability. Far-UV CD spectra recorded
at 0°C in PBS showed maxima of varying magnitudes at 225 nm
for all host—guest peptides studied (Fig. 1). The host peptide
GPO (19) as well as peptides GSO and GPS showed values of
[6]225 =~ 4,000 deg-em®dmol ! in native conditions, indicating a
fully triple-helical conformation, as also found for other related
host—guest peptides (19-22, 27). The corresponding values for
peptides APO (3,600 degrcm?dmol~!), CPO under oxidizing
conditions (3,200 deg-cm?*dmol~'), and SPO (3,200
degrecm?dmol~!) are lower but are still in the range expected for
a triple helix, whereas the CD amplitudes of peptides CPOyeq
(1,600 degrem?dmol~!), DPO (2,000 degrcm?dmol~!), EPO
(1,700 deg-cm>-dmol 1), RPO (1,600 deg-cm*dmol~'), and VPO
(1,300 deg-cm?dmol ') are comparable with the CD amplitude
of a single-chain polyproline II helix (24, 28, 29).

Thermal stability was determined by monitoring the change of
ellipticity at 225 nm on heating (Fig. 2). The host peptide GPO
(19) as well as peptides GSO (Fig. 34) and GPS show sharp
thermal transitions from the trimer (native) to monomer (de-
natured) state, with Ty, values of 45, 38, and 35°C, respectively
(Table 1). Peptides APO and SPO also show cooperative
melting, but the thermal stability dramatically decreases to
about 10°C.

In contrast to the cooperative melting of these peptides, a
linear change of ellipticities with increasing temperature is
recorded for DPO, EPO, RPO, and VPO, suggesting a dena-
tured conformation even at low temperatures (Fig. 24). This
result, together with the low magnitude of the CD signal at 0°C
(Fig. 1A4), indicates a polyproline II-like structure of noninter-
acting peptide chains. To test whether the lack of triple-helix
formation for DPO, RPO, and EPO is caused by unfavorable
ionic interactions between the charged side chains, melting
experiments were performed at pH 1.8 and pH 12.9 as well as in
the presence of 2 M NaCl. Charge repulsion did not seem to play
a major role in triple-helix destabilization, because CD ampli-
tudes remained in the same range as was found for PBS and
because melting curves still showed a linear dependence of the
temperature. APO used as a control peptide showed no signif-
icant change in Ty, values under these conditions.

The peptide CPO,cq shows an almost linear change in ellip-
ticity with temperature, with just the final phase of a cooperative
transition detectable near 0°C (Fig. 24), indicating that a Gly —
Cyseq substitution prevents triple-helix formation. However, in
the absence of DTT, CPO has a broad (AH? = —240 kJ/mol)
thermal transition, centered near 18°C, suggesting that forma-
tion of disulfide bonds plays a stabilizing role, although the
nature of the product(s) has not been defined by this study.

Beck et al.



PN

N

]
N

[6] oy X 10 (deg cm? dmol ™)
o

1
A

E-N

N

o

[0] 4w X 10 (deg cm? dmol ™)

1
N

»

E-N
T

N

T

o
—T—T

[0] 4y X 107 (deg cm? dmol ™)

1
N
)

i i
230 240
Wavelength (nm)

Fig. 1. Far-UV CD spectra of host—guest peptides. CPOy¢q is used to indicate
the peptide with a Cys-Pro-Hyp guest triplet under reducing conditions. (A)
Spectra are shown for peptides GPS (—), SPO (----), CPOreq (=+-+), DPO (-++++-- ), and
RPO (--+-) recorded at 0°C in PBS (concentration = 1 mg/ml). Corresponding
spectra are shown for peptides GSO (B) and APO (C) recorded at TMAO
concentrations of (from bottom to top at 225 nm) 0, 0.5, 1.0, 1.5, 2.0, and 3.7
M. (Insets) The increase of the molar ellipticity at 225 nm observed on increas-
ing the concentrations of TMAO.

Influence of TMAO on Peptide Conformation and Stability. To test
whether peptides DPO, EPO, RPO, VPO, and CPO;.q4 could
form triple helices, measurements were performed with differ-
ent concentrations of TMAO as a cosolvent. TMAO is a
naturally occurring osmolyte that counteracts the destabilizing
interaction of proteins with urea in different marine elasmo-
branchs (30). It was also shown to increase the melting temper-
ature of proteins in vitro (31, 32) and is effective in correcting
temperature-sensitive protein folding abnormalities in vivo (33).
In contrast to various polyols that stabilize collagens and col-
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Fig. 2. Thermal denaturation of host—guest peptides. The change of ellip-
ticity on heating was monitored at 225 nm for peptides APO (—), SPO (----),
CPOyed (=), RPO (s+ss+= ), and DPO (----) (concentration = 1 mg/ml) in PBS in the
absence (A) and presence (B) of 3.7 M TMAO. Transition curves were normal-
ized to the fraction of folded peptides for profiles in the absence (C) and
presence (D) of TMAO. Transition profiles for peptides VPO (short dotted line)
and EPO (short dashed line) are included in D.

lagenous peptides (23, 29, 34), TMAO has an excellent far-UV
transparency.

In 3.7 M TMAQO, all or part of a transition curve was observed
for the entire set of Gly — Zaa peptides, allowing comparison
of their relative stabilities (Fig. 2D; Table 1). For CPO under
reducing conditions, a very broad transition was seen, with a
clear biphasic nature at lower values of TMAO; this result is
likely a consequence of the oxidizing effect of TMAO (35),
resulting in a mixture of reduced and oxidized species. Peptides,
such as APO, gave melting temperatures that linearly increased
with TMAO concentration, as did host—guest peptides GSO and
GPS (Fig. 3). All host—guest peptides studied showed relatively
constant values of the increase in 7, per mol of TMAO
(AT/[TMAO]) between 4.4 and 5.9°C (Fig. 3 Insets; Table 1),
which are similar to the ~4°C reported for ribonuclease (31, 32).
These values could be used to extrapolate apparent 7y, values in
the absence of TMAO for peptides DPO, EPO, RPO, VPO, and
CPOyeq (Table 1). The increase in Ty, as a result of TMAO is
accompanied generally by a decrease in the absolute values of
the transition enthalpies (Table 1); such a decrease is evident
from the broadening of the transition curves (Fig. 2, compare A
and C with B and D, respectively).

Besides its effect on the thermostability of the host—guest
peptides, TMAO also increases the amplitude of the CD signal.
The maximum ellipticities at 225 nm recorded at 0°C show a
linear increase of ~500 deg-cm?dmol~! per 1 M of TMAO,
depending on the peptide (Fig. 1 B Inset and C Inset; Fig. 2,
compare also 4 and B).
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Fig. 3. Thermal denaturation of host-guest peptides at varying concentra-
tions of TMAO. The change of ellipticity on heating was monitored at 225 nm
for peptides GSO (A) and APO (B) (concentration = 1 mg/ml) in PBS (—) and
after addition of 0.5 (----), 1.0 (++++), 2.0 (---+), and (for APO) 3.7 (--+) MTMAO.
(Insets) The increase in melting temperature on increasing TMAO concentra-
tions.

Discussion

More than 250 Gly — Zaa OI mutations in type I collagen have
been determined for different individuals whose phenotypes
vary from lethal to mild forms (1, 2, 9, 10, 12). The mutation sites

range over the 1,014-residue triple helix of both the «1(I) and
a2(I) chains, with Gly — Ser and Gly — Cys substitutions being
the most common replacements (Fig. 4). Although it is not yet
possible to predict the severity of an OI phenotype for a given
Gly substitution at a specific site, factors that are thought to be
important include the nature of the residue substituted for Gly,
the chain in which the mutation occurs [al(I) or a2(I)], the
location of the mutation with respect to the C terminus of the
triple helix, and the amino acid sequence environment adjacent
to the mutation site (1, 36, 37).

Different models have been proposed that focus on the location
of the mutation and its environment. The gradient model empha-
sizes that changes within the C-terminal three-quarters of the
molecule are usually more severe than those within the N-terminal
region and suggests a relation to the C to N directionality of
collagen triple-helix folding (1, 14, 38). With an increase in the
number of OI cases, this general correlation has held up for Gly —
Arg and Gly — Val mutations in the a1(I) chain, whereas all Gly
— Asp mutations reported in the al(I) chain are lethal (Fig. 4).
Mutations resulting in Ser or Cys show both lethal and nonlethal
effects all along the al(I) chain, except for a region with only
nonlethal Cys mutations near the N terminus. The «2(I) chain does
not have the polarity seen for a1(I) but seems to have clusters of
lethal mutation sites alternating with clusters of milder OI sites
along the chain. This pattern led to the suggestion that regional
factors related to local sequence stability or binding sites must be
important in determining phenotype (37, 39). Local sequences
N-terminal to the mutation site could also influence the propensity
for renucleation, if the Gly substitution has interrupted the C- to
N-terminal propagation of the triple helix (40, 41). Calculations of
relative stabilities, assigned on the basis of the frequency of
different tripeptides in collagen, suggest that mutations within a
very stable local environment result in a more severe clinical effect
(36, 42), and studies on peptides have supported the influence of
local triplets surrounding a mutation on its disruptive effect (43, 44).
Cooperative blocks that undergo local breathing or microunfolding
could also be destabilized selectively by Gly substitutions and
prevent folding of the molecule (2, 12).

Although studies on OI collagens have indicated that the
residue substituted for Gly impacts on its consequences, the
influence of other factors, such as the location of the mutation
site with respect to the C terminus and the local surrounding
sequences, and the presence of a heterogeneous population with
respect to the mutated chains, has obscured any simple corre-

Table 1. Melting temperatures T, and transition enthalpies AH? of host-guest peptides as

determined by CD spectroscopy
0 M TMAO

3.7 M TMAO

ATm/[TMAO],
Peptide Tm (CO)* AHO (kJ/mol) Tm (°C) AHO (kJ/mol) K/mol/liter
GPO* 445 —350 n.d. n.d. n.d.
GSO 38.3 -510 47.1* —410% 4.4
GPS 34.8 —440 n.d. n.d. n.d.
SPO 8.6 —590 26.5 —350 4.8
APO 9.9 —550 31.9 —380 5.9
CPOreq [-3] — 18.1 —-190 5.6
RPO [-7] — 12.2 -320 5.1
VPO [—10] — 8.2 —-360 n.d.
EPO [—16] — 3 —380 n.d.
DPO [—17] — 2 -300 n.d.

Data are derived from CD melting curves recorded at 225 nm at peptide concentrations of 1 mg/ml in PBS in
the absence and presence of TMAO. Values for the change of T, with increasing amounts of TMAO are based on
measurements performed at varying concentrations by assuming a linear relationship. n.d., not determined.
*Numbers in brackets are obtained from extrapolation of TMAO data to 0 M TMAO.

"Values from ref. 22 are included for comparison.

*Values are for 2 M TMAO, because peptide GSO precipitates at higher osmolyte concentrations.
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lation. The host—guest peptide study reported herein isolates the
influence of the particular residue replacing Gly on triple-helix
disruption by providing a constant environment and a homog-
enous population of molecules. Our results indicate a dramatic
destabilization when a Gly near the middle of a (Gly-Pro-Hyp)-
rich triple-helix model peptide is replaced by any of the seven
residues found in OI mutations. The destabilization was so great
that five of the seven peptides in the Gly — Zaa set did not form
triple helices in aqueous solution even at 0°C. To compare the
degree of destabilization of different Gly replacements, TMAO
was used as a stabilizing cosolvent, which allowed the observa-
tion of thermal transitions for all peptides (Fig. 24; Table 1). Its
relatively uniform stabilizing influence (Fig. 3; Table 1) for all
Gly — Zaa peptides as well as other uninterrupted host-guest
triple-helical peptides is consistent with its protective influence
originating from an unfavorable interaction of the protein
backbone with TMAO (45) and with its effect being nearly
independent of the residue side chains (46). In view of previous
studies supporting a compaction of protein structure in the
presence of TMAO, the increase in the magnitude of the positive
Gaussian CD band at 225 nm in these peptides is likely to arise
from a tighter packing of the triple helix (28, 29, 47, 48). Because
of the high surface-to-volume ratio of the triple-helical confor-
mation, such forces could have a drastic effect on the packing of
the collagenous peptides and result in the observed large in-
crease of the CD amplitude.

Comparison of the Ty, values of the seven Gly — Zaa peptides
in 3.7 M TMAO or of their values extrapolated to 0 M TMAO
indicates that the order of disruption can be represented as Ala =<
Ser < Cysred < Arg < Val < Glu = Asp. At high TMAO
concentrations, the magnitude of the CD maximum at 225 nm is
lowered for all substituted peptides relative to the host peptide,
suggesting that the conformation deviates from a standard triple-
helical structure. Structural alterations could relate to the breaking
of direct NH~CO peptide bonds and local untwisting at the
substitution site, as seen in the crystal structure of a triple-helical
peptide containing a Gly — Ala replacement (8). Analysis of the
thermodynamic parameters obtained from the melting curves
suggests that the drop in melting temperature results from entropic

Beck et al.

destabilization. Factors that could be involved in the relative
destabilizing effect of different residues substituted for Gly include
charge and size. Although Asp, Glu, and Arg are among the most
destabilizing residues, our studies on the effect of varying salt
concentration and pH indicate that charge repulsion is not a
dominant factor in the destabilization. The smallest residues, Ala
and Ser, are the least disruptive, whereas the bulky residues Val and
Arg are among the most disruptive. But size is not the only
determinant, because Asp and Glu are more destabilizing than Arg.
It is notable that Asp is one of the most destabilizing residues in the
Yaa position of Gly-Xaa-Yaa triplets (22), as well as being the most
destabilizing residue in the Gly position.

The strongest evidence for an effect of the identity of the residue
substituted for Gly in OI collagen on clinical phenotype is best
shown when more than one substitution has been observed at a
given site in the a1(I) chain (see dotted lines in Fig. 4). For instance,
a Gly220Ala mutation in the «l chain leads to moderate OI type
1V (49), whereas Gly220Asp is lethal (50). Both Ser (51) and Cys
(52) exchanges for Gly at position 382 result in nonlethal forms in
contrast to a substitution by Arg, which leads to a lethal phenotype
(53). Also, near the C terminus, a Gly973Ser mutation has a less
severe effect” than the lethal Gly973Val exchange (54). These
examples indicate that the identity of the residue replacing Gly is
important in determining the phenotype at sites all along the a1(I)
chain. The relative clinical severity observed for different residues
is consistent with the order of disruption of different residues in the
host—guest peptides, showing that the more destabilizing Asp, Val,
and Arg residues lead to more severe phenotypes than the less
disruptive Ser, Cys, and Ala.

The rank of destabilization of Gly substitutions in host—guest
peptides also correlates with clinical phenotype of natural OI
mutations in the a1(I) chain. The most disruptive substitution in
the host—guest peptide set is Asp, which correlates with consis-
tently lethal phenotypes observed for Gly — Asp substitutions in

1Gomez-Lira, M., Mottes, M., Zolezzi, F., Cohen-Solal, L., Valli, M. & Piquatti, P. F., 5th
International Conference on Osteogenesis Imperfecta, Sept. 27-30, 1993 Oxford, U.K., p.
120 (abstr.).
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al(I) chains. The next most destabilizing replacement residues,
Arg, Val, and Glu, result in lethal OI phenotypes in a1(I) chains,
unless the site is near the N terminus, suggesting a small
modulation by location. The less destabilizing residues Ser and
Cys appear all along the chain in lethal and nonlethal cases. The
modulation of lethal/nonlethal phenotype may now depend on
more subtle factors related to sequences surrounding the mu-
tation site (40, 41). Our results on nonreduced peptides with a
Gly — Cys substitution raise the possibility that disulfide bonds,
and their likely heterogeneity, might also modulate the clinical
phenotype. The rare occurrence of Ala replacements in OI, even
though it is the least disruptive residue in peptides, might reflect
an ascertainment problem, because Ala mutations could result
in a milder phenotype, with symptoms different from those
expected for OI (38).

Collagens with different Gly substitutions extracted from OI
fibroblasts show no change or only a small decrease in thermal
stability compared with normal collagen, except for a few unusual
cases (1, 2). The lack of destabilization of OI collagens compared
with peptides may be caused in part by the stabilizing Gly-Pro-Hyp
environment and the short length of the host—guest peptides, which
magnify the destabilizing effects of Gly substitutions. In addition,
direct stability measurements on OI collagen molecules may be
complicated by heterogeneity of the molecular population and the
use of enzyme digestion to measure thermal stability, problems not
encountered in peptide studies.

Although a correlation is seen between the phenotype for
mutations in the al(I) chain and the destabilization of host—
guest peptides with different Gly substitutions, such a correlation
is not seen for mutations in the o2(I) chain. Lethal and nonlethal
Gly — Asp, Gly — Val, and Gly — Arg mutations are present
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all along the a2(I) chain, even though the predictions from our
data and «l1(I) chain results suggest that these should be all
lethal, except perhaps at the N terminus. The different “rules”
for the «2(I) and «1(I) chains may arise from the nature of the
a2(I) chain as a less imino acid-rich, more flexible chain. These
rules could also arise from the different effects on molecular
composition, because 50% of the collagens would have a mutant
a2(I) chain and 50% would be normal; however, a1(I) mutations
lead to 50% of the collagens having one mutant a1(I) chain and
25% having two mutant a1(I) chains (1).

To define a molecular basis for the severity of OI cases, it is
necessary to determine the effect on the triple helix of each factor
independently. This study on host—guest peptides has isolated the
effect of one factor, the residue substituted for Gly. This study has
also shown that mutations in the a1(I) chain have a dominant effect
for the most disruptive residues, whereas other factors become
determining for the less disruptive substitutions. These data provide
a basis for evaluating the role of other factors, such as the
surrounding sequence and location within the collagen chain, in
determining the clinical phenotype of OI mutations.
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