
Introduction

Osteogenesis imperfecta (OI) is a diffused con-

nective tissue disorder with a heterogeneous clini-

cal picture due to changes in the quality or quantity

of collagen type I, the protein forming the frame-

work of the bone (Berg and Prockop 1973; Cheah

1985; Prockop and Chu 1993; Byers 1993;

Prockop and Kivirikko 1995). The prevalence of

all OI types is estimated at 1 per 10 000, and its fre-

quency does not differ depending on ethnicity

(Berg and Prockop 1973; Cheah 1985; Prockop

and Chu 1993; Byers 1993; Prockop and

Kivirikko 1995). For a number of years, OI was di-

vided into 2 types: the Vrolik type (congenital OI)

and the Lobstein type (OI tarda) (Sillence et al.

1979). In 1979, Sillence classified the disease bas-

ing on the clinical and radiological picture into 4

types (Roughley et al. 2003). This classification is

the most useful in clinical practice and can be used

as the basis of diagnostic criteria, although re-

cently the classification has been further ex-

panded, up to 7 types (Glorieux et al. 2000, 2002;

Ward et al. 2002). Currently, the clinical classifi-
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cation is based on the time of fracture detection by

ultrasound examination and bone histology

(Marini et al. 2007). Because of the very high

perinatal mortality, OI type II is considered a le-

thal condition. Among the patients with longer

survival, the most severe deformations and dis-

ability are observed in OI type III. The disease is

progressive, i.e. the deformations of the extremi-

ties and vertebral column are more profound with

time.

Originally, physicians linked OI to abnormali-

ties in the metabolism of minerals and they tried to

treat the disease with a calcium-rich diet. How-

ever, since the 1970s it has become clear that OI

results from abnormalities in the main protein of

the extracellular bone matrix, collagen type I

(Byers et al. 1991; Kuivaniemi et al. 1991; Willing

et al. 1994; Slayton et al. 2000; Ward et al. 2002).

The abnormalities are caused by mutations in

2 genes encoding 3 polypeptides forming the pro-

tein. Collagen type I consists of 2 identical

polypeptides called alpha-1 chains, and the third

one, which is different and is called alpha-2 chain.

Each of the chains consists of over 1000 amino ac-

ids. The genes encoding the polypeptides are lo-

cated on chromosomes 17q21.31-q22 and 7q22.

Each of them consists of 52 exons and 51 introns,

containing about 18 000 (COL1A1) and about 38

000 (COL1A2) base pairs (Cheah 1985). Currently,

over 300 mutations leading to OI (about 200 in

COL1A1 and 100 in COL1A2) are deposited in a

collagen database (http://www.le.ac.uk/genet-

ics/collagen/) and over 800 novel mutations have

been published recently (Marini et al. 2007). De-

spite the large number of mutations detected in both

genes, it is still not possible to link directly a partic-

ular mutation to the clinical type of the disease

(Willing et al. 1994). For example, the substitution

of glycine by arginine at position 154 (Gly154Arg)

can be found in OI types I and III. In COL1A2, for

example, mutation Gly238Ser can be found in

types I, III and IV. Despite the lack of a clear asso-

ciation between the molecular defect and its clinical

presentation, molecular diagnostics is important in

difficult cases and for genetic counselling.

Point mutations, insertions, deletions, duplica-

tions, shifting of the reading frame, abnormalities

in posttranscriptional mRNA processing in one of

the collagen genes (COL1A1 or COL1A2) lead to

structural defects in alpha-1 or alpha-2 chains, or

to a lack of collagen expression. The lack of ex-

pression causes a 50% reduction of collagen pro-

duction, while a structural defect can cause

changes in collagen quality and quantity, and both

of them are manifested as more severe types of OI

(Prockop and Kivirikko 1995; Marini et al 2007).

In addition to collagen gene mutations, some 10%

of OI cases are due to defects of other genes

(Colige et al. 1997). The analysis of the correlation

between a molecular defect and its clinical presen-

tation leads to an observation that severity of the

symptoms depends on the collagen chain affected

by the mutation and on the nature and location of

the defect. An identical codon change can lead to

various clinical consequences depending on the

position of the mutation in the alpha chain

(Prockop and Kivirikko 1995). For example,

C-terminal changes in the alpha-2 chain are usu-

ally more severe than changes near the

N-terminus. However, this is not obvious for the

alpha-1 chains. Also, the clinical symptoms are

milder when there is an abnormal quantity of col-

lagen, and more severe when there are changes in

collagen quality. Here we have searched for muta-

tions in the sequence of the COL1A1 gene in pa-

tients revealing abnormal stability of the collagen

triple-helix or those with severe OI type II in order

to characterize the type of OI by location of the

mutation.

Materials and methods

Patients

The studied children were admitted to the outpa-

tient clinic of the Polish-American Children’s

Hospital, Collegium Medicum, Jagiellonian Uni-

versity in Krakow, Poland. The diagnostic criteria

were based on Sillence’s (1979) OI classification.

All the participants were informed about proce-

dures related to the study, and appropriate agree-

ment from legal guardians of the children was

obtained. The procedures were conducted in ac-

cordance with Institutional Guidelines and Regu-

lations and with the Guidelines for the Conduct of

Research Involving Human Subjects, approved by

the appropriate institutional review board (IRB),

i.e. the Bioethical Committee of the Jagiellonian

University (Permission No. KBET/356/B/2003).
Patient No. 5 was diagnosed with OI type III

(Table 1). The child was a boy born from the first
pregnancy, in the 38th week of gestation; the de-
livery was spontaneous. The pregnancy and the
delivery were uneventful. His birthweight was
2300 g, length 45 cm, head circumference 35 cm,
Apgar score 8. The child presented signs of bone
dysplasia and was referred to the outpatient clinic
(Department of Genetics). He was examined at the
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age of 2 weeks and showed typical signs of OI type
III (fractures of femurs, forearms and right arm,
soft cranial bones with a large fontanel, blue
sclera). The patient had 20 fractures of extremi-
ties. He was subjected to surgery of both tibiae
(stabilization with Kirschner wires) at the age of
5 years, and subsequently at the age of 14 years a
corrective osteotomy of the left femur was per-
formed. His mental development is normal. He
walks with a walker. Current physical examina-
tion revealed a short stature, large head, chest de-
formation, shortening and abnormal axes of the
long bones in lower and upper extremities, and
signs of dentinogenesis imperfecta. Family history
revealed that both his parents and sibs (younger
sister and younger brother) are healthy. The sec-
ond pregnancy of his mother ended with a miscar-
riage. The family pedigree is unremarkable.

Patients No. 18B and 18K were diagnosed with
OI type II (Table 1). They were twin brothers born
from the first pregnancy by a C-section in the 34th
week of gestation. Birth parameters of patient 18B
were: weight 1770 g, Apgar 9 and 10. For patient
18K, the parameters were: weight 2160 g and
Apgar 7. Deformations of the extremities and
signs of caput membranacea (grossly demineral-
ized bones of the cranial vault) were noticed at
birth. The diagnosis of OI type II was established
in the local hospital, basing on clinical and radio-
logical findings. The patients were never con-
sulted in our Genetic Department because of
problems with transport and their early death. The
skin fibroblasts were not available for culture, so
there is no data concerning their lifespan. Parents
are healthy and the family pedigree is unremark-
able.

Patient No. 25K was diagnosed with OI type I
(Table 1). The girl was born from the first preg-
nancy; C-section was performed because of immi-
nent asphyxia in the 36th week of gestation.
The pregnancy was uncomplicated. The birth pa-
rameters were: weight 2290 g, length 51 cm, head
circumference 33 cm, Apgar score 6 and 8. She is

10 years old and until now she had 10 fractures of
long bones. Her psychomotor development is nor-
mal. Physical examination did not reveal any ab-
normalities, besides blue sclera and a short stature.
Family history was remarkable. The proband’s fa-
ther (25P) had about 7 fractures. He had been diag-
nosed with juvenile osteoporosis, but the clinical
picture (blue sclera and bilateral deafness) seems
to indicate OI. His mother also had blue sclera and
underwent 4 fractures.

Patients No. 29 (father) and No. 26 (daughter)
were diagnosed with OI type I/IV (Table 1).
The girl was born from the first pregnancy; the de-
livery was spontaneous in the 42nd week of gesta-
tion. The pregnancy and the delivery were
uneventful. Softening of cranial bones, fracture of
the left clavicle, and radiological changes in the
right radial and left humeral bones, corresponding
to intrauterine fracture, were noticed after birth.
She is 10 years old and has had 10 fractures of long
bones. Both femurs and tibias were surgically sta-
bilized. Her motor development was delayed. She
started to walk at the age of 2 years. Mental devel-
opment is normal. Physical examination revealed
a short stature, prominent forehead, blue sclera,
discrete signs of dentinogenesis imperfecta, and a
short and barrel-shaped chest. In addition, both the
child and her mother were diagnosed with
porphyria. Her father (patient 29) is 32 years old.
He had 30 fractures, the first one at the age of 5 or
6 years and the last one at the age of 21 years.
Physical examination revealed a very short stat-
ure, deep-blue sclera, discrete signs of
dentinogenesis imperfecta, and bilateral
hypoacusis.

Procollagen production and purification

The skin biopsies (5 mm2) were obtained by using

a surgical blade. The sample was minced into

small pieces and placed onto a Petri dish (100-mm

diameter), containing 10 mL of Dulbeco’s Mod-

ified Eagle’s Medium supplemented with 4.5 g L–1
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Table 1. Characteristics of the studied OI patients

Patient no. OI type Characteristics

Height
[SD]

Dentinogenesis
imperfecta

Blue sclera Hypo-acusis Orthopaedic procedures

5 III –8.5 + – –
Kirschner wires (both tibias), corrective osteotomy
of left femur

18B II no data

18K II no data

25K I 25P1) I normal – ++

25P1) I normal – ++ + –

26 I/IV –4.3 +/– +++ – both femurs and tibias surgically stabilized

29 I/IV –5.9 +/– +++ + no data

1) In the family history, the father’s mother suffered a few bone fractures and has a blue sclera



glucose (high-glucose DMEM), 10% foetal calf

serum, 10 000 units of penicillin, 10 mg of strepto-

mycin, 25 ìg mL–1 amphotericin B (all reagents

from PAA, Cell Culture Company, Pasching, Aus-

tria). The medium was changed every other day.

On day 7 of the culture, the pieces of skin were re-

moved and the fibroblasts were cultured until con-

fluence. At 100% density, the cells were

transferred into a T175 culture flask and main-

tained in the same medium until reaching 100%

confluence when half of the culture was frozen,

whereas the other half was further cultured until

10 flasks of about 70% confluent were obtained.

The same procedure was followed for each sam-

ple. The fibroblast cultures were rinsed twice with

sterile phosphate-buffered saline (PBS) and filled

with 15 ml of serum-free high-glucose DMEM

supplemented with ascorbic acid (50 ìg mL–1) and

all the other supplements as described above. The

medium was collected every day and replaced

with a fresh one for 3 consecutive days. Then for

24 h, the culture was fed on high-glucose DMEM

with serum. The procedure of washing with PBS,

harvesting the serum-free medium, and feeding

with total complete medium, was repeated 4 times.

Harvested medium was treated as previously de-

scribed by Fertala et al. (1994) with subsequent

modifications described by Arnold et al. (1998).

Briefly, the medium was filtered on a glass fibre fil-

ter (pore diameter 1.6 µm) and the filtrate was mixed

with solid NaCl to obtain the final concentration

0.24 M, protease inhibitors N-ethylmaleimide

(NEM) (Sigma) 10 mM, p-aminobenzamidine

dichloride 98% (PAB) 1 mM, Trizma base 0.1 M,

and pH was adjusted to 7.5. Every single harvest was

stored frozen at –80°C until purification. For purifi-

cation, the harvested media were thawed on ice

and combined together and precipitated for 17 h at

4°C, with 30% saturated ammonium sulfate

(175 mg mL–1). The proteins were recovered by

centrifugation for 60 min at 10 000 g. The pellets

were solubilized in the buffer containing 0.24 M

NaCl, 0.1 M Trizma base pH 7.4, and all the prote-

ase inhibitors used previously at the same concen-

trations. Insoluble material was removed

following centrifugation as before, and the

supernatant was dialysed twice against 200 vol-

umes of buffer containing 0.24 M NaCl, 2.0 M

urea, 0.1 M Trizma base, pH 7.5, 0.04% NaN3, and

protease inhibitors as previously. Since

procollagen type III constitutes less than 3% of the

fibrillar collagen fraction, its presence in the sam-

ple was ignored as negligible in further stability

analysis. The sample containing procollagen I was

dialysed twice against 200 volumes of so-called

storage buffer containing 0.4M NaCl, 0.1M

Trizma Base (pH 7.4) supplemented with 0.025 M

EDTA and 0.04% NaN3, and concentrated by us-

ing Amicon cell under nitrogen pressure fitted

with the membrane, with the size cut off

100 000 kDa.

Preparation of collagen and its thermal stability

assay

The procollagen sample was treated with acetic

acid to adjust pH to about 2.0. Pepsin was added to

the acidified procollagen to a final concentration

of 200 ìg mL–1. The digestion with pepsin was

carried at 10°C for 18 h, and then terminated by

raising pH to 7.5 (Piez and Gross 1959). The con-

centration of collagen was determined by using a

kit from Bicolor Ltd. (Belfast, Northern Ireland)

(Arnold et al. 1998). Stability of the collagen tri-

ple-helix was assayed by using a brief digestion

test with a mixture of trypsin (0.1 mg mL–1) and

á-chymotrypsin (0.25 mg mL–1) at increasing tem-

perature, rising 1°C per assay, from 20 do 45°C

(Bruckner and Prockop 1981; Sieron et al. 1993).

The time of preincubation at assayed temperature

prior to addition of trypsin/á-chymotrypsin mix-

ture warmed to the same temperature was 4 min.

Time of incubation with the enzyme mixture was

2 min. The proteinase activity was terminated by

addition of soybean trypsin/chymotrypsin inhibi-

tor at a concentration of 5 mg mL. Products of the

proteolysis were analysed following SDS PAGE

separation in 6% separating SDS polyacrylamide

gel. The gel was stained with Commassie Blue

G250, dried, and assayed densitometrically.

The quantitation was performed by ImageQuant

software (Pharmacia, formerly Molecular Dynam-

ics). The temperature at which 50% of collagen

was degraded by the mixture of enzymes, indi-

cated the temperature of its triple-helix stability.

Survey of the COL1A1 gene for mismatches

DNA fragments of the collagen COL1A1 gene

were amplified with primers listed in Table 2. The

primers were designed and verified by using

PrimerSelect in DNAStar 5.0 software. The DNA

was isolated from the proband’s blood, in which

clot formation was prevented by the presence of

EDTA, using a BloodMini DNA purification kit

(A&A Biotechnologies, Gdansk, Poland).

The DNA was recovered from the kit column with

1 mM EDTA buffered with 10 mM Tris-HCl pH

8.5 at a final volume of 150 ìL, and its concentra-
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Table 2. Sequences of the primers used for fragment amplification heteroduplex (HD) analysis and for sequencing

of the COL1A1 human gene

HD analy-
sis frag-

ment

Exon No.
and primer positions

Primers for fragment amplification for HD analysis
and their positions [amplified fragment length in

bp]
Primers for sequencing

1 1420-522 M1f 305 - F
GACGGGAGTTTCTCCTCGGGGTCN3R 2927
- R GCGCAAAAGAGCCTGATGTTA[2622]

M1f M2fk
GGGAGGGGCGGGAAGTGAAAAATN3
R GCGCAAAAGAGCCTGATGTTA

21986-2180

32322-2356

42468-2494

52585-2686

2 63409-3480 N5F 2831 - F
GTTTGTGACATGTGCTTTATTAGT2RA1
4049 - R
GCTGGGATTGAAGGGAAGAGGTAA[1218]

N6F
AGTGCCGTCTTCTGCCTTTCA2RA173708-3752

83911-3964

3 94128-4181 N7F 3983 - F
GATTCATACTCCTTCTACAAAC3RA1 5647
- R CTGGCCAGTCCCTAGAGTTCCT[1664]

N7FN7R
GGCACCATCCAAACCACTGAAA3RA1
4FA1
GAGCCTGGCAGCCCTGGTGAAAAT

104680-4733

114850-4903

125234-5287

135376-5420

145537-5590

4 155705-5749 4FA1 5379 - F
GAGCCTGGCAGCCCTGGTGAAAAT5RA1
6436 - R
ACCAGGCTGTCCATCAGCAC[1057]

4FA15RA1

165928-5981

176239-6337

5 186426-6470 5FA1 6134 - F
CTGATCATTGCTCTCCTGTCCCTGT4RA1
7332 - R
CCCGGCCGCAAGGAGAGGTTAC[1198]

5FA1W9FA1
ACACCCTCAGCCCCTCGTCTC4RA1196574-6672

206804-6857

217076-7183

6 227278-7331 6FA1 7166 - F
GGACCCCCTGGCGAGCGTGTAA6RA1 9166
- R GGGGAGGCCGAGGAGACGAG[2000]

6FA18FA1
AGGCCCTGGCTTCTCACTTCA237457-7554

247721-7774

257863-7961

268858-8911

279055-9108

7 289212-9265 W9FA1 9153 - F
ACACCCTCAGCCCCTCGTCTCW9RA2 11221
- R AGCCTCCCCTCCTTCTGGT[2068]

W9FA1M30F
GGGTTCCTCTCTAATCACGGCCAGAC
CW8FA1
GCGGGGCTTAGGGCTGTGACCW9RA2

299377-9430

309882-9926

3110020-10118

3210416-10523

33/3410982-11089

8 3511310-11363 9FA1 10501 - F
GCTCCCATCTCTGCCTGCTTTGAW10RA3
13247 - R
TGGCGGGGAGAGCAGGGGAATA[2746]

W9RA3
ACGCCTTTGTCCTCATTCW9RA4
CCCACCCAGCACCCCCAACCTAW10F
A2
TGTTCTCCCTCTGACTGTTCCTATW10
RA3

3611527-11580

3711799-11906

3811995-12048

3912175-12228

4012369-12530

4112632-12739

4212897-13004

4313112-13165

9 4413270-13377 W10FA3 12800 - F
GCGGAGCCAAGGAGAACAGATW11RA3
15311 - R
GCATCATCAGCCCGGTAGTAGC[2511]

W10FA3M46r
GGGGAAAGAATGACTATCCAGW11FA
2
CCCCTGGCCCTCCTGTAAGTATGCW1
1RA3

4513758-13811

4613924-14031

4714370-14423

4814784-14891

10 4914983-15265 N9F 14922 - F
GCCCTCCAGCCCCCATAGCACTN10R 16599
- R
GGTTTTTGGTCATTGTTCGGTTGGT[1677]

P48
CATGTCCCTTCTGAGCACTGGGCTAN
10F AGGTCCCTGCTAGTGGTTCAM51F
GGACCCTGGACAGGAGGCCAGCAGG

5015398-15588

5115877-16119

5216249-16395



tion was determined spectrophotometrically at the

wavelength of 260 nm and 280 nm. Quality of the

DNA was verified following its electrophoresis in

0.8% agarose gel. Until further analyses, the DNA

samples were stored at –20ºC.

Concentrations of primers were calculated bas-

ing on the sample absorbance at the wavelength

260 nm and adjusted to the primer compositions.

PCRs were performed by using 200-µL

microtubes incubated in an Eppendorf thermo-

cycler with a heated lid. The reaction mixture in-

cluded 100 ng of double-stranded patient genomic

DNA, 1 µL of 10 mM dNTPs (PCR nucleotide

Mix, Roche, Germany), 1 µL (0.25 pmol) of each

primer, 2 µL of 10x Taq polymerase buffer, 1U of

Taq polymerase, and nuclease-free water (all from

FastStart Taq DNA Polymerase, Roche, Ger-

many) to the total volume of 25 µL. The mixture

was denatured for 5 min at 95ºC, and incubated for

34 cycles of: 30 s at 96ºC, 30 s at 60ºC or 65ºC, de-

pending on the Tm of the specific pair of primers

(Table 2), 30 s to 2 min at 72ºC, depending on the

length of the amplified DNA fragment. When the

last cycle was completed, the samples were incu-

bated for 7 min at 72ºC, and then cooled down and

left at 4ºC. The PCR products (3 ìL) were sepa-

rated on 1% agarose gel (Agarose, LE, Analytical

Grade, Promega) in TAE buffer. The PCR prod-

ucts (about 15 ìl) were assayed by heteroduplex

analysis described in detail below.

Heteroduplex analysis

The PCR products were mixed at a concentration

of 100–200 ng, with an equal amount of the corre-

sponding control PCR product obtained with the

use of template DNA from a non-OI patient.

The mixture was denatured at 95ºC for 2 min and

subsequently cooled down from 95ºC to 85ºC, de-

creasing the incubation temperature by 2ºC per

second and then from 85ºC to 25ºC at a rate of

0.1ºC per second. Rehybridized DNAs were sub-

jected to cleavage with the mismatch-specific

DNA endonuclease (Surveyor Mutation Detection

Kit, Transgenomic, USA) with addition of the

enhancer at a ratio of 1:1, and the mixture was in-

cubated at 42ºC for 20 min. Endonuclease was in-

activated by adding 1/10 volume of Stop Solution

(Surveyor Mutation Detection Kit, Transgenomic,

USA). The cleavage products with the S.

microccocus endonuclease were analysed follow-

ing separation on 1.7% agarose gel by electropho-

resis. The gels were documented by using

KODAK 1D Image Analysis 3.6 software.

The changes were identified as extra bands in the

case of the nitrogen base change in the analysed

DNA fragment. Subsequently, such a fragment

was subjected to DNA sequencing. The PCR prod-

ucts (2.5 to 10 ìL, depending on DNA concentra-

tion) were treated prior to sequencing with

exonuclease I (10U) and alkaline phosphatase

(2U) (both Fermentas, Lithuania) at 37°C for 15

min. The reaction was terminated by heating the

sample at 80°C for another 15 min.

Sequencing PCR

The PCR for sequencing was conducted according

to the manual provided by the manufacturer of the

DNA analyser 310 ABI Prism (Applied

Biosystems). Briefly, 50–100 ng of the PCR prod-

uct (the amount depending on the length of the se-

quenced DNA fragment) was combined in the

thin-walled PCR tube of 0.2 mL in volume with

3 pM (1 ìL) of primer, 8 ìL of the ready-to-use

mixture BigDye Terminator v3.1 Cycle Se-

quencing Kit (Applied Biosystems) containing

polymerase, dideoxy-NTP in the buffer, and the fi-

nal volume was obtained by adjusting it with water

up to 20 ìL. The mixture was incubated in the

thermocycler (Eppendorf) for 25 cycles with the

following steps: denaturation for 30 s at 96°C, an-

nealing for 15 s at 50°C, and elongation for

2–4 min at 60°C. After completing the last cycle,

the sample was cooled down to 4°C. The sequenc-

ing reactions were purified by precipitating with

cold 95% ethyl alcohol and recovered by

centrifugation for 20 min at 14 000 g.

The supernatant was discarded and the pellet

washed briefly with 75% ethyl alcohol, which was

removed by brief centrifugation at 14 000 g. The

sample was dried and lyophilized in the speed-vac

(Labconco). For sequence analysis, the samples

were solubilized in 20 ìL of Hi-Di Formamide

provided by the manufacturer (Applied

Biosystems). The sequences were compared with

the reference sequence (Accession No.

AF017178) by using MegAlign in DNAStar 5.0

software. The differences were verified for final

confirmation by analysis of the raw chromatogram

sequencing data with the use of Chromas Lite 2.01

freeware.

Results

Missense mutations in the D1 period

In the proband diagnosed with OI type I/IV (pa-

tient No. 26A), the collagen triple-helix stability
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decreased by 50% at 34°C, i.e. 7°C lower than nor-

mal (Figure 1C), and a heterozygous change G to

T at position 3921 located in exon 8 was detected,

which corresponds to position 599 in the cDNA

(Figure 2B). This mutation changes a codon for

glycine at position 200 to valine. The mutation is

located in the second Gly-Pro-Yyy triplet at the

amino terminus of the D1 period (second panel in

Figure 3). The same mutation was detected in the

father (patient No. 29). In the proband with OI

type I (patient No. 25K), the stability of the colla-

gen triple-helix was decreased by 50% at 37.5°C

(3.5°C lower than normal), but the stability of 25%

of the triple-helical structures was decreased even

at a temperature about 10°C lower than normal

(Figure 1B and 1A). In this patient, a heterozygous

change of G to T at position 5970 in exon 16 was

detected, which corresponds to position 1045 in

the cDNA (Figure 2A). The mutation results in the

substitution of valine 349 by phenylalanine, lo-

cated at the C-terminal end of the D1 period (third

panel in Figure 3). The same mutation was con-

firmed in the proband’s father (patient No. 25P).

Missense mutations in the D4 period

Twins (patients No. 18B and 18K) were classified

as OI type II based on clinical manifestations, but

died before the skin biopsy. Therefore, their colla-

gen stability could not be determined. The

genomic DNA analysis revealed in both probands

a mutation of glycine 866 to serine, resulting from

the heterozygous change C to A in exon 38 at posi-

tion 12 031 (Figure 2C), which changes a base at

2596 in the cDNA. Location of this missense mu-

tation is at the C-terminal end of D3, right at its

border with the D4 period (left side of the bottom

panel in Figure 3).

The fourth missense mutation reported in this

work was found in patient No. 5 with OI classified
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Figure 1. Thermal stability of triple-helical structure of collagen type I. Collagen type I was isolated from the culture of

fibroblasts obtained from patients with different types of osteogenesis imperfecta as described in the section of methods.

Symbols: A to D – �1(I) –alpha 1 chain of collagen type I, �2(I) – alpha 2 chain of collagen type I. In E – diamonds –

control, circles – patient with OI type I (patient No. 25K, triangles – OI type I/IV (patient No. 26A), squares – OI type III

(patient No. 5).



as type III based on clinical symptoms. Collagen

stability was decreased by 50% at 39ºC, i.e. only

2°C lower than normal (Figure 1D and 1A). The

change detected by DNA sequencing was located

in exon 44 and it was a G to A transition at position

13 288 (Figure 2D). The mutation caused a substi-

tution of glycine 1040 by serine in the triplet

Gly-Pro-Yyy, which is located immediately be-

fore Gly-Pro-Hyp at the junction of D4 and D0.4

(right side of the bottom panel in Figure 3).

Discussion

Mutations in the D1 and D4 periods of fibrillar

procollagen types I and II have been shown to af-

fect stability of their triple-helical structures (Ar-

nold et al. 1998; Steplewski et al. 2004, 2004a).

The elegant genetic engineering work on the role

of D periods in collagen II, especially on their

physical and chemical properties, by Arnold et al.

(1998) and Steplewski et al. (2004, 2004a),

revealed that a lack of specific D periods or muta-

tions in them were the most probable, if not the

only reason for the lower thermal stability of the

collagen type II triple-helix. On the other hand,

even large deletions of the central part of the

triple-helix of either collagen type I or II has had

no major effects on their stability (Olsen et al.

1991; Sieron et al. 1993). However, the amount of

secreted procollagen could be decreased due to the

different length of the alpha chains, and thus could

affect the strength of collagen fibrils.

Abnormal surface structure of the collagen fi-

brils caused by mutations might also have an ef-

fect on interactions of the cells with the

extracellular matrix, mostly via integrin �1 recep-

tor (Fertala et al. 2001). The lack of D4, and to a

lesser extent of D3, decreased the ability of

chondrocytes to spread on a surface coated with

the recombinant collagen type II (Fertala et al.

2001). The results indicated that this region mark-
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Figure 2. Mutations found in OI patients. Numbers following arrowheads indicate positions of nucleotides in the

COL1A1 gene. Vertical arrows point to the sites of mutations. Horizontal arrows indicate heterozygous missense

mutations.
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Figure 3. Location and types of changes within triple-helical domain of alpha 1 chain of collagen type I in different OI

patients. Black arrow heads point to the regions of mutations. Red arrow heads indicate border of neighbouring

D-periods. Numbers right to the graphs indicate regions calculated according to the indicated method as follow: 1 –

alpha, regions – Garnier-Robson, 2 – alpha, regions – Chou-Fasman, 3 – beta, regions – Garnier-Robson, 4 – beta,

regions – Chou-Fasman, 5 – turn, regions – Garnier-Robson, 6 – turn, regions – Chou-Fasman, 7 – coil, regions –

Garnier-Robson, 8 – hydrophilicity plot – Kyte-Doolittle, 9 – alpha, amphipathic regions – Eisenberg, 10 – beta,

amphipathic regions – Eisenberg, 11 – flexible regions – Karplus-Schultz



edly contributes to the interactions of cells with

extracellular matrix compounds. The D4 period is

also critical for binding of morphogenetic mole-

cules, such as BMP-2, which play a pivotal role in

cell differentiation to osteoblasts.

Results of this work provide additional evi-
dence that single-point missense mutations lo-
cated in the D1 period cause a dramatic decrease in
thermal stability of collagen type I, although sur-
prisingly produce mild phenotypes in OI type I or
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Figure 4. The linear space filling model of mutated parts of collagen alpha 1 chains. Arrow heads point to the mutated

amino resides



I/IV patients. However, the mutations were all het-
erozygous, thus at least part of the procollagen al-
pha-1 monomer pool could be correct and form
correctly folded triple helical procollagen mono-
mers. The mutation in patients with OI type I/IV
(patients No. 26 and 29), which is located at the
border of the N-telopeptide (third panel in
Figure 3) might also affect the structure of the
ADAMTS-2 cleavage site. The substitution of
glycine by valine causes a dramatic structural
change in alpha-1 chain (compare the first with the
third panel in Figure 3, and structures 3 and 4 in
Figure 4). There is an extra beta region (structure
3) and lack of a turn region (structure 5) according
to the Garnier-Robson calculation method (first
and third panel in Figure 3). Also changes in alpha
amphipathic regions (structure 9) according to the
Eisenberg calculation method and in flexible re-
gions (structure 11) according to the
Karplus-Schultz calculation method occurred be-
tween the N-telopeptide and the mutation site
(first and third panel in Figure 3).

As it was previously reported, for collagen type

II lacking the D1 period the processing of the

N-propeptide was shifted into the D2 period, which

led to abnormal processing of N-propeptides. How-

ever, the lack of the N-propeptide cleavage would

cause retention of the N-propeptide and it would

rather produce the Elhers-Danlos syndrome,

dermatosparaxis type (formerly EDS VIIC)

(Malfait et al. 2004; Sieron et al. 2002). Here we did

not observe specific manifestations of EDS VIIC,

thus the processing of procollagen to collagen at the

N-terminus was rather correct. We postulate that in-

troduction of valine instead of glycine destabilizes

the collagen triple-helix, but it does not affect sub-

stantially the structure of the ADAMTS-2 cleavage

site.

In the patient with OI type I (patient No. 25K),

whose thermal stability was also markedly de-

creased, the mutation was located at the border be-

tween the D1 and D2 periods. Additionally, in this

patient, 25% of the molecules revealed decreased

stability at a temperature as low as 10°C below the

normal temperature, indicating that such a pool of

collagens could contain both mutated alpha-1

chains. The computer modelling of the alpha-1

collagen chain properties around the region of mu-

tation and subsequent simulation creating the lin-

ear space filling model revealed a remarkable

change of this region from alpha and beta turn and

coil peptide chain structures (Figures 3 and 4),

which surely jeopardizes or completely abolishes

formation of the correct triple-helix, leading in this

part of collagen to puff formation (structures 1 and

2 in Figure 4). The structural changes in the D1

period by computer modelling are the lack of beta

regions (3) and fused coil regions (7) according to

the Garnier-Robson calculation method (first and

second panel in Figure 3).

The mutation found in the twin brothers with

OI type II located at the border of D3 and D4 peri-

ods (Figure 3), since it was lethal, could in princi-

ple disturb osteogenesis due to the poor

stimulation by morphogenetic factors showing in

normal conditions an interaction with fibrillar

collagens. By analogy to type II, collagen fibril

structure in this region abolished storage of

BMP-2, one of the major osteogenetic proteins

(Di Lullo et al. 2002; Sieron et al. 2002; Majsterek

et al. 2003; Malfait et al. 2004). Also, in collagen

type II this is the region recognized by other struc-

tural compounds of the matrix and cell surface re-

ceptors interacting with them, such as integrin â1

(Fertala et al. 2001). The structural changes aris-

ing from computational analysis were: the appear-

ance of additional beta regions (structure 3)

rearrangement of the turn regions (structure 5), ad-

dition of a short coil region, and a marked reduc-

tion of a beta amphipathic region (structure 10)

according to the calculation methods of

Garnier-Robson (structures 3 and 5) and

Eisenberg (structure 10), respectively (panels 4

and 5 in Figure 3).

The substitution of glycine by serine did not

change remarkably the structure of the mutated

site (structures 5 and 6 in Figure 4). Lund et al.

(1999) reported previously in other patients that

this mutation did affect the overall stability of the

triple-helix. Thus the mutation probably severely

changes the properties of collagen type I fibrils to

interact with other molecules and cells due to the

changes in the alpha chain structure in this region

described earlier.
It was also determined previously by

Namikawa et al. (1995) that 2 siblings with OI
type III had the same single-base substitution that
converted the codon for glycine (Gly) 1040 to a
codon for serine (Ser) in exon 44 of the alpha-1
chain of the type I (alpha-1(I)) collagen gene
(COL1A1). The mutation was also detected in var-
ious paternal tissues, but the mutated allele ac-
counted differently in blood (11%), fibroblasts
(24%), and sperm (43%), demonstrating that
germline mosaicism in the phenotypically normal
father was responsible for the recurrence
(Namikawa et al. 1995). Exactly the same muta-
tion was detected in patient No. 5 with OI type III
in our study. Although, according to the computer
model, the substitution did not generate any sub-
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stantial disturbance in the molecule structure
(structures 7 and 8 in Figure 4), the stability of the
collagen triple-helix, as reported by others, was
decreased at 39ºC (i.e. 2°C lower than normal).
This serine for glycine substitution is located in a
cluster [Gly832 (p.1010), Gly844 (p.1022) and
Gly901 (p.1079)] that was previously linked with
nonlethal phenotypes, but is located between 2 le-
thal clusters. In the case discussed here, the
Gly1040›Ser mutation is located inside the
nonlethal cluster (Virdi et al. 1994; Zhuang et al.
1996; Lund et al. 1997). However, the mutation
caused changes in the monomer structure resulting
in coil region disruption (structure 7), fusion of ad-
justing alpha amphipathic regions (structure 9),
and extension of 2 neighbouring beta amphipathic
regions, leading to the distance reduction between
them (structure 10) calculated according to the
methods of Garnier-Robson (structure 7) and
Eisenberg (structures 9 and 10) (panels in Figure
3). This helix-disrupting mutation of COL1A1

might result in slower folding of the protein and
extend the time that hydroxylases are able to mod-
ify lysyl residues in both chains of the triple-helix
(Raghunath et al. 1994). This case was also in-
tensely investigated for possible treatment by gene
therapy by means of shutting down the mutated al-
lele with the use of an adeno-associated viral vec-
tor for its disruption. The transduction was
successful, as the targeted clones expressed only
wild-type collagen polypeptides (Chamberlain et
al. 2004).

Here we report 2 novel mutations, both causing

changes in the polypeptide alpha-1 chain, located

at both ends of the D1 period. Although both mu-

tations were accompanied by a remarkable de-

crease in stability of the triple-helix, the clinical

phenotypes were rather mild. Our findings support

the important role of D1 period in stabilizing the

triple-helix of fibrillar collagens, based on the pro-

posed data from engineering of collagen mole-

cules (Arnold et al. 1998; Majsterek et al. 2003;

Steplewski et al. 2004, 2004a). It is still difficult, if

not impossible, to predict the type and location of

mutation on the basis of the clinical features of the

OI patient, therefore gathering more complete

clinical, biochemical, and genetic data should help

to direct the screening of the collagen type I genes

for mutations, which is important for both treat-

ment and genetic counselling of the patients. Also,

recent reports on novel mutations from other labo-

ratories (Benusiene et al. 2003; Marini et al. 2007)

provide important insight into development of

more efficient methods to detect mutations in

large genes.
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