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Abstract

An arginine to glutamine substitution in the triple helix of pro�2(I)collagen (R618Q) was Wrst reported in a patient with a variant
of Marfan syndrome and later identiWed in conjunction with a second mutation in a patient with osteogenesis imperfecta (OI). The
presence of the R618Q pro�2(I)collagen allele in unaVected or mildly aVected family members suggests that the R618Q allele is either
a non-aVecting polymorphism or a potential genetic modiWer. Conservation of arginine618 across species and Wbrillar collagen types
suggests it is functionally signiWcant. To investigate the functional signiWcance of the R618Q pro�2(I)collagen allele, we isolated type
I collagen from cultured dermal Wbroblasts of control and two unrelated individuals heterozygous for the R618Q pro�2(I)collagen
allele and evaluated helical stability and Wbrillar assembly. Type I collagen thermal stability analyzed by protease susceptibility and
CD spectroscopy demonstrated no statistical diVerence between control and R618Q containing collagen molecules. In vitro Wbril
assembly analyses demonstrated that R618Q containing collagen exhibits rapid Wbrillar growth with minimal Wbril nucleation phase.
Further, electron microscopy demonstrated that the diameter of assembled R618Q containing collagen Wbrils was approximately
20% of control collagen Wbrils. These Wndings suggest the R618Q variant does not impact triple helical stability but has a role in col-
lagen Wbril assembly, supporting the hypothesis that the R618Q pro�2(I)collagen variant is a modiWer of connective tissue structure/
function and is potentially involved in disease pathogenesis.
 2004 Elsevier Inc. All rights reserved.
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Introduction

Type I collagen is the predominant structural protein
in the body, providing structural integrity to the skin,
internal organs, and blood vessels as well as support for
the mineralization of bone and teeth [1,2]. Type I colla-
gen is normally a heterotrimer consisting of two �1(I)
collagen chains and one genetically distinct �2(I) colla-
gen chain that wind together to form a helix. Individual
collagen molecules self-assemble into collagen Wbrils
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through entropy-driven associations [3–5] and the
assembly of collagen Wbrils is a multi-step process
involving the nucleation of monomers, followed by lon-
gitudinal and lateral assembly into the Wbril [6–11].

Abnormalities in type I collagen and its post-transla-
tional modiWcations are known to cause various connec-
tive tissue disorders including osteogenesis imperfecta
(OI) and certain forms of Ehlers–Danlos syndrome (for
review [1]). These collagen defects can have eVects rang-
ing from mild joint laxity to severe skeletal and cardio-
vascular phenotypes.

In 1981, Byers et al. [12] identiWed an abnormal �2(I)
collagen chain in an individual presenting with a variant
of Marfan syndrome, another connective tissue disorder
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commonly associated with defects in the glycoprotein,
Wbrillin [13]. Hollister et al. [14] identiWed a second
patient with classic Marfan syndrome and normal
Wbrillin by immunoXuorescence that also exhibited
abnormal �2(I) collagen by gel electrophoresis. In both
cases, the probands were subsequently shown to be het-
erozygous for a single amino acid alteration, an argi-
nine to glutamine substitution at position 618 (R618Q)
in the triple helical domain of the pro�2(I) collagen
chain [15].

In addition, the R618Q substitution was observed
on the same allele (cis) as a glycine to aspartate substi-
tution (G421D) in yet another patient presenting with
lethal OI [16]. The glycine substitution was surely
causative of the OI, and thus the eVects of the R618Q
variant were diYcult to assess. The presence of the
R618Q variant among unaVected or mildly aVected
family members suggests that the R618Q allele is either
a non-aVecting polymorphism or a genetic modiWer
[12,15,16].

A review of the GenBank database (http://www.
ncbi.nlm.nih.gov/BLAST/) indicates that the arginine
residue at position 618 of the collagen triple helix is
invariant among all Wbrillar collagens (types I, II, III,
and V) analyzed to date and across species, including
human, mouse, rat, chick, and bovine. This high degree
of evolutionary conservation suggests a functional role
for this residue in the type I collagen molecule, but the
signiWcance of arginine618 is currently unknown. Yang
et al. [17] have demonstrated by host–guest peptide anal-
yses that arginines in the Y-position of the Gly–X–Y
triplet can enhance helical stability similar to Gly–Pro–
Hyp. The Y-position arginine618 may play a role in the
stability of the type I collagen triple helix and/or a role in
electrostatic interactions essential to molecular recogni-
tion events that lead to the alignment of collagen mole-
cules for Wbril assembly [17,18].

To gain insight into the putative role of arginine618,
we have developed an approach to systematically
evaluate both the triple helical stability of type I
collagen, at the molecular level, and the ability of the
R618Q containing molecules to form collagen Wbrils in
vitro. To evaluate helical stability, type I collagen
produced by control Wbroblasts and Wbroblasts that
express the R618Q variant were analyzed for protease
resistance to thermal denaturation and by circular
dichroism (CD) spectroscopy [19–21]. To evaluate Wbril-
forming properties of the respective type I collagens,
we used an in vitro Wbril assembly assay [6,22]. The
R618Q collagen containing Wbrils generated during
the in vitro Wbril assembly assay were prepared for
electron microscopy (EM) and compared to similarly
prepared control collagen. Our results support the
hypothesis that arginine618 inXuences the collagen Wbril
assembly process, but has little impact on triple helical
stability.
Materials and methods

Cultured dermal Wbroblast cell lines

Cultured dermal Wbroblasts, from two unrelated indi-
viduals heterozygous for the R618Q pro�2(I)collagen
variant, 92-430 and 93-327, were generously provided by
Peter Byers (University of Washington, Seattle, WA) for
this study. Type I collagen synthesized by 92-430 and 93-
327 exhibited similar altered migration by urea SDS–
polyacrylamide gel electrophoresis as the index patient
[12,15]. Control Wbroblasts (GMO2674) were obtained
from the NIGMS Human Genetic Mutant Cell Reposi-
tory at the Coriell Institute for Medical Research (Cam-
den, NJ). Dermal Wbroblasts were maintained and
cultured as previously described [15].

Protease resistance to thermal denaturation

Dermal Wbroblasts were seeded at a density of
250,000/35 mm tissue culture dish, and the procollagens
labeled with 2,3,4,5-[3H]proline (101 Ci/mmol, Amer-
sham–Pharmacia Biotech, Piscataway, NJ) in the pres-
ence of 50�M ascorbic acid and harvested from the
media as previously described by Phillips et al. [15].
[3H]Proline-labeled collagen was aliquoted into nine
tubes for the following temperature points: 25, 36–43 °C.
Each tube was incubated for 5 min at the appropriate
temperature. Trypsin and chymotrypsin were added to
make a Wnal concentration of 0.1 and 0.2 mg/ml, respec-
tively, and the tube was then incubated at the indicated
temperature for 2 min. The reaction was stopped by the
addition of an equal volume of loading buVer (25% glyc-
erol, 0.2 M Tris, pH 6.8, 2 M urea, and 2% SDS). The
samples were then size fractionated on a 2 M urea, 8%
polyacrylamide gel as previously described by Bonadio
et al. [23]. The autoradiograph banding patterns of the �
chains were assessed with the Quantity One software
from Bio-Rad (Hercules, CA). Data points were taken in
duplicate and averaged, and the experiments were
repeated Wve times for each cell line. The statistical anal-
ysis model used was the test for parallelism using analy-
sis of covariance while Wtting a broken line to growth
data [24].

In vitro Wbril assembly assay

ConXuent cultured dermal Wbroblast cells were incu-
bated in 0.5% calf serum in Dulbecco’s modiWed Eagle’s
medium (DMEM) buVered to pH 7.4 with 24 mM
sodium bicarbonate and 25 mM Hepes containing
100 �g/ml penicillin G sodium and 100 �g/ml streptomy-
cin sulfate and supplemented with 100�M ascorbic acid.
The media were harvested daily and replaced with fresh
media plus ascorbate. These treatments were continued
for 4 days.
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The collagen was puriWed from the media via an etha-
nol precipitation using 2 volumes of 95% ethanol to 1
volume of media [25]. Precipitation was allowed to occur
overnight at 4 °C. Protein was collected by centrifuga-
tion for 30 min at 10,000g. The pellet was redissolved in
0.5 N acetic acid overnight at 4 °C. The preparation was
centrifuged for 5 min at 10,000g with only the soluble
material (supernatant) kept for further use. The soluble
protein was dialyzed overnight with a 400-fold volume
excess of 0.5 N acetic acid (3 changes), followed by pep-
sin digestion (50 �g/ml) on ice overnight to generate a
homogeneous population of type I collagen monomers
[26]. These samples were lyophilized and then dissolved
in 5 mM acetic acid to a Wnal concentration of 2.0 mg/ml,
as determined with a modiWed Bio-Rad protein assay
[27] and the hydroxyproline assay [28]. To initiate the in
vitro Wbrillar assembly assay, the collagen stock was
diluted with 5 mM acetic acid to a volume of 500 �l and
was then added to 500 �l of 30 mM NaPi/100 mM NaCl,
pH 7.0 (PS BuVer), to achieve Wnal concentrations of
0.25, 0.40, 0.50, 0.60, 0.75, or 1.00 mg/ml. The pH was
adjusted to 7.0 with NaOH, if needed. The turbidity of
the solution was then analyzed in a spectrophotometer
at 313 nm at 30 °C for 6 h at 5 min intervals.

Circular dichroism spectroscopy

During in vitro assembly collagen Wbrils precipitate.
The precipitate (Wbrils) was collected by centrifugation
(5 min at 10,000 rpm) and solubilized in 0.5% phosphoric
acid (»pH 3.5) to a concentration of 1.0 mg/ml. This
material was examined by circular dichroism (CD) spec-
troscopy using an Aviv 62DS CD spectrophotometer
(Aviv, Lakewood, NJ) with a temperature controlled
Peltier accessory. Preliminary scans of the sample were
taken over a wavelength spectrum of 200–260 nm to
determine sample readiness. Readings were obtained at
0.5 nm intervals, with 10 s signal. Thermal stability was
determined by monitoring the ellipticity at 221 nm as the
temperature was increased from 30 to 45 °C. Data points
were obtained at 0.1 °C increments, with 20 s signal
averaging.

Electron microscopy

After the turbidity maximum was reached, a portion of
the incubated sample was retrieved. A drop was placed on
a carbon Wlm supported on a 300 mesh copper grid and
after 90 s was drained slowly with Wlter paper. A drop of
1.3% phosphotungstic acid, pH 7.3, was then added and
incubated at room temperature for 10min [6]. The grid
was slowly drained, then air-dried. The preparation was
examined in a JEM 1200 EX electron microscope (JEOL,
Ltd., Tokyo, Japan) operated at 1200kV and Wtted with a
liquid nitrogen cooled decontamination device. Micro-
graphs were taken at 40,000£ magniWcation.
Results

Molecular stability: enzymatic susceptibility and CD
spectroscopy

[3H]Proline-labeled collagen synthesized by Wbro-
blast cell cultures of control and R618Q containing cell
lines (92-430 and 93-327) underwent an enzymatic assay
for collagen triple helical integrity. In this assay, collagen
is subject to digestion by trypsin/chymotrypsin as a func-
tion of temperature in order to assess triple helical integ-
rity [21]. The data were analyzed via the test for
parallelism using analysis of covariance while Wtting a
broken line to growth data [24]. This model gives us a
value for the helical melting temperature and compares
the rate of degradation of the individual collagen chains
prior to melting. This type of analysis evaluates the data
in three diVerent areas (Fig. 1). The Wrst region of analy-
sis is the horizontal component of the thermal denatur-
ation curve leading up to the breakpoint (from 25 to

Fig. 1. Trypsin/chymotrypsin thermal stability assay suggests triple
helical stability of control and R618Q containing collagen is similar
(n D 5). The thermal denaturation curves of �1(I) collagen chain (top)
and �2(I) collagen chains (bottom) were analyzed by assessing three
regions of each curve: (1) the slope of the line before collagen unwinds
and is degraded (36–40 °C); (2) the point of the curve at which the col-
lagen starts to unwind and degrade (»40 °C); and (3) the downward
sloping portion of the curve describing the rate of collagen degrada-
tion by trypsin and chymotrypsin (41–43 °C). Asterisk indicates sig-
niWcant diVerence in resistance to degradation from control at the
individual temperature (p 0 0.05).
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»40 °C). There was no statistical diVerence between the
slope of this line in either the �1(I) or �2(I) collagen
chains from control or the R618Q containing cell lines.
An important part of the denaturation curve is the
breakpoint of the curve (»40 °C, Fig. 1). It is important
to note that the standard melting point of type I collagen
with this assay is approximately 41 °C [23]. The break-
point analysis Wts a smooth curve to the data as a whole
and therefore does not precisely deWne the melting point,
but approximates it. The breakpoints of the thermal
denaturation curves are similar in all cell lines for both
the �1(I) and �2(I) collagen chains and show no statisti-
cally signiWcant diVerences (Fig. 1). Finally, the third
region of the thermal denaturation curve analyzed is the
downward slope of the curve, which describes the rate of
degradation of the collagen chains (Fig. 1). The slopes of
these curves were compared and tested for parallelism.
Though the �2(I) chain data exhibited a trend toward a
steeper slope for the denaturation curves of R618Q con-
taining collagens when compared to control collagen,
this was not statistically signiWcant and suggested that
the rates of degradation for the R618Q containing colla-
gen are similar to control collagen. Based on the stan-
dard error associated with the slope data, the power of
this study indicates that these experiments would need to
be repeated 12 times to see a signiWcant (20%) diVerence
in the slopes of R618Q containing collagens as com-
pared to control [29]. Analysis of covariance at individ-
ual temperature points along the denaturation curve
shows that the relative amount of �1(I) and �2(I) colla-
gen chains resistant to degradation at each temperature
point is not statistically diVerent between R618Q con-
taining collagen and control collagen with the exception
of 40 °C. At 40 °C the R618Q containing cell line, 92-430,
�1(I) and �2(I) collagen chains were signiWcantly less
resistant than control �1(I) and �2(I) collagen chains
(p D 0.0005 and p D 0.045, respectively; n D 5), and the
R618Q containing cell line, 93-327, �2(I) collagen chain
was signiWcantly less resistant than the control �2(I) col-
lagen chain (p D 0.0349; n D 5). This decrease in thermal
stability of the R618Q containing collagen at 40 °C is
consistent with the concept that Y-position arginines
contribute to helical stability and the loss of a Y-position
arginine may decrease stability [17]. Though the area
around the breakpoint shows some peculiar traits, this
phenomenon does not seem to aVect the overall type I
collagen helical stability. Overall, these results demon-
strate that R618Q containing collagens exhibit similar
thermal denaturation characteristics as control collagen
and suggest that R618Q does not appear to greatly aVect
helix stability.

Type I collagen from the control cell line and the
R618Q containing cell lines, 92-430 and 93-327, were
also examined by CD spectroscopy (Fig. 2). The har-
vested collagen gave characteristic CD spectra with a
single peak with a maxima at 221 nm indicating that
collagen was present and that there was little if any pro-
tein from contaminating sources. Sample purity was also
conWrmed by SDS–PAGE for all samples. Monitoring
the ellipticity at 221 nm as a function of temperature
indicated that the collagen samples demonstrate similar
thermal stability (Fig. 2). Melting temperatures were
determined by choosing the point along the curve where
the Wrst derivative is equal to zero. In all cases, melting
temperatures were around 36.5 °C [control Tm D 36.42 §
0.24 °C (means § SE; n D 4); 92-430 Tm D 36.72 § 0.11 °C
(n D 4); 93-327 Tm D 36.70 § 0.17 °C (n D 3)].

In vitro Wbril assembly

The assembly of type I collagen Wbrils from pepsin-
treated collagen synthesized by either control Wbroblasts
or R618Q Wbroblast cell lines was analyzed by monitor-
ing the turbidity of the collagen solution as a function of
time [19,20]. As collagen forms Wbrils in solution, the
aggregates no longer remain soluble and form a light
precipitate in solution. This property is easily measured
as a change in optical density at 313 nm (Fig. 3). The
slope of the assembly curve during initial linear growth
is then plotted versus concentration of collagen to gener-
ate rate curves (Fig. 3). The rate of Wbril formation
appears altered in the R618Q collagen containing cell
lines as compared to controls; the R618Q containing col-
lagens formed Wbrils more rapidly. Fibrils formed from
R618Q collagens appeared to nucleate very rapidly upon
addition of PS buVer; there was no noticeable lag period.
Control collagen though shows a lag period followed by
a period of sustained Wbril formation. At the lowest con-
centration (250 �g/ml) the rates of Wbril formation were
similar between control type I collagen and the R618Q
containing collagens [control: �optical density/
s D 12.6 £ 10¡6; 92-430: �optical density/s D 8.8 £ 10¡6;
and 93-327: �optical density/s D 6.4 £ 10¡6]. However, as
the concentration of collagen increased the rates of for-
mation diverged signiWcantly (Fig. 3); for example the
following rates were observed when Wbril assembly was
performed with a concentration of 400 �g/ml of type I
collagen, control: �optical density/s D 3.6 £ 10¡5; 92-430:
�optical density/s D 9.8 £ 10¡5; and 93-327: �optical
density/s D 8.2 £ 10¡5. As a result, the shapes of the Wbril
formation curves at all concentrations were statistically
diVerent, resulting in rate curves that suggest a funda-
mental diVerence in the associative properties of R618Q
collagen.

In order to assess the quality of Wbrils generated by
the in vitro Wbril assembly reaction, the collagen Wbrils
were pelleted and collected for electron microscopy
(EM). The EM results indicate that not only is the rate
of assembly altered for the R618Q collagen, but the
resulting Wbril diameter is altered as well (Fig. 4). R618Q
containing collagen Wbrils are approximately 20% of the
diameter of control Wbrils (Fig. 5). By calculating the
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Fig. 2. Thermal denaturation circular dichroism scans of type I collagen harvested from Wbroblast cell lines suggest the triple helical stability of con-
trol and R618Q containing collagen is similar. Shown are thermal scans representing collagen from human control cells (top), 92-430 (middle), and
93-327 (bottom). Thermal scans were performed using an Aviv CD spectrometer Wtted with a temperature controlled Peltier apparatus. The samples
were monitored for changes in ellipticity every 0.1 °C with readings averaged over 20 s. Error bars for individual data points are indicated.
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cross-sectional area of the assembled Wbril based on Discussion

Fig. 3. The rate of Wbril formation is altered in R618Q containing collagen, which exhibit more rapid Wbril formation than control collagen dur-
ing in vitro Wbrillar assembly analyses. Control (A) and R618Q containing collagen (92-430, B; 93-327, C) in vitro assembled Wbrils were gener-
ated by mixing the collagen with an equal volume of PS buVer and Wbril formation was monitored by optical density at 313 nm every 300 s [Wnal
collagen concentrations: 1.00 mg/ml (open circle), 0.75 mg/ml (Wlled circle), 0.60 mg/ml (open triangle), 0.50 mg/ml (Wlled triangle), 0.40 mg/ml
(open square), and 0.25 mg/ml (Wlled square); n D 2]. To assess if the rate of Wbril formation was altered in the R618Q containing collagens, the
rate of Wbril formation was determined from the slopes of the early linear growth phase of the initial Wbril formation curves (A–C). (D) Compar-
ison of the rates of collagen Wbril assembly of the control (open diamond) and R618Q containing collagens [92-430 (open triangle); 93-327 (open
square)] relative to the concentration of collagen demonstrated that R618Q containing collagen have a distinctly diVerent shape than control
type I collagen.
the diameter (67 nm for control collagen, 17 nm for
R618Q collagen) versus that of the triple helix (1.5 nm
in cross-section), these data suggest that approxi-
mately 1600 collagen triple helices participate in the
formation of control Wbrils, while only »100 mole-
cules of the R618Q collagen triple helix aggregate in
cross-section. The diameter of our assembled normal
control collagen Wbrils is consistent with the normal
range for type I collagen Wbrils (between 50 and 70 nm
depending on the tissue) associated with connective
tissues [30].

The R618Q containing Wbrils were very Wne and the
resolution of the electron micrographs was not suYcient
to conWrm periodicity of banding. In addition, even
though the R618Q containing collagen Wbrils produced
thin Wbrils, their appearance does not correspond to
other previously described collagen aggregates such as
segment long-spacing (SLS) and Wbrous long-spacing
(FLS) collagen fragments [31,32].
Type I collagen is a protein that is strongly conserved
throughout evolution with a high degree of invariant
amino acids [33,34]. The functional necessity of a glycine
residue for every third amino acid in the triple helical
domain has clearly been established by the number of
unique glycine substitutions in both �1(I) and �2(I) col-
lagen chains responsible for OI [35,36]. The strong evolu-
tionary conservation of arginine618 among Wbrillar
collagens and across species suggests a function for this
residue that has yet to be determined.

Preliminary models indicate that arginine618 is located
on the outer surface of the collagen triple helix with the
charged side chain protruding from the surface of the
molecule [37]. Therefore, one would not hypothesize a
major role in the helical stability of the type I collagen
for arginine618, but rather a role in protein–protein inter-
actions and/or Wbrillar assembly. However, there is also
evidence that arginines in the Y-position of the Gly–X–Y
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triplet enhance helical stability [17]. To test these Based on current understanding, the information

Fig. 4. Transmission electron micrographs demonstrate that in vitro assembled R618Q containing collagen Wbrils are markedly thinner than control
Wbrils. Collagen Wbrils from control (top) and R618Q [93-327 (middle); 92-430 (bottom)] were harvested and prepared as described. Micrographs of
control collagen exhibit characteristic size and periodicity, whereas the R618Q containing collagen Wbrils are markedly thinner. In vitro assembly
analyses were performed with the indicated concentrations of collagen. Bar D 200 nm (top left).
hypotheses we evaluated the triple helical stability of
the R618Q containing collagen and its ability to assem-
ble in vitro into collagen Wbrils. We utilized two meth-
ods for assessing helix stability, and neither method
demonstrated a signiWcant diVerence in overall helical
stability between R618Q containing collagen and con-
trol collagen, suggesting that triple helical stability is
not signiWcantly inXuenced by the substitution of a glu-
tamine for arginine618. However, since the 92-430 and
93-327 cell lines are heterozygous for the R618Q vari-
ant, one cannot rule out the possibility that the presence
of normal pro�2(I) collagen chains from the normal
COL1A2 allele may dilute or mask some of the R618Q
response.
necessary for collagen monomers to form native-like
D-staggered Wbrils is encoded by the triple helical
domain and that the role of the telopeptides is to acceler-
ate collagen Wbril nucleation [38,39]. To test if arginine618
has a potential role in the alignment of collagen mole-
cules and/or Wbril formation we chose to use pepsin-
treated collagen. Pepsin treatment allowed (1) for
eYcient preparation of a homogeneous type I collagen
population from tissue culture media and (2) for direct
evaluation of the impact of arginine618 on collagen–col-
lagen interactions in Wbril assembly [38,39]. Kuznetsova
and Leikin [38] demonstrated that with pepsin treatment
the kinetics of collagen Wbril assembly is slowed, but the
information essential for monomer association, Wbrillar
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elongation, lateral growth, and the ability to form native-
like D-staggered Wbers is encoded by the triple helical
region. To evaluate the Wbril-forming properties of the
R618Q containing collagen we used an in vitro Wbrillar
assembly assay and the R618Q containing type I collagen
demonstrated altered Wbril formation in vitro as com-
pared to control type I collagen. The R618Q containing
collagen Wbrils assembled more rapidly than control
collagen Wbrils, and when examined by electron micros-
copy, the R618Q containing Wbrils were much thinner
with a decreased diameter as compared to control colla-
gen Wbrils assembled under the same conditions. These
changes to Wbril formation and diameter cannot be
accounted for as simply a consequence of reduced
amounts of available collagen or the lack of the R618Q
containing �2(I) collagen chains participating in Wbril for-
mation. If this were the case, the normal allele in these cell
lines would still produce normal functional �2(I) collagen
chains and the non-functioning variant allele would only
serve to decrease the total amount of collagen available
for Wbril formation by as much as 50%, simulating the
response of reduced levels of control collagen. However,
even at 50% lower concentrations, the control collagen
Wbril assembly curves do not resemble the phenomena
observed with the R618Q containing collagens.

One hypothesis is that the positively charged argi-
nine618 residue is vital for alignment with a hydroxylated
residue of an adjacent triple helix, thus establishing the
proper orientation for collagen alignment, lateral growth
and/or cross-link formation. The charge diVerence result-
ing from the substitution of glutamine for arginine618 in
half the collagen molecules may disrupt this alignment
and prohibit assembly beyond a certain size. The R618Q

Fig. 5. In vitro assembled R618Q collagen Wbrils have signiWcantly
reduced Wbril diameter. Analysis of collagen Wbril diameter of in vitro
assembled collagen Wbrils from control (solid bar), and the R618Q [92-
430 (open bar), 93-327 (diagonal bar)] Wbroblasts [n D 3; for each
experiment: three unique Wbrils per collagen concentration were mea-
sured; 10 measurements per Wbril]. Within a particular collagen type,
the diameter of assembled Wbrils did not diVer regardless of the initiat-
ing collagen concentration. However, the diameter of the R618Q con-
taining collagen Wbrils was 20–25% of that of control collagen Wbrils.
variant may demonstrate a preference for rapid mono-
mer association at the expense of proper alignment that
propagates Wbril expansion. Perhaps even, a small, local-
ized abnormality in the triple helix is suYcient to alter the
shape of the helix in a region critical for molecular recog-
nition, lateral growth or cross-link formation.

In vitro studies of the self-assembly of DNA indicate
that it is based on a delicate balance of attractive and
repulsive forces between helices [40]. Similar studies with
helical proteins, particularly collagen, have demonstrated
similar forces acting on the protein [41]. The repulsive
forces seem to center around the energetically and entro-
pically important release of water around surface groups
on the protein as protein molecules associate. Leikin et al.
[41] conclude that as polar molecules are brought
together, they repel exponentially as a result of forcing
water molecules to leave the apposing hydrophilic sur-
faces. Either electrostatic polarization or hydrogen bond-
ing could cause this exponential perturbation in water
structure surrounding polar or charged groups. There-
fore, alterations in charge or hydrogen bonding patterns
may have a lasting eVect on collagen ultrastructure.

Another potential explanation for the thinner R618Q
containing collagen Wbrils may lie in the observation that
the R618Q containing collagen appears post-transla-
tionally overmodiWed when evaluated by urea/SDS–
polyacrylamide gel electrophoresis [12,15]. Type I
collagen Wbril assembly experiments by Torre-Blanco
et al. [42] demonstrated that type I collagen containing
increased hydroxylysine content formed Wbrils with sig-
niWcantly smaller diameters than normal type I collagen.
Perhaps the thinner Wbril formation of the R618Q con-
taining collagen is a reXection of alterations in post-
translational processing.

The eVects of the R618Q variant on in vivo structure
and function are unknown, and may involve alternative
mechanisms reXecting the consequences of interactions
with other components of the extracellular matrix.
Charged amino acid residues, particularly arginines,
have also been postulated to be involved with molecular
chaperone recognition and/or in recruitment of other
extracellular matrix proteins, which are in turn responsi-
ble for the alignment of collagen during Wbrillogenesis
[18,43,44]. Sequence analysis reveals that arginine618 is
located along what may be a decorin-binding site on the
collagen triple helix [45]. In vitro, the addition of decorin
to Wbrillogenesis assays has impeded the formation of
collagen Wbrils while increasing the thermal stability of
the Wbril [46,47].

Recently, Di Lullo et al. [48] generated a map of
ligand-binding sites and disease-related mutations for
type I collagen. There are four non-OI mutations
reported in the triple helical region of type I collagen
(one of which is the original R618Q variant reported by
Phillips et al. [15]), that are associated with coronary
artery disease, Marfan syndrome, connective tissue
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weakness, and Ehlers–Danlos syndrome. As the authors
noted, these four mutations cluster together with certain
osteoporosis and osteopaenia mutations in two zones of
the Wbril “D” pattern. Consequently, these four non-OI
mutations may directly interfere with one or more clas-
ses of type I collagen interactions leading to a relatively
mild connective tissue phenotype. Though the actual
mutations themselves may not cause a direct aVect on
type I collagen, these variants may indeed modify the
activity of other matrix proteins necessary for collagen
alignment, Wbril assembly, or binding to other matrix
molecules.

The R618Q variant has not been found in any other
Marfan syndrome patients beside the original two
described [12,14,15]. However, one OI patient had the
variant on the same allele as a glycine mutation [16]. The
contribution of the R618Q variant in this case is masked
by the severity of the glycine substitution, which almost
certainly is responsible for the OI phenotype. The pres-
ence of the R618Q variant among unaVected or mildly
aVected family members suggests that the R618Q allele
is either a non-aVecting polymorphism or a genetic mod-
iWer. The eVect of the R618Q allele on in vitro assembly
more strongly favors a role for the R618Q variant as a
modiWer of collagen expression and Wbril assembly. Cur-
rently, we hypothesize that the R618Q variant of type I
collagen may belong to a family of modiWer alleles that
impact connective tissue structure and function and may
signiWcantly inXuence the pathogenesis of acquired and
inherited connective tissue disorders.
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