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Abstract

Mutations in collagen Il are associated with spondyloepiphybesgilasia, a group of heritable diseases
whose common features include aberrations of skeletal growth. nfédwhanisms through which
mutations in collagen Il affect the cartilaginous tissuesamplex and include both intracellular and
extracellular processes. One of those mechanisms involvéslacestress caused by excessive
accumulation of misfolded collagen Il mutants. We investigatbdther stabilizing the structure of
thermolabile R789C and R992¢llagen Il mutants would improve their secretion from cells,etiyer
reducing cellular stress and apoptosis. Employing glycerol and thsitamine N-oxide (TMAO),
chemicals that increase the thermostability of collagenetriptlices, we demonstrated that those
compounds function as chaperones and stabilize the R789C and R992C mueeityate their
secretion, and improve cell survival. Our study provides a séehtbis for considering misfolded triple
helices of collagen mutants a target for reducing the deletereffects caused by their excessive

intracellular accumulation.



Introduction

Collagen Il is a component of heterotypic fibrils which forcaffolds of mature cartilaginous tissues
and provide a template that guides the development of sketsiakd [1]. Processes leading from the
biosynthesis of pre:1(Il) chains in cells to the formation of collagen fibrifsthe extracellular space are
complex and include: (i) posttranslational modifications of eassproel(ll) chains, (i) their folding
into triple-helical procollagen molecules and secretion fratfs,cand (iii) self-assembly of collagen
molecules into fibrils [2].

Fundamental for the mechanical and biological functions of @lldfis its stable triple-helical
conformation. Such a conformation is achieved by the folding of indivgheak1(1l) chains whose main
collagenous domain consists of uninterrupted repetitions of the Ga#f in which the “X” and the
“Y” positions are frequently occupied by proline and hydroxyprolirgdiges, respectively [2]. The
accurate amino acid sequence of collagen Il is critarahfe correct functions of this protein at the tissue
level and mutations INCOL2A1 (OMIM#120140) are associated with a broad spectrum of
chondrodysplasia phenotypes, generally described as spondyloepiphyg#akidy6SED), the main
feature of which is abnormal skeletal development [3]

One of the pathological consequences of mutations in collagenoumgristea loss-of-function
effect due to the reduced incorporation of mutants into the oeMubar matrix (ECM). It has been
suggested that the fundamental cause for the reduced amount gércatialecules containing mutamt
chains is excessive intracellular accumulation and subsequerastddggn in a process described as
"procollagen suicide" [4].

Due to the possibility of excessive intracellular re@mtisome diseases that involve collagen
mutants are categorized as storage diseases, a groufsthatchudes diseases caused by the excessive
accumulation of non-collagenous proteins, lipids, glycoproteins, and wihetromolecules [5]. In our
studies published elsewhere we demonstrated that the R789R9&2€C substitutions in collagen I
cause misfolding of mutant molecules, decrease their theroildss, promote excessive intracellular
retention and aggregation, and increase apoptosis [6; 7; 8]. Thdslitiorato the loss-of-function effect,

certain mutations in collagen Il may also cause a gain-of-toxidigtef



Here, we studied the feasibility of reducing cellularsstrassociated with the R789C and R992C
substitutions by stabilizing the mutant molecules and decreabieig intracellular accumulation.
Employing glycerol and trimethylamine N-oxide (TMAQ), chemicdlattstabilize the collagen triple
helix, we demonstrated that these compounds increase the theilitpstalihe R789C and R992C
mutants, decrease their intracellular retention, and imprdiveweival [9; 10; 11],. Our study provides
bases for considering triple helices of thermolabile collagen muaamtsy target to reduce the deleterious

effects caused by their atypical retention.

Materials and Methods
Mutation nomenclature -- The amino acid substitutions are named according to the literatith

amino acid residues numbered from the first glycine of the collagen # trgdix.

Procollagen || mutants -- Procollagen Il mutants employed in this study are associatédSED
[12; 13]. To facilitate various biochemical and microscopisags, wild type (WT) and mutant
procollagen Il variants were engineered as chimeras fugbdgvden fluorescent protein (Pro-GFP), as

described [6; 8].

Cells expressing collagen 1l mutants -- For the production of Pro-GFP variants in quantities
sufficient for assays of their thermostability, thesetgins were expressed in HT-1080 cells (ATCC;
CCL-121), as described [6; 8; 14]. For analyses of cellulgooreses to the presence of procollagen I
mutants, the chondrocytic cell line SW-1353 (ATCC; HTB-94) wapleyed, as described [6; 7; 8.
Both cell lines were cultured in Dulbecco's Modified Eagle Medsupplemented with 10% fetal bovine
serum and 4@g/ml of L-ascorbic acid phosphate magnesium salt (Wako Claésninc.), as described

[8; 14].

Cdl culture in the presence of glycerol and TMAO -- Glycerol and TMAQO, compounds with
chemical chaperone characteristics, were employed to detetinairedfects of their collagen-stabilizing

activities on the structure of the R789C and R992C mutants, andittheffaells harboring them. For
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analyses of cell survival, we followed the experimental sed@gscribed by Hintzet al [7]. In brief, SW-
1353 cells were cultured for 12 days post-confluence, and then cell cuéidi@ were supplemented with
glycerol added to a final concentration of 0.1 M or 0.5 M, or TMAfed at 30 mM or 0.1 M.
Subsequently, cell culture was continued for five additionak.da&jter the five-day treatment, cell
culture media and cell lysates were collected for furteeays. For thermostability analyses, collagen II
variants were isolated from HT-1080 cells cultured in tlesgmce of 0.5 M glycerol or 0.1 M TMAQO, as
described [14].

Working concentrations of selected compounds used in this study eetermined in pilot
experiments. In these experiments cells were cultured in Bingeeoncentrations of glycerol or TMAO.
During culture, cells were monitored for proliferation, changesmiorphology, and production of
procollagen 1l, as described [6; 8]. The highest concentrati@isditi not have any apparent negative

effects on cultured cells were applied in the presented studies.

Cleaved poly-(ADP-ribose) polymerase (cPARP) and TdT-mediated dUTP Nick-End Labeling
(TUNEL) assays -- Glycerol and TMAO-treated cells were analyzed for apoptotickars, as described
[7]. In these assays cPARP was detected in cell lysat@éesyern blot with primary rabbit anti-cPARP
antibodies (Cell Signaling Technology, Inc.) and secondary antitrédgBi conjugated to horseradish
peroxidase (HRP; Sigma-Aldrich). The same nitrocellulose lnenes were also probed for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The relatvenaiof cPARP in the analyzed
samples was determined by measuring the ratios of the pigakities of the cPARP-positive bands and
GAPDH-positive bands. In any given group of celle, expressing GFP-tagged WT, R789C or R992C
collagen 1, the cPARP/GAPDH ratio derived from non-treatdts eeas considered 100%. Statistical
significances of differences between the means calculatethé relative contents of cPARP in cells
cultured in the presence vs. the absence of tested compoundsvakr@esl by the Studentistest
(GraphPad Software, Inc.).

In another set of experiments the presence of fragmentedvizds/analyzed by TUNEL assays that

utilize tetramethylrodamine (TMR) as a red fluorophore (RocBejpsequently the apoptotic index,



defined as the percentage of TUNEL-positive nuclei out ofdteé number of DAPI-positive nuclei, was

calculated for each analyzed group, as described [6; 7].

Thermostability assays of collagen |l variants -- Two experimental approaches were designed; (i) in
the first approach we analyzed the thermostabilities ofipdrdollagen Il mutants produced by HT-1080
cells cultured in the presence of 0.5 M glycerol or 0.1 M T™JAnd (ii) in the second approach these
compounds were added to purified collagen Il variants produced kycodillired in the absence of these
compounds. The thermostabilities were measured by brief proteastialg as described [6; 15]. Based
on collagen II-melting curves, we determined the temperaturesiiah the triple helical structure of

analyzed collagens was preserved in 75%-£),r80% (Tmy), and 25% (Tms) of maximum.

Intracellular Pro-GFP variants produced in the presence of glycerol and TMAO -- We analyzed
whether glycerol and TMAO-mediated stabilization of collageslecules could also influence their
intracellular accumulation. In brief, glycerol or TMAO-tredtcells were lysed, and then Pro-GFP
variants were detected by Western blot assays with aG&Rtiantibody, as described [6; 8]. The relative
content of GFP-positive bands was assayed by densitometry. Thiés re6 measurements were
normalized to GAPDH and plotted as a percent of the non-treatedldenpressed as 100%).

We also studied the effects of glycerol and TMAO on the accuimmlaf collagen
molecules misfolded due to inhibition of critical hydroxylation oblpre residues by 2,2

dipyridyl (Sigma-Aldrich) [16]. The intracellular content of R&-P variants produced in the

presence of 2,2' dipyridyl was assayed as described above.

Results

Apoptotic markersin cells harboring the R789C and R992C mutants cultured in the presence
of glycerol and TMAO -- Cells cultured in the presence of 0.5 M glycerol or 0.1 M TMAWM ha
statistically significant decrease in the relative amourdRARP, indicating an increase of cell survival

(Fig. 1 and Supplementary Fig. S1). In the same experimental cmsdithe overall amounts of Pro-GFP



produced by cells did not change (Fig. 1). The lower concentratidhsesd compounds used in the pilot
studies did not have significant effects on relative amounts of cRA&R& not shown).

TUNEL analyses (Supplementary Fig. S2) of cells culturatierpresence of 0.5 M glycerol or 0.1
M TMAO support the results of cPARP assays. Specifically,determined that in comparison to the
non-treated cells harboring the WT, R789C or the R992C mutants, the apoptotic inderdls tardtured
in the presence of 0.5 M glycerol decreased from 0.89% (+£0.15 SEMY (x0.73 SEM), and 0.96%
(+0.12 SEM), to 0.82% (+0.14 SEM), 2.34% (+0.3 SEM), and 0.5% (+0.11 SEM)ctashe A similar
trend was observed in an analogous experiment where cells eatedtwith 0.1 M TMAO. Specifically,
we determined that in comparison to the non-treated cells harbienyvT, R789C or the R992C
mutants (see above) the apoptotic indexes for cells cultutee presence of 0.1 M TMAO decreased to

0.56% (+0.14 SEM), 2.24% (+0.22 SEM), and 0.67% (+0.08 SEM), respectively.

Thermostabilities of the R789C and R992C mutants produced by cells cultured in the presence of

glycerol or TMAO -- In comparison to the non-treated controls, the thermostabitidte WT collagen

Il and the analyzed mutants produced by cells cultured in the peesk@d M glycerol or 0.1 M TMAO
have increased (Fig. 2A, Supplementary Fig. 3S, and Tab. 1). Bagh® @bservation, however, it has
not been clear whether the thermostabilizing effect dependedraoneihtlar interactions of glycerol and
TMAO with newly synthesized prad(ll) chains or whether these compounds were able exert
stabilizing effect extracellularly. Thus, in another seteaperiments, we first prepared collagen I
variants isolated from cells cultured in the absence of chapemdexsts.purified collagens were exposed
to these compounds for 24-h at 4°C, and then thermostability measisemege performed. Because the
thermostabilities of analyzed mutants have increased, tlsssgsasuggest that intracellular interaction
between the chemical chaperones and procollagen is not anddfiaitor in stabilizing the collagen Il
variants (Fig. 2B, Supplementary Fig. 3S, and Tab. 1). When comparirthettmostabilities of the
collagen variants purified from cultures of cells grown in phesence of chaperones to those isolated
from cells grown in chaperone-free media and treated with chaerighe before the stability assays, it

is apparent that the increase in thermostability was greater liattéegroup. (Fig. 2 and Tab. 1).
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Note: As glycerol and TMAO do not change the enzymatic gietvof trypsin and chymotrypsin, it
is important to emphasize that the observed increase of thabilitiss of collagen Il variants was not a
result of the decrease of the enzymatic activities of employedagest¢l7].

Intracellular accumulation of the R789C and R992C mutants -- We analyzed the intracellular
content of Pro-GFP variants in the presence of glycemd TdMAO. In comparison to the non-treated
controls, in cells treated with these compounds the relative amofutiie R789C and R992C variants
were reduced (Fig. 3 and Fig. 4). Of note was the observaitdimt cells expressing the R789C mutant,
partial degradation of this protein was observed.

As shown in Fig. 3 and Fig. 4 addiag@' dipyridyl into the cell culture increased accumulation of
Pro-GFP in all analyzed groups. Moreover, as evident by the pees#nGFP-positive fragments,
increased intracellular accumulation was associated witadation of all Pro-GFP variants. In addition,
in cells cultured in the presence of this compound, neither glynerafMAO reduced the intracellular

accumulation of the Pro-GFP variants (Fig. 3 and Fig. 4).

Discussion

Employing a simple experimental system, we tested whethersadeensequences of intracellular
accumulation of the thermolabile R789C and R992C collagen Il mutantd be partially reduced by
improving their thermostabilities. The strategy proposed here tavaamploy glycerol and TMAO,
compounds that at 1 M concentration increase the thermostaifilityllagen triple helices by 1°C and
5°C, respectively [9; 10].

We demonstrated that the presence of glycerol and TMAO veaxiated with reduction of the
relative amounts of cPARP in cells harboring the R789C and R99#@nta. At the same time, the
presence of these compounds did not affect the overall produttomtiaggen 1l. In cells expressing WT
collagen I, the relative amount of background-level cPARP also decreaséushmnange was relatively
small compared to that observed for cells harboring collagenutiunts. The decrease in the apoptotic
indexes for cells expressing the R789C and R992C variants in the preselycerai gnd TMAO further
corroborates the results of quantitative assays of cPARP. €hamdhe relative amounts of apoptotic

markers in cells cultured in the presence of glycerol orADMcorrelated with the decrease of the
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intracellular pool of procollagen molecules, suggesting the asereof their secretion. Because the
efficient secretion of procollagens depends on the formatioheombstable triple-helical structures, the
decrease of intracellular accumulation of inherently thernilelaR789C and R992C procollagen Il
mutants in the presence of glycerol and TMAO further indidaechaperone-like collagen-stabilizing
effect of these compounds [6; 7; 16; 18; 19]. The collagen-stabilaatigity of selected chemical
chaperones, however, is probably limited to mutant molecules wiilized structural aberrations. This
notion is based on the observation that collagen molecules whose structuresremieadytmisfolded due
to the inhibition of hydroxylation of proline residues by 2,2' dipyridse not stabilized by selected
chemical chaperones..

The decrease in the intracellular accumulation of studied mutantatesiithat the stabilizing effects
of glycerol and TMAO were primarily a result of the intihdar influence of these compounds on the
structure of a collagen triple helix. In comparison to tlabities of collagen 1l variants purified from
cell culture media of cells grown in the presence of glyaardIMAQ, the increase in the thermostability
was even greater in another experimental group in which these compeeredadded to the purified-
collagen samples before thermostability assays and remairtezlanalyzed samples during these assays.
This apparent difference was most likely due to the pasigrsal of the stabilizing effects in the first
experimental group due to the decrease in the concentratiopcef@land TMAO occurring during the
purification of collagen II.

The concept of improving the structure of misfolded mutanteprstby employing chemical
chaperones to reduce the harmful effects that such mutant®haedls and tissues has been proposed
and tested with a number of proteins associated with variousse#s¢20; 21; 22; 23; 24]. Specific
examples of such an approach include employing TMAO to reduce #wselif mutant keratins that
cause various skin disorders and to restore the activity ofamh branched-chairu-ketoacid
dehydrogenase associated with maple syrup urine disease [25;&6pwdr, chemical chaperones were
shown to be effective in stabilizing the structure and acatthg the secretion of mutant proteins
involved in cystic fibrosis and Huntington’s disease, as wdivasinjury and emphysema caused by an
al-antytrypsin deficiency [27; 28; 29]. Although most studies on otednthaperones as therapeutic

agents were done in cell culture conditions, reduction of ERsstmed restoration of glucose homeostasis
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by administration of 4-phenylbutyric acid, yet another compound withecbap-like activities, in a
mouse model of type 2 diabetes was also demonstrated, therebyimgdécaotential utility of chemical
chaperone vivo [30].

The studies presented here provide experimental evidence thabdh@nt structure of collagen
mutants could be considered a target for approaches aimeduaing the harmful effects imposed by
these mutants. Preliminary tests presented here focused on thel#idle R789C and R992C collagen
Il mutants that are associated with apoptosis and whose strugiterations are readily detectable [6; 7;
8; 31]. The structural and biological effects of these mutationseVenw do not represent the full
spectrum of potential effects that different mutations nmagoise. For instance, in cells expressing the
thermostable R75C, R519C, and G853E collagen Il mutants which aresalstated with skeletal
diseases, an increase in apoptosis was not readily appd@dfefthis, the question remains whether
targeting the structure of collagens should be considered ortlyedfdhermolabile mutants or also for the

thermostable mutants whose ER stress-related effects may berorga: accumulative.
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Table 1

Thermostabilities of the R789C and R992C mutant in the presence of glgndroMAO.

Tmys “Tmso Trmys
[°C] [°C] [°C]
Collage! C 0.5M 0.1M C 0.5M 0.1M C 0.5M 0.1M
nll Glycerol | TMAO Glycerol TMAO Glycerol TMAO
variant

D o WT 40.4 | 40.6 40.5 41.3 1415 41.3 42.2 1 42.3 42.2
g3
$§ R789C 37.7 37.8 37.9 38.6  38.6 38.7 39.6  39.5 39.6
53
%E’ R992C 38.7  39.4 39.1 39.3  39.8 39.6 40.1 | 40.1 40.3
63

3 WT 40.4 41.0 41.5 41.51 43.0 43.4 42.7 1 44.9 45.2

T ©w
233
'8'58 R789C | 38.6 | 39.0 39.4 39.1 39.7 40.1 39.6 | 40.6 40.9
225
C = 9
co%¥%
6 o C
0T 8
g;g = R992C  38.5 : 39.2 38.7 39.3: 40.0 39.7 40.2 | 40.7 40.6
O 5 S

[@ Rgt=

i

*Tmys, Tmyo, and Tnas indicate the temperatures at which the triple helical strucfuaealyzed collagens

was preserved in 75%, 50%, and 25% of maximum, respectively; C indicatesd santples not treated

with chemical chaperones.
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Figure Legends

Figure 1 - Relative amounts of Pro-GFP variants (A) and cPARP (BElls cultured in the presence of
0.5 M glycerol or 0.1 M TMAO. The relative amounts of Pro-GFP d&WRP in specific groups of cells
treated with glycerol or TMAO are compared corresponding ebgtoups cultured in the absence of
these compounds (controls expressed as 100%). Each point represensath&alue from multiple
independent assays + standard error of the mean (SEM). SymibJssamples that include wild type
Pro-GFP; R789C and R992C, Pro-GFP mutants; ns, not statissagiificant; P values for statistically
significant differences between means calculated for ae@dlgroup and non-treated controls are also

presented (expressed as 100%).

Figure 2 —A, Assays of the thermostabilities of the WT, R789C, and R992C eolldgariants isolated
from HT-1080 cells cultured in the presence of 0.5 M glycerol oMOTIMAO. B, Similar assays of the
thermostability of the WT, R789C, and R992C collagen Il variaotatisd from HT-1080 cells cultured
in chaperone-free media. Proteins were isolated from the nieidncubated with 0.5 M glycerol or 0.1
M TMAO.

Following preincubation at increasing temperatures, collagesartiples were subjected to brief
protease digestion. The digested samples were electrophoresé&oipolyacrylamide gels in reducing
conditions and therm1(ll) chains were visualized by Western blot (Supplementaguré S3).
Subsequently, the relative pixel intensities of bands corresporaliadg(il) chains were measured by
densitometry. Graphic representations of changes in the esktmnount of triple-helical collagen 1l in
response to increasing temperature are demonstrated (seel).aBymbols: WT, wild type collagen II;
R789C and R992C, collagen Il mutant harboring specific substitutiad;salles @)and solid line, non-
treated control; open circles)(and dashed line, group treated with 0.5 M glycerol; trizngle) and

dotted lines, a group treated with 0.1 M TMAO.
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Figure 3 - Intracellular pool of Pro-GFP variants in cells crétaiin the presence of glycerol or TMAO
with or without addition of 2,2' dipyridyl. A, Site-by-site comparisof Pro-GFP variants from cells
grown in the presence (+) or the absence (-) of 2,2' dipyridyl but in the abseayigeeobl and TMAO. B,
Intracellular pool of the Pro-GFP variants in cells growrthe presence of glycerol or TMAO but
without 2,2' dipyridyl. C, Intracellular pool of the Pro-GFP gats in cells grown in the presence of 2,2'
dipyridyl and glycerol or TMAO. Symbols: WT, samples thatiude wild type Pro-GFP; R789C and

R992C, Pro-GFP mutants. Symbols: C, controls grown in the absence obb(@eor TMAO (T).

Figure 4. Graphic representation of intracellular accumulation of Pro-GFBntarnin cells cultured in the
presence of glycerol or TMAO with or without addition of 2,2' digyti The relative amounts of Pro-
GFP in specific groups of cells treated with glycerol or TMAO are compareaiitrol groups cultured in
the absence of these compounds (controls expressed as 100%). Each point repgeneats thlue from

multiple independent assays * standard error of the mean (SEM).

16



<
2 A e
o ns
O 1004-- L SR S S—— --
1
3 t
a
"6 ns
< 50
2
[y
o]
o
_g G T 6 (l'l T T T
© NN ) O ¥ S
3 & & W W T
X (© N o N I N
S . N A
A ,\%Q) Q_O.J ngf
Q‘
)
=B e
o 100+-2 F----- -
SRR
o 52000 P=0.0023
2 P=0.0004
5 t 3
= 5 P=0.0067
o)
9
[
Q
o
o
=
E C T T T T L T
D Wo8° oV P© 0 o ?°
g oF & 2 &
o W o N N
& & & S Y
\$ Q:\ J\%Q QQ QCSL
&
Figure 1.

17



_‘
g B>

IS
o

sy)
o

Triplehelicity [%]
o
o

©
2

I
)

o

Temperature [°C]

Figure 2.

34 40 46 5034 40 46 50 34

18

40



A WT R789C R992C

— + — 4+ — 4+ 22 dipyridyl
= :|Pro-GFP
B — 2,2' dipyridyl

WT R789C  R992C
C GTC GTTZCGT

:|Pro-GFP

S — TX s | o
C +2,2" dipyridyl

WT R789C  R992C
CGTCGTGCGT

— — — — — — —] — —

— = Pro-GFP

Figure 3.



=
Q
R e e e e e =
= NS NS o ns ns ns |
c N
2 o
o 3
X o
= <
LL
(_? 0 i ! T T T
o NS ns
o 4
100
5 [ P=0.02p |,
I3 P=001 [N
S 50 i 5
o ¥ p-5.006 E
0 P=0.001" a
S =
©
Q) ] 1 T 1 T )

RO R P P
SN 87 N 7 W
< S R S

N & Q,_\@ S nga"'

Figure 4.

20



	Thomas Jefferson University
	Jefferson Digital Commons
	5-28-2010

	Reducing the effects of intracellular accumulation of thermolabile collagen II mutants by increasing their thermostability in cell culture conditions.
	Katarzyna Gawron
	Deborah A. Jensen
	Andrzej Steplewski
	Andrzej Fertala
	Let us know how access to this document benefits you
	Recommended Citation


	Microsoft Word - 209051-text.native.1277923350.doc

