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Abstract

Disruptions in procollagen synthesis, trafficking and secretion by cells occur in multiple
connective tissue diseases. Traditionally, these disruptions are studied by pulse-chase labeling
with radioisotopes. However, significant DNA damage, excessive accumulation of reactive
oxygen species and formation of other free radicals have been well documented in the literature at
typical radioisotope concentrations used for pulse-chase experiments. Therefore, it is important to
keep in mind that the resulting cell stress response might affect interpretation of the data,
particularly with respect to abnormal function of procollagen-producing cells. Here, we describe
an alternative method of pulse-chase procollagen labeling with azidohomoalanine, a noncanonical
amino acid that replaces methionine in newly synthesized protein chains and can be detected via
highly selective click chemistry reactions. At least in fibroblast culture, this approach is more
efficient than traditional radioisotopes and has fewer, if any unintended effects on cell function.
To illustrate its applications, we demonstrate delayed procollagen folding and secretion by cells
from an osteogenesis imperfecta patient with a Cys substitution for Gly766 in the triple helical
region of the a1(l) chain of type I procollagen.
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Introduction

Collagens are the most highly abundant proteins in vertebrates distinguished by one or more
characteristic triple helical domains. These domains are formed by three amino acid chains
that have an obligatory glycine (Gly) in every third position. A significant fraction of X and
Y positions in the Gly-X-Y repeats are occupied by proline (Pro) and hydroxyproline (Hyp).
Like Gly, both Pro and Hyp are required for maintaining the structural integrity and stability
of the triple helix. Procollagen precursors of collagens are synthesized by different types of
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cells, in some of which collagens account for about a third of all proteins produced by the
cell. Secreted mature collagens form structural scaffolds of bone, cartilage, and other tissues
as well as glue together different components of extracellular matrix (ECM) throughout the
body.

Abnormal collagen biosynthesis is involved in a variety of disorders, ranging from relatively
rare skeletal dysplasias (1-3) and vascular syndromes (4, 5) to such common ailments as
fibrosis (6) and cancer (7, 8). Protein biosynthesis pathways and their role in pathology are
often studied by pulse-chase measurements, in which labeled amino acids are introduced
into cell culture media and incorporated by cells into newly synthesized chains (9, 10). After
the labeling “pulse”, synthesis, folding, trafficking, secretion, and tissue integration of the
labeled chains is followed by a “chase” in the media that contains only normal, unlabeled
amino acids.

The most common approach to pulse-chase measurements utilizes amino acids containing
radioactive isotopes. Labeling with 3°S-Met is particularly popular since it is easily detected
and highly active, and methionine is an essential amino acid that is not synthesized by
human cells de novo (11, 12). Collagen is also frequently labeled with 3H- or 14C-Pro (13,
14). Because of much higher proline content relative to most other proteins, 3H- or 14C-Pro
labeled collagen chains may be visualized by gel electrophoresis without purification.
Another approach is labeling with non-radioactive, stable isotopes, but detection of such
isotopes is more difficult, requires expensive instruments and is challenging for gel
electrophoresis measurements (15-18).

A particularly appealing alternative to radioisotopes is non-canonical amino acids that are
incorporated by cells into proteins instead of regular amino acids (19). For instance,
azidohomolanine (Aha) is a methionine analogue (Fig. 1a) that is efficiently incorporated
into aminoacyl-tRNA and proteins instead of methionine (20, 21). Unlike inorganic azide
ions, the azide group of Aha is stable and nontoxic (22-24). It can be efficiently conjugated
with fluorescent dyes via highly specific “click chemistry” reactions, even within live cells
(22, 25). Previously published studies did not reveal any significant effects of this labeling
on translation initiation, chain synthesis or protein folding (21, 25, 26).

In the present study, we found collagen pulse-chase labeling with Aha to be more
economical, efficient and convenient compared to radioisotopes. For instance, it allows
analysis of gel electrophoresis results without a one-two week delay for capturing the gel
image on an x-ray film or imaging plate for autoradiography. Moreover, we also found no
appreciable non-target effects of Aha on the cells, in contrast to significant DNA damage,
cell cycle changes and growth arrest reported in studies of radioisotope labeling (27-33).

Given our focus on nonradioactive labeling as well as safety and environmental
considerations, we did not perform parallel pulse-chase measurements with radioisotopes.
We believe that radioisotopes might be useful for some studies but should not be viewed as
a reference standard for other pulse-chase approaches. On the contrary, we argue that well-
established and well-published radioisotope effects on cellular function might require one to
be more cautious in interpreting the results of radioisotope-based experiments.
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Here, we analyze optimal conditions and potential non-target effects of collagen labeling
with Aha. To illustrate this assay, we describe procollagen folding kinetics in fibroblasts
from an osteogenesis imperfecta (Ol) patient with a Gly766 to Cys substitution in the triple
helical region of the a1(l) collagen chain. Like in an earlier report for other Gly
substitutions (34), we observed a delay in folding of procollagen molecules containing the
mutant chain. Slower procollagen folding and resulting misfolding might cause bone
pathology by affecting the function of osteoblasts (3, 35).

Materials and methods

Cell culture

Normal control dermal human fibroblasts were generously provided by Dr. Joan Marini,
National Institute of Child Health and Human Development, National Institutes of Health.
Human dermal fibroblasts containing a type | collagen al-chain-Gly766—Cys substitution
were generously provided by Dr. Peter Byers, University of Washington School of
Medicine. Fibroblasts were cultured at 37°C, 5% CO,, for less than 15 passages; 0.05%
Trypsin-EDTA (Invitrogen) was utilized for cell passage.

Growth medium, Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX™
(Invitrogen) and 10% fetal bovine serum (Cell Grow or Sigma) was used for general cell
culture. (b) Labeling medium, Met and Cys free DMEM and 250 uM ascorbic acid 2-
phosphate (Sigma) was used for labeling with AHA. (c) Chase medium, Met and Cys free
DMEM, 250 uM ascorbic acid 2-phosphate, and 10 mM Met was used in pulse-chase
experiments.

Labeling with azidohomoalanine and procollagen isolation

Confluent cells were treated with 250 UM ascorbic acid 2-phosphate (Sigma) in the growth
medium for 1 day, depleted of Met in the labeling medium, and incubated with different
concentrations of azidohomoalanine (Aha, IRIS, Germany) in the labeling medium. In
pulse-chase experiments, the cells were subsequently incubated in the chase medium. Media
procollagen was precipitated with 176 mg/mL ammonium sulfate. To measure the amount of
secreted procollagen, internal collagen standard was added to 0.8 pg/mL final concentration
before the precipitation. The internal standard (rat-tail-tendon collagen cleaved with MMP-1
and fluorescently labeled with Alexa Fluor 488) allows accurate measurement of the initial
collagen concentration and provides a control for the efficiency of subsequent fluorescent
labeling; its ratio to full-length collagen and procollagen remains constant within our
purification procedure (8). Cell procollagen was extracted by washing the cells with PBS for
10 minutes at 4 °C on a rocker, followed by lysis with cell extraction buffer (1% NP40, 50
mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 mM
benzamidine, 10 mM N-ethylmaleimide (NEM), pH 8.0) and precipitation with 176 mg/mL
ammonium sulfate. Internal collagen standard was added (0.15 pg/mL final concentration)
as needed before the precipitation. Note that NEM covalently modifies cysteine residues, but
normal type | collagen chains do not contain such residues and we have never observed any
effect of NEM on purification or gel electrophoresis of mutant collagen chains with Gly to
Cys substitutions.
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labeling and gel electrophoresis

Collagen was purified from procollagen precipitates by resuspension and overnight
incubation in 0.5 M acetic acid, 0.1 mg/mL pepsin at 4 °C followed by precipitation with 0.7
M NaCl (final concentration). Click-1T Alexa Fluor 555 dibenzocyclooctyne (DIBO-AF555,
Invitrogen) and monoreactive N-hydroxysuccinimide ester of Cy5 (Cy5, GE Healthcare)
were suspended in anhydrous dimethylformamide, aliquoted, lyophilized, and stored with
desiccant at 4 °C (Cy5) or —20 °C (DIBO-AF555) protected from light. For AHA labeling,
collagen resuspended in 0.2 M phosphate, 150 mM NaCl, pH 8.0 was rapidly mixed 10:1
with DIBO-AF555 resuspended in dimethylformamide at different concentrations, vortexed
and incubated for 1 h at room temperature on a shaker. Labeling of collagen Lys with Cy5
was performed as previously described (36). In double labeling experiments, the reaction of
AHA with DIBO-AF555 was followed by the reaction of Lys with Cy5 in the same buffer.

Fluorescently labeled samples were mixed with lithium dodecy! sulfate sample buffer
(Invitrogen), denatured for 10 min at 55-60 °C, and separated on precast 3-8% Tris-acetate
mini gels (Invitrogen). The dye front was run off the gel to reduce fluorescence background.
Gel images were captured in an FLA5000 fluorescence scanner (Fuji Medical Systems,
Stamford, CT) and analyzed with Multigauge 3.0 software supplied with the scanner. The
total amount of secreted and intracellular collagen was determined from the known
concentration of the internal standard and measured ratio of Cy5 fluorescence intensities in
the collagen and internal standard bands as previously described (8).

folding experiments

Fibroblasts were plated in 22-cm? dishes, grown to confluence, stimulated with 250 uM
ascorbic acid 2-phosphate for 1 day, depleted of methionine for 30 min, pulse labeled with
500 uM AHA for 10 min in labeling media, and chased in 10 mM methionine in chase
media for different time intervals from 0 to 120 min. All media were pre-warmed to 37°C
and cell culture dishes were maintained on a heat block set to 38°C to ensure that the cells
were at 37°C during all media changes. After the chase, a dish was incubated at 22°C for 10
s, cell lysis buffer concentrate was added directly to the media for a final concentration of
1% NP40, 200 pug/mL chymotrypsin, 80 ug/mL trypsin, 2 mM EGTA (all from Sigma). The
dish was shaken for 10 s, incubated for 50 s, and shaken again for 10 s. At 75 s after the
lysis buffer addition, the dish was tilted slightly to allow lysate to pool. At 90 s, the lysate
was collected into a clean 2.0 mL microcentrifuge tube. At 120 s, protease inhibitors (5 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 mM benzamidine, 10 mM NEM) were
added to stop the enzymatic digestion. The lysate was vortexed, placed on ice, and mixed
with internal collagen standard (0.15 pg/mL final concentration) and Tris-HCI (100 mM
final concentration, pH 7.4). Collagen was precipitated with 176 mg/mL ammonium sulfate,
treated with 0.1 mg/mL pepsin in 0.5 M acetic acid, reprecipitated with 0.7 M NaCl,
fluorescently labeled with DIBO-AF555 and Cy5, and analyzed by gel electrophoresis.

Differential scanning calorimetry (DSC)

Procollagen precipitated with ammonium sulfate was either resuspended and dialyzed in
PBS at 4°C or treated with 0.1 mg/mL pepsin in 0.5 M acetic acid overnight at 4°C,
followed by 0.7 M NaCl precipitation, resuspension and dialysis in 2 mM HCI. The resulting
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~0.1 mg/ml solutions of procollagen and collagen were scanned at 0.125°C/min heating rate
in a Nano 111 DSC instrument (Calorimetry Sciences Corporation).

Quantitative real time PCR (qPCR)

Results

RNA was isolated from fibroblasts with an RNeasy kit (Qiagen), reverse transcribed with
SuperScript Il First Strand Synthesis Supermix and random hexamers as primers
(Invitrogen), and analyzed in a 7500 Fast Real Time PCR system (Applied Biosystems) with
Tagman gene expression assays (DDIT3 (CHOP), Hs00358796_g1; HSPAS (BIP),
Hs00607129 gH; BCL2 (BCL2), Hs00608023 m1; CRYAB (crystallin aB),
Hs00157107_m1; COL1AL1 (procollagen al(l)), Hs00164004_m1; Applied Biosystems).
The same C+ threshold value was used for all samples. Relative mRNA quantity was
calculated from AAC+ values by utilizing HPRT1 (HPRT), Hs99999909_m1 and B2M
(B2M), Hs99999907_m1 (Applied Byosystems) as endogenous controls and assuming
100% PCR efficiency (37).

Azidohomoalanine conjugation with fluorescent dyes

Our attempts to utilize traditional, copper-catalyzed click chemistry for conjugation of Aha
incorporated into al1(1) and a2(l) chains of type I collagen with alkyne derivatives of
fluorescent dyes (Fig. 1b) were largely unsuccessful due to Cu-induced collagen
precipitation. In buffers that inhibit this precipitation, we observed only low-efficiency,
inconsistent Aha conjugation (data not shown).

In contrast, Aha conjugation with commercially available dibenzocyclooctyne (DIBO)
derivatives of Alexa Fluor dyes (DIBO-AF) provided more efficient and consistent labeling
of collagen chains (Fig. 1c). Labeling of collagen with DIBO derivative of Alexa Fluor 555
(DIBO-AF555) reached saturation around 150 pM (Fig. 1d,e). For our experiments, we
chose to use 71.4 pM DIBO-AF555, where the conjugation efficiency was approximately
50% to reduce reagent used yet still get efficient labeling.

To determine the conjugation efficiency, we also labeled lysine (Lys) with Cy5 (N-
hydroxysuccinimide ester) within the same sample and measured the AF555/Cy5 ratio of
fluorescence intensities in the same gel electrophoresis bands of a1(l) and a2(I) chains. To
correct for possible sample-to-sample variation in Lys labeling, MMP1-cleavage fragments
of rat-tail-tendon collagen prelabeled with Alexa Fluor 488 were added to each sample
before labeling with Cy5. These fragments provided an internal standard for Lys labeling
efficiency, gel loading, and calculation of absolute collagen concentration in the sample (8).

Optimization of Aha incorporation into collagen

To optimize Met replacement with Aha, we varied the length of Met depletion, length of
Aha pulse, and Aha concentration during the pulse and measured the DIBO-AF555/Cy5
ratio in gel bands of al1(l) and a2(l) chains. We found that 500 uM Aha concentration was
sufficient for achieving near maximum Aha incorporation into procollagen newly secreted
by fibroblasts (Fig. 2a). A 30 min incubation of the cells in Met and Cys free media prior to
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the addition of Aha was necessary and sufficient for maximum Aha incorporation (Fig. 2b).
The saturating concentration of Aha was achieved after 4 hours in secreted procollagen (Fig.
2c) and after 2 hours in intracellular procollagen (Fig. 2d).

Effects of Aha labeling on fibroblast function and procollagen biosynthesis

To test effects of this labeling procedure on cell function and procollagen synthesis, we
compared: (i) fibroblast cultures in which 30 min Met/Cys depletion was followed by a 500
UM Aha pulse, (ii) cultures in which the same depletion was followed by a 500 uM Met
pulse, and (iii) control cultures without the depletion and Met or Aha pulses. We found no
effects of Met depletion and short Aha and Met pulses on transcript levels of key cell stress
proteins. We observed decreased BIP and increased crystallin transcription after 24 h pulses,
indicating slow activation of some cellular response (Fig. 3a,b). The response was similar
for Met and Aha and likely associated with low serum concentration in the media
(commonly used in pulse-chase studies to promote utilization of labeled amino acids by
cells, rather than amino acids from serum proteins). However, the latter response should not
pose a significant problem for typical pulse-chase experiments that do not extend beyond
4-8 h.

We did not observe any detectable effects of Aha labeling on procollagen biosynthesis
either. Procollagen transcription and secretion rates as well as the amount of intracellular
procollagen remained the same as in control cells for at least 4h (Fig. 4c,d). Normal
electrophoretic mobility and thermal denaturation thermograms of collagen and procollagen
indicated that Aha incorporation did not disrupt posttranslational modification, stability or
structure of the triple helix (Figure 1e, 4a, b).

Analysis of procollagen misfolding and retention in Ol fibroblasts by pulse-chase Aha

labeling

To test Aha labeling in the context of practically important experiments, we analyzed
procollagen folding and secretion in fibroblasts from an Ol patient with a Cys substitution
for Gly766 in the a1(l) chain (38). Analysis of collagen secretion represents a typical pulse-
chase experiment utilized in studies of collagen metabolism disorders (14). Measurement of
procollagen folding kinetics represents one of the most challenging pulse-chase experiments.
Since newly synthesized procollagen is folded and secreted by fibroblasts within ~30-60
min, measurement of the folding Kinetics requires ~10 min or shorter pulse labeling and
therefore high sensitivity of detecting the labeled molecules (39).

We observed significantly slower folding of procollagen molecules in Ol compared to
normal control fibroblasts (Fig. 5a,b), consistent with folding of procollagen with other Gly
substitutions studied by pulse-chase labeling with 35S-Met (34). We quantified the kinetics
of formation of cleavage-resistant folded triple helices by gel electrophoresis, after other
proteins and unfolded procollagen chains in cell lysates were degraded by chymotrypsin and
trypsin (34). We detected only full-length helices but not degradation products of partially
folded molecules, in which the C-to-N-terminal triple helix propagation paused at the
mutation site.

Connect Tissue Res. Author manuscript; available in PMC 2015 October 01.
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We also observed much slower clearance of Aha labeled procollagen from Ol compared to
normal control fibroblasts. Figure 5¢ shows the relative content of Aha in triple helices of
intracellular procollagen during the chase, which was evaluated from DIBO-AF555/1S-
AF488 fluorescence intensity ratio of DIBO-AF555 labeled collagen to AF488 labeled
internal standard (IS). These helices were purified by pepsin treatment and salt fractionation
from cell lysates free of cell debris and ECM. By directly measuring their Aha content, our
assay accurately quantifies the clearance kinetics of labeled procollagen from the cell.

Discussion

Effects of pulse-chase labeling with radioisotopes on cell function

Pulse-chase labeling of procollagen is most commonly performed with 25-500 pCi/ml 3H-
proline (14, 40), 0.5-5 pCi/ml 14C-proline (13, 40), or 10-200 uCi/mL 35S-methionine (34,
41). However, recent studies indicate that these low-energy p-emitters cause significant cell
stress and malfunction even at low concentrations and short exposure (28, 29, 32, 33, 42).
Significant fragmentation of DNA was observed after 2h at 10 uCi/ml 35S-methionine and
2-20 uCi/ml 3H-thymidine in the cell culture media (30). Radioisotope incorporation into
multiple molecules and subsequent radioactive decay inside the cell was found to cause
persistent DNA fragmentation long after replacing the media, suggesting that even short
pulse labeling might have severe consequences (28, 30). The observed response to
radioisotopes was similar in different cell types. Radioisotope labeling at or below typical
concentrations was reported to elevate the level of p53, induce formation of reactive oxygen
species (ROS), inhibit cell cycle progression, cause growth arrest, and increase apoptosis
(28-30, 33, 42). Gene expression profiling revealed dramatic changes in multiple cell stress
response proteins (31).

The observations of significant DNA damage, cell cycle changes, and growth arrest after 3H
and 35S exposure indicate that other cellular functions are likely to be altered as well.
Radioisotope effects might be particularly severe and difficult to account for in pulse-chase
labeling studies of procollagen secretion by cells from patients with procollagen
biosynthesis abnormalities. Such experiments require at least 2-4 h equilibration in the
radioactive media followed by 2-4 h chase and therefore at least 4-8 h cumulative exposure
to radioactive isotopes outside and inside the cells. During this time, DNA damage and ROS
might significantly alter procollagen biosynthesis, e.g. because they affect Wnt/B-catenin,
TGF-B, BMP and other key signaling pathways (43, 44). Retention of abnormal procollagen
by the cells might worsen the radioactive damage and its downstream effects by enhancing
radioisotope accumulation, particularly in the case of 3H-Pro or 14C-Pro labeling. Combined
with differences in the general metabolic activity and susceptibility to radioactive damage,
these effects might significantly complicate the comparison between patient and normal
control cells.

The response of cells to the DNA damage, ROS and other highly reactive free radicals may
therefore affect the interpretation of pulse-chase radioisotope labeling experiments. While
these experiments may provide useful information about procollagen chain association,
folding and secretion, full understanding of their results requires characterization of
potential radioactive damage effects on the cells. Since such damage might depend on
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specific experimental conditions, its consequences are difficult to predict a priori. One
potential alternative is labeling with non-radioactive isotopes, which may be detected by a
variety of spectroscopic techniques (16, 18, 45). Another alternative, which we are pursuing
in the present study, is labeling with noncanonical amino acids.

Labeling with Aha as an alternative approach

At least for procollagen, replacement of methionine with azidohomoalanine provides a
particularly useful labeling approach. It is sufficiently sensitive, utilizes commercially
available reagents, reduces environmentally toxic waste, eliminates exposure to
radioactivity, and lowers the cost of experiments. Detection of Aha-labeled molecules by
conjugation with fluorescent dyes is based on a reaction not found in living systems and is
highly specific, eliminating background labeling (22, 24). It shortens the time for visualizing
labeled proteins on gels. Instead of several days or weeks typically required for x-ray film or
imaging plate exposure in autoradiography, fluorescence scanning of gels takes minutes. A
pre-labeled internal standard and conjugation of Aha and Lys with different fluorescent dyes
allow data analysis with fewer or no assumptions compared to traditional methods that
implicitly assume similar procollagen labeling efficiency and extraction yield in patient and
control cells, which may not be the case.

In contrast to radioisotopes, Aha does not affect cell viability (21) and has fewer, if any,
unintended effects on cell function. In fibroblasts, we found no changes in expression of
BCL2, BIP, and CHOP after replacing Met with Aha (Fig. 3), suggesting minimal or no cell
stress. We also detected no changes in collagen gene or protein expression (Fig. 3, 4c,d),
supporting previous observations of normal protein synthesis rate (20, 25) and therefore
normal translation initiation at Met codon. Approximately 400 fold slower incorporation of
Aha into aminoacyl-tRNA by methionyl-tRNA synthetase does not appear to hinder protein
synthesis either (46).

Normal procollagen synthesis rate, concentration in the cell, and lifetime in the cell as well
as unaltered triple helix stability, all indicate minimal or no effect of the Met to Aha
substitution on procollagen folding, structure or trafficking through the cell. Normal
expression of the key regulator of unfolded protein response, BIP, suggests normal folding,
structure and trafficking of other proteins as well, consistent with previously reported studies
of Aha effects (21, 25, 26). Because Met residues within the triple helix are exposed to the
solvent, it is not unexpected that their replacement with Aha has no significant consequences
for the triple helix folding or structure. More surprisingly, this substitution appears to have
no effect on folding and structure of even the globular C-propeptide and other globular
proteins (26), in which Met is buried inside the protein core.

Apparently, Aha is not just a safer, cheaper, and more convenient alternative to
radioisotopes for pulse-chase studies of procollagen biosynthesis, but it also has fewer
unintended consequences and its results are easier to interpret. On a cautionary note,
however, our and previously published studies do not exclude unintended consequences of
Aha labeling for proteins and cell functions that have not been examined so far. For
instance, our study revealed no effects of Aha on procollagen biosynthesis or function of
fibroblasts. Previously published studies revealed no effects of Aha on other proteins and
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other types of cells (20, 21, 23, 25, 26). Yet, this evidence is not sufficient to exclude all
potential effects of Aha. Further characterization of potential unintended consequences
might be necessary for other applications of Aha labeling or for making conclusions that
extend beyond procollagen synthesis, folding, and trafficking in fibroblasts. At the same
time, it is important to keep in mind that such a characterization is even more critical for
radioisotope labeling, since the latter does lead to multiple known problems discussed
above.

Misfolding in Ol Fibroblasts

Pulse-chase labeling with Aha enabled us to study abnormal folding and clearance of
procollagen with Cys substitution for Gly766 in the a1(l) chain (Fig. 5), in cultured dermal
fibroblasts from an Ol patient. Consistent with a previous, radioisotope-based study of
fibroblasts from Ol patients with other Gly substitutions (34) and the established role of
obligatory Gly residues (1), we observed significantly slower triple helix folding in Ol
compared to normal control cells (Fig. 5a). Our assay did not detect a folding intermediate
paused at the mutation site. Note that in (34), such an intermediate was detected only for a
Gly94 substitution at the N-terminal end of the triple helix but not for Gly substitutions
located closer to the C-terminal end. In the latter mutations, the folding intermediates might
not have sufficiently long lifetimes to be detected by the trypsin/chymotrypsin digestion
assay or the corresponding collagen digestion products might not co-purify with full-length
triple helices.

Slower folding likely contributes to slower clearance of Aha-labeled procollagen molecules
from Ol fibroblasts (Fig. 5¢). However, less than 50% decrease in Aha-labeled molecules
inside the cells after 4 h chase is difficult to explain just by the delay in their folding. The
dramatic increase in the lifetime of a labeled molecule inside the cell points to a delay in
trafficking through or export from the cell. In particular, misfolded molecules with Gly
substitutions might be selectively retained and targeted for intracellular degradation (14, 41,
47-49). Cell stress response to such misfolding and accumulation of mutant procollagen
molecules in osteoblasts might contribute to bone pathology in Ol (3, 35).

In conclusion, the goal of the present manuscript is to establish pulse-chase labeling with
Aha as a promising technique for studies of procollagen biosynthesis. In the context of Ol
studies, the experiments described above represent just a first step in developing this
technique. For instance, direct visualization of Aha-labeled molecules by conjugation with
fluorescent dyes, which can be done even in live cells (25), may be exploited for much more
detailed analysis of procollagen synthesis, trafficking and degradation. Since understanding
how Ol cells handle mutant procollagen might provide important clues to Ol
pathophysiology and even novel approaches to treatment, we are currently developing
assays and strategies for such studies. We hope that the present report will stimulate the
interest of other researchers to this approach, thereby helping to unravel molecular
mechanisms of a variety of collagen metabolism disorders.
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Figure 1.
Procollagen labeling with azidohomoalanine (Aha). (A) Aha and methionine (Met)

structures. (B) Cu-catalyzed and (C) Cu-free conjugation of Aha with Alexa Fluor (AF)
fluorescent dyes. (D) Aha conjugation efficiency with DIBO-AF555 at different
concentrations of the dye calculated from AF555/Cy5 fluorescence intensity ratio in the
same gel band (panel E). The conjugation efficiency at 714 uM DIBO-AF555 is assumed to
be 100%. (E) Gel electrophoresis of pepsin-treated procollagen (collagen) after Aha
conjugation with DIBO-AF555 and Lys conjugation with Cy5. Aha-labeled collagen is
revealed by fluorescence scanning at 532 nm excitation and 570+10 nm emission
wavelength (AF555) while total collagen (Met collagen) is revealed by scanning of the same
gel bands at 635 nm excitation and = 665 nm emission (Cy5).
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Figure 2.
Optimization of Aha incorporation into procollagen. Aha incorporation is measured from

DIBO-AF555/Cy5 fluorescence intensity ratio in secreted (A-C) and intracellular (D)
procollagen as described in Fig. 1D. (A) Aha incorporation after 30 min Met depletion
followed by 4 h pulses of different Aha concentrations. (B) Aha incorporation after Met
depletions of different lengths followed by 4 h 500 pM Aha pulses. Error bars represent
standard deviation. (C) Aha incorporation after 30 min Met depletions followed by 500 pM
Aha pulses of different lengths. (D) Aha incorporation into intracellular procollagen after 30
min Met depletions followed by 500 UM Aha pulses of different lengths measured from
DIBO-AF555/Cy5 (squares) and from DIBO-AF555/1S-AF488 (circles) fluorescence
intensity ratios. The latter ratio normalizes the amount of Aha conjugated with DIBO-AF555
by the amount of internal standard (1S) conjugated with AF488, which is added to the cell
lysis buffer. The two methods of evaluating Aha incorporation produce consistent results.
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Quantitative real-time PCR analysis of Aha effects on different cell stress markers. (A) 500
UM Aha pulses of increasing length were compared with (B) 500 pM Met pulses under
identical cell culture conditions. Expression of BCL2, DDIT3 (CHOP), COL1A1

(procollagen a1(l)), CRYAB (crystallin aB

), and HSPAS (BiP) transcript levels were

measured relative to cells in growth medium (control) and normalized to HPRT1 and B2M
as endogenous controls. All error bars represent standard deviation.
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Figure 4.
Effects of Aha incorporation on procollagen stability, synthesis, and secretion. (A,B)

Denaturation thermograms of secreted protein after ammonium sulfate isolation of
procollagen (A) and subsequent purification of pepsin-treated collagen (B). (C) Amount of
procollagen inside each cell after 4 h stimulation with 250 uM ascorbic acid 2-phosphate in
growth medium followed by 30 min Met depletion and a 4 h pulse of 500 UM Aha or Met.
(D) Amount of procollagen secreted by each cell after the same treatment, except for
varying Aha/Met pulse length.
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Figure5.
Folding and intracellular retention of procollagen with an a1(1)-G766C substitution. (A,B)

Measurement of procollagen folding kinetics by pulse-chase labeling with Aha. The fraction
of fully folded procollagen (A) is calculated relative to the latest time point from DIBO-
AF555/1S-AF488 fluorescence intensity ratios of gel electrophoresis bands (B); 1S-al and
IS-a2 are long fragments of al(l) and a2(l) chains of rat-tail-tendon collagen cleaved with
MMP1 used as internal standard (1S). (C). Kinetics of procollagen clearance from cells
measured by pulse-chase labeling with Aha from DIBO-AF555/1S-AF488 fluorescence
intensity ratios of gel electrophoresis bands of intracellular procollagen after different chase
time. The average DIBO-AF555/1S-AF488 ratio at zero chase time is taken as 100%. All
error bars represent standard deviation in triplicate experiments.
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