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Sweet 1s stable: glycosylation stabilizes collagen
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Abstract For most collagens, the melting temperature (7y,) of
the triple-helical structure of collagen correlates with the total
content of proline (Pro) and 4-trans-hydroxyproline (Hyp) in the
Xaa and Yaa positions of the -Gly-Xaa-Yaa- triplet repeat. The
cuticle collagen of the deep-sea hydrothermal vent worm Riftia
pachyptila, despite a very low content of Pro and Hyp, has a
relatively high thermal stability. Rather than Hyp occupying the
Yaa position, as is normally found in mammalian collagens, this
position is occupied by threonine (Thr) which is O-glycosylated.
We compare the triple-helix forming propensities in water of two
model peptides, Ac-(Gly-Pro-Thr);(-NH, and Ac-(Gly-Pro-
Thr(Galp));o-NH,, and show that a collagen triple-helix
structure is only achieved after glycosylation of Thr. Thus, we
show for the first time that glycosylation is required for the
formation of a stable tertiary structure and that this modification
represents an alternative way of stabilizing the collagen triple-
helix that is independent of the presence of Hyp.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

The collagens of invertebrates have been shown to exhibit
unusual and interesting properties [1,2]. An example of this is
from the deep-sea hydrothermal vent worm Riftia pachyptila.
This organism lives under extreme conditions (high pressure,
low oxygen and steep temperature gradients) but is protected
from its environment by a thick cuticle [3,4]. The R. pachyptila
cuticle is mainly composed of a collagen that forms a ply-
wood-like network of fibrils and exhibits a unique amino
acid composition. While having a low content of proline
(Pro) and 4-trans-hydroxyproline (Hyp) (~ 5%), this collagen
has a very high content of threonine (Thr) residues (> 18%)
[5]. Biochemical analyses and partial sequencing of the cuticle
collagen’s triple-helical region revealed that Thr occupied the
Yaa position of the -Gly-Xaa-Yaa- triplet repeat and the Thr
residues were glycosylated, mainly with di- and tri-saccharides
of galactose [6]. In most collagens, there is a positive correla-
tion between the total content of Pro and Hyp imino acids
and the melting temperature (7},) of the triple-helix [7,8].
However, the R. pachyptila cuticle collagen, with an observed
T of 37°C, deviates considerably from this trend (Fig. 1).

The finding of a di- and tri- pattern of galactose carbohy-
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drate units is consistent with the pattern found in the cuticle
collagens of both Lumbricus terrestris (earthworm) and Nereis
virens (clamworm) [9,10]. Also consistent with the annelid
cuticle collagens is the position of Hyp in the -Gly-Xaa-
Yaa- triplet repeat, occurring only in the Xaa position
[11,12]. In vertebrates, Hyp only occurs in the Yaa position,
and Hyp in the Xaa position is thought to either not contrib-
ute to or to destabilize the thermal stability of the triple-helix
[11,13]. For example, although the amount of Hyp in the L.
terrestris collagen is very high (~ 16-18%), this collagen has a
low thermal stability (7, =22°C) [14]. Therefore, in R. pa-
chyptila, glycosylation of Thr must somehow compensate for
the lack of Hyp in the Yaa in order to achieve the high-
observed thermal stability.

In these studies our main goal was to develop model colla-
gen-like peptides of the R. pachyptila cuticle collagen that
would allow us to determine the influence of glycosylation
on the stability of the triple-helix. In addition, O-glycosylation
of proteins has been shown to impart an enhanced resistance
to enzymatic degradation and both the L. terrestris and N.
virens cuticle collagens in the native state are resistant to deg-
radation by clostridial collagenase [11,15]. Thus, these colla-
gen-like peptides may also exhibit an enhanced resistance to
proteolysis and could lead to the development of novel bio-
materials [16].

2. Materials and methods

2.1. Peptide synthesis

The synthesis of N*-9-fluorenylmethoxycarbonyl (FMOC)-0O-
(2,3.4,6-tetra-O-acetyl-B-p-galactopyranosyl)-Thr-OH was done ac-
cording to [17-19], purified by preparative high-performance liquid
chromatography (HPLC) and characterized by electrospray mass
spectrometry, 'H NMR (nuclear magnetic resonance) and 3C
NMR. The glycopeptide and peptide were synthesized on a PAL-
PEG-PS resin (Perseptive Biosystems, 0.16 mmol/g) using FMOC di-
peptides of Gly-Pro-OH (Novabiochem, 4.0 eq), FMOC-0-(2,3,4,6-
tetra-O-acetyl-B-p-galactopyranosyl)-Thr-OH  (1.3-2.0 eq) and
FMOC-Thr-OH (4.0 eq) and HATU (O-(7-azabenzotriazol-1-vl)-
1.1.3.3-tetramethyluronium hexafluorophosphate, Perseptive Biosys-
tems, 4.0 eq) mediated amino acid couplings on a Milligen 9050 pep-
tide synthesizer. The peptides were cleaved from the resin and purified
by semi-preparative HPLC. The glycopeptide was subsequently
treated with 6 mM sodium methoxide in methanol overnight to re-
move the acetyl groups and again purified by semi-preparative HPLC.
The peptides were verified by analytical HPLC, electrospray mass
spectrometry, '"H-NMR and amino acid analysis.

2.2. Circular dichroism (CD) measurements

CD spectra were recorded on an Aviv 202 spectropolarimeter using
a thermostatted cell of 1 mm pathlength (Hellma). All measurements
were performed in water. The concentrations of peptides were deter-
mined by amino acid analysis. The thermal transitions were recorded
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from 5 to 70°C at 223 nm by raising the temperature at a rate of
12°C/h.

2.3. Analytical ultracentrifugation

Sedimentation equilibrium measurements were carried out on a
Beckman Model E analytical ultracentrifuge, using double-sector
cells. Peptides were run at two speeds (26000 and 34000 rpm), at
three concentrations (0.5, 0.35 and 0.2 mg/ml) in water, monitoring
at 230 nm at 25.0°C. Data were fitted using Scientist® (Micromath,
Salt Lake City, UT, USA) with a non-linear least squares algorithm,
assuming a partial specific volume of 0.667 cm’/g based upon the
amino acid sequence and the partial specific volume of galactose.

2.4. NMR measurements

NMR spectra were recorded on a Bruker AMX-400 spectrometer,
operating at 400.14 MHz, using a dedicated 5 mm 'H probe. The 90°
pulse width was 8 ms; a low-power 2 s presaturation pulse was ap-
plied to suppress the H,O resonance. The spectra were recorded as
16384 points for the 1D spectra and as 1024 X 512 data point sets for
the 2D spectra. The NOESY data were collected with TPPI [20] in the
indirect dimension with a mixing time of 150 ms and a total recording
time of about 17 h. ROESY data [21,22] were collected similarly, but
using a 200 ms mixing time. The data were processed with Swan-MR
software [23] to 1024 X 1024 real data point sets after application of a
65°-phase-shifted sin® function and Fourier transformation for the 2D
spectra; baselines were straightened with polynomials as needed.
Spectra were referenced to 0 ppm via internal 2,2-dimethylsilapen-
tane-5-sulfonate.

3. Results and discussion

As an initial step, we synthesized the peptides Ac-(Gly-Pro-
Thr);o-NH, and Ac-(Gly-Pro-Thr(GalB)o-NH,. Although the
peptides (Pro-Pro-Gly),o and (Pro-Hyp-Gly),o have been well
characterized as forming stable collagen triple-helices, we
chose to use acetyl/amide-terminated peptides since the re-
moval of end charges increases the thermal stability of the
triple-helix and also provides a more accurate model of an
internal triple-helix motif [24]. The glycopeptide was prepared
by first synthesizing O0-(2,3,4,6-tetra-O-acetyl-B-p-galacto-
pyranosyl)-N*-9-fluorenylmethoxycarbonyl (FMOC)-Thr-OH
and then using this as a building block in the solid phase
peptide synthesis [17-19]. Monosaccharides of galactose are
found in the R. pachyptila and annelid collagens, however
the anomeric linkage (o versus ) to the Thr is not known
[9,10]. Thus, the facile synthesis and purification of the -
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Fig. 1. Correlation between the total imino acid content and melting
temperature (7y,) of the triple-helix of various collagens (0). Data
taken from [7,8]. R. pachyptila cuticle collagen (red 0J). Data is from
[5]-
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Fig. 2. a: CD spectra of collagen-like peptides. Ac-(Gly-Pro-Thr(j3-
Dp-Gal));o-NH; (blue curve) and Ac-(Gly-Pro-Thr);o-NH, (black
curve) at 5°C. The red curve represents Ac-(Gly-Pro-Thr(B-p-
Gal));p-NH, at 70°C. Note the similarity in shape between the gly-
copeptide at 70°C and the peptide. b: Dependence of ellipticity [6]
at 223 nm as a function of temperature (°C). Ac-(Gly-Pro-Thr(B-p-
Gal));o-NH, (blue curve) and Ac-(Gly-Pro-Thr);o-NH, (black
curve).

anomer and the lack of any contaminating o-anomer pro-
vided a straightforward starting point for our investigations.

The far-ultraviolet CD spectra of collagen molecules typi-
cally show a negative ellipticity (6) around 198-200 nm and a
maximum ellipticity near 220-225 nm, indicating the presence
of a polyproline II helix [25,26]. In water at 5°C, the glyco-
peptide showed these CD spectral features, as seen in Fig. 2a.
In contrast, a weaker negative ellipticity (—2900 deg cm?
dmol™!) around 200 nm and no positive ellipticity in the
220-225 nm range is observed for Ac-(Gly-Pro-Thr);o-NHj,
indicating a mostly random-coil conformation. The ellipticity
at 223 nm of both peptides was monitored as a function of
temperature and this is shown in Fig. 2b. The melting curve of
the glycopeptide in water showed the presence of a coopera-
tive transition, with a T, of 41°C. In contrast, no transition
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was observed for the peptide Ac-(Gly-Pro-Thr);o-NH,, again
consistent with the inability of this peptide and a similar pep-
tide (H-(Gly-Pro-Thr);o-Gly-Pro-Cys-Cys-OH) to form a tri-
ple-helix in aqueous buffer [6]. Sedimentation equilibrium
measurements gave a weight-average molecular weight of
12280 +200 Da, which is close to that predicted for three
associated chains (12699 Da). Finally, an independent test
of a triple-helical conformation is the presence of a unique
set of inter-chain nuclear Overhauser effects (NOEs) arising
from the close packing of the triple-helix [27,28]. NOESY
experiments of the glycopeptide revealed a unique set of
NOE:s (Fig. 3a), that disappear upon melting of the peptide
as observed in the ROESY spectrum (Fig. 3b).

These results show that glycosylation of Thr is required for
the formation of a triple-helix with respect to the non-glyco-
sylated peptide and thus must be required to achieve the high
thermal stability observed for the R. pachyptila cuticle colla-
gen. There are several possible mechanisms, which may ac-
count for the stabilization. One possible mechanism is that the
addition of galactose may restrict the conformational space
available to the polypeptide backbone in a way similar to that
of Pro, in which the steric restrictions imposed by the pyrro-
lidine ring stabilizes the conformation of the polyproline II
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Fig. 3. a: 1D reference and 2D NOESY 'H NMR spectroscopy
(18) of Ac-(Gly-Pro-Thr(B-Gal));p-NH, (1.8 mM) at 25°C and pH
4.2 (£0.1). NOE cross-peaks from the Thr-yCH; at 1.47 ppm peak
to protons of the Pro aliphatic region, the Gal ring and the amide
protons of the Thr and Gly indicate a strong packing of the triple-
helix. b: 1D reference and 2D ROESY 'H NMR spectroscopy (18)
of Ac-(Gly-Pro-Thr(B-Gal));o-NH, from (a) at 60°C. Note the loss
of cross-peaks from the 1.47 ppm peak.
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helix [29]. A restriction of conformational space has been
observed in other proteins and peptides that exhibit O-linked
glycosylation [30-34], and in mucins, the high-degree of O-
glycosylation results in a rigid, expanded structure [35]. There-
fore, glycosylation would limit the number of conformations
sampled in the unfolded state and thus destabilize this state.

Glycosylation may also influence the stability of the native
state, through hydrogen bonds from the sugar to the polypep-
tide backbone. Crystallographic evidence has suggested that
the higher thermal stability of (Pro-Hyp-Gly),o versus (Pro-
Pro-Gly)o is due to the ability of the y-OH group of Hyp to
bridge water molecules to the amide carbonyls of the peptide
backbone [36,37]. Another explanation for how Hyp stabilizes
the triple-helix has recently been put forward [38,39]. These
authors have substituted Hyp for 4-trans-fluoroproline, which
does not form hydrogen bonds and are able to achieve a very
stable collagen-like peptide. The conclusion from these experi-
ments is that Hyp, rather than stabilizing hydrogen bonds,
stabilizes the trans conformation of the imide peptide bond
through a stereoelectronic inductive effect; because all peptide
bonds in the triple-helix are trans, there is a cumulative effect
on thermal stability.

In our case, it is also possible that the galactose hydroxyls
will mediate interactions with water or that structural waters
may be replaced by the sugar hydroxyls. However, recent NH
exchange measurements by 'H NMR indicate that both the
Gly NH and the Thr NH are well protected from exchange
with deuterium in the triple-helix. Since the Thr NH is pro-
jected to be solvent exposed [40], this suggests that the sugar
prevents access of water to the peptide backbone. Further
studies on whether glycosylation influences the cis—trans iso-
mer ratio of Pro or the conformation of the single chains will
help to clarify the mechanism of stabilization by glycosyla-
tion.
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