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ABSTRACT: Collagens, in addition to their structural role in the extracellular matrix, possess a number of
functional binding domains. In this study, the binding to collagen of a monoclonal antibody is used as
a model to define the molecular features involved in triple-helix interactions with other proteins. Here
we report the thermal stability of an overlapping set of triple-helical peptides that includes the epitope
recognized by a monoclonal antibody to type Il collagen. Although the sequences of these peptides are
very closely related, by a translation of a single triplet along the collagen chain, substantial variations in
the melting temperatures were observed. These variations in thermal stability could not be readily explained
by differences in imino acid content, or in numbers of charged or hydrophobic residues. The results
indicate that Gly-Gly-Y triplets, which are adjacent to the epitope, have a strong influence in reducing
the thermal stability of triple-helical peptides. Further studies, which were carried out on a set of “host-
guest” triple-helical peptides containing different Gly-Gly-Y guest triplets, confirm the destabilizing effect

of such tripeptides. The presence of Gly-Gly-Y triplets may play an important role in specific functions
of type lll collagen by modulating the local triple-helical structure or dynamics.

Collagens are triple-helix-containing structural proteins in of the form Gly-Pro-Hyp are the most stabilizing and the
the extracellular matrix, with at least 19 distinct genetic types most frequently found in the collagen triple-helix. Inclusion
now identified (Brown & Timpl, 1995; Prockop & Kivirriko, of Gly-Pro-Hyp triplets is important in the design of stable
1995). The most abundant and well-characterized collagenstriple-helical peptides.

are m(_embers of the _fibril-forming f.am_ily,. typ‘?s 111, apd The collagen triple-helix is a protein motif which forms a
i, .Wh'cp are found in characteristic fibrils W'tE an ﬁaX|aI rod-like structure and has the capacity to self-associate and
period ofD = 65-67 nm In connective tissues. The d,' erent 1y interact with other molecules (Brodsky & Shah, 1995).
f[ypes are each fqund with a tlssue-spet_:lflc d_lstrlbutlon. For For example, in addition to forming D-periodic fibrils, type
Estanceﬁ_ltyae ! |T|Ithellmajor_(:(}||agean tm Sl:r']n' ter_l(ri]otn, ar;d [l collagen has a unique collagenase cleavage site and has
one, whiie type 11} collagen IS found, together with type I defineda241 integrin binding site necessary for platelet
collagen, in extensible tissues such as skin and blood vesselsoinding (Fields, 1995; Brodsky & Ramshaw, 1996). Within
Type | collagen is a.heterotrimer, consisjing of two 'distinct the long triple,-helix ’domain of type Ili c’ollageﬁ (1026
types of-cr.]alns., vyh|le type IIf collagen is a homotrlm-er. residues), these are distinct regions that are specifically
The dlst|ngu§h|ng structural _feature Of. collaggns is the recognized by other proteins. Recognition will be mediated
presence of a triple-helix domain. The triple-helix confor- by residues in the X and Y positions of the repeating Gly-

mation consists of three polypeptide chains, each in an e’y i . .

. ) ' . . -Y triplets, all of which are substantially exposed to solvent
extended polyproline ll-like helix, which are twisted about . N : : :
a common axis (Rich & Crick, 1961; Ramachandran, 1967; in the triple-helical configuration (Jones & Miller, 1991).

Fraser et al., 1979). The close packing of the three chains The interaction explored in this investi-gation i§ the bipding
generates a constraint for glycine as every third residue, ©f @ monoclonal antibody (MABYo the triple-helical region
leading to amino acid sequences of the form (Gly-%:Y) ©f type lil collagen. The binding of collagen by a MADb is
The imino acid proline has steric constraints that stabilize & Protein-protein interaction of high specificity and presents
the extended nature of the polyproline Il-like chains. When an opportunity to define the molecular features involved in
proline is incorporated into the Y position of Gly-X-Y  triple-helix interactions with another macromolecule. Triple-
triplets, it is posttranslationally modified to hydroxyproline, helical domains of mammalian collagens generally show little
which confers additional stability by participating in a highly immunogenicity. However, a number of murine MAbs were
ordered water network (Bella et al., 1994, 1995). Triplets raised against the triple-helical region of human type Il
collagen (Werkmeister & Ramshaw, 1991). These MAbs
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collagen chains. Overlapping triple-helical peptides were spectropolarimeter equipped with a Hewlett Packard Peltier
used to define the epitope recognized by one of these MAbsthermoelectric temperature controller. Peptide solutions of
and identified the sequence Gly-Leu-Ala-Gly-Ala-Hyp-Gly- concentrations 1 mg/mL were used, with peptides dimed
Leu-Arg in a triple-helical conformation as being required wvacuoover BOs for 48 h prior to weighing (Shah et al.,
for binding (Glattauer et al., 1997). Here we report studies 1996). Solutions made either in 0.1 M acetic acid, pH 2.7,
characterizing the thermal stability of this overlapping set or in 10 mM sodium phosphate with 0.15 M NaCl, pH 7.0
of triple-helical peptides that was used previously to char- (PBS), were equilibrated for at least 48 h at@ and then
acterize this type Il collagen epitope. These stability studies for 2 h at 2°C before CD measurements. Cells of 1 mm
indicate that the presence of Gly-Gly-Y triplets adjacent to path length were used. Spectra were recorded from 210 to
the epitope site has a strong influence in lowering the thermal 260 nm. For thermal equilibrium measurements, the wave-
stability of the triple-helix. Further studies, carried out on length was kept constant at 225 nm, while the temperature
a “host-guest” set of triple-helical peptides containing was increased in increments of @ followed by 2 min
different Gly-Gly-Y guest triplets, confirm this destabilizing equilibration at each temperature; data were collected for
effect. The proximity of destabilizing Gly-Gly-Y tripletsto 10 s at each point.

the epitope may play an important role in recognition. Calculation of Melting Temperatures and Thermodynamic
Parameters. Equilibrium melting curves obtained for all
MATERIALS AND METHODS peptides (except T3523) were analyzed using a two-state,

trimer<- 3 (monomer) model. The equilibrium constant for

Peptide SynthesisAll peptides studied were synthesized this reaction is given by the equation:

on an Applied Biosystems 430A Peptide Synthesizer using

a st_andard FastMoc (App_lied Bipsystems) method. Two _ [trimer] E
designs were used. The first design had a general structure = T_ 32 3
of acetyl-(Gly-X-Y)(Gly-Pro-Hyp)Gly-Val, where (Gly-X- [monomer cl-F)

Y)s was a section of 6 consecutive triplets from the region \herec is the total concentration of peptide expressed as
505-540 of type Il collagen (Glattauer et al., 1997). The monomers in moles anB is the fraction of the peptide in

(Gly-Pro-Hyp): sequence is included as a promoter and the folded (triple-helical trimer) stateF- was calculated using
stabilizer of triple-helix formation, while the Gly-Val  the equation:

sequence is to eliminate possible diketopiperazine formation

during synthesis. The peptides are designated by the residue 0 observed™ Ormonomer
_termi F=
number at the N-terminus, based on the sequence of human 0. — 0
type Ill collagen (Ala-Kokko et al., 1989). For example, trimer. - Zmonomer
T3—505 includes residues 56%22 of human type llI where Oopserved IS the observed ellipticity,fyimer is the

collagen. These peptides were synthesized on Frrdak ellipticity when the peptide is fully associated, afighnomer
WANG resin and were acetylated by acetic anhydride and js the ellipticity of the monomer.fyimer and OmonomerWere
triethylamine in dimethylformamide. Side chain protection obtained by linear extrapolation of the pre- and posttransition
wastert-butyl for Hyp, tert-butyloxycarbonyl for Lystert- regions of the thermal equilibrium curves, respectively. The
butyl ester for Glu and Asp, and pentamethylchroman- temperature at whickk was 0.5 was taken as the melting
sulfonyl for Al’g. temperature]’m_

The second peptide design was to synthesize “host-guest” For peptide T3-523, which was not completely triple-
peptides of the form acetyl-(Gly-Pro-Hyy®ly-Gly-Y (Gly- helical at lower temperaturegyimer could not be determined
Pro-Hyp)Gly-GlyNH,, where Gly-Gly-Y is a guest triplet  as there were not enough data points for linear extrapolation
in a (Gly-Pro-Hyp} host environment. The Y residue was of the pretransition region of the curve. Here thgwas
either Hyp, Ala, Leu, or Phe. These peptides were synthe-taken as the temperature at which the first derivative,
sized on Fmoc-RINK-resin, as previously described for a dé/dT, for the thermal equilibrium curve shows a minimum.
related series of peptides (Shah et al., 1996), with acetylation Thermodynamic parameters were calculated for the host-
and protection of Hyp as above. The N-terminal was guest set of peptides using the method described earlier in
acetylated and the C-terminal amidated to eliminate the Shah et al. (1996). The equilibrium melting transitions were
charge repulsion between the three chains at both ends ofit to a two-state trimei= monomer transition, and the van’t
the helix, which was previously seen to lower the overall Hoff enthalpy,AH®, was determined by curve-fitting with
thermal stability (Venugopal et al., 1994). A Gly-Gly the equation (Engel et al., 1977; Marky & Breslauer, 1987):
sequence was included at the C-terminal to eliminate the .
likelihood of diketopiperazine formation during synthesis. K= ex;{AH (l — 1) —In (0.75:2)]

Peptides which showed an initial purity of less than 95% RTAT
were further purified using reverse phase HPLC. Composi-
tions of peptides were confirmed by amino acid analysis
using a Waters HPLC system with ninhydrin detection. Mass AH?°
spectrometry, using either liquid secondary positive-ion mass Tn= AS +RIn (0 7502)
spectroscopy on a VG Analytical ZAB-T instrument (peptide '
T3-514) or laser desorption mass spectroscopy (peptideswas used to calculatAS®, while AG® was calculated at a
T3-511, T3-520, T3-523), also gave single peaks at temperature of 298 K bAG® = AH® — TAS".
expected molecular weights. Molecular Modeling. Molecular modeling was performed

Circular Dichroism Spectroscopy.Circular dichroism using an SYBYL 6.1 molecular modeling package (Tripos
(CD) spectra were recorded on an Aviv Model 62DS Inc., St. Louis, MO). The coordinates for (GRQere

m

The equation:
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Table 1: Sequences of Seven Peptides, Including the Epitope a 6
Recognized by a Conformation-Dependent MAb, Their Reactivity to —~
This MAb by ELISA, and TheifTy, Values at pH 7.0 in PBS s B

Q
Peptide Peptide Sequence Reactivity T, (°C) _5 4

(ELISA)*  (pH 7.0) NE

o [ 210 220230 240 250 260

T3-505 Ac - GGKGDAGAOGERGPOGLA {GPO) 4GV No 20.9 3 Wavelength nm
2 | “-»

T3-508 Ac-GDAGAOGERGPOGLAGAOC (GPO) 4GV No 23.2 "8 N
T3-511 Ac-GAOGERGPOGLAGAQGLR (GPO) ,GV Yes 259 :_‘ . \ \

= \
T3-514 Ac -GERGPOGLAGAOGLRGGA (GPO) 4GV Yes 16.5 - TN
T3-517 Ac-GPOGLAGAOGLRGGAGPO (GPO) 4GV Yes 15.8 0
T3-520 Ac-GLAGAOGLRGGAGPOGPE (GPO) 4GV Yes 17.5 ] L { 1 |
T3-523 Ac-GROGLRGGAGPOGPEGEK (GPO) 4GV No 8.9 270 280 290 300 310 320 330

Temperature K

*ELISA reactivity is taken from Glattauer et al. (1997) (see reference
for original numerical data). The location of the epitope (Glattauer et 1.2
al., 1997) is shown underlined while Gly-Gly-containing triplets are
shown in boldface. -

=

e
]
T

obtained from X-ray fiber diffraction data (Fraser et al.,
1979), and then substituted to obtain the collagen sequence
between residues 502 and 543. This was used without further
refinement for illustration purpose only.

Fraction Folded
o
'
]

RESULTS L

Triple-Helix Conformation and Stability of &&rlapping 0
Peptides. A set of seven overlapping peptides were syn-
thesized, covering residues 560540 of type Il collagen, ! 1 L 1 L
with the sequence in each peptide being offset by one triplet 270 280 290 300 310 320 330
from the next peptide (Glattauer et al., 1997). These peptides Temperature K
are of the form acetyl-(Gly-X-Yg(Gly-Pro-Hyp)Gly-Val, FiGureE 1: (_a) Thermal tra_msition curves for peptides in PBS (pH
and each contains 18 residues from the human type III 7.0), showing mean residue ellipticities versus temperature for

. . . . e eptides T3-511 (), T3—520 (— —), and T3-523 (- - -). Inset:
collagen chain at its N-terminus, with a stabilizing (Gly- E):Dpspectra at 2é %n PBS (pl_(| 7.0)) of the same(pep)tides. The

Pro-Hyp), C-terminal (Table 1). _ o spectrum of peptide T3511 at 60°C in the monomer state is also
At low temperature, the peptides show a significant shown ¢--). (b) Thermal transition curves for peptides in PBS (pH

maximum near 225 nm that is characteristic of the triple- gbog,(sf)lo\glgngsfégC(UOﬂ ;Olggdsvlelrs(us tem)PeTrgtUSTiAffO(r pe)ptl%e_s T3

.he“X' ang t?:IS maximum dltsapaﬁlars ats.dthe tﬁmperatur:e 'S517 () T3-520 (— - ,—). The peptide T3523 is not included

increased (Figure 1a, inset). All peptides show a Sharp pecqsg its o, prevents determination of fraction folded values.

thermal transition (Figure 1), which previous studies indicate

corresponds to the trimer to monomer transition (Long et tapje 2: Melting Temperatured) and Imino Acid,

al., 1993). The melting temperatures of these seven peptidesydroxyproline, Charged Pair, and Gly-Gly-Y Triplet Contents for

vary from 9°C to 26°C at pH 7.0, with peptide T3511 the Set of Seven Overlapping Peptides

being the most stable, while ¥523 is the least stable (Table Tm(°C)  total content variable (GX¥)content

1). The melting temperatures of peptides were in most cases pH pH imino Hyp imino Hyp potential GGY

Sl|ght|y h|gher at acid pH (pH 27) than at neutral pH (Table pept|de 70 2.7 (%) (%) (%) (%) ion pairs trip|et5

2). . o . T3-505 20.9 209 34 19 17 11 2 ajl

Peptide T3-523 is distinguished from the other peptides T3—508 232 242 38 22 22 17 1 0
in this set by its lowT,, and by the small magnitude of its T3-511 259 271 38 22 22 17 1 0
maximum near 225 nm in PBS. lIts low ellipticity value at E—gié ig-g ig-g 2‘11 %g g % (1) i
2 °C and the incomplete nature of the transition (Figure 1a) T3:520 175 208 38 19 22 11 0 1
suggest it is unlikely that the peptide is fully trimeric even 13-503 89 134 38 19 22 11 1 2

at 2°C. However, the peptide was fully trimeric in 0.1 N
acetic acid (pH 2.7), with trimer ellipticity values comparable
to other peptides. 1t3,, was 13.4°C in 0.1 N acetic acid ) ) _
and approximately 8.9C in PBS, values considerably lower ~C-terminal (Gly-Pro-HypjGly-Val ends are identical for the
than seen for any of the other peptides. seven peptides. Attempts were made to correlate the stability
Determinants of Stabmty in @r'appn’]g Peptides_The Of the peptldes W|th S|de Cha|n interactions Wh|Ch mlght
variation of about 17C (9_26 °C) in T, values among affect the tr|p|e-h8|lx Stablllty, |nC|Ud|ng|m|nO aCld content,
peptides in this set is significant considering the similarity €lectrostatic forces, and hydrophobic interactions.
of the peptides (Table 1). The differences in stability must  Imino acids are known to be important determinants of
be a result of the specific N-terminal (Gly-X-¥}ype 1l triple-helical stability (Josse & Harrington, 1964), and Hyp
collagen sequences included in each peptide since theplays a more stabilizing role than proline because of the

aN-Terminal Gly-Gly-Y triplet.
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involvement of its hydroxyl group in the hydration network

o5
(Bella et al., 1994, 1995). There are relatively small 12k 5
variations in the total imino acid content (341%) and total . }“
Hyp content (19-22%) among the seven peptides in this 1 3 ol
set, and no dependence is seen between stability and eitherg ¢ gL é

of these parameters (Table 2). Also, if one looks specifically
at the imino acid content and Hyp content of the variable
(Gly-X-Y)s N-terminal regions of the peptides, no correlation
is evident (Table 2). Although electrostatic interactions can [
affect triple-helix stability (Venugopal et al., 1994; Anachi 0.2 LL L
et al., 1995), the distribution of ion pairs in this peptide set ok hRN \\
does not correlate with observed stability variations. All ! ) ) 1 . |
pepﬂdes in the set contain one or two tnp_lets with hydro- 270 280 290 300 310 320 _ 330
phobic Leu residues, but no correlation is seen between
stability and the presence of Leu (Table 2). Temperature K

The one feature that correlates with stability is the presenceFiGure 2: Thermal transition curves for host-guest peptides in PBS
of internal Gly-Gly-Y triplets. The introduction of Gly-Gly- E;pgg'(o))’ Sé‘g‘xi?g fr;acct;icénl_f(olde)d;neésgé 't:e (m)p?ﬁéui:g ;?rsﬁg\?vides
Ala’ going ffom T3_5.11 to T3-514, 'e"’FdS toa % decrease the CD s’pectrum of beptide GGb (in the triple-helical state) at 2
in Tm. The introduction of a second triplet of this form, Gly-  -¢ iy pBS.
Gly-Lys, in going from T3-520 to T3-523, results in a
dramatic decrease in tfig, of the trimer that is formed, from  Taple 3: Thermal StabilityT,) of Five Host-Guest Peptides and
18 °C to 9°C. In addition to these instances with internal Their Thermodynamic Parametersi®, —TAS (whereT = 298
Gly-Gly-Y triplets, peptide T3-505 has a Gly-Gly-Lys at  K), andAG®, in PBS

Fraction Folded
=)
o
T

its N-terminus, which may explain its lower stability-<(3 guest Tm AH° AS —TAS AG®
°C) compared with peptides ¥508 and T3-511. The triplet (°C) (kcal/mol) [kcal/(mokK)] (kcal/mol) (kcal/mol)
decrease iy, resulting from a Gly-Gly-Y at the N-terminus  GGF 19.7 -154.6 —-0.50 148.1 —-6.5
of a peptide may be less than that for an internal location, ggk gg-g —ggé —g-ig gzg —g-g
since previous X:‘ray an,f:i NMR studles_ suggest tha@ the o0 332 _1374 _0.42 1244 130
peptide ends are “frayed” and not fully triple-helical (Li et gp3 445 —g840 —023 68.5 145

al., 1993; Bella et al., 1994).

Host-Guest Peptides with Gly-Gly-Y Guest Triplethe
overlapping peptide studies suggested that Gly-Gly-Y triplets model. The presence of Gly in the X position is destabilizing
had a destabilizing effect on the triple-helix conformation. relative to Pro and Ala (Shah et al., 1996) because of the
A set of peptides was constructed to test this hypothesis.unfavorable entropic term, while the enthalpy is more
Triple-helical peptides of the form acetyl-(Gly-Pro-Hy@)y- favorable. The presence of Gly-Gly sequences may lead to
Gly-Y(Gly-Pro-Hyp)Gly-GlyNH; allow evaluation of an a more flexible monomer chain with a higher entropy value
isolated Gly-Gly-Y triplet in a defined triple-helical environ-  than seen for Gly-Ala or Gly-Pro sequences. The adoption
ment. The validity of this host-guest approach has been of a similar triple-helical conformation would then require
demonstrated (Shah et al., 1996). Host-guest peptides witha greater loss in entropy.

Gly-Gly-Hyp, Gly-Gly-Ala, Gly-Gly-Leu, and Gly-Gly-Phe

as the guest triplets were examined. All four peptides formed DISCUSSION

stable triple-helical molecules, as shown by their character- The availability of a set of overlapping, triple-helical
istic CD spectra and their sharp thermal transitions (Figure peptides which react with a conformation-sensitive MAb to
2). TheTy, values of these peptides varied depending upon type Il collagen presents an opportunity for investigation
the residue in the Y position. The most stable was Gly- of features required for a highly specific interaction of a
Gly-Hyp, T = 33 °C, while the least stable was Gly-Gly- triple-helix with another protein. Because of its rod-like
Phe, T, = 20 °C (Table 3). triple-helical nature, collagen has binding sites consisting of

The presence of Gly in the X position of Gly-X-Y was linear amino acid sequences, so it is possible to successfully
found to be very destabilizing compared with other residues. model a recognition site, such as that of an epitope, using
Previously, host-guest peptide studies have shown Pro andelatively short peptides. Of the seven overlapping peptides,
Hyp to be the most stabilizing residues in the X and Y four (T3—511, T3-514, T3-517, T3-520) reacted with the
positions, respectively, while Phe was the most destabilizing MAb (Glattauer et al., 1997). All four peptides that reacted
residue of those studied (Shah et al., 1996). The guest tripletswith the MAb contained the sequence Gly-Leu-Ala-Gly-Ala-
with Gly in the X position (Gly-Gly-Y) were substantially = Hyp-Gly-Leu-Arg, leading to the conclusion that this nine
less stable than Pro, Ala, and Leu in the X position, but were residue sequence defines the epitope necessary for reactivity
comparable to X= Phe. (Glattauer et al., 1997). This reactive sequence is found only

Thermodynamic parameters were calculated for the host-at a single site in human type Il collagen. It is also found
guest set peptides containing Gly-Gly-Y triplets (Table 3). at one site in mouse and rat type Il collagens, but at a
Peptides of the host-guest design appear to fit a two-statedifferent location in the sequence, residues-4229 (Met-
monomer to trimer model which is amenable to thermody- saanta et al., 1991; Glattauer et al., 1997). Although both
namic analysis (Shah et al., 1996). The van't Hoff enthalpy collagens contain the same nine residue sequence, the Mab
is determined from the thermal equilibrium curve and used binding to the mouse type Il collagen is much weaker
to calculate the entropy and free energy assuming a two statgGlattauer et al., 1997).

aFrom Shah et al. (1996).
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> 1nm

GAOGGKGDAGAOGERGPO|ehipNelgaleNpillG GAGPOGPEGGKGAA
GAPGGKGDAGAOGERGPO[eam: MG GAGPOGPEGGKGAA
GAOGBGKGDAGAOGERG P Ofehng IRt GGAGPOGPEGGEBKGAA
FiIGure 3: Schematic model of thel(lll) collagen triple-helical segment (residues 5@43), indicating the location of the epitope and
Gly-Gly sites. The amino acid sequence of the triple helix is shown underneath the model with a one-residue stagger of the three chains.

The F, domain of an antibody has been schematically represented as an ellipse, to illustrate that the minor axis of the ellipse of the antibody
binding domain is similar to the length of the triple-helical epitope {2% nm).

The results from this study and the previous work
(Glattauer et al., 1997) allow consideration of features that
mediate the recognition of the triple-helix Gly-Leu-Ala-Gly-
Ala-Hyp-Gly-Leu-Arg sequence by a MAb. For the homo- al — | |
trimeric type Il collagen, this three-triplet sequence repre- o
sents approximately one pitch of the triple helix, and this
length is comparable with the expected maximum size of a 2 r
potential antibody binding site (Figure 3). Given an epitope 0 1014
size of three Gly-X-Y triplets, the number of variable sites Tvoe II
for antibody recognition is limited to the three X and three ype )

Y positions. In the present case, the residues identified jn  HypPro =103, GGY/GXG =3/1, %GG triplets = 1.2%
the X and Y positions are among the most commonly al | ; % I |
observed in collagen. Further, none of the three particular -
triplet sequences is unusual. Consideration of these features

makes it difficult to see how the amino acid sequence of the  Type III

epitope would alone confer sufficient specificity. Therefore,  Hyp:pro = 145, GGY/GXG = 15/4, %GG triplet = 5.6%

it is possible that the conformation of the region including T
and surrounding the epitope is important for recognition. ol UL R L R
Thus, the weaker binding of the MAb to the same nine 0 1026
residue sequence found in mouse type Il collagen (GlattauerFicure 4: Plots of the locations of Gly-Gly-Y and Gly-X-Gly
et a|_, 1997) may be due to the different ﬂanking regions_ triplets in theal[l], (12['], al[ll], and (11['”] CO”agen chains,

N showing the differences in frequency and distribution of these
The mouse collagen (Métsmta et al., 1991) lacks the triplets. The Hyp:Pro ratio, the numbers of Gly-Gly-Y and Gly-

destabilizing Gly-Gly sequences next to this nine residue x_gjy triplets, and the total percentage of Gly-Gly triplets are given
sequence and instead has more stable triplet, GLO (Shah etor each collagen type.

al., 1996), that would lessen the chain flexibility.

The studies on the seven overlapping peptides indicatedhighly specific cleavage site for mammalian collagenase,
the marked destabilizing influence of Gly-Gly-Y triplets in  “marking” this site for enzyme binding (Fields, 1991).
the vicinity of the epitope site. A 9C drop inT,, was seen Binding of specific molecules has also been demonstrated
as a Gly-Gly-Ala sequence is introduced, and an additional to sites containing interruptions in the Gly-X-Y repeating
large drop is seen when a Gly-Gly-Lys sequence is intro- sequence in type IV, which may represent regions of greater
duced. This destabilizing effect of Gly-Gly-containing flexibility (Fields, 1995).
triplets was confirmed by studies on model host-guest Type lll collagen is the only collagen which contains
peptides. The results draw attention to the location of three significant amounts of triplets with Gly-Gly sequences
Gly-Gly-Y triplets in relation to the epitope: one is adjacent (Figure 4). There are 15 Gly-Gly-Y triplets and 4 Gly-X-
to the C-terminal, one is three triplets from the C-terminal, Gly triplets in thea-chain of type Il collagen, compared
and the other is five triplets from the N-terminal (Figure 3). with 3 Gly-Gly-containing sequences in thé[l] chain and
The presence of these destabilizing triplets on either side of4 in the a1[ll] chain. The 19 Gly-Gly sites in thed[lll]
the epitope sequence may lead to a perturbation in thechain are not distributed randomly, but are clustered near
dynamics, energetics, or conformation of the helix that would the center of the molecule, while the ends of the triple-helix
“mark” the otherwise uniform helix and allow for the contain few or no sites (Figure 4). The studies presented
necessary discrimination. Previous studies have suggestedhere indicate that Gly-Gly-containing triplets have a de-
that flexibility in the triple-helical conformation plays a role  stabilizing effect in peptides, yet the global thermal stability
in recognition. For example, the fibril-forming collagens of type Il collagen is similar to that seen for other fibril-
have a region of low imino acid content C-terminal to the forming collagens (Davis & Behinger, 1993). The de-

Typel
Hyp:Pro = 0.93, GGY/GXG = 2/1(e 1); 3/1(« 2), %GG triplets = 1.0%

1014

T
I
T

- |
T LI 1
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stabilizing influence of the high Gly-Gly content in type Il
collagen may be offset in part by its overall high hydroxy-
proline content. Even though the imino acid contents of the

and Dr. Jerome Werkmeister for helpful discussions. We
appreciate the useful suggestions of Dr. Konrad Beck in
improving Figure 3.

major interstitial collagens, types |, Il, and I, are all very
similar (ranging from 21.9 to 23.3%), the Hyp:Pro ratio is
markedly greater foal[lll] (1.49) than for type | (0.93) or
type 1l (1.03) collagens (Figure 4). It has been shown
previously that Hyp contributes a greater stability than Pro
to the triple-helix (Sakakibara et al., 1973; Berg & Prockop,
1973). The folding behavior of type Il collagen may also
be affected by its high content of Gly-Gly-containing
tripeptide units. Given the destabilizing influence of these
triplets, there may be “micro-unfolding”, a breathing motion
involving one or two tripeptides, at Gly-Gly sites (Privalov,
1982; Ryhaen et al., 1983). However, the size of the

cooperative folding unit is unaffected, since this unit remains

at 80-100 tripeptide units for type I, Il, and Ill collagens
(Davis & B&chinger, 1993). The Gly-Gly triplets could play
a role in the distinctive hysteresis effect seen for type Ill
collagen, which suggests a folding intermediate (Davis &
Bachinger, 1993).

The presence of Gly-Gly triplets may confer unique
properties on type lll collagen molecules. The significant
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