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Sequential polyhexapeptides, synthesised by combination of sequences from collagen type G l y - X - Y  
(X = Ala, Pro, Ser; Y = Ala, Gly, Lys, Pro), were characterized by the temperature dependence of cir- 
cular dichroism spectra. Under comparable conditions these studies revealed that alternating triplets 
of G ly-Pro-Pro  or G ly -Pro-A la  combined with G ly -Pro -Lys  or Gly-Pro-Glu exhibit collagen- 
like structures in aqueous solutions. In case of unstructured chains of (Gly-Pro-Ala)  ~ 12 it can be 
shown that N-terminal crosslinking of three chains produces a similar ordered structure. 

INTRODUCTION 

The sequence of the helical portion of the collagen molecule 
is composed of different types of tripeptides. The well- 
known strong triple helix forming tripeptides, G l y - P r o -  
Hyp and Gly-Pro-Pro,  have been studied in their oligo- or 
poly-tripeptides in solution; in the solid state and at varying 
chain lengths. The question arises as to how the other types 
of triplets with low or zero imino-acid content contribute 
to the stability of the triple helix because their total amount 
in the molecule is about 90%. 

Up till now a number of collagen-like polytripeptides of 
the type G I y - X - Y  from selected amino-acids were synthe- 
sised and their conformation studied in solution and in the 
solid state. (For reviews see Piez and Traub s and Goren2.) 

The exact determination of the structure of a collagen 
model in solution and in the solid state is generally difficult. 
However, the collagen structure is the most probable one, if 
one experimentally excludes the a-helix and the ~-structure 
in such polypeptides. This could be supported by the assump- 
tion that tripeptides which are typical in the collagen se- 
quence should predominantly form triple helix type 
structures. 

Certainly various types of tripeptides have a different 
tendency to form helical structures. In order to study that, 
the following tripeptides were synthesised: Gly-Ala-Ala,  
Gly-Pro-Ser ,  Gly-Ser-Pro,  Gly-Pro-Ala,  Gly-Pro-Glu,  
Gly-Pro-Lys,  Gly-Glu-Lys.  

In addition, we combined these triplets to heterohexa- 
peptides by attaching Gly-Pro-Pro  sequences to them, as- 
suming adjacent triplet mutual influence. 

Collagen model peptides in solvents of different polarity 
were, also, examined. However, only the results obtained 
in water are relevant to the understanding of the forces in 
native structure. Furthermore, we have taken into account 
that the evaluation of the stability of the helix formation 
demands comparable methods and conditions, e.g. solvent 
composition, chain length etc. We analysed the thermal 
transition curves obtained by circular dichroism spectra. 

Previous studies of collagen have shown that the triple 
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helix folding is a cooperative process. The triple helix 
formation is slower than the a-helix formation. Studying 
the thermodynamics 3,4 and the kinetics s'6 of the folding of 
collagen models of different sequences and lengths renders 
an insight into the underlying mechanism. 

In interpreting folding studies, we have kept in mind 
the possibility of non-specific alignment of the 3 chains. 
This property, caused by backfolding 3 and non-specified 
aggregation 7 of different types of triplets (also called hybri- 
dization), is typical for collagen single chains. Therefore, 
we have chosen polypeptides with chain lengths allowing 
for reversible thermal transition. In order to overcome slow 
folding reactions, which are clearly a matter of statistically 
probable collisions of the individual chain, three chains were 
crosslinked at their N-terminals. In this paper we present 
results showing that those specific chains produce a fast 
folding reaction. 

EXPERIMENTAL 

The synthesis of the monomers and the polycondensation 
reaction has been described elsewhere 8-1s. Purification and 
molecular weight determinations of the polypeptides were 
carried out by gel chromatography on standardized columns 
using Sephadex G 50s and Biogel P4. The columns were cal- 
librated with oligomers obtained from stepwise peptide syn- 
thesis and with cyanogenbromide peptides, cq CB3, as CB4, 
as CB5, of the cq-chain of calf skin collagen. 

Some standards were checked by analytical ultracentri- 
fugation and compared to those of gel filtration. All pep- 
tides were stored in the appropriate solvent for 5 days or 
more at low temperature (2°-10°C) before carrying out 
studies. The concentration was approximately 2.5 mg/ml. 
C.d. spectra were recorded after stepwise enhancing of the 
temperature and after attainment of equilibrium at each 
temperature. The Cary 60 spectropolarirneter with c.d. 
equipment 6002 was used. The 101 values were calculated 
for the mean molecular weights of the respective amino-acids. 

RESULTS 

In spite of the above-mentioned restrictions, an insight into 
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the tendency of triple helix folding can be derived from the 
folding formation or from the unfolding reaction. This was 
followed by the temperature dependence of the c.d. signals 
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in solution after incubation at low temperatures. The bands 
at 198 nm and, in the case of a more stable structure, at 225 
rim, show a sigrnoidal shape dependent upon temperature. 
In the range between 10 ° and 50°C we define a structure 
index (Si) as the ratio of the 0 values at 10°C divided by 
those at 50°C (Figure 1). 
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Between 1.0 for non-sigmoidal shape and none structure and 
5.0 for collagen all gradiations can be found. It can be seen 
frqm Table 1 that Gly-Pro-Pro sequences in the polypep- 
tide chain stimulates helix formation of the tripeptides Gly-  
Pro-Glu or of Gly-Pro-Lys  if they coupled to polyhexa- 
peptides. However, in the case of a combination with Gly-  
Glu-Lys the stimulation of the folding is very poor. 

The sequence Gly-Pro-Ala  has been extensively investi- 
gated 9 in its oligomer forms. Helix formation starts at n = 6, 
but even at n = 12-13 the c.d. spectrum shows no maxi- 
mum at 225 nm. However, the maximum is reached at n 
31. The sigmoidal shape is significantly expressed with in- 
creasing chain length at 198 nm. Likewise, increasing chain 
lengths at 225 nm approaches stepwise the zero line, shown 
in Table 2. Substances with i0i198nm values lower than 15 000 
render no sigmoidal melting curves. Substances with maxima 
at 225 nm have a J01198nm from 20 000-25 000 and more. 

OH 
I 

(Gly-Pro-Glu)n gives no indication of folding but in corn- 

Table I Sequential collagen models characterized by structure index obtained from circular dichroism spectra 

Ratio o f  amplitudes 
Polypeptide n Solvent JSI198nm 181225nm 198nm : 225nm 

(Pro--Ala--Gly--Pro--Ala--Gly) n 100 <0 

tBu 
I 

(Pro-Glu- -Gly-Pro- -A la- -Gly)  n 

OH 
I 

( P r o - G l u - G l y - P r o - A l a - G l y )  n 

( G I y - P r o - G l u - G l y - P r o - P r o )  n 

tBu tBu 
I I 

( P r o - G l u - G l y - P r o - G l u - - G l y )  n 

( Lys--Gly--Pro-- Lys--Gly--Pro) n 

100 5.4 
100 11 
100 8.5 

100 1.8 
100 ~3.0 

100 10 

(Lys--Gly-Pro--Ala--Gly--Pro) n 

12/13 Water - 2 0  000 - 300 
31 Water - 4 5  000 +2430 
31 H Fi P-- EG --52 000 +5700 
12/13  Propandiol-1.3 --35 000 +2950 

10 Water - 2 0  000  + 360  
10 H FiP- -EG - -37 000  +1100  

>10 H FiP-EG - 4 7  000 +4700 

> 5 HFiP--EG --27000 +2700 100 : 10 

=10 HFiP-EG - 1 6  250 --  300 100 

>10 Water - 1 5  BOO - 100 100 
>10 H FiP--EG --12 800 100 
> 10 Propandiol-- 1.3 -- 5 200 100 
>10 MeO H--Water --17 900 100 

>10 Water --1 5000 -- 200 100 
>10 H FiP--EG --12 700 100 
> 10 Propandiol 1.3 --10 000 100 

(Gly--Pro-- Lys--Gly--Pro--Pro) n >10 
>10 

OH >10 
I 

(Gly--Glu--  Lys--Gly--Pro--Pro) n >10 

Collagen native 

Collagen random chain 

Water --35 000 +2200 100 
HFiP--EG --12 000 -- 500 100 
Propandiol 1.3 --19 000 +1000 100 

Water pH 5.5 --20 000 + 400 100 

Water --54 000 +8000221 nm 100 

Water --13 000 _2000221 nm 

<0 

near 0 
<0 
<0 
<0 

<0 
<0 
<0 

6.3 
0 
5.3 

6.7 

HFiP = 1,1,1,3,3,3-hexafluoro-2-propanol; EG = ethylene glycol 
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Table 2 Circular dichroism parameters for polyhexapeptides and collagen 

Polyhexapeptides 

4 5 6 7 8 10 12 31 

Pro--Ala--Gly--Pro--Ala--Gly Water 1.0 
HFiP--EG 

tBu Propandiol--1.3 1 .O 
I 

Pro-Glu-Gly-Pro-Ala-Gly Water 1.0 
OH HFiP-EG - -  
I 

P r o - G l u - G l y - P r o - A l a - G l y  Water 1.0 

OH 
I 

G l y - P r o - G l u - G l y - P r o - P r o  HFiP--EG - 

tBu tBu 
I I 

P r o - G l u - G l y - P r o - G l u - G l y  HFiP--EG 

1.0 1 .03  1 .05  1 .09  1.1 1 .35  
1 .0  1 .06  1 .18  1 .35  - -  - -  
1 .04  1 .19  1 .42  1 .82  .--  2 .0  

10 1 .15  4 .6  - -  - -  1 . 6 5  
. . . .  10 

1.0 1 .03  1.61 1.9 

n > 5  
2.1 

(insoluble in water) 1.0 

3.14 

D 

Lys- -Gly-Pro-  Lys--Gly--Pro 

Lys-Gly--Pro--Ala--Gly--Pro 

Glys-Pro-- Lys--Gly-Pro--Pro 

OH 
I 

Gly--Glu-- Lys--Gly--Pro--Pro 

n 

7 8 10 

Water 1.0 1.06 1.17 
H FiP-  EG 1.0 1.04 1.04 
Propandiol-1.3 1.0 1.04 1.15 
Water: methanol, 6:4 -- -- 2.35 

Water - -  1 .04  1.1 
HFiP--EG - 1.0 1.05 
Propandiol--1,3 -- 1.0 1.02 

Water -- - 2.0 
HFiP--EG -- -- 1.0 
Propandiol -- -- 1.1 

Water pH 5.5 1.04 1.1 
Water pH 0.9 -- 1.0 
Water pH 12 -- insoluble 1.0 

Ala -A la -G ly -A la - -A la - -G ly  

Ala--Ala--Gly--Pro--Ala--Gly 

P ro -Se r -G ly -P ro -Se r -G ly  

n 

2 3 4 5 >10 

Water 10 10 10 

Water 10 10 -- - 11 

Water 10 10 

bination with the sequence Gly-Pro-Ala  the polyhexa- 
peptide 

OH 

(Pro-Glu-G]y~Pro-Ala-Gly)n  

folds more significantly than (P ro -Ala -Gly -P ro -Ala -Gly )n  
of the same length. It seems likely that the sequence P ro -  
Ala-Gly may also stimulate the folding. But this is not the 
case, when e.g. (Lys-Gly-Pro-Ala- -Gly-Pro)n  was com- 
pared with ( L y s - G l y - P r o - L y s - G l y - P r o ) n .  In both cases 
the structure index is smaller than in (Pro-Ala-Gly)n at 
respective chain lengths and (Lys -G l y -P ro -Al a -G ly -P ro )n  
has a somewhat smaller index than (Lys-Gly-Pro)n.  

(Ala-Ala-Gly)n and (Pro-Ser-Gly)n form no structure 
in aqueous solution 12'~3. The stimulating effect in the co- 
polypeptide (Ala -Ala -Gly -Pro -Ala -Gly )n  is very small 
and lower than in the case of ( A l a - A l a - G l y - P r o - P r o -  
Gly)n investigated by Segal ~. We changed the proportion of 

the sequences of  Ala-Ala-Gly  and of P ro-Ala -Gly  having 
synthesised ( A l a - A l a - G l y - A l a - A l a - G l y - P r o - A l a - G l y ) n  
and found no variation of structure even when molecular 
weights of 5000 Daltons were used at 198 nm. 

(Pro-Ser-Gly)n forms a triple helix in organic solvents 
as reported by Braun e t  al. 12. This does not resolve the prob- 
lem whether these sequences promote the triple helix or not. 
An earlier extensive investigation on structure formation of 
the polymers of (Pro-Ser-Gly)n,  (Ser-Pro-Gly)n,  (Pro-  
Gly-Ser)n, (Gly-Pro-Ser)n,  and (Gly-Ser-Pro)n,  (Ser-  
Gly-Pro)n in aqueous solution, even at molecular weights 
in some cases of more than 20 000 Daltons, gave no indica- 
tion of structure 13. This confirms serine's role in the s-helix 
formation. Serine seems to have a disarranging effect on 
helix formation in general. 

The low structure index of many polytripeptides and their 
respective hetero-polytripeptides may provide a possible 
approach. (Pro-Ala-Gly)n ~ 12 was isolated from polycon- 
densation mixtures and was coupled with 1,2,3 carboxy- 
propanic acid-tri-2.4-dinitrophenylester. We obtained a 
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Figure 6 shows the ellipticity of  the crosslinked trimer 
after incubation at different concentrations at low tempera- 
tures. The respective values are independent of  concentra- 
tion indicating a first order reaction and, therefore, a multi- 
mer can be excluded. Surely, in the case of  crosslinked 
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mixture of  the monomer-, dimer- and trimer-crosslinked -15.C 
products determined by gel permeation chromatography in 
the presence of  unfolding agent (urea) or at higher tempera- 
tures. Molecular weights of  9100, 6100 and 3000 were 
found as shown in Figure 2. 

The crosslinked trimer shows a significant difference in 
the amplitude of  the c.d. bands at 198 mm between the 
helical and the coiled state. The structure index was found 
to be 1.6 (Figure 3b). The large maximum at 225 nm with 
a ratio 101198/101225 of  10:1 was surprising. The absolute 
value of  the amplitude at 198 nm with 10[ 36 000 corres- 
ponds roughly to the length of  the sum of  the three chains. +I0 

The comparison of  the c.d. spectra of  the monomer- with 
the dimer- and the trimer-crosslinked substances is shown in 
Figure 3a. The amplitudes at 198 nm increase stepwise O 
from the monomer to the trimer. The transition curves 
measured at 225 nm are shown in Figure 4. Both, the mono- 8 o~ -tO 
mer and the dimer, give an indication of  only a very small 
structure effect at low temperatures. The trimer shows a ~, 

u 

higher melting point in the range about 20°C. "~ -20  
Figure 5 shows the relaxation curves after a temperature 

jump from 35 ° to 37°C for the three polymers. The folding 
of  trimer is relatively fast and completed within a few -30 
minutes. In later stages no further enhancement of  the elli- 
pticity was detected (see the value after 2 weeks). For the - 4 0  
dimer and monomer the folding is nearly completed after 
45 rain, but after two weeks - refer to the points - increased 
ellipticity was observed. It is remarkable, that this gain in 
folding is greatest in the case of  the monomer. Clearly, the 
final product of  the folding of  the trimer crosslinked poly- 
mer is the most definitive one. 

o 

,oo 260 360 46o 
Eluent (cm 3) 

Figure 2 Chromatography of crosslinked (Pro -A la -G ly )n~12  on 
Sephadex G50S (column: 150 X 3 cm), eluent: 0.05 M acetic acid 
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Figure 4 Thermal transition curves of the monomer,  dimer, tr imer 
crosslinked (Pro-Ala-Gly)~.12. Solvent: water; concentration: 
2 mg/ml 
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Figure 5 Relaxation time curves after temperature jump from 35 ° -  
37°C for tr imer (A) dimer (B) and monomer (C) crosslinked (Pro-- 
Ala--Gly)~12 (scale grad). Points at 120 rain represent the 0 values 
after 2 weeks at 5°C. Solvent: water; concentration: 2 mg/ml 
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Figure 6 The mean residue ellipticity of the trimer crosslinked 
(Pro-Ala-Gly)12 after incubation at 5°C in different concentrations 

dimer and the monomer, the folding products are composed 
irregularly and contain more than one polymer molecule. 

DISCUSSION 

The c.d. spectra of the synthetic polypeptides are similar to 
collagen in respect to their shape, sign, and the wavelength 
of the bands. Therefore, structures from a-helix and/~-type 
cannot be present. Furthermore, especially single chain 
polyproline structures are excluded, because such structures 
cannot be stable in triplets with only one or two proline 
residues and moreover the tendency of hydrogen bond for- 
mation cannot be suppressed. 

However, backfolding and each form of hybridization 
must be considered. Therefore, molecular weight determi- 
nation e.g. ultracentrifugation, light scattering, viscosity and 
gel permeation chromatography, to follow the folding forma- 
tion do not indicate a collagen triple helix fold. Extensive 
folding studies with the greater CB-peptides from the a l -  
chain of calf skin show a strong hysteresis between folding 
and unfolding transition curves 4. Similar experiments with 
longer chains of synthetic polypeptides from collagen type 
behave the same. This is a clear indication that non-specific 
folding, even at high concentrations most probably occur. 
Kobayashi et al. 14 carried out experiments with relatively 
short chains of (Gly-Pro-Pro)n of unique chain length. 
Compared to these findings the most of  our polypeptides 
with short chain lengths were not stable enough to form 
helices. The trimer crosslinked molecule inevitably fits at 
the ends of the three chains. Therefore, the higher folding 
velocity is due to the very high local concentration of the 

three polymer chains crosslinked at the amino terminals. 
This is also an expression of the higher stability of the nuc- 
leus. The nucleus concentration should be enhanced by 
this crosslinking and consequently the cooperativity is 
lowered. The slope of the thermal transition curve in any 
case seems not to be greater than that from the non- 
crosslinked polymers. This confirms that no,enhancement 
of cooperativity happens. Kinetic measurements and cross- 
link preparation of other polyhexapeptides are in progress. 
However, the analysis of  the transition curve from the c.d. 
temperature dependent measurements has been shown to be 
an excellent tool in determining the folding formation, 
whether the chains are in triple helix formation fitted at 
the ends or not. The introduced structure index is only ap- 
plicable under the above mentioned restrictions assuming 
the relative concentration of helical and randomly coiled 
chains. 
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