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Abstract: Type | collagen is a major component of skin, tendon, and ligament and forms more than 90%
of bone mass. It is an AAB heterotrimer assembled from two identical o1 and one a2 chains. However, the
majority of studies on the effects of amino acid substitution on triple helix stability have been performed on
collagen homotrimeric helices. In a homotrimer, it is impossible to determine whether the contribution to
stability is from the polyproline Il helix propensity of the amino acids or from interhelix amino acid interactions.
The presence of amino acids in all three chains further exaggerates their contribution. In contrast, in a
heterotrimer, the individual chains may be tailored in order to have the substitution in one, two, or all three
chains. Therefore, a heterotrimer can divulge specific information about any interaction based upon the
substitutions in individual chains. In this paper, we evaluate the contribution of electrostatic interactions
between side chain charge pairs on the stability of heterotrimers. We synthesize and analyze the stability
of four AAB and four ABC heterotrimers including a surprisingly stable ABC heterotrimer composed of
(DOG)10, (PKG)10, and (POG);0 chains (O = hydroxyproline). This heterotrimer has a stability comparable
to that of a (POG)10 homotrimer even though D and K occur 20 times in the heterotrimeric helix and have
been previously shown to significantly destabilize the triple helix compared to the P and O imino acids.
These results show that the stability of heterotrimers cannot be directly determined from the analysis of
charge pairs in homotrimers. Because collagen heterotrimers can be designed to have substitution in one,
two, or three chains, it gives us the ability to decode cross-strand interactions in collagen in a similar fashion
to a-helical coiled-coil interactions and DNA duplex hydrogen bonding.

Introduction on stabilization by water-mediated hydrogen bon8ifay steric
) ) ) o and stereoelectronic effect&!! and the interhelix amino acid
Understanding the effect of amino acid substitution on jnieraction® There are many good reviews which discuss the
collagen triple helix stability is crucial in analyzing the structural, - gy cture and biochemistry of collag&rSeveral high-resolution
mechanical, and biological changes observed in mutant collagenscrysta| structures which have been solved are of particular
which lead to diseases such @steogenesis Imperfec{®I) interest!314However, most natural collagens, including the most
and other deleterious sequence variatibh®| is a brittle bone abundant type | collagen, are heterotrimers, not homotrimers,

disease which is caused by mutations in type I collagen, an AAB and diseases caused by mutations in these sequences affect only
heterotrimer consisting of two identicall(l) and oneo2(l)

chains? Other naturally occurring heterotrimeric collagens, such  (7) Venugopal, M. G.; Ramshaw, J. A. M.; Braswell, E.; Zhu, D.; Brodsky,
AAB t IV and VIII d ABC t V. VI d IX B. Biochemistryl1994 33, 7948-7956.
as ype [V an an ype V, Vi, ana IX, are (8) (a) Bella, J.; Brodsky, B.; Berman, H. Mtructure1995 3, 893-906. (b)

involved in various diseases including Alport Syndrome, Ehlers- Berisio, R.; Vitagliano, L.; Mazzarella, L.; Zagari, Rrotein Sci.2002
11, 262-270. (c) Privalov, P. LAdv. Protein Chem1982 35, 1—104. (d)
Danlos Syndrome, and Bethlem Myopaf/Collagen homot- Vitagliano, L.; Berisio, R.; Mastrangelo, A.; Mazzarella, L.; Zagari, A.

i i i i Protein Sci. 2001, 10, 2627-2632. (d) Vitagliano, L.; Berisio, R.;
rimers have been extensively used to study amino acid Mazzarella L. Zagari, ABiopolymers2001. 50,465 465

substitutions;” their polyproline Il helix propensit§ their effect ) Bella J.; Eaton, M.; Brodsky, B.; Berman, H. dciencel 994 266, 75—
(10) Hodges J. A,; Raines, R. J. Am. Chem. So€005 127, 15923-15932.
(1) (a) Byers, P. HPhilos. Trans. R. Soc. London Ser.2B01, 356, 151— (11) (a) Hodges, J. A.; Raines, R. Qrg. Lett. 2006 8, 4695-4697. (b)
157. (b) Kelly, J. W.; Byers, P. H.; Helenius, A.; Swoboda, B. EPRilos. Holmgren, S. K.; Taylor, K. M.; Bretscher, L. E.; Raines, R.Nature
Trans. R. Soc. London, Ser. 801, 356 157-158. (c) Myllyharju, J.; 1998 392 666-667. (c) Horng, J. C.; Raines, R. FProtein Sci.2006 15,
Kivirikko, K. I. Trends Genet2004 20, 33—43. 74—83. (d) Shoulders, M. D.; Hodges, J. A.; Raines, RJITAm. Chem.
(2) Ricard-Blum, S.; Ruggiero, F.; van der Rest, Mp. Curr. Chem2005 Soc.2006 128 8112-8113.
247, 35-84. (12) (a) Baum, J.; Brodsky, BCurr. Opin. Struct. Biol1999 9, 122-128. (b)
(3) Persikov, A. V.; Ramshaw, J. A. M.; Brodsky, B. Biol. Chem.2005 Brodsky, B.; Persikov, A. VAdv. Protein Chem2005 70, 301—339. (c)
280, 19343-19349. Fields, G. B.; Prockop, D. Biopolymers1996 40, 345-357. (d) Koide,
(4) Persikov, A. V.; Ramshaw, J. A. M.; Kirkpatrick, A.; Brodsky, B. T. Philos. Trans. R. Soc. London, Ser2B07, 362, 1281-1291.
Biochemistry200Q 39, 14960-14967. (13) (a) Emsley, J.; Knight, C. G.; Farndale, R. W.; Barnes, M. Mol. Biol.
(5) Persikov, A. V.; Ramshaw, J. A. M.; Kirkpatrick, A.; Brodsky, &.Mol. 2004 335 1019-1028. (b) Emsley, J.; Knight, C. G.; Farndale, R. W_;
Biol. 2002 316, 385-394. Barnes, M. J.; Liddington, R. CCell 2000 101, 47—-56.
(6) Persikov, A. V.; Ramshaw, J. A. M.; Kirkpatrick, A.; Brodsky, B. (14) Kramer, R. Z.; Bella, J.; Mayville, P.; Brodsky, B.; Berman, H. Nat.
Biochemistry2005 44, 1414-1422. Struct. Biol.1999 6, 454-457.
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one or two of the three chains which make up the helix. A
number of studies have prepared collagen heterotrimers by
cysteine-knot strategl?, however, only a few have shown
noncovalent assemblies that form heterotrinié#&:'’Because

of the importance of heterotrimers in natural collagens, it is

important to design systems that have the potential to study these

variations in their native form, whether they are AAB heterot-
rimers or ABC heterotrimers. The synthesis of extracellular
matrix mimics based upon collagen-like peptides has completely
relied upon homotrimer¥ Collagen-like heterotrimers, with
their ability to assemble multiple functional groups close to each
other and thereby increase chemical diversity, can lead to the
synthesis of more sophisticated biomaterials which more closely
mimic extracellular matrix when compared to those based on
homotrimers. Furthermore, the effect of amino acid substitution,
for example, glycine mutations, could be assessed in one, two,
or all three strands of the triple helix. In this paper, we
demonstrate the synthesis, characterize the stability of four ABC
and four AAB collagen heterotrimers, and illustrate how results
from the analysis of homotrimers cannot be directly applied to
heterotrimers. We conclude that to more fully understand the
structural implications of collagen structural mutants these

Table 1. Sequence of Peptides Studied?

# sequence abbreviation
1 (POG)o O
2 (EOG)o E
3 (DOGho D
4 (PRG)o R
5 (PKG)o K

aThe N- and C-terminals of all peptides are acetylated and amidated,
respectively.

polypeptide containing GPO. KGE and KGD tripfetave also
been shown to stabilize the triple helical structure as much as
the parent OGP triplet and are found abundantly in natural
collagens. These results can be used to predict the stability of
charge pairs for homotrimers. However, the effect observed on
stability will be a mixture of attractive and repulsive interactions
between various charges, along with the polyproline Il helix
propensity of every substituted amino acid. Heterotrimers
assembled by charge pair interactions may lead to a better
estimate of the attractive interactions between the opposite
charges because these interactions can be studied in isolation
from other complicating interactions. We recehtiseported the

molecules must be prepared as heterotrimers and not a,rmation of an ABC heterotrimeric system that consisted of

homotrimers.

Collagen is characterized by a unique right-handed triple
helical structure composed of three left-handed polyproline type
Il helices?1® The primary sequence of collagen has a¥—

Gly repeating motif, where X and Y are generally P and O,
respectively. The presence of G at every third position allows
the formation of a tightly packed triple helix which, along with
an extensive network of G&d—NHy) hydrogen bonds, imparts
stability to the triple helix. Side chains of amino acids in the X
and Y positions are exposed to solvent to varying degfees

can take part in intra- and intermolecular interactiéi?.
Substitution of imino acids (P and O) by amino acids has been
shown to cause destabilization of the triple héliharge pair
interactions have also been studied in contiguous tripleds\d
they follow a pattern with GER causing the least destabilization
followed by GDR, GEK, and GDK when compared to parent

(15) (a) Muller, J. C. D.; Ottl, J.; Moroder, LBiochemistry200Q 39, 5111~
5116. (b) Renner, C.; Sacca, B.; Moroder,Biopolymers2004 76, 34—
47. (c) Sacca, B.; Fiori, S.; Moroder, Biochemistry2003 42, 3429-
3436. (d) Sacca, B.; Moroder, 1. Pept. Sci2002 8, 192—-204. (e) Sacca,
B.; Renner, C.; Moroder, LJ. Mol. Biol. 2002 324, 309-318. (f) Slatter,
D. A; Foley, L. A.; Peachey, A. R.; Nietlispach, D.; Farndale, R. V.
Mol. Biol. 2006 359, 289-298.

(16) (a) Berisio, R.; Granata, V.; Vitagliano, L.; Zagari, Biopolymers2004
73, 682-688. (b) Slatter, D. A.; Miles, C. A,; Bailey, A. J. Mol. Biol.
2003 329 175-183.

(17) Gauba, V.; Hartgerink, J. . Am. Chem. So007, 129, 2683-2690.

(18) (a) Kishimoto, T.; Morihara, Y.; Osanai, M.; Ogata, S.; Kamitakahara,
Ohtsuki, C.; Tanihara, MBiopolymers2005 79, 163-172. (b) Kotch, F.
W.; Raines, R. TProc. Natl. Acad. Sci. U.S.£2006 103 3028-3033.
(c) Paramonov, S. E.; Gauba, V.; Hartgerink, JM&acromolecule2005
38, 7555-7561. (d) Wang, A. Y.; Mo, X.; Chen, C. S.; Yu, S. M. Am.
Chem. Soc2005 127, 4130-4131. (e) Kar, K.; Amin, P.; Bryan, M. A;;
Persikov, A. V.; Mohs, A.; Wang, Y.-H.; Brodsky, B. Biol. Chem2006
281, 33283-33290.

(19) (a) Cowan, P. M.; Mcgavin, S.; North, A. C. Nature1955 176, 1062—
1064. (b) Ramachandran, G. Mt. Rev. Connect. Tissue Re&963 1,
127-182. (c) Ramachandran, G. N.; Kartha, Kkature 1954 174, 269—
270. (d) Ramachandran, G. N.; Kartha, Kature 1955 176, 593-595.
(e) Rich, A.; Crick, F. H. CNature 1955 176, 915-916. (f) Rich, A;;
Crick, F. H. C.J. Mol. Biol. 1961, 3, 483-506.

(20) Jones, E. Y.; Miller, AJ. Mol. Biol. 1991, 218 209-219.

(21) (a) Kramer, R. Z.; Bella, J.; Brodsky, B.; Berman, H. 8.Mol. Biol.
2001, 311, 131-147. (b) Kramer, R. Z.; Venugopal, M. G.; Bella, J.;
Mayuville, P.; Brodsky, B.; Berman, H. Ml. Mol. Biol. 200Q 301, 1191~
1205.

negatively charged, positively charged, and neutral polypeptide
with the sequence (EO@(PRG)(POG)o. Extending this
strategy, we can assess the magnitude of attractive interactions
between ER, D—R, E—K, and D-K in heterotrimeric collagen
helices.

The polypeptides prepared are abbreviatedag, D, R,
andK throughout the remainder of this paper, as shown in Table
1. All of the peptides used in the study are N-terminal acetylated
and C-terminal amidated to avoid charge interactions between
the termini’ The triple helices are abbreviated, for example,
EeReO for (EOG)e(PRG)¢(POG)o.

We report the formation of an ABC heterotrimer with stability
comparable to that ddeOeO homotrimer. This extremely stable
ABC heterotrimer consists @eKeO as its triple helix and thus
contains 20 imino to amino acid substitutions. The attractive
interactions between the D and K side chains are strong enough
to overcome the low polyproline Il helix propensitgf both
these amino acids and are able to stabilize the heterotrimer to
within 2.5 °C of the OeOsO homotrimer. This work is a step
closer to understanding of thermal stability of collagen heterot-
rimers and lays the foundation for the detailed study of amino
acid sequencestructure relationship in heterotrimers and the
synthesis of extracellular matrix mimié$.

Experimental Section

Peptide Synthesis and Purification. All of the peptides were
synthesized on an Advanced ChemTech 396 multipeptide automated
synthesizer using Fmoc solid-phase chemistry based on a 0.15 mmol
scale. The synthesis, purification by reverse phase HPLC, and analysis
by MALDI are the same as described previouSli#PLC and MALDI-

TOF spectra can be found in the Supporting Information.

Circular Dichroism Spectroscopy. CD measurements were per-
formed with a Jasco J-810 spectropolarimeter, equipped with a Peltier
temperature control system, using quartz cells with a path length of
0.1 cm. Thermal unfolding curves were obtained by monitoring the

J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007 15035
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Figure 1. Circular dichroism for AAB and ABC heterotrimeric helices formed by mixibgK, andO. (a) Thermal analysis shows cooperative unfolding

for the D/K mixture in a 1:1 ratio for the non-preheated and preheated case. (b) The first derivative of unfolding versus temperature. (c) Cooperative
unfolding for theD/K/O mixture in a 1:1:1 ratio for non-preheated and preheated case. (d) The first derivative of unfolding shows Bt &A#%B
heterotrimer an@«0sO homotrimer are observed without preheating, and these merge to a single transition correspondibgke@®wBC heterotrimer

after preheating.

decrease in ellipticity in a desired temperature range at a wavelengththe Jasco Spectra Manager software. All experiments were repeated at
where the CD spectra show a positive maximum. The temperature least once, and, values were found withia:1 °C or less.
ranged from 5 to 98C at a heating rate of 10C/h, depending on the Thermodynamic Analysis.Melting curves were analyzed assuming
peptide mixture studied. Fraction folded was calculated for the melting a two-state reversible modéf3
curves according to the equation:

SM=T, 2)

F= (0] — [Oluntolded )

 [0ltoided — [Muntorded whereM andT; denote the monomer (unfolded) and triple-helical trimer
(folded) state, respectively. It has been repditéuht the experimental
conditions for CD studies similar to those used in this article=(0.2

mM; heating rate= 10 °C/h) do not result in equilibrium, and the
melting transitions observed are kinetic. However, a two-state kinetic
model can still be used in comparative studies. Ideally, a much slower
heating rate is desirable so that equilibrium is established at every data
collection point. However, in practice, an optimal heating rate and
concentration similar to the one reported here have been $hdoavn
follow a two-state model. If the same heating rate and concentration is
used for all the experiments, a comparative analysis can be made.

If the molar peptide concentration g = [M] + 3[T3] and the
ction of folded peptide i§+ = 3[Ts)/c,, then the concentration of
ded and unfolded molecules is given Big][= (Fr x ¢5)/3 and M]

= co(1 — Fy), respectively. The equilibrium constant can be written as

whereF is the fraction folded at temperature[6]t is the molar residue
ellipticity (MRE) at temperaturd, [0]toided @Nd [P]untoiseaare the MRE

of the maximally folded and unfolded forms, respectively, calculated
as follows: p] = (6 x m)/(10 x ¢ x | x n;), where@ is the ellipticity

in mdeg,m is molecular weight in g/mol¢ is concentration in mg/
mL, | is path length of the cuvette in cm, ands the number of amino
acid residues in the peptide.

Peptide solutions were mixed in desired ratios in such a way that
the final total peptide concentration was 0.2 mM, and a neutral pH
was maintained by using 10 mM phosphate buffer solution. Unfolding

. . : : .~ fra
studies were performed with and without preheating. For preheating fol
studies, peptides were mixed in desired ratios, heated taC8%&nd
incubated for 15 min. The peptide solution was then slowly cooled to
25 °C at a rate of 1°C/min and then incubated overnight at room
temperature before performing the unfolding studies. For non-preheating K(T) = E _ Fr
studies, peptides were mixed in the desired ratios, and the unfolding [M]3 3(;02(1 — FT)3
studies were performed immediately. The minimum of the derivative
of the fraction folded plot indicates the steepest slope of the unfolding
process and is used in this paper to indicate the melting temperature(zz) gonlg_e(lsz.lz Chen, H. T.; Prockop, D. J.; Klump, Blopolymers1977, 16,
(Tm) under the conditions described above. This was calculated using (23) Persikov, A. V.; Xu, Y. J.; Brodsky, BProtein Sci.2004 13, 893-902.

®
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Figure 2. Circular dichroism for AAB and ABC heterotrimeric helices formed by mixgK, andO. (a) MRE versus temperature for tB#K mixture
in a 1:1 ratio. (b) The first derivative of unfolding versus temperature for (a). (¢) MRE versus temperature BEdKABemixture in a 1:1:1 ratio. (d) The
first derivative of unfolding versus temperature for (c).

The equilibrium constant can be related AdH° by using the minimum energy was used for further analysis, and the distance between
following equation the nitrogen of the K side chain and the closest oxygen of the D side
chain was measured.
logK(T)=— AR (1) + const (4)
2.30R1\T Results and Discussion
An estimate ofAH° value can be made from the slope of I&@T) Mixing a positive, negative, and neutral peptide together can

versus (I7) plot. The value ofAH® can then be used to estimate the  theoretically lead to 13 possible collagen-like triple helices:
value of AS® by curve fitting to the experimental data using the three AAA homotrimers, six AAB-type heterotrimers, and one

following relationship: ABC heterotrimer. To differentiate between these possible
AH-TAS = outcomes, the potential formation of homotrimers (AAA) and

3,6 rr =—ts (5) heterotrimers (AAB and ABC) was assessed separately by

A-F) thermal unfolding experiments. Eliminating some of the possible

outcomes makes analysis of the complete mixture easier.

Our design utilizes the simple idea that like charges will repel
each other while opposite charges will attract each other.
AG=AH —TAS (6) Because of charge repulsion, only one homotrin@QeO) is
able to form. This reduces the analysis of any A/B/C mixture

was based on the atomic coordinates of [(Pro-Hyp-@lgu-Hyp-Gly)- to eight possible triple helices. Mixing all possible pairs of
(Pro-Hyp-Gly}]s (http://www.rcsb.org/pdb, PDB Code: 2DR¥)The peptides allowed us to assess the potential of AAB heterotrimer

model was built using HyperChem 1.0, and molecular mechanics formation. Results from all the unfolding experiments on AAB
calculations were done using Amber 99. In one chain, Asp substituted heterotrimers show that only pairs of oppositely charged peptides
all Pro and Leu. For the second chain, the central Leu was substitutedlead to a helix formation, and these triple helices are of rather
by Pro, and all Hyp were substituted by Lys. Only the central Leu was |ow stability. Therefore, four AAB heterotrimers composed of

substituted by Pro in the third chain so as to generate an ABC charged and neutral peptides can also be eliminated. This leaves
heterotrimer with (DOG), (PKG)o, and (POG), chains. The backbone

geometry was fixed, and the amino acid side chain conformation was (o5 |, fact, there are 27 possible combinations for mixing peptides A, B, and

After obtaining the values oAH° and AS’, standard Gibbs free
energy can be calculated &t= 298 K using the equation

Molecular Modeling. Molecular model for thdeKeO heterotrimer

energy minimized using the PolaRibiere conjugate gradient until C if one differentiates between the different registers controlled by glycine
; ; packing that A, B, and C may be in. These include single peptide
the rms gradient was 0.01 kcalthol. The conformer with the homotrimers AAA, BBB, and CCC; two peptide heterotrimers AAB, ABA,
BAA, ABB, BAB, BBA, AAC, ACA, CAA, ACC, CAC, CCA, BCC, CBC,
(24) Okuyama, K.; Narita, H.; Kawaguchi, T.; Noguchi, K.; Tanaka, Y.; Nishino, CCB, BBC, BCB, and CBB; and three peptide heterotrimers ABC, ACB,
N. Biopolymers2007, 86, 212—221. CAB, CBA, BCA, and BAC.

J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007 15037
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Figure 3. Circular dichroism for AAB and ABC heterotrimeric helices formed by mixDgR, andO. (a) MRE versus temperature for tBéR mixture
in a 1:1 ratio. (b) The first derivative of unfolding versus temperature for (a). () MRE versus temperature DéRt®emixture in a 1:1:1 ratio. (d) The
first derivative of unfolding versus temperature for (c).

us with two AAB heterotrimers composed of oppositely charged the EsEsE andReReR homotrimers do not exist, they form an
peptides. Within our experimental system, AAB and ABB triple AAB heterotrimer with aT,, = 41 °C upon mixing and

helices are not distinguishable, thus we combine these two preheating at neutral pH.
Tm values of 34.5 and 36C were observed for a 1:ID/K

possibilities into one. Finally, we are left with three possible

triple helices to consider: Th@®sOeO homotrimer with high
stability, AAB-type heterotrimers that incorporate a positively 1a,b). The corresponding valuesTef were 38 and 38.5C for
charged peptide with a negatively charged peptide and are ofthe preheated and non-preheatéfk mixture, respectively
(Figure 2a,b)D/R mixture showed the correspondifig values

of 42 and 36°C for preheating and non-preheating, respectively

relatively low stability, and a novel ABC heterotrimer with
unknown stability.

Homotrimers. OeQeO, EeEeE, ReReR, DeDeD, andKeKeK

mM phosphate buffer at neutral pH. As expected, ddD«O

forms a triple helix within the time frame of the experiment.

Unfolding studies forEeEeE, ReReR, DeDeD, and KeKeK

disordered or weak polyproline Il helices.

homotrimers can be eliminated. This reduces the analysis to

eight possible triple helices: tt@O«O homotrimer, six AAB-

mixture for preheating and non-preheating, respectively (Figure

(Figure 3a,b)T, values for all the mixtures are summarized in
homotrimers were studied at a concentration of 0.2 mM in 10 Table 2. AAB heterotrimer formation is observed in all the cases
with and without preheating. Furthermore, on lowering the pH
of the various mixtures to 3, it was observed that the positive
peak decreased in intensity, signaling that the triple helix is
homotrimers show a linear decrease in ellipticity, suggesting destroyed (see Supporting Information Figure S2). At pH 3, R
that they do not form triple helices. Rather they are present asand K side chains have a positive charge but D and E side chains
are neutral. Owing to the absence of negative charge on D and
Therefore, in the assessment of a mixture of three different E side chains, the ion pairs can no longer form, which leads to
peptides such &b, K, andO peptides, thddeDeD andKeKeK

destabilization of the triple helix.

It has been reported that the content of imino acids in human

fibril-forming collagens [type | ¢1 anda?2), Il (al), ll (al),

type heterotrimers, and tfi@»KeO ABC heterotrimer. Formation  V (al, a2 anda3), and X1 (11 anda2)] is around 35%, and

of AAB and ABC heterotrimers was then assessed separatelythe content of triplets with E/D in the X position and R/K in
by mixing the corresponding peptides. the Y position is around-68% of all triplets*? Using peptides

AAB Heterotrimers. Oppositely charged peptides were with a sequence Ac-(GP@XY-(GPO)-GG-CONH, Brod-

mixed in 1:1 ratio to achieve a final peptide concentration of sky and co-workers reported on the quantification of pairwise
0.2 mM in 10 mM phosphate buffer at neutral pH. The mixtures interactions in collagen homotrimer® For triplets with E/D
were studied with and without preheating. We previously inthe X position and R/K in the Y position, they observed that
reported’ the results foE/R mixture and showed that, although the GER triplet caused the least amount of destabilization

15038 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007
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Figure 4. Circular dichroism analysis fdb/O andK/O mixtures. (a) MRE versus temperature. (b) The first derivative of unfolding versus temperature for
(a). (c) MRE versus wavelength. The corresponding dat&f@ and R/O have been shown previously and behave in a similar fastion.

Table 2. Melting Temperatures (°C) of AAB and ABC Heterotrimers

AAB ABC

heterotrimer non-preheated preheated heterotrimers non-preheated preheated
D/IK 34.5 36 DeKeO 35,68.5 65
E/K 38.5 38 EeKeO 38, 68 57.5
E/R 9,415 41 EeReO 19, 38.5, 68 54
D/IR 36 42 DeReO 34.5, 68 445

followed by GDR, GEK, and GDK withT, of 40.4, 37.1, 35, are of rather low stability. Therefore, in the assessment of a
and 30.9°C, respectivelyTn = 44.5°C for GPO). In the current  mixture of D, K, and O peptides, four AAB heterotrimers
study, T, values observed for various AAB heterotrimers composed of charged and neutral peptides can be eliminated.
approximately follow the same trend with the corresponding This leaves us with two AAB heterotrimers composed of
Tm values as follows:E/R mix (41 °C), D/R mix (42 °C), E/K oppositely charge® andK peptides. Combining these results
mix (38 °C), D/K mix (36 °C). In both of the previously  with the results from unfolding studies on homotrimers, the
published homotrimePg®and the AAB heterotrimers reported  analysis can be reduced to three possible triple helices: the
here, there is a combination of repulsive interactions between highly stableOsOsO homotrimer, AAB-type heterotrimers that
the same charges and the attractive interactions between oppositﬁ,corporate the positively charged peptide with negatively
charges, along with the polyproline Il helix propensity of amino  charged peptide and are of relatively low stability, and a novel
acids. The combination of amino acid propensity and electro- p,keO ABC heterotrimer with unknown stability.
static |nteract|o_ns _determlnes the f|nal stability of the triple helix, ABC Heterotrimers. Charged peptides were mixed widn
and charge pairs in AAB heterotrimers closely follow the trend . . . . . . .

ina 1:1:1 ratio, and the mixtures were studied with and without

asL:e]E)cl);t.ed n I|'Ejgrature. | ; 4 &0 and K/O preheating. As deduced above, mixibgK, andO can lead to
. tn olding Stli_lles ;/.verte atsczj p?rr] ormte " anb W the formation of three triple helice€e0QeO homotrimer, AAB-
mixiures in a 1.1 ratio o study the interactions between a type heterotrimers that incorporate the positively charged peptide
charged and neutral polypeptide and their ability to form a . . .
. - . with negatively charged peptide, and a noKeO ABC
heterotrimer. The melting curve for both showed a single : o . .
e . . heterotrimer. In a 1:1:D/K/O mixture, under non-preheating
transition withTy, of 67 and 68°C for D/O and K/O mixture, o o .
conditions, two transitions were observed corresponding to the

respectively, which is indistinguishable from tfig value of .
N . . - 0060 (68.5 °C) and D/K AAB heterotrimer (35°C). The
67.5°C for theG+0-0 homotrimer (Figure 4b). The MRE value transition at 35C can be assigned to ti¥K AAB heterotrimer

for these mixtures is about one-half that for what is observed . - .

for 0s0sO alone (Figure 4a), indicating that onieOsO as aD/K mixture shpws a trgrl5|t|on corresponding tq 32(5
contributes to the MRE of the mixture while neither fheDeD under npn-preheatmg cond|t|0ns.. Both of the tran5|t|qns ob-
and KeKeK homotrimers nor AAB heterotrimers form. It was serve@ Ina non-prehe.ateEWK/O m|xtur.e merged to a.smgle
also observed that the CD spectra for b&#© and K/O are transition upon preheating, correspondingpof 65°C (Figure
very similar before and after preheating (Figure 4c). These 1¢:d). This transition can only be attributed to he<-O ABC
results indicate thab andK peptides do not interact wit®. heterotrimer, which is significantly more stable than D
Instead, théd andK peptides are present as disordered or weak AAB heterotrimer ATy, = +29°C) and only slightly less stable

polyproline Il helices. Results foE/O and R/O mixtures are  than0eOeO (ATy = —2.5°C). If the OsOeO homotrimer were
similarl? to form, and not theDeKeO ABC heterotrimer, it must also

Considering all the results from the unfolding experiments result in the formation of less stabl/K AAB heterotrimers
on AAB heterotrimers reveals that only pairs of oppositely ©F unfolded species. A greater system-wide stability is expected

charged peptides lead to helix formation, and these triple heliceswhen an ABC heterotrimer is formed as almost all the
polypeptides are involved in a stable triple helix formation. This

(26) Chan, V. C.; Ramshaw, J. A. M. Kirkpatrick, A.; Beck, K.; Brodsky, B.  contrasts the case in which both OO homotrimer, with
J. Biol. Chem1997, 272 31441-31446. i i

(27) Nemeihy. G - Leach, S.J.; Scheraga, H1APhys. Cher966 70, 998 stability comparab_le to that _of the ABC hgterotrlmer, an_q the
1004. D/K AAB heterotrimers, which have relatively low stability,
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are present. The same analysis applies to other ABC heterot-
rimers discussed in this article.

Analysis of theE/K/O mixture was similar. Two transitions
were observed in the non-preheating case corresponding to the
0060 (68 °C) andE/K AAB heterotrimers (38C). A Tr, of
38.5°C was observed for the/K mixture under non-preheating
conditions, thus the transition at 38 in the E/K/O mixture
could be assigned to tH&/K AAB heterotrimer. Only a single
transition corresponding to tHesKeO ABC heterotrimer with
a Tm of 57.5°C was observed after preheating in the case of Figure 5. Molecular model for thd®sKsO heterotrimer. Only a portion of

the E/K/O mixture (Figure 2c,d). the heterotrimer is shown for clarityD, K, and O polypeptides are
The D/RIO mixture behaved in a different way when represented by red, blue, and green chains, respectively. Distances between

) . o nitrogen (blue) of K side chain and the closest oxygen (red) of D are shown.
compared to other mixtures. Under non-preheating conditions,

two transitions were observed &, = 68 and 34.5°C Table 3. Thermodynamic Parameters for ABC Heterotrimers?
corresponding t@e0sO andD/R AAB heterotrimers, respec- triple Tn AR AS° AG®
tively. A Tr, of 36 °C was observed for thB/R mixture under helix (°C) (kcal/mol) (kcal/mol/K) (kcal/mol)
non-preheating conditions, thus the transition at 3€5n the 0s0s0 67.5 —110 —0.308 —-18.2
D/R/O mixture could be assigned toldR AAB heterotrimer. DeK<O 65.0 —92 —0.258 —14.9
When theD/R/O mixt heated. two t i EeKsO 57.5 —104 —0.299 -14.7

/hen the mixture was preheated, two transitions were EeReO 540 97 _0.282 131
still observed: a weak transition &, = 68.5°C, corresponding DeReO 445 -85 —0.255 -95
to residualOsOeO and a strong transition at 44 (Figure
3c,d). The corresponding, value for theD/R mixture upon 2 Only data points in the vicinity of the transition temperature are included

. . . for curve-fitting analysis.

preheating was 42C. We believe that, in the case of a preheated
D/R/O mixture, the transition observed at around 44G  cages, the stabilizing effect of opposite charge pairs is diluted
corresponds to a mixture &/R AAB heterotrimers (probably o eliminated. An ABC heterotrimer, however, is composed of
a minority component based on the intensity of €DeO one neutral, one negatively charged, and one positively charged

transition) and th@®«R<O ABC heterotrimer. It seems that the  cpain at neutral pH. Thus, the repulsive electrostatic interactions
ABC heterotrimer in this case is not much more stable compared petween peptide chains can be eliminated, and the effect of
to the AAB heterotrimer, leading to the formation of a mixture  atractive interactions between oppositely charged chains can
of both AAB and ABC heterotrimers. This idea is also supported pe eyaluated. We observe that the favorable interactions between
by the fact that a weak transition correspondin@#®eO still D and K side chains in the case D§KeO are able to increase
appears in the preheat®dR/O mixture. This mixture acts as a i stability to nearly that 0De0s0. DeKeO is surprisingly stable
control to the other systems shown in this article as it gyen though D and K amino acids have significantly less
demonstrates that residu@kOeO can be observed even after i herent propensity to form a triple helix than P and O imino
preheating. All other mixtures show only a single transition in  gcids and occur a total of 20 times in the triple heDeKeO
the preheated case and do not show the presence of any residugjas 10 P and O imino acid residues substituted by D and K,
0e0s0O homotrimer. Melting temperatures for all the ABC respectively, as compared @®0sO. Therefore, the imino acid
heterotrimers are summarized in Table 2. content of DeKeO decreases to approximately 45% when
On the basis of the results from the AAB heterotrimers, it compared to 67% fo©sOsO. Molecular modeling 0DeKeO
was observed that the melting temperature follows a trend in indicates that the side chains of lysine and aspartate can be
terms of contribution of charge pairs to the stability of triple ideally positioned to form an ionic hydrogen bond with a@®
helix and it is in agreement with the results obtained for charge distance of 2.7 A (Figure 5). This potential for the formation
pairs previously reporteti?® T, values observed for various of this ideally situated hydrogen-bonded charge pair may be

AAB heterotrimers were as followsE/R mix = 41 °C, D/R the reason for the high stability of the triple helix.

mix = 42 °C, E/K mix = 38 °C, D/K mix = 36 °C. However, Thermodynamic Analysis. Elaborating on the factors sta-
this trend is completely reversed when the stability of ABC bilizing DeKeO as well as other ABC heterotrimers, thermo-
heterotrimers is assessed. The results show thaD#eO dynamic parameters were calculated for all the ABC heterot-

heterotrimer is the most stable willy, = 65 °C, followed by rimers andOeOeO homotrimer (Table 3)AH° values were
EeKeO (Ty, = 57.5°C) andEeReO (T, = 54 °C). For theD/R/O obtained for the triple helices using eq 4. This was then used to
mixture, it cannot yet be unambiguously identified whether the estimateAS’ by curve fitting using eq %223 AH° and AS’
transition at approximately 44.5C corresponds to an AAB  values were then used to calcul#t&°.

heterotrimer, an ABC heterotrimer, or a mixture of both, but it For Oe0e0, a best fit was obtained fakH®° andAS’ values

is clearly weaker than the other systems. We believe that theof—110 cal/mol and-0.308 cal/malK respectively, with the
trend observed from the ABC heterotrimers is a true indication corresponding\G° of —18.2 Kcal/mol. These were the maximal
of the stabilization caused by interaction between opposite values for all peptides tested. Heterotrimers containing peptide
charges, rather than what is observed in AAB heterotrimers or E shoed a more favorable enthalpy when compared to heterot-
homotrimers. In AAB heterotrimers, as two chains are identical, rimers containing peptid®. When comparing triple helices
there is always a net positive or negative charge. Homotrimers which both contain the peptidé or both contain the peptide
can be designed to be neutral overall but, consequently, haveD, triple helices containing the peptitkehad a more favorable
no net intermolecular electrostatic interaction. Thus, in both enthalpy than those containing the peptigeAlthough the
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EeKeO and EeReO heterotrimers showed a more favorable
enthalpy 104 Kcal/mol and—97 Kcal/mol), the entropy
penalty of these helices was significantly higher ti2wiKeO
leading to its significantly greater thermal stability. Although
there is no clear trend iAS’ values when comparing all the
heterotrimersAG® values follow the melting temperature and
a more negative value is observed f0sKeO followed by
EeKeO, EeReO and DeReO.

Many factors including the polyproline Il helix propensity
of amino acids;® water-mediated hydrogen bon#ésteric and
stereoelectronic effect8;!! and the interactions between side
chains of neighboring amino acids play a significant role in triple
helix stability. Contributions of all these factors have been

ABC heterotrimeric collagen helices in high yield. The formation
of a triple helix with net-neutral charge is the thermodynamically
most favored assembly over all of the other nine possible
combinations and will preferentially form when the solution is
given the opportunity to come to equilibrium after preheating.
(2) An amino acid contribution to the stability of a heterotrimeric
collagen helix cannot be extrapolated from similar studies on
homotrimeric collagen helices. Previous work with homotrimers
demonstrated that substitutions of proline in the X position or
hydroxyproline in the Y position with any other natural amino
acid led to significant destabilization. In our work, we find that
even as many as 20 substitutions of proline and hydroxyproline
in a triple helix can still lead to a highly stable helix. (3) Charge

studied extensively on collagen homotrimers. We examined the pairing between aspartate and lysine leads to the formation of

formation of four ABC heterotrimers that utilize electrostatic

interactions between D, E, K, and R amino acid side chains.
DeKeO consists of polypeptides with 10 P to D substitutions,

10 O to K substitutions, and without any imino acid substitution.

Despite these substitutions, the melting temperatui@e&®O

is only 2.5°C lower than that 0f0eQeO (67.5 vs 65.0°C).

a triple helix of equivalent stability to helices containing
exclusively the collagen consensus sequene®©PG. Con-
struction of such high stability collagen triple helices using solely
natural amino acids and without the use of covalent tethers or
cross-links will have great impact on our ability to probe
heterotrimer structure and stability, particularly, in model

This highly stable complex is unexpected based on previous peptides which mimic diseases found in naturally occurring

work that examined the effect of amino acid substitutions on
the stability of homotrimeric helices and demonstrates the
importance of examining helix stability in heterotrimers,
particularly, in ABC heterotrimers. The ability to selectively
form an ABC triple helix with stability comparable to the most
stable collagen triple helix formed from natural amino acids
will have substantial implications in the field of collagen-like
peptides.

Conclusions

In this paper, we have demonstrated three critical points: (1)
Mixing three peptides with individually neutral, negative, and
positive charge is a general mechanism for forming specific

heterotrimeric collagens. Additionally, this will allow us to begin
designing more sophisticated collagen based constructs both for
bioengineering applications as well as for nanoscience applica-

tions derived from well-controlled self-assembling architectures.
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