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ABSTRACT
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Collagen is the most abundant protein in animals. Interstrand N —H---0=C hydrogen bonds between backbone amide groups form a ladder
in the middle of the collagen triple helix. Isosteric replacement of the hydrogen-bond-donating amide with an ester or ( E)-alkene markedly

decreases the conformational stability of the triple helix. Thus, this recurring hydrogen bond is critical to the structural integrity of collagen.
In this context, an ester isostere confers more stability than does an ( E)-alkene.

Hydrogen bonds between main-chain amides are a dominantan ester . Substituting an ester for an amide is relatively
feature of folded proteinsPerhaps the most recurrent main- conservative because the two functional groups are isosteric
chain—main-chain hydrogen bond is found in collagen, the and have similar conformational preferené&gr example,
most abundant protein in anima&l<ollagen consists of a  replacing an alanine residue with a lactic acid ircahelical
triple helix of (XaaYaaGly) strands, in which Xaa is often  model peptide has been shown to induce minimal structural
(29)-proline (Pro), Yaa is often @4R)-4-hydroxyproline perturbation$.On the other hand, there is more flexibility
(Hyp), andn is ca. 300. The GlyN-H groups and XaeO around an ester linkage than around an amialeg the two
group_s form a Iadde_r of hyqrogen l_)OndS th_at are buried in (3) (a) Bella, J.; Eaton, M.; Brodsky, B.; Berman, H. Bciencel994,
the middle of the triple helix and inaccessible to solvent 266, 75-81. (b) Persikov, A. V.; Ramshaw, J. A. M.; Brodsky, B.
(Figure 1)3 The contribution of this prevalent hydrogen bond Biopolymers2000,55, 436—450. _ _
h f tional stability of collagen is unknown (4) For examples, see: (a) Lu, W.; Qasim, M. A.; Laskowski, M., Jr;

to the conforma stability g OWN. Kent, S. B. H.Biochemistry1997,36, 673—679. (b) Koh, J. T.; Comish,

One approach to estimating the strength of a main-chain— V. W.; Schultz, P. GBiochemistry1997,36, 11314—11322. (c) Chapman,
main-chain hydrogen bond is to replace the amideH\with E. Thorson, J. S.; Schultz, P. G. Am. Chem. S0d997, 119, 7151~

7152. (d) Shin, I.; Mende, L.; Ting, A. Y.; Schultz, P. G. Am. Chem.
S0c.1997,119, 12667—12668. (e) Lu, W.; Randal, M.; Kossiakoff, A. A.;

T Department of Chemistry, University of WisconsiMadison. Kent, S. B. H.Chem. Biol.1999,6, 419—427. (f) Beligere, G. S.; Dawson,
* Department of Chemistry, Boston College. P. E.J. Am. Chem. So2000,122, 12079—12082. (g) Blankenship, J. W.;
§ Department of Biochemistry, University of WisconsiMadison. Balam, R.; Dawson, P. EBiochemistry2002, 41, 15676—15684. (h)

(1) (a) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological Gordon, D. J.; Meredith, S. ®iochemistry2003 42, 475-485. (i) Silinski,
Structures; Springer-Verlag: Berlin, 1991. (b) McDonald, I. K.; Thornton, P.; Fitzgerald, M. CBiochemistry2003,42, 6620—6630. (j) Deechongkit,
J. M. J. Mol. Biol. 1994 238 777-793. (c) Myers, J. K.; Pace, C. N. S.; Nguyen, H.; Powers, E. T.; Dawson, P. E.; Gruebele, M.; Kelly, J. W.

Biophys. J.1996,71, 2033—2039. Nature2004,430,101—105. (k) Deechongkit, S.; Dawson, P. E.; Kelly, J.
(2) For recent reviews, see: (a) Berisio, R.; Vitagliano, L.; Mazzarella, W.J. Am. Chem. So2004,126, 16762—16771.

L.; Zagari, A. Protein Pept. Lett2002,9, 107—116. (b) Jenkins, C. L.; (5) Wiberg, K. B.; Laidig, K. E.J. Am. Chem. S0d.987,109, 5935—

Raines, R. TNat. Prod. Rep2002,19, 49-59. 5943.
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triple helix containing a native backbone. The results provide
new information on the contribution of the prevalent inter-

strand hydrogen bonds to triple helix stability and differenti-

ate between an ester arif){alkene as an amide bond isostere

in this context.

In previous work, we determined that the H/D fractionation
factors of the GlyN—H---O=CXaa hydrogen bonds in
(ProProGly)o and (ProHypGlyy, triple helices were not
distinguishable, suggesting that the GlyN—H---O=CXaa
hydrogen bonds have a similar strength in these two
contexts? Accordingly, we limit our analysis herein to
isosteres of (ProProGly Also in previous work, we
reported a five-step synthesis for FmocProFIpGly (where Flp
refers to (2S,4R)-4-fluoroproline) based on standard Boc
chemistry with an average overall yield of 1798Ne have
now made this route more efficient by eliminating the need
to switch from a Boc to Fmoc protecting group. Following
the route in Scheme 1 and monitoring the hydrogenolysis

Scheme 1
GlyOBn, DCC
HOB, DIEA
N N
Boc OH 79% Boc HN—>708
n
o]
3
4 1. 4 N HCl/dioxane
(ProProGly),ProPro=Gly(ProProGly)s (2) 2 ET;ACP[;?\A?:% l 79%
Figure 1. Interstrand hydrogen bond in the middle of a collagen ’
triple helix, and ester ande}-alkene isosteres of the hydrogen bond
donor. o O
H,, Pd/C
MeOH N N
N HN‘>7 — _}OBn
functional groups have distinct electronic properfigtc- MO J OH  86% o o
cordingly, hydrogen bond strengths obtained by ester sub- ‘“—NFmoc NFmoc
stitutions are estimates that, nonetheless, have been infor- 5 4

mative?*

An alternative approach is to replace the amide NH with

an alkene CH. This approach is beyond the realm of

biosynthesig? Although alkene isosteres have been incor-

porated into peptides by chemical synthésigie are not

(10) Nilsson, B. L.; Soellner, M. B.; Raines, R. Annu. Rev. Biophys.
Biomolec. Struct2005,34, 91-118.

(11) For examples, see: (a) Johnson, RJLMed. Chem1984, 27,
1351-1354. (b) Gardner, R. R.; Liang, G.-B.; Gellman, S.JHAm. Chem.

.; Panek, J. S]. Am. Chem. S0d 997,119, 6040—6047. (d) Wipf, P.;

surrogate for an amide that forms a solvent-inaccessible yenninger, T. C.; Geib, S. 3. Org. Chem 1998 63, 6088-6089. (e)

main-chain—main-chain hydrogen bond.

Here, we synthesize collagen strands in which a single

amide bond is replaced with an ester (depsipefjd® (E)-
alkene (alkenyl peptid2). We compare the conformational
stability of the resulting triple helices with that of a collagen

(6) Karle, I. L.; Das, C.; Balaram, Biopolymers2001,59, 276—289.

(7) Mammi, S.; Goodman, Mnt. J. Peptide Protein Re4986 28, 29—
44,

(8) For example, am — ¢* interaction between the “ether” O and
“carbonyl” C=0 stabilizes the&Z conformation of esters. Pawar, D. M.;
Khalil, A. A.; Hooks, D. R.; Collins, K.; Elliott, T.; Stafford, J.; Smith, L.;
Noe, E. A.J. Am. Chem. S0d.998,120, 2108—-2112.

(9) (@) Hann, M. M.; Sammes, P. G.; Kennewell, P. D.; Taylor, J. B.
Chem. Commuril980, 234—235. (b) Wipf, P.; Fritch, P. @. Org. Chem.
1994,59, 4875—4886.
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Gardner, R. R.; Liang, G.-B.; Gellman, S. H.Am. Chem. S04999,121,
1806—1816. (f) Oishi, S.; Kamano, T.; Niida, A.; Odagaki, Y.; Hamanaka,
N.; Yamamoto, M.; Ajito, K.; Tamamura, H.; Otaka, A.; Fuijii, N. Org.
Chem2002,67, 6162-6173. (g) Tamamura, H.; Hiramatsu, K.; Miyamoto,
K.; Omagari, A.; Oishi, S.; Nakashima, H.; Yamamoto, N.; Kuroda, Y.;
Nakagawa, T.; Otaka, A.; Fujii, NBioorg. Med. Chem. Let2002,12,
923-928. (h) Vasbinder, M. M.; Miller, S. 3. Org. Chem2002,67, 6246~
6242. (i) Tamamura, H.; Koh, Y.; Ueda, S.; Sasaki, Y.; Yamasaki, T.; Aoiki,
M.; Maeda, K.; Watai, Y.; Arikuni, H.; Otaka, A.; Mitsuya, H.; Fujii, N.
Med. Chem2003,46, 1764—1768. (j) Wang, X. J.; Hart, S. A.; Xu, B.;
Mason, M. D.; Goodell, J. R.; Etzkorn, F. A. Org. Chem2003 68, 2343~
2349. (k) Wipf, P.; Xiao, JOrg. Lett.2005,7, 103—106.

(12) Danielson, M. A.; Raines, R. T. IReptides for the New Millen-
nium: Proceedings of the Sixteenth American Peptide SymppBiefds,
G. B., Tam, J. P, Barany, G., Eds.; Kluwer Academic: Dordrecht, The
Netherlands, 2000; pp 34848.

(13) (a) Holmgren, S. K.; Taylor, K. M.; Bretscher, L. E.; Raines, R. T.
Nature1998 392, 666-667. (b) Holmgren, S. K.; Bretscher, L. E.; Taylor,
K. M.; Raines, R. TChem. Biol.1999,6, 63-70.
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reaction with care, we achieved an overall yield of 54% over || NG

three steps for the synthesis of FmocProProGly from BocPro.
One particular advantage of the route in Scheme 1 is the
facile purification of the product in the final step.

To minimize diketopiperazine formation, we synthesized
depsipeptidel by condensing two dipeptide segments,
FmocProOGly §, Scheme 2) and FmocGlyPro, to install the

Scheme 2

HOCH,CO,Bn
DCC, HOBt D_(O
N o)

_>*OBn
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o
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Figure 2. Effect of trimethylamineN-oxide concentration on the
value of T, for triple helical (ProProGlyy), depsipeptidel, and
alkenyl peptide2 in PBS. Lines were obtained by linear least-
squares analysis of the data in PBS containing TMAO (0.5—4.0
M).

residues near the labile ester linkage. This strategy (Scheme

3) avoided the presence of an unprotected (and thus nucleo

Scheme 3

ch—cGIy’\o

1. 2 x FmocPro
< 2. 4 x FmocProProGly (5)

Fmoc(F'roProGIy)s"\,o

1. FmocProOGly (6)
2. FmocGlyPro
|, 3. 2 x FmocPro

L

FrnocProF'roGIyProProOGIy(F'roProGly)s"\_o

(ProProGly),ProPraOGly(ProPraGly)s
1

1. 3 x FmocProProGly (5)
2. N-deprotection
3.38:1:1 TFA/H,0/TIS

philic) amino group two residues from the labile ester group
during the synthesis. Cleavage from the resin and purification
by HPLC yielded depsipeptidé.

A solution of depsipeptidd (0.2 mM) in 50 mM AcOH
was incubated at 4C for 24 h and then analyzed by circular
dichroism (CD) spectroscopy. Wavelength scans from 200

characteristic of triple helix content, with increasing tem-
perature. In contrast, (ProProGlyhad aT,, value (which

is the temperature at the midpoint of the thermal transition
between native and unfolded states) of 41 in 50 mM
AcOH .12 The failure of depsipeptideto assemble into triple
helices indicates that each interstrand hydrogen bond con-

tributes substantially to triple helix stability.

The natural osmolyte trimethylaming-oxide (TMAO)
enhances the conformational stability of collatfemd other
proteinst® presumably by enhancing water structure and
thereby discouraging backbone—water interactiéracu-
bating depsipeptid& with various concentrations of TMAO
in phosphate-buffered saline (PBS) at@ for 24 h led to
an increase in ellipticity at 225 nm with increasing TMAO
concentration. Triple helices of depsipeptideegan to show
a thermal transition in solutions containing 2 M TMAO or
higher. MALDI-TOF mass spectrometric analysis showed
negligible decomposition of depsipeptideafter thermal
denaturation experiments.

The Ty, value of triple helical (ProProGlyy and depsipep-
tide 1 showed a similar linear dependence on TMAO
concentration (Figure 2). For triple helical (ProProGlythe
extrapolated, value at 0 M TMAO is 32.8C, which is in
gratifying agreement to th&,, value of 33°C measured in
PBS. For triple helical depsipeptide the extrapolatedy,
value is 10.7C. With aAS, value of 0.21 kcal/mot3® this
ATn = 22.1°C corresponds tAAAGy, = ATWAS, = 4.2

(14) Beck, K.; Chan, V. C.; Shenoy, N.; Kirkpatrick, A.; Ramshaw, J.

to 260 nm indicated that the peptide had not assembled intoA. M.; Brodsky, B.Proc. Natl. Acad. Sci. U.S.A2000,97, 4273—-4278.

a triple helix. The absence of the triple helix was confirmed
by the linear decrease in ellipticity at 225 nm, which is

Org. Lett, Vol. 7, No. 13, 2005

(15) Baskakov, I.; Bolen, D. WJ. Biol. Chem1998,273, 4831—4834.
(16) Zou, Q.; Bennion, B. J.; Daggett, V.; Murphy, K. R.Am. Chem.
Soc.2002,124, 1192—-1202.
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kcal/mol!” This value does not take into account the isostere7 results in a triple helix that is much less stable

solvation of amides being greater than that of esters. than one in which the ProGly segment is replaced with an
Differences in solvation between amides and esters canisosteric ester.
be estimated by thAAG® of octanol— water partitioning The conformational stability conferred by the two peptide

of analogous small-molecule amides and esters. For examplebond isosteres examined herein decreases in the order: ester
AAG octanol—water— —1.7 kcal/mol for methyl acetate versus > (E)-alkene (Figure 2). This order could arise from tE-(
N-methylacetamid& Then according to the analysis of alkene isostere not adoptiggor y torsion angles amenable
Schultz and co-worker$,each GlyN-H---O=CXaa hydro- to triple helix formatior® or having a low dipole momerit.

gen bond contributes approximatehAG glyn—H---0=cxaa = A disruption in the solvation of the triple hef&by the
(AAG octanol—water — AAG)/3 = —2.0 kcal/mol to the alkenyl group could also play a role. It is noteworthy that
conformational stability of the collagen triple helix. This formation of a G-H---O=C hydrogen born& in a triple helix
value is typical for a solvent-inaccessible main-chaimain- of alkenyl peptide2 (Figure 1) is apparently not able to
chain hydrogen bont* compensate for the loss of an-#l---O=C hydrogen bond

The central ProGly unit in (ProProGlywas also replaced  and other deleterious effects.
with alkene 7, which was synthesized by olefin cross- Our analysis of collagen triple helices containing backbone
metathesis as described previouslitp yield alkenyl peptide isosteres has demonstrated that the prevalent interstrand
2. As with depsipeptidd, incubation of alkenyl peptid2 hydrogen bonds make a substantial contribution to the
for 24 h in 50 mM AcOH yielded no evidence for triple conformational stability of the collagen triple helix. From
helix formation, as probed by CD spectroscopy. The CD our data with an ester isostere, we estimate the strength of
spectrum from 200 to 260 nm exhibited only a small each hydrogen bond to be 2.0 kcal/mol. Interestingly Bn (
maximum near 225 nm, similar to the signature spectra of a alkene isostere confers much less stability than does an ester
polyproline type Il helixt®* The molar ellipticity at 227 nm  isostere and is thus a less well-suited surrogate for a peptide
decreased linearly with temperature, consistent with the bond, at least in the context of the collagen triple helix.

absence of a triple helix.
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peptide? in the presence of TMAO revealed that a transition
could be observed at3.5 M TMAO. TheT,, value of triple OL050780M
helical2in 3.5 M TMAO was 14.0°C and that in 4.0 M (20) In a crystalline (ProProGhytriple helix, the average torsion angle
o . . i i iX, Vi i

TMAO was 19.5°C. Extrapolation of the_se data givedia of Gly is —72° and the averagg torsion angle of Pro in the Yaa position
value of —24.7°C at 0 M TMAO. Thus, in the context of a  is 152°. Berisio, R.; Vitagliano, L.; Mazzarella, L.; Zagari, Rrotein Sci.

; H ; P 2002,11, 262—270.
collagen triple helix, replacing a ProGly segment with alkene (21) Relevant dipole moments have been measured to be the following:
N-methyl acetamidegy = 3.5—3.6 D (CCl, 25.5°C); methyl acetatey =

(17) Pace, C. N.; Scholtz, J. M. Measuring the Conformational Stability 1.7 D (CCl, 25 °C),trans-2-buteney = 0 D (gas, 2595 °C) McClellan,
of a Protein; Creighton, T. E., Ed.; Oxford University: New York, 1997; A. L. Tables of Experimental Dipole Moments; W. H. Freeman: San

pp 299—321. Francisco, 1963.
(18) Leo, A.; Hansch, C.; Elkins, DChem. Rev1971,71, 525—555. (22) Bella, J.; Brodsky, B.; Berman, H. Nbtructure1995,3, 893—906.
(19) Feng, Y.; Melacini, G.; Taulane, J. P.; Goodman,BWpolymers (23) Desiraju, G. R.; Steiner, The Weak Hydrogen Bond in Structural
1996, 36, 8716—8724. Chemistry and Biology; Oxford University Press: Oxford, 1999.
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