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Abstract: Molecular modeling!H NMR, and CD were employed to study the structure and stability of collagen-

like triple helices composed of Gly-Pro-Nleu repeats. The compounds studied include the acetyl analogs Ac-(Gly-
Pro-Nleu)-NH (wheren = 1, 6, 9) and the KTA conjugates KTA-[Gly-(Gly-Pro-NlgtiNH]s (wheren = 1, 3, 6,

9 and KTA denotes the Kemp triacid). The presence of collagen-like assembled structures was supported by a
consistent set of experimental observations, including the appearance of a distinct set of resonances, low hydrogen
exchange rates for Gly NH, KTA signal splitting, cooperative melting transition, and analysis of NOESY cross
peaks. In this regard, the concept@isemble interchain NOBsas introduced and used to establish the close
packing of Gly, Pro, and Nleu residues in triple helices composed of Gly-Pro-Nleu repeats. In addition, the ensemble
interchain NOEs gave insight into the puckering of the Pro ring and the conformations accessible to the Nleu side
chain. The effect of the KTA template on triple helicity was studied and shown to consist in a net gain in the free
energy of triple-helix formation, as also seen for Gly-Pro-Hyp sequences. This free energy gain led to the induction
of an assembled collagen-like structure in the KTA conjugate containing six Gly-Pro-Nleu repeats per chain and to
an increase in thermal stability of the compound containing nine Gly-Pro-Nleu repeats per chain.

Introduction Table 1. Compounds Studied

This paper is part of a series of investigations on assembled compound n no.
collagen-like triple helices composed of Gly-Pro-Nleu repeats Ac-(Gly-Pro-Nleu)-NHz 1 I
(where Nleu represents the peptdidisobutylglyciné). The 6 I
Gly-Pro-Nleu sequences studied are terminated either by an ) 9 I
acetyl group or by KTA ¢is, cis-1,3,5-trimethylcyclohexane- KTA-[Gly-(Gly-Pro-Nleuh-NHz]s % {)/
1,3,5-tricarboxylic acid, also known as the Kemp tridcidfhese 6 VI
compounds were designed to mimic collagen-like triple helices 9 VIl

which can be used in the development of novel biomaterials. —; — . P .
In addition, the introduction of an unnatural imino acid (Nleu) Forn =1, the C-terminal amide is replaced bylmethyl amide
! . : /in order to increase the structure similarity between this tripeptide and
can also lead to enhanced resistance to enzymatic degradlationshe longer-chain compoundsKTA denotes the Kemp triacid.
In the first paper of the serigshe combined use of circular
dichroism (CD), optical rotation spectroscopy, and preliminary Materials and Methods

nuclear magnetic resonance (NMR,) StUd'e,S provilded ewdepce Sample Preparation. All compounds were synthesized as described
o_f Qrdered assembled structL_Jres in solution \{v_lth pr_op(_ertles elsewheré. The NMR samples were prepared in®D,O (9:1) and
similar to those of collagen triple helices. Additional insight in D,0 (purchased from Isotec, Inc.) with a peptide concentration in
into collagen-like triple helices composed of Gly-Pro-Nleu the range of 1.52.0 mg/mL. After dissolution in water, all samples
repeats can be gained by further NMR and molecular modeling were kept at 5C at least 49 days prior to any measurement of triple-
studies. In this paper we present the characterization of thehelical percentage, in order to allow for a proper equilibration of the
compounds in Table 1 using 1D and 2Bl NMR to obtain sample> The pH was adjusted to 28 0.1 (direct pH meter reading
sequence specific assignments, solvent shielding, triple-helix Without correction for isotope effects) for all samples. _
percentage, and NOE information. The NOEs are used to NMR and CD Spectroscopies.All NMR experlm_ents were carried
critically test modeled triple-helical structures and investigate out on an AMX-500 Bruker spectrometer using the same data

. - o . acquisition and processing schéimié previously used for the study
the packing of Gly, Pro, and Nleu residues within the triple- ¢ triple helices composed of -(Gly-Pro-Hyp)sequences: For the

helical assembly. The resulting studies provide also new insight hygrogen exchange measurements, 1D spectra were collectetCat 5
on the multiple conformations accessible to the Nleu isobutyl over a period of 65 days. The NOESY spectra were obtained at mixing
side chain and to the Pro five-membered ring.

(4) Feng, Y.; Melacini, G.; Taulane, J. P.; Goodman, Bibpolymers
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times of 50, 100, and 150 ms. ROESY experiments were carried out  a) Trans, Trans CsH; CsH;
with a mixing time of 150 ms and a spin-locking field of 2.5 kHz. The CH, \cﬁ{
integrals were normalized using the peaks in the spectral region from AN

0.7 to 1.1 ppm which contains a known number of protons from the /“CBHZ /CﬁHZ ?HH2

Nleu GsHsrsgroups. See Supporting Information for the experimental _N—C H_/‘N__c H, >
. S /CaHZ . o - 2

section on CD spectra. \H \“/ Y \“/

Molecular Modeling. Structures were built using Insightll (Biosym o o o

Technologies, Inc.). Energy minimizations were carried out using the Gly-Lrans p ., Trans \y .,

Discover prograrif and the force field CFF91. The CFF91 force field

provided high-quality parameté?dor all the Nleu internal coordinates.

A distance dependent dielectric constant was used to approximate the

solvent effectd? For the molecular modeling of triple helices composed b) Cis, Trans CsH3 CsHj

of Gly-Pro-Nleu sequences, we focused on the model molecule Ac- CH, \CYH

(Gly-Pro-Nleu)}-NH,. The same approach was used by Schertga

al. for the molecular modeling of other triple helical peptides composed

of collagen-like sequencé%:?° N—C H: N Cy/
The molecular modeling of Ac-(Gly-Pro-NlesINH; triple helices Y \l( \(
includes two basic steps. First, the backbones of three Ac-(Gly-Pro- f.\__ C,H;

Nleu)-NH; chains have to be assembled into a triple-helical assembly.
Second the conformational space accessible to the Nleu side chain needs
to be searched for minimum energy structures. The first step concerns
only the chain backbone and therefore can be accomplished using the
model molecule Ac-(Gly-Pro-SafNH, (where Sar denoteN-meth- .
ylglycine) which does not contain any flexible side chain and simplifies ¢ Trans, Cis 0.
the process of triple-helical assembly. The three Ac-(Gly-ProsSar) /C 2 7/
NH, molecules were constrained to have the same backbone torsions C:H, \CBHz CH, CsH;s
as the structure proposed by Miller, Nemethy, and Schéféga(Gly- /‘ C H
Pro-Hyp). Thls_cor_1format|on has b_een s_hOV\_/n to be very stable with A /CaHl\[»’('N_C“H\ﬂ/N\CBH/Z NCyHs
respect to substitutions of other amino acids in place of Pro and'Hyp N
and is therefore a good candidate to use as starting backbone
conformation for minimizations. Since it was not possiblatpriori
discriminate among the two Pro puckerings (up and ddmyo
independent simulations were carried out, one with Pro puckered up Figure 1. Schematic diagram of the structures corresponding to the
and the other with Pro puckered down. three unassembled sets of resonances observed for sequences composed
Three Ac-(Gly-Pro-Sag)NH, chains were assembled into a triple-  Of Gly-Pro-Nleu repeats. The arrows indicate the critical NOEs used
helical array using a protocol similar to that used for the modeling of !0 assign the peptide bond structure (cis/trans) in each resonance set.
-(Gly-Pro-Hyp)-:!* interchain hydrogen bod@7 distance restraints ~ The trans, trans set corresponds to 61% of the total intensity, while the
were used as input for distance geometry findich resulted in 100 cis, trans and trans, cis sets account for 6% and 33% of the total
triple-helical structures. The average backbone pairwise root mean intensity, respectively (see also Supporting Information).
square deviation (RMSD) between the average minimized structure and
the ensemble of the 100 distance geometry triple-helical structures wastherefore used to build triple-helical Ac-(Gly-Pro-NlgdyH, confor-
computed to be 0.5% 0.03 A. The average minimized structure was mations by addition of isopropyl groups to the Sar methyls. The
conformation of the Nleu side chain was described in terms ofthe
(7) (a) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, RJ.-Chem andy; torsional angles, defined by the Nleu atomgNzC;s-C, and
Phys 1979 71, 4546-4553. (b) Kumar, A.; Emst, R. R.; Wuthrich, K. N.C4-C,-C;,, respectively (see also Figure 1 for the atom naming).

Biochem Biophys Res Commun198Q 95, 1-6. (c) Otting, G.; Widmer, ; ; ; ;
H.. Wagner, G.. Wuthrich, KJ. Magn Reson 1986 66, 187-193. (d) The y1 andy; torsions of the 12 Nleu residues contained in the three

o o

Cis

Gly Trans Pro NLeu

Wider, G.; Macura, S.; Kumar, A.; Emst, R. R.; Wuthrich, X.Magn Ac-(Gly-Pro-Nleu)-NH; strands of the triple helix were set to identical
Reson 1984 56, 207—234. values according to the triple-helical ternary screw symmetry. A grid
(8) (a) Braunsweiler, L.; Ernst, R. R. Magn Reson 1983 53, 521— search® was then carried out in they{y,) torsional space, and the
528. (b) Bax, A.; Davis, DJ. Magn Res 1985 65, 355-360. resulting structures were minimized and clustered until convergence

R (\?\/) gofnqe(r:-r?gﬁﬁs'?c';fs;gzhleonélsRl'lEgi_see’ J.; Warren, C. D.; Jeanloz, \yas achieved (see Supporting Information).
'(10) (a) Redfield, A. G.; Kuntz, S. DJ. Magn Res 1975 19, 250- , :
254. (b) Marion, D.. Wuthrich, KBiochem Biophys Res Commun 1983 Results and Discussion
113 967-974. -
:()’*11) Melacini, G.; Feng, Y.; Goodman, M. Am. Chem. So4996 118 Assignments. For compounds$—IlI andIV —V (Table '1) at
10359-10364. This is paper 3 in our series on collagen-based structures. 27 °C, three sets of resonances can _be detected using DQF-
(12) Hagler, A. T.The PeptidesUdenfriends, S., Meienhofer, J., Hruby, COSY, TOCSY, and ROESY experiments, and these sets

V. (Jié)EgZ-r;fnﬁgfsm;‘;s'i’;z n‘g:}'gﬂfooha':t'i-éalls%; Vol. 7, pp-2296. correspond to different peptide bond structures (cis/trans), as
(14) McCammon, J. A.: Wolynes, P. G.; Karplus, BlochemistryL979 explained in Figure 1 and in the Supporting Informaﬂorl'sectlon.
18, 927-942. For compound§ll , VI, andVIl (Table 1) at 27C an additional

(15) Miller, M. H.; Scheraga, H. AJ. Polym Sci 1976 Symposium set of resonances can be observed which is absent in the other

N°(156‘)1’ngrﬁe%?3'e.6ibson K. D.- Palmer. K. A.- Yoon. C. N.: Paterlini. compounds under investigation. The sequential connectivities

G.; Zagari, A.; Rumsey, S.; Scheraga, HJAPhys Chem 1992 96, 6472 from Gly to Pro, from Pro to Nleu, and from Nleu to Gly of
6484. the new set of resonances are consistent with the NOESY spectra
(17) Miller, M. H.; Nemethy, G.; Scheraga, H. Macromolecule498Q
13, 470-478. (22) (@) Quantum Chemistry Program Exchange No. 590, Indiana
(18) Miller, M. H.; Memethy, G.; Scheraga, H. Macromolecule498Q University Department of Chemistry. (b) Havel, T. F.; Kuntz, |. Bull.
13, 910-913. Math. Biol. 1983 45, 665. (c) Crippen, G. MDistance Goemetry and
(19) Nemethy, G.; Miller, M. H.; Scheraga, H. Macromolecule498Q Conformational CalculationsBawden, D., Ed.; Research Studies Press
13, 914-9109. (Wiley): New York, 1981. (d) Crippen, G. M.; Havel, T. Ristance
(20) Zagari, A.; Nemethy, G.; Scheraga, H. Biopolymers199Q 30, Goemetry and Conformational CalculatigrBawden, D., Ed.; Research
967—974. Studies Press (Wiley): New York, 1988.

(21) Nemethy, GBiochimie1981, 63, 125-130. (23) Nemethy, G.; Scheraga, H. BRiopolymers1982 21, 1535-155.
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Table 2. Chemical Shifts of Assigned Proton Resonances in Water 4C27

chemical shift (ppn)

resonance set amino acid NH o€ CsH C,H CsH other
Gly 7.68 3.86,3.70
Pro 4.92 2.33,1.97 2.07 3.58,3.22
assembled Nleu 4.49,3.82 3.45,3.07 1.82 1.02,0.91
Ac ~2.05
KTA Hax 1.26, 1.32, 1.27

Heq2.83, 2.64, 2.51
Me ~1.23, 1.29, 1.26
Gly 8.00 4.11-4.19,3.95-3.99

Pro 4.92 2.32,1.94 2.04 3.63
unassembled (trans, trahs) Nleu 4.27-4.06, 4.02-3.98 3.39, 3.2% 2.00 0.97,0.93
Ac 2.05
KTA Hax 1.33
Heq2.66
Me 1.27
Gly 7.98 3.91-4.04, 3.66-3.69
Pro 5.07 2.47,2.16 1.93,1.83 3.58
unassembled (cis, trais) Nleu f 3.39,3.23 2.00 0.97,0.93
Ac f
KTA f
Gly f 4.11-4.18, 3.95-4.06
Pro 4.67 2.23,1.88 2.00,2.08 3.63
unassembled (trans, cis) Nleu 4:34.52,4.26-4.28 3.30-3.38,3.08-3.12 1.92 0.86, 0.83
Ac f
KTA f

alH chemical shifts are reported relative to sodium 3-(trimethylsilyl)tetradeuteriopropionate fH® set of resonances corresponds to structures
with all trans peptide bond$.A minor resonance can be observed also at-88&4 ppm as a result of differences between residues in the core
and residues at the ends of the polypeptide cidim.compound these resonances appear at 3.43 and 3.30 ppm, respectively. In contgound
both these resonances appear at 3.35 Fprhis resonance set corresponds to structures with a cis Gly-Pro peptide bond and a trans Pro-Nleu
peptide bondf Not accessibled This resonance set corresponds to structures with a trans Gly-Pro peptide bond and a cis Pro-Nleu peptide bond.

leading to the definition of this new set of resonances as a than that measured for the corresponding acetyl andloy (
distinct tripeptide unié. which is 3.1 even after an equilibration time of 4 months and
The set of resonances detected only for analdgandVI — 10 days.
VI has proven to correspond to collagen-like triple-helical  Similar trends for the triple helicity as a function of chain
structured and can therefore be denoted as the assembled setlength are observed by CD (see Supporting Information, Figure
Accordingly, the unassembled sets are those observed for1): only compound#il andVI—VII show the typical red shift
compoundd andIV, which lack the structural requirements to  (crossover and positive peak) associated with triple-helix
form a triple helix and therefore assume less-ordered conforma-formation34 These observations are fully consistent with
tions. Table 2 shows the assignments for the assembled andprevious studies on KTA conjugates composed of Gly-Pro-Hyp
unassembled sets of resonances. It is notable that among thosgequences which have shown that the KTA template reduces
resonances of the assembled set which are not significantlythe entropy loss associated with triple-helical formation without
overlapped by any resonance belonging to the unassembled setsny significant enthalpy variatiod:24 Thus, the KTA template
the resonance of NleusBlz; at 1.02 ppm is the best resolved  allows a net free energy gain which results in the induction of
(the subscriptl denotes the low-field resonance, while the triple-helical structures even in short-chain molecules and
subscripth denotes the high-field resonance). The resonance increases the percentage of triple-helical structures of longer-

at 1.02 ppm can therefore be used to identify triple-helical chain compounds, as compared to the corresponding acetyl
conformations. We employed this resonance at 1.02 ppm t0 gnalogs.

study the triple helicity as a function of chain length, of template,

and of temperature, as discussed below. melting of the triple-helical conformation of compouid 2
Triple Helicity As a Function of Chain Length and a5 monitored using the normalized 1D integral of the as-
Template. Figure 2a-g shows the 1D spectral region contain- - sempled Nleu GHa, resonance at 1.02 ppm (Figure 3). Figure
ing the Nleu GHa» resonances of the compounds studied at 3 jngicates that at 5C the average number of triple-helical
27 °C and sorted according to the number of Gly-Pro-Nleu yjey residues per chain is close to 5, which is equal to the
repeats per chain. It can be seen that for the KTA conjugates ,,mner of triplets per chain minus 1, as expected for the longest
six Gly-Pro-Nleu repeats are sufficient to observe the triple- e helical structure allowed by the chain length. In this
helical Nleu GHs, resonance at 1.02 ppm (Figure 2e), while  g|ongated triple helix, one triplet per chain is only partially
for the acetyl analogs nine Gly-Pro-Nleu repeats are necessaryacked in the triple-helical array as a consequence of the register
to be able to observe the assembled resonance under oubyit (Figure 4a). Figure 3 shows also that the transition from
experimental conditions (Figure 2f). Integrations of the Nleu 4scempled to unassembled structures of compouhdis

CsHa resonance at 1.02 ppm indicate that for the KTA ¢qoperative and is centered at 33. These results are fully

conjugate containing six Gly-Pro-Nleu repeats per chih) (

the average number of triple-helical Nleu residues per chain is  (24) Feng, Y.; Melacini, G.; Taulane, J. P.; Goodman JVAm. Chem.

3.9 at 27°C, while for the KTA conjugate containing nine Gly- goc.:(Lj996 118 10351+-10358. This is paper 2 in our series on collagen-
- i inle. ased structures.

Pro. Nleu repeat_s per chailfl{ ) the average number of triple (25) No reliable data could be collected for the melting of the longer-

helical Nleu residues per chain is 7.3 at the same temperature ¢hain compoundsil and VIl because of the presence of aggregation

This number of assembled Nleu residues per chain is higherphenomena at high temperatures.

Triple Helicity As a Function of Temperature. The
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Figure 2. Expanded Nleu §H3 region of 1D spectra at 27C of the compounds under investigation sorted according to their chain lehg);
IV (b),V (c), Il (d),VI (e),lll (f), VIl (g) (see Table 1). In spectra-d only the resonances of the unassembled set can be observed, including
(trans, trans) and (cis, trans) structures (labelet@st+ct)) and (trans, cis) structures (labeled @gc)). In spectra eg an additional set of
resonances appears for the NlesHg; and Nleu GHsp, protons, and this additional set is assigned to assembled triple-helical structures (labeled
asA).

= other structural techniques, such as molecular modeling, it is
§° possible to predict which NOEs are expected to be observed
. (interproton distances 4.5 A) and check these expected NOEs
5l against the NOESY spectra. In this regard, we took an initial
E 3 structural approach in which we limited our comparison to the
2 NOEs predicted to arise uniquely from interchain interactions,
< since these interchain NOEs provide a critical test of the
P proposed mode¥ The first step in the analysis of NOESY
T spectra is therefore the selection of a set of minimum energy,
b triple-helical structures.
z \ The systematic conformational search for triple-helical struc-
o 10 20 3 4 s tures composed of Gly-Pro-Nleu repeats resulted in 14 minimum

energy conformational families (see Supporting Information).
For the up Pro puckering, six conformational families were
obtained ¢1—6), while for the down Pro puckering, eight

T (°C)
Figure 3. (a) Thermal melting curve monitored By NMR for KTA-

[Gly-(Gly-Pro-Nleu}-NH]s (VI, Table 1). The vertical axis reports ¢ nformational families were foundi{—8). In the clusters
the normalized integral of the NleusBs) signal in the assembled set

(see Materials and Methods for the details of the normalization). This “1|_3 and d1-3, the leﬁu Xll\”torSIO.E’ Wmch desg”?wes tI;e_
integral represents the average number of Nleu residues per chain in Jelative orlgntatlpn o t_e NIeu side chain an t € chain
triple-helical environment at a given temperature. backbone, is positive indicating that the Nleu side chain points

toward the Pro ring. On the basis of this common feature,
consistent with those independently obtained by optical rotation clustersul—3 andd1-3 will be calledin clusters (Figure 4b).

measurements (see Figure 3 of ref 3). In the remaining clusters Nley is negative, indicating that
the Nleu side chain points far from the Pro ring. On the basis
Conformational Characterization of this common feature, clustengd—6 andd4—8 will be called

out clusters (Figure 4b).
Conceptual Basis. For a proper analysis of NOESY spectra In the modeled Ac-(Gly-Pro-Nlew)NH; triple helices (see

it is essential to consider that in triple-helical molecules three Supporting Information), the differences in the average relative
polypeptide chains are symmetrically and closely packed and gpergies per Gly-Pro-Nleu repeat are not significant enough to
that these polypeptide chains have identical repetitive sequencesy e out the possibility of conformational equilibria involving

A given NOESY cross peak may therefore result from interac- o or more of the 14 conformational clusters. In addition,
tions between atoms of the same polypeptide chain and/or fromine apsent NOE&28did not allow to reliably exclude from the
interactions between atoms of two different polypeptide cHins.  conformational equilibria any of the fourteen conformations.

For instance the NOE between NleyH; and Gly NH can result e therefore took the conservative approach of assuming that
from either inter- or intrachain interactions. Because of these 5, equilibrium conformational ensemble is present in solution

complications it is difficult to proceed 10 a direct structure anq that in this ensemble each of the 14 minimum energy triple-
determination of triple-helical compounds using NOE-based pejical clusters may have a non-zero population.
distance constraints. However, the inverse process can be

accomplished: given a triple-helix model built on the basis of ~ (27) Bruschweiler, R.; Blackledge, M. J.; Ernst, R.RBiomol NMR
1991 1 (1), 3-11.

(26) Li, M.-H.; Fan, P.; Brodsky, B.; Baum, Biochemistry1993 32 (28) Blackledge, M. J.; Bruschweiler, R.; Griesinger, C.; Schmidt, J. M.;
(29), 7373-7387. Xu, P.; Ernst, R. RBiochemistry1993 41 (32), 10966-10974.
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C-=Terminus

N-Terminus

Figure 4. (a) Lowest energy triple-helical conformation of Ac-(Gly-Pro-NleNH, (clusteru2 of Supporting Information Table 1) represented as

a heavy atom CPK model (left) and as a stick model (right). For the stick model the backbone ribbon diagram is shown for each of the three
chains, which are staggered by one residue. The Gly, Pro and Nleu residues are color coded with red, white, and green, respectively. (b) Top view
of two representative triple-helical conformations of Ac-(Gly-Pro-NleWiH, with different Nleu side chain orientations (clusterd and u5 of

Supporting Information Table 1). The backbone ribbon is shown in white, while the Gly, Pro and Nleu residues are color coded as in Figure 4a.
The Pro and Nleu residues of a central cross section are highlighted showing that the Nleu side chain points toward the Pro ring ydhen Nleu

0 (structures nameih), while the Nleu side chain points far from the Pro ring when Njew O (structures namedut).
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Table 3. NOEs Anticipated to Arise Uniquely frormterchain Interactions Based on the Molecular Models of Triple Helices Composed of
Gly-Pro-Nleu Repeats

pro up clusters pro down clusters
in out in out
expected NOE ul u2 u3 ud ub ué di d2 d3 d4 d5 dé d7 d8 exptl NOP
Gly NH-Pro GH; w w w w w w obsd
Gly NH-Pro CH, w w w w w w w w obsd
Gly NH-Pro GHs w w w w w w w w w obsd
Gly CyHs-Pro GH w w w w w w w w w x
Gly CyHi-Nleu CG,Hs w w w w w w w w w w w obsd
Gly CyHs-Nleu GHs w w
Gly CyHi-Nleu GHs w w
Gly CoH,-Nleu GH;, w w 2 obsd
Gly CoHs-Nleu GHs w w 27
Gly CoHs-Nleu GH;, w
Gly CyHi-Nleu GsHs, w
Gly CyH-Nleu GsHs s w 2 obsd
Gly CyHs-Nleu GsHs w w 27
Gly CyHs-Nleu GsHs s w w
Pro GH-Nleu GH;, m m m S s m w w w w w w obsd
Pro GH-Nleu GHs w w w m m m obsd
Pro GHsNleu GiH, w w w w w obsd
Pro CHx>-Nleu GH;, w w w w w w s S S S s m s c?
Pro CNx>-Nleu GHs w w w m m m m m m m w obsd
Pro GHs-Nleu GH:, S S S S S S m m m S m m m S ¢
Pro GHsNleu GHs w w w w w m w w w w m w m w obsd
Pro GH,-Nleu GH; w w w w w w w w w w w w w w x
Pro GH-Nleu G,Hs w w w w w obsd
Pro GHsNleu GHs m m m m w w m w
Pro GHsNleu GH;, m m m m s m m m 2 obgd
Pro GH-Nleu GHs w 2%
Pro GH,-Nleu GH;, w w w w w
Pro GHsNleu CH m m w m obsd
Pro GH-Nleu CH w w ol
Pro GHsNleu GsHg, s w m s m w w obs®l
Pro GHsNleu GHss w s s m s w obst
Pro GH,-Nleu GsHs, m w m w w obsd
Pro GH,-Nleu GsH3 s w m w w m obsd

aNOEs corresponding to distances equal to or smaller than 2.5 A are classified as strong (s), NOEs corresponding to distances bigger than 2.5
A and equal to or smaller than 3.5 A are classified as medium (m), NOEs corresponding to distances bigger than 3.5 A and equal to or smaller than
4.5 A are classified as weak (w), NOEs corresponding to distances bigger than 4.5 A are considered absent (blank space); pseudoatom corrections
are applied for the Pro,El,, Nleu GiHs,, and Nleu GHs s protons.® The “obsd” symbol indicates an observed NOE, while the “?” symbol indicates
an unresolved NOE cross ped&lGly C,H, and Nleu GHy, resonances overlap See ref 29¢ Overlap with the (cis, trans) set of resonances.

The assumption of a conformational equilibrium possibly the assembled set of resonances refers to collagen-like triple-
involving each of the structuresl—6 and d1—-8 led to the helical structures. It is interesting to notice that the unambig-
redifinition of the concept of interchain NOE: the same NOE ously observed ensemble interchain NOEs listed in Table 3 can
cross peak can be anticipated to arise uniquely from interchainbe sorted into three main classes: three NOEs between Gly
interactions on the basis of some triple-helical structures, while and Pro, five NOEs between Gly and Nleu, and 13 NOEs
on the basis of other triple-helical structures it can be expectedbetween Pro and Nleu. This observation indicates that at each
to arise from a combination of interchain and intrachain level of the triple helix Gly, Pro, and Nleu are closely packed
interactions or uniquely from intrachain interactions. For (Figure 4a, left) and also supports the register shift which is
instance, the NOE between PrgH; and Nleu CH is predicted typically found in collagen-like triple helices (Figure 4a, right).
to be interchain in the triple-helical conformatiod, but it is Further evidence for the triple-helical register shift comes from
predicted to be intrachain in the triple-helical conformatisin considerations on the KTA symmetry (see below). Table 3
Thus, the definition of interchain NOE can be structure shows also that the NOEs Gly HN to PrgH, Pro GH;, to
dependent, and therefore, in order to critically test the whole Nleu GHs, and Pro GHsto Nleu G,H; can arise uniquely from
ensemble of triple-helical conformations, it is necessary to select conformations with an up Pro puckering, while the NOE Gly
the NOEs which can arise only from interchain interactions in HN to Pro CH and the four NOEs Gly {Hs to Nleu GH; s
every structure of the entire conformational ensemble. Thesecan arise uniquely from conformations with a down Pro
NOEs are those which are expected to be interchain in at leastpuckering. The simultaneous observation of these NOEs
one structural cluster and are either absent or interchain in all suggests that the Pro five-membered ring can adopt both up
the other structural clusters of the ensemble. We define suchand down puckerings.

NOEs asensemble interchain NOEdgor the ensemble of the Table 3 indicates also that the four NOEs GlyHzsto Nleu
14 triple-helical conformational—6 andd1—8, 33 ensemble CsHars and the two NOEs Pro 4El;s to Nleu CH can arise
interchain NOEs were found and are listed in Table 3. The uniquely from structures in which the Nlgu torsion is positive
stereospecific assignments of the non degenerate methylengin conformations of Table 3), while the four NOEs Glyl4; s

resonances will be published elsewhere. TR . | . T~
; i ; 29) The four NOEs between Gly,8;sand Pro GH; s are all predicte
Ensemble Interchain NOE Analysis. AS. shown .In Table to be absent, and therefore, the overlap between the @y &hd the Nleu
3 and Figure 5 the expected ensemble interchain NOESs arec p, resonances does not interfere with the measurement of NOESY cross
consistent with the NOESY spectra giving further evidence that peaks between the Nleu,8h and the Pro gH, » protons.
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Figure 5. Expanded aliphatic and amide regions of the NOESY spectrum of KTA-[Gly-(Gly-Pro-Niid)]s (VII , Table 1) in DO at 27°C,
with a mixing time of 150 ms. Representative ensemble interchain NOE cross peaks are boxed, and the labels show their assignments (see text).

to Nleu GH, s and the four NOEs Pro ;s to Nleu GH; s Information). However, when the triple helix is absent either
can arise uniquely from structures in which the Njguorsion because it has been denatured or because the chain is too short
is negative gut conformations of Table 3). The simultaneous as for KTA-[Gly-Gly-Pro-Nleu-NH]; (IV, Table 1), then the
observation of these NOEs indicates therefore that the Nleu sideKTA signal splitting disappears (Supporting Information)
chain can adopt both conformations in which it points toward indicating that the ternary rotational symmetry of KTA is
the Pro ring in) and conformations in which it points in the  maintained. Similar results on the KTA splitting were obtained
opposite directiondut, Figure 4b). It is difficult to obtain a  for KTA conjugates composed of Gly-Pro-Hyp repedtsOn
reliable estimate of the relative populations iof and out the basis of these observations, we conclude that the KTA signal
conformations on the basis of NOE intensities, but previous splitting can be considered as an additional support of triple
studies on the comparison between Gly-Pro-Sar and Gly-Pro-helicity for the KTA terminated analogs.
Nleu sequencésndicate that the replacement of Sar with Nleu The KTA Conformation. Further insight into the confor-
increases the stability of interchain interactions suggesting a highmation of the KTA ring can be obtained from the differences
population of in structures in which the Nleu side chain in methylene chemical shifts, which are known to be very
hydrophobically interacts with the Pro ring. sensitive to the conformational preferences of KTA anafo§s.
Triple-Helix Register and KTA Symmetry. The screw For compounddV andV which are not triple helical and do
symmetry of the triple-helix-coiled coils leads to a one-residue not show the KTA signal splitting, the difference in the
register shift along the triple-helix axis. The triple-helical methylene chemical shift is 1.33 ppm and the equafdrial
register shift breaks the ternary rotational symmetry of the KTA methylene proton is found at 2.66 ppm, indicating that the KTA
template transfering to it the chirality of the triple helices. A template adopts a chairlike conformation in which the three
positive proof of the loss of KTA symmetry as a result of triple- methyls are equatorial and the three carbonyls axial. For the
helix formation comes from the TOCSY spectrum of KTA-  (30) Jackman, L. M.; Sterhell, S\pplications of Nuclear Magnetic

[Gly-(Gly-Pro-Nleuk-NH]s (VI, Table 1) at 17°C. At this ?gggnanczesgpzefgoscopy in Organic Chemiging ed.; Pergamon: Oxford,
. o o , pp .
temperature the triple helix is not denatured, and three distinct (31) Morelle, N. Gharbi-Benarons, J.: Acher, F.: Valle, G.: Crisma, M.:

cross peaks can be observed between the equatorial and the axighioio, C.; Azerad, R.; Girault, J.-B. Chem Soc, Perkin Trans 1993
protons of the KTA methylenes (Table 2 and Supporting 2, 525-533.
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other KTA conjugate¥| andVIIl , which are triple helical and  be obtained using a KTA-based template to assemble the three
show the KTA signal splitting, the difference in methylene polypeptide chains. The structural details highlighted in this
chemical shift is 1.241.57 ppm and the equatodamethylene study offer a basis for the rational design of novel collagen-
proton is found at 2.512.83 ppm, suggesting that the KTA like peptidomimetics including peptoid residues different from
template adopts a conformation similar to that proposed for Nleu. In addition, the concept of ensemble NOEs was
compounddV andV. These conclusions are fully consistent introduced for the analysis of the multiconformational dynamics
with previous investigations on the Kemp triacid which was of triple helices, providing a useful tool for the study of other
assigned a chair conformation for its protonated, mono-, and collagen-like triple-helical peptides containing residues with

dianionic forms with the three methyls equatofial. flexible side chains.
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