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Abstract: The effects of replacing L-proline with a novel naturally occurring a-amino acid, 2,4-methanoproline (2-carboxy- 
2,4-methanopyrrolidine; 2,4-MePro), on the tertiary peptide bond &/trans equilibrium have been investigated in small peptides 
by nuclear magnetic resonance spectroscopy. In aqueous solution, both Ac-2,4-MePro-NHMe and Ac-~-Tyr-2,4-MePro-NHMe 
are found to adopt primarily ( 1 9 5 % )  a single X-2,4-MePro peptide bond conformation, while the corresponding L-proline 
peptides exist as an equilibrium mixture of approximately isoenergetic cis and trans conformers. 'H NMR resonance assignments 
for these 2,4-MePro-containing peptides are obtained by double quantum filtered homonuclear correlated spectroscopy. The 
known interproton distances within the 2,4-methanoproline side chain are used to calibrate data from truncated Overhauser 
effect measurements. With this calibration, data from interresidue nuclear Overhauser effect measurements are used together 
with distance geometry considerations to demonstrate that the preferred conformation of the X-2,4-MePro peptide bond in 
both Ac-2,4-MePro-NHMe and Ac-Tyr-2,4-MePro-NHMe is trans in aqueous solution. This conclusion was confirmed by 
similar qualitative evaluation of the two-dimensional nuclear Overhauser effect (NOESY) spectrum. These results suggest 
that 2,4-MePro may be a useful L-proline analogue for polypeptide molecular design, since the trans peptide bond conformation 
is selectively stabilized. 

It is generally recognized that, while the planar peptide groups 
of secondary amino acid amides adopt predominantly the trans 
C"/C" conformation, those of tertiary amides (e.g., X-Pro groups) 
have approximately the same energy in both the cis and trans 
forms.'+ This trans/& conformational heterogeneity can confer 
important biological and pharmacological properties on proteins 
and peptides. For example, the rate-limiting step in the refolding 
of proteins from disordered conformational distributions with 
nonnative X-Pro peptide bond conformations may often correspond 
to trans/cis proline isomeri~ation.'-'~ X-Pro peptide bond 
isomerization may also give rise to a kinetic barrier between 
multiple functionally distinct native conformations of polypeptides 
and proteins, as has been suggested for concanavalin A" and 
bovine prothrombin.l* From these findings, it is clear that proline 
analogues for which the trans or cis peptide bond conformation 
is selectively stabilized will be useful tools for investigating the 
roles of proline isomerization in biochemical processes and in the 
design of polypeptide drugs. 

Recently, several r e p ~ r t s l ~ - ~ ~  have appeared describing the 
conformational properties of proline analogues in peptides. From 
these studies, two proline analogues, 5-oxo-~-proline'~ and 2- 
methylproline,Iel6 for which the trans peptide bond conformation 
is preferentially stabilized (>98%) in aqueous solution, have been 
identified. Unfortunately, incorporation of 5-oxo-~-proline into 
a plypeptide results in the formation of an imide functional group, 
which is highly susceptible to base-catalyzed hydrolysis in aqueous 
solution.13 5-Oxo-~-proline is therefore an unacceptable proline 
analogue for polypeptide molecular design. Peptides containing 
2-methylproline, on the other hand, are quite stable in aqueous 
solution. 

Motivated by these studies, we are examining the conforma- 
tional properties of a related proline analogue, 2,4-methano- 
p r o l i r ~ e . ' ~ - ~ ~  This paper is the first report of the conformational 
properties of 2,4-methanoproline in peptides. The crystal structure 
of this novel, naturally occurring a-amino acid, which contains 
no chiral atoms, has been reported elsewhere." A model of the 
amino acid with terminal blocking groups and all trans peptide 
bonds [Le., trans-Ac-2,4-MePro-NHMe], along with the no- 
menclature that we have adopted for the 2,4-methanopyrrolidine 
side chain, is presented in Figure 1. In this paper, we describe 

*To whom requests for reprints should be addressed. 

Figure 1. rrunr-Ac-2,4-MePro-NHMe. In the notation used here, R and 
S designate pro-R and p r o 3  prochirality assignments of the C6 atoms 
with respect to the C" carbon atom and of the C*H protons with respect 
to the C6 carbon atom. The exo C6H hydrogen atoms are shaded. In 
the notation used for describing conformations of polypeptide chains, CBiR 
is denoted C6i' and C@,s is denoted CBz. 

'H NMR studies which, combined with distance geometry con- 
siderations, were used to determine that replacement of L-proline 
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with 2,4-methanoproline in either Ac-L-Pro-NHMe or AC-L- 
Tyr-L-Pro-NHMe conformationally restricts the X-Pro peptide 
bond exclusively (595%) to the trans conformation in aqueous 
solution. 

Methods 
Peptide Synthesis. All peptides used in this study were analyzed by 

high-performance liquid chromatography (HPLC) on a Spectra Physics 
SP8000 liquid chromatography system using a reversed phase C I 8  column 
and 214-nm ultraviolet absorbance detection. Synthetic intermediates 
and products were characterized by IH and I’C N M R  spectroscopy. 

The photochemical synthesis and characterization of the a-amino acid 
2,4-methanoproline have been described elsewhere.’* Both Ac-2,4-Me- 
Pro-NHMe and Ac-~-Tyr-2,4-MePro-NHMe were synthesized from the 
benzyl ester of 2,4-methanoproline by classical peptide synthetic methods. 
This benzyl ester starting material was prepared as a tosylate salt (2,4- 
MePro-OBz-TsO-) by refluxing 2,4-methanoproline (900 mg) and tolu- 
enesulfonic acid (1.1 molar equivalents) in benzene (12 mL) and benzyl 
alcohol (8 mL) for 16 h with azeotropic removal of water. The cooled 
reaction mixture was poured into ether to precipitate the product (2,4- 
MePro-OBzl-TsO-) (2.4 g) which was collected in essentially quantitative 
yield. 

Ac-2,4-MePro-NHMe was prepared according to the following pro- 
cedure. First, (2,4-MePro-OBzl.TsO-) (500 mg) was dissolved in 
methylene chloride ( 5  mL) containing triethylamine (2.5 molar equiv) 
and treated with acetyl chloride (1.1 molar equiv). The solvent was then 
removed in vacuo and the residue, containing Ac-2,4-MePro-OBzl, was 
dissolved in 40% aqueous methylamine (IO mL), sealed, and heated on 
a steam bath for 3 h. Following removal of the solvent in vacuo, the 
product, Ac-2,4-MePro-NHMe, was purified by silica gel chromatogra- 
phy (9:1, CH2C12:MeOH) and subsequently recrystallized several times 
from ethyl acetate. The structure was confirmed by IH and I’C N M R  
spectroscopy. The crystalline compound exhibited a single (>99.5%) 
symmetric peak on reverse-phase HPLC with use of a linear gradient of 
acetonitrile in 0.09% TFA (2% to 25% acetonitrile over 40 min); mp 
133-135 OC; R,O.7 (9:l. CH2C12:MeOH). 

Ac-~-Tyr-2,4-MePro-NHMe was also synthesized from (2.4-MePro- 
OBzl.TsO-), according to the following procedure. A solution of (2,4- 
MePro-OBzl-TsO-) (1 g) in 40% aqueous methylamine (15 mL) was 
sealed and heated on a steam bath for 3 h. The mixture was concentrated 
in vacuo and applied to a weak cation exchange column (1.5 X 10 cm, 
CGC-270, Ionac Chemical Co., H +  form) previously equilibrated with 
distilled water. The product, 2,4-MePro-NHMe, was eluted with 0.5 N 
N H 4 0 H .  The solvent was removed in vacuo to yield 340 mg (96%) of 
2,4-MePro-NHMe. 

In the next step of the synthesis, 2,4-MePro-NHMe was coupled to 
Boc-L-Tyr to form Boc-L-Tyr-2.4-MePro-NHMe. 2,4-MePro-NHMe 
(340 mg) and Boc-L-Tyr (1.1 molar equiv, Sigma Chemical Co.) were 
dissolved in dimethylformamide (3.5 mL) and treated with A’,”-di- 
cyclohexylcarbodiimide (DCC, 1.1 molar equiv). The mixture was stirred 
at  room temperature for 3 h and then diluted with acetonitrile (20 mL) 
and filtered through Celite. The filtrate was concentrated and dried in 
vacuo. The product, Boc-~-Tyr-2,4-MePro-NHMe (688 mg, 70%). was 
isolated following chromatography on silica gel (9: 1 CH2C12:MeOH). 

In the final stage of the synthesis, Boc-~-Tyr-2,4-MePro-NHMe was 
deprotected and acylated. Boc-~-Tyr-2,4-MePro-NHMe (688 mg) was 
dissolved in 30% (v/v) trifluoroacetic acid in methylene chloride (6.5 mL 
total) and stirred for 3 h a t  room temperature. The reaction mixture was 
then concentrated and dried in vacuo to give the deprotected dipeptide, 
~-Tyr-2,4-MePro-NHMe. This material was then N-acylated by dis- 
solving the residue in ethanol (3 mL) containing triethylamine (2.2 molar 
equiv) and treating the mixture with 4-nitrophenylacetate followed by 
stirring for 16 h. The solvent was then removed in vacuo and the product, 
Ac-~-Tyr-2,4-MePro-NHMe (493 mg, 84%), isolated following chro- 
matography on silica gel (9:l CH2CI2:MeOH). The solvent was removed 
in vacuo, and the dipeptide was recrystallized from ethyl acetate at 4 OC. 
The structure was confirmed by ‘H and 13C N M R  spectroscopy. The 
crystalline peptide exhibited a single (>99%) symmetric peak on re- 
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and mPro for the a-amino acid 2,4-methanoproline (2-carboxy-2.4- 
methanopyrrolidine) and Ac- and -NHMe for terminal acetyl and N-methyl 
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verse-phase HPLC using a linear gradient of acetonitrile in 0.09% TFA 
(2 to 25% acetonitrile over 40 min); mp 187-190 OC dec; Rf0.31 (95:20:3 
CHC1,:MeOH:AcOH). 

NMR Instrumentation and Sample Preparation. ’ H  N M R  spectra 
were obtained at  300 MHz with a Bruker WM-300 spectrometer 
equipped with an Aspect 2000A computer. The probe temperature was 
thermostated at 25 f 1 OC. For conventional one-dimensional ‘H N M R  
spectroscopy, a spin-recovery delay was inserted between pulses (resulting 
in a total spin-recovery time greater than 5 s) to avoid relaxation mod- 
ulation of relative resonance intensities. ”C N M R  spectra were recorded 
in 8 mm diameter N M R  tubes at 22.5 MHz and room temperature with 
a JEOL FX92Q spectrometer. IH and ”C N M R  samples were prepared 
at  a concentration of 5-10 mg/mL in deuterium oxide-d2 (99.96% D, 
Stohler Isotopes) at pH* 6 to 7 (pH* being the pH meter reading of D,O 
solution) or in dimethyl-d, sulfoxide (100.0% D, Stohler Isotopes). N o  
dependence of the spectroscopic measurements on peptide concentration 
was observed. Chemical shifts in D 2 0  are reported relative to ~ 3 , ~ ~  = 
4.78 ppm. 

Steady State Truncated Driven Proton Overhauser Effect Measure- 
ments. Difference proton Overhauser effect measurements were obtained 
by the method of Wagner and Wuthrich.20 The data were multiplied by 
a simple exponential smoothing function, corresponding to 0.5 Hz of line 
broadening. The relative NOES reported (7) are the ratios of the inte- 
grated areas of resonances exhibiting an N O E  to the area of the selec- 
tively irradiated resonance. When the resonances exhibiting an NOE 
arise from more than one equivalent proton, the value of 9 reported is 
the observed ratio divided by this number of equivalent protons. 

NOE buildup curves were generated from sets of NOE difference 
spectra in which the length of the selective irradiation pulse was varied 
between 0.05 and 10 s. The values of the steady state NOES reported 
in the Results Section are the plateau values obtained from the buildup 
curves. Cross-relaxation rates, estimated from the initial slopesZo of the 
buildup curves, were used in calculating the optimum mixing times for 
NOESY spectra. 

Two-Dimensional IH NMR Spectroscopy. Double quantum filtered 
proton correlated spectroscopy (DQF-COSY) was carried out as de- 
scribed Phase-sensitive quadrature detection in wl was 
obtained by time-proportional phase in~rementa t ion .~~*~’  Pure absorp- 
tion mode NOE correlated spectroscopy (NOESY) was carried out as 
described elsewhere,2629 except that phase-sensitive quadrature detection 
in wl was obtained by time-proportional phase i n c r e m e n t a t i ~ n . ~ ~ * ~ ’  
Optimum mixing times, T ~ ,  were estimated by using data obtained from 
inversion-recovery measurements of longitudinal relaxation times and 
estimates of interproton cross-relaxation rates obtained from truncated 
driven NOE20 buildup curves (described above). Cross-peaks arising 
from coherent magnetization transfer (J cross-peaks) were suppressed by 
appropriate phase ~ y c l i n g , ’ ~  except those arising from zero-quantum 
coherence transfer which were suppressed by random variation of the 
mixing time30 (imiX) by 1 3 3  ms, sufficient to suppress zero-quantum 
coherence between resonances separated by 2 15 Hz. Relative cross-peak 
areas were estimated from absorption-mode NOESY spectra by taking 
the average cross-peak to diagonal-peak integrated areas of several wl 
cross sections. 

Calculations of Interproton Distances. Unless otherwise noted, the 
geometries of the amino acid residues used are those of the computer 
program ECEPP (Empirical Conformational Energy Program for Pep- 
t i d e ~ ) . ~ ~ * - ’ *  The crystal structure of the terminally blocked amino acid 
N-acetyl-N’-methyl-2,4-methanoprolinamide (Ac-2,4-MePro-NHMe) 
will be reported elsewhere.’) This crystal structure, with a crystallo- 
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Peptide Bond Conformation of 2,4-MePro 

Table I. Geometry Used for Calculations of Interresidue Interproton 
Distances for X-2,4-MePro between the C“ Proton of Residue X and 
the C*H Protons of the Symmetrized 2,4-Methanopyrrolidine Side 
Chain 

trans cis 
bond lengths (A) 

C*-H (X)‘ 
C”-C’ (X) 
C’-N (X-mPro) 
N-C6 (mPro) 
C6-H (mPro)e 

bond angles (deg) 
HC“C’ (X) 
C V N  (X-mPro) 
C’NC6 (X-mPro) 
NC6H (mPro)‘ 
HRC6HS (mPro) 

dihedral angles (deg) 
HC”-C’N (X) 
C”C’-NC* (X-mPro) 
C’N-CdHR (mPro) 
C‘N-C*H~ ( m h o )  

1 .09b 
1.53‘ 
1.34d 
1 .49d 
1 .04’ 

109.Y 
1 16d 
1 2gd 
113f  
107f 

variable 
0 
-6 1f 
6 If 

1.09b 
1.53c 
1.34d 
1.49d 
1.04’ 

109.5‘ 
1 16d 
1 2gd 
113f 
107f 

variable 
180 
6 If 
-6 If 

’The symbols in parentheses designate the moiety with which the 
corresponding bond length, bond angle, or dihedral angle is associated, 
viz., X, the L-a-amino acid preceding 2,4-methanoproline; mPro, the 
2,4-methanoproline residue; X-mPro, the intervening peptide bond. 
*Corrected ECEPP32 Ca-H bond length for L-a-amino acids in poly- 
peptides. Standard ECEPP3I geometry for L-tyrosine. dValue ob- 
tained for ~ymmetr ized’~ crystal structure” of rrans-Ac-2,4-MePro- 
NHMe. cThese values are identical for the pro-R and p r o 3  CdH 
protons of 2,4-methanoproline, /Protons were added to the heavy at- 
oms of the s y m m e t r i ~ e d ~ ~  crystal structure33 of frans-Ac-2,4-MePro- 
NHMe in idealized positions with use of standard methods.35 

graphic residual r = 0.05, exhibits minor asymmetry of the methano- 
pyrrolidine side chain which appears to arise from intramolecular strain 
imposed by the bicyclic ring structure. Because the magnitudes of in- 
terproton distances are affected only slightly by this side-chain asym- 
metry, and because precise data on the magnitude of the ensemble-av- 
eraged asymmetry in solution are not available, we assume a symmetric 
2,4-methanopyrrolidine ring geometry in all of the calculations of in- 
terproton distances described in this paper. 

For the calculations presented in this paper, the positions of the heavy 
atoms (C and N)  of the terminally blocked aminoacid crystal structure 
were symmetrized. The details of this symmetrization procedure will be 
described el~ewhere.’~ Since hydrogens are not located accurately in 
electron density maps, they were added to the symmetric structure in 
idealized positions corresponding to a standard set of amino acid residue 
ge~metry’~ .~’  with 1.09 A C-H bond lengths and 107O H-C-H bond 
angles. The resulting symmetrized 2,4-methanopyrrolidine side chain was 
used to calculate the intraresidue interproton distance matrix. 

Conformation-dependent X CaH/2,4-MePro C*H interproton dis- 
tances for X-2,4-MePr0,~~ which (for fixed 2.4-methanopyrrolidine 
side-chain geometry) depends on the backbone dihedral angles & and 
wx, were calculated from standard vector-algebraic considerations, using 
methods similar to those described elsewhere.” The bond lengths, bond 
angles, and fixed dihedral angles for constructing the H-CaC’-NC6-H 
fragments used in distance calculations for trans and cis X-2,4-MePro 
peptide bond ( w )  conformations are listed in Table I. 

Calculations of Vicinal Coupling Constants. Three-bond HC-C’H’ 
proton vicinal coupling constants were estimated for the symmetrized 
2,4-methanoproline residue from the Karplus r e l a t i ~ n s h i p ~ * * ~ ~  

(1) 
which is a theoretical result (in Hertz) of valence bond calculations for 
an unsfrained HCC’H ethane fragment. The effects of bond angle and 
bond length distortions and of substituent electronegativity were not 
considered. 

3J(HC-C’H’) = 4.22 - 0.5 cos 8 + 4.5 cos 28 
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Figure 2. ‘H N M R  spectra of (A) Ac-2,4-MePro-NHMe and (B) Ac- 
~-Tyr-Z,rl-MePro-NHMe in D20 solution at 25 OC. In order to deter- 
mine if the unlabeled minor resonances present in the A spectrum are 
due to a contaminating molecule, the peptide was recrystallized several 
times from ethyl acetate. The material used to obtain this spectrum (A) 
comes from a dissolved single crystal. Peaks marked with an asterisk 
correspond to small amounts of ethyl acetate associated with this crystal. 

Results 
X-Z,.Q-MePro Peptide Bond Isomerization. IH NMR spectra 

of the aliphatic resonances of Ac-2,4-MePro-NHMe and AC-L- 
Tyr-2,4-MePro-NHMe are presented in Figure 2, A and B, re- 
spectively. The assignments of proton resonances which are in- 
dicated in these figures were determined unambiguously from the 
DQF-COSY and NOESY data. Details about how these proton 
resonance assignments are made are described below. For Ac- 
2,4-MePro-NHMe, the two C@Hexo, two @Hendo, and two C*H 
protons have degenerate resonance frequencies (Figure 2A), while 
in Ac-~-Tyr-2,4-MePro-NHMe the ensemble-averaged chemical 
shift anisotropy due to the aromatic tyrosine side chain breaks 
this degeneracy (Figure 2B). As a result of this “ring current 
shift”, the pro-chiral C@HeXo, C@Hendo, and C6H proton pairs are 
resolved in the ‘H  NMR spectrum of Ac-~-Tyr-2,4-MePro- 
NHMe. The lower field resonance of each pro-chiral pair is 
designated with the symbol d, for downfield (Le., C@Hexo,d, 
C@Hendo,d, and C6Hd), and the upperfield resonance of each pair 
with the symbol u, for upfield (i.e., C@Hexo3”, C@Hendo,u, and C6HU), 
since absolute pro-chiralitym assignments (Le., pro-R vs. pro-S) 
were not made. 

Peptide bond trans/& isomerization is slow on the ‘H NMR 
time scale’-5 at 27 OC and generally gives rise to a separate set 
of resonances for the cis and trans conformers. Although there 
is evidence for a small amount (55%) of a minor second con- 
formation of Ac-2,4-MePro-NHMe in water (Figure 2A, a s  
discussed below), the data of Figure 2 B  for Ac-Tyr-2,4-MePro- 
NHMe indicate that all of the molecules are restricted to one 
conformational ensemble on the time scale of the IH NMR ex- 
periment. The aromatic proton resonances of tyrosine, which can 
be used to identify &/trans heterogeneity in both T y r - P r ~ ~ l - ~ ~  

(40) Hanson, K. R. J .  Am. Chem. SOC. 1966, 88, 2731. 
(41) Toma, F.; Fermandjian, S.; Low, M.; Kisfaludy, L. Biorhim. Biophys. 

Acta 1978, 534, 11 2. 
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Figure 3. Aromatic 'H NMR resonances of (A) Ac-~-Tyr-2,4-MePro- 
NHMe and (B) Ac-L-Tyr-L-Pro-NHMe in D20 at 25 OC. In AC-L- 
Tyr-L-Pro-NHMe, the CbH aromatic resonances of Tyr have different 
chemical shifts for cis and trans Tyr-Pro peptide bond 
because ensemble-averaged chemical shifts are generally different for 
slowly interconverting conformational ensembles. The major and minor 
conformational ensembles of Ac-L-Tyr-L-Pro-NHMe have been assigned 
to sets of conformers with trans and cis Tyr-Pro peptide bonds, respec- 
tively, by NOE spectroscopy (unpublished results). The absence of such 
chemical shift heterogeneity in Ac-~-Tyr-2,4-MePro-NHMe indicates 
that one Tyr-2,4-MePro peptide bond conformation predominates in 
aqueous solution. 

Table 11. Interproton Coupling within the Methanopyrrolidine Side 
Chain Observed in the DQF-COSY Spectrum of 
Ac-2.4-MePro-NHMe" 

"The CBHcxo, CflHadO, and C6H resonances each arise from two de- 
generate protons. bThe X designates that a COSY cross-peak was 
observed in the spectrum shown in Figure 4. 

and X - p r o - T ~ r ~ ~  sequences, also indicate a single conformational 
ensemble for Ac-~-Tyr-2,4-MePro-NHMe in water (Figure 3). 
Similar results were obtained from l3C N M R  spectroscopy (data 
not shown). These 'H and I3C NMR data provide clear evidence 
that a single X-2,4-MePro peptide bond conformation predom- 
inates in these two peptides in aqueous solution. 

For Ac-2,4-MePro-NHMe, inspection of the 'H N M R  spec- 
trum reveals a second, minor resonance (Le., the small, unlabeled 
resonances in Figure 2A) associated with each major resonance. 
Integration of the proton spectrum reveals that the minor reso- 
nances correspond to <5% of the molecules in solution. These 
minor resonances were shown to correspond to a second molecular 
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Figure 4. Expanded region of the absorption-mode DQF-COSY spec- 
trum of Ac-2,4-MePro-NHMe in D20, pH* 7.0, 25 OC. Both positive 
and negative contours are plotted. 

conformation, rather than to a contaminating peptide, by several 
different criteria. First, the ratio of minor to major resonances 
is not altered following repetitive recrystallizations from ethyl 
acetate, indicating that the minor resonances are not due to a 
contaminant. Second, the purity of Ac-2,4-MePro-NHMe was 
established by reversed-phase HPLC (see Methods section). 
Furthermore, the ratio of the minor to major species is solvent 
dependent since a larger fraction of the minor species is observed 
in dimethyl sulfoxide solution (data not shown). The structural 
difference(s) between this minor (<5%) and the predominant 
conformational ensembles of Ac-2,CMePro-NHMe are not yet 
known (but, see the comments in the Discussion section). 

Homonuclear Correlated Spectroscopy (COSY). Double- 
quantum filtered COSY spectra of Ac-2,4-MePro-NHMe and 
Ac-~-Tyr-2,4-MePro-NHMe were obtained in D20.  The inter- 
proton couplings identified in these DQF-COSY spectra are 
summarized in Tables I1 and 111, and expanded regions of the 
spectra are presented in Figures 4 and 5 .  

The bicyclic side chain of 2,4-MePro has three pairs of sym- 
metrically positioned protons, viz., C@sRHendo and Cfi,SHendo, 
C@RHexo and C@SHexa, and C*HR and C*HS. The R and S notation 
refers to the corresponding p r o ~ h i r a l i t i e s ~ ~  pro-R and pro-S of 
the C@ atoms with respect to the C" atoms or the C*H protons 
with respect to the C6 atom. This side-chain symmetry is illus- 
trated in Figure 1. For Ac-2,4-MePro-NHMe, the two protons 
in each of these three pairs are magnetically equivalent, giving 
rise to a single resonance for each pair of protons. The three 
resonances arising from these three pairs of degenerate protons 
(viz. C@Hendo, CfiHexo, and C6H) are assigned in Figure 2A. 

Although much of the intraresidue coupling information is lost 
because of this degeneracy, some pertinent structural information 
can still be obtained from the DQF-COSY spectrum of Ac-2,4- 
MePro-NHMe. In particular, while measurable spin coupling 

Table 111. Interproton Couplings within the Methanopyrrolidine Side Chain Observed in the DQF-COSY Spectrum of 
Ac-~-Tyr-2,4-MePro-NHMe 

CBHeX0.d c RHCXOJI CBHend0,d c B ~ c n d o , u  CTH CdHd CbHU 

X 
X 

X X 
X X 

"The X designates that a COSY cross-peak was observed in the spectrum shown in Figure 5. 
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Figure 5. Expanded region of the absorption-mode DQF-COSY spec- 
trum of Ac-~-Tyr-2,4-MePro-NHMe in DzO, pH* 7.0, 25 O C .  Both 
positive and negative contours are plotted. 

is observed between the CYH proton and both the C6H and C@Huo 
sets of protons, no coupling is observed between the CYH proton 
and the two (equivalent) C@Hcndo protons (Figure 4). This result 
is consistent with the assignments of Figure 2A since (for a 
symmetric methanopyrrolidine geometry) the calculated 3J- 
(HCY-CBHendo) vicinal coupling constant (-0.05 Hz) is much 
smaller than the calculated 3J(HCY-C@HeXo) and 3J(HC7-C6H) 
vicinal coupling constants (3.2 Hz and 1.6 Hz, respectively). 
Hence, the C@Hd and C@HH" protons of the 2,4-MePro side chain 
can be distinguished by their different vicinal couplings to the CYH 
proton. The absence of a COSY cross-peak between the CYH 
and CPHendo protons and presence of a cross-peak between CYH 
and CPHexo protons in the DQF-COSY spectrum of Ac-2,4- 
MePro-NHMe (Figure 4) therefore provide verification of the 
assignments of the C@Hendo and CBHexo resonances. 

An additional feature observed in the DQF-COSY spectrum 
of Ac-2,4-MePro-NHMe is a weak cross-peak between the two 
C6H protons and the two CNexo  protons. 'H NMR data described 
below for Ac-~-Tyr-2,4-MePro-NHMe indicate that this weak 

and 4J( HSC6-C@Hexo,R). The significance of these long-range 
couplings is addressed in the Discussion section. 

In Ac-~-Tyr-2,4-MePro-NHMe, the magnetic anisotropy ar- 
ising from the aromatic tyrosine side chain breaks the degeneracy 
of the C6H, CBHcndo, and C@Hexo proton pairs, as can be seen by 
comparing spectra A and B in Figure 2. This aromatic ring- 
anisotropy effect on chemical shift (Le., upfield shift) is stronger 
for one proton of each of these pairs (designated C6Hu, C@HexoJ, 
and C@HendoJ'). Apparently, these three upfield-shifted protons 
are on the same prochiral face of the 2,4-methanopyrrolidine 
symmetry plane. This conclusion is consistent with the spin-spin 
coupling and NOE data described below. The upfield shifts of 
these protons indicates that, in the ensemble-average, the tyrosine 
side chain is near one chiral face of the 2,4-MePro side chain. 
It should be noted that the splitting of the C6H, C@Hexo, and 
CQd0 resonances (Figure 2B) cannot be attributed to two slowly 
interconverting conformations of Ac-~-Tyr-2,4-MePro-NHMe 
since spin/spin couplings between C6Hd and C6HU and between 
C@Hendoqd and C@HendoJ' were observed in the DQF-COSY spec- 
trum (Figure 5 and Table 111). 

The set of interproton couplings identified in the DQF-COSY 
spectrum (Figure 5, summarized in Table 111) of Ac-~-Tyr-2,4- 

cross-peak arises from long-range couplings 4J(HRC6-CoHexo,S 1 

(42) Toma, F.; Fermandjian, S.; Low, M.; Kisfaludy, L. BiopoIymers 1981, 

(43) Stimson, E. R.; Montelione, G. T.; Meinwald, Y .  C.; Rudolph, R.  K. 
20, 90 1. 

E.; Scheraga, H. A. Biochemistry 1982, 21, 5252. 
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MePro-NHMe is consistent with the assignments shown in Figure 

' J (  Hendo,uCoHexo*u), and *J( Hdc6Hu) and vicinal 3J( HC~-CflHexo-d), 
3J(HCr-C@Hexoe), 3J(HCV?Hd), and 3J(HCY-C6HU) couplings 
are clearly observed. As in Ac-2,4-MePro-NHMe, cross-peaks 
were not observed for the very weak 3J(HCY-C@Hendo,d) and 3J-  
(HCr-C@HendoJ') vicinal couplings because these proton dihedral 
angles are about 80'. 

In addition to these geminal and vicinal interproton couplings, 
longer range couplings within the 2,4-methanopyrrolidine side 
chain were also observed. Of particular interest is the strong 
COSY cross-peak between the C@Hendo,d and C@Hendo,u protons 
(Figure 5) ( J  = 10.0 Hz) which indicates a significant electronic 
interaction between C@xRH2 and CPqSH2 methylene groups. Fur- 
thermore, the couplings between (two equivalent) C6H and the 
(two equivalent) C@Hexo protons observed for Ac-2,4-MePro- 
NHMe are resolved in Ac-~-Tyr-2,4-MePro-NHMe into distinct 
C6Hd/C@HeXoJ' and C6HU/CoHeXo.d cross-peaks (Figure 5; Table 
111). The significance of these weak long-range couplings is 
addressed in the Discussion section. 

Distinguishing between Cis and Trans Peptide Bond Confor- 
mations by Considerations of Distance Geometry. From the one- 
and two-dimensional 'H NMR data described above, we conclude 
that a single X-2,4-MePro peptide bond conformation predom- 
inates (Le., 595%) for Ac-2,4-MePro-NHMe and Ac-L-Tyr- 
2,4-MePro-NHMe in aqueous solution at 25 OC. Here, we de- 
scribe how interproton distance information was used to determine 
whether this peptide bond conformation is cis or trans. A similar 
approach has recently been suggested for distinguishing between 
cis and trans X-proline peptide 

In the dipeptide fragment X-2,4-MePro, where X is an a-amino 
acid cis and trans peptide bond conformations can be distinguished 
even by qualitative measurements of the X-C"H-2,4- 
MePro-C6H interproton distances, which depend on both the 
peptide bond conformation (dihedral angle wx) and the backbone 
dihedral angle fix of residue X. For a planar trans X-2,4-MePro 
peptide bond conformation (with the symmetrized geometry 
tabulated in Table I, and the L configuration of amino acid X), 
the qX interproton distances are 

2B. Cross-peaks corresponding to the geminal 2J(Hendo*dCoHexo,d 1, 

dtrans = l(10.46 + 5.58 cos 0 + 1.80 sin 0)'/*I (2) 

and 

( p a n s  = l(10.46 + 5.58 cos 0 - 1.80 sin 0)'/*1 (3) 

where d:,E and dE,g are the interproton distances for the pro-R 
and pro-S 2,4-MePro C6H protons, respectively, and 0 = qX + 
60'. For a planar cis X-2,4-MePro peptide bond conformation 
(with the symmetrized geometry tabulated in Table I and the L 
configuration for amino acid X) the corresponding equations are 

d:,iR = l(22.79 + 2.32 cos 0 - 1.80 sin 0)1/21 (4) 

and 

d$,iS = l(22.79 + 2.32 cos 0 + 1.80 sin 0)'/*1 ( 5 )  

In Figure 6, we present plots of the Tyr CaH-2,4-MePro C6HR 
and Tyr CaH-2,4-MePro C6HS interproton distances as a function 
of qTyr for trans and cis ~-Tyr-2,4-MePro peptide bond confor- 
mations. For a trans peptide bond, these internuclear distances 
range from 2.1 to 4.0 A, depending on the value of fiTyrr while 
for a cis peptide bond, the internuclear distances range from 4.5 
to 5.1 A. Similar results are obtained for the acetyl methyl 
proton/C6H proton internuclear distances of Ac-2,4-MePro- 
NHMe. These ranges of interproton distances are approximately 
the same for all X-2,4-MePro peptide fragments, when X is an 
L-a-amino acid. Because these ranges of C"H/C6H interproton 
distances which characterize X-2,4-MePro trans and cis peptide 

(44) Arseniev, A. S.; Kondakov, V. I.; Maiorov, V. N.; Volkava, T. M.; 
Grishen, E. V.; Bystrov, V. F.; Ovchinnikov, Yu. A. Bioorgan. Khim. 1983, 
9, 768. 

(45) Wiithrich, K.; Billeter, M.; Braun, W. J .  Mol. Biol. 1984, 180, 715. 
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Table IV. Distance Matrix (A) for Protons of the Methanopyrrolidine Side Chain of 2,4-MePro Determined from the Crystal Structure" 
CB,RHCXO C@,SHCXO CB.RHendo CBSHcndo C'H C6HR C6HS 

CB.RHCXO 2.58 1.75 3.67 2.77 3.78 4.34 
CB,SHCXO 3.67 1.75 2.77 4.34 3.78 

- 
- 

- CB.RHcndo 4.04 2.91 2.56 3.69 
CBSHcndo 2.91 3.69 2.56 
CYH 2.59 2.59 
C6HR 1.75 
C6HS - 

- 
- 

- 

a The heavy atoms of the Ac-2,4-MePro-NHMe crystal were ~ymmetrized'~ and the protons added with ideal bond lengths and bond 
angles, as described in the Methods section. 

Table V. Fractional Increases in Areas of Proton Resonances Observed in Steady-State Measurements of Truncated Overhauser Effects within 
the 2,4-Methanopyrrolidine Side Chain of Ac-~-Tyr-2,4-MePro-NHMe 

~ 

proton 
irradiated 1 CBHcX0,d CBHCXO?J CBHendo,d c @ ~ c n d o , u  CSH C6Hd C6HU 

- CBHcr0.d a 0.29 f 0.02 N.O.' 0.08 f 0.01 N.O. N.O. 
C@HcXO,U a, b b b b b b 
C@Hcndo.d 0.31 f 0.05 N.O. a N.O. 0.05 f 0.01 N.O. 
C@Hsndo*" N.O. 0.30 f 0.03 a N.O. N.O. 0.04 f 0.02 
CYH 0.02 f 0.01 0.03 f 0.01 N.O. N.O. 0.03 f 0.01 0.03 f 0.01 
C6Hd N.O. N.O. 0.04 f 0.02 N.O. 0.08 f 0.01 - 0.30 f 0.02 

"Any interproton NOE which may be present could not be measured reliably by the difference truncated Overhauser method because the differ- 
ence in chemical shift between these resonances is small. bProton Overhauser effects resulting from irradiation of the C@Hero," proton could not be 
identified reliably because the CBHcxo*u and acetyl CH, proton resonances are overlapped. 'Not observed. 

- 
- 

- 

- 

C6H" N.O. N.O. N.O. 0.05 f 0.01 0.08 i 0.01 0.23 f 0.01 - 

bond conformations are different and not overlapping, they can 
be distinguished by relatively imprecise estimates of interproton 
distances obtained from measurements of nuclear Overhauser 
effects. 

Calibration of Interproton Overhauser Effects. From the dis- 
tance-geometry arguments presented in the previous section and 
in Figure 6 it is evident that, for a unique backbone conformation, 
precise measurements of the two C"H/C6H interproton distances 
across an X-2,4-MePro peptide bond can be used to determine 
not only the intervening peptide bond conformation but also the 
backbone dihedral angle J.  of the residue X preceding 2,4-MePro. 
In Ac-~-Tyr-2,4-MePro-NHMe, however, #Tyr probably adopts 
several values. Furthermore, a precise calculation of this inter- 
proton distance from proton Overhauser measurements requires 
proper modeling of the relative internuclear motions between these 
protons. Since no information is presently available about the 
molecular dynamics of these molecules in solution, no attempt 
was made to calculate precise interproton distances. Instead, the 
interproton NOES between the seven protons of the methano- 
pyrrolidine side chain of 2,4-MePro are used to determine an 
empirical upper bound for interproton distances which are suf- 
ficiently short to be observed in our NOE measurements. The 
calibration was then used to determine whether the conforma- 
tionally averaged Tyr CeH/2,4-MePro CbH interproton distances 
are characteristic of a trans (Le., C4.0 A) or cis (Le., >4.5 A) 
peptide bond conformation. 

There are 21 distinguishable interproton distances (Le., N ( N  
- 1)/2 distinguishable interpoint distances between N points) 
between the seven methanopyrrolidine side-chain protons of 
2,4-MePro. These 21 distances, calculated from the symmetrized 
crystal structure of Ac-2,4-MePro-NHMe (see Methods section), 
are presented in the form of a (symmetric) distance matrix in 
Table IV. These fixed interproton distances range from 1.75 to 

In Table V, we present the results of steady-state truncated 
interproton Overhauser measurements between the seven meth- 
anopyrrolidine side-chain protons of Ac-~-Tyr-2,4-MePro-NHMe. 
It should be noted that, in these one-dimensional NOE mea- 
surements, we cannot obtain reliable information from irradiation 
of the 2,4-MePro CBHexo*" resonance since its chemical shift is 
very similar to that of the acetyl methyl protons (Figure 2B). 
Comparison of Tables IV and V reveals that, under the conditions 
of these NOE measurements, no Overhauser effects are observed 
between methanopyrrolidine protons greater than 2.6 8, apart, 
the approximate cutoff lying between 2.6 and 2.9 A. In particular, 

4.34 A. 
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Figure 6. Conformation dependence of Tyr CaH/2,4-MePro C6H in- 
terproton distances for cis and trans Tyr-2,4-MePro peptide bond con- 
formations (w = 0' and 180°, respectively). (-*-) Tyr CaH/2,4-MePro 
C6HS interproton distance for trans Tyr-2,4-MePro peptide bond. (---) 
Tyr CaH/2,4-MePro C6HR interproton distance for trans Tyr-2,4-MePro 
peptide bond. (-) Tyr CaH/2,4-MePro C6HR interproton distance for 
cis Tyr-2,4-MePro peptide bond. (- - -) Tyr-CaH/2,4-MePro C6HS in- 
terproton distance for cis Tyr-2,4-MePro peptide bond. 

there was no evidence for spin-diffusion effects within the 2,4- 
methanoproline side chain under the conditions of these mea- 
surements (Table V). Since relative interproton motion for in- 
ternuclear distances which are not fixed by bicyclic geometry will 
tend to attenuate the Overhauser effects, we conclude from these 
calibration data that NOEs are not observable (Le., 7 < 0.002) 
under these conditions for (conformationally averaged) interproton 
distances in Ac-~-Tyr-2,4-MePro-NHMe 23.0 A. 

Determination of the Predominant Peptide Bond Conformation 
of Ac-2,4-MePro-NHMe and Ac-~-Tyr-2,4-MePro-NHMe by 
Measurements of Steady-State Truncated Overhauser Effects. A 
difference spectrum showing the positive steady-state truncated 
NOEs for Ac-2,4-MePro-NHMe which results from selective 
irradiation of the two C*H protons is shown in Figure 7. Positive 
NOES are observed to the C'H (d  = 2.6 A; 7 = 0.017 f 0.002) 
and C@Hendo (d  = 2.6 and 3.7 A; 7 = 0.01 1 f 0.002) protons, but 
not to the C@Hexo protons ( d  = 3.8 and 4.3 A). As in AC-L- 
Tyr-2,4-MePro-NHMe, under the conditions of our measurements 
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Figure 7. Steady-state truncated driven NOE difference spectrum (top) 
of Ac-2.4-MePro-NHMe in D20 with selective irradiation of the (two) 
2,4-MePro CdH protons. The positive NOE to the acetyl methyl group 
indicates that the Ac-2,4-MePro peptide bond is trans. The bottom 
spectrum is a standard one-dimensional 'H NMR spectrum recorded 
under the same conditions. 

interproton NOES are not observed for interproton distances >3.0 
A in Ac-2,4-MePro-NHMe. 

In addition to these N O E S  between protons whose internuclear 
distances are fixed by the geometry of the methanopyrrolidine 
side chain, the conformation-dependent NOE between the two 
C6H protons and the acetyl methyl protons (q = 0.007 f 0.002) 
is also observed in the difference spectra of Figure 7. The presence 
of this NOE indicates that the corresponding conformationally 
averaged interproton distance is 53.0 A. As can be seen from 
Figure 6, this can be true only if the intervening peptide bond has 
a trans conformation. 

Similar calibrated steady-state NOE measurements were used 
to determine the unique peptide bond conformation of AC-L- 
Tyr-2,4-MePro-NHMe. A second difference spectrum showing 
the positive steady-state truncated NOES for Ac-~-Tyr-2,4-Me- 
Pro-NHMe which result from selective irradiation of the C*Hd 
proton of 2,4-MePro is presented in Figure 8. In this difference 
spectrum (top of Figure 8), positive steady-state NOES are ob- 
served to the C6HU ( d  = 1.8 A; q = 0.30 f 0.02), CYH ( d  = 2.6 
A; q = 0.08 f 0.01), and C@Hcndo,d ( d  = 2.6 A; q = 0.04 f 0.01) 
protons of the methanopyrrolidine side chain, but not to the 
C~HendoJ' ( d  = 3.7 A), C@Hexovd ( d  = 3.8 A), and C@HexoJ' (d  = 
4.3 A) protons. Since NOES are not observed in Ac-~-Tyr-2,4- 
MePro-NHMe under the conditions of our measurements for 
internuclear distances greater than 3.0 A, we can safely conclude 
that CuH/C6H NOES will be observed only if the intervening 
peptide bond is trans. 

The strong positive 2,4-MePro C*Hd/Tyr C"H NOE (q = 0.12 
f 0.02) is shown in the top of Figure 8. In addition, the 2,4-MePro 
C6HU/Tyr C"H (q = 0.06 f 0.01), Tyr CaH/2,4-MePro C*Hd 
(q = 0.06 f 0.01), and Tyr CuH/2,4-MePro C6H" (7 = 0.04 f 
0.01) steady-state NOES were also observed in separate truncated 
difference NOE spectra (not shown here). This set of Tyr 
CmH/2,4-MePro C*H NOES demonstrates that these two (con- 
formationally averaged) interproton distances are <3.0 A. This 
can be true only if the intervening Tyr-2,4-MePro peptide bond 
is trans. 

Simultaneous Calibration of Interproton Overhauser Effects and 
Determination of Predominant Peptide Bond Conformation of 

h h 
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Figure 8. Steady-state truncated driven NOE difference spectrum (top) 
of Ac-~-Tyr-2,4-MePro-NHMe in D20 with selective irradiation of the 
2,4-MePro C*Hd resonance. The positive NOE to the Tyr C"H proton 
indicates that the Tyr-2,4-MePro peptide bond is trans. It should be 
noted that, in the upper difference spectrum, the small negative peak at 
ca. 3.5 ppm corresponds to a small amount of a chemical decomposition 
product which appears over a period of several days in neutral aqueous 
solution. This decomposition product can be removed by repurification 
on reversed phase HPLC. The bottom spectrum is a standard one-di- 
mensional 'H NMR spectrum recorded under the same conditions. 

Ac-~-Tyr-2,4-MePro-NHMe by Absorption Mode NOESY. In 
the previous two sections, we described how a series of steady-state 
truncated Overhauser effect measurements were used to determine 
the predominant X-2,4-MePro peptide bond conformations of 
Ac-2,CMePro-NHMe and Ac-~-Tyr-2,4-MePro-NHMe in water. 
This same information can be obtained from a single absorption 
mode N O S Y  spectrum. The absorption mode NOESY spectrum 
of Ac-~-Tyr-2,4-MePro-NHMe was obtained, and quantitative 
estimates of relative cross-peak intensities between protons of the 
2,4-methanopyrrolidine side chain are presented in Table VI. 
Comparison of Table VI with the distance matrix of Table IV 
demonstrates that, under the conditions of these two-dimensional 
N M R  measurements, no NOESY cross-peaks are observed be- 
tween protons separated by more than 3.0 A. As in the one- 
dimensional experiments, there was no evidence for intramolecular 
spin-diffusion effects (Table VI). Hence, on the basis of the 
calculations shown in Figure 6, we would anticipate Tyr C'H/ 
2,4-MePro C6H NOESY cross-peaks only if the intervening 
peptide bond is in the trans conformation. These cross-peaks are 
clearly seen in cross sections of the NOESY spectrum shown in 
Figure 9. Quantitative estimates of these cross-peak intensities 
are presented in Table VII. 

Determination of &.yr in trsns-Ac-Tyr-2,4-MePro-NHMe from 
Distance Constraints. The distance constraints determined above 
indicate that both (ensemble-averaged) Tyr CuH-2,4-MePro C*Hd 
and Tyr CaH-2,4-MePro C6HU interproton distances are C3.0 
A. Hence, according to Figure 6, the observed NOES arise from 
conformation(s) in which 70' < $Tyr < 170'; Le., a significant 
fraction of trans Ac-~-Tyr-2,4-MePro-NHMe molecules has $Tyr 
in this range. These measurements, however, do not rule out a 
population of conformers with $Tyr outside this range which do 
not contribute to the observed nuclear Overhauser effect. 

Discussion 
Selective Stabilization of Trans Peptide Bonds of 2,4-MePro. 

The N M R  results presented here demonstrate that for both 
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Table VI. Ratios of Cross-Peak/Diagonal-Peak Areas for Dipolar Couplings within the Methanopyrrolidine Side Chain Obtained from the Phase 
Sensitive NOESY Spectrum of Ac-~-Tyr-2,4-MePro-NHMeO 

CBHexod CflHCX0.U CBHcnd0.d CBHend0.u C'H CdHd CdH" 
C8Hcao.d - N.O.b 0.206 f 0.014c N.O. 0.018 f 0.010 N.O. N.O. 
CBHeX0.u N.O. - N.O. 0.200 f 0.013 0.024 f 0.007 N.O. N.O. 
CBHendo,d 0.203 f 0.012 N.O. - N.O. N.O. 0.022 f 0.01 1 N.O. 
CflHendo,u N.O. 0.155" N.O. - N.O. N.O. 0.015 f 0.006 
CTH N.O. N.O. 0.017 f 0.005 0.012 f 0.003 - 0.010 f 0.005 N.O. 
CdHd N.O. N.O. 0.033 f 0.007 N.O. 0.017 f 0.003 - 0.192 f 0.011 
C6H" N.O. N.O. N.O. 0.039 f 0.003 0.019 f 0.004 0.165 f 0.003 - 

"Data are derived from cross sections of a NOESY spectrum which was obtained with an optimized mixing time of 350 ms. bNot  observed. 
'Error estimates reflect the ranges of values obtained by integrating several wl cross sections. "This cross-peak intensity could not be computed 
accurately because of interference from a tl-noise artifact of the acetyl methyl resonance, which was not completely suppressed by the double 
quantum filter. 

Table VII. Ratios of Cross-Peak/Diagonal-Peak Areas for 
Conformation-Dependent NOES in Ac-~-Tyr-2,4-MePro-NHMe" 

TyrC"H mProCdHd mProC6H" 
TyrC"H - 0.036 f 0.004b 0.014 f 0.003 
mProCdHd 0.042 f 0.001 - 0.192' f 0.01 1 
mProC*H" 0.031 f 0.001 0.165' f 0.003 - 

OData are derived from cross sections of the NOESY spectrum 
shown in Figure 9, which was obtained with a mixing time of 350 ms. 

Error estimates reflect the ranges of values obtained by integrating 
several wl cross sections. CConformation-independent methylene 
cross-pea ks. 

Ac-2,4-MePro-NHMe and Ac-~-Tyr-2,4-MePro-NHMe the trans 
X-2,4-MePro peptide bond conformers are selectively stabilized 
in aqueous solution. These results are consistent with the X-ray 
crystal structure33 and with conformational energy  calculation^^^ 
of Ac-2,4-MePro-NHMe, in which the Ac-2,4-MePro peptide is 
also trans. It should be noted that the initial interpretation of 
these NMR data used geometry derived from the X-ray structure" 
of the free amino acid 2,4-MePro for which the bond lengths and 
bond angles of the Ac-2,4-MePro peptide group were approxi- 
mated. In this way, the NMR data were used to determine the 
peptide bond conformation before the crystal structure of Ac- 
2,4-MePro-NHMe was determined. Subsequently, the coefficients 
of eq 2-5 and the distances in Table IV were recalculated with 
use of parameters derived from the crystal structure of Ac-2,4- 
MePro-NHMe. 

The cis/trans X-Pro peptide bond equilibrium constants for 
Ac-L-Pro-NHMelS (Kt* = 0.33) and A c - ~ - T y r - ~ - p r o - N H M e ~ ~  
(K t ,  = 0.54) in neutral D20 solution at 25 OC have been reported 
elsewhere. Introduction of a methylene bridge between the a and 
y carbons of L-proline in either of these peptides results in a 
selective stabilization of the trans peptide bond conformation in 
water (Kt- 50.05) .  An examination of intramolecular inter- 
actions in models of cis and trans Ac-~-Tyr-2,4-MePro-NHMe 
suggests that the preferential stabilization of the trans confor- 
mation arises from unfavorable steric interactions between the 
atoms of the peptide group following 2,4-MePro (Le., the 2,4- 
MePro-NHMe peptide group) and the tyrosine backbone 
(CaHNH) and side chain atoms in cis X-2,4-MePro peptide bond 
conformers. These interactions are much more unfavorable for 
cis Ac-~-Tyr-2,4-MePro-NHMe than for cis Ac-L-Tyr-L-Pro- 
NHMe since the backbone dihedral angle 9 of 2,4methanoproline 
is restricted to values near Oo by its bicyclic side-chain structure, 
while in L-proline, 9 is conformationally restricted to values3' of 
-68O t o  - 7 5 O .  In Ac-2,4-MePro-NHMe, similar unfavorable 
interactions between atoms of the 2,4-MePro-NHMe peptide 
group and the acetyl methyl group in the cis X-2,CMePro peptide 
bond conformation appear to be the principal cause of the selective 
stabilization of the trans conformer. It should be noted, however, 
that a small amount of a second Ac-2,CMePro-NHMe conformer 
is detected in aqueous solution. This may possibly correspond to 
a small population of energetically accessible cis Ac-2,4-Me- 
Pro-NHMe conformers. This suggests that the unfavorable in- 
teractions which destabilize cis Ac-~-Tyr-2,4-MePro-NHMe are 
partially relieved when the Ac-Tyr group is replaced with a less 
bulky acetyl group. A more detailed conformational analysis, 

I I " , l , r , , l , , ~ , l , , r , l , , , , ~ L I L , ~ , , ( , , , , , ,  l , , , d  
5.0 4.0 3.0 2.0 I .o 

G(ppm) 
Figure 9. wl cross sections from absorption-mode NOESY spectrum of 
Ac-~-Tyr-2,4-MePro-NHMe in D20,  pH* 7.0, 25 OC, obtained with a 
mixing time of 350 ms. In this spectrum, the diagonal peaks are positive 
and the cross-peaks are negative. No artificial symmetrization routines 
were used. (A) wl cross section through 2,4-MePro C6Hd proton reso- 
nance. (B) wl cross section through 2,4-MePro C6HU proton resonance. 
(C) wl cross section through Tyr C"H proton resonance. 

based on conformational energy  calculation^,^^^^^ will be presented 
elsewhere.34 

Long-Range Couplings in 2,4-MePro. In the DQF-COSY 
spectrum of trans Ac-2,4-MePro-NHMe, cross-peaks were ob- 
served indicating that there is J coupling between the (two) C6H 
protons and the (two) C@Hexo protons. In trans Ac-~-Tyr-2,4- 
MePro-NHMe, these internuclear couplings were identified as 
two long-range couplings (viz., C*Hd/CBH""v" and C6H"/CBHexo,d). 
In addition, a very strong long-range coupling is observed between 
the CBHendosd and Caendo,u  protons of the 2,4-methanopyrrolidine 
ring of Ac-~-Tyr-2,4-MePro-NHMe. These results indicate 
significant electronic interactions between the C6H2, the pro-R 
CBH,, and the pro-S CBH, methylene groups of the 2,4- 
methanopyrrolidine ring. In a subsequent study,33 we shall 
demonstrate how these long-range spin/spin coupling constants 
can be used to detect 2,4-methanopyrrolidine asymmetry in so- 
lution. 
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Abstract: The conformation of sulfated L-iduronic acid ( I s )  in different heparin sequences, including the specific pentasaccharide 
sequence representing the binding site to antithrombin I11 (AT-HI), was investigated by 'H NMR spectroscopy on suitable 
synthetic mono- and oligosaccharides. For the monomer methyl 2-0-sulfo-a-~-iduronate vicinal interproton coupling constants 
are all small (1.8-3.4 Hz), accounting for a predominant contribution of a IC4 chair. By contrast, some couplings (especially 
J z s )  become larger (up to 6 Hz) when Is is inserted between two N,6-disulfated o-glucosamine residues as occurring in the 
regular sequences of heparin, and even larger (up to 7.5 Hz) when Is is glycosylated by the N,3,6-trisulfated D-glucosamine 
residue typical of the binding site to AT-111. The interproton coupling constants of the individual, nearly isoenergetic conformers 
of (IC4, 2So, and 4C,) were evaluated for different heparin sequences by using molecular geometries obtained by a force 
field method. Other conformations were discarded on the basis of energy considerations. The conformer populations were 
obtained by least-squares fitting the average computed coupling constants of the conformer mixture to the observed values. 
When I, is part of regular heparin sequences, the skew-boat form 2S, becomes an important contributor (-40%) to the 
conformation of the sulfated iduronate residues. When the amino sugar residue glycosylating the is trisulfated (as in the 
binding site to AT-HI), ?So becomes predominant (>60%). Force field calculations suggest that such a drive toward the 2So 
conformation is associated with electrostatic effects of the unique 3-sulfate group. 

Heparin, a sulfated polysaccharide belonging to the class of 
glycosaminoglycans, widely distributed in animal tissues, is cur- 
rently used in therapy as an anticoagulant and antithrombotic.' 
Heparin acts mainly by binding to antithrombin I11 (AT-111) and 
enhancing the inhibitory effect of this protein on a number of 
procoagulant  protease^.^^^ Other biological activities of heparin 
are associated with less specific but strong interactions with plasma 
 protein^.^ 

The structure of heparin is largely accounted for by regular 
sequences of the trisulfated disaccharide 1 {( 1+4)-0-(2-0- 
sulfo-a-L-idopyranosyluronic acid)-( 1+4)-U-( 2-deoxy-2-sulf- 
amido-6-0-sulfo-a-~-glucopyranose)). However, heparin also 
contains irregular sequences, including a unique one, the hexa- 
saccharide 2 (0-(a-L-idopyranosyluronic acid)-( 1+4)-0-(2- 
acetamido-2-deoxy [or 2-deoxy-2-sulfamido]-6-~-sulfo-a-~- 
glucopyranosy1)-( 1+4)-O-(/3-~-glucopyranosyluronic acid)-( 1 4 -  
4)-0-( 2-deoxy-2-sulfamido-3,6-di-0-sulfo-a-~-glucopyranosyl- 
( 1~4)-0-(2-0-sulfo-cu-~-idopyranosyluronic acid)-( 1+4)-0-( 2- 
deoxy-2-sulfoamido-6-O-sulfo-a-~-glucopyranose)).~~ Sequence 
2 contains the structure responsible for binding to AT-111, Le., 
the pentasaccharide sequence ANA,NS,6S-G-A*NS,3,6S-12S-ANS,6S 
(between dashed lines in formula 2).*14 Among the sulfate groups 

*To whom correspondence should be addressed. ' Istituto di Chimica delle Macromolecole del CNR. 
'Istituto di Chimica e Biochimica 'G. Ronzoni". 
Bruker Spectrospin Italiana. 
Universitt d' OrlCans. 
Institut Choay. 
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essential for binding to AT-I11 (encircled in formula 2)," the 
unique 3-0-sulfo group of residue A*Ns,3,6s plays a critical role 
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