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Abstract

Glycosylation provides an effective means of enhancing penetration of the blood–brain barrier by pharmacolo-
gically active peptides. Glycosylated enkephalin analogues demonstrate much greater analgesic effects than their
unglycosylated counterparts when administered peripherally. The solution conformations of glycopeptide enkeph-
alin analogues with the sequences H-Tyr-c-[D-Cys-Gly-Phe-D-Cys]-Ser(β-O-Glcp)-Gly-NH2, 2, and H-Tyr-c-[D-
Cys-Gly-Phe-D-Cys]-Ser(α-O-Glcp)-Gly-NH2, 3, have been determined by NMR and molecular modeling, and
were compared to the unglycosylated peptide H-Tyr-c-[D-Cys-Gly-Phe-D-Cys]-Ser-Gly-NH2, 1, to determine the
impact of glycosylation on peptide conformation. The only observed conformational effects were on the residue of
attachment, Ser6, and on the adjacent Gly7-amide. This has important implications in peptide-based drug design
in that strategically placed glycosylation can improve transport without destruction of the receptor selectivity of a
pre-existing non-glycosylated peptide pharmacophore. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Neuropeptidic drugs hold great promise for the study and control of a wide variety of behavioral
disorders thought to be caused by neuropeptide imbalance such as obesity,1 addiction syndromes,2

and attention deficit disorders,3 as well as chronic or neuropathic pain.4 Synthetic glycopeptides have
the potential to replace endogenous neuropeptides.5 Glycosylation of opioid peptides has proven quite
effective as a means to increase serum stability in the bloodstream and penetration of the blood–brain
barrier.5a Work performed in this laboratory, as well as in two Italian laboratories has shown that
glycopeptide-based analgesics can approach, or even surpass, the analgesic effects of morphine.5a,b,e,g,l,m

Many naturally occurring proteins are glycosylated, and control of membrane permeability has long
been postulated as one of the purposes of protein glycosylation.6 Explanations of the purpose of the
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carbohydrate include some impact on either the conformation or dynamics of the protein backbone.
Shogren, et al.7a and Butenhof, et al.7b have determined that glycosylation is responsible for the highly
extended random coil conformation of mucins. Without the carbohydrate moiety, the protein was much
less extended and had a smaller radius of gyration. In determining a more refined picture of the impact
of glycosylation, glycopeptides have been studied in hopes that the impact of a carbohydrate on a few
residues will be true of much larger molecules. Maeji, et al.,8 using a tripeptide model of antifreeze
glycoprotein, state that the sugar moiety shields the neighboring amino acids from solvent and might
hinder the flexibility of the peptide backbone. Fasman, et al.9 concluded that anO-glycosylation stabilizes
β-turns in dipeptides. Kahne and Andreotti10 concluded thatO-glycosylation dramatically changes the
ensemble of conformations of a linear hexapeptide towards a turn structure. The degree of conformational
change appears to be tempered by constrained (i.e. cyclic) systems since Kessler, et al.11 using a cyclic
hexapeptide determined thatO-glycosylation does not affect the conformation of the peptide backbone
or side chains.

The synthetic glycopeptide enkephalin analogues2 and 3 have shown profound and prolonged
analgesia when administered peripherally.5a,f The unglycosylated peptide1 showed virtually no activity
when administered peripherally. The attachment of a glucose to1 slightly reduced opiate receptor
binding in vitro (radioligand displacement from homogenized rat brain and GPI/MVD assays, Table
1), or when administered by intracerebroventricular injection (i.c.v.) in vivo. However, compared to
the unglycosylated compound1, the glycopeptides2 and 3 demonstrated a significant increase in
analgesia when administered intraperitoneally (i.p.). Since there was no great difference in serum
lifetimes between glycosylated and unglycosylated analogues in this case,12 the increased analgesia is
most likely attributable to greater accessibility to the opiate receptors in the brain. The carbohydrate may
provide hydrophilicity, recognition by an active transporter, or possibly induce conformational changes
that are key to crossing the blood–brain barrier. While bacterial glycopeptides have been shown to open
the blood–brain barrier for the penetration of other drugs, this approach involves inflammation of the
endothelial layer and may be considered as somewhat pathogenic.13

Table 1
Cyclic glycopeptide analogues

The carbohydrate in this study was attached to a residue pendant to a conformationally restricted
(disulfide linkage) turn sequence. Since receptor binding and selectivities were essentially unaffected by
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glycosylation, the expectation was that the conformational changes would occur only in the pendant
portion (-Ser6-Gly7-CONH2) of the molecules. High resolution NMR methods can yield structural
information for peptides useful for drug design.14 Scalar J coupling constants (Karplus relationships) and
NOE effects provide the most relevant conformational data for peptides. Unlike larger proteins, smaller
peptides in solution are dynamic and undergo conformational change more rapidly than can be observed
by NMR, thus these parameters are often time averages of several conformations and great care must be
taken in the interpretation of the data.

Molecular modeling was employed to explore the conformational space.15 Monte Carlo methods were
utilized to generate an ensemble of possible low energy conformers for the molecules1, 2, and3. Then
NMR data was used to refine and/or validate the results.

Since the observed coupling constants could easily have arisen from conformational averaging, only
certain NMR data were used to refine the conformational ensembles. For example, coupling constants
>9 Hz are maximal for the3JαH–NH and can only be generated by a dihedral angle near 180°. In
this particular case (i.e. coupling constants >9 Hz), the conformational ensemble could potentially be
reduced since averaging with conformers of other dihedral angles could only serve to lower the value
of the coupling constant. In general, NMR data have been used only to validate the modeling results
by looking for agreement between experimental averages and ensemble averages of the J values. In this
study, solution conformations of the glycosylated and unglycosylated enkephalin analogues (Table 1)
have been studied using NMR and molecular modeling to determine any contributions glycosylation
makes to conformation and its consequent increased access to the brain.

1.1. Nuclear magnetic resonance studies

Enkephalin analogues1, 2, and 3 were studied by high resolution (500 MHz) 1D and 2D NMR.
Preliminary NMR data were collected on2 in both water and DMSO-d6 to compare solvation effects
on conformation. Since the NOE pattern was the same for DMSO-d6 and water, further NMR work
was conducted using DMSO-d6. Because the motional correlation time of the molecule,τχ, and the
angular Larmor frequency,ω, approached 1, ROESY rather than NOESY experiments were conducted.
Complete and unambiguous assignment of all resonances (except for distinction ofβ fromβ′ hydrogens)
was carried out by the combined analysis of 1D1H, TOCSY, and ROESY NMR spectra. Chemical shifts
varied little from compound to compound. The homonuclear coupling constants were obtained from the
highly digitized 1D traces of 2D spectra. The coupling constants (Table 2) yielded no extremes useful for
determining conformation.

Initially, ROESY experiments for each compound were conducted with a mixing time of 200 ms.
The NOE patterns were virtually identical for both peptide and glycopeptides. No non-trivial NOEs
(greater than four residues) were found, which is not unusual for a hexapeptide. Sequential NOEs
(αHi–NHi+1) were examined and were all of approximately equal intensity except for Phe4, which was
much weaker. This absence could denote a greater distance between these two protons, but also might
be due to NOEs from two proximal protons having opposite NOE effects. Thus, ROESY experiments
were conducted on compound2 at mixing times of 25, 50, 100, and 300 ms, and the NOE peak buildup
rates determined (Table 3). If cancellations were occurring, the peak would be expected to build up and
decay quickly. Alternatively, if the protons were distant, buildup should be slow or non-existent. The
buildup demonstrated that a sequential NOE for the Phe4 existed, but built up more slowly than the other
NOEs. Since peptides of this size are flexible molecules, it can be safely assumed that they have multiple
conformations, and their NOEs as well as coupling constants can be time-weighted averages of these
multiple conformations. Assuming that the protons in the cyclic portion of the molecule have similar
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Table 2
Vicinal coupling constants for1, 2, and3

relaxation rates, the NOE buildup rates were used to generate average distances between the sequential
protons (Table 3) by comparison with theβ protons ofD-cys2 which are at a fixed distance of 1.77Å. An
NH–NH crosspeak found between Phe4-D-cys5 was also observed. The NOE for one of the Gly3 protons
was found to build up and then drop off at a sharp rate and therefore its distance was not calculated.

Table 3
NOE peak buildup and average distances

Two caveats exist for using a ROESY experiment to evaluate NOEs as compared to a NOESY.16

First, a ROESY employs a spin lock pulse generating an rf field that varies with the offset from the
transmitter. As a result the intensity of ROESY peaks can vary based on this offset. Since distances are
calculated based on NOE intensity, ignoring this offset might give erroneous estimates of distance. Since
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the majority of NOEs evaluated in this experiment are sequential,αHi to NHi+1 and the a protons all have
approximately the same transmitter offset which is true of the amide protons as well, any error arising
from offset should affect the sequential NOEs equally. Intensity differences between sequential NOEs
should then be genuine and could be interpreted as a difference in the average distance between those
protons. Care must be taken when interpreting intensity differences for NOEs generated from resonances
with different offsets from the transmitter, such as NH–NH orβH–βH resonances.

The second caveat for interpreting ROESY data originates from TOCSY-like (Hartman–Hahn) cross-
peaks that arise in J-coupled protons. In a typical ROESY, the diagonal peaks and crosspeaks are
opposite in phase. The Hartman–Hahn artifact has the same phase as the diagonal and therefore, when
present, leads to a reduction in the intensity of the NOE crosspeak. The danger here is that the NOE
crosspeaks occurring between two protons of a known distance used to translate NOE intensity to distance
(i.e. nonequivalent geminal protons) are most prone to this effect. With the calibration peak intensity
artificially low, calculated NOE distances are likely to be artificially shorter than they would be if the
Hartman–Hahn effect was not present. This effect is best minimized by using a relatively small value
for rf field strength, i.e. 2 kHz. In the present work, a 3 kHz field strength was used which gave rise to
strong NOE crosspeaks, but probably reduced the intensity of the nonequivalent geminal protons used to
calculate distances. This will be discussed in the molecular modeling results.

1.2. Monte Carlo simulation

Molecular mechanics techniques were used to seek out the many possible conformations of glyco-
peptides2 (β-D-glc) and3 (α-D-glc), as well as the unglycosylated peptide1. The resulting minimized
conformational ensembles for each molecule were compared to the NMR data above.

Six Monte Carlo search runs generating 5000 structures each were conducted for each analogue using
MacroModel® version 4.5.17 The AMBER force field18 and the Generalized Born Solvent Accessible
Surface Area (GBSA)19 solvent model for water were employed. The results of the six runs were then
combined, duplicate conformers eliminated, and a 25 kJ/mol energy cutoff employed, yielding a total of
128 unique conformers for1, 100 for2, and 81 for3.

The NMR data were analyzed for possible constraints that could reduce the number of solution
conformers representing each analogue. The3Jα-H to N–H coupling constants for each amino acid could
not be used as constraints since these were all in the average range of 4–9 Hz (Table 2). The pattern of
a weak sequentialαHi–NHi+1 NOE from Phe4-D-cys5 combined with an NH–NH NOE for these same
two residues was in agreement with aβ-turn conformation (Fig. 1). The ensembles of conformations for
each analogue were screened for the possibleβ-turn ‘types’, and type II′ was found to be populated to
the extent of 20% for1, 27% for2, and 44% for3.

The average distances for each of the sequential NOEs were generated from the ensemble of conforma-
tions and compared to the NOE generated distances for2 (Table 3); the molecular mechanics results gave
larger distances than the distances derived from the NOE averages. The sequentialαHi–NHi+1 distances
are largely dependent uponψ for the ith residue since the amide bond is planar. Having measured the
sequential proton distance through a 360o rotation ofψ, a distance of 2.0 Å was never obtained. The
closest approach of theα proton to the amide proton of the adjacent residue was 2.12 Å whenψ=120o.
With four of the six calculated distances shorter than 2.12 Å, it is likely that theβ protons ofD-cys2 used
to quantify the NOE buildup rates had suffered a Hartman–Hahn effect, which decreased the observed
crosspeak intensity and scaled down the distances calculated from this ‘known’ distance proportionately.
What can be interpreted correctly from the NOE data? The trend was that almost all of the sequential
NOEs were the same average distance with the exception of Phe4. This residue however, displayed an
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Fig. 1. Representative low energy turns found within the ensembles for1, 2 and3

NH–NH crosspeak with the adjacentD-cys5, whose intensity could not accurately be quantified due to
offset effects. The Monte Carlo data demonstrated the same trend for the cyclic sequential NOEs, but
was somewhat high for the pendant portions of the peptide chain. Also, this method correctly predicted
NH–NH proximity for the Phe4 andD-Cys5 residues.

Attempts to cluster each of the analogues into families using the XCluster20 program of MacroModel®

were unsuccessful. A variety of criteria were used for overlay, such as all torsion angles, the cyclized
backbone torsion angles, all heavy atoms, all backbone heavy atoms, all heavy atoms in the cyclic portion
of the backbone, and only theα-carbons; all failed to give good separation into clusters. Since grouping
was not possible, another method of summarizing the ensemble of conformers for comparison purposes
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was necessary. To evaluate the conformational space sampled by each analogue, Ramachandran-like
scatter plots were generated for each residue. Plots for bothφ vsψ representing the cyclic backbone
(Fig. 2) and pendant backbone (Fig. 3). A plot forχ1 vs χ2 andχ2 vs χ3 was also generated for Ser6

to adequately display the effect ofα vsβ carbohydrate linkage on conformation (Fig. 4). This last plot
would be expected to show anyexo-anomeric effects displayed by the glycoside.

2. Discussion

Before utilizing the molecular mechanics results, some comparison with experimental data were made
to ensure their accuracy. Analysis of theφ,ψ-plots demonstrated little difference in the torsion angles
sampled by the peptide1, and glycopeptides2 and3. This was in agreement with the chemical shift
data and NOE pattern, which also varied little between peptide and glycopeptides. The NOE buildup
results suggested aβ-turn conformation, and the existence of about 25% type II′ β-turn conformations in
the molecular mechanics results lent further credence to the computational results. The vicinal coupling
constants determined by NMR were all averages, also consistent with the molecular mechanics results.
As a trend, the molecular mechanics sequential distance averages matched the NOE-derived distances,
but were slightly higher than the experimental for the pendant portions. Overall, the ensemble of
conformations predicted by molecular mechanics was reasonable; the differences between computational
and experimental results can probably be attributed to the inability to accurately determine the amount
of time spent in each conformation and therefore weight the ensemble correctly.

All of the analogues gave the identical lowest energy conformation (Fig. 5), which strictly speaking
is not aβ-turn type II′; it actually resembled aγ-turn. An overlay of the first 40 low energy conformers
of 1 (Fig. 6) demonstrated the flexibility in the ring and thus explained its failure to cluster. While the
analogues sample aβ-turn structure for a significant period of time, exactly how much time is spent in
this conformation is not clear.

In the glycopeptide enkephalin analogues studied, the pendant carbohydrate appeared to have virtually
no impact on the peptide backbone conformation. In theφ,ψ-plots for the conformational space sampled
by the peptide backbones in2 and3, only the residue of attachment, Ser6, and adjacent residue, Gly7,
showed any appreciable variation upon glycosylation. A large difference in the flexibility of Ser6 and
Gly7 resulted from theβ-D-glucoside2; and only a slight increase in the space sampled was noted with
theα-D-glucoside3. This is not surprising considering that residues 2–5 are locked into a cyclic structure
by a disulfide bridge; the cyclic portion may be sufficiently constrained that increased steric restrictions
introduced by the carbohydrate moiety may have little conformational impact.

The linkage (α vs β) of the carbohydrate seems to limit the influence of the carbohydrate on the
peptide backbone conformation. Theα-anomer,3, has much less influence than theβ-anomer,2. This
may be because the flexibility of the carbohydrate is limited due to the anomer. In examining theχ2 vs
χ3 scatter plots for Ser6, theα connection can only achieve a gauche plus conformer forχ3 (the serine
oxygen to anomeric carbon torsion angle), while theβ connection achieves both gauche plus and minus
conformers about this bond. This also has some important implications to the understanding the core
regions of naturally occurring O-linked glycoproteins, the great majority of which contain anα-linked
GalNAc residue attached to serine or threonine.21

If the cyclic portion of2 is positioned and labeled as in aβ-turn, with theD-cys2 as position i and
the D-cys5 as position i+3, and the molecule is turned so that position i shields position i+3 from sight
(and i+1 shields i+2), then a right (obverse) and left (reverse) face can be defined (Fig. 7). In looking at
the general shape of the molecule, it was noted that the exocyclic backbone segments with respect to the
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Fig. 2 Scatter plots of theφ vsψ angles for the ensemble of conformers for each residue in the cyclic portion of1, 2, and3:
(a) D-cys2, (b) Gly3, (c) Phe4, (d) D-cys5
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Fig. 2 (continued)
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Fig. 3. Scatter plots ofφ vsψ angles for the ensemble of conformers for each residue in the pendant portion of1, 2, and3: (a)
Ser6, (b) Gly7



C. T. Kriss et al. / Tetrahedron:Asymmetry11 (2000) 9–25 19

Fig. 4. Scatter plots of the Ser6 χ1 vsχ2 (unglycosylated1, β-glycoside,2, andα-glycoside,3) andχ2 vsχ3 (2 and3 only)
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Fig. 5. Overlay of the minimum energy conformations of1, 2, and3

cyclic portion all fall to the obverse face of the turn region (lavender surface). This is in partial agreement
with the conformation of [Leu]5-enkephalin (H-Tyr-Gly-Gly-Phe-Leu-OH).22 As determined by X-ray
diffraction, the backbone of [Leu]5-enkephalin was shown to form a ‘β-bend’ approximating a plane
with the Tyr1 and Phe4 side chains on one face of the plane, and the Leu5 side chain on the opposite face.
While the Tyr1 is on the obverse face in1, 2, and3, as well as [Leu]5-enkephalin, it is difficult to make a
direct comparison between the pendant dipeptide group in the peptides1, 2, and3, and the side chain of
Leu5. To correspond directly to the [Leu]5-enkephalin conformation, theD-cys5 side chain should be on
the reverse face, but the substitution of aD-amino acid for Leu5 reverses this orientation.

Of particular interest is the presence of the C-terminal pendant dipeptide on the obverse face, which
could potentially produce undesirable interactions with the pharmacophore (Tyr1-Phe4). Alternatively,
this group can mask the polar backbone carbonyls by intramolecular H-bonding to render the cyclic
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Fig. 6. Overlay of the 40 lowest energy ring conformers of1

peptide more lipophilic. Since these glycopeptides have been shown to penetrate the blood–brain barrier,
the folding of glycopeptides2 and3 into amphipathic structures facilitates transport of these drugs across
biological membranes, e.g. by absorptive endocytosis23 (Fig. 8).

3. Conclusions

The peptide and glycopeptide enkephalin analogues sample the same conformational space. The
carbohydrate has virtually no impact on the cyclic portion of the peptide backbone, but does influence
the exocylic portion — its residue of attachment, Ser6, and the Gly7 adjacent to it. Given a non-cyclic
peptide backbone, it may demonstrate more influence, particularly turn induction and stabilization as
found by Kahne11 and by Fasman10. The carbohydrate only influences the exocyclic portion of the
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Fig. 7. Pendant portions vs cyclic portions of2: obverse vs reverse faces of the turn
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Fig. 8. Absorptive endocytosis is enhanced by amphipathic conformations of glycopeptides

backbone when it has the flexibility of aβ-linkage; anα-linkage is much more constrained and distorts
the exocyclic backbone less. The C-terminal exocyclic portions of the molecule including the sugar
moiety are displayed on the obverse face of the cyclic portion (Fig. 7). This fact may be useful if
one considers the backbone ring as a scaffold for the attachment of pharmacophoric side chains. The
possibility of directing portions of a peptide to one face of a flexible ring usingD vs L amino acids
can be of great value in designing the shape of glycopeptide drugs. Presently, glycosylation may be
used to improve molecular properties important to drug delivery without impacting carefully designed
peptide pharmacophores through the judicious use of amino acid substitution, cyclization, and/orα-
linkage. With further exploration, the effect of glycosylation on transport properties may be determined,
and conformation-inducing properties may be simultaneously exploited to shape glycopeptides to target
particular peptide receptors and increase bioavailability simultaneously.

4. Experimental

4.1. General methods

Peptide resins and FMOC-amino acids were purchased from Bachem (Torrence, CA). All air- and
moisture-sensitive reactions were performed under an argon atmosphere in flame-dried flasks. THF
was dried and deoxygenated over benzophenone/Na(0)–K(0), CH2Cl2 dried over P2O5, CH3CN dried
over CaH2, and all solvents were freshly distilled under an argon atmosphere prior to use. Glycopeptide
assembly via FMOC chemistry was performed manually using a sintered-glass fritted vessel with argon
as an agitant, or in a fritted vessel with argon agitant and mechanical shaking in a Protein Technologies
Sonata using automation. Flash chromatography was performed on 400–230 mesh silica gel 60 (E. Merck
No. 9385). All compounds described were at least 95% pure based on1H and13C NMR and confirmed
by elemental analyses in certain cases.

4.2. Synthesis and isolation of glycopeptides

The FMOC-amino acid glycosides24 were synthesized from their correspondingL-serine Schiff bases
and the appropriate bromo-sugar (either peracetates or perbenzoates). Glycosylations were performed
under Koenigs–Knorr conditions with AgOTfl as a catalyst forβ-glycosides and AgClO4 for α-
glycosides. Standard deprotection and reprotection afforded the FMOC-amino acid glycosides ready for
glycopeptide synthesis in excellent yields. Peptide synthesis utilized deprotections with 25% piperidine in
DMF and residue couplings with BOP/HOBt in NMP.25 The carbohydrate ester protection was removed
while on the resin via treatment with H2N–NH2·H2O in MeOH. Cleavage was accomplished with TFA
and appropriate scavengers over 2 h. Ether precipitation followed by purification on a Vydek preparative
C18 reversed-phase column (Separations Group, Hesperia, CA) gave either the pure reduced forms,
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or pureS-protected forms. The acetamidomethyl group was removed with Hg(OAc)2 and H2S, and
cyclization was promoted with K3Fe(CN)6 at a pH of 8.5 under diluting conditions. The crude cyclic
samples were re-purified as before. A detailed presentation of both glycoside and glycopeptide synthesis
will be published separately.

4.3. NMR measurements

All experiments were carried out at 298 K with a Bruker AM 500 spectrometer equipped with an
Aspect 3000 computer and a 5 mm inverse detection probe. Sample concentrations were∼5 mg/0.4 ml
analogues in DMSO-d6. The z-filtered1H TOCSY26 spectra were recorded using a relaxation delay of 1 s
between the subsequent transients, and the isotropic mixing period (MLEV-17) was set to 60 ms. Thirty-
two scans were acquired for each of 512 experiments, and 4096 points were recorded in the acquisition
dimension (F2). The z-filtered delay, Tz, of 15 ms was randomly varied to obtain pure absorption phase
data. Quadrature detection in the F1 dimension was achieved by time-proportional phase incrementation
(TPPI). The spectral width was 5435 Hz, resulting in initial digital resolution of 2.6 Hz per point in F2.
Zero-filling in both F1 and F2 and multiplication with a square cosine function was performed prior to
2D Fourier transformation.

To improve the definition of the absorption spectrum, a final digital resolution of 0.3 Hz per point
was achieved by inverse Fourier transformation, zero-filling, and back transformation of selected traces.
The conformationally important homonuclear vicinal coupling constants were determined by the highly
digitized (32 K) 1D traces of z-filtered TOCSY spectra and 1D1H spectra.

ROESY experiments27 were carried out in reverse configuration using the decoupler for1H pulsing.
Decoupler power was attenuated to give a 90° pulse of 75µs (spin-lock field strengths of 3333 Hz).
The duration of CW spin-lock pulse was 200 ms. Five hundred twelve experiments with 64 transients
were carried out. Zero-filling in both F1 and F2 and multiplication with squared cosine function were
performed prior to 2D Fourier transformation.

The buildup ROESY experiments were conducted in the same configuration and at the same decoupler
power, with mixing times of 25, 50, 100, and 300 ms. 750 experiments with 16 transients were carried
out. Zero-filling and a sinebell function were applied in both dimensions prior to Fourier transformation.

Six Monte Carlo search runs generating 5000 structures each were conducted for each analogue using
MacroModel® version 4.5.15 The AMBER force field16 and GBSA17 solvent model for water were
employed. During each run, a crude conjugate gradient minimization of 500 iterations was performed
and structures whose energy was within 50 kJ/mol of the lowest one found were saved. The resulting
conformers were then extensively minimized for 10 000 iterations, and again structures within 50 kJ/mol
of the lowest saved. The results of the six runs were then combined, duplicate conformers eliminated,
and a 25 kJ/mol energy cutoff employed.
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