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Summary

Synthesis and screening of combinatorial libraries for pharmaceutical lead discovery is a rapidly expanding field.
Oligo-N-substituted glycines (NSGs) were one of the earliest sources of molecular diversity in combinatorial
libraries. In one of the first demonstrations of the power of combinatorial chemistry, two NSG trimers, CHIR-2279
and CHIR-4531, were identified as nM ligands for two 7-transmembrane G-protein-coupled receptors. The NMR
characterization of these two lead compounds was undertaken to verify covalent connectivity and to determine
solution conformations, if any. The sequential chemical shift assignments were performed using a new strategy
for assigning1H and13C resonances of NSGs. The conformational preferences were then determined in both an
aqueous co-solvent system and an organic solvent to probe the effects of hydrophobic collapse. NSGs are expected
to be more flexible than peptides due to the tertiary amide, with both cis and trans amide bond conformations being
accessible. Solution NMR studies indicate that although CHIR-2279 and CHIR-4531 have identical backbones and
termini, and very similar side chains, they do not display the same solution conformational characteristics.

Introduction

Synthesis and screening of combinatorial libraries for
pharmaceutical lead discovery is a rapidly expanding
field. Oligo-N-substituted glycines (NSGs) were one
of the earliest sources of molecular diversity in com-
binatorial libraries [1,2]. In one of the first demonstra-
tions of the power of combinatorial chemistry, an NSG
library of over 4400 compounds was screened against
various 7-transmembrane G-protein-coupled receptor
targets. Two NSG trimers, CHIR-2279 and CHIR-4531
(Figure 1), were identified as nM ligands for two dis-
tinct receptors [3]. The first, CHIR-2279, binds to the
�1-adrenergic receptor with a Ki of 5 nM, and CHIR-
4531 binds to the�-opioid receptor with a Ki of 6 nM.

� To whom correspondence should be addressed. Present address:
Combi Chem. Inc., 1804 Embarcadero Road, Suite 201, Palo Alto,
CA 94303, U.S.A.

Due to the novelty of NSGs, there is little exper-
imental information on their conformational prefer-
ences. However, since the amide nitrogen is substitut-
ed, NSGs are expected to be more flexible than pep-
tides, with both cis and trans amide bond geometries
being easily accessible. The NMR characterization of
these two lead compounds was undertaken to verify
covalent connectivity and to determine the solution
conformations. Although NSGs are similar to pep-
tides, the chemical nature of NSGs required the devel-
opment of a new strategy [4] for assigning13C and
1H resonances to confirm the chemical connectivity
of these oligomeric molecules. This method employs
the HMBC [5] and HMQC [6] pulse sequences and is
robust enough to make the chemical shift assignments
of four main chain geometries in solution simultane-
ously.

Solution NMR was used to determine conforma-
tional preferences in both an aqueous co-solvent sys-
tem and an organic solvent. Wiley and Rich [7] have
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Figure 1. High-affinity ligands for the�1-adrenergic receptor (CHIR-2279) and the�-opioid receptor (CHIR-4531) discovered with a
combinatorial NSG library [3]. Amine side chain and main chain segments are indicated using the nomenclature adopted for NSG NMR
assignments [4]. In order to accommodate the chemistry and avoid confusion in naming of the two carbons attached to the main chain amide
nitrogen, the polymer chain is divided into submonomer units. As a result, two pieces (submonomers) are associated with each residue
(monomer) number. For example, 1 Nhtyr and 1 ac make up residue 1 of CHIR-2279.

suggested that structures determined in organic sol-
vent or by in vacuo simulations are not good predictors
of ligand conformation, either in aqueous solution or
bound to the receptor. They propose that flexible lig-
ands undergo ‘hydrophobic collapse’ when dissolved
in water, minimizing their exposed hydrophobic sur-
faces by packing their hydrophobic groups together.
As a result, intramolecular hydrophobic interactions
would have a strong impact in aqueous solutions and
not in organic solvents. Comparison of the NMR data
from the two solvent conditions was a useful probe for
the effects of ‘hydrophobic collapse’.

CHIR-2279 and CHIR-4531 are good candidates
for hydrophobic collapse, having hydrophobic side
chains attached to a flexible backbone. This hydropho-
bic clustering or collapse could result in a limited num-
ber of solution conformations. If so, NMR techniques
would be useful in characterizing their solution struc-
tures under aqueous conditions and providing insight
for modeling and further optimization of these lead
compounds. This is one reason why we pursue the
structure of NSGs in at least partially aqueous solu-
tions.

Materials and Methods

CHIR-2279 and CHIR-4531 were synthesized using
the submonomer method as previously reported [2,3].

The 13C labeling at the main chain CA position was
achieved by using bromoacetic acid with a13C label
at the methylene position. Compounds were purified
with reverse-phase HPLC using a water/acetonitrile
gradient with 0.1% TFA buffer on a Vydac C18 column.
The NSGs were characterized as described previously
[3], and with the NMR experiments described here.
They were lyophilized from HPLC buffer and then
relyophilized from deuterated acetic acid (d4) before
being dissolved in NMR solvents.

Neither CHIR-2279 nor CHIR-4531 was soluble in
water alone at high enough concentrations for NMR.
However, a previous study by Atkinson and Pelton [8]
has shown for at least one small peptide that small
amounts of acetonitrile can be used as a co-solvent
without affecting the solution conformation. We have
followed their example and added acetonitrile as a sol-
ubilizing agent. NMR was performed at�10 mM NSG
in the aqueous co-solvent system of 25% acetonitrile
(d3) and 75% D2O, pH 3, at 10�C. NMR experiments
were also performed with the same parameters on sam-
ples of�10 mM NSG in DMSO at 30�C. Spectra were
acquired on a Varian Unity 300. Standard 1D proton
spectra were collected as 8K data points and zero-filled
to 16K. The 1D spectra were also taken at 10�M,
100 �M and 1 mM to verify that spectra (chemical
shift and populations) were concentration independent
(data not shown). The HMQC [6] experiments were
performed with J = 140 Hz, and the HMBC [5] exper-
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iments with J = 9 Hz. The heteronuclear experiments
were collected with spectral widths of 4000 Hz in the
1H dimension, and 16 000 and 18 000 Hz in the13C
dimension for the HMQC and the HMBC, respectively.
The ROESY data were collected using the TROESY
pulse sequence of Hwang and Shaka [9] with a 250 ms
mixing time. The spin-lock pulse was 180�(x) 180�(–
x), with a field strength of 8000 Hz. For the ROESY
spectra, a total of 512 t1 increments were collected,
with 64 transients of 2048 complex data points in t2

for each. Spectral widths of 4000 Hz were used in both
dimensions. Data processing was carried out with the
NMR Pack software [10] on an IBM RS-6000/580 run-
ning AIX3.2.5. The ROESY spectra were zero-filled
to give final real data matrices of 1024 points in!1 and
2048 points in!2. Heteronuclear spectra were zero-
filled to give a final real data matrix of 1024 points in
!2 (1H) and 2048 points in!1 (13C). The HMQC was
processed as phase sensitive in both dimensions, and
the HMBC was processed as phase sensitive in!2 and
absolute value in!1.

Although NSGs are similar to peptides, a new strat-
egy [4] had to be employed for assigning13C and1H
resonances. For peptide sequential NMR assignments,
spin systems consisting of HN , H�, H�1, H�2, etc., are
identified using homonuclear COSY [11,12] or TOC-
SY [13] experiments. These homonuclear experiments
are adequate for peptide systems in which the main
chain protons and the side chain protons are within
three bonds of another proton. Thus, for most amino
acid monomers, the main chain and part of the side
chain are one spin system. With NSGs, the side chain
branch point is shifted from the main chain�-carbon
to the main chain nitrogen, replacing the amide pro-
ton with the first carbon of the side chain. As a result,
each monomer unit has two spin systems, the side
chain branching from the main chain nitrogen, ‘Nxxx’,
and the main chain glycine unit, ‘ac’ (Figure 1). The
assignment method and the nomenclature used here
are described briefly in Figures 1 and 2, and have
been published in detail elsewhere [4]. Chemical shift
assignments for CHIR-2279 and CHIR-4531 in 25%
CH3CN/75% D2O at 10 �C and for CHIR-2279 in
DMSO at 30�C are listed in Tables 1, 2 and 3, respec-
tively.

Using the sequential connections determined with
the HMBC spectra (Figure 3), it was possible to deter-
mine the geometry about each of the amide bonds with
the ROESY spectra (Figures 4, 5 and 6). This can be
clearly seen with the tracing of the sequential connec-
tions of CHIR-2279 in a ROESY spectrum taken in

Table 1. 13C and1H chemical shifta assignments of CHIR-
2279 in 25% CH3CN/75% D2O at 10�C

Submonomer trans–trans trans–cis
13C 1H 13C 1H

1 Nhtyr A 47.2 3.08 47.2 3.13

B 29.5 2.82 29.5 2.85

C 126.5

D 129.0 7.05 128.9 7.07

E 114.0 6.79 114.0 6.79

F 154.0 154.0

1 ac A 46.7 3.58 46.8 3.72

CO 164.7 164.8

2 Nbiph A 137.5

B 127.1 7.15 127.1 7.37

C 127.4 7.70 127.4 7.75

D 140.6

E 138.3

F 125.8 7.75 125.9 7.71

G 128.2 7.55 128.2 7.53

H 127.2 7.48 127.2 7.51

2 ac A 50.2 3.89 50.3 4.48

CO 167.9 167.6

3 Nhphe A 48.6 3.59 48.6 3.58

B 32.1 2.79 31.9 2.78

C 137.0

D 127.7 7.04 127.7 7.16

E 127.7 7.00 127.5 7.23

F 125.6 6.74 125.4 7.22

3 ac A 47.2 4.07 48.4 3.96

CO 172.0 171.0

a Units of ppm 13C referenced to 117.7 ppm CH3CN; 1H
referenced to 0.0 ppm TSP.

25% CH3CN/75% D2O (Figure 4). CHIR-2279 has a
distinct preference at each of its amide bonds in the
aqueous co-solvent. It is a little more complicated in
the CHIR-4531 spectrum, which has four main chain
geometries populated under partially aqueous condi-
tions (Figure 5). The main chain geometries are noted
in the assignment tables and figure legends. This same
procedure was followed in DMSO as well.

Results

Although CHIR-2279 and CHIR-4531 have identical
backbones and termini, and similar side chains, they
do not display the same solution conformational char-
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Figure 2. (Top) Intramonomer connections (e.g. 1 Nxxx to 1 ac) are established using the heteronuclear three-bond coupling of Nxxx HA to
ac CA. The dashed arrows indicate cross peaks which connect side chain spin systems to the main chain spin system in the HMBC [5] of an
NSG13C labeled at each ac CA position (designated by�). (Middle) Intermonomer sequential connections are established using heteronuclear
two- or three-bond couplings of main chain carbonyl carbons (ac CO) to side chain and main chain protons (Nxxx HA and ac HA). The dashed
arrows indicate cross peaks found in a natural abundance HMBC that are used to trace sequential connectivities. (Bottom) The amide bond
geometries are established using ROESY cross peaks. The distances between the main chain protons (ac HA) differ, depending on whether the
intervening amide bond places these protons cis or trans to each other. The dashed arrows indicate cross peaks found in a TROESY [9]. The
trans geometry at the first amide will result in a 1 ac HA to 2 Nxxx HA cross peak, while the cis geometry at the second amide will result in a
2 ac HA to 3 ac HA cross peak.

acteristics under either the aqueous co-solvent system
or the organic solvent used here. The HMBC ac CO-
HA regions of the two compounds are clearly differ-
ent under an aqueous co-solvent system (Figures 3A
and B). The assigned HMBC spectrum indicates that
CHIR-2279 exists as one major species which can be
easily observed in Figure 3A and a minor species com-
ing in just above the noise. These species differ in

the main chain geometry. In contrast, CHIR-4531 has
a much more complex HMBC spectrum (Figure 3B).
This spectrum along with ROESY (Figure 5) demon-
strate that the CHIR-4531 backbone does have access
to all four possible main chain geometries. The pres-
ence of multiple peaks means that the cis and trans
states are in slow exchange on the NMR time scale.

With the chemical shift assignments completed and
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Figure 3. The carbonyl carbon/�-proton region of natural abundance HMBC [5] spectra. The assignments and sequential connections are
indicated for both major and minor conformations. The peak assignments are shown with the main chain amide bond geometries indicated for
each species, with tt denoting the trans–trans main chain geometry, tc the trans–cis, ct the cis–trans, and cc the cis–cis. For CHIR-2279 in 25%
CH3CN/75% D2O at 10�C (A) the HMBC clearly shows a major and a minor main chain geometry, tt and tc, respectively. In addition to the
two main chain cross peaks at the 2 ac CO carbon frequency, there is also a cross peak from the side chain 3 Nhphe HA (3.60 ppm). The 2 Nbiph
side chain (Figure 1) does not have an HA, and thus does not have the corresponding cross peak at the 1 ac CO carbon frequency. The HMBC
of CHIR-4531 in 25% CH3CN/75% D2O at 10�C (B) has many more cross peaks, reflecting the presence of four main chain geometries, two
major and two minor. The side chain connectivities are also present with 2 Nmdb HA to 1 ac CO cross peaks apparent from 4.5 to 4.2 ppm and
the 3 Nhtyr HA to 2 ac CO cross peaks around 3.5 ppm. The HMBC of CHIR-2279 in DMSO at 30�C (C) has two main chain conformers of
roughly equal intensity and very little chemical dispersion between them.

the main chain geometries determined, it was possi-
ble to use the1H spectra to estimate the populations
occupying the different main chain amide geometries
(Figures 7A and B). CHIR-2279 has a distinct amide
bond geometry preference at both of the main chain
amide bonds, with one major species, trans–trans
(�85%), and one minor species, trans–cis (�15%).
This is somewhat unexpected, since the energy dif-
ference between cis and trans isomers is low for N-
substituted amide bonds. The unequal population dis-
tribution of the main chain amide geometries is indica-
tive of conformational preferences.

CHIR-4531 behaves as expected, clearly occupy-
ing both cis and trans amide bond geometries at each of
the two amide bonds. This results in four main chain
species. Figure 7B is a portion of the 1D spectrum
used to make population estimates for each of the con-

formers of CHIR-4531. There are two major compo-
nents, trans–trans and cis–trans (�40% each), and two
minor ones, cis–cis and trans–cis (�10% each). The
differences between CHIR-2279 and CHIR-4531 in the
number of main chain geometries and the occupancies
of those states is not a result of aggregation. The 1D
spectra were also taken at 10�M, 100�M and 1 mM,
and verify that the number of peaks, their chemical
shifts and normalized integrations were concentration
independent.

The fact that CHIR-2279 has a preference for one
main chain geometry over the others under aqueous
conditions suggests that there is a favored ‘collapsed’
conformation. However, there are no ROESY cross
peaks observed between the hydrophobic side chains
to indicate close packing. Thus, there is no evidence
of a single collapsed conformation. The same is true
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Figure 3. (Continued).
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Figure 4. Portions of the TROESY [9] spectra of CHIR-2279 in 25% CH3CN (d3)/75% D2O at 10�C. These spectra contain the sequential
connectivities of both the major and minor species, and were used in conjunction with main chain assignments to determine amide bond
geometries. The assignments are shown, with tt denoting the trans–trans main chain geometry and tc the trans–cis. Note that the 2 Nbiph side
chain has no HA (Figure 1), so the diagnostic cross peak for the trans amide bond is 1 ac HA – 2 Nbiph HB (lower portion of the spectra).

for CHIR-4531, with all the NMR distance constraints
derived from ROESY spectra being of a local nature.

When the same NMR characterization was per-
formed on CHIR-2279 and CHIR-4531 in DMSO at
30 �C, the results were dramatically different. It is
immediately clear from the 1D spectra of CHIR-2279
in the main chain�-proton region, between 4.5 and

3.5 ppm, that there are more peaks present in DMSO
(Figure 7C) than in 25% CH3CN (Figure 7A). The
assigned HMBC spectrum of CHIR-2279 in DMSO
(Figure 3C) has the same number of peaks, and shows
that there are still only two main chain geometries. But
the peaks now have the same intensity, and the chem-
ical shift dispersion is greatly reduced. This suggests
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Figure 5. Portion of the TROESY [9] spectrum of CHIR-4531 in 25% CH3CN (d3)/75% D2O at 10�C. This spectrum contains the sequential
connectivities of both the major and minor species, and was used in conjunction with main chain assignments to determine amide bond
geometries. The assignments are shown, with tt denoting the trans–trans main chain geometry, tc the trans–cis, ct the cis–trans, and cc the
cis–cis.

that there is little difference in the chemical environ-
ment of the nuclei in the two different main chain
geometries. This is consistent with the unfolded states
of peptides. For CHIR-4531 four conformers are still
present but they have altered populations. In CHIR-
2279 the first amide bond is aromatically substituted
and occupies only the trans geometry. This is consis-
tent with the work of Itai et al. [14,15], and will be
discussed in more detail in the next section.

The 1D spectra (Figure 7) show that solvent has a
dramatic effect on the populations. CHIR-2279 shifts
from trans–trans being favored 85:15 over trans–cis in a
partially aqueous environment, to an equal distribution
in DMSO for the non-benzylic amide bond. CHIR-
4531 shows similar behavior, with no main chain con-
formational preference at either amide bond. Each
combination of amide bond geometries, trans–trans,
trans–cis, cis–trans, and cis–cis, is occupied equally
(�25% each). In DMSO, all the ROESY cross peaks
are once again of a local nature, and there is no evi-
dence of close packing. This was expected in DMSO,

where the hydrophobic effect is not a driving force,
and both the polar main chain and the hydrophobic
side chains would be fully solvated.

Discussion

The NMR characterization of CHIR-2279 and CHIR-
4531 was undertaken to verify covalent connectivity
and to determine if there was any preferred solution
conformation. The NMR characterization included the
assignment of1H and 13C chemical shifts and the
determination of main chain amide geometry for each
species present in solution. The work presented here
demonstrates that the1H and13C assignment method
using HMQC [6], HMBC [5], and TROESY [9] pulse
sequences can be used on NSGs for up to four main
chain geometries of varying populations, simultane-
ously in solution.

Once the assignments were complete, it was possi-
ble to check for conformational preferences. Since the



9

Figure 6. Portions of the TROESY [9] spectra of CHIR-2279 in DMSO (d6) at 30�C. These spectra contain the sequential connectivities
of both the major and minor species, and were used in conjunction with main chain assignments to determine amide bond geometries. The
assignments are shown, with tt denoting the trans–trans main chain geometry, tc the trans–cis, ct the cis–trans, and cc the cis–cis. Note that 2
Nbiph has no HA (Figure 1), so the diagnostic cross peak for the trans amide bond is 1 ac HA – 2 Nbiph HB (lower portion of the spectra). In
DMSO, because of the chemical shift overlap, the critical peaks for determining main chain geometry at the second amide are in the upper left
corner.

energy difference between the cis and trans isomers
of amide bonds is low for N-substituted amide bonds,
NSGs are expected to be more flexible than peptides.
Both cis and trans amide bond geometries would be
accessible, similar to proline (tertiary amide). Because
the group directly connected to the nitrogen is the

same for the side chain and the main chain (methylene
groups, CH2), it was expected that the NSGs would
sample both geometries roughly equally. This would
result in four discernible main chain geometries for
a trimer (with two amide bonds): trans–trans, trans–
cis, cis–cis, and cis–trans. These four geometries are
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Figure 7. Portions of standard1H spectra used to estimate the occupancy of each main chain geometry. The assignments are shown below the
peaks along with the peak integration, with tt denoting the trans–trans main chain geometry, and tc the trans–cis, ct the cis–trans, and cc the
cis–cis. (A) CHIR-2279 in 25% CH3CN (d3)/75% D2O, 10�C. Integrated values are normalized to 4 for the estimation of populations based on
four resonances (1 ac HA, 2 ac HA, 3 ac HA, and 3 Nhphe HA). The peak integrations indicate that CHIR-2279 has a major conformer (�85%)
with trans–trans geometry and a minor conformer (�15%) with trans–cis geometry. (B) CHIR-4531 in 25% CH3CN (d3)/75% D2O, 10�C.
Integrated values are normalized to 1 for the estimation of populations based on one resonance (2 Nmdb HF1). The peak integrations indicate
that CHIR-4531 has two major conformers (�40% each), trans–trans main chain geometry and cis–trans. There are also two minor conformers,
trans–cis and cis–cis, where the assignments of the 2 Nmdb HF1 resonance could not be made unambiguously (�10% each). (C) CHIR-2279
in DMSO, 30�C. Integrated values are normalized to 4 for the estimation of populations based on four resonances, as in (A). These peak
integrations indicate that in DMSO, CHIR-2279 now occupies two major conformers equally, trans–trans and trans–cis (�45% each based on
the 2 ac HA peaks at 4.5 ppm). Note that there are some broad unassigned peaks in this region that may be indicative of short-lived states where
the cis geometry is occupied at the first amide bond.
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Figure 7. (Continued).

seen for CHIR-4531. But of more interest, the data
presented here demonstrate that there is a continu-
ous range of possible states, from one major main
chain geometry (CHIR-2279 in aqueous co-solvent),
through two major geometries (CHIR-2279 in organic
solvent), two major and two minor geometries (CHIR-
4531 in aqueous co-solvent), and finally four equally
populated geometries (CHIR-4531 in organic solvent).
The challenge then becomes determining what phys-
ical forces determine the population distribution. The
ultimate goal is to gain some insight into bioactive con-
formations by understanding these contributions under
the conditions where the compounds interact with their
receptor/target.

The most promising experimental evidence that
different NSGs would have different conformational
preferences was the predominance of one main chain
geometry for CHIR-2279 in aqueous co-solvent. In
fact, the ROESY data for CHIR-2279 in DMSO have
only two observable species, which are both trans at the
first (aromatic) amide bond, unlike CHIR-4531, which
occupies both cis and trans in populations at the first
amide under both solvent conditions. This difference
in amide bond geometries can be explained by dif-
ferences in the amides themselves. The first amide of
CHIR-2279 is aromatically substituted at the nitrogen.
The presence of the aromatic ring of the Nbiph side
chain attached to the amide nitrogen (Figure 1) alters
the energy difference between cis and trans amide. Pre-

Figure 8. N-Methyl-N-acyl anilide model compounds used for X-ray
crystal structure determination by Itai et al. [14,15].

viously, studies [14,15] with model compounds sug-
gested that this type of amide bond prefers a geometry
equivalent to the trans main chain of an NSG.

Itai et al. [15] studied a series of model compounds
of the formN-acyl-N-methyl anilides (Figure 8).Deter-
mining the crystal structures, they found amide N-C
bond lengths of�1.35 È and a nitrogen substituent
geometry consistent withsp2 hybridization. These two
observations are consistent with the partial double bond
nature of the N-C bond in the amide. They also report-
ed that interplanar angles between the phenyl ring and
the amide group ranged from 60� when R was a benzyl
ring, to 90� for alkyl substitutions like isopropyl and
methyl. These values led Itai et al. [15] to conclude
that there is no longer conjugation between the imi-
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Figure 9. Two superimposed models of CHIR-2279. Carbon atoms are shown in gray (and light blue), nitrogen in blue, and oxygen in red.
As stated in the text, there is not a single conformation in solution, but an ensemble. This was also reflected in molecular modeling (results
not published) where a large number of low-energy conformations were seen. The two models shown here were chosen to demonstrate how
differences in the amide bond geometry between positions 2 and 3 can affect hydrophobic packing. The major species (85%) in aqueous
co-solvent has a trans amide, shown in the completely gray structure. The minor species (15%) has a cis amide bond in this position, shown by
the light blue structure starting at the amide between 2 and 3.

no nitrogen and the aromatic ring. This conjugation is
probably sacrificed to avoid steric hindrance between
the phenyl group and the aliphatic group adjacent to
the carbonyl. All of the compounds adopt this confor-
mation with the R group trans to the methyl and cis to
the aromatic ring (Figure 8). This is exactly what we
see for CHIR-2279, where 1 ac occupies the R position
and 2 ac takes the place of the methyl.

Aromatic substitution explains the trans geometry
preference at the first amide of CHIR-2279. But what
is causing the population differences in aqueous co-
solvent for the other amide bonds? Under partially
aqueous conditions, CHIR-2279 prefers trans amide
geometry at the second amide bond (85:15),and CHIR-
4531 prefers trans amide geometry at the second amide
bond (40:10). As noted above, steric interactions are
the main determining factor in peptides preferring trans
main chain geometries. Since the bulk of a proton is
much less than a CH, the main chain�-carbons end
up being trans to each other. This cannot be the expla-
nation for NSGs, since the main chain and side chains
are roughly the same bulk at their attachment to the
nitrogen, both being methylenes (CH2).

Another factor that has been proposed as being
important to unique folded conformations in pep-
tides is ‘hydrophobic collapse’. Wiley and Rich [7]
have used this term to describe the result of mole-
cules minimizing their exposed hydrophobic surfaces
in water by packing their hydrophobic groups together.
They have proposed that small flexible molecules will
undergo hydrophobic collapse to form intramolecular
hydrophobic interactions in aqueous solutions that are
not present in organic solvents. They have also sug-
gested that neither organic solution structures nor in
vacuo simulations are accurate or relevant models of
the ligand conformation in aqueous solution or bound
to the receptor.

One example of this is the cyclosporin/cyclophilin
story. The solution structures of cyclosporin deter-
mined in organic solvents [16–18] have been shown
to be very different from that of cyclosporin com-
plexed with cyclophilin [19–21], in aqueous solutions.
In fact, the cyclophilin bound structure is very similar
to an antibody bound form, which presumably reflects
the aqueous solution structure [22]. Wiley and Rich
propose that flexible ligands like cyclosporin undergo
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Table 2. 13C and1H chemical shifta assignments of CHIR-4531 in
25% CH3CN/75% D2O at 10�C

Submonomer trans–trans cis–trans
13C 1H 13C 1H

1 Ndpe A 50.1 3.77 49.83.74

B 46.7 4.44 46.6 4.35

C 138.6 138.6

D 126.5 7.39 126.4 7.35

E 128.4b 7.39b 128.4b 7.35b

F 126.9b 7.31b 126.9b 7.31b

1 ac A 46.3 3.65 46.5 3.96

CO 165.3 165.1

2 Nmdb A 49.3 4.20 50.0 4.11

B 128.1 127.2

C1 107.2 6.70 106.1 6.64

C2 120.6 6.64 119.3 6.59

D1 146.5 146.8

D2 107.3 6.86 107.7 6.90

E2 145.6 145.9

F1 100.3 6.02 100.5 5.96

2 ac A 46.7 3.69 46.7 3.81

CO 167.6 168.5

3 Nhtyr A 49.0 3.46 49.0 3.52

B 31.4 2.70 31.4 2.73

C 128.3 128.2

D 129.3 7.00 129.3 6.97

E 114.6 6.76 114.4 6.60

F 153.7 153.7

3 ac A 47.5 4.09 47.6 4.05

CO 171.4 171.7

a Units of ppm13C referenced to 117.7 ppm CH3CN; 1H referenced
to 0.0 ppm TSP.
b Estimated because of severe peak overlap.

‘hydrophobic collapse’ when dissolved in water, and,
like cyclophilin, the bioactive conformation would be
similar to the aqueous conformation. So, the organic
solution structures would not be a good model for drug
design.

The NSGs described here are very likely to undergo
hydrophobic collapse.They are very flexible molecules
with very hydrophobic side chains. However, there is
no direct evidence from ROESY data to support this.
Neither CHIR-2279 nor CHIR-4531 shows cross peaks
between their hydrophobic side chains. The ROESY
spectra contain only short-range cross peaks. This is
consistent with the results found for small peptides.
Peptides are usually present in solution as an ensemble

Table 3. 13C and1H chemical shifta assignments of CHIR-
2279 in DMSO at 30�C

Submonomer trans–trans trans–cis
13C 1H 13C 1H

1 Nhtyr A 47.0 3.05 47.0 3.05

B 29.8 2.78 29.8 2.78

C 125.9 125.9

D 128.5 6.97 128.5 6.97

E 114.4 6.71 114.4 6.71

F 155.0 155.0

1 ac A 46.6 3.74 46.6 3.77

CO 164.2 164.2

2 Nbiph A 139.0 138.6

B 127.9 7.47 127.9 7.52

C 126.8 7.77 126.8 7.79

D 139.0 139.0

E 139.0 139.0

F 125.6 7.71 125.6 7.74

G 127.9 7.50 127.9 7.50

H 126.7 7.44 126.7 7.44

2 ac A 50.1 4.50 50.1 4.52

CO 166.1 165.9

3 Nhphe A 48.5 3.53 48.5 3.45

B 32.9 2.87 32.0 2.75

C 137.4 138.0

D 127.6 7.23 127.6 7.23

E 127.7 7.25 127.7 7.25

F 125.3 7.17 125.3 7.17

3 ac A 48.8 3.81 47.5 3.94

CO 168.8 169.0

a Units of ppm 13C referenced to 117.7 ppm CH3CN; 1H
referenced to 0.0 ppm TSP.

of conformations, with relatively free rotation about
the phi and psi angles [23].

Initially, it might not appear that the main chain
geometry preferences result from hydrophobic col-
lapse. However, the shift in conformer populations
when the solvent conditions are altered is indirect evi-
dence of hydrophobic collapse. In the aqueous co-
solvent system of 25% CH3CN, there is a preference
for certain main chain geometries,which can be seen as
population differences in the 1D spectra. In an aqueous
co-solvent system, both CHIR-2279 and CHIR-4531
have preferred amide bond geometries. CHIR-2279
has one preferred main chain geometry (�85%), and
CHIR-4531 has two (�40% each).
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In DMSO, the hydrophobic effect is not a driving
force, and both the polar main chain and the hydropho-
bic side chains are fully solvated. When the same NMR
analysis is performed in this organic solvent, there is
equal occupancy of amide bond geometries. CHIR-
2279 shifts from an 85:15 preference to 50:50 for the
amide bond that is not aromatically substituted at the
nitrogen. In DMSO, CHIR-4531 has no main chain
conformational preference at either amide bond. Each
combination of amide geometries is occupied equally,
trans–trans (�25%), trans–cis (�25%), cis–cis (25%),
and cis–trans (25%). This shift in conformer popula-
tions suggests that although there is not a unique con-
formation, ‘hydrophobic collapse’ [7] does occur for
these small molecules. This hydrophobic driving force
limits the sampling of conformational space by these
molecules, which in turn favors certain combinations
of amide bond geometries over others. This is suggest-
ed by the model of CHIR-2279 in Figure 9. The trans
amide bond geometry results in conformations where
the side chains of residues 2 and 3 can approach each
other closely, facilitating hydrophobic collapse,where-
as the cis amide bond has a more extended main chain,
possibly preventing or obstructing association of the
hydrophobic side chains. The effect of hydrophobic
collapse on the distribution of amide bond geometries,
and limiting of side chain conformational space, is one
compelling reason to pursue the structure of NSGs, or
any other small molecule of pharmaceutical interest,
in at least partially aqueous solutions.

We have shown that it is possible to probe for
hydrophobic collapse of small flexible molecules, like
NSGs, by comparing NMR data collected under dif-
ferent solvent conditions. This method provided us
with intriguing experimental evidence that these NSGs
undergo hydrophobic collapse. The changes in the
occupancy of the different amide bond geometries,
under different solvent conditions, confirm that aque-
ous solvents may favor certain geometries, and pos-
sibly conformations, over others. Thus, hydropho-
bic collapse results in a restriction of conformational
space, but the lack of ROESY cross peaks indicates
there is still averaging in that space. The hydrophobic
collapse theory of Wiley and Rich [7] would further
suggest that the bioactive conformations are contained
in this restricted space.
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