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Abstract: It has been hypothesized that drugs in the chemical space 
beyond the rule of 5 (bRo5) must behave as molecular chameleons 
to combine otherwise conflicting properties, including aqueous 
solubility, cell permeability and target binding. Evidence for this has, 
however, been limited to the cyclic peptide cyclosporin A. Herein we 
show that the non-peptidic and macrocyclic drugs roxithromycin, 
telithromycin and spiramycin behave as molecular chameleons, with 
rifampicin showing a less pronounced behavior. In particular 
roxithromycin, telithromycin and spiramycin display a marked, yet 
limited flexibility and populate significantly less polar and more 
compact conformational ensembles in an apolar than in a polar 
environment. In addition to balancing of membrane permeability and 
aqueous solubility, this flexibility also allows binding to targets that 
vary in structure between species. The drugs’ passive cell 
permeability correlates to their 3D polar surface area and 
corroborate two theoretical models for permeability, developed for 
cyclic peptides. We conclude that molecular chameleonicity should 
be incorporated in the design of orally administered drugs in the 
bRo5 space. 

Introduction 

The design of cell permeable and orally absorbed drugs has 
traditionally focused on the chemical space described by the 
Lipinski´s rule of 5 (Ro5).[1] However, at least half of all targets 
involved in human diseases have been considered unsuitable 
for modulation with Ro5 compliant small molecule drugs.[2] 
Targets with flat and featureless binding sites, including protein-
protein interactions, are especially challenging.[3] Biologics are 
successfully used to modulate targets having such binding-sites, 
often with exceptional specificity and potency. However, they 
lack cell permeability and consequently cannot reach 
intracellular targets, nor can they be administered orally. 

  To bridge the gap between small molecules and biologics, 
compounds in the beyond rule of 5 (bRo5) space, such as 
peptides, peptidomimetics and macrocycles, are currently 
attracting major interest.[4-8] By analysis of a comprehensive set 
of >200 orally administered drugs and clinical candidates 
residing in bRo5 space we have shown that bRo5-ligands 
provide improved opportunities for the modulation of difficult-to-
drug targets.[4, 9] Macrocycles stand out by their ability to 
modulate targets that have large, flat or groove-shaped binding 
sites.[9-10] Furthermore, the chemical space in which cell 
permeable and orally absorbed drugs are found has recently 
been shown to extend far beyond the Ro5 space.[4, 6-7] Thus, 
bRo5 compounds, and in particular macrocycles, can exhibit a 
combination of the advantageous properties of biologics and 

small molecule drugs. However, a general understanding and 
proper description of their features is still lacking. 

Compounds in the bRo5 space have been hypothesized to 
undergo conformational changes that dynamically shield or 
expose polar functionalities in response to changes in the 
surrounding environment.[11-15] Such compounds have been 
termed ‘molecular chameleons’ and it has been suggested that 
their flexibility allows them to display properties, including potent 
binding to targets, high cell permeability and aqueous solubility, 
that otherwise would be mutually exclusive in bRo5 space.[13, 15] 
Interestingly, all approved oral drugs in the bRo5 space possess 
a certain degree of flexibility; supporting the notion that bRo5 
drugs are able to adjust to the environment.[15] In addition, the 
analysis of crystal structures for a set of bRo5 drugs revealed a 
correlation between their passive cell permeability and their 
minimum solvent accessible 3D polar surface area, 
corroborating the hypothesis that drugs in this space behave as 
molecular chameleons.[15] However, with the exception of the 
macrocyclic peptide cyclosporine A,[11, 16] the conformational 
space of bRo5 drugs in solutions mimicking the cell membrane 
and the plasma/cytosol, and the relationship between 
conformations and properties, has not been studied 
experimentally for this class of compounds. This hinders both 
the qualitative understanding and the development of predictive 
models for property-based design in bRo5 chemical space. 

  Herein, we address this scientific gap by determining the 
solution conformational ensembles for a carefully selected set of 
orally available, non-peptidic macrocyclic drugs by an NMR 
spectroscopic technique proven to be successful for flexible 
compounds.[17-26] In-depth analysis of the ensembles obtained in 
both aqueous and apolar solutions provides broader 
experimental evidence that drugs in the bRo5 space behave as 
molecular chameleons. In addition, our studies suggest that 
conformational flexibility allows binding to targets that vary in 
structure between species and demonstrate that molecular 
chameleonicity correlates to passive cell permeability. 

Results and Discussion 

We have studied four cell permeable and structurally diverse 
macrocyclic drugs from the erythronolide, leucomycin and 
rifamycin classes of antibacterial agents (Figure 1). These 
macrocycles have one to three side-chains of varying flexibility 
and rings encompassing 15 to 25 atoms. Solutions in water, with 
the pH adjusted to approximately 7.0, and in chloroform were 
used in the NMR studies to mimic the plasma/cytosol and the 
cell membrane, respectively. Chloroform is often used in this  
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Figure 1. Structures of the four macrocyclic drugs for which conformational 
ensembles have been determined in CDCl3 and D2O. The macrocyclic core of 
each drug is highlighted in blue and the names of the attached saccharides 
are in italics. 

respect as it has a dielectric constant (ε=4.8) close to that 
determined for a lipid bilayer (ε=3.0).[27] Roxithromycin, 
telithromycin and spiramycin contain tertiary amino groups and 
are protonated in water at this pH, while rifampicin is zwitterionic 
(cf. pKa values in Table 4).[28] In chloroform the first three are in 
their neutral from, while rifampicin is non-ionic.[28]  

The conformations of the four selected macrocycles have been 
studied by NMR spectroscopy in the 1970s to early 1990s. 
However, the treatment of time averaged chemical shifts (ds), 
coupling constants (Js), temperature coefficients (Dd/DTOHs), 
relaxation (T1) data and nuclear Overhauser effects (NOEs) with 
the rudimentary techniques available at that time did not allow 
the description of solution ensembles as mixtures of rapidly 
interconverting conformations. Instead an approximate picture 
consisting of a single population averaged conformation was 
provided. In addition, the dependence of the conformational 
ensembles on the polarity of the environment was not 
systematically assessed. In these studies the solution 
conformation of roxithromycin in chloroform was found to be 
similar to that in the crystalline state, with the oxime chain being 
oriented towards the macrocyclic ring, and with some flexibility 
at the C2-C8 region.[29-31] Signs for conformational alteration 
were observed upon comparison of the NMR data obtained in 
chloroform to that in methanol and solution ensembles were 
proposed, but with limited certainty.[32] The conformation of 
telithromycin in aqueous solution has been analysed based on 
ds, Js, T1 data and NOEs in combination with restrained MD 
calculations, providing helpful insights into the flexibility and 
geometry of the macrocycle, yet without being able to describe 
the composition of the solution ensemble.[33] The NMR 
assignment of spiramycin has been published, but its 
conformational ensembles have not been described.[34] Analysis 
of ds and Js for rifampicin suggested one preferred conformation 
in D2O and at least two conformers in CDCl3.[35] These 
conformations were formed by rotations of the amide bond and 
the C28-C29 double bond and were concluded to resemble the 
one in the crystalline state. 

  The above studies provided information on the overall, time-
averaged geometry of these macrocycles; however, they were 
unable to describe the composition of the solution ensembles. 
To achieve this, we deconvoluted the time-averaged NMR data 
into individual solution conformations using the NAMFIS 

algorithm.[36] Conformational analysis by NAMFIS requires 
experimentally determined proton-proton distances obtained 
from NOE build-up measurements, and dihedral angles 
calculated from vicinal scalar couplings as input; this data was 
therefore generated for the four selected macrocycles 
(Supporting Information, Sections 1 and 2). NAMFIS has 
previously been successfully used to determine the solution 
conformations of Ro5-[17-18] and bRo5-compounds, including 
both peptides[19-22, 25-26] and macrocycles.[23-24] 

NAMFIS also requires a theoretical conformational ensemble as 
input, which provides comprehensive coverage of the 
conformational space available for the compound being studied. 
We recently reported that conformational sampling of the 
charged form of drugs in bRo5 space, including roxithromycin 
and telithromycin, failed to identify crystal structures of the drugs 
investigated.[37] In addition, our initial attempts to determine the 
solution ensembles of roxithromycin succeeded when a 
theoretical conformational ensemble for the neutral form was 
used, but failed for an ensemble of the charged form. Based on 
these observations, and on several reports on the successful 
use of the theoretical ensembles of the neutral form of complex 
and charged compounds,[21, 25-26, 36] we generated theoretical 
ensembles for the neutral and non-ionic form of the four 
macrocycles studied herein. Unrestrained Monte Carlo 
conformational searches with different force fields and both 
water and chloroform solvent models produced comprehensive 
ensembles within an energy window of 42 kJ/mol  (Supporting 
Information, Section 3). Crystal structures available from the 
PDB and CSD were added to ensure the best possible coverage 
of the theoretically available conformational space (Supporting 
Information, Section 4). Solution ensembles were then 
determined for the four macrocycles using the NAMFIS 
algorithm by varying the probability of each conformer in the 
theoretical input ensembles to find the best fit of the probability 
weighted back-calculated distances and dihedral angles to the 
experimental population-averaged values which had been 
derived from solution NMR data.  

  Since the conformations of highly flexible moieties are difficult 
to sample exhaustively by conformational search algorithms,[38] 
we initially included data only for the macrocyclic cores into the 
first step of the NAMFIS analyses. After having established the 
macrocycle core conformation, experimentally determined 
distances for side chains were also added. The limited ability of 
theoretical methods to describe the conformational space of the 
side chains, along with NOEs originating from difficult to assign 
diastereotopic protons, makes it most challenging to describe 
the side chain orientations with high accuracy. In spite of this the 
overall conformations, including the side chain orientations, 
could be validated for the four compounds by the addition of 
random noise to the experimental data, by the random removal 
of individual restraints, and by comparison of the experimentally 
observed and back-calculated distances.  

  The aqueous and chloroform solution ensembles for the four 
macrocycles are described in detail in the Supporting 
Information (Sections 5 and 6). We recently provided an initial 
description of the solution ensemble of roxithromycin in 
chloroform and water.[37] We have now improved this analysis by 
inclusion of crystal structures in the NAMFIS analysis and by 
determination of temperature coefficients for hydroxy groups, 
which provided a much improved description of the chloroform 
ensemble. 

Roxithromycin  

We identified six conformations for roxithromycin in aqueous 
solution. They span a diverse conformational space as 
determined by their pairwise RMSD values (Figure 2A, 
Supporting Information, Figure S5 and Table S23). The 
macrocycle cores of five of the conformations adopt structurally 
diverse geometries, with the cores of conformations 2 and 6 
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belonging to the same cluster (Figure 2C, Supporting 
Information, Table S23). In chloroform only one conformation 
was found (Figures. 2B and 2D), that has previously been 
observed in the crystalline state of roxithromycin (CSD: 
KAHWAT[39]). This conformation is also present in the aqueous 
ensemble (6%).  

 

Figure 2. (A) and (B) Solution conformational ensembles of roxithromycin and 
their population (in %) in D2O and CDCl3, respectively. Roxithromycin is shown 
in protonated form in panel A and in neutral from in panel B. (C) and (D) 
Conformations adopted by the macrocycle core of roxithromycin in D2O and 
CDCl3, respectively. The most populated conformation in D2O (no. 2) is in 
cyan in panels A and C. The single conformation found in CDCl3 (no. 1), which 
is also part of the D2O ensemble, is in green in all panels. The core of 
conformation 6 belongs to the same cluster as no. 2 and is also in cyan in 
panel C. In panel C the cores of conformations 3, 4 and 5 are in grey, yellow 
and purple, respectively. Intramolecular hydrogen bonds to the oxime side 
chain are indicated with dotted lines in panel B. Figures in panels A-D were 
obtained by overlaying the atoms of the macrocycle core, and nonpolar 
hydrogen atoms were omitted for clarity. RMSD values were calculated for 
heavy atoms. 

A large number of NOEs indicate major differences in the 
orientation of the flexible side chains of roxithromycin in the two 
solvents (Figure 2A and 2B). Whereas the available data did not 
allow a detailed quantification of the molar fractions of different 
side chain orientations, it provides a robust qualitative 
description (Supporting Information, Section 8). Hence, in 
aqueous solution the oxime side chain adopts diverse 
orientations. It is solvent exposed in 75% of the solution 
conformations (nos. 2, 3, 5 and 6), and folded over the 
macrocycle core or the attached desosamine and cladinose 
moieties in two conformers (no. 1 and 4). As judged by the 
torsional angles for its glycosidic bonds, the desosamine moiety 
is fairly rigid in relation to the macrocycle core (Table 1, 
Supporting Information, Table S29). In contrast, the cladinose 
moiety displays greater flexibility around its YH angle. Originating 
from the flexibility of the macrocycle and that of the two 
monosaccharides, the saccharides are stacked in two 
conformations (no. 1 and 2) that represent approximately half of 
the ensemble and protrude away from the macrocycle core in 
the other half of the ensemble. 

  In the single conformation found in chloroform (no. 1), the 
desosamine and cladinose moieties are stacked against each 
other and the oxime side chain is folded over the macrocycle 
core (Figure 2B). This results in formation of intramolecular 
hydrogen bonds (IMHBs) to two of the three hydroxy groups of 
the core (6-OH and 11-OH). The temperature coefficients for the 
five hydroxy groups of roxithromycin reveals that both 6-OH (-
6.2 ppb K-1) and 11-OH (-5.3 ppb K-1) form IMHBs of weak to 
intermediate strength in chloroform, most likely to the flexible 
oxime side chain (Supporting Information, Tables S27 and S28). 
Our analysis suggests that the three remaining hydroxy groups 
(12-, 2’- and 4’’-OH) form strong IMHBs (-1.8 -> -2.4 ppb K-1), 
likely through formation of pseudo-five membered rings to 
adjacent oxygen atoms. 

Table 1. Torsional angles for the  glycosidic bonds between the cladinose and 
desosamine moieties and the macrocycle core of roxithromycin and 
telithromycin.[a]  

Drug Solvent 
Cladinose Desosamine 

FH[b] YH[c] FH[b] YH[c] 

Roxithromycin 
D2O 45 (6) 

20 (4), 
-25 (1), 
-164 (1) 

46 (6) 
10 (4), 
-14 (2) 

CDCl3 45 (1) 35 (1) 49 (1) 10 (1) 

Telithromycin 
D2O 

  52 (5) 15 (5) 

  166 (2) 29 (2) 

CDCl3   53 (7) 
12 (6), 
-4 (1) 

[a] Torsional angles are averages of the angles for conformations that 
have similar staggered orientations about FH and YH. Data for all 
conformations is given in the Supporting information (Supporting Information, 
Tables S29 and S30). The number of conformations that have contributed to 
the averages is given in parenthesis. [b] FH = H1-C1-O1-Cx. [c]. YH = Hx-Cx-O1-
C1 

  The experimentally determined solution ensembles thus reveal 
that roxithromycin is significantly more flexible and adopts 
structurally diverse conformations in water, whereas it exists as 
a single conformation in chloroform. When transitioning from 
water into chloroform, the oxime side chain reorients from being 
predominantly solvent exposed to a closed conformation with 
two intramolecular hydrogen bonds to the macrocycle core. 
Similarly, the desosamine and cladinose moieties orient to be 
stacked against each other. These conformational changes 
synergistically reduce the polarity of roxithromycin, which is 
expected to increase its cell permeability. 
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Telithromycin  

The solution ensembles of telithromycin consist of seven 
conformations each in aqueous and in chloroform solutions 
(Figure 3A and 3B, Supporting Information, Figures S7 and S8). 
The E. coli ribosome bound conformation of telithromycin (no. 7 
- PDB: 4V7S[40]) is present to 5% in water, while the T. 
thermophilus’ and S. aureus’ ribosome bound conformations 
constitute the dominant conformers of the chloroform ensemble 
[no. 13 – PDB: 4V7Z[41] (52%) and no. 14 – PDB: 4WF9[42] 
(16%)]. In contrast to roxithromycin, the aqueous and chloroform 
ensembles have comparable overall structural diversity, when 
judged by RMSD values (Figure 3A and 3B, Supporting 
Information, Table S24). Two clusters with different macrocycle 
core geometries, each comprising approximately 50% of the 
ensemble, were identified among the seven aqueous 
conformations (Figure 3C, Supporting Information, Table S24). 
The RMSD values of the core atoms of the conformations in the 
aqueous ensemble range up to 0.73 Å, revealing that the core of 
telithromycin is less flexible than that of roxithromycin in their 
aqueous ensembles. In chloroform, the cores of all but two 
conformations (no. 11 and 12), which comprise only 6% of the 
ensemble, belong to the same cluster (Figure 3D). Just as for 
roxithromycin, the core of telithromycin is thus less flexible in 
chloroform than in water.  

  Quantifiable NOEs of the side chains of telithromycin allowed 
the detailed quantitative description of their orientations in the 
two ensembles. In chloroform, the aromatic side chain of 
telithromycin is oriented over the macrocycle in three of the 
minor conformations in chloroform (nos. 10, 12 and 14), while 
stacking with the macrocyclic ring in the major conformation (no. 
13). These four conformations, which represent 77% of the 
ensemble, may be stabilized by van der Waals interactions 
between the aromatic ring and the non-polar moieties of 
telithromycin, such as the methyl group at O-6 in the core and 
the C-6 methyl of the desosamine moiety. In water only one 
conformation (no. 1, 5%) has the aromatic ring oriented towards 
the macrocycle. The desosamine moiety orients away from the 
macrocyclic core in all aqueous and chloroform conformations. 
The FH and YH torsional angles suggest that this sugar is fairly 
rigid in relation to the macrocycle core in both solvents (Table 1, 
Supporting Information Table S30). 

  Overall, the macrocyclic core of telithromycin is less flexible in 
chloroform than in water, and in chloroform its aromatic side 
chain is folded over the macrocycle core to a significantly larger 
extent than in water. Even if somewhat less pronounced than for 
roxithromycin, telithromycin thus also adopts a more open and 
flexible ensemble in a polar as compared to a non-polar 
environment.  

Spiramycin 

Spiramycin exists in three conformations in water and four in 
chloroform (Figure 4A and 4B, Supporting Information, Figures 
S9 and S10). The major conformation in the aqueous ensemble 
(no. 3, 68%) is identical to its structure in the complex with a 
macrolide phosphotransferase of E. coli (PDB: 5IGZ[43]), while 
the conformer reported for its complex with the 50S ribosomal 
subunit of H. marismortui (no. 7, PDB: 1KD1[44]) is the minor 
conformer in chloroform (11%). The aqueous and chloroform 
ensembles show comparable overall structural diversity, with 
RMSD values between the conformations in each ensemble 
ranging up to 4.6 Å (Figure 4A and 4B, Supporting Information 
Table S25). In water and chloroform the macrocycle core 
clusters into two and three conformational families, respectively 
(Figure 4C and 4D). The RMSD of the core heavy atoms of 
these ensembles range up to 0.7 Å in both environments 
(Supporting Information Table S25). 

  The inclusion or exclusion of the side chain NOEs during the 
analysis provided identical solution ensembles for each of 

 

Figure 3. (A) and (B) Solution conformational ensembles of telithromycin and 
their population (in %) in D2O and CDCl3, respectively. Teliithromycin is shown 
in protonated form in panel A and in neutral from in panel B. (C) and (D) 
Conformations adopted by the macrocycle core of telithromycin in D2O and 
CDCl3, respectively. The most populated conformation in D2O (no. 3) is in 
cyan in panels A and C, while the most populated conformation in CDCl3 is in 
green in panels B and D. In panels C and D the cores of the conformations are 
coloured by cluster, i.e. cyan (3 and 6) and maroon (1, 2, 4, 5 and 7) for D2O 
(panel C), and green (8, 9, 10, 13 and 14), yellow (11) and grey (12) for CDCl3 
(panel D). Figures in panels A-D were obtained by overlaying the atoms of the 
macrocycle core, and nonpolar hydrogen atoms were omitted for clarity. 
RMSD values were calculated for heavy atoms. 

chloroform and water, respectively. Despite the unavoidable 
challenges in the description of the orientation of the flexible side 
chains, the ensemble obtained in chloroform was very robust. 
The side chain orientations in water were determined based on 
seven NOEs and are of good quality. Thus, the core 
conformation is well sampled by the conformational search and 
is accurately described by the NMR data in both solutions. The 
orientations of the more flexible saccharide side chains are also 
well characterized in chloroform, but somewhat uncertain in 
water. 
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Figure 4. (A) and (B) Solution conformational ensembles of spiramycin and 
their population (in %) in D2O and CDCl3, respectively. Spiramycin is shown in 
diprotonated form in panel A and in neutral from in panel B. (C) and (D) 
Conformations adopted by the macrocycle core of spiramycin in D2O and 
CDCl3, respectively. The most populated conformation in D2O (no. 3) is in 
cyan in panel A. In panel C the core of conformation 2, which belongs to the 
same cluster as no. 3, is also in cyan. The most populated conformations in 
CDCl3 are in green and yellow in panels B and D. In panel D the core of 
conformation no. 5 which belongs to the same cluster as no. 4 is also in green, 
while conformation 7 is in purple. Figures in panels A-D were obtained by 
overlaying the atoms of the macrocycle core. Nonpolar hydrogen atoms were 
omitted for clarity. RMSD values were calculated for heavy atoms. 

  Major differences between the ensembles in water and 
chloroform were found for the orientations of the saccharide side 
chains (Table 2, Supporting Information Table S31) and the 
extent to which they form IMHBs with the macrocycle core. In 
water, the saccharides point away from the macrocycle in 77% 
of the ensemble (conformations 2 and 3), whereas they are 
oriented over the macrocycle and stacked against each other in  

Table 2. Torsional angles for the glycosidic bonds of the three 
monosaccharides in spiramycin [a] 

 Sacharide  Solvent  FH[b] YH[c] 

Forosamine 
D2O 42 (3) 25 (1), -51 (2) 

CDCl3 48 (3) 33 (1), -40 (2) 

  -44 (1) 27 (1) 

Mycaminose 

D2O 55 (3) 33 (2), 161 (1) 

CDCl3 
47 (2) 32 (1), -39 ( 1) 

169 (2) -13 (2) 

Mycarose 
D2O 40 (3) 30 (3) 

CDCl3 24 (4) 32 (2), 164 (1) -54 (1) 

[a] Torsional angles are averages of the angles for conformations that have 
similar staggered orientations for FH and YH. The number of conformations 
that have contributed to the averages is given in parenthesis. Data for all 
conformations is given in the Supporting information (Table S31). [b] FH = H1-
C1-O1-Cx.  [c] YH = Hx-Cx-O1-C1 

89% of the chloroform ensemble (conformations 4-6). These 
differences are also reflected by formation of IMHBs between 
the macrocycle and the mycaminose moiety in the two major 
conformations in chloroform that represent 68% of the 
ensemble. Conformation 4 has an IMHB between OH-2 of 
mycaminose and the carbonyl group of the macrocycle lactone, 
while conformation 6 has an IMHB between the anomeric 
oxygen of mycaminose and OH-3 in the macrocycle. In water, 
only the minor conformation (no. 2, 9%) displays an IMHB 
analogous to that of conformer 6 in chloroform. 

  Just as the two erythronolides, spiramycin undergoes a 
conformational change from a more open, solvent exposed 
aqueous ensemble, in which the two saccharides point away 
from each other and from the macrocycle core, to a more closed 
and solvent shielded ensemble in chloroform. In the latter 
ensemble the saccharides are stacked, with IMHBs between the 
mycaminose moiety and the macrocycle core in the dominant 
conformers. As already, mentioned such conformational 
changes are expected to reduce polarity thereby improving 
membrane permeability. 

 
Rifampicin 

The aqueous solution ensemble of rifampicin consists of five 
conformers, and the chloroform ensemble of three (Figure 5A 
and 5B, Supporting Information, Figures S11 and S12). Four 
crystal structures were identified in the aqueous ensemble, 
which overall represent 89% of the ensemble. Hence, the CSD 
structures LOPZEX[45] and OWELOS[46] are identical to the 
solution conformers 2 and 3, whereas rifampicin’s conformations 
when bound to RNA polymerase as reported in the structures 
1YNN[47] (PDB) and 5HV1[48] (PDB) correspond to conformations 
4 and 5, respectively. In chloroform solution, the crystal structure 
of rifampicin bound to the D13 scaffold protein from poxviruses 
(PDB: 6BED[49]) constitutes a minor conformation, representing 
11% of the ensemble. Rifampicin has an overall lower flexibility 
as compared to the other three macrocycles studied herein, 
which is explained by its lack of large flexible side chains. The 
RMSD of the heavy atoms of its solution conformers ranges up 
to 2.9 Å (Figure 5A and 5B, Supporting Information Table S26). 
The macrocycle core of rifampicin populates three clusters of 
conformations in each solvent, characterized by RMSD values of 
1-1.5 Å (Figure 5C and 5D, Supporting Information Table S26). 
This reveals the flexibility of the core to be comparable to that of 
roxithromycin in water, but higher than that of the cores of 
telithromycin and spiramycin in aqueous solution. 

  In chloroform, the aliphatic hydroxy groups OH-21 and OH-23 
are solvent shielded by the nearby aromatic moiety in two 
conformations (no. 6 and 7), whereas in water they become  
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Figure 5. (A) and (B) Solution conformational ensembles of rifampicin and 
their population (in %) in D2O and CDCl3, respectively. Rifampicin is shown in 
its zwitterionic form in panel A and in non-ionic from in panel B. (C) and (D) 
Conformations adopted by the macrocycle core of rifampicin in D2O and 
CDCl3, respectively. The most populated conformation in D2O (no. 2) is in 
cyan in panels A and C. The most populated conformation in CDCl3 (no. 1), 
which is also populated in D2O, is in green in all panels. The cores of 
conformations 3, 4 and 5 belong to one cluster and are in yellow in panel C. 
The cores conformations 6 and 7 are in grey and pink, respectively, in panel 
D. Figures in panels A-D were obtained by overlaying the atoms of the 
macrocycle core, and nonpolar hydrogen atoms were omitted for clarity. 
RMSD values were calculated for heavy atoms. 

solvent exposed upon a conformational change of the 
macrocyclic core. The orientation of the piperazine side chain is 
not well described by the NMR data. However, five of the seven 
conformations populated by rifampicin are identical to crystal 
structures and the piperazine side chain orientations in the 
crystals were considered to be valid also in solution. As both 

chair and boat forms have been reported for the piperazine in 
crystal structures of rifampicin (chair in LOPZEX and OWELOS, 
boat in 3BED, 2HW2),[47-49] quantum mechanical calculations 
were performed for the two remaining conformations (1 and 6), 
both of which are populated in chloroform. Geometry 
optimization using DFT-B3LYP established both conformations 
to be more stable when the piperazine adopted a boat 
conformation (Supporting Information, Section 10), which also 
agrees with one of the best resolved crystal structures of 
rifampicin (2HW2, 1.45 Å).[50] Overall, the piperazine side chain 
resides in the plane of the aromatic moiety in all but the minor 
conformation (no.1) in water, but has a perpendicular orientation 
in the two major conformations in chloroform. 

  Rifampicin has a lower overall flexibility than the three other 
macrocycles, but it still adjusts its conformation in response to 
the polarity of the environment. The most notable changes are 
the adjustment of the aliphatic part of the macrocyclic core, 
altering the solvent exposure of its two hydroxy groups, and the 
reorientation of the piperazine side chain in relation to the 
aromatic moiety. 
Comparison to target bound structures  

Several studies of pharmacologically active compounds have 
found that the target bound bioactive conformation, is 
represented  in the solution ensemble of the compound.[20, 24, 51-

54] For roxithromycin, the only reported target bound crystal 
structure (PDB: 1JZZ,[55] D. radiodurans) was not found in the 
solution ensembles. However, the conformation of the 
macrocycle core in the target bound conformation is similar to 
the single conformation in chloroform, which is also populated to 
6% in water (RMSD = 0.56 Å, conf. 1). In contrast, target bound 
structures are found in the solution ensembles of telithromycin, 
spiramycin and rifampicin (Table 3). Five ribosome bound crystal 
structures from different bacteria have been reported for 
telithromycin. One of them constitutes a minor conformation in 
water (4V7S[40]), another is the major conformation found in the 
chloroform ensemble (4V7Z[41]) while a third corresponds to a 
minor conformation in chloroform (4WF9[42]). The two target 
bound crystal structures available for spiramycin correspond to 
the major conformation in water (5IGZ[43]) and the minor one in 
chloroform (1KD1[44]). For rifampicin,17 target bound crystal 
structures from six different organisms are available. They 
belong to four different bioactive conformations, three from 
crystal structures with different bacterial RNA polymerases and 
one with the D13 scaffold protein from vaccinia virus. Two of the 
three polymerase bound structures are found in the aqueous 
ensemble (1YNN,[47] 5HV1[48]), while the structure of rifampicin 
bound to vaccinia virus constitutes one of the minor 
conformations in chloroform (6BED[49]). 

Table 3. Target bound structures in the solution ensembles of telithromycin, 
spiramycin and rifampicin[a] 

 D2O CDCl3 

Telithromycin 7 (5%): E. coli (4V7S) 13 (52%): T. thermophilus 
(4V7Z) 
14 (16%): S. aureus (4WF9) 

Spiramycin 3 (68%): E. coli (5IGZ) 7 (11%): H. marismortui 
(1KD1) 

Rifampicin 4 (15%): T. aquaticus (1YNN) 
5 (15%): E. coli (5HV1) 

7 (11%): V. virus (6BED) 

 [a] For each drug the number of the conformation in the ensemble, its 
population in %, the organism from which the target originates and its PDB ID 
is given. 

Telithromycin, spiramycin and rifampicin bind to targets from 
different organisms by adopting significantly different geometries 
(Figure 6). The resolution of these structures vary from 1.45 to 
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Figure 6. Overlays of reported target bound structures of (A) telithromycin, (B) 
spiramycin and (C) rifampicin, which display different bioactive conformations 
for each of the drugs. The name of the organism from which the target 
originates and the PDB ID of the crystal structures are given using the same 
colour as the corresponding structure in each overlay. The range of pairwise 
RMSD values between the heavy atoms of different conformations is also 
given. Figures were obtained by overlaying the atoms of the macrocycle core, 
and nonpolar hydrogen atoms were omitted for clarity. 

3.4 Å. Electron density maps obtained at the lower resolution 
end of this range are often not sufficiently detailed to allow 
unambiguous identification of the conformation of the bound 
ligand, prompting us to inspect the final electron density maps 
(Supporting Information, Section 11). However, also for the low 
resolution crystal structures the observed map features support 
the modelled ligand orientation and the conformations of the ring 
substituents. 
Telithromycin constitutes the most striking example as it adapts 
to ribosomes from different organisms in conformations that 
show major differences (Figure 6A, RMSD <6 Å). This is mainly 
due to the flexibility of the aromatic side chain, but also a result 
of conformational variation in the macrocycle core (RMSD <1.11 
Å). The desosamine moiety and the core of telithromycin bind 
similarly to the different ribosomes, while the position of the 
aromatic side chain is determined by the polarity, shape and 
steric interactions in the binding site (Supporting Information, 
Figure S19). In the three elongated conformations of 
telithromycin (PDB ID: 4V7Z, 4V7S and 1P9X), which have a 
high solvent accessible 3D polar surface area (SA 3D PSA), the 
aromatic side chain is located in a polar pocket of the ribosome. 
For ribosomes where this pocket is less polar and smaller 

telithromycin instead adopts folded and less polar conformations 
(PDB ID: 1YIJ and 4WF9). 
The target bound structures of spiramycin and rifampicin display 
smaller variations between conformers (Figures 6B and 6C). 
Each bioactive conformer of these two drugs share similar 
macrocycle core geometries (RMSD <0.58 Å), but differ in side 
chain orientation. Spiramycin is bound both by the bacterial 
ribosome and by the macrolide phosphotransferase that confers 
resistance to antibiotics. In both complexes the forosamine 
moiety and its amino group are solvent exposed, while the 
disaccharide is located in a polar pocket of the targets 
(Supporting Information, Figure S20)  Rifampicin binds not only 
to different bacterial RNA polymerases, but also to the D13 
protein from vaccinia virus. The polar piperazine side chain is 
solvent exposed in all structures (Supporting Information, Figure 
S21). The two structures having the highest resolution (PDB ID: 
2HW2[50] and 6BED[49]), in which rifampicin shows a large 
structural variation (RMSD 1.29 Å), reveal that rifampicin is 
bound in conformations stabilized by multiple intramolecular 
hydrogen bonds and coordinated water. This allows rifampicin to 
bind to the predominantly nonpolar, but otherwise unrelated 
binding sites of RNA polymerase and the D13 protein from 
vaccinia virus. In summary, this analysis suggests that the 
flexibility of the three macrocycles allows them to bind to 
different targets, the binding sites of which display large 
differences in properties and structure. The conformational 
flexibility of molecular chameleons may thus provide potent 
binding to targets that vary in structure between species (e.g. 
telithromycin), and could even allow them to display 
polypharmacology (cf. rifampicin). 

Descriptor based analysis of solution ensembles  

The molecular radius of gyration (Rgyr),[56] describing the size of 
a compound, and its three-dimensional polar surface area (3D 
PSA)[15, 56] are descriptors that are useful to characterize 
molecular chameleons.[13, 15, 37] Both descriptors have a strong 
correlation to cell permeability, and the PSA also influences 
solubility.[15, 56] Knowledge of the conformational ensemble of a 
compound, including the orientations of the attached side 
chains, in an apolar environment is therefore of major 
importance for prediction of cell permeability. In analogy, the 
ensemble populated in water is expected to reflect the aqueous 
solubility. 

  As discussed above the conformations of the macrocyclic 
cores in the ensembles of all four drugs were determined with 
high reliability using NAMFIS analysis, both for chloroform and 
water solutions (cf. above). In addition, the conformations of the 
side chains were characterized with very high (telithromycin), 
high (spiramycin) or adequate (roxithromycin) reliability from the 
NMR data. For rifampicin the orientation of the piperazine side 
chain originated from crystal structures, and quantum chemical 
calculations. The in-depth knowledge of the overall ensembles 
of all four macrocycle drugs provides a strong foundation for 
descriptor calculations and correlations to cell permeability. 

  The radius of gyration Rgyr of a compound is calculated as the 
root-mean-square distance between its atoms and center of 
mass for each conformation adopted.[57] Consequently, 
conformational ensembles characterized by large differences in 
size between individual conformations display wide ranges of 
their Rgyr values. In agreement with this expectation, the 
structurally diverse ensembles of telithromycin and spiramycin 
had large Rgyr ranges (0.7-2.0 Å) both in water and chloroform 
(Figure 7A, Supporting Information Table S37). 
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Figure 7 (A) Calculated radius of gyration (Rgyr) and (B) solvent accessible 3D 
polar surface area (SA 3D PSA) for the conformational ensembles of 
roxithromycin, telithromycin, spiramycin and rifampicin in D2O and CDCl3. The 
size of each circle is representative of the population (in %) of each 
conformation, and the circle corresponding to the major conformation of each 
ensemble is indicated in green. The SA 3D PSA was calculated for the 
protonated forms of roxithromycin, telithromycin and spiramycin in D2O and for 
the neutral form in CDCl3. For rifampicin the zwitterionic form was used in D2O 
and the non-ionic form in CDCl3. 

  Roxithromycin also showed a significant variation in Rgyr (appr. 
0.7 Å) between the conformations populated in water, but adopts 
only one conformation in chloroform. Rifampicin, in contrast, has 
smaller Rgyr ranges (appr. 0.15 Å) in both solutions, reflecting a 
rigid macrocycle core and that it only carries one small side 
chain. It is notable that the major conformation of all four 
macrocyclic drugs has a lower Rgyr value in chloroform than in 
water, illustrating that all compounds adopt more compact 
conformations in an apolar environment. Spiramycin is the most 
striking example as its two saccharide side chains point away 
from each other in water, but are stacked in chloroform, while 
the rigid rifampicin shows only a minor difference between the 
environments. In addition, the Rgyr of all four drugs is below 7 Å, 
the proposed upper cutoff for cell permeability.[56] 

  The topological polar surface area (TPSA) is a descriptor of the 
polarity of compounds calculated from their 2D fragments, which 
provides a satisfactory descriptor of the polarity of compounds 
that comply with the Ro5.[58] For larger compounds in the bRo5 
space, their solvent-accessible 3D polar surface area (SA 3D 
PSA) has been found to be a better descriptor of compound 
polarity.[15] The SA 3D PSA of the ensembles of the four 
macrocyclic drugs investigated herein showed a major increase 
from roxithromycin to rifampicin, and also a significant variation 
(<45 Å2) between conformations in each ensemble (Figure 7B, 
Supporting Information Table S38). Additionally, and as 
proposed for compounds that behave as molecular 
chameleons,[13, 15] the SA 3D PSAs was lower for each of the 
four drugs in chloroform than in water. The differences were 
large (25-30 Å2) between the major conformers of roxithromycin, 
telithromycin and spiramycin, as might be expected from their 
greater flexibility, but just over 3 Å2 for the rigid rifampicin.  

  Inspection of the major conformations of roxithromycin in water 
and chloroform reveals that the reduction in SA 3D PSA 
between solvents usually originates from formation of 
intramolecular hydrogen bonds between the oxime side chain 
and hydroxy groups of the macrocycle core. For telithromycin 
SA 3D PSA was reduced in chloroform due to folding of the 
aromatic side chain over the core of the macrocycle. The 
reduction for spiramycin originated both from formation of 
intramolecular hydrogen bonds between the mycaminose moiety 
and the macrocycle core, and from contacts between 
hydrophobic parts of the two saccharide moieties, in chloroform.  

Deprotonation of roxithromycin, telithromycin and spiramycin, 
and transformation of rifampicin from its zwitterionic to its non-
ionic form, is assumed to occur when the compounds transition 
from an aqueous environment into a cell membrane,  and should 
be expected to contribute to the reductions in SA 3D PSA. 
Calculation of the difference in SA 3D PSA between the two 
charge states for the major conformations of each compound 
allowed us to estimate this contribution to be approximately 5-10 
Å2 for roxithromycin, telithromycin and spiramycin, and 5 Å2 for 
rifampicin (Supporting Information Table S38). Formation of 
intramolecular interactions thus appears to provide the major 
part of the reduction in SA 3D PSA for roxithromycin, 
telithromycin and spiramycin, while deprotonation provides a 
smaller contribution. For rifampicin, the reduction in SA 3D PSA 
originates only from the charge redistribution. 

Correlations to cell permeability 

Cell permeability and aqueous solubility are two of the most 
important properties that determine to what extent a potential 
drug is absorbed upon oral administration. The Caco-2 cell 
model is the most widely used model for oral absorption.[59] It 
allows determination of passive, transcellular permeabilities 
when a cocktail of inhibitors of the three major efflux transporters 
in the intestinal epithelium is employed. In this assay the 
permeabilities of the four macrocyclic drugs spanned a wide 
range from high (roxithromycin) via intermediate (telithromycin) 
to low or very low (rifampicin and spiramycin) (Table 4). In 
contrast, all four drugs had very high (roxithromycin and 
telithromycin) or high (spiramycin and rifampicin) aqueous 
solubilities, most likely due to their charged nature (cf. pKa 
values, Table 4). In view of the high solubilities, and as it is 
difficult to develop predictive models for solubility,[60] it was not 
studied further. We instead focused on the cell permeability of 
the four drugs. 

Table 4. Experimentally determined permeability across Caco-2 cell 
monolayers, aqueous solubility and pKa values. 

 Papp 
AB+Inh[a] 
(SEM),[b] 
(x10-6 cm/s) 

Solubility[c] 
(SEM), 
[b](µM) 

pKa 

Roxithromycin[d] 11.9 (1.6) 1510 (24) 9.13 
Telithromycin[d] 4.3 (0.1) 1960 (141) 4.91, 8.69 
Spiramycin[e] 0.19 (0.029) 327 (46) >7.26, 

8.77 
Rifampicin[d] 1.0 (0.1) 183 (8.0) 2.97, 7.50 

[a] Papp AB+Inh: permeability in the apical-to-basolateral (AB) direction 
across Caco-2 cell monolayers, determined in the presence of a cocktail of 
inhibitors of efflux transporters.[15] [b] Standard error based on three to four 
repeats. [c] Thermodynamic solubility in potassium phosphate buffer, pH 
7.4.[15] [d] Data reported previously.[15] [e] Cell permeability and solubility 
determined in this study as reported previously.[15] Experimentally determined 
pKa values were obtained from the literature.[61]  
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  Cell permeability is the results of several sequential processes. 
Desolvation occurs as the drug leaves the aqueous environment 
surrounding the cell and interacts with the negatively charged 
phospholipid head groups before penetrating into the 
hydrophobic interior of the membrane. It is assumed that neutral 
species are required to cross the membrane interior, e.g. that 
amines such as roxithromycin, telithromycin and spiramycin 
would first undergo deprotonation. This sequence of events is 
reversed as the drug moves into the cytosol. Various models 
have been reported for prediction of the relative permeabilities of 
small sets of macrocyclic peptides and of other compounds in 
the bRo5 space.[14-15, 62] One is based on the proportionality of 
permeability to the free energy of transferring the lowest energy 
state of a cyclic peptide in a low dielectric medium (the low-
dielectric conformation, LDC) from water to the membrane 
interior.[14] Another model focuses on identification of one or 
several “congruent” conformations, i.e. conformations populated 
in both water and a membrane-like medium, as the permeating 
species.[62] In a third model, developed for 18 non-peptidic oral 
drugs in the bRo5 space, the minimum solvent-accessible 3D 
polar surface area (SA 3D PSA) was found to correlate well to 
the cell permeability of the drugs.[15] 

  We investigated whether the efflux-inhibited (passive) 
permeabilities of roxithromycin, telithromycin, spiramycin and 
rifampicin across Caco-2 cell monolayers could be explained by 
the models outlined above, based on the conformations in their 
solution ensembles. The low-dielectric conformation for each 
drug was identified by single-point quantum mechanical energy 
calculations for the conformations adopted in chloroform 
(Supporting Information Section 14). Both roxithromycin and 
rifampicin have congruent conformations, while the 
conformations most similar by RMSD between chloroform and 
water were used as congruent for telithromycin and spiramycin 
(Supporting Information Section 14). After identification of the 
relevant conformations the free energy of transferring them from 
water to chloroform (DGtransfer) was correlated to the passive 
permeabilities of the four drugs. Excellent correlations were 
obtained for all compounds both when DGtransfer was calculated 
for the low-dielectric conformations and the congruent 
conformations (Figure 8). It is noteworthy that these models 
were obtained with roxithromycin, telithromycin and spiramycin 
having their tertiary amines protonated, and with rifampicin as a 
zwitterion. When neutral forms were used, the correlation to 
permeability was poor using the low-dielectric conformation (r2 = 
0.29) and somewhat lower than for the protonated form when 
using the congruent conformations (r2 = 0.84, Supporting 
Information Figure S16). 

  We propose that better models were obtained for the charged 
forms because of the presence of tertiary amines in three of the 
macrocycles. This functional group was recently highlighted to 
have a positive impact on the permeability of a collection of 
drug-like macrocycles,[63] most likely due to attractive 
interactions with the negatively charged phospholipid head 
groups of the cell membrane. The protonated tertiary amines 
could then either be sufficiently lipophilic to cross the 
hydrophobic interior of the cell membrane, or become 
deprotonated before crossing it. The SA 3D PSA of both the low-
dielectric conformation and the congruent conformations were 
also found to correlate well to cell permeability (r2 appr. 0.80, 
Supporting Information Figure S23), while the correlation to 
TPSA was poor (r2 = 0.01, Supporting Information, Figure S24).  

Conclusion 

Drugs in the bRo5 space have been hypothesized to behave as 
molecular chameleons based on analysis of crystal structures or 
computational studies,[11, 13, 15]  but experimental support for this  

 
Figure 8 Efflux-inhibited permeability of the four drugs across a Caco-2 
epithelial cell monolayer [log (Papp AB + Inh) cm/s] and its correlation to (A) the 
free energy of transferring the lowest energy state of each drug in CDCl3 (the 
low-dielectric conformation, LDC) from water to CDCl3, and (B) the free energy 
of transferring the congruent conformation (the conformation populated in both 
water and CDCl3) of each drug in CDCl3 from water to CDCl3. The number of 
the conformation identified as the LDC and of the congruent conformation(s) is 
given in parentheses after the name of each compound in panels A and B, 
respectively. For telithromycin and spiramycin the numbers of the two most 
similar conformations (by RMSD) are given at the whiskers of the error bars in 
panel B. The conformations to the left belongs to the aqueous ensemble, the 
ones to the right to chloroform. The average DGtransfer for transferring the two 
conformations from water to chloroform has then been used in the correlation. 
All compounds had SEM for log (Papp AB + Inh) within the size of the symbols. 

has so far been limited to the cyclic peptide cyclosporin A.[11, 16] 
This study is the first to provide comprehensive experimental 
and theoretical evidence that non-peptidic bRo5 drugs behave 
as molecular chameleons. Solution ensembles were determined 
for four macrocyclic antibacterial agents using a validated NMR 
technique. Major differences were found between the ensembles 
determined in aqueous and non-polar solutions for 
roxithromycin, telithromycin and spiramycin. Ensembles in 
water, including the most populated conformation for each drug, 
were significantly more polar as revealed by their solvent 
accessible 3D PSA than those in chloroform. The conformations 
in chloroform were more compact, i.e. had smaller radius of 
gyration (Rgyr), than those in water. Rifampicin showed a similar 
behaviour, but was found to be much more rigid with less 
pronounced differences between the environments. The 
adoption of ensembles that differ in polarity between 
environments is likely to be an important factor in explaining how 
compounds in bRo5 space can display both high aqueous 
solubility and cell membrane permeability, as has recently been 
hypothesized.[13, 15] 

  Our data supports that the target bound structure of a drug can 
be expected to be populated also in solution.[20, 24, 51-54] 
Interestingly, telithromycin binds to ribosomes of different 
organisms in conformations that show striking diversity, several 
of which are present in solution in a measurable population. The 
target bound conformations of spiramycin and rifampicin also 
differ between targets from different organisms, but to a lesser 
extent. Notably, rifampicin binds to different proteins from 
different organisms in different conformations. Consequently, an 
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appropriate conformation flexibility of drugs in the bRo5 space 
appears important for their ability to bind targets that vary in 
structure, in addition to providing chameleonicity that balances 
their solubility and cell permeability. Possibly, this flexibility may 
also be important for polypharmacology. 

  The relative, passive permeabilities of the four drugs is in 
excellent agreement with models developed for cyclic peptides 
and a set of drugs in the bRo5 space.[14-15, 62] Our results 
corroborate the suggestion that the conformation having the 
lowest energy in a low dielectric medium, mimicking the cell 
membrane, has a key role for cell permeability.[14] Our data also 
supports the hypothesis that the congruent conformations, i.e. 
those common to aqueous and apolar environments, could be 
the permeating species.[62] In addition, it highlights the 
importance of the surface accessible 3D PSA for cell 
permeability.[15] 

  All four drugs adopt only a limited number of conformations in 
environments that differ in polarity, usually including the target 
bound state. We therefore conclude that molecular chameleons 
have a flexibility in between that of highly flexible molecules and 
those adopting a stable 3D structure. In spite of populating 
relatively few conformations, the ensembles of all but the 
comparably rigid rifampicin display major differences in size and 
polarity between different environments. This is due to 
synergistic structural adjustments of the macrocycle core and its 
attached side chains in roxithromycin, telithromycin and 
spiramycin. Rifampicin differs as it only has a small, fairly rigid 
side chain, whereas its macrocyclic core is equally or more 
flexible than those of the other three drugs. Conformations 
adopted in chloroform are typically stabilized by intramolecular 
hydrogen bonds and/or van der Waals interactions that reduce 
their polar surface area as compared to those of the aqueous 
ensembles. In addition, charge neutralization contributes to the 
reduction of polar surface area in chloroform. 

  We propose that the semi-rigidity revealed herein for molecular 
chameleons is an important element to incorporate in the design 
of chemical probes and drugs in the bRo5 space directed 
towards intracellular targets. A recent analysis found that all 
approved drugs in bRo5 space had between 5 and 20 rotatable 
bonds.[15] However, further guidelines for flexibility and design of 
molecular chameleons remain to be established, just as 
guidelines for other properties required by drugs in bRo5 space. 
In an optimal chameleon, dynamically formed intramolecular 
interactions provide major changes in molecular descriptors, 
such as the solvent accessible 3D polar surface area and the 
shape, between conformations. Thereby chameleons may 
simultaneously display high cell permeability and aqueous 
solubility. Their semi-rigidity may also reduce the entropic cost 
for entering a cell membrane, while also providing potent target 
binding. Recently, both intramolecular hydrogen bonds[64-65] and 
NH-p interactions[66] have been used in the design of orally 
administered and cell permeable drug candidates. Although 
such examples are still rare, they constitute the first step 
towards the wider incorporation of molecular chameleonicity in 
design of chemical probes and drugs. 

Experimental Section 

NMR spectroscopy  

Roxithromycin and spiramycin were purchased as free amines 
from Selleckchem. Telithromycin, as a free amine, was obtained 
from TOKU-E, while rifampicin was from Sigma. All compounds 
had a purity >95%. The compounds were dissolved in CDCl3 
and D2O, and the pH was adjusted to appr. 7.0 for the D2O 
solutions. Proton assignments in D2O and CDCl3 were derived 
from TOCSY, NOESY, COSY, HSQC and HMBC spectra 

recorded at 25 °C on a 900 MHz Bruker Avance III HD NMR 
spectrometer equipped with a TCI cryogenic probe. All 3JHA-HN 
coupling constants were measured from 1H NMR spectra, from 
which backbone dihedral angles were derived via the Karplus 
equation.[67] Interproton distances were derived from NOE build-
up rates according to the initial rate approximation.[68-69] NOESY 
spectra were recorded without solvent suppression, with mixing 
times of 100, 200, 300, 400, 500, 600 and 700 msec. The 
relaxation delay was set to 2.5 s, and 16 scans were recorded 
with 8192 points in the direct dimension and 512 points in the 
indirect dimension. Geminal methylene protons (1.78 Å), or if 
unavailable, CH3CH fragments (2.57 Å) were used as distance 
reference. Comparable distances obtained from various 
methylene proton pairs within the macrocycles indicated the high 
quality of the data. NOE peak intensities were calculated using 
normalization of both cross peaks and diagonal peaks according 
to ([cross peak1 × cross peak2]/[diagonal peak1 × diagonal 
peak2])0.5 equation. At least 5 mixing times giving a linear (r2 > 
0.95, typically > 0.98) initial NOE rate for every distance were 
used to determine distances according to the equation 
rij=rref(σref/σij)(1/6), where rij is the distance between protons i and j 
in Ångström, rref is 1.78 Å and σref and σij are the build-up rates 
for the reference and the i–j proton pair, respectively. 1H 
assignments, coupling constants, distances and build-ups are 
given in the Supporting Information, Sections 1 and 2. 

Conformational sampling 

Theoretical ensembles for the neutral forms of roxithromycin, 
telithromycin and spiramycin, and the non-ionic form or 
rifampicin, were obtained from Monte Carlo Molecular 
Mechanics (MCMM) and Macrocycle Conformational Sampling 
(MCS) calculations, using the software Macromodel (v.9.1) as 
implemented in the Schrödinger package. At least two different 
force fields were used, and both water and chloroform solvent 
models (Supporting Information, Table S15). In order to provide 
ensembles covering the entire available conformational space 
an energy window of 42 kJ mol-1 and 50000 Monte Carlo steps 
were used. The energy minimization was performed using the 
Polak-Ribiere conjugate gradient (PRCG) algorithm with 
maximum iteration steps set to 5000. MCS, hybrid of large-scale 
low-mode (LLMOD) sampling with simulated annealing, was 
performed using the OPLS-2005 force field, and the GB/SA 
(water) implicit solvent model. It was set-up with 5000 simulation 
cycles, 5000 LLMOD search steps, and the energy window for 
saving structures set at 10 kcal/mol with an RMSD of 0.75 Å for 
rifampicin, 1.5 Å for roxithromycin and telithromycin, and 2.0 Å 
for spiramycin. The ensembles from the conformational 
searches were combined and elimination of redundant 
conformations by comparisons of the heavy atom coordinates 
was performed, giving the final ensembles after addition of all 
available PDB and CSD crystal structures of the studied 
compound. The generated MCMM-ensembles fulfilled the 
expression 1−(1− (1/N))M (N = total number of conformers, M = 
number of search steps) indicating that the available 
conformational space was fully covered.[17] Further details about 
the final input ensembles used for NAMFIS are found in the 
Supporting Information, Sections 3 and 4. 

NAMFIS 

Solution ensembles were determined by fitting the 
experimentally measured distances to those back-calculated for 
the computationally predicted conformations following previously 
described protocols.[36] CH2-signals were treated according to 
the equation d=(((d1-6)+(d2-6))/2)-1/6, and CH3-signals according to 
d=(((d1-6)+(d2-6)+(d3-6))/3)-1/6, where d1-3 are the distances from a 
certain proton to the different yet magnetically equivalent 
protons. The results were validated within 10% using standard 
methods, i.e. by the addition of random noise (max 10%) to the 
experimental data, by the random removal of individual 
restraints (10%), and by comparison of the experimentally 
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observed and back-calculated distances. Macrocycle core 
conformations were classified as different if their heavy atom 
root-mean-square deviation (RMSD) was >0.5 Å,[70-71] while a 
>0.75 Å heavy atom cut off was used for the overall macrocycle 
including side chains. All conformations for each macrocycle in 
the two solvents, with the corresponding molar fractions, are 
given in the Supporting Information, Section 6.  

Refinement of conformations 

Conformations obtained from the NAMFIS analysis were 
imported into MOE 2015.10 (Chemical Computing Group, 
www.chemcomp.com)[72] and were relaxed in the MMFF94x 
force field with maximum RMSD deviation of ≤ 0.5 Å from its 
original conformation. Protonation states (neutral and charged 
forms for roxithromycin, telithromycin and spiramycin; non-ionic 
and zwitterionic for rifampicin) of each compound in each 
conformation were manually adjusted according to the 
compound´s pKa values (Table 4). For rifampicin, no quantifiable 
NOE distances were obtained for piperazine side chain. 
Therefore the geometry of the piperazine side chain in 
conformations 1 and 6, which are not identical to crystal 
structures, was calculated by single point energy minimization 
with DFT B3LYP/6-31G** using the Jaguar tool[73-74] (Supporting 
Information, Section 10). The final conformations 1 and 6 were 
subsequently used for RMSD, energy and properties 
calculations, as for all other conformations.  

RMSD calculations 

The RMSD metric was calculated to compare the conformations 
obtained from the NAMFIS analysis, within ensembles, and to X-
ray crystal structures. RMSD values were calculated using the 
OpenEye toolkit[75] (rmsd.py) and Superposition tool 
(superimposed by SMARTS) in the Maestro module[76] for the 
heavy atoms of the whole molecule (macrocylic core with side 
chains) and the macrocylic core, respectively (Supporting 
Information, Sections 7 and 11). 

Molecular property calculations 

Radius of gyration (Rgyr) was calculated using MOE (v2015.10). 
Solvent accessible three-dimensional polar surface area (SA 3D 
PSA) was calculated with PyMol v1.7.4[77] from the solvent 
accessible surface area defined using a solvent probe radius of 
1.4 Å. In addition to polar atoms (O, N, and attached H), 
absolute partial charges were calculated with the B3LYP/6-
31G** method in the Jaguar tool (available in the Schrödinger 
suite)[73-74] using a partial charges threshold >1.0. Further details 
on 3D PSA calculation has been reported elsewhere.[15] 
Calculated values of Rgyr and SA 3D PSA are given in the 
Supporting Information, Sections 12 and 13. 

QM calculations  

The refined conformations (in the neutral and charged forms for 
roxithromycin, telithromycin and spiramycin, and in non-ionic 
and zwitterionic form for rifampicin) were imported into the 
Maestro module available in the Schrödinger suite and used for 
SPE (single-point energy) calculations. All conformations from 
the chloroform ensembles of all four compounds, and 
conformations 7 and 3 in the aqueous ensembles of 
telithromycin and spiramycin, respectively, were used for SPE 
calculations. All QM calculations were performed using the 
Jaguar tool.[73-74] Energy calculation parameters were from the 
B3LYP/6-31G** basis set with the PB solvation model[78-79] (ε = 
4.8 and probe radius 2.5 Å for chloroform and ε = 80.3 with 
probe radius 1.4 Å for water). The “accurate” level of Jaguar, 
which corresponds to tighter convergence thresholds, was used 
together with the default values of other settings. Calculated 
SPE values are given in the Supporting Information, Section 14. 

Aqueous solubility and cell permeability  

The thermodynamic solubility of spiramycin was determined in 
potassium phosphate buffer, pH 7.4. Passive-diffusive 
permeability (Papp AB+Inh) across intestinal epithelial cell 
monolayers was measured in the Caco-2 cell model at pH 7.4 in 
the apical-to-basolateral (AB) direction in the presence of a 
cocktail of three inhibitors that target the three major efflux 
transporters. Both solubility and cell permeability were 
determined using the procedures reported previously for 
roxithromycin, telithromycin and rifampicin.[15] 
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NMR spectroscopy and computational studies reveal that macrocyclic drugs in the beyond rule of 5 chemical space behave as 
molecular chameleons. This allows them to adapt to the environment and combine otherwise conflicting properties including aqueous 
solubility, cell permeability and target binding. 
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