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Solution structure of rifaximin and its synthetic derivative
rifaximin OR determined by experimental NMR and theoretical

simulation methods
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Abstract—The solution structure of rifaximin and its derivative rifaximin OR (open ring) was determined by combining NMR
experimental results, theoretical simulation of two-dimensional NMR spectra by complete relaxation matrix analysis (CORMACORMA), and
molecular dynamics calculations.
In this study the structural rearrangements due to the opening of the aliphatic chain of rifaximin after the reduction process to

form rifaximin OR were investigated.
Close spatial proximity of CH3(14) and H28b protons detected by 2D-ROESY spectrum of rifaximin OR, which was not present

in rifaximin and the down-field shift of CH3(34) protons in rifaximin OR 1H spectrum were crucial to understand the structural
modifications, which occurred within the system. The aliphatic chain of rifaximin OR was found to be no longer symmetrical with
respect to the aromatic moiety. Although no dramatic structural rearrangements were detected, the aliphatic chain moved toward
CH3(14), causing a reduction of the aromatic shielding contribution in particular on CH3(34).
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Structural analysis plays an important role in the studies
of the biological and pharmacological properties of
bioactive compounds. The determination of the con-
formation in solution can be very useful to better
understand biological functions and behavior.1–3

Rifamycins are naphthalenic ansamycins made by a
naphtho-quinonic system condensed to a furanone ring
spanned by an ansa chain connecting two opposite sides
of the aromatic moiety. Several rifamycin derivatives
have been studied during the last decades by both X-ray
diffraction, NMR techniques, and molecular dynamics
simulations.4–14 The interest in structural analysis of this
class of compounds lies in their activity as inhibitors of
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DNA dependent RNA polymerases (DDRP) of a wide
variety of organisms, such as bacteria, eukaryotes, and
viruses.15–17 A large number of rifamycin derivatives are
known, generally differing in the substitution at posi-
tions 3 and 4 of the chromophore. Rifamycin B, which
represents the original compound isolated, possesses no
activity but can be easily oxidized to rifamycin O, which
can form rifamycin S by hydrolysis.17 Rifamycin SV
and rifamycin S are the reduced and oxidized forms,
respectively, of the reversible oxidation–reduction sys-
tem, which involves two electrons. Rifampicine is a
semisynthetic derivative of rifamycin SV, which showed
a strong activity.14 For the best of our knowledge, the
inhibition processes are not known, since neither the
structure of rifamycin–DDRP complex, nor the struc-
ture of isolated DDRP have been determined. Arora14

developed a qualitative model to explain the mechanism
of action of rifamycins, involving the formation of
hydrogen bonds between the enzyme and four rifamycin
oxygens (O1, O2, O9, and O10), which must have a
specific conformation. In particular, the O9 and O10
pointing outside the pharmacore represents the struc-
tural characteristic needed for activity. Bacchi and
co-workers10;12 reported more recent comprehensive
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Chart 1. (a) Structure and numbering of rifaximin; (b) structure and

numbering of rifaximin OR.

2164 S. Martini et al. / Bioorg. Med. Chem. 12 (2004) 2163–2172
studies on the structure–activity relationships of rifa-
mycins, in which they show a detailed picture of the
structurally known rifamycins. They clearly investigated
the main structural modifications of the ansa chain of
nonactive compounds compared to some active rifa-
mycins. Through the analysis of the variance of the 17
ansa backbone torsion angles, they found that active
compounds showed a well-defined common pattern,
while nonactive molecules were more scattered. In par-
ticular, they compared the structures of rifamycin S and
rifamycin O, which represent a typical active and a
typical sterically constrained molecule. They found out
that in rifamycin S the ansa mean plane was approxi-
mately perpendicular to the naphtho-quinone, the O1,
O2, O9, and O10 atoms pointed out of the same side of
the molecule and CH3(34) was oriented toward the
chromophore. On the contrary, in rifamycin O CH3(34)
was hindered by the oxolanone 4-substituent and O9
and O10 pointed toward the aromatic moiety. They also
compared 1H NMR data of rifamycin O and rifamycin
B with those of rifamycins S and SV, pointing out the
structural changes, which mainly consist of proton
chemical shift variations passing from rifamycin S to
rifamycin O regarding CH3(34), H26, and H24.
�Unusual� chemical shift values were found in rifamycin
S and SV in different solvents by Casey and Whitlock11

almost two decades before Bacchi and co-worker�s
works, showing this methyl to be sitting over the ben-
zenoid ring. This behavior was found to be diagnos-
tic with regards to the structural modifications
occurring in the ansa chain of rifamycins and their
derivatives.

In this paper we investigate the conformational prop-
erties of rifaximin (Chart 1a) and its derivative, rifaxi-
min OR (Chart 1b), which belongs to a more recent class
of ansamycin derivatives. Rifaximin is obtained from
rifamycin SV18;19 by chemical modification of the
naphtho-furanone moiety. It exerts antibiotic effects20–22

(like rifamycin SV) and reverse transcriptases of onco-
genic and HIV RNA-viruses.17;23

Rifaximin OR was obtained by selective electrolytic
reduction of the aliphatic chain of rifaximin giving an
open ring structure.24 Previous studies of these com-
pounds showed the existence self-association processes
by stacking at high concentrations and the presence of
intra- and intermolecular hydrogen bonds, which are
able to affect the molecular motion of both molecules.25

In particular for rifaximin OR the intramolecular
H-bonds are responsible for the stabilization of the ali-
phatic chain.25

Combined use of NMR experimental results, theoretical
simulation of two-dimensional NMR spectra by com-
plete relaxation matrix analysis (CORMACORMA)26 and molec-
ular dynamics calculations,27;28 represents a powerful
approach in the determination of the structure of
organic compounds in solution.

Geometrical constraints were obtained from both
ROESY cross-peak intensities using the MARDIGRASMARDIGRAS

program27 and selective proton–carbon nuclear Over-
hauser effects ({H}C-NOEs).29–31 The derived proton–
proton and proton–carbon distances were used in the
molecular dynamics simulations32–35 and the accuracy of
the final structures of rifaximin and rifaximin OR was
obtained generating the theoretical ROESY spectra by
CORMACORMA program. The structure obtained for rifaxi-
min was compared to the crystal structure of rifamycin
O reported by Bacchi et al.10 in order to highlight the
structural differences between a nonactive conforma-
tion and an active one as we found was that of rifaximin.
As expected, the main changes involved the position of
the ansa chains with respect to the naphtho-fura-
none moiety as well as the orientation of O(9) and
O(10).

We also analyzed the extent of the conformational
rearrangements induced by the chemical modifica-
tion made on rifaximin. Although the opening of the
aliphatic chain did not cause a complete rearrange-
ment of the structure of rifaximin OR, some interest-
ing modifications of the position of the aliphatic chain
with respect to the naphtho-furanone moiety were
found.



Table 1. Observed and calculated relaxation parameters and NOEs for

rifaximin in CDCl3

CnH3 d (ppm) R1 (s�1) NOE(BB)/1.99 R1DD

(s�1)

sc � 1010

(s)

80 22.18 1.4 0.93 1.3 0.2

13 20.61 1.3 0.92 1.2 0.6

14 6.85 1.3 0.88 1.1 0.2

30 20.26 1.3 1.02 1.3 0.2

31 17.39 4.2 1.07 4.5 0.6

32 10.64 2.2 1.05 2.3 0.3

33 8.02 1.7 1.06 1.8 0.2

34 7.86 2.4 1.22 2.9 0.4

36 21.33 1.2 1.12 1.3 0.2

37 56.82 1.3 0.95 1.2 0.2

CnH NOE(BB)/1.92

20 128.22 7.8 0.98 7.7 4.4

30 119.09 7.5 0.96 7.2 4.1

17 136.07 8.5 0.98 8.3 5.1

18 125.26 7.7 1.00 7.7 4.3

19 141.58 7.6 0.96 7.3 4.2

20 37.72 5.9 1.25 7.4 3.0

21 72.67 7.4 0.97 7.2 4.0

22 32.82 6.4 0.96 6.1 3.3

23 76.62 6.0 0.99 5.9 3.0

24 36.82 6.3 1.02 6.4 3.3

25 73.79 6.6 0.92 6.1 3.4

26 38.57 6.3 1.00 6.3 3.0

28 115.54 6.8 0.83 5.6 1.6

29 141.94 5.7 0.97 5.6 2.8

S. Martini et al. / Bioorg. Med. Chem. 12 (2004) 2163–2172 2165
2. Results and discussion

2.1. Structural and dynamic information derived from
NMR relaxation measurements

Proton and carbon-13 resonance assignments of rifaxi-
min and rifaximin ORwere shown in previous works.24;25

In order to gain information regarding relaxation
mechanisms and molecular dynamics, an analysis of the
observed nuclear Overhauser effects obtained after
continuous broad band decoupling was performed. In
Tables 1 and 2 carbon nuclei of rifaximin and rifaximin
OR were divided into two groups, depending on the
number of attached protons. Before the observed 13C
relaxation rates were interpreted in terms of molecular
motions, the experimental broad band NOEs
[NOE(BB)] were compared with the theoretical values
expected for carbon nuclei totally relaxing through 1H–
13C dipolar interactions. In the case of methyl groups,
which are expected to satisfy the ðxC þ xHÞ � 1 motion
conditions, the theoretical maximum value calculated
for the NOE is equal to 1.99. Thus the fractional effec-
tiveness of the dipolar relaxation for the methyl carbons
is given by the ratio NOE(BB)/1.99. Values reported for
both rifaximin and rifaximin OR (Tables 1 and 2) con-
firm that the methyl carbons relax mainly by dipole–
dipole interaction with the attached proton nuclei.
Tables 1 and 2 also show the experimental relaxation
rate values measured for methine carbons belonging to
the aliphatic chain and aromatic moiety of rifaximin and
rifaximin OR. It can be noted that these relaxation rates
assume higher values with respect to methyl carbons,
Table 2. Observed and calculated relaxation parameters and NOEs for rifax

CnH3 d (ppm) R1 (s�1) NOE(BB)

80 22.6 1.7 2.03

13 17.6 4.1 1.99

14 7.3 1.6 1.88

30 21.7 1.8 2.35

31 17.0 3.7 2.40

32 12.0 2.1 2.24

33 9.7 1.6 2.21

34 10.8 1.7 2.35

36 21.5 1.2 2.14

37 58.5 1.0 1.93

CnH

20 128.6 8.7 1.85

30 118.0 9.5 1.92

17 138.2 8.4 1.90

18 127.8 9.6 1.94

19 144.3 9.8 1.60

20 41.2 8.5 2.24

21 74.8 6.3 1.91

22 34.1 6.1 1.85

23 77.9 6.7 1.87

24 37.9 7.8 1.94

25 74.9 6.3 1.73

26 39.0 5.1 1.95

27 76.0 4.7 1.96

28 46.9 3.4 1.64

29 201.5 0.9 1.98
due to slower molecular dynamics. Assuming that
methine carbons relax predominantly by dipolar mech-
anism, a maximum theoretical NOE of 1.92 (which gave
imin OR in CDCl3

NOE(BB)/1.99 R1DD (s�1) sc � 1010 (s)

1.02 1.7 0.2

1.00 4.1 0.6

0.95 1.5 0.2

1.18 2.1 0.3

1.21 4.5 0.5

1.13 2.4 0.3

1.11 1.8 0.2

1.18 2.0 0.2

1.08 1.3 0.2

0.97 1.0 0.2

NOE(BB)/1.92

0.96 8.4 5.3

1.00 9.5 6.4

0.99 8.3 5.0

1.01 9.7 6.5

0.83 8.2 6.7

1.17 9.9 5.1

0.99 6.3 3.2

0.96 5.9 3.1

0.97 6.5 3.4

1.01 7.9 4.4

0.90 5.7 3.2

1.02 5.2 2.5

1.02 4.8 2.3

0.85 2.9 0.7

1.03 0.9 0.4



Figure 1. Portions of the proton spectra, which show the down-field

shift of CH3(34) signal of rifaximin (a) with respect to rifaximin OR

(b).
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the expected NOE(BB)/1.92 ratio of about 1) can be
predicted. This maximum NOE corresponds to a cor-
relation time of about 3.3 · 10�10 s, which can be con-
sidered as the correlation time for the skeleton of the
two molecules.

The dipolar contribution to spin-lattice relaxation rates
allowed the calculation of correlation time values
modulating the 1H–13C interaction assuming the pro-
ton–carbon distance equal to 1.08�A.36–39 sc values cal-
culated for rifaximin and rifaximin OR are reported in
column 6 of Table 1 and column 7 of Table 2. These
values showed that the aromatic and diene regions of the
two molecules experience slower reorientation motion
than the aliphatic region. The aliphatic region of rifax-
imin showed similar values of correlation time, indicat-
ing a stable conformation of the molecule in solution
despite of weak local dynamics. The aliphatic carbons of
rifaximin OR showed correlation times similar to those
of the aromatic carbons, except for the terminal alde-
hyde group, which experiences motions of the same
magnitude as methyl groups. This suggests the existence
of a partial rigidity of the aliphatic chain of rifaximin
OR despite of the lack of the constraint existing in rif-
aximin structure. This stiffness vanishing at C28 and
C29, represents an evidence of the high mobility of the
terminal side of the aliphatic chain of rifaximin OR. In
this analysis the contribution to the observed relaxation
rates of aromatic carbons due to anisotropic reorienta-
tion was assumed to be negligible. This assumption was
supported by the NOE values obtained for both ali-
phatic and aromatic carbons whose NOEexp/NOEtheor

value was close to unit. Correlation time values obtained
from 13-carbon relaxation rate measurements were used
in the MARDIGRASMARDIGRAS algorithm for generating constraints
bound.
2.2. Structural analysis

Before analyzing the through-space interactions, which
enabled the identification of the conformational changes
occurred after the brake of the aliphatic chain of rifax-
imin, a very interesting information was derived from
the change in the CH3(34) proton chemical shift value
observed for the two molecules shown in Figure 1. In
particular, in the 1H spectrum of rifaximin OR, CH3(34)
resonance experienced a down-field shift of about
1.5 ppm, indicating that this group together with the
aliphatic chain moved away from the shielding cone of
the aromatic moiety. This was a first evidence of a
change in the position of CH3(34) and therefore a pre-
liminary indication of a structure rearrangement of the
aliphatic chain of rifaximin OR.

2D-NOESY (nuclear Overhauser effect spectroscopy)
experiments are usually used to identify spatial con-
nectivities between nuclei, which are dipolarly coupled,
since the size of the NOE depends inversely on the dis-
tance between two interacting spins.

Correlation time values calculated from carbon-13
longitudinal relaxation rates for rifaximin and rifaximin
OR suggested that the x0sc � 1 motion condition does
not apply for all carbons in the two systems.25 For
this reason the use of ROESY spectra to derive inter-
nuclear proton–proton distances seems to be more
appropriate for studying this two biomolecules, con-
sidering that ROESY experiments are essential spin
diffusion free.40;41

ROESY spectrum of rifaximin (Fig. 2) showed a num-
ber of predictable dipolar couplings (such as those
between aromatic protons and some aliphatic chain
protons), however some important interactions able to
provide important information about the conformation
were present. The most interesting dipolar connectivities
obtained from ROESY spectrum of rifaximin are
reported in Table 3.

In particular H20–CH3(30), H20–H18, and H20–NH
cross-peaks gave some crucial indications about dis-
tances between protons belonging to the aliphatic bridge
and the aromatic moiety.

ROESY spectrum of rifaximin OR (Fig. 3) showed
several other differences with respect to the rifaximin
one. Table 3 shows the principal proton–proton dipolar
interactions present in the ROESY spectrum of rifaxi-
min OR. The presence of the H28b–CH3(14) interaction
was an evidence of the shift of the aliphatic chain toward
a more external position with respect to the aromatic
moiety. At the same time this dipole–dipole interaction
also indicated that the reduction process on the olefinic
group of rifaximin did not cause a dramatic change in
the molecular structure of rifaximin OR. Moreover, the
presence of H28b–CH3(34) and H28b–CH3(14) cross-
peaks showed that the molecular structure of rifaximin
OR was not subject to strong conformational fluctua-
tions. Other differences supporting the hypothesis of a
structural rearrangement can be pointed out. In fact
some proton–proton connectivities that can be found in
rifaximin spectrum, as H17–CH3(31), were absent in
rifaximin OR.



Figure 2. ROESY spectrum of rifaximin in CDCl3 recorded at mixing time of 200ms with the more interesting peaks indicated.
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2.2.1. Extraction of geometrical constraints
2.2.1.1. Proton–proton internuclear distances. ROESY

cross-peak intensities were used to calculate interproton
Table 3. Close distances observed in the ROESY spectra of rifaximin

and rifaximin OR

Rifaximin Rifaximin OR

20–30 20–30

20–NH 20–NH

20–18 ––

–– 12–13

17–31 ––

18–21 ––

18–30 ––

18–31 18–31

19–20 19–20

19–21 19–21

19–30 ––

–– 24–31

26–28 ––

26–34 26–34

26–33 26–33

27–28 ––

–– 27–28b

–– 27–28a

28–29 ––

–– 28a–29

–– 28b–29

–– 28b–34

–– 28b–14
distances for rifaximin and rifaximin OR using MAR-MAR-

DIGRASDIGRAS program. The most important source for
obtaining information regarding conformational chan-
ges occurred after the break of the aliphatic chain of
rifaximin, is represented by dipolar interactions between
protons belonging to the aromatic moiety and the ali-
phatic chain for both biomolecules. For this reason we
focused our attention to a set of cross-peaks, which in
our opinion were able to clarify the extent of structural
changes in rifaximin OR. These proton–proton inter-
actions were H20–CH3(30), H20–NH, H20–H18, which
were present in both molecules, and H28b–H34, H28b–
H14 present only in rifaximin OR. In Table 4 the
upper and lower bounds for the dipolar interactions
are reported. We set the distance between H20 and
H30 as fixed and known (equal to 2.49�A) since it
can be considered independent from the conformation.
2.2.1.2. Carbon–proton internuclear distances. Selec-
tive presaturation of a proton Ha, which interacts
dipolarly through space with a 13C nucleus Cb at a dis-
tance rab generates an NOE given by:4
NOECb
ðHaÞ ¼

cH
cC

ðW2 � W0Þ
RCb

; ð1Þ
where



Figure 3. ROESY spectrum of rifaximin OR in CDCl3 recorded at mixing time of 200ms, which highlights the presence of CH3(14)–H28b cross-peak

and the lack of CH3(14)–H28a cross-peak.
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cH
cC

ðW2 � W0Þ ¼ rab

¼ �h2c3HcC
10r6ab

6sc
1þ ðxH þ xCÞ2s2c

"

þ sc
1þ ðxH � xCÞ2s2c

#
ð2Þ

and RCb
is the spin-lattice relaxation rate measured for

Cb under broadband decoupling conditions.

By combining selective NOE measurements and spin-
lattice relaxation rates, information on proton–carbon
distances can be obtained from the calculated cross-
relaxation rates. If cross-relaxation rates are known, two
independent methods can be used to determine proton–
carbon internuclear distances.

Method A. When the saturation of Ha results in Over-
hauser effects on two or more carbon resonances,
internuclear distances can be calculated from the fol-
lowing relation:

NOEC1
ðHnÞRC1

NOEC2
ðHnÞRC2

¼
r6C2�Hn

r6C1�Hn

: ð3Þ

In order to be able to evaluate distances from Eq. 3, no
prior knowledge of correlation time is required, but one
of the two distances, which has to be independent from
the conformation or molecular motion, needs to be
known for calibration.

Method B. If both correlation time sc and r can be
determined, an absolute calculation of carbon–proton
distances can be performed using the following equa-
tion:

r6ab ¼
�h2c3HcC

10NOECb
ðHaÞRCb

6sc
1þ ðxH þ xCÞ2s2c

"

þ sc
1þ ðxH � xCÞ2s2c

#
: ð4Þ
In this work we used both of these methods, providing a
double check on the calculated carbon–proton distances
and the assumptions involved.

Table 5 reports some carbon–proton distances calcu-
lated with methods A and B for rifaximin and rifaximin
OR.
2.2.2. Molecular dynamics calculations. The upper and
lower bounds for proton–proton distances calculated
with the MARDIGRASMARDIGRAS algorithm together with carbon–
proton distances obtained from selective {H}C-NOEs,
were used in the restrained molecular dynamics (rMD)



Table 5. Proton–carbon distances for (a) rifaximin and (b) rifaximin

OR obtained from 1H–13C NOEs using methods A (rA) and B (rB)

Carbon Cn{NH} Cn{H20} Cn {H30}

rA rB rA rB rA rB

(a)

20 –– 2.7 –– –– 2.2a 2.1a

30 –– 4.0 2.1b 2.1b –– ––

30 –– 2.2 3.1 3.2 4.0 4.0

(b)

20 –– 3.0 –– –– 2.2a 2.2a

30 –– 4.2 2.2b 2.2b –– ––

30 –– 2.2 4.3 4.3 –– ––

aCalibrating distance for method A C20–H30 ¼ 2.16�A and correlation

time for method B sc ¼ 3:3� 10�10 s.
bCalibrating distance C30–H20 ¼ 2.13�A and correlation time for

method B sc ¼ 3:3� 10�10 s.
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Figure 4. Time course of the 1 ns MD simulation regarding the tra-

jectories of the NH–C15–C16–C17 dihedral angle of (a) rifaximin and

(b) rifaximin OR.

Table 4. Upper and lower bounds determined by MARDIGRASMARDIGRAS cal-

culation for interproton distances

Protons Upper–lower bounds (�A)

Rifaximin Rifaximin OR

20–30 2.60–2.30 3.74–3.50

20–NH 2.16–1.80 2.73–2.47

20–18 4.79–4.39 4.76–4.44

31–18 4.77–4.41 3.75–3.39

30–18 4.89–4.63 ––

18–21 4.13–3.85 ––

17–18 3.28–2.96 3.75–3.45

31–17 4.86–4.56 ––

30–17 2.50–2.28 2.62–2.32

21–17 5.10–4.70 ––

17–19 2.71–2.41 2.82–2.50

31–19 3.06–2.68 3.56–3.22

19–20 3.25–2.95 3.37–2.97

19–30 4.95–4.63 ––

19–21 2.83–2.51 2.60–2.32

29–28 3.28–2.88 ––

28–26 2.91–2.61 ––

28–27 2.56–2.26 ––

29–28b –– 2.68–2.38

29–28a –– 3.25–2.99

29–27 –– 3.39–3.01

27–28b –– 2.67–2.27

27–28a –– 3.30–2.94

28a–28b –– 1.96–1.68

28b–34 –– 3.43–3.19

28b–14 –– 4.11–3.87

12–13 –– 2.69–2.41

26–27 2.70–2.38 2.59–2.35

27–37 2.87–2.59 2.54–2.16

20–31 3.22–2.86 2.69–2.43

26–34 2.69–2.45 2.58–2.34

26–33 2.35–2.05 3.28–3.04
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simulations of rifaximin and rifaximin OR in the pres-
ence of the solvent (CDCl3).

Figure 4a and b shows the time course of the 1 ns MD
simulation regarding the trajectories of the NH–C15–
C16–C17 dihedral angle of rifaximin and rifaximin OR,
respectively. Both angles oscillated in a narrow range,
indicating that during the simulations no strong con-
formational changes regarding the aliphatic chain were
observed in the two molecules. Even if this result was
expected and obvious for rifaximin, in which the ali-
phatic chain links two opposite sides of the aromatic
moiety, this represents an evidence of the stability of the
open ring in rifaximin OR.

The accuracy of the final structures obtained after MD
simulations can be obtained with the calculation of the
theoretical spectra within CORMACORMA program. The fitting
of the simulated spectra with experimental intensities
was evaluated by crystallographic-type RNMR factor
defined in Section 4. Value of RNMR for rifaximin and
rifaximin OR was found to range from 0.21 to 0.25 for
rifaximin (150 random snapshot of the 1 ns MD) and
from 0.20 to 0.24 for rifaximin OR. These data indicate
that the accuracy of the structures obtained from
molecular dynamics simulations is good. Figure 5a and
5b shows the conformations of rifaximin and rifaximin
OR resulting from full energy minimization of the
structures obtained from MD calculations. The struc-
ture of rifaximin showed a conformation in which O(9)
and O(10) were pointing outside the ring, following the
qualitative model proposed by Arora.14 Moreover, it
seems clear that the opening of the aliphatic chain of
rifaximin, which gave rise to rifaximin OR, did not cause
a complete rearrangement of the structure of the
molecule. In Figure 5b the hydrogen bonds present in



Figure 5. Conformations resulting from full energy minimization of

the structures obtained from MD calculations of (a) rifaximin and (b)

rifaximin OR (hydrogens omitted for clarity).
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rifaximin OR are shown; in particular it is important to
emphasize that we observe an H-bond between the
carbonyl group C(15) and the hydroxyl group OH(21),
which may be responsible for the stabilization of the
aliphatic chain.

Figure 6 shows the superposition of the refined structure
of rifaximin with the X-ray structure of rifamycin O
reported in the paper by Bacchi et al.10 obtained from
Cambridge Crystallographic Data Centre (CCDC).42

Since the antibiotic activity of rifamycins has been cor-
related to the conformation of the ansa chain, it is of
interest to compare the structure of rifaximin with the
crystal structure of rifamycin O. As expected, the main
Figure 6. Overlay of the solution structure of rifaximin and the crystal

structure of rifamycin O (green).
structural differences involved the ansa backbone of the
two molecules, in particular regarding the central sec-
tion from C19 to C29, including the orientation of O9
and O10, which in rifaximin were directed outside the
ring while in rifamycin O pointed toward the naphtho-
quinone. As pointed out in Section 1, the orientation of
O9 and O10 represents the main conformational char-
acteristic in order to discriminate between active and
nonactive structures, as proposed by Arora.14 This
findings are in perfect agreement with the results
reported in the literature,10;12 which state that the rota-
tion of the ansa central segment C20–C26 around the
dihedral angles C18–C19–C20–C21 and C25–C26–C27–
C28 and a local rearrangement of the C21–C22–C23–
C24 segment determine the active pattern for the phar-
macophore (O1, O2, O9, O10).

Another important structural difference involves the
position of CH3(34), which in rifaximin points toward
the aromatic moiety. This is in perfect agreement with
CH3(34) chemical shift value, which was found to be
)0.6 ppm, suggesting a strong shielding effect due to the
aromatic p system on the methyl group. On the con-
trary, in rifamycin O, CH3(34) is oriented outside the
ring due to the presence of the oxolanone 4-substituent,
which lies almost perpendicular to the chromophore
plane. In this case, literature data report a chemical shift
value of 0.20 ppm.10
3. Conclusions

In this work, the conformational properties of two
related compounds, rifaximin and rifaximin OR, were
studied by experimental NMR and theoretical simula-
tion methods. Rifaximin was found to be in an active
conformation according to the model reported in the
literature. The reduction process on rifaximin caused the
break of the aliphatic chain, which was found to be no
longer symmetrical with respect to the naphtho-qui-
nonic plane. Even though this chemical modification
was expected to cause strong rearrangements of the
aliphatic chain, NMR analysis, MD and MM simula-
tions put in evidence that no dramatic structural rear-
rangements occurred.
4. Experimental

Rifaximin, 4-deoxy-40-methylpyrido-(1020-1,2)-imidazo-
(5,4c)rifamycin SV was purchased from Alfa Wasser-
mann S.p.A. (Bologna, Italy) and used without any
further purification. Rifaximin OR (open ring) was
obtained by electrolytic reduction of rifaximin.24
4.1. NMR methods

2D-NMR experiments were performed with a Bruker
DRX-600 Avance spectrometer operating at
600.13MHz for 1H, equipped with an xyz gradient unit.
As probe heads we used a reverse triple resonance (1H,
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13C, BB) probe with xyz gradients for two-dimensional
experiments.

Rotating frame NOESY (ROESY)43 were acquired with
2048 complex points for 256 experiments with 10 s
recycle delay and time proportional phase incrementa-
tion (TPPI) phase cycle. ROESY spectra were acquired
in CDCl3 as solvent with mixing times of 200ms.

Data were processed with XXwinNNmr software (Bruker),
and 2D spectra were analyzed with SPARKYSPARKY software.44

Integration of cross-peak volumes in the ROESY spec-
tra were done using the Gaussian-fitting algorithm of
SPARKYSPARKY and the necessary offset corrections were per-
formed with the program.

A Varian XL-200 spectrometer operating at 200 and
50.3MHz for proton and carbon nuclei, respectively,
was used for recording 1H and 13C spectra. Carbon-13
relaxation rates were measured by using the standard
inversion recovery (180�–s–90�–AQ)n pulse sequence. A
5% experimental error was estimated for the relaxation
rate values. Nonselective broad-band NOEs were mea-
sured by comparing peak intensities obtained in fully
and gated decoupled 13C spectra. Selective heteronuclear
NOEs were generated by presaturating, with a low
power decoupler pulse, single proton resonances;4 the
duration of this decoupler pulse was set 10 times the
relaxation time of the irradiated proton to get a full
NOE; a high power decoupler pulse during the 90� 13C
pulse and the acquisition time yielded fully proton
decoupled 13C spectra with only selective NOEs; a delay
5 times longer than the longest 13C relaxation time was
used to allow a complete relaxation of the spin system.
Constraints bound were generated with MARDIGRASMARDIGRAS

algorithm, which was a complete relaxation matrix
approach, assuming overall isotropic molecular motion.
Hybrid relaxation matrices were built using cross-peak
volumes of the 200ms spin lock ROESY intensities
assuming an isotropic correlation time of 3.3 · 10�10 s.25

As starting model for MARDIGRASMARDIGRAS calculations the final
structures of a preliminary unrestrained molecular
dynamics (MD) and subsequent full energy minimiza-
tion were used. MARDIGRASMARDIGRAS can account for the offset
dependence of the transverse relaxation in the rotating
frame and for the homo-nuclear Hartmann–Hahn
(HOHAHA) distortion of the intensities, giving the
carrier frequency and coupling constants, respectively.
To take in account integrations errors, we used a pro-
cedure that calculates final upper and lower bound from
a statistical set of bounds generated by a series of
MARDIGRASMARDIGRAS runs in which user-defined percentage
error is randomly added on top of an absolute noise
errors RAND-MARDI.45 Here 500 random distance
bound sets were created, using 10% as the minimum
percentage error for all intensities, and an absolute noise
error equal to the smallest peak.
4.2. Molecular modeling and structure refinement

Molecular dynamics simulations were performed with
MMacromodel 5.0 program,46 on Silicon Graphics (SGI),
INDIGO 2 Solid Impact working under IRIX 6.3
operating system. The rMD calculations were conducted
using a solvation model, which treats the solvent
(CDCl3) as an analytical continuum starting near the
van der Waals surface of the solute.47 In calculations
using continuum solvation, the program uses an
approximate solvent accessible surface area function for
derivatives and then computes final energies with a more
exact area function at the end of calculation. The pro-
tocol for simulated annealing calculations were: (i)
equilibration period of 10 ps at 10K; (ii) annealing by
heating to 700K in 50 ps; (iii) maintaining at 700K for
50 ps; (iv) cooling at 10K in 10 ps. Experimental con-
straints were applied for the total duration of the sim-
ulation. The systems (rifaximin and rifaximin OR)
obtained at the end of the simulated annealing were
subject to energy minimization without constraints. In
the refinement procedure the accuracy of the models
obtained after molecular dynamics calculations was
evaluated on the basis of the RNMR factor, comparing
experimental and theoretical ROESY spectra calculated
from the following equation:48

RNMR ¼
P

i;j;m WijðsmÞjIcalcij ðsmÞ � Iexpij ðsmÞjP
i;j;m WijðsmÞIexpij ðsmÞ

; ð5Þ

where Iij are the NOE intensities for the i and j atoms
(with i 6¼ j), sm is the mixing time, and Wijðsm) are the
weights in order to lower the effects of the experimental
error.
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