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A synthetic mannoside derivative, namely, 6-morphinyl-o-pD-mannopyranoside, shows a naloxone-reversible
antinociception that is 100-fold more potent and twice as long lasting compared to morphine when
administered intraperitoneally to rats in paw pressure and tail flick tests. The compound does not produce
tolerance and binds to rat u« opioid receptors with twice the affinity of morphine. NMR studies suggest that
differences of activity between the derivative and its parent compound M6G might be related to their differing

molecular dynamic behavior.

Introduction

Chronic and acute pain is an unresolved medical problem,
the prevailing treatment being the administration of morphine
and its surrogates. Although the extensive use of morphine may
suggest that it is the perfect analgesic drug, the side effects (i.e.,
constipation and respiratory depression) it shares with most
opioids hamper its routine application outside the hospital.* In
the search for alternative drugs, the important advances in the
study of pain mechanisms driven by the new molecular biology
tools have not provided substantial improvements. One of the
factors in holding back drug development progress is the
intrinsic nature of opioid receptors, which are integral, complex
membrane-bound glycoproteins. No crystal structures of opioid
receptors have been published, which limits receptor-based drug
design techniques.® Accordingly, for the past 40 years, there
has been little addition to the repertoire of drugs for treating
severe chronic pain.? In spite of this, and using computational
models of the opioid receptors, some progress has been made
and new analogues, chemically modified natural opioid alka-
loids, peptides, and nonpeptide, derivatives have been produced
with limited therapeutic success.”

It is well established that, owing to the action of liver
enzymes, 90% of a morphine dose administered in man is
converted into a mixture of two glycoconjugates. By far the
most abundant is the morphine-3-glucuronide (M3G?®), account-
ing for 45—55% of the converted morphine, while a smaller
proportion (10—15%) corresponds to morphine-6-glucuronide
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(M6G, 1). For a long time, these were thought to be detoxifying
inactive metabolites.® However, it has been found that while
M3G is not endowed with analgesic properties, M6G (1) has
pharmacological actions resembling those of morphine. When
M6G is given systemically in animal models and humans, it
shows fewer side effects and appears to be approximately twice
as potent as morphine.® This suggests that systemic administra-
tion of M6G could provide benefits superior to similar doses
of morphine.

The concept that M6G (1) can be a novel analgesic has slowly
gained ground,” its superior side-effect profile® making it
attractive to the pharmaceutical industry. The compound is
currently under a phase 111 trial in a postoperative pain study.®

Further studies on M6G (1) have also proposed the existence
of a specific receptor for this compound that corresponds to a
splicing variant of the MOR1 gene.2 Moreover, the idea that
morphine is exclusively an exogenous opioid and that M6G is
found only after morphine administration has also been chal-
lenged because mounting evidence suggests that both are
produced in various vertebrate tissues. Thus, the discovery of
an endogenous synthetic pathway for morphine’®** and the
demonstration that M6G is present in adrenal chromaffin
granules and secreted from chromaffin cells upon stimulation®?
indicate that there is a true endogenous morphinergic system.*®
This indicates that M6G (1) is not only a product of morphine
catabolism but also a true neuroendocrine mediator possibly
involved in many physiological systems.

In spite of these prospects, M6G (1) has hardly been explored
with synthetic chemistry tools and the few structure—activity
relationship studies** on M6G (1) have failed to identify more
potent synthetic analogues. In the present paper, we provide
experimental evidence that more potent M6G analogues can
be found by, for instance, replacing the glucuronide part of the
molecule by a mannose moiety (M6Man, 2) (Figure 1).

Insight is also provided on how the structure and conformation
of these molecules deduced by NMR spectroscopy and molec-
ular modeling studies affect their biological activity. Thus, we
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Figure 1. Chemical structure of M6Man (2) (right) as compared to natural M6G (1) (left).

disprove the hypothesis that M6G (1) shows two-sided behavior,
adopting extended conformations in polar media and folded
conformers in low polarity environments, which may allow the
compound to cross membrane barriers such as the BBB.*>°
Moreover, the enhanced potency of the mannoside with respect
to M6G (1) seems to be related to the distinct dynamic behavior
of these analogues.

Results and Discussion

The presence or absence of the glucuronide moiety is the
exclusive structural difference between morphine and M6G (1).
To better understand the contribution of the glucuronide part
on the antinociceptive effect of M6G (1) and with the aim of
finding new compounds with improved antinociceptive activity
that mimic the structure of morphine-6-glucuronide (1), a drug
discovery program was settled. The most significant finding was
the identification of a mannoside derivative of morphine,
namely, 6-morphinyl-a-p-mannopyranoside (M6Man, 2) (Figure
1), with unusual antinociceptive activity when administered to
rats. The first batches of the compound were prepared by boron
trifluoride etherate catalysis'’ using peracetylated-a-p-mannose
as a glycosyl donor, rendering 22% yield. However, silver triflate
promotion and later the trichloroacetimidate method*® raised
the yields of further batches to 34 and 57%, respectively.

Antinociceptive Activity. The antinociceptive activity of the
mannoside 2 was first evaluated by the tail flick™® behavioural
test using morphine sulfate as a reference. Compound 2
exhibited full antinociceptive action (100%) at a dose of 1 mg/
kg, while the same dose of morphine only produced a 35%
antinociceptive response. By further assaying lower amounts
of the mannoside, the ICs, could be established at around 0.02
mg/kg, meaning that it is approximately 100-fold more potent
than morphine. Another important feature of the morphine
mannoside (2) is that its antinociceptive effect lasted for 5 h,
which is twice the duration of that produced by morphine under
the same conditions (Table 1).

Owing to these uncommon antinociceptive properties, a
second set of antinociceptive tests, where the activity of the
mannoside (2) was compared to both morphine and M6G (1),
were conducted using the tail flick'® and paw pressure®®
behavioural tests. This confirmed that the compound is 100-
fold more active than and twice as long lasting as morphine
(Figure 2). It is interesting to note that in this animal model of
pain, M6G (1) is the less active compound. The antinociceptive
activity of M6Man (2) could always be reversed by administra-

Table 1. Antinociceptive Activity of M6Man (2)*
%MPE (%)

dose (ip) 15 30 duration

compd mg/kg) animals min  min (h)

morphine sulfate 5 10 45 72 25
morphine-6-O-a.-pD-mannoside 5 10 83 100 5
M6Man (2) 1 10 56 100 5
0.5 15 54 100 5
0.2 10 57 100 5
0.1 15 50 100 5
0.05 20 56 84 5

0.02 15 19 51 35
0.01 15 —b 22 2
control (saline) 40 5 5 -
nontreated 30 3 4 -

@ Sprague—Dawley male rats weighing 250—300 g have been used. Drugs
were administered ip from saline solutions in 100—500 uL volumes.
Antinociception was assessed by the tail flick test and expressed as %MPE
after 15 and 30 min of the injection. The biological action of the compounds
was reverted by a 5 mg/kg dose of ip naloxone. ° -- means not determined.

tion of 0.1 mg/kg of naloxone, implying that the analogue is
acting through opioid receptors.

Binding to Opioid Receptor Studies. Although the com-
pound could possibly bind to « and ¢ opioid receptors to confirm
that M6Man (2) is a ligand for the « opioid receptor, a
competitive binding analysis was carried out using [°H]-
diprenorphine on HEK-293 cells stably expressing the rat
w opioid receptor. The affinity of the mannoside (2) for the
receptor is two times higher than that of morphine (Figure 3).

Our experimental values for morphine affinity binding
constants were close to the reference values of 2.5 4+ 0.48 and
170 + 6 nM for the high and low affinity sites, respectively.**
Under similar conditions, literature values of M6G affinity are
around an order of magnitude lower than that of morphine.®

Side Effect Studies. Because these remarkable antinocice-
ptive properties could make this compound (2) a good candidate
for a better analgesic drug, preliminary studies of its side effects
were also carried out.

To compare the cardiovascular effects of the mannoside with
those of morphine, equipotent antinociception doses should have
been used. However, the closest equipotent doses for which
antinociception has been checked were 1 mg/kg of the man-
noside (100% antinociception after 30 min) and 5 mg/kg of
morphine (70% antinociception). Using these doses, as shown



Publication Date (Web): April 7, 2009 | doi: 10.1021/jm8011245

Downloaded by Jonathan Berry on September 11, 2009 | http://pubs.acs.org

2658 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9

Tail Flick Latency (% MPE)

W 30 minutes after administration
100 01 mg/Kg .
% 5 mgKg
80
70
60
50
40
30
20
10
0
Morphine MEG M6Man
b) Paw Pressure (% MPE)

100 1 mKg
90 005 mg/Kg

80
70
60
50
40
30
20
10

Morphine M6G

Figure 2. Antinociceptive effect of M6Man (2) as compared to
morphine and M6G (1): (a) Tail flick, (b) paw pressure. Sprague—Dawley
male rats weighing 250—300 g were used. Drugs were administered
ip from saline solutions in 100—500 uL volumes. Values for antinoci-
ception given as %MPE are the mean of 12 animals.
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Figure 3. Competition binding analysis using [*H]-diprenorphine (1.5
nM) and the unlabeled compounds morphine and M6Man (2) on HEK-
293 cells stably expressing the rat u opioid receptor. Nonspecific binding
was determined as the binding in the presence of 10 M naloxone.
Results represent the mean = SEM of three experiments performed in
duplicate.

in Figure 4, morphine clearly produces a drastic depression of
both arterial blood pressure and heart rate. Meanwhile, the
mannoside, even at a much stronger antinociceptive dose (100%

Arsequell et al.

versus 70%), did not significantly affect the cardiovascular
parameters as compared with a saline control dose.

In addition, the mannoside does not produce tolerance. A
generally accepted method®? consisting of a series of nine-day
experiments were conducted at four different doses (5, 1, 0.1,
and 0.05 mg/kg). As seen in Figure 5, the successive daily doses
of the mannoside prompted the same antinociceptive responses
throughout the nine-day period. Total antinociception (100%)
could always be observed using the higher doses of 5, 1, and
0.1 mg/kg, and a steady response of around 55% was recorded
for the very low 0.05 mg/kg dose. Tolerance is a well studied
effect for morphine, and although new data continue to emerge®®
in this field, it is well established that under the experimental
conditions used for the mannoside, a daily treatment with a
standard dose of morphine (i.e., 7 mg/kg) may probably have
triggered a stong tolerance effect by day 5, with antinociceptive
values not significantly different from the baseline tail-flick
latency on day 1.2* The lack of tolerance of the mannoside was
corroborated by using Alzet minipumps to ensure a continuous
infusion and hence a constant blood concentration of the
compound?® (data not reported). Also, in this case, the anti-
nociceptive effect remained constant throughout the time frame
of the experiment. In addition, it is important to note that in
the course of these experiments, significant metabolic changes
such as loss of body weight were not observed.

Conformational Analysis. The unusual antinociceptive
activity of the mannoside (2) shown after intraperitoneal
administration can only be rationalized by assuming that it easily
crosses the BBB. A similar explanation has also been hypoth-
esized to explain the antinociceptive activity of M6G (1) after
peripheral administration and the fact that when the BBB is
bypassed and the compound is directly administered into the
CNS, its activity is 13—800 times higher, depending on the
assay.?® In this case, no experimental evidence is available on
how such a polar compound as M6G (1) can do so and only
after computational studies has it been speculated that a
conformational change facilitates its passive diffusion perme-
ation throughout the BBB.*>*® The chemical nature of such a
conformational change would imply hindering the numerous
polar groups of the molecule to make it more hydrophobic. To
shed some light on this possibility and to check if a similar
phenomena may take place with the mannoside (2), we have
analyzed the solution conformation of both compounds in water
and in a membrane-like environment.

Molecular Mechanics and Dynamics Calculations. The
molecular mechanics calculations®” were performed using
the MM3* force field® as integrated in MACROMODEL.?
The steric energy maps for 1 and 2 were computed as a function
of the glycosidic (@) and aglyconic (%) torsions.*® According
to the calculations, using the GB/SA solvent model for water,
compound 1 presents two major minima, one extended confor-
mation,®® A (® = 42, ¥ = 147) with the typical syn-exo-
anomeric geometry®* for the @ glycosidic torsion, and one
folded conformation®® B, the so-called anti-® minimum (® =
161, W = 145). The population distribution according to a
Boltzmann function from the energy values is 35% A and 65%
B. In both cases, W adopts a similar geometry, although
fluctuations around the local and global minima do indeed take
place. The corresponding views of these conformers are given
in Figure 6.

In contrast, for the mannose derivative 2, the MM3* analysis
predicts the presence of a rather distinct distribution. Now, for
this a-mannoside molecule (2), the calculations predict the
existence of one very major conformation, with the typical syn-
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Figure 4. Cardiovascular effects of M6Man (2) as compared to an antinociceptive dose of morphine. (a) Blood pressure, (b) heart rate change.
Doses: M6Man, 1 mg/kg, and morphine, 5 mg/kg (n = 15). Each point shown in the graphs represents the mean + SEM of six different experiments

for each saline, morphine, and M6Man.

exo-anomeric geometry®? for the @ glycosidic torsion (® =
—73, W = 103), as depicted in Figure 6 (bottom).

The low-energy conformations obtained in the MM3* cal-
culations were used as input structures for MD simulations to
verify the conformational space available for the different
minima. These simulations were performed during 7 ns also
using the same force field. The conformational behavior of ®
and W torsions were monitored during the simulation time and
all the minima found in the MM calculations were shown to be
conformationally stable (see the Supporting Information).

Indeed, for 1, the MD results are in good agreement with
those predicted by MM, independently of the starting structure.
The simulations predict that the glycosidic torsion oscillates
between the exo-syn and the anti conformations, whereas for
the W aglyconic torsion, there are clear oscillations around the
global minimum geometry of 145°. For 2, only one conformer

is observed in terms of @, while oscillations of around one single
minimum also take place for W, as described above for 1.

NMR Spectroscopy. The validity of the theoretical results
was verified through NMR spectroscopy to assess the final
conformational distribution for 1 and 2. The chemical shifts in
water, at 298 K, are listed in Table 2. The assignment of the
resonances was made using a combination of COSY, TOCSY,
NOESY, HSQC, HMBC, and HSQC-TOCSY experiments (see
figures in the Supporting Information).

For the M6G derivative 1, duplication of the NMR signals
corresponding to the C14—C17 region was evident in the
TOCSY, HSQC, and NOESY experiments. Indeed, in the
NOESY experiments, exchange cross peaks (with the same sign
as the diagonal peaks) were observed. This fact indicates that a
dynamic process is taking place around the C14—C17 region,
which has probably to do with the well-known nitrogen
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Figure 5. Tolerance effects. Tail flick response after consecutive daily injections of different doses of M6Man 2 (0.05, 0.1, 1, and 5 mg/kg).
Sprague—Dawley male rats weighing 250—300 g were used. Drugs were administered ip from saline solutions in 100—500 uL volumes.
Antinociception is expressed as the mean value of %MPE of groups of 10 animals.

inversion process. Nevertheless, this phenomenon does not take
place for the M6Man analogue, 2.

The conformation of the morphine ring is well-known*® and
will not be described here, although it should be mentioned that
the NOE and coupling values agree perfectly with the described
structure (Tables 3 and 4).

The global shapes of these molecules are given by the relative
orientation of the morphine and the sugar moieties, resulting in
the conformations around the glycosidic linkages, which are
defined by the torsion angles @ and W. Regarding the sugar
moieties, the J values® for the ring protons indicate that the
pyranose rings of both 1 and 2 adopt the usual *C; chair
conformation (Table 2). The intermediate values observed for
the C5'—C6' lateral chain of 2 are in agreement with the well-
described equilibrium between the gg:gt conformers® for a
mannopyranose ring.

For 1 and 2, no homonuclear J couplings are available around
the ®,W glycosidic linkages, and thus the conformational
distribution has to be derived from the NOE information,®®
assisted by the calculations described above. The most relevant
key NOE information is gathered in Table 4.

The intensities of the observed NOEs were transformed into
distances, using a full matrix relaxation approach® and com-
pared to those estimated by the molecular mechanics and
dynamics calculations.®

The key NOEs for the conformational information around
@, W are those involving the sugar anomeric protons GIcA H-1'
for 1 (Man H-1' for 2) and the proximal protons of the morphine
moiety. In all cases, NOEs were positive; that is, they showed
different signs from the diagonal peaks. When comparing the
NOEs calculated distances (full matrix relaxation approach) for
compound 1 with those obtained from MM3* calculations of
low energy structures, it can be deduced that only the syn
conformer may explain the observed NOEs. The observed NOEs
for the anti (folded®) conformer are indeed far from those
expected. Nevertheless, the best fit between observed and

predicted NOE data (table in the Supporting Information) was
obtained when local motion around the extended syn-conformer
was considered.®” Thus, different effective correlation times
were seen for the intrasugar cross peaks and for the sugar—
morphine cross peaks. This is a clear indication of the internal
flexibility of M6G, with distinct motion in the different parts
of the molecule. Indeed, when the NOEs of the sugar ring were
adjusted, using 220 ps as correlation time, the sugar—morphine
and intramorphine NOEs appear overestimated. In contrast,
when the correlation time was set to 270 ps, a good fitting
between expected and simulated sugar—morphine NOEs could
be recorded for all the conformers located in the MD simulation
around the exo-anomeric syn ® geometry.

For compound 2, a comparison of similar MM3* calculations
with experimental NOE data suggests that this compound is
also exclusively populating the exo ® geometry. Again, the best
fit was obtained by considering the conformers found in the
MD simulation around the global minimum geometry and, in
this case, the difference between the effective correlation times
forthe intrasugar cross peaks (280 ps) and for the sugar—morphine
interresidual cross peaks (300 ps) was fairly small.

The conformation of these molecules was also studied in a
membrane-like environment, using deuterated SDS micelles. The
experiments were conducted at a concentration of ligand ca. 2
mM and SDS 40 mM in D,0, thus at a 1/20 molar ratio. No
significant changes in the coupling constants of the morphine
or sugar moieties were observed for either compound when
compared to their values in water solution. The recorded NOEs
in the NOESY spectra were negative, that is, showing the same
sign of the diagonal peaks, and thus indicating that the average
rotational correlation is much larger than that described above for
the experiments in water solution, where the NOEs were
positive. This is an indication that both 1 and 2 interact with
the SDS micelles.

As in the case of the experiments in water, in SDS micelles,
all the experimental NOEs and deduced distances for both
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Figure 6. The major conformers of compounds 1 and 2. From top to
bottom, the extended (® syn-exo-anomeric) conformation of M6G, the
folded anti-® conformer of M6G. The bottom figure represents the
only ® syn-exo-anomeric conformer of M6Man.

molecules point toward the existence of a very major syn-
conformer around the glycosidic linkages. In addition, internal
motions around the glycosidic linkages of 1 were also detected
because different average correlation times were required to fit
the NOEs for the morphine moiety (970 ps) and the sugar ring
(740 ps). For 2, the required correlation times to fit both sugar
and morphine entities were basically the same, 770—780 ms.

In conclusion, the conformational behavior for M6G (1) and
its mannosyl analogue M6Man (2) in water solution or in SDS
micelles is relatively similar in terms of the contributing
conformations. The integrated information deduced for the cou-
pling constants and NOEs and the assistance of the geometries
calculated by molecular mechanics®® show that there is a major
exo-anomeric extended® conformation around the @ angle of
both molecules with local motion around the global minimum
geometry. No contribution of other conformers around the
glycosidic linkage is observed in water solution, thus supporting
former predictions arising from theoretical calcula-
tions.*®2” The MM3* calculations for M6G only provide a

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2661

Table 2. Chemical Shifts (6, ppm) and Coupling Constants (J, Hz) for
the Key Protons of M6G (1) and M6Man (2) (ca. 5 mM) at 500 MHz in
Water Solution and 298 K#

M6G o M6G M6Man 6 M6Man
proton (ppm) J (Hz) proton (ppm) J (Hz)
Morphine Moiety
M H1 6.73 6.6 6.77 6.2
M H2 6.65 6.6 6.69 6.2
M H5 5.15 5.0 5.26 5.6
M H6 4.45 50,27 4.57 5.6,2.5
M H7 5.80 9.7 5.85 9.9
M H8 5.46 9.7 5.39 99,22
M H9 2.93 2.94
M H10 3.99 4.21
M H11 3.20 3.29
M H11' 2.78 6.8 2.90 5.6
M H15 2.27 14.2,6.5 2.32 13.7
M H15' 2.05 14.2 2.16 13.7
M H16 3.12 3.37 134
M H16' 294 133,61 3.09
M H17 2.82 2.99
Sugar Moiety
GIcA H1' 4,73 7.8 Man H1' 5.06 2.1
GlcA H2'  3.40 8.4,7.8 Man H2' 4.03 33,21
GIcA H3' 358 9.3,84 Man H3 4.00 3.3,9.9
GlcA H4' 352 9.3,9.3 Man H4' 3.68 9.9,9.9
GIcA H5' 3.74 9.3 Man H5' 3.95 9.9,2.2,6.6
ManH6'a 3.92 2.2,12.4
ManH6'b 3.80 6.6,12.4

@ The sugar protons are primed. The values in SDS micelles (40 mM in
D,0) are basically identical.

qualitative description of the actual population distribution
because they predict a high percentage of the folded anti-®
conformer.®® On top of these features for the glycosidic linkage,
only the M6G analogue displays additional conformational
dynamics around the C14—C17 morphine region.

Because of the different chemical nature of the two glycosidic
linkages of 1 (8-GlcA) and 2 (o-Man), the relative orientation
of the sugar and the morphine moieties is rather different, as
can be observed in the superimpositions (Figure 7).

However, the quantitative analysis of the NOE intensities at
a variety of mixing times under two different experimental
conditions (water or SDS micelles) indicates that the rate of
motion around the glycosidic linkages of 1 and 2 is rather
different and this fact was not foreseen a priori. Also, the
obtained data indicate that the polarity of the medium does not
influence the presentation of the polar groups of these molecules.
Thus, although merely speculative, the different potency of 1
versus 2 might be related to their different conformational
preferences, the different dynamic behavior, or simply to a
proper requirement of polar and apolar surfaces of 1 and 2 to
establish key interactions with their environment.

The quest for a model of their complexes with the proper
receptors should answer some of the questions raised here.

Conclusions

In conclusion, the present report provides the first example
of a synthetic morphine glycoside derivative, namely, 6-mor-
phinyl-o-b-mannopyranoside (M6Man, 2), that mimics the
natural morphine metabolite M6G. When administered intrap-
eritoneally at equal doses, the antinociceptive action of the
compound is 100-fold higher than and twice as long lasting as
morphine when examined in rats using paw pressure and tail
flick tests. This antinociceptive effect is always reversed by
naloxone (0.1 mg/kg). Receptor binding selectivity was not fully
examined, however, the mannoside 2 is a « opioid receptor
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Table 3. Selected Experimental Coupling Constant Values for Compounds M6G (1) and M6Man (2) at 500 MHz in Water Solution and 298 K#

experiment for 1, syn-® conformer

anti-® conformer

experiment for 2, syn-® conformer

proton pair Jexp (Water) (extended), Jineor (folded), Jineor Jexp (extended), Jineor
Morphine Moiety
Jio 6.6 6.3 6.2 6.2 6.2
Jio.11 6.8 6.5 5.7 5.7 5.8
Jso 3.0 3.0 2.6 2.3 2.7
Jo7 2.8 2.8 2.6 2.5 2.6
Js6 5.0 4.8 6.1 5.7 5.7
Jis, 16 6.5 6.9 6.8 5.0 5.4
Sugar Moiety
N 7.9 8.0 7.8 2.1 2.4
oy 8.5 9.2 8.9 34 31
s 9.9 10.1 10.1 9.9 9.7

@ The values in SDS micelles (40 mM in D,0) are basically identical. The comparison with the basic conformers calculated by MM3* calculations is also
given. The agreement between the experimental and theoretical values is excellent. The sugar protons are primed. Coupling values cannot be used to discriminate

between the folded and extended conformers of 1.

Table 4. Estimated Distances from the NOE Cross Relaxation Rates for Selected Proton Pairs of M6G (1) and Ma6Man (2)*

NOE-based syn-® extended anti-® folded NOE-based syn-® extended
proton pair distance (A) for 1 conformer conformer proton pair distance (A) for 2 conformer

GlcA H1'—GIcA H5' 24 2.4 2.4 Man H1'—Man H 5’ not detected 3.7
GlcA H1'—GlIcA H2' 3.0 31 31 Man H1'—Man H2' 25 25
GlcA H1'—M H6 2.5 25 3.6 Man H1'—M H6 2.3 2.4
GlcA H1'—M H5 2.8 2.8 4.2 Man H1'=M H5 not detected 43
GlcA H1'—M H7 3.9 38 4.4 Man H1'=M H7 2.8 3
GIcA H2'—M H6 4.0 4.0 2.2 Man H2'—=M H6 not detected 4.4
MH 7—MH 8 25 25 24 MH 7—MH 8 25 25
MH 7—MH 6 2.8 2.8 2.8 MH 7—MH 6 2.8 2.9
MH 6—MH 5 2.35 2.35 2.35 MH 6—MH 5 2.35 2.35

2 Intrapyranose ring (with the GIcA H 1'—GIcA H 5’ or Man H1'—Man H2' contacts taken as reference, 2.4 A), intramorphine (with the H5—H6 contact
taken as reference, 2.35 A), and inter-residue (sugar—morphine) contacts are given. The sugar protons are primed. The data were acquired at 500 MHz in
water solution or in 40 mM SDS micelles in water (same average experimental distances within experimental error) and 298 K. The agreement with only

the presence of the syn-® conformers of both 1 and 2 is excellent.

ligand with twice the affinity of morphine. In addition, in this
same animal model, the compound does not produce tolerance
and does not affect cardiovascular parameters such as heart rate
and arterial blood pressure. Solution conformation studies by
NMR and molecular mechanics and dynamics calculations of
both M6Man and M6G indicate that their distinct molecular
dynamic behavior rather than their conformation may be
responsible for their activity differences. In addition, NMR
experimental evidence could not confirm the accepted hypothesis
that M6G is able to show a less polar folded conformation that
may facilitate the BBB penetration of the compound.

Experimental Section

Chemical Synthesis. General Methods. All reagents were
purchased from Sigma-Aldrich, Fluka, or as otherwise stated.
Samples of M6G and morphine were obtained respectively from
Ultrafine (UFC, Manchester, UK) and Alcaliber S.A. (Madrid,
Spain) with the permission of Agencia Espafiola de Medicamentos
y Productos Sanitarios, Area de Estupefacientes. [*H]-diprenorphine
was from Perkin-Elmer. Commercial chemicals were always used
without purification. Dry solvents were prepared using standard
procedures, according to Vogel’s manuals, with distillation prior
to use. All new compounds were characterized by 'H NMR, °C
NMR, and reverse phase HPLC, in addition to MALDI-TOF mass
spectroscopy and HR-MS. All spectral data reported here were
obtained from the acetate salt form of the products. Melting points
were obtained with a Fisher Scientific micro melting point apparatus
and were uncorrected. NMR experiments were recorded on a Bruker
Avance 500 instrument at 25 °C. Chemical shifts were referenced
to external DSS in D,O. One-dimensional spectra were acquired
using 32K data points, which were zero-filled to 64K data points
prior to Fourier transformation. Absolute value COSY and HMBC
and phase-sensitive HSQC and HSQC-TOCSY spectra as well as

NOESY experiments (mixing times of 300, 400, and 700 ms) were
acquired using standard techniques. Acquisition data matrices were
defined by 2K x 256 points, multiplied by appropriate window
functions and zero-filled to 2K x 512 matrices prior to Fourier
transformation. Baseline correction was applied in both dimensions.
Spectra were processed using the Bruker XWIN-NMR program
on a personal computer. TLC analyses were carried out on Merck
Kieselgel 60 Fus, silica gel plates. Visualization was by UV light
(254 nm). Purifications by column chromatography were carried
out using Silica Gel 60 (70—200 um) from SDS and solvents for
synthesis of GPR grade. Yields were not maximized. The final target
compound purity was tested by HPLC, and a satisfying purity of
>95% was achieved using the described purification method.
Reverse-phase HPLC analyses were performed on a MERCK-
HITACHI (D-6000) HPLC system with an UV L-4000 detector (4
= 214 nm), a L-6200 pump, and an AS-2000 automatic injector,
using a Merck LiChroCART 250-4 LiChrospher 100-5 RP-C18
column (250 mm x 4.6 mm) with injection volume at 10 xL and
sample concentrations at 1—2 mg/0.5 mL in 100% water; the sample
was detected at single wavelength of 214 nm with a mobile phase
system composed with a mixture of acetonitrile:water each contain-
ing an 0.1% of TFA at 1 mL/min flow. The column was maintained
at room temperature. MS (ESI) data was obtained in a mass
spectrometer from Micromass, UK and MALDI-TOF-MS in a
VOYAGER-DE-RP (Applied Biosystems, Framingham, MA). The
MALDI-TOF mass spectrometer was equipped with a nitrogen laser
(337 nm) and operated in positive ion mode. HRMS spectra (UPLC-
TOF/MS) were recorded on a Waters ACQUITY UPLC system
with a Waters LCT Premier XE mass spectrometer operating in
the positive ion electrospray mode. Water and acetonitrile were
used as carrier solvents.

General Procedure 1. Under argon atmosphere, 5 equiv of boron
trifluoride ethyl etherate complex (BF;-Et,0) was added dropwise
to a solution of 1.1 equiv of 3-O-acetyl morphine and 1 equiv of
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Figure 7. Superimposition of the major extended conformers of
compounds M6G (1) and M6Man (2), as deduced from the experimental
NMR data. Top: the morphine moieties are superimposed: different
spatial orientations of the polar hydroxyl groups of the sugar take place.
Bottom: the sugar rings are superimposed: different spatial orientations
of the morphine fragment take place.

1,2,3,4,6-penta-O-acetyl-a-b-mannopyranose in dry methylene
chloride. The resulting mixture was stirred at 0 °C for 30 min and
then kept overnight at room temperature. The reaction mixture was
diluted with methylene chloride and partitioned between water and
CH,Cl,. The water layer was extracted with CH,Cl,. The combined
CH,CI, solution was washed with H,O, brine, and dried with
Na,SO,. After concentration, the residue was purified by silica gel
column with a CHCIz/MeOH gradient mixture from (100:0) to (8:
2) solvent system as eluent to give the pure peracetylated morphine
glycoconjugate. Deacetylation step: a solution of 0.19 equiv of the
peracetylated 6-(3-O-acetyl)-morphinyl-o-p-mannopyranoside in 8
mL of 0.1 M sodium methoxide in methanol was stirred at room
temperature. After 60 min, the reaction mixture was neutralized
with acetic acid and the solvent removed under vacuum. The crude
residue was purified on a silica gel column eluted with an isocratic
solvent mixture of ethyl acetate/water/methanol (3:2:1). Solvent
evaporation and further lyophilization of the pure fractions from
an aqueous acetic acid solution afforded 106 mg (22% overall yield)
of the title compound as a white solid.

General Procedure 2 (Koéenigs—Knorr Method). To a solution
of 1.5 equiv of 3-O-acetyl morphine and 1 equiv of 1-bromo-2,3,4,6-
tetra-O-acetylmannopyranose in dry methylene chloride at 0 °C,
1.3 equiv of silver triflate was added. The reaction mixture was
stirred under an argon atmosphere. After 3 h, dry pyridine was
added and the reaction was left to proceed a further 24 h. The dark
crude mixture was filtered through celite, and the solvent was
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evaporated. The residue was purified as above, yielding the
protected morphine glycoside. After a deacetylation and purification
step as in procedure 1, the mannoside was obtained in 34% overall
yield.

General Procedure 3 (Trichloroacetimidate Method). In a
round-bottom flask, a solution of 1.34 equiv of 3-O-acetyl morphine
and 1 equiv of 1-trichloroacetimidate-2,3,4,6-tetra-O-acetyl-man-
nopyranose was prepared in dry methylene chloride. The mixture
was stirred under an argon atmosphere at 0 °C until the addition of
5 equiv of the BF3-Et,0 complex. After 22 h of reaction at room
temperature, the mixture was diluted with methylene chloride,
washed with 5% sodium bicarbonate, purified, and deacetylated as
in procedure 1, yielding the morphine mannoside 2 in a 57% overall
yield.

(50,60.)-7,8-Didehydr 0-4,5-epoxy-3-hydr oxy-17-methylmor -
phinan-6-yl-o-p-mannopyranoside (2) [Morphinyl-6a-p-man-
nopyranoside acetate (2)]. Compound 2 was prepared by following
the general procedures 1, 2, and 3 in 22%, 34%, and 57% overall
yield, respectively. [0]?% —47.05 (c = 1, MeOH); mp 170—175
°C. 'H NMR data (500 MHz, Bruker Avance spectrometer, D,O
as solvent, DSS as internal standard and 298 K): 6 6.77 (J 6.2 Hz,
H-1), 6.69 (J 6.2 Hz, H-2), 5.85 (J 9.9 Hz, H-7), 5.39 (J 2.2 Hz,
H-8), 5.26 (J 5.6 Hz, H-5), 5.06 (J 2.1 Hz, H-1 Man), 4.57 (J 2.5
Hz, H-6), 4.21 (H-10), 4.03 (J 3.3 Hz, H-2 Man), 4.00 (J 9.9 Hz,
H-3 Man), 3.95 (J 2.2 Hz, J 6.6 Hz, H-5 Man), 3.92 (J 2.2 Hz, J
12.4 Hz, H-6a Man), 3.80 (J 12.4 Hz, J 6.6 Hz, H-6b Man), 3.68
(3 9.9 Hz, H-4 Man), 3.37 (J 13.4 Hz, H-16), 3.29 (H-11), 3.09 (J
13.3 Hz, J 6.1 Hz, H-16"), 2.99 (H-17), 2.94 (H-9), 2.90 (J 5.6 Hz,
H-11"), 2.32 (J 13.7 Hz, J 6.5 Hz, H-15), 2.16 (J 13.7 Hz, H-15).
13C-NMR (50 MHz, CD;0D): ¢ 178 (C3), 147,7 (C4), 140,2 (C7),
134.9 (C=0), 132.1, 130.8 (C11), 128.6 (C12), 124.8 (C8), 120.5
(C1), 118.3 (C2), 102.3 (C1'p3), 92.4 (C5), 92.1, 75.0 (C5"), 74.7
(C3), 72.4 (C2"), 72.3 (C4), 68.8 (C6"), 63.2 (C6), 61.1 (C13),
44.2 (C16), 42.0 (C17), 40.1 (C9), 34.7 (C14), 23.1 (Ac), 22.6
(C10). (ESI) m/z: 448.2 (M + H)*; MALDI-TOF-MS m/z 470.4
(M + Na)*. UPLC-TOF-MS nvz 448.1794 (M + H).

Antinociceptive Tests. Male Sprague—Dawley rats (Panlab)
weighing 200—250 g were used. They were housed singly in a
room with a controlled temperature at 21 °C on a 12 h light—dark
cycle. Food and water were available ad libitum. Animals were
marked for identification and allowed 18 h to recover from transport
and handling. Animals were handled according to the guidelines
of the European Communities Council directive of November 24,
1986 (86/609/EEC) and in all cases were treated in accordance to
the Declaration of Helsinki and with The Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by the
U.S. National Institutes of Health and the Spanish Ethical Com-
mittee. Experiments were conducted during the light phase.

Antinociception was measured using the tail flick'® and the paw
pressure?° tests. The tail reflex was elicited by placing the tip of
the rat tail over a slit through which the light of a 300 W quartz
projection bulb was focused and the time to tail withdrawal was
recorded. A cut-off time of 10 s was chosen to avoid tissue damage,
i.e., failure to respond in 10 s resulted in termination of the test.

Mechanical nociceptive thresholds were determined by the paw
pressure test on the left hind paw. Pain thresholds were measured
using an analgesymeter (Ugo-Basile, Milano, Italy). The apparatus
was set up to apply a force of between 0 and 1000 g, increasing
from zero at a rate of 64 g/s. The nociceptive threshold was taken
as the point at which the rat vocalized or struggled vigorously. Rats
that did not attempt to remove their paws or vocalize before the
1000 g point was reached (when pressure exerted is 564 g/mm?)
were recorded as having reached the cut-off pressure.

In all experiments, the order of testing the animals was first paw
pressure and second tail flick in order to reduce errors due to
interaction between tests. All animals were tested immediately
before administration of the drugs, and those rats showing control
responses greater than 75% of the chosen cut-off values were
discarded before further testing. Each animal served as its own
control, and the percentage of antinociception was calculated as
follows:
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Scheme 1. Synthesis of M6Man (2)
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(post drug score)—(control score)
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° (cut-off value)—(control score)

Both tests were carried out with the operator being unaware of
whether an animal was drug or vehicle treated. Statistical analysis
of the results was assessed by the Mann—Whitney U-test.

Cardiovascular Tests. Male Sprague—Dawley rats (Panlab)
were used with a weight between 250 and 300 g. The animals were
housed under standard laboratory conditions of lighting and feeding.

For the surgical procedure, rats were anaesthetized with urethane
(1.25 g/kg ip) and were kept at constant temperature (37 &= 0.5 °C)
by a homeostatic temperature control system using a Harward
thermal blanket connected to a thermostat. After the anesthesia had
taken effect, the animals’ tracheas were cannulated with a poly-
ethylene cannula of 2.10 mm external diameter and this was fixed
in place, allowing the animals to breathe room air spontaneously.
Following this, the carotid artery and jugular vein were cannulated
in order to record the variations occurring in the cardiovascular
parameters and to administer the different substances at iv level.
The cannula inserted into the carotid artery was connected via a
Druck Prdr 75 transducer to a four-channel Lectromed recording
apparatus.

After the preparatory surgical techniques had been performed,
the animals were kept in response and at a constant temperature
for at least one hour before starting the study protocol. Maximal
arterial pressure (MAP) was kept stable at about 60 mmHg. The
follow-up lasted 30 min in all cases. After the animals had become
stabilized, a 0.9% saline solution was infused, followed by the dose
of opioid to be studied; this was administered in physiological saline
dilution in a total volume of 150—200 uL through the jugular vein
over a period of 60 + 20 s. Later, the cardiovascular variables were
monitored for a 30 min period. Thus, recordings for MAP, systolic
arterial pressure (SAP), diastolic arterial pressure (DAP) in mm
Hg, and HR in beats per min were obtained and results were
expressed as mean =+ standard error of the mean of groups of 15
animals. Because the MAP and HR remained constant when
physiological saline was administered, the values obtained are the
means of the percent variation in the variables mentioned at each
moment with respect to zero time. Values with p < 0.05 according
to Student’s t test were considered to be statistically significant.
Meanswere compared by analysis of variance using the Newman—Keuls
test. It had previously been ascertained that the samples had a
normal distribution using the Kolmogorov—Smirnov test.

Calculation of the percentage of variation in MAP and HR was
done using the following expression:

(post drug value) — (predrug value)
(predrug value)

%variation = x 100

Statistical significance was expressed as * if p < 0.05, ** if p <
0.01, and *** if p < 0.001.

Tolerance Studies. Repeated doses of compound 2 (0.05, 0.1,
1, and 5 mg/kg ip, once per day for 9 consecutive days) were
administered to different groups of Male Sprague—Dawley rats
(Panlab) weighing between 250 and 300 g. Antinociception was
measured daily 30 min after each injection of the compound by
following the protocol of the tail flick test reported above.

Cell Culture and Membrane Preparation. Human embryonic
kidney (HEK-293) cells stably transfected with cDNA encoding
rat « opioid receptor tagged at the N-terminal with epitope tag
sequence HA were grown in T-75 cm? tissue culture flasks
containing media (Dulbecco’s modified Eagle’s medium, supple-
mented with 10% fetal bovine serum, 100U/mL penicillin, 0.1 mg/
mL streptomycin, 25 ug/mL fungizone, and 0.25 mg/mL G418) at
37 °C under a 5% CO, atmosphere.

Cells were grown to 80% confluence, harvested in PBS pH 7.4
containing 2 mM EDTA, and collected by centrifugation at 500g.
Various cell pellets were resuspended in 50 mM Tris-HCI buffer
pH 7.4 and homogenized in a potter homogenizer. The homogenates
were centrifuged at 41009 for 15 min al 4 °C and the pellets washed
in assay buffer, homogenized, and centrifuged twice. Membranes
were resuspended in 50 mM Tris-HCI buffer pH 7.4, and the protein
concentration was determined by the Lowry method (Onishi and
Barr modification).

Competition Binding Assays. First 25 ug of protein were
incubated with different concentrations of unlabeled morphine or
morphine-6-mannoside (2), ranging from 0.3 nM to 10 M and
using [*H]-diprenorphine (1.5 nM) as the radioligand. Then reactions
were incubated at 25 °C in a final volume of 250 uL for 90 min
and 10 «M naloxone was used to determine nonspecific binding.
The reaction was stopped by adding 4 mL of ice-cold Tris-HCI 50
mM pH 7.4 buffer, and the mixture was rapidly filtered using a
Brandel cell harvester and washed three times onto GF/B glass-
fiber filters. The filters were placed in EcoScint A scintillation liquid
and the radioactivity was counted using a Beckman Coulter
scintillation counter. All experiments were performed in duplicate
and repeated at least three times. Data were analyzed using the
GraphPad Prism software, and the mean effective doses were
obtained for both ligands. The inhibition constant (K;) values were
calculated using the correction of Cheng and Prusoff.*® In all cases,
data were fit to the one-site or two-site binding model and compared
by using the nonlinear least-squares curve-fitting, which is based
upon a statistical F test.

Molecular Mechanics Calculations. The relaxed (¢,W) energy
maps for compounds 1 and 2 were generated by systematic rotations
around the glycoside and aglyconic bond using a grid step of 18°,
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optimization of the geometry at every @, W point using conjugate
gradient iterations until the rms derivative was smaller than 0.05
kJ mol~t A~1, and energy calculation using the MM3* force field
(GBJ/SA solvent model for water) as integrated in the MAESTRO
program. The gg and gt orientations of the lateral chain of the
mannose moiety** of 2 were taken into account because they have
been shown to be much more stable than the alternative tg
conformer. Thus, two starting structures were considered, and in
total, 800 conformers were calculated. From these relaxed energy
maps, adiabatic surfaces were built by choosing the lowest energy
structure for a given @, W point. The probability distribution was
calculated for each point according to a Boltzmann function at 298
K. The molecular dynamics simulations were also performed using
the MM3* force field. For these simulations, several geometries,
corresponding to the different low energy minima, were used as
input. A temperature of simulation of 300 K was employed with a
time step of 1.5 fs and an equilibration time of 100 ps, with the
GBJ/SA solvent model for water. The total simulation time for each
compound was 7 ns.

J and NOE Calculations. The vicinal coupling constants were
calculated for each conformation using the Karplus—Altona equa-
tion.*® Ensemble average values were calculated from the distribu-
tion according to: J = Y PgwJiew. The interproton average distances
were calculated using the following expression: M~ %L§ = S
P@pr’ﬁk.(w). To deduce the interproton distances, relaxation matrix
calculations were performed using our own software, which is
available upon request.*? Isotropic motion and external relaxation
of 0.1 s~* was first assumed. Nevertheless, by using a single global
motion rotational correlation time, it was also impossible to
quantitatively fit, in a simultaneous manner, all the cross peaks
belonging to the different parts of the molecules. Thus, different
effective correlation times were used for the intrasugar cross peaks
and for the sugar—maorphine cross peaks. This is a clear indication
of the internal flexibility of this molecule with distinct motion in
its different parts.®” Within the sugar ring, a correlation time of
220 ps (1) or 280 ps (2) was used to obtain the best match between
experimental and calculated NOEs for the chosen intraresidue
proton pair.

NMR Spectroscopy. Each molecule (ca. 5 mM) was dissolved
in aqueous (D,0) solution. NMR experiments were recorded on a
Bruker Avance 500 instrument at 25 °C. Chemical shifts were
referenced to external DSS in D,0. One-dimensional spectra were
acquired using 32K data points, which were zero-filled to 64K data
points prior to Fourier transformation. Absolute value COSY and
HMBC and phase-sensitive HSQC and HSQC-TOCSY spectra, as
well as NOESY experiments (mixing times of 300, 400, and 700
ms) were acquired using standard techniques. Acquisition data
matrices were defined by 2K x 256 points, multiplied by appropri-
ate window functions and zero-filled to 2K x 512 matrices prior
to Fourier transformation. Baseline correction was applied in both
dimensions. Spectra were processed using the Bruker XWIN-NMR
program on a personal computer.

For the experiments in SDS micelles, a 2 mM concentration of
1 or 2 was employed with a SDS concentration of 40 mM. DOSY
experiments were employed to monitor integration of the morphine
derivatives into the micelle. The two free ligands have analogous
values for the Log of the diffusion coefficient, around —9.37,
whereas, in presence of SDS, the Log D values significantly
increased to —9.70 and —9.95 for 1 and 2, respectively. In this
case, NOESY experiments were performed with mixing times of
100, 150, and 250 ms.
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