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SUMMARY

An opioid-Iike receptor has been cloned by several groups of dynorphin(1-13), and a-neoendorphin were >100 times less
researchers and recently shown to be activated by an endog- potent, and other agonists active at � �-, and K-opioid recep-
enous heptadecapeptide termed orphanin FQ (or nociceptin). tors had no effect. Naloxone (1 p.M) and norbinaltorphimine (1
We isolated the corresponding mouse cDNA and coexpressed �.tM) had no antagonist action. Conversely, oocytes expressing
it in Xenopus Iaevis oocytes with the potassium channel sub- s receptors responded to dynorphin (half-maximal concentra-
units Kir3.1 (GIRK1) and Kir3.4 (CIR, rcKATP). Orphanin FQ tion, 0.3 nM) but not to orphanin FQ. Thus, both K and orphanin
evoked potassium currents, with 50% of the maximal effect at
..-1 nM; [Tyr1]orphanin EQ was equally effective, and des-Phe-

FQ receptors readily couple to potassium channels, but the
highly selective activation by dynorphin and orphanin EQ is

orphanin EQ was without activity. Dynorphin A, dynorphin(1-9), consistent with distinct functional pathways in vivo.

Pharmacological studies have established that there are graphic or pharmacological experiments. We (2) and others

three main types of opioid receptors in mammals (reviewed (5-13) have isolated a fourth cDNA (termed ORN7; GenBank

in Refs. 1-3). At .t receptors, the enkephalin analog Tyr-D- accession No. X91813), which encodes a protein that is

Ala-Gly-NMePhe-Gly-ol is a selective agonist, and D-Phe- clearly homologous to the opioid receptors. The RNA is

Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 is an antagonist. At � widely distributed in the central nervous system, including

receptors, the enkephalin analogue Tyr-D-Pen-Gly-Phe-D- several regions in which opioids are known to have cellular

Pen is a selective agonist, and naltrindole is an antagonist. actions. Two groups (14, 15) recently identified an endoge-

At K receptors, U-69593 {D-(5a,7a,8b)-(+)-N-methyl-[7-(1- nous ligand for this receptor (OFQ or nociceptin: FGGFT-

pyrrolidinyl)-i-oxaspiro[4.5]dec-8-yl1benzeneacetamide) and GARKSARKLANQ). This basic heptadecapeptide is structur-

CI-977 {[(-)-(5b,7b,8a)-3,4-dicholoro-N-methyl-N[7-(1-pyrro ally related to dynorphin (YGGFLRRIRPKLKWDNQ), which

lidinyl)-1-oxaspiro{4.5]dec-8-yl]benzo[b]furan-4-acetamide; raises the question ofwhether dynorphin or any ofits shorter

enadoline) are selective agonists, and binaltorphimine is a fragments might also activate the OFQ receptor.

selective antagonist. Enkephalin is the probable endogenous A common action of opioids on mammalian neurons is to

ligand at ;.t and � receptors, whereas dynorphin is an endog- open membrane potassium channels; they do this by stimu-

enous ligand selective for K receptors (1 , 4). lating the production of activated G protein subunits, which

Three cDNA clones have been isolated that direct the ex- then interact directly with inwardly rectifying channels (16).
pression of proteins with all of the pharmacological charac- The channel is formed from at least two distinct subunits,

teristics ofp�, �, and K receptors (reviewed in Ref. 3). They are termed Kir3.i [also known as GIRK1 (17) and KGA (18)] and

-60% identical at the amino acid level. Their distribution in Kir3.4 [also known as CIR (19) or rcKATP (20)1. The heter-

the brain and other tissues conforms generally to the distri- ologous coexpression of opioid receptors and potassium chan-

bution of � �, and K receptors determined with autoradio- nel subunits thus provides a convenient functional assay for

ABBREVIATIONS: OFQ, orphanin FQ (Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln-OH); HEPES, 4-(2-hydroxy-
ethyl)-1 -piperazineethanesulfonic acid; GIRK, G protein-activated inwardly rectifying potassium.
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in heart, lung, liver, spleen, or kidney.

ligands at these receptors (17, 21-26). In a recent report (24),

it was shown that dynorphin could activate the OFQ receptor

in Xenopus laevis oocytes coexpressing potassium channels,

as measured by the induction of a potassium current, and it

was concluded that dynorphins are endogenous ligands for

the receptor. We have confirmed the observation that dynor-
phin can activate the OFQ receptor, but a direct comparison

of OFQ with dynorphin and its analogs at both the Kand OFQ

receptors shows that the ligands are receptor selective over a

wide concentration range; this leads us to conclude that

dynorphin is unlikely to be a natural ligand at the OFQ

receptor.

Materials and Methods

Ligands were obtained from Bachem (King of Prussia, PA), Pen-

insula Laboratories (Belmont, CA), Research Biochemicals (Natick,

MA), or Sigma Chemical (St. Louis, MO). OFQ and analogs were

synthesized using 9-fluorenylmethoxycarbonyl chemistry on a Ap-

plied Biosystems peptide synthesizer 420A.

A random- and oligo(dT)-pnimed cDNA library made from mouse
brain in AZAP II cDNA library (Stratagene, La Jolla, CA) was probed

at low stringency with a 32P-labeled 280-bp fragment ofthe mouse �x

receptor gene (exon 2, corresponding to transmembrane domains

Il-N). After rescreening of the positive clones, DNA inserts were

rescued into the pBluescript plasmid with helper phage, restriction
mapped, and sequenced. The homology with other sequences in

databases was analyzed using the Genetics Computer Group (Mad-
ison, WI) program.

OFQ receptor, human K receptor (27), rat K receptor (gift of H.
Akil, University ofMichigan, Ann Arbor, MI) (28), rat Kir3.i (GIRK,

gift ofG. Buell, Glaxo Institute, Geneva, Switzerland), and rat K1r3.4

(gift ofJ. Adelman, Vollum Institute, Portland, OR) (19) cDNAs were

linearized and transcribed in vitro with T7 polymerase; cRNA was

estimated on a formaldehyde gel, aliquoted, and kept frozen at -80#{176}
until injection. Female X. laevis were anesthetized in 0.4% tricaine

and decapitated. Oocytes were defolliculated in a solution containing

87.5 mM NaCl, 2 mM KC1, 5 mM HEPES, pH 7.5, and 2 mg/ml

collagenase IA, and injected with 50 nl of the RNA mixture. They
were incubated at 18#{176}for 2-7 days in a solution containing 96 mM

NaCl, 2 mM KC1, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and 5 mM

sodium pyruvate, pH 7.5. This solution (flowing at 5 mllmin) was

used in electrophysiological recordings, made with two glass micro-
electrodes containing potassium chloride (3 M). A GeneClamp ampli-

fier and pClamp software (Axon Instruments, Burlingame, CA) were
used. In most experiments, oocytes were clamped at a holding po-
tential of -60 mV. Drugs were applied by changing the superfusing

solution. The high potassium solution contained 90 mM KC1, 3 mM

MgCl2, and 5 mM HEPES, pH 7.5 with NaOH. Currents were gen-
erally normalized to that evoked by a fixed concentration of agonist
in the same oocyte to account for the variability and time dependence

of receptor and channel expression. Averaged values are expressed

as mean ± standard error.

Results and Discussion

Isolation of OFQ receptor. One plasmid (ORN7) had a

2-kb insert containing an open reading frame that predicted
a protein of 367 amino acids with seven hydrophobic regions;
this sequence was 55%, 53%, and 53% identical to the mouse

IA. (29), � (30), and K (31) receptors, respectively, and very

similar (93.8-99.5% identical) to the sequence determined for

the OFQ receptor from mouse, rat, guinea pig, and humans

by others (5-13). A 3.4-kb RNA was detected by Northern

blot analysis in mouse brain, cortex, and spinal cord but not

Coexpression of OFQ receptor with potassium chan-

nels. OFQ induced inward currents when applied to oocytes

that had been injected with RNAs encoding the OFQ receptor

as well as the two potassium channel subunits (Fig. 1); cur-

rents were not seen in oocytes injected only with the potas-

sium channel subunits. The current developed within several

seconds of the agonist reaching the oocyte, and after a 2-mm

application, it returned to base-line within 5-10 mm. The

concentration of OFQ causing the maximal effect was -30

flM, and the concentration causing half-maximal effect was

-1 nM (Fig. 1B). The OFQ analog in which the amino termi-

nus phenylalanine was replaced by tyrosine ([Tyr’]OFQ) also

evoked currents (at 10 nM, 94 ± 14 nA) that were not differ-

ent from those caused by OFQ (at 10 flM, 91 ± 22 nA in the

same five oocytes). However, the analog lacking the amino-

terminal amino acid (des-Phe-OFQ) had no effect in four

oocytes that gave robust responses to OFQ.

Fig. 2 shows that dynorphin also caused an inward cur-

rent, and this was not seen in oocytes that had been injected

only with the Kir3.lfKir3.4 RNA combination or only with

the OFQ receptor RNA. The time course of these currents

was similar to that seen with OFQ, and there was little

obvious desensitization with repeated applications. However,

the effective concentrations were 100-300 times higher than

those of OFQ and much higher than those required to elicit

currents at the K receptor (see below). This action of dynor-

phin was mimicked by cs-neoendorphin, carboxyl-terminally

truncated analogs (down to dynorphin(1-9)), but not by des-

Tyr-dynorphin; the relative actions of these analogs are

shown in Fig. 2B. The observation that dynorphin(1-8) lost

A 2L�

Fig. I . Potassium currents induced by OFQ in oocytes injected with
RNAs encoding OFQ receptor and potassium channel subunits. A,
Inward current responses to OFQ applied at the concentration mdi-
cated (in nM). Bars, durations. The three traces shown are a continuous
pen recording (96 mM potassium, -60 my). B, Results from several
experiments such as that shown in A. The amplitude of the inward
current is normalized to the current produced by OFO (1 00 nM) in the

same cells (1 26 ± 1 8 nA; seven oocytes). Points, mean ± standard

error for number of oocytes indicated; curve is best fit to a simple
hyperbolic function.
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almost all activity contrasts with the result at K receptors

similarly expressed (see below).

No effect was seen with the following peptides: Tyr-D-Ala-

Gly-NMePhe-Gly-ol (10 j.tM), Tyr-D-Pen-Gly-Phe-D-Pen (10

p.M), j3-endorphin, morphiceptin, hemorphin-4 (Tyr-Pro-Trp-
Thr-OH), Leu-enkephalin, Met-enkephalin, y-aminobutyric

acid, baclofen, histamine, 5-hydroxytryptamine, deamino-

[Cys’,D-Arg�]vasopressin, arginine vasopressin, formyl-Met-

Leu-Phe-OH, Phe-Leu-Phe-Gln-Pro-Gln-Arg-Phe-NH2
(a neuropeptide FF analog), Tyr-MIF-I (Tyr-Pro-Leu-Gln-

NH2; [Tyr#{176}]melanocyte-stimulating hormone release-inhibit-
ing factor), GHRP-6 (His-D-Trp-Ala-Trp-D-Phe-Lys-NH2;
growth hormone-inducing peptide), neuropeptide Y, oxytocin,

neuromedin N, galarnn, and somatostatin (all at 1 �tM; three

to five oocytes for each). No effect was seen with morphine (10
p�M, three oocytes) or the K-selective agonists U-69593 (10 .tM;

four oocytes) and CI-977 (1 p.M; three oocytes). Even high

concentrations of naloxone (10 �.tM) and norbinaltorphimine
(1 �tM) inhibited only slightly or not at all the responses to

dynorphin (100 ni�i) in oocytes expressing the orphan receptor
[26 ± 7% (four oocytes) and 5 ± 2% (three oocytes) inhibition,
respectively]. Our findings with dynorphin and naloxone are

similar to those reported by Zhang and Yu (24); they esti-
mated a dissociation equilibrium constant for naloxone of -1

�M, -100-1000 times higher than that typically seen at �t, �,

and K receptors.
Coexpression of se receptor and potassium channels.

Oocytes injected with K receptor RNA did not respond to
OFQ, [Tyr’]OFQ, or des-Phe-OFQ (each at 10 nivi; four oo-
cytes); in the same oocytes, a-neoendorphin and dynorphin
evoked typical inward currents (10 nrvi, 165 ± 29 nA). The

maximal effect of dynorphin was seen with 10 n�t, and the

concentration giving half-maximal effect was -1 nrvt (Fig.

2B). The nonpeptide K-selective agonists U-69593 (10 pM;

four oocytes) and CI-977 (1 ,tM; three oocytes) mimicked the
action of dynorphin at the K receptor, and naloxone (1 p.M)

and norbinaltorphimine (100 nr�) completely blocked the ef-

fect of dynorphin (10 nr�i; three oocytes). Norbinaltorphimme

Fig. 2. Potassium current induced by
dynorphin and some analogs in oocytes
injected with RNAs encoding OFQ re-
ceptor and potassium channel subunits.
A, Typical inward currents (96 m�i po-
tassium, -60 mV). Bars, durations. B,
Effects of a series of dynorphin analogs
on oocytes expressing OFQ receptor.
Currents were measured at -60 mV
during application of 1 �xM peptide and
normalized to current evoked in the
same oocyte by 1 �xM dynorphin; values
are mean ± standard error for three to

five oocytes for each peptide. C, Results
of several experiments such as that
shown in A. Currents were measured at
-60 mV and normalized to that pro-
duced by 1 �xM dynorphin (OFQ). Also
shown are currents induced by dynor-
phin (normalized to effect of 1 00 flM

dynorphin) in oocytes injected with K re-
ceptor RNA. Values are mean ± stan-

dard error for five oocytes. Curves are
best fits to hyperbolas.

often evoked an inward current in these oocytes, suggesting
an agonist action under these conditions.

We also examined the actions of several amino-terminally

truncated analogs of dynorphin at supramaximal concentra-

tions. Dynorphin(1-8), dynorphin(1-9), dynorphin(1-10),

dynorphin(1-13), and [D-Arg6]dynorphin(1-13) all evoked

currents that were 85-95% of that caused by dynorphin;

dynorphin(1-6) was only 10% as effective as dynorphin, and

dynorphin(2-13) and dynorphin(2-17) were without effect.
Strict comparisons are difficult without full dose-response

curves, but we noted that the drop in potency between dynor-
phin(1-8) and dynorphin(1-6) is similar to the situation for
native K receptors in the guinea pig ileum (32). This con-

trasted with the finthng in oocytes expressing the OFQ re-
ceptor that dynorphin(1-8) was much less potent than dynor-
phin(1-9).

Conclusions. OFQ evokes potassium currents when the
receptor is coexpressed with potassium channel subunits in
x. laevis oocytes; the concentration causing half-maximal

response is close to 1 nrvi. Although the amino-terminal phe-

nylalanine residue of OFQ can be substituted with tyrosine

(as occurs in dynorphin) without a subsequent loss in activ-

ity, dynorphin is effective only at 100-300 times higher con-

centrations, and carboxyl-terminally shortened versions of

dynorphin are similarly ineffective. Naloxone inhibits the

actions of agonists at the OFQ receptor only at concentra-

tions that are 100-1000 times higher than those needed at K

receptors (24). Other opioid agonists, including the K agonists

U-69593 and CI-977, and many nonopioid peptide agonists

are inactive at the OFQ receptor. Despite the structural
similarities of OFQ and dynorphin, the marked functional

selectivity reported here strongly suggests that they activate

only their corresponding receptors in native cells and thus

have separate and quite distinct physiological roles.

Acknowledgments

We thank our colleagues for gifts of cDNAs and Dennis

Fahmi for excellent technical assistance.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


450 Matthes et al.

References

1. Simon, E. J., and T. L. Gioannini. Opioid receptor multiplicity: isolation,

purification and chemical characterization of binding sites, Handbook of
Experimental Pharmacology (A. Herz, ed). Vol 104. Springer-Verlag, Hei-

delberg, 3-26 (1993).
2. Uhi, G. R., S. Childers, and G. Pasternak. An opiate-receptor gene family

reunion. Trends Neurosci. 7:89-93 (1994)

3. Kieffer, B. L. Recent advances in molecular recognition and signal trans-
duction of active peptides: receptors for opioid peptides. Cell. Mol. Neuro-
biol. 15:615-635 (1995).

4. Goldstein, A., and A. Naidu. Multiple opioid receptors: ligand selectivity

profiles and binding site signatures. Mol. Pharmacol. 36:265-282 (1989).

5. Mollereau, C., M. Parmentier, P. Mailleux, J. L. Butour, C. Moisand, P.

Chalon, D. Caput, G. Vassart, and J. C. Meunier. ORL1, a novel member

of the opioid receptor family: cloning, functional expression and localiza-

tion. FEBS Lett. 341:33-38 (1994).
6. Fukuda, K., S. Kato, K. Mori, M. Nishi, H. Takeshima, N. Iwabe, T.

Miyata, T. Houtani, and T. Sugimoto. cDNA cloning and regional distri-

bution of a novel member of the opioid receptor family. FEBS Lett. 343:
42-46 (1994).

7. Chen, Y., Y. Fan, J. Liu, A. Mestek, M. Tian, C. A. Kozak, and L. Yu.
Molecular cloning, tissue distribution and chromosomal localization of a
novel member of the opioid receptor gene family. FEBS Lett. 347:279-283

(1994)
8. Bunzow, J. R., C. Saez, M. Mortrud, C. Bouvier, J. T. Williams, M. Low,

and D. K. Grandy. Molecular cloning and tissue distribution of a putative

member of the rat opioid receptor gene family that is not �, b, or opioid

receptor type. FEBS Lett. 347:284-288 (1994).

9. Wang, J. B., P. S. Johnson, I. Imai, A. M. Persico, B. A. Ozenberger, C. M.
Eppler, and G. R. Uhl. cDNA cloning of an orphan opiate receptor gene

family member and its splice variant. FEBS Lett. 348:75-79 (1994).

10. Wick, M. J., S. R. Minnerath, X. Lin, R. Elde, P. Y. Law, and H. H. Loh.

Isolation of a novel cDNA encoding a putative membrane receptor with

high homology to the cloned p., b and b opioid receptors. Mol. Brain Res.
27:37-44 (1994).

11. Lachowicz, J. E., Y. Shen, F. J. Monsma, Jr., and D. R. Sibley. Molecular

cloning of a novel G protein-coupled receptor related to the opiate receptor

family. J. Neurochem. 64:34-40 (1995).

12. Nishi, M., H. Takeshima, M. Mori, K. Nakagawara, and T. Takeuchi.

cDNA cloning and pharmacological characterization of an opioid receptor

with high affinities for K subtype selective ligands. Biochem. Biophys. Res.
Commun. 205:1353-1357 (1994).

13. Pan, Y.-X., J. Cheng, J. Xu, G. Rossi, E. Jacobson, J. Ryan-Moro, A. I.
Brooks, G. E. Dean, K. M. Standifer, and G. W. Pasternak. Cloning and

functional characterization through antisense mapping of a <3-related

opioid receptor. Mol. Pharmacol. 47:1180-1188 (1995).

14. Meunier, J.-C., C. Mollereau, L. Toll, C. Suaudeau, C. Moisand, P. Alvin-

erie, J. Butour, J.-C. Guillemot, P. Ferrara, B. Monsarrat, H. Mazargull,
G. Vassart, M. Parmentier, and J. Costentin. Isolation and structure of the

endogenous agonist of opioid receptor-like ORL1 receptor. Nature (Lond.)
377:532-535 (1995).

15. Reinscheid, R. K., H-P. Nothacker, A. Bourson, A. Ardati, R. A. Henning-

sen, J. R. Bunzow, D. K. Grandy, H. Langen, F. J. Monsma, and 0. Civelli.

Orphanin FQ. a neuropeptide that activates an opioidlike G protein-

coupled receptor. Science (Washington D. C.) 270:792-794 (1995).

16. North, R. A. Opioid actions on membrane ion channels, in Handbook of
Experimental Pharmacology (A. Herz, ed). Vol. 104. Springer-Verlag, Hei-

delberg, 773-797 (1993).

17. Dascal, N., W. Schreibmayer, N. F. Lim, W. Wang, C. Chavkin, L. DiM-

agno, C. Labarca, B. L. Kieffer, C. Gaveriaux-Ruff, D. Trollinger, H. A.

Lester, and N. Davidson. Atrial G protein-activated K channel: expression

cloning and molecular properties. Proc. Natl. Acad. Sci. USA 90:6596-

6600 (1993).

18. Kubo, Y., E. Reuveny, P. A. Slesinger, Y. N. Jan, and L. Y. Jan. Primary

structure and functional expression of a rat G protein-coupled muscarinic

potassium channel. Nature (Lond.) 364:802-806 (1993).
19. Ashford, M. L. J., C. T. Bond, T. A. Blair, and J. P. Adelman. Cloning and

functional expression of a rat KATP channel. Nature (Lond.) 370:456-459
(1994).

20. Krapivinsky, G., E. A. Gordon, K. Wickman, B. Velimirovic, L. Krapivin-

sky, and D. E. Clapham. The G-protein-gated atrial K channel, I,�,,, is a

heteromultimer of two inwardly rectifying K channel proteins. Nature
(Lond.) 374:135-141 (1995).

21. Henry, D. J., D. K. Grandy, H. A. Lester, N. Davidson, and C. Chavkin.

K-OpiOid receptors couple to inwardly-rectifying potassium channels when

coexpressed by Xenopus oocytes. Mol. Pharmacol. 47:551-557 (1995).
22. Kovoor, A., D. Henry, and C. Chavkin. Agonist-induced desensitization of

the mu opioid receptor-coupled potassium channel (GIRK1). J. Riol. Chem.
270:589-595 (1995).

23. Chen, Y., and L. Yu. Differential regulation by cAMP-dependent protein

kinase and protein kinase C of the x opioid receptor coupling to a G

protein-activated K� channel. J. Biol. Chem. 269:7839-7842 (1994).

24. Zhang, S., and L. Yu. Identification of dynorphins as endogenous ligands

for an opioid receptor-like orphan receptor. J. Biol. Chem. 270:22772-
22776 (1995).

25. Ma, G. H., R. J. Miller, A. Kuznetsov, and L. H. Philipson. K-Opioid
receptor activates an inwardly rectifying K� channel by G protein-linked

mechanism: coexpression in Xenopus oocytes. Mol. Pharmacol. 47:1035-

1040 (1995).
26. Ikeda, K., T. Kobayashi, T. Ichikawa, H. Usui, and T. Kumanishi. Func-

tional coupling of the &- and K-opioid receptors with the G-protein-

activated K� channel. Biochem. Biophys. Res. Commun. 208:302-308
(1995).

27. Simonin, F., C. Gaveriaux-Ruff, K. Befort, H. Matthes, B. Lannes, G.

Micheletti, M. G. Mattei, G. Charron, B. Bloch, and B. Kieffer. K-Opioid

receptor in humans: cDNA and genomic cloning, chromosomal assign-

ment, functional expression, pharmacology, and expression pattern in the

central nervous system. Proc. NatI. Acad. Sci. USA 92:7006-7010 (1995).

28. Meng, F., G.-X. Xie, R. C. Thompson, A. Mansour, A. Goldstein, S. J.

Watson, and H. Akil. Cloning and pharmacological characterization of a

rat K opioid receptor. Proc. NatI. Acad. Sci. USA 90:9954-9958 (1993).

29. Kaufman, D. L., D. E. Keith, B. Anton, J. Tian, K. Magendzo, D. Newman,

T. H. Tran, D. S. Lee, C. Wen, and Y. R. Xia. Characterization of the
murine mu opioid receptor gene. J. Biol. Chem. 270:15877-15883 (1995).

30. Kieffer, B. L., K. Befort, C. Gaveriaux-Ruff, and C. G. Hirth. The delta
opioid receptor: isolation of a cDNA by expression cloning and pharmaco-

logical characterization. Proc. Nati. Acad. Sci. USA 89:12048-12052

(1992).
31. Kozak, C. A., J. Filie, M. C. Adamson, Y. Chen, and L. Yu. Murine

chromosomal localization of the mu and kappa opioid receptor genes.

Genomics 21:659-661 (1994).
32. Chavkin, C., and A. Goldstein. Specific receptor for the opioid peptide

dynorphin: structure-activity relationships. Proc. Natl. Acad. Sci. USA
80:6543-6547 (1981).

Send reprint requests to: Dr. R. A. North, Geneva Biomedical Research
Institute, Glaxo Wellcome Research and Development, 1228 PIan-les-Ouates,
Geneva, Switzerland. E-mail: ran8881@ggr.co.uk

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



