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One of the most challenging areas of research in cell biology is Scheme 1. Synthesis of a Gd(lIl) Chelate Conjugated to RU-486
tracking cell signaling pathways to understand mechanisms. In an *
effort to elucidate cell signaling mechanisms, transcriptional systems |
that can be activated by exogenous molecules have been developed.”
The GAL4-UAS transcriptional system has a truncated form of the
progesterone receptor (PR) hormone-binding domain fused to a gene
transactivation domaihThe mutated receptor fails to bind proges-
terone yet retains the ability to bind the synthetic progesterone
antagonist RU-486 (mifepristone, Scheme 1). The binding of the
mutated progesterone receptor to RU-486 triggers a signal trans- OTOH o OTO
duction cascade by activating transcription of lac-Z, the target NN
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reporter gene. This gene switch system is particularly useful for nq ~y NL@..@:S . o—rf,;'gf’\N&O.Nm:s
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tracking the cell signaling in vitro and in vivo with an appropriate
imaging strategy.

The most popular and general method for imaging cell signaling
is light microscopy, which employs the use of organic dyes or
fluorescent reporter proteidgdowever, these techniques are limited
by light scattering, frequently produce photobleaching byproducts,
and require invasive data collection. Magnetic resonance imaging 3
(MRI) can overcome these problems while visualizing intact opaque ¢
organisms in three dimensions and, therefore, provide an alternative
_to light microscopy and radippharmaceutical methtdS he image 4 (a) EtOH, 54%; (b) GAG| H,0, pH 6-6.5, 83%; (c) DMSO, TEA,
is based upon the NMR signal from the protons of water, where ggos
the signal intensity in a given volume element is a function of the
water concentration and relaxation timé&s &ndT,).> Gadolinium-
based contrast agents for MRI enhance tissue contrast by increasin
the relaxation rate (T4) of water protons and are widely used in
clinical diagnostics. When a contrast agent binds to macromolecules,
such as enzymes or proteins, the relaxation rate of the protons
increases dramatically. Binding to a macromolecule increases
concentration and retention of the Gd(lll) complex at the receptor
binding site and affords an increase in relaxivity as a result of a
decrease in rotational correlation timg) €

Conventional MR contrast agents are primarily extracellular and
are constitutively detectablfeThe advent of entirely new classes
of agents with increasing sophistication for targeting and bioacti-
vation are expanding the types of experiments performed by4MRI.
As part of our research in the development of mulimodal and 17-, would significantly affect the biological activity of the
multifunctional MR probes, we have prepared several classes Ofsteroid9 Therefore, a number of strategies were attempted for

chﬁlates thatblald in the detect_lon Oc: blocge_mmal (Tl\/TmS’ including o ification of the ketone group, including reduction and functional
cell permeable, enzyme activated, and Intracellular messengergroup conversion. We began with reduction of the 3-keto group

In this report, we introduce the first steroid hormendR
ontrast agent conjugate that is designed to monitor the activation
f a specific signal transduction pathway by MR imaging. We have

synthesized a contrast agent covalently attached to RU-486. The
Gd(lll) chelate conjugated to RU-486 selectively binds to the mutant
receptor and activates the endogenous gene expression pathway.
In addition, it is expected to increase the rotational correlation time
(zr) upon binding to the receptor protein resulting in further
enhancement of the contrast.

The RU-486-Gd(lIll) complex (1) was synthesized by conjuga-
tion of the steroid and macrocycle through an aminooxy-function-
alized linker, as shown in Scheme 1. We selected the 3-keto position
of RU-486 as the site of modification because it has been reported
that the functional groups available for modification, such as 11-

agents: using 9-BBN and coupling reactions through th@H group using

; a variety of coupling reagents. In each case, the reaction did not
Department of Chemistry, Northwestern University. ~ imi

8 Department of Biochemistry and Molecular and Cell Biology, Northwestern prpceed or prOdpced _the 3-OH ?“mmated byprodu_ct. SUbsequent

University. _ _ _ Mitsunobu reaction with 3-OH did produce a 3-azido compound

LD.Epar‘{“em of Neurobiology and Physiology and Radiology, Northwestern j, hoor yield. All attempts to reduce the azide were unsuccessful
niversity. . . N

* California Institute of Technology. because the reduced amine was too unstable to isolate. Direct
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Figure 1. (a) Transcription assay df with GAL4-UAS system. The modified compourddshowed a successful activation of gene transcription yet 1/100
lessp-galactosidase activity than RU-486; control1-UAS without PR, control2-UAS with PR, control3-UAS without PR treated Wil aORU-486. (b)
PRE-Luciferase transcription assaylofl was able to interact with progesterone receptors in T47D cells; however, it inhibited luciferase transcription less
effectively than RU-486.

derivatization of the 3-keto to 3-oxime using hydroxylamine =07

hydrochloride was attempted. However, the 3-oxime was not 201 | & — - +1 |

nucleophilic enough to react with the isothiocyanate group of o - W RLU-486

even when Cu(l)Cl was used as a catal{§the direct attachment E 120 ;

of the aminooxy group containing a bifunctional linkeB) £ \,_

followed by the conjugation through the amine yielded the desired ¥ 122 A

productl. 1 consists of two isomers of syn and anti with the ratio ﬁ " '

of 2:3. We attempted separation of the mixture by applying several E N ' \

different strategies. However, in contrast to oxime compounds, it 9 B .= ———

was impossible to separate syn/anti isomers of the aminoxyalkyl

derivatives'? Therefore, the compound was tested as an isomeric -ED , . . . . . s

mixture of the syn- and anti-forms isolated from the synthesis. 1 12 50 100 Eoh 1000 1DODD
The relaxivity of1 (R;) was obtained by taking the slope of a nhl

plot of T; ! versus concentration. Measurements were taken at 60 Figure 2. Progesterone receptor binding assay. The calculatgo/lues,
MHz in deionized water at 37C. The relaxivity value was 8.5  using a no competitor control as 100% and the no PL ligand as 0%, gave
mM-1s-1, which is more than 2 times the observed value of typical Yalues of 21.91 nM for RU-486 and 1.94M for 1. These data indicate
. L that compoundL. binds with roughly 100-fold less affinity to the receptor

gadolinium chelates, Gd(III)DOTA and Gd(lII)DTPAThis higher as unconjugated RU-486.
relaxivity may be due, in part, to torsional strain of the macrocycle
resulting in a higher number of coordinated water molecules. anscriptional activity as compared to that of RU-486 (i.e., binding
Alternatively, the hydrophobic nature of the RU-486 makes the tinity is proportional to gene transcriptional activation).
complex amphiphilic enough to aggregate and may result in an oy strategy to modify the 3-position of RU-486 with a contrast
increase in the rotational correlation time and subsequently an ggent was based on the assumption that this would not affect the
increase in refaxivity. ability to activate GAL4-PR. However, this modification appears

Gene activation tests were performed, and the results with GAL4- 1o ater the conformation of the steroid and cause partial loss of
UAS demonstrated that compouddsuccessfully activated tran-  pinding affinity to the receptor protein. One reason for the loss of
scription at 1/100 native RU-486 (Figure 1a). We then tested the tfinity may be because the 3-keto group is important for hydrogen
molecule using the progesterone response element (PRE)-luciferasgonding with the receptor protefai3It has been reported that there
transcriptional activation assay (Figure 1b). Compolimthibited is a sizable pocket underneath the steroid D-ring in the recé@ptor.
progesterone-mediated transcription with only 40% inhibition of 1 Therefore, modification of the 16- or 17-position of the D-ring with
nM progesterone-induced activity and 7% inhibition of 10 NnM  the contrast agent may enable restoration of binding affinity.
progesterone, while the same amount of RU-486 resulted in 100% To determine the cell permeability and toxicity df we
inhibition of 1 nM progesterone and 99% inhibition of 10 nM  performed cellular uptake studies by incubatidgwith PR-
progesterone. These data suggestliuain cross the cellmembrane  transfected cells (T47D) and PR-negative cells (MDA-MB-231)
and interact with the receptor in such a way as to antagonize (Figure 3). We observed moderate selectivity toward PR positive
progesterone. Furthermore, these experiments were normalized taells. We also checked for cell viability using a trypan blue assay.
protein levels indicating that toxicity associated with the compound There was an average of 1 500 000 cells per flask, a86% of
is minimal and does not negate transcriptional regulation. The lower the cells remained viable after exposureltoThese experiments
activity may be due to the presence of the macrocycle, membraneconfirm the cell membrane permeability bfand indicate that the
permeability, or the chelator may hinder receptor binding and cellular uptake ofl. was affected by incubation time and concentra-
affinity. tion of the compound. To determine the effect dfon T;

To determine the factors affecting lower transcriptional activity, enhancement upon receptor binding, we measured—sguiitice
we performed a binding affinity test using the progesterone receptor relaxation time T) of cells incubated with the contrast agent (Table
competitor assay kit (Invitrogen) (Figure 2). Interestingly, we found 1). To get sufficient amounts of the contrast agent into cells, we
that 1 was 100-fold lower with respect to binding affinity and incubated T47D cells with 5@M of 1 and RU-486 for 16 hl
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Figure 3. Cellular uptake studies df in PR() and PR{) cells. Compound. showed more uptake in PR} cells than PR{) cells.

Table 1. T, (seconds) of Cells at 9.4T, Where Cells Were Treated

with 50 uM of Each Compound and Incubated for 16 h? References
cells/compounds Ti () (1) (a) Braselmann, S.; Graninger, P.; Busslinger Avbc. Natl. Acad. Sci.
- U.S.A.1993 90, 1657-1661. (b) Jenster, G.; Spencer, T.; Burcin, M.;
PR ) cells treated with RU-486 3.180.11 Tsai, S. Y.; Tsai, M.-J.; O'Malley, B. WProc. Natl. Acad. Sci. U.S.A.
PR(-) cells treated with RU-486 2.9680.11 1997 94, 7879-7884. (c) Osterwalder, T.; Yoon, K. S.; White, B. H.;
PR ) cells treated with 2.06+ 0.16 Keshishian, HProc. Natl. Acad. Sci. U.S.£001, 98, 12596-12601.
PR(-) cells treated withL 2.30+ 0.30 (2) Zacharias, D. A.; Baird, G. S.; Tsien, Rurr. Opin. Neurobiol.200Q
media 3.03:0.16 10, 416-421.
(3) (a) Jacobs, R. E.; Cherry, S. Rurr. Opin. Neurobiol.2001, 11, 621—
aT;-weighted spir-echo MR images are provided in the Supporting 629, (b) Meade, T. J.; Taylor, A. K.; Bull, S. Rurr. Opin. Neurobiol.

2003 13, 597-602. (c) Toth, E.; Helm, L.; Merbach, A. E. In
Comprehensie Coordination Chemistry JI2nd ed.; McCleverty, J. A.,
I iah h . | % shi Meyer, T. J., Eds.; Elsevier: St. Louis, 2004; Vol. 9, pp 8881.
treated cells appear b”g tand have apprommatg Yy 40% shiorter (4) Allen, M. J.; Meade, T. J. IMetal lons in Biological SystemSigel, A.,
on the contrary, RU-486 treated cells and media have lomger Sigel, H., Eds.; Marcel and Decker, Fontis Media: New York, 2004; Vol.
The 40%T, difference should provide sufficient contrast for in 42, pp 1-38.
vivo imagingga (5) (a) Parker, D.; Williams, J. A. GJ. Chem. Soc., Dalton Tran4996
) . . . 3613-3628. (b) Peters, J. A.; Huskens, J.; Raber, Prdg. Nucl. Magn.
In summary, we have synthesized the first steroid hormone Reson. Spectrost996 28, 283-350. (c) Aime, S.; Fasano, M.; Terreno,
i i i i E. Chem. Soc. Re 1998 27, 19-29. (d) Aime, S.; Botta, M.; Fasano,
MR contrast agsptd.contjugatte desilgtrlled Ito trtack _l(iﬁll S|gnallngd M. Terreno, EAcc. Chem. Re€999 32, 941949,
Processes upon binding to a transcriptional system. e compoun 6) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R. Bhem. Re.
successfully crossed cell membranes and modulated gene transcrip- 1999 99, 2293-2352.

tion. The high relaxivity ofl showed the contrast enhancement at  (7) Lauffer, R. B.Chem. Re. 1987, 87, 901—927.

Information.

low concentrations in vitro and did not significantly affect cell (8) (a) Louie, A. Y.; Huber, M. M.; Ahrens, E. T.; Rothbacher, U.; Moats,
il o ) : ; R.; Jacobs, R. E.; Fraser, S. E.; Meade, TNdt. Biotechnal200Q 18,
ylab|I_|ty. By combining atranscrlpnonal_system and a noninvasive 321-325. (b) Li, W. H.. Parigi, G.: Fragai, M ; Luchinat, C.. Meade, T.
imaging technology, such as MRI, it should be possible to J.Inorg. Chem2002, 41, 4018-4024. (c) Allen, M. J.; MacRenaris, K.
simultaneously and quantitatively activate transcription of reporter \é\ééVenkatasubramanlan, P.N.; Meade, TChiem. Biol 2004 11, 301~
genes and image genetically d_(_eflned neu_ronal circuits that EXPIeSS g (a) Wiliams, S. P.: Sigler, P. Blature 1998 393 392-396. (b) Bursi
GAL4-PRL4 This should facilitate functional neuroanatomical R.; Groen, M. B.Eur. J. Med. Chem200Q 35, 787-796. (c) SO, S.-S.;

i i i Van Helden, S. P.; Van Geerestein, V. J.; Karplus, M.Chem. Inf.
studies, such as electrophysiology and neuronal tract tracing. We Comput. SCi2000 40, 762-772. (d) Madauss. K. P Deng. 5 1. Austin,

are optimizing the molecular architecture and the incubation R.J. H.; Lambert, M. H.; McLay, 1.; Pritchard, J.; Short, S. A,; Stewart,
conditions to improve the binding affinity and the selective E.L; Uings, I. J.; Williams, S. P). Med. Chem2004 47, 3381-3387.
retention. (10) Duggan, M. E.; Imagire, J. Synthesis1989 131-132.
) (11) Compound was synthesized as previously reported for a bridged steroid
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