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Abstract: The enzyme protein-farnesyl transferase (FTase) catalyzes the farnesylation of the Ras protein and
other key signal transduction proteins, using farnesyl diphosphate (FPP) as the prenyl source. Inhibitors of
FTase are thus of great interest as potential novel anticancer agents. The design of such agents would be
informed by a detailed knowledge of the solution conformation of FPP, as well as its conformation in the
active site of FTase. Four biS€-labeled derivatives of farnesol and geranylgeraniol have been synthesized
and used to prepare the corresponding FPP and GGPP derivatives. The labeled farnesyl and geranylgeranyl
derivatives2—7 were utilized in conjunction with solutiof*C NMR to probe the conformation of the prenyl

chain in a variety of different solvents. These studies, along with molecular dynamics simulations, demonstrate
that the prenyl chain exists primarily in an extended conformation. Surprisingly, this preference for the extended
conformation is solvent-insensitive; no significant change in conformation is seen with all six solvents
investigatedincluding water The [6,15-bisl*C]FPP analogu€ was complexed with mammalian FTase, and

this complex was utilized in conjunction with rotational resonance MAS NMR to investigate the prenyl chain
conformation when bound in the active site of this enzyme. The conformation determined from these experiments
is in good agreement with the structure determined from crystallographic studies on th&F&¥e complex.

Thus, the isoprenyl chain of FPP exhibits a strong preference for an extended conformation, both in a variety
of solvents of different polarities and in the active site of mammalian FTase.

The mevalonate pathway, both the main trunk and its various mechanisms of steroid and terpene cationic cyclization reactions
branch points, has been the subject of intense pharmaceuticalhave been the subjects of long-standing and intensive research

biochemical, and chemical research activitfhe chemical interest from bioorganic and biological chemi4t8.The recent
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discovery of protein farnesylation as a necessary step in the 13 14 15
activation of mutant Ras proteins and certain other key signal “ “ “ 1
transduction proteins has spurred intense interest in the develop- 1179 7 5 3 OH

ment and evaluation of protein farnesyltransferase inhibitors as

potential novel anticancer agefits.The farnesylation reaction

is carried out by an enzyme, protein-farnesyl transferase (FTase),

that uses farnesyl diphosphate (FPP) as the source of the

isoprenoid moiety?11 We have recently synthesized several

FPP analogues that are effective FTase inhibitdrs The

design of more potent inhibito¥s'6 would be facilitated by a

greater understanding of the conformational preferences of FPP, Conformation A Conformation B

both in solution and in the active site of FTdse. Figure 1. Extended A) and folded B) conformations of farnesol.
Surprisingly, little is currently known about the solution

structure of isoprenoid diphosphates, despite their central rolespecific 13C labeling and'3C NMR spectroscopy has been

in key biochemical pathways. Previous studies have used previously utilized*25 to evaluate the conformational prefer-
molecular mechanics, ab initio techniques, and solid-state gnces of flexible molecules.

structural studies to examine the conformation of prenyl
derivativest®20 There has been only one previous report on
the solution-phase conformation of an isoprerf3icA key
conformational question concerning isoprenoids is the extent
of chain folding in solution. As shown in Figure 1, the-€Cs
bond in farnesol) could assume a trans (structéeor gauche
conformation B). The trans disposition about the-©Cs bond

Isoprenoid folding in various environments is central to a
number of issues concerning their chemistry and biological
activity. Chemical reactivity studies by van Tamelen and
Breslow with farnesol and geranylgeraniol derivatives (and other
isoprenoids) have indicated that they frequently undergo
preferential reaction at the terminal olefin moié#f.They have
leads to an overall extended conformatiominwhile the gauche argued thgt these result§ indicate thgt ispprenoids prgfer a folded
arrangement leads to a folded isoprenoid conformatio.in  ©F Self-coiled conformation (such &sin Figure 1), particularly

Carbon-13 NMR studies of as€ Cs bis-13C-labeled isoprenoid in .hyfjrophilic sol\_/ent_s. Structural studies on dolichol and
should be able to distinguish between conformatirand ubiquinone have implicated folded conformations for these
conformationB. A Karplus relationship is observed in thic isoprenoids?2” and these folded conformations may have
coupling constants, and the coupling between the labeled carbondMpPortantimplications for their biological activities. Isoprenoid

in A is significantly larger £4—5 Hz) than the coupling in the ~ folding is also key for the biogenesis of cyclic terpenes and
gauche conformeB (~0—2 Hz)?2223 Such a combination of  Steroids from acyclic isoprenoid precurséfst Recent studies

— : — _ have indicated that the membrd®é® or protein-boungP—32
(6) The initial prominent medical interest in the mevalonate pathway

was derived chiefly from its primary product in mammalian cells, ponformatlons Of the.prenyl'glroup may be very 'mPO”a”t n
cholesterol, and the central role that cholesterol metabolism plays in influencing the biological activity of prenylated proteins. More

Zggcf%%scular disease: Goldstein, J. L.; Brown, MN&ture199Q 343 generally, conformational studies on FPP may provide insight
(7) Cox, A. D.: Der, C. JBiochim. Biophys. Actd997 1333 F51— into the mflue_nce of hydrop_hoblc effects on the conf_orr_n_atlon

F71. of hydrophobic molecules in water, a problem of significant
(8) Leonard, D. M.J. Med. Chem1997, 40, 2971-2990. general interest

(9) Certain FTase inhibitors have exhibited great promise in animal .
models for many neoplasias and are currently being evaluated in clinical Unfortunately, the approach described above cannot be used

trials: Oliff, A. Biochim. Biophys. Actd999 1423 C19-C30. to study prenyl groups that are bound to membranes, membrane
(10) Casey, P. J.; Seabra, M. L.Biol. Chem1996 271, 5289-5292. rotein r lar rotein h ET However. on
(11) Zhang, F. L.; Casey, P. Annu. Re. Biochem.1996 65, 241— P Ote. S, 0 a ge proteins suc .a.s ase. 0 ever, .0 €

269. technique particularly useful for obtaining structural information
(12) Gibbs, R. A.; Krishnan, U.; Dolence, J. M.; Poulter, C.JDOrg. in these environments is rotational resonance magic angle

Chem.1995 60, 7821-7829. spinning (MAS) NMR3435This technique can provide accurate
(13) Mu, Y. Q.; Gibbs, R. A.; Eubanks, L.; Poulter, C.D.Org. Chem. P 9 ( ) L . q P A wi

1996 61, 8010-8015. measurements of distance in the range of-8® A with a
(14) Gibbs, B. S.; Zahn, T. J.; Mu, Y. Q.; Sebolt-Leopold, J.; Gibbs, R.

A. J. Med. Chem1999 42, 3800-3808. (23) Krivdin, L. B.; Della, E. W.Prog. Nucl. Magn. Reson. Spectrosc.
(15) It should be noted that potenpnfarnesyl-detied FPP-competitive 1991 23, 301-610.

mFTase inhibitors have also been develoffed. (24) Menger, F. M.; Carnahan, D. W. Am. Chem. Sod986 108
(16) (a) McNamara, D. J.; Debrusin, E.; Leonard, D. M.; Shuler, K. R.; 1297-1298.

Kaltenbronn, J. S.; Quin, J., lll; Bur, S.; Thomas, C. E.; Doherty, A. M.; (25) Menger, F. MAngew. Chem., Int. Ed. Endl991, 30, 1086-1099.

Scholten, J. D.; Zimmerman, K. K.; Gibbs, B. S.; Gowan, R. C.; Latash, (26) Breslow, R.; Maresca, L. Mletrahedron Lett1978 887—890.

M. P.; Leopold, W. R.; Przybranowski, S. A.; Sebolt-Leopold, J.34ed. (27) Di Bernardo, S.; Fato, R.; Casadio, R.; Fariselli, P.; LenaEERS

Chem.1997, 40, 3319-3322. (b) Aoyama, T.; Satoh, T.; Yonemoto, M.;  Lett. 1998 426, 77—80.
Shibata, J.; Nonoshita, K.; Arai, S.; Kawakami, K.; lwasawa, Y.; Sano, H.; (28) Melkonian, K. A.; Ostermeyer, A. G.; Chen, J. Z.; Roth, M. G.;

Tanaka, K.; Monden, Y.; Koder, T.; Arakawa, H.; Suzuki-Takahashi, I.; Brown, D. A.J. Biol. Chem1999 274, 3910-3917.
Kamei, T.; Tomimoto, KJ. Med. Chem1998 41, 143-147. (29) Moffett, S.; Brown, D. A.; Linder, M. EJ. Biol. Chem200Q 275
(17) The syntheses @5 have been previously reported in a preliminary  2191-2198.
communication: Zahn, T. J.; Ksebati, M.; Gibbs, R.Petrahedron Lett. (30) Keep, N. H.; Barnes, M.; Barsukov, |.; Badii, R.; Lian, L. Y.; Segal,
1998 39, 3991-3994. A. W.; Moody, P. C. E.; Roberts, G. C. Ktructure1997, 5, 623-633.
(18) Broeker, J. L.; Hoffmann, R. W.; Houk, K. N. Am. Chem. Soc. (31) Gosser, Y. Q.; Nomanbhoy, T. K.; Aghazadeh, B.; Manor, D.;
1991, 113 5006-5017. Combs, C.; Cerione, R. A.; Rosen, M. Kature 1997, 387, 814-819.
(19) Gung, B. W.; Zhu, Z.; Fouch, R. Al. Am. Chem. S0d.995 117, (32) Loew, A.; Ho, Y.-K.; Blundell, T.; Bax, BStructure1998 6, 1007~
1783-1788. 1019.
(20) Murgolo, N. J.; Patel, A.; Stivala, S. S.; Wong, T.Biochemistry (33) Blokzijl, W.; Engberts, J. B. F. NAngew. Chem., Int. Ed. Engl.
1989 28, 253-260. 1993 32, 1545-1579.
(21) Facke, T.; Berger, SI. Am. Chem. S0d.995 117, 9547-9550. (34) Smith, S. O.; Aschheim, K.; Groesbeek, ®l. Re. Biophys.1996

(22) Marshall, J. L.Carbon—Carbon and Carbon-Proton NMR Cou- 29, 395-449.
plings: Applications to Organic Stereochemistry and Conformational (35) Levitt, M. H.; Raleigh, D. P.; Creuzet, F.; Griffin, R. G. Chem.
Analysis Verlag Chemie International: Deerfield Beach, FL, 1983. Phys.199Q 92, 6347-6364.
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Figure 2. Bis-*C-labeled farnesyl and geranylgeranyl analogues.
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resolution of 0.+0.2 A 38 and it has provided key information
about the conformation of biC-labeled variants of the
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Figure 3. Synthesis oR and4. Reagents and conditions: @&)NaH,
DME (CH;OCH,CH,OCHg), 0°C; 10, 0 °C to room temperature (57%);
(b) DIBAL-H, toluene,—78 °C (71%); (c) CBj, PPh, CHCl,, (77%
(crude yield)); (d) sodium ethyl acetoacetd@®ulLi, THF, 0°C; 13,0
°C (51%); e) (MgSi)sNK, toluene/THF,—78 °C; 2-[(CRSO,).N]-5-
chloropyridine,—78 °C to room temperature (34%); (ffCHsMgl,

isoprenoid retinal in rhodopsin, bacteriorhodopsin, and other CUCN, EtO; 16, -78 °C to room temperature (46%); (g) DIBAL-H,

environment$437:38Thus, it could be used to provide accurate
conformational information on the farnesyl chain in the active

toluene,—78°C (96%); (h)N-chlorosuccinimide, MgS, CHCl,, —30
to 0°C; 2, —30°C to room temperature; (inBusN)sHP,O;, CH;CN,
room temperature (27% fror®).

site of FTase, in other proteins, and in a variety of membrane
environments? Note that the synthetic objective (the selective
introduction of two'*C labels) is the same for the development 13C]farnesol analogu2 was designed to evaluate the solution-
of spectroscopic probes for both types of NMR studies, although phase conformation of farnesol about the-C,4 bond. Molec-

the exact targets differ. Thus, the synthesis of the labeled ular mechanics and ab initio calculations on model systems
isoprenoids described below (Figure 2) and their evaluation concerning this bond angle are inconclusive, indicating that both
using solution and solid-state NMR has allowed for the skew and eclipsed conformations about this bond are acces-
determination of isoprenoid conformation in a wide variety of sible181921.4%owever, these two possibilities should be readily
environments. distinguished using, as the eclipsed conformer would exhibit

a ~4—5-Hz coupling constant. The [3,6-bi&]farnesol 3
provides useful insight into the conformation about the-Cs

Synthesis of Carbon-13-Labeled Farmesol and Geranylge- ~ Pond. The [5,15-bis*C]FPP analogué and the [3,6-bis*C]-
raniol Analogues. The various bis-carbon-13-labeled prenyl FPP analogu& were designed to provide evidence about the
analogues targeted for synthetic design are shown in Figure 2.€xtent of isoprenoid chain folding in aqueous environments. The
In each of the structures, the bold dots represent the incorporated3.6-bis**Clgeranylgeranyl derivative8 and 7 allow for the
13C |abels, and the bold-type bond indicates the bond being evaluation of the effect of chain length on isoprenoid folding.

. i i The [6,15-bist*C]FPP8 was designed and synthesized for use
probed for its conformation. The preparation of each of these 197k ) )
compounds utilizes the vinyl triflate route to isoprenoids that i the rotational resonance experiments. This compound allows

Results

has been developed in this laboratéty!44%-42 The [5,15-bis-

(36) Peersen, O. B.; Groesheek, M.; Aimoto, S.; Smith, SJ.CAm.
Chem. Soc1995 117, 7228-7237.

(37) McDermott, A. E.; Creuzet, F.; Gebhard, R.; van der Hoef, K;
Levitt, M. H.; Herzfeld, J.; Lugtenberg, J.; Griffin, R. Biochemistry1994
33, 6129-6136.

(38) Verdegem, P. J. E.; Helmle, M.; Lugtenburg, J.; de Groot, H. J. M.
J. Am. Chem. S0d.997 119, 169-174.

(39) For a very recent example of the application of solid-state NMR
techniques to the determination of the conformation of the isoprenoid
paclitaxel bound to the protein tubulin, see: Li, Y.; Poliks, B.; Cegelski,
L.; Poliks, M.; Gryczynski, Z.; Piszczek, G.; Jagtap, P. G.; Studelska, D.
R.; Kingston, D. G. I.; Schaefer, J.; Bane,BBochemistry200Q 39, 281—

291.

(40) (a) Gibbs, R. A.; Krishnan, Uletrahedron Lett1994 35, 2509~
2512. (b) Shao, Y.; Eummer, J. T.; Gibbs, R.@tg. Lett.1999 1, 627—

630.

(41) Mu, Y. Q.; Gibbs, R. ATetrahedron Lett1995 36, 5669-5672.

(42) Note that numerous othefC-labeled isoprenoids have been
previously prepared in other laboratorfés?#in particular for the study of
terpene cyclase mechanisfs.

for accurate distance determinations between the labeled methyl
group (Gs) and the double-bond carbond)Gn the rotational
resonance MAS technique, due to the large differences in
chemical shift €100 ppm) and the optimal distance between
the two labels. Note that this compound also allows for the
determination of the degree of folding between the-C; and
Cs—C7 double bonds.

The first compounds synthesized were the [5,158@-
farnesol and FPP analogu2sand4 (Figure 3). The required
labeled intermediate geranyl bromid8 was prepared from
commercially availabl® essentially as previously described by

(43) Christensen, D. J.; Poulter, C. Bioorg. Med. Chenl994 2, 631—
638.

(44) (a) Eis, K.; Schmalz, H.-GSynthesis1997, 202-206. (b) Huang,
Q.; Huang, K.; Scott, A. ITetrahedron Lett1998 39, 2033-2036.

(45) Biller, S. A.; Abt, J. W.; Pudzianowski, A. T.; Rich, L. C,;
Slusarchyk, D. A.; Ciosek, C. P., JBioorg. Med. Chem. Lettl993 3,
595-600.
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Figure 4. Synthesis o8 and5. Reagents and conditions: (B}, NaH,
DME (CH;OCH,CH,OCHg), 0°C; 10, 0 °C to room temperature (35%);
(b) DIBAL-H, toluene,—78 °C (91%); (c) CB§, PPh, CH.Cl,, (88%
(crude yield)); (d) [3'3C]ethyl acetoacetate, NaH, THMBuLI, 0 °C;
21, 0 °C (26%); (e) (MgSi)sNK, toluene/THF,—78 °C; 2-[(Cks-
SO,):N]-5-chloropyridine, —78 °C to room temperature (38%); (f)
(CHs)4Sn, Cul, (PBAs),Pd, N-methylpyrrolidone, 100C (82%); (g)
DIBAL-H, toluene, —78 °C (94%); (h)N-chlorosuccinimide, MgS,
CHxCl,, —30 to 0°C; 3, —30 °C to room temperature; (in¢BusN)s-
HP,O7, CH:CN, room temperature (33% frof).

Urano and colleague’§ Coupling of13 with the dianion of ethyl
acetoacetatel@*’ afforded the [51C]-3-ketoesterl5. Com-

pound15 was transformed in a highly stereoselective fashion

to the vinyl triflate 16,1248 The key new chemical step in this

synthesis involves the attachment of a carbon-13-labeled methyl

group to the @ position. This was accomplished through a
copper cyanide-mediated coupling dfC]MeMgl with the
carbon-13-labeled triflaté6 to give ested 7. The key advantage
of this procedure for this route is the ready availability of the
[*3C]methyl group from relatively inexpensive'3C]methyl
iodide#® Reduction ofL 7 using DIBAL-H gave the first targeted
compound, the [5,15-bi&C]farnesol2. This compound was
then converted into the final [5,15-b18€]-4 using the two-

Zahn et al.
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Figure 5. Synthesis o6 and7. Reagents and conditions: (&8, NaH,
DME (CH;OCH,CH,OCHg), 0°C; 26, 0 °C to room temperature (26%);
(b) DIBAL-H, toluene,—78 °C (68%); (c) CBj, PPh, CH.Cl,, (64%
(crude yield)); (d) [3'%C]ethyl acetoacetate, NaH, THFBuLI, 0 °C;
29, 0 °C (43%); (e) (MeSi:NK, toluene/THF,—78 °C; 2-[(Cks-
SQ0,)2N]-5-chloropyridine, =78 °C to room temperature (65%); (f)
(CH3)4Sn, Cul, (PBAS).Pd, N-methylpyrrolidone, 100C (60%); (g)
DIBAL-H, toluene, —78 °C (62%); (h) N-chlorosuccinimide, MsS,
CH.Cl,, —30 to 0°C; 6, —30 °C to room temperature; (in{BusN)s-
HP,O7, CHsCN, room temperature (43% frog).
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Poulter and colleagués.

The synthesis of the [3,6-biSC]FPP5 follows essentially
the same synthetic route as for diphosphdtewith two
distinctions (Figure 4). The geranyl bromig& with a13C label

acetoacetate)BuLi, THF, 0 °C; 21, 0 °C (33%); (b) (MeSi):NK,
toluene/THF,—78 °C; 2-[(CRSO,):N]-5-chloropyridine,—78 °C to
room temperature (39%); (¢§CHsMgl, CuCN, EtO; 34, —78 °C to
room temperature (80%); (g) DIBAL-H, toluene,78 °C (62%); (h)
N-chlorosuccinimide, MgS, CHCl,, —30 to 0°C; 36, —30°C to room

13. Bromide21 was then coupled witB2, the dianion of [3L5C]-
ethyl acetoacetate, affording the B#&-labeleds-ketoeste3.
The stereoselective conversion 28 to the vinyl triflate 24

36).

with DIBAL-H afforded the desired [3,6-bi¥C]farnesol 3,

utilized the same chemistry as shown above. The next step, ayhich was converted t6 using the diphosphorylation procedure
palladium-catalyzed, copper iodide-mediated coupling of tet- described above.

ramethyltin with 24 to obtain ester25, employed chemistry
previously developed in this laboratof¥!4 Reduction of25

(46) Urano, S.; Otani, |.; Matsuo, Mdeterocyclesl985 23, 2793~
2796.

(47) Sum, F. W.; Weiler, LCan. J. Chem1979 57, 1431-1441.

(48) Comins, D. L.; Dehghani, ATetrahedron Lett1992 33, 6299
6302.

(49) (a) Courtin, J. M. L.; tLam, G. K.; Peters, A. J. M.; Lugtenburg, J.
Recl. Tra.. Chim. Pays-Basl985 104, 281-288. (b) Groesbeek, M.;
Lugtenburg, JPhotochem. Photobioll992 56, 903—-908.

(50) Davisson, V. J.; Woodside, A. B.; Neal, T. R.; Stremler, K. E;
Muehlbacher, M.; Poulter, C. Ol. Org. Chem1986 51, 4768-4779.

The [3,6-bis®*C]geranylgeranyl diphosphafewas obtained
via the same route used for the synthesis of diphospbate
However, the [2L3C]farnesyl bromide29 was utilized in place
of the geranyl bromid®1 (Figure 5). The preparation of the
[6,15-bis13C]FPP8 employed a combination of the procedures
described for the syntheses 4fand 5 (Figure 6). Geranyl
bromide 21 was coupled with the dianion of unlabeled ethyl
acetoacetateld) to give thepS-ketoester33. Triflation of 33
gave vinyl triflate34, which was then coupled witA3C]MeMg|
to give the bisl3C-labeled esteB5. Reduction of esteB5,
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followed by diphosphorylation leads to diphosph8tevith the
desired labels in the £and Gs positions.

Solution NMR Studies. The incorporation of the appropriate
labels in each of the bi5*C-labeled compounds was verified
by the intensé3C NMR signals observed in the NMR spectra
(see Experimental Section). In addition, in comparison to the
known unlabeled farnesyl and geranylgeranyl derivatives, the
large WJc—n couplings observed in the proton spectra were
particularly striking and in many cases provided further evidence
of the correct incorporation of the desir€ labels. The labeled
farnesol and geranylgeraniol derivatives were initially dissolved
in chloroform (CDC$) and their*H and*3C NMR spectra were
obtained. The incorporation of the appropridf€ labels in
[5,15-bis?3C]farnesol2 was confirmed by the intense, coupled
13C NMR signals at 16.3 and 26.3 ppm, along with the
observation of the largtlc— couplings with the g—CHz and
Cs—CH; signals in the proton NMR spectrum. The incorporation
of the appropriaté3C labels in the [3,6-big3C]farnesol3 was
also confirmed by the intense, couplé@ NMR signals at 123.8
and 139.8 ppm, along with the observatior&¥ coupling with
the G vinylic signal in the proton NMR spectrum. The same
characteristid®C and'H NMR patterns were seen with the 3,6-
labeled geranylgeraniél Following HPLC purification, the FPP
and GGPP derivatives were dissolved isCDand their solution
1H and13C NMR spectra were taken at 500 and 125 M.
The signals of thé3C labels were observed to be at 16.3 and
26.3 ppm for the [5,15-bi&2C]FPP4. The incorporation of the
appropriaté<C labels in5 was confirmed by the intense, coupled
(vide infra) 13C NMR signals at 123.8 and 139.8 ppm, along
with the observation of*C coupling with the G vinylic signal
in the proton NMR spectrum. The presence of the labels at the
Cs and Gs positions of the diphosphat was confirmed by
the intense!3C NMR peaks observed at 123 and 26 ppm. Its
proton spectra also demonstrated coupling of théaBel with
the vinylic proton, like that seen in thiéd NMR spectrum of
the [3,6-bisl®C]FPP5.

With the target compounds synthesized, the coupling con-
stants of interest for the alcohol and diphosphate derivatives
were determined in a straightforward fashion using standard
solution 13C NMR in various solvents, and these values are
reported in Table 1. The 1.6-Hz coupling constant for the [5,15-
bis-13C]farnesol2 is consistent with a gauche-60°) or skew
(~90°) conformation about the £-C4 bond of farnesol. In
contrast, the 3.6-Hz coupling observed for the [3,618&}
farnesol3 indicates that the £-Cs bond exists primarily in a
trans (+180°) conformation. These values are identical to those

determined by Facke and Berger for unlabeled farnesol using a

pulse-transfer sequence for the determinatiotlgfc values?

and this confirms the validity of their method. Compoud
the [3,6-bis!3C] version of the longer & isoprenoid geranyl-
geraniol, was also synthesized as a part of these studies; it wa
prepared to investigate the effect of chain length on the
conformation and extent of folding of isoprenoid chains.
Interestingly, the coupling constant for the [3,6-bi%C]-
geranylgeraniob was almost exactly the same (3.7 Hz) as that
of the [3,6-bis'3C]farnesol3. This indicates that the same
preference for a trans conformation exists about the@ bond
with longer and presumably more hydrophobic geranylgeranyl
chain as well as with the farnesyl chain.

(51) (a) The solutiontH and 3C NMR spectra were taken on the
ammonium salt forms of the diphosphates in unbuffered deuterium oxide.
Preliminary attempts to obtain tA&C NMR spectrum o in mFTase buffer
or as its sodium salt were unsucessful. (b) It has recently been reported
that the cmc for FPP is 12 mM, and the cmc for GGPP is 0.45 mM: Bragg,
B., Ph.D. Dissertation, University of Utah, 1999.
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Table 1. 3Jc_c Coupling Constants of Carbon-13-Labeled
Isoprenoids

analogue solvent coupling coriddz
[5,15-bis*3C]-farnesol @) CDClg 1.64+0.2
[5,15-bis}3C]-FPP @) DO 1.6+0.2
[3,6-bis+3C]-farnesol 8) CDClz 3.6+0.2
[3,6-bis+3C]farnesol 8) CD;0OD 3.3+0.2
[3,6-bis3C]FPP &) D,O 35+02
[3,6-bis23C]FPP 6) D,0/CD;0D 35+0.2
[3,6-bis3C]geranylgeraniol) CeD12 3.4+£0.2
[3,6-bis*3C]geranylgeraniol) C¢Ds 3.54+0.2
[3,6-bis3C]geranylgeraniol§) CDCl; 3.7+£0.2
[3,6-bis+3C]geranylgeraniol§) CD;OD 3.7+ 0.2
[3,6-bis3C]geranylgeraniol) CDs;S(O)CD; 3.4+£0.2
[3,6-bis*3C]GGPP ) DO 3.7+ 0.2

aThe error in théJc_c coupling constant measurements is estimated
on the basis of the digital resolution of the NMR spectra (see
Experimental Section). The saméJc_c coupling constant was obtained
for both a~5 mM solution and a~10 mM solution of5.51® ¢The
3Jc-c coupling constant was obtained from-d0 mM solution of7.51°

All of the coupling constants discussed above were deter-
mined in deuteriochloroform, a relatively hydrophobic solvent.
It might be expected that the isoprenoid chain would assume a
more folded conformation in a more polar solvent. TRE
NMR spectrum of farnesoB was thus also obtained in the
significantly more polar solvent methand; which indicated
a slightly lower preference for a trans arrangement about the
C4—Cs bond, although the magnitude of the change (0.3 Hz)
was small. Thus, the£Cs bond in [3,6-bist*C]geranylgeraniol
6 was probed in several different solvent environments to
determine in a more careful manner how solvent polarity
influences the conformation of the prenyl chain. The results
indicate that there are no significant differences in conformation
about the G—Cs bond between solvents with different polarity.

In fact, the spectrum in the most polar solvent used, DMiO-
gave an observed coupling constant exactly the same as that in
the least polar solvent used, cyclohexahg{Table 1).

The 13C NMR spectra of diphosphatet 5, and 7 were
determined in RO, as FPP and GGPP are water-soluble, and
water is the biologically relevant solvent. It might be supposed
that the hydrophobic farnesyl moiety of FPP would exist in a
more folded, globular form in water and that the gauche
conformation in the hydrocarbon chain would be observed. Such
folded conformations correspond to those required for the
cyclization of FPP to various sesquiterpene structures. However,
the coupling constants observed #(1.6 Hz) and5 (3.5 Hz)
in D,O arevirtually identical to those observed fa2 and 3
(respectively) in CDG The coupling constants for the [3,6-
bis-*C]FPP and GGPP analogugand7 were observed to be
3.5 and 3.7 Hz, respectively (Table 1). This confirms that the

§onformation of the &-Cs bond in solution is primarily trans

and that chain length does not influence the conformational
preferences of the prenyl moiety. Again, there was no significant
difference between the conformation of geranylgeraGiahd
the diphosphat@ in these experiments. The proton and carbon-
13 NMR spectra of these two compounds provided no evidence
of aggregation at the concentrations investigated in these
experiments. Furthermore, essentially no change in the coupling
constant of the [3,6-bi$*C]FPP analogu6 was seen when the
concentration was varied from10 to~5 mM 510 or with ~50:
50 D,O/CD;0D as a solvent. Presumably, the more hydrophobic
solvent methanol would have disrupted any aggregation by the
hydrophobic farnesyl chains.

Molecular Dynamics Simulations of Farnesol Conforma-
tion. The conformational preferences of the isoprenoid chain
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Figure 7. Profiles of the torsional anglegl—¢4 of farnesol as a function of MD simulation time (left column, conforma#oms a starting
structure; right column, conformatid® as a starting structure). The dihedral angles of farnesol are defined as follogdn@s—Cs—Cs—C;s); ¢2
(C6—Cs—Cs—C3); 93 (Co—Cg—C7—C1s); 94 (Cio—Co—Cs—Cy).

have been examined by several workers previously, with the resembling the crystal structure of FPP bound with farnesyl-
most recent MM3 studies performed by Facke and Betger. transferase (PDB: 1ft1) and the otherE) adopting a coiled
The calculated conformations determined by these workers wereconformation ¢2 and ¢4: gauche) were used in this MD
consistent with their (and thus our) NMR results. However, we simulation study (Figure 7 and Table 2). Note that the dihedral
wished to examine in more detail the conformational preferencesangles of farnesol are defined as followgl (Cs—Cs—Cs—

of the isoprenoid chain by computational methods. Such studiesCis); ¢2 (Cs—Cs—Cys—C3); ¢p3 (Co—Cs—C7—Cr4); ¢4 (Cro—
were particularly important in view of the surprisingly solvent- Co—Cg—C7). The coiled conformatiorB was employed to
insensitive nature of the NMR results described above. Note determine the effect of the starting structure on the MD
that traditional energy minimization alone (such as MM3 and trajectory. Figure 8 shows 1-ns torsional trajectories of the
related procedures) limits the structure to the local minimum farnesol molecule for both conformatioAsandB. In general,

in the region of conformation space afforded by the starting the extended form of farnesol is dynamically favored in both
structure. The molecular dynamics (MD) method shows its MD runs. In both cases, torsional angl¢2 and ¢4 were
advantage by allowing the system to surmount energy barriersdistinctively locked into a trans conformation, which is con-
that are of order okgT per degree of freedom. They thus sistent with the solution NMR conformational studies described
extensively sample the conformational space and obtain struc-above. It is also quite similar to the conformations observed by
tural details complementary to those elucidated from experi- crystallograph§? and solid-state NMR (vide infra) in the active

ments. ) ) . (52) Long, S. B.; Casey, P. J.; Beese, LBRichemistry1998 37, 9612
Two starting conformations of farnesol, on&;(Figure 1) 9618.




Active Site of Protein-Farnesyl Transferase J. Am. Chem. Soc., Vol. 122, No. 30, 2089

Table 2. Torsional Angles ofp1—¢4 in the FPP Crystal Structure,

‘ | are plotted along with a set of simulated rotational resonance
ConformationsA and B2

exchange curves corresponding to distances between 4.1 and

cryst struct A B 4.7 A. The rotational resonance exchange curve for the FPP
o1 —69 —68 386 model compound (i.e§ in the solid form not bound to mFTase)
@2 -171 —178 69 corresponds to a distance of 450.2 A. The 6,15-big3C labels
¢3 112 —76 79 are 4.5 A apart when the farnesyl moiety of the FPP molecule
4 —159 —178 65 is in a planar trans conformation. The exchange curve for FPP

bound in the active site of mFTase corresponds to a distance of
4.4+ 0.2 A. This distance correlates very well with the 4.44-A
distance in the crystal structure of mFTase containing bound
FPP reported by Long et 8.The RR-derived distance rules
out FPP conformations with large deviations in torsions about
from gauche to trans at300 ps. Similarly, it was observed the G—C, and G—Cs bonds. Depending on the magnitude of
that the torsion of4 experienced a significant migration from  these two torsion angles, the distance between the lab#led
gauche to trans in the early stage of the simulation. This Sites can vary between2.6 and 4.5 A.
indicates that the conformational space of farnesol was exten-
sively explored and sampled, and varying the starting conforma-
tion of farnesol does not affect its resulting dynamic profile. ~ With the target compounds synthesized and the coupling
The conformation between the second and third double bondsconstants determined for the alcohols and diphosphates, we
(i.e.,»4) was not investigated experimentally through synthesis could determine important information concerning the solution-
and NMR analysis of a specifically labeled farnesol analogue. phase conformation of the isoprenoid derivatives. The 1.6-Hz
However, the similarity of the MD simulations f@2 and¢4 coupling constant observed with [5,15-Bf€]farnesol2 and
indicates that the conformation abo@# is similar to the FPP @) is consistent with a skew (9Pconformation about the
conformation of¢2 that was determined through analysis of Csz—Ca bond, while the coupling constants of the [3,6-bi€}-
the NMR spectra o8. The torsions ofp1 and¢3 were not as farnesyl and geranylgeranyl analogu8sg, 6, and7) indicate
strictly confined within a narrow angle range as were torsions that G,—Cs bond exists primarily in the trans-(L8C°) confor-
of $2 and¢4. For both starting conformations, it is evident that mation. These values are essentially identical to those deter-
the majority of the populations apl and ¢3 are near 99 mined by Facke and Berger for unlabeled farnesol using a pulse-
although they can easily swing betwee60° and+60°. Thus, transfer sequence for the determinatior’af ¢ valueg! and
the MD studies appear to confirm the solution NMR results thus provide further confirmation of the validity of their method.
that indicate a preference of thé bond for a skew arrangement, These values are also consistent with the molecular dynamics
but indicate that it still retains significant conformational studies described above. Note in particular that the skew
flexibility about this average position. configuration about the £-C, bond and the trans configuration
Solid-State NMR Studies. The [6,15-bisl®C]FPP 8 was about the G—Cs bond are reproduced in the MD simulations,
complexed with recombinant mammalian protein-farnesyltrans- irrespective of whether an extended or folded conformation of
ferase (MFTaséf and the resulting complex was lyophilized farnesol is used as a starting point (Figures 7 and 8).
to give a powder. Control experiments demonstrated that Chemical reactivity studies by van Tamelen and Breslow with
lyophilized mFTase retains its activity when reconstituted, and farnesol and geranylgeraniol derivatives (and other isoprenoids)
thus presumably its active site retains its three-dimensional shapehave indicated that they frequently undergo preferential reaction
in the solid state. Note also that the affinity of mFTase for FPP at the terminal olefin moiet$2® They have argued that these
is quite high Kp ~ 2 nM) 532 and thus (a) it is likely that the  results indicate that isoprenoids prefer a folded or self-coiled
labeled FPP will remain bound to the active site of mFTase conformation, particularly in hydrophilic solvents. However, the
and (b) solid-state NMR techniques are clearly appropriate for observed coupling constant for [3,6-BfG]geranylgeraniob
studies on the structure of this tightly bound ligand. Rotational is essentially the same ins& sobents of widely different
resonance MAS NMR was used to determine the conformation polarities (cyclohexane, benzene, chloroform, methanol, and
of FPP in the active site of the enzyme. Figure 9 presents the DMSO: 3Jc ¢ = 3.4-3.7 Hz). The largéJc_¢ values observed
MAS NMR spectrum of mFTase with bound [6,15-BfG]FPP in all solvents are consistent with either a primarily trans or a
8. The labeled'3C resonances are observed as sharp lines atprimarily eclipsed conformation and inconsistent with a gauche
124.1 and 16.6 ppm. The line width of 110 Hz is consistent or skew conformatiod?2® Eclipsed conformations can be
with the prenyl chain of FPP having a single conformation. No eliminated by the energetic barrier to such hindered conforma-
dipolar splittings were observed in the rotationally coupled tions, as confirmed by molecular mechanics calculations, and
resonances, indicating that the labeled sites were separated byre particularly unlikely in hydrophobic solvents such as
>3.8 A38 To drive the rotational resonance magnetization cyclohexane. This indicates the conformational stability of the
exchange, the olefiniC resonance at 124.1 ppm was inverted trans arrangement about thg-€Cs bond in the isoprenoid chain
and the spinning speed was adjusted to 9716 Hz. This corre-must outweigh any unfavorable interactions incurred by the

aThe dihedral angles of farnesol are defined as followigd:(Cs—
C4—C35—Cas); 92 (C—Cs5—Cs—C3); ¢p3 (Co—Cs—C7—Crs); ¢4 (Cio—
Co—Cs—C).

site of FTase. For conformatioB, the torsion of¢2 shifted

Discussion

sponds to the@ = 1 rotational resonance condition. Magnetiza-
tion exchange at the=1 condition is largely insensitive to the
chemical shift and dipolar tensor orientations.

hydrophobic group in BO. This apparently surprising result is
consistent with Menger's findings théic._c measurements for
the G—C,4 bond in n-undecane do not vary as the solvent

Figure 10 presents the observed rotational resonance exchangenvironment is changed from chloroform to water/ethanol

curves for the FPP model compouBdfilled circles) and for

mixtures>4:55

FPPS8 bound to mFTase (filled squares). The experimental data The studies on other solvents are interesting and instructive,

(53) (a) Yokoyama, K.; Zimmerman, K.; Scholten, J.; Gelb, M.JH.
Biol. Chem.1997, 272, 3944-3952. (b) Scholten, J. D.; Zimmerman, K.
K.; Oxender, M. G.; Leonard, D. M.; Sebolt-Leopold, J.; Gowan, R.; Hupe,
D. J.;J. Biol. Chem1997, 272, 1807718081.

particularly from a theoretical point of view, but water is a

(54) (a) Menger, F. M.; Dulany, M. A.; Carnahan, D. W.; Lee, L.H.
Am. Chem. Sod. 987 109 6899-6900. (b) Menger, F. M.; Angelo, L.
L. J. Am. Chem. S0d.988 110, 8241-8242.
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Figure 8. Profile of G—C;s distances in farnesol as a function of MD simulation time. The left figure represents the trajectory starting from an
extended conformationd( Figure 1), and the right figure represents the trajectory starting from a coiled conformBtibig@re 1).
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Figure 9. Representative rotational resonance MAS NMR spectra of _. . N
the 8—mFTase complex. The sharp, intense peaks at 124.1 and 16.6719ure 10. Rotational resonance magnetization exchange curves for

ppm are due to the labeled atoms in [6,15-8&JFPP 8. In the [6,15-bis3C]FPPS (filled circlgs) and the[6,15-bi§C]FPP8—mFTa_se
experiment, the peak at 124.1 ppm was inverted, and the spectra incomplex (open squares). Simulated curves are shown for different

panels A and B indicate the magnetization exchange between the I(:lbeledmemU_CIear distanf:es between th&6-and 15%30 labels. The curves
peaks at 1Qis and 30 ms, respectively. were simulated using a T2ZQ of 1.5 ms derived from the best to the

FPP model compound and an internuclear distance of 4.5 A.

fundamentally different solverid®. Moreover, FPP and GGPP )

are water-soluble, they are the key biological compounds of the proton and carbon-13 NMR spectra of the diphosphates
interest, and water is the biologically relevant solvent for these Provide no evidence of aggregation in@ and essentially no
molecules. Thus, conformational studies on labeled FPP andchange in coupling constant 6fwas seen when methanol was
GGPP analogues inJ are central to our study. A comparison US€d as a cosolvent. Furthermore, the lacRlgfc variation
of the coupling constants for the labeled farnesol and geranyl- Wlth_ solyent also argues strongly against extensive prenyl chain
geraniol analogues in various nonaqueous solvents, and thdolding in polar solvents such as methanol or water.

coupling constants for the related diphosphates,@,indicates These findings with the diphosphates are quite surprising
that there iessentially no difference in conformation in water Pecause the hydrophobic farnesyl and geranylgeranyl moiety
(Table 1). This is particularly surprising férand7 in view of of FPP and GGPP would be expected to exist in a more folded,

the expected preference of the prenyl chain for folded confor- globular form in water, and gauche conformations in the
mations in water. Micelle formation by FPP and GGPP in water hydrocarbon chains would be expected to predomifigt&he

could account for the lack of gauche coupling constants observegd€termination of the preferred solution conformation of FPP
with the 3,6 bisl3C-labeled FPP and GGPP analogGesd?. has important additional implications, beyond the design of FPP-
However, Menger found that the gauche conformational prefer- based FTase inhibitors. Structural studies on dolichol and

ence of hydrocarbon chains is increased, rather than decreased!biquinone have indicated the presence of folded conformations
in micelles® Thus, it is unlikely that the observed coupling for these isoprenoid®;?” and these folded conformations may

constants are due to micelle or aggregate formation. Moreover,have important implications for their biological activities. It
should also be noted that isoprenoid folding is key for the

(55) Note that the overall trans (extended) conformational preference biogenesis of cyclic terpenes and steroids from acyclic iso-
seen in this study stands in sharp contrast to the significant proportion of

; 34 . . :
gauiche conformers calculated based on early structural studies on amorphou"€n0id precursors?4Thus, the issue of the extent of isoprenoid
trans-1,4-polyisoprene: Mark, J. EL. Am. Chem. Sod.966 88, 4354 folding in solution is central to a number of issues concerning

4359. Mark, J. EJ. Am. Chem. Sod967 89, 6829-6835. Flory, P. J. their chemistry and biological activity. It is important to note

Statistical Mechanics of Chain Molecuje®hn Wiley & Sons: New York, : : . .
1969; p 192-198. However, the structures of crystalliteans1,4- that NMR studies such as those described in this paper only

polyisoprene (Takahashi, Y.; Sato, T.; Tadokoro, H.; Tanakd, Polym. prOVIde a tlme—averaged view of the conformation of flexible
Sci. 1973 11, 233-248) and its inclusion complex with perhydrotri- molecules such as these isopren@?d?s,‘l’hus, our results
phenylene (Tonelli, A. EMacromolecule499Q 23, 3134-3137) indicate
that in these environments this polymer does adopt an entirely trans, (56) Breslow, RAcc. Chem. Red991 24, 159-164.
extended conformation. The relationship of these polymer studies to our  (57) Engberts, J. B. F. NRure Appl. Chem1995 67, 823-828.
solution studies is unclear, but we thank a reviewer for bringing them to (58) Gajewski, J. JAcc. Chem. Red.997 30, 219-225.

our attention. (59) Jiang, X.-K.Acc. Chem. Red.988 21, 362-367.
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certainly do not exclude the presence of conformers of FPP or We have used rotation resonance MAS NMR in conjunction
GGPP that have a gauche configuration about theGg bond with the labeled FPP analog8edo determine the conformation
and thus are folded in solution. However, our results do of the prenyl chain of FPP in the active site of mFTase. These
demonstrate that (a) such conformers are a small minority of results demonstrated that FPP is in an extended trans conforma-
the total molecular ensemble and (b) the proportion of folded tion in the active site of the enzyme. The exchange curve
conformations does not increase as solvent polarity increasescorresponds to a 4.4-A distance that is in excellent agreement
These studies on FPP and GGPP may also provide insightwith the 4.44-A distance reported in the crystal structure of the
into the general problem of the influence of hydrophobic FTase bound to FP®The rotational resonance-derived distance
effect$ on the conformation of small molecules in water. This rules out FPP conformations with large deviations in torsions
is a subject of significant current interest, due to the role of about the G—C, and G—Cs bonds and provides further
hydrophobic effects in many biological processes such as proteinevidence that verifies the preferred extended conformation of
folding. The acceleration of certain organic reactions in water the isoprenoid chains. The solution-phase structure of FPP and
has provided a key area for the study of hydrophobic effects GGPP, as determined from our NMR studies, does not resemble
on small molecule& although the interpretation of these effects the folded conformations that have been found to exist in the
is not straightforward, and factors other than hydrophobic active site of various sesquiterpene cycladés.Instead, the
induced association may in part lead to the observed ratesolution structure of FPP and GGPP seems to resemble the
acceleration87-°8 Several lines of evidence indicate that small extended conformation found in the FPP binding site in
flexible hydrophobic molecules can undergo self-coikf§? mammalian FTas&57 It is always difficult and risky to make
such as that proposed by van Tamelen and Breslow for farnesylarguments concerning the protein-bound conformations of
and geranylgeranyl derivatives. For example, NMR studies have molecules based on their preferred conformations in solution
indicated that the complex isoprenoid-derived anticancer drugsor in silico. However, because of the high affinity of FTase for
Taxol (paclitaxel) and Taxotere undergo a prominent confor- FPP Kp ~ 2 nM)5% it is perhaps not surprising that FPP
mational shift to a folded or “collapsed” form in polar/aqueous apparently binds to this enzyme in its low-energy conforma-
solventsilaband this form may be of importance for its binding  tion.52 The solid-state results presented here serve primarily to
to tubulin3® Moreover, Wiley and Rich have extensively confirm the previous crystallographic studies on the FPP
characterized the “hydrophobic collapse” exhibited by certain mFTase complex. It is anticipated, however, that various
peptidic enzyme inhibitors and the important pharmacological prenylated peptides and proteins derived fr8rand related
consequences of this conformation skifdlowever, in carefully labeled isoprenoids will prove to be valuable tools to investigate,
designed model systems, detailed NMR studies by Gellman andin conjunction with solid-state NMR techniques, the conforma-
co-workers have produced conflicting results concerning the tion of the farnesyl group in a variety of other environments
ability of small molecules to undergo water-induced folding or not amenable to crystallographic studies.
self-coiling due to the operation of the hydrophobic efféét
In order for folding or self-coiling of a small flexible molecule  Experimental Procedures
to be preferred in solution, the unfavorable interactions of the General Synthetic ProceduresReactions that were sensitive to air

hydrophobic chain with the_hydmph”'c s_olvent must OUtWe'gh and/or water were conducted in flame-dried glassware under an argon
the unfavorable conformational effects induced by folding of 5imosphere. Moisture-sensitive reagents were transferred by syringe
the isoprenoid chain, in particular, the introduction of gauche and placed in the reaction flask through rubber septum caps. All
or eclipsing interactions into the chain. It does not appear from reactions were stirred with a magnetic bar. Solvents and organic and
our studies that the hydrophobic effect is sufficient to overcome inorganic reagents were obtained from Aldrich Chemical Co., Fisher
the basic conformational preferences of the farnesyl and Scientific, and VWR Scientific unless otherwise noted. All reagents
geranylgeranyl moiety; however, note the caveat concerning and solvents were used without further purifi<_:ation u_nless_otherwise
time-averaged nature of NMR studies (vide sujta). noted. To prepare anhydrous solvents used in reaction mixtures, the

Mammalian FTase is a key drug target, and it thus has beenfollowing procedures were used: THF and diethyl ether were distilled

the subject of several solution NMEE6 and crystallographic from Na/benzophenone; dichloromethane was distilled from £aH

toluene was dried and stored over activated 3-A molecular sieves. Flash
inB2,67-70 ; i oA
structural studie? but no previous MAS NMR studies. column chromatography was performed with silica gel 60 (28860

(60) Jiang, X.-K.; Ji, G.-Z.; Tu, B.; Zhang, X.-Y.; Shi, J.-L.; Chen, X.  mesh). Thin-layer chromatography was conducted on precoated alumina
J. Am. Chem. Sod995 117, 12679-12682. plates or glass plates, which were visualized with UV and/or a 10%
(61) (a) Vander Velde, D. G.; Georg, G. |.; Grunewald, G. L.; Gunn, C. phosphomolybdic acid/ethanol solution. HPLC was performed on a

W.; Mitscher, L. A.J. Am. Chem. Socl993 115 116506-11651 and ; e
references therein. (b) Snyder, J. P.; Nevins, N.; Cicero, D. O.; Jansen, J.Waters system with a UBK injector, two 501 pumps, and a 490E

J. Am. Chem. So@00Q 122, 724-725 and references therein. multiwavelength UV dgtector. .
(62) Wiley, R. A; Rich, D. H.Med. Res. Re 1993 3, 327—384. [5-13C]Ethyl 7,11-Dimethyl-3-oxododeca-6E),10-dienoate (15).
(63) Newcomb, L. F.; Haque, T. S.; Gellman, S.HAm. Chem. Soc. The sodium salt of ethyl acetoacetate (1.99 mmol, 303 mg) was
1995 117, 6509-6519. dissolved in tetrahydrofuran (THF, 2.8 mL) and cooled tc°®@.

So?ggfrflnge%& 13-52032”5“":‘”50”' L. A; Gellman, S.HAm. Chem. 1 Bytylithium (2.0 M in cyclohexane, 2.08 mmol, 1.04 mL) was added

(65) Stradley, S. J.; Rizo, J.; Gierasch, L. Biochemistry1993 32, dropwise and_the reaction stirred at®© for 25 min. Th(_e 113C-labeled
12586-12590. geranyl bromidel3 (0.99 mmol, 217 mg; prepared via the method of

(66) Koblan, K. S.; Culberson, J. C.; deSolms, S. J.; Giuliani, E. A.; Urano and colleaguésas described in the Supporting Information)
Mosser, S. D.; Omer, C. A.; Pitzenberger, S. M.; Bogusky, MPratein was added directly by syringe and the reaction stirred for 1.25 h at 0
Sci. 1995 4, 681-688. °C. The mixture was then poured into a cold saturated solution of

L gﬂs);):rzléel"ggvyzfgdllgg&fs& Moomaw, J. F.; Casey, P. J.; Beese, ,qiassium hydrogen phosphate (20 mL) and was extracted with ether

(68) Dunten, P.; Kammlott, U.; Crowther, R.; Weber, D.; Palermo, R.; (3 x 20 mL). The combined organic layers were washed with water
Birktoft, J. Biochemistryl998§ 37, 7907-7912. (20 mL), dried over MgSQ filtered, and concentrated. Flash chroma-

(69) Strickland, C. L.; Windsor, W. T.; Syto, R.; Wang, L.; Bond, R.;  tography using a 9:1 hexane/EtOAc solvent system afforded 136 mg
Wu, Z.; Schwartz, J.; Le, H. V.; Beese, L. S.; Weber, PB@chemistry
1998 37, 16601-16611. (71) Cane, D. EAcc. Chem. Red.985 18, 220-226.

(70) Long, S. B.; Casey, P. J.; Beese, L.S&uct. Folding Des200Q (72) Lesburg, C. A,; Zhai, G.; Cane, D. E.; Christianson, D.Stience
8, 209-222. 1997 277, 1820-1824.
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(51%) of desired produdt5 as an oil: *H NMR (300 MHz, CDC}) 6
1.25 (t, 3H), 1.61 (s, 6H), 1.68 (s, 3H), 1:98.05 (m, 4H), 2.28 (app
d of quartetsiJc—ny = ~160 Hz; overlaps with peaks at2.0 and 2.55
ppm), 2.55 (m, 2H), 3.43 (s, 2H), 4.19 (q, 2H), 5.05 (br, 2H).
[5-13C]Ethyl 3-(Trifluoromethylsulfonyloxy)dodeca-7,11-dimethyl-
2(E),6(E),10-trienoate. (16) The labelegb-ketoested 5 (0.511 mmol,
136 mg) was dissolved in THF (1.3 mL) and added to a solution of
potassium bis(trimethylsilyl)amide (KHMDS; 0.5 M in toluene, 0.61
mmol, 1.23 mL) at-78°C. After 1.5 h at=78°C, a solution of 24N,N-
bis(trifluoromethanesulfonyl)Jamino-5-chloropyridine (0.613 mmol, 241
mg) in THF (0.32 mL) was added dropwise. The reaction mixture was
stirred at room temperature overnight and then taken up2® mL of
ether. The reaction mixture was then washed with a 10% citric acid
solution (2 x 20 mL) and water (Ix 10 mL). The ether layer was
then dried over MgS@ filtered, and concentrated. Flash chromatog-

Zahn et al.

in the next step without purification. Tris(tetrabutylammonium) hy-
drogen pyrophosphate (0.16 mmol, 146 mg) and 5,15-bis-carbon-13
farnesyl chloride were dissolved in acetonitrile (1.2 mL) and the
resultant mixture stirred for 2.5 h at room temperature. After removal
of the acetonitrile solvent, the residue was dissolved-® InL of
ion-exchange buffer (1:49 v/v 2-propanol and 25 mM JNI€O;) and
was passed through a column containirgl® mL of cation-exchange
resin (Dowex AG 50W-X8, 106200 mesh (Bio-Rad Laboratories,
Richmond, CA), NH" form). The column was eluted with two column
volumes of ion-exchange buffer at a flow rate L mL/min. The
eluent was dried by lyophilization, and a pale yellow solid was obtained.
The crude product was dissolved ir-3 mL of 25 mM NHHCOs

and purified by reversed-phase HPLC using a program of 5 min of
100% A followed by a linear gradient of 100% A to 100% B over 30
min (A, 25 mM aqueous NHHCO;, pH 8.0; B, CHCN; Vydac pH-

raphy (95:5 hexane/ethyl acetate) afforded 69 mg (34%) of the desired stable G 10 x 250 mm column; flow rate, 3.0 mL; UV monitoring at

productl6 as an oil: *H NMR (300 MHz, CDC}) ¢ 1.28 (t, 3H), 1.60
(s, 6H), 1.68 (s, 3H), 2:62.1 (m, 4H), 2.29 (app d of quartetdc_n
~ 126 Hz; partially overlaps with peak &at2.05 ppm), 2.42 (m, 2H),
4.21 (g, 2H), 5.07 (br, 2H), 5.74 (s, 1HFC NMR (75 MHz, CDC})
o0 intense peak at 24.14 due R label.

[5,15-Bis*C]ethyl 3,7,11-Trimethyldodeca-2E),6(E),10-trienoate
(17). In a flame-dried flask equipped with a condenser, magnesium
turnings (170 mg) were placed in ether (4.0 mL, distilled from Na/
benzophenone)XC]Methyl iodide (7.0 mmol, 1.0 g) was added to
this solution and stirring was continued for 45 min at room temperature.
In a separate flame-dried flask, CUCN (0.932 mmol, 83.5 mg) was
dissolved in ether (1.0 mL) and cooled t6/8 °C. A portion of the
[C]methylmagnesium iodide~(1.7 M, ~1.7 mmol, 1.0 mL) prepared
above was added dropwise, and the mixture was warmed @ for
5 min and then recooled te 78 °C. A solution of the [5*C]farnesyl
triflate 16 (0.34 mmol, 137 mg) in 1.0 mL of ether was added dropwise
and the reaction stirred for 2.5 h a8 °C. The reaction mixture was
warmed to 0°C and quenched with N/l (2 mL). The organic layer
was separated, and the aqueous layer was extracted with etke2(3
mL). The combined organic layers were dried over MgSitered,

214 and 254 nm). The fractions containing the diphosphate (retention
time of 17 min) were collected, pooled, and dried by lyophilization, to
afford 13 mg (86%) of pure [5,15-biSC]FPP4 as a fluffy solid: *H

NMR (300 MHz, D,O) 6 1.60 (s, 6H), 1.68 (s, 6H), 1.22.1 (m,

8H), 4.55 (t, 2H), 5.15 (br, 2H), 5.53 (m, 1H3'P NMR (122 MHz,

D,0) 0 —6.83,—10.81;1%C NMR (125.6 MHz, BO) é two intense
peaks fromt3C-labeled carbons: 25.558 and 15.580 ppds-c = 1.6

Hz). Due to the hygroscopic and amorphous nature of the diphosphates,
and the limited amounts available, these compounds were not character-
ized by elemental analysis. However, these compounds were always
purified by reversed-phase HPLC, and their purity and identity was
confirmed by analytical reversed-phase HPLlE,NMR, 3P NMR,

and in some cases quantitative phosphate andysis.

[3,6-Bis+*Clethyl 7,11-Dimethyl-3-oxododeca-@£),10-dienoate
(23). A suspension of sodium hydride (2.3 mmol, 92 mg, 60% in
mineral oil) in THF (3.4 mL) was cooled to OC. [3-°C]Ethyl
acetoacetate (Cambridge Isotope Laboratories; 2.0 mmol, 260 mg, 0.26
mL) was added; after 10 min-butyllithium (2.0 M in cyclohexane,

1.6 mmol, 0.80 mL) was added dropwise and stirring was continued
for an additional 10 min at OC. To the resulting dianion of ethyl

and concentrated. Flash chromatography (20:1 hexane/ethyl acetatepcetoacetate2@), a solution of the previously prepared geranyl bromide

afforded 39 mg (46%) of the desired product as an 8#i:NMR (300
MHz, CDCk) 6 1.25 (t, 3H), 1.60 (s, 6H);-2.1 (app d of multiplets,
2H, ey ~ 140 Hz), 2.01 (m, 6H), 2.16 (d, 3HJc-n ~ 126 Hz),
4.10 (g, 2H), 5.08 (br, 2H), 5.65 (d, 1H).
[5,15-Bis*3C]-3,7,11-trimethyldodeca-2E),6(E),10-trien-1-ol ([5,15-
Bis-3C]farnesol, 2). A solution of 17 (0.21 mmol, 52 mg) in toluene
(0.5 mL) was cooled te-78 °C and treated with DIBAL-H (1.0 M
solution in toluene, 1.0 mmol, 1.0 mL). Afté h at—78°C, the reaction

21 (0.92 mmol, 200 mg; prepared via the method of Urano and
colleague® as described in the Supporting Information) in THF (0.54
mL) was added. The reaction was stirred oh at 0°C and was
quenched wh 2 N HCI (15 mL). The organic layer was separated,
and the aqueous layer was extracted wattt-butyl methyl ether (3x

30 mL). The combined organic layers were washed with brine (30 mL),
dried over MgSQ filtered, and concentrated. Flash chromatography
(9:1 hexane/ethyl acetate) gave 63 mg (26%) of the pure pr@8ict

was quenched by addition to saturated aqueous potassium sodiumtH NMR (300 MHz, CDC}) 6 1.25 (t, 3H), 1.61 (s, 6H), 1.68 (s, 3H),
tartrate (~30 mL). The organic layer was separated, and the aqueous 2.0-2.1 (m, 4H), 2.29 (m, 2H), 2.56 (m, 2H), 3.42 (d, 2Hc-+ ~ 5

layer was extracted with ethyl acetate X330 mL). The combined
organic layers were washed with water X120 mL) and brine (1x
20 mL), dried over MgSQ filtered, and concentrated. Flash chroma-

Hz), 4.18 (q, 2H), 5.06 (dt, 1HJc-1 = 153 Hz), 5.06 (br t, 1H).
[3,6-Bis3CJethyl 3-(Trifluoromethylsulfonyloxy)dodeca-7,11-
dimethyl-2(E),6(E),10-trienoate (24). The 3,6-bist*C-labeleds-keto

tography (9:1 hexane/ethyl acetate) afforded 45 mg (96%) of the desired ester23 (0.589 mmol, 157 mg) was triflated as described above for

product as an oil*H NMR (500 MHz, CDC}) 6 1.60 (s, 3H), 1.65 (d,
3H, ey = 108 Hz), 1.68 (s, 6H), 1.982.05 (m, 6H), 2.14 (¢
CHy, dq, 2H,%c—y = 105 Hz), 4.14 (d, 2H), 5.08 (br, 2H), 5.41 (t,
1H); C NMR (125.7 MHz, CDCJ) 6 16.27 (large peak] = 1.6 Hz),
17.81, 23.75, 26.12, 26.29 (large pedk; 1.6 Hz), 26.50, 27.21, 28.21,

59.02, 122.85, 123.41, 123.69, 124.18, 131.51, 135.87; HRMS calcu-

lated for3C,Ci3H260: 224.2051; found 224.2052.
[5,15-Bis#3C]-3,7,11-trimethyldodeca-2E),6(E),10-triene Diphos-
phate ([5,15-Bist3C]FPP, 4).In a flame-dried flaskN-chlorosuccin-
imide (0.134 mmol, 18 mg) was dissolved in 0.6 mL of dichloromethane
and the resultant mixture cooled 60 °C. This solution was treated
with dimethyl sulfide (0.14 mmol, 1kL) and warmed to OC for 5
min. The mixture was recooled t630 °C, a solution of [5,15-bis-
3Clfarnesol2 (0.121 mmol, 27 mg) in 1.0 mL of C¥l, was added
dropwise, and the reaction was then warmed back %6 @nd stirred

15, using KHMDS (0.5 M in toluene, 0.71 mmol, 1.42 mL), &;N-
bis(trifluoromethanesulfonyl)amino]-5-chloropyridine (0.71 mmol, 280
mg), and THF (1.73 mL), followed by workup as described previously.
Flash chromatography (95:5 hexane/ethyl acetate) afforded 90 mg (38%)
of the desired produc24 as an oil: *H NMR (300 MHz, CDC}) 6
1.30 (t, 3H), 1.60 (s, 6H), 1.68 (s, 3H), 2.03 (m, 4H), 2.20 (m, 2H),
2.42 (m, 2H), 4.29 (g, 2H), 5.06 (dt, 1FJc_n = 153 Hz), 5.06 (br,
1H), 5.73 (d, 1HAJc—n = 8.1 Hz).

[3,6-Bis+3C]ethyl 3,7,11-Trimethyldodeca-2E),6(E),10-trienoate
(25). Triflate 24 (0.23 mmol, 90 mg), copper iodide (0.023 mmol, 4.4
mg), triphenylarsine (0.023 mmol, 7.0 mg), and bis(benzonitrile)-
palladium(ll) chloride (0.011 mmol, 4.4 mg) were placed in an argon-
flushed flask and dissolved M-methylpyrrolidone (anhydrous, 99.5%,
0.3 mL). The mixture was heated to 10Q and stirred for 30 min.
Tetramethyltin (0.46 mmol, 81.4 mg, 0.06 mL) was added to the

at this temperature for 2 h. The ice bath was removed, and the reactionsp|ution and stirring continued for18 h at 100°C. The reaction
was allowed to warm to room temperature and stirred for an additional mixture was cooled to room temperature and taken up in ethy| acetate

15 min. The mixture was added to hexane (20 mL) and washed with

brine (2 x 20 mL), dried over MgS@ filtered, and concentrated to
yield 9 mg (31%) of crude farnesyl chloride, which was used directly

(73) Cassidy, P. B.; Dolence, J. M.; Poulter, C. \dethods Enzymol.
1995 250, 30—43.
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(30 mL). The organic solution was washed with 10% potassium fluoride (dt, 1H,%Jc-n = 149 Hz);*3C NMR (125.7 MHz, CDGJ) incorporation

solution (2 x 20 mL) and water (2x 20 mL). The aqueous layers  of the label was confirmed by the intense peak at 122.23 ppm.

were back extracted with ethyl acetate (25 mL), and the combined  [2-13C]-3,7,11-Trimethyldodeca-2E),6(E),10-triene 1-Bromide ([2-

organic layers were dried over Mg&Q@iltered, and concentrated. Flash  *C]Farnesyl Bromide, 29).[2-1*C]Farnesol8 (1.30 mmol, 290 mg)

chromatography (95:5 hexane/ethyl acetate) afforded 50 mg (82%) of was dissolved in methylene chloride (12 mL), and to this solution,

the desired produ@5s as an oil: *H NMR (300 MHz, CDC}) ¢ 1.28 triphenylphosphine (1.82 mmol, 477 mg), and carbon tetrabromide (2.27

(t, 3H), 1.60 (s, 6H), 1.68 (s, 3H), 2.00 (m, 4H), 2.15 (m, 7 H), 4.23 mmol, 753 mg) were added. The reaction was stirred for 2.5 h at room

(9, 2H), 5.09 (dt, 1H c-n = 151 Hz), 5.08 (t, 1H), 5.67 (s, 1H). temperature, and the solvent was then removed. Hexane (1.5 mL) was
[3,6-Bis+3C]-3,7,11-trimethyldodeca-2E),6(E),10-trien-1-ol ([3,6- added to the residue, and a white precipitate formed. The suspension

Bis-13C]farnesol, 3). A solution of 25 (0.19 mmol, 50 mg) in toluene ~ Was centrifuged, and the clear supernatant was concentrated. The

(0.9 mL) was cooled to-78 °C and treated with DIBAL-H (1.0 M resulting residue was taken up with hexanel (mL), and the process

solution in toluene, 0.52 mmol, 0.52 mL). The reaction was stirred for Was repeated. After three additional precipitation/centrifugation cycles,

1 h at—78 °C and was quenched by add|ng to saturated agueous the desired Carbon-13-|abe|ed famesy| bronfi@avas obtained (240

potassium sodium tartrate (40 mL). Workup and flash chromatography Mg, 64%) as a clear liquid*H NMR (300 MHz, CDC}) 6 1.60 (s,

as described above f@rafforded 39 mg (94%) of desired product as ~ 6H), 1.68 (s, 3H), 1.73 (d, 3HJc— ~ 5 Hz), 2.08 (m, 8H), 4.01 (dd,

an oil: *H NMR (500 MHz, CDC}) 6 1.60 (s, 6H), 1.68 (s, 6H), 1.96 2H, 2Jc-n = 4 Hz), 5.08 (br, 2H), 5.53 (dt, 1HJc-n = 159 Hz). The

2.11 (m, 8H), 4.14 (app t, 2H), 5.10 (t, 1H), 5.18 (dt, 8, 1 = 115 crude bromide was used directly in the next step.

Hz), 5.40 (dt, 1H2Jc_ = 6.8 Hz);13C NMR (125.7 MHz, CDCJ) o . [3,6-Bis+*Clethyl 7,ll,l‘_S-Trimethy]-S-oxohe_xadeca—ﬂE),10(E),14-
16.24, 16.72, 17.93, 25.94, 26.92, 26.95, 39.55, 39.93, 59.65, 121.52,trienoate (30). A suspension of sodium hydride (4.0 mmol, 160 mg,
123.13, 124.00 (FJc—c = 3.60 Hz), 131.60, 135.22, 140.12 fdc_c 60% dispersion in mineral oil) in THF (6.5 mL) was cooled t6@.

= 3.60 Hz); HRMS calculated fol3C,CigHoO: 224.2051; found  [3-**C]Ethyl acetoacetate (3.84 mmol, 50.3 mg, 0.49 mL) was added
224.2050. Examination of the proton and carbon-13 NMR spectra t0 solution, and after 15 mim-butyllithium (4.0 mmol, 2.0 M in
indicated that a minor amount of the ZBE)-famesol isomer was  cyclohexane, 2.0 mL) was added dropwise and stirring was continued
present in this sample along with the desired,gE)-isomer. This for an additional 1520 min at 0°C. To the resulting labeled dianion
mixture was readily separated by isocratic normal-phase HPLC (solvent Of ethyl acetoacetat@p), the previously prepared 2c-labeled farnesyl
system, 9:1 hexane/mettigirt-butyl ether; Waters Nova-Pak HR Silica ~ Promide29 (1.77. mmol, 508 mg) in THF (1.0 mL) was added directly.
7.8 x 300 mm columm; flow rate, 3.0 mL; UV monitoring at 214 and 1 Ne reaction was stirred f& h at 0°C and then quenched with 2 N
230 nm) to give the pure cis and pure trans isomers. HCI (15 mL). Th_e organic layer was separated, and the aqueous layer
[3,6-Bis3C]-3,7,11-trimethyldodeca-2E),6(E), 10-triene Diphos- was extracted witlert-butyl methyl ether (3« 20 mL). The combined
phafe (3.6 Bis-13&3],FPP 5). The [3 6-bisl3C],-farn'esoI3 (0.07 mmol organic layers were washed with brine (10 mL), dried over MgSO
16 mg) ,was convertéd .to the’ corresponding chlor.ide ud?hé filtered, and concentrated. Flash chromatography (9:1 hexane/ethyl
0, i 1
chlorosuccinimide (0.08 mmol, 11 mg), dimethyl sulfide (0.032 mmol, 2CState) afforded 257 mg (43%) of the desired prodact™H NMR

2.0uL), and 1.3 mL of dichloromethane as described abovd fahis {(3?;_'0)0 g/l;sz,(rg,Dz(ﬁ; 621562352,3 gﬁ)) ;E; ((gj 6H)~’ 15?482)(3461?( l.ga)(m’
chloride was then treated with tris(tetrabutylammonium) hydrogen - a0 A "~ 281G 2R,

1 =
pyrophosphate (0.13 mmol, 126 mg) in acetonitrile (1.0 mL) for 2.5 h 50[2 ét-jéislik%]‘]ect?l S(lTSrﬁ‘Iu'ler)rr?e?: I(stlljlfzcﬂn).lox Jhexadeca-7,11,15-
at room temperature. After solvent removal, the residue was subject to X Y Y YIoXY. .

. - i e
ion-exchange chromatography and then purified by reversed-pha:setrImGthyI 2(E).6(E), 10€).14-tetranoate (31).The 3,6 bis“C-labeled

HPLC as described above fdr to give 9 mg (72%) of pure [3,6-bis- ,fB—ketoest_eBO (0.768 mmol, 2_57 mgq) was triflated as described above
1 1 or 15, using KHMDS (0.5 M in toluene, 0.99 mmol, 2.0 mL), B;N-
SC]FPP5 as a fluffy solid: *H NMR (300 MHz, D;O) 6 1.60 (s, 6H), o ) -~
bis(trifluoromethanesulfonyl)amino]-5-chloropyridine (0.92 mmol, 362
1.68 (s, 6H), 1.2#2.1 (m, 8H), 4.55 (t, 2H), 5.15 (br, 2H), 5.53 (m, : .
a1 1 mg), and THF (2.4 mL), followed by workup as described previously.
1H); 3P NMR (122 MHz, BO) 6 —11.36 (d),—12.76 (d);**C NMR )
Flash chromatography (95:5 hexane/ethyl acetate) afforded 235 mg
(125.6 MHz, BO) 6 15.88, 16.08, 16.42, 17.60, 25.49, 26.05, 26.40, 65%) of the desired produgiL il 1H NMR (300 MHz. CDC
30.40, 63.38, 124.68, 124.95 @c_c = 3.30 Hz), 125.60, 134.17, (0270 ofthe desired produgl as an oil: ( z, CDCY
14'2 9'3 1;13 ;15 oG'J T 3'30 H : ' T = 01.30(t 3H), 1.60 (s, 9H), 1.68 (s, 3H), 1:93.15 (m, 8H), 2.28 (m,
93, 143.45 (dide-c = 3.30 Hz). _ 2H), 2.40 (M, 2H), 4.26 (q, 2H), 5.05 (dt, 1Mlc_y = 146 Hz), 5.09
[2-°C]Ethyl 3,7,11-Trimethyldodeca-2E),6(E),10-trienoate (27). (t, 2H), 5.73 (d, 1HZJc_ = 8.1 H2).
A suspension of NaH (60% dispersion in mineral oil; 8.99 mmol, 345 3 g gis13Clethyl3,7,11,15-Tetramethylhexadeca-&),6(€), 10E), 14-
mg) in 14.9 mL of 1,2-dimethoxyethane (DME) was cooled t80 tetraenoate (32).Triflate 31 (0.5 mmol, 235 mg), copper iodide (0.05

The commercially available #C-labeled triethyl phosphonoaceta mmol, 9.7 mg), triphenylarsine (0.05 mmol, 15.6 mg), and bis-
(8.88 mmol, 2.0 g) was added dropwise to the cold solution and stirred (penzonitrile)palladium(il) chioride (0.025 mmol, 9.5 mg) were placed
for 1 h at 0°C. A solution of geranyl acetors (9.99 mmol, 1.94 g, in an argon-flushed flask and dissolvedNiamethylpyrrolidone (0.64

2.22 mL) in 10.0 mL of DME was added dropwise to the reaction m|) The mixture was heated to 100 and stirred for 30 min.

mixture, and stirring was continued fer23 h at room temperature.  Tetramethyltin (0.99 mmol, 177 mg, 0.14 mL) was added to the
The reaction was cooled to @ and quenched with water (24 mL).  golytion, and stirring continued for18 h at 100°C. Workup and

The aqueous layer was extracted with ether<(310 mL), and the purification as described above fab afforded 100 mg (60%) of the
combined organic layers were dried over MgsSailtered, and desired produc82 as an oil: *H NMR (300 MHz, CDC}) 6 1.28 (t,
concentrated. Flash chromatography using a 94:1 heteabltyl 3H), 1.60 (s, 9H), 1.68 (s, 3H), 2.00 (m, 8H), 2.15 (m, 2H), 2.16 (d,

methyl ether solvent system afforded 605 mg (26%) of the pure desired 34 23. ,, ~ 6 Hz), 4.15 (q, 2H), 5.09 (dt, 1H,Jc_y = 150 Hz), 5.10
2(2)-ester27. The isomer27awas present in the mixture as20% of (t, 2H), 5.66 (s, 1H).

the crude:*H NMR (300 MHz, CDC}) 6 1.26 (t, 3H), 1.60 (s, 6H), [3,6-Bis*3C]-3,7,11,15-tetramethylhexadeca-H),6(E),10€),14-

1.68 (s, 3H), 2.082.05 (m, 4H), 2.16 (narrow m, 7H), 4.16 (4, 2H),  tetraen-1-ol ([3,6-bis}3C]geranylgeraniol, 6).A solution of32 (0.29

5.09 (br, 2H), 5.67 (d, 1HJc-n = 159.0 Hz). mmol, 100 mg) in toluene (1.5 mL) was cooled+d8 °C and treated
[2-1%C]-3,7,11-Trimethyldodeca-2E),6(E),10-triene-1-ol ([2+43C]- with DIBAL-H (1.0 M solution in toluene, 0.84 mmol, 0.84 mL). The

Farnesol, 28) A solution of 27 (1.76 mmoL, 466.0 mg) in toluene  reaction was stirred fol h at—78 °C and was quenched by addition
(6.3 mL) was cooled to-78 °C and treated with DIBAL-H (1.0 M to saturated aqueous potassium sodium tartrate (30 mL). Workup and
solution in toluene, 3.57 mmol, 3.57 mL). The reaction was stirred for flash chromatography as described above2fafforded 54 mg (62%)

1 h at—78 °C and was quenched by addition to saturated aqueous of the desired produd as an oil: 'H NMR (500 MHz, CDC}) 6 1.60
potassium sodium tartrate (40 mL). Workup and flash chromatography (s, 9H), 1.68 (s, 6H), 1.952.15 (m, 12H), 4.15 (app t, 2H), 5.11 (dt,

as described above f@rafforded 266 mg (68%) of the desired product  1H, *Jc—y = 150 Hz), 5.10 (narrow m, 2H), 5.41 (t, 1d,= 6.8 Hz);

28as an oil: *'H NMR (300 MHz, CDC}) ¢ 1.60 (s, 6H), 1.68 (s, 6H), 13C NMR (125.7 MHz, CDCJ) 6 16.24, 16.72, 17.92, 25.94, 26.32,
1.98-2.07 (m, 8H), 4.16 (narrow m, 2H), 5.09 (narrow m, 2H), 5.43 26.76, 26.84, 26.86, 26.98, 39.57, 39.95, 59.67, 123.12, 123.81, 124.00
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(d,3Jc—c = 3.70 Hz), 125.98, 131.53, 133.34, 135.21, 140.32J¢,c Computational Methods. Molecular mechanics calculations were
= 3.70 Hz); HRMS calculated fot3C,CigH340: 292.2677; found carried out using the commercial program SYBYL (version 6.4, Tripos,
292.2679. Inspection of the flash chromatography-purified product Inc., St. Louis, MO (http://www.tripos.com)). All computational jobs

indicated the presence of a minor amount of th&,&,10E)-isomer were carried out on an SGI Octane workstation equipped with dual
of the desired alcohd. This mixture was readily separated by isocratic R12000 CPU processors, 512 MB memory, and 13 GB storage space
normal-phase HPLC (solvent system, 9:1 hexane/meghiybutyl ether; (Silicon Graphics Inc., Mountain View, CA). The MM2 force field

Waters Nova-Pak HR Silica 7.8 300 mm columm; flow rate, 3.0  was used for 1-ns molecular dynamics simulatitfras)d the Gasteiger-
mL; UV monitoring at 214 and 230 nm) to give the pure cis and pure Hyckel charge method was applied to the molecule. The farnesol

trans isqmers. moleculel was sketched and energy-minimized using 3000 steps of
[3,6-Bis**Clethyl3,7,11,15-Tetramethylhexadeca-£),6(E), 10€), 14- Powell to RMSD of 0.01 kcal/A. A 1-fs time step was used, and the
tetraene Diphosphate ([3,6-Bis*C]JGGPP, 7). The [3,6-bist*C]- nonbonded interactions were truncaté®a to reduce the amount of

geranylgeraniob (0.07 mmol, 21 mg) was converted to the corre-  nonphonded atom pairs and updated every 25 fs. A dielectric constant
sponding chloride usin§-chlorosuccinimide (0.08 mmol, 11.0 mg),  of 80 was set to screen the electrostatic interactions. The temperature
dimethyl sulfide (0.09 mmol, 6.0L), and 1.3 mL of dichloromethane ¢ the system was maintained at 300 K using the Berendsen algorithm

as described above_ fod. This chloride was then treated with | .4 0.5-ps coupling constant. The snapshot of MD trajectory was
tris(tetrabutylammonium) hydrogen pyrophosphate (0.31 mmol, 281 recorded at a 500-fs interval

mg) in acetonitrile (2.31 mL) at 2.5 h at room temperature. After solvent . -
4 Preparation of the [6,15 Bis**C]JFPP—mFTase Complex.Rat

removal, the residue was subject to ion-exchange chromatography an ) < .
then purified by reversed-phase HPLC as described abowé fbine FTase was overexpressed in Sf9 cells and purified to greater than 95%

retention time of the more hydrophobic GGPP analogue was 19 min, PUrity by affinity chromatography essentially as descriedxcept
and concentration of these fractions gave 19 mg (43%) of the desiredthat the protein was concentrated and washed with the following
[3,6-bis1*C]GGPP7 as a fluffy solid: *H NMR (500 MHz, D,O) ¢ buffer: 20 mM Tris-HCI (pH 7.4), 1M ZnClz, 10 mM DTT, and
1.60 (s, 9H), 1.68 (s, 6H), 1-8.0 (m, 12H), 4.31 (br, 2H), 5.00 (t, 20 mM KCI. PEG 8000 was omitted from the wash buffer. This protein
1H, J = 150 Hz), 4.97 (m, 2H), 5.30 (t, 1H}P NMR (122 MHz, was lyophilized on a FTS Stoppering lyophilizer. The enzyme
D,0) 0 —6.82 (d),—3.24 (d);3C NMR (125.7 MHz, BO) 6 16.24, concentration was determined by gel versus a BSA standard-t8be
16.72, 17.92, 25.94, 26.32, 26.76, 26.84, 26.86, 26.98, 39.57, 39.84,mg/mL. Thus, 3 mg of lyophilized FTase was brought up in water to
62.55, 123.12, 123.81, 124.19 @c—c = 3.70 Hz), 125.98, 131.53, make a 3QuM solution along with the addition of a 1:1.1 molar ratio

133.34, 135.21, 142.32 (@)cc = 3.70 Hz). of enzyme to [6,15-bi$3C]FPP 8 (33 uM). This sample was then
[6,15-Bis?%C]-3,7,11-trimethyldodeca-2E),6(E),10-trien-1-ol ([6,15- relyophilized and used for solid-state NMR analysis.
Bis-**C]farnesol, 36).A solution 0f35 (0.158 mmol, 42.0 mg; prepared Solid-State NMR Methods. Rotational resonance NMR measure-

using our standard protocols as fully described in the Supporting ments were carried out on a Bruker Avance 360-MHz spectrometer
Information) in toluene (3.7 mL) was cooled to78 °C and treated  ysing double-resonance probes (5-mm rotor diameters) from Doty
with DIBAL-H (1.0 M solution in toluene, 2.11 mmol, 2.11 mL). The  scjentific (Columbia, SC). The pulse sequence used ramped amplitude
reaction was allowed to stir fdl h at—78 °C and was quenched by  ¢ross polarizatiof and TPPM decoupling The decoupling field
adding to saturated aqueous potassiu_m sodium tartrate (30 mL).Workupstrength was 62 kHz. For the FPP model compound, 32 different
and flash chromatography as described above2fafforded 22 mg rotational resonance exchange times were used, and 1024 scans were
(62%) of the desired alcohB6 as an oil: *H NMR (500 MHz, CDC}) averaged for each exchange time point. For the-FPRase complex,

0 1.60 (s, 3H), 1.65 (d, 3HJc—n = 108 Hz), 1.68 (s, 6H), 1.982.1 five different rotational resonance exchange times were used and 65 536

(nlll28H):’Ll—l|L'}35C(l(\jl'l\/|2RH)% Sl\ia (déDlg’]C*H = 150 Hz),k5.10 (t 1H),’ scans were averaged for each exchange time point. Simulations were
542t 1H); (75 MHz, §) two intense peaks representing carried out using the program CC2Z (Malcolm Levitt, University of

the Carbon-l'B; labels werg observed.at 16.18 and 123.76 ppm; HRMSStockhoIm). The chemical shift tensor values for the@and CH
calculated for*3C,Ci3H260: 224.2051; found 224.2053. . .
6.15-Bisi3C1-3.7 11-trimethvidod 2E) 6(E) 10-1r Dioh groups were based on the values for the corresponding atom types in
h[ , _6?_5 B] Frie Fégmg yTho egetl—5(i)_, 1032f - rlen|e36|p0%55— the isoprenoid retina® The zero quantum T2 relaxation time of 1.5
phate ([6,15-Bis*C] , 8). The [6,15-bist*Clfarneso ©. ms used in the simulations was derived from the best fit to experimental

mmol, 12 mg) was converted to the corresponding chloride using : .
N-chlorosuccinimide (0.06 mmol, 8.0 mg), dimethyl sulfide (0.02 mmol, iegaAfrom the FPP model compound and an internuclear distance of

1.8 uL), and 0.96 mL of dichloromethane as described abovetfor
This chloride was then treated with tris(tetrabutylammonium) hydrogen .
pyrophosphate (0.14 mmol, 126 mg) i(n acetor):itrile (1.0 ml)_) gt 2.% h Acknowledgment. This work was supported by the NIH

at room temperature. After solvent removal, the residue was subject to (Grants CA 67292 and CA 78819 to R.A.G. and Grant GM
ion-exchange chromatography and then purified by reversed-phase41412 to S.0.S.). This paper was taken in part from the
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8H), 4.38 (br, 2H), 5.07 (b, 2H), 5.36 (m, 1H}® NMR (122 MHz, : :
D) 6 —6.18. —9.89: C NMR (75 MHz, D:O) two large peaks évé;ao\ri\(/jaFrEA 609), and T.J.Z. was supported in part by a WSU

identified the proper labels at 15.82 and 123.4 ppm. Due to the presence

of the ammonium bicarbonate impurities, the concentration of the . . . .

sample o complexed with mFTase for the rotational resonance MAS ~ SUPPOrting Information Available:  Experimental proce-

NMR studies was confirmed by phosphate ana@/%isl dUI‘eS fOI’ the SyntheSIS Clﬂ.—l3, 19_21, and33_35, and 300',
Solution-State NMR Methods Proton and carbon-13 NMR data ~ 400-, or 500-MHZH NMR spectra oR—8 and36 (PDF). This

were obtained on General Electric QE-300, Varian Unity-400, and material is available free of charge via the Internet at

Varian Unity-500 spectrometers. Carberarbon $Jc-c) coupling http://pubs.acs.org.

constants were determined from standard carbon-13 spectra acquired

on the Varian Unity-500 spectrometer at 125.4 MHz. The soldtibn ~ JAOO0860F

and*3C NMR spectra were taken on the ammonium salt forms of the

diphosphates in unbuffered deuterium oxide. Typically, spectra were __(74) Alder, B. J.; Wainwright, T. EJ. Chem. Phys1957 27, 1208~

acquired with 60 pulse tip angle,_ 51 S rt_epetition rate, 144 scans, 30 4_18 %%) Metz, G.: Wu, X.; Smith, S. QL. Magn. Reson. A994 110, 219

Hz sweep window, 2.1 s acquisition time, and 256K processing with 557

no eXpOnentiaI multiplication used before FT deconvolution. The final (76) Bennett, A. E.; Rientstra, C. M.; Auger, M.; Lakshimi, K. V.; Griffin,

digital resolution was 0.23 Hz. R. G.J. Chem. Phys1995 103 6951-6958.




