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A number of biochemical processes rely on isoprenoids, including the post-translational modification of
signaling proteins and the biosynthesis of a wide array of compounds. Photoactivatable analogues have
been developed to study isoprenoid utilizing enzymes such as the isoprenoid synthases and prenyltrans-
ferases. While these initial analogues proved to be excellent structural analogues with good cross-linking
capability, they lack the stability needed when the goals include isolation of cross-linked species, tryptic
digestion, and subsequent peptide sequencing. Here, the synthesis of a benzophenone-based farnesyl
diphosphate analogue containing a stable phosphonophosphate group is described. Inhibition kinetics,
photolabeling experiments, as well as X-ray crystallographic analysis with a protein prenyltransferase
are described, verifying this compound as a good isoprenoid mimetic. In addition, the utility of this new
analogue was explored by using it to photoaffinity label crude protein extracts obtainedizosa
brasiliensislatex. Those experiments suggest that a small protein, rubber elongation factor, interacts
directly with farnesyl diphosphate during rubber biosynthesis. These results indicate that this benzophenone-
based isoprenoid analogue will be useful for identifying enzymes that utilize farnesyl diphosphate as a
substrate.

Introduction of cholesterol, carotenoid€,and terpene%protein prenylatior,

Farnesyl diphosphate (FPP) is an isoprenoid building block f‘rggslgﬂg rfé%fffg‘;zgﬁisafre"tteeé”b ";ﬁ{}i‘iﬁ:ﬁ; é;ug i\f’eorft‘
utilized in a number of cellular processes including the synthesis : 9 Y g SIv
that the farnesylation of mutant Ras proteins is required for
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their cognate targets are useful for both identifying previously analogue of cisplati®? The critical component in studies of this
uncharacterized enzymes as well as for mapping the active sitegype is the ability to detect cross-linked proteins in order to
of known proteins. Photoaffinity labeling is one technique that isolate and identify them. Photoaffinity analogues of isoprenoid
has proven useful in this regard. For that reason, we and othersdiphosphates have often employe#R radiolabel for detection
have developed a number of analogues of farnesyl- and given the ease of synthesis of these compodhitiz’However,
geranylgeranyl diphosphates that can be used for this putpdée.  because of the facile loss of the radiolabel due to the acid labile
Initial photoactive isoprenoid analogues incorporated a di- nature of the allylic diphosphate linkage, the use of such
azotrifluoropropionate (DATFP) photophore into the isoprenoid compounds has been impeded. The development of more stable
chain!214Despite being accurate mimetics of FPP, they suffer photoreactive analogues is needed to successfully accomplish
from low cross-linking efficiency and require prolonged short such studies.
wavelength UV irradiation for photoactivation. Molecules that In this paper, we describe the synthesis of a benzophenone-
utilize benzophenone moieties proved to be an attractive based farnesyl diphosphate analog8le, containing a stable
alternative for a number of reasons. Besides being more phosphonophosphate group that replaces the labile allylic
chemically stable than diazo esters, they can be easily manipu-diphosphate. A number of polyprenyl phosphonophosphates
lated in ambient light and require longer UV wavelengths for have been reported as isoprenoid diphosphate mimics in the
activation, avoiding protein degradati&hGiven the significant design of inhibitorg32*immunoregulators}25as well as affinity
overlap in the benzophenone and isoprenoid structures, anajpurification reagent3®27 The stability of3b in aqueous acid
logues incorporating the benzophenone moiety as part of thewas investigated. Inhibition kinetics and photoaffinity labeling
isoprenoid chain were develop&Wl31619 X-ray crystallo- were studied using protein prenyltransferases as model systems
graphic analysis of these molecules revealed that they are nearlyto validate the utility of the new analogue. A co-crystal structure
superimposable with FPP in the active site of rat protein of 3b with protein farnesyltransferase (PFTase) illustrates the
farnesyltransferase, confirming they are structurally analogous close complementarity between the new probe and FPP as well
to FPP1320 as a previously synthesized photoactive FPP analogue. Finally,
In addition to providing information on a specific, known 3bwas used in photolabeling experiments with protein mixtures
ligand or substrate, photoactivatable analogues of ligands canisolated from the latex oHevea brasiliensis the Brazilian
be used to isolate and identify unknown binding partners. By rubber tree. One of the cross-linked proteins previously desig-
creating a photoaffinity labeling reagent structurally based on nated as rubber elongation factor (REF) was identified by mass
suberoylanilide hydroxamic acid, Webb and co-workers were spectral analysis. These experiments suggest that the REF

able to identify a potential target for hybrid polar cytodiffer-

interacts directly with isoprenoid diphosphates and clearly

entiation agents through isolation of labeled proteins and massdemonstrates the efficacy of this analogue for photoaffinity
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labeling experiments involving the isolation and identification
of enzymes that employ isoprenoids as their substrates.

Results and Discussion

Synthesis and Stability of the Photoactive Analogueln
our initial design of a more stable photoactive analogue, we
envisioned compounga, based or?a, that would incorporate
a C—P bond at C-1 in lieu of the €0 bond present i2a and
FPP @, Figure 1).

It was considered desirable to retain the ether linkage between
the benzophenone moiety and the isoprenoid since that structural
feature is a minimal perturbation relative to the natural molecule
FPP; in earlier work, it had been shown that ether-containing
FPP analogues bound to protein farnesyltransferase (PFTase)
with higher affinity when compared to similar compounds
incorporating ester or amide linkag¥s.Compound4, an
intermediate from an earlier synthesis, was reacted under
Arbuzov conditions to yield the dimethylphosphona® in
excellent yield (Scheme 1) in order to prepare compodad

Unfortunately, efforts to convert the phosphonate diester to
the corresponding phosphonic aci) (vere not successful.
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TABLE 1. ICsp Values for Inhibition of yPFTase by
X N X PP Benzophenone-Based Isoprenoid Diphosphate Photoaffinity Labeling

- - Analogues
Farnesyl Diphosphate (1) o0 g

Photoreactive High Specific T
Group Activity Radiolabel 0 O O
ﬂ H 2a (X = CHy, Y = O, Z = CH,0)
b (X=CO,Y =0, Z=CH,0)
Labile Bond: 20 (X=CO, Y =NH, Z=CH,0)
3b (X=CO,Y=0,Z=CHy,)

E (@] (o]
‘\H/‘V X vO l%\O’l%\O' compound 1o (M)
o o 28 0.85

2bP 2.3
Stable Bond: 2c¢ 3.7
: 3b 0.96
OJ\/\/K/\V /o\g-,o- afFrom ref 14.° From ref 13. From ref 16.
o 3a

0:=7-9

Based on the above observations, it was decided to redesign
FIGURE 1. Benzophenone-containing analogues of farnesyl diphos- {he target molecule to include an ester-linked benzophenone

phate. (Compoundb, Scheme 2) in place of the original ether linkage.
SCHEME 1. Original Strategy for the Synthesis of an There was good evidence to believe that the ester-linked
Analogue Containing a Stable Phosphonate Linkage analogue would effectively bind since a related analo@ie,

(see Table 1), inhibited yeast PFTase witkaof 380 nM16

O O M Compound3b was prepared in six steps using the route shown
¢} X N .
Br in Scheme 2.
o 4

Geraniol ) was first converted to the corresponding bromide
(8) using conditions described by Coates etafgllowed by
POc) Arbuzov reaction with P(OChJ; which proceeded in good yield
22 to produce9.?® The dimethyl phosphonate was then subjected
to oxidation with Se@ according to the procedure described
oMo by Um_breit and Sharple$&to produce the aIIyIic_ alcc_)hdlo in
‘\H/‘V MP’OMe 7_8'% yield. Ap_part_antly, the phosphc_)nat_e moiety9ns suf-
ficiently deactivating such that oxidation by Sg@ccurs
predominantly at the alkene at the C-6 position and not at C-2.
Acylation of 10to form the desired ester-linked benzophenone-
containing intermediaté1 proceeded in good yield (82%). In
contrast to our results obtained with the deprotection of
compound, where cleavage of the ether linkage was observed,
o treatment ofl1 with trimethylsilyl bromide and allyltrimeth-
OM/\F;,OH ylsilane in CHCI, resulted in clean deprotection of the
o 6 I phosphonate esters to produt2 in excellent yield (92%)
without any observable loss of the benzophenone méfety.
Treatment o6 with MesSiCl or MesSiBr resulted primarily in Finally, phosphonat&2 was converted to the desired phospho-
cleavage of the benzyl ether linkage with only small amounts nophosphat8b (23% yield) by activation to the corresponding
of methyl ester cleavage occurring. Treatmenb ahder basic imidazolide with carbonyl diimidazole followed by reaction with
conditions (LiOH) resulted in incomplete saponification to the anhydrous phosphoric actéPurification of3b was performed
phosphonate monoestér Exposure of to acidic conditions by chromatographic separation using octyl-functionalized silica
produced decomposition. gel. For photoaffinity labeling experiment®P]-3b was pre-

SCHEME 2. Synthesis of an Analogue Containing a Stable Phosphonate Linkage

)\/\/k/\ )\/\)\/\ /k/\/k/\gv&we

PBrj Br P(OCH3)3 t-Bu-OOH
CH2C|2 91% SeOz, CH20|2
86% salicylic acid
78%
OMe OMe
HOVI\/\)\/\F',,OMe ‘\[(‘\'( \)\/\/l\/\P,OMe _— >
10 1 m-| PhCOCGH4COZH CH3 3SICH2CHCH2,
o DCC, DMAP, CH,Cl, (CH3)3SiBr, CH,Cl,
82% 92%
O O MO- ] MO ¢
%O N N p-0 p- O. O
12 I 1) CDI, DMF ,, ”
O o o} 2) H3PO4 (Anhydrous)

23%
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120 L L L L previously observed reduction in binding when a carbonyl group
PR is involved in linkage between the benzophenone moiety and
——— N the isoprenoid.
100 ’ X-ray Crystallographic Studies. In contrast to our earlier
) work that always employed analogues containing an allylic
801 B diphosphate, compour8b possesses a phosphonate linkage that
: is one carbon out of register relative to FPP. CrystalStof
60 - bound to rPFTase were obtained, and the structure of the
resulting complex was determined via X-ray diffraction experi-
a0 R ments to investigate the effect of this modification. The structure
(o] of 3b bound to rPFTase is shown in Figure 3; for comparison,
\ the structure of FPP bound to rPFTase is shown in a superposi-
—e—3b | tion (panel A). Figure 4 highlights the key amino acid residues
“ eeeO---- GPP involved in the binding.
0 —r T T T Electron density maps clearly show tt&ii is bound in the
0 10 20 30 40 50 rPFTase active site cavity. The presence of the higher molecular
Time (h) weight phosphate atoms in the molecule provides helpful
information in defining the binding mode. Comparison of the
FIGURE 2. Stability of phosphonophosphade compared to geranyl  protein in the structure of the rPFTa3k:complex and the
diphosphate (GPP). rPFTase:FPP:SCH66336 ternary complex shows a 0.2 A rms
deviation for all protein atoms, indicating that no significant
pared from phosphonate? using a similar procedure employing  movement of the protein side chains has occu#?é@interest-
[3%P]-HsPQ; followed by purification via a small reversed-phase  jngly, the two phosphate P atoms from FPP and those 8bm
column. are essentially superimposable, suggesting that the phosphono-

In earlier work, it was noted that the ester linkage between phosphate substitution present in the analogue is not deleterious.
the benzophenone and isoprenoid moieties present in compound®ue to the absence of the intervening oxygen atorkirfthe
similar to3b is stable to the acidic conditions typically used in  oxygen attached to C-1 in FPP) and the presence of the bulky
reversed-phase chromatography to separate and identify crosshenzophenone group, there are small perturbations in the
linked peptides obtained from photoaffinity labeling experiments structure of the isoprenoidal portion of the analogue; the average
with proteins. Unfortunately, this is not the case for the@ rms deviation for all atoms in the diphosphate unit and the first
bond at C-1 between the isoprenoid and phosphate moieties intwo isoprene units is 0.8 A. However, these changes are in
allylic diphosphates such @aand2b. In such molecules, while  general small, indicating close complementarity between the
the phosphate anhydride linkage betweertlaad3 phosphates  natural substrate, FPP, aBd. A superposition oBb and2a,
is relatively stable to acid, the bond between C-1 and O-1is a related diphosphate-based analogue with an ether-linked
labile. As illustrated in Figure 2, treatment of geranyl diphos- benzophenone, is shown in Figure 3, panel B. As was observed
phate (GPP), which contains a-© bond at C-1 like2a, with above with FPP, there is substantial overlap between these two
a mixture of HO and CHCN containing 0.2% TFA (common  structures particularly in the diphosphate unit and the first two
conditions for peptide analysis) results in hydrolysis of the allylic isoprene units. However, there is a significant difference in the
diphosphate with a half-life of approximately 2 h. position of the benzophenone grougBinrelative to2a Clearly,

This significant rate of degradation via phosphate loss makesthe presence of the more conformationally restricted ester
it impractical to use®?P-labeled allylic diphosphates for pho- linkage in 3b alters the orientation of the benzophenone
toaffinity labeling applications when tryptic digestion and compared to that of the more flexible ether-linked analc2me
subsequent peptide sequencing are desired. In contrast, treatmerithis structural difference may account for the greater inhibitory
of phosphonophosphath under the same conditions results potency observed witBa compared with3b. Nevertheless, it
in less than 5% hydrolysis even after 50 h of reaction (Figure can be concluded that beyond the greater size of the benzophe-
2). This enhanced stability significantly increases the utility of none groups that causes them to protrude beyond the FPP
this benzophenone-containing analogue. binding site, analogues such3tsare good mimics of FPP and

Inhibition Kinetics. Given the inherent stability of the-cP that the use of a phosphonophosphate group does not cause any
bond at position C-1, phosphonophosphaievas tested as a significant changes in the mode of binding to PFTase.
competitive inhibitor of yPFTase. The rate of yPFTase-catalyzed  Photolabeling of Protein Prenyltransferases with $2P]-
farnesylation oN-dansyl-GCVIA was measured in the presence 3b. To verify the ability of phosphonophosphab to act as a
of a fixed concentration of FPP and varying concentrations of photoaffinity label of protein prenyltransferases, the radiolabeled
3b. An ICsg value of 960 nM was calculated f@b, which is analogue ?P]-3b was synthesized using a method developed
comparable to previously synthesized benzophenone-based FPby Bartlett and co-worker¥, adapted to incorporation of a
analogues (see Table 1). The similarity in values between the

ether-linked analogu@a and 3b was unexpected, given the (32) Strickland, C. L.; Weber, P. C.; Windsor, W. T.; Wu, Z; Le, H.
V.; Albanese, M. M.; Alvarez, C. S.; Cesarz, D.; del Rosario, J.; Deskus,
J.; Mallams, A. K.; Njoroge, F. G.; Piwinski, J. J.; Remiszewski, S.;

20

Starting Material Remaining (%)

(28) Coates, R. M.; Ley, D. A.; Cavender, P. L.Org. Chem1978 Rossman, R. R.; Taveras, A. G.; Vibulbhan, B.; Doll, R. J.; Girijavallabhan,
43, 4915-4922. V. M.; Ganguly, A. K.J. Med. Chem1999 42, 2125-2135.

(29) Umbreit, M. A.; Sharpless, K. B. Am. Chem. So&977, 99, 5526~ (33) Strickland, C. L.; Windsor, W. T.; Syto, R.; Wang, L.; Bond, R.;
5528. Wu, Z.; Schwartz, J.; Le, H. V.; Beese, L. S.; Weber, PB@chemistry

(30) Hammerschmidt, AVionatsh. Chem1991, 122 389-398. 1998 37, 16601-16611.

(31) Freeman, G. A.; Rideout, J. L.; Miller, W. H.; Reardon, J.JE. (34) Bartlett, D. L.; King, C. H.; Poulter, C. DMethods Enzymol985
Med. Chem1992 35, 3192-3196. 110, 171-184.
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e

FIGURE 3. Crystallographic analysis of analog@® bound to rPFTase. (A, left image): Superposition3bfand FPP bound to PFTase. (B,
center and right images): Stereoview of a superpositic3band a related diphosphate analo@ae Analogue3b is shown in green (carbon), red
(oxygen), and purple (phosphorus). FPP is shown in blue. Anal@gu® shown in yellow (carbon), red (oxygen), and purple (phosphorus). The
solvent-accessible protein surface is white with the Zn atom shown in red.

Kzsﬁk
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FIGURE 4. Stereoview of3b bound to rPFTase. Residues highlighted in red are fronuwteabunit; black are from thg subunit. The catalytic
zinc is shown as a red sphere.

radiolabel, and purified using a method previously descrf8ed. over the o subunit, while inclusion of the physiologically

Photolysis of the prenyltransferases witfA]-3b at a concen- relevant substrate GGPP resulted in a substantial decregse in
tration 10-fold higher than the Kz value determined for  subunit labeling (8.7-fold). The observed labeling specificity is
yPFTase was performed with 36@00 nm light> for 2 h. in agreement with results obtained from other photoactive

Preferential labeling of th¢ subunit was observed for both  analogues with yPFTase and hPGGTase-l, all implicafing
yeast protein farnesyltransferase (yPFTase) and human proteirsubunit involvement in prenyl group recognitibié
geranylgeranyltransferase type | (hPGGTAse-l) (Figure 5: The applicability of this probe for labeling specific targets
yPFTase and3fP]-3b and Figure 6: hPGGTase-I anéf®]- in a mixture of proteins was demonstrated by the photolysis of
3b; lane 2 in each). Upon addition of the natural substrate (FPP a partially purified sample of hPGGTase-I witP?P]-3b. Of
for yPFTase, GGPP for hPGGTase-l) in the photolysis reactions the crude mixture of proteins, thflesubunit is the major labeled
containing $2P]-3, protection from labeling was observed species, while no labeling of the subunit is observed (Figure
(Figure 5: yPFTase and?P]-3b and Figure 6: hPGGTase-l 7). In this crude mixture, a large number of proteins are clearly
and PF2P]-3b; lane 3 in each). Phosphorimaging analysis was visible by Sypro-orange staining. Interestingly, the phospho-
used to quantify the relative labeling efficiencies of each subunit rimage (Figure 7, lane'Lreveals three major labeled species
for each enzyme. For yPFTase, thaubunit was labeled 4.8-  with the subunit of hPGGTase-l as the most intensely labeled
fold over thea subunit. Inclusion of the natural substrate FPP, protein. Thus, althougBb is not absolutely specific for
1, in the photolysis reaction resulted in a substantial (2.3-fold) hPGGTase-l, it obviously manifests substantial selectivity in
decrease in3 subunit labeling. In the case of hPGGTase-l this complex mixture. Based on the promising results obtained
photolabeling by $P]-3b, the 8 subunit was labeled 24-fold  with 3b labeling in crude extracts, we decided to explore the
ability of this probe to identify an unknown target.

(35) Turek, T. C.; Gaon, I.; Distefano, M. DI. Labelled Compd. Photolabeling of Hevea brasiliensisWashed Rubber Par-

Radiopharm1997, 39, 139-146. ticles with [32P]-3b. H. brasiliensis the Brazilian rubber tree,

J. Org. ChemVol. 72, No. 13, 2007 4591



JOC Article

Mw
kDa

97.4 w—

68 w—

Ay oy <~
““”4—0{—&

20 w—

Sypro-Orange
Stain

Phosphorimage

FIGURE 5. Analysis of photolabeling of pure yPFTase wifiH]-3

by SDS-PAGE. Lanes 1 and @ontain samples of yPFTase ariéF]-

3b that were not irradiated. Lanes 2 aricc@ntain samples of yPFTase
and P2P]-3 irradiated at 350 nm. Lanes 3 ant®ntain samples of
yPFTase and®P]-3b irradiated in the presence of FPP. Lanes 1, 2,
and 3 show proteins identified with Sypro-orange staining. Lanes 1
2', and 3 show the radiolabeled proteins identified with phosphor-
imaging.
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FIGURE 6. Analysis of photolabeling of pure hPGGTase-I witfP]-

3b by SDS-PAGE. Lanes 1 and tontain samples of hPGGTase-|
and P2P]-3b that were not irradiated. Lanes 2 andc®ntain samples

of hPGGTase-l and{P]-3birradiated at 350 nm. Lanes 3 ancc8ntain
samples of hPGGTase-I aridf]-3 irradiated in the presence of GGPP.
Lanes 1, 2, and 3 show proteins identified with Sypro-orange staining.
Lanes 1, 2, and 3 show the radiolabeled proteins identified with
phosphorimaging.

is among the many species of angiosperms known to produce
rubber of high molecular weight and is the predominant source
of commercially available natural rubber. The latex obtained
from these trees has been shown to contain enzymatically activ:
rubber particles that, when purified and incubated with an allylic

DeGraw et al.
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FIGURE 7. Analysis of crude hPGGTase-l wit?P]-3b by SDS-
PAGE. Lanes 1 and' Tontain samples of crude cell lysate after ion-
exchange chromatography, irradiated at 350 nm in the presenéelpf [

6. Lane 1 shows protein identified with Sypro-orange staining. Lane
1' shows radiolabeled protein identified with phosphorimaging.
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FIGURE 8. Analysis of photolabeling dfi. brasiliensisvashed rubber
particles with $2P]-3b by SDS-PAGE. Lanes 1 and dontain samples

of WRPs and $P]-3b irradiated at 350 nm. Lanes 2 ant @ntain
samples of WRPs an@Pp]-3b irradiated in the presence of FPP. Lanes
1 and 2 show proteins identified with Sypro-orange staining. Lanes
1'and 2 show radiolabeled proteins identified with phosphorimaging.

biosynthesis have yet to be unequivocally identified and
reported. Based on the observation that FPP can act as an
initiator of rubber biosynthesis in washed rubber particles
(WRPs), it was decided to utiliz8b to identify FPP binding
components in the complex mixture of proteins presert.in
brasiliensisWRPs. Photolysis of suspensions of WRPs contain-

ing 10 uM [32P]-3b was performed for 6 h. Electrophoretic

diphosphate initiator and isopenteny! diphosphate as the mono-Séparation of the reaction mixture and visualization of the

mer, are able to carry out biosynthesisisf 1,4-polyisoprenég®

proteins indicated the presence of a wide range of species. The

Despite intense research, the proteins involved in rubber WRPs fromH. brasiliensisare clearly a complex mixture.

Interestingly, phosphorimaging analysis of the photolysis mix-

ture gave a very different picture. Two major labeled species

(36) McMullen, A. I.; McSweeney, G. BBiochem. J1966 101, 42— A i
7. were observed as well as several minor bands (Figure 8, lane

4
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TABLE 2. Tryptic Peptides Determined by MS/MS Analysis

amino acid ion confidence
residues calcd mass obsd mass sequence score interval %
17-40 2689.3547 2689.3516 YLGFVQDAATYAVTTEFSNVYLFAK 120 100.000
41-58 1849.0065 1849.0023 DKSGPLQPGVDIIEGPVK 135 100.000
43—58 1605.8846 1605.8828 SGPLQPGVDIIEGPVK 111 100.000
68—77 1109.599 1109.6146 FSYIPNGALK 70 99.999
78—-92 1621.8795 1621.8759 FVDSTVVASVTIIDR 24 82.268
93—-99 753.4869 753.4849 SLPPIVK 41 99.591

100-110 1158.6477 1158.6460 DASIQVVSAIR 82 100.000

118-128 1088.5946 1088.5912 SLASSLPGQTK 34 97.974

1'). The presence of FPP during the labeling reaction reduceda photoactivatable analogue of FPP suggests that REF can

the amount of radiolabel throughout the gel (Figure 8, ldile 2 interact with isoprenoid diphosphates. This interaction may be
Mass Spectral Analysis of Photolabeled Proteins from key for rubber biosynthesis. However, even if this is the case,

Hevea brasiliensisWashed Rubber Particles.The identifica- it is unlikely that REF is the sole protein responsible for rubber

tion of the cross-linked proteins from the photolabeling-bf synthesis. We are currently using compowsid and related

brasiliensisWRPs with F2P]-3b was determined by performing  analogues to identify other components, including the unidenti-

a second set of photolysis reactions. Samples were fractionatedied peptides noted above, present in WRPs that contribute to

by isoelectric focusing followed by SDS-PAGE. Surprisingly, the catalytic machinery of rubber biosynthesis.

the higher molecular weight proteins shown to be labeled

previously were not observed. Instead, a series of proteins (10 conclusion

20 kDa) appeared to be labeled (see Supporting Information).

These labeled protein bands were extracted from the gel, Compound3bis a photoactive phosphonophosphate-contain-

subjected to tryptic digestion, and analyzed by MALDI-MS/ ing analogue of FPP with enhanced stability that can be

MS. A peak list of the data was then generated and searchedefficiently prepared in six steps from geraniol. Kinetic and

using the MASCOT database. A 14.6 kDa protein, rubber structural studies witBb and PFTase demonstrate that this probe

elongation factor, was identified (Table 2) based on the massesis a good mimic of isoprenoid diphosphates. The greater stability

of eight different peptides. Together these represent ap-of 3b has allowed us to use it to label and identify a specific

proximately 69% of the complete primary sequence. A number protein that may be involved in rubber biosynthesis. These

of as yet unidentified peptides were also observed at low findings suggest thaBb and analogues thereof will be useful

abundance. tools for probing the structure and function of FPP utilizing
Given the apparent contradiction in the observed labeled enzymes.

proteins, the originally observed 35 and 70 kDa labeled proteins

(as shown in Figure 7) were isolated, subjected to tryptic Experimental Section

digestion, and analyzed by MALDI-MS/MS. Upon searching

of the MASCOT database, it was found that both the 35 and ~ General Methods and Materials.See the Supporting Informa-

the 70 kDa proteins could be attributed to REF. The appearance!!on- .

of the 14.6 kDa REF protein at these higher molecular weights  Dimethyl Geranylphosphonate (9) A mixture of8 (35 g, 0.16

appears to be due to oligomerization. Czuppon et al. have;nolgf?]ncjo\tf;lmethyll_phosphlteh(22 g, 0.18 mol) r\gvas heated tﬁ rgflux

previously found that REF exists as a homotetramer of 58 kDa or 4 h. After cooling to 1t, the mixture was chromatographed on

. silica gel (hexanes/ethyl acetate, 5:1 to 1:2) to give the product as
when isolated from raw late¥. A study done by Yeang and a colorless oil (36 g, 91%)iH NMR (CDCl;, 300 MHz)§ 5.15

co-workers showed that another rubber particle protein, Hev (11 m) 5.03 (1H, m), 3.72 (3H, s), 3.69 (3H, s), 2.55 (2H, &d,
b3, is prone to aggregation upon prolonged stofdge. = 7.8, 21.9 Hz), 2.03 (4H, m), 1.64 (3H, s), 1.63 (3HJd= 5.7
Rubber elongation factor (REF), also known as the latex Hz), 1.57 (3H, s)13C NMR (CDCk, 75 MHz) ¢ 140.4 (d,J =
allergen Hev b£8is a known constituent inl. brasiliensidatex 14.3 Hz), 131.6,123.8, 112.0 (@= 11.2 Hz), 52.6, 52.5, 39.6 (d,
compromising 16-60% of the total proteid® While it is J = 2.9 Hz), 25.6, 25.4 (d) = 142.0 Hz), 17.6, 16.2, 16.8!P
possible that REF can exist as carrier or binding partner in rubber NMR (CDCL, 121 MHz)6 31.7. HRMS (ES]I) calcd for GH2,05P
biosynthesis, it has been directly implicated in playing a larger [M + HI* 247.1463; found 247.1453. .
role. A study done by Dennis and co-workers showed that Dimethyl (8-Hydroxy-3,7-dimethylocta-2,6-dienyl)phospho-
treatments of WRPs to either hydrolyze or remove REF Nate (10).To a suspension of Se@B1 mg, 0.27 mmol), salicylic

completely abolishes prenyltransferase activity. However, at- acid (190 mg, 1.3 mmol), and 90%Bu—OOH (4.5 mL) in CH-

. . . Cl, (20 mL) was adde@® (2.5 g, 10 mmol) in CHCl, (5.0 mL) at
tempts to reconstitute rubber biosynthesis in REF depleted rt.ZThe mixture was diluted with ED after being st?rred for 21 h,

WRPs with solubilized REF were unsuccessful, making the \yashed with dilute Ng5O; solution and brine, then dried over Na
exact role of REF in rubber biosynthesis uncertim our SQ,. The solvents were evaporated, and the residue was chromato-
experiments, the cross-linking of REF in WRP suspensions with graphed on silica gel (hexanes/ethyl acetate, 1:1 to 0:1) to give the
alcohol as a colorless oil (1.3 g, 78% yield based on the converted
(37) Czuppon, A. B.; Chen, Z.; Rennert, S.; Engelke, T.; Meyer, H. E.; starting material), together with the recycled starting material (0.95
Heber, M.; Baur, X.J. Allergy Clin. Immunol1993 92, 690-697. g): H NMR (CDCl, 300 MHz) ¢ 5.26 (1H, m), 5.08 (1H, m),
(38) Yeang, H. Y.; Cheong, K. F.; Sunderasan, E.; Hamzah, S.; Chew, 3 g1 (2H, s), 3.71 (3H, s), 3.67 (3H, s), 2.98 (1H, br s), 2.51 (2H,
nga £I;—lsanggjé‘_sé;3gamllton, R. G.; Cardosa, MJJAllergy Clin. Immunol. dd,J = 8.1, 21.9 Hz), 2.11 (4H, m), 1.60 (3H, s), 1.59 (3H, m);
(39) Dennis, M. S.; Light, D. RJ. Biol. Chem1989 264, 18608-18617. - C NMR (CDCl, 75 MH2)0 139.9 (dJ = 14.6 Hz), 135.5, 124.6,
(40) Durauer, A.; Csaszar, E.; Mechtler, K.; Jungbauer, A.; Schmid, E. 112.4 (d,J= 11.4 Hz), 68.6, 52.6, 52.5, 39.1 (@= 3.1 Hz), 25.2
J. Chromatogr., A2200Q 890, 145-158. (d, J = 3.9 Hz), 25.1 (dJ = 140.3 Hz), 15.9 (dJ) = 2.9 Hz),
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13.6;%P NMR (CDCE, 121 MHz)6 31.8; IR (NaCl, cnmi?) v 3400 2925 (w), 1715 (m), 1655 (m), 1101 (m). HRMS (ESI) calcd for
(br), 2955 (m), 1719 (m), 1683 (m). HRMS (ESI) calcd for Cy4H70qP,[M — H]~ 521.1136; found 521.1174. The ammonium

C1oH2404P [M + H]* 263.1412; found 263.1419. counterions within this compound are not observed during mass
Dimethyl (E,E)-((8-(3-Benzoyl)benzoyloxy)-3,7-dimethylocta- spectral analysis.
2,6-dienyl)phosphonate (11)To a solution ofL0 (2.2 g, 8.3 mmol) (E,E)-p-P-(3-Benzoylbenzoyloxy)-3,7-dimethylocta-2,6-di-

and 3-benzoyl benzoic acid (2.3 g, 10 mmol) in anhydrous@H enylphosphonophosphate gfP]-3b). A mixture of phosphonate
(100 mL) were added DCC (2.1 g, 10 mmol) and DMAP (50 mg, 1 (4.0 mg, 8.0umol) and 1,1-carbonyldiimidazole (4.0 mg, 24
0.40 mmol) at rt. The resulting suspension was stirred for 20 h at umol) in anhydrous DMF (25@L) was stirred for 12 h at r2P-
room temperature and then filtered through Celite. The filtrate was Labeled phosphoric acid was then prepared by lyophilizing 250
concentrated and chromatographed on silica gel (hexanes/ethyluL of 1% (v/v) phosphoric acid and 250 of 10 mCi/mL 32P-
acetate, 2:1 to 1:2) to give the ester as a viscous oil (3.3 g, 82%): phosphoric acid over s overnight. Activated phosphonate in
1H NMR (CDClz, 300 MHz) 6 8.43 (1H, m), 8.24 (1H, dtJ = DMF was then added via syringe to the flask containing the dry
7.8, 1.8 Hz), 7.97 (1H, dt) = 7.8, 1.5 Hz), 7.79 (1H, m), 7.77 32p-labeled phosphoric acid (4.0 mg, Afhol), left to stir for 24 h
(1H, m), 7.45-7.62 (4H, m), 5.50 (1H, m), 5.17 (1H, m), 4.70 at rt, and monitored by TLC (6:3:1 2-propanol/MBH/H,0).
(2H, s), 3.72 (3H, s), 3.69 (3H, s), 2.55 (2H, dd+ 7.8, 21.9 Hz), Solvent was then removed under a stream gfgN The residue
2.16 (2H, m), 2.09 (2H, m), 1.70 (3H, s), 1.65 (3HJds 3.3 Hz); was dissolved in 25 mM NBHCO; (3 mL) and applied to a Sep-
13C NMR (CDCk, 75 MHz) 6 195.8, 165.6, 139.9 (d] = 14.3 Pak column equilibrated in the same solution. The column was
Hz), 137.9, 137.0, 134.0, 133.2, 132.8, 131.0, 130.6, 130.1, 130.0,washed with a step gradient of 25 mM BHHCO; and increasing
129.4,128.5,128.4, 112.5 (= 11.1 Hz), 70.9, 52.6, 52.5, 38.9  CH3CN (10% increase per step, 2 mL per step). Fractions were
(d,J=2.6 Hz), 26.1 (dJ = 3.4 Hz), 25.4 (dJ = 140.0 Hz), 16.2 collected and analyzed by TLC (6:3:1 2-propanol/f@i/H,0).
(d, J = 2.4 Hz), 14.03 P NMR (CDCk, 121 MHz)¢ 31.6; IR Under these conditions, the desired prodRetluted at 36-40%
(NacCl, cnm1) v 3065 (w), 2955 (s), 2854 (m), 1731 (s), 16675 (s) CH;CN/25 mM NHHCOs. Product fractions were pooled, lyoph-
1602 (s), 1579 (m). HRMS (ESI) calcd forgi3,06P [M + H]* ilized, and dissolved in 1.0 mL of 25 mM NJHCOs. UV analysis
471.1936; found 471.1945. (€25824 100 mot! cm2) and liquid scintillation counting were used
Ammonium (E,E)-8-(3-Benzoylbenzoyloxy)-3,7-dimethylocta- ~ to determine the solution concentration and specific activity (0.55
2,6-dienylphosphonate (12)To a solution ofL1 (1.0 g, 2.1 mmol) mM and 334 Ci/mol). The solution was used for protein cross-
in anhydrous ChCl, (30 mL) were added allyltrimethylsilane (0.50 linking experiments without further purification.
mL, 3.1 mmol) and bromotrimethylsilane (0.90 mL, 6.8 mmol) at Acid Stability Study of GPP. Five hundred microliters of a 1.0
rt. The mixture was stirred for 38 h and concentrated in vacuo. mM solution of GPP in 50:50 25 mM N CO3/CH3CN containing
The residue was dissolved in@ (4.0 mL), neutralized with N4 0.2% TFA was allowed to sit at rt. Fifty microliter aliquots were
HCO;, then lyophilized to afford the phosphonic acid in its removed at prescribed intervals (h) and analyzed by reverse-phase
ammonium form as a white powder (0.87 g, 92%j NMR (25 HPLC. A gradient of solvent A (25 mM NfHCO;) and solvent B
mM NaHCG; in DO, 500 MHz)6 7.80 (1H, s), 7.60 (1H, s), 7.27  (CHsCN) and detecting at 214 nm (flow rate, 0.7 mL/min) was
(1H, d,J = 6.0 Hz), 7.15 (2H, m), 7.00 (2H, m), 6.89 (2H, m), employed. Elution was performed by a 40 min linear gradient of
5.06 (1H, s), 5.01 (1H, d] = 5.5 Hz), 4.15 (2H, s), 2.10 (2H, d, 20—80% B. Integration of the peak corresponding to GPP was
J=15.0 Hz), 1.67 (4H, m), 1.28 (3H, s), 1.17 (3H, C NMR performed using HPLC software. Hydrolysis half-life was deter-
(25 mM NaHCQ in D,0O, 75 MHz) 6 195.1, 165.3, 136.8, 136.4  mined from a plot of remaining starting material (%) as a function
(d,J=13.0 Hz), 136.0, 133.8, 132.7, 129.9, 129.8, 129.6, 129.2, of time.

128.1, 117.1, 70.9, 38.6, 28.9 (@= 131.2 Hz), 25.9, 15.3, 13.2; Acid Stability Study of 3b. The same procedure as described

31P NMR (25 mM NaHCQin D,0O, 121 MHz)6 22.8. IR (NaCl, for GPP was performed with a 0.30 mM solution 3§ in 50:50

cmY) v 2971 (w), 2922 (w), 1720 (s), 1655 (s), 1602 (w). HRMS 25 mM NHHCOyCHsCN containing 0.2% TFA.

(ESI) calcd for G4H2606P [M — H]~ 441.1473; found 441.1481. Purification of yPFTase and hPGGTase-l. yPFTase was

The ammonium counterions within this compound are not observed purified as described by Mayer et%land published in our earlier

during mass spectral analysis. work 16 hPGGTase-| was purified using modifications of published
Ammonium (E,E)-P-8-(3-Benzoylbenzoyloxy)-3,7-dimethyl- procedureg?4243

octa-2,6-dienylphosphonophosphate (3bA mixture of the phos- Enzyme AssaysA continuous fluorescence assay was employed

phonatel2 (100 mg, 23Qumol) and 1,1-carbonyldiimidazole (60 to monitor yPFTase activity as described by Gaon ét alodified

mg, 370umol) in anhydrous DMF (4.0 mL) was stirredrfé h at from the original published procedurs!>

rt. To this clear solution was added directly 98% phosphoric acid  Enzyme Inhibition Experiments. The concentration d3b was
solid (~50 mg, 510umol). The solvent was removed under high varied (0, 0.4, 0.6, 1.5, 3, 4.5,/6M), while the natural substrate,
vacuum after being stirred for 27 h. The residue was dissolved in 1, and yPFTase were maintained at a fixed concentrationg10
H,O (1.0 mL) and loaded on an octyl-functionalized silica gel and 11 nM). Enzymatic rates were obtained from linear regression
column (18 cmx 1 cm). The column was washed with a step analysis of the time-dependent fluorescence emission data using
gradient of HO and MeOH (10 mL per step, 10% MeOH per step) the fluorimeter software, and the 4Qwas calculated from a plot
from 0 to 70% MeOH. Fractions were collected, and those of the enzymatic rate versus concentratior8bf

containing product as determined by TLC were pooled and  X-ray Crystallography Studies. Crystals of the rPFTasgh
lyophilized. The lyophilized powder was dissolved ia®) passed  complex were prepared by soakiBinto preformed crystals using
through a short, strong acidic ion exchange column, then washedmethods previously describé8.X-ray diffraction data for the

with H20. The resulting solution was neutralized with MCO; PFTase8b complex were collected on a Rigaku rotating anode
and lyophilized to give the product in its ammonium form as a
white powder (28 mg, 23%)IH NMR (D0, 300 MHz)6 7.77 (41) Ma } ; } . }

yer, M. P.; Prestwich, G. D.; Dolence, J. M.; Bond, P. D.; Wu,
(IH,s), 7.75 (1H, dJ = 7.5 Hz), 7.50 (1H, dJ = 7.5 Hz), 7.09- H. Y.; Poulter, C. D.Gene1993 132 41-47.

7.31 (6H, m), 5.16 (1H, m), 5.03 (1H, m), 4.26 (2H, s), 2.33 (2H, (42) Stirtan, W. G.; Poulter, C. DArch. Biochem. Biophy<.995 321,
dd,J= 7.5, 21.5 Hz), 1.78 (4H, m), 1.39 (3H, d= 3.3 Hz), 1.31 182-190. . _ _
(3H, s); 13C NMR (D;0, 75 MHz) 6 197.5, 166.4, 138.2 (dl = o 43) Zhang, F. L; Diehl, R, Eé?hKOhl'bg4 58963'%?}%'158 Giros, B;
14.0 Hz), 136.6, 135.7, 134.3, 133.4, 130.6, 129.8, 129.5, 129.4, ~as€y. I 7., Umer, L. &. Blol. Lhem. :

! ’ C ' ; ! o ! ' (44) Cassidy, P. B.; Dolence, J. M.; Poulter, C. @ethods Enzymol.
128.7,128.4, 115.5 (d,= 9.7 Hz), 71.1, 38.5, 28.4 (d,= 135.2 1995 250, 30-43.

Hz), 25.7, 15.4, 13.B3'P NMR (DO, 121 MHz, pD 7.0, NH*) 6 (45) Pompliano, D. L.; Gomez, R. P.; Anthony, NJJAm. Chem. Soc.
16.4 (d,J = 26.4 Hz),—9.6 (d,J = 26.4 Hz): IR (NaCl, cmy) v 1992 114, 7945-7946.
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generator equipped with osmic mirrors and a Raxis-IV image plate dried under N and prepared for fractionation using the ZOOM
detector. With the detector set at 150 mm, data were collected in IEF fractionator according to manufacturer’s instructions. After IEF
323 contiguous 0.30oscillation images each exposed for 8 min. fractionation, samples from the different pH ranges were acetone-

The data extend to 2.2 A resolution and haRnageof 4.6% with precipitated as described above. Samples were then dissolved in

a 5.8-fold multiplicity. The structure was refined using CNX2002 45 uL of Laemmli sample buffer (0.06 M Tris-HCI, pH 6.8, 0.01%

(Accelrys Inc.) to arReacror Of 18.3% and arRyee of 21.9%. bromophenol blue, 1.5% SDS, 10% glycerol) and analyzed by SDS-
Photolysis Reaction of Protein Prenyltransferases with3fP]- PAGE using 4-20% gradient gel. Gels were stained with Coo-

3b. All reactions (10QuL) were performed in silinized quartz test massie and subjected #P-phosphorimaging at rt. Radiolabeled
tubes (10x 75 mm) and contained 52 mM Tris-HCI (pH 7.5), 5.8  protein bands were excised using a pipet tip (three spots from each
mM DTT, 12 mM MgCh, 12 uM ZnCl,, 25 mM NHHCO;, 10 band). For tryptic digestion of proteins, samples were reduced and
1M [32P]-3b (~10-fold above 1G value), and 400 nM pure enzyme  alkylated using 10 mM dithiothreitol and 100 mM iodoacetamide
(yPFTase, hPGGTase-l) or 21uB of partially purified (after ion- in water, then digested with 100 ng of trypsin in 25 mM NH
exchange FPLC) protein sample containing hPGGTase-l. For HCO;.
substrate protection experiments, FPP or GGPP was added to a Mass Spectral Analysis of Labeled ProteinsSamples from
final concentration of 10@M. Reactions were photolyzed for 2 h  tryptic digestion were spotted onto a MALDI target and eluted with
at 4°C using a Rayonet Mini-Reactor fitted withi-850 nm bulbs 70% CHCN, 0.2% formic acid containing 5 mg/mL MALDI matrix
and a spinning platform. Samples were spun to ensure an even(a-cyano-4-hydroxycinnamic acid), and Q& was then spotted
exposure to the light. Loading buffer (10@.) was then added to  onto the MALDI target. Analysis was performed using an Applied
each sample, and samples were heated t¢Cdor 3 min followed Biosystems 4700 Proteomics Analyzer with TOF/TOF Optics.
by analysis with 12% Tris-glycine SDS-polyacrylamide gel elec- MALDI-MS data were acquired in reflector mode from a mass
trophoresis. Gels were stained with Sypro-orange and subjected torange of 706-4000 Da, and 1250 laser shots were averaged for
32p-phosphorimaging at rt. each mass spectrum. Each sample was internally calibrated using
Preparation of Hevea brasiliensisiVashed Rubber Particles. the trypsin autolysis productsm(z of 842.51 and 2211.10) as
H. brasiliensisWRPs used in this study were prepared as previously internal standards. The eight most intense ions from the MS
described by R. Krishnakumar et“dland Cornish et &’ spectrum were then subjected to MS/MS analysis. The mass range
Photolysis Reaction ofHevea brasiliensiswashed Rubber was 70 to precursor ion with a precursor window-ef to 3 Da
Particles with [32P]-3b. All reactions (~100uL) were performed with an average 5000 laser shots for each spectrum. A peak list
in silinized quartz test tubes (10 75 mm) and contained 0.1 M was created by GPS Explorer software (Applied Biosystems) from
Tris-HCI (pH 7.5), 1.25 mM MgSQ 5 mM DTT, 10uM [32P]- the raw data based on signal-to-noise filtering and included de-
3b, and a suspension df. brasiliensisWRP (40uL, 4.51 ug isotoping. The resulting file was then searched by MASCOT
proteinkL). For substrate protection experiments, FPP was added (Matrix Science) using user specified databases. A tolerance of 20
to a final concentration of 100M. Reactions were photolyzed for ~ ppm was used if the sample was internally calibrated and 200 ppm
6 h using the apparatus described above. Loading buffer(30 tolerance if the default calibration was applied. Protein identification
was then added to each sample, and samples were heated to 100as validated by the following criteria: greater than 20 ppm mass
°C for 3 min followed by gel analysis as described above. accuracy on all MS ions and all ions in at least two MS/MS spectra,
Tryptic Digest of Labeled Proteins from Photolysis Reaction which were not modified, had to be accounted for.
of Hevea brasiliensiswashed Rubber Particles with F2P]-3b.
Proteins from previously described photolysis reactions (no SDS- Acknowledgment. This research is supported by the Na-
PAGE analysis) were extracted with 5 mL of sequential extraction tional Institutes of Health Grant GM58442 and National
reagent (5.0 M urea, 2.0 M thiourea, 2.0% CHAPS, 2% SB-3, Institutes of Health Predoctoral Training Grant T32-GM08700
40 mM Tris, and 0.2% Bio-Lyte 3 to 10 ampholyte). Samples were (to A.J.D.).
incubated in this buffer fol h at rtwith constant rocking and then

centrifuged at max speed in a microcentrifuge for 15 min. The  gypporting Information Available: Image of the SDS-PAGE
supernatant was then transferred to a 50 mL conical tube, and 4ysed for the first mass spectral analysis of the photolysis reaction
volumes of cold acetone were added. Acetone-precipitated proteinof Heyea brasiliensisvashed rubber particles witf?P]-3b. General
pellets were washed twice with 80% acetone in water. Pellets were methods and materials. Copies%f NMR, 3P NMR, and mass
spectral data foBb as well as the intermediates in its synthesis.
(46) Krishnakumar, R.; Cornish, K.; Jacob,Jl.Rubber Res. (Kuala This material is available free of charge via the Internet at
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